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Abstract

Background Oxidative stress (OS) is one of the major causes of ovarian aging and dysfunction. Indole-3-propionic
acid (IPA) is an indole compound derived from tryptophan with free radical scavenging and antioxidant proper-

ties, and thus may have potential applications in protecting ovarian function, although the exact mechanisms are
unknown. This study aims to preliminarily elucidate the potential mechanisms of IPA that benefit ovarian reserve func-
tion through network pharmacology, molecular docking, and experimental verification.

Methods The related protein targets of IPA were searched on SwissTargetPrediction, TargetNet, BATMAN-TCM,

and PharmMapper databases. The potential targets of diminished ovarian reserve (DOR) were identified from OMIM,
GeneCards, DrugBank, and DisGeNET databases. The common targets were uploaded directly to the STRING data-
base to construct PPl networks. We then performed GO and KEGG enrichment analysis on the targets. Subsequently,
molecular docking and molecular dynamics simulation were used to validate the binding conformation of IPA

to candidate targets. Furthermore, we carried out in vitro experiments to validate the prediction results of network
pharmacology.

Results We identified a total of 61 potential targets for the interaction of IPA with DOR. The PPI network topologi-

cal parameter analysis yielded 13 hub genes for DOR treatment. The GO biological process enrichment analysis identi-
fied 293 entries, mainly enriched in aging, signal transduction, response to hypoxia, negative regulation of apoptotic
process, and positive regulation of cell proliferation. The KEGG enrichment analysis mainly included lipid and ath-
erosclerosis, progesterone-mediated oocyte maturation, AGE-RAGE, relaxin, estrogen, and other signaling pathways.
The molecular docking further revealed the direct binding of IPA with six hub proteins including NOS3, AKT1, EGFR,
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and antioxidant proteins.

whereby IPA improves DOR.

Molecular dynamics simulation, Experimental verification

PPARA, SRC, and TNF. In vitro experiments showed that IPA pretreatment attenuated H,0,-induced cellular oxidative
stress damage, while IPA exerted cytoprotective and antioxidant damage effects by regulating the six hub genes

Conclusion We systematically illustrated the potential protective effects of IPA against DOR through multiple targets
and pathways using network pharmacology, and further verified the cytoprotective effect and antioxidant properties
of IPA through in vitro experiments. These findings provide new insights into the targets and molecular mechanisms

Keywords Indole-3-propionic acid, Diminished ovarian reserve, Network pharmacology, Molecular docking,

Introduction

Diminished ovarian reserve (DOR) is a common gyneco-
logical endocrine disorder that refers to a reduction in the
number of follicles and the quality of oocytes in the ovary.
Without timely intervention and treatment, it can further
progress to premature ovarian failure (POF), which seri-
ously affects the reproductive health and quality of life of
women [1]. The etiology and pathogenesis of DOR have
not been clarified, its etiology may be associated with
age, genetics, enzyme deficiencies, autoimmune damage,
and certain ovarian destructive factors (such as radio-
therapy, chemotherapy, surgery, infection, etc.) [2]. In
recent years, it has been found that oxidative stress (OS)
is one of the most significant causes of impaired ovarian
function, which can lead to reproductive endocrine dys-
function, induce apoptosis of granulosa cells, and then
affect follicular atresia [3, 4]. To counteract the negative
effects of oxidative damage, the human body needs to
produce endogenous antioxidants or obtain exogenous
antioxidants from foods [5].

As an essential amino acid, tryptophan (TRP) must be
obtained from the diet and plays an important regula-
tory role in many metabolic functions in the body. The
kynurenine, serotonin/melatonin, and indole pathways
are the three metabolic pathways of TRP, all of these
pathways have been reported to be correlated with aging
[6, 7], and its important representative is melatonin. Mel-
atonin is widely known as an anti-aging agent that has
been reported in many studies and has also been tried
in assisted reproductive technology to improve oocyte
quality and ovarian function [8, 9]. Notably, indole-
3-propionic acid (IPA) is an indole metabolite produced
by gut microbiota metabolizing TRP and has the same
highly resonance stable heterocyclic aromatic ring struc-
ture as melatonin [10]. In vitro experiments have shown
that IPA is more effective than melatonin at scavenging
hydroxyl radicals and preventing oxidative damage to
membrane lipids [11, 12]. Over the last twenty years, IPA
has been identified to play a neuroprotective role in the
brain due to its powerful cytoprotective properties as an
antioxidant [13, 14]. In recent years, studies have found

significant reductions in IPA levels in several diseases
and pathogenic states including diabetes [15], non-alco-
holic fatty liver disease [16], colitis [17], and obesity [18].
Additionally, the supplementation of IPA has also been
shown to inhibit the synthesis of pro-inflammatory fac-
tors as well as to protect cells from the effects of OS and
lipid peroxidation [19, 20].

IPA has been reported to be absorbed by intestinal epi-
thelial cells and circulated to multiple organ targets in the
body, thus exerting corresponding biological functions
[21]. Interestingly, our previous study found that IPA lev-
els in follicular fluid (FF) were significantly lower in DOR
patients than in the control group, and consider that IPA
may be a potential biological marker for DOR or an ovar-
ian protector [22]. Similarly, Ruebel et al. found that the
concentration of IPA in the FF of obese infertile women
was significantly lower than that of infertile women with
normal weight [23], and considered that obesity alters
the microenvironment of follicular development, caus-
ing increased OS and decreased antioxidant capacity,
and that IPA may be one of the substances exerting anti-
oxidant effects in the ovary. Overall, it is reasonable to
assume that IPA may play a potential role in improving
ovarian function, however, the biological pathways and
specific mechanisms of its action are still unclear.

Network Pharmacology is the result of integrating mul-
tidisciplinary basic theories and research methods from
medicine, biology, computer science, and bioinformatics,
which can systematically reflect the mechanisms of drug
intervention [24]. Moreover, network pharmacology does
not study the interactions between a single molecule and
a single target in isolation but enables the investigation
of multi-target, multi-pathway synergistic relationships
between compounds, genes, and diseases, thus it makes
possible the discovery of natural drugs with novel mecha-
nisms of action and potential therapeutic value [25].

This study aimed to reveal the predictive targets and
potential therapeutic mechanisms of IPA on DOR based
on the method of network pharmacology and molecular
docking, subsequently, based on these analyses, we per-
formed experimental validation using an in vitro model
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that simulates DOR. Figure 1 illustrates the workflow of
the study.

Materials and methods

Identification of IPA targets

The chemical structure and Canonical SMILES infor-
mation of the IPA was found in the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/) [26]. Subsequently,
four online public databases including SwissTargetPre-
diction (http://www.swisstargetprediction.ch/) [27], Tar-
getNet (http://targetnet.scbdd.com/home/index/) [28],
BATMAN-TCM (http://bionet.ncpsb.org/batman-tcm/)
[29], and PharmMapper (http://www.lilab-ecust.cn/
pharmmapper) [30] were employed to predict the IPA
potential targets by limiting the species with “Homo sapi-
ens” All obtained gene names were standardized through
the UniProt database (http://www.uniprot.org/) [31].

Identify targets for DOR

The DOR-associated targets were collected from OMIM
(http://www.omim.org) [32], GeneCards (https://www.
genecards.org/) [33], DrugBank (https://go.drugbank.
com/) [34], and DisGeNET databases (https://www.disge
net.org/) [35], with the theme of diminished ovarian reserve
as a search term. In the Genecards database, the higher the
score value the closer the correlation between the target and
the disease, therefore, set the DOR-related targets with a
gene-disease score more than the median [25]. The targets
obtained from the four databases were combined, and the
repetitions were removed to construct DOR-related targets.

IPA-DOR protein-protein interaction (PPI) network

Venn diagrams were drawn to identify the intersection
of the IPA and DOR targets using the online website
(https://bioinfogp.cnb.csic.es/tools/venny/). Afterward,
the common targets were submitted to construct a
PPI network on the STRING (Version 11.5) data-
base (https://string-db.org/) [36]. The species was set
as "Homo sapiens”, and the minimum interaction thresh-
old was set to "high confidence" (>0.7). The PPI and com-
ponent-target genes-disease (CTD) networks were then
visualized by Cytoscape v3.9.1. In addition, we used the
CentiScaPe plug-in to analyze the degree centrality (DC),
closeness centrality (CC), and betweenness centrality
(BC). The targets that all meet the average of greater than
DC, CC, and BC were considered the core genes.

GO and KEGG pathway enrichment

The common targets were submitted to the DAVID
online tool (https://david.ncifcrf.gov) for Gene ontology
(GO) annotations and Kyoto Encyclopedia of Genes and
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Genomes (KEGG) pathway analysis [37]. The data were
visualized using ggplot2 packages in R 4.1.2 software [38].

Screening function modules

The Molecular Complex Detection (MCODE) [39], a
Cytoscape plugin, was used to explore functional mod-
ules in the PPI network. The screening criteria were
set according to the system. The proteins of each mod-
ule were then subjected to GO and KEGG enrichment
analysis.

Molecular docking analysis

Target protein and ligand preparation

The 2D structure of IPA ligand as SDF files were down-
loaded from PubChem and converted into mol2 format
using ChemBio3D Ultra 21.0. The structures of target
protein receptors were downloaded from the PDB data-
base (https://www.rcsb.org/structure) and were pro-
cessed with PyMOL (version 2.5) to remove water and
unnecessary ligands.

Molecular docking

AutoDock Tools 1.5.6 was used to convert ligands and
proteins into the pdbqt file format [40], Gasteiger charges
were calculated and the binding pocket was defined.
Molecular docking calculations were performed using
AutoDock Vina [41], and the docking poses were visu-
alized using PyMOL. Finally, the binding strength and
activity of the core targets and the ligand were evaluated
by the docking score.

Molecular dynamics simulation

After molecular docking, the IPA and NOS3 with the
strongest binding activity were selected for molecu-
lar dynamics (MD) simulation. The MD simulation was
performed with GORMACS package (version 2022.3)
[42], and parameter files were obtained by selecting the
AMBER99SB force field using GORMACS for target
proteins and the GAFF force field for ligand molecules.
Before the simulation, the complex was solvated by plac-
ing it into the center of a cubic box filled with water, and
the atoms of the complex were allowed to have a mini-
mum distance of 1.0 nm from the boundary of the box,
while Na* and Cl~ were added to neutralize the charge
of the whole system. The MD simulation system was first
energy minimized using the steepest descent method,
and then carried out the isothermal isovolumic ensem-
ble (NVT) equilibrium and isothermal isobaric ensemble
(NPT) equilibrium for 100,000 steps, respectively, with
the coupling constant of 0.1 ps and duration of 100 ps.
Finally, a free MD simulation was performed with a run
time for 100 ns and a time step set to 2 fs. We calculated
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the root mean square deviation (RMSD) and root mean
square fluctuation (RMSF) values to assess the stability
and flexibility of the complexes. The binding free energy
values and interactions of ligands with proteins were cal-
culated by the MM/GBSA method [43].

Cell culture and viability assay

The commercially available human ovarian granulosa
tumor cell line (KGN) (Cat No.: CL-0603) was purchased
from Procell Life Science & Technology Co., Ltd (Wuhan,
China). The cell line was cultured in DMEM/F-12
(Gibco) supplemented with 10% FBS and 1% penicillin/
streptomycin at 37 °C in a CO, incubator. KGN cells were
plated into 96-well plates at a density of 8 x 10® cells per
well, then treated with various concentrations of hydro-
gen peroxide (H,O,, Boster Biological Technology Co.
Ltd) and IPA (Sigma-Aldrich, St. Louis, MO, USA) for
the indicated times. Subsequently, 10 pL cell counting
kit-8 (CCKS8, Coolaber, China) reagent was added to each
well and incubated at 37 °C for 2 h to detect cell viability.
The absorbance values were read at 450 nm in a micro-
plate reader (Tecan, Grodig, Austria, GmbH).

Reactive oxygen species (ROS) detection

Levels of intracellular ROS were determined by ROS
assay kit (Beyotime, China). KGN cells were seeded in
6-well plates and incubated overnight. The cells were
pre-treated with the indicated concentrations of IPA for
24 h, followed by treatment with the indicated concentra-
tions of H,O, for 2 h. According to the instructions, cells
were washed with PBS and then incubated with serum-
free medium containing 10 pM DCFH-DA solution for
30 min at 37 °C in a cell culture incubator. After washing
again with the same medium, the level of ROS produc-
tion was observed by fluorescence microscopy.

Real-time quantitative PCR (RT- qPCR) analysis

The mRNA expression levels of NOS3, AKT1, EGFR,
PPARA, SRC, and TNF were measured using RT-qPCR.
Total cellular RNA was extracted using the Trizol rea-
gent (Coolaber, China), and cDNA was generated using
a reverse transcription kit (Servicebio, Wuhan, China).
qPCR was carried out using SYBR Green (Servicebio,
Wuhan, China) according to the manufacturer’s protocol.
All primer sequences were synthesized by Shanghai San-
gon Biotechnology Co., Ltd., and were listed in Supple-
mentary Table 1.

Western blot analysis

Western blot (WB) method was performed to detect the
expression levels of six hub targets and antioxidant proteins
in KGN cells. Cells were harvested and lysed, and the pro-
tein concentration was evaluated by the BCA reagent kit

Page 5 of 19

(Coolaber, China). Thereafter, protein samples (30pg) were
separated by 10-12% SDS-PAGE and then transferred into
PVDF membranes (Millipore, USA). The membranes were
blocked with 5% defatted milk for 2 h at room temperature
and then incubated with primary antibodies overnight at
4 °C. In addition, to detect multiple proteins on the same
membrane, we trimmed the membrane according to the
protein molecular weight range in the instructions prior
to hybridization with the antibody, and all original blots
as well as replicates are provided in Supplementary Fig. 1.
Next, membranes were washed three times with TBST and
then incubated with HRP-conjugated secondary antibod-
ies for 2 h at room temperature. After washing again, the
membranes were incubated with enhanced chemilumines-
cence (ECL) solution (Xin Saimei, China) and imaged by
the Bio-Rad system (Bio-Rad, USA). Finally, the Image-]
software was used to calculate the relative densities of pro-
tein bands. Primary antibodies against NOS3 (WL01789),
AKT1 (WL01652), EGFR (WL0682a), PPARA (WL00978),
SRC (WL01570), and TNF (WL01581) were obtained from
Wanleibio (Shenyang, China). Primary antibodies against
GPX4 (T56959) was obtained from Abmart (Abmart,
Shanghai), NOX4 (14,347—-1-AP), SOD2 (24,127-1-AP),
HO-1 (10,701-1-AP), GAPDH (10,494—1-AP), and HRP-
Goat-Anti-Rabbit IgG (H+L) (SA00001-2) were obtained
from Wuhan Sanying Biotechnology (Wuhan, China).

Statistical analysis

Data are represented as means+SD with the student’s
t-test used to calculate statistical significance between
groups. P <0.05 were considered significant.

Results

The targets of indole-3-propionic acid and diminished
ovarian reserve

By searching SwissTargetPrediction, TargetNet, BAT-
MAN-TCM, and PharmMapper databases, a total of
233 IPA targets were obtained after the removal of the
duplicates (Supplementary 1). The potential targets of
DOR were identified from OMIM, GeneCards, Drug-
Bank, and DisGeNET databases. The keyword for the
search was "diminished ovarian reserve." Specifically, a
total of 272 DOR-related targets were obtained from the
OMIM database, 18 targets from the DrugBank database,
and 43 targets from the DisGeNET database. Further-
more, we obtained a total of 1218 targets from the Gen-
eCards database, the maximum target relevance score
was 201.83, the minimum was 0.26, and the median was
3.15, thus we obtained 609 targets with scores greater
than 3.15. Target genes from four databases were merged
and duplicates were removed, 864 DOR-related targets in
total were identified at last (Supplementary 2).
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Identification of the potential therapeutic targets by PPI
network

Based on the target preparation above, 61 potential
IPA targets for treating DOR were identified (Fig. 2A).
PPI network diagrams were established through the
STRING database (Fig. 2B). Then, the network topologi-
cal parameters were analyzed to highlight the hub genes.
As a result, thirteen hub genes were found according
to the average values for DC, CC, and BC, which were
6.65, 0.008814125, and 67.96, respectively (Supplemen-
tary 3). These hub genes are AKT1, TNF, EGFR, SRC,
HSP90AA1, ALB, AR, NOS3, PPARG, MAPKS, PPARA,
PTPRC, F2 (Fig. 2C and Table 1). Additionally, an IPA-
target genes-DOR network was constructed to visualize
and clarify the pharmacological potential of IPA against
DOR (Fig. 2D). In detail, the blue circle nodes repre-
sent 61 common target genes, and another two rectan-
gle nodes represent IPA (orange) and DOR (purple),
respectively.

GO and KEGG pathway enrichment analysis

GO enrichment analysis

GO enrichment analysis of the 61 common targets was
performed to explore their biological characteristics,
which showed that 293 GO terms in the biological pro-
cesses (BP), 33 terms in the cellular components (CC),
and 56 terms in the molecular functions (MF) (P<0.05).
The top 10 GO items were selected based on enriched
gene numbers and p-values (Fig. 3A). After the screen-
ing process, a chord plot was drawn for the top 5 of the
biological processes (Fig. 3B). As can be seen in the top 5
enriched BPs, the effects of IPA against DOR were mech-
anistically linked to aging, signal transduction, response
to hypoxia, negative regulation of apoptotic process,
and positive regulation of cell proliferation. Notably,
ten of the thirteen hub targets were also enriched in the
top 5 enriched BPs, including AKT1, TNF, EGFR, SRC,
HSP90AA1, ALB, AR, PPARG, MAPKS, PPARA, and
F2. Molecular functions are primarily connected with a
series of binding activities including enzyme binding,
identical protein binding, receptor binding, protein bind-
ing, and protein kinase activity. Additionally, different
cellular components such as cytoplasm, plasma mem-
brane, extracellular region, and focal adhesion were high-
lighted by the GO annotations.

KEGG pathway analysis of key targets in DOR treatment

We performed a KEGG enrichment analysis for 61 thera-
peutic targets. A total of 102 KEGG pathways were iden-
tified with a p-value<0.05. The top 20 most significant
pathways related to the treatment of DOR were displayed
(Fig. 3C), which mainly contained pathways in cancer,
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lipid and atherosclerosis, diabetic cardiomyopathy, AGE-
RAGE signaling pathway in diabetic complications, and
relaxin signaling pathway. Additionally, we connected
these 5 major KEGG-enriched pathways and cross-tar-
get genes and visualized the results (Fig. 3D), suggest-
ing these pathways may be targets for the therapeutic
role of IPA in DOR. Next, to further explore the signal-
ing pathway of IPA against DOR, the 13 hub genes were
subjected to KEGG enrichment analysis (Supplementary
4). We also performed a pathways-targets network on the
top 5 pathways enriched by KEGG (Fig. 3E), which high-
lighted the involvement of hub target-related pathways.

Function modules-based network analysis

To further confirm the biological function of the com-
mon targets for IPA against DOR, we used the MCODE
plug-in to detect the modules of the PPI network and
thus found 2 closely interconnected gene clusters (clus-
ter 1 and cluster 2) with the highest clustering scores.
Cytoscape was used to draw the cascade map of mod-
ules (Fig. 4A). Furthermore, GO and KEGG analysis
were performed on the two clusters (Supplementary 5),
and the relationships between the top 5 pathways and
targets were visualized for each of the 2 clusters (Fig. 4B,
C;Table 2). The main KEGG pathways enriched were
lipid and atherosclerosis, estrogen signaling pathway,
progesterone-mediated oocyte maturation, relaxin sign-
aling pathway, FoxO signaling pathway, and IL-17 signal-
ing pathway.

Molecular docking

Molecular docking methods were performed to exam-
ine the binding affinity of IPA to its 13 potential hub
targets. It is widely accepted that the more stable the
ligand-receptor binding conformation, the lower the
docking affinity and the stronger the binding effect, a
docking affinity below -4.25 kcal/mol indicates the pres-
ence of binding capacity between the active molecules
and the target proteins, and below -5.0 kcal/mol indicates
strong binding activity [44]. The top six hub targets were
screened from high to low affinity, with binding energies
all below -5.0 kcal/mol (Table 3), including NOS3, AKT1,
EGEFR, PPARA, SRC, and TNE. We can see that all targets
have a strong binding ability to IPA, with NOS3 show-
ing the strongest binding activity with a docking score
of -7.3 kcal/mol (Fig. 5A-F). This suggested that IPA may
improve ovarian reserve function by modulating these
proteins’ activity. Figure 5A as an example, IPA entered
the active site of NOS3 and formed hydrophobic interac-
tions with several residues (TRP-178, LEU-193, PHE-353,
and PHE-473). In addition, IPA formed hydrogen bonds
with amino acid residues TRP-356 (3.0 A).
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Fig. 2 Venn diagram and PPI network of potential targets. A Venn diagram showing the common genes between IPA and DOR. B PPI network
of potential targets. C 13 hub genes of IPA against DOR were identified by network topological parameters analysis (Degree, Closeness,

and Betweenness). D IPA-target genes-DOR network
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Table 1 The hub targets information on IPA against DOR

Gene name Gene symbol UniProt ID
RAC-alpha serine/threonine-protein kinase ~ AKT1 P31749
Tumor necrosis factor TNF P0O1375
Epidermal growth factor receptor EGFR Q01279
Proto-oncogene tyrosine-protein kinase Src - SRC P12931
Heat shock protein HSP 90-alpha HSPO0AAT P30946
Albumin ALB P02768
Androgen receptor AR P10275
Nitric oxide synthase, endothelial NOS3 P29474
Peroxisome proliferator-activated receptor ~ PPARG P37231
gamma

Mitogen-activated protein kinase 8 MAPK8 P45983
Peroxisome proliferator-activated receptor ~ PPARA Q07869
alpha

Receptor-type tyrosine-protein phos- PTPRC P08575
phatase C

Prothrombin F2 P00734

Molecular dynamic simulation analyses

RMSD is an important indicator reflecting the stability of
the complex. As shown in Fig. 6A, the protein NOS3 fluc-
tuates smoothly in the simulation with a time of 100 ns,
indicating that no conformational change has occurred,
the small molecule IPA also remains stable along the
simulations, and the complex gradually levels off after
40 ns, all indicating that the binding force of NOS3 and
IPA is relatively stable. The RMSF reflects the flexibility
of each residue in the protein, the results showed that the
RMSE values of amino acid residues fluctuated less in the
regions of 180-190, 310-350, and 450-470 ps (Fig. 6B).
Besides, results of MM/GBSA showed that the binding
free energy for IPA to NOS3 protein was -20.35+0.71
kcal/mol (Table 4).

Experimental validation

IPA protected KGN cells from H,0,-induced damage

We assessed the effects of IPA on H,O,-induced OS
damage in KGN cells, a cell line that maintains the physi-
ological properties of normal ovarian granulosa cells [45].
H,0, is commonly used to induce OS in vitro experi-
ments, which is a major stimulus for cellular senescence
[46]. First, we treated KGN cells for 2 h with various
concentrations of H,0, (100, 200, 300, 400, 500, and 600
uM). H,O, reduced the cell viability in a dose-dependent
manner, when the concentration was 300 pM, the cell
viability was 51.2% (Fig. 7A), therefore this concentra-
tion was used for the OS model. Next, we evaluated the
effect of IPA on cell cytotoxicity, KGN cells were treated
with IPA in different concentrations (0.01, 0.1, 0.3, 0.5,
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0.8, 1, 2, 3 mM) for 24 or 48 h, the CCK-8 assays showed
that IPA did not cause obvious cytotoxicity to KGN cells
at concentrations less than or equal to 0.8 mM at 24 and
48 h (Fig. 7B). To further identify the protective ability of
IPA, we pretreated KGN cells with 0.01, 0.1, 0.3, 0.5, or
0.8 mM IPA for 24 h before conducting H,O, treatment
for 2 h, and the CCK-8 assays indicated that IPA can
improve cell viability following H,O, treatment, particu-
larly at a concentration of 0.3 mM where the improve-
ment is more pronounced (Fig. 7C), we thus selected
0.3 mM as the optimal treatment dose for subsequent
experiments. In addition, as shown in Fig. 7D, KGN cells
underwent morphological changes and became wrinkled
and sparse after treatment with H,O,, whereas IPA pre-
treatment ameliorated cell morphology.

IPA pretreatment reduced intracellular ROS levels

To investigate the effect of IPA on OS in KGN cells, we
determined the levels of intracellular ROS in each group.
As shown in Fig. 8A, ROS production was significantly
increased after treatment with H,O,, while pretreat-
ment with IPA significantly reduced ROS generation.
In Fig. 8B, the fluorescence intensity of each group was
quantified using Image J software. This suggests that IPA
may affect H,O,-induced ROS generation, thereby atten-
uating cell damage caused by OS.

IPA reversed the expression of target genes to alleviate
H,0,-induced injury

According to the network pharmacological analyses, we
further examined whether IPA affects the expression of
NOS3, AKT1, EGFR, PPARA, SRC, and TNF in the OS
model. We detected the mRNA and protein levels of
these genes by RT-qPCR and WB assays, respectively.
The results showed that H,O, treatment inhibited the
expression of SRC, EGFR, PPARA, and AKT1, whereas it
increased the expression of TNF compared to the control
group. However, pretreatment with 0.3 mM IPA signifi-
cantly reversed the gene expression changes caused by
H,0, treatment (Fig. 9A-C).

IPA up-regulated the expression level of antioxidant-related
proteins

The protein expression of NOX4, which mediates
ROS production, was significantly upregulated in the
H,0,-treated group, while the protein expression of anti-
oxidase-related proteins such as SOD2, HO-1, and GPX4
was downregulated. However, pretreatment with IPA
significantly reversed the changes in protein expression
induced by H,0O, injury (Fig. 9D-E), suggesting that IPA
protects from H,0O,-induced damage by reducing oxida-
tive stress levels.
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Discussion

Diminished ovarian reserve is considered a prerequisite
for POF, which seriously affects the fertility and health of
women of reproductive age [1]. Studies have found that
OS may be one of the important factors causing ovulation
disorders and ovarian aging in women, antioxidant thera-
pies have therefore been used clinically as an adjunct
therapy to improve ovarian reserve function [3-5], and
the search for new active substances with potential anti-
oxidant properties was long pursued. As mentioned

previously, IPA is recognized as a potent scavenger of
free radicals and is considered to be an effective anti-
oxidant, we therefore hypothesized that IPA is a poten-
tial compound for improving ovarian reserve function.
In the present study, for the first time, we explored the
possible molecular mechanism of IPA in the treatment of
DOR using network pharmacology and in vitro experi-
ments. Based on PPI network analysis, we identified six
core genes with the highest degree of interaction: NOS3,
AKT1, EGFR, PPARA, SRC, and TNF, moreover, these



Liu et al. BMC Complementary Medicine and Therapies (2024) 24:316 Page 10 of 19

> )F 4 —
) N — K _— _~
el SN e~ 'h\v_’//l’

T' TR - PTG 1 ;

IL-17 si

Fig.4 A Function modules-based network analysis. Cluster1 in red, and Cluster2 in yellow. The purple squares represent non clustering genes. B-C
Target-KEGG pathway network. The orange V-shaped nodes represent the pathways, and the purple square-shaped nodes represent the targets

hub targets exhibited good affinity for molecular docking  of nitric oxide (NO) [47], which is generally considered

with IPA and could be key targets for treating DOR. to be required for the preovulatory cascade [48]. Two
isoforms in NOS, Inducible NOS (iNOS) and endothe-
IPA's six core genes in DOR lial NOS (eNOS, also known as NOS3) have been well-

Nitric oxide synthases (NOS) can catalyze the conver- confirmed to exist in the ovarian follicles [49]. NOS3
sion of L-arginine to L-citrulline with the production is thought to be associated with ovulation-related
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Table 2 KEGG pathways of the two MCODE modules
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MCODE Pathway Genes count P-value
Cluster-1 Lipid and atherosclerosis 7 5.81E-08
Cluster-1 Estrogen signaling pathway 6 2.95E-07
Cluster-1 Progesterone-mediated oocyte maturation 5 4.46E-06
Cluster-1 Relaxin signaling pathway 5 1.14E-05
Cluster-1 FoxO signaling pathway 5 1.21E-05
Cluster-2 Inflammatory bowel disease 2 0.015
Cluster-2 IL-17 signaling pathway 2 0.023
Cluster-2 Amoebiasis 2 0.027
Cluster-2 Cytokine-cytokine receptor interaction 2 0.071
Table 3 The molecular docking parameters and results

Serial number Targets PDBID Box_center (x, y, 2)/A Affinity/(kcal/mol)

1 NOS3 6AV7 83.5,-0.9,-190.0 -73

2 AKT1 3096 6.3,-8.0,17.3 -6.0

3 EGFR 6XL4 -1.8,13.5,-250 -59

4 PPARA 6KAY 54,20,21 -5.8

5 SRC 4K11 21.2,33.8,67.2 -55

6 TNF 5M2M 0.6,224,23.1 -5.2

hemodynamic changes, and genetic deletion of NOS3
may interfere with the local blood supply of the ovary,
thereby damaging follicle recruitment and ovulation
[50]. Hefler et al. found that NOS3-deficient mice
have a lower ovulation rate [51]. Interestingly, Pulaka-
zhi et al. reported that IPA supplementation reduced
NOS3 protein expression in aortic tissues in mice,
which could normalize the abnormal vasodilatory
response [52]. A recent study also found that the anti-
oxidant effect of IPA reversed NO levels in the ovary
and uterus of rats that were damaged by epirubicin
[53].

As a serine/threonine protein kinase, AKT is widely
expressed in human ovaries, including oocytes, granu-
losa cells (GCs), and follicles at all stages of growth
[54]. AKT1 is involved in many physiological pro-
cesses, including the activation of primordial follicles,
the proliferation, and differentiation of GCs [55]. It has
been reported that AKT1-/- female mice have reduced
fertility, as evidenced by disrupted estrous cycles and
reduced numbers of antral follicles [56]. There is cur-
rently no literature reporting a direct relationship
between IPA and AKT. Notably, IPA has a similar
chemical structure to melatonin, and IPA has been
reported to outperform melatonin in its ability to scav-
enge hydroxyl radicals in kinetic competition experi-
ments [10]. Recent studies have shown that melatonin

inhibits granulosa cell autophagy and slows follicular
atresia by activating the PI3K/Akt/mTOR pathway,
thereby protecting ovarian function [57, 58]. Guo et al.
found that melatonin can inhibit palmitic acid-induced
insulin resistance and apoptosis in human granulosa
cell lines through activation of the PI3K/AKT path-
way [59]. Therefore, it is reasonable to speculate that
IPA may improve ovarian function by modulating AKT
levels.

Tumor necrosis factor (TNF), formerly known as
TNF-a, is one of the key cytokines that involve and
maintain inflammatory responses. Abnormally ele-
vated levels of proinflammatory cytokines such as
IL-6 and TNF-a play an essential role in ovarian aging
[60]. It has been reported that TNF-a levels in follicu-
lar fluid were significantly higher than those in serum
in patients with premature ovarian insufficiency [61].
Additionally, an animal study showed that TNF-« levels
in the serum and ovaries of POF mice were increased
compared to controls [62]. The anti-inflammatory
properties of IPA have been demonstrated in vitro
and in vivo experiments. Recently, a study found that
indole supplementation reduced TNF-a and IL-6 lev-
els in the brains of Alzheimer’s disease mice, thereby
reducing their neuroinflammatory response [14]. Simi-
larly, Garcez et al. reported that pretreatment with
IPA prevented LPS-induced increases in the levels of
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Fig.5 Molecular docking of the top six hub targets with IPA. A The binding poses of NOS3 complexed with IPA. B The binding poses of AKT1
complexed with IPA. C The binding poses of EGFR complexed with IPA. D The binding poses of PPARA complexed with IPA. E The binding poses

of SRC complexed with IPA. F The binding poses of TNF complexed with IPA

inflammatory factors such as TNF-a [63]. Furthermore,
Owumi and colleagues also preliminarily demonstrated
the anti-inflammatory activity of IPA in rat ovary and
uterus [53].

EGEFR is a transmembrane receptor tyrosine kinase,
it affects the proliferation and apoptosis of ovar-
ian GCs and induces the division and maturation
of oocytes [64]. EGFR can activate several down-
stream signaling pathways, such as JAK/STAT, PI3K/
AKT, and MAPK/ERK, which play an important role
in oocyte maturation, cumulus expansion, and ovula-
tion [65—67]. In addition, it has been shown that in

patients with polycystic ovary syndrome, EGFR was
significantly downregulated in germinal vesicle (GV)
stage oocytes, which in turn caused more production
of immature follicles [68]. There is an important role
for PPARs in regulating glucose, lipid metabolism, and
inflammatory processes, as well as in various cell dif-
ferentiation, proliferation, and apoptosis processes.
Furthermore, PPAR« is mainly expressed in the theca
and stromal cells of the rat ovary [69]. SRC is a non-
receptor tyrosine kinase encoded that is activated by
many extracellular signaling molecules [70]. Estrogen
runs through the whole process of follicle recruitment,
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Table 4 Binding free energy calculations by MM/GBSA (kcal/

mol)

Energy NOS3-indole-
3-propionic
acid

VDWAALS -26.19+0.10

ARy -9.42+0.60

AEcq 1857+036

ABgq¢ -331+0.10

AGgy -3561+061

AGsolv 15.26+0.36

AGyicssa -20.35+0.71

VDWAALS Van der Waals energy, AE;, Electrostatic energy, AE;; Polar solvation
energy, AEgp Non polar solvation energy, AGy,, Molecular mechanics term
energy, AG,,, Solvation energy, AGy,cssa Binding free energy

selection, and dominance. As a downstream protein of
the estrogen receptor ESR1, SRC is an important medi-
ator of estrogen signaling and its biological role [71].
Although the multiple biological effects on the human
health of IPA have been widely revealed, there are cur-
rently fewer studies of IPA in the female reproductive
system, and no basic studies have directly reported
that IPA can improve ovarian reserve function through
the six hub targets mentioned above. However, the
molecular docking results of this study confirmed that
all six targets have a good binding ability to IPA, and
the molecular dynamics simulations further demon-
strated the binding stability of NOS3 and IPA. More-
over, in vitro experiments showed that IPA reversed
the mRNA and protein expression of these six targets
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Fig. 7 A Cell activity of KGN cell lines treated with H,O, for 2 h. "P<0.01, ""P<0.001 vs. the control group. B Cell activity of KGN cell lines treated
with IPA for 24 and 48 h. "P<0.05, P <0.001 vs. the control group. € KGN cell lines were pretreated with indicated concentrations of IPA for 24 h,
followed by H,0, for 2 h. Cell viability was determined by CCK-8. "P< 0.05, “P< 0.01 vs. the non-IPA group. D The changes in cell morphology

after H,0, administration with or without pretreatment with IPA at a concentration of 0.3 mM (200 X). The results were expressed as the average

of three independent experiments

in KGN cells, and in combination with their biologi-
cal functions and physiological roles in the ovary, we
hypothesized that IPA may exert a beneficial effect in
ovaries by regulating these targets. Overall, the above-
mentioned targets provide a basis for further exploring
the molecular mechanisms of IPA in treating DOR.

Biological processes and pathways by which IPA functions

Based on PPI analysis and the CentiScaPe module of
the Cytoscape, we obtained 61 potential targets and 13
hub genes, then performed GO enrichment and KEGG
pathway analysis on them. These potential therapeu-
tic targets are mainly involved in aging, signal trans-
duction, response to hypoxia, negative regulation of
apoptotic process, and positive regulation of cell pro-
liferation. IPA has been confirmed to play a beneficial
role in aging and some age-related diseases such as Alz-
heimer’s disease and multiple sclerosis [14, 72]. Nota-
bly, our previous study also found that IPA levels in
follicular fluid were significantly lower in ovarian aging

patients [22]. Furthermore, the AGE-RAGE signaling
pathway and relaxin signaling pathway were the two
most enriched pathways of IPA against DOR. Advanced
glycation end products (AGEs) have been reported to
be associated with ovarian aging [73]. On the one hand,
glycosylation can cause irreversible protein damage,
which will transform a normally structured protein
into an abnormally aged one [74]. On the other hand,
AGEs and their receptor RAGE interactions induce
inflammation and oxidative stress [75], which has
been shown to play key roles in poor ovarian reserve
function. Relaxin can modulate various cytokines and
signal pathways such as PI3BK/AKT or ERK to exert
anti-inflammatory and anti-fibrotic effects. It has been
reported that impaired relaxin signaling may be linked
to smaller ovaries and uterus in the offspring of female
mice [76]. Additionally, Feugang et al. found that the
relaxin receptor named RXFP1 mRNA and its protein
are expressed on both granulosa cells and oocytes of
porcine sinus follicles, suggesting that relaxin can pro-
mote oocyte maturation [77].
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To further explore IPA mechanisms in improving
ovarian function, we used the MCODE plugin to divide
the entire network target into 2 tightly connected core
modules, and functional enrichment analyses were
carried out on these modules, as shown in Fig. 4B-C.
The first module contains estrogen signaling path-
way, progesterone-mediated oocyte maturation, and
related signaling pathway. Estrogen signaling pathway
is crucial to maintaining normal female reproductive
endocrine function [78]. Interestingly, recent work by
Owumi et al. found that IPA prevented epirubicin-
induced decreases in serum estradiol and follicle-
stimulating hormone levels in female rats, thereby
maintaining serum hormone stability [53]. The second
module is related to inflammatory signaling pathways.
These modules reflect the effects of IPA on hormo-
nal and endocrine regulation, anti-inflammation, and
oocyte maturation.

IPA alleviates cellular damage and oxidative stress

As already stated, OS is one of the important factors
leading to DOR. IPA is considered an essential ROS
scavenger that protects cells from OS damage. Gundu
et al. found that IPA attenuated high glucose-induced
endoplasmic reticulum stress and mitochondrial dys-
function in neuronal cells [79]. Moreover, IPA was

found to significantly reduce the lipid peroxidation
damage caused by potassium iodate in porcine thy-
roid [8]. In the present study, our in vitro experiments
showed that IPA pretreatment improved cell viability
and attenuated H,0,-induced intracellular ROS pro-
duction. In addition, we also discovered the protein
expressions of SOD2, HO-1, and GPX4 in KGN cells
were down-regulated after H,O, treatment, and could
be reversed by IPA pretreatment. These results suggest
that IPA may protect KGN cells from H,0O,-induced
damage. However, this in vitro experiment has some
limitations as the role of IPA was only preliminarily
verified in the KGN cell line. In future studies, firstly,
the above results need to be validated in normal granu-
losa cell lines. Secondly, the effect of IPA intervention
on ovarian reserve function needs to be further clari-
fied by extracting and culturing primary granulosa cells
from clinical patients, as well as by establishing animal
experimental models.

Conclusion

This work demonstrates that several targets, including
NOS3, AKT1, EGFR, PPARA, SRC, and TNF, as well
as biological processes, including aging, signal trans-
duction, response to hypoxia, negative regulation of



Liu et al. BMC Complementary Medicine and Therapies

(2024) 24:316

>
§

o
1

Relative mRNA expression(%)

C <> %) A
&é & Q)GQ eog vgy v:b&

$

B C

56kDa

AKTI ]’ k2 '|

PPARA |HB 55

Nos3 [N 8|
EGrr [ = TN
SRC |- e S
TNF [ S .

GAPDH | Wi w e |
IPA (300uM) - = +
HO,G00M) -+ 4+

53kDa

133kDa

175kDa

60kDa

Relative protein expression

17kDa

36kDa

D

GPX4‘- —— ~‘ 17kDa
—

SOD2 W s |

HO-1 ’ — 33kDa

25kDa

NOX4 [ 65kDa

S 36D

+
-+

Relative protein expression

GAPDH |

IPA (300uM)
H,0, (300uM)

+

Page 16 of 19

mm  Control

L H202

=== IPA+H202
204 mm  Control

mm HO,
1.5 mm IPAH,0,
# # #
1.0 o £
0.5- *% i
&
(9
¢ Rl »
207 = Control
mm HyO,
15— *x mm  [PA+H,0,
##
1.0 #
= *

0.5- .

>
Q*

v
>

A
o ®

Fig. 9 A mRNA expression of NOS3, AKT1, EGFR, PPARA, SRC, and TNF in KGN cells. B-C Expression of TNF, SRC, EGFR, NOS3, PPARA, and AKT1
proteins in KGN cells. D-E Protein expression of oxidative stress and antioxidant-related proteins NOX4, SOD2, HO-1, and GPX4. P<0.05, “P<0.01,

xxx

experiments

apoptotic process, and positive regulation of cell pro-
liferation, and signaling pathways, such as AGE-RAGE
and relaxin signaling pathway, are involved in the
mechanism of IPA against DOR. Our results provide
new insights for better improvement of ovarian reserve

P<0.001 vs. the control group. *P< 0.05, ¥P < 0.01 vs. the H,0, group. The results were expressed as the average of three independent

function in the clinic. However, the current findings are
mainly based on network pharmacology and prelimi-
nary in vitro experiments, and further in vivo and clini-
cal research are required to confirm the mechanisms
revealed by our study.
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