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Introduction

Premature ovarian failure (POF), also known as
primary ovarian insufficiency (POI), is a disease
characterized by female ovarian reserve failure
before the age of 40 and accompanied by high
gonadotropin disorders. Mainly manifested as
estrogen deficiency and anovulation, primary or
secondary amenorrhea, infertility, sex steroid hor-
mone deficiency, and elevated gonadotropin [1].
The pathogenesis and causes of POF are complex.
The currently known causes of POF include chro-
mosomal defects, radiation, and drug damage,
autoimmune diseases, etc., but the cause of 75%-
90% of cases is still unknown [2]. At present, the
primary clinical treatment for POF is estrogen-
progesterone replacement therapy, but which has
the problem of withdrawal reaction, and long-term
use may also increase the risk of endometrial can-
cer and ovarian cancer [3,4].

Berberine (BBR) is an isoquinoline alkaloid
extracted from natural medicines such as berber-
ine, three needles, and cork. BBR has significant
effects in antibacterial, anti-tumor, hypolipidemic,
anti-diabetic, improvement of polycystic ovary
syndrome (PCOS), and improvement of autoim-
munity. Research has shown that BBR can inhibit
the level of inflammatory factors in the GCs of
patients with PCOS, increase the levels of AMPK
(Adenosine 5‘-monophosphate (AMP)-activated
protein kinase) mRNA and IRS-1 (insulin receptor
substrate 1) mRNA, and reduce the level of mTOR
(mammalian target of rapamycin) mRNA [5], and
can activate the PI3K/AKT (phosphatidylinositol
3-kinase/ protein kinase B) signaling pathway and
regulate the MAPK signaling pathway [6], so that
can achieve the prevention and treatment of PCOS
and the effect of protection of GCs. It can be seen
that BBR can reverse the oxidation and damage of
GCs. GCs provide necessary growth signals and
nutrients for oocyte maturation. The state of GCs
is critical to the development of follicles. Reducing
the apoptosis of GCs and repairing the original
follicle reserve pool are the primary mechanisms
for restoring ovarian function [7]. Therefore, pro-
tecting GCs is also pivotal in improving and pre-
venting POF, but no research shows that BBR can
improve POF. This study will explore the potential
mechanism of BBR to enhance and prevent POF.

Network pharmacology is a method of con-
structing drug-target-pathway networks to study
the mechanisms of the drug by mapping drug
targets to specific biological nodes. Network phar-
macology is widely used in traditional Chinese
medicine research, including discovering targets,
screening active compounds, evaluating toxicity,
mechanism research, and quality control research
[8]. Network pharmacology analysis can obtain the
effects and toxicity of drugs on specific targets and
core networks. Network pharmacology provides
theoretical support for the transformation of tradi-
tional Chinese medicine from empirical medicine
to evidence-based medicine. This study will apply
the network pharmacology method to analyze the
potential mechanism of BBR in improving the
POF and conduct in vivo experiments to verify it.

We hypothesized that the network pharmaco-
logical analysis could provide us with the targets,
pathways, and biological functions of BBR in
improving POF. Through in vivo and in vitro
experiments, we could verify the potential
mechanism of BBR in improving the POF.
Provides the basis for the development of drugs
for the treatment of POF. Provides a new direc-
tion for the wide application of BBR in clinical
treatment.

Materials and methods
Network pharmacology analysis

Screening of potential targets for diseases and
drugs

We selected three databases to extract and screen
the potential targets of BBR. The three databases
include The Comparative Toxicogenomics (CTD)
database, traditional Chinese medicine systems
pharmacology (TCMSP) database, and STITCH
database. CTD (http://ctdbase.org/) is a database
that provides manually curated chemical-gene/
protein interactions, chemical-disease, and gene-
disease relationships. These data are integrated
with functional and pathway data to aid in devel-
oping hypotheses about the mechanisms underly-
ing environmentally influenced infections. TCMSP
(https://tcmspw.com/tcmsp.php) is a unique sys-
tems pharmacology platform of Chinese herbal
medicines that captures the relationships between
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drugs, targets, and diseases [9]. STITCH (http://
stitch.embl.de/) is a database of known and pre-
dicted interactions between chemicals and pro-
teins. The interactions include direct (physical)
and indirect (functional) associations; they stem
from computational prediction [10]. The potential
targets of POF are extracted and screened by The
Human Gene (GeneCards) Database. GeneCards
(https://www.genecards.org/) is a database that
provides comprehensive information on all anno-
tated and predicted human genes [11]. Then the
targets of BBR and POF are intersected to obtain
the targets of POF and BBR.

Protein-protein interaction (PPI) network
construction

The targets of POF and BBR were entered into the
String database to construct a PPI network. String
(https://string-db.org/) is a database of known and
predicted protein-protein interactions. The inter-
actions include direct (physical) and indirect
(functional) associations [12]. Then input the
data obtained from the String database into
Cytoscape v3.7.1 [13] to visualize the PPI network.

Topological analysis and the core target screening
Topological analysis of PPI network through
Cytoscape’s plug-in CytoNCA. The three para-
meters of degree centrality(DC), closeness central-
ity (CC), betweenness centrality (BC) are used to
analyze the topological properties of each node in
the interactive network. After screening the core
targets, construct the PPI network of the core
targets.

GO and KEGG enrichment analysis

The clusterProfiler package of R language is used for
GO enrichment analysis and KEGG enrichment
analysis. GO enrichment analysis is the analysis of
the enrichment level of proteins and genes from the
three aspects of biological process (BP), cellular com-
ponent (CC), and molecular function (MF) [14].
Kyoto Encyclopedia of Genes and Genomes
(KEGG) is a database resource for understanding
high-level functions and utilities of the biological
system, such as the cell, the organism, and the eco-
system, from molecular-level information, especially
large-scale molecular datasets generated by genome
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sequencing and other high-throughput experimental
technologies [15].

Drug-target-pathway network construction
Construct the drug-target-signal pathway network
with the information of drugs, targets, and signal
pathways. And import the info into Cytoscape to
visualize the drug-target-pathway network. In this
network, different colored “nodes’ represent pro-
tein targets, drugs, and signaling pathways. ‘Edge’
means the interaction between the drug, the target,
and the signal pathway.

In vivo experiment

POF animal model construction and grouping
Select female SD rats weighing 250 g (purchased
from Shenyang Changsheng Biological Co., Ltd.),
reared in a room at 21 ~ 26°C, light for 12 h, and
eat freely. It has been approved by the
Experimental Animal Ethics Committee of
Jinzhou Medical University (Issue NO. 2021016)
(see Figure S1). After three days of adaptive feed-
ing, vaginal smears were performed, and SD rats
with regular estrous cycles were selected to con-
struct POF animal models. On the first day, a dose
of 50 mg/kg Cyclophosphamide (purchased from
MACKLIN China) was injected intraperitoneally,
and then a dose of 8 mg/kg Cyclophosphamide
was continuously injected intraperitoneally for
14 days to establish a POF disease model rat
[16]; The blank control group (group A) was
injected intraperitoneally with the same dose of
normal saline, and other conditions were the
same as the model group. Vaginal smears seven
days after the completion of the model, and crystal
violet staining is used to test whether the model is
successful, and the estrus cycle is disordered as the
model is successful [17].

The POF disease model rats were randomly
divided into four groups with six rats in each
group, namely the model group (group B), the
low-dose group (group C), the medium-dose
group (group D), and the high-dose group
(group E); Similarly, 6 rats whose vaginal smears
showed normal estrous cycle were selected to form
group A. At 9 o’clock every day, the blank control
group (group A) and the model group (group B)
were given saline intragastrically; the low-dose
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group (group C), the middle-dose group (group
D), and the high-dose group (group E) were
assigned respectively of BBR (purchased from
Shanghai Ryon Biological Technology Co., Ltd.)
at doses of 100 mg/kg, 200 mg/kg, and 400 mg/
kg; continuous gavage for 28 days.

ELISA Assay

After the gavage is finished, fast but drink water. On
the next day, phenobarbital anesthesia; Take 5 ml of
blood from the abdominal aorta and collect it in
a 15 ml centrifuge tube. After standing for 30 min,
centrifuge at 3000 r/min for 15 min, aspirate the
upper layer of serum and dispense it. The experi-
mental operation was performed strictly by the pur-
chased corresponding rat ELISA kit (purchased from
Shanghai Enzyme-linked Biotechnology Co., Ltd.).
The microplate reader measured the absorbance
(OD) value at a wavelength of 450 nm [18], and the
levels of E,, FSH, LH, and AMH in the serum of each
group of samples were calculated by the standard
curve.

Ovarian index measurement

After blood collection, the rat’s bilateral ovaries were
taken, and the ovarian index (wet weight of the
ovaries /body weight) was measured. After peeling
the surrounding fatty tissue, the ovaries were placed
in a cryotube and stored in a refrigerator at —80°C for
subsequent experiments.

Western blot was used to detect the protein
content of PTEN, P-AKT1, AKT1, P-FoxO1, and
FoxO1 in the ovaries of rats

Take the frozen rat ovaries, add an appropriate
amount of protein lysate, extract the total protein
and use the protein quantification box for protein
quantification. After electrophoresis on SDS polypro-
pylene gel, transfer to polyvinylidene fluoride (PVDEF)
membrane. After the primary and secondary antibo-
dies (purchased from ABclonal Technology Co., Ltd.
And Boster Biological Technology Co., Ltd.) are

Table 1. Primer sequence.

incubated, use the ECL Chemiluminescence kit (pur-
chased from BEIJING DINGGUO CHANGSHENG
BIOTECHNOLOGY Co., Ltd.) for development [19].
Perform quantitative analysis of the target band of the
protein and normalize the target protein content.
Process the image.

Detect the expression of Fas/FasL and Bim mRNA

by q-RT-PCR

The operation steps are carried out according to the
kit instructions (purchased from Vazyme Biotech
Co., Ltd.). Extract the total RNA of each group of
ovaries, reverse transcribed cDNA, and use it as
a template for PCR amplification. The amplification
conditions are: 95°C pre-denaturation 30s, 95°C, 10s
— 60°C, 30s, 40 cycles in total. The internal reference
is GAPDH, and the relative content of the initial
cDNA of the target gene in the sample is expressed
by 27" [20]. The primer sequences (purchased
from BEIJING DINGGUO CHANGSHENG
BIOTECHNOLOGY Co., Ltd.) are shown in (see
Table 1).

In vitro experiment

Primary culture and identification of ovarian
granulosa cells

The 21-day SD female rats were intraperitoneally
injected with pregnant horse serum (PMSG, 601U/
mouse) for 24 hours and then sacrificed by neck
removal. The bilateral ovaries were quickly
removed, and the follicles were pierced with
a 1 ml syringe needle after peeling off under
a stereomicroscope [21]. Collect GCs, inoculate
the extracted cells into DMEM/F12 (Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12)
culture system (DMEM/F12 + 10%FBS (Fatal
bovine serum) +1% Penicillin) at an appropriate
concentration, and use immunofluorescence [22]
to detect the FSHR (follicle-stimulating hormone
receptor) protein on the surface of GCs.

Gene Upstream primer Downstream primer

FAS 5'-TATCACTGCACCTCGTGTGG-3’ 5'-GTTGCCTCTTCCGGTACCTT-3"
FASL 5'-CCTTCCAGGGTGGGTCTACT-3’ 5'-GTGCCTCAAACACCCCTCTT-3'
BIM 5'-ACCAAGACCCAGTCGCATAG-3' 5'-GTGCTACCGACATGCACCAA-3’

GAPDH

5'-AGTGCCAGCCTCGTCTCATA-3'

5'-ATGAAGGGGTCGTTGATGGC-3'




Cell grouping and administration

The cells are divided into five groups: blank con-
trol group (group A), model group (group B), low-
dose group (group C), medium-dose group (group
D), and high-dose group (group E). Except for the
blank control group, the other groups were added
4ug/ul cyclophosphamide to make the model. In
contrast, the low, medium, and high dose groups
were added with 30, 60, and 90 umol/L BBR
hydrochloride, respectively, and the blank control
group was added with the same dose of Phosphate
buffer saline (PBS).

CCK-8 to determine the cell viability of GCs

Inoculate the cells into a 96-well plate. When the
cells grow to 60%-70%, add 10ul CCK-8 (purchased
from BEIJING DINGGUO CHANGSHENG
BIOTECHNOLOGY Co., Ltd.) solution to each
group of cells after 24 hours of treatment factors,
and continue to incubate at 37°C for 2 hours. Use
a microplate reader to measure at 450 nm wave-
length [23]. Cell viability = (A(adding medicine)-
A(blank))/(A(0 adding medicine)-A(blank)).

Western blot was used to detect the protein
content of PTEN, P-AKT1, AKT1, P-FoxO1, and
FoxO1 in the GCs

Part of the primary GCs was inoculated into
a 6-well plate. After the cells grew to 60%-70%,
the treatment factors were added to each group of
cells for 24 hours, and then the total protein was
extracted, and the protein was quantified. After
electrophoresis on SDS polypropylene gel, transfer
to polyvinylidene fluoride (PVDF) membrane.
After the primary and secondary antibodies are
incubated, use the ECL Chemiluminescence kit
for development [19]. Perform quantitative analy-
sis of the target band of the protein and normalize
the target protein content. Process the image.

Detect the expression of Fas/FasL and Bim mRNA
in the GCs by q-RT-PCR

Part of the primary GCs was inoculated into
a 6-well plate. After the cells grew to 60%-70%,
the total RNA of each group of cells was extracted
according to the kit instructions after adding the
treatment factors for 24 hours, reverse transcribed
cDNA, and using it as a template for PCR ampli-
fication. The amplification conditions are: 95°C
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pre-denaturation 30s, 95°C, 10s — 60°C, 30s, 40
cycles in total. The internal reference is GAPDH,
and the relative content of the initial cDNA of the

target gene in the sample is expressed by
2—AACt [20].

Statistical analysis

SPSS 26.0 (IBM Corp, Armonk, NY, USA) was
adopted to analyze the experimental data.
GraphPad Prism version 8.0.2 was adopted to
make the figures. The data were expressed as
mean + standard deviation (SD). The t-test was
adopted for comparison between two groups, and
One-Way analysis of variance (ANOVA) was
adopted for comparison among multiple groups.
The P value was obtained from the two-tailed tests,
and a value of P < 0.05 was considered to be
statistically significant.

Result

In this study, the effect of BBR in improving POF
and its molecular mechanism are explored from
two parts, which provides a new basis for the
development of POF therapeutic drugs. The first
part applies the analytical methods of network
pharmacology for data mining, and the second
part uses in vivo and in vitro experiments for
verification. We suspect that through the analysis
of network pharmacology, the corresponding tar-
gets, pathways and biological effects of BBR
against POF can be obtained and verified by
experiments.

Potential targets for diseases and drugs

Use ‘berberine’ as a keyword to search and filter
in the three databases. 250 targets were obtained
in the CTD database, and 104 targets were
obtained with ‘interactions>1’ as the screening
condition. 17 targets were obtained in the
TCMSP database. Get 10 targets in the STITCH
database. Remove the duplicate targets to get
a total of 125 targets (see Figure 1)). Search for
disease targets in the GeneCards database. Use
‘premature ovarian failure’ as a keyword to obtain
643 targets; Use ‘primary ovarian insufficiency’ as
a keyword to get 645 targets; Use ‘POF as
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Figure 1. (a) Drug-target diagram; Green dots represent the targets of BBR; Yellow dots represented BBR. (b) Disease-target
diagram.; Green dots represent the targets of the disease; Red dots represent the disease. (c) Venn diagram of the intersection of

disease target and drug target.

a keyword to obtain 215 targets, and use POTI” as
a keyword obtained 227 targets. After removing
the duplicate targets, a total of 863 related targets
were obtained (see Figure 1)). Then screen out the
target of POF and BBR (see Figure 1)).

PPI network

Enter these potential targets into the String data-
base to obtain PPI network information and enter
the data into Cytoscape for visualization. The PPI
network contains 50 nodes and 1094 edges (see
Figure 2)). The size and color of the target in the
PPI network represent the degree of importance in
the role. The larger the target, the bluer the color,
the more influential the target is.

Topological analysis and core targets

Use CytoNCA, a plug-in of Cytoscape, to analyze
the topology of the PPI network. According to
DC>24 BCz17.251 CCz0.649, 21 core targets
were screened out. Enter these core targets into
the String database to obtain the core PPI network
information (see Table 2) and visualize it (see
Figure 2)).

Pathway and Functional Enrichment Analysis

GO enrichment analysis can determine its biological
functions related to the fight against POF from the
three aspects of biological process (BP), cell compo-
nent (CC), and molecular function (MF) (see Figure
3). It shows that BBR may interact with the activa-
tion of signal receptors, ligands, and cytokines on
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Figure 2. (a) Protein-protein interaction network; The size and color of the target in the PPl network represent the degree of
importance in the role. The larger the target, the bluer the color, the more influential the target is. (b) Core protein-protein
interaction network; The size and color of the target in the PPl network represent the degree of importance in the role. The larger
the target, the bluer the color, the more influential the target is.

the cell membrane, so that can participate in regu-  enrichment analysis can explore the potential path-
lating the response of cells to drugs, steroid hor-  ways of BBR in the improvement of POF. It shows
mones, peptides, and peptide hormones to regulate  that the PI3K-AKT signaling pathway has the high-
the level of various hormones and exert its role in  est degree of enrichment and the FoxO and AGE-
improving POF and protecting the ovaries. KEGG ~ RAGE signaling pathways (see Figure 3). These
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Table 2. Core targets.

name Degree Betweenness Closeness name Degree Betweenness Closeness
IL6 41 119.44 0.86 MMP9 31 17.49 0.73
AKT1 40 81.91 0.84 IL1B 30 3245 0.71
TP53 39 90.81 0.83 PPARG 30 30.67 0.69
ESR1 38 19143 0.82 MMP2 30 20.98 0.72
TNF 37 60.24 0.80 NOS3 29 33.24 0.70
CASP3 37 53.13 0.80 IL10 29 22.41 0.69
MYC 33 31.33 0.75 CXCL8 29 74.95 0.70
SIRT1 33 40.93 0.74 AR 27 145.64 0.69
CTNNB1 32 35.40 0.74 FOXO1 25 18.75 0.66
PTGS2 31 30.75 0.73 IGF1R 24 22.09 0.66
PTEN 31 34.19 0.73
GO enrichment KEGG enrichment
respanse to nutrient levels < .I PI3K- Akt signaling pathway .
cellular response to drug < [ ] Proteoglycans in cancer (]
response to steroid hormone - [ ] ki Human cytomegalovirus infection
cellular response to peptide o count AGE- RAGE signaling pathway in diabetic complications [ ] - Iog1102(pvalue)
response to peptide hormone . ® 10 FoxO signaling pathway [ ] 10
membrane raft- : ;Z Fluid shear stress and atherosclerosis @ 8
membrane microdomain < Non- alcoholic fatty liver disease [ ] [ ] 6
membrane region - Q| -logi0(pvalue) Hepatitis B ®
nuclear chromatin < 16 MAPK signaling pathway m:untg
endoplasmic reticulum lumen » 12 Human papillomavirus infection ) ® 10
signaling receptor activator activity 4 8 Chagas disease L : :;
receptor ligand activity Tt Galluiar sanescance [ EH
cytokine activity | 5‘ Cytokine- cytokine receptor interaction L
cytokine receptor binding - IL- 17 signaling pathway { *
DNA- binding transcription factor binding - Prostate cancer{ «
10 15 20 [ 10 1 12 13
enrichment enrichment

Figure 3. GO enrichment and KEGG enrichment.
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Figure 4. PI3K-AKT pathway diagram and FoxO pathway diagram; The red dots represent the enriched target.

pathways regulate biological processes such as
inflammation, cell circulation, apoptosis, autoim-

mune regulation, and so on (see Figure 4).

Drug-target-pathway network

macological effects independently, we

Since genes cannot exert their biological and phar-

established



a drug-target-pathway network based on the first
20 signal pathways and related targets and com-
pounds (see Figure 5) to further clarify the mole-
cular mechanism of BBR in the treatment of POF.
After integrating drug target prediction, pathway
and function enrichment, and network analysis,
the PTEN, AKT1, FoxOl, FasL and Bim targets
were highly enriched in both PI3K/AKT signaling
pathway and FoxO signaling pathway (see Figure
4). They are also considered to be critical targets
for the effect of BBR in the improvement of POF.
Therefore, we speculate that the development of
BBR in improving POF may be involved in

TNF

CASP3
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regulating cell apoptosis and autoimmunity by
regulating the PTEN/AKT1/FoxO1 pathway and
Bim and Fas/FasL targets.

Experimental validation
Crystal violet staining of vaginal smear

The estrus cycle of rats is generally divided into four
periods: proestrus, estrus, postestrus, and anestrus.
The proestrus is mainly round or oval nucleated
cells, and a small amount of anucleated keratinized
epithelial cells can also be seen (see Figure S2A);
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nodes represent the targets.



9894 W. XUE ET AL.

Irregular polygonal anucleated keratinocytes with an
entire field of view can be seen during estrus (see
Figure S2B); In the postestrus period, there are mainly
a large number of white blood cells and a small num-
ber of anucleated keratinocytes (see Figure S2C);
Leukocytes, nucleated and non-nucleated cells co-
exist during anestrus (see Figure S2D).

BBR can increase the content of E; and AMH
hormones in the serum of rats and reduce the
content of FSH and LH hormones

POF can cause abnormal secretion of some hor-
mones in rat serum. We tested 4 hormones in

Table 3. Serum E,, FSH, LH, AMH content of rats (X £ S).

serum that can express ovarian reserve: E,, FSH,
LH, and AMH. As expected, the serum levels of
E, (P < 0.01) and AMH (P < 0.05) in the POF
model rats decreased, and the serum levels of
FSH and LH increased (P < 0.01) (see Table 3).
After 28 days of BBR treatment, the levels of E,
and AMH increased to varying degrees. The
increase of E, and AMH after treatment with
the medium and high dose of BBR was more
significant. The levels of FSH and LH in the
serum have decreased to varying degrees,
among which the hormone reduction after low
and medium-dose BBR treatment is more signif-
icant (see Figure 6).

Group E»/(pg/ml) FSH/(mIU/mL) LH/(mIU/mL) AMH/(pg/ml)
Group A 56.08 + 1.39%* 8.70 + 0.72%* 50.22 + 3.87%* 4309.63 + 72.74*

Group B 51.77 + 1.00% 10.33 + 0.18% 56.13 + 4.16"* 3868.56 + 246.98"
Group C 53.79 + 1.76" 9.59 + 0.44"# 50.19 + 2.79** 4377.19 + 285.67*
Group D 55.39 + 2.11** 9.77 + 049 51.02 + 2.32%* 443638 + 216.71**
Group E 5439 + 1.27% 9.78 + 0.66 " 53.98 + 2.54" 4464.50 + 160.15**

Note: Group A: Blank control group, Group B: Model group, Group C: Low-dose group, Group D Medium-dose group, Group E: High-dose group;
Compared with the model group, *P<0.05, **P<0.01; Compared with the blank control group, #*P<0.05, *P<0.01.

E2(pg/ml)

IHHE

==

w4 J#
L

(2]
O
m

80+

LH/mIU/mL)

' .
A B C D E

154

ﬁtt# HE

FSH(mIU/mL)

B
5000- * *k *k
"
4000 T
E
S 3000
.
T i
< 2000
<
1000}

T
A B C D E

Figure 6. Comparison of serum E2, FSH, LH, AMH content; A: Blank control group, B: Model group, C: Low-dose group, D: Medium-
dose group, E: High-dose group; Compared with the model group, *P<0.05, **P<0.01; compared with the blank control group,
#p<0.05, *P<0.01.



Low and medium doses of BBR can increase the
ovarian index of rats

Ovarian index refers to the ratio of the wet weight
of the rat’s bilateral ovaries to the rat’s body
weight, which can indicate the health of the ovar-
ies. After measurement, the ovarian index of rats
in the POF model group was significantly reduced
(P<0.05). After 28 days of continuous intragastric
administration of BBR, the ovarian index of rats in
the low and medium dose groups increased sig-
nificantly (P<0.05) (see Figure 7).

BBR can inhibit the PTEN/AKT1/FoxO1 signaling
pathway

Network pharmacology analysis predicts that the
molecular mechanism of BBR’s anti-POF may be
highly related to the PTEN/AKT1/FoxOlsignaling
pathways. Experiments further validated these poten-
tial targets and signaling pathways (see Figure 4). The
PTEN/AKT1/FoxO1 signaling pathway was activated
in the ovaries of rats and GCs in the POF model
group. Compared with the blank control group, the
PTEN protein content was significantly increased
(P < 0.01); AKT1 protein content and phosphoryla-
tion level were significantly reduced (P < 0.01); FoxO1
protein content and its phosphorylation level
increased significantly (P < 0.01). After the treatment
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Figure 7. Ovarian index; A: Blank control group, B: Model
group, C: Low-dose group, D: Medium-dose group, E: High-
dose group; Compared with the model group, *P<0.05;
Compared with the blank control group, *P<0.05.
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of BBR, the PTEN/AKT1/FoxO1 signaling pathway in
the ovaries of rats and GCs in the low, medium, and
high dose groups were all inhibited to varying degrees
(see Figure 8).

BBR can inhibit the expression of Fas/FasL and
Bim mRNA in the ovaries of rats and GCs

After measurement, Fas/FasL and Bim mRNA were
overexpressed in the ovaries of rats and GCs in the
POF model group (P<0.01). After the treatment of
BBR, the expression of Fas/FasL and Bim mRNA in
the ovaries of rats and GCs in the low, medium, and
high dose BBR groups were inhibited to varying
degrees(P<0.01) (see Figure 9).

BBR can improve the viability of POF-GCs

The CCK-8 shows that the viability of GCs in the
POF model group was significantly reduced
(P<0.01). The viability of GCs protected by BBR
was increased to varying degrees compared with
that of the model group (P<0.01) (see Figure 10).

Discussion

POF is a complex disease that can lead to estrogen
deficiency, ovarian failure, and infertility. It has
a variety of pathological mechanisms. BBR is an
alkaloid extracted from natural medicines. Its
effect is widely used in many clinical fields, but
its mechanism of action is complex, involving
multiple targets and pathways. The unclear
mechanism of BBR is still an obstacle to its wide-
spread use. The emergence of network pharmacol-
ogy provides new methods for investigating the
mechanism of action of drugs and diseases. In
this study, network pharmacology analysis and
in vivo experimental verification were used to
explore the potential targets and pathways of
BBR in improving POF.

Combining network topology analysis and PPI
network analysis, it is found that the drug acts on
multiple targets and signal pathways. We have
determined the core targets and pathways of the
drug’s action: PTEN /AKT, FoxO, Fas/FasL, Bim.
These pathways and targets are related to the pro-
liferation of cells, the processes of apoptosis [24],
cell cycle, cell death, metabolism, and oxidative



9896 W. XUE ET AL.

d

PTEN —— Wheee TNy W —
AKT1 W W e —
p—AKT]  e—

Fox01 —
[S%

p~Fox01

— C— — — —
A B C D E

GAPDH

b

PTEN

AKTL "

p—AKT1

Fox01 | ===

p—Fox01

GAPDH

e
o
1
- ~
w °
1 Il

PTEN/GAPDH
e
IS
1
AKT1/GAPDH
5
1

1.0 1.5+
0.8 —#
z —_— z
a L™ o
< 0.6+ — <
g Q
=
£ 0.4+ Q
3 )
o 0.2
0.0- .
A B C D E
1.5+

-

°
I
:

¥

P-FOXO1/GAPDH
e
b

-

PTEN/GAPDH
AKT1/GAPDH

e e §

b
o
oF
o
m

P-AKT1/GAPDH
FOXO1/GAPDH

P-FOXO1/GAPDH

Figure 8. Western blot band and the ratio of the target protein to internal control (normalized processing); (a) The expression level
of each target protein in rat ovary; (b) The expression level of each target protein in ovarian granulosa cells; A: Blank control group,
B: Model group, C: Low-dose group, D: Medium-dose group, E: High-dose group; Compared with the model group, *P<0.05,
**p<(,01; Compared with the blank control group, *P<0.05, #P<0.01.

stress [25,26]. And these processes play an essen-
tial role in the occurrence and development of
POF [27-29]. Therefore, we speculate that BBR
may improve POF through the combined action
of PTEN/AKT1/FoxO1 signaling pathway and Fas/
FasL, Bim targets. To verify this hypothesis, we
explored the improvement and protection of BBR
on POF rats and its molecular mechanism from
both in vivo and in vitro experiments.

Estradiol (E,) is a sex steroid hormone that can
stimulate the proliferation and differentiation of
GCs in the growth phase. Follicle-stimulating hor-
mone (FSH) is secreted by the anterior pituitary
gland, stimulating follicles to produce estrogen
[30]. When the ovarian reserve is reduced, the
secretion of inhibin is diminished. It is not enough
to make enough inhibin to inhibit the secretion of
FSH, which will lead to the phenomenon of high
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Figure 9. Relative expression levels of target genes in each group; (a) The relative expression of each target gene in rat ovary; (b)
The relative expression of each target gene in ovarian granulosa cells; A: Blank control group, B: Model group, C: Low-dose group, D:
Medium-dose group, E: High-dose group; Compared with the model group, *P<0.05, **P<0.01; Compared with the blank control

group, *P<0.05, *p<0.01.

serum FSH and low E,. BBR can reduce the level
of FSH in the serum and increase the level of E, to
improve this phenomenon. The basic FSH level
can indirectly reflect the size of the follicular
pool. FSH has a high specificity for judging the
reduction of ovarian reserve, but the sensitivity is
not high [30]. Luteinizing hormone (LH) is
a glycoprotein secreted by the anterior pituitary
gland, which plays a decisive role in the formation
of ovulation [31]. Antral follicles rapidly synthe-
size E, under the influence of LH, which is essen-
tial for oocyte maturation and preparation of the
endometrium for implantation. It also needs to
activate the hypothalamic-pituitary-ovarian axis,
which is used to induce the LH peak required for
ovulation [31]; the lack of E, in POF can increase
serum LH. BBR can increase E, levels and return
LH to normal levels. AMH is a member of the
transforming growth factor-p (TGF-B) family.
Studies have shown that serum AMH levels are
more predictive of POF than FSH or E, levels [32].
And serum AMH is the preferred marker of ovar-
ian reserve capacity [33]. People with insufficient

ovarian reserve have significantly lower AMH
levels than normal. In vivo experiment shows
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Figure 10. Cell viability determined by CCK8; A: Blank control
group, B: Model group, C: Low-dose group, D: Medium-dose
group, E: High-dose group; Compared with the model group,
*P<0.05, **P<0.01; Compared with the blank control group,
*P<0.05, *P<0.01.
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that different doses of BBR can regulate the levels
of serum hormones to varying degrees; Among
them, the medium-dose BBR can significantly reg-
ulate the levels of the four hormones in the serum,
the high-dose BBR has more significant effects on
regulating E, and AMH levels. In contrast, the
low-dose BBR has more significant effects on reg-
ulating FSH and LH levels.

The PI3K/PTEN/AKT signaling pathway regu-
lates the inhibition and activation of primordial fol-
licles, and the balance in this pathway is regulated by
PTEN, which is essential for maintaining the dor-
mant state of primordial follicle reserves [34].
Studies have confirmed that PTEN can negatively
regulate the PI3K/AKT pathway to affect cell prolif-
eration and apoptosis [24] and induce cell cycle
arrest in the G1 phase [35]. Mammalian oocytes
are the programming headquarters for follicular acti-
vation. Oocytes can control the initiation of oocyte
growth through the PTEN/PI3K pathway to control
the activation of follicles [36,37]. Prematurely acti-
vated follicles are atresia in early adulthood (about
3 months old), leading to POF. Studies have shown
that curcumin can maintain the stability of ovarian
reserve by regulating the PTEN/AKT pathway [38].
Overexpression of PTEN can reverse the activation
of primordial follicles, leading to atresia [39]. GCs
apoptosis is the primary mechanism of follicular
atresia at different developmental stages. GCs pro-
vide necessary growth signals and nutrients for
oocyte maturation. The state of GCs is critical to
follicular development [7]. The PTEN gene in GCs
may affect FSH’s follicular and follicular develop-
ment regulation by regulating the phosphorylation
of AKT and FoxO1 [40]. PTEN can also activate the
protein kinase B or AKT (PKB/AKT) pathway,
increase the growth and activation of primordial
follicles [41], lead to the growth of antral follicles
[42] and induce cell growth and proliferation, and
inhibit cell apoptosis [24]. Cytotoxic drugs can sig-
nificantly increase PTEN to reduce AKT1, cause GCs
apoptosis, and increase POF risk. Since the AKT1
and Hippo signaling pathways can act synergistically
to regulate the growth of follicles, the induced muta-
tion of the PTEN/AKT1 gene can accelerate the rate
of ovarian reserve failure and lead to POF [43]. FoxO
protein is an important downstream target of the
PI3K/AKT signal axis and a regulator of the cell
cycle, death, metabolism, and oxidative stress [25].

Studies have shown that the activation of phosphor-
ylation of AKT in vivo and the inhibition of phos-
phorylation of FoxO1 may be related to the survival
and proliferation of GCs [44] and the increase in the
number of follicles in the pre-ovulatory stage [40]. It
can be seen that PTEN/AKT1/FoxOl is very impor-
tant for the treatment of POF. Our research shows
that the PTEN /AKT1/FoxO1 pathway in the ovaries
of rats with POF is overactivated. Different doses of
BBR treatment have different levels of inhibition of
this pathway, which proves that BBR may inhibit the
PTEN /AKT1/FoxOl pathway to treat POF. The
homeostasis regulated by Bim is necessary for
normal cell death and survival. The precise reg-
ulation of Bim expression has been proved to be
an essential condition for the normal develop-
ment of cells [45]. Bim has pro-apoptotic activity
and can be regulated at multiple levels. (FoxO)
family proteins can up-regulate Bim transcrip-
tion [46]. Studies have shown that Bim is an
essential mediator of apoptosis in response to
FoxO3 activation. The FoxO3a transcription fac-
tor induces Bim. AKT directly phosphorylates
FoxO3a to prevent it from activating Bim tran-
scription [47,48]. Therefore, BBR may regulate
AKT/FoxO to inhibit the expression of Bim. The
most common proteins that cause GCs apoptosis
in the death receptor pathway include FasL and
Fas. Fas/FasL can also induce apoptosis in vitro
[26]. Studies have also shown that Fas/FasL can
significantly inhibit the proliferation of bovine
follicular GCs [28]. It can be seen that Bim and
Fas/FasL are both apoptosis-related factors. Our
research shows that Bim and Fas/FasL mRNA
are overexpressed in the ovaries of rats with
POF, and after BBR treatment, the expression
of Bim and Fas/FasL mRNA is inhibited varying
degrees. We can speculate that BBR can improve
POF by inhibiting the expression of Bim and
Fas/FasL mRNA.

In this study, ovarian index and serum endo-
hormone level were used as indicators to evaluate
ovarian function, but both ovarian index and hor-
mone level were indirect evidence to prove the
improvement of ovarian function. Histological
analysis of the ovaries comparing the size of the
ovaries and the number of follicles provides direct
evidence of improved ovarian function. However,
due to some objective factors, histological study



cannot be carried out, so this study can only indir-
ectly prove that ovarian function has improved,
which is the limitation of this experiment.

Conclusion

This study uses a combination of network pharma-
cological analysis and experimental verification to
explore the effect of BBR on improving POF and its
molecular mechanism. Through network pharma-
cology data mining and in vivo experimental valida-
tion, we proved that BBR could inhibit ovarian GCs
apoptosis and follicular atresia and regulate E,, FSH,
LH, AMH hormone secretion by inhibiting the
PTEN/AKT1/FoxO1 signaling pathway and redu-
cing the expression of Bim and Fas/FasL mRNA so
that can increase ovarian reserve capacity, exert its
anti-POF effect. The combination of network phar-
macology prediction and in vivo experimental ver-
ification can effectively clarify the multi-target and
multi-path pharmacological action mechanism of
naturally extracted drugs.
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