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Editorial on the Research Topic 


Polycystic ovary syndrome (PCOS): Mechanism and management


Polycystic ovary syndrome (PCOS) is the most common endocrine disorder in women of reproductive age with a reported prevalence ranging from 6% to 20% (1). In 2004, the economic impact of evaluating and providing care to persons with PCOS during the reproductive life span is $4.36 billion in the United States alone, even regardless of the cost of the increased risk of obstetrical and metabolic complications (2). The syndrome has severely impaired reproductive health and has already been a heavy health care-related economic burden. Unfortunately, our knowledge of PCOS remains limited. This Research Topic addresses a more nuanced picture of the pathophysiology and clinical investigations, as well as the management of PCOS.

PCOS has long been accepted as the major cause of anovulatory infertility and hirsutism, with an increased risk of developing metabolic abnormalities, type 2 diabetes mellitus (T2DM), obstetrical complications, mood disorders, cardiovascular and cerebrovascular events, venous thromboembolism, and endometrial and ovarian cancer (3). The condition is typified by androgen excess, ovulatory dysfunction, and polycystic ovarian morphology (PCOM), among which excessive androgen production by the ovaries is the key feature. Considering the heterogeneous presentation of PCOS, not all patients will have all three of these abnormalities, thus considerable debate exists regarding the criteria for the definition and the diagnosis of PCOS. In the diagnostic development of PCOS, three major sets of criteria have been accepted: (i) the criteria of the NIH and National Institute of Child Health and Human Disease (NIH–NICHD) in 1992 requires both hyperandrogenemia and ovulatory dysfunction; (ii) the Rotterdam criteria in 2003 requires any two of the three criteria: hyperandrogenemia, ovulatory dysfunction, and polycystic ovaries (4, 5); (iii) the AE-PCOS criteria by the Androgen Excess Society in 2006 underscores that the diagnosis is made only if they have hyperandrogenemia and either ovarian dysfunction, polycystic ovaries or both.

We asked the authors who participated in this Research Topic to consider the following questions: How to dive deep into the pathophysiology of PCOS? What are the new insights into metabolic dysfunctions, such as basal/glucose­ stimulated hyperinsulinemia and insulin resistance (IR), obesity, hyperandrogenism, and subfertility in PCOS? Among the repertoire of clinical management of PCOS, is there any exciting progress in pharmacological and lifestyle interventions? Is it possible to make a clinical diagnosis of PCOS through specific biomarkers? Can we effectively personalize assisted reproductive technology (ART) procedures for PCOS patients? How does PCOS influence maternal and offspring health? Why is it always associated with obstetrical complications including preeclampsia, very preterm birth (defined as <32 weeks of gestation), and gestational diabetes mellitus (GDM)? For the offspring of patients with PCOS, what symptoms are they inclined to display? What is the mechanistic role of the microbiome in PCOS? The result of this call is a relatively comprehensive collection of 33 articles regarding such aspects.


Pathophysiology of PCOS

In reports of pioneering studies, the most consistent feature of PCOS is an elevated level of testosterone and/or androstenedione in serum (6). Ding et al. give a comprehensive review of the mutual role of IR and HA on PCOS development. Song et al. provide an experimental study in a rat model which demonstrates that androgen excess could damage mitochondrial ultrastructure by depressing the expression of NDUFB8 and ATP5j and thereby influence the function of granulosa cells (GCs) in PCOS. Furthermore, the risk of epilepsy and antiseizure medications on PCOS through the HPO axis is reviewed by Li et al.

Jiang et al. reveal that a higher expression of ANGPTL4 in GCs might be associated with glucose and lipid metabolic disorders in PCOS. Differently expressed elements of store-operated Ca2+ entry (SOCE) are analyzed in the work by Song et al. and are proved to contribute to the dysfunction of ovarian GCs and hormonal changes. Deng et al. conduct a whole genome transcriptomic sequencing and find DLGAP5 as a candidate gene for PCOS.

Immune balance and immune microenvironment may play a significant role in the infertility of PCOS patients. Liu et al. show that IL-15 affects the inflammation state, steroidogenesis, and survival of GCs. Ding et al. indicate that adipose tissue-derived extracellular vesicles-miR-26b promote GCs apoptosis. To supplement, Zhou et al. review the seminal features and therapeutic potential of extracellular vesicles in PCOS. Finally, Gu et al. have an extensive discussion on the relationship between the microbiome and sexual hormones, immune homeostasis as well as insulin resistance.



Screening and prevention of PCOS

Since the expense of the diagnostic evaluation accounted for only a minor part of the total costs, more liberal screening for PCOS appears to be a cost-effective strategy. Given the probable multifactorial cause of PCOS, a specific plan for early risk prediction of diagnosis is not yet possible. Hence, further studies of the early biomarkers of PCOS and early intervention of at-risk adolescents are sorely needed. He et al. provide an update that increased apolipoprotein B/A1 ratio is associated with worse metabolic syndrome components, hyperandrogenemia, IR, and elevated liver enzymes. The new aspect of excessive visceral adipose tissue mass is analyzed in the contribution by Zhang et al., demonstrating it is this characteristic but not other fat compartments that can exacerbate the risk of hyperuricemia in PCOS. Yang et al. describe the positive correlation between neck circumference and serum uric acid levels. The increased risk factor of PCOS is examined in the contribution of Chen et al., who defined IL-17, SDF1a, SCGFb, and IL-4 as potential biomarkers for PCOS. With the rapid development of artificial intelligence, Lv et al. propose an automated deep learning algorithm for exploring the potential of scleral changes in PCOS detection.



Maternal and offspring health of PCOS

Patients with PCOS are at risk of experiencing obstetrical complications including pre­eclampsia, very preterm birth, and GDM (7). Their offspring have a significantly higher risk of large for gestational age, meconium aspiration syndrome, and low Apgar scores at 5 minutes. Definitely, PCOS is a threat to maternal and child health.

The issue of cumulative live birth rate (CLBR) in PCOS is dealt with by two articles. Mai et al. demonstrate that PCOS exhibited higher CLBR and better ovarian reserve and response. When it comes to the independent variables for determining CLBR of aged patients with PCOS, this view is counter-argued by Guan et al., with a retrospective cohort study presenting significantly decreased CLBR for females of advanced reproductive age up to 37. Compared to regular menstruation or oligomenorrhea, a higher overall incidence of adverse pregnancy outcomes in PCOS patients with amenorrhea is presented by Yu et al. In addition, Du et al. point out that preterm birth in PCOS is associated with a BMI≥24 kg/m2 plus serum AMH>6.45 ng/ml. According to Jiang et al., advanced age, obesity, total cholesterol, triglycerides, and insulin resistance (IR) are all independent risk factors for a lower chance of achieving a live birth.

Two articles, by Zhang et al. and Jiang et al. respectively, focus on the health of PCOS offspring and broaden our understanding of PCOS offsprings’ cardiometabolic status and autistic traits. Xie et al. have generated letrozole-induced PCOS-IR rat models and treated them with metformin. In this article, they interpret that metformin might improve obesity, hyperinsulinemia, and IR in female offspring.



Management of PCOS

As the primary treatment of metabolic dysfunction in PCOS, lifestyle interventions prevent progression to T2DM and lower cardiovascular risk as well as improve ovulation in 40–50% of patients with PCOS (8, 9). Gu et al. review the current evidence of the role of lifestyle modifications in PCOS, including diet modifications, exercise modifications, sleep modifications, mood modifications, and weight modifications. A meta-analysis by Shang et al., involving 20 RCTs with 1113 participants, depicts that diet intervention significantly improves fertility outcomes, reproductive endocrine, and clinical hyperandrogenism. Shen et al. submit another meta-analysis, which regards tea supplements as adjuvant therapy for improvement in body weight, fasting blood glucose, and insulin. Through remodeling gut microbiota, Wang et al. show that a high-fiber diet could alleviate chronic metabolic inflammation, reproductive function, and brain-gut peptides secretion in their study.

Functional abnormalities of adipose tissue do exist in PCOS patients, mainly manifesting as IR and inflammation (10). As anticipated from previous reports, human PCOS patients had lower brown adipose tissue (BAT) activity (11). The BAT transplantation experiment was conducted by Yao et al., which underscores the role of metabolome changes for BAT transplantation in improving reproductive and metabolic phenotypes in PCOS. Furthermore, Ye et al. pinpoint that cold treatment could also improve ovulation and hormone disorders via activating endogenous BAT.

Sleeve gastrectomy (SG) is a popular bariatric surgical procedure. However, its suitability and potential mechanisms in PCOS remain ambiguous. Lin et al. provide a novel perspective on the regulation of microbial taxa and SCFA content after SG, which might explain the mechanism of the amelioration of PCOS-related reproductive and metabolic disorders.

Due to the poor quality of oocytes retrieved from patients with PCOS, IVF treatment is always accompanied by lower-quality embryos with a low implantation rate (12). Chen et al. compare the implantation rate, clinical pregnancy rate, and live birth rate between progestin-primed ovarian stimulation and the short protocol. The former shows significantly more positive results.



Concluding remarks

Although a substantial fraction of information has been added to the existing pool of knowledge of PCOS in the past decades, much remains to be elucidated. We sincerely thank all contributors and reviewers for their support in putting this timely collection of articles together and hope that the readers will find useful answers to their questions.
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Objective

To describe the lipidomic characteristics of offspring born to polycystic ovary syndrome (PCOS) women (PCOS-off) and assess the associations between differential lipids and clinical phenotypes.



Methods

Ultra performance liquid chromatography and mass spectrometry were performed on plasma samples from 70 PCOS-off and 71 healthy controls. The associations of differential metabolites with clinical phenotypes were examined by multiple linear regression.



Results

Forty-four metabolites were significantly altered in PCOS-off, including 8 increased and 36 decreased. After stratification according to sex, 44 metabolites (13 increased and 31 decreased) were expressed differently in girls born to PCOS women (PCOS-g), most of which were glycerolipids. Furthermore, 46 metabolites (9 increased and 35 decreased) were expressed differently in boys born to PCOS women (PCOS-b), most of which were glycerophospholipids. Significant associations of metabolites with weight Z-score and high density lipoprotein cholesterol were found in PCOS-off. Triglycerides, low density lipoprotein cholesterol, and thyroid-stimulating hormone were separately correlated with some lipids in PCOS-g and PCOS-b.



Conclusions

PCOS-off showed specific lipid profile alterations. The abnormal level of glycerophospholipids and sphingomyelin indicated the risk of glucose metabolism and cardiovascular diseases in PCOS-off. Some lipids, such as phosphatidylcholines, lysophosphatidylcholine and sphingomyelin, may be the potential markers. The results broadened our understanding of PCOS-offs’ cardiometabolic status and emphasized more specific and detailed monitoring and management in this population.
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Introduction

As the most prevalent endocrine disorder in women of fertile age, polycystic ovary syndrome (PCOS) is known to be associated with several adverse metabolic outcomes, including obesity, dyslipidemia, insulin resistance, and type 2 diabetes (T2D) (1–3). In addition, women with PCOS are at increased risk of pregnancy complications, such as pregnancy-induced hypertension (PIH), gestational diabetes mellitus (GDM), pre-eclampsia, and premature delivery (4, 5). Aberrant metabolic pathophysiological changes and increased pregnancy complications predispose PCOS women towards suboptimal intrauterine environments (2, 6–8). According to the Barker hypothesis, this may produce a detrimental impact on the cardiometabolic health of offspring born to PCOS women (PCOS-off) (9–12). Previous studies report multiple metabolic phenotypic changes in PCOS-off, including dyslipidemia (12, 13), but others have contradictory findings. Some studies find that triglyceride (TG), cholesterol (CHOL), high density lipoprotein cholesterol (HDL), and adiponectin levels in the cord blood of newborns of PCOS women are similar to those of controls (14, 15).

Metabolomics allows for large-scale qualitative and semi-quantitative analysis of numerous nutrients, small molecules, and metabolic intermediates and has proven to be a powerful tool for identifying alterations in metabolic pathways and novel biomarkers (16). As a branch of metabolomics, lipidomics offers opportunities to investigate a large range of lipids in biological tissues and fluids. Lipids are accepted to be directly involved in the pathogenesis of cardiovascular disorders, and are thus proposed as independent predictive markers (17, 18). Therefore, having a global view of lipid metabolism in PCOS-off will improve our understanding of the cardiometabolic health of this susceptible population and identify new biomarkers for early detection of metabolic aberrations.

The aim of this study was to assess lipid profiles in PCOS-off and determine the associations of plasma lipids in PCOS-off with their clinical phenotypes. The results could broaden our understanding of PCOS-offs’ cardiometabolic status and provide support for long-term monitoring and management.



Materials and Methods


Study Populations

Children of PCOS women and control women were recruited in the clinics of Center for Reproductive Medicine, Shandong University based on a cohort study. PCOS diagnosis was defined according to the Rotterdam criteria. The inclusion criteria were women with two out of the following three characteristics, oligo-ovulation, clinical and/or biochemical hyperandrogenism and ovarian polycystic morphology in ultrasound examination. Patients with other causes of hyperandrogenism or oligomenorrhea, such as thyroid disease, hyperprolactinemia and Cushing’s syndrome, were excluded. The detailed diagnostic procedure was described in our previous study (12). A total of 141 children were enrolled with 70 PCOS-off and 71 controls. The control offspring were recruited according to their mothers’ age and BMI which were matched with the case group. The age of participated children ranged from 2.5 to 7.0 years old. Growth and development parameters were available in all children, including birth weight, gestational age, height, weight, diastolic blood pressure (DBP), systolic blood pressure (SBP). Blood samples from all children were available and used to measure endocrine and metabolic parameters, including follicle-stimulating hormone (FSH), luteinizing hormone (LH), estrogen (E2), prolactin (PRL), testosterone (T), thyroid-stimulating hormone (TSH), anti-Mu ̈llerian hormone (AMH), dehydroepiandrosterone sulfate (DHEA-S), free triiodothyronine (FT3), free thyroxine (FT4), antibodies against thyroglobulin (A-TG), antibodies against thyroperoxidase (A-TPO), CHOL, fasting glucose (BG0), fasting insulin (INS0), TG, low density lipoprotein cholesterol (LDL), and HDL. The measurement methods and some calculation formulas, including BMI, the Z-score, homeostasis model for insulin resistance (HOMA-IR), and homeostasis model for β-cell function (HOMA-β), refer to our previous article (12).



Sample Processing

The blood samples were obtained in the morning with EDTA anticoagulant tube, and then placed at room temperature for 2h. Thereafter, the blood samples were centrifuged at 2000 rpm, 4°C for 20 min, and the upper plasma was collected and stored at -80°C for lipidomics analysis.



Lipidomics Analysis


Lipid Extraction

100μl of plasma samples were transferred to a tube, and then added 900 μl of water, 2 ml of methanol and 0.9 ml of dichloromethane followed by vortexing. After adding 1.0 ml of water and 0.9 ml of dichloromethane, the mixture was emulsified by vortexing and then centrifuged at 3000 rpm, 4°C for 5 min. The lower dichloromethane layer was injected to a clean glass tube using a glass syringe. 2 ml of dichloromethane was added to the supernatants and centrifuged at 3000 rpm, 4°C for 5 min. Then the dichloromethane layers collected by twice centrifugations were mixed and evaporated to dryness in a vacuum concentrator. The residue was redissolved in 500μl of methanol/dichloromethane and centrifuged at 3000 rpm, 4°C for 5 min. Finally, the supernatant was collected for LC-MS analysis and the same amount of supernatant from each sample was collected and mixed as QC sample.



Ultra Performance Liquid Chromatography Analysis

The Waters ACQUITY UPLC I-Class system was used for chromatographic analysis. By using a 20 min linear gradient, samples were transferred onto a C18 CSH column (100 mm × 2.1 mm, 1.7 μm; Waters) at 45°C at a flow rate of 0.4 mL/min and then chromatographic gradient elution procedure was performed. Mobile phase buffer A consisted of acetonitrile/water (1/4), 0.1% formic acid, and 10 mM ammonium format, and buffer B consisted of acetonitrile/isopropanol (1/9), 0.1% formic acid, and10 mM ammonium format.



Mass Spectrometry Analysis

The Xevo G2-S Q-TOF with an electrospray ionization (ESI) source (Waters, Manchester, UK) was used for mass spectrometry analysis. MS parameters were set as follows, ion source temperature, 100°C; desolvation temperature, 400°C; capillary voltage, 2.5 kV; cone voltage, 24 kV; cone gas flow, 50 L/h; and desolvation gas flow, 800 L/h (positive ion-mode); ion source temperature, 100°C; desolvation temperature, 500°C; capillary voltage, 2.5 kV; cone voltage, 25 kV; cone gas flow, 10 L/h; and desolvation gas flow, 600 L/h (negative ion-mode). Scan range of both modes was 100 to 1500m/z.



Data Processing and Metabolite Identification

The raw data were processed using the Progenesis QI (Waters) software and the peak alignment, peak picking, and quantitation were performed by the parameters of each compound, including m/z, retention time, and peak area. The relative quantitative and accurate qualitative results of metabolites were obtained by matching the data with database including NIST (https://chemdata.nist.gov), HMDB (http://www.hmdb.ca), lipidmaps (http://www.lipidmaps.org), and an in-house lipid database. The mass deviation was 5 ppm. Then the compounds with coefficient of variance < 30% in QC samples and detectable in at least 50% of samples were selected as the final data for subsequent analysis. The data were then logarithm transformed and standardized using MetaX software. Multivariate statistical analysis, including principal component analysis (PCA) and partial least-squares discrimination analysis (PLS-DA), were performed to reduce the data dimension and conduct regression analysis. Variable importance in the projection (VIP) value from PLS-DA model, fold change (FC), and p value of t-test were used to identify differential metabolites. The threshold value was set as VIP > 1.0, FC > 1.2 or FC < 0.833 and p value < 0.05. After that, cluster analysis and volcano plots were used to show the metabolic patterns and overall distribution of metabolites of interest.




Statistical Analysis

All statistical analysis was performed using SPSS v26.0 software (SPSS Inc., Chicago, IL, USA). The tests of normality were performed by Kolmogorov Smirnov normality test, histogram, and Q-Q diagram. Continuous variables were presented as mean ± SD or median (interquartile range) according to the results of normality test. Categorical variables were presented as numbers (percentiles). Clinical characteristics were compared between study groups using t test, Mann–Whitney U test, or chi-square test.

In order to evaluate the associations between offspring phenotypes and differential metabolites, multiple linear regression analyses were performed, treating differential metabolites after natural logarithm transformation as predictors, and offspring phenotypes as outcomes. The missing values of metabolites were replaced by the minimum quantitative value of metabolites in all samples divided by twenty. Model 1 was an unadjusted model. Model 2 was adjusted for some anthropometric factors, including sex, age, and BMI. Model 3 was added some pregnancy and perinatal covariates (birth weight, mode of delivery, parity, and gestational age at delivery) based on model 2. Model 4 corrected all above variables plus other maternal and familial related factors, including maternal age, maternal BMI, education level, family monthly income (≤ ¥2999 = low, ¥3000-4999 = medium, ≥ ¥5000 = high), GDM, and PIH. Sex of offspring was not adjusted after gender stratification. Birth weight and children BMI were not adjusted in the linear regression analysis of body weight Z-score.



Ethical Approval

This study was approved by the institutional ethics committee of Shandong University. The ethics approval number was (NO. 2014[17]). The parents of the children signed the informed consent. The study conformed to the principles of the Declaration of Helsinki.




Results


Clinical Characteristics

Baseline characteristics of the study population were summarized in Table 1. The study subjects consisted of 70 PCOS-off and 71 healthy controls with the percentages of girls in each group as 61.4% and 62.0% respectively. PCOS women presented with significantly higher LH, E2, and testosterone, as well as lower FSH levels. No statistical difference was observed in terms of maternal age, BMI, parity, cesarean section rate, and the incidence of PIH and GDM.


Table 1 | Baseline characteristics of the study population.



Table 2 showed the clinical characteristics of PCOS-off. PCOS-off tended to have lower weight Z-score. Other clinical characteristics were similar between the two groups. After stratification according to sex, boys born to PCOS women (PCOS-b) showed lower TSH level compared with their counterparts (Table S1). There was no difference in other clinical features in PCOS-b, nor were all characteristics in girls born to PCOS women (PCOS-g) (Table S2).


Table 2 | Clinical characteristics of the general offspring born to women with or without PCOS.





Lipidomics

Lipidomics analysis identified a total of 1779 metabolites. After deleting 8 metabolites expressed in less than 50% of samples, the remained metabolites for statistical analysis were 1771. As shown in Figure 1, plasma lipid profiles of the general offspring were revealed by the PLS-DA and volcano plot. The corresponding results for female and male offspring were shown in Supplementary Figures 1 and 2. PLS-DA scores plot showed different metabolite profiles between PCOS-off and control group. Volcanic map showed the overall distribution of differential metabolites. In total, we identified 8 categories of 44 metabolites significantly altered between the two groups in PCOS-off (Table 3), and 3 of which were previously reported having definite clinical relevance including glycerophospholipids (GP), glycerolipids (GL), and sphingomyelin (SM). Among them, 8 metabolites showed higher levels with 1 GP, 1 GL, and 1SM, and the other 36 metabolites showed lower levels with 6 GP and 19 GL.




Figure 1 | Plasma lipid profiles of the general offspring born to PCOS women (nPCOS-off =70) or healthy control women (nCon-off =71). (A, B) PLS-DA scores plot established the relationship model between the metabolite expression and the sample category, which indicated different metabolites profile between PCOS-off and Con-off in the positive (A) and negative (B) polarity modes. (C, D) Volcano plot of p values and fold change between PCOS-off and Con-off summarized the distribution of the differential lipids in the positive (C) and negative (D) polarity modes. P value was calculated using student t tests; VIP value represents variable importance in the projection value from PLS-DA model. Red, green, and gray dots represent metabolites with up-regulation, down-regulation, or no difference between study groups, respectively. PCOS-off, offspring born to PCOS women; Con-off, offspring of the control group.




Table 3 | Metabolites altered between study groups in the general offspring.



After stratification according to sex, in PCOS-g, 13 up-regulated metabolites (including 4 GP, 2 GL, and 7 other lipids) and 31 down-regulated ones (including 2 GP, 13 GL, and 16 other metabolites) were identified (Table S3). PCOS-b showed different lipids distribution presented as 9 up-regulated (1 SM and 8 others) and 35 down-regulated (16GP, 3GL, and 19 other species) (Table S4).



Association Between Lipid Metabolites and Phenotypes

In order to determine the associations of plasma lipids with clinical phenotypes, we screened the differential clinical phenotypes between the PCOS-off and the control offspring in this study, and combined them with those found in our previous studies and other studies as the outcome for linear regression analysis (12, 13). In summary, the outcome variables included weight Z-score, HDL (in PCOS-off); AMH, HDL, INS0, LDL, TG (in PCOS-g); HDL, HOMA-β, HOMA-IR, INS0, TSH (in PCOS-b), and independent variables included altered metabolites and other confounding factors. Manhattan blot showed original p value and p value after false discovery rate (FDR) adjustment in metabolite–phenotype multivariable linear regression analysis across different models (Figure 2).




Figure 2 | Manhattan plot showing significance of association between differential metabolites and clinical phenotypes. The x-axis represents metabolites differed between PCOS-off and con-off. The y-axis represents the -log10 p value. P value was obtained from the linear regression equation and then performed FDR correction. Dots with different shapes represent different phenotypes, and different colors represent different models. (A) Association between differential metabolites and clinical phenotypes in the general offspring (nphenotype=2, nmetabolites=44). (B) Association between differential metabolites and clinical phenotypes in the female offspring (nphenotype=5, nmetabolites=44). (C) Association between differential metabolites with clinical phenotypes in the male offspring (nphenotype=5, nmetabolites=46). Glucoside* refers to (1’x,2S)-2-(1,2-Dihydroxy-1-methylethyl)-2,3-dihydro-7H-furo[3,2-g][1]benzopyran-7-one 2’-glucoside.



After FDR correction and adjustment for all potential confounding factors (Model 4), in PCOS-off, GP and GL were correlated with HDL positively. In PCOS-g, GL were positively associated with TG, while GP was positively associated with LDL. In PCOS-b, in addition to the positive correlation between GP and TSH, no plasma lipid metabolites were significantly associated with HOMA-β, HOMA-IR, INS0, and HDL.




Discussion

In this study, we investigated lipid profile changes in PCOS-off using a lipidomics approach based on UPLC-QTOF-MS. The results revealed significant alterations in GP, GL, SM, and some unclassified lipid metabolites. Furthermore, these changes were associated with differential phenotypes in all PCOS-off, including weight Z-score and HDL level, and showed sex-dependent correlation with TG, LDL, and TSH.

As the major component of mammalian biomembranes, GP participate in various biological pathways (19). In our clinical study, 16 metabolites were reduced in PCOS-b, including phosphatidylcholines (PC), lysophosphatidylcholine (lysoPC), phosphoethanolamine (PE), and lysophosphoethanolamine (lysoPE). PC can promote both cell proliferation and programmed cell death and is known to improve insulin sensitivity (20). LysoPC is a compound produced by hydrolysis of PC, and an accumulating number of studies show that it plays a vital role in glucose homeostasis. Plasma lysoPC is decreased in T2D and obesity (21). LysoPC has also been shown to stimulate adipocyte glucose uptake and improve blood glucose levels in murine models of diabetes (22); furthermore, exogenous lysoPC can inhibit free fatty acid-induced C-Jun N-terminal kinase activation and insulin resistance (23). An additional study found that lysoPC could induce PKC-α activation and inhibit Akt activation in vascular smooth muscle cells (VSMCs) by blocking IRS-1 function suggesting a role for lysoPC in vascular insulin resistance (24). The reduction of PC and lysoPC in PCOS-b may indicate an increased risk of insulin resistance and diabetes mellitus, which was consistent with our previous study that found aberrant insulin metabolism in PCOS-b (12). However, in the present study we found no correlation between changes in GP and glucose metabolic parameters, instead, an association of GP with TSH was indicated. That may be owing to the bilateral changes of the components. The association of specific lipids, such as PC and lypoPC, with glucose metabolism in PCOS-off is worthy of future study.

SM was another identified metabolite that was significantly changed in PCOS-off in the present study. As one of the major phospholipids in the lipid microdomains it was found to be positively correlated with insulin resistance. SM synthase 2 knock-out mice have been shown to escape from high fat diet-induced obesity and insulin resistance, while silencing of SM synthase 2 is able to reduce lipid droplets in the liver (25). Lipid rafts, which are highly enriched in SM, are thought to be essential regulators of insulin signaling (26); although the mechanism still needs to be explained through future studies. Furthermore, plasma SM mainly exists in atherogenic lipoproteins, and is correlated with the metabolism of apoB-containing or TG-rich lipoproteins (27). SM carried into the arterial wall on atherogenic lipoproteins can promote lipoprotein aggregation (28). SM has also been shown to be associated with subclinical atherosclerosis and coronary artery disease (27, 29). Therefore, our finding that increased SM levels in PCOS-off indicate an increased risk of aberrant cardiometabolic health show that SM should be carefully monitored.

The results of our study showed a significant decrease of GL, such as diglyceride (DG) and TG, in PCOS-g. TG and DG are reported to be associated with impaired glucose tolerance, insulin resistance, and T2D (30, 31). In plasma, elevated proportions of TG and DG are positively correlated with liver fat, visceral fat, systolic blood pressure, and insulin resistance (30). Our finding of the decreased levels of GL in PCOS-g may indicate the lower risk of insulin resistance, diabetes, and obesity, which was consistent with some recent studies. Li et al. (12) compared PCOS-g with normal girls and found no difference in glucose or lipid profiles. A further individual participant data meta-analysis indicated a healthy performance of lipids in PCOS-g, including decreased LDL and CHOL, as well as increased HDL levels (13). Protection of E2 may be an explanation. The correlation between GL components and serum TG levels was also confirmed in the present study which indicated the possible protective effect of E2 on lipid profiles. However, the meta-analysis showed increased after-loaded insulin levels in PCOS-g, which was contradictory with changes in metabolites (13). Similarly, PCOS women also show reduced GL levels (32), which may be explained by differential lipid structure. Lipids with lower carbon number and double bond content have been found to be associated with a higher risk of diabetes and vice versa (33). Furthermore, PCOS subtypes may also have varied lipid profiles. Finally, obese PCOS women show increased lipolysis, while nonobese PCOS women present with decreased lipolysis and enhanced glucose utilization in peripheral tissues (34). Therefore, the effect of changes in GL level on PCOS-g remain to be elucidated.

Strengths of the current study include its comprehensive view of lipid profiles in PCOS-off, generated using a lipidomics approach, and its identification of sex specific changes of the lipid metabolites. A series of changes were found in the metabolism and endocrinology of PCOS-off, such as birth weight, HDL, AMH, and TSH, some of which differed according to sex (12, 13). The results built a link between biomolecular changes and clinical phenotypes, which suggested potential sensitive markers for the early detection of aberrant cardiometabolic events in this well-accepted susceptible population, along with new indications in pathogenesis studies of relative disorders. However, our study also had several limitations. Firstly, the relatively small sample size after stratification according to sex limited the statistical power. Secondly, carboxylic acids and derivatives, as well as PR and some unclassified metabolites also showed significant changes in PCOS-off, and some of them presented with sex differences. However, the category and function of these metabolites were not detected and their potential impact was not clear. The mechanism of these metabolites involved in PCOS related phenotypic changes needs to be further explored. Although hundreds of differential lipids were found in this lipidomics analysis, other species of metabolites are not included and await further broader studies. Moreover, although we adjusted some confounding factors, other potential confounding maternal factors, such as smoking, drinking, and breastfeeding, were not included in the present study owing to the lack of data. Furthermore, the number of cases of some confounding factors, such as GDM, were relatively small, which may limit the statistical power in multiple regression analysis.

In conclusion, we observed that PCOS-off already presented specific lipid profile alterations during childhood, before significant differences were detected by regular clinical metabolic screening tests. The abnormal level of GP and SM indicated the risk of glucose metabolism and cardiovascular diseases in PCOS-off. This susceptible population therefore needs more specific and detailed monitoring and management. Lipid metabolites, such as PC, lysoPC, and SM identified using rapid detection kits, are suggested as potential markers. Their pathogenic roles need to be elucidated in future functional studies.
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The beneficial effects of metformin, especially its capacity to ameliorate insulin resistance (IR) in polycystic ovary syndrome (PCOS), explains why it is widely prescribed. However, its effect on the offspring of patients with PCOS remains uncertain. This study investigated the impact of metformin treatment on the first- and second-generation female offspring born to letrozole-induced PCOS-IR rats. Forty-five female Wistar rats were implanted with continuous-release letrozole pellets or placebo and treated with metformin or vehicle control. Rats exposed to letrozole showed PCOS-like reproductive, endocrine, and metabolic phenotypes in contrast to the controls. Metformin significantly decreased the risk of body weight gain and increased INSR expression in F1 female offspring in PCOS-IR rats, contributing to the improvement in obesity, hyperinsulinemia, and IR. Decreased FSHR expression and increased LHCGR expression were observed in F1 female rats of the PCOS-IR and PCOS-IR+Metformin groups, suggesting that FSHR and LHCGR dysfunction might promote the development of PCOS. Nevertheless, we found no significant differences in INSR, FSHR, and LHCGR expression or other PCOS phenotypes in F2 female offspring of PCOS-IR rats. These findings indicated widespread reproductive, endocrine, and metabolic changes in the PCOS-IR rat model, but the PCOS phenotypes could not be stably inherited by the next generations. Metformin might have contributed to the improvement in obesity, hyperinsulinemia, and IR in F1 female offspring. The results of this study could be used as a theoretical basis in support of using metformin in the treatment of PCOS-IR patients.
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Introduction

Polycystic ovary syndrome (PCOS), a heterogenic disorder, affects 8–13% of reproductive-aged women; it is associated with reproductive and metabolic disorders, including hyperandrogenism, luteinizing hormone (LH) hypersecretion, infertility, polycystic ovaries, and insulin resistance (IR), with an increased risk of cardiovascular disease and type 2 diabetes (1). The etiology and pathogenesis of this multifactorial disease have not yet been completely identified. Based on familial clustering, genetic factors play a key role in the mechanism leading to this syndrome (2). Epigenetic changes during fetal life and lifestyle, hormone imbalances, and environmental factors might also contribute to the development and manifestation of PCOS (3, 4). Infertility has dominated clinical research involving PCOS patients, providing substantial evidence for an increased prevalence of pregnancy complications and less favorable pregnancy outcomes in women with PCOS, including preterm delivery, gestational diabetes, and hypertensive disorders (5, 6). Infants born to women with PCOS are also predisposed to adverse health outcomes. Accumulating evidence indicates that offspring of mothers with PCOS are at a higher risk for preterm birth, perinatal mortality, congenital abnormalities, and increased hospitalization rate (6–8). Obesity, metabolic dysfunction, comorbidity, and pregnancy complications of women with PCOS are likely to result in a suboptimal intrauterine environment that could have a detrimental impact on the health of infants and prepubertal children and contribute to an increased risk of developing PCOS in female offspring (9, 10). PCOS has been reported in 35% of premenopausal mothers of patients with PCOS (11). The underlying pathophysiological mechanisms of pregnancy complications and their association with the offspring’s health remain unclear.

Given the ethical limitations of human studies, PCOS animal models provide a valuable tool to study the developmental origin, pathogenesis, mechanisms, and long-term metabolic and endocrinologic impacts of PCOS, aid in detecting therapeutic strategies, and elucidate how the early life environment influences the offspring characteristics in later life. Various strategies have been used to induce PCOS rat models, including exposure to androgens, estrogens, antiprogesterone agents, constant light, and genetic modifications, during the critical period of pre/postnatal life (12). These models have some features of PCOS, but few have both metabolic and endocrine imbalances. Letrozole, a non-steroidal aromatase inhibitor, blocks the conversion of androgen to estrogen and subsequently increases androgen levels. Female rats treated with letrozole show disrupted cyclicity, increased LH and testosterone (T) levels, anovulation, absence of corpus luteum, thickened theca cell layer, thin granulosa cell layer, and increased ovarian weight. Continuous administration of letrozole to female rats, starting before puberty, induces endocrine/reproductive and metabolic abnormalities similar to those observed in women with PCOS (13). Specifically, these rats were shown to have IR, increased subcutaneous fat mass, enlarged adipocytes in the subcutaneous and visceral adipose tissues, anovulation, polycystic ovarian morphology, increased LH secretion, decreased follicle-stimulating hormone (FSH) secretion, and high ovarian expression of Cyp17a1 mRNA (13, 14). Therefore, letrozole-treated rats are appropriate for studying PCOS mechanisms, consequences, and treatment.

The reduced conception rates associated with PCOS might be related to hyperandrogenism, obesity, and IR. The prevalence of IR in the general human population is 10–25%; nevertheless, in women with PCOS, it is approximately 60–70% (15). The increased IR and compensatory high insulin concentrations (hyperinsulinemia) play important roles in the progression of PCOS (16). IR, a prominent feature but not a criterion of PCOS, affects most PCOS patients and plays a role in PCOS development. Over time, IR might lead to glucose intolerance, which occurs in 40% of women with PCOS after the age of 40 years, and half of these women develop diabetes within 6 years (17). Pathophysiologically, IR could be caused by a defect in the insulin signal transduction (18). Metformin is an insulin sensitizer predominantly used to treat type 2 diabetes (19, 20). It inhibits hepatic gluconeogenesis and reduces the action of glucagon, resulting in reduced circulating insulin and glucose levels. Metformin is known to exert its effects on the liver, adipose tissue, and ovaries. Several studies have reported anthropometric and endocrine differences in women with PCOS between those with and without IR (15). As IR and the resulting hyperinsulinemia are key metabolic features in women with PCOS, their amelioration through metformin could improve PCOS-associated symptoms and conception rates (21). Lovvik et al. found a decreased risk of late miscarriage and preterm birth in those who received metformin throughout pregnancy (22). However, little is known about the effect of metformin on the offspring of women with PCOS and associated IR (PCOS-IR).

This study aimed to investigate the impact of metformin on reproductive alterations and developmental, endocrine, and metabolic characteristics in the first- and second-generation female offspring born to letrozole-induced PCOS-IR rats.



Materials and Methods


Animals and Experimental Design

The study was approved by the Animal Ethics Committee of West China Second University Hospital of Sichuan University. Forty-five female Wistar rats (F0) were included in this study. The rats were purchased from Chengdu Dashuo Experimental Animals Limited Company (Chengdu, Sichuan, China) and housed five per cage under standard conditions (12:12 h light-dark cycle, 23 ± 2°C, and 55–65% humidity), with ad libitum access to food and tap water. At the age of 21 days, the F0 rats were randomly divided into a control group (n = 15) and a letrozole group (n = 30). At 21 days of age, the letrozole group rats were implanted with 90-day letrozole continuous-release pellets (Innovative Research, USA) containing 36 mg of letrozole (daily dose of 400 μg). The control rats were implanted with a placebo lacking bioactive molecules (Innovative Research). The rat body weight was recorded weekly after implantation. At 70 days of age, tail blood was obtained after an overnight fast to assess fasting insulin and fasting glucose levels. Rats were injected intraperitoneally with a bolus of 1 g/kg glucose in 0.9% NaCl. Blood glucose was assessed at 15, 30, 60, and 120 min post-injection. At 77 days of age, serum P, E2, T, FSH, and LH were assessed.

Two PCOS rats showed glucose impairment and were excluded from the following research. PCOS-IR model rats were defined as PCOS rats with IR but without glucose repair or diabetes. Twenty adult F0 female PCOS-IR rats were selected and randomly divided into PCOS-IR (n = 10) and PCOS-IR+Met (n = 10) groups. Ten of the control rats were selected as the control group. At 80 days of age, rats in the PCOS-IR+Met group were treated with metformin till pregnant. Rats in the PCOS-IR and control groups were not treated but were maintained under the same feeding and rearing environment. At 100 days of age, controlled ovarian stimulation was induced to promote offspring acquisition. Briefly, 20 IU of pregnant mare serum gonadotropin (Jianglai Biological, Shanghai, China) was injected intraperitoneally, followed 48 h later by intraperitoneal injection of 20 IU human chorionic gonadotropin (hCG; Jianglai Biological). Controlled ovarian stimulation was performed in all rats, which were then mated with healthy male Wistar rats. The number of pregnant rats in each group was recorded after collecting the vaginal plug. The number of successful deliveries, number of offspring, and offspring birth weight were recorded for each group. Ten female rats were randomly selected from each group of first generation (F1) and underwent 1:1 caged mating (to avoid inbreeding) with healthy male Wistar rats. The remaining female F1 rats were sacrificed for insulin receptor (INSR) expression testing in the pancreatic tissues and follicle-stimulating hormone receptor (FSHR) and luteinizing hormone/choriogonadotropin receptor (LHCGR) expression in the ovarian tissue. Upon the second generation (F2) birth, birth weight was recorded, and the female rats underwent the same tests as F1. The experimental design and grouping are shown in Figure 1.




Figure 1 | Schematic representation of experimental design and grouping. Female rats were implanted with letrozole-continuous-release pellets to establish PCOS-IR rat model. F0 female rats were randomly divided into PCOS-IR+Met, PCOS-IR, and Control groups and crossed with healthy male rats to obtain F1 offspring. F1 female offspring crossed with healthy male rat to obtain F2 offspring.





Vaginal Smears

The cyclicity stage was determined by microscopic analysis of the predominant cell type in vaginal smears obtained daily from the age of 11 weeks. The estrous cycle stage was determined by the main cell type in vaginal smears: proestrus, round nucleated epithelial cells; estrus, cornified squamous epithelial cells; metestrus, cornified squamous epithelial cells and leukocytes; and diestrus, nucleated epithelial cells and leukocytes.



Tissue Sampling

Blood samples were obtained from the F0 rats at the age of 12 weeks (9 weeks after pellet implantation) for analyses of progesterone (P), 17β-estradiol (E2), T, FSH, and LH. All Serum samples were stored at –20°C pending analysis. The rats were decapitated, and ovaries were excised, fixed in neutral buffered 4% paraformaldehyde for 24 h, placed in 70% ethanol, dehydrated, and embedded in paraffin.



Histomorphological Study

The paraformaldehyde-fixed and paraffin-embedded ovaries were longitudinally sectioned into 5 μm thick slices, mounted, and stained with hematoxylin and eosin (H&E) solution. The ovarian tissue morphology was evaluated under a light microscope by two researchers blinded to the origin of the sections.



Endocrine Hormone Profile, Fasting Insulin Measurements, and Glucose Tolerance Test

Serum samples were obtained before sacrificing the rats, and stored at −20°C pending P, E2, T, FSH, and LH analyses. Endogenous hormone levels were measured using radioimmunoassay kits, following the manufacturer’s protocols. Fasting insulin and fasting glucose levels were measured with a radioimmunoassay kit, after overnight fasting of 8 h. For the intraperitoneal glucose tolerance test, the rats were injected intraperitoneally with a bolus of 1 g/kg glucose in 0.9% NaCl. Blood glucose was assessed at 15, 30, 60, and 120 min post-injection. All kits contained standard samples for quality control and were used following the manufacturers’ instructions. Thereafter, the area under curve of glucose against time was calculated. Additionally, fasting insulin and glucose values were used to determine the homeostasis model assessment of IR (HOMA-IR), which was calculated as fasting insulin (mIU/L) × fasting glucose (mmol/L)/22.5.



RNA Isolation and Quantitative Real-Time PCR (RT-qPCR)

Total RNA was extracted from tissues using TRIzol reagent (Life Technologies Inc., Carlsbad, CA, USA) following the manufacturer’s protocol. The quality and purity of the extracted RNA were analyzed using a NanoVue Plus spectrophotometer (Healthcare Bio-Science AB, Uppsala, Sweden). cDNA was synthesized from purified total RNA using a PrimeScript RT reagent kit (TaKaRa Biotechnology Co. Ltd., Dalian, Liaoning, China). The primer sequences for Insr, Fshr, and Lhcgr (Sango Biotech, Shanghai, China) are listed in Table 1. RT-qPCR was performed using SYBR Green real-time PCR Master Mix (Toyobo, Osaka, Japan) and measured on an Applied Biosystems 7900 real-time PCR detection system (ABI, Foster City, CA, USA). The specificity of the PCR products was confirmed by the analysis of the dissociation curve. GAPDH was used as an internal control to normalize the target gene expression, and the relative expression was calculated according to the 2–ΔΔCt formula. All experiments were repeated three times.


Table 1 | Primer sequences of the qRT-PCR analysis.





Western Blot Analysis

Total protein was collected from the pancreas and ovary using a radioimmunoprecipitation lysis buffer (P0013B, Beyotime Biotechnology, Shanghai, China), and the protein concentration was determined using a bicinchoninic acid assay kit (Beyotime Biotechnology). Equal amounts of proteins (50 µg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked for 1 h in 5% skim milk at room temperature and then incubated with primary and secondary antibodies. The following antibodies were used: rabbit anti-INSR (1:200; ab5500, Abcam, Cambridge, UK), rabbit anti-FSHR (1:200; GXP193389, GXP, USA), rabbit anti-LHCGR (1:200; GXP298459, GXP, USA), and mouse anti-β-actin (1:5,000, ab8226, Abcam) primary antibodies with which the membranes were incubated overnight at 4°C, and horseradish peroxidase-conjugated secondary anti-mouse/rabbit antibody for 1 h at room temperature. Protein bands were visualized using an enhanced chemiluminescence system (Millipore) and analyzed with ImageJ 2x (National Institutes of Health, Bethesda, MD, USA). Protein levels were normalized to the respective level of the β-actin internal controls.



Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics for Windows, Version 19.0 (IBM Corp., Armonk, NY, USA) and Prism GraphPad (version 6.0, GraphPad Software, La Jolla, CA, USA). Continuous values are expressed as mean ± standard deviation (SD). The groups were compared by t-test, ANOVA with Bonferroni post hoc test, and chi-squared test as appropriate. For all comparisons, differences were considered statistically significant at P < 0.05.




Results


The Establishment of a PCOS-IR Rat Model

The control group showed normal estrous cycles of 4–5 days. PCOS rats exposed to letrozole were acyclic, and vaginal smears showed that leukocytes were the predominant cell type, indicating pseudo-diestrus (Figure 2A). Ovaries from PCOS rats were enlarged, heavier, and surrounded by fatty tissue (Figure 2B). The micromorphology of the ovaries was observed following H&E staining. The rats treated with letrozole to induce PCOS showed a greater area of the largest follicles and more cystic follicles than the control rats, and their ovaries contained atretic antral follicles. We also observed granulosa cell layer thinning and thickening of the theca cell layer (Figure 2C). The body weight in the PCOS group increased remarkably 3 weeks after pellet implantation (Figure 2D). The  serum sex hormone concentrations are shown in Figure 2E. The LH and T levels in the PCOS group were higher than those in the control, while E2, P, and FSH concentrations were significantly lower. Increased fasting insulin level and impaired IR, as determined by HOMA-IR in the letrozole-treated PCOS rats (Figures 2F–I), indicated abnormal endocrine and metabolic changes, although the areas under curve (AUC) of glucose concentration were comparable between groups. Two rats that presented glucose intolerance were excluded from subsequent analyses. Based on these results, we concluded that a PCOS-IR rat model was established.




Figure 2 | Establishment of PCOS rat model. (A) Disrupted estrus cycles of five sample cycles from each group were shown for each group. P, pro-estrus; E, estrus; M, metestrus; D, diestrus; (B) The gross ovaries. Ovaries from PCOS rats was significantly bigger than that from control group; (C) Histology of Ovaries. Ovaries from PCOS groups rats contained increased number of cystic follicles, granular cell layer thinning, and thickening of the theca cell layer. Ovaries from controls showed corpora lutea and mature follicles with healthy oocytes and thick layer of granulosa cells (scale bar = 200 μm). (D) Body weight changes of PCOS group. PCOS rats showed increased body weight; (E) Comparisons of T, E2, LH, FSH, and P in the rat serum from PCOS and control groups. (F–I) Comparison of glucose in Fasting Insulin, IPGTT, AUC of Glucose, and HOMA-IR from PCOS and control groups. The values were shown as the means ± SD. *p < 0.05 vs. Control, ****p < 0.0001 vs. Control, t-test.





The Effects of Metformin Treatment on Pregnancy Outcomes in PCOS-IR Rats

In F0 rats, five rats were pregnant in the PCOS-IR group, seven in the PCOS-IR+Met group, and nine in the control group. The pregnancy rate was higher in the PCOS-IR+Met group than in the PCOS-IR group (Table 2). Two rats in the PCOS-IR group and one in the PCOS-IR+Met group died during late gestation due to placental abruption. Therefore, three rats in the PCOS-IR group, six in the PCOS-IR+Met group, and nine in the control group successfully delivered. The average number of offspring in the PCOS-IR and PCOS-IR-Met groups was significantly higher than that in the control group (Table 2). The three groups had similar female-to-male ratios among the F1 offspring. As for F1 generation rats, the pregnancy rates, live labors, and female-to-male ratios among those three groups were similar (Table 2).


Table 2 | The impacts of treatment with metformin on pregnant outcomes.





The Effects of Metformin on the Endocrine and Metabolic Changes in F1 Female Offspring

The offspring birth weight in the PCOS-IR+Met and PCOS-IR groups was lower than that in the control group. The F1 female rat body weight in the PCOS-IR group was significantly higher than those in the PCOS-IR+Met and control groups at the age of 63 and 70 days, once reaching sexual maturity. The body weights of the PCOS-IR+Met and control groups upon reaching sexual maturity were similar (Figure 3A). Glucometabolic index measured by the intraperitoneal glucose tolerance test, fasting insulin, HOMA-IR, and T levels were similar in F1 female rats of all three groups, both in the prepubertal period and once reaching sexual maturity (Figures 3B–E).




Figure 3 | The effects of metformin treatment on the endocrine and metabolic alterations in female F1 offspring. (A) Body weight changes in female F1 offspring (PCOS-IR group, n = 19; PCOS-IR+Met group, n = 48; Control group, n = 46). a P < 0.05 PCOS-IR vs. Control, b P < 0.05 PCOS-IR+Met vs. Control, c P < 0.05 PCOS-IR vs. PCOS-IR+Met, ANOVA; (B–E) Glucose, fasting insulin, HOMA-IR, and T changes in female F1 offspring (PCOS-IR group, n = 19; PCOS-IR+Met group, n = 48; Control group, n = 46). There were no significant changes during those groups, ANOVA.



We found that INSR mRNA expression in the pancreas of female F1 rats in the PCOS-IR group was significantly lower than that in the control group, while metformin increased INSR expression (Figure 3A). Ovarian FSHR expression in F1 females in the PCOS-IR and PCOS-IR+Met groups was significantly lower than that in the control group, with no difference between them (Figure 4A). The results also showed that LHCGR expression in PCOS-IR F1 female rats was significantly higher than that in the control group but similar to that in the PCOS-IR+Met group. LHCGR expression was also similar between the PCOS-IR+Met and control groups (Figure 4A). Western blot results suggested that LNSR protein expression in the pancreas and FSHR and LHCGR expression in the ovaries showed the same trend as the expression of their mRNA (Figure 4B).




Figure 4 | The effects of metformin on INSR, FSHR, and LHCGR expressions in female F1 offspring. (A) INSR mRNA expression in pancreas, FSHR and LHCGR mRNA expression in ovaries following treatment with metformin or placebo as measured by RT-qPCR (PCOS-IR group, n = 9; PCOS-IR+Met group, n = 10; Control group, n = 10). (B) INSR protein expression in pancreas, FSHR and LHCGR protein expression in ovaries following treatment with metformin or placebo as measured by Western Blotting (PCOS-IR group, n = 5; PCOS-IR+Met group, n = 5; Control group, n = 5). The values were shown as the means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Together, these findings suggested an elevated risk of PCOS development in the F1 female rats generated by mating females exposed to excessive levels of letrozole with healthy males. Metformin treatment reduced this risk.



The Effects of Metformin on Endocrine and Metabolic Changes in PCOS-IR F2 Female Offspring

We did not detect any significant difference in the body weight between the groups in the F2 generation. The glucometabolic indexes of F2 female rats were also similar in the three groups, both in the prepubertal period and once reaching sexual maturity, as were the glucose levels in the intraperitoneal glucose tolerance test, fasting insulin, HOMA-IR, and T levels (Figure 5). The mRNA and protein expression profiles of pancreatic INSR and ovarian FSHR and LHCGR in the F2 female rats were also similar among the three groups (Figure 6).




Figure 5 | The effects of metformin treatment on the endocrine and metabolic alterations in female F2 offspring. (A) Body weight changes in female F2 offspring (PCOS-IR group, n = 49; PCOS-IR+Met group, n = 53, Control group, n = 47); (B–E) Glucose, fasting insulin, HOMA-IR, and T changes in female F2 offspring (PCOS-IR group, n = 49; PCOS-IR+Met group, n = 53; Control group, n = 47). There were no significant changes during those groups, ANOVA.






Figure 6 | The effects of metformin on INSR, FSHR, and LHCGR expressions in female F2 offspring. (A) INSR mRNA expression in pancreas, FSHR and LHCGR mRNA expression in ovaries following treatment with metformin or placebo as measured by RT-qPCR (PCOS-IR group, n = 9; PCOS-IR+Met group, n = 10; Control group, n = 10). (B) INSR protein expression in pancreas, FSHR and LHCGR protein expression in ovaries following treatment with metformin or placebo as measured by Western Blotting (PCOS-IR group, n = 5; PCOS-IR+Met group, n = 5; Control group, n = 5). The values were shown as the means±SD. There were no significant changes during those groups.



Overall, these results indicated that PCOS phenotypes were not stably inherited by the F2 generation after mating females with PCOS and healthy males.




Discussion

Given the complexity of the human body and the ethical limitations imposed on human studies, it is difficult to investigate the effect of the prenatal environment on subsequent generations in humans. IR in PCOS patients is a trending field of reproductive and endocrinological research, as IR appears to be the key factor in its pathophysiology (23). Metformin treatment in PCOS patients requires further investigation; in particular, its effect on the offspring of women with PCOS-IR has rarely been reported. Continuous letrozole administration is an appropriate approach to replicating PCOS-like phenotypes in rodents. Rats exposed to letrozole in this study showed PCOS-like reproductive and metabolic phenotypes in contrast to the controls. Similar to a previous study (24), we established a PCOS-IR animal model using continuous letrozole administration through a slow-release implant. This model was used to further investigate the effects of metformin on the offspring of animals with PCOS-IR. We observed that pregnancy outcomes significantly improved after metformin treatment. F1 female offspring of PCOS-IR rats were at a high risk of developing obesity after sexual maturity; however, metformin treatment could considerably counteract this phenomenon. Genome-wide association studies have identified variants in 11 genomic regions (loci) as risk factors for PCOS; however, only INSR, FSHR, and LHCHR, which encode receptors for insulin, FSH, and LH/hCG, respectively, have clear functional relevance to the pathophysiology of PCOS (25, 26). We also investigated these PCOS candidate genes, INSR, FSHR, and LHCHR, showing significant alteration in their expression in F1 but not F2 female offspring of PCOS-IR rats treated with metformin. Together, these findings indicated widespread reproductive, metabolic, and endocrinologic changes in the letrozole-induced PCOS rat model. However, PCOS develops due to multiple factors, not only genetic ones.

A successful animal model was vital for the continuation of this study. In our study, letrozole-treated rats showed increased body weight and PCOS-like reproductive and metabolic phenotypes, including significant changes in serum T, E2, LH, FSH, and P, IR, widespread metabolic abnormalities, disrupted estrous cycles, and polycystic ovaries. Similar to Maliqueo et al. (13), we investigated glucose impairment or diabetes in the letrozole-induced PCOS rat model. Intraperitoneal glucose tolerance tests found no significant differences in glucose levels at 0, 15, 30, 60, and 120 min between the PCOS and control groups, indicating that the letrozole-treated rats had the PCOS phenotypes of obesity, altered hormone levels, and IR without developing type 2 diabetes or glucose intolerance. Abnormal insulin tolerance was observed in our study, but glucose levels remained normal. Glucose levels might remain normal in PCOS despite IR because of the compensatory increase in pancreatic β-cell insulin production, resulting in hyperinsulinemia (27). A successful PCOS-IR female rat model was induced, and the downregulation study that followed based on this model was effective and valuable.

The conception rate of PCOS-IR rats in this study has decreased, while metformin treatment improved it; the multiple pregnancy rate in the PCOS-IR groups was significantly higher than that in the control group and decreased after metformin treatment. Metformin taken during pregnancy increased the fetal concentration of sex hormone-binding globulin (28) and reduced the secretion of inflammatory cytokines by trophoblast cells in vitro (29). Patients with PCOS have an increased risk of pregnancy complications (30). In the present study, metformin was associated with low multiple pregnancy rates. A Cochrane review concluded that ovulation and pregnancy rates were higher in women with PCOS taking metformin (31). A recent study found that metformin treatment from the late first trimester until delivery in pregnant women with PCOS might reduce the risk of a late miscarriage and preterm birth, with no substantial change in serious adverse events in either the mothers or offspring (22). In the present study, we found two cases of placental abruption in the PCOS-IR rats. Palomba et al. (30) found a three- to fourfold increase in pregnancy-induced hypertension and preeclampsia, a threefold increase in gestational diabetes, and a twofold higher chance of premature delivery among patients with PCOS. Hyperandrogenism, obesity, IR, and other metabolic changes might result in an increased risk of obstetric and neonatal complications (30). Women with PCOS present placental inflammation, thrombosis, and infarction, villous immaturity, and nucleated fetal red blood cells during pregnancy (32), which might contribute to placental abruption in PCOS. Metabolic dysfunction in mothers with PCOS compromises the placental function of female fetuses with a genetic susceptibility to PCOS, promoting fetal hyperinsulinemia that leads to hyperandrogenism and altered folliculogenesis in utero (30, 33).

The data in the present study revealed that the body weight of sexually matured F1 female rats in the PCOS-IR group was higher than that in the PCOS-IR+Met and control groups, indicating that the F1 female offspring exposed to metformin during pregnancy demonstrated higher weight gain than offspring of mothers without drug treatment. No difference in body weight was detected in the F2 generation between the groups, demonstrating that inheritance of the obesity phenotype in the F2 generation was unstable in PCOS. It was reported that metformin treatment during pregnancy in patients with PCOS increased the risk of later overweight in offspring at the age of 4 years compared with placebo-exposed children (34); however, the clinical implications, body composition, and metabolic health of the children in their study were unknown. These aspects should be further investigated with long-term follow-up of the children. The T level increased after letrozole administration, as usually observed in these murine models (13, 35). Our data revealed that the glucometabolic indexes and serum T levels of prepubertal and pubertal F1 and F2 female rats were similar in all three groups.

Fetal nutritional and endocrine programming in utero might affect neuroendocrine systems with long-term health consequences, such as hypertension, hypercholesterolemia, and impaired glucose tolerance (36). Both genetic and early-life environmental factors in the uterus might contribute to PCOS development (37). The effect of IR in patients with PCOS on fetal growth and in utero programming, independent of either obesity or gestational diabetes, still needs to be clarified. Defects in the expression and/or activity of the insulin receptor might contribute to hyperinsulinemia in women with PCOS (15). We observed in this study a drastic decrease in the pancreatic expression of INSR in PCOS-IR F1 rats compared with the controls. The number of insulin receptors is a major determinant of cellular response to circulatory insulin. Any decrease in its expression significantly reduces insulin sensitivity. Functional insulin receptors are vital for insulin binding and signal transduction, and alterations in their expression markedly impair insulin binding and subsequent signaling pathways (38). The presence of hyperinsulinemia in women with PCOS-IR has been reported before, possibly due to some defects downstream of the insulin receptor (39, 40). Cellular IR in PCOS has been shown to involve a novel post-binding defect in insulin signal transduction. Treatment of IR with a diabetes drug such as metformin has become the mainstream therapy for women with PCOS (27). In the present study, metformin significantly increased INSR expression in PCOS-IR F1 rats, possibly contributing to improved hyperinsulinemia and IR, thus reducing PCOS-IR incidence in the F1 female rats. Nevertheless, after mating the PCOS-IR F1 females with normal male rats, the INSR expression in the F2 rats was similar to that in the controls, regardless of metformin treatment. However, metformin treatment significantly reduced the expression of the Insr gene in sexually matured F1 female rats, possibly contributing to the reduced incidence of PCOS. Metformin has been shown to confer protective effects on the pancreas in mice following exposure to fatty acid-induced stress and chronically elevated glucose levels (41). The effects of metformin on metabolic regulation in the human pancreas remain to be elucidated.

Metformin treatment in PCOS has been associated with the increased hepatic synthesis of sex hormone-binding globulin and decreased ovarian and adrenal androgens. FSH is an important endocrine hormone regulating ovarian function by binding to its specific receptor, FSHR. It stimulates follicular development via FSHR activation and induces granulosa cell proliferation. LH also plays a critical role in folliculogenesis. Studies have found significantly higher LHR and lower FSHR levels in patients with PCOS than in controls (42–45). This study also revealed alterations in FSHR and LHCGR expression levels in the F1 offspring of PCOS-IR rats. Our results showed that the ovarian expression of FSHR decreased and LHCGR increased in F1 rats of the PCOS-IR and PCOS-IR+Met groups, suggesting that FSHR and LHCGR dysfunction might promote the development of PCOS. Our findings differ from those of Rice et al. (46), who found a reduction in basal levels of FSHR mRNA following metformin treatment. The expression of FSHR and LHCGR was greatly improved with metformin treatment. The expression of PCOS-related INSR and FSHR in F2 offspring of PCOS-IR rats was still abnormal but did not differ from that in the F2 offspring of normal rats. PCOS might be a genetic disease, but genetic factors might not be the only reason for its development. Non-genetic factors could also play an important role in PCOS pathogenesis.

Nevertheless, this work is limited by being a preliminary-stage investigation. Further functional studies are needed. Clinical studies could be performed to observe the effect of metformin on the offspring of patients with PCOS and assess their risk of developing PCOS.

In conclusion, our findings indicated a higher risk of reproductive, metabolic, and endocrinologic abnormalities in PCOS-like model rats and their F1 offspring. Metformin treatment could improve pregnancy outcomes in these rats. The data relating to the F2 offspring showed them to be similar to the control and treatment groups. In women with PCOS, a possible combination of genetic, environmental, clinical, and biochemical factors is involved in this complex syndrome. Non-genetic factors play a key role in PCOS pathogenesis. However, metformin treatment significantly reduced the INSR expression level after sexual maturation in the F1 female rats, possibly contributing to the reduced PCOS incidence in this group. The study results could be used as a theoretical basis in support of metformin use to treat patients with PCOS-IR but without impaired glucose tolerance or type 2 diabetes mellitus.
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Objective

To evaluate the association between neck circumference (NC) and hyperuricemia in women with polycystic ovary syndrome (PCOS).



Methods

This is a cross-sectional study that recruited 601 women with PCOS from January 2018 to January 2021. PCOS was diagnosed according to the Rotterdam definition. Hyperuricemia was defined as serum uric acid level of at least 357 μmol/L.



Results

PCOS females with hyperuricemia had significantly greater values of NC, body mass index (BMI), waist circumference (WC) and hip circumference (HC). NC was positively associated with serum uric acid levels, with a standardized regression coefficient of 0.34 after adjusting for confounding factors. Furthermore, logistic regression analysis showed that NC was significantly associated with an increased risk of hyperuricemia, with an adjusted odds ratio of 1.36. The associations between NC and serum uric acid levels were more considerable in those with medium/high BMI (BMI ≥ 21.63 kg/m2), all ranges of WC or medium/high HC (HC ≥ 90 cm). The optimal cut-off point of NC in predicting hyperuricemia was 32.0 cm (Youden index = 0.48), with the sensitivity and negative predictive value of 84.81% and 92.08%, respectively.



Conclusions

NC was positively correlated with serum uric acid levels and the prevalence of hyperuricemia in women with PCOS. Therefore, we suggest NC as a simple, novel, and reliable anthropometric measure to be used in the routine clinical assessment of women with PCOS to screen those at high risk of hyperuricemia.





Keywords: uric acid, anthropometric measurement, polycystic ovary syndrome, hyperuricemia, neck circumference



Introduction

Polycystic ovary syndrome (PCOS) is one of the most common endocrine and metabolic disorders in reproductive-aged individuals, with an incidence of 3%-20% according to different diagnostic criteria (1–3). Women with PCOS are characterized by symptoms of hirsutism or oligo/amenorrhea or when resorting to infertility care in early adulthood (4). In addition to reproductive disorders, PCOS is also closely related to a variety of metabolic abnormalities, including insulin resistance, diabetes, dyslipidemia and cardiovascular disease, which exert negative and life-long impacts on quality of life (5).

Uric acid is a metabolite produced during purine metabolism, and elevated serum uric acid levels have been demonstrated as a risk factor of metabolic disorders, including hypertension, diabetes and cardiovascular diseases (6). In addition to the effect on metabolism, recent review suggests that there is a close relationship between serum levels of uric acid and female reproductive disorders (7). Previously, our study demonstrated that the prevalence of hyperuricemia in the PCOS population was almost threefold higher than that in women without PCOS (8). Moreover, serum uric acid can be used as a predictor of adverse pregnancy and foetal outcomes (9, 10). Therefore, the early detection and intervention of hyperuricemia is of great significance for the health of women with PCOS. However, the detection of serum uric acid levels is time-consuming, and it requires professional personnel and specific equipment, which is unapplicable to clinical practice on a large scale, especially in some rural places. In contrast, measuring anthropometric indices such as body mass index (BMI), neck circumference (NC), waist circumference (WC) and hip circumference (HC) using tape or a scale is relatively easy (11). It has been confirmed that BMI (12–14), waist circumference (15–17) and hip circumference are positively correlated with the risk of hyperuricemia in different populations. However, it is not always feasible and accurate to measure WC, HC and BMI in the winter with heavy clothes or postprandially. Therefore, there is a need for a reliable, simple and fast method to identify hyperuricemia early in clinical practice.

Neck circumference (NC) is a convenient anthropometric parameter that reflects the subcutaneous fat tissue of the upper body (18). Our previous study found that in PCOS women with obesity, the prevalence of hyperuricemia was approximately threefold higher than that in PCOS women with normal BMI (8). Therefore, we hypothesized that NC might be a good predictor for hyperuricemia in women with PCOS. It has been reported that NC is a potential predictor of hyperuricemia in the general population (19, 20). However, to the best of our knowledge, there are currently limited studies focused on assessing the association between NC and hyperuricemia in women with PCOS. Thus, we conducted a retrospective study to examine whether NC was associated with serum uric acid levels and the prevalence of hyperuricemia in women with PCOS.



Patients and Methods


Participants

This was a cross-sectional study that enrolled 685 PCOS females aged between 20 and 40 years from January 2018 to January 2021 at the reproductive center of the First Affiliated Hospital of Wenzhou Medical University. The exclusion criteria were as follows: 1) patients with other causes of hyperandrogenemia, including congenital adrenal hyperplasia, androgen-secreting neoplasms, and Cushing’s syndrome (n= 4); 2) patients with any medical intervention or diseases that could alter the neck circumference or affect glyco-lipid and uric acid metabolism, including neck surgery (n= 4), neck malformation (n= 2), thyroid dysfunction (n= 8), hypertention (n= 1), tuberculosis (n= 3), malignant tumor (n= 1), and regular oral glucocorticoids (n= 2), oral contraceptives (n= 11) or metformin treatment (n= 6); and 3) patients with incomplete information for anthropometric parameters or laboratory examination (n= 42). Finally, 601 (87.7%) patients were included for further analysis. This study was approved by the Ethics Committee of the First Affiliated Hospital of Wenzhou Medical University. Written informed consent for the whole procedure was obtained from each patient. The study protocol conforms to the ethical guidelines of the Declaration of Helsinki as reflected in the a prior approval by the institution’s human research committee.



Definitions

Polycystic ovary syndrome was diagnosed according to the Rotterdam definition, in which two of the following three criteria should be met: 1) oligomenorrhoea or amenorrhea (less than eight menstrual cycles in 12 months, or if the menstrual interval was more than 35 days); 2) biochemical or clinical hyperandrogenism (such as hirsutism and acne); and 3) characteristic image of polycystic ovaries (at least one ovary containing 12 or more peripheral follicles measuring 2–9 mm in diameter and/or ovarian volume of at least 10 mL) on transvaginal (frequencies of transducer: 5-7mHz) or abdominal ultrasound (3-5mHz) (21). Hyperuricemia was defined as an SUA level of at least 357 μmol/L (22). Insulin resistance was estimated by the homeostasis model assessment of insulin resistance (HOMA-IR) index as follows: HOMA-IR= fasting blood glucose (FBG, mmol/L) x fasting insulin (FINS, mIU/L)/22.5. The β-Cell function was estimated by the HOMA of β-cell function (HOMA-β) index as follows: HOMA-β= (20×FINS)/(FBG-3.5). The prevalence of hyperuricemia was calculated as the number of patients diagnosed with hyperuricemia divided by the total number of PCOS patients recruited in the study.



Anthropometric and Laboratory Measurements

The anthropometric measurements included BMI, NC, WC, HC and blood pressure. BMI was calculated as the body weight in kilograms divided by the body height in meters squared (23). Neck circumference was measured using a flexible tape, with the subject remaining standing, head held erect, at the level of the thyroid cartilage (24). WC was measured at the midpoint between the lowest rib and the iliac crest, and HC was measured at the greater trochanter (25). All the measurements of NC, WC and HC were completed by one nurse in our center. Blood pressure was measured with an electronic sphygmomanometer in the sitting position after 10 min of rest. Fasting blood samples were collected after an overnight fast of at least 8 hours during the 2nd to 5th day of the menstrual cycle to measure hormonal and metabolic parameters. All biochemical measurements were tested in the central laboratory of the First Affiliated Hospital of Wenzhou Medical University. Serum luteinizing hormone (LH), follicle stimulating hormone (FSH), estradiol (E2) and testosterone (T) were measured using an autoimmunoassay analyzer [Unicel Dxl 800, Beckman Coulter, USA]. Serum AMH concentrations were analyzed using enzyme-linked immunosorbent assay [DSL,USA]. Fasting plasma glucose, total cholesterol (TC), serum triglycerides (TG), high-density lipoprotein (HDL) and low-density lipoprotein (LDL) were quantified by an autoanalyzer [AU 5800, Beckman, USA].



Statistical Analysis

Statistical analyses were performed using SPSS version 23.0 software (IBM Corporation), and receiver operating characteristic (ROC) analyses were conducted using MedCalc Application version 19.7.2 software. Data are presented as the median (interquartile range) or as the mean ± standard deviation for continuous variables. Skewness and kurtosis tests for normality were performed and found that the level of basal LH, basal FSH, LH/FSH ratio, basal E2, anti-mullerian hormone (AMH), FINS, HOMA-IR, HOMA-β, TG, and uric acid did not follow normal distributions. Variables with skewed distributions were logarithmically transformed before statistical analysis. Differences between the two groups were analyzed by using Student’s t test for normally distributed continuous variables and the Kruskal-Wallis test for those with skewed distributions. Multivariable linear regression was used to explore the association of NC with serum uric acid level (log-transformed) in different models with adjustment for potential confounders. Binary logistic regression analysis was used to calculate the odds ratios (OR) and 95% confidence interval (CI) of NC for hyperuricemia. For both logistic regression analyses and multivariable linear regression, no variables were adjusted in model 1. Adjusted variables in model 2 included age, SBP, and DBP. In model 3, TG (log-transformed), HDL, FINS (log-transformed), HOMA-IR (log-transformed), HOMA-β (log-transformed) and eGRF (log-transformed) were further adjusted. The interactions of NC with BMI, WC and HC were tested using binary logistic regression. Patients enrolled were stratified into quartiles according to their NC and stratified into low, medium and high groups according to the tertiles of BMI, WC and HC. Receiver operating characteristic (ROC) curves were used to compare the predictive ability of NC, BMI, WC and HC for hyperuricemia by calculating the area under the curve (AUC). The Youden index, defined as sensitivity + specificity – 1, was calculated to identify the optimal cutoff points. The sensitivity and specificity of NC, BMI, WC and HC as well as positive and negative predictive values were calculated for each cutoff point in the sample. All statistical tests were two-sided, and P< 0.05 was considered statistically significant.




Results


Baseline Characteristics in Women With PCOS

The baseline characteristics categorized by the presence of hyperuricemia in women with PCOS are presented in Table 1. The prevalence of hyperuricemia in women with PCOS was 26.29%. Age was matched between the two groups. Compared with women with PCOS without hyperuricemia, women with PCOS with hyperuricemia had significantly greater BMI, NC, WC, HC, SBP, DBP, fasting insulin, HOMA-IR, HOMA-β, TC, TG, LDL, basal T and serum uric acid levels, while the basal FSH and HDL levels were lower (all P<0.05). There were no significant differences between the two groups in basal LH levels, E2 levels, AMH, LH/FSH ratio, FBG or eGFR.


Table 1 | Baseline characteristics of women with PCOS.





Associations of NC With Serum Uric Acid and Hyperuricemia

Multivariable linear regression analysis was performed to explore the associations between NC and serum uric acid levels (Table 2). In unadjusted model 1, NC was significantly associated with the level of uric acid, and the standardized coefficient was 0.52 (P<.001). In model 2 (adjustment for age, SBP, and DBP) and model 3 (further adjustment for BMI, WC, HC, log TG, HDL, log FINS, log FSH and log T), NC was still significantly associated with the level of uric acid, and the standardized coefficients were 0.48 (P<0.001) and 0.34 (P<0.001), respectively.


Table 2 | Association of neck circumference with serum uric acid level and hyperuricemia in women with polycystic ovary syndrome.



In addition, binary logistic regression analysis was also conducted to further identify the correlation between NC and hyperuricemia (Table 2). In model 1 without any adjustment, the OR (95% CI) was 1.75 (1.57–1.95: P<0.001). In model 2 and model 3, with the same adjustment as those in multivariate linear regression analysis, the correlation between NC and hyperuricemia was still statistically significant, and the ORs (95% CI) were 1.67 (1.49–1.87; P<0.001) and 1.36 (1.15–1.60; P<0.001), respectively.



Interactions of NC With Other Anthropometric Measurements in Relation to Serum Uric Acid Level

The quartile ranges of NC were < 31.0 cm (n=203), 31.0 cm to < 32.0 cm (n=100), 32.0 cm to < 34 cm (n=154), and ≥ 34 cm (n=144). The tertile ranges of BMI were < 21.63 kg/m2 (n=202), 21.63 kg/m2 to < 24.84 kg/m2 (n=202), and ≥ 24.84 kg/m2 (n=197). The tertile ranges of WC were < 75 cm (n=221), 75 cm to < 84 cm (n=189), and ≥ 84 cm (n=191). The tertile ranges of HC were < 90 cm (n=227), 90 cm to < 97 cm (n=199), and ≥ 97 cm (n=175). There were significant interactions of NC with BMI, WC and HC (P for interaction <0.001) in relation to serum uric acid level (Figure 1). The associations between NC and serum uric acid levels were more considerable in those with medium/high BMI (BMI ≥ 21.63 kg/m2, P for trend <0.001), all ranges of WC (P for trend <0.001) or medium/high HC (HC ≥ 90 cm, P for trend <0.001).




Figure 1 | Interactions of NC with other anthropometric measurements in serum uric acid level. (A) The joint effect of NC (in quartiles) with BMI (low, medium, and high levels) on serum uric acid level. (B) The joint effect of NC (in quartiles) with WC (low, medium, and high levels) on serum uric acid level. (C) The joint effect of NC (in quartiles) with HC (low, medium, and high levels) on serum uric acid level. NC, neck circumference; BMI, body mass index; WC, waist circumference; HC, hip circumference.





The Predictive Ability of NC for Hyperuricemia

Receiver operating characteristic (ROC) analysis was used to determine the predictive ability of NC, BMI, WC and HC for hyperuricemia. The areas under the curve (AUCs) for NC, BMI, WC and HC in predicting hyperuricemia are depicted in Figure 2. The AUC (95% CI) for NC was 0.80 (0.77–0.83), which was significantly larger than that for WC and HC, with AUCs (95% CI) of 0.76 (0.72–0.79) and 0.75 (0.71–0.78), respectively. However, no significant differences were found in the AUCs between NC and BMI (Supplementary Table 1). The different cutoff points, sensitivities, specificities, positive and negative predictive values of NC, BMI, WC and HC are shown in Supplementary Table 2. The optimal cutoff points of NC, BMI, WC and HC in predicting hyperuricemia were 32.0 cm (Youden index = 0.48), 24.09 kg/m2 (Youden index = 0.44), 80.0 cm (Youden index = 0.42) and 94 cm (Youden index = 0.36), respectively. The sensitivity (SE) and negative predictive value (NPV) of NC were 84.81% and 93.68%, which were comparatively higher than those of BMI (SE: 72.78%; NPV: 87.95%), WC (SE: 74.68%; NPV: 88.13%) and HC (SE: 69.62%; NPV: 85.92%).




Figure 2 | Receiver operating characteristic curves for the detection of hyperuricemia using NC, BMI, WC and HC. NC, neck circumference; BMI, body mass index; WC, waist circumference; HC, hip circumference.






Discussion

In the current study, we demonstrated that neck circumference was positively associated with serum uric acid levels and was also significantly correlated with the prevalence of hyperuricemia in women with PCOS. We also observed significant interactions between BMI, WC and HC with NC in relation to serum uric acid concentrations in women with PCOS. Additionally, ROC analysis demonstrated that NC had a higher negative predictive value for hyperuricemia in women with PCOS than BMI, WC, and HC. To the best of our knowledge, this is the first study to demonstrate such a correlation between neck circumference and hyperuricemia in PCOS women.

Hyperuricemia is characterized by an abnormal increase in serum uric acid levels in the human body due to aberrant purine metabolism, abnormal renal secretion and reabsorption (26, 27). Studies have demonstrated that elevated serum uric acid levels are associated with increased risks of hypertension, type 2 diabetes and cardiovascular diseases (28–30), which has received increasing attention as a major public health problem (31). Our previous study showed that the prevalence of hyperuricemia in the PCOS population was 25.48% (8), which is almost threefold higher than that of women in the general population (32). In the present study, the results are in line with our previous findings that showed that 26.29% of PCOS patients were diagnosed with hyperuricemia. Therefore, it is of great importance to find a simple detection method for early recognition of high-risk populations during symptomless periods. Our previous study also found that 58.75% of women with PCOS and obesity had hyperuricemia, which was nearly threefold higher than that in women with PCOS and a normal BMI, which indicated that accumulated fat was positively associated with a high risk of hyperuricemia (8).

As a reliable anthropometric index of upper-body subcutaneous fat, neck circumference has the advantages of convenience and standardized measurement and has been widely applied in the screening of abnormal fat distribution (33). It has been well acknowledged that NC is positively associated with the risk of obstructive sleep apnea (34), insulin resistance (35), type 2 diabetes and metabolic syndrome (36) in the general population. For women with PCOS, studies have shown that NC was positively correlated with visceral fat and could be adopted as an innovative tool for assessing body adiposity distribution (37, 38). Several studies have suggested that body fat accumulated in the upper body segment may contribute to hyperuricemia (12, 39). Each additional 5 mm increase in NC was associated with a 17% higher likelihood of having hyperuricemia in women (20). In the current study, we also found a positive association between NC and the level of uric acid. Further adjustment for age and other confounders still found a positive association between NC and hyperuricemia, suggesting that neck circumference was independently associated with the prevalence of hyperuricemia in PCOS patients. We also observed significant interactions between BMI, WC and HC with NC in relation to serum uric acid concentrations in women with PCOS. Interestingly, the associations between NC and serum uric acid level were more considerable in those with medium/high BMI (BMI ≥ 21.63 kg/m2), or medium/high HC (HC ≥ 90 cm) regardless of the waist circumference, which suggests that NC as an indicator for upper-body subcutaneous fat is a pathogenic and independent fat depot that confers additional risks for hyperuricemia. In addition, our results showed that the area under the curve of NC in predicting hyperuricemia appeared significantly larger than that of WC and HC. NC has good sensitivity and negative predictive value for the identification of hyperuricemia, which could avoid unnecessary medical intervention in some ways.

Several potential mechanisms account for the high prevalence of hyperuricemia in women with PCOS and larger NCs. First, recent compelling evidence indicates that in women with PCOS, NC is a good predictor for insulin resistance (IR) (40), which consequently increases the risk of hyperuricemia by reducing the excretion of uric acid through increased proximal tubular sodium reabsorption (26, 41). Second, since an increased prevalence of obstructive sleep apnea has been observed in women with PCOS (42), xanthine oxidase, an enzyme that plays a key role in uric acid synthesis, could be activated under hypoxic conditions in those patients (43). Third, increasing evidence has shown that more than 60% of free fatty acids (FFAs) are released from upper-body subcutaneous adipose tissue (44). High levels of FFAs exert pathogenic effects on the glomerulus (44) and tubulointerstitium (45), leading to abnormal renal secretion and reabsorption of uric acid (27, 46). In summary, the underlying mechanism of higher uric acid levels in PCOS women with larger NCs lies in more free fatty acid release and higher airway pressure from upper body adiposity tissue, both of which could result in oxidative stress and insulin resistance (20).

This study is the first to assess the association between neck circumference and the prevalence of hyperuricemia in women with PCOS. The strengths of our study lie in the simple and standardized measuring method of neck circumference, as well as the validated and complete metabolic data, which make our findings highly applicable to clinical practice. Moreover, the high Youden index, high sensitivity and high negative predictive value of NC in predicting hyperuricemia could avoid unnecessary medical intervention in the clinical practice. However, several limitations should be taken into consideration. First, the single-center retrospective design has some limitations with regard to interpreting the causality of associations. Second, due to limited equipment, the dosage of steroid hormones was not carried out with mass spectrometry but with an autoimmunoassay analyzer. Third, we did not classify the phenotypes of PCOS and did not calculate the prevalence of hyperuricemia in each phenotype. Thus, prospectively designed studies and follow-up of reproductive outcomes await further evaluation.



Conclusions

In summary, NC was positively correlated with serum uric acid levels and the prevalence of hyperuricemia in women with PCOS. Therefore, neck circumference could be recommended as a comparatively simple, fast, and reliable measuring method in the routine clinical assessment of women with PCOS to screen those at high risk of hyperuricemia.
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Polycystic ovary syndrome (PCOS) is one of the most common endocrine and metabolic diseases among women of reproductive age. Inflammation may be involved in the pathogenesis of PCOS, but its exact relationship with PCOS remains unclear. Herein, we investigate the causal association between systemic inflammatory regulators and PCOS risk through a two-sample Mendelian randomization (MR) approach based on the latest and largest genome-wide association study (GWAS) of 41 systemic inflammatory regulators in 8293 Finnish participants and a GWAS meta-analysis consisting of 10,074 PCOS cases and 103,164 controls of European ancestry. Our results suggest that higher levels of IL-17 and SDF1a, as well as lower levels of SCGFb and IL-4, are associated with an increased risk of PCOS (OR = 1.794, 95% CI = 1.150 – 2.801, P = 0.010; OR = 1.563, 95% CI = 1.055 – 2.315, P = 0.026; OR = 0.838, 95% CI = 0.712 – 0.986, P = 0.034; and OR = 0.637, 95% CI = 0.413 – 0.983, P = 0.042, respectively). In addition, genetically predicted PCOS is related to increased levels of IL-2 and VEGF (OR = 1.257, 95% CI = 1.022 – 1.546, P = 0.030 and OR = 1.112, 95% CI = 1.006 – 1.229, P = 0.038, respectively). Our results indicate the essential role of cytokines in the pathogenesis of PCOS. Further studies are warranted to assess the possibility of these biomarkers as targets for PCOS prevention and treatment.




Keywords: polycystic ovary syndrome, inflammation, cytokine, growth factor, Mendelian randomization



Introduction

Polycystic ovary syndrome (PCOS) is the most common endocrine and metabolic disorder among women of reproductive age (1, 2). PCOS is a complex and multifaceted disorder that is often diagnosed based on hyperandrogenism, ovulatory dysfunction and polycystic ovaries (3). Newer diagnostic tools include serum anti-Müllerian hormone (AMH) (4), among others. Although PCOS can lead to many complications, including obesity, infertility, metabolic disorders and cardiovascular disease, and although it has a significant impact on the patient’s quality of life (3), the exact cause of PCOS remains uncertain, and current treatments for PCOS mainly target its symptoms. Many studies have investigated potential risk factors for PCOS, which include genetic factors, excess androgen and insulin resistance (IR) (3). In addition, several other risk factors have been identified, such as obesity, chronic disease and low-grade inflammation (2, 5). Regarding inflammation, observational, epidemiological studies have demonstrated that circulating levels of several cytokines may be involved in the pathogenesis of PCOS. Some studies have explored the pathophysiological roles of cytokines, such as interleukin-1β (IL-1β), interleukin-1 receptor antagonist (IL1Ra), interleukin-6 (IL-6), interleukin-17 (IL-17) and interleukin-18 (IL-18) in PCOS development (6, 7). The association of the pathogenesis of PCOS with growth factors, such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF) and pigment epithelium-derived factor (PEDF) has also been investigated by previous studies (8–10). Previous studies have also found that anti-inflammatory therapy can benefit patients with PCOS (11).

These associations are, however, derived from conventional observational studies and are thus susceptible to biases, such as small sample size, reverse causation and potential confounders (12). Based on the results of previous studies, it is sometimes difficult to reach a convincing conclusion because of these biases and the inevitable heterogeneity between different studies. Therefore, the causal effect of individual cytokines on the risk of PCOS remains uncertain. A Mendelian randomization (MR) study is less likely to be affected by reverse causality and potential environmental-social confounding factors because it uses genetic variants that are strongly and solely associated with exposure as instrumental variables (IVs) to establish causal association.

Hence, in the present study, we implemented a two-sample MR to investigate certain systemic inflammatory regulators as potential contributors to the pathogenesis of PCOS. In addition, the association between genetically predicted PCOS and systemic inflammatory regulators was also evaluated, offering a clear picture of the relationship between PCOS and inflammatory markers.



Materials and Methods


The Genetic Association Between Systemic Inflammatory Regulators and PCOS

Single nucleotide polymorphisms (SNPs) associated with cytokines and other systemic inflammatory regulators were obtained and selected from the summary statistics of the latest and largest genome-wide association study (GWAS) of 41 systemic inflammatory regulators in 8293 Finnish participants from three cohort studies, including the Cardiovascular Risk in Young Finns Study, the FINRISK1997 study and the FINRISK200225 study (13). Genetic associations were adjusted for age, sex, body mass index and the first ten genetic principal components. Genetic association data on PCOS in Europeans were selected from a GWAS meta-analysis of PCOS consisting of 10,074 PCOS cases and 103,164 controls of European ancestry (14). These genetic associations were adjusted for age in the cohort.



The Selection of Genetic Instruments

For each of the 41 cytokines and other systemic inflammatory regulators (Supplementary Table S1), we extracted the SNPs that strongly predicted exposures at the genome-wide significance level (P < 5 × 10–8). To avoid potential pleiotropy, SNPs associated with more than one systemic inflammatory regulator were removed. Linkage disequilibrium (LD) was checked for using the European 1000 G reference panel as a reference, and SNPs with r2 < 0.1 were selected to omit the superposition effect of correlated SNPs. After harmonizing the selected SNPs with PCOS GWAS data, only nine systemic inflammatory regulators had more than two independent SNPs at a genome-wide significance level (Supplementary Table S1). Thus, an alternative cut-off (P < 5 × 10–6) was adopted to obtain SNPs predicting systemic inflammatory regulators. Eventually, all 41 systemic inflammatory regulators were selected under this condition (Supplementary Table S2). To avoid weak IVs, average SNP-specific F-statistics were calculated (15, 16), and IVs with F-statistics > 10 were considered as strong IVs for MR analysis.

For selecting IVs of PCOS, LD (r2 < 0.01) and palindromes were tested for the 14 SNPs estimated to be correlated to PCOS at the genome-wide significance level (P < 5×10-8). Eventually, after harmonizing the selected SNPs with systemic inflammatory regulators GWAS data, ten SNPs in total were included to construct the genetic IVs for PCOS (Supplementary Table S3).



The Expression Level of Associated Systematic Inflammatory Regulators in Clinical Participants

In this study, we enrolled patients diagnosed with PCOS and age-matched healthy women in Reproductive Center, Department of obstetrics and gynecology, West China Second University Hospital from January, 2021 to August, 2021. PCOS was diagnosed according to the European Society for Human Reproduction and Embryology/American Society for Reproductive Medicine (ESHRE/ASRM) (Rotterdam criteria). Blood sample of each participant was collected and tested for the associated systematic inflammatory regulators using enzyme-linked immunosorbent assay (ELISA) kit (Shanghai Enzyme-linked Biotechnology Co., Ltd.). This study was approved by the Ethical Review Board of West China Second University Hospital, Sichuan University.



Statistical Analysis

To obtain a reliable foundation for MR analysis, three prerequisite assumptions must be satisfied (17): (i) the IVs are correlated with exposure; (ii) the IVs affect the outcome only through their effects on exposure; and (iii) the IVs are independent of any confounders for the association between exposure and outcome. The inverse-variance weighted (IVW) method with random effects was used as the primary MR analysis to test the association between systemic inflammatory regulators levels and PCOS. Odds ratios (OR) and 95% confidence intervals (CIs) for PCOS were estimated, and a P < 0.05 was considered as statistically significant. Regarding sensitivity analyses, MR-Egger regression, weighted median (18), simple mode (19) and weighted mode methods were applied. The MR-Egger regression aimed to test the potential pleiotropic bias (20). We also applied the MR-Pleiotropy Residual Sum and Outlier (MR-PRESSO) method to detect and correct the horizontal pleiotropy and potential outliers (21). Heterogeneity was tested for by applying Cochran’s Q test on the IVW and MR-Egger estimates. Moreover, we performed bidirectional MR analysis to test the association between genetically predicted PCOS and systemic inflammatory regulators. MR analyses and sensitivity analyses were performed in R (version 4.0.2) using the TwoSampleMR package (version 0.5.5) and the MRPRESSO package (version 1.0). For laboratory data, continuous variables were expressed as mean ± standard deviation (SD) and student’s t-test was adopted for the comparison between the two groups. Binary logistic regression analyses were used to determine the ORs and the corresponding 95% CIs. For all comparisons, a two-sided p value < 0.05 was considered statistically significant. And statistical analyses were performed using SPSS version 22.0 (IBM, Armonk, NY, USA).




Results


The Association Between Genetically Predicted Systemic Inflammatory Regulators and PCOS

Among the 41 systemic inflammatory regulators, 17 had at least one genome-wide significant SNP, whereas all 41 had at least one SNP when using the higher cut-off (P < 5 × 10–6). All these SNPs were included in the analyses. All F-statistics were above 10, indicating that the results were less likely to be affected by the weak instruments bias.

In the primary MR IVW analyses using 17 systemic inflammatory regulators with SNPs that strongly predicted exposures at the genome-wide significance level (P < 5 × 10–8), our results show that only the stem cell growth factor beta (SCGFb) level is inversely associated with PCOS (OR = 0.752, 95% CI = 0.605 – 0.934, P = 0.010). MR-Egger and MR-PRESSO do not detect potential horizontal pleiotropy for SCGFb (P = 0.516 and P = 0.926, respectively). Heterogeneity is not detected for SCGFb (Cochran P value = 0.838). In the MR analyses using the weighted median method, the SCGFb level remains inversely associated with PCOS (OR = 0.747, 95% CI = 0.576 – 0.970, P = 0.029), and the TNF-related apoptosis-inducing ligand (TRAIL) level is also inversely associated with PCOS (OR = 0.828, 95% CI = 0.708 – 0.968, P = 0.018). Also, other systemic inflammatory regulators, including cutaneous T-cell attracting chemokine (CTACK), growth-regulated protein alpha (GROa), hepatocyte growth factor (HGF), interleukin-12p70 (IL-12p70), interleukin-16 (IL-16), IL-18, IL1ra, interferon gamma-induced protein 10 (IP10), monocyte chemoattractant protein-1 (MCP1), macrophage inflammatory protein 1b (MIP1b), platelet-derived growth factor BB (PDGFbb), regulated on activation, normal T cell expressed and secreted (RANTES), stem cell factor (SCF), tumor necrosis factor beta (TNFb) and VEGF are not significantly associated with PCOS in any analyses (Figure 1 and Supplementary Table S4).




Figure 1 | The association of systemic inflammatory regulators with PCOS using SNPs at the genome-wide significance level (P < 5 × 10–8): the inverse-variance weighted (IVW) method was applied as the primary method for MR analysis. SNP, single nucleotide polymorphism; b, beta coefficient; se, standard error; OR, odds ratio; CI, confidence interval; MR-PRESSO, Mendelian randomization pleiotropy residual sum and outlier; CTACK, cutaneous T-cell attracting chemokine; GROa, growth-regulated protein alpha; HGF, hepatocyte growth factor; IP10, interferon gamma-induced protein 10; IL1ra, interleukin-1-receptor antagonist; IL-12p70, interleukin-12p70; IL-16, interleukin-16; IL-18, interleukin-18; MIP1b, macrophage inflammatory protein 1b; MCP1, monocyte chemoattractant protein-1; PDGFbb, platelet-derived growth factor BB; RANTES, regulated on activation, normal T cell expressed and secreted; SCF, stem cell factor; SCGFb, stem cell growth factor beta; TRAIL, TNF-related apoptosis-inducing ligand; TNFb, tumor necrosis factor beta; VEGF, vascular endothelial growth factor.



When using SNPs with a higher cut-off of significance P < 5 × 10–6, the SCGFb level and interleukin-4 (IL-4) level are inversely associated with PCOS (OR = 0.838, 95% CI = 0.712 – 0.986, P = 0.034 and OR = 0.637, 95% CI = 0.413 – 0.983, P = 0.042, respectively), whereas IL-17 and stromal-cell-derived factor 1 alpha (SDF1a) levels are associated with an increased risk of PCOS (OR = 1.794, 95% CI = 1.150 – 2.801, P = 0.010 and OR = 1.563, 95% CI = 1.055 – 2.315, P = 0.026, respectively) using IVW methods. MR-Egger and MR-PRESSO do not detect potential horizontal pleiotropy for SCGFb (P = 0.245 and P = 0.461, respectively), SDF1a (P = 0.105 and P = 0.055, respectively), IL-4 (P = 0.624 and P = 0.509, respectively) and IL-17 (PMR-PRESSO = 0.968). Also, heterogeneity is not detected for SCGFb (Cochran P value = 0.404), SDF1a (Cochran P value = 0.175), IL-4 (Cochran P value = 0.657) and IL-17 (Cochran P value = 0.983). In MR analyses using the weighted median method, the SCGFb level remains negatively associated with PCOS (OR = 1.879, 95% CI = 1.182 – 2.987, P = 0.008); the SDF1a level remains positively associated with PCOS (OR = 0.768, 95% CI = 0.617 – 0.956, P = 0.018), but the IL-4 level is not significantly associated with PCOS (OR = 0.722, 95% CI = 0.419 – 1.243, P = 0.240). The weighted median method is not suitable for IL-17 due to the limited number of SNPs. In addition, using the weighted median method, the TRAIL level is negatively associated with PCOS (OR = 0.832, 95% CI = 0.711 – 0.974, P = 0.021), and the monokine induced by the gamma interferon (MIG) level is positively associated with PCOS (OR = 1.293, 95% CI = 1.012 – 1.652, P = 0.040). Also, using the simple mode method, the macrophage inflammatory protein 1b (MIP1b) level is inversely related to PCOS (OR = 0.714, 95% CI = 0.517 – 0.986, P = 0.045). Other systemic inflammatory regulators, including beta-nerve growth factor (bNGF), Eotaxin, fibroblast growth factor basic (FGFBasic), granulocyte-colony stimulating factor (GCSF), interferon gamma (IFNg), interleukin-1-beta (IL-1b), interleukin-2 (IL-2), interleukin-2 receptor antagonist (IL2ra), interleukin-5 (IL-5), interleukin-6 (IL-6), interleukin-7 (IL-7), interleukin-8 (IL-8), interleukin-9 (IL-9), interleukin-10 (IL-10), interleukin-13 (IL-13), macrophage colony stimulating factor (MCSF), macrophage inflammatory protein 1a (MIP1a), macrophage migration inhibitory factor (MIF), monocyte chemoattractant protein-3 (MCP3) and tumor necrosis factor alpha (TNFa) are not associated with PCOS in any analyses (Figure 2 and Supplementary Table S5).




Figure 2 | The association of systemic inflammatory regulators with PCOS using SNPs reaching the P < 5 × 10–6 significance level: the inverse-variance weighted (IVW) method was applied as the primary method for MR analysis. SNP, single nucleotide polymorphism; b, beta coefficient; se, standard error; OR, odds ratio; CI, confidence interval; MR-PRESSO, Mendelian randomization pleiotropy residual sum and outlier; bNGF, beta-nerve growth factor; CTACK, cutaneous T-cell attracting chemokine; FGFBasic, fibroblast growth factor basic; GCSF, granulocyte-colony stimulating factor; GROa, growth-regulated protein alpha; HGF, hepatocyte growth factor; IFNg, interferon gamma; IP10, interferon gamma-induced protein 10; IL-1b, interleukin-1-beta; IL1ra, interleukin-1-receptor antagonist; IL-2, interleukin-2; IL2ra, interleukin-2 receptor antagonist; IL-4, interleukin-4; IL-5, interleukin-5; IL-6, interleukin-6; IL-7, interleukin-7; IL-8, interleukin-8; IL-9, interleukin-9; IL-10, interleukin-10; IL-12p70, interleukin-12p70; IL-13, interleukin-13; IL-16, interleukin-16; IL-17, interleukin-17; IL-18, interleukin-18; MCSF, macrophage colony stimulating factor; MIP1a, macrophage inflammatory protein 1a; MIP1b, macrophage inflammatory protein 1b; MIF, macrophage migration inhibitory factor; MCP1, monocyte chemoattractant protein-1; MCP3, monocyte chemoattractant protein-3; MIG, monokine induced by gamma interferon; PDGFbb, platelet-derived growth factor BB; RANTES, regulated on activation, normal T cell expressed and secreted; SCF, stem cell factor; SCGFb, stem cell growth factor beta; SDF1a, stromal-cell-derived factor 1 alpha; TRAIL, TNF-related apoptosis-inducing ligand; TNFa, tumor necrosis factor alpha; TNFb, tumor necrosis factor beta; VEGF, vascular endothelial growth factor.





The Association Between Genetically Predicted PCOS and Systemic Inflammatory Regulator Levels

Using ten SNPs as IVs for PCOS, we demonstrated that genetically predicted PCOS is positively associated with IL-2 and VEGF levels through IVW (OR = 1.257, 95% CI = 1.022 – 1.546, P = 0.030 and OR = 1.112, 95% CI = 1.006 – 1.229, P = 0.038, respectively). Heterogeneity was not detected for VEGF (Cochran P value = 0.437) but was found for IL-2 (Cochran P value = 0.026). MR-Egger and MR-PRESSO did not detect potential horizontal pleiotropy for VEGF (P = 0.865 and P = 0.481, respectively). For IL-2, MR-Egger did not detect potential horizontal pleiotropy (P = 0.189), but MR-PRESSO detected pleiotropy (P = 0.033). After removing one outlier SNP (rs11225154), PCOS remained associated with increased IL-2 (OR = 1.199, 95% CI = 1.005 – 1.431, P = 0.044), and heterogeneity was also eliminated (Cochran P value = 0.169). In addition, PCOS was not associated with any other systemic inflammatory regulators in any analyses (Figure 3 and Supplementary Table S6).




Figure 3 | The association of PCOS with systemic inflammatory regulators using Mendelian randomization with SNPs reaching P < 5 × 10–8: the inverse-variance weighted (IVW) method was applied as the primary method for MR analysis. SNP, single nucleotide polymorphism; b, beta coefficient; se, standard error; OR, odds ratio; CI, confidence interval; MR-PRESSO, Mendelian randomization pleiotropy residual sum and outlier; bNGF, beta-nerve growth factor; CTACK, cutaneous T-cell attracting chemokine; FGFBasic, fibroblast growth factor basic; GCSF, granulocyte-colony stimulating factor; GROa, growth-regulated protein alpha; HGF, hepatocyte growth factor; IFNg, interferon gamma; IP10, interferon gamma-induced protein 10; IL-1b, interleukin-1-beta; IL1ra, interleukin-1-receptor antagonist; IL-2, interleukin-2; IL2ra, interleukin-2 receptor antagonist; IL-4, interleukin-4; IL-5, interleukin-5; IL-6, interleukin-6; IL-7, interleukin-7; IL-8, interleukin-8; IL-9, interleukin-9; IL-10, interleukin-10; IL-12p70, interleukin-12p70; IL-13, interleukin-13; IL-16, interleukin-16; IL-17, interleukin-17; IL-18, interleukin-18; MCSF, macrophage colony stimulating factor; MIP1a, macrophage inflammatory protein 1a; MIP1b, macrophage inflammatory protein 1b; MIF, macrophage migration inhibitory factor; MCP1, monocyte chemoattractant protein-1; MCP3, monocyte chemoattractant protein-3; MIG, monokine induced by gamma interferon; PDGFbb, platelet-derived growth factor BB; RANTES, regulated on activation, normal T cell expressed and secreted; SCF, stem cell factor; SCGFb, stem cell growth factor beta; SDF1a, stromal-cell-derived factor 1 alpha; TRAIL, TNF-related apoptosis-inducing ligand; TNFa, tumor necrosis factor alpha; TNFb, tumor necrosis factor beta; VEGF, vascular endothelial growth factor.





Differences of Associated Systemic Inflammatory Regulators Levels Between PCOS Group and Control Group

A total of 30 patients were enrolled in this study, 15 in the PCOS group and 15 in the control group. Our findings suggested that PCOS patients had higher level of IL-2, SDF1-a, and VEGF, and lower level of IL-4, IL-17, and SCFGb, but the differences were not statically significant. And in the logistic regression analysis, IL-4 and IL-17 were associated with reduced risk of PCOS but none of the association was statically significant (Supplementary Table S7).




Discussion

In this study, we performed a two-sample MR to determine the association of systemic inflammatory regulators with PCOS using the largest GWAS dataset to date. Our findings suggest that higher levels of IL-17 and SDF1a, as well as lower levels of SCGFb and IL-4, are associated with an increased risk of PCOS. Also, genetically predicted PCOS is related to increased levels of IL-2 and VEGF. To the best of our knowledge, this study is the first MR study that comprehensively evaluates the causal relationship between genetically predicted systemic inflammatory regulators and PCOS, and vice versa. Additionally, the results of MR study were validated by the results of our observational study.

Remarkably, a higher circulating level of IL-17 was found to be related to an increased risk of PCOS (OR = 1.794, 95% CI = 1.150 – 2.801, P = 0.010). IL-17 is a member of the pro-inflammatory cytokines, which are attributed to many inflammation-related diseases (22). A previous study has found that IL-17A (the founding member of the IL-17 family) levels were significantly increased in women with PCOS compared to healthy controls (p < 0.05) and that PCOS can be predicted by IL-17A at a cut-off value of 8.37 pg/mL with 44% sensitivity and 83% specificity in receiver operating characteristics (ROC) curve analysis (23). Another Iranian study found that IL-17A might be related to patients with a predisposition for PCOS because one SNP (rs2275913) was significantly different between the PCOS and control group (24). Thus, our findings are in accordance with previous studies in that a higher level of IL-17 may be involved in the pathogenesis of PCOS. SDF1a was another cytokine associated with a higher risk of PCOS (OR = 1.563, 95% CI = 1.055 – 2.315, P = 0.026). SDF1a, also known as CXCL12, is a chemokine member of the intercrine family and plays an important role in inflammation, angiogenesis, hematopoiesis and embryogenesis due to the activation and/or migration of most leukocytes, endothelial cells, hematopoietic progenitors and stem cells (25). But there are hardly any studies investigating the role of SDF1a in PCOS. Circulating SCGFb was found to be negatively associated with PCOS risk (OR = 0.838, 95% CI = 0.712 – 0.986, P = 0.034). SCGFb is a hematopoietic growth factor that exerts its cellular activity during the early stages of hematopoiesis (26). Nonetheless, our literature review did not find any reports of observational studies on the association between SCGFb and PCOS. The possibility of using SCGFb as a potential biomarker for PCOS may require further study. Our clinical analysis revealed that PCOS patients had higher level of SDF1a and lower level of SCGFb than the control group but the difference was not statistically significant that probably due to the limited sample size. Therefore, further studies are needed to continue investigating the relationship between SDF1a and SCGFb and PCOS. Moreover, our results indicate that IL-4 is inversely associated with the risk for PCOS (OR = 0.637, 95% CI = 0.413 – 0.983, P = 0.042). IL-4, an important type-2 T helper (Th2) type cytokine, plays an essential role in inflammation, antibody production modulation and the development of effector T-cell responses (27). Several studies have explored the relationship between IL-4 and PCOS. One study found that levels of IL-4 in patients with PCOS were significantly lower than those in healthy women, irrespective of BMI (28). Another study investigated the profiles of the type-1 T helper (Th1) (IFNg, IL-2) and Th2 (IL-4, IL-10) cytokines of CD3+CD4+ T lymphocyte subsets in follicular fluid (FF) and discovered that serum levels of IL-4 in patients with PCOS were reduced compared with those of controls (29). Further studies of these systemic inflammatory regulators and PCOS are warranted to explore the mechanisms underpinning these relationships.

Intriguingly, using bidirectional MR analysis, we also found that PCOS may be related to changes in the circulating levels of some cytokines. In our study, PCOS is associated with higher IL-2 and VEGF levels (OR = 1.257, 95% CI = 1.022 – 1.546, P = 0.030 and OR = 1.112, 95% CI = 1.006 – 1.229, P = 0.038, respectively). Although horizontal pleiotropy and heterogeneity were detected, they were diminished after removing an outlier SNP (rs11225154). Additionally, PCOS remained associated with increased IL-2 (OR = 1.199, 95% CI = 1.005 – 1.431, P = 0.044). IL-2, a Th1-type cytokine, participates in maintaining immune homeostasis through regulating regulatory T (Treg) cells, as well as the optimizing and adjusting of effector lymphocyte responses (30). Researchers have investigated the association between PCOS and IL-2 and found that obese PCOS patients have significantly increased levels of IL-2 in both serum and FF compared to healthy controls (29, 31). They have also found that PCOS patients exhibit decreased levels of Treg cells due to an inherent hypo-responsiveness to IL-2 (32). VEGF, known as endothelial cell mitogen, is an angiogenic growth factor that also leads to increased vascular permeability, expansion and sprouting (33). A previous systematic review indicated that circulating levels of VEGF were increased in PCOS patients, and the immunohistochemical (IHC) staining of VEGF in the ovarian theca and stroma of a polycystic ovary (PCO) were strong (34). Another review also concluded that PCOS patients had elevated levels of VEGF along with mild, chronic inflammation (35). Together with the results of our clinical analysis, we provide evidence for the increased levels of circulating IL-2 and VEGF in women with PCOS, but further studies are needed to fully understand the underlying molecular pathways.

The main strength of our study is that we adopted the MR method to investigate the association between systematic inflammatory regulators and PCOS. Therefore, our findings are less likely to be affected by inverse causality and potential confounding factors. Also, we extracted the SNPs of systemic inflammatory regulators and PCOS using the largest GWAS dataset to date. Additionally, the GWAS data on systematic inflammatory regulators were adjusted for body mass index, thus the bias was minimized. And we also validated the MR results by a clinical cohort. Our study also has, however, several limitations. First, we used a cut-off at a significance of P < 5 × 10–6 to extract SNPs from the GWAS data on systematic inflammatory regulators because only 17 had at least one genome-wide significant SNP when using P < 5 × 10–8 as the cut-off value; all 41 had at least one SNP when using the higher cut-off. Also, the finding for TNFb was based on a single SNP, and those of several cytokines, such as IL-1b, IL1ra, IL-5, IL-6, IL-10, IL-17, MCP3, MCSF, MIF and TNFa were based on two SNPs, which might have resulted in lower precision. Additionally, as the GWAS data on systemic inflammatory regulators did not provide the effect allele frequency (EAF), we were unable to identify palindromic SNPs to confirm whether the SNPs were aligned in the same direction for exposure and outcome. We did, however, apply MR-Egger and MR-PRESSO analyses to test for horizontal pleiotropy. Another problem is that the present MR study was entirely based on European ancestry, thus it is unclear whether our findings are still applicable to other races or regions. Moreover, since the relevant data of each PCOS phenotype was not available, we only explored the associations between systemic inflammatory regulators and the risk of PCOS, and we failed to stratify our results according to the different phenotypes of PCOS. Also we were not able to detect the significant difference of the expression of associated systematic inflammatory regulator between PCOS group and control group due to the limited sample size of our clinical study. Further studies focused on the association of cytokines and growth factors with PCOS are still needed.

In conclusion, using a two-sample MR approach, we provided evidence that higher genetically predicted circulating levels of IL-17 and SDF1a, as well as lower levels of SCGFb and IL-4, are associated with an increased risk of PCOS. Moreover, genetically predicted PCOS was found to be causally associated with increased levels of IL-2 and VEGF. Our results demonstrate the crucial role of cytokines in the pathogenesis of PCOS. Further studies are warranted to evaluate the possibility of these biomarkers as targets for PCOS prevention and treatment.
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The present study aimed to assess whether women with polycystic ovarian syndrome (PCOS) ≥35 years age undergoing in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) cycles experienced a higher cumulative live birth rate (CLBR) over a two-year period compared with age- and body mass index (BMI)-matched patients with tubal factor infertility. Through propensity score matching (PSM) approach, the authors retrospectively analyzed the IVF/ICSI outcomes of 263 PCOS patients (35-46 years of age [mean, 37 years]) and 526 age- and BMI-matched tubal factor controls two years after oocyte retrieval. Multivariate regression analysis was performed to explore factors influencing cumulative live birth. Women with PCOS exhibited better ovarian reserve and response, and higher CLBR in two years compared with age- and BMI-matched controls (CLBR: 55.51% in PCOS vs. 38.02% in control, p<0.001). Multivariate logistic regression analysis revealed that the number of transferable embryos and antral follicle counts were both significant independent factors predicting cumulative live birth after adjusting for female age, female body mass index, percentage of transferred blastocysts, number of embryos transferred per embryo-transfer cycle, diagnosis of PCOS and freeze-all cycles (p<0.001, p=0.045). Women with PCOS ≥ 35 years of age demonstrated a higher CLBR over two years compared with age- and BMI-matched controls. This could be explained by favorable oocyte reserve and more available embryos compared with controls, which overcome the compromised oocyte quality in aged PCOS patients.
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1 Introduction

Polycystic ovarian syndrome (PCOS) is a common endocrine disorder that affects approximately 6%-10% of reproductive-age women (1). Ovulation abnormalities cause infertility in women with PCOS, while other factors, including metabolic morbidities, obesity, hyperandrogenism and high luteinizing hormone(LH) levels, increase the complexity of the problem (2–4). Modern society has witnessed women postponing marriage and childbearing. However, the fecundity of women declines with age. Although assisted reproductive technology(ART) has helped to increase pregnancy rates (5), continuous attrition of oocytes, compromised oocyte quality and cumulative adverse reproductive tract factors inevitably limit the success of ART in women ≥ 35 years of age (3). Therefore, the fecundity of women with PCOS ≥ 35 years of age undergoing IVF is a notable concern.

Despite its heterogeneity in phenotype and morbidity, women with PCOS appear to have an advantage in ovarian reserve. The median density of small preantral follicles has been reported to be six-fold greater in biopsies from polycystic ovaries in anovulatory women than in normal ovaries (6). Anti-Müllerian hormone (AMH) is mainly secreted by the granulosa cells of preantral and small antral follicles 5-8mm in diameter (7). Because the concentration of serum AMH is proportional to the number of developing follicles in the ovaries, it is considered to be a marker of ovarian reserve and ageing of ovaries (8). Serum AMH levels and antral follicle counts (AFCs) in women with PCOS are significantly higher than those of age-matched controls (9). These remain until the age at onset of perimenopause, in addition to lower serum follicle-stimulating hormone (FSH) levels compared with controls (10).

Abundant ovarian reserve in women with PCOS has a corresponding ovarian response in controlled ovarian hyperstimulation during in vitro fertilization (IVF) cycles (11). Whether the advantages of ovarian reserve in the PCOS population leads to success in live births in aged individuals is controversial. A meta-analysis concluded that women with PCOS achieved similar clinical pregnancy and live birth rate (LBR) per started IVF cycle as normo-ovulatory women (11). A retrospective cohort study reported that oocytes retrieved and LBR remained stable in the PCOS group, but decreased in age-matched controls across the age range of 22-41 years (12). A large-scale study reported that women with PCOS had an increased number of oocytes retrieved, clinical pregnancy rate and LBR until 40 years of age compared with controls, although similar declines in clinical pregnancy rate and LBR with age were detected in both groups (13).

These studies, however, focused only on fresh cycles. With the development of embryo cryopreservation technology, embryos can be well-preserved, thawed and transferred to the uterus after ovary recovery and previous preparation of the endometrium. Therefore, consideration of an overall LBR in fresh and frozen cycles of embryo transfer (ET) after each oocyte retrieval is significant and comprehensive, especially in women ≥ 35 years of age in their eager desire to have children. Studies investigating cumulative live births in PCOS patients ≥35 years of age undergoing IVF-ET are scarce. One comparative analysis reported that women with isolated polycystic ovary morphology (PCOM), instead of PCOS, had a higher cumulative live birth rate (CLBR) than controls (14). Favorable ovarian reserve in PCOS individuals ≥ 35 years of age is obvious. However, whether this advantage leads to a better LBR and CLBR remains uncertain. Therefore we used propensity score matching (PSM) approach, to compare the LBRs and CLBRs of IVF/ICSI cycles within two years of follow-up, in infertile PCOS patients ≥ 35 years of age and age- and body mass index (BMI)-matched controls.



2 Material and Methods


2.1 Study Population

Patients ≥ 35 years of age who underwent undergoing their first IVF/ICSI cycle between January 1, 2014 and August 31, 2017, at the Center for Reproductive Medicine in Sun Yat-Sen Memorial Hospital (Guangzhou, Guangdong Province, China) were retrospectively identified in the institutional database. A total of 263 patients with PCOS and 1789 with tubal factors as the single underlying cause of infertility were included. The diagnosis of PCOS was based on the 2003 Rotterdam consensus (15), with at least two out of the following three conditions and exclusion of other etiologies (congenital adrenal hyperplasia, androgen-secreting tumors and Cushing’s syndrome): oligo- or anovulation; clinical and/or biochemical signs of hyperandrogenism; and polycystic ovaries. Individuals with a history of ovarian surgery, genital tumors, other endocrine disorders, endometriosis or uterine malformations were excluded.

The initial control group (n=1789) differed greatly from patients with PCOS in both age and BMI (age: median, 36 years [interquartile rage, 35,38] in PCOS group vs. median, 38[interquartile rage, 36,40] in control group, p<0.001). To reduce confounding bias between the groups and to attain a convincing result, a PSM approach was used. Propensity scores were calculated using logistic regression based on female age and BMI using the nearest neighbor random matching algorithm. PSM was performed at a ratio of 1:2. Demographic data, cycle information, reproductive outcomes and clinical features were compared between the groups.

This study was approved by the Human Research and Ethics Committee of the Sun Yat-sen Memorial Hospital. Written informed consent was obtained for IVF/ICSI process.



2.2 Stimulation Protocols for IVF

Ovarian stimulation was performed using gonadotropin (Gn)-releasing hormone (GnRH) agonist long protocol or GnRH antagonist protocol. Ovarian stimulation and IVF-ET were performed as previously described (16).


2.2.1 GnRH Agonist Long Protocol

Pituitary downregulation in the midluteal phase of the menstrual cycle was achieved by intramuscular (i.m.) injection of 0.75-1.25 mg long-acting GnRHa (IPSEN, Paris, France), or daily administration (i.m.) of 0.05-0.1 mg short-acting GnRHa (IPSEN, Paris, France) until the day of human chorionic gonadotropin (HCG) administration. Two to three weeks later, vaginal ultrasound and blood hormone tests (FSH, LH, estradiol [E2]) were performed to evaluate the complete downregulation of the pituitary gland. Once these results were confirmed, controlled ovarian hyperstimulation (COH) was initiated with Gn 75U - 300 U/day, while dosage was determined according to individual BMI, basal hormone levels and AFC. Evaluation of follicular growth was performed using vaginal ultrasound and blood hormone tests every three to five days, and adjustment of Gn dosage was performed when necessary. HCG (Livon, China) 4000 U to 10,000 U was administered to induce oocyte maturation, when at least one follicle ≥ 18mm or three follicles ≥17 mm in diameter. Transvaginal oocyte retrieval was performed 36 to 38 h after the HCG trigger, under the guidance of vaginal ultrasound.



2.2.2 GnRH Antagonist Protocol

After evaluation of follicular condition according to blood hormone tests (FSH, LH, E2) and vaginal ultrasound, Gn 75 U to 300  U/day was administered to stimulate follicular growth. Follicular development was evaluated using vaginal ultrasound and blood hormone tests every three to five days, and Gn dosage adjusted when necessary. GnRH antagonist was added on the fifth to seventh day after Gn stimulation began (i.e., fixed protocol), or according to the size of the dominant follicle and LH level (i.e., flexible protocol). HCG (Livon, China) 4000 U to 10,000 U or GnRHa (IPSEN) 0.2 mg was administered to induce oocyte maturation, when at least one follicle ≥18 mm or three follicles ≥ 17 mm in diameter. Oocyte recovery was performed 36 - 38 h after the trigger.




2.3 Embryo Scoring and Embryo Transfer

Embryos were scored according to morphology assessment described by the Istanbul Consensus. Cleavage stage embryos scored grade 1 and day 5 blastocysts scored grade 3 or grade 4 were considered to be good-quality embryos.

In fresh cycles, embryos were cultured in-vitro until the third to fifth day after oocyte retrieval, and transferred to the uterus, with a maximum of three embryos. Corpus luteal support was provided on the day of oocyte retrieval, with progesterone injections (i.m., 60mg/day) or progesterone capsules (600 mg/day trans-vaginal), until the pregnancy test. If patients exhibited evidence of ovarian hyperstimulation syndrome (OHSS) or were at risk of OHSS (number of oocytes retrieved > 25, or E2 > 4800 ng/ml on HCG day), ET would be canceled and good-quality embryos would be cryopreserved.

In frozen ET (FET) cycles, a maximum of three embryos were placed in the uterus on the third or fifth day after ovulation in natural cycles(NC) or induced ovulation (IO) cycles, or after the beginning of progesterone administration in artificial cycles. Corpus luteal support was administered since ovulation (in NC and IO), or when the endometrium was prepared in artificial cycles, with progesterone injections (i.m., 60 mg/day) or progesterone capsules (600 mg/day trans-vaginal) until pregnancy testing.



2.4 Measurement

A pregnancy test was performed 14 days after ET, with a serumβ- HCG level >5 IU/L considered to be positive. Subsequently, clinical pregnancy was defined as a gestational sac detected on ultrasound four weeks after embryo transfer. Cumulative live births in this study were calculated until two years after ovum pick up, or exhaustion of preserved embryos before two years, including both fresh ET cycles and subsequent FET cycles.



2.5 Statistical Analysis

Data analyses were performed using Statistical Package for Social Sciences version 24.0 (SPSS IBM Corporation, Armonk, NY, USA). In the present study, non-normally distributed continuous variables are expressed as median (25th quartile, 75th quartile, i.e., interquartile range [IQR]); categorical variables are described as numbers and percentages. Data were compared using the Wilcoxon rank sum test, t-test or chi-squared test, where appropriate. Statistical significance was defined as a two-tailed p-value of 0.05. Logistic regression analysis was performed to examine factors predicting CLBR in two years.




3 Results

After PSM at a ratio of 1:2, 263 PCOS patients and 526 tubal factor infertile patients were included in the final analysis.

Data reported in Table 1 show that female age, BMI and male age were comparable between the groups. The PCOS group had a significantly longer duration of infertility (7 years versus vs. 4 years, p<0.001), but better ovarian reserve, with higher AFC (26 vs. 12, p<0.001) and higher serum AMH level (7.48 vs. 2.89 ng/ml, p<0.001) compared with the control group. Infertility type differed between the groups (percentage of primary infertility: 48.67% in the PCOS group vs. 23.95% in the control group, p<0.001). During controlled ovarian stimulation, PCOS patients received a lower initiation Gn dose (150 U vs. 225 U, p<0.001), but they had higher estrogen levels on HCG days (3328 vs. 2725 ng/ml, p<0.001) than controls. Stimulation protocols differed significantly between the PCOS and control groups: GnRH antagonist protocol, 109/263 (41.44%) vs. 110/526 (20.91%), respectively; long GnRH agonist protocol, 154/263 (58.56%) vs. 416/526 (79.09%), respectively (p<0.001). Ovarian response was better in the PCOS group, with a higher number of retrieved oocytes (12 vs. 10, p<0.001). The number of patients who withheld fresh ET due to the risk of OHSS was 44 (16.73%) in the PCOS group and 49 (9.32%) in the control group. Other patients canceled fresh ET due to fever or personal reasons.


Table 1 | Baseline characteristics and ovarian stimulation of PCOS women aged 35 or older and age-, BMI-matched tubal factor controls in IVF/ICSI cycles.



The PCOS group underwent 189 fresh ET cycles (71.86%) with 386 embryos. Among these, 26 cycles (13.76%) were performed with one embryo, 129 cycles (68.25%) with two, and 34 cycles (17.99%) with three, as is shown in Table 2. The control group underwent 369 fresh ET cycles (71.15%) with 710 embryos. Among these, 77 cycles (20.87%) were performed with one embryo, 243 cycles (65.85%) with two, and 49 cycles (13.28%) with three. The proportions of cycles with different numbers of transferred embryos were similar between the PCOS and control groups (p=0.067). Both average number of embryos transferred and percentage of transferred blastocysts were higher in the PCOS group than in control group in fresh ET cycles (mean number of embryos transferred: 2.04 ± 0.56 vs. 1.92 ± 0.58 respectively, p=0.022; percentage of transferred blastocyst: 55/386 [14.25%] in PCOS group vs. 34/710[4.79%] in control group, p<0.001). Pregnancy outcomes are shown in Table 2. Patients with PCOS exhibits higher clinical pregnancy rate and live birth rate in fresh ET cycles than controls (clinical pregnancy rate per ET: 106/189[56.08%] in PCOS group vs. 129/369[34.96%] in control group, p<0.001; live birth rate per ET: 84/189[44.44%] vs. 88/369[23.89%], p<0.001). Abortion rates of fresh ET cycles are similar between groups (22/106[20.75%] in PCOS group vs. 40/129[31.01%] in control group, p=0.076).


Table 2 | Pregnancy outcomes of PCOS women aged 35 or older and age-, BMI-matched tubal factor controls in IVF/ICSI cycles.



In the PCOS group, 204 frozen-thawed ET cycles were performed with 411 embryos. Among these, proportions of cycles with one, two or three embryos transferred were 18.14%, 62.25% and 19.61% respectively, as shown in Table 2. The control group underwent 558 frozen-thawed ET cycles with 1123 embryos in total. The proportions of cycles with one, two or three embryos transferred were 23.30%, 52.15% and 24.55% respectively. The control group had a slightly higher average number of embryos transferred than the PCOS group in FET cycles (3.25 ± 1.89 vs. 2.98 ± 1.93, respectively); however, the difference was not statistically significant (p=0.054). The PCOS group had a higher percentage of transferred blastocysts than the control group in FET cycles (165/411 [40.15%] vs. 387/1123 [34.46%], respectively, p=0.040). Significant differences were detected in the clinical pregnancy and LBR of FET (clinical pregnancy rate per FET: 86/204 [42.16%] in the PCOS group vs. 169/558 [30.29%] in the control group, p=0.020; LBR per ET: 64/204 [31.37%] vs. 116/558 [20.79%], p=0.002). Abortion rates in FET cycles were comparable between the PCOS and control groups (18/86 [20.93%] vs. 53/169 [31.36%], respectively, p=0.079).

Considering both fresh and FET cycles, the mean number of embryos transferred per ET were similar between the two groups (2.01 ± 0.56 in the control group vs. 2.02 ± 0.51 in the PCOS group, p=0.686). The percentage of transferred blastocysts including fresh and FET cycles, was still higher in the PCOS group than in the control group (27.60% vs. 22.97%, respectively, p=0.011). Overall, CLBR in two years in patients with PCOS was approximately 50% higher than that in patients with tubal factor infertility (146/263 [55.51%] vs. 200/526 [38.02%], respectively, p<0.001).

In the control group, two (0.38%) patients had triplet pregnancies, one of whom gave birth to twins after reduction, and the other experienced spontaneous abortion. Fifty-six (10.64%) patients had twin pregnancies in the control group, thirty-six of whom gave birth to twins, eight experienced miscarriage, and the remaining twelve eventually had single deliveries (two received reduction and ten experienced spontaneous abortion of one fetus). In the PCOS group, all four (1.52%) patients with triplet pregnancies received reduction and achieved one single live birth and three twin live births. Fifty (19.01%) patients had twin pregnancies in the PCOS group, twenty-six of whom gave birth to twins, ten experienced miscarriage and the remaining fourteen had single delivery (four received reduction and ten experienced spontaneous abortion of one fetus).

In multivariate logistic regression analysis, after adjusting for female age, female BMI, percentage of transferred blastocysts, number of embryos transferred per ET cycle, diagnosis of PCOS and freeze-all cycles, number of transferable embryos and AFC were both significant independent factors predicting cumulative live birth in a two-year period (p<0.001) (Table 3).


Table 3 | Multivariate logistic regression analysis for the prediction of 2-year cumulative live birth of women aged 35 or older in IVF/ICSI cycles.





4 Discussion

Results of this study indicated that, compared with age- and BMI-matched tubal factor controls, women with PCOS ≥ 35 years of age maintained better ovarian reserve and response, as well as prominently higher cumulative pregnancy rate and CLBR over two years in IVF/ICSI cycles.

The natural fecundity of women with PCOS was evidenced by the fact that those with both oligo-amenorrhea and hirsutism delivered at least one child as often as non-symptomatic women in a large-scale cohort study (17, 18). Women with PCOS and advanced age who achieve spontaneous pregnancy have also been reported (19). This may be attributed to a relatively good ovarian reserve, despite ageing.

Due to excessive initial recruitment and prolonged survival of follicles (6, 20, 21), polycystic ovaries exhibit a higher density and larger number of follicles compared with normal ovaries (6). In addition, biomarkers of ovarian reserve in women with PCOS are stable, regardless of age. A long-term follow-up study revealed that serum AMH levels and AFC were significantly higher in women with PCOS than in non-PCOS controls, and differences remained beyond 35 years of age, which accords with a lower serum FSH level because rising FSH is considered to be a hormone marker of menopause (9, 10). The decline in AFC in women with PCOS was significantly slower than that in controls (22), and a model based on age-related decline of serum AMH demonstrated that the predicted age of menopause in women with PCOS extended, on average, two years beyond that of normo-ovulatory women (23). Our results also demonstrated that AMH level and AFC in PCOS women ≥ 35 years of age were significantly higher than in controls.

The advantage of ovarian reserve in aging women with PCOS may confer a considerable ovarian response. This was illustrated by the lower total Gn dose, higher E2 level on trigger day, more oocytes retrieved, and larger number of transferable embryos in PCOS women in our study. Adequate oocytes retrieved provides considerable embryos for selection, resulting in pregnancy and LBR. This is consistent with other studies investigating IVF outcomes in those with PCOS and advancing age (12, 13, 24). Mellembakken et al. reported that oocyte count and LBRs in IVF/ICSI remained stable in women with PCOS who were 22-41 years of age, while those in the eumenorrheic comparison group decreased significantly with age (12). In the largest retrospective cohort study, Kalra et al. reported that women with PCOS demonstrated an approximately 20%–30% reproductive advantage in oocytes retrieved, pregnancy rate and LBR over women with tubal factor infertility until 40 years of age (13). However, pregnancy and LBR did not differ for each year after 40 years of age in the two groups. Hwang et al. reported that, when compared in subgroups according to age, pregnancy and LBR remained stable in women with PCOS until 38 years of age, while parameters declined significantly with age in tubal factor controls (24). Results of our study also revealed that women with PCOS exhibited significantly higher clinical pregnancy and LBR than controls in fresh ET cycles (clinical pregnancy rate per ET: 106/189[56.08%] in the PCOS group vs. 129/369[34.96%] in the control group, p<0.001; LBR per ET: 84/189[44.44%] in the PCOS group vs. 88/369[23.89%] in the control group, p<0.001). However, the values of AMH level and AFC in predicting pregnancy outcomes of aged women in IVF cycles remain controversial. Zhang et al. investigated IVF outcomes of women with discrepancies between age and AMH. Their study revealed that the LBR in the older high-AMH group was significantly higher than that in the older low-AMH group, and CLBRs were comparable between the young low-AMH group and the older high-AMH group (25). Dai et al. reported that in women ≥ 37 years of age, rates of implantation, spontaneous miscarriage and livebirth were similar between women with high AMH levels and those with low AMH levels (26).

The advantage of 60%-86% in pregnancy and live birth may, in part, be attributed to the high percentage of blastocysts transferred in fresh cycles in women with PCOS (55/386 [14.25%] in the PCOS group vs. 34/710 [4.79%] in the control group, p<0.001). A Cochrane review summarized low-quality evidence for live births and moderate for clinical pregnancy that fresh blastocyst stage transfer is associated with higher rates than fresh cleavage stage transfer (27). For PCOS patients with moderate risk for OHSS but not meeting the conditions for freeze-all strategy, it is possible that fresh ET would be delayed to D5 to determine whether ET should be canceled depending on the development of OHSS. Furthermore, an adequate number of oocytes retrieved played a major role as providing considerable embryos for both selection and blastocyst culture.

Theoretically, CLBR in aged PCOS patients could benefit from an abundance of oocytes retrieved providing considerable transferable embryos in subsequent frozen-thawed cycles. Paula et al. reported that the cumulative baby take-home rate did not differ between women with PCOS and non-PCOS controls undergoing their first IVF cycles (28). Li et al. compared the outcomes of women with PCOS and isolated polycystic ovaries (PCOs), with age-matched controls undergoing IVF treatment. The results indicated that women in the isolated PCO group, but not the PCOS group, had a significantly higher CLBR per cycle start compared with controls, even though both groups had more oocytes yielded and transferable embryos than controls (14). In addition, multivariate logistic regression analysis revealed that the total number of transferable embryos was the only significant factor predicting cumulative live births after adjusting for age and BMI, instead of the presence of PCOS or isolated PCO feature (14). A similar conclusion was drawn here, as the regression analysis in our study also revealed that the total number of transferable embryos and AFC were significant factors predicting cumulative live birth in two years, after adjusting for female age, BMI, percentage of transferred blastocysts, number of embryos transferred per ET cycle, diagnosis of PCOS and freeze-all cycles.

The discrepancies among studies may be due to the following reasons. First, the population differed across studies, and only individuals ≥ 35 years of age were included in our study. Large-scale retrospective and prospective randomized studies have illustrated that, in fresh IVF cycles, an increasing number of oocytes yielded improved pregnancy and live birth before reaching 15, after which the IVF outcomes worsened (29–31). In contrast, CLBR increased with oocyte number in unselected infertile patients, even after the number of oocytes exceeded 15 (32, 33). Therefore, cumulative live birth was expected in women with PCOS, due to favorable ovary reserve and resultant response, especially in aged women, whose age-matched counterparts experience significant follicle loss with age. Moreover, the fact that aged women with PCOS restore regular menses and experience spontaneous pregnancy indicates possible beneficial changes in fertility (34, 35). A study reported that AMH level and AFC could be used as prognostic indicators in a personalized prediction model of live birth (36).

Second, the heterogeneity of PCOS phenotypes may have different influences on outcomes. De Vos et al. reported that hyperandrogenic PCOS phenotypes have significantly lower CLBRs when compared with normoandrogenic phenotype D (polycystic ovary morphology+ ovulatory dysfunction) and individuals with isolated PCOM ovaries. However, phenotype D has a CLBR similar to that of isolated PCOM ovaries (37). He et al. reported that a subgroup with metabolic syndrome among PCOS infertile patients had fewer retrieved oocytes, fewer available embryos, and a lower oocyte utilization rate compared with PCOS patients without metabolic syndrome in IVF cycles (38). Further regression analysis revealed that the number of embryos transferred and the number of available embryos were positive; however, metabolic syndrome was negatively associated with CLBR. These results resemble hypotheses addressing the compromised oocyte quality of patients with PCOS.

Third, accumulating evidence supports significant and adverse effects of female obesity on IVF outcomes (39), and a similar conclusion has been drawn in the PCOS population (2). Because obesity and overweight are prevalent among individuals with PCOS, our study used PSM method to strictly control for confounding bias caused by both age and BMI (40), which may lead to different conclusions, while counterpart studies have only controlled for age.

Nevertheless, how oocyte quality is affected by aging and PCOS remains unclear. An increase in embryo aneuploidy, dysfunction of mitochondria and loss of cellular polarity are commonly observed in aged women, leading to a decline in oocyte quality and an increase in pregnancy loss in unselected populations (3). Advantages of ovarian reserve do not indicate corresponding oocyte quality in aged PCOS patients. In fact, studies have concluded that endocrine imbalance in PCOS populations, including FSH deficiency, hypersecretion of LH, and hyperandrogenemia, hyperinsulinemia have adverse effects on oocyte maturation, fertilization rates and embryo quality, consequently resulting in impaired pregnancy rates, and increased pregnancy loss (38, 41–43). Dysfunctions of glycerophospholipid metabolism and glycosphingolipid biosynthesis in the follicles of PCOS patients have been reported to be associated with declines in the two pronuclei fertilization rates during IVF procedures (44). Obesity and metabolic syndrome, common among PCOS patients, induce chronic inflammation of oocytes and elevated lipolysis in follicular fluid, thus compromising oocyte quality and ART outcomes in PCOS patients (38, 45–47). Sagvekar et al. also reported epigenetic dysregulation of genes involved in vital ovarian functions in patients with PCOS (48).

However, these results are controversial. A prospective, comparative study demonstrated that the rate of MII and morphologically abnormal oocytes, the percentage of top-quality embryos on day 3 were equivalent in both PCOM and control groups after ICSI (49). Studies have also suggested that PCOS is not associated with embryonic aneuploidy (50, 51). After comparing women with diminished ovarian reserve (age > 40 years), women with premature ovarian aging/occult primary ovarian insufficiency (age < 38 with abnormally low functional ovarian reserve (FOR) by age-specific FSH and/or AMH) and women < 38 years of age with normal ovarian reserve, Gleicher et al. concluded that low androgen levels are associated with diminished FOR at all ages (52). Qin et al. reported that basal T level was a predictor of ovarian response and pregnancy outcomes in women with diminished ovarian reserve (53). Long-term follow-up studies revealed that women with PCOS restored regular menses, experienced improvement in hormone imbalance, and achieved spontaneous pregnancy late in reproductive age (19, 24, 34, 35), which implies that aged women with PCOS may have better ovarian reserve and clinical outcomes undergoing IVF.

Our study was the first to explore CLBR among women with PCOS ≥ 35 year of age compared with age- and BMI-matched controls undergoing IVF/ICSI. However, one limitation of our study was its retrospective design. The percentage of blastocysts transferred can hardly be controlled in retrospective studies as a factor influencing pregnancy outcomes. Future prospective studies, however, may overcome this drawback and yield convincing results. Additionally, we failed to calculate CLBR after all frozen embryos were thawed and transplanted, because most PCOS patients have preserved embryos. In addition, some aged PCOS patients with minor subfertility may achieve pregnancy either spontaneously or with the simple treatment of ovulation induction or intrauterine insemination, as reported in previous studies (18). Selection bias may have influenced our results to some extent. Furthermore, parameters reflecting the quantity of ovarian reserve including AFC, number of retrieved oocytes and transferable embryos do not reflect the quality of oocytes and embryos. Moreover, our results did not include pregnancy complications, while PCOS was reported to be associated with gestational diabetes, pregnancy-induced hypertension, and premature delivery (54, 55).

In summary, the results of our study demonstrated that women with PCOS women ≥ 35 years of age had a higher CLBR over a two-year period compared with their age- and BMI-matched controls undergoing IVF/ICSI cycles. It will be interesting for further prospective studies to explore overall CLBR in aged PCOS patients, as well as to elucidate the underlying mechanisms.
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Polycystic ovary syndrome (PCOS) is a common endocrine disease accompanied by energetic metabolic imbalance. Because the etiology of PCOS is complex and remains unclear, there is no effective and specific treatment for PCOS. It is often accompanied by various metabolic disorders such as obesity, insulin resistances, and others. Activated brown adipose tissue (BAT) consumes excess energy via thermogenesis, which has positive effects on energy metabolism. Our previous research and that of others indicates that BAT activity is decreased in PCOS patients, and exogenous BAT transplantation can improve PCOS rodents. Notably however, it is difficult to apply this therapeutic strategy in clinical practice. Therapeutic strategies of enhancing endogenous BAT activity and restoring whole-body endocrine homeostasis may be more meaningful for PCOS treatment. In the current study, the dehydroepiandrosterone-induced PCOS rat was exposed to low temperature for 20 days. The results show that cold treatment could reverse acyclicity of the estrous cycle and reduce circulating testosterone and luteinizing hormone in PCOS rats by activating endogenous BAT. It also significantly reduced the expression of steroidogenic enzymes as well as inflammatory factors in the ovaries of PCOS rats. Histological investigations revealed that cold treatment could significantly reduce ovary cystic follicles and increase corpus luteum, indicating that ovulation was recovered to a normal level. Concordant with these results, cold treatment also improved fertility in PCOS rats. Collectively, these findings suggest that cold treatment could be a novel therapeutic strategy for PCOS.
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Introduction

Polycystic ovary syndrome (PCOS) is one of the most common reproductive endocrine disorders affecting women of reproductive age (1, 2). Depending on the diagnostic criteria used, the incidence rate of PCOS is 9%–18% in women of reproductive age (3–5). PCOS is characterized by reproductive polycystic ovaries, hyperandrogenism and chronic anovulation (6–8). It is a heterogeneous and complex syndrome associated with dyslipidemia, obesity, insulin resistance, type 2 diabetes, and cardiovascular diseases (9–13). The etiology of PCOS is complex. A variety of environmental and genetic factors may lead to the occurrence of PCOS (14, 15).Thus, the treatment strategy of PCOS is not clear (16).

There is solid evidence of functional abnormalities of adipose tissue in PCOS patients, and it mainly manifests as insulin resistance and inflammation (17). Dysfunction of adipose tissue promotes the occurrence of metabolic disorders in peripheral tissues, and PCOS patients can exhibit larger adipocytes (18), lower lipoprotein lipolytic enzyme activity (18), and impaired catecholamine-mediated lipolysis capacity (19).

White adipose tissue (WAT) has the function of storing excess energy. In contrast with WAT, brown adipose tissue (BAT) dissipates energy as heat and consists of multiple small lipid droplets and numerous mitochondria (20). In human, BAT is mainly located in paravertebral, supraclavicular, perirenal, and cervical depots (21–23). High BAT activity is associated with protection against obesity and related metabolic alterations (24, 25). This association is attributed to the capacity of BAT to oxidate metabolites and generate heat (26). Using 18F-FDG positron emission tomography-computed tomography, we previously found that BAT activity was significantly decreased in a dehydroepiandrosterone (DHEA)-induced PCOS rat model (27). It has also been reported that human PCOS patients had lower BAT activity (28). BAT transplantation significantly increased insulin sensitivity, and ameliorated hyperandrogenism, acyclicity, and infertility in rat and mouse models of PCOS (27, 29). Treatment with rutin, a novel compound that activates BAT, dramatically increased BAT activity, improved systemic insulin resistance, and restored ovarian function (30). These results, at least in part, indicate that increasing amounts of BAT and/or activating endogenous BAT could be a novel therapeutic strategy for PCOS.

Cold exposure is a powerful physiological stimulus for endogenous BAT activation (24, 31). In clinical trials, cold treatment has improved oxidative metabolism, and enhanced the absorption of glucose and fatty acids in BAT (24, 32, 33). In the current study, cold treatment was investigated as a new therapeutic strategy for PCOS.



Materials And Methods


Animals

Three-week-old Sprague–Dawley rats were purchased from Charles River Laboratory Animal Technology Co. Ltd, Beijing. Five female rats per cage and three male rats per cage were housed in an Office of Laboratory Animal Welfare-certified animal facility with a 12-h light/dark cycle, and fed rodent chow ad libitum. All rat studies were conducted with the approval of the Institutional Animal Care and Use Committee of the Institute of Zoology, Chinese Academy of Sciences. Rats in the cold treatment group were placed in individual cages in a thermostatic incubator maintained at 4°C and kept under a 12-h light/dark cycle for 20 days.



Vaginal Smears and Estrous Cycle Assessment

Vaginal smears were taken at 3:00 p.m. for 8 days, and H&E staining was conducted on day 8. Estrous cycle stages were determined via microscopy. Diestrus consists of a predominance of leukocytes and nucleated epithelial cells. Proestrus consists of round, nucleated epithelial cells. Estrus consists of squamous cornified epithelial cells. Metestrus consists of leukocytes and epithelial cells.



PCOS Model Establishment

DHEA used to establish the PCOS model was purchased from Yaxing Pharmaceutical Co., Ltd, Shanghai. Three-week-old female rats were injected subcutaneously with DHEA (0.6mg kg-1) daily for 20 days. Control rats were injected with water under the same administration regimen. Rats without two typical 4-day estrous cycles within eight days were judged as PCOS model rat. After successful induction of the PCOS model, DHEA was continuously injected until sacrifice or fertility assessment experiment.



Fertility Assessment

Female rats were mated with healthy male rats. Successful mating was determined based on the presence of a vaginal plug. The female rats underwent natural delivery. The number of newborn pups was counted and recorded.



Blood Analysis

Blood samples were collected from the hearts of rats under Avertin anesthesia. Plasma was separated and stored at –80°C. Enzyme-linked immunosorbent assay kits were used to detect Testosterone (CSB-E05100r, cusabio), Estradiol (CSB-E05110r, cusabio), Luteinizing hormone (CSB-e12654r, cusabio), and Follicle-stimulating hormone (CSB-E06869r, cusabio).



Histology Analysis

Tissues were fixed in 4% paraformaldehyde for 36 hours at room temperature and then embedded in paraffin. Five-micrometer-thick sections were stained with hematoxylin and eosin, and assessed via microscopy (DS-RI1, Nikon). Numbers of corpora lutea and cystic follicles were counted based on morphology.



Gene Expression Analysis

Total RNA from whole ovary was extracted using a trizol reagent (15596018; Invitrogen). Reverse transcription of total RNA was performed with a high-capacity cDNA reverse transcription kit (R312-01/02, Vazyme). cDNA was diluted to 10 ng uL-1. Real-time PCR analysis (ABI Prism VIIA7, Applied Biosystems) was performed with a SYBR Green Master Mix (Q511-AA, Vazyme) and normalized based on cyclophilin expression. The mRNA expression of related genes was normalized against that of Cyclophilina. The primers used for real-time PCR are shown in Table 1.


Table 1 | Primers for RT-PCR, related to methods.





Western Blotting Analysis

Proteins were purified in RIPA lysis buffer containing a protease and phosphatase inhibitor mixture (Roche Diagnostics). Protein concentrations were tested via a BCA assay kit (Pierce Diagnostics). Proteins were separated on SDS/PAGE gels, transferred to polyvinylidene difluoride membranes (Millipore), blocked in 5% skim milk (OXOID) in TBST (0.02 M Tris base, 0.1% Tween 20, 0.14 M NaCl pH 7.4), and incubated with primary antibodies overnight at 4°C. The primary antibodies used were anti-uncoupling protein 1 (UCP1) (ab209483, Abcam) and anti-HSP90 (4874, Cell Signaling Technology). Goat anti-Rabbit IgG H&L (A0277, Beyotime). The primary antibody was diluted at a ratio 1:1000; The secondary antibody was diluted at a ratio 1:5000. Signals were detected with super signal west pico chemiluminescent substrate (Pierce). Intensity values of the bands were analyzed via ImageJ software (National Institutes of Health, Bethesda, MD, USA).



Statistical Analysis

Comparisons between groups were assessed via one-way analysis of variance with Tukey’s post-hoc test, or Student’s t tests. Statistical significance was set at p < 0.05.




Results


Effects of Cold Treatment on BAT Activation

BAT whitening is one of the most obvious phenotypes in the PCOS rat model. Increased adipocyte size identified via histological analysis was consistent with the reduction of multiple small lipid droplets in brown adipocytes of PCOS rats, indicating that DHEA triggered brown adipocyte hypertrophy. After cold treatment, DHEA-induced BAT hypertrophy was significantly reversed. These results suggest that BAT was effectively activated by cold treatment (Figure 1A). BAT generates heat by uncoupling of mitochondrial ATP synthesis which is primarily achieved by UCP1 (34). UCP1 expression was decreased in the DHEA group, and restored to a normal control level after cold treatment (Figure 1B). Cold treatment had no effect on body weight or BAT weight (Figures 1C, D). Inguinal subcutaneous white adipose tissue (iWAT) and visceral WAT around ovary (oWAT) were significantly reduced by cold exposure (Figures 1E, F). Collectively, these results suggest that cold treatment activated BAT and enhanced fat consumption.




Figure 1 | Cold treatment improved activity of BAT in PCOS rat. (A) H&E staining of BAT. Scale bar: 100 μm. (B) Protein expression of UCP1 in BAT. The weight of body (C), BAT (D), iWAT (E) and oWAT (F). Data are means ± SEM. (A) n = 3/group; (B) n = 4/group; (C–F) CON and DHEA treatment (n = 10/group), and COLD treatment (12 = 10/group). One-way ANOVA with Tukey post-hoc test was used to compare groups. **P < 0.01, ***P < 0.001.





Effects of Cold Treatment on Hyperandrogenism and Ovarian Acyclicity

Abnormal menstruation is a typical symptom in PCOS. The normalization of menstruation is an important aim of PCOS treatment. Therefore, we investigated the menstrual cycle after 20 days of cold treatment. Normal menstruation was observed in 8/12 PCOS rats after cold treatment, and in 3/10 rats in the DHEA group (Figure 2A and Table 2). Hyperandrogenemia and abnormally low estradiol were significantly recovered to normal control levels after cold treatment (Figures 2B, C). The testosterone/estradiol ratio is an important parameter for the diagnosis of PCOS which was significantly increased in PCOS rats and significantly decreased to the control level after cold treatment (Figure 2D). There were no significant differences in follicle-stimulating hormone (FSH), but the abnormally increased luteinizing hormone (LH) level in PCOS rat plasma was significantly decreased after cold treatment (Figures 2E, F). Collectively, these results indicate that cold treatment can restore ovarian cyclicity and reverse hyperandrogenism.


Table 2 | Summary of the estrous cycles.






Figure 2 | Cold treatment ameliorated hyperandrogenism and ovarian acyclicity in PCOS rat. (A) Representative estrous cycles. The hormone levels of testosterone (B), estradiol (C), the normalized testosterone/estradiol ratio (D), LH (E) and FSH (F). Data are means ± SEM. (B–E) CON and COLD treatment (n = 8/group), and DHEA treatment (n = 7/group). One-way ANOVA with Tukey post-hoc test was used to compare groups. *P < 0.05, **P < 0.01.





Effects of Cold Treatment on DHEA-induced Ovarian Dysfunction

Compared with the normal control group, the ovaries in the DHEA group exhibited typical PCOS characteristics with excessive cystic follicles and an absence of corpus luteum. In the DHEA group, there were abnormal expression levels of ovarian steroidogenic enzymes and ovarian inflammation. After cold treatment, there was a significant reduction in the number of cystic follicles. In histopathological analysis, the number of corpus luteum was significantly increased after cold treatment (Figures 3A–D). Cold treatment ameliorated or reduced abnormal expression of ovarian steroidogenic enzymes such as 17-β hydroxysteroid dehydrogenase (17β-HSD), steroidogenic acute regulatory protein (StAR), cytochrome P450, family 19 subfamily a polypeptide 1 (CYP19A1), and steroid 5 alpha-reductase 1 (SRD5A1) in the DHEA-induced PCOS rat model (Figure 3E). It also significantly reversed the expression of inflammation factors such as interferon gamma (IFNγ), interleukin 18(IL18), C-C motif chemokine ligand 2 (CCL2), and C-C motif chemokine ligand 20 (CCL20) to normal control levels (Figure 3F). These results indicated that cold treatment has positive effects on ovarian dysfunction. As well as the recovery of acyclicity and improvement of hyperandrogenism and ovarian dysfunction, we investigated whether cold treatment could normalize fertility in PCOS rats. Female rats in three groups were mated with healthy male rats and the numbers of successful pregnancies and deliveries were counted. The proportion of pregnancies in the cold treatment group was 6/8, which was significantly higher than the 3/8 in the DHEA group. Deliveries were normal (pup numbers ranged from 1–16) and there was no significant difference between the DHEA group and the cold treatment group (Figure 3G, Table 3). Collectively, these results indicated that cold treatment had obvious positive effects on infertility in PCOS rats.




Figure 3 | Cold treatment improved ovary dysfunction and normalized fertility in PCOS rat. (A) Hematoxylin and eosin staining of representative ovaries. Scale bar: 800 μm. (B) The weight of ovary. (C) The number of corpus luteum. (D) The number of cystic follicles. (E) The mRNA level of inflammation-related genes in ovary. (F) The mRNA level of ovarian steroidogenic enzymes. (G)The number of pregnancy rats and not pregnancy rats are shown in dark and bright. Data are means ± SEM. (A, C, D) CON and DHEA treatment (n = 8/group), and Cold treatment (n = 10/group); (B, E, F) Con and DHEA treatment (n = 10/group), and Cold treatment (n = 10/group). (G) CON, DHEA treatment and COLD treatment (n= 8/group). One-way ANOVA with Tukey post-hoc test was used to compare groups. *P < 0.05, **P < 0.01, ***P < 0.001.




Table 3 | Fertility assessment.






Discussion

BAT has a marked thermogenic capacity to increase energy expenditure and is thus recognized as a promising target for the treatment of obesity and other metabolic syndromes. In previous studies, BAT activity was reduced in PCOS women and PCOS model rats (27, 28). In multiple studies, improvement of PCOS was accompanied by recovery of BAT activity (30, 35). Research also indicates that BAT transplantation can reverse polycystic ovaries, insulin resistance, and infertility in PCOS rats and mice (27, 29). Notably, BAT transplantation is a technique that requires a high level of clinical complexity, which increases the challenges of its clinical application. Our group previously demonstrated that the small molecule rutin, a BAT activator, significantly improved systemic insulin resistance and restored ovarian function in PCOS rats (30). However, it would take a long time for rutin to be approved for PCOS clinical treatment. Therefore, it is necessary to investigate additional therapies for PCOS.

Cold exposure is a classic and effective strategy for BAT activation. Under low ambient temperature, BAT responds to sympathetic nervous system signals and efficiently converts the chemical energy stored in lipid into heat energy, which helps the body adapt to environmental challenge. Moreover, cold-induced thermogenesis in BAT also might be a promising therapeutic effect for the treatment of metabolic diseases. In a clinical study, 4 weeks of cold exposure (10°C, 2 hours) elicited a 45% increase in BAT volume and a 2-fold increase in total BAT oxidative metabolism (33). In another study, daily cold exposure (17°C, 2 hours) for 6 weeks resulted in increased BAT activity, cold-induced increments of energy expenditure, and a concomitant decrease in body fat mass (24). In the present study, the therapeutic effects of cold treatment were investigated in PCOS rats. To our knowledge, it is the first time to apply cold exposure into PCOS treatment. The results indicated that addressing the functional abnormalities of adipose tissue is necessary for the treatment of reproductive dysfunction.

In the current study, BAT activity was restored to normal control levels after cold treatment as evidenced by increased numbers of adipocytes with multilocular lipid droplets, and restoration of UCP1 expression. In addition, 8/12 PCOS rats exhibited normal menstruation in the cold treatment group, whereas only 2/10 PCOS rats exhibited normal menstruation in the DHEA group. These results indicated that cold treatment could effectively reverse acyclicity. Cold treatment also had positive effects on hyperandrogenemia. DHEA-induced abnormally high testosterone and luteinizing hormone recovered to normal levels after cold treatment, and cold treatment significantly reduced the expression of steroidogenic enzymes as well as inflammatory factors in the ovaries of PCOS rats. Histological investigations indicated that cold treatment could significantly increase corpus luteum numbers and reduce cystic follicle numbers, indicating that ovulation was recovered to a normal level. Concordant with these results, the successful pregnancy rate in the cold treatment group of 6/8 was twice that in the DHEA group (3/8), indicating that cold treatment could improve fertility in PCOS rats.

It is unclear how cold treatment improves PCOS. BAT secretes batokines that regulate whole-body energy homeostasis (26, 36). Fibroblast growth factor 21 (FGF21) is a pleiotropic protein involved in lipid and glucose metabolism, and energy homeostasis (37). Cold exposure reportedly significantly increased FGF21 expression in BAT (33). Neuregulin 4 (Nrg4), another brown fat-enriched secreted factor, protects against diet-induced insulin resistance and hepatic steatosis (38). It has also been shown that BAT secretes adiponectin which stimulates fatty acid oxidation, inhibits gluconeogenesis, enhances insulin sensitivity, reduces inflammation, and has anti-apoptotic properties (39). In some previous studies, human PCOS patients and PCOS model rats exhibited significantly lower adiponectin values. In the current study, administration of adiponectin could significantly improve DHEA-induced PCOS in rats (40, 41). Whether batokines are involved in PCOS pathophysiology is unknown, and this important question warrants further investigation.

In conclusion, the results of the present study suggest that the development of PCOS is closely associated with endogenous reduced BAT activity. Cold treatment was identified as a potential new therapeutic strategy for PCOS, and further study is required to investigate the clinical application of this strategy.
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PCOS has a wide range of negative impacts on women’s health and is one of the most frequent reproductive systemic endocrine disorders. PCOS has complex characteristics and symptom heterogeneity due to the several pathways that are involved in the infection and the absence of a comm14on cause. A recent study has shown that the main etiology and endocrine aspects of PCOS are the increased level of androgen, which is also known as “hyperandrogenemia (HA)” and secondly the “insulin resistance (IR)”. The major underlying cause of the polycystic ovary is these two IR and HA, by initiating the disease and its severity or duration. As a consequence, study on Pathogenesis is crucial to understand the effect of “HA” and “IR” on the pathophysiology of numerous symptoms linked to PCOS. A deep understanding of the pattern of the growth in PCOS for HA and IR can help ameliorate the condition, along with adjustments in nutrition and life, as well as the discovery of new medicinal products. However, further research is required to clarify the mutual role of IR and HA on PCOS development.
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Introduction

PCOS, depending on the term employed, is the most predominant endocrine of reproductive women affecting 6-22% of all women globally (1). PCOS has been defined as the present at least two out of the following criteria since the Rotterdam Convention was set up in 2003: clinical or biochemical hyperandrogenism (HA); oligo- or amenorrhea (OM); or ovarian morphological polycystic (PCOM) (2). Along with these three basic characteristics of PCOS, many women also experience many additional comorbidities or concomitant conditions, including insulin resistance (IR) (3), which increases their chance to develop Mellitus diabetes, low-level inflammation, dyslipidemia, and obesity (4, 5).

This definition generates numerous different phenotypes, including phenotypes A (HA, OM, PCOM), B (HA, OM), C (HA, PCOM), and D (HA, PCOM). This is the definition that creates different phenotypes (OM, PCOM). Numerous studies have shown a higher prevalence of PCOS, IR, and other comorbidities among HA (A, B, and C) females, while D was associated with a milder form of PCOS (6). Although two or more women who match PCOS criteria are certainly identified, women who meet only one criterion are often neglected or lost to follow-up because their classification does not comply with PCOS. While it is found that HA without PCOM or OM is harmful to a range of cardiovascular risk factors, women are often left without diagnosis or treatment). While these women may not be experiencing “monthly abnormalities or fertility problems”, “their risk of type 2 diabetes”, “obesity”, “hypertension”, “dyslipidemia”, “metabolic syndrome”, “cardiovascular events” such as myocardial inflammation or stroke may increase with HA-related metabolic hazard (7).



Polycystic Ovary Syndrome and the Ovarian Cycle

Since no PCOS is known, the most frequently accepted models are multifactorial, in which interactions between environmental and individual features lead to the development of hyperandrogenemia, the biochemical hallmark of the disease. The main cause of most PCOS clinical symptoms is this alteration (8). During the ovary cycle and folliculogenesis, PCOS inhibits several physiological processes. The first phases of folliculogenesis are impaired with increased amounts of Anti-Müllerian Hormones (AMH) (9). AMH is a TGF family of 560 amino acid peptides released by granulosa (GC). It is mainly rich in small antral follicles and has a considerable inhibitory effect on the beginning of primordial follicles (FSH). The AMH levels decline with the follicle, and it appears that low levels for the development from the primordial to the principal phase, prevailing follicle selection, and ovulation of this hormone are required (10). The long-term disorder of ovarian physiology in women with PCOS appears to be significantly influenced by elevated levels of AMH (11) and by poor reproductive outcomes associated with higher levels of AMH (12). PCOS also has the character trait of hypothalamus-hypophysis-ovary axis (HHOA) dysregulation, with increased frequency and amplitude of pulsatile GnRH and luteinized hormone (LH) releasing hormones. More androgen synthesis in the ovarian theca cell (TC) has increased levels of that hormone (13). On the other hand, hyperandrogenemia lowers the sensitivity to estradiol and progesterone of gonadotropic hypothalamic cells, reinforcing the GnRH and LH hypersecretion (14). It is the first of several self-reinforcing pathophysiological cycles in which the development and advancement of PCOS and the existence of symptoms are dependent on hyperandrogenism. Due to the constant proliferation of follicles and the absence of a dominating unit, many of these structures are overstimulated and so retain all of the characteristic hormonal abnormalities, leading to the alternative proposed title ‘polyfollicular ovarian syndrome’ (15). Genetic factors could potentially contribute by predisposing ovarian tissue to the development of this condition in excessively high production of androgen. A probable Mendelian pattern inherited in critical genetic defects, though very variability in penetration based on a variety of environmental and epigenetic factors, such as exposures to higher levels of androgen, is assumed to be the most widely accepted model (16). The model is most commonly accepted. The predisposal to hyperandrogenemia can all be affected by both mutations in androgen receiver, sex hormone-binding globulin (SHBG), and steroidogenic enzymes genes (17).



Clinical View of the PCOS

In the clinical setting, PCOS manifests itself in a highly varied manner, with a wide range of clinical manifestations (Table 1) presents several sets of diagnostic criteria for PCOS (25). While oligomenorrhea is indicative of ovulatory failure, apparent eumenorrhea does not rule out anovulation altogether. Progesterone values of 3-4 ng/mL on days 20–24 of the menstrual cycle is adequate to diagnose an oligo/anovulatory cycle. In contrast, a patient can be classified as anovulatory if at least two following cycles demonstrate anovulation in the presence of hypoprogesteronemia (31). Although IR has not been used as a diagnostic criterion for PCOS in the past, the presence of this change or Acanthosis nigricans in conjunction with hyperandrogenic symptoms is strongly predictive of this syndrome (32). Obesity, like IR, is a common complication in women with PCOS. Nonetheless, these are not always co-occurring, and they may exist independently, resulting in diverse metabolic profiles. Each of these phenotypes exhibits distinct biochemical characteristics that result in distinct risk profiles for cardiovascular disease and fertility (33). Because androgen activity is primarily directed towards the skin, various dermatologic changes associated with hyperandrogenemia can be observed in PCOS, including hirsutism, androgenic alopecia, and acne, as well as seborrhea, onycholysis, and onychorrhexis (34).


Table 1 | Summary of the PCOS diagnostic characteristics.





Increased Level of Insulin (Hyperinsulinemia), Insulin Resistance, and Hyper-Androgenemia (Vicious Cycle)

It is commonly established that the participation of IR and hyperinsulinemia in the development of PCOS is crucial for molecular mechanisms underpinning the endoscope hypersecretion feature of PCOS (35). The decrease in the level of fasting insulin recorded by PCOS-treated women with insulin-sensitizing medicine appears to decrease androgenemia while increasing ovarian functionality (36).

On the other hand, whereas this link is generally seen as the one-way highway between IR and hyperandrogenemia, newer studies reveal that IR and hyperinsulinemia may extend. IR and hyperandrogenemia, within the setting of PCOS, can establish a vicious cycle that stimulates each other. This confluence of endocrine and metabolic alterations also provides the basis to further develop the complicating and metabolic therapy of these individuals (37).



The Possible Causes of PCOS

A mixture of environmental and genetic reasons is causing PCOS. The following causes are highly related to PCOS: excessive embryonic androgen exposure, reactive oxygen species (ROSs), immunological, and endocrine abnormalities (6, 38). At the same time, numerous genes or oligomers seem to cause PCOS. Results of the genetic basis of HA and IR, potential participation of environmental components in PCOS were found in investigations including “family”, “twin babies”, “genome-wide association studies (GWAS)”, genes connected with certain loci, and fetal program (39, 40). Melatonin receptor (MTNR1b) genes all have a relationship with 2PCOS (41, 42) with microRNA expression, SNP rs10830963, and DNA methylation. In patients with PCOS, the blood FSH levels and control gene expression are linked with SLC18A2 genetic variations in vitro. In PCOS, the GG allegorice has strong links with the index of body mass (BMI), the hip ratio of waist to hip, the resistance to insulin (IR), luteinizing hormone (LH) and LH/FSH, and a high baseline FSH (43).

PCOS is a non-modifiable risk factor for type 2 diabetes, according to the International Diabetes Federation (44). In the relationship between PCOS and T2D, IR has been established as a common component. Despite the fact that the pathogenesis of IR in PCOS is complex, familial histories of IR, as well as obesity, appeared to be particularly common in afflicted women (45). Aside from that, both the parents’ family and personal histories play a role in the illness being handed down to their children and becoming a family disease. Aside from that, PCOS and T2D share similar traits, hence genetic susceptibility factors have been discovered in both diseases (46). Men and women who are first-degree relatives of PCOS patients have a higher risk of acquiring IR, obesity, and diabetes. It’s unclear whether this has an impact on inheritance methods. IR is well-known for producing pain in PCOS patients who are slim or fat (47). In Virginia hospitals (48), confirmed that PCOS is common in premenopausal women with type 2 diabetes. Pancreatic -cell dysfunction is another risk associated with PCOS and type 2 diabetes (49). T2D-related genes play an important role in PCOS development (50). Positive family histories of PCOS are thought to be a risk factor for PCOS in women. There is evidence that a family history of T2D, as a reflection of genetic risk, is linked to a higher risk of T2D progression in PCOS women; with T2D and obesity-related genes and polymorphisms linked to hyperandrogenism, which has been linked to the PCOS phenotype; implying a significant genetic background (51). Obesity exacerbates PCOS, which is linked to a slew of reproductive, metabolic, and psychological issues, including T2D (52). In 1921 (53), identified beard women with diabetes, and T2D has been linked to PCOS ever since (53). Hyperandrogenism, which is thought to contribute to IR in PCOS and may promote hyperandrogenism, is one probable route. IR does not have to develop in all PCOS women. Obesity is one of the well-established linkages between IR and PCOS, and it will be examined in greater depth in relation to the molecular process. In contrast, the pathophysiology of PCOS differs between obese and non-obese women. In obese people, PCOS is a significant contributor in the development of IR and hyperinsulinemia (54, 55). Women with PCOS may have a higher risk of gestational diabetes (GDM), which is connected to T2D, during pregnancy (56) GDM is a metabolic disorder that affects pregnant women and is defined as carbohydrate intolerance during pregnancy (57). PCOS is described as the presence of small cysts forming in the ovaries, and PCOS and GDM, which was previously referred to as PCOS and T2D, have a similar association. Pan and colleagues (58). Both PCOS and GDM are linked to a higher risk of pregnancy-related hypertension, pre-eclampsia, and infant hypoglycemia. IR, weight gain, and genetic factors were all associated to both of these disorders (59). In reproductive ages, PCOS raises the risk of type 2 diabetes and gestational diabetes mellitus. T2D affects 20% of PCOS women at random, resulting in IGT as a common anomaly (60). PCOS women have an abnormal glucose tolerance, which leads to type 2 diabetes. According to clinical investigations (48), individual family histories of T2D and obesity will increase the prevalence of both diseases in PCOS women; most notably, a family history of obesity greatly contributes to the development of T2D in PCOS women (61).



PCOS and HA


Molecular Defects of Hyperandrogenemia

The genetic processes behind polycystic ovarian syndrome (PCOS) and functional hyperandrogenism are mostly unclear. Because of the huge number of genetic variations linked to these disorders, a picture of a complex multigenic trait is emerging, in which environmental factors play a significant role in the hyperandrogenic phenotype’s presentation (62). The challenge in establishing the molecular genetic foundation of these disorders stems from the lack of precision in identifying ethnic and environmental risk factors for hyperandrogenic disorders, as well as the variability of diagnostic criteria used to define PCOS (63). CAG repeats AR and PDE8A polymorphisms, with FST SNP rs 3797297 in PCOS women (25, 31, 32). But the research reveals that CAG microsatellite in the AR gene may not be the fundamental cause of PCOS development frequently polymorphic (64). Intrauterine growth resistances (IUGR), increased androgen exposure, androgen receptors (AR), especially neuron ARs, and poor living conditions include sedentary behavior, longer eating and less training. Hyperandrogenic PCOS (65) causes include PCOS ovarium (66) were discovered to be related to the hypo androgenic nature of the local ovarian immune system PCOS ovaries, but considerable alterations are possible in reactive oxygen, cytokines, and chemical species (67). In PCOS patients, GCs are considered to be inflammatory in genes such IL1B, Interleukin 8, LIF, NOS2, and PCOS2 (52). The leukemia inhibitor GC is composed of interleukin-1beta, IL1B, and interleukin-8 (IL9) (LIF). WNT5a is an inflammatory factor in patients with ovarian grain cells (GCs). WNT5 expression in PCOS increased mainly due to increased inflammation and oxidative stress in the route of the PI3K/AKT-NF-B signal. Expressions of WNT5a can be further stimulated by the NF-B-dependent regulation (68) for pro-inflammatory cytokines generated. PCOS patients in GCs were predominantly hypothesized to contribute to HA following a process of inflammation (69).



Major Cause of PCOS Is HA

Not merely a sign of clinical PCOS, but HA is the fundamental reason. In utero with high androgen levels, PCOS is reported in fetuses. Prenatal DHT Therapy, comprised of irregular estrogen cycles and progesterone (P4) in a LET-induced mice PCOS model, has discovered several PCOS-related endocrinal anomalies. (Pre-infection androgenization; PNA). Girls with preterm newborns are also susceptible to PCOS, and early visceral and IR secretions prevent. For girls who are born at the start of a small gestational age (SGA), the greatest danger of PCOS is adrenarche (70). In PCOS women’s daughters during childhood, early childhood, and prepuberty, the amount of anti-mullerian hormone (AMH) is higher, the evidence suggests. In addition, the link between the sensitivity of PCOS and the common missense polymorphism enzymatic (rs710059) was established in a study (71). Type I activity was further reduced in PCOS patients using Type I (3-HSD) aromatase (CYP19). In addition, AMH increases in GCs (72), and elevated AMH is combined with insulin resistance/hyperinsulinemia in those with insular induced CYP 19. The comparison between age-specific and lean obesity shows a higher degree of HA in obese patients, which shows negative effects from obesity. However, the metabolic and replica aberrations in PCOS women are constantly improved via lifestyle modifications and weight loss (67). The sensitivity and expression of Glu-4 (Glu-4) were established to reduce the degradation of insulin by preventing the liver from degrading and raising central fat that all were important insulin resistance mechanisms. In summary, HA can help to build IR.




PCOS and Hyperinsulinemia

Important characteristics include insulin resistance (73), elevated blood pressure, dyslipidemia, and central obesity (74), 50-70 percent of PCOS (67). The key characteristics of PCOS and metabolic syndrome are. IR, irrespective of their BMI, is a common feature in PCOS women (75). In obesity, IR typically has a distinctive PCOS adiposity, especially in its central or android form (76). Some PCOS women have a greater phosphorylation-172-1 receptor substratum, which inhibits insulin receptor signal (77). In PCOS, an MTNR1B mutation can delay the synthesis of insulin and produce rapid levels of blood glucose. Insufficient vitamin D can lead to IR in PCOS. Vitamin D encourages the formation of adipose cells, influences lipid and metabolic enzymes by carbohydrate activation, and stimulates tissue breakdown in the adipose (78). Inextricably connected are IR and HA. The excess androgen excess for glucose metabolism sequela and antecedents for future metabolic diseases is significantly higher for newborns exposed to pre-natal androgen (PA). Testosterone may also encourage enlargement of the adipocyte (67). In PA infants the average islet size declined and islets grew proportionally and the fractional area of islets remained constant. Furthermore, the babies showed that the proliferative marker Ki67 was elevated and the cell/+ cell ratio of the islets was increasing (79). Insulin causes theca cells to generate and release androgens direct or indirect (75). Insulin the IR stimulates androgen synthesis in the ovary and lowers the amount of free testosterone (FT) accessible to the body, which inhibits the development of sex hormone-binding globulin (SHBG) in the liver. These results demonstrate that IR can contribute to HA (67). Insulin resistance is a common symptom of PCOS that is unrelated to weight. When compared to weight-matched reproductively normal women, insulin-mediated glucose clearance, which is primarily determined by insulin action on skeletal muscle, is reduced by 35–40% in women with PCOS. 2 Obesity does not cause this insufficiency, but it exacerbates it greatly (80). Hepatic insulin resistance, defined as increased post absorptive glucose synthesis and decreased sensitivity to insulin-mediated inhibition of endogenous glucose production, is only seen in obese women with PCOS when compared to healthy women of equivalent body weight. 2 Obesity and PCOS have a compounding negative effect on endogenous glucose production, which may play a role in the etiology of glucose intolerance (81).

Fasting insulin levels are higher in people with PCOS. There are, however, insulin secretion anomalies that are not linked to fat. Women with PCOS and a first-degree relative with type 2 diabetes are more likely to have these abnormalities. PCOS patients have high basal insulin levels but unusually low carbohydrate insulin responses (8). In normal circumstances, there is a consistent link between insulin secretion and sensitivity, such that changes in insulin sensitivity are matched by reciprocal changes in insulin secretion that maintain normal glucose tolerance; this relationship is known as the “disposition index”. When compared to weight-matched reproductively normal women, women with PCOS, whether obese or not, have a lower disposition index (82) Furthermore, PCOS and obesity have a significant negative impact on the disposition index (83).


Role of IR in PCOS

Women often experience PCOS (hirsutism, acne, and alopecia), irregulate menstrual cycles, and biochemical alterations associated with elevated testosterone levels, higher dehydroepiandrosterone (DHEA), androstenedione (ASD), reduced SHBG, and the binding protein insulin-related growth factor (IGFBP). These changes are linked to insulin and hyperinsulinemia resistance (66). PCOS is related to insulin and endothelial dysfunction resistance from the start. The levels of oxidative stress in children born to women with PCOS are higher than in pregnant women (84). PCOS female under cutaneous adipose tissue gene expression levels is greater than the general population of CD11c (ITGAX) as well as the alpha tumor necrosis factor (TNF). TNF can aggravate the development of IR in PCOS women as an inflammatory agent. Drops in nitric oxide (NO) and higher endothelin 1 levels (ET-1) result in IR in endothelial artery cells. At the same time, vasoconstrictors are produced and vasodilation induced by insulin is reduced. Therefore, IR raises the risk of cardio visual and metabolic illnesses for PCOS-positive women, according to the American Heart Association (27). IR raises the likelihood of getting type II diabetes. The release of insulin from pancreatic cells is increased as a result of IR in PCOS women. Hepatic production is elevated in IR and adipose tissue mobilized which leads to increasing levels of plasma-free fatty acid (FFA). Increased FFA contributes to IR by inactivating major enzymes, including glucose transport functions, such as dehydrogenase pyruvate (PDH). The process involves an insulin signaling sequence that influences PI3 kinase-1 (IRS-1) receptor substratum decrease, according to specialists. This means that both hepatic glucose production and insulin inhibition are enhanced. The liver function is also changed and complies with IR (66).

Study shows that after 12 and 24 weeks of therapy, all individuals had significantly lower plasma insulin levels (from 14.2 ± 1.1 to 11.7 ± 0.9 and 9.10 ± .8 μU/ml, p<0.004, p<0.03). Triglyceride, total cholesterol, and the Homeostatic model assessment (HOMA) index all fell considerably, but high-density lipoprotein rose significantly. Of the 45 PCOS patients 39 had a hyperinsulinemic response during oral glucose tolerance tests. All metabolic indices and the hepatic insulin extraction index (HIE) were significantly reduced in this group. In normoinsulinemic PCOS individuals, no alterations were detected (6 out of 45) (85).

Patients with hyperinsulinemic PCOS had the most severe metabolic abnormalities. A combination of nutraceutical substances, including acetyl-L-carnitine, L-carnitine, L-arginine, and N-acetyl cysteine, significantly improved metabolic indices and the HIE in overweight/obese PCOS individuals, particularly hyperinsulinemic subjects. The improvement in HIE supports the theory that liver function is compromised in hyperinsulinemic PCOS.




Mutual Act of IR and HA on Ovaries and Adrenal Glands

HA is mostly due to dysregulated steroid biology in women who have PCOS that is to say to an imbalance in the function of the adrenal cortex and of the ovary (86). The prevalence for women with PCOS varies between 15% and 45% in adrenal hyperandrogenism. The sulfotransferase function of sulfotransferase 2A1 (SULT2A1) (87) mainly converts DHEA into DHEAS in the suprarenal cortex. The adrenal gland produces the majority of DHEAS that circulates due to its poor expression in ovarian tissues. DHEA is the most abundant human precursor to steroids, and up to 97% of circulating DHEA is produced by the adrenal gland. In patients with conventional anovulatory PCOS, DHEAS levels increased substantially (67). However, and possibly especially, because of their diurnal variation, intersubject variability, and heightened stress, the diagnostic utility of DHEA in PCOS has been constrained. Thus, elevated DHEAS shows an over-production of androgen by the suprarenal glands. In certain PCOS women, HA results in the creation of dysfunctional adrenal steroids (functional adrenal androgen excess [FAH]). The production of androgen in the adrenal reticular band is controlled by adrenocortical hormones (ACTH). The Hyperactivity of Adrenaline to ACTH is a characteristic of PCOS and AH symptoms. Although polymorphisms of the 11-hydroxysteroid dehydrogenase gene (HSD12B1) are not connected to PCOS (88), in the case of HSD11B1 liver reliant peripheral cortisol production it could result in compensatory HPA axis stimulation. Ovarian testosterone may also impair liver enzyme activity, which causes deleterious consequences. Regenerating cortisol is an important source of cortisol in the suprarenal system. Insulin, however, may boost HSD11B1 activity in adipocytes using the P38 Signal Protein kinase (MAPK) pathway. Hyperactivity in the HPA axis may also be associated with the accelerated peripheral cortisol clearance for hepatic 5 in women with PCOS as a consequence of IR (89). This can be explained by IR/hyperinsulinemia. The compensatory HPA axis is a fascinating approach for PCOS patients to comprehend AH. One reason could be an AH in PCOS Induced by an acquired mechanism such as insulin resistance/hyperinsulinemic, P450c17 was an increase in 5-17 hydroxylase (CYP17) and/or 5-17.20 lysis activities. However, in a study that looked at specific PCOS quantitative traits, no connection was identified between CYP17 genes and typical PCOS quantitative traits. The 5-P450c17 regulates post-translation pathways, including the lack of serine kinase activity in PCOS patient’s results in an increase in cortisol (including aldosterone) and insulin resistance (IR). Short-term infusions of high insulin doses increased in PCOS women, while metformin and pioglitazone lowered 17OHP and ASD when induced by ACTH. Deficiencies like these may promote or contribute to obesity-related diseases such as hyperinsulinemia and/or other metabolic issues. Additionally, adrenal reticular cells synthesize DHEA from Pregnenolone, which is derived from adrenocorticotrophic hormone (ACTH) stimulation, due to the poor expression of type II 3-hydroxysteroid dehydrogenase (HSD2) (90). Cortisol is the primary synthesis of cortisol. This ratio, of 5 females for every 4 men, went raised in PCOS, due to the partial inactivity of 3-hydroxysteroid dehydrogenase (3-HSD). This statement agrees with IR (91) and is a viable candidate for AH in PCOS, considering PCOS itself is an underlying condition for P450c17 and 3-HSD regulation alongside the P450c17/3-HSD regulation with ERK/MEK signaling pathways. Additionally, due to higher quantities of DHEAS in the blood, AH’s popularity may be racially biased. It has been claimed that T’s production of AH begins at rest and then increases in response to ACTH. The results indicated that testosterone injection increases DHEA levels in the NCI-H295R human adrenocortical cell line and that it also reduces DHEAS levels. T was also present in newish adrenal tissue taken from typical women, but in the adrenal glands of these ordinary women, T did not affect the quantity of DHEA or DHEAS (89). Additionally, ovarian steroids have a direct impact on adrenal steroid synthesis. Additional research on production is needed. In persons with PCOS, metformin was reported to reduce IR (also known as insulin resistance) as one of the insulin sensitizers. We would like to notice that. In women with glucose-mediated or rapid insulin levels, metformin medication has been shown to decrease PCOS concentrations. While metformin use was associated with decreased fetal insulin concentrations among PCOS women, it did not impact fetal insulin concentrations in PCOS women who were taking metformin (92).

The level of insulin is lower in pregnant women (93). However, lower insulin activity can be different from that for women with type II diabetes or obesity in women with PCOS. The fact that metformin promotes insulin secretion, especially in the early stages of secretion, is unacceptable without the traditional symptoms of PCOS (94). More research on metformin’s influence on insulin levels is thus justified. Interestingly, metformin drugs, perhaps due to reduced glucose concentrations, were demonstrated to enhance HA. In PCOS (95, 96), levels of insulin are elevated. That also means that HA and IR are very strongly linked. Figure 1 demonstrates a schematic representation of this PCOS hormone-releasing. In PCOS, the HPO axis is out of whack. GCs first carry out this function during the development of the sinus follicles, while follicular theca and follicular GCs both play a critical role in the synthesis of steroid hormones. GCs (Gastrulation Conditioned Squamous Epithelial Cells) are first activated by FSH and subsequently LH during the monthly cycle, whereas follicular cells (Follicle Cells) only respond to LH. This two-cell, two-gonadotropin (FSH, LH, and androgens) theory explains the production of androgens from androgen precursors with follicular theca, GCs, and LH, as well as FSH. To convert cholesterol to androgens, three steroid enzymes (CYP11A, 3-HSD, and CYS17) are expressed in the ovarian membrane cells. The CYP11A (or P450scc) mitochondrial enzyme clicks the cholesterol side-chain and subsequently creates Pregnenolone that spreads swiftly from mitochondria. Once converted to pregnenolone, 17-hydroxy pregnenolone or P4 can be metabolized further by CYP17 or 3-HSD, respectively. Converting 17-hydroxypregnenolone to DHEA is catalyzed by the CYP17 enzyme. ASD is a 3-HSD precursor to ASD; ASS is the major precursor of follicular theca cells released by dihydrotestosterone and testosterone. GCs absorb ASD. ASD (98, 99).




Figure 1 | Schematic representation of the PCOS ovarian hormones (Adapted and modified from (97).



In the presence of FSH and via a basal layer, CYP19 transforms testosterone into estradiol. The major estrogen is estradiol (67). Estradiol (E2) is then converted by a chemical process into estrone (E1). 17-hydroxysteroid dehydrogenase type I is converted to estradiol by 17-hydroxysteroid type 2 dehydrogenase. The primary steroid 317 routes are arranged and regulated by the hypothesis of two-cell-two-gonadotropin biosynthetic theory in the small Antral follicle of PCOS. Due to increased frequency of the release of GnRH by the hypothalamus, increased GnRH sensitivity, and excessive insulin on hypophysial insulin receptors, excess LH is produced in PCOS patients, thus encouraging the production of excessive androgen by ovarian stroma and follicular membrane cells (100). In between, androgen releases from the suprarenal gland can be enhanced by IR, SHBG synthesis limited, and free testosterone increased. The high levels of androgen in the ovary contribute to the inhibition and prevention of follicles in follicles. However, at the early follicle level, the small follicles in the ovary can continue releasing E2. In addition, androstenedione is metabolized by CYP19 to E1, leading to increased levels of estrone in peripheral tissues. Continuous secretion of E1 and certain E2 levels on the pituitary and hypothalamic secretion does not produce an LH-pick-pick with the center of menstruation, increase the amplitude and frequency of LH Secretion, prove to be continuously high with no periodicity (101). Estrogen also functions as a negative FSH feedback mechanism, decreases the FSH level, and increases the LH/FSH ratio. When the high level of LH is present, the ovary is activated and androgens are produced, but the low level of FSH prevents follicle growth, creating a vicious cycle of hyperandrogenism and anovulation. This allows for the development of polycystic abnormalities in the ovary (102). Abbreviations: CGs: granular cell; LH: Hormones luteinize; FSH: hormone follicle-stimulating; DHEA: dehydroepiandrosterone; P4: progesterone; ASD: Androstenedione; E2: estradiol.

PCOS has a distinct neuroendocrine phänotype defined under the effect of IR, which improves the overall synthesis of LH and FSH production via sustained, fast GnRH pulsation. The LH/FSH ratio is thus increased (103). Increased CYP11A1 and CYP17 expression may lead to an increase in the production of androgen in women suffering from PCOS (89). The LH-dependent character of ovarian hypertension may be useful to explain why PCOS usually occurs as puberty reactivates the reproductive hypothalamus-hospital axis and increases LH secretion (104). In regulating the occurrence of HA in PCOS thus, IR is crucial. The usual hallmark of PCOS is excess testosterone of follicular origin. Tissue and GCs treated with androgen have been observed to induce circadian rhythms. Distributor-dependent phase-dependent activities. In androgen-treated mice, estrous cycles were stopped. Flutamide treatment nevertheless can restore the estrous cycle in PCOS animals, lower ovarian-like follicles in LET females, and reduce a variety of people’s PCOS symptoms, including P4 reactivity. Loss of signals from androgen receptors (AR) improves the PCOS model phenotype. Excess androgen may thereby modify the hypothalamic-hypophytic-gonadal axis by AR, which reduces the susceptibility of P4 to negativity. This leads to neuroendocrine dysfunction in the PCOS (103) that undermines ovarian function.



Reproductive Failure Due to IR and HA in PCOS

Reproductive abnormalities that present as infertility (75 percent of anovulatory infertility is PCOS) and an increased risk of abortion (105, 106) are the most important concern in PCOS patients with childbearing age. Anomalies of ovulation are induced by faulty endocrine metabolism, reduced oval formation capability, and reduced endometrial receptiveness (ER). The ovary, in which HA and IR may alter ovarian follicle growth and also fertile oocyte formation, is the principal organ affected (100). Anovulatory phenotype PCOS is more probable than typical PCOS to have IR. Dominant follicular GCs create large IGF-II volumes during the follicular phase in the follicular fluid. The levels of the IGF-II in folic fluid have a positive correlation with the diameter of the follicle and E2, but with the androgen. Non-dominant follicles have low IGF-II levels and this effect is not magnified, causing developing follicle defects. HA leads to reduced levels of IGF-II in follicular fluid in women with PCOS. The follicular theca cell death can be inhibited by estrogen produced by many follicles that cause sinus follicles stagnation, not obstruction in PCOS. In women with PCOS, more LH encourages the development of ovarian theca cell androgens, whereas inadequate FSH helps impaired folliculogenesis and anovulation. Insulin resistance/hyperinsulinemia in women with PCOS encourages androgen synthesis directly in ovarian and ductless glands, increasing follicular maturation and leading to anovulatory infertility. Intriguingly, IR/hyperinsulinemia promotes pituitary LH release, boosting androgenic production and inhibiting SHBG synthesis, resulting in high levels of FT (66). This disrupts both ovarian and ovulatory functions. Ovulatory dysfunction (75) is most typically caused by infertility. PCOS can lead to ovarian failure in mutations in the gene of LH chorionic gonadotropin (LHCGR) receptor. Exotropinism may also lead to ovarian collagen fibrosis, which results in abnormal tunic thickness, which makes follicles less susceptible to rupture, leads to un-ruptured follicle luteinized (LUFS) syndrome, also linked to infertility. Insufficiency in vitamin D has been associated with poor outcomes in PCOS stimulation (107). The deficiency of vitamin D3 (VitD3) leads to the normalization of serum AMH and promotes follicles (101). That means, in the development of PCOS oocytes, vitamin D plays a key part. HA, IR and higher LH levels are generally strongly affected by the production of ovary follicles and could lead to anovulatory cycles (66).



IR and Ageing

Both sexes have a continuous increase in body weight with the advancement of age, which is associated with a detrimental effect on metabolic profile, and IR has long been considered the primary pathophysiological link between obesity and metabolic abnormalities (108, 109). Additionally, ageing is associated with a steady increase in IR and -cell decompensation in a healthy population, which results in the development of diabetic mellitus (DM) (110). Nonetheless, the molecular mechanisms behind IR in persons with DM are distinct from those underlying IR in people with PCOS, and patients with DM exhibit varying degrees of IR in various organs (111).

According to study, women with PCOS had a higher level of intrinsic IR than their age- and BMI-matched contemporaries (112, 113). Women with PCOS also had higher HOMA-IR readings than women without PCOS, independent of BMI (114). As a result, the notion that PCOS is a risk factor for the development of diabetes in non-obese women with the syndrome should be re-examined, particularly given that the current findings come from a cross-sectional rather than a prospective investigation.

It has been clear over the last two decades that both IR and -cell dysfunction is necessary for the development of diabetes mellitus, and that both of these illnesses are associated with ageing (109, 115). If, on the other hand, IR improves with time in non-obese PCOS women, this trait can compensate for the decreased -cell secretion, hence lowering the risk of diabetes. Additionally, while thin women with PCOS have intrinsic IR, the degree of IR is comparable to that of their obese control peers (8, 116). As a result, obesity appears to be a substantial risk factor for the development of IR, and one may argue that DM in women with PCOS is an epiphenomenon caused by an elevated BMI, given the common coexistence of obesity and PCOS. This concept was advanced by the Escobar-Morreale group, which discovered that overweight and obese women have a significantly higher prevalence of PCOS than lean women (28.3 vs. 5.5 percent, respectively), a finding validated by other study groups (117, 118). Additionally, women with PCOS have a high familial history of diabetes, which is another significant risk factor for diabetes development (119).

The steady fall in IR throughout time may be a result of the natural decline in androgen levels associated with ageing. In PCOS, IR and hyperandrogenemia are mutually exclusive, and numerous in vitro and in vivo investigations have indicated that reducing androgen levels improves IR (120). Additionally, a direct correlation between testosterone levels and the risk of developing IR or DM has been established in pre- or postmenopausal normal women (121). Androgen levels continuously decline with time in women with PCOS and controls, as previously demonstrated (122) and corroborated in this study. Androgens, on the other hand, declined independent of BMI, demonstrating that the relationship between androgens and age is direct and not indirect via fat (123).



Current Clinical Treatment of PCOS

It is difficult to produce a PCOS-specific medication (124) due to its complexity and range of female clinical characteristics. The majority of treatment regimens advise PCOS women to change their lifestyles, such as exercise, diet, and weight loss. The treatment in the first line of PCOS menstrual problems and hirsutism/acne for women with PCOS can be used as oral contraceptives (OCPs). The usage of androgen-excessive behavior is anti-androgens. Medicines that sensitize insulin can be used to treat low glucose tolerance or symptoms of metabolic illness. Anovulatory infertility is treated using clomiphene citrate or related estrogen modulators such as letrozole (LET) in women with polycystic ovarian syndrome (PCOS) (125). The surgical interventions are laparoscopic ovarian perforation (LOD) and ovarian wedge resection (126). Patients with PCOS should have their treatment progress modified to meet the treatment goals of patients and doctors, as there are no single treatments now (127). Women with PCOS should consider lifestyle changes first, such as food re-calibration and increased physical activity [(128); Consensus on infertility treatment related to polycystic ovary syndrome], especially if their BMI is greater than 25 kg/m2. To enhance fertility, 343 obese infertile women with PCOS were randomly assigned to receive clomiphene citrate alone, metformin alone, a combination of the two, or a lifestyle change program (low-calorie diet and risk-free activity for 30 minutes per day) (129). Women in the lifestyle group outperformed those in the pharmaceutical group in terms of waist circumference, LDL cholesterol, and insulin levels, although SHBG levels improved similarly in both groups. More crucially, despite the fact that the difference was not statistically significant, the pregnancy rate in the lifestyle group (20%) was significantly greater than in the combo group (14.8%). 30 obese, insulin-resistant PCOS women were randomly assigned to lifestyle modification plus metformin or a placebo for four months in a recent clinical trial (130). The researchers discovered that a small weight loss achieved through lifestyle adjustments was sufficient to alter PCOS patients’ menstrual cycles, and that metformin had additive effects on insulin resistance and hyperandrogenism. In obese PCOS women, weight loss of just 5% of their starting body weight can result in conception (131), whereas weight loss of 5–10% can lower hyperandrogenism and insulin levels (132).

There is currently no credible evidence on which meal composition is optimal for improving PCOS clinical results. For 12 weeks, 28 overweight PCOS women were randomly assigned to either a low-protein or high-protein diet (133). Although there was no significant difference in food content, both diets reduced body weight (7.5%) and belly fat (12.5%), as well as improved pregnancy rates, menstrual cyclicity, lipid profile, and insulin resistance. Weight reduction, clinical, and biochemical changes were not statistically significant in a randomized controlled experiment comparing high-protein and high-carbohydrate diets (134). If fatty acid buildup in androgen-secreting cells is linked to PCOS pathogenesis, the fat content of the diet may become more important than the other macronutrients. Saturated fatty acids, for example, were found to concentrate in cells and enhance testosterone levels in male rats to a greater extent than polyunsaturated fatty acids (PUFA) but to a lesser amount than monounsaturated fatty acids (MUFA) (135). Supplementing with PUFAs for an additional three months after a three-month normal diet improved glucose homeostasis, plasma lipids, and sex hormones in women with PCOS, according to a prospective study (136). According to a cross-over trial comparing eucaloric diets higher in MUFA to those low in carbs, the low CHO diet had a lower acute insulin response to glucose than the MUFA diet (CHO). Diets were only examined for 16 days, which is insufficient time for fat modulation to influence insulin sensitivity and testosterone levels. Given the scarcity of publications evaluating the significance of dietary fat content in women with PCOS, we propose that more research be done to better characterize and understand the impact of dietary fat on PCOS management.

After non-pharmacological approaches fail, medications for insulin-related hyperandrogenism and insulin resistance can be recommended to women with PCOS. Metformin, thiazolidinediones (TZDs, PPAR agonists), D-chiro- or myo-inositols, and acarbose, among other insulin-sensitizing or insulin-lowering medications, have been demonstrated to diminish hyperandrogenemia in both lean and obese women with PCOS (137). Metformin is a biguanide that lowers hepatic glucose synthesis while improving insulin sensitivity slightly. Furthermore, this medication reduces hunger in a substantial percentage of PCOS women, and is thus frequently (138), but not always (139), associated with weight loss. Metformin has been proven to help all women with PCOS, including those without insulin resistance or hyperinsulinemia (140), but it is more helpful in lean PCOS women than obese PCOS women (141). Metformin’s benefits on PCOS are most likely mediated by a reduction in insulin levels, which can be seen in both insulin-sensitive and insulin-resistant PCOS women due to a decrease in hepatic glucose production. Metformin appears to directly inhibit androgen synthesis on the ovaries (142), which could be linked to an increase in intracellular FFA buildup. This hypothesis, on the other hand, needs to be tested in vitro.

TZDs are another type of insulin-sensitizing drug that can be used to treat PCOS symptoms. In adipocytes and androgen-secreting cells, TZDs increase gene transcription and activate genes that code for insulin action and proper FFA metabolism. TZDs, unlike metformin, are real sensitizers that help people with normal insulin sensitivity maintain their insulin levels. Troglitazone, rosiglitazone, and pioglitazone have all been approved by the FDA; however, troglitazone has been discontinued due to idiosyncratic hepatotoxicity. Several studies (143, 144) have found that using one or more TZDs can benefit women with PCOS with insulin resistance, ovarian dysfunction, and hyperandrogenism. TZDs like metformin have been shown to improve hyperandrogenism and ovulation rates in slim women with PCOS and normal insulin levels (145). TZDs appear to be at least as effective as metformin in treating the clinical symptoms of PCOS (127). For example, in obese PCOS patients treated for 12 weeks with metformin, orlistat (a weight loss inducer), or pioglitazone, all three medications effectively reduced hyperandrogenemia characteristics (146).

The adrenal fasciculata and ovarian thecal cells both have PPAR receptors, and their ligands have been demonstrated to lower P450c17 and 3HSD2 activity in human adrenal cells while enhancing testosterone synthesis in pig thecal and human ovarian cells (147). Furthermore, PPAR agonists have been found in human adrenal cells to reverse the increased expression of P450c17 produced by MEK/ERK suppression (148). As a result, PPAR appears to play a direct role in androgen synthesis, suggesting that activating this receptor could assist to ameliorate some of the insulin signaling protein anomalies connected to PCOS hyperandrogenemia. Furthermore, because all insulin-sensitizing medications improve adipocyte insulin sensitivity, it’s possible that this is a common mechanism by which insulin sensitization relieves hyperandrogenism.

Another line of treatment includes laparoscopic surgeries; this technique is carried out under video surveillance in the lithotomy position (149). As a result of developments in minimally invasive surgery technology, laparoscopic surgeries that need fewer port wounds, single incisions, or use of the natural orifice have gained in favor (150, 151). As a result, the single-port laparoscopic approach can also be used to execute LOD. The conventional three-port wounds for LOD are summarized below. A 5–10 mm trocar is placed in the umbilical position, and two 5 mm trocars are placed in the right and left lower quadrants, 6–8 cm lateral to the inferior epigastric artery and oblique to the pubic rami, to position the video scope. To grip the utero-ovarian ligament and move the ovary away from the intestine and ureter, a set of grasping forceps is inserted via one of the 5 mm trocars. On a single ovary or both ovaries, three to ten diathermic punctures (each 3 mm in diameter and 2–4 mm in depth) are commonly conducted utilizing 600–800 joules (J) of energy. However, because the clinical effects of LOD may be dose-dependent, it is advised that each ovary receive at least 600 J, as recommended by (152) in their initial study on the amount of energy utilized for LOD. The duration of each penetration is between 2 and 4 seconds. After chilling the bilateral ovaries with an isotonic solution, the existence of bleeding is detected. Finally, 500–1000 mL of normal saline should be injected into the cul-de-sac to cool the ovaries and avoid heat harm to nearby tissues, as well as to lower the chance of postoperative adhesion formation and effectively treat postoperative shoulder tip pain (153, 154). In order to maximize therapy response with the least amount of follicle injury possible, the best amount of electrosurgical energy to utilize at each puncture is uncertain (155). compared the effects of LOD on metabolic consequences using two distinct cautery procedures. In group A, four 5 s or five 4 s punctures were employed with a voltage (V) of 3040 to obtain a total energy of 600 J per ovary. Group B’s energy measurement (based on ovarian volume) was based on earlier research that employed 640, 450, 600, and 800 J per ovary (mean: 625 J). There were no significant variations in AMH, testosterone, or dehydroepiandrosterone sulphate (DHEA-S) levels between the two groups, according to the researchers. Additional LOD procedures are required, such as office micro laparoscopic ovarian drilling (OMLOD) performed under augmented local anesthetic rather than general anesthesia (156). OMLOD has a number of advantages, including a faster recovery period, less pain, and less hospitalization. Fertiloscopy (transvaginal hydro laparoscopy) has also been described as a viable ovarian drilling approach (157). LOD has also been proposed using a harmonic scalpel and a monopolar hook electrode (158).



Conclusion and Future Perspectives

PCOS is an extremely complex illness with several phenotypes that sometimes makes it difficult to recognize and treat. Therefore, many groups around the world developed criteria of consensus. This article describes PCOS-based physiopathology, which is linked to HA and/or IR-mediated symptoms. PCOS androgenism has a convoluted etiology closely linked to the ovaries and suprarenal. The development of systemic diseases in PCOS can be influenced by HA and IR. They are intricately connected to breeding processes, obesity, hypertension, NAFLD, dyslipidemia sleep, neuroendocrine issues, apnea, AGEs, and EDC impacts. PCOS is usually identified by irregular menstruation or infertility in young women; PCOS can in its later phases create a range of metabolic problems. Cognitive and behavioral pathways are likely to be involved, as in women of PCOS, in part because of their distressing symptoms; anguish and despair, smoking and excessive alcohol use and inactivity are widespread. Timely training and interventions to improve one’s quality of life. Interactions with variables such as weight and food are increasingly recognized as having the potential to change the nature of PCOS. More studies are also needed to link the underlying causes of PCOS (HA and IR) with clinical events and to develop more scientifically and clinically relevant therapeutic approaches
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Infertility is becoming much more common and affects more couples. The past years witnessed the rapid development of the diagnosis and treatment upon infertility, which give numerous coupled more opportunities become parents. Extracellular vesicles are known as nano-sized membrane vesicles to play a major role in intracellular communication. In recent years, several basic and clinical studies have tried to investigate the correlation between the reproductive health/disorder and extracellular vesicles. However, the mechanism is still unclear. In this review, we reviewed the relationship between reproductive physiology and extracellular vesicles, and then collectively focused on the recent findings on the relationship between extracellular and infertility, and its consequent influence on the novel insight regarding the therapeutic strategies for infertility in the future clinical practice.
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Introduction

Infertility (subfertility) is defined as a disease characterized by the failure to establish a clinical pregnancy after 12 months of regular and unprotected sexual intercourse” (1, 2). Infertility is common and is estimated that affects 1/6 couples at reproductive-age worldwide (3, 4). Several key steps are involved in achieving pregnancy including follicular development, fertilization, implantation and so on. Thus, premature ovarian insufficiency (5), polycystic ovary syndrome (6), endometriosis (7), uterine fibroids and endometrial polyps may play vital roles in female infertility.

Extracellular vesicles are bubbles with lipid bilayer structure of 30-5000 nm in diameter that secreted by different cells (8, 9). It was widely acknowledged that extracellular vesicles are produced by the fusion of multivesicular membrane with the plasma membrane, contain diverse cargos including proteins (10), mRNAs and microRNAs (11). Therefore, extracellular vesicles could act as important mediators of cell-cell message communication and exchange of substance that involved in numerous physiological and pathological processes (12, 13). Numerous studies have clarified that extracellular vesicles participant in cancers (14), immune responses (15), pregnancy and so on. Increasing studies indicated that extracellular vesicles derived from diverse types of cells are involved in infertility (16). Furthermore, the therapeutic potential of extracellular vesicles in infertility have been increasingly addressed in this field. While the diameter of exosomes ranged from 50 to 150 nm, extracellular vesicles formed at the plasma membrane can be of this size range or larger (up to 5 mm). Different extracellular vesicles subtypes cannot be separated according to size or density. Extracellular vesicles with similar sized can be classified into several types of extracellular vesicles based on biogenesis, size and biophysical contents: exosomes (ranged from 50 to 150 nm) secreted upon fusion of multivesicular compartments with the plasma membrane, microvesicles (or ectosomes) (ranged from 100 to 1,000 nm) and apoptotic bodies (ranged from 100 to 5,000 nm) released directly from the plasma membrane, and exomeres (ranged from 30 to 50 nm). The establishment of a formal International Society of Extracellular Vesicles (ISEV) has defined standards for the experimental characterization of extracellular vesicles, and encouraged the use of ‘extracellular vesicle’ as a generic term for all secreted vesicles, and as a keyword in all publications. Despite there were difference among diverse types of extracellular vesicles including biogenetic mechanisms and contents, it is difficult to distinguish different vesicle types after they are released or secreted from a cell. Thus, the clear descriptive function from diverse extracellular vesicles is still unclear worth further exploring.

Although an evidence-based, cost-effective and safer fertility treatment developed in the recent years, several issues (including the physical and psychological pressure, the substantial financial burden of infertility treatment, the unsatisfied success rate and so on) are still unsolved. Better understanding the molecular mechanisms of disorders related to infertility, and further developing timely effective therapeutics are urgent issues in this field.

In this review, we summarized the existing research on extracellular vesicles in fertility biology and infertility disorder. We aimed to illustrate the relationship between the extracellular vesicles and infertility (referring to both the female infertility and the male infertility), and also considered priorities for future research. Moreover, we summarized the extracellular vesicles in in-vitro fertilization (IVF) and the applications of extracellular vesicles in treating infertility, which might be an invaluable tool for the intervention of infertility and other related infertility disorders.



Fertility Physiology and Extracellular Vesicles


Male Fertility Healthy Physiology and Extracellular Vesicles

It is widely acknowledged that spermatogenesis is a vital and complex process during the whole process of male fertility physiology (17–19). This process requires the collaboration of numerous genes, hormones, proper temperature combined with other environmental factors. While sperms isolated from the testicle are generally immotile and immature, the maturation of sperm during transit through the epididymis is important for acquiring capacity of gaining motility and fertilization. Several studies indicate that part of this process is correlated to extracellular vesicles in transferring RNAs, proteins, and other materials from the epididymis to sperm (20).

Extracellular vesicles derived from epididymis (epididymsomes (21)), ranged between 50 and 250 nm, play a vita role to sperm during epididymal transit. It was reported that epididymis-extracellular vesicles could transfer a variety of proteins to surrounding epithelial cells and sperm, and further regulate transcription/translation within these cells (22). In addition, it appears that epididymis-extracellular vesicles carrying microRNAs are transferred between epididymal epithelial cells and spermatozoa to regulating sperm maturation (23). What’s more, several studies depicted that epididymis-extracellular vesicles content affected by paternal metabolic contents would further influence the healthy of offspring (22).

Extracellular vesicles-associated proteins are involved in the biological processes such as cell growth and maintenance, metabolism (24). Also, human seminal extracellular vesicles contain diverse small non-coding RNAs that modulate female reproductive tract (25) to support embryo development (26).

In addition, extracellular vesicles derived from the vaginal, uterine, and fallopian tube fluid have been shown to bind sperm, and to prevent premature activation of the acrosome reaction in mice (27). Furthermore, these extracellular vesicles and encapsulated protein cargos (28) have also been found in the human female reproductive tract, suggested that extracellular vesicles involve in a highly conserved and important mechanism in supporting sperm (29) (Figure 1).




Figure 1 | Schematic diagram showing the impact of extracellular vesicles in infertility.





Female Fertility Healthy Physiology and Extracellular Vesicles

When it comes to the female reproductive physiology, follicular development and maturation are regarded as complicated processes which involve intercellular communication between the maturing oocyte, cumulus cells and mural granulosa cells. The ovarian follicular development (including recruitment, selection and growth of follicles, followed by atresia or dominance, ovulation and formation of the corpus luteum and finally luteolysis) needs complicated coordination in the multi-steps duration. The role of communication (30) between theca cells, mural granulosa cells, cumulus cells as well as the oocyte in the ovary are critical for ovulation of a high-quality oocyte and further potential development into an embryo. It is quiet clear that the appropriate communication mediated by extracellular vesicles among diverse types of cells within the ovarian follicle is critical for the growth and maturation of healthy oocytes (31), particularly in fertilization and development into embryos.

It is clear that extracellular vesicles are present in ovarian follicular fluid, extracellular vesicles could mediate the delivery of molecular cargo (including proteins, microRNAs) between the different follicular cells to play a role in cell-to-cell communication in regulating follicle development and oocyte maturation. Extracellular vesicle miR-23a, regulates the apoptosis of human granulosa cells through affect the XIAP (which may contribute to the etiology of POF) and the caspase signaling cascade in human granulosa cells, was reported involved in the oocyte maturation (32). In addition, extracellular vesicle miR-21-5p (33) derived from follicular fluid plays a dynamic role in preimplantation embryo development by regulating apoptotic proteins by targeting PI3K/AKY and JAK/STAT3 signaling pathways in the process of cellular communication. These studies clearly depicted that extracellular vesicles involved in various aspects of follicular growth and maturation by transferring microRNAs. Further studies suggest that extracellular vesicles microRNAs play an important role in follicular development and cellular communication within the ovarian follicle by regulating critical signaling pathways, including TGF-β and WNT signaling. Based on the high-throughput sequencing results, extracellular vesicles miR-31-5p was found to promote the proliferation of GCs and progesterone synthesis via the WNT/β-actin pathway by targeting the SFRP4 follicle growth inhibitor and further regulating the physiological function of GCs, which is vital in follicle development (34, 35) (Figure 1).

In addition, fallopian tube plays a vital role in absorbing and transporting eggs, fertilization, and initial embryonic development. The contents including extracellular vesicles derived from the fallopian tube influence sperm motility, acrosome reaction, and fertilization. Extracellular vesicles associated miR-30d derived from the endometrial fluid was taken up by trophoblastic cells of murine embryos, and was involved in modifying the embryo transcriptome and its adhesive phenotype. Extracellular vesicles derived from oviductal fluid contain the OVGP1 (oviduct specific protein) and influence the sperm motility, acrosome reaction and fertilization (36). Also, when it comes to the proper communication and regulation between gametes/embryos and the fallopian tube, extracellular vesicles also paly important role in the multi-steps process. For example, proteins including endothelial nitric oxide synthase (eNOS), PMCA1 and PMCA4 can be delivered to sperm by extracellular vesicles via a fusogenic mechanism, and contributing to the sperm viability (37–39).




Female Infertility and Extracellular Vesicles


Endometriosis and Extracellular Vesicles

Endometriosis is defined as the presence of endometrial tissue outside the uterus, which troubles 25-50% women at their reproductive age (40, 41). While endometriosis is supposed to a benign inflammatory gynecological disease, some malignant biological behaviors (including invasion (42), recurrence and so on) also make it one of main reasons for infertility.

Recent studies showed that extracellular vesicles are associated with angiogenesis (43), cell proliferation, and gene mutation in endometriosis. Among these effects, different biological behaviors are mediated by different encapsulated content in extracellular vesicles. Previous studies confirmed that extracellular vesicles and/or extracellular vesicles-derived microRNA-126-5p (44) and proteins could regulate the proliferation, migration of endometrial mesenchymal stem cells by negatively regulating the expression of BCAR3 (a kind of EMT-associated genes), as well as enhance the angiogenic abilities, subsequently affect the occurrence and metastasis of endometriosis. Although BCAR3 was not associated with synergistic effect with estrogen and not associated with inducing EMT, its inhibition of anti-estrogen function may provide new insight into the mechanism of local estrogen action in endometriosis (45). Studies have shown that endometriosis stromal cells could enhance the angiogenic ability in vitro through secreted extracellular vesicles, and many other cell types also exert angiogenic effects through extracellular vesicles in regulating endothelial cells (46) and stromal cells (47). Based on the next-generation sequencing of EVs obtained from endometriosis patient plasma–derived extracellular vesicles compared with healthy control extracellular vesicles, studies have documented that differential expression of miR-16 and -30d regulating the angiogenic function by targeting the VEGF and MYPT1/cJUN/VEGFA pathway, respectively. These results suggesting that extracellular vesicles derived from endometriosis exert their contribution to the pathophysiology process of angiogenesis and invasion (43). Furthermore, the identification of biomarkers for the early diagnosis in endometriosis is essential to protect the gradual aggravation of the disease (48) (Figure 1).



Polycystic Ovary Syndrome (PCOS) and Extracellular Vesicles

Polycystic Ovary Syndrome (PCOS), a kind of reproductive endocrine disorder which troubles women at childbearing age (49). PCOS is characterized by ovulation disorder, hyperandrogenism, and an excessive number of follicles (equal or greater than 12 follicles) of unilateral ovarian, is regarded as one of the most common causes of infertility. It is reported that the incidence increased for the reason that the transformation of the life-style and elevated related-risks [including obesity (50), insulin resistance (51) and so on] in recent years.

The existence of extracellular vesicles in human follicular fluid may provide pathways for information exchange between follicular fluid microenvironment and the oocyte (16, 52). The miRNAs in extracellular vesicles might play a regulatory role in the pathogenesis of PCOS (53, 54). Platelet-derived extracellular vesicles was detected elevated in plasma of women with PCOS when compared to healthy women. In addition, the extracellular vesicles derived from platelet are correlated with the serum testosterone levels (55), and similarly correlated with the free androgen index. Further studies reported that the extracellular vesicles derived from platelet are significantly elevated in obese women with PCOS, even overweight women with PCOS (56). Other study founded that PCOS women had higher concentrations of extracellular vesicles, further studies indicated that when focusing on the sub-population of small extracellular vesicles whose diameter less than 150 nm, small extracellular vesicles from PCOS women expressed greater percentage of annexin V positive than control women (56).

Recently study demonstrated that the results by miRNA profiling indicate that extracellular vesicles encapsulated hsa-miR-126-3p (53), ciRNA-7323_TIAM1 (57), circLDLR (58) have been altered in women with PCOS. And depleting circLDLR in extracellular vesicles would increase the expression level of miR-1294 and inhibit the expression level of CYP19A1 in recipient cells. In addition, down-regulated circLDLR in extracellular vesicles functioned as a vital mediator to regulate E2 secretion via sponging miR-1294 to repress CYP19A1 (58). Extracellular vesicles encapsulated miRNAs might exert potentially effects on the IGF1R signaling pathways upon the recipient cells in PCOS patients (59), which were different from the effects of non-extracellular vesicles-mediated miRNA secretion. These results would not only broaden the understanding of molecular mechanism in PCOS, but also provide new insights and strategies for further therapies against PCOS.



Primary Ovary Insufficiency (POI) and Extracellular Vesicles

Primary Ovary Insufficiency (POI), a kind of disorder known as premature ovarian failure or premature menopause defined as cessation of menstruation before the expected age of menopause (60). While POI could be divided into genetic, autoimmune, and iatrogenic categories (61), evidences indicate that extracellular vesicles is related to the progression and treatment of POI. It was reported that the extracellular vesicles derived microRNAs is associated with POI. In addition, some studies reported that extracellular vesicles derived from human adipose mesenchymal stem cells would attenuate the ovary function damage through SMAD signaling pathway in a POI mouse model (62). Also, extracellular vesicles derived from human umbilical cord mesenchymal stem cells (hUMSCs) encapsulated miR-17-5P repressed PARP1, γH2AX, and XRCC6 by inhibiting SIRT7 (63), which implied the potential of extracellular vesicles based therapy for POI treatment. Extracellular vesicles derived bone mesenchymal stem cell (BMSC) transferred miR-644-5p could inhibit the apoptosis of ovarian granulosa cell by targeting p53 of cells (64), suggesting that the potential of extracellular vesicles as nano-carriers in treating POI as well as restoring ovarian function.




Male Infertility and Extracellular Vesicles

It was reported that among all the couples suffered from infertility worldwide, 20-30% of them resulted from male infertility (65), while only 20-35% resulted from female infertility. However, male infertility (66) is often undervalued in the routine clinical practice.

Extracellular vesicles transferred proteins and miRNAs play a vital role in the multi-steps process including sperm motility (67), capacitation, acrosome reaction, and further fertilization. Studies demonstrated that extracellular vesicles proteins play role in the process of cell growth, cell maintenance and protein metabolism. Further results indicated that the extracellular vesicles proteome of normozoospermic men differs from non-normozoospermic men. Proteins known as positively regulators on sperm-specific functions including sperm associated antigen 11B (SPAG11B), cysteine-rich secretory protein-1 (CRISP1), and defensin B126 (DEFB126), were most strongly enriched in extracellular vesicles samples from seminal plasma of normozoospermic men; on the other hand, glycodelin (PAEP) and TGM4, were among the more represented proteins in extracellular vesicles from severe asthenozoospermic samples (68), suggesting that extracellular vesicles proteome might be potential biomarker in predicting the potential outcome (69). Aberrant expression of extracellular vesicles proteins could affect sperm functions and influence the subsequent fertilization. In mice, some studies demonstrated that the loss of specific proteins in extracellular vesicles causes infertility.

Besides proteins in extracellular vesicles, several studies have shown that aberrant miRNA levels in seminal plasma derived small extracellular vesicles (sEVs) are related to the sperm quality (70). Extracellular vesicles derived seminal plasma could potentially regulate the signaling pathways of the recipient mucosa through delivering the small RNA molecules. Some studies identified that when compared with controls, several in seminal plasma extracellular vesicles derived miRNAs altered in azoospermic individuals. It was reported that miR-31-5p in extracellular vesicles from semen would act as a predictive biomarker for the origin of azoospermia with high sensitivity and specificity, and the prediction efficacy was even better when combined the blood FSH values in the analysis (20). In addition, other studies demonstrated the biological role of extracellular vesicles beyond the epididymis and even outside the male reproductive tract (71). Extracellular vesicles from the ejaculates of normozoospermic men (including men after vasectomy) would significantly increase the sperm motility, while extracellular vesicles from asthenozoospermic men damage the sperm motility. Extracellular adenosine triphosphate produced in seminal plasma extracellular vesicles may finely modulate mitochondrial metabolism to control sperm motility (72). The results can provide insights into semen dilution and artificial insemination. Other studies reported that when spermatozoa isolated from two different severe asthenozoospermic patients coincubated with extracellular vesicles from seminal plasma of normozoospermic men, CRISP1 protein levels increased in spermatozoa treated with extracellular vesicles, as did those of lysosomal-associated membrane protein 1 (LAMP1), a canonic extracellular vesicles marker, strongly suggesting that extracellular vesicles-mediated transfer in regulating sperm motility (68). What’s more, better understanding of the spatiotemporal contents of extracellular vesicles and aberrant fluctuation of encapsulated component, and further the mechanism of regulation upon sperm will be critical to better understanding fertility and developing potential treatments in the future.



Extracellular Vesicles and In-Vitro Fertilization (IVF)

The technology of in-vitro fertilization (IVF) has underwent rapid development since it came out (73). Although IVF technology is originally used for women with tubal factor infertility, it has been regarded as the last resort treatment of for all infertility couples when conventional therapy fails. However, how to better understand the biological process (including molecular regulation and environmental regulation) during the whole in-vitro fertilization, and how to improve IVF pregnancy rates still undiscovered.

Although it was well-acknowledged that technology of intracytoplasmic sperm injection has brought many successful pregnancies by evading the obstacle in conception (74) (including low sperm count and so on), the success rate of the technology still remains suboptimal. The increasing understanding of the role of extracellular vesicles in fertility process is vital in the assisted reproduction. It was demonstrated that the sperm RNAs involved in the regulation during the process of fertilization and further embryo development (5), and the extracellular vesicles microRNAs derived from human follicular fluid are involved in critically important pathways (including WNT, MAPK, ErbB, and TGFb signaling pathway) for follicle growth and oocyte maturation, which also explaining the correlation between the lack of extracellular vesicle–delivered RNAs and poorer outcomes among azoospermic men after successful microscopic testicular sperm extraction. Also, these results could represent noninvasive biomarkers of oocyte quality or sperm quality in assisted reproductive technology (75).

It is also reported that that the fallopian tube is superior for fertilization and embryo development than artificially modified conditions in vitro. Nevertheless, we still cannot pin-point which proteins or molecular cargos from extracellular vesicles are responsible for normal embryo development. It was reported that extracellular microRNAs in follicular fluid could lead to downstream events that would affect fertilization and embryo morphology (76). What’ more, some studies demonstrated that several key components derived from extracellular vesicle in the follicular microenvironment might be potential to act as predicting factors for the pregnancy outcomes in Assisted Reproductive Technology (ART) (40). These results indicate that extracellular vesicles might associated with fertilization potential and embryo quality. However, it is also still uncertain how extracellular vesicles regulate the optimal microenvironment for gametes and embryos in the multi-steps process in humans.



Extracellular Vesicles as Potential Therapeutics in Fertility

Considering that extracellular vesicles are stable and low-immunogenicity, their therapeutic applications as drug delivery systems have drawn great attention in the treatment area. Combination of the complicated bio-engineering nanotechnology not only enable the encapsulation of therapeutic agents such as miRNAs and small molecules into extracellular vesicles, but also modify the extracellular vesicles with diverse ligands as targeting nano-carriers.

Increasing studies regarding the use of extracellular vesicles in the treatment of infertility was explored with respect to not only in female infertility (including PCOS, POI and endometriosis) but also male infertility. It was reported that extracellular vesicles encapsulated miR-214 could reduce the expression of Collagen αI and CTGF in endometriosis stromal and endometrial epithelial cells both in vitro and in vivo, and further alleviate the endometriosis fibrosis. Some studies demonstrated that mesenchymal stem cells derived extracellular vesicles could promote proliferation and inhibits apoptosis of cumulus cells in polycystic ovary syndrome (PCOS) via transferring encapsulated miR-323-3p and targeting PDCD4. And upregulation of miR-323-3p ameliorated PCOS via regulating the serum FSH, LH and E2 levels in the PCOS mice model (77). Recent study demonstrated that histopathological evaluation provided evidences that spermatogenesis would be improved when treated with extracellular vesicles derived from amniotic fluid in non-obstructive azoospermia rats through injection treatment, which indicate that extracellular vesicles are potential to orchestrate the sperm quality and further recovery of sperm production capacity.

The above results suggest that therapeutic extracellular vesicles can be explored and applied in infertility. Although most of studies remain in the in-vitro and animal level, and challenges for clinical application still unsolved, the drug delivery based on engineering extracellular vesicles still remains a promising therapeutic strategy.



Summary and Perspectives

As a kind of disorder which disturbs numerous couples at reproductive age, infertility has drawn widespread attentions for the reason that the rapidly increasing among generations. In spite of the understanding of infertility as well as the rapid development of Assisted Reproductive Technology(ART), some limitations including unsatisfactory rate of success, undiscovered mechanism and limited therapeutics still remain.

While increasing studies demonstrate the correlation between the extracellular vesicles (including concentration, size and specific cargos) and infertility, the underlying mechanism of extracellular vesicles function in the process of infertility is still unclear. In addition, most of the current studies of extracellular vesicles in reproduction and infertility still remains the animal models, more relevant human-related research is needed. Taken together, extracellular vesicles play an important role in mediating a variety of physiological and pathological processes through the intracellular communication and exchange of substance, which provides us a promising avenue to better understand and subsequent treat infertility (23).
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Objective

Diet has been reported as the first-line management of polycystic ovary syndrome (PCOS). However, the relationship between diet and fertility in PCOS is still controversial. This meta-analysis aimed to evaluate whether diet could promote reproductive health in women with PCOS while providing evidence-based nutrition advice for clinical practice.



Methods

Seven databases, including Cochrane Central Register of Controlled Trials, PubMed, Embase, Web of Science, and some Chinese database, were searched up to January 31, 2021. Randomized controlled trials evaluating the effects of diet in women with PCOS were included. Based on a preregistered protocol (PROSPERO CRD42019140454), the systematic review was performed following the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines. Two reviewers made study selection, data extraction and bias assessment independently. Risk ratios and mean difference with 95% confidence intervals were assessed by a random-effects model. Statistical heterogeneity within comparisons was evaluated by Cochran’s Q test and quantified by the I-squared (I2) statistic.



Results

Twenty RCTs with 1113 participants were included. Results showed diet significantly related to improved fertility outcomes (increasing clinical pregnancy, ovulation and menstrual regularity rate; reducing miscarriage rate), reproductive endocrine [increasing sex hormone-binding globulin (SHBG); decreasing Anti-Müllerian Hormone (AMH), free androgen index (FAI), total testosterone (T)] and clinical hyperandrogenism (hirsutism assessed by Ferriman-Gallwey score) in PCOS. Specifically, subgroup analyses indicated low-carbohydrate diets were superior in optimizing reproductive outcomes and calorie restriction was critical in ameliorating hyperandrogenism. Additionally, the positive effects were associated with the treatment duration. The longer the duration, the greater the improvement was.



Conclusion

Overall, diet is an effective intervention for improving fertility health, thus professional and dynamic dietary advice should be offered to all PCOS patients, based on the changeable circumstances, personal needs and expectations of the individuals.
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1 Introduction

Polycystic ovary syndrome (PCOS) characterized by irregular cycles, ovulatory dysfunction, hyperandrogenism and polycystic ovarian morphology (PCOM) is one of the most common endocrine disorders in women of reproductive age, and is prone to increased risks of complications such as diabetes, cardiovascular disease and endometrial cancer in the long term (1–3). The prevalence ranges from 6% to 21% depending on the population studied and diagnostic criteria used (4, 5). PCOS is associated with the risk of infertility and adverse pregnancy outcomes (6, 7). It has been reported as the most common cause of ovulatory dysfunction, accounting for 80% of women suffering from anovulatory infertility (8).

Hyperandrogenism and insulin resistance (IR) are the core etiologic and primary endocrine characteristics of PCOS, which interplay each other in the occurrence and development of the disease. Visceral adiposity, common in both obese and non-obese women, has been proved to amplify and worsen hyperandrogenism and IR, and this would induce abdominal adipose accumulation in turn, thus forming a vicious feedback cycle. The interactions among androgen, IR and obesity profoundly affects endocrine metabolism, leading to ovulation disorders, impaired potential development of ovum, and poor endometrial receptivity. With the increased rates of weight gain and prevalence of excess weight in women with PCOS (up to 88%) (9, 10), reproductive health is further exacerbated, which adversely affects the condition and poses a major public health challenge mandating both prevention and treatment.

For infertility patients with PCOS, the treatment principle is to optimize the health status at first before therapy. Given the association of obesity and insulin resistance in POCS, the role of diet in the PCOS management has become a focus in both reproductive and endocrine research in recent years. Emerging evidence has suggested that well-adjusted, balanced diets, such as the Dietary Approaches to Stop Hypertension (DASH) diet, the Mediterranean diet, low-carbohydrate diets and vegetarian diets are beneficial for ameliorating metabolic disorder and fertility, as well as preventing future related pregnancy complications (11–18). The International Evidence-based Guideline for the Assessment and Management of PCOS also emphasized the importance of diet in PCOS, and recommended diet and exercise as the first-line management for women with PCOS, mostly overweight and obese patients (19). Despite the general recommendations, there is a lack of specific clinical application, as patients with PCOS seem reluctant to follow (20) and they are not willing to adopt self-help methods (21). The main barrier is that PCOS patients have limited access to professional dietary treatment due to inadequate knowledge of current dietary care for this population. Effective, evidence-based dietary strategies for optimizing fertility in women with PCOS are essential. Previous meta-analyses mainly focus on the impact of pharmacological treatment or changes of lifestyle, exercise or single nutrient, and most of them pay attention to the endocrine and metabolism outcomes with few lectures evaluating the effects of diet on fertility in PCOS (22–24). Hence, it is warranted to define the effectiveness of diet in promoting reproductive health among women with PCOS, in order to provide appropriate dietary advice for clinical practice.



2 Materials and Methods

This systematic review was in accordance with Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) (25) and has been registered in the International prospective register of systematic reviews (PROSPERO) under the number CRD42019140454.


2.1 Search Strategy

Databases such as the Cochrane Central Register of Controlled Trials (CENTRAL), PubMed, Embase, Web of Science, China National Knowledge Infrastructure (CNKI), VIP information database and Wanfang Data were searched from inception to January 31, 2021. We also checked reference lists and conference proceedings manually to obtain additional relevant data. No language or publication date restrictions. The details of the search strategy in PubMed are shown in Supplemental Table 1.



2.2 Study Selection

Studies which met the following inclusion criteria were included: (1) parallel controlled RCTs, (2) evaluating the effects of diet on fertility in women with a clear diagnosis of PCOS, such as the Rotterdam Consensus, the National Institutes of Health (NIH) diagnostic criteria, Androgen Excess and PCOS Society (AE–PCOS) Position Statement, as well as the China Medical Association diagnostic criteria (consisted of the following two aspects: a. Suspected PCOS: oligomenorrhoea or amenorrhoea or abnormal uterine bleeding is required, meanwhile accompanied by evidence of clinical or biochemical hyperandrogenism and/or PCOM; b. Confirmed PCOS: based on the suspected PCOS diagnosis conditions, it can be diagnosed by excluding other diseases that can cause hyperandrogenism), (3) studies with exercise/medication as a cointervention in both intervention/control arms were also considered. The primary outcomes referred to clinical pregnancy rate (defined as the presentence of intrauterine gestational sac with foetal heartbeats), miscarriage rate (defined as loss of intrauterine pregnancy before 20 completed weeks of gestation) and ovulation rate (determined by ultrasound or increased progesterone) (26); the secondary outcomes included menstrual regularity rate, Anti-Müllerian Hormone (AMH), free androgen index (FAI), sex hormone-binding globulin (SHBG), total testosterone (T), Ferriman-Gallwey score. All outcomes were measured before and after the observation.

The exclusion criteria were as follows: (1) quasi-randomized trials, cohort or case-control studies, reviews, meta-analyses, case reports, animal or cell experiments, (2) women with other causes for hyperandrogenism and abnormal ovulation, or any cardiovascular and cerebrovascular diseases, psychiatric, or neurological problems, (3) interventions referring to single dietary components (e.g., vitamins, calcium), and (4) studies with insufficient data and unreported target outcomes.

Titles and abstracts of all potential studies were scanned to eliminate duplicated and ineligible studies. When the information was inadequate to make a decision, we sought further details from the original authors. Any discrepancies were resolved by discussion or consensus with the corresponding author.



2.3 Data Extraction

Two authors extracted the predefined information from eligible studies independently. Additional information was further sought from the trials which appeared to be eligible but with unclear explanation of methodology or unsuitable data for meta-analysis. We cross-checked the data to minimize potential errors, and solved disagreements by discussion with the corresponding author. Information was collected from the included trials regarding the following aspects: (1) study characteristics, including first author, year of publication and location, (2) participants, including sample size and diagnostic criteria for PCOS, (3) interventions, including dietary protocols, frequency and duration of treatment, and (4) outcome data at baseline and follow-up.



2.4 Risk of Bias Assessment

Two authors assessed the risk of bias by the Cochrane Collaboration’s tool in eligible trials. Studies were deemed as low, unclear risk, or high bias based on the following domains: selection bias, performance bias, detection bias, attrition bias, reporting bias and other bias (27).



2.5 Data Synthesis

Review Manager 5.4 were applied for statistical analysis according to the Cochrane Handbook for Systematic Reviews of Interventions (28). P < 0.05 represented statistical significance. Results reported as binary variables were expressed as risk ratio (RR) with 95% confidence intervals. Data represented in continuous forms were pooled for meta-analysis as the mean difference (MD) with 95% confidence intervals if all studies reported the same scales. When data were reported on different methods or scales, the standardized mean difference (SMD) with 95% confidence intervals was calculated.

Due to inevitable clinical heterogeneity between studies, random-effects model was a more appropriate method to calculate summary effect measures. Statistical heterogeneity within comparisons was evaluated by Cochran’s Q test and quantified by the I-squared (I2) statistic. I2 values < 40% might be important, 30%-60%were deemed moderate, 50% to 90% were deemed substantial, and 75% to 100% were deemed considerable heterogeneity (27). Regarding missing data which was unobtainable from the original investigators, the analysis was performed on an intention-to-treat (ITT) basis for primary outcomes (i.e. including all participants in analysis, in the groups to which they were randomised). All imputation were subjected to sensitivity analysis. We also conducted meta-regression and subgroup analyses to explain potential sources of heterogeneity between studies. Subgroup analyses based on the predefined factors, such as dietary patterns, intervention duration (< 3 months, 3-6 months or > 6 months), diagnostic criteria and calorie restriction were also conducted to explore mediator effects of dietary modification.

Sensitivity analyses were performed to examine the robustness of pooled estimates. When there were more than ten trials included in the analysis, the potential publication bias was investigated by Egger’s test and visual inspection of funnel plots.




3 Results


3.1 Study Selection

1123 studies were identified by the preliminary search. 456 records were removed due to duplication, and 667 studies were remained for further scanning of titles and abstracts. Among them, 479 items were excluded. We retrieved 188 full-text articles for detailed evaluation, and 168 trials were excluded for not meeting the inclusion criteria. Finally, 20 RCTs were included for meta-analysis. Details were shown in a PRISMA flow diagram (Figure 1).




Figure 1 | PRISMA flow diagram of study selection. PRISMA, Preferred Items for Systemic Reviews and Meta-analyses; PCOS, Polycystic Ovary Syndrome.





3.2 Study Characteristics

The general characteristics of the included studies are outlined in Table 1. Except for the trial conducted by Gower et al. (crossover study) (34), all of them were parallel-design and single-canter RCTs conducted in China (40, 42–47), Iran (35, 36, 39, 41), the United States (30, 34), Australia (29, 32), the United Kingdom (31), Canada (48), Denmark (33), Egypt (37) and Mexico (38) between 2003 and 2020. The diagnosis of PCOS in the analysis could be divided into four categories: twelve trials under the Rotterdam Consensus (31, 33, 35, 36, 38–41, 43, 44, 46, 47), six trials following the NIH diagnostic criteria (29, 30, 32, 34, 37, 45), and the remaining two confirmed by the AE–PCOS (48) and China Medical Association (42) diagnostic criteria, respectively. Regarding dietary patterns, nine trials evaluated the low-carbohydrate diet (29, 30, 32, 33, 40, 42, 43, 46, 47); six trials respectively the low glycemic index/load diet (LGI/LGL) (31, 34, 37, 38, 45, 48); four trials evaluated the DASH diet (35, 36, 39, 41); and one trial evaluated the Mediterranean diet (44). The duration of diet ranged from one month to one year. Most of them had a medium duration (3-6 months), while four trials were within two months (30, 34–36) and one lasted for one year (42).


Table 1 | Characteristics of trials included in the meta-analysis.





3.3 Risk of Bias Assessment

Fourteen studies provided data on randomization methods (29–33, 35–37, 39, 41, 43, 46–48), with two explaining the allocation concealment (41, 47). Blinding was only performed in four trials (35, 36, 39, 41), and were considered as low risk of bias. Four trials with participant-reported outcomes were judged as high risk, as the lack of participant blinding might introduce bias in these studies (29, 42–44). Five trials analyzed data on the ITT principle and were deemed as low risk (33, 35, 36, 41, 48). Five trials mentioning trial registration (35, 36, 39, 41, 48) were considered as low risk of reporting bias (Figure 2) (49).




Figure 2 | Assessments about risk-of-bias of included studies. (A) Risk of bias graph and (B) Risk of bias summary.





3.4 Synthesis of Results


3.4.1 Clinical Pregnancy Rate

Twelve trials (740 participants) reported the effect of diet on clinical pregnancy rate (29, 33, 35, 36, 39–44, 46, 47). The pooled data indicated a higher pregnancy rate in participants with dietary interventions (RR = 2.87, 95% CI: 1.99, 4.13; P < 0.00001), without between-grouped heterogeneity (I2 = 0%) (Figure 3A). Subgroup analyses showed that both the Mediterranean diet and the low-carbohydrate diet were more beneficial to pregnancy, while the DASH diet had no advantages on the clinical pregnancy rate. In addition, the probability of becoming pregnant increased with the course of treatment, as it was non-significant when the duration was less than three months, while the effects became significant when the duration getting longer. Except for women diagnosed by NIH diagnostic criteria, diet was more effective for a better pregnancy rate among those according to Rotterdam Consensus and China Medical Association diagnostic criteria. No different effect was observed between groups when came to calorie restriction (Table 2).




Figure 3 | Forest plots of meta-analysis for (A) clinical pregnancy rate, (B) miscarriage rate, (C) ovulation rate, and (D) menstrual regularity rate.




Table 2 | Effect estimates and heterogeneity of subgroup analysis for outcomes.





3.4.2 Miscarriage Rate

Two trials identified the miscarriage rate (42, 47). Overall analysis revealed that dietary interventions were superior with a lower miscarriage rate than the control (RR = 0.03, 95% CI: 0.00, 0.16; P < 0.0001; I2 = 0%) (Figure 3B).



3.4.3 Ovulation Rate

Four trials (232 participants) mentioned the ovulation rate (29, 38, 46, 47). The study of Sordia-Hernandez reported the results as the ratio of ovulatory cycles to all cycles during the treatment and in favor of the diet (24.6%, 14/57 vs 7.4%, 4/54) (38). A significant improvement was observed in the overall analyses of the other three trials when compared the diet groups with the minimal treatment (RR = 1.30, 95% CI: 1.10, 1.53; P = 0.002; I2 = 0%) (Figure 3C). Results of subgroup analyses revealed that improvements in the ovulation rate were only evident in women diagnosed by Rotterdam and trials without calorie restriction (Table 2).



3.4.4 Menstrual function

Seven trials (337 participants) assessed the menstrual function in both diet and control groups (29, 31, 37, 42–44, 48). Trial conducted by Kazemi mentioned the menstruation patterns, and no difference was noted between groups (48). The study of Marzouk (37) and Atiomo (31) reported the number of menstrual cycles during the treatment and the results were in favor of the diet (MD = 0.69, 95% CI: 0.08, 1.30; P = 0.03; I2 = 0%) (Supplemental Figure 1) (49). The other four trials evaluated the menstrual regularity rate, and overall analyses found an advantage of dietary interventions in regulating menstruation (RR = 1.75, 95% CI: 1.02, 3.03; P = 0.04; I2 = 67%) (Figure 3D). Subgroup analyses based on diet type, both LCD and Mediterranean diet led to more improvement than the control groups. Women adhering to dietary interventions for 3-6 months seemed to have no obvious advantages in adjusting menstrual condition, while those for 12 months showed the superiority. Similar to clinical pregnancy rate, significant effects of diet were observed in women diagnosed by Rotterdam Consensus and China Medical Association diagnostic criteria. Dietary therapy with or without calorie restriction seemed not to alter its benefits in the menstrual regularity (Table 2).



3.4.5 Anti-Müllerian Hormone (AMH)

Three trials with 190 participants assessed the impact of diet on AMH levels (41, 45, 46). Meta-analysis revealed that dietary interventions resulted in a greater decrease in AMH (MD = -2.20 ug/L, 95% CI: -2.38, -2.02 ug/L; P < 0.00001), with no heterogeneity (I2 = 0%) (Figure 4A). Subgroup analyses showed that diet led to more reduction in AMH concentrations among women diagnosed by the Rotterdam Consensus and the significant effects were found in both subsets, no matter with calorie restriction or not (Table 2).




Figure 4 | Forest plots of meta-analysis for (A) AMH, (B) FAI, (C) SHBG, and (D) T.  AMH, Anti-Müllerian Hormone; FAI, free androgen index; SHBG, sex hormone-binding globulin; T, testosterone.





3.4.6 Free Androgen Index (FAI)

In total, six studies (316 participants) mentioned the changes in FAI (32, 34, 39, 41, 43, 48). Adherence to diet treatment was found to get more obvious improvement in the FAI (MD = -1.51, 95% CI: -2.72, -0.29; P = 0.02; I2 = 59%) (Figure 4B). Results of subgroup analyses showed diet type, diagnostic criteria and calorie restriction might account for the heterogeneity. According to subgroup analyses between different dietary patterns, we found that low-carbohydrate diet could significantly affect FAI, while the DASH diet and LGI diet showed no advantages. Regarding diagnosis or energy intake, decreased FAI were more pronounced in women diagnosed by the Rotterdam Consensus or treated with calorie restriction. Besides, the effects might be associated with treatment duration time, as the reduction of long duration was more significant than that with a short one (Table 2).



3.4.7 Ferriman-Gallwey Score

Two studies (86 participants) mentioned improved Ferriman-Gallwey score (30, 37). The results of meta-analysis suggested the superiority of diet in relieving clinical hyperandrogenism symptoms over the control (MD = -3.91, 95% CI: -5.87, -1.95; P < 0.0001; I2 = 0%) (Supplemental Figure 2) (49).



3.4.8 Sex Hormone-Binding Globulin (SHBG)

In terms of SHBG, seven trials (326 participants) were included in the analysis (31, 33, 34, 39, 41, 43, 48). The significant difference was found in diet groups when compared with minimal intervention (MD = 7.08 nmol/L, 95% CI: 3.41, 10.74 nmol/L; P = 0.0002; I2 = 40%) (Figure 4C). Results of subgroup analyses revealed that the improvement of diet in SHBG concentrations was evident only under the following conditions: diagnosed by the Rotterdam Consensus, an extended course and with calorie restriction (Table 2).



3.4.9 Total Testosterone (T)

Nine studies (412 participants) examined the relationship between diet and change of testosterone levels (30, 31, 33, 34, 39, 41, 43, 45, 48). Meta-analysis showed that dietary interventions led to a greater decrease (MD = -0.22 nmol/L, 95% CI: -0.34, -0.09 nmol/L; P = 0.0007; I2 = 41%) (Figure 4D). As to the subgroup analyses, the positive effects depended on the treatment duration. The longer the duration, the greater the improvement. Dietary intervention brought more reduction in T concentrations in patients taking the DASH diet or with calorie restriction. When grouped by the diagnostic criteria, the effects of diet were significant in trials followed the NIH diagnostic criteria and the Rotterdam Consensus (Table 2).




3.5 Meta-Regression Analyses

Meta-regression analyses were available only for clinical pregnancy rate. Factors, such as dietary patterns (regression coefficient β = 0.831; SE = 0.649; P = 0.241), treatment duration (regression coefficient β = 1.780; SE = 0.987; P = 0.114), diagnostic criteria (regression coefficient β = -0.937; SE = 0.908; P = 0.336) and calorie restriction (regression coefficient β = 0.726; SE = 0.591; P = 0.260) had no significant association with the study effect size. Meta-regression analyses were attempted to explain the heterogeneity among the studies, but inferences were limited by the paucity of available studies.



3.6 Sensitivity Analyses and Publication Bias

We conducted sensitivity analyses by restricting studies to studies without a high risk of bias. When excluding trials deemed as high risk of bias, the overall estimates remained unchanged, indicating the majority of conclusions were stable and not affected by the low-quality trials. We also performed sensitivity analysis the imputation of primary outcomes. Similarly, when compared the pooled estimates of imputation and available data, no difference was noted. Given the limited number of studies (< 10), Egger’s test and the forest plot can be low-powered. Thus, we could only conduct tests on clinical pregnancy rate. The P-value of Egger’s test was 0.931, indicating no evidence of publication bias in this outcome. The funnel plot did not show major asymmetries (Figure 5).




Figure 5 | Funnel plot of clinical pregnancy rate.






4 Discussion


4.1 Principal Findings

In this systematic review and meta-analysis, the pooled data of 20 RCTs (1113 participants) showed that diet was not only associated with significantly improved fertility, but also mitigated hyperandrogenism in women with PCOS, which reiterated and extended those of previous reviews about the role of diet in endocrine, anthropometry and metabolism. In addition, these effects were associated with dietary patterns and treatment duration.

From the results of subgroup analyses, we found that low-carbohydrate diets tended to be better on improving pregnancy rate, reducing the risk of miscarriage and optimizing ovulation function. Our findings supported other notion in this topic. Several reports to date have showed that high-carbohydrate diets with a high glycemic index were associated with the increased risk of infertility concerning ovulatory disorders in apparently healthy women, while reducing carbohydrate consumption could influence the fertility and ovulatory function in turn (13, 50). Recently, there was evidence that the type of carbohydrate intake, such as low-glycemic index/load (LGI/LGL) food, was more important than the total amount received (51, 52). However, due to limited number of articles investigating the effectiveness of LGI/LGD diets on reproductive outcomes among women with PCOS, we were uncertain about its role in PCOS population



4.2 Comparison With Existing Studies

Consistent with previous research, we also found that calorie-restricted diets might be more salient in hyperandrogenism based on the subgroup analyses (53, 54). Hypocaloric diets could not only improve insulin sensitivity and regulate glycometabolism (55–57), but also advantageous for eliciting fast and significant weight loss, which exhibits a critical role in ameliorating PCOS phenotype. Weight reduction induced by calorie restriction is associated with reduced fat mass and preserved lean body mass (58), thus increasing the production of SHBG by the liver and reducing the levels of free testosterone (59, 60). However, dietary with energy limitation showed no effects in ovulation rate, and the improvement of clinical pregnancy rate, menstrual regularity rate and AMH level in women without calorie restriction were more obvious than those intaking fewer calories, which indicated that the benefits of diet might not just depend on weight loss, as not all PCOS patients with IR are overweight or obese and a higher incidence of IR have been reported in PCOS with normal weight (61, 62), suggesting that dietary management ought to go beyond weight loss. Of note, follicular development and ovulation require energy and energy requirements change during the menstrual cycle (63–65). Hence, it would be simplistic to claim for a beneficial effect of calorie restriction in all circumstances, since calorie restriction and consequent negative energy balance can also be harmful. Given this, different menstrual periods should also be considered during the calorie limitation. In our research, the favorable effects might also be associated with the treatment duration, as revealed in the subgroup analyses that the longer the duration, the greater the improvement was. Therefore, the diet treatment should be long term, dynamic and adapted to the changing circumstances, personal needs and expectations of the individual patient.

In our research, diet interventions were proved to increase the rate of decline of AMH, a well-recognized biomarker of ovarian reserve. Serum AMH concentration is higher in women with PCOS than in healthy women, which is related to severity of hyperandrogenism and oligo-anovulation (66, 67). A number of studies have reported that excess AMH could slow down initial follicular growth, decrease apoptosis of granulosa cells in small follicles with an anti-atretic effect, and cause follicular arrest in large antral follicles (68–70). Additionally, there is also a hypothesis that AMH appears to be able to exert its action at the hypothalamus and the pituitary level, which could either be at the origin of, or contribute to, the vicious circle of neuroendocrine and gonadal dysregulation encountered in PCOS (68). Therefore, the declined AMH levels might not only account for the reduced follicle excess of PCOM, but also line up with the elevated ovulation rate and ameliorative hyperandrogenism, thus improving the fertility outcomes.

The criteria used to diagnose PCOS were not uniform in this review, which might result in further clinical heterogeneity between studies. It has been reported that the overall prevalence of PCOS according to NIH criteria is 6%, while the pooled prevalence is 10% when applying the Rotterdam or AE-PCOS Society criteria. Studies in accordance with the NIH criteria, might narrow the phenotypic spectrum of PCOS and, thus limiting real PCOS population, as the morphology of polycystic ovarian is not considered as a diagnostic feature (71). However, the higher pooled prevalence estimates with the Rotterdam and AE-PCOS criteria is attributed to the inclusion of ovarian morphology and the ultrasound examination may provide false positive reports of PCOM (72). Besides, both oligo anovulation and PCOM are common in adolescent girls. Given this, the prevalence estimate might be exaggerated based on the Rotterdam criteria and people not suffering from PCOS truly might also be included. Therefore, due to the uncertainty surrounding the diagnosis of PCOS, and relative dearth of studies, we were unable to make conclusions concerning different diagnosis criteria.



4.3 Strengths and Limitations

Our research has unique strengths. To the best of our knowledge, this study is a frontier analysis to evaluate the role of diet on reproductive health in women with PCOS, in order to provide appropriate nutrition advice for clinical practice. We also performed detailed subgroup analysis based on different dietary patterns, treatment durations, diagnostic criteria, and whether energy was restricted, which may have significant impacts on the results. Since our research has been registered on PROSPERO, all the procedures were faithfully executed accordingly, as well as rigorous inclusion criteria, thus enhancing our results with more credibility and validity.

However, there were several limitations to be taken into consideration. Due to lack of livebirth rate, studies included were insufficient to address the role of diet on reproductive health comprehensively. Additionally, the evidence involved few countries and ethnic groups, which made the results difficult to be generalize. Besides, given the limited number of trials and small sample size in certain outcomes, the findings might be insufficient to ensure a significant difference.



4.4 Implications for Practice and Research

More well-designed studies are warranted to confirm the effects of dietary intervention on reproductive health in PCOS population. PCOS is a heterogeneous condition with different phenotypes. However, no included trials targeted a specific phenotype, which made the results difficult to generalize. Future work should focus on the relationship between reproductive health in particular phenotype and dietary intervention, thus investigating the effects accordingly. Sociodemographic disparities may have an impact on the effects of diet, such as economic status and educational attainment. Physicians should pay more attention to these factors mentioned above when designing RCTs and evaluate whether these issues would influence the observed outcomes and to what degree. Since that not all women with PCOS are overweight or obese, the impact of diet independent of weight loss is of great clinical interest. This review only compared diet with minimal intervention, future studies should expand the research scope and make comparisons with other commonly used pharmacological and surgical treatments or explore the possibility of combining interventions.




5 Conclusion

Findings of this review suggest that diet does benefit fertility health in women with PCOS. The higher adherence to low-carbohydrate diets, the higher possibility to get pregnant and regular menstruation. Additionally, it was calorie restriction that seemed to be more critical in ameliorating hyperandrogenism. Furthermore, the effects were associated with the course of treatment. Overall, diet is an effective intervention for improving fertility and reproductive health. More rigorous and large sample size RCTs are needed to confirm the effects and further explore the optimal dietary patterns.
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The association between polycystic ovary syndrome (PCOS) and endometrial cancer remains unclear. We aimed to investigate the causal association between genetically predicted PCOS and endometrial cancer risk in two ethnic groups through a two-sample Mendelian randomization (MR) approach. Our study includes 13 single nucleotide polymorphisms (SNPs) as instrumental variables (IVs) for PCOS in Europeans, and another 13 SNPs are used as IVs for PCOS in Asians. Outcome data were obtained from the largest published meta-GWAS of European ancestry to date, as well as from the BioBank Japan Project of Asian ancestry. Our study demonstrates that genetically predicted PCOS is not causally associated with the risk of overall endometrial cancer in either Europeans or Asians (odds ratio (OR) = 0.93, 95% confidence interval (CI) = 0.85–1.01, p = 0.09 and OR = 0.98, 95% CI 0.84–1.13, p = 0.75, respectively). Subgroup analyses according to histotype further illustrate that PCOS might not be associated with the risk of either endometrioid endometrial cancer or non-endometrioid endometrial cancer in European ancestry. No pleiotropy is found in our study, and a sensitivity analysis shows similar results. Our results indicate that genetically predicted PCOS might not be associated with the risk of endometrial cancer.
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Introduction

Polycystic ovary syndrome (PCOS) is one of the most prevalent reproductive endocrine disorders affecting five to 10 percent of reproductive-aged women around the world, and it greatly influences patient quality of life, fertility and long-term health (1, 2). PCOS is an unexplained heterogeneous clinical syndrome that might be caused by a combination of genetic and environmental factors. Due to the heterogeneity of PCOS, it is clinically diagnosed by multiple diverse diagnostic criteria according to the Androgen Excess and PCOS Society (3), the National Institutes of Health/National Institute of Child Health and Human Disease (NIH/NICHD) (4) and the European Society for Human Reproduction and Embryology/American Society for Reproductive Medicine (ESHRE/ASRM) (Rotterdam criteria) (5). Although there is no consensus on the clinical definition of PCOS, it is well accepted that hyperandrogenism and oligo-ovulation are the main characteristics of PCOS (6). Women with PCOS are at higher risk for comorbidities, including obesity, hyperinsulinemia, insulin resistance (IR), metabolic disorders, infertility, endothelial dysfunction, cardiovascular disorders and the development of cancer. Previous studies have found that PCOS was associated with an increased risk of cancer in the endometrium, ovaries, endocrine glands, pancreas, kidneys and skeletal and hematopoietic system (7, 8).

Endometrial cancer, rising in both incidence and associated mortality, is a common gynecological tumor (9). It is well known that a family history of endometrial cancer, aging, obesity, unopposed estrogen exposure (from hormone replacement therapy and tamoxifen use, for example), never having given birth, early age at menarche and late-onset menopause are risk factors of endometrial cancer (10). The results, however, of epidemiologic studies regarding the association between PCOS and endometrial cancer remain inconclusive (11). Most of the prior studies are observational studies, the findings of which could have possibly been affected by confounding factors and reverse causality due to the study design. For instance, many studies failed to control body mass index (BMI), which is an important potential confounder correlated with both PCOS and endometrial cancer risk (1, 12), leading to inaccurate estimates of their association. Moreover, endometrial cancer is most commonly classified into two subtypes according to clinical and histological characteristics: Type I endometrial cancer, which is usually estrogen dependent, is a uterine endometrioid carcinoma. Type II endometrial cancer, which is estrogen independent, has a non-endometrioid histology including serous carcinoma, carcinosarcoma, clear cell carcinoma, mucinous carcinoma and mixed histology types (13). Different subtypes of endometrial cancer may have different etiological risk factors, but none of the previous studies have stratified their outcomes. Consequently, without further stratification, the measurement of the association between PCOS and the risk of endometrial cancer might be unclear and inaccurate.

Mendelian randomization (MR), compared to conventional observational studies, can provide relatively strong and accurate evidence (14). MR analysis is less susceptible to potential environmental or social confounders, as well as reverse causality, because it uses genetic variants that are strongly and solely related to exposure as instrumental variables (IVs) to establish the association between exposure and outcomes. Furthermore, a two-sample MR study, an MR analysis based on data from two independent genome-wide association studies (GWASs), can provide strong evidence of the casual association resulting from their large sample sizes and increased statistical power (15). Several studies using two-sample MR analysis have found the potential relationship between PCOS and gynecologic neoplasms. One study demonstrated that PCOS was causally associated with a reduced risk of invasive ovarian cancer (16). Another study indicated that PCOS was positively correlated with an increased risk of developing breast cancer and, in particular, estrogen receptor (ER) positive breast cancer (17). The association between PCOS and endometrial cancer has, however, not yet been established through MR analysis.

In the present study, we sought to employ information from recent GWAS data on PCOS and endometrial cancer using a two-sample MR method to examine their causal relationship.



Materials And Methods


Genetic Instrumental Variables for PCOS

SNPs related to PCOS in Europeans were obtained from a GWAS meta-analysis that included 10,074 patients with PCOS and 103,164 health controls of European ancestry (18). In total, fourteen independent single nucleotide polymorphisms (SNPs) were estimated to be corelated to PCOS at the genome-wide significance level (P < 5×10-8). Of these SNPs, none were correlated (r2 < 0.001) in linkage disequilibrium (LD) analysis; one palindromic variant (rs853854) was excluded because of an effect allele frequency (EAF) close to 50% (19). The F-statistic was calculated to avoid weak IV bias (20, 21), where IVs with F-statistics > 10 were considered as strong IVs. In the present study, all IVs were strong IVs; therefore, thirteen SNPs in total were included to construct the genetic IVs for PCOS in Europeans (Table 1).


Table 1 | PCOS SNPs used to construct the instrument variable in Europeans.



We identified SNPs that were significantly related to PCOS in Asians from two PCOS GWAS datasets on cohorts of Han Chinese ancestry (22, 23). A GWAS consisting of 4082 PCOS cases and 6687 controls identified three independent SNPs that were strongly associated with PCOS (22). Another GWAS, including 10,480 cases and 10,579 controls, discovered ten novel PCOS-associated SNPs (23). Eventually, thirteen independent SNPs were adopted as IVs for PCOS in Asians after checking for LD (r2 < 0.001), palindromic SNP and weak IVs (Table 2).


Table 2 | PCOS SNPs used to construct the instrument variable in Asians.





GWAS on Endometrial Cancer

Genetic association data on endometrial cancer in Europeans was acquired from the largest published meta-GWAS of endometrial cancer to date, which includes a total of 12,906 endometrial cancer patients and 108,979 country-matched health participants of European ancestry from seventeen studies identified via the UK Biobank, the Endometrial Cancer Association Consortium (ECAC) and the Epidemiology of Endometrial Cancer Consortium (E2C2) (24). These endometrial cancer cases were further divided into an endometrioid histology group (8758 cases) and a non-endometrioid histology group (with serous carcinoma, carcinosarcoma, clear cell carcinoma or mucinous carcinoma) (1230 cases) according to the histological subtypes of endometrial cancer (24, 25). In this work, we extracted overall and histotype-specific endometrial cancer–specific beta coefficients and standard errors from the summary statistics of the meta-GWAS for each of the 13 SNPs for PCOS in Europeans.

Genetic association data on endometrial cancer in Asians were acquired from the BioBank Japan Project (BBJ), which includes 999 cases and 89,731 controls of Asian ancestry (26). BBJ recruited participants from 12 cooperating medical institutions in Japan. The identification of endometrial cancer cases was based on diagnoses by physicians at each hospital. Disease-specific laboratory examinations and imaging data were collected in BBJ (27), but these data did not include information about the histology of the endometrial cancer. Similarly, we extracted overall endometrial cancer–specific beta coefficients and standard errors from the GWAS summary level results for each of the 13 SNPs for PCOS in Asians.



Statistical Analysis

MR is a statistical method of using genetic variants related to a modifiable exposure to examine whether an observational effect between this specific exposure and the outcome is consistent with a causal association (14). To obtain a reliable understanding for MR analysis, three prerequisite assumptions must be satisfied (28): (a) the IVs are strongly associated with PCOS; (b) the IVs can only affect endometrial cancer through their effects on PCOS; (c) the IVs are independent of any confounding factors that may influence the association between PCOS and endometrial cancer. In this case, MR analysis is less susceptible to reverse causation and confounding factors, which may greatly influence the results of epidemiological observational studies.

We evaluated the association of PCOS with overall and histotype-specific endometrial cancer risk. MR analyses in Europeans and Asians were conducted using an IV consisting of 13 SNPs for PCOS in Europeans and a 13-SNP IV for PCOS in Asians, respectively. The inverse-variance weighted (IVW) method was carried out as a main method of MR analysis. Odds ratios (OR) and 95% confidence intervals (CIs) for overall endometrial cancer risk, as well as both subtypes of endometrial cancer risk, were estimated.

Regarding sensitivity analyses, MR-Egger regression, weighted median, simple mode and weighted mode methods were employed in our study to assess whether the IVs could affect endometrial cancer merely through their impact on PCOS. MR-Egger regression, a method for detecting small study reporting bias in meta-analysis, was adapted to assess bias from pleiotropic effects. As such, the beta coefficient from an Egger regression can provide a consistent estimate of any causal effect (29). The weighted median method is able to provide a consistent estimate of the finding if more than half of the weight is derived from valid IVs (30). The simple mode method can also provide a consistent estimate if the most common horizontal pleiotropy value is zero, regardless of the type of horizontal pleiotropy. Also, the weighted mode method requires that the largest subset of instruments that demonstrates the same association is contributed by valid IVs (31). We also applied the MR-Pleiotropy Residual Sum and Outlier (MR-PRESSO) method to detect and correct horizontal pleiotropy and potential outliers (32). Finally, the heterogeneity of the association was also tested using Cochran’s Q test on the IVW and MR-Egger estimates.

We also carried out additional sensitivity analyses taking the potential confounders of endometrial cancer into account. It is well known that endometrial cancer has a strong association with obesity, high BMI and waist-to-hip ratio (WHR) (10, 33), all of which may increase the risk of PCOS (6, 34). Oral contraceptives (OCs), which have been widely accepted as a first line of treatment against PCOS, have also been found to be linked to a reduced risk of endometrial cancer (35). Additionally, parity may also be a potential confounding factor in this study because, on the one hand, it is known that PCOS is a major cause of female infertility (36) and, on the other hand, decreased parity is also shown to be associated with an increased risk of endometrial cancer (33).

We assessed whether PCOS‐associated SNPs were correlated with the aforementioned potential confounders at a genome-wide significance level (P < 5.0×10-8) by searching through the PhenoScanner database (http://www.phenoscanner.medschl.cam.ac.uk) (37). Among individuals of European ancestry, we found that rs2271194 was significantly associated with BMI, whereas in Asian PCOS SNPs, we found that rs705702 was correlated with BMI. We also examined whether PCOS SNPs were in LD (r2 > 0.2) with genome-wide significant signals for the following confounding factors: BMI, WHR, OC use and parity. Since there is no GWAS assessing OC use, we did not assess the association of included PCOS SNPs with OC and parity. Two European PCOS SNPs (rs9696009 and rs2271194) and two Asian PCOS SNPs (rs2479106 and rs705702) are linked to SNPs for increases in BMI, and one European PCOS SNP (rs7563201) and three Asian PCOS SNPs (rs13429458, rs2059807 and rs6022786) are linked to SNPs for increases in WHR (see Supplementary Table 1).

Thus, we conducted a series of sensitivity analyses in which a subset of PCOS SNPs, excluding SNPs associated with confounders, was used as IVs. In Europeans, we used the following groups of IVs: (a) eleven SNPs after removing two SNPs linked to BMI; (b) twelve SNPs after dismissing one SNP linked to WHR; (c) ten SNPs after discharging all three of these SNPs. In Asians, we used the following groups of IVs: (a) eleven SNPs after removing two SNPs linked to BMI; (b) ten SNPs after dismissing three SNPs linked to WHR; (c) eight SNPs after discharging all five of these SNPs. MR analyses and sensitivity analyses were performed in R (version 4.0.2) using the TwoSampleMR package (version 0.5.5) and the MRPRESSO package (version 1.0).




Results

The causal effect estimates of PCOS on endometrial cancer are displayed in Figure 1 and Supplementary Figure 1. In this study, we did not observe a significant association between genetically predicted PCOS and the risk of endometrial cancer in either European ancestry or Asian ancestry (OR = 0.93, 95% CI 0.85–1.01, p = 0.09 and OR = 0.98, 95% CI 0.84–1.13, p = 0.75, respectively). Subgroup analyses according to histotype indicate that PCOS is not significantly associated with the risk of either endometrioid endometrial cancer (OR = 0.96, 95% CI 0.87–1.05, p = 0.36) or non-endometrioid endometrial cancer (OR = 0.99, 95% CI 0.79–1.25, p = 0.94) in European ancestry.




Figure 1 | Causal effect estimates of PCOS on endometrial cancer: the inverse-variance weighted (IVW) method was applied as the primary method for MR analysis. Abbreviations: PCOS, polycystic ovary syndrome; IVS, instrumental variables; SNP, single nucleotide polymorphism; n, number (number of SNPs included in the analysis); b, beta coefficient; se, standard error; OR, odds ratio; CI, confidence interval; BMI, body mass index; WHR, waist-to-hip ratio.



In all cases, the MR-Egger and MR-PRESSO results are not statistically significant (p > 0.05), demonstrating an absence of directional pleiotropy (Table 3). In sensitivity analyses using the weighted median, simple mode and weighted mode methods, the results are similar with those of IVW (Table 3). In addition, we did not detect substantial heterogeneity in any of our results.


Table 3 | Associations between genetically predicted PCOS and endometrial cancer in Asians and Europeans using MR-Egger, weighted median, inverse variance weighted, simple mode, weighted mode and MR-PRESSO methods.



Additional sensitivity analyses also show results similar to our primary findings. We did not observe a statistically significant association between IVs composed of PCOS SNPs not associated with BMI and endometrial cancer in either Europeans or Asians (see Supplementary Table 2).

After excluding PCOS SNPs associated with WHR, however, our results show that genetically predicted PCOS is correlated to a reduced risk of overall endometrial cancer in European ancestry (OR = 0.91, 95% CI 0.84–0.99, p = 0.03). This association is absent in Asians and subgroup analyses according to histotype in Europeans (see Supplementary Table 3). Furthermore, PCOS is also associated with a reduced risk of overall endometrial cancer in Europeans after removing SNPs related to BMI or WHR (OR = 0.91, 95% CI 0.83–0.99, p = 0.03). Still, this association is absent in Asians and subgroup analyses in Europeans (Supplementary Table 4).



Discussion

For the first time, our MR study evaluates the association between PCOS and endometrial cancer, and our findings suggest that PCOS is not causally related to the risk of endometrial cancer in either European or Asian ancestry.

Previously, numerous observational studies found controversial conclusions on whether the risk of endometrial cancer is associated with PCOS. One meta-analysis demonstrated that PCOS was associated with a higher risk of endometrial cancer in women with an assessed OR of 2.79 (95% CI 1.31–5.95) (38). All of the included studies, however, were of moderate or low quality because none of them adjusted their results for confounding factors, such as BMI, diabetes and inflammation. One study found that women with PCOS have a higher risk of endometrial cancer compared to their age-matched controls, regardless of BMI (OR unadjusted  = 5.3, 95% CI 1.5–18.6 and OR adjusted  = 6.1, 95% CI 1.0–36.9, respectively) (39). On the contrary, two studies found no relationship between PCOS and risk of endometrial cancer after adjusting for BMI (OR BMI-adjusted  = 2.2, 95% CI 0.9–5.7 and OR BMI-adjusted = 1.3, 95% CI 0.7–2.2, respectively) (40, 41). The contradictory conclusions of these observational studies might have been caused by confounding factors. Thus, a major advantage of our study is that MR can control for the influence of confounding factors. Moreover, endometrial cancer has two main subtypes: endometrioid (Type I) and non-endometrioid (Type II). But only one study investigated the association between PCOS and the subtypes of endometrial cancer, reporting a slightly stronger relationship between PCOS and Type I endometrial cancer (OR endometrioid  = 2.4, 95% CI 1.0–6.2) (41).

In our study, we did not find a significant association between PCOS and the risk of endometrial cancer. After removing SNPs associated with potential confounders and subgroup analyses according to histotype, our MR study concluded that PCOS still does not have any causal association with the risk of endometrial cancer. Although our results indicate that PCOS does not directly increase the risk of endometrial cancer, the obesity feature of PCOS has been found to be carcinogenic in numerous observational and MR studies (33, 42). The findings of increased BMI in PCOS women might explain the association between PCOS and the increased risk of endometrial cancer, especially in studies with no adjustment for BMI.

Our study contains several advantages. First, a major strength of this study is its two-sample MR design, which can prevent the influence of reverse causality and potential confounding factors. Second, the study’s IVs are derived from the latest and largest PCOS GWAS in Asians and Europeans (18, 22, 23), and our endometrial cancer data were obtained from the latest and biggest endometrial cancer GWAS in both ethnic groups (24, 26), which can thus better represent exposure and outcomes. Therefore, our study can provide sufficient statistical strength and precise estimates of causal effects. Third, we conducted sensitivity analyses for confounding factors and pleiotropy. Using MR Egger and MR-PRESSO analyses, we did not detect horizontal pleiotropy. In addition, we also assessed the impact of potential confounding factors, such as BMI and WHR (10). After removing SNPs associated with these potential confounders, our MR study suggests that genetically predicted PCOS still does not have any causal association with the risk of endometrial cancer, suggesting that there is no independent association between PCOS and endometrial cancer. Moreover, we stratified our outcomes based on the histotype of endometrial cancer, which was often neglected by previous observation studies. In our study, the inverse relationship between PCOS and overall endometrial cancer in Europeans after removing SNPs associated with (a) WHR and (b) WHR or BMI is diminished by subgroup analysis according to histotype, further revealing the negative association between PCOS and endometrial cancer.

Nonetheless, our study still has several limitations. First, we found that PCOS is not related to endometrial cancer in two ethnic groups based on GWAS data summaries of European and Asian populations. Therefore, it is unclear whether our results are still applicable to other populations. Also, for the analysis in Asians, the selected IVs were based on a Chinese PCOS GWAS, and the outcomes were from a GWAS of Japanese endometrial cancer cases and controls. These two east Asian populations are not genetically identical, but they are genetically closely related and comparable. Studies have reported that the Han Chinese and Japanese ethnic groups show similar patterns for most genetic polymorphisms (43). But some researchers have also found that they are less similar regarding genome-wide variations (44), which may have influenced the accuracy of our study. Second, we did not assess the causal relationship between body weight, BMI, WHR and PCOS, as well as their causal association with endometrial cancer, because previous studies have already investigated these aspects and found that an increase in BMI is causally associated with PCOS and endometrial cancer risk (6, 42, 45, 46). Third, due to limited information, we were unable to verify that the PCOS-related SNPs we selected are related to individuals known for having PCOS in their outcome (i.e. endometrial cancer) databases. The lack of this control experiment decreases the rationality of our study because the association between genetics and clinics cannot be fully verified. Fourth, our study was not able to assess the association between each PCOS phenotype and the risk of endometrial cancer. In our study, the Asian GWAS for PCOS used Rotterdam criteria, whereas the European PCOS GWAS utilized the NIH/NICHD criteria (14.6%), self-reported diagnosis (51.4%) and also the Rotterdam criteria (34.0%) (18). This might affect the specificity of the European PCOS IVs. In 2012, the NIH consensus panel recommended the following clinical phenotype classification for PCOS: (a) Phenotype A consists of ovulatory dysfunction (OD), hyperandrogenism (HA) (clinical or biochemical) and polycystic ovaries (PCO); (b) Phenotype B consists of HA and OD; (c) Phenotype C consists of PCO and HA; (d) Phenotype D consists of PCO and OD (47). We failed, however, to stratify our outcomes according to the different clinical phenotypes of PCOS due to a lack of information and since we were not able to identify the risks of each phenotype of PCOS, which is quite significant in clinical practice. Further studies using different clinical phenotypes of PCOS are needed to fully explore the association between PCOS and endometrial cancer.



Conclusions

In conclusion, based on the MR results generated using data summaries from large-scale GWAS analyses, our observations suggest that genetically predicted PCOS is not related to a higher risk of endometrial cancer.
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Purpose

Sleeve gastrectomy (SG) is a surgical intervention for polycystic ovary syndrome (PCOS), especially for patients with obesity. Here, we explored the effects of SG on the gut microbiota of rats with PCOS and investigated the association between the intestinal flora and efficacy of SG in PCOS.



Methods

Dehydroepiandrosterone (DHEA) injection was administered alone and in combination with a high-fat diet to induce PCOS in rats. SG was performed in rats with PCOS, and the effects of SG on the fecal and gut microbiota and the short-chain fatty acid (SCFA) content were observed. Furthermore, the association among gut microbiota, SCFA content and hyperandrogenism or other hallmarks of PCOS was evaluated.



Results

The abundance of Firmicutes reduced and that of Bacteroidetes increased in response to SG in the DHEA-induced PCOS rat model. At the genus level, the abundances of Bacteroides and Blautia increased and those of Ruminococcus, Clostridium, and Alistipes reduced distinctly in the PCOS-SG groups. Moreover, the levels of fecal SCFAs, especially butyric acid, reduced after SG. SG significantly ameliorated PCOS-related symptoms such as hyperandrogenism, disrupted ovary function, and impaired glucose tolerance. Bacteroides and Blautia exhibited a negative correlation and Ruminococcus, Clostridium, and Alistipes exhibited a positive correlation with the levels of fecal SCFAs, luteinizing hormone, testosterone, and inflammatory factors.



Conclusions

The amelioration of PCOS-related reproductive and metabolic disorders following SG was associated with the regulation of microbial taxa and SCFA content. Our findings provide a novel perspective on the microbial mechanisms in PCOS after SG.
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Introduction

Polycystic ovary syndrome (PCOS) is a heterogeneous condition characterized by hyperandrogenism, oligo/anovulation, and polycystic ovaries (1). It is one of the major causes of metabolic disorders in women of reproductive age. More than 50% of the women with PCOS are either overweight or have obesity (2). To date, the exact pathogenesis of PCOS remains uncharacterized. Given the limitations of the interventions currently used for treating PCOS-associated metabolic disorders, novel treatment strategies are warranted.

While promising, only a few studies have shown that bariatric surgery may be beneficial for individuals with PCOS (3, 4). Multiple studies have suggested that significant and persistent weight loss is an important outcome of metabolic surgery that improves PCOS. Meanwhile, some studies have suggested that alterations in the expression of inflammatory factors (5), gut hormones (6), and adipose hormones (7) contribute to the benefits of bariatric surgery in patients with PCOS. Sleeve gastrectomy (SG) is a popular bariatric surgical procedure; however, the suitability and potential mechanisms by which SG improves PCOS remain unknown.

To date, alterations in the gut microbiota and metabolites have been associated with the development of obesity and PCOS (8, 9). Numerous studies have indicated the changes in microbiota composition after SG, suggesting the relationship between shifts in the intestinal microbiota and metabolic improvement post-surgery (10). Modifications in the levels and types of several metabolites, particularly short-chain fatty acids (SCFAs), are considered to be associated with insulin resistance and dysfunctional steroid hormone management in PCOS (11). To this end, novel mechanisms have been proposed to explain the beneficial effects of SG on PCOS. However, the changes occurring in the intestinal flora and SCFA pool in patients with PCOS following SG need to be elucidated. We hypothesized that SG modifies the intestinal flora and SCFAs in patients with PCOS, and consequently, improves the outcomes of PCOS.

Here, we explored the potential effects of SG on the gut microbiota composition and alterations in SCFAs in a rat model of PCOS. Further, we investigated the association between the intestinal flora and efficacy of SG in PCOS.



Methods


Animals and Diet

All experiments were approved by the ethics committee of the Fujian Academy of Medical Sciences (#DL-2021-07). Twenty-one-day-old female Sprague-Dawley rats were purchased from Shanghai Laboratory Animals Center Co., Ltd. (Shanghai, China). All rats were housed individually and maintained under a 12 h light:dark cycle at 22 ± 2°C and 50%-60% humidity and were provided free access to food and water. Animal feed was obtained from Research Diets, Inc. (New Brunswick, NJ, USA). A standard rodent diet (D12450J, Research Diets; 3.85 kcal/g) is composed of 20% protein, 70% carbohydrate, and 10% fat. A high-fat diet (HFD, D12492, Research Diets; 5.24 kcal/g) is composed of 20% protein, 20% carbohydrate, and 60% fat. Dehydroandrosterone (HEA) was obtained from Cayman Chemical (Michigan, MI, USA).



Experimental Design

Fifty-nine rats were randomly divided into three groups: (a) in the control group (CON, n = 15), rats were fed a normal rodent diet composed of 10% fat, and rats administered 0.2 mL tea oil were used as negative controls; (b) in the DHEA group (DHEA, n = 22), rats were fed a 10% fat diet and subcutaneously injected with DHEA (6 mg/100 g of body weight dissolved in 0.2 mL of tea oil for 21 consecutive days, administered daily (12, 13)); (c) in the DHEA+HFD group (DHF, n = 22), rats were fed a 60% HFD and treated according to the same schedule with DHEA subcutaneous injection. After 3 weeks of modeling, eight rats from each group were selected randomly for analyzing PCOS-related parameters. The remaining rats in the DHEA and DHF groups were randomly divided into the SG and sham surgery groups, whereas rats from CON underwent sham surgery. There were five groups for surgery: (1) CON+Sham group (CONSh, n = 7), (2) DHEA+Sham group (DHEASh, n = 7), (3) DHEA+SG group (DHEASg, n = 7), (4) DHF+Sham group (DHFSh, n = 7), (5) DHF+SG group (DHFSg, n = 7). DHEA was administered continuously via subcutaneous injection until the rats were euthanatized.



Surgical Procedure

Surgery was performed on the 21st day after DHEA injection. All rats were fasted for 12 h before surgery. Water was available ad libitum until 4 h before the intervention. The rats were anesthetized by administering 10% chloral hydrate (0.3 mL/100 g injected intraperitoneally).

SG was performed according to a previously published method (13) (Online Resource 1). To prevent potential interference with the gut flora, we avoided using antibiotics in this study.

In the first 24 h post-surgery, the rats were fasted without water and food to promote the healing of the newly stitched tresis vulnus. They were administered a liquid diet 24 h later, with gradual transition to a normal diet within 4-5 days post-surgery.



Measurement of Hormones and Inflammatory Factors

The plasma levels of insulin, C-peptide, and the inflammatory factors tumor necrosis factor alpha (TNFα) and interleukin 6 (IL-6) were measured using the MILLIPLEX MAP RAT METABOLIC MAGNETIC BEAD PANEL KIT according to the manufacturer’s instructions (Merck Millipore, Billerica, MA, USA). The serum levels of testosterone, progesterone, and estradiol (E2) were measured using enzyme-linked immunosorbent assay kits (R&D Systems, Inc, Minneapolis, MN, USA). The serum levels of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were measured using a LUMINEX 200 (Luminex, Austin, TX, USA).



Vaginal Smears and Ovarian Morphology Analysis

The vaginal smears of the rats were monitored daily to determine the stage of cyclicity from 6 weeks of age to the day before surgery and till 1 week post-surgery. The regular estrus cycle comprises four stages: proestrus, estrus, metestrus, and diestrus. After the rats were euthanized, the ovaries were harvested and fixed immediately with 10% formalin for 24 h. When the rats were anesthetized, the ovaries were rapidly removed from the animals. Adipose tissue was separated and bilateral ovaries were weighed. The left ovarian vesicle was fixed in 4% paraformaldehyde for later ovarian histomorphological examination. The right ovary was placed in a cryopreservation tube into liquid nitrogen for cryopreservation, and then stored at -80°C for later use. Hematoxylin and eosin (HE) staining was performed. The number of cystic follicles and corpora lutea (CL) was counted by two pathologists blinded to grouping.



Body Weight Measurement and Glucose and Insulin Tolerance Tests

Each rat was weighed daily, starting at 28 days of age, until they were sacrificed. Glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs) were conducted on the 18th and 22nd days post-surgery, respectively. The rats were fasted for 12 h. Blood from orbital veins was collected to measure the blood glucose level. For GTT, after the intraperitoneal injection of dextrose (2 g/kg body weight), the blood glucose levels were measured at 0, 15, 30, 45, and 60 min. For ITT, after the intraperitoneal injection of insulin (1 IU/kg body weight), the blood glucose levels were measured at 0, 30, 60, 90, and 120 min. GraphPad Prism 8.4 (GraphPad Software Inc., CA, USA) was used to calculate the total area under the glucose response curve (AUC). The serum levels of adiponectin and leptin were determined using enzyme linked immunosorbent assay (ELISA) kits (R&D Systems, Inc, Minneapolis, MI, USA).



Sequencing and Analysis of Gut Microbiota

Fresh fecal samples were collected in 1.5-mL sterile Eppendorf tubes, snap-frozen in liquid nitrogen and stored at -80 °C for subsequent analyses. The sequences of the 16S rDNA hypervariable regions V3-V4 were amplified using the barcoded primers 341F 5’-CCTACGGGRSGCAGCAG-3’ and 806R 5’-GGACTACVVGGGTATCTAATC-3’ using the Illumina MiSeq platform (Online Resource 1). The composition of the gut microbial community was analyzed using Unweighted UniFrac of ANOSIM and principal coordinates analysis (PCoa). Next, to determine the differences in the community composition among the groups, we performed principal component analysis (PCA) at the genus level. To investigate the differences in the microbial composition between the SG and sham groups, we used the linear discriminant analysis effect size (LEfSe) method by coupling standard tests for statistical significance with additional analyses that evaluated the biological consistency and effect relevance.



Fecal SCFA Measurement

Methanol was purchased from Sigma-Aldrich (St. Louis, MO, USA). Methyl chloroformate, acetonitrile, and isopropyl alcohol were obtained from Thermo Fisher Scientific (Fairlawn, NJ, USA). All standard chemicals required for the measurement of other microbial metabolites were obtained from Sigma-Aldrich, Steraloids Inc. (Newport, RI, USA), and TRC Chemical (Toronto, ON, Canada). Ultrapure water was obtained using a Mill-Q Reference system equipped with an LC-MS Pak filter (Millipore, Billerica, MA, USA) (Online Resource 1). In order to analyze changes in the composition of metabolites related to the gut microbiota composition, we conducted ultra-performance liquid chromatography-tandem mass spectrometry analysis to measure the metabolite content.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.4, SPSS 24.0 (IBM Corp., NY, USA), and R (version 3.6.3). Experimental data are expressed in terms of mean ± standard deviation from at least three independent experiments. Data were analyzed using one-way analysis of variance to compare the mean values of variables from different groups. Bonferroni’s test or Tukey’s post-hoc test was performed for the pairwise comparison of mean values among the groups. Spearman’s correlation analysis was performed to identify the correlations among microbiotas. Pearson’s correlation analysis was performed to determine the correlation among clinical phenotypes, gut microbiota, and fecal metabolites. P < 0.05 was considered to represent statistical significance.




Results


SG Decreased the Abundance of Gut Microbiota in the DHEASg Group but Not in the DHFSg Group

A value of 0.99 was obtained for the Good’s coverage index, which indicated that the data was sufficient for analyzing the intestinal microbial community using the study samples (Supplementary Figure 1A). The Chao1 index indicated the richness of the gut microbial community. There were no significant differences between the Chao1 indices of CON and PCOS rats pre-surgery or between those of DHFSg and DHFSh rats post-surgery (Figure 1A). However, the Chao1 index was lower in the DHEASg group than in the DHEASh group (Figure 1A). The Shannon and Simpson indices indicated the diversity and evenness of intestinal flora. There were no significant differences between the parameters obtained for the CON and PCOS groups (Figures 1B, C) or those obtained for the corresponding SG and sham surgery groups (Figures 1B, C). The results showed that SG did not affect the α diversity of the gut microbiota. Interestingly, SG decreased the abundance of the gut microbiota in the DHEASg group but not in the DHFSg group (Figures 1A–C).




Figure 1 | Effects of SG on shifts in gut microbiota. (A) Chao1 diversity index. (B) Shannon diversity index. (C) Simpson diversity index. (D) β diversity analysis using Unweighted UniFrac ANOSIM analysis and principal coordinates analysis (PCA) of bacterial community composition using the unweighted UniFrac metric at the genus level. (E-H) Bar plot of the microbial community structure at the phylum level before (E) and after (F) surgery, and at the genus levels before (G) and after (H) surgery.





SG Drastically Altered the Abnormal Gut Microbial Composition in the Rat Model of PCOS

The PCoA results indicated a significant difference among species present in fecal samples from the CON, DHEA, and DHF groups (Figure 1D and Supplementary Figure 1B). The intestinal microbiota in the CON and PCOS groups were distinct with respect to the organismal structure. Notably, the PCoA plots revealed a distinct separation between the SG and sham surgery groups, suggesting that SG altered the gut microbiota composition in rats with PCOS (Figure 1D). Besides, ANOSIM analysis yielded similar results (Supplementary Figure 1B).



SG Restored Gut Dysbiosis in Rats With PCOS by Altering the Abundances of Specific Taxa

At the phylum level (Figures 1E, F), Bacteroidetes, Firmicutes, and Proteobacteria were the major microbial taxa detected in the groups. The abundance of Firmicutes decreased in both DHEASg and DHFSg rats compared to that in the corresponding sham groups; this change could be attributed to SG. Furthermore, the abundance of Bacteroidetes increased in DHEASg and DHFSg rats. At the genus level (Figures 1G, H), we analyzed the top twenty bacteria. The abundances of Bacteroides and Blautia increased more in the SG groups than in the sham groups, whereas the relative abundances of Ruminococcus, Alloprevotella, Clostridium, and Alistipes were low.

Furthermore, the abundances of Bacteroides, Escherichia_Shigella, Collinsella, Actinomyces, Blautia, Gemella, Peptostreptococcus, Flavonifractor, Streptococcus, and Fusobacterium increased in the PCOS-SG group. In contrast, the abundances of Ruminococcus, Alistipes, Anaeroplasma, Lachnospiracea_incertae_sedis, and Elusimicrobium increased significantly in the DHEASh and DHFSh groups (Figure 2A and Supplementary Figure 1C). Compared to the rats from the DHEASh group, those from the DHEASg group had a greater abundance of Bacteroides, Blautia, and Parabacteroides at the genus level (Figure 2A and Supplementary Figure 1D). However, the abundances of Alistipes, Ruminococcus, Paraprevotella, and Alloprevotella were notably lower in the DHEASg group (Figure 2A and Supplementary Figure 1D). Additionally, the abundances of Bacteroides and Bifidobacterium increased and those of Lactococcus, Peptococcus, and Enterococcus decreased considerably in the DHFSg group than in the DHFSh group (Figure 2B and Supplementary Figure 1D). Therefore, the abundances of microbial species in the SG and sham groups differed considerably.




Figure 2 | Effects of SG on shifts in gut microbiota and short chain acid contents. (A) LDA effect size (LEfSe) analysis between the SG and sham groups and between the DHEASg and DHEASh groups. (B) LEfSe analysis between the DHFSg and DHFSh groups. (C) Boxplots show changes in the levels of acetic acid, propionic acid, butyric acid, and valeric acid. *p < 0.05. **p < 0.01. ***p < 0.001.





SG Markedly Increased the Levels of Fecal SCFAs, Particularly Butyric and Valeric Acids, in Rats With PCOS

PCA is primarily applied to analyze the chief source of alterations among samples. An observable distance between the PCOS (DHEA and DHF) and CON groups suggested that PCOS disturbed the fecal metabolite composition in rats (Supplementary Figure 2A). Based on the PCA results, the SG group was found to be metabolically distant from the corresponding groups, indicating that SG modulated the metabolic disturbance in rats with PCOS (Supplementary Figure 2A). Next, we conducted orthogonal partial least squares discriminant analysis (OPLS-DA) to maximize differences and filter core metabolites reliable for categories among groups. The generated models rendered a reliable predictive ability (DHEASg-DHEASh:R2Y = (0.0,0.9533), Q2 = (0.0, −0.1709) (Supplementary Figure 2B), and DHFSg-DHFSh:R2Y = (0.0,0.9391), Q2 = (0.0, −0.058) (Supplementary Figure 2B)). Based on the values of variable influence on projection > 1.0, both the DHEASg and DHFSg groups were found to exhibit a significant shift in the levels of butyric and valeric acids compared to those in the corresponding sham surgery groups (Figure 2C). However, the levels of acetic acid and propionic acid were reduced significantly only in the DHEASg group. These findings indicated that SG-induced alterations in gut microbiota may markedly increase the fecal levels of SCFAs, particularly butyric and valeric acids, in rats with PCOS (Figure 2 and Supplementary Figure 2).



SG Considerably Ameliorated Ovarian Dysfunction in PCOS

Analysis of the estrus cycle revealed that both PCOS models experienced a significantly longer diestrus and shorter proestrus and estrus than CON rats (Figures 3A–C). Intriguingly, SG intervention alleviated the estrus cycle disorder in rats with PCOS (Figures 3D, E). In the DHEA and DHF rats, which were acyclic prior to surgery, the regular estrus cycle was restored from 12 days after SG (Figure 3F). However, the DHEASh and DHFSh rats continued to exhibit an irregular cycle throughout the intervention period (Figure 3F). DHEA and DHF rats had polycystic ovaries, whereas CON and PCOS rats did not. Multiple ovarian follicles from DHEA and DHF rats showed the presence of a tangled granulosa cell compartment with abnormal granulosa layer thickness, a typical characteristic of atretic antral follicles (Figures 4A–C). Notably, the ovaries of DHEA and DHF rats lacked CL, whereas the ovaries of CON rats had multiple CL, indicative of ovulation (Figures 4I–L). HE staining revealed that the granulosa layers of ovarian tissue from both PCOS-Sham groups showed a reduced number of cystic degenerating follicles. In contrast, SG increased the formation of granulosa layers and CL, indicating that SG improved the pathological changes observed in PCOS (Figures 4D–H, K, L). After modeling, the left ovaries of rats in each group were weighed, as shown in Figures 4M–O. After DHEA injection, the ovarian weight was lower than that of the control group, regardless of whether the diet was high-fat or not. Compared with the DHFSh group, the ovarian weight of PCOS rats in DHFSg group was lower. While there were no differences in ovarian weights between the DHEASh and DHEAsg groups.




Figure 3 | Effects of sleeve gastrectomy on the estrus cycle. (A) Relative time span of each stage of the cycle pre-surgery. (B) The proportion of acyclic females (constant diestrus or constant estrus) pre-surgery. (C) Representative estrus cycles of different groups pre-surgery: 1, metestrus stage; 2, estrus stage; 3, proestrus stage; 4, diestrus stage. C-a: CON; C-b: DHEA; C-c: DHF. (D) Relative time span of each stage of the cycle post-surgery. (E) The proportion of acyclic females (constant diestrus or estrus) post-surgery. (F) Representative estrus cycles of different groups post-surgery. F-a: CONSh; F-b: DHEASh; F-c: DHEASg; F-d: DHFSh; F-e: DHFSg. *p < 0.05. **p < 0.01. ***p < 0.001.






Figure 4 | Effects of sleeve gastrectomy (SG) on ovarian morphology, as observed in hematoxylin and eosin-stained tissue sections. (A, B) Representative images of ovarian tissues from CON (A), DHEA (B), and DHF (C) rats pre-surgery. (D–H) Representative images of ovarian tissues from CONSh (D), DHEASh (E), DHEASg (F), DHFSh (G), and DHFSg (H) rats post-surgery. From (A–H): Scale bar, 100 μm; original magnification for a, b, and c: ×4, ×10, and ×20, respectively. The short arrows indicate the theca, and the long arrows indicate the granulosa layer. (I, J) The number of CF (I) and CL (J) before SG. (K, L) The number of CF (K) and CL (L) after SG. CF, cystic follicle; CL, corpus luteum. (M) Ovary weight before surgery. (N) Ovary weight after surgery in the DHEASh and DHEASg groups. (O) Ovary weight after surgery in the DHFSh and DHFSg groups. *p < 0.05. **p < 0.01. ***p < 0.001.





SG Considerably Improved the Levels of Sex Steroid Hormones and Inflammatory Factors in Rats With PCOS

Hyperandrogenism is the most prominent feature of PCOS. The serum testosterone levels increased considerably in DHEA and DHF rats than in CON rats (Figure 5A), indicating hyperandrogenism in the former. In addition, DHEA injection, with or without HFD, increased the serum levels of LH but not of FSH and progesterone (Figures 5B–D). Notably, both testosterone and LH levels were reduced, and almost restored to the normal levels, in DHEASg and DHFSg rats (Figures 5F, G). In addition, the circulating levels of TNFα and IL-6 were significantly elevated in both DHEA and DHF rats but were normalized upon SG intervention (Figures 5K–N). The above results confirmed that SG treatment considerably improved the levels of sex steroid hormones and inflammatory factors in PCOS (Figure 5).




Figure 5 | | Effects of sleeve gastrectomy on the serum levels of steroid sex hormones and inflammatory factors. (A) total testosterone, (B) LH, (C) FSH, (D) E2, and (E) progesterone levels pre-surgery. (F) total testosterone, (G) LH, (H) FSH, (I) E2, and (J) progesterone levels post-surgery. (K) serum TNFα levels pre-surgery, (L) serum TNFα levels post-surgery, (M) serum IL-6 levels pre-surgery, (N) serum IL-6 levels post-surgery. LH: luteinizing hormone, FSH: follicle-stimulating hormone, E2: estradiol, TNFα: tumor necrosis factor alpha, IL-6: interleukin 6. *p < 0.05. **p < 0.01. ***p < 0.001.





SG Reduced Body Weight and Insulin Resistance in PCOS

We detected the expression level of adiponectin, the results showed adiponectin was remarkably decreased in PCOS models compared with control rats (Figure 6A). The serum level of adiponectin was restored in DHEASg group and in DHFSg group compared to their corresponding sham operation group (Figure 6A). Inversely, leptin was significantly elevated both in DHEA and DHF rats, but were normalized by SG (Figure 6B). Moreover, DHF-treated rats showed a remarkably higher levels of leptin than DHEA-treated rats (Figure 6B). The DHEA and DHF rats gained more weight than CON rats during the 3-week treatment period (Figures 6C–E and Supplementary Figure 3A). Post-surgery, both DHEASg and DHFSg rats lost significantly more weight than DHEASh and DHFSh rats, starting 1 week post-surgery, and maintained a lower body weight till the end of the experiment (Figures 6C–E and Supplementary Figure 3B). Glucose homeostasis is typically impaired in patients with obesity and metabolic syndrome, including patients with PCOS. We found that the basal glucose levels were elevated in both DHEA and DHF rats (Figure 6F). Moreover, both DHEA and DHF rats exhibited impaired insulin sensitivity (Figure 6G). Post-surgery, the AUC for the SG excision group was significantly lower than that for the sham surgery and CON groups. As expected, both insulin sensitivity and glucose tolerance were significantly improved in DHFSg and DHEASg rats compared to that in the sham controls (Figures 6H, I). These results indicated the significant benefits of SG intervention on insulin resistance (Figure 6).




Figure 6 | Effects of sleeve gastrectomy on the metabolic hallmarks of polycystic ovary syndrome. Changes in adiponectin (A) and leptin (B) before and after surgery. (C) Changes in body weight before and after surgery. (D) Changes in body weight before DHEA injection and before surgery. (E) Changes in body weight 3 weeks after DHEA injection and 3 weeks after surgery. (F) Results of intraperitoneal glucose tolerance test and (G) intraperitoneal insulin tolerance test before surgery. (H) Results of intraperitoneal glucose tolerance test and (I) intraperitoneal insulin tolerance test after surgery. Serum c-peptide levels before (G) and after (I) surgery. *p < 0.05. **p < 0.01. ***p < 0.00`1.





Gut Bacteria, Sex Steroid Hormones, Inflammation, and Fecal SCFAs Exhibit Close Correlation Following SG in Rats With PCOS

In order to assess the association among gut microbiota, inflammation, sex steroid hormones, and fecal SCFAs, we performed a correlation analysis. The abundances of Bacteroides, Blautia, and Bifidobacterium were negatively correlated with the fecal SCFA content, whereas those of Alistipes and Ruminococcus were positively correlated with the fecal SCFA content (Figure 7A). The abundance of Bacteroides exhibited a significant negative correlation with the butyric acid, propionic acid, and total SCFA content. Conversely, the levels of LH and testosterone were positively associated with the levels of SCFAs, including butyric acid, propionic acid, acetic acid, valeric acid, and total SCFAs (Figure 7B). The levels of butyric acid were positively associated with those of insulin and C-peptide. Moreover, the abundances of Bacteroides and Blautia were negatively correlated with the LH, testosterone, insulin, and c-peptide levels (Figure 7B). In contrast, the abundances of Alistipes and Ruminococcus were positively correlated with the LH and testosterone levels. The abundance of Bacteroides was negatively associated with the IL-6 levels, the relative abundance of Clostridium was positively correlated with the TNFα and IL-6 levels, and the abundance of Alistipes was only positively associated with the TNFα level (Figure 7).




Figure 7 | Pearson’s correlation analysis. (A) Correlation between fecal gut microbiota and short-chain fatty acids (SCFAs). (B) Correlation between clinical variables and gut microbiota as well as fecal SCFAs. T: testosterone, LH: luteinizing hormone, FSH: follicle-stimulating hormone, TNFα: tumor necrosis factor alpha, IL-6: interleukin 6.






Discussion

To our knowledge, the findings of this study indicated for the first time that SG-induced changes in the gut microbiota and SCFAs may contribute to the beneficial effects of SG on PCOS.

It is well known that one of the major challenges in investigating PCOS in a rat model is the heterogeneity of phenotypes that PCOS patients present. Different phenotypes of PCOS show different characteristics of this disorder (14). In this study, the DHEA-treated rodents exhibited some symptoms of PCOS, including hyperandrogenism, disrupted menstrual cycle, and polycystic ovaries, which was in accordance with previous studies (14, 15). In addition, the HFD further exaggerated metabolic dysfunction, which typically resulted in obesity and insulin resistance in rats of the DHF group. Thus, two types of PCOS rat models were observed: one was dominated by hyperandrogenism, the other was characterized by metabolic dysfunction. It is worthy of note that there was a marked decrease in the ovarian weight when large doses of DHEA was administered. As early as in 1962, Roy et al. (16) found that the ovarian weight of rats was reduced after the administration of large dose of DHEA. It is not known whether the uterotrophic action of these steroids is due to a direct effect or to their conversion into testosterone or oestrogen.

Alterations in the intestinal microbiota and microbial metabolites and their potential interactions following SG in patients with PCOS is a topic of general interest. In order to take into account that the high-fat diet itself has a certain effect on the intestinal flora and short-chain fatty acids, the feed for all groups of rats after the operation is the same as that before the operation. However, data on the effects of SG on the gut microbiome and SCFAs associated with metabolic and physiological changes in patients with PCOS are lacking. Here, we investigated the influence of SG on the gut microbiota composition and SCFA content in DHEA-induced PCOS rat models. In agreement with the findings from previous studies, we observed a reduction in the abundance of Firmicutes and a shift in favor of Bacteroidetes in response to SG in the DHEA-induced rat model (14, 15). Reportedly, Firmicutes can facilitate fat storage in the host body (17). Therefore, the decreased abundance of Firmicutes may help reduce fat storage after SG. Meanwhile, the elevated abundance of Bacteroidetes was considered associated with weight loss in humans and animal models (10, 18, 19).

Furthermore, at the genus level, the abundances of Bacteroides and Blautia increased considerably in the PCOS-SG groups. Rats in the PCOS-SG groups also exhibited improved glucose intolerance. The abundance of Bacteroides was negatively correlated with the insulin and C-peptide levels. Liu et al. showed that Bacteroides can protect mice against HFD-induced obesity (19). Therefore, we speculated that Bacteroides are associated with metabolic amelioration in PCOS after SG. Our correlation analysis of different bacteria at the genus level also showed that Blautia and Bacteroides exhibit a synergistic relationship. Blautia is known to produce butyric acid in the gut, which may potentially reduce the risk of metabolic syndrome (20). The abundance of Bifidobacterium increased predominantly in the DHFSg group but not in the DHEASg group. As a beneficial bacterium, Bifidobacterium has been shown to improve insulin sensitivity and reduce body fat accumulation in several human randomized control trials (21–23). We also observed a lower abundance of Ruminococcus, Clostridium, and Alistipes in PCOS-SG rats. Ruminococcus and Clostridium were shown to be enriched patients with PCOS (24) and rodent models of PCOS (25). Hyperandrogenism is another characteristic of PCOS. Ruminococcus and Clostridium were positively associated with the serum levels of testosterone, which is consistent with the results from previous studies (26, 27). Hence, the marked decrease in the abundances of Ruminococcus and Clostridium following SG may be correlated with the amelioration of reproductive disorder in rats with PCOS.

Numerous studies have indicated that chronic low-grade inflammation contributes to PCOS development (21, 28). The correlation analysis between gut microbiota and inflammatory factors indicated that the elevated relative abundances of Clostridium and Alistipes were related to gut inflammation (29). A higher abundance of Alistipes was reported in patients with irritable bowel syndrome (29). In this study, the low levels of TNFα and IL-6 suggested the alleviation of inflammation following SG in rats with PCOS. Moreover, the relative abundances of Clostridium and Alistipes were positively correlated with the TNFα levels. Conversely, the abundance of Bacteroides was negatively associated with the IL-6 levels. Collectively, our data confirmed the alterations in the gut microbiota of DHEA-induced rat models in response SG. The increasing abundances of Bacteroides and Blautia and the decreasing abundances of Ruminococcus, Clostridium, and Alistipes in response to SG may play a central role in the remodeling of the intestinal microbiota in PCOS. Our findings indicated that the alterative gut microbiome community was closely associated with the improvement of hyperandrogenism, lowering of inflammation, and alleviation of insulin resistance.

Besides modeling the gut microbiome, SG also altered the production of metabolites such as SCFAs. SCFAs are primarily produced during bacterial fermentation in the gut. Acetic, propionic, butyric, and valeric acids are the predominant SCFAs detected in the gut of rodents and humans (30). Common bacteria that produce SCFAs include, but are not limited to, Bacteroides and Bifidobacterium (31). SCFAs were shown to improve energy metabolism and exert strong anti-inflammatory effects (32, 33). In this study, we measured the fecal concentrations of SCFAs as substitutes for evaluating SCFA production in the gut. The fecal concentrations of total or individual SCFAs depended on the production, mucosal absorption, or the rate of transit. Of note, the fecal SCFA content indicates the balance between the production and absorption of SCFAs (34).

We observed an increase in the abundance of Bacteroidetes following SG in both obese and lean phenotypes of rats with PCOS, whereas the abundance of Bifidobacterium increased significantly only in obese PCOS-SG rats. However, the fecal SCFA concentration, which was higher in rats with PCOS, decreased significantly after SG. Furthermore, the fecal SCFA content was positively correlated with the serum levels of testosterone and LH. The inverse association indicates the potential increase in the post-operative colonic absorption of SCFAs in rats with PCOS. The availability of SCFAs accelerates intestinal transit and systemic absorption of nutrients while optimizing energy utilization. In contrast, the greater demand for SCFAs increased the abundance of SCFA-producing bacteria, such as Bacteroidetes and Bifidobacterium.

In this regard, we speculated that the host sustained itself in a negative energy expenditure mode post-surgery. There may exist an adaptive response to the insufficient energy availability in the colon that involves SCFA production. The intestinal transit of gut SCFAs, particularly butyric acid, was accelerated to improve nutrient absorption. The higher SCFA utilization rate following SG treatment improved the intestinal mucosal barrier integrity and suppressed enteral and parenteral inflammation. Therefore, even though the fecal SCFA levels were positively associated with the TNFα and IL-6 levels, the changes in SCFA levels were possibly related to alterations in the abundances of certain microbial taxa following SG intervention, which may have helped reduce inflammation in the rats with PCOS.

However, the changes in the abundance and composition of gut microbiota were partially different between DHEASg and DHFSg groups. We consider that the different changes in the abundance and composition of gut microbiota between the two models is partly due to the differences in the establishment of the two PCOS models, DHEA-model is induced by DHEA injection alone, while the DHF model is induced by DHEA injection combined with a high-fat diet. Taking into account that the high-fat diet itself has a certain effect on the intestinal flora, such as overall gut microbial composition and the composition of the microbial community in gut (27), which may leads to the differences of gut microbiota between two PCOS groups. However, the same changes in gut microbiota of the two different models suggests that PCOS may have the common mechanism, which maybe a new therapeutic target.

The strength of this study is that is used two different models of PCOS and that it comprehensively analyzed all bacterial species. Still, the potential limitations to this study include the lack of adequate blood samples for the measurement of SCFA levels and the absence of germ-free animals for demonstrating the causal relationships between the gut microbiota and PCOS. The time-dependent alterations of the gut microbiota and SCFAs following SG should be investigated further. In addition, the study was designed to compare each model to its own control, not to compare the models between them.

This is the first study to demonstrate that SG modified the gut microbiome and SCFA content in a DHEA-induced rat model of PCOS. The altered abundances of bacterial taxa in response to SG may play a central role in the remodeling of the intestinal microbiome in rats with PCOS. The concentration of fecal SCFAs, especially butyric acid, which increased in the rats with PCOS, reduced distinctly after SG. Furthermore, the amelioration of PCOS-related reproductive and metabolic disorders in response to SG was associated with the regulation of specific microbial taxa and SCFAs. Our findings provide a new perspective on the changes in microbial mechanisms in PCOS after SG.
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Objective

To investigate the results of in vitro fertilization among polycystic ovary syndrome (PCOS) patients using the long-acting long protocol regarding the relationship between menstrual patterns and adverse pregnancy outcomes.



Design

Retrospective cohort study.



Setting

University-affiliated reproductive medical center.



Background

The menstrual patterns of patients with PCOS is considered related to metabolism; however, no study has analyzed the outcome of in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) in patients with PCOS who have different menstrual patterns. This study aimed to observe the outcomes of IVF/ICSI in patients with PCOS with different menstrual patterns who used the long-acting long protocol.



Methods

This was a retrospective analysis in the first cycle of IVF/ICSI at the Reproductive Medicine Center of the First Affiliated Hospital of Zhengzhou University from January 2017 to December 2019. In total, 1834 patients with PCOS were classified into the regular menstruation group (n=214), the oligomenorrhea group (n=1402), and the amenorrhea group (n=218).



Results

PCOS patients who used the long-acting long protocol of IVF/ICSI had similar clinical pregnancy rates and live birth rates despite having different menstrual patterns. The overall incidence of adverse pregnancy outcomes, including abortion, spontaneous preterm birth (sPTB), gestational diabetes(GDM), hypertensive disorder inpregnancy (HDP), and premature rupture of membranes(PROM, was significantly higher in the amenorrhea group than in the regular menstrual and oligomenorrhea groups (25.88% vs. 30.41% vs. 43.69%; P = 0.013). Additionally, the rates of GDM (2.35% vs. 6.10% vs. 13.79%; P=0.015) and macrosomia (5.26% vs. 10.94% vs. 18.39%; P=0.026) in the amenorrhea group were significantly higher than those in the other two groups. Correction for confounding factors showed that menstrual patterns are related to the occurrence of adverse pregnancy outcomes. Amenorrhea is an independent risk factor for adverse pregnancy outcome (OR [odds ratio]: 2.039, 95% CI [confidence interval]: 1.087-3.822), GDM (OR: 5.023, 95% CI: 1.083–23.289), and macrosomia (OR: 4.918, 95% CI: 1.516–15.954).



Conclusions

IVF/ICSI can achieve similar pregnancy and live birth rates in PCOS patients with different menstrual patterns. However, the overall incidence of adverse pregnancy outcomes in PCOS patients with amenorrhea is higher than that in patients with regular menstruation or oligomenorrhea.





Keywords: fresh IVF/ICSI embryo transfer, polycystic ovary syndrome, menstrual patterns, perinatal outcome, infertility



1 Introduction

Polycystic ovary syndrome (PCOS) is a common reproductive and endocrine disease among women of childbearing age. It is characterized by abnormal ovulation (sparse ovulation or anovulation), polycystic ovarian morphology (PCOM), and hyperandrogenism (HA) (1). Studies have shown that the incidences of abortions, premature births, and pregnancy complications among PCOS patients are relatively high. Therefore, it is necessary to strengthen clinical perinatal monitoring (2). Currently, conclusions on related risk factors that lead to adverse pregnancy outcomes in patients with PCOS are not completely consistent. Some of these risk factors include age, body mass index (BMI), and the application of assisted reproductive technology (3). Patients with PCOS have heterogeneous clinical presentations. The most common menstrual manifestation is oligomenorrhea or amenorrhea, and there are differences in the levels of sex hormones and metabolic factors among patients with different menstrual patterns (4). Studies have shown that menstrual disorders in patients with PCOS are caused by insulin resistance (IR) and HA, which indicates that menstrual patterns may be used as a direct clinical observation index of the severity of metabolic disorders (5). Currently, there is no published research on the outcomes of in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) in patients with PCOS that have different menstrual patterns, and it is unclear whether menstrual patterns affect the pregnancy outcomes of patients. In recent years, due to the improvements in endometrial receptivity and the pregnancy rate of fresh cycle embryo transfer, the long-acting long protocol has been applied at some reproductive medicine centers in China (6). This study retrospectively analyzed the pregnancy outcomes of patients with PCOS that have different menstrual patterns during the long-acting long protocol assisted by IVF/ICSI and the related risk factors for adverse pregnancy outcomes. This analysis further aimed to enable clinicians to strengthen the treatment of high-risk groups, as perinatal monitoring can reduce the incidence of maternal and infant adverse outcomes.



2 Materials and Methods


2.1 Study Design and Patients

This retrospective cohort study was approved by the Ethics Review Committee of the First Affiliated Hospital of Zhengzhou University. Written informed consent was waived due to the retrospective nature of the study. The selected patients underwent IVF/ICSI therapy at the Reproductive Medicine Center of the First Affiliated Hospital of Zhengzhou University from January 2017 to December 2019. The inclusion criteria were as follows: (1) receiving IVF/ICSI in the first cycle (the patient underwent IVF/ICSI because of the diagnosis of infertility, male factors or AIH failure, et al.), (2) undergoing the long-acting long protocol, (3) age <40 years, (4) Diagnosis of PCOS is based on 2 of 3 Rotterdam Criteria: a) Hyperandrogenism – either clinically by skin manifestations of androgen excess OR hyperandrogenemia (high testosterone in a blood test); b) Ovulation dysfunction (i.e. Oligo/Anovulation); c) Polycystic ovaries on ultrasound. Exclusion of phenotypically similar androgen excess disorders such as congenital adrenal hyperplasia (CAH), androgen-secreting tumors, Cushing syndrome, thyroid dysfunction, and hyperprolactinemia (7). In contrast, the exclusion criteria were as follows: (1) patients who did not undergo egg harvesting due to personal reasons; (2) Preimplantation genetic diagnosis (PGD) and screening (PGS); (3) Diseases affecting pregnancy: endometriosis, adenomyosis, uterine malformations, surgical history of ovarian cyst, hydrosalpinx, pelvic tuberculosis, diabetes, thyroid dysfunction, hypertension; (4) receipt of donor eggs; and (5) Loss to follow up. We classified the patients with PCOS according to menstrual patterns as documented in the new classification of the causes of abnormal uterine bleeding in the non-pregnant women of childbearing age (PALM-COEIN) system published by the International Federation of Gynecology and Obstetrics in 2011 (8). The patients with PCOS were classified into the regular menstruation group (21 days ≤ the menstrual cycle ≤ 35 days), the oligomenorrhea group (35 days < menstrual cycle ≤180 days), and amenorrhea group (menstrual cycle >180 days) (Figure 1).




Figure 1 | Flow chart depicting the patient selection.





2.2 IVF/ICSI PROTOCOLS


2.2.1 Downregulation Regimen

On the second to third days of the menstrual cycle, 3.75 mg of a long-acting gonadotropin-releasing hormone agonist (GnRH-a; The Ipsen Group, Dauphine, France) was administered to achieve downregulation. After 30–42 days, the downregulating standard was reached (no ovarian cyst with diameter >10 mm, an estradiol level of <183 pmol/L, and a luteinizing hormone [LH] level <3 IU/L), and controlled ovarian hyperstimulation was performed.



2.2.2 Ovulation Induction

Ovarian induction therapy was administered according to BMI, and the level of anti-Müllerian hormone (AMH) was used to determine the dosage of gonadotropins (Gonal-f; Merck Serono, Switzerland or Plycon; Organon, Netherlands). According to follicle size and hormone levels, we adjusted the dosage of gonadotropins and considered the addition of human menopausal gonadotropin (LeBold, Zhuhai Livzon Pharmaceutical, China).



2.2.3 HCG Injection and Corpus Luteum Support Standard

We administered 250 μg of Azer (Merck Serono, Italy) and 2000 IU of human chorionic gonadotropin (hCG) (Zhuhai Livzon Pharmaceutical) when the diameter of one dominant follicle was ≥20 mm, the diameters of three follicles were ≥17 mm, or two-thirds of the follicles had diameters ≥16 mm. The eggs were harvested under vaginal ultrasound guidance 36–37 h after the injections were administered.



2.2.4 IVF/ICSI-ET

The method of fertilization was based on semen quality. Fresh embryo transfer was performed 3–5 days after oocyte retrieval based on embryo quality and the endometrial and patient’s conditions. The transplant was cancelled if patients were deemed to be at high risk for OHSS, the P level was >3 ng/mL, or a uterine effusion was demonstrated. Depending on the specific situation of each patient, different frozen-thawed ET protocols were formulated.




2.3 Follow-Up of Patients

In terms of following up pregnancy outcomes, 14 days after embryo transfer, blood was drawn for β-hCG determination, and follow-up was continued until 35 days after transplantation. Clinical pregnancy was diagnosed when an ultrasonic examination revealed a gestational sac. Fetal nuchal translucency examination was performed at 12 weeks of pregnancy (9–10 weeks after embryo transfer), and prenatal care was provided at the department of obstetrics. During the perinatal period, trained nurses provided follow-up via telephone. Standardized questionnaires were used to collect information on perinatal complications, gestational age, birth date, mode of delivery, neonatal sex and birth weight, diseases among newborns, treatment, and prognosis. The follow-up information was recorded in detail and stored in the electronic medical records together with the previous treatment information. The research data were extracted from the electronic database of our hospital.



2.4 Clinical Outcomes

Abortion: the spontaneous loss of a clinical pregnancy that occurs before 20 completed weeks of gestational age (18 weeks post fertilization) (9). Spontaneous preterm birth (sPTB): A delivery with spontaneous onset before 37 weeks of gestation (10). Gestational diabetes (GDM): Defined as abnormal glucose metabolism during pregnancy, without a pre-pregnancy diagnosis of diabetes (11). Hypertensive disorder in pregnancy (HDP): Either Pregnancy-induced hypertension (PIH): the new onset of hypertension (≥ 140 mmHg systolic and/or ≥90 mmHg diastolic blood pressure) after 20 weeks gestation measured on at least two occasions four hours apart; Pre-eclampsia (PE): PIH accompanied by proteinuria (≥300 mg in 24 hours), either during pregnancy or postpartum (12, 13). Premature rupture of membranes (PROM): Premature rupture of membranes (PROM) is a rupture (breaking open) of the membranes (amniotic sac) before labor begins. Adverse pregnancy outcomes: women with one of the following complications, including abortion, sPTB, GDM, HDP, and PROM (14). Macrosomia: Birth weight more than 4,000 grams. Low birth weight(LBW): Birth weight less than 2,500 grams. Very low birth weight (VLBW): Birth weight less than 1,500 grams. Implantation rate: the number of gestational sacs observed, divided by the number of embryos transferred. Clinical pregnancy rate: the number of clinical pregnancies, divided by the number of transplant cycles. Live birth rate: the number of deliveries that resulted in at least one live born baby, divided by the number of transplant cycles (9). Adverse pregnancy outcomes rate: the number of women with adverse pregnancy outcomes, divided by the numbers of clinical pregnancies. Macrosomia rate: the numbers of deliveries with at least one macrosomia Infant, divided by the numbers of deliveries. LBW rate: the numbers of deliveries with at least one LBW Infant, divided by the numbers of deliveries. VLBW rate: the numbers of deliveries with at least one VLBW Infant, divided by the numbers of deliveries (15, 16).



2.5 Statistical Analysis

To compare continuous variables between multiple groups, a one-way ANOVA test was used. Data with normal distributions are reported as means and standard deviations. The LSD-t-test was used for pairwise comparison of continuous variables within the group, Fisher’s exact tests or chi-square test was used to compare proportions (Bonferroni correction was used to account for multiple testing).Variables that were statistically significant in the univariate t-tests and chi-squared tests were included in the multivariate logistic regression analysis. The results are reported as adjusted odds ratios (aORs) with 95% confidence intervals (CIs). All statistical analyses were performed using SPSS version 24.0 (IBM Corporation, Armonk, NY, USA). Analysis items with p-values of <0.050 were considered statistically significant.




3 Results


3.1 Comparison of Patients’ General Characteristics and Ovulation Induction Information

In total, 1834 patients were recruited in this study, including 214 in the regular menstrual group, 1402 in the oligomenorrhea group, and 218 in the amenorrhea group. The length of infertility, BMI, LH/FSH, AMH, AFC, Length of stimulation, and Total dosage of Gn used were higher, and the thickness on the hCG injection day was lower in the amenorrhea group than in the regular menstruation and oligomenorrhea groups. There were differences between groups (P<0.017). There was no statistical difference in the other indicators (Table 1).


Table 1 | Comparison of patients’ general characteristics and ovulation induction information.





3.2 Laboratory Results and Clinical Outcomes

The overall incidence of adverse pregnancy outcomes(abortion, sPTB, GDM, HDP, and PROM) was significantly higher in the amenorrhea group than in the regular menstruation and oligomenorrhea groups (25.88% vs. 30.41% vs. 43.69%; P=0.013). Further, the rate of GDM (2.35% vs. 6.10% vs. 13.79%; P=0.015) and macrosomia (5.26% vs. 10.94% vs. 18.39%; P=0.026) were higher in the amenorrhea group than in the other two groups. Abortion, sPTB, HDP, PROM, and the incidence of LBW and VLBW had a tendency to increase in the amenorrhea group compared with the regular menstruation group and the oligomenorrhea group; however, there was no significant difference (Table 2 and Figure 2).


Table 2 | Laboratory results and clinical outcomes.






Figure 2 | Maternal and perinatal outcomes.*: Bonferroni correction, P < 0.050.





3.3 Logistic Regression Assessment of Perinatal Outcomes

In total, 839 patients achieved clinical pregnancies, and univariate logistic analysis of adverse pregnancy outcomes (abortion, sPTB, GDM, HDP, and PROM) and other outcome indicators was performed. Compared with the regular menstruation group, amenorrhea was the risk factors of adverse pregnancy outcome (OR [odds ratio]: 2.222, 95% CI [confidence interval]: 1.193–4.139), GDM (OR: 5.473, 95% CI: 1.189–25.178), and macrosomia (OR: 4.056, 95% CI: 1.293–12.729). The indicators with statistical differences in menstrual patterns in the univariate analysis were included in the multivariate logistic analysis. After correction for confounding factors, amenorrhea was revealed as independent risk factors for adverse pregnancy outcomes (OR: 2.039, 95% CI: 1.087–3.822), GDM (OR: 5.023, 95% CI: 1.083–23.289), and macrosomia (OR: 4.918, 95% CI: 1.516–15.954). Additionally, BMI was also an independent risk factor for adverse pregnancy outcomes (OR: 1.046, 95% CI: 1.001–1.093), GDM (OR: 1.117, 95% CI: 1.022–1.22), and macrosomia (OR: 1.021, 95% CI: 1.004–1.037). The menstrual pattern is not an independent influencing factor of abortion, sPTB, PROM, LBW, and VLBW (P>0.050). (Table 3 and Figure 3 and Supplementary Tables 1–6 in Supplementary Materials).


Table 3 | Logistic regression analysis of maternal and perinatal outcomes.






Figure 3 | Adjusted OR (95%CI) of Amenorrhea and maternal and perinatal outcomes. Adverse pregnancy adjusted by BMI and hCG injection day endometrial thickness; GDM adjusted by Age and BMI; Abortion adjusted by LH/FSH and AMH; Macrosomia adjusted by BMI, AFC, Starting dose of Gn, No. of oocytes retrieved and Multiples rate; sPTB adjusted by AFC and hCG injection day endometrial thickness; HDP adjusted by BMI, Starting dose of Gn, hCG injection day E2 and LH; PROM adjusted by hCG injection day endometrial thickness; LBW adjusted by AFC, Length of stimulation, Total dosage of Gn used, hCG injection day Endometrial thickness, No. of oocytes retrieved and Multiples rate; VLBW adjusted by Multiples rate.






4 Discussion

This study analyzed the relationship between menstrual patterns and pregnancy outcomes in PCOS patients undergoing IVF/ICSI for the first cycle. The results show that the menstrual pattern of PCOS patients is related to adverse pregnancy outcomes (abortion, sPTB, GDM, HDP, and PROM). Amenorrhea is an independent risk factors for adverse pregnancy outcomes, GDM and macrosomia. In addition, menstrual patterns do not affect the clinical pregnancy and live birth rates of IVF/ICSI-assisted pregnancy in PCOS patients.

According to the Rotterdam criteria, PCOS patients experience oligomenorrhea or amenorrhea; however, some patients have regular menstruation. Presently, the cause of PCOS is unclear, and hyperandrogenism and hyperinsulinemia are its pathophysiological characteristics (17, 18). Hypothalamic pituitary dysfunction leads to ovulation disorders in PCOS patients and causes menstrual irregular and infertility (19). Hormonal and metabolic abnormalities in PCOS patients may increase the risk of obstetric and neonatal complications (20). Many studies have shown that PCOS is related to adverse perinatal outcomes, such as GDM (21), PROM (22), and HDP (23). In addition, PCOS in pregnancy is similarly associated with adverse neonatal outcomes and an increase in the incidences of premature delivery, intrauterine growth restriction, abnormal birth weight (smaller or greater than gestational age infants), and admission to the neonatal intensive care unit (24).

Some recent studies have suggested that adverse pregnancy outcomes in PCOS patients may be related to menstrual patterns. A prospective cohort study showed that a HA + menstrual dysfunction + PCO phenotype is a risk factor for adverse pregnancy and neonatal outcomes, including gestational diabetes, pre-eclampsia, and reduced weight babies, in PCOS patients (25, 26). A study of PCOS patients with normal menstrual cycle or oligomenorrhea and natural pregnancies showed that the risk of pregnancy complications in patients with PCOS may be affected by menstrual patterns, and the risk of pregnancy complications in patients with normal ovulation was similar to that of the normal population; however, no analysis was conducted among patients with PCOS who had amenorrhea. The above mentioned studies included PCOS patients who had achieved natural pregnancy. The relationship between menstrual patterns and pregnancy outcomes in PCOS patients through IVF/ICSI has not been reported yet. This study showed that menstrual pattern is an independent factor influencing adverse pregnancy outcomes. Compared with the normal menstruation group, the amenorrhea group had a high risk for adverse pregnancy outcomes (OR: 2.039, 95% CI: 1.087–3.822).

Presently, some evidence shows that the occurrence of GDM in women who have achieved natural pregnancy may be related to the characteristics of menstruation before pregnancy. A retrospective study that included 85 patients with natural pregnancy and GDM showed that the incidence of irregular menstruation in the GDM group was significantly higher than that in the control group (24% vs. 7%; P = 0.006) (27). Another prospective cohort study of 3,600 women with natural pregnancy showed that women with long menstrual cycles (>36 days) have a higher risk of GDM than women with normal menstrual cycles (25–30 days) (OR: 1.6, 95% CI: 0.98–2.67) (28). A prospective cohort study of 578 GDM cases indicated that women with irregular menstrual cycles are at a 65% higher risk of GDM than women with regular menstrual cycles. Compared with women with a menstrual cycle between 26 and 31 days, women with a menstrual cycle usually ≥32 days are similarly at a higher risk of GDM (OR: 1.42, 95% CI: 1.15–1.75) (29). The abovementioned studies suggest that in women who have achieved natural pregnancy, irregular menstruation and prolonged menstruation (>36 days) are risk factors for GDM; however, the influence of amenorrhea on GDM and the influence of clinical outcomes in IVF/ICSI-assisted pregnancy has not been reported yet. This study shows significant differences in the GDM rates of the three groups of menstrual patterns. Menstrual pattern is an independent risk factor for GDM, and the incidence of GDM is higher in the amenorrhea group than in the normal menstrual group (OR:5.473, 95% CI: 1.189–25.178). In pregnant women with PCOS, the increase in IR caused by placental hormones has aggravated the existing IR, leading to an increased incidence of GDM. Therefore, the increased incidence of GDM in amenorrhea patients may be due to the more severe IR (30–32)

The degree of increased blood glucose in pregnant women is significantly related to the increased risk of macrosomia, sPTB, HDP, and PROM (33). The fetuses of pregnant women with GDM are three times larger than those of pregnant women with normal blood sugar levels. In this study, compared with the normal menstrual group, the incidence of macrosomia in the oligomenorrhea group and the amenorrhea group was significantly high. Multivariate logistic analysis showed that the menstrual pattern was an independent risk factor for macrosomia. Amenorrhea was higher risk than that in the normal menstrual group (OR: 4.056, 95% CI: 1.293–12.729). Macrosomia increases the risk of shoulder dystocia, clavicle fractures and brachial plexus injuries, admission to the neonatal intensive care unit and mothers’ cesarean section, postpartum hemorrhage, and vaginal lacerations (34). Similarly, pregnant women with poor blood sugar control are at increased risk of developing HDP, premature delivery, and type 2 diabetes in the future (35).

The relationship between the adverse pregnancy outcomes of PCOS patients and obesity is controversial. Our research shows that BMI is an independent risk factor for adverse pregnancy outcomes, GDM, and macrosomia. A meta-analysis indicated that the increased incidence of adverse perinatal outcomes, such as GDM, eclampsia, and preterm birth, that occurred in PCOS patients is related to BMI (36), consistent with the results of our study. However, some researchers believe that perinatal complications, such as GDM and gestational hypertension in PCOS patients, are affected by PCOS and not associated with BMI (37, 38).

In this study, the relationship between menstrual patterns among patients with PCOS and IVF/ICSI-assisted pregnancy outcomes was analyzed for the first time. Menstrual patterns were proven to be an independent risk factor for adverse pregnancy outcomes, GDM, and macrosomia. Furthermore, to reduce the impact of different protocols on pregnancy outcomes, we only included patients who received the long-acting long protocol. Simultaneously, our study had some limitations. We performed only a retrospective study, which did not consider all confounding factors. Thus, large sample, multicenter, prospective studies are still needed to confirm our findings.

In summary, our data showed that menstrual pattern is an independent risk factor for adverse pregnancy outcomes, GDM and macrosomia. The incidence of adverse pregnancy outcomes, GDM and macrosomia, in patients with amenorrhea was higher than that in the normal menstrual group and oligomenorrhea group; however, the three groups had similar clinical pregnancy rate and live birth rate. Thus, during assisted reproduction, individualized treatment should be provided according to differences in patients’ characteristics. Similarly, attention should be paid to the perinatal monitoring of patients with amenorrhea to reduce the occurrence of adverse outcomes among mothers and infants.
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Polycystic ovary syndrome (PCOS) is a complex reproductive, endocrine, and metabolic disorder in reproductive-age women. In order to explore the active metabolites of brown adipose tissue (BAT) transplantation in improving the reproductive and metabolic phenotypes in a PCOS rat model, the metabolites in the recipient’s BAT were explored using the liquid chromatography–mass spectrometry technique. In total, 9 upregulated and 13 downregulated metabolites were identified. They were roughly categorized into 12 distinct classes, mainly including glycerophosphoinositols, glycerophosphocholines, and sphingolipids. Ingenuity pathway analysis predicted that these differentially metabolites mainly target the PI3K/AKT, MAPK, and Wnt signaling pathways, which are closely associated with PCOS. Furthermore, one of these differential metabolites, sphingosine belonging to sphingolipids, was randomly selected for further experiments on a human granulosa-like tumor cell line (KGN). It significantly accelerated the apoptosis of KGN cells induced by dihydrotestosterone. Based on these findings, we speculated that metabolome changes are an important process for BAT transplantation in improving PCOS. It might be a novel therapeutic target for PCOS treatment.
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Introduction

Polycystic ovary syndrome (PCOS) is one of the most common endocrine diseases in reproductive-age women. Its prevalence varies from 9% to 18%, depending on different diagnostic criteria and ethnicity (1, 2). It is manifested as oligo-anovulation, hyperandrogenemia, and metabolic complications (3), accompanied with higher risks of type 2 diabetes mellitus and cardiovascular diseases (4). Lifestyle changes, including dietary modifications and exercise, are highly recommended as the first step of treatment. Medication alone cannot effectively treat the reproductive and metabolic symptoms of PCOS at the same time. For instance, metformin has been used to mainly ameliorate the metabolic manifestations of PCOS (5). Combined oral contraceptive pills have been the main treatment for PCOS patients for decades, with the disadvantages of a high risk of thrombosis and blood pressure anomalies (6, 7). To date, there is still a lack of effective treatment, whether a combination of lifestyle and medication interventions or alone, for PCOS ameliorating both reproductive and metabolic symptoms at the same time. Thus, it is necessary to explore novel therapies for PCOS.

Emerging evidence indicates that brown adipose tissue (BAT) transplantation plays a role in improving both the reproductive and metabolic phenotypes in PCOS animal models (8, 9). Interestingly, several studies suggest that BAT plays an endocrine role by secreting brown adipokines, such as growth and differentiation factor 15 and fibroblast growth factor 21 (9, 10). These brown adipokines could protect beta cell function, improve insulin sensitivity, and mediate the metabolic effects in obese mice (11, 12). Brown adipokines have been considered as candidate agents for therapeutic interventions in diverse metabolic diseases (10, 13, 14). In humans, classic BAT is abundant in newborns (15), which makes it difficult to study its effect on PCOS in adults. BAT is also abundant in small rodents. The identification of major brown adipokines and the characterization of their effects in animal models of PCOS are extremely important for the discovery of potential targets in PCOS.

Metabolomics has been redefined as the technology for discovering active factors of biological and pathological processes (16). Metabolomics can be harnessed to identify the metabolites that act as regulators of biological processes (17, 18), providing novel insights into the active role of metabolites in physiology and diseases. For example, phospholipids, sphingolipids, and methionine can act as regulators of insulin sensitivity and metabolism (19). Some metabolites, such as amino acids and sphingolipids, have also been regarded as biomarkers for the diagnosis of PCOS (20, 21). In addition, the metabolic disorder of arginine and proline may participate in the occurrence and development of PCOS (20), suggesting the roles of active metabolites in this disorder. However, the underlying mechanism of metabolites in PCOS remains unknown.

In this study, the protective effects of BAT transplantation on ovarian functions and metabolic disorders were investigated in a dehydroepiandrosterone (DHEA)-induced PCOS rat model. Non-targeted metabolomics were carried out to investigate the association between metabolites and BAT transplantation. The present study might provide a novel insight into the potential therapeutic effects and mechanistic actions of BAT transplantation in PCOS.



Materials and Methods


Establishment of DHEA-Induced PCOS Rat Model

All rat studies were approved by the Ethics Committee of Animal Experiments at Shanghai Tongren Hospital, Shanghai Jiao Tong University School of Medicine. The 21-day-old female Sprague–Dawley (SD) rats were purchased from China Three Gorges University Laboratory Animal Center, and all rats were allowed to adapt to the environment for 1 week. All rats were randomly divided into two groups: a control group (Ctrl) and a DHEA-induced PCOS model group (DHEA). Rats in the DHEA group were treated daily with a subcutaneous injection of DHEA (cat. no. SJ-HS0488, XXJL) for 21 days (6 mg/100 g bodyweight, dissolved in oil). The Ctrl group was injected with the same amount of oil. The successful PCOS model was determined by a significantly increased anti-Müllerian hormone (AMH) and luteinizing hormone/follicle-stimulating hormone (LH/FSH) ratio (8, 22, 23) and disordered estrous cycles. To verify the successful PCOS-like model, we randomly chose 5 control rats and 10 DHEA rats to test the levels of LH, FSH, and AMH. The estrous cycles were monitored for 10 days with a vaginal smear from day 11 to day 21 after DHEA or oil injection. In addition, two PCOS model rats and two control rats were randomly sacrificed to observe the ovarian morphology using hematoxylin and eosin (H&E) staining.



Brown Adipose Tissue Transplantation and the Estrous Cycle Assessment

The PCOS model rats were randomly divided into two groups: a sham-operated (DHEA+Sham) group and a BAT transplantation (DHEA+BAT) group. Donor rats within 14 days after birth were operated on to take BAT (0.5 g of scapula), the peripheral white fat removed, and washed with sterile phosphate-buffered saline (PBS) at the same time. The recipient rats were intraperitoneally anesthetized. BAT was subcutaneously transplanted into the back of the recipient. For the DHEA+Sham group, the same procedure was used, except receiving donor tissues. These rats were kept for 3 weeks after operation. After 11 days of operation, the stages of the estrus cycle were determined by vaginal smear for consecutive 10 days. Finally, the rats were sacrificed to collect the BAT and ovarian tissues for further study (H&E staining, immunohistochemistry, and detection of metabolites).



Sample Preparation

Approximately 50 mg of BAT was added into 0.5 ml of solvent (methanol/water = 8:2), containing 4 µg/ml 2-chloro-l-phenylalanine as an internal standard, and then ground, ultrasonicated at room temperature (25–28°C) for 10 min, and finally stored at −20°C for 30 min. After centrifugation at 13,000 rpm at 4°C for 10 min, 200 µl of the supernatant was taken for subsequent metabolomics analysis. Ten microliters of the supernatant from all samples was saved and mixed for quality control.



Immunohistochemistry of Paraffin Section

The BAT and ovaries were fixed in 4% formaldehyde and embedded in paraffin; slices of 5 μm thickness were sectioned. After deparaffinization and rehydration, the sections were processed for blocking of endogenous peroxidase activity and antigen retrieval pretreatment, followed by blocking in 5% bovine serum albumin at room temperature for 20 min. The sections were then incubated overnight at 4°C with primary rabbit polyclonal uncoupling protein 1 (UCP1) antibodies (1:300, RRID: 72298; Cell Signaling Technology, Danvers, MA, USA). The second antibody was incubated for 30 min after washing three times with PBS. The signals were visualized with DAB incubation. Images were taken with the Digital Pathology Slide Scanner (KF-PRO-120, Ningbo Jiangfeng Medical Technology).



Glucose Tolerance Test and Insulin Tolerance Test

The rats were fasted for 16 h (1700–0900 hours) with free access to drinking water and then injected intraperitoneally with d-glucose (2.0 g/kg body weight) for glucose tolerance test (GTT). Blood glucose levels were measured before the injection and at 15, 30, 60, 90, and 120 min after injection using an Accu-Chek glucose monitor (Roche Diagnostics Corp., Indianapolis, IN, USA). Female rats were fasted for 4 h (0900–1300 hours), with free access to drinking water, and injected intraperitoneally with insulin (1 U/kg body weight; Humulus; Eli Lilly, Indianapolis, IN, USA) for the insulin tolerance test (ITT). Blood glucose levels were measured before the injection and at 15, 30, 60, 90, and 120 min after insulin injection.



Detection of Metabolic Profiling by LC-MS

Ultra-performance liquid chromatography (Ultimate 3000) combined with the Thermo Orbitrap Elite Mass Spectrometer was used for liquid chromatography–mass spectrometry (LC-MS) analysis. The flow rate was set to 0.4 ml/min with mobile phase A of 0.1% formic acid solution and mobile phase B of acetonitrile (0.1% formic acid). The column temperature was 25°C. Post time was set to 5 min to balance the system. MS uses the positive ion mode combined with the negative ion mode.



Data Analysis

The Compound Discoverer software (Thermo Scientific, San Jose, CA, USA) was used to analyze the data. Post-editing was performed in EXCEL 2007 software. In order to obtain consistent differential variables, the resulting matrix was further optimized by removing all peaks with ion intensity = 0 in more than 80% of the samples. The data were normalized to the peak area of the corresponding internal standard, and the internal standard was used for reproducibility. Finally, the ion peaks generated by the internal standard were eliminated. Then, the edited data matrix was imported into Simca-P software (version 11.0). Before the multivariate statistical analysis, the data were mean centered and Pareto scaled. Principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were conducted to analyze the dissimilarity tendency among groups. Variable importance in projection (VIP) >1.0 and p-values <0.05 were selected as statistically significant according to the PLS-DA model. The Kyoto Encyclopedia of Genes and Genomes (KEGG) online database pathway enrichment analysis and ingenuity pathway analysis (IPA) were applied to understand the functions and interactions of the genes and metabolites in biological systems.



Cell Culture

The steroidogenic human granulosa cell-like tumor cell line (KGN) was maintained in Dulbecco’s modified Eagle’s medium (DMEM)/F12 supplemented with 10% fetal bovine serum (FBS) (both from Gibco, Amarillo, TX, USA), 100 U/ml penicillin, and 100 μg/ml streptomycin in a humidified atmosphere at 37°C with 5% CO2. The growth medium was changed every 2–3 days.



Apoptosis Analysis

Apoptosis was detected using an annexin V-FITC apoptosis detection kit (RRID: 556547; BD, Franklin Lakes, NJ, USA). KGN cells were seeded into six-well plates (3 × 105 cells per well) and starved for 4 h in FBS-free medium. After stimulation with dihydrotestosterone (DHT) (Solarbio, Beijing, China) for 4 h, sphingosine was added (10 μm). The cells were detached using trypsin, washed with cold PBS twice, and then each well was incubated with 5 μl annexin V-FITC and 5 μl propidium iodide (PI) at room temperature for 15 min in the dark. Cells were detected by flow cytometry.



Statistical Analysis

All the results were presented as the mean ± standard error of the mean (SEM). Univariate analysis of variance (ANOVA, with post-hoc Scheffe test) was applied to determine the significance of the observed differences among the Ctrl, DHEA+Sham, and DHEA+BAT groups using SPSS 26 for Windows (IBM, Armonk, NY, USA), whereas two groups were compared using unpaired Student’s t-test in the Ctrl and DHEA groups. GraphPad Prism 9.0 was used for other data analyses. A p < 0.05 was considered statistically significant.




Results


BAT Transplantation in PCOS Model Rat

In order to determine the active adipokines of BAT related to PCOS, BAT transplantation in PCOS model rats was established. The experiment design is illustrated in Figure 1A. The PCOS model validation, estrous cycle monitoring, and PCOS-like phenotype observation were conducted in the scheme.




Figure 1 | BAT transplantation in a PCOS rat model. (A) Scheme of the group assignments and timeline of the experiment process (n = 24). Female SD rats were treated with DHEA for 21 days to construct the PCOS model. BAT transplantation or sham operation was performed on day 21. Donor rats, within 14 days after birth, were operated on to take BAT and then BAT was transplanted to PCOS model rats. The estrous cycles were checked daily for the following 10 days. Reproductive and metabolism phenotype detection was done on day 42. (B) Serum concentrations of FSH, LH, and AMH, as well as the LH/FSH ratio (5 control rats and 10 DHEA rats). (C). Disordered estrous cycles were observed in PCOS rats. (D) H&E staining of the ovarian tissues from the Ctrl and DHEA+Sham groups (scale bar, 1 mm). Ovarian histology revealed that cystic follicles (arrow) and a few corpora lutea (asterisk) appeared in the DHEA group compared with the Ctrl group. (E) UCP1 was identified by immunohistochemistry in the donor BAT (scale bar, 100 µm). PCOS, polycystic ovary syndrome; BAT, brown adipose tissue; SD, Sprague–Dawley; DHEA, dehydroepiandrosterone; FSH, follicle-stimulating hormone; H&E, hematoxylin and eosin; LH, luteinizing hormone; AMH, anti-Müllerian hormone; UCP1, uncoupling protein 1; D, diestrus; E, estrus; M, metestrus; P, proestrus. Data were analyzed using unpaired Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.



PCOS is always accompanied by altered plasma gonadotropin concentrations. The levels of LH, FSH, and AMH were tested to verify whether the PCOS model was a success. Compared with those in the Ctrl group, the concentrations of LH, FSH, and AMH and the LH/FSH ratio were significantly higher in the DHEA group (Figure 1B). The vaginal smear results of the rats showed disordered estrous cycles in the DHEA group (Figure 1C). Two PCOS model rats and two control rats were randomly sacrificed for H&E staining. H&E staining was performed to determine the alteration of ovarian pathology. In the DHEA group, multiple cystic follicles appeared with thinner granulosa cell layers, which were vacuolated and disordered in structure with corpus luteus (Figure 1D).

UCP1 is the critical regulator of thermogenesis, as a specific marker of BAT (24). The BAT of donor rats transplanted to rats in the DHEA+BAT group was verified by immunohistochemistry (Figure 1E). The results of UCP1 immunohistochemistry indicated that the transplanted tissues were BAT. The results mean the successful establishment of BAT transplantation in PCOS model rats.



Effect of BAT Transplantation on the Follicular Development in the PCOS Model

Irregular menstruation is one of the diagnostic criteria of PCOS. To explore whether BAT transplantation could recover the ovarian performance of PCOS rats, vaginal smear was performed to observe the effect of BAT transplantation on the estrous cycle in PCOS model rats (Figure 2A). In our study, we found that the Ctrl group had an ordered and complete estrous cycle, whereas a disordered estrous cycle manifested in the DHEA+Sham group. BAT transplantation rescued the phenotype of disordered estrous cycles in PCOS rats. Compared with the DHEA+Sham group, follicles of different stages and multiple luteal bodies reappeared with BAT transplantation (Figure 2B). Together, these results indicate that BAT transplantation can improve the ovarian performance of PCOS model rats.




Figure 2 | Brown adipose tissue (BAT) transplantation improved the reproductive phenotype of polycystic ovary syndrome (PCOS) model rats. (A) Disordered estrous cycles were observed in the DHEA+Sham group, while BAT transplantation rescued the abnormal estrous cycles. (B) Representative results of ovarian H&E staining of the control (Ctrl) group, DHEA+Sham group, and DHEA+BAT group. Ovarian histology revealed that cystic follicles (arrow) and a few corpora lutea (asterisk) appeared in the DHEA+Sham group compared with the Ctrl group, while BAT transplantation reversed the phenotype caused by dehydroepiandrosterone (DHEA). H&E, hematoxylin–eosin; D, diestrus; E, estrus; M, metestrus; P, proestrus; UCP1, uncoupling protein 1.





Effect of BAT Transplantation on Metabolic Characterization in the PCOS Model

Water and food were sufficiently provided for ad libitum intake. All rats were weighed every week, for a total of 6 weeks. The results showed that the mean weight of the DHEA group had significantly decreased compared to that of the Ctrl group on days 7, 14, and 21 before BAT transplantation (Figure 3A). The PCOS model rats were randomly divided into two groups on day 21: a DHEA+Sham group and a DHEA+BAT group. We compared the effects of BAT transplantation on the mean weight of PCOS model rats, and it was found that the mean weights of rats in the DHEA+BAT group increased compared with those in the DHEA+Sham group on days 28, 35, and 42. However, a significant difference was only observed on day 35 when comparing the DHEA+Sham group and the DHEA+BAT group.




Figure 3 | Brown adipose tissue (BAT) transplantation partially corrected the metabolic abnormality of polycystic ovary syndrome (PCOS) model rats. (A) Comparison of the mean weight among the control (Ctrl) group, the DHEA/DHEA+Sham group, and the DHEA+BAT group. (B, C) Results of the GTT (B) and ITT (C) showed that insulin resistance was rescued by BAT transplantation in PCOS model rats. (D) UCP1 expression was reduced in the DHEA+Sham group and was enhanced in the DHEA+BAT group. GTT, glucose tolerance test; ITT, insulin tolerance test; UCP1, uncoupling protein 1. Data were analyzed using one-way ANOVA with post-hoc Scheffe test. *p < 0.05, **p < 0.01, ***p < 0.001, n.s., no significance.



PCOS is also caused by a metabolic disorder, which is characterized by impaired glucose tolerance and insulin tolerance. The GTT was performed on day 39 and the ITT performed on day 42 to observe the metabolic changes. The GTT results showed a delayed glucose clearance in the DHEA+Sham group, and BAT transplantation partially reversed it (Figure 3B). For the ITT, the DHEA+Sham group had higher glucose levels (Figure 3C). In addition, the UCP1 levels decreased in the DHEA+Sham group and were recovered in the DHEA+BAT group (Figure 3D). These results indicate that BAT transplantation ameliorates insulin resistance and corrects the metabolic abnormality in PCOS model rats.



The Differential Changes in Metabolomics Resulting From BAT Transplantation

BAT transplantation could activate the recipient’s BAT function; thus, there are metabolic differences between the DHEA+Sham and DHEA+BAT groups. In order to identify the active metabolites of the recipient’s BAT, a series of multivariate variable pattern recognition analyses were carried out using LC-MS. Firstly, PCA was established to determine the separation tendency between the DHEA+Sham and DHEA+BAT groups (Supplementary Figure S1). A two-component PCA model was obtained with the following parameters: R2X = 0.506, Q2 = 0.284 (positive mode) and R2X = 0.517, Q2 = 0.364 (negative mode). To further specify the metabolic variations associated with PCOS, a supervised PLS-DA model was established with two predictive components (positive mode: R2X = 0.424, R2Y = 0.925, Q2 = 0.312; negative mode: R2X = 0.467, R2Y = 0.925, Q2 = 0.607). As shown in Figure 4A, a clear separation was obtained in the scores plot, with all the DHEA+Sham in the left half and DHEA+BAT in the right half. To further validate the established model, a 200-time permutation test was performed for the PLS-DA model. The Y-axis intercept for Q2 was below 0 [Q2 intercept (0, −0.0521) (positive mode) and (0, −0.166) (negative mode)] (Figure 4B). These results validate the current supervised model. The PLS-DA results demonstrated significant metabolic differences between the DHEA+Sham and DHEA+BAT groups. Moreover, significant biochemical changes were induced by BAT transplantation.




Figure 4 | Score plot of the PLS-DA model. (A) Score plot of the PLS-DA model in the positive and the negative mode. (B) Permutation test of the PLS-DA model in the positive and the negative mode. Green dots indicate R2 and blue dots indicate Q2. PLS-DA, partial least squares discriminant analysis.





Enrichment Analysis on Differential Metabolites

A total of 321 metabolites were identified in this study. Further metabolomics analysis identified a total of 22 differential metabolites (Table 1), including 9 upregulated and 13 downregulated metabolites, when comparing the DHEA+BAT group with the DHEA+Sham group. The differential metabolites with VIP > 1 and p < 0.05 were clustered and shown as a heatmap between the DHEA+Sham and DHEA+BAT groups (Figure 5A). The results were visualized in a volcano plot of all metabolites, as shown in Figure 5B. KEGG pathway enrichment analysis of the differential metabolites showed their connection with the adipocytokine signaling pathway, insulin resistance, etc. (Figure 5C). Important analysis of the metabolic pathways in the bubble diagram showed that the differential metabolites were associated with amino acid metabolism, glycerophospholipid metabolism, and pyruvate metabolism (Figure 5D).


Table 1 | Dysregulated metabolites between the DHEA+Sham and DHEA+BAT groups.






Figure 5 | Differential analysis of the metabolites in brown adipose tissue (BAT) from the DHEA+Sham and DHEA+BAT groups. (A) Heatmap of the 22 metabolites that were differentially expressed between the DHEA+Sham (n = 7) and DHEA+BAT (n = 7) groups. Blue to red equates to an increase in metabolite expression. (B) Volcano plot of all metabolites expressed in the DHEA+Sham and DHEA+BAT groups. (C) KEGG pathway analysis of the differentially expressed metabolites. (D) All matched pathways are displayed as circles analyzed with MetaboAnalyst 3.0. Potential target pathways were selected either by impact values from pathway topology analysis or by negative log p-values from pathway enrichment analysis. The size of the bubble represents the number of metabolites enriched. KEGG, Kyoto Encyclopedia of Genes and Genomes.





Downstream Analysis of the Differential Metabolites by Ingenuity Pathway Analysis

The differential metabolites were roughly categorized into 12 distinct classes, mainly including glycerophosphoinositols, glycerophosphocholines, and sphingolipids (Figure 6A). IPA of the differential metabolites revealed several related signaling pathways, such as the PI3K/AKT, MAPK, and Wnt signaling pathways, which have been proven to be closely associated with PCOS (25–27) (Figure 6B). These altered metabolites might explain the positive effect of BAT transplantation on PCOS model rats.




Figure 6 | Classification of the differential metabolites and IPA. (A) Classification of the differential metabolites was roughly categorized into 12 distinct classes. (B) IPA of the metabolites related to biological network, pathways, and functions. The differential metabolites were closely associated with the PI3K/AKT, MAPK, and Wnt signaling pathways. IPA, ingenuity pathway analysis.





Identification of Nine Differential Metabolites After BAT Transplantation

The relative differences among the metabolite classes revealed significant changes in the abundance of metabolites. Glycerophosphoinositols, sphingolipids, aldehydes, and amino acids were decreased (Figures 7A, B, D, E), while glycerophosphocholines and peptides were increased in the DHEA+BAT group (Figures 7C, F).




Figure 7 | Selected differentially expressed metabolites. (A–C) The glycerophosphoinositols and sphingolipids were decreased, while glycerophosphocholines were increased in the DHEA+BAT group. (D, E) Aldehydes and amino acids were reduced in the DHEA+BAT group compared with that in the DHEA+Sham group. (F) Peptides were increased in the DHEA+BAT group. Data were analyzed using unpaired Student’s t-test. *p < 0.05, **p < 0.01.





The Effect of Sphingosine on the Apoptosis of KGN Cells

To further explore the biological roles of metabolites, we randomly chose the differential metabolite sphingosine. KGN cells were pretreated with DHT to mimic the pathophysiological status of PCOS. DHT has been confirmed to be capable of inducing rodent models to exhibit similar reproductive and metabolic features to PCOS patients (28) and has been used in KGN cells at a dosage of 25 nM to imitate the physiological characteristics of PCOS (29). Our results showed that sphingosine significantly increased the apoptosis of DHT-treated KGN cells (Figure 8).




Figure 8 | Analysis of the cell apoptosis of KGN cells transfected with sphingosine. The early and late apoptosis rates of KGN cells were compared using PI and FITC. Sphingosine increased the apoptosis of DHT-treated KGN cells. The results are triplicates. DHT, dihydrotestosterone; PI, propidium iodide; FITC, fluorescein isothiocyanate. Data were analyzed with unpaired Student’s t-test. **p < 0.01.






Discussion

In this study, we verified that BAT transplantation successfully rescued the metabolic symptoms of PCOS model rats and ameliorated the DHEA-induced ovarian dysfunction and abnormal metabolism. Our study indicated that BAT transplantation might have a protective effect on the metabolome remodeling of the recipient’s BAT in PCOS rats. In addition, the differential metabolites were identified by LC-MS, mainly including glycerophosphoinositols, glycerophosphocholines, sphingolipids, and amino acids. The IPA demonstrated that the metabolites were associated with the PI3K/AKT, MAPK, and Wnt signaling pathways, which play important roles in the pathogenesis of PCOS. Furthermore, we found that one of the metabolites, sphingosine, could enhance the apoptosis of DHT-induced KGN cells, suggesting that altered metabolites in the recipient’s BAT could affect the function of granulosa cells. Our study provides new insights into the therapeutic potential bioactive metabolites in PCOS treatment.

In our study, multiple cystic follicles with thinner granulosa cell layer were observed in the DHEA group, which may be related to the increased apoptosis of granulosa cells (30). However, the level of AMH was higher in the DHEA group compared with that in the Ctrl group. As a matter of fact, AMH is known to be mainly produced by the granulosa cells of pre-antral and antral follicles. Since increased numbers of small follicles in the pre-antral and antral stages are observed in PCOS patients, the level of AMH in PCOS patients is higher than that in women with normal ovaries. Furthermore, individual granulosa cells produce more AMH in PCOS by calculating the ratio of AMH to antral follicle counts (31, 32). Consistently, in this study, multiple cystic follicles were observed in the DHEA group, which may produce more AMH by individual granulosa cells similar to that in PCOS patients. In addition, it is likely that the apoptotic granulosa cells belong to bigger follicles and that the smaller follicles are preserved, which further result in more AMH production in the DHEA group.

Although an impaired glucose regulation was observed in the DHEA group, the body weight was also decreased unexpectedly in our study. According to existing research, some studies indicated that DHEA can increase the body weight, while other studies showed that the DHEA group could have a tendency to lose weight as well (33, 34). We speculated that it may be related to the following aspects: 1) a low dose of DHEA could prevent the development of obesity (35–37); 2) DHEA can reduce the food intake of rodents (38); 3) experimental procedures such as injection therapy or vaginal smears invisibly increase the amount of exercise. In addition, PCOS patients include the lean and obese types, both of which are accompanied by impaired glucose tolerance or insulin resistance. Although our PCOS model did not show obesity, we observed impaired glucose regulation, estrous cycle disturbance, and multiple cystic follicles, which met the modeling standards of PCOS. However, this may be a limitation of our study, and the underlying mechanism still needs further exploration.

Several studies have revealed the reduced activity of BAT in women with PCOS (39). BAT transplantation, a promising therapeutic strategy, has been used to prolong the ovarian life span in animal models (40). Besides, BAT transplantation was applied for the treatment of metabolic diseases such as obesity and cardiovascular disease (41, 42). Our results showed that BAT transplantation could ameliorate the reproductive and metabolic phenotype by the improving the metabolic function of the recipient’s BAT in PCOS rats. BAT can act as an endocrine organ to affect whole-body metabolism and release adipokines that improve glucose metabolism (43). These indicate that BAT transplantation may recover the ovarian function and metabolic disorder by secreting bioactive adipokines in PCOS rats.

Metabolomics is a large-scale study that examines the relationship between specific metabolites and diseases. Emerging evidence indicates that metabolites play important roles and may act as therapeutic tools in diverse diseases (16). We conducted the metabolomics of the recipient’s BAT with LC-MS and identified 22 differential metabolites. They were mainly classified as the glycerophospholipid family, the sphingolipid family, the amino acid and peptide family, and the aldehyde family. The glycerophospholipids, such as glycerophosphoinositols and glycerophosphocholines, are the lipid components of cell membranes that participate in a variety of indispensable metabolic and intracellular signaling processes (44). Our results showed that glycerophosphoinositols were downregulated in the DHEA+BAT group. In addition, phosphocholines (PCs), one of the glycerophosphocholines, were decreased in the DHEA+Sham group compared with that in the DHEA+BAT group. Combined with the published results of reduced PC levels in PCOS patients (45, 46), it can be speculated that PC played an important role in the protective effects of BAT transplantation for PCOS. Sphingolipids are also part of the membrane lipids that are involved in many biological processes, such as cell proliferation, apoptosis, and differentiation (47). Sphingosine, one type of sphingolipid that decreased in the DHEA+BAT group, has anti-proliferative and pro-apoptotic effects (48, 49), and it may have exerted its function in the process of BAT transplantation.

Using KEGG pathway analysis, we found that the differential metabolites were mainly enriched in amino acid metabolism, adipocytokine signaling pathway, insulin resistance pathway, and sphingolipid signaling pathway. Moreover, the metabolic pathways showed that amino acid metabolism, glycerophospholipid metabolism, and pyruvate metabolism were associated with BAT transplantation in PCOS rats. In addition, we found various pathways associated with BAT transplantation, mainly enriched in amino acid metabolism. Some studies demonstrated that amino acid disorder is associated with obesity, insulin resistance, and type 2 diabetes mellitus (50, 51). Recent studies have also found that women with PCOS suffer from amino acid metabolism disorders (52, 53). These results indicate that amino acid metabolism may play an important role in the process of BAT transplantation in PCOS rats. In addition, IPA revealed that the differential metabolites were closely related with the PI3K/AKT, MAPK, and Wnt signaling pathways. The PI3K/AKT signaling pathway is involved in several critical regulators of granulosa cell proliferation and differentiation (54), the dysregulation of which may contribute to impaired follicular development. Furthermore, abnormal PI3K/AKT signaling pathway is also closely related to insulin resistance, abnormal follicle development, and metabolic disorders in PCOS (25). In PCOS patients, aberrant MAPK signaling contributes to the dysregulation of granulosa cell proliferation, metabolic disorder, and overproduction of ovarian androgen (55, 56). These suggest that the differential metabolites may play roles in the process of BAT transplantation in PCOS rats. Our study provides preliminary evidence that metabolites link the association between BAT transplantation and PCOS.

One of the pathological features of PCOS is abnormal follicular development. The augmented apoptosis of granulosa cells may have a key role in the pathogenesis of PCOS (57, 58). Sphingosine could inhibit cell growth and induce cell apoptosis (59). Our results demonstrated that sphingosine was increased in the DHEA+Sham group and that BAT transplantation could reduce its level. The KGN cell experiment showed that sphingosine might enhance the apoptosis of KGN cells, indicating that altered metabolites play a role in the process of BAT transplantation in the treatment of PCOS.

In conclusion, we revealed the positive role of the recipient’s BAT in ameliorating PCOS. The altered metabolites were closely associated with the PI3K/AKT and MAPK signaling pathways. In addition, we discovered that sphingosine enhanced the apoptosis of granulosa cells in PCOS. All these results indicate that the beneficial effects of BAT transplantation are partly mediated by the bioactive metabolites. Herein, our study provides a new light on the potential therapeutic strategy for PCOS.
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Supplementary Figure 1 | PCA scores plot showed a distinct metabolome profile of DHEA+ Sham group compared with DHEA+BAT group in the positive mode and the negative mode. X-axis and Y-axis represented the first and second principal components, respectively. QC, quality control; PCA, principal component analysis.

Supplementary Figure 2 | H&E staining of the ovarian tissues. (A). Another H&E staining of the ovarian tissues from Ctrl and DHEA+Sham groups (scale bar=1mm). Ovarian histology revealed that cystic follicles (arrow) and few corpora lutea (asterisk) appeared in the DHEA group compared with Ctrl group. (B). Another representative results of ovarian H&E staining of the Ctrl group, DHEA+Sham group, and DHEA+BAT group. Ovarian histology revealed that cystic follicles (arrow) and few corpora lutea (asterisk) appeared in the DHEA+Sham group compared with Ctrl group, while BAT transplantation reversed the phenotype caused by DHEA.
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Objective

To explore whether elevated anti-Müllerian hormone (AMH) levels affect the rate of preterm birth (PTB) among PCOS patients with different BMIs.



Methods

In this retrospective cohort study, patients with PCOS who had undergone IVF/ICSI from January 2017 to December 2019 were included for potential evaluation. A total of 2368 singleton live births from PCOS patients were included. According to the BMI, all the PCOS patients were divided into two groups: BMI<24 kg/m2 and BMI≥24 kg/m2. In total, 1339 PCOS patients with a BMI<24 kg/m2 were grouped according to their serum AMH levels: ① <2.71 ng/ml (n=333), ② 2.71-4.08 ng/ml (n=330), ③ 4.09-6.45 ng/ml (n=351), and ④ >6.45 ng/ml (n=325). Additionally, 1029 cycles of patients with a BMI≥24 kg/m2 were grouped according to the serum AMH level: ① <2.71 ng/ml (n=255), ② 2.71-4.08 ng/ml (n=267), ③ 4.09-6.45 ng/ml (n=239), and ④ >6.45 ng/ml (n=268), with <2.71 ng/ml being considered the reference group. The grouping was based mainly on the interquartile range of serum AMH levels. The primary outcome of the study was PTB. The secondary outcomes were low birth weight (LBW), small for gestational age (SGA), macrosomia and large for gestational age (LGA).



Results

Regarding PCOS patients with a BMI<24 kg/m2, compared with the PTB rate of the AMH <2.71 ng/ml group, the PTB rates of the different groups were not significantly different (AMH 2.71-4.08, AOR (95% CI)=1.01 (0.52-2.00), P=0.99; AMH 4.09-6.45, AOR (95% CI)=0.93 (0.45-1.91), P=0.85; AMH>6.45, AOR (95% CI)=0.78 (0.35-1.73), P=0.54). Regarding PCOS patients with a BMI ≥24 kg/m2, compared with the PTB rate of the AMH <2.71 ng/ml group, the PTB rate of the AMH>6.45 ng/ml group was significantly higher (OR=2.47; 95% CI=1.34-4.55). After multiple logistic regression analysis, the risk of PTB in the AMH>6.45 ng/ml group was 2.1 times that in the AMH<2.71 ng/ml group (AOR=2.1, 95% CI=1.01-4.37, P=0.04). However, no statistically significant difference was found in the rate of SGA, LBW, macrosomia or LGA among patients in the different serum AMH groups.



Conclusion

For PCOS patients, a BMI≥24 kg/m2 plus serum AMH>6.45 ng/ml (75th percentile) is an independent risk factor for PTB.
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Introduction

Polycystic ovary syndrome (PCOS) is characterized by ovarian dysfunction and other cardinal features—namely, hyperandrogenism and polycystic ovary (PCO) morphology. Additionally, menstrual irregularities, signs of androgen excess, obesity and infertility are common clinical manifestations (1). The clinical features of PCOS patients are heterogeneous, and the most commonly used diagnostic criteria are the Rotterdam criteria, established in 2003 (1). PCOS occurs primarily in women of reproductive age. The prevalence of PCOS has been reported to range from 8% to 13% worldwide (2–4), and the prevalence of PCOS among Chinese women aged 19-45 years is close to 5.6% (5). The rapid development of assisted reproductive technology (ART) made this method crucial for the treatment of infertility, and it is widely used in the PCOS population compared with the non-PCOS population (6). The safety of ART for the offspring of the PCOS population has been a focus of research. Current studies have reported that PCOS patients have increased rates of pregnancy complications, including pregnancy-induced hypertension and gestational diabetes mellitus, and an increased miscarriage rate (7). Studies have also indicated that the preterm birth (PTB) rate of PCOS patients is increased, regardless of whether pregnancy is achieved spontaneously or through IVF (8–10).

Anti-Müllerian hormone (AMH) is a dimeric glycoprotein and a transforming growth factor-beta superfamily member that acts on tissue growth and differentiation (11). AMH is produced by granulosa cells from preantral and antral follicles, and its expression is restricted in growing follicles until they have reached the size and differentiation state at which they are selected for dominance via pituitary FSH (12). The AMH level basically reflects the follicular reserve in the ovary.

Compared with women without PCOS, those with PCOS have more antral follicles (13, 14). Thus, the circulating AMH levels in women with PCOS are two to three times higher than those in healthy controls (13, 15), a finding that may be related not only to excessive accumulation of antral follicles but also to increased granulosa cell AMH secretion (16–18). Therefore, the serum AMH level may be related to the severity of PCOS, and whether a high AMH level influences offspring remains uncertain. To our best knowledge, only 2 clinical studies have analyzed the relationship between elevated AMH levels and premature delivery of offspring after IVF (9, 10). However, the data are limited, and current studies do not distinguish the effects of different body mass indices (BMIs). Even so, the BMI is related to PCOS severity and offspring outcomes (19–21). Therefore, the impact of AMH levels on the offspring of PCOS patients in different BMI groups must be further analyzed. This study aimed to evaluate whether elevated AMH levels affect the rate of preterm birth (PTB) among PCOS patients with different BMIs.



Materials and Methods


Study Design and Population

This was a single-center retrospective cohort study approved by the Ethics Committee of the Third Affiliated Hospital of Zhengzhou University. Patients with PCOS who had undergone in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) at the Reproductive Center of the Third Affiliated Hospital of Zhengzhou University from January 2017 to December 2019 were included for potential evaluation in this study. The diagnosis of PCOS was based on the Rotterdam criteria established in the 2003 Rotterdam consensus workshop, which required that at least two of the following three criteria were met: oligomenorrhea and/or anovulation, clinical and/or biochemical signs of hyperandrogenism, and polycystic ovaries on ultrasound scanning (1). Only cycles with fresh embryo transfer and singleton delivery were included. Cycles with pregnancy-induced hypertension, gestational diabetes mellitus, adenomyosis, uterine malformations, endometrial polyps and preimplantation genetic testing (PGT) were excluded. The baseline and cycle information of all the patients was obtained from our electronic medical record system, and the information on newborns was obtained from the follow-up records of professional nurses.

According to the BMI, PCOS patients were divided into two groups: BMI<24 kg/m2 and BMI≥24 kg/m2. Next, we divided the cycles into four groups based on the AMH levels: ① <2.71 ng/ml, ② 2.71-4.08 ng/ml, ③ 4.09-6.45 ng/ml, and ④ >6.45 ng/ml. The <2.71 ng/ml group was considered the reference group, and grouping was based primarily on the interquartile range of the serum AMH levels.



Clinical Protocols

The mothers were subjected to our center’s conventional ovulation stimulation protocols—namely, gonadotrophin-releasing hormone (GnRH) agonist protocols or flexible GnRH antagonist protocols. The specific ovulation protocol details have been described in our previous studies (22, 23). For both protocols, the dose of follicle-stimulating hormone (rFSH) was adjusted according to the follicle response, as determined by transvaginal ultrasound monitoring and blood hormone level measurements. When the diameter of the dominant follicle was greater than 20 mm or when at least three follicles reached 18 mm in diameter, ovulation induction was triggered with 5000 to 10000 IU human chorionic gonadotrophin (hCG; Lizhu Pharmaceutical Trading, China). Oocyte retrieval was performed 36 hours later. Routine IVF or ICSI was performed according to the man’s semen quality. Women underwent the transfer of 1 to 2 cleavage-stage embryos on the third day or transfer of a single fresh blastocyst on the fifth day after fertilization. Routine corpus luteum support—namely, oral dydrogesterone (10 mg twice daily) (Abbott Co. America)—was initially provided on the day of oocyte retrieval, and intravaginal administration of 90 mg of a progesterone sustained-release vaginal gel (Merck Co. Germany) was performed. Corpus luteum support was performed until at least 55 days after transplantation if pregnancy occurred. The serum hormone levels were tested using the Cobas C8000 system (Roche Diagnostics, Germany), and the measurement approaches were described in our previous study (22).



Outcome Measures and Definition

PTB was the main outcome for this analysis and was defined as a birth occurring after 28 weeks and before 37 completed weeks of gestation. The secondary outcome measures were a low birth weight (LBW, defined as a neonatal birth weight less than 2500 g), small for gestational age [SGA, defined as a birth weight less than the 10th percentile for gestational age, per the weight criteria for Chinese newborns (24)], macrosomia (defined as a neonatal birth weight greater than 4000 g) and large for gestational age [LGA, defined as a birth weight larger than the 90th percentile for the sex-specific birth weight, per the sex-specific birth weight criteria for weight among Chinese newborns (24)].



Statistical Analysis

All statistical management and analyses were performed using SPSS software, version 22.0.

The one-sample Kolmogorov–Smirnov test was used to check for the normality of continuous variables. Continuous variables with abnormal distributions were expressed as the median (P25, P75), and the between-group differences were assessed using the Wilcoxon rank-sum test. Categorical variables were represented as the number of cases (n) and percentage (%). The means from chi-squared analyses were used to assess the differences between groups using Fisher’s exact test when necessary. For the outcome measures—namely, PTB, LBW, SGA, macrosomia and LGA—multiple logistic regression was used to adjust for the baseline characteristics. Odds ratios (ORs) and adjusted odds ratios (AORs) with 95% confidence intervals (CIs) were calculated. P<0.05 was considered to be statistically significant.




Results


Study Population

In this study, 2368 singleton live births from PCOS patients were included in the analysis from January 2017 to December 2019.

In total, 1339 PCOS patients with a BMI<24 kg/m2 were grouped according to the serum AMH level: ① <2.71 ng/ml (n=333), ② 2.71-4.08 ng/ml (n=330), ③ 4.09-6.45 ng/ml (n=351), and ④ >6.45 ng/ml (n=325).

A total of 1029 cycles were evaluated from patients with a BMI≥24 kg/m2, and they were grouped according to the serum AMH level: ① <2.71 ng/ml (n=255), ② 2.71-4.08 ng/ml (n=267), ③ 4.09-6.45 ng/ml (n=239), and ④ >6.45 ng/ml (n=268).



Baseline and Cycle Characteristics

Detailed information on the baseline and cycle characteristics between groups is presented in Table 1. Significant differences were found in the maternal age (P<0.001), paternal age (P<0.001), duration of infertility (P<0.001), type of infertility (P<0.001), basal serum FSH level (P<0.001), basal antral follicle count (P<0.001), dosage of gonadotropin (P<0.001), duration of ovarian stimulation (P<0.001), number of oocytes retrieved (P=0.01), endometrial thickness on the trigger day (P=0.01) and fertilization method (P=0.045) between the BMI<24 kg/m2 group and BMI≥24 kg/m2 group. The neonatal birth weight was higher in the BMI≥24 kg/m2 group than in the BMI<24 kg/m2 group (3500.0 (3150.0, 3800.0) vs. 3300.0 (3050.0, 3600.0); P<0.001). Differences were found in the gestational week at delivery between the groups (P=0.01). The serum AMH level (P=0.95), number of 2PN (P=0.45), number of available embryos (P=0.74), stage of embryo transfer (P=0.57), number of embryos transferred (P=0.97) and sex of the newborn (P=0.62) were comparable between the groups. The incidence of OHSS was higher in the BMI<24 kg/m2 group than in the BMI≥24 kg/m2 group (6.2% vs. 3.1%; P=0.001).


Table 1 | Baseline and cycle characteristics among patients with PCOS.





Neonatal and Perinatal Outcomes

To adjust for the influence of possible confounding factors, we conducted multiple logistic regression analysis. The factors included in the regression model included the maternal age (continuous variable), BMI (continuous variable), duration of infertility (continuous variable), type of infertility (primary/secondary infertility), basal antral follicle count (continuous variable), fertilization method (IVF/ICSI), endometrial thickness on the trigger day (continuous variable), developmental stage of the embryo (cleavage/blastocyst) and serum AMH level (<2.71 (reference)/2.71-4.08/4.09-6.45/>6.45 ng/ml).

Regarding PCOS patients with a BMI<24 kg/m2, compared with the PTB rate of the AMH <2.71 ng/ml group, those of the different groups were not significantly different (AMH 2.71-4.08, AOR (95% CI)=1.01 (0.52-2.00), P=0.99; AMH 4.09-6.45, AOR (95% CI)=0.93 (0.45-1.91), P=0.85; AMH>6.45, AOR (95% CI)=0.78 (0.35-1.73), P=0.54). The different degrees of serum AMH elevation had no significant effect on SGA, LBW, macrophages, or LGA. The data are presented in Table 2.


Table 2 | Neonatal outcomes among patients with PCOS and a BMI<24 kg/m2 among the groups.



Regarding PCOS patients with a BMI≥24 kg/m2, compared with the PTB rate of the AMH <2.71 ng/ml group, that of the AMH>6.45 ng/ml group was significantly higher (OR=2.47; 95% CI=1.34-4.55). After multiple logistic regression analysis, the risk of PTB in the AMH>6.45 ng/ml group was 2.1 times that in the AMH<2.71 ng/ml group (AOR=2.1; 95% CI=1.01-4.37; P=0.04). However, no statistically significant difference was found in the rate of SGA, LBW, macrosomia, or LGA among the groups of patients with different serum AMH levels. The specific data are presented in Table 3.


Table 3 | Neonatal outcomes among patients with PCOS and a BMI ≥24 kg/m2 among the groups.






Discussion

Among PCOS patients with a BMI<24 kg/m2, different AMH levels had no significant effect on the outcomes of singleton offspring, including PTB, SGA, LBW, macrosomia and LGA. However, among patients with a BMI ≥24 kg/m2, serum AMH>6.45 ng/ml was an independent risk factor for PTB but not for SGA, LBW, macrosomia or LGA.


Comparison With Current Studies

Currently, regardless of whether PCOS patients achieve pregnancy naturally or through IVF, the risks of perinatal complications, including pregnancy-induced hypertension, gestational diabetes mellitus, miscarriage and PTB, may increase (7, 25). However, no clear indicators exist concerning the exact risk factors for adverse perinatal outcomes in the PCOS population. For a long time, the serum AMH levels have been considered an indicator of ovarian reserve, and an increase in AMH levels may suggest the existence of PCOS (26, 27). Additionally, the AMH level in the PCOS population is significantly higher than that in the non-PCOS population (13, 15, 28). To our best knowledge, only three clinical studies have analyzed the relationship between the serum AMH levels and preterm birth to date. J.Y. Hsu et al. (10) performed a retrospective cohort study to investigate the association between the AMH levels and risk of adverse obstetric outcomes. Among women with PCOS, those who delivered prematurely had substantially higher AMH levels (18 vs. 6.4 ng/mL; P=0.003) than those who delivered at term. Additionally, all women with PCOS and AMH levels above the 90th percentile had premature deliveries. Another retrospective cohort study performed in China including 25,165 IVF cycles showed that preterm deliveries were predominant among PCOS patients with AMH levels above the 75th percentile (9.75 ng/mL) (adjusted P<0.0001; AOR=4.0; 95% CI= 1.94-8.08)) and patients with frozen-thawed embryo transfer (FET) with AMH levels higher than the 90th percentile (10.10 ng/mL) (adjusted P<0.05; AOR=2.0; 95% CI=1.16-3.36) (9). Recently, a secondary analysis of data from two multicenter randomized clinical trials including a non-IVF PCOS population indicated that 62% of participants who delivered preterm had AMH levels above the 75th percentile (>9.3 ng/ml) (8). However, the article did not analyze different BMI groups, particularly overweight PCOS patients who may be more severely ill (19, 21). Several studies have explored the impact of the maternal BMI on the safety indicators for offspring, such as the PTB rate. A meta-analysis showed that different maternal BMIs have different effects on the incidence of PTB in offspring (29). Another Chinese cohort study showed that women who are overweight, obese, and nulliparous are at an increased risk of elective preterm birth (overweight women: OR = 1.36, 95% CI: 1.18–1.56; obese women: OR = 2.94, 95% CI: 2.04–4.25) (30). However, in a retrospective cohort study of 1680 women with PCOS undergoing FET, women who were overweight or obese did not exhibit significant differences in the rate of PTB compared with women of normal weight (31). The influence of the mother’s BMI on the PTB rate of children was also present in the PCOS population, and it was more significant in the high AMH group. In this study, among PCOS patients with a BMI<24 kg/m2, no significant correlation was found between elevated AMH levels and PTB or neonatal outcomes. However, among PCOS patients with a BMI>24 kg/m2, the PTB rate of singleton offspring was significantly increased when the AMH level was greater than the 75th percentile (6.45 ng/ml).



Possible Biological Mechanism

Our study showed that elevated AMH levels are an independent risk factor for PTB among singletons of overweight PCOS patients, but the exact biological mechanism remains unclear. However, a direct link may exist between the AMH level and PTB, a finding that is biologically reasonable. The serum AMH level of PCOS patients is higher than that of non-PCOS individuals, indicating that AMH is an important indicator that can be used to assist in the diagnosis of PCOS (27). This dynamic does not occur only in the nonpregnancy period; the AMH level of the PCOS population during pregnancy is also significantly higher than that of the non-PCOS population, and the increase in the AMH level of PCOS patients may affect the endocrine system of the fetus and offspring (28). Research on its related mechanism is concentrated mainly on animal models. AMH is both a gonadal hormone and a putative paracrine regulator of neurons, the uterus, and the placenta, and high AMH levels can lead to miscarriage phenotypes in mouse model studies (32). We speculate that this phenomenon may be comparable to PTB in humans. Current studies have shown that AMH type II receptors exist on the surface of the myometrium and endometrial stroma and gland cells (33–35). Additionally, several studies have confirmed that AMH has a significant proapoptotic effect on tissues of Müllerian duct origin (36). Therefore, high AMH levels may inhibit myometrial hyperplasia during pregnancy, leading to uterine volume limitation and an increased risk of PTB (37). Alternatively, high AMH levels in early pregnancy can directly alter decidual and/or placental formation (37), as discussed by Hsu et al. (10). We also showed the relationship between high AMH levels and PTB. Interestingly, this effect was more significant in overweight PCOS patients, but this relationship was not significant in nonoverweight PCOS patients. Its specific biological mechanism warrants further study.



Strengths and Limitations

To our best knowledge, only three clinical studies have analyzed the relationship between the serum AMH levels and premature delivery of singleton offspring (8–10). One concerns a non-IVF-assisted PCOS population (8), and the others describe IVF-assisted pregnancy populations (9, 10, 21). This study is the first clinical study to analyze the relationship between premature delivery and serum AMH in PCOS patients with different BMIs. It provides more data support for clinical consultation and new ideas for future clinical and basic research. This study also has certain limitations that must be addressed. First, this study was a retrospective cohort study with probable confounding factors. However, the sample size of this study was large, with a total of 2368 singleton births, and the influence of confounding factors was corrected through multiple logistic regression. Second, because of a lack of data, this study did not include insulin resistance in the grouping and analysis. However, we excluded gestational diabetes and hypertension to reduce the confounding effects of pregnancy complications on premature delivery and fetal development. Additionally, because of population differences and different monitoring machines, no uniform standard exists concerning how much AMH will affect the safety of offspring, and specific analyses must be performed based on the situation of their respective reproductive centers. This study was grouped according to the quartile of the serum AMH value. The results of the study showed that an AMH concentration above the 75th percentile (6.45 ng/ml) was an independent risk factor for singleton PTB in the overweight PCOS group. AMH is not a diagnostic indicator for PCOS patients, but high AMH is a characteristic of PCOS patients. Whether more effective indicators can represent the characteristics of PCOS patients warrants further study. Another limitation is the diagnosis of the PCOS population. Our diagnosis was primarily based on the Rotterdam criteria established in the 2003 Rotterdam consensus workshop (1). However, this study did not specifically distinguish between different PCOS phenotypes. Different PCOS phenotypes have differences in clinical and biological characteristics. Considering the diversity and heterogeneity of the clinical characteristics of PCOS patients, future clinical studies must also further analyze more specific phenotypic characteristics.




Conclusion

In summary, among PCOS patients with a BMI<24 kg/m2, the AMH level had no significant effects on singleton offspring outcomes, such as PTB, SGA, LBW, macrosomia, and LGA. However, among PCOS patients with a BMI ≥24 kg/m2, serum AMH>6.45 ng/ml (75th percentile) is an independent risk factor for PTB but not an independent risk factor for SGA, LBW, macrosomia, or LGA. Therefore, for overweight PCOS patients with high AMH, obstetricians and pediatricians must focus on the pregnancy and perinatal period. However, the specific high AMH value must also be combined with the data of the respective reproductive centers, and larger, prospective, and well-designed randomized controlled studies are required for further analysis and research.
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Objective

Our aim was to conduct a systematic review and meta-analysis to assess the effectiveness and safety of tea supplements for patients with polycystic ovary syndrome (PCOS).



Methods

We conducted searches of the published literature in PubMed, EMBASE, Cochrane Library, Web of Science, Chinese Biomedical Literature Database, Chinese National Knowledge Infrastructure (CNKI), VIP database, and Wanfang Database in 1985 to September 2021. Data from randomized controlled trials (RCTs) were obtained to assess the effects of tea versus placebo in women with PCOS. Weighted mean differences (WMDs) were pooled using a random-effects model or risks ratios (RRs) using a random-effects model.



Results

Six RCTs (235 participants) were included in our systematic review. Tea supplements as adjuvant therapy led to greater improvement in body weight (WMD −2.71, 95% CI −4.95 to −0.46, P = 0.02, I2 = 0%), fasting blood glucose (FBG: WMD −0.40, 95% CI −0.59 to −0.20, P < 0.0001, I2 = 0%) and fasting insulin (FINS: WMD −3.40, 95% CI −4.76 to −2.03, P < 0.00001, I2 = 0%) when compared with placebo. There were no significant differences of body mass index, waist circumference, hip circumference, waist-to-hip ratio (WHR), body fat rate, total testosterone, free testosterone (FT), dehydroepiandrosterone, luteinizing hormone or follicular-stimulating hormone (FSH) between the two groups. In addition, subgroup analysis suggested that green tea was effective on body weight, FINS, FBG, FT, and FSH, and herbal tea can also reduce FT levels, tea supplements had a significant impact on FBG and FSH in trials with intervention duration ≥ 3 months, and intervention lasting less than 3 months can improve FINS. Tea had significant effect on reducing WHR, FBG and FSH in Asian PCOS patients, but not in Caucasians. And there was no statistically significant effect of tea on weight and FINS in Asians, but it was effective for Caucasian participants. Compared with placebo, tea supplements did not cause significant adverse reactions (RR 1.45, 95% CI 0.30 to 6.90, P = 0.65, I2 = 0%).



Conclusion

This meta-analysis suggests that consumption of tea supplementation in women with PCOS could significantly decrease the levels of FBG and FINS as well as reduce body weight. Especially green tea, not only has the above effects, but also has a significant effect on improving a variety of reproductive hormone indexes. Furthermore, tea supplementation is a relatively safe therapy for PCOS patients. 



Systematic Review Registration

PROSPERO https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=212755, identifier CRD42021249196.





Keywords: tea, polycystic ovary syndrome, meta-analysis, systematic review, complementary therapy



Background

Polycystic ovary syndrome (PCOS) is a common reproductive endocrine disease characterized by menstrual disorders, oligo-ovulation/anovulation, hyperandrogenism, polycystic ovaries, and insulin resistance (IR), and it affects 18–22% of women (1). PCOS can also lead to infertility and miscarriage, it not only increases the health burden of the affected women, but also greatly reduces their quality of life. In the US alone, PCOS patients spend more than $4 billion on the treatment and care of the disease, which puts a tremendous economic burden on patients (2). However, the etiology and pathogenesis of PCOS are complex, there is no curative treatment for PCOS at present.

Some studies have shown that obesity is an important factor in the occurrence of PCOS, and reducing body weight is an effective method for improving the clinical symptoms of PCOS (3–5). It has been proposed in the American Society for Reproductive Medicine 2018 Guidelines that lifestyle interventions including diet therapy should be used as the first-line treatment of PCOS. Dietary interventions can not only improve obesity, hyperandrogenemia, IR, and other clinical manifestations, but can also reduce the occurrence of a variety of complications including type 2 diabetes mellites, atherosclerosis, cardiovascular disease, and so on. Thus, it can be seen that dietary interventions have positive effects in the treatment of PCOS (6, 7).

Tea, derived from the fresh leaves of Camellia sinensis, is a common beverage consumed daily in many countries (8). Diet is regarded as one of the important means of complementary and alternative medical therapy, and tea plays an important role in diet and medicine (9, 10). With the development of the tea industry, tea culture has risen rapidly, and tea has been gradually accepted by people around the world (11). Nowadays, many people are interested in its efficacy in preventing various diseases (12). Tea has high nutritional value and contains more than 20 elements needed by the human body, and it has many functions such as stimulating the central nervous system, improving immunity, anti-oxidation, and regulating glucose and lipid metabolism disorder (11). In addition, it has been shown that tea and tea extracts have beneficial effects on body weight, body fat rate (BFR), glucose, insulin, and free testosterone (FT) in patients with PCOS (13, 14).

There are many kinds of tea, including green tea (unfermented), black tea (fully fermented), and oolong tea (semi-fermented) according to different fermentation forms, as well as some herbal teas (15–18). Green tea is the most productive of all teas and is rich in catechins, and epigallocatechin gallate (EGCG) is the most abundant green tea catechin. It has been confirmed that EGCG can inhibit adipocyte differentiation and proliferation leading to weight loss in cultured adipocyte models (19). In animal models of obesity, EGCG was found to promote beta-oxidation in mice and to enhance energy expenditure (20). In addition, according to Liu et al.’s (21) meta-analysis green tea has a good effect on reducing FBG, glycated hemoglobin (HbA1c) concentrations, and FINS. Western medicine treatments often have some adverse reactions and high costs, and it has been reported that more and more PCOS patients are unsatisfied with oral western medicine, such as metformin, orlistat, and Diane-35 as treatments for PCOS, and they express a strong receptiveness for seeking supplementary and alternative treatments (22). Various types of tea can cater to the different taste preferences of PCOS patients and provide more choices for them. Tea supplements have the advantages of convenience, limited adverse reactions, and high acceptance, so they have great potential for popularization.

However, the results of some studies investigating the effects of tea supplements in PCOS patients have been inconsistent (14, 17, 18, 23). Currently, there is a lack of evidence for using tea supplements to treat patients with PCOS. Therefore, we performed a systematic review and meta-analysis of existing studies in order to evaluate the efficacy and safety of tea supplements in the treatment of PCOS and thus provide a reliable basis for clinical practice.



Protocol and Registration

This systematic review and meta-analysis was designed and conducted in accordance with a predetermined protocol according to the Cochrane Handbook’s recommendations (24). We reported the results according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (25). The prospective review has been registered in PROSPERO: CRD42021249196. https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=249196.


Literature Search Strategy

Studies were identified by searching electronic bibliographic databases including PubMed, EMBASE, Cochrane Library, Web of Science, Chinese Biomedical Literature Database (CBM), Chinese National knowledge Infrastructure (CNKI), the VIP database, and the Wanfang Database. No limits were applied for language. We used controlled vocabulary (MeSH in PubMed and Emtree in Embase) and keywords as search terms. The last search was run on September 8, 2021. The full details of search strategy are available (Supplementary Appendix 1). At the same time, we manually searched the reference lists of identified papers and the grey literature to further look for studies that might meet the selection criteria.



Eligibility Criteria

We carried out the initial search, deleted duplicate records, screened the titles and abstracts for relevance, and identified records as included, excluded or uncertain. In case of uncertainty, the full-text article was acquired to identify eligibility. The eligibility criteria were according to the PICOS format (26) and included the following: participants (P), intervention (I), control (C), outcome (O), and study design (S). Two researchers were responsible for independently evaluating the identified articles (Table 1). If disagreement arose, a third researcher would make the judgment.


Table 1 | Eligibility criteria.





Data Extraction

Data extraction was performed by two researchers independently who thoroughly reviewed each included article. Any disagreements in the data extraction were resolved by discussion to reach a consensus in all cases. Data collected from each study including the following: basic information of the articles (author, country, and publication year) and participants (race, mean age, mean weight, and sample size), details of tea supplements (species, dosage form, dosage, and treatment duration), comparison methods, every outcome parameter, and adverse reactions. We strived to ensure the integrity of the data, and missing data were requested by contacting the authors via email or telephone.



Risk-of-Bias Assessment

We used the Cochrane Collaboration risk-of-bias instrument for RCTs to conduct the quality assessment (24). Factors related to bias risk included random sequence generation, allocation concealment, application of blinding method, data integrity, selective reporting with or without results, and other sources of bias. Every domain was answered “yes,” “no,” or “unclear.” We reached risk-of-bias judgements according to the standards of The Cochrane Collaboration and assigned three categories – unclear, low, and high risk of bias. The analysis was independently completed and cross-checked by two researchers, and any divergence was resolved by discussion with a third researcher.



Statistical Analysis

The meta-analyses were performed by computing weighted mean difference (WMD) or risks ratios (RRs) with 95% confidence intervals (CIs) using a random-effects model, accounting for clinical heterogeneity. Heterogeneity across studies was assessed by using the Q statistic with its p value and I2 statistic (23). The I2 statistics used to quantify the proportion of total variation in the effect estimation that is due to between study variations. An I2 value greater than 50% indicates significant heterogeneity (18). A two-sided p value less than 0.05 was considered statistically significant. All analyses were performed using Stata statistical software version 15.0 (StataCorp, USA).




Results


Study Selection

Initially, 172 articles were identified in the database searches, including 19 articles from PubMed, 42 articles from EMBASE, 19 articles from Cochrane Library, 29 articles from Web of Science, 12 articles from CBM, 20 articles from CNKI, and 31 articles from Wanfang Database (Figure 1). A total of six publications including 235 patients with PCOS were included in the meta-analysis after screening the titles, abstracts, and full texts (14, 17, 18, 23, 27, 28).




Figure 1 | Flow diagram of the study selection process.





Characteristics of the Studies

All of the studies were RCTs and were published in English. The studies were conducted in the following areas: China (23), Iran (14, 27, 29), Britain (17), and Jordan (18). Four studies reported the details of the method of random assignment using either computer-generated numbers, block randomization methods, or a table of random numbers (17, 18, 23, 28), and three trials mentioned specific double-blind methods (18, 23, 27). All participants were diagnosed with PCOS according to guidelines set by the Rotterdam criteria, and they ranged in age from 18 to 42 years old. In four studies, all patients had the characteristics of obesity or overweight (14, 23, 27, 28). Of the total sample in one trial, 64% comprised overweight or obese individuals and 20% had IR (18). Participants in the remaining one trial all had hirsutism (17). Two articles noted that none of the participants took medication due to infertility during the observation periods (14, 28). Among the six included RCTs, two of them administered the intervention to participants in two cups of tea per day made from herbal tea bags (17, 18), two of them in capsules (14, 23), and two in tablets with daily doses of 500mg (27, 28). The duration of the intervention varied from 1 to 3 months. Three tea supplements were investigated in the included studies, green tea was investigated in four studies (14, 23, 27, 28), one study investigated marjoram tea (18), and one study investigated spearmint herbal tea (17). In 5 of the 6 studies, tea supplements were compared with placebo (14, 17, 18, 23, 27), while one study compared tea supplements with placebo and metformin respectively (28). In two studies, all participants were given dietary advice and instructed not to consume any beverages or food that contain caffeine or polyphenols (23, 27). In two trials, the patients were contacted periodically to ensure medication compliance (14, 23). The participants were assessed in all trials at baseline and immediately at the conclusion of the study period, and two trials conducted additional mid-term assessments (17, 28). Five trials investigated the effect of tea supplements on weight (14, 18, 23, 27, 28), and three reported on BMI and WHR (23, 27, 28). Three studies reported on reproductive hormone indexes, such as TT, FSH, LH, and DHEAS (17, 18, 23). Three studies analyzed the effect of tea on FINS (14, 18, 23), two of which measured the level of FBG (18, 23). Only one study reported on the outcomes of the dermatology quality of life index (DLQI) and Ferriman-Gallwey score (17) (Table 2).


Table 2 | The characteristics of the included studies.





Risk-of-Bias Assessment

The risk of bias related to random sequence generation and allocation concealment in most included RCTs was low. Two trials were assessed to have an unclear risk of selection bias due to have no randomization and allocation details provided (14, 27). Reports of double-blind methods and allocation concealment were insufficient in two studies (14, 18), which were judged to have unclear risk for detection bias. One study was assessed as having unclear risk for other biases because of lack of description of the baseline (17), while the baseline characteristics of the other five trials were balanced (14, 18, 23, 27, 28), judged them as having a low risk of bias. There was no bias for selective reporting in any of the studies (Figure 2). The specific evaluation basis is available (Supplementary Appendix 2).




Figure 2 | Risk of bias.






Outcome Measures


Effect of Tea Supplements on Anthropometric Parameters

Five studies (14, 18, 23, 27, 28) analyzed of the effects of tea supplements on weight in 194 patients. Compared with the placebo group, there was a significant decrease in body weight in the tea supplement group (WMD −2.71, 95% CI −4.95 to −0.46, P = 0.02, I2 = 0%, Figure 3A). In addition, a subgroup analysis was performed in view of the fact that different types of tea, duration of intervention and races of participants may have different effects on body weight. The stratified analysis revealed that green tea had a significant effect on weight loss (WMD −2.86, 95% CI −5.19 to −0.52, P = 0.02, I2 = 0%), while herbal tea did not (Table 3). At the same time, it was observed that tea supplements had weight loss effect on Caucasian PCOS patients (WMD −2.59, 95% CI −5.01 to −0.16, P = 0.04, I2 = 0%), but not in Asian patients (Table 3).




Figure 3 | Meta-analyses of the effect of tea supplements on anthropometric parameters. (A) Body weight, (B) BMI, (C) WHR, (D) BFR, (E) WC, and (F) HC.




Table 3 | Subgroup analyses of the effect of different tea types or intervention duration in PCOS.



Meta-analysis of three studies (23, 27, 28) that used green tea as the intervention were included to assess the effect of tea supplements on BMI and WHR. There was no significant difference in BMI (WMD −0.30, 95% CI −1.45 to 0.85, P = 0.61, I2 = 0%, Figure 3B) and WHR (WMD −0.02, 95% CI −0.06 to 0.02, P = 0.30, I2 = 62%, Figure 3C) between the groups. The subgroup analysis showed that tea was statistically significant in reducing WHR in Asian PCOS patients (WMD −0.04, 95% CI −0.07 to −0.01, P = 0.004, I2 =/, Table 3).

BFR was evaluated in two studies (23, 27) totaling 79 patients that compared tea supplements with placebo. There was not strong evidence that the tea supplements had an effect on decreasing BFR because of no statistical difference (WMD 0.20, 95% CI −2.54 to 2.95, P = 0.88, I2 = 0%, Figure 3D).

WC and HC were measured in two studies (27, 28) that compared tea supplements with placebo, and these two studies were included in the meta-analysis. We did not observe a significant decrease in WC (WMD −0.64, 95% CI −5.22 to 3.94, P = 0.79, I2 = 0%, Figure 3E) and HC (WMD −1.53, 95% CI −6.87 to 3.82, P = 0.58, I2 = 31%, Figure 3F) between tea and placebo.



Effect of Tea Supplements on Metabolic Indexes

Figure 4A shows the meta-analysis of FBG in two RCTs (18, 23) with a total of 59 participants. The pooled results were statistically significant, and compared with the placebo group tea supplements had a positive effect on FBG in women with PCOS (WMD −0.40, 95% CI −0.59 to −0.20, P < 0.0001, I2 = 0%). In the stratified analysis, interventions lasting 3 months or more had a significantly great effect on FBG levels (WMD −0.40, 95% CI −0.62 to −0.18, P = 0.0003, I2 =/, Table 3). Green tea had a considerable effect on FBG levels (WMD −0.40, 95% CI −0.62 to −0.18, P = 0.0003, I2 =/), but herbal tea did not (Table 3). Moreover, it can be observed that tea was effective in lowering FBG in Asian PCOS female (WMD −0.40, 95% CI −0.62 to −0.18, P = 0.0003, I2 =/, Table 3), but not in Caucasians.




Figure 4 | Meta-analyses of the effect of tea supplements on metabolic parameters. (A) FBG and (B) FINS.



Three studies (14, 18, 23) totaling 119 patients were included in a meta-analysis that evaluated the effects on FINS. In terms of ameliorating FINS, there was a significant difference between the tea supplements group and the placebo group, and there was no heterogeneity among the included studies (WMD −3.40, 95% CI −4.76 to −2.03, P < 0.00001, I2 = 0%, Figure 4B). The stratified analysis suggested that green tea can reduce FINS levels (WMD −3.71, 95% CI −5.25 to −2.17, P < 0.00001, I2 = 0%, Table 3), but herbal tea cannot. Furthermore, tea supplementation had a significant effect on FINS levels when intervention lasting less than 3 months (WMD −3.42, 95% CI −4.80 to −2.04, P < 0.0001, I2 = 0%, Table 3). The results of the subgroup analysis revealed a significant reduction in FINS in Caucasian participants (WMD −3.42, 95% CI −4.80 to −2.04, P < 0.00001, I2 = 0%, Table 3), but not in Asians.



Effect of Tea Supplements on Hormone Parameters

Only two RCTs (14, 17) reported FT as an outcome measure. There was no significant difference in FT of the intervention groups when compared with the placebo groups, and with high heterogeneity (WMD −0.42, 95% CI −0.95 to 0.10, P = 0.12, I2 = 86%, Figure 5A). However, the results of subgroup analysis suggested green tea (WMD -0.72, 95% CI -1.09 to -0.35, P = 0.0001, I2 =/, Table 3) and herbal tea (WMD -0.18, 95% CI -0.34 to -0.02, P = 0.003, I2 =/, Table 3) both had significant effect on decreasing FT.




Figure 5 | Meta-analyses of the effect of tea supplements on hormone parameters. (A) FT, (B) TT, (C) DHEA-S, (D) LH, and (E) FSH.



Three studies (17, 18, 23) totaling 100 patients were included that evaluated the influence of tea supplements on TT, DHEAS, LH, and FSH. For TT and DHEAS, and we found no significant decrease on TT (WMD −0.09, 95% CI −0.25 to 0.07, P = 0.26, I2 = 18%, Figure 5B) and DHEAS (WMD −0.11, 95% CI -0.56 to 0.33, P = 0.62, I2 = 0%, Figure 5C) levels compared with placebo groups. There was no statistically significant effect of tea on LH (WMD 0.24, 95% CI –2.39 to 2.87, P = 0.86, I2 = 56%, Figure 5D). In addition, tea had no significant effect on improving FSH level in PCOS patients, and with mild heterogeneity (WMD 0.50, 95% CI -0.38 to 1.38, P = 0.27, I2 = 43%, Figure 5E). The subgroup analysis indicated that interventions with tea supplements for 3 months or longer had a beneficial effect on FSH (WMD 1.00, 95% CI 0.28 to 1.72, P = 0.007, I2 =/, Table 3). There was no significant effect for the intervention with herbal tea, but there was a significant effect with green tea (WMD 1.00, 95% CI 0.28 to 1.72, P = 0.007, I2 =/, Table 3). In the subgroup analysis based on ethnicity, the results showed that the FSH levels were significantly decreased in Asian PCOS patients (WMD 1.00, 95% CI 0.28 to 1.72, P = 0.007, I2 =/, Table 3) after tea supplements intervention but not in Caucasian participants.



Adverse Events

The meta-analysis of adverse events showed that tea supplement was not more likely to cause adverse events, it may be a safe treatment (RR 1.45, 95% CI 0.30 to 6.90, P = 0.65, I2 = 0%, Figure 6).




Figure 6 | Effect of tea supplements on the risk of adverse events.





Publication Bias

In order to better evaluate the results of our study, although there were less than 10 articles included in this study, the funnel plot was used to evaluate publication bias. Visual assessment of the funnel plot and Egger’s test all indicated that there was no significant publication bias (P = 0.058, Figure 7).




Figure 7 | The funnel plot of the literatures.





Sensitivity Analysis

Significant heterogeneity was observed among the studies reporting WHR, FT and LH, so sensitivity analysis was conducted to explore the potential causes. The results of sensitivity analysis indicated that the pooled WMD was not substantially altered when any single study was excluded, suggesting that the results of the current meta-analysis are robust (Supplementary Appendix 3, Appendix 4, Appendix 5).




Discussion


Main Findings

The meta-analysis of the six included studies revealed improvements in several primary and secondary outcome measures with low heterogeneity. Compared with the placebo, tea supplements reduced weight and improved IR (reduced FBG and FINS) in women with PCOS.

The six studies included in this meta-analysis used green tea, marjoram tea, and spearmint herbal tea as intervention methods, the intervention durations and races of participants were not exactly the same. The subgroup analyses suggested that different kinds of tea and intervention duration had different effects on body weight, FBG, FINS, and FSH in PCOS patients. It is clear from the included studies that green tea rich in tea polyphenols can significantly improve the above clinical outcomes. And green tea and herbal tea are both effective in reducing FT levels. As for the duration of intervention, long-term intervention (up to 3 months or more) can have a significant effect on FBG and FSH. An interesting finding was that improving FINS was statistically significant in trials lasting less than 3 months but were not significant in trials that lasted 3 months. In the subgroup analysis performed according to ethnicity, we observed that tea had no effect on reducing WHR, FSH and FBG in Caucasians PCOS patients, but it was effective in Asians. And reducing body weight and FINS in Caucasians participants was statistically significant, but not in Asians.



Meaning of the Study for Possible Clinical Use

Overweight or obesity is seen in 30%–60% of patients with PCOS (29), meanwhile, obesity is also one of the possible factors leading to PCOS (3). Overweight women with PCOS have more serious endocrine hormone disorders and metabolic dysfunction, which can lead to hyperandrogenemia and IR (30, 31). One study suggested that the prevalence of PCOS in overweight and obese women was 28.3%, which was clearly higher than the prevalence in women with normal body weight (5.5%) (32). Obesity may also affect endometrial receptivity (33), and the fertility of obese PCOS patients was lower than that of normal-weight PCOS patients. An epidemiological study of PCOS women suggested that the incidence of infertility is higher in obese patients than in non-obese patients (34). Common treatments for obesity in PCOS patients include pharmaceutical treatments and lifestyle interventions, such as diet intervention and physical activity. However, many western medicines have significant side effects. For example, studies have shown that orlistat may lead to a series of gastrointestinal adverse reactions and cause fat-soluble vitamin deficiencies (35, 36). Based on this meta-analysis, tea supplements as a dietary intervention may be recommended for the treatment of PCOS patients with overweight and IR. Green tea catechins can inhibit adipocyte differentiation and proliferation and can reduce various digestive enzymes to prevent excessive carbohydrate and fat absorption, thus having anti-obesity effects (20). An animal trial showed that there was a significant reduction in the body weight and triglyceride levels after 8 weeks of intervention in the catechins group but not in the control group (37). One intervention trial showed that green tea exact may play a role in enhancing body energy consumption by sympathetic activation of thermogenesis and fat oxidation (38). Taken together, tea supplements have been shown to be effective in reducing weight in patients with PCOS. Our study did not find significant effects of tea on BMI, BFR, WHR, WC, or HC in patients with PCOS. However, Mombaini et al.’s (27) study suggested that BMI and BFR were decreased in PCOS patients after taking green tea tablets for 45 days. Additionally, Farhadian et al. (28) also found that the trend for reduction of BMI, WC, and HC in the green tea group was statistically significant. We cannot deny the positive effect of tea supplements on the body parameters of PCOS patients based on the negative results of this analysis, which may be due to the lack of appropriate intervention time, and thus it is still possible that tea supplements may be a safe and inexpensive treatment for losing weight.

Abnormal glucose metabolism and IR are both driving factors of type 2 diabetes mellitus in women with PCOS (39), and there is evidence that secondary hyperinsulinemia may aggravate metabolic disorders, hyperandrogenism, or irregular menstruation in patients with PCOS (35). Compared with the control group, it was observed that tea supplements significantly decreased FBG and FINS levels in PCOS patients in this meta-analysis, which suggested that tea or tea extracts may have an effect on improving glucose metabolism function. The bioactive components in tea, including polysaccharides and polyphenols, play a role in inhibiting the increase in blood glucose seen in PCOS patients with IR. Tea polyphenols have a hypoglycemic effect mainly by reducing the intake of exogenous sugar, promoting the utilization and transformation of sugar in the body, protecting islet β cells, and promoting insulin receptor substrate function (40). An experimental animal study found that blood triglycerides, cholesterol, low density lipoprotein, FBG, FINS, and the levels of free fatty acids in the tea polyphenols intervention group were lower than those in the control group (41). In a previous meta-analysis on the effects of green tea on insulin sensitivity and glycemic control, there was no decrease in FBG and FINS. This result was contrary to the findings of many animal experiments, and the authors suggested that this might be because of the low dose of EGCG, the short treatment time, variations in green tea composition, and species-specific differences in glucose metabolism (21). Consistent with our research, in a short-term crossover trial it was observed that the plasma glucose of participants who drank black tea was lowered at 120 min compared with the control group and the caffeinated group. It presented an idea about the hypoglycemic mechanism of black tea, which might be by inhibiting intestinal glucose transport and enhancing insulin secretion (42). The results of our meta-analysis support the view that tea may be a preventive strategy to reduce the risk of diabetes mellitus in patients with PCOS, but further studies are needed to confirm the evidence.

Hyperandrogenemia is the main pathological feature of PCOS, with menstrual irregularity, acne, hirsutism, and other clinical signs, and it is closely related to the development of IR and metabolic syndrome. The pathogenesis may include abnormal gonadotropin secretion and hyperinsulinism caused by IR. Excessive LH can promote the proliferation of ovarian stroma and thecal cells and can also lead to excessive androgen secretion, including testosterone and androstenedione (43). High insulin levels promote the P450C17α enzyme system, which is used to synthesize androgens in the ovaries and to up-regulate the LH receptor in the follicular membrane cells in the ovary, thus enhancing the androgen-promoting effect of LH (44). In the present meta-analysis, although there was insufficient evidence that tea had beneficial effect on female reproductive hormones, some findings provided evidence for further exploration. The within-group data in one RCT suggested that FT and TT levels and subjective assessments of hirsutism scored by the DLQI were significantly reduced in the spearmint tea group after the intervention (17). It can thus be seen that tea has potential effects on lowering androgen levels in patients with PCOS. Most of the analysis results of our research are negative, but the regulatory effect of tea on various reproductive hormones in PCOS patients cannot be ruled out.

Four studies (17, 18, 23, 27) reported on adverse reactions, one of which reported no adverse reactions (17), while the other two studies did not mention anything about adverse events (14, 28). In one trial, there was no gastrointestinal discomfort in the intervention group, but it was present in the placebo group, and this may have been caused by the capsule shell (23). One study (18) reported more frequent urination in both the placebo group and the intervention group, which may be because the intervention measure was to drink two cups of tea (250ml each) every day. Two studies both reported adverse gastrointestinal reactions, but the number of events was small and symptoms were mild (18, 27). According to the current evidence, tea supplements appear to be a relatively safe treatment on the whole, but more long-term and high-quality RCTs are needed in order to further evaluate the safety of tea supplements.



Strengths and Limitations

To the best of our knowledge, this study is the first comprehensive meta-analysis of all available RCTs assessing the effectiveness and safety of tea supplements for patients with PCOS. And we conducted subgroup analyses to evaluate the clinical efficacy of different types of tea and different duration of intervention, and the efficacy of tea supplements in individuals of differing race.

While the curative effect of tea supplements was seen in this meta-analysis, there are some limitations that must be considered. First, the duration of the studies included in the meta-analysis was generally short, ranging from 1 to 3 months. Tea supplements may require longer treatment duration if they are to have an effect on anthropometric parameters (BFR, WC and HC) and reproductive hormone levels. Second, we did not consider the differences in tea supplement intake, the dosage form, or the dosage of tea supplements, which were not uniform in the included trials and may have caused variations in the clinical outcomes. Third, although the included trials were mostly of high quality, the amounts of articles and participants was not large enough. In addition, the included participants were mostly characterized by obesity, and the treatment effects on all types of PCOS need further research. In addition, the types of tea as intervention were relatively single.

We observed significant heterogeneity among the studies reporting WHR, FT and LH. And we sequentially excluded each study to perform subgroup analysis. Heterogeneity of WHR decreased from 62% to 0% after eliminating the study by Farhadian et al., it may be due to differences in random allocation methods, the block randomization method in this study was based on age and BMI. When the study by Grant was excluded, heterogeneity of LH decreased from 56% to 29%, it indicated that type of tea may be factor affecting heterogeneity. The high heterogeneity of FT may be due to the types, dosage forms and doses of tea and duration time in the two studies were all different.



Implications for Future

This study found that tea supplements may reduce weight, FBG and FINS in patients with PCOS. In the aspect of improving hormone parameters may not have an advantage over the control group, but we cannot absolutely deny the efficacy of tea in regulating reproductive hormone levels due to the relatively small sample size. Therefore, more large-scale RCTs are needed in order to evaluate the real effect of tea on PCOS. In addition, tea supplements have unique value in the complementary treatment of PCOS. Various types of tea can cater to the different taste preferences of PCOS patients and provide more choices for them. Some studies have shown that several tea extracts also have positive effects on weight loss and glucose and lipid metabolism, such as oolong, black, and Pu’er tea (45, 46). Thus, future studies on tea for the treatment of PCOS could use different types of tea as interventions in order to find more kinds of tea supplements with therapeutic effect on PCOS.




Conclusion

This systematic review and meta-analysis provides evidence that tea supplements as a dietary intervention may be a possible treatment for patients with PCOS From what had been discussed above, tea supplements may have a positive therapeutic effect on PCOS patients with obesity and IR, but the regulatory effect on hyperandrogenemia remains to be further studied. We expect more clinical trials to explore the clinical efficacy of tea on PCOS.
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As a highly dynamic tissue, the endometrium is periodically shed in response to the secretion of estrogen and progesterone. After menarche, the endometrium of healthy women proliferates and differentiates under the action of steroid hormones (e.g., 17β-estradiol and progesterone) that are secreted by the ovaries to provide appropriate conditions for embryo implantation. Polycystic ovary syndrome (PCOS), a prevalent endocrine and metabolic disorder in reproductive-aged women, is usually associated with multiple cysts within the ovaries and excess levels of androgen and is characterized by hirsutism, acne, menstrual irregularity, infertility, and increased risk of insulin resistance. Multiple factors, such as anovulation, endocrine-metabolic abnormalities, and inflammation, can disrupt the endometrium in PCOS patients and can lead to endometrial hyperplasia, pregnancy complications, or even cancer. Despite many recent studies, the relationship between PCOS and abnormal endometrial function is still not fully understood. In this review, we investigate the correlation of PCOS patient endometrium with anovulation, hyperandrogenemia, insulin resistance, progesterone resistance, and inflammatory cytokines, aiming to provide a theoretical basis for the treatment of disorders caused by endometrial dysfunction in PCOS patients.
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INTRODUCTION

Polycystic ovary syndrome (PCOS) is a complex reproductive and metabolic disease that affects 4–21% of adolescent and childbearing women worldwide (Lizneva et al., 2016). Its pathological features include hyperandrogenemia (HA), anovulation, and multiple cysts within the ovaries, and it is often accompanied by obesity and insulin resistance (IR). Women of reproductive age with PCOS usually have reproductive disorders, such as low pregnancy rate, low live birth rate, and high abortion rate. The pregnancy rate of PCOS patients is low even with high-quality embryos, which indicates that apart from anovulation many pathological manifestations may also be related to the endometrial microenvironment (Goodarzi et al., 2011; Li et al., 2016; Cooney and Dokras, 2018). During the menstrual cycle, the endometrium undergoes remodeling, shedding, and regeneration to provide suitable conditions for blastocyst implantation and the establishment of pregnancy, and well-functioning endometrial receptivity is one of the indispensable factors to ensure embryo implantation. Studies have shown that pregnant women with PCOS have 3–4 times higher incidence of gestational hypertension and preeclampsia owing to decidualization/placental changes and a 2-fold higher risk of preterm birth compared to healthy women (Zhao et al., 2021), and this is likely due to endometrial progesterone resistance (Dunk et al., 2019; George et al., 2020; Eisman et al., 2021; Ohara et al., 2021). IR is a common metabolic abnormality in PCOS patients. Compensatory hyperinsulinemia increases the bio-availability of androgen and its production in the ovary and adrenal gland by reducing the concentration of sex hormone-binding globulin, and high levels of androgen and insulin in the plasma can affect the periodic exfoliation of the endometrium (McCartney and Marshall, 2016).

For PCOS patients who do not want to become pregnant, the incidence of endometrial carcinoma increases substantially due to the long duration of irregular menstruation. The study conducted by Meczekalski et al. showed that the risk of endometrial carcinoma in PCOS patients is approximately three times higher than that of healthy women (Meczekalski et al., 2020). The endometrium contains various immune cells, which, together with cytokines and chemokines, maintain its function (McCartney and Marshall, 2016), and during menstruation, the immune cells and the inflammatory response of the body fluctuate with hormone changes. The follicular period is dominated by T cells, and the macrophages in the secretory period, especially the uterine natural killer cells (UNKs), increase (Strobel et al., 2021). The abnormal hormone levels in patients with PCOS make the cytokine/chemokine spectrum fluctuate, which also has adverse effects on the endometrial environment. This article reviews the clinical phenotype of PCOS, the related mechanisms of endometrial physiology and pathology (shown in Figure 1 for details) in order to provide a more accurate theoretical basis for its clinical treatment.
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FIGURE 1. The clinical phenotype of PCOS and the related mechanisms of endometrial physiology and pathology.




ANOVULATION AND PCOS ENDOMETRIUM

Polycystic ovary syndrome patients’ ovaries synthesize too much androgen, resulting in the recruitment of numerous pre-ovulatory small follicles. These follicles do not respond to the normal concentration of follicle stimulating hormone, and this hinders the formation of dominant follicles. In PCOS patients, the endometrium cannot be periodically shed due to the associated follicular development disorders and long-term lack of ovulation, and under estrogen stimulation the endometrium continues to thicken leading to atypical hyperplasia or even to carcinogenesis. A study conducted by Zhang et al. showed that about 97% of the enrolled PCOS patients did not ovulate, and 41% of them had endometrial hyperplasia, which suggested that endometrial hyperplasia in PCOS was induced by anovulation and continuous estrogen stimulation (Zhang et al., 2007). Han et al.’s meta-analysis showed that although most PCOS patients do not suffer from endometrial cancer, the morbidity of endometrial cancer in PCOS is still three times greater than that of healthy women (Hu et al., 2021). In the proliferative phase and secretory phase, the endometrium of PCOS patients is continuously exposed to estrogen, and the antagonistic effect of progesterone is weakened in the secretory phase. This pathological change likely results in reduced endometrial receptivity.



HA AND PCOS ENDOMETRIUM

In the ovary, the production of steroid hormones is governed by gonadotropins and ovarian cell signaling. Androgen, a steroid hormone, converts to dehydroepiandrosterone (DHEA) and androstenedione in ovarian follicle cells and in the adrenal cortex through the activity of cholesterol side chain lyase (CYP11A; Nelson et al., 1999; Crespo et al., 2018; Sun et al., 2021). Approximately half of the testosterone a woman produces is synthesized by the ovaries and adrenal glands, and the rest is converted from the peripheral circulation (Horton et al., 1966; Kirschner and Bardin, 1972). The levels of circulating testosterone and androstenedione are elevated in PCOS patients (Franks, 1991), and more than 80% of PCOS patients have symptoms or signs of HA, such as hirsutism, acne, or alopecia (Sirmans and Pate, 2013). Studies have found that under circumstances of non-intervention or when using antagonists, such as gonadotropin-releasing hormone (GnRH), to inhibit the production of endogenous luteinizing hormone (LH), PCOS patients are more sensitive to exogenous LH (Gilling-Smith et al., 1997). Yazawa et al. isolated cells with the characteristics of hyper-secretion of steroid hormones from the follicular membranes of PCOS patients, which suggested that HA in PCOS patients is caused by more androgen being secreted by the theca cells (Yazawa et al., 2019). HA is an indispensable pathogenic factor for PCOS, and PCOS further aggravates the pathological state of HA, thus forming a vicious circle.

Androgen can inhibit the growth and differentiation of endometrial cells and the decidualization of the endometrium, thereby interfering with embryo implantation (Sanchez-Garrido and Tena-Sempere, 2020). Studies have shown that Wilms tumor protein (WT1), first discovered in nephridioblasts, regulates the proliferation and differentiation of embryonic and reproductive system cells, plays an important role in the process of endometrial decidualization, and regulates the expression of androgen receptors (Makrigiannakis et al., 2001; Anthony et al., 2003; Andersson et al., 2014). Gonzalez et al. took biopsies of the endometrium from infertile PCOS patients during ovulation and found that the elevated androgen in PCOS patients interfered with the regulatory balance between androgen receptor and WT1 compared with healthy patients (Gonzalez et al., 2012). WT1 is regarded as a specific and sensitive indicator of serous carcinomas of ovarian origin (Lizneva et al., 2016; Meczekalski et al., 2020), and studies have shown that the expression of WT1 in endometrial carcinoma is closely related to tumor hematopoiesis (Goodarzi et al., 2011).

Dehydroepiandrosterone, an adrenal androgen precursor, is involved in the synthesis of the androgen receptor agonists testosterone and dihydrotestosterone (DHT), and changes in DHEA can alter the bio-availability of endometrial androgen and the endometrial microenvironment. Gibson et al. found that DHEA can enhance the in vitro decidual response of human endometrial stromal fibroblasts (Gibson et al., 2018), and HA can also reduce the secretion of progesterone and endometrial receptivity by affecting the function of the corpus luteum (Brewer and Balen, 2010; Lee et al., 2020). Eagleson et al. found that androgen administration in women with normal ovulation can suppress serum LH levels and that long-term administration of androgen receptor antagonists in PCOS patients can ameliorate the negative feedback cycle (Cooney and Dokras, 2018). Meanwhile, HA can also cause cell cycle disorders in uterine tissue and can regulate cell death and survival pathways leading to endometrial hyperplasia. An animal experiment conducted by Ferreira et al. demonstrated that prenatal HA can disrupt the cell cycle in the uterus and can dysregulate cell death and survival pathways leading to uterine hyperplasia (Ferreira et al., 2020).

In addition, studies have shown that HA in PCOS patients stimulates oxidative stress as evidenced by the over-generation of reactive oxygen species (ROS; González et al., 2012). ROS can change the morphological and functional characteristics of endothelial cells, including permeability and adhesion molecule expression, leading to a continuous state of inflammation (Andrisani et al., 2014). Oner-Iyidoğan et al. found that compared with eutopic endometrium, hydrogen peroxide is increased in endometriotic cells, and the main effects of ROS on endometrial cells include oxidative damage and increased proliferation (Oner-Iyidoğan et al., 2004). Androgen can also induce the production of tumor necrosis factor-α (TNF-α) and interleukin (IL)-1, which promote the production of other inflammatory factors by binding to androgen-specific receptors, thereby activating the ROS system and the NF-kB inflammatory pathway. The NF-kB pathway has been shown to activate pro-inflammatory genes and to participate in the expression of molecular intermediates in human endometrium and first trimester decidua (King et al., 2001). A meta-analysis emphasized that HA can increase the risk of metabolic syndrome including IR and dyslipidemia (Chien et al., 2021). Although the relationship between HA and IR is mainly due to compensatory insulin secretion affecting the production of steroid hormones, too much androgen can reduce insulin sensitivity. In summary, HA inhibits the growth and differentiation of endometrial cells in patients with PCOS, which in turn reduces endometrial receptivity. In addition, high androgen levels can induce endometrial hyperplasia. The pathological mechanism of HA acting on the endometrium of PCOS is shown in Figure 2.
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FIGURE 2. The pathological mechanism of HA acts on the endometrium of PCOS.




IR AND PCOS ENDOMETRIUM

Insulin resistance occurs when the effect of insulin on cells, such as fat, muscle, and liver, is lower than normal, resulting in decreased glucose utilization, increased liver gluconeogenesis, and increased blood glucose concentration and compensatory hyperinsulinemia. Studies have shown that about 50–70% of PCOS patients also have IR and compensatory hyperinsulinemia, and the risk of type 2 diabetes is significantly increased in PCOS patients (Pani et al., 2020).

Since the discovery of insulin in 1921, its mechanism of action has been widely debated (Smith, 2021). In 1985, Ullrich and Rutter’s team successfully cloned the cDNA of insulin receptor and developed the theory that tyrosine phosphorylation mediates intracellular receptor pathways (Ebina et al., 1985; Ullrich et al., 1985). Insulin receptor, a tetrameric adaptor protein consisting of two α-subunits and two β-subunits, belongs to the tyrosine kinase family. After insulin binds to the receptor, insulin receptor tyrosine kinase is activated and the conformation of the activated receptor changes, which increases the kinase activity necessary for substrate phosphorylation and causes tyrosine phosphorylation of insulin receptor and its substrate proteins. The phosphotyrosine sites on insulin receptor substrates allow lipid kinase PI3K to bind and recruit phosphoinositide-dependent kinase (PDK), which can directly phosphorylate Thr308 of protein kinase B (AKT; Stratiievska et al., 2018). Ser473 of AKT is phosphorylated for the second time by mTOR complex 2 (mTORC2), and the activated AKT continues to phosphorylate many substrates at Ser/Thr residues (including FOXO, TSC2, GSK3β, and TBC1D4) and to activate downstream effectors (Haeusler et al., 2018). The PI3 Kinase-Akt signaling pathway can be seen in Figure 3.
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FIGURE 3. The PI3 Kinase-Akt signaling pathway.


The mechanism of IR is complex and is related to obesity, metabolic abnormalities, low-grade inflammation, trace element deficiency, leptin resistance, etc. (Han et al., 2020; Jayaraman et al., 2021; Li et al., 2021). Studies have shown that IR may be involved in the signaling pathway after binding to the insulin receptor (Yang et al., 2021). Both the maximum glucose uptake rate and insulin-stimulated lipid suppression are reduced in the early stages of insulin signaling. Insulin, a negative regulator of its own signal transduction, downregulates the cell surface receptor when the insulin level increases, which contributes to reduced insulin signal transduction (Haeusler et al., 2018). In vitro studies have found that inhibition of serine/threonine phosphorylation can antagonize or terminate insulin signaling and thus is an important mechanism of IR (Sevillano et al., 2021). In addition, inflammatory cytokines and lipotoxicity can also inhibit phosphorylation (Kalafati et al., 2021; Lyu et al., 2021).

Related studies have shown that about 30% of PCOS patients with endometrial lesions also suffer from IR. By exploring the expression of molecules involved in the insulin pathway in the endometria from PCOS patients, Fornes et al. found that patients with hyperinsulinemia lack some of the insulin receptor substrates, which disrupts glucose metabolism in the endometrium and impairs endometrial receptivity (Fornes et al., 2010). Insulin inhibits the production of IGFBP-1, a biomarker of decidualization, suggesting that hyperinsulinemia can affect the normal function of the endometrium, leading to failed embryo implantation and increased abortion rate (Gupta et al., 2019). In addition, the endometrial inflammation environment triggered by IR may lead to progesterone resistance (Patel et al., 2017). The study conducted by Piltonen et al. found that the endometrial stromal fibroblasts in women with PCOS had an aberrant decidualization response to progesterone, indicating that this may be the cause of endometrial dysfunction, infertility, and pregnancy complications in women with PCOS (Piltonen et al., 2015). Epidemiological studies have shown that as early risk factors for endometrial hyperplasia, IR, and elevated insulin are significantly related to endometrial cancer (Fernandez-Montoli et al., 2021; Kliemann et al., 2021). The loss of PTEN expression may be an important early factor in endometrial carcinogenesis, and Yang et al. found that the loss of PTEN was reported in about 55% of endometrial cancer tissues, which may be related to the loss of mitotic function inhibited by insulin growth factor (Yang et al., 2015). In addition, IR can increase the sensitivity to local estrogen in the endometrium by reducing inflammation, and this promotes endometrial hyperplasia and carcinogenesis (Lv et al., 2019; Byrne et al., 2020). In conclusion, the abnormal endometrial microenvironment in PCOS patients with IR can lead to impaired endometrial receptivity, hyperplasia, and carcinogenesis.



PROGESTERONE RESISTANCE AND PCOS ENDOMETRIUM

Progesterone is an important steroid hormone secreted by the corpus luteum of the ovary that regulates the entry of the endometrium into the secretory stage and ensures embryonic receptivity and thus plays an indispensable role in uterine embryo implantation, endometrial decidualization, and pregnancy stabilization (Bulmer and Lash, 1997; Monsivais et al., 2021). Progesterone normally plays a role in the “embryo implantation window,” but patients with PCOS have no progesterone effect due to long-term anovulation, which alters the periodicity of the endometrium. Progesterone resistance refers to the reduced responsiveness of target tissues to bioavailable progesterone (Chrousos et al., 1986; Al-Sabbagh et al., 2012), which can lead to the decline of estrogen’s antagonistic ability, the aggravation of inflammation, poor differentiation of the stroma, and obstruction of endometrial remodeling, and it is one of the major factors leading to the decline of endometrial receptivity and can significantly increase the risk of endometrial atypical hyperplasia and cancer (Savaris et al., 2011; Lessey and Kim, 2017; Simopoulou et al., 2021). Impaired progesterone response has been confirmed in the endometrium of patients with PCOS (Albaghdadi and Kan, 2021; Hamza et al., 2021), but the mechanism behind the effects of progesterone resistance in PCOS endometrium is not fully understood.

The expression of progesterone gradually increases in the early stage of hyperplasia, reaches its peak during ovulation, and then gradually decreases and disappears in the late stage of secretion, and this cyclic expression is a hallmark of endometrial differentiation and maturation (Li et al., 2014). The response of the endometrium to progesterone depends on the progesterone receptor (PR) in the nucleus, which consists mainly of the isomers including PRA and PRB (Pawar et al., 2015). Experiments have suggested that the antagonistic effect of progesterone on estrogen is mainly mediated by PRA (Kastner et al., 1990; Bulmer and Lash, 1997). The changed expression of PR and the activation and inhibition of related signal pathing pathways are the key pathways through which progesterone regulates endometrial function. An experiment carried out by Margarit et al. showed that the expression of PR in the endometrium of PCOS patients during the secretory phase was significantly increased compared with healthy women; the expression of PR in ovulatory PCOS patients was also significantly increased compared with anovulatory PCOS patients (Margarit et al., 2010). Hu et al. reported that the increased expression of PR in the endometrium of PCOS-like rats was consistent with the increased expression of estrogen receptor in PCOS-like rats (Hu et al., 2018). In PCOS patients, endometrial hyperplasia is often related to progesterone resistance, which may be caused by insufficient estrogen antagonism due to the low responsiveness of PR to progesterone (Hardiman et al., 2003; Shah et al., 2010).

Apart from the abnormal expression of PR in endometrium, the abnormal expression of related molecules downstream of PR pathway can also lead to endometrial progesterone resistance. For example, mitogen inducible gene 6 (Mig-6) is an important mediator of inhibiting the effect of estrogen in the progesterone signaling pathway (Yoo et al., 2015). Mig-6 is an important target of PR, and the over-expression of Mig-6 significantly enhances the pro-apoptotic, anti-proliferative, and anti-invasive effects of progesterone, suggesting that Mig-6 may be involved in progesterone’s inhibitory effect on estrogen in the endometrium and in the pathway of progesterone resistance (Yoo et al., 2018). The homeobox gene HOXA10, which is expressed in endometrial glandular epithelium and mesenchymal cells, is the regulatory target of progesterone on the endometrium during the menstrual cycle and is also an important intermediary for progesterone to play its role in endometrial receptivity. Cermik et al. have shown that HOXA10 is involved in the regulation of progesterone’s transcription targets and in the regulation of endometrial receptivity. The reduction of HOXA10 expression in the uterus might be one of the important reasons for progesterone resistance, poor endometrial receptivity, and reduced reproductive potential in patients with PCOS (He et al., 2018). In summary, progesterone resistance is an important mechanism leading to poor endometrial receptivity, endometrial dysplasia, and even endometrial cancer in patients with PCOS.



INFLAMMATORY CYTOKINES AND PCOS ENDOMETRIUM

The endometrium contains a variety of resident and transient immune cells, which together with cytokines and chemokines maintain the normal function of the endometrium (Strobel et al., 2021). Numerous studies have shown that chronic low-grade inflammation in PCOS patients is related to endometrial inflammatory cytokines, mainly including UNKs, C-reactive protein (CRP), TNF-α, and IL-6 (Liu et al., 2021).

Uterine natural killer cells, which are part of the endometrial cell population, not only promote embryo implantation, but also protect the embryo from pathogens (Trundley and Moffett, 2004; Dosiou and Giudice, 2005). UNKs are the most common endometrial leukocytes and are considered to be an endometrial marker of PCOS, and the number of UNKs peaks during the process of endometrial decidualization (Dosiou and Giudice, 2005; Piltonen, 2016; Bulmer and Lash, 2019). UNKs are associated with the synthesis of endometrial cytokines and can promote endometrial proliferation, differentiation, and repair by releasing inflammatory factors (Lyzikova et al., 2020). Studies have shown that endometrial inflammation in women with PCOS is intensified during the proliferative phase, and the concentration of UNKs decreases in the late secretory phase (Matteo et al., 2010; Piltonen et al., 2013). The number of UNKs in PCOS patients is significantly reduced during the secretory phase, which disturbs the effector functions of UNKs and ultimately leads to the loss of homeostasis of female reproductive tract homeostasis (Sala Elpidio et al., 2018).

C-reactive protein, an acute-phase protein mainly produced by hepatocytes, is a sensitive indicator of tissue injury and inflammatory response (Chen et al., 2017). Numerous studies have suggested that the level of CRP in PCOS patients is significantly higher than that in healthy women (Kalyan et al., 2018; Bannigida et al., 2020). In addition, it is the most reliable circulating marker of chronic low-grade inflammation in PCOS (Wang et al., 2017). Elevated CRP is usually positively correlated with IR and type 2 diabetes and is thus considered to be a potential cause of the long-term complications of PCOS (Marciniak et al., 2016). Socha et al. reviewed databases for meta-analyses, randomized controlled trials, and review articles looking to find possible mediators of carcinogenesis and cancer progression and concluded that CRP > 3.33 mg/L is related to the incidence of endometrial cancer with an HR = 2.29 (p < 0.05; Socha et al., 2021). The elevated concentration of CRP significantly increases the level of extracellular signal-regulated kinases, which can directly promote the proliferation and invasion of endometrial cells by activating the MAPK/ERK pathway.

Isolated endometrial cells from PCOS patients show altered gene expression, including IL-6 and TNF-α, indicating changes in the status of inflammation (Piltonen et al., 2013). TNF-α, a multifunctional pro-inflammatory cytokine, can promote the proliferation of endometrial cells, leading to increased levels of estrogen and its carcinogenic metabolites, which interfere with endometrial cycle exfoliation (Salama et al., 2009; Nair et al., 2013; Li et al., 2017). IL-6, a pleiotropic cytokine with roles in immunity and tissue regeneration, showed over-expression in PCOS patients compared with healthy controls (Alkhuriji et al., 2020). TNF-α and IL-6 could negatively influence insulin signaling through the interaction with insulin receptor substrate-1 (IRS1; Oróstica et al., 2020). TNF-α inhibits the IRS1 active form by promoting the phosphorylation of IRS1 at position Ser270. TNF-α also inhibits insulin signaling and changes insulin-induced glucose uptake by promoting the phosphorylation of members of the PI3K/AKT/mTOR signaling pathway (Abuelezz et al., 2020). IL-6 prevents the insulin receptor from interacting with IRS-1, thereby preventing the phosphorylation of IRS-1 tyrosine residues (the active form of IRS-1) and thus preventing the function of the insulin signaling pathway and thus blocking the PI3K/AKT pathway (Ozes et al., 2001). The pro-inflammatory cytokines in the endometrium can alter the natural path of action of insulin in PCOS patients through a variety of mechanisms leading to IR, disrupted glucose metabolism in the endometrium, and impaired receptor capacity. IR is highly related to chronic inflammation, and the two conditions influence each other in a vicious circle that disrupts the physiological endocrine and metabolic microenvironment of the endometrium and affects the receptivity of the endometrium (Patel, 2018).



CONCLUSION

Clarifying the specific mechanisms (including gene loci and signaling pathways) of endometrial lesions caused by the various phenotypes of PCOS will provide new treatment strategies for improving clinical pregnancy outcomes in patients with PCOS and for reducing the risk of endometrial lesions. Future research should focus on screening more molecular targets of therapeutic drugs for PCOS and endometrium-related diseases.
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Epilepsy is a common chronic neurological disease that manifests as recurrent seizures. The incidence and prevalence of epilepsy in women are slightly lower than those in men. Polycystic ovary syndrome (PCOS), a reproductive endocrine system disease, is a complication that women with epilepsy are susceptible to, and its total prevalence is 8%–13% in the female population and sometimes as high as 26% in female epilepsy patients. The rate of PCOS increased markedly in female patients who chose valproate (VPA), to 1.95 times higher than that of other drugs. In addition, patients receiving other anti-seizure medications (ASMs), such as lamotrigine (LTG), oxcarbazepine (OXC), and carbamazepine (CBZ), also have reproductive endocrine abnormalities. Some scholars believe that the increase in incidence is related not only to epilepsy itself but also to ASMs. Epileptiform discharges can affect the activity of the pulse generator and then interfere with the reproductive endocrine system by breaking the balance of the hypothalamic–pituitary–ovarian (HPO) axis. ASMs may also cause PCOS-like disorders of the reproductive endocrine system through the HPO axis. Moreover, other factors such as hormone metabolism and related signalling pathways also play a role in it.
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1 Introduction

In recent years, the incidence of epilepsy in China has been on the rise. According to epidemiological surveys, epilepsy affects 70 million people worldwide (1, 2) and approximately 10 million people in China (3); the incidence in females is slightly lower than that in males (4), and 1.3 million females with epilepsy in the United States are in the fertile stage (2). Epilepsy requires long-term treatment, mainly oral anti-epileptic drugs, but their chronic use will produce certain adverse effects on some organ systems (5). In recent years, disorders of the reproductive endocrine metabolism system, such as polycystic ovary syndrome (PCOS), have attracted extensive attention from researchers (6). The prevalence of PCOS varies in different studies due to the different diagnostic criteria and to ethnic differences, ranging from 8% to 13% in the general population (7), but the incidence in patients with epilepsy is approximately 3.1%–20% (8) and is sometimes as high as 26% (9). PCOS is found in approximately 10%–25% of women with epilepsy (WWE) (10) and causes infertility in those who are at the reproductive stage (11). The main clinical features include hyperandrogenemia (HA), chronic anovulation, polycystic ovary (PCO), insulin resistance (IR)/hyperinsulinemia, obesity, dyslipidemia, and other metabolic changes. Some scholars believe that the reason women suffer from both PCOS and epilepsy is related to epilepsy (12), and some scholars believe that it at least, in part, results from the effects of anti-seizure medications (ASMs), especially valproate (VPA) (13, 14); hence, most scholars believe that the emergence of PCOS in patients with epilepsy is not only related to epilepsy but also to ASMs (10, 15, 16), as they could affect reproductive health and secretion abnormalities through the hypothalamic–pituitary–ovarian (HPO) axis. The occurrence of epilepsy and the pharmacological action of the anti-epileptic drug VPA can target some substrates and affect hormone levels, causing disorders of the reproductive endocrine and metabolic systems, including the limbic system, liver, hypothalamus, pituitary, ovary, and adipose tissue (17). This article aimed to review the progress of research on how epilepsy, VPA, or other ASMs affect the development of PCOS in WWE through the HPO axis. At the same time, it also introduces other possible mechanisms that cause the occurrence of PCOS. It is hoped to be favorable for clinical neurologists and obstetricians to prevent and treat this disease.



2 The Core Mechanism of PCOS Is Related to the Abnormal HPO Axis

PCOS is a prominent reproductive endocrine disorder in women of childbearing age (7, 10, 18), affecting 6%–10% (19, 20), and is related to genetic factors, environmental factors, and some other causes, such as the use of ASMs, epilepsy, and obesity; it is thus a multifactorial disease (18, 21, 22). This syndrome can cause HA, PCO, ovulation disorders (ODs), elevated levels of luteinizing hormone (LH), and an imbalance in the ratio of luteinizing hormone to follicle stimulating hormone (LH/FSH); some patients also have metabolic changes such as IR/hyperinsulinemia, obesity, and dyslipidemia. Currently, the pathogenesis of PCOS is not yet completely understood and is still under continuous research, but a number of studies have suggested that HPO axis dysfunction, elevated androgen, IR/hyperinsulinemia, elevated LH/FSH ratio, obesity, oxidative stress, and impaired negative feedback regulation of steroid hormones can all promote the occurrence and development of PCOS (11, 21, 23–25). The core mechanism is the abnormal function of the HPO axis. The hypothalamus pulse generator regulates the pulse release of gonadotropin-releasing hormone (GnRH) neurons, which act on the pituitary gland and regulate the secretion of LH and FSH. The latter acts on the ovaries to stimulate follicular growth and produce estradiol so as to effectively coordinate the function of the HPO axis (26–29). The hormones released by the pituitary and ovary can also negatively regulate the secretion of hormones in the hypothalamus–pituitary system and maintain the homeostasis of the reproductive endocrine system. Since there are no receptors for gonadal hormone and gonadotropin in GnRH neuron cells, the negative feedback regulation mechanism of androgens and estradiol on the hypothalamus is attributed to neurotransmitters and neuropeptides (30–32). When some factors cause the release of GnRH, it will promote the secretion of pituitary hormones, including the increase of the level of LH and the increase of LH/FSH, which in turn increase androgen secretion in the ovary. Androgens can affect the negative feedback regulation of estrogen, causing polycystic changes in the ovary and ODs. Finally, it leads to PCOS (25, 33). The cause of PCOS is not clear, and the clinical manifestations are also diverse. At present, the disease cannot be cured, and symptomatic treatment is the main focus. Adjustments in lifestyle, as the first-line treatment, include dieting, exercise, or weight loss, followed by drug treatment, which needs to be individualized. Clomiphene and letrozole can be chosen to induce ovulation, metformin to improve IR, and oral contraceptives and spironolactone to reduce androgen levels (11, 18, 21, 34, 35). In addition, there are also studies suggesting that sex hormone binding globulins (SHBGs) can serve as indicators and therapeutic targets for hyperandrogenism in patients with PCOS (36, 37).



3 Related Research Works on Epilepsy and PCOS

Epilepsy is a chronic and recurrent disease caused by the highly synchronized abnormal discharge of brain neurons, especially those closely related to the limbic system, such as the hippocampus and amygdala. Reproductive endocrine abnormalities are common in female patients with epilepsy, including hyperandrogenemia, ODs, PCO morphology, PCOS, and menstrual disorders (10, 12, 16). The brain mainly regulates and controls the HPO system and affects the release of hormones at all levels of the hypothalamus–pituitary–gonad axis through nerves and the neuroendocrine system (22). That a certain connection may exist between epilepsy and PCOS was first proposed in 1984 (12). Recently, in a clinical study, WWE were more inclined (52.3%) to develop PCOS than women without epilepsy (18.3%) (10). In addition, a few other studies pertaining to reproductive endocrine disorders in patients with epilepsy have also confirmed that epilepsy could increase the hazards of reproductive endocrine disorders in WWE (16, 38, 39).

In the hypothalamus, there is a key structure, namely, the GnRH pulse generator, that can affect the activity of GnRH neurons, regulate the pulsatile release of GnRH, and affect the reproductive endocrine system through the HPO axis (22). In the hypothalamus, the area producing, secreting, and regulating GnRH receives a wide range of straight connections from the cerebral hemispheres, in particular the temporolimbic structure, the most prominent of which is the amygdala (38, 40–42). The amygdala is generally divided into two areas whose functions are different in some aspects, namely, the medial cortical nucleus group and the basolateral nucleus group. The medial cortical nucleus group stimulates the release of GnRH in the hypothalamus, while the basolateral nucleus group inhibits the release of GnRH in the hypothalamus (40, 42). Therefore, due to the close anatomical relationship and the extensive and direct fiber connection between the limbic system and the hypothalamus, the epileptiform discharges will act on some hypothalamic structures that produce, secrete, and regulate GnRH, such as the arcuate nucleus and paraventricular nucleus, to increase the frequency or amplitude of the GnRH pulse (10, 43), which in turn enhances the LH pulse release and increases the LH/FSH ratio (44). This causes abnormalities in the hormone secretion levels in the HPO axis, eventually resulting in the occurrence of PCOS; consequently, reproductive endocrine dyscrasia in patients with epilepsy could be reasonably expected (38).

The contents of GnRH in the hypothalamus on both sides are different, and it is much more abundant on the right side than on the left side (45). The laterality of epilepsy is an important factor affecting reproductive endocrine disorders in WWE (38, 46). A close connection exists between left temporal lobe epilepsy (TLE) and higher pulse frequency GnRH secretion, which in turn is associated with higher LH/FSH ratio and serum testosterone levels (38). In addition, a few researchers believe that the left TLE is closely connected with the occurrence of PCOS (38, 43), while a close connection exists between right TLE and lower GnRH pulse frequency, which could reduce the levels of LH and estradiol, which are characteristic of HA (46). A recent animal study has discovered that in a TLE model established with the injection of kainic acid (KA), all mice injected with KA had increased excitability of GnRH neurons (47). So far, research works on the effects of epilepsy on GnRH neurons have been limited to animal models, and data on humans are not available. We still do not know whether epilepsy directly affects the function of GnRH neurons or indirectly through other mediators. In addition, as seizure patterns are known to change with the reproductive cycle, it is not clear whether the effects of epilepsy on GnRH neurons change with women’s reproductive cycles.

The incidence of PCOS was associated with age at onset of seizures (younger than 16 years), but not with seizure type or seizure frequency (16). However, it has been suggested that PCOS is more common in focal epilepsy, especially TLE (12, 38). Some studies have shown that abnormalities such as HA or PCOS are more likely to occur in patients with idiopathic generalized epilepsy than in patients with site-related epilepsy (15). The inconsistent results of these studies may be related to the following factors: 1) the sample size of the study; 2) differences in the clinical characteristics of the patients, such as age of the patients, age of onset, and other factors; and 3) the different diagnostic criteria for HA/PCOS. But, in general, patients with TLE are indeed a high-risk group of PCOS. On the one hand, since TLE is a common type of epilepsy in women of childbearing age, a large number of PCOS studies have focused on patients with TLE. On the other hand, it is attributed to the close anatomical connection and the extensive and direct fiber connection between the temporolimbic structure and the hypothalamus (Figure 1).




Figure 1 | Regarding the mechanism of polycystic ovary syndrome (PCOS) in temporal lobe epilepsy (TLE), epileptiform discharges toward the hypothalamus interfere with the activity of the gonadotropin-releasing hormone (GnRH) pulse generator and neurotransmitters affect the excitability of GnRH neurons to enhance the frequency of GnRH secretion, which in turn leads to an increase in luteinizing hormone (LH) secretion and an increase in the ratio of LH/follicle stimulating hormone (FSH). Laterality (more common in left TLE) and other factors, such as age at seizure onset, type of epilepsy, and activity of epilepsy, are all involved in PCOS.



As is known, the epileptic seizures in patients are often accompanied by the change of neurotransmitter level. The imbalance between the excitatory neurotransmitter and inhibitory neurotransmitter leads to an abnormal neuron discharge, which is an important pathogenesis of epilepsy, mainly including γ-aminobutyric acid (GABA), dopamine (DA), norepinephrine (NE), and 5-hydroxytryptamine (5-HT). These neurotransmitters inhibit seizures; when a seizure occurs, their levels will decrease in the central nervous system. On the other hand, glutamate (Glu) and acetylcholine induce seizures; when a seizure occurs, their levels will increase in the central nervous system (48). At the same time, neurotransmitter changes can regulate the excitability of GnRH neurons (49, 50). GnRH neurons in the hypothalamus are the ultimate common pathway of the central reproductive regulation system, and their migration, changes in synaptic plasticity, and secretion are precisely regulated by many signaling molecules, among which is GABA (51). Some people believe that when GABA binds to the A receptor, it depolarizes GnRH neurons and stimulates the secretion of GnRH. Others believe that it will hyperpolarize GnRH neurons and inhibit GnRH secretion. In general, it mainly promotes the secretion of GnRH (52–54). Differences in the results may be related to the physiological stage of the body and the delay of GABA receptor signal transition. The exact mechanism is not yet clear (55). GABA and Glu participate in the negative feedback regulation of sex hormones (30, 32). When their levels are abnormal, they can alter the synaptic inputs or discharge rates of GnRH neurons and then promote GnRH neurons to release GnRH (56, 57). Glu may regulate the excitability of GnRH neurons and promote the secretion of GnRH when it binds to corresponding receptors. The receptors for Glu include ionotropic receptors [N-methyl-d-aspartate receptor (NMDAR), AMPA receptor (AMPAR), and kainic acid receptor (KAR)] and metabotropic receptors (mGluRs) (58). These receptors seem to be expressed in GnRH neurons. Dopamine can inhibit the excitability of GnRH neurons by acting on D1 and D2 receptors or affecting GABA/Glu postsynaptic currents (49, 59), which is consistent with previous research findings. Epileptiform discharge may also make women susceptible to PCOS through the depletion of dopamine in the brain. Dopamine can reduce the secretion of LH from the pituitary gland and can also act on the median bulge to inhibit GnRH secretion (12). The effect of 5-hydroxytryptamine (5-HT) on GnRH neurons is biphasic. The activation of the 5-HT2A receptor increases GnRH neuronal activity through the PKC (protein kinase C) pathway and promotes the release of GnRH, while the activation of the 5-HT1A receptor causes GnRH neurons to be hyperpolarized and inhibits GnRH secretion through adenylate cyclase (60). NE acts on the A1 and B receptors of GnRH neurons, mainly inhibiting the hormone release of GnRH neurons (61). Therefore, based on the relationship between neurotransmitters and GnRH neurons, the neurotransmitter in patients with epilepsy may cause reproductive endocrine dysfunction through the HPO axis at the hypothalamic level.

Besides, the level of prolactin (PRL) will increase in patients with epilepsy, so epilepsy could disrupt the hormone secretion balance of the HPO system by affecting the negative feedback of PRL (62). In short, epilepsy can affect the HPO axis through abnormal discharge, change the level of the central nervous system neurotransmitter, and change the level of PRL, leading to PCOS or other reproductive endocrine disorders in patients.



4 The Effect of ASMs on PCOS

ASMs have experienced so many years of development, and third-generation drugs have been on the market. However, the association between these drugs and PCOS is gradually increasing. In addition to VPA, the relevance between other ASMs and PCOS has attracted more and more attention. We will explain it from two aspects: VPA and other ASMs.


4.1 VPA Affects the Reproductive Endocrine System

VPA is a traditional anti-epileptic drug. It is mainly used to treat idiopathic generalized epilepsy and can also be used to treat focal epilepsy (63). Due to its teratogenicity, cognitive development impairment, and autism risks (63–65), its use in women of childbearing age is strictly regulated, but is sometimes inevitable (66, 67). Recently, a single-center cohort study reported that almost one-third of WWE were receiving VPA treatment, and most of them were of childbearing age (67). However, a meta-analysis showed that the incidence of PCOS in female patients who choose VPA was significantly increased, and its incidence was 1.95 times higher than that of other drugs (68). It also exerts an enormous function in controlling epilepsy, mainly through the following mechanisms: 1) enhancing the effect of the inhibitory neurotransmitter GABA as a GABA activator and 2) blocking the voltage-gated sodium channels and T-type calcium channels (69). The main substrates are the liver and the HPO axis, causing abnormal levels of sex hormones (70, 71). Several research works have indicated that the occurrence of reproductive endocrine disorders in patients taking VPA increased significantly (5, 10, 72–74), especially in patients who started using VPA while younger than 20 years, indicating that the reproductive endocrine function of young WWE is more likely to be affected by VPA (74, 75). However, some studies have found that VPA treatment has no serious impact on reproductive endocrine function and that it is safe to use (76). Therefore, there may be some controversies with respect to the adverse influence of VPA on the reproductive endocrine system, and a large number of samples are needed for extensive research. However, consensus has been basically reached on the adverse effects of VPA on the reproductive endocrine system. How VPA affects the occurrence and development of hyperandrogenemia, ODs, polycystic ovaries, IR, and weight gain is not yet fully understood; hence, research and exploration are still ongoing.


4.1.1 Does VPA Affect PCOS Through the HPO Axis?

Because patients treated with VPA are prone to reproductive endocrine dysfunction, there must be a correlation between VPA and the HPO axis. Firstly, VPA can lead to an increase in GABA content in the brain, which stimulates the secretion of GnRH. Secondly, VPA, as a histone deacetylase inhibitor, may inhibit the transcription of the GnRH1 gene in the hypothalamus and promote changes in the plasticity of GnRH neurons (77). This effect can also reverse the differentiation of LH and FSH cells into PRL cells, resulting in abnormal sex hormone levels and destruction of the hypothalamic–pituitary–gonadal (HPG) axis (78). Thirdly, the increased level of leptin and the decreased level of adiponectin in patients treated with VPA (79–82) and their receptors were expressed in the hypothalamus and pituitary (83). Leptin can indirectly regulate the excitability of GnRH neurons through kisspeptin neurons and other interneurons and promote the release of GnRH (84). Adiponectin inhibits GnRH secretion by activating the AMP kinase pathway (83). Consequently, VPA can also cause reproductive and endocrine abnormalities through leptin and adiponectin. Finally, patients treated with VPA have elevated insulin levels, which regulate GnRH secretion at the hypothalamus level while binding to the corresponding receptor (85). Of course, abnormal sex hormone levels such as androgen and estrogen will also affect the HPO axis. Animal studies have confirmed that VPA may affect the differentiation of GnRH neurons and the activation of GnRH pulse generators by increasing the concentration of GABA in the central nervous system (86, 87). Therefore, in conclusion, VPA may disrupt the balance of the HPO axis by regulating GnRH secretion at the hypothalamic level through a variety of mechanisms, leading to the occurrence of PCOS or other reproductive endocrine abnormalities in women.



4.1.2 Other Possible Mechanisms of HA Caused by VPA

The most basic and main clinical feature of PCOS is elevated androgen levels, and approximately 80% of women with elevated androgen levels are diagnosed with PCOS (88), including biochemical or clinical androgen elevations. A serum level exceeding 4.2 nmol/L (10 mg/L) indicates hyperandrogenism (76). When androgen is elevated, the clinical manifestations are hirsutism and acne. The elevated androgens mainly include testosterone and androstenedione (A4) (89). To date, several articles have reported that WWE taking VPA have elevated androgen, hirsutism, or acanthosis (5, 14, 16, 72, 73, 76, 90).

The suggested mechanisms of the VPA-induced androgen level elevation include the following: 1) insulin resistance and weight gain are commonly associated with VPA treatment (6, 16, 81, 82). VPA can also directly impact pancreatic islet B cells to promote the secretion of insulin (91). The combined action of the three causes hyperinsulinemia, and then excessive insulin acts on the liver to hinder the synthesis of SHBGs (92, 93), which can increase the free testosterone level and inhibit the production of insulin-like growth factor 1 binding protein (IGFBP-1) (92). It was found to increase the availability of insulin-like growth factor 1 (IGF-1). Insulin and IGF-1 are the main extraovarian factors that regulate the synthesis of steroids (89), which can act on ovarian sheath cells to increase androgen synthesis, mainly enhancing LH-induced androgen secretion while having a less obvious effect on basic androgen production (94, 95). 2) VPA is a liver enzyme inhibitor that can reduce the metabolism of androgens in the liver and increase the androgen levels (76, 96) 3). VPA is a histone deacetylase inhibitor that affects chromatin modification by inducing histone acetylation (97, 98) and then potentiates androgen biosynthesis by promoting CYP11 and CYP17 gene expressions, encoding the P450 enzyme that participates in the conversion of cholesterol to androgen in human ovarian theca cells (99). VPA also inhibits the expression of the CYP19 gene encoding P450 aromatase in human follicular cells. Therefore, VPA reduces the conversion of androgens to oestradiol, but its inhibition of CYP19 only occurs in FSH-stimulated cells and cells with higher concentrations (100, 101). 4) Studies have found that the plasma levels of carbamazepine epoxide were higher when used in combination with VPA than when used alone, suggesting that VPA can inhibit the activity of epoxidation hydrolase (102, 103), which may also be involved in the conversion of androgens to oestrogens (104, 105). 5) The combined action of insulin and LH will significantly increase the expression of the CYP17 gene in human ovarian theca cells to promote the synthesis of androstenedione (95, 106). 6) Some studies have shown that the production of steroids could be altered by VPA in adrenal cells due to its effect on cholesterol in the mitochondrial intima (107), so the increased androgen levels in patients may be partly from the adrenal gland (75). In addition, in mammals, insulin may enhance the frequency and amplitude of GnRH and LH pulsatile release by upregulating the expression of the GnRH gene (108) (Figure 2).




Figure 2 | The mechanism of valproate (VPA) leading to increased level of androgen. 1.1 VPA can lead to hyperinsulinemia by inducing insulin resistance (IR) and weight gain and directly acting on pancreatic islet B cells, and then excessive insulin could hinder the synthesis of sex hormone binding globulin (SHBG) to elevate the level of androgen. 1.2 Insulin inhibits the production of insulin-like growth factor 1 binding protein (IGFBP-1) and increases the availability of (IGF-1). Insulin and IGF-1 increase the synthesis of androgen. 2 VPA can reduce the metabolism of androgens in the liver and increase androgen levels. 3.1 VPA potentiates androgen biosynthesis by promoting CYP11 and CYP17 gene expressions, encoding the P450 enzyme that participates in the conversion of cholesterol to androgen. 3.2 VPA also inhibits the expression of the CYP19 gene encoding P450 aromatase to reduce the conversion of androgens to estradiol. 4 VPA can inhibit the activity of epoxidation hydrolase, which may also be involved in the conversion of androgens to estrogens.





4.1.3 The Possible Mechanism of Ovulation Disorder and Polycystic Ovary Induced by VPA

Several studies have also verified that PCO formation, increased LH levels, or increased LH/FSH ratio and menstrual disorders are commonly seen in patients treated with VPA (12, 16, 72, 73). Furthermore, an animal experiment showed that, compared with those of the control group, the quantity of follicles was significantly reduced, the atretic follicles were increased, and the ovary also showed multiple cystic follicles in the VPA group (109). The reported rate of polycystic ovaries in WWE is as high as 40% (110). The LH peak is necessary for ovulation. FSH promotes the development and maturation of follicles. When FSH decreases, it will affect the production, development, and maturation of follicles, leading to obstacles in follicular maturation, and no dominant follicle is selected. The LH level is normal or increased, but the LH peak cannot be formed, leading to failure of ovulation (40). A large number of follicles are atresic, and immature follicles that lack an antrum exist in the ovaries in the form of cysts (40, 46). The high androgen level in patients also affects the development and maturation of follicles (111). In addition, after treatment with VPA, the secretion of TGF-β1 in the follicle decreases (109), and the TGF-β superfamily exerts an indispensable effect in regulating the formation and development of follicles (112). In addition, some scholars proposed that VPA can participate in the process of apoptosis of ovarian cells by enhancing the level of the apoptotic hormone testosterone and activating the caspase-3-dependent apoptosis signaling pathway (100).

Menstrual disorders are a clinical manifestation of ODs and abnormal levels of sex hormones. A large number of reports have reported an increase in the incidence of menstrual disorders in patients with epilepsy or VPA treatment. The incidence of epilepsy in women is about 20%–35%, and even as high as 48% (39, 113–115). It can manifest as irregular menstrual cycles, oligomenorrhea, polymenorrhea, and even amenorrhea (5, 15, 39). Menstrual disorders are related to the age of onset (39), and they are more common in obese patients or those with IR (5). Moreover, the development of abnormal menstruation is not significantly related to the type of seizures, the duration of continuous use of VPA, and the dose of VPA (14, 116).



4.1.4 The Possible Mechanism of IR/Hyperinsulinemia Caused by VPA

Under normal circumstances, insulin acts on the liver, fat cells, and skeletal muscles to maintain glucose homeostasis. The concept of IR refers to the reduction of insulin sensitivity due to various reasons, which can hinder the uptake and utilization of glucose; the body compensatively secretes too much insulin to maintain stable blood glucose levels. Among women with PCOS, the prevalence of IR is 44%–85% (117). Leptin, a hormone mainly derived from adipose tissue, participates in the regulation process of glucose, adipose, and energy metabolism, so it is able to indirectly regulate insulin sensitivity by reducing food intake and increasing energy consumption (79, 118). Adiponectin is a protein derived from fat cells that has an important regulatory effect on the insulin concentrations and glucose balance, regulating insulin sensitivity through a variety of mechanisms (79). Insulin resistance or increased insulin levels (5, 80–82, 119), increased leptin levels (79, 80), and decreased adiponectin levels (79, 82, 119, 120) have been reported in VPA subjects in a number of studies.

The mechanism of VPA-induced IR or hyperinsulinemia has yet to be confirmed, but the following are potential mechanisms: 1) VPA is a short-chain and branched-chain fatty acid that can compete with free fatty acids (FFAs) for binding to albumin, increasing the availability of FFAs (121), and FFAs can induce IR via the insulin signaling pathway (82, 122). 2) VPA inhibits the B-oxidation of FFAs (123), which may be related to carnitine deficiency (124). The amount of FFAs affects insulin and glycemic responses (125). 3) VPA is related to obesity, as there is a close connection between obesity and IR, and obese patients have higher IR levels (119, 126). This effect may be involved in the high FFA levels and adipocytokines (127). 4) Due to its involvement in leptin and adiponectin signaling, the reduction of adiponectin is significantly related to IR (119, 128, 129), which can enhance insulin sensitivity by increasing fatty acid oxidation and inhibiting liver glucose production (82). High leptin levels are closely related to IR (80, 129). 5) Some researchers believe that VPA will injure the liver and affect the metabolism of insulin in the liver, which can bring about an increase in insulin concentrations (81, 130). 6) There are also studies that have found that long-term use of VPA can increase the levels of oxidative stress markers, such as malondialdehyde and myeloperoxidase (MPO) (79, 81, 91), and oxidative stress influences IR through insulin receptor signaling pathways, such as the p38 MAPK (mitogen-activated protein kinase) signaling pathway, and eventually reduces the expression of glucose transporter 4 (GLUT-4) (127, 131). In addition, excessive androgen was positively correlated with IR in PCOS patients (132), and exposure to VPA can attenuate ATP-sensitive potassium (K-ATP) channel currents, which can then regulate the membrane potential of B cells, leading to increased insulin secretion (133). 7) VPA can directly act on pancreatic B cells to increase insulin secretion (91). 8) Some researchers believe that VPA will injure the liver and affect the metabolism of insulin in the liver, which can bring about an increase in insulin concentrations (81, 130). 9) It may be related to SHBGs, but this needs to be verified, and it has an impact on the level of IR by regulating the PI3K/AKT signaling pathway. Its reduction contributes to the development of IR (93) (Figure 3).




Figure 3 | The mechanism of insulin resistance or hyperinsulinemia caused by valproate (VPA). 1 VPA can compete with free fatty acids (FFAs) for binding to albumin to increase the availability of FFAs, which can induce insulin resistance (IR) through the insulin signaling pathway. 2 VPA elevates the level of androgen by inhibiting the B-oxidation of FFAs. 3 Obesity promotes the occurrence of IR. 4 High leptin levels are closely related to IR. 5 The reduction of adiponectin is significantly related to IR. 6 VPA hinders oxidative stress, which can influence IR through the p38 MAPK signaling pathway and reduce the expression of glucose transporter 4 (GLUT-4). 7 VPA can attenuate K-ATP channel currents, which can then regulate the membrane potential of B cells, leading to increased insulin secretion. 8 VPA can directly act on pancreatic B cells to increase insulin secretion. 9 VPA could affect the metabolism of insulin in the liver, which can bring about an increase in insulin concentrations. 10 Refers to the level of sex hormone binding globulin (SHBG), which has an impact on the level of IR by regulating the PI3K/AKT signaling pathway.






4.2 Do Other ASMs Cause PCOS Through the HPO Axis?


4.2.1 Levetiracetam

Research has shown that PCOS, oligomenorrhea, and excessive androgen increased in patients taking levetiracetam (LEV), and the proportions are 44%, 20%, and 24% respectively (134). LEV may also affect the HPG axis of female rats (135). This is consistent with the findings in male patients showing that LEV monotherapy may lead to changes in reproductive indicators through the hypothalamic–pituitary–testicular system (136). At present, the exact mechanism of the anti-epileptic effect of LEV is still unclear. It can bind to the synaptic vesicle protein SV2A in the brain and affect the SV2A–GABAergic system (137, 138). Therefore, LEV can also affect the HPO axis through GABA.



4.2.2 Carbamazepine and Oxcarbazepine

Carbamazepine (CBZ) and oxcarbazepine (OXC) are the first-line or second-line alternatives for focal epilepsy and primary generalized tonic–clonic seizures (139). Patients with long-term CBZ treatment may show decreased levels of E2 and dehydroepiandrosterone sulfate (DHEA-S), increased levels of SHBGs, and menstrual disorders (140, 141). Part of the reason for these abnormalities may be the direct inhibition of the function of the hypothalamic–pituitary axis (141). The incidence of PCO in women treated with OXC is as high as 60%, and there will also be abnormal levels of dehydroepiandrosterone, testosterone, and SHBGs (142, 143). OXC can stimulate the GnRH neurons to release GnRH, thereby promoting the pituitary gland and testicles to secrete and release large amounts of FSH, LH, and testosterone (144).



4.2.3 Phenytoin

Studies have shown that phenytoin (PHT) treatment adversely affected the HPG axis, induced the limbic system neurons to undergo apoptosis (145), increased the GABA levels, and induced the proliferation of GABA receptors. Therefore, PHT may affect the HPO axis by destroying neurons in the limbic system and GABA.



4.2.4 Topiramate and Gabapentin

Topiramate (TPM) and gabapentin (CAS) treatment can interfere with sex hormone levels and also affect the GABAergic system and GnRH neuronal–glia plasticity (146). Therefore, TPM and gabapentin could destroy the completion of the HPG axis and cause reproductive dysfunctions through GABA or directly affect GnRH neurons.



4.2.5 Lamotrigine

There is almost no adverse effect on female reproductive function, and it can even reverse the abnormal reproductive endocrine function caused by VPA, so lamotrigine (LTG) could be used as an alternative to VPA treatment (5, 147).

In short, after reviewing a large number of previous studies, it was found that there are only a few studies on the effects of traditional anti-seizure medications except VPA on the reproductive endocrine system of female patients, and the research on new anti-seizure medications lags behind. Their effect on reproductive endocrine is partly attributed to the liver enzyme-inducing properties of ASMs. For example, drugs with liver enzyme induction include PHT and CBZ, which can increase the levels of SHBGs and decrease the levels of testosterone (148). As a result, the HPO axis is affected by negative feedback, GABA, or other mechanisms. However, whether most drugs affect reproductive endocrine function through the HPO axis and how they affect the HPO axis remain to be further studied and determined (Table 1).


Table 1 | The influence of anti-seizure medications (ASMs) on the hypothalamic–pituitary–ovarian (HPO) axis (5, 14, 16, 72, 134, 140, 142, 143).







5 Conclusion

PCOS-like reproductive endocrine disorder is a common complication in patients with epilepsy. Part of the reason is that the limbic system, a site closely related to epilepsy, has extensive and direct contact with the hypothalamus, so abnormal discharges can cause reproductive endocrine disorders through the HPO axis. Another reason is that, in view of the complex connections between neurotransmitters and epilepsy and GnRH neurons, abnormal levels of neurotransmitters may also cause reproductive endocrine disorders through the HPO axis. Consequently, VPA regulates the function of the HPO axis by affecting the GABA levels, leptin and adiponectin levels, insulin levels, and protein modifications. It can also affect reproductive endocrine metabolism by regulating signal pathways, affecting hormone metabolism, and other factors. Besides, some ASMs may affect the HPO axis through the negative feedback mechanism of sex hormones and GABA. Traditional anti-seizure drugs seem to have varying degrees of influence on the HPO axis. ASMs may be safer than traditional drugs, and their reproductive endocrine effects have not been extensively studied. In addition, the effects of epilepsy and anti-epileptic drugs on reproductive endocrine function vary with factors such as the type of epilepsy, the age at onset of seizures, the age when treatment was initiated, and the types of ASMs used. Patients with epilepsy are prone to reproductive endocrine disorders, especially obese patients or patients using VPA. Therefore, BMI, menstrual cycle, and sex hormone level changes should be checked regularly. In addition, those under the age of 20 years who start medication are also at high risk of reproductive endocrine disorders, especially female patients. Therefore, this part of the population must use medication carefully and must be closely monitored for reproductive function; new anti-seizure medications can be used as an alternative treatment, if necessary.
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Aim

To evaluate the association between the apolipoprotein B/A1 ratio (ApoB/ApoA1) and metabolic and endocrine parameters in women with polycystic ovary syndrome (PCOS).



Methods

This study was a secondary analysis of the Acupuncture and Clomiphene for Chinese Women with Polycystic Ovary Syndrome trial (PCOSAct), and 957 subjects with available ApoB and ApoA1 measurements were included. Tests for linear trends and linear regression were used to assess the relation between the ApoB/ApoA1 ratio and metabolic and endocrine parameters. Logistic regression was used to estimate the association between the ratio and risk of metabolic syndrome (MetS) and insulin resistance (IR). The receiver operating characteristics (ROC) curve was used to determine the predictive value of the ApoB/ApoA1 ratio for MetS and IR.



Results

The results showed that the ApoB/ApoA1 ratio was positively associated with waist circumference, systolic blood pressure, total cholesterol, triglycerides, low-density lipoprotein, fasting plasma glucose, fasting insulin, homeostatic model assessment-insulin resistance, high free testosterone, high free androgen index, alanine transferase, aspartate transferase, and higher prevalence of MetS and IR, but was negatively correlated with high-density lipoprotein and sex hormone-binding globulin after adjusting for age and body mass index. Logistic regression showed that compared with the ApoB/ApoA1 ratio in first quartile, those in the fourth quartile demonstrated a higher risk of MetS (OR: 24.48, 95%CI: 8.54–70.15, P trend <0.001) and IR (OR: 1.78, 95%CI: 1.10–2.87, P trend <0.05) after adjusting for confounding factors. ROC curve results showed that the AUCMetS was 0.84 (95%CI: 0.81–0.86) and had 86.8% sensitivity and 70.3% specificity with a threshold value of 0.64, and the AUCIR was 0.68 (95%CI: 0.64–0.71) and had 74.3% sensitivity and 58.2% specificity with a threshold value of 0.56.



Conclusions

Increased ApoB/ApoA1 ratio was associated with worse MetS components, IR, and elevated androgen hormones and liver enzymes. The ratio might be a useful tool to screen for MetS and IR in PCOS patients.





Keywords: polycystic ovary syndrome, metabolic syndrome, insulin resistance, hyperandrogenism, liver enzyme, apolipoprotein ratio



Introduction

Polycystic ovary syndrome (PCOS) is the most common endocrine disorder in reproductive-age women (1), generally presenting as oligo-/amenorrhea, hyperandrogenism (HA), and infertility (2). In addition, PCOS patients often suffer from metabolic abnormalities, namely, overweight or obesity (3), insulin resistance (IR) (4), dyslipidemia (5), non-alcoholic fatty liver disease (NAFLD) (6), metabolic syndrome (MetS) (7), and cardiovascular diseases (CVD) in the long-term (8). IR, which is the impairment of insulin action, plays an intrinsic role in the pathogenesis of PCOS and aggravates the reproductive and metabolic disorders in patients with PCOS (9). It is therefore important to identify a tool to screen for metabolic and endocrine parameters in women with PCOS.

Apolipoproteins are liver-produced proteins that are responsible for lipid transportation and redistribution. Among them, apolipoprotein A1 (ApoA1), a constituent of high-density lipoprotein (HDL), is involved in the process of reverse transport of peripheral cholesterol to the liver and thus has an anti-atherogenic effect (10). Apolipoprotein B (ApoB), which consists of chylomicrons, intermediate-density lipoprotein, very-low-density lipoprotein (VLDL), and low-density lipoprotein (LDL), is responsible for transporting cholesterol to peripheral cells and is a representative example of atherogenic lipoproteins (11). Therefore, the ApoB/ApoA1 ratio might reflect the balance between atherogenic lipoproteins and anti-atherogenic lipoproteins (12). Numerous studies have shown that the ApoB/ApoA1 ratio is strongly associated with MetS (13–16) and might be an independent predictor of IR (17) among different ethnicities. Moreover, the ApoB/ApoA1 ratio is a better predictor of lipoprotein-related risk of cardiovascular disease (CVD) than traditional lipid indexes (18–20), and ApoB and ApoA1 are correlated with creatine kinase (CK) in myocardial infarction (21). Meanwhile, several studies have indicated that the ratio is related to NAFLD (22, 23) and to liver function markers such as alanine transferase (ALT) (24, 25).

To the best of our knowledge, only two published studies have analyzed the association of the ApoB/ApoA1 ratio with endocrine and metabolic characteristics in adults and adolescents with PCOS, respectively (26, 27). Their studies concluded that the ApoB/ApoA1 ratio is strongly connected with IR and MetS, but their results indicated that the mechanisms of PCOS might be different between adolescents and adults. Thus, the relation between ApoB/ApoA1 and the metabolic characteristics in PCOS remains inconclusive.

The aim of this study was to evaluate the associations between the ApoB/ApoA1 ratio and metabolic and endocrine profiles, namely, MetS, IR, androgen hormones, and cardiac and liver enzymes. We also investigated whether the ApoB/ApoA1 ratio could be used as an indicator to predict MetS and IR.



Material and Methods


Participants

This study was a cross-sectional secondary analysis of the Acupuncture and Clomiphene for Chinese Women with Polycystic Ovary Syndrome Trial (PCOSAct), which was conducted between 2012 and 2015 in mainland China. The clinical trial was registered at chictr.org.cn (ChiCTR-TRC-12002081) and Clinical Trials.gov (NCT01573858). The protocol was approved by all ethics committees at the local study sites. The study protocol and primary manuscript have been published elsewhere (28, 29). A total of 1,000 infertile women with PCOS were recruited in the trial, and the diagnosis of PCOS was based on the modified Rotterdam criteria, namely chronic oligomenorrhea or amenorrhea together with clinical/biochemical hyperandrogenemia and/or polycystic ovarian morphology confirmed by transvaginal ultrasound. The details of the inclusion and exclusion criteria are described in the protocol (28).



Anthropometric Measurements

All participants underwent a physical examination at the baseline visit: age, height, weight, waist circumference (WC), systolic blood pressure (SBP), and diastolic blood pressure (DBP). Body mass index (BMI) was calculated as weight divided by height squared.



Biochemical Measurements

All blood samples at the baseline visit were collected on the third day of the menstrual cycle after a 12-hour overnight fast and were analyzed at the core laboratory of the Heilongjiang University of Chinese Medicine. Biochemical measurements included total cholesterol (TC), triglycerides (TG), LDL, HDL, ApoA1, ApoB, fasting plasma glucose (FPG), fasting insulin (FIN), total testosterone (TT), free testosterone (FT), sex hormone-binding globulin (SHBG), CK, creatine kinase isoenzyme MB (CKMB), lactate dehydrogenase (LDH), ALT, and aspartate transferase (AST). TG and TC were measured by the N-(3-sulfopropyl)-3-methoxy-5-methylaniline method (Wako Diagnostics). HDL and LDL were measured by direct-method assays. ApoA1 and ApoB levels were measured by the polyethylene glycol-enhanced immunoturbidimetric assay (Maker, Chengdu, China). FPG was measured by hexokinase assay (Maker, Chengdu, China). FIN was measured by electro-chemiluminescence immune assay (ECLIA) (Roche Diagnostic, Basel, Switzerland). TT and SHBG were analyzed by chemiluminescence immunoassay (Siemens Diagnostic, Munich, Germany). FT was measured by radioimmunoassay. CK, LDH, ALT, and AST were determined by the IFCC method. CKMB was analyzed by the selective inhibition method. The free androgen index (FAI) was calculated by the formula: FAI = TT (nmol/L)/SHBG (nmol/L) × 100. The homeostasis model assessment of insulin resistance (HOMA-IR) index was calculated by the equation: HOMA-IR = FIN (mIU/ml) × FBG (mmol/L)/22.5 (30). Insulin resistance (IR) status was considered as a HOMA-IR ≥2.69 (31).



Metabolic Syndrome

MetS was defined by presenting three or more of the following five items (1): WC >88 cm; (2) SBP ≥130 mmHg or DBP ≥85 mmHg; (3) FPG level of 110–126 mg/dl (to convert to millimoles per liter, multiply by 0.0555); (4) TG level ≥150 mg/dl (to convert to millimoles per liter, multiply by 0.0113); and (5) HDL level <50 mg/dl (to convert to millimoles per liter, multiply by 0.0259) (1).



Statistical Analysis

SPSS Statistics (IBM SPSS, Inc., Chicago, IL, USA version 26.0) was used for data analyses. Continuous variables are presented as means ± standard deviations, and categorical variables are presented as frequencies and percentages. Anthropometric and biochemical parameters and the prevalence of MetS and IR in the participants across the ApoB/ApoA1 quartiles were compared using tests for linear trends. Linear regression was used to determine the correlations between the ApoB/ApoA1 ratio and the characteristics of the study population. In addition, multivariable logistic regression analysis was used to calculate the odds ratio (OR) with 95% confidence interval (CI) for the associations between the ApoB/ApoA1 ratio (the independent variable) and MetS and IR status (the dependent variables). Finally, receiver operating characteristic (ROC) curves were used to evaluate the predictive value of the ApoB/ApoA1 ratio for MetS and IR. The area under the curve (AUC) was measured, and the optimal cut-off values of the ApoB/ApoA1 ratio were also calculated by the highest Youden index (sensitivity + specificity − 1) (32). A P‐value <0.05 was considered to be statistically significant.




Results

A total of 957 PCOS patients with available ApoB and ApoA1 measurements were included in the analysis. The ApoB/ApoA1 ratio was calculated and classified into four quartiles (Q1: ≤0.45, n = 240; Q2: 0.46–0.60, n = 239; Q3: 0.61–0.74, n = 239; and Q4 >0.74, n = 239). Among them, 190 women were diagnosed with MetS and 401 women were diagnosed with IR.


The Anthropometric and Biochemical Characteristics of the Participants Across the Quartiles of ApoB/ApoA1 Ratio

The anthropometric and biochemical characteristics across quartiles of ApoB/ApoA1 ratio are summarized in Table 1. Rising trends were observed for age, BMI, WC, SBP, DBP, TC, TG, LDL, FPG, FIN, HOMA-IR, FT, FAI, LDH, ALT, and AST across the ApoB/ApoA1 ratio quartiles (P-trend <0.01 for all), while declining trends were seen for HDL, SHBG, and CKMB across the four groups (P-trend <0.05 for all). The prevalence of MetS in each category of increasing ApoB/ApoA1 ratio in PCOS patients was 1.7, 5.9, 22.6, and 49.4%, respectively. The corresponding prevalence of IR was 22.92, 33.05, 49.79, and 61.92%, respectively. The differences observed across the quartiles of ApoB/ApoA1 ratio for the prevalence of MetS and IR were all statistically significant (P-trend <0.001).


Table 1 | Comprehensive metabolic parameters of the included PCOS participants according to quartile of ApoB/ApoA1 ratio.





Linear Regression Analysis Between the ApoB/ApoA1 Ratio and the Anthropometric and Biochemical Characteristics of the PCOS Patients

There was a significant positive correlation between the ApoB/ApoA1 ratio and age, BMI, WC, SBP, DBP, TC, TG, LDL, FPG, FIN, HOMA-IR, TT, FT, FAI, LDH, ALT, and AST (P <0.01 for all), while there was a significant inverse relationship between the ApoB/ApoA1 ratio and SHBG and HDL (P <0.001 for both). After adjusting for age and BMI, the association between the ApoB/ApoA1 ratio and DBP, TT, and LDH disappeared (Table 2).


Table 2 | Linear associations between the ApoB/ApoA1 ratio and metabolic parameters.





Adjusted Logistic Regression Analysis Between the ApoB/ApoA1 Ratio Quartiles and the Risks of MetS and IR

The associations between the ApoB/ApoA1 ratio and the risk of MetS and IR in PCOS patients are presented in Table 3. A significant association between higher ApoB/ApoA1 ratio and increased risk of MetS and IR was found after adjusting for age, BMI, FT, and FAI. Compared with the lowest ApoB/ApoA1 ratio quartile, patients in the highest quartile had a significantly greater OR for both MetS (OR: 24.48, 95%CI: 8.54–70.15, P-trend <0.001) and IR (OR: 1.78, 95%CI: 1.10–2.87, P trend <0.05).


Table 3 | Adjusted OR (95% CI) for the associations between the ApoB/ApoA1 ratio and the risk of MetS and IR.





The Predictive Value of the ApoB/ApoA1 Ratio in Detecting MetS and IR

ROC curve analysis of MetS showed that the AUC was 0.84 (95%CI: 0.81–0.86), with a sensitivity of 86.8% and a specificity of 70.3%. The optimal cut-off value of the ApoB/ApoA1 ratio for MetS prediction was 0.64, and the Youden index was 0.57 (Figure 1). For IR, the ApoB/ApoA1 ratio had a 74.3% sensitivity and 58.2% specificity with a threshold value of 0.56, the AUC was 0.68 (95%CI: 0.64–0.71), and the Youden index was 0.33 (Figure 2).




Figure 1 | ROC curve for ApoB/ApoA1 ratio to predict MetS in PCOS women.






Figure 2 | ROC curve for ApoB/ApoA1 ratio to predict IR in PCOS women.






Discussion

Our results suggest that an increased ApoB/ApoA1 ratio is associated with worse MetS components, IR, and elevated androgen hormones and liver enzymes and that a higher ApoB/ApoA1 ratio is a promising predictor of MetS and IR in PCOS patients.

MetS, a cluster of dysmetabolic factors, namely, central obesity, hypertension, hyperglycemia, and hyperlipidemia, is prevalent in patients with PCOS and confers increased risk of CVD. Prior studies have suggested that the ApoB/ApoA1 ratio is independently associated with MetS and its components in the general populations among various ethnic groups (13–16). Meanwhile, two studies conducted by Yin et al. (26) and Zheng et al. (27) also reported that PCOS patients with MetS have higher ApoB/ApoA1 ratios than those without MetS. In our study, the ApoB/ApoA1 ratio was significantly correlated with WC, TG, HDL, SBP, and FPG, but not with DBP, and the association was independent of age or obesity. In addition, an increased ApoB/ApoA1 ratio is associated with a higher prevalence of MetS. Our results are in line with the above studies, and furthermore our logistic regression results showed that subjects in the fourth quartile of the ApoB/ApoA1 ratio had a 24.48-fold increased risk of MetS than the first quartile even after adjusting for confounding factors. One study conducted on a Korean population showed that the highest ApoB/A1 ratio quartile resulted in an 8.41-fold increased risk for MetS compared to the lowest quartile (13). Recently, Jing et al. (14) and Chou et al. (16) found that the ApoB/ApoA1 ratio is closely associated with MetS in Chinese populations. Their studies reported 5.18-fold and 3.82-fold increased risks of MetS, respectively, among subjects in the 75th quartile of the ApoB/ApoA1 ratio. Compared with the studies mentioned above, we found a 4-fold greater risk. Taken together, these studies suggest that the ApoB/ApoA1 ratio is a more promising indicator of MetS in the PCOS population than in other populations.

IR has been generally recognized to be the link between MetS and PCOS. Previous studies have suggested that the ApoB/ApoA1 ratio is strongly associated with IR in non-diabetic (17) and type 2 diabetic populations (33) after adjusting for confounding factors. Yin et al. (26) and Zheng et al. (27) also found the ApoB/ApoA1 ratio to be significantly associated with IR in Chinese PCOS patients. In our study, the ApoB/ApoA1 ratio showed a strong positive correlation with FPG, FIN, and HOMA-IR after adjusting for age and BMI, which was in agreement with the above results. Furthermore, our regression analysis suggested that the incidence of IR increased across the ApoB/ApoA1 ratio quartiles. The highest quartile of ApoB/ApoA ratio (OR: 1.78; 95%CI: 1.10–2.87, P-trend <0.05) was independently associated with the presence of IR compared to the lowest quartile after controlling for age, BMI, and androgen hormones. Several possible mechanisms may account for the positive association between the ApoB/ApoA1 ratio and IR. The most widely held hypothesis is that insulin-mediated inhibition of lipase activity is reduced under conditions of IR and that excessive free fatty acids produced by lipolysis then flow into the liver resulting in atherogenic dyslipoproteinemia such as the overproduction of ApoB (34). However, this assumption has certain flaws. Taghibiglou et al. (35) confirmed that overproduction of VLDL-ApoB can lead to an increased activity of protein-tyrosine phosphatase-1B (PTP-1B), which can negatively regulate the insulin signaling pathway thus leading to hepatic IR. In turn, chronic exposure of hepatocytes to high concentrations of insulin appeared to increase PTP-1B, accompanied by a marked suppression of ER-60, a cysteine protease involved in ApoB degradation, thus resulting in an increased synthesis and secretion of ApoB in hepatocytes. In addition, both ApoB and IR are related to an inflammatory state, especially to levels of C-reactive protein, and therefore inflammation might play a potential role in mediating the effect of ApoB on IR. These inconsistencies in the mechanisms of ApoB/ApoA1 in regulating IR need to be further elucidated.

HA is the most significant manifestation of PCOS. HA upregulates the activity of hepatic lipase, which plays an important role in the catabolism of HDL particles leading to reduced HDL (36). We found significant positive associations for TT, FT, and FAI with the ApoB/ApoA1 ratio, but negative associations for SHBG. However, the positive association between the ApoB/ApoA1 ratio and TT disappeared after adjusting for age and BMI, suggesting that FAI, which reflects the biological activity of circulating androgen, is a more sensitive indicator than TT for changes in atherogenic apolipoprotein profiles. Previously, Yin et al. (26) reported a higher ApoB/ApoA1 ratio in obese adolescent PCOS patients with high FAI when compared with non-obese subjects with low FAI, and they concluded that FAI might be involved in obesity-related metabolic changes, which was in accordance with our findings. However, contrasting conclusions were reported by Zheng et al. (27). In their study, the positive associations between FT and FAI and the ApoB/ApoA1 ratio were no longer significant after adjusting for age and BMI together, which indicated that obesity might make more of a contribution to the increased ApoB/ApoA1 ratio than FT and FAI in adult PCOS patients. These inconsistent results might be because HA does not reflect all aspects of atherogenic dyslipoproteinemia, and instead these metabolic disturbances appear to be the combined results of obesity, insulin metabolism, and androgen steroid activity.

Our results also showed positive associations between the ApoB/ApoA1 ratio and ALT and AST regardless of age and obesity, which is consistent with previous reports (24, 25). This relationship can be partly explained by the hepato-ovarian axis (37), and numerous studies have indicated that the characteristics of HA in PCOS patients are linked to NAFLD and to elevated liver enzymes (38–40). In addition, apolipoproteins are mainly produced in hepatocytes, and their production is associated with liver function. ALT and AST are both specific markers of liver damage, thus hepatocellular injury might lead to excessive release of ALT and AST along with overproduction of ApoB. However, we did not find any correlation between the ApoB/ApoA1 ratio with CK, CKMB, or LDH, which is inconsistent with a prior study conducted in myocardial infraction patients (21). Our study nevertheless provides some pieces of evidence for the usefulness of the ApoB/ApoA1 ratio in the early prediction of CVD in PCOS patients because the enrolled patients were much younger and with a low chance of CVD. We suggest that prospective studies should be performed in which CVD-related end points such as myocardial infarction or stroke are studied in the long-term follow-up of PCOS patients in order to further evaluate the predictive value of this ratio.

PCOS tends to be associated with more pronounced metabolic disorders than what is seen in the general population. Concerning the long-term health risks, an understanding of the most sensitive risk indicators for early MetS is of great significance. The literature regarding the ApoB/ApoA1 ratio in MetS is limited, especially regarding PCOS. Our results showed that the AUCMetS was 0.84 and had 86.8% sensitivity and 70.3% specificity with a threshold value of 0.64 and a Youden index of 0.57. In addition, we calculated the ROC curve of the ApoB/ApoA1 ratio for IR in PCOS for the first time, and we took an ApoB/ApoA1 ratio of 0.56 as the cut-off point for IR (with a sensitivity of 74.3% and specificity of 58.2%). Therefore, the association between the ApoB/ApoA1 ratio and obesity, blood pressure, glucose, lipid, and IR parameters confirmed the potential role of the ApoB/ApoA1 ratio in the etiology of metabolic disorders and thus in the occurrence and development of MetS. Traditional lipid indexes including TG, TC, and HDL-C are all risk factors for MetS and CVD. However, their levels vary greatly with dietary fat intake and need at least a 12-hour fast for measurement, which makes this an inconvenient measure for use in clinical practice. In contrast, ApoB and ApoA1 have significant advantages for clinical measurement because their testing is standardized, accurate, automated, low-cost, and does not require fasting by the patient. Therefore, our study supports the use of the ApoB/ApoA1 ratio as a biomarker for MetS and IR in PCOS patients.

The major strengths of the study included the large sample size representing the Chinese PCOS population and the consideration of several potential confounding variables. However, some limitations need to be mentioned. There were only PCOS subjects, and no non-PCOS control group was included. It is of great interest to enroll non-PCOS subjects in order to make comparisons and to further elucidate the role of the ApoB/ApoA1 ratio in metabolic abnormalities. In addition, as a secondary analysis based on the PCOSAct, the ApoB/ApoA1 ratio was only available at baseline, and this cross-sectional study is unable to determine causality and any such association should be further confirmed through longitudinal studies in the future.



Conclusion

In conclusion, our results showed that an increased ApoB/ApoA1 ratio was associated with worse MetS components, IR, and elevated androgen hormones and liver enzymes. The ApoB/ApoA1 ratio might therefore be a useful tool for screening for MetS and IR among PCOS patients. Larger studies are needed to confirm these findings before they can be applied in the clinic.
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Aims

To determine the clinical predictors of live birth in women with polycystic ovary syndrome (PCOS) undergoing frozen-thawed embryo transfer (F-ET), and to determine whether these parameters can be used to develop a clinical nomogram model capable of predicting live birth outcomes for these women.



Methods

In total, 1158 PCOS patients that were clinically pregnant following F-ET treatment were retrospectively enrolled in this study and randomly divided into the training cohort (n = 928) and the validation cohort (n = 230) at an 8:2 ratio. Relevant risk factors were selected via a logistic regression analysis approach based on the data from patients in the training cohort, and odds ratios (ORs) were calculated. A nomogram was constructed based on relevant risk factors, and its performance was assessed based on its calibration and discriminative ability.



Results

In total, 20 variables were analyzed in the present study, of which five were found to be independently associated with the odds of live birth in univariate and multivariate logistic regression analyses, including advanced age, obesity, total cholesterol (TC), triglycerides (TG), and insulin resistance (IR). Having advanced age (OR:0.499, 95% confidence interval [CI]: 0.257 – 967), being obese (OR:0.506, 95% CI: 0.306 - 0.837), having higher TC levels (OR: 0.528, 95% CI: 0.423 - 0.660), having higher TG levels (OR: 0.585, 95% CI: 0.465 - 737), and exhibiting IR (OR:0.611, 95% CI: 0.416 - 0.896) were all independently associated with a reduced chance of achieving a live birth. A predictive nomogram incorporating these five variables was found to be well-calibrated and to exhibit good discriminatory capabilities, with an area under the curve (AUC) for the training group of 0.750 (95% CI, 0.709 - 0.788). In the independent validation cohort, this model also exhibited satisfactory goodness-of-fit and discriminative capabilities, with an AUC of 0.708 (95% CI, 0.615 - 0.781).



Conclusions

The nomogram developed in this study may be of value as a tool for predicting the odds of live birth for PCOS patients undergoing F-ET, and has the potential to improve the efficiency of pre-transfer management.





Keywords: polycystic ovary syndrome, obesity, nomogram, total cholesterol, triglycerides, insulin resistance



Introduction

Polycystic ovary syndrome (PCOS) is among the most prevalent endocrine disorders impacting women of reproductive age, resulting in symptoms that include hyperandrogenism, oligoovulation, or anovulation. PCOS rates vary substantially among different populations with an estimated PCOS incidence of 5.6% in China at present (1).

Roughly 80% of women who suffer from anovulatory infertility are diagnosed with PCOS (2). Owing to irregular menstruation, PCOS patients are more likely to experience infertility and to utilize assisted reproductive technology (ART) for conception as compared to individuals without PCOS (3). Even after conception, PCOS patients are at a higher risk of adverse pregnancy-related outcomes such as miscarriage, gestational diabetes, pre-eclampsia, and preterm delivery (3–6). Potential causes for these adverse outcomes have been suggested to include IR, obesity, hyperandrogenism, dyslipidemia, and chronic low-grade inflammation (4). Metabolic abnormalities which impact PCOS patient ART outcomes can result in multiple failed embryo transfers, which can be financially, physically, and emotionally taxing for the affected family. It is thus essential that individual risk factors be managed prior to embryo transfer in PCOS patients in order to reduce the odds of negative pregnancy outcomes.

In order to determine which PCOS patients are at higher risk of adverse pregnancy outcomes and to guide pre-transfer treatment efforts, it is critical that a reliable predictive model incorporating metabolic and clinical variables associated with the live birth rate among PCOS patients be established. Predicting the odds of live birth following frozen-thawed embryo transfer (F-ET) may be of particular value as it would enable clinicians to more optimally manage infertility associated with PCOS. Accurately gauging individual patient risk may also be able to alleviate some of the anxiety associated with the unpredictability of pregnancy outcomes. A nomogram would enable highly accurate risk estimation in an evidence-based and individualized manner, making the development of such a tool ideal in this clinical context.

Nomograms are easy-to-use tools that can be readily employed to guide patient management and associated decision-making. This study is the first to our knowledge to have developed a nomogram aimed at individually estimating the live birth rates for PCOS patients undergoing F-ET based on an analysis of the relationship between key metabolic and clinical risk factors and live birth rates among these patients.



Materials and Methods


Patient Population

Between January 2018 and September 2020, all women with PCOS who became clinically pregnant following F-ET performed at the First Affiliated Hospital of Anhui Medical University (Anhui, China) were retrospectively included in this study. Patients were diagnosed with PCOS in accordance with the 2003 Rotterdam criteria based on the presence of a minimum of two of the following: polycystic ovaries, biochemical or clinical evidence of hyperandrogenism, and oligo-/anovulation (7). All patients underwent testing for testosterone levels. Some of the patients’ androstenedione, DHEAS and SHBG were tested and FAI was calculated when data was available. All of these indicators were used to assess biochemical hyperandrogenism. Clinical hyperandrogenism was assessed based on the presence of hirsutism, acne, and androgen-related alopecia. Patients were excluded from this study if they exhibited reproductive system malformations, endometriosis, endocrine disorders (including clinically diagnosed hypertension, Cushing syndrome, hyperprolactinemia, thyroid dysfunction, and congenital adrenal hyperplasia), chromosomal diseases, or other factors that could potentially affect pregnancy outcomes. In addition, women with male partners diagnosed with severe male factor infertility, non-obstructive azoospermia, or genetic disorders which may be transmitted by spermatozoa were excluded. Based on these criteria, 1158 patients were included in this study. The complete dataset for the included patients was randomly partitioned into a training cohort and a validation cohort using R ‘set. seed ()’ command. Eighty percent of patients (n = 928) were grouped into a training cohort used for live birth rate prediction and 20% (n = 230) were grouped into a validation cohort used for internal model validation. Written informed consent was provided by each couple for F-ET, and the study was approved by the hospital Ethics Committee (reference: Quick-PJ 2021-10-14).



Biochemical Analysis

The hexokinase method and electrochemiluminescence were respectively used to measure levels of fasting plasma glucose (FPG) and fasting insulin (FIN). A turbidimetric inhibition immunoassay approach was employed for measurements of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and triglycerides (TG). Westergren’s international standard method was employed to calculate the erythrocyte sedimentation rate (ESR) for each patient. The fasting measurement of HDL-C, TC, TG, plasma glucose, and insulin were measured within three months prior to embryo transfer.

Chemiluminescence assays were employed to measure basal testosterone (T), follicle-stimulating hormone (FSH), estradiol (E2), and luteinizing hormone (LH) levels on day 2-3 of the menstrual cycle.



Controlled Ovarian Hyperstimulation and F-ET Procedure

All the included patients received routine ovarian stimulation, oocyte retrieval, and fertilization. Patients were stimulated using a long GnRH agonist protocol or an antagonist protocol. Follicle growth was regularly monitored via transvaginal ultrasound, and the levels of E2, LH, and progesterone were monitored. When at least two leading follicles were ≥ 18 mm, 5000–10000 IU human chorionic gonadotropin was administered. Oocytes were aspirated 36 hours later and embryos were cryopreserved on day 5 or 6.

Natural or artificial F-ET cycles were conducted for patients based upon their individual fertility situation. Gardner blastocysts score was used to evaluate the quality of the embryo, ≥ 3BB was considered as good-quality embryo as previously described (8).

For natural F-ET cycles, ovulation was monitored from day 8-12 of the menstrual cycle via routine transvaginal ultrasound, with monitoring frequency being based upon a combination of follicle sizes, urinary LH levels, serum LH levels, and E2 levels until ovulation. Human chorionic gonadotropin was administered to induce ovulation if appropriate. On the day of ovulation, progesterone (40-80 mg/d) was administered at a dose appropriate to the weight of the individual patient in order to prevent luteal phase defects. On day 5 post-ovulation, at least one good-quality embryo was thawed and transferred.

For artificial F-ET cycles, patients were administered estradiol valerate (3-4 mg/d) beginning on the third day of menstruation to prepare the endometrium, which was monitored beginning on day 8 of the menstrual cycle via routine transvaginal ultrasound. When unsatisfactory endometrial growth was observed, the dose of estrogen was increased accordingly. When the endometrium reached a thickness of 8 mm, progesterone (40-80 mg/d) was administered, and at least one good-quality embryo was thawed and transferred on day 5 following progesterone administration.

Serum human chorionic gonadotropin levels were measured two weeks after embryo transfer and clinical pregnancy was confirmed by ultrasound 30 days after embryo transfer. If patients were pregnant, luteal support medication was gradually stopped 10 weeks after pregnancy. If they were not, luteal support was stopped immediately.



Outcome Measures

IR was diagnosed in these PCOS patients based upon homeostatic model assessment of insulin resistance (HOMA-IR) values, which were calculated as follows: FPG × FIN/22.5. IR was diagnosed based on a HOMA-IR value > 2.69, in accordance with the findings of a large community-based analysis of PCOS patients conducted in China (1). Transvaginal ultrasound imaging was used to confirm clinical pregnancy and heartbeat 30 days after F-ET. Live birth was defined by the viable delivery of at least one newborn.



Statistical Analysis

SPSS 23.0 and R (v 4.0.1) were employed for all statistical analyses. Student’s t-tests, Mann-Whitney U tests and Chi-squared tests were used to compare the patient characteristics between training cohort and validation cohort as appropriate.



Model Development

The live birth rates of PCOS patients following F-ET were the primary outcome for this study. The nomogram was developed using data from the training cohort (928 patients). First, we applied the univariate analyses to select the variables with the greatest predictive value as predictors of live birth from the included baseline characteristics. Then, those variables with a P-value < 0.05 in univariate analyses were fitted into a backward stepwise multivariable logistic regression (MLR) model to re-evaluate the impact of these factors on the live birth of PCOS patients. P values in this multivariable analysis were based on the Likelihood test. A P-value < 0.05 was considered significant. This MLR approach was used to compute coefficient values for each of the independent predictors, and a final nomogram was then developed using the R platform as a graphical representation of this predictive MLR model.



Model Evaluation

Nomogram performance was quantified based upon the results of calibration and discrimination analyses. The area under the receiver operating characteristic (ROC) curve (AUC) values and corresponding 95% confidence intervals (CIs) were determined to gauge the predictive accuracy of this nomogram. Calibration was assessed using calibration curves, which graphically represented the association between actual and predictive probabilities. The utility and accuracy of this nomogram were confirmed using data from the validation patient cohort (n = 230). ROC curves and the calibration curves were developed using the R platform.




Results


Patient Characteristics

In total, 1158 PCOS patients meeting the study inclusion criteria were enrolled in this analysis, including 928 and 230 patients in the training and validation cohorts, respectively. Patient characteristics and clinical outcomes are detailed in Table 1. There were no significant differences between these two cohorts, with live births being recorded in 744 (80.17%) and 182 (79.13%) patients in the training and validation cohorts, respectively.


Table 1 | Participant characteristics.





Logistic Regression Analyses Reveal Five Physiological Parameters Correlated With Live Birth Rates

Initial univariate analyses (Figure 1) indicated that advanced age, obesity, higher TC levels, higher TG levels, and IR were associated with lower odds of live birth (P < 0.05), whereas higher basal FSH levels were associated with increased odds of live birth (P < 0.05). A subsequent multivariate analysis revealed that advanced age (OR: 0.499, 95% CI: 0.257 – 0.967), obesity (OR: 0.506, 95% CI: 0.306 - 0.837), TC (OR: 0.528, 95% CI: 0.423 - 0.660), TG (OR: 0.585, 95% CI: 0.465 – 0.737), and IR (OR: 0.611, 95% CI: 0.416 - 0.896) were independently related to the odds of live birth for PCOS patients undergoing F-ET (Table 2). Specifically, live birth rates were lower for women who were obese, IR, had advanced age, had higher TC levels, and had higher TG levels.




Figure 1 | Univariate logistic regression analyses of relevant variables in the training cohort. CI, confidence interval; E2, estradiol; ESR, erythrocyte sedimentation rate; F-ET, frozen-thawed embryo transfer; FSH, follicle-stimulating hormone; HDL-C, high-density lipoprotein cholesterol; IR, insulin resistance; LH, luteinizing hormone; OR, odds ratio; T, testosterone; TC, total cholesterol; TG, triglycerides.




Table 2 | Multivariate logistic regression analysis of live birth based on data in the training cohort.





Nomogram Development

The results of the above multivariate analysis were next used to construct a nomogram capable of predicting live birth rates (Figure 2). To use this nomogram, a vertical line was drawn from the appropriate point for each predictive factor up to the ‘Points’ scale. Point values for each variable were then summed together, and the total point value was used to determine the probability of live birth for a given patient. This nomogram provides patients with an easy-to-understand and comprehensive overview of the overall likelihood of achieving a live birth and the influence of individual factors on this outcome.




Figure 2 | Nomogram for the pre-transfer prediction of live birth odds in PCOS patients undergoing F-ET. F-ET, frozen-thawed embryo transfer; FSH, follicle-stimulating hormone; IR, insulin resistance; TC, total cholesterol; TG, triglycerides.





Model Evaluation

For the predictive model, calibration curves exhibited good consistency between predicted and actual results, consistent with appropriate calibration (Figure 3A). ROC curves exhibited an AUC of 0.750 (95% CI, 0.709 - 0.788) in the training cohort, consistent with the good discriminatory capabilities (Figure 4A). Calibration and ROC curves for this nomogram when used to analyze the validation cohort are shown in Figures 3B, 4B. In this validation cohort, the model exhibited fair predictive performance with an AUC of 0.708 (95% CI, 0.615 - 0.781) (Figure 4B), consistent with fair discriminatory capabilities.




Figure 3 | Nomogram Calibration. (A) Calibration curves examining the relationship between the predicted odds of live birth and actual live birth rates in the training cohort. (B) Calibration curves examining the relationship between the predicted odds of live birth and actual live birth rates in the validation cohort.






Figure 4 | ROC curve. (A) ROC curve evaluating the ability of this model to predict live births for PCOS patients in the training cohort undergoing F-ET. (B) ROC curve evaluating the ability of this model to predict live births for PCOS patients in the validation cohort undergoing F-ET.






Discussion

The nomogram developed herein is the first to our knowledge to have predicted live birth rates for PCOS patients following F-ET. This novel clinical model was developed based on the evaluation of clinical and metabolic parameters derived from 1158 PCOS patients, of whom 928 and 230 were respectively assigned to training and validation cohorts. The calibration and discriminatory capabilities of this nomogram were deemed satisfactory, and the final nomogram was prepared in the form of a user-friendly visual scale (Figure 2). This predictive model has several advantages, including the fact that it draws its predictions from analyses of clinical and laboratory data that are readily available and the fact that it incorporates key metabolic variables (TC, TG, and IR) which correspond to dynamic changes in the context of ART.

Our final predictive nomogram incorporated five variables (advanced age, obesity, serum TC, TG, and IR) as independent predictors of live birth rates in these patients, and these results were in line with those from other previously published studies. Advanced age has long been considered to be an important influential factor in the context of reproductive medicine. A prospective study determined that age is an independent predictor of live birth in women undergoing IVF treatment (9). Advanced age is related to many adverse factors that can affect oocyte quality, including cytoskeletal abnormalities, decrease numbers of mitochondria, abnormal spindle formation, aneuploidy, and zona pellucida dysfunction (10, 11). Minasi et al. emphasized that rates of aneuploidy rise by 10% every year with increasing maternal age, suggesting that this may be the primary cause of IVF cycle implantation failure and abortion (12).

Obesity has previously been linked to adverse pregnancy outcomes following ART treatment (13–16). Roughly half of all PCOS patients are overweight or obese (17), and a higher BMI is negatively correlated with live birth rates for PCOS patients undergoing ART treatment (18, 19). Leary et al. (20) determined that high maternal BMI was also associated with phenotypic changes in the embryo during the preimplantation period, with metabolic abnormalities more often being evident for embryos in women who were overweight or obese. Obesity may contribute to the incidence of negative pregnancy outcomes through the impairment of decidualization owing to defective autophagy, resulting in implantation abnormalities (21). Obesity can also reduce the number of M1 macrophages within the decidua parietalis, potentially contributing to the development of a proinflammatory microenvironment that may contribute to pregnancy failure (22). Weight loss has been conclusively shown to improve ART outcomes including rates of live birth (23).

We found that certain metabolic parameters were reliably associated with live birth rates for PCOS patients undergoing F-ET. Metabolic syndrome has been shown to negatively affect live birth rates for PCOS patients undergoing ART (24). PCOS patients commonly exhibit aberrant lipid profiles, including increased TC, TG, and LDL-C levels together with reductions in HDL-C levels (25, 26). Serum lipids have the potential to impact embryo quality and thereby shape ART outcomes, as evidenced by negative correlations between embryo quality and both TG and TC levels (27). In one recent analysis, higher TC levels were found to independently predict rates of live birth for patients with PCOS undergoing IVF/ICSI treatment (28). Higher serum TG levels before conception are also linked to lower live birth rates following IVF as compared to those women with normal TG levels (29). IR is another metabolism-associated factor that is common in PCOS patients and that was associated with live birth rates in our study population. IR has been independently linked to live birth odds among PCOS patients (30). In prior reports, a combination of IR and hyperandrogenism was shown to cause placental and uterine dysfunction via by inducing ferroptotic cell death (31). In addition to causing physical damage, IR can also negatively impact the mental health of PCOS patients. For example, Greenwood et al. were able to identify an independent link between IR and the incidence of depression among individuals with PCOS (32). Managing abnormal metabolic parameters through diet, exercise, behavioral changes, and pharmacological treatment can lead to better pregnancy outcomes in addition to decreasing the risk of developing metabolic disorders (33, 34).

While a prior study established a model designed to predict the live birth rates of PCOS patients undergoing both fresh embryo transfer and F-ET based on overweight and lipid metabolism-related parameters (28), no specific metabolic parameter-related models have been developed to predict the odds of live birth for PCOS patients following F-ET. In addition, we incorporated glucose metabolism related parameters in the present study in an effort to strengthen our developed model. A reliable nomogram would be of clear value as a tool for use when determining whether a patient should transfer an embryo during a given cycle or should cancel their cycle and attempt to improve relevant metabolism-related metrics prior to embryo transfer. The nomogram developed herein is a novel tool that has been shown to reliably predict live birth rates for PCOS patients following F-ET. This tool may also be able to aid clinicians in maximizing available data to appropriately treat PCOS patients who are less likely to achieve a live birth following F-ET by postponing or canceling cycles for these individuals if appropriate.

This study has several strengths that make our conclusions more robust. For one, our sample size was relatively large. In addition, this study is the first to our knowledge to have established a model for individually evaluating the odds of live birth for PCOS patients following F-ET treatment. Third, a wide range of potential risk factors was considered when constructing this model. Despite these strengths, there are nonetheless certain limitations to our analyses. First, this was a single-center study, and validation using datasets from other centers will thus be necessary in the future. Second, this was a retrospective study and it is thus potentially susceptible to recall bias, such that a large-scale prospective study will be essential to confirm the reliability of the nomogram developed herein.

In summary, we herein established an accurate and objective model capable of predicting live birth rates for PCOS patients undergoing F-ET. Following the external validation of this nomogram, it may be of value as a tool for guiding patient management and ART strategy selection in the clinic.
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Objective

To assess whether women of advanced age (≥35 years) with polycystic ovary syndrome (PCOS) have the same cumulative live birth rate (CLBR) as their age-matched controls with tubal factor infertility and to determine the influencing factors on the CLBRs of aged women.



Design

A retrospective cohort study.



Setting and Population

A total of 160 women of advanced age (≥35 years) with PCOS and 1073 women with tubal factor infertility were included in our study. All patients underwent their first fresh cycles and subsequent frozen cycles within in one year in our centre from 2015 to 2020.



Methods

To determine independent influencing factors on the CLBRs of these aged patients, a multivariable Cox regression model of CLBR according to the transfer cycle type was constructed. Main outcome measure(s): CLBRs.



Result

The Cox regression model of the CLBRs indicated that there was no significant difference between the PCOS group and the tubal infertility group in terms of advanced age (HR, 0.95; 95% CI, 0.71-1.27, P=0.732). The CLBR significantly decreased for women of advanced reproductive age up to 37 years of age (HR, 0.46; 95% CI, 0.39-0.56, P<0.001). The CLBR increased by 63% when more than ten oocytes were retrieved (HR, 1.63; 95% CI, 1.34-1.98, P<0.001). Patients with an AMH level above 32.13pmol/l were likely to have a 72%(HR, 1.72; 95% CI, 1.08-2.73, = 0.023) and 34% (HR, 1.34; 95% CI, 1.07-1.68, P=0.010)improvement in CLBR compared to those with an AMH below 7.85pmol/l and 7.85-32.12pmol/l, respectively.



Conclusion

Despite the higher number of oocytes retrieved in PCOS patients, the reproductive window is not extended for PCOS patients compared with tubal factor infertility patients. Age, AMH and the number of oocytes retrieved play crucial roles in the CLBRs of patients of advanced age (≥35 years).





Keywords: polycystic ovary syndrome, advanced age, ≥35 years, cumulative live birth rates, tubal factor infertility



1 Introduction

Polycystic ovary syndrome (PCOS) is a widespread reproductive disorder that encompasses many associated health conditions and impacts various metabolic processes. This condition leads to an increased risk of insulin resistance (IR), type 2 diabetes, obesity, and cardiovascular disease. The aetiology of PCOS remains unclear (1). The three main phenotypic characteristics of this condition are hyperandrogenism, polycystic ovaries, and ovulatory dysfunction (2).

PCOS is the most common cause of menstrual irregularity that leads to infertility. Among all cases comprising couples seeking treatment for infertility, 30% are due to anovulation (3). It is estimated that 90% of anovulation cases are due to PCOS (4). The most common treatments used for ovulation induction are clomiphene citrate (CC) and letrozole (5). For PCOS patients who exhibit CC resistance and letrozole failure, assisted reproductive technology (ART) may play a role in helping them to achieve pregnancy (4, 6). Moreover, in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) are the most popular ART treatments.

Traditionally, the success rates of IVF/ICSI have been reported in terms of the number of live births per embryo transfer cycle. With the increasing number of frozen-thawed cycles, it has become essential that we report the outcomes not only of fresh embryo transfers but also of frozen embryo transfers as a complete measure of the success of IVF/ICSI treatment (7). The cumulative live birth rate (CLBR), which includes fresh and subsequent frozen-thawed embryo transfer (FET) cycles, may be one of the most meaningful outcome from the patient’s perspective (8). Women with PCOS have a higher ovarian reserve and number of oocytes retrieved than women with tubal infertility (9). Previous research has shown that the higher the number of oocytes retrieved is, the higher the CLBR will be (8). It seems that women with PCOS should have a higher CLBR. However, with fresh cycles, women with PCOS over the age of 40 have similar clinical pregnancy and live birth rates to those of women with tubal factor infertility (9).

Several studies utilized CLBR of PCOS patients as their primary outcome measure. Nevertheless, some of these studies have taken into account different PCOS phenotypes instead of advanced age, such as hyperandrogenic PCOS phenotypes (10) and female obesity (11). While others focused on the CLBRs of PCOS women who underwent IVM (12) or different controlled ovarian hyperstimulation protocols (13). Samer Tannus et al. studied CLBR in PCOS women over the age of 40 with only a small number of PCOS women included (14). Moreover, few studies have focused on the CLBRs of women of advanced age (≥35 years) with PCOS who are treated by IVF/ICSI. Therefore, we aimed to determine whether aged women with PCOS have the same CLBRs as women with tubal infertility and to characterize the influencing factors on the CLBRs of aged women with infertility.



2 Materials and Methods


2.1 Patients

This retrospective cohort study included 1233 patients who had undergone IVF/ICSI in our centre between July 2015 and January 2020. Written approval for this study was obtained from the Ethics Committee of The Third Affiliated Hospital of Zhengzhou University.

All patients underwent their first fresh cycles and subsequent frozen cycles within 1 year after oocyte retrieval in our centre and the patient’s age was ≥35 years. According to the cause of infertility, patients were divided into two groups: the PCOS group (160 PCOS patients) and tubal infertility group (1073 patients). PCOS was diagnosed according to criteria from the Rotterdam European Society for Human Reproduction and Embryology/American Society for Reproductive Medicine–Sponsored PCOS Consensus Workshop Group (15). The patients in the tubal infertility group were with or without male factor infertility. The exclusion criteria were as follows: 1) Infertile patients with endometriosis, uterine submucosal fibroids and uterine malformations; 2) infertile patients with endocrine or metabolic diseases; 3) cycles with oocyte donation; or 4) cycles with pre-implantation genetic testing for aneuploidy (PGT-A). Patients who did not have a live birth and had remaining embryos were also excluded.

The patients’ characteristics, including age, body mass index (BMI), duration of infertility, reproductive endocrine hormone levels, fresh cycle outcomes and CLBRs were evaluated and recorded. The diagnosis of insulin resistance depended on the insulin release test performed by the patient (16). Insulin resistance was considered if the insulin level 1 hour after glucose administration was 5-6 times higher than the fasting insulin level, or if the insulin level 2 hours after glucose administration was 4-5 times higher than the fasting insulin level. An overview of the patient selection and grouping is provided in Figure 1. The endpoint of this study was the first live birth of the patient or no remaining embryos for the patient. Any missing data were excluded from the analysis.




Figure 1 | Trial flow chart. An overview of the patient selection and grouping.





2.2 Methods


2.2.1 Treatment Protocol

The protocol used for controlled ovarian stimulation (COS) was a long gonadotrophin-releasing hormone (GnRH)-agonist protocol for IVF or ICSI. All patients were treated with recombinant and/or urinary gonadotrophins (Gonal-F, Merck Serono, Germany; or Puregon, Organon, Netherlands; or hMG, Livzon, China) with or without supplementation with recombinant luteinizing hormone (rLH) (Luveris, Merck Serono, Germany). The initial dose ranged from 112.5 to 300 IU per day depending on age, BMI and the results of ovarian reserve tests. During stimulation, the ovarian response was monitored by serial transvaginal ultrasound and serum hormone level measurements.

Ovulation was triggered with recombinant HCG (r-HCG, Ovidrel, Merck Serono, Germany) in all cases, when at least three follicles 18 mm in diameter were observed. Oocytes were retrieved 36-38 h later. Embryo transfer was carried out under ultrasound guidance three or five days after oocyte retrieval. Supernumerary embryos were cryopreserved following vitrification standard protocols.

For luteal phase support, the use of vaginal progesterone gel (Crinone, Merck Serono, Germany: 90 mg every 24 h) or micronized natural progesterone capsules (Utrogestan, Besins, Belgium: 200 mg every 8 h) combined with oral dydrogesterone (Duphaston, Abbott, Netherlands: 10 mg every 12 h) was started on the day of retrieval and continued until the beta-hCG measurement showed that the patient was negative for beta-hCG or until the tenth week of pregnancy.



2.2.2 Endometrial Preparation Protocol

For FET cycles, endometrial preparation for frozen-thawed cycles involved hormonal replacement therapy or ovulation induction cycles. In the hormone replacement cycle, oral oestrogens (Progynova, Bayer, Germany) and micronized progesterone were given with or without pituitary suppression with triptorelin depot 3.75 mg (Diphereline, Epsen, France). In the ovulation induction cycles, patients were administered 2.5 to 5 mg of letrozole daily for five days. If the diameter of the dominant follicle was ≥18-20 mm, ovulation was then stimulated with 10,000 IU of hCG (hCG, Livzon, China) (17).




2.3 Outcome Measures

The primary outcome was CLBRs, defined as the delivery of a live born infant (after 28 weeks of gestation) in the fresh or the subsequent frozen-thawed cycles. Only the first delivery was considered in the analysis.



2.4 Statistical Analysis

Patients were divided into two groups according to the cause of infertility (PCOS vs tubal infertility). For continuous variables, Student’s t-test was used for data with homogeneous variance, and the Mann–Whitney test was used for data with heterogeneous variance. The χ2 test was used for categorical variables. Variables with greater clinical importance or with large variances were selected for further assessment.

The cohort was analyzed using multivariable Cox regression analyses to determine independent risk factors of CLBR. Time was from oocyte retrieval to live birth at risk of CLBR. The end point of time was the time to obtain a live birth or 24 month. Risk factors were cause of infertility, age, BMI, AMH, the number of oocytes retrieved, rLH supplementation, and BMI among others. We adopted the receiver operating characteristic (ROC) curve to find the best point of sensitivity and specificity as the cut off value. In order to application to clinical practice, the nearest integers were adopted. To examine infertility cause, patients were categorized into the PCOS and tubal groups. To examine age and the number of retrieved oocytes patients were categorized into two age groups (age: 35-37 and >37 years, number of retrieved oocytes: ≤10 and >10) according to ROC curve (Supplementary Figure 1). Patients in our study were stratified into two groups based on the BMI guidelines for the Chinese population(below 24 kg/m2 and above 24 kg/m2) (18). Patients were divided into three groups based on AMH values estimated for ovary response(<7.85pmol/l, 7.85-32.13pmol/l, ≥32.13pmol/l) (19–21).The CLBRs after IVF and for certain study factors are presented as the hazard ratio (HR) with the 95% confidence interval (CI). Analyses were performed using Stata 13.1 (Serial number: 401306302851).




3 Results


3.1 Tubal Factor Infertility and PCOS Groups

As shown in Table 1, although the basal testosterone (T) levels were stable across the two groups, a higher BMI (25.43 ± 3.37 vs 23.80 ± 2.98, P<0.001), higher LH/FSH ratio (1.23 ± 1.01 vs 0.67 ± 0.39, P<0.001), and longer duration of infertility (5.36 ± 3.88 vs 4.30 ± 3.88, P=0.001) were observed in the PCOS group than in the tubal factor group. Due to the characteristics of PCOS, the patients of PCOS group had more AFC (23.56 ± 4.98 vs 13.40 ± 4.99, P<0.001) and higher AMH level (45.07 ± 24.02 vs 19.22 ± 11.13, P<0.001). In addition, younger age (36.66 ± 2.10 vs 37.74 ± 2.55, P<0.001), a higher number of oocytes retrieved (15.44 ± 6.71 vs 11.35 ± 5.92, P<0.001) and a higher rate of rLH supplementation (76.88% vs 52.47%, P<0.001) were observed in the PCOS group.


Table 1 | Demographics and IVF/ICSI treatment characteristics of the women with tubal infertility and PCOS.



Insulin resistance was an important feature of PCOS, but insulin release test was not routinely performed for the aged tubal infertility patients, but only in overweight or obese patients. Therefore, although there is no difference in the incidence of insulin resistance between the PCOS group and the tubal infertility group, the comparison between the two groups is meaningless due to low test rate in tubal infertility group.



3.2 Live-Birth Group and the Non-Live-Birth Group

Regarding all transfer cycles (fresh and frozen) outcomes, all patients were divided into two groups depending on whether a live birth was achieved (Table 2). Although the BMI and duration of infertility did not differ significantly between the two groups, the basal T levels (0.71 ± 0.42 vs 0.64 ± 0.35, P=0.001) and LH/FSH ratio (0.78 ± 0.54 vs 0.70 ± 0.56, P=0.014) were higher in the live-birth group. Nevertheless, younger age (36.90 ± 2.04 vs 38.54 ± 2.79, P<0.001) was observed in the live-birth group. Moreover, a higher AMH level (26.08 ± 17.44 vs 18.64 ± 13.87, P<0.001), a higher rate of rLH supplementation (58.80% vs 51.50%, P=0.011), more number of oocytes retrieved (13.53 ± 6.33 vs 9.74 ± 5.27, P<0.001) were evident in the live-birth group than in the non-live-birth group.


Table 2 | Demographics and IVF/ICSI treatment characteristics of the live-birth and the non-live-birth groups of fresh cycles.





3.3 Cumulative Live Birth Rates

As shown in Table 3, 699 live births were observed. Risk factors were cause of infertility, age, BMI, AMH, the number of oocytes retrieved, rLH supplementation, and BMI among others. Because of low test rate in tubal infertility group, we did not analyze insulin resistance as a confounding factor. The multivariable Cox regression analyses of all transfer cycles (fresh and frozen) concerning timescale showed that the CLBRs of the patients of advanced age with PCOS were not statistically significantly higher than those of the patients with tubal factor infertility (HR, 0.95; 95% CI, 0.71-1.27, P=0.732). Compared with that of patients under 37 years old, the CLBR of patients older than 37 years decreased by 54%, which was statistically significant (HR, 0.46; 95% CI, 0.39-0.56, P<0.001). The CLBR increased by 63% when more than ten oocytes were retrieved (HR, 1.63; 95% CI, 1.34-1.98, P<0.001). Patients with an AMH level above 32.13pmol/l were likely to have a 72%(HR, 1.72; 95% CI, 1.08-2.73, = 0.023) and 34% (HR, 1.34; 95% CI, 1.07-1.68, P=0.010)improvement in CLBR compared to those with an AMH below 7.85pmol/l and 7.85-32.12pmol/l, respectively.


Table 3 | Multivariable Cox regression analyses of CLBRs.






4 Discussion

According to our multivariable Cox regression analyses, age, number of oocytes retrieved and AMH play crucial roles in the CLBRs of patients of advanced age (≥35 years). Despite the higher number of oocytes retrieved in PCOS patients, the reproductive window is not extended in patients of advanced age with PCOS compared to those with tubal factor infertility.

Over recent decades, IVF/ICSI protocols have continued to evolve to improve outcomes. However, there is still a linear decline in the success rate of ART with patient age. In general, advanced age is defined as ≥35 years, and oocyte depletion of the female follicular pool continues from the embryonic stage. After age 35, and especially after age 37, follicle numbers decline bi-exponentially rather than as a simple exponential function of age (22). A previous study also found that the CLBR was age dependent and declined from over 50% for women who were ≤37 years old to 34.1% for women who were 38–40 years old to 17.7% for women who were 41–42 years old (23). Our study is in complete agreement with the study above, demonstrating that compared with that of women younger than 37 years, the CLBR of women over 37 years old significantly decreased by 54%.

Additionally, ageing may also affect the CLBR by affecting oocyte quality. Mitochondria play a central role in follicular atresia and can be the main target of ooplasmic factors that determine oocyte quality. Age-related mitochondrial DNA (mtDNA) instability, which leads to the accumulation of mtDNA mutations in the oocyte, may play a key role in the deterioration of oocyte quality and the risk of transmitting mitochondrial abnormalities to the offspring (24). Previous studies have shown that the incidence of oocyte aneuploidy increases with age (25, 26). Embryo quality may be the main factor affecting the live birth rate after elective single-embryo transfer in fresh stimulation cycles (27).

In addition to age, the number of retrieved oocytes is an important factor in the CLBR. An increased number of oocytes retrieved improves the pregnancy rates of women undergoing IVF/ICSI, not only by increasing the number of available embryos but also by allowing extended embryo culture and enabling the selection of the best-quality embryo for transfer (28). Furthermore, after the fresh embryo transfer, there are more opportunities for FET, which may increase the CLBR. Our study demonstrated that the CLBR increased by 63% when more than ten oocytes were retrieved. This is in agreement with a multivariate logistic regression analysis showing that the number of oocytes retrieved was an independent predictive factor (P < 0.001) for the CLBR after adjustments for fertilization rate, age, day of fresh embryo transfer and insemination method (29).

Many factors may directly or indirectly impair the competence of maturing oocytes, resulting in a lower pregnancy rate for patients with PCOS. The identified extra-ovarian factors include hyperandrogenaemia and hyperinsulinaemia, while intra-ovarian factors comprise members of the epidermal, fibroblast, insulin-like and neurotrophin families of growth factors, as well as cytokines. Any abnormality may negatively affect the granulosa cell-oocyte interaction, oocyte maturation and potential embryonic developmental competence, which contribute to unsuccessful outcomes for PCOS patients undergoing assisted reproduction (30). For PCOS patients, abnormal metabolism and insulin resistance have adverse effects on ovarian response, embryo quality and pregnancy outcome. Women with PCOS were at an increased risk of miscarrying a chromosomally aberrant embryo/fetus compared with non-PCOS controls during ART (31). While Li et al. (32) found that among aged women(≥35 years), the PCOS patients exhibited a higher CLBR than the non-PCOS patients, which is not consistent with our outcome. Whether PCOS is an influencing factor in aged patients, further clinical studies on larger sample sizes and mechanism studies are needed.

AMH is not only an important predictor of ovarian response, but also may be associated with live birth (33). The correlation between AMH and pregnancy outcomes in IVF/ICSI patients is controversial. Steiner et al. (34) found that basic AMH level and FSH level had no correlation with cumulative pregnancy rate, and AMH or FSH level could not predict pregnancy outcome of patients. But they studied patients who were trying to conceive by 6 and 12 cycles of attempt instead of IVF/ICSI. Zhang et al. (35) found no relationship between different AMH levels and clinical pregnancy rate and live birth rate through retrospective data, but they did not focus on aged patients and PCOS patients. However, a meta-analysis found that AMH was positively correlated with live birth (36). PARK et al. (37)found that AMH levels were predictive of clinical pregnancy in infertility patients over 40 years of age. This is consistent with our results the higher AMH is, the higher CLBR is in the aged patients.

We also investigated no influence of rLH supplementation on the CLBRs of women of advanced age. With ageing, the number of LH receptors and LH receptor sensitivity decrease due to paracrine deficiency (38). In ovulation cycles, LH is essential for steroid production and the development of follicles (39). It has also been proposed that the endogenous LH level increases with age and that the LH concentration remains high after pituitary downregulation (40). Whether it is necessary to supply rLH during COS remains unclear. However, Schwarze et al. (41) found that there was no association between supplementation with LH and an increased mean number of inseminated metaphase-II oocytes, an increase in the delivery rate, or changes in the miscarriage rate, and the authors suggested that LH supplementation had little impact on the outcome of ART. This is consistent with our study.

To the best of our knowledge, this is one of the first study to determine the CLBRs of women of advanced age with PCOS. A major strength of the current study is its attempt to explore the CLBRs of women of advanced age with PCOS. PCOS is one of the most prevalent endocrine disorders. The reproductive lifespan of women with PCOS may be, on average, two years longer than that of normo-ovulatory women (42). Compared with non-PCOS patients, PCOS patients show a slow decline in ovarian reserve function and delayed physiological ageing of their ovarian follicles (43). Therefore, it seems that the PCOS group would have a higher CLBR.

However, the available data show the opposite. Despite the higher oocyte yield in all age groups of women with PCOS, patients over age 40 with PCOS who underwent fresh cycles had similar clinical pregnancy and live birth rates to those of the women with tubal factor infertility who also underwent fresh cycles (9). These findings suggest that the reproductive window is not extended by PCOS as patients age and that infertile patients should be treated promptly, despite indicators of high ovarian reserve (9). Fertility in patients with PCOS is maintained until the age of 38 years with the use of IVF. Afterward, the pregnancy rate decreases, although the number of oocytes retrieved by IVF remains stable (44). We demonstrated that the CLBR of PCOS patients was comparable to that of the tubal factor infertility patients of advanced age, which may not be consistent with li et al. (32), but we adjusted for more critical confounders in our analysis.

This study expands on previous research, but it has several limitations, most of which are associated with the retrospective study design. First, the compared groups may have differed in terms of several baseline characteristics. Nevertheless, the effects of these differences would be minimal given that these factors were analysed in multivariable Cox regression analyses. Second, due to the incompleteness of the original data, more detailed characterization of presenting features of the PCOS patients that could potentially affect the pregnancy outcome were not included in the analysis. Finally, the live birth rate is closely related to the rate of aneuploid embryos assessed by PGT-A and mitochondrial DNA copy number tested with next generation sequencing (NGS). We did not review the data of aneuploid embryos and mitoscoreo at admission. Whether or not women of advanced age with PCOS have more aneuploid embryos than those with tubal infertility should be assessed.



5 Conclusion

Even though their ovarian reserve is high, women of advanced age with PCOS should be given more attention with the help of ART. Despite the higher number of oocytes retrieved, the reproductive window is not extended for patients with PCOS compared with those with tubal factor infertility. Age, AMH and the number of oocytes retrieved play crucial roles in the CLBRs of patients of advanced age (≥35 years).
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Objectives

This study aims to characterize the expression of ANGPTL4 in ovarian granulosa cells (GCs) and its association with polycystic ovary syndrome (PCOS).



Methods

This study included 104 PCOS patients and 112 women in control group undergoing in vitro fertilization-embryo transfer (IVF-ET) from the reproductive hospital affiliated with Shandong University from 2019 to 2021. By reverse transcription and real-time quantitative (RT-q) PCR, the mRNA expression of ANGPTL4 in GCs was assessed, and clinical information for these patients were then reviewed and analyzed.



Results

The RT-qPCR results showed that ANGPTL4 expression in the control group was significantly lower than that in the PCOS group (p = 0.000) and had positive association with AMH (r = 0.211), HOMA-IR (r = 0.174), LDL/HDL (r = 0.176), ApoB/ApoAI (r = 0.155), and TC/HDL (r = 0.189). Additionally, the high expression of ANGPTL4 in the ovarian granulosa cells might be an independent predictor in PCOS (OR: 3.345; 95% CI: 1.951–5.734) with a close contact with incidence of PCOS (AUC: 0.704; 95% CI: 0.633–0.774, p < 0.001).



Conclusions

Our study revealed higher ANGPTL4 expression in ovarian GCs with PCOS. Its association with glucose and lipid metabolism showed that ANGPTL4 might play an important role in PCOS metabolism and pathogenesis.





Keywords: polycystic ovary syndrome, angiopoietin-like protein 4, mRNA, ovarian granulosa cell, glycolipid metabolism



Introduction

Polycystic ovary syndrome (PCOS) is one of the most common and complicated endocrine and metabolic disorders, affecting about 6%–20% women of reproductive age (1). In addition to reproductive dysfunction, PCOS can also manifest abnormal glycolipid metabolism while the insulin resistance (IR) is an independent risk factor for several metabolic abnormalities, including dyslipidemia, impaired glucose tolerance, cardiovascular disease, and metabolic syndrome (MetS) (2–4). Throughout the process of oocyte development, there is an interdependence between oocytes and its surrounding granulosa cells providing growth regulators and nutrients. The oocyte in turn promotes growth and differentiation of the granulosa cells. For patients with PCOS, the associated endocrine and glycolipid metabolic disorder can disrupt the interaction between them and then leads to the block of follicular growing, a decrease of high-quality embryos and even lower transplantation rate (5, 6). In recent years, research on relationship between glycolipid metabolism and ovarian function has received increasing awareness. A series of evidence have been provided that lipid metabolism in GCs is essential for maintaining ovarian follicle development in humans (7, 8). However, the mechanisms underlying these associations have not been fully investigated, especially the origins of the metabolic alterations for PCOS as well as new biomarkers.

ANGPTL4 is a member of the angiopoietin-like protein family and is known as a regulator of lipid and glucose metabolism. It is proven to inhibit the activity of lipoprotein lipase (LPL), which hydrolyzes triglyceride (TG) core of TG-rich lipoproteins, chylomicrons, and very low-density lipoproteins (VLDL), and regulates their distribution to peripheral tissues (9–11). Earlier research provided evidence supporting the role of ANGPTL4 in maintaining glucose associated with hyperlipidemia (12). Güneş et al. reported that there was a significant increase of ANGPTL4 level in serum of patients with PCOS compared with healthy population, which showed that ANGPTL4 level in serum may positively correlate with PCOS (13).

Research on ANGPTL4 expression in ovarian granulosa cells (GCs) is still deleted. Therefore, our study aims to investigate the relative expression levels of ANGPTL4 in ovarian granulosa cells in PCOS and examine their possible associations with the glucose and lipid metabolism.



Materials and Methods


Patients

In the present study, a total of 104 PCOS patients (PCOS group) and 112 control women (control group) younger than 40 years old who were undergoing their in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) cycles were retrospectively recruited in a reproductive hospital affiliated with Shandong University from 2019 to 2021. To diagnose the polycystic ovary syndrome, we referred to the modified Rotterdam criteria (14–16), including oligo- or anovulation combined with either hyperandrogenism or polycystic ovaries. Other causes of hyperandrogenism and ovulation dysfunction were excluded. Inclusion criteria for patients in the control group were as follows: normal menstrual cycle, no endocrine abnormalities, and normal ovarian and uterine morphology confirmed by either ultrasound or histological examination. Additionally, patients were also excluded as follows: recurrent spontaneous abortion, chromosome abnormality for couples, diabetes, adenomyosis, endometriosis, as well as history of ovary surgery. The study is approved by the Ethics Committee of Reproductive Medicine of Shandong University with approval number 58, and signed informed consent has been obtained from all participants.



Medication Protocol

All the samples received a standardized long-term protocol in mid-luteal phase or gonadotropin-releasing hormone (GnRH) antagonist regimen for ovarian stimulation. For long-term protocol, GnRH agonist (GnRHa) was used to downregulate the function of the pituitary gland on day 21 in the previous menstrual cycle. A dose of recombinant FSH ranging from 75 to 225 IU was initiated after downregulation. As for the GnRH antagonist regimen, recombinant FSH at a dose of 75 to 225 IU was administered on day 3 in the menstrual cycle. GnRH antagonist at a dose of 0.25 mg daily was initiated when at least one follicle reached 12 mm in diameter. For all two protocols, urinary human chorionic gonadotropin (hCG) was intramuscularly injected when at least 2 dominant follicles reached 18–20 mm in diameter. Oocyte retrieval was performed 36–48 h later, and we collected 50 ml follicular fluid meanwhile for ovarian GC isolation.



Isolation of Ovarian Granulosa Cells

As previously described (17), ovarian GCs were collected from follicular fluid on the oocyte retrieval day, the supernatant of follicular fluid was discarded after centrifuging at 2,000 rcf for 10 min at 4°C, 1 mg of hyaluronidase (Solarbio, Beijing, China) was added per 1 ml of Hanks balanced salt solution (Solarbio, China), and 1 ml of the solution was added to the sample tube. We then incubated the solution at 37°C for 30 min and added it to the upper liquid of 4 ml of human peripheral blood lymphocyte separation solution (TBDscience, Tianjin, China) and avoided mixing with the underlying liquid. We centrifuged the solution at 1,600 rcf for 10 min, collected the interphase, and went through preseparation filters (70 µm) (MACS, Frankfurt am Main, Germany) to eliminate cell clumps that may be inserted into the column. The mixture was centrifuged at 6,000 rcf for 5 min and the supernatant was discarded. We then transferred cells to a new microfuge tube by PBS resuspension and were then centrifuged at 6,000 rcf for 3 min. Fresh GCs were stored at −80°C after discarding the supernatant.



RNA Extraction, Reverse Transcription, and Quantitative Real-Time PCR

Isolated ovarian GCs were lysed by Trizol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) for 30 min to extract total RNA according to the guidance. The concentration and purity of the total RNA was determined by UV spectrophotometry with the ratio of the optical density being 260/280 nm between 1.8 and 2.1. Total RNA was reverse transcribed into cDNA using Prime Script RT Reagent Kit (TaKaRa, Kusatsu, Japan) for real-time quantitative PCR (RT-qPCR) carried out by TB Green™ Premix Ex Taq™ II (TaKaRa, Japan) and performed on Roche Light Cycle 480 (Hoffman-La Roche, Basel, Switzerland). ANGPTL4 mRNA expression levels were normalized against the corresponding levels of GAPDH mRNA, which served as an internal control and the 2−ΔΔCt method (18) was applied to determine ANGPTL4 expression level. Primer sequences were as follows: ANGPTL4 (forward primer, 5′-TCCTGGACCACAAGCACCTAGAC-3′; reverse primer, 3′-CGGTTGAAGTCCACTGAGCCATC-5′), GAPDH (forward primer, 5′-GCACCGTCAAGGCTGAGAAC-3′; reverse primer, 3′-TGGTGAAGACGCCAGTGGA-5′).



Statistical Analysis

Data analysis was performed using SPSS (version 20; SPSS Inc., Chicago, IL, USA). Continuous variables of clinical characteristics were displayed as mean ± standard deviation and compared by t-test. Parameters abnormally distributed were presented as median (interquartile range) and compared by nonparametric test. Correlation between different variables was analyzed by Pearson’s correlation analysis and linear regression analysis. Receiver operating characteristic (ROC) curve was used for the independent predictive analysis. Binary logistic regression was used to analyze the relationship between variables and incidence of PCOS. All values of p < 0.05 for two-side tests were considered statistically significant.




Results


Baseline and Metabolic Characteristics

A total of 216 patients participated in the study, including 104 PCOS patients and 112 women in the control group. The clinical baseline characteristics of all subjects are summarized in Table 1. Statistically significant differences in age, estradiol (E2), progestin (P), prolactin (PRL), and thyroid-stimulating hormone (THS) were not found between the two groups (p > 0.05). However, compared with the control group, there was a significant increase in body mass index (BMI), luteinizing hormone (LH), testosterone (T), dehydroepiandrosterone (DHEA-s), and anti-Mullerian hormone (AMH), but a decline in follicle-stimulating hormone (FSH) in the PCOS group (p < 0.05) as expected, which is due to the clinical features of PCOS. Table 2 shows the glucose and lipid metabolic characteristics in participants. Low-density lipoprotein (LDL), triglyceride (TG), low-density lipoprotein/high-density lipoprotein (LDL/HDL), apolipoprotein B (ApoB), apolipoprotein B/apolipoprotein AI (ApoB/ApoAI), total cholesterol (TC), and TC/HDL levels were elevated in the PCOS group (p < 0.05). On the other hand, fasting blood glucose (FBG), fasting insulin (FINS), and HOMA-IR had no statistically significant difference between the two groups (P > 0.05).


Table 1 | Baseline characteristics and hormones analysis of the population studied.




Table 2 | Metabolic analysis of the population studied.





The Expression of ANGPTL4 in Ovarian GCs

The expression of ANGPTL4 in ovarian GCs was measured in the two groups by qRT-PCR. Compared with the control group, the expression of ANGPTL4 significantly increased in the PCOS patients [(1.05 ± 0.60) vs. (1.75 ± 1.12), p = 0.000] as shown in Figure 1. Subgroups as normal-weight group (BMI <25 kg/m2) and overweight group (BMI ≥25 kg/m2) were set in both control group and PCOS patients. ANGPTL4-expression level had no significant difference between normal-weight group and overweight group regardless of the control group or PCOS group (Figure 2).




Figure 1 | The relative expression of ANGPTL4 in ovarian granulosa cells of PCOS and control patients (**p < 0.001). Data were normalized to GAPDH.






Figure 2 | The relative expression of ANGPTL4 in ovarian granulosa cells in subgroups of PCOS and control patients. Data were normalized to GAPDH. "ns" means "no significance".





The Correlation Between the Expression of ANGPTL4 and the Clinical Characteristics of Patients

We found that the expression level of ANGPTL4 was correlated with AMH (r = 0.211, p = 0.002), HOMA-IR (r = 0.174, p = 0.028), LDL/HDL (r = 0.176, p = 0.013), ApoB/ApoAI (r = 0.155, p = 0.028), and TC/HDL (r = 0.187, p = 0.007) positively in all patients in correlation analysis (Figure 3). At the same time, the multiple linear regression analysis was conducted to investigate the association between ANGPTL4 expression and clinical characteristics supplementally. Just as shown in Table 3, ANGPTL4 expression in ovarian GCs was related to PCOS, FBG, FINS, HOMA-IR, TG, and ApoAI (p < 0.05).




Figure 3 | Correlation analysis of ANGPTL4 expression and clinical characteristics. (A) AMH (r = 0.211; P = 0.002). (B) HOMA-IR (r = 0.174; P = 0.028). (C) LDL/HDL (r = 0.176, P = 0.013). (D) ApoB/ApoAI (r = 0.155, P = 0.028). (E) TC/HDL (r= 0.189, P= 0.007).




Table 3 | Multiple linear regression analysis of ANGPTL4 relative expression.





Predictive Value of ANGPTL4 Expression in Ovarian GCs for PCOS

In the present study, ROC curve was used to analyze the specificity and sensitivity of ANGPTL4 expression in ovarian GCs for PCOS (Figure 4). The area under curve (AUC) of ANGPTL4 expression was 0.704 (95% CI: 0.633–0.774, p < 0.001) with sensitivity (67.3%) and specificity (70.5%), compared with T (AUC: 0.742; 95% CI: 0.675–0.808), AMH (AUC: 0.817; 95% CI: 0.761–0.873), and LH/FSH (AUC: 0.801; 95% CI: 0.742–0.860). Binary logistic regression was performed to assess the association between variables mentioned above and incidence of PCOS. The results (Table 4 and Figure 5) showed that the level of ANGPTL4 expression in ovarian GCs could statistically significantly predict the risk of PCOS patients independent of other clinicopathologic variables after adjusting for AMH, LH/FSH, and T (OR: 3.345; 95% CI: 1.951–5.734).




Figure 4 | Reciever operating characteristics (ROC) analysis of ANGPTL4 and clinical characteristics for discriminating PCOS. (A) Reciever operating characteristics (ROC) analysis of ANGPTL4 for discriminating PCOS. The AUC of ANGPTL4 was 0.704(95% CI 0.633-0.774, P<0.001). (B) Reciever operating characteristics (ROC) analysis of 4 clinical characteristics for discriminating PCOS.




Table 4 | Binary logistic repression of PCOS risk factors.






Figure 5 | Forest plot of PCOS risk factors. ANGPTL4 expression level were normalized to GAPDH.






Discussion

To our knowledge, this is the first research proposing that ANGPTL4 expression level in ovarian GCs had a significant increase in PCOS patients compared with ovulatory women; the AUC of ANGPTL4 expression in GCs supported its important role in incidence of PCOS. In addition, expression level of ANGPTL4 was positively correlated with AMH, HOMA-IR, LDL/HDL, ApoB/ApoAI, and TC/HDL after correlation analysis with the corresponding clinical data in all participants. According to the results of multiple linear regression analysis, ANGPTL4 expression was also related to PCOS, FBG, FINS, HOMA-IR, TG, and ApoAI. In consideration of those results, we just assumed that the ANGPTL4 expression in ovarian GCs might be associated with abnormal glucose and lipid metabolism in PCOS. As we all know, PCOS is a highly heterogeneous endocrine disorder characterized by hyperandrogenism, oligo- or anovulation, and polycystic ovary, and its pathogenesis is debated (19–21). Previous studies have demonstrated that the core etiology and primary endocrine characteristics of PCOS are insulin resistance (IR) and hyperandrogenemia (HA), and their interaction leading to metabolic syndrome, especially dyslipidemia (22–26). Obesity, which was the remarkable feature of metabolic syndrome, increased the risk of insulin resistance (IR) and dyslipidemia, and plays an important role in PCOS (27, 28). In our study, although BMI in PCOS patients were much higher than the control group, the comparison of ANGPTL4 expression among normal-weight and overweight patients showed no difference in both the PCOS group and control group in Table 3. AMH are often used as clinical observation indicators reflecting the ovarian reserve (29, 30), and the LH/FSH and T levels were significantly higher in PCOS patients compared with control patients (31, 32). Compared with those characteristics related to PCOS, the expression level of ANGPTL4 in ovarian GCs might be an independent factor which affected incidence of PCOS according to results of ROC curve and binary logistic regression analysis.

As a member of the angiopoietin-like protein family, ANGPTL4 has been extensively investigated, and its involvement in physiological and pathological conditions including energy metabolism, tumorigenesis, vascular homeostasis, and inflammation has been reported (33–37). One of the extensively investigated roles of ANGPTL4 was its effect in lipid metabolism, specifically in regulating LPL activity to clear TGfrom the circulation (10). In addition, a recent study demonstrated that ANGPTL4 knockout mice markedly improved glucose tolerance with increased insulin levels (38). Güneş et al. (13) revealed that there was a significant increase in the level of serum ANGPTL4 compared with the control group and IR was significantly associated with ANGPTL4 concentrations in patients. Those were corresponding to the results in our study that the ANGPTL4 expression in ovarian GCs was higher in PCOS, and glycolipid characteristics such as FBG, FINS, HOMA-IR, TG, and ApoAI were also associated with ANGPTL4 expression. In view of the result of our study, ANGPTL4 might participate in the glucose and lipid metabolism in the ovarian surroundings, which might affect the occurrence and development of PCOS. In addition, ANGPTL4 also acts as an apoptosis survival factor of vascular endothelial cells. It plays a key role in the late stages of folliculogenesis and participates in providing oxygen and nutrients for growing follicles (39, 40). Our study showed a positive correlation between ANGPTL4 expression and AMH and indicated its possible impact on follicular development. All of our findings were preliminary, and more research of mechanisms is expected later.

High expression of ANGPTL4 in PCOS and its possible association with multiple glucose and lipid metabolism characteristics suggests that ANGPTL4 expression level might play an important role in pathogenesis and development of PCOS. Our findings also raise a series of important new questions. What is the mechanism underlying ANGPTL4 expression in PCOS? What is the role of ANGPTL4 signaling for metabolism in the ovarian GCs? All these questions have not yet been reported.

The main strength of the study is that we focused on the relationship between ANGPTL4 and PCOS and linking them together has not been done previously, and the ANGPTL4 expression in ovarian GCs might be a risk factor for the occurrence and development of PCOS by participating in glucose and lipid metabolism. This has not been confirmed before. Our study has several limitations as below. Weakly positive correlation between ANGPTL4 expression level and glycolipid metabolism just indicates possible relation without enough evidence. Small sample size and retrospective study design requires large sample and further basic experimental research to investigate the pathophysiologic progress of PCOS.



Conclusion

Our study showed that differential expression of ANGPTL4 in ovarian GCs was identified between PCOS patients and control women, and its association with glucose and lipid metabolism showed that the high expression of ANGPTL4 might be an independent factor of the incidence of PCOS and played a role in metabolism and pathogenesis of PCOS.
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Objective

This study aims to investigate the correlation between serum uric acid levels and body fat distribution in patients with polycystic ovary syndrome (PCOS).



Methods

Between May 2017 and March 2021, a total of 199 patients with PCOS were recruited from the Department of Endocrinology and Metabolism at the Shanghai Tenth People’s Hospital. Anthropometric characteristics, metabolic parameters, and reproductive hormones were measured. Hyperuricemia was defined as serum uric acid (SUA) greater than 420 μmol/l. Dual-energy X-ray absorptiometry (DEXA) was used to measure body fat distribution.



Results

The prevalence of hyperuricemia in patients with PCOS was 28.64%. PCOS patients with hyperuricemia are more obese and have a higher waist-to-hip ratio (WHR) and worse lipid metabolism than those without hyperuricemia. According to SUA quartiles, patients in the highest quartile had higher total testosterone (TT), body fat accumulation, and lower sex hormone-binding globulin (SHBG) than patients in the lowest quartile. SUA was correlated with percentage of total body fat, arm fat mass, leg fat mass, trunk fat mass, android/gynoid (A/G) ratio, and visceral adipose tissue (VAT) mass. After controlling possible confounders, logistic regression analysis found that only excessive VAT mass could significantly increase the risk of hyperuricemia in patients with PCOS.



Conclusion

In patients with PCOS, a high level of VAT mass, but not other fat compartments, will exacerbate the risk of hyperuricemia. Attention should be paid to the role of excessive VAT in the occurrence and development of PCOS with hyperuricemia.





Keywords: polycystic ovary syndrome (PCOS), serum uric acid (SUA), hyperuricemia, body fat distribution, visceral adipose tissue (VAT)



Introduction

Polycystic ovary syndrome (PCOS) is a common endocrine and metabolic disease in women of normal reproductive age, which is characterized by clinical and/or biochemical signs of androgen excess, ovulatory dysfunction, and polycystic ovarian morphology (1). Simultaneously, patients with PCOS often present abdominal obesity, which is not only observed in obese PCOS women but also in a large percentage of overweight PCOS women and a minority of normal weight PCOS women (2). The interplay between PCOS and abdominal adiposity is considered as a vicious circle of androgen excess favoring abdominal fat, which in turn facilitates androgen excess by the direct effects of several autocrine, paracrine, and endocrine mediators or indirectly by the induction of insulin resistance and hyperinsulinemia (3).

Previous observational studies have shown that the serum uric acid (SUA) levels and the prevalence of hyperuricemia were significantly higher in patients with PCOS than in patients without PCOS (4–7). To our knowledge, elevated SUA levels may have a variety of pro-inflammatory, pro-oxidative, vasoconstrictive actions and are commonly linked to the metabolic syndrome (8), including hypertension, atherosclerosis, and adiposity (9). In some populations other than PCOS patients, such as healthy people, diabetic patients, and obese people, many scholars have conducted research on the relationship between uric acid or hyperuricemia and adiposity/body fat distribution (10–17). However, as far as we know, there are few epidemiological studies evaluating the relationship between uric acid or hyperuricemia and body fat distribution in patients with PCOS.

The aim of this study was to determine the association between SUA and body fat distribution determined by dual-energy X-ray absorptiometry (DEXA) in patients with PCOS and to explore which fat measurement had a close correlation with the prevalence of hyperuricemia. Paying attention to the relationship between serum uric acid and body fat distribution in patients with PCOS has a predictive effect on early intervention of hyperuricemia and correction of metabolic disorders.



Patients and Methods


Study Design and Patients

A total 199 patients with PCOS who were admitted to the Department of Endocrinology and Metabolism at the Shanghai Tenth People’s Hospital between May 2017 and March 2021 were recruited in this cross-sectional study (Figure 1). PCOS was diagnosed based on the revised 2003 Rotterdam diagnosis criteria, in which at least two of the following three criteria should be involved: 1) oligo- or anovulation; 2) clinical (such as hirsutism and acne) and/or biochemical signs of hyperandrogenism; and 3) polycystic ovaries (presence of 12 or more follicles in each ovary measuring 2–9 mm in diameter, and/or increased ovarian volume >10 ml), and exclusion of other etiologies (congenital adrenal hyperplasia, androgen-secreting tumors, Cushing’s syndrome) (18). Exclusion criteria were 1) age <18 years or >45 years old; 2) severe liver and kidney functional abnormalities; 3) secondary obesity due to endocrine disorders; 4) mental illnesses that caused inability to provide informed consent; 5) malignant tumor; 6) the use of drugs that affect uric acid metabolism; and 7) incomplete laboratory examination or DEXA data. This cross-sectional study was approved by the ethics committee of Shanghai Tenth People’s Hospital. All individual participants enrolled were requested for written informed consent.




Figure 1 | Flow diagram of the population included in the study.





Anthropometric Assessment and Laboratory Analysis

Trained endocrinology specialists measured and recorded the clinical data from all patients, including age, body weight, waist circumference (WC), hip circumference (HC), systolic blood pressure (SBP), and diastolic blood pressure (DBP). The body mass index (BMI) was calculated as body weight/(height × height) (kg/m2). The waist-to-hip ratio (WHR) was calculated as WC/HC. Signs of polycystic ovaries were detected via an ultrasound scan of pelvis. Blood samples were collected in the morning after at least 10 h of overnight fasting. Fasting plasma glucose (FPG), fasting insulin (FINS), fasting C peptide (F-CP), and glycosylated hemoglobin A1c (HbA1c) were determined by high-performance liquid chromatography. Postprandial plasma glucose (PPG) was measured by a 75-g oral glucose tolerance test, followed by examination at 2 h. Alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c), creatinine (Cr), and SUA were measured by using enzymatic assays. Levels of reproductive hormones such as prolactin (PRL), free testosterone (FT), androstenedione (AD), and dehydroepiandrosterone sulfate (DHEAS) were measured. Luteinizing hormone (LH), follicle-stimulating hormone (FSH), total testosterone (TT), and sex hormone-binding globulin (SHBG) were measured using an electrochemiluminescence immunoassay (Roche Diagnostics GmbH, Cot., Sandhofer, Mannheim, Germany). Homeostatic model assessment of insulin resistance (HOMA-IR) was calculated using the formula [FPG (mmol/L) × FINS (mU/L)]/22.5 (19). Metabolic syndrome (MS) was defined according to the criteria of the Chinese Diabetes Society, and more than three of the following components must be included: 1) WC (as measure of central obesity or abdominal obesity) ≥ 90 cm (male) or ≥ 85 cm (female); 2) high serum glucose level: fasting plasma glucose (FPG) ≥ 6.1 mmol/l and (or) 2 hPPG ≥ 7.8 mmol/l and (or) have been diagnosed as diabetes and undergone treatment; 3) blood pressure (BP): systolic blood pressure ≥ 130 mmHg and/or diastolic pressure ≥ 85 mmHg and (or) have been diagnosed as hypertensive and undergone treatment; 4) fasting blood TG ≥ 1.7 mmol/l; and 5) fasting blood HDL-C < 1.04 mmol/l (20). Hyperuricemia was defined as SUA greater than 420 μmol/l (21).



Body Fat Distribution Measurements

Body fat distribution in PCOS patients was assessed by dual-energy X-ray absorptiometry (DEXA, APEX 4.5.0.2, Hologic, USA). The fat mass was measured in the whole body and six different regions, including head, arms, legs, trunk, android, and gynoid regions. The android/gynoid ratio (A/G ratio) was calculated as percentage of android fat/percentage of gynoid fat. The visceral adipose tissue (VAT) mass, VAT volume, and VAT area were automatically computed using the DEXA software. Abdominal subcutaneous adipose tissue (SAT) mass = android fat mass - VAT mass (13). VAT/SAT ratio was calculated as VAT mass/abdominal SAT mass.



Statistical Analysis

All statistical analysis was performed using SPSS version 25.0 (SPSS Inc.; Chicago, IL, USA). All normal distribution continuous variables were presented as mean ± standard deviation (SD). Non-normal distribution continuous data were expressed as median and interquartile range (25%, 75%). Comparison continuous data among three subgroups were analyzed using one-way ANOVA test, followed by pairwise comparisons using least significant difference (LSD). Comparison continuous data between two subgroups were performed using the independent sample t-test. Comparison categorical data between groups were analyzed using the chi-squared test. Correlation analysis was performed using Pearson correlation tests. Multiple logistic regression analysis was performed to explore the association between SUA and body fat distribution in patients with PCOS. We included the variable with p < 0.05 in univariate analysis and the possible confounders but excluded the similar variable to avoid the co-linearity determinations in logistic regression models. The two-tailed p value <0.05 was considered statistically significant.




Results


General Characteristics of the PCOS Participants Stratified by BMI

Table 1 shows anthropometric, metabolic, hormonal characteristics and body fat distribution of the PCOS patients stratified by BMI. Mean SBP, FPG, HbA1c, and the rate of diabetes were much lower in normal-weight and overweight groups than in the group with obese. The mean HOMA-IR, PPG, FINS, F-CP, ALT, AST, SUA, HDL-c, SHBG, and the rate of metabolic syndrome were significantly different among the three groups. The rates of hyperuricemia in the normal-weight, overweight, and obese groups were 4.30%, 25.00%, and 40.20%, respectively (p < 0.001). There were no significant differences in mean FSH, TT, FT, AD, and DHEAS among the three groups. The characteristics of body fat distribution were significantly different in different BMI subgroups.


Table 1 | Anthropometric, metabolic, and hormonal characteristics and body fat distribution of the patients with PCOS stratified by BMI.





Anthropometric and Metabolic Characteristics of the PCOS Participants in the Non-Hyperuricemia Group and Hyperuricemia Group

The anthropometric and metabolic characteristics of the patients with PCOS stratified by presence of hyperuricemia are displayed in Table 2. Our study comprised 199 women with PCOS (mean age 28.04 ± 4.91 years). The prevalence of hyperuricemia was up to 28.64%. The group of PCOS patients with hyperuricemia had higher weight and BMI than the non-hyperuricemia group. After adjustment for BMI, mean WHR were higher in the group of PCOS patients with hyperuricemia than the group with non-hyperuricemia. The mean TC and LDL-c levels in the group of PCOS patients with hyperuricemia were higher than those of the non-hyperuricemia group. However, the mean SBP, DBP, FPG, PPG, FINS, F-CP, HbA1c, HOMA-IR, ALT, AST, TG, and HDL-c and Cr were comparable between the two groups.


Table 2 | Anthropometric and metabolic characteristics of the patients with PCOS in total, non-hyperuricemia group and hyperuricemia group.





Reproductive Hormones in the PCOS Patients According to SUA Quartiles

The overall PCOS patients were split into four groups across the SUA quartiles. No significant differences were observed in the mean LH, FSH, PRL, FT, AD, and DHEAS based on SUA quartiles. Compared with the participants in the first quartile, those in the fourth quartile had an evidently higher TT level and lower SHBG level (Table 3).


Table 3 | Reproductive hormones and body fat distribution characteristics of the patients with PCOS across quartiles of serum uric acid.





Body Fat Distribution in the PCOS Patients According to SUA Quartiles

The characteristics of body fat distribution in the PCOS patients were presented according to SUA quartiles in Table 3. The percentage of total body fat and total fat mass increased across the SUA quartiles in total PCOS patients. Participants in the fourth quartile of SUA had a significantly higher head fat mass, arm fat mass, leg fat mass, trunk fat mass, android fat mass, gynoid fat mass, abdominal SAT mass, A/G ratio, and VAT/SAT ratio than the patients in the first quartile of SUA. Meanwhile, the trends in the increase in the VAT mass, VAT volume, and VAT area associated with SUA level were statistically significant (p for trend <0.001).



Association Between Body Fat Distribution and SUA or Hyperuricemia

As shown in Figure 2, the SUA level was significantly positively correlated with percentage of total body fat, arm fat mass, leg fat mass, trunk fat mass, A/G ratio, and VAT mass (r = 0.423, 0.468, 0.428, 0.400, 0.324, 0.465, respectively; p < 0.001 for all). In order to determine the influence of different degrees of characteristics related to body fat distribution on hyperuricemia, we dichotomized the PCOS patients according to characteristics related to body fat distribution and performed multiple logistic regression models to evaluate the risk of hyperuricemia between the two groups (Table 4). After adjustment for age (Model 1), we found that the higher levels of percentage of total body fat, trunk fat mass, android fat mass, gynoid fat mass, VAT mass, and abdominal SAT mass will increase the risk of hyperuricemia in PCOS patients. With further adjustment for confounders in multiple logistic regression models (Model 2–4), only higher level of VAT mass was significantly associated with hyperuricemia (p < 0.05 in all three models).




Figure 2 | Correlation between serum uric acid and body fat distribution. (A) Correlation between serum uric acid and total body fat%; (B) correlation between serum uric acid and arm fat mass; (C) correlation between serum uric acid and leg fat mass; (D) correlation between serum uric acid and trunk fat mass; (E) correlation between serum uric acid and android/gynoid ratio; (F) correlation between serum uric acid and VAT mass.




Table 4 | Logistic regression analysis of different degrees of body fat distribution characteristics and hyperuricemia.






Discussion

Multiple studies have shown that the SUA levels and the prevalence of hyperuricemia were significantly higher in patients with PCOS than in patients without PCOS (4–7). Simultaneously, patients with PCOS often present abdominal obesity, which is associated with hyperinsulinemia and elevated androgen. Considering hyperuricemia could exacerbate insulin resistance and metabolic dysfunction (22), it is interesting to explore the association between uric acid and body fat distribution in patients with PCOS. To the best of our knowledge, the present study is the first study to investigate the relationship between uric acid and body fat distribution in patients with PCOS.

In our study, 28.64% of patients with PCOS had hyperuricemia, which is in accordance with previous studies showing that the prevalence of hyperuricemia in the PCOS population varied from 25.48% to 26.29%, almost threefold higher than that of women in the general population (4, 23). Consistent with previous studies (4, 24), our data have shown that SUA levels were positively associated with elevated total testosterone in women with PCOS. It was reported that testosterone could increase SUA levels by inducing the hepatic metabolism of purine nucleotides (25) or by upregulating the expression of Smct1 among the urate re-absorptive transport system (26). Moreover, the administration of anti-androgenic contraceptives ameliorated androgen excess, which was in parallel to the reduction of SUA levels in obese PCOS patients (27). A previous study has shown that SUA concentrations were independently linked with free testosterone in young healthy women (28). However, no linear trend of SUA levels increasing with elevated free testosterone levels was observed in our study. The discrepancies in these findings might be attributed to the differences in study populations, and sample size.

Our present results found that the PCOS patients with hyperuricemia were prone to be obese, which was consistent with a previous study that a high SUA level had a significant association with the increased risk of obesity (29). After adjusting for BMI, the group of PCOS patients with hyperuricemia had significantly higher WHR, TC, and LDL-c than the non-hyperuricemia group. Notably, our data indicated that the SHBG level in the highest SUA quartile was lower than that in the lowest SUA quartile. These results were in accordance with a cross-sectional study showing that SHBG was inversely correlated with SUA levels in premenopausal obese women (30). The underlying mechanism of this decrease in SHBG levels might be associated with inactivating AMPK in the hepatocytes brought about by elevated SUA concentration (31, 32). Taken together, our results were generally in line with previous studies showing a positive relationship for SUA with worse metabolic profiles in the PCOS population (33–35). It was reported that high levels of SUA could induce oxidative stress, affect lipid synthesis and lipid oxidation distortion, and aggravate systemic sterile inflammation, endothelial injury, and promote thrombosis, which could lead to the development of future cardiovascular morbidity in women with PCOS (36).

Increasing evidence has shown that patients with PCOS often present some degree of abdominal obesity, which has strong independent associations with both insulin resistance and hyperandrogenism (37–39). Given that hyperuricemia could also exacerbate the development of hyperandrogenism and insulin resistance in the PCOS population, it is important to investigate whether body fat distribution has a close relationship with SUA in those patients. For all participants, an increasing trend for mean levels of fat contents was found across the SUA levels. In line with previous studies (15, 40), higher contents of percentage of total body fat, trunk fat mass, android fat mass, gynoid fat mass, VAT mass, and abdominal SAT mass showed a significantly positive association with the risk of hyperuricemia. However, after adjusting for all confounder factors, only VAT mass was significantly correlated with the high risk of hyperuricemia in PCOS patients. These findings were consistent with previous studies, which have demonstrated that visceral adiposity, but not other fat compartments, was related to SUA levels in the general population (10–12). Similarly, a study reported that the visceral adiposity index was significantly positively correlated with uric acid in patients with PCOS (41). Therefore, the absence of any association between other fat compartments and the risk of hyperuricemia suggest that VAT may have a greater adverse influence on uric acid metabolism than any other fat compartments (17). Compared with SAT and other fat deposits, VAT adipocytes are more metabolically active with a greater capacity to secrete free fatty acids, adipocytokines, and other vasoactive substances, which may influence the risk of developing impaired glucose tolerance, hyperinsulinemia, and hypertriglyceridemia (42, 43). Further studies are needed to clarify the potential pathogenic effect of visceral adiposity on uric acid metabolism.

There were several limitations in our study. First, the sample size of the study was relatively small and the majority of the patients with PCOS were obese, which might introduce a selective bias. Second, we only did a cross-sectional study and could not clarify the causality and mechanisms underlying the relationship of adipose tissue to hyperuricemia. Further research on larger and longitudinal cohort studies and specific cell and animal experiments designed for the mechanism underlying the association between body fat distribution and hyperuricemia are warranted to clarify our consistent findings. In addition to limitations, a major advantage is that this study filled current gaps in literature by evaluating the effect of VAT fat accumulation on SUA level in the PCOS population, which is meaningful to ameliorate metabolic abnormalities and other dysfunction in the development of PCOS.



Conclusion

PCOS patients with hyperuricemia were more obese and had higher WHR and worse lipid metabolism than those without hyperuricemia. VAT, but not other fat compartments, was significantly positively correlated with the high risk of hyperuricemia in the PCOS patients. Attention should be paid to the role of excessive VAT in the occurrence and development of PCOS with hyperuricemia.
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The high prevalence of polycystic ovary syndrome (PCOS) among reproductive-aged women has attracted more and more attention. As a common disorder that is likely to threaten women’s health physically and mentally, the detection of PCOS is a growing public health concern worldwide. In this paper, we proposed an automated deep learning algorithm for the auxiliary detection of PCOS, which explores the potential of scleral changes in PCOS detection. The algorithm was applied to the dataset that contains the full-eye images of 721 Chinese women, among which 388 are PCOS patients. Inputs of the proposed algorithm are scleral images segmented from full-eye images using an improved U-Net, and then a Resnet model was applied to extract deep features from scleral images. Finally, a multi-instance model was developed to achieve classification. Various performance indices such as AUC, classification accuracy, precision, recall, precision, and F1-score were adopted to assess the performance of our algorithm. Results show that our method achieves an average AUC of 0.979 and a classification accuracy of 0.929, which indicates the great potential of deep learning in the detection of PCOS.
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Introduction

Polycystic ovary syndrome (PCOS) is known as one of the most common disorders among reproductive-aged women, affecting 6%–20% of premenopausal women worldwide (1). The cardinal symptoms of PCOS are ovarian dysfunction and androgen excess. Factors such as genetics, puberty, physiological changes, mental state, and environmental influences are widely considered to induce this syndrome. Patients with PCOS frequently demonstrate menstrual irregularities, hirsutism, obesity, insulin resistance, and cardiovascular diseases (2). Along with reproductive and metabolic disorders, a significant number of patients present psychological symptoms such as depression (3). Therefore, it is essential for the diagnosis and proper treatment of PCOS.

The diagnosis of PCOS is one of the most critical issues in the field of women’s healthcare. According to the clinical characteristics, PCOS is classified into different phenotypes. However, there is a controversy in the criterion of PCOS diagnosis. Among the criteria offered by various groups, the argument appears to affect the prevalence rates of PCOS. To ensure the accuracy of the initial diagnosis of PCOS, patients are supposed to have undergone ovarian ultrasonography. Some of them might even need to have venous sampling for metabolic evaluation. It is estimated that the average cost of initial diagnosis and evaluation of PCOS is $740 (4), which is a significant financial burden.

With the rapid development of artificial intelligence, using machine learning and deep learning to assist with PCOS detection has attracted much more attention. For instance, the authors of (5) applied a machine learning algorithm to the clinical parameters of PCOS to select the most contributed features and predicted PCOS patients. They achieved an accuracy of 91.01% using random forest and logistic regression. The authors of (6) collected gene biomarker data from PCOS patients and normal groups and then they proposed a model based on random forest and artificial neural network to classify PCOS samples and normal samples. They achieved an AUC of 0.7273 in one of their datasets.

The sclera, a visible part of the ocular surface, is a dynamic tissue that is constantly remodeled (7) and may reflect human health. A yellowish staining of the sclera may be associated with liver disease (8). It has been discovered that the abnormal vasodilation of the conjunctival blood vessels leads to the appearance of redness sclera (9). Researchers have found that some female sex steroids have had ocular effects in recent years, and PCOS leads to physiological changes in the eyes (10). Bonini et al. (11) reported that of 62 young women diagnosed with PCOS, 94% were accompanied by ocular disease. Compared with other women, PCOS patients had more severe conjunctival congestion, dry eyes, and itching eyes. However, little work has been reported in using deep learning on scleral images to assist with the screening of PCOS groups.

In this paper, we explored a novel method for the screening of PCOS using scleral images. The proposed method is composed of image preprocessing, features extraction, and classification steps based on deep learning. We used an improved U-Net embedded with an attention module to segment the sclera from full-eye images, a Resnet18 to extract deep features, and a multi-instance learning model to classify PCOS and normal samples. Results show that our non-invasive screening method achieved a mean AUC of 98%, a mean accuracy of a dataset that contains 721 subjects.



Materials and Methods


Data Acquisition and Dataset Establishment

Our method was developed using data collected by a specially developed device described in (12) (Figure 1A), which was designed for obtaining reflection-shadows-free scleral images. To obtain information on the sclera completely, we captured images of the eyeball rotating in different directions: up, down, left, and right. Eight scleral images, including the right and left eyes, were collected for every patient (Figure 1B). This process is fast, low-cost, and painless.




Figure 1 | The device for data acquisition and data collected for experiments. (A) The specially designed device. (B) The diagram of reflection-shadows-free scleral images. (C) Images of the left and right eyes with eyeballs rotating in different directions: up, down, left, and right.



We recruited more than 800 women of childbearing age as subjects. Through data cleaning, the blurred and incomplete sclera images were removed and there 721 subjects remained, including 388 PCOS patients diagnosed by medical professionals. The data were mainly collected in Peking University Third Hospital (Beijing, China) from 2017 to 2019 and in part collected in community checkup using the same instrument at the same time. In order to avoid the influence of different data collection times and different operators, we have performed histogram equalization for all images to avoid systematic data deviation. Subjects were required to rotate their eyeballs up, down, left, and right, respectively (Figure 1C), and the captured eight scleral images were considered a data bag for the corresponding subject. Data bags were labeled as positive for subjects with PCOS, while others were labeled as negative. The division only counted on the presence of PCOS and did not exclude other diseases.

To remove the potential dependency of classification performance on dataset partition, we performed a 5-fold cross-validation procedure to split data: 145 of the 721 data bags in the dataset were separated for testing, while the rest were used as training set to develop the algorithm. Namely, two subsets were split according to subjects instead of scleral images, and images from the same subjects can only be present either in the training set or in the test set. Named ScleraSet, this dataset was established for the detection of PCOS.

Moreover, we recruited a wider range of subjects, including men and women of non-reproductive age, and collected scleral images as the training set for the sclera segmentation network. To reasonably evaluate the performance of the sclera segmentation network in ScleraSet, images were randomly selected from ScleraSet as test set. The training set contains 1,736 images, and the test set includes 340 images.



Image Preprocessing

Aimed at enhancing the performance of classification algorithms, a standardized image-preprocessing procedure was established. This procedure consisted of two main steps, which were vital for developing a PCOS detection algorithm.



Image Enhancement

Depending on the healthy state of subjects, characteristics such as blood vessel color and macula may play an important role in this scleral image-based classification problem. To improve the performance of classification algorithms, it is necessary to enhance features on scleral images and also to minimize the influence of imaging light conditions.

Firstly, blur images with a Gaussian blur function. The principle is to carry out the convolution operation of the Gaussian function to the image and carry out the Gaussian transformation to every pixel in the image. After blurring, the high-frequency components of the image, such as vessels and spots, remain visible in the image. Then, blend the blurred image with the original one and give higher weights to the high-frequency components to achieve image enhancement.



Sclera Segmentation

As shown in Figure 1C, the original images captured by the specially developed device contained full-eye information along with some skin around eyes. Hence, it is essential to segment the sclera from full-eye images to avoid the interference of invalid areas. With the rapid development of artificial intelligence, segmentation methods based on deep learning becomes increasingly popular. Compared with traditional segmentation algorithms, Convolutional Neural Networks (CNNs) can achieve pixel-level segmentation by extracting features from the input original image without manual feature selection. For accurate sclera segmentation, we used an improved U-Net model (13), which is an embedded attention module contributed by Woo et al. (14). A previous study suggested (15) that such architecture has great advantages in sclera segmentation. To ensure the simplicity of network training and accelerate the process, batch normalization (16) was implemented after every convolutional layer.

The architecture of the segmentation network is shown in Figure 2, which consists of a classic U-Net network and a convolutional block attention module (CBAM). It is a U-shaped structure, containing a contracting path and an expansive path. The former is equivalent to an encoder and composed of eight 3×3 convolutional layers and four 2 × 2 max-pooling layers with stride 2. For each convolutional layer, one batch normalization layer and one rectified linear unit (ReLU) follow. As the depth of the network increases, the number of channels in different convolutional blocks increases, while the output size of feature maps decreases. At the bottom of the U-shaped structure, where the contraction and expansion paths intersect, CBAM is embedded. The attention module is divided into a spatial attention module and a channel attention module. The former is used to encode the importantly segmented spatial information, while the latter is used for the category information. At the expansion path, convolutional units consist of three up-sampled convolutional layers and one convergence layer, where the convergence layer connects the feature map from the contraction path and the output from the upper convolutional unit. In the end, the output convolutional layer carries a sigmoid activation function that generates prediction distribution maps.




Figure 2 | Overview of the scleral segmentation model embedded with attention module.





Deep Learning Architecture

Based on CNN, our proposed PCOS deep learning architecture is composed of feature extraction and classification. The former was used to extract important deep features from sclera images, while the latter is a multi-instance learning (MIL) model. Inputs are processed images, and outputs of the last softmax layer reveal the prediction of PCOS. The overview of the proposed deep learning architecture is shown in Figure 3.




Figure 3 | Overview of the framework of the diagnosis algorithm.





Feature Extraction

Feature extraction based on deep learning can achieve relatively great classification results by comparison with traditional handcrafted features (17, 18). We applied Resnet to our feature extraction network, which was proposed by He et al. in 2016 (19) and outperformed previous CNNs in a great number of applications about images. The backbone of feature extraction is the Resnet18 model.

The feature extraction network is composed of five residual learning groups and eight residual connections, similar to Resnet18, except for the fully connected layers. There is one 7 × 7 convolution layer in the first group, while the remaining groups contain four convolution layers each. After each convolutional layer, ReLU is adopted as the activation function. The input of the network is an RGB scleral image of 512 × 512. After the average pooling layer, the output feature size is 512.



Classification

For every subject, eight scleral images were captured to avoid any information missing. Instead of making decisions on single image, we considered all images of every subject, which is more reasonable and appropriate. To address the multiple instances issue, we used a multi-instance (MIL) model.

For each subject, all scleral images  were fed into our feature extraction network to obtain feature vectors . There are two steps for the MIL model to give a prediction. The first is to aggregate all feature vectors  from the same subject by an aggregation function g. Later, outputs  were fed into a multi-layer perceptron (MLP) to obtain the bag probability.

The commonly used aggregation function is max-pooling or average pooling, but we used an attention-based MIL pooling proposed by Ilse et al. (20) to optimize our model. This MIL pooling is:



W and V are parameters of network.

Inputs of the MIL model are feature vectors of size 512, and outputs are the bag label for each subject. “Positive” represents normal samples, while “negative” represents PCOS samples.




Results

We performed the proposed detection algorithm on ScleraSet mentioned previously. Furthermore, to explore the feature extraction performance and the positive effects of attention mechanism applied in feature extraction network, we compared the detection performance of different CNNs including Inception V3, Vgg16, and Vgg19 as feature extraction networks.

To assess the performance of our proposed algorithm, we utilize AUC, accuracy, precision, recall, and F1-score as the evaluation indices. Firstly, the receiver operating characteristic (ROC) curve was plotted to present the detection performance. ROC curve is a graph that plots the true-positive rate and false-negative rate. Later, calculate the area under the ROC curve (AUC). According to the ROC curve, we searched the optimal threshold on the basis of Youden’s J statistic. Accuracy, precision, recall, and F1-score were all computed at the optimal threshold. Expressions of these indices are shown as follows, where TP denotes True Positive, TN denotes True Negative, FN denotes False Negative, and FP denotes False Positive:









Adaptive Moment Estimation (Adam) was used as optimizer, and the base learning rate is 0.0001. For different experiments, the optimal learning rate was chosen for minimal errors and we obtain results using the best learning rate. The loss function we adopted was cross entropy; training epochs depended on the convergence time. All experiments were conducted on PyTorch with two Tesla V100 Graphics Processing units (GPUs).

Results of the test sets in 5-fold cross-validation experiments are shown in Table 1 and Figure 4. As shown in Table 1, our proposed deep learning architecture achieved a mean AUC of 0.979, a mean accuracy of 0.929. In contrast, when VGG16, Vgg19 (21), and inceptionV3 (22) were chosen as the feature extraction network, the mean AUC was 0.942, 0.940, and 0.967, respectively. Figure 4 shows the ROC curve of all experiments. The closer the ROC curve gets to the top left corner of the ROC box, the better the performance the model achieves. Compared with other curves, the curve of the model with Resnet is closer to the top-left point, which suggests that the performance of the model with Resnet has excellent sensitivity and specificity.


Table 1 | Results of comparison between different feature extraction networks in 5-fold cross-validation experiments.






Figure 4 | ROC curves of classification results using different feature extraction networks.





Discussion

Scleral images are usually used in the field of biometric recognition (23–25). However, there are rare studies about the disease detection potential of sclera images. In this manuscript, we proposed a novel algorithm to help with the detection of PCOS. To the best of our knowledge, this is the first attempt to explore the relationship between scleral images and PCOS utilizing deep learning.

This manuscript proposes a non-invasive method for the automatic detection of polycystic ovary syndrome based on scleral images. The method consisted of image processing and deep learning techniques to classify scleral images of general subjects and PCOS patients. After simple image preprocessing, we used an improved U-Net model for the rapid sclera segmentation. This model achieved an intersection over union (IoU) of 0.853, which was revealed to be adequate for this project. As for PCOS detection, a feature extraction network was used for obtaining important deep features in the sclera, and later a MIL model was applied to the final classification. The PCOS detection algorithm proposed in this paper achieved good AUC, accuracy, and other indicators. According to the experiment results, Resnet18 obtains a top performance in the comparisons of VGG16, VGG19, and inception V3. There is an apparent enhanced performance using Resnet as the feature extraction network.

Furthermore, this manuscript focuses more on algorithmic research than pathology. To visualize what our model has learned, we used Grad-CAM (26), a popular CNN explanation tool to highlight the features that is important for PCOS detection. Grad-CAM utilizes the last convolutional layers and marks the decisive features by a heatmap. Some positive samples with Grad-CAM visualization are shown in Figure 5. We found that our model focused on thick blood vessels, foggy blood vessels distributed over a large area, and some kinds of spots (the second column in Figure 5), which seems to verify the findings of other studies (10, 11) that PCOS probably causes the changes of blood vessels in the sclera because of sex steroids disorder. However, some highlighted regions can be confusing (the fourth column in Figure 5), since our work is exploratory and more physiological study is needed.




Figure 5 | Visualization results with Grad-CAM.



Although the deep learning algorithm performed well on the dataset we collected, there are limitations in our work and problems to be solved in the future. Firstly, our dataset is not large enough and lacks other data for evaluating the network’s generalization ability. Heterogeneity is one of the critical features of PCOS; hence, a larger dataset is supposed to be collected from a wider range of groups. What is more, on account of data masking, all the information we obtained is whether subjects were PCOS patients. Therefore, our experiments did not take into account the effects of factors such as specific medical condition, race, and geography. Besides, some visualization results seem difficult to explain. Future work can establish pathological models and consider studying the intrinsic connections between changes in the sclera and the physiological changes triggered by PCOS. Then, combine these connections with the algorithm to enhance the interpretability of the algorithm and give doctors more explicit information to assist in detection.



Conclusion

The screening of PCOS has received considerable critical attention. For this issue, the present study was designed to explore a non-invasive method to help with PCOS detection. Our work shows that the proposed algorithm obtains a significant classification performance (mean AUC of 0.978), which indicates that deep learning might be a powerful tool for PCOS detection. Besides, experiment results may imply the outstanding potential of applying scleral images to disease detection. The combination of artificial intelligence and features extracted from scleral images may become a valuable research field.
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Objectives

1) To explore the associations between autistic traits and sex hormone changes in patients with polycystic ovary syndrome (PCOS); 2) To explore the influence of PCOS parental autistic traits and related sex hormone changes on autistic traits in their offspring.



Method

This is a case–control study that recruited two groups: polycystic ovarian syndrome-induced infertile subjects as the observation group and fallopian tube factor-induced infertility subjects as the control group. Both cohorts were patients undergoing infertility treatment in the Productive Medicine Center, Peking University People’s Hospital. Two types of questionnaires were completed by patients between May 1st, 2015, and May 1st, 2016: 1. The autism-spectrum quotient (AQ) 2. Repetitive behavior scale-revised (RBS-r). Levels of sex hormones in serum were measured in patients. The correlations between the levels of these biochemical factors and scores of the autistic traits were analysed. From July 1st, 2020 to September 1st, 2021, these patients were followed up by telephone and asked to fill out a questionnaire online. The questionnaire included date of delivery, complications, medicine used and negative events during pregnancy (e.g., death of relatives, divorce, etc.), delivery condition, breastfeeding, AQ scale and Autism Behavior Checklist (ABC) of their children.



Results

The patients in the PCOS group had significantly higher AQ scores than those in the control group. Levels of luteinizing hormone and testosterone were also higher in the PCOS group. No significant differences were found between the two groups in RBS-r levels, follicle-stimulating hormone, estradiol or progesterone. In the two combined groups, there were significantly positive correlations between the AQ scores and the luteinizing hormone concentration, as well as between scores of RBS-r and testosterone  concentration. Moreover, there was a significantly negative correlation between the level of progesterone and the RBS-r score. According to the follow-up data, the AQ scores of offspring were positively correlated with the RBS-r scores of their mothers. The ABC scores of offspring were positively correlated with the RBS-r scores and the childbearing age of their mothers. No significant difference was found between the two groups in age of delivery, complications, special medication used, negative events during pregnancy, delivery situation, postpartum breastfeeding, age of children, or AQ scores or ABC scores of children. There were no significant correlations between the scale scores of children and the related sex hormone levels of mothers. This could indicate that the higher levels of luteinizing hormone and testosterone and the lower level of progesterone accompanied more pronounced autistic traits in PCOS. Furthermore, the higher delivery age and RBS-r score in mothers accompanied the higher AQ and ABC scores in children.



Conclusion

Compared with the control group, PCOS patients had more autistic traits (especially social dysfunction). The autistic traits in PCOS patients might be related to the elevation in testosterone concentration and luteinizing hormone levels and the decline in progesterone level. Moreover, the autistic traits in the offspring of PCOS patients might be related to the parental high delivery age and high tendency to autism traits.
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1 Introduction

Polycystic ovary syndrome (PCOS) is one of the most common infertility causes in women and is mainly characterized by oligoanovulation, ovarian polycystic morphology and hyperandrogenism (1). Some recent studies have demonstrated an increased risk of autism spectrum disorder (ASD) in the offspring of PCOS patients (2–5).

ASD is a neurodevelopmental disease with core symptoms, including social communication disorder, narrow interests, and repetitive behaviors (6). There are many factors in the etiology of ASD, such as genetics (7, 8), environment (9, 10), and some factors in research progress, including metabolism (11), gut microbiome (12), and endocrine (13, 14). Numerous researchers have reported that prenatal exposure to high levels of androgen may increase the risk of ASD in offspring (13–16). It seems that sex steroids might be the potential link between PCOS and ASD. However, previous studies have not explored the autistic traits of PCOS itself and the association with sex steroids. This study aimed to test the relationship between the PCOS family (themselves and their offspring) and autistic traits and to analyse the correlation between sex steroid and autistic trait scores in patients with PCOS.



2 Materials and Methods


2.1 Subjects

All subjects were recruited between May 1st, 2015, and May 1st, 2016, from the Reproductive Medicine Center, Peking University People’s Hospital, Beijing, China, and sorted into two groups: an observation group of subjects with infertility due to PCOS [based on Rotterdam diagnostic criteria (1)] and a control group of subjects with infertility due to fallopian tubes. The inclusion criteria were as follows: (1) age between 20 and 40 years old; (2) definite diagnosis issued by the hospital; (3) normal intelligence level and reading ability; and (4) voluntary participation in this study and signing of informed consent. Exclusion criteria included (1) serious physical or mental diseases; (2) pregnancy, lactation, or menopause; and (3) recent (within a month) use of contraceptives or other drugs that affect sex hormone levels. One hundred patients in each group were recruited to complete the AQ (Autism Spectrum Quotient) and the Repetitive Behavior Scale-revised (RBS-r). The sex hormone levels of both groups were measured with peripheral blood samples. Moreover, PCOS patients were also evaluated for acne and hirsutism.

Approximately 5 years later, from July 1st, 2020 to September 1st, 2021, these 200 patients were followed up by telephone. If their babies were above 2 years old, they were asked to fill out a questionnaire online. The questionnaire included date of delivery, complications, drugs used and negative events during pregnancy (e.g., death of relatives, divorce, etc.), delivery condition, breast-feeding, AQ scale and ABC (Autism Behavior Scale) scale about their children. This study was approved by the Peking University Institutional Review Board (Approval No. IRB00001052-15031).



2.2 Instruments

2.2.1 The AQ, designed by Simon Baron-Cohen in 2001, is a self-administered quotient measure that measures autistic personality traits in adults. The score is based on five factors, namely, social ability, attention, communication ability, detail, and imagination. A higher score represents more pronounced autistic personality characteristics (17). RBS-r, designed by Bodfish JW in 1999 (18), mainly targets stereotyped behaviors. ABC, developed by Krug in 1978 (19), lists 57 behavioral characteristics of autistic children, including five aspects: sensory, relating, body and object use, language, and social and self-help. It can be used as an autism screening scale for children aged between 2 and 14 years old. A higher score represents more pronounced autistic traits.

2.2.2 Sex steroids, including luteinizing hormone (LH); follicle-stimulating hormone (FSH); estradiol (E2), progesterone (P); and testosterone (T), were measured in the clinical laboratory of Peking University People’s Hospital.

2.2.3 The acne score was determined by the clinical overall scoring method (20). Six parts of the face were observed: frontal, left cheek, nose, and chin, coupled with the chest and back. The lesion severity was divided into 5 grades: 0, no lesion; 1, ≥1 acne; 2, ≥1 papule; 3, ≥1 pustular; and 4, ≥1 nodular cyst. Multiplying the score of the most serious skin lesion type in each zone results in a total score, with 1-18 as mild; 19-30 as moderate; 31-38 as severe; and > 39 as extremely severe.

2.2.4 In this study, an improved F-G scoring method was used to evaluate hirsutism. According to the amount and distribution of the hair, 0 ~ 4 points were recorded, and a total score ≥ 8 points was used to diagnose hirsutism (21, 22).



2.3 Statistical Analyses

Data were managed and analysed using SPSS 25.0. An independent t test was used to compare continuous variables. If the sex hormones data exceeded three standard deviations, we would delete them as the extreme value when we analysed the difference between the two groups. The chi-square test or Fisher’s exact test was used to compare categorical variables. Given the large sample size of the combined two groups (n=53~195), the Pearson correlation coefficient was used to examine the correlation between sex hormone levels in plasma and behavioral scores. All statistical analyses were two-sided, and P<0.05 was considered statistically significant (unless otherwise described).

This study is an observational study, with high uncertainty in estimating the sample size. According to relevant literature reports (23), there were 100 cases in each group of questionnaires, and the sample size of each group of blood samples should reach 30 cases.




3 Results

There were no significant differences in RBS scores between groups. However, the PCOS group had a higher body mass index (BMI) and AQ score than the control group (Table 1). Furthermore, the PCOS group had significantly higher abnormal scores in social ability, attention and communication ability but not in details and imagination factors in AQ (Table 1). The age of the control group was higher than that of the PCOS group. We further analysed the influence of age on the AQ scores (positive data) of the two groups by using covariance and found that age had no significant influence on the AQ scores (P=0.330), but the difference in the AQ scores between the groups was still obvious (P=0.000). Women with PCOS had a significantly higher levels of LH (7.27 ± 4.96 vs 3.73 ± 1.64, P=0.000, Figure 1A) and testosterone (1.94 ± 0.66 vs 1.54 ± 0.45, P=0.000, Figure 1E) than women without PCOS. No difference was found in FSH (PCOS vs control: 7.08 ± 2.24 vs 7.83 ± 3.31, P=0.069, Figure 1B), estradiol (PCOS vs control: 0.15 ± 0.08 vs 0.13 ± 0.09, P=0.150, Figure 1C), or progesterone (PCOS vs control: 2.06 ± 1.12 vs 2.30± 1.40, P=0.226, Figure 1D). Further correlation analysis revealed that there was a significant positive correlation between the total AQ score and LH concentration as well as between the RBS-r score and total testosterone and a significant negative correlation between the RBS-r score and progesterone. However, there were no significant correlations among the total AQ score, RBS-r score and BMI, FSH, E2, F-G score, or acne score (Table 2).


Table 1 | Comparisons of age, BMI, RBS-r score, total AQ score, and AQ subscale scores between the two groups.






Figure 1 | (A) Beeswarm plots illustrating the distribution of LH (luteinizing hormone), (B) FSH (follicle-stimulating hormone), (C) E2 (estradiol), (D) P (progesterone), and (E) T (testosterone) serum concentrations. Error bars represent the standard deviation, and the black line between two dark lines represents the mean. ****Statistical significance (P < 0.001).




Table 2 | Correlation between total AQ score, RBS-r score and sex hormone levels, F-G score, acne score, and BMI.



For the offspring follow-up study (Figure 2), 61 patients filled out the questionnaire (30 from the PCOS group vs 31 from the control group), 47 patients refused to fill out the questionnaire (PCOS vs control: 29% vs 18%, P=0.124), 46 patients failed in pregnancy (17 from the PCOS group vs 29 from the control group), and 46 patients could not be contacted with telephone number changes (24 from the PCOS group vs 22 from the control group). There was no significant difference between the two groups in delivery age, complications during pregnancy, special medication during pregnancy, negative events during pregnancy, delivery situation, or postpartum breastfeeding (Table 3). Due to the existence of twins, 73 children were followed up (34 from the PCOS group vs 39 from the control group). There was no significant difference in the age, AQ and ABC scores of children between the two groups (Table 4). Furthermore, after combining the two groups of data to analyse the correlation, it can be found that the AQ scores (P=0.036, r=0.248) and ABC scores (P< 0.001, r = 0.457) of offspring are positively correlated with the RBS-r scores of their mothers. Moreover, the ABC scores of offspring were positively correlated with the childbearing age of their mothers (P=0.008, r=0.306) (Table 5).




Figure 2 | Flow chart of the follow-up study.




Table 3 | Comparisons of childbearing age, pregnancy, delivery and breastfeeding conditions between the two groups of mothers at the follow-up.




Table 4 | Comparisons of age, ABC score, total AQ score, and AQ subscale scores between the two groups of children.




Table 5 | Correlation between total AQ score of children, ABC score of the sex hormone levels of children and mothers, the child-bearing age of mothers, the total AQ score of mothers, and the RBS-r score of mothers.





4 Discussion

In this study, we found that women with PCOS had more autistic traits than those in the control group. The total AQ scores of women in social skills, attention switching and communication were significantly higher than those of the control group. The phenotypes were similar to the clinical manifestations of ASD, for example, social and language communication disorders. There was no difference between the two groups in attention to detail, imagination, or RBS-r scores. During the follow-up, PCOS patients were more likely to refuse the follow-up (29% in the PCOS group vs 18% in the control group). From another perspective, it showed that PCOS patients are more likely to have social dysfunctions.

In 2015, a population-based nationwide study in Sweden involving 23 748 ASD cases and 208 796 controls revealed that children of women with PCOS appear to have a higher risk of developing ASD (3). In 2018, another study based on Clinic Practice Research Datalink in the UK between 1990 and 2014 determined that women with PCOS and their children had a greater risk of autism (24). In addition, several studies showed that women with PCOS experienced higher rates of psychiatric diseases, such as depression and anxiety (25–29). It seems that there are some connections between ASD and PCOS. However, these two studies with large sample sizes were retrospective tracking trials on offspring without showing the sex hormone levels of mothers. In comparison, our research was a prospective study and tried to determine the associations between hormone levels and autistic traits in infertile patients with PCOS and their offspring. Our study provided more evidence that women with PCOS had more autistic traits, especially in social skills, communication, and attention switching. This suggested that women with PCOS are not only prone to have offspring with ASD but also suffer from social impairment themselves.

Why do PCOS patients have more autistic traits? PCOS patients are characterized by a high level of androgen, and ASD is currently considered to be associated with intrauterine hyperandrogen (30–32). Our study showed that the levels of LH and total testosterone in PCOS patients were significantly higher than those in the control group, which was consistent with known conclusions (1). Further correlation analysis revealed that autistic traits were associated with elevated total testosterone and LH.

Some studies have shown that testosterone easily binds to androgen receptors located in the cytoplasm through cell membranes and blood–brain barriers and then enters the nucleus, affecting the regulation of DNA transcription. It thus inhibits oxytocin (OXT), known as “social factors”, and oxytocin has been used to improve the clinical symptoms of ASD (33, 34). Testosterone can also affect the development of the nervous system and nerve contact by mediating programmed cell death, altering neurochemical mediators, and increasing the formation of dendritic synapses (35), and it might thereby affect social skills.

Regarding the relationship between LH and autistic traits, previous literature reported that the serum LH level in female patients with Asperger’s syndrome was higher than that in healthy women (36). LH stimulates ovarian follicular stromal cells to produce more androgen, which then affects the OXT system. This might be the mechanism by which LH affects social function.

In addition, we also found that progesterone was negatively correlated with the RBS-r score. In 2014, Whitaker-Azmitia et al. found that a decrease in progesterone in maternal serum was associated with an increase in the incidence of autism in offspring (37). He explained that progesterone could stimulate the production of more immune T cells, regulate autoimmune function, and combat neuroinflammatory effects. It thereby protects the brain development of offspring. Generally, progesterone rises after ovulation in women. The progesterone level in PCOS patients is low for a long time due to sparse ovulation. This may be one of the reasons why PCOS patients have more autistic traits.

AQ has been widely used in both clinical and research studies as a screen for diagnosis (38). In this study, the AQ scores, which represented sociability, did not show a significant difference between the two groups of children. This might be due to the sample size. However, our data showed that the social behaviors of children might be influenced by the rigid behaviors and delivery age of their mothers. Is age an independent high-risk factor affecting ASD in offspring? According to a literature review, compared with mothers aged 25 to 29, mothers aged ≥ 35 had an increased risk of autism in their offspring (RR=1.52), while mothers aged < 20 had a significantly reduced risk compared with mothers aged 25 to 29 (RR = 0.77). RR increases monotonically with increasing mother’s age. After considering the influence of father’s age and other potential confounding factors, this relationship still exists, which supports the independent relationship between mother’s older age and autism (39). According to another meta-analysis, when the age of mother and father increased by 10 years, the risk of autism of offspring increased by 18% and 21%, respectively (40). Our data showed that children’s ABC scores were positively correlated with their childbearing age (r=0.306, p=0.008), which was consistent with the existing literature results. At the same time, the children’s ABC score was positively correlated with the mother’s own rigid behavior (r=0.457, P < 0.001). This might be related to heredity, or it might be related to some behavioral influences of mothers in raising children. In addition, our study found that PCOS had a high rate of refusing follow-up (29% in the PCOS group vs 18% in the control group), which might be related to a low desire for social communication and the potential underestimation of offspring problems.

Finally, the limitations of our study must be considered: (1) PCOS is a heterogeneous disease. According to the Rotterdam criteria in 2003, the diagnostic evidence for PCOS is rare ovulation, hyperandrogenism, and polycystic ovarian changes. In other words, not all PCOS patients have hyperandrogenism, which leads to abnormal oxytocin and social behaviors. If it can be further subtyped, it will be more convincing. (2) People’s social behaviors are extremely complex. Whether social function can be fully evaluated by simply filling out the scale needs further confirmation. (3) This study mainly focused on infertile patients in the Reproductive Medicine Center, Peking University People’s Hospital. Infertility may be one factor causing social dysfunction. (4) Follow-up is in the form of an online questionnaire rather than an on-site examination of children, so the results may be biased.



5 Conclusion

In summary, our results demonstrated that PCOS patients have more autistic traits, which might be related to the elevation in testosterone concentration and luteinizing hormone levels, as well as the decline in progesterone levels. Moreover, the autistic traits in the offspring of PCOS patients might be related to the parental high delivery age and high tendency to autistic traits.
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Objective

Gut microbial dysbiosis is associated with high heterogeneity of polycystic ovary syndrome (PCOS); however, studies about gut microbiota targeted clinical intervention in PCOS are limited. Our study aimed to evaluate the effects of high-fiber diet or combined with acarbose on the clinical phenotypes of PCOS, focusing on the possible influence of gut microbiota in this process.



Methods

Twenty-five patients with PCOS were recruited and randomly divided into two groups, W group (n = 14) received the WTP diet (a high-fiber diet composed of whole grains, traditional Chinese medicinal foods, and prebiotics), and A group (n = 11) received the WTP diet combined with acarbose. The follow-up time was 12 weeks. The sex hormonal and glycolipid metabolic parameters, inflammatory factors, brain–gut peptides, and alteration of gut microbiota were evaluated.



Results

The PCOS clinical phenotypes, inflammatory state, and brain–gut peptides secretion were all alleviated in both groups, while the hyperandrogenism, insulin resistance, and brain–gut peptides secretion were better improved in the A group. Alpha and beta diversities were altered more significantly in the A group. Amplicon sequence variants (ASVs) were clustered into 14 co-abundant groups (CAGs) as potential functional groups that may respond to the intervention. The CAGs predominantly comprised of Bifidobacterium and Lactobacillus were more enriched, while the CAGs predominantly comprised of Bacteroides vulgatus, Alistipes, Blautia, Lachnospira, and Roseburia were more inhibited in the A group than in W group. Moreover, the CAGs enriched in the A group had a stronger negative correlation with the luteinizing hormone (LH)/follicle-stimulating hormone (FSH) ratio, testosterone, homeostasis model assessment-insulin resistance (HOMA-IR), α-1-acid glycoprotein (α-AGP), and leptin, and positive correlation with adiponectin and spexin, while the CAGs inhibited showed an opposite trend.



Conclusions

High-fiber diet could alleviate the chronic metabolic inflammation, reproductive function, and brain–gut peptides secretion of patients with PCOS, and high-fiber diet combined with acarbose could better improve the PCOS clinical phenotypes. The remodeling of gut microbiota by our intervention may play an important role in these improvements.



Clinical Trial Registration

http://www.chictr.org.cn/showproj.aspx?proj=4500, ChiCTR-TRC-14005075
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Introduction

Polycystic ovary syndrome (PCOS) is a common heterogeneous endocrine-metabolic disorder in women of reproductive age. According to the 2003 Rotterdam criteria (1), PCOS is defined by the presence of the two or more of clinical manifestations: clinical or biochemical hyperandrogenism, oligo- or anovulation, and polycystic ovaries. Furthermore, PCOS often coexists with abnormal body fat distribution, insulin resistance, glycolipid metabolism disorders, and pituitary–gonad axis anomaly (2). Hyperandrogenism and insulin resistance, the two core pathogenic factors of PCOS, are positively correlated with each other (3), which suggests that PCOS exists with multiple endocrine axis dysfunctions.

European and American studies show that the consumption of cheese and high-glycemic index starchy sweets is higher and the intake of complex carbohydrates and dietary fibers is lower in patients with PCOS compared to healthy individuals (4–6). Dietary fibers intake of patients with PCOS is negatively correlated with insulin resistance, fasting insulin (FINS), glucose tolerance, and androgen levels (7). The above studies suggest that unreasonable dietary structure may result in obesity and metabolic dysfunction in patients with PCOS. Nevertheless, the mechanisms by which dysbiosis of gut microbiota can be the important trigger points of PCOS heterogeneous endocrine disorder remain largely unexplored.

A poor diet may cause the dysbiosis of gut microbiota homeostasis, termed “gut microbial dysbiosis,” and lead to obesity-related diseases (8, 9). Human studies show that patients with PCOS have gut microbial dysbiosis compared with healthy controls, and the gut microbial dysbiosis is associated with clinical parameters, including body mass index (BMI), insulin resistance, and testosterone (10–12). Furthermore, gut microbial dysbiosis may be involved in the pathogenesis of PCOS through the gut–brain axis and inflammatory reaction of host (10, 13, 14). Nowadays, there is a growing interest to use probiotics in patients with PCOS. Two studies show that the probiotics supplementation with Lactobacillus and Bifidobacterium have beneficial effects on reproductive endocrine (15) and metabolic disorders (16), respectively.

Nutritional intervention rich in dietary fibers has been gradually recognized and applied to the improvement of metabolic syndromes such as obesity and type 2 diabetes mellitus (T2DM) by selectively promoting probiotics (17, 18). Lots of studies suggest that patients with PCOS have low intake of dietary fibers (7, 19). However, studies of the dietary fiber intervention in patients with PCOS are limited. Acarbose, an α‐glucosidase inhibitor, could inhibit the absorption of starch in the small intestine and lead to starch featuring slowly digested “lente” carbohydrate and with increased delivery of starch into the large intestine eventually (20). Acarbose has been confirmed to increase the gut content of Bifidobacteria (21) and was once used to treat PCOS (22). We speculate that nutritional intervention with a high-fiber diet may be a feasible treatment for PCOS by remodeling the gut microbiota, and acarbose may enhance this remodeling by increasing the delivery of starch into the large intestine.

Up to now, studies on gut-microbiota-targeted intervention of PCOS are limited. This study aimed to evaluate the effects of intervention rich in dietary fibers or combined with acarbose on the clinical phenotypes of patients with PCOS and explore the possible influence of gut microbiota in this process.



Materials and Methods


Participants

Participants diagnosed with PCOS were recruited from the Department of Endocrinology and Metabolism and Department of Gynecology of Shanghai General Hospital (Shanghai, China). In our study, each participant met all of the three clinical manifestations based on the 2003 Rotterdam criteria, including clinical and/or biochemical hyperandrogenism, oligo- or anovulation, and polycystic ovaries (1). Exclusion criteria included the following: androgen-secreting tumors, adrenal disorders, Cushing’s syndrome, hypertension, smoking, drinking, and pregnancy. None of the participants had received treatment with hormone drugs, insulin sensitizers, anti-obesity drugs, or antibiotics within 3 months prior to enrollment.



Study Approval

The Human Research Ethics Committee of Shanghai General Hospital (No. 2014KY091) had approved the study protocol ahead of the enrollment procedure. This clinical trial was registered in Chinese Clinical Trial Registry (ChiCTR-TRC-14005075). All participants provided written informed consent.



Study Design

This study was an open-label, randomized controlled trial. Twenty-five participants (aged 15–41 years) were randomly assigned into two groups (Figure 1). W group (n = 14) received a high-fiber diet composed of whole grains, traditional Chinese medicinal foods, and prebiotics (the WTP diet) for 12 weeks. A group (n = 11) received the WTP diet combined with acarbose for 12 weeks. The WTP diet included two ready-to-consume prepared foods [canned gruel and prebiotic powder; Perfect (China) Co., Zhongshan, China]. More specifically, canned gruel was a precooked mixture consisting of 11 wholegrains and traditional Chinese medicinal food that are rich in dietary fibers, including adlay, oat, white hyacinth bean, buckwheat, yam, soybean, red phaseolus bean, peanut, wolfberry, corn, and lotus seed. This canned gruel was 360 g wet weight per can prepared by the food manufacturer. Prebiotic powder was a powder preparation for infusion (20 g per bag) containing soluble dietary fibers, including resistant dextrin, maltose oligosaccharide, inulin, and fructo-oligosaccharide. All participants were instructed by a dietitian to consume at least 240 g canned gruel and 60 g prebiotic powder together with at least of 500 g fresh vegetables and with adequate amounts of meat, eggs, mushrooms, soy products fruits, and nuts per day. The detailed composition of canned gruel and prebiotic powder is shown in Supplementary Table S2. Participants of the A group were prescribed with acarbose (50 mg; 3 times/day) as a medication. The doses of acarbose (Glucobay, Bayer AG) were unchanged throughout the intervention. All participants received a nutrition education and physical examination at baseline.




Figure 1 | Design and participant flow of clinical trial.





Outcomes

This study was conducted to explore the effects of intervention on the clinical phenotypes of PCOS and the role of gut microbiota in this process. The primary endpoints included the sex hormonal and glycolipid metabolic parameters. Gut microbiota may contribute to the development of PCOS by influencing chronic inflammation of host and gut–brain axis (23). Thus, the inflammatory factors and brain–gut peptides were also evaluated.

Food intake based on the 24-h dietary review questionnaire, anthropometric measurements, and blood and fecal samples were taken every 4 weeks (week 0, 4, 8, and 12) during the clinical intervention and follow-up. Blood samples were tested for the sex hormonal and glycolipid metabolic parameters, inflammatory factors, and brain–gut peptides. Fecal samples were used for DNA extraction and 16S rRNA gene sequencing. Dual-energy X-ray absorptiometry (DEXA) was used to measure the body composition. The Ferriman–Gallway hirsutism score was obtained at baseline and week 12.



Laboratory Measurement

The standard 75-g oral glucose tolerance test (OGTT) was performed in all participants after an overnight fasting for at least 8 h, and blood samples were collected at the following time point (0, 30, 60, and 120 min) and stored at −80°C until analysis. Biochemical parameters were measured using an automatic biochemical analyzer (AU5800 Clinical Chemistry System, Beckman Coulter, CA, USA). Serum insulin and sex hormones were measured using an automated immunoassay system (Tosoh Bioscience AIA™—1800 Systems, TOSOH Corporation, Tokyo, Japan). HbA1c level was measured using a high-performance liquid chromatography (Bio-Rad Variant II Turbo, Bio-Rad Laboratories, München, Germany). For cytokines and brain–gut peptides, blood samples were collected according to the kit instructions. Enzyme-linked immunosorbent assays (ELISAs) were used to quantify the level of serum lipopolysaccharide (LPS)-binding protein (LBP) (Hycult Biotech, PA, USA), α-1-acid glycoprotein (α-AGP) (Assaypro Inc, MO, USA), leptin and adiponectin (DL develop, Wuhan, China), and orexin and spexin (Phoenix Pharmaceuticals Inc., Burlingame, USA). The intra- and inter-assay coefficients of variation were <5% and <10%, respectively.



DNA Extraction and Sequencing

DNA was extracted from frozen fecal samples as we previously described (24). Forty-four samples from 11 participants in the A group (weeks 0, 4, 8, and 12) and 56 samples from 14 participants in the W group (weeks 0, 4, 8, and 12) were sequenced on the Illumina Miseq platform (Illumina, Inc., USA) with Miseq reagent kit v3 (600 cycles) (MS-102-3033, Illumina, USA). Sequencing library of the V3–V4 regions of the 16S rRNA gene was constructed based on a modified version of instruction provided by the manufacturer (Part no. 15044223 Rev. B, Illumina, USA) (25).



Statistical Analysis


Clinical Data Statistical Analysis

Normal distribution of the data was calculated with the Kolmogorov–Smirnov test using SPSS statistical software 19. Variables that were not normally distributed were log-transformed before analysis. Data were expressed as means ± standard error of mean (SEM) unless otherwise stated. For the clinical and laboratory variables, one-way repeated-measures analysis of variance (ANOVA) with Dunnett’s post-hoc test (two tailed) was used for intra-group comparison of different time points (weeks 0, 4, 8, and 12), a paired t-test (two tailed) was used for intra-group comparison of week 12 with baseline, and a Mann–Whitney test was used to analyze differences between the A and W group at the same time point. A p-value <0.05 was considered to be statistically significant, *p < 0.05, **p < 0.01 and ***p < 0.001. These statistical analyses were performed using GraphPad Prism software 6.



Bioinformatics and Statistical Analysis

The 16S rRNA gene sequence data were processed and analyzed on the QIIME2 software (v2018.11) (26). The raw sequence data was demultiplexed and then denoised with DADA2 pipeline (q2-dada2 plugin) (27) to obtain the amplicon sequence variants (ASVs) frequency data table. Alpha diversity metrics (observed ASVs and Shannon index), beta diversity metric (Bray–Curtis and UniFrac distance), and principal coordinate analysis (PCoA) were performed using the q2-diversity after rarefying the samples to 11,000 sequences per sample. Taxonomic assignment for ASVs was performed via the q2-feature classifier (28) using the SILVA rRNA gene database (29). The alpha diversity indexes were compared using the analysis of ANOVA or Mann–Whitney test as the clinical indexes. The intervention-induced structural shifts of gut microbiota were evaluated using Bray–Curtis and weighted UniFrac distances, visualized by PCoA plot using GraphPad Prism software 6, and assessed by the Permutation Multivariate Analysis of Variance (PERMANOVA) analysis using R “vegan” package with 9,999 permutations.

ASVs shared by at least 20% of all samples were considered as prevalent ASVs. The correlation coefficients between the ASVs were calculated by SparCC algorithm (30). The correlations were converted to a correlation distance (1 − correlation coefficients) and then clustered into 14 co-abundant groups (CAGs) using the Ward clustering and PERMANOVA with 9,999 permutations. The ASVs were clustered using the Ward clustering algorithm via MATLAB, and then, the CAG network was visualized in Cytoscape. Wilcoxon matched-pairs signed-rank test was used to compare the relative abundance of CAGs on weeks 4, 8, 12 vs baseline in the same group. A Mann-Whitney test was used to compare differences between the A and W group at the same time point. p < 0.05 was considered as differential variable. Microbiome Multivariable Association with Linear Models 2 (MaAslin2) was used to calculate the multivariable associations via generalized linear regression between CAGs and clinical parameters with subjects as random effect and adjustment of age.





Results


Changes in Macronutrient and Dietary Fibers Intake in Patients with PCOS

At baseline, there was no significant difference in daily energy and macronutrient intakes between the two groups (Table 1). Both of the two groups were given the WTP diet with a large amount of diverse dietary fibers to perturb the gut ecosystem of participants for 12 weeks. After the intervention, by design, both the two groups showed a significantly higher intake of dietary fibers compared with baseline. Participants in the W group also showed a significant decrease in fat intake from week 0 to week 12. The intakes of daily energy and macronutrient had no significant difference between the two groups at week 12.


Table 1 | Daily energy and macronutrient intake of PCOS before and during the intervention.





Improvement of Clinical Parameters, Inflammatory Factors, and Brain–Gut Peptides in Patients With PCOS

The clinical data of all participants (A group, n = 11; W group, n = 14) are summarized in Supplementary Table S1. Clinical parameters did not differ between the two groups at baseline.

The luteinizing hormone (LH)/follicle-stimulating hormone (FSH) ratio of the A group showed a steady decrease trend during the intervention, significant decrease at week 12, and significant lower level compared to the W group at week 8 (Figure 2A). The testosterone level of the A group significantly decreased at weeks 4 and 8, while the W group showed no significant change at this two time points and, in contrast, significantly increased at week 12 (Figure 2B). The hirsutism score of the A group was significantly lower after the intervention (Figure 2C). The result of transvaginal B-ultrasound showed that the ovarian volume and the number of immature follicles of the A group had a remarkable decrease after the intervention, while the W group had no change (Figures 2D, E). Three participants had unplanned pregnancy during the intervention and successfully delivered afterwards; especially, one of them in the A group had multiple failures of assisted reproductive technology in the past.




Figure 2 | The sex hormonal and metabolic disorders were improved in patients with PCOS after the intervention. Changes in (A) the LH/FSH ratio, (B) testosterone, (C) hirsutism score, (D) number of immature follicles, (E) ovarian volume, (F) FINS, (G) HOMA-IR, (H) FBG, and (I) BMI for participants during the intervention are shown. Date expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 for comparison with the week 0 value for the same group, red for A group and blue for W group. ##p < 0.01 for comparison of A group with W group value at the same time point. LH, luteinizing hormone; FSH, follicular stimulating hormone; FINS, fasting plasma insulin; HOMA-IR, homeostasis model assessment for insulin resistance index; FBG, fasting blood glucose; BMI, body mass index.



The abnormal level of blood glucose, hyperinsulinemia, and insulin resistance of the two groups were improved after the intervention (Figures 2F–H and Supplementary Table S1). The A group had a better improvement of hyperinsulinemia and insulin resistance than the W group at weeks 4 and 8. After the intervention, both of the two groups showed a significant decrease in BMI (Figure 2I) and blood lipid levels (Supplementary Table S1).

Markers of inflammation including LBP and α-AGP decreased sharply at week 4 and maintained a stable level at the two afterward visits in the two groups (Figures 3A, B). Meanwhile, the level of adiponectin, an anti-inflammatory cytokine, was significantly and steadily increased (Figure 3C). The level of spexin showed a significant trend of increase in the A group and was significantly higher than in the W group after intervention (Figure 3D). Orexin, a hypocretin peptide, was significantly decreased in the A group after intervention (Figure 3E). The serum leptin level of both groups decreased significantly at week 4 and maintain a stable level at the two afterward visits (Figure 3F).




Figure 3 | The state of chronic low-grade inflammation and the secretion of brain–gut peptides were altered in patients with PCOS after the intervention. Serum (A) LBP, (B) α-AGP, (C) adiponectin, (D) spexin, (E) orexin, and (F) leptin levels were tested by ELISA. Date expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 for comparison with the week 0 value for the same group, red for A group and blue for W group. #p < 0.05 and ##p < 0.01 for comparison of A group with W group value at the same time point. LBP, lipopolysaccharide -binding protein; α-AGP, α-1-acid glycoprotein.





Altered Gut Microbiota by High-Fiber Diet or Combined With Acarbose

Gene sequencing on the V3–V4 regions of the 16S rRNA generated a dataset consisting of 2,178,945 high-quality reads and 1,731 ASVs, with an average of 21,789 ± 6,247 reads per sample. According to the observed ASVs and the Shannon index, the richness of gut microbiota was significantly reduced in both groups and lower in the A group than in the W group after intervention (Figures 4A, B).




Figure 4 | The gut microbial structure was altered in patients with PCOS after the intervention. Alpha diversity measured by (A) observed ASVs and (B) Shannon index. Date expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 for comparison with the week 0 value for the same group, red for A group and blue for W group. #p < 0.05 and ##p < 0.01 for comparison of A group with W group value at the same time point. Principal coordinates analysis (PCoA) performed on the basis of the (C) Bray–Curtis and (E) weighted-Unifrac distances showed the overall changes in gut microbial structure. PC1, principal coordinate 1; PC2, principal coordinate 2. PERMANOVA test was performed on the basis of the (D) Bray–Curtis and (F) weighted-Unifrac distances. The colors of the blocks indicate the distance, and the asterisks denote significant difference between two time points or different groups. *p < 0.05, **p < 0.01, and ***p < 0.001. A0, A4, A8, and A12: weeks 0, 4, 8, and 12 in the A group; W0, W4, W8, and W12: weeks 0, 4, 8, and 12 in the W group.



In the context of beta diversity based on Bray–Curtis (Figures 4C, D) and weighted-Unifrac (Figures 4E, F) distances, the overall microbial structure showed no difference between the two groups at baseline. Significant alterations were observed from baseline to week 4 in both groups, with no further changes afterwards. These results showed that the two sets of intervention both modulated the gut microbiota of patients with PCOS, and such modulation was stable. At weeks 4 until 12, especially at week 8, significant separation between the two groups reflected a distinct modulatory effect of the high-fiber diet combined with acarbose on the gut microbiota, compared to the simple high-fiber diet.

As bacteria work together as a coherent functional group in the gut ecosystem (31), we constructed a co-abundance network between the 132 ASVs, which were shared by at least 20% of all samples, and clustered the ASVs into 14 CAGs (Figure 5A and Supplementary Table S3). Of these, three CAGs, including CAG3, CAG7, and CAG11, were significantly increased in the A group, while two CAGs, including CAG3 and CAG7, were significantly increased in the W group. Six CAGs, including CAG4, CAG8, CAG9, CAG10, CAG12, and CAG14, were significantly decreased in the A group, while four CAGs, including CAG8, CAG9, CAG10, and CAG12, were significantly decreased in the W group. Six CAGs, including CAG4, CAG6, CAG7, CAG8, CAG11, and CAG14, responded to the differentiation between the two groups at weeks 4, 8, and 12, five of which were also significantly altered in the A or W group. Max member of CAGs differed at week 4 between the two groups. CAG11 remain different at weeks 4, 8, and 12 (Figure 5B).




Figure 5 | Alterations in the abundance of CAGs in response to the intervention. (A) Co-abundance groups interaction network displays the interaction between different CAGs. Node size represents the average abundance of each ASV. Lines between the nodes indicate correlation (green = negative, red = positive), with width of the lines representing the correlation magnitude. Correlations with absolute values <0.4 are not shown here. (B) Bubble plot shows the variation in the average abundance of CAGs during the intervention. The size and color of the circles represent the average abundance and coefficient of variance (CV) of each CAG, respectively.



Among these CAGs, CAG3, and CAG11, which were enriched in the A group, were the dominant CAGs with ASVs from Bifidobacterium and Lactobacillus. CAG7 was 66.3% comprised predominantly of ASV1077 from Fusicatenibacter. CAG8, inhibited in both groups, was comprised predominantly of Bacteroides vulgatus and Alistipes. The other CAGs, inhibited in both groups, included CAG12 composed of ASVs from Bacteroides and Blautia, CAG10 composed of ASVs from Lachnospira and Roseburia, and CAG9 composed of ASVs from Bilophila. CAG14, inhibited only in the A group, contained three ASVs from B. vulgatus.



Associations Between Gut Microbiota and Clinical Parameters in Patients With PCOS

To explore the relationships between the altered CAGs and host clinical phenotypes, we used MaAslin2 to get the correlations between the CAGs and 26 clinical parameters in different cohorts (Figure 6). When examining the whole cohort or A group separately, we saw that the CAGs enriched by the intervention were negatively correlated with the disease phenotypes, such as the LH/FSH ratio, testosterone, metabolic parameters including FINS and homeostasis model assessment-insulin resistance (HOMA-IR), α-AGP, leptin, and orexin, and positively correlated with adiponectin and spexin, while the CAGs inhibited had an opposite trend (Figures 6A, B). Compared with the A group, the CAGs altered in the W group had the same trend but with weaker correlation with the disease phenotypes, mainly including the LH/FSH ratio, testosterone, the hirsutism score, FINS, and HOMA-IR (Figure 6C).




Figure 6 | Correlations between primary clinical parameters and altered CAGs in (A) the whole cohort, (B) A group, and (C) W group. In the heat map, spots color represents R-value of MaAslin2 correlation between each CAG and clinical parameter. +FDR < 0.25 and ++FDR < 0.1. LH, luteinizing hormone; FSH, follicular stimulating hormone; AUC-Glucose, the glucose area under the curve of OGTT; AUC-Insulin, the insulin area under the curve of OGTT; FBG, fasting blood glucose; FINS, fasting plasma insulin; HOMA-IR, homeostasis model assessment for insulin resistance index; HbA1c, hemoglobin A1c; BMI, body mass index; TC, total cholesterol; TG, triglyceride; ALT, alanine aminotransferase; AST, aspartate transaminase; GGT, γ-glutamyltransferase; LBP, lipopolysaccharide-binding protein; α-AGP, α-1-acid glycoprotein.






Discussion

PCOS is a clinical syndrome with metabolic, endocrine, and reproductive dysfunctions. Dietary interventions as a first-line treatment for patients with PCOS have been evaluated, but the optimal diet pattern is uncertain. Effective treatments for PCOS are still lacking. Our clinical trial showed that high-fiber diet or combined with acarbose alleviate PCOS by regulating gut microbiota. In this trial, we conducted a 12-week clinical intervention in patients with PCOS, achieved the improvement of reproductive endocrine and glycolipid metabolic disorders, and promoted fertility via intervention of no matter simple high-fiber diet or combined with acarbose. As far as we know, this trial is the first gut microbiota-targeted nutritional intervention combined with oral hypoglycemic agent for the patients with PCOS. The dysbiosis of gut microbiota was remodeled by a high-fiber diet, probiotics were enriched, and noxious bacteria were inhibited, thus leading to the changes in pH level and short-chain fatty acids (SCFAs) production (Supplementary Figure S1). It is worth noting that a high-fiber diet combined with acarbose showed the better improvement of reproductive endocrine disorders, hyperinsulinemia and insulin resistance, and more optimal composition of the gut microbiota. Furthermore, the changes in gut microbiota and SCFAs were associated with sex hormonal and metabolic parameters, inflammatory factors, and brain–gut peptides, especially in the A group.

Obesity and insulin resistance are strongly implicated in the etiology of PCOS, and lifestyle modification, especially dietary modification and exercise, is the primary method to improve insulin sensitivity (3). Weight loss leads to the improvements in the health of overweight/obese women with PCOS (32, 33). Dietary fiber supplementation has a definite effect on weight loss (34). The intake of dietary fibers is also associated with insulin resistance, hyperandrogenism, and body composition in patients with PCOS (7, 35). In our study, both of the two groups were given a high-fiber diet and showed a significant reduction in BMI, which may alleviate the pathophysiological defects of PCOS. Moreover, the structure of gut microbiota changed significantly after high-fiber diet intervention compared with baseline. The dietary fibers we provided was a single staple food, and this single diet led to the reduction in richness of gut microbiota. Our data suggest that optimal structure of the gut microbiota rather than simple greater overall diversity implies better health, which is consistent with our previous study (18). Besides, dietary fibers could promote the production of key metabolites such as SCFAs, impacting host–microbe interactions (18, 36), and this mechanism might explain our results about the SCFAs. Furthermore, SCFAs could combat obesity and insulin resistance, a core pathogenic factor of PCOS, by brain–gut peptides (37). Therefore, it suggests that dietary fibers may alleviate the clinical phenotypes of PCOS, and the gut microbiota may play an important role in the process.

Acarbose could push more carbohydrates into the large intestine for fermentation. This mechanism confirmed the modulation of acarbose on gut microbiota (38). However, a previous study found that acarbose combined with another kind of high-fiber diet promoted more probiotics than acarbose alone (18), in relative agreement with our finding that acarbose could strengthen the modulation of dietary fibers on gut microbiota. We found that the high-fiber diet combined with acarbose could better improve the hyperandrogenism and insulin resistance of host, which suggested that acarbose alleviates PCOS by the two core pathogenic factors. However, it seemed to be due to the participants neglect of their diet from the third month; these improvements were rebounded slightly at the end of our intervention, and this trend was consistent with changes in gut microbiota. However, the specific mechanism remains to be further studied.

Multiple inflammatory factors and brain–gut peptides may be involved in the development of PCOS. LBP, known as LPS-binding protein, could affect insulin sensitivity and lead to IR (39). Zhu et al. found that LBP level in patients with PCOS was significantly increased, irrespective of body mass (40). α-AGP and adiponectin are adipokines, belonging to the family of cytokines and inflammatory proteins that are produced by adipose tissue (41, 42). α-AGP may modulate energy homeostasis and food intake by interacting with leptin receptor (43). In PCOS, α-AGP level was higher and correlated with biomarkers of adiposity and total testosterone (44). Adiponectin mediates insulin-sensitizing effect through binding to its receptors AdipoR1 and AdipoR2 (42). Spexin is a novel hypothalamic neuropeptide that exerts inhibitory effect on feeding and maintains reproductive function via gonadotropin-releasing hormone neurons (45–47). The decreased level of spexin is associated with sex hormonal and metabolic disorders of PCOS (48). Orexin is another hypothalamic neuropeptide and has been demonstrated to evoke hyperphagia and obesity (49). Leptin is involved in gut–brain axis, thus regulating appetite and energy metabolism (50, 51). Leptin, adiponectin, and the leptin/adiponectin ratio are correlated with insulin resistance (52). Our study showed that patients of PCOS had a significant decrease in LBP, α-AGP, and leptin, and significant increase in adiponectin after the intervention. Spexin significantly increased and orexin significantly decreased in the intervention added of acarbose. Our results indicate that the intervention may affect the levels of inflammatory factors and brain–gut peptides and thus alleviate the clinical phenotypes of PCOS.

A previous study slightly focused on the beneficial effects of prebiotics in patients with PCOS. Dietary fibers and acarbose may affect the gut microbiota structure in the form of CAGs, rather than single bacteria. Here, we observed that CAGs, comprised predominantly of Bifidobacterium and Fusicatenibacter, were enriched after the intervention in both of the two groups. Ren et al. (53) reported that the decrease in the abundance of Fusicatenibacter in non-alcoholic fatty liver disease was linked with the metabolism disorders such as insulin resistance. According to the report by Takada et al. (54), Fusicatenibacter could ferment carbohydrates to produce SCFAs. It should be noted that high-fiber diet combined with acarbose enriched large numbers of Bifidobacterium and a strain of Lactobacillus than simple high-fiber diet. Bifidobacterium could ferment carbohydrates including mannose, fructose, sucrose, and lactose (55). More studies showed that the fermentation of prebiotics including inulin by Bifidobacterium and Lactobacillus promoted host health (56, 57). The results of our study suggest that acarbose promote more carbohydrates into the large intestine for Bifidobacterium and Lactobacillus consumption and thus lead to the enrichment of ASVs in the A group. According to previous studies, Bifidobacterium and Lactobacillus genera are rich in acetic-acid-producing bacteria, which is in agreement with the acetic change in our result (Supplemetary Figure S1). In our study, CAG3 and CAG11, mainly containing Bifidobacterium, had a negative correlation with the levels of LH/FSH ratio, testosterone, glycolipid metabolism, inflammatory factors, orexin, and leptin, while they were positive correlated with the levels of adiponectin and spexin. Zhang et al. (14) proved a direct evidence that Bifidobacterium lactis V9 regulates the levels of sex hormones in PCOS via the gut–brain axis. CAG7, mainly containing Fusicatenibacter, had a negative correlation with the glycolipid metabolism parameters, inflammatory factors, and leptin. These results suggest that the enrichment of these bacteria may alter the chronic metabolic inflammation and brain–gut peptides of host and thus alleviate PCOS by affecting the SCFAs production.

On the other hand, our intervention also decreased the relative abundance of several CAGs, comprised predominantly of noxious bacteria, such as Bacteroides, mainly of B. vulgatus, and Alistipes, Bilophila, Blautia, Lachnospira, and Roseburia. It should be noted that a high-fiber diet combined with acarbose inhibited more ASVs from B. vulgatus than a simple high-fiber diet. CAG8 and CAG14, mainly containing B. vulgatus, were stronger inhibited in the A group and had a positive correlation with the levels of LH/FSH ratio, testosterone, hyperinsulinemia, insulin resistance, BMI, inflammatory factors, and leptin, while they were negatively correlated with the levels of adiponectin and spexin. Hence, it can be seen that acarbose strengthened the modulation of gut microbiota by a high-fiber diet and might better alleviate PCOS through the two core pathogenic factors, namely, hyperandrogenism and insulin resistance. Bacteroides in the human intestine are Gram-negative bacteria, a kind of famous LPS-producing bacteria (58). The positive correlation of Bacteroides and metabolism disorders in PCOS from a cross-sectional study confirmed our result (10). Sun et al. (59) and Jiang et al. (60) elaborated our results in the mechanism; they pointed out that Bacteroides fragilis and B. vulgatus affected the host metabolic disorders and inflammation of T2DM and PCOS via the gut microbiota–bile acid axis. Besides, CAG8 also contained ASVs from Alistipes. Alistipes, another kind of common LPS-producing bacteria, is associated with obesity and inflammation and can aggravate metabolism disorders induced by high-fat diet (61). Other CAGs, such as CAG9, CAG10, and CAG12, containing ASVs from Bacteroides, Bilophila, Blautia, and Roseburia, were inhibited in both of the two groups and had a positive correlation with a series of glycolipid metabolism parameters, inflammatory factors, orexin, and leptin, while they were negatively correlated with adiponectin and spexin. Bilophilia, another common LPS-producing bacteria, could promote higher inflammation and bile acid dysmetabolism, thus aggravating the metabolic dysfunctions induced by high-fat diet (62). Lin et al. reported an increase in the abundance of Blautia genera, and Roseburia genera are correlated with the alterations of bile acids in obesity (63). These results suggest that the inhibition of these bacteria may improve the chronic metabolic inflammation by affecting the LPS production and bile acid metabolism, thus alleviating PCOS.

Our study was a pilot exploration of dietary or drug interventions targeting gut microbiota in patients with PCOS. The downside of our study is the small sample size. Due to the strict quality control of the experimental process, the dietary intervention programs of all subjects were consistent, and the changes in physiological and biochemical parameters and gut microbiota showed the same trend. Further multicenter, placebo-controlled, double-blind studies, metabonomic studies, and fecal microbiota transplantation in germ-free mice are needed to be performed to explore more mechanisms of how the gut microbiota modulation alleviate PCOS.

In summary, our work suggested that high-fiber diet could alleviate the chronic metabolic inflammation, reproductive function, and brain–gut peptides secretion of patients with PCOS, and a high-fiber diet combined with acarbose could better improve the PCOS clinical phenotypes. Meanwhile, the remodeling of gut microbiota by our intervention may play an important role in these improvements. Gut microbiota targeted intervention may present a novel approach for the treatment of PCOS in clinical practice.
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Background

Polycystic ovary syndrome (PCOS) is a refractory reproductive disease and also a kind of endocrine and metabolic disease. Adipocyte cells can produce a mass of extracellular vesicles and orchestrate the status of other types cells. The objective of this study was to determine the effects of adipocyte-derived extracellular vesicles-miR-26b on cumulus cells (CCs) and development of PCOS.



Methods

The crosstalk mediated by extracellular vesicle-miR-26b between adipocytes and CCs was determined in CC cells co-cultured with mature adipocytes or incubated with extracellular vesicle isolated from mature adipocytes. CCK-8 assay and flow cytometry were conducted in CCs treated with or without extracellular vesicles; microRNA (miRNA) sequencing was conducted for clarifying the key molecular. Hormone levels and ovary ovulation ability were conducted with animal experiment.



Results

The results revealed that miR-26b was upregulated in extracellular vesicles derived from mature adipocytes. Adipocyte-derived extracellular vesicles inhibited viability and promoted apoptosis in CCs via targeting JAG1. Furthermore, extracellular vesicles derived from mature adipocyte disrupted the ovary ovulation and impaired the hormone levels.



Conclusions

These results identify a novel signaling pathway that adipocytes-derived extracellular vesicles-miR-26b promotes cell apoptosis in CCs and disrupted the ovary ovulation in the development of PCOS. The study indicates that adipose tissue-derived extracellular vesicles-miR-26b may play a key role in the PCOS and also provides insight into developing new therapeutic strategies for PCOS.





Keywords: PCOS (polycystic ovary syndrome), adipocytes, extracellular vesicles (EVs), miRNA, cumulus cells (CCs)



Introduction

Polycystic ovary syndrome (PCOS) is a common reproductive disorder among female individuals at reproductive age with an estimated incidence of 7%–9% (1). As a kind of heterogeneous endocrine disorder, PCOS is reported to affect up to 20% reproductive-age women worldwide (2).

It is well acknowledged that PCOS is a complex disease involved in multisystem including reproductive, metabolic, and psychological features. PCOS is characterized by hyperandrogenism, obesity, insulin resistance, polycystic ovarian morphology (PCOM), and/or anovulation, which disturbs numerous women at period of duration (3). The major endocrine disruption is excessive androgen secretion or activity, and a large proportion of women also have abnormal insulin activity. Many body systems are affected in polycystic ovary syndrome, resulting in several health complications, including menstrual dysfunction, infertility (4), hirsutism, acne, obesity, and metabolic syndrome. It was reported that women with PCOS have an established increased risk of developing type 2 diabetes (5) and a still debated increased risk of cardiovascular disease (6). The cause of polycystic ovary syndrome is unknown, but studies suggest a strong genetic component that is affected by gestational environment, lifestyle factors, or both. Recent studies found that obesity is closely related to PCOS (7), and diverse molecules derived from adipocytes play vital role in the PCOS (8).

Previous research has shown that extracellular vesicles (EVs) exist in the adipose tissue and adipocytes (9–11). When shuttled from a donor cell to a recipient cell, EVs can transfer numerous biological contents (12) (including microRNAs, proteins, and mRNAs) in extracellular vesicles, while extracellular vesicles derived from diverse cells and organs. It is widely acknowledged that microRNAs exert diverse functions in extracellular vesicles as a kind of important contents (13). Some studies have reported that extracellular vesicle microRNAs (miRNAs) could promote apoptosis in ovary (14) and some other endocrine organs (15). However, there is little evidence that extracellular vesicles-derived adipocytes play roles in PCOS through extracellular vesicle microRNAs.

The aim of this study was to assess the vital role of extracellular vesicles derived from adipocytes in the progression of PCOS and the mechanisms of miRNA encapsulated in adipocytes extracellular vesicles in PCOS. The results could broaden our understanding about the role of adipocytes in PCOS and provide support for long-term monitoring and management.



Materials and Methods


Patients and Specimen

The present study was approved by the Ethics Committee of Obstetrics and Gynecologic Hospital of Fudan University. A total of five patients with PCOS and five control patients were admitted between February 2019 and February 2020 in the study. Both of the two groups were with obesity judged by the Body Mass Index (BMI). Totally, five patients with PCOS and five normal women were enrolled as experimental and control group, respectively; sera were collected from all the participants between the second and fifth day of the menstrual cycle, followed by the isolated extracellular vesicles miRNA sequencing. Patient’s oral and written consent was obtained in all cases.



Cumulus Cells Isolation

Cumulus cells were collected by ovariohysterectomy as previously described (16, 17). In brief, isoflurane was used to anesthetize the mice. Then, the ovaries were collected by ovariohysterectomy, then moved to the laboratory within 30 min at 37°C in sterilized saline. The ovaries were washed three times with phosphate‐buffered saline (PBS); they were minced with a surgical blade in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)-buffered tissue culture medium‐199 (Invitrogen) supplemented with 2 mmol/L NaHCO3, 5 mg/ml bovine serum albumin (BSA), and 1% (v/v) penicillin-streptomycin (Invitrogen). Based on the criteria of morphological normality and homogeneity in the cytoplasm, COCs were classified. Then, selected COCs were denuded by vortexing in 0.1% (w/v) hyaluronidase to separate cumulus cells. The cumulus cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) medium (Thermo Fisher Scientific Life Sciences, MA, USA) containing 10% fetal bovine serum (FBS) (Gibco, Grand Island, NE) and 1% antibiotic–antimycotic.



Adipocytes Induction and Identification

Pre-adipocytes 3T3-L1 were cultured in DMEM containing 10% FBS. Mature adipocytes 3T3-L1 were induced by adipogenic induction treatment for 14 days [briefly, 2 days after confluence (day 0). Cells were treated with differentiation medium (5 μg/ml insulin, 1 μM dexamethasone, and 0.5 mM 3-isobutyl-1-methylxanthine (IBMX)] in DMEM supplemented with 10% FBS (Millipore Sigma) until day 8) and identified using Oil Red O staining.



Cell Viability and Proliferation Assays

Cell viability was measured using a Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan). Cells were seeded in 96-well plates (5 × 103 cells/well) for 12 h, then treated with culture supernatant from pre-adipocytes/mature adipocytes or extracellular vesicles derived from pre-adipocytes/mature adipocytes for 12 h, followed by addition of 10 μl CCK-8 reagent per 100 μl culture medium. Cells were cultured for an additional hour and then measured at 450 nm using a spectrophotometer.



Flow Cytometry Assays

Cumulus cells (CCs) were seeded in six-well plate (105 cells/well) and cultured for 12 h. Cells were harvested 12 h after being co-cultured with pre-adipocytes/mature adipocytes or extracellular vesicles derived from pre-adipocytes/mature adipocytes. All the cells after treatment were collected and were detected by flow cytometry with the PE/Annexin-V Apoptosis Kit I (BD Biosciences, USA).



Western Blotting Assays

CC cells (co-cultured with extracellular vesicles) were harvested and lysed with radioimmunoprecipitation assay (RIPA) (Beyotime, Shanghai, China), supplemented with phenylmethyl sulfonyl fluoride (PMSF) and phosphotransferase inhibitor (Beyotime, Shanghai, China). Protein concentration was determined with a bicinchoninic acid (BCA) kit (Beyotime, Shanghai, China), and then, a total of 30 μg of protein was loaded onto sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gels for electrophoresis and transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked in 5% fat-free milk for 12 h at 4°C and incubated in primary antibodies at 4°C overnight. Membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:1,000) (Cell Signaling Technology, Danvers, MA) for 1 h at room temperature and detected with Immobilon Western substrate (Millipore, Burlington, MA). Anti-JAG1 (ab7771) and anti-GAPDH (ab8245) antibodies were purchased from Abcam.



Real-Time Fluorescence Quantification PCR Assays

The RNA extraction was conducted from isolated extracellular vesicles by an miRNeasy Micro Kit (Qiagen). Further miRNA expression analysis was conducted as previous reported. Briefly, 10 ng of transfer RNA (tRNA) was reverse transcribed with a miRCURY LNA RT Kit (#339340, Qiagen), and the housekeeping gene GAPDH was used for mRNA normalization and U6 used for miRNA normalization. The primer sequences used were listed as below: miR-26b forward, 5′- CGCCCTGTTCTCCATTACTT-3′ and miR-26b reverse, 5′- CCAGTGCAGGGTCCGAGGT-3′; GAPDH forward, 5′- ACAGTCAGCCGCATCTTCTT-3′ and GAPDH reverse, 5′- GACAAGCTTCCCGTTCTCAG-3′; and U6 forward, 5′- CGCTTCACGAATTTGCGTGTCAT-3′ and U6 reverse, 5′- GCTTCGGCAGCACATATACTAAAAT-3′. U6 was used for miRNA normalization; the results were analyzed by comparing 2−ΔΔCT values.



Extracellular Vesicles Isolation and Identification

First, we prepared extracellular vesicles-free FBS by depleting the bovine-derived extracellular vesicles via ultracentrifugation at 150,000 g at 4°C for 12 h. Then, we cultured the pre-adipocytes, and adipocytes were cultured in extracellular vesicles-free medium for 48 h, followed by the collecting conditioned medium. Then, we isolated and purified the extracellular vesicles by ultracentrifugation according to Thery’s protocol (18). Briefly, the collected conditioned medium was centrifuged at 300 g for 30 min to remove cells, and then, the supernatant was centrifuged at 2,000 g for 30 min to remove the cell debris. Next, the supernatants were ultracentrifuged at 120,000 g for 120 min at 4°C, and the pellet was collected as the extracellular vesicles. As for the characterization of extracellular vesicles, the morphology observation was conducted by transmission electron microscopy (FEI Tecnai G2 Spirit Twin, Philips, NL). The size measurement was conducted via nanoparticle tracking analysis (NTA) (Malvern, GB). The marker characterization was conducted via Western blot focusing CD63, Tsg101, and Alix. The quantification of extracellular vesicles was conducted depending on the protein measurement via the Bradford assay kit (New Cell & Molecular Biotech, Suzhou, CN).



Extracellular Vesicles Internalization Assays

The internalization of extracellular vesicles into CC cells was observed by the laser confocal microscopy. Briefly, a pool of extracellular vesicles was labeled with PKH26 (Millipore Sigma) red fluorescent dye at the concentration of 2 μl/ml for 30 min at room temperature, and PKH26 labeled extracellular vesicles collection were conducted by ultracentrifugation at 100,000g at 4°C for 1 h. Then, the PKH26-labeled extracellular vesicles were resuspended in EV-free DMEM to co-culture with CC cells to assess their internalization (at the concentration of 5 × 103 extracellular vesicles/cell). Cells were fixed with 10% paraformaldehyde, and nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (Millipore) for 10 min at 4°C. Images were taken using a Leica DM200 fluorescent microscope and a TCS SP5 confocal laser scanning microscopy (Leica Microsystems, Wetzlar, GER). A total of 1 × 108 extracellular vesicles were labeled with red fluorescent PKH26 dye (at the concentration of 2 μl/ml) for 30 min at 37°C and then washed and ultracentrifuged at 100,000g at 4°C for 1 h. As for the internalization of adipocytes-derived extracellular vesicles into ovary, the extracellular vesicles pellet (1 × 108 extracellular vesicles/mice) was resuspended in phosphate-buffered saline (PBS) and injected intravenously into mice up to 12 h to detect internalization. After 12 h injection, ovaries were collected and fixed in 4% paraformaldehyde, followed by frozen section. Nuclei were stained with DAPI (Millipore) for 10 min. The internalization of adipocytes-derived extracellular vesicles into the ovary was evaluated using confocal microscopy.



Animals and Experimental Protocols

The animal experiments were conducted in accordance with the criteria for the Care and Use of Laboratory Animals and approved by the Ethics Committee of Obstetrics and Gynecologic hospital of Fudan University. This study used 15 female C57BL/6 mice (7 weeks old, weighing 23.4 ± 1.6 g; Jackson Labs, Bar Harbor, WA), which were housed in a customized 12 h light/dark cycle at 24°C. Food and water were provided ad libitum. Mice were divided into three groups, including pre-adipocytes EVs injection, mature adipocytes EVs injection, and transfected miR-26b pre-adipocytes EVs injection groups. After 6 weeks of injection, the mice were killed, and the freshly dissected ovaries were subjected to subsequent experiments.



High-Throughput Sequencing of MicroRNAs

The deep sequencing for microRNAs encapsulated in extracellular vesicles was conducted as described previously. Complementary DNA (cDNA) libraries were constructed with total RNA of extracellular vesicles derived from pre-adipocytes/mature adipocytes. Total RNA extraction was conducted directly from the isolated extracellular vesicles by the TRIzol Reagent (Ambion, USA). The RNA quantity measurement was conducted by the Qubit 2.0 Fluorometer (Invitrogen, USA). cDNA library construction (with 10 ng total RNA/each library) was conducted as previously described (18). The high-throughput sequencing of microRNA libraries was conducted by Illumina HiSeq 2000 sequencer.



Luciferase Reporter Assays

Firstly, the prediction of the potential targets of miR-26b was conducted using the TargetScan (http://www.targetscan.org) and miRanda (http://miranda.org). Then, the fragments of the JAG1 3′UTR containing the wild-type (WT) or mutant (Mut) predicted binding site for miR-26b were subcloned into the pmirGLO (RiboBio). Then, CC cells were cultured and seeded in 24-well plates for further detection. Briefly, the miR-26b mimics or control (NC) sequences (RiboBio) were co-transfected with pmirGLO-JAG1 WT or pmirGLO-JAG1 Mut. After 48 h of transfection, cells were harvested and lysed. Next, firefly luciferase and Renilla luciferase substrates were added to measure the luciferase activity using the Dual-Glo Luciferase Reporter Assay System (Promega). The results of the luciferase assays were analyzed according to the manufacturer’s instructions.



Extracellular Vesicles MicroRNAs Transfection Assays

To elucidate the function of specific miRNAs in extracellular vesicles derived from pre-adipocytes/mature adipocytes, miR-26b mimics and negative control (On-NC) (RiboBio, Guangzhou, China) were transfected into enriched 3T3-L1 derived extracellular vesicles by Lipofectamine 2000 Reagent (Invitrogen, USA). Briefly, we incubated the 3T3-L1-derived extracellular vesicles with 100 nM miRNA mimics in 100 μl KSFM supplemented with 2 μl Lipofectamine 2000 Reagent for 4 h. Then, the treated extracellular vesicles were washed with PBS and ultracentrifuged at 125,000 g for 1 h at 4°C. The pellet was collected as the mimic mir-containing extracellular vesicles.



ELISA Assays

After 6 weeks of injection of adipocytes-derived extracellular vesicles, mouse blood samples collection was conducted. Briefly, the detection of the serum levels of luteinizing hormone (LH) and testosterone was conducted by the ELISA Kits (Yanhui, Shanghai, China).



Statistical Analysis

Data were presented as means ± SEM. The statistical analyses were performed using SPSS 25.0 software (SPSS, Chicago, IL). The differences between groups were calculated using one-way ANOVA or Student’s t-test. Differences were considered statistically significant at p < 0.05.




Results


Adipocytes Inhibited CCs Growth Through Paracrine Route by Stimulating Apoptosis

It is known that adipose tissue has different biological functions in different stages of differentiation. The oil red staining assay showed that intracellular lipids accumulated in mature adipocytes but not in pre-adipocytes (Figures 1A, B). To confirm the paracrine effect of mature adipocytes in inhibiting cumulus cells proliferation, CCs were co-cultured with mature adipocytes, pre-adipocytes, and DMEM medium in the Transwell system. In the Transwell system, the cores only allowed molecules <0.4 μm to pass through and thus do not allow cells to pass through. When comparing the cell viability among diverse groups, cell viability in the mature adipocytes group was significantly inhibited (Figure 1E). In addition, mature adipocytes increased the percentage of apoptotic cells (Figures 1C, D). These above results indicated that adipocytes inhibited CCs proliferation through secreted small molecules by stimulating cell apoptosis in vitro.




Figure 1 | Adipocytes inhibited CCs growth through paracrine route by stimulating apoptosis. (A) Representative images of Oil red O staining of pre-adipocytes. (B) Representative images of Oil red O staining of mature adipocytes. (C) Detecting the apoptosis of CC cells induced by pre-adipocytes supernatant (left) and mature adipocytes supernatant (right) via flow cytometry. (D) Quantification of the apoptosis detected via flow cytometry. (E) Detecting the viability of CC cells when co-cultured with pre-adipocytes supernatant and mature adipocytes supernatant via CCK8 assay; ***p < 0.001.





Identification of Adipocytes-Derived Extracellular Vesicles

Extracellular vesicles were isolated from cell medium supernatant via differential centrifugation. A transmission electron microscope illustrated the cup shape of adipocytes-derived extracellular vesicles (Figure 2A). Nanoparticle tracking analysis demonstrated that the distribution of the adipocytes-derived extracellular vesicles’ size mainly ranged from 30 to 200 nm (Figure 2B). In addition, the Western blot images showed that traditional extracellular vesicles markers including Alix, Tsg101, and CD63 were positively expressed in the extracellular vesicles derived from adipocytes (Figure 2C and Supplementary Figure S1). Overall, the above characterization results confirmed that the prepared isolation and collection were extracellular vesicles.




Figure 2 | Identification of adipocytes derived extracellular vesicles. (A) Transmission electron microscope observation of whole-mounted purified extracellular vesicles derived from adipocytes. (B) Nanoparticle tracking analysis for particles size distribution of extracellular vesicles derived from pre-adipocytes/mature adipocytes. (C) Detection of CD63, Alix, and Tsg101 expression in extracellular vesicles derived from pre-adipocytes/mature adipocytes by Western blot.





Adipocytes-Derived Extracellular Vesicles Inhibited CCs Proliferation

Cell apoptosis detection were conducted by flow cytometry analysis as previously described. After treatment with 1,000 ng/ml mature adipocytes-derived extracellular vesicles for 24 h, the viability of CC cells was inhibited when compared with the DMEM control and pre-adipocytes-derived extracellular vesicles (Figures 3A, C). Cell apoptosis assays indicated that mature adipocytes-derived extracellular vesicles increased the proportion of apoptotic cells in CC cells compared with pre-adipocytes-derived extracellular vesicles (Figure 3B). These results indicated that mature adipocytes promotes CCs apoptosis by the extracellular vesicles derived from them.




Figure 3 | Adipocytes-derived extracellular vesicles inhibited CCs proliferation. (A) Detecting the apoptosis of CC cells treated with 3T3-L1 EVs (left), mature 3T3-L1 EVs (middle), and 3T3-L1 EVs mi-26b mimic (right) via flow cytometry. (B) Detecting the viability of CC cells treated with 3T3-L1 EVs, mature 3T3-L1 EVs, and 3T3-L1 EVs mi-26b mimic via CCK8 assay. (C) Quantification of the apoptosis detected via flow cytometry; ****p < 0.0001.





Internalization of by CC Cells In Vitro and Ovary In Vivo

PKH-26-labeled adipocytes-derived extracellular vesicles were treated with CC cells for 12 h. Laser confocal microscopy analysis showed that fluorescein isothiocyanate (FITC)-actin tracker labeled CC cells could internalize adipocytes-derived extracellular vesicles labeled with PKH26 (Figures 4A, B). Similarly, we injected PKH-26-labeled adipocytes-derived extracellular vesicles intravenously into mice for 12 h; after fixation and staining of the frozen section of resected ovaries, laser confocal scans showed that PKH26 red-labeled adipocytes-derived extracellular vesicle could enter into the ovary (Figures 5A, B).




Figure 4 | Extracellular vesicles derived from adipocytes were internalize by CC cells. (A) The presence of extracellular vesicles derived from adipocytes in CC cells was detected by confocal microscopy after incubating the PKH26-labeled EVs derived from adipocytes (red) with CCs. The nuclei of the CC cells were stained with DAPI (blue), and their cytoskeleton of the CC cells were stained with Actin-Tracker Green (green). (B) The magnification of extracellular vesicles derived from adipocytes internalized by CC cells.






Figure 5 | Extracellular vesicles derived from adipocytes were internalized by ovaries. (A) The analysis of extracellular vesicles derived from adipocytes in ovary was conducted by confocal microscopy after injecting the EVs intravenously in mice for 6 h. The PKH26-labeled EVs derived from adipocytes (red);, the nuclei of the CC cells were stained with DAPI (blue). (B) The analysis of extracellular vesicles derived from adipocytes in the ovary was conducted by confocal microscopy after injecting the EVs intravenously in mice for12 h. The PKH26-labeled EVs derived from adipocytes (red); the nuclei of the CC cells were stained with DAPI (blue).





Adipocytes-Derived Extracellular Vesicles Specific MicroRNAs Clarification and Function Prediction

To elucidate the contribution of miRNA of PCOS-patient-derived extracellular vesicles to PCOS development, miRNA sequencing analysis of PCOS samples and normal healthy samples was performed. We found that the miR-26b expression was remarkably increased in PCOS samples compared to healthy controls (Figure 6A). Increasing evidence support a vital role for miR-26b in modulating polymorphisms, obesity (19), insulin resistance (20), proliferation, apoptosis (21), tumorigenesis, invasion, migration, and angiogenesis; therefore, miR-26b was chosen for further validation and elucidation. In addition, we verified the results by using extracellular vesicles in granulosa cells of the PCOS mice and control mice; the result is in line with that of the sequencing results in patients (Supplementary Figure S3). To confirm these data, qPCR analysis was performed to determine the expression of miR-26b in the matured adipocytes-derived extracellular vesicles and pre-adipocytes-derived extracellular vesicles. The miR-26b expression was found to be increased in matured adipocytes-derived extracellular vesicles as compared to pre-adipocytes-derived extracellular vesicles (Figure 6B).




Figure 6 | Analysis of differentially expressed extracellular vesicles miRNAs isolated from serum in diverse groups. (A) Heat map of differentially expressed miRNAs in the two groups. (B) Verification of miR-26b in the extracellular vesicles derived from pre-adipocytes and mature adipocytes; ****p < 0.0001.





miR-26b Promote CC Apoptosis by Regulating JAG1

To further understand how miR-26b exerts its biological function, we used bioinformatics tools (TargetScan and microRNA.org) to predict the potential target of miR-26b. It was found that JAG1 possesses a targeting sequence for miR-26b at 3′ UTR of the gene. In addition, nucleotide mismatches between miR-26b and JAG1 were introduced in these binding regions of JAG1 through mutation (Figure 7A). The results from dual luciferase reporter assay showed that miR-26b negatively interacted with 3′ UTR of the wild-type JAG1, as seen from the decreased luciferase activity after miR-26b overexpression. In contrast, no interaction was seen between miR-26b and mutant JAG1 (Figure 7B). This evidence confirmed that JAG1 is directly inhibited by miR-26b. In addition, adipocytes-derived extracellular vesicles miR-26 mimic inhibited the viability (Figure 3B) of CC cells and increased the apoptosis (Figure 3C) when compared with pre-adipocytes-derived extracellular vesicles. In line with this, Western blot analysis indicated that cells that received extracellular vesicles containing overexpressed miR-26b demonstrated a decreased level of JAG1 (Figures 7C, D and Supplementary Figure S2).




Figure 7 | MiR-26b promote CC apoptosis by regulating JAG1. (A) Construction of the JAG1-3′-UTR WT and JAG1-3′-UTR Mut vectors and the active sequence of miR-26b. (B) Luciferase reporter assay was performed to detect the relative luciferase activities of WT and mutant JAG1 reporters. Upregulated miR-26b repressed the fluorescence intensity of JAG1-Wt-3′UTR. (C) Detecting JAG1 protein expression level after treatment with diverse extracellular vesicles by Western blot assay; treatment with both mature adipocytes- and pre-adipocytes-derived EVs miR-26b mimics significantly decreased the expression of JAG1 when compared with pre-adipocytes-derived EVs. (D) Quantification of the JAG1 expression when treated with diverse extracellular vesicles; ****p < 0.0001.





Adipocytes-Derived Extracellular Vesicles Regulated miR-26b Induced the PCOS in Mice

To explore the possible promotive effects of adipocytes-derived extracellular vesicles on PCOS in mice, extracellular vesicles derived from pre-adipocytes/mature adipocytes treatment impaired hormone levels and lead abnormal ovarian morphology. To investigate the effect of adipocytes-derived extracellular vesicles on the PCOS phenotype, extracellular vesicles from pre-adipocytes or mature adipocytes or transfected miR-26b were injected intravenously into mice for 6 weeks (Figure 8). After mature adipocytes-derived extracellular vesicles treatment, impaired ovarian morphologies were detected in the mature adipocytes-derived extracellular vesicles group and miR-26b mimic extracellular vesicles group (Figures 9A, B) but not in the pre-adipocytes-derived extracellular vesicles group, indicating that a rat PCOS model had been successfully developed via injection of mature adipocytes-derived extracellular vesicles or injection of miR-26b mimic extracellular vesicles. Ovaries from mice injected with mature 3T3L1 extracellular vesicles showed increased numbers of cyst-like follicles and fewer corpora lutea (Figures 9C, D). In addition, dysfunctional hormone levels were also detected via ELISA assays (Figures 9E, F). In addition, the estrus cycle results in Figure 10 depict that the treatment of both mature adipocytes-derived extracellular vesicles group and miR-26b mimic extracellular vesicles disrupted the estrus cycle.




Figure 8 | Timeline for the recipient mice treated with diverse EVs in promoting PCOS model.






Figure 9 | Adipocytes-derived extracellular vesicles regulated miR-26b induced the PCOS in mice. (A) Gross observation of ovaries when injected intravenously with 3T3-L1 extracellular vesicles (roof), mature 3T3-L1 extracellular vesicles (middle), and 3T3-L1 EVs miR-26b mimic (bottom). (B) Hematoxylin and eosin staining of representative ovaries; the cystic follicle is indicated by a # hashtag, while the corpora lutea are indicated by asterisks. (C) Quantitative analysis of cystic follicles. (D) Quantitative analysis of corpora lutea. (E) Quantitative analysis of testosterone levels. (F) Quantitative analysis of luteinizing hormone levels; ****p < 0.0001.






Figure 10 | Representative estrous cycles for mice from the three groups. (A) Representative estrous cycles for mice treated after 3T3L1-EVs. (B) Representative estrous cycles for mice treated after mature 3T3L1-EVs. (C) Representative estrous cycles for mice treated after 3T3L1-EVs miR-26b mimic. (D) Quantitative analysis of estrous cycles for the mice from the three groups; *p < 0.05, ****p < 0.0001.






Discussion

This study demonstrates that adipocyte‐derived extracellular vesicles are enriched with miR-26b and can be transported into CC in ovary not only in vitro but also in vivo (Figure 11). Matured adipocytes secrete miR-26b‐containing extracellular vesicles, which is internalized by CC cells and increase apoptotic rate. In the animal study, we conducted intravenous injection of extracellular vesicles derived from matured adipocytes into female mice and found that matured adipocytes-derived extracellular vesicles and miR-26b‐containing extracellular vesicles could disrupt the hormone levels and induced the PCOS in mice.




Figure 11 | Schematic diagram showing the impact of extracellular vesicles derived from adipocytes in PCOS.



PCOS, acknowledged as one of the most common endocrine diseases, is characterized as ovulatory dysfunction, hyperandrogenism, and polycystic ovarian morphology (PCOM), which leads to substantial psychological, social, and economic burdens for patients and their couples and affects women at reproductive age (22). Obesity and ovulatory dysfunction (23) are major concerns of women with PCOS. Due to a limited understanding of the mechanisms involved, there is a limited demonstration about the mechanism between adipocytes and PCOS. Many studies demonstrated that PCOS ovarian phenotypes were related to obesity (23, 24). Adipose tissue is recognized as a main source of circulating miRNAs in the obesity status. MicroRNAs are acknowledged as the most important functional molecules in adipocytes extracellular vesicles (25, 26). There is wide variance in the abundance of different miRNAs between adipocytes- and pre-adipocytes derived extracellular vesicles (27, 28). However, whether adipocytes could induce the development of PCOS through extracellular vesicles is unclear yet. In this study, we first proposed that the mature adipocytes could inhibit the viability of CC cells and promote the apoptosis when compared with pre-adipocytes. Some studies believed that PCOS patients have the phenomenon of reduced apoptosis of granulosa cells (29), and the programmed apoptosis of granulosa cells is shown to be necessary for follicular maturation (30). However, in the current study, the apoptosis rate increased after treatment with adipocytes extracellular vesicles when compared with the control, which means that even if the programmed apoptosis of granulosa cells in the body is cycle specific, the apoptosis rate is increased when treated with the adipocytes extracellular vesicles. Furthermore, we found that the extracellular vesicles-derived mature adipocytes could be internalized by CC cells in vitro and by ovaries in vivo. The extracellular vesicles-derived mature adipocytes disrupt the normal secretory pattern, leading to the atresia of developing follicles and interference with the normal development of a dominant ovarian follicle, resulting in anovulation. In addition, the miRNA sequencing indicated that miR-26b is overexpressed in PCOS serum extracellular vesicles. It was reported that miR-26b plays a vital role in the aggravated insulin resistance and metabolic disorder in obesity. Extracellular vesicles could transfer miR-26b into CC cells and promote the apoptosis via targeting JAG1. What is more, when extracellular vesicles encapsulated with miR-26b mimics were injected intravenously into mice for 6 weeks, we found that extracellular vesicles could promote CC cells apoptosis via communicating with CC cells (transferring containing miR-26b into CC cells) and subsequently targeting JAG1 expression, which results in disrupted ovarian dysfunction associated with PCOS.

There are also some limitations in the presented study: the number of included PCOS cases is small, which might lead to the bias in searching the key microRNAs in the development of PCOS; also, the larger number of animals in the animal experiment is essential in the further study. In addition, the difference in the component of adipocyte extracellular vesicles between lean and obese PCOS patients is a valuable issue, limited by the size of the enrolled participants; this issue needs further exploring. What is more, due to the principles of ethics, it is difficult to conduct the experiments by using the follicular fluid in direct contact with granulosa cells or in granulosa cells of the PCOS women and control group. However, the results of the alternative assays we conducted (Figure 7B; Supplementary Figure S3) still make the results more convincing. Additional, the mechanism of extracellular vesicles derived from adipocytes among insulin resistance and PCOS urgently needs investigation.

All in all, our data indicate that the mechanisms underlying adipose-regulated ovarian dysfunction associated with PCOS likely involve adipose-derived extracellular vesicles containing miR-26b and directly affect ovarian granulosa cells to promote apoptosis.
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Background: Many studies have demonstrated the positive clinical value of progestin-primed ovarian stimulation (PPOS) in patients with polycystic ovary syndrome (PCOS) who underwent assisted reproductive technology. However, the underlying factors contributing to this phenomenon remain unclear. We conducted a retrospective observational study to compare the clinical outcomes of women with PCOS who underwent PPOS or the short protocol to identify possible factors that influence the outcome.

Methods: This study included 304 patients who underwent PPOS and 152 patients who underwent short protocol from April 2014 to July 2019 after propensity-score matching. Human menopausal gonadotropin (hMG) dose, hormone profile, embryo development, and clinical outcomes of frozen-thawed embryo transfer (FET) cycles were compared. The primary outcome measure was the implantation rate. Logistic regression was performed to identify contributing factors, and receiver operating characteristic curve analysis was used to calculate the cutoff of luteinizing hormone (LH) difference ratio in clinical outcomes.

Results: Compared with the short protocol, PPOS resulted in a higher implantation rate (43.4% vs. 31.9%, P < 0.05), clinical pregnancy rate (61.8% vs. 47.4%, P < 0.05), and live birth rate (48.4% vs. 36.8%, P < 0.05). Similar fertilization, cleavage, and valid embryo rate per oocyte retrieved between groups were observed. The LH difference ratio was positively associated with implantation rate [P = 0.027, odds ratio (OR) = 1.861, 95% CI: 1.074–3.226]. The relationship between the LH difference ratio with clinical outcomes was confirmed by receiver operating characteristic curve analysis and comparisons among patients grouped by the LH difference ratio.

Conclusion: The implantation rate was associated with the LH difference ratio during ovary stimulation in patients with PCOS. Our results provide the explanation why PPOS shows the positive clinical outcomes for patients with PCOS.

Keywords: luteinizing hormone, polycystic ovary syndrome, progestin-primed ovarian stimulation, implantation rate, oocyte


INTRODUCTION

Polycystic ovary syndrome (PCOS) is the most common endocrinopathy in women of reproductive age, and more than 80% of patients with anovulatory infertility suffer from PCOS (Thessaloniki EA-SPCWG, 2008; Balen et al., 2016). In vitro fertilization (IVF) is the final reproductive therapy strategy for patients with PCOS who did not achieve benefit from medical treatment and ovarian surgery (Azziz et al., 2016). However, oocytes retrieved from patients with PCOS are typically of poor quality, leading to lower fertilization and cleavage rates, and producing lower quality embryos with a low implantation rate during IVF treatment (Qiao and Feng, 2011).

Progestin-primed ovarian stimulation (PPOS) is a novel ovarian stimulation method for IVF that uses oral progestin as an alternative to gonadotropin-releasing hormone analogs (Kuang et al., 2015; Massin, 2017; Ata et al., 2020). Studies by our group and others showed that PPOS effectively prevents the premature luteinizing hormone (LH) surge and leads to positive clinical outcomes in patients with PCOS (Wang et al., 2016; Zhu et al., 2016; Sun et al., 2018; Xiao et al., 2019; Ata et al., 2020; Gurbuz and Gode, 2020) and in patients with non-PCOS (Ata et al., 2020; La Marca et al., 2020; Martinez et al., 2020). Previous randomized and retrospective studies reported optimal clinical outcomes, such as higher rates of fertilization, pregnancy, and implantation, in patients with PCOS treated with PPOS (Wang et al., 2016; Zhu et al., 2016). However, the mechanism by which PPOS improves IVF outcomes in patients with PCOS is still poorly understood.

Although treatments that induce ovulation can overcome the inability of patients with PCOS to ovulate, the high rate of pregnancy loss is another issue for these patients (Qiao and Feng, 2011; Azziz et al., 2016). The reasons for the increased frequency of loss of pregnancy are not completely clear, but one possible explanation is the compromised oocyte competence resulting from an abnormal endocrine environment through maturation (Palomba et al., 2017). The classic endocrine abnormality in PCOS is the hypersecretion of LH, with a hyperactive gonadotropin-releasing hormone neural circuit and defects in progestin and estradiol feedbacks (Moore and Campbell, 2017; Coutinho and Kauffman, 2019). Accumulating evidence has shown that tonic hypersecretion of LH negatively impacts the outcome of assisted reproductive technology, with impaired pregnancy rates and higher miscarriage rates (Stanger and Yovich, 1985; Regan et al., 1990; Balen et al., 1993; Qiao and Feng, 2011). However, progestin was shown to suppress the LH surge and tonic LH secretion in animal models (Dierschke et al., 1973; He et al., 2017; Ata et al., 2020). This progestin-induced LH suppression was also observed in patients who underwent PPOS (Soules et al., 1984; Kuang et al., 2015; Massin, 2017). Therefore, we hypothesized that there may be a relationship between the decrease of LH level induced by progestin and the improved clinical outcomes in patients with PCOS treated with PPOS.

In this study, we compared the embryo development, implantation potential and subsequent clinical outcomes in women with PCOS who underwent different stimulation protocols and examined the underlying factors that may have an influence on the outcomes.



MATERIALS AND METHODS


Study Design and Patients

This retrospective study was conducted at the Department of Assisted Reproduction at the Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, a tertiary research and education hospital. Women with PCOS who underwent IVF/intracytoplasmic sperm injection (ICSI) cycles with stimulation of PPOS or short protocol from April 2014 to July 2019 were reviewed. Eligible participants were 20–40 years old with a history of infertility of over 1 year. PCOS was diagnosed according to the Rotterdam consensus by meeting two out of the three following criteria: (1) oligo- and/or anovulation; (2) biochemical and/or clinical evidence of hyperandrogenism; and (3) polycystic ovarian morphology on ultrasound (Rotterdam EA-SPCWG, 2004). Patients with other etiologies of ovulatory dysfunction and hyperandrogenism were excluded, such as hyperprolactinemia, congenital adrenal hyperplasia, androgen-secreting tumors, and thyroid disease.

Patients were excluded if they met one of the following criteria: (1) fresh transfer cycles; (2) age >40 years; (3) basal follicle-stimulating hormone (FSH) level ≥10 IU/L; (4) endometriosis grade 3 or higher; (5) history of ovarian surgery; (6) uterine anomalies; (7) history of recurrent spontaneous abortion; (8) abnormal chromosomal karyotype; (9) fetal reduction in the first frozen-thawed embryo transfer (FET) cycles; or (10) lost to follow-up. In cases of patients who underwent more than one IVF/ICSI cycle with the use of the same stimulation program, only the first IVF/ICSI cycle was included in the cohort group for propensity score matching (PSM).

This study was approved by the Institutional Review Board of the Shanghai Ninth People’s Hospital affiliated with Shanghai Jiao Tong University School of Medicine.



Ovarian Stimulation and Laboratory Procedures

All patients were examined by transvaginal ultrasound screen and blood test to confirm the ovarian status and determine the baseline hormone profile on day 3 of the menstrual cycle (MC3). The PPOS protocol was administered as described previously (Wang et al., 2016; Dong et al., 2017). In brief, human menopausal gonadotropin (hMG) at a dose of 150–225 IU/day (Fengyuan Pharmaceutical Co., Maanshan, China) and oral medroxyprogesterone acetate (MPA) 10 mg/day (Xianju Pharmaceutical Co., Taizhou, China) were administered daily from MC3 until the trigger day (Dong et al., 2017). In the short protocol group, patients received 0.1 mg of triptorelin (Ferring International Center SA, Germany) starting on MC2 and 150–225 IU of hMG daily starting on MC3 (Wang et al., 2016; Zhu et al., 2016).

In both groups, serum hormone concentrations and the number and size of developing follicles were measured every 2–4 days by ultrasound and blood examination from MC8–9. The hMG dose was adjusted based on the individual ovarian response and the dynamics of FSH, LH, and other hormones. When three dominant follicles reached 18 mm in diameter, the final stage of oocyte maturation was induced.

For the PPOS group, most patients with PCOS (n = 243) were triggered with both 0.1 mg triptorelin and 1,000 IU human chorionic gonadotropin (hCG, Lizhu Pharmaceutical Trading Co., Shanghai, China). A few patients with PCOS received 0.1 mg triptorelin (n = 42) or 2,000–3,000 IU hCG (n = 19). In the short protocol group, all patients were triggered with 2,000–3,000 IU hCG.

Oocyte retrieval was conducted 34–37 h after the trigger, guided by transvaginal ultrasound. The MPA dose was maintained at the same level and continued up to the trigger day.

The aspirated oocytes were fertilized via IVF or ICSI according to semen parameters (Henkel and Schill, 2003). Oocyte insemination was performed following standard procedures for IVF/ICSI (Salha et al., 1998; Rienzi et al., 2011). All embryos were cultured in separate microdroplets of a continuous single culture medium (Irvine Scientific, Santa Ana, CA, United States). Embryos were scored according to Cummins’s standard on day 3; high-quality embryos, which were defined as grade I or grade II, were selected for vitrification (Cummins et al., 1986). Non-high-quality embryos were subjected to extended culture until the blastocyst stage. Blastocysts with good morphology (grade ≥3 BC) were selected for cryopreservation (Gardner et al., 2000).



Frozen-Thawed Transfer and Follow-Up of Clinical Outcomes

The detailed protocol for the endometrial preparation has been previously described (Wang et al., 2016; Huang et al., 2019). The distributions of patients receiving different endometrium preparation methods were similar between the study group and control group after PSM. In our center, viable embryos defined as blastocysts with good morphology or high-quality embryos after cleavage were suitable for embryo transfer. FET was performed by skilled physicians with the guidance of abdominal ultrasound. When pregnancy was achieved, luteal-phase support was continued until 10 weeks of gestation.

The follow-up system at our center was previously described (Zhu et al., 2016; Huang et al., 2019). The primary end point was the implantation rate, and the secondary outcome was the live birth rate. Other measurements included total hMG dose; FSH, LH, estradiol (E2), and progesterone (P) on trigger day; FSH difference ratio; LH difference ratio; normal fertilization rate; cleavage rate; valid embryo rate per oocyte retrieved; and biochemical pregnancy, ectopic pregnancy, clinical pregnancy, and miscarriage events after FET.

The FSH difference ratio was calculated as the difference between FSH on the trigger day and FSH on MC3 divided by FSH on MC3. The LH difference ratio was calculated as the difference between LH on MC3 and LH on the trigger day divided by LH on MC3. Normal fertilization rate was defined as the number of normally fertilized oocytes divided by the number of total retrieved metaphase II stage oocytes. Cleavage rate was defined as the number of zygotes cleaved divided by the number of normally fertilized oocytes. The viable embryo rate per oocyte retrieved was defined as the number of viable embryos divided by the number of oocytes retrieved. The implantation rate was defined as the number of gestational sacs observed in the uterus (excluding gestational sacs in patients with ectopic pregnancy) divided by the number of embryos transferred. Clinical pregnancy was defined as at least one gestational sac with or without fetal heart activity at 7 weeks after FET. Miscarriage was defined as the loss of clinical pregnancy before the gestational week 24. Live birth was identified as the delivery of at least one live baby after at least 24 weeks gestation.



Statistical Analysis

Statistical analyses and PSM were performed using Statistical Package for the Social Sciences version 25.0 software (SPSS Inc., Chicago, IL, United States).

The normality of quantitative variables was tested by the Kolmogorov–Smirnov tests, Shapiro–Wilk tests, histograms, and Q-Q plots. Data are presented as the mean ± SD or medians (first quartile, third quartile) as appropriate. Comparison of between-group differences was performed with Student’s t-test or Mann–Whitney U-test. For qualitative variables, the Chi-square test or Fisher exact test was used to analyze the differences, and data are presented as % (n/N).

A PSM model was established using logistic regression. To balance significant differences between the two groups, 14 covariates were selected into the PSM model to estimate the propensity score, such as age (continuous), body mass index (BMI) (continuous), duration of infertility (continuous), gravidity (continuous), parity (continuous), infertility type (primary or secondary) and diagnosis (PCOS + tubal factor, PCOS + male factor, PCOS + mixed factors, or PCOS only/other factors), basal endocrine profiles (all continuous), antral follicle count (continuous), insemination method (IVF, ICSI, IVF + ICSI), endometrial thickness on FET day (continuous), endometrial preparation (mild stimulation, hormone replacement therapy), and the number and stage of embryos transferred (1 or 2, cleavage or blast, respectively). Patients with PCOS that received short protocol were matched with patients in the PPOS group using the nearest-neighbor random matching algorithm at a ratio of 1:2. All P-values were based on two-sided tests, and P < 0.05 was considered to indicate statistical significance.




RESULTS


Patient Characteristics

A flow chart illustrating the study design with details on patient selection is shown in Figure 1. Briefly, a total of 1,756 female patients with PCOS who underwent IVF/ICSI were screened from our database, such as 1,544 treated with PPOS and 212 treated with the short protocol (Supplementary Table 1). After PSM, 152 patients who underwent the short protocol were matched with 304 patients treated with the PPOS protocol, and these 456 patients represented the final study group. All 456 participants successfully completed at least one FET cycle after oocyte retrieval and freeze-all cycles. No significant differences were found between the PPOS and short protocol groups in post-matching analysis with regard to characteristics of patients and the first FET cycle, such as age, BMI, duration of infertility, gravidity, parity, infertility type and diagnosis, basal endocrine profiles, antral follicle count, insemination method, endometrial thickness on FET day, endometrial preparation and the number and stage of embryos transferred (Supplementary Table 2). The standardized differences before and after matching are shown in Supplementary Figure 1. To decrease the potential bias, the first FET cycles were included after matching the characteristics described above.
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FIGURE 1. Flow chart of the current study. PCOS, polycystic ovary syndrome; PPOS, progestin-primed ovarian stimulation; FSH, follicle-stimulating hormone; FET, frozen-thawed embryo transfer.




Patients Who Underwent Progestin-Primed Ovarian Stimulation Obtained a Higher Implantation Rate and Live Birth Rate Than Patients Treated With the Short Protocol

We compared the clinical outcomes of the total FET cycles from the 1,756 patients with PCOS (Supplementary Table 3) and found a higher implantation rate of embryos originating from patients receiving the PPOS protocol (42.2% vs. 31.4%, P < 0.05) and higher live birth rate per transfer (47.3% vs. 35.7%, P < 0.05, Supplementary Table 3) compared with patients treated with the short protocol.

In the comparison of the outcomes of the 456 matched patients, the implantation rate (43.4% vs. 31.9%), biochemical pregnancy rate (66.1% vs. 55.9%), and clinical pregnancy rate (61.8% vs. 47.4%) were all higher in the PPOS group than in the short protocol group (all P < 0.05, Table 1). These results indicate that the embryos from the PPOS group exhibited better implantation potential than those from the short protocol group. Notably, the live birth rate was also much better in the PPOS group (48.4% vs. 36.8%, P < 0.05). However, we observed a similar ectopic pregnancy rate (3.2% vs. 2.8%, P > 0.05) and miscarriage rate (18.6% vs. 19.4%, P > 0.05) between the two groups. In addition, the oocyte performance in the early developmental stage, such as the normal fertilization rate, cleavage rate, and valid embryo rate per oocyte retrieved, was similar between the two groups (P > 0.05, Supplementary Figure 2).


TABLE 1. Clinical outcomes of the first frozen-thawed embryo transfer cycle in patients with PCOS treated by PPOS or the short protocol after matching.
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Comparison of Human Menopausal Gonadotropin Dose and Hormone Profiles in Ovarian Stimulation Cycles of Transferred Embryos

To identify the possible factors that may contribute to the difference in the embryo implantation potential between the PPOS and short protocol groups, we examined the hMG dose and hormone profile in stimulation cycles corresponding to the 842 embryos used in FET cycles. Compared with the short protocol group, the PPOS group used a higher dose of hMG (2031.88 ± 552.31 IU vs. 1709.38 ± 979.85 IU, P < 0.001, Figure 2A). Furthermore, the serum concentration of FSH increased markedly on the trigger day in the PPOS group (13.02 ± 4.01 IU/L vs. 9.93 ± 3.17 IU/L, P < 0.001, Figure 2B), and this may be from the higher dose of hMG used in the PPOS group. A higher FSH difference ratio was also observed in the PPOS group (1.66 ± 0.86 vs. 1.01 ± 1.20, P < 0.001, Figure 2F). However, the LH level on the trigger day was decreased significantly in the PPOS group (2.00 ± 1.51 vs. 3.28 ± 2.28, P < 0.001, Figure 2C), and a higher LH difference ratio was also observed (0.53 ± 0.27 vs. 0.15 ± 0.60, P < 0.001, Figure 2F). No significant difference was observed in E2 and P levels on the trigger day between the two groups (P > 0.05, Figures 2D,E).
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FIGURE 2. Comparison of the hMG dose and hormone profiles in ovarian stimulation cycles corresponding to the transferred embryos in patients with PCOS treated with indicated protocols. (A) Comparison of the hMG dose between the PPOS and short protocol groups. (B–F) Comparison of the FSH, LH, E2, P, or Hormone difference ratio between the PPOS and short protocol groups on MC3 or on trigger day. PPOS, progestin-primed ovarian stimulation; hMG, human menopausal gonadotropin; MC3, day 3 of the menstrual cycle; FSH, follicle-stimulating hormone; LH, luteinizing hormone; E2, estradiol; P, progesterone.


To determine the relationship between the hMG dose and hormone levels with the implantation rate in the first FET cycle, we performed logistic regression analysis (Table 2). The independent variables included all factors that showed a significant difference between the two groups, such as total hMG dose, FSH on trigger day, LH on trigger day, FSH difference ratio, LH difference ratio, and ovulation trigger method (Figure 2). Logistic regression revealed a significant positive effect of the LH difference ratio on implantation success [P = 0.027, odds ratio (OR) = 1.861, 95% CI: 1.074–3.226]. The other independent variables did not reach statistical differences.


TABLE 2. Factors influencing implantation success in the first frozen-thawed embryo transfer cycle by logistic regression analysis.
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To further study the LH difference ratio, we performed receiver operating curve (ROC) analysis to observe the influence in embryo implantation (Figure 3A, P = 0.049, 95% CI: 0.500–0.609, cutoff value = 0.385), biochemical pregnancy (Figure 3B, P = 0.040, 95% CI: 0.501–0.615, cutoff value = 0.385), clinical pregnancy (Figure 3C, P = 0.016, 95% CI: 0.511–0.620, cutoff value = 0.385), and live birth (Figure 3D, P = 0.005, 95% CI: 0.525–0.631, cutoff value = 0.435).
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FIGURE 3. ROC analyses of the LH difference ratio in clinical outcomes. The blue line shows the LH difference ratio and the red line is the control. (A) ROC analyses of LH difference ratio in embryo implantation. (B) ROC analyses of LH difference ratio in a biochemical pregnancy. (C) ROC analyses of LH difference ratio in clinical pregnancy. (D) ROC analyses of LH difference ratio in the live birth. ROC, receiver operating curve; LH, luteinizing hormone.




Comparison of Clinical Outcomes in Patients With Polycystic Ovary Syndrome Stratified According to the Luteinizing Hormone Difference Ratio

Based on the cut-off value identified in ROC analysis, we divided the 456 patients with PCOS into two groups according to the LH difference ratio: the low ratio group (LH difference ratio <0.385) and the high ratio group (LH difference ratio ≥0.385). No significant difference in the endometrial thickness on FET day, endometrial preparation or the number or stage of embryos transferred was observed between the two groups (Supplementary Table 4).

We also evaluated the embryo implantation potential and subsequent clinical outcomes in the two groups and found that the implantation rate (43.0% vs. 33.2%), biochemical pregnancy rate (68.1% vs. 52.5%), clinical pregnancy rate (63.1% vs. 45.6%), and live birth rate (50.3% vs. 33.5%) were significantly higher in the high ratio group compared with the low ratio group (all P < 0.05, Table 3), indicating that patients with a high LH difference ratio showed improved outcome. Consistent with the previous analysis, the high ratio group had a higher percentage of patients treated with the PPOS protocol (PPOS and short protocol: 77.5% and 22.5%), and the low ratio group had a lower percentage (PPOS and short protocol: 46.2% vs. 53.8%), suggesting that the difference in the clinical outcome may be from the higher LH difference ratio induced by PPOS.


TABLE 3. Comparison of clinical outcomes in patients with PCOS stratified according to the LH difference ratio.
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DISCUSSION

This study is the first to identify that the high LH difference ratio induced by PPOS is associated with a higher rate of embryo implantation. Our data provide evidence suggesting that appropriate LH suppression before ovulation contributes to the optimal clinical outcome for patients with PCOS, such as improved implantation rate, clinical pregnancy rate, and live birth rate.

The PPOS regimen results in lower circulating LH levels in the follicular phase and requires a higher dosage of gonadotrophin than the conventional short protocol to obtain similar oocyte yields (Kuang et al., 2015; Wang et al., 2016; Zhu et al., 2016; Ata et al., 2020). This phenomenon indicates that the application of MPA during PPOS leads to stronger pituitary inhibition and deeper serum LH suppression (Kuang et al., 2015; Wang et al., 2016; Zhu et al., 2016; Massin, 2017; Huang et al., 2019; Ata et al., 2020). The high progestin environment also makes follicles less sensitive to gonadotropin stimulation (Zhu et al., 2016; Ata et al., 2020). Therefore, a higher amount of hMG was used to stimulate the growth of follicles in the PPOS group, which also resulted in a higher FSH level on the trigger day and FSH difference ratio in this study. However, other variables, such as hMG dose, FSH, or LH on trigger day, and FSH difference ratio showed no significant association with the implantation rate in logistic regression analysis.

We speculate that the higher live birth rate in the PPOS group in the current study is the result of better-quality embryos, since the influence of the hypoestrogenic milieu on the endometrium and other factors were balanced through the conditions of the freeze-all strategy, first FET cycle comparison and PSM (Huang et al., 2019). In general, embryonic implantation is a more reliable indicator of embryo quality and competency (Cha et al., 2012), excluding the disturbance from mother-infant and complicated obstetrical problems during pregnancy. Therefore, we selected implantation rate, rather than the live birth rate, as the dependent variable in logistic regression to identify potential influential factors. Our data revealed that a higher LH difference ratio might lead to a higher live birth rate in women with PCOS who underwent PPOS, indicating that lower circulating LH levels in the follicular phase might improve the oocyte competency and consequentially contribute to the success of embryo implantation. This finding was confirmed by both ROC analysis and the comparison of groups stratified according to the LH difference ratio. The high ratio group (LH difference ratio ≥0.385) had a higher percentage of patients treated with the PPOS protocol and better clinical outcome, while the low ratio group had a lower percentage of PPOS-treated patients and worse clinical outcome. Therefore, a strategy to predict the oocyte quality of patients with PCOS during follicle growth would be helpful for patients to receive a safe and effective ovarian stimulation. Here, we identified the characteristics associated with optimal responders with an LH difference ratio ≥0.385 by ROC.

Currently, there is no universal and established definition for oocyte competence. In general, oocyte competence is defined as the ability of a female gamete to mature into an egg that exhibits fertilization potential and develops to the blastocyst stage (Conti and Franciosi, 2018). Oocyte competence has also been defined based on the potential to sustain pregnancy and achieve a live birth (Palomba et al., 2017). In women with PCOS, oocyte competence is affected by extra- and intra-ovarian factors that influence the cumulus–oocyte interaction, oocyte maturation and embryonic development (Qiao and Feng, 2011). An elevated LH level during the follicle phase is considered to hamper oocyte development potential in humans as well as other species (Shoham et al., 1993). In our study, we investigated the endocrinological characteristics in ovary stimulation cycles corresponding to the transferred embryos. Even though high-quality embryos were transferred in FET cycles, the alterations in molecular factors originated from the different endocrine environments during the follicle growth and oocyte maturation might lead to different clinical outcomes.

Previous studies showed that tonic hypersecretion of LH during the follicular phase was associated with a significant decrease in the quality of both oocytes and embryos, resulting in reduced pregnancy rates and higher miscarriage rates among women with PCOS (Howles et al., 1986; Homburg et al., 1988; Tarlatzis and Grimbizis, 1997; van der Spuy and Dyer, 2004; Dumesic et al., 2008; Franks et al., 2008; Qiao and Feng, 2011). High LH levels may lead to abnormal granulosa cell function and induce oocyte atresia or prematuration (Howles et al., 1986; van der Spuy and Dyer, 2004; Dumesic et al., 2008; Franks et al., 2008). Several reports found that the addition of exogenous LH to the ovarian stimulation protocol may have negative effects on oocyte yield and quality when the level of endogenous LH ≥ 1 IU/l (Tesarik and Mendoza, 2002), and a higher LH exposure to the genital tract was found in non-pregnant patients, not in pregnant patients (Kolibianakis et al., 2003). And, other studies reported that the level of LH in patients with PCOS had no influence on oocyte and embryo quality, as these studies did not find any difference in clinical pregnancy rate even the LH levels varied among those women (Bosch et al., 2005; Doody et al., 2010; Weiss et al., 2019). In contrast, a study by Benmachiche et al. (2019) reported low serum LH levels on the day of GnRH-agonist trigger were associated with reduced rates of live birth. However, a recently published study of another center reported that low serum LH levels during ovarian stimulation with GnRH antagonist protocol had no impact on the live birth rate in freeze-all cycles (Luo et al., 2021). These inconsistent studies probably resulted from the variety in the definition of low LH, measurement parameters of LH, and the clinical interventions. These conflicting findings also indicated that the LH level may have an individual optimal value window during follicle growth, since the amount of LH necessary for standard follicle and oocyte maturation is still not known (Howles, 2000). In general, patients with PCOS show much higher basal LH levels than patients with non-PCOS infertility (Zhang et al., 2013). Our previous study showed that the clinical outcome was not related to the basal LH level in PPOS cycles (Sun et al., 2018). Thus, we chose the LH difference ratio as the main parameter in the current study, and the influence of basal LH level was excluded by adopting the PSM. Besides, we believed the LH difference ratio can reflect both the LH exposure and dynamic changes during the follicle growth, with an advantage with a single LH level on a certain day, either the start day or trigger day. Our data showed that PPOS suppressed LH level to a greater extent (with a higher LH difference ratio) than the short protocol in patients with PCOS, which might help maintain the appropriate LH level suitable for follicle growth and the development of high-quality oocytes. The difference in embryonic implantation potential in patients with PCOS may be from the differences in LH level suppression by various ovarian stimulation protocols. Moreover, the risk of congenital malformations is similar in both PPOS and other stimulation protocols, suggesting the safety of high progestin levels on developing follicles (Ata et al., 2020).

Although PPOS has been applied in patients with PCOS for IVF treatment in some clinical practices, to the best of our knowledge, this is the first study to demonstrate the association between the higher LH difference ratio induced by PPOS and the higher rate of implantation. We first provided the explanation of why PPOS shows a positive clinical outcome for patients with PCOS. The major limitation of our study are its retrospective nature, single control group, and therefore a randomized controlled trial or with other comparing stimulation protocols are needed to confirm our findings. More research is needed to clarify the underlying mechanism associated with the higher rate of implantation induced by the LH difference ratio. Moreover, a study with a long-term follow-up is important to investigate the safety of the PPOS protocol after birth.



CONCLUSION

This study demonstrated that the PPOS protocol shows superior effects on embryo implantation, clinical pregnancy and live birth rate in the first FET cycles for patients with PCOS compared with the short protocol. We also present evidence showing that the increased LH difference ratio was associated with the improved clinical outcomes observed with PPOS, suggesting that maintaining the appropriate LH level during ovarian stimulation may contribute to optimal outcomes in patients with PCOS.
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Background

Low-grade chronic inflammation may contribute to the pathogenesis of polycystic ovary syndrome (PCOS). Interleukin-15 (IL-15) is a proinflammatory cytokine involved in the development of chronic inflammation leading to obesity-associated metabolic syndrome. However, the concentration of IL-15 in follicular fluid of patients with PCOS has yet been evaluated.



Objectives

The aim of this study is to evaluate the expression level of IL-15 in both patients with PCOS and PCOS mice model and investigate the functional effect of IL-15 on ovarian granulosa cells.



Methods

The level of IL-15 in follicular fluid (FF) was measured using cytokine array and enzyme linked immunosorbent assay (ELISA) in two cohorts from 23 PCOS patients and 18 normo-ovulatory controls. PCOS mice model was induced by subcutaneously implanted with letrozole pellet for 21 days. The expression level of IL-15 in serum, ovarian, and subcutaneous adipose tissue in PCOS mice model was measured by ELISA, real-time polymerase chain reaction (RT-PCR), immunohistochemistry (IHC), and immunofluorescence. The effect of IL-15 on the proliferation and apoptosis of the KGN cells and mouse ovarian granulosa cells (GCs) were detected by CCK-8 assay and flow cytometry, respectively. Transcript expression of 17α-hydroxylase17,20-lyase (CYP17A1), cytochrome P450 family 19 subfamily A member 1(CYP19A1), FSH receptor (FSHR), steroidogenic acute regulatory protein (StAR), and proinflammatory cytokine were quantified using RT-PCR. The protein level and phosphorylation level of p38 MAPK and JNK are detected by Western blot. Concentration of dehydroepiandrosterone sulfate (DHEAS) and progesterone (P)were measured by ELISA.



Results

IL-15 expression in follicular fluid of patients with PCOS was significantly elevated compared with the control group, and similar results were observed in the ovarian and subcutaneous adipose tissue of PCOS mice models. Furthermore, the elevated FF IL-15 levels have a positive correlation with the serum testosterone levels. FSHR co-localized with IL-15 indicating that IL-15 production originate from ovarian granulose cells. IL-15 treatment inhibited proliferation and promoted apoptosis of KGN cells and mouse GCs. Moreover, IL-15 upregulated the transcription levels of CYP17A1, IL-1b and Ifng KGN cells. Similar results were observed in mouse GCs except concentration of DHEAS was higher in IL-15 treatment. IL-15 promoted p38 MAPK and JNK phosphorylation in KGN cells, treating KGN cells with p38 MAPK inhibitor SP600125 and JNK inhibitor SB203580 could reverse the effect of IL-15 on the proliferation and function of KGN cells.



Conclusion

The results indicate that IL-15 is involved in the pathogenesis of PCOS potentially by affecting survival, the inflammation state and steroidogenesis of granulosa cells. The practical significance of this association between IL-15 and the pathogenesis of PCOS needs further investigation.





Keywords: PCOS, chronic inflammation state, IL-15, KGN, mouse primary granulosa cells



Introduction

Polycystic ovary syndrome (PCOS), characterized with hyperandrogenism and ovulatory dysfunction, irregular menstruation, and insulin resistance, is one of the most common endocrine and metabolic disorders in reproductive-age women (1). PCOS is the main cause of infertility in women of reproductive age. The global prevalence of PCOS ranges from 4% to 20% owing to differences in diagnostic criteria and population assessed in different geographic areas (2, 3). Due to its obscure etiology and high heterogeneity of clinical manifestations, the available therapeutic strategies for PCOS mainly rely on symptoms while there is no cure yet. The complex interaction between genetical and environmental factors, metabolic alterations, neuroendocrine and immune systems is supposed to play a role to the pathogenesis of PCOS (4–6). Moreover, physiological inflammation occurs in female reproductive tract during ovulation, menstruation, implantation, and labor at term, the establishment of low-grade chronic inflammation may participate in PCOS etiology (7, 8). PCOS patients have permanently elevated serum and ovarian levels of inflammatory markers interleukin-2 (IL-2), IL-6, IL-18, interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-α) compared with normal controls (9–11). The association between inflammatory cytokines and ovarian dysfunction implies that inflammation might be reckoned as the most potent risk factor of PCOS (12). Further investigating the role of inflammatory mediators in the commencement and development of PCOS could be critical for better understanding the pathophysiology of the disease and developing a potential therapeutic target.

IL-15 is secreted by many cell types, including both immune and nonimmune cells such as T-lymphocytes, macrophages, neutrophils and skeletal muscle cells (13, 14). IL-15 has attracted considerable attention for its beneficial effects, including improving lipid and glucose metabolism, suppressing white adipose tissue inflammation, enhancing mitochondrial function, and attenuating endoplasmic reticulum stress (15, 16). In contrast with beneficial effects of IL-15, IL-15 was also reported to participate in chronic inflammation of adipose tissue leading to obesity-associated metabolic syndrome, which absent in IL-15 KO mice prevented accumulation of fat in the white adipose tissue and promoted lipid utilization via adaptive thermogenesis (17). Furthermore, serum IL-15 concentrations were higher in overweight subjects, suggesting that adipose tissue depots might be a source of IL-15 (18). IL-15 was increased in follicular fluid (FF) from women with endometriosis, suggesting that IL-15 may have impaired oocyte quality leading to lower fertilization rates (19). IL-15 concentration in FF of follicles with immature oocytes were significantly higher than those with mature oocytes, suggesting that IL-15 should be investigated as a possible predictive factor for oocyte maturity (20). Adverse correlation between FF IL-15 concentration and maturity of oocyte, therefore, we aimed to investigate the pathogenesis role of IL-15 in women with PCOS.

Granulosa cells (GCs) are the predominant somatic cell type of the ovarian follicle and involved in folliculogenesis through proliferation, acquisition of gonadotropic responsiveness, steroidogenesis and production of autocrine/paracrine factors (21). Increased apoptosis of GCs has been proved in patients with PCOS and PCOS animals, although the underlying mechanisms of apoptosis in GCs have not been fully revealed (22–24). Hyperandrogenism directly induces apoptosis of GCs by stimulating an intrinsic pathway and decreasing the production of follicular growth factors (25–28). Immunosuppressive cytokines such as TGF-β also induced GCs apoptosis during the follicular development in PCOS rats (29). Although the IL-15 concentration in FF is negatively related to the maturity of oocytes, the effect of IL-15 on the proliferation and apoptosis of GCs remains unknown. The MAPK signaling pathway is one of the important pathways of IL-15. The activation of this signaling pathway affects the proliferation and apoptosis of target cells and the release of inflammatory factors (30, 31). And interestingly, phosphorylation of the MAPK pathway is involved in the expression of androgen synthesis related enzymes StAR and CAP17A1 (32, 33). We hypothesize that IL-15 will affect the proliferation of granulosa cells and the expression of genes related to androgen synthesis through the above signaling.

Knowledge in the association between FF IL-15 concentration and testosterone in women with PCOS could provide new insight into the pathogenesis of PCOS. this study aimed to detect the FF IL-15 concentration in women with PCOS, examine the association of FF IL-15 concentration with serum testosterone and explore the effect of IL-15 on the biological activities of GCs.



Materials and Methods


Study Subjects and Sample Collection

This study was approved by the Ethics Committee of Obstetrics and Gynecology Hospital affiliated Fudan University. Informed written consent was obtained from all the participants. Eligible women who had undergone IVF were recruited from September 2020 to January 2021. PCOS was diagnosed based on the Rotterdam criteria with two of the following: oligo and/or anovulation, polycystic ovarian morphology, and clinical and/or biochemical signs of hyperandrogenism (in this study, hyperandrogenism was defined as T>51ng/dl、the menstrual cycle exceeds 45 days and the number of small follicles visible on both sides of the ovary under ultrasound is ≥12). The control group included women who seek treatment for tubal infertility or male factors, with normal ovarian reserve (regular menstrual cycles, and normal ovarian morphology) who has normal BMI, the menstrual cycle is 28-35 days and the number of small follicles in a unilateral ovary under ultrasound <10. Women with endometriosis, cancer, or other medical disorders that could affect folliculogenesis were excluded.

FF samples were collected from 3 PCOS patients and 3 controls of the participants for cytokine array analysis. Patients included met all the three items of Rotterdam criteria. The clinical, hormonal characteristics were compared between the two subgroups (Table 1). FF samples from an additional 20 PCOS patients and 15 controls of the participants were collected for ELISA validation of the identified cytokines, and the clinical, hormonal characteristics were presented in Table 2. All subjects underwent controlled ovarian stimulation using the standard IVF antagonist stimulation regimen protocol. FF was collected by transvaginal ultrasound-guided aspiration, 36 h after the administration of recombinant human chorionic gonadotropin. Only clear FF samples with no macroscopic blood contamination were included. After oocyte isolation, the FF samples were centrifuged at 800 g for 10 min to remove pellets. The supernatant was then separated and stored at -80°C for future use.


Table 1 | Clinical information of the participants for cytokine array analysis.




Table 2 | Clinical information of the participants for ELISA of IL-15.





Cytokine and Chemokine Array

A cytokine and chemokine array (Proteome Profiler TM Human XL Cytokine Array Kit, R&D Systems, MN, USA) was used to detect the changes in 102 cytokines and chemokines in follicular fluid from PCOS and non-PCOS patients according to the manufacturer’s instructions. Briefly, samples were incubated on the membrane overnight at 4°C on a rocking shaker. The membranes were washed and incubated with a cocktail of biotinylated dectection antibody, and then the membrane was incubated with Strepatividin-HRP and chemiluminescent detection reagents. The chemiluminescent signal on each membrane was collected using an Amershan Imager 600 (GE Healthcare Life Sciences, Pittsburgh, PA, USA). The intensity (Pixel density) of each spot was quantified using HL Image++ (Western Vision Software, Salt Lake City, UT, USA), and corrected for background intensity and normalized to the membrane’s positive control.



ELISA Validation

The differential abundance of IL-15 was validated by ELISA using FF samples of 20 patients with PCOS and 15 control participants. Concentrations of IL-15 in the FF samples were measured using the commercial human IL-15 ELSIA kits (Multi Science, Hangzhou, China) according to the manufacturer’s instructions.



PCOS Modeling

Three-week-old female C57BL/6 mice (Jiesjie laboratory animal co. LTD, Shanghai, China) were maintained in a 12h light/12 h dark cycle with free access to rodent feed and water. All procedures were carried out followed the guidelines provided by the Fudan University Institutional Animal Ethical Committee. Mice were divided randomly into two subgroups: control was subcutaneously implanted with a placebo and PCOS was subcutaneously implanted with 3mg letrozole (LTZ) pellet (Innovative Research of American, Sarasota, FL, USA) for 21 days. At the end of experiment, all mice were euthanized by intraperitoneal injection with pentobarbital sodium. Ovary was dissected out and fixed by paraformaldehyde to paraffin embedding. The animal study was approved by the Ethics Committee of Fudan University.



Vaginal Smears

Viginal smears of all mice were collected and for determination of estrous cycle, Giemsa staining was used, and stages of estrous cycle were determined microscopically.



Glucose Tolerance Tests

Mice were fasted for 12 h before the glucose tolerance tests (GTT) and 4h before the insulin tolerance tests (ITT). Glucose levels were measured by tail vein blood sampling using Accu-Chek Performa blood glucose analyzer (Roche Diagnostics). The mice were intraperitoneally injected with D-glucose (2g/kg body weight) for GTT or insulin (1 IU/kg body weight) for ITT after measurement of fasting glucose levels, and tail samples were collected at 15,30,60,90 and 120 min after the IP injection for glucose level detection. And the level of fasting insulin was measured by ELSIA (Multi Science, Hangzhou, China). And HOMA-IR (homeostasis model assessment of insulin resistance) index was calculated refer to (34).



Serum Analysis

Serum testosterone (T), dehydroepiandrosterone sulfate (DHEAS), luteinizing hormone (LH), follicle-stimulating hormone (FSH) concentrations were measured by corresponding ELISA kits (Sino-UK bio, Beijing, China). Moreover, serum and ovarian tissue homogenates IL-15 concentration was determined through a mice ELISA kit (Multi Science, Hangzhou, China).



Hematoxylin and Eosin Staining

Hematoxylin and eosin (H&E) staining was performed for ovary following deparaffinization and rehydration. 5μm sections were stained using hematoxylin followed by eosin staining and subjected to graded alcohol dehydration. The histopathological analysis of the ovary was evaluated by two independent viewers (Yan Liu, Zhi Li) who were blinded to the group information.



Immunohistochemistry and Immunofluorescence

Immunohistochemistry (IHC) staining of IL-15 was used an immunohistochemical SP kit (Origene, Rockville, MD, USA) following the manufacturer’s instructions. Briefly, tissue sections were boiled in antigen retrieval buffer. After cooling, sections were incubated with 3% hydrogen peroxide solution at room temperature for 15 min followed with 10% goat serum as an antigen-blocking buffer for 30 min at 37°C. Sections were then incubated with Rabbit antibody against IL-15 (1:100, Affinity Bioscience, OH,USA) overnight at 4°C in a humid chamber. HRP-conjugated secondary antibody was applied for 30 min and visualized with 3’3-diaminobenzideine (DAB). Observations were made using a Nikon Eclipse 80i (Nikon, Tokyo, Japan) microscope. The positive staining areas were measured by Image J software (NIH, USA). Immunofluorescence staining was applied by a multiple fluorescent staining kit (Absin Bioscience, Shanghai China) according to the manufacturer’s instructions. The sections were incubated with primary antibody against IL-15 (1:100), and FSHR (1:500, Service Bio, Wuhan, China). Images were captured using a laser confocal microscope (Leica TCS SP8, Germany).



Cell Culture

KGN (human ovarian granulosa cell tumor) cells were obtained from Shandong University and were cultured with DMEM/F12 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin in a humidified incubator at 37°C with 5% CO2. Mouse primary granulosa cells (mGCs) were isolated from ovaries of 3 weeks age female C57 mice. Ovaries were dip on ice in Lebovitz’s-15 medium (Sigma-Aldrich, USA) with 10% fetal bovine serum and 1% penicillin-streptomycin. A 25-gauge needle was used to separate surrounding adipose and envelope tissues then puncture the ovary to release the GCs. The cell suspension was centrifuged at 100 rpm for 5 min, resuspended with McCoy’s 5A medium (Sigma Aldrich, USA) supplemented with 5% fetal bovine serum and 1% penicillin-streptomycin. To further investigate the involvement of MAPK signaling pathways in IL-15–induced apoptosis and CYP17A1 abundance, the cells were preincubated with or without p38 MAPK inhibitor SB203580 (10 uM, Selleck Chemicals, USA) (35), and JNK inhibitor SP600125 (10 uM, Selleck Chemicals, USA) (36) for 30 minutes before IL-15 (500pg/ml) treatment.



Cell Counting Kit-8 Assay

Cell viability was determined by cell-counting kit-8 (CCK8) (Selleck, Shanghai, China). KGN cells and mouse primary GCs were seeded in 96-well plates at 1×103 cells/well in 100μl cell suspension. 10μl CCK-8 reagent was added to each well and then the cells were cultured for 1h at 37°C. Optical density was measured at 450 nm using a microplate reader (BioTeck, USA). Each experiment was carried out in triplicate at least.



Apoptosis Assay

The apoptosis level of GCs cells was detected using Annexin V-FITC apoptosis kit (BD Pharmingen, San Diego, CA, USA) according to the manufacturer’s instructions. Experiments were performed by a CytoFLEX flow cytometer (Beckman coulter, Brea, CA, USA) and analyzed by FlowJo 10.0 software (Tree Star, Ashland, USA).



RNA Isolation and Real-Time PCR (RT-PCR)

Total RNA was extracted from ovarian tissues and GCs using RNA-Trizol reagent (Invitrogen, Carlsbad, CA, USA). The RNA concentration of all samples was quantified by NanoDrop 1000 (Thermo Fisher Scientific, USA), and was reverse transcribed to cDNA by Reverse Transciption kit (Takara, Dalian, China). Quantitative reverse transcription PCR (RT-PCR) was performed in SYBR Green® fast qPCR Mix (Takara, Dalian, China) on an ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA USA). Results were normalized using β-actin expression. Primers were designed using Primer-Blast tool by NCBI and present in Supplementary Table 1. Relative transcription levels were calculated using 2-ΔΔCT methods.



Western Blot

Total protein was extracted using ice-cold radio-immunoprecipitation assay lysis buffer (Cwbio) containing a phosphatase inhibitor and a protease inhibitor cocktail (both from Roche). Protein from each sample was electro-phoresed in a 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis gel and then transferred onto a nitrocellulose blot. After 1 hour of blocking with 5% nonfat milk, the blot was incubated overnight at 4°C with antibodies against phospho-JNK (Thr183/Tyr185; 1:1000), and total JNK (1:1000), phospho-p38 MAPK (Thr180/Tyr182; 1:1000), total p38 MAPK (1:1000). On the second day, the blot was washed and then incubated with the respective secondary antibody conjugated to horseradish peroxidase (1:1500) for 1 hour. An enhanced chemiluminescent detection system (Millipore) was used to detect the bands with peroxidase activity. A G-Box iChemi Chemiluminescence image capture system (Syngene) was used to visualize the bands. The same blot was also probed with α-tubulin (1:1000) as internal controls. All antibodies were from Cell Signaling Technology (CST, Massachusetts, USA).



GEO Data Analysis

Microarray datasets 155489 and GSE106724 were downloaded from Gene Expression Omnibus and collected using the following platforms: GPL20795 (HiSeq X Ten) and GPL21096 (Agilent-062918 Human lncRNA array V4.0).The raw data was converted to a recognizable format by GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/).



Statistical Analyses

Statistical analysis was performed with GraphPad Prism version 8.0 software (GraphPad, San Diego, CA, USA), and data were presented as the mean± the standard error of the mean (SEM)or medians with interquartile ranges. Student’ t test of two independent samples was used for the data of normal distribution, and the Wilcoxon rank-sum test of two independent samples was used for the data of non-normal distribution. Pearson’s linear regression was used for correlation analysis to investigate the relationship among IL-15 and serum Testosterone concentration. Spearman’s or pearson’s correlation analysis were used to investigate the relationship among the relative expression of IL-15 or IL-2rg(IL-15r)and CYP17A1 in PCOS patients. The one-way ANOVA with Tukey’s multiple comparison post-hoc test was used for multiple groups. The post hoc statistical power value is expressed as “R”. A P<0.05 was considered statistically significant.




Results


Higher Level of IL-15 in the Follicular Fluid of Patients With PCOS

In order to determine the alteration of cytokine and chemokine in the follicular fluid of PCOS women, we recruited 3 PCOS and 3 non-PCOS patients, whose clinical characteristics are illustrated in Table 1. In the PCOS patients, the BMI and serum LH, T and AMH level, and the ratio of LH/FSH were significantly higher, while the age, serum FSH and E2 levels were similar between the two groups. According to the findings of cytokine array, we found that chemokine MPO, IL-1α, Kallikrein3, IL-15, MCP-1, and IL-8 were significantly increased in PCOS group (Figure 1A and Supplementary Figure 1A). As previously reported, IL-15 is a regulator of obesity related pathological changes (37, 38), and can modulate insulin sensitivity (39). Whereas, obesity and insulin resistance (IR) are typical pathological changes in PCOS, we speculated that IL-15 plays an important role in PCOS. Then, the similar results were observed in FF collected from 20 PCOS and 15 non-PCOS patients (Figure 1C), and their clinical characteristics are illustrated in Table 2. Non-PCOS patients matched the BMI of PCOS patients, while the LH level of PCOS patients tends to be higher、the FSH level and E2 level tend to be lower and the T level is significantly higher compared with non-PCOS patients, which were also consistent with the clinical endocrine characteristics of PCOS. Furthermore, Pearson correlation analysis showed that the FF IL-15 concentration was positively correlated with serum T (r=0.2466, P = 0.0024, Figure 1D). And relative expression of IL-15 was positively correlated with CYP17A1 in cumulus granulosa cells of PCOS patients and age-matched control (r=0.7904, P=0.0254, Figure 1E) and relative expression of IL-2rg (IL-15r) was positively correlated with CYP17A1 in cumulus granulosa cells of PCOS patients and non-PCOS women (r=0.5849, P=0.0458, Figure 1F) by using bioinformatics analysis.




Figure 1 | Up-regulation of IL-15 in the follicular fluid of PCOS patients. (A) Representative difference inflammation factors of follicular fluid factor chip between two groups of patients (n=3 per group, P=0.001, 0.017, 0.026, 0.031, 0.035, 0.040, 0.050; R=0.7924, 0.7924, 0.7476, 0.7280,0.7991, 0.6911, 0.6591 respectively); (B) Mean pixel density of IL-15 in follicular fluid of PCOS patients and non-PCOS controls (n=3 per group, P=0.045, R=0.523; (C) Follicular fluid of PCOS patients and controls ELISA level of IL-15 (PCOS n=20, CON n=15, P=0.0475, R=0.6018); (D) Correlation of IL-15 in follicular fluid levels with the serum levels of T as determined by Pearson’s rank test (P=0.0024, r=0.2466); (E) Correlation of relative expression of IL-15 with CYP17A1 in cumulus granulosa cells of PCOS patients and age-matched control (GSE155489) as determined by Spearman’s analysis (P=0.0254, r=0.7904); (F) Correlation of relative expression of IL-2rg (IL-15r) with CYP17A1 in cumulus granulosa cells of PCOS patients and non-PCOS women (GSE106724) as determined by Pearson’s analysis (P=0.0458, r=0.5849). *P < 0.05, **P < 0.01 versus the control.





Higher Level of IL-15 in PCOS Model Mice

In order to verify the role of IL-15 in the pathogenesis of PCOS, the well-established LTZ-induced PCOS mouse model was confirmed. The mice in the PCOS group were significantly heavier compared with age-matched control mice that had received placebo pellets (Figure 2A). Similar results were observed in the weight of ovary and fat pads in PCOS group (Supplementary Figure 1C, D). PCOS mice had significantly reduced glucose tolerance and insulin sensitivity (Figures 2B, C). And we tested the fasting blood glucose of the mice and calculated HOMA-IR. The results showed that the PCOS mice had obvious insulin resistance compared with the control group (Figure 2D and Supplementary Figure 1E). PCOS mice also displayed an irregular estrous cycle (Supplementary Figure 1F). The levels of serum T, DHEAS and LH were significantly higher in PCOS mice (P<0.05) compared with the control, but there is no significant difference in serum FSH levels (Figure 2E and Supplementary Figure 1G). Atresia and cystic dilated follicles were significantly increased and the number of corpora lutea was decreased in the PCOS mice compared with the control mice (Figures 2F–H), indicating similar ovarian dysfunction to the clinical presentation of PCOS.




Figure 2 | The phenotypes of the PCOS model mice are similar to those of the PCOS patients. The mice that implanted with letrozole sustained-release tablets and control mice were defined as CON and PCOS, respectively. (A) The weight of the two groups after three weeks (n=6 per group, P=0.0455, R=0.3428); (B) GTT (n = 6 mice per group, for 15 mins, P=0.0142, R=0.3428; for 30 mins, P=0.0042, R=0.7891; for 60 mins, P=0.0013, R=0.8018; for 90 mins, P=0.0200, R=0.4914). (C) ITT (n = 6 mice per group, for 60 mins, P=0.0013, R=0.8924; for 90 mins, P=0.0028, R=0.7614; for 120 mins, P=0.0113, R=0.5518); (D) The level of fasting insulin in two groups (n=6 mice per group, P=0.014,R=0.4517); (E) The level of T、DHEAS and LH in two groups(for the level of T, CON=6, PCOS=5 , P=0.0223, R=0.4577; for the level of DEHAS, n=6 per group, P=0.0129, R=0.4771; for the level of LH, n=5 per group, P=0.0308, R=0.4611); (F) Hematoxylin and eosin staining of representative ovaries. The cystic follicle is indicated by a hashtag, while the corpora lutea are indicated by asterisks. Arrow indicates serum cyst. Scale bar: 200 μm. (G, H) The number of corpora lutea and cystic follicle in two groups (n = 6  per group; P=0.0006, 0.0001; R=0.7076, 0.7941 respectively). *P < 0.05, **P < 0.01, ***P < 0.001 versus the control.



Consistently, we found that IL-15 mRNA and protein expression were elevated significantly in ovarian of PCOS mice compared with control, while the serum IL-15 level was similar between two groups (Figures 3A–C). Moreover, the IL-15 mRNA expression was elevated significantly in adipose tissues of PCOS mice compared with control, suggesting that IL-15 may play a role in chronic inflammation of adipose (Figure 3D). IHC results confirmed that IL-15 was overexpressed in PCOS mice compared with control (Figure 3E), and colocalized with FSHR, a GCs marker (Figure 3F). This data suggested that IL-15 may be involved in the pathogenic role of GCs in PCOS.




Figure 3 | Higher level of IL-15 in PCOS model mice. (A, B). ELISA detection of IL-15 in the serum and ovarian tissue homogenate of two groups of mice (n=3 per group, P=0.2146, 0.0026; R=0.3044, 0.9179 respectively); (C) PCR detection of IL-15 in ovarian tissues in the two groups (CON n=5, PCOS n=6, P=0.0032, R=0.5984); (D) PCR detection of IL-15 in adipose tissue in the two groups (n=6 per group, P=0.0103, R=0.5819); (E) IHC analysis of IL-15 in the ovaries of two groups of mice. The brown part represents the part of IL-15 expression. Bar=50um, 40X. Images are representative of three independent experiments with similar results (P=0.0055, R=0.5541); (F), Blue shows the nucleus (DAPI), green fluorescence shows ovarian granulosa cells marker FSHR (TSA 520, excitation and emission wavelengths similar to FITC), red shows IL-15(TSA 650, excitation and emission wavelengths similar to AF610). Bar=250um. *P < 0.05, **P < 0.01 versus the control.





Effects of IL-15 on the Proliferation and Apoptosis of KGN Cells

Due to the significant association of IL-15 with the clinic pathological characteristics in PCOS women and the colocalization between IL-15 and GCs in PCOS mice, we examine the effects of IL-15 on GCs growth and apoptosis. Our data showed that IL-15 suppressed proliferation of KGN cells and the intervention of JNK inhibitor SP600125 and p38 MAPK inhibitor SB203580 alleviated this effect of IL-15 (Figure 4A). The results obtained by flow cytometry analysis are also consistent with CCK-8 assay (Figure 4B). These results suggested that IL-15 decreased proliferation, whereas increased apoptosis in GCs.




Figure 4 | IL-15 inhibits the proliferation of KGN, promotes its apoptosis and dysfunction. (A) Effects of IL-15 and inhibitors on the cell viability was assessed by CCK-8 assay(for 48h, P=0.0124, R=7252; for 72h, P=0.0097, R=0.7423; (B) Flow cytometric analysis of apoptosis cells (Annexin V+ cells). Percentage of Annexin V+ cells in mutiple groups under different conditions (n = 3 per group, P=0.0015, R=0.8399); *P < 0.05, **P < 0.01 in multiple groups by one-way ANOVA; (C) Heat map of inflammatory factor gene and functional gene expression in KGN cell line after treatment. Relative expression of genes were transformed into Z-score maps based on mean and SD values(for CYP17A1, P=0.0031, R=0.8079; for IL-1b, P=0.0356,R=0.6379); (D–F) relative expression of CYP17A1、Ifng and IL-1b in different conditions(n=3 per group, for CYP17A1: P=0.0472, 0.0026, 0.0035 respectively compared with IL-15; for Ifng, P=0.0442; for IL-1b, P=0.0281), *P < 0.05, **P < 0.01 versus IL-15.; (G) Representative western blot analysis and densitometric analysis of total p38 MAPK (T p38 MAPK)、 total JNK (T JNK)、phospho-p38 MAPK (p-p38 MAPK)、phospho-JNK (p-JNK) and α-tubulin in KGN cells treated with different conditions.





Effects of IL-15 on Steroidogenesis and the State of Inflammation in KGN Cells

To delineate the role of IL-15 in GCs steroidogenesis and the state of inflammation, we cultured the KGN cells in the presence or absence of IL-15 with or without inhibitors. Treatment of KGN cells with IL-15 for 4 h resulted in significantly increases the mRNA levels of cytochrome P450, family 17, subfamily A, polypeptide 1 (CYP17A1), which converts progesterone to 17α-hydroxyprogesterone and androstenedione (Figures 4C, D). Interestingly, we found that these two inhibitors have inhibitory effects on the increase in CYP17A1 expression induced by IL-15. Consistent to previous studies that IL-15 function as a proinflammatory cytokine (40), IL-15 significantly increased mRNA level of IL-1b and Ifng and the above two inhibitors have a tendency to reverse this effect (Figured 4E, F). These data suggested that IL-15 might play a role in the pathogenesis of PCOS by increasing production of androgen hormones and sustaining inflammation state in GCs, and these effects may be related to the activation of the signaling pathways p38 MAPK and JNK. Therefore, we carried out the detection of these two signaling pathway molecules and their phosphorylation levels on different treated KGN cells by Western Blot. The results of WB showed that IL-15 treatment increased the phosphorylation level of JNK and P38 MAPK in the KGN cell line compared with DMSO alone (Figure 4G).



Effects of IL-15 on the Proliferation and Apoptosis of Mouse Primary Granulosa Cells

IL-15 suppressed proliferation of primary GCs cells at dose dependent manner (Figures 5A, B). In addition, IL-15 promoted apoptosis of primary mGCs at dose dependent manner (Figure 5C).




Figure 5 | IL-15 inhibits the proliferation of mGCs and promotes its apoptosis and dysfunction. (A, B) Time-and dose-dependent effects of IL-15 on the mGCs was viability assessed by CCK-8 assay (n=3, *P=0.0356, R=0.6627); (C) Flow cytometric analysis of apoptosis cells (Annexin V+ cells), three independent experiments were performed with similar results. Percentage of Annexin V+ cells in two groups under different conditions (n = 3 per group); (D) Heat map of inflammatory factor genes and functional gene expression in primary cell lines after treatment. Control group: C1, C2, C3; IL-15 treatment group: T1, T2, T3. Relative expressions of genes were transformed into Z-score maps based on mean and SD values; (E–I) relative expression of CYP17A1, FSHR, Ifng and Tnfa in two groups(P=0.0278, 0.0114, 0.0015, 0.0083;R=0.7405, 0.8306, 0.9381, 0.8551 respectively); (J, K) DHEAS and P levels of the culture supernatant (n=3 per group, *P=0.0457, R=0.4527). *P < 0.05, **P < 0.01 versus the control.





Effects of IL-15 on Steroidogenesis and the State of Inflammatory in Mouse Primary Granulosa Cells

Consistent with previous study, IL-15 significantly increased mRNA levels of CYP17A1, while decreased mRNA levels of CYP19A1 and FSHR (Figures 5D–G). IL-15 also increased proinflammatory cytokine mRNA levels of Ifng and Tnfa (Figures 5H, I). The effects of IL-15 on the steroidogenic activity of primary GCs were evaluated. The level of DHEAS and progesterone in the medium secreted from primary GCs for 24 h in the presence of IL-15 were measured. The concentration of DHEAS were significantly increased after incubation of the cells with IL-15 (Figure 5J), while the concentration of progesterone remained unaltered (Figure 5K). These data confirmed the results obtained from the human GCs cell line KGN.




Discussion

Ovarian granulosa cells (GC) are important somatic cells in ovarian tissue which are stimulated by FSH. They secrete insulin-like growth factors and promote the development of follicles. In addition, various aromatase families can promote cholesterol metabolism and secrete synthetic sex hormones, which play an important role in female reproductive health (41). In this study, we evaluated the effects of IL-15 on GC functions including GC proliferation, expression of inflammatory factors and steroidogenesis, aiming to examine the potential involvement of IL-15 in regulating ovarian follicle function by utilizing the KGN cells and a primary mouse granulosa cells culture model. And we found that IL-15 affects the proliferation and function of GC through p38 MAPK and JNK phosphorylation.

Chronic inflammation is an important pathogenic factor of PCOS. In the analysis of the cytokine and chemokine array of the patient’s follicular fluid, we found that IL-15 significantly elevated in PCOS group. And except it, we found that MPO, IL-1α, Kallikrein3, MCP-1, and IL-8 significantly elevated in PCOS group, proving that the ovarian of PCOS patients does have a chronic inflammation state. Previous studies reported that these inflammatory factors are associated with insulin resistance and promoting androgen release (42–46). However, these inflammatory factors except IL-8 have been reported to be elevated only in the serum of PCOS patients before, the results of our follicular fluid provide ideas for studying the relationship between circulatory inflammation and ovarian inflammation in patients with PCOS.

We found that the level of follicular fluid (FF) IL-15 was higher than that in the control mice group, which was consistent with the results of PCOS patients. But the level of IL-15 in serum didn’t significant increase. The results seem to indicate that IL-15 is produced locally in the ovarian tissue, or certain factors may promote the accumulation of IL-15 in the ovarian tissue. By co-localizing mouse granulosa cells and IL-15 immunofluorescence, we found that the position of IL-15 and granulosa cells are highly co-localized, indicating that granulosa cells are the main somatic cells that produce IL-15 in ovarian tissue, but which factors lead to increased IL-15 secretion by ovarian granulosa cells need further research. In addition, we also found that the expression level of IL-15 in adipose tissue was significantly up-regulated in the PCOS model mouse group. Studies have shown that the adipose tissue of patients with metabolic abnormalities such as obesity is in a state of chronic inflammation (47). The results suggested that the inflammatory reaction occurred not only in the FF but also in the fat tissue of the PCOS.

IL-15 is generally regarded as a T cell growth factor and is belongs to the cytokine receptor γ chain (γc) family. It shows a wide range of pleiotropic effects regulating the innate and adaptive immune system, regulates cell differentiation and promoting survival or inducing apoptosis according to the cell environment (48). But there is no research showing that IL-15 has a direct effect on the apoptosis of somatic cells. The present studies provide new insights into the intracellular signaling cascade by which IL-15 induces GCs apoptosis. Our research showed that IL-15 not only induced Ifng but also Tnfa expression. Both IFN-γ and TNF-α promote cell apoptosis. IFN-gamma(IFN-γ) modulates the apoptotic pathway by upregulating apoptosis-related genes and overproduction of pro-inflammatory cytokine IFN-γ induces the excessive apoptosis of IECs and is involved in Crohn’s disease development (49, 50). And studies have shown that IFN-γ can promote the apoptosis of ovarian granulosa cells (51). TNF-α can induce hepatocyte apoptosis and liver damage (52). And our study found that IL-15 promoted the increase of mGCs synthesis DHEAS. Study have shown that the increase of androgens inhibits the proliferation of granulosa cells (53), so the pro-apoptotic effect of IL-15 on ovarian granulosa cells may be indirectly achieved by promoting the androgen and inflammation state of follicular fluid microenvironment. Follicular atresia in PCOS patients is associated with increased granulosa cell apoptosis (54). Our study revealed that high doses of IL-15 inhibited the proliferation of GCs, indicating that the increase in granuloma cells apoptosis observed under pathological conditions (such as PCOS) may be caused by IL-15 or the immune microenvironmental changes caused by IL-15 stimulation. Therefore, based on these findings, we believe that IL-15 participates in the follicular atresia of PCOS by promoting the apoptosis of granulosa cells.

Elevated androgen is an important pathological manifestation of PCOS. We found that treatment of IL-15 increases the expression of CYP17A1 in granulosa cells. CYP17A1 is a critically important enzyme in humans that catalyzes the formation of androgens. It catalyzes the 17α-hydroxylation of pregnenolone to 17α-OH pregnenolone. Subsequently, through its C17,20 lyase activity, it can further convert 17α-OH pregnenolone to the androgen dehydroepiandrosterone, which is the precursor of androstenedione, testosterone and dihydrotestosterone (55). The increase in DHEAS of the culture supernatant of mGCs treated with IL-15 also indicates that IL-15 promotes the secretion of androgens from granulosa cells. IL-15 forms a complex with receptors IL-2Rβ and γ chain (IL-2Rγ) through IL-15Rα, and completes the process of signal transduction to play immune and other functions (56). Our analysis of the database showed that the expression of IL-15, IL-2rg and CYP17A1 in granulosa cells of PCOS patients were positively correlated, indicating that IL-15 was involved in androgen synthesis. And there is a randomized controlled trial using BNZ-1, a selective and simultaneous inhibitor of cytokines IL-2, IL-9, and IL-15, for the treatment of hyperandrogen-induced hair loss (57).It shows that factors that inhibit IL-15 such as BNZ-1 have a role in the treatment of PCOS hyperandrogenism.

CYP19A1 is considered to be an important marker in the etiology of polycystic ovary syndrome. The study reported that compared with healthy controls, the aromatase gene expression in PCOS follicles before ovulation and the subsequent estradiol production decreased (58). And it can convert androgen into estrogen (59). FSHR plays an important role in synthesizing estrogen and stimulating follicular development (60, 61). IL-15 treatment reduced the expression of CYP19A1, and FSHR both in mGCs. Those all indicated that IL-15 can affect follicle development by influence hormone synthesis related enzymes and participate in the follicular atresia of PCOS.

We found that IL-15 promoted the phosphorylation of p38 MAPK and JNK in KGN cells, and the addition of corresponding inhibitors would reverse the effects of IL-15 on the proliferation inhibition and functional genes and expression of pro-inflammatory factors in KGN cell lines. It reminds us that IL-15 may play a role through these two signaling pathways. This needs to be further verified in mGCs.

For the first time, we reported that IL-15 decreased KGN cells and mGCs proliferation as well as key genes for follicular development such as CYP19A1 and FSHR. IL-15 also up-regulated the expression of CYP17A1, the key steroidogenic-related genes in androstenedione secretion. In addition, IL-15 can increase the expression of pro-inflammatory factor IL-6, Tnfa and Ifng of granulosa cells, and these pro-inflammatory factors have been reported to be related to the metabolism of PCOS and the abnormal reproductive phenotype, and promote the chronicity of the microenvironment around the follicle. And this effect is through p38 MAPK and JNK phosphorylation. The present study provides new evidence for IL-15-dependent regulation of proliferation and steroidogenesis in GCs that may influence follicle development. It is now convincingly suggested that IL-15 may serve as a critical regulator of cell proliferation, differentiation and steroidogenesis in the KGN and mGCs of ovarian preantral follicle. But additional research is needed to understand the mechanism of action of IL-15 in granulosa cells, as well as its exact role in follicle development. The current clinical treatment and efficacy evaluation of PCOS, due to inconsistent diagnostic criteria, patients often have repeated symptoms. IL-15, as a pro-inflammatory factor, participates in the pathogenic process of PCOS, showing the potential in evaluation of the diagnosis and treatment effect of PCOS. However, this study only analyzed the signal pathways of the human KGN cell line, did not study mGCs and did not conduct IL-15 intervention experiments and rescue experiments in vivo. The sample size of patients used to detect IL-15 is relatively small. We will continue to improve in the future.

Further efforts are needed to demonstrate a connection between inflammatory factors and PCOS pathogenesis. Research on which signaling pathway is used by IL-15 to promote the secretion of androgens by granulosa cells needs to be further explored. By verifying the involvement of inflammatory factors in the pathogenesis of PCOS, new therapy may be developed for PCOS treatment, such as blocking therapeutic targets including inflammatory factors and signaling pathways.
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Supplementary Figure 1 | (A) The alignment of 102 cytokines on the Human XL Cytokine Array Kit, R&D Systems. RS, reference spots; Acrp30, adiponectin; ApoA1, apolipoprotein A-1; Ang-1, angiopoietin-1; Ang-2, angiopoietin-2; BLyS, blymphocytestimulator; BDNF, brain-derived neurotrophic factor; CHI3L1, Chitinase 3-like 1; CFD, complement factor D; CRP, C-reactive protein; Cripto-1, teratocarcinoma-derived growth factor; Dkk-1, dickkopf-1; DPPIV, ipeptidyl-peptidase IV; EGF, epidermal growth factor; FGF-2, fibroblast growth factor 2; FGF-7, fibroblast growth factor 7; FGF-19, fibroblast growth factor 19; FLT3LG, Fms-related tyrosine kinase 3 ligands; G-CSF, granulocyte colony-stimu1ating factor; GDF-15, growth/differentiation factor 15; GM-CSF, granulocyte-macrophage colony stimulating factor; GH, growth hormone; SF, scatter factor; IGFBP-2, insulin-like growth factor binding protein 2; IGFBP-3, insulin-like growth factor binding protein 3; LIF, leukemia inhibitory factor; M-CSF, macrophage colony stimulating factor; MIF, macrophage migration inhibiting factor; MMP-9, matrix metalloprotein 9; MPO, myeloperoxidase; OPN, osteopontin; PDGF-AA, platelet-derived growth factor AA; PDGF-AB/BB, platelet-derived growth factor AB/BB; PTX3, pentraxin 3; RBP-4; retinol binding protein 4; SHBG, sex hormone-binding globulin; TFF-3, trefoil factor 3; THBS1, thrombospondin-1;uPAR, urokinase-type plasminogen activator receptor; VEGF, vascular endothelial growth factor; VDBP, vitamin D BP; TIM-3, T cell immunoglobulin domain and mucin domain-3; VCAM-1, vascular cell adhesion protein 1; NC, negative controls. (B) Representative images of cytokine array blots probed with the follicular fluid samples. Each blot represents immunoreactive staining against respective antibodies. Note the absence of staining at the negative control and blank slots. The relative expression levels of each cytokine were determined by comparing the pixel intensity of the respective blots to that of the positive control on the same array. The blots marked with red box are the cytokines that were significantly regulated in PCOS group compared to the non-PCOS group; (C), The ovarian weight of the two groups of mice (n=6 per group); (D), The fat pad weight of the two groups of mice (n=6 per group, P=0.0012, R=0.6681); (E), HOME-IR in two groups (n=6 per group, P=0.0500, R=0.3317), (F), Representative estrous cycles. Y-axis: P, proestrus; E, estrus; M, metestrus; D, diestrus; (G), Serum FSH levels in mice.*P < 0.05 versus the control.

Supplementary Table 1 | Primer sequence list.
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PCOS is defined as a kind of endocrine and metabolic disorder which affects females at reproductive ages, is becoming much more common, nowadays. Microbiomes are known as microorganisms that inhabit the body to play a vital role in human health. In recent years, several basic and clinical studies have tried to investigate the correlation between the reproductive health/disorder and microbiomes (gut microbiomes and vaginal microbiomes). However, the mechanism is still unclear. In this review, we reviewed the relationship between PCOS and microbiomes, including gut/vaginal microbiomes compositions in PCOS, mechanism of microbiomes and PCOS, and then collectively focused on the recent findings on the influence of microbiomes on the novel insight regarding the therapeutic strategies for PCOS in the future clinical practice.
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Introduction

Polycystic ovary syndrome (PCOS) (1, 2) is widely defined as a kind of endocrine and metabolic disorder with a combination of signs and symptoms of androgen excess (hirsutism and/or hyperandrogenemia) and ovarian dysfunction (oligo-ovulation and/or polycystic ovarian morphology (PCOM)) (3). It was reported that the prevalence of PCOS in premenopausal women is up to almost 20% as the current, more inclusive definitions (4–6), which suggesting PCOS the most common endocrine and metabolic disorder in women at reproductive age.

As the increasing studies aiming at the microbiota, it is widely believed that microbiota has evolved together with the hosts and is becoming an integral part of the human body (7). It is well acknowledged that the microbiota is responsible for more than 95% of the genetic activity of the organism (8). The microbiota were called as “second genome” for the human body, indicating that microbiota exerts vital function in human health (9). Various kinds of microbiota are acknowledged to play roles in influencing physiology balance (10), metabolism process (11), nutrition production (12), and immune mediation (13) under physiological conditions. The complex and delicate balance between the microbiota and the host maintain the health of human. Despite there are various evidences to demonstrate the strong associations between human health and diverse types of microbiota including gut microbiota and vaginal microbiota, the molecular mechanisms are still unclear. Thus, the clear descriptive function from diverse microbiota is still unclear worth further exploring.

In this review, we summarized the existing research on microbiota in PCOS disorder. We aimed to illustrate the relationship between the various microbiota (referring to both the gut microbiota and the vaginal microbiota) and PCOS. Moreover, we summarized the mechanisms of microbiota participate in the development of PCOS and the applications of microbiota in treating PCOS, which might be potential insights for the intervention of PCOS and other related endocrine and metabolic disorders.



Materials and Methods

A literature enrollment on the PUBMED database for articles in English and published from inception to November 2021 was performed. We used the Medical Subject Headings (MeSH) terms to screen the target studies: “PCOS”, “microbiome”, “molecular mechanism”, “gut”, “vaginal”, “insulin resistance”, and “therapeutic strategies”. Non-English articles, or abstract only, and studies including information that overlapped other publications were excluded. In our search, only articles concerning PCOS were included. The selection criteria included original articles as well as review articles regarding the PCOS and microbiome. Articles that met the inclusion criteria were carefully read, and, if appropriate, further articles cited in the references were enrolled. Figure 1 demonstrated the flow chart of article selection.




Figure 1 | Flow diagram of the searching strategy.





PCOS

Polycystic ovary syndrome (the common abbreviation is “PCOS”) is widely acknowledged as an endocrine disorder that affects almost 10% of reproductive age women. PCOS is characterized by hyperandrogenism (4), ovarian dysfunction, and metabolic syndrome. The main symptoms including hirsutism, irregular menstrual periods, and ovarian cysts. As the deepening of the studies, PCOS is also regraded as a kind of metabolic disease, with the symptoms including increased triglycerides, low-density lipoprotein cholesterol and insulin resistance indices (14). Since the amount of females disturbed by PCOS increases and the mechanism of PCOS is still unclear, there is an increasing studies conducting relevant experiments. Many studies have revealed the relevance of the relationship between the alteration of pathogenic factors (15) (including lifestyle, obesity, genetic factors and so on) and PCOS. However, few studies have explored the relationship between microbes and PCOS, especially the vaginal microbes and PCOS.



The Microbiota

Recent years, increasing studies focus on the microbiota and human healthy (16). The microbiota community is now well acknowledged as a complex ecosystem of microorganisms including bacteria, viruses, protozoa and fungi. The microbiota communities (17) exist in almost all the districts of the human body including gastro-enteric track (gut microbiota), skin (skin flora), mouth (oral flora), respiratory system (respiratory tract microbiota), and the vagina (vaginal microbiota). Each microbiota community plays vital role in regulating the homeostasis via different kind of pathways in numerous systems.


The Gut Microbiota

It was reported (18) that the human gut microbiome consisted of about 1013 and 1014 micro-organisms. Among these micro-organisms, more than 1000 different kinds of species and more than 7000 different kinds of strains were classified and named, including bacteria, viruses, protozoa, archaea, and fungi (19). Even though the original and establishment process of gut microbiota in early life is still an undefined issue, it is widely acknowledged that microbiota begins to develop immediately after birth and is influenced by many factors such as age, diet, lifestyle and so on. The human gut microbiota is mainly composed of five bacterial phyla: Firmicutes phylum, Bacteroidetes phylum, Proteobacteria phylum, Actinobacteria phylum and Verrucomicrobia. Of all the five bacterial phyla, Firmucutes and Bacteriodetes account for almost 90% and Actinobacteria and Proteobacterium account for 10%, while Verrucomicrobia accounts for the smallest proportion.

Numerous of gut microbiota are reported to regulate the physiology balance in numerous ways including in metabolic protective, structural integrity (20) and histological homeostasis. On the contrary, disruption of the composition of intestinal microbiota (a decrease or increase in the ratio of beneficial or harmful bacteria) is associated with many diseases or disorders. The gut microbiota plays vital roles in the metabolic process include the production of vitamins, short-chain free fatty acids and conjugated linoleic acid, as well as the biotransformation of bile acids, ammonia synthesis, and detoxification. The gut microbiota is proved to be involved in the production of acetate (21), butyrate, and propionate (22), which are main short-chain fatty acids with effect of anti-inflammatory, anticarcinogenic, and immunomodulatory. Also, the gut microbiota is proved to be involved in the metabolism of Butyrate and Propionate, which mediates the energy metabolism by regulating the gluconeogenesis process and cholesterol metabolism. The gut microbiota also has been proved to be associated with the regulation and modulation of the immune system. Some studies reported that the gut bacteria might participate in the development of T cells (13), and Th-17 cells in the development of immune system. In views of the effect of gut microbiota on the structural functions, some studies reported that gut microbiota is involved in maintaining epithelial integrity through regulating tight junction expression. While the balance of gut microbiota is in a dynamic status, some basic effects on immunological functions, metabolic process, structural integrity of the human body is associated with the gut microbiota. A better understanding of the functioning of gut microbiota would undoubtedly led to some very exciting developments in therapeutics to improved health.



The Vaginal Microbiota

The vaginal microbiota has drawn numerous attention since it was regarded as being shaped over the years by co-evolutionary processes and playing vital role in female health. It has been found that in the majority of vaginal microbiota is dominated by the Lactobacillus bacterial species (23), which prevent the colonization of harmful bacteria via producing hydrogen peroxide (24) in the microenvironment. Also, a series of diversified strictly and facultative anaerobic microbes were found in healthy women, suggesting that there are multiple microbiomes instead of a single microbiome in the human vagina. The vaginal microbiota is grouped as five communities: i) the CST I [dominated by Lactobacillus crispatus (L. crispatus)]; ii) CST II (dominated by L. gasseri); iii) CST III (dominated by L. iners); v) CST V (dominated by L. jensenli) and iv) CST IV (lacks Lactobacillus sp. and contains huge amounts of strict anaerobic bacteria like Megasphera, Prevotella, Gardenella and Sneathia). The vagina in normal situations is acidic with low pH value because of the presence of hydrogen peroxide and lactic acid secreted by Lactobacillus sp. Vaginal secretions contain numerous microorganisms and the host provides them nutrients for their growth and development. Disruptions in vaginal association with the microbiomes lead to the change in the vaginal environment, which enhanced the risk of female related disorders or female related diseases.




Microbiota Composition in PCOS

Since microbiota communities are in dynamic equilibrium in healthy women, the unbalanced microbiota composition is regarded as be associated with the PCOS women. It has been widely demonstrated by many researchers that microbiota composition changes and dysbiosis (25) occurs in PCOS animal models and women with PCOS.


Vaginal Microbiome in PCOS Patients

It was reported that there are large differences in vaginal microbiome between pre-pubertal women and postmenopausal women (26). It is mainly result from the lower genital tract microbiome would be affected by the age, sex hormones level, living habits and so on (25, 27). Among these factors, irregular menstruation and abnormal hormone levels are acknowledged as the two main reasons leading to the alteration of vaginal microbiome in PCOS women. Normal menstruation with regular changes in estrogen and progesterone would drive the physiological changes in the epidermal cells in reproductive tract and maintain the balanced microenvironment (including the balanced microbiota community). On the contrary, the irregular menstruation in PCOS women would lead to the alternation about the composition of lower genital tract microbiomes. Some studies investigated the lower genital tract microbiome composition of PCOS women and healthy women. The results derived from 194 microbial samples which analyzed by the 16S rRNA gene sequencing (28) indicate that there is a significant difference of taxa abundance between PCOS and healthy women in both vaginal microbiomes and cervical canal microbiomes. In PCOS women, the results witnessed a significantly decreased composition of Lactobacillus (Table 1). On the other hand, some other microbiomes such as Gardnerella vaginalis (29), Chlamydia trachomatis and Prevotella increased at the same time. Moreover, these increased microbiomes are regarded as potential pathogenic taxa in the vagina and cervical canal.


Table 1 | Summary of composition changes of microbiomes in PCOS.



The results are in line with many previous related studies (27, 30), which also suggested that the decrease of Lactobacillus spp. is associated with infertility, abortion, recurrent implantation failure, and some other adverse pregnancy outcomes. Moreover, some studies have reported that Gardnerella and Prevotella species (31) are related to bacterial vaginosis (BV), which would decrease the probability on the procedure of embryo implantation and even the growth of the fetus. These alternations in the composition of microbiota might be linked to the fact that PCOS women are often disturbed by infertility, abortion, and several other adverse reproductive outcomes.



Gut Microbiome in PCOS Patients

Different studies have found that some microbiota changes in PCOS women at phylum, family, and genus level, respectively. A pilot study reported (32) the abundance of Tenericutes phylum, ML615J-28 and S24-7 decreased in PCOS women. Studies also found the decreased abundance of Akkermensia and Ruminococcaceae (33), while the increased level of Bacteroides and Escherichia/Shigella in women with PCOS. Interestingly, studies found that unbalanced gut microbiota in PCOS women is similar with that of the obese non-PCOS women (34), which indicated some unclear relationship between the microbiota composition in obesity and in PCOS.

When focus on the phylum level, it was reported that the proportion of Actinobacteria is larger in PCOS women, and the proportion of Bacteroidetes is smaller in PCOS women when compared with the healthy controls. Some other studies reported that they found the phylogenetic diversity of the phylum Bacteroidetes decreased (25) significantly when compared with healthy controls (Table 1). Further studies found that transplantation of fecal microbiota from women with PCOS would lead to the elevated proportion of disrupted ovarian functions, insulin resistance and infertility [15]. Also, some studies reported that Bacteroides were enriched in the PCOS women (35). Zhang et al. found that the larger proportion of Bacteroides in PCOS women by analyzing the stool microbiome. Bacteroides, as a kind of pro-inflammatory bacteria, is reported be associated with promoting the insulin resistance (36), hormonal disturbance, and inflammation in PCOS women.

Given this, we speculated that microbiota might be involved in the pathogenesis of PCOS by promoting insulin resistance, driving the fluctuation of sex hormones, regulating the immune balance and other pathological mechanisms.




Relation of Microbiota and PCOS


Microbiome and Sexual Hormones in PCOS

Recent studies have shown that sex hormones (25) influence the composition of the microbiome, including gut microbiome and vaginal microbiome. In the PCOS situation, sexual hormones might also play a role in regulation of the microbiome. Unbalanced level of hormones may be associated with the “out-of-balance” of microbiome in PCOS. Gut microbiome, as well as vaginal microbiota play vital roles in regulating sexual hormones. It was widely acknowledged that estrogens are metabolized through the liver and then excreted via urine (37). The glucuronic acid allows estrogens to remain in the body and exert their effects, which plays a vital role in the process. It was reported that β-glucuronidases and β-glucuronides produced by the genera Bifidobacterium (38), Clostridium, and Lactobacillus, and play roles in the de-conjugation/conjugation of estrogens (39). The bacteria derived from gut microbiome involve in the metabolism of hormones via producing relative enzymes and thus regulate the circulation of sexual hormones in women. Increasing studies have reported that estrogens play a vital in establishing the balanced microbial community structure in women (40). What is widely acknowledged that estrogens play a key role in increasing the glycogen production in vaginal epithelial cells, and subsequently promoting the growth of Lactobacillus. Even though some studies reported that the high starch diets are responsible for the developing the dominant status of Lactobacillus (41), estrogen is still regarded as the core factor in the process. What’s more, microbiome also regulate the sexual hormones in PCOS. It was reported that the high level of androgen in women with PCOS is associated with metabolic dysregulation (42). Since the sex hormone is affected by microbiome, it is reasonable to speculate that microbial imbalance is responsible for PCOS. Several studies reported that PCOS was linked to the abnormal fluctuations of the gut microbiota composition (43). These fluctuations could be briefly summarized as the abnormal changes of beta diversity, and the decline of alpha diversity including not only the species richness but also the phylogenetic diversity. In addition, several studies have reported that lower level of alpha diversity of the gut microbiome might be related to the obesity (44). It is worth further investigating how the abnormal microbiota composition regulated the metabolic process in women with PCOS. What’s more, the interaction between sex hormone, the vaginal as well as the gut microbiomes is a multi-step process. The gut microbiomes regulate the level of estrogens, and the estrogens moderate the vaginal microbiome. Thus, the abnormal gut microbiomes and/or vaginal microbiomes might affect each other in PCOS, including regulating the composition of microbiome and moderating the changes of hormones. The immune homeostasis is beneficial to establish the healthy microenvironment in female (Figure 2).




Figure 2 | Schematic diagram showing the composition changes and mechanisms microbiota in PCOS.





Microbiota and Immune Homeostasis in PCOS

It is worth noting that numerous kinds of microbiota in human body participant in the homeostasis modification, particular in regulating the immune homeostasis (45, 46). On the one hand, as the increasing studies focusing on the mechanism of gut microbiota in healthy, the interactions between the gut microbiota and immune-related influence are becoming better known. The researchers reported that the intestinal immune system is mainly shaped by the gut microbiota (47). Among the intestinal immune system, myeloid cells are regarded as the first immune responders and the effects of gut microbiota on intestinal macrophages has been implicated by multiple studies (48–50). Studies reported that in germfree animals, an array of intestinal immune defects including impaired development of gut-associated lymphoid tissues, gut-associated Th17 cells, lower numbers of IgA-producing B cells and intraepithelial CD8+ T cells were widely observed (51). On the other hand, there is an increasing body of evidence that the disordered immune system which affected by the vaginal microbiota is associated with the diseases in vaginal districts (Figure 2). Considering the anatomical complexity of the female genital tract which near to the intestine, the vaginal bacteria community might be influenced by the gut microbiota (45, 52). In addition, that the vaginal microbiota also be regulated by the numerous chemical changes in microenvironment as well as the periodically hormonal fluctuations. The influence of the vaginal microbiota upon the female immune system is mainly to prevent external pathogens infections as well as to maintain an immuno-tolerant environment. Once the dominance of Lactobacillus is disrupted, the immune homeostasis changed including producing pro-inflammatory cytokines, abnormal the immune cells recruitment and so on.



Gut Microbiome and Insulin-Resistance in PCOS

Insulin resistance, is widely defined as an endocrine disease (53, 54). People with insulin resistance could not increase glucose uptake and utilization as a normal population because the inability of a quantity of insulin (exogenous or endogenous). Recently years, insulin resistance is widely acknowledged a kind of metabolic disorder related to the gut microbiome not only in animals but also in humans. It has been shown that the level of serum branched chain amino acids in insulin-resistant individuals is significantly elevated, which is associated with the gut microbiome in PCOS (43). The results indicate that Prevotella copri and Bacteroides vulgatus are two main species mediating the biosynthesis of BCAAs and promoting the insulin resistance (36). Furthermore, insulin resistance could induce hyperinsulinemia, and then drive the excessive androgen production by the ovaries (Table 2). In addition, hyperinsulinemia derived by insulin resistance could increase the level of testosterone by reducing sex hormone binding globulin (55). In addition to the above-mentioned mechanisms, short-chain fatty acid (SCFA) is reported that be involved in the pathogenesis of PCOS via promoting insulin-resistance (56). SCFAs (including acetate, propionate, and butyrate) have been verified to participant in the metabolism process, and exert the functions including inhibiting inflammatory, and regulating immune balance (57). Some studies reported that the decreased level of SCFA might be related to the development of insulin-resistant (58), which plays an important role in the development of PCOS (Figure 2). Besides, it has been suggested that bile acid is related to microbiome in PCOS women (59). Gut microbiota could regulate bile acid metabolism including in synthesis, metabolism, and reabsorption of bile acids, through vitamin D receptor and G protein-coupled receptor (60). Some studies found that gut microbiota-bile acid-interleukin-22 axis plays an important role in the development of PCOS (43). In brief, the levels of bile acid (including glycodeoxycholic acid and tauroursodeoxycholic acid) as well as the level of interleukin-22 was also decreased in the PCOS women.


Table 2 | Summary of the mechanism of microbiomes changes and PCOS.





Gut-Brain Axis in PCOS

Increasing studies witnessed the development of research of the brain disorders [including anxiety, depression, and Alzheimer’s disease (61)], which are verified be associated with the gut microbiome (62). In recent years, many studies demonstrate the correlation between the gut and the brain, particular depict the vital role of the gut-brain axis (63), which exert important roles in communication between the gut microbiome and the brain. Studies reported that females are more likely been disturbed by the anxiety disorders not only the frequency of occurrence but also the degree of severity, when compared with the males (64).

Considering the communications for information between the central nervous system and the gastrointestinal system, the microbiota is believed to play roles in affecting the brain-gut axis in various ways. On the one hand, gut microbiota could stimulate the vagal pathways to send signals to communicate with the brain, directly. On the other hand, the microbiota could send the messages to the brain via releasing various complex substances (65) and influence the synapses formation (66). What’s more, gut microbiota could regulate the gut–brain axis through mediating the immune pathways. In addition, unbalanced gut microbiota community could participant in forming abnormal hormone changes by promoting anxiety disorders.



Other Mechanism in Microbiota Leading to PCOS


Chronic Inflammatory State

The chronic inflammatory results from the unbalanced gut microbiota might be associated to the development of PCOS. Several studies have reported that the gut microbiota disorders can accelerate the process of producing LPS and promote the production of TNF-α, IL-6 and so on (67), which are widely recognized as inflammatory factors and could induce the further insulin resistance. When considering the molecular mechanism in these process, it was demonstrated that the chronic inflammation is related to the hyper-androgens status and also play vital role in obesity development, which are responsible for the abnormal development of normal follicles (68).



Intestinal Permeability

One of some other mechanisms of gut microbiota in the development of PCOS is that the unbalanced gut microbiota community mediate the disrupting process of the intestinal mucosal integrity. The unbalanced microbiota produce more pro-inflammatory cytokines, and the increased pro-inflammatory cytokines such as TNF-α and INF-γ would destroy the tight junction between cells, and further long-term releasing of pro-inflammatory factors followed by the increased intestinal permeability would aggravate the PCOS (69). Other studies suggest that the increased gut mucosal permeability would promote the LPS into the systemic circulation and mediating the chronic inflammatory which is responsible for the PCOS (70).





Potential Therapeutic Opportunity

As the increasing studies focus on the mechanism of microbiota and human diseases (71–73), the potential treatment options also have drawn great attention (74). Many studies investigated the potential effected of fecal microbiota transplantation against human disorders (75). In briefly, fecal microbiota transplantation is conducted by transplanting the microorganisms from the feces of healthy donors to a recipient’s small intestine. This treatment aims change the composition of the new host’s gut microbiome composition rapidly and treat the diseases effectively (76). Undoubtedly, fecal microbiota transplantation could represent a potential innovative therapeutic opportunity for PCOS.

Some studies reported that Lactobacillus transplantation via fecal microbiota transplantation could decrease the serum androgen levels and increase the estrogen levels in PCOS-induced rats (77), which form the regulated menstrual cycle and subsequently draw beneficial effect eventually in PCOS-induced rats (43). Pedro J Torres found that exposure to a healthy gut microbiome could protect against the reproductive and metabolic dysregulation in a PCOS mouse model, which suggests that healthy gut microbiome is associated with improving phenotype of PCOS (78). Wang reported that dietary α-linolenic acid-rich flaxseed oil exerts beneficial effects on PCOS through sex steroid hormones-microbiota-inflammation axis in rat model (79). And Zhang reported that probiotic bifidobacterium lactis V9 regulates the secretion of sex hormones in PCOS patients through the gut-brain axis (80). Even though the inspiring results in animal experiments, there are little clinical reports about the fecal microbiota transplantation in PCOS women. Further prospective study should be necessary in order to verify the effectiveness of the fecal microbiota transplantation on humans.



Summary and Perspectives

As a kind of endocrine and metabolic disorder which disturbs numerous females at reproductive age, PCOS has drawn widespread attention for the reason that its relationship with menstrual cycle and fertility. In spite of the acknowledgement of PCOS as well as the development of therapeutics, some limitations including unsatisfactory cure rate, undiscovered mechanism and disorders relapse still remain.

Though an increasing studies demonstrate the correlation between the microbiota (including gut microbiota and vaginal microbiota) and PCOS, most of the studies only draw the conclusion that the diversity of microbiota changes in PCOS women. The conclusions that are widely recognized clarify the low level of α diversity, β diversity and Lactobacillus in PCOS, also the high level of Chlamydia trachomatis and Prevotella in PCOS. However, the underlying molecular mechanism of microbiota in the development of PCOS is still uncertain. In addition, most of the current studies of microbiota in PCOS still remains the level of demonstration of the relationship in human population. Even through diverse aspects (including obesity, androgen, insulin resistance, gut–brain axis and so on) were discussed in the field, only a small portion involved the mechanism research in the animal model. Thus, more molecular mechanism researches and human-related researches about the microbiota and PCOS are urgently needed. How to alleviate PCOS through regulating microbiota, how to further exploit and produce engineered microbiota are potential issues in the field. All in all, various kinds of microbiota play vital roles in regulating a variety of physiological homeostasis and pathological dysbiosis in women health through the numerous pathways, which provides us a potential insight to better understand and subsequent treat PCOS.



Author Contributions

YG: writing-original draft. GZ: writing-original draft and editing. FZ: writing-review and editing. YL: writing-review and editing. QW: review and editing. HH: review and editing. YZ: review and editing. CM: review and editing. JD: review and editing. KH: writing-review and editing and supervision. All authors contributed to the article and approved the submitted version.



References

1. Ajmal, N, Khan, SZ, and Shaikh, R. Polycystic Ovary Syndrome (PCOS) and Genetic Predisposition: A Review Article. Eur J Obstet Gynecol Reprod Biol X (2019) 8(3):100060. doi: 10.1016/j.eurox.2019.100060

2. Azziz, R, Carmina, E, Chen, Z, Dunaif, A, Laven, JS, Legro, RS, et al. Polycystic Ovary Syndrome. Nat Rev Dis Primers (2016) 11(2):16057. doi: 10.1038/nrdp.2016.57

3. Azziz, R. Polycystic Ovary Syndrome. Obstet Gynecol (2018) 132(2):321–36. doi: 10.1097/AOG.0000000000002698

4. Escobar-Morreale, HF. Polycystic Ovary Syndrome: Definition, Aetiology, Diagnosis and Treatment. Nat Rev Endocrinol (2018) 14(5):270–84. doi: 10.1038/nrendo.2018.24

5. Yildiz, BO, Bozdag, G, Yapici, Z, Esinler, I, and Yarali, H. Prevalence, Phenotype and Cardiometabolic Risk of Polycystic Ovary Syndrome Under Different Diagnostic Criteria. Hum Reprod (2012) 27(10):3067–73. doi: 10.1093/humrep/des232

6. Zhou, G, Gu, Y, Zhou, F, Zhang, M, Zhang, G, Wu, L, et al. The Emerging Roles and Therapeutic Potential of Extracellular Vesicles in Infertility. Front Endocrinol (Lausanne) (2021) 12:758206. doi: 10.3389/fendo.2021.758206

7. Shaikh, FY, and Sears, CL. Messengers From the Microbiota. Science (2020) 18(369):1427–8. doi: 10.1126/science.abe0709

8. Dominguez-Bello, MG, Godoy-Vitorino, F, Knight, R, and Blaser, MJ. Role of the Microbiome in Human Development. Gut (2019) 68(6):1108–14. doi: 10.1136/gutjnl-2018-317503

9. Rowland, I, Gibson, G, Heinken, A, Scott, K, Swann, J, Thiele, I, et al. Gut Microbiota Functions: Metabolism of Nutrients and Other Food Components. Eur J Nutr (2018) 57(1):1–24. doi: 10.1007/s00394-017-1445-8

10. Belkaid, Y, and Hand, TW. Role of the Microbiota in Immunity and Inflammation. Cell (2014) 157(1):121–41. doi: 10.1016/j.cell.2014.03.011

11. Kim, M, Qie, Y, Park, J, and Kim, CH. Gut Microbial Metabolites Fuel Host Antibody Responses. Cell Host Microbe (2016) 20(2):202–14. doi: 10.1016/j.chom.2016.07.001

12. Valdes, AM, Walter, J, Segal, E, and Spector, TD. Role of the Gut Microbiota in Nutrition and Health. BMJ (2018) 13(361):2179. doi: 10.1136/bmj.k2179

13. Belkaid, Y, and Harrison, OJ. Homeostatic Immunity and the Microbiota. Immunity (2017) 46(4):562–76. doi: 10.1016/j.immuni.2017.04.008

14. Polak, K, Czyzyk, A, Simoncini, T, and Meczekalski, B. New Markers of Insulin Resistance in Polycystic Ovary Syndrome. J Endocrinol Invest (2017) 40(1):1–8. doi: 10.1007/s40618-016-0523-8

15. Zeng, X, Xie, YJ, Liu, YT, Long, SL, and Mo, ZC. Polycystic Ovarian Syndrome: Correlation Between Hyperandrogenism, Insulin Resistance and Obesity. Clin Chim Acta (2020) 502:214–21. doi: 10.1016/j.cca.2019.11.003

16. Robertson, RC, Manges, AR, Finlay, BB, and Prendergast, AJ. The Human Microbiome and Child Growth - First 1000 Days and Beyond. Trends Microbiol (2019) 27(2):131–47. doi: 10.1016/j.tim.2018.09.008

17. Derrien, M, Alvarez, AS, and de Vos, WM. The Gut Microbiota in the First Decade of Life. Trends Microbiol (2019) 27(12):997–1010. doi: 10.1016/j.tim.2019.08.001

18. Marchesi, JR, Adams, DH, Fava, F, Hermes, GD, Hirschfield, GM, Hold, G, et al. The Gut Microbiota and Host Health: A New Clinical Frontier. Gut (2016) 65(2):330–9. doi: 10.1136/gutjnl-2015-309990

19. Paone, P, and Cani, PA-O. Mucus Barrier, Mucins and Gut Microbiota: The Expected Slimy Partners? Gut (2020) 69(12):2232–43. doi: 10.1136/gutjnl-2020-322260

20. Raftery, AL, Tsantikos, E, Harris, NL, and Hibbs, ML. Links Between Inflammatory Bowel Disease and Chronic Obstructive Pulmonary Disease. Front Immunol (2020) 11:2144(11). doi: 10.3389/fimmu.2020.02144

21. Zhao, S, Jang, C, Liu, J, Uehara, K, Gilbert, M, Izzo, L, et al. Dietary Fructose Feeds Hepatic Lipogenesis via Microbiota-Derived Acetate. Nature (2020) 579(7800):586–91. doi: 10.1038/s41586-020-2101-7

22. Chambers, EA-O, Byrne, CS, Morrison, DJ, Murphy, KG, Preston, T, Tedford, C, et al. Dietary Supplementation With Inulin-Propionate Ester or Inulin Improves Insulin Sensitivity in Adults With Overweight and Obesity With Distinct Effects on the Gut Microbiota, Plasma Metabolome and Systemic Inflammatory Responses: A Randomised Cross-Over Trial. Gut (2019) 68(8):1430–8. doi: 10.1136/gutjnl-2019-318424

23. Godha, K, Tucker, KM, Biehl, C, Archer, DF, and Mirkin, S. Human Vaginal pH and Microbiota: An Update. Gynecol Endocrinol (2018) 34(6):451–5. doi: 10.1080/09513590.2017.1407753

24. Redelinghuys, MJ, Geldenhuys, J, Jung, H, and Kock, MM. Bacterial Vaginosis: Current Diagnostic Avenues and Future Opportunities. Front Cell Infect Microbiol (2020) 11:354(10). doi: 10.3389/fcimb.2020.00354

25. Thackray, VG. Sex, Microbes, and Polycystic Ovary Syndrome. Trends Endocrinol Metab (2019) 30(1):54–65. doi: 10.1016/j.tem.2018.11.001

26. Kim, JM, and Park, YJ. Probiotics in the Prevention and Treatment of Postmenopausal Vaginal Infections: Review Article. J Menopausal Med (2017) 23(3):139–45. doi: 10.6118/jmm.2017.23.3.139

27. Smith, SA-O, and Ravel, J. The Vaginal Microbiota, Host Defence and Reproductive Physiology. J Physiol (2017) 15(595):451–63. doi: 10.1113/JP271694

28. Mehta, O, Ghosh, TS, Kothidar, A, Gowtham, MR, Mitra, R, Kshetrapal, P, et al. Vaginal Microbiome of Pregnant Indian Women: Insights Into the Genome of Dominant Lactobacillus Species. Microb Ecol (2020) 80(2):487–99. doi: 10.1007/s00248-020-01501-0

29. Tu, Y, Zheng, G, Ding, G, Wu, Y, Xi, J, Ge, Y, et al. Comparative Analysis of Lower Genital Tract Microbiome Between PCOS and Healthy Women. Front Physiol (2020) 11:1108. doi: 10.3389/fphys.2020.01108

30. Al-Memar, M, Bobdiwala, S, Fourie, H, Mannino, R, Lee, YS, Smith, A, et al. The Association Between Vaginal Bacterial Composition and Miscarriage: A Nested Case-Control Study. BJOG (2020) 127(2):264–74. doi: 10.1111/1471-0528.15972

31. Machado, A, and Cerca, N. Influence of Biofilm Formation by Gardnerella Vaginalis and Other Anaerobes on Bacterial Vaginosis. J Infect Dis (2015) 212(12):1856–61. doi: 10.1093/infdis/jiv338

32. Lindheim, LA-O, Bashir, M, Münzker, J, Trummer, C, Zachhuber, V, Leber, B, et al. Alterations in Gut Microbiome Composition and Barrier Function Are Associated With Reproductive and Metabolic Defects in Women With Polycystic Ovary Syndrome (PCOS): A Pilot Study. PloS One (2017) 3(12):e0168390. doi: 10.1371/journal.pone.0168390

33. Eyupoglu, ND, Ergunay, K, Acikgoz, A, Akyon, Y, Yilmaz, E, and Yildiz, BO. Gut Microbiota and Oral Contraceptive Use in Overweight and Obese Patients With Polycystic Ovary Syndrome. J Clin Endocrinol Metab (2020) 105(12):660. doi: 10.1210/clinem/dgaa600

34. Liu, R, Zhang, C, Shi, Y, Zhang, F, Li, L, Wang, X, et al. Dysbiosis of Gut Microbiota Associated With Clinical Parameters in Polycystic Ovary Syndrome. Front Microbiol (2017) 28:324(8). doi: 10.3389/fmicb.2017.00324

35. Dong, S, Jiao, J, Jia, S, Li, G, Zhang, W, Yang, K, et al. 16s rDNA Full-Length Assembly Sequencing Technology Analysis of Intestinal Microbiome in Polycystic Ovary Syndrome. Front Cell Infect Microbiol (2021) 10:634981(11). doi: 10.3389/fcimb.2021.634981

36. Pedersen, Hk, Gudmundsdottir, V, Nielsen, HB, Hyotylainen, T, Nielsen, T, Jensen, BAH, et al. Human Gut Microbes Impact Host Serum Metabolome and Insulin Sensitivity. Nature (2016) 535(7612):376–81. doi: 10.1038/nature18646

37. Qi, X, Zhang, B, Zhao, Y, Li, R, Chang, HM, Pang, Y, et al. Hyperhomocysteinemia Promotes Insulin Resistance and Adipose Tissue Inflammation in PCOS Mice Through Modulating M2 Macrophage PolarizationVia Estrogen Suppression. Endocrinology (2017) 158(5):1181–93. doi: 10.1210/en.2017-00039

38. Yao, R, Wong, CB, Nakamura, K, Mitsuyama, E, Tanaka, A, Kuhara, T, et al. Bifidobacterium Breve MCC1274 With Glycosidic Activity Enhances In Vivo Isoflavone Bioavailability. Benef Microbes (2019) 10(5):521–31. doi: 10.3920/BM2018.0179

39. Ervin, SM, Li, H, Lim, L, Roberts, LR, Liang, X, Mani, S, et al. Gut Microbial β-Glucuronidases Reactivate Estrogens as Components of the Estrobolome That Reactivate Estrogens. J Biol Chem (2019) 294(49):18586–99. doi: 10.1074/jbc.RA119.010950

40. Buchta, V. Vaginal Microbiome. Ceska Gynekol (2018) 83(5):371–9.

41. Park, SM, Park, Ch, Wha, JD, and Choi, SB. A High Carbohydrate Diet Induces Insulin Resistance Through Decreased Glucose Utilization in Ovariectomized Rats. Korean J Intern Med (2004) 19(2):87–92. doi: 10.3904/kjim.2004.19.2.87

42. Ye, W, Xie, T, Song, Y, and Zhou, LA-O. The Role of Androgen and its Related Signals in PCOS. J Cell Mol Med (2021) 25(4):1825–37. doi: 10.1111/jcmm.16205

43. Qi, X, Yun, C, Sun, L, Xia, J, Wu, Q, Wang, Y, et al. Gut Microbiota-Bile Acid-Interleukin-22 Axis Orchestrates Polycystic Ovary Syndrome. Nat Med (2019) 25(8):1225–33. doi: 10.1038/s41591-019-0509-0

44. Insenser, M, Murri, M, Del Campo, R, Martínez-García, M, Fernández-Durán, E, and Escobar-Morreale, HF. Gut Microbiota and the Polycystic Ovary Syndrome: Influence of Sex, Sex Hormones, and Obesity. J Clin Endocrinol Metab (2018) 103(7):2552–62. doi: 10.1210/jc.2017-02799

45. Meštrović, T, Matijašić, MA-O, Perić, M, Čipčić Paljetak, H, Barešić, AA-O, and Verbanac, D. The Role of Gut, Vaginal, and Urinary Microbiome in Urinary Tract Infections: From Bench to Bedside. Diagnostics (Basel) (2020) 11(1):7. doi: 10.3390/diagnostics11010007

46. Tranah, TA-O, Edwards, LA-O, Schnabl, B, and Shawcross, DA-O. Targeting the Gut-Liver-Immune Axis to Treat Cirrhosis. Gut (2021) 70(5):982–94. doi: 10.1136/gutjnl-2020-320786

47. Sittipo, P, Lobionda, S, Lee, YK, and Maynard, CL. Intestinal Microbiota and the Immune System in Metabolic Diseases. J Microbiol (2018) 56(3):154–62. doi: 10.1007/s12275-018-7548-y

48. Thaiss, CA, Zmora, N, Levy, M, and Elinav, E. The Microbiome and Innate Immunity. Nature (2016) 535(7610):65–74. doi: 10.1038/nature18847

49. Bang, YA-O, Hu, ZA-O, Li, YA-O, Gattu, SA-O, Ruhn, KA-O, Raj, PA-O, et al. Serum Amyloid A Delivers Retinol to Intestinal Myeloid Cells to Promote Adaptive Immunity. Science (2021) 17(373):eabf9232. doi: 10.1126/science.abf9232

50. De Schepper, S, Verheijden, S, Aguilera-Lizarraga, J, Viola, MF, Boesmans, W, Stakenborg, N, et al. Self-Maintaining Gut Macrophages Are Essential for Intestinal Homeostasis. Cell (2018) 175(2):400–15. doi: 10.1016/j.cell.2018.07.048

51. Fei, F, Aa, LX, Qi, Q, Sun, RB, Yan, CX, Aa, JY, et al. Paeoniflorin Inhibits Th1 and Th17 Cells in Gut-Associated Lymphoid Tissues to Produce Anti-Arthritis Activities. Inflammopharmacology (2019) 27(6):1193–203. doi: 10.1007/s10787-019-00615-3

52. Consortium HMP. Structure, Function and Diversity of the Healthy Human Microbiome. Nature (2012) 486(7402):207–14. doi: 10.1038/nature11234

53. Czech, MP. Insulin Action and Resistance in Obesity and Type 2 Diabetes. Nat Med (2017) 23(7):804–14. doi: 10.1038/nm.4350

54. Diamanti-Kandarakis, E. Insulin Resistance in PCOS. Endocrine (2006) 30(1):13–7. doi: 10.1385/ENDO:30:1:13

55. Agus, A, Planchais, J, and Sokol, H. Gut Microbiota Regulation of Tryptophan Metabolism in Health and Disease. Cell Host Microbe (2018) 23(6):716–24. doi: 10.1016/j.chom.2018.05.003

56. Muscogiuri, G, Cantone, E, Cassarano, S, Tuccinardi, D, Barrea, L, Savastano, S, et al. Gut Microbiota: A New Path to Treat Obesity. Int J Obes Suppl (2019) 9(1):10–9. doi: 10.1038/s41367-019-0011-7

57. Yang, W, Yu, T, Huang, X, Bilotta, AJ, Xu, L, Lu, Y, et al. Intestinal Microbiota-Derived Short-Chain Fatty Acids Regulation of Immune Cell IL-22 Production and Gut Immunity. Nat Commun (2020) 11(1):4457. doi: 10.1038/s41467-020-18262-6

58. Zhao, X, Jiang, Y, Xi, H, Chen, L, and Feng, X. Exploration of the Relationship Between Gut Microbiota and Polycystic Ovary Syndrome (PCOS): A Review. Geburtshilfe Frauenheilkd (2020) 80(2):161–71. doi: 10.1055/a-1081-2036

59. Yang, XA-O, Wu, R, Qi, D, Fu, L, Song, T, Wang, Y, et al. Profile of Bile Acid Metabolomics in the Follicular Fluid of PCOS Patients. Metabolites (2021) 11(12):845. doi: 10.3390/metabo11120845

60. Song, X, Sun, X, Oh, SF, Wu, M, Zhang, Y, Zheng, W, et al. Microbial Bile Acid Metabolites Modulate Gut Rorγ(+) Regulatory T Cell Homeostasis. Nature (2020) 577(7790):410–5. doi: 10.1038/s41586-019-1865-0

61. Jiang, C, Li, G, Huang, P, Liu, Z, and Zhao, B. The Gut Microbiota and Alzheimer’s Disease. J Alzheimers Dis (2017) 58(1):1–15. doi: 10.3233/JAD-161141

62. Dinan, TG, and Cryan, JF. The Microbiome-Gut-Brain Axis in Health and Disease. Gastroenterol Clin North Am (2017) 46(1):77–89. doi: 10.1016/j.gtc.2016.09.007

63. Morais, LA-O, Schreiber, H-O, and Mazmanian, SA-O. The Gut Microbiota-Brain Axis in Behaviour and Brain Disorders. Nat Rev Microbiol (2021) 19(4):241–55. doi: 10.1038/s41579-020-00460-0

64. Vestergaard, SA-O, Rasmussen, TA-O, Stallknecht, SA-O, Olsen, J, Skipper, NA-O, Sørensen, HA-O, et al. Occurrence, Mortality and Cost of Brain Disorders in Denmark: A Population-Based Cohort Study. BMJ Open (2020) 10(11):e037564. doi: 10.1136/bmjopen-2020-037564

65. Zheng, Y, Verhoeff, TA, Perez Pardo, P, Garssen, J, and Kraneveld, AA-OX. The Gut-Brain Axis in Autism Spectrum Disorder: A Focus on the Metalloproteases ADAM10 and ADAM17. Int J Mol Sci (2020) 22(1):118. doi: 10.3390/ijms22010118

66. Liu, ZA-O, Dai, XA-O, Zhang, H, Shi, R, Hui, YA-OX, Jin, X, et al. Gut Microbiota Mediates Intermittent-Fasting Alleviation of Diabetes-Induced Cognitive Impairment. Nat Commun (2020) 11(1):855. doi: 10.1038/s41467-020-14676-4

67. Liang, Z, Di, N, Li, L, and Yang, DA-OX. Gut Microbiota Alterations Reveal Potential Gut-Brain Axis Changes in Polycystic Ovary Syndrome. J Endocrinol Invest (2021) 44(8):1727–37. doi: 10.1007/s40618-020-01481-5

68. Cutolo, M, and Straub, RH. Sex Steroids and Autoimmune Rheumatic Diseases: State of the Art. Nat Rev Rheumatol (2020) 16(11):628–44. doi: 10.1038/s41584-020-0503-4

69. Chang, ZP, Deng, GF, Shao, YY, Xu, D, Zhao, YN, Sun, YF, et al. Shaoyao-Gancao Decoction Ameliorates the Inflammation State in Polycystic Ovary Syndrome Rats via Remodeling Gut Microbiota and Suppressing the TLR4/NF-κb Pathway. Front Pharmacol (2021) 13:670054(12). doi: 10.3389/fphar.2021.670054

70. Tremellen, K, and Pearce, K. Dysbiosis of Gut Microbiota (DOGMA)–a Novel Theory for the Development of Polycystic Ovarian Syndrome. Med Hypotheses (2012) 79(1):104–12. doi: 10.1016/j.mehy.2012.04.016

71. Hou, YF, Shan, C, Zhuang, SY, Zhuang, QQ, Ghosh, A, Zhu, KC, et al. Gut Microbiota-Derived Propionate Mediates the Neuroprotective Effect of Osteocalcin in a Mouse Model of Parkinson’s Disease. Microbiome (2021) 9(1):34. doi: 10.1186/s40168-020-00988-6

72. Ooijevaar, RE, van Beurden, YH, Terveer, EM, Goorhuis, A, Bauer, MP, Keller, JJ, et al. Update of Treatment Algorithms for Clostridium Difficile Infection. Clin Microbiol Infect (2018) 24(5):452–62. doi: 10.1016/j.cmi.2017.12.022

73. Liu, S, Zhao, W, Lan, P, and Mou, X. The Microbiome in Inflammatory Bowel Diseases: From Pathogenesis to Therapy. Protein Cell (2021) 12(5):331–45. doi: 10.1007/s13238-020-00745-3

74. Lee, M, and Chang, EB. Inflammatory Bowel Diseases (IBD) and the Microbiome-Searching the Crime Scene for Clues. Gastroenterology (2021) 160(2):524–37. doi: 10.1053/j.gastro.2020.09.056

75. Gupta, A, and Khanna, S. Fecal Microbiota Transplantation. JAMA (2017) 318(1):102. doi: 10.1001/jama.2017.6466

76. Green, JE, Davis, JA, Berk, MA-O, Hair, C, Loughman, AA-O, Castle, DA-O, et al. Efficacy and Safety of Fecal Microbiota Transplantation for the Treatment of Diseases Other Than Clostridium Difficile Infection: A Systematic Review and Meta-Analysis. Gut Microbes (2020) 12(1):1–25. doi: 10.1080/19490976.2020.1854640

77. Quaranta, G, Sanguinetti, M, and Masucci, L. Fecal Microbiota Transplantation: A Potential Tool for Treatment of Human Female Reproductive Tract Diseases. Front Immunol (2019) 26:2653(10). doi: 10.3389/fimmu.2019.02653

78. Torres, PJ, Siakowska, M, Banaszewska, B, Pawelczyk, L, Duleba, AJ, Kelley, ST, et al. Gut Microbial Diversity in Women With Polycystic Ovary Syndrome Correlates With Hyperandrogenism. J Clin Endocrinol Metab (2018) 103(4):1502–11. doi: 10.1210/jc.2017-02153

79. Wang, T, Sha, L, Li, Y, Zhu, L, Wang, Z, Li, K, et al. Dietary α-Linolenic Acid-Rich Flaxseed Oil Exerts Beneficial Effects on Polycystic Ovary Syndrome Through Sex Steroid Hormones-Microbiota-Inflammation Axis in Rats. Front Endocrinol (Lausanne) (2020) 11:284. doi: 10.3389/fendo.2020.00284

80. Zhang, JA-O, Sun, Z, Jiang, S, Bai, X, Ma, C, Peng, Q, et al. Probiotic Bifidobacterium Lactis V9 Regulates the Secretion of Sex Hormones in Polycystic Ovary Syndrome Patients Through the Gut-Brain Axis. mSystems (2019) 16(4):e00017-19. doi: 10.1128/mSystems.00017-19




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Gu, Zhou, Zhou, Li, Wu, He, Zhang, Ma, Ding and Hua. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 17 March 2022

doi: 10.3389/fendo.2022.789008

[image: image2]


Androgen Excess Induced Mitochondrial Abnormality  in Ovarian Granulosa Cells in a Rat Model of Polycystic Ovary Syndrome


Linyi Song 1,2†, Jin Yu 1,3†, Danying Zhang 1, Xi Li 4, Lu Chen 5, Zailong Cai 6* and Chaoqin Yu 1*


1 Department of Gynecology of Traditional Chinese Medicine, Changhai Hospital, Chinese People’s Liberation Army (PLA) Naval Medical University, Shanghai, China, 2 Department of Traditional Chinese Medicine, HwaMei Hospital, University of Chinese Academy of Sciences, Ningbo, China, 3 International Peace Maternity and Child Health Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China, 4 Department of Gynecology of Traditional Chinese Medicine, Integrated Traditional Chinese and Western Medicine of Jiangsu Hospital, Chinese Academy of Medical Sciences, Nanjing, China, 5 Department of traditional Chinese and Western medicine, Zhejiang Association of Traditional Chinese Medicine, Hangzhou, China, 6 Department of Biochemistry and Molecular Biology, Chinese People’s Liberation Army (PLA) Naval Medical University, Shanghai, China




Edited by: 

Richard Ivell, University of Nottingham, United Kingdom

Reviewed by: 

Paola Piomboni, University of Siena, Italy

Praveen Chakravarthi Veera Veeraraghavulu, University of Kansas Medical Center, United States

William Colin Duncan, University of Edinburgh, United Kingdom

*Correspondence: 

Chaoqin Yu
 chqyu81@163.com

Zailong Cai
 czl8003@163.com



†These authors have contributed equally to this work and share first authorship


Specialty section: 
 This article was submitted to Reproduction, a section of the journal Frontiers in Endocrinology


Received: 04 October 2021

Accepted: 14 February 2022

Published: 17 March 2022

Citation:
Song L, Yu J, Zhang D, Li X, Chen L, Cai Z and Yu C (2022) Androgen Excess Induced Mitochondrial Abnormality  in Ovarian Granulosa Cells in a Rat Model of Polycystic Ovary Syndrome. Front. Endocrinol. 13:789008. doi: 10.3389/fendo.2022.789008




Background

Androgen excess could profoundly lead to follicular dysplasia or atresia, and finally result in polycystic ovary syndrome (PCOS); however, the exact mechanism remains to be fully elucidated.



Methods

PCOS model rats were induced by dehydroepiandrosterone, and their fertility was assessed. The ovarian granulosa cells (GCs) from matured follicles of PCOS model rats were collected and identified by immunofluorescence. The mitochondrial ultrastructure was observed by transmission electron microscope and the mitochondrial function was determined by detecting the adenosine triphosphate (ATP) content and mtDNA copy number. Besides, the expressions of respiratory chain complexes and ATP synthases in relation to mitochondrial function were analyzed.



Results

The PCOS model rats were successfully induced, and their reproductive outcomes were obviously adverse. The GCs layer of the ovarian was apparently cut down and the mitochondrial ultrastructure of ovarian GCs was distinctly destroyed. The ATP content and mtDNA copy number of ovarian GCs in PCOS model rats were greatly reduced, and the expressions of NDUFB8 and ATP5j were significantly down-regulated without obvious deletion of mtDNA 4834-bp.



Conclusions

Androgen excess could damage mitochondrial ultrastructure and function of GCs in rat ovary by down-regulating expression of NDUFB8 and ATP5j in PCOS.





Keywords: polycystic ovary syndrome, androgen excess, granulosa cells, mitochondria, mechanism



Introduction

Polycystic ovary syndrome (PCOS) is highly heterogeneously characterized by hyperandrogenism, polycystic ovaries, oligo-ovulation or anovulation, and irregular or absent menstrual cycles (1–3). It is a prevalent hormonal and metabolic disorder of premenopausal women worldwide, which accounts for 75% of anovulatory infertilities (4). The latest studies suggest that disordered follicular development is the core of the abnormalities that occur in the ovary in PCOS (5). Follicular development is a complex physiological process that is regulated by various substances and endocrine factors. During follicle growth, mural granulosa cells (GCs) play an active role in primary and secondary follicle development by secreting nutrients and hormones, and the cumulus GCs surrounding the oocytes play a crucial role in oocyte differentiation and regulation through the proliferation and production of energy source (6, 7). Nevertheless, a large number of sinus follicles are present in the bilateral ovaries of PCOS patients, but no mature follicles can be formed periodically, which is closely related to the original and intrinsic follicular dysplasia of these patients.

Androgens, one of the most important steroid hormones mainly produced by the adrenal glands and ovaries, play well-defined roles in female reproductive functions. Just like a double-edged sword as reported (8), besides the positive effects of androgen on follicular development, abnormal androgen levels, especially as androgen excess, profoundly promote follicular dysplasia or atresia. However, the underlying pathophysiological mechanisms remain largely unknown.

The mitochondria, which are referred to as the powerhouses and central to energy metabolism in cells (9), play a fundamental role in signal transduction for cell proliferation and apoptosis (10). They translate nutrients into available energy and release reactive oxygen species as by-products (11). Mitochondrial function is a key factor controlling female reproductive processes (12). Researchers have found that all steroidogenic pathways begin in the mitochondria (13, 14), and mitochondria participate in modulating human GCs steroidogenesis (15, 16). In this study, we attempted to investigate the effects and possible mechanisms of excessive androgen on mitochondria of follicular GCs by evaluating the PCOS model rats.



Materials and Methods


PCOS Model Rats’ Preparation and Reproductive Capacity Assessment

Wistar rats (SPF grade, female, age 3 weeks, body weight 45–55 g, n = 150) were provided by Beijing Viton Lever Laboratory Animal Co., Ltd. (license: SCXK [JING] 2016-0006). The rats were reared at 25°C, humidity of 45%–55% and light duration of 12 h. All rats were allowed free access to water and acclimatized for 2 days. This study was performed in PLA Naval Military Medical University Animal Center, and all animal procedures described here were reviewed and approved by the ethics committee of PLA Naval Military Medical University (permit number L2015035). According to the previous description (17, 18,) 100 rats were induced by subcutaneous injection of dehydroepiandrosterone (DHEA) (0.6 mg/100 g/day + 0.2 mL of sesame oil) for 20 consecutive days and verified by histological screening of vaginal exfoliated cells and hormonal profiles of the orbital venous blood. Meanwhile, another 50 rats were subcutaneously injected with sesame oil (0.2 mL/day) as control. 6 control group rats (with normal sexual cycles and hormones) and 6 PCOS model group rats (with abnormal sexual cycles and hormones) were randomly selected, and the ovarian morphology was observed by hematoxylin and eosin (HE) staining. In addition, 12 control group rats and 18 PCOS model group rats were randomly selected and caged with fertile males of the same strain (SPF grade, age 7 weeks, body weight 100–120 g, with previous reproductive history and adaptive feeding for 2 days as mentioned above) at a 1:1 ratio. Copulation was verified by the presence of a vaginal plug 24 h later, and this was considered gestational day (GD) 0.5. The non- pregnant rats were caged with male rats again on the second day, and the process was repeated three times in total, then the pregnancy cases of each group were counted, and the pregnancy rates were calculated. Moreover, half of the pregnant rats of both control group and PCOS model group were randomly selected and sacrificed between 08: 00 and 09: 00 hours on GD 18.5 (GD 18 is the middle and late stage of pregnancy), and the embryo outcomes including the total number of embryos, the average number of embryos, the average mass of embryos, and the number of absorbed embryos were assessed. The remaining pregnant rats in each group were reared until delivery, and then the litter size, the live birth and the abnormal situation of the pups were counted.



Rat Ovarian GCs Collection and Identification

Both PCOS model group rats (DHEA-induced) and control group rats were injected subcutaneously with pregnant mare serum gonadotropin at a dose of 50 IU/rat. 48 hours later, the rats were sacrificed, and the ovaries were harvested. The mature follicles on the surface of the ovaries were pierced with a syringe under a dissecting microscope so that the cumulus oocyte complexes were released into the culture medium. Then, the medium was centrifuged (2000 g for 10 min at 4°C) and the GCs at the bottom of the Eppendorf tube were collected and purified by Ficoll density gradient centrifugation combined with the attachment culture method (6). The GCs were suspended at 37°C in a humidified incubator containing 5% CO2 in DMEM/F-12 supplemented with 15% FBS, 100 IU/mL of penicillin and 0.1 mg/mL of streptomycin. As is well known, the specific expression of follicle-stimulating hormone receptor (FSHR) is the appraisal standard, for the GCs are the only cells that express FSHR in ovarian tissue (19). In this study, Immunofluorescence was used to determine the presence and location of FSHR. Accordance with the previous study (20), after been seeded on coverslips in 24-well petri dishes 48 hour, the GCs were fixed with 4% paraformaldehyde for 20 min at room temperature and permeabilized with the use of 0.3% Triton X-100 for 40 minutes before incubating with 10% bovine serum albumin and FSHR antibody (1:200; Beyotime). Fluorescein isothiocyanate–conjugated IgG was used as the secondary antibody (1:100; ZSGB-BIO). The cells were then counterstained with DAPI and visualized under a fluorescence microscope (BX53; Olympus). The antibodies used here are provided in Supplementary Table 1.



Rat Ovarian GCs Morphology and Ultrastructure Observation

Rat ovarian GCs suspensions of 6 PCOS model group rats and 6 controls were inoculated into 24-well petri dishes with coverslips, and the growth status was observed under an inverted phase contrast microscope at 48 hour after the GCs adherent to the coverslips. The coverslips with well-grown GCs were removed by ophthalmic tweezers made for HE staining. Six fields of each coverslip were captured under a microscope. Two investigators, blinded to the coverslip origin, independently analyzed the coverslips using the available photographs and calculated the results. In addition, the ultrastructure of rat ovarian GCs were observed using a transmission electron microscope (TEM). Following the references (21–23), the adherent ovarian GCs of both group rats (6 PCOS model ones and 6 controls) were digested by 0.25% trypsin (without EDTA) and centrifuged (2000 g for 5 min at 4°C). The cell pellets were fixed with glutaraldehyde (2.5% in 0.1 mol/L cacodylate buffer, pH 7.2) (Fuchen, China) for 2 h at 4°C and post-fixed in 1% osmium tetroxide (Ted Pella, USA) for 1 h before being dehydrated in acetone and embedded in SPI-Pon-812 (SPI Supplies, USA). After slicing by using an ultramicrotome (Leica EM UC7), the 0.1 mm thin sections were stained with uranyl acetate and lead citrate and then observed under a TEM (Hitachi HT7700, 120kV).



Rat Ovarian GCs ATP Content Measurement and mtDNA Copy Number Quantification

The Adenosine triphosphate (ATP) content of ovarian GCs in 6 PCOS model group rats and 6 controls were measured through utilization of recombinant firefly luciferase and its substrate D-luciferin following the ATP Assay Kit (Beyotime, China) instruction. Specifically, fresh ovarian GCs of each rat either control or PCOS model group were washed in culture medium and cultured in 96-well petri dishes; 24 hours later the adherent GCs were collected and washed with precooled phosphate buffer and lysed in ATP lysis buffer, and centrifuged at 12,000 g for 10 minutes at 4°C. Then, the supernatant was mixed with the testing buffer and quantified, and the ATP content was measured using a GloMax Luminescence detector (Berthold, Germany) according to the manufacturer’s instructions (23), Luminescence was monitored on an illuminometer with a maximum emission of 560 nm, and the ATP concentration was calculated using the ATP standard curve. Besides, the ovarian GCs of another 6 PCOS model group rats and 6 controls were prepared, the total DNA of GCs in each rat was extracted by incubating GCs with DNA extraction buffer (Omega, USA) at 55°C followed by heating at 98°C for 10 min, according to the previous report (24), the mitochondrial DNA (mtDNA) copy number was quantified by Bicinchoninic Acid Assay (BCA) and determined by Real-time PCR using a SYBR green assay on a 7500 Real-Time PCR system (Applied Biosystems, USA). The single copy gene mt-ND1 in mitochondrial mtDNA and the housekeeper gene β-globin in nuclear nDNA were amplified by Real-time PCR. β -Globin sequence was considered as the reference gene for its characteristic of highly conserved and expressed statically, and the changes of mtDNA copy number in both samples were compared. Intriguingly, the mtDNA 4834- bp deletion in rats, similar in size and location to the mtDNA 4977- bp deletion in humans, occurs frequently in various tissues and increases in an age-related manner (25). Therefore, the quantity of mtDNA 4834-bp deletion was determined by coamplifying the mtDNA displacement-loop (D-loop) and mtDNA 4834-bp deletion in a Real-time PCR assay in our study. Following the references (26), PCR amplification was carried out in a 20-μL reaction volume consisting of TaqMan Universal Master mix (4 μL), 200 nmol/L each mtDNA 4834-bp deletion primer, 50 nmol/L D-loop primer, and 100 nmol/L mtDNA 4834-bp deletion and D-loop probe primer. The cycling condition included an initial phase of 2 min at 50°C, 10 min at 95°C, then 40 cycles of 15 s at 95°C and 0.5 min at 72°C. The relative mtDNA copy number was calculated using the 2-ΔΔCt method. The primer sequences were designed and synthetized by Invitrogen (Invitrogen Biological Technology Co., Ltd, Shanghai, China) and listed in Supplementary Table 2.



Rat Ovarian GCs Mitochondrial Functional Gene Analysis

To explore the possible mechanisms of excessive androgen (DHEA) on mitochondria of follicular GCs, 6 PCOS model group rats and 6 control group rats were randomly collected, and their ovarian GCs were harvested. Total mRNA was extracted from GCs in each rats using TRIzol reagent, and reverse transcription was performed using the Reverse Transcription cDNA Kit (Takara, Japan) following the manufacturer’s instructions. The resulting cDNA was diluted 10-fold in sterile water, and aliquots were subjected to Real-Time PCR. Finally, the mitochondrial functional related genes including ATP synthase subunits (ATP5h, ATP5j and ATP5a1), Dynamin-related GTPase (Opa1), Succinate dehydrogenase [ubiquinone] iron-sulfur subunit (SDHB), NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8 (NDUFB8), Cytochrome b-c1 complex subunit 2 (UQCRC2), Cytochrome c oxidase subunit 2 (COXII), NADH dehydrogenase [ubiquinone] flavoprotein 2 (NDUFV2) and Mitofusin-1 (Mfn1) mRNA levels were analyzed by quantitative PCR instrument (ROTORGENE6000, Carbett). The relative expression of each target gene compared with GAPDH was calculated using the 2-ΔΔCt method. Moreover, the proteins encoded by mRNAs that are significantly down-regulated in the PCOS model rats were further confirmed by western blot analysis. The adherent GCs was collected when their growth reached to 80% and lysed in cell lysis buffer (Thermo Fisher Scientific, USA) containing a protease inhibitor cocktail (Roche, Switzerland) for 30 min at 4°C. The bicinchoninic acid (BCA) assay (Thermo Fisher Scientific, USA) was used to determine protein concentrations. 40μg protein from each sample was separated by 12% sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) (Invitrogen, USA) and transferred onto polyvinylidene fluoride membranes (Roche, Switzerland) for 1.5 h. The membranes were incubated overnight at 4°C with anti- oxidative phosphorylation (OXPHOS) and anti-GAPDH (Proteintech, USA) antibodies after 1 h in blocking buffer containing 5% non-fat dry milk and 0.1% Tween 20 in Tris-buffered saline (TBST). After washed 3 times with TBS-T, the membranes were incubated with secondary antibodies (Proteintech, USA) at room temperature. The protein bands were detected using an enhanced electrochemiluminescence (ECL) Detection System (Thermo Fisher Scientific, USA) and analyzed with the Fusion Solo system (Vilber Lourmat, France). The primer sequences were listed in Supplementary Table 3 and the antibodies used in western blot were listed in Supplementary Table 1.



Statistical Analysis

Continuous variables are presented as mean ± standard deviation (SD) and categorical variables are described as the numbers (percentages). The student’s t-test was applied for comparisons of the mean between the two groups if the variables are normally distributed; otherwise, rank sum test was performed. F test was utilized for the Equality of Variance test. Fisher’s exact test was applied when the number of categorical variables was less than 5 in each group and Satterthwaite was applied when the continuous variables were skewed. Analyses were performed using GraphPad Prism software version 8 (Graph-Pad software, San Diego, CA), and the statistical analysis was conducted using SPSS software, version 22.0 (SPSS, Inc., Chicago, IL, USA). P-values < 0.05 were considered statistically significant and all tests were two-tailed.




Results


The Reproductive Capacity of PCOS Model Rats Induced by DHEA Was Decreased

Our studies showed that PCOS model group rats were sexual cycle disorder and endocrine abnormalities according to the classification of vaginal exfoliated cells and the detection of serum sex hormones. The success rate of PCOS rat model induced by DHEA was 75% (Figures 1A, B and Table 1). PCOS model group rats exhibited physical changes, for example, their hair was less glossy, coarser and harder in texture, and they behaved irascibly and even fought compared with control rats. Moreover, the ovarian pathological morphology of PCOS model group rats was greatly altered. For instance, the number of cystic follicles (large fluid-filled cysts) increased, and GCs layers were decreased sharply (Figure 1C). According to our calculation, the pregnancy rate and embryo outcome on GD 18.5 of PCOS model group rats, including the total embryos number, average number of embryos, average weight of embryos, litter size and the average litter size were significantly lower than those of the control group rats (P < 0.05). Besides, absorbed embryos generally refer to a condition in which the embryos are absorbed due to obstacles in its development, that is, the pregnant rats absorb some embryos to reduce their numbers and preserve the development of the rest when the reproductive conditions worsen for the development of embryos. In our study, the number of absorbed embryos in PCOS model group rats was obviously higher than that in control group rats (P < 0.05), which was consistent with the results reported in the literature (27) (Tables 2–4). To sum up, the fertility of PCOS model rats induced by DHEA was significantly decreased.




Figure 1 | (A) Vaginal exfoliated cells of rats were observed under a microscope. As shown in the pictures, large numbers of leukocytes and a small amount of mucus are observed in Diestrus (D). In Metestrus (M), several types of cells are observed, including nucleated epithelial cells, keratin epithelial cells and leukocytes. In Proestrus (P), most cells are nucleated epithelial cells. In Estrus (E), large numbers of keratin epithelial cells are observed. The estrous cycle of rats in the control group last 4- 5 days, whilst that of rats in PCOS model group (DHEA induced) was disordered or even remained in the estrous interphase. (B) Serum sex hormones in the orbital vein of rats detected by ELISA. The sex hormones including LH, FSH, T and E2 were detected after DHEA induction. According to the result of ELISA, the serum levels of LH (53.19 ± 7.6 mIU/mL) and T (22.53 ± 4.7 nmol/L) in the PCOS model group rats was significantly increased compared with those in the control group (LH, 43.55 ± 6.7 mIU/mL; T, 14.60 ± 4.4 nmol/L), there were no obviously difference in the serum level of E2 (PCOS, 34.01 ± 9.7 pmol/L vs Control, 34.96 ± 7.9 pmol/L) and FSH (PCOS, 29.52 ± 3.8 mIU/mL vs Control, 28.26 ± 5.1 mIU/mL) between two groups. (C) Pathological morphology of rat ovarian tissues stained with HE. As shown in photos, no structural abnormalities were present in the control group rats: the ovarian tissue was pink, the follicles and corpora lutea were in varying stages of development, and number of GC layers was 6–8. Differences in PCOS model group rats were significant: the color of ovarian tissue was generally lighter, the number of cystic follicles (large fluid-filled cysts) was increased, and the GC layers were abnormal (only 2–4 or even less), and the number of corpora lutea sharply decreased. *P < 0.05.




Table 1 | The success rate of PCOS rat model induced by DHEA.




Table 2 | The pregnancy rate of the rats.




Table 3 | The embryo outcomes of rats on GD 18.5.




Table 4 | The live births of progeny in rats.





Rat Ovarian GCs FSHR Immunofluorescence Identification and Morphological Observation

For further evaluation, ovarian GCs of rats were obtained, and FSHR immunofluorescence showed that specific red fluorescence was observed in the cytoplasm of positive cells, blue fluorescence in the nucleus of negative control cells and no red fluorescence in the cytoplasm. The proportion of cells with positive FSHR expression was more than 95%, which met the requirements of subsequent experiments (Figure 2A). After incubation for 48 h, ovarian GCs were adhered to the culture dish and forming a single layer of star-shaped or fusiform cells. HE staining sections showed that the cells were intact with pink cytoplasm and red-purple round nuclei, and there were no obviously visual differences between the control and PCOS model group rats (Figure 2B).




Figure 2 | (A) The specific expression of FSHR in rat ovarian GCs was identified by immunofluorescence. The fluorescent microscopy (Leica) results showed a specific red fluorescence in the cytoplasm of positive cells, blue fluorescence in the nucleus of negative control cells and no red fluorescence in the cytoplasm. Merge represents the fusion of two colored images. (B) Morphological observation of rat ovarian GCs stained with HE. HE staining coverslips showed that the rats ovarian GCs were intact with pink cytoplasm and red-purple round nuclei, and there were no obvious difference between two groups under light microscopy. (C) The mitochondrial ultrastructure of rat ovarian GCs were analyzed by TEM. As shown by the red arrow in the photos, GCs had a normal nucleus with a clear nucleoli and double nuclear membranes, and the mitochondria had a clear mitochondrial crista around the nucleus in control group. However, the ovarian GCs presented mitochondrial aggregated distribution, crista dissolution and fracture and mitochondria with vacuoles in PCOS model group rats. (D) The ATP content and mtDNA copy number of rat ovarian GCs were detected. According to the analysis, the ATP content (4.51 ± 0.49 μm) and the mtDNA copy number (0.58 ± 0.12) of the ovarian GCs in PCOS model group rats were significantly decreased compared with those in control group rats (ATP, 6.53 ± 0.41 μm; mtDNA, 1.00 ± 0.19). *P < 0.05.





The Mitochondrial Ultrastructure of Ovarian GCs in PCOS Model Rats Was Abnormal

The TEM images of the ultrastructure of rat ovarian GCs are shown in Figure 2C. In control group rats, all the ovarian GCs had a normal nucleus with a clear nucleoli and double nuclear membranes, and the mitochondria had a clear mitochondrial crista around the nucleus. However, the ovarian GCs of 4 PCOS model rats presented mitochondrial aggregated distribution, crista dissolution and fracture and mitochondrial vacuoles. It was suggested that the mitochondrial structure of GCs in ovary of PCOS model rats induced by DHEA was obviously abnormal, and the incidence of abnormality was 66.66% (Table 5).


Table 5 | The incidence of abnormal mitochondrial structure .





The ATP Content and mtDNA Copy Number of Ovarian GCs in PCOS Model Rats Were Reduced Without mtDNA 4834- bp Deletion

According to the analyses of ATP bioluminescence detection kit and Real-time PCR, the ATP content (4.51 ± 0.49 μm) and mtDNA copy number (0.58 ± 0.12) of ovarian GCs in PCOS model group were significantly reduced compared with the control group (ATP, 6.53 ± 0.41 μm, P <0.0001; mtDNA, 1.00 ± 0.19, P = 0.0022) (Figure 2D). Real-time PCR analysis results showed that there was no one with mtDNA 4834-bp deletion in both control and PCOS model rats. The frequency of mtDNA 4834-bp deletion in both groups was 0.00%. According to the amplification curve and melting curve, the int primer pair had specific amplification in PCOS group, while the del primer pair had no specific amplification, verified the results from both positive and negative perspectives. (Figure 3B). It indicated that there was mitochondrial dysfunction in ovarian GCs of PCOS model rats induced by DHEA, with no related to the absence of mitochondrial fragments, in other words, it is not associated with the natural aging.




Figure 3 | (A) The mRNA expression of mitochondrial functional genes in rat ovarian GCs was detected. A total of 10 mitochondrial functional related genes were analyzed by Real-time PCR. The results showed that the mRNA expressions of gene NDUFB8 (0.40 ± 0.08) and ATP5j (0.40 ± 0.17) in PCOS model rats were significantly decreased compared with those in control group ones (NDUFB8, 1.00 ± 0.22; ATP5j, 1.00 ± 0.18). However, other genes including SDHB, ATP5h, ATP5a1, Opa1, UQCRC2, COXII, NDUFV2 and Mfn1 were not obviously different between two groups. (B) Frequency of mtDNA 4834-bp deleted mitochondria detected. According to Real-time PCR analysis, there was no one with mtDNA 4834-bp deletion in both control and PCOS model group rats. The frequency of mtDNA 4834-bp deletion in both two groups was 0.00%. According to the amplification curve and melting curve, the int primer pair had specific amplification in the PCOS model group, while the del primer pair had no specific amplification, verified the results from both positive and negative perspectives. (C) The protein expressions of mitochondrial functional genes NDUFB8 and ATP5j were detected. According to Western Blot analysis, the protein expression of mitochondrial functional genes NDUFB8 and ATP5j in the ovarian GCs of the PCOS model group rats were obviously decreased compared with those in the control group. The results were consistent with those of Real-time PCR analysis. *P < 0.05.





The Expression of Mitochondrial Functional Genes NDUFB8 and ATP5j in PCOS Model Rat Ovarian GCs Were Significantly Reduced

Real-time PCR results showed that the mRNA expressions of NDUFB8 and ATP5j genes in the PCOS model group rats were significantly decreased compared with the control group rats (P < 0.05), whilst the mRNA expressions of other genes including SDHB, ATP5h, ATP5a1, Opa1, UQCRC2, COXII, NDUFV2 and Mfn1 were not obviously different between two groups (P > 0.05) (Figure 3A). For further verification, the protein expression of NDUFB8 and ATP5j was analyzed by Western blot. As shown in Figure 3C, the protein expressions of NDUFB8 and ATP5j were obviously down-regulated in PCOS model group rats, the results of which were consistent with the Real-time PCR analysis.




Discussion

Oligo-ovulation or anovulation is one of the most important clinical features of PCOS, which is the main cause of irregular menstruation and infertility. Ovulation induction by clomiphene or letrozole is the first-line treatment for PCOS infertility; however, the pregnancy rate is only 40%, and approximately 50% of PCOS infertility patients have to resort to assisted reproductive technology to solve fertility problems (9). Nevertheless, numerous intractable problems and challenges still remain, including the low fertilization and cleavage rate, decreased oocyte quality, and increased immature follicle rate. The fundamental reason for this is that the original and intrinsic follicular dysplasia of PCOS patients. Follicular development is a complex physiological process, wherein the growth of GCs is an important symbol. GCs are monolayer or multilayer cuboidal epithelial cells attached to the luminal surface of the follicle and play an important role in follicular steroid hormone secretion, energy metabolism (28) and conduct bidirectional information and material exchange with oocytes through gap junction in follicles (29, 30). Any problems of GCs in metabolism, growth differentiation and apoptosis will directly or indirectly affect the quality of follicular (31). Androgens, although traditionally thought to be male sex steroids, are involved in regulating dynamic changes in ovarian steroidogenesis that are critical for normal cycling in females (32). Current scientific consensus is that a careful balance of androgen activity in the ovary is necessary for reproductive health in women. Both androgen insufficiency and androgen excess could cause ovarian dysfunction. Although lack of androgen activity in the ovary leads to ovarian insufficiency as reported (33), androgen excess is linked to follicular dysplasia and appears to be both a cause and a consequence of PCOS in a vicious cycle (32). However, the exact mechanism remains to be fully elucidated.

The mitochondria, the main organelle of energy production and aerobic respiration in cells, are involved in many aspects of function regulation and have been demonstrated as key factors controlling female reproductive processes (34). As is well known that mitochondria are critical sites for steroid hormone biosynthesis, the initiation and rate-limiting step in the biosynthesis of steroid hormones is the transfer of cholesterol to mitochondria, which is promoted by Steroidogenic acute regulatory protein (35). Therefore, functional mitochondria were demonstrated to facilitate GCs steroidogenesis and dysfunctional mitochondria of GCs may contribute to the global decline of steroidogenesis, oocyte maturation rate, and fertilization rate, and it can ultimately jeopardize fertility (12). Nucleus deoxyribonucleic acid and mtDNA encode mitochondrial respiratory chain-related proteins in mitochondrial organelles that produce cellular energy (ATP) through oxidative phosphorylation (OXPHOS). MtDNA gene encodes 2 ribosomal RNAs (12S rRNA and 16s rRNA), 22 transporter RNAs, 13 oxidative phosphorylated protein subunits and an independent D-loop region. These proteins play an important role in the respiratory chain complex of the OXPHOS system, facilitating the synthesis of ATP by ATP synthase (F0F1-ATPase) and providing energy support for the normal functioning of cells (36). The MtDNA copy number is essential for maintaining mitochondrial function and cell growth (37) and is an important means to reflect mitochondrial metabolic function accurately in the study of disease phenotypes (38). Ogino et al. found that the mtDNA copy number of follicular GCs could predict embryo quality during in vitro fertilization (39). In our preliminary clinical studies, we found that the ATP content and mtDNA copy number of ovarian GCs in PCOS patients, especially those with hyperandrogenism, were obviously decreased compared with those non-PCOS patients. However, the effects and possible mechanisms of androgen excess on mitochondria of ovarian GCs have not been reported so far. In this research, PCOS model rats were induced by subcutaneous injection of DHEA and their fertility was obviously reduced according to the assessment. Besides, the mitochondrial structure and function of ovarian GCs in PCOS model rats were investigated. Mitochondrial structure disorder is important cause of disease (40). As the TEM showed that the mitochondrial structure of rat ovarian GCs was seriously damaged after DHEA intervened. Notably, the ATP content and mtDNA copy number of ovarian GCs in PCOS model rats were obviously reduced.

The deletion of 4977-bp and 4834-bp DNA fragments of the mitochondria is common in humans and rats, respectively, and the deletion rate increases gradually with age (25). The 4977-bp DNA fragment was found to be deleted in GCs of elderly women, which was associated with the reduction of ATP (41). However, no relevant studies have been reported on the deletion of the mtDNA fragment in ovarian GCs of PCOS. In our study, no obvious deletion of the 4834-bp fragment was found in ovarian GCs of PCOS model rats induced by DHEA. Thus, we speculated that the decrease of ATP in ovarian GCs of PCOS model rats is not associated with the deletion of mtDNA fragments, which means it doesn’t matter with the age. For further exploration, the molecular regulatory mechanisms of mitochondrial function were studied in our research. Firstly, mitochondrial fusion function is significant to the quality and longevity of mitochondria, and Mfn1 and OPA1 are important regulators of mitochondrial fusion function. OPA1 regulates mitochondrial endometrial fusion and affects oxidative phosphorylation (42); Mfn1 regulates mitochondrial outer membrane fusion and affects mitochondrial distribution (43). However, neither Mfn1 nor OPA1 showed obvious imbalance in the expression and interaction according to our study results. Secondly, the activity of the OXPHOS system, which consists of four electron transport chain complexes (complex I to IV), F0F1-ATPase (complex V) in the mitochondrial inner membrane and enzymes regulating the tricarboxylic acid cycle and substrate metabolism, is important for ATP synthesis. In our study, the expression of NDUFB8, an adjunctive subunit of mitochondrial membrane respiratory chain NADH dehydrogenase (complex I) (44), was significantly decreased in ovarian GCs of PCOS rats induced by DHEA. Nevertheless, other OXPHOS complex subunits including COX2, SDHB, UQCRC2 and NDUFV2 were not obviously changed. ATP5j, ATP5a and ATP5h are key enzymes to enhance OXPHOS action and promote ATP synthesis in the mitochondrial inner membrane. Amongst them, ATP5j, which encodes the F6 subunit of the F0 complex, is one of the constituent subunits of F0F1-ATPase and plays a key role in the connection of F0 and F1 (45). In the present study, the expression of ATP5j was significantly down-regulated in ovarian GCs of PCOS rats induced by DHEA.

There are some limitations in the current research. First of all, a significant decrease of ovaries GCs was observed in the PCOS model rats induced by DHEA. As shown in histology, the number of cystic follicles (large fluid-filled cysts) was obviously increased, and the GC layers were visibly abnormal (only 2–4 or even less). To obtain a sufficient number of follicular GCs for further study, we induced superovulation with PMSG, a commonly used gonadotropin. There is no doubt that PMSG will increase a certain number of natural follicles, as well as a certain number of natural GCs. In practice, however, it is difficult to distinguish the natural GCs caused by PMSG from the unhealthy GCs caused by DHEA. To be more scientific and rigorous, and avoid the potential of bias causes by PMSG, a control group was specially set up in our research, consistently, the control group rats were given the same dose of PMSG at the same time, and a series of subsequent studies on the mitochondrial structure and function of ovarian GCs were carried out on this basis. Nevertheless, the baseline of total energy of GCs was increased in both groups. What’s more, there has not been an extensive and comprehensive screening of mitochondrial functional genes. It is well known that there are many genes in the OXPHOS system, some of which are from mitochondrial DNA and others are genomic. Genes from complex I, II, III, IV and V and fusion genes were selected and explored in this study. Although all of these candidate genes are functionally accurate genes that have been extensively studied and widely reported in the literatures, more studies on TCA cycle, mitophagy and fission genes with ROS measurement are needed to get more sense for mitochondrial function.



Conclusion

In summary, our research revealed that the mitochondria of ovarian GCs in PCOS rats showed a disordered structure and dysfunction, and the failure of mitochondrial function might be associated with the down-regulation of the expression of NDUFB8 and ATP5j by excessive androgen.
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The mechanisms underlining pathogenesis of polycystic ovary syndrome (PCOS) remain largely unknown. Dysfunction of ovarian granulosa cells plays an important role. The present study performed the lncRNA and mRNA profiling by whole genome transcriptomic sequencing of ovary granulosa cells from women with PCOS and investigated the potential role of differentially expressed gens (DEGs) in the pathomechanism of PCOS. In total, 1,936 DEGs (30 upregulated and 1,906 downregulated mRNAs and lncRNAs) were identified in the ovary granulosa cells between control and PCOS group. Functional enrichment analysis showed that DEGs were mainly associated with cytokine–cytokine receptor interaction, neuroactive ligand–receptor interaction, and olfactory transduction. qRT-PCR validated the upregulation of DLGAP5 mRNA in ovary from PCOS group when compared to control group. Immunostaining and TUNEL assays showed that DLGAP5 protein level was increased while apoptosis was decreased in follicles of ovary in PCOS group. In vitro functional assays showed that DLGPA5 knockdown repressed viability and proliferation, but enhanced apoptosis and disrupted cell cycle in granulosa cells; while DLGAP5 overexpression had the opposite effects in granulosa cells. In conclusion, the study showed differentially expressed lncRNA and mRNA profile in the granulosa cells in ovaries of PCOS. Functional results demonstrated that DLGAP5 is a dysregulated candidate gene in the pathogenesis of PCOS, especially granulosa cell apoptosis and proliferation.
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Introduction

Polycystic ovary syndrome (PCOS), one of the common endocrine abnormalities, affects about 5–10% of women in reproductive age and contributes to 75% of anovulatory infertility. It is a complex, heterogeneous syndrome of uncertain etiology. The characteristics of PCOS include hyperthecosis, hyperinsulinemia, hyperandrogenemia, anovulation and polycystic ovaries (1–4). In recent years, increasing awareness of this syndrome in the medical communities and general population and women with PCOS are likely to develop metabolic syndrome and other comorbidities. Because of its heterogeneity of presentations, the definition of PCOS is always controversial in different clinical disciplines. Therefore, it is still a challenge for research scientists and clinical physicians to elucidate the origins and identify the pathological mechanism (5).

Granulosa cells provide a suitable microenvironment for follicular development and oocyte maturation. As a result, they are important in ovarian folliculogenesis. In response to pituitary gonadotropin secretion, granulosa cells regulate the expression of a variety of genes that encode the components of steroidogenic pathways involved in estrogen biosynthesis (6). A line of studies have showed that in women with PCOS, granulosa cell dysfunction may contribute to abnormal folliculogenesis, excess production of intraovarian androgens and/or increased circulating anti-Müllerian hormone levels, however, the underlying mechanisms remain to be elucidated (7, 8). Therefore, it is clinically and scientifically important to understand the mechanisms underlying the dysfunction of granulosa cells in women with PCOS.

Accumulating evidence suggested that long non-coding RNAs (lncRNAs) and messenger RNA (mRNAs) are essential regulators of cell physiological and pathological processes. Since mRNAs that encode proteins were directly functional while lncRNA regulates the transcription of mRNAs through coexpression manner. Therefore, the study of these RNAs variation may be a key to discover the etiology of PCOS. Recent studies demonstrated lncRNAs and mRNAs are differentially expressed in granulosa cells of women with PCOS (9–11). However, these studies were not using the granulosa cells isolated from PCOS ovarian tissues but follicular fluid (FF). For the FF collection, the ovaries were stimulated with recombinant follicle-stimulating hormone (FSH) after pretreatment with gonadotropin-releasing hormone agonist, which impact on the gene expression and functions of granulosa cells, so the findings may be biased.

In this study, we recruited women with PCOS and control subjects for ovary tissue collection and GC isolation by laser-capture microdissection and conducted RNA sequencing (RNA-seq) to explore the expressing profile of lncRNAs and mRNAs in ovary of PCOS. DLGAP5 was identified to be upregulated in PCOS. We hypothesized that DLGAP5 inhibits apoptosis of granulosa cells in the follicles and reduces atresia during folliculogenesis, therefore growing follicles are increased in ovary of PCOS.



Material and Methods


Patient Recruitment

For the PCOS group, the inclusion criteria are as follows: 1) women aged not in perimenopausal period; 2) BMI not obese; and 3) PCOS diagnosed by the revised Rotterdam Diagnostic criteria. As for the control group, normal ovary tissue was collected from women who were diagnosed with endometrial carcinoma or cervical cancer without ovarian involvement and underwent ovarian biopsy. Only healthy ovaries were used in the control group under pathological examination; any abnormal ovaries were excluded. This study was approved by the Institutional Review Board at the Chinese University of Hong Kong (CREC2016.663).



Laser Capture Microdissection for Ovary Granulosa Cells

Ovaries were sectioned onto neutral glass slides and lightly counterstained using the HistoGene LCM Frozen Section Kit (Arcturus). Laser capture microdissection (Leica, LMD700) was performed on granulosa cells. Briefly, membrane slides with sections were placed in the holder of microscopy. The Eppendorf tubes with 20 µl Buffer RL (GenElute™ Single Cell RNA Purification Kit) on the cap were set up to the collector tray. The real-time captured image was displayed in the software. After customizing the device and adjusting the focus to appropriate magnification, the section of interest was defined by drawing the lines. The detached specimen was dropped to the cap of Eppendorf tubes by gravity and lysed in the Buffer RL. Total RNA was extracted from granulosa cells according to the protocols of the manufacturer.



RNA-Sequencing Analysis

The quality of the RNA obtained, namely, the integrity and size distribution, was confirmed using the Agilent 2100 Bioanalyzer pico-RNA chip (Aglient, CA, USA). Before the construction of an RNA-seq library, rRNA was removed from the total RNA samples using the RiboMinus Eukaryote Kit (Qiagen, Hilden, Germen). The NEB Next Ultra Directional RNA Library Prep Kit for Illumina (NEB, MA, USA) was used according to the instructions of the manufacturer to create an RNA library for RNA-seq. The resulting RNA-seq library was quantified using an Agilent 2100 Bioanalyzer and was run on the HiSeq PE150 platform (Illumina, CA, USA) for paired-end 150 RNA sequencing. Subsequently, bioinformatics analysis was performed. Gene expression was quantified using RPKM (Reads Per Kilo bases per Million reads). RPKM also considers the effect of sequencing depth and gene length on reads count. Log2 (FC) was calculated by edgeR software. RNAs with log2 (FC) >2 and p <0.05 were considered upregulated in PCOS compared to control samples. Similarly, RNAs with log2 (FC) <−2 and p <0.05 were determined to be downregulated. It is considered that the genes with more than 15 reads in the sequencing results are expressed, while the genes below 15 reads are not expressed. When the read count of all replicates of the target gene in PCOS group is greater than 15, and all replicates of in control group is less than 15, this gene was a specifically expressed transcript. The alternative splicing (AS) events, namely, Retained Intron (RI), skipped exon (SE), alternative 5’ splice site (A5SS), alternative 3’ splice site (A3SS), and mutually exclusive exons (MXE) were identified by the TAPIS pipelines. The differential AS events were detected using the program rMATS based on the RNA-seq data.

For Gene Ontology (GO) enrichment analysis, predicted target genes were mapped to GO terms in the Gene Ontology database. For Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis, predicted miRNAs target genes were mapped to KEGG annotation in the KEGG database.



qRT-PCR

Approximately 100 ng total RNA were extracted from granulosa cells and reverse transcribed to cDNA using the commercial protocol. Quantitative Real-time Polymerase Chain Reaction was performed by using Power SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, California). The relative expression of target RNA was determined by dividing the target amount by endogenous control amount to obtain a normalized target value. Then the normalized values of the target RNA were compared among the samples.



Immunohistochemistry

Formalin-fixed paraffin-embedded sections (5 μm) sections were deparaffinized in three Xylene baths and rehydrated in graded ethanol concentrations. Antigen retrieval was performed with citric acid antigen retrieval buffer (PH 6) in a microwave oven for 8 min. Endogenous peroxidase was blocked with 3% hydrogen peroxide in phosphate-buffered saline (PBS) for 25 min. Sections were then quenched with protein blocking buffer for 30 min followed by overnight incubation with DLGAP5 antibody (Abcam, Cambridge, United Kingdom). After rinsing, the sections were incubated with secondary antibody for 50 min. The staining was visualized with 3, 3’-diaminobenzidine (DAB) as chromogen and slides were counterstained with hematoxylin, dehydrated and finally mounted.



Human Granulosa-Like Tumor Cell (KGN) Culture and Transfection

KGN cells were cultured in the DMEM/F12 medium supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific, USA) in a humidified incubator containing 5% CO2 at 37 °C. DLGAP5 siRNA and non-sense siRNA (NC) were purchased from RioboBio (Guangzhou, China). SiRNAs were transfected using Lipofectamine 2000 (Invitrogen, USA) following the instructions of the manufacturer. Lentivirus LV-DLGAP5-EGFP expression vector with empty vector were provided by Cyagen Biosciences (Jiangsu, China). KGN cells at 40–50% confluence in 96-well plate were transfected with the Lentivirus vector according to the protocol of the manufacturer.



CCK-8 Cell Viability Assay

CCK-8 assay kit (Beyotime Institute of Biotechnology, Shanghai, China) was used to assess the cell viability following the instructions of the manufacturer. After transfection for 24, 48, and 72 h, 10 μl of the CCK-8 solution was added to each well of the plate. One hour incubation later, the absorbance at 450 nm was measured.



Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay

Ovarian tissue sections from both control group and PCOS group were examined for the presence of apoptotic cells using the DAB (SA-HRP) TUNEL Cell Apoptosis Detection Kit (Servicebio, Wuhan, China) according to the protocol of the manufacturer. For in vitro study, TUNEL assay was performed using the In Situ Cell Death Detection Kit (Roche, Merck, USA) and TUNEL BrightRed Apoptosis Detection Kit (Vazyme, Nanjing China, for cells transfected with LV-GFP) after transfection for 48 h. Images were captured using a microscope/fluorescent microscope (Eclipse Ti, Nikon, Melville, NY, USA).



EdU Staining Assay

Cell proliferation was assessed using the EdU staining assay (Beyotime, Shanghai, China) after transfection for 48 h. EdU solution was added to cells and incubated for 2 h. Subsequently, fixative solution was added and incubate for 15 min, followed by Click reaction buffer incubation for 30 min and nuclei staining with 4’,6-diamidino-2-phenylindole (DAPI; Beyotime, Shanghai, China) for 5 min. Fluorescent images were captured using a fluorescent microscope. EdU positive rates were calculated as: (number of positive cells)/(total number of cells) × 100%.



Apoptosis Assay

Apoptosis was evaluated using Annexin V-FITC and PI Apoptosis Detection Kit (KeyGEN BioTECH, Nanjing, China) according to the instruction of the manufacturer. In brief, after transfection for 48 h, cells were collected, suspended in binding buffer, and stained with Annexin V-FITC and PI for 15 min at room temperature. The rate of apoptosis was detected by flow cytometer (BD FACSCalibur™, USA)



Cell Cycle Analysis

After transfection for 48 h, cells were harvested, fixed with 75% ethanol at −20°C overnight, and stained with propidium iodide (PI) solution with RNase A (KeyGEN BioTECH, Nanjing, China) for 60 min. Cell-cycle analysis was performed by flow cytometry (BD FACSCalibur™, USA).



Western Blot Assay

Protein was extracted from transfected cells and 30 ug proteins were separated by 10% SDS-PAGE and transferred to PVDF membranes (Amersham; GE Healthcare, Buckinghamshire, England). After blocking with 1.5% skimmed milk at room temperature for 1 h, the membranes were incubated with DLGAP5, cleaved caspase-3, cleaved caspase-8, caspase-9, CDK2, cyclin C and cyclin D antibodies, and GAPDH antibody (ProteinTech, Chicago, IL, USA) at 4°C for overnight, followed by washing and incubation with horseradish peroxidase-conjugated secondary antibodies (CST, Massachusetts, USA) at room temperature for 1 h, respectively. The bands were visualized by an enhanced chemiluminescence system (Thermo Fisher Scientific, Rockford, IL, USA).



Statistical Analysis

Data are presented as the mean ± SEM. Statistical comparisons between two groups were made by the Student’s t-test. P <0.05 was considered to be statistically significant.




Results


Clinical Characteristics of PCOS Patients and Control Subjects

A total of 19 samples (11 from PCOS and 8 from control) were collected for RNA-seq analysis. There were no significant differences in BMI, fasting glucose, cholesterol, HDL-cholesterol, triglycerides, and LDL- cholesterol between PCOS and control group. The average age for the PCOS group is 34.7 ± 2.9 years old, which is smaller than that for the control group (47.2 ± 5.8 years old; Table 1).


Table 1 | Clinical characteristics of PCOS patients and control subjects.





Quantification of Gene Expression

As shown in Figures 1A–C, the overall gene expression levels of all samples in the control group and in the PCOS group were comparable, with no significant differences. PCA analysis using the RPKM values showed grouping information for each sample under different experimental conditions. Hierarchical clustering analysis of differentially expressed genes (DEGs) is shown in Figure 1D. The volcano plot results identified a total of 1,936 DEGs (30 upregulated and 1,906 downregulated, namely, 669 mRNAs, 11snoRNA, 1,195 lncRNAs, and 61 transcribed pseudogene) (Figure 1E and Supplementary Data).




Figure 1 | RNA-seq analysis of differentially expressed genes between PCOS and control group. (A) Boxplots of abundance of transcripts in each sample. (B) RPKM density distribution in each sample. (C) PCA of averaged, rank-normalized read counts from RNA-seq. (D) Heatmap analysis of differentially expressed genes between control group and PCOS group. (E) Volcano plots showing the significance and log2 fold-change (logFC) for all gene transcripts reliably detected in the RNA-seq analysis between control group and PCOS group.





GO and KEGG Pathway Enrichment Analysis

To elucidate the possible functional significance of the observed changes in transcripts between PCOS and control groups, GO and KEGG analysis were performed. As shown in Figure 2, differentially expressed transcripts had GO annotations to biological processes, cellular components, and molecular functions. For biological processes, response to stimulus, cell communication, signaling and signal transduction process were significantly enriched. For KEGG analysis, cytokine–cytokine receptor interaction, neuroactive ligand–receptor interaction and olfactory transduction were significantly enriched (Figure 2).




Figure 2 | Functional enrichment analysis of differentially expressed genes. (A) GO enrichment analysis of DEGs in biological process. (B) GO enrichment analysis of DEGs in cellular component. (C) GO enrichment analysis of DEGs in molecular function. (D) KEGG enrichment analysis of DEGs. DEGs, differentially expressed genes.





Alternative Splicing Analysis

Alternative splicing events were detected in both PCOS and control groups. The number of events was similar in these two groups. Among the five most common types of AS events, skipped exon accounted for the highest proportion. We performed GO and KEGG enrichment analysis to investigate the biological functions associated with the differentially expressed genes (also differentially spliced genes) in which alternative splicing events occurred. Similarly, differentially expressed spliced genes had GO annotations to biological processes, cellular components, and molecular functions, with the most annotations to biological processes. KEGG pathway enrichment analysis indicated that PI3K-Akt signaling pathway, HPV infection, and protein digestion and absorption pathways were enriched among these alternatively spliced genes (Figure 3).




Figure 3 | Alternative splicing analysis. (A) Alternative splicing types. A3SS, alternative 3’ splice site; A5SS, alternative 5’ splice site; MXE, mutually exclusive exons; RI, Retained Intron; SE, skipped exon. (B) Alternative splicing number. (C) GO enrichment analysis of alternative spliced genes in cellular component. (D) GO enrichment analysis of alternative spliced genes in molecular function. (E) GO enrichment analysis of alternative spliced genes in molecular function. (F) KEGG enrichment analysis of alternative spliced genes.





Validation of the Selected Transcripts by qRT-PCR

To verify the differentially expressed RNAs in the ovaries of PCOS, qRT-PCR was performed for the quantification of the expression of LOC105379507, CXCL8, AREG, LOC107986562, CXCL2, DLGAP5, Lin001778, LOC105379355, PADI6 and SNORA9. LOC105379507, CXCL8, AREG, LOC107986562, CXCL2 and Lin001778 were top downregulated mRNA and lncRNA. DLGAP5, LOC105379355, PADI6 and SNORA9 were top specifically expressed transcript. Among which, AREG and Lin001778 were significantly downregulated in the PCOS group when compared with the control group. DLGAP5 and PADI6 were upregulated in the PCOS group when compared to that in the control group (Figure 4). As DLGAP5 was the top one specifically expressed transcript, it was selected for further functional study. The ceRNA network analysis further revealed that DLGAP5 was extensively interacted with other non-coding RNAs (see Supplementary Figure S1).




Figure 4 | Validation analysis of selected differentially expressed candidate genes between control group and PCOS group. The mRNA expression levels of (A) LOC105379507, (B) CXCL8, (C) AREG, (D) LOC107986562, (E) CXCL2, (F) DLGAP5, (G) Lin001778, (H) LOC105379355, (I) PADI6, and (J) SNRA9 in the ovarian tissues between control group and PCOS group. N = 8–11. *P < 0.05 and **P < 0.01.





Histology Analysis of Ovarian Tissues

The immunostaining was performed on the ovarian tissues. The immunostaining of DLGAP5 was examined in the ovarian tissues from the PCOS and control group. As shown in Figure 5, the DLGAP5 staining intensity of granulosa cells around the follicles in the PCOS group was slightly strong than that in the control group. The TUNEL staining results further demonstrated that the number of apoptotic cells in the ovarian group from the PCOS group was slightly decreased when compared to that from the control group (Figure 6).




Figure 5 | Immunostaining analysis of DLGAP5 in the ovarian tissues. (A) Immunostaining of DLGAP5 in control group. Scale bar = 200 µm. (B) Immunostaining of DLGAP5 in PCOS group. Scale bar = 200 µm. (C) Immunostaining of DLGAP5 in control group. Scale bar = 200 µm. (D) Immunostaining of DLGAP5 in PCOS group. Scale bar = 200 µm. Blue arrows indicate primary or antral follicles.






Figure 6 | TUNEL analysis of ovarian tissues in the normal group and PCOS group. (A, C) TUNEL staining of ovarian tissues in control group. Scale bar = 200 µm. (B, D) TUNEL staining of ovarian tissues in PCOS group. Scale bar = 200 µm. Scale bar = 200 µm. Red arrows indicate primary, secondary or antral follicles.





Effects of DLGAP5 Knockdown on the Granulosa Cell Proliferation and Apoptosis

DLGAP5 siRNA transfection caused a significant decrease in the mRNA and protein expression level of DLGAP5 in granulosa cells (Figures 7A, B). The CCK-8 assay showed that DLGAP5 knockdown significantly decreased the cell viability of granulosa cells (Figure 7C). The EdU assay showed that DLGAP5 silence significantly decreased the number of EdU-positive granulosa cells (Figure 7D). Consistently, the TUNEL assay showed that DLGAP5 knockdown markedly increased the number of TUNEL-positive granulosa cells (Figure 7E).




Figure 7 | Effects of DLGAP5 knockdown on the granulosa cell proliferation and apoptosis. Granulosa cells were transfected with si-NC or si-DLGAP5, and after siRNA transfection, (A) the mRNA expression level of DLGAP5 in the granulosa cells was determined by qRT-PCR; (B) the protein expression level of DLGAP5 in the granulosa cells was determined by western blot; (C) the cell viability of granulosa cells was determined by CCK-8 assay; (D) the cell proliferation of granulosa cells was determined by EdU assay, scale bar = 50 µm; (E) the cell apoptosis of granulosa cells was determined by TUNEL assay; scale bar = 50 µm. N = 3. **P < 0.01.



The flow cytometry was performed to determine the cell apoptosis and cell cycle of granulosa cells. As shown in Figure 8A, DLGAP5 knockdown significantly increased the number of apoptotic granulosa cells. The analysis of cell cycle revealed that DLGAP5 silence caused a significant decreased in the cell population of G1 phase and a significant increase in the S phase but had no effect on the cell population in the G2 phase (Figure 8B). The western blot results showed that DLGAP5 silence increased the protein levels of cleaved caspase-3, -8 (slightly) and -9 and cyclin C, but decreased the protein level of CDK-2 and cyclin D in granulosa cells (Figure 8C).




Figure 8 | Effects of DLGAP5 knockdown on the granulosa cell apoptosis and cell cycle. Granulosa cells were transfected with si-NC or si-DLGAP5, and after siRNA transfection, (A) the cell apoptotic rates and (B) cell cycle of granulosa cells were determined by flow cytometry; (C) the protein levels of cleaved caspase-3, cleaved caspase-9, CDK2, cleaved caspase-8, cyclin C and cyclin D in granulosa cells were determined by Western blot assay. N = 3. **P < 0.01 and ***P < 0.001.





Effects of DLGAP5 Overexpression on the Granulosa Cell Proliferation and Apoptosis

LV-DLGAP5 transfection caused a significant increase in the mRNA and protein expression level of DLGAP5 in granulosa cells (Figures 9A, B). DLGAP5 overexpression significantly increased the cell viability of granulosa cells (Figure 9C). The EdU assay demonstrated that DLGAP5 overexpression significantly increased the number of EdU-positive granulosa cells (Figure 9D). Consistently, the TUNEL assay demonstrated that DLGAP5 overexpression markedly decreased the number of TUNEL-positive granulosa cells (Figure 9E).




Figure 9 | Effects of DLGAP5 overexpression on the granulosa cell proliferation and apoptosis. Granulosa cells were transfected with LV-control or LV-DLGAP5, and after transfection, (A) the mRNA expression level of DLGAP5 in the granulosa cells was determined by qRT-PCR; (B) the protein expression level of DLGAP5 in the granulosa cells was determined by western blot; (C) the cell viability of granulosa cells was determined by CCK-8 assay; (D) the cell proliferation of granulosa cells was determined by EdU assay, scale bar = 100 µm; (E) the cell apoptosis of granulosa cells was determined by TUNEL assay, scale bar = 100 µm. *P < 0.05 and **P < 0.01.



DLGAP5 overexpression significantly decreased the number of apoptotic granulosa cells (Figure 10A). DLGAP5 overexpression caused a significant increase in the cell population of G1 phase and a significant decrease in the S phase but had no effect on the cell population in the G2 phase (Figure 10B). DLGAP5 overexpression decreased the protein levels of cleaved caspase-3, -8 (slightly) and -9 and cyclin C, but increased the protein level of CDK-2 and cyclin D in granulosa cells (Figure 10C).




Figure 10 | Effects of DLGAP5 overexpression on the granulosa cell apoptosis and cell cycle. Granulosa cells were transfected with LV-control or LV-DLGAP5, and after transfection, (A) the cell apoptotic rates and (B) cell cycle of granulosa cells were determined by flow cytometry; (C) the protein levels of cleaved caspase-3, cleaved caspase-9, CDK2, cleaved caspase-8, cyclin C and cyclin D in granulosa cells were determined by Western blot assay. *P < 0.05.






Discussion

The morphological characteristics of PCOS women is the accumulation of follicles of diameter of 2–8 mm, which indicates the selection of the dominant follicle fails and the larger antral follicles have been blocked during development. Usually, antral follicle growth retardation is related to an abnormal endocrine environment, namely, excessive secretion of luteinizing hormone, insulin, or androgen. The net effect is the secondary inhibition of FSH, which inhibits the maturation of other healthy follicles. However, new evidence shows that the inherent abnormal factors of follicular formation in PCOS can affect the early stage of follicular development, manifested as an increase in the density of pre-antral follicles. The follicular dynamics are changed (12). However, the underlying molecular mechanism is uncertain.

In the current study, we used RNA sequencing to provide the lncRNA and mRNA profiles in human ovary granulosa cells from PCOS and healthy ovaries. A total of 1,936 DEGs were identified, and KEGG analysis has some unexpected results. The DEGs were closely linked to olfactory transduction pathways, similar to the study by Jiao (13). Furthermore, AS analysis was performed. Under normal conditions, strict regulation of AS is necessary for the complex tissue function, whereas aberrant splicing appears to an underlying cause for dysfunction and disease, suggesting individual isoforms may serve specific roles (14). In this study, AS analysis displayed no differences between PCOS and control groups regarding the alternative splicing type or gene numbers.

Then, we moved our focus on the DEGs. We validated the expression of AREG, Lin001778, DLGAP5, and PADI6. DLGAP5 was identified as a specifically expressed gene in PCOS. DLGAP5 (also called HURP) is a potential cell cycle regulator that may play a role in the carcinogenesis of cancer cells (15), which has the function of promoting microtubule polymerization and bipolar spindle formation (15). Cells stably transfected with DLGAP5 obtained the characteristics of tumor cells, and silence of this gene could theoretically revert cancer cells to a more normal phenotype (15). For bioinformatic analysis, DLGAP5 was mainly enriched in cell proliferation, mitotic nuclear division and mitotic cell cycle and the pathways involved progesterone-mediated oocyte maturation, p53 signaling pathway, oocyte meiosis and cell cycle (16).

It was demonstrated the proportion of growing follicles increased in PCOS ovaries compared with normal ovaries. In addition, no reduction in the density of primordial follicles was observed in the polycystic ovary compared with normal ovaries (17), and the age of menopause in women with a history of PCOS is similar to that in a control population (18). Therefore, the explanation might be that atresia (loss of follicles) is reduced (i.e., increased survival) during folliculogenesis. In addition, Webber et al. demonstrated the lower rate of follicle atresia during culture in tissue obtained from polycystic ovaries than that observed in biopsies from normal ovarian cortex (19). Apoptosis is the mechanism underlying follicular atresia and is fundamental to the cyclical growth and regression of follicles in the human ovary, and atresia could be caused by granulosa cell apoptosis (20). Throughout oocyte development, granulosa cells provide a suitable microenvironment for follicular development and oocyte maturation and oocyte, promoting growth and differentiation of the granulosa cells (21). Therefore, the dysfunction of these cells or prolonged survival of granulosa cells may contribute to the abnormal folliculogenesis observed in PCOS, which was supported by the study of Das that lower apoptotic rates were found in granulosa cells from patients with PCOS, compared with women with regular ovulatory cycles. In addition, apoptotic inducers and inhibitors were also aberrantly expressed in PCOS group. Cellular inhibitor of apoptosis protein-2 (c-IAP2) was upregulated and caspase-3 positive cells was higher in PCOS group (7).

Usually, PCOS is accompanied with a high LH level. The amplification of LH action on granulosa cells may affect folliculogenesis. High LH may cause inhibition of apoptosis in granulosa cells in PCOS, as LH was reported to prevent cisplatin-induced apoptosis in ovarian cancer or apoptosis in oocytes (22, 23). Under this condition, apoptotic and or proliferation regulator show aberrant expression. In this study, overexpression of DLGAP5 was identified and confirmed. It inhibited apoptosis of granulosa cells in the follicles, which may reduce atresia during folliculogenesis. DLGAP5 knockdown increased the number of apoptotic granulosa cells, which were blocked in the S phase. These may be mainly due to the initiation of caspase 9, followed by executioner caspase 3 activation.

The difficulty in this study was the collection of control samples. Control group includes patients who were diagnosed with endometrial carcinoma or cervical cancer and underwent ovarian biopsy to exclude ovarian lesions. As the sample size was not so big, we cannot subdivide the PCOS patient into different clinical phenotypes and make internal comparisons among the factors, such as high androgen, obesity (BMI ≥25), anovulatory and so on. Still, we need to verify DLGAP5 expression in granulose cells isolated from follicle fluid on a large scale and do some correlation. Finally, the present study was only focused on the DLGAP5, and the interaction between DLGAP5 and the differentially expressed lncRNAs detected in the study may require further examination in future studies.


Conclusion

Overall, the results of this study showed the different lncRNA and mRNA profile in the granulosa cells from control and PCOS patients. DLGAP5 was identified as a specifically expressed gene in PCOS and its role in the pathogenesis of PCOS may be related to granulosa cell apoptosis.
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Polycystic ovary syndrome (PCOS) is defined as a kind of endocrine and metabolic disorder that affects female individuals of reproductive age. Lifestyle modifications, including diet modifications, exercise, and behavioral modification, appear to alleviate the metabolic dysfunction and improve the reproductive disorders of PCOS patients (particularly in obese women). Therefore, lifestyle modifications have been gradually acknowledged as the first-line management for PCOS, especially in obese patients with PCOS. However, the mechanism of lifestyle modifications in PCOS, the appropriate composition of diet modifications, and the applicable type of exercise modifications for specific female populations are rarely reported. We conducted a systematic review and enrolled 10 randomized controlled trials for inclusion in a certain selection. In this review, we summarized the existing research on lifestyle modifications in PCOS. We aimed to illustrate the relationship between lifestyle modifications and PCOS (referring to hyperandrogenism, insulin resistance as well as obesity) and also considered the priorities for future research. These results might be an invaluable tool to serve as a guide in lifestyle modifications as the intervention for PCOS and other related endocrine disorders.
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Background

Polycystic ovary syndrome (PCOS) is a kind of common endocrine and metabolic disorder which disturbs reproductive-age female individuals (1). The symptoms of PCOS involved serious reproductive dysfunctions (including infertility and pregnancy complications) (2, 3), unbalanced metabolic functions (including insulin resistance, type 2 diabetes, and so on) as well as psychological disorders (mainly including depression and anxiety) and other implications (4), which disturb female patients whose ages range from adolescence to menopause. Recently, lifestyle modification is widely considered to be the cornerstone of many endocrine and metabolic disorders (5, 6). An increasing number of studies investigated the effectiveness and the frequency of lifestyle modification management in PCOS treatment (5). It is acknowledged that lifestyle plays a vital role in the development of PCOS, and lifestyle interventions are necessary. It seems that the lifestyle modification for PCOS is an old story without any new tales; however, the kind of lifestyle modification that would be effective for PCOS, the difference between various modifications for different populations, and the underlying mechanism of the modifications are still uncertain. Herein we provide a comprehensive review of the influence of lifestyle modifications on the course of PCOS.



Methods


Search Strategy and Design

We selected PubMed database for the systematic literature search. The search strategy included (i) “polycystic ovary syndrome” and its synonyms; (ii) “lifestyle”, “exercise therapy”, “behavior therapy”, “diet therapy”, and their synonyms; and (iii) “weight loss” and its synonyms. The outcome of the literature review was weight loss with different interventions (diverse lifestyle modifications).



Selection Criteria

We observed the inclusion criteria including (i) randomized controlled trials (RCTs), (ii) participants with polycystic ovary syndrome according to the Rotterdam criteria, (iii) intervention: lifestyle modification (with a clear description of methods) without pharmacological components, (iv) weight loss as outcome, and (v) follow-up of more than 24 weeks.




Results

From the results in Table 1, a healthy eating diet and educational programs would lead to more weight loss. The outcomes after a diet modification, an exercise modification, and a combination of diet and exercise are significantly different. A high-protein diet also leads to weight loss when compared with a standard protein diet. However, there was no significant difference between a vegan diet and a caloric diet. No significant difference was also found between a low-glycemic-index (GI) diet and a hypocaloric healthy eating diet.


Table 1 | Results of the 10 enrolled randomized controlled trial studies.




PCOS

PCOS is well acknowledged as a kind of disorder with both endocrine dysfunction and metabolic dysfunction (17), which impacts almost 20% of female patients of reproductive age. The symptoms of PCOS include androgen excess (hirsutism and/or hyperandrogenemia) and ovarian dysfunction (oligo-ovulation and/or polycystic ovarian morphology) (18). As studies focus on PCOS in-depth, insulin resistance and, subsequently, compensatory hyperinsulinism are regarded as two main mediators of hyperandrogenism in PCOS, both in animal models and in human bodies. It is widely acknowledged that hyperandrogenism and insulin resistance are common in PCOS. As an increasing number of studies focus on the phenotype and underlying mechanisms of PCOS, it is well demonstrated that insulin resistance and hyperinsulinism are responsible for the excessive androgen secretion in PCOS (19) since insulin could react on the ovary as a cogonadotropin and trigger androgen secretion from the adrenal glands. Therefore, it is suggested that insulin resistance and hyperinsulinism are the pathophysiological factors in the development of PCOS. Many studies hypothesized that PCOS might be triggered by hyperandrogenism together with some pathophysiological factors and subsequently promote insulin resistance and hyperinsulinism (20). Insulin resistance and hyperinsulinism could induce androgen secretion by the ovaries and adrenal glands in PCOS patients in return (21). Thus, a large proportion of women with androgen excess and/or ovulatory dysfunction are also disturbed by insulin resistance, suggesting that hyperandrogenism and insulin resistance are in a vicious circle in PCOS. One of the characterizations of PCOS is heterogeneity. In view of pathophysiological characteristics, the factors accounting for PCOS heterogeneity mainly include obesity, insulin resistance, abdominal adiposity, and so on. Studies have reported that peripheral insulin resistance (insulin resistance exists in muscle tissues and adipose tissues) is actually a characteristic of PCOS patients with obesity (18). Moreover, insulin resistance might be present even in PCOS women who are not obese (22). However, many studies have reported that hyperandrogenism might be one of the common characteristics (23). Hyperandrogenism alone would induce PCOS without any other factors as shown in some case reports (24). In some cases, PCOS would also be noticed to fully manifest with both hyperandrogenism and the above-mentioned pathophysiological characteristics (obesity, insulin resistance, and abdominal adiposity) (25). Thus, excess androgen might be necessary for developing PCOS. Considering that the frequent familial aggregation of PCOS might also be relative to the primary steroidogenic abnormality and the pathophysiological characteristics, it is not complicated to understand the genetic predisposition of PCOS. Recently, it is well acknowledged that familial aggregation is one of the characteristics in PCOS, which indicates that PCOS might be a kind of disorder with a certain genetic basis (26). However, enormous genome-wide relevant studies reported that the associations of only a few genetic variants and mutations have been replicated in different populations in PCOS patients (27). Familial aggregation might be linked to certain environmental influences which only exist in the families affected, including lifestyle during fetal and childhood development, certain environmental exposure and certain drugs, aging process as well as dietary habits, most of which might contribute to the development of PCOS (28). Based on the characteristic of familial aggregation of PCOS, it is reasonable to speculate that lifestyle modification might benefit the PCOS patients.



Lifestyle Modifications

In recent years, lifestyle modifications are regarded as the cornerstone of all interventions against PCOS. Lifestyle modifications are regarded as the first-line management for patients disturbed by overweight or obesity (17). The most effective interventions include applicable diet modifications, increased physical activity and exercise modifications, and strategies to maintain adherence (29). Lifestyle modifications also appear to draw the ovulation function (30) as well as the menstrual cycle (31) into a regular level, which subsequently increases the successful pregnancy rates in PCOS patients. The studies reported that almost half of the PCOS patients would gain improvement both in regular menstrual cycle and ovulation function depending on the lifestyle modifications. In addition, lifestyle modifications could provide improvements such as alleviation of anxiety and improved quality of life, particularly in obese female patients with PCOS.

From the results shown in Table 1, a healthy eating diet and involvement in educational programs would lead to more weight loss—for example, Oberg E found that in terms of behavioral intervention, minimal intervention would help people attain weight loss (Table 1). The outcomes after diet modification, exercise modification, and the combination of diet with exercise are significantly different. A high-protein diet also leads to weight loss when compared with the standard protein diet. However, there was no significant difference between a vegan diet and a caloric diet. No significant difference was found between a low-GI diet and a hypocaloric healthy eating diet.



Mechanism of Lifestyle Modifications in PCOS

Lifestyle modifications (including diet, exercise, sleep, and so on) are regarded to play roles in the development of PCOS by regulating insulin sensitivity and keeping the weight balanced as well as governing normal androgen production. It was reported that lifestyle changes also appear to influence the restoration of ovulation and regular menstrual cycles and increased the pregnancy rates in overweight or obese anovulatory patients with PCOS. It is widely acknowledged that obesity is a vital mediator in the development of PCOS. The level of sex-hormone-binding globulin is decreased in obese females (31), resulting in elevated androgen in the circulation and then in the target tissue, which disrupts normal ovulatory function (32). Additionally, obesity is associated with an elevated risk of metabolic syndrome, diabetes mellitus (type 2 diabetes), and insulin resistance in female bodies. Some studies compared the effects of lifestyle modifications with the effects of the combination of metformin and lifestyle modifications against PCOS and found that lifestyle modifications could reduce insulin resistance and increase the serum levels of sex-hormone-binding globulins when compared with metformin (33). Many studies also analyzed the effects of improved manifestations of PCOS by comparing the management of lifestyle modifications to the management of a combination of lifestyle modifications and other interventions (34). Negar reported their analysis based on 12 RCTs including 608 participants in which they witnessed a significant decrease in subcutaneous fat in subjects with “lifestyle (including daily physical activity, limited food intake, and so on) combined with metformin” compared with “lifestyle combined with placebo”. It was reported that both lifestyle modifications alone or a combination of lifestyle modifications and hormonal contraceptives have the potential to improve sexual function (35).



Exercise Modifications

As increasing studies focus on the roles of physical activities in human health, the evidence showed that in the management of PCOS, exercise activities would help female patients gain benefits, and this view is becoming accepted among doctors and patients (36, 37). When considering the appropriate exercise activities to alleviate the symptom of PCOS, it is always puzzling how to set the appropriate exercise intensity and frequency. Recently, a meta-analysis reported that improvements in health outcomes are more likely to be linked to the exercise intensity rather than the exercise itself. An RCT study indicated exercise modifications with vigorous intensity (eight consecutive weeks and three sessions of supervised exercise training each week for the final four consecutive weeks). Each session lasts approximately 60 min and will involve 40 min of an individualized exercise protocol performed either on a cycle ergometer or a motorized treadmill preceded by a 10-min warm-up and followed by a 10-min cool-down) might have a better impact on the outcomes of PCOS (insulin resistance decreased significantly) (38). On the contrary, PCOS patients are found to be more likely to stay sedentary rather than perform vigorous exercises. Moderate aerobic exercise could also improve the insulin sensitivity of PCOS in the short term. Some other studies reported that women with PCOS could gain improvement, in terms of insulin sensitivity and abnormal androgen level, via vigorous aerobic exercise and resistance training (39). The minimum aerobic activity is recommended as more than 150 min per week, including intensive exercise for more than 90 min (2).



Diet Modifications

While it is recommended to reduce the calorie intake and induce weight loss among PCOS women with obesity, most of the current proposed recommendations regarding dietary modifications in PCOS are based on studies in obese women without PCOS. It was reported that there is limited evidence that any specific diet type is better than others (40). Some studies reported that once the intake of carbohydrates is less than 45% of the total daily calories, the low-carbohydrate diet might be helpful to decrease the body mass index as well as the serum levels of total cholesterol in PCOS subjects (41). Furthermore, studies indicate that maintaining the low-carbohydrate diet for more than 1 month could significantly increase the levels of follicle-stimulating hormone and sex-hormone-binding globulin (36). Even though some evidence indicates the effect of the low-carbohydrate diet on PCOS, the definitive mechanisms to explain the relationship are still unclear. It is well acknowledged that metformin has similar effects in decreasing body weight. Some studies compared the effects of diet modifications with the effects of the combination of metformin and lifestyle modifications against PCOS. It was reported that diet modifications could reduce insulin resistance and increase the serum levels of sex-hormone-binding globulins when compared with metformin (34).

What is more, weight loss could improve the features of PCOS patients regardless of dietary composition (42). Unfortunately, lifestyle modifications, including diet modifications, are seldom effective in the long run, which are in line with the results from the management of anti-obesity drugs. The unsatisfactory long-term results might be associated with the fact that the female subjects regain weight and fail to keep a normal body mass index (BMI).



Weight Modifications

While the complex clinical heterogeneity of PCOS brings up the lack of a clear understanding of obesity in PCOS, it is widely accepted that obesity would increase insulin resistance and hyperandrogenism. It was reported that just a minor weight loss of 5–10% could play a role in significantly alleviating reproductive disorders (43), metabolic dysfunction, and even the psychological symptoms of PCOS patients (44). Thus, weight modification is recommended as a first step in the management of PCOS patients who are overweight or obese (45).

If the PCOS patient is disturbed by infertility, it is recommended that women with PCOS and obesity should delay therapy against infertility and achieve the weight modifications first because obesity is linked to a higher risk of increased rates of miscarriage and preeclampsia in perinatal PCOS women. It is believed that PCOS patients who are overweight/obese are more likely to face mood disorders, including anxiety, depression, and so on. However, the degree of the increased risk of excess weight and the impact on the prevalence and severity of the features of PCOS remains unclear. Anti-obesity drugs, including orlistat, could also be considered in PCOS patients who cannot achieve weight modification with diet modification and exercise modification (45, 46). Women with PCOS and normal weight and BMI also have an increased risk for metabolic disorders and chronic fatigue. A similar exercise program combined with diet modification is also recommended because these modifications could enhance insulin sensitivity (47, 48). Moreover, more studies are needed on the effects of weight modifications on normal-weight patients with PCOS. Thus, it is recommended that females with PCOS pursue weight modifications and prevent excessive weight gain by weight monitoring and maintaining appropriate BMI and waist circumference.



Mood Modifications

An increasing volume of evidence shows that both adolescent and adult females with PCOS are disturbed by mood disturbances, including depression and anxiety (49). It was reported that females with PCOS underwent a higher risk of depression, anxiety, and perceived stress when compared with women without PCOS (50). Since PCOS is linked to an increased risk of depression, anxiety, and some other mood disorders, screening and effective mood modifications for these disorders might be warranted.

There are several shared links and connections between depression- and PCOS-associated abnormalities, such as excessive androgen secretion, insulin resistance as well as obesity. These shared connections between depression and PCOS might help in finding potential therapies for depression in PCOS (51). A kind of appropriate and applicable mood modification for the two treatments is regarded as the potential modification which could help females with PCOS to lead a better life.



Sleep Modifications

It is important that psychological issues are considered as both a potential risk and a maintaining factor of illness, particularly in adolescent and young female subjects (52). As per the in-depth investigation and data analysis, a large proportion of psychological disorders with PCOS are sleep disorders. Since sleep disorders impact the development of PCOS, management relative to sleep modifications is considered an integral part of lifestyle modifications on females with PCOS. There is ample evidence that sleep deprivation is associated with an increased risk of insulin resistance and obesity as well as type 2 diabetes (53). The mechanisms of the associations have been proven to be linked to relative autonomic pathways, endocrine disorders, and inflammatory status, which are responsible for the development of PCOS (54). Therefore, it is plausible that sleep modifications are of great significance among PCOS patients. Some studies reported that women are more likely to be disturbed by type 2 diabetes if the length of sleep is not more than 5 h per night when compared with women whose length of sleep ranges from 7 to 8 h per night. A study compared the quality of sleep by recording the percentage of rapid eye movement sleep via polysomnography and found that the percent sleep efficiency of obese females with PCOS is lower than that of not only normal-weight females but also obese adolescent females without PCOS (55). Ensuring adequate sleep with high quality would lead to a decreased risk of disturbance not only in obesity and insulin resistance but also in cardiovascular risk, suggesting that sleep modification could modify PCOS as an original modification.




Summary and Perspectives

PCOS is a kind of common endocrine and metabolic disorder which disturbs female subjects at reproductive ages. Since increasing evidence indicates that PCOS is frequently linked to abdominal adiposity, insulin resistance, obesity, metabolic disorders, and cardiovascular risk factors and becomes a complex disorder with environmental effects, such as diet and other lifestyle factors, lifestyle modification is therefore regarded as the first line of management for PCOS patients.

PCOS women who are overweight or obese not only are exposed to metabolic and cardiovascular risk but also suffer from potential mental problems and risk adverse obstetric and perinatal outcomes, such as gestational diabetes and preterm birth. Obesity leads to high healthcare costs, which means that it would increase the investment in lifestyle modification. In Table 1, our data suggested that a healthy diet and increased physical activity should be encouraged for weight loss, which was in line with many published suggestions or guidelines. The conclusion would undoubtedly propose new insights and promising strategies to support clinical practices.

We review the lifestyle modifications in PCOS, including diet modifications, exercise modifications, sleep modifications, mood modifications, and weight modifications. While physical modification, appropriate dietary modification, and maintaining healthy sleep modification and mood modification are recommended for the management of various PCOS conditions, more perspective studies are needed on the effects of lifestyle modifications on PCOS to figure out and develop accurate and individualized guidelines. Lifestyle modifications in PCOS are not old stories but also new tales.
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Background

Polycystic ovary syndrome (PCOS) is a heterogeneous endocrine disease characterized by irregular menstrual, hyperandrogenism, and polycystic ovaries. The definitive mechanism of the disorder is not fully elucidated. Store-operated Ca2+ entry (SOCE) plays a role in glucose and lipid metabolism, inflammation, hormone secretion, and cell proliferation. STIMs and Orais are the main elements of SOCE. The potential role of SOCE in PCOS pathogenesis remains unclear.



Methods

The expression of STIMs and Orais in granulosa cells (GCs) derived from 83 patients with PCOS and 83 controls were analyzed, respectively, by using quantitative reverse transcription polymerase chain reaction. Binary regression analysis was used to identify the factors affecting PCOS after adjusted by body mass index and age. Pearson correlation analysis was used to determine the association between PCOS phenotypes and SOCE genes expression.



Results

Significantly increased expression of STIM1, STIM2, Orai1, and Orai2 were observed in patients with PCOS compared with controls (P = 0.037, P = 0.004, P ≤ 0.001, and P = 0.013, respectively), whereas the expression of Orai3 was decreased (P = 0.003). In addition, the expression levels of STIMs and Orais were identified as the factors affecting PCOS (P < 0.05). The expressions of these genes were correlated with hormone level and antral follicle count (P < 0.05).



Conclusions

For the first time, our findings indicated that the elements of SOCE were differently expressed, where STIM1, STIM2, Orai1, and Orai2 significantly increased, whereas Orai3 decreased in PCOS GCs, which might be dominantly involved in dysfunction of ovarian GCs and hormonal changes in PCOS.





Keywords: polycystic ovary syndrome, store-operated Ca2+ entry, STIM1, Orai1, STIM2



Introduction

Polycystic ovary syndrome (PCOS) is a heterogeneous endocrine disease that affects approximately 4%–21% of reproductive age women worldwide (1). It could be diagnosed by irregular menstrual, hyperandrogenism, and polycystic ovarian morphology (1, 2). In addition to female infertility, a wide range of pathological symptoms, such as insulin resistance, obesity, diabetes mellitus type II (T2DM), and hypertension, are common in women with PCOS (2, 3). Literature suggests that genetic and environmental factors contribute to the syndrome in a complicated manner (4, 5). However, the definitive mechanism is not fully elucidated.

Calcium (Ca2+) takes essential part in various cellular functions, signaling pathways, and metabolic processes in all tissues as a second messenger (6). Maintaining calcium homeostasis is crucial in physiological activities, whereas dysregulation of Ca2+ signals has been associated with some of the major diseases in humans such as cardiac disease, Alzheimer’s disease, pancreatitis, and asthma (7–10).

Store-operated Ca2+ entry (SOCE) is a fundamentally important mechanism for maintaining calcium homeostasis, which composes of endoplasmic reticulum (ER) Ca2+-binding protein stromal interaction molecules (STIMs) and Ca2+ release–activated Ca2+ channel proteins (ORAIs). STIM1 and Orai1 are the main elements of SOCE. Once the ER Ca2+ store depletion, STIM1 is activated to couple to open Orai1 channel to refill ER-luminal Ca2+ storage and then regulate the subsequent cellular physiological processes (11–14). In addition, recent studies have reported that dysfunctional SOCE in β-cell contributes to diabetes pathogenesis (15) and defined SOCE as a critical Ca2+ signaling pathway that controls lipid metabolism in mouse and human cells (16), as well as in immunity (17) and inflammation (18) processes. Women with PCOS have an increased risk of chronic diseases such as T2DM and obesity (2). It is reasonable to hypothesize whether abnormal SOCE will have a long-term effect on PCOS. Moreover, dysfunction of ovarian granulosa cells (GCs) was estimated as an important element of the arrest of follicle growth, which was demonstrated to be the underlying mechanism of etiology of PCOS (19, 20). Few studies have been conducted to determine the association between SOCE and PCOS, and it is assumed that the main elements of SOCE show differential expression in PCOS, which may then transmit aberrant regulatory signaling in cellular processes and result in the functional abnormality of GCs. Therefore, in this study, we aimed to investigate the trends of core factors of the SOCE signaling pathway differentially expressed in GCs between the patients with PCOS and controls to partly explain the pathophysiology of the disease.



Material and Methods


Patients and Granulosa Cell Collection

We collected GCs from follicular fluid of 166 included participants (83 patients with PCOS and 83 controls) undergoing oocyte retrieval for in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) between 2019 and 2021 at the Center for Reproductive Medicine, Shandong University. Women with PCOS were diagnosed according to the revised Rotterdam consensus (21). Any two of the following three criteria were required: (1) oligo- and/or anovulation; (2) clinical and/or biochemical signs of hyperandrogenism; and (3) polycystic ovaries, etiologies such as Cushing syndrome, delayed adrenocortical hyperplasia, and adrenal androgen-secreting tumors were excluded. Women with regular menstruation, no endocrine abnormalities and normal ovarian morphology were included as controls. The patients were all aged 20 to 40 years, and we controlled their body mass index (BMI) under 30 kg/m2. Moreover, we excluded patients with ovarian surgery history, reproductive system abnormalities, chromosomal diseases, and metabolic disorders that might affect pregnancy outcomes. This study was approved by the institutional review board of the Center for Reproductive Medicine, Cheeloo College of Medicine, Shandong University with approval number 132. The clinical and endocrine parameters of PCOS and control groups were analyzed. GCs from follicular fluid of patients were collected as described previously (22) and then immediately stored at −80°C for further analysis.



Clinical Phenotype Measurement and Ultrasonography

Endocrine hormones including anti-Mullerian hormone (AMH), follicle-stimulating hormone (FSH), luteinizing hormone (LH), estradiol (E2), and total testosterone (T) detected using venous blood on days 2–4 of the menstrual cycle were retrospectively analyzed. Moreover, after 12 h of overnight fasting, venous blood was collected to measure fasting insulin (FINS) and plasma glucose (GLU). The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated by the following equation: HOMA-IR = GLU (mmol/L) × FINS (mIU/L)/22.5. Transvaginal ultrasonography was routinely conducted. The antral follicle count (AFC) was defined as the number of bilateral follicles (2–10 mm in diameter) in the early follicular phase.



Total RNA Extraction and Real-Time PCR

To extract total RNA from GCs, TRIzol Reagent (Life Technologies, Shanghai) was used following the manufacturer’s instructions. Briefly, chloroform was added to TRIzol (1:5) for lysis, then incubated at room temperature for 2–3 min, and centrifuged at 12,000 × g at 4°C for 15 min, and the upper aqueous phase containing the RNA was processed by precipitation and elution to obtain pure RNA. Analyzing the quality of RNA by a NanoDrop 2000 (Thermo Fisher Scientific, USA) at the absorbance of 260 nm/280 nm. According to the manufacturer’s protocol, RNA (1 μg) was used to synthesize the corresponding cDNA using the Prime Script RT Reagent Kit with gDNA Eraser (TaKaRa, China). Then, cDNA amplification was performed by reverse transcription polymerase chain reaction (RT-PCR) in replicate using Quanti Nova SYBR Green PCR Kit (QIAGEN, Germany) following the manufacturer’s instructions. Because the amount of RNA that we obtained were not enough to verify in multiple target genes at the same time, we randomly enrolled 100 participants in each group as much as possible for subsequent RT-PCR experiment of the five genes, and the verification cohort was 50 versus 50. The PCR primers for RT-PCR were all listed in Table 1. mRNA levels were normalized against the corresponding levels of glyceraldehyde-3-phosphate Dehydrogenase (GAPDH) mRNA, which served as a housekeeping gene. The relative expression of genes was calculated using the 2–ΔΔCT method and expressed as a fold change relative to that of the controls.


Table 1 | Sequences of primers for RT-PCR.





Statistical Analysis

Statistical analysis was performed using SPSS 21.0 (SPSS, Chicago, IL, USA). Kolmogorov–Smirnov test was used to test for normality of continuous variables. The student’s t-test was used to analyze normally distributed variables to determine statistical significance, and Mann-Whitney U-test was used to assess non-parametric data. Binary logistic regression analysis was use to assess the risk factors of PCOS. Correlation between different variables was analyzed by Pearson correlation analysis. Value of P < 0.05 was considered statistically significant.




Results


Clinical Characteristics of Patiens with PCOS and Controls

The clinical characteristics of the 83 patients with PCOS and 83 controls were shown in Table 2. Data were presented as mean ± SD. Compared to controls, BMI (P < 0.001), AMH (P < 0.001), LH (P < 0.001), T (P < 0.001), and AFC (P < 0.001) were significantly increased in PCOS group while FSH (P=0.003) was significantly decreased. In addition, the corresponding clinical baseline characteristics of each gene group (50 patients with PCOS versus 50 controls) were shown in Supplementary Table 1.


Table 2 | Clinical and endocrine parameters of patients with PCOS and controls.





The Expression of STIMs and Orais in PCOS GCs

To verify the activation of SOCE signaling, expression levels of core components in the SOCE signaling pathway were examined by RT-PCR between 50 patients with PCOS and 50 control patients, respectively. Using GAPDH as a housekeeping gene. As shown in Figure 1, the expression of STIM1, STIM2, Orai1, and Orai2 were significantly increased in PCOS group (P = 0.037, P = 0.004, P ≤ 0.001, and P = 0.013, respectively), and Orai3 was significantly decreased in GCs of patients with PCOS (P=0.003).




Figure 1 | The relative expression level of (A) for STIM1, (B) for STIM2, (C) for Orai1, (D) for Orai2, and (E) for Orai3 in GCs of patients with PCOS. The expression level was detected by qRT-PCR and normalized against GAPDH. Statistical analysis was performed by Student’s t-test. Data were shown as the mean ± SEM (standard error of mean). *P < 0.05, **P < 0.01, and ***P ≤ 0.001.





Binary Logistic Regression Analysis of Gene Expression in PCOS

To eliminate the influences of age and BMI on the expression of genes, we used binary logistic regression model for analysis. The binary logistic regression analysis results of SOCE gene mRNA expression after adjusted using age and BMI were summarized in Table 3 and Figure 2. Logistic regression showed STIM1 (adjusted OR: 2.253, 95% CI: 1.151–4.414, P = 0.018), STIM2 (adjusted OR: 2.165, 95% CI: 1.091–4.298, P = 0.027), Orai1 (adjusted OR: 8.399, 95% CI: 2.398–29.421, P = 0.001), Orai2 (adjusted OR: 2.129, 95% CI: 1.118–4.055, P = 0.021), and Orai3 (adjusted OR: 0.245, 95% CI: 0.079–0.755, P = 0.014) were factors contributing to the incidence of PCOS.


Table 3 | Logistic regression analysis of gene expression after adjusting for age and BMI.






Figure 2 | Logistic regression analysis of gene expression after adjusting for age and BMI.





Correlation Analysis Between Gene Expression Level and Baseline Data of Clinical Samples

To determine whether the expression level of genes is related to clinical endocrine and glucose metabolism characters of corresponding samples, we performed Pearson correlation analysis to elucidate the relationship between SOCE and various PCOS phenotypes by investigating the correlation between each differentially expressed mRNA levels of SOCE molecules and phenotype. As shown in Figure 3, STIMs and Orais mRNA levels showed significant correlation with LH and AFC, and STIM2 and Orai1 mRNA levels showed positive correlation with T, glucose, fasting insulin, and HOMA-IR. Futhermore, Orai1 and Orai2 mRNA levels in the GCs of patients with PCOS were positively correlated with AMH. In addition, The Orai3 exhibited a negative correlation with AMH while positively correlated with E2. In addition, we presented the exact correlation analysis data of all the measured indicators in Supplementary Table 2.




Figure 3 | Correlation between PCOS phenotypes and relative mRNA expression of SOCE genes in GCs of participants.






Discussion

Little is known regarding the functional role of SOCE in the pathology of PCOS; here, we analyzed the expression of several core genes of SOCE in GCs of PCOS patients for the first time. Our finding indicated that the SOCE signaling was determined in PCOS GCs, where STIM1, STIM2, Orai1, and Orai2 significantly increased, whereas Orai3 decreased. Moreover, STIMs and Orais were defined as the main factors affecting PCOS after adjusted by age and BMI. The expression levels of the five genes were mainly correlated with the hormone levels and AFC.

Calcium signaling is essential to regulate cellular activities including hormone secretion, proliferation, or apoptosis (6). It is important to maintain intracellular Ca2+ homeostasis, for abnormal Ca2+ fluctuations could induce rare and common disorders (14). SOCE is a sophisticated mechanism playing an important role in rescuing intracellular calcium oscillation (12, 13). In terms of cellular Ca2+ homeostasis, the ER plays a prime role in the process that ensuring proper protein folding which usually happened under ER stress (23, 24). It seems that SOCE could establish a certain connection with ER stress in PCOS.

In our present study, we hypothesized that the possible mechanisms for linking SOCE to pathogenesis of PCOS could be its protective effect on adapting ER stress and its ability on enhancing the proliferation signal of GCs. Under ER stress, STIMs activate and couple to Orai1 to rescue Ca2+ oscillation in ER, and then SOCE channel opens. In present study, we found that STIMs, Orai1 and Orai2 were upregulated in GCs of PCOS, so it could be speculated that SOCE signaling was activated in the pathogenesis PCOS. Takahashi et al. (25) demonstrated that ER stress was activated in GCs of both patients with PCOS and the dehydroepiandrosterone (DHEA)-treated mouse model of PCOS. Unanimously, in the study of Azhary and colleagues (26), they proved that androgens activate ER stress, thereby enhancing the apoptosis of GCs and resulting in the occurrence of PCOS. However, the sample amounts in this study were too small to support that the apoptosis of GCs was the cause of PCOS. Only the prolonged ER stress is accounted for apoptosis of cells (27). Investigators showed that ER stress activated an adaptive program termed unfolded protein response to deal with the accumulated misfolded proteins and thus relieved ER dysfunction (28, 29). Thus, we assumed that in the pathology of PCOS, ER Ca2+ was consumed in the state of ER stress accompanied by oscillation of cytosolic free Ca2+, and the SOCE was activated as an adaptive program in cells with the upregulated expression of STIM1, Orai1, STIM2, and Orai2. Moreover, elevated STIM1 and Orai1 expressions were thought to promote tumor cell proliferation in various cancers (30). Studies have proved that GCs proliferation was increased in the pathogenesis of PCOS (19). Taken together, the adaptive response of SOCE to ER stress in GCs may thereby lead to increased cell proliferation. In addition, the binary logistic regression analysis demonstrated STIMs and Orais were factors affecting PCOS after adjusted by BMI and age. The precise functional mechanism of SOCE in the onset and progression of PCOS remains to be explored.

Insulin resistance and compensatory hyperinsulinemia are often regarded as the main defects in women with PCOS (31). Hyperinsulinemia may further promote abnormal androgen secretion (32, 33). Moreover, it is demonstrated that SOCE has could be triggered at the stage of ER stress to increase the secretion of insulin even under sub-threshold glucose (34). Interestingly, insulin could conversely upregulate Orais (35). These studies linked insulin with SOCE. Thus, we analyzed the correlation between the expression levels of SOCE genes and glucose metabolism level as well as testosterone, and we found that expression level of Orai1 showed significant correlation with GLU, fasting insulin, and HOMA-IR. Moreover, STIM2 and Orai1 showed significant correlation with testosterone, respectively. However, the precise mechanisms still need to be fully described. SOCE through ORAI channels triggered by STIM1 is a major mechanism, mediating the signals of many hormones, growth factors, and neurotransmitters (36, 37). Tal et al. (38) found that the concentration of placental growth factor (PlGF) protein in follicular fluid from PCOS women was higher compared with controls and showed a positive correlation with AMH. Researchers also observed that PlGF could promote proliferation in ovary carcinoma cells by upregulating SOCE signal (39). Interestingly, hypothalamic luteinizing hormone-releasing hormone (LHRH) controls reproductive axis by promoting gonadotropin release, and researchers found that LHRH could activate Orai1 channels in mouse gonadotroph (40). The present study revealed that several SOCE elements showed correlation with AMH and LH, which are common characters of PCOS.

Many research studies recently indicated SOCE as a reliable therapeutic target and SOCE blocker might be of therapeutic benefit that the application of specific SOCE blockers would not affect other normal cells. Blocking SOCE could alleviate inflammation (41, 42), Zhang et al. (43) found that knocking down STIM1 in neutrophils could produce the same effect, which was due to reducing the production of reactive oxygen species (ROS). Furthermore, investigators suggested that inhibition of SOCE could block the proliferation of megakaryocytes in patients with myeloproliferative tumors (44). Clinical studies found increased glycolysis in women with PCOS (45). A new research showed that STIM1 promotes glycolysis and FAS during cell proliferation, and STIM1 was considered to be a new metabolic checkpoint (46). These results suggested that SOCE might be a possible target for the treatment and examination of PCOS. In short, there have been successful applications of SOCE blockers in clinical trials (47), but more research studies are needed to improve the treatment strategy.

The present study was the first to prove the several mRNA expressions level of SOCE elements of GCs in women with PCOS and to show significant relationship between these genes and PCOS characters. In addition, the expression levels of the STIMs and Orais were performed as major factors affecting PCOS after adjusted by age and BMI. Thus, we speculated SOCE could regulate cellular Ca2+ concentration and then took part in proliferation, and hormone secretion of GCs. Combining our findings with more detailed mechanistic and pharmacological PCOS studies may disclose additional valuable information and perhaps novel treatment strategies. However, several limitations still exist. First, GCs obtained before LH/hCG stimulation would be more appropriate in our study. However, it is very difficult to collect abundant immature GCs at gynecologic surgery. Second, the sample amount of the present study was relatively small. The results still need to be verified in a larger population.



Conclusion

In summary, for the first time, our findings indicated that SOCE was differently expressed, where STIM1, STIM2, Orai1, and Orai2 significantly increased, whereas Orai3 decreased in PCOS GCs, which might be dominantly involved in dysfunction of ovarian GCs and hormone changes in PCOS. However, further studies are required to investigate function and regulation of SOCE in PCOS.
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1.71 (-5.84, 9.26)
-2.00 (-7.76, 3.76)
-0.64 (-5.22, 3.94)

1.96 (-5.56, 9.48)
-3.66 (-8.88, 1.56)
-1.53 (-6.87, 3.82)

12.4

%
Weight

14.59
7.87
4.86
53.52
19.16
100.00

63.14
11.95
24.91
100.00

43.81
17.82
38.37
100.00

55.55
44.45
100.00

36.76
63.24
100.00

37.96
62.04
100.00
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FBG
Chan (2006)
Husein (2015)

Subtotal (I-squared = 0.0%, p = 0.912)

FINS

Chan (2006)
Husein (2015)

Tehrani (2017)

Subtotal (I-squared = 0.0%, p = 0.636) <>

NOTE: Weights are from random effects analysis

-13.2

WMD (95% Cl)

-0.40 (-0.62, -0.18)
-0.37 (-0.86, 0.12)

-0.40 (-0.59, -0.20)

-1.70 (-13.20, 9.80)
-2.19 (-5.19, 0.81)
-3.75 (-5.30, -2.20)

-3.39 (-4.76, -2.03)

13.2

%

Weight

83.45
16.55

100.00

1.42
20.90
77.69

100.00
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ID

FT

Grant (2009)

Tehrani (2017)

Subtotal (I-squared = 85.6%, p = 0.008)
T

Chan (2006)

Grant (2009)

Husein (2015)

Subtotal (I-squared = 18.4%, p = 0.293)

DHEA-S
Chan (2006)
Grant (2009)
Husein (2015)
Subtotal (I-squared = 0.0%, p = 0.993)
LH

Chan (2006)

Grant (2009)

Husein (2015)

Subtotal (I-squared = 56.1%, p = 0.103)

FSH

Chan (2006)

Grant (2009)

Husein (2015)

Subtotal (I-squared = 42.6%, p = 0.175)

-52.2

NOTE: Weights are from random effects analysis

WMD (95% Cl)

-0.18 (-0.34, -0.02)
-0.72 (-1.09, -0.35)
-0.42 (-0.95, 0.10)

0.04 (-0.29, 0.37)
-0.18 (-0.34, -0.02)
0.06 (-0.29, 0.41)

-0.09 (-0.25, 0.07)

-0.14 (-0.78, 0.50)

0.00 (-52.22, 52.22)

-0.09 (-0.70, 0.52)
-0.11 (-0.56, 0.33)

-0.30 (-2.61, 2.01)
2.00 (-0.07, 4.07)

-4.81 (-11.90, 2.28)

0.24 (-2.39, 2.87)

1.00 (0.28, 1.72)
0.51 (-0.87, 1.89)
-0.56 (-2.05, 0.93)
0.50 (-0.38, 1.38)

52.2

%
Weight

54.98
45.02
100.00

20.18
61.33
18.49
100.00

47.26
0.01
52.73
100.00

42.86
45.82
11.32
100.00

49.91
26.24
23.85
100.00
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Serum AMH level (ng/ml)

<2.71 (N = 333) 2.71-4.08 (N = 330) 4.09-6.45 (N = 351) >6.45 (N = 325)

SGA

% (n/N) 5.4 (18/333) 4.2 (14/330) 7.1 (25/351) 6.2 (20/325)

OR (95%Cl) 1 0.78 (0.38-1.59) 1.34 (0.72-2.51) 1.15 (0.60-2.21)

Adjusted OR (95% Cl) 1 0.71 (0.34-1.50) 1.17 (0.58-2.37) 1.02 (0.47-2.21)

Adjusted P value 0.37 0.70 0.96

LBW

% (n/N) 4.2 (14/333) 5.2 (17/330) 4.8 (17/351) 5.2 (17/325)
R (95% Cl) 1 1.24 (0.60-2.55) 1.16 (0.56-2.39) 1.26 (0.61-2.60)

Adjusted OR (95% ClI) 1 1.15 (0.54-2.47) 0.99 (0.44-2.22) 0.95 (0.40-2.25)

Adjusted P value - 0.72 0.97 0.91

Macrosomia

% (/N) 7.2 (24/333) 8.5 (28/330) 8.3 (29/351) 9.2 (30/325)

OR (95% CI) 1 1.19 (0.68-2.11) 1.16 (0.66-2.04) 1.31(0.75-2.29)

Adjusted OR (95% Cl) 1 1,09 (0.60-1.98) 1.06 (0.56-1.99) 1,04 (0.53-2.03)

Adjusted P value = 0.78 0.86 0.92

LGA

% (n/N) 14.1 (47/333) 17.0 (56/330) 13.7 (48/351) 14.2 (46/325)

OR (95% ClI) 1 1.24 (0.82-1.90) 0.96 (0.63-1.49) 1.00 (0.65-1.56)

Adjusted OR (95% Cl) 1 1.19 (0.77-1.86) 0.95 (0.58-1.54) 0.90 (0.53-1.52)

Adjusted P value - 0.44 0.83 0.69

PTB

% (n/N) 5.4 (18/333) 5.8 (19/330) 6.3 (22/351) 5.8 (19/325)

OR (95% Cl) 1 1.07 (0.55-2.08) 1.17 (0.62-2.22) 1.09 (0.56-2.11)

Adjusted OR (95% ClI) 1 1.00 (0.52-2.00) 0.93 (0.45-1.91) 0.78 (0.35-1.73)

Adjusted P value - 0.99 0.85 0.54

The analyses were adjusted for the maternal age, BMI, duration of infertility, type of infertility (Primary/Secondary infertility), basal antral follicle count, fertiization method (IVF/ICSI),
endometrial thickness on the trigger day and development stage of the embryo (cleavage/blastocyst). OR, odds ratio; Cl ,confidence interval; SGA ,small-for-gestational age; LBW ,low
birthweight: LGA, large-for-gestational age; PTB, preterm birth.
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Serum AMH level (ng/ml)

<2.71 (N = 255) 2.71-4.08 (N = 267) 4.09-6.45 (N = 239) >6.45 (N = 268)

SGA

% (n/N) 3.9 (10/255) 4.1 (11/267) 4.6 (11/239) 4.9 (13/268)

OR (95% Cl) 1 1.05 (0.44-2.52) 1.18 (0.49-2.84) 1.25 (0.54-2.90)

Adjusted OR (95% Cl) 1 0.98 (0.39-2.44) 1.04 (0.39-2.76) 1.13 (0.41-3.15)

Adjusted P value 097 0.94 0.82

LBW

% (n/N) 5.9 (15/255) 4.1 (11/267) 4.6 (11/239) 4.1 (11/268)
R (95% Cl) 1 0.69 (0.31-1.53) 0.77 (0.35-1.72) 0.69 (0.31-1.52)

Adjusted OR (95% Cl) 1 0.64 (0.28-1.47) 0.63 (0.26-1.56) 0.51 (0.19-1.36)

Adjusted P value 0.29 0.32 0.18

Macrosomia

% (WN) 14.9 (38/255) 14.6 (39/267) 13.4 (32/239) 18.7 (50/268)

OR (95% CI) 1 0.98 (0.60-1.59) 0.88 (0.53-1.47) 1.31(0.83-2.08)

Adjusted OR (95% Cl) 1 0.89 (0.53-1.47) 0.71 (0.40-1.25) 0.99 (0.56-1.74)

Adjusted P value 0.63 0.23 0.96

LGA

% (/N) 27.1 (69/2565) 25.1 (67/267) 24.3 (58/239) 32.5 (87/268)

OR (95% Cl) 1 0.90 (0.61-1.34) 0.86 (0.58-1.30) 1.30 (0.89-1.89)

Adjusted OR (95% Cl) 1 0.82 (0.54-1.23) 0.69 (0.43-1.08) 0.91 (0.57-1.44)

Adjusted P value 0.34 0.11 0.68

PTB

% (n/N) 6.3 (16/255) 5.2 (14/267) 10.5 (25/239) 14.2 (38/268)

OR (95% Cl) 1 0.83 (0.40-1.73) 1.75 (0.91-3.36) 2.47 (1.34-4.55)

Adjusted OR (95% Cl) 1 0.80 (0.38-1.71) 1.63 (0.79-3.35) 2.1 (1.01-4.37)

Adjusted P-value 0.56 0.19 0.04

The analyses were adjusted for the matemal age, BMI, duration of infertility, type of infertility(Primary/Secondary infertility), basal antral follicle count, fertilization method(IVF/ICSI),
endometrial thickness on the trigger day and development stage of embryo(cleavage/blastocyst). OR, odds ratio; Cl, confidence interval; SGA, small-for-gestational age; LBW, low
birthweight: LGA, large-for-gestational age; PTB, preterm birth.
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Screening

Records excluded(n=98)
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5.Not for PCOS patients: n=35
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Full text articles excluded with
reasons(n =19)

1.Not in intervention of
measures: n=5
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5.Republications: n=1
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synthesis (meta-analysis)
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Parameter BMI<24 kg/m? (N = 1339) BMI>24 kg/m? (N = 1029) P-value
Maternal age (years) 29.0 (27.0, 32.0) 30.0 (27.0, 33.0) <0.001
Paternal age (years) 30.0 (28.0, 33.0) 31.0(28.0, 34.0) <0.001
Duration of infertility (years) 3.0(2.0, 4.0 3.0 (2.0, 5.0 <0.001
Type of infertility (%) <0.001
Primary infertilty 55.3 (741/1339) 45.2 (465/1029)

Secondary infertility 44.7 (598/1339) 54.8 (564/1029)

Basal serum FSH level (1U/L) 6.7 (5.6,7.8) 6.4 (5.4,7.5) <0.001
AMH (ng/ml) 41 (2.7, 6.4) 40027,66) 0.95
Basal antral follicle count 19 (15, 24) 21 (15, 24) <0.001
Dosage of gonadotropins (IU) 1950.0 (1500.0, 2625.0) 2562.0 (1950.0, 3300.0) <0.001
Duration of ovarian stimulation (days) 13 (12, 14) 13 (12, 15) <0.001
No. of ococytes retrieved 15 (12, 19) 15 (11, 18) 0.01
No. of 2PN 10 (7, 13) 10 (6, 13) 0.45
No. of available embryos 8 (5, 11) 8(5, 11) 0.74
Endometrial thickness on the trigger day (mm) 11.0 (10.0, 13.0) 11.7 (10.0, 13.0) 0.01
OHSS rate (%) 6.2 (83/1339) 3.1 (32/1029) 0.001
Fertilization method (%) 0.045
IVF 73.0 (977/1339) 76.6 (788/1029)

ICSI 27.0 (362/1339) 23.4 (241/1029)

Stage of embryo transfer (%) 0.57
Cleavage embryo 50.3 (674/1339) 51.5 (5630/1029)

Blastocyst 49.7 (665/1339) 48.5 (499/1029)

No. of embryo transfers (%) 0.97
1 54.9 (735/1339) 54.8 (564/1029)

2 45.1 (604/1339) 45.2 (465/1029)

Neonatal birth weight (g) 3300.0 (3050.0, 3600.0) 3500.0 (3150.0, 3800.0) <0.001
Gestational weeks at delivery (weeks) 39 (38, 40) 39 (38, 40) 0.01
Gender of newborn (%) 0.62

Male
Female

The data are presented as medians (P25, P75) for continuous variables and %(n/N) for categorical variables.

56.6 (758/1339)
43.4 (581/1339)

55.6 (572/1029)
44.4 (457/1029)
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PCOS (n=20) CON (n=15) P R
Age (year) 2061 +4.43 3250 + 4.14 0.055
FSH (mIU/ml) 6.75 + 1.46 7.98 £ 231 0.075
LH (miU/mi) 7.53+6.93 458+ 1.64 0.118
E2 (pg/ml) 39.25 + 13.06 4067 + 11.05 0.744
T (ng/dl) 57.80 + 1645 41,00 + 8.18 0.001 0.2847
LH/FSH 1.04  0.84 05937 +0.19 0.085
Height (m) 1.61 +0.040 1.61+005 0.965
Weight (kg) 61.45 + 8.43 60.77 + 8.40 0815
BMI* (kg/m2) 23.84 +3.25 2363 + 3.79 0.861

*For Tables 1 and 2: BMI (body mass index)=weight(kg)/height(m)2.
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PCOS (n = 3) CON (n=3) P R
Age (vear) 30.67 + 6.03 32.00 = 1.00 0725

FSH (miU/mL) 7.23+1.68 7.53 +0.31 0782

LH (miU/mL) 10.23 + 4.02 463 +1.70 0093

E2 (pg/ml) 45.33 +7.02 4000 + 8.72 0456

T (ng/dl) 56.00 + 10.15 31.00 + 2.64 0015 0.8099
LH/FSH 269 + 0.63 064 +0.33 002 0.8617
Height (m) 1.657 +0.111 1.61 +0.02 0541

Weight (kg) 68.33 + 7.23 4800 + 4.58 0015 0.8087
BMI* (kg/m2) 24.89 + 1.18 18.42+1.3 0.003 09106
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Author,
year

Tehrani
etal.,
2017 (14)
Grant,
2009 (17)
Husein
etal.,
2015 (18)

Chan
etal.,
2006 (23)

Mombaini
etal.,
2017 (27)
Farhadian
etal.,
2020 (28)

Nation

Iran

Britain

Jordan

China

Iran

Iran

Sample
size
(/)
30/30

21/20

14/11

18/16

22/23

15/15

Mean age (T/C)

20-40

255 (19-42)

211 £1.2/21.6 £ 1.0

348+4.2/309+24

Weight (T/C) Intervention Comparison

86.68 + 6.86/86.28 + 6.03  Green tea

Not reported Speamint

herbal tea

66.04 +2.84/67.02+2.87  Marjoram
tea

76.0(70.3-80.6)/76.6 (68.2~ Green tea
79.7)

23.22 +5.24/24.17 + 6.83 73.99 + 21.53/71.40 + 12.27 Green tea

18-35

75.33 +6.47/74.46 £+ 7.59/  Green tea

Placebo

Placebo

Placebo tea

Placebo

Placebo

Placebo

Dosage
form

Capsule

Herbal
tea bags
Herbal

tea bags

Capsule

Tablet

Tablet

Dosage

500 mg

2 cups

2 cups
(250 ml
each)

6 capsules
(contained
an
equivalent
of 540 mg
EGCG)
500 mg

500 mg

Treatmentduration

12 weeks

30 days

1 month

3 months

45 days

3 months

Outcome
measured

Weight, FINS, FT

FT, TT, DHEAS, LH,
FSH, DLQI, FG

Weight, FSH, LH, E2, P,
TT, DHEAS, FINS, FBG,
HOMA-IR, GIR

Weight, BMI, WHR, BFR,
TT, FAI, A2, DHEAS,
FSH, LH, SHBG, FINS,
FBG, GIR, FLP, FC, TG,
LDL, HDL, non-HDL-C

Weight, BMI, WG, HC,
WHR, BFR, IL-6, hsCRP,
TNF-o

Weight, BMI, WG, HC,
WHR

Adverse
reaction

Not reported

None

: bloating (n = 1),
nausea (n = 1),
mild sedation (n =
1), more frequent
urination (n = 5)

C: bloating (n = 1)
more frequent
urination (n = 2)

T: none

C: gastrointestinal
discomfort (n = 1)

Not reported

BMI, body mass index; WC, waist circumierence; HC, hip circumference; WHR, waist-to-hip ratio; BFR, body fat rate; TT, total testosterone; FT, free testosterone; DHEAS, dehydroepiandrosterone sulfate; A2, androstenedione; FAI, free
androgen index; FSH, follicle-stimulating hormone; LH, luteinizing hormone; E2, estradiol; P, progesterone; FINS, fasting insuiin; HOMA-IR, homeostasis model assessment of insulin resistance; SHBG, sex hormone-binding globulin; FBG,

fasting blood glucost

inferleuldn 6: heCRP. high-sensitivity C-reactive protein: TNF-a, tumar necrosis factor-ar DLQY, demmaiology quakly of i index; FG, Fermiman-Galwey score:

IR, fasting blood glucose/fasting insuii ratio; FLP, fasting leptin; FC, fasting cholesterol; TG, trigiycerides; LDL, low-density lipoprotein; HDL, high-density lipoprotein; non-HDL-C, fasting non-HDL cholesterol; -6,
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Outcome Feature Subgroups Studies Participants Effect estimate WMD 95% CI 12 (%)
Weight Tea type Green tea 4 169 -2.86 [-5.19, -0.52] ? = 0%
Herbal tea 1 25 -0.93 [-8.98, 7.07 Not applicable
Intervention duration <8 months 3 130 -2.75 [-5.50, 0.01 ? = 0%
>3 months 2 64 -2.62 [-6.48, 1.24] ?=0%
Race of participants Asian 1 34 -3.40 [-9.27, 2.47 Not applicable
Caucasian 4 160 -2.59 [-5.01, -0.16] ?=0%
BMI Race of participants Asian 1 34 -0.20 [-1.64, 1.24] Not applicable
Caucasian 2 75 -0.47 [-2.36, 1.42] ?=0%
WHR Race of participants Asian 1 34 -0.04 [-0.07, -0.01 Not applicable
Caucasian 2 75 -0.00 [-0.05, 0.04 ?=31%
BFR Race of participants Asian 1 34 0.60 [-3.09, 4.29] Not applicable
Caucasian 1 45 -0.29 [-4.41, 8.83 Not applicable
FBG Tea type Green tea 1 34 -0.40 [-0.62, -0.18] Not applicable
Herbal tea 1 25 -0.37 [-0.86, 0.12 Not applicable
Intervention duration <3 months 1 25 -0.37 [-0.86, 0.12] Not applicable
=3 months 1 34 -0.40 [-0.62, -0.18] Not applicable
Race of participants Asian 1 34 -0.40 [-0.62, -0.18] P =0.0003 Not applicable
Caucasian 1 25 -0.37 [-0.86, 0.12 P=0.14 Not applicable
FINS Tea type Green tea 2 94 -3.71 [-6.25, -2.17] P <0.00001 ?=0%
Herbal tea 1 25 -2.19 [-5.19, 0.81 P=0.15 Not applicable
Intervention duration <38 months 2 85 -3.42 [-4.80, -2.04] P <0.00001 2 = 0%
=3 months 1 34 —-1.70 [-13.20, 9.80] P=0.77 Not applicable
Race of participants Asian 1 34 —-1.70 [-13.20, 9.80] P=0.77 Not applicable
Caucasian 2 85 -3.42 [-4.80, —2.04] P < 0.00001 ?=0%
FT Tea type Green tea 1 60 -0.72 [-1.09, -0.35] P =0.0001 Not applicable
Herbal tea 1 M -0.18 [-0.34, -0.02) P=0.03 Not applicable
T Tea type Green tea 1 34 0.04 [-0.29, 0.37] Not applicable
Herbal tea 2 66 -0.11 [-0.32, 0.10] 1? = 34%
Race of participants Asian 1 34 0.04 [-0.29, 0.37] Not applicable
Caucasian 2 66 -0.11 [-0.32, 0.10] 1? = 34%
DHEAS Tea type Green tea 1 34 -0.14 [-0.78, 0.50] Not applicable
Herbal tea 2 66 -0.09 [-0.70, 0.52] ? = 0%
Race of participants Asian 1 34 -0.14 [-0.78, 0.50] Not applicable
Caucasian 2 66 -0.09 [-0.70, 0.52] 1?2 =0%
LH Tea type Green tea 1 34 -0.30 [-2.61, 2.01] Not applicable
Herbal tea 2 66 -0.53 [-6.97, 5.92] 1? = 69%
Race of participants Asian 1 34 -0.30 [-2.61, 2.01] Not applicable
Caucasian 2 66 -0.53 [-6.97, 5.92] 1? = 69%
FSH Tea type Green tea 1 34 1.00 [0.28, 1.72] Not applicable
Herbal tea 2 66 0.01 [-1.04, 1.08] ? = 6%
Intervention duration <3 months 2 66 0.01 [-1.04, 1.06] ?=6%
>3 months 1 34 1.00 [0.28, 1.72] Not applicable
Race of participants Asian 1 34 1.00 [0.28, 1.72] Not applicable
Caucasian 2 66 0.01 [-1.04, 1.06] 1?2 =6%
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Inclusion criteria

Participants
Interventions
Comparisons
Outcomes

Study type

Patients with a diagnosis of PCOS

The intervention group was given tea supplements (not limited by dosage, dosage form, frequency, or duration).

The control group was treated with blank or placebo.

The primary outcome: Body weight.

The secondary outcomes (1): Clinical results: BMI, WC, HC, WHR, and BFR (2); Metabolic results: FBG and FINS (3); Hormone parameters: total
testosterone (TT), FT, DHEAS, luteinizing hormone (LH), and follicular-stimulating hormone (FSH).

Randomized controlled trials (RCTs) assessing the effects of tea supplements on PCOS.
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Regular menstruation group (n = 214) Oligomenorrhea group (n = 1402) Amenorrhea group (n = 218) P value

No. of oocytes retrieved (n) 19.22 +7.83 18.47 £ 7.69 18.69 +7.58 0.561
Fertilization method 0.195
IVF 89.72 (192/214) 87.09 (1221/1402) 90.83 (198/218)
ICSI 10.28 (22/214) 12.91 (181/1402) 9.17 (20/218)
No. of 2PN (n) 11.72 + 6.00 11.28 + 5,52 11.14 £ 5,57 0.741
No. of 2PN cleavage (n) 11.58 + 5.98 11.09 + 5.47 11.02 £ 5,53 0.724
No. of high-quality embryo (n) 6.92 + 4.58 6.90 + 4.46 6.95 + 4.52 0.519
Total 2PN fertilization rate (%) 60.09 (2472/4114) 59.66 (15448/25892) 59.34 (2418/4075) 0.785
IVF 2PN fertilization rate (%) 62.58 (2233/3568) 60.87 (13376/21973) 60.27 (2178/3614) 0.094
ICSI 2PN fertilization rate (%) 58.87 (239/406) 60.94 (2072/3400) 60.61 (240/396) 0.720
Cleavage rate (%) 98.87 (2444/2472) 98.78 (15260/15448) 98.92 (2392/2418) 0.115
Abnormal fertiization rate (%) 0.47 (1/214) 0.14 (2/1402) 0.46 (1/218) 0.459
No transferable embryos rate (%) 2.34 (5/214) 1.57 (22/1402) 1.83 (4/218) 0.709
“freezing all” for high ovarian response (%) 35.05 (75/214) 32.10 (450/1402) 33.03 (72/218) 0.683
Implantation rate (%) 52.22 (106/203) 60.15 (821/1365) 62.44 (133/213) 0.065
Biochemical pregnancy rate (%) 70.63 (89/126) 80.40 (681/847) 80.60 (108/134) 0.038
Clinical pregnancy rate (%) 67.46 (85/126) 76.86 (651/847) 76.86 (103/134) 0.068
Adverse pregnancy rate (%) 25.88 (22/85)° 30.41 (198/651)* 43.69 (45/103) 0.013
Abortion rate (%) 10.58 (9/85) 10.29 (66/651) 156.53 (16/103) 0.263
SPTB rate (%) 11.74 (12/85) 13.98 (91/651) 17.48 (18/103) 0510
GDM rate (%) 2.35 (2/85)° 6.10 (35/651)* 13.79 (12/108) 0015
HDP rate (%) 3.53 (3/85) 5.75 (33/651) 8.05 (7/103) 0.581
PROM (%) 4.71 (4/85) 4.18 (24/651) 6.90 (6/103) 0.565
Live birth rate (%) 60.32 (76/126) 69.07 (585/847) 64.93 (87/134) 0.115
Gestational week of childbirth (d) 37.54 +2.30 37.83 +2.06 37.45 £ 2.67 0.195
No. of live babies delivered 0.063
Singletons (%) 89.47 (68/76) 77.95 (456/585) 80.46 (70/87)
Muttiples (%) 10.53 (8/76) 22,05 (129/585) 19.54 (17/87)
Macrosomia rate (%) 5.26 (4/76)° 10.94 (64/585) 18.39 (16/87) 0.026
LBW rate (%) 15.79 (12/76) 14.19 (83/585) 17.24 (15/87) 0.725
VLBW rate (%) 2.63 (2/76) 1.37 (8/585) 3.45 (3/87) 0.295

Continuous data: mean + SD. Categorical data: % (n/N); 2PN, 2 pronuclei; OHSS, ovarian hyperstimulation syndrome; adverse pregnancy (including abortions, sPTB, GDM, HDP, and
PROM); sPTB, spontaneous preterm birth; GDM, gestational diabetes; HDP, hypertensive disorder in pregnancy; PROM, premature rupture of membranes; Adverse pregnancy (including
abortions, sPTB, GDM, HDP, and PROM); LBW,Infant low birth weight; VLBW, Infant very low birth.

AP, Bp indicate Regular menstruation group vs. Oligomenorrhea group and Amenorrhea group respectively. 2P indicate Oligomenorrhea group vs. Amenorrhea group.
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menstrual patterns OR (95%Cl) P OR? (95%Cl) P

Adverse pregnancy 0.014 0.042
regular menstruation Reference = Reference -
oligomenorrhea 1.252 (0.749,2.091) 0.391 1.246 (0.742,2.091) 0.405
amenorrhea 2.222(1.193,4.139) 0.012 2.039(1.087,3.822) 0.026
Abortion 0.267 0.439
regular menstruation Reference - Reference -
oligomenorrhea 0.953 (0.456,1.989) 0.323 0.924 (0.44,1.937) 0.834
amenorrhea 1.553 (0.649,3.717) 0.897 1.374 (0.566,3.332) 0.483
sPTB 0512 0.675
regular menstruation Reference = Reference =
oligomenorrhea 1.219 (0.608,2.445) 0276 1.096 (0.542,2.22) 0.798
amenorrhea 1.588 (0.69,3.653) 0577 1.382 (0.596,3.203) 0.451
GDM 0.020 0.048
regular menstruation Reference - Reference -
oligomenorrhea 2.358 (0.5657,9.985) 0.244 2.462 (0.579,10.47) 0.222
amenorrhea 5.473 (1.189,25.178) 0.029 5.023 (1.083,23.289) 0.039
HDP 0.599 0.663
regular menstruation Reference - Reference -
oligomenorrhea 1.46 (0.438,4.866) 0.538 1.392 (0.411,4.71) 0.595
amenorrhea 1.993 (0.499,7.956) 0.329 1.862 (0.458,7.567) 0.385
PROM 0.568 0.648
regular menstruation Reference - Reference -
oligomenorrhea 0.775 (0.262,2.29) 0.645 0.754 (0.254,2.239) 0.612
amenorrhea 1.253 (0.342,4.592) 0.734 1.129 (0.306,4.167) 0.855
Macrosomia 0.032 0.028
regular menstruation Reference - Reference -
oligomenorrhea 2.211 (0.782,6.254) 0.135 2.992 (1.036,8.647) 0.043
amenorrhea 4.056 (1.293,12.729) 0.016 4.918 (1.516,15.954) 0.008
LBW 0.726 0.529
regular menstruation Reference = Reference -
oligomenorrhea 0.882 (0.456,1.704) 0.708 0.787 (0.400,1.548) 0.488
amenorrhea 1.111 (0.484,2.549) 0.804 1.071 (0.457,2.507) 0.875
VLBW 0.336 0.186
regular menstruation Reference - Reference -
oligomenorrhea 0.513 (0.107,2.462) 0.404 0.322 (0.063,1.645) 0.173
amenorrhea 1.321(0.215,8.125) 0.764 0.934 (0.143,6.105) 0.943

Reference, This variable functions as an indicator; *OR, °P, adjusted by the variables which were statistically significant in the univariate logistic analysis; Adverse pregnancy adjusted by
BMI and hCG injection day endometrial thickness; GDM adjusted by Age and BMI; Abortion adjusted by LH/FSH and AMH; Macrosomia adjusted by BMI, AFC, Starting dose of Gn, No. of
oocytes retrieved and Multiples rate; sPTB adjusted by AFC and hCG injection day endometrial thickness; HDP adjusted by BMI, Starting dose of Gn, hCG injection day E2 and LH; PROM
adjusted by hCG injection day endometrial thickness; LBW adjusted by AFC, Length of stimulation, Total dosage of Gn used, hCG injection day Endometrial thickness, No. of oocytes
retrieved and Multiples rate; VLBW adjusted by Multiples rate.
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ltem Regular menstruation group (n = 214) Oligomenorrhea group (n = 1402) Amenorrhea group (n = 218) P value
Age (year) 28.71 + 3.83 28.61 + 3.54 28.84 + 3.68 0.635
Type of infertility 0.115
Primary infertility (%) 65.89 (141/214) 65.3 (916/1402) 72.48 (158/218)
Secondary infertility (%) 34.11 (73/214) 34.66 (486/1402) 27.52 (60/218)
Duration of infertility (year) 3.8 +£2.62 3.82 +2.53% 4.31 +2.80 0.035
BMI (kg/m2) 24.46 + 3.46 2416 + 3.312 24.75 +3.25 0.035
E2 (pg/ml) 41.35 £ 27.00 50.61 + 56.52 53.38 + 49.09 0.036
P (ng/ml) 0.47 £ 0.33 0.76 + 1.86 0.75+1.83 0.088
T (ng/mi) 0.78 £3.72 0.87 £5.19 0.70 £ 3.63 0.883
LH/FSH (miU/mi) 1.54 +1.06"° 1.75 £ 1.26% 219+ 1.24 <0.001
AMH (ng/mi) 7.93 + 363% 7.93 +3.95% 9.85 + 4.87 <0.001
AFC (n) 23.83 + 0.58"% 22.26 + 4.83 22,52 + 4.43 <0.001
Starting dose of Gn (IU) 107.77 £ 18.18 107.61 + 18.03 108.20 + 18.18 0.903
Length of stimulation (d) 14,56 + 2.57° 14.48 + 2.612 1513 +£2.78 0.003
Total dosage of Gn used (IU) 2157.36 + 852.28 2117.23 + 842.65% 2308.54 + 894.45 0.008
hCG injection day
Endometrial thickness (mm) 12.49 + 2.54° 12.43 £ 2.43% 11.76 £ 2.16 0.001
E2 (pg/m) 4120.67 + 2387.82 4022.39 + 2261.54 4060.75 + 2013.99 0.828
LH (mlU/mli) 0.76 + 0.86 0.72 +0.94 0.63 £ 0.65 0.285
P (ng/mli) 0.92 + 0.58 0.83 +0.54 0.81 +£0.53 0.080

Continuous data: mean + SD. Categorical data: % (n/N); BMI, body mass index; E2, estradiol; P, progesterone; T, testerone; LH, luteinizing hormone; FSH, follicle-stimulating hormone;
AMH, Anti-Miillerian Hormone; AFC, Antral follicular count; Gn, gonadotropin; hCG, human chorionic gonadotropin.
AP, Bp indicate Regular menstruation group vs. Oligomenorrhea group and Amenorrhea group respectively. 2P indicate Oligomenorrhea group vs. Amenorrhea group.
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Class Name vIP p-value Fold change
Sphingolipids N-palmitoyl-o-erythro-sphingosine 1.32187 0.048360335 0.701984889
Dehydes Pyruvaldehyde 1.4637 0.002293146 0.641374704
Amino acids oL-B-Leucine 1.08371 0.011904801 0.257662834
L-Glutamine 1.38227 0.006913317 0.627002081
Cholic acid Taurocholic acid 1.03748 0.004480277 7.0752304
Fatty acyls 1-Linoleoyl glycerol 1.13363 0.008396951 1.889026271
Fatty esters |cosadienoic acid 1.23869 0.00649719 3.345072531
Glycerophosphocholines Lyso-PAF C-16 1.3197 0.03773069 1.5625340715
PC(P-15:0/0:0) 1.09853 0.024659805 1.5687064544
Glycerophosphoethanolamines LysoPE(0:0/22:4(7Z,102,13Z,162)) 1.474 0.005592236 1.897683421
Glycerophosphoinositols PI(18:0/22:5(42,72,10Z,132,162)) 1.20277 0.003526964 0.324269691
PI(18:0/22:6(4Z,72,10Z,132,16Z,192)) 1.45847 0.013576691 0.315352317
PS(18:0/22:5(7Z,10Z,13Z,16Z,192)) 1.16498 0.003497396 0.585825926
Glycerophosphates beta-Glycerophosphoricacid 1.16314 0.004377947 0.502442175
Peptides Asp lle Lys Arg 1.03604 0.030470895 1.509817996
Cys GIn Trp Trp 1.24675 0.002413147 2.344734335
Leu Asp 1.22868 0.047455033 4.396481329
Phe Phe Arg Arg 1.29797 0.000174435 1.620741001
Tyr Lys Val Glu lle 1.26152 0.0108703 1.6141382279
Phenylsulfates 4-Ethylphenylsulfate 1.66923 0.002512745 1.917318971
TCA D-(+)-Malic acid 1.14599 0.030182727 1.516545227
Unclassified Glc-GP(18:0/20:4(5Z,8Z,11Z,142)) 1.33843 0.001968024 0.390099725

DHEA, dehydroepiandrosterone; BAT, brown adipose tissue; VIP, variable importance in projection; TCA, trichloroacetic acid.
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Group Number Cage (the first time)

Cage (the second time)

Cage (the third time)

Pregnancy Pregnancy
number rate
The control 12 8 66.67%
group
PCOS model 18 2 11.11%*
group

compared with the control group, *P < 0.05.

Pregnancy
number

3

5

Pregnancy
rate

75.00%

31.25%"

Pregnancy Pregnancy
number rate
1 100.00%
4 36.36%"

Total Pregnancy
rate

100.00%

61.11%"*
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Group Method (Subcutaneous injection) Total number Sexual cycle disorder number Success rate

The control group sesame oil (0.2mL/day) 50 0 0.00%
The model group DHEA (0.6mg/100g/day dissolved in 0.2mL of sesame oil) 100 75 75.00%*

compared with the control group, *P < 0.05.
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Mechanism

Inducing high level of
androgen

Inducing obesity

Changing immune
homeostasis

Inducing insulin resistance
Inducing insulin resistance
Regulating the gut-brain axis
Inducing chronic inflammatory
state

Disrupting intestinal integrity

Microbiomes changes

Decreased alpha diversity

Decreased alpha diversity
Disrupted Lactobacillus

Increased Prevotella copri

Increased Bacteroides vulgatus
Unbalanced gut microbiota community
Unbalanced gut microbiota community

Unbalanced gut microbiota community
promoting release of pro-inflammatory
factors
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icrobiomes.
composition

Gut Microbiomes.
Decrease of o dversity

Decrease of p dversity

Vaginal Microbiomes
Decreased of
Lactobacius

increased of Chiamycia
vachomats

increased of Prevotela

Outcomes

Gifs with POOS had decreased a-diversity
compared to non-PCOS.

The B dversiy of POOS was.

significanty decreased.

InPCOS women, Lactobacilus decreased
signiicantly.

InPCOS women, Lactobaclus decreased
significanty.

2.2In PCOS women, Lactobaclus.
decreased signifcanty.
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Group Number Litter situation Live birth situation

Litter size Average litter size  live birth number  live birth rate
The control group 6 114 (mos 19) 19.00 + 3.41 114 (mos 19) 100.00%
PCOS model group 6 53 (Mos 9) 8.83 + 4.75" 53 (Mo.s5 9) 100.00%

Abnormal situation
Malformation number  Malformation Rate

0 0.00%
0 0.00%

the rest 6 pregnant rats in the control group and the rest 6 pregnant rats in the PCOS model group were raise until they give birth; the condition of the pups is counted. Compared with the

control group, *P < 0.05.
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Group Number Total embryo number Average number of embryos Average mass of embryos Number of absorbed embryos

The control group 6 212 (mos 16.5) 16.17 £2.32 5.35+0.38 1
PCOS model group 5 98 (Mo5 8) 7.80 £3.77* 4.94 +0.47* 6

6 pregnant rats were randomly selected from the control group and 5 pregnant rats were randomly selected from the model group, these 11 pregnant rats were sacrificed on GD 18.5, and
the condition of the embryo analyzed. Compared with the control group, *P < 0.05.
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Variables

WC (cm)
SBP (mmHg)
DBP (mmHg)
TC (mmol/L)
TG (mmol/L)
LDL (mmol/L)
HDL (mmol/L)
APOAT (g/L)
APOB (g/L)
Lipoprotein (mg/L)
FPG (mmol/L)
FIN (pmol/L)
HOMA-IR

TT (nmol/L)
FT (pg/ml)
FAI

SHBG (nmol/L)
CK (UL)
CKMB (UL)
LDH (UL)
ALT (U/L)
AST (UL)

Coefficient B

0.415
0.239
0.161
0.479
0.510
0.601
-0.502
-0.380
0.788
0.134
0.158
0.251
0.235
0.069
0.179
0.374
-0.391
0.015
-0.062
0.085
0.210
0.152

P-value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.034
<0.001
<0.001
<0.001
0.658
0.155
0.01
<0.001
<0.001

Coefficient B adjusted for age and BMI

0.055
0.114
0.067
0.493
0.449
0.627
-0.477
-0.400
0.771
0.155
0.081
0.001
0.089
0.063
0.122
0.262
-0.288
-0.045
-0.087
0.038
0.110
0.077

P-value

0.007
0.001
0.06
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.022
0.006
0.009
0.085
0.001
<0.001
<0.001
0.223
0.457
0.296
0.002
0.031

BMI, body mass index; WC, waist circumference; SBP, systolic biood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglycerides; LDL, low-density lipoprotein; HDL,
high-density lipoprotein; APOA1, apolipoprotein A1; APOB, apolipoprotein B; FPG, fasting plasma glucose; FIN, fasting insulin; HOMA-IR, homeostatic model assessment-insulin
resistance; TT, total testosterone; FT, free testosterone; FAI, free androgen index; SHBG, sex hormone-binding globulin; CK, creatine kinase; CKMB, creatine kinase MB; LDH, lactate

dehydrogenase; ALT, alanine transferase; AST, aspartate transferase.





OPS/images/fendo.2022.874987/table1.jpg
Gene Primer Sequences

STIM1 F : AGTCACAGTGAGAAGGCGAC
R: CAATTCGGCAAAACTCTGCTG
Orai1 F : GGACGCTGACCACGACTAC
R : GGGACTCCTTGACCGAGTT
STIM2 F : GGAGAGGCTTGAAAAGGCAC
R : CCTTAGCTCTCTCAGCCGAC
Orai2 F . CATCCACTTCTACCGCTCCC
R : CAGCTGGACCTTGAGCTTGT
Orai3 F : CCTGGTTGGTTGGGTCAAGT
R : CAGAGGACCGTGGGAGATTG
GAPDH F: GCACCGTCAAGGCTGAGAAC

R: TGGTGAAGACGCCAGTGGA

STIM1, stromal interaction molecule 1; STIM2, stromal interaction molecule 2; Orail,
calcium release-activated calcium modulator1; Orai2, calcium release-activated calcium
modulator 2: Orai3, calcium release-activated calcium modulator 3.
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Variables

n
Age (year)
BMI (kg/m?)
WC (cm)
SBP (mmHg)
DBP (mmHg)
TC (mmol/L)
TG (mmol/L)
LDL (mmol/L)
HDL (mmol/L)
APOA1 (g/L)
APOB (g/L)
ApoB/ApoA1
FPG (mmol/L)
FIN (pmol/L)
HOMA-IR

TT (nmol/L)
FT (pg/mli)
FAI

SHBG (nmol/L)
CK

CKMB

LDH

ALT (U/L)
AST (U/L)
MetS, n (%)
IR, n (%)

Quartile of ApoB/ApoA1 ratio

Q1 (<0.45)

240
27.25 + 3.00
21.57 + 3.18
79.28 + 9.60

109.08 + 9.42
72.783 £ 7.66

417 £0.85
1.03 £ 0.55
2.32+0.55
1.55 + 0.38
1.68 + 0.32
063 +0.13
0.38 + 0.05
4.88 +0.89
67.85 + 69.32
226 +2.84
1.67 + 0.66
2.13+0.89
397 +3.10
60.37 + 36.93
57.37 + 35.83
351657
81.65 + 41.04
6.75+7.63
12.23 + 6.94
4(1.7%)
55 (22.92%)

Q2 (0.46-0.60)

239
27.75 £ 3.18
23.20 £ 3.92
82.36 + 10.40

111.92 +9.84
74.84 +8.19
4.48 + 091
1.28 + 0.66
276 +0.64
1.32 £0.32
1.58 +0.31
0.80 £0.17
0.52 £ 0.04
5.00+0.78
83.08 + 77.32
272+273
1.62 +0.61
225+ 081
4.94 + 3.57
46.88 + 30.72
56.39 + 42.01
250 +2.35
82.77 + 39.62
7.31 £7.59
11.61 £ 4.71
14 (5.9%)
79 (33.05%)

Q3 (0.61-0.74)

239
28.10 +3.48
25,69 +4.18
89.26 + 11.08

112.81 +8.70
75.35 +7.58
4.85 +0.92
1.76 + 0.86
3.18 £0.70
116 +£0.27
1.46 +0.28
0.97 £ 0.19
0.66 + 0.04
5.08 + 0.89
108.48 + 96.31
3.70 + 4.06
1.63 + 0.66
2.29 £ 0.88
6.39 + 4.40
34.67 +20.96
59.01 + 36.22
1.89 +2.08
83.18 + 51.41
7.46 £ 4.94
11.72 + 498
54 (22.6%)
119 (49.79%)

Q4 (>0.74)

239
28.51 + 3.38
26.35 + 3.86
90.84 + 10.64

115.46 + 8.39
76.42 £ 7.41
5.45+1.19
221 +1.00
3.67 £ 0.94
1.06 + 0.30
1.36 +0.26
1.20 + 0.26
0.89 £0.13
5.24 +1.20
120.01 +81.21
4.27 + 3.89
1.75 £ 0.64
251 +0.74
810 £ 5.07
27.93 + 16.16
58.60 + 30.26
2.58 + 4.81
92.90 + 53.60
10.82 + 8.34
13.72 +6.33
118 (49.4%)
148 (61.92%)

P-wrend

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.20
<0.001
<0.001
<0.001
0.547
0.019
0.001
<0.001
<0.001
<0.001
<0.001

BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglycerides; LDL, low-density lipoprotein; HDL,
high-density lipoprotein; APOA1, apolipoprotein A1; APOB, apolipoprotein B; FPG, fasting plasma glucose; FIN, fasting insulin; HOMA-IR, homeostatic mode!l assessment-insulin
resistance; TT, total testosterone; FT, free testosterone; FAI, free androgen index; SHBG, sex hormone-binding globulin; CK, creatine kinase; CKMB, creatine kinase MB; LDH, lactate
dehydrogenase; ALT, alanine transferase; AST, aspartate transferase; MetS, metabolic syndrome; IR, insulin resistance.
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**** P=0.000
*** P<0.001

** P<0.01
* P<0.05
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Variables Adjusted OR (95% CI) Pvalue

STIM1 expression 2.254 (1.151-4.414) 0.018

STIM2 expression 2.165 (1.091-4.298) 0.027

Oraif expression | I | 8.399 (2.398-29.421) 0.001

Orai2 expression 2.129 (1.118-4.055) 0.021

Orai3 expression 0.245 (0.079-0.755) 0.014
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ASMs GnRH LH A E2 SHBG Related mechanism

VPA NA 1 1 1 NA GABA levels, leptin and adiponectin levels, insulin levels, and protein modifications

LEV NA NA 1 NA NA GABA negative feedback

CBzZ NA NA 1 NA 1 Liver enzymes—SHBG androgen—negative feedback pathway

OXC NA NA 1 NA NA GnRH neuron

PHT 1 1 | NA 1 Liver enzymes—SHBG androgen—negative feedback pathway (limbic system neuron apoptosis/GABA)

ASMs, anti-seizure medications; GnRH, gonadotropin-releasing hormone; LH, luteinizing hormone; SHBG, sex hormone binding globulin; VPA, valproate; LEV, levetiracetam; CBZ,
carbamazepine; OXC, oxcarbazepine; PHT, phenytoin; NA, not available.
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Year

2018

2015

2015

2014

2012

2011

2011

2010

2008

2008

Author

Oberg E (7)

Wong J (8)

Marzouk T
©

Turner G
(10)
Sorensen L
(11)

Egan N (12)

Nybacka A
(13)
Marsh (14)

Brown A
(15)
Thomson R
(16)

Grouping factors

Behavioral intervention vs. minimal intervention

Low-glycemic-load diet vs. low-fat diet

Hypocaloric and healthy eating diet +
educational program vs. healthy eating, no
caloric restriction

Vegan diet vs. low-calorie diet

High-protein diet vs. standard protein diet

Low-glycemic-index diet vs. hypocaloric
healthy eating diet
Diet vs. exercise vs. diet + exercise

Low-glycemic-index diet vs. conventional
healthy diet
Exercise vs. no exercise

Diet vs. diet + aerobic exercise vs. diet +
aerobic resistance exercise

Results
Grouping 1

Mean weight loss
-21%

Mean weight loss -1.2
+0.8Kkg (-1.2%)

Mean weight loss
90.8-83.7 kg (-3.9%)

Mean weight loss
1.1%

Mean weight loss
81.8-74.1 kg (7.7 k)
-9.4%

Median weight change
-5.8 kg

Mean weight loss -6%

Mean weight loss
-5.2%, ITT: -3.2%
Median weight change
-1.29%

Mean weight loss -8.9
+1.6%

Grouping 2

Mean weight loss
48 +16kg
(-5.5%)

Mean weight loss
90.5-90.1 kg
(-0.4%)

Mean weight loss
-0%

Median weight
change -4.5 kg
Mean weight loss
-3%

Mean weight loss
-4.2%, ITT: -2.1%

Mean weight loss
-10.6 +1.7%

Grouping 3

Mean weight
loss -5%

Mean weight
loss -8.7 +
1.7%

Control group

Mean weight loss
-1.0%

Mean weight loss
78.7-75.4 kg (3.3
kg) -4.2%

Median weight
change +0.45%

Significance

P =0.002

P=0.02

P=0.041

Not
significant
P=0.002

Not
significant
P <0.001

Not
significant
P <0.001

Not
significant
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Index PCOS (n = 11) Control (n = 8) P-value
Age (y) 347+29 472 +58 1.17E-06
BMI (kg/m?) 26.3+4.0 242 +29 0.218
Fasting glucose (mmol/L) 57+1.0 55+16 0.700
Cholesterol (mmol/L_ 4809 50+06 0.726
HDL-Cholesterol (mmol/L) 1103 1.3+0.3 0.329
Triglycerides (mmol/L) 19+1.0 12+04 0.118
LDL-Cholesterol (mmol/L) 28+08 31+06 0.483
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Models

Median
MetS, n (%)
Model 12
P-values
Model 2°
P-values
Model 3%
P-values
R, n (%)
Model 12
P-values
Model 2°
P-values
Model 3°
P-values

OR, odds ratio; Cl, confidence interval; MetS, metabolic syndrome; IR, insulin resistance.

Quartile of ApoB/ApoA1 ratio

Q1 (<0.45)

0.39
4(1.7%)
1.00 (Reference)
1.00 (Reference)
1.00 (Reference)

55 (22.92%)
1.00 (Reference)

1.00 (Reference)

1.00 (Reference)

"Model 1 was adjusted by age.
®Based on Model 1, Model 2 was additionally adjusted by body mass index.
°Based on Model 2, Model 3 was additionally adjusted by free testosterone and free androgen index.

Test for trends was based on variables containing the median value for each quartile.

Q2 (0.46-0.60)

052
14 (5.9%)
3.69 (1.20-11.38)
0.023
2.29 (0.72-7.35)
0.162
2.14 (0.66-6.90)
0473
79 (33.05%)
1.62 (1.08-2.45)
0.02
1.14 (0.72-1.79)
0.580
1.12 (0.71-1.77)
0,630

Q3 (0.61-0.74)

066
54 (22.6%)
16.79 (6.96-47.32)
<0.001
7.34 (2.53-21.33)
<0.001
7.03 (2.42-20.45)
<0.001
119 (49.79%)
3.47 (2.32-5.17)
<0.001
1.44 (0.91-2.27)
0.116
1.30 (0.82-2.07)
0.261

Q4 (>0.74)

0.86
118 (49.4%)
56.48 (20.30-157.10)
<0.001
26.06 (9.16-74.14)
<0.001
24.48 (8.54-70.15)
<0.001
148 (61.92%)
5.68 (3.77-8.54)
<0.001
2,06 (1.20-3.27)
0.002
1.78(1.10-2.87)
0019

P-wrend

<0.001

<0.001

<0.001

<0.001

0.001

0.012
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GO Enrichment of Genes (Biological Process)

cellular response to zinc ion
cell surface receptor signaling pathway-
defense response to virus

response to CAMP.

response to organic substance-

stress response to metal ion
detoxification of inorganic compound
stress response to copper ion

Number o genes
detoxification of copper ion i
cytokine-mediated signaling pathway i

protein heterotrimerization

GO Terms

collagen fibril organization
skin morphogenesis:

cellular response to chemical stimulus:
cellular response to organic substance:
response to type | interferon

cellular response to type | interferon
type | interferon signaling pathway
response to cytokine

cellular response to cytokine stimulus

°
IS
@

2 3
-log10(p value)

GO Enrichment of Genes (Molecular Function)
BH domain binding

proximal promoter sequence-specific DNA binding

RNA polymerase II proximal promoter sequence-specific DNA binding

BH3 domain binding
fucose binding

zinc ion binding:

oxidoreductase activity, acting on superoxide radicals as acceptor-
superoxide dismutase activity

cation binding

structural molecule activity

Number of genes
1

2
transition metal ion binding
glycosaminoglycan binding:

metal ion binding

ion binding

calcium-dependent carbohydrate binding

beta-3 adrenergic recepior binding:

extracellular matrix structural constituent

growth factor binding

extracellular matrix structural constituent conferring tensile strength

platelet-derived growth factor binding

-log10(p value)

KEGG Terms
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GO Enrichment of Genes (Cellular Component)

cohesin complex-
supramolecular complex
supramolecular polymer-
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ciliary rootiet

presynaptic cytoskeleton

RNA-splicing ligase complex
endoplasmic reticulum lumen
basement membrane-

Bcl-2 family protein complex:
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collagen type V trimer

extracellular matrix.

collagen-containing extracellular matrix-
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collagen type | trimer-

@
H
&
o
o

banded collagen fibril

fibrillar collagen trimer

°
>

2 a
~log10(p value)

Statistics of Pathway Enrichment

Proteoglycans in cancer

Focal adhesion-

PI3K-AKt signaling pathway’

Influenza A

Human papillomavirus infection

JAK-STAT signaling pathway

Hepatitis C-

Measles

Relaxin signaling pathway-

Osteoclast differentiation-

Longevity regulating pathway - multiple species
Platelet activation:

Amoebiasis

AGE-RAGE signaling pathway in diabetic complications
Cocaine addiction

ECM-receptor interaction

Bladder cancer-

Protein digestion and absorption
Circadian rhythm
Mineral absorption

Bich Eacor

Control
PCOS

Gene_Number





OPS/images/fendo.2022.781149/fendo-13-781149-g002.jpg
GO Terms

A GO Enrichment of Target Genes (Biological Process)

response to stimulus -
mulicellular organismal process -
cellular response to stimulus -
cell communication -

signaling -

signal transduction -

response to chemical -

cell differentiation -

PValue

system process - 4.4000006-25

G protein-coupled receptor signaling pathway - 3300003825

nenvous system process - 2200005625

GO Terms

sensory perception - 1.100008-25

detection ofstimulus - 1000000820
detection of stimulus involved n sensory perception -
sensary perception of chemical stimulus =

detection of chemical stimulus -

detection of chemical stimulus involved in sensory perception -
sensory perception of smell -
detection of chemical stimulus involved in sensory perception of smell -

epithelial cell differentiation -

500 1000 1500 2000
Number of genes

GO Enrichment of Target Genes (Molecular Function)

molecular ransducer actty -

signaling receptor actity -

transmembrane signaling receptor actiity -

G protein-coupled receptor activity~

transmembrane transporter actity

olfactory receptor actiity -

fon transmembrane transporter actity -

inorganic molecular entity transmembrane transporter actvty

PValue
passive ransmembrane transporter actity - 200620
channel activity~

receptor regulator actwity~

226020
150020
DNA-binding transcription activator activity, RNA polymerase ll-specific = 750e-21
substrate-specific channel actity - 100830
ion channel actity -

metalion transmembrane transporter actity~
gated channel actity -

ion gated channel activty -

cation channel acthity -

neurotransmitter receptor activity~

odorant binding -

200 400 600
Number of genes

B GO Enrichment of Target Genes (Cellular Component)

membrane -
membrane part-
ntrinsic component of membrane -
cell periphery -
Integral component of membrane -

plasma membrane
plasma membrane part-
intrinsic component of plasma membrane -
integral component of plasma membrane -
plasma membrane region -

‘synaptic membrane -

GO Terms

transporter complex-
transmembrane transporter complex~
ion channel complex -

postsynaptic membrane -

intrinsic component of synaptic membrane -

integral component of synaptic membrane -
Intrinsic component of postsynaptic membrane -
Integral component of postsynaptic membrane -

Keratin filament -

CAMP signaling pathway

Calcium signaling pathway
Cytokine-cytokine receptor interaction
Protein digestion and absorption
ECM-receptor interaction
Serotonergic synapse

Chemical carcinogenesis

Drug metabolism - cytochrome P450
Starch and sucrose metabolism
Cocaine addiction

Taste transduction

Graft-versus-host disease

African trypanosomiasis

Steroid hormone biosynthesis

Retinol metabolism

Neuroactive ligand-receptor interaction
Linoleic acid metabolism:

Maturity onset diabetes of the young
Olfactory transduction:

Nicotine addiction

KEGG Terms

500

1000 1500 2000

Number of genes

Statistics of Pathway Enrichment

L]
o
.
.
°
.
.
.
.
°
.
.
04 05 05 o7

Rich Factor

PValue

1e-13

Se-14

Gene_Number
@ 10
@

®-

PValue
0020

0015
0010
0005





OPS/images/fendo.2022.781149/fendo-13-781149-g001.jpg
PCe. 1e4c%

100

100

RPKM Distribution

s .
T T T T S B T e e 1 ‘2
¢« + 8 T 5 3 1 &8 3 *+ L I
"!,‘x::;lf;:lssg:
g
R
3
g
g
o
IR A | | I B A
e e & & e & & & &S & CEE A
Sample
D
Principal Component Analysis
g ©
o oo
LA
" ¢
¢ s
= -
I ®c
‘i °r
§
¢
a0 5 w0 2w

PC1:44.44%

RPKM Density Distribution

12
1og10(RPKM)

‘sampleName
P
Ps
Ps
o

og1o(PValue)

DEG (1936)
© dounseguiated 1908
* upreguinted 30)

“ Notsignitcant





OPS/images/fendo.2022.781149/crossmark.jpg
©

2

i

|





OPS/images/fendo.2022.789008/table5.jpg
Group Total rat number of rat with normal mitochondrial number of rat with abnormal mitochondrial abnormal structure

Number structure structure rate
The control 6 6 0 0.00%
group
PCOS model 6 2 4 66.66%"
group

6 rats were respectively and randomly selected from the control and PCOS model group rats. The ovarian GCs of both groups’ rats were harvested, and their mitochondrial ultrastructure
was observed by TEM. Compared with the control group, *P <0.05.
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Control group (n = 112) PCOS group (n = 104) p-value

FBG (mmol/L) 527 £0.37 5.23 £ 0.42 0.464
FINS (ulU/mi) 15.13 (16.23) 16.22 (15.94) 0.209
HOMA-IR 3.46 (4.08) 3.78 (3.94) 0.245
LDL (mmol/L) 2.64 + 0.67 2.85 +0.67 0.030*
TG (mmol/L) 1.16 + 0.67 1.37 £0.73 0.026*
HDL (mmol/L) 1.36 +0.32 1.27 +0.35 0.051
LDL/HDL 2.05 +£0.76 237 £0.74 0.004*
ApOoAI (mmol/L) 1.34+£0.19 1.32+0.28 0.573
ApoB (mmol/L) 0.82 + 0.20 0.89 £ 0.19 0.011*
ApoB/ApoAl 0.63 + 0.19 0.70 £ 0.19 0.011*
TC (mmol/L) 4.19 £ 0.70 4.40 £ 0.80 0.048*
TC/HDL 3.22 +0.87 3.64 +0.95 0.001*

FBG, free blood-glucose; FINS, fasting insulin; LDL, low-density lipoprotein; TG, triglyceride; HDL, high-density lipoprotein; ApoAl, apolipoprotein Al; ApoB, apolipoprotein B; TC, total
cholesterol; HOMA-IR = FBG * FINS/22.5.
*n <0.05, *p <0.01.





OPS/images/fendo.2021.799833/table1.jpg
Control group (n = 112) PCOS group (n = 104) p-value

Age (years) 30.48 £ 4.15 29.75 + 3.60 0.169
BMI (kg/m?) 24.14 + 364 25.35 + 3.48 0.014*
FSH (UL 6.30 + 1.50 5.60 + 1.34 0.000"
LH (UA) 5.08 +2.32 857 +4.75 0.000"
E» (pg/mi) 38.37 + 24.82 38.87 +17.26 0.866
P (ng/mi) 0.30 +0.28 0.24£0.19 0.090
T (ng/d) 2414 +11.43 37.37 £ 19.37 0.000"
TSH (ulU/mi) 226 + 0.96 227 +0.97 0.901
PRL (ng/m) 16.02 + 594 14.42 + 6.28 0.056
DHEA-s (g/dl) 239.19 + 85.65 287.57 + 109.25 0.001*
AMH (ng/m) 418 +1.94 7.82 +3.63 0.000"

BMI, body mass index; FSH, follicle-stimulating hormone; LH, luteinizing hormone; E2, estradiol; P, progestin; T, testosterone; TSH, thyroid-stimulating hormone; PRL, prolactin; DHEA-s,
dehydroepiandrosterone; AMH, anti-Mullerian hormone.
*n <0.05; *p < 0.01.
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Independent covariates HR 95% ClI p-value

PCOS vs tubal 0.95 0.71-1.27 0.782
Age (above 37 vs below 37 years) 0.47 0.39-0.56 <0.007*
AMH (pmol/l)

AMH (7.85-32.13 vs below 7.85) 1.29 0.85-1.96 0.229
AMH (above 32.13 vs below 7.85) 172 1.08-2.73 0.023*
AMH (above 32.13 vs 7.85-32.13) 1.34 1.07-1.68 0.010*
BMI (above 24 vs below 24) 1.1 0.97-1.01 0.403
Basal T (above 1.70vs below 1.70) 1.14 0.68-1.92 0.625
Number of oocytes retrieved 1.63 1.34-1.98 <0.001*
(above 10 vs below 10)

rLH supplementation vs no rLH 1.01 0.85-1.22 0.686

P-value < 0.05 (asterisk) was considered statistically significant. (CLBRs, cumulative live birth rates; PCOS, Polycystic ovary syndrome; BMI, body mass index; LH, luteinizing hormone; T,
testosterone; rLH, recombinant luteinizing hormone; HR, hazard ratio; Cl, confidence interval).
The result of the P value is shown in italics.
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Patients over 35 years of age underwent their first fresh cycles and

subsequent frozen cycles in our center

Inclusion
criteria

Exclusion criteria

Based on the infertility cause, they were divided into two
groups.

PCOS group Tubal infertility group
N=160 N=1073

Comparison of the baseline parameters and COS cycle
characteristics of the PCOS and control groups

All patients were divided into two groups according to
whether or not a live birth occurred

Live-birth group Non-live-birth group
N=699 N=534

Comparison of the baseline parameters and COS cycle
characteristics of the two groups

COX regression model of the CLBRs according to the type
of transfer cycle
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OR (95% CI)

P Value

Age
>35 vs <35
Obesity
obesity vs non-obesity
TC
TG
IR
IR vs non-IR
FSH

0.499 (0.257 - 0.967)
0.506 (0.306 - 0.837)
0.528 (0.423 - 0.660)
0.585 (0.465 - 0.737)

0.611 (0.416 - 0.896)

0.04

0.008
<0.001
<0.001

0.012
0.491

Cl, confidence interval: FSH, follicle-stimulating hormone; IR, insulin resistance; OR, odd ratios; TC, total cholesterol: TG, triglycerides.
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Training cohort (n = 928) Validation cohort (n = 230) P value

Age, years 28.84 + 3.45 28.81 £ 3.52 0.813
Advanced Age 0.419
>385 48 (5.7) 15 (6.52)
<35 880 (94.83) 215 (93.48)
Duration of infertility, years 3.39 + 2.31 3.39 £ 2.30 0.918
Type of infertility, n (%) 0.887
primary infertility 548 (59.05) 137 (69.57)
secondary infertility 380 (40.95) 93 (40.43)
Reproductive History
pregnancy, n (%) 0.887
0 548 (59.05) 137 (59.57)
21 380 (40.95) 93 (40.43)
miscarriage, n (%) 0.688
0 670 (72.20) 163 (70.87)
>1 258 (27.80) 67 (29.13)
ectopic pregnancy, n (%) 0.213
0 839 (90.41) 214 (93.04)
>1 89 (9.59) 16 (6.96)
BMI, Kg/m? 23.62 + 3.28 23.40 + 3.22 0.364
Obesity, n (%) 0.322
yes 97 (10.45) 19 (8.26)
No 831 (89.55) 211 (91.74)
ESR (mm/h) 10.90 + 6.79 10.74 £ 6.11 0.842
FSH, IU/L 6.38 + 1.70 6.46 + 1.66 0.528
LH, UL 9.31 £5.82 9.18 + 5.60 0.921
LH/FSH 1.68 +0.98 1.46 +0.93 0.255
Ez, pmol/L 167.66 + 107.52 176.96 + 110.48 0.178
T, nmol/L. 1.92 + 0.86 1.96 + 0.89 0.554
TC, mmol/L 4.51 + 0.86 4.47 +0.80 0.439
TG, mmol/L 1.44 +0.84 1.49 + 0.98 0.762
HDL-C, mmol/L 1.30 + 0.37 1.33 £ 0.41 0.330
FPG, mmol/L 5.37 + 0.59 5.36 + 0.65 0.581
FIN, mU/L 1292 +7.19 12.58 + 6.27 0.767
HOMA-IR 312+ 1.83 3.04 £1.65 0.751
IR, n (%) 0.659
yes 471 (50.75) 113 (49.13)
no 457 (49.25) 117 (50.87)
Number of transferred embryos, n (%) 0.654
1 443 (47.74) 106 (46.09)
>1 485 (52.26) 124 (53.91)
Type of circle, n (%) 0.975
natural F-ET cycles 57 (6.14) 14 (6.09)
artificial F-ET cycles 871 (93.86) 216 (93.91)
Endometrium thickness, mm 10.29 + 1.40 10.33 £ 1.24 0.119
Live birth, n (%) 0.724
yes 744 (80.17) 182 (79.13)
No 184 (19.83) 48 (20.87)

Continuous variables are expressed as mean + standard deviation, categorical variables as absolute frequencies, n (%). BMI, body mass index; E, estradiol; ESR, erythrocyte
sedimentation rate; F-ET, frozen-thawed embryo transfer; FIN, fasting insulin; FPG, fasting plasma glucose; FSH, follicle-stimulating hormone; HDL-C, high density lipoprotein cholesterol;
HOMA-IR, homeostatic model assessment of insulin resistance; LH, luteinizing hormone; T, testosterone; TC, total cholesterol; TG, triglycerides.
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Duration of infertility
Type of infertility
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pregnancy, times

0
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0

=1

ectopic pregnancy, times

0

=1

Obesity

yes

no
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FSH
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T
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HDL-C

IR

yes

no

Type of Cycle
artificial F-ET cycles

natural F-ET cycles

Number of transferred embryos

1

>1

Endometrium thickness

No.of patients (%)

48 (5.70)

880 (94.83)

548 (59.05)

380 (34.53)
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380 (34.53)
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548 (27.80)
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Variables B SE Wald P Adjusted OR 95% CI

Lower Upper
STIM1 expression 0813 0.343 5.616 0.018 2.254 1.151 4.414
STIM2 expression 0.772 0.35 4.875 0.027 2.165 1.091 4.298
Orai1 expression 2128 0.64 11.07 0.001 8.399 2.398 29.421
Orai2 expression 0.756 0.329 5.286 0.021 2129 1.118 4.055
Orai3 expression -1.409 0.575 5.996 0.014 0.245 0.079 0.755






OPS/images/fendo.2022.874987/table2.jpg
Basic parameters

Age (years)
BMI (kg/m?)
AMH (ng/mi)
LH (U/)

FSH (U/L)

T (ng/dL)

E2 (pg/mL)
GLU (mmol/L)
Fasting Insulin (mIU/L)
HOMA-IR
AFC

PCOS (n =83)

30.1+4
24.84 +3.44
8.08 £ 4.11
8.92 +4.32
571 +1.60
36.27 +13.48
39.68 + 18.68
5.31 £ 0.40
16.37 £ 7.35
392 +1.82
24.76 £ 7.92

Control (n = 83)

30.56 + 4.35
22.84 + 3.45
399 +1.85
6.18 +7.19
6.18 £+ 1.61
25,06 +11.25
40.02 + 18.08
5.24 +0.38
15.6 + 13.56
3.63 £ 3.24
16.15+ 5.85

P-value

NS
<0.001
<0.001
<0.001

0.003
<0.001

NS

NS

NS

NS
<0.001

Data were presented as mean = SD. BMI, body mass index; AMH, antimullerian hormone; LH, luteinizing hormone; FSH, follicle-stimulating hormone; E2, estradiol; T, testosterone; GLU,
glucose; AFC, antral follicle count. NS, not statistically significant.





OPS/images/fendo.2021.712855/crossmark.jpg
©

2

i

|





OPS/images/fendo.2021.712855/fendo-12-712855-g001.jpg





OPS/images/fendo.2021.712855/fendo-12-712855-g002.jpg
100

80

60

40

Pran.

20

0 20 40 60 8 100
1 - Specificity





OPS/images/fendo.2021.701590/fendo-12-701590-g005.jpg
Glucoseqmmaln)

Female F2
300
— PCOSIR
250 = PCOS-IR+Met
200 —~ Control
H
S50
= 100
50
o
0 7 14 21 28 35 42 49 56 63 70
Days
o
T 8170 days
: s Fastng Insutin
HouAR e T
8 - s G
= s A
. = conet . T
E3
5 A== =

- rose

= Contol





OPS/images/fendo.2021.701590/fendo-12-701590-g006.jpg
1o fad fesa

: P .
P P LS

e Fsin wicor

(8500 T T T () e e e R e e —

peactin
(i) ——— e

pactin
(a2kos)

ﬂﬁgT
i






OPS/images/fendo.2021.701590/table1.jpg
Gene

INSR
FSHR
LHCGR
GAPDH

Forward primer (5’-3’)

CCGTCGCTCCTATGCTCTGGTGTCA
CCTGGTCTCCTTGCTGGCATTCTTGG
TCCAATGTGCTCCAGAACCAGATGCT
GAAGATCAAGATCATTGCTCCT

Reverse primer (5’-3’)

TCGTGAGGTTGTGCTTGTTCCAGTCC
TCGGTCGGAATCTCTGTCACCTTGCT
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Characteristics PCOS-off (n=70) Con-off (n=71) P value
Maternal characteristics
Age at delivery, yrs 28.8 + 3.1 28.8+32 0.97
BMI before pregnancy, kg/m? 243+35 242+ 32 0.90
University degree or higher, 21 (30.0%) 19 (26.8%) 0.67
n (%)
T, ng/dl 40.5 (28.2-59.5) 29.3 (17.8-36.6) <0.001*
FSH, IU/L 5.9 (6.1-6.7) 6.6 (5.5-7.6) 0.001*
LH, UL 7.8(6.7-11.2) 483462  <0.001*
E2, pg/ml 39.9 (30.9-49.9) 33.2(24.7-41.8)  0.004*
Paternal characteristics
Age at delivery, yrs 302 +4.2 29.6 £3.2 0.33
BMI before pregnancy, kg/m? 227+18 229+1.6 0.49
Parity >0.999
1,1 (%) 67 (95.7%) 67 (94.4%)
>2, 1 (%) 3 (4.3%) 4 (5.6%)
Household income 0.25
Low, n (%) 44 (62.9%) 35 (49.3%)
Medium, n (%) 20 (28.6%) 29 (40.8%)
High, n (%) 6 (8.6%) 7 (9.9%)
Cesarean, n (%) 51 (72.9%) 55 (77.5%) 0.53
PIH, n (%) 5(7.1%) 2 (2.8%) 0.43
GDM, n (%) 2 (2.9%) 2 (2.8%) >0.999
Female offspring, n (%) 43 (61.4%) 44 (62.0%) 0.95
Age of offspring, yrs 3.51(3.20-5.16) 3.59 (3.19-5.05)  0.995

Data were shown as mean + SD, median (interquartile range) or n (%).
Differences were assessed using Student t test or Mann-Whitney U tests for continuous
variables and Chi-square tests for categorical variables.
'p<0.05 was considered statistically significant.

PCOS-off, offspring born to PCOS women; Con-off, offspring of the control group; BMI,
body mass index; T, Testosterone; FSH, follicle-stimulating hormone; LH, luteinizing
hormone; E2, estrogen; PIH, Pregnancy-induced hypertension; GDM, gestational

diabetes mellitus.
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Characteristics PCOS-off (n=70) Con-off (n=71) P value

BW, g 3404.0 £ 570.8 3423.2 + 446.4 0.82
GA, week 39.0 (38.0-40.0) 39.0 (38.0-40.0) 0.90
Height Z-score 0.3+09 0.5+08 0.27
Weight Z-score® 03+1.0 07 +11 0.03"
BMI Z-score 0.2 (-0.5-0.6) 0.4 (-0.5-1.3) 0.10
DBP, mmHg" 58.0 (54.0-60.0) 58.0 (52.0-60.0) 0.51
SBP, mmHg" 90 0 (88.0-96.0) 90.0 (88.0-100.0) 0.46
FSH, IU/L 7(0.8-2.5) 1.4 (0.9-2.7) 0.79
LH, UL 1(0.1-0.1) 0.1 (0.1-0.1) 0.31
E2, pg/ml (5 0-5.0) 5.0 (5.0-5.0) 0.79
PRL, ng/ml 1 1 9 (8.1-14.6) 11.0 (8.1-16.7) 0.42
T, ng/dl 25(2.5-2.5) 2.5 (2.5-2.5) 0.38
TSH, ulU/ml 29 (2.1-3.4) 2.9 (2.3-4.4) 0.1
AMH, ng/mit 49 (2.9-15.2) 45(2.5-15.7) 0.82
DHEA-S, ug/d 7.3 (3.3-14.3) 9.2 (3.9-21.3) 0.37
FT3, pmol/L 6.85 +0.87 6.8 +0.8 0.73
FT4, pmol/L 182+19 18.1+2.2 0.76
A-TG, IU/ml 10.8 (10.0-14.1) 10.7 (10.0-14.2) 0.80
A-TPO, IU/ml 8.4 (5.7-10.6) 8.6(5.9-11.7) 0.63
BGO, mmol/L" 5004 49+04 0.66
INSO, mIU/LS 43 (3.0-6.2) 4.4 (2.9-6.6) 0.47
HOMA-IRS 1.0 (0.7-1.3) 1.0 (0.6-1.6) 0.56
HOMA-BS 59.5 (40.0-81.2) 64.7 (50.9-96.5) 0.12
CHOL, mmol/Lt 41 (3.6-4.8) 4.0 (3.7-4.3) 0.44
TG, mmol/L" 0.7 (0.6-0.9) 0.7 (0.6, 1.0) 0.33
LDL, mmol/L" 25(2.1-3.0) 2.4 (21-2.7) 0.26
HDL, mmol/L* 1.3+0.3 1.3+0.2 0.93

Data were shown as mean + SD, median (interquartile range).

Differences were assessed using Student t test or Mann-Whitney U tests for continuous
variables and Chi-square tests for categorical variables.

The linear regression was performed to exclude the potential confounding effects of
matemal age and BMI [P-adjusted, 0.026; B (95%Cl), -0.18 (-0.69, -0.05)].

"p<0.05 was considered statistically significant. ’repressnts a missing data. §represenis
two missing data.

PCOS-off, offspring born to PCOS women; Con-off, offspring of the control group; BW,
birth weight; GA, gestational age; BMI, body mass index; DBP, diastolic blood pressure;
SBP, systolic blood pressure; FSH, folicle-stimulating hormone; LH, luteinizing hormone;
E2, estrogen; PRL, prolactin; T, Testosterone; TSH, thyroid-stimulating hormone; AMH,
anti-Mu"llerian hormone; DHEA-S, dehydroepiandrosterone sulfate; FT3, free
triiodothyronine; FT4, free thyroxine; A-TG, antibodies against thyroglobulin; A-TPO,
antibodies against thyroperoxidase; BGO, fasting glucose; INSO, fasting insulin; HOMA-
IR, homeostasis model for insulin resistance; HOMA-B, homeostasis model for f-cell
function; CHOL, total cholesterol; TG, triglycerides; LDL, low density lipoprotein
cholesterol: HDL, high density lipoprotein cholesterol.
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Metabolites VIP FC P value Trend
Glycerolipids [GL]
MG (0:0/20:4(8Z,112,142,172)/0:0) 1.51 1.33 0.05
Monoelaidin 1.51 0.78 0.001 1
DG (14:0/16:0/0:0) 2.26 0.75 0.02 1
G (14:0/18:2(9Z,122)/0:0) 1.66 0.77 0.01
DG (14:1(92)/16:0/0:0) 295 0.68 0.02 1
G (15:0/18:1(112)/0:0) 459 0.62 0.05
G (16:0/16:1(92)/0:0) 227 0.71 0.05 il
DG (16:1(92)/16:0/0:0) 1.42 0.78 0.02
DG (16:1(92)/18:3(9Z,12Z,152)/0:0) 1.62 0.70 0.001 l
TG (12:0/14:0/18:1(92)) [is06] 3.18 0.54 0.04 1
TG (12:0/16:0/18:1(92) [is06] 3.17 0.63 0.04 1
TG (12:0/16:1(92)/18:2(9Z,122)) [is06] 3.20 0.71 0.02 1
TG (14:0/18:2(92,122)/16:1(92)) 225 0.78 0.02 1
TG (15:0/18:1(92)/16:1(92)) [is06] 177 0.75 0.04
TG (15:0/18:1(92)/18:1(92)) [is03] 1.10 0.82 0.02
TG (16:0/14:0/18:1(92) [isob] 214 0.73 0.05
TG (16:0/14:0/18:2(92,122) [iso6)] 217 0.76 0.05 !
TG (16:0/15:0/18:1(112)) 224 0.76 0.01 {
TG (16:1(92)/18:4(62,92,122,162)/18:1(112)) 1.15 0.83 0.04 1
TG (18:2(9Z,122)/14:0/18:3(9Z,12Z,152)) [is06] 1.70 0.80 0.02 1
Glycerophospholipids [GP]
PA (P-16:0/18:1(92)) 117 0.80 0.01 1
PA (0-16:0/14:0) 1.05 0.77 0.02 1
PC (0-18:0/22:0) 3.70 1.32 0.001 i
PC (13:0/0:0) 3.97 0.76 0.02 K
PI(18:3(9Z,12Z,152)/16:0) 3.93 0.73 0.01 1
LysoPE (0:0/18:0) 2.15 0.81 0.02 {
LysoPC (14:0) 3.45 0.75 0.02 1
Fatty Acyls [FA]
1-Tridecene 228 0.79 0.002 1
2-Linoleoylglycerol 1.49 0.76 0.01 b
cis-Uvariamicin IB 7.28 1.69 0.02 1
Hexacosanoy! carnitine 219 1.29 0.001 1
Methyl jasmonate 4.00 0.75 0.04 ik
Carboxylic acids and derivatives
L-Glutamine 1.84 0.83 0.01 1
Rhizonin A 1.48 0.80 0.01 1
N-Nonanoylglycine 3.62 0.71 0.05 1
Benzene and substituted derivatives
3-Pentadecylphenol 1.43 1.20 0.01 1
2-Hydroxybenzaldehyde 2.69 1.22 0.003 1
Prenol Lipids [PR]
Coenzyme Q10 112 1.20 0.003 T
Sphingolipids [SP]
SM (d16:1/23:0) 1.82 1.22 0.001 1
Unclassified metabolites
Endosulfan-sulfate 1.84 1.22 0.02 1
bacteriohopane-31,32,33,34,35-pentol 297 0.70 0.02 1
Progesterone, 16.alpha.-methyl- 1.05 0.82 0.04 4
(24R)-25-fluoro-1alpha,24-dihydroxyvitamin D3 278 0.78 0.01 s
12,13-DHOME 3.28 0.76 0.04 1

The threshold value was VIP > 1.0, FC > 1.2 or FC < 0.833 and P value < 0.05.

The potential markers with clinical value were presented in bold.
VIP, variable importance in the projection value from PLS-DA model; FC, fold change; P value was calculated by student t test.
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Total body fat (%)

Trunk fat mass(g)

Android fat mass (g)

<43.70 243.70 p values <18,575.70 218,575.70 p values <2,975.00 22,975.00 p values
Reference OR (95% CI) Reference OR (95% CI) Reference OR (95% CI)
Model 1 1 2.733 (1.435,5.207) 0.002 1 3.714 (1.903,7.249) <0.001 1 4.191 (2.123,8.275) <0.001
Model 2 1 1.581 (0.553,4.516) 0.392 1 2.835 (0.749,10.721) 0.125 1 2.676 (0.738,9.710) 0.134
Model 3 1 1.432 (0.435,4.719) 0.555 i 1.764 (0.399,7.794) 0.454 1 2.025 (0.477,8.597) 0.339
Model 4 1 1.455 (0.423,5.006) 0.552 1 2.450 (0.516,11.638) 0.260 1 2.740 (0.591,12.708) 0.198
Gynoid fat mass (gl VAT mass (g) Abdominal SAT mass (g)
<5,204.00 >5,204.00 pvalues <819.50 >819.50 p values <2,149.00 >2,149.00 p values
Reference OR (95% CI) Reference OR (95% CI) Reference OR (95% CI)
Model 1 1 3.327 (1.721,6.431) <0.001 1 5.176 (2.510,10.675) <0.001 1 3.823 (1.931,7.568) <0.001
Model 2 1 1.232 (0.430,3.535) 0.697 1 6.409(1.670,24.589) 0.007 1 2.023(0.545,7.510) 0.293
Model 3 1 1.070 (0.343,3.345) 0.907 1 5.292 (1.228,22.809) 0.025 1 1.657 (0.387,7.101) 0.496
Model 4 1 1.452(0.406,5.198) 0.566 1 7.258(1.483,35.529) 0.014 1 1.779(0.395,8.014) 0.453

OR, odds ratio; Cl, confidence interval. Model 1: adjusted for age; Model 2: adjusted for age, BMI, hypertension; Model 3: adjusted for age, BMI, hypertension, HbA1c, HOMA-IR, ALT, TG;
Model 4: adjusted for age, BMI, hypertension, HbA1c, HOMA-IR, ALT, TG, TT. The bold values indicate statistical significance.
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tems. Quarties of SUA p values for trend

ar az s Qs
" 50 51 50 3 -
Median (25-75th percenties), SUA  275.75 (259.00296.00) 348,00 G32.80,36260) 405,00 (39040419.00) 46995 (452.50.534 40) =
BMI (kg/m’) 2581 +850 3176+ 7.1 3322636 35502691 <0001
LH (UA) 1048 1 691 9291670 8781526 8612481 0118
FSH (UL) 526220 492157 498195 4531169 o078
PRL (miU/L) 43584 220073 42433220831 54000237528 443232 21401 0506
TT (omoliL) 1522066 1652085 1742075 1962097 0007
FT (po/m) 2822138 2312135 2802124 2061107 0817
AD (ng/m) 4452180 4102169 4312168 4782172 0518
DHEAS (s9/d) 229192 10930 250,422 13237 206952 9353 258242 12009 0518
SHBG (nmoifL) 52022022 354929161 20502 1397 293023415 0007
Total body fat (%) 380627.06 44442499 4712438 4496 £450 <0001
Total fat mass (o) 26334131 1460307  O752476.2 132192 4129102 2 1042070 4256246 2 11089.12 <0001
Hoad fat mass (g) 122802 2 471.07 131208 + 266,77 1527.99 1 613,48 1446.36 371,96 0008
Arms fat mass o) 291804218038 496352201305 576538+ 169288 610202+ 2107.17 <0001
Logs fat mass (o) 6905834066050 1170022+ 361281  12987.75+092187 1204622 367095 <0001
Trunk fat mass (6) 13207.04 2896173 1050048819441  2102866.45610.17  21677.71 667853 <0001
Android fat mass (o) 2160984151064 3233761169033 3727502 146401 Q77188+ 128355 <0001
Gynoid fat mass (o) 4060742171866 5955672175368 6152822 184441 606146+ 150488 <0001
NG ratio 097019 1112017 1132012 1142014 <0001
VAT mass (o) 521802 368.10 81600237889 96786 385.44 1024.11 £ 36990 <0001
VAT volume (cr) 56410239795 8900641276 104636241666 110622 £ 309.77 <0001
VAT area (cm) 108201 7657 16927 + 7852 2007127990 21251 7668 <0001
Abdominal SAT mass (g) 160914211878 2405944137125 275968+ 112704 27101197009 <0001
VAT/SAT ratio 0321006 035008 0362008 038007 <0001

T it are presento s the mean  standard odaton and meckn et rangel. Th bl vaus nccao S sgnicance.
SUA s e a0 BV, bl massines; L, o horcne FS, ok sdating horrcne PR iy prokctn: T, ofaltostostecne T, o testosteons; AD, anckasknecins
EFBAR el taolsaiostons sl SHISG St Aaumcns by bt MG faah Salabitsnob el VAT dhosts ackioes isie BAT: sbmistons-akes ks
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ltems Total

N =199
Age (years) 28.04 + 4.91
Weight (kg) 85.79 + 24.06
BMI (kg/m?) 31.83 +8.31
WC (cm) 100.56 + 19.03
HC (cm) 109.57 + 14.35
WHR 0.91 £0.08
SBP (mmHg) 126.35 + 14.79
DBP (mmHg) 81.85 + 10.91
FPG (mmol/L) 5.57 + 1.60
PPG (mmol/L) 8.38 +3.51
FINS (mU/L) 25.00 + 19.18
F-CP (mmol/L) 3.94 +1.60
HbA1c (%) 5.78 £ 1.04
HOMA-IR 6.55 + 5.89
ALT (U/L) 43.47 + 41.80
AST (U/L) 29.52 + 25.10
TC (mmol/L) 465+ 0.88
TG (mmol/L) 1.62 +1.21
LDL-c (mmol/L) 2.83+0.79
HDL-c (mmol/L) 1.22 +0.39
Cr (umol/L) 58.44 + 8.55

The data are presented as the mean + standard deviation.
“p-values represented the results after adjustment for BMI.
The bold values indicate statistical significance.

Non-hyperuricemia
N = 142 (71.36%)

28.00 + 4.80
81.14 £ 2417
30.26 + 8.42
96.88 + 19.55
107.11 £ 14.36
0.90 + 0.08
128.73 £ 13.02
80.86 + 10.14
5.44 +1.58
8.12+3.62
21.48 + 16.93
3.63 £ 1.60
572+1.01
5.55 £ 5.40
36.97 + 38.09
26.43 + 21.55
457 £0.77
1.46+1.15
276 £ 0.68
1.28 +0.41
58.36 + 8.31

Hyperuricemia
N = 57 (28.64%)

28.14 + 520
97.38 + 19.60
35.75 + 6.62
109.99 + 13.83
116.00 + 12.31
0.95 +0.07
182.02 + 16.83
83.98 + 12.27
5.88 + 1.63
9.00 £ 3.19
33.50 + 21.68
4.61 +1.40
5.92 +1.09
8.95 + 6.36
59.33 + 46.35
37.12 £ 31.15
4.86 + 1.09
2.01 £1.26
3.01 +0.98
1.07 +0.26
58.64 + 9.19

p values

0.856
<0.001
<0.001
0.088*
0.814*
0.040*
0.076*
0.322*
0.932*
0.864*
0.075*
0.093*
0.800*
0.161*
0.063*
0.193*
0.013*
0.068*
0.041*
0.061*
0.218*

BMI, body mass index; WC, waist circumference; HC, hip circumference; WHR, waist/hip ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose;

PPG, postprandial plasma glucose; FINS, fasting insulin; F-CP, fasting C peptide; HbATc, glycosylated hemoglobin A1c; HOMA-IR, homeostasis model assessment of insulin resistance;

ALT, alanine aminotransferase; AST, aspartate aminotransferase; TC, total cholesterol; TG, triglyceride; LDL-c, low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein

cholesterol: Cr, creatinine.
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ltems BMI < 25 kg/m? 25 < BMI < 30 kg/m? BMI > 30 kg/m? p values

N =47 N =40 N =112

Age (years) 27.06 + 3.96 28.25 + 5.22 28.38 + 5.13 0.294
Weight (kg) 56.02 + 6.02 73.22 +6.80 102.77 + 16.68 <0.00120:°
BMI (kg/m?) 2110 +2.11 27.36 + 1.51 37.93 +5.21 <0.001%b¢
WHR 0.83 + 0.06 0.91 +0.07 0.95 + 0.06 <0.0012b:°
SBP (mmHg) 112.86 + 11.13 119.36 + 10.39 131.09 + 13.87 <0.001°
DBP (mmHg) 75.95 + 9.99 81.77 +9.38 83.23 + 11.08 0.018°
FPG (mmol/L) 4.76 + 0.46 5.10 £ 0.51 6.07 + 1.95 <0.0017°
PPG (mmol/L) 6.03 £ 1.41 7.73+£238 9.56 + 3.88 <0.001%2:°
FINS (mU/L) 8.42 + 4.50 19.08 £ 9.11 34.26 + 20.11 <0.001%P°
F-CP (mmol/L) 1.85 +0.52 297 £1.23 4.49 + 1.38 <0.0012P:°
HbA1c (%) 5.40 £ 0.27 5.56 + 0.50 6.01 +1.28 0.001°
HOMA-IR 1.83 +1.21 4.35+2.15 9.39 + 6.37 <0.001%5°
ALT (U/L) 18.24 £ 14.11 38.81 + 48.08 55.57 + 42.37 <0.001%5°
AST (U/L) 19.14 £ 7.49 26.44 +23.73 35.00 + 28.72 0.001°
TC (mmol/L) 4.75 £ 1.16 4.73 £ 0.83 4.58 + 0.76 0.442
TG (mmol/L) 0.88 +0.37 1.62 + 0.89 1.92 + 1.39 <0.001%"
LDL-c (mmol/L) 2.76 £ 1.02 3.03 £0.76 2.79 £ 0.68 0.214
HDL-c (mmol/L) 1.64 +0.44 1.24 +0.21 1.05 + 0.25 <0.001%P:°
SUA (umol/L) 302.10 + 63.73 375.25 + 73.43 410.21 + 82.92 <0.001%5¢
Metabolic syndrome (%,n) 210(1) 25.00 (10) 60.70 (68) <0.001%5¢
Diabetes (%,n) 210 (1) 12.50 (5) 39.30 (44) <0.001°
Hyperuricemia (%,n) 4.30 (2) 25.00 (10) 40.20 (45) <0.001%?
LH (IU/L) 11.61 +6.97 11.79 + 7.57 7.45 + 4.01 <0.001>°
FSH (IU/L) 523 +1.96 518 £2.18 4.70 £ 1.70 0.176
PRL (mlU/L) 397.03 + 216.21 367.52 + 168.72 505.66 + 266.82 0.002°¢
TT (nmol/LI) 1.64 + 0.59 1.82 + 0.96 1.71 + 0.86 0.613
FT (pg/ml) 2.57 +1.26 2.37 £1.36 2.07 £ 1.30 0.404
AD (ng/ml) 452 £1.72 417 £1.61 4.47 £ 1.90 0.670
DHEAS (ug/dl) 265.97 + 116.87 224.18 + 120.36 227.74 + 100.19 0.241
SHBG (nmol/L) 49.20 + 26.31 36.93 + 33.73 19.56 + 12.06 <0.001%5°
Total body fat (%) 35.95 + 4.98 41.03 + 3.46 46.70 + 3.74 <0.001>2°
Total fat mass (g) 20041.29 + 4220.9 29656.39 + 4368.24 46739.88 + 9757.65 <0.001%5°
Android fat mass (g) 1399.49 + 427.35 2276.80 + 448.58 4317.41 + 1283.01 <0.00120:°
Gynoid fat mass (g) 3631.83 + 708.93 4574.08 + 811.50 6660.791588.41 <0.00175°
A/G ratio 0.91+0.13 1.07 +0.13 117 £ 0.14 <0.00122:°
VAT mass (g) 325.15 + 116.40 627.43 + 168.07 1119.40 + 305.63 <0.00120:°
Abdominal SAT mass (g) 1074.34 + 323.16 1649.38 + 324.63 3196.64 + 1064.64 <0.00172:°
VAT/SAT ratio 0.30 £0.05 0.38 £ 0.08 0.36 + 0.08 <0.001%*

The data are presented as the mean + standard deviation.

“Significant difference between BMI < 25 kg/m? group and 25 < BMI < 30 kg/m? group.

bSignificant difference between BMI < 25 kg/m? group and BMI = 30 kg/m? group.

°Significant difference between 25 < BMI < 30 kg/m? group and BMI = 30 kg/m? group.

The bold values indicate statistical significance.

BMI, body mass index; WHR, waist/hip ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; PPG, postprandial plasma glucose; FINS, fasting
insulin; F-CP, fasting C peptide; HbATc, glycosylated hemoglobin A1c; HOMA-IR, homeostasis model assessment of insulin resistance; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; TC, total cholesterol; TG, triglyceride; LDL-c, low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol; SUA, serum uric acid; LH, luteinizing
hormone; FSH, follicle-stimulating hormone; PRL, pituitary prolactin; TT, total testosterone; FT, free testosterone; AD, androstenedione; DHEAS, dehydroepiandrosterone sulfate; SHBG,
sex hormone-binding globulin; A/G ratio, android/gynoid ratio; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue.
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Variables

ANGPTL4 expression
AMH

LH/FSH

T

1.207
0.405
1.625
0.046

SE

0.275
0.089
0.401
0.016

Wald

19.281
20.924
16.436
7.945

p-value

0.000*
0.000"
0.000"
0.005*

OR

3.345
1.500
5.079
1.048

95% Cl

Lower

1.951
1.261
2.315
1.014

Upper

5.734
1.785
11.142
1.082

**n < 0.01.
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Coefficient t p-value
Unstandardized Standardized
B SE B

Constant 7.398 2.631 2812 0.006™*
PCOS 0.848 0.205 0.398 3914 0.000™
Age (years) -0.009 0.022 -0.35 -4.10 0.682
BMI (kg/m?) 0.048 0.029 0.166 1.649 0.102
AMH (ng/mi) 0.038 0.028 0.129 1.388 0.168
FBG (mmol/L) -0.69 0.226 -0.262 -3.051 0.003*
FINS (ulU/mi) -0.027 0.012 -1.072 -2.299 0.023*
HOMA-IR 0.140 0.055 1.180 2632 0.013*
LDL (mmol/L) -1.474 1.581 -0.969 -0.932 0.353
TG (mmol/L) -0.423 0.183 -0.8302 -2.311 0.023*
HDL (mmol/L) 0.585 1.517 0.195 0.385 0.701
ApoAl (mmol/L) ~4.466 2232 -0.876 ~2.001 0.048*
ApoB (mmol/L) 6.065 3.383 1.222 1.793 0.076
TC (mmol/L) 1.049 1.285 0.785 0.817 0.416

*n <0.05, *p < 0.01.
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Daily intake

A group (n = 11)

W group (n = 14)

Week 0 Week 12 Week 0 Week 12
Energy, kcal 1,716.24 + 769.21 1,380.63 + 240.76 1,624.82 + 480.78 1,484.82 + 301.58
Fat, g 57.5+29.33 39.48 + 8.14 59.73 + 20.43 45.46 + 8.98"
Protein, g 71.32 £ 39.08 50.6 + 17.39 66.3 + 20.35 58.11 + 18.92
Carbohydrate, g 243.44 +102.76 241.4 £ 37.01 219.86 + 80.26 243.55 + 51.19
Fiber, g 1607 +7.8 5193+ 7.7 14.35 + 9.74 48.27 + 8.48"
Insoluble fiber, g 9.36 + 4.85 26.87 + 516" 891 +6.05 24.82 + 559"
Soluble fiber, g 5.71 £2.96 25.07 £2.73™* 5.44 + 3.69 23.45 + 3.06™*

Data are means + SD. Paired t test (two-tailed), *p < 0.05, ***p < 0.001 vs. week 0 in the same group; unpaired t-test (two-tailed), no significant difference between the A and W group at the

same time point.
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33 randomized
A group W group
16 assigned to receive 17 assigned to receive
acarbose and WTP diet WTP diet

5 discontinued 3 discontinued
* 3 left Shanghai * 1 left Shanghai

* 1 became pregnant * 1 became pregnant
* 1 declined further participation * 1 declined further participation

11 completed and included analysis 14 completed and included analysis
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Total AQ Score ABC Score Total AQ Score ABC Score
of Children of Children of Children of Children
Total AQ score of mothers r 0.134 0.010 RBS-r Score of mothers I 0.248 0.457
P 0.257 0.934 P 0.036 0.000™
n 73 73 n 73 73
FSH r -0.087 -0.173 LH e -0.187 -0.231
P 0.470 0.147 P 0.115 0.051
n 72 72 n 72 72
P! r 0.050 0.128 T r -0.093 -0.178
P 0.695 0.316 P 0.468 0.163
n 63 63 n 63 63
E2 r 0.166 0.064 Child-bearing age r 0.022 0.306
P 0.162 0.593 P 0.851 0.008**
n 72 72 n 73 73

*P value < 0.05: **P value < 0.01.
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PCOS (n = 34) Control (n = 39) P value

Age (children) 3.82 (1.25) 3.66 (0.59) 0.503
ABC scores 13.62 (22.96) 13.10 (13.20) 0.945
total AQ scores 58.68 (11.68) 60.18 (13.24) 0.905
Social skills 9.15 (5.49) 967 (4.12) 0.646
Attention switching 13.97 (3.64) 13.26 (3.09) 0.368
Communication 9.5 (4.30) 8.74 (4.78) 0.482
Attention to detail 15.41 (4.74) 17.51 (4.64) 0.061
Imagination 10.65 (4.21) 11.0 (3.15) 0.684

Data were reported as the mean (SD).
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A

Dist Control Mean Difference Moean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight mgmm&l—mmmm&mx—
Foroozanfard 2017 41 31 30 03 07 30 25% -1.40[-254,-0.26]
YU 2018a -1059 445 30 814 544 30 05%  -245[-4.96,0.06]
YU 2018b 334 052 40 -112 023 30 97.0% -2.22[-2.40,-2.04] =]
Total (95% CI) 100 90 100.0%  -2.20 [-2.38, -2.02] ¢
Heterogeneity: Tau? = 0.00; Chi* = 1.99, df =2 (P = 0.37); = 0% ;1 £ A 2 4‘
Test for overall effect: Z = 24.20 (P < 0.00001) Favours [Diet] Favours [Contral]
B Diet Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight N.Lm\m&—.&_d&_&%ﬁ—
Azadi 2017 451 45 28 -158 209 27 190% -2.93[4.77,-1.00]
Foroozanfard 2017 -3 9 30 8 21 30 21% -8.00[-17.18,-0.82]
Gower 2013 09 4 27 04 374 23 165%  -0.50[-2.65,1.65] A
Kazemi 2020 3 2 33 3 3 31 248%  000[-1.26,1.26] -
Moran 2010 21 434 14 03 466 14 96%  -1.80[-5.14,1.54] =
Sun 2017 44 188 28 286 175 31 281% -1.80[-2.73,-0.87] =
Total (95% CI) 180 156 100.0%  -1.51 [-2.72, 0.29] <
Heterogeneity: Tau? = 1.15; Chi# = 12.17, df = 5 (P = 0.03); I =58% EE R é o
Test for overall effect: Z = 2.42 (P = 0.02) Favours [Dief] Favours [Control]
c Dlet Control Mean Difference Mean Difference
_StudyorSubgroup Mean SD Total Mean SD Total Weight N&Mﬁ%
Atiomo 2009 16 1088 6 -22 125 5 59% 0.60[-13.39, 14.59]
Azadi 2017 288 21.71 28 1166 1882 27 92% 17.14[6.41,27.87 e —
Foroozanfard 2017 37 85 30 15 72 30 287% 5.20[1.21,9.19] =8
Gower 2013 08 2493 27 32 2518 23 60% -4.00[-17.84,084] I
Kazemi 2020 16 205 33 B89 124 31 136%  7.10[-1.14,1534] |
Sun 2017 182 585 28 86 641 31 33.0%  9.60[6.47,12.73] &
Sorensen 2012 11 3194 14 9 152 13 35% 2.00[-16.66,20.66]
Total (95% CI) 166 160 100.0%  7.08 [3.41,10.74] -
Heterogeneity: Tau? = 8.06; Chi? = 8.98, df = 6 (P = 0.13); I = 40% -2=n 7 73 1‘0 2:0
Test for overall effect: Z = 3.78 (P = 0.0002) Favours [Dief] Favours [Control]
D Diet Control Mean Difference Mean Difference
_Study or Subgroup Mean SD Total Mean SD Total Weight IV.Random.95%Cl ~ |IV.Random.95%Cl
Atiomo 2009 0108 6 03108 5 11%  040[078, 158 T
Azadi 2017 039 028 28 044 012 27 27.1%  -0.25[-0.36,-0.14] -
Foroozanfard 2017 01 05 30 01 04 30 161%  -0.20[-043,0.03] —*7
Gower 2013 055 151 27 003 124 23 25%  -058[-1.34,0.18] —
Kazemi 2020 02 06 33 -02 06 31 11.9%  0.00[0.29,029] —F
Stamets 2004 031 073 13 -0.31 062 13 50%  0.00[-0.52 052 S
Sun 2017 134 028 28 099 026 31 244% -0.35[049,-021] -3
Serensen 2012 0144 111 14 073 08 13 27%  0.59[-0.14,1.32] 5
YU 20188 052 068 30 012 0.71 30 8.3% -0.40[0.75,-0.05] ——
Total (95% CI) 209 203 100.0%  -0.22 [0.34, -0.09] <

Heterogenelty: Tau? = 0.01; GhF = 13.58, df = 8 (P = 0.09); P = 41%

Test for overall effect: Z = 3.39 (P = 0.0007) A 6 0. 05 1

Favours [Diet] Favours [Control]
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Author year Country Diagnostic Sample Weight changes Type of diet Control arm Calorie restriction Duration  Outcomes

(ref.) criteria size (n) (kg) (month)
Moraneta. Australa NIH LCD:23 LCD:-85%1.1  LCD:CHO, 55%; P, 31%; F, 14%. CON: CHO, 76%; P, 11%; F,  <6000kJdforthe 4 Primary: CPR,
(2008) (29) 14%. first 12 weeks in OR
CON:22  CON:-69+0.8 both intervention Secondary:
and control arms, menstrual
regularity rate
Stametsetal. USA  NIH LOD:17 LCD:-3719  LOD: CHO, 40%; P, 30%; F, 30%. CON: CHO, 55%; P, 15%; F, 1000 keal/d calorie 1 Secondary:
(2004) (30) CON: 18 30%. deficit in both DHEAS,
intervention and Ferriman-
control arms. Gallwey score,
T
Atiomo etal. UK Rotterdam  LGE6  NA LGl diet provided by nutritionists. CON: healthy eating approach. 600 kcal/d deficitin 6 Secondary:
(2009) (31) CON: § both intervention number of
and control arms, menstrual
cydles, SHBG,
¥
Moran et al NIH LCD:24 LCD:-86+20.7  LCD: CHO, 43%; P, 27%; F, 28%. CON: CHO, 57%; P, 16%; F,  <6000kJdforthe 4  Secondary:
2010)(32)  Australia CON:22 CON: 69+ 182 27% first 12 weeks in FAl

both intervention
and control arms.

Sorensen  Denmark Rotterdam  LOD: 20 LCD: CHO, 30%; P, 40%; F, 30%. CON: CHO, 57%; P, 16%; F,  No calorie 6  Primary: CPR
etal. (2012) CON: 28 27%. restiction. Secondary:
33) SHBG, T
Gowereta. USA  NH LGI: 30 LGI: CHO, 41%; P, 19%; F, 40% (Gl: 50), CON: CHO, 55%; P, 18%; F.  No calorie 2 Secondary:
(2013) (34) CON: 30 27% (Gl: 60). restriction. FAI, SHBG, T
Asemietal. Iran Rotterdam ~ DASH: ~ DASH: -44 £ 2.7  DASH: CHO, 52%; P, 18%; F, 80%; rich in frus, CON: CHO, 52%; P, 18%; F,  350-700 kcal/d 2 Primary: CPR
(2014) (35) 27 vegetables, whole grains, low-fat dairy products and low in30%. The macronutrient deficit depending

CON:27 CON:-1.5+26  saturated fats, cholesterol, refined grains, and sweets,  composition was designed ~ on BMIin both
with sodium was less than 2400 mg/day. based on Iranian traditional  intervention and

dietary patterns. control arms.
Asemietal. Iran Rotterdam ~ DASH:  DASH:-36+12 DASH: CHO, 52%; P, 18%; F, 30%; rich in frus, CON: CHO, 52%; P, 18%; F,  360-700 kcal/d 2 Primary: CPR
(2015) (36) 27 vegetables, whole grains, low-fat dairy products, and low  30%. The macronutrient deficit depending
CON:27 CON:-1.8%1.1 in saturated fats, cholesterol, refined grains and sweets,  composition was designed  on BMI in both
with sodium less than 2400 mg/day. based on lranian traditional  intervention and
dietary patters. control arms,
Marzouk Egpt  NH LGEBD  LGE-712121  LGE CHO, 50%-55% (ow GI); P, 15%-20%; F, 30% CON: Follow the same healthy 500 keal/d deficit 6 Secondary:
etal. (2015) CON:30 CON: -0.4 £ 12.8  (calorie-restricted: 500 keal). food of the intervention group  depending on BMI Ferriman-
@7) in both intervention Galwey score,
and control arms. number of
menstrual
cycles
Sordia- Mexico Rotterdam  LGE 19 NA LGI diet: CHO, 45-50%; P, 15-20%; F, 30-40; fiber: 20-35 CON: CHO, 45-50%; F, 30- target calorie 3 Primay: OR
Hemandez CON: 18 9/d; GI: < 45. 40%; P, 15-20%; fiber20-35 ¢/ intake: 1200-1500
et al. (2016) d; Gl 5075 keal/d, in both
(38) intervention and
control arms,
Azadietal.  Iran Rotterdam ~ DASH: ~ DASH: 58+ 1.9  DASH: CHO, 50%-55%; P, 15%-20% protein; F, 25%-  CON: CHO, 50%-55%; P, 350-700 koal/d 3 Primary: CPR
(2017) (39) 30 30%; rich in frits, vegetables, whole grains, low-fat dairy ~ 15%-20%; F, 25%-30%. deficit depending
CON:30 CON:-4.32.9  products, and low in saturated fats, cholesterol, refined on BMI in both Secondary:
grains and sweets, with sodium less than 2400 mg/day. intervention and FAl, SHBG, T
control ams.
Fan et al. China Rotterdam  LCD: 39 NA LCD: give first place to low-carbohydrate, high-protein and CON: advice on appropriate No calorie 6 Primary: CPR
(2017) (40) CON: 39 low-calorie food with rich fiber. Vegetables and fruits are lifestyle. restriction.
also essential. No alcohol and caffeine.
Foroozanfard  Iran Rotterdam ~ DASH: ~ DASH: -4.3+1.4  DASH: CHO, 52%-56%; P, 16%-18%; F, 30% fat; richin  CON: CHO, 52%-55%; P, 6%- 350-700 kcal/d 3 Primary: CPR
et al. 2017) 30 fruits, vegetables, whole grains, low-fat dairy products, 18%; F, 30% fat. The deficit depending
(@1) CON: 80 CON:-32%1.9  and low in saturated fats, cholesterol, refined grains and  macronutrient composition was on BMI i both Secondary:
sweets, with sodium less than 2400 mg/day, designed based on Iranian intervention and AMH, FA,
traditional dietary patterns. control arms. SHBG, T
Uetal China  CMA LCD:39  NA LCD: CHO <30%; P 240%; F, 30% CON: nutritional counseling ~ No calorie 12 Primary: CPR,
2017) (42) only. restriction. MR
CON: 39 Secondary:
menstrual
regularity rate
Sunetal  Chna  Rotterdam  LCD: 32 . LCD: weight loss period: about 50g/d carbohydrates; ~ Metformin: 1.5g/d No calorie 3 Primary: CPR
(2017) (43) CON: 32 weight maintain period: <40% carbohydrates restriction. Secondary:
b, metformin: 1.5g/d menstrual
regularity rate,
FAl, SHBG, T
XU et al. China  Rotterdam ~ MedDiet: MedDiet: -7.41 +  Mediterranean diet: high intake of vegetables, legumes,  CON: advice on daily health  No calorie 3 Primary: CPR
(2017) (44) 20 50 fruis, nuts, cereals, and olive oil but a low intake of care. restriction.

CON: 20 CON:-22:83  saturated lipids and meat, moderate intake of fish, low to Secondary:
moderate intake of dairy products, and regular but menstrual
moderate intake of alcohol (usually wine). requiarity rate

YUetal. China  NIH LGL:30 NA a LGLdiet CON: Ethinylestradiol and No calorie 3 AVHT
(2018a) (45) CON: 30 b. Ethinylestradiol and Cyproterone Acetate Tablets: Cyproterone Acetate Tablets  restriction.
ethinylestradiol 0.035 mg/d and cyproterone acetate 2 (ethinylestraciol 0.035 mg/d
mg/d. and cyproterone acetate 2 mg/
q.
YUetal China  Rotterdam ~ LCD: 40 NA a LOD: GHO, 25%-30%; P, 40%-45%; F, 30%; rich i CON: fertity treatment. No calorie 3 Primary: CPR,
(2018b) (46) low-Gl foods. restriction. OR
CON: 30 b. fertity treatment. Secondary:
AMH
Zhueta.  China  Rotterdam LCD:40 NA a. LCD: CHO, 50%; P, 20%; F, 30%. Rich in low-GI  CON: fertiity treatment. No calorie 3 Primary: CPR,
(2019) (47) CON: 40 foods. restriction. MR, OR
b. fertility treatment.
Kazemieta. Canada AEPCOS — LGES0  LGES33 LGI: low-GI pulse-based diet; CHO, 52-56%; F, 30%; P, CON: CHO, 52-65%; P, 16-  No calorie 4 Secondary:
(2020) (48) CON: 31 CON: 31 16-18%; fiber: 33 g/d; Gl: ~35-40; GL: ~70-100. 18%: F, 30%; fiver: 25 g/d; Gl: ~ restriction. menstrual
~50-60; GL: ~100-110. cycle length,
FAl, SHBG, T

AEPCOS, Androgen Excess and Polycystic Ovary Syndrome; AMH, Anti-Mllerian Hormone; BMI, Body mass index; CAM, China Meical Association diagnostic crieria (2011); CHO, carbohydrate; CPR, clnical pregnancy rate; CON, contro;
DHEAS, dehycroepiandrosterone sulfate; F, fat; FA, free androgen index; Gl, glycemic index; LCD, low-carbohydrate diet; LGL, low glycemic load LG, low glycemic diet; MedDiet, Mediterranean diet; MR, miscarriage rate; NIH, Nationl
Institutes of Health diagnostic criteria; NA, not avaiable; OR, ovulation rate; P, protein; Rotterdam, European Society for Human Reproductive and Embryology/American Society for Reproductive Medicine diagnostic crteria; SHBG, sex
harmone-binding clobuin: T, testosterone: UK, the United Kingdam.
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Subgroup Trials (n) Sample size (n) Effect Estimate MD (95% Cl) 2 P
Clinical pregnancy rate (%)
Diet type
DASH diet 4 228 1.45 (0.36, 5.81) 0% 0.60
Low-Carbohydrate diet i 473 2.92 (1.99, 4.27) 0% < 0.00001
Mediterranean diet 1 40 19.00 (1.18, 305.88) NA 0.04
Intervention duration
< 3 months 2 108 0.33 (0.04, 3.11) 0% 0.33
3-6 months 9 541 2.68 (1.82, 3.95) 0% < 0.00001
> 6 months 1 78 3.00 (1.38, 6.75) NA 0.008
Diagnostic criteria
NIH 1 45 1.91(0.19, 19.63) NA 0.53
Rotterdam 10 617 2.93(1.74, 4.91) 16% < 0.0001
CAM 1 78 3.00 (1.3, 6.75) NA 0.008
Calorie restriction
Yes i 415 2.64 (1.37,5.07) 0% 0.004
No 5 325 3.17 (1.70, 5.93) 37% 0.0003
Ovulation rate (%)
Diagnostic criteria
NIH 1 45 1.25 (0.45, 3.52) NA 0.67
Rotterdam 2 150 1.29 (1.09, 1.52) 0% 0.002
Calorie restriction
Yes 1 45 1.25 (0.45, 3.52) NA 067
No 2 150 1.29 (1.09, 1.52) 0% 0.002
Menstrual regularity rate (%)
Diet type
Low-carbohydrate diet 3 165 1.47 (1.08, 1.99) 21% 0.0004
Mediterranean diet 1 40 5.33 (1.84, 15.49) NA 0.002
Intervention duration
3-6 months 3 128 2.03(0.82, 5.03) 0% 0.13
> 6 months 1 78 1.44 (112, 1.85) NA 0.005
Diagnostic criteria
NIH 1 28 0.83(0.33, 2.11) NA 0.70
Rotterdam 2 100 299 (1.16, 7.70) 60% 0.02
CAM 1 78 1.44 (1.12, 1.85) NA 0.005
Calorie restriction
Yes 3 165 1.47 (1.08, 1.99) 21% 0.01
No 1 40 5.33 (1.84, 15.49) NA 0.002
AMH
Diagnostic criteria
NIH 1 60 -2.45 (-4.96, 0.06) NA 0.06
Rotterdam 2 130 -2.01 (-2.71, -1.31) 49% < 0.00001
Calorie restriction
Yes 1 60 -1.40 (-2.54, -0.26) NA 0.02
No 2 130 -2.22 (-2.40, -2.04) 0% < 0.00001
FAI
Diet type
DASH 2 115 -4.60 (-9.92,0.71) 50% 0.09
Low-carbohydrate diet 2 87 -1.80 (-2.70, -0.90) 0% < 0.0001
LGI/LGL diet 2 114 -0.13 (-1.21, 0.96) 0% 0.82
Intervention duration
< 3 months 1 50 -0.50 (-2.65, 1.65) NA 0.65
3-6 months 5 266 -1.74 (-3.18, -0.31) 65% 0.02
Diagnostic criteria
NIH 2 78 -0.88 (-2.69, 0.92) 0% 0.34
Rotterdam 3 174 -2.51 (-4.17, -0.85) 49% 0.003
AEPCOS 1 64 0.00 (-1.26, 1.26) NA 1.00
Calorie restriction
Yes 4 202 -2.27 (-3.44, -1.09) 24% 0.0002
No 2 114 -0.13 (-1.21, 0.96) 0% 0.82
SHBG (nmol/L)
Diet type
DASH 2 116 10.09 (-1.42, 21.60) 76% 0.09
Low-carbohydrate diet 3 136 4.89 (-4.17, 13.94) 50% 0.29
LGIAGL diet 2 75 5.43 (-1.68, 12.53) 0% 0.13
Intervention duration
< 3 months 1 50 -4.00 (-17.94, 9.94) NA 0.57
3-6 months 6 276 7.81(4.50, 11.11) 31% < 0.00001
Diagnostic criteria
NIH 1 50 -4.00 (-17.94, 9.94) NA 0.57
Rotterdam 5 212 7.89 (3.80, 11.98) 44% 0.0002
AEPCOS 1 64 7.10(-1.14, 15.34) NA 0.09
Calorie restriction
Yes 4 185 8.16 (5.80, 10.53) 56% < 0.00001
No 3 141 3.94 (-2.69, 10.58) 0% 0.24
T (nmol/L)
Diet type
DASH 2 116 -0.24 (-0.34, -0.14) 0% < 0.00001
Low-carbohydrate diet 3 112 -0.02 (-0.52, 0.48) 73% 0.94
LGI/LGL diet 4 185 -0.20 (-0.52, 0.12) 39% 0.21
Intervention duration
< 3 months 2 76 -0.22 (-0.77, 0.33) 34% 0.43
3-6 months 7 336 -0.22 (-0.35, -0.08) 50% 0.002
Diagnostic criteria
NIH 3 136 -0.31(-0.59, -0.03) 5% 0.03
Rotterdam 5 212 -0.23 (-0.38, -0.08) 52% 0.003
AEPCOS 1 64 0.00 (-0.29, 0.29) NA 1.00
Calorie restriction
Yes 5 211 -0.27 (-0.35, -0.19) 1% < 0.00001
No 4 201 -0.13 (-0.34, 0.07) 63% 0.21

AEPCOS, Androgen Excess and Polycystic Ovary Syndrome; AMH, Anti-Millerian Hormone; CAM, China Medical Association diagnostic criteria (2011); FAI, free androgen

index; G, glycemic index; LGL, low glycemic load; LG, low glycemic diet; MedDiet, Mediterranean diet; NIH, National Institutes of Health diagnostic criteria; NA, not available;

Rotterdam, European Society for Human Reproductive and Embryology/American Society for Reproductive Medicine diagnostic criteria; SHBG, sex hormone-binding globulin;

T. testosterone.
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Sun 2017 5 32 0 32 16% 11.00[0.63, 191.04] N
Serensen 2012 4 29 3 28 68% 1.29[0.32, 5.24] =
XU 2017 9 20 0 20 17%  19.00[1.18 305.88]
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Total (85% CI) 376 364 100.0% 2.87 [1.99, 4.13] L 4
Total events 104 29
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L2017 1 19 1" 17 ©6.5% 0.03 [0.00, 0.29]
Zhu 2019 0 25 3 8 33.5% 0.02[0.00, 0.47]

Total (95% CI) 4 23 100.0% 0.03 [0.00, 0.16]
Total events 1 14
Heterogeneity: Tau? = 0.00; Chi = 0.05, df = 1 (P = 0.83); I = 0%

Test for overall effect: Z = 3.90 (P < 0.0001) 0:001 01 1 10 1000

Favours [Diet] Favours [Control]

19 30 318% 1.42[1.06, 1.80]
Zhu 2019 37 40 30 40 67.7% 1.23[1.01, 1.51]
Total (85% Cl) 103 92 100.0% 1.30 [1.10, 1.53]
Total events 76 50

Heterogeneity: Tau? = 0.00; Chi* = 1.30, df = 2 (P = 0.52); F = 0%
Test for overall effect: Z = 3.10 (P = 0.002)

0.05 02 1 5 20
Favours [Control] Favours [Diet]

D

Diet Minimal Intervention Risk Ratlo Risk Ratlo
Study or Subgroup  Events Total  Events Total Weight M-H Random.95%Cl  M-H Random.95%Cl
L2017 36 39 25 39 374% 1.44 [1.12, 1.88] -+
Moran 2003 5 14 6 14 18.7% 0.83[0.33, 2.11] — &
Sun 2017 18 28 10 3 27.9% 1.99[1.12, 3.56] —
XU 2017 16 20 3 20 16.0% 5.33 [1.84, 16.489] ——
Total (95% CI) 101 104 100.0% 1.75[1.02, 3.03] et
Total events 75 44 ) ) ;

Heterogeneity: Tau? = 0.19; Chi* = 8.10, df = 3 (P = 0.03); F = 67%

Test for overall effect: Z = 2.01 (P = 0.04) oL 02 08 1 @ o8 10
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PCOS (n = 30) Control (n = 31) P value
Age (years) 32.41 (4.55) 33.66 (3.82) 0.252
Complications during pregnancy
Threatened abortion 2(6.67) 5(16.13) 0.425
Gestational diabetes mellitus 8 (26.67) 8(25.81) 0.939
Gestational hypertension 2(6.67) 4 (12.90) 0.671
Anaemia 3 (10.00) 3(9.68) 1.000
Pollution of residence 0(0) 3(9.68) 0.238
Premature delivery 2(6.67) 4 (12.90) 0.671
Infection 1(3.33) 0(0) 0.492
Medicine used during pregnancy
Antibiotic 1(3.83) 3(9.68) 0.612
Progesterone 4 (46.67) 18 (58.06) 0.373
Multivitamin 18 (60.00) 15 (48.39) 0.363
Folacin 25 (83.33) 26 (83.87) 1.000
Others 1(3.33) 1(3.29) 1.000
Delivery condition
Forceps delivery 13.33) 2 (6.45) 1.000
Cesarean 17 (56.67) 20 (64.52) 0.530
Asphyxia neonatorum 1(3.33) 1(3.23) 1.000
Low-weight birth 2(6.67) 4(12.90) 0.671
High-weight birth 0(0) 2 (6.45) 0.492
Negative events during pregnancy (e. g, death of relatives, divorce, etc.) 0(0) 1323 1.000
Breast-feeding 27 (90.00) 30 (96.77) 0.354

Data were reported as the mean (SD), or n (%).
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Total AQ Score RBS-r Score Total AQ Score RBS-r Score

BMI r 0.08 0.12 LH r 0.19 0.13
P 0.397 0.228 P 0.010" 0.073
n 107 107 n 195 195
FSH r -0.05 -0.09 E2 r 0.04 0.04
P 0.454 0.237 P 0.627 0.603
n 194 194 n 194 194
P r -0.03 -0.16 T r 0.10 0.15
P 0.738 0.046* [ 0.192 0.044*
n 163 163 n 191 191
F-G score r -0.10 0.01 acne score r 0.10 -0.15
P 0.471 0.963 P 0.480 0.299
n 53 53 n 53 583

*Statistical significance (P < 0.05).
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n
BMI

age

RBS-r score

total AQ score
Social skills
Attention switching
Communication
Attention to detail
Imagination

Data were reported as the mean (SD). *P value < 0.05; **P value < 0.01; @Valid N=57: ®Valid N=50.

PCOS

100
25.10 (4.15)°
30.50 (4.01)
15.01 (16.55)
61.16 (10.46)
11.60 (3.86)
14.86 (3.30)
9.61 (3.70)
13.85 (4.21)
11.24 (3.65)

Control

100
23.03 (3.69)°
32.47 (3.61)
11.34 (12.26)
55.57 (10.14)
10.18 (3.87)
13.57 (3.28)
7.79 (4.08)
13.11 (4.52)
10.92 (3.35)

P value

0.008"
0.000"*
0.071
0.000™
0.010*
0.006™
0.001*
0.232
0519
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Task AUC Accuracy Precision Recall F1-score

VGG16 0.942 + 0.007 0.871 + 0.005 0.885 + 0.005 0.874 + 0.005 0.879 + 0.005
VGG19 0.940 + 0.019 0.877 + 0.031 0.892 + 0.027 0.876 + 0.031 0.884 + 0.029
Inception 0.967 + 0.012 0.913 + 0.014 0.924 £ 0.013 0912 £0.013 0.918 + 0.013
Resnet 0.979 = 0.003 0.929 = 0.007 0.940 + 0.006 0.928 + 0.006 0.934 + 0.006

The bold values means that Resnet had the best performance.
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Chr Position SNP Effect Allele Other Allele EAF Beta SE Gene P value
2 43638838 rs13429458 A (o] 0.81 0.401 0.04 THADA 1.73E-28
2 48978159 rs13405728 A G 0.754 0.343 0.037 LHCGR 7.55E-21
2 49201612 rs2268361 [} T 0.504 0.139 0.02 FSHR 9.89E-13
2 49247832 rs2349415 T (¢} 0.181 0.174 0.025 FSHR 2.35E-12
9 97648587 rs4385527 G A 0.781 0.174 0.03 CQorf3(AOPEP) 5.87E-09
9 97741336 rs3802457 G A 0.904 0.261 0.035 CQorf3(AOPEP) 5.28E-14
9 126525212 rs2479106 G A 0.222 0.293 0.033 DENND1A 8.12E-19
1 102070639 rs1894116 G A 0.194 0.239 0.024 YAP1 1.08E-22
12 56390636 rs705702 G A 0.245 0.239 0.023 RAB5B/SUOX 8.64E-26
12 66224461 rs2272046 A (¢} 0.907 0.357 0.038 HMGA2 1.95E-21
16 52347819 rs4784165 G T 0.325 0.14 0.021 TOX3 3.64E-11
19 7166109 rs2059807 G A 0.301 0.131 0.023 INSR 1.09E-08
20 52447303 rs6022786 A G 0.339 0.122 0.02 SUMO1P1 1.83E-09

Chr, chromosome; SNP, single nucleotide polymorphism; EAF, effect allele frequency; SE, standard error.
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Outcomes

Endometrial Cancer in Europeans

MR Egger
Weighted median

Inverse variance weighted
Simple mode

Weighted mode
MR-PRESSO (raw, 0 outliers)

Endometrioid Endometrial Cancer in Europeans

MR Egger

Weighted median

Inverse variance weighted
Simple mode

Weighted mode
MR-PRESSO (raw, 0 outliers)

Non-Endometrioid Endometrial Cancer in Europeans

MR Egger

Weighted median

Inverse variance weighted

Simple mode

Weighted mode

MR-PRESSO (raw, 0 outliers)
Endometrial Cancer in Asians

MR Egger

Weighted median

Inverse variance weighted

Simple mode

Weighted mode

MR-PRESSO (raw, 0 outliers)

Number of Beta
SNPs

13 -0.04
13 -0.043
13 -0.075
13 -0.01
13 -0.029
13 -0.058
13 -0.12
13 -0.033
13 -0.044
13 -0.022
13 -0.029
13 -0.018
13 0.521
13 0
13 -0.009
13 0.041
13 0.035
13 -0.004
13 0.01
13 -0.011
13 -0.024
13 -0.022
13 -0.002
13 -0.0245

SE

0.218
0.062
0.044
0.109
0.115
0.045

0.23
0.07
0.048
0.117
0.111
0.051

0.565
0.162
0.118
0.285
0.292
0.109

0.204
0.092
0.077
0.158
0.112
0.077

OR (95% Cl)

0.961 (0627 - 1.472)
0.958 (0.849 - 1.081)
0.928 (0.851 - 1.011)
0.990 (0.799 - 1.227)
0.971 (0775 - 1.217)
0.944 (0864 - 1.031)

0.887 (0.564 - 1.393)
0.967 (0.843 - 1.109)
0.957 (0.870 - 1.052)
0.978 (0.778 - 1.230)
0.972 (0.781 - 1.208)
0.982 (0.889 - 1.085)

1.684 (0.557 - 5.095)
1.000 (0.728 - 1.375)
0.991 (0.786 - 1.250)
1.042 (0.596 - 1.820)
1.036 (0.584 - 1.836)
0.996 (0.804 - 1.233)

1.010 (0.678 - 1.505)
0.989 (0826 - 1.185)
0.976 (0.839 - 1.135)
0.978 (0.717 - 1.335)
0.998 (0.801 - 1.242)
0.976 (0.839 - 1.135)

SNP, single nucleotide polymorphism; SE, standard error; OR, odds ratio; Cl, confidential interval.

P

0.857
0.489
0.088
0.928
0.805
0.222

0.612
0.632
0.362
0.854
0.800
0.729

0.376
0.999
0.941
0.889
0.906
0.973

0.963
0.907
0.751
0.893
0.983
0.756

P for heterogeneity
test

0.236

0.302

0.441

0.517

0.449

0.457

0.091

0.127

P for MR-
Egger
intercept

0.873

0.742

0.358

0.858

P for MR-
PRESSO
Global test

0.190

0.269

0.505

0.182
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Outcomes Ancestry n b se
PCOS IVs and endometrial cancer
Endometrial cancer European 13 -0.075 0.044
Endometrioid endometrial cancer European 13 -0.044 0.048
Non-endometrioid endometrial cancer European 13 -0.009 0.118
Endometrial cancer Asian 13 -0.024 0.077
PCOS IVs (excluding SNPs associated with BMI) and endometrial cancer

Endometrial cancer European 11 -0.076 0.044 '—I—Ll
Endometrioid endometrial cancer European 11 -0.039 0.052 '—I—<—<

Non-endometrioid endometrial cancer European 11 -0.056 0.127

Endometrial cancer Asian 11 -0.068 0.088 j
PCOS IVs (excluding SNPs associated with WHR) and endometrial cancer

Endometrial cancer European 12 -0.094 0.044 —a—

Endometrioid endometrial cancer European 12 -0.076 0.051

Non-endometrioid endometrial cancer European 12 0.025 0.124

Endometrial cancer Asian 10 0.018 0.093

PCOS IVs (excluding SNPs associated with BMI and WHR) and endometrial cancer
Endometrial cancer European 10 -0.099 0.046 —a—
Endometrioid endometrial cancer European 10 -0.076 0.055

Non-endometrioid endometrial cancer European 10 -0.022 0.134
Endometrial cancer Asian 8 -0.036 0.117

OR (95%5% Cl) P

0.928 (0.851 - 1.011) 0.088
0.957 (0.870 - 1.052) 0.362
0.991 (0.786 - 1.250) 0.941
0.976 (0.839 - 1.135) 0.751

0.926 (0.850 - 1.010) 0.081
0.962 (0.868 - 1.065) 0.454
0.945 (0.737 - 1.214) 0.660
0.934 (0.787 - 1.110) 0.439

0.910 (0.836 - 0.991) 0.031
0.927 (0.839 - 1.024) 0.134
1.025 (0.804 - 1.307) 0.843
1.018 (0.849 - 1.222) 0.844

0.905 (0.827 - 0.991) 0.031
0.927 (0.833 - 1.032) 0.167
0.978 (0.752 - 1.273) 0.869
0.964 (0.767 - 1.212) 0.756

0.725 0.775 0.825 0.875 0.925 0.97511.025 1.075 1.125 1.175 1.225 1.275 1.325

The estimates
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Chr Position SNP Effect Allele Other Allele EAF Beta SE Gene P value
2 43561780 rs7563201 A G 0.4507 -0.1081 0.0172 THADA 3.68E-10
2 213391766 rs2178575 A G 0.1512 0.1663 0.0219 ERBB4 3.34E-14
3 131813204 rs13164856 T C 0.7291 0.1235 0.0193 IRF1/RAD50 1.45E-10
8 11623889 rs804279 A T 0.2616 0.1276 0.0184 GATA4/NEIL2 3.76E-12
9 5440589 rs10739076 A C 0.3078 0.1097 0.0197 PLGRKT 2.51E-08
9 97723266 rs7864171 A G 0.4284 -0.0933 0.0168 FANCC 2.95E-08
9 126619233 rs9696009 A G 0.0679 0.202 0.0311 DENND1A 7.96E-11
il 30226356 rs11031005 T c 0.8537 -0.1593 0.0223 ARL14EP/FSHB 8.66E-13
il 102043240 rs11225154 A G 0.0941 0.1787 0.0272 YAP1 5.44E-11
" 113949232 rs1784692 T C 0.8237 0.1438 0.0226 ZBTB16 1.88E-10
12 56477694 rs2271194 A T 0.416 0.0971 0.0166 ERBB3/RABSB 4.57E-09
12 75941042 rs1795379 T C 0.2398 -0.1174 0.0195 KRR1 1.81E-09
16 52375777 rs8043701 A T 0.815 -0.1273 0.0208 TOX3 9.61E-10

Chr, chromosome; SNP, single nucleotide polymorphism; EAF, effect allele frequency; SE, standard error.
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Low ratio group High ratio group P value

(n =158) (n =298)

LH difference ratio <0.385 >0.385

Percentage of <0.001
ovarian stimulation

PPOS group 46.2 (73/158) 77.5(231/298)

Short protocol group 53.8 (85/158) 22.5 (67/298)

Implantation rate 33.2 (99/298) 43.0 (234/544) 0.005
Biochemical 52.5 (83/158) 68.1 (203/298) 0.001
pregnancy rate
Clinical pregnancy 45.6 (72/158) 63.1 (188/298) <0.001
rate

Ectopic pregnancy 1.4 (1/72) 3.7 (7/188) 0.566
rate

Miscarriage rate 25.0 (18/72) 16.5 (31/188) 0.116
Live birth rate 33.5 (563/158) 50.3 (150/298) 0.001
Singleton 22.2 (35/158) 37.6 (112/298)

Multiple 11.4 (18/158) 12.8 (38/298)

Data are shown as % (n). PPOS, progestin-primed ovarian stimulation; LH differ-
ence ratio = (LH level on MC3 — LH on trigger day)/LH level on MC3. The denomi-
nator for implantation rate is the number of embryos transferred. The denominator
for ectopic pregnancy and miscarriage rate is the subjects of clinical pregnancies.
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P value OR 95% Cl

Total hMG dose 0.968 1.000 1.000-1.000
FSH on trigger day 0.886 1.004 0.955-1.055
LH on trigger day 0.936 1.005 0.890-1.134
FSH difference ratio 0.905 0.984 0.761-1.273
LH difference ratio 0.027 1.861 1.074-3.226
Ovulation trigger method

GnRH-a Reference - -

HCG 0.939 0.972 0.473-1.999
Dual trigger 0.534 1.240 0.629-2.445

hMG, human menopausal gonadotropin; FSH, follicle-stimulating hormone; LH,
luteinizing hormone; FSH difference ratio = (FSH level on trigger day — FSH on
MC3)/FSH level on MC3; LH difference ratio = (LH level on MC3 — LH on trigger
day)/LH level on MC3; GnRH-a, gonadotrophin releasing hormone agonist; HCG,
human chorionic gonadotrophin; ClI, confidence interval.
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Implantation rate

Biochemical
pregnancy rate

Clinical
pregnancy rate
Ectopic
pregnancy rate
Miscarriage rate
Live birth rate
Singleton
Multiple

PPOS (n = 304)
43.4 (243/560)
66.1 (201/304)
61.8 (188/304)

3.2 (6/188)

18.6 (35/188)
48.4 (147/304)
34.5 (105/304)

13.8 (42/304)

Short protocol (n = 152)

31.9 (90/282)
55.9 (85/152)

47.4 (72/152)

2.8 (2/72)

19.4 (14/72)
36.8 (56/152)
27.6 (42/152)
9.2 (14/152)

P value

0.001
0.034

0.003

1.000

0.879
0.020

Data are shown as % (n). PPOS, progestin-primed ovarian stimulation. The denomi-
nator for implantation rate is the number of embryos transferred. The denominator
for ectopic pregnancy and miscarriage rate is the subjects of clinical pregnancies.
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Control PCOS P value
n 526 263
Fresh cycle outcomes
ET cancel for OHSS risk,% 9.32 (49/526) 16.73 (44/263) 0.003
Average number of embryos transferred, n 1.92 + 0.58 2.04 £ 0.56 0.022
Cycles distribution 0.067
with 1 embryo transferred, % 20.87 (77/369) 13.76 (26/189)
with 2 embryos transferred, % 65.85 (243/369) 68.25 (129/189)
with 3 embryos transferred, % 13.28 (49/369) 17.99 (34/189)
Percentage of transferred blastocyst,% 4.79 (34/710) 14.25 (55/386) <0.001
Pregnancy rate per cycle start,% 24.52 (129/526) 40.30 (106/263) <0.001
Live birth rate per cycle start,% 16.73 (88/526) 31.94 (84/263) <0.001
Pregnancy rate per ET,% 34.96 (129/369) 56.08 (106/189) <0.001
Live birth rate per ET,% 23.89 (88/369) 44.44 (84/189) <0.001
Miscarriage rate, % 31.01 (40/129) 20.75 (22/106) 0.076
Frozen-thawed cycle outcomes
Average number of embryos transferred, n 3.25+1.89 298 +1.93 0.054
Cycles distribution 0.046
with 1 embryo transferred, % 23.30 (130/558) 18.14 (37/204)
with 2 embryos transferred, % 52.15 (291/558) 62.25 (127/204)
with 3 embryos transferred,% 24.55 (137/558) 19.61 (40/204)
Percentage of transferred blastocyst,% 34.46 (387/1123) 40.15 (165/411) 0.040
Pregnancy rate per ET,% 30.29 (169/558) 42.16 (86/204) 0.020
Live birth rate per ET,% 20.79 (116/558) 31.37 (64/204) 0.002
Miscarriage rate,% 31.36 (53/169) 20.93 (18/86) 0.079
Cumulative outcomes
Number of embryos transferred per ET, n 2.01 £ 0.56 2.02 £ 0.51 0.686
Percentage of transferred blastocyst,% 22.97 (421/1833) 27.60 (220/797) 0.011
Cumulative pregnancy rate, % 51.90 (273/526) 66.92 (176/263) <0.001
Cumulative live birth rate,% 38.02 (200/526) 55.51 (146/263) <0.001

PCOS, Polycystic ovary syndrome; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection ET, embryo transfer; FET, frozen embryo transfer.

Values are described as mean + standard deviation or number/total number (percentage).
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Female age

Number of embryos transferred per ET cycle
Female body mass index

Diagnosis of PCOS

Number of transferable embryos

Antral follicle counts

Percentage of transferred blastocysts
Freeze-all cycle

*Statistically significant.

-0.215
-0.162
0.008
0.339
0.109
0.022
-0.374
-0.215

Standard error

0.044
0.183
0.026
0.224
0.109
0.011
0.376
0.184

P value

<0.001*
0.375
0.762
0.130

<0.001*
0.045*
0.321
0.498

Exp (B) (95% confidence interval)

0.806
0.850
1.008
1.408
1.116
1.022
0.688
0.883

0.741,0.878)
0.594,1.217)
0.957,1.062)
0.905,2.175)
1.074,1.158)
1.001,1.044)
0.329,1.440)
0.615,1.267)
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PCOS patients underwent

PPOS protocol
(N=1544)

PCOS patients underwent
Short protocol
(N=212)

Excluded cycles (N=261)

*

*

*

Fresh transfer cycles (n=0)
Female age >40 years (n=27)
Basal FSH >10 IU/L (n=9)

Endometriosis grade 3 or higher (n=20) |4q—

Ovarian surgery history (n=107)

Uterine anomalies (n=59)

Recurrent spontaneous abortion(n=9)

Abnormal parental karyotype (n=1)

Fetal reduction in first FET cycle (n=25)

Lost to follow up (n=4)

\ 4

Excluded cycles (N=60)

. Fresh transfer cycles (n=53)

. Female age >40 years (n=1)

. Basal FSH >10 IU/L (n=0)
Endometriosis grade 3 or higher (n=0)
. Ovarian surgery history (n=2)

. Uterine anomalies (n=2)

. Recurrent spontaneous abortion(n=1)
. Abnormal parental karyotype (n=0)

. Fetal reduction in first FET cycle (n=1)
. Lost to follow up (n=0)

A4

Included patients
(N=1283)

Included patients
(N=152)

Propensity Score Matching

PPOS + Freeze-al
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PCOS patients underwent

1

\ 4

patients (N=304)

First FET cycles after
PPOS protocol in PCOS

A

PCOS patients underwent
Short protocol + Freeze-all
(N=152)

\ 4

First FET cycles after
Short protocol in PCOS
patients (N=152)
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Outcomes nSNP b se OR (95% Cl) P

bNGF 5 -0.181 0.187 0.834 (0.578 - 1.204 ) 0.333
CTACK 8 0.054 0.089 1.056 ( 0.887 - 1.256 ) 0.542
Eotaxin 15 0.012 0.141 1.012 (0.768 - 1.335) 0.930
FGFBasic 3 0.155 0.303 1.167 (0.645 - 2.114) 0.610
GCSF 3 -0.262 0.340 0.769 ( 0.396 - 1.497 ) 0.440
GROa 6 -0.211 0.115 0.809 (0.646 - 1.015) 0.067
HGF 8 0.042 0.143 1.043 (0.787 - 1.380 ) 0.771
IFNg 4 0.170 0.285 1.185 (0.677 - 2.072 ) 0.552
IP10 7 -0.044 0.144 0.957 (0.722 - 1.269 ) 0.761
IL-1b 2 -0.466 0.303 0.627 (0.346 - 1.137 ) 0.124
IL1ra 2 -0.293 0.216 0.746 (0.489 - 1.139) 0.174
IL-2 7 -0.179 0.126 0.836 (0.653 - 1.071) 0.156
IL2ra 6 -0.152 0.196 0.859 ( 0.585 - 1.261 ) 0.439
IL-4 3 -0.451 0.222 +—— 0.637 (0.413 - 0.983 ) 0.042
IL-5 2 -0.435 0.224 0.647 (0.418 - 1.003 ) 0.052
IL-6 2 0.370 0.263 1.447 (0.863 - 2.425) 0.161
IL-7 8 -0.184 0.139 0.832 (0.633 - 1.093 ) 0.187
IL-8 3 0.049 0.154 1.050 (0.777 - 1.419) 0.751
IL-9 3 -0.052 0.175 0.949 (0.673 - 1.338 ) 0.765
IL-10 2 -0.273 0.280 0.761 (0.440 - 1.317 ) 0.329
IL-12p70 3 -0.121 0.358 0.886 (0.439 - 1.787 ) 0.735
IL-13 8 0.038 0.150 1.039 (0.774 - 1.395) 0.798
IL-16 7 0.045 0.119 1.046 (0.829 - 1.321) 0.702
IL-17 2 0.585 0.227 —————————————— 1.794(1.150 - 2.801) 0.010
IL-18 10 -0.009 0.096 0.991 (0.821 - 1.196 ) 0.924
MCSF 2 0.323 0.195 1.381 (0.943 - 2.023 ) 0.097
MIPia 5 -0.112 0.228 0.894 (0.572 - 1.397 ) 0.623
MIP1b 67 0.032 0.049 1.033 (0.939 - 1.136) 0.510
MIF 2 0.007 0.215 1.007 ( 0.661 - 1.536 ) 0.973
MCP1 12 0.116 0.122 1.123 (0.885 - 1.427 ) 0.340
MCP3 2 0.055 0.217 1.056 ( 0.691 - 1.616) 0.801
MIG 10 0.178 0.117 1.195 (0.949 - 1.504 ) 0.130
PDGFbb 11 -0.003 0.154 0.997 (0.736 - 1.349 ) 0.984
RANTES 9 -0.112 0.097 0.894 (0.739 - 1.082) 0.251
SCF 5 -0.309 0.168 0.734 (0.528 - 1.021 ) 0.066
SCGFb 12 -0.176 0.083 0.838 (0.712 - 0.986 ) 0.034
SDFia 8 0.446 0.200 —_— 1.563 (1.055 - 2.315) 0.026
TRAIL 23 -0.132 0.068 0.877 (0.767 - 1.003 ) 0.055
TNFa 2 0.167 0.157 1.181 (0.869 - 1.605 ) 0.287
TNFb 1 -0.094 0.127 0.910 (0.710 - 1.166 ) 0.456
VEGF 22 -0.103 0.090 0.902 ( 0.757 - 1.076 ) 0.254

0.5 1 15 2 25 3
The estimates
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Outcomes nSNP b
bNGF 10 0.028
CTACK 10 0.104
Eotaxin 10 -0.032
FGFBasic 10 0.019
GCSF 10 0.004
GROa 10 0.030
HGF 10 0.105
IFNg 10 -0.023
IP10 10 0.105
IL-1b 10 0.018
IL1ra 10 0.088
IL-2 10 0.229
IL2ra 10 -0.069
IL-4 10 0.045
IL-5 10 0.004
IL-6 10 0.075
IL-7 10 0.097
IL-8 10 0.051
IL-9 10 -0.077

IL-10 10 0.075
IL-12p70 10 0.077
IL-13 10 0.062
IL-16 10 0.078
IL-17 10 0.025
IL-18 10 0.001
MCSF 10 -0.043
MIP1a 10 0.142
MIPib 10 0.019

MIF 10 0.012
MCP1 10 0.079
MCP3 10 0.040
MIG 10 0.050
PDGFbb 10 0.092
RANTES 10 0.060
SCF 10 -0.011
SCGFb 10 0.093

SDF1a 10 0.028
TRAIL 10 -0.001
TNFa 10 0.049
TNFb 9 -0.064
VEGF 10 0.106

se
0.079

0.071
0.048
0.049
0.049
0.073
0.059
0.051
0.071
0.057
0.071
0.106
0.071
0.049
0.074
0.048
0.080
0.078
0.095
0.072
0.049
0.072
0.088
0.055
0.124
0.087
0.076
0.064
0.073
0.057
0.131
0.077
0.049
0.075
0.047
0.078
0.060
0.076
0.073
0.114
0.051

1

—_—l1.257

_

The estimates

OR (95% Cl) P
1.029 (0.881 - 1.201 ) 0.720
1.110 (0.965 - 1.276 ) 0.144
0.968 (0.882 - 1.063 ) 0.499
1.019 (0.925 - 1.122) 0.705
1.004 (0.912-1.104 ) 0.942
1.030 (0.894 - 1.188) 0.681
1.111 (0.990 - 1.246 ) 0.073
0.978 (0.885 - 1.080 ) 0.658
1.111 (0.967 - 1.276 ) 0.137
1.019 (0.912- 1.138) 0.744
1.092 (0.950 - 1.255) 0.217
1.022 - 1.546 ) 0.030
0.812-1.073) 0.335
0.951 - 1.151) 0.357
0.868 - 1.161 ) 0.957
0.981-1.183) 0.118
0.942 - 1.289) 0.226
0.904 - 1.226) 0.511
0.926 (0.769 - 1.115) 0.417
1.078 (0.936 - 1.242) 0.296
1.080 (0.981 - 1.188) 0.116
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Control PCOS P value

n 526 263
Female age, y 37 (36,38) 37 (36,38) 0.447
Male age, y 39 (36,42) 39 (36,41) 0.152
Body mass index, kg/m? 23.2(21.0,25.3) 23.2(21.0,26.1) 0.827
Infertile duration, y 428 7 (4,9) <0.001
Type of infertility <0.001
Primary infertiity, % 23.95 (126/526) 48.67 (128/263)
Secondary infertility, % 76.05 (400/526) 51.33 (135/263)
Antral follicle count, n 12 (8,18) 26 (23,31) <0.001
Serum AMH, ng/ml 2.89(1.45,4.96) 7.48 (6.11,11.02) <0.001
Gn initiation dose, IU 225 (150,250) 150 (118,200 <0.001
Total Gn dose, U 2475 (1919,3000) 1800 (1463,2475) <0.001
Gn treatment, days 11.0(10.0,13.0) 11.0(10.0,13.0) 0.975
Protocol <0.001
Long GnRH agonist protocol,% 79.09 (416/526) 58.56 (154/263)
GnRH antagonist protocol, % 20.91 (110/526) 41.44 (109/263)
Estradiol on HCG day, ng/ml 2725 (1554,4232) 3328 (2103,4840) <0.001
Number of retrieved oocytes 10(7,15) 12(9,17) <0.001
Number of transferable embryos 639 6 (4,10) 0.002

PCOS, Polycystic ovary syndrome; IVF, in vitro fertilization; ICS, intracytoplasmic sperm injection; AMH, anti-Mullerian hormone; Gn, gonadotropin; GnRH, gonadotropin-releasing
hormone; hCG, human chorionic gonadotropin.
Values are described as median (25th quartile, 75th quartile) or percentage (number/total number).
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Variables HUA Non-HUA P value
Number 158 443 -
Age (year) 29.50+3.68 29.52+3.82 0.96
BMI (kg/m?) 26.14£3.29 22.65:3.25 <0.001
NC (cm) 34.68+2.46 31.92+2.10 <0.001
WC (cm) 86.06+8.85 77.23+8.92 <0.001
HC (cm) 98.41+7.27 91.76+7.09 <0.001
SBP (mmHg) 118.82+12.47 110.61+11.87 <0.001
DBP (mmHg) 79.17+9.35 73.70+8.50 <0.001
Basal LH (U/L) 6.64 (4.07-9.74) 6.93 (4.67-10.12) 0.54
Basal FSH (U/L) 6.67 (5.61-7.51) 6.74 (5.66-8.13) 0.03
LH/FSH ratio 1.03 (0.69-1.51) 1.02 (0.70-1.49) 0.66
Basal E2 (pmol/L) 173.00 (121.00-213.00) 170.00 (116.00-224.00) 0.80
Basal T (nmol/L) 2.22+0.82 2.01x0.79 0.01
AVH (ng/mL) 8.90 (6.21-11.60) 8.16 (6.15-11.08) 0.60
FBG (mmol/L) 5.41+0.91 5.27+1.03 0.14
FINS (miU/L) 16.97 (12.13-22.86) 9.80 (6.78-13.56) <0.001
HOMA-IR 3.75 (2.83-5.82) 222 (1.54-3.22) <0.001
HOMA-B 187.06 (121.39-269.47) 120.90 (83.23-167.27) 0.08
TC (mmol/L) 5.14+1.03 4.91+0.91 0.01
TG (mmol/L) 1.67 (1.20-2.29) 1.14 (0.80-1.64) <0.001
HDL (mmol/L) 1.20£0.24 1.39+0.33 <0.001
LDL (mmol/L) 3.07+0.86 2.80+0.75 <0.001
Uric acid (umol/L) 410.00 (378.75-446.00) 284.00 (252.00-312.00) <0.001
eGFR (mL/min/1 .73m2) 123.62+7.20 125.48+8.76 0.21

Note: Variables are expressed as mean + standard deviation or median (interquartile range).

Abbreviations: PCOS, polycystic ovary syndrome; HUA, hyperuricemia; BMI, body mass index; NC, neck circumference; WC, waist circumference; HC, hip circumference; SBP, systolic
pressure; DBP, diastolic pressure; LH, luteinizing hormone; FSH, follicle stimulating hormone; E2, estradiol; T, testosterone; AMH, anti-mullerian hormone; FBG, fasting blood glucose;
FINS, fasting insulin; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-B, homeostasis model assessment of B cell function; TC, total cholesterol: TG, triglycerides;
HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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Linear regression on Log (serum uric acid level)

Logistic regression on the hyperuricemia

Variables Standardized coefficient P value OR 95% CI P value
Model 1, NC 0.52 <0.001 1.75 1.57-1.95 <0.001
Model 2, NC 0.48 <0.001 1.67 1.49-1.87 <0.001
Model 3, NC 0.34 <0.001 1.36 1.15-1.60 <0.001

Model 1 was unadjusted. Model 2 was adjusted for age, SBP and DBP. Model 3 was further adjusted for BMI, WC, HC, TG (log-transformmed), HDL, FINS (log-transformmed), basal FSH
(log-transformmed) and basal T (log-transformmed). N,, neck circumference; SBP, systolic pressure; DBP, diastolic pressure; BMI, body mass index; WC, waist circumference; HC, hip
circumference; TG, triglycerides; HDL, high-density lipoprotein; FINS, fasting insulin; FSH, follicle stimulating hormone; T, testosterone; Cl, confidence interval; OR, odds ratio.
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1.821 (0.910 - 3.644 ) 0.091
0.705 ( 0.348 - 1.429 ) 0.332
1.202 (0.791 - 1.828 ) 0.389
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0.985 (0.891 - 1.089) 0.767
1.004 (0.592 - 1.703 ) 0.989
0.993 (0.672 - 1.467 ) 0.973
1.481 (0.880 - 2.492) 0.140
0.682 ( 0.355 - 1.309 ) 0.250
0.752 ( 0.605 - 0.934 ) 0.010
0.867 (0.735 - 1.024 ) 0.092
0.910 (0.710 - 1.166 ) 0.456
1.101 (0.787 - 1.541) 0.573
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Manifestation Sample size  Epidemiology  Reference

Source
Manifestations of hyperandrogenism
Hirsutism 73 83.8% (18)
365 73.2% (19)
30 73% (20)
Acne 30 63% (20)
365 49.6% (19)
Alopecia 70 16% 1)
Seborrhea 115 34.8% (22)
Manifestations of ovarian dysfunction
Oligomenorrhea 30 20% (20)
412 74% (23)
Amenorrhea 365 21.5% (19
30 43% (20)
Ultrasound polycystic ovaries 412 89% (23)
365 97.3% (19)
Condition
Obesity 394 80% (24)
267 42% (25)
Insulin resistance 200 71% (26)
Impaired fasting glucose 254 31.1% 27)
Type 2 diabetes mellitus 394 6.6% (24)
Arterial hypertension 346 9% (28)
Dyslipidemia 200 46.3% (26)
Metabolic syndrome 129 47.3% (29)
Mood disorders 103 21% (30)
)

30 53% 30 53% (20)
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Group Total no. Normal estrous cycle Abnormal estrous cycle

CON 10 10
DHEA 10 2
COLD 12 8 4

® o
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Group0 Ratnumber copulatory plugs Litter size  Average litter

(n=8) size
CON 9191 Yes 15
9196 Yes 18
9107 Yes 16
6169 Yes 13 15
9578 Yes 14
9108 Yes 15
6318 Yes 0
6319 No 0
DHEA 8551 Yes 13
6123 No 0 138
8553 Yes 0
6179 Yes 0
8554 Yes 14
6119 Yes 12
8556 Yes 0
6178 Yes 0
COLD 6162 Yes 14
6163 No 0
7141 Yes "
6176 Yes 16
6177 Yes 0 12
6120 Yes 1
6164 Yes 15

6121 Yes 15
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Gene

Forward primer

Reverse primer

17B-HSD
StAR
CYP19A1
SRD5A1
IFNy

IL18
CCL2
CCL20
Cyclophlin

TGTGGGTGCTGTACTGGATGTGAA
TGTTAAGGACTGCCCACCACATCT
GGCATGCACGAGAATGGCATCATA
CGACCTGCCTGGTTCATACA
TGTCATCGAATCGCACCTGAT
CCACTTTGGCAGACTTCACTG
TCCACCACTATGCAGGTCTCT
CAGCACTGAGCAGATCAATTCCT
GTCTGCTTCGAGCTGTTTGC

ACTTGCTGGCACAGTACACTTCGT
TGTCCTTGGCTGAAGGTGAACAGA
CAGCCTGTCCAAATGCTGCTTGAT
AAAACCAGCGTCCTTTGCAC
CACCGACTCCTTTTCCGCT
GTCTGGGATTCGTTGGCTGTT
GTGGGGCATTAACTGCATCTGG
CAGTCAAAGTTGCTTGCTGCTTCT
CACCCTGGCACATGAATCCT
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