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Background: Polycystic ovary syndrome (PCOS) is a heterogeneous
endocrinological and metabolic disorder which is the common cause of
female infertility. The dysmetabolism displayed in it has not been completely
ascertained. Metabonomics may shed light on understanding many small
molecule endogenous metabolites and their associated metabolic pathways.

Objective: To analyze the different metabolites and related metabolic
pathways in follicular fluid and embryo culture fluid of PCOS and non-PCOS
groups. Finding markers predictable for clinical outcomes of in vitro
fertilization-embryo transfer (IVF-ET) treatment.

Population and sample: 60 women who underwent IVF-ET were selected,
including 30 with PCOS and 30 with the fallopian tubal issues only. We
collected the first tube follicular fluid (FF) of all patients at the time of oocyte
pick up and the waste embryo culture medium (ECM) after D3 high-quality
embryo transplant.

Methods: All samples were performed nontargeted Ultra High Performance
Liquid Chromatography-Mass Spectrometry (UHPLC-QE-MS) analysis. Related
metabolic pathways were screened by KEGG annotation. To search potential
indicators, the logistic regression was made combined with clinical data.

Mean outcome measures: Predictive performance of markers of clinical
outcomes (pregnancy rate, delivery rate, live birth rate, miscarriage rate) of
assisted reproductive technology (ART).

Results: Comparing the PCOS group against the non-PCOS group, we found
11 significantly different metabolites in the FF and 56 in the ECM. There are a
total of 11 kinds of biomarkers associated with clinical outcomes. Androsterone
sulfate, Glycerophosphocholine, and Elaidic carnitine seem robust to predict
the abortion rate of the PCOS group, with an AUC of 0.941, 0.933, 0.933,
respectively. The glycerol phospholipid metabolic pathway is enriched in both
the follicular fluid and embryo culture fluid.
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Conclusions: The differential metabolites were mainly a variety of lipids. Some
of them can predict clinical outcomes to a certain extent.

KEYWORDS

assisted reproductive technology (ART), polycystic ovary syndrome, metabolomics,
follicular fluid, embryo culture medium

1 Introduction

Polycystic ovary syndrome (PCOS) is a highly
heterogeneous heritable endocrinopathy which affects 5%-10%
of women of reproductive age. It is the main cause of female
infertility due to oligo- or anovulation. PCOS is characterized by
menstrual disorder, hyperandrogenemia, obesity, insulin
resistance (IR) and, the elevated LH level in serum (1). PCOS
is relevant to an increased risk of metabolic complications,
including traditional cardiovascular disease (CVD) risk factors
such as obesity, impaired glucose tolerance (IGT), type 2
diabetes (diabetes mellitus, DM), dyslipidemia, and
hypertension (2).

Metabolomics is the systematic, top-down quantitative
analysis of small molecule metabolites and provides a
quantitative understanding of the dynamic response to
endogenous and exogenous factors (3). The UHPLC is applied
in this research, which can modify the separation situations of a
complex sample. Liquid Chromatography-Mass Spectrometry
(LC-MS) is one of the most promising techniques for
metabolomics research as it can perform both qualitative and
quantitative analysis.

Follicular fluid (FF) is a mixture of secretions from
granulosa, theca cells, and oocytes and compounds diffusing
across the basement membrane from plasma, including proteins,
hormones, metabolites, and toxins (4). Certain biochemical
characteristics of the follicular fluid surrounding the oocyte
may play a key role in determining the quality of oocytes, the
potential for fertilization, and subsequent embryonic
development. Embryo culture medium (ECM) is essential for
the in vitro fertilization-embryo transfer (IVF-ET) process. In
assisted reproduction techniques, the assessment of embryo
cultures may gain different metabolic markers and metabolic
profiles, these quantitative parameters allow us to relate them to
the ability of transfer or reflect their pathological status (5). As
the final product of a cell-modulating procedure, small
molecular metabolites in ECM can reflect the biological
changes of embryonic metabolism in the early stage (6).

So far, the detailed mechanisms of metabolic disorder in
PCOS have not been fully elucidated. The aim of this study was
to identify the different metabolites and related metabolic
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pathways found in follicular fluid and embryo culture fluid of
patients with and without PCOS. We performed UHPLC
analysis to explore the link between FF and ECM from a
metabolic perspective. Furthermore, clinical outcomes after
assisted reproduction were combined in order to discover
potential markers. This may provide a theoretical basis for
further study of the pathogenesis of PCOS.

2 Methods
2.1 Sample collection and preparation

All subjects were recruited from infertility women who
underwent IVF-ET in the first affiliated hospital of Zhengzhou
University, from September 2019 to October 2019. Including
PCOS group(n=30) and non-PCOS group(n=30). For all
subjects, we collected the first tube of follicular fluid (FF) at
the time of picking up oocytes and the waste embryo culture
medium (ECM) after the D3 high-quality embryo transplanted.
Women with PCOS were diagnosed based on the Rotterdam
2003 criteria, which require two of the following three features to
be met: 1) oligo- or anovulation, 2) clinical and/or biochemical
signs of hyperandrogenism, or 3) ultrasound suggestive of
polycystic ovarian changes. Patients in the non-PCOS group
all underwent IVF-ET purely because of tubal factors. Patients in
both groups were younger than 35 years old, undergoing their
first IVE-ET, with a body mass index of 18 kg/m” < BMI < 24 kg/
m?, and received conventional IVF fertilization.

Exclusion criteria:©Other endocrine disorders such as
Cushing’s disease, congenital adrenal hyperplasia, etc.
®Women with infertility due to poor ovarian reserve,
endometriosis, premature ovarian failure, or other issues may
influence follicle development ®Use of donor oocytes or sperm
@infertility due to male factor ®patients who underwent
preimplantation genetic diagnosis(PGD) or preimplantation
genetic screening(PGS)

All subjects underwent controlled ovarian hyperstimulation
according to GnRH antagonist protocol, as described elsewhere
(7). The mature follicles (diameter> 18mm) were aspirated using
17-gauge Cook needles and the first tube of FF was collected at
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the same time. The collected FF was centrifuged at 4°C for 10
minutes at 12,000 rpm and approximately 1 ml of the
supernatant was collected in an EP tube. Observed under a
thermostatic inverted microscope, embryos are judged
according to Peter’s scoring system (8). After D3 quality
embryos (grade I and II) were implanted, approximately 50 puL
of discarded ECM were collected in EP tubes. All collected
samples were labeled with the patient’s information and then
frozen at -80°C until further study.

2.2 Metabolites extraction

20 pL of the sample was mixed with the extraction solution
1:1 (V/V), including the isotope-
labeled internal standard mixture), sonicated, and left at -40°C

(methanol: acetonitrile =

for 1 h. The samples were centrifuged and the supernatant was
extracted for detection on the machine. All samples were mixed
into quality control (QC) samples by taking equal amounts
of supernatant.

2.3 Method conditions

A Vanquish UHPLC (Thermo Fisher Scientific) was used for
separation in this research, the target compounds were separated
by chromatography on a Waters ACQUITY UPLC BEH Amide
(2.1 mm x 100 mm, 1.7 pm) liquid chromatography column.
The A phase of liquid chromatography was an aqueous phase
containing 25 mmol/L ammonium acetate and 25 mmol/L
ammonia, and the B phase was acetonitrile. A gradient elution
was used: 0~0.5 min, 95% B; 0.5~7 min, 95%~65% B; 7~8 min,
65%~40% B; 8~9 min, 40% B; 9~9.1 min, 40%~95% B; 9.1~12
min, 95% B. The chromatography parameters were as follows:
Mobile phase flow rate: 0.5 mL/min, column temperature: 30°C,
sample tray temperature: 4°C, injection volume: 3 pL. The
Thermo Q Exactive HFX mass spectrometer is capable of
primary and secondary mass spectrometry data acquisition
under the control of the control software (Xcalibur, Thermo).
Detailed parameters are as follows: Sheath gas flow rate: 50 Arb,
Aux gas flow rate: 10 Arb, Capillary temperature: 320 °C, Full ms
resolution: 60000, MS/MS resolution: 7500, Collision energy: 10/
30/60 in

2.4 Date collection, processing and
statistical analysis

2.4.1 Raw data processing

Convert raw data to mzXML format using ProteoWizard
software, process using internal programs, and then use an
internal MS2 database for metabolic annotation. A
multivariate statistical analysis was performed to recognize the
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final date set using SIMCA software version 15.0.2(Sartorius
Stedim Date Analytics AB, Umea, Sweden)

2.4.2 Multivariate analysis

To narrow down the results of large-scale untargeted
metabolomics assays, principal component analysis (PCA)
was used to visualize the sample distribution. For better
display and subsequent analysis, orthogonal projections to
latent structures discriminant analysis (OPLS-DA) statistical
method were used to separate metabolites and classify
uncorrelated orthogonal and non-orthogonal variables. PCA
and OPLS-DA models were constructed with the reversed-
phase liquid chromatography data. The data were
logarithmically (LOG) transformed plus UV-formatted using
SIMCA software (V15.0.2, Sartorius Stedim Data Analytics AB,
Umea, Sweden). The quality of the model was further tested by
7-fold cross-validation, and then the validity of the model was
judged by the R*Y (interpretability of the model for categorical
variable Y) and Q° (predictability of the model) obtained after
cross-validation. Finally, a permutation test was made to
confirm the validity of the model.

2.4.3 Univariate statistical analysis

To further screen for differential metabolites, univariate
statistical analysis (UVA) was performed, and the cardinality
criterion used in this project was a p-value of less than 0.05 for
the Student’s-test, along with a Variable Importance in the
Projection (VIP) of the first principal component of the
OPLS-DA model bigger than 1.0. The differential metabolic
ions that exerted a major influence on the group membership
were selected according to the VIP value. The results are
represented as volcano plots.

2.5 Metabolic pathway enrichment and
topological analysis

All pathways mapped to the corresponding species (Homo
sapiens) were collated by KEGG annotation of the differential
metabolites. The major pathways were further screened by
comprehensive analysis (including enrichment analysis and
topology analysis) of the pathways in which the differential
metabolites were located.

2.6 ldentify potential biomarkers for
clinical outcomes

The differential metabolites obtained from the screening
were analyzed by logistic regression with clinical outcomes
(pregnancy rate, delivery rate, live birth rate, and miscarriage
rate), and the ROC curve was used to find potential markers
which could predict clinical outcomes. An area under the ROC
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curve (AUC) greater than 0.7 is usually considered to have better
predictive performance, so we list results with an AUC greater
than 0.7.

3 Results
3.1 Clinical features of enrolled subjects

The comparison of the general condition of two groups was
listed in (Table S1).Basal LH was significantly higher in the
PCOS group (11.15 + 6.45 mIU/ml) than in the non-PCOS
group (5.62 + 2.97 mIU/ml), P<0.01; basal T level was higher in
the PCOS group (0.47 + 0.30 ng/ml) than in the non-PCOS
group (0.25 * 0.15 ng/ml), P<0.05 and the difference ware
statistically significant; years of infertility in the PCOS group
(4.66 * 3.03 years) was higher than that of the non-PCOS group
(3.67 + 1.97 years), P<0.05. There was no significant difference in
other basic information between the two groups.

3.2 Date analysis and screening for
differential metabolites in the follicular
fluid of women with PCOS

The OPLS-DA model showed a distinct trend of separation
between the follicular fluid in the PCOS group(P-FF) and the
non-PCOS group(N-FF). Score plots of all metabolites in
follicular fluid showed a significant difference in the metabolic
fingerprint profile between the PCOS and non-PCOS groups
(Table S1). The parameter R*Y (the interpretability of the model
for the categorical variable Y) used to test the validity of the
model was close to 1 in both ion models, indicating that the
model was consistent with the reality of the sample date

10.3389/fendo.2022.982200

(Figure S2).The results of differential metabolite screening are
represented by volcano plots (Figure S3).

Eleven main differential metabolites were identified in the
follicular fluid of the PCOS group versus non-PCOS patients.
Among the differential metabolites in follicular fluid, the levels of
DG(15:0/18:3(62,9Z,127)/0:0), DG(18:2(9Z,12Z)/15:0/0:0),
Androsterone sulfate, and L-Erythrulose were significantly
higher, whereas the levels of LysoPE(16:0/0:0), L-
Palmitoylcarnitine, Linoleyl carnitine, trans-Hexadec-2-enoyl
carnitine, 1-Arachidonoylglycerophosphoinositol, 2-
propylpentanoic acid, LysoPA(18:1(9Z)/0:0) were significantly
lower in the PCOS group than in the non-PCOS control group.
The details are shown in the (Table 1).

3.3 Date analysis and screening for
differential metabolites in the embryo
culture fluid of women with PCOS

The results of the OPLS-DA score plots (Figure S4) show
that there is a significant difference in metabolism between the
P-ECM and N-ECM groups, with samples largely within the
95% confidence interval. Permutation test for the OPLS-DA
model (Figure S5) indicated that the model fits the reality of the
sample data. After univariate statistical analysis, 48 significant
differential metabolites were screened in the positive ion mode
and 17 in the negative ion mode, and the differences in the
expression content of differential metabolites in each group in
the two modes were represented by volcano plots (Figure
S6), respectively.

As known that the abnormalities in follicular fluid
metabolism between the PCOS and non-PCOS groups were
primarily related to abnormal lipid metabolism. Therefore, of
the embryo culture fluid differential metabolites, only lipidic

TABLE 1 Characteristics of the differential metabolites of women with PCOS in follicular fluid.

Metabolites Parent ion(m/z)  PCOS vs non PCOS  VIP P Fold Change  Log2-Fold Change
DG(15:0/18:3(6Z,9Z,12Z)/0:0) 576.4910 1 2.6686  0.0000 2.1622 11125
DG(18:2(9Z,12Z)/15:0/0:0) 579.4240 ) 2.0772 0.0165 1.5729 0.6535
Androsterone sulfate 369.1738 1 2.4548 0.0363 1.6709 0.7406
L-Erythrulose 118.0590 ) 1.6405 0.0395 1.1800 0.2388
LysoPE(16:0/0:0) 454.3276 l 1.4917 0.0199 0.5978 -0.7423
L-Palmitoylcarnitine 400.2467 | 3.0841 0.0000 0.0793 -3.6563
Linoleyl carnitine 424.3251 | 3.2279 0.0000 0.0858 -3.5437
trans-Hexadec-2-enoyl carnitine 399.2434 l 33171 0.0000 0.0670 -3.9007
1-Arachidonoylglycerophosphoinositol 621.2806 l 1.9488 0.0194 0.7907 -0.3388
2-propylpentanoic acid 143.1077 l 2.1245 0.0000 0.7864 -0.3467
LysoPA(18:1(92)/0:0) 434.2652 l 3.0200 0.0000 0.0683 -3.8726
1,up-regulation |, down-regulation.
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metabolites and the more abundant organic acid and its
derivative-like metabolic differentials were selected for analysis.
A total of 32 differential metabolites were screened. Respectively
L-Alloisoleucine, D-Proline, L-Valin, Taurine, Creatine, beta-
Alanine, Ureidopropionic acid,4- Guanidinobutanoic acid, D-
Alanine, Allantoic acid, L-Phenylalanine, Glycerophos
phocholine, beta-Santalal, L-Asparagine, Elaidic carnitine,
Phosphatidylcholine O-34:2, Glycine, Isobutyric acid,
Pelargonic acid, Tridecanoic acid, Undecanoic acid, 12-
Hydroxydodecanoic acid, L-Serine, Ketoleucine, D- Glutamine,
3-Hydroxycapric acid, 2-Hydroxyethanesulfonate, 2-Hydroxy-
3- methylbutyric acid, L-Allothreonine, Undecylenic acid and
(R)-3- Hydroxy- tetradecanoic acid. The detailed results are
shown in the (Table 2).

10.3389/fendo.2022.982200

3.4 Differential metabolites-related
metabolic pathways

Differential metabolites found in follicular fluid were mainly
enriched in Glycerolipid metabolism, Glycerophospholipid
metabolism, Arginine and proline metabolism and Drug
metabolism - cytochrome P450 metabolism (Figure 1). The
key pathways most associated with differential metabolites in
embryonic cultures were found to be pantothenate and CoA
biosynthesis and glycine, serine and threonine metabolism
(Figure 2). The differential metabolites in FF and ECM were
analyzed separately for relevant pathways (including topological
and enrichment analyses). The glycerophospholipid metabolism
pathway was identified in both, as shown in the bubble diagram.

TABLE 2 Characteristics of the differential metabolites of women with PCOS in embryo culture fluid.

Metabolites m/z PCOSvs non-PCOS
L-Alloisoleucine 132.1019 1
D-Proline 116.0708 1
L-Valine 118.0865 T
Taurine 126.022 1
Creatine 132.0767 1
beta-Alanine 90.0554 T
Ureidopropionic acid 133.0609 1
4-Guanidinobutanoic acid 146.0924 1
D-Alanine 90.0553 1
Allantoic acid 177.062 1
L-Phenylalanine 166.0863 1
Glycerophosphocholine 258.1099 1
L-Asparagine 133.0607 )
Phosphatidylcholine O-34:2 261.0213 1
Glycine 76.0399 1
Isobutyric acid 89.0601 1
Pelargonic acid 157.1226 1
Tridecanoic acid 213.1857 1
Undecanoic acid 185.1544 1
L-Serine 104.0343 1
Ketoleucine 129.0548 1
D-Glutamine 145.0612 T
L-Allothreonine 118.05 1
2-Hydroxy-3-methylbutyric 117.0549 1
Acid

Undecylenic acid 183.1385 T
Cincassiol B 187.094 1
beta-Santalal 219.1745 |
Elaidic carnitine 426.3578 1
12-Hydroxydodecanoic acid 215.165 1
3-Hydroxycapric acid 187.1337 !
2-Hydroxyethanesulfonate 124.9905 1
(R)-3-Hydroxy-tetradecanoic acid 243.1964 1

1, up-regulation |, down-regulation.

Frontiers in Endocrinology

VIP P Fold Change Log2-Fold Change
1.2821 0.0381 1.0806 0.1119
1.1747 0.045 1.0787 0.1093
14155 0.0177 1.0919 0.1269
1.9758 0.0109 1.2286 0297
12211 0.0468 1.3337 0.4154
2.1087 0.0005 1.1197 0.1631
1.1848 0.0259 1.136 0.184
1.2246 0.0475 1.1232 0.1676
2.1684 <0.001 1.2194 0.2862
13157 0.0401 1.0824 0.1143
1.3482 0.024 1.1028 0.1412
1.5312 0.0198 1.0877 0.1212
14391 0.008 1.2251 02929
1.3214 0.0253 1.1696 0.226
1.239 0.0381 1.0911 0.1258
1.7918 0.0237 1.1343 0.1818
25068 <0.001 1.3897 0.4748
1.6324 0.0143 1.2805 03567
2422 <0.001 1.5071 05918
1.3685 0.0491 1.1695 02259
1.6732 0.0019 1.4468 05328
1.3007 0.0043 1.3994 0.4848
14751 0.02 1.1894 0.2502
1.3789 0.0211 1.202 0.2654
1.0536 0.0337 1.1053 0.1444
20817 0.0003 0.7569 -0.4018
1.4369 0.0215 0.7963 -0.3285
1.384 0.0277 0.8273 -0.2736
2.8203 <0.001 0.6815 -0.5532
2.1689 0.0018 0.8001 -0.3217
1.9881 0.0224 0.8779 -0.1879
23214 0.003 0.7376 -0.4391

frontiersin.org


https://doi.org/10.3389/fendo.2022.982200
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Guan et al.

10.3389/fendo.2022.982200

~In P-value

Impact

~In P-value

1820 22 24

0.025

0.000 0.050

Impact

FIGURE 1
Metabolic pathways relevant to the follicular fluid.

3.5 Potential biomarkers for
clinical outcomes

As shown by the screening results of the differential
metabolite-related metabolic pathways, the differences in
follicular fluid and embryo culture fluid metabolism between
the PCOS and non-PCOS groups of patients were mainly
focused on lipidic metabolism. In order to find potential
markers that could predict clinical outcomes, we performed a
logistic regression analysis of the screened lipid differential
metabolites in combination with clinical outcomes (pregnancy
rate, delivery rate, live birth rate, and miscarriage rate). Clinical
dates are shown in (Table S2). The results are represented by a
Receiver Operating Characteristic Curve (ROC) plot. An area
under the ROC curve (AUC) greater than 0.7 is usually

considered to have good predictive performance, and greater
than 0.9 is considered to have excellent predictive performance,
so we list the results with an AUC greater than 0.7.

LysoPE (16:0/0:0), DG (18:2(9Z,12Z)/15:0/0:0), Linoleyl
carnitine and Androsterone sulfate in follicular fluid of the
PCOS group had better predictive ability for abortion rate,
with an AUC of 0.824, 0.706, 0.706 and 0.941, respectively.
DG (15:0/18:3(6Z,9Z,127)/0:0) and LysoPA (18:1(9Z)/0:0) were
good indicators for predicting the live birth rate and delivery rate
in PCOS group, with AUC of 0.7 and 0.88. LysoPA (18:1(9Z)/
0:0) was a good predictor of pregnancy rate in PCOS group, with
an AUC of 0.89. In the follicular fluid of non-PCOS group,
LysoPE(16:0/0:0) and DG (18:2(9Z,127Z)/15:0/0:0) had a better
ability to predict pregnancy rate, delivery rate and live birth rate,
with an AUC of 0.733. Glycerophosphocholine, (R)-3-Hydroxy-

FIGURE 2

Metabolic pathways relevant to the embryo culture fluid. (A) positive ion mode, (B) negative ion mode.
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tetradecanoic acid and Elaidic carnitine in embryo culture
medium of PCOS group were important indicators for
predicting clinical pregnancy rate, with AUC of 0.933, 0.767
and 0.933, respectively. Pelargonic acid and Elaidic carnitine had
better predictive effect on pregnancy rate in PCOS group, with
AUC of 0.771 and 0.757, respectively. Pelargonic acid in the
PCOS group was better in predicting the birth rate and live birth
rate, and the AUC was 0.764. Beta-Santalal and(R)-3- Hydroxy-
tetradecanoic acid in embryo culture medium of non-PCOS
group were good indicators for predicting live birth rate, delivery
rate and pregnancy rate, with AUC of 0.798 and 0.726,
respectively. For a better presentation, we listed in Table S3-
Table S6 which groups of women these markers were predictive
for and in what samples they were found. ROC charts of markers
are Figure S7-Figure S10. As can be seen from Figure S10,
Androsterone sulfate, Glycerophosphocholine and
Glycerophosphocholine had robust predictive capability.,

4 Discussion

4.1 Main findings

After univariate statistical analysis (UVA) screening, there
were 11 significantly different metabolites in follicular fluid
between PCOS patients and non-PCOS patients. And 56
differential metabolites were found in embryo culture medium,
including 32 kinds of lipids and organic acids. The detailed
results are listed in chapter 3.3 and 3.4.

KEGG annotation and comprehensive analysis (including
enrichment analysis and topology analysis) of the different
metabolites showed that the metabolic pathways related to the
difference in follicular fluid metabolism between PCOS patients
and non-PCOS patients were mainly Glycerolipid metabolism,
Glycerophospholipid metabolism, Arginine and proline
metabolism, and Drug metabolization-cytochrome P450.
Pantothenate and CoA biosynthesis and Glycine, serine and
threonine metabolism were the key pathways with the highest
correlation with metabolite differences in embryo culture
medium. Notably, Glycerophospholipid metabolism was
enriched in embryo culture medium, which was the same as
that in follicular fluid analysis.

A total of 11 differential metabolites were found to be
predictive for clinical outcomes. In particular Androsterone
sulfate, Glycerophosphocholine and Elaidic carnitine showed a
robust connection with miscarriage rates in PCOS patients. With
an AUC of 0.941, 0.933, 0.933, respectively.

4.2 Strengths and limitations

The major strength of this study was the combined analysis
of follicular fluid and embryo culture fluid from the perspective
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of metabolomics. Previous studies have tried to find predictors of
PCOS in FF, or metabolites which can reflect embryonic quality
in ECM. But so far, no research has combined them together to
explore the metabolic connection between them. Besides, we
screened 11 markers associated with clinical outcomes of IVF-
ET treatment. This may help find an efficient, non-invasive way
to predict and ameliorate pregnancy outcomes.

However, the experiment was a single-center, small sample
research. For example, due to limited patient numbers, the
prediction of pregnancy rate and live birth rate seemed to be
the same. To improve prediction accuracy, larger sample,
multicenter, repeatability experiments are pending.

4.3 Interpretation

Previous studies have shown that the pathogenesis of PCOS
is influenced by a variety of factors, including genetic and
environmental factors, which underlie the imbalance of signals
in the hypothalamic-pituitary-ovarian axis, which in turn affects
the ovaries and adrenal glands to develop hyperandrogenemia.
The accumulation of adipose tissue associated with
hyperandrogenemia, dysfunctional lipotoxicity and oxidative
stress worsen insulin resistance. And abnormalities in lipid
metabolism are common (9), with approximately 70% of
patients with PCOS having at least one abnormal lipid level.
This is consistent with the results of the present study in which
multiple lipid differential metabolites were screened in follicular
fluid and embryo culture fluid from PCOS patients. The finding
of multiple lipid differential metabolites in the ECM sample
suggests that for PCOS patients who underwent IVF-ET,
endocrine and metabolic disorders are already present in the
early stage of embryonic growth. This may explain why many
PCOS patients have poor oocytes and embryonic quality and
cycle outcomes despite a high rate of follicles retrieval
undergoing assisted reproduction techniques (10).

As an emerging, non-invasive and efficient research method,
metabolomics has been widely used in the field of reproductive
medicine in recent years. In this study, significant differences in
carnitine levels were found in both FF and ECM. Combining the
screening results of metabolic pathways associated with
differential metabolites in FF and ECM, Glycerophospholipid
metabolism was found to be the intersection. This finding may
help to elucidate the pathogenesis of metabolic abnormalities in
polycystic ovary syndrome.

The results of this study revealed differences in the level of
various carnitines, such as L-palmitoylcarnitine and linalyl
carnitine in PCOS and non-PCOS groups, suggesting that
carnitine is very likely to be a potential biomarker for
polycystic ovary syndrome. Carnitine is a metabolic
compound of essential fatty acids found in the mitochondria,
and acylcarnitine is formed by combining carnitine with a fatty
acid or an ester (11). Both carnitine and acylcarnitine are
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involved in fatty acid oxidation and are important for cellular
energy metabolism as well as branched-chain and amino acid
metabolism. Characteristic changes in acylcarnitine are present
in many disorders of fatty acid oxidation and disorders of
branched-chain amino acid metabolism. Acylcarnitine is a
biomarker that responds to mitochondrial function and plays
an important role in insulin resistance, and mitochondrial
dysfunction has previously been identified in metabolomic
studies of follicular fluid from PCOS patients (12). Carnitine
is involved in the transport of fatty acids across the
mitochondrial membrane and is further involved in B-
oxidation of mitochondria and assists cells in various normal
physiological functions including energy metabolism (13, 14).
Patients with PCOS are prone to impaired glycolipid
metabolism, and free and total circulating L-carnitine levels
are significantly lower in women with PCOS (15, 16). One
study found by UPLC that increased concentrations of L-
carnitine in the follicular fluid of PCOS patients may lead to
decreased embryo utilization (17). In patients with type 2
diabetes, carnitine supplementation may improve insulin
sensitivity by increasing the rate of fatty acid oxidation, and
glucose metabolism and reducing oxidative stress (18). The
addition of L-carnitine improves mitochondrial glucose
oxidation by modulating the expression level of glycolytic
enzymes and gluconeogenesis (19). In addition, the elevation
of various amino acids was found in PCOS group, including
branched-chain amino acids (BCAAs) L-Alloisoleucine and L-
Valin. BCAAs(leucine, isoleucine and valine) cannot be
produced by the body and must be obtained through food
(20). It is known that the concentration of BCCAs increase in
plasma occurs in metabolic disorders such as diabetes(T2D),
obesity and insulin resistance (21, 22). Indicating that BCCAs
may be the biomarkers of PCOS (23).

In the current study, we found that LysoPE (16:0/0:0) and
LysoPA (18:1(9Z)/0:0) levels in follicular fluid were decreased in
the PCOS group, which is consistent with previous research.
That study also showed the significant decrease of levels of
glycerophospholipids((LysoPC) (16:0), LysoPC (14:0), and
LysoPC (18:0)) in the follicular fluid of PCOS women (24).
Indicating that glycerophospholipids can be markers of PCOS
diagnosis. And KEGG pathway analysis indicated that the
glycerolipid metabolic pathway and glycerophospholipid
metabolic pathway were altered in PCOS patients. The
glycerophospholipid metabolic pathway was also identified in
the ECM differential metabolites related pathways.
Glycerophospholipids are major components of cell
membranes and play an important role in the regulation of
transport, signal transduction and protein function (25).
Glycerol-3-phosphate is produced via a synthetic pathway,
followed by the generation of glycerophospholipid acyl chains
through the synergistic regulation of phospholipase As (PLAs),
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acyl-coenzyme a synthases and lysophospholipases (LPLATS)
(26, 27), and this remodeling plays a role in the production of
glycerophospholipids in a variety of cells. Previous studies have
reported reduced PA levels in follicular fluid in PCOS patients,
and subsequent studies have found that further reductions in
PA, DAG and various GP levels may be associated with altered
glycerolipid synthesis pathways and reduced PE remodeling
activity due to hyperandrogenemia. Previous studies have
shown that LPC is downregulated in obese patients and type 2
diabetics and could be a marker of obesity due to a high-fat diet
(28). LPC is an important mediator in the process of fatty acid-
induced insulin resistance and plays an important role in several
key processes such as glucose transport, uptake and utilization,
and it may eventually act as an independent insulin signal to
regulate glucose levels in vivo (29, 30).

5 Conclusion

1. The metabolism of follicular fluid and embryo culture
fluid in PCOS and non-PCOS patients were different, and the
metabolites of the difference were mainly a variety of lipids.

2. Different metabolites are related to a variety of metabolic
pathways, among which the glycerol phospholipid metabolic
pathway is enriched in both the follicular fluid and embryo
culture fluid, and abnormal lipid metabolism of PCOS patients
has been manifested in early embryo metabolism.

3. Various lipid differential metabolites can predict clinical
outcomes to a certain extent. They are LysoPE(16:0/0:0), DG
(18:2(97,127)/15:0/0:0), Elaidic carnitine, DG(15:0/18:3
(62,9Z2,127)/0:0),LysoPA(18:1(9Z)/0:0), Pelargonic acid, beta-
Santalal, (R)-3-Hydroxy-tetradecanoic acid, Linoleyl carnitine,
Androsterone sulfate and Glycerophosphocholine. Especially
Androsterone sulfate, Glycerophosphocholine, and Elaidic
carnitine were believed to be connected with the abortion rate
of PCOS patients closely.
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