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a b s t r a c t

Liver fibrosis is linked to VEGF-induced angiogenesis. Overexpression of exogenous vasohibin-1, a
feedback inhibitor of angiogenesis, has been reported to reduce liver fibrosis after bile duct ligation
(BDL). To uncover the function of endogenous vasohibin-1, we performed BDL using vasohibin-1-
deficient mice and analyzed liver fibrosis, injury, and angiogenesis. Liver fibrosis was induced by 14-
days of BDL in both wild-type and vasohibin-1-deficient mice. The liver sections were stained with
anti-CD31 to visualize endothelial cells and with Sirius red to observe fibrotic regions. Total RNAs were
purified from the livers and expression of collagen I a1 mRNAwas measured by quantitative PCR. Plasma
ALT activity was determined to assess liver injury. Surprisingly, the same extents of increases were seen
in anti-CD31 and Sirius red stainings, collagen I a1 mRNA expressions, hepatic hydroxyproline contents,
and ALT activity after 14-days of BDL in both wild-type and vasohibin-1-deficient mice. There was un-
expectedly no difference between these mice, suggesting that anti-fibrogenic and angiogenic activities of
the endogenous vasohibin-1 might be masked in the normal liver at early stage of hepatic fibrosis in
mice.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Hepatic fibrosis progresses to cirrhosis and hepatic carcinoma
mainly caused by infection of hepatitis virus, alcohol consumption,
and non-alcoholic steatohepatitis (NASH) [1]. Up and down-
regulation mechanisms of hepatic fibrosis are partly revealed
with cytokines such as IL-1b, PDGF, TGF-b1, and TNFa for up-
regulation and IFNa, IFNg, IL-6, and IL-10 for down-regulation [2].
We have reported that daily injection of VEGF induces angiogenesis
and hepatic fibrosis [3]. Angiogenesis links hepatic fibrogenesis,
and many reports show that angiogenesis concomitantly pro-
gresses with fibrogenesis [4e11]. On the other hand, it is reported
that resolution of hepatic fibrosis is associated by VEGF-regulated
angiogenesis [12]. Thus, angiogenesis negatively and positively
correlates hepatic fibrosis depending on degree of its fibrosis.

Vasohibin-1 (VASH1) is a negative feedback regulator of
angiogenesis and expressed in endothelial cells under control of
VEGF [13,14]. Coch et al. reported that overexpression of VASH1
reduces hepatic fibrogenesis, in vitro angiogenesis of HUVECs, and
mesenteric neovascularization in prevention trials [15]. In unilat-
eral ureteral obstruction (UUO)-operated kidney, reduction of
VASH1 expression level using VASH1 heterozygous knockout (ko)
mice enhances renal fibrosis and inflammation [16]. In conclusion,
VASH1 is implicated to be a negative regulator of angiogenesis and
fibrosis.

However, endogenous VASH1 function in hepatic fibrosis re-
mains unclear. We assume that hepatic fibrosis and angiogenesis
are simultaneously enhanced in hepatic fibrosis model of VASH1-
deficient mice. In this study, we tested this idea using a bile duct
ligation (BDL) model of hepatic fibrosis and analyzed markers for
fibrosis, liver injury, and angiogenesis. Analyses of these markers
showed no significant difference between VASH1-deficient and
wild-type mice.
2. Materials and methods

2.1. Bile duct ligation (BDL)

Eight to 9 weeks old wild-type (C57BL/6J; SLC, Japan) and VASH1-
deficient mice [17] were subjected to BDL according Arias et al. [18].
After 2 weeks of ligation, the liver and blood were collected. These
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Fig. 1. Fibrotic regions analysis in BDL-operated VASH1-deficient and wild-type mice liver. (AeD) HE staining of sham-operated liver (A and C) and BDL-operated liver (B and D)
in wild-type (A and B) and VASH1-deficient (C and D) mice (n ¼ 4e6). (EeH) Sirius staining of sham-operated liver (E and G) and BDL-operated liver (F and H) in wild-type (E and F)
and VASH1-deficient (G and H) mice (n ¼ 4e6). Bars, 500 mm. (I) Box plots for liver fibrotic regions. These regions were calculated from percentage of Sirius red staining areas in the
sham-operated wild-type (n ¼ 4 mice) and VASH1-deficient (n ¼ 4 mice) and BDL-operated wild-type (n ¼ 5 mice) and VASH1-deficient (n ¼ 6 mice) mice livers. Medians, middle
lines; 75th and 25th quartiles, top and bottom lines, respectively; whiskers show range. *, p < 0.05; **, p < 0.01 (two-tailed t-test). (J) Hydroxyproline contents were divided with
total protein amounts in the sham-operated wild-type (n ¼ 6 mice) and VASH1-deficient (n ¼ 5 mice) and BDL-operated wild-type (n ¼ 6 mice) and VASH 1-deficient (n ¼ 5 mice)
mice livers. **, p < 0.01 (two-tailed t-test).



Fig. 2. Liver fibrotic marker (Collagen I a1) and angiogenesis suppressor (VASH1)
mRNA expression in sham- and BDL-operated mice. Box plots for expression
collagen I a1 (A) and VASH1 (B) mRNAs were shown. Quantitative PCRs were per-
formed using cDNAs prepared from the sham-operated wild-type (n ¼ 5 mice) and
VASH1-deficient (n ¼ 8 mice) and BDL-operated wild-type (n ¼ 5 mice) and VASH1-
deficient (n ¼ 8 mice) mice livers. The expression levels were normalized by GAPDH
contents. Medians, middle lines; 75th and 25th quartiles, top and bottom lines,
respectively; whiskers show range. *, p < 0.05; **, p < 0.01 (two-tailed t-test).
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animal experiments were approved by RIKEN Institutional Animal
Use and Care Administrative Advisory Committee.

2.2. Hematoxylin and Eosin (HE) and Sirius red staining

Both BDL-operated and sham-operated livers were fixed in 4%
PFA/PBS overnight. Blocks of the liver were embedded in paraffin
and cut into 5 mm sections. The sections were deparaffinized and
stainedwith HE or 0.1% picro-Sirius red solution, and thenmounted
on malinol. HE staining and Sirius red staining were imaged by
Nikon ECLIPSE 55i microscopy using Plan Fluor 4x/0.13 objective
(Nikon). After trimming of edge regions within the liver sections,
Sirius red-stained regions and areas of liver sections in partly
overlapped 2-4 images depending on the section size were
measured by WinROOF image analysis software (Nikon).

2.3. Measurement of hydroxyproline content

Hepatic hydroxyproline (HDP) contents were measured as
described previously [3], and expressed in mg/mg of sample proteins.

2.4. ALT assay

Blood samples were blocked its coagulation using 5 mM EDTA.
After 10 min of centrifugation at 3000 � g, supernatants were
collected as plasma. Plasma ALT activity was measured using ALT
assay kit (BioVision), according to manufacturer's instruction.

2.5. Immunofluorescent staining of CD31

Liver blocks were snap frozen in O.C.T. compound and sectioned
at 20 mm thickness. The sections were fixed with methanol for
30 min at �20 �C, blocked with 10% goat serum in PBS, incubated
with anti-CD31 (1/100: BD) overnight at room temperature. The
first antibody and nucleus were visualized with Alexa488-
conjugated goat anti-rat IgG (1/500: Lifetechnologies) and
Hoechst 33258 (1 mg/ml), respectively. The sections were
embedded in Fluoromount (Diagnostic BioSystem). Fluorescent
images were acquired by a Zeiss LSM700 laser scanning confocal
microscopy using 10x objective (Zeiss Plan-Apchromat, 10x/0.45).
Fluorescent intensities of Alexa488 were measured and averaged
from 3 imaged regions around sinusoidal vein within the liver
section. The lowest averaged intensity was subtracted from the
other averaged intensities, and these values were calculated and
shown as box-and-whisker plots.

2.6. Quantitative PCR of collagen I a1 and VASH1

Total RNAs were purified from the BDL- or sham-operated livers
using an RNeasy mini kit (Qiagen). The 500 ng each of total RNAs
were reverse-transcribed using PrimeScript RT Master Mix Perfect
(Takara). cDNAs and specific primer pairs were mixed with SYBR
Premix Ex Taq II (Takara), and then quantitative PCRwas performed
using Light Cycler 96 system (Roche). The specific primer pairs used
in this experiments were collagen I a1 (Fr, 50-TGTTCAGCTTTGTG-
GACCTC-30: Rv, 50-TCAAGCATACCTCGGGTTTC-30), VASH1 (Fr, 50-
CATCAGGGAGCTGCAGTACA-30: Rv, 50-TTGATTGGCAGAGCCT CTTT-
30), and GAPDH (Fr, 50 AACTTTGGCATTGTGGAAGG-30: Rv, 50-
GGATGC AGGGATGATGTTCT-30).

3. Results

VASH1 is known as a suppressor of angiogenesis. Furthermore,
overexpression of VASH 1 in the liver suppresses liver fibrosis after
BDL. We reported that liver fibrosis and angiogenesis were
simultaneously enhanced upon daily injection of VEGF to mice [3].
Hence, we thought that liver fibrosis and angiogenesis were further
enhanced in VASH 1-deficient mice after BDL compared to wild-type
mice.

3.1. Liver fibrosis

We performed BDL using VASH 1-deficient and wild-type mice,
and then the liver and blood were collected and analyzed for Sirius
red- and CD31-stainings, collagen I a1 mRNA expressions, hy-
droxyproline measurements, and ALT assay after 14 days of ligation.
Paraffin embedded liver sections were stained with Hematoxylin
and Eosin (HE) and picro/Sirius red. Results are shown in Fig. 1AeD
and EeH. Percentage of Sirius red-staining areas in the liver sec-
tions were calculated in Fig. 1I. Sirius red positive fibrotic area
increased after BDL in both mice. Ratio of fibrotic areas appeared to
increase in VASH1-deficient mice compared to wild-type mice
(Fig.1F and H), but their differences were not statistically significant
(Fig. I). In addition, protein expression levels of accumulated
collagen measured by HDP amounts were also enhanced after BDL,
but were not significantly different betweenwild-type and VASH 1-
deficient mice (Fig. 1J). Levels of mRNA expression of collagen I a1,
analyzed by quantitative PCR, were also not significantly different
between wild-type and VASH1-deficient mice (Fig. 2A). We
confirmed enhancement of VASH1 expression in the wild-type
mice livers after 14-days of BDL (Fig. 2B). Liver fibrosis was
induced after BDL, but not further up-regulated in BDL-operated
VASH 1-deficient mice compared to wild-type mice.

3.2. Liver injury

As liver injury is accompanied by liver fibrosis, we measured
plasma ALT assay. Plasma ALT level were significantly increased
after BDL in both wild type and VASH1-deficient mice, but not
significantly different between these mice (Fig. 3). Thus, liver injury
was not further enhanced in the BDL-operated VASH1 ko mice.

3.3. Angiogenesis

To reveal relation between angiogenesis and liver fibrosis, an
endothelial cell marker CD31 was stained in the BDL-and sham-
operated wild and VASH1-deficient mice liver sections (Fig. 4AeD).
CD31-staining intensity was significantly increased after BDL in
both mice liver sections, but not different between BDL-operated



Fig. 3. Liver injuries analyzed by plasma ALT level. Box plots for plasma ALT activity.
ALT assay was performed in the sham-operated wild-type (n ¼ 4 mice) and VASH1-
deficient (n ¼ 6 mice) and BDL-operated wild-type (n ¼ 5 mice) and VASH1-
deficient (n ¼ 8 mice) mice plasma. Medians, middle lines; 75th and 25th quartiles,
top and bottom lines, respectively; whiskers show range. **, p < 0.01 (two-tailed t-
test).
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these mice (Fig. 4E). Therefore, although CD31-staining and liver
fibrosis were concomitantly increased after BDL as previously re-
ported, CD31-staining and liver fibrosis were not further enhanced
in the BDL-operated VASH1-deficient mice livers.

4. Discussion

In this study, we made a BDL fibrosis model of the liver in
VASH1-deficient mice, and analyzed hepatic fibrosis, injury, and
angiogenesis to uncover a role of endogenous VASH1. As Coch
Fig. 4. Angiogenesis analysis in the BDL-operated VASH1-deficient and wild-type mice l
and BDL-operated liver (B and D) in wild-type (A and B) and VASH1-deficient (C and D) mic
calculated and averaged from randomly selected 3 images each for the sham-operated wild
type (n ¼ 6 mice), and BDL-operated VASH1-deficient (n ¼ 4 mice) mice liver sections. The l
values were shown as box plots. Medians, middle lines; 75th and 25th quartiles, top and b
et al. reported that adenoviral overexpression of VASH1 in the rat
liver reduced hepatic fibrosis after BDL compared to control
adenoviral infection [15], we speculated exacerbation of hepatic
fibrosis in VASH1-deficient mice. However, VASH1 ablation did
not influence hepatic fibrosis in our study; None of liver fibrosis,
injury, and angiogenesis was not significantly different comparing
to those in wild-type mice. VASH1 is originally cloned as a nega-
tive feedback regulator of angiogenesis and its expression is
induced by VEGF [14]. Endogenous VASH1 expression in the
mouse livers was increased (Fig. 2B) along with increased VEGF
expression after BDL-operation [15]. However, as basal VASH1
expression levels were quite low in the liver comparing to those in
the kidney [14], even after upregulation due to BDL, VASH1
expression levels in the liver might not be enough to reduce
angiogenesis and hepatic fibrosis at early stage of hepatic fibrosis
comparing to exogenously administrated levels [14,15]. Namely,
adenoviral overexpression of VASH1 achieved high levels enough
to reduce hepatic fibrosis, while enhanced levels of VASH1 during
2 weeks of BDL might not be effective to reduce hepatic fibrosis. In
contrast to the current results in the liver, renal fibrosis in VASH1-
heterogenic mice is exacerbated compared to wild-type mice [16].
Estimated from the result of quantitative PCR of VASH1 mRNA in
sham- and BDL-operated mice liver (Fig. 2B) and data in the
previous paper of northern blot analysis of VASH1 mRNA
expression in the liver and kidney [14], VASH1 expression levels
after 2 weeks of BDL appeared comparable to endogenous VASH1
expression levels in the kidney. Thus, an activity of VASH1 could
be masked in the liver but unmasked in the kidney. If so, we need
to determine molecular mechanism of the masking the activity of
endogenous VASH1 in the liver.
iver. (AeD) CD31 (endothelial cells marker)-staining of sham-operated liver (A and C)
e. Bar, 50 mm. (E) Box plots for CD31 staining intensities. CD31 staining intensities were
-type (n ¼ 5 mice), sham-operated VASH1-deficient (n ¼ 4 mice), BDL-operated wild-
owest averaged intensity was subtracted from the other averaged intensities, and these
ottom lines, respectively; whiskers show range. **, p < 0.01 (two-tailed t-test).
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Angiogenesis positively and negatively regulates hepatic fibrosis
under control of VEGF.We reported that daily injection of VEGF into
mice simultaneously promotes angiogenesis and fibrogenesis via
supplying latent TGF-b in the livers at the early stage of fibrosis [3].
In contrast, Kantari-Mimoum et al. reported that myeloid cell-
derived VEGF promoted angiogenesis and resolution of liver
fibrosis via activation of matrix metalloproteases (MMPs) in the
fibrotic region at late stage of fibrosis [12]. It is intriguing to mea-
sure VASH1 levels in these models.

Both anti-angiogenic and fibrogenic activities of VASH1 might
be masked at lower expression levels in the liver especially at early
stage of hepatic fibrosis. It might be possible that endogenous
VASH1 will function at late stage of hepatic fibrosis where VASH1
expression levels may be relatively higher than those at early stage
of hepatic fibrosis. In conclusion, we demonstrated that VASH1 is
upregulated during BDL, but both anti-angiogenesis and anti-
fibrogenesis effects are dispensable at early stage of hepatic fibrosis.
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