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Hepatitis B virus (HBV) is a hepatotropic virus that can cause severe liver diseases. By conducting studies using four different
transgenic mouse lines that carry either the wild-type HBV genome or the HBV genome incapable of expressing the X gene, we
found that liver injury and regeneration induced by a partial hepatectomy (PHx) could have different effects on HBV replication
depending on the mouse lines. Further studies using hydrodynamic injection to introduce different amounts of the HBV
genomic DNA into the mouse liver revealed that liver injury and regeneration induced by PHx enhanced HBV replication when
viral load was low and suppressed HBV replication when viral load was high. These effects of liver injury and regeneration on
HBV were independent of the HBV X protein and apparently due to alpha and beta interferons (IFN-�/�), as the effects could be
abolished by the injection of anti-IFN-�/� antibodies. Further analysis indicated that PHx could induce the expression of hepa-
tocyte nuclear factor 3 gamma (HNF3�) when viral load was low and activate the signal transducer and activator of transcription
3 (Stat3) and suppress the expression of the suppressor of cytokine signaling 3 (SOCS3) irrespective of viral load. As both HNF3�
and Stat3 are required to activate the HBV enhancer I to stimulate HBV gene expression and replication, these results provided
an explanation to the viral-load-dependent effect of liver injury and regeneration on HBV replication. Our studies thus revealed
a novel interaction between HBV and its host and provided important information for understanding HBV replication and
pathogenesis during liver injury.

Hepatitis B virus (HBV) is an important human pathogen that
chronically infects approximately 350 million people world-

wide. This virus is a hepatotropic virus and can cause acute and
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma.
HBV is a small DNA virus with a genome size of about 3.2 kb. This
genome is partially double stranded and contains four genes. The
S gene codes for the three viral envelope proteins collectively
called surface antigens (HBsAgs). The C gene codes for the core
protein and a related protein termed the precore protein, which is
the precursor of the e antigen (HBeAg) detected in the sera of HBV
patients. The P gene codes for the viral DNA polymerase, which is
also a reverse transcriptase, and the X gene codes for a regulatory
protein. After the infection of hepatocytes, the HBV genome is
delivered into the nucleus, where it is converted to a covalently
closed circular DNA (cccDNA). This cccDNA then directs the
transcription of viral RNAs, which is controlled by two enhancer
elements and four different promoters. The HBV core protein
mRNA is larger than the genome size. This RNA, which is also
termed the pregenomic RNA (pgRNA), is packaged by the core
protein to form the core particle. The pgRNA is subsequently con-
verted to the partially double-stranded genome by the viral DNA
polymerase that is also packaged. The core particle subsequently
interacts with surface antigens in intracellular membranes for the
maturation of the virion, which is then released from cells (for a
review, see reference 15).

HBV is not cytopathic, but its infection of hepatocytes can
induce immune responses to cause liver injury and regeneration.
The liver regeneration is a dynamic volume recovery process that
can be triggered by a volume loss caused by immune responses to
viral infections, partial hepatectomy (PHx), partial-graft liver
transplantation, drug injury, or steatosis (3, 4, 10). During liver
regeneration, multiple cytokines, including tumor necrosis factor
alpha (TNF-�), lymphotoxin, and interleukin 6 (IL-6), are in-
duced, leading to activation of the signal transducer and activator

of transcription 3 (Stat3), a transcription factor, and the entry of
quiescent hepatocytes into cell cycles (13). Stat3 can also be acti-
vated by interferons and their downstream Janus kinases (Jaks)
(14). Its activation is followed by the induction of its negative
regulator, the suppressor of cytokine signaling 3 (SOCS3) (1, 2, 9,
11, 12, 18). The liver regeneration process ceases when the liver
regains its volume.

The studies on HBV replication in vivo have been hampered by
the lack of a convenient animal model. However, the development
of HBV transgenic mice that carry a 1.3-mer overlength HBV
genome and the use of hydrodynamic injection, which is a proce-
dure to transfect hepatocytes with the HBV DNA in vivo, have
partially overcome this problem. HBV transgenic mice carrying
the overlength genome express viral genes preferentially in the
liver. This results in the replication of HBV DNA and the release of
mature HBV particles into the blood. Due to immune tolerance,
HBV transgenic mice do not have liver inflammation and thus
resemble asymptomatic HBV carriers (7). In the hydrodynamic
injection, a large volume of saline containing the HBV genomic
DNA is injected into mice in a relatively short period of time. This
results in the transfection of hepatocytes by the HBV DNA, which
will then direct HBV gene expression and viral replication in vivo
(21). Thus, the hydrodynamic injection creates a scenario that
resembles acute HBV infection.

Previous studies indicated that the liver injury and regenera-
tion induced by a PHx can suppress HBV replication in transgenic
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mice via a posttranscriptional mechanism (6). We had conducted
similar studies using HBV transgenic mice that carried the 1.3-
mer overlength HBV genome with or without the ability to ex-
press the HBV X protein (HBx) to investigate how liver injury and
regeneration may affect HBV replication. To our surprise, we
found that the effect of liver injury and regeneration on HBV
replication was mouse line dependent. Our further analyses using
hydrodynamic injection indicated that, depending on viral load,
liver injury and regeneration induced by PHx could induce the
expression of the transcription factor hepatocyte nuclear factor 3
gamma (HNF3�) and positively or negatively regulate HBV rep-
lication. In addition, we found that the activation of Stat3 in the
liver after a PHx was prolonged in HBV transgenic mice in a viral-
load-independent manner, possibly due to the inhibition of ex-
pression of SOCS3 by HBV. Interestingly, in spite of the pro-
longed activation of Stat3, the liver regeneration rate after a PHx
was not affected by HBV.

MATERIALS AND METHODS
HBV transgenic mice and DNA plasmids. The HBV transgenic mouse
lines Tg05, Tg08, Tg31, and Tg38 have been previously described (17, 20).
The Tg05 and Tg08 mouse lines carried the 1.3-mer overlength wild-type
HBV genome, and Tg31 and Tg38 also carried the 1.3-mer HBV genome,
with the exception that the expression of the X protein (HBx) was abol-
ished by an A-to-C missense mutation at nucleotide (nt) 1377 that re-
moved the translation initiation codon and a C-to-T nonsense mutation
at nt 1398 that disrupted the HBx coding sequence. All of the experiments
were conducted using age-matched male mice with the C57BL/6 genetic
background. The plasmid p1.3�HBV, which contains the 1.3-mer over-
length HBV genome, has been described before (22).

Antibodies. Rabbit anti-mouse alpha interferon (IFN-�) (PBL, New
Jersey) and hamster anti-mouse IFN-� (Biolegend, San Diego) antibodies
were used in this study. Purified rabbit IgG (Cell Signaling Technology)
and hamster IgG (Abcam) were used as the control antibodies. Rabbit
anti-HNF3� (Abcam), anti-HNF3� (Cell Signaling Technology), anti-
HNF3� (Sigma-Aldrich), anti-Stat3 (Cell Signaling Technology), anti-
phosph-Stat3 (Tyr705) (Cell Signaling Technology), anti-SOCS3 (Cell
Signaling Technology), anti-�-actin (Abcam), and anti-lamin-� (Abcam)
antibodies were used for Western blot analyses. The rabbit anti-PCNA
antibody (Abcam) was used for immunohistochemistry staining.

Partial hepatectomy and poly(I·C) injection. A 70% partial hepatec-
tomy (PHx) was performed on 9-week-old male mice as described by
Greene and Puder (5). Briefly, male HBV transgenic mice with matched
HBeAg levels were weighed prior to the surgery. The midline laparotomy
was then performed, and right medial, left medial, and left lateral lobes of
the liver were removed. The resected-liver weight was also measured. Mice
were sacrificed at multiple time points after surgery, and the regenerating
liver was harvested and used for the weight measurement, histological
analyses, and other studies. The mouse serum was collected prior to the
PHx and at the time when mice were sacrificed. For the injection of
poly(I·C), HBV mice with matched HBeAg levels or age-matched male
naïve mice were injected with saline with or without 200 �g poly(I·C) and
sacrificed a day later for the isolation of the liver for a Western blot anal-
ysis.

Hydrodynamic injection of HBV DNA. The 1.3-mer overlength HBV
genomic DNA in the pUC19 vector was hydrodynamically injected into
the tail vein of 9-week-old male C57BL/6 mice using our previous proce-
dures (17). Two sets of mice were used for injection, with one set subjected
to a PHx and the other set subjected to a sham operation to serve as the
control. In all of the injections, the control vector pUC19 was included if
necessary to ensure that the total amounts of DNA used for injection were
identical among different mice. The Gaussia luciferase (Gluc) reporter
pCMV-Glu was also included in the injection to monitor the injection
efficiency. Twenty-four hours after the hydrodynamic injection, the se-

rum was collected and Gluc and HBeAg were assayed by an enzyme-linked
immunosorbent assay (ELISA). Mice with matched Gluc and HBeAg lev-
els were used as a pair for the sham operation and PHx.

Immunohistochemistry. Paraffin-embedded liver tissue sections
were stained for the proliferating cell nuclear antigen (PCNA). Briefly,
liver tissue sections were treated with 0.01 M sodium citrate in a micro-
wave oven for 10 min for epitope retrieval and then blocked using the goat
serum. Tissue sections were incubated with the primary rabbit anti-PCNA
antibody and the secondary biotinylated affinity-purified goat anti-rabbit
IgG, and the staining was then developed using the avidin-conjugated
horseradish peroxidase (HRP) with diaminobenzidine (DAB) as the sub-
strate (ultrasensitive ABC peroxidase staining kit; Thermo).

Southern, Northern, and Western blot analyses. Total liver DNA and
RNA were isolated as described before (17). The HBV DNA replicative
intermediates (RI) in the core particles were isolated from liver homoge-
nates after the treatment with micrococcal nuclease and DNase I using our
previous protocol (22). Both Southern and Northern blot analyses were
conducted using the 32P-labeled HBV DNA probe. A Western blot was
performed using our previous procedures (16).

Real-time PCR analysis of serum HBV DNA. The HBV DNA in the
mouse serum was measured by real-time PCR as previously described
(19). Briefly, 10 �l serum was treated with 10 �g DNase I and micrococcal
nuclease for 30 min at 37°C for the removal of free DNA. The virion-
associated HBV DNA was then isolated by proteinase K digestion, fol-
lowed by the phenol-chloroform extraction (19). For HBV DNA real-time
PCR analysis, the following primers were used: forward primer, 1552-CC
GTCTGTGCCTTCTCATCTG-1572; reverse primer, 1667-AGTCCTCT
TATGTAAGACCTT-1646. The TaqMan probe used was 1578-CCGTGT
GCACTTCGCTTCACCTCTGC-1603. The thermal cycling was con-
ducted using the ABI7500 system (Applied Biosystems) with the following
parameters: 2 min at 50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C
and 60 s at 60°C.

RESULTS
Mouse line-dependent effect of liver regeneration on HBV rep-
lication. To investigate the effect of liver injury and regeneration
on the replication of HBV, we performed a 70% PHx on four
different HBV transgenic mouse lines that carried either the wild-
type HBV genome or the HBV genome incapable of expressing
HBx. Mice were sacrificed at different time points after the PHx
for the isolation of the liver. The mouse liver resected during the
surgery was used as the day 0 control. The HBV DNA replicative
intermediates (RI) were isolated from the liver and analyzed by a
Southern blot. As shown in Fig. 1A, the level of the HBV RI DNA
in Tg05 mice reduced between day 2 and day 7 after the PHx, most
notably on day 3 and day 5. Similar results were obtained when
HBV titers in the serum were quantified by real-time PCR, with
the HBV titer reduced to the lowest level on day 5, and the HBV
titer then returned to approximately the presurgery level on day 10
when the liver was fully regenerated (see below). The analysis of
the HBV core protein level in the mouse liver by a Western blot
revealed a similar reduction of the core protein level between day
2 and day 7. However, the analysis of HBV RNAs revealed no
reduction of their levels throughout the studied period. These
results were consistent with the previous report, which suggested
that the suppressive effect of liver regeneration on HBV DNA
replication was a posttranscriptional event (6).

When the same experiments were conducted on Tg38 mice,
there was a slight reduction of the HBV RI DNA level in the liver
between day 2 and day 7 (Fig. 1B). However, there was no appar-
ent difference in serum HBV titers and the liver HBV RNA and
core protein levels at any time point after the PHx (Fig. 1B). These
results indicated that the liver regeneration had only a marginal effect
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on HBV in this mouse line. Interestingly, when the same experiments
were conducted on the Tg08 and Tg31 mouse lines, liver regeneration
increased the HBV RI DNA, RNA, and core protein levels in the liver
and the HBV DNA level in the serum between day 2 and day 7 after
the PHx (Fig. 1C and D). Thus, the results shown in Fig. 1 indicate
that PHx and liver regeneration may have different effects on HBV
depending on the mouse lines. They also indicated that these effects of
PHx and liver regeneration on HBV were not caused by the HBx
protein, as Tg05 and Tg08 mice both contained the wild-type HBV
genome but HBV in these two mouse lines had opposite responses to
the PHx. Similarly, both the Tg31 and Tg38 mouse lines contained
the X-null HBV genome but HBV in these two mouse lines also re-
sponded differently to the PHx.

Viral-load-dependent effect of partial hepatectomy on HBV
replication. The HBV transgenic mouse lines Tg05, Tg08, Tg31,

and Tg38 produced approximately 5.7 � 108, 5.2 � 105, 2.7 � 106,
and 3.4 � 107 genome copies of HBV per ml of serum, respectively
(Fig. 2) (also see reference 17). Since a PHx had a strong suppres-
sive effect on HBV in Tg05 mice, which produced the highest level
of HBV, a marginal suppressive effect on HBV in Tg38 mice,
which produced a moderate level of HBV, and a strong stimulat-
ing effect on HBV in Tg08 and Tg31 mice, which produced low
levels of HBV, the effect of a PHx on HBV replication appeared to
be inversely correlated with the viral titers. To test this possibility,
we decided to perform the hydrodynamic injection to introduce
different amounts of the 1.3-mer overlength HBV genomic DNA
into the liver of naïve mice using our previous procedures (17).
Mice injected with the HBV DNA were then subjected to a PHx 1
day after DNA injection and sacrificed 3 days after the PHx for the
isolation of the liver for the analysis of HBV RI DNA, RNAs, and

FIG 1 Effect of a PHx on HBV replication in transgenic mice. Nine-week-old, serum HBeAg-matched male mice were subjected to a 70% PHx and sacrificed at
the time points indicated. The liver resected from an individual mouse served as the day 0 (D0) control of that particular mouse. HBV RI DNA, RNAs, and the
core protein in the mouse liver were then analyzed by a Southern blot (top panel), a Northern blot (second panel from the top), and a Western blot (fourth panel
from the top), respectively. The HBV transgene in the mouse genome was used as the loading control for the Southern blot analysis. 28S and 18S rRNAs were used
as the loading controls for the Northern blot analysis (third panel from the top), and �-actin was used as the control for the Western blot (bottom panel). The
HBV titers in the serum before (gray bars) and after (white bars) the PHx were measured by real-time PCR and are shown in the histograms. (A) Tg05 mouse line;
(B) Tg38 mouse line; (C) Tg08 mouse line; (D) Tg31 mouse line.

Effects of Liver Injury and Regeneration on HBV

September 2012 Volume 86 Number 18 jvi.asm.org 9601

http://jvi.asm.org


the core protein. As shown in Fig. 2, the PHx enhanced HBV DNA
replication when the amount of HBV genomic DNA used for the
injection was 14 �g or less. However, the PHx suppressed HBV
DNA replication when the amount of the HBV genomic DNA
used for injection was 20 �g or higher. Similar results were ob-
served when HBV RNAs and the core protein were analyzed: the
PHx increased HBV RNA and core protein levels when the
amount of HBV DNA used for injection was 14 �g or lower, but it
decreased HBV RNA levels, particularly the C gene transcripts,
and the core protein level when the amount of HBV DNA used for
injection was 20 �g or higher (Fig. 2). Note that the injection of 32
�g HBV DNA did not increase and, rather, reduced HBV RI DNA
and RNA levels in the mouse liver compared to levels following the
injection of 24 �g HBV DNA. This observation is consistent with
our previous result and might be due to the reduction of the trans-
fection efficiency when too much HBV DNA was used in the hy-
drodynamic injection (17). In any case, the results shown in Fig. 2
demonstrated that the effect of a PHx on HBV replication was
indeed dependent on viral load.

Effects of a PHx on HBV, mediated by IFN-�/�. The obser-
vation that a PHx enhanced HBV replication when viral load was
low and suppressed HBV replication when viral load was high was
reminiscent of our recent finding that alpha and beta interferons
(IFN-�/�) could suppress or enhance HBV replication depending
on the viral load. As liver injury may induce the expression of
cytokines, including interferons, we first determined whether a
PHx can also induce the interferon response in the liver of our
HBV transgenic mice. As shown in Fig. 3A, an increase of the RNA
level of 2=,5=-oligoadenylate synthetase (2=,5=-OAS), an interfer-
on-stimulated gene, was observed in the liver 1 day after the PHx,
indicating the induction of the interferon response. We next de-
termined whether the effects of the PHx on HBV were mediated
by IFN-�/�. Three transgenic mouse lines, Tg05, Tg08, and Tg31,
which generated different HBV responses to the PHx, were in-
jected with the control IgG or the anti-IFN-�/� antibodies. As
shown in Fig. 3B, the suppressive effect of the PHx on HBV DNA
replication in Tg05 mice, which produced a high level of HBV, was
not affected by the control IgG (lane 1 versus lane 2), but it was
abolished by the anti-IFN-�/� antibodies (lane 3 versus lane 4).

Similar to the results shown in Fig. 1A, the PHx had only a mar-
ginal effect on HBV RNA but significantly reduced the HBV core
protein level in Tg05 mice (Fig. 3B, lane 1 versus lane 2). These
effects on HBV RNA and the core protein were also abolished by
the anti-IFN-�/� antibodies. These results indicated that the ef-
fect of the PHx on HBV in Tg05 mice was indeed mediated by
IFN-�/�. We also conducted the same study using Tg08 and Tg31
mice, which expressed low levels of HBV. As shown in the same
figure, the control IgG did not prevent the PHx from increasing
HBV DNA, RNA, and core protein levels in these two mouse lines
(Fig. 3B, lane 5 versus lane 6 and lane 11 versus lane 12). However,
this increase was abolished by the anti-IFN-�/� antibodies (Fig.
3B, lane 7 versus lane 8 and lane 9 versus lane 10). These results
again demonstrated that the enhancement effect of a PHx on HBV
in Tg08 and Tg31 mice was mediated by IFN-�/�.

Effects of HBV on the expression of HNF3�, Stat3, and
SOCS3 in the mouse liver after a PHx. Our recent studies indi-
cated that IFN-�/� can induce the expression of HNF3� and ac-
tivate Stat3 in the liver of HBV transgenic mice that produced a
low level of HBV (17). These two transcription factors are both
required to mediate the effects of IFN-�/� to activate HBV en-
hancer I for the stimulation of HBV gene expression and viral
replication (17). To test whether a PHx and the ensuing liver re-
generation could also induce the expression of HNF3� and acti-
vate Stat3, we performed a Western blot analysis on these two
protein factors 1 day after a PHx. As shown in Fig. 4A, although
the PHx had no effect on the protein levels of HNF3�, HNF3�,
and lamin-� in the liver of all four HBV transgenic mouse lines, it
increased the expression level of HNF3� in only Tg08 and Tg31
mice, which produced low levels of HBV. When Stat3 was ana-

FIG 2 Viral-load-dependent effects of a PHx on HBV in mice. The hydrody-
namic injection was used to introduce different amounts of the 1.3-mer HBV
genomic DNA into the mouse liver. A PHx was performed on the mice 1 day
after the DNA injection, and all of the mice were sacrificed 3 days after the PHx
for the isolation of the liver for the analysis of the HBV RI DNA, RNAs, and the
core protein as described in the Fig. 1 legend. �, with sham operation; �,
with PHx.

FIG 3 Effects of a PHx on HBV, mediated by IFN-�/�. (A) Induction of
2=,5=-OAS expression by a PHx. Total liver RNA was extracted from mice 1 day
(D1) after the PHx for the analysis of the 2=,5=-OAS mRNA by semiquantita-
tive reverse transcription-PCR (RT-PCR). The resected liver was used as the
day 0 (D0) control. GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
mRNA was also analyzed to serve as an internal control of RT-PCR. (B) Effects
of anti-IFN-�/� antibodies and a PHx on HBV. Mice were injected with 200
�g of the control IgG or the anti-IFN-�/� antibodies as indicated, followed by
a PHx. Mice were sacrificed 3 days after the PHx for the isolation of the liver for
HBV RI DNA, RNA, and core protein analyses. Note that the order of samples
in lanes 9 to 12 is slightly different from that in lanes 1 to 8.
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lyzed, the PHx was not found to affect the overall expression level
of this protein. However, it was found to activate Stat3, as evi-
denced by the significant increase of the phospho-Stat3 level, in all
four HBV transgenic mouse lines (Fig. 4B). The PHx had only a
marginal effect on the activation of Stat3 in the control, nontrans-
genic mice.

To understand why Stat3 was significantly activated in HBV
transgenic mice after a PHx, we analyzed the expression of SOCS3,
a negative regulator of Stat3 (2, 12). We first analyzed the expres-
sion level of SOCS3 in the liver of naïve mice. As shown in Fig. 5A,
in agreement with the previous report (2), the expression of
SOCS3 was slightly elevated 1 day after the PHx in naïve mice. In
contrast, the expression of SOCS3 in the liver of all four HBV
transgenic mouse lines was reduced to an almost-undetectable
level 1 day after the PHx (Fig. 5A). As SOCS3 is the negative reg-
ulator of Stat3, its loss of expression in the transgenic mouse liver
after the PHx provided an explanation for the activation of Stat3
in the liver of these HBV transgenic mice.

As our previous studies indicated that poly(I·C), which can
induce the interferon response, activated Stat3 in the liver of Tg08
and Tg31 mice, which produced low levels of HBV, but not in the
liver of Tg05 and Tg38 mice, which produced high and moderate
levels of HBV, respectively (17), we also determined the possible
effect of poly(I·C) on SOCS3 expression in the liver of these HBV
transgenic mouse lines. Again, we first analyzed the effect of
poly(I·C) on the expression of SOCS3 in control naïve mice. As
shown in Fig. 5B, poly(I·C) increased the SOCS3 expression level
in the control mouse liver. However, it had no effect on SOCS3 in
Tg05 and Tg38 mice and reduced its expression level in Tg08 and
Tg31 mice. These results indicated that HBV can inhibit the
SOCS3 expression induced by poly(I·C) in mice that produced
low levels of HBV. The inverse relationship between the expres-
sion levels of SOCS3 and the levels of activated Stat3 after the
poly(I·C) treatment is again consistent with a negative role of
SOCS3 in the activation of Stat3 in HBV transgenic mice.

No apparent effect of HBV on liver regeneration and hepato-
cellular proliferation. Stat3 is transiently activated after a PHx for

the entry of quiescent hepatocytes into cell cycles for liver regen-
eration. Its activation peaked at 2 h after the PHx and became
almost undetectable after 8 h (2, 12). The ablation of SOCS3 ex-
pression in hepatocytes has been show to prolong the activation of
Stat3 and accelerate liver regeneration (2, 12). The observation
that HBV can suppress the expression of SOCS3 and prolong the
activation of Stat3 prompted us to investigate whether HBV can
affect liver regeneration after a PHx. HBV transgenic mice and
control naïve mice with the same genetic background were sub-
jected to a 70% PHx and sacrificed at different time points after
surgery to measure the liver weight. As shown in Fig. 6A, the
mouse liver underwent rapid regeneration and reached approxi-
mately 100% of the original liver weight 10 days after the surgery.
There was no statistically significant difference (P � 0.05) in the
liver regeneration rates at any time point after the PHx between
control mice and any of the HBV transgenic mouse lines, whether
they carried the wild-type HBV genome or the X-null HBV ge-
nome. To further compare the hepatocellular proliferation rates
among different mouse groups, liver tissue sections were stained
for PCNA, a nuclear protein associated with the cell proliferation,
at different time points after the PHx. The representative staining
results of one of the HBV transgenic mouse lines are shown in Fig.
6B, and the percentages of PCNA-positive cells of different mouse
groups at different time points after the PHx are shown in Fig. 6C.
The statistical analysis of PCNA-positive cells at different time
points after the PHx revealed no significant difference among dif-
ferent mouse groups: there were few PCNA-positive hepatocytes
on day 0, more than 80% PCNA-positive hepatocytes on day 3,
and approximately 60% and 30% PCNA-positive hepatocytes on
day 7 and day 10, respectively. These results indicated that in spite
of its ability to inhibit SOCS3 expression and prolong Stat3 acti-
vation, HBV did not affect liver regeneration and hepatocellular
proliferation in mice, whether or not the HBx protein was ex-
pressed.

DISCUSSION

Guidotti et al. previously showed that liver injury and regenera-
tion induced by a PHx can inhibit HBV replication in transgenic
mice (6). By conducting a similar study using four different HBV
transgenic mouse lines, we now demonstrate that the effect of liver
injury and regeneration on HBV replication is actually dependent
on mouse lines. A PHx suppressed HBV replication in mice that

FIG 5 Analysis of the effect of a PHx on the expression of SOCS3. (A) Western
blot analysis of SOCS3 in the liver of naïve control mice and HBV transgenic
mice 1 day after the PHx. (B) Western blot analysis of SOCS3 in the liver of
naïve control mice and HBV transgenic mice after poly(I·C) injection. For
poly(I·C) injection, HBV mice with matched HBeAg levels were injected with
saline (�) or poly(I·C) (�) and sacrificed a day later for the isolation of the
liver for a Western blot analysis.

FIG 4 Analysis of the effects of a PHx on HNF3 and Stat3. HBV transgenic
mice were subjected to a PHx and sacrificed the next day (D1) for the isolation
of the liver. The resected liver was used as the day 0 (D0) control. (A) Western
blot analysis for the expression of the three HNF3 isoforms HNF3�, HNF3�,
and HNF3�. Lamin-� was also analyzed to serve as a loading control. (B)
Western blot analysis of Stat3 and phosphor-Stat3 (Y705) in the liver of naïve
control mice and HBV transgenic mice. The asterisk denotes a nonspecific
band which was not always observed in our experiments. The �-actin protein
was also analyzed to serve as the loading control.
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produced a high level of HBV, marginally suppressed HBV repli-
cation in mice that produced a moderate level of HBV, and en-
hanced HBV replication in mice that produced a low level of HBV
(Fig. 1). In their previous studies, Guidotti et al. (6) used trans-
genic mice that produced a high level of HBV (�108 genome
copies/ml serum), and that was probably the reason why they
observed only the suppression of HBV replication by a PHx. The
viral-load-dependent effect of a PHx on HBV replication was con-
firmed by our hydrodynamic injection experiments, in which we
found that a PHx enhanced the replication of HBV in mice in-
jected with 14 �g or less of the HBV genomic DNA and inhibited
the replication of HBV in mice injected with 20 �g or more of the
HBV DNA (Fig. 2). Our studies further indicated that the effects of
a PHx on HBV were mediated by IFN-�/�, as these effects were
able to be abolished by the antibodies directed against IFN-�/�
(Fig. 3). These findings were consistent with those of our previous
studies, which demonstrated that IFN-�/�, and IFN-� in partic-
ular, could positively or negatively regulate HBV replication in a
viral-load-dependent manner (17).

Guidotti et al. showed that a PHx suppressed HBV DNA rep-
lication at a posttranscriptional step, possibly by inhibiting the
formation or facilitating the degradation of viral core particles (6).
Our studies with the Tg05 mouse line, which produced a high level
of HBV, revealed a similar result (Fig. 1A and B). We found that a
PHx and liver regeneration did not affect HBV RNA levels. How-
ever, it reduced the core protein level as well as the HBV DNA level
in both the liver and serum. This result is consistent with a post-
transcriptional suppressive mechanism on HBV replication. Pre-
viously, we found that the injection of poly(I·C) to induce the
interferon response reduced the HBV RNA level in Tg05 mice
(17). As the HBV RNA level was not affected by a PHx, additional
factors, such as other cytokines induced by a PHx, might be in-
volved in the regulation of HBV RNA transcription and/or stabil-
ity. Note that a slight reduction of HBV RNA levels by a PHx was

observed in naïve mice injected with 20, 24, or 32 �g HBV
genomic DNA (Fig. 2). This reduction might be due to the induc-
tion of immune responses and the production of inflammatory
cytokines, as, unlike HBV transgenic mice, naïve mice are not
immunotolerant to HBV introduced by the hydrodynamic injec-
tion.

In contrast to HBV transgenic mouse lines that produced a
high or moderate level of HBV, a PHx enhanced HBV replication
in mouse lines that produced a low level of HBV, apparently by
stimulating viral RNA transcription, since the increase of viral
DNA replication was accompanied by a concomitant increase of
viral RNA and core protein levels (Fig. 1C and D and 2). These
results are consistent with our previous finding that IFN-�/�
stimulated HBV replication when viral load was low by activating
enhancer I of the HBV genome to enhance HBV gene expression
(17). IFN-�/� accomplished this task by inducing the expression
of HNF3� and activating Stat3, both of which then bind cooper-
atively to enhancer I in the HBV genome (17). Similarly, a PHx
induced the expression of HNF3� in mice that produced a low
level of HBV but not in mice that produced a high or moderate
level of HBV (Fig. 4A). This induction of HNF3� by a PHx in mice
that produced a low level of HBV may explain why the PHx in-
creased the HBV RNA levels and enhanced HBV replication only
in these low-HBV-producing mouse lines.

Unlike interferons, which activated Stat3 only in the presence
of a low level of HBV (17), a PHx activated Stat3 in all four of our
HBV transgenic mouse lines (Fig. 4B). Interestingly, the activation
of Stat3 was associated with the loss of SOCS3 expression in HBV
transgenic mice after the PHx (Fig. 5B). SOCS3 is a gene that is
activated by Stat3. It inhibits the activation of Stat3 by disrupting
its upstream signaling pathway and provides a negative feedback
regulation for Stat3 (2, 12). Thus, its loss of expression may ex-
plain the prolonged activation of Stat3 in HBV transgenic mice
after the PHx. It is unclear how HBV inhibited the expression of

FIG 6 (A) Liver regeneration rates of control and HBV transgenic mice. Age- and sex-matched HBV transgenic mice and control, nontransgenic mice were
subjected to a 70% PHx and sacrificed at the indicated time points for liver weight measurements. Three mice were analyzed per time point, and the graph shows
the means. The average liver weight prior to PHx was defined as 100%. (B) PCNA staining of the regenerating mouse liver. Only the staining result of the HBV
transgenic mouse line Tg05 is shown. However, other HBV transgenic mouse lines and the control mice showed similar results. (C) Percentage of PCNA-positive
cells. No statistical difference was observed between control mice and any of the HBV transgenic mouse lines.
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SOCS3 after the PHx. This inhibition does not require HBx, since
Tg31 and Tg38 mice carried the X-null HBV genome. We had
examined the mechanism of this inhibition by injecting HBV
transgenic mice with poly(I·C). We found that poly(I·C) increased
the liver expression level of SOCS3 in control mice, but it was not
able to do so in Tg05 and Tg38 mice and, on the contrary, reduced
the SOCS3 expression in Tg08 and Tg31 mice (Fig. 5B). Thus, the
inhibition of SOCS3 expression in HBV transgenic mice that pro-
duced a low level of HBV (i.e., Tg08 and Tg31 mice) after a PHx
might be due to the effect of IFN-�/�. The reason why a PHx
could also inhibit the expression of SOCS3 in Tg05 and Tg38 mice,
which produced high and moderate levels of HBV, respectively,
but poly(I·C) could not is unclear. It might be because in mice that
produced a high or moderate level of HBV, HBV gene products,
such as the polymerase, which has been shown to interfere with
the interferon signaling pathway (19), interfered with the Jak-Stat
signaling pathway and prevented the activation of Stat3 and the
induction of SOCS3. This interference, however, is overcome by a
PHx, which induced the expression of additional cytokines to ac-
tivate other signaling pathways. Clearly, there is an interesting
interplay between HBV and the Stat3-SOCS3 regulatory circuit,
and further research in this area will likely generate very interest-
ing results.

Stat3 is transiently activated after liver injury and is important
for the entry of quiescent hepatocytes into cell cycles (2, 12). The
level of activated Stat3 peaked at 2 h after the PHx and reduced to
the background level by 8 h after the PHx (2). Ablating the expres-
sion of SOCS3 in mouse hepatocytes has been shown to prolong
the activation of Stat3 and accelerate hepatocellular proliferation
and liver regeneration (12). Curiously, in spite of the ability of
HBV to inhibit the expression of SOCS3 and prolong the activa-
tion of Stat3 after the PHx, HBV had no apparent effect on the
hepatocellular proliferation rate and liver regeneration (Fig. 6).
Nevertheless, as Stat3 has been shown to play an important role in
promoting hepatocarcinogenesis (8), it is conceivable that its pro-
longed activation during chronic liver injury caused by HBV in-
fection may contribute to the development of hepatocellular car-
cinoma in HBV patients.

In conclusion, by using HBV transgenic mice as a model and
PHx to induce liver injury, we demonstrated that liver injury and
regeneration could have positive and negative effects on HBV rep-
lication depending on the viral load. In addition, we demonstrated
that HBV can perturb the Stat3-SOCS3 regulatory circuit, which
may have important consequences in HBV pathogenesis and car-
cinogenesis during chronic HBV infection in patients.
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