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ABSTRACT Ligusticum chuanxiong (CX) is a tradi-
tional Chinese medicine that is widely planted through-
out the world. CX is one of the most important and
commonly used drugs to enhance blood circulation. The
preovulatory follicles in laying hens have a large number
of blood arteries and meridians that feed the follicles’
growth and maturation with nutrients, hormones, and
cytokines. With the extension of laying time, preovula-
tory follicles angiogenesis decreased gradually. In this
study, we studied the mechanism of CX on preovulatory
follicles angiogenesis in late-phase laying hens. The
results show that CX extract can increase the angiogene-
sis of preovulatory follicles (F1−F3) of late-phase laying
hens. CX extract can promote vascular endothelial
� 2022 The Authors. Published by Elsevier Inc. on behalf of Poultry
Science Association Inc. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

Received October 12, 2022.
Accepted December 13, 2022.
1Corresponding author: yuwenhui@neau.edu.cn

1

growth factor receptor 2 (VEGFR2) phosphorylation
in preovulatory follicles theca layers, promote the prolif-
eration, invasion and migration through PI3K/AKT
and RAS/ERK signaling pathways in primary follicle
microvascular endothelial-like cells (FMECs). In addi-
tion, CX extract can up-regulate the expression of hyp-
oxia inducible factor a (HIF1a) in granulosa cells
(GCs) and granulosa layers through PI3K/AKT and
RAS/ERK signaling pathways, thereby promoting the
secretion of vascular endothelial growth factor A
(VEGFA). In conclusion, the current study confirmed
the promoting effect of CX extract on the preovulatory
follicles angiogenesis, which sets the stage for the design
of functional animal feed for late-phase laying hens.
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INTRODUCTION

The abundant blood vessel network is the prerequisite
for follicle development in laying hens (Ma et al., 2020).
As the follicle develops, blood vessels and innervation
reach the follicle through the pedicle and radiate
through theca layer. Passive diffusion from stromal
blood arteries supplies sufficient nutrition and oxygen to
primary follicles (Robinson et al., 2009). However, for
follicles to develop through these phases, a distinct capil-
lary network must exist surrounding each one. During
the process of follicles development, it is restricted to the
theca layer and does not affect the granulosa layer,
which is avascular Tamanini and De Ambrogi (2004).
When primary follicles are selected to the preovulatory
hierarchy, preovulatory follicles begin to grow rapidly
from about nine mm in diameter to more than 40 mm in
a few days (Scanes et al., 1982). With the increase of fol-
licle size and ovulation time, the percentage of blood
flow to the 5 largest preovulatory follicles, which had the
greatest blood flow, got increasing within the fully devel-
oped ovary. The preovulatory follicles have a large num-
ber of blood arteries and meridians that feed the
follicles’ growth and maturation with nutrients, hor-
mones, and cytokines Nalbandov and James (1949).
However, studies have shown that ovaries age earlier
than other organs (Zhang et al., 2019). With the exten-
sion of laying time, the thickness of late-phase laying
hens granular layer and theca layer decrease (Hao et al.,
2021). Therefore, increasing the blood flow to the pre-
ovulatory follicles of late-phase laying hens and extend-
ing the period of high-quality laying hens have drawn
increased attention.
The dried rhizome of Ligusticum chuanxiong Hort is

known as Chuanxiong Rhizome (CX) (Chen et al.,
2018). In the therapeutic application of TCM, CX is one
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of the most significant and often used medications for
enhancing blood circulation. CX is often used either
alone or in connection with other pharmaceutical sub-
stances. From this plant, over 170 chemicals have been
extracted and identified. Phthalides, terpenes, enols,
polysaccharides, alkaloids, organic acids, and esters are
the major active ingredients in CX (Pu et al., 2022). Lig-
ustrazine, Ferulic acid, Isovanillin, Senkyunolide A, Lig-
ustilide, and Levistilide A are the primary bioactive
elements of CX (Yan et al., 2005; Liu et al., 2014). Due
to its unique efficacy, CX is frequently used in the pre-
vention and treatment of many ailments, including car-
diovascular/cerebrovascular disorders and gynecological
diseases. (Lim et al., 2006; Yang et al., 2010; Dong et al.,
2020; Tang et al., 2021). According to earlier research,
Ligustilide increases the permeability of the blood-brain
barrier through the HIF1a/VEGF signaling pathway,
Ligutrazine promotes peritoneal angiogenesis by modu-
lating the VEGF/HIPPO/YAP signaling pathway, and
Ferulic acid controls angiogenesis through VEGFA
(Lin et al., 2010; Wu et al., 2019; Zhu et al., 2021).
Instead of focusing on one particular process, CX may
include several active substances that work in concert to
effectively promote angiogenesis. However, the precise
processes of these active ingredients are still unclear.

Both angiogenesis, the process of creating new blood
vessels, and vascularogenesis, the process of creating
blood vessels from scratch from endothelial cells, are
essential for development and eventual physiologic bal-
ance (Apte et al., 2019). Over 25 yr ago, the vascular
endothelial growth factor A (VEGFA), a crucial compo-
nent of angiogenesis, was discovered, isolated, and cloned
(Uemura et al., 2021). Due to its crucial function in con-
trolling angiogenesis both in health and illness, VEGFA
receives the majority of attention. The VEGF signaling
pathway, however, is complex and has a number of
ligand-receptor interactions that control many activities
in various cell types in a context-dependent manner
(Uemura et al., 2021). Vascular endothelial growth factor
receptor 2 (VEGFR2) is a VEGFA receptor that is highly
homologous to VEGFA. VEGFA ligands bind to both
VEGFR1 and VEGFR2, however VEGFR2 is the main
receptor used for signaling, which promotes endothelial
cell migration, proliferation, and survival as well as
increases vascular permeability (Peach et al., 2018). Hyp-
oxia inducible factor a (HIF1a) is a key regulator of
VEGFA expression. Epidermal growth factor (EGF),
platelet-derived growth factor (PDGF) and other hyp-
oxia regulated genes, as well as HIF1a, co-ordinate
VEGFA production (Semenza, 2014).

As a result, this study examined how CX extract
affected the angiogenesis of preovulatory follicles (F1
−F3) in late-phase laying hens. Subsequently, we investi-
gated the constituents and targets of CX extract and cre-
ated a network of proteins that CX extract works on as
angiogenesis targets after detecting the active compo-
nents in CX extract using LC-MS. Finally, molecular
docking and in vivo/vitro experiments verified the key
targets of CX extract in promoting angiogenesis. Our
findings demonstrated that CX extract might enhance
the angiogenesis of preovulatory follicles in late-phase
laying hens, up-regulate the phosphorylation level of
VEGFR2 in the theca layers and FMECs, and stimulate
the secretion of VEGFA in the granulosa layers and GCs.
MATERIALS AND METHODS

Ethics Statement

Animal care in this study was performed in accor-
dance with the Animal Experiment Management Regu-
lations (Ministry of Science and Technology of China,
2004) approved by the Animal Care and Use Committee
of Northeast Agricultural University, China.
Preparation of Ethanol Extract of CX

The air-dried herbs Ligusticum chuanxiong Hort used
in this study were purchased from a Chinese herbal med-
icine company (Sichuan, China), identified by professors
from institute of Chinese Veterinary Medicine, North-
east Agricultural University. Took 100 g of dried CX
ground into powder by a herb grinder. The powder was
extracted three times with 1L of 75% ethanol. Then the
extracted solution was filtered to remove insoluble mate-
rials and freeze-dried at �50℃. The average yield of CX
was 16.8% (W/W). The freeze-dried was stored at �80°
C. Before being administered to the chicken or cells, the
extract was dissolved in distilled water or DMEM.
Animals and Treatment

A total of 50 Hy-line Brown laying hens were selected
at age of 30 wk (N = 10) and 70wk (N = 40). All chicken
were maintained in individual cages (400 mm £ 380
mm £ 360 mm), and lived in standard conditions (tem-
perature at 23 § 2℃, relative humidity at 60 § 10% and
16:8 h light/dark cycle). Water and diets were available
ad libitum. Experiments were performed after the
chicken acclimatized to laboratory conditions for one
week. The 71 wk laying hens were randomly divided into
4 groups (N = 10): control group, low concentration of
CX extract treatment group, medium concentration of
CX extract treatment group and high concentration of
CX extract treatment group. The 31 wk laying hens were
set as a positive control group (N = 10). The laying hens
in the control group and the positive control group were
provided with a normal diet for 4 wk. In addition to their
normal diet, the low, medium, and high concentration
CX extract treatment groups received 1 g/d, 2 g/d, and
4 g/d of CX extract, respectively. At 35 wk and 75 wk of
age, all chickens were euthanized 3 h after egg laying and
preovulatory follicles (F1−F3) were harvested.
LC-MS

CX extract (100 mg) were individually grounded with
liquid nitrogen and the homogenate was resuspended with
prechilled 80%methanol by well vortex. The samples were
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incubated on ice for 5 min and then were centrifuged at
15,000 g, 4°C for 20 min. Some of supernatant was diluted
to final concentration containing 53% methanol by LC-
MS grade water. The samples were subsequently trans-
ferred to a fresh Eppendorf tube and then were centrifuged
at 15,000 g, 4°C for 20 min. Finally, the supernatant was
injected into the LC-MS/MS system analysis

LC-MS/MS analyses were performed using an
ExionLC AD system (SCIEX) coupled with a QTRAP
6500+ mass spectrometer (SCIEX). Samples were
injected onto a Xselect HSS T3 (2.1 £ 150 mm, 2.5 mm)
using a 20-min linear gradient at a flow rate of
0.4 mL/min for the positive/negative polarity mode.
The eluents were eluent A (0.1% Formic acid-water)
and eluent B (0.1%Formic acid-acetonitrile). The sol-
vent gradient was set as follows: 2% B, 2 min; 2 to 100%
B, 15.0 min; 100% B, 17.0 min; 100-2% B, 17.1 min; 2%
B, 20 min. QTRAP 6500+ mass spectrometer was oper-
ated in positive polarity mode with Curtain Gas of 35
psi, Collision Gas of Medium, Ion Spray Voltage of
5,500 V, Temperature of 550°C, Ion Source Gas of 1:60,
Ion Source Gas of 2:60. QTRAP 6500+ mass spectrome-
ter was operated in negative polarity mode with Curtain
Gas of 35 psi, Collision Gas of Medium, Ion Spray Volt-
age of �4,500 V, Temperature of 550°C, Ion Source Gas
of 1:60, Ion Source Gas of 2:60.
Target Prediction

The customary SMILE formats of selected compounds
were acquired from the PubChem database (https://
pubchem.ncbi.nlm.nih.gov). The targets of active com-
pounds in CX extract were predicted by Super-PRED
(https://prediction.charite.de). Furthermore, signifi-
cant targets of angiogenesis were obtained from Gene-
Cards (https://www.genecards.org). Intersection of the
targets which were predicted by Super-PRED and the
targets of angiogenesis were took. Used Uniprot
(https://www.uniprot.org/) to convert overlapping tar-
gets into UniProt ID. The protein-protein interaction
(PPI) analysis was performed by STRING (https://cn.
string-db.org/) and the combined score was greater
than or equal to 0.7. Cytoscape 3.9.1 was used to visual-
ize the network of overlapping targets.
GO and KEGG Pathway Enrichment Analysis

The targets were imported into Metascape (https://meta
scape.org/gp/index.html#/main/step1) to perform Gene
Ontology (GO) enrichment analysis and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway enrichment
analysis. GO Molecular Functions, GO Biological Processes
and GO Cellular Components were downloaded. The
results were presented as bar plot and bubble plot.
Molecular Docking

Three-D structure of compounds downloaded from
PubChem. The initial 3-dimensional geometric
coordinates of the X-ray crystal structure were down-
loaded from the Protein Databank (https://www.rcsb.
org/). Perform the molecular docking with AutoDock
Vina. The protein-ligand interaction with the highest
score was selected to analyze the results using PyMol and
Discovery Studio.
Isolation and Culture of FMECs and GCs

We have successfully isolated primary GCs and
FMECs from chicken preovulatory follicles according to
the previously described methods (Chen et al., 2022a).
Briefly, hens aged 30 wk which laying rate was more than
90% were used in this study. Hens were euthanized, pre-
ovulatory follicles (F1−F3) were moved out. A scalpel
was used to release the yolk, and then separate granulosa
layers and theca layers. The granulosa layers were put
into 1 mg/mL type II collagen (Solarbio, Beijing, China)
and digested at 37°C water bath for 8 min. M199
(HyClone, Logan, UT) was supplemented with 10% FBS
(Clark Bioscience, Virginia) was added, filtered through
nylon mesh (70 mm) and then centrifuged. The pellet was
resuspended in M199 (containing 10%FBS and 1% peni-
cillin-streptomycin) and the granulosa cells were cultured
at 37℃ under 5% CO2. Theca layers were digested in
DPBS containing 1 mg/ mL type I collagenase (Solarbio,
Beijing, China), 0.4 mg/mL DNase (Solarbio, Beijing,
China) and 0.1% BSA (Solarbio, Beijing, China) at 37°C
water bath for 60 min. DMEM (HyClone, Logan, UT)
was supplemented with 10% FBS was added, filtered
through nylon mesh (70 mm) and then centrifuged.
Meanwhile, precooled 35% Percoll (Solarbio, Beijing,
China) was centrifuged at 30,000 g at 4℃ for 15min. The
pellet was resuspended in DMEM and tiled on the centri-
fuged Percoll. After centrifuging for 15 min at 400 g in a
vertical centrifuge, the solution was divided into 3 layers.
Cells in the middle layer (a density of 1.033−1.047 g/
mL) were absorbed into a 15mL centrifuge tube, and cen-
trifuged. The pellet was resuspended in DMEM (contain-
ing 10%FBS, 50 mg/mL ECGs [Sigma-Aldrich, St. Louis]
and 1% penicillin-streptomycin [Sigma-Aldrich, St.
Louis]) and follicle microvascular endothelial-like cells
were cultured at 37℃ under 5% CO2. The third to sixth
generations of FMECs were used for experiments.
Cells Activity Assay

FMECs and GCs cells were cultured in 96-well plates
treated with different concentrations (25, 50, 100, 200,
400 mg/mL) of CX for 24 h or 48 h. Removed the
medium and cck-8 (Solarbio, Beijing, China) was added
to each well and incubated for 2 h at 37℃. Used full
wavelength microplate reader (Bio Tek, Vermont) mea-
sure the absorbance at 450 nm.
Morphological Observation

As previously (Chen et al., 2022b), preovulatory fol-
licles were fixed in 4% paraformaldehyde for 24 h at 4℃.
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The paraffin sections were prepared and then H.E. stain-
ing were carried out. H.E. sections of preovulatory fol-
licles were observed using upright light microscope and
imaged by Nikon imaging workstation (Nikon, Tokyo,
Japan).
Immunofluorescence

FMECs and GCs were fixed with 4% paraformaldehyde,
permeabilized with 0.25% tritonX-100. After blocking with
FBS, cells were incubated with primary antibodies, Alexa
Fluor 594 (red) or Alexa Fluor 488 (green) (ABclonal,
Wuhan, China) conjugated second antibodies and DAPI
(blue) (Solarbio, Beijing, China). Paraffin-embedded pre-
ovulatory follicles were sectioned, dewaxed, antigen repair
and incubated with primary antibodies, Alexa Fluor 594
(red) or Alexa Fluor 488 (green) conjugated second anti-
bodies and DAPI (blue). Images were acquired using fluo-
rescence microscopy (Nikon, Tokyo, Japan). The primary
antibodies in IF are as follows: CD31 (1:100), VEGFA
(1:100), VEGFR2 (1:100), P-VEGFR2 (1:100), HIF1-a
(1:100) (ABclonal,Wuhan, China).
ELISA

The GCs (5 £ 105 cells/mL) treated with different
concentrations of CX (100 and 200 mg/mL) were seeded
in plates for 48 h at 37℃. Cell media were harvested in
sterile tubes and centrifuged (12,000 rpm, 10 min, 4℃)
to obtain the supernatants. VEGFA ELISA kit was pur-
chased from Nanjing Jiancheng Bioengineering Institute
(Jiancheng, Nanjing, China). The target protein concen-
trations were detected by the method consistent with
the manufacturer’s instructions.
Western Blot

Preovulatory follicles, FMECs and GCs were lysed in
RIPA lysis buffer containing combined protease and
phosphatase inhibitors to extract total proteins. The
content of proteins was determined using BCA kit
(Solarbio, Beijing, China). All the samples were resolved
on SDS-PAGE of gradient concentration and trans-
ferred to polyvinylidene difluoride membranes. After
blocking, membranes were incubated with primary anti-
bodies for the detection of CD31 (1:1000), VEGFA
(1:500), VEGFR2 (1:1000), P-VEGFR2 (1:500), HIF1-a
(1:1000), p-PI3K (1:500), PI3K (1:1000), p-AKT
(1:500), AKT (1:1000), p-MTOR (1:500), MTOR
(1:500), p-P70S6K (1:500), P70S6K (1:500), RAS
(1:500), RAF (1:500), p-MEK (1:500), MEK (1:500), p-
ERK (1:500), ERK (1:500), MMP2 (1:500), MMP9
(5:100), and b-actin (1:1000) and secondary antibodies
(ABclonal, Wuhan, China). Protein bands were visual-
ized with chemiluminescent system (Tanon, Shanghai,
China) and quantified by Image J software.
Wound Healing Assay

Full confluency of the 5 £ 105 cells/mL FMECs was
achieved in the 6-well plate and began to scratch. After
using a sterile pipette tip scratch, cell debris were
removed with PBS. The medium was added with differ-
ent CX concentrations (100 and 200 mg/mL). After cul-
tured in 37℃ for 6 h and 12 h, images were taken under
a microscope (Nikon, Tokyo, Japan).
Transwell Invasion Assay

The Matrigel (Corning, Bedford) was spread over
8mm pore size polycarbonate filter with a diameter of 24
wells (Corning, Bedford). ECG medium was added into
the lower compartment. The FMECs (2 £ 105 cells/mL)
were cultured in the medium with different concentra-
tions of CX (100 and 200 mg/mL) for 24 h. We fixed
FMECs podocytes in 4% paraformaldehyde, stained
with 0.1% crystal violet, and then permeabilized them.
Finally, a microscope was used to take pictures and ana-
lyzed by Image J.
Tube Formation Assay

The Matrigel was spread over 48 wells in advance and
cultured in 37℃ for 30 min. The first experiment,
FMECs (2£ 105 cells/mL) that treated by different con-
centrations of CX (100 and 200 mg/mL) were seeded in
Matrigel pretreated plates and cultured at 37℃ for 6 h.
The second experiment, GCs (5 £ 105 cells/mL) which
treated with different concentrations of CX (100 and
200 mg/mL) were seeded in plates for 48 h at 37℃.
Absorb GCs medicated medium and add them into
FMECs which were seeded in Matrigel pretreated plates.
The plates were cultured at 37℃ for 6 h. The tube for-
mation state was observed by a microscope and analyzed
by Image J.
Statistical Analysis

The data were analyzed and visualized using Graph-
Pad Prism (version 8, San Diego). The values were pre-
sented as mean § S.E.M. Comparisons among the
groups were evaluated using one way ANOVA with
Tukey test. P value < 0.05 was considered statistically
significance of difference.
RESULTS

LC-MS

As shown in Figure 1A and 1,B, 12 compounds were
characterized by LC/MS, including 1 Ligustrazine (m/
z = 136.19; rt = 0.88 min), 2 D-Arabitol (m/z = 152.15;
rt = 0.926 min), 3 Isoleucine (m/z = 13.17; rt = 2.11
min), 4 Folic acid (m/z = 441.4; rt = 5.117 min), 5 Caf-
feic acid (m/z = 180.16; rt = 5.801 min), 6 Sodium feru-
late (m/z = 216.17; rt = 6.81 min), 7 Ferulic acid (m/
z=194.19; rt = 6.881 min), 8 Isochlorogenic acid A (m/



Figure 1. Compounds characterization of CX extract and dose-dependent effects of CX extract on angiogenesis of preovulatory follicles. Based
peak intensity chromatograms of CX extract acquired by LC-MS, (A) positive mode and negative (B). (C) Blood vessel was observed on surface of
preovulatory follicles (F1−F3) after CX extract treated. (D) Number of follicles in each group after treatment with CX extract. (E) HE staining to
detect the granulosa layers thickness after CX extract treated. Scale bar = 100mm. (F) Histogram of granulosa layer thickness ratio. (G) Elisa analy-
sis of VEGFA concentration in granulosa layer (F1−F3) after treatment by CX extract. Immunofluorescence staining of CD31 in CX extract-treated
preovulatory follicles, (H) F1, (I) F2, and (J) F3. Scale bar = 100mm. 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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z = 516.45;rt = 6.912 min), 9 Isovanillin (m/z = 152.15;
rt = 7.676 min), 10 Senkyunolide A (m/z = 192.25;
rt = 10.97 min), 11 Ligustilide (m/z = 190.23;
rt = 11.86 min), 12 Levistilide A (m/z = 380.48;
rt = 13.75 min). The CX extract indicated that the sam-
ple used in this experiment contained the active ingre-
dients described in previous research (Li et al., 2021).
CX Extract Promotes Angiogenesis in
Preovulatory Follicles of Late-phase Laying
Hens

We investigated angiogenesis in preovulatory follicles
of CX extra at different doses in 35 wk and 75 wk laying
hens in vivo. As Figure 1C shown, the preovulatory fol-
licles (F1−F3) of 35 wk laying hens had a large number
of blood vessels distributed on the surface. However,
there were a few blood vessels distributed on F1 to F3 in
75 wk late-phase laying hens. After feeding CX extract
for 4 wk, the blood vessels were distributed on the sur-
face of F1 to F3 in groups 75 wk + L, 75 wk + M and 75
wk + H was more than in group 75 wk. And we found
that the number of follicles in groups 75 wk + L, 75
wk + M, and 75 wk + H was more than that in group 75
wk (Figure 1D). We used histopathological methods to
explore the effects of CX extract on preovulatory follicles
with angiogenesis (Figure 1E, F). HE staining showed
that the granulosa layers of F1 to F3 at 35 wk were
thicker than those at 75 wk (P < 0.001) and the granu-
losa cells were closely arranged. Compared with 75 wk,
the granulosa layer in treatment groups had different
degrees of thickening (P < 0.05, P < 0.01, and P <
0.001). Therefore, we quantitatively determined the
degree of concentration of VEGFA in granulosa layer by
Elisa (Figure 1G). Elisa showed that, concentration of
VEGFA in granulosa layer of F1 to F3 at 35 wk was
higher expression than that at 75 wk (P < 0.01 and P <
0.001). Compared with 75 wk, concentration of VEGFA
in treatment groups had higher expression (P < 0.05, P
< 0.01, and P < 0.001). The CD31 protein is a blood ves-
sel maker. From IF staining (Figure 1H−J), CD31 was
mainly located in theca layers. As IF staining showed,
the expression of CD31in F1 to F3 at 35 wk groups was
higher than that at 75 wk. After CX extract administra-
tion, the expression levels of CD31 were up-regulated in
F1 to F3 treatment groups.
Network Pharmacology Analysis

The structural formulas of the twelve components val-
idated by LC-MS are shown in Figure S1. Their pre-
dicted targets added up to 191 by employing Super-
PRED. Intersecting 191 prediction targets with 1,263
angiogenesis targets, 51 targets were obtained. There-
fore, 12 ingredients of CX extract and 51 angiogenesis
targets were used for further analysis. The PPI data ana-
lyzed via String was imported to Cytoscape to perform
network analysis, and the size of the nodes was propor-
tional to the degree of centrality obtained from topology
analysis (Figure 2A). Topology analysis indicated that



Figure 2. Network pharmacology analysis of twelve validated constituents of CX extract. (A) PPI results. (B) GO enrichment results. (C)
KEGG pathway enrichment results. (D) Component-target-pathway network of CX extract in effect in angiogenesis.
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STAT3, PIK3R1, PTPN11, KDR (VEGFR2), PIK3CA,
ESR1, ERBB2, ITGB1, MTOR, MAPK1, CCND1,
HDAC2, STAT1, HIF1a, PIK3CD were the top 15
shared targets from the perspective of degree centrality.
GO analysis in Metascape was performed to further
investigate the biological functions of CX extract on
angiogenesis. GO enrichment analysis indicated that
these targets primarily existed in receptor complex,
transferase complex, transferring phosphorus-containing
groups, perinuclear region of cytoplasm, transcription
regulator complex, cell-cell junction and were involved
in positive regulation of protein phosphorylation, regula-
tion of kinase activity, angiogenesis and other biological
processes. The principal molecular functions of CX
extract that promoted angiogenesis were molecular adap-
tor activity, peptide binding, protein-macromolecule
adaptor activity, kinase regulator activity (Figure 2B).
To further prove the mechanism of CX extract promoting
angiogenesis, KEGG pathway enrichment analysis was
conducted on the targets by ClusterProfiler package. As
Figure 2C shows, the key pathways associated with
angiogenesis were PI3K-AKT signaling pathway, Ras sig-
naling pathway, HIF-1a signaling pathway, JAK-STAT
signaling pathway and VEGF signaling pathway. We
constructed a network of components, targets and
enriched KEGG pathways (Figure 2D). The network
clarifies that a component can act on multiple pathways
or multiple targets, and a target may be related to multi-
ple pathways or multiple components.
Molecular Docking Verification

We analyzed the potential molecular mechanisms of
the CX extract active components in angiogenesis using
bioinformatics (Figure 3). Through target prediction
analysis, possible targets for the compounds were
obtained. We determined that HIF1a and VEGFR2 pro-
teins might be potential targets of CX extract active
components, and the components might promote angio-
genesis. Multiple amino acid residues in HIF1a protein
interact with active components: the interaction energy
of Caffeic acid and HIF1a protein was �6.1 kcal/mol,
the interaction energy of Ferulic acid and HIF1a protein
was �6.2 kcal/mol, the interaction energy of Ligustilide
and HIF1a protein was �7.2 kcal/mol, the interaction



Figure 3. Demonstration of molecular docking of drugs and genes. (A)Demonstration of molecular docking of Caffeic acid and HIF1a. (B) Dem-
onstration of molecular docking of Caffeic acid and VEGFR2. (C) Demonstration of molecular docking of Ferulic acid and HIF1a. (D) Demonstra-
tion of molecular docking of Ferulic acid and VEGFR2. (E) Demonstration of molecular docking of Ligustilide and HIF1a. (F) Demonstration of
molecular docking of Ligustilide and VEGFR2. (G) Demonstration of molecular docking of Senkyunolide A and HIF1a. (H) Demonstration of
molecular docking of Senkyunolide A and HIF1a.
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energy of Senkyunolide A and HIF1a protein was
�7.2 kcal/mol. Multiple amino acid residues in
VEGFR2 protein interact with active components: the
interaction energy of Caffeic acid and VEGFR2 protein
was �7.5 kcal/mol, the interaction energy of Ferulic
acid and VEGFR2 protein was �7.8 kcal/mol, the inter-
action energy of Ligustilide and VEGFR2 protein was
�8.0 kcal/mol, the interaction energy of Senkyunolide A
and VEGFR2 protein was �7.7 kcal/mol.
CX Extract Promotes VEGFR2 Protein
Phosphorylation in Theca Layers of
Preovulatory Follicles

VEGFR2 is a receptor that could bind to VEGFA.
Increased expression of phosphorylated VEGFR2 can
promote angiogenesis. The expression of VEGFR2 in
theca layers of preovulatory follicles (F1−F3) was
detected by western blot. The results showed that the
phosphorylation levels of VEGFR2 in the F1 to F3 theca
layers at 35 wk were higher expression than those at 75
wk (P < 0.001). CX extract significantly increased the
phosphorylation levels of VEGFR2 in the F1 to F3 theca
layers at treatment groups compared to 75 wk (P < 0.05,
P < 0.01, and P < 0.001) (Figure 4A−C). We measured
the expression of CD31 in the F1 to F3 theca layers. The
results showed that the levels of the protein levels of
CD31 in the F1 to F3 theca layers at 35 wk were higher
expression than those at 75 wk (P < 0.001). Compared
with 75 wk, CX extract significantly increased the levels
of VEGFR2 in F1 to F3 theca layers at treatment
groups (P < 0.05, P < 0.01, and P < 0.001). As shown in
Figure 4 D, E, and F, IF results show that the phosphor-
ylation levels of VEGFR2 in F1 to F3 theca layers at 35
wk were higher expression than those at 75 wk. The
phosphorylation levels of VEGFR2 in groups 75 wk + L,
75 wk + M, and 75 wk + H were up-regulated more than
in group 75 wk. Furthermore, the expression levels of
VEGFR2 did not increase significantly in each group
(Figure 4G−I).
CX Extract Promotes HIF1a and VEGF
Protein Expression in Granulosa Layers of
Preovulatory Follicles

VEGFA plays a role in promoting angiogenesis.
HIF1a is a transcription factor induced by hypoxia and
a potent inducer of VEGFA. The expression of HIF1a
and VEGFA in granulosa layers of preovulatory follicles
(F1−F3) were detected by Western blot. The protein
levels of VEGFA and HIF1a in F1 to F3 granulosa
layers at 35 wk were higher expressed than those at 75
wk (P < 0.001). CX extract significantly up-regulated
the protein levels of HIF1a and VEGFA in F1 to F3



Figure 4. Dose-dependent effects of CX extract on theca layers in preovulatory follicles of late-phase laying hens. (A), (B), and (C) Western blot
to detect the expression of P-VEGFR2, VEGFR2 and CD31 in F1 (A), F2 (B) and F3 (C) theca layers after CX extract treated, quantified according
to the western blot. b-actin was included as a loading control. (D), (E), and (F) Immunofluorescence staining of P-VEGFR2 in CX extract-treated
F1 (D), F2 (E), and F3 (F). Scale bar = 100 mm. (G), (H), and (I) Immunofluorescence staining of VEGFR2 in CX extract-treated F1 (G), F2 (H),
and F3 (I). Scale bar = 100 mm. All experiments were performed in triplicate, and the data are the mean § S.E.M (*P < 0.05, **P < 0.01, ***P <
0.001).

8 CHEN ET AL.
granulosa layers at CX extract treatment groups com-
pared to 75 wk (P < 0.05, P < 0.01, and P < 0.001)
(Figure 5A−C). As shown in Figure 5D−F, IF results
show that HIF1a is mainly expressed in granulosa
layers. The protein levels of HIF1a in F1 to F3 granulosa
layers at 35 wk were higher expressed than those at 75
wk, and the protein levels of HIF1a in groups 75
wk + L, 75 wk + M, and 75 wk + H were up-regulated
compared to group 75 wk. As the IF results showed that
the protein levels of VEGFA in F1 to F3 granulosa
layers at 35 wk were higher expressed than those at 75
wk, and the protein levels of VEGFA in groups 75
wk + L, 75 wk + M, and 75 wk + H were up-regulated
compared to those in group 75 wk (Figure 5G−I).
Effects of CX Extract on PI3K/AKT and RAS/
ERK Signaling Pathway in FMECs

In order to clarify the mechanism of CX extract pro-
moting angiogenesis in preovulatory follicles, we isolated
FMECs from the theca layers. Cck-8 was used to detect
the effect of CX extract on the proliferation of FMECs.
As the results were shown in Figure S2 A, FMECs prolif-
erated most at 100 and 200 mg/mL concentrations of CX
extract. PI3K/AKT and RAS/RAF signaling pathways
are associated with cell proliferation, migration and
angiogenesis. As shown in Figure 6A, western blot
results showed that CX extract could effectively activate
the phosphorylation levels of PI3K, AKT, MTOR, and
P70S6K in FMECs (P < 0.05, P < 0.01, and P < 0.001).
Compared with the control group, CX extract signifi-
cantly up-regulated the protein levels of RAS and RAF
and increased the phosphorylation levels of MEK and
ERK in FMECs (P < 0.05, P < 0.01, and P < 0.001)
(Figure 6B). As shown in Figure 6C, the phosphoryla-
tion levels of VEGFR2 in FMECs after CX extract
treatment were higher than in the control group (P <
0.05, P < 0.001). FMECs invasion metastasis is due to
the hydrolysis of secretion of MMPs. Western blot was
used to detect MMP2 and MMP9 protein levels
(Figure 6D). Compared with the control group, CX
extract significantly up-regulated the protein level of
MMP2 and MMP9 (P < 0.05, P < 0.01). As IF staining
showed, the phosphorylation levels of VEGFR2 in
FMECs were higher than those in the control group,
and the protein levels of VEGFR2 had no significant dif-
ference from those groups (Figure 6E, F).
CX Extract Promotes FMECs Invasion,
Migration, and Tube Forming

Transwell invasion, wound healing, and tube forming
experiments were used to determine the effect of CX
extract on the ability of invasion, migration and



Figure 5. Dose-dependent effects of CX extract on granulosa layer in preovulatory follicles of late-phase laying hens. (A), (B), and (C) Western
blot to detect the expression of HIF1a and VEGFA in F1 (A), F2 (B), and F3 (C) granulosa layers after CX extract treated, quantified according to
the western blot. b-actin was included as a loading control. (D), (E), and (F) Immunofluorescence staining of HIF1a in CX extract-treated F1 (D),
F2 (E), and F3 (F). Scale bar = 100 mm. The white arrows refer to granulosa layers. (G), (H), and (I) Immunofluorescence staining of VEGFA in
CX extract-treated F1 (G), F2 (H), and F3 (I). Scale bar = 100 mm. The white arrows refer to granulosa layers. 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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vascular formation in FMECs. As Figure 7A and B
shown, compared with the control group, the invasion
ability of FMECs treated with CX extract was signifi-
cantly enhanced (P < 0.05, P < 0.01). The effect of CX
extract on the migration of FMECs was detected by the
wound healing assay (Figure 7C, and D). The migration
distances in the CX extract treated groups were
increased obviously than those in the control group at 6
h (P < 0.001). In particular, FMECs at 200 mg/ mL con-
centrations of CX extract had already overgrown in the
“wound” at 12 h. Matrigel was used to simulate the envi-
ronment of blood vessel formation in vivo (Figure 7E
and F). Compared with the control group, the number
of master junctions and total length increased signifi-
cantly in the CX extract treated groups (P < 0.05, P <
0.01). The results showed that CX extract treated
groups observed a better capillary network.
CX Extract Promotes Expression of VEGFA
in GCs through PI3K/AKT and RAS/ERK
Signaling Pathway

In this study, we isolated GCs from the granulosa
layer. GCs in preovulatory follicles simulate HIF1a
expression through the conduction of signal pathways,
promote the secretion of VEGFA, and thus promote
angiogenesis in preovulatory follicles. The PI3K/AKT
and RAS/ERK signaling pathways are effective signal
pathways to activate HIF1a expression. As the results
are shown in Figure S2 B, GCs proliferated most at 100
and 200 mg/mL concentrations of CX extract. As shown
in Figure 8A, western blot result showed that CX
extract could effectively activate the phosphorylation
levels of PI3K, AKT, MTOR and P70S6K in GCs (P <
0.05, P < 0.01, and P < 0.001). Compared with the con-
trol group, CX extract significantly up-regulated the
protein levels of RAS and RAF and increased the phos-
phorylation levels of MEK and ERK in GCs in CX
extract treatment groups (P < 0.05, P < 0.01, and P <
0.001) (Figure 8B). The results show that the protein
level of HIF1a and VEGFA increased significantly in
GCs treated by CX extract (P < 0.05, P < 0.001)
(Figure 8C). We performed IF experiments in order to
prove that CX extract promotes the expression of
HIF1a and VEGFA. As shown in Figure 8D and E, the
protein HIF1a and VEGFA were expressed in the
nucleus of GCs. CX extract increased HIF1a and
VEGFA expression in 100 and 200 mg/mL CX extract
treatment groups. In this study, we used Elisa to prove
that CX extract promotes the secretion of VEGFA in
GCs. As the results showed, the GCs of CX treated
groups secreted more VEGFA in medium than those in
the control group (P < 0.05) (Figure 8F). To further



Figure 6. Effect of CX extract on PI3K/AKT and RAS/ERK signaling pathway, and MMPs proteins levels in FMECs. (A) Western blot to
detect the expression of PI3K/AKT signaling pathway in FMECs after CX extract treated, quantified according to the western blot. b-actin was
included as a loading control. (B) Western blot to detect the expression of RAS/ERK signaling pathway in FMECs after CX extract treated, quanti-
fied according to the western blot. b-actin was included as a loading control. (C) Western blot to detect the expression of P-VEGFR2 and VEGFR2
in FMECs after CX extract treated, quantified according to the western blot. b-actin was included as a loading control. (D) Western blot to detect
the expression of MMP2 and MMP9 in FMECs after CX extract treated, quantified according to the western blot. b-actin was included as a loading
control. (E) Immunofluorescence staining of P-VEGFR2 in CX extract-treated FMECs. Scale bar = 100mm. (F) Immunofluorescence staining of
VEGFR2 in CX extract-treated FMECs. Scale bar = 100mm. 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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prove the connection between GCs and FMECs, we
added the medium (control groups of GCs and CX
treated groups of GCs) to FMECs, respectively, and
then FMECs were seeded in Matrigel. Compared with
the control group, the number of master junctions and
total length increased significantly in the CX extract
treated groups (P < 0.05, P < 0.01) (Figure 8G).
DISCUSSION

The organism vascular system, with the exception of
wound healing and some pathological processes, such as
neoplasia, is often dormant. This is not the situation in
the ovary, where the growth of follicles, ovulation, and
the subsequent creation of the corpus luteum are marked
by strong angiogenesis and enhanced blood vessel perme-
ability Fraser and Duncan (2005). The ovary is an
uncommon and very important tissue for research on
the physiological and pathological regulation of blood
vessel growth since it is practically certain that various
types of ovarian dysfunction are linked to anomalies in
the angiogenic process (Di Pietro et al., 2018; He et al.,
2018; Zhou et al., 2021). The vascular network of the
preovulatory follicle is extensive. The discovery of
endothelial cells in ovarian sections, however, demon-
strates that primordial follicles lack a separate vascular
supply (Shimizu et al., 2012). Therefore, to support the
rapidly growing follicle, angiogenesis must continue and
a capillary network must be developed. It is crucial to
maintain an abundant vascular network in preovulatory
follicles since commercial laying chickens can lay more
than 320 eggs each year (Kim et al., 2016). An abundant
vascular network is convenient for uptake of large
amounts of vitellogenin and very-low-density lipoprotein
(VLDL) in laying hens. In this study, we provided CX
extract to late-phase laying hens, and the results demon-
strated that CX extract might stimulate preovulatory
follicle angiogenesis in vivo (Figure 1C). CD31 is a spe-
cific marker of blood vessels. Through IF staining, we
found that the expression of CD31 in preovulatory fol-
licles increased significantly in the CX treatment group
(Figure 1H−J). We used LC-MS to identify the CX
extract’s constituent parts, and network pharmacology
to assess the parts and predicted targets in order to fur-
ther investigate the impact of CX extract on the angio-
genesis of preovulatory follicles in late-phase laying hens.
CX may now be shown to have certain effects on hem-

orheology, hemodynamics, platelet functions, microcir-
culation functions, dilation of blood vessels and



Figure 8. Effect of CX extract on PI3K/AKT and RAS/ERK signaling pathway, HIF1a and VEGFA proteins levels in GCs. (A) Western blot
to detect the expression of PI3K/AKT signaling pathway in GCs after CX extract treated, quantified according to the western blot. b-actin was
included as a loading control. (B) Western blot to detect the expression of RAS/ERK signaling pathway in GCs after CX extract treated, quantified
according to the western blot. b-actin was included as a loading control. (C) Western blot to detect the expression of HIF1a and VEGFA in GCs
after CX extract treated, quantified according to the western blot. b-actin was included as a loading control. (D) Immunofluorescence staining of
HIF1a in CX extract-treated GCs. Scale bar = 100mm. (E) Immunofluorescence staining of VEGFA in CX extract-treated GCs. Scale
bar = 100mm. (F) Elisa to detect the concentration of VEGFA in GCs medium (pg/mL) after CX extract treated. (G) Photographs of capillary-like
structures in different groups of FMECs after the addition of GCs mediums (CX extract treated) were shown. Image J software is used to measure
the capillary network. Histograms, respectively, on behalf of the number of master junctions and total length. Scale bar = 100 mm. All experiments
were performed in triplicate, and the data are the mean § S.E.M (*P < 0.05, **P < 0.01, ***P < 0.001).

Figure 7. Effect of CX extract on invasion, migration and tube form ability of FMECs. (A and B) FMECs treated with CX extract were seeded
in Transwell chamber, ECG medium was added in the lower chamber, and the number of cells passing through Transwell chamber was calculated
after incubation for 24 h. Scale bar = 100mm. (C and D) Cells migration ability of different groups were measured by wound healing. Photographs
from 0 h to 6 h and 12 h of the scratch were taken to measure the percentage of cell migration. Scale bar = 100mm. (E and F) Photographs of capil-
lary-like structures in different groups of cells after the addition of CX extract were shown. Image J software is used to measure the capillary net-
work. Histograms, respectively, on behalf of the number of master junctions and total length. Scale bar = 100 mm. 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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angiogenesis, according to research findings (Zhou et al.,
2016; Wang et al., 2011; Chen et al., 2020; Yang et al.,
2020; Yang et al., 2021). CX is a natural plant that has
intricate chemical constituents. More than 170 chemi-
cals have been identified from CX since the 1970s
(Pu et al., 2022). Modern separation technology has
advanced, and it is now commonly accepted that one
piece of material cannot adequately represent the qual-
ity of a CX. By using HPLC-UV technology, Yan et al.
confirmed 12 components of CX, including Ligustrazine,
Isoleucine, Caffeic acid, Ferulic acid, Isovanillin, Sen-
kyunolide A, Ligustilide, Levistilide A (Yan et al.,
2005). Ligustrazine has been demonstrated to promote
peritoneal angiogenesis via modulating the VEGF/
HIPPO/YAP signaling pathway (Zhu et al., 2021),
while Ferulic acid does the same through VEGFA,
PDGF, and HIF1a enhanced angiogenesis (Lin et al.,
2010). Ligustilide protects by enhancing angiogenesis
following cerebral ischemia (Ren et al., 2020), and Caf-
feic acid helps arthritis while also stimulating angiogene-
sis (Fikry et al., 2019). It is challenging to fully define
CX’s potential mode of action because it includes a
range of effective compounds that might promote angio-
genesis. By combining the prediction targets of each
compound with the targets of angiogenesis using net-
work pharmacology, we are able to identify the effective
CX components that support angiogenesis and identify
their probable mechanisms (Shi et al., 2019). The find-
ings of our research demonstrated that all of the chosen
gene targets were associated with angiogenesis, and
VEGFR2 (KDR) and HIF1a were related to angiogene-
sis. According to the results of the go enrichment analy-
sis, angiogenesis was connected to a number of biological
processes, cellular elements, molecular activities, and
signal pathways. In order to further explore the effect of
CX on the angiogenesis of preovulatory follicles, we con-
ducted a series of experiments in vivo and in vitro com-
bined with the results of network pharmacology.

The preovulatory follicle theca layer, which is sepa-
rated from the avascular granulosa layer by a specialized
basement membrane, is where the capillary network
develops. Endothelial cells from the blood vessels in the
nearby ovarian stroma are recruited to the theca layer
as the preovulatory follicles continue to develop. In the
theca layer, endothelial cells make up half of the prolifer-
ating cells (Wulff et al., 2001; Kim et al., 2016). Numer-
ous regulatory molecules interact in a complicated way
throughout this process, with the VEGF family playing
a prominent role. VEGF was initially identified as a vas-
cular permeability factor when it was found
(Dvorak, 2002). VEGFR1 (Flt-1) and VEGFR-2 are
two tyrosine kinase receptors that VEGF acts on to
stimulate the proliferation of vascular endothelial cells
(Simons et al., 2016). In contrast to the theca layer,
where angiogenesis occurs, VEGF is mostly synthesized
in the latter stages of preovulatory follicles development
in the avascular granulosa layer (Taylor et al., 2004).
The VEGF receptors are expressed in endothelial cells of
theca layers. HIF1a has a significant role as a transcrip-
tional regulator of VEGFA in many tissues and
physiological settings (Semenza, 2014). Although hyp-
oxia is typically thought of as the primary regulator of
HIF1 activity, it can also be regulated by processes that
are not dependent on oxygen (Hudson et al., 2002; Ke
and Costa (2006)). In fact, it has been demonstrated
that both in vivo and in vitro, HIF1a is necessary for LH
regulated VEGFA expression (van den Driesche et al.,
2008; Kim et al., 2009; Rico et al., 2014). In this study,
we used western blot, IF and Elisa to prove that CX
extract can increase the phosphorylation of VEGFR2
and the expression of CD31 in the preovulatory follicles
theca layer of late-phase laying hens and promote the
expression of HIF1 and VEGFA in the granulosa layer.
Finally, it effectively promotes angiogenesis in preovula-
tory follicles (F1−F3).
A crucial regulator of angiogenesis is PI3K Claesson-

Welsh and Welsh (2013). VEGFA activates PI3K via
multiple pathways, including FAK (Sun et al., 2019),
SHB (Holmqvist et al., 2004), GAB1 (Dance et al.,
2006), IQGAP1 (Meyer et al., 2008), and direct PI3K
binding to pY1175 in VEGFR2 (Dayanir et al., 2001).
In the PI3K downstream signaling pathway, AKT plays
a significant role in the biology of VEGF regulated endo-
thelial cells. There are three different isoforms of AKT
that are present in endothelial cells and are activated by
PI3K through PDK1 and MTORC2 (Ackah et al., 2005;
Suzuki et al., 2007). Through endothelial cells tubule
formation in vitro, survival, proliferation, vascular per-
meability, and the production and release of MMPs,
active PI3K and AKT have been related to angiogenesis
van Hinsbergh and Koolwijk (2008). The ERK pathway
plays a crucial role in controlling cell development by
relaying extracellular signals from ligand-bound cell sur-
face tyrosine kinase receptors like VEGFR2 and trans-
mitting them to the nucleus via a cascade of specialized
phosphorylation events beginning with RAS activation
(Sridhar et al., 2005). In this study, we first isolated
FMECs from the theca layers of preovulatory follicles
and discovered that CX extract could promote VEGFR2
phosphorylation and the expression of MMP2 and
MMP9 in FMECs, as well as promote FMECs prolifera-
tion, invasion, migration, and tubule formation in vitro
by activating the PI3K/AKT and RAS/ERK signaling
pathways. Previous studies have demonstrated that ele-
vated HIF1a activity can control VEGFA expression in
GCs (Alam et al., 2009; Rico et al., 2014). HIF1a tends
to accumulate in cells in nonhypoxic circumstances as a
result of growth factors, cytokines, and other signaling
molecules Masoud and Li (2015). Through the down-
stream component MTOR and AKT, PI3K controls pro-
tein synthesis. MTOR promotes the P70S6K
phosphorylation and induces HIF1a translation
(Gingras et al., 2001). Certain growth factors activate
RAS which in turn stimulates the RAS/RAF/MEK/
ERK kinase cascade (Semenza, 2002). Activated ERK
phosphorylates 4E-BP1, P70S6K, and MNK. The
enhanced rate of mRNA translation into HIF-1 protein
is the end effect of these signaling processes (Sang et al.,
2003). Our results demonstrated that CX extract might
stimulate the PI3K and RAS downstream proteins,



Figure 9. CX extract promotes angiogenesis of preovulatory follicles by up-regulation the expression of HIF1a and VEGFA in granulosa layers
and VEGFR2 in theca layers.
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consequently boosting HIF1a protein production and
VEGFA secretion in GCs.
CONCLUSION

In conclusion, CX extract can increase the angiogenesis
of preovulatory follicles (F1−F3) of late-phase laying
hens. We verified that CX extract could promote
VEGFR2 phosphorylation in preovulatory follicles theca
layers and VEGFA secretion in granulosa layers of late-
phase laying hens. The experimental results in vitro dem-
onstrated that CX extract could up-regulate the phos-
phorylation level of VEGFR2 in FMECs and promote
the proliferation, invasion and migration through PI3K/
AKT and RAS/ERK signaling pathways. Moreover, CX
extract could up-regulate the expression of HIF1a in GCs
through PI3K/AKT and RAS/ERK signaling pathways,
thereby promoting the secretion of VEGFA (Figure 9).
Our research deeply discussed the effects and mechanism
of CX extract on the angiogenesis of preovulatory follicles
in late-phase laying hens and provided some insights on
the mechanism of synergistic effect of CX components on
multiple targets, setting the stage for the design of func-
tional animal feed for late-phase laying hens.
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