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Abstract

Introduction This study investigated changes in plasma microbial-derived extracellular vesicles (EVs) in patients
with polycystic ovary syndrome and insulin resistance (PCOS-IR) before and after metformin treatment, and aimed to
identify bacterial taxa within EVs that were biologically and statistically significant for diagnosis and treatment.

Methods The case—control study was conducted at Xiamen Chang Gung Hospital, Hua Qiao University. Plasma
samples were collected from five PCOS-IR patients of childbearing age before and after 3 months of metformin
treatment, and the samples were sequenced. The diversity and taxonomic composition of different microbial
communities were analyzed through full-length 16 S glycosomal RNA gene sequencing.

Results After metformin treatment, fasting plasma glucose levels and IR degree of PCOS-IR patients were significantly
improved. The 16 S analysis of plasma EVs from metformin-treated patients showed higher microbial diversity. There
were significant differences in EVs derived from some environmental bacteria before and after metformin treatment.
Notably, Streptococcus salivarius was more abundant in the metformin-treated group, suggesting it may be a potential
probiotic.

Discussion The study demonstrated changes in the microbial composition of plasma EVs before and after metformin
treatment. The findings may offer new insights into the pathogenesis of PCOS-IR and provide new avenues for
research.
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Introduction

Polycystic ovary syndrome (PCOS) is characterized by
chronic anovulation, hyperandrogenism and insulin
resistance (IR). It is a complex endocrine and metabolic
disorder, the pathogenesis of which is still unknown [1,
2]. In recent years, studies on humans and rodents have
shown that microorganisms play a role in PCOS onset
and development [3, 4]. For example, female genital tract
dysbiosis and its possible impact on pathologies such as
endometriosis, polycystic ovary syndrome (PCOS), pelvic
inflammatory disease (PID), and gynecological cancers
have been unveiled [5, 6]. Significant imbalances in gut
flora have been observed in PCOS patients [7-10]. The
structural and functional characteristics of the intestinal
microbial community in patients with PCOS accompa-
nied by IR (PCOS-IR) differ from those in PCOS patients
without insulin resistance [11]. In a mouse model, mice
transplanted with stools from PCOS patients developed
IR [12]. Accordingly, it is speculated that the intestinal
microbiota may be involved in the pathogenesis of PCOS
by causing systemic inflammation and IR, altering the
gut—brain axis and sex hormones [13].

Metformin alone can improve IR in PCOS patients and
increase the ovulation rate in women with PCOS [14, 15].
The use of metformin in assisted reproductive technology
improves live birth rates in women with gonadotropin-
stimulated ovulation [16]. Microbial changes are com-
mon in PCOS patients during metformin treatment [17].
Evidence exists that changes in microbial metabolism
induced by metformin contribute to improved therapeu-
tic efficacy [18, 19]. Metformin treatment for PCOS can
significantly increase the abundance of Lactobacilli flora
and reduce IR, and changes in intestinal microorganisms
are related to improvements in metabolism [20-22].

Extracellular vesicles (EVs) are substances secreted by
prokaryotes and eukaryotes for intercellular communica-
tion [23]. EVs can carry a large number of diverse sub-
stances, including messenger RNA, microRNA (miRNA),
proteins and lipids [24, 25]. In recent years, studies have
found that specific miRNAs and proteins in serum EVs
may play a role in the development of PCOS [26]. For
example, miR-27a-5p and miR-424-5p in serum exo-
somes of PCOS patients may be involved in the process
of abnormal follicle development [27, 28]. Programmed
cell death protein 4 (PDCD4) is targeted by exosomal
miR-323-3p to increase cumulus cell proliferation and
inhibit apoptosis in PCOS [29]. Furthermore, cell trans-
fer experiments with a functional circLDLR assay and
its withdrawal in human granulosa cells have shown that
depleting circLDLR in exosomes increases the expression
of miR-1294 and inhibits the expression of cytochrome
P450 family 1 subfamily A member 1 (CYP19Al) in
recipient cells, reducing their estrogen secretion [30]. In
addition, 86 differentially expressed proteins were found
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between patients with and without PCOS. The altera-
tions in the proteomic profiles were related to inflamma-
tory processes, reactive oxygen metabolism processes,
cell migration and proliferation. S100 calcium-binding
protein A9 (S100-A9) was found in follicular fluid exo-
somes. Nuclear factor-kappa B signaling is activated by
exosome-enriched S100-A9 to enhance inflammation
and disrupt steroidogenesis [31]. As extracellular mes-
sengers, serum EVs play a significant role in ovarian
development [32].

Body fluids contain EVs derived from microbes that
also play a key role in the interaction between microbes
and hosts [33]. For example, EVs secreted by bacteria
can cross the intestinal epithelial barrier and distribute
to target organs. The brain—gut axis is a two-way com-
munication system between intestinal bacteria and the
brain. Changes in intestinal flora communicated via the
brain—gut axis may have a pathogenetic role in PCOS
[34]. On the one hand, abnormal hormone secretion in
PCOS leads to the reduction in alpha diversity, result-
ing in an imbalance in the intestinal microbiota [33]. On
the other hand, IR and hyperinsulinemia are also caused
by intestinal flora and their metabolites, which stimulate
gut—brain peptide secretion and modulate inflammatory
pathways [35]. EVs are involved in metabolic processes
and affect a variety of physiological phenomena, such as
cancer and autoimmune diseases [36]. However, there
are currently no relevant research reports on microbial-
derived EVs in PCOS patients.

In this study, we evaluated both EVs and biological
indicators in the plasma of PCOS-IR patients before and
after metformin treatment. Unlike previous studies that
primarily focused on the direct effects of local micro-
bial communities near the ovaries, we chose to investi-
gate the regulatory role of bacterial extracellular vesicles
in the treatment of PCOS-IR. We conducted a compre-
hensive study of the diversity and abundance of different
microbial communities in plasma EVs using full-length
16 S metagenomic sequencing. Our aim was to identify
a bacterial classification group suitable for evaluating the
effect of metformin treatment in PCOS-IR. This study
can be used to find the role of gut microbiota in PCOS-IR
and explore potential probiotic therapies.

Materials and methods

Sample collection

Plasma samples were collected from PCOS-IR patients of
childbearing age before and after 3 months of metformin
treatment. Patients received a dosage of 500 mg of met-
formin per day, administered in three divided doses every
8 h, for a continuous period of 12 weeks. A biochemi-
cal analyzer (2000, Abbott, Chicago, IL, USA) was used
to detect FPG (fasting plasma glucose) and HOMA-IR
(homeostatic model assessment for insulin resistance).
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The diagnostic criteria for PCOS refer to the 2018
edition of the Chinese guidelines for the diagnosis and
management of polycystic ovary syndrome [37]. The cri-
teria include oligomenorrhea or amenorrhea or irregular
uterine bleeding, plus one of the following two items: (1)
clinical manifestations of hyperandrogenism or hyper-
androgenism; and (2) the appearance of polycystic ovar-
ian morphology under ultrasound. We excluded patients
with other diseases that may cause hyperandrogenism
and other diseases that cause ovulation abnormalities.
The diagnostic criteria for IR refer to an expert consen-
sus on insulin resistance (2022 edition), and individuals
with a HOMA-IR level 22.7 were considered to have IR
[38, 39].

Recruitment conditions were as follows: (1) age>18
years; (2) meeting PCOS diagnostic criteria; (3) agree-
ment with biodatabase data collection and serological
examination; and (4) HOMA-IR>2.7. The exclusion cri-
teria were as follows: (1) patients who had not provided
informed consent; (2) patients with a history of cardio-
vascular, stroke, and pulmonary diseases; (3) patients
with mental illness; and (4) patients who had taken met-
formin, antibiotics, probiotics, antihistamines and ste-
roids in the past 6 months.

Ethics approval

The studies involving human participants were reviewed
and approved by the Ethics Committee of Xiamen Chang
Gung Hospital (approval number XMCGIRB2021024,
approval date: September 13, 2021). Informed consent
was obtained from the patients for participation in this
study.

Isolation of extracellular vesicles

EVs were isolated from blood samples by a series of ultra-
high-speed centrifugations. First, EDTA anticoagulated
peripheral blood was centrifuged at 3000 x g for10min to
obtain plasma. To remove debris from the plasma sam-
ple (4 mL), it was diluted five times with PBS and cen-
trifuged at 2000xg for 30 min at 4 °C. A new tube was
used for centrifuging at 10,000 x g for 45 min at 4 °C.
The supernatant was filtered through a 0.45 pm syringe
filter (R6BA09493, Millipore, Burlington, MA, USA),
then ultracentrifuged at 100,000 X g for 70 min at 4 °C
(CP100MX, Hitachi, Tokyo, Japan). Ultracentrifugation
was performed again with resuspended EV pellets in 10
mL cold PBS. The final EV pellet was resuspended in
0.22 pm of filtered PBS for further analysis.

Transmission electron microscopy

Transmission electron microscopy (TEM) was carried
out with a negative stain to examine the morphology of
isolated EVs. A 10 uL sample of purified exosomes was
dropped on a copper grid for 1 min. Filter paper was used
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to remove excess EV solution. Staining the adsorbed EVs
with ureanyl acetate for 1 min and removing excess lig-
uid with filter paper was performed. A TEM image (HT-
7700, Hitachi, Tokyo, Japan) at 100 kV was captured after
the grids were dried at room temperature for several min.

Nanoflow cytometry

Plasma EVs were analyzed for particle concentration and
particle size using a Nano Analyzer (N30E, NanoFCM
Inc., Xiamen, China) according to the manufacturer’s
instructions. Appropriate amounts of each sample were
diluted, and 30 pL of each diluted sample was added to
20 pL of anti-mouse CD9 and CD81 FITC Monoclonal
antibodies (BD Biosciences, Franklin Lakes, NJ, USA).
Isotype antibody IgG in flow cytometry experiments
was used as a negative control (BD Biosciences, Frank-
lin Lakes, NJ, USA). Two PBS washes were performed
after incubation, and the mixture was centrifuged and
kept at 4 °C for 70 min after incubation (CP100MX,
Hitachi High-Technology Co., Ltd., Minato-ku, Tokyo,
Japan). The supernatant was discarded, and the pellet was
resuspended in 50 pL cold PBS and then tested on the
machine.

Western blot
The protein concentration of EVs was assessed using
a BCA protein quantification kit (Beyotime, Haimen,
China) following the manufacturer’s instructions. Bovine
plasma albumin was used as a standard, and 5 pL of the
sample was added to the BCA mixture and mixed. Incu-
bation was carried out at 37 °C for 30 min, after which
the absorbance value at OD562 nm was measured using
a microplate reader (Varioskan LUX, Thermo, Waltham,
MA, USA). The protein concentration of the sample to be
tested was calculated based on the standard curve, and
we used EV-labeled antibodies against goat CD9 (A1703,
1:1000, ABclonal, Wuhan, China), CD63 (ab134045,
1:1000, Abcam, Cambridge, UK) and calnexin (12,186,
1:1000, SAB, MD, USA). Anti-goat IgG peroxidase conju-
gate (AP132P, 1:5000, Merck Millipore, Burlington, MA,
USA) was used for western blot testing. We loaded 10 pg
of total protein per indicator into a 12% SDS-PAGE gel
based on the molecular weight of the target protein.
After gel running, the separation gel was transferred to
a methanol-activated polyvinylidene fluoride membrane
(Merck Millipore, Burlington, MA, USA) for “sandwich”
transfer. After the transfer was completed, the polyvinyli-
dene fluoride membrane was removed and soaked with
the protein side up in 5% skim milk TBST and blocked
for 1 h. Then, the membrane was incubated with primary
antibodies overnight at 4 °C. Through three washes with
TBST, excess primary antibodies were removed. Next,
the membrane was incubated with the secondary anti-
body for 1 h at room temperature, and an equal volume
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of ECL A/B solution (1,810,212, Chemisignal ECL Plus,
Shanghai, China) was dropped onto the polyvinylidene
fluoride membrane and allowed to react in the dark for
5 min. Detection was performed using a chemilumines-
cence gel imaging system (3300 mini, ChemiScope, Clinx,
Shanghai, China).

Extraction of DNA from plasma EVs

DNA from plasma EVs was extracted using an EV
DNA isolation kit (EXODNA50C-1, Runji, Liaoning,
China). The extraction process referred to the instruc-
tions provided in the reagent kit manual. A 1 uL sample
of the extracted DNA was used to measure the absor-
bance value on a multifunctional microplate reader
(Varioskan LUX, Thermo, MA, USA) and calculate the
concentration.

Library creation and sequencing

We synthesized specific primers with barcodes accord-
ing to the specified sequencing region. PCR was carried
out using the following materials: TransGen AP221-02:
TransStart® FastPfu DNA Polymerase, Beijing, China;
PCR instrument: GeneAmp® 9700 type, ABI, Carlsbad,
CA, USA. We performed three replicate experiments
for each sample, mixing PCR products of different sam-
ples and incubating them with 2% agarose under formal
experimental conditions. For gel electrophoresis detec-
tion, we used the AxyPrepDNA gel (AXYGEN Company,
Carlsbad, CA, USA) recovery kit to cut the gel, recover
the PCR products, and elute with Tris-HCl buffer. The
QuantiFluor™=5T (Promega Company, Madison, WI,
USA) blue fluorescence quantification system was used
to detect and quantify the PCR products following elec-
trophoresis. Sequencing libraries were generated using
SMRTbell prep kit 3.0 (Pacific Biosciences, Menlo Park,
CA, USA). Libraries were sequenced on the PacBio
platform.

Bioinformatics analysis process

PacBio off-machine data were obtained by using the ccs
module of PacBio SMRTLink v11.0 analysis software to
obtain hifi read (or ccs read) sequence files in fastq for-
mat. After distinguishing the samples by barcode, the
correct sequence is identified based on the sequencing
primer information, the sequence direction is corrected,
and the primer sequence is removed. Through cluster-
ing operations, sequences are divided into many groups
according to their similarities, and one group is an opera-
tional taxonomic unit (OTU). All sequences were divided
into OTUs, and taxonomic analysis of OTU representa-
tive sequences with a 97% similarity level was performed
using the RDP classifier Bayesian algorithm (software
platform: Usearch, version 11 http://drive5.com/uparse/).
Next, each sample’s community composition was
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counted at each classification level: domain, kingdom,
phylum, class, order, family, genus, and species. The com-
parison databases used were as follows (the Silva data-
base is used by default if not specified): Silva (Release138
http://www.arb-silva.de); RDP (Release 11.5 http://rdp.
cme.msu.edu/); and Greengene (Release 13.5 http://
greengenes.secondgenome.com/). We conducted an in-
depth statistical and visual analysis of community struc-
ture and phylogeny based on the above analysis.

Statistical analysis

The statistical analysis was conducted using version 8.0
of GraphPad Prism (GraphPad Software, San Diego, CA,
USA). Data are expressed as the mean=*standard devia-
tion. Differences between groups were assessed using the
Wilcoxon rank-sum test. Statistical significance was con-
sidered when the two-sided p value was less than 0.05.

Results

Blood sugar levels and insulin resistance were improved
after treatment

We recruited 13 patients from March to May 2022 to
participate in this study according to the recruitment
criteria. Excluded one patient who has taken metformin,
antibiotics, probiotics, antihistamines and steroids in the
past 6 months.However, four patients dropped out and
did not complete the treatment. Among the eight sam-
ples obtained after 3 months of metformin treatment,
three failed to be sequenced. Thus, five cases of PCOS-
IR were finally collected and divided into BF (before
metformin treatment) and AF (after metformin treat-
ment) (Fig. 1). The characteristics of the case patients are
shown in Table 1. All 5 patients had varying degrees of
hyperglycemia and IR before treatment. After metfor-
min treatment, FPG levels and the degree of HOMA-IR
and Hyperandrogenemia of the five patients significantly
improved (p<0.05).

The separation and identification of plasma EVs

Plasma EVs were isolated from PCOS-IR patients before
and after metformin treatment, divided into an EBF
group (EVs extracted from patients before treatment) and
an EAF group (EVs extracted from patients after treat-
ment), and identified and confirmed by TEM, nFCM
and western blot analysis. Typical cup-shaped vesicles in
EVs were identified by TEM (Fig. 2A). There was no sig-
nificant difference in nanoparticle size or concentration
between the two groups (Fig. 2B). The average sizes were
82.21%+2.40 nm for the EBF group and 83.36+1.92 nm
for the EAF group (Fig. 2B, C). After standardization, the
particle concentrations were 1.75+0.17x10° particles/
mL for the EBF group and 4.55+0.91x10° particles/mL
for the EAF group (Fig. 2D-E). Western blot assays were
used to assess the purity of the isolated EVs. Compared
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Excluded 1 patient (n=12)

« Screened patients who met the

recruitment conditions:

« (1) Age >18 years old;

* (2) Meeting PCOS diagnostic criteria;

* (3) Agreement to biodatabase data
collection and serological examination;

* (4) HOMA-IR >=2.7.

* Excluded patients who met the
exclusion conditions:

« (1) Patients who have not obtained informed
consent;

* (2) Patients with a history of cardiovascular, stroke,
and pulmonary diseases;

* (3) Patients with mental illness;

* (4) Patients who have taken metformin, antibiotics,
probiotics, antihistamines and steroids in the past 6

months. (excluded 1 patient)
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Further Analyzed (n=5)

* Measured and sequenced the EVs

samples of patients who completed

the treatment:

« (1) Patients who accepted 3 months of
metformin treatment; (excluded 4 patients)

 (2) Patients who accepted data collection

and serological examination.

« Further analyzed the data of samples
that have been successfully sequenced

« Patients whose samples had been
successfully created library and
sequenced the samples. (excluded 3
patients)

Measured & Sequenced
(n=8)

Fig. 1 Recruitment and screening process of cases. A total of 13 patients met the inclusion criteria, but one patient was excluded because they had taken
metformin within the past 6 months. Of the remaining 12 patients, four dropped out and did not complete the treatment. Among the eight samples
obtained after 3 months of metformin treatment, three failed to be sequenced. Finally, five cases of PCOS-IR were collected. PCOS, polycystic ovary syn-
drome; IR, insulin resistance; HOMA-IR, homeostatic model assessment for insulin resistance; EVs, extracellular vesicles

Table 1 Sample characteristics of PCOS-IR before and after treatment

Age, year 32 FBG, mmol/L HOMA-IR BMI TEST E2
(27,37.5)
BF AF BF AF BF AF BF AF BF AF
5.72 538 5.54 3.93 27.30 27.10 1.71 1.54 0.12 0.24
(5.64,5.97) (5.30, (4.80, (3.11, (26.90, (26.70, (1.53, (1.36, (0.12, (0.11,
5.59) 8.52) 4.27) 28.20) 28.00) 1.81) 1.59) 0.12) 0.49)
Patient-1 32 5.72 5.30 852 3.11 27.30 26.70 1.53 1.36 0.12 0.1
Patient-2 28 5.64 517 5.54 427 28.20 28.00 1.81 1.59 0.12 049
Patient-3 36 6.04 559 10.07 7.69 34.10 3193 122 0.87 0.10 0.24
Patient-4 39 563 538 4.80 2.30 26.80 24.30 171 154 0.13 0.65
Patient-5 26 5.97 5.66 478 393 26.90 27.10 242 2.02 0.12 0.10
P Value 0.043 0.043 0.104 0.042 0.225

Data are expressed as value or median (interquartile range)

FBG, fasting plasma glucose; HOMA-IR, Homeostatic Model Assessment for Insulin Resistancel; BMI, Body Mass Index; TEST, Testosterone; E2, Estradiol

BF, before metformin treatment; AF, after metformin treatment

with the 293T cell control, protein markers of EVs, such
as CD9 and TSG101, were detected, while the non-EV
marker calnexin was not detected (Fig. 2F). In conclu-
sion, the series of centrifugation processes were effective
for the isolation of EVs.

The EAF group exhibited higher microbial diversity

We sequenced the different microbial communi-
ties between the EBF group (n=5) and the EAF group
(n=5). The unqualified sequences were removed, a total
of 431,454 valid sequences were generated, with each
sample generating an average of 43,145+16,290 valid
sequences (valid sequence range: 13,521 to 60,170).
Shannon index dilution curve analysis showed that the
observed bacterial species reached a plateau (Fig. 3A).
The alpha diversity index showed that the Simpson index
and Berger-Parker index were significantly different

between the EBF group and the EAF group (p<0.05),
and the EAF group showed higher richness (Fig. 3B—C).
The Shannoneven and Simpsoneven indexes were sig-
nificantly different between the EBF group and the
EAF group (p<0.05), such that the EAF group showed
higher evenness (Fig. 3D—E). Beta diversity analysis was
performed to estimate the similarity of microbial com-
munities between groups. Principal component analy-
sis showed that the EBF and EAF groups accounted for
35.19% and 20.23% of the total variation, respectively
(Fig. 3F). The partial least squares discriminant analy-
sis plot showed that there were differences between the
two groups, with total variations of 19.42% and 24% in
PLS1 and PLS2, respectively (Fig. 3G). These results col-
lectively indicate that there are differences in microbial
communities between the EBF group and the EAF group,
with the EAF group exhibiting higher microbial diversity.
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Fig. 2 Isolation and identification of extracellular vesicles (EVs) from plasma. Electron microscopy images of EVs were observed through a transmission
electron microscopy (stripes=100 nm) (A). The particle size and concentration of EVs were measured using nanoflow cytometry (B-E). Western blot
analysis was used to detect the expression of EV protein markers CD9, TSG101, and the expression of a non-EV marker calnexin, with 293T cells used as a
negative control (F) (M: Marker; C: 293T cells; EBF: before metformin treatment; EAF: after metformin treatment)

Distribution of dominant bacteria at different taxonomic
levels

A total of 502 OTUs were obtained, which were taxo-
nomically associated with 10 phyla, 14 classes, 45 orders,
84 families, 157 genera, and 265 species (TableS1). By
evaluating the ratio of the top 10 bacterial species at
each taxonomic level, the dominant bacteria were deter-
mined (Figs. 4 and 5). At the phylum level, the domi-
nant bacteria were Proteobacteria and Firmicutes, with
Bacteroidota and Cyanobacteria having higher abun-
dance percentages in the EBF group and Proteobacteria
having higher abundance percentages in the EAF group
(Fig. 4A). At the class level, the dominant bacteria were
Gammaproteobacteria and Alphaproteobacteria, with
Gammaproteobacteria and Bacteroidia having higher
abundance percentages in the EBF group and Alphap-
roteobacteria and Bacilli having higher abundance per-
centages in the EAF group. (Fig. 4B). At the order level,
Pseudomonadales and Xanthomonadales were more
abundant in the EBF group, while Rhizobiales, Burkhold-
eriales and Lactobacillales had a higher abundance per-
centage in the EAF group (Fig. 4C). At the family level,
Moraxellaceae, Lachnospiraceae and Flavobacteriaceae
had higher percentages in the EBF group, while Xan-
thomonadaceae, Bayerinkellaceae, Streptococcusaceae,
Burkholderiaceae, Sphingomonadaceae and Rhizobiu-
maceae had higher abundance percentages in the EAF

group (Fig. 4D). At the genus level, Acinetobacter, Flavo-
bacterium and Agarobacterium were more abundant in
the EBF group, while Methylobacterium, Sphingomonas,
Ralstonia, Streptococcus and Rhizobium were more abun-
dant in the EAF group (Fig. 4E). At the species level, Aci-
netobacter nosocomialis, Xanthomobacterium cetaceans
and Eubacterium rectal were more abundant in the EBF
group, and Ralstonia mannitoligenes, Methylobacterium
organophilum and Streptococcus salivarius were more
abundant in the EAF group (Fig. 4F). The heatmap of the
top 35 bacterial species showed differences between the
microbial communities of the two groups (Fig. 4G). The
percentages of dominant bacteria at different levels are
shown in Fig. 4 and Appendix Table S2.

Analysis of differences in microbial community
composition

LEfSe with a log LDA score cut-off of >2.0 was used to
compare the predicted microbial taxa of the EBF and
EAF groups. The cladogram showed that the number
of significantly different communities between the two
groups was close (Fig. 6A). Histograms of LDA scores
and intergroup difference analysis (p<0.05) showed that
the abundance percentage of EVs derived from Sphingo-
bacterium hotanense was higher in the EBF group; the
abundance percent of EVs derived from Bradyrhizobium
was higher in the EAF group (Fig. 6B-C).
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Fig. 3 Analysis of bacterial community diversity of plasma extracellular vesicles in polycystic ovary syndrome patients before and after metformin treat-
ment. The sequencing volume was evaluated through the Shannon index dilution curve (A), and the alpha diversity of the two groups was evaluated by
box plots of the Simpson index (B), BergerParker index (C), Shannoneven index (D) and Simpsoneven index (E). The beta diversity of plasma microbial
communities in each group was analyzed by principal component analysis (PCA) (F) and partial least squares discriminant analysis (PLS-DA) (G). (EBF:
before metformin treatment; EAF: after metformin treatment; OTU: operational taxonomic unit)

Discussion

Our results show that after treatment with metformin,
the FPG levels and IR degree of PCOS-IR patients were
significantly improved. The 16 S analysis of plasma EVs
from metformin-treated patients showed higher micro-
bial diversity, and the distribution of dominant bacteria
at each level was different from that before treatment
(Figs. 4 and 5). Among these differences, there was a large
difference in the distribution of Streptococcus salivarius
in the Lactobacillus order before and after treatment. In

addition, there were significant differences in EVs derived
from some environmental bacteria before and after met-
formin treatment.

Studies have confirmed that EVs play a key role in
intercellular communication between the host and com-
mensal microorganisms [40]. More active bacteria can
secrete more EVs, and observing changes in the exo-
somes of microorganisms can more accurately reflect the
role of microorganisms in the host than simply looking at
changes in microbial volume. Heo et al. [41] found that
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Fig. 4 The distribution of the relative abundance of the top 10 species in the two groups (EBF: before metformin treatment; EAF: after metformin treat-
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analysis of gut-microbe-derived EVs was better at dif-
ferentiating patients with Inflammatory Bowel Disease
(IBD ) patients from healthy controls than fecal micro-
biome analysis. PCOS is an endocrine disease involving
systemic metabolic abnormalities. The intestinal micro-
biota is related to the occurrence and development of
PCOS-IR. Therefore, detecting blood EVs can help reflect
the role of microorganisms in the development of PCOS-
IR. Studies have found that the diversity of the intestinal
flora in PCOS-IR patients is reduced [13], and this study
observed an increase in the microbial diversity of EVs in
PCOS-IR patients after metformin treatment. Previous
studies have shown that EVs derived from Proteobacte-
ria are more abundant in the blood, while EVs derived
from Firmicutes and Bacteroidetes are more abundant in
the intestines [42]. This study found the following order
in terms of the percent of EVs at the phylum level: Pro-
teobacteria > Firmicutes > Bacteroidetes > Actinobacte-
ria (Fig. 4, Table S2). Based on this, we speculate that
the EVs isolated from plasma in our study may partly
have come from intestinal bacteria. Among them, Bacte-
roidetes had a higher abundance ratio in the EBF group,
while Firmicutes butyrate-producing Agatobacterium and
Eubacterium rectal-derived EVs had a higher abundance

ratio in the EBF group, which is consistent with previous
reports of different gut microbiome profiles [43, 44]. In
their study, Heo et al. [41] found that the microbiota that
caused significant differences between the IBD group and
the control group differed in the fecal microbiome and
gut microbe-derived EVs.

In this study, the percent abundance of EVs derived
from Pseudomonas in the EBF group was higher than that
in the EAF group. The main relevant bacterial species
was Acinetobacter nosocomialis, which is considered to
cause colonization due to the medical treatment process.
The main related bacterial species in the EBF group with
a high abundance percent of Flavobacteriales was Ceto-
bacterium somerae, which is a marine bacterium [45].
Considering that the hospital is located in a coastal city,
it was presumed to be contact colonization. The percent
abundance of EVs derived from Rhizobiales, Burkhold-
eriales and Lactobacillales in the EAF group was higher.
In particular, the percentage of Lactobacillus-derived EVs
was very low in the EBF group (0.51%), and its percentage
increased to 6.87% after metformin treatment. Further
analysis revealed that the main related species with a high
percent abundance of Lactobacilliles was Streptococcus
salivarius(Fig. 4, Table S2). After metformin treatment,
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the abundance percent of EVs derived from Streptococ-
cus salivarius in the blood of PCOS-IR patients increased

from 0.03 to 4.33%.

Streptococcus salivarius is a member of the genus
Streptococcus, is often detected in fermented dairy prod-
ucts and is commonly used in the production of yogurt.
Dolatkhah et al. [46] conducted a double-blind, placebo-
controlled randomized clinical trial on 64 patients with
gestational diabetes mellitus. After supplementation with
a probiotic oral solution containing Streptococcus ther-
mophilus (Streptococcus salivarius subsp. Thermophilus)
(Lactobacillus acidophilus LA-5, Bifidobacterium BB-12,
Streptococcus thermophilus STY-31, and Lactobacillus
bulgaricus LBY-2 biocapsules>4x10° CFU), the weight
gain in the probiotic group was significantly lower than

that in the placebo group (p<0.05). FPG decreased signif-
icantly in both the intervention and control groups, with

a greater decrease in the probiotic group (p<0.05). More-

over, the HOMA-IR of the probiotic group decreased by
6.74% during the study period (p<0.05). Further analysis
by the research team found significantly higher levels
of serum high-sensitivity C-reactive protein and tumor
necrosis factor-a in the probiotic group than in the pla-
cebo group. In addition, malondialdehyde, glutathione
reductase and red blood cell glutathione peroxidase lev-
els were significantly increased after using probiotics,
suggesting that these probiotic supplements improve
several biomarkers of inflammation and oxidative stress
in women with gestational diabetes mellitus [47]. Ma
et al. studied the relationship between body mass index
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and fecal Streptococcus infection in adults in Xining City.
They found that the abundance of intestinal Streptococ-
cus salivarius was negatively correlated with human body
mass index, being a major determinant of metabolic
regulation and mild inflammation of adipose tissue in
the gut microbiota and a potential probiotic [48]. These
studies collectively demonstrate the impact of Streptococ-
cus salivarius on human glucose and lipid metabolism.
PCOS includes genetic and epigenetic susceptibility,
hypothalamic and ovarian dysfunction, excessive expo-
sure to androgens, insulin resistance, and obesity-related
mechanisms [49]. Based on the results of this study, we
speculate that increasing the activity of Streptococcus sal-
ivarius may be one of the mechanisms by which metfor-
min improves systemic metabolic symptoms in patients
with PCOS-IR.

In this study, EVs derived from some environmental
bacteria were found in blood EVs. Among them, Xan-
thomonadaceae is a plant pathogen [50], and Beijerinel-
laceae is a soil bacterium [51]. The percentage of EVs
derived from these two bacteria in the EAF group was
higher because of lifestyle colonization. The results of
LEfSe analysis and intergroup difference analysis showed
that there were significant differences in soil and plant-
derived microorganisms such as Sphingobacterium hota-
nense and Bradyrhizobium mesogenum. The percentage
of EVs derived from Sphingobacterium hotanense was

higher in the EBF group (p<0.05). Sphingobacterium
hotanense is a new type of gram-negative bacterial strain
isolated from the soil of the Populus euphratica forest
in the Hotan Valley of the Xinjiang Uygur Autonomous
Region of China [52]. To date, only one case of human
infection has been reported [53]. The percentage of EVs
derived from Bradyrhizobium in the EAF group was
higher (p<0.05). Bradyrhizobium is a growth-promoting
bacterium for leguminous plants that functions in bio-
logical nitrogen fixation, and it cannot be ruled out that
patients are colonized by dietary intake [54]. Whether
it has similar or unknown effects in the human body
remains to be further explored. The percentage of the
above bacterial strains in the group was very low (<0.2%),
and their sources and functions need to be further
explored by expanding the sample size and carrying out
related animal model experiments in the future.

In the present study, we investigated the changes in
bacterial 16 s in plasma EVs in patients with PCOS and
insulin resistance (PCOS-IR) before and after metformin
treatment, which may reveal a new perspective for elu-
cidating the pathogenesis of PCOS-IR and provide new
avenues for peer research.

Despite the small sample size affecting the statistical
results, the study demonstrated changes in the micro-
bial composition of blood plasma EVs before and after
metformin treatment. The bacterial species with a large
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change in abundance percentages could serve as plasma
biomarkers for therapeutic effects in PCOS-IR patients
or become potential therapeutic probiotics. Based on
these changes, further research can be conducted on the
possible mechanisms of systemic regulation of PCOS-IR
patients derived from characteristic microbial commu-
nities. In vivo experiments could involve the use of ani-
mal models, such as mice, to study the systemic effects
of these microbial communities on the host organism,
particularly focusing on metabolic pathways related to
PCOS-IR. These experiments would provide a more
comprehensive understanding of the role these microbial
communities play in PCOS-IR.

As the first project to implement the measurement of
plasma microbial-derived EVs in patients with PCOS-
IR, our study also had some limitations related to
clinical reality. For example, some EVs produced by intes-
tinal microbes circulate throughout the body through
the host’s colonic mucosa and vascular system and are
eventually excreted through urine [55]. In future studies,
measurements of EVs in an increased number of different
source samples can be undertaken. These inherent limita-
tions were unlikely to alter our main findings.

Conclusions

In summary, this study explored the compositional char-
acteristics of EVs derived from the blood microbiota
in patients with PCOS-IR before and after metformin
treatment. The results may help to clarify the role of the
microbiome in PCOS-IR and may aid in diagnosis and
treatment.
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