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Liver cirrhosis is characterized by hepatic dysfunction with extensive accumulation of fibrous tissue in
the liver. In response to chronic hepatic injury, hepatic portal myofibroblasts and activated hepatic stellate cells (HSCs) play a role in liver fibrosis. Although
administration or gene expression of hepatocyte
growth factor (HGF) leads to improvement in hepatic
fibrosis/cirrhosis, the related mechanisms are not
fully understood. We investigated mechanisms involved in resolution from liver cirrhosis by HGF, focusing on growth regulation and apoptosis in portal
myofibroblasts. Cultured rat HSCs could not proliferate , were withdrawn after passage , and were replaced
by proliferating portal myofibroblasts during the passages. In quiescent HSCs , c-Met receptor expression
was undetected whereas c-Met receptor expression
was detected in activated HSCs and liver myofibroblasts expressing ␣-smooth muscle actin (␣-SMA),
suggesting that activated HSCs and portal myofibroblasts are targets of HGF. For cultured rat portal
myofibroblasts, HGF counteracted phosphorylation of
extracellular signal-regulated kinase (Erk) 1/2 and mitogenic stimulus induced by platelet-derived growth factor, induced c-jun N-terminal kinase (JNK) 1 phosphorylation, and promoted apoptotic cell death. In the
dimethylnitrosamine rat model of liver cirrhosis, administration of HGF suppressed proliferation while
promoting apoptosis of ␣-SMA-positive cells in the
liver , events that were associated with reduced hepatic expressions of ␣-SMA and histological resolution from liver cirrhosis. Growth inhibition and enhanced apoptosis in portal myofibroblasts by HGF are
newly identified mechanisms aiding resolution from
liver fibrosis/cirrhosis by HGF. (Am J Pathol 2005,
166:1017–1028)

Liver cirrhosis, which usually is as a long-term consequence of chronic hepatic injury caused by alcohol
abuse or hepatitis virus infection, is characterized by
extensive fibrous scarring of the liver.1 Advanced cirrhosis is generally irreversible and is often associated with
variceal hemorrhage or development of hepatocellular
carcinoma. Hence, liver cirrhosis is a major cause of
morbidity and mortality worldwide. Approaches to promote the remodeling of the excess extracellular matrix
(ECM) associated with reorganization of the hepatic
structure are critical to establish a therapeutic base.
In the liver, two different cell populations play a key role in
the pathogenesis of liver cirrhosis as major sources of hepatic ECM. Quiescent hepatic stellate cells (HSCs) (also
known as lipocytes, fat-storing cells, or Ito cells) synthesize
low levels of ECM proteins, whereas in response to chronic
hepatic injury, HSCs undergo phenotypic change into myofibroblast-like cells, a process termed “activation.”2,3 In addition to activated HSCs, liver myofibroblasts, which are
located in periportal and perivenous areas in the normal
liver, migrate to the site of hepatic injury and are involved in
fibrotic change of the liver. Distinct from HSCs, portal myofibroblasts maintain proliferative ability and can be expanded in vitro and in vivo,4 –7 while portal myofibroblasts
also express ECM proteins involved in fibrotic change of the
liver. Although phenotypic change and cell proliferation in
HSCs and portal myofibroblasts are a pathogenic cause of
hepatic fibrosis, recent approaches indicated that apoptotic
cell death in activated HSCs and liver myofibroblasts may
be involved in the resolution from hepatic fibrosis in rats.7–11
Thus, changes in cell fate and behavior of activated HSCs
and portal myofibroblasts affect the pathogenesis and recovery from hepatic fibrosis/cirrhosis.
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Hepatocyte growth factor (HGF), originally identified and
cloned as a mitogenic protein for hepatocytes,12,13 exerts
diverse cellular responses through c-Met receptor tyrosine
kinase in a wide variety of cells.14,15 Multiple biological
events of HGF include mitogenic, motogenic, morphogenic,
and anti-cell death activities. Likewise, HGF stimulates expression and activity of proteases involved in breakdown of
ECM proteins, including urokinase-type plasminogen activator and matrix metalloproteinases.16 –19 Physiologically,
HGF plays a role in regeneration and protection of organs,
including the liver.15 Based on the trophic roles of HGF in
tissue regeneration and protection, approaches to address
the therapeutic potential of HGF have been made using a
variety of experimental models. Importantly, HGF has therapeutic effects on liver cirrhosis, decreasing both ECM
deposition and mortality in distinct models of liver cirrhosis
in rats.20 –24 However, the molecular and cellular mechanisms by which supplements of HGF leads to recovery from
cirrhosis are not fully understood.
We now report evidence that the c-Met receptor is expressed in hepatic portal myofibroblasts and that HGF suppressed DNA synthesis and stimulated apoptotic cell death
in portal myofibroblasts, and these processes were associated with recovery from liver cirrhosis in rats. We propose
that newly identified mechanisms may well lead the way to
therapeutic approaches for patients with liver cirrhosis.

Materials and Methods
Growth Factors
Human recombinant HGF was purified from conditioned
medium of Chinese hamster ovary cells transfected with an
expression vector containing cDNA for human HGF deleted
with five amino acid residues, as described.20,25 Recombinant human transforming growth factor (TGF)-␤1 and
platelet-derived growth factor (PDGF)-BB were obtained
from R&D Systems (Minneapolis, MN).

Animal Treatment
Five-week-old male Sprague-Dawley rats were used. All
animal experiments were done in accordance with National Institutes of Health guidelines, as dictated by the
animal care facility at Osaka University Graduate School
of Medicine. For development of experimental hepatic
cirrhosis, rats were intraperitoneally administered dimethylnitrosamine (DMN) dissolved in saline at 10 mg per kg
of body weight, on 3 consecutive days a week for 5
continuous weeks, then these rats were intraperitoneally
given saline alone or HGF daily in a dose of 300 g per
kg of body weight for 1 week. Seven or eight rats were
included in each experimental group.

Histological Procedures
Tissues were fixed in 10% neutralized formaldehyde or 70%
ethanol and embedded in paraffin. For immunohistochemical detection of desmin and ␣-smooth muscle actin (␣SMA), the tissue sections were, respectively, incubated with

monoclonal anti-mouse desmin antibody (EPOS system;
DAKO, Carpinteria, CA) and monoclonal anti-human ␣-SMA
antibody (EPOS system) for 1 hour. The reaction was visualized with use of 0.025% diaminobenzidine and 0.003%
hydrogen peroxide. For detection of the c-Met receptor in
cultured cells, cells were washed with phosphate-buffered
saline (PBS) and fixed with 70% ethanol for 10 minutes at
room temperature. After washing three times with PBS,
these cells were incubated for 1 hour with rabbit anti-mouse
c-Met antibody (SP260; Santa Cruz Biotechnology, Santa
Cruz, CA) and Alexa Fluor 546 goat anti-rabbit IgG (Molecular Probes, Eugene, OR) for 1 hour. Nuclei were stained
with TO-PRO-3 iodide (642/661) (Molecular Probes). In the
control specimen, the c-Met primary antibody was preabsorbed with an excess of c-Met blocking peptide (SP260P,
Santa Cruz Biotechnology). For double immunohistochemistry of desmin and c-Met, tissue sections were incubated
overnight with anti-desmin antibody and polyclonal antimouse c-Met antibody (SP260; Santa Cruz Biotechnology).
Tissue sections were sequentially incubated with fluorescein isothiocyanate-conjugated anti-mouse IgG and rhodamine-conjugated anti-rabbit IgG (ICN Pharmaceuticals
Inc., Aurora, OH). Fibrous tissue area was quantitated in
hepatic tissue sections stained for ␣-SMA, using a computerized morphometric analysis using the NIH image software
(Wayne Rasband Analytics, NIH, Bethesda, MD).
For detection of cells undergoing DNA synthesis, 5⬘bromo-2⬘-deoxyuridine (BrdU, 100 mg per kg) was intraperitoneally injected into rats, 1 hour before killing the
animals. Tissues were fixed in 70% ethanol and sections
were denatured in 2 mol/L HCl for 30 minutes at room
temperature, followed by neutralization with 0.1 mol/L
borate buffer for 30 minutes. After washing in phosphatebuffered saline (PBS), tissue sections were incubated
with monoclonal anti-BrdU antibodies (1:500 dilution,
DAKO) for 1 hour, followed by sequential incubation with
biotinylated anti-mouse IgG (Vector Laboratories, Burlingame, CA) and peroxidase-labeled avidin-biotin complex, using the Vectastain Elite ABC kit (Vector Laboratories). The reaction was detected in substrate solution
containing diaminobenzidine. For detection of cells undergoing apoptosis, tissue sections were subjected to
terminal dUTP nick-end labeling (TUNEL), using an In
Situ Apoptosis Detection kit (MK-500; Takara Shuzo Co.,
Tokyo, Japan). After BrdU or TUNEL staining, sections
were successively incubated with monoclonal anti-human ␣-SMA antibody and alkaline phosphatase-conjugated anti-mouse IgG, and the reaction was detected
using a commercial kit (Vectastain ALP ABC, Vector Laboratories). The number of cells double positive for BrdU
and ␣-SMA or TUNEL and ␣-SMA was counted in the
stained sections at 400-fold field magnification under a
microscope, using at least 10 randomly selected microscopic fields per each section.

Western Blots for Desmin and ␣-SMA in
Hepatic Tissues
Hepatic tissues were homogenized in buffer composed
of 50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1%
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Nonidet P-40, 0.1% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), 1 mmol/L ethylenediamine tetraacetic acid, 1 mmol/L phenylmethyl sulfonyl fluoride,
and 5 g/ml leupeptin. The homogenates were centrifuged and the supernatants were subjected to SDS-polyacrylamide gel electrophoresis (PAGE), electroblotted
onto polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA), and probed with monoclonal anti-mouse
desmin (DAKO) or ␣-SMA antibodies (DAKO). Proteins
reacting with these antibodies were detected using an
enhanced chemiluminescence reagent (Amersham Life
Science Inc., Arlington, IL).

Cultivation of HSCs and Liver Myofibroblasts
HSCs were isolated according to Knook and colleagues.26 Briefly, the liver was digested in situ with solutions containing collagenase type I. The digested liver
was filtrated and parenchymal hepatocytes were removed after centrifugation at 50 ⫻ g for 1 minute. Nonparenchymal cells obtained after centrifugation at
1400 ⫻ g were resuspended and subjected to a Nycodenz density gradient centrifugation. Cells in the top layer
were recovered. The cells were cultured in proline-free
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum. Portal myofibroblasts were obtained after serial passages (three to five
passages) of the culture. Populations of different cell
types in cultures were analyzed by vitamin A autofluorescence and immunocytochemistry using antibodies
against fibulin-2 (for portal myofibroblasts), Mac-1 (for
macrophages), and von Willebrand factor (for endothelial
cells).

Western Blot Analysis of c-Met Receptor and
␣-SMA in Cultured Cells
To detect c-Met receptors using Western blots, cells were
lysed in the sample buffer for SDS-PAGE. The cell lysate
was subjected to SDS-PAGE and proteins were electroblotted onto polyvinylidene difluoride membranes. After
blocking with PBS containing 5% skim milk, the membrane was incubated with rabbit anti-mouse c-Met antibody (SP260, Santa Cruz Biotechnology). For analysis of
␣-SMA expression, the membrane was successively incubated with mouse monoclonal anti-human ␣-SMA antibody, biotinylated anti-mouse IgG (Vector Laboratories), and peroxidase-labeled avidin-biotin complex
(Vectastain, Vector Laboratories). Immunoreactive proteins were visualized using an enhanced chemiluminescence reagent.

Measurement of DNA Synthesis, Apoptosis,
and Lactate Dehydrogenase (LDH) Activity
Cells were seeded at a density of 2 ⫻ 104 cells per well
in 24-well plates and cultured for 24 hours. After being
serum-starved in DMEM supplemented with 0.2% fetal
bovine serum for 24 hours, the cells were incubated in the

absence or presence of varying concentrations of HGF
with or without 10 ng/ml of PDGF-BB for 20 hours, then
pulse-labeled with 1.0 Ci per ml [methyl-3H] thymidine
(Amersham Life Science Inc.) for 6 hours. The number of
viable cells was determined using trypan blue dye extrusion assays. To detect apoptotic cells, cells were fixed in
70% ethanol and apoptotic cells were stained using the
TUNEL reaction, and In Situ Apoptosis Detection kits
(MK-500; Takara Shuzo Co). LDH activity in the culture
media was determined using a kit (Wako Pure Chemicals,
Co., Osaka, Japan).

Analysis of Extracellular Signal-Regulated
Kinase (ERK)-1/2 and c-jun N-Terminal Kinase
(JNK)
For analysis of ERK-1/2 phosphorylation, cells were serum-starved in DMEM supplemented with 0.2% fetal bovine serum for 24 hours and treated with 10 ng/ml of
PDGF in the absence or presence of HGF for 24 hours.
For analysis of JNK, serum-starved cells were treated
with 10 ng/ml of HGF then were lysed with sample buffer
for SDS-PAGE and the lysate was subjected to SDSPAGE, followed by electroblotting on polyvinylidene difluoride membrane. After blocking, the membrane was
sequentially incubated with anti-phospho-p44/p42 mitogen-activated protein kinase (ERK-1/2) antibody (E10;
New England BioLabs Inc., Beverly, MA) or an anti-phosphorylated JNK antibody (Phosphoplus SAPK/JNK antibody kit; Cell Signaling Technology, Beverly, MA), biotinylated anti-mouse IgG (Vector Laboratories), and
horseradish peroxidase-conjugated streptavidin (Amersham Pharmacia Biotech UK, Little Chalfont, UK). Immunoreactive proteins were detected using an enhanced
chemiluminescence reagent. To detect total ERK1/2 or
JNK1 proteins, the cells lysate were subjected to Western
blots as described above except for use of an anti-ERK-1
antibody (K-23; Santa Cruz Biotechnology) or an antiJNK antibody (Phosphoplus SAPK/JNK antibody kit).

Data Analysis
Data represent the mean ⫾ SD. Statistical analyses were
made using unpaired Student’s t-test (two-tailed) or analysis of variance. Differences were considered to be statistically significant at the P ⬍ 0.05 levels.

Results
Resolution of Liver Cirrhosis by HGF
DMN was given to rats intraperitoneally for 3 consecutive
days each week for 5 weeks (Figure 1a), and liver specimens were subjected to histological analysis (Figure 1b).
Formation of fibrotic septa joining the central area and the
nodular pattern of parenchymal cells separated by fibrous septa were evident and reticulin fibers had spread
radially throughout the liver. These pathological changes
are characteristic of liver cirrhosis. To evaluate expansion
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Figure 1. Enhanced recovery from liver cirrhosis by HGF. a: Experimental schedule for development of liver cirrhosis by DMN administration and treatment with
HGF. b: Histological analysis of hepatic sections. Hepatic sections were subjected to staining with H&E and immunohistochemical staining for ␣-SMA or desmin.
c: Change in fibrotic area in rat livers untreated or treated with HGF. Fibrotic area was quantitated by computer-aided image analysis in hepatic tissue sections
stained for ␣-SMA. Each value represents the mean ⫾ SD (n ⫽ 8). d: Changes in the number of cells positive for ␣-SMA and desmin in the livers of rats untreated
or treated with HGF. Each value represents the mean ⫾ SD (n ⫽ 8). e: Changes in expression of hepatic ␣-SMA and desmin in livers of rats untreated or treated
with HGF. Expression of ␣-SMA and desmin was analyzed using Western blots.

of activated HSCs and liver myofibroblasts, hepatic sections were subjected to immunostaining for ␣-SMA and
desmin (Figure 1b). Desmin and ␣-SMA are expressed in
activated HSCs and liver myofibroblasts.7 Cells positive for
␣-SMA and desmin localized in the fibrous area spread

throughout the liver, indicating that expansion of activated
HSCs and portal myofibroblasts is associated with fibrotic
changes in the liver. Associated with these changes,
TGF-␤1 levels in the cirrhotic liver tissues increased to 5.1times higher level than in the normal liver (not shown).
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To determine whether HGF affects resolution from liver
cirrhosis, rats subjected to DMN treatment for 5 weeks
were daily given HGF or saline for 1 week. In control rats
given saline alone, there was little change in the histopathology of the liver: fibrous areas still spread radially
throughout the liver and cells positive for ␣-SMA and
desmin were entirely localized in fibrous areas (Figure
1b). In contrast, in rats treated with HGF, fibrotic septa
joining the central area and reticulin fibers either disappeared or were markedly decreased. Likewise, cells positive for ␣-SMA and desmin were remarkably decreased
by HGF treatment (Figure 1b). When expansion of fibrous
tissue areas was quantitated by image analysis in hepatic
tissue sections stained for ␣-SMA, fibrous area markedly
increased by DMN treatment (Figure 1c). The fibrous
area in DMN-treated rats given HGF for 1 week decreased to 41% of DMN-treated rats given saline alone.
The remarkable decrease in fibrous tissue expansion
and hepatic expression of ␣-SMA by HGF suggested that
HGF directly or indirectly affects the fate of activated
HSCs and/or portal myofibroblasts. One potential mechanism for reduction in ␣-SMA expression might be that
HGF facilitates a phenotypic reversal of activated HSCs
to a quiescent phenotype. Therefore, the number of cells
that expressed ␣-SMA or desmin was quantitated in hepatic sections subjected to immunohistochemistry (Figure 1d). The number of ␣-SMA- and desmin-positive
cells, respectively, reached 98.4 ⫾ 12.3 and 87.6 ⫾ 10.3
cells per microscopic field at 6 weeks in control rats not
given HGF treatment. In rats subjected to a 1-week treatment with HGF, the number of ␣-SMA-positive cells decreased to 51.4 ⫾ 7.6 cells per microscopic field at 6
weeks. If HGF facilitates a reversal of activated HSCs
(positive for both ␣-SMA and desmin) to a quiescent
phenotype (desmin-positive but ␣-SMA-negative), decrease in the number of ␣-SMA-positive cells would be
associated with an increase in the number of desminpositive cells. However, the number of desmin-positive
cells was also decreased by HGF to 51.2 ⫾ 13.5 cells, a
value being the same as that of ␣-SMA-positive cells at 6
weeks in HGF-treated rats. Consistently, when hepatic
tissue extracts were subjected to Western blots, hepatic
expressions of both ␣-SMA and desmin were decreased
by HGF treatment (Figure 1e). These findings strongly
suggested that HGF did not facilitate a reversal of activated HSCs to the quiescent phenotype.

c-Met Receptor Expression in Activated Liver
Myofibroblasts
To determine how HGF directly or indirectly affects the
fate of ␣-SMA-positive cells, c-Met receptor expression
was analyzed in HSCs and portal myofibroblasts isolated
from the rat liver. In agreement with previous findings,
HSCs had vitamin A-containing vacuoles characterized
by autofluorescence and had a star-like appearance
within a few days after plating (not shown). Three days
after plating, cells with a fibroblast-like appearance appeared. After passage of the culture, most of cells had a
fibroblast-like appearance. Previous studies indicated

that HSCs in culture had little potential to proliferate, were
withdrawn because of cell death, and could be maintained in culture at maximum until passage 2 only.7 Instead, portal myofibroblasts showed rapid proliferative
ability and could be expanded up to the 10th passage.
Taken together, we speculated that portal myofibroblasts
present in primary culture of HSCs proliferated and HSCs
were replaced by portal myofibroblasts. Because fibulin-2 is specifically expressed in portal myofibroblasts but
not in HSCs,7 we analyzed fibulin-2 expression in cultures
of HSCs (Figure 2a). In primary culture of HSCs (3 days
after plating), there were contaminating portal myofibroblasts positive for fiblulin-2, whereas 75 to 85% of cells
were positive for fibulin-2 after serial passages of the
culture (at passage 3). The result indicated that HSCs
were replaced by proliferating portal myofibroblasts during serial passages and cultivation. Knittel and colleagues4 reported that 50 to 100% of rat portal myofibroblasts were positive for fibulin-2.
In quiescent HSCs in primary culture (day 0), ␣-SMA
was undetectable in Western blots, but was detectable in
cells cultured for 3 days (Figure 2b). Expression of
␣-SMA remarkably increased in cells expanded after serial passages and cultured in the presence of 10 ng/ml of
TGF-␤1 for 3 days. When c-Met receptor expression was
analyzed in these cells using Western blots, the c-Met
receptor was undetectable in quiescent HSCs, whereas it
was weakly detectable in the cells cultured for 3 days.
This result suggests that the c-Met receptor in HSCs may
be inducible during activation toward myofibroblast-like
cells or that the weak expression of c-Met receptor and
␣-SMA may by because of proliferating portal myofibroblasts. In the cells mostly composed of proliferating liver
myofibroblasts, c-Met receptor was significantly detectable. Likewise, expression of the c-Met receptor was
analyzed by immunocytochemistry (Figure 2c). In primary culture of HSCs (9 days after plating), c-Met receptor expression was detected in cells with two different
appearances (Figure 2c, inset). One cell type showed
cell enlargement and spread radically, suggesting that
these cells may be activated HSCs, whereas the other
type showed a fibroblast-like appearance, suggesting
that these cells may be portal myofibroblasts. In the
passaged culture (at three passages), c-Met receptor
was expressed in most of cells with the myofibroblast-like
appearance. Together with fibulin-2 expression in these
cells, we concluded that portal myofibroblasts were positive for the c-Met receptor.
To determine whether induction of c-Met receptor expression in HSCs/portal myofibroblasts would be seen
during the pathogenesis of liver cirrhosis, expressions of
the c-Met receptor and desmin were analyzed using
hepatic sections of normal and cirrhotic rat livers (Figure
2d). In normal rat livers, the c-Met receptor was expressed in hepatocytes, however, c-Met expression was
not detectable in desmin-positive cells, as was evident in
the merged image. In contrast, in the cirrhotic liver,
desmin-positive cells underwent morphological changes
characterized by multiple cellular processes. The
merged image of desmin and c-Met staining indicated
that the c-Met receptor was co-localized in desmin-pos-
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Figure 2. c-Met receptor expression in cultures of HSCs and portal myofibroblasts, and in normal and cirrhotic livers. a: Expression of fibulin-2 in cultures of HSCs
and portal myofibroblasts. Fiblin-2 expression was analyzed by immunocytochemistry in primary cultures of HSCs on day 3 after plating and the cells after three
passages. b: Changes in expression of c-Met receptor and ␣-SMA in cultured HSCs and portal myofibroblasts. Expressions of c-Met receptor and ␣-SMA were
analyzed using Western blots. c: c-Met receptor expression in HSCs and activated liver myofibroblasts as detected immunocytochemically. C-Met expression was
analyzed in primary culture of HSCs on day 9 after plating and the culture of cells after three passages. d: Localization of c-Met receptor expression in normal
and cirrhotic livers. Hepatic sections were subjected to immunohistochemical staining for desmin (green) and c-Met receptor (red). Nuclei were detected by
staining with Hoechst 33342. Note the merged image of desmin and c-Met receptor staining. Original magnifications: ⫻200; ⫻400 (insets).

itive cells. Thus, the c-Met receptor is expressed in portal
myofibroblasts and/or activated HSCs, at least in the
cirrhotic liver.
Although HSCs underwent phenotypic change into
myofibroblast-like cells, lack of any potential to proliferate
raised the question as to the pivotal role of activated
HSCs in cirrhotic change of the liver.7 On the other hand,
portal myofibroblasts retain rapidly proliferating ability in
vitro. It is notable that there is a proliferation of periportal
and perivenous liver myofibroblasts in cirrhotic rat livers
in distinct models,5,6 suggesting a pivotal role of portal
myofibroblasts in fibrotic change of the liver. Together
with our finding that the c-Met receptor is expressed in
proliferating liver myofibroblasts, we focused on biological actions of HGF on portal myofibroblasts.

Anti-Proliferative Responses Induced by HGF in
Liver Myofibroblasts
In terms of cell growth regulation, HGF bidirectionally
regulates cell growth in a cell type-dependent manner.
HGF inhibits cell growth in distinct types of cells and
apoptotic cell death is involved in HGF-induced cell
growth inhibition.27–32 Taken together with the above
finding that portal myofibroblasts are potential targets of
HGF, we investigated biological actions of HGF on portal
myofibroblasts, focusing on proliferation and apoptosis of

portal myofibroblasts. Because PDGF is a potent mitogen
for portal myofibroblasts and is involved in pathogenesis
of hepatic fibrosis,33,34 we examined effects of PDGF and
HGF on DNA synthesis of portal myofibroblasts. To prepare portal myofibroblasts, the cells were obtained after
serial passages (three to five passages) of HSC culture
and subjected to measurement of DNA synthesis. Addition of PDGF to cultures of portal myofibroblasts increased DNA synthesis to a fivefold higher level greater
than that in control cultures (Figure 3a). On the other
hand, addition of HGF alone had no significant effect on
DNA synthesis of portal myofibroblasts. However, the
simultaneous addition of HGF in the presence of PDGF
dose dependently inhibited the DNA synthesis induced
by PDGF. Fifty percent inhibition was seen in the case of
30 ng/ml of HGF.
Because ERK1/2 plays a definitive role in proliferation
of portal myofibroblasts downstream of the PDGF receptor, we next analyzed changes in activation of ERK1/2
(Figure 3b). Portal myofibroblasts were cultured in the
absence or presence of PDGF, HGF, or PDGF ⫹ HGF for
24 hours and cell extracts were subjected to Western
blots. In serum-starved cells, ERK1/2 was marginally
phosphorylated, whereas it was phosphorylated in the
presence of PDGF. In contrast, no significant change in
the marginal phosphorylation of ERK1/2 was seen in the
presence of HGF alone. On the other hand, in cells stim-
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Figure 3. Effect of PDGF and HGF on DNA synthesis and ERK1/2 phosphorylation in portal myofibroblasts, and changes in ␣-SMA-positive cells undergoing DNA
synthesis in cirrhotic livers in rats untreated or treated with HGF. a: Changes in DNA synthesis. Portal myofibroblasts were cultured in the absence or presence
of PDGF, HGF, and their combinations for 20 hours and DNA synthesis was measured by pulse-labeling with [methyl-3H] thymidine. Each value represents the
mean ⫾ SD (n ⫽ 4). *, P ⬍ 0.05 versus cells incubated with PDGF alone. b: Changes in ERK1/2 phosphorylation in portal myofibroblasts by stimuli with PDGF,
HGF, and their combination. Cells were cultured in the absence or presence of PDGF, HGF, and their combination for 24 hours and cell lysates were subjected
to SDS-PAGE. Phosphorylated ERK1/2 and total ERK1/2 proteins were sequentially detected using Western blots with antibodies against anti-phosphorylated
ERK1/2 and ERK1/2, respectively. c: Distribution and changes in ␣-SMA-positive cells undergoing DNA synthesis in cirrhotic livers in rats untreated or treated with
HGF. Top: Photographs show distribution of ␣-SMA-positive cells undergoing DNA synthesis in liver sections obtained from cirrhotic livers on day 3 after HGF
treatment. Expression of ␣-SMA was detected by immunostaining (red) and cells undergoing DNA synthesis were detected by BrdU incorporation and subsequent
immunostaining (brown). Bottom: Graph shows change in the number of ␣-SMA-positive cells undergoing DNA synthesis after HGF. The number of cells double
positive for ␣-SMA and BrdU incorporation was determined in liver sections subjected to immunostaining for ␣-SMA and BrdU incorporation. Rats were subjected
to DMN administration for 5 weeks, followed by daily administration of HGF. Each value represents the mean ⫾ SD (n ⫽ 8). *, P ⬍ 0.05. Original magnifications,
⫻200.

ulated with PDGF and HGF, the level of phosphorylated
ERK1/2 was higher than that in control cultures but was
lower than that in cells stimulated with PDGF alone. These
results suggested that HGF stimulus is suppressive on
PDGF-induced ERK1/2 phosphorylation in portal myofibroblasts and that the suppression of PDGF-induced
ERK1/2 phosphorylation by HGF may be involved in inhibitory effects of HGF on PDGF-induced DNA synthesis
in portal myofibroblasts.
We therefore asked if the suppressive effect of HGF on
PDGF-induced DNA synthesis in portal myofibroblasts is
associated with the decrease in expansion of ␣-SMApositive cells (portal myofibroblasts and activated HSCs)
in cirrhotic livers. When hepatic tissue PDGF levels were
determined using enzyme-linked immunosorbent assay,
the PDGF level increased from 95 ng/g tissue in normal
liver to 315 ng/ml in cirrhotic liver. Previous studies indi-

cated that hepatic macrophages and activated HSCs
express PDGF,35,36 suggesting that these cells may be
major sources of PDGF in fibrotic liver. Consistently, infiltration of hepatic macrophages as detected by immunohistochemistry was markedly increased in cirrhotic
liver compared to findings in the normal liver (not shown).
On the other hand, expression of PDGF receptor was
noted in ␣-SMA-positive portal myofibroblasts.37 Together with the potent mitogenic actions of PDGF on
portal myofibroblasts, PDGF increased in the cirrhotic
liver might be involved in proliferation of portal myofibroblasts in cirrhotic livers. To determine changes in the
proliferation of portal myofibroblasts in cirrhotic livers by
HGF treatment, the number of portal myofibroblasts undergoing DNA synthesis was quantitated in hepatic tissue sections subjected to immunohistochemistry for
␣-SMA and BrdU (Figure 3c). In control livers of rats not
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Figure 4. Apoptosis and JNK1 phosphorylation promoted by HGF in portal myofibroblasts. a: Change in LDH activity in culture media. LDH activity was measured
in conditioned media obtained after cultivation of portal myofibroblasts for 48 hours in the absence or presence of HGF. Each value represents the mean ⫾ SD
(n ⫽ 6). *, P ⬍ 0.05 and **, P ⬍ 0.01 versus nontreated control cells. b: Appearances of portal myofibroblasts cultured in the absence or presence of 3 ng/ml,
10 ng/ml, and 30 ng/ml HGF for 5 days. c: Apoptosis in activated liver myofibroblasts as detected by TUNEL staining. Cells were cultured in the absence or
presence of HGF for 48 hours and subjected to TUNEL staining (left). The number of TUNEL-positive cells is shown at the right. Each value represents the mean ⫾
SD. *, P ⬍ 0.01. d: Phosphorylation of JNK-1 enhanced by HGF in portal myofibroblasts. Phosphorylation of two forms of JNK-1 (p54 and p46) was detected using
Western blots.

given HGF treatment, the number of cells double positive
for ␣-SMA and BrdU reached 9.9 ⫾ 2.5 cells per 100
nuclei in microscopic fields and remained at similar levels
for 7 days. In rat treated with HGF, the number of ␣-SMApositive cells undergoing DNA synthesis decreased to
5.3 ⫾ 1.6 on day 3 after HGF treatment and a similar
suppressive effect was seen for up to day 7. These
findings indicate that HGF treatment suppresses proliferation of portal myofibroblasts in cirrhotic livers and that
the counteractive effect of HGF on mitogenic action of
PDGF in portal myofibroblasts may possibly be involved
in the growth suppression of portal myofibroblasts.

Apoptosis of Activated Liver Myofibroblasts
Enhanced by HGF
Of note, apoptotic cell death contributes to resolution of
hepatic fibrosis.7–11 Together with previous findings that
HGF is proapoptotic in distinct types of cells,30 –32 we
hypothesized a potential involvement of HGF in the apoptosis of liver myofibroblasts. To determine changes in
the apoptosis of portal myofibroblasts, the cells were

cultured in the absence or presence of HGF for 48 hours
and enzymatic activity of LDH released from the dying
cells was measured (Figure 4a). LDH is released from
necrotic cells and from those in later stages of apoptosis.38 – 40 LDH activity was dose dependently increased
by addition of HGF, suggesting that HGF enhances cell
death in portal myofibroblasts. Consistently, the increase
in cell death of liver myofibroblasts by HGF was obvious
based on appearances. Cultivation with HGF for 5 days
dose dependently increased the number of cells detached from culture plates (Figure 4b). To determine
whether the increases in LDH release and detached cells
were because of apoptotic cell death, the cells were
cultured in the absence or presence of HGF for 48 hours
then subjected to TUNEL staining (Figure 4c). In control
cultures, the number of apoptotic cells reached 2.1 ⫾
0.5%, whereas HGF increased the number of apoptotic
cells to 5.2 ⫾ 0.6%, which means that HGF facilitates the
apoptosis of portal myofibroblasts.
Because the JNK1 pathway is critical in mediating
apoptosis, and Conner and colleagues32 showed the
close involvement of JNK1 in HGF-mediated apoptosis,
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Figure 5. Distribution and changes in apoptotic liver myofibroblasts in cirrhotic livers in rats untreated and treated with HGF. a: Distribution of apoptotic
␣-SMA-positive cells in liver sections obtained from cirrhotic livers on day 3 after HGF treatment. ␣-SMA-positive cells were detected by immunostaining (red)
and apoptotic cells were detected using TUNEL staining (brown). b: Change in the number of apoptotic ␣-SMA-positive cells after HGF treatment. The number
of cells double-positive for ␣-SMA and TUNEL staining was determined in liver sections. Rats were subjected to DMN administration for 5 weeks, followed by daily
administration of HGF. Each value represents the mean ⫾ SD (n ⫽ 8). *, P ⬍ 0.05. Original magnifications, ⫻200.

we investigated the activation status of JNK1 in portal
myofibroblasts. Portal myofibroblasts were treated with
HGF and phosphorylated/activated JNK was detected
using Western blots (Figure 4d). There are two known
forms of JNK1, p54/JNK1 and p46/JNK1 and these isoforms are biosynthesized by alternative splicing. In control cultures, p46/JNK was weakly detected, but p54/
JNK1 was mostly undetectable. When cells were treated
with HGF, both phosphorylated p54/JNK1 and p46/JNK1
increased at 5 minutes after HGF stimulus. Phosphorylation of p54/JNK1 and p46/JNK1 was seen for up to 15
minutes and then this phosphorylation state decreased
30 minutes after HGF treatment.

In Vivo Enhancement of HSC Apoptosis by
HGF
Based on the finding that HGF induces apoptotic responses in portal myofibroblasts, we analyzed effects of
HGF administration on apoptotic cell death in ␣-SMApositive cells in cirrhotic livers (Figure 5). Distribution and
the number of ␣-SMA-positive cells undergoing apoptosis in the cirrhotic liver were determined by immunohistochemical analysis of hepatic sections. Five weeks after
DMN treatment, the number of apoptotic cells double
positive for both ␣-SMA and TUNEL reached 3.5 ⫾ 1.0
per 100 nuclei as seen microscopically. In control rats
treated with saline alone, the number of apoptotic cells
did not change significantly during the 7 subsequent
days. On the other hand, when rats were daily administered HGF, the number of apoptotic cells increased from

day 1 and reached a peak on day 3. The number of
apoptotic cells reached 13.3 ⫾ 3.4, the value being approximately threefold greater than control values. Increased apoptosis by HGF treatment was seen on day 5
but on day 7 decreased to a level lower than that of
controls. Thus HGF administered to rats with liver cirrhosis facilitated apoptotic cell death in ␣-SMA-positive cells
that are likely to be portal myofibroblasts.

Discussion
As a result of hepatic injury and/or inflammation, activated HSCs and portal myofibroblasts play a role as a
major cellular source of ECM deposited in liver fibrosis/
cirrhosis. On the other hand, during spontaneous recovery from liver fibrosis, activated HSCs and portal myofibroblasts underwent apoptotic cell death.7–11 Thus
apoptosis of activated HSCs and portal myofibroblasts
are closely involved in recovery from liver fibrosis/cirrhosis. In the present study, we found that portal myofibroblasts and activated HSCs express the c-Met receptor,
HGF inhibits DNA synthesis and enhanced apoptotic cell
death for portal myofibroblasts. All these biological effects of HGF on portal myofibroblasts were associated
with recovery from liver cirrhosis in rats.
Growth inhibitory effect of HGF was initially noted in an
unexpected finding that a tumor cytotoxic factor that
inhibits growth of several types of tumor cells was identified to be HGF.27 Although subsequent studies revealed
that HGF inhibits proliferation of several types of neoplas-
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tic cell lines,28 –30 intracellular signaling events by which
HGF inhibits cell proliferation are not understood, except
in a restricted numbers of studies. In a HepG2 human
hepatoma cell line, hyperphosphorylation or a longer
phosphorylation of ERK in the presence of HGF was
associated with growth inhibitory effects of HGF,41,42
findings which seem to be inconsistent with our present
results. In portal myofibroblasts, a lesser degree of ERK
phosphorylation in cells treated with PDGF plus HGF than
that seen in PDGF alone was associated with suppressive effects of HGF on PDGF-dependent growth. Perhaps, the phosphorylation status of ERK modulates
growth inhibitory effects of HGF, but may possibly be cell
type-dependent, eg, normal versus tumor cells. Because
proliferation of liver myofibroblasts on PDGF stimulus is
tightly associated with the phosphorylation status of
ERK,33,34 decreased ERK phosphorylation by HGF
seems to be partly involved in the suppressive effect of
HGF on PDGF-induced cell proliferation in portal
myofibroblasts.
For a variety of normal and neoplastic cells, including
hepatocytes, renal epithelial cells, and cardiomyocytes,
HGF has potent anti-apoptotic actions, while HGF has the
potential to induce apoptotic cell death in some neoplastic cell lines.30 –32 Conner and colleagues32 suggested
that HGF-mediated apoptosis involves activation of
JNK1. JNKs (JNK1 and JNK2) are activated by various
extracellular stimuli, including growth factors, and play a
role in determining whether cells survive or undergo apoptosis.43,44 Likewise, Ron/Stk that belongs to the c-Met
receptor tyrosine kinase family mediates apoptotic cell
death, as well as cell proliferation, and activation of JNK
is involved in Ron/Stk-mediated apoptosis.45 Activation of
JNK1 by HGF may possibly be involved in c-Met receptor-mediated apoptosis in portal myofibroblasts.
To search for potential mechanisms involved in the
apoptosis of HSCs, expression of receptors that mediate
apoptosis was analyzed.10,46 Fas receptor and Fas-ligand became increasingly expressed during in vitro activation of HSCs and Fas-mediated apoptosis is involved
in spontaneous apoptosis of HSCs.10 On the other hand,
p75 nerve growth factor receptor expression increased
during activation of HSCs and nerve growth factor-stimulation increased apoptosis in cultured HSCs.46 We have
newly identified that HGF and the c-Met receptor system
is involved in the apoptosis of portal myofibroblasts. Although the contribution of each receptor-ligand system in
resolution of liver fibrosis/cirrhosis remains to be further
addressed, these distinct systems may cooperatively
regulate apoptosis of activated HSCs and portal myofibroblasts toward resolution. In addition to c-Met receptor
expression in portal myofibroblasts, HGF was expressed
in the cirrhotic liver, and hepatic HGF level changed from
263 to 145 ng/g tissue in the normal and cirrhotic livers,
respectively. The decrease in hepatic HGF level seems to
somewhat increase susceptibility to fibrotic change of the
liver and it may possibly be because of the increased
expression of TGF-␤1 in the cirrhotic rat liver,21,23 because TGF-␤1 is a potent inhibitor for expression of
HGF.47 On the other hand, we propose that apoptosis
enhanced by administration of HGF is likely to be a

mechanism by which HGF facilitates resolution of liver
fibrosis/cirrhosis.
Previous approaches using distinct animal models of
tissue fibrosis provide evidence that HGF has anti-fibrotic
actions on tissue fibrosis, including liver cirrhosis,20 –24
renal fibrosis,48,49 lung fibrosis,18,50 and cardiomyopathy.51 These studies addressed mechanisms involved in
anti-fibrotic actions of HGF, focusing on cell proliferation,
expression of TGF-␤, and induction of proteases involved
in the breakdown of ECM. However, little attention has
been directed toward potential mechanisms to directly
regulate growth and apoptosis of myofibroblasts, the
principle cell type responsible for tissue fibrosis. Taking it
into consideration that expansion and apoptosis in myofibroblasts are, respectively, associated with tissue fibrosis and its resolution in distinct tissues, our findings may
provide a better understanding of pathogenic as well as
therapeutic mechanisms involved in the enhanced resolution from fibrotic disorders by HGF.
Advanced liver fibrosis and cirrhosis are generally
considered to be irreversible conditions even after removal of the hepatic injury; however, histopathological
assessments of biopsy tissues from patients with liver
fibrosis, who have been effectively treated, indicate that
recovery with remodeling of excess ECM is feasible.8,52,53 These results suggest that a capacity for fibrous tissue remodeling toward resolution exists in liver
fibrosis/cirrhosis. If pathological changes of liver fibrosis/
cirrhosis are regulated by a counterbalance between an
endogenous capacity for fibrous tissue remodeling and
fibrogenic events, augmentation of the capacity for fibrous tissue remodeling could be considerable for treatment of liver fibrosis/cirrhosis.
In summary, we obtained evidence that the c-Met receptor was expressed in liver myofibroblasts, and HGF
suppressed proliferation and stimulated apoptotic cell
death in liver myofibroblasts, all these events being involved in a rapid resolution from liver cirrhosis by HGF.
These results may provide a rationale for the potential
therapeutic value of HGF for treatment of patients with
liver fibrosis/cirrhosis, as based on augmentation of the
capacity for fibrous tissue remodeling.
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