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Yijing Decoction improves premature ovarian
failure in rats by activating VEGF/VEGFR-2/FAK
pathway

Ranran Gao'", Yeke Wu?", Yugin Tang?®, Keming Wu* and Baojun Guo'”

Abstract

Background Premature ovarian failure (POF) is defined as amenorrhea that occurs before the age of 40 when the
ovaries weaken or even fail. This disease seriously affects a woman'’s future health and fertility.

Methods Potential targets of Yijing Decoction (YJD) and POF were predicted by web-based pharmacology-related
databases. The POF rat models and human ovarian granulosa cells injury models were induced by triptolide. In
addition, the estrous cycle of the rats was monitored by vaginal smear and the ovarian tissue morphology was
stained by HE staining. Immunohistochemistry, gRT-PCR and Western blotting were used to evaluate the levels of
reproductive and angiogenesis related factors. Moreover, serum levels of the sex hormones and the oxidative stress
indicators were measured by ELISA.

Results YJD treatment resulted in the improvement of triptolide-induced abnormal ovarian function by restoring
normal estrous cycle, maintaining nearly normal ovarian size, reducing follicular atresia and increasing vascularization.
Additionally, YJD treatment normalized the serum levels of P, E2, FSH, LH, AMH, MDA and SOD, while activating the
VEGF/VEGFR-2/FAK pathway. However, the VEGF/VEGFR-2/FAK pathway inhibitors reversed these pharmacological
effects that YJD exhibited in POF rats. Furthermore, YJD increased the pregnancy rate and the number of live births in
POF rats.

Conclusion YJD reduced oxidative stress level, promoted angiogenesis and improved ovarian function in POF rats by
activating VEGF/VEGFR-2/FAK pathway. Moreover, YJD improved the intrauterine microenvironment for implantation
in POF rats, thereby improving fertility.
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Introduction

Premature ovarian failure (POF) is defined as the ces-
sation of menstruation for a period of at least 3 months
before the age of 40, accompanied by elevated levels of
follicle stimulating hormone (FSH) exceeding 40 IU-L-1
or menopausal levels, as well as estradiol (E2) levels
below 50 pg-mL~! on two separate occasions one month
apart. This condition is typically characterized by a defi-
ciency of mature follicles, diminished levels of FSH, and
reduced ovarian reserve [1]. Common clinical mani-
festations among affected individuals include irregular
menstruation, amenorrhea, and infertility [2]. As qual-
ity of life improves and societal factors evolve, the inci-
dence of POF is gradually younger and the incidence
rate is increasing year by year, which has attracted more
and more attention. The primary treatment options for
POF include hormone replacement therapy and assisted
reproductive technology, with varying degrees of effec-
tiveness and no definitive cure. These treatments may
also lead to adverse reactions such as osteoporosis and
cardiovascular diseases [3]. Traditional Chinese medicine
offers a promising alternative with its diverse therapeu-
tic applications and potential to mitigate the side effects
associated with Western medicine. In recent years, Chi-
nese medicine has gradually taken the advantage in the
treatment of POF, thus receiving the attention of the
majority of researchers and scholars [4].

The efficacy of Yijing Decoction (YJD) in treating sec-
ondary amenorrhea, infertility, and menopausal syn-
drome has been validated through modern clinical
application. Therefore, the renowned herbal medicine
YJD was chosen for inclusion in this study. YJD is com-
prised of eleven herbs, including Radix Rehmanniae
Praeparata, Atractylodes wmacrocephala Koidz, Yam,
Radix Angelica sinensis, Jujube seed, Radix adenopho-
rae, cortex moutan, Ginseng Radix, Radix Paeoniae Alba,
Bupleurum, and Radix Eucommia ulmoides. The formula
consists of various herbs that have specific functions in
nourishing and tonifying different organs in the body.
Radix Rehmanniae Praeparata nourishes kidney and
is accompanied by Radix Eucommia ulmoides to tonify
kidney [5]. Radix Angelica sinensis and Radix Paeoniae
Alba nourish blood and smooth the liver [6, 7]. Bupleu-
rum and cortex moutan are included in the formula to
detoxify the liver [8]. Additionally, Yam and Atracty-
lodes macrocephala Koidz are utilized to strengthen the
spleen and nourish blood [9]. Ginseng Radix and Radix
adenophorae help to unblock the liver [10], while Jujube
seed nourishes the heart and calms the mind [11]. Over-
all, this formula is beneficial for kidney health, spleen
strength, heart nourishment, liver regulation, and pro-
motion of blood circulation and menstruation. Clinical
trials have demonstrated that the combination of modi-
fied YJD and artificial periodic therapy enhances ovarian
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function in individuals with ovarian reserve dysfunction,
renal insufficiency, and liver depletion [12]. YJD posi-
tively impacts sex hormone levels, endometrial thickness,
and Chinese medicine symptomatology, ultimately lead-
ing to improved quality of life for patients. The observed
clinical efficacy of this treatment approach is noteworthy.

Ovarian angiogenesis plays a crucial role in follicular
development, with vascular endothelial growth factor
(VEGF) serving as a key regulator of vascular growth and
development [13]. VEGF is primarily produced by granu-
losa cells, membrane cells, and luteal cells within ovarian
tissues. Both VEGF and its receptor VEGFR-2 play sig-
nificant roles in follicular development, ovulation, and
luteal formation [14]. Activation of the VEGF/VEGFR-2
signaling pathway leads to the activation of downstream
effectors, including focal adhesion kinase (FAK), which
promotes the survival, permeability, and proliferation of
ovarian vascular endothelial cells, ultimately aiding in the
restoration of ovarian function [15]. Research has dem-
onstrated the significant impact of oxidative stress on
ovulation and its role in the progressive accumulation of
oxidative damage, which is a key factor in ovarian aging
[16]. Patients with POF exhibit elevated levels of reactive
oxygen species (ROS), resulting in an imbalance of oxida-
tive processes within the body [17]. Additionally, studies
have indicated that heightened expression of VEGF can
mitigate oxidative stress within cells [18, 19]. Conse-
quently, investigating the influence of VEGF on ovarian
angiogenesis and oxidative stress is essential for enhanc-
ing clinical interventions aimed at improving ovarian
function.

This study aims to explore the target of action and
potential molecular mechanism of YJD in treating POF
through network pharmacology analysis. Given the wide-
spread clinical efficacy of Y]JD, the objective of this inves-
tigation is to establish a theoretical framework for the
clinical utilization of YJD in POF treatment. By delving
into the action mechanism of YJD, this research endeav-
ors to pave the way for future investigations and offer
insights to advance the field.

Materials and methods

Screening of potential targets for YJD and POF

YJD compounds were gathered from the Traditional
Chinese Medicine Systematic Pharmacology (TCMSP)
database and the Encyclopedia of Traditional Chinese
Medicine (ETCM), followed by the identification of
YJD-related targets from the TCMSP and Swiss Target
Prediction databases. A target dataset for POF proteins
was established by utilizing the Online Mendelian Inheri-
tance in Humans (OMIM), Gene Cards (GC), and Gene
Expression Omnibus (GEO) databases.
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Construction and analysis of protein-protein interaction
(PPI) network

The common targets of drugs and diseases interactions
were entered into the String database for the construc-
tion and analysis of PPI networks. The biological species
was set as human, and the PPI network was obtained and
plotted using Cytoscape 3.7.2 software.

Enrichment analysis of gene ontology (GO) and Kyoto
encyclopedia of genes and genomes (KEGG)

GO and KEGG data were enriched and analyzed using
FunRich software and the ClusterProfiler software
package.

Preparation of YJD

30 g each of Radix Rehmanniae Praeparata and Atracty-
lodes macrocephala Koidz, 15 g each of Yam and Radix
Angelica sinensis, 9 g each of Jujube seed and Radix ade-
nophorae, 6 g each of cortex moutan and Ginseng Radix,
and 3 g each of Radix Paeoniae Alba, Bupleurum and
Radix Eucommia ulmoides were combined and decocted
together for 1 h with water. The resulting filtrate was then
extracted and concentrated to create high dose (2.36 g/
mL) (H-YJD), medium dose (1.18 g/mL) (M-YJD), and
low dose (0.59 g/mL) (L-YJD) based on the amount of
raw drug. The solution was refrigerated at 4 °C.

Animals and treatment

Specific pathogen free (SPF) healthy Sprague Dawley
(SD) female and male rats (weighing 200-250 g and aged
7 weeks) were purchased from Beijing HFK bioscience
CO., Ltd. (Beijing, China). All protocols were authorized
by the Ethics Committee of Henan Academy of Tradi-
tional Chinese Medicine Animal Experiment Center
(SYXK (Yu) 2022-0007). After one week of acclimatiza-
tion feeding, 60 female rats with normal estrous cycle
were selected and randomly divided into six groups.
The control group received daily oral gavage of 1 mL/kg
physiological saline, while the remaining five groups were
administered 400 pg/kg triptolide (TP) via oral gavage
daily for a duration of 8 weeks. Following 2 weeks of con-
tinuous TP administration, rats in the treatment group
respectively received low (5.9 g/kg), medium (11.8 g/kg)
and high (23.6 g/kg) doses of YJD via oral gavage based
on the amount of raw drug, and divided into TP + L-YJD
group, TP + M-YJD group and TP + H-YJD group [20].
The rats in TP + DHEA group were given a daily oral
gavage dehydroepiandrosterone (DHEA) at dose of 13.5
mg/kg for 8 weeks [21]. Saline (1 mL/kg per day) was
administered via oral gavage to rats in both the TP and
control groups, and the first day of drug administration
was recorded as D1. In addition, rats were continuously
monitored for vaginal smears, ovaries, and body weight
for 56 days from D1 onwards. All the diestrus females
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were sacrificed after the model was established, and the
serum and ovaries of the diestrus females were obtained
for studying the mechanism of action of YJD on POF rats
in vivo.

Female rats in estrus after modeling were utilized to
evaluate the effect of YJD on female fertility. Male rats
were individually housed in cages for mating purposes.
Female rats that exhibited estrus, as determined by
counting estrous cycles in the preceding experimental
phase, were paired with males in a 1:1 ratio. The presence
of a vaginal plug was an indicator of successful mating,
with the day of plug detection recorded as the first day
of pregnancy (P1). At P10, three female rats from each
group were euthanized to assess the number of implanted
embryos, as well as to collect blood and ovaries for sex
hormone level analysis during pregnancy. The remaining
pregnant female rats in each group were kept until natu-
ral delivery and the number of pups born alive/dead and
litter weight were recorded. The pregnancy rate, average
number of embryos implanted, number of live births and
neonatal weight of rats in each group were counted.

Hematoxylin-eosin staining (HE)

The tissue was dehydrated with ethanol and xylene, fol-
lowed by paraffin embedding. After the tissue was cut
into wax slices with a thickness of 5 pm, the sections were
dried, deparaffinized and rinsed with distilled water. Sub-
sequently, the sections were stained with hematoxylin,
rinsed with flowing water, and then stained with eosin.
After being dehydrated and sealed, the prepared sections
were examined under a light microscope. The histomor-
phology of the rat ovary was observed and the number
of follicular cells at all levels (primordial follicle, primary
follicle, secondary follicle, sinus follicle, atretic follicle)
was statistically analyzed. Hematoxylin and eosin were
purchased from Wuhan Xavier Biotechnology Co., LTD
(Wuhan, Hubei, China).

Immunohistochemistry (IHC)

The sections were rapidly cooled with cold water after
immersion in an antigen retrieval solution, followed by
washing twice with phosphate-buffered saline (PBS). The
washed sections were then treated with an endogenous
peroxidase blocking agent and incubated in darkness at
room temperature. Subsequently, primary antibodies
were applied to the sections at 37°C for 30 min, followed
by incubation with enzyme-labeled goat anti-mouse/
rabbit IgG secondary antibody (1:100, PV-6000; Bei-
jing Zhongshan Jingiao Biotechnology Co. LTD, Bei-
jing, China) at 37°C for 20 min. Color development was
achieved using 3,3’-diaminobenzidine (DAB) (Wuhan
Xavier Biotechnology Co., LTD, Wuhan, Hubei, China),
followed by staining with hematoxylin and final dehy-
dration to seal the sections. The prepared sections were
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placed under a light microscope and the images were
captured. Primary antibodies were used as follows: anti-
Platelet endothelial cell adhesion molecule-1 (CD31)
antibody (1:200, A01513-3), anti-a-Smooth muscle actin
(a-SMA) antibody (1:200, BM3902), anti-VEGF antibody
(1:200, BA0407), anti-VEGFR-2 antibody (1:200, A00901-
3), anti-FAK antibody (1:200, BM4303). These primary
antibodies were purchased from Boster Biological Tech-
nology (Pleasanton, CA, USA).

Immunofluorescence (IF)

The deparaffinization and antigen retrieval of tissue
sections were performed as described in immunohis-
tochemical procedures. The antigen-repaired sections
were subjected to incubation with primary antibodies
against mouse vasa homologue (MVH) (1:200, BA2882;
Boster Biological Technology, Pleasanton, CA, USA) and
octamer-binding transcription factor 4 (Oct4) (1:200,
A00174; Boster Biological Technology, Pleasanton, CA,
USA) overnight at 4 °C. Following primary antibody
incubation, the tissues underwent incubation with Cy3-
labeled goat anti-rabbit IgG secondary antibody (1:100,
GB21303; Wuhan Xavier Biotechnology Co., LID,
Wuhan, Hubei, China) for 1 h at room temperature in the
absence of light. Subsequently, the sections were washed
with PBS and incubated with DAPI for 15 min. An anti-
fluorescence quencher was then applied, and the slices
were sealed and dried. All procedures were performed in
darkness after the introduction of secondary antibodies.
The tissue sections were placed under an inverted confo-
cal microscope for tissue scanning, and the original data
images were reconstructed and simulated in three dimen-
sions by using Imaris software and Image J software.

Enzyme-linked immunosorbent assay (ELISA)

Serum levels of the hormones progesterone (P), E2, FSH,
luteinizing hormone (LH), and anti-mullerian hormone
(AMH), and the oxidative stress indicators malondial-
dehyde (MDA) and superoxide dismutase (SOD) were
measured by using ELISA kits. And the experiments were
performed according to the instructions for the kits. Rat
P ELISA kit, rat E2 ELISA kit, rat FSH ELISA kit, rat LH
ELISA kit, rat AMH ELISA kit, and rat MDA ELISA kit

Table 1 List of primers used in the study
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were purchased from Elabscience Biotechnology Co.,
LTD (Wuhan, Hubei, China). The rat SOD ELISA kit was
purchased from Jianglai Biotechnology Co., LTD (Shang-
hai, China).

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted by adding TRIzol reagent (Invi-
trogen, Thermo Fisher Scientific Inc., Waltham, MA,
USA) in each group. Subsequently, the extracted total
RNA was reversely transcribed into cDNA according to
the instructions of PrimeScript RT reagent Kit (Takara,
Tokyo, Japan), and then the cDNA was amplified. The
primers were designed by Primer-BLAST software and
synthesized by Thermo Fisher Scientific (Waltham, MA,
USA), and the primer sequences and product lengths
are shown in Table 1. The relative expression of VEGEF,
VEGEFR-2, and FAK mRNA was calculated using the
272ACT method with B-actin as an internal reference.

Western blotting (WB)

The total protein extracted was quantified for protein
concentration utilizing the bicinchoninic acid (BCA) kit
(Biosharp, Guangzhou, Guangdong, China). Following
a 5-minute heating and denaturation process, a portion
of the denatured protein samples underwent electro-
phoresis on sodium dodecyl sulfate (SDS) polyacryl-
amide gel. Subsequently, the proteins were transferred
from the gel to polyvinylidene fluoride (PVDF) mem-
brane and blocked with 5% skimmed milk powder for a
duration of 1 h at ambient temperature. The membrane
was then subjected to incubation with primary antibod-
ies for VEGF(1:1,000, BA0407; Boster, Pleasanton, CA,
USA), VEGFR-2 (1:1,000, BM4256; Boster, Pleasanton,
CA, USA), FAK(1:1,000, PB0662; Boster, Pleasanton, CA,
USA), p-VEGFR-2(1:1,000, AP0382; ABclonal Technol-
ogy Co., LTD, Wuhan, Hubei, China), p-FAK(1:1,000,
AF1960; Beyotime Biotechnology, Shanghai, China),
B-cell lymphoma-2 (Bcl-2) (1:1,000, ab182858; Abcam,
Cambridge, MA, USA), pro-Caspase-3(1:1,000, ab32499;
Abcam, Cambridge, MA, USA), Caspase-3 (1:1,000,
ab32351; Abcam, Cambridge, MA, USA), apoptosis-
inducing factor (AIF) (1:1,000, ab137725; Abcam, Cam-
bridge, MA, USA), and B-actin (1:1,000, ab8227; Abcam,

Number Gene Primer sequence Primer length
1 B-actin Forward 5-CTGAGAGGGAAATCGTGCGT-3'
Reverse 5'-CCACAGGATCCATACCCAAGA-3' 150 bp
2 VEGF Forward 5-GAGCGTTCACTGTGAGCCTTGT-3'
Reverse 5-TTAACTCAAGCTGCCTCGCCT-3' 122 bp
3 VEGFR-2 Forward 5-TTGGCAAATACAACCCTTCAGAT-3
Reverse 5-GCAGAAGATACTGTCACCACCG-3' 132bp
4 FAK Forward 5-CAACCACCTGGGCCAGTATTATC-3'

Reverse 5-CCATAGCAGGCCACATGCTTTA-3'

138 bp
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Cambridge, MA, USA) overnight at 4 °C. After washing
three times with TBST buffer, the horseradish peroxidase
(HRP)-labeled goat anti-rabbit IgG secondary antibody
(1:5000, BM3894; Boster, Pleasanton, CA, USA) was
introduced and the membrane was incubated for 1 h at
room temperature. The relative expression of the target
protein was analyzed by Image J v1.8.0 software.

Cell culture and treatment

Human ovarian granulosa (KGN) cells were purchased
from the Procell life science & technology Co., LTD
(Wuhan, Hubei, China). The cells were cultured in Dul-
becco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F12) medium (Gibco, Thermo Fisher Scientific
Inc., Waltham, MA, USA) supplemented with 10% fetal
bovine serum (Gibco, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) and 1% penicillin-streptomycin
(Sangon-Biotech, Shanghai, China). The culture con-
dition was 37°C and 5% CO,. After the KGN cells were
adhered to the plate for 24 h, the supernatant was dis-
carded. In order to establish a cell model of ovarian
damage, KGN cells were treated with 200 pL of TP at
a concentration of 100 nM and incubated for 12 h. The
KGN cells were exposed to medicated serum at varying
concentrations (0%, 5%, 10%, 15%, and 20%) to determine
the optimal concentration of YJD in subsequent experi-
ments. Subsequently, the effect of YJD on the cell model
was further investigated by treating TP-induced KGN
cells with 5%, 10%, and 15% medicated serum. Addition-
ally, the potential involvement of the VEGF/VEGFR-2/
FAK signaling pathway in the therapeutic effects of YJD
on POF was explored by adding VEGF inhibitor (Avas-
tin), VEGFR-2 inhibitor (SU5408) and FAK inhibitor
(Y15) to TP-induced KGN cells supplemented with 15%
medicated serum. After drug treatment, the culture was
continued for 24 h.

Cell counting kit-8 (CCK-8) assay

A medicated serum was generated through continu-
ous gavage of SD rats with M-YJD. Various concentra-
tions (0%, 5%, 10%, 15%, and 20%) of medicated serum
were applied to KGN cells, and their inhibition ratio was
assessed using CCK-8 kit (Yeasen Biotechnology Co.,
LTD, Shanghai, China). Subsequently, 5%, 10%, and 15%
medicated serum were employed to treat TP-induced
KGN cells for cell viability assessment and subsequent
experiments.

Annexin V-fluorescein isothiocyanate (Annexin V-FITC)
apoptosis assay

Cell samples from each experimental group were col-
lected and processed to achieve a concentration of 1075
cells per milliliter in a suspension. The cells were subse-
quently washed with phosphate-buffered saline (PBS),

Page 5 of 15

centrifuged, and the resulting supernatant was removed
before resuspending the cells. Following this, the cells
were treated with Annexin V-FITC/propidium iodide (PI)
kit (Invitrogen, Thermo Fisher Scientific Inc., Waltham,
MA, USA) according to the instructions of the kit, and
then allowed to incubate at room temperature for 15 min.
Finally, the samples were analyzed using flow cytometry.

Statistical analysis

Each assay was performed for 3 times. Data were ana-
lyzed by GraphPad Prism 8.0 (La Jolla, CA, USA) and
expressed as mean + standard deviation. Two-tailed
Student’s t test were used for comparing two variables.
One-way ANOVA test was used for multiple variable
comparison. P<0.05 was considered as a significant
difference.

Results

Angiogenesis and oxidative stress might be involved in
treatment of YJD on POF by bioinformatics analysis

The targets corresponding to the active ingredients of
YJD were obtained from TCMSP, which yielded over-
lapping 171 targets upon intersecting with POF disease
targets from Gene card (Fig. 1A). VEGFA was observed
in a network map of the relationships between these 171
targets and the active ingredients of 11 herbs in YJD (Fig.
1B). Additionally, VEGFA and VEGER were overlapping
target genes of POF and YJD and had relatively strong
interaction with other target genes by the PPI network
diagram (Fig. 2A). The biological processes (BP), cell
components (CC) and molecular functions (MF) involved
in overlapping target genes were analyzed by GO enrich-
ment analysis (Fig. 2B). Among them, overlapping target
genes enrichment was observed in response to oxidative
stress, response to decreased oxygen levels and response
to ROS in the top 10 BP entries. Furthermore, KEGG
enrichment analysis was utilized to cluster the pathway
functions on the overlapping target genes. Chemical car-
cinogenic ROS and VEGF signaling pathways existed in
the top 20 pathways enriched by overlapping target genes
of YJD and POF (Fig. 2C). Therefore, these findings indi-
cated that oxidative stress and angiogenesis might be
involved in treatment of YJD on POF.

YJD reduced oxidative stress, enhanced angiogenesis and
improved ovarian function in POF rats

Vaginal cell smears in rats showed different cell compo-
sitions during different stages of the estrous cycle: pro-
estrus had mostly nuclear epithelial cells, estrus had
patches of keratinized cells, metoestrus had equal pro-
portions of keratinized cells and leukocytes, and dies-
trus had mostly leukocytes with some mucus (Fig. 3A).
The results of vaginal cell smears implied that the estrous
cycle of the TP model group was disturbed, which
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Fig. 1 Bioinformatics analysis of the correlation between YJD and POF. (A) Venn diagram of POF target genes established by Gene Card and YJD active
ingredients target genes obtained from TCMSP. (B) The network map of the overlapping target genes and the 11 herbs active components of YJD
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returned to normal after YJD or DHEA treatment (Fig.
3B-C). Additionally, YJD or DHEA therapy restored the
weight loss induced by TP-induced POF in rats (Fig. 3D).
The decrease in ovarian wet weight and ovarian index
in the POF rat models was improved by YJD or DHEA
treatment (Fig. 3E-F). The smaller ovaries with fewer fol-
licles and disorganized granulosa cells were observed in
TP group by HE staining. YJD or DHEA caused normal-
ized ovarian volume and an increased number of follicles
(Fig. 3G). Quantification of follicles at various develop-
mental stages through HE staining indicated that the
model group had fewer follicles at all levels compared
to the normal group, with an increase in atretic follicles.
Addition of YJD or DHEA resulted in the normalization

of follicle counts across all stages, with the most pro-
nounced therapeutic effect observed with M-YJD treat-
ment (Fig. 3H-L). Thus, YJD exhibited improvement in
ovarian function in POF rats, among which M-YJD had
the strongest effect.

The results of IHC assay presented that decreased
microvessel density were found in TP model group.
Treatment with either YJD or DHEA led to a marked
increase in CD31 and a-SMA positive staining in the fol-
licles and corpus luteum and microvessel density of POF
rats (Fig. 4A-C). P, E2, and AMH levels in the TP model
group decreased while FSH and LH levels increased com-
pared to the control group by ELISA assays. After treat-
ment with YJD or DHEA, an increase of P, E2, and AMH
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Fig. 3 YJD affected ovarian function in POF rats. (A) Vaginal exfoliated cell smears were used to observe the morphological changes of cells at various
stages of the estrous cycle of rats; Red arrows point to nucleated epithelial cells; Blue arrows point to keratinized cells; Green arrows point to white blood
cells; (Note: The estrous cycle of rats is 4 ~ 5 days. The morphological changes in vaginal cytological smears of the rat estrous cycle were categorized as
proestrus, estrus, metoestrus, and diestrus. After rats were modeled with TP, L-YJD, M-YJD and H-YJD as well as DHEA positive controls were added. (B-C)
From the beginning of drug administration (D1), the estrous cycle of each rat was examined daily by vaginal smear, and the estrous cycles of the different
groups were counted. (D) Since the beginning of drug administration (D1), the dynamic changes in body weight of rats in each group were counted.
(E) Bilateral intact ovary weights were weighed. (F) Ovarian index was calculated (ovarian index = bilateral ovarian wet weight (mg)/body weight (g) x
100%). (G) Ovarian tissue morphology was observed by HE staining and light microscopy; Black arrows point to the follicle. (H-L) The number of follicles
at each level in HE staining was counted. (Primordial follicle: oocyte surrounded by a layer of flattened granulosa cells; Primary follicle: oocyte surrounded
by a layer of cuboidal granulosa cells; Secondary follicle: oocyte with two or more layers of cuboidal granulosa cells, and without follicular sinus; Sinus
follicle: follicular sinus cavity is large, with a pronounced cumulus; Atretic follicle: follicular wall collapsed with damage to the structure of the oocyte, and
the loss of hyaline zone) *P<0.05, **P <001, ***P<0.001 vs. Control; P < 0.05, #P < 0.01, #*P < 0.001 vs. TP; 4P < 0.05, 4P < 0.01, 444 < 0.001 vs. TP+ M-YJD
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Fig. 4 YJD affected angiogenesis and oxidative stress in POF rats. (A) IHC was performed to detect the expression of CD31 and a-SMA, which is located
around growing follicles in the ovaries; Black arrows point to areas of positive staining. (B) Average optical density of CD31. (C) The average optical density
of a-SMA. (D-H) Serum levels of the hormones P, E2, FSH, LH, and AMH were examined by ELISA. (I-J) Serum levels of indicators of oxidative stress, MDA
and SOD, were assessed by ELISA. ***P<0.001 vs. Control; P <0.05, #P<0.01, #P<0.001 vs. TP; 4P < 0.05, 4P < 0.01, &P <0.001 vs. TP+ M-YJD

levels and a decrease of FSH and LH levels were observed
(Fig. 4D-H). MDA and SOD levels also normalized after
treatment with YJD or DHEA (Fig. 41-]).

As a result, YJD demonstrated efficacy in improving
TP-induced ovarian dysfunction by restoring a normal
estrous cycle, leading to near-normal ovarian size, and
decreasing follicular atresia. Additionally, YJD treat-
ment caused an increase in ovarian angiogenesis and a
decrease in oxidative stress in POF rats.

YJD activated VEGF/VEGFR-2/FAK signaling pathway in

POF rats

IF analysis of germ cell-specific markers MVH and Oct4
demonstrated a significant decrease in expression levels
in the TP group compared to the control group. Con-
versely, expression levels of both MVH and Oct4 were
significantly elevated in the L-YJD, M-YJD, and H-YJD
groups compared to the TP group, with the best thera-
peutic effect in M-YJD treatment. Furthermore, the
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DHEA group also exhibited a significant increase in
expression levels (Fig. 5A-B). Additionally, the qRT-PCR
and IHC results indicated that YJD led to a significant
increase in the expression of VEGF, VEGFR-2, and FAK
in POF rats (Fig. 5C-D). The results of WB assay further
revealed that the expression of p-VEGFR-2 and p-FAK
also was increased after YJD treatment in TP-induced
POF rats (Fig. 5E-F). Hence, YJD resulted in the activa-
tion of the VEGF/VEGFR-2/FAK signaling pathway in
rats with POF.

YJD improved TP-induced KGN cell injury and activated
VEGF/VEGFR-2/FAK pathway in vitro

CCK-8 method was employed to screen out 5%, 10%
and 15% YJD medicated serum for the treatment on
TP-induced KGN cells in subsequent experiments by
assessing the cell inhibition ratio of various concentra-
tions of YJD medicated serum on KGN cells (Fig. 6A).
Cells viability decreased in TP-induced KGN cells but
increased with the increase of YJD concentration (Fig.
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6B). Levels of P, E2, and AMH were significantly reduced
in the TP group, while FSH and LH levels were elevated.
The addition of YJD gradually restored all sex hormone
levels to normal by ELISA detection (Fig. 6C-G). In addi-
tion, qRT-PCR results exhibited decreased expression of
VEGEF, VEGFR-2, and FAK in TP group, but increased
their expression with YJD (Fig. 6H). WB confirmed that
phosphorylation levels of angiogenesis markers were
gradually increased with the increase of YJD concentra-
tion (Fig. 61-]). Moreover, the results of Annexin V-FITC
flow cytometry showed that TP-induced apoptosis of
KGN cells was gradually reduced with the increase of
YJD treatment concentration (Fig. 6K). With the increase
of YJD treatment concentration, the expression of pro-
Caspase-3, Caspase-3 and AIF was gradually decreased,
while the expression of anti-apoptotic factor Bcl-2 was
increased as confirmed by WB (Fig. 6L). Therefore, YJD
induced the activation of VEGF/VEGFR-2/FAK pathway
and the inhibition of apoptosis in TP-induced KGN cells.
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Fig. 5 YJD affected the VEGF/VEGFR-2/FAK pathway in vivo. (A-B) Germ cell markers MVH and Oct4 were detected by IF. (C) The expression of VEGF,
VEGFR-2, and FAK was detected by gRT-PCR. (D) VEGF, VEGFR-2, FAK expression in the ovaries was examined by IHC; Black arrows point to areas of positive
staining. (E-F) The expression of VEGF, VEGFR-2, FAK, p-VEGFR-2 and p-FAK were assessed by WB. **P<0.01, ***P<0.001 vs. Control; *P<0.05, *P<0.01,

##p <0.001 vs. TP; 4P < 0.05, %P < 0.01 vs. TP+ M-YJD
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Fig. 6 YJD affected the VEGF/VEGFR-2/FAK pathway and KGN cell injury in vitro. (A) Screening of YJD for medicated serum concentrations utilized the
CCK-8 assay. (B) The cell viability of each group was measured by CCK-8. (C-G) Serum levels of the hormones P, E2, FSH, LH, and AMH were examined
by ELISA. (H) The expression of VEGF, VEGFR-2, and FAK was detected by gRT-PCR. (I-J) The expression of VEGF, VEGFR-2, FAK, p-VEGFR-2 and p-FAK were
assessed by WB. (K) Apoptosis index was detected by Annexin V-FITC flow cytometry. (L) The expression of Bcl-2, pro-Caspase-3, Caspase-3 and AlF were
assessed by WB. **P<0.01, ***P<0.001 vs. Control; *P < 0.05, *P < 0.01, #P<0.001 vs. TP

YJD improved POF and reduced oxidative stress by
activating VEGF/VEGFR-2/FAK signaling pathway in vitro
To explore whether YJD improved POF by regulating
VEGF/VEGFR-2/FAK signaling pathway, TP-induced
KGN cells treated with 15% medicated serum were sup-
plemented with VEGF inhibitor, VEGFR-2 inhibitor,
and FAK inhibitor, respectively. Compared with the TP
+ 15% medicated serum treatment group, the addition
of angiogenesis marker inhibitors caused a reduction

in the levels of P, E2 and AMH and an increase in the
levels of FSH and LH, as well as an abnormality in the
levels of oxidative stress markers MDA and SOD by
ELISA (Fig. 7A-G). Furthermore, the results of qRT-
PCR and WB revealed that the increased expression of
VEGEF, VEGFR-2, FAK, p-VEGFR-2 and p-FAK induced
by YJD in TP-induced KGN cells was reversed by the
addition of Avastin, SU5408 or Y15 (Fig. 7H-L). Simi-
larly, the inhibited apoptosis and reduced expression of
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Fig. 7 YID affected POF by regulating the VEGF/VEGFR-2/FAK signaling pathway. (A—E) Serum levels of the hormones P, E2, FSH, LH, and AMH were
examined by ELISA. Control and TP groups were set up, and the remaining groups were co-treated with TP and 15% medicated serum, along with VEGF
inhibitor (Avastin), VEGFR-2 inhibitor (SU5408), or FAK inhibitor (Y15). (F-G) Serum levels of indicators of oxidative stress, MDA and SOD were assessed by
ELISA. (H-J) The expression of VEGF, VEGFR-2, and FAK was detected by gRT-PCR. (K-L) The expression of VEGF, VEGFR-2, FAK, p-VEGFR-2 and p-FAK were as-
sessed by WB. (M) Apoptosis rate was detected by Annexin V-FITC flow cytometry. (N) The expression of Bcl-2, pro-Caspase-3, Caspase-3 and AIF were as-
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Table 2 Pregnancy rate, number of implanted embryos, number of live births, and body weight of newborn rats

Group Pregnancy rate (%) Average number of implantation sites Number of live births Body weight of newborn rats (g)
Control 90.00% (9/10) 16.67 +0.58 1567 +122 7.62+0.14

TP 42.86% (3/7) 9334153 933+ 153" 687 025"

TP+ YD 50.00% (4/8) 12334058 12,00 + 0.41%# 700+ 0.17"

TP+MYJID  62.50% (5/8) 14.00 + 0.00" 1240 + 1,14 731 +0.16""

TP +H-YJD 14% (4/7) 12.33+0.58" 11.75 + 096" 701+ 025"

TP+ DHEA  77.78% (7/9) 15.00 + 1.00"** 1471 + 1.38%# 741 402048

*P<0.05,P<0.01,""

P<0.001 vs. Control; *P<0.05, #P < 0.01, #*P<0.001 vs. TP; ¥P < 0.05, 4¢P < 0.01, *¢&P < 0.001 vs. TP+ M-YJD
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Fig. 8 Effect of YJD on fertility in rats with POF. (A-E) The levels of serum hormones P, E2, FSH, LH and AMH in rats were assessed by ELISA. After rats were
modeled with TP, L-YJD, M-YJD and H-YJD as well as DHEA positive controls were administrated to POF rats. (F) Representative images of the uterus of
pregnant rats. ***P < 0.001 vs. Control; *P< 0.05, #P<0.01, " P < 0,001 vs. TP; P < 0.05, 4P < 0.01, 4¢P <0.001 vs. TP + M-YJD

apoptotic factors in TP-induced KGN cells by YJD were
also altered by the addition of Avastin, SU5408 or Y15
via flow cytometry and WB (Fig. 7M-N). These findings
presented above indicated that YJD induced normaliza-
tion of sex hormone and oxidative stress levels, as well
as promoted angiogenesis in TP-induced KGN cell mod-
els. However, the effect of YJD on TP-induced KGN cell
models was reversed by angiogenesis inhibitors. There-
fore, YJD improved TP-induced KGN cell function and
reduced oxidative stress levels through the activation of
the VEGF/VEGEFR-2/FAK signaling pathway.

YJD improved the fertility of pregnant POF rats

In order to investigate the impact of YJD on the fertil-
ity of POF rats, an analysis was conducted on the preg-
nancy rate, number of implanted embryos, number of
live births, and weight of newborn rats in each group,
as detailed in Table 2. Both YJD and DHEA treatments
resulted in an increase in the pregnancy rate, number
of implanted embryos, number of live births, and body
weight of newborn rats in POF rats. Furthermore, the
ELISA assays revealed a significant decrease in the levels
of P, E2, and AMH in pregnant rats with POF, along with
a significant increase in FSH and LH. Additionally, treat-
ment with YJD was found to improve the sex hormone
levels in pregnant POF rats, with the best effect in M-YJD

treatment (Fig. 8A-E). Moreover, the uterine embryo
landing plots of different groups of pregnant mice were
shown in Fig. 8F. YJD and DHEA group embryos were
uniformly sized, fully developed, and had no blood in the
uterus, while model group embryos were unevenly dis-
tributed, small, and irregularly shaped with some blood
in the uterus. In summary, YJD improved sex hormone
levels and ovarian function in pregnant POF rats and
improved their reproductive capacity.

Discussion

POF is one of the most serious diseases affecting women’s
reproductive health in the current era. Although there
are various causes of POF, such as genetic abnormalities,
autoimmune factors, medical factors, infectious factors,
toxins, and environmental factors, in most cases, the
cause of POF cannot be identified after a comprehensive
evaluation [22]. With the increasing incidence of cancer,
radiotherapy and chemotherapy are gradually becoming
the main cause of POF in young women [23]. This not
only affects women’s fertility, but also seriously influences
their mental health and quality of life [24]. This study
confirmed that YJD improved POF symptoms by amelio-
rating oxidative stress damage and promoting angiogen-
esis, which provided a direction for clinical treatment to
improve ovarian function.
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TP is an active compound extracted from the Chinese
herb Lei Gong Teng [25]. It has been shown to possess
anti-inflammatory, immunosuppressive and anticancer
activities. However, the use and development of TP has
been extremely limited because it causes serious damage
to the liver, kidneys and reproductive system [26]. Oxida-
tive stress is the predominant mechanism of TP-induced
injury [27]. TP and its toxic metabolites interfere with the
intracellular antioxidant system and impair its detoxifi-
cation. This may eventually lead to oocyte degeneration,
granulosa cell apoptosis and impaired hormone secre-
tion [28]. Furthermore, it has also been shown that exces-
sive oxidative stress damage has a detrimental effect on
angiogenesis. SOD is an important enzyme in the antiox-
idant defense process and plays an important role in pro-
tecting cells and tissues [29]. MDA is a major metabolite
of lipid peroxidation and an important marker of oxida-
tive stress damage [30]. The present study utilized TP to
induce POF models in rats and KGN cells. The observed
decrease in SOD levels and increase in MDA accumula-
tion in the TP-induced model resulted in localized oxida-
tive damage within the ovary, aligning with findings from
previous research. Moreover, treatment with YJD dem-
onstrated an ameliorative effect on TP-induced oxidative
stress levels.

The rodent estrous cycle is characterized by morpho-
logical changes in the ovaries, uterus, and vagina, making
it a valuable metric for monitoring reproductive perfor-
mance [31]. The estrous cycle in female rats typically lasts
from 4 to 5 days [32]. Although there might be poten-
tial delays or advances in specific phases of the estrous
cycle in the rat models in the course of this study, result-
ing in irregularity of the estrous cycle. However, it had
no remarkable impact on the results of the study. These
findings confirmed that YJD improved ovarian dysfunc-
tion in TP-induced POF rats by restoring the normal
estrous cycle and facilitating ovarian size normalization.
Moreover, MVH and Oct4 are often used as molecular
markers of germ cells [33, 34]. In the POF rat models,
treatment with YJD restored the TP-induced reduction
in MVH and Oct4 expression. On the other hand, sex
hormone levels are closely related to ovarian function.
AMH inhibits the development of male mullerian ducts
and regulates the development of reproductive cells and
gonads in both sexes [35, 36]. It can be used as an indica-
tor to evaluate the ovarian reserve function. In addition,
E2 is a naturally occurring estrogen that is integral to the
preservation of female secondary sexual characteristics.
The expression of P and E2 has been linked to follicular
growth [37]. FSH is primarily produced by the basophilic
cells of the pituitary gland. Working in conjunction with
LH, FSH facilitates the maturation of follicles, leading to
the secretion of P and estrogen [38, 39]. Our experimen-
tal data showed that YJD increased E2, P, and AMH levels

Page 13 of 15

as well as reduced FSH and LH levels, improving ovar-
ian function and fertility in POF rats during diestrus and
pregnancy.

The process of angiogenesis in the ovary is intricate,
involving both neovascularization and vascular matu-
ration [40]. Key cell types implicated in this process
are vascular endothelial cells and pericytes [41]. Vascu-
lar endothelial cells proliferate and migrate to establish
neovascularization, while pericytes play a crucial role
in ensuring vascular integrity and stabilization through
their recruitment [42]. The collaboration between vas-
cular endothelial cells and pericytes is vital for microvas-
cular remodeling and stabilization [43]. In the present
investigation, vascular endothelial cells and pericytes
were identified using CD31 and a-SMA markers, respec-
tively. Findings revealed a notable elevation in CD31 and
a-SMA positive staining within the follicle and corpus
luteum following YJD treatment as opposed to the TP-
induced model group. These results indicated that YJD
mitigated vascular damage in the ovaries of POF rats by
enhancing angiogenesis and promoting vascular stabil-
ity. Furthermore, the angiogenic process necessitates
the collaborative involvement of multiple essential fac-
tors. VEGF is a major factor involved in cell proliferation,
migration, survival and vascular permeability of vascu-
lar endothelial cells [44]. The pro-angiogenic effect of
VEGF is mediated by binding to VEGFR-2, which trig-
gers a series of intracellular signaling channels. FAK is a
downstream signal effector of VEGF/ VEGFR-2 pathway,
which is closely related to cell adhesion, diffusion, pro-
liferation, migration and apoptosis [45]. In both POF rat
and KGN cell models, YJD demonstrated a significant
enhancement in the expression levels of VEGF, VEGFR-2,
and FAK, ultimately facilitating ovarian angiogenesis. In
addition, VEGF/VEGFR-2/FAK inhibitors were found to
reverse the effect of YJD in TP-induced KGN cells. Con-
sequently, the modulation of the VEGF/VEGFR-2/FAK
signaling pathway by YJD appeared to be a promising
therapeutic approach for improving POFE.

Caspase-3 is at the center of the caspase cascade reac-
tion and is a common pathway for all apoptotic signal-
ing pathway [46]. Bcl-2 and Caspase-3 interact with each
other to regulate the process of apoptosis. In this work,
the treatment of YJD significantly decreased the expres-
sion of Caspase-3 and AIF, while the expression of Bcl-2
was significantly increased. The effect of YJD on apopto-
sis in the treatment of POF deserved further exploration.

Several recent studies have indicated that maternal
exposure to TP to conception may impact pregnancy
outcomes and result in long-term negative consequences
for future generations [47]. Our study revealed notable
decrease in pregnancy rates, reduction in the number
of implanted embryos and severe uterine hemorrhaging
in the TP-induced model group. Conversely, the group
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treated with YJD did not exhibit uterine hemorrhaging
and displayed a more uniform distribution of embryos.
The findings of this study indicated that M-YJD had a
significant impact on both the pregnancy rate and the
number of embryos implanted, suggesting its potential
to enhance the intrauterine microenvironment for suc-
cessful implantation and subsequent live births. Further
comprehensive research is needed to fully understand
the mechanisms by which YJD may influence in utero
embryo development. In the present research, the ther-
apeutic effects of YJD at the selected dose gradients on
POF rats did not exhibit a dose-dependent response. This
phenomenon may be attributed to the complexity of the
herbal formula components, the multi-target synergistic
effects, and the feedback regulation mechanisms of the
body [48]. The pharmacological effects of the various
components in the herbal formula may be either syner-
gistic or antagonistic [49]. Additionally, the current dose
gradient of YJD used in this work may not fully cover
the critical nodes of the “dose-response” curve, which
could explain the absence of a dose-dependent effect. In
future studies, it would be beneficial to further explore
the optimal dose range of YJD by incorporating pharma-
cokinetic analyses and to comprehensively evaluate the
overall effects of the herbal formula using multi-omics
approaches, which will enhance the potential of YJD in
the treatment of POF.

Conclusion

In conclusion, the administration of YJD resulted in a
significant improvement in sex hormone levels and ovar-
ian function in rats with POF. Furthermore, YJD demon-
strated a protective effect on ovarian tissue by alleviating
oxidative damage through enhancing SOD levels and
reducing MDA accumulation, as well as promot-
ing angiogenesis through the regulation of the VEGEF/
VEGFR-2/FAK signaling pathway. Additionally, YJD was
found to enhance the intrauterine implantation microen-
vironment, leading to an increase in pregnancy rates and
live birth numbers.
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