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Abstract. Identifying biomarkers with high sensitivity and 
stability is helpful for the timely and accurate diagnosis, and 
effective management of polycystic ovary syndrome (PCOS), 
a long‑term, progressive endocrine disorder. Circulating 
microRNAs (miRNAs/miRs) are being increasingly recog‑
nized as promising biomarkers given the stability and 
enrichment of miRNAs in exosomes. The high sensitivity 
of the reverse transcription‑quantitative PCR (RT‑qPCR) 
has enabled accurate quantification of miRNAs and small 
fragments, present in a low abundance, in the circulation. In 
the present study, the potential of miRNAs in the diagnosis 
of PCOS was evaluated. Exosomal miRNAs were extracted 
and screened, and three miRNAs (miR‑4488, miR‑151a‑5p, 
and miR‑223‑3p) were found to be differentially expressed 
between the PCOS group and age‑matched controls by 
sequencing analysis. RT‑qPCR was performed on a clinically 
confirmed PCOS cohort (n=107) and a non‑PCOS control 
cohort (n=101) from South China to validate the PCOS‑related 
RNA sequencing results. miR‑151a‑5p and miR‑4488 expres‑
sion levels were significantly upregulated, and miR‑223‑3p 
expression was downregulated in the PCOS cohort compared 
with the control cohort (P<0.05). The areas under the receiver 
operating characteristic curve were 0.889, 0.871, and 0.664 
for miR‑4488, miR‑151a‑5p, and miR‑223‑3p, respectively. 
Combining anti‑Müllerian hormone levels with the three 
miRNAs resulted in an AUC of 0.967, and higher sensitivity 
and specificity. These results suggest that miRNAs may prove 
useful in the early diagnosis and effective management of 
PCOS, and that these three miRNAs may be involved in the 
pathogenesis of PCOS. In addition, bioinformatics analysis 
showed that these three exosomal miRNAs were involved in 
key signaling pathways related to cancer.

Introduction

Polycystic ovary syndrome (PCOS) is commonly associ‑
ated with anovulation, hyperandrogenism (clinical and/or 
biochemical), and polycystic ovaries (excluding other andro‑
genic, pituitary, or adrenal causes). It is estimated that 5‑10% 
of all women of reproductive age suffer from PCOS (1,2). In 
addition to its association with multifactorial endocrine disor‑
ders, PCOS is also associated with an increased lifetime risk 
of obesity and infertility, which are present in ~74% of PCOS 
patients (3). Therefore, timely diagnosis and treatment of PCOS 
are not only important for reproductive health, but also for 
monitoring and intervention of complications. These factors 
are also prerequisites for gaining a clearer understanding of 
the pathogenesis of PCOS. Serum biochemical markers, such 
as luteinizing hormone (LH), follicle‑stimulating hormone 
(FSH), and androgen concentration, have been long used as 
biochemical indices for the diagnosis of PCOS. However, 
serum biochemical marker levels are affected by different 
physiological cycles diminishing their utility for diagnosing 
PCOS.

The role of exosomal microRNAs (miRNAs/miRs) in the 
occurrence, progression, and outcomes of tumors has been 
reported (4‑6), while the study of miRNAs related to PCOS 
in exosomes is in the early stages (7,8). The etiology of PCOS 
cases is highly heterogeneous with genetically complex and 
individual differences that are not only related to the endocrine 
system but are also greatly influenced by the environment and 
gene expression factors, such as miRNAs (9).

miRNAs are short non‑coding RNAs that regulate gene 
expression at the post‑transcriptional level (10,11). miRNAs 
have been confirmed to be encapsulated in microves‑
icles (12‑16), and exist in most body fluids such as saliva, 
serum, plasma, urine, milk, and follicular fluid (17). Studies 
comparing the differences in miRNA expression between 
follicular fluid exosomes and plasma in women of repro‑
ductive age have shown that, among the 37 miRNAs with 
upregulated expression in follicular fluid, 32 were expressed 
in exosomes and may be involved in several key signaling 
pathways of follicular development and egg cell maturation, 
such as the WNT, mitogen‑activated protein kinase (MAPK), 
ErbB, and transforming growth factor (TGF)‑β1 signaling 
pathways (18). miRNAs in serum are rich, stable, and easy 
to detect, and may thus serve as non‑invasive diagnostic 
markers of PCOS.
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The present study aimed to identify novel miRNAs that 
are differentially expressed in PCOS patients by screening 
exosomal miRNAs in a PCOS cohort. The identified differ‑
entially expressed miRNAs may have potential value as 
diagnostic biomarkers for sensitive and accurate diagnosis of 
PCOS.

Materials and methods

Participants and selection criteria. Between October 2016 
and June 2020, 122 patients with PCOS (aged 18‑35 years) 
were recruited from Hangzhou Women's Hospital (Hangzhou, 
China). Written informed consent was provided by the 
patients or their legal guardians according to the Declaration 
of Helsinki (19). All experimental protocols were approved 
by the Medical Ethics Committee of the hospital and were 
performed in accordance with the relevant guidelines and 
regulations. All women were diagnosed according to the 
Rotterdam criteria and did not have Cushing's syndrome, 
late‑onset congenital adrenal hyperplasia, thyroid dysfunction, 
hyperprolactinemia, or androgen‑secreting tumors. Other 
exclusion criteria included diabetes, hypertension, chronic 
renal disease, smoking, and the use of alcohol or medications. 
A group of 112 age‑matched first‑trimester individuals (aged 
18‑36 years) with no previous history of reproductive system 
diseases or appendicitis served as the control. The control 
group had normal and regularly cycling menstrual periods, 
and their ovaries appeared normal on ultrasonography. The 
exclusion criteria for the control women in the study were the 
use of drugs, including oral contraceptives or other hormonal 
drugs, intrauterine device placement, and smoking within the 
past 3 months (20).

We selected the common gynecological diseases, meno‑
pausal syndrome (MPS) and abnormal uterine bleeding (AUB), 
as control disease groups to improve the experimental study. 
The 10 women in the MPS group were diagnosed according 
to the International Clinical Practice Guideline of Chinese 
Medicine Climacteric Syndrome (21). The 10 women in the 
AUB group were diagnosed according to the Guidelines on the 
Diagnosis and Treatment of Abnormal Uterine Bleeding (22).

In the first stage of the study, five pairs of serum samples 
from five patients with PCOS and five healthy individuals 
were combined into two group of samples as the screening 
group. Exosomes and total RNA were extracted, and differen‑
tially expressed miRNAs were screened by RNA sequencing 
(RNA‑seq) using a commercial service (Guangzhou RiboBio 
Co., Ltd.). Following preliminary screening, two miRNAs 
with significantly upregulated expression (miR‑151a‑5p and 
miR‑223‑3p) and one miRNA with significantly decreased 
expression (miR‑4488a) were identified and validated. Reverse 
transcription‑quantitative PCR (RT‑qPCR) was performed to 
validate the expression of these three miRNAs for the next 
stage.

Serum collection, blood glycolipid assay, hormone assess‑
ment, and exosomal purification. After fasting for 8‑12 h, 
5 ml blood from controls and patients with PCOS was drawn 
in the morning. Whole blood was separated by centrifugation 
at 1,000 x g for 10 min at room temperature, and the isolated 
serum was centrifuged at 10,000 x g for another 10 min at 

room temperature to completely remove cells and debris. 
Prepared serum samples were stored at ‑80˚C until required.

The serum anti‑Müllerian hormone (AMH) concentration 
was determined using a Roche Cobas e411 automated electro‑
chemiluminescence immunoassay analyzer (Roche GmbH). 
Serum fasting plasma insulin, testosterone, dehydroepiandros‑
terone sulphate (DHEA‑S), and sex hormone‑binding globulin 
levels were measured using an automated chemiluminescence 
immunoassay performed on a UniCel DxI 800 analyzer 
(Beckman Coulter, Inc.). Serum glucose and lipid levels 
were measured using a Beckman Coulter AU5800 automatic 
biochemical analyzer (Beckman Coulter, Inc.). All tests were 
performed in strict accordance with the manufacturer's recom‑
mended protocols and reagent instructions. The free androgen 
index (FAI) was calculated using the equation: FAI=(total 
testosterone nmol/lx100)/(sex hormone‑binding globulin 
nmol/l) (23). Insulin resistance was calculated using the HOMA 
method [insulin resistance=(insulin x glucose)/22.5] (24).

Exosomal RNA extraction and the RT‑qPCR. Plasma 
exosomes were separated according to the manufacturer's 
instructions (Invitrogen; Thermo Fisher Scientific, Inc.) with 
minor modifications. Briefly, 500 µl serum was added to a new 
tube, and 100 µl total exosome isolation reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) was added. The mixture was 
then vortexed until a homogeneous solution was obtained. 
The sample was incubated at 4˚C for 30 min, followed by 
centrifugation at 10,000 x g for 10 min at room temperature. 
The supernatant was aspirated and discarded. The exosomes 
were present in the pellet that was re‑suspended in 200 µl 
PBS. Due to the failure of exosome extraction in some 
samples, the samples for subsequent RT‑qPCR were reduced 
to 107 samples in the PCOS group and 101 samples in the 
control group.

miRNAs were extracted and purified using a commercial 
kit (BioTeke Corporation) and 50 µl miRNA was acquired. 
cDNA synthesis and RT‑qPCR of miR151a, miR223a, and 
miR4488a were performed as recommended by the manu‑
facturer. Briefly, miRNAs were reverse transcribed into DNA 
using the RT™ All‑in‑One Master Mix (Herogen Biotech). 
The bulge‑loop miRNATM RT‑qPCR Primers Sets (one RT 
primer and a pair of qPCR primers for each set) specific for 
miR‑151a‑5p, miR‑223‑3p, and miR‑4488 were designed and 
synthesized by Guangzhou RiboBio Co., Ltd. The primer 
sequences are proprietary and are not disclosed.

Synthetic U6 was added routinely to a final concentra‑
tion of 1,024 pmol/ml in all samples to control for variations 
during RNA extraction and/or purification due to the absence 
of homologous sequences in humans (25,26). Furthermore, 
all study participants were recruited during the same period, 
and the specimens were stored under the same conditions 
and processed in equal volumes at each experimental step to 
control for potential bias.

The RT‑PCR solution contained 2.0 µl 5 RT™ Mix, 6.5 µl 
mRNA template, 0.5 µl each primer, and 1.0 µl nuclease‑free 
water in a total volume of 10 µl (Herogen Biotech). qPCR 
was performed in an ABI Prism 7500 Sequence Detection 
System (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) with the following thermocycling conditions: 25˚C for 
10 min, 42˚C for 50 min; followed by 45 cycles of 95˚C for 
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15 sec, and 60˚C for 40 sec. U6 mRNA was used as the 
internal control, and a no‑template control was used as a 
negative control.

The qPCR mixture contained 10.0 µl EvaGreen qPCR 
Master Mix, 2.0 µl cDNA template, 0.5 µl forward and reverse 
primer each, and 7.0 µl nuclease‑free water in a total volume 
of 20 µl (Herogen Biotech). qPCR was performed in an ABI 
Prism 7500 Sequence Detection System with the following 
thermocycling conditions: 95˚C for 10 min; followed by 
40 cycles of 95˚C for 15 sec and 60˚C for 30 sec. For quantita‑
tive results, the relative expression levels of each miRNA are 
presented as a fold change using the 2‑ΔΔCq method (27). Each 
sample was assayed in duplicate, and the average was used for 
the analysis.

Functional enrichment analyses. The functions of the 
differentially expressed miRNAs were analyzed using bioin‑
formatics analysis. Related biological pathways were analyzed 
using the Kyoto Encyclopedia of Genes and Genomes (KEGG, 
http://www.genome.jp/kegg) and gene set enrichment using 
Gene Ontology (GO) (http://www.geneontology.org/). The‑log 
(P‑value) was used as the enrichment score, which indicated 
the significance of the correlation.

Statistical analysis. All data were analyzed using SPSS 
version 17.0 (IBM Corp.). The normality of the distri‑
bution of continuous variables was assessed using the 
Kolmogorov‑Smirnov test. Data are presented as the 
mean ± standard deviation, or median (range). Differences 
in the means of two groups of data were compared using a 
Student's t‑test, and the medians of two groups were compared 
using a Mann‑Whitney U test. Spearman's correlation coef‑
ficients were calculated to evaluate the relationship between 

miRNA levels and other variables in both groups. The optimal 
cut‑off points for the miRNA and AMH levels to distinguish 
between the two groups were evaluated using receiver oper‑
ating characteristic (ROC) analyses after calculating the 
area under the curve (AUC), given the maximum sum of the 
sensitivity and specificity (the Youden Index) for the signifi‑
cance test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Patient characteristics. The metabolic characteristics 
based on the samples of the two groups are provided in 
Table I. There were no significant differences observed in 
age, testosterone levels, and high‑density lipid cholesterol 
levels (P>0.05). The levels of AMH, DHEA‑S, triglyceride, 
serum total cholesterol, low‑density lipoprotein cholesterol, 
fasting blood glucose, and insulin in the serum of the PCOS 
group were significantly higher than those of the control 
subjects (P<0.001 and P<0.05). In contrast, PCOS patients 
showed lower levels of sex hormone‑binding globulin than 
controls (P<0.001). PCOS patients also showed significantly 
higher FAI and HOMA insulin resistance values compared 
to those of the control group (P<0.001). FSH and LH levels 
of first‑trimester women that served as control individuals 
were very low or undetectable and are not listed. High 
glucose and insulin levels are important causes of type 2 
diabetes mellitus and insulin resistance in PCOS patients, 
and high androgen levels are one of the characteristics 
of PCOS. Overall, abnormalities of the metabolic char‑
acteristics in PCOS patients contributed gradually to the 
development of the disease, which affected their health and 
quality of life.

Table I. Hormonal and metabolic variables in the controls and patients with PCOS.

Variable PCOS, n=122c Control, n=112c P‑value

Age, years 26.0 (23.0‑28.25) 28.0 (23.0‑30.0) 0.102
AMH, ng/ml 9.26 (7.55‑12.99) 2.72 (1.90‑4.45) <0.001b

Testosterone, nmol/l 2.43 (1.92‑2.84) 2.41 (1.80‑3.15) 0.971
DHEA‑S, µmol/l 8.99 (6.44‑11.51) 5.09 (3.66‑6.82) <0.001b

SHBG, nmol/l 38.10 (23.70‑65.83) 91.50 (66.10‑141.50) <0.001b

FAI 6.21 (2.80‑11.57) 2.32 (1.57‑3.44) <0.001b

TG, mmol/l 4.85 (4.37‑5.45) 3.89 (3.48‑4.31) <0.001b

TC, mmol/l 0.98 (0.69‑1.51) 0.73 (0.56‑0.94) <0.001b

HDLC, mmol/l 1.65±0.40 1.57±0.32 0.058
LDLC, mmol/l 2.75 (2.31‑3.21) 2.01 (1.74‑2.34) <0.001b

FBG, mmol/l 4.76 (4.48‑5.22) 4.64 (4.41‑4.88) 0.019a

FINS, µIU/ml 6.80 (4.68‑11.78) 5.30 (3.70‑6.60) <0.001b

HOMA‑IR 1.47 (0.97‑2.69) 1.05 (0.78‑1.36) <0.001b

LH/FSH, IU/l 2.24 (1.21‑3.94) ‑ ‑

aP<0.05 and bP≤0.001. cData are presented as the median (range) or the mean ± SD. PCOS, polycystic ovary syndrome; AMH, anti‑Müllerian 
hormone; DHEA‑S, dehydroepiandrosterone sulphate; SHBG, sex hormone‑binding globulin; FAI, free androgen index; TG, triglycerides; 
TC, total cholesterol; HDLC, high‑density lipoprotein cholesterol; LDLC, low‑density lipoprotein cholesterol; FBG, fasting blood glucose; 
FINS, fasting serum insulin; HOMA‑IR, homeostatic model assessment‑insulin resistance; LH/FSH, luteinizing hormone/follicle‑stimulating 
hormone.
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Expression of miRNA in controls and PCOS patients. 
During the screening stage, two miRNAs (miR‑151a‑5p and 
miR‑4488) with upregulated expression and one miRNA 
(miR‑223‑3p) with downregulated expression were identi‑
fied. Next, the expression levels of these miRNAs in the 
validation groups were quantified using RT‑qPCR. The 
miR‑151a‑5p levels in the PCOS group were 4x that in the 
control subjects. Compared to control subjects, the expression 
levels of miR‑4488 in the PCOS group were increased by 
~570% (P<0.001; Fig. 1A and C). The relative expression of 
miR‑223‑3p in the PCOS group was reduced ~31% vs. control 
subjects (P<0.001; Fig. 1B).

To demonstrate the specificity of exosomal miR‑4488, 
miR‑151a‑5p, and miR‑223‑3p to PCOS, the expression of 
these miRNAs in patients with MPS and AUB were also 
detected. The results provided in Table II revealed that the 
expression levels of the three miRNAs differed significantly 
in patients with MPS and AUB compared with those in the 
PCOS and control groups (P<0.01). Moreover, the levels of 
these miRNAs were several times higher in the PCOS group 
than in the MPS and AUB patients. This supports the rela‑
tive specificity of these three miRNAs in PCOS vs. other 
gynecological diseases.

Correlations between miRNA levels and other clinical 
parameters in PCOS patients. To evaluate the possible associ‑
ation between miRNA levels and glycometabolic parameters, 
samples from the PCOS and control groups were studied to 
determine any correlations (Fig. 2). The results revealed that 
the miRNAs and clinical parameters were weak‑moderately 
correlated with various parameters. miRNA‑151a‑5p and 

miRNA‑4488 were primarily positively correlated with 
AMH, FSH, and LH, and miRNA‑223‑3p was negatively 
correlated with FSH, LH, and DHEA‑S. In addition, the 
parameters measured showed notable correlations with each 
other including FSH, LH, AMH, triglyceride, low‑density lipo‑
proteins, glucose, and insulin resistance (Fig. 2). The results of 
the Spearman's correlation analyses are shown in Table SI.

ROC curve analyses. ROC analyses were performed to 
evaluate the value of differentially expressed miRNAs in 
discriminating PCOS patients from control subjects. The 
highest AUC value was observed for miR‑4488 (AUC=0.889; 
P<0.001), followed by miR‑151a‑5p (AUC=0.871; P<0.001). 
The lowest value was observed for miR‑223‑3p (AUC=0.664; 
P<0.001) (Fig. 3). Accordingly, miR‑4488 had a sensitivity and 
specificity of 81.3 and 91.1%, respectively. miR‑151a‑5p showed 
88.8% sensitivity and 78.2% specificity, whereas miR‑223‑3p 
showed 86.9% sensitivity and 45.5% specificity (Fig. 3).

Among miR‑151a‑5p and miR‑223‑3p, miR‑4488 had an 
AUC of 0.889 which increased the sensitivity to 89.7% and 
slightly increased the specificity to 93.1%. Evaluation of AMH 
yielded an AUC value of 0.926 which increased further when 
combined with the three miRNAs (AUC=0.967; P<0.001), 
with a sensitivity and specificity of 91.6 and 93.1%, respec‑
tively, indicating this may be a more potent diagnostic tool. 
The results of the ROC curve analysis for miRNA and clinical 
measurement discrimination are shown in Table SII.

Functional analysis of predicted targets of miR‑151a‑5p, 
miR‑223‑3p, and miR‑4488. GO and KEGG pathway analyses 
were performed using TarBase to identify the predicted 

Figure 1. Relative expression levels of the miRNAs of interest in PCOS patients compared with the CON group. Relative expression of (A) miR‑151a‑5p, 
(B) miR‑223‑3p, (C) and miR‑4488 in the PCOS patients (n=107) compared with the CON group (n=101). PCOS, polycystic ovary syndrome; CON, control; 
miRNA/miR, microRNA.

Table II. Relative expression levels of miR‑151a‑5p, miR‑223‑3p, and miR‑4488 in PCOS patients were compared with the CON 
group, MPS group and AUB group.

Variable PCOS, n=107b Control, n=101b MPS, n=10b AUB, n=10b P‑value

miR‑151a‑5p 1.92 (1.36‑3.20) 0.48 (0.33‑0.91) 0.02 (0.01‑0.05) 0.01 (0.01‑0.04) <0.01a

miR‑4488 3.42 (1.73‑4.89) 0.51 (0.32‑0.95) 2.03 (1.04‑4.81) 2.36 (1.67‑3.09) <0.01a

miR‑223‑3p 47.01 (36.25‑70.03) 68.83 (45.78‑100.9) 0.20 (0.01‑0.32) 0.35 (0.18‑0.51) <0.01a

aP≤0.01. bData are presented as the median (range). PCOS, polycystic ovary syndrome; CON, control; MPS, menopausal syndrome; AUB, 
abnormal uterine bleeding; miR, microRNA.



BIOMEDICAL REPORTS  19:  92,  2023 5

conserved targets and biological functions potentially influ‑
enced by the three miRNAs. In the GO analysis, the number of 
target genes corresponding to GO entries was determined, and 
the enrichment score was regarded as the‑log (P‑value); the 
target genes of the three analyzed miRNAs are summarized 
in Fig. 4A‑C. For the biological process enrichment, the most 
significant term was organelle organization, which was signifi‑
cantly enriched in the independent targets of both miR‑223‑3p 
and miR‑4488. In the cellular component, the term with the 
most genes was ‘protein complex’, and the most significantly 
enriched term was ‘cytosol’. For molecular functions, the most 
significantly enriched term was ‘binding’. Thus, the three 
mRNAs were involved in metabolic processes, growth, and 
development.

The KEGG pathway analysis identified the top 15 
significantly enriched pathways (Fig. 4D). The three miRNAs 
were involved in multiple signaling pathways such as those 
regulating the pluripotency of stem cells, transcriptional 
miscegenation in cancer, the cGMP‑protein kinase A signaling 
pathway, proteoglycans in cancer, and the MAPK signaling 
pathway, which is related to cancer, hormone secretion, and 
pluripotency of stem cells.

Figure 2. Correlation matrix of the clinical parameters and levels of miR‑151a‑5p, miR‑223‑3p, and miR‑4488. miR, microRNA.

Figure 3. Receiver operating characteristic curve analyses to determine the 
discriminative significance of miR‑151a‑5p, miR‑223‑3p, miR‑4488, and 
AMH, and for prediction of polycystic ovary syndrome. miR, microRNA; 
AMH, anti‑Müllerian hormone.
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Figure 4. Continued.
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Figure 4. (A‑C) GO analyses and (D) KEGG annotations associated with the target genes of differentially expressed miRNAs. GO, Gene Ontology; BP, 
biological process; CC, cellular component; MF, molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes; miRNA, microRNA.
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The mapping analysis using Cytoscape software indicated 
that miR‑151a‑5p, miR‑223‑3p, and miR‑4488 may influence 
the expression of certain genes (such as N4BP1, PURA, and 
ECEL1) that were primarily enriched in several pathways 
associated with mRNA binding activity, single‑stranded 
DNA‑binding proteins, cellular responses to ultraviolet radia‑
tion, and negative regulation of viral genome replication. These 
genes were predicted to be located in the cytosol and nucleolus, 
and to be regulated by neuropeptides and peptide hormones. 
Interestingly, there were no common genes among the three 
miRNAs (Fig. 5), suggesting that these three miRNAs may 
play independent roles in the regulation of biological processes 
through different pathways.

Discussion

Here, for the first time, it was shown that exosomal miRNAs 
with increased/decreased expression, namely miR‑151a‑5p, 
miR‑4488, and miR‑223‑3p, were associated with the risk of 
PCOS. To evaluate the diagnostic value of the miRNAs for 
PCOS, ROC curves and AUCs were used, revealing that a 
combination of the three miRNAs and AMH may offer a potent 
diagnostic tool to distinguish between patients with PCOS and 
controls, with a sensitivity and specificity of 91.6 and 93.1%, 
respectively. This suggests that exosomal miRNA expression 
patterns in PCOS samples differ from those in controls.

The experimental results demonstrated that serum 
miRNAs are differentially expressed in PCOS. Compared 
with other gynecological diseases such as MPS and AUB, 
the expression of miR‑151a‑5p, miR‑4488, and miR‑223‑3p 
was relatively specific to PCOS. The increased fasting blood 
glucose and insulin levels found in the PCOS samples could 
partly explain the changes in the miRNAs; miRNA‑151a‑5p, 
miRNA‑4488, and miRNA‑223‑3p were notably correlated 

with other parameters, particularly AMH, FSH, and LH, which 
were significantly associated with the upregulated miRNAs. 
In addition, bioinformatics analyses showed that miR‑151a‑5p, 
miR‑4488, and miR‑223‑3p are related to insulin metabolism 
processes. Further analysis showed that glycometabolic and 
hormone profiles had a weak‑moderate correlation with 
miRNAs. Of note, the changes in the number of individuals 
for subsequent miRNA validation and correlation analysis are 
not expected to have an impact on the present findings and 
conclusions.

Previous studies have shown the involvement of miRNAs 
in the pathophysiological mechanism of PCOS. For example, 
one study showed that miR‑222, miR‑164a, and miR‑30c were 
highly expressed in PCOS patients, and miR‑222 was strongly 
positively correlated with serum insulin, whereas miR‑164a 
was negatively correlated with serum testosterone (28). In addi‑
tion, researchers observed decreased serum expression levels of 
miR‑320 and showed downregulated expression when treated 
with TGF‑1, and increased insulin resistance in PCOS subjects, 
while inconsistent expression was observed in follicular fluid 
in PCOS and increased expression of granulosa cells (9,29,30). 
Interestingly, Mohammad, Naji et al (31) found that there was 
no significant change in the expression of miRNAs in the serum 
samples from PCOS individuals. In contrast to the significant 
decrease in follicular fluid, the levels of miR‑93 and miR‑21 
were significantly increased in granuloma cells compared 
with those in normal androgenic patients. Furthermore, 
serum miR‑21, miR‑27b, and miR‑103 levels were associated 
with PCOS, metabolic disorders, and low‑level inflammation. 
However, it has been suggested that the expression profile of 
serum miRNAs does not necessarily reflect local changes in 
the ovaries (9). As such, interpreting miRNA expression in 
PCOS requires careful consideration of various confounders, 
and further exploration of the miRNA profiles is needed to 

Figure 5. Mapping of the target genes related to miR‑151a‑5p, miR‑223‑3p, and miR‑4488, visualized using Cytoscape software. The pink arrows indicate the 
miRNAs, and the blue nodes represent the target genes. miRNA/miR, microRNA.
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understand the causality and changes in correlation between 
miRNAs and glycolipid metabolism, and to clarify how 
miRNAs change over time as the disease progresses.

Numerous miRNAs are expressed in the ovaries and 
regulate granulosa cell proliferation and apoptosis, follicular 
growth, atresia, ovulation, luteinization and spermatogen‑
esis, and play an important role in ovarian disorders such as 
PCOS (32,33). Manuela et al (18) compared the differences 
in miRNA expression between follicular fluid exosomes 
and plasma in women of reproductive age and found that 
the expression of 37 miRNAs was upregulated in follicular 
fluid, 32 of which existed in exosomes and may be involved 
in several key signaling pathways of follicular development 
and egg cell maturation, such as the WNT, MAPK, ErbB, and 
TGF‑ß1 signaling pathways.

Using a bioinformatics approach, it was found that 
miR‑4488 and miR‑223‑3p targeted numerous genes. The 
target genes of miR‑4488 and miR‑223‑3p were involved in 
various biological processes, among which the most important 
were metabolic, growth, and developmental processes, which 
likely affect the occurrence and development of PCOS. In addi‑
tion, these genes were associated with multiple pathways such 
as insulin secretion, and the cGMP‑PKG and MAPK signaling 
pathways; the latter is one of the two best‑characterized insulin 
signaling pathways.

A recent study reported that plasma exosomal miRNAs 
are involved in the proliferation and differentiation of 
insulin target cells causing insulin resistance in women with 
PCOS (34). Reproductive cellular processes were involved and 
the p38 MAPK protein was found to be expressed in oocytes 
and granular cells, which is central to regulating oocyte matu‑
ration and fertilization (35‑37). Through the p38 MAPK and 
protein kinase A signaling pathways, FSH and cAMP were 
interrelated and promoted the expression of AMH (38). Thus, 
the differentially expressed miRNAs enriched in this pathway 
may directly target the ovaries, leading to substantial changes 
in patients with PCOS.

Both environmental and genetic factors contribute to the 
etiology of PCOS (39), which exhibits a range of symptoms 
such as oligomenorrhea, amenorrhea, infertility, obesity, 
hirsutism, alopecia, acne vulgaris, and insulin resistance (1‑3). 
Recent studies have reported that PCOS and depression share 
certain similar clinical symptoms that can further affect the 
quality of life (40,41).

In conclusion, as research on PCOS is still in its relative 
infancy, an urgent direction for future studies is to increase 
sample sizes and perform more functional analyses to confirm 
the etiological, diagnostic, prognostic, and therapeutic 
significance of miRNAs in PCOS. Collectively, the present 
study should encourage further research and improve our 
understanding of this topic.
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