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Impact statement

Levistilide A has been reported to inhibit
hepatic stellate cell (HSC) proliferation. In
this study, we further investigated the
mechanisms of levistilide A on liver fibrosis
relating to angiogenesis, particularly on the
characteristic change in liver sinusoidal
endothelial cells. The cell models of HSC
and liver sinusoidal endothelial cell and
CCl, induced liver fibrosis model were
used. These results suggest that levistilide
A can inhibit liver fibrosis through antian-
giogenesis by alleviating sinusoid capillar-
ization via the vascular endothelial growth
factor signaling pathway. The effect of
levistilide A on liver fibrosis was confirmed,
and its detailed mechanism was also dis-
cussed. These findings suggest that levis-
tilide A may be a great potential drug for
treating liver fibrosis through antiangio-
genesis, and this effect will be verified in
other fibrotic animal model studies or by
clinical trials.

Abstract

Levistilide A (Co4H2804, molecular weight = 380.48) derived from Angelica sinensis (Danggui)
has been reported to inhibit hepatic stellate cell proliferation. This study investigated the
effects of levistilide A on liver fibrosis relating to angiogenesis, particularly on the characteristic
change in liver sinusoidal endothelial cells. LX-2 cells were activated by TGF-p1, and the
human hepatic sinusoidal endothelial cells (HHSECs) were induced by endothelial cell
growth supplement. Cell viability was detected using a methylthiazoldiphenyl-tetrazolium
bromide assay; F-actin was visualized through the fluorescence probe method; cell prolif-
eration was examined using the EdU kit; antiangiogenesis activity was assessed using the
tube formation assay and transgenic zebrafish model. To verify the results in vivo, rats were
subcutaneously injected with CCl, twice a week for six weeks to duplicate the liver fibrosis
model and then treated with 10 mL/kg of normal saline, 4 mg/kg of sorafenib, and 3 and
6 mg/kg of levistilide A for three weeks from the fourth week. Collagen deposition was
detected through Sirius Red staining; liver microvasculature was examined through vVWF
labeling and X-ray 2D imaging; sinusoidal fenestrations were observed through scanning
electron microscopy; collagen I, a-SMA, CD31, vascular endothelial growth factor (VEGF),
and VEGF-R2 were detected through Western blotting. Our results indicated that levistilide

A attenuated LX-2 cell activation and HHSEC proliferation. The ability of HHSECs to form tubelike structures in Matrigel was
inhibited, and the number of functional vessels in transgenic zebrafish decreased. In in vivo experiments, levistilide A reduced
collagen deposition and the number of new microvessels; ameliorated sinusoid capillarization; and downregulated the expression
of CD31, VEGF, and VEGF-R2. These findings suggest that levistilide A can inhibit liver fibrosis through antiangiogenesis by
alleviating sinusoid capillarization via the VEGF signaling pathway.
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Introduction

Liver fibrosis commonly occurs in various chronic liver dis-
eases and may advance to end-stage liver disease, cirrhosis,
and even hepatocellular carcinoma." Hepatic stellate cell
(HSC) activation plays a key role in liver fibrosis and con-
tributes to overdeposition of the extracellular matrix (ECM).
However, angiogenesis occurs before fibrogenesis and
promotes HSC activation and fibrosis development.”
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Sinusoidal capillarization with fenestration reduced or dis-
appeared in liver sinusoidal endothelial cells (LSECs), and a
continuous basement membrane is one of the major forms
of angiogenesis in the liver. Furthermore, neovasculariza-
tion and abnormalities in the angioarchitecture are closely
related to progressive fibrogenesis.”> Several experimental
and clinical studies have demonstrated that angiogenesis
and fibrogenesis have some common pathological
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mechanisms and pathways, particularly the vascular endo-
thelial growth factor (VEGF), platelet-derived growth factor
(PDGEF), transforming growth factor-p1 (TGF-$1), and fibro-
blast growth factor signaling pathways.? Antiangiogenesis
is considered a target for fibrosis therapy. Sorafenib, a tyro-
sine kinase inhibitor, has been reported to inhibit vascular
remodeling and have active effects on chronic liver dis-
eases, indicating that antiangiogenic treatment is a
promising therapeutic approach for liver cirrhosis and
related complications. However, no effective antiangiogenic
agents are currently available.

Levistilide A is an active compound extracted from
Angelica sinensis (Danggui). Danggui invigorates blood cir-
culation and hence is considered as an efficient herb to treat
chronic liver diseases. Previous research indicates that
levistilide A can inhibit HSC proliferation activated by
PDGEF-BB through cell cycle inhibition and apoptosis.’
Because LSEC plays a crucial role in HSC activity contribut-
ing to angiogenesis which are closely related to liver fibro-
sis, we aimed to evaluate the effect of levistilide A on
angiogenesis from the cell level to the whole animal level
and investigate the underlying mechanism, in particular,
relating to sinusoid capillarization and VEGF signaling.

Materials and methods
Drug

Levistilide A (Cp4Hp504, molecular weight=2380.48, pur-
ity > 98%) was obtained from Shanghai Winherb Medical
Technology Co., Ltd (Shanghai, China). Sorafenib was pur-
chased from Bayer Healthcare Co., Ltd (Leverkusen,
Germany).

Reagents

CCly and olive oil were provided by Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). The index kits of serum
liver function including alanine aminotransamine (ALT),
aspartate transamine (AST), albumin (Alb), and total biliru-
bin (TBil) were provided by Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). The primary
antibody information included in the experiments are pre-
sented in Table 1. Secondary antibodies labeled with fluor-
escence and DAPI were purchased from RiboBio Co. Ltd
(Guangzhou, China). Recombinant human TGF-B1 was
obtained from R&D Systems, Inc. (Minneapolis, MN,

Table 1 Antibodies used in the study
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USA). BD Matrigel ™ Basement Membrane Matrix was pur-
chased from BD Biosciences (Bedford, MA, USA).

Cell culture

LX-2 cell line was established by Prof. Lieming Xu and
cultured in Dulbecco’s modified eagle medium containing
10% fetal bovine serum (FBS). Human hepatic sinusoidal
endothelial cells (HHSECs; Sciencell™  Research
Laboratories, Carlsbad, CA, USA) were cultured in endo-
thelial cell medium, which was supplemented with 5% FBS
and 5% endothelial cell growth supplement (ECGS, pro-
vided by the manufacturer).

Drug treatments

Sorafenib and levistilide A were dissolved in serum-free
medium containing 0.1% dimethyl sulfoxide (DMSO). For
evaluating the toxicity of levistilide A, cells were adjusted to
8 x 10*cells/mL, and added 100puL per well in 96-well
plate, after serum starved, then incubated in conditioned
media of levistilide A (0-100 pM) for 24 h (LX-2 cell) or for
48h (HHSEGs). Cell viability was detected using a
methylthiazoldiphenyl-tetrazolium bromide (MTT; Sigma-
Aldrich, St Louis, USA) assay. To assess LX-2 cell activation,
cells were split into six groups: the DMSO group, TGF-p1
group, TGF-B1+ sorafenib (2.5ng/mL) group, and TGF-
B1 + levistilide A (12.5, 25, and 50 pM) groups, and the con-
centration of TGF-f1 was 25ng/mL. After serum
starving for 24 h, cells were incubated in the appropriate
agent-conditioned medium for 24h and labeled using
Actin-Tracker Green (Beyotime, Shanghai, China) at 1:100
dilution ratio for measuring actin expression. Cell nuclei
were stained with DAPI for 1min® and analyzed using
Cellomics ArrayScan VTI HCS reader (Thermo Fisher
Scientific, Waltham, MA, USA). For the HHSEC proliferation
experiment, after serum starving for 24 h, cells were split into
six groups: the control group, the ECGS (2% v/v) group, the
ECGS (2% wv/v)+sorafenib (2.5ng/mL) group, and the
ECGS (2% wv/v)+levistilide A (6.25, 12.5, and 25pM)
groups. After treatment with drugs for 48 h, cell proliferation
was examined using a Cell-Light"™™ EdU Apollo®488 In Vitro
Imaging Kit (RiboBio, Guangzhou, China), according to the
operating instruction manual.

Antibodies Isotype Suppliers Cat. No. Dilution
VWF Rabbit polyclonal IgG Abcam ab6994 1: 200
Col | Rabbit polyclonal IgG Abcam ab34710 1: 500
a-SMA Rabbit polyclonal IgG Abcam ab5694 1: 500
CD831 Mouse monoclonal IgG1 Abcam ab24590 1: 500
VEGF Rabbit polyclonal IgG Abcam ab46154 1: 500
VEGF-R2 Rabbit polyclonal IgG Abcam ab39638 1: 500
GAPDH Mouse Monoclonal KangChen KC-5G4 1: 5000
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Tube formation assay

HHSECs were dispersed in the respective drug conditioned
media and seeded in a 96-well plate coated with Matrigel,
1 x 10* cells per well, and incubated at 37°C with 5% CO,
for 24 h according to the manufacturer’s operating proced-
ures. Three replicates were created for each group. Images
of each well were captured using an IX83 inverted fluores-
cence microscope equipped with a DP71 digital camera
(Olympus, Tokyo, Japan).

Transgenic zebrafish

Embryo manipulation. Embryos of zebrafish were selected
under an integrated microscope, after 24h of fertilization
and moved to a 96-well plate with conditioned medium.
Five replicates were created for each concentration.
Negative control was prepared using the same volume of
co-solvent. Subsequently, the plates were covered and
placed into a light incubator at 28°C for 48h. The blood
cells migrating through the intersegmental vessels (ISVs)
were counted under an inverted microscope, and zebrafish
larvae were hatched from viable embryos. After narcotiza-
tion by Tricaine, ISVs were observed under a fluorescence
microscope. Alkaline phosphatase staining: 4% paraformal-
dehyde fixed embryos were dehydrated in methanol, per-
meabilized with acetone, washed twice in phosphate buffer,
and balanced in NTMT buffer. NBT and BCIP staining solu-
tions were added into the plate well. When all zebrafish
embryos were stained, PBST was added to terminate the
reaction.

Animal experimental design

Fifty male Wistar rats weighing 150-170 g were purchased
from Shanghai Laboratory Animal Center of Chinese
Academy of Sciences (Shanghai, 2007-005). The animals
were housed under a reverse 12h light/dark cycle condi-
tion. We followed the international guidelines for the use
and care of laboratory animals. The animals were randomly
divided into five groups: normal control (n=10), CCl,
model control (n=10), CCly+sorafenib (n=10),
CCly + 3 mg levistilide A (n=10), CCl, + 6 mg levistilide A
(n=10). Except the rats in the normal control group, rats in
the other four groups were fed with high-lipid and low-
protein diets containing 79.5% corn flour, 20% lard, and
0.5% cholesterol for two weeks, and subsequently with
pure corn flour for four weeks. First, 5mL/kg of 100%
CCl, was subcutaneously injected followed by 3mL/kg of
40% CCly-olive oil solution twice a week for six weeks.”
From the fourth week, the four groups were given
10mL/kg of normal saline (model group), intragastric
injection of 4mg/kg of sorafenib (sorafenib group), intra-
peritoneal injection of 3mg/kg of levistilide A (3mg/kg
levistilide A group), and 6 mg/kg of levistilide A (6 mg/kg
levistilide A group) daily for three weeks. Rats in the control
group received a normal diet with no CCl, for six weeks.

Pathological examination

For Sirius Red staining, liver tissues fixed in 4% formalde-
hyde and dehydrated in alcohol were embedded in paraffin

and sectioned into 4-pm-thick specimens. Slides were
stained with Sirius Red to assess collagen deposition. For
synchrotron radiation X-ray 2D imaging, the dehydrated
liver specimens were imaged at BL13W beamline in
Shanghai Synchrotron Radiation Facility (Shanghai,
China), the third-generation synchrotron source. The
experimental parameters used were as follows: 34keV
energy, 1m sample-detector distance, and 50ms/frame
exposure time. For ultrastructure analysis, after perfusion
with phosphate buffered saline (PBS) and 2.5% glutaralde-
hyde successively through the portal vein, 3-mm-thick
slices were cut from the livers for scanning electron micros-
copy (SEM), and 1-mm?® cubic liver samples were harvested
for transmission electron microscopy (TEM). The tissues
were fixed in 2.5% glutaraldehyde at 4°C for 48h. All
experiments were performed in the electron microscopy
room of the Shanghai University of Traditional Chinese
Medicine.

Immunofluorescence

Seven-micrometer-thick frozen sections of liver tissue were
fixed in cold acetone for 10 min, washed with PBS, and
blocked with 0.2% bovine serum albumin for 1h at 37°C.
Specific primary antibodies were incubated overnight at
4°C, fluorescein isothiocyanate-labeled secondary antibo-
dies were incubated for 1h at 37°C, and DAPI-stained
nucleus was incubated for 1 min. The tissues were observed
through confocal microscopy, and images were captured
through the Olympus confocal software. The primary anti-
body of negative control was replaced with PBS. All sam-
ples of liver tissue were observed. Microvessel density of
liver tissue in CCly rats was calculated as the mean number
of von Willebrand factor (vWEF)-labeled vessels in randomly
selected five high magnification fields per section (x400)
using the Image-Pro Plus software.”

Western blot analyses

According to the reported process,® samples were lysed in
the radioimmunoprecipitation assay buffer (150 mM NaCl,
1% NP-40, 0.1% SDS, 50 mM Tris-HCI, pH 7.4, 1mM EDTA,
1mM PMSF, 1 x complete mini protease inhibitor cocktail)
and centrifuged for 10 min at 10,000 x g and 4°C for 15 min.
The supernatant was collected and protein was measured
using a bicinchoninic acid Protein Assay Kit (Thermo,
Rockford, IL, USA). Protein was separated through 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto a nitrocellulose membrane. After
blocking with 5% non-fat milk in TBST at room temperature
for 1h, the membrane was incubated with the primary anti-
body at 4°C overnight and subsequently with secondary
antibody at room temperature for 1h. Signals were visua-
lized using the ECL kit (Upstate Biotechnology, Lake Placid,
NY, USA) and measured using a Chemi Doc image analyzer
(Bio-Rad, Hercules, CA, USA).

Statistical analysis

All data are presented as mean= standard deviation. The
difference between the groups was analyzed using one-way
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Levistilide A inhibited TGF-B1-induced LX-2 cell activation. (a) Cells were incubated with 2.5 ng/mL TGF-B1 with or without levistilide A for 24 h. Sorafenib

(2.5 ng/mL) was used as a positive control. Cells were labeled using Actin-Tracker Green and scanned using Cellomics ArrayScan VTI HCS reader (x100). (b) Influence
of levistilide A on the viability of LX-2 cells (MTT assay). LX-2 cells were incubated with 6.25, 12.5, and 25 uM levistilide A for 24 h, and cell viability was evaluated to
define the maximum dose without toxicity. The maximum dose without toxicity was 25 uM, and hence, doses < 25 M were applied in the following experiments.
(c) Effects of levistilide A on LX-2 activation were measured by the mean fluorescence intensity of actin. **P < 0.01, compared with normal control. #P < 0.05, *P < 0.01,
compared with model control. The experiments were repeated three times. (A color version of this figure is available in the online journal.)

ANOVA performed with SPSS 15.0 software. Statistical sig-
nificance was determined at P< 0.05.

Results

Levistilide A inhibited TGF-p1-induced LX-2
cell activation

Cell toxicity results showed that LX-2 cell viabilities were
significantly reduced by levistilide A at a concentration
from 25 to 100 pM (Figure 1(b)). Thus, the maximum dose
without toxicity was 25 pM. Therefore, a concentration up
to 25 uM was used in the following experiments. LX-2 acti-
vation was induced by TGF-B1 (2.5ng/mL) for 24h. The
results showed that levistilide A and sorafenib significantly

inhibited the mean fluorescence intensity of actin
(Figure 1(a) and (c)), thus indicating that levistilide A and
sorafenib inhibited LX-2 cell activation. The results corres-
pond with the report of literatures.

Levistilide A attenuated ECGS-induced
HHSEC proliferation

Cell toxicity results showed that HHSEC viabilities were
not significantly reduced by levistilide A within a concen-
tration of 100pM (Figure 2(b)); a concentration within
25 uM was selected for the following experiments consistent
with LX-2. The HHSEC proliferation model was induced by
ECGS for 48h. Model cells showed an increase in the
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Figure 2 Levistilide A attenuated ECGS-induced HHSEC proliferation. (a) HHSEC proliferation was induced by ECGS. Cells were treated with various concentrations
of levistilide A for 24 h. After co-incubation with EAU dye and nucleus labeling with DAPI, HHSECs were scanned using Cellomics ArrayScan VTl HCS reader (x200).
(b) Influence of levistilide A on the viability of HHSECs (MTT assay). HHSECs were incubated with various concentrations of levistilide A for 24 h, and cell viability was
evaluated to define the maximum dose without toxicity. The maximum dose without toxicity was 100 uM, and hence, doses < 25 uM were applied in the following
experiments. (c) The proliferating cell ratio of EdU positive cell and total cell number was calculated. *P < 0.05, **P < 0.01, compared with normal control. *P <0.01,
compared with model control. The experiments were repeated three times. (A color version of this figure is available in the online journal.)

proliferating cell ratio (Figure 2(a) and (c)), which reduced
significantly after levistilide A treatment (6.26, 12.5, and
25uM). Similar effects were observed in the sorafenib

group.

Levistilide A inhibited the HHSEC tube
formation in Matrigel

Tube formation assay was performed to test the ability of
HHSECs to form tubules. HHSECs cultured without
Matrigel were present in the form of individual cells or
flat cells at 24h, and those cultured in Matrigel formed
tubelike structures. HHSECs were elongated and

interconnected, resulting in the formation of a tightly adher-
ent tubular network. Sorafenib (2.5ng/mL) and levistilide
A (6.25,12.5, and 25 uM) inhibited tube formation, and also
the cluster of cells significantly reduced after treatment with
25uM of levistilide A (Figure 3(a)). These findings sug-
gested that levistilide A inhibited the ability of HHSECs
to form tubelike structures in Matrigel.

Levistilide A inhibited the number of functional
vessels in transgenic zebrafish

Toxic manifestations such as no blood flow, yolk sac
edema, and tail up were observed in levistilide A
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Figure 3 Levistilide A inhibited tube formation in Matrigel and the number of functional vessels in transgenic zebrafish. (a) Tube formation in Matrigel. Representative
images were captured after incubation for 24 h (x100). (b) Observation of the intersegmental vessels of transgenic zebrafish (ISV) under stereo microscope. (c) Alkaline
phosphatase staining of transgenic zebrafish. (d) Semi-quantification of the number of functional vessels in transgenic zebrafish. **P < 0.01, compared with control
group. n =10 per group. (A color version of this figure is available in the online journal.)

Effects of levistilide A on the organ index

(80 and 100 puM; results not shown)-treated zebrafish. in CCl4-induced fibrotic rats

Levistilide A, at concentrations from 10 to 40uM,
significantly inhibited the number of ISVs with blood = The body, liver, and spleen weights decreased significantly
flow (Figure 3(b) and (d)). Alkaline phosphatase staining compared with normal control, whereas the ratio of liver or
showed that the number of vessels in zebrafish spleen weight to body weight increased significantly in
embryos was significantly reduced (Figure 3(c)). These = CCly-treated rats. However, neither levistilide A (3 or
results indicated that levistilide A inhibited angiogenesis = 6mg/kg/d) nor sorafenib (4mg/kg/d) improved the
in zebrafish. organ index of CCly-treated rats (Table 2).
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Table 2 Effects of levistilide A on the organ index in CCl4-induced fibrotic rats

Groups Liver/body Spleen/body
(n=10) Body weight (g) Liver weight (g) Spleen weight (g) weight ratio (%) weight ratio (%)
Normal 343.20 +£21.92 8.80+0.82 0.61+0.05 2.56+0.11 1.76 £0.08
Model 164.40 4+ 14.20"* 9.36+0.89 0.41+0.06** 5.69 4+ 0.29** 2.484+0.33**
Sorafenib 158.67 +8.92 8.34+1.17 0.43+0.08 5.244+0.53 2.76 +0.63

L 3mg/kg 156.56 + 16.62 8.70+1.04 0.40+0.04 5.60+0.38 2.56+0.26

L 6mg/kg 174.11+£9.97 9.73+1.04 0.46 +£0.04 5.59+0.56 2.63+0.29

Data are mean £ SD. Liver fibrosis was induced mainly by subcutaneous injection of CCl, for six weeks and treated with 10 mL/kg of normal saline,
4 mg/kg/d of sorafenib, 3 and 6 mg/kg/d of levistilide A from the fourth week to the end of the experiment.
**P <0.01, versus normal control.

Table 3 Levistilide A ameliorated serum liver function in CCl,-induced fibrotic rats

Groups (n =10) ALT (IU/L) AST (IU/L) Alb (g/L) T.Bil (umol/L)
Normal 72.07+7.19 62.04 +8.41 14.27+£0.75 6.20+1.96
Model 405.81 4+ 83.91* 286.95 + 83.56* 7.144£0.34* 9.12 +3.56™*
Sorafenib 165.99 +70.07% 100.38 +29.17% 11.26 +0.56"* 8.26 +1.55
L 3mg/kg 399.99 +72.65 265.84 +88.74 9.77+0.67** 9.58+2.51
L 6mg/kg 267.93 +52.03" 160.15 + 69.62%* 10.38 +1.38"# 8.14+1.66

Data are mean + SD.
**P <0.01, versus normal control; **P < 0.01, versus model control.

Levistilide A ameliorated serum liver function
in CCl4-induced fibrotic rats

The hepatic injury of CCly-treated rats was indicated
by significantly higher AST, ALT, and TBil serum levels
and a lower Alb concentration. However, levistilide A at
6mg/kg reversed the increase of ALT and AST and the
decrease of Alb, but had no significant effect on TBil, com-
pared with control rats (Table 3).

Levistilide A alleviated liver fibrosis in
CCl4-induced fibrotic rats

Sirius Red staining revealed dramatic collagen deposition
in rats in the model group characterized by fibrous septa
and cirrhotic nodules or pseudo lobules in liver tissue. In
comparison, levistilide A-treated rats, especially those trea-
ted with 6mg/kg of levistilide A, had slighter collagen
accumulation (Figure 4(a) and (c)). The hepatic hydroxypro-
line (Hyp) content increased in CCly-treated rats, which,
however, was reduced by 33.26 and 39.99% in rats
treated with 3 and 6 mg/kg of levistilide A, respectively
(Figure 4(d)). The protein expressions of collagen I and
alpha smooth muscle actin (a-SMA), the HSC activation
markers, were also observed to be downregulated com-
pared with the model rats using the Western blot assay
(Figure 4(b), (e), and (f)).

Levistilide A inhibited angiogenesis
in CCl4-induced fibrotic rats

Liver microvessels were observed through synchrotron
radiation 2D X-ray imaging (Figure 5(a)), vVWF expression
was detected through immunofluorescence (Figure 5(b)),

sinusoidal fenestration was detected through SEM
(Figure 6(a)), and basement membrane was observed
through TEM (Figure 6(b)). The model rats had a larger
number of new microvessels and higher vVWF expression
than control rats, but sinusoidal fenestration disappeared.
However, levistilide A at both 3 and 6 mg/kg reduced the
number of microvessels and the vVWF expression and partly
recovered the sinusoidal fenestration. Western blot results
(Figure 7) showed that the expression of VEGF, VEGF
receptor-2 (VEGF-R2), and CD31 was higher in model rats
than in normal control rats. Levistilide A reduced the
expression of CD31, VEGF, and VEGF-R2.

Discussion

Angiogenesis is a dynamic process including sprouting or
intussusception from preexisting blood vessels, lumen for-
mation, and stabilization of nascent vessels.’ Liver has four
vasculatures, the portal vein, hepatic artery, liver sinusoid,
and hepatic vein. Exchange of substances between blood
and parenchymal cells occurs in the liver sinusoid, a spe-
cific microvascular network in the liver.'” During fibrosis,
significant vascular remodeling occurs with increased SEC
capillarization," LSEC fenestration disappearance, con-
tinuous basement membrane formation, increased vWF
expression,'? and increased mural coverage of vessels by
contractile HSCs."® Angiogenesis is probably a prerequisite
step for fibrogenesis'* and could be a surrogate marker for
portal hypertension in liver diseases."® If fibrogenesis and
angiogenesis are closely integrated and simultaneously
occurring in the chronic liver diseases, intrahepatic circula-
tion resistance would be increased. At the later stage of
chronic liver injury, wound healing is less active and
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Figure 4 Effects of levistilide A on hepatic fibrosis in CCl4-induced fibrotic rats. (a) Collagen deposition was revealed through Sirius Red staining (x100). (b) The
protein expressions of collagen | and a-SMA were analyzed through Western blot. (c) Semi-quantification of Sirius Red staining was evaluated using the average integral
optical density (AIOD). (d) Hyp content in the liver tissue was detected through the hydrochloric acid hydrolysis method. (e) Semi-quantification of collagen | protein
expression. (f) Semi-quantification of «-SMA protein expression. **P < 0.01, compared with normal control. *P < 0.05, #P < 0.01, compared with model control. n =10
per group. Western blot data are presented from three independent experiments. (A color version of this figure is available in the online journal.)

fibrogenic transformation is more established, but persist-
ent angiogenesis becomes part of fibrotic septa, particularly
the larger and more mature fibrotic septa. Therefore, liver
fibrosis reversal is difficult. Sinusoid capillarization is the
cytological basis of pathological angiogenesis, and VEGF
plays a predominant role in the initial stages of new
blood vessel formation by stimulating endothelial cell pro-
liferation and endothelial tubule formation. This is an

important mechanism responsible for origination and
development of liver fibrosis.'® Therefore, regulating the
VEGEF signaling pathway and alleviating sinusoid capillar-
ization are crucial in identifying therapeutic targets for vas-
culatures as well as fibrogenesis.

Visualization of microvasculatures is essential in inves-
tigating the mechanism of angiogenesis in liver fibrosis. The
images of magnetic resonance angiography, computerized
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Figure 5 Influence of levistilide A on angiogenesis in CCls-induced fibrotic rats. (a) Liver microvasculature was examined through synchrotron radiation X-ray 2D
imaging. (b) The expression of VWF was detected through immunofluorescence. (c) Semi-quantification data for microvasculature in X-ray 2D imaging were calculated
and presented as relative length. (d) Microvessel density was determined as the mean number of VWF-positive labeled vessel sections in five successive high-
magnification fields. **P < 0.01, compared with normal control. **P < 0.01, compared with model control. n=10 per group. (A color version of this figure is available
in the online journal.)

tomographic angiography, and stereomicroscope are not as a powerful tool to visualize the microvessels of various
adequate to display microvessels, such as sinusoid with a  animal organs,'” enabling the detection of microcirculation
diameter less than 300 uM because of the limited resolution.  in liver tissues. Vessels with a diameter of about 50 UM were
However, synchrotron radiation combined with a high-  distinguished in rat liver tissues by using synchrotron radi-
resolution and high-speed imaging system has emerged  ation X-ray interference.'® Vessels with a diameter of 30 uM
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Figure 6

Levistilide A on hepatic angiogenesis via VEGF signaling

Sorafenib

Influence of levistilide A on sinusoidal fenestration and basement membrane in CCl -induced fibrotic rats. (a) Sinusoidal fenestration was detected through a

scanning electron microscope. (b) Basement membrane was observed through transmission electron microscope. n=10 per group

were detected through angiography by using physiological
saline as contrast agents.'” This technology has been
applied to visualize liver, brain,® and lung tumor?*" blood
vessels. X-ray 2D imaging of liver microvessels by synchro-
tron radiation had a high concordance with the calculation
of microvessel density with CD31 or vWF labeling.****
Therefore, we selected synchrotron radiation X-ray 2D ima-
ging as the main method for evaluating vasculatures.

In this study, we duplicated TGF-B1-induced LX-2 cell
activation in vitro. Considering the overproliferation phe-
nomenon of LSECs in sinusoid capillarization and liver
fibrotic environment, the HHSEC model was induced by
ECGS-containing VEGEF. The ability of HHSECs to form
tubelike structures was demonstrated using the tube forma-
tion assay. Zebrafish is an intact whole animal, which
enables favorable gene analysis of vessel development.
A zebrafish model is simple and rapid in evaluating

angiogenesis, and hence suitable for large-scale screening
and statistical analysis.24 Therefore, we selected the four
models as the primary method for vascular active drug
screening in liver fibrosis. In vivo, liver fibrosis in rats was
induced by subcutaneous CCl, injection and administrated
with high-lipid and low-protein diets in this study. CCl, is a
chemical reagent for free radical damage, which is con-
verted to CCl;_ by cytochrome P450 and then caused
lipid peroxidation.® The high-lipid and low-protein diets
may promote the movement of lipid from body into the
liver, and increase the hepatic lipid peroxidation induced
by CCls. Because the model had the feature of oxidative
stress injury”® and angiogenesis, we selected this model to
verify the activity of levistilide A and to further explain its
antifibrosis mechanism. Levistilide A with high stability
formed by ligustilide dimer could be converted into ligus-
tilide in certain circumstances. The oral dosage for rats of
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Influence of levistilide A on the expression of VEGF, VEGF-R2, and CD31 in CCl,-induced fibrotic rats. (a) Western blot analysis revealed that levistilide A

downregulated the expression of VEGF, VEGF-R2, and CD31. (b, ¢, d) Semi-quantification. *P < 0.05, **P < 0.01, compared with normal control. *P < 0.05, compared

with model control. Data are presented from three independent experiments

ligustilide is 20-80mg/kg according to the report.”” The
oral bioavailability of levistilide A is about 7.5% of one
when it administrated by vein injection. Therefore, we cal-
culated the higher injection dose=280x7.5% =6mg/kg,
and our pre-experiment showed that peritoneal injection
of 6mg/kg levistilide A has no obvious hepatotoxicity
and was effective in liver fibrosis rats. So 3 and 6 mg/kg
doses were administered in this study.

The results demonstrated that levistilide A and sorafenib
inhibited the TGF-Bl-induced LX-2 activation, confirmed
the effectiveness of levistilide A on the activation of HSC
as reported before. The effects of sorafenib on LX-2 cells
were consistent with those reported in the literature.”
Levistilide A inhibited ECGS-induced HHSEC prolifer-
ation, reduced the ability of HHSECs to form tubelike struc-
tures in Matrigel, and inhibited the number of functional
vessels in transgenic zebrafish, indicating that levistilide A
exhibited antiangiogenic activity at both cell and whole-
animal levels. CCl, intoxication plus high fat food could
induce liver inflammation, steatosis, fibrosis, and cirrhosis
in rats, in severe case the animal model may develop into
cirrhotic complications such as ascites.” Severe liver
necroinflammatory or advance fibrotic animals often have
lower serum Alb levels. In our study, animal model showed
the hepatic inflammation and advanced fibrosis, with char-
acteristics of elevated ALT/AST levels and decreased Alb

content. While levistilide A showed an effect on liver
inflammation by reducing ALT/AST levels in models,
which may contribute to its antifibrotic effect. And the
action mechanism of levistilide A on hypoalbuminemia is
associated with its anti-inflammation and antifibrosis, also
maybe implicated in improvement of sinusoidal circulation
and hepatocyte nutrition and functions. Levistilide A ame-
liorated liver fibrosis in CCly-treated rats, downregulation
of the Hyp content, and protein expression of collagen I and
a-SMA. These results indicated that levistilide A inhibited
the accumulation of ECM components and attenuated the
activation of hepatic stellate. The antifibrosis effect of levis-
tilide A is closely related to antiangiogenesis. We observed
that levistilide A attenuated angiogenesis, reduced the
number of new microvessels and vessel branches, and ame-
liorated sinusoid capillarization of liver tissues by improv-
ing fenestrations. The expression of vascular-related
signaling molecules such as VEGF, VEGFR2, vWF, and
CD31 was downregulated significantly. These results indi-
cated that levistilide A attenuated liver angiogenesis by
alleviating sinusoid capillarization related to the regulation
of VEGF signaling pathways in fibrotic rats.

In conclusion, levistilide A inhibited LX-2 cell activation
and HHSEC proliferation and exhibited significant
antiangiogenesis activity. The animal liver fibrosis model
confirmed that levistilide A reduced collagen deposition
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and the number of microvessels; ameliorated sinusoid
capillarization; and downregulated the expression of
CD31, VEGFE, and VEGF-R2. These findings suggest that
levistilide A may be a potential drug for the treatment of
liver fibrosis through antiangiogenesis, and this hypothesis
must be verified by other fibrotic animal model studies or
clinical trials.
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