
with microvesicular steatosis, which was gradually 
replaced by macrovesicular steatosis. However, both 
steatosis and core positive hepatocytes diminished 
with time. Increases in aminotransferase, caspase and 
8-OHdG were associated with peak core expression. 

CONCLUSION: The core protein was readily detected 
and morphological ly associated with steatosis in 
individual hepatocytes both in vitro  and in vivo . In vivo , 
oxidative stress caused by the core potentially reduced 
the number of core positive hepatocytes and in parallel 
the level of steatosis. To our knowledge, this is the first 
animal model that directly shows topological relationship 
between HCV core and hepatic lipid vesicles.

© 2007 WJG. All rights reserved.
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INTRODUCTION
Infection with the hepatitis C virus (HCV) causes chronic 
hepatic fibrosis, cirrhosis and hepatocellular carcinoma[1]. 
While the cellular pathogenesis of  these events are 
incompletely understood, chronic inflammation is believed 
to play a central role that involves the presence of  T 
cell subsets with specific reactivity toward HCV gene 
products[2]. An HCV-infected liver, however, exhibits not 
only inflammation but also steatosis. Also, diabetes is 
considerably more commonly associated with this disease 
than other forms of  chronic hepatitis[3]. The "metabolic" 
changes associated with HCV, notably fatty liver and 
diabetes, are less well understood.

HCV core protein, a structural protein that modulates 
cellular processes, was shown to be the predictor of  
human steatosis[4]. Many in vitro studies also documented 
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Abstract
AIM: To investigate a specific association between 
hepatic steatosis and hepatitis C virus (HCV) core. 

METHODS: HeLa cells and primary mouse hepatocytes 
were transfected with HCV core plasmid, and conditional 
transgenics in which hepatic over-expression of HCV 
core is regulated by the tetracycline-off system, were 
developed. The expression of the HCV core was 
assessed over one to six months after withdrawal of 
doxycycline (dox) by immunohistochemistry (IHC) 
and Western blotting and by sequential liver biopsy. 
Hepatic steatosis was evaluated using oil red stain. 
8-hydroxydeoxyguanosine (8-OHdG) stains and caspase 
levels were conducted to clarify hepatic oxidative 
stress and apoptosis rate. Serum aminotransferase was 
checked. 

RESULTS: The transfected hepatocytes had globular 
cores under the lipid vesicles. In transgenic mice on 
control diet, core expression was robust, localized to the 
cytoplasmic vesicle membrane and strongly associated 
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its association with cellular lipid droplet[5,6], its unique 
sequence motifs required for lipid droplet association 
and protein stability[7] and the intramembrane proteolysis 
promotes trafficking of  it to lipid droplets[8].

Transgenic mice that express HCV-cores exhibit certain 
features of  the human infection, such as steatosis[9,10], 
insulin resistance[11] and ultimately cancer[12]. However, 
a problem associated with the published transgenics is 
the level of  HCV-core expression, which is detectable by 
either RT-PCR or Western blotting[9-12]. Staining for core 
protein in liver sections is rarely strong enough to observe 
its association with cellular lipid directly. Furthermore, 
these transgenics are conventional, with expression of  
core protein during the latter part of  gestation as well as 
following birth. As models, they differ from human HCV 
infection in that in humans, virtually all HCV is acquired 
postnatally, and most is acquired in adulthood. The fetus 
appears to be protected. The virus does not cross the 
placenta, and perinatal infection is rare[13]. These facts 
raise the question of  whether the presentation of  HCV-
core in the developing liver has unique metabolic effects 
or underlies the low level of  viral protein expression in the 
transgenic mice reported to date. 

Although core expression has been documented 
both in vitro and in vivo, a definite topological relationship 
between the HCV core protein and the intrahepatic cellular 
lipid vesicles has never been established in vivo. Mice that 
over-express the HCV core protein were developed to 
address this question. The transgene can be suppressed 
until the animal is weaned and fully developed. When the 
mouse is placed on standard chow, the core protein appears 
over the subsequent one to five months. This model more 
closely replicates the timing of  typical hepatitis C infection 
in humans than constitutive transgenics. Core expression 
is robust, allowing its subcellular localization to be studied. 
The results provide morphological evidence of  the direct 
effect of  the HCV core on hepatic lipid vesicle formation.

MATERIALS AND METHODS
Transgenic mice
Mice, in which the expression of  the hepatitis C core 
gene was suppressible by tetracycline, were raised. The 
details will be described elsewhere. Briefly, the HCV core 
gene sequence was isolated by RT-PCR from the plasma 
of  a patient with chronic hepatitis C, genotype 1b. It was 
cloned into the PUGH16-3 vector, which contains the 
tetracycline response element (TRE)[14]. Fertilized ova 
from FVB/N mice were injected with the construct, and 
several founder mice were obtained. These were crossed 
with a second transgenic line that is homozygous for the 
tetracycline transactivator (tTA) under control of  the liver 
activator protein (LAP) promoter which is hepatocyte-
specific[15]. The LAP-tTA mice were generously provided 
by JM Bishop and Rong Wang (University of  California, 
San Francisco). Unless otherwise indicated, mating pairs 
were maintained on doxycycline (dox)-containing chow, to 
suppress the HCV-core during development and through 
weaning. At approximately one month of  age, dox was 
withdrawn. 
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Cell culture and transfection 
HeLa cells that express tTA (Clontech) and primary 
hepatocytes isolated from LAP-tTA mice were used for 
transfection of  both PUGH16-3-core and PUGH16-3 
plasmids. Primary hepatocytes were prepared by perfusion 
of  the liver with collagenase, as described elsewhere[16] 
with a perfusion rate of  5 mL/min. Transfection was 
carried out with Lipofectin 2000 (Invitrogen) following the 
vendor's protocol. HeLa cells or hepatocytes were plated 
at a density of  5 000 000 and 2 500 000 respectively, on 
glass coverslips in 6-well plates. The cells were transfected 
with plasmids, with or without the addition of  doxycycline 
to the culture medium. At 48 h after transfection, the cells 
were harvested to extract protein, or fixed for IHC studies.

HCV core protein expression 
A wedge biopsy of  the liver, kidney, spleen, intestine and 
thymus (ca. 100 mg) were taken from the mouse under 
enflurane anesthesia. The remainder underwent histological 
examination. Serial liver biopsy was performed every two 
months in the transgencis. For Western blotting, cultured 
cells or mouse liver was extracted. After electrophoresis, 
the protein was transferred to a PVDF membrane (Biorad), 
and incubated with a 1:250 dilution of  monoclonal 
mouse anti-HCV core antibody (Anogen). After washing, 
the membrane was incubated with secondary antibody 
(Biorad) and developed with an ECL kit (Amersham). A 
Fluor-S multiImager and Quality One Software were used 
to quantify core staining according to the manufacturer's 
protocol (Bio-Rad). 

Liver biopsies or cel ls in culture were f ixed in 
freshly prepared 4% paraformaldehyde (PFA) for IHC 
examination. The cells were permeabilized with 0.1% 
Triton-100; incubated with HCV core antibody; washed, 
and then incubated with f luoresceinated secondary 
antibody (Caltag). 

Transfected cu l tured ce l l s were examined by 
immunoelectron microscopy. The cells were fixed in 4% 
PFA and the pellets were dehydrated in methanol and 
embedded using Lowicryl K 4 M (Chemische). The grids 
were incubated with monoclonal mouse HCV core antibody 
(Affinity Bioreagents); and incubated with goat anti-mouse 

IgG labeled with 10 nm gold particles (Biocell). 

Hepatic inflammation evaluation 
The histology of  hepatic inflammation was evaluated 
by standard hematoxylin and eosin staining according 
to hepat ic act iv i ty index score. Ser um aspar tate 
aminotransferase (AST) and alanine aminotransferase 
(ALT) levels were measured using a Vitros DT60 Ⅱ
Chemistry System (Johnson-Johnson). 

Hepatic apoptosis evaluation 
Caspase-9 was measured with a colorimetric assay 
(Promega) for the frozen liver homogenates according to 
the vendor's protocol. 

Oxidative stress evaluation 
Sec t ions f i xed in PFA were doub ly s t a ined fo r 
8-hydroxydeoxyguanosine (8-OHdG) and HCV core to 



evaluate the oxidative stress. After staining for HCV core 
protein, the samples were incubated with monoclonal 
mouse 8-OHdG Ab (Oxis Corp.). The positive rates 
were defined as the number of  8-OHdG (+) hepatocytes 
divided by total number of  hepatocytes within the same 
field in 3 randomly selected fields.

Fat stain 
Fat vesicles were identified by oil-red-O stain in the frozen 
liver section using the commercial kit (Biogenex Lab) 
according to the manufacturer's protocol. 

RESULTS
Conditional expression of HCV core protein in cell culture 
The extracts were prepared from transfected HeLa cells 
for Western blot of  HCV core protein. As displayed in 
Figure 1A (lane 1), a prominent band of  21 kDa was 
observed (arrows); it was undetectable in cells exposed to 
doxycycline (lane 2). IHC (Figure 2A) revealed that HCV 
core protein was located exclusively in the cytoplasm, 
but its apparent level varied from cell to cell within the 
same culture. Also, two patterns were noted: condensed 
perinuclear (Figure 2A) and disseminated granular/
particulate (Figure 2B). Different results were obtained 
when primary hepatocytes were used in place of  HeLa 
cells. When hepatocytes were transfected in primary 
culture with the HCV core construct in the absence 
of  doxycycline, both granular and globular (arrows) 
fluorescence was seen (Figure 2C). Immunoelectronic 
microscopy verified that globular staining is caused by the 
association of  the HCV core with the membranes of  the 
lipid vesicles (Figure 2E, arrows). 

Conditional expression of HCV core protein in vivo 
Doubly transgenic mice (DTM) (LAP-tTA × HCV core) 
were raised as described; some were removed from dox-
containing chow at weaning (one month old). One month 
later (two months old), a liver biopsy was taken. A portion 
was processed for Western blot (Figure 1, lane 3-4) and 
another was microscopically studied. IHC caused the HCV 
core to be readily detected and showed that it was entirely 
cytoplasmic (Figure 3A and B). In the liver from mice on 
chow without doxycyline, the proportions of  core-positive 
hepatocytes were around 50%-60%; the distribution of  
positive cells within the lobules appeared to be random. 
The staining pattern was both granular and globular  
(Figure 3B, ar rows), as in the primary transfected 
hepatocytes. No definite core expression could be detected 
in other tissues by either IHC or western blottings (data 
not shown).

Decrease in HCV-core expression over time in vivo
Figure 1 (lanes 3 and 4) presents a Western blot of  liver 
extracts from a set of  DTM with (lane 3) and without dox 
chow (lane 4) that were biopsied once at 1 mo (2 mo old) 
(Figure 1A) after withdrawal of  doxycycline and again at 
5 mo (6 mo old) (Figure 1B). The Western blot provides 
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Figure 1  Western blotting for protein extracted from transfected HeLa cells and 
representative transgenic mice liver. A: two months old mice; B: the faint 21-KD-
core band (line 4) in six months old mice. Lanes 1 and 2: proteins from transfected 
HeLa cells without and with the administration of doxycycline which served as 
positive and negative controls. Lanes 3 and 4: proteins from the transgenic 
mice fed with and without doxycycline chow, respectively; C: The quantitative 
comparison of the blotting. Black bar, female 2 mo old DTM liver protein  
(1.26 ± 0.08); white bar: female 6 mo old DTM liver protein (0.34 ± 0.05),  
P   =  0.002 between black and white bars (mean ± SD, n = 3).
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Figure 2  A and B: Immunofluorescent stain for transfected HeLa cells and 
primary hepatocytes (C) (× 60). Two cytoplasmic distribution patterns of the core 
protein in HeLa cells were obtained-condensed perinuclear (A) and disseminated 
granular (B) patterns. The core protein was present exclusively in the cytoplasm of 
hepatocytes and some of it exhibited the vesicular pattern (C, × 60, arrows). Under 
the electron microscope (D and E, × 100), the vesicular structures were found 
to be lipid vesicles and the core protein was located just underneath the surface 
of the vesicles (E, arrows), whereas the cells transfected with empty plasmid 
(PUGH16-3) showed no core associated with the lipid vesicles (D).
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a semiquantitative estimate of  the core expression and 
indicates that it fell over this interval. The quantitative 
comparison for the blotting of  three female two months 
old DTM without dox chow (Figure 1C, black bar) and 
three six months old DTM without dox chow (Figure 1C, 
white bar) mice liver proteins also showed compatible 
data (Figure 1C). The core was histologically detectable 
in all liver samples, but the number of  positive cells 
declined gradually (Figure 4C, E and G). In mice with 
a negative Western blot, in the second biopsy, an acinar 
unit contained, on average only one or two positive cells 
(data not shown). These findings suggest that the reason 
for decreased HCV-core expression is not inactivation 
of  the transgene but rather loss of  the core-expressing 
hepatocytes.

Hepatic inflammation evaluation
The HE stain did not indicate any significant hepatic 
inflammation. The aminotransferase levels of  the DTM 
exceeded those of  LAP-tTA transgenics at an age of  two 
months; however, the difference diminished gradually with 
time (Table 1).

Apoptosis evaluation 
In serial liver biopsies taken over a period of  several 
months and analyzed for caspase-9, the activity was 
elevated significantly in the DTM in the first two months 
but the difference between the DTM and LAP-tTA 
transgenics declined with time (Figure 5). 

Decreasing hepatic steatosis with time in transgenics 
In two months old DTM, the hepatic steatosis pattern 
evolved from prominent, microvesicular (Figure 4C and D) 
to low-level macrovesicular in two months (Figure 4E and 
F). Steatosis also declined gradually and finally disappeared 
(Figure 4H), in parallel with the drop in the number of  

core positive hepatocytes (Figure 4C, E and G)

Oxidative stress evaluation 
The DTM liver contained significantly more 8-OHdG 
positive hepatocytes (65% hepatocytes showed positive 

Figure 3  Immunostaining of the female 2 mo old DTM liver (without Dox). A: 
The core positive hepatocytes are grouped near a central vein (× 20); B: The 
characteristic globular core expression is shown clearly (arrow, × 60); C: The sex-
age matched DTM on Dox chow mouse liver served as negative control.

C

BA Table 1  Serum aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) levels of three female mice for the 
LAP-tTA transgenics and DTM, respectively 

     Age
     2 mo     3 mo     4 mo

ALT LAP-tTA (n = 3)   51.0 ± 12.2 54.0 ± 12.1 51.3 ± 2.8
LAP-tTA-HCV core (n = 3) 211.6 ± 25.1 62.3 ± 2.0 53.3 ± 2.0
P value     0.01   0.3   0.38

AST LAP-tTA (n = 3)    63.6 ± 7.0 67.3 ± 8.3 64.6 ± 15.0
LAP-tTA-HCV core (n = 3)  116.3 ± 12.2 80.0 ± 1.0 81.3 ±  6.6
P value      0.03   0.06   0.15

→

Figure 4  Immunostaining for core protein in core-expressing mice (DTM) livers 
fixed in 4% PFA (A, C, E and G) and the corresponding oil-red-O stain for fat in 
the livers of the frozen section (B, D, F and H). The livers were from the mice 
on doxycycline (A and B) and those not on doxycycline (C and D) at an age of 
2 mo, 4 mo (E and F) and 6 mo (G and H). The core expression parallels the 
degree of hepatic steatosis. Both peaked at the age of 2 mo (C and D) when the 
hepatic steatosis was microvesicular (D), and diminished gradually (E and H). 
Macrovesicular hepatic steatosis (E and F) replaced microvesicluar steatosis 
during evolution.
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8-OHdG nuclear stain under 20 × 20 power field) than 
the LAP-tTA control transgenics (No hepatocytes showed 
positive 8-OHdG nuclear stain under 20 × 20 power field). 
Most of  the 8-OHdG positive hepatocytes also expressed 
core protein (Figure 6B, arrows).  

DISCUSSION
The in vitro data obtained indicate that HCV-core is entirely 
cytoplasmic. The disseminated granular and condensed 
perinuclear core suggests that the ER, the Golgi apparatus 
and the mitochondria are possible subcellular locations 
of  core protein in transiently transfected HeLa cells. 
In fact, all of  the above organelles have been reported 
to be the locations of  core storage, with ER being the 
most abundant one[17,18]. Although some early studies 
reported nuclear staining, depending on the size of  
the core protein[19], the current consensus from studies 
of  cell culture and human tissue is that the core is 
cytoplasmic[20]. In addition to granular core expression, the 
primary transiently transfected hepatocytes exhibited the 
characteristic globular pattern of  core protein, which was 
found to be due to core localization to the membrane of  
fat-containing vesicles. However, this does not prove that 
core is responsible for generating lipid vesicles. Primary 
hepatocytes acquire lipid vesicles during their isolation, 
regardless of  HCV core expression (unpublished data). 
Thus, the association of  HCV core with lipid vesicles in 
primary culture could be fortuitous.

An association of  chronic hepatitis C with hepatocellular 
steatosis and insulin resistance in human infection has 
been firmly established[21], and is modeled by various HCV 
core transgenic mouse lines[11]. However, few data exist on 
the subcellular localization of  the HCV-core in vivo. In our 
model of  conditional expression of  HCV-core, expression 
was suppressed from breeding to weaning. Core protein 
would appear only in the context of  the adult liver, as 
typically occurs in human infection. Western blot of  liver 
extracts and IHC revealed that suppression is complete 
when mice are on the dox-containing diet, as reported by 
others[15]. When mice are fed standard chow at around two 
months of  age, the HCV core becomes readily detectable. 
This system circumvents the possible artifacts associated 
with hepatocyte isolation and transfection in vitr o . 
Sequential examination of  the transgenic liver revealed not 

only a positive topological relationship between the core 
protein and the lipid vesicle, but also the simultaneous 
diminution of  the steatosis and core positive hepatocytes 
with time. Trivial, macrovesicular steatosis replaced 
prominent, microvesicular steatosis during this process. 
The LAP-tTA transgenics, which received the same course 
of  dox administration showed no evidence of  hepatic 
steatosis (data not shown). Hence, as well as colocalizing 
with the hepatic lipid vesicles, the core protein appears to 
cause hepatic steatosis, followed by apoptosis. 

The mechanism of  apoptosis in core-expressing 
hepatocytes appears to involve oxidative stress, and 
indicated by 8-OHdG staining, as suggested by others[22-24]. 
Previous investigations have demonstrated that HCV-
core enhances apoptosis, mediated by either TNF-alpha[25] 
or FAS[26]. On the other hand, in mice expressing the 
entire HCV polypeptide conferred resistance to apoptosis 
associated with the administration of  adenovirus; the 
effect was selective for FAS-mediated apoptosis[27]. As the 
authors of  the latter study suggest, other viral proteins 
may in some way override the pro-apoptotic effect of  the 
core, but the mechanism remains to be determined. Also, 
the level of  core expression and its localization in this 
model are as yet unclarified, as is the effect of  transgene 
expression during development. 

No significant hepatic inflammation and only modest 
aminotransferase elevation occurred in those mice with 
robust core expression. The difference in aminotransferase 
between the LAP-tTA-HCV core transgenics and LAP-
tTA transgenics fell with time, as did hepatic steatosis. 

In contrast to our doubly transgenic mice, the transgenics 
with constitutive HCV core expression developed by 
Moriya et al[9] showed progressive hepatic steatosis rather 
than gradual diminution of  steatosis. We proposed that 
differences in the level and timing of  core expression of  
the constitutive and conditional transgenics might account 
for the contrasting evolution of  hepatic steatosis. 

In summary, the newly developed conditional transgenic 
mice permit morphological analysis of  the subcellular 
distribution of  the hepatitis C core gene. The close 
association of  lipid vesicles and core protein and their 
parallel evolution with time supports the view that the 
HCV core protein affects hepatocellular lipid metabolism, 

Figure 6  Double stains for core and 8-OHdG at an age of 2 mo for LAP-tTA 
transgenics (A) and DTM (B). The density of 8-OHdG was significantly higher 
in the DTM (B, representatively dark nuclei, arrows, 65% ± 2.4%) than in the 
LAP-tTA transgenics (2% ± 0.1%). Most 8-OHdG positive cells exhibited robust 
expression of HCV core. The 8-OHdG negative nuclei were indicated by arrow 
heads (B).
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Figure 5  Caspase-9 activity after release of DTM from dox suppression. 
Caspase-9 activity is significantly increased in DTM mice at 4 and 8 wk after 
release from dox suppression (mean ± SE).



probably through stimulating oxidative stress. To the 
best of  our knowledge, this is the first animal model that 
directly elucidates topological and evolutional relationships 
between core protein and hepatic steatosis.
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