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pharmacology to explore the therapeutic target
and molecular mechanisms of Bailing capsule
on polycystic ovary syndrome
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Gui-yuan Lv*" and Su-hong Chen'*"

Abstract

Background Polycystic ovary syndrome (PCOS) is a complex endocrine and metabolic disorder that is common
in women of reproductive age. The clinical features of PCOS include hyperandrogenemia and polycystic ovarian
changes. Bailing capsule (BL), a proprietary Chinese medicine that contains fermented Cordyceps sinensis powder,
has been applied to treat PCOS. However, the specific active ingredients of BL and its mechanisms of action are
yet to be elucidated.

Methods Initially, the effectiveness of BL on PCOS model mice was evaluated. Subsequently, the active ingredients
of BL were searched in the TCMSP and TCM Systems Pharmacology databases, and their targets were predicted using
Swiss Target Prediction and SEA databases. Furthermore, the GEO gene database was used to screen for differentially
expressed genes (DEGs) related to PCOS. Data from Gene Card, OMIM, DDT, and Drugbank databases were then com-
bined to establish a PCOS disease gene library. Cross targets were imported into the STRING database to construct

a protein—protein interaction network. In addition, GO and KEGG pathway enrichment analyses were performed using
Metascape and DAVID databases and visualized using Cytoscape software and R 4.2.3. The core targets were docked
with SYBYL-X software, and their expressions in PCOS mice were further verified using gPCR.

Results The core active ingredients of BL were identified to be linoleyl acetate, cholesteryl palmitate, arachidonic
acid, among others. Microarray data sets from four groups containing disease and normal samples were obtained
from the GEO database. A total of 491 DEGs and 106 drug-disease cross genes were selected. Estrous cycle and ovar-
ian lesions were found to be improved in PCOS model mice following BL treatment. While the levels of testosterone,
progesterone, and prolactin decreased, that of estradiol increased. gPCR findings indicated that the expressions

of JAK2, PPARG, PI3K, and AKT1 were upregulated, whereas those of ESRT and /RST were downregulated in PCOS model
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against PCOS.

expression

mice. After the administration of BL, the expressions of associated genes were regulated. This study demonstrated
that BL exerted anti-PCOS effects via PIK3CA, ESR1, AKT, PPARG, and IRS1 targets affecting PI3K-Akt signaling pathways.

Discussion This research clarified the multicomponent, multitarget, and multichannel action of BL and pro-
vided a theoretical reference for further investigations on its pharmacological basis and molecular mechanisms

Keywords Polycystic ovary syndrome, Bailing capsule, Bioinformatics, Microarray, Network pharmacology, Gene

Background

Polycystic ovary syndrome (PCOS) is a heterogeneous
endocrinological and metabolic disorder that occurs
commonly in women of reproductive age. The main
clinical symptoms include abnormal ovulation, ovarian
changes, and androgen increase [1, 2]. The development
of PCOS is often accompanied by complications pertain-
ing to infertility, insulin resistance (IR), abdominal fat
accumulation, nonalcoholic fatty liver disease, obesity,
and cardiovascular disease [3-5]. The incidence of PCOS
in women is>20%, and according to the most recent
diagnostic criterion, it is now the most prevalent endo-
crine and metabolic condition in women of reproductive
age [6].

The pathogenesis and causes of the disease have not
been completely examined and may be linked to genetic
and environmental factors. The drugs used to treat PCOS
are mostly symptomatic interventions, such as oral con-
traceptives, antiandrogens, and insulin sensitizers [7].
This treatment strategy is flexible in terms of dosing, can
be adapted to different symptoms, and is supported by a
large body of clinical evidence, which ensures drug safety
[8-10].

In recent years, the efficacy of several classical Chi-
nese medicine prescriptions in treating PCOS has been
increasingly recognized [11-14]. According to a study,
the pregnancy rate for patients with PCOS treated using
herbal medications was 37.14% and the rate of pregnant
women giving birth to healthy babies was 34.97%. More-
over, herbal medications can alleviate endocrine and
metabolic disorders [15]. Bailing capsule (BL) (Cordyceps
sinensis) has been approved by the State Food and Drug
Administration of China (State Drug License Z10910036),
and its chief ingredient is the fermentation product of
C. sinensis (Ophiocordyceps sinensis (Berk.) G.H. Sung-
etal). BL contains various active ingredients, including
cordycepin and its derivatives, alkaloids, sterols, trace
elements, fatty acids, mannitol, and amino acids. These
chemical components exhibit diversified physiological
effects, such as antioxidant, antifibrotic, antitumor, anti-
viral, and anti-inflammatory effects [16, 17]. C. sinensis
has been used widely as a herbal medicine and functional
food for centuries. Several studies have established that

C. sinensis upregulates steroidogenic enzymes and ovar-
ian 17B-estradiol in human granulosa lutein cells and
affects the quality of mature oocytes [18]. Clinical studies
have shown that BL (C. sinensis) can reduce the abnor-
malities in lipid metabolism by regulating the PPAR«
pathway, enhancing lipolysis, and lowering the accumu-
lation of renal triglycerides in diabetic rats [19]. Diane-
35, when combined with BL, can improve glucose-lipid
metabolism and IR in patients with PCOS and protect
renal function without negative effects on hepatic func-
tion [20]. Moreover, this combination of metformin can
improve endocrine dysregulation in patients with PCOS;
regulate the levels of follicular fluids BMP-15, GDF-9,
and IGF-1; promote the growth of oocytes and the for-
mation of dominant follicles; and reduce the levels of
serum sex hormones, such as luteinizing hormone and
testosterone [21, 22]. In addition, it can reduce the lev-
els of serum inflammatory factors, such as IL-6, TNF-a,
APN, and LEP, thus effectively suppressing inflammation
[23]. The combination of letrozole and BL can reduce
ovarian volume, thicken the endometrium, and assuage
the symptoms of hirsutism [24, 25]; however, the under-
lying mechanisms have not been adequately investigated.

Modern bioinformatics aids in exploring the mecha-
nism of action of TCM. To identify the differential genes
in clinical data samples, the GEO database was mined
and analyzed using the R language. Subsequently, net-
work pharmacology and molecular docking were used
in a combined manner to link the active components of
medications and target proteins and disease pathways
to create a “drug—target—disease” relationship network.
Sun et al. [26] investigated the mechanism of Ocimum
sanctum—ginseng medication to prevent and treat diar-
rheal irritable bowel syndrome using gene expression
integrated microarray data combined with network phar-
macology. Wu et al. [27] employed the GEO database and
TCGA differential analysis in conjunction with network
pharmacology to predict the occurrence of gastric cancer.
The completeness and systematic nature of this bioinfor-
matics research strategy agree with the multicomponent,
multimethod, and multitarget synergistic effects of Chi-
nese medicine. Furthermore, this approach is in line with
the holistic view theory of Chinese medicine and offers a
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novel way to investigate the mechanism of action of intri-
cate Chinese medicine components.

In this study, PCOS mice models were constructed by
feeding a high-fat and high-sugar diet combined with the
subcutaneous injection of dehydrogenated epiandroster-
one (DHEA) into the back of the neck [28]. The estrous
cycle, ovarian pathological changes, and testosterone and
estradiol sex hormone indexes of mice were observed to
determine the efficacy of BL in improving PCOS. Next,
to predict the pharmacological ingredients and multi-
target mechanism of BL in treating PCOS, a combina-
tion of GEO chip analysis and network pharmacology
was applied. Molecular docking and qPCR techniques
were employed to validate the predicted results, and the
system-level concept of multicomponent, multitarget,
and multi-pathway actions of BL was elucidated. This
research is expected to serve as a theoretical guide for
further investigations into the mechanisms by which BL
alleviates PCOS.

Materials and methods

Material and reagents

BL were purchased from Zhongmei Huadong Pharma-
ceutical Co., Ltd. (Hangzhou, Zhejiang, China); High-
sugar and high-fat model feed (TP0800, 20% sucrose,
15% lard, 1.2% cholesterol, 0.2% sodium cholate, 1% bile
salt, appropriate casein, calcium hydrogen phosphate,
stone powder, etc.) was purchased from Nantong Trophy
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Feed Technology Co., Ltd. (Nanjing, Jiangsu, China);
dehydrogenated epiandrosterone (DHEA) was purchased
from Jiasheng Chemical Reagent Business Center (Shou-
guang, Shandong, China); Hematoxylin and Eosin (H&E)
was purchased from Shanghai Yuanye Biotechnology
Co., Ltd. (Shanghai, China), mouse serum testosterone
T ELISA kit, and mouse serum estradiol E2 ELISA kit
from Jianglai Biotechnology Co., Ltd. (Hangzhou, Zheji-
ang, China); SPARKeasy Improved Tissue/Cell RNA Kit,
SPARKscript II RT plus Kit, and 2XSYBR Green qPCR
Mix purchased from SparkJade (Shandong, China).

Preparation and administration of PCOS model

Twelve SPF grade female ICR mice weighing 20+ 5 g were
obtained from Shanghai Slake Experimental Animal Co.,
Ltd. (Shanghai, China). The animals were maintained in
controlled feeding conditions with a temperature range
of 22-26 ‘C, humidity between 45-50%, and a 12-h cycle
of light and darkness. Water and feed were changed daily,
and hygiene was maintained by regular cleaning. All ani-
mal procedures followed the “Regulations on the Man-
agement of Experimental Animals” and were approved by
the Zhejiang University of Technology’s ethics commit-
tee. The experimental flow is shown in Fig. 1.

After 3 days of adapted feeding, ICR mice were divided
into weight-based groups at random and given diets high
in fat and sugar along with subcutaneous injections of
exogenous androgens into the back of the neck for a total
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of 28 consecutive days, with the exception of the normal
control group. Subsequently, vaginal smears were col-
lected for four consecutive days, stained with H&E, and
observed under the microscope. The mice in the model
group showed obvious inhibition and disturbance of the
motility cycle, suggesting that the modeling of PCOS
mice was successful. At the end of modeling, the mice
were divided into three groups according to their body
weight: (1) normal group (NC); (2) model group (PCOS);
(3) BL group. The dose was converted to the dose accord-
ing to the body surface area coefficient and given by gav-
age. Normal and model control mice were given purified
water by gavage at a dosing volume of 1 mL/100 g. BL was
configured to a concentration of 240 mg/mL and admin-
istered by gavage once daily for 4 weeks. At the end of the
experiment, mice were fasted overnight and euthanized
by anesthesia with 0.3% pentobarbital sodium solution
(0.2 ml/10 g, IP). Serum was obtained via orbital blood
collection, ovarian tissue was collected, washed with cold
saline, and stored at -80 C.

Estrous cycle monitoring

Vaginal smears were obtained from mice beginning on
day 28 of modeling and stained with H&E for 4 days
in a row. The morphology and coloration of cells were
observed under a biological microscope using the follow-
ing criteria: Proestrus (predominantly oval nucleated epi-
thelial cells with a few keratinized epithelial cells), Estrus
(a large number of keratinized epithelial cells in the
form of deciduous stacks), Metestrus (similar numbers
of keratinized epithelial cells, leukocytes, and nucleated
epithelial cells), and Diestrus (predominantly leukocytes
with a few epithelial cells and mucus). The presence of
an inhibited or disturbed estrous cycle indicates success-
ful modeling. After 4 weeks of administration, vaginal
smears were observed for 8 consecutive days to analyze
changes in the mice’s estrous cycle.

Observation of hematoxylin and eosin (H&E) staining

in ovarian tissues

The ovaries were embedded in paraffin after being treated
in 4% formalin. All specimens were then cut into sections
with a 4um thickness and stained with hematoxylin and
eosin (H&E). Finally, tissue images were captured using a
biomicroscope.

Serum sex hormone analysis

An orbital blood sampling technique was used to gather
blood samples. The samples were then incubated for
30 min at 37 °C, followed by 10 min of centrifugation
at 3000 rpm at 4 °C. After removing the supernatant,
the procedure above was carried out one more. For
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upcoming investigations, the serum was collected in
1.5 mL Eppendorf tubes and kept at -80 °C.

Screening of the active ingredients and target of BL

The Traditional Chinese Medicine Systems Pharma-
cology Database and Analysis Platform (TCMSP) was
utilized to collect the chemical constituents of BL. This
was supplemented by the results of CNKI and Pubmed
literature searches. TCMSP is a systematic pharmacology
platform for TCM that provides information on TCM
components, compounds, and pharmacokinetic effects
of natural compounds [29]. It includes drug similar-
ity, oral bioavailability, intestinal epithelial permeability,
water solubility, and blood-brain barrier permeability.
The screening criteria for bioactive compounds were
as follows: oral bioavailability (OB)>30% and drug-
likeness (DL)>0.18 [30]. OB refers to the ability of an
orally administered drug to be delivered to the body cir-
culation [31]. DL is based on similarity to the functional
groups and physical properties of known drugs [32]. Fur-
ther analysis was carried out on compounds that met
the OB and DL thresholds as active compounds [33].
The TCMSP database’s active components were then
searched with a Probability >0.1 in Swiss Target Predic-
tion [34] and the SEA database [35]. The probable targets
of BL were determined by combining the targets from the
three databases, eliminating duplicate values, and stand-
ardizing the species to “Human” utilizing the UniProt
database [36].

Construction of PCOS-related target database

The keyword “polycystic ovary syndrome” was used to
search for samples in NCBI's GEO database. Studies
with a sample size greater than 10 were then screened,
and four datasets (GSE1615, GSE5090, GSE5850, and
GSE48301) containing disease samples and normal
samples were selected as the study population. Subse-
quently, the samples were subjected to principal com-
ponent analysis and clustering hierarchical analysis to
evaluate the acceptable quality of each set of samples.
Systematic analysis was performed by R 4.2.3, with
joint analysis and batch correction using the SVA and
Limma packages, with a threshold of |logFC|21 and an
adjusted P-value <0.05 for differential gene identification
[37]. Volcano and heat maps were visualized using the
ggplot2 and pheatmap packages in R 4.2.3 [38, 39]. The
keyword “polycystic ovary syndrome” was used to search
from GeneCards database [40], DrugBank database [41],
OMIM database [42] and TTD database [43]. Finally,
the genes obtained above were combined and duplicates
were deleted to establish the disease target database.
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Construction of “drug—component-target” modulation
network

The objectives and active components gathered in the
preceding phase were adjusted. The software Cytoscape
3.8.2 was used to map the drug—component—target mod-
ulation network after the network files and annotation
files had been loaded.

Building and examining PPI networks

Targets connected to PCOS were used to map the pro-
spective targets of BL. Venn diagrams were generated
using TBtool software to identify cross-targets as regu-
latory targets of BL against PCOS [44]. The STRING
PPI database then imported these targets with default
values for each option [45]. Isolated targets were hid-
den to obtain protein interaction networks, which were
exported to CSV format. Using the CytoHubba plugin
of Cytoscape 3.8.2 software, hub genes were identified.
The MCC algorithm is considered the most effective
method for finding the key nodes in the co-expression
network [46—48]. The MCC algorithm sets the param-
eter by selecting the top 30 ranked targets and filtering
them based on the degree value > 30. The resulting target
is then designated as the core gene.

Analysis of KEGG pathways and GO enrichment

The core genes were analyzed for Gene Ontology (GO)
enrichment using the Metascape database with the spe-
cies set as H. sapiens, applying FDR<0.05 and P<0.05 as
the critical values for GO Molecular Functions, Biologi-
cal Processes, and Cellular Components [49]. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis [50—52] was performed using the Visuali-
zation and Integrated Discovery (DAVID) database, with
species selected as Homo sapiens [53]. The critical values
for the analysis were set at FDR<0.05 and P<0.01, while
the default values for other parameters were used. The
visualization was plotted by https://www.bioinformatics.
com.cn (last accessed on 10 Nov 2023), an online plat-
form for data analysis and visualization [54].

Composition and molecular docking of the target

Based on the results of network pharmacology and lit-
erature research, potential pathways of action were
identified. Molecular docking was then performed for
validation. The 2D structure of the matching active com-
ponent was retrieved from the NCBI database, and the
3D structure of the protein target was obtained from the
PDB database. SYBYL-X software was used for molecu-
lar docking with the Surflex-Dock Geom docking mode.
The default number of dockings was set to 20. The total
score was shown on a heat map, and the docking score
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was used to assess the binding capacity and activity of the
target and active substance. The optimal result for ligand-
receptor binding was determined by the binding mode
with a Total score >7 [55].

Detection of PCOS gene expression by real-time
fluorescence quantitative PCR

Total RNA from mouse ovary tissues was extracted
with SPARKeasy Improved Tissue/Cell RNA Kit (Spark-
Jade, Shandong, China) and reverse-transcribed using
2 X SPARKscript II RT Plus Master Mix (SparkJade, Shan-
dong, China) according to the manufacturer’s instruc-
tions. The primers used were synthesized by SparkJade
(Shandong, China) (Table 1). And real-time quantitative
(qRT) PCR was done using 2XSYBR Green (SparkJade) in
the ABI 7500 system (ABI, USA). The PCR cycling profile
is one cycle at 94 °C for 3 min, 40 cycles at 94 °C for 10 s,
and 60 °C for 34 s.

Statistical analysis

The bar charts in the study were produced using Graph-
Pad Prism 6.0 and analyzed using SPSS 20.0 for one-way
ANOVA. Results were expressed as mean+standard
deviation (X =+ SD). The t-test was used to compare the
mean of two samples for intergroup differences, with sta-
tistical significance set at p <0.05.

Results

BL improve estrous cycle and ovarian dysfunction in PCOS
mice

Estrous cycle monitoring for 4 days after modeling to
confirm the presence of typical PCOS-like alterations in
the modeled mice. Cytological analysis of vaginal smears

Table 1 Primer sequence

Genes Sequences Gene ID

JAK2 FORWARD: CGAAGCAGCAAGCATGATGAGTC  NM_001048177.3
REVERSE: GTTCTCCTCTCCACAGACACAGAC

PPARG  FORWARD: TGTTCGCCAAGGTGCTCCAG NM_001127330.3
REVERSE: TGAAGGCTCATGTCTGTCTCTGTC

PI3K FORWARD: GGGAGCAGCAACCGAAACAAAG  NM_001024955.2
REVERSE: CCACTACGGAGCAGGCATAGC

AKT1 FORWARD: AAGCGGACGCTTCACGAATTTG ~ NM_001165894.2
REVERSE: ATCCAGTGCAGGGTCCGAGG

IRS1 FORWARD: CAGTGGATGGCAGTCCTGTGAG ~ NM_010570.4
REVERSE: CAGTGGATGGCAGTCCTGTGAG

ESR1 FORWARD: GCCAAGGAGACTCGCTACTGTG ~ NM_001302531.1
REVERSE: CAGCCTTCGCAGGACCAGAC

B-actin - FORWARD: GATGGTGGGAATGGGTCAGAAGG NM_007393.5

REVERSE: TTGTAGAAGGTGTGGTGCCAGATC
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indicated a disturbed estrous cycle in DHEA-induced
mice, as shown in Fig. 2A and B, where the four phases
of the estrous cycle were depicted for normal and PCOS
mice. The estrous cycle assessment demonstrated signifi-
cant changes in the PCOS group compared to the nor-
mal mice, with most alterations occurring during the
estrous phase (Fig. 2C and D). Estrous cycle disorder was
improved after treatment with BL (Fig. 2E).

We further utilized H&E staining on ovarian tissues
to validate these findings. Compared with the normal
group, the ovarian morphology of PCOS mice was
altered, exhibiting thickened ovarian cortex, a het-
erogeneous structure, few or no corpus luteum, cystic
follicles covered by several layers of granulosa cells
or follicular membrane cells, many enlarged cystic
oocysts, and ovaries showing typical polycystic changes
with a marked reduction in the number of primordial
and major follicles (Fig. 3A). There was a significant
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improvement in ovarian symptoms in the BL group
(Fig. 3A). Our findings suggest that BL improved the
pathological damage to ovarian tissue in PCOS-like
mice.

BL regulate serum sex hormone levels in DHEA-induced
PCOS-like mice

Apart from the observed alterations in ovarian tissue,
treatment with BL also led to significant changes in
serum T and E2 levels in PCOS-like mice. As illustrated
in Fig. 3B and C, DHEA-induced PCOS-like mice
exhibited significantly elevated serum T (p<0.01) and
decreased E2 levels (p<0.01) compared with normal
mice. However, administration of BL resulted in signifi-
cantly lower serum T levels and higher E2 concentra-
tions relative to the PCOS group (p < 0.05).

PCOS rices

EstrousCycle Staye

T 1 Days

Fig. 2 Changes in the estrous cycle of mice. A The four stages of the estrous cycle in normal mice; B The four stages of the estrous cycle in PCOS
mice; C-E Changes in the estrous cycle of mice in the normal group, model group, Bailing capsule group. P: Proestrus, E: Estrus, M: Metestrus, D:

Diestrus
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Fig. 3 Effect of supplementation with Bailing capsule on ovarian dysfunction and serum sex hormone levels in DHEA-induced PCOS-like rats.
Serum hormonal levels were using enzyme linked immunosorbent assay (ELISA). A Section of the ovary from each experimental group (H&E, scale
bar=100 um). B Testosterone(T), C Estradiol(E2). All values represent means +SD, n=4 per group. *p <0.05, *p <0.01 vs PCOS. N: normal group N:

normal group; P: PCOS group; BL: Bailing capsule group

Active ingredients and targets of BL

By applying the TCMSP database and literature search, a
total of 38 chemical components of BL were found. These
38 chemical components were then further screened
under the circumstances of OB>30% and DL >0.18 to
find a total of 7 active components of BL (Table 2). The
aforementioned active ingredients were looked up in the
Swiss Target Prediction and SEA databases. The targets
with Probability > 0.1 were screened, and duplicate values
were eliminated. The protein targets were then normal-
ized to gene targets by the Uniprot database to obtain
437 corresponding targets.

Active drug-ingredient-target network construction of BL
We imported data on the 7 active ingredients and their
targets for BL into CytoScape 3.8.2 software to develop a
visualization diagram of the drug targets of these active
ingredients, as shown in Fig. 4. The primary active ingre-
dients include Linoleyl acetate, cholesteryl palmitate,
arachidonic acid, cerevisterol, and beta-sitosterol. These
compounds exhibit numerous corresponding targets,
including AR, PPARD, PTPN1, ESR1, ESR2, HSD11B1,
HMGCR, MAPK14, CDC52A, NR1H3, and ENPP2.

Construction of targets for interaction between the active
ingredients of BL and PCOS disease

Cluster analysis and PCA analysis of the four sample
sets showed that the quality of the GSE1615 microarray
samples was suitable for subsequent analysis. 491 DEGs
were identified, comprising 130 up-regulated genes and
361 down-regulated genes. As shown in Fig. 5, the vol-
cano and heat maps of these 491 DEGs. The total num-
ber of targets obtained from various databases was 1096,
and after eliminating duplicates and integrating disease
targets from GeneCards, DrugBank, OMIM, and TTD
databases, a total of 1378 PCOS disease targets were
identified. The intersection of BL active compound tar-
gets with PCOS disease targets revealed 106 common
targets, which are crucial for the anti-PCOS activity of
BL compounds (Fig. 6A).

PPI network construction

To investigate the mechanism of therapeutic action of
BL on PCOS, we imported 106 shared targets into the
STRING database to construct a PPI network. The num-
ber of edges of this network was 1265, and the average
degree value of targets was 17.6 with PPI enrichment
p-value<1.0e-16 (number of edges: 1265, average node
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Table 2 Information on the active ingredients of Bailing capsules

Mol ID Molecule Name Structure Mw OB (%) DL

MOL001439 arachidonic acid 304.52 4557 0.20
MOL000358 beta-sitosterol 414.79 36.91 0.75
MOL008998 cerevisterol 432.76 39.52 0.77
MOL000953 cholesterol 386.73 37.87 0.68
MOL008999 cholesteryl palmitate 625.19 31.05 045
MOL001645 linoleyl acetate 308.56 42.10 0.20
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Table 2 (continued)
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degree: 17.6, PPI enrichment p-value:<1.0e-16). We
identified core PPI networks based on topological analy-
sis using median >2X as a screening criterion. As shown
in Fig. 6B, the node size in the network is proportional to
the degree of targeting. The MCC of each node was cal-
culated by the plug-in cytohubba in Cytoscape, and the
top 30 were selected as the key genes (Fig. 6C), followed
by network analysis using the network analysis tool. In
the network, the targets with degree value>30 in the
top30 genes were further screened, and a total of 27 tar-
gets were obtained and used as the key targets (Fig. 6D),
namely TP53, SRC, ESR1, MTOR, CCND1, MAPK]I,
PPARG, PTGS2, MMP9, CD4, PIK3CA, MDM2, FGF2,
JAK2, MAPKS, AR, MAPK14, KIT, CDK4, IL2, PPARA,
KDR, ABL1, APP, TLR4, NR3C1, MCL1. These targets
may represent the core targets for the action of BL.
Several predicted targets identified in this study
are related to various biological processes, includ-
ing glycolipid metabolism (PPARG, PIK3CA, PPARA),
inflammatory response (SRC, ESR1, MAPK1, PTGS2,
MAPK8, MAPK14), immunomodulation (CD4, IL2),
and hormone regulation (AR, JAK2). These findings

suggest that the therapeutic effects of BL may involve
multiple mechanisms, including modulation of inflam-
matory responses, regulation of glycolipid metabolism,
immunomodulation, and hormone regulation.

Analysis of GO functional enrichment

To explore the various mechanisms of BL involvement
in the treatment of PCOS, we obtained 642 BF entries,
37 CC entries, and 46 MF entries through the Metas-
cape database. The results revealed that BP was mainly
involved in positive regulation of phosphorylation,
protein phosphorylation, and response to peptide. MF
was mainly involved in protein kinase activity, protein
kinase binding, and protein domain-specific binding.
Additionally, CC was mainly associated with caveola,
nuclear envelope, and transcription regulator complex.
To visualize the GO enrichment network, ClueGo was
utilized (Fig. 7A), followed by enrichment analysis bar
charts (Fig. 7B) and dotplot (Fig. 7C) for the top 10
ranked data based on the composite scores.
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Analysis of the KEGG pathway’s enrichment

The KEGG enrichment analysis of the intersecting
targets in the PPI network of BL and PCOS was per-
formed using the DAVID database. A total of 112
pathways with p-value<0.01 were obtained, and
after deleting cancer, viral infection, and other path-
ways unrelated to PCOS, pathways with the number
of genes numbered for enrichment of the number of

pathways >4 were selected. Sankey plot and bubble
plots were created using R 4.2.3 (Fig. 8). According to
our research, BL may be useful in treating endocrine
resistance, PI3K-Akt signaling pathway, prolactin sign-
aling pathway, thyroid hormone signaling pathway,
TNF signaling pathway, estrogen signaling pathway,
Toll-like receptor signaling pathway, insulin resistance,
and other pathways that are involved in the regulation

of PCOS.
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Verification of the molecular docking

In this study, we used SYBYL-X software to rank the top
7 compounds (linoleyl-acetate, cholesteryl palmitate, ara-
chidonic acid, beta-sitosterol, cholesterol, cerevisterol,
and peroxyergosterol). We interlinked the compounds
with the 6 core targets (SRC, ESR1, MAPK1, PPARG,
PIK3CA, and JAK2) one by one and determined their
matching degree based on Total Score, Crash, and Polar
(Table 3). A heat map was generated based on the Total
Score (Fig. 10A). Typically, a Total Score >7 often denotes
great docking, whereas a score>3 denotes fair dock-
ing. We selected targets related to the Toll-like receptor
signaling pathway and insulin resistance with the highest
Total Score for the presentation of representative maps
of important target-active component docking patterns
(Fig. 9). The results showed that arachidonic acid, linalool
acetate, and cholesteryl palmitate had good binding with
the predicted targets.

Detection of mRNA expression levels of differential genes
in PCOS

The mRNA expression levels of PCOS-related genes were
determined using real-time fluorescence quantitative

PCR assay. The results showed that JAK2, PPARG, PI3K,
and AKT1 gene expressions were significantly upregu-
lated (p<0.01), while ESRI and IRSI gene expressions
were significantly downregulated (p<0.01) in the PCOS
model group compared with the normal group. These
findings were consistent with the differential gene
changes observed in microarray GSE1615 dataset. Addi-
tionally, compared to the model group, the BL group
exhibited significant changes in gene expression, which
were statistically significant (p <0.05, p<0.01) (Fig. 10B).

Discussion

PCOS is characterized by androgen overproduction and
ovarian dysfunction. This condition is categorized into
PCOS in adolescence and PCOS in reproductive age,
with the latter being more complex, more heterogeneous,
and more prevalent among younger women. PCOS is the
most common cause of infertility in women of repro-
ductive age and accounts for 30—60% of all patients with
infertility who exhibit ovulatory disorders [56]. Moreo-
ver, PCOS tends to co-occur with metabolic syndrome.
The incidence of PCOS in women is estimated to be
approximately 5%—15%; 70% of the patients with PCOS
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Target Target (PDB ID) Target structure Compound TotalScore Crash Polar
ESR1 7BAA Linoleyl acetate 8.3251 -0.9671 1.8737
( Cholesteryl palmitate 7.7857 -1.4484 1.5698
. Arachidonic acid 7.3428 -1.5082 23671
5 . Beta-sitosterol 59472 -0.4759 1.1488
Cholesterol 5.0026 -1.3359 1.3577
Cerevisterol 2.8532 -2.9468 2.7649
Peroxyergosterol 2.8468 -3.9172 1.1674
SCR 7NG7 a Linoleyl acetate 10.7475 -14934 11177
= Cholesteryl palmitate 10.0593 -2.3824 1.0774
Arachidonic acid 9.7387 -1.2446 2.2609
Beta-sitosterol 5534 -1.7157 14174
Cholesterol 4.8613 -2.5563 1.1546
Cerevisterol 1.1292 -10.2949 2.094
Peroxyergosterol 4.7896 -1.4452 0.0031
JAK2 3UGC Linoleyl acetate 9.1788 -0.6585 1.0985
Cholesteryl palmitate 10.7189 -1.9226 1.1604
Arachidonic acid 8.88 -1.5142 4.202
Beta-sitosterol 6.0178 -1.5458 0.9794
Cholesterol 7487 -1.7915 1.3683
Cerevisterol 6.8316 -14211 1.3597
Peroxyergosterol 7.1444 -0.7567 1.3823
PIK3CA 7JU Linoleyl acetate 8.2547 -0.8585 1.1105
Cholesteryl palmitate 10453 -1.8973 1.1969
Arachidonic acid 8133 -0.5848 2.1951
Beta-sitosterol 5.9831 -1.5696 0.9443
Cholesterol 6.4201 -1.1136 0.0312
Cerevisterol 7.6627 -1.7372 2.8771
Peroxyergosterol 5.8684 -1.1701 0.62
PPARG 6MS7 Linoleyl acetate 96126 -2.6586 1.7291
Cholesteryl palmitate 7714 -2.5063 1.1852
Arachidonic acid 10.321 -2.9074 1.933
Beta-sitosterol 45381 -5.0033 0.8153
Cholesterol 5.2478 -1.4658 0.004
Cerevisterol 35104 -4.1487 00116
Peroxyergosterol 39174 -2.8043 1.1204
MAPK1 8AQJ Linoleyl acetate 5.5979 -0.8926 16518
Cholesteryl palmitate 6.0008 -1.342 0
Arachidonic acid 56337 -1.7517 1.1426
Beta-sitosterol 5.709 -1.7267 1.2469
Cholesterol 6.1031 -1.2571 1.0163
Cerevisterol 3.9207 -1.32 2.8704
Peroxyergosterol 5.3368 -1.1662 1.6262

have abnormal lipid metabolism, of which approximately
41% develop nonalcoholic fatty liver disease [57, 58].

The pathogenesis and etiology of PCOS are yet to be
elucidated, but emerging evidence hints that it may be a
complex polygenic disease influenced by epigenetic and

environmental factors, such as diet and lifestyle. How-

ever, IR has been reported to be a significant pathological

basis for the development of PCOS [5]. A study has dem-
onstrated that up to 44%—85% of patients with PCOS,
particularly those who are obese, have IR [59]. When
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IR occurs, the body compensates by secreting excessive
insulin, which leads to endocrine and metabolic disor-
ders and exacerbates disease progression. Insulin sen-
sitizers, such as metformin and pioglitazone, and other
hypoglycemic drugs can improve IR. The clinical use of
these drugs can significantly improve menstrual cycle
regularity, reduce androgen levels, restore ovulation,
enhance pregnancy rates and outcomes, and augment the
treatment efficacy [60, 61].

Hyperandrogenemia is the central factor in treat-
ing PCOS as it can lead to ovarian stromal hyper-
plasia, thickening of the envelope, acceleration of
follicular atresia, and ultimately, female ovulatory infer-
tility. Excessive insulin secretion triggered by IR can
promote androgen secretion via three pathways, which
ultimately results in hyperandrogenemia: direct activa-
tion of 17-B hydroxylase in follicular membrane cells,

which promotes androgen production; stimulation of
luteinizing hormone production via insulin receptors in
the pituitary gland, which further enhances androgen
production in the ovaries; inhibition of the synthesis of
hepatic sex hormone-binding globulins, which leads to
an increase in free androgen levels in the bloodstream
[62, 63]. Therefore, antiandrogens, such as oral contra-
ceptives, play an important role in symptomatic man-
agement while treating PCOS.

BL is a new Chinese medicine prepared from C. sin-
ensis mushroom powder, which has been confirmed
to exert anti-PCOS effects in clinical studies [20-25]
However, owing to the multicomponent and multitar-
get characteristics of Chinese medicinal preparations,
the specific mechanisms require in-depth investigation.
Therefore, to examine the molecular mechanism of BL
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therapy for PCOS, this study relied on network phar-
macology and bioinformatics.

In this study, PCOS models were established via the
subcutaneous injection of DHEA into mice combined
with a high-sugar and high-fat diet. The research findings
indicated that the model mice exhibited disrupted estrous
cycles and evident polycystic ovary lesions, which sug-
gested that PCOS models were successfully created. The
mice were subsequently treated with BL, after which their
estrous cycles and ovarian lesions tended to normalize.
Additionally, when their serum testosterone and estradiol
levels were tested, significant improvements were noted
in the BL group. These experimental data confirmed the
effectiveness of BL in DHEA-induced PCOS model mice.
Nonetheless, the mechanisms underlying the ability of
BL to alleviate PCOS remained unclear.

Network pharmacology, which is based on the “drug-
target—gene—disease” interaction network, systematically
examines the intervention and influence of drugs on the
disease network. This study can reveal the material basis
and effect mechanism of the synergistic effect of Chinese
medicine on the organism holistically and systematically.
Molecular docking is a multidisciplinary technique that
combines computer technology, molecular biology, and
molecular pharmacology to aid in the molecular design
of drugs. Furthermore, this technique is useful in eluci-
dating the mechanism of action of the effector compo-
nents and targets of traditional Chinese medicine at the
molecular level. Therefore, this research made use of net-
work pharmacology and molecular docking to explore
the potential mechanism and material basis of BL in
treating PCOS.

Seven effective components were retrieved from the
TCMSP database (OB >30%, DL >0.18). Of these, beta-
sitosterol inhibits cholesterol absorption in the small
intestine and lowers its plasma level [64], whereas arachi-
donic acid acts as a precursor for prostaglandin, throm-
boxane, and leukotriene synthesis. Furthermore, by
activating the IRS-1/Akt pathway, B-Sitosterol may pro-
mote insulin release [65]. T Cerevisterol inhibits MAPK/
NF-kB/AP-1 and activates the Nrf2/HO-1 signaling
cascade to alleviate inflammation [66]. Linoleic acetate,
peroxyergosterol, cholesterol palmitate, and cholesterol
exhibit anti-inflammatory and antioxidant properties
that protect blood vessels and reduce damage. The syn-
ergistic effects of these multicomponent compounds on
anti-inflammation and IR regulation may serve as the
material basis of BL in treating PCOS.

The GEO database is a valuable repository of high-
throughput gene expression data submitted by research
institutions globally. Via computer language mining and
analysis of clinical data samples, this database enables
rapid and comprehensive investigation of disease-related

Page 16 of 21

targets. Relevant differential genes can be obtained
by inputting the disease name and applying condi-
tional filtering. In this study, PCOS was searched in the
GEO database and four microarray datasets (GSE1615,
GSE5090, GSE5850, and GSE48301) were screened.
These datasets were analyzed using the R language,
which resulted in the identification of 491 differentially
expressed genes (DEGs), including 130 upregulated genes
and 361 downregulated genes. Additionally, disease tar-
get databases, such as GeneCards, DrugBank, OMIM,
and TTD, were integrated to predict targets and establish
a comprehensive database of differential genes associated
with PCOS.

Network pharmacology analysis revealed that the seven
active ingredients of BL corresponded to 437 predicted
targets, 143 pharmacophoric cross targets, and 30 key
pathways. By combining protein—protein interaction net-
work topology analysis with related literature reports,
this study predicted that ESR1, MAPK1, PPARG, CD4,
PIK3CA, JAK2, MAPKS, IL2, and TLR4 were the key tar-
gets of BL in treating PCOS. PPARG is a nuclear recep-
tor that binds to peroxisome proliferators, such as fatty
acids and lipid-lowering drugs. PPARG binds to certain
PPAR response elements on the DNA and, once activated
by ligands, controls the transcription of its target genes,
including acyl-coenzyme A oxidase. This modulation
of the peroxisomal B-oxidation pathway of fatty acids is
a key regulator of adipocyte development and glucose
homeostasis. PPARG further inhibits NF-kB-mediated
proinflammatory responses, which makes it a key regu-
lator of intestinal homeostasis [67—69]. ESR1, a nuclear
hormone receptor, and NF-kB inhibit each other in a
cell-specific manner, which reduces NF-kB DNA binding
activity and displaces RELA/p65 and related coregula-
tors from the promoter. This inhibition results in reduced
NF-kB-mediated transcription from the IL-6 promoter.
ESR1 and NF-kB can work synergistically to induce
transcription by recruiting the appropriate neighboring
response elements for membrane-initiated estrogenic
signaling that involves various kinase cascades [70-75].

PCOS is a chronic low-grade inflammatory disease
often associated with disturbed sex hormone levels and
IR. Ovarian tissues from patients have been found to
contain elevated levels of IL-6 and TNF-a, which may
be a major factor in the ability of PCOS to sustain low-
grade inflammation. TNF-«a is a pertinent inflammatory
factor released by adipocytes and macrophages. Stud-
ies have shown that the upregulation of TNF-a expres-
sion induces apoptosis of follicular granulosa cells,
activates mitosis of follicular membrane mesenchymal
cells, decreases follicular granulosa cells, and increases
follicular membrane mesenchymal cells. These altera-
tions ultimately impair estrogen synthesis and increase
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androgen synthesis. TNF-a is linked to IR, ovarian fol-
licular membrane cell growth, glucolipid metabolism
control, ovarian follicular membrane cell proliferation,
and steroidogenesis [76, 77]. When stimulated by recep-
tor tyrosine kinase ligands, such as EGF, insulin, IGF1,
VEGFA, and PDGF, PIK3CA plays a vital role in recruit-
ing PH domain-containing proteins to the membrane
and activating them [78, 79]. AKT1 has been extensively
studied for its crucial role in islet B-cell proliferation and
is expressed in oocytes, primordial follicular membrane
cells, granulosa cells, and luteal cells [80]. Both innate
and adaptive immunity depend on JAK2 to mediate key
signaling processes. Growth hormone, prolactin, leptin,
erythropoietin, thrombopoietin, or type II receptors,
such as IFN-a, IEN-B, IEN-y, and other interleukins, are
its partners in the cytoplasm [81]. In summary, BL may
suppress the inflammatory response in PCOS, eliminate
IR, regulate sex hormone levels, and alleviate immune
disorders.

Pathway enrichment analysis signified that the effects
of BL in treating PCOS may be related to PI3K-Akt sign-
aling, IR, and toll-like receptor (TLR) signaling path-
ways. The PI3K-Akt signaling pathway is involved in cell
survival, proliferation, growth, and metabolism, among
other cellular processes. This pathway is activated by the
binding of ligands, such as insulin and growth factors,
to their corresponding receptors on the cell membrane.
This binding activates PI3K, which mediates downstream
AKT, thereby affecting NF-kB and further leading to the
release of inflammatory factors. TLR1-TLR10 [82], which
are widely expressed in cells of the innate and adaptive
immune systems, are the main receptors in humans.
According to a recent study, endogenous cytokines gen-
erated from tissue damage and endogenous chemicals
released from saturated fatty acids may both activate
TLRs [83]. Thus, TLRs also mediate inflammation caused
by endogenous molecules in addition to infection-
induced inflammation. Furthermore, these receptors play
a vital role in POCS inflammation [83]. A key pathologi-
cal manifestation of PCOS is IR, which is linked to defec-
tive insulin activity and secretion. An investigation has
alluded that IR contributes to the metabolic and repro-
ductive pathophysiological mechanisms of the syndrome.
Hyperinsulinemia is commonly associated with hyperan-
drogenemia in women with hyperandrogenic disorders
[84]. An important pathological manifestation of PCOS
is insulin resistance (IR), which is associated with defec-
tive insulin activity and secretion. Current evidence sug-
gests that insulin resistance contributes to the metabolic
and reproductive pathophysiological mechanisms of the
syndrome, that hyperinsulinemia is commonly associ-
ated with hyperandrogenemia in women with hyperan-
drogenic disorders [85]. The presence of insulin receptors
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in the stroma and follicular compartment of the human
ovary suggests that it is another important target organ
for insulin action [86]. In addition, the pathways pre-
dicted to be affected by BL, such as endocrine resistance
and thyroid hormone signaling pathways, can affect insu-
lin activity [87, 88]. These findings suggest that BL can
exert synergistic effects via multiple components, targets,
and pathways.

The results of molecular docking indicated that the
active ingredients of BL have a high binding affinity for
their targets, particularly JAK2-cholesteryl palmitate,
PIK3CA-cholesteryl palmitate, PPARG-arachidonic
acid, and PPARG-linoleyl acetate, which exhibited total
scores of 10.719, 10.453, 10.321, and 9.613, respectively.
These results imply that PI3K-Akt, TLR signaling, and IR
pathways may be important for the efficacy of BL. These
pathways may also play a crucial role in the effectiveness
of BL. However, further investigations are required to
confirm these results and determine the potential thera-
peutic applications of BL for managing diseases related to
these pathways.

Via analysis of the GEO database, samples were selected
from an obese PCOS model that was compatible with the
mouse model created using a high-sugar and high-fat
diet and subcutaneous injection of DHEA. ANOVA was
performed using R 4.2.3 with standard selection crite-
ria of |logFC|>1 and adjusted p-value<0.05 screening
to obtain DEGs. The analysis revealed the upregulation
of core targets JAK2, PPARG, PI3K, and AKT1I as well as
downregulation of ESRI and IRS1.

Overactivation of PI3K-Akt signaling has been
reported in certain studies in patients with PCOS [89,
90], but downregulation of this signaling has also been
observed under different study conditions [91]. This dif-
ference could be attributed to ethnic variations and study
conditions. qPCR analysis of gene expression in ovarian
tissues of PCOS model mice confirmed these findings,
which agreed with the results of bioinformatics-based
prediction analysis in human PCOS. Additionally, a sub-
stantial difference in gene expression was noted between
the BL treatment group and the model group, suggesting
that BL may exert anti-PCOS effects by modulating the
PI3K-Akt pathway, the TLR signaling system, and the IR
route. However, further studies are needed to validate
these findings and determine the clinical implications of
using BL to manage PCOS.

Conclusion

This study made use of bioinformatics, network phar-
macology, molecular docking, and genetic validation
to identify the active components, probable target
pathways, and molecular processes of BL in prevent-
ing and treating PCOS. Linoleyl acetate, cholesteryl
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palmitate, and arachidonic acid were identified as the
main components of BL in treating PCOS. These com-
pounds affected the JAK-STAT and PI3K-Akt signaling
pathways by binding to JAK2, PIK3CA, PPARG, ESR1,
IRS1, and AKT. They improved IR and inflammatory
response and exhibited multitarget and multi-pathway
therapeutic effects in anti-PCOS. These findings could
serve as a solid foundation for additional investigations
on the effectiveness and molecular processes of BL in
treating PCOS.
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