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ABSTRACT In order to form follicles and ovulate nor-
mally, there must be abundant blood vessels. Angelica
sinensis (Oliv.) Diels (AS), as a traditional Chinese
medicinal herb, has the effects of tonifying the blood and
activating the blood circulation. However, the effect of
AS on angiogenesis in hen-follicles remains to be discov-
ered. In this study, we identified vascular richness, gran-
ulosa layer thickness, expression of platelet endothelial
cell adhesion molecule-1 (CD31) and the content of vas-
cular endothelial growth factor A (VEGFA) in granu-
losa layers to elucidate the effect of AS extract on
angiogenesis in preovulatory follicles (F1—F3) of late-
phase laying hens (75 wk). Based on network pharma-
cology, we predicted beta-sitosterol, ferulic acid, and caf-
feic acid as the main active components of AS, and
hypoxia-inducible factor-1e (HIF1er), vascular endothe-
lial growth factor receptor 2 (VEGFR?2) as hub targets

of AS in angiogenesis. The intersection targets were
enriched by Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathways, and the
hub targets were verified by immunofluorescence and
western blot. Molecular docking of active components
with hub targets was performed and verified in vitro.
The results showed that AS extract promoted angiogen-
esis in preovulatory follicles and increased granulosa cell
layer thickness, CD31 expression and content of
VEGFA. Experiments in vitro and in vivo demonstrated
that AS extract promoted the expression of HIF 1l and
VEGFA, up-regulated the phosphorylation levels of
VEGFR2. These results further demonstrated the reli-
ability of molecular docking and network pharmacology
findings. In summary, AS extract can promote angiogen-
esis in the preovulatory follicles in late-phase laying
hens.
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INTRODUCTION

Egg production performance in hens mainly depends
on the vascular development of follicles. In hens, oocytes
do not endogenously synthesize vitellin, which is mostly
transported into follicles via the vascular system in other
organogenesis (Wei et al., 2016; Lin et al., 2019). Simi-
larly, the supply of macronutrients and hormones is nec-
essary for follicle development (Robinson et al., 2009).
Most of the nutrients in follicles are obtained from the
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stroma through an abundant vascular network, so a sep-
arate capillary network is formed on each follicle. It has
been reported that selective development and sustained
growth of follicles depends on the development of the
vascular network in follicles (Zeleznik et al., 1981;
Guzmén et al., 2021). This process of rapid accumula-
tion of nutrients in preovulatory follicles within a few
days urgently requires the generation of large numbers
of blood vessels (Kim et al., 2016). Thus, angiogenesis is
a critical regulator of preovulatory follicle development
(Devesa and Caicedo, 2019).

AS, a traditional Chinese medicinal herb, has the
effect of tonifying blood and activating blood circula-
tion. Due to the properties and efficacy of AS, it has
been widely used as a functional food or dietary supple-
ment (Wei et al., 2016). The effect of AS in promoting
angiogenesis has been demonstrated in vitro and in vivo.
AS extract has been reported to enhance proliferation,
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migration and lumen formation of follicular microvascu-
lar endothelial-like cells (FMEC) (Chen et al., 2022). In
addition, AS extract has been shown to be able to pro-
mote the development of subintestinal capillaries in the
zebrafish model by elevating expression of VEGFA
(Lam et al., 2008). Modern medical studies have shown
that multiple bioactive components in AS extracts such
as polysaccharides, volatile oils and organic acids have
become the main research objects (Chen et al., 2021).
Angelica polysaccharide has strong hematopoietic bio-
logical activity, and can enhance immunity, anti-oxida-
tion, anti-tumor and protect the liver (Cao et al., 2018;
He et al., 2022). Studies have shown that angelica poly-
saccharide can up-regulate expression of eNOS, NO,
VEGF, Akt and down-regulate expression of LDH at
the gene level (Zhang et al., 2021). Ferulic acid has been
shown to attenuate oxidative stress by up-regulating
GSH, NADPH, Nrf2, NQO1, HO-1 and reducing ROS
(Ma et al., 2010). In addition, ferulic acid can improve
endothelial cell proliferation and enhance angiogenesis
(Lin et al., 2010). Caffeic acid restores antioxidant levels
and promotes hematopoiesis (Chen et al., 2017), which
inhibits monocyte adhesion by up-regulating the Nrf2/
EpRE pathway (Zhang, Liu, Duan, Li, Peng and Wu,
2021). Beta-sitosterol promotes angiogenesis in ische-
mic/reperfusion injured gerbil brain by regulating
expression of vVWF, VEGFA, and Flk-1 (Choi et al.,
2002).

Oocytes in the center of preovulatory follicles in hens
are surrounded by the theca cell in the outer layer and
the granulosa cell in the inner layer. The vascularized
theca layer is separated from the granulosa cells of the
inner layer by the basal lamina (Zhu et al., 2019).
VEGFA is the most typical proangiogenic factor, which
induces endothelial cell survival, proliferation, migra-
tion, invasion, lumen formation, and vascular matura-
tion (Cébe-Suarez et al., 2006). VEGFA, both paracrine
and autocrine, is crucial for the follicular development
(Trau et al., 2016). VEGFA levels in follicle granulosa
cells (GCs) are significantly increased, enhancing angio-
genesis within the theca layer and promoting rapid
growth of preovulatory follicles (Kim et al., 2016).
VEGFA is mainly located in the avascular granulosa
layers (Hunter et al., 2004; Kim et al., 2017), that stimu-
lates the growth of blood vessels into the basal lamina
and supplies GCs with oxygen, nutrients, and hormones
may exist (Fraser and Duncan, 2005). VEGFR2 is the
most important receptor involved in VEGF-induced
angiogenesis, which regulates migration, proliferation,
differentiation, and survival of endothelial cells as well
as alters permeability and expansion of vascular.
VEGFA-mediated proliferation of endothelial cell
depends on activation of multiple pathways downstream
of VEGFR2 (Cébe-Suarez et al., 2006). VEGFR2 is
mainly expressed in the vascular endothelium of the
theca layer in follicles of hens. Expression of VEGFR2
was increased in healthy follicles compared to atretic fol-
licles (Kim, Lee and Johnson, 2016). HIF1 is a major
driver of angiogenesis, including the oxygen-regulated o
subunit and the ubiquitously expressed B subunit.

HIFla accumulates and translocates to the nucleus
where it forms dimers with HIF18 and binds to the
VEGF promoter to induce angiogenesis when hydroxyl-
ation of HIF1 is prevented under chronic hypoxia (Jiang
et al., 1997; Wiesener et al., 1998; Ma et al., 2018).
HIF1la has been demonstrated to have a crucial role in
the formation of follicles and ovulation, as well as it is a
key regulator of ovarian gene expression (Alam et al.,
2009; Rico et al., 2014).

In this study, we investigated the effect of AS extract
on angiogenesis in preovulatory follicles (F1-F3) of
late-phase laying hens and explored the targets related
to angiogenesis in AS extract based on a network phar-
macology approach. Then we validated the hub targets
by immunofluorescence (IF) and Western blot techni-
ques. Finally, molecular docking and in vitro cell experi-
ments verified the hub targets of AS extract in
promoting angiogenesis. This study provides a theoreti-
cal basis for the development of feed supplements in
hens from Angelica sinensis extract. This study provides
a theoretical basis for AS extract as feed supplements in
late-phase laying hens.

MATERIALS AND METHODS
Ethics Statement

Animal experiments in this study was performed
according to the Regulations on Administration of Ani-
mal Experiments (Ministry of Science and Technology
of China, Approval No.2006-398) and approved by the
Animal Care and Use Committee of Northeast Agricul-
tural University (Harbin, Heilongjiang, China).

Preparation of AS Extract

In this experiment, AS was purchased from Minxian
Hetai Chinese Medicinal Materials Company (Gansu,
China), and identified by professors at the Institute of
Traditional Chinese Veterinary Medicine, Northeast
Agricultural University. AS was stored at 4°C. Dry AS
was given a 2-hour soak in water that was ten times its
weight, which was heated to boiling with high fire and
maintained for 15 min, and then changed to low fire
heating for 45 min. After filtration and centrifugation,
the extract was concentrated to a crude drug concentra-
tion of 1 g/mL and stored at 4°C for in vivo experiments.
For cell experiments, AS extract was lyophilized at —50°
C with an extraction yield of 22.3% and stored in an
—80°C freezer.

Laboratory Animal Feeding and
Experimental Design

A total of 60 healthy 70-wk-old Hy-line brown laying
hens and 15 healthy 30-wk-old Hy-line brown laying
hens were purchased from Sunshine Chicken Farm (Har-
bin, China); These hens were maintained in individual
cages (400 mm x 350 mm x 320 mm). Cages were
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randomly placed in a ventilated room with a tempera-
ture of 25 + 2°C, a humidity of 65 + 10% and 16 h illu-
mination. Diets and water were offered daily for ad
libitum intake. After the hens were adapted to the envi-
ronment for one week, the 71 wk laying hens were ran-
domly divided into 4 groups: control group, low-dose of
AS extract treatment group, medium-dose of AS extract
treatment group and high-dose of AS extract treatment
group. The 31 wk laying hens were taken as the positive
control group. All groups were provided with a normal
diet daily during a consecutive 4 weeks experimental
period. Meanwhile, low-dose of AS extract treatment
group was given AS extract at a dose of 1 g/chicken,
medium-dose of AS extract treatment group was given
AS extract at a dose of 2 g/chicken and high-dose of AS
extract treatment group was given AS extract at a dose
of 4 g/chicken. At 35 and 75 wk of age, all hens were
euthanized at 3 h after laying. Following that, the theca
layers and granulosa layers of each group’s F1, F2, and
F3 were collected and stored at —80°C.

Hematoxylin-Eosin Staining

Preovulatory follicles F1, F2, and F3 were collected,
and then fixed with 4% paraformaldehyde. These fol-
licles were dehydrated, embedded in paraffin, sectioned,
and stained after deparaffinization. Measure the thick-
ness of granulosa layer and theca layer, and observe the
integrity of granulosa layer.

Determination of VEGFA by Enzyme-Linked
ImmunoSorbent Assay (ELISA)

Granulosa layers of F1, F2, and F3 from each group
were weighed, and were added with 9 times the mass of
phosphate buffered saline (PBS, PH 7.2—7.4) for ade-
quate homogenization. Centrifuged at 3,000 rpm/min
for 20 min at 4°C and carefully collected the supernatant
for testing. The ELISA kit was purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing Jiancheng,
China). VEGFA concentrations were detected using the
method that complies with the manufacturer’s instruc-
tions.

Network Pharmacology

Collection and Screening of AS Compounds and
Prediction of Compound-Related Targets Major
active chemical ingredients of AS were obtained from
the TCMSP database (https://old.tcmsp-e.com/temsp.
php), TCMID database (http://bidd.group/TCMID/)
and previous studies (Chen et al., 2022). The screening
criteria of the TCMSP database were set to oral bio-
availability (OB) >30% and drug-likeness (DL) >0.18.
We obtained the selected components’ structural infor-
mation through PubChem (https://pubchem.ncbinlm.
nih.gov/). In addition, the targets of active compounds
were predicted by SwissTargetPrediction (http://swis
stargetprediction.ch/) and TCMID. A drug-component-

target database was established and a network diagram
was constructed by Cytoscape 3.9.1 software.

Data mining and screening of angiogenesis targets
Disease or functional gene targets were queried through
the GeneCards database (https://www.genecards.org/)
with the keyword “Angiogenesis” (Wu et al., 2021). A
total of 5038 related gene targets were obtained, and 631
related gene targets were selected using the correlation
coefficient “Relevance score > 1.810106397”.

GO enrichment analysis and KEGG pathway
enrichment analysis of intersection targets The
intersection of the predicted target and the obtained
angiogenesis-related gene target was taken to obtain
the intersection gene target. Through the David data-
base (https://david.nciferf.gov/), GO functional (Cell
Component, Molecular Function and Biological Pro-
cess) enrichment analysis and KEGG pathway enrich-
ment analysis were performed on the collected
intersection targets (P < 0.05 indicated significant
differences).

Hub Targets Screening by Topology Analysis of
PPI Networks We entered the intersection target into
the STRING database (https://cn.string-db.org/), after
which protein-protein interactions (PPIs) were pre-
dicted (confidence scores > 0.9). After the above results
were imported into Cytoscape 3.9.1 software for visuali-
zation, the Centiscape plug-in was used to screen the
important hub target network. The hub target was
selected by combining the hub target network with the
angiogenesis correlation coefficient “Relevance score” in

GeneCards.

Molecular Docking

The hub target proteins of angiogenesis in the PPI
network were selected for molecular docking with the
active components of AS. Appropriate target proteins
were selected in the Uniprot database (https://www.uni
prot.org/) and 3D structure files were downloaded in
PDB format by linking to the RCSB PDB database
(https://www.resb.org/). 3D structure files in SDF for-
mat for drug ingredients were downloaded from Pub-
Chem database and converted to PDB format files by
Open Babel 3.1.1. Simulated molecular docking of the
hub target protein to the active component of AS was
performed using the software AutoDockTools-1.5.6 and
AutoDock Vina (Trott and Olson, 2010). Finally, 3D
structures were presented by PyMoL 2.3.0.

Cell Culture

According to the previous method, follicle granulosa
cells (GCs) and follicular microvascular endothelial-
like cells (FMECs) were isolated from preovulatory
follicles of 30-wk-old hens (Chen et al., 2022). Hens
were euthanized and preovulatory follicles (F1-F3)
were removed. The avascular area on the back of the
yolk was quickly cut using a scalpel after fixation of the
follicle pedicle with hemostatic forceps. Gravity
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expelled the granulosa layer and yolk together, and
then washed the granulosa and theca layers with PBS.
Granulosa layers were digested in collagenase II (Solar-
bio, Beijing, China; C8150) for 8 min at 37°C in a water
bath and digestion was stopped with an equal amount
of M199 medium (Hyclone, Beijing, China;
SH30253.01B) containing 10% FBS. Primary GCs were
obtained by filtration with 70 uwm nylon mesh and cul-
tured in M199 medium containing 10% FBS and 1%
penicillin streptomycin. Theca layers were digested in a
water bath for 60 min at 37°C in collagenase I (Solar-
bio, Beijing, China; C8140), and digestion was stopped
using  DMEM medium (Hyclone, Beijing, China;
SH30022.01B) containing 10% FBS. Primary FMECs
were obtained by filtration with 70 pum nylon mesh and
centrifuged. DMEM medium was used to suspend the
cell pellet and attached to the centrifuged Percoll (pre-
cooled 35% Percoll was centrifuged at 4°C for 15 min at
30,000 g 4°C in advance). After centrifugation at 400 g
for 15 min, the solution was divided into three layers
and the middle layer was the desired FMECs pellet.
Pellets were resuspended in DMEM medium with 10%
FBS, 50 ug/mL ECGs (Sigma-Aldrich, St. Louis) and
1% penicillin streptomycin, and were cultured at 37°C,
5% CO2. Primary GCs were cultured for 3 days before
drug-addition. Cells of 3 to 6 passages from the primary
FMEC were used for subsequent experiments. GCs and
FMECs were treated with 100 and 200 wg/L AS
extracts for 48 h.

Immunofluorescence

The paraffin sections of preovulatory follicles tissue
were dewaxed, and the slides were put into the Improved
Citrate Antigen Retrieval Solution (Beyotime, Shang-
hai, China; P0083). The slides were boiled in a micro-
wave oven at high heat and then turned off for 8 min,
and heated at low heat for 7 min. GC and FMEC were
fixed with 4% paraformaldehyde for subsequent opera-
tion. These tissue sections and cells were permeabilized
with 0.3% triton X-100 (Beyotime, Shanghai, China;
P0096). Following blocking with homologous serum, tis-
sue sections were incubated with primary antibodies
against CD31 (1:1000, ABclonal, Wuhan, China;
A0378), VEGFA (1:200, ABclonal, Wuhan, China;
A12303), VEGFR2 (1:500, ABclonal, Wuhan, China;
A11127), P-VEGFR2 (1:500, ABclonal, Wuhan, China;
AP0382), HIFle (1:1000, ABclonal, Wuhan, China;
A0378). The epitope region used for creating the anti-
bodies used are 90% homologous between rabbit and
chicken according to protein blast. It was then coupled
with FITC (green) (1:200, Bioss, Beijing, China; bs-
0295G-FITC), Alexa Fluor594 (red) (1:200, Bioss, Bei-
jing, China; bs-0295G-AF594) secondary antibodies,
nuclear staining with DAPI (blue) (Biosharp, Hefei,
China; BL105A), and mounting with Antifade Mount-
ing Medium (Biosharp, Hefei, China; BL739A). Images
were obtained using a fluorescence microscope (Nikon,
Tokyo, Japan).

Western Blot

Total protein was extracted from theca layer and
granulosa layer using RIPA Lysis Buffer (Beyotime,
Shanghai, China; P0013B) and Protease Inhibitor Cock-
tail (AbMole, Shanghai, China; M5293), Phosphatase
Inhibitor Cocktail (AbMole, Shanghai, China; M7528).
Total protein content was determined using a BCA
kit (Meilunbio, Dalian, China; MAO0082). Proteins
were transferred to Polyvinylidene fluoride membranes
following migration through SDS-PAGE gels of
gradient concentrations. Following blocking with
skimmed milk powder, membranes were incubated
with primary antibodies to protein to detect CD31
(1:1000, ABclonal, Wuhan, China; A0378), VEGFA
(1:200, ABclonal, Wuhan, China; A12303), VEGFR
(1:500, ABclonal, Wuhan, China; A11127), P-VEGFR
(1:500, ABclonal, Wuhan, China; AP0382), HIFl«
(1:1000, ABclonal, Wuhan, China; A0378), B-actin
(1:2000, ABclonal, Wuhan, China; AC038). Secondary
antibodies were combined with primary antibodies and
protein bands were visualized with a chemiluminescence
system (Tanon, Shanghai, China) and quantified with
Image J software.

Statistical Analysis

Results are presented as the mean + S.E.M and all
statistical analyses were performed using GraphPad-
Prism 8.0. Statistical significance of data between
groups was assessed by one-way ANOVA multiple com-
parisons and Tukey test. P values < 0.05 were consid-
ered statistically significant. All experiments were
repeated at least three times.

RESULTS

Effect of AS Extract on Angiogenesis of
Preovulatory Follicles (F1—F3) in Late-Phase
Laying Hens

In order to investigate the effect of AS extract on
angiogenesis of preovulatory follicles in late-phase laying
hens in vivo, we observed the apparent vascular status
of follicles in each group. The number of vessels on the
surface of preovulatory follicles was lower in the 75 wk
group compared with the 35 wk group. After treatment
with AS extract, the number of vessels on the surface of
preovulatory follicles was significantly increased in the
75 wk + L, 75 wk + M, and 75 wk + H groups compared
with the 75 wk group (Figure 1A). We found that the
number of follicles larger than 2 mm in diameter was
higher in the 75 wk + L, 75 wk + M, and 75 wk + H
groups than in the 75 wk group (Figure 1B). Therefore,
we used Hematoxylin-Eosin Staining to observe the mor-
phological changes in the granulosa layer of preovula-
tory follicles (F1—F3). Compared with the 35 wk group,
the granulosa layer of preovulatory follicles (F1-F3)
was thinner (P < 0.001) and loosely arranged in the 75
wk group. However, the granulosa layer (F1—F3) in the



AS EXTRACT PROMOTES FOLLICLE ANGIOGENESIS )

A
35wk 75wk 7SwktL  75wk+M  75wk+H
Fl ‘ ‘ ‘ ‘ a Fl
F2
P
‘ @ o & e "
) ‘ ‘
, F3
B D

35wk 75wk 75wk+L 75wk+M 75wk+H

75wk+H

35wk 75wk+L

75wk+M

Granular layer thickness Content of VEGFA in Granular layer

35wk 75wk B3 75whk+L
=3 75wk+M ER 75wk+H

B3 35wk ER 75wk B3 75wk+L
=3 75wk+M = 75wk+H

a
S
3

a
S
s

Content of VEGFA
in Granular layer (pg/mL)
A ow @
88
g g

3
53

°

< <& ¢

Figure 1. Effects of AS extract on preovulatory follicles appearance, granulosa layer thickness and VEGFA content. (A) Apparent vessels of
preovulatory follicles (F1—F3) in each group. (B) The number of follicles with a diameter greater than 2 mm. The 3 preovulatory follicles marked by
arrows were F1, F2, and F3 from large to small. (C) Granulosa layer thickness was measured by HE staining of follicles in each group. The red arrows
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sured randomly. Scale bar: 50 um. (D) Measurement of granulosa layer thickness. (E) VEGFA content in granulosa layer of each group. All experi-
ments were performed in triplicate, and the data are the mean + S.E.M (*P < 0.05, **P < 0.01, ***P < 0.001).

AS extract treatment group was thickened to varying
degrees more than that in the 75 wk group (P < 0.05,
P <0.01) (Figure 1C, D).

Effect of AS Extract on VEGFA Expression in
Granulosa Layer of Preovulatory Follicles
(F1—F3)

GCs are critical cells for follicle development and can
secrete VEGFA to promote angiogenesis in the theca
layer. VEGFA content in the granulosa layer of follicles
was detected by ELISA. As shown (Figure 1E), VEGFA
content in preovulatory follicles (F1—F3) of the 75 wk
group was lower than that in the 35 wk group (P < 0.01,
P < 0.001). VEGFA was significantly increased in the
AS extract-treated group compared with the 75-wk
group. (P < 0.05, P<0.01, and P < 0.001).

Effect of AS Extract on CD31 Expression in
Theca Layer of Follicles F1 to F3

CD31 is a vascular endothelial marker used to assess
angiogenesis. IF showed that CD31 expression in the
theca layer of preovulatory follicles (F1-F3) was lower
in the 75-wk group than in the 35-wk group (P < 0.01, P
< 0.001). CD31 expression levels increased after AS
extract treatment (P < 0.05, P < 0.01 and P < 0.001)
(Figure 2A-F). Western blot revealed that CD31 protein
expression levels were significantly lower in the 75 wk

group than in the 35 wk group (P < 0.001). CD31
expression levels increased after AS extract treatment in
a dose-dependent manner. (P < 0.05, P < 0.01 and P <
0.001) (Figure 2G—L). This corresponds to the VEGFA
results described above.

Exploring the Potential Mechanism of AS
Extract Promoting Angiogenesis based on
Network Pharmacology

In order to explore the mechanism of AS extract pro-
moting angiogenesis in preovulatory follicles (F1-F3),
we used the method of network pharmacology. First,
beta-sitosterol, ferulic acid and caffeic acid were the
main active components of AS obtained by database
and literature mining. The reliability of the compounds
was verified by querying the literature. The correspond-
ing 216 targets were predicted in the Swiss Target Pre-
diction database (Figure 3A). Six hundred thirty-one
related proteins were queried and filtered in GeneCards,
resulting in 54 targets common to predicted targets
(Figure 3B, E). We performed enrichment analysis of
these targets. KEGG enrichment analysis showed that
these targets were associated with VEGF signaling path-
way, HIF1 signaling pathway and endocrine resistance
pathway (Figure 3C). GO enrichment analysis showed
that these targets were mainly present in the plasma
membrane, macromolecular complex, nucleoplasm and
other regions of the cell and were involved in biological
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processes such as regulation of gene expression, response
to hypoxia, positive regulation of reactive oxygen species
metabolic process, positive regulation of transcription,
transmembrane receptor protein tyrosine kinase signal-
ing pathway and platelet activation through molecular
functions such as transcription factor binding, protein

tyrosine kinase activity, transmembrane receptor pro-
tein tyrosine kinase activity, protein phosphatase bind-
ing, receptor binding. In conclusion, the effect of
AS extract on angiogenesis seems to be closely related
to hypoxia response, transmembrane receptor protein
tyrosine kinase activity, gene expression and
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phosphorylation, especially in the plasma membrane
and nucleus (Figure 3D). To further screen hub targets,
54 intersection targets networks were analyzed by using
cytoscape and centiscape. The screening condition was
‘DC > 21 AND CC > 0.0119 AND BC > 30.11’ to derive
the hub targets network (Figure 3E). Combined with
the hub targets network, KEGG enrichment analysis,
and angiogenesis correlation coefficients (Supplemen-
tary Figure 1), we identified HIFle and VEGFR2 as
hub targets for further validation.

Effect of AS Extract on VEGFA and HIF1«
Expression in Granulosa Layer of
Preovulatory Follicles (F1—F3)

VEGFA plays an important role in angiogenesis.
HIF1a acts as a hypoxia-inducible factor and is involved
in the regulation of VEGFA. The results of IF showed
that VEGFA and HIF1la were mainly expressed in the
granulosa layer of follicles. Levels of VEGFA and HIF 1«
in the granulosa layer of preovulatory follicles (F1-F3)
were higher in the 35 wk group than in the 75 wk group
(P < 0.01 and P < 0.001). After treatment with AS
extract, the expression levels of VEGFA and HIFl«a
were higher than those in the 75 wk group (P < 0.05,
P <0.01 and P<0.001) (Figure 4).

Western blot was used to detect the expression levels
of VEGFA and HIF1« in the granulosa layer of preovu-
latory follicles (F1-F3). VEGFA and HIFla expres-
sion levels in the granulosa layer of preovulatory
follicles (F1—F3) were lower in the 75 wk group than in
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the 35 wk group (P < 0.001). Compared with the 75 wk
group, VEGFA and HIF1la expression levels were sig-
nificantly increased in the granulosa layer of preovula-
tory follicles (F1-F3) in the AS extract treatment
group (Figure 5) (P < 0.05, P<0.01, and P < 0.001).

Effect of AS Extract on P-VEGFR2
Expression in Theca Layer of Preovulatory
Follicles (F1—F3)

VEGFR2 plays a major role in mediating VEGFA-
induced angiogenesis in vivo. The results of IF showed
that P-VEGFR2 and VEGFR2 were mainly expressed
in the theca layers (Figure 6). Levels of VEGFR2 expres-
sion did not change significantly in each group
(Figure 6G—L). Whereas levels of P-VEGFR2 in the
theca layer of preovulatory follicles (F1—F3) were lower
in the 75 wk group than in the 35 wk group (P < 0.001),
AS extract treatment significantly increased levels of P-
VEGFR2 expression in the theca layer of preovulatory
follicles (F1—F3) compared with 75 wk (Figure 6A—F)
(P<0.05, P<0.01, and P < 0.001).

Levels of VEGFR2 expression in theca layer of pre-
ovulatory follicles (F1—F3) were detected by Western
blot. The levels of P-VEGFR2 expression in the theca
layer of preovulatory follicles (F1—F3) in the 75 wk
group was lower than that in the 35 wk group (P <
0.001). The levels of P-VEGFR2 expression were signifi-
cantly increased in the 75 wk + L, 75 wk + M, and 75
wk + H groups compared with the 75 wk group
(Figure 7) (P < 0.05, P <0.01, and P < 0.001).
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Figure 4. IF examined the effect of AS extract on HIF1le and VEGFA expression in the granulosa layer of preovulatory follicles (F1-F3).
(A—C) IF detected the expression of HIFle in preovulatory follicles (F1-F3). (D—F) The relative fluorescence intensity of HIF1e in preovulatory
follicles (F1—F3) was quantified. (G—I) IF detected the expression of VEGFA in preovulatory follicles (F1—F3). (J—L) The relative fluorescence
intensity of VEGFA in preovulatory follicles (F1—-F3) was quantified. Scale bar: 100 um. All experiments were performed in triplicate, and the data

are the mean + S.E.M (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 5. Western blot detected the effect of AS extract on HIFla and VEGFA expression in the granulosa layer of preovulatory follicles
(F1-F3). (A—C) Expression of HIFla and VEGFA in the granulosa layer of preovulatory follicle F1. (D—F) Expression of HIF1le and VEGFA in
the granulosa layer of preovulatory follicle F2. (G—I) Expression of HIF1le and VEGFA in the granulosa layer of preovulatory follicle F3. All experi-
ments were performed in triplicate, and the data are the mean + S.E.M (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 6. IF examined the effect of AS extract on VEGFR2 and P-VEGFR2 expression in the granulosa layer of preovulatory follicles (F1-F3).
(A—C) IF detected the expression of P-VEGFR2 in preovulatory follicles (F1-F3). (D—F) The relative fluorescence intensity of P-VEGFR2 in pre-
ovulatory follicles (F1—-F3) was quantified. (G—I) IF detected the expression of VEGFR2 in preovulatory follicles (F1—F3). (J—L) The relative fluo-
rescence intensity of VEGFR2 in preovulatory follicles (F1—F3) was quantified. Scale bar: 100 um. All experiments were performed in triplicate,
and the data are the mean + S.E.M (*P < 0.05, **P < 0.01, ***P < 0.001).



AS EXTRACT PROMOTES FOLLICLE ANGIOGENESIS 9

F1
A 35wk 75wk 7SwkiL  75wktM  7Swk+H B -
—_—
. —i
P-VEGFRZ” - — — - e
2
&
_ = E]2-
F1 | VEGFR2 ! g l l = &
. Fr - =
Q14
=
(-9
o | -
- S R A
D 5’6 ¢\°D (9‘3.(\ ‘\s&v ,\643.
C 35wk 75wk 75wkiL  75wktM  75wktH F2
~ P S—
k%K
%
Sk okook
& 2
Q
£
F2 S
= 1
Q
=
”
=%
0_
E 35wk 75wk 75wkl TSwkiM  7Swk+H F -
] **:**
P-VEGFR2 207 i
1.5+
F3

p-VEGFR2/VEGFR2
a E
1 1

e
o
1

F & v N %
£ ¢ E

g
,\g ,\&;‘x (\@1\

Figure 7. Western blot detected the effect of AS extract on P-VEGFR2/ VEGFR2 expression in the theca layer of preovulatory follicles
(F1-F3). (A—B) Expression of P-VEGFR2/VEGFR2 in the theca layer of preovulatory follicle F1. (C—D) Expression of P-VEGFR2/VEGFR2 in
the theca layer of preovulatory follicle F2. (E—F) Expression of P-VEGFR2/VEGFR2 in the theca layer of preovulatory follicle F3. All experiments
were performed in triplicate, and the data are the mean + S.E.M (*P < 0.05, **P < 0.01, ***P < 0.001).

Simulation Molecular Docking of AS
Components and Key Proteins

Molecular docking was used to simulate the binding of
beta-sitosterol, ferulic acid, and caffeic acid to protein
molecules VEGFR-2 and HIFla. Molecular docking
mimics the binding of beta-sitosterol, ferulic acid, and
caffeic acid to protein molecules VEGFR-2 and HIF1a.
In the docking pocket, they obtained the best 3D molec-
ular docking structure. In this structure, the lowest
binding energies of VEGFR2 protein to Beta-sitosterol,
VEGFR2 protein to Ferulic acid, and VEGFR2 protein
to Caffeic acid were —8.4 kcal/mol, —7.3 kcal/mol, and
—7.6 kcal /mol, respectively (Figure 8A—C). The lowest
binding energies of HIFla protein to Beta-sitosterol,
HIF1la protein to Ferulic acid, and HIF1la protein to
Caffeic acid were —6.4 kcal/mol, —5.2 kcal/mol, and
—5.5 keal/mol, respectively (Figure 8D—F). Beta-sitos-
terol can form hydrogen bonds with amino acid residues

ILE-1044 on VEGFR2 protein and LYS-401 on HIFl«
protein (Figure 8A, D). Ferulic acid can form hydrogen
bonds with amino acid residues CYS-919 and ASP-1046
on VEGFR2 protein and HIS-362 on HIFla protein
(Figure 8B, E). Caffeic acid can form hydrogen bonds
with amino acid residues CYS-919 and ASP-1046 on
VEGFR2 protein and GLY-26, LEU-27, and GLN-355
on HIF 1« protein (Figure 8C, F). These hydrogen bonds
may allow the two to form a tight and stable complex.

Effect of AS Extract on Key Proteins in GCs
and FMECs of Follicle In Vitro

The IF results showed that the levels of HIF1la and
VEGFA expression in GC significantly increased after
48 h of AS extract treatment (P < 0.01, P < 0.001)
(Figure 9A—=D). AS extract treatment significantly
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Figure 8. Molecular docking pattern diagram. (A—C) VEGFR2 docked into the docking pocket with active molecules beta-sitosterol, Ferulic
acid, and Caffeic acid. The lowest binding energies were —8.4, —7.3, and —7.6 (kcal/mol), respectively. (D—F) HIF la docked into the docking pocket
with active molecules beta-sitosterol, Ferulic acid, and Caffeic acid. The lowest binding energies were —6.4, —5.2, and —5.5 (kcal/mol), respectively.
Green was the protein structure; Pink was the binding molecule; Blue was the bound amino acid; Yellow dashed lines indicated hydrogen bond inter-
action forces that facilitate binding of the molecule to the active site.
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Figure 10. Mechanism of AS extract on angiogenesis in preovulatory follicles.

increased the phosphorylation levels of VEGFR2 protein
in FMEC (Figure 9E—F).

DISCUSSION

AS, a traditional medicinal and edible plant, has long
been used for tonifying, tonifying blood, promoting
blood circulation and removing blood stasis, and also as
a dietary supplement (Zhao et al., 2003). Available stud-
ies suggest that renal protection in AS may be associated
with VEGF upregulation. Upregulation of VEGF
reduces capillary loss and improves microstructural dys-
function (Song et al., 2009). AS extract can promote
angiogenesis by regulating p38 and P-JNK 1/2 (Lam
et al., 2008; Zhang et al., 2017). AS promotes angiogene-
sis and anti-apoptosis in rats with cerebral ischemia-
reperfusion injury by regulating the p38MAPK/HIF-
la/VEGF-A /vWF signaling pathway (Cheng et al.,
2017). In the ovary, cyclic development of follicles is
accompanied by cyclic angiogenesis. Normal develop-
ment of blood vessels is a prerequisite for normal ovula-
tion (Guzman et al., 2021). Previous studies have shown
that the formation of a single capillary network around
each follicle is required for follicle growth (Robinson
et al., 2009). Densely distributed capillaries outside the
theca of laying hens play a pivotal role in follicle growth
because these capillaries provide nutrients, hormones
and cytokines for development and maturation of follicle
(Ma et al., 2020). Abundant capillaries transport yolk
precursors from the liver into developing follicles, even-
tually forming preovulatory follicles F1 over 30 mm
(Schneider, 2016). It has been demonstrated by immu-
nofluorescence that vascular endothelial cells are mainly

present in the theca layer (Trau et al., 2015). In this
study, we examined apparent vessels and CD31 (CD31
used to localize endothelial cells in developing tissues) of
preovulatory follicles (F1—F3) (Duffy et al., 2019; Wang
et al., 2019). The results showed that the 75 wk group
was less vascularized than the 35 wk group. The increase
of CD31 of preovulatory follicles (F1—F3) in late-phase
laying hens suggested that AS extract promoted angio-
genesis of follicles.

The development of follicles is regulated by several
follicle-derived factors. VEGFA and its receptor which
play a crucial role in follicle angiogenesis (Tao et al.,
2021b). GCs of follicles are the main site of VEGFA pro-
duction (Trau et al., 2016; Kim et al., 2017), so the
development of GCs is important for follicle angiogenesis
(Kim et al., 2016). Studies on mammalian ovaries have
shown that VEGFA, an angiogenic factor secreted by
GC, plays a critical role in follicle growth and survival
through the formation of new blood vessels within the
theca layer. In laying hens, VEGFA is also essential for
enhancing angiogenesis within the theca layer of preovu-
latory follicles (Kim et al., 2016). The results of this
study showed that the thickness of the granulosa layers
at 75 wk was significantly lower than that at 35 wk,
which is consistent with previous findings (Hao et al.,
2021). Thinning of the granulosa layer was one of the
reasons for the low number of blood vessels in preovula-
tory follicles (F1—F3) in late-phase laying hens. The
intervention of AS extract increased the thickness of the
granulosa layer and improved the structure of the granu-
losa layer in preovulatory follicles (F1—F3) of late-phase
laying hens. Meanwhile, VEGFA content in the granu-
losa layer of preovulatory follicles (F1—F3) was signifi-
cantly increased after AS extract treatment.
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Network pharmacology (i, 2021) was used to explore
the mechanism of angiogenesis promoted by AS.
Through the analysis of AS-compound-angiogenesis tar-
get network, we found that the main active components
related to angiogenesis were beta-sitosterol, ferulic acid,
caffeic acid. Hub targets of AS affecting angiogenesis
were focused on HIF1lae and VEGFR2 by vascular corre-
lation coefficient analysis of hub targets network. HIF 1o
is an important angiogenesis transcription factor, which
accumulates stably under hypoxia and degrades rapidly
after synthesis in normoxia (Yang et al., 2021). Activa-
tion of the transcription factor HIF 1 adapts to the hyp-
oxic environment via activating transactivation of
downstream target genes. VEGFA is a well-established
target of HIF1la promoting angiogenesis. The biological
function of VEGFA is mainly mediated through binding
to VEGFR2, which leads to tyrosine autophosphoryla-
tion of VEGFR2 and subsequent recruitment and acti-
vation of several key adaptor proteins (She, Grb2,
Gabl, SHP1, and SHP2) to induce the transcription of
angiogenesis gene (Sun et al., 2018). GO enrichment
analysis showed that biological processes related to
angiogenesis, such as hypoxia response (Choudhry and
Harris, 2018; de Heer et al., 2020) and platelet activation
(Tao et al., 2021a). These biological processes were
mainly involved through molecular functions such as
transcriptional coactivator binding, enzyme binding,
transcription factor binding and transmembrane protein
tyrosine kinase activity. KEGG analysis yielded major
pathways related to angiogenesis, including the cancer
pathway, VEGF signaling pathway, and HIF1 signaling
pathway. The cancer pathway is closely related to
VEGF signaling and HIF1 signaling pathway. The
development of tumors is related to excessive cell prolif-
eration, which requires a lot of oxygen consumption.
Many genes responding to stress under hypoxia are regu-
lated by the HIFla signaling pathway and VEGFA
plays a key role in tumor angiogenesis (Zhang et al.,
2019).

HIFl« is a transcription factor that primarily regu-
lates gene transcription in response to hypoxic condi-
tions and is essential for both angiogenesis and
inflammation (Ahmadian et al., 2013). It has been
shown that VEGFA is an important regulator of follicle
development and survival, while VEGFA expression in
GCs is regulated by signals emitted by LH and FSH
-mediated HIF1la (Rico et al., 2014). VEGFA expression
is predominantly in the granulosa layer and spreads
toward the theca layer (Hunter et al., 2004; Fraser and
Duncan, 2005; Kim et al., 2017; Gao et al., 2020).
VEGFR2 is expressed and acts in the main theca layer
(Stassi et al., 2019). It has been shown that HIF la accu-
mulates in cells and binds to HIF18 to form dimers,
which translocate into the nucleus to activate the target
gene VEGF for transcription and promote VEGFA
expression (DAMERT et al.,, 1997; Semenza, 2003;
Ahluwalia and Tarnawski, 2012). VEGFA binds to its
receptor VEGFR2 in the theca layer and induces dimer-
ization and phosphorylation of VEGFR2, which acti-
vates multiple signaling cascades and affects a variety of

processes, including endothelial cell proliferation, actin
remodeling, cell migration, and vascular permeability
(Herbert and Stainier, 2011). Eventually angiogenesis is
promoted. This study found that changes in HIF1la and
VEGFA expression occurred mainly in the granulosa
layer of follicles, and VEGFR2 was mainly expressed in
the theca layer, which is consistent with other studies
(Stassi et al., 2019; Gao et al., 2020). AS extract pro-
moted the expression of HIF 1« protein and VEGFA pro-
tein in granulosa layer of preovulatory follicles (F1—-F3)
in vivo. Meanwhile, AS extract promoted phosphoryla-
tion of VEGFR2 in the theca layer. Phosphorylation of
VEGFR2 has been shown to activate multiple down-
stream pathway expression and promote proliferation,
migration, as well as angiogenesis in endothelial cells
(Sakurai et al., 2005; Miller and Sewell-Loftin, 2021).

Beta-sitosterol, ferulic acid, and caffeic acid could
bind to VEGFR2 and HIFla proteins to form stable
conformations in docking pockets when simulating
molecular docking. These results preliminarily verified
the possibility that AS extract affected cellular proteins.
AS extract increased HIF1la and VEGFA expression in
GCs and promoted VEGFR2 phosphorylation in
FMECs. This provided a theoretical basis for molecular
docking results.

CONCLUSION

The main active components and hub targets of AS
extracts were analyzed by network pharmacology. In
vitro and in vivo experiments verified and revealed that
AS extract promoted angiogenesis of preovulatory fol-
licles (F1—F3) in late-phase laying hens by promoting
the expression of granulosa layer proteins HIF1la and
VEGFA and increasing the phosphorylation level of
theca layer protein VEGFR2 (Figure 10). Our study
provides a theoretical basis for AS extract as feed sup-
plements in late-phase laying hens.
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