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Background: Polycystic ovary syndrome (PCOS) is a heterogeneous endocrine

disorder associated with multiple metabolic conditions including obesity,

insulin resistance, and dyslipidemia. PCOS is the most common cause of

anovulatory infertility; however, the molecular diversity of the ovarian follicle

microenvironment is not fully understood. This study aimed to investigate the

follicular fluid (FF) lipidomic profiles in different phenotypes of PCOS and to

explore novel lipid biomarkers.

Methods: A total of 25 women with PCOS and 12 women without PCOS who

underwent in vitro fertilization and embryo transfer were recruited, and their FF

samples were collected for the lipidomic study. Liquid chromatography-

tandem mass spectrometry was used to compare the differential abundance

of FF lipids between patients with different PCOS phenotypes and controls.

Subsequently, correlations between specific lipid concentrations in FF and

high-quality embryo rate (HQER) were analyzed to further evaluate the

potential interferences of lipid levels with oocyte quality in PCOS. Candidate

biomarkers were then compared via receiver operating characteristic (ROC)

curve analysis.

Results: In total, 19 lipids were identified in ovarian FF. Of these, the

concentrations of ceramide (Cer) and free fatty acids (FFA) in FF were

significantly increased, whereas those of lysophosphatidylglycerol (LPG) were

reduced in women with PCOS compared to controls, especially in obese and

insulin-resistant groups. In addition, six subclasses of ceramide, FFA, and LPG

were correlated with oocyte quality. Twenty-three lipid subclasses were

identified as potential biomarkers of PCOS, and ROC analysis indicated the

prognostic value of Cer,36:1;2, FFA C14:1, and LPG,18:0 on HQER in patients

with PCOS.
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Conclusions:Our study showed the unique lipidomic profiles in FF fromwomen

with PCOS. Moreover, it provided metabolic signatures as well as candidate

biomarkers that help to better understand the pathogenesis of PCOS.
KEYWORDS

polycystic ovary syndrome, follicular fluid, lipidomics, oocyte quality, liquid
chromatography-tandem mass spectrometry
Introduction

Polycystic ovary syndrome (PCOS) is a common female

endocrine disorder affecting both reproductive and metabolic

functions, with a prevalence rate of 5%–10% among women of

reproductive age (1–3). PCOS is characterized by the association

between clinical and/or biochemical hyperandrogenism and

chronic oligo-anovulation and/or ultrasonographic evidence of

polycystic ovaries (4). Women with PCOS have a high

prevalence of infertility, oligomenorrhoea, androgen excess,

obesity, insulin resistance, and dyslipidemia (5–7). Moreover,

there is a growing interest in the complications associated with

metabolic disturbances in PCOS, which affects the quality of life

of numerous women worldwide. However, despite extensive

research efforts, understanding the genetic, molecular, and

cellular mechanisms underlying the pathophysiology of PCOS

is still challenging (8, 9). This highlights the need to further

assess the pathogenesis of PCOS and to identify potential

biomarkers for prevention of long-term complications via

appropriate screening, early and accurate diagnosis, and

effective intervention.

Previous studies have shown that changes in the follicular

microenvironment are correlated with PCOS (10). The search

for biomarkers in biologic fluids, including follicular fluid (FF),

has emerged as an alternative to invasive methods (11). FF is

derived from ovarian antral follicles, which contains important

metabolites and serves as a complex microenvironment for

follicular development, oocyte maturation, and germ-somatic

cell interactions (12). Impaired oocyte quality and outcomes of

in vitro fertilization (IVF) are related to changes in FF

components among patients with PCOS, but the mechanisms

have not been fully elucidated yet (13). The metabolomic

profiling of FF may have an important impact on oocyte

developmental potential and embryo viability. However,

whether there are characteristic differences in FF lipid levels

between PCOS patients and healthy controls has not been

explored. Since intrafollicular communication is critical for

normal oocyte development and reproduction, the

identification of FF components may provide a better

understanding and reveal potential lipid biomarkers of PCOS.
02
Lipids are essential metabolites that have many crucial

cellular functions and can enable a direct readout of cellular

metabolic status. Lipidomics is the study of lipidomes using the

principles and techniques of analytical chemistry (14, 15). It

provides a powerful tool for developing lipid biomarkers to

diagnose different diseases. In addition, the discovery of lipid-

based biomarkers can be an alternative method for exploring

disease states (16). This indicates the potential benefit of clinical

lipidomics in the identification and development of disease

biomarkers, assessment of signals and metabolic processes,

and provision of insights into molecular mechanisms and drug

targets. A comprehensive analysis of lipid classes and molecular

species has been performed using the separation power of liquid

chromatography-mass spectrometry (LC-MS) (17). This post-

genomic technology has been applied to rapidly detect global

metabolic profiling in biological systems and is a useful strategy

for discovering biomarkers, identifying perturbed pathways,

diagnosing diseases, and measuring responses to medical

treatment (18).

Therefore, the current study aimed to investigate FF

lipidomic changes underlying the different phenotypes of

PCOS. Here we show that women with PCOS had elevated FF

ceramide (Cer) and free fatty acids (FFA) concentrations and

decreased FF levels of lysophosphatidylglycerol (LPG), which

might affect high-quality embryo rate. Moreover, we

demonstrate that Cer,36:1;2, FFA C14:1, and LPG,18:0 could

represent candidate lipid biomarkers of embryo quality in PCOS

patients. Our findings suggest that altering ovarian lipid

metabolism may help improve oocyte quality and early

embryo development, which provides a potential intervention

on pregnancy outcomes in patients with PCOS.
Materials and methods

Participants

Participants were recruited from the Center for Reproductive

Medicine, Renji Hospital, Shanghai Jiao Tong University School

of Medicine. In total, 25 patients with PCOS and 12 women of
frontiersin.org

https://doi.org/10.3389/fendo.2022.960274
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Ding et al. 10.3389/fendo.2022.960274
similar age without PCOS were included in the study. Patients

with PCOS were diagnosed based on the Rotterdam criteria,

which exclude other endocrine disorders and require the

presence of two or more of the following three signs: oligo- or

amenorrhea, c l in ica l and/or biochemical s igns of

hyperandrogenism, and polycystic ovarian morphology on

ultrasound (19). PCOS patients were further divided as follows

(1): the obese PCOS (Obese) group (n = 9) with body mass index

(BMI) ≥ 25 kg/m2 and the lean PCOS (Lean) group (n = 16) with

BMI < 25 kg/m2; (2) the insulin-resistant PCOS (IR) group (n =

13) with homeostatic model assessment of insulin resistance

(HOMA-IR) ≥ 2.5 and the non-insulin-resistant PCOS (NIR)

group (n = 12) with HOMA-IR < 2.5 (20); (3) the

hyperandrogenism PCOS (HA) group (n = 14) with free

androgen index (FAI) ≥ 5 and the non-hyperandrogenism

PCOS (NHA) group (n = 11) with FAI < 5 (21). The control

group included women with normal ovarian reserve (regular

menstrual cycles and AMH concentration of ≥ 2 ng/mL) and

normal BMI who presented with infertility caused by fallopian

tube disorders or male factors (azoospermia or severe oligo

−/asthenoteratozoospermia). All controls had regular

menstruation and normal androgen levels, glucose tolerance,

and ovarian appearances on ultrasound. Women who received

hormonal treatment, insulin sensitizer, anti-hypertensive drugs, or

other medications affecting lipid or glucose metabolism within the

last 3 months were excluded from the study. This study was

approved by the Ethics Committee of Renji Hospital (approval

number: 2015030308) and was performed in accordance with the

Declaration of Helsinki. A written informed consent was obtained

from all participants.
Clinical measurements and
biochemical analyses

BMI was calculated as weight in kilograms divided by the

square of height in meters. Fasting blood glucose (FBG)

concentration was quantified using the glucose oxidase

method (22). The concentrations of follicle-stimulating

hormone (FSH), luteinizing hormone (LH), E2, total T, fasting

serum insulin (FINS), and sex hormone-binding globulin

(SHBG) were assessed using electrochemiluminescence (cobas

e 601 module; Roche Diagnostics, Indianapolis, IN, USA). The

levels of AMH were evaluated using an enzyme-linked

immunosorbent assay kit (Kangrun Biotech, Guangzhou,

China) according to the manufacturer’s protocol. Insulin

resistance index, as determined by HOMA-IR, was calculated

using the following formula: (FBG [in millimoles per milliliter] ×

FINS [in milliunits per milliliter])/22.5 (23). FAI was calculated

as (TT × 100)/SHBG. The participants underwent ultrasound

examination using the Voluson E8 System (GE Healthcare,

Chicago, IL, USA) between the second and fifth days after

menstruation. After the IVF procedure, data on the number of
Frontiers in Endocrinology 03
oocytes and oocytes in meiosis II stage (MII), oocyte fertilization

rate (defined as the number of oocytes fertilized divided by the

number of oocytes inseminated), and pregnancy test results were

collected from the participant’s medical record. According to the

modified Peter’s scoring system for cleavage-stage embryos (24),

the embryos on day 3 after fertilization were divided into the

following four grades: grade I - embryos with blastomeres of

equal size and fragmentation of < 10%; grade II - embryos with

blastomeres of slightly uneven or unequal size with 10%–20%

cytoplasmic fragmentation; grade III - embryos with blastomeres

of distinctly unequal size with 21%–50% fragmentation; and

grade IV - embryos with blastomeres of severe fragmentation

with the amount of debris > 50%. Based on these criteria, 6–10

cell and grade I–II embryos on day 3 are considered high-quality

embryos, and the rest are regarded as low-quality embryos.
Sample collection and preparation

Regarding IVF, all patients received controlled ovarian

hyperstimulation and medical management according to our

established protocols (25). The GnRH antagonist protocol was

applied for ovarian stimulation. Each patient received individual

doses of gonadotropins, FSH, and/or human menopausal

gonadotropin, starting on day 2 or 3 of the menstrual cycle.

Recombinant human chorionic gonadotropin (hCG) was

administered to the patient to induce final follicular maturation

when the dominant follicles reached a diameter of ≥ 18 mm (26,

27). With respect to the standard clinical practice of oocyte

retrieval at the Center for Reproductive Medicine, Renji

Hospital, all accessible follicles were punctured and aspirated

using a 16-gauge needle under ultrasound guidance 35–37 h

after the administration of recombinant hCG. Preovulatory

ovarian FF samples were collected during oocyte retrieval, and

only FF samples with no macroscopic blood contamination were

included for further analyses. FF obtained from three dominant

follicles with diameters of 18–22 mm was pooled and centrifuged

at 1,500 × g for 10 min to remove cellular debris and insoluble

particles. The supernatant was then collected and stored at −80°C

for further use.
Lipidomics

Solvents for sample preparation and mass spectrometry

(MS) analysis, including methanol, chloroform, and water,

were purchased from Burdick and Jackson (Muskegon, MI,

USA). Other chemical reagents were purchased from Sigma-

Aldrich (St. Louis, MO, USA).

FF lipidomic data were acquired using liquid chromatography

with electrospray ionization mass spectrometry (LC-ESI-MS)

(28). Details of the experimental protocols including sample

preparation and spectroscopy have been described previously
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(29). Briefly, FF lipids were extracted using a modified methyl tert-

butyl ether protocol. Samples were separated on a UPLC HSS T3

column C18 column at 400 mL/min using a gradient comprising

mobile phases A and B. Mobile phase A is a mixture of

acetonitrile, water, and ammonium acetate. Mobile phase B is a

mixture of acetonitrile, isopropanol, and ammonium acetate. MS

analysis was performed using a QTRAP 5500 mass spectrometer

(SCIEX, Framingham, MA, USA) (30). The mass spectrometer

was operated in the negative ion mode via multiple reaction

monitoring. Analyst 1.6.3 software (SCIEX) was used for data

acquisition and processing. FF samples were analyzed in random

order, and quality control samples were inserted every eight

samples to ensure repeatability. Finally, a total of 581 lipids

were quantified.
Statistical analysis

All data were analyzed using the SPSS 19.0 statistical

software (IBM Corp., Armonk, NY, USA). Data distribution

was assessed using the normal Quintal plot. Continuous data

with a normal distribution were presented as means ± standard

deviation (SD). Data with non-normal distributions were

analyzed after logarithmic transformation. Comparative

analysis of quantitative data was performed using the

independent samples t-test between the PCOS and control

groups. Intergroup comparisons of the measured metabolite

intensities were performed by one-way analysis of variance

with Bonferroni correction. Categorical variables were

expressed as frequency (composition ratio) and were analyzed

using the c2 test. The statistical relationship between the

variables of interest was evaluated using Pearson or Spearman

correlation. Receiver operating characteristic (ROC) analysis

was performed, and the area under the ROC curve (AUC),

95% confidence interval (CI), and corresponding P values were

calculated to establish the predictive value of each parameter in

PCOS. A P value of < 0.05 was considered statistically significant.
Results

Demographic and clinical characteristics
of the study participants

A total of 37 patients were recruited in this study. Twenty-five

patients had PCOS based on the Rotterdam criteria. Of the PCOS

patients, 16 (64%) had a normal BMI, whereas nine (36%) had a

BMI of > 25 kg/m2; 13 (52%) patients had insulin resistance

classified according to HOMA-IR, and 12 (48%) did not; 11 (44%)

patients had no clinical or biochemical evidence of androgen

excess, and 14 (56%) patients presented with hyperandrogenism.

Table 1 shows the baseline characteristics and clinical outcomes of

patients with different phenotypes of PCOS and controls. Women
Frontiers in Endocrinology 04
with and without PCOS did not significantly differ in terms of age

(27.92 ± 2.43 vs. 28.16 ± 2.34 years, P = 0.772). A broad spectrum

of metabolic and endocrine changes was observed in

PCOS patients, including significantly high BMI (23.77 ± 5.18

vs. 20.58 ± 0.91 kg/m2, P = 0.006), remarkably elevated serum

levels of FINS (12.22 ± 6.59 vs. 5.67 ± 1.18 mIU/L, P < 0.001),

basal LH (8.98 ± 4.83 vs. 5.58 ± 2.21 mIU/mL, P = 0.013), AMH

(15.14 ± 7.71 vs. 5.81 ± 3.62 ng/mL, P < 0.001), TT (1.69 ± 0.71 vs.

0.69 ± 0.28 nmol/L, P < 0.001), and low levels of basal serum FSH

(5.59 ± 1.00 vs. 7.08 ± 1.48 mIU/mL, P = 0.001). As expected,

women with PCOS had significantly higher values for HOMA-IR

(2.67 ± 1.45 vs. 1.23 ± 0.26, P < 0.001) and FAI (4.78 ± 4.93 vs.

1.29 ± 0.56, P = 0.021) than those without PCOS. There were no

statistically significant differences in the FBG and basal E2 levels

between the PCOS group and controls (P = 0.914 and 0.112,

respectively). Furthermore, subgroup analyses were conducted to

further detect the impact of obesity, insulin resistance, and

hyperandrogenism in PCOS. Among PCOS patients, obese

women showed significantly higher FINS levels (18.00 ± 4.98 vs.

8.97 ± 5.00 mIU/L, P < 0.001), HOMA-IR values (3.95 ± 1.21 vs.

1.95 ± 1.02, P < 0.001), and FAI (10.10 ± 8.12 vs. 3.33 ± 2.77, P <

0.001) than those with a normal BMI; patients with insulin

resistance had a significantly higher BMI compared with

patients without insulin resistance (26.61 ± 5.60 vs. 20.68 ± 2.08

kg/m2, P = 0.001); women with hyperandrogenism had higher

BMI (25.69 ± 5.67 vs. 21.32 ± 3.29 kg/m2, P = 0.029) and HOMA-

IR values (3.18 ± 1.57 vs. 2.03 ± 1.02, P = 0.048) than non-

hyperandrogenic women. As compared with controls, the

numbers of oocytes retrieved (14.67 ± 6.88 vs. 20.28 ± 8.91,

P = 0.036) andMII oocytes (8.67 ± 4.33 vs. 15.08 ± 7.61, P = 0.002)

during IVF were significantly higher in PCOS patients. No

statistical differences in fertilization rate, high-quality embryo

rate (HQER), clinical pregnancy rate, and live birth rate

were observed between the groups of patients with PCOS and

controls. However, the PCOS IR group had a significantly

lower HQER than the control group (0.42 ± 0.27 vs. 0.69 ±

0.23, P = 0.031). Overall, these changes were clinically associated

with the phenotypes of PCOS and complemented the

metabolomic analysis.
Lipidomic changes between healthy
controls and patients with PCOS

Lipids play important roles both as basic substrates and as

regulators in many metabolic pathways. To compare global

variation in the lipidomic profiles of FF between the PCOS

and control groups, the lipid content of pooled FF samples was

assessed by LC-MS/MS analysis. All samples were analyzed

blindly, and nineteen specific lipids were identified in FF

(Supplementary Table 1). Three lipids were differentially

highlighted, and the quantification information are given in

Table 2. We observed that concentrations of total ceramide and
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total FFA were elevated in statistically significant manner (P =

0.029 and 0.008, respectively), whereas the levels of LPG were

significantly decreased in FF from the patients with PCOS

compared with the controls (P < 0.001), thereby indicating the

aberrance of lipid metabolism in PCOS.

To further understand the potential interaction between

biochemical states and lipidomic abnormalities in women

with PCOS, we investigated the concentrations of ceramide

and LPG in each PCOS subgroup. The concentrations of total

ceramide and total FFA showed an increasing trend (P < 0.05)

in women with PCOS, while the concentrations of LPG had a

decreasing trend (P < 0.001). In particular, ceramide levels in

FF were considerably higher in both obese PCOS patients and

PCOS patients with insulin resistance than those of controls

(P = 0.027 and 0.026, respectively), whereas they did not

exhibit statistically significant differences in PCOS women

with hyperandrogenism (P = 0.073; Figure 1A). As shown in
Frontiers in Endocrinology 05
Figure 1B, PCOS patients with obesity the had significantly

higher FFA levels in FF than controls (P = 0.005). The total

FFA levels in PCOS patients with insulin resistance or

hyperandrogenism were significantly elevated compared

with controls (P < 0.001) and PCOS patients without

insulin resistance (P = 0.027) or hyperandrogenism (P =

0.015). Moreover, the concentrations of LPG in each PCOS

phenotype were obviously lower than the control group

independent ly o f obes i ty , insu l in res i s tance , and

hyperandrogenism (P < 0.001; Figure 1C). It is noteworthy

that total LPG identified in FF includes LPG with default acyl

group and alkyl-LPG. Since no significant difference was

found in the alkyl-LPG (LPG O,18:1) level between patients

with PCOS and controls, we only analyzed LPG, which

represents the default acyl-LPG in this manuscript.

Therefore, women with PCOS had an altered FF lipidomic

profile in terms of total ceramide, total FFA, and LPG levels.
TABLE 1 Demographics and clinical outcomes of women with PCOS and controls.

Parameter Control
(n=12)

PCOS

All PCOS
(n=25)

P Classified according to
BMI

Classified according to
HOMA-IR

Classified according to
FAI

Lean
(n=16)

Obese
(n=9)

NIR
(n=12)

IR (n=13) NHA
(n=11)

HA
(n=14)

Age, years 27.92 ± 2.43 28.16 ± 2.34 0.772 28.25 ± 2.30 28.00 ± 2.55 28.17 ± 2.04 28.15 ± 2.67 27.36 ± 2.54 28.79 ± 2.05

BMI, kg/m2 20.58 ± 0.91 23.77 ± 5.18a 0.006 20.57 ± 1.90 29.44 ± 4.12a,b 20.68 ± 2.08 26.61 ± 5.60a,c 21.32 ± 3.29 25.69 ± 5.67a,d

FBG, mmol/L 4.92 ± 0.55 4.94 ± 0.56 0.914 4.93 ± 0.40 4.97 ± 0.79 5.03 ± 0.47 4.87 ± 0.68 4.90 ± 0.49 4.98 ± 0.62

FINS, mIU/L 5.67 ± 1.18 12.22 ± 6.59a < 0.001 8.97 ± 5.00 18.00 ± 4.98a,b 6.62 ± 2.16 17.40 ± 4.71a,c 9.38 ± 4.98 14.46 ± 7.00a

HOMA-IR 1.23 ± 0.26 2.67 ± 1.45a < 0.001 1.95 ± 1.02 3.95 ± 1.21a,b 1.49 ± 0.46 3.76 ± 1.15a,c 2.03 ± 1.02 3.18 ± 1.57a,d

Basal FSH, mIU/mL 7.08 ± 1.48 5.59 ± 1.00a 0.001 5.65 ± 1.05a 5.47 ± 0.94a 5.93 ± 1.00 5.27 ± 0.92a 5.81 ± 0.99a 5.42 ± 1.01a

Basal LH, mIU/mL 5.58 ± 2.21 8.98 ± 4.83a 0.013 8.45 ± 4.92 9.39 ± 4.95 9.10 ± 5.64 8.87 ± 4.19 7.69 ± 3.21 9.99 ± 5.72

Basal E2, nmol/L 32.15 ± 6.25 41.78 ± 17.22 0.112 38.37 ± 13.04 47.83 ± 22.50 39.17 ± 12.28 44.19 ± 21.01 40.34 ± 16.24 42.91 ± 18.47

AMH, ng/mL 5.81 ± 3.62 15.14 ± 7.71a < 0.001 16.67 ± 9.26a 12.41 ± 2.05a 17.13 ± 10.49a 13.30 ± 3.20a 14.61 ± 8.56a 15.56 ± 7.27a

TT, nmol/L 0.69 ± 0.28 1.69 ± 0.71a < 0.001 1.54 ± 0.63a 1.96 ± 0.81a 1.59 ± 0.59a 1.78 ± 0.83a 1.15 ± 0.62 2.12 ± 0.45a,d

SHBG, nmol/L 64.88 ± 37.55 51.22 ± 38.63 0.510 59.51 ± 39.32 20.81 ± 14.33 63.68 ± 41.52 28.79 ± 20.61 64.54 ± 38.09 17.91 ± 6.62a,d

FAI 1.29 ± 0.56 4.78 ± 4.93a 0.021 3.33 ± 2.77 10.10 ± 8.12a,b 3.55 ± 2.97 6.99 ± 7.21 2.19 ± 1.11 11.25 ± 4.87a,d

No. of oocytes retrieved 14.67 ± 6.88 20.28 ± 8.91a 0.036 21.75 ± 9.15 17.67 ± 8.34 22.17 ± 10.61 18.54 ± 7.00 20.18 ± 6.93 20.36 ± 10.48

No. of MII oocyte 8.67 ± 4.33 15.08 ± 7.61a 0.002 16.87a ± 7.72 12.00 ± 6.73 16.58 ± 8.74a 13.69 ± 6.43 16.73 ± 7.31a 13.79 ± 7.86

Nuclear maturation
(MII) rate

0.63 ± 0.25 0.75 ± 0.17 0.104 0.78 ± 0.18 0.69 ± 0.15 0.76 ± 0.19 0.74 ± 0.16 0.82 ± 0.16 0.69 ± 0.16

Fertilization rate 0.55 ± 0.16 0.62 ± 0.16 0.194 0.66 ± 0.11 0.55 ± 0.21 0.65 ± 0.12 0.59 ± 0.19 0.63 ± 0.13 0.61 ± 0.18

High-quality embryo
rate

0.69 ± 0.23 0.51 ± 0.27 0.054 0.56 ± 0.27 0.42 ± 0.27 0.60 ± 0.25 0.42 ± 0.27a 0.55 ± 0.24 0.47 ± 0.29

Clinical pregnancy rate 0.79 (11/14) 0.71 (25/35) 0.843 0.74 (17/23) 0.67 (8/12) 0.71 (12/17) 0.72 (13/18) 0.65 (11/17) 0.78 (14/18)

Live birth rate 0.71 (10/14) 0.63 (22/35) 0.477 0.61 (14/23) 0.67 (8/12) 0.59 (10/17) 0.67 (12/18) 0.53 (9/17) 0.72 (13/18)
f

Data are presented as mean ± SD. aCompared with the control group, P < 0.05; bCompared with the Lean group, P < 0.05; cCompared with the NIR group, P < 0.05; dCompared with the
NHA group, P < 0.05.
AMH, anti-Müllerian hormone; BMI, body mass index; E2, estradiol; FAI, free androgen index; FBG, fasting blood glucose; FINS, fasting serum insulin; FSH, follicle-stimulating hormone;
HOMA-IR, homeostatic model assessment of insulin resistance; MII, metaphase II; LH: luteinizing hormone; SHBG, sex hormone-binding globulin; TT, total testosterone.
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Analysis of lipid subclasses and selection
of potential biomarkers in the FF of
patients with PCOS

To investigate lipidomic differences between the PCOS and

control groups and to further identify potential lipid biomarkers,

we examined changes in the subclasses of ceramide and LPG in

the FF samples. The lipids associated with differences in

characteristics among the various groups were identified. As

presented in Table 3, the FF levels of nine ceramide subclasses

(Cer,34:1;2, Cer,36:1;2, Cer,36:2;2, Cer,38:1;2, Cer,38:2;2,

Cer,40:0;2, Cer,40:1;2, Cer,40:2;2, and Cer,42:1;2), 11 FFA

subclasses (C14:0, C14:1, C16:0, C16:1, C18:1, C18:3, C20:1,

C20:4, C20:5, C22:0, and C22:6), and three LPG subclasses
Frontiers in Endocrinology 06
(LPG,18:0, LPG,18:1, and LPG,18:2) differed between patients

with PCOS and control subjects (P < 0.05). Among the

differential lipid subclasses in FF, concentrations of Cer,36:1;2,

Cer,36:2;2, Cer,38:1;2, Cer,38:2;2, Cer,40:0;2, FFAs (C14:0,

C14:1, C16:0, C16:1, C18:1, C18:3, C20:4, and C20:5) were

statistically significantly higher in all of the Obese, IR, and HA

groups than in the control group (P < 0.05). In addition, obese

PCOS patients had higher FFA C16:0 levels than lean PCOS

patients (P = 0.030); the IR group had higher FFAs (C16:0,

C18:1, C18:3, and C20:4) concentrations than the NIR group

(P < 0.05); the HA group also had significantly higher FF

concentrations of FFAs (C16:0, C18:1, and C18:3) than the

NHA group (P < 0.05). Furthermore, LPG,18:0 and LPG,18:1

levels were observed to be lower in obese, insulin-resistant, and
A

B

C

FIGURE 1

Changes in FF lipids in patients with PCOS (n = 25) and healthy controls (n = 12). FF ceramide (A), FFA (B), and LPG (C) levels in PCOS patients
with different phenotypes and controls. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
TABLE 2 Changes in the relative levels of candidate lipids in the FF for discrimination between women with PCOS and without PCOS.

Parameter Control (n = 12) PCOS (n = 25) P value PCOS vs. Control

Total Cer 416.24 ± 116.52 520.53 ± 136.39 0.029 ↑

Total FFA 75435.12 ± 16657.29 92830.67 ± 17811.83 0.008 ↑

LPG 66.27 ± 22.36 19.13 ± 6.87 < 0.001 ↓
Data are presented as mean ± SD.
Cer, ceramide; FFA, free fatty acid; LPG, lysophosphatidylglycerol.
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TABLE 3 FF lipid subclasses in controls and women with PCOS.

Lipid Subclass Control(n=12) PCOS

I Classified according to HOMA-IR Classified according to FAI

9) NIR (n=12) IR (n=13) NHA (n=11) HA (n=14)

5 67.70 ± 24.47 69.00 ± 16.16 66.58 ± 16.56 69.79 ± 23.08
a 9.98 ± 2.90a 11.85 ± 3.07a 9.81 ± 2.84 11.84 ± 3.06a

a 15.49 ± 10.19 20.10 ± 4.12a 15.06 ± 5.76 20.12 ± 8.73a

a 5.59 ± 1.51 6.90 ± 2.29a 5.67 ± 1.95 6.74 ± 2.03a

a 2.61 ± 1.24 3.44 ± 0.64a 2.76 ± 0.93 3.26 ± 1.11a

a 18.02 ± 5.61 21.67 ± 6.09a 18.18 ± 6.01 21.28 ± 5.92a

0a 33.66 ± 8.51 43.98 ± 17.18a 37.05 ± 17.83 40.58 ± 11.59
a 10.60 ± 3.21 13.97 ± 5.67a 11.83 ± 5.23 12.76 ± 4.73

1a 121.25 ± 42.60 163.08 ± 71.01a 131.60 ± 59.70 151.96 ± 63.98

3a 250.87 ± 45.70 288.16 ± 40.39a 270.00 ± 53.03 270.46 ± 42.16a

a 27.62 ± 6.45a 31.30 ± 5.91a 28.19 ± 5.77a 30.59 ± 6.75a

7.49a,b 8657.06 ± 1464.87 10691.89 ± 1464.82a,c 8722.47 ± 1484.99 10495.16 ± 1611.98a,d

.89a 1178.28 ± 356.48 1346.73 ± 297.49a 1152.35 ± 309.92 1355.06 ± 330.89a

3.97a 26924.01 ± 6066.24 33208.82 ± 4217.17a,c 25444.40 ± 4910.58 33922.46 ± 3729.05a,d

.29a 721.88 ± 255.10 1064.82 ± 292.05a,c 728.31 ± 208.43 1035.27 ± 334.93a,d

.18 869.15 ± 299.21 941.98 ± 156.69 852.25 ± 300.46 950.06 ± 164.28

2.17a 3129.24 ± 1033.11 4287.67 ± 1168.16a,c 3243.78 ± 1216.73 4114.93 ± 1143.89a

9a 128.74 ± 65.89a 146.20 ± 65.57a 115.94 ± 61.33 155.01 ± 64.59a

37.60 ± 6.87 39.51 ± 6.63 36.90 ± 6.28 39.93 ± 6.89

7.44 5020.88 ± 2471.28 5396.93 ± 1079.58a 4876.29 ± 2269.82 5483.67 ± 1474.26a

a 16.54 ± 6.41a 12.65 ± 4.41a 15.98 ± 7.06a 13.37 ± 4.28a

a 1.01 ± 0.55a 0.99 ± 0.75a 1.10 ± 0.63a 0.92 ± 0.67a

3.48 ± 1.68a 3.75 ± 0.85 3.85 ± 1.55 3.44 ± 1.07a

with the NIR group, P < 0.05; dCompared with the NHA group, P < 0.05.
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All PCOS(n=25) P Classified according to BM

Lean (n=16) Obese (n

Cer,34:1;2 54.31 ± 17.49 68.38 ± 20.14a 0.046 68.50 ± 21.88 68.16 ± 17

Cer,36:1;2 7.72 ± 1.58 10.95 ± 3.08a < 0.001 10.39 ± 2.89a 11.95 ± 3.3

Cer,36:2;2 11.14 ± 4.09 17.89 ± 7.85a 0.008 16.14 ± 8.89 21.00 ± 4.4

Cer,38:1;2 4.54 ± 1.13 6.27 ± 2.03a 0.002 5.98 ± 1.79 6.79 ± 2.4

Cer,38:2;2 2.21 ± 0.72 3.04 ± 1.04a 0.018 2.78 ± 1.12 3.51 ± 0.7

Cer,40:0;2 14.43 ± 5.29 19.92 ± 6.04a 0.011 18.43 ± 5.70 22.56 ± 6.0

Cer,40:1;2 29.86 ± 9.21 39.03 ± 14.44a 0.032 36.06 ± 11.00 44.30 ± 18

Cer,40:2;2 9.17 ± 3.04 12.35 ± 4.87a 0.028 11.33 ± 3.81 14.16 ± 6.1

Cer,42:1;2 101.94 ± 37.75 143.00 ± 61.71a 0.031 129.90 ± 56.80 166.29 ± 66

FFA C14:0 225.46 ± 41.17 270.26 ± 46.20a 0.007 265.99 ± 51.51 277.85 ± 36

FFA C14:1 18.52 ± 4.73 29.53 ± 6.33a < 0.001 28.73 ± 7.02a 30.96 ± 4.9

FFA C16:0 7843.83 ± 1521.67 9715.17 ± 1770.00a 0.003 9076.43 ± 1487.33 10850.72 ± 17

FFA C16:1 894.72 ± 233.15 1265.87 ± 331.47a 0.001 1229.92 ± 346.54a 1329.77 ± 31

FFA C18:1 23446.51 ± 6480.94 30192.11 ± 6002.36a 0.004 28138.12 ± 5922.91 33843.65 ± 43

FFA C18:3 638.61 ± 211.96 900.21 ± 321.02a 0.015 809.68 ± 300.40 1061.14 ± 30

FFA C20:1 731.96 ± 224.56 907.02 ± 233.85a 0.038 888.34 ± 271.64 940.24 ± 15

FFA C20:4 2542.89 ± 673.50 3731.62 ± 1233.04a 0.004 3516.01 ± 1234.55 4114.93 ± 12

FFA C20:5 69.32 ± 30.24 137.82 ± 64.95a 0.001 130.50 ± 61.31a 150.84 ± 72

FFA C22:0 33.75 ± 9.48 38.60 ± 6.67a 0.040 38.07 ± 6.53 39.53 ± 7.2

FFA C22:6 3531.41 ± 1114.99 5216.42 ± 1848.96a 0.006 5319.68 ± 2184.56a 5032.86 ± 11

LPG,18:0 55.82 ± 20.68 14.52 ± 5.70a < 0.001 15.42 ± 5.91a 12.92 ± 5.2

LPG,18:1 5.38 ± 2.91 1.00 ± 0.65a < 0.001 1.04 ± 0.55a 0.92 ± 0.8

LPG,18:2 5.07 ± 1.49 3.62 ± 1.29a 0.004 3.48 ± 1.45a 3.86 ± 0.9

Data are presented as mean ± SD. aCompared with the control group, P < 0.05; bCompared with the Lean group, P < 0.05; cCompare
Cer, ceramide; FFA, free fatty acid; LPG, lysophosphatidylglycerol.
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hyperandrogenic women in the PCOS subgroup than the healthy

controls (P < 0.001). The findings suggest that the levels of 23

lipid subclasses were significantly changed in the FF of women

with PCOS, and they could potentially serve as the indicator

of PCOS.
Correlations between FF lipids and
oocyte quality

To further evaluate the potential interferences between FF

lipid levels and oocyte quality in PCOS, the correlations

between the levels of specific lipids and HQER were assessed.

Six lipid subclasses were found to be highly correlated with

oocyte quality using the Pearson or Spearman correlation tests

in women with and without PCOS (Figure 2). Further linear

regression analysis confirmed that the FF concentrations of

Cer,36:1;2 (rs = –0.486, P = 0.002), Cer,38:1;2 (rs = –0.426, P =

0.009), Cer,38:2;2 (rs = –0.331, P = 0.045), Cer,40:0;2 (rs = –

0.333, P = 0.044), and FFA C12:0 (rs = –0.385, P = 0.019) were
Frontiers in Endocrinology 08
significantly negatively associated with HQER (Figures 2A–E).

Conversely, the levels of LPG,18:0 in FF showed a significantly

positive correlation with HQER (rs = 0.355, P = 0.031;

Figure 2F). We also found that the FF levels of differential

lipids were closely correlated with the endocrine-metabolic

parameters (Supplementary Table 2).
Identification of potential lipids
responsible for distinguishing between
women with and without PCOS

In total, 23 potential lipidomic biomarkers were identified by

MS analysis. When evaluated alone Cer,36:1;2 yielded an AUC

of 0.837, which was stronger than for total ceramide

concentrations (0.713; Figure 3A). The AUC value of FFA

C14:1 was higher than that of total FFA concentrations (0.913

vs. 0.763; Figure 3B). Among LPG, LPG,18:0 had the highest

AUC (0.993; Figure 3C), indicating a strong impact of

LPG activity.
A B

D

E F

C

FIGURE 2

Correlation between specific FF lipids and embryo quality in patients with (white dots; n = 25) and without (black dots; n = 12) PCOS.
Regression analysis between HQER and Cer,36:1;2 (A), Cer,38:1;2 (B), Cer,38:2;2 (C), Cer,40:0;2 (D), FFA C12:0 (E), and LPG,18:0 (F) respectively
was performed. The lines indicate the fitted regression curves.
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Since some lipids have significant changes between PCOS

subgroups, such as NIR/IR and NHA/HA, we selected four

candidate lipid subclasses according to Table 3, and then ROC

curve analysis was performed for PCOS subgroups. The AUC

value of FFA C16:0 (0.827) was higher than that of the other

lipid subclasses for distinguishing between PCOS women with

and without insulin resistance (Supplementary Table 3), and

FFA C18:1 yielded the highest AUC (0.903) for distinguishing

between NHA and HA subgroups (Supplementary Table 4),

indicating that these lipids could be used as subtype indicators

of PCOS.
Discussion

Ovarian FF constitutes the microenvironment for follicle

development and oocyte maturation. The FF comprises

secretions from the granulosa cells (GCs), theca cells, and

oocytes within or surrounding the follicle. The composition of

FF has attracted considerable interest, and several metabolomic

studies, including those on carbohydrate, amino acid, and lipid

metabolism, have been conducted (31–35). However, research

on sphingolipid metabolism, especially ceramide and its subclass

in the FF of PCOS patients with different phenotypes is limited.

In the previous study, we found that the content of ceramide in

the serum of patients with PCOS was significantly higher than

that of BMI-matched controls, which is similar to those reported

by Li et al. (36, 37). We also found that the two subclasses Cer

(OH_N16:0/N18:0) and Cer (N22:0) may act as lipid biomarkers

for predicting PCOS and may play an important role in the

pathogenesis of PCOS (36). Therefore, the current study aimed

to investigate the lipidomic profiles of FF in PCOS patients with

different phenotypes and their association with IVF outcomes.

Ceramide is an important lipid signaling molecule regulated

by tumor necrosis factor-a, interferon-g, Fas ligands,

interleukin-1, and nerve growth factor. Ceramide is closely
Frontiers in Endocrinology 09
correlated with insulin resistance, metabolic inflammation, and

non-alcoholic fatty liver disease (38–40). For example, elevated

ceramide levels in the adipose tissue have been observed in obese

patients and exacerbated metabolic disorders by inducing

adipose tissue inflammation. Ceramide inhibits the protein

phosphatase 2A (PP2A) or protein kinase C z/Akt signaling

pathway, leading to insulin resistance (41, 42). We observed that

patients with PCOS had a higher concentration of FF ceramides

than controls. Further analysis showed that the ceramide levels

in the Obese and IR groups were significantly higher than that of

the control group, whereas no difference was seen between the

HA and control groups, indicating that obesity or insulin

resistance is significantly associated with high ceramide

concentrations, rather than testosterone concentrations.

Moreover, ceramide and its metabolites are also involved in

the regulation of cell differentiation, proliferation, and apoptosis

(43). Eliyahu et al. (44) revealed that acid ceramidase (AC), a

sphingolipid hydrolase that hydrolyzes ceramide into

sphingosine, is highly expressed in FF, cumulus cells, and

oocytes. Recombinant AC could enhance the survival rates

and quality of oocytes and embryos grown in vitro, as well as

embryo development in vivo after implantation, while

conditional knockout of AC in mice showed elevated ceramide

level in the ovary with a correspondingly significant decrease in

fertility. These data indicate that high ceramide levels could

impair fertility (45). Consistently, we also observed that

Cer,36:1;2, Cer,38:1;2, Cer,38:2;2, and Cer,40:2;2 were

negatively associated with HQER.

Oocyte maturation is dependent on the activation of the

PI3K/Akt signaling pathway (46). Elevated ceramide

concentration inhibits the Akt signaling pathway (40, 47),

which may impair oocyte maturation. In addition,

accumulating evidence suggests that intracellular free Ca2+

levels play an important role in the regulation of oocyte

maturation and early embryonic development (48–50). The

endoplasmic reticulum (ER) may be a vital mediator of Ca2+
A B C

FIGURE 3

ROC curves for 23 selected lipid subclasses for differentiating women with PCOS from normal healthy individuals. The AUC value of Cer,36:1;2,
FFA C14:1, and LPG,18:0 was larger than that of the total ceramide (A), total FFA (B), and LPG (C), respectively.
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homeostasis via the inositol (1, 4, 5)-trisphosphate receptor

(IP3-R) and sarco/ER Ca2+-ATPase (SERCA) channels (51,

52). Ginzburg et al. (53) found that the inhibition of SERCA

by saccharides alone is extremely weak, and the inhibitory effects

increase significantly when the saccharides was attached to a

ceramide backbone. Ceramide increases the concentration of IP3

in a dose-dependent manner via the activation of the Gq/11 and

phospholipase C (PLC) signal pathway. IP3 triggers calcium

release from the ER by activating IP3-R in the oocyte of Xenopus

laevis (54). Calcium oscillations triggered by ceramide via the

Gq/11-PLC-IP3 pathway may be involved in the regulation of

calcium homeostasis during oocyte maturation and

follicle development.

Patients with PCOS had higher FF FFA levels than

controls. The total FFA levels were significantly increased in

the Obese, IR, and HA groups compared with the control

group. Furthermore, the IR and HA groups had significantly

higher total FFA levels than the NIR and NHA groups

respectively, thus suggesting that insulin resistance and

hyperandrogenemia increase lipolysis and release more FFA

into the circulation (55, 56). Further analysis revealed that the

levels of 11 FFA subclasses (C14:0, C14:1, C16:0, C16:1, C18:1,

C18:3, C20:1, C20:4, C20:5, C22:0, and C22:6) were increased

in PCOS group. In addition, the IR and HA groups had higher

C16:0, C18:1, and C18:3 levels than the NIR and NHA groups,

while only the IR group had a higher C20:4 level than the NIR

group. Palmitic acid (PA, C16:0), the most abundant saturated

fatty acid in the circulation, is the main fuel for b oxidation and

produces energy. It also causes lipid toxicity, which in turn

leads to metabolic inflammation and insulin resistance. PA

remarkedly suppresses GC survival in a time- and dose-

dependent manner leading to reproductive abnormalities

(57). Arachidonic acid (AA, C20:4) is one of the most

abundant omega-6 polyunsaturated fatty acids in the

blood and is a precursor to inflammatory mediators such

as prostaglandins (PGE2, PGD2, PGI2, PGF2a, and

PGJ2). Prostaglandins produced by the cyclooxygenase

metabolic pathway are involved in different reproductive

processes, such as follicle development, oocyte maturation,

ovulation, and embryo implantation. Elevated AA levels in

FF may produce excessive prostaglandins, leading to local

inflammation, which in turn affects the follicle development

and ovulation (58–60).

Herein we report that levels of three LPG subclasses

(LPG,18:0, LPG,18:1, and LPG,18:2) were significantly lower in

PCOS patients than in control subjects. Phosphatidylglycerol

(PG) was first discovered in Lactobacillus arabinoses by Benson

and Maruo in 1958, and it is widely found in animal plants and

almost all bacteria. In animals, PG is mainly stored in the plasma

membrane. With very few researches on the physiological and

pathological role of PG and LPG, neither clinical nor basic

studies on the relation between LPG and PCOS have been

performed. We found a significant decline in FF LPG of
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patients with PCOS and no difference between the IR and

NIR, HA, and NHA groups, suggesting that PCOS patients

have decreased levels of LPG in FF with a unique mechanism.

Additionally, the level of LPG O,18:1 was not associated with

HQER in women with and without PCOS, and its ROC AUC

was only 0.540. The effect of LPG on follicle development and

oocyte maturation needs to be further assessed.

This study has several limitations. First, the relatively small

sample size affected statistical efficiency. Second, FF samples

were collected from patients who received gonadotropin

stimulation and hence may not represent their natural state.

Third, the composition of FF was highly variable and was

associated with the developmental stage of follicles. Therefore,

our findings could only reflect changes in the lipid composition

of FF just before ovulation.
Conclusions

The present study found that patients with PCOS had

elevated FF ceramide and FFA concentrations and decreased

FF levels of LPG, especially in Obese and IR groups. High

ceramide and FFA levels and low LPG levels might impair

follicle development and oocyte maturation, which then affect

HQER. Moreover, we showed that Cer,36:1;2, FFA C14:1, and

LPG,18:0 could represent useful lipid biomarkers of embryo

quality in PCOS patients. Thus, altering ovarian ceramide, FFA,

and LPG synthesis or metabolism may help improve oocyte

function and early embryo development, which provides a

potential intervention for the treatment of PCOS.
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