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Aim: Hepatic fibrosis and angiogenesis occur in parallel during the progression of liver disease. Fibrosis
promotes angiogenesis via inducing vascular endothelial growth factor (VEGF) from the activated hepatic
stellate cells (HSCs). In turn, increased neovessel formation causes fibrosis, although the underlying
molecular mechanism remains undetermined. In the current study, we aimed to address a role of
endothelial cells (ECs) as a source of latent transforming growth factor (TGF)-b, the precursor of the most
fibrogenic cytokine TGF-b.
Methods: After recombinant VEGF was administered to mice via the tail vein, hepatic angiogenesis and
fibrogenesis were evaluated using immunohistochemical and biochemical analyses in addition to
investigation of TGF-b activation using primary cultured HSCs and liver sinusoidal ECs (LSECs).
Results: In addition to increased hepatic levels of CD31 expression, VEGF-treated mice showed increased
a-smooth muscle actin (a-SMA) expression, hepatic contents of hydroxyproline, and latency associated
protein degradation products, which reflects cell surface activation of TGF-b via plasma kallikrein
(PLK). Liberating the PLK-urokinase plasminogen activator receptor complex from the HSC surface by
cleaving a tethering phosphatidylinositol linker with its specific phospholipase C inhibited the activating
latent TGF-b present in LSEC conditioned medium and subsequent HSC activation.
Conclusion: Neovessel formation (angiogenesis) accelerates liver fibrosis at least in part via provision of
latent TGF-b that activated on the surface of HSCs by PLK, thereby resultant active TGF-b stimulates the
activation of HSCs.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Liver fibrosis, a common feature of almost all chronic liver
diseases, is caused by the excessive accumulation of extracellular
matrix (ECM) proteins, including collagen produced mainly by
hepatic stellate cells (HSCs) through the process termed activation
[1–3]. Under physiological conditions, quiescent HSCs embrace
sinusoids as liver-specific pericytes. When the liver parenchyma
is chronically injured by various causes, HSCs detach from the
sinusoids and subsequently transform into myofibroblast-like
cells. This HSC activation is characterized by a loss of lipid droplets,
the enhanced production of ECM, and the expression of activation
markers such as a-smooth muscle actin (a-SMA) [4]. The HSC acti-
vation process is regulated by both autocrine and paracrine growth
factors [4,5], among which transforming growth factor (TGF)-b, the
most fibrogenic cytokine, plays a critical role [6,7].

TGF-b is produced as a high molecular weight latent form with
its propeptide region known as ‘‘latency associated protein (LAP)’’,
and thereby must be activated before exerting its biological activ-
ity [8]. Latent TGF-b is activated by plasma kallikrein (PLK), which
is bound to glycophosphatidylinositol-anchored urokinase-type
plasminogen activator receptor (uPAR) on the cell surface and re-
leased by phosphatidylinositol-specific phospholipase C (PI-PLC)
[9]. PLK cleaves LAP between R58 and L59 during liver fibrosis
[10]. After cleavage, the N-terminal side LAP degradation products
ending at R58 (R58 LAP-DPs) remain within the ECM of the liver
tissues through LTBP, serving as a footprint for active TGF-b gener-
ation. We produced a specific antibody (anti-R58 antibody) that
detects a neoepitope at the cutting edge of R58 LAP-DPs [10].

Angiogenesis in the adult liver occurs both in pathological
settings, such as cirrhosis and tumor development, and in physio-
logical conditions such as liver regeneration [11,12]. Blood vessels
in the liver are classified into the hepatic artery, portal vein and
sinusoidal blood vessel groups. Thus, liver sinusoidal endothelial
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cells (LSECs) are the largest population of endothelial cells in the
liver.

Hepatic angiogenesis and fibrogenesis occur in parallel during
liver diseases [11,13]. Sahin et al. showed that VEGF transgenic
mice with increased serum VEGF concentrations have augmented
liver fibrosis [14]. However, how the overproduction of VEGF in-
duces liver fibrosis has not yet been determined.

The current study addressed a role of ECs as a source of latent
TGF-b, the precursor of the most fibrogenic cytokine TGF-b.
2. Materials and methods

2.1. Materials

Fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse
CD31 monoclonal antibody (Clone 390) and rat anti-mouse
CD146 monoclonal antibody (Clone ME-9F1) were purchased from
Millipore (Billerica, MA, USA) and Bio Legend (San Diego, CA, USA),
respectively. FITC-conjugated mouse anti-a-SMA monoclonal anti-
body (Clone 1A4) and anti-a-SMA monoclonal antibody (Clone
1A4) were purchased from Sigma–Aldrich (St. Louis, MO, USA)
and Dako (Glostrup, Denmark), respectively. Neutralizing mouse
anti-TGF-b1 monoclonal antibody (Clone 9016) and sheep anti-
rat IgG magnetic bead-conjugated antibody (Cat. No.110-35) were
purchased from R&D Systems (Minneapolis, MN, USA) and Invitro-
gen (Carlsbad, CA, USA), respectively. Recombinant VEGF 165 and
PI-PLC were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA) and Sigma–Aldrich (St. Louis, MO, USA), respectively. An
R58 monoclonal antibody that recognizes neo-epitopes formed
via the PLK-dependent proteolytic activation of latent TGF-b1
was produced and characterized as previously reported [10].

2.2. Animal experiments

One hundred microliters of saline with or without recombinant
VEGF 165 was injected intravenously via the tail veins of three 10-
week-old C57BL/6 male mice (Japan SLC Inc., Shizuoka, Japan) daily
at doses of 10 or 20 ng/g body weight for 10 days. The mice were
euthanized, and the livers were harvested for biochemical and
immunohistochemical analyses. All animal experiments were per-
formed in compliance with the protocols approved by the RIKEN
Institutional Animal Use and Care Administrative Advisory
Committee.

2.3. Staining of liver tissue sections

Liver tissues were fixed in 4% paraformaldehyde (PFA) and
embedded in paraffin, and tissue sections (6-lm thick) were pre-
pared using a Leica sliding microtome (Leica Microsystems, Nuss-
loch, Germany). The liver tissue sections were deparaffinized,
rehydrated and incubated for 5 min with a drop of Proteinase K
(Dako Envision) in 2 ml of 0.05 M Tris–HCl buffer (pH 7.5) at room
temperature. Thereafter, endogenous peroxidase was blocked by
incubation with 3% hydrogen peroxide in methanol at room tem-
perature for 10 min. The liver tissue sections were stained with
Myer’s hematoxylin solution and 1% Eosin Y solution (Muto Pure
Chemicals, Tokyo, Japan). For CD31 staining, liver sections were
incubated at 4 �C overnight with rat anti-CD31 monoclonal
antibody (5 lg/ml) and thereafter with the biotinylated rabbit
anti-rat IgG antibody (1:200) included in the Vectastain Elite ABC
kit for 30 min at room temperature. A 3,30-diaminobenzidine
(DAB) peroxidase substrate kit (Vector Laboratories, Inc., Burlin-
game, CA, USA) was used for its chromogenic substrate, which
develops as a brown precipitate, to visualize immunolabeling. For
a-SMA staining, liver sections were incubated at 4 �C overnight
with mouse anti-a-SMA monoclonal antibody (1:100) and thereaf-
ter with DAKO Envision’s polymer of antibodies labeled with per-
oxidase for 1 h at room temperature. The DAB peroxidase
substrate kit was used for its chromogenic substrate. Sirius red,
which results in the red staining of all fibrillary collagen, was used
to evaluate fibrosis. The liver sections were stained with 0.05%
Fast-green FCF (ChemBlink, Inc., CAS 2353-45-9) and 0.05% Direct
red 80 (Polysciences, Inc., CAS 2610-10-18) in saturated picric acid
(Muto Pure Chemicals) for 90 min at room temperature. Positive
area analyses were performed using the WinROOF image analysis
software from 3 randomly selected fields among 3 mice for a total
of 9 samples per group.

2.4. Measurement of hepatic hydroxyproline content

The hepatic hydroxyproline content was measured as described
by Reddy et al. [15]. Briefly, approximately 40 mg of frozen liver
tissue was hydrolyzed in 2 N NaOH for 10 min at 65 �C, followed
by incubation at 120 �C for 20 min. The same amount of 6 N HCl
was added and incubated at 120 �C for 20 min. Activated charcoal
solution (10 mg/ml in 4 N KOH) and 2.2 M acetic acid–0.48 M citric
acid buffer (pH 6.5) were added to adjust the pH to 7–8. After
centrifugation, 100 mM chloramine T solution was added to the
supernatant and incubated at room temperature for 25 min. After
the addition of 1 M Ehrlich’s solution (p-dimethylaminobenzalde-
hyde), samples were incubated at 65 �C for 20 min. Absorbance
was measured at 560 nm. The hydroxyproline content is expressed
in lg/mg of sample protein.

2.5. Isolation of HSCs and LSECs

Primary HSCs were isolated from the livers of male C57BL/6
mice by collagenase/pronase digestion and the Nycodenz gradient
method as described previously [9]; the cells were then cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS). Primary LSECs were isolated using a combina-
tion of rat anti-CD146 and sheep anti-rat IgG antibodies conju-
gated with magnetic beads from a fraction separated using the
Nycodenz gradient method after the collagenase digestion of the
livers of male C57BL/6 mice, according to the method described
by Kitazume et al. [16]. The cells were then cultured in a DMEM/
nutrient mixture F-12 (F12) containing 10% FBS.

2.6. Preparation of the LSEC conditioned medium (CM)

Briefly, 1 � 105 LSECs were seeded onto 6-well plates and pre-
cultured for 24 h with DMEM/F12 containing 10% FBS medium to
grow the cells to confluency, followed by overnight starvation with
DMEM/F12 containing 2% FBS at 37 �C. After the cells were rinsed
with phosphate buffered saline (PBS), the medium was changed to
2 ml of DMEM/F12 containing 2% FBS and further cultured for 24 h
to create LSEC CM.

2.7. Immunofluorescent staining

HSCs were fixed with 4% PFA for 10 min and incubated with
0.1% Triton X-100 in PBS for 20 min at room temperature. After
blocking with 3% BSA in PBS for 40 min at room temperature, cells
were incubated with FITC-conjugated anti-mouse a-SMA mono-
clonal antibody (1:200) for 2 h at room temperature. After being
washed with PBS, the cells were mounted with Vectashield DAPI
mounting medium (Vector Laboratories, Inc., Burlingame, CA,
USA) and observed under a Zeiss LSM 700 laser scanning confocal
microscope. The intensities of a-SMA and R58 LAP-DPs were calcu-
lated in each panel with ZEN software for quantitative fluorescence
analyses.
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2.8. Determination of the TGF-b concentration in CM

TGF-b was measured using a bioassay (luciferase assay in CCL64
cells) for active TGF-b and an enzyme-linked immunosorbent assay
(ELISA) for total TGF-b. CCL64 cells, from the mink lung epithelial
cell line, stably expressing (CAGA)9-MLP-luciferase, which contains
nine copies of an Smad binding CAGA box element upstream of a
minimal adenovirus major late promoter [17], were plated at
2 � 104 cells/well in a 96-well plate with DMEM containing 10%
FBS. On the next day, the medium was replaced with CM harvested
from HSCs. After 6 h, the cells were extracted with a lysis buffer,
and luciferase activity was measured using a Luciferase Assay Sys-
tem (Promega, Madison, WI, USA) according to the manufacturer’s
instructions. The amount of active TGF-b was calculated from a
Fig. 1. VEGF simultaneously induced angiogenesis and fibrogenesis in the liver. Saline
injected into the tail vein of three 10-week-old C57BL/6 mice for 10 days. Their livers
prepared and stained with HE, antibodies for CD31 and a-SMA, and Sirius red, as describ
cells. (B) CD31, a-SMA and Sirius red-positive areas (%) were quantitated and plotted as t
red-positive area (left panel), CD31 and a-SMA-positive area (middle panel), and Sirius re
described in the Section 2. ⁄p < 0.05 compared with vehicle-treated mice.
standard curve made with recombinant TGF-b1. The total TGF-b1
levels present in the LSEC CM before and after incubating with
HSCs were determined using a TGF-b1 Emax immune Assay Sys-
tem ELISA kit (Promega, Madison, WI, USA) according to the man-
ufacturer’s instructions. Samples were acidified using 1 N HCl to a
pH of 3.0 for 15–20 min, followed by neutralization with 1 N NaOH
before they were subjected to ELISA.

2.9. Real-time RT-PCR

Total RNA isolation and real-time RT-PCR were performed as
described previously [18]. Briefly, total RNA was extracted using
the RNeasy micro kit (Qiagen, Valencia, CA) according to the man-
ufacturer’s protocols. RNA (0.5 lg) was reverse transcribed to
(100 ll/mouse/day) with or without recombinant VEGF at the indicated doses was
were removed after the animals were euthanized. (A) Liver tissue sections were
ed in the Section 2. Scale bar is 50 lm. Red arrow heads represent a-SMA positive

he means ± SD in the bar graphs (n = 3). (C) The correlation between CD31 and Sirius
d- and a-SMA-positive area (right panel). (D) The liver HDP levels were measured as
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cDNA using the PrimeScript� RT Master Mix (Takara Bio Inc., Shiga,
Japan). mRNA expression levels were determined using real-time
PCR. Real-time PCR was performed with the Thermal Cycler Dice�

Real Time System using the SsoAdvanced™ SYBR� Green Supermix
(Bio-Rad Laboratories, Hercules, CA) and normalized to 18S rRNA
expression. The primer sequences used were as follows: mouse
TGF-b1 forward: 50-GCA ACA ATT CCT GGC GTT ACC-30, reverse:
50-CCC TGT ATT CCG TCT CCT TGG T-30; mouse PLK forward: 50-
GAC CAG AGT ACC GGA AGA AG-30, reverse: 50-ACC TAT CTC CGA
AAG CGC AC-30; mouse uPAR forward: 50-GCC GCT ATC CTA CAG
AGC AC-30, reverse: 50-GCT ATG GAA ACC TGC TGT GCC-30; and
18S rRNA forward: 50-GTA ACC CGT TGA ACC CCA TT-30, reverse:
50-CCA TCC AAT CGG TAG TAG CG-30.
2.10. Statistics

Statistical analyses were performed using one-way analysis of
variance, followed by the Dunnett’s or Tukey’s post hoc tests. A
Fig. 2. LSEC CM enhanced HSC activation via TGF-b. Primary HSCs were incubated w
recombinant VEGF (A and B), TGF-b1 (100 pg/ml), and LSEC CM in the presence or ab
incubated with 2% FBS DMEM/F12 in the presence or absence of the indicated concentrat
with a-SMA as described in the Section 2. The relative fluorescence intensities (% of un
levels of TGF-b1, PLK, and uPAR were measured using real-time RT-PCR as described in th
in the Section 2. �p < 0.05 compared with untreated control cells, ⁄p < 0.05 compared wi
two-tailed Student’s t-test was used to evaluate the differences be-
tween the two groups.
3. Results

3.1. Simultaneous induction of hepatic angiogenesis and fibrogenesis
in mice after injection of VEGF

VEGF administration to mice dose-dependently increased the
number of cellular infiltrations, endothelial cells (CD31 staining,
3.6-fold at 20 ng VEGF/g of BW), and active HSCs (a-SMA staining,
red arrow heads, 7.6-fold at 20 ng VEGF/g of BW), which accompa-
nied an increase in the Sirius red-positive area (4.3-fold at 20 ng
VEGF/g of BW) (Fig. 1A and B). Significant correlations were ob-
served among the positive areas of CD31, a-SMA, and Sirius red
(Fig. 1C). The hepatic hydroxyproline levels also increased 5-fold
at 20 ng VEGF/g of BW (Fig. 1D) and 10-fold at 30 ng VEGF/g of
BW (data not shown).
ith 2% FBS DMEM in the presence or absence of the indicated concentrations of
sence of neutralizing anti-TGF-b1 (2.5 lg/ml) (E) for 5 days. Primary LSECs were
ions of recombinant VEGF for 24 h (C and D). (A and E) Cells were fixed and stained

treated control cells) are shown as the mean ± SD. (B and D) The mRNA expression
e Section 2. (C) Total/active TGF-b1 levels in the media were measured as described
th LSEC CM-treated control cells.
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3.2. The enhancement of the activation of HSCs with VEGF-treated
LSEC CM via TGF-b

We investigated the molecular mechanism through which VEGF
induces hepatic fibrosis in mice using primary cell culture systems.
As assessed by the lack of an increase in the a-SMA levels (a mar-
ker of activated HSCs), VEGF did not directly activate isolated pri-
mary HSCs after 5 days of treatment at 100 and 200 ng/ml,
concentrations that are nearly equivalent to the blood concentra-
tion of VEGF in in vivo experiments (Fig. 2A). VEGF also did not af-
fect the mRNA expressions of TGF-b1, PLK, and uPAR (Fig. 2B).
VEGF enhanced latent TGF-b1 concentration (1.1-fold at 200 ng/
ml VEGF) in LSEC CM (Fig. 2C) and mRNA expressions of TGF-b1
(2.4-fold at 200 ng/ml VEGF), PLK (2.1-fold at 200 ng/ml VEGF),
and uPAR (1.8-fold at 200 ng/ml VEGF) in LSECs (Fig. 2D). HSCs
Fig. 3. Latent TGF-b derived from LSECs was activated on the surface of hepatic stellate
DMEM or LSEC CM in the presence or absence of PI-PLC (0.5 U/mL) or camostat mesilate
luciferase assay in (CAGA)9-Luc CCL64 cells. Data are shown as the means ± SD. (B) Cells
The relative fluorescence intensities (% of untreated control cells) are shown as the mea
with anti-R58 LAP-DPs antibody, as described in the Section 2. The right panels show hig
100 lm. Positive areas (%) were quantitated and shown as the means ± SD (n = 3). �p < 0.0
control cells.
were activated via incubation with recombinant TGF-b1 (100 pg/
ml) and LSEC CM, the latter of which was blocked by incubation
with neutralizing antibodies against TGF-b1 (Fig. 2E).
3.3. Latent TGF-b secreted from LSECs is activated by PLK on the
surface of HSCs

Given the ELISA and bioassay results, we found that primary
LSECs secreted only 2.5% of TGF-b in the active form during 24 h
incubation (Fig. 2C), and that the active TGF-b concentrations in
LSEC CM were slightly higher than those in the control medium
(DMEM containing 2% FBS) (Fig. 2C). To investigate whether latent
TGF-b present in LSEC CM was activated by PLK as we previously
showed [9], we cultured primary HSCs with LSEC CM with or with-
out PI-PLC, which cleaves the glycophosphatidylinositol anchor, re-
cells through PLK in in vitro and in vivo. Primary HSCs were incubated with 2% FBS
(500 lM) for 5 days. (A) Active TGF-b1 levels in the media were measured using the
were fixed and stained with a-SMA and R58 LAP-DPs as described in the Section 2.
ns ± SD. (C) The liver sections harvested from the VEGF-injected mice were stained
her magnifications of the corresponding white squares in the left panels. Scale bars,
5 compared with untreated control cells, ⁄p < 0.05 compared with LSEC CM-treated



Fig. 4. The scheme of the molecular mechanism through which angiogenesis
promotes fibrosis in the liver. Increased neovessels provided with latent TGF-b,
which PLK activates on the surface of HSCs and stimulates the activation of HSCs.
Therefore, angiogenesis might accelerate liver fibrosis.
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leases uPAR and its associated with PLK from the cell surface, or
with or without camostat mesilate, a serine protease inhibitor.
Both these treatments resulted in a reduction in the concentration
of active TGF-b in the LSEC CM (Fig. 3A). LSEC CM failed to activate
the HSCs that had been incubated with either PI-PLC or camostat
mesilate (Fig. 3B). The R58 LAP-DP levels, a footprint of PLK-depen-
dent TGF-b activation [9], were reduced via either PI-PLC or camo-
stat mesilate. VEGF did not affect R58 LAP-DPs expression (Relative
fluorescent intensity: Control 100 ± 56; VEGF 100 ng/ml 112 ± 30;
VEGF 200 ng/ml 99 ± 48). To confirm whether PLK-dependent acti-
vation might be increased along with neovessel formation in vivo,
the liver sections harvested from the VEGF-administered mice
were stained with anti-R58 LAP-DPs antibody. As expected, the
R58-positive area was increased with VEGF injection by 5.9-fold
(Fig. 3C).
4. Discussion

In the present study, we addressed a role of ECs as a source of
latent TGF-b, the precursor of the most fibrogenic cytokine TGF-
b. We provided in vitro evidence that LSEC CM promotes the acti-
vation of quiescent HSCs via the provision of latent TGF-b and
in vivo evidence that much more severe fibrosis was induced in
the livers of mice that received VEGF (Fig. 4). These data suggest
that HSC activation is promoted not only via changes in the extra-
cellular matrix, inflammatory cytokines, and oxidative stress but
also secondarily via pathological angiogenesis.

We documented that TGF-b, which is secreted from LSECs as a
latent form and activated on the surface of mainly HSCs rather than
LSECs (compare Figs. 3A and 2C), mediates enhancement in liver
fibrosis, although the expressions of PLK and uPAR increased 2-fold
in VEGF-treated LSECs (Fig. 2D). Several groups have reported that
VEGF enhanced the expression of urokinase-type plasminogen
activator and its receptor uPAR in both bovine microvascular endo-
thelial cells and human umbilical vein endothelial cells [19], en-
abling them matrix degradation and cell invasion [20], and that
bradykinin production via the PLK-dependent cleavage of high
molecular weight kininogen promotes angiogenesis via the
upregulation of basic fibroblast growth factor [21]. In our study, in-
creased PLK in LSECs might interact with HSCs and promote TGF-b
activation on the surface of HSCs. At the same time, increased uPAR
and PLK in LSECs also might contribute to angiogenesis. We
showed that VEGF increased the levels of hepatic CD31 by 3.6-fold
and R58 LAP-DPs by 5.9-fold in mice and that VEGF enhanced la-
tent TGF-b production and TGF-b1 mRNA expression in primary
LSECs. These data also suggest that LSECs serve as the source of
TGF-b for liver fibrosis.

Yoshiji et al. demonstrated that VEGF receptor expression in-
creased in HSCs along with the development of fibrosis and that
a neutralizing anti-VEGF receptor antibody attenuated both angio-
genesis and fibrogenesis in the liver [22], using activated HSCs,
whereas we used quiescent HSCs. The result in Fig. 1 suggests that
VEGF promotes the growth of LSECs, which appears to serve as a
source of latent TGF-b, thereby increasing the hepatic levels of
TGF-b1, due to the increased number of LSECs in the early stages
of liver fibrosis (Fig. 4). Eventually, HSCs were activated and began
to express the VEGF receptor, respond to VEGF, and transition to a
more activated state. However, we cannot rule out the involve-
ment of other soluble factors, such as PDGF, which is also produced
from LSECs and stimulates HSC activation [11,23].

Sorafenib, a multikinase inhibitor recently approved to treat
unresectable hepatocellular carcinoma, was beneficial in a model
of BDL-induced cirrhosis [24,25]. We have provided here evidence
that angiogenesis accelerates liver fibrosis. The anti-fibrotic effect
of sorafenib might be caused by its blocking of angiogenesis. More-
over, other anti-angiogenic treatments such as vatalanib [26] and
bevacizumab [27], are now being evaluated in clinical cancer treat-
ment trials. An implication of the current study is that anti-angio-
genic agents such as vatalanib and bevacizumab might be
beneficial for anti-fibrotic therapy in addition to sorafenib.
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