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Abstract. An effective therapeutic strategy for suppressing 
liver fibrosis development should improve the overall prognosis 
of patients with chronic liver diseases. Despite efforts to 
develop anti-fibrotic agents, no drugs have yet been approved 
as anti-fibrotic treatments for humans. An alternative strategy 
may be to employ a clinically available agent that also exhibits 
anti-fibrotic activities, for which the safety of long-term 
administration has been proven. The aim of the current 
study was to elucidate the combined effect of clinically used 
interferon (IFN), ribavirin (Rib) and angiotensin-II receptor 
blocker (ARB) on liver fibrosis development in mice. A model 
of CCl4-induced hepatic fibrosis was used to assess the effect 
of IFN, Rib and ARB. IFN, Rib and ARB were administered 
after a two-week treatment with CCl4, and the hepatic indices 
of fibrosis were assessed at eight weeks. Single treatment 
with IFN, Rib or ARB at the clinically available comparable 
doses significantly attenuated the liver fibrogenesis associated 
with the suppression of the number of α-smooth muscle actin 
positive cells, and the hepatic transforming growth factor-β 
(TGF-β) mRNA. Hepatic neovascularization, which is also 
known to play a pivotal role in liver fibrogenesis, and vascular 
endothelial growth factor (VEGF), a potent angiogenic 
factor, were also markedly inhibited. Combination treatment 
with any two agents exerted a more potent inhibitory effect 
than any single treatment. Moreover, the triple cocktail 
treatment revealed further suppressive effects than any two 

agent combination. Furthermore, in vitro studies showed that 
similar combined effects were observed on the proliferation 
and TGF-β mRNA expression of activated hepatic stellate 
cells and endothelial cell tube formation. These results indi-
cate that the cocktail combination treatment of clinically used 
IFN, Rib and ARB may provide a new strategy for anti-liver 
fibrosis therapy.

Introduction

Liver fibrosis is a characteristic feature of chronic liver 
diseases regardless of their etiology, such as hepatitis B (HBV) 
or hepatitis C (HCV). Cirrhosis can be defined as the end stage 
consequence of chronic liver diseases, and hepatic failure 
due to liver cirrhosis is caused by progressive fibrosis that 
ultimately results in nodular regeneration with loss of function 
(1-3). In human livers, fibrogenesis underlies the development 
of hepatocellular carcinoma (HCC) in at least 90% of cases 
and HCC is an ominous complication of cirrhosis in 30% 
of the patients (4). It has been reported that the risk of HCC 
increases in parallel with the progression of hepatic fibrosis 
(5). Furthermore, the existence of fibrosis itself accelerates 
experimental hepatocarcinogenesis (6). Taken together, an 
effective therapeutic strategy for suppressing liver fibrosis 
should improve the overall prognosis of patients with chronic 
liver diseases. Although emerging efforts are conducted to 
develop anti-fibrotic agents, no drugs have yet been approved 
as anti-fibrotic treatments for humans (3). Since liver fibrosis 
develops with chronic liver disease, therapies should be well 
tested and proven safe over decades, with good targeting to 
the liver and few adverse effects on other organs.

Chronic HCV infection is a major cause of liver fibrosis 
ultimately leading to cirrhosis (7). The combination treatment 
with pegylated interferon (Peg-IFN) and ribavirin (Rib) 
is widely used for the eradication of HCV. Therapy with 
Peg-IFN and Rib for 24 to 48 weeks leads to a sustained loss 
of HCV in the serum in approximately half of all patients 
(7). One approach to the management of chronic hepatitis C 
(CHC) in patients who do not have a sustained virological 
response to initial therapy is long-term maintenance therapy 
of IFN (8). In addition to the anti-viral effect, several lines 
of evidence suggest that IFNs are also effective in curtailing 
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liver fibrosis both in experimental animal models and in 
clinical practice (9-12). A retrospective cohort study on 
patients with CHC, in whom histological changes of hepatic 
fibrosis were confirmed, revealed that regression of fibrosis 
was associated with a sustained virological response to IFN 
(13). It has been reported that IFN therapy significantly 
suppressed hepatic stellate cell (HSC) activation in humans, 
and this reduction strongly correlated with an improvement 
in histological changes (14). It should be noted, however, 
that this histological improvement could be achieved only in 
virological responders. The overall rate of viral eradication 
by the current regimen of IFN is still not satisfactory, even if 
it is combined with an anti-viral agent, Rib (15). It has been 
reported that long-term administration of escalated doses 
of IFN increased the overall sustained virologic response 
rate, but, this regimen causes more frequent severe adverse 
effects, such as bone marrow suppression (12). Also, a recent 
large-scale clinical trial (HALT-C) has indicated that single 
treatment with IFN does not influence fibrosis progression 
(16). Alternative strategies such as a combination therapy 
with other safe agents in virological non-responders should 
be employed, since the combination treatment with different 
anti-fibrotic agents exerted a more potent inhibitory effect 
than any single agent (17).

It has been reported that the renin-angiotensin system 
(RAS) is activated in patients with chronic liver diseases, such 
as cirrhosis (18). Angiotensin-II (AT-II) has been shown to 
induce HSC contraction and proliferation, which play a pivotal 
role in liver fibrogenesis (19). We previously reported that the 
clinically used angiotensin-converting enzyme (ACE) inhibitor 
(ACE-I), and the angiotensin type-1 receptor (AT1-R) blockers 
(ARB), significantly attenuated experimental liver fibrosis 
development and suppressed activated HSCs (Ac-HSC) (20). 
We also observed that serum fibrosis markers significantly 
improved through treatment with a combination of low dose 
IFN and ACE-I in patients with CHC, despite their being 
refractory to IFN monotherapy (21). In addition, Rib has been 
reported to exert an anti-proliferative effect on HSCs (22).

Although previous studies conducted to determine the 
molecular processes associated with fibrosis and angiogenesis 
were performed independently, recent studies have revealed 
that both biological phenomena emerge synergistically 
(23,24). We and other groups reported that neovascularization 
significantly increased during the liver fibrosis development 
(25-28). We previously reported that IFN and ARB exerted 
anti-angiogenic activities (29-31). In addition, a recent study 
has shown that Rib also exerted an anti-angiogenic activity 
in vitro (32). 

In the current study, to improve the feasibility of a future 
clinical application, we examined the effects of a cocktail 
combination treatment involving IFN, Rib, and ARB at 
clinically comparable low doses on the development of 
murine liver fibrosis, and attempted to investigate the possible 
mechanisms involved, especially in conjunction with its 
effects on HSCs and angiogenesis.

Materials and methods

Animals and reagents. Male 6-week-old BALB/c mice, were 
purchased from Japan SLC Inc. (Shizuoka, Japan). The mice 

were housed in stainless-steel, mesh cages under controlled 
conditions of temperature and relative humidity (50±20%), 
with 10-15 air changes per hour and 12 h/day light illumination. 
The animals were allowed access to food and tap water 
ad libitum throughout the acclimatization and experimental 
periods. The mouse IFN, Rib, and ARB (Losartan) were 
generously supplied by Dai-Nippon-Sumitomo Pharmaceutical 
Co. (Tokyo, Japan), and MSD Japan (Tokyo, Japan). AT-II was 
purchased from Wako Pure Chemical Industries (Tokyo, 
Japan).

Animal treatment. The mice were divided into nine groups 
(n=10 in each group). All experimental groups (Groups 1-8, 
G1-G8) except for the negative control (G9) received CCl4 
(2 ml/kg of body weight dissolved in corn oil) twice a week 
to induce liver fibrosis. After a two-week treatment with 
CCl4, administration of IFN, Rib, and ARB was initiated. The 
doses of IFN, Rib, and ARB were 1x104 IU twice a week via 
a 2 mg/kg/day subcutaneous injection, and 10 and 30 mg/kg 
daily gavage administration, respectively. The mice in the G1 
group did not receive any additional treatment (control group). 
The mice in the G2, G3 and G4 groups received IFN, Rib, and 
ARB, respectively. The mice in G5-G7 received combination 
treatments with two agents (IFN+ARB, IFN+Rib, Rib+ARB), 
respectively. The mice in the G8 group received the triple 
combination of IFN, Rib, and ARB. The mice which received 
only corn oil served as the negative control group (G9). The 
doses of the employed agents in the current study are almost 
comparable to those used in the clinical practice as previously 
described (33,34). After eight weeks of treatment with CCl4, 
all the mice were euthanized via anesthesia. All animal 
procedures were performed according to standard protocols 
and in accordance with the standard recommendations for the 
proper care and use of laboratory animals.

Histological and immunohistochemical analysis. In all 
experimental groups, 5-µm sections of formalin-fixed and 
paraffin-embedded livers were routinely processed for Sirius 
Red (S-R) staining in order to determine any liver fibrosis 
development. Immunohistochemical staining of α-smooth 
muscle actin (α-SMA) was performed as previously described 
using paraffin-embedded sections with a primary anti-α-SMA 
antibody (Dako, Kyoto, Japan) (35). Semi-quantitative analyses 
of fibrosis development and the immunopositive cell area were 
carried out with the Fuji-BAS 2000 image analyzing system 
(Fuji, Tokyo, Japan) in six ocular fields (x40 magnification) 
per specimen from 5 mice. The α-SMA-positive vessels in 
the portal area were not counted as they were assumed to 
be hepatic arteries. Only the α-SMA-positive cells in the 
sinusoidal lining were included in the image analysis.

RNA expression of transforming growth factor (TGF)-β in 
the liver by real-time PCR. Total RNA was extracted from 
both liver tissue and isolated Ac-HSC using the RNeasy mini 
kit (Qiagen, Tokyo, Japan) according to the manufacturer's 
instructions. Total RNA (2 µg) from each sample was reverse-
transcribed to complementary DNA (cDNA) using the High 
Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, 
CA, USA) according to the manufacturer's instructions. The 
mRNA expression of TGF-β from liver tissue was estimated 
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with quantitative real-time PCR using the StepOnePlus real-time 
PCR system (Applied Biosystems) with the Fast SYBR-Green 
master mix (Applied Biosystems). The relative gene expression 
was measured using glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) as an internal control. The relative amount of 
target mRNA in each sample was determined by applying the 
threshold cycle to the standard curve.

In vitro assays. Primary HSCs were isolated from the liver of 
F344 rats, as previously described, with a minor modification 
(35). The cell viability was over 95%, as determined by the 
trypan blue exclusion test. Freshly isolated HSCs were plated 
at a density of 5x105 cells/ml on uncoated plastic dishes. 
After a 5-day culture, the HSCs became myofibroblast-like 
with reduced lipid vesicles and increased immunoreactive 
α-SMA, and at 7 days after plating, all cells were well-spread 
and α-SMA positive. From day 10, the medium with or 
without treatment with IFN (100 IU/ml), Rib (0.5 µg/ml), or 
ARB (10 µmol/l) was changed every 24 h and cell culturing 
continued until day 12. The effects of IFN, Rib, and ARB 
on the proliferation of HSCs were determined by means of 
the tetrazolium, 3-(4,5-dimethylthiazol-2,5-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay as previously described 
(36). The in vitro angiogenesis was assessed as the forma-
tion of capillary-like structures of human umbilical vein 
endothelial cells co-cultured with human diploid fibroblasts 
as previously described (37). The experimental procedure 
followed the instructions provided with the angiogenesis kit 
(Kurabo, Tokyo, Japan). Computer-assisted quantitation of 
tubule formation was performed as in the in vivo assay.

Statistical analysis. To assess the statistical significance of the 
inter-group differences in the quantitative data, the Bonferroni's 
multiple comparisons test was used after a one-way ANOVA. 
This was followed by the Barlett's test to determine the homology 
of variance.

Results

Effects of IFN, Rib, and ARB on liver fibrosis development. 
S-R staining revealed that the 8-week treatment with CCl4 

resulted in marked liver fibrosis development (Fig.  1A). 
Single treatment with IFN, Rib, or ARB suppressed fibrosis 
development (Fig. 1B-D, respectively). However, the combina-
tion treatments with any combination of the two agents 
exerted more potent inhibitory effects than the single agents 
(Fig. 1E-G). Furthermore, the triple combination treatment 
with IFN, Rib, and ARB almost completely attenuated the 
CCl4-induced liver fibrosis (Fig. 1H). No fibrosis development 
was found in the corn oil-treated group (data not shown). 
As shown in Fig. 2, the densitometric analysis showed that 
the fibrosis areas closely corresponded to the histological 
findings. The semi-quantitative analysis also revealed that the 
triple combination treatment exerted the most potent inhibi-
tory effect on liver fibrosis development. The serum ALT and 
total bilirubin levels were not significantly altered with the 
use of the agents, suggesting that the inhibitory effects of low 
doses of IFN, Rib, and ARB were not due to a non-specific 

Figure 1. Microphotographs of liver sections from the CCl4-treated mice. (A) Control group after CCl4 treatment for 8 weeks. (B-D) IFN-, Rib-, and ARB-
treated groups, respectively. (E-G) Combined treatment with IFN+ARB, IFN+Rib, and ARB+Rib, respectively. (H) Triple combination treatment with 
IFN+Rib+ARB. No fibrosis development was found in the corn oil-treated group. (x40). 

Figure 2. The effects of IFN, Rib and ARB on the fibrosis area. The fibrosis 
area was evaluated by an image analyzer as described in Materials and 
methods. Single treatment with IFN, Rib, or ARB suppressed fibrosis 
development. Combination treatment with any two agents exerted a more 
potent inhibitory effect than any single agent. However, the triple combina-
tion treatment with IFN, Rib, and ARB almost completely attenuated 
CCl4-induced liver fibrosis. No fibrosis development was found in the 
corn oil-treated group. G1, control group; G2-G4, IFN-, Rib-, and ARB-
treated groups, respectively; G5-G7, combined treatments with IFN+ARB, 
IFN+Rib, and ARB+Rib, respectively; G8, triple combination treatment 
with IFN+Rib+ARB; G9, corn oil-treated negative control group. The data 
represent the means ± SD (n=10). *, **Statistically significant differences 
between the indicated groups (p<0.01 and p<0.05, respectively). 
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cytoprotective effect. The body weights and liver weights did 
not show any significant differences among the groups (data 
not shown).

Effects of IFN, Rib, and ARB on HSC activation in the liver. 
Immunohistochemical analysis of α-SMA was carried out to 
examine the effects of IFN, Rib, and ARB on the activation of 
HSCs. The Ac-HSCs, which expressed α-SMA, were reduced 
in number by treatment with IFN, Rib, and ARB (Fig. 3B-D) 
compared to the control group (Fig. 3A). Similarly to the 
anti-fibrotic effect, two-agent combination treatments induced 
further inhibition of the α-SMA-positive cells compared 
to the administration of a single agent alone (Fig. 3E-G). 
Furthermore, the triple combination treatment with IFN, Rib, 
and ARB almost completely attenuated the α-SMA-positive 
cells of the CCl4-induced liver fibrosis along with the liver 
fibrosis inhibition (Fig. 3H). Computer-assisted semi-quan-
titative analysis showed that the α-SMA-positive cells in the 
IFN, Rib, and ARB-treated groups were significantly reduced 
almost in parallel with liver fibrosis development (Fig. 4A). 
We also performed real-time PCR analysis to elucidate the 
effect of these agents on TGF-β mRNA expression. Similar to 
their effects on α-SMA expression, IFN, Rib, and ARB also 
markedly suppressed the mRNA expression of TGF-β in the 
liver (Fig. 4B). Noteworthy was the finding that the inhibitory 
effects of IFN, Rib, and ARB on α-SMA and TGF-β mRNA 
expressions, and those on the fibrosis area exerted almost 
parallel reductions.

Effects of IFN, Rib, and ARB on the cultured Ac-HSC. To 
elucidate whether IFN, Rib, and ARB directly affected Ac-HSC, 
we examined the effects of these agents on the proliferation 
of Ac-HSC in vitro. As shown in Fig. 5A, each single treat-
ment suppressed the proliferation of Ac-HSC. Furthermore, 
treatment with any combination of the two agents exerted a 
more potent inhibitory effect than any single agent. However, 
the triple combination treatment with IFN, Rib, and ARB 
exerted the most potent inhibitory effect on the proliferation 
of HSC. We also examined the TGF-β mRNA expression in 
the Ac-HSC. Similarly to the observed parallel reduction of 
α-SMA-positive cells and TGF-β mRNA expression in the 

liver, the IFN-, Rib-, and ARB-induced suppressive effects on 
HSC proliferation almost paralleled the reduction of TGF-β 
mRNA expression (Fig. 5B).

Figure 3. Immunohistochemical analysis of α-smooth muscle actin (α-SMA). The immunopositive cells of α-SMA were significantly reduced in number in 
the livers of the IFN-, Rib-, and ARB-treated groups, respectively (B-D) compared to the control group (A). (E-G) Combined treatments with IFN+ARB, 
IFN+Rib, and ARB+Rib, respectively. (H) Triple combination treatment with IFN+Rib+ARB. Magnification x40. 

Figure 4. (A) Densitometric analysis of the α-SMA-positive cells in the CCl4-
treated liver. The α-SMA-positive Ac-HSC were suppressed by treatment 
with IFN, Rib, or ARB (G2-G4), compared to the control group (G1). The 
combination treatment with any two agents exerted a more potent inhibitory 
effect than any single agent (G5-G7). However, the triple combination treat-
ment with IFN, Rib, and ARB almost completely attenuated CCl4-induced 
liver fibrosis (G8). No marked α-SMA-positive cells were observed in the 
corn oil-treated group (G9). (B) TGF-β mRNA expression after treatment 
with IFN, Rib, or ARB. TGF-β mRNA expression was evaluated by real-
time PCR as described in Materials and methods. The inhibitory effects of 
IFN, Rib, or ARB on TGF-β mRNA expression in the liver were almost in 
parallel with the suppression of α-SMA-positive cells. G1, control group; 
G2-G4, IFN-, Rib-, and ARB-treated groups, respectively; G5-G7, combined 
treatments with IFN+ARB, IFN+Rib, and ARB+Rib, respectively; G8, triple 
combination treatment with IFN+Rib+ARB. G9, corn oil-treated negative 
control group. The data represent the mean ± SD (n=10). *p<0.01, **p<0.05 
indicate statistically significant differences between the groups. 
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Effects of IFN, Rib, and ARB on hepatic neovascularization. To 
examine whether the inhibitory effects of IFN, Rib, and ARB 
were associated with the suppression of neovascularization in 
the liver, we evaluated the angiogenic response during liver 
fibrosis development. We performed a real-time PCR analysis 
of CD31 gene expression to evaluate neovascularization in 
the liver. We performed a preliminary immunohistochemical 
analysis of the von-Willebrand factor (vWF)-related antigen 
on sections from all experimental groups, and found that 
IFN, Rib, and ARB treatment significantly suppressed vWF-
positive vessels. However, it was hard to accurately evaluate 
the vWF-positive cells because of difficulties in identifying 
the little slit vessels in the triple combination-treated group 
(data not shown). It has been reported that CD34 is a more 
sensitive marker than the vWF-related antigen (38). CD31 has 
also shown to be a sensitive marker in the endothelial cells 
(EC) (39). Among these markers, it has been reported that 
CD34 expression may be decreased by a potent angiogenic 

factor, the vascular endothelial growth factor (VEGF) (40). 
We thus used CD31 expression in the current study. We 
performed a real-time PCR analysis of CD31 gene expression 
to evaluate neovascularization in the liver. Similar to the 
fibrosis area, IFN, Rib, and ARB suppressed CD31 gene 
expression compared to the control group. Furthermore, the 
combination treatment with any two agents exerted a more 
potent inhibitory effect than any single agent. However, the 
triple combination treatment with IFN, Rib, and ARB exerted 
the most potent inhibitory effect on neovascularization in the 
liver (Fig. 6A). Noteworthy was the finding that the suppression 
of angiogenesis by treatment with IFN, Rib, and ARB was of a 
similar magnitude to that of the inhibition of the fibrosis areas. 
To elucidate whether or not the suppressive effects of IFN, 
Rib, and ARB on neovascularization were accompanied with 
inhibition of VEGF, we examined the VEGF expression in 
the liver. As shown in Fig. 6B, the VEGF expression in the 
liver was suppressed by treatment with IFN, Rib, and ARB, 
which almost matched the results of fibrosis development and 
neovascularization.

Figure 6. (A) Effects of IFN, Rib, or ARB on hepatic neovascularization. 
IFN, Rib, and ARB suppressed CD31 gene expression compared to the 
control group. Furthermore, the combination treatment with any two agents 
exerted a more potent inhibitory effect than any single agent. However, the 
triple combination treatment with IFN, Rib, and ARB exerted the most 
potent inhibitory effect on the neovascularization in the liver. (B) Effects of 
IFN, Rib, or ARB on the VEGF expression in the liver. VEGF expression 
in the liver was suppressed by treatment with IFN, Rib, and ARB, which 
almost matched the results of fibrosis development and neovascularization. 
G1, control group; G2-G4, IFN-, Rib-, and ARB-treated groups, respectively; 
G5-G7, combined treatment with IFN+ARB, IFN+Rib, and ARB+Rib, 
respectively; G8, triple combination treatment with IFN+Rib+ARB. Corn 
oil-treated negative control group (G9). The data represent the means ± SD 
(n=10). *,**Statistically significant differences between the indicated groups 
(p<0.01 and p<0.05, respectively).

Figure 5. (A) Effects of IFN, Rib, or ARB on Ac-HSC proliferation in vitro. 
Cells were incubated in the presence of IFN (100 IU/ml), Rib (0.5 µg/ml), 
and ARB (10 µmol/l), and the proliferation was measured by the MTT assay 
as described in Materials and methods. Each single treatment suppressed 
the proliferation of HSC. Furthermore, the combination treatment with 
any two agents exerted a more potent inhibitory effect than any single 
agent. However, the triple combination treatment with IFN, Rib, and ARB 
exerted the most potent inhibitory effect on the proliferation of HSC. (B) 
Effects of IFN, Rib, or ARB on TGF-β mRNA expression in activated HSC. 
The suppressive effect of the treatment with IFN, Rib, and ARB on HSC 
proliferation almost paralleled the reduction of TGF-β mRNA expression. 
Cont, control group; IFN, ARB, Rib, single treatment with IFN, ARB, Rib, 
respectively. IFN+ARB, IFN+Rib, ARB+Rib, combination treatment with 
two agents simultaneously. IFN+ARB+Rib, triple combination treatment 
with IFN, Rib, and ARB. Each bar represents the means ± SD (n=5). *p<0.05 
and **p<0.01 indicate statistically significant differences between the 
indicated experimental groups. 
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Effect of IFN, Rib, and ARB on in vitro angiogenesis. To eluci-
date the direct effect of IFN, Rib, and ARB on angiogenesis, we 
next performed a set of in vitro experiments. Single treatment 
with each agent suppressed EC tubular formation, and the 
combination treatment of two agents exerted further inhibitory 
effects compared with each single treatment. Similarly to the 
effect on hepatic neovascularization, the triple combination 
treatment with IFN, Rib, and ARB exerted the most potent 
inhibitory effect on EC tubular formation (Fig. 7A). The 
quantitative analysis of the total length of the tubules formed 
in IFN-, Rib- or ARB-treated cultures confirmed that the 
triple combination treatment almost completely attenuated EC 
tubular formation (Fig. 7B). To examine whether the initial 
concentration of EC can influence the effect of these agents 
on tubular formation, we also examined EC tubular formation 
with different initial concentrations of EC on Matrigel™ as 
previously described (30). We found that IFN, Rib, and ARB 
suppressed EC tubular formation at a similar magnitude 
regardless of the initial EC concentrations (data not shown).

Discussion

Since it is now widely recognized that many factors are 
involved in the development of liver fibrogenesis, combination 
therapy of agents with different mechanisms of action should 
be better than any single agent treatment. To examine the 
feasibility of the future clinical application of a combination 
treatment, we employed clinically used agents, but not newly 

developing modalities such as gene therapy. In the current 
study, we demonstrated that IFN, Rib, and ARB suppressed 
liver fibrosis development and also suppressed HSC activation 
and neovascularization. The combination treatment with 
any two agents exerted a more potent inhibitory effect than 
any single agent. However, the triple combination treatment 
with IFN, Rib, and ARB almost completely attenuated 
CCl4-induced liver fibrosis. It has been reported that treatment 
with IFN at 1x106 U/kg in mice is almost equal to 5.5x106 
units every day in humans (41). In the current study, we 
administered IFN at a dose of 1x104 units per mouse twice a 
week. Based on this conversion, our dosage generally equaled 
2x106 units in humans. Since the usual clinical dose of IFN 
for chronic hepatitis is 3-6x106 units three times a week, we 
assume that the dose in our current study was comparable to a 
relatively low dose in clinical practice.

It is now widely recognized that Ac-HSC plays a pivotal 
role in liver fibrosis development (42,43). The increased 
number of HSCs during liver fibrogenesis reflects the activity 
of several growth factors (42). Among the growth factors, 
TGF-β is one of the key mediators in liver fibrogenesis (3,44). 
Liver fibrosis is characterized by excessive deposition of extra-
cellular matrix (ECM), which leads to severe pathological 
disturbance in the liver. TGF-β is an important cytokine in the 
regulation of ECM production. Strategies aiming at disrupting 
TGF-β synthesis and signaling cascade markedly suppress 
liver fibrosis development. Animal and culture studies using 
soluble TGF-β receptors or other means such as neutralizing 

Figure 7. Effects of IFN, Rib, or ARB on endothelial cell (EC) tubular formation. (A) Representative features of in vitro EC tubular formation. (B) The 
quantitative analysis of the total length of the tubules formed in the IFN-, Rib- or ARB-treated cultures confirmed that the triple combination treatment almost 
completely attenuated EC tubular formation. Cont, control group; IFN, ARB, Rib, single treatments with IFN, ARB, Rib, respectively. IFN+ARB, IFN+Rib, 
ARB+Rib, combination treatments with two agents simultaneously. IFN+ARB+Rib, triple combination treatment with IFN, Rib, and ARB. Each bar represents 
the mean ± SD (n=5). *p<0.05 and **p<0.01 indicate statistically significant differences between the indicated experimental groups. 
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monoclonal antibodies and dominant negative receptor gene 
transfer have shown promising results (45-47).

It has been reported that IFN down-regulated collagen 
promoter activity and antagonized TGF-β-stimulated collagen 
gene transcription in Ac-HSC. The inhibitory effect of IFN-α 
on collagen transcription was exerted through interaction 
between phosphorylated Stat1 and p300. AT-II is also a 
potent inducer of TGF-β synthesis through Smad2 in cultured 
HSC in vitro (48,49). AT-II induces HSC proliferation and 
up-regulates TGF-β expression via the AT1-R pathway (20). 
The increase of the hepatic concentration of TGF-β induced 
by bile-duct ligation was attenuated in the AT1-R knockout 
mice (50). In humans, it has been shown that a combination of 
AT-II and TGF-β genotypic polymorphism is associated with 
advanced hepatic fibrosis (51). In Ac-HSC, AT-II phospho-
rylated Akt and MAPKs, and increased AP-1 binding in 
a redox sensitive manner, suggest that the main signaling 
cascades of IFN and AT-II seem to be different (48,52). In the 
current study, contrary to IFN and ARB, Rib did not suppress 
TGF-β expression in activated HSCs, whereas proliferation 
was significantly inhibited. Rib decreased HSC proliferation 
by inhibiting the p-c-Jun signaling cascade (22). Collectively, 
these different biological activities of IFN, Rib, and ARB on 
Ac-HSC contribute to the combined inhibitory effects of these 
agents on liver fibrogenesis.

Emerging evidence from recent studies indicates that 
angiogenesis plays a pivotal role in many physiological and 
pathological processes, such as tumor growth, arthritis, 
psoriasis, and diabetic retinopathy (53,54). Although previous 
studies conducted to determine the molecular processes 
associated with fibrosis and angiogenesis were performed 
independently, several recent studies have revealed that both 
biological phenomena emerge synergistically (55). We previ-
ously reported that neovascularization significantly increased 
during the development of liver fibrosis, and that suppression 
of angiogenic signaling markedly attenuated liver fibrogenesis 
(25). 

Among the identified angiogenic factors to date, VEGF 
is one of the most potent and central factors in many physiol-
ogical and pathological processes (56-58). In liver fibrosis, 
it has been shown that VEGF expression increased both in 
human chronic liver diseases and in experimental fibrogenesis 
(59-61). It has also been reported that VEGF expression 
correlates with chronic liver disease-associated angiogenesis 
and sinusoidal capillarization (59,62,63). We also observed 
that VEGF gene expression significantly increased during 
fibrosis development associated with neovascularization in the 
liver, and that the suppression of VEGF-receptor interaction 
significantly attenuated the progression of liver fibrosis and 
angiogenesis (25). In addition to EC, the expression of VEGF 
and its receptor occurs in activated HSCs, indicating that the 
combined effect of VEGF both on HSCs and ECs plays an 
important role in liver fibrosis development. We previously 
reported that IFN and ARB significantly suppressed VEGF-
mediated neovascularization in tumors (29,64). In the current 
study, we also found that these agents markedly attenuated 
hepatic neovascularization during liver fibrosis development. 
Similarly to the action on Ac-HSC, the inhibitory effect of 
Rib on angiogenesis mediated a different cascade from the 
other two agents via the suppression of tetrahydrobiopterin 

(32). As per the effects on Ac-HSC, the different biological 
activities of IFN, Rib, and ARB augment the combined 
inhibitory effects. Further studies are required to elucidate the 
exact mechanistic insights.

In summary, we have shown that combined treatment 
with IFN, Rib, and ARB at clinically comparable low doses 
significantly inhibited liver fibrogenesis, at least partly, via 
suppression of activated HSC and neovascularization, respec-
tively. Since these three agents are already widely used in 
clinical practice, it may represent a potential new therapeutic 
strategy against the progression of liver fibrosis development 
in the future.
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