
Gastrointestinal, Hepatobiliary and Pancreatic Pathology

Oncostatin M Gene Therapy Attenuates Liver
Damage Induced by Dimethylnitrosamine in Rats

Tetsuhiro Hamada,*† Ayuko Sato,*
Tadamichi Hirano,† Takashi Yamamoto,‡

Gakuhei Son,† Masayuki Onodera,* Ikuko Torii,*
Takashi Nishigami,* Minoru Tanaka,§

Atsushi Miyajima,§ Shuhei Nishiguchi,¶

Jiro Fujimoto,† and Tohru Tsujimura*
From the Departments of Pathology * and Surgery † and Division

of Hepatobiliary and Pancreatic Medicine, Department of

Internal Medicine,¶ Hyogo College of Medicine, Hyogo; the

Department of Clinical Laboratory, Osaka Medical Center for

Cancer and Cardiovascular Diseases,‡ Osaka; and the Institute

of Molecular and Cellular Biosciences,§ University of Tokyo,

Tokyo, Japan

To assess the usefulness of oncostatin M (osm) gene
therapy in liver regeneration, we examined whether
the introduction of OSM cDNA enhances the regener-
ation of livers damaged by dimethylnitrosamine
(DMN) in rats. Repeated injection of OSM cDNA en-
closed in hemagglutinating virus of Japan envelope
into the spleen resulted in the exclusive expression of
OSM protein in Kupffer cells of the liver, which was
accompanied by increases in body weight, liver
weight, and serum albumin levels and the reduction
of serum liver injury parameters (bilirubin, aspartate
aminotransferase, and alanine aminotransferase) and a
serum fibrosis parameter (hyaluronic acid). Histolog-
ical examination showed that osm gene therapy re-
duced centrilobular necrosis and inflammatory cell
infiltration and augmented hepatocyte proliferation.
The apoptosis of hepatocytes and fibrosis were sup-
pressed by osm gene therapy. Time-course studies on
osm gene therapy before or after DMN treatment
showed that this therapy was effective not only in
enhancing regeneration of hepatocytes damaged by
DMN but in preventing hepatic cytotoxicity caused
by subsequent treatment with DMN. These results
indicate that OSM is a key mediator for proliferation
and anti-apoptosis of hepatocytes and suggest that
osm gene therapy is useful , as preventive and cur-
ative means, for the treatment of patients with liver
damage. (Am J Pathol 2007, 171:872–881; DOI:
10.2353/ajpath.2007.060972)

The liver has a remarkable ability to respond to injuries
inflicted by various causes, such as partial hepatectomy,
toxic exposure, and virus infection.1,2 Hepatocytes,
which are liver parenchymal cells and normally in the
quiescent G0 phase, re-enter the cell cycle after injury to
restore its mass, architecture, and function. In this pro-
cess, a number of growth factors and cytokines have
been reported to be involved.3–9 For example, hepato-
cyte growth factor (HGF) functions as a potent mitogen
for hepatocytes,10 and the administration of HGF has
been shown to ameliorate hepatic injury in animal models
of fulminant hepatic failure.11–13 It has also been shown
that the introduction of hgf gene into rat cirrhotic livers
using liposome with the hemagglutinating virus of Japan
(HVJ) inhibits fibrogenesis and hepatocyte apoptosis,
leading to the complete resolution of fibrosis and im-
provement of survival rate.14

Oncostatin M (OSM) is a member of the interleukin
(IL)-6 cytokine family that includes IL-6, IL-11, leukemia
inhibitory factor, ciliary neurotrophic factor, cardiotro-
phin-1, and novel neutrophin-1/B-cell-stimulating factor-
3.15–18 Mouse OSM receptor is composed of the gp130
subunit, common to all of the IL-6 family cytokines, and
an OSM-specific subunit (hereafter called OSM-specific
receptor; OSM-R).19 Binding of OSM to its receptor com-
plex activates Janus tyrosine kinases (Jak1, Jak2, and
Tyk2), which in turn activates downstream signaling path-
ways, including SHP-2 tyrosine phosphatase and signal
transducer and activator of transcription protein 3 (STAT3).
Recently, OSM has been shown to induce maturation of
mouse hepatocytes derived from embryonic day 14.5
liver.20 In addition, Nakamura and colleagues21 have
shown that OSM-R knockout (OSM-R�/�) mice exhibit
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delayed hepatocyte proliferation, persistent liver necro-
sis, and increased tissue destruction after CCl4 treat-
ment. They have also shown that the administration of
OSM reduces CCl4-induced acute liver failure in wild-
type mice.21 These results suggest that OSM, like HGF,
plays an important role in liver regeneration.

Recently, we have succeeded in isolating rat OSM
cDNA.22 In this study, we examined whether the introduc-
tion of this OSM cDNA enhances liver regeneration and
suppresses fibrogenesis in rats administrated with dimeth-
ylnitrosamine (DMN). Repeated injection of HVJ envelope
complex23 with rat OSM cDNA (hereafter called HVJ-OSM)
into the spleen reduced centrilobular necrosis and inflam-
matory cell infiltration, induced hepatocyte proliferation, and
suppressed hepatocyte apoptosis. Serum liver injury pa-
rameters, such as bilirubin, aspartate aminotransferase
(AST), and alanine aminotransferase (ALT), and a fibrosis
parameter, hyaluronic acid, were improved. In addition,
osm gene therapy was effective in both protection against
hepatic cytotoxicity caused by subsequent treatment with
DMN and enhancement of regeneration of hepatocytes
damaged by DMN. These results support a crucial role of
OSM in liver regeneration and suggest that osm gene ther-
apy is useful, as preventive and curative means, for the
treatment of patients with liver damage.

Materials and Methods

Rats and Treatments

Male Sprague-Dawley rats of 4 weeks of age were pur-
chased from Japan SLC (Hamamatsu, Shizuoka, Japan).
To examine the effect of OSM cDNA introduction on the
physiological condition of rats, we injected HVJ-OSM,
prepared from pEF-BOS with rat OSM cDNA22 by HVJ
Envelope Vector kit (GenomONE-Neo; Ishihara Industry
Corp., Osaka, Japan) according to the manufacturer’s
protocol, or the HVJ envelope complex without rat OSM
cDNA (hereafter called HVJ-Vector) into rats (n � 12)
weekly for 3 weeks. On the next day of the last injection,
rats were sacrificed, blood was taken from the right ven-
tricle of hearts, and sera were prepared and stored at
�80°C until analysis. Livers were promptly removed to
determine the weight and examine histology. Albumin,
total bilirubin (T-Bil), direct bilirubin (D-Bil), AST, ALT, and
hyaluronic acid in the sera were measured by standard
laboratory techniques. Other rats were then divided into
two groups. One group (n � 6) received osm gene ther-
apy that was performed as follows. DMN (Sigma-Aldrich
Co., St. Louis, MO) was given intraperitoneally at 15
mg/kg body weight for 3 consecutive days per week for 3
weeks to induce liver damage and fibrosis. On day 4 of
each week, HVJ-OSM was injected into the spleen. The
other group (n � 6) that served as control was treated
with DMN similarly for 3 consecutive days per week for 3
weeks, and on day 4 of each week, HVJ-Vector was
injected into the spleen. On day 5 of the last week, rats
were sacrificed. For time-course studies on osm gene
therapy before DMN treatment, HVJ-OSM or HVJ-Vector
was injected into the spleens of rats (n � 18), and 24

hours later, DMN was given intraperitoneally at 21 mg/kg
body weight. For time-course studies on osm gene ther-
apy after DMN treatment, DMN was given intraperitone-
ally at 21 mg/kg body weight, and HVJ-OSM or HVJ-
Vector was injected into the spleen of rats (n � 18) 24
hours later. In both experiments, rats were sacrificed
every day. All surgical procedures on rats were done
under pentobarbital sodium anesthesia. All experimental
procedures were approved by the Animal Care Commit-
tee of Hyogo College of Medicine and performed in ac-
cordance with the criteria outlined in the “Guide for the
Care and Use of Laboratory Animals” prepared by the
National Academy of Science.

Histological Examination

The removed liver was fixed with methacarn (methanol/
chloroform/glacial acetic acid, 6:3:1) or 10% formalin
neutral buffer solution, embedded in paraffin, and cut into
5-�m-thick sections. For OSM immunostaining, sections
were incubated with goat anti-mouse OSM antibody
(R&D Systems, Minneapolis, MN) and then sequentially
with horseradish peroxidase-conjugated donkey anti-
goat IgG antibody (Santa Cruz Biotechnology, Santa
Cruz, CA), biotinyl tyramine (DAKO, Glostrup, Denmark),
and horseradish peroxidase-conjugated streptavidin (DAKO).
For Ki-67 immunostaining, sections were heated in 10
mmol/L sodium citrate buffer (pH 6.0) at 95°C for 40
minutes to facilitate antigen retrieval. The sections were
incubated with rabbit polyclonal antibody against human
Ki-67 nuclear antigen (Novocastra Laboratories Ltd.,
Benton Lane, UK) and then with Histofine Simple Stain
MAX-PO(R) (Nichirei Corporation, Tokyo, Japan). Immu-
noreacted cells for OSM and Ki-67 were visualized with
Simple Stain DAB solution (Nichirei). The sections were
lightly counterstained with hematoxylin. Total and Ki-67-
positive hepatocytes were counted in 10 portal fields
selected randomly in each specimen. Apoptotic hepato-
cytes were visualized by terminal dUTP nick-end labeling
(TUNEL) staining using an apoptosis in situ detection kit
(Wako Pure Chemical Industries, Ltd., Osaka, Japan).
Apoptotic hepatocytes were counted in 10 central vein
areas selected randomly in each specimen.

Confocal Laser-Scanning Microscope

For double staining for OSM and ED2, the sections were
incubated with goat anti-mouse OSM antibody and
sequentially with horseradish peroxidase-conjugated
donkey anti-goat IgG antibody, biotinyl tyramine, and
fluorescein isothiocyanate-conjugated streptavidin. After
washing, the sections were incubated with mouse anti-
rat ED2 antibody (Serotec Ltd., Oxford, UK) and then
with R-phycoerythrin-conjugated goat anti-mouse IgG
(DAKO) and covered with mounting medium for fluores-
cence with 4�,6-diamidino-2-phenylindole (Vectashield;
Vector Laboratories, Inc., Burlingame, CA). Co-localization
of fluorescein isothiocyanate and R-phycoerythrin was
analyzed with a confocal laser-scanning microscope
(LSM510; Carl Zeiss Jena GmbH, Jena, Germany).
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Statistical Analysis

Statistical analysis was performed by unpaired, two-
tailed Student’s t-test. A P value �0.05 was considered
significant.

Results

Introduction of HVJ-OSM into the Spleen and
Expression of OSM at the Protein Level in the
Liver

We injected rat OSM cDNA in HVJ envelope (HVJ-OSM)
into the spleens of rats weekly for 3 weeks (Figure 1) and
analyzed the liver immunohistochemically. The results
showed that OSM protein was exclusively expressed in
small cells lining the sinusoid of the liver, whereas OSM-
positive cells were hardly detectable in the liver of rats
injected with HVJ-Vector (Figure 2, A and B). Because
the location of OSM protein-expressing cells appeared to
correspond to that of Kupffer cells, we performed immu-
nohistochemical double staining of ED2 and OSM.
Kupffer cells identified by ED2 expression were found to
be positive for OSM protein (Figure 2, C–E), indicating
that injection of OSM cDNA into the spleen resulted in
expression at the protein level exclusively in Kupffer cells
of the liver.

Repeated Injection of HVJ-OSM Attenuates
Liver Damage

First, we examined whether the introduction of OSM
cDNA weekly for 3 weeks affects the physiological con-
dition of rats. There is no significant difference between
rats injected with HVJ-OSM and with HVJ-Vector in the
body weight, liver weight, serum albumin level, and se-
rum liver injury parameters (T-Bil, D-Bil, AST, and ALT
values), and a serum fibrosis parameter (hyaluronic acid
value), and no obvious liver damage in both these rats
(Supplemental Figure S1 available at http://ajp.amj-
pathol.org). Histology of livers showed no significant dif-
ference between rats injected with HVJ-OSM and with
HVJ-Vector (Supplemental Figure S2 available at http://
ajp.amjpathol.org). These results indicated that the intro-

duction of OSM cDNA does not affect the physiological
conditions of rats.

Next, we examined the effect of OSM cDNA introduc-
tion on rats damaged by DMN. Rats injected with HVJ-
OSM and HVJ-Vector weighed 164 � 6 and 149 � 3 g,
respectively, indicating that the OSM introduction leads
to the improvement of the general condition of DMN-
damaged rats (Figure 3). We then analyzed the patho-
logical state of livers by examining the liver weight, serum
albumin levels, and serum liver injury parameters, ie,
T-Bil, D-Bil, AST, and ALT values. Liver weights and
serum albumin values of rats injected with HVJ-OSM
were significantly higher than those of rats injected with
HVJ-Vector, and all serum liver injury parameters were
significantly lower (Figure 3). We also analyzed a serum
fibrosis parameter, hyaluronic acid value, and found that
hyaluronic acid value of rats injected with HVJ-OSM was
significantly lower than that of rats injected with HVJ-
Vector (Figure 3). These results showed that the fibrogen-
esis of rats injected with HVJ-OSM was less than those
injected with HVJ-Vector. In addition, we examined his-
tology of the liver. In the liver of rats injected with HVJ-
Vector, centrilobular necrosis and numerous inflamma-
tory cells were observed (Figure 4A). On the other hand,
rats injected with HVJ-OSM showed much less centri-
lobular necrosis and a smaller number of inflammatory
cells (Figure 4B). The development of liver fibrosis was
inhibited by HVJ-OSM injection (Figure 4, C and D).
Taken together, these results indicate that the repeated
injection of HVJ-OSM attenuates DMN-induced liver
damage and stimulates regeneration.

Effects of HVJ-OSM Transfection on
Proliferation and Apoptosis of Hepatocytes

To evaluate the effects of HVJ-OSM injection on prolifer-
ative activity of hepatocytes, we examined the density of
hepatocytes and the percentage of hepatocytes express-
ing Ki-67. Histological examination showed that rats in-
jected with HVJ-OSM contained a much larger number of
hepatocytes around the portal field than those injected
with HVJ-Vector (Figure 5, A, B, and G). Immunohisto-
chemical examination of Ki-67 showed that Ki-67-ex-
pressing cells were mainly hepatocytes in rats injected
with HVJ-OSM, whereas they were inflammation cells in
rats injected with HVJ-Vector (Figure 5, C and D). The
proportion of Ki-67-positive hepatocytes to total hepato-
cytes in portal field was significantly higher in rats in-
jected with HVJ-OSM than those injected with HVJ-Vector
(Figure 5H). These results indicate that repeated injection
of HVJ-OSM augments hepatocyte proliferation.

Because DMN is known to induce apoptosis as well as
necrosis of hepatocytes,24,25 we examined whether re-
peated injection of HVJ-OSM prevents apoptosis of
hepatocytes. The proportion of TUNEL-positive hepato-
cytes to total hepatocytes in central vein area (0.25 mm2)
of HVJ-OSM-injected livers was 0.4 � 0.1, which was
much less than that of HVJ-Vector-injected livers, 2.2 �
0.2 (Figure 5, E, F, and I). These results indicate that

Figure 1. Schedule of DMN administration and HVJ-OSM or HVJ-Vector
injection. Rats were given DMN intraperitoneally at 15 mg/kg body weight
for 3 consecutive days per week for 3 weeks. On day 4 of each week,
HVJ-OSM or HVJ-Vector was injected into the spleen. On day 5 of the last
week, rats were sacrificed for analysis. w, week.
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repeated injection of HVJ-OSM prevents apoptosis of
hepatocytes.

Time-Course Studies on osm Gene Therapy
before or after DMN Treatment

To clarify the biological role of OSM on livers damaged by
DMN, we performed time-course studies of the effect of
OSM cDNA introduction before or after DMN treatment. In
the case of OSM pretreatment, AST and ALT values of
rats injected with HVJ-OSM were lower than those of rats

injected with HVJ-Vector on days 1 and 2 after DMN
treatment. T-Bil and D-Bil values of rats injected with
HVJ-OSM were also lower than those of rats injected with
HVJ-Vector on day 2 (Figure 6). Centrilobular necrosis
caused by subsequent treatment with DMN was much
less in rats pretreated with HVJ-OSM than those pre-
treated with HVJ-Vector (Figure 7). These results indicate
that OSM protects livers from cytotoxicity caused by
DMN. In the case of posttreatment, serum liver injury
parameters (AST, ALT, T-Bil, and D-Bil values) were im-
proved in rats injected with HVJ-OSM, as compared with
those injected with HVJ-Vector, on day 1 after HVJ-OSM
introduction (Figure 6). Histological study showed that
centrilobular necrosis induced by DMN disappeared
more rapidly in rats injected with HVJ-OSM than in rats
injected with HVJ-Vector (Figure 8). These results indi-
cate that OSM promotes liver regeneration. Thus, OSM
is able to protect livers from cytotoxicity caused by
DMN and also accelerate regeneration of liver dam-
aged by DMN.

Discussion

OSM was originally characterized by its ability to inhibit
the proliferation of tumor cells,17,18,26 but since then it has
been shown to be involved in inflammation, hemato-

Figure 2. Expression of OSM in the liver of a rat injected with HVJ-OSM. A: Immunostaining of OSM in the liver of a rat injected with HVJ-Vector. B:
Immunostaining of OSM in the liver of a rat injected with HVJ-OSM. Arrows indicate representative OSM-expressing cells. Inset in B is a higher magnification
of the squared region, and shows an OSM-expressing cell. C: Fluorescein for ED2, which is a marker of Kupffer cells (red). D: Fluorescein for OSM (green). E:
Merged confocal image of C and D. Coexpression of ED2 and OSM is shown as yellow. White arrows indicate representative coexpression of ED2 and OSM.
C to E are photographs of the same section, taken by confocal laser-scanning microscope. CV, central vein. Original magnifications: �200 (A and B); �600 (inset).

Figure 3. Effects of OSM on body weight, liver weight, serum albumin levels,
serum liver injury parameters, and serum, a fibrosis parameter in rats with
DMN-induced liver damage. Vector: Rats injected with HVJ-Vector. OSM:
Rats injected with HVJ-OSM. Alb, albumin. Data represent the mean of six
rats. Bars are standard errors. *P � 0.05, significant difference by t-tests.

Oncostatin M Gene Therapy of Liver Damage 875
AJP September 2007, Vol. 171, No. 3



poiesis, embryonic development, and tissue remodel-
ing.17,18,27 In addition, OSM has recently been shown to
play an important role in liver development and regener-
ation.17,18,20–22,28 In this study, we examined whether the
introduction of rat OSM cDNA enhances the regeneration
of rat livers damaged by DMN. Repeated injection of
HVJ-OSM into the spleen resulted in increases in body
weight, liver weight, and serum albumin levels and the
reduction of serum parameters of liver injury and fibrosis.
Moreover, histologically, osm gene therapy reduced cen-
trilobular necrosis and inflammatory cell infiltration, pro-
moted hepatocyte proliferation, and suppressed hepato-
cyte apoptosis. The fibrosis identified by Azan stain was
also attenuated by osm gene therapy. These results in-
dicate that OSM is a key mediator for proliferation and
anti-apoptosis of hepatocytes and suggest that osm
gene therapy is useful for the treatment of patients with
liver damage.

Time-course studies on the effect of HVJ-OSM treat-
ment on subsequent liver injury caused by DMN showed
that serum liver injury parameters (T-Bil, D-Bil, AST, and
ALT values) of rats pretreated with HVJ-OSM were lower
than those of rats pretreated with HVJ-Vector. Centrilobu-

lar necrosis caused by subsequent treatment with DMN
was also much less in rats pretreated with HVJ-OSM than
those pretreated with HVJ-Vector. Time-course studies
on HVJ-OSM treatment after DMN injury showed that
serum AST, ALT, T-Bil, and D-Bil values were improved in
rats injected with HVJ-OSM after HVJ-OSM introduction.
Centrilobular necrosis induced by DMN was also shown
to disappear more rapidly in rats injected with HVJ-OSM
than in rats injected with HVJ-Vector. These results indi-
cate that OSM is effective in combating DMN-caused
liver injury by administrating either before or after DMN
treatment, suggest that osm gene therapy is useful, as
preventive and curative means, for the treatment of liver
injury.

In this study, we directly injected HVJ-OSM into the
spleen of rats with DMN-damaged livers. HVJ-OSM in-
jected into the spleen is expected to reach the liver,
because the blood of spleen flows into the portal vein
through the splenic hilus. The HVJ envelope is �280 nm
in diameter,23 whereas the diameter of the fenestrae of
sinusoidal endothelial cells, which separate sinusoidal
blood from the space of Disse, is �175 nm in the peri-
portal area,29 indicating that HVJ-OSM hardly go through

Figure 4. Histology of livers of rats injected with HVJ-Vector or HVJ-OSM. A and C: Liver sections of a rat injected with HVJ-Vector. B and D: Liver sections of
a rat injected with HVJ-OSM. Sections of A and B were stained with H&E, and those of C and D with Azan. P, portal vein; CV, central vein. Original magnifications:
�90 (A and B); �100 (C and D).
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Figure 5. Effects of OSM on proliferation and apoptosis of hepatocytes in rats with DMN-induced liver damage. A, C, and E: Liver sections of a rat injected with
HVJ-Vector. B, D, and F: Liver sections of a rat injected with HVJ-OSM. Sections of A and B were stained with H&E, those of C and D were immunostained with
Ki-67 antibody, and those of E and F were subjected to TUNEL staining. Arrows in D and E indicate representative Ki-67-positive and apoptotic hepatocytes,
respectively. The inset in C is a high magnification of the squared region and shows inflammatory cells expressing Ki-67 antigen. The inset in D is a high
magnification of the squared region and shows hepatocytes expressing Ki-67 antigen. Each inset in E and F is a high magnification of the squared region and
shows apoptotic hepatocytes. P, portal vein. G and H show the number of total hepatocytes per portal field and the proportion of Ki-67-positive hepatocytes to
total hepatocytes, respectively. I shows the proportion of TUNEL-positive hepatocytes to total hepatocytes. Data represent the mean of six rats. Bars are standard
errors. *P � 0.05, significant difference by t-tests. Vector: Rats injected with HVJ-Vector. OSM: Rats injected with HVJ-OSM. Original magnifications: �150 (A and
B); �100 (C and D); �170 (E and F); �160 (C and D, insets); �520 (E and F, insets).
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the fenestrae of sinusoidal endothelial cells. It is, there-
fore, likely that HVJ-OSM may be retained in Kupffer
cells, which are present within the sinusoid. Ogushi and
colleagues30 reported that when mice were injected with
fluorescein isothiocyanate-labeled oligodeoxynucleoti-
des encapsulated HVJ liposome into the spleen, more
than 95% of fluorescein isothiocyanate-labeled oligode-
oxynucleotides were transferred into Kupffer cells and
only 1% into endothelial cells of the liver. These findings
supported the present results that OSM protein was
found exclusively in Kupffer cells after injection of OSM
cDNA into the spleen.

The role of OSM in inflammatory responses is complex,
performing in either a proinflammatory or an anti-inflamma-
tory manner. In proinflammatory action, OSM increases
P-selectin expression, induces granulocyte-macrophage
colony-stimulating factor (GM-CSF), granulocyte colony-
stimulating factor, and IL-6 secretion in endothelial cells in
vitro, and causes an inflammatory response when injected
subcutaneously into mice.31–34 On the other hand, in anti-
inflammatory action, OSM induces tissue inhibitor of metal-
loproteinase-1 (TIMP-1)35 and down-regulates IL-1-induced
proinflammatory mediators, such as IL-8, GM-CSF, and
RANTES, in human fibroblasts.36 Transfection of mouse
osm gene in adenoviral vector has also been shown to
induce acute-phase proteins and TIMP-1 expression in
mice.37 The present study showed that repeated injection of
HVJ-OSM into the spleen of rats with DMN-induced liver
damage significantly reduced centrilobular necrosis and

the infiltration of inflammatory cells into the damaged sites of
livers. Consistent with these findings, Sanchez and col-
leagues38 have reported that adenoviral transfer of osm
gene suppresses dextran-sodium sulfate-induced colitis in
mice by reducing macrophage infiltration and apoptosis.
These results support the role of OSM as an anti-inflamma-
tory cytokine.

Recently, OSM-R�/� mice have been shown to de-
crease in proliferating cell nuclear antigen-positive hepa-
tocytes after CCl4-induced liver damage.21 It has also
been shown that restoration of liver mass after 70% hep-
atectomy is delayed in OSM-R�/� mice.21 In this study,
we found that the number of total hepatocytes and the
proportion of Ki-67-positive hepatocytes to total hepato-
cytes of rats injected with HVJ-OSM were significantly
higher than those injected with HVJ-Vector. These results
suggest that OSM-R-mediated signaling is required for
the proliferative response of hepatocytes in damaged
liver. In human adipose tissue-derived mesenchymal
stem cells, two separate signaling pathways, MEK/ERK
and JAK3/STAT1, have been shown to be independently
involved in the OSM-stimulated proliferation.39 It is there-
fore possible that these two separate signaling pathways
participate in OSM-stimulated proliferation of hepato-
cytes in the liver regeneration, resulting in a striking he-
patocyte growth. Recently, Cohen and colleagues40 re-
ported a specific up-regulation of HGF synthesis by
OSM, most likely through the MAPK pathway, in human

Figure 6. Time-course studies of the effect of OSM treatment before or after
DMN injury on serum liver injury parameters in rats with DMN-induced liver
damage. (�): Rats injected with HVJ-Vector. (�): Rats injected with HVJ-
OSM. Data represent the mean of three rats. Bars are standard errors. *P �
0.05, significant difference by t-tests. Figure 7. Time-course studies on the liver histology of rats injected with

HVJ-Vector or HVJ-OSM before DMN injury. Sections were stained with H&E.
Original magnifications, �40.
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lung fibroblasts, suggesting that OSM participates in lung
repair through HGF production. Because HGF is an im-
portant growth factor for hepatocytes, the up-regulation
of HGF synthesis by OSM may be involved in the prolif-
eration of hepatocytes in the liver regeneration. The AP-1
transcription factor c-Jun is a key regulator of hepatocyte
proliferation. Mice lacking c-Jun display impaired liver
regeneration after partial hepatectomy. Liver regenera-
tion is regulated by c-Jun/AP-1 through a pathway involv-
ing p53, p21, and the stress kinase p38�.41 These mol-
ecules may be also involved in OSM-stimulated liver
regeneration. However, the mechanism by which OSM
prevents liver injury and enhances liver regeneration re-
mains to be clarified.

In addition, we found that osm gene therapy reduced
apoptosis of hepatocytes. A number of studies have
shown that STAT3 activated by IL-6 exhibits anti-apop-
totic effects through the induction of Bcl-2, Bcl-xL, and
FLICE inhibitor protein, which in turn inhibits FLICE and
caspase-3 in hepatocytes.42,43 Adenovirus-mediated ex-
pression of an active form of STAT3 has also been shown
to induce the expression of redox-associated protein re-
dox factor-1 and reduce Fas-mediated apoptosis in the
liver.44 Because OSM is known to activate STAT3,17,18 it
is possible that OSM may reduce DMN-induced apopto-
sis of hepatocytes through STAT3 activation.

DMN induces liver fibrosis in a highly reproducible
manner, first inducing a central hemorrhagic necrosis
followed by the formation of septa and establishing mi-
cronodular cirrhosis after 3 weeks of treatment.45 Biolog-
ical and ultrastructural studies suggest that inflammatory
mechanisms are involved in DMN-induced liver fibro-
sis.45–48 The present study showed that osm gene ther-
apy could suppress liver fibrosis induced by DMN. Be-
cause OSM may function as an anti-inflammatory
cytokine, as mentioned above, there is a possibility that
the production of inflammatory cytokines involved in fi-
brosis is suppressed by osm gene therapy. Alternatively,
the tissue repair by fibrosis is not indispensable because
OSM induces the proliferation of hepatocytes to fill the
space of centrilobular necrosis caused by DMN.

The response to partial hepatectomy is impaired in
IL-6-deficient mice.8 The studies using liver-specific con-
ditional knockout mice have also shown that activation of
STAT3 is required for liver regeneration.49 These findings
demonstrate that IL-6 and a downstream mediator of IL-6
signaling pathway, STAT3, are very important molecules
for liver regeneration. OSM, like IL-6, activates Jak1,
Jak2, and Tyk2 and the activated Jaks in turn activate
STAT3.17,18 Recently, Nakamura and colleagues21 have
shown that liver regeneration is impaired in OSM-R�/�

mice as well as IL-6�/� mice. They have also shown that
OSM expression after CCl4 exposure is greatly de-
creased in IL-6�/� mice, whereas IL-6 expression after
CCl4 exposure is not altered in OSMR�/� mice. More-
over, OSM administration in IL-6�/� mice has been
shown to induce phosphorylation of STAT3 with the nor-
mal kinetics. These results suggest that OSM is a down-
stream mediator of IL-6 in liver regeneration. Therefore, it
is likely that osm gene therapy may be more direct and
efficient than the therapy using il-6 gene in the treatment
of patients with liver damage.

OSM-R is hardly expressed in hepatocytes in mouse
and human livers.21,50 This may reflect very low levels of
proliferation of hepatocytes in normal liver. On the other
hand, the expression of OSM-R has been shown to rap-
idly increase in hepatocytes after liver injury.21 Therefore,
it is proposed that, in osm gene therapy, a large number
of OSM-R in injured hepatocytes interacts with OSM gen-
erated from the introduced gene to inhibit hepatocyte
apoptosis and promote hepatocyte proliferation, leading
to active liver regeneration.
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