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Circular RNA expression profiling and the potential role
of hsa_circ_0005379 in decreased ovarian reserve
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Abstract. Decreased ovarian reserve (DOR) refers to the
decreased ability of the ovaries to produce eggs and the low
quality of the follicles, which may lead to abnormal menstrua-
tion and infertility. However, the role of circular RNAs
(circRNAs) in DOR remains poorly understood. Through
circRNA sequencing, hsa_circ_0005379 was identified as the
most significantly upregulated circRNA in the follicular fluid
exosomes of patients with DOR. The present study aimed to
characterize the circRNA expression profile and investigate
the function of hsa_circ_0005379 in DOR. Exosomes were
isolated from the follicular fluid of individuals with DOR
and healthy controls, followed by sequencing using the
[llumina HiSeq platform. Functional enrichment analysis,
including Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes analysis, was performed on the differentially
expressed circRNAs. To further validate the results, the
expression of five circRNAs was assessed in follicular fluid via
reverse transcription-quantitative PCR (RT-qPCR). A DOR
cell model was established by treating KGN granulosa cells
with cyclophosphamide (CTX). Cell viability was evaluated

Correspondence to: Professor Yun Fu or Professor Dianliang Lin,
Fujian Provincial Human Sperm Bank, Fujian Maternity and Child
Health Hospital, College of Clinical Medicine for Obstetrics and
Gynecology and Pediatrics, Fujian Medical University, 18 Daoshan
Road, Gulou, Fuzhou, Fujian 350001, P.R. China

E-mail: yunful994china@163.com

E-mail: dianlianlin@163.com

*Contributed equally

Key words: decreased ovarian reserve, exosome, circular RNAs,
hsa_circ_0005379

using a Cell Counting Kit-8 assay following CTX exposure.
hsa_circ_0005379 was either overexpressed or knocked down
in the CTX-treated cells, and the levels of cell apoptosis,
reactive oxygen species (ROS), malondialdehyde (MDA) and
superoxide dismutase (SOD) were analyzed by flow cytom-
etry and biochemical assays. Eight differentially expressed
circRNAs were identified in individuals with DOR compared
with controls, including seven upregulated and one down-
regulated. RT-qPCR confirmed that the expression trends of
hsa_circ_0000344, hsa_circ_0001126, hsa-circ_0005379,
hsa_circ-0005777 and hsa_circ_0007509 aligned with those
from the sequencing results. Furthermore, overexpression and
knockdown of hsa_circ_0005379 in KGN cells was verified
by RT-qPCR. Silencing hsa_circ_0005379 in CTX-treated
KGN cells promoted cell viability and reduced apoptosis,
accompanied by reduced ROS and MDA levels and enhanced
SOD activity. Overexpression of hsa_circ_0005379 yielded
the opposite results. Collectively, the results suggested that
hsa_circ_0005379 played a key role in regulating cell viability
and oxidative stress in CTX-treated granulosa cells.

Introduction

Ovarian reserve, reflecting the female reproductive capacity,
refers to the quantity and quality of follicles at various
developmental stages (1,2). A significant reduction in base-
line antral follicle count (AFC) and anti-Miillerian hormone
(AMH) levels, coupled with an elevation in basal follicle-stim-
ulating hormone (FSH), indicates decreased ovarian reserve
(DOR) (3). Women with DOR exhibit impaired ovarian
function, manifested by suboptimal responses to ovarian
stimulation, decreased oocyte retrieval and higher cycle
cancellation rates, all contributing to a lowered probability
of successful conception (4). The impact of DOR on fertility
has become increasingly pronounced with the delay of repro-
ductive age. The etiology of DOR is complex, involving age,
genetics, immune factors and environmental exposures (5).
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For example, Biallelic germline BRCA1 frameshift mutations
associated with isolated DOR (6); Dehydroepiandrosterone
regulates the balance of CD4+/CD8+ T cells to improve
balance of CD4+/CD8+ T cells with DOR (7); A history
of heavy smoking may increase risk of DOR (8). Despite
advances, the precise molecular mechanisms underlying
DOR remain incompletely understood, highlighting the need
to unravel the molecular pathways implicated in DOR and
identify potential therapeutic targets.

Small extracellular vesicles (referred to as exosomes in
the present study) play a key role in intercellular communi-
cation by transferring diverse molecules, including proteins,
nucleic acids and metabolites (9,10). Increasing evidence
highlights their function as central mediators of extracel-
lular signaling, with substantial implications for biological
processes, such as insulin signaling, lipolysis and inflam-
mation (11,12). Exosomes have been extensively studied
in the context of female reproductive disorders (13), such
as polycystic ovary syndrome (PCOS) (14,15), intrauterine
adhesion (16), premature ovarian insufficiency (POI) (17)
and premature ovarian failure (18). However, the expression
of exosome-derived circular RNAs (circRNAs) in DOR
follicles remains underexplored. Oxidative stress, caused
by an imbalance between pro-oxidants, such as reactive
oxygen species (ROS) and nitrogen species, and the body's
antioxidant defenses, can result in cellular damage to DNA,
proteins and lipids (19). This imbalance is a recognized
contributor to fertility decline in both sexes (20) and plays a
marked role in ovarian aging (21). Huang ef al (22) observed
a notable decrease in the oxidative stress marker glutathione
in follicular fluid from individuals with DOR compared
with that in healthy controls. Despite these observations on
oxidative stress in DOR, the precise mechanisms by which
circRNAs participate in regulation remain poorly understood
and are the subject of ongoing research.

To the best of our knowledge, no previous studies have
explored the alterations in exosomal circRNA profiles in the
follicular fluid of individuals with DOR. The present study
represents the first attempt to assess the variations in circRNA
expression within exosomes from the follicular fluid of patients
with DOR. The current study aimed to evaluate the influence
of key differentially expressed circRNAs on granulosa cells in
DOR in terms of cell viability and oxidative stress, in an effort
to identify potential therapeutic targets for DOR.

Materials and methods

Clinical samples. In total, 6 women diagnosed with DOR
and 6 age-matched control women (median age, 32 years;
range, 31-34 years) were recruited from Fujian Maternity and
Child Health Hospital (Fuzhou, China), with ethics approval
granted by the Ethics Committee of Fujian Maternity and
Child Health Hospital (approval no. 2023KYLLRO01082).
Controls were women who presented for a routine fertility
check-up or preconception consultation and were found
to have no significant infertility or known fertility issues.
All participants provided written informed consent. All
patients presented to the hospital between January 2020
and December 2020. The subjects met the diagnostic
criteria for DOR based on AMH <1.1 ng/ml and AFC <5 on

transvaginal ultrasound (23,24). Exclusion criteria included
any history of medication affecting glucose or lipid metabo-
lism, as well as known conditions that cause hormonal,
metabolic and reproductive abnormalities, such as Cushing's
syndrome, endometriosis, congenital adrenal hyperplasia
or androgen-secreting tumors. Preovulatory follicular fluid
was collected from participants during oocyte retrieval, and
samples were subsequently stored at -80°C for RNA extrac-
tion and exosome isolation. The clinical characteristics of
patients with DOR were obtained from medical records.

Exosome isolation. To identify differentially expressed
circRNAs in exosomes of individuals with DOR and normal
controls, exosomes were isolated from the follicular fluid
of both groups using ultracentrifugation, as previously
described (25). In brief, 500 ul follicular fluid was centri-
fuged at 10,000 x g for 45 min at 4°C. The supernatant
was filtered through a 0.45-ym membrane, and the filtrate
was collected and transferred to a new centrifuge tube.
Ultracentrifugation was then performed at 100,000 x g for
70 min at 4°C. After removal of the supernatant, the pellet
was resuspended in ice-cold PBS. The sample was subjected
to another round of ultracentrifugation at 100,000 x g for
70 min at 4°C. The resulting precipitate was resuspended in
100 u1 PBS. The isolated exosomes were stored at -80°C for
further analysis.

Exosome analysis. Exosome isolation quality was assessed
by diluting the samples with PBS (w/v=1:100), followed by
analysis using the NanoSight LM10 instrument (Malvern
Instruments, Ltd.) according to the manufacturer's instruc-
tions. Size and concentration were quantified through the
Nanoparticle Tracking Analysis 2.0 (NTA 2.0) software
(Malvern Instruments, Ltd.).

Transmission electron microscopy (TEM). To examine the
structural characteristics of the isolated exosomes, 10 ul
exosome suspension was carefully placed onto a 300 mesh
formvar/carbon-coated copper grid (MilliporeSigma). The
exosomes were allowed to adsorb to the grid for 1 min at room
temperature, after which excess liquid was removed to ensure
optimal sample preparation. The adsorbed exosomes were then
subjected to negative staining with 2.5% uranyl acetate for
5 min and embedded with 1% methyl cellulose (Sigma-Aldrich,
Shanghai, China) on ice for 10 min. Following staining, the
samples were air-dried for several minutes at room tempera-
ture. Finally, the exosomes were analyzed using TEM (FEI
Tecnai 12; Philips Medical Systems B.V.) at a magnification of
x60,000 to observe their structural features.

Western blot analysis. Total protein of samples was separated
by radio-immunoprecipitation assay lysis buffer (Beyotime
Institute of Biotechnology), and then quantified using the
BCA Protein Assay Kit (Beyotime Institute of Biotechnology).
A total of 20 ug protein from each isolated exosome sample
and follicular fluid [negative control (NC)] were subjected to
SDS-PAGE on 10% gels for protein separation. The separated
proteins were then transferred onto PVDF membranes and
incubated overnight in TBS-Tween (TBS-T) buffer, containing
Tris (15 mM, pH 7.8), NaCl (100 mM), Tween-20 (0.5%), with
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5% defatted dry milk at4°C. The membranes were subsequently
incubated with primary antibodies against CD9 (1:1,000;
cat. no. ab236630; Abcam) and CD63 (1:1,000; cat. no. A5271;
ABclonal Biotech Co., Ltd.) in TBS-T buffer with 5% defatted
dry milk for 3 h at 25°C. After washing with TBS-T buffer, the
membranes were incubated with HRP-conjugated secondary
antibodies (goat anti-mouse/rabbit IgG; cat. nos. SAO0001-1&
SA00001-2; Proteintech Group, Inc.) at a 1:2,000 dilution for
1 h at 25°C. Protein bands were visualized using an electro-
chemiluminescence detection system (Pierce ECL Western;
Thermo Fisher Scientific, Inc.). All experiments were repeated
at least three times to ensure the reliability and reproducibility
of the results.

circRNA sequencing and analysis. circRNA sequencing was
employed to identify differentially expressed circRNAs in
follicular fluid exosomes between four DOR and four normal
control samples, as previously described (26). A concen-
tration =50 ng/ul was used for each sample, and the EVs
concentration was determined by NTA software as the basis
for standardization. Total RNA was extracted from exosomes
using TRIzol® (cat. no. 155976018; Invitrogen; Thermo Fisher
Scientific, Inc.) as per the manufacturer's protocol, with RNA
quality assessed using the optical density (OD),s,/OD,q, ratio
between 1.8 and 2.0, adhering to establish quality control
standards. For library construction, RNA was processed
with the TruSeq Stranded Total RNA library preparation kit
(cat. no. 20020599; Illumina, Inc.). Post-preparation, library
quality and quantity were evaluated using the Bioanalyzer 2100
system (Agilent Technologies, Inc.). The prepared library, at
a concentration of 10 pM, was converted into single-stranded
DNA, which was then captured and amplified in situ to form
clusters (using a dilute NaOH for denaturation and then
hybiridzation and extension in ~35 cycles). Sequencing was
performed for 150 cycles in paired-end mode on the Illumina
HiSeq4000 sequencer (Illumina, Inc.) with the HiSeq
3000/4000 SBS Kit (150 cycles) (cat. no. TG-410-1002;
[Mlumina, Inc.), ensuring a Q30 quality score. Following
trimming of 30 adapters with Cutadapt software (v3.4;
National Bioinformatics Infrastructure Sweden) and removal
of low-quality sequences, high-quality read fragments were
used for circRNA analysis. High-quality reads were aligned
using the STAR software (v2.5.1b; National Human Genome
Research Institute of NIH), while circRNAs were identified
and analyzed with the DCC program (v0.4.4; Karolinska
Institutet), and annotation of the detected circRNAs was
performed using the Circ2Traits (http:/gyanxet-beta.
com/circdb/) and circBase (https://www.circbase.org/)
databases. Data normalization and differential expression
analysis of circRNAs were conducted with the EdgeR soft-
ware (v3.16.5; https://bioconductor.org/packages/edgeR),
with circRNAs considered differentially expressed when
fold change was =2.0 and P<0.05. Heatmaps and clustering
of differentially expressed circRNAs were generated using
the R ggplot2 package (v2.1.0; https:/www.rdocumentation.
org/packages/ggplot2/versions/2.1.0) (27). Functional predic-
tions of circRNAs were performed through Gene Ontology
(GO; https://geneontology.org/) and Kyoto Encyclopedia of
Genes and Genomes (KEGG; https:/www.kegg.jp/) analyses
on the associated genes. These analyses were carried out using
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the Database for Annotation, Visualization and Integrated
Discovery (https://david.ncifcrf.gov/home.jsp) (28). Terms
with Benjamini-Hochberg-adjusted P<0.05 and containing
=5 annotated genes were considered statistically significant.
The raw data were uploaded to the National Centre for
Biotechnology Information Sequence Read Archive database
(BioProject accession no. PRINA1191187).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from the follicular fluid precipitate
following centrifugation using TRIzol. RT of the RNA into
cDNA was carried out using a PrimeScript ™ RT reagent kit
with gDNA Eraser (Perfect Real Time) (cat. no. RR047Q;
Takara Biotechnology Co., Ltd.) according to the manufac-
turer's instructions. The resulting cDNA was subsequently
amplified by qPCR, utilizing the AceQ Universal SYBR
gPCR Master Mix (cat. no. Q511; Vazyme Biotech Co., Ltd.)
and the ABI 7500 PCR system (cat. no. 4351104; Applied
Biosystems; Thermo Fisher Scientific, Inc.). The amplifica-
tion protocol included an initial denaturation step at 95°C for
15 sec, followed by 45 cycles of amplification at 55-60°C for
15 sec, and a final extension step at 72°C for 15 sec. Relative
RNA expression levels were calculated using the 2-44¢
method and using GAPDH as the reference gene (29). All
reactions were performed in triplicate to ensure reliability
and reproducibility of the results. The reference sequence
accession nos. of circRNAs were derived from the circBank
database (http:/www.circbank.cn/#/home). The circBank IDs
of hsa_circ_0000344, hsa_circ_0001126, hsa_circ_0005379,
hsa_circ_0005777 and hsa_circ_0007509 are hsa_
RSF1_0004200,hsa_PTPRA_0009800,hsa_GDI2_0006400,
hsa_ ARHGEF28_0005700 and hsa_PPP4R1_0010200,
respectively. Primer sequences are provided in Table 1.

Cell culture. The KGN ovarian granulosa cell line was
obtained from Shanghai Fuheng Biotechnology Co., Ltd., and
cultured in DMEM/F12 medium (cat. no. 11320033, Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (HyClone; Cytiva) and 0.5% penicillin-strep-
tomycin (Invitrogen; Thermo Fisher Scientific, Inc.). The
cells were maintained in a 5% CO, atmosphere at 37°C with
100% humidity. Cyclophosphamide (CTX; cat. no. HY-17420;
MedChemExpress) may destroy the follicular pool, leading
to primary ovarian insufficiency (30). To induce cell damage,
CTX was administered at concentrations of 0, 10, 15, 20, 25
and 30 uM for 24 h at 37°C. The NC was treated without CTX.

Cell transfection. To investigate the role of hsa_circ_0005379
in KGN cells, short hairpin (sh)-hsa_circ_0005379 and NC
sh-circRNA(pLKO.1), as well as hsa_circ_0005379-overex-
pression (OE) and NC plasmids (pcDNA3.1) were synthesized
by GeneChem, Inc. KGN cells were transfected for 5 h with
the corresponding plasmids (500 xM) using Lipofectamine®
2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) at
room temperature according to the manufacturer's protocol,
as previously described (31). The transfection efficiency was
detected by RT-qPCR 48 h after transfection. All subsequent
experiments were performed 48 h after transfection. The
sequences of sh-hsa_circ_0005379 and NC are presented in
Table II.
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Table I. Primer sequences used in the present study.

Gene

Sequence (5'-3")

GAPDH

hsa-circ-0000344

hsa-circ-0001126

hsa-circ-0005379

hsa-circ-0005777

hsa-circ-0007509

F: ACAGCAACAGGGTGGTGGAC

R: TTTGAGGGTGCAGCGAACTT

F: GCTTGGTGTATGTTGGTATCAGT
R: GAAGGCAGGCAGTATGGTATC

F: ACAAGAACAGCAAGCACCAAT

R: GCATCATCCATTACCACTCAGT

F: AGATCAACCGTGTTATGAAACCAT
R: TTGCCATTCACTGACATTATACCT
F: TTCGTGTGCTTCCAACTTGA

R: CACTGGGACTGGTTTCTGTAG

F: CGAAAGGCTTGTGCTGAATG

R: TCCAGGGCTGAAGGTATAATAATC

F, forward, R, reverse.

Table II. Sequence of shRNAs and scramble control.

Name Sequence (5'-3")

hsa-circ-0005379-sh1 CTGTTGTGCTGACCTCTGA
hsa-circ-0005379-sh2 GACAGCTTCATGGTCCAGA
hsa-circ-0005379-sh3 TACCAGGATGTGCTGGTCA

sh-hsa-circ-0005379-NC  CCTAAGGTTAAGTCGCCCTCG

sh, short hairpin; NC, negative control.

Cell viability assay. Cell viability was assessed using Cell
Counting Kit-8 (CCK-8) (cat. no. A311; Vazyme Biotech Co.,
Ltd.) according to the manufacturer's instructions, as previ-
ously described (32). Briefly, 10 ul CCK-8 reagent were added
to each well of a 96-well plate (3x10° cells/well), followed
by incubation for 1 h at 37°C. Absorbance at 450 nm was
measured using a BioTek multifunctional microplate reader
(Agilent Technologies, Inc.).

Cell apoptosis assay. A total of 1x10° cells were collected in
the logarithmic phase, washed with PBS and then digested with
trypsin (cat. no. C0205; Beyotime Institute of Biotechnology).
After treatment with 30 yuM CTX, 1x10° KGN cells were
incubated with 5 ul Annexin V-APC and 5 ul PI at room
temperature for 15 min as per the manufacturer's instructions
(Beyotime Institute of Biotechnology). The apoptosis rate
was then evaluated by flow cytometry (FACSCalibur; BD
Biosciences), and the data were analyzed utilizing FlowJo
software (version 10.0.7; TreeStar, Inc.).

Biochemical assays of malondialdehyde (MDA) and super-
oxide dismutase (SOD). MDA and SOD levels of KGN cells
were measured using the MDA detection kit (cat. no. A003-1)
and SOD detection kit (cat. no. AO0O1-3) from Nanjing Jiancheng

Bioengineering Institute, following the manufacturer's
protocols.

ROS detection. ROS detection was performed using a ROS
detection kit (cat. no. MA0219; Dalian Meilun Biotechnology
Co., Ltd.). KGN cells were seeded in a six-well plate and
treated with 30 uM CTX for 24 h at room temperature. Each
well received 1 ml dichlorodihydrofluorescein diacetate
(DCFH-DA; prepared at a 1:1,000 dilution in basal DMEM/
F12) and incubated at 37°C for 20 min to allow probe uptake.
Following incubation, the cells were washed with 1X PBS
three times to remove excess probe. The cells were then
digested with 0.25% Trypsin (cat. no. C0205; Beyotime
Institute of Biotechnology), centrifuged at 300 x g for 5 min
at 4°C, and resuspended in 300 pl fresh ice-cold basal
DMEM/F12 medium. ROS levels were quantified by flow
cytometry (FACSCalibur; BD Biosciences), with excitation
and emission wavelengths set at 488 nm and 525 nm, respec-
tively, as previously described (33). The data were analyzed
utilizing FlowJo software (version 10.0.7; TreeStar, Inc.).
ROS mean fluorescence intensity ratio was calculated as the
fluorescently stained cell number/total cell number.

Statistical analysis. All experiments were independently
performed at least 3 times. Data are presented as the
mean + standard deviation and data analysis was performed
using GraphPad Prism v9 software (GraphPad; Dotmatics).
Comparisons between two groups were performed using
unpaired Student's t-test. Comparisons among three or more
groups were conducted using one-way ANOVA followed by
Tukey's multiple comparisons test. P<0.05 was considered to
indicate a statistically significant difference.

Results
Cohort characteristics and exosome characterization. The

clinical characteristics of patients with DOR and controls
were evaluated (Table IIT), and no significant differences in
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Table III. General characteristics of the study population.

Normal control Decreased ovarian

Characteristics group reserve group P-value
Age, years 31.50+1.73 32.50+1.29 0.390
BMI 2041+3.10 22.18+4.38 0.530
Duration of infertility, years 2.25+0.50 3.25+1.26 0.190
Estradiol baseline, pg/ml 31.25+10.71 44.25+13.45 0.180
Follicle-stimulating hormone baseline, mIU/ml 5.98+0.54 8.27+3.70 0.270
Luteinizing hormone baseline, mIU/ml 3.55+0.76 3.48+1.01 0910
Anti-mullerian hormone baseline, ng/ml 3.91+0.71 0.73+0.23 <0.001
Antral follicle count 10.75+2.36 4.00£2.45 <0.010
Cleaved zygotes, % 91.25+12.74 82.50+13.58 0.380

Data are presented as the mean + SD.

B 0-
50 -
40 -
30 -
20 -
10 -
3040 60 80 100

Size (nm)

CD63

Events

120

NC Exosome

100 nm

Figure 1. Characterization of the follicular fluid exosomes of patients with decreased ovarian reserve. (A) Representative transmission electron microscopy
images of follicular fluid exosomes (magnification, x60,000). (B) The main range of size distribution of follicular fluid exosomes. (C) Western blot analysis
of the exosome positive markers CD9 and CD63. The exosomes were from follicular fluid of DOR, and the negative control was the follicular fluid of DOR.

age, BMI, duration of infertility, estradiol, follicle-stimulating
hormone, luteinizing hormone, anti-mullerian hormone and
cleaved zygotes ratio between the two groups were observed.
By contrast, significant differences in AMH and AFC
levels between the DOR and control groups were detected.
Significant decreases in AMH and AFC usually indicate a
significant decline in ovarian reserve function, which may
be accompanied by reduced fertility or an increased risk of
menopausal-related conditions. Exosomes were then isolated
from the follicular fluid of both DOR and control groups.
TEM analysis was performed to examine exosome size and
morphology (Fig. 1A). Nanoparticle tracking analysis deter-
mined the exosome size and concentration, revealing that
the mean diameter was 81.18 nm and the concentration was
2.79x10° particles/ml (Fig. 1B). Additionally, the presence of
the exosome markers CD9 and CD63 was confirmed through
western blot analysis of follicular fluid exosomes (Fig. 1C).

Expression profiling of circRNAs in patients with DOR.
Differentially expressed circRNAs in exosomes were identi-
fied and summarized in Table IV. Information on the fold
changes, P-values and the corresponding host genes of all eight
circRNAs is provided. As illustrated in Fig. 2A, the volcano
plot revealed a clear separation between the DOR and control
groups, with seven circRNAs upregulated and one down-
regulated in the DOR group. The heatmap in Fig. 2B displays
the expression profiles of these eight differentially expressed
circRNAs.

Functional enrichment analysis. To explore the potential
roles of differentially expressed circRNAs, GO and KEGG
analyses were performed, focusing on the host genes associ-
ated with these circRNAs. The top 10 enriched terms related
to molecular functions, cellular components and biological
processes are summarized in Fig. 3A-C. The leading
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Table IV. Differentially expressed circRNAs between patients with decreased ovarian reserve and normal controls.

circRNA ID Log?2 fold change P-value Host gene
hsa_circ_0000344 7.50 0.026802 RSF1
hsa_circ_0001126 6.95 0.040373 PTPRA
hsa_circ_0001068 6.66 0.049757 MGATS
hsa_circ_0001359 6.88 0.042484 PHC3
hsa_circ_0004422 -6.90 0.041604 -
hsa_circ_0005379 8.49 0.012191 GDI2
hsa_circ_0005777 7.71 0.022859 RGNEF
hsa_circ_0007509 721 0.033397 PPP4R1

circRNA, circular RNA; -, unknown.

A DOR_vs_Normal controls
2.0 .
—~ 15 .
g 2
2 R .———
<
& .
2 1.0 B « Upregulated: 7
2 “ Downregulated:1
-
[

0.5

0.0

-10 -5 0 5 10
Log2 (fold-change)

hsa_circ_0000344
hsa_circ_0001126
hsa_circ_0001068
hsa_circ_0001359
hsa_circ_0004422
hsa_circ_0005379
hsa_circ_0005777
hsa_circ_0007509

NC DOR

Figure 2. Differentially expressed circRNAs between patients with DOR and normal controls. (A) Volcano plots of all circRNAs. The red dots indicate
upregulated circRNAs compared with normal controls, and the green dots indicate downregulated circRNAs compared with normal controls. (B) Heat map of
differentially expressed circRNAs between patients with DOR and normal controls. The darker the color, the higher the relative expression level of circRNAs.

NC, normal control; DOR, decreased ovarian reserve; circRNA, circular RNA.

biological processes included ‘DNA-templated transcrip-
tion, initiation’ ‘mitochondrial RNA 3'-end processing’ and
‘tRNA 3'-end processing’ (Fig. 3A). For cellular components,
the most enriched terms were ‘NSL complex’, ‘ISWI-type
complex’ and ‘PRC1 complex’ (Fig. 3B). Regarding molecular
functions, the most significant terms were ‘GDP-dissociation
inhibitor activity’, ‘histone acetyltransferase binding’ and
‘tRNA binding’ (Fig. 3C). Additionally, five KEGG pathways
were enriched (Fig. 3D), with the ‘Notch signaling pathway’
and ‘Thl and Th2 cell differentiation’ showing significant
enrichment (P<0.05), which suggests that these pathways may
contribute to the pathogenesis of DOR.

Verification of selected circRNAs and the function of hsa_
circ_0005379. In total, 6 patients with DOR and 6 normal
controls were included for RT-qPCR validation. The top five
most significantly altered genes, based on the P-value from the
RNA-seq data, were selected for further validation (Table IV).
Hsa_circ_0005379 was identified as the most significantly
upregulated circRNA in the DOR group (Fig. 4) and was

selected for subsequent analysis. Ovarian granulosa KGN
cells were treated with varying concentrations of CTX (0, 10,
15, 20, 25 and 30 uM) to induce cellular damage. The CCK-8
assay demonstrated a dose-dependent decrease in KGN cell
viability, with higher concentrations of CTX producing a more
pronounced effect (Fig. 5A). The 30 uM CTX treatment was
found to be the most effective in reducing cell viability. To
further investigate the biological role of hsa_circ_0005379,
it was selected as the optimal concentration for subsequent
experiments. Then, KGN cells were transfected with shRNAs
or an overexpression vector to explore the function of hsa_
circ_0005379 (Fig. 5B and C). The results showed that sh1 had
the highest knockdown efficiency and was therefore used for
subsequent experiments (Fig. 5B). Following CTX treatment
and transfection of the overexpression vector, a significant
increase in the apoptosis rate was observed compared with
that in CTX-treated KGN cells transfected with the NC vector.
By contrast, knockdown of hsa_circ_0005379 with CTX
treatment resulted in a decrease in apoptosis compared with
sh-hsa_circ_0005379-NC+CTX group (Fig. 5D).



d 2| SPANDIDOS
EJ PUBLICATIONS

Mitochondrial RNA 3’-end processing

Count
tRNA 3’-end processing . - 1.00
. . . ® 125
Mitochondrial tRNA processing .
® 1.50
Nucleosome positioning ® 175
Histone H4-K8 acetylation ‘ 2.00

Histone H4-K5 acetylation

Positive regulation of transcription of 26
Notch receptor target .

Histone H4-K16 acetylation

neglLog10_P_value

2.4
ncRNA 3’-end processing 22
DNA-templated transcription, initiation!
0.05 0.100.15 0.20
GDP-dissociation inhibitor
activity Count
Histone acetyltransferase e 1.00
binding 1‘2

tRNA binding ® 125
. @ 1.50

Protein phosphatase
regulator activity @ 175
Guanyl-nucleotide exchange @ 200

factor activity
ATP binding{ -« P value
Adenyl ribonucleotide binding{ ! 0.16
0.12

GTPase activator activity { ©
Purine ribonucleoside 0.08
triphosphate binding 1 * 0.04
RNA binding 1@

0.00 0.02 0.04 0.06 0.08

EXPERIMENTAL AND THERAPEUTIC MEDICINE 30: 224, 2025

NSL complex [ )

ISWI-type complex @
Count

PRC1 complex [ ) PO

H4 histone acetyltransferase
complex negLog10_P_value
MLL1/2 complex ) 2.50
) I 2.25
2.00
1.75

Cytoplasmic vesicle lumen 1.50
1.25

MLL1 complex

Azurophil granule lumen

L J

Azurophil granule

Vacuolar lumen 1@

0.00 0.05 0.10

D

Notch signaling pathway )

P_value

! 0.100

0.075
0.050
2520.025

Th1 and Th2 cell
differentiation

Yersinia infection

RNA transport Count

o1

Human papillomavirus ®
infection

0.005 0.010 0.015

Figure 3. Functional analysis of differentially expressed circular RNA host genes. (A) Top 10 ranked biological process terms. (B) Top 10 ranked cellular
component terms. (C) Top 10 ranked molecular function terms. (D) Enriched Kyoto Encyclopedia of Genes and Genomes pathways. NegLogl0, negative

logarithm 10.

2.5 - wkk
NC
*k *k
s 2.0 *% DOR
2 .
2 —_
£ 154
X
° \
o .
2 1.0
S
L]
]
o 0.5-
0.0 T T T T T
< © o ~ o2}
< N ~ ~ o)
I} - ® N~ re}
o - Ys) 79} N
S o o o o
S S S S S
< < < < <
o (&) (&) (&) (&)
= = = = =
° ° ) 9 )
© © © © ©
[%2] [2] [2]} 2] 2]
Ny ey Ny e e

Figure 4. Reverse transcription-quantitative PCR analysis of the selected
circular RNAs. Validation of hsa_circ_0000344, hsa_circ_0001126,
hsa_circ_0005379, hsa_circ_0005777 and hsa_circ_0007509. n=6, "P<0.05,
“P<0.01 and ““P<0.001. NC, normal control; DOR, decreased ovarian
reserve.

The effect of hsa_circ_0005379 on oxidative stress
in CTX-treated cells was further examined. The results
indicated increased levels of ROS and MDA in the hsa_
circ_0005379-OE group, whereas the sh-hsa_circ_0005379
group showed reduced levels of both markers, compared with

those in the corresponding NC groups (Fig. 5E and F). By
contrast, the antioxidant enzyme SOD, which is involved in
aging processes, displayed an inverse pattern compared with
that of ROS and MDA (Fig. 5G). These findings suggest that
silencing hsa_circ_0005379 may alleviate oxidative stress in
DOR.

Discussion

DOR is characterized by reduced oocyte quality and quantity,
leading to impaired ovarian endocrine function and dimin-
ished fertility in women (34). The follicular microenvironment
is believed to play a critical role in oocyte maturation and
development (22). Therefore, the present study investigated
the follicular microenvironment isolating exosomes (small
vesicles containing biological molecules) from the follicular
fluid of patients with DOR. A subsequent analysis of follicular
exosomes using circRNA sequencing was performed, thus
conducting the first examination of the exosomal circRNA
profile in the follicular fluid of individuals with DOR, to the
best of our knowledge.

circRNAs, a class of single-stranded RNA molecules, are
characterized by covalently closed loops. These molecules
are widely distributed across various organisms, ranging
from viruses to mammals. Considerable progress has been
made in understanding the biogenesis, regulation, localiza-
tion, degradation and modification of circRNAs (35,36). In
the present study, eight differentially expressed circRNAs
were identified between patient with DOR and normal
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controls, followed by enrichment analyses. GO biological
process enrichment analysis revealed the involvement of
the identified circRNAs in numerous biological processes,
including ‘DNA-templated transcription, initiation’.
Notably, the enrichment of this process was also observed
in rats with DOR, induced by tripterygium glycoside tablet
suspension (37). Additionally, two key pathways were found
to be significantly enriched: ‘Notch signaling pathway’
and ‘Thl and Th2 cell differentiation’. Hughes et al (38)
reported that elevated ovarian oocyte death triggered an
increase in Notch signaling and ovarian inflammation, and
that Notch signaling pathway activation in granulosa cells
exacerbated apoptosis. However, the specific role of the
Notch pathway in DOR remains to be further elucidated.
In addition, increased oxidative stress caused by smoking
can further promote the onset and development of cancer
by amplifying the inflammatory response and activating
Notch-1 signaling (39). Overexpression of long non-coding
RNA NONHSATO098487.2 has been shown to inhibit
H,0,-induced oxidative stress injury in cardiomyocytes by
activating Notch signaling pathway (40) and polystyrene
microplastics have been demonstrated to promote colon
barrier damage through oxidative stress-mediated overac-
tivation of the Notch signaling pathway (41). These studies
suggest an association between oxidative stress and Notch
pathway activation. Since oxidative stress is closely related
to DOR (42), future studies may explore the association
between DOR and the Notch pathway in terms of oxidative
stress generation. Furthermore, a recent study showed that
polysaccharides could collectively inhibit inflammation,
apoptosis and oxidative stress in asthmatic rats via regula-
tion of T helper (Th)1/Th2 and Th17/Treg cell immune
imbalances (43). Dehydroepiandrosterone has been shown
to improve Thl immune responses and regulate the balance
of the Th1/Th2 response in patients with DOR (7). These
studies collectively suggest that Th1/Th2 responses may be
involved in the regulation of oxidative stress in DOR.

During follicular development, the interaction between
oocytes and adjacent granulosa cells is essential for the
production of fertilizable oocytes and the regulation of ovarian
function (44-46). Thus, diminished oocyte competence in
women with DOR may stem from dysregulated granulosa
cell function (47). CTX exposure causes premature ovarian
insufficiency (48). In the present study, a DOR cell model
was established by exposing granulosa cells to CTX, and
this model was subsequently used to investigate the role of
hsa_circ_0005379.

Hsa_circ_0005379 has previously been identified as a
key regulator in neuroblastoma (49). In the present study,
upregulation of hsa_circ_0005379 was observed in exosomes
isolated from the follicular fluid of patients with DOR.
Silencing hsa_circ_0005379 partially reversed granulosa cell
apoptosis. A significant association between oxidative stress
and aging has been reported (50), with oxidative stress also
being recognized as a major contributor to ovarian aging (21).
Alterations in ROS, MDA and SOD levels reflect changes
in oxidative stress, providing an indication of ovarian aging.
Increased oxidative stress has been observed in both animal
models and patients with DOR (22,51). In the present study,
reduced hsa_circ_0005379 levels alleviated oxidative stress
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in CTX-induced DOR cells, suggesting the potential of
hsa_circ_0005379 as a therapeutic target for DOR.

In addition, other circRNAs have been reported in the litera-
ture to be associated with DOR. Forexample,hsa_circ_0031584
has been indicated to be an important molecule regulating the
mitotic process of granulosa cells in DOR (52). The findings
of the present study were compared with studies on circRNAs
in other female reproductive diseases, noting conserved roles
in oxidative stress regulation. For example, Bu-Shen-Ning-Xin
decoction has been shown to inhibit oxidative stress by regu-
lating circRNA_012284 expression in POI. Human umbilical
cord mesenchymal stem cell-derived exosomes secreted circ-
BRCAL, which directly sponged microRNA (miR)-642a-5p to
upregulate FOXO1, thereby preventing oxidative stress inju-
ries in granulosa cells and protecting ovarian function in rats
with POI (53). Furthermore, knockdown of hsa_circ_0118530
was shown to suppress PCOS progression by inhibiting oxida-
tive stress and inflammation factor release (54). In another
study, overexpression of circ_0097636 protected PCOS cell
models from dihydrotestosterone-induced oxidative stress by
increasing sirtuin 3 expression (55).

Hsa_circ_0005777 is derived from the cyclization
of the host gene rho guanine nucleotide exchange factor
(RGNEF); circRGNEF promotes bladder cancer progression
via regulation of the miR-548/KIF2C axis (56). Similarly,
hsa_circ_0001126 originates from the protein tyrosine
phosphatase receptor type a (PTPRA) gene, and circPTPRA
inhibits RNA N6-methyladenosine recognition by interacting
with insulin-like growth factor 2 mRNA-binding protein 1,
thereby suppressing bladder cancer progression (57). Future
investigations involving small interfering RNA-mediated
knockdown or overexpression of these circRNAs are essential
to further elucidate their involvement in DOR pathogenesis.

The present study has certain limitations. The small
sample size represents an important constraint in this pilot
investigation. Due to the strict exclusion criteria (such as the
lack of history of medications known to influence glucose and
lipid metabolism) and the challenges in recruiting patients
with well-defined DOR, achieving a larger cohort was logisti-
cally difficult within the study timeframe. In future studies, a
multicenter collaboration is necessary to recruit a larger, more
diverse cohort. Additionally, the exclusion of individuals with
a history of medications affecting glucose or lipid metabolism,
as well as conditions such as Cushing's syndrome, congenital
adrenal hyperplasia, androgen-secreting tumors and endo-
metriosis, is rooted in the need to minimize confounding
variables. These factors could independently alter metabolic
or hormonal outcomes under investigation, thereby obscuring
the true effects of the intervention or exposure being studied.
For example, medications influencing glucose/lipid metabo-
lism (such as insulin, statins and glucocorticoids) could mask
or exaggerate metabolic changes (58), compromising the
assessment of the study's primary endpoints. Furthermore,
endocrine disorders (such as Cushing's syndrome, congenital
adrenal hyperplasia and androgen-secreting tumors) directly
disrupt hormonal or metabolic pathways, potentially
mimicking outcomes relevant to conditions like PCOS or
insulin resistance (59-61). Endometriosis is known to alter
follicular fluid composition and inflammatory pathways,
which could independently influence the present study's
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endpoints, such as ROS levels and associated pathways (20).
By excluding these factors, the internal validity of the present
study was enhanced, ensuring that the observed effects are
more likely attributable to the variables under investigation
rather than pre-existing conditions or treatments. Excluding
certain groups of individuals bolsters confidence in causal
inferences by reducing confounding factors, particularly in
studies focusing on metabolic or endocrine mechanisms (such
as studies evaluating insulin sensitivity or androgen levels). By
contrast, the homogeneity of the study population may limit
external validity. For instance, the results may not apply to
individuals with overlapping conditions (such as patients with
PCOS or untreated congenital adrenal hyperplasia) or those on
common glucose/lipid-modifying therapies. This restricts the
findings to a narrower, ‘idealized’ population. If the excluded
conditions are rare (such as androgen-secreting tumors), their
omission may not markedly impact applicability. As a prelimi-
nary study, the findings may be specific to idiopathic DOR.
Future research should include stratified analyses comparing
subgroups (patients with DOR with vs. without endometriosis)
to evaluate the broader applicability of these results, consistent
with a recent study on DOR heterogeneity (4).

In conclusion, the present study provided a comprehensive
profile of circRNA expression in exosomes isolated from the
follicular fluid of patients with DOR. Additionally, the current
study represents, to the best of our knowledge, the first report
on the role of hsa_circ_0005379 in DOR. The results demon-
strated that silencing hsa_circ_0005379 alleviated apoptosis
and oxidative stress in CTX-induced granulosa cells. However,
the underlying mechanisms through which hsa_circ_0005379
modulates oxidative stress and contributes to DOR remain to
be further explored.
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