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ABSTRACT

The declining birth rates and fertility challenges in Europe have intensified global concerns over rising infertility, particularly
among women. This study decisively investigates follicular fluid-related extracellular vesicles (FF-EVs) from infertile patients
with polycystic ovary syndrome (PCOS) or diminished ovarian reserve (DOR) undergoing in vitro fertilization (IVF), comparing
them to a healthy control group. We have identified significant variations in protein content and polydispersity in crude follicular
fluid using UV-Vis absorption and dynamic light scattering (DLS) techniques. Furthermore, the morphology of the extracellular
vesicles (EVs) and the patterns of non-coding RNA content, including miRNAs, reveal distinct differences in infertile patients.
These findings offer critical insights into the molecular signatures associated with these conditions. This study plays a vital role
in advancing reproductive healthcare by pinpointing potential targets that can enhance diagnosis and deepen our understanding

of ovarian disorders.

1 | Introduction

Human infertility is on the rise globally, presenting societal
challenges and significant public health concerns (Aitken 2024).
One cause of female infertility concerns ovarian dysfunc-
tion. Any imbalance in the number of germ cells within the
ovaries may lead to an atypical process known as autophagy-
assisted phagocytosis and ineffective elimination of apoptotic
oocytes by granulosa cells (Yefimova et al. 2020). This dys-
function can result in pathological conditions such as poly-

cystic ovarian syndrome (PCOS) or diminished ovarian reserve
(DOR).

An excessive ovarian function characterized by an abnormally
high development of follicles leads to PCOS (Azziz et al. 2016;
Ehrmann 2005; Joham et al. 2022). PCOS is the most common
endocrine disorder among reproductive-aged women (Goodman
et al. 2015a, 2015b). The diagnosis of PCOS is made through
the presence of polycystic ovaries observed in ultrasound exam-
inations combined with additional factors such as menstrual
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abnormalities and anovulation (Ehrmann 2005). The clinical
presentation of this syndrome is associated with androgen excess
and insulin resistance, which can result in reproductive difficul-
ties. PCOS has a hereditary component influenced by epigenetic
factors (Mimouni et al. 2021).

Conversely, ovarian dysfunction can lead to follicle exhaustion
and DOR, defined as the number of oocytes remaining in the
ovary, resulting in ovarian failure (Ravel et al. 2016). DOR patients
present a diminished follicle number as compared to control
patients of the same age (Cohen et al. 2015).

In both types of ovarian dysfunction, hormone secretion is
disrupted. This affects gonadotropins and also alters the secretion
of Anti-Mullerian Hormone (AMH), which is typically elevated in
patients with PCOS and significantly reduced in those with DOR
(Cedars 2022). AMH levels appear to be a more sensitive marker
of ovarian reserve compared with early follicular-phase hormone
levels (Penzias et al. 2020).

Follicular fluid (FF) is produced by granulosa cells during the
development of the follicular antrum. This fluid is rich in
EVs, which vary significantly in size and morphology (Neyroud
et al. 2022). EVs play a crucial role as regulators in ovarian
pathophysiology. Research has shown that these EVs are absorbed
by the immature cumulus-oocyte complex (COC) delivering
their membrane proteins and lipids to the COCs (de Almeida
Monteiro Melo Ferraz et al. 2020). The proteins found in follicular
fluid-related extracellular vesicles (FF-EVs) may have important
functions in modulating the resumption of meiosis, including
roles in cumulus cell expansion, nuclear envelope breakdown and
spindle stabilization. Labelled EVs have been observed outside
the transzonal projections formed by the cytoplasmic extensions
of cumulus cells, which are present during the early stages of
oocyte maturation. These EVs can mediate the transfer of RNA
molecules between cumulus cells and the oocyte, suggesting
that cell-secreted vesicles are released into the perivitelline space
(Macaulay et al. 2014). However, the specific content of these EVs
with respect to the ovarian physiological state is still not fully
understood. Recent studies have highlighted the significant role
of FF-derived microRNAs (miRNAs) in regulating the functions
of ovarian cells (Wang et al. 2023; Zhao et al. 2022).

In this study, we compare FF-EVs from infertile patients with
PCOS or DOR to those from healthy donors. To identify key
features associated with FF-EVs specific to infertile women, we
investigate their morphology, size and miRNA content, as well as
the protein content in the crude FF. This work reveals pioneering
molecular signatures relevant for ovarian physiology and can
serve as a basis for future research directions.

2 | Materials and Methods

2.1 | Study Design and Subjects

The study involved French women aged 20 to 40. Samples were
collected at the ART centre CECOS of Rennes University Hospital
(CHU de Rennes) through the GERMETHEQUE biobank, which
is dedicated to human fertility. All couples provided informed
consent before using a sample of FF from the oocyte retrieval

process as part of the IVF procedure. Additionally, ethical
permission (CP-GM n°20220705) was obtained for this study.
Patients underwent stimulation using an antagonist protocol with
recombinant FSH. Thirty-six hours after receiving an injection
of 10,000 IU of human chorionic gonadotropin (hCG) and
after at least three ovarian follicles had reached a diameter of
18 mm, the follicles were aspirated. FF samples were obtained
from 72 healthy, normally ovulating patients who underwent
intracytoplasmic sperm injection due to male factor infertility, 48
patients with DOR and 48 patients with PCOS. The key factors
differentiating ovarian physiology among these groups were the
AMH level and antral follicle count (AFC) (Cedars 2022). The
average age of normo-ovulating patients was 33.2 years, with an
average AFC of 21.4 and an average AMH level of 3.17 ng/mL. In
contrast, the average age of DOR patients was 31.1 years, with a
diminished average AFC of 10.9 and an average AMH level of
1.02 ng/mL. The average age of PCOS patients was 31.5 years, with
an increased average AFC of 46 and an average AMH level of
5.72 ng/mL.

2.2 | Follicular Fluid Collection, Storage
Conditions and EVs Purification

FF was collected through transvaginal ultrasound-guided aspira-
tion of follicles measuring up to 18 mm in diameter. The fluid
samples were centrifuged at 1600 X g for 10 min at 4°C to remove
cellular components, and the supernatant was stored at —80°C.
Before analysis, the samples were thawed at room temperature
and centrifuged again at 800 X g for 20 min to eliminate large
aggregates. For ultraviolet-visible (UV-Vis) and dynamic light
scattering (DLS) analyses, the crude FF was used as is. The
samples were further purified according to the specific technique
employed (see Figure 1). A summary of the preparation of all EV
samples is provided in Table S1 (Supplementary Material). All
samples were prepared in accordance with the MISEV guidelines
(Welsh et al. 2024; Théry et al. 2018).

2.3 | Cryo-Transmission Electron Microscopy
(Cryo-TEM)

For Cryo-TEM analysis, the sample from healthy participants
consisted of a pool of 16 FF samples from normo-ovulating
patients. The DOR sample was derived from a pool of 8 FF
from DOR patients, while the PCOS sample included a pool of
8 FF from PCOS patients. To increase the sample concentration,
ultracentrifugation (UC) was performed at 4°C at 100,000 X g for
90 min. Each pellet was then re-suspended in 250 uL of PBS buffer
just before preparing the CryoTEM grids. The samples were
vitrified using an automatic plunge freezer (EM GP, Leica) with
regulated temperature and humidity, as described by (Dubochet
et al. 1988). They were placed on glow-discharged electron
microscope grids and quickly frozen in liquid ethane, followed by
blotting and vitrification. A 200 kV electron microscope (Tecnai
G2 T20 Sphera, FEI) equipped with a 4k x 4k CCD camera
(TemCam-XF-416, TVIPS) was used to monitor the grids after they
were transferred to a single-axis cryo-holder (model 626, Gatan).
Micrographs were taken at a nominal magnification of 25,000,
with the camera set to binning mode 1 and under low electron
doses. The diameter of 2138 EVs from the captured images were
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FIGURE 1 |

measured and categorized into nine subcategories based on a
modified classification (H66g and Lotvall 2015) according to their
diameter and morphology. A total of 63 images were analysed,
revealing 593 EVs in the DOR group, 656 EVs in the PCOS group
from 74 images and 889 EVs in the control group from 78 images.

2.4 | Dynamic Light Scattering (DLS)

DLS experiments were conducted using individual FF samples
(assay 1) or pools containing four patients (assay 2) with the
same pathology to highlight the specific effects of each ovarian
condition. For each group, the population was further divided
into two age categories: 21-30 years old and 31-40 years old.
After FF collection, the samples were ready for use without
any additional purification. The hydrodynamic diameters were
measured using a Nanosizer ZEN3600 (Malvern Instruments,
England), without diluting the samples. Measurements were
taken at a scattering angle of 173° and at a temperature of
25°C. The mean scattering intensity is given in unit kilocount of
photons per second (Kcps) corresponding to the average number
of photons per second reaching the detector.

2.5 | UV-Vis Spectrometer

Absorbance experiments were conducted on individual FF sam-
ples (assay 1) as well as pooled samples from four patients (assay
2) with the same phenotype to highlight the specific effects of
each ovarian pathology. A Thermo Scientific NanoDrop UV-Vis
spectrometer was used to obtain absorbance spectra, with each
sample diluted ten times using PBS buffer.

2.6 | Nanoparticle Tracking Analysis (NTA)

Samples were diluted with PBS by a 10-fold factor before measure-
ment on a NanoSight LM10 unit (Malvern Instruments, Malvern,
UK). For size distribution and concentration measurements,

Isolation and purification of EVs from human follicular fluid (crude FF, total EVs, large EVs and small EVs).

three videos of 30 s were recorded for each sample at 25°C,
ensuring that the number of tracks analysed was at least 200.
The videos were then analysed using NanoSight NTA 3.1 software
(Malvern, UK), which provided high-resolution particle size
distribution profiles and concentration measurements of the
vesicles in solution.

2.7 | RNA Purification

Each sample was obtained from a pool of four patients, taking
into account the ovarian phenotype (Healthy, DOR and PCOS)
and age groups (21-30 and 31-40 years) after FF collection. The
samples were then ultracentrifuged at 20,000 x g for 90 min.
The pellet was resuspended in 250 uL of PBS buffer (large EVs),
and the supernatant was further ultracentrifuged at 100,000 X g
for another 90 min. The resulting pellet was again resuspended
in 250 pL of PBS buffer (small EVs). Total RNA isolation from
purified EVs, including microRNAs, was performed using the
miRNeasy Micro Kit 50 (Qiagen, reference 217084), following
the manufacturer’s instructions. For this process, 100 pL of the
purified vesicles, stored in 1X PBS at —80°C, was used as the
starting material and mixed with 700 uL of QIAzol in a 2 mL
BeadBug tube prefilled with 0.1 mm silica glass beads that had
been acid-washed (Sigma, reference Z763721). The tubes were
agitated at 30 ms™' for 1 min using bead beating. The subsequent
steps of RNA isolation adhered to the Quick-Start Protocol
provided by Qiagen. The RNA was eluted in 15 pL of RNase-
free water. An aliquot of 4 uL was transferred to an RNase-free
microtube for RNA quality control, while the remaining 10 uL
volume was immediately stored at —80°C.

2.8 | RNA Analysis

The integrity and size distribution of RNA extracted from EVs
were analysed using the Agilent 2000 Bioanalyzer (Agilent
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Technologies). We employed an Agilent RNA 6000 Pico kit,
which allows for qualitative analysis of RNA size distribution
ranging from 25 nucleotides (nt) to 6000 nt. Additionally, we
utilized an Agilent small RNA kit to conduct a more detailed
assessment of small RNAs, with sizes ranging from 4 to 150 nt.
The analysis was performed using 1 pL of purified RNA, following
the manufacturer’s instructions.

2.9 | RNA Sequencing

Library preparation and sequencing were conducted by Helixio. A
total of 1 ng of RNA was used to prepare the NGS library using the
D-Plex Small RNA-seq and D-Plex Unique Dual Indexes kits from
Diagenode, following the manufacturer’s protocol. The libraries
were then purified with the MicroChIP DiaPure kit (Diagenode)
and subsequently with Agencourt AMPure XP magnetic beads,
without any size selection. The quality and quantity of the
library were analysed using the Bioanalyser 2100 and the Agilent
Technologies plate assay. Twelve libraries were sequenced on an
Ilumina NextSeq 500 platform using 75 nt single-end sequencing.
The average sequencing depth for each library was approximately
15.5 million NGS reads.**Bioinformatics Analysis:** The quality
of the reads was assessed using FastQC. Sequence adaptors and
rRNA contamination were removed with BBMap and filtered
using Cutadapt. After filtering, the reads were mapped to the
human reference genome from Ensembl GRCh38 release 108
using the STAR aligner. The reads were then counted with HTSeq
software, specifically the htseq-count module, which counts the
number of reads aligned to intervals defined in a reference
file. These intervals correspond to the transcripts annotated in
the Ensembl transcriptome. The mode used in this analysis
accounted for reads that were aligned multiple times and required
a MAPQ mapping score of at least 10.

A descriptive analysis was performed on the total filtered small
RNA using the Bioconductor DESeq2 package, resulting in 1913
small RNAs with at least 10 reads across all samples. Following
this, differential analysis was conducted using the EdgeR pack-
age. Small RNAs that were deemed differentially expressed were
identified based on a corrected p-value of less than 0.05, applying
the Benjamini-Hochberg correction method.

2.10 | Target Gene Predictions and Pathway
Analysis

DIANA miRPath v4.0 was used to conduct in silico union
pathway analysis for the selected miRNAs. These miRNAs were
identified through a Venn diagram, with each category having an
average of more than 10 reads and grouped by fold change. For the
pathway analysis, only significant results were plotted (p < 0.05).

3 | Results and Discussion

The goal of this study was to identify the distinguishing physico-
chemical parameters that differentiate EVs from healthy individ-
uals and those from patients with either ovarian hyperactivity
(PCOS) or hypoactivity (DOR). These parameters included the
size, polydispersity, morphology, and miRNA content of the

EV population, as well as the protein content in the FF. This
information provides valuable insights into the characterization
of PCOS and DOR pathologies.

This study was the first to explore the relationship between
morphology and content of FF-EVs, an aspect that has not been
thoroughly investigated before. To assess the impact of ovarian
function on FF-derived EVs, we analysed three types of samples
(see Figure 1). We optimized the treatment of FF samples for each
analysis technique to isolate the EVs and classify them into two
subpopulations based on size, as illustrated in Figure 1.

For Cryo-TEM, we examined the total population of EVs.
However, for miRNA content analysis, we focused on two sub-
populations, as the miRNA content is known to correlate with EV
size. To achieve this, a first UC step at 20,000 x g was performed
on the samples to separate the “large EVs,” which are thought to
contain microvesicles, from the “small EVs,” which are separated
using a second UC step at 100,000 X g, containing exosomes
(Lischnig et al. 2022).

The crude FF sample was not treated with UC steps to preserve
the original composition and size of its content, thus minimizing
potential artefacts from excessive sample manipulation during
DLS and UV spectroscopy. However, UC was utilized to enrich the
sample in EVs for Cryo-TEM imaging and the analysis of miRNA
content, as summarized in Table S1.

3.1 | Size and Protein Content Analysis of the
Crude Follicular Fluid

The size distribution of EVs in crude FF was first analysed
using DLS techniques. Given the high polydispersity of the
samples, we directly compared the correlograms across dif-
ferent phenotypes and patient age groups. This comparison
focused on evaluating both the position and the slope of the
correlation coefficient function over time. The position of the
curve provides a rough estimation of the characteristic mean
scattering time, which increases with EV size. In contrast, the
slope indicates the polydispersity of the EVs, where a lower
slope suggests greater polydispersity. We observed significant
differences related to patient age in crude FF. Larger particles
were found in older patients (aged 31-40), as evidenced by their
higher polydispersity and longer diffusion times (see Figure
Sla,b). The age-related effect on polydispersity is less pronounced
in patients with DOR, as shown in Figure S1. This could be due
to a decrease in the average secretion of EVs with age in this
group.

No significant differences in size were detected between the
different phenotypes due to the high polydispersity of all the
samples. The size distribution of FF-EVs from patients with PCOS
was even more polydisperse (polydispersity index, PDI: 0.943 +
0.037) compared to that of the control group (PDI: 0.826 + 0.033)
and the DOR patients (PDI: 0.784 + 0.017). In all cases, the char-
acteristic time corresponding to the decay of the autocorrelation
function was observed to be within the range of a few hundred
microseconds, regardless of the phenotype. Therefore, the DLS
technique alone did not allow for differentiation between the
different phenotypes.
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To complete the data about the EV population in crude FF, we
measured the absorbance at 280 nm to quantify the protein con-
tent. This wavelength was chosen as a compromise to maximize
the contribution of protein absorption versus that of nucleic acid
and light scattering. The protein content in crude FF accounts
not only for the proteins on the surface of EVs but also for
the circulating proteins in the FF, which can be used to assess
granulosa cell activity.

We then plotted the absorbance at 280 nm against the DLS
count rate for each sample to differentiate between these two
parameters. This approach allowed us to rapidly gain valuable
insights into the EVs population within the crude FF samples
without the need for further treatment.

In our first assay, we analysed 16 individual patients per pheno-
type (assay 1) and confirmed the significance of the data using
Analysis of Variance (ANOVA). The protein absorbance for PCOS
patients was 4.84 + 0.31, which significantly exceeded the average
value of 4.37 + 0.57 for healthy patients (p = 0.0193). In contrast,
the protein absorbance for DOR patients was within the range
of healthy patients (4.26 + 0.46). However, the concentration
and size of EVs for DOR patients deviated significantly from
the average. The DLS count rate for DOR patients was 172 +
33 keps, compared to 220 + 8 kcps for healthy patients (p =
0.0004). In comparison, PCOS patients exhibited normal EV
concentration and size, with a DLS count rate of 211 + 37 kcps.
These results indicate that the protein content in the samples
from PCOS patients is significantly higher compared to healthy
patients, despite having similar EV count rates. Furthermore, the
DLS count rate for DOR patients was significantly lower than that
of both healthy and PCOS patients (see Figure 2a,b).

To evaluate the potential impact of individual patient charac-
teristics on this analysis, pools of four patients were further
investigated in a second assay (assay 2). The analysis of the crude
FF using UV-visible absorbance and DLS count rate revealed
a significant difference between infertile and healthy patients,
consistent with the results from assay 1. The concentrations and
sizes of EVs, along with their corresponding protein content, were
estimated using NTA, DLS and absorbance measurements (see
Table S2) for each group. As shown in Figure 2 and Table S2,
patients with ovarian hyperactivity (PCOS) had a higher protein
content in their crude FF compared to the healthy control group.
However, the size and concentration of EVs were similar in both
groups. Specifically, the average absorbance at 280 nm for PCOS
patients was 4.8 + 0.2, which is greater than that of the control
group at 4.2 + 0.1 (p = 0.01324). The mean DLS count rate for
PCOS patients was 182 + 14 kpcs, similar to the count rate of 179 +
11 kpcs for healthy patients. Conversely, patients with low ovarian
activity (DOR) exhibited lower EV concentrations and smaller
EVs compared to healthy patients, along with reduced protein
content. The mean absorbance at 280 nm for DOR patients was
3.7+ 0.8 (p = 0.01741), and the mean DLS count rate was 150 + 13
kpcs (p = 0.01278). Furthermore, healthy patients displayed more
consistent absorbance and count rate values than the infertile
groups, with a standard deviation of 0.1 for absorbance and 5 kpcs
for the DLS count rate (see Figure 2c,d). It was not possible to
distinguish between PCOS patients and healthy patients based on
the DLS count rate alone. Additionally, no discernible impact of
patient age was observed when plotting the absorbance against

the DLS count rate. However, similar to the AMH levels, DOR
patients had lower concentrations of both protein content and
vesicles in their samples compared to healthy and PCOS patients,
who were above average in these criteria.

These results further emphasized the reliability of the trends
observed in the previous assay (see Figure 2 and Figure S2). This
analysis demonstrated that protein content, as well as the size
and concentration of EVs, are influenced by ovarian physiology.
Patients presenting with PCOS characterized by ovarian hyper-
activity, exhibited protein levels higher than those of healthy
controls, while maintaining a normal concentration of EVs. In
contrast, patients with DOR, who exhibit ovarian hypoactivity,
had protein content within the normal range but displayed
lower concentrations and sizes of EVs. These findings could
also enhance our understanding of the underlying processes
associated with these pathologies.

3.2 | EV Morphologies and Cryo-TEM Images

To better understand the potential relationship between the
morphological distribution of EVs and ovarian physiology, we
investigated their morphology using Cryo-TEM. This analysis
was conducted after UC to concentrate the EVs in the sam-
ples (referred to as total EVs in Figure 1). To explore the
diversity of EV morphologies, we utilized a modified classifi-
cation initially reported for human seminal fluid (H66g and
Lotvall 2015) and applied it to FF-EVs of healthy patients
in our recent study (Neyroud et al. 2022). This classification
system enabled us to categorize and understand the various
EV morphologies within the samples. A significant diversity in
morphology was observed across the phenotypes, as shown in
Figure 3a-c.

However, the systematic morphological classification revealed
three notable differences in the distribution of morphologies
(Figure 3d). Firstly, unilamellar rounded-shaped vesicles were
much more abundant (55.8%) in the group of healthy patients,
with only a few vesicles showing deformation, including 9.9%
double vesicles. In contrast, EVs from patients with ovarian
dysfunction displayed more complex shapes, with only around
38% of simple vesicles in both groups. Secondly, the proportion
of oval vesicles was higher in samples from patients with
ovarian pathology, accounting for 35.1% for DOR and 35.7% for
PCOS patients, compared to 23.5% in healthy controls. Finally,
PCOS patients had a significantly higher proportion (4%) of
tubular-shaped vesicles, including both small and large tubular
structures, which is two times greater than that observed in
healthy patients (1.5%) and in DOR patients (1.7%). DOR patients
also showed a higher proportion of sacs EV (5.1%) as compared
to healthy individuals (1.6%) or PCOS patients (1.4%). These
morphological variations can be attributed to ovarian pathology
and provide important insights for detection through Cryo-TEM
analysis.

We then analysed the EV size in function of its shape, the overall
results of EVs analysed are shown in Figure 4. The average size
of EVs was dependent on their morphology, as has already been
demonstrated (H66g and Lotvall 2015). The smallest vesicles are
simple with a size of 99 & 50 nm, oval at 166 + 54 nm and double at
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TABLE 1 | EV’saverage size in function of their shape and the pathology of the subject as obtained by Cryo-TEM.
EV shape Simple Oval Double
Healthy 99 nm + 50 nm 154 nm + 50 nm 170 nm + 51 nm
DOR 107 nm + 46 nm 184 nm + 40 nm 213 nm + 49 nm
PCOS 88 nm + 46 nm 161 nm + 59 nm 192 nm + 79 nm

194 + 73 nm, while the biggest vesicles are tubular at 310 + 109 nm,
pleomorphic at 407 + 220 nm and sacs at 659 + 369 nm.

However, the pathology did not impact the size of the total
population of EVs as we could see in the EV size distribution
obtained by Cryo-TEM images but also with DLS (Figure 5 and
Figure S3). The size of the EVs for control subjects is 124 nm +
60 nm, 163 nm =+ 71 nm for DOR subjects which was slightly above
the control but still in error margin and 137 nm + 70 nm for the
PCOS subjects (Figure 5).

The size of the EVs of a defined shape is not influenced by
the ovarian pathology either. The morphologies analysed are
simple, oval and double, as there were more than 30 EVs counted
with these morphologies for all ovarian phenotypes. On average,
double EVs were larger than oval EVs, which are larger than
simple EVs for all ovarian phenotypes, as can be seen in Table 1
and Figure S4. Again, the size of the different shaped EVs were

slightly above average for DOR subjects, which can explain the
higher size for the total EV.

3.3 | MiRNA Analysis

To analyse the content of the FF-EVs, two subgroups (Large EV
and Small EV) were prepared using differential UC (see Figure 1
and Table S1). The DLS data for the EV subgroups prior to miRNA
analysis are presented in Figure S5. The distribution of nucleotide
lengths in the RNA population purified from the EVs was first
assessed using a pico RNA kit (Agilent), which allows for the
qualitative detection of RNA fragments ranging from 25 to 6000
nucleotides. Gel electrophoresis of the RNA revealed that most
of the RNA population was less than 200 nucleotides, with a
predominant distribution around 25 nucleotides (see Figure S6).
The samples displayed a typical RNA signature from EVs, as
they did not show ribosomal RNA (Crescitelli et al. 2013) (see
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a total of two 138EVs.

Figure S7). This result indicates that the RNA content in the EVs
corresponding to the three ovarian phenotypes mainly consists of
small-sized RNAs under 150 nucleotides.

To further investigate the potential variations within the dis-
tribution of small RNA, the RNA population of each sample
was analysed using a small RNA kit (Agilent), which facilitates
qualitative analysis of RNA fragments ranging from 6 to 150
nucleotides (see Figure 6 and Figure S7). The patient’s age did not
significantly affect the gel profiles, as evidenced by the similarities
in position, width, height and area of the peaks in both the 21-30
and 31-40 age groups (cf. Figure 6 and Figure S7). This suggests

that age does not significantly influence the RNA content and
fragmentation patterns within the EVs. Consequently, only the
gels from the 21-30 age group are presented in Figure 6.

As shown in Figure 6, large and small EVs exhibited two
distinct RNA size distribution patterns. The large EVs demon-
strated a broad RNA distribution ranging from approximately 20
nucleotides (nt) to 80 nt, with an additional smaller portion of
longer RNA fragments ranging from 80 to 150 nt. In contrast,
the RNA size distribution in small EVs was much better defined,
predominantly consisting of RNA under 80 nt. This distribution
revealed a clear difference between control samples and those
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analysis.
TABLE 2 | RNA concentration ((RNA] in ng/uL) in EVs from small RNA digital gel electrophoresis.

Sample fraction Large EVs Small EVs

Healthy 6.11 346 +0.17

DOR 344+ 0.1 137 +£0.17

PCOS 4.20 +0.29 1.65 + 0.23

from infertile women (DOR or PCOS). For the healthy samples
depicted in Figure 6, seven discrete and well-defined RNA bands
were observed, corresponding to sizes of 18, 26, 31, 36, 44, 51 and
60 nt. In comparison, the RNA sizes in both the DOR and PCOS
samples were mainly restricted to 17, 26 and 31 nt.

Therefore, the presence of well-defined RNA peaks of 36 nt
or greater can be associated with healthy samples, while their
absence may indicate potential ovarian dysfunction.

The RNA concentration in the various samples varied signifi-
cantly depending on the ovarian phenotype. The samples from
the control group, regardless of size fraction, had a higher
concentration of RNA (see Table 2 and Table S3). EVs from
DOR patients contained the lowest RNA content, representing
only 56% of the average amount found in healthy samples. In
comparison, the EVs from patients with PCOS had an RNA

content of 69% of that observed in healthy samples. Notably,
the fraction containing larger EVs had twice as much RNA as
the fraction containing smaller EVs. However, no significant
difference in RNA concentration was detected between the two
age groups.

In summary, there is an overall underexpression of RNA, beyond
the targeted RNA associated with ovarian dysfunction, whether
it is characterized by hyperactivity or hypoactivity. This suggests
a broader suppression of RNA content in EVs linked to these
ovarian conditions.

Finally, the samples were sequenced using Illumina Next Gen-
eration Sequencing. We focused on miRNAs that were detected
with an average of at least 10 reads per category. This analysis
allowed us to identify microRNAs that were exclusively expressed
in healthy patients, PCOS patients or DOR patients (see Figure 7).
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Among these, 23 miRNAs were present in both small and large
EVs, 44 were exclusive to large EVs and one was exclusive to small
EVs (refer to Figure S8 right and Table S5). Additionally, the age of
the patients did not seem to influence the expression of miRNAs
(see Figure S8 left and Table S6).

In large FF-EVs, we identified a total of 13 microRNAs (miRNAs)
that were downregulated in both PCOS and DOR. These include
miR-21, miR-let-7b, miR-126, miR-191, miR-let-7c, miR-25, miR-
93, miR-19a, miR-335, miR-99b, miR-425, miR-146a and miR-185.
Additionally, we found 15 miRNAs that were downregulated
exclusively in DOR patients, which are miR-451a, miR-424, miR-
142, miR-130a, miR-23a, miR-let-7d, miR-99a, miR-144, miR-4449,
miR-223, miR-let-7e, miR-132, miR-98, miR-140 and miR-30e.
We also identified seven miRNAs that were downregulated in
PCOS patients: miR-29a, miR-let-7i, miR-10b, miR-200c, miR-
483, miR-221 and miR-30a. In contrast, we observed one miRNA
(miR-182) that was upregulated in DOR. Furthermore, there
were 15 miRNAs that displayed normal regulation in both PCOS
and DOR: miR-202, miR-7704, miR-let-7 g, miR-320a, miR-4454,
miR-423, miR-22, miR-23b, miR-125a, miR-143, miR-17, miR-29c,
miR-5100, miR-20a and ENSG00000275110.

In contrast, in the smaller FF-EVs, most miRNAs exhibited
normal regulation, with the exceptions of miR-4454 and miR-23b,
which were overexpressed in DOR patients, and miR-191, which
was underexpressed in PCOS patients. Due to the limited number
of deregulated miRNAs in small EVs, the following results will
focus on the expression levels and functions of miRNAs in large
EVs (refer to Figure 7 and Table S4 for additional details).

In this study, we identified miRNAs that were already found
underexpressed in PCOS patients, including miR-let7i (X. Jiang
et al. 2021), miR-29a (Deswal and Dang 2020), miR-200c and
miR-483 (Hu et al. 2020). Some underexpressed miRNAs in

MIR320A, MIR451A,
MIR4449, MIR21,
MIR7704, MIR424,
MIR202, MIRLET7B,
MIRLET7G, MIR423,
A\ MIR142, MIR29A

1
(001)
MIR126

MIR4454

MIR99A MIR191
MIR143 MIFLb
MIRLET7C

Venn diagram of expression of miRNAs in large EVs (left) and small EVs (right). The expression values can be found in Table S4.

PCOS patients have a proven link to fertility. For example, miR-
10b inhibits granulosa cell development during folliculogenesis
(Jiajie et al. 2017), and miR-200c suppresses granulosa cell pro-
liferation (He et al. 2019). The underexpression of these miRNAs
may be directly associated with follicular hyperactivity in PCOS.
Similarly, miR-483 is essential for embryo development and is
found to be underexpressed during pregnancy (Muraoka et al.
2024), while miR-29a is linked to positive pregnancy outcomes
and is among the 20 most abundant miRNAs in the FF of good-
quality oocytes (Gad et al. 2022; Scalici et al. 2016). Therefore, the
underexpression of these miRNAs in the FF-EVs of PCOS patients
could contribute to infertility.

Additionally, we identified miRNAs that are both underexpressed
in PCOS and DOR and have been validated as markers for PCOS
in previous studies. These include miR-let7c, miR-19a (Deswal
and Dang 2020), miR-let7b (Scalici et al. 2016), miR-21 and miR-93
(Naji et al. 2018), miR-335 (S. Zhang et al. 2023), miR-146a (Cirillo
et al. 2019), miR-25 and miR-425 (S. Jiang et al. 2021). Notably,
miR-21 and miR-335 have also been reported as downregulated in
the FF-EVs of DOR patients (Shen et al. 2023).

MiR-21 plays a crucial role in the development and maturation of
oocytes and is underexpressed in infertile women (Jenabi et al.
2023). This underexpression of miR-21 can lead to apoptosis in
granulosa cells and ovarian tissue, resulting in lower ovulation
rates in mice (Carletti et al. 2010). Additionally, miRNAs from
the let-7 family, such as miR-let-7b and miR-let-7c, promote
embryonic development (Cao et al. 2015). MiR-191 ranks among
the top 20 overexpressed miRNAs found in high-quality FF
(Gad et al. 2022). MiR-126 has been shown to enhance the
proliferation of granulosa cells and inhibit apoptosis in vitro
in rats induced with DOR (Qu et al. 2022). Moreover, miR-335
promotes estradiol production in mice; its injection in mice with
PCOS can correct hormone levels and restore fertility (S. Zhang
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results are plotted (p < 0.05).

et al. 2023). Downregulation of miR-320a is associated with a
decreased quantity and quality of mature oocytes (Scalici et al.
2016). Finally, the expression of miR-425 is positively correlated
with FF quality and enhances the development, proficiency and
maturation of oocytes (Aoki et al. 2024). The underexpression of
these miRNAs in both PCOS and DOR patients may contribute to
poor follicular development and, consequently, infertility.

Some miRNAs are downregulated, specifically in patients pre-
senting ovarian failure. Among these, miR-424, miR-130a and
miR-let-7d have been found to be underexpressed in the FF
of patients (Shen et al. 2023). Additionally, miR-424 (Du et al.
2020; Yuan et al. 2021), miR-23a (Yang et al. 2012), miR-99a
(Gad et al. 2023; Geng et al. 2019), miR-144 (Donadeu et al.
2017) and miR-4449 (Wang et al. 2023) are known to regulate
the proliferation and apoptosis of granulosa cells. Furthermore,
miR-132 is associated with embryo quality (Machtinger et al.
2017), while miR-let-7d is overexpressed in cases of good oocyte
quality (Gad et al. 2022). The dysregulation of these miRNAs may
help explain why patients have fewer and lower-quality follicles,
contributing to their infertility.

When comparing results with previous studies, it is essential
to consider the origin of the samples, whether they come from
FF, plasma or granulosa cells. The differential expression of
miRNAs involved in ovarian function is influenced not only by
the type of sample but also by the treatment regimen of patients
undergoing IVF. It is important to note that deregulated miRNAs
from different sources may exhibit opposite expression patterns.
For instance, miR-21 is found to be upregulated in granulosa
cells but downregulated in FF within the same group of patients
(Jenabi et al. 2023; Naji et al. 2017).

Furthermore, as Scalici points out (Scalici et al. 2016), several
other parameters must be considered, such as the specific IVF

protocol used. The choice between agonist or antagonist IVF
protocols can significantly impact miRNA expression. In our
study, miR-132 and miR-320 are normo-regulated in both infertile
patients (DOR and PCOS), this finding aligns with another study
that employed an antagonist IVF protocol (Roth et al. 2014).
However, it contrasts with the results of another team that utilized
agonist IVF protocol, which found an overexpression of both
miRNAs in PCOS patients (Sang et al. 2013).

Further analysis was conducted on the downregulated microR-
NAs in patients presenting with ovarian dysfunction using union
pathway analysis to explore the target genes and dysregulated
pathways. Although there were no common microRNAs identi-
fied, we found that the same signalling pathways are affected by
the ovarian dysfunction phenotype. An exception is the VEGF
pathway, which is crucial for angiogenesis, triggers ovulation
and maintains both oocyte health and luteal vasculogenesis (Li
et al. 2020; Z. Zhang et al. 2019); this pathway does not appear
to be altered in patients with DOR but is affected for PCOS
patients. Additionally, some pathways are less disturbed in the
DOR phenotype (see Figure 8).

Further differential analysis revealed a significant difference in
the types of RNA present in the fractions containing large EVs
compared to those with small EVs (see Figure 8). Consistent with
previous analyses, the fraction of large EVs show overexpression
of several miRNAs, including miR-21, miR-93, miR-424 and
miR-130A (for a complete list, refer to Table S8), indicating an
enrichment of miRNAs in the large EV fraction. In contrast,
certain RNAs such as vault RNAs (e.g., VTRNAI-1, VTRNA1-2),
small nucleolar RNAs (e.g., SNORA57, SNORAG64), and long non-
coding RNAs (e.g., LINC01979, LINC02762) are underexpressed
in large EVs compared to small EVs. Additionally, a few miRNAs,
like miR-4449 and miR-320A, are exclusively overexpressed in the
small EVs.
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Our finding indicated that deregulation primarily occurs in large
EVs, while miRNAs in small EVs remain normally regulated in
patients with ovarian dysfunction, despite being deregulated in
the large EVs from the same patients. The underexpression of
miRNAs in small EVs suggests that this fraction may not be
suitable for examining miRNA dysregulation.

The sequencing results indicate that certain miRNAs are signif-
icantly overexpressed in the large EV fraction of DOR patients
compared to healthy individuals. Specifically, miR210HG and
miR182 are found to be overexpressed, while miR25 is signif-
icantly underexpressed in cases of ovarian hypoactivity (Cf.
Figure 9). Interestingly, the opposite trends have been reported
in cases of ovarian hyperactivity, such as PCOS, where miR-182 is
underexpressed (Naji et al. 2018) and miR-25 is overexpressed (Hu
et al. 2020). Detailed sequencing results can be found in Tables S7
and S8.

4 | Conclusion

In conclusion, we noted differences in protein content among
patients with ovarian dysfunction. Specifically, patients with
PCOS had higher protein content than average, while patients
with DOR had lower concentrations. Although the size of FF-
EVs did not vary, there were differences in both the concentration
and polydispersity of the crude FF-EVs, as observed through DLS.
The morphology of FF-EVs is influenced by ovarian dysfunction.
In particular, FF-EVs of infertile patients display less rounded
and more complex shapes. In addition to these morphological
differences between conditions, there is a considerable variation
in the non-coding RNA content of EVs, particularly in miRNAs.
Infertile patients tend to exhibit lower miRNA concentration
and appear to lose the distinct signature of RNA diversity, as
indicated by the electrophoresis digital gels. RNA sequencing
further revealed miRNA dysregulation in both DOR and PCOS
patients compared to healthy controls. Notably, there is a

significant overexpression of miR-210HG and miR-182, while
miR-25 is significantly underexpressed in DOR patients relative
to controls.

Pathway analysis involving the deregulated miRNAs and their
target genes in PCOS and DOR patients is crucial for considering
the therapeutic applications of miRNAs. This study is the first
to characterize and correlate EV morphologies, their physical
properties and miRNA content in healthy patients compared to
those with ovarian dysfunction resulting in infertility. Thus, these
findings enhance our understanding of the molecular signatures
related to ovarian diseases but also highlight the potential for
the management of ovarian disorders, representing a significant
advance in reproductive healthcare.
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