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Introduction

Worldwide, hepatitis B virus (HBV) and hepatitis C virus (HCV) infect hundreds

of million people persistently and induce a spectrum of chronic liver diseases. Hence

they impact the society in a number of domains including medical, sociologic and

economic. Hepatocellular carcinoma (HCC) has become the most frequent cause of

death in individuals persistently infected with HBV or HCV; in particular, HCV has

gained increasing attention because of its wide and deep penetration into the

community, coupled with a very high incidence of HCC in the persistent infection.

Once liver cirrhosis is established in hosts infected with HCV, HCC develops at a

yearly rate of 5-7%1. The knowledge on mechanism how HCC develops in chronic

HCV infection, therefore, is urgently required for the prevention of HCC.

How hepatitis viruses induce HCC is not clear, as yet, despite the fact that more

than 95% of patients with HCC in Japan are infected with HBV or HCV, or both2,3,4

Infections with these two hepatitis viruses are common in patients with HCC in other

countries, also, albeit to lesser extents. Evidence of concurrent or past HBV

infection is demonstrated even in the remaining 5% of patients with HCC in Japan3,5

which has been categorized in non-B, non-C HCC.

Inflammation induced by hepatitis viruses, manifesting itself in various forms of

hepatitis, needs to be taken into considerations in the study for carcinogenic capacity

of hepatitis viruses. It has been proposed repeatedly that necrosis of hepatocytes due

to chronic inflammation and ensuing regeneration that follows would enhance

mutagenesis in host cells, the accumulation of which might culminate in HCC. The

theory presupposes an indirect involvement of hepatitis viruses in HCC via hepatic

inflammation. It leaves us specialists in hepatology with a serious question, however;
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can inflammation per se result in HCC in such a high incidence and a multicentric

nature? The proposal for a secondary role of hepatitis viruses would have to be

weighed against an extremely rare occurrence of HCC in patients with autoimmune

hepatitis in whom severe inflammation of liver goes on indefinitely.

These backgrounds and reasoning lead one to a possible activity of viral

proteins for inducing HCC. The possibility has been evaluated by introducing genes of

HCV into hepatocytes in culture with little success. One of the difficulties with cultured

cells is that a carcinogenic capacity of hepatitis viruses, if any, would be weak and

take long to manifest itself. Actually, it takes 30-40 years for HCC to develop in

individuals infected with HCV. Another constraint common to studies for

carcinogenesis is the development of HCC by transformed cells that might have gone

out of growth control and escaped surveillance of the host. Should it be the case, the

analysis of transformed cells would not been sufficient for bringing the mystery of

carcinogenesis into light. Based on these viewpoints, we started tackling the

carcinogenesis in chronic HCV infection by the technology of transgenic mouse.

Transgenic mice are produced by introducing exogenous genes to fertilized eggs.

The technology of transgenic mice crystallized in production of a phenotype, for the

first time, in mice genetically engineered with the introduction of the gene of human

growth hormone in 19856. Since then, the technology has ignited explosion of

enormous studies; it has become a standard technique at present. As of April 2001,

a survey of the PubMed database by keywording"transgenic mouse" hits more than

17,000 publications; they will grow in an accelerated speed in the future.

The technology with transgenic mice involves the expression of exogenous

genes in animals that prefers a dominant trait. A number of transgenic mice have
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been produced for studies of many diseases by introducing various genes of viral

origins in particular7,8. The virus represents a simple organism composed only of

viral proteins and nucleic acids. In infected cells, viral genes are released from viral

particles and they are then transcribed for replication and translation of viral proteins.

Because these series of processes, including introduction of genes followed by

transcription and translation, are faithfully mimicked in transgenic mice, they are

suitable as a model of diseases induced by viral infections. The establishment of

technology for transgenic mouse has offered incomparable opportunities for

answering in vivo many questions raised in a variety of biological fields , which had

been accomplished exclusively in vitro until the transgenic mouse entered the scene .

We have produced transgenic mice in which the core gene, envelope gene and

non-structural gene of HCV were introduced primarily for studying the mechanism of

hepatocarcinogenesis. It is of particular note that every viral gene is under the control

of expression with the same enhancer and promoter. This has made it feasible to

compare in vivo functions among various viral proteins . As salient results of our

studies, HCV core protein has been found capable of inducing HCC due to

carcinogenic potentials of the products of viral genes.

Infection with hepatitis C virus(HCV)has been identified as the major cause of post-

transfusion non-A non-B hepatitis. And also it is known that the HCV infection is an

important cause of cirrhosis and hepatocellular carcinoma.

HCV has a positive-sense, single-strand RNA genome approximately 10kbp in

length, with similarities in genome organization and some sequence homology with

pestiviruses.

The genomic structure was deduced from data obtained by sequence analysis and

expression of the cloned DNA in vitro and vivo.The structual genes were located on
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the 5'side of the genome and non-structual genes on the 3'side. The gene order

starting from the 5'end was C, El, E2/NS1, NS2, NS3, NS4,and NS5.The 5'non-

coding  region was about 340 bp.Specific antibodies against C,E1,E2/NS1, NS4/5

were detected in infected chimpanzees and humans.

In the case of pestiviruses,the core protein has an apparent molecular weight of

14kDa and is located carboxyterminal in the polyprotein.

For HCV,the putative core protein represents a polypeptide of about 21 kDa encoded

in the 5'region of the HCV open reading frame.The core protein is highly conserved

for HCV and pestiviruses,which points towards an important role of the primary

sequence in formation of the viral core particle.

HCV core protein has been found several functions.HCV core protein is implicated in

carcinogenesis as one of the causative factors.

We then established transgenic mouse model in which HCV core gene,and

investigated the function of HCV gene in neoplastic transformation.
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PART-;  The Core Protein of Hepatitis C Virus

Induces Hepatocellular Carcinoma in Transgenic Mice

Abstract

Hepatitis C virus (HCV) is the major cause of chronic hepatitis worldwide, which

finally leads to the development of hepatocellular carcinoma (HCC)9,10. However,

the mechanism of hepatocarcinogenesis in chronic HCV infection is still unclear.

The ability of the core protein of HCV to modulate gene transcription, cell proliferation

and cell death11-l6 has been suggested as being involved in the pathogenesis of

HCC. Here we report the development of HCC in two independent lines of HCV

core gene transgenic mice which develope hepatic steatosis early in life as a

histological feature characteristic of chronic hepatitis C17. After the age of 16 months,

mice of both lines succumbed to hepatic tumors which first appeared as adenoma

containing fat droplets in the cytoplasm. Then HCC, a more poorly differentiated

neoplasia, developed from within adenoma, presenting a"nodule in nodule" feature

without cytoplasmic fat droplets. This feature closely resembled the

histopathological characteristics previously observed in the early stage of HCC in

patients with chronic hepatitis C18,19. These results suggest that the HCV core

protein has a major role in the development of HCC, and that these transgenic mice

would provide good animal models for defining molecular events in

hepatocarcinogenesis with HCV infection.

Despite the overwhelming evidence from clinical studies connecting chronic HCV

infection and the development of HCC9,10, the precise role of HCV in

hepatocarcinogenesis remains unknown. It is postulated that HCV may promote the

development of HCC by inducing continuous cell death followed by regeneration,

whereby genetic damage accumulates to confer growth advantages to hepatocytes20.

In this context, HCV has only an indirect association with hepatocarcinogenesis.
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Another possibility is the direct involvement of HCV in hepatocarcinogenesis,

wherein the product(s) of the virus may be involved in regulating cell proliferation.

Recently, the core protein of HCV has been reported to transform fibroblasts with or

without the cooperation of the ras oncogene11,12 suppress the transcription of some

genes13,14 and modify the susceptibility of cultured cells to apoptotic signals13,16.

The core protein, therefore, may be directly involved in hepatocarcinogenesis by

perturbing the regulation of cell proliferation. We tested this possibility by analyzing

transgenic mice into which the HCV core gene had been introduced.

Materials and Methods

Production of transgenic mice. Production of HCV core gene transgenic mice

was previously described17. The core gene of HCV placed downstream of a

transcriptional regulatory region from hepatitis B virus, which has been shown to allow

high-level expression of genes in transgenic mice without interfering with mouse

development26, was introduced into C57BL/6 mouse embryos(Clea Japan Inc.,

Tokyo, Japan). Mice were fed with ordinary chows(Funabashi Farms, Funabashi,

Japan) and maintained in a specific pathogen-free state.

Antibodies and Western blotting. The antibodies used in this study were an anti-

core rabbit serum and an anti-core mouse monoclonal antibody17. Western

blotting of tissues from mouse or human liver was performed as described

previously26.

Histological and immunohistochemical methods. Tissue sections(5ƒÊm thick)

fixed in 10% neutral-buffered formalin or frozen were used for hematoxylin and

eosin staining or immunostaining. The HCV core protein was stained with anti-core

rabbit serum. For detection, biotinylated anti-rabbit lgG followed by avidin-biotin

peroxidase(Vector Labs, Inc., Burlingame, CA) was used. Specificity control of

immunostaining was carried out as follows; liver tissues and other organs from a
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normal littermate mouse were tested with immune serum. Normal rabbit sera were

tested with transgenic mouse liver.

Electron microscopy. For standard electron microscopic techniques
, mouse liver

was perfused with 1.6% glutaraldehyde(TAAB Laboratory Equipment
, Reading, UK),

excised and fixed at 4•Ž for 1h. For immunostaining, the liver tissues were fixed in

4% paraformaldehyde(Wako, Osaka, Japan). The grids were incubated with anti-

core rabbit serum, followed by incubation with anti-rabbit lgG conjugated to gold

particles. For controls, normal rabbit serum was used.

Results

Two independent transgenic mouse lines, C 21 and C 49, with a cDNA fragmet

covering the complete core gene of HCV genotype 1 b(Fig.1 a) under an exogenous

promoter were studied. Southern blotting of mouse genomic DNA revealed a distinct

integration pattern for each lineage17. In both lineages, the expression of the core

protein in the liver started at birth and continued for at least 19 months thereafter.

The core protein levels in the transgenic mouse livers were examined and compared

with those in liver samples from 42 patients with chronic hepatitis C(H . Fujie et al.,).

The representative cases are shown in Fig.1 b. The intrahepatic levels of the core

protein in human patients were almost comparable to those in the mice, allowing

these transgenic mice to be appropriate models for study of the liver disease

spectrum in human HCV infection. As we reported previously, these transgenic mice

develop hepatic steatosis, which is one of the characteristic histopathological features

of chronic hepatitis C, at as early an age as 3 months17, 21. Steatosis, which is

characterized by hepatocytes with fat droplets of various sizes in the cytoplasm, was

slowly progressive toward the age of 12 months. However, no inflammation was

observed in the liver during that period. The mean serum alanine aminotransferase

(ALT) level in mice between the ages of 3 and 9 months was 90.4•}83.3 IU/L in

transgenic mice(n=12) and 80.3•}48.7 IU/L in non-transgenic mice (n=6)(statistically

not significant).
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To know the long-term consequences of HCV core gene expression, the

transgenic mice from both the lineages were sacrificed for pathological examination at

the ages of 3, 6, 9, 12 and 16 months. As was previously shown, the mice up to the

age of 9 months showed only marked hepatic steatosis without inflammatory or

neoplastic change(Fig.2a). The mice sacrificed at the age of 12 months did not show

inflammatory or neoplastic changes either. Surprisingly, however, gross hepatic

nodules were observed in 16-month-old-mice(Fig.2b). Microscopic examination

revealed that these hepatic nodules, which compressed the neighboring non-

tumorous liver parenchyma, were made up of eosinophilic cells with fat droplets in the

cytoplasm(Fig.2c). These nodules had the characteristics of hepatocellular

adenoma22.

We then sacrificed more transgenic mice between the ages of 16 and 19

months for further analysis of the hepatic lesions. Approximately one-fourth of the

male transgenic mice were found to have hepatic nodules. Some of the hepatic

nodules developed as well-differentiated HCC with trabecular features with cells

containing fat droplets in the cytoplasm(Fig.2d). Interestingly, most of the hepatic

tumors exhibited a remarkable"nodule in nodule" characteristic, in which HCC

developed in the midst of an adenoma or a better-differentiated HCC. As shown in

Fig.2e, a cluster of carcinoma cells(area 3) appeared in the middle of adenoma cells

(area 2) which compressed the neighboring normal hepatocytes(area 1). It should

be noted that fat droplets in the cytoplasm of the cells in the hepatocellular adenoma

were as numerous as those in non-tumorous parts while those in HCC tissues had

few fat droplets(Fig.2f). This feature closely resembles the one observed in the

development of HCC in human chronic hepatitis C, with small well-differentiated

HCCs or their precursors occasionally showing marked fatty changes, and more

poorly-differentiated HCCs without fatty changes developing from within them18, 19.

HCCs in the transgenic mice were generally composed of eosinophilic cells and

showed trabecular features with mitotic figures(Fig.2f). Immunohistochemical

analysis demonstrated relatively higher levels of the core protein in hepatic tumors
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compared to those in adjacent non-tumorous liver tissue(Fig.2g and h). No

infiltration of lymphocytes, suggestive of hepatitis, was observed. The mean serum

ALT level in mice between the ages of 16 and 19 months was 136.2±116.3 IU/L in

transgenic mice(n=18) and 121.8•}91.9 IU/L in non-transgenic mice(n=10)

(statistically not significant).

The penetrance of HCC in the two lines of HCV core gene transgenic mice is

shown in Table 1. The incidences of HCC in the male transgenic mice of the C21

and C49 lines, between the ages of 16 and 19 months, were 25.9%(7/27) and 30.8%

(4/13), respectively. In contrast, none of non-transgenic littermate mice of the same

age developed HCC, which is consistent with the very low incidence of hepatic tumors

in the strain C57BL/623,24. The incidences of HCC in the male C21 and C49 mice

were significantly higher than in normal controls(p<0.01 and p<0.005, respectively).

The low incidence in female transgenic mice appears to be consistent with the

epidemiological data that men chronically infected with HCV are more prone to HCC

than women25.

Discussion

It should be noted that the transgenic mice which carry the envelope genes of

HCV under the same transcription control region did not show neoplastic lesions in

the liver26. Those mice had the entire envelope genes(both E1 and E2) and showed

the expression of both proteins in substantial levels in the liver from birth to death .

However, in contrast to the core-gene transgenic mice , no hepatic adenoma or HCC

developed during their entire life-span of more than 24 months . Although several

transgenic mice carrying HCV genes have been established and analyzed before27-29 ,

there is no evidence for the direct role of HCV in the induction of HCC. In those

transgenic mice whose transgenes included the core gene, in which the expression of

the core gene was very low27,28 or was not detected with conventionally used anti-

core antibodies29, neoplastic changes in the liver would not be expected .
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Immunoelectron microscopy revealed accumulation of the core protein in the

nuclei and mitochondria(Fig.2i), in addition to its association with lipid droplets30.

The localization of the core protein in the nuclei in our mice supports the notion that

the core protein may act as a transcriptional regulator and affect the proliferative

ability of the cells11-16, and thereby associated with hepatocarcinogenesis.

Detection of the core protein in the mitochondria also may account for the electron

microscopic finding of the disappearance of the double structure of mitochondrial

membranes(Fig.2j and k), which may cause steatosis through the impairment of fatty

acid oxidation in mitochondria.

Our observations demonstrate that the expression of the HCV core gene

results in progressive morphological and biochemical changes which finally lead to

the development of HCC. Preexisting steatosis caused by the core protein may also

be an important factor for the development of HCC18,19, possibly by inducing the

formation of lipid peroxidation products such as malondialdehyde31. The

appearance of HCC with the "nodule in nodule" features suggests that some

secondary hit(s) may be responsible for the development of malignant phenotype.

In conclusion, our results indicate that chronic hepatitis, with continuous cell death

and regeneration, is not an absolute prerequisite for the development of HCC, and

that HCV itself is directly involved in the development of HCC. Also, this transgenic

mouse system would be an ideal animal model for defining molecular and

pathological events in the course of hepatocarcinogenesis in HCV infection.
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Figure Legends

Figure 1-1

Hepatitis C virus core gene transgenic mice: Transgene construct and expression.

a, A cDNA fragment covering the entire core gene was placed downstream of a

transcriptional regulatory region from hepatitis B virus and introduced into mouse

eggs9.

C, core; E1, envelope 1; E2, envelope 2, NS, non-structural region.

b, Equivalent amounts of protein were separated through 12.5% SDS/PAGE and

reacted with an anti-core mouse monoclonal antibody for immunodetection. Lane 1,

positive control core protein expressed in HepG2 cells; lane 2, a liver tissue from a 9-

month-old male non-transgenic mouse; lane 3, a liver tissue from a 9-month-old male

transgenic mouse of the C21 line; lane 4, a liver tissue from a 17-month-old male

transgenic mouse of the C49 line; lane 5, a liver tissue from a patient with chronic

hepatitis C; lane 6, a liver tissue from another patient with chronic hepatitis C; lane 7,

a liver tissue from a patient with chronic hepatitis B. Arrowhead indicates the

position of the core protein.

Figure 1-2

Pathological changes in the liver of the HCV core transgenic mice.

a, Marked hepatic steatosis developed in a 12-month-old male transgenic mouse of

the C21 line(x300). b, A gross finding of a hepatic nodule which developed in a 16-

month-old male transgenic mouse of the C49 line(x3). c, A microscopic finding of a

hepatocellular adenoma(T) which compresses the adjacent normal liver tissue(NT)

(a 16-month-old male transgenic mouse of the C21 line, x120). d, Hepatocellular

carcinoma(HCC) which developed in a 17-month-old male transgenic mouse of the

C49 line. Note that carcinoma cells with the trabecular feature(T) have fat droplets

in the cytoplasm and that acidophilic bodies are observed both in tumorous and non-

tumorous tissues suggesting increased rate of apoptosis(x300). e, Development of

HCC in a "nodule in nodule" fashion. HCC(area 3) developed from within an
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adenoma(area 2) compressing the surrounding "normal" liver tissue(area 1), the

latter two of which have fat droplets in the cytoplasm while the former does not. (a

17-month-old male transgenic mouse of the C21 line, x125). f, A higher

magnification of HCC cells shown in panel e. Note the trabecular feature and mitotic

figure(arrow in the inset)(x300). g, Immunohistochemical staining of HCC with anti-

core rabbit serum. HCC(T) showed a higher level of the core protein than the

adjacent non-tumorous liver(NT). h, Control staining with preimmune rabbit serum.

(g & h, a 16-month-old male transgenic mouse of the C49 line, x120). i, Electron

microscopic analysis of the liver from an 18 month-old male transgenic mouse of the

C21 line. Note disappearance of the double structure of the mitochondrial membranes

(x15,000). j, Electron microscopic examination the liver of a 17 month-old non-

transgenic littemiate used as control(x15,000). k, Immunoelectron microscopy of the

liver of a 12 month-old male transgenic mouse of the C49 line with anti-core rabbit

serum. Accumulation of gold particles was observed chiefly in the nuclei(N) and

mitochondria(M)(x15,000).

Paraffin-embedded sections of liver were stained with hematoxylin-eosin(a, c-

t). Frozen liver sections were immunostained with anti-core or preimmune rabbit

serum and counterstained with methyl-green(g & h).
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Table 1

Incidence of hepatic tumors in HCV core gene transgenic mice1

1Mice were sacrificed and analyzed at the age between 16 and 19

months.
★

 p<0.01 compared to control male mice.
★★

 p<0.005 compared to control male mice.

tstatistically not significant compared to control female mice.

(); Steatosis in mouse liver by microscopic study.
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PART2; Increase in the Concentration of Carbon 18 Monounsaturated Fatty

Acids in the Liver with Hepatitis C: Analysis in Transgenic Mice and Humans

Abstract

Steatosis is one of the histologic characteristics of chronic hepatitis C, and is

well reproduced in a transgenic mouse model for hepatocellular carcinoma (HCC), in

which the core protein of hepatitis C virus (HCV) plays a pivotal role in inducing

steatosis and HCC. In the present study, the lipid composition in the liver of the HCV

core gene transgenic mice as well as in those of chronic hepatitis C patients was

determined. The concentration of carbon 18 monounsaturated (C18:1) fatty acids,

such as oleic and vaccenic acids, which are known to increase membrane fluidity

leading to higher cell division rates, significantly increased in the livers of transgenic

mice compared to non-transgenic control mice. The concentration of C18:1 fatty acids

also significantly increased in the livers of chronic hepatitis C patients compared to

subjects without HCV infection. These results suggest that HCV may affect a specific

pathway in the lipid metabolism and cause steatosis in the liver.

How hepatocellular carcinoma (HCC) develops in patients with hepatitis C virus

(HCV) infection has not been clarified, despite strong evidence from epidemiological

studies associating HCV infection and development of HCC9,10. Recently, the core

protein of HCV has been shown to induce HCC in transgenic mice, suggesting a

direct involvement of HCV in the development of HCC in chronic hepatitis C32. In

this mouse model for HCV-associated HCC, age-dependent hepatic steatosis was
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observed early in life. This feature closely resembles the one observed in chronic

hepatitis C patients, in whom steatosis is one of the histologic characteristics along

with lymphoid follicle formation and bile duct damage21,33,34. The association of fatty

change with the HCV core protein has also been supported by in vitro studies, where

the introduced core gene induced formation of fat droplets in the cytoplasm35.36. In

addition, the formation of fat droplets is associated with the development of small,

early HCC; precursors for HCC or well-differentiated HCCs commonly have a number

of lipid droplets in the cytoplasm, whereas de-differentiated HCCs which develop

within differentiated tumors in a"nodule-in-nodule" fashion have very few lipid

droplets19,37. This feature was also well reproduced in the HCV core gene transgenic

mice32. Determination of the composition of lipid droplets accumulated in the livers of

core gene transgenic mice, which are destined to develop HCC late in life, may lead to

the elucidation of pathogenesis of liver diseases in HCV infection.

In the present study, we analyzed the composition of lipids that accumulated in

the livers of transgenic mice and compared with those of non-transgenic littermates

and non-transgenic obese control mice by chromatography. Moreover, we analyzed

the composition of lipids in the livers of chronic hepatitis C patients and compared with

that of subjects without HCV infection. Both the core gene transgenic mice and

hepatitis C patients showed similar lipid profiles which are distinct from that of fatty

liver due to simple obesity.

Materials and Methods

Transgenic mice. Production of HCV core gene transgenic mice has been described
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previously17. Briefly, the core gene of HCV located downstream of a transcriptional

regulatory region from hepatitis B virus was introduced into C57BL/6 mouse embryos

(Clea Japan, Tokyo, Japan). Mice were cared for according to the National Institutes

of Health guidelines, fed an ordinary chow diet (Funabashi Farms, Funabashi, Japan)

and maintained in a specific pathogen-free state. Since HCC develops preferentially

in male transgenic mice, male mice heterozygously transgenic for the core gene were

used for analysis. Male non-transgenic littermate mice and non-transgenic obese

mice were used as controls. Obese mice were obtained by the treatment of mice

with monosodium-L glutamate as described previously38. At least eight mice were

used in each experiment and the data were subjected to statistical analysis.

Patients. Sixteen patients (male:female=12:4) with HCC or metastatic liver tumor,

who were admitted to our departments at the University of Tokyo Hospital, were

studied. Eight patients were positive for anti-HCV, all of whom had HCC. Four out of

the remaining eight patients had HCC, who were positive for hepatitis B surface

antigen (HBsAg) but negative for anti-HCV. The remaining four patients, who were

obese (body mass index•†28) and negative for both HBsAg and anti-HCV at the time

of operation, underwent liver resection for metastatic liver tumors from colon cancer.

The diagnosis of liver tumor was based on histologic, radiological and biochemical

findings. Three of the eight anti-HCV-positive patients had a history of blood

transfusion. None of the patients had a history of excessive alcohol intake. Non-

cancerous liver tissues were obtained at the time of liver resection, cut into pieces and

stored at -80•Ž until use. Serum samples were also collected at or prior to liver

resection.

Histologically, four of the eight patients with anti-HCV had cirrhosis and the
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remaining four had moderate to severe chronic hepatitis as the underlying liver

disease. All four HBsAg-positive patients had moderate to severe chronic hepatitis,

and all four with metastatic liver tumors showed no signs of hepatitis. The degree of

hepatic steatosis was graded by the percentage of hepatocytes with fat droplets as

follows: i) none; ii) mild, 10%; iii) moderate, 10%<and 50%; and iv) severe, 50%<.

Steatosis was severe in one, moderate in five and mild in two anti-HCV-positive

patients; mild in two and none in two HBsAg-positive patients; and moderate in three

and mild in one metastatic liver tumor patients. The experimental protocol was

approved by the ethics review committee for human experimentation, and a written

informed consent was obtained from each patient.

Reagents. Cholesterol esters and lipid standards were purchased from Sigma

Chemical (St. Louis, MO), and glycogen and amyloglucosidase were obtained from

Seikagaku Kogyo (Tokyo, Japan). Florisil (magnesium silicate) was obtained from

lwai Kagaku (Tokyo, Japan). Other chemicals were of analytical grade and

purchased from wako Chemicals, Tokyo, Japan.

Measurement of HCV core protein. The HCV core protein level was determined in

liver tissues by the fluorescence enzyme immunoassay (FEIA) method as reported

previously39. Briefly, 10 mg of liver tissues was homogenized in a solution

containing 0.3% Triton-X100, 1.5% 3-[(3-cholamidopropyl) dimethylammonio]

propanesulfonic acid, and 15% sodium dodecyl sulfate. After incubating at 56•Ž for

30 min, the sample was centrifuged at 1,000 rpm for 5 min, and the supernatant was

subjected to FEIA.

Preparation of liver homogenate and determination of total lipids. The liver

tissues from mice or human patients were homogenized with 10 volumes of 0.6 mol/L
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perchloric acid at 5•Ž for the determination of lipids. The homogenate was mixed

with 10 volumes of chloroform/methanol solution(2:1) and the mixture was shaken for

5 min. The lower phase was washed twice with four volumes of saline, dried on

anhydrous sodium sulphate and evaporated to complete dryness. The residue was

dissolved in a chloroform/methanol(2:1) solution, and an aliquot was removed for

measurement of the concentration of total lipids by Bragdon's method with potassium

dichromate, using palmitic acid as a standard40.

Fractionation of lipids. Lipids extracted from the liver homogenate were separated

using a florisil column deactivated with 50% methanol41. Lipids suspended in 1ml of

n-hexane were applied to the florisil column(1•~15cm). Cholesterol esters were

eluted with 50ml of 15% dichloromethane in hexane, free cholesterol and

triglycerides with 75% dichloromethane in hexane, monoglycerides with 20%

methanol in dichloromethane and phospholipids with a chloroform: methanol:

pyridine: acetic acid 9,10 mixture(3:2:1:1:3 by volume). The lipid content in each

fraction was determined by Bragdon's method40. Since free cholesterol and

triglycerides were not separated by this florisil column chromatography, these two

lipids in the corresponding fractions were determined by an enzymatic method using

commercial kits(Iyatro TC and lyatro TG, lyatron Co., Ltd., Tokyo, Japan) after

dissolving in a 1% Triton X-100 solution.

Analysis of fatty acid composition in each class of lipids. The fatty acid

composition of each lipid fraction was analyzed by gas chromatography41. After

methanolysis by a modified Morrison and Smith method with boron trifluoride as the

catalyst 41,42, fatty acid methyl esters were analyzed using a Shimadzu GC-7A gas

chromatograph(Shimadzu Corp., Kyoto, Japan) equipped with a 30-m long•~0.3-‡o
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diameter support coated open tubular(SCOT)-type glass capillary column coated with

ethylene glycol succinate. The protein concentration of the homogenates was

measured by Lowry's method, using bovine serum albumin as a standard43.

Electron microscopy. Using standard electron microscopic techniques, the mouse

liver was perfused with 1.6% glutaraldehyde(TAAB Laboratory Equipment, Reading,

UK), excised and fixed at 4•Ž for 1h, as described previously32.

Statistical analysis. Results are expressed as means•}S.E. The significance of the

difference of means was determined using Mann-Whitney's U-test.

Results

Steatosis and core protein level in transgenic mice. The level of core protein was

significantly higher in mice with moderate to severe steatosis than in those with mild

steatosis(P<0.001, Fig.2-1), indicating a correlation between the grade of hepatic

steatosis and the core protein level in transgenic mouse liver. Electron microscopy

revealed a morphological mixture of micro- and microvesicular lipid droplets present

throughout the cytoplasm of hepatocytes(Fig.2-2). The nucleus and endoplasmic

reticulum appeared intact but the double membrane structure of mitochondrion was

disrupted. Secondary lysosomes carrying various cytoplasmic organelles were

scattered in the cytoplasm(Fig.2-2, arrows).

Lipid accumulation in transgenic mouse liver. Figure 2-3 shows the

concentrations of lipids in liver tissues of core gene transgenic, non-transgenic

littermate and non-transgenic obese mice. The triglyceride level significantly

increased in the livers of transgenic mice compared to non-transgenic littermate mice
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(38.6•}39.7vs. 3.2•}1.7mg/g liver, p<0.05), while the difference was not significant

between transgenic mice and non-transgenic obese mice(38.6•}39.7vs. 19.5•}19.7

mg/g liver, p=0.14). The free fatty acid level also significantly increased in transgenic

mice compared to non-transgenic littermate mice(21.3•}17.7vs. 3.2•}1.7mg/g liver,

p<0.05), while the difference was not significant between transgenic mice and non-

transgenic obese mice(21.3•}17.7vs. 7.6•}6.5mg/g liver, p=0.059).

Fatty acid compositions of cholesterol esters, triglycerides and phospholipids

in mouse liver. The fatty acid compositions of cholesterol esters, triglycerides and

phospholipids were determined by gas chromatography in the livers of core gene

transgenic mice, non-transgenic littermate and non-transgenic obese mice. The

concentration of carbon 18 monounsaturated fatty acids(C18:1, oleic and vaccenic

acids) significantly increased in transgenic mice. In the triglyceride fraction, the

concentration of oleic acid was significantly higher in the core gene transgenic than in

the non-transgenic littermates or non-transgenic obese mice(911.4•}164.6vs.

45.8•}19.8 or 249.4•}74.0ƒÊmol/g liver, p<0.001). Similarly, the concentration of

vaccenic acid was significantly higher in the core gene transgenic mice than in the

non-transgenic littermate or non-transgenic obese mice(115.8•}32.6vs. 12.3•}4.8 or

34.8•}18.7ƒÊmol/g liver, p<0.001). However, the concentration of palmitic acid was

significantly higher in the non-transgenic obese mice than in the core gene transgenic

mice(310.6•}167.7vs. 123.8•}60.6ƒÊmol/g liver, p<0.05), while there was no significant

difference between the transgenic mice and non-transgenic littermate mice

(123.8•}60.6vs. 72.6•}43.8ƒÊmol/g liver, p=0.14).

The fatty acid compositions of cholesterol esters, triglycerides and

phospholipids in the mouse liver are summarized in Fig.2-4. The proportion of C18:1
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(oleic and vaccenic acids) in the triglyceride fraction was significantly higher in the

transgenic mice than in the non-transgenic littermate and non-transgenic obese mice

(42.3•}11.2vs. 27.3•}11.4 or 27.2•}12.5%, p<0.05). Similarly, the proportion of C18:1

fatty acids in the cholesterol ester fraction was significantly higher in the transgenic

mice(29.4•}10.4vs. 17.9•}8.4 or 14.4•}7.9%, p<0.05), but no significant difference in

the phospholipid fraction was observed. There was no significant difference in the

proportions of C16:0, C16:1 and C18:0 fatty acids between transgenic mice and non-

transgenic controls in each fraction.

Fatty acid compositions of cholesterol esters, triglycerides and phospholipids

in human liver. The triglyceride level was higher in the chronic hepatitis C patients

than in the subjects without HCV infection, but the difference was not significant

(26.5•}11.5vs. 18.0•}10.4mg/g liver, p=0.104). The fatty acid compositions of

cholesterol esters, triglycerides and phospholipids in the livers of the subjects with

and without HCV infection are summarized in Fig.2-5. Similar to the results in mice,

the proportion of C18:1 fatty acids (oleic and vaccenic acids) in the triglyceride fraction

was significantly higher in the chronic hepatitis C patients than in the subjects without

HCV infection(36.0•}9.2vs. 24.1•}9.9%, p<0.05). The fatty acid compositions

observed in the fatty liver patients (increase of C16:0 and C18:0) were compatible

with the previous reports on fatty liver patients44,45. There was no significant

difference in the proportion of C18:1 fatty acids in the cholesterol ester fraction

(29.0•}12.8vs. 24.3•}11.2%, p=0.29) between these two groups (Fig.2-5).
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Discussion

Steatosis has been strongly associated with chronic hepatitis C by a body of

evidence consisting of clinicopathologic21,33,34 and experimental studies, both in vivo

17,32,46 and in vitro 35,36.We recently showed the direct interaction of HCV core

protein with retinoid X receptor alpha(RXR alpha), a transctiptional regulator that

controls many aspects of cell proliferation,differentiation,and lipid metabolism47. The

core protein binds to the DNA-binding domain of RXR alpha ,leading to increase the

DNA binding of RXRalpha to its responsive element.

The expression level of the core protein and the grade of steatosis have also been

correlated in the liver of chronic hepatitis C patients48. However, the composition of

fatty acids that accumulated in the livers of chronic hepatitis C patients, which may

result from disturbances in the lipid metabolism by HCV, has not been studied yet.

The current study, to our knowledge, is the first report on the effect of HCV infection

on the composition of lipids in the liver. The proportion of C18:1 fatty acids, such as

oleic and vaccenic acids, significantly increased in the triglyceride and cholesterol-

ester fractions in the livers of HCV core gene transgenic mice. This finding is of a

great importance because the proportion of C18:1 fatty acids also increased in the

livers of patients who suffered from chronic hepatitis C. It should be emphasized that,

in contrast to HCV-associated steatosis, the proportion of palmitic acid(C16:0)

increased instead of that of the C18:1 fatty acids in the livers of mice with simple

obesity. Although these simple obesity mice were generated through hypothalamic

damage by the administration of monosodium-L glutamate38, the composition of lipid

in these mice shows a similar pattern to the one observed in human fatty liver due to
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simple obesity44,45. Thus, the accumulation of C18: 1 fatty acids may be due to the

effect of a specific action of the HCV core protein.

In our animal model for HCV pathogenesis, steatosis is solely a consequence

of the expression of the core protein in the liver, which has also been supported by

cell culture studies35,36. In the case of human chronic hepatitis C, the pathogenesis of

steatosis may be complicated and one cannot exclude the possibility of the effect of

inflammation on lipid metabolism. However, the coincidence of dominant

accumulation of C18: 1 fatty acids in the livers of transgenic mice and hepatitis C

patients suggests that HCV may also play a role in the alteration of lipid metabolism in

chronic hepatitis C patients.

Quantitative determination of the core protein in the liver of transgenic mice

revealed a correlation between the grade of steatosis and the level of core protein,

further supporting the causative role of the core protein in the pathogenesis of hepatic

steatosis in transgenic mice. The range of the core protein level in the transgenic

mouse liver, which was determined by the FEIA method, was within that in the liver of

chronic hepatitis C patients49 . Together with the results of Western blot analysis32

core gene transgenic mice is, therefore, not a result of overexpression but an

expression of the core protein at a level similar to that in the livers of chronic hepatitis

C patients.

The relevance of the alteration in the lipid metabolism in the liver with hepatitis

C, and that of the predominance of C18: 1 fatty acids, are not yet clear. However, it is

noteworthy that a higher level of oleic acid accounts for increased membrane fluidity,

leading to increased cell metabolism and higher cell division rates50-53 . It is also

interesting to note that stearic acid (C18:0) inhibits the growth of cancer cells and oleic
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acid abrogates this effect 54. Therefore, the predominance of C18:1 fatty acids might

induce hepatocytes to grow or divide actively, thereby associated with

hepatocarcinogenesis. The mechanism underlying steatosis in the core gene

transgenic mice is not thoroughly understood yet, but both ƒÀ-oxidation of fatty acids in

the mitochondrion and secretion of triglycerides from the liver were found to be

impaired(Moriya K, et al., unpublished data). Core protein may lead to reduction in

microsomal triglyceride transfer protein activity.

In conclusion, the same lipid profile, i.e., C18:1 fatty acid predominance, is

present in the steatotic livers of HCV core gene transgenic mice and chronic hepatitis

C patients. This suggests that HCV may affect a specific pathway in the lipid

metabolism and cause hepatic steatosis in HCV-infected liver.
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Figure Legends

Fig.2-1

Steatosis and intrahepatic core protein level in transgenic mice.

The level of hepatitis C virus core protein was determined by the fluorescence

enzyme immunoassay method, and was correlated with the grade of steatosis.

The data are means•}S.E., n=10 in each group. ***p<0.001.

Fig.2-2

Morphological study of lipid accumulation in the transgenic mouse liver by electron

microscopy.

A number of lipid droplets of various sizes(L) were present in hepatocytes from

a core gene transgenic mouse(6 m.o.). While the nuclei were intact(N), the

double-structured mitochondrial membrane was disrupted(m) and the secondary

lysosomes were observed to contain remnants of mitochondria(arrows). (x5,000)

Fig.2-3

Lipid contents in the mouse liver.

Lipids extracted from liver tissues of transgenic(Tg, hatched bars), non-

transgenic littermate(nTg, black bars) or non-transgenic obese mice(nTg obese,

dotted bars) were fractionated using a florisil column.

The data are means•}S.E., n=8 in each group. *p<0.05; NS, not statisticall ysignificant.

CE, cholesterol esters; TG, triglycerides; PL, phospholipids; FFA, free fatty acids.
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Fig.2-4

Fatty acid composition(relative composition, %) in the mouse liver.

The fatty acid composition of each lipid fraction from liver tissues of transgenic

(Tg, hatched bars), non-transgenic littermate(nTg, black bars) or non-transgenic

obese mice(nTg obese, dotted bars) was analyzed by gas chromatography. The sum

of percentages does not become 100 due to the presence of small fractions.

The data are means•}S.E., n=8 in each group. *p<0.05. CE, cholesterol esters; TG,

triacylglycerol; PL, phospholipids.

Fig.2-5

Fatty acid composition(relative composition, %) in the human liver.

The fatty acid composition of each lipid fraction from liver tissues of patients

with chronic hepatitis C(HCV+, hatched bars) or subjects without HCV infection

(HCV-, black bars) was analyzed by gas chromatography. The sum of percentages

does not become 100 due to the presence of small fractions.

The data are means•}S.E., n=8 in each group. HCV, hepatitis C virus; *p<0.05. CE,

cholesterol esters; TG, triacylglycerol; PL, phospholipids.
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PART3;Oxidative Stress in the Absence of Inflammation

in a Mouse Model for Hepatitis C Virus-Associated

Hepatocarcinogenesis

Abstract

The mechanism of hepatocarcinogenesis in hepatitis C virus(HCV) infection is still

undefined. One possibility is the involvement of oxidative stress, which can produce

genetic mutations as well as gross chromosomal alterations and contribute to cancer

development. We recently showed that the core protein of HCV induces, after a long

period, hepatocellular carcinoma(HCC) in transgenic mice with marked hepatic

steatosis but without inflammation, indicating a direct involvement of HCV in

hepatocarcinogenesis. To elucidate the biochemical events prior to the

developmentof HCC, we examined several parameters of oxidative stress and redox

homeostasisin a mouse model of HCV-associated HCC. For young mice aged 3 to 12

months,there was no significant difference in the levels of hydroperoxides of

phosphatidylcholine(PCOOH) and phosphatidylethanolamine in liver tissue

homogenates between transgenic and non-transgenic control mice. In contrast,

PCOOH level was increased by 180% in old core gene transgenic mice aged over 16

months. Concurrently, there was a significant increase in the catalase activity, and

decreases in the levels of total and reduced glutathione in the same mice. A direct in

situ determination by chemiluminescence revealed an increase in hydroperoxide

products by 170% even in young transgenic mice, suggesting that hydroperoxides

were overproduced but immediately removed by an activated scavenger system in

young mice. Electron microscopy revealed lipofuscin granules, secondary lysosomes
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carrying various cytoplasmic organelles and disruption of the double membrane

structure of mitochondria, and PCR analysis disclosed a deletion in mitochondrial

DNA. Interestingly, alcohol caused a marked increase in PCOOH level in transgenic

mice, suggesting synergism between alcohol and HCV in hepatocarcinogenesis.

The HCV core protein thus alters the oxidant/antioxidant state in the liver in the

absence of inflammation, and thereby may contribute to or facilitate, at least partly,

the development of HCC in HCV infection.

Recently, the core protein of HCV has been shown to induce HCC in transgenic mice,

and has been suggested to play a central role in the development of HCC in chronic

hepatitis C32. However, it still remains unclear how the core protein operates in the

development of HCC: modulation of certain cellular gene products such as helicase,

lymphotoxin-ƒÀ receptor or dead box protein55-57 , as shown in cell culture systems,

may contribute to hepatocarcinogenesis. Another possibility is the induction of

oxidative stress.

Endogenous oxidants generated by multiple intracellular pathways are an

important class of naturally occurring carcinogens58,59. Reactive oxygen species

(ROS) are endogenous oxygen-containing molecules formed as normal products

during aerobic metabolism60. ROS include a number of species such as superoxide,

hydroxyl, and peroxyl radicals, and certain nonradicals such as singlet oxygen and

hydrogen peroxide that can be easily converted into radicals. ROS can induce genetic

mutations as well as chromosomal alterations and thus contribute to cancer

development in multistep carcinogenesis 61,62. Moreover, a number of recent

studies have demonstrated that ROS at submicromolar levels act as novel intra-and
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intercellular secondary messengers and thus modulate various aspects of cellular

functions including proliferation, apoptosis and gene expression63. Most markers of

oxidative injury utilized reflect free radical attack on polyunsaturated fatty acids, with

the classical route of attack involving lipid peroxidation,

In the present study, we explored the oxidant/antioxidant status in the liver of a

transgenic mouse model of HCC in HCV infection, prior to development of HCC, by

sequential quantification of hydroperoxide level, glutathione level and catalase activity

and comparison of these parameters with those of age-matched non-transgenic

control mice. We found an age-dependent increase in oxidative stress in the livers of

transgenic mice which develop HCC in the absence of inflammation as a

consequence of core protein expression.

Materials and Methods

Transgenic mice. The production of HCV core gene transgenic mice has been

described previously 17. Briefly, the core gene of HCV placed downstream of a

transcriptional regulatory region from the hepatitis B virus was introduced into

C57BL/6 mouse embryos(Clea Japan, Tokyo, Japan). Mice were cared for according

to institutional guidelines, fed an ordinary chow diet(Funabashi Farms, Funabashi,

Japan) and maintained in a specific pathogen-free state. For the ethanol loading

experiment, mice were fed a diet containing 5% ethanol(Oriental Yeast Co., Ltd.,

Tokyo, Japan) for 3 weeks. For the induction of inflammation, carbon tetrachloride

(CCl4) was administered to mice i. p. at a dose of 0.5 ml/kg weight. Since HCC

develops preferentially in male transgenic mice, we used male mice which were
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heterozygously transgenic for the core gene, and as controls we used non-transgenic

littermates of the transgenic mice. Transgenic mice carrying the HCV envelope

genes under the same regulatory region as that in the core gene transgenic mice

were used as control64. Obese mice were obtained by treating the mice with

monosodium-L glutamate38. At least five mice were used in each experiment and the

data were subjected to statistical analysis.

Chemicals. Unless otherwise stated, all chemicals were of reagent quality and

purchased from wako Chemicals, Tokyo, Japan.

Lipid extraction from the liver. For determination of hydroperoxide levels, liver

tissues were used immediately after sacrifice of the mice and never used after storage,

even at-70•Ž, because storage inevitably results in an increase in peroxide

products65. Liver samples(100mg) were homogenized in 2 ml of 0.15 M NaCl

solution. To 1 ml of homogenate, 4 ml of chloroform/methanol(2:1, v/v; containing

90 nM butylated hydroxytoluene as an antioxidant) was added and mixed vigorously

for 1 min. The mixture was centrifuged at 1,000 g for 15 min. Then, the lower

chloroform layer was collected and evaporated to dryness under nitrogen stream.

The liver total lipids were dissolved in an appropriate amount of chloroform/methanol

(2:1, v/v) and subjected to analysis66.

Determination of phosphatidylcholine and phosphatidylethanolamine

hydroperoxides. Hydroperoxide products of phosphatidylcholine(PCOOH) and

phosphatidylethanolamine(PEOOH) in liver total lipids were determined by

chemiluminescence(CL)-high performance liquid chromatography(HPLC), as

previously described66,67. The system consisted of a Jasco HPLC system (Japan

Spectroscopic Co., Tokyo, Japan) and post-column chemiluminescence detection.
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The HPLC column was a Jasco Finepak SIL NH2-5(5ƒÊm, 250•~4.6‡o), the column

mobile phase was 2-propanol/methanol/water(135:45:20, v/v/v) and the flow rate was

1.0 ml/min. Post-column chemiluminescence detection was carried out using a CLD-

100 detector(Tohoku Electronic Industries Co., Sendai, Japan), which employs a

cooled photomultiplier tube(PMT), to suppress PMT dark current and improve the

S/N ratio of HPLC analysis. As a hydroperoxide-specific post-column

chemiluminescence reagent, a mixture of luminol and cytochrome C in 50 mM borate

buffer(pH 10.0) was utilized66,67. Calibration was carried out using authentic

PCOOH as a standard, as described previously66. Protein concentrations were

determined by Lowry's method using bovine serum albumin as the protein standard.

Determination of catalase activity and glutathione level. Catalase activity was

measured spectrophotometrically(at 240 nm) by following the decrease in

absorbance of hydrogen peroxide after addition of 0.1 ml of supernatant to 0.9 ml of

15 nM H2O2 in 50 nM phosphate buffer, pH 6.8 68. Reduced glutathione(GSH) and

oxidized glutathione(GSSG) levels were measured as described previously 69.

Briefly, tissues were homogenized with Physcotron(Niti-on, Tokyo, Japan) after

adding 4 ml/g wet tissue of 5% trichloroacetic acid containing 5 mM Na2 EDTA, and

were centrifuged at 1,850x g for 10 min. After the addition of 4-(aminosulfonyl)-7-

fluoro-2,1,3-benzoxadiazole and ethyl acetate to the supernatant liquid followed by

vigorous shaking, the sample was centrifuged at 3,000 rpm for 5 min. Then the

solution was reacted with ammonium 7-fluoro-2,1,3-benzoxadiazole under the

reduction of disulfides with tri-n-butylphosphine in acetonitrile. After cooling on ice

water, the solution was adjusted to pH 2 with HCl, and 10 ml of the acidic solution was

injected onto the HPLC column. The total amount of glutathione was computed by

33



adding the amounts obtained for GSH and GSSG.

Spontaneous in situ liver surface chemiluminescence. The spontaneous in situ

surface chemiluminescence of the liver was monitored using a photon counter

(Johnson Research Foundation, Philadelphia, PA) with a model 9658 photomultiplier

responsive over the range of 350 to 850 nm as described elsewhere70,71.

Chemiluminescence in the intact organ is the result of different photoemissive

reactions: reactive oxygen species and lipid radicals are primary contributors to tissue

chemiluminescence70,71. Intrinsic low-level light emission by living tissues is

measured by very sensitive photomultiplier. A mouse is fixed in a light-tight chamber

supplied with necessary physiological equipment, and the liver is exposed to the

photomultiplier placed as close as possible to the organ surface. To avoid

chemiluminescence from other organs, the mouse is covered with aluminium foil and

only the liver is exposed to the photomultiplier. Emission was expressed in counts per

second per square centimeter of liver surface (cps/cm2). Spectral analysis of liver

chemiluminescence was performed with cut-off Kodak Wratten filters (Eastman Kodak,

Rochester, NY) as described elsewhere 72.

Electron microscopy. For standard electron microscopic techniques, mouse liver

was perfused with 1.6% glutaraldehyde (TAAB Laboratory Equipment, Reading, UK),

excised and fixed at 4•Ž for 1 h.

DNA isolation and analysis of mitochondrial DNA. Total DNA was isolated from

the liver as described previously3. Detection of mitochondrial DNA (mtDNA)

deletion present between the direct repeats of mtDNA (direct repeat 17 corresponding

to by 979-5650 of mouse mtDNA)73 was performed by PCR with the primers

TAAGTCGTAACAAGGTAAGC (bp 979-998) and GATGGTGGTAGGAGTCAAAA (bp
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5650-5631). Amplification was carried out in a thermal cycler for a total of 35 cycles

consisting of 94•Ž for 40 s, 50•Ž for 30s and 72•Ž for 2min, in 100ƒÊl of the reaction

mixture containing 200ƒÊM dNTPs, 1.0ƒÊM each of the primers and 1•~PCR buffer [50

mM KCI, 10mM Tris-HCI (pH 8.3), 1.5mM MgCl2 and 0.001% (w/v) gelatin] and 2

units of Ampli-Taq polymerase (Perkin Elmer Cetus Corp., Norwalk, CT). The PCR

product of the intact repeat is 4671 by long, while the predicted size of the deletion

between the direct repeats is 3821 bp, producing a PCR deletion product of 851 bp.

The PCR products were analyzed by electrophoresis in a 2% agarose gel.

Statistical analysis. Results are expressed as means•}S. E. The significance of the

difference in means was determined by Student's t-test.

RESULTS

The HCV core gene transgenic mice express the core protein in the liver at

levels similar to those in the liver of chronic hepatitis C patients, develop steatosis

without inflammation early in life, and finally develop HCC when they are aged over 16

months32. In the present study, analyses were performed on two groups of mice:

young mice aged 3 to 12 months and old mice aged over 16 months.

Lipid peroxidation in HCV core gene transgenic mice. We investigated the

levels of lipid peroxidation as a measure of accumulated oxidative damage to

membrane lipids. Lipid peroxidation is important because it amplifies the free radical

production process and its products could lead to cellular and tissue damage74.

Direct determination of the primary products of oxidative attack has been shown to be

the most accurate measure of lipid peroxidation75. We selected to determine the
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levels of PCOOH and PEOOH by the CL-HPLC method, since these are the most

reliable parameters for lipid peroxidization75,76. We first determined the levels of

PCOOH and PEOOH in the liver of young HCV core gene transgenic and non-

transgenic control mice aged 3 to 12 months. There was no significant difference in

the levels of PCOOH (0.89•}0.16vs. 0.83•}0.08nmol/g protein, p=0.46) or PEOOH

(0.43•}0.11vs. 0.42•}0.14nmol/g protein, p=0.90) in these mice as shown in Figure 3-

1A. In contrast, for older mice aged over 16 months, when the core gene transgenic

mice start to develop HCC (32, 75), both the levels of PCOOH (2.30•}0.42vs.

0.83•}0.19nmol/g protein, p<0.01) and PEOOH (1.04•}0.32vs. 0.42•}0.15nmol/g

protein, p<0.01) were significantly higher than those in non-transgenic control mice

(Fig.3-1B). There was a correlation between ROS generation and the level of the

core protein when old core gene transgenic mice were analyzed (data not shown).

The levels of PCOOH in the livers of 16-m.o. simple obese mice, which showed a

moderate grade of hepatic steatosis, were not significantly different from those in the

livers of non-transgenic control mice (0.98•}0.33vs. 0.83•}0.19nmol/g protein, p=0.41).

The levels of PCOOH in the livers of 16-m.o. transgenic mice expressing the HCV

envelope proteins under the same regulatory region as that in the core gene

transgenic mice were not significantly elevated compared to non-transgenic control

mice (0.79•}0.27vs. 0.83•}0.19nmol/g protein, p=0.82). This indicates that not the

regulatory feature of protein expression driven by the HBV regulatory region used in

the current study but the expressed protein itself, i. e., the core protein, is responsible

for the excessive production of ROS in the mouse liver.

Anti-oxidative state in HCV core gene transgenic mice. Measurement of ROS is

not complete without the measurement of defense systems that protect against ROS.
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In the assessment of ROS in vivo, the balance between generation and elimination is

more important than the measurement of any single component 67. We determined,

in the livers of young mice, 1) catalase activity, 2) total glutathione and 3) GSH levels.

Catalase is the enzyme that generates H2O and O2 by metabolizing hydrogen peroxide

(H2O2) which is produced by the action of superoxide dismutase. Reduced

glutathione (GSH) plays a central role in cellular defense against oxidative stress77,

by regulating the intracellular concentration of ROS via a reaction catalyzed by

glutathione peroxidase (GPx). The catalase activity was 149.8•}22.1 units/100 mg

of liver in transgenic mice, whereas it was 104.2•}18.4 units/100 mg of liver in non-

transgenic control mice (p<0.01, Fig.3-2A). The total glutathione level

(GSH+GSSG) was significantly lower in transgenic mice than in non-transgenic

control mice (2.62•}0.59vs. 3.89•}0.58ƒÊmol/g of liver, p<0.01, Fig.3-2B). In addition,

the ratio of GSH to total glutathione was significantly lower in transgenic mice than in

non-transgenic control mice (0.832•}0.051vs. 0.908•}0.016, p<0.05, Fig.3-2C).

These results for the anti-oxidative system suggest that ROS are overproduced

in the livers of transgenic mice even at a young age, but are promptly scavenged by

concomitantly activated antioxidants such as catalase and the glutathione system

Therefore, to directly measure free radical formation, we took an advantage of the

method for measuring spontaneous in situ liver surface chemiluminescence method

(Fig.3-3A), and compared the levels of chemiluminescence in the livers of core gene

transgenic mice and non-transgenic control mice at young age (6 m. o.). As shown in

Figure 3-3B, spontaneous liver surface chemiluminescence was significantly higher in

transgenic mice by approximately 170% compared to in normal control mice
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(4,968•}488vs. 1,858•}682 arbitrary units, p<0.01).

Mitochondrial morphology and DNA damage. Because mtDNA is more

sensitive to oxidative damage than nuclear DNA78, we investigated for the effects of

increased ROS production on mtDNA damage. For this purpose, hepatic DNA was

analyzed by PCR and screened for large 3821-bp deletions associated with direct

sequence repeats normally present in aging mice74. As shown in Fig.3-4, this

deletion was not detectable in non-transgenic control mice aged 2 or 9 months, but

was detectable at the age of 2 months and was prominent at the age of 9 months in

core gene transgenic mice. The deletion was more prominent in transgenic mice

aged 19 months, while only a weak band indicating deletion was detectable in 19-m. o.

non-transgenic control mice, which may be the result of aging.

Electron microscopy showed no clear evidence of swelling or degeneration of

mitochondria in transgenic mice aged 3 months, but the disruption of the double

structure of the mitochondrial membrane was observed in mitochondria from the livers

of transgenic mice (Fig.3-5A and 3-5B). In transgenic mice over the age of 12

months, hepatocytes exhibited scattered residual bodies or lipofuscin granules and

secondary lysosomes carrying various cytoplasmic organelles (Fig.3-5B and 3-5C).

These structures are found in senescent cells in vivo and are recognized as

morphologic signs of damages induced by ROS 79,80.

Effects of alcohol and inflammation on lipid peroxidation. In human chronic

hepatitis C, alcohol intake has been documented as a synergistic factor for the

acceleration of hepatocarcinogenesis80-82. To assess this possibility in our mouse

model, we administered alcohol to mice and examined whether or not alcohol

enhances the effect of the core protein on the levels of hydroperoxide in mouse liver.
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The PCOOH level was determined in the livers of transgenic and non-transgenic

control mice aged 6 months with or without administration of 5% ethanol for 3 weeks.

Non-transgenic control mice fed with a 5% ethanol diet for 3 weeks showed only a

slight increase in PCOOH levels compared to those not fed an ethanol diet. In

contrast, transgenic mice exhibited an approximate 200% increase in PCOOH levels

compared to non-transgenic control mice fed with the same 5% ethanol diet

(3.11•}0.54 vs. 1.02•}0.27, p<0.01, Fig.3-6A) or transgenic mice not fed an ethanol

diet(3.11•}0.54 vs. 0.88•}0.28, p<0.01, Fig.3-6A).

We then administered carbon tetrachloride(CCI4) to mice(0.5 ml/kg body

weight), to examine the possibility that inflammation and the core protein may act

synergistically to induce oxidative stress in the liver. Although CCI4 treatment

increased PCOOH levels in mice and the levels were higher in transgenic than non-

transgenic control mice, the difference was not statistically significant (2.96•}1.03 vs.

2.07•}0.48, p=0.12, Fig.3- 6B).

Discussion

In the present study, we demonstrated a striking intracellular increase in lipid

peroxidization, as revealed by the determination of PCOOH and PEOOH levels, in th

livers of transgenic mice destined to develop HCC in the latter half of their lives32.

Antioxidant systems were also activated in accordance with the extent of oxidative

stress. It should be emphasized that such alteration in the oxidant/antioxidant state

occurred in the absence of inflammation in the livers of transgenic mice32. In

patients with HCV infection, increased levels of lipid peroxidation represented by the
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production of derivatives such as malondialdehyde or 4-hydroxynonenal have been

demonstrated in the liver, serum or leukocytes 84-87, and ROS have been suggested

to play a role in the development of liver cancer88, 89. In humans, however, it is not

clear whether ROS production is triggered by the action of HCV per se or by

inflammation which is instrumental in producing ROS in a variety of organs90, 91. In

our transgenic mouse model for viral hepatocarcinogenesis, ROS overproduction

occurred in the absence of any inflammation, suggesting that the HCV core protein

per se, which was expressed in similar levels to those in the livers of chronic hepatitis

C patients32, is sufficient to induce oxidative stress in the mouse liver. This is very

important in that it leads to the idea that the presence of HCV itself may induce the

production of ROS in human liver and render hepatocytes susceptible to DNA

damage, the accumulation of which may lead to malignant transformation.

We determined the levels of PCOOH and PEOOH in the liver as a measure of

the extent of lipid peroxidization. Lipid peroxidization is the most reliable marker of

excessive ROS activity in vivo, and generates hydroperoxides, endoperoxides, long-

lived aldehydes and the end-products malondialdehyde, ethane and pentane75.

Determining hydroperoxide products, particularly PCOOH or PEOOH, is one of the

most reliable methods for evaluating lipid peroxidation66, in contrast to measuring the

level of thiobarbituric acid reactive substances(TBARS), which is troublesome due to

a number of artifacts and non-specific reactions75.

HCV core gene transgenic mice showed an increase in hydroperoxide levels in

an age-dependent manner. Hydroperoxide levels were increased in old transgenic

mice but not in young mice as determined by the CL-HPLC method, whereas the

determination of hydroperoxide by the spontaneous in situ liver surface
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chemiluminescence method revealed the elevation of hydroperoxide levels also in

young mice. This is probably due to the difference in the two methods used.

Because the spontaneous in situ liver surface chemiluminescence method can be

used to detect hydroperoxides generated in the liver in real time before elimination by

the antioxidant system, there could be a discrepancy between determinations using

this method and CL-HPLC of homogenized tissues. In fact, the antioxidant systems

such as catalase and GPx were also activated in young mice, suggesting that, at a

young age, the generation of hydroperoxides was counterbalanced by the antioxidant

systems, but the balance terminated when the mice became older. Catalase and

GPx play important roles in cellular antioxidant defense by reducing the levels of

hydroperoxides, which otherwise can be converted to highly reactive hydroxyl radicals

through the metal-mediated Fenton reaction92. Thus, the production of ROS was

initiated in the young mice and became evident in the livers of the older core gene

transgenic mice. It has been suggested that the generation of ROS increases in the

brains or livers of old normal rats 93,94, but this was not observed in the livers of the

parental mouse strain C57BLJ6 mouse used in this study(Figs. 1A and B), a finding

which is harmonious with the very low incidence of spontaneous liver tumors in this

strain22,23.

Starting from the age of 2 months, there was a significantly higher incidence of

mtDNA deletion in the livers of transgenic mice than non-transgenic control mice,

which may be associated with the increase in the production of ROS. MtDNA is known

to be 10-15-fold more sensitive to oxidative damage than nuclear DNA78,95.

Enhanced ROS generation and the progressive accumulation of mtDNA damage

have been described in aging rodents and human livers in degenerative diseases
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associated with oxidative liver damage96-98. Increased ROS generation in the livers

of core gene transgenic mice may lead to premature oxidative damage of hepatic

mtDNA and play a part in the development of HCC. Search for gross chromosomal

alterations in HCC developed in the transgenic mice is currently underway. Recent

studies have demonstrated that ROS at submicromolar levels act as intracellular

secondary messengers and thus regulate various aspects of cellular functions

including proliferation, apoptosis and gene expression 63 it would therefore be

interesting to know whether or not the intracellular signaling pathways, such as NF-KB

or AP-1, are activated. In this mouse model, not NF-KB but AP-1 is activate& .

In the current study, a synergy was revealed between the core protein and

alcohol administration with respect to the generation of hydroperoxide in mouse liver.

This is of great interest because a synergy between excessive alcohol intake and

HCV infection has been documented in the development of HCC in chronic hepatitis

C patients81-83. In these studies, alcohol is one of the independent co-factors

accelerating the development of HCC in chronic hepatitis C patients. Our result may

explain this synergy in chronic hepatitis C patients. In addition, there was a higher

increase in hydroperoxide levels in CCl4-treated transgenic mice than in CCl4-treated

non-transgenic control mice: the difference, however, was not statistically significant,

which may be due to the fact that CCl4 is a very strong inducer of ROS99. These

results indicate that the HCV core protein not only induces ROS production in

hepatocytes but also predisposes hepatocytes to the generation of more ROS when

stimulated by ROS-inducing factors such as alcohol or inflammation. In this sense,

ROS production in hepatitis C might be different, by the presence of the HCV core

protein, from that in hepatitis caused by other factors; e.g., autoimmune chronic active
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hepatitis, which is not associated with HCC development 100,101.

In this mouse model for HCV-associated hepatocarcinogenesis, the

development of HCC is preceded by hepatic steatosis, which is one of the histologic

characteristics of hepatitis C21. Steatosis in core gene transgenic mice is age-

dependent, and characterized by the appearance of micro- and macrovesicular fat

droplets95. The pathogenesis of steatosis in these mice is not completely clear, but

both the ƒÀ-oxidation of fatty acids in mitochondria and secretion of triacylglycerol from

the liver were found to be impaired2. Because no significant elevation was observed

in the levels of hydroperoxide in steatite liver tissues from mice with simple obesity,

not steatosis but the core protein per se or steatosis with the core protein may play a

central role in the generation of ROS in the transgenic mouse liver. It is not clear yet

how the core protein induces ROS overproduction. However, we recently obtained

some evidence in the core gene transgenic mice suggesting an impairment of the

mitochondrial electron transfer system2, which leads to the ROS overproduction102.

This may explain how excessive ROS is produced in the liver of HCV core gene

transgenic mice. This may also explain the mechanism of synergy between alcohol

and the core protein in inducing ROS. Alcohol has been shown to induce ROS in the

liver through acetaldehyde formation and mitochondria) damage, etc103. Therefore,

low dose of alcohol, which is not enough to induce ROS by itself, can be synergistic

with the core protein.

In conclusion, our results indicate that the HCV core protein induces ROS in

the liver in the absence of inflammation, which may, in part, be responsible for the

development of HCC in this mouse model as well as in chronic hepatitis C patients.

Other mechanisms, such as modulation of cellular gene expression by the core
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protein or interaction of the core protein with cellular proteins, may also play a role in

the development of HCC.

The promotion of increases in free radical formation with time in the livers of HCV core

protein transgenic mice, but without inflammation,could help explain why

hepatocellular carcinoma expression mostly occures after extended periods of

exposure to hepatitis C.Alcohol intake reduced the time delay before increases in

free radical formation became significant.As inflammation and steatosis are

associated with alcohol induced liver damage,increased liver damage in HCV infected

individuals imbibing alcohol may explain why they frequently present sooner with

hepatocellular carcinoma than those individuals consuming significantly less alcohol
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FIGURE LEGENDS

Fig.3-1. Levels of lipid peroxidation in core gene transgenic and control mice.

A, Young mice aged 3 to 12 months.

B, Old mice aged over 16 months.

The hydroperoxide products of phosphatidyicholine(PCOOH) or

phosphatidylethanolamine(PEOOH) were determined in liver tissue homogenates of

transgenic mice(Tg) and non-transgenic control mice(nTg).

The data are means•}S.E., n=5 in each group. NS, not statistically significant.

Fig.3-2. Antioxidant systems in young core gene transgenic and control mice.

A, Catalase activity; B, total glutathione level; C, the ratio of reduced/total glutathione

levels.

The data are means•}S.E., n=5 in each group. Tg, transgenic mice; nTg, non-

transgenic control mice.*p<0.05,**p<0.01.

Fig.3-3. Spontaneous in situ liver surface chemiluminescence.

A, System for the measurement of whole organ chemiluminescence in situ

photomultiplier(PM).

B, Levels of reactive oxygen species as determined by the spontaneous surface

chemiluminescence method in mice aged 6 months.

The data are means±S.E., n=5 in each group. Tg, transgenic mice; nTg, non-

transgenic control mice.**p<0.01.
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Fig.3-4. PCR detection of deletion in liver mitochondrial DNA.

Total hepatic DNA from core gene transgenic(core+) and non-transgenic

control(core-) mice was subjected to PCR amplification. The arrow indicates the

position of the PCR deletion product of 851 bp. Mr, molecular weight standard; bp,

bases pairs.

Fig.3-5. Ultrastructural manifestation in the livers of core gene transgenic mice.

A, A non-transgenic control mouse(aged 6 months); B, a transgenic mouse(aged 16

months); C, a transgenic mouse(aged 16 months).

The arrow indicates the secondary lysosome containing mitochondrial remnants(B).

Lipofuscin granules are indicated by asterisks(C).

m, mitochondrion; N, nucleus; L, lipid droplet.

Fig.3-6. Induction of hydroperoxide products by alcohol and carbon tetrachloride.

A, Hydroperoxide products of phosphatidyicholine(PCOOH) determined in liver tissue

homogenates from mice fed an ethanol-containing diet.

B, PCOOH determined in liver tissue homogenates from mice treated with carbon

tetrachloride.

The data are means•}S.E., n=5 in each group. Tg, transgenic mice; nTg, non-

transgenic control mice; EtOH, ethanol.*p<0.05,**p<0.01, NS, not statistically

significant.
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Summary

In the pathogenesis of HCC associated with HCV infection,it remains controversial

whether the virus plays a direct role or indirect role. Owing to the establishment of

transgenic mouse model, we now understand that the core protein of HCV has

oncogenic potential. The findings of studies indicate that radicals may have some part

in carcinogenesis of HCV core gene transgenic mice.
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