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Background

Polycystic ovary syndrome (PCOS) is a common endo-
crine and metabolic disorder [1], affecting 5-20%
females of reproductive age [2]. This syndrome is multi-
factorial and heterogeneous with variable phenotypes,
including hyperandrogenism, menstrual irregularity and
polycystic ovarian morphology [3]. PCOS is the leading
cause of anovulatory infertility and anovulation is the
main characteristic. Follicular fluid (FF) contains factors
responsible for oocyte maturation and ovulation [4]. Pre-
vious studies have shown that bioactive steroids, in par-
ticular androgens (testosterone, dihydrotestosterone),
estrogens (estradiol, estrone) and progesterone in FF
play important roles in regulating ovarian folliculogen-
esis and oocyte maturation [5]. Studies have found oo-
cyte quality and outcomes of in-vitro fertilization (IVF)
in PCOS are related with components changes in FF [6,
7], yet the mechanisms have not been fully elucidated.

In PCOS patients during assisted conception, the qual-
ity of oocyte and embryo and pregnancy outcomes in-
clined to be poorer, which may be linked to changes in
the oocyte through the microenvironment of follicular
fluid (FF) [8]. The FF of the dominant follicle can reflect
the ovarian microenvironment to some extent [9, 10],
which directly affects the oocyte quality and metabolism.

Several studies have analyzed follicular fluid steroid
concentrations to determine whether these can predict
IVF outcomes [11, 12]. Most have used steroid immuno-
assays, which are suboptimal when applied to biological
fluids [13]. Therefore, we sought to investigate follicular
fluid steroid profiles using liquid chromatography-
tandem mass spectrometry (LC-MS/MS) profiling. In
our previous study [14], we have developed a multi-
analyte LC-MS/MS method for the profiling of 20 ste-
roids, including progesterone, estradiol, estrone, andro-
stenedione, testosterone, dihydrotestosterone and most
of these intermediates. The aim of this study was to pro-
file 20 steroids in the fluid from the dominant follicle in
women undergoing IVF stimulation by LC-MS/ MS
method, and to determine whether such highly specific
steroid measurements improved prediction of IVF
outcomes.

Recently, an increasing number of studies have shown
that exosomes are present in FF and act as message
transmitters in intercellular communication, which can
transfer a variety of substance such as proteins, lipids,
miRNAs, and circRNAs [15-19]. Exosomes are 30-200
nm in diameter with small membrane-enclosed vesicles,
which are secreted by living cells under normal or
pathophysiological circumstances [20]. Equine, bovine
and human studies have all demonstrated the presence
of exosomes in FF [21-23]. Some studies uncovered the
potential function of exosomes derived from FF as car-
riers of RNAs, miRNAs and proteins in steroidogenesis,
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follicular development and other pathological conditions
[23]. Ovarian steroidogenesis patterns are attributed
mainly to the altered expression of key enzymes in the
steroidogenic pathway such as cholesterol side-chain
cleavage enzyme cytochrome P450, 17a-hydroxylase,
and 3f-hydroxysteroid dehydrogenase. Genes involved
in hormone synthesis include STAR, CYPI11A, CYPI9A,
HSDI17BI and HSD3B2.

The primary aim of the current study was to deter-
mine different steroid profile of follicular fluid in PCOS
women and non-PCOS women undergoing reproductive
measures. We also try to explore the underlying mecha-
nisms of estrogens excess in PCOS FF using exosome.

Materials and methods

Patient selection

Samples were collected from September 2019 to Novem-
ber 2019. Patients have given their written informed
consent. The study was approved by the Ethical Com-
mittee of the Zhongshan Hospital, Fudan University
(Shanghai, China), and carried out in compliance with
the Population and Family Planning Law of the People’s
Republic of China (The ethical approval number:
B2018-244).

The diagnosis of PCOS has based on the 2003 Rotter-
dam diagnostic criteria which require two of the follow-
ing three manifestations: (1) oligo- and/or anovulation,
(2) clinical and/or biochemical evidence of hyperandro-
genism, and (3) polycystic ovaries on ultrasound examin-
ation (at least 10 follicles 2—9 mm in size or volume of
the ovary greater than 10 mL) [3]. Ten patients were se-
lected as the PCOS group who require the three mani-
festations at the same time and underwent in vitro
fertilization (IVF) with intracytoplasmic injection (ICSI)
at Reproductive Center, Zhongshan Hospital, Fudan
University. Another ten women who underwent IVF
treatment with an indication of male factor infertility
during the same period were selected as the control
group. All the recruited patients were under 36 years old
and had a normal BMI range from 18.8 to 25 kg/m? All
patients received the antagonist stimulation protocol as
reference [24].

Clinical examination

The BMI values, hormonal, biochemical and ultrasono-
graphic parameters of the control and PCOS patients
were documented. BMI (kg/mz) was calculated as the ra-
tio of the weight (kg) to the square of the height (m?).
Patients received a standard in vitro fertilization (IVF)
flexible-start antagonist stimulation protocol with ex-
ogenous FSH and human menopausal gonadotropins at
individualized doses and underwent transvaginal
ultrasound-guided follicle aspiration 36 h after human
chorionic gonadotropin (hCG) and/or a GnRH agonist.
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Fig. 1 Distribution of steroid concentrations in follicular fluid from PCOS patients and controls. (a) Pregenolone; (b) Progesterone; (c) Estriol; (d)
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(Fig. 2h) and rate of embryos develop to blastocysts (r =
0.698, p=0.001) (Fig. 2i). Progesterone level was not
significantly related with embryo quality (Fig. 2j & k &
1). This may be the evidence of the immaturity of folli-
cles as well as negative effects of estriol and estradiol on
folliculogenesis and oocyte quality in PCOS patients.

CYP11A1, CYP19Ahd HSD17bImRNA expression in FF
exosomes

Human FF exosomes were characterized with regard to
their morphology, diameter and the presence of
exosome-enriched protein markers. Electron micro-
scopic images (Fig. 3a) showed that extracted extracellu-
lar vesicles (EVs) were cup-shaped structures with a
diameter of about 30-150 nm. Moreover, the presence
of the exosome markers CD63, CD9 and TSG101 pro-
teins were confirmed by western blot (Fig. 3b). The size
distribution measured by NTA also showed a typical
profile of exosomes (Fig. 3c). TEM, NTA and Western
blot results were consistent with the characteristics of
exosomes.

The mRNA expression levels of these genes from the
FF exosomes were examined in our study, and the re-
sults showed significantly increased CYP11A, CYPI9A
and HSD17b1 mRNA expression in the PCOS group
(Fig. 4), indicating that the increase in E2 was associated
with increased expression of key genes involved in hor-
mone synthesis. Whereas STAR and HSD3b2 mRNA ex-
pression were not affected (p >0.05). CYP19A1 encodes
cytochrome P450 aromatase that converts androgens to
17p estradiol [27]. HSD17BI is expressed in the syncy-
tiotrophoblast cells of the placenta [28] and ovarian

granulosa cells [29], and both of these cell types are in-
volved in de novo estrogen biosynthesis. CYP11A1I is the
gene encoding for the key enzyme in metabolism of
cholesterol to pregnenolone. The increased mRNA ex-
pression on exosome in FF is consistent to the increased
pregnenolone level in FF in PCOS patients. The in-
creases in the expression levels of HSD17B2, CYPI1A
and CYPI9A were accompanied by the changes in hor-
monal levels in FF, indicating a condition shifting from
the progesterogenic follicles to estrogenic follicles in
PCOS patients.

Correlation of CYP11A, CYP1%hd HSD17bImRNA level
with hormone in FF and embryo quality

We further elucidated whether CYP11A, CYPI9A and
HSD17b1 mRNA level predicted the hormone in FF and
the outcome of ovarian stimulation and embryo quality.
Pearson correlation analysis (Fig. 5) showed that
CYP11A mRNA level was positively and significantly
correlated with estradiol, estriol and pregnenolone levels.
The elevated CYPI9A mRNA level was coraleted with
estradiol. There is a positive correlation between
HSD17b1 mRNA in exosomes from FF and estradiol and
pregnenolone was significant.

Furthermore, pearson correlation analysis showed
that exosomal CYPIIA mRNA level were negatively
and significantly correlated with top-quality embryo
(r= 0.768, p<0.01) (Fig. 6b) and rate of embryos
develop to blastocysts (r= 0.691, p <0.01) (Fig. 6¢).
Our results also showed that, with increasing exoso-
mal CYPI9A mRNA levels, significantly less MII oo-
cytes (r=0.506, p=0.023) (Fig. 6d) were obtained in
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Fig. 2 Correlation of follicular fluid estriol, estradiol, pregnenolone and progesterone level with embryo quality. (@ & d & g & j) Correlation of
follicular fluid estriol, estradiol, pregnenolone and progesterone level with MII oocytes punctured; (b & e & h & k) Correlation of follicular fluid
estriol, estradiol, pregnenolone and progesterone level with percent of top-quality embryos; (c & f & i & I) Correlation of follicular fluid estriol,
estradiol, pregnenolone and progesterone level with rate of embryos develop to blastocyst. Values are significant at p < 0.05

Fig. 3 Quality control of extracted follicular fluid exosomes. (a) Electron microscopic images of extracted exosomes revealed cup-shaped
structures with a diameter of about 30-150 nm. Scale bar: 100 nm. (b) Western blotting revealed CD9, CD63 and TSG101 proteins in exosome
samples. (c) Nanoparticle tracking analysis (NTA) revealed the diameter of isolated extracellular vesicles (EVs) is consistent with that of exosomes
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Fig. 6 Correlation of CYPT1A1, CYP19AT and HSD17b1 mRNA level in follicular fluid exosomes with embryo quality. (a & d & g) Correlation of
CYPT1A1, CYP19AT and HSD17b1 mRNA level in follicular fluid exosomes with MII oocytes punctured; (b & e & h) Correlation of CYP11AT, CYP19A1
and HSD17b17 mRNA level in follicular fluid exosomes with percent of top-quality embryos; (¢ & f & i) Correlation of CYP11A1, CYP19AT and
HSD17b1 mRNA level in follicular fluid exosomes with percent of rate of embryos develop to blastocyst. Values are significant at p < 0.05

women, and tended to have a reduced chance to de-
velop into a morphological top-quality embryo (r=
0.819, p<0.01) (Fig. 6e). Moreover, exosomal CYPI19A
mRNA levels were negatively correlated with rate of
blastocysts (r= 0.528, p=0.017) (Fig. 6f). Increased
HSD17b1 mRNA levels in follicular fluid were associ-
ated with a lower rate of top-quality embryo (r=
0.796, p<0.01) (Fig. 6h) and blastocysts (r= 0.784,
p<0.01) (Fig. 6i). There is a negative correlation be-
tween CYPI1IA, CYPI9A and HSDI17bl mRNA level
in exosomes in follicular fluid and oocyte quality.

Discussion

Previous studies have found that PCOS women hav-
ing IVF presents multiple challenges ranging from a
poor to an exaggerated response, poor egg to follicle
ratio, poor fertilisation, poor blastocyst conversion
and ovarian hyperstimulation syndrome [30]. Despite
limited number of patients, we can also find the de-
creased MII oocytes, decreased top-quality embryo
and the rate of embryos develop to blastocyst. For
PCOS patients, more emphasis has been placed on

obtaining the high-quality embryos in order to im-
prove the pregnancy rate.

In the present study, we measured the concentrations
of twenty steroids in follicular fluid by sensitive and spe-
cific multi-analyze LC-MS/MS. Most studies measured
one or more steroids by immunoassay for each steroid.
Steroid immunoassays have specific limitations in the
application of biological fluids [31, 32]. Therefore, there
may be differences between the study of the content of
steroids in follicular fluid and its relationship with the
outcome of in vitro fertilization. In addition, each im-
munoassay requires a separate sample, which requires a
larger sample size by pooling follicular fluid. This makes
it impossible to provide a comprehensive analysis of ste-
roids in a single follicle. Therefore, in this study, we ex-
tended these studies by using multi-analyze steroid LC-
MS/MS for bioactive steroids in 200 pl matched samples
of follicular fluid.

Human follicular fluid is a complex biological fluid,
which plays an important role in the development of
oocyte microenvironment. Previous studies have
found various factors in FF was significantly different
in PCOS patients compared with non-PCOS, such as
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