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Abstract

Background Polycystic ovary syndrome (PCOS) is an endocrine disease associated with reproductive and metabolic
abnormalities. The aim of this study was to elucidate the effects of Schisandra rubriflora (S. rubriflora) on PCOS and its
related mechanisms using network pharmacology, molecular docking and in vitro experiments.

Materials and methods HERB database and SwissTargetPrediction database were used to obtain the active com-
ponents and the targets of S. rubriflora. Differentially expressed genes (DEGs) associated with PCOS were obtained

by analyzing GSE54248 dataset. A protein-protein interaction network was constructed, and topological analyses were
performed to identify the hub targets and main bicactive components. The binding abilities between hub targets
and key components were studied by molecular docking. Finally, in vitro PCOS models were constructed with KGN
cells and rat ovarian granulosa cells, respectively, and the regulatory effects of schisandrin, a key bioactive component
of S. rubriflora, on the cells were investigated by in vitro assays.

Results A total of 14 bioactive ingredients of S. rubriflora and 26 potential therapeutic targets of S. rubriflora in PCOS
treatment were obtained. Bioinformatics analyses suggested that the mechanisms of S. rubriflora in treating PCOS
were related to IL-17 signaling pathway and TNF signaling pathway. The binding affinities between key components
of S. rubriflora (schisandrin, wyerone, and rugosal) and hub targets (PTGS2, MMP9, MCL1, and JUN) were high. Schisan-
drin could attenuate lipopolysaccharide-induced inflammation, oxidative stress, and apoptosis of KGN cells and rat
ovarian granulosa cells, as well as inhibit hub target expression and TNF pathway activation.

Conclusion PTGS2, MMP9, MCL1 and JUN are potential targets for S. rubriflora to treat PCOS. Schisandrin, a main
component of S. rubriflora, may be a candidate for the treatment of PCOS.
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Introduction

Polycystic ovary syndrome (PCOS) is a prevalent and
intricate endocrine and metabolic disorder, represent-
ing one of the most frequent causes of female infertil-
ity, affecting up to 15% of women of childbearing age
worldwide [1, 2]. PCOS leads to serious complications
such as disruption of gonadotropin secretion, increased
androgen production, chronic anovulation and poly-
cystic ovary morphology, often accompanied by insulin
resistance and obesity [3—5]. Although the exact cause of
PCOS remains unknown, genetic factors along with epi-
genetic changes as well as environmental and behavioral
variables are all associated with its pathogenesis [6]. Cur-
rently treatments for PCOS include oral contraceptives,
antiandrogens, insulin sensitizers and ovulation stimulat-
ing drugs; however these strategies have certain limita-
tions such as higher recurrence rate and high incidence
of side effects [7].

Some phytochemicals derived from herbs in tra-
ditional Chinese medicine (TCM) are promising to
ameliorate various symptoms associated with PCOS
including insulin resistance, hyperinsulinemia, hyper-
androgenemia, abnormal ovarian function, obesity,
abortion, infertility, etc [8, 9]. Schisandra rubriflora
(S. rubriflora), a woody vine native to western Sichuan

Province in China, is used in TCM to treat hepati-
tis, chronic gastroenteritis and neurasthenia [10, 11].
Lignans, especially dibenzocyclooctadiene lignans
(DBCLS), nortriterpenoids and dinortriterpenoids are
considered to be the main metabolites of S. rubriflora
[12]. DBCLS has been reported to be active in inhib-
iting the replication of human immunodeficiency
virus [13]. Extracts from the branches of S. rubriflora
can effectively reduce the level of glutamino-pyruvate
transaminase in the blood, which may help in the
treatment of liver and bile duct diseases [14]. In addi-
tion, leaf, fruit and shoot extracts of S. rubriflora can
also effectively inhibit the activity of pro-inflammatory
cyclooxygenase 1 and 2, 15-lipoxygenase, and phospho-
lipase A2, which suggests its anti-inflammatory effect
[15]. However, the potential therapeutic mechanism of
S. rubriflora for PCOS remains unclear.

Network pharmacology has wide application within
TCM research providing new ideas for molecular phar-
macological mechanism [16, 17]. Molecular docking
serves as a tool capable of predicting receptor-ligand
complex binding modes [18]. This study aims at utiliz-
ing network pharmacology and molecular docking tech-
niques to explore targets and potential mechanisms
underlying S.rubriflora’s treatment efficacy against
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PCOS, thereby laying down theoretical groundwork for
its clinical applications.

Methods and materials

Screening of the targets of S. Rubriflora in PCOS treatment
The active ingredients of S. rubriflora were obtained
from the HERB database (http://herb.ac.cn/). From the
PubChem database (https://pubchem.ncbi.nlm.nih.gov),
the chemical structures and SMILES files of the ingre-
dients were obtained. SMILES files were imported into
SwissTargetPrediction database (http://www.swisstarge
tprediction.ch), to obtain the drug targets [19]. From
Gene Expression Omnibus (GEO) database (https://
www.ncbi.nlm.nih.gov/gds/), the data of GSE54248 and
GSE34526 were downloaded. GSE54248 contains the
gene expression profile of peripheral blood samples of 4
patients with PCOS and of 4 cases of control subjects.
With P<0.05 and |log2 fold change|>1 as the thresh-
olds, differential expression was analyzed by GEO2R
online tool, and differentially expressed genes (DEGs)
were obtained. GSE34526 contains the gene expression
profile of ovarian granulosa cells of women with PCOS
and healthy controls, which was used to investigate the
expression characteristics of hub targets of S. rubriflora
in granulosa cells. BioLadder online platform (http://
www.bioinformatics.com.cn/static/others/jvenn/examp
le.html) was applied to draw a Venn diagram based on
the DEGs and S. rubriflora’s targets, and the therapeutic
targets of S. rubriflora in PCOS treatment were obtained.
Gene ontology (GO) analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analy-
sis of these targets were performed using the clusterPro-
filer package of R software.

Construction and analysis of protein-protein interaction
(PPI) network

The targets were imported into the STRING database
(https://cn.string-db.org/) for PPI network construction
and analysis. “Species” was set to “homo sapiens’, and the
required minimum interaction score was set to “medium
confidence (0.4); and other parameters were left at their
default settings. MCODE plug-in was used to perform
module analysis of the target proteins in the PPI network
according to the default parameters. The default param-
eters were: degree cutoff=2, node score cutoff=0.2,
K-score=2, and max depth=100.

Identification of hub targets

Using CytoHubba plugin, based on different topologi-
cal algorithms including betweenness, closeness, degree,
edge percolated component (EPC), density of maximum
neighborhood component (DMNC), maximal clique cen-
trality (MCC) and maximum neighborhood component

Page 3 of 20

(MNC), the PPI network was analyzed. The top 10 tar-
gets identified by each algorithm were obtained, and the
intersection was taken using UpSet R package, and the
hub targets were finally obtained. In addition, the Gene-
MANIA database (http://genemania.org/) was used to
construct the interaction network of hub targets.

Construction of a “component-hub target-pathway”
network

The active ingredient of S. rubriflora, its targets in
PCOS treatment, and the top 20 KEGG pathways were
imported into Cytoscape 3.9.0 software to construct the
“component-hub target-pathway” network. The degree
values of network nodes were analyzed by CytoNCA
plug-in to screen out the key components and signaling
pathways of S. rubriflora in PCOS treatment. Pathview R
package was used to color the targets on the key signaling
pathways.

Molecular docking

From PubChem (https://pubchem.ncbi.nlm.nih.gov/),
the 3D chemical structures of the key components were
downloaded, and saved as SDF format. It was then con-
verted to mol2 format by the OpenBabel software (ver-
sion 3.1.1). From the Protein Data Bank (PDB; https://
www.rcsb.org/), X-ray crystal structures of the hub tar-
gets were downloaded. All proteins (“receptor”) and
components (“ligands”) files were converted to pdbqt files
using AutoDockTools software (version 1.5.7). Molecu-
lar docking analysis was performed with AutoDock Vina
(version 1.1.2) to evaluate the binding abilities between
key components and hub targets. When the binding
energy was less than 0, it was considered that proteins
and components could spontaneously bind and interact
with each other [20]. Finally, PyMOL software was used
to visualize the docking results.

Cell culture and treatment

Ovarian granular cells KGN was purchased from
Shanghai Yaji Biotechnology Co., Ltd. (Shanghai,
China). Rat ovarian granulosa cells were purchased
from Procell Biotech (Wuhan, China). The cells were
cultured in Dulbecco’s modified Eagle’s medium
(DMEM)/F-12 (Invitrogen, Carlsbad, CA, USA) con-
tained 10% fetal bovine serum (FBS; Gbico, Carlsbad,
CA, USA), 100 U/mL penicillin and 100 ug/mL strep-
tomycin in an incubator containing 5% CO, at 37 C. To
mimic the inflammatory and oxidative stress conditions
of PCOS, KGN cells and rat ovarian granulosa cells
were inoculated with 5x 10° cells/well in a 6-well plate
and exposed to 2 mL medium (with 1% FBS) contain-
ing 10 uM lipopolysaccharide (LPS) (Beyotime, Shang-
hai, China) [21]. To study the effects of schisandrin, The
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cells were treated with schisandrin at different con-
centrations (CAS No. HY-N0691; MedChemexpress,
Shanghai, China) (0, 1.25, 2.5, 5, 10, and 20 pM) for
24 h. To investigate the effect of schisandrin on PCOS
models in vitro, the cells were pretreated with 20 pM
schisandrin for 24 h, followed by 10 uM LPS for 24 h.
Untreated cells were used as the control.

Cell viability assay

A Cell Counting Kit-8 (CCK-8) Kit (Beyotime, Shang-
hai, China) was used to detect cell viability. KGN cells
and rat ovarian granulosa cells were inoculated into
96-well plates at a concentration of 3 x 10 cells per well
and cultured at 37°C overnight. Then, 10 pL of CCK-8
was added to each well of the plate. The cells were then
incubated for 4 h. Next, optical density (OD) was meas-
ured at 450 nm with a microplate reader.

Reverse transcriptional quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was extracted from KGN cells and rat ovar-
ian granulosa cells by TRIzol reagent (Invitrogen, Carls-
bad, CA, USA) according to manufacturer’s instructions.
Total RNA (1 pg) was reversely transcribed using a
reverse transcription kit (Takara, Dalian, China), and the
cDNA was used as the qPCR template. Then, according
to the manufacturer’s instructions, RT-qPCR was per-
formed on the Light Cycler 480 system using a SYBR
GREEN PCR Master Mix kit (Yeasen, Shanghai, China).
Aldehyde —3-phosphate dehydrogenase (GAPDH) was

Table 1 Sequences of the primers used for RT-gPCR
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used as the internal reference gene, and the relative
gene expression was calculated by 2~ AACT method. The
sequence of primers used is shown in Table 1.

Measurement of reactive oxygen species (ROS)

With 2,7’-Dichlorodihydrofluorescein diacetate (DCFH-
DA) fluorescent probe (Sigma Aldrich, Shanghai, China),
intracellular ROS production was evaluated. Briefly,
KGN cells and rat ovarian granulosa cells were inocu-
lated into a 6-well plate at a density of 2x 10° cells/well,
and starved in serum-free medium for 6 h when 80-90%
fusion was achieved. The cells were then incubated with
a serum-free medium containing 0.1% DCFH-DA at
37 °C for 20 min in the darkness, and then washed three
times with a serum-free medium. Images were captured
using a BX61 fluorescence microscope (Olympus, Tokyo,
Japan), and the intensity of ROS fluorescence was quanti-
fied using Image] software v.1.26. Superoxide dismutase
(SOD) and malondialdehyde (MDA) were also detected
according to the manufacturer’s instructions of the cor-
responding detection kits (Solarbio, Beijing, China)
with spectrophotometry. To detect the activity of SOD,
after the cells were collected, they were weighted using
a microbalance, then the cells were re-suspended with
the extraction solution (10° cells in 1 mL of the extrac-
tion solution) and counted. Then ultrasonic decomposi-
tion was performed, and the supernatant was collected
after high-speed centrifugation (8000 g, 4°C, 10 min).
After mixing the supernatant with the working solution,
the sample was incubated in a water bath at 37 °C for 5
min, and the absorbance was measured at 560 nm wave-
length using a spectrophotometer. At the same time, the

Gene Human

Rat

IL-1p

IL-6 F: 5-ACCGGGAACGAAAGAGAAGC-3'
R: 5-TCTCCTGGGGGTATTGTGGA-3
iNOS F: 5-GGCAGCCTGTGAGACCTTG-3"
R: 5-GCATTGGAAGGAAGGAGCGTTTC-3"
PTGS2 F: 5-GTTCCACCCGCAGTACAGAA-3’
R: 5-CTCCACCAAAAGTGCTTGGC-3"
MMP9 F: 5-TTCAGGGAGACGCCCATTTC-3"
R: 5-TCGCTGGTACAGGTCGAGTA-3'
MCL1 F: 5'-GCCTTCCAAGGATGGGTTTG-3"
R: 5-AGGTTGCTAGGGTGCAACTC-3"
JUN F: 5-GCCAGGTCGGCAGTATAGTC-3'
R: 5-GGACTCTGCCACTTGTCTCC-3"
GAPDH F: 5-TCCGTGGTCCACGAGAACT-3'

F: 5'-CAGAAGTACCTGAGCTCGCC-3'
R: 5-TGAAGCCCTTGCTGTAGTGG-3'

R: 5-GAAGCATTTGCGGTGGACGAT-3"

F: 5-GACTTCACCATGGAACCCGT-3"
R: 5-GGAGACTGCCCATTCTCGAC-3'
F: 5-ACAGCGATGATGCACTGTCA-3'
R: 5-AGCACACTAGGTTTGCCGAG-3'
F: 5-ATCTTTGGCCCGAAGGTCG-3"
R: 5-AGTCACATGCAGCTTGTCCA-3'
F: 5-ATTACTGCTGAAGCCCACCC-3"
R: 5-GGCCCTGGTGTAGTAGGAGA-3’
F: 5-GATCCCCAGAGCGTTACTCG-3'
R: 5-GTTGTGGAAACTCACACGCC-3"
F: 5-AGATCATCTCCCGCTACCTG-3"
R: 5-GCCCCAGTTTGTTACGCCAT-3"
F: 5-CCAACCAACGTGAGTGCAAG-3'
R: 5-GAGGGCATCGTCGTAGAAGG-3'
F: 5-GGACCAGGTTGTCTCCTGTG-3"
R: 5-ATTCGAGAGAAGGGAGGGCT-3'
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Table 2 Details of active compounds in S. Rubriflora

Ingredient PubChem CID MW (g/mol) SMILES Structure

Gomisin N 158,103 400.5 CCICC2=CA3=C(C(=C2C4=C(C(=C(C=C4CC1O)00)
00)00)0C)0CO3

Deoxyschisandrin 10,884,218 416.5 CAICC2=CC(=C(C(=C2C3=C(C(=C(C=C3CC10)00Q)
00 0C)0C)0O)0C

Deoxyshikonin 98,914 272.29 CC(=CCCar=CC=0)2=C(C=CC(=C2C1=0)0)0)C
o o
o ] H
Schisanhenol 73,057 4025 CC1CC2=CC(=C(C(=C2C3=C(C(=C(C=C3CCT1000)

00)00)0)0C)0C
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Table 2 (continued)

Page 6 of 20

Ingredient PubChem CID MW (g/mol) SMILES

Structure

Gomisin O 5,317,808

Gomisin R 56,660,178

Rubschisandrin 174,277

Rubschisantherin 73,353,444

416.5 CCICC2=CA3=C(C(=C2C4=C(C(=C(C=C4C(C10)0O)
00)0C)0C)0C)0CO3

4004 CCICC2=CC3=C(C(=C2C4=C(C5=C(C=C4C(C10)0)
0CO5)0C)0C)0CO3

400.5 CAICC2=CA3=C(C(=C2C4=C(C(=C(C=C4CC10)00)
00)00)0C)0CO3

4585 CAICQ2=CA3=C(C(=C2C4=C(C(=C(C=4C(C1Q
OC(=0)0)0C)0C)0C)0C)OCO3
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Table 2 (continued)

Ingredient PubChem CID MW (g/mol) SMILES Structure

Rugosal 442,391 266.33 CCOCTICCC2(C13C(C=C(C(C003)C=0)0)C

Schisandrin 3,001,664 4325 CCICQ2=CC(=C(C(=C2C3 =C(C(=C(C=C3CC1(O)0O)
00)00)0C)0C)0O)OC

o-H

Schisanhenol B 128,150 386.4 CAIC2=CA=C(C(=CQ2t4=C(C(=C(C=4CC1O0Q)
0C0)0)0C)0CO3
Tigloylgomisin P 5,318,785 514.6 CC=COC(=0)0C1C2=CC(=C(C(=C2C3=C(C4=C(C=

C3CC(CTH(O)0)O)OCO4)0C)0C)00)0C
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Table 2 (continued)
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Ingredient PubChem CID MW (g/mol) SMILES Structure

Schisandrin C 443,027 3844 CA1IC2=CAR=C(C(=CQ2C4=C(C5=C(C=C4CC1Q)
0C05)0C)0C)0CO3

Wyerone 643,733 258.27 CCC=CHCC(=0)C1=CC=C(ONC=CC(=0)0C

MW molecular weight

absorbance values of the control group (without work-
ing solution) and the blank group (without sample) were
detected, and the inhibition rate of SOD activity in the
test samples was calculated. After that, SOD activity was
calculated according to the following formula: SOD activ-
ity (U/mg protein)=10xinhibition rate+(1-percentage
of inhibition)+sample weightxdilution ratio. To detect
MDA level, after the cells were weighted and re-sus-
pended with the extraction solution, ultrasonic decom-
position, centrifugation, mixing with working solution
and incubation, the absorbance values of the samples
were measured at 532 nm and 600 nm, respectively
(A532,, and A600,.). The absorbance values of a blank
group (without sample) were also measured (A532,,,
and A600y;,.,). Then the MDA level was calculated
according to the following formula: MDA level (nmol/
mg protein) =32.258X[(A532,,-A5321,01) - (A600,. -
A600y;,,.)] + sample weightxdilution ratio.

Apoptosis detection

An Annexin V-Fluorescein Isothiocyanate (FITC)/Pro-
pidium Iodide (PI) apoptosis detection kit (Beyotime,
Shanghai, China) was used to detect apoptosis. KGN
cells and rat ovarian granulosa cells were inoculated with
1x10° cells/well in a 6-well culture plate and incubated

at 37 °C for 24 h. The cells were washed twice with a cold
sterile phosphate buffered saline (PBS), and were col-
lected and re-suspended in 100 pL of binding buffer con-
taining 10 pL. Annexin V-FITC and 5 pL PI, and stained
in the dark at room temperature for 30 min. After 2
washes with PBS, cellular apoptosis was analyzed using
a FACS CaliburtTM flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) within 1 h.

Western blot

RIPA lysate buffer (Beyotime, Shanghai, China) contain-
ing protease inhibitor (Roche, Mannheim, Germany) was
used to lyze cells and extract total cell protein. A BCA
protein detection kit (Solarbio, Beijing, China) was used
to detect the protein concentration. An equal amount of
protein (20 pg per sample) was separated using sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene fluo-
ride (PVDF) membrane (Beyotime, Shanghai, China).
The PVDF membrane was then blocked with 5% skim
milk at room temperature for 1 h, then incubated with
the primary antibodies: anti-tumor necrosis factor (TNF)
receptor 1 (TNFR1) antibody (ab259817, 1:1000), anti-
TNF-a antibody (ab183218, 1:1000), anti-fas cell sur-
face death receptor (FAS) antibody (ab133619, 1:1000),
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Fig. 1 Composition-target network of S. rubriflora. The pink circular nodes represent the components, and the dark blue circular nodes represent

the targets

anti-Bcl-2 antibody (ab182858, 1:1000), anti-Bax anti-
body (ab182733, 1:1000), overnight at 4 °C. The mem-
brane was then incubated with goat anti-rabbit IgG H&L
(ab6721, 1:500) at 37 °C for 1 h. Finally, the protein bands
on the membrane were developed using a BeyoECL kit
(Beyotime, Shanghai, China) and quantitative analysis
was performed using Image Lab" software (Bio-Rad,
Hercules, CA, USA). The antibodies used in this study
were purchased from Abcam (Shanghai, China).

Statistical analysis

All experiments were conducted independently in tripli-
cate. All data are expressed as mean + standard deviation
(SD). SPSS 21.0 software (IBM Corp., Armonk, NY, USA)
was used for statistical analysis of the data. Comparisons
between groups were made using Student’s t-test or one-
way analysis of variance (ANOVA) and Tukey post-hoc
test. P<0.05 was considered statistically significant.

Results

Identification of the targets of S. Rubriflora in PCOS
treatment

Fourteen potential active components of S. rubri-
flora were obtained from the HERB database (Table 2).
SMILES files of the components were imported into the
SwissTargetPrediction database to obtain the targets of
the components, and the “component-target” network
was constructed using Cytoscape 3.9.0 software. As
shown (Fig. 1), a network of 532 nodes and 1505 edges
was obtained, which contained 518 targets of S. rubriflora.
Next, a total of 345 DEGs were identified from GSE54248
dataset. Among them, compared with the control group,
319 genes were up-regulated and 36 genes were down-
regulated in peripheral blood samples of PCOS patients
(Fig. 2A). Finally, 26 common targets were obtained,
which were considered as the targets of S. rubriflora in
PCOS treatment (Fig. 2B). In addition, hierarchical cluster
analysis was used to compare the expression differences of
26 common targets in peripheral blood samples of PCOS
patients and control subjects. The results showed that 26
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Fig.2 Collection of S. rubriflora’s targets in PCOS treatment. A Differential expression genes (DEGs) in peripheral blood samples of PCOS patients
and control subjects were screened with P<0.05, [log2 fold change|>1 as the threshold. The horizontal axis is the multiple change in gene
expression, and the vertical axis is the statistical significance (p-value) of the change in gene expression. Pink dots represent up-regulated genes
and green dots represent down-regulated genes. B Venn diagram of the targets of S. rubriflora’s ingredients and the DEGs associated with PCOS.
C Stratified clustering heat maps of the targets of S. rubriflora in PCOS treatment

common targets were highly expressed in PCOS com-
pared to the control group (Fig. 2C).

Construction and analysis of PPl network

To elucidate the potential mechanism of action of S.
rubriflora in the treatment of PCOS, 26 common tar-
gets were imported into the STRING database for PPI
analysis. As shown (Fig. 3A), a network of 22 nodes and
62 edges was obtained. The average node degree of the
network was 4.77, and the average local clustering coef-
ficient was 0.584. In addition, cluster analysis using the
MCODE plug-in generated a highly connected subnet-
work (score=4.6) consisting of 11 nodes and 23 edges
(Fig. 3B).

Functional enrichment analyses
To further explore the potential functions and mecha-
nisms of S. rubriflora in PCOS treatment, GO and KEGG

pathway enrichment analyses on the 26 common targets
were performed. A total of 792 GO terms were obtained
(P<0.05), including 689 biological processes (BP), 21
cellular components (CC), and 82 molecular functions
(MEF). The top 5 terms in BP were positive regulation
of neuron death, positive regulation of smooth muscle
cell proliferation and neuron death, neuroinflammatory
response, regulation of smooth muscle cell proliferation
(Fig. 4A); the top 5 terms in CC were are external side
of plasma membrane, secretory granule membrane,
organelle outer membrane, outer membrane, and mem-
brane raft (Fig. 4B); the top 5 terms in MF were are C-C
chemokine receptor activity, pattern recognition recep-
tor activity, C-C chemokine binding, G protein-coupled
chemoattractant receptor activity and chemokine recep-
tor activity (Fig. 4C). In addition, KEGG analysis showed
that a total of 49 pathways were associated with the 26
targets (P<0.05). The top 10 pathways were Hepati-
tis B (hsa05161), IL-17 signaling pathway (hsa04657),
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Fig. 3 PPl network construction and analysis. A PPl network of the targets of S. rubriflora in PCOS treatment. Nodes represent proteins and edges
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and Kaposi sarcoma-associated herpesvirus infection
(hsa05167), HIF-1 signaling pathway (hsa04066), inflam-
matory bowel disease (hsa05321), renal cell carcinoma
(hsa05211), epithelial cell signaling in Helicobacter pylori
infection (hsa05120), Leishmaniasis (hsa05140), microR-
NAs in cancer (hsa05206) and chemokine signaling path-
way (hsa04062) (Fig. 4D).

Identification of hub targets of S. Rubriflora in PCOS
treatment

In order to identify the hub target of S. rubriflora in
PCOS treatment, CytoHubba plug-in was used to eval-
uate the PPI network (Table 3). Then, the top 10 targets
of each algorithm were selected for cross analysis. The
results showed that PTGS2, MMP9, MCL1 and JUN
were hub targets of S. rubriflora in PCOS treatment
(Fig. 5A). Details of these four hub targets are shown
in Table 4. An additional dataset, GSE34526, was used
to investigate the expression characteristics of the hub
genes in human granulosa cells isolated from ovarian
aspirates from healthy and PCOS women. The results
showed that, except PTGS2, the expression levels of
MMP9, MCL1 and JUN were markedly up-regulated in
granulosa cells of the patients with PCOS, compared
with the healthy controls (Supplementary Fig. 1). In
addition, based on the GeneMANIA database, we con-
structed the gene interaction network based on the
four hub targets, which was mainly related to prosta-
glandin biosynthesis, prostaglandin metabolism, cad-
mium ion reaction, arachidonic acid metabolism, and

cell response to oxidative stress (Fig. 5B). In addition,
the “component-Hub target-pathway” network using
Cytoscape 3.9.0 software was constructed to further
explore the key components and pathways for S. rubri-
flora in PCOS treatment. As shown (Fig. 5C), the net-
work consisted of 31 nodes and 43 edges. CytoNCA
plug-in analysis showed that IL-17 signaling pathway,
MicroRNAs in cancer and TNF signaling pathway
were the pathways with the highest degree values in
this network. Schisandrin, wyerone and rugosal were
the bioactive components with the highest degree val-
ues (Table 5). The targets in the IL-17 signaling path-
way and TNF signaling pathway were colored using
KEGG PathView, and the hub target for S. rubriflora in
PCOS treatment was stained with red (Fig. 5D).

Molecular docking between natural components

and target proteins

To validate the results of network pharmacology, we
employed molecular docking to verify the binding
between hub targets to key components. As shown
(Fig. 6), schisandrin could form three hydrogen bonds
with GLY-135 and ASN-34 of PTGS2 protein (PDB ID:
5F19), with an affinity of —7.1 kcal/mol. Wyerone could
form three hydrogen bonds with GLN-461, HIS-39 and
LYS-137 of PTGS2 protein with an affinity of — 7.4 kcal/
mol. Rugosal could form two hydrogen bonds with SER-
126, a amino acid residue of PTGS2 protein, with an
affinity of —7.6 kcal/mol. Schisandrin could form two
hydrogen bonds with TYR-248 and TYR-218 of MMP9
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protein (PDB ID: 6ESM) with an affinity of —5.6 kcal/
mol. Wyerone could form three hydrogen bonds with
GLN-227 and ARG-249 residues of MMP9 protein with
an affinity of — 8.1 kcal/mol. Rugosal could form three
hydrogen bonds with HIS-236, HIS-226 and GLN-227
of MMP9 protein with an affinity of —6.2 kcal/mol;
schisandrin could form two hydrogen bonds with SER-
141 of MCL1 protein (PDB ID: 4WMS) with an affinity
of —6.9 kcal/mol. Wyerone could form four hydrogen
bonds with ARG-148, LYS-181 and ARG-130 of MCL1
with an affinity of —7.2 kcal/mol. Rugosal could form
two hydrogen bonds with MCL1’s amino acid residues
GLU-43 and ASN-184 with an affinity of —8.2 kcal/
mol. Schisandrin could form two hydrogen bonds with
ARG-276 and ARG-279 of JUN protein (PDB ID: 5T01)
with an affinity of —6.0 kcal/mol. Wyerone could form
a hydrogen bond with ARG-279, an amino acid resi-
due of JUN protein, with an affinity of —5.2 kcal/mol.
Rugosal could form a hydrogen bond with LYS-283 of

JUN protein with an affinity of —4.9 kcal/mol. These
results suggest high binding activity between key com-
ponents and hub targets.

Schisandrin attenuated LPS-induced inflammation,
oxidative stress and apoptosis of granulosa cells

To investigate the potential therapeutic effect of S.
rubriflora on PCOS, we selected schisandrin, a key
component of S. rubriflora, for in vitro assays. First, we
examined the effects of schisandrin on the viability of
KGN cells. KGN cells were treated with different con-
centrations of schisandrin (0, 1.25, 2.5, 5, 10, and 20 pM)
for 24 h. CCK-8 assays showed that these concentrations
had no significant cytotoxic effect on KGN cell viability
(Fig. 7A). To determine the role of schisandrin in an in
vitro PCOS model, we induced inflammatory responses
and oxidative stress in KGN cells using 10 uM LPS. Com-
pared with the control group, LPS significantly reduced
the viability of KGN cells (Fig. 7B). RT-qPCR showed
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No. Betweenness Closeness Degree DMNC EPC MCC MNC

1 TLR4 TLR4 TLR4 CXCR1 TLR4 TLR4 TLR4

2 GSK3B MMP9 MMP9 CXCR2 PTGS2 PTGS2 MMP9
3 PTGS2 PTGS2 PTGS2 TLR8 MMP9 MMP9 PTGS2
4 MMP9 GSK3B GSK38B CCR1 MCL1 MCL1 JUN

5 MCL1 MCL1 JUN MCL1 JUN JUN GSK3B
6 PFKFB3 JUN MCL1 STAT6 GSK3B GSK3B MCL1

7 TLR8 BCL2A1 CCR1 BCL2A1 BCL2A1 CCR1 CCR1

8 JUN CCR1 TLR8 PTGS2 CCR1 CXCR2 STAT6
9 NAMPT STAT6 STAT6 JUN STAT6 TLR8 TLR8
10 BCL2A1 TLR8 BCL2A1 MMP9 CXCR2 STAT6 BCL2A1
11 STAT6 CXCR2 CXCR2 PTAFR TLR8 BCL2A1 CXCR2
12 CCR1 NAMPT NAMPT NAMPT NAMPT CXCR1 NAMPT
13 PYGL CXCR1 CXCR1 TLR4 CXCR1 NAMPT CXCR1
14 CXCR2 PFKFB3 PFKFB3 GSK3B PTAFR PTAFR CREBBP
15 CREBBP PTAFR CREBBP CREBBP CREBBP CREBBP PTAFR
16 CDK5R1 CREBBP PTAFR CDK5R1 PFKFB3 PFKFB3 CDK5R1
17 CXCR1 PYGL CDK5R1 PFKFB3 CDK5R1 CDK5R1 PFKFB3
18 MPEG1 CDK5R1 FKBP5 FKBP5 FKBP5 FKBP5 FKBP5
19 CYP1B1 FKBP5 PYGL MPEG1 PYGL PYGL MPEG1
20 EGLN1 CYP1B1 MPEGT1 CYP1B1 CYP1B1 MPEG1 CYP1B1
21 PTAFR MPEG1 CYP1B1 EGLN1 MPEG1 CYP1B1 EGLN1
22 FKBP5 EGLN1 EGLN1 PYGL EGLN1 EGLN1 PYGL

DMNC density of maximum neighborhood component, EPC edge percolated component, MCC maximal clique centrality, MNC maximum neighborhood component

that LPS stimulation significantly increased the mRNA
expression levels of IL-1f, IL-6 and iNOS in KGN cells
(Fig. 7C); LPS also promoted ROS and MDA production,
and decreased SOD activity (Fig. 7D-F); notably, schisan-
drin treatment could remarkably reverse these effects
(Fig. 7B-F). In addition, flow cytometry analysis showed
that schisandrin treatment significantly attenuated LPS-
induced apoptosis of KGN cells (Fig. 7G&H). Similarly, in
rat ovarian granulosa cells, schisandrin ameliorated LPS-
induced inflammation, oxidative stress and apoptosis
(Supplementary Fig. 2A-H).

Schisandrin inhibits LPS-induced activation of TNF
signaling pathways in KGN cells and rat ovarian granulosa
cells

In order to verify whether schisandrin suppressed oxi-
dative stress and apoptosis of KGN cells via the hub
targets, RT-qPCR was performed to detect the effect of
schisandrin on the mRNA expression levels of hub tar-
gets. LPS stimulation significantly upregulated mRNA
expression levels of PTGS2, MMP9, MCL1, and JUN in
KGN cells compared to controls, while schisandrin treat-
ment reversed this effect (Fig. 8A-D). To further elucidate
the potential mechanism of action of S. rubriflora in the
treatment of PCOS, Western blot was applied to detect

the effect of schisandrin on the TNF signaling pathway in
LPS-induced KGN cells. It showed that LPS stimulation
significantly increased protein levels of TNFR1, TNF-a,
and FAS in KGN cells, while schisandrin treatment sig-
nificantly attenuated this effect (Fig. 8E). Similarly, in rat
ovarian granulosa cells, schisandrin ameliorated LPS-
induced up-regulation of PTGS2, MMP2, MCL1, JUN,
TNFR1, TNF-a, and FAS (Supplementary Fig. 2A-E).
These results suggest that schisandrin may play a role in
the treatment of PCOS by inhibiting TNF signaling path-
ways by acting on targets such as PTGS2, MMP9, MCL1
and JUN.

Discussion

PCOS represents a significant contributing factor to
female infertility and constitutes a substantial health
concern for women globally [2]. To date, no drugs with
a specific focus on PCOS have gained approval [22, 23].
Consequently, the development of novel therapeutic
agents to manage PCOS is imperative. PCOS is not only
related to the reproductive system, but also closely related
to metabolic problems. The main treatment strategies
for PCOS include oral progesterone to adjust the men-
strual cycle and reduce androgen levels. Metformin is
used to treat insulin resistance. For patients with fertility
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Targets Full name UniProt ID Betweenness Closeness Degree DMNC EPC MCC MNC
PTGS2  prostaglandin-endoperoxide synthase 2 P35354 6259047619  15.66666667 11 0.518768202 8.003 409 10
MMP9  matrix metallopeptidase 9 P14780 52.73809524  15.83333333 11 0492074016 7966 408 11
MCL1 MCL1 apoptosis regulator, BCL2 family member Q07820 4827619048  14.83333333 9 0.52506179 7304 386 9
JUN Jun proto-oncogene, AP-1 transcription factor P05412 2925238095  14.66666667 9 0501195345 7299 366 9

subunit

DMNC density of maximum neighborhood component, EPC edge percolated component, MCC maximal clique centrality, MNC maximum neighborhood component

requirements, oral drugs are used to promote ovulation.
However, the clinical manifestations of PCOS vary widely,
from irregular menstruation to infertility to hirsuteness
and acne [3-5]. The specific combination of symptoms
may be different for each patient. The challenge in treat-
ing PCOS is the variety and complexity of its symptoms
and the lack of a single treatment for all symptoms. Accu-
mulating evidence indicates that TCM may play a vital
role in the management of PCOS [24-28]. In this study,
we investigated the potential molecular mechanisms
underpinning the therapeutic efficacy of S. rubriflora in
treating PCOS.

Network pharmacological analysis showed that S.
rubriflora contained 14 active ingredients, correspond-
ing to 518 potential molecular targets. Of these, 26 tar-
gets were regarded as potential targets for S. rubriflora
in PCOS treatment. Notably, PPI analysis based on
topology parameters suggested that PTGS2, MMP9,
MCLI, and JUN may be the hub targets for S. rubriflora
in PCOS treatment. PTGS2, also known as COX-2, is a
key enzyme in prostaglandin biosynthesis and is signifi-
cantly highly expressed in ovarian tissue of PCOS rats

Table 5 The degree value of the ‘components - hub targets -
pathways” network

No. Node Degree No. Node Degree
1 PTGS2 16 17 Tigloylgomisin P 1
2 JUN 14 18 Rubschisantherin 1
3 MMP9 9 19 Gomisin R 1
4 MCL1 4 20 Gomisin O 1
5 Schisandrin 3 21 Schisanhenol 1
6 hsa04668 3 22 Deoxyshikonin 1
7 hsa05206 3 23 Deoxyschisandrin 1
8 hsa04657 3 24 hsa05135 1
9 Wyerone 2 25 hsa05163 1
10 Rugosal 2 26 hsa04620 1
1 hsa04915 2 27 hsa04064 1
12 hsa04210 2 28 hsa05215 1
13 hsa05417 2 29 hsa05120 1
14 hsa05140 2 30 hsa05211 1
15 hsa05167 2 31 hsa05321 1
16 hsa05161 2

and testosterone-stimulated KGN cells [29]. MMP9, an
important member of the matrix metalloproteinases
family, is highly conserved in mammals and has been
shown to be overexpressed in PCOS and involved in the
pathogenesis of PCOS [30, 31]. MCL1, an anti-apoptotic
member of the B-cell lymphoma 2 (BCL2) family, has
been found to be significantly highly expressed in insu-
lin-treated human granulosa tumor cells, promoting the
proliferation of human granulosa tumor cells and inhib-
iting apoptosis [32]. JUN, also known as c-Jun, belongs
to the AP-1 family of transcription factors, and c-JUN
protein is significantly overexpressed in ovarian tissue of
PCOS mice [33, 34]. Our data suggest that S. rubriflora
may exert its pharmacological effects via these targets in
PCOS treatment.

In this work, we established a “component-hub target-
pathway” network. Remarkably, schisandrin, wyerone,
and rugosal emerge as the main bioactive constitu-
ents. Notably, molecular docking hinted that high bind-
ing affinities between these constituents and the hub
targets. Schisandrin, a biphenyl cycloctene lignan,
exhibits hepatoprotective, anticancer, antioxidant, and
anti-inflammatory properties [35]. It has been reported
to be an activator of sirtuin 1 (SIRT1), a member of the
class II histone deacetylase family [36]. It also amelio-
rates acute lung injury induced by LPS by inhibiting the
NLRP3 and JAK2/STAT3 pathways [37]. Wyerone, a
natural compound found in broad beans, is considered
advantageous for women’s health and can function as a
ligand for aromatic receptors to modulate autoimmune
diseases [38]. Additionally, in this work, KEGG enrich-
ment analysis indicated that the IL-17 signaling path-
way and the TNF signaling pathway were crucial for the
treatment of PCOS by S. rubriflora. Interleukin-17 A
(IL17A), a pro-inflammatory cytokine primarily secreted
by T helper cells, is highly expressed in PCOS patients
[39]. Tumor necrosis factor (TNF) is a cytokine with
diverse biological activities, including TNF-a and TNE-
B, secreted by macrophages and T lymphocytes, respec-
tively. TNF-a is highly expressed in serum and primary
cultured granulosa cells of PCOS patients [40], and is
associated with insulin resistance, ovarian follicular
membrane cell growth, regulation of glucose and lipid
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Fig. 7 Effects of schisandrin on oxidative stress and apoptosis of KGN cells induced by LPS. A The viability of KGN cells treated with schisandrin

at different concentrations (0, 1.25, 2.5, 5, 10 and 20 pM) for 24 h was detected by CCK-8 method. B After being pretreated with 20 uM schisandrin
and treated with 10 uM LPS for 24 h, the viability of KGN cells was detected by CCK-8 method. C The mRNA expression levels of IL-1(3, IL-6 and INOS
in KGN cells were detected by RT-gPCR. D-F The levels of ROS, MDA and SOD were detected by the corresponding detection kit. G The protein
expression levels of Bcl-2 and Bax were detected by Western blot. H Apoptosis was assessed by flow cytometry. ***, <0.001

metabolism, and steroid production [41]. Collectively,
these findings suggest that S. rubriflora may exert thera-
peutic effects on PCOS through a mechanism involving
multiple components, targets, and pathways.

Ovarian granulosa cells are important cells in the
ovaries that support follicle development and regu-
late hormone secretion; apoptosis of ovarian granulosa
cells may lead to oocyte apoptosis and follicular atresia,
which may be one of the important factors leading to
the development of PCOS [42]. Oxidative stress plays a
critical role in several disorders of the reproductive sys-
tem, including endometriosis, preeclampsia, and PCOS
[43, 44]. Excessive ROS can damage oocytes and gran-
ulosa cells within the follicle, impairing their quality.
Increased ROS level in ovarian granulosa cells induces

mitochondrial dysfunction, leads to abnormal morphol-
ogy of ovarian granulosa cells, insufficient energy supply,
and results in inflammation and apoptosis [44]. SOD is
an important ROS clearing enzyme, and the decrease of
its level indicates the enhancement of OS [45, 46]. MDA
is a classic lipid peroxidation biomarker that reflects
the extent of oxidative stress [44]. A 47% increase in
circulating MDA levels was reported in PCOS patients
compared to the control group [47]. Therefore, target-
ing oxidative stress and inflammation in PCOS may be
a new way to prevent and treat PCOS. KGN cells have
similar physiological characteristics to ovarian granulosa
cells and are usually used to study the function and regu-
latory mechanism of granulosa cells [48]. LPS, a major
component of the outer membrane of Gram-negative
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bacteria, has been widely used as an inducer of inflam-
mation and oxidative stress in KGN cells [49, 50]. It is
worth mentioning that, in this study, it was revealed
that after KGN cells and rat ovarian granulosa cells were
stimulated by LPS, schisandrin treatment significantly
reduced ROS and MDA production, and promoted SOD
activity, and repressed the production of pro-inflam-
matory factors IL-1p, IL-6 and iNOS. Furthermore, we
found that mRNA expression levels of PTGS2, MMP9,
MCL1, and JUN were significantly increased in LPS-
stimulated KGN cells and rat ovarian granulosa cells,
and schisandrin treatment reversed this effect. In addi-
tion, schisandrin inhibited LPS-induced activation of the
TNF signaling pathway. Taken together, these findings
suggest that S. rubriflora may play an anti-PCOS role by
alleviating damage to ovarian granulosa cells through its

main active ingredient schisandrin, acting on hub targets
and TNF signaling pathway.

However, it is necessary to acknowledge the limita-
tions of this research. The findings should be verified
through rigorous in vivo experimental validation. Fur-
thermore, while schisandrin is identified as the principal
active constituent, it is crucial to note that its properties
do not entirely encapsulate the pharmacological activ-
ity of S. rubriflora. Future investigations should aim to
identify and validate additional bioactive components.
Additionally, the functions and molecular mechanisms
underlying the potential therapeutic effects of S. rubri-
flora in PCOS require comprehensive and systematic
exploration, especially its therapeutic effects on meta-
bolic disorders.

In conclusion, therapeutic efficacy of S. rubriflora
in PCOS treatment is primarily mediated through the
modulation of key targets, including PTGS2, MMP9,
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MCL1, and JUN. One of its main bioactive constitu-
ents, schisandrin, regulates the TNF pathway, to the
mitigate inflammation, oxidative stress, and apoptosis
of ovarian granulosa cells. Our work provides a theo-
retical basis for the application of S. rubriflora in PCOS
treatment, as a complementary drug.
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