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Editorial on the Research Topic 


Polycystic ovary syndrome: mechanism and management—volume II





Introduction

Polycystic ovary syndrome (PCOS) is a complex endocrine disorder that affects a significant number of women of reproductive age worldwide (1, 2). It is characterized by a combination of clinical and biochemical features, including irregular menstrual cycles, hyperandrogenism, and polycystic ovaries (3). Beyond its reproductive manifestations, PCOS is often associated with various metabolic, reproductive, and psychological disturbances, making it a multifaceted condition with significant implications for women’s health.

Driven by the desire to understand its underlying mechanisms, identify diagnostic markers, and develop effective treatment strategies, PCOS has emerged as a topic of considerable interest within the medical and scientific community in recent years. Understanding the intricate mechanisms driving PCOS is vital for devising targeted interventions and improving clinical outcomes. More and more diseases are defined as PCOS-associated disorders, indicating its pathogenesis remains multifactorial. Efforts to manage PCOS encompass a comprehensive approach that addresses both the reproductive and metabolic aspects of the syndrome.

To discuss the challenges and future directions for PCOS, we call for the second round of paper in this Research Topic, providing an overview of the current understanding of PCOS mechanisms and highlight the advancements in its management. We anticipate that this topic will shed light on the complex nature of PCOS and emphasize the importance of a multidisciplinary approach to its diagnosis and treatment.





Biomarkers of PCOS

Accurate and timely diagnosis of PCOS is paramount for effective management and prevention of associated complications. Nevertheless, the diagnostic process remains complex, hinging upon a combination of clinical evaluation, symptomatology, and laboratory investigations. An increasing focus has been placed on identifying and validating biomarkers that can assist in the diagnosis, classification, and prognosis of PCOS.

Guan et al. searched for the significantly different metabolites in follicle fluid and embryo culture medium, defining androsterone sulfate, glycerophosphocholine, and elaidic carnitine as potential biomarkers to predict the abortion rate of the PCOS group. Zhou et al. pointed out that the frequency of mucosal-associated invariant T cells was significantly reduced in the peripheral blood of PCOS patients. Furthermore, they also observed a corresponding higher level of the cytokine IL-17.

In reports of pioneering studies, it has been investigated that vitamin D deficiency may be involved in the pathophysiology of PCOS. Within our Research Topic, two articles specifically delve into the correlation between vitamin D and the syndrome. Białka-Kosiec et al. observed no correlation between the level of vitamin D and AMH, leptin, HOMA-IR and FGF23. Additionally, while the classical and alternate complement cascades were elevated in PCOS women, Moin et al. confirmed that they did not show a correlation with 1,25(OH)2D3. Both studies concluded that vitamin D may not serve as a reliable biomarker for PCOS.





Management of PCOS

Therapeutic strategies for PCOS aim to alleviate symptoms, restore hormonal balance, improve fertility outcomes, and mitigate long-term health risks (4). Lifestyle modifications, including dietary changes, regular exercise, and weight management, form the cornerstone of non-pharmacological interventions. Pharmacological interventions, such as oral contraceptives, anti-androgens, and insulin-sensitizing agents, are often prescribed to manage specific symptoms and metabolic abnormalities.

For optimizing the outcomes of in vitro fertilization (IVF), Zeng et al. demonstrated the significance of adjusting the initial Gn dosage based on body weight to prevent ovarian hyperstimulation. Besides, a comparison implemented by Philbois et al. displayed no differences between moderate-intensity continuous training and high-intensity interval training group, thus suggesting both those training protocols were recommended for PCOS.

To gain insights into the updates of pharmacological interventions for PCOS, Xing et al. and Jiang et al. respectively recommended metformin plus liraglutide therapy and Cangfudaotan in improving reproductive abnormalities. Wang et al. provided an experimental study in a mouse model which depicts that the antibiotic cocktail intervention improved glucose metabolic disorders and hyperinsulinemia. The potential role for SGLT2 inhibitors was reviewed by Pruett et al. in treating obesity-associated cardiometabolic complications in PCOS.





PCOS-associated diseases

Increasing evidence has supported a potential correlation between PCOS and asthma, which were previously regarded as diseases originating from two independent systems. A retrospective cross-sectional analysis by Juber et al. collected from February 2016 to April 2022 involving 1334 Emirati females revealed that pediatric asthma was an independent risk factor for adult PCOS. The view is strongly supported in the review by Xu et al., in which the correlation between asthma and PCOS highlighting the internal common pathophysiology and adverse influences on women’s health, is interpreted. Furthermore, given the shared common risk factors, Wu et al. presented the latest evidence of the bidirectional association between PCOS and periodontal disease. Wang et al. conducted a meta-analysis involving nine articles with 1,107 subjects and depicted that PCOS is positively associated with the risk of sleep disturbances.

Among the adverse impacts of PCOS, the adverse pregnancy outcomes shouldn’t be turned a blind eye on, apart from the impairment to woman herself. Emerging lines of evidence underscore the notion that PCOS has a negative impact on pregnancy outcomes, with an increased risk of gestational diabetes, hypertensive disease during pregnancy, and preterm birth (5, 6). In pregnancies affected by PCOS, the interrelated conditions are characterized by a dynamic interplay between hyperandrogenism and hyperinsulinemia. In the review summarized by Neven et al., the complex endocrine and metabolic interactions in pregnancies complicated by PCOS were elucidated.





Concluding remarks

The growing prevalence of PCOS, along with its significant impact on women’s health, has prompted extensive research to unravel its underlying mechanisms and develop effective management strategies. The collection of papers that form part of this Research Topic displays the different facets of PCOS. We hope to provide investigators an extensive overview of cutting-edge issues in PCOS, further enriching their understanding of the mechanism reside with management of this complicated disorder.
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Polycystic ovarian syndrome (PCOS) is the major cause of anovulatory infertility. Since women with PCOS are often accompanied by increased body weight and hyper response to controlled ovarian stimulation, individualized gonadotropin (Gn) dose is required to achieve a therapeutic effect while minimizing the risk of ovarian hyperstimulation simultaneously. We aimed to investigate the essential role of body weight in optimizing initial Gn dosage for PCOS patients during in vitro fertilization (IVF). We retrospectively included 409 infertile PCOS patients who used gonadotropin-releasing hormone (GnRH)-antagonist fixed protocol and underwent their first cycle of IVF in West China Second University Hospital from January 2019 to June 2021. Baseline characteristics controlled ovarian stimulation parameters, and reproductive outcomes were compared between patients with different body weights and different ovarian responses. Multivariable linear regression analyses were adopted to investigate the relationship between body weight and initial Gn dosage. Receiver operating characteristic (ROC) curves were drawn to find the optimal cut-off value of body weight in predicting the starting Gn dosage so as to prevent high ovarian response (HOR). We found that luteinizing hormone (LH) level and Anti-Mullerian hormone (AMH) level were lowest in the group with body weight over 70 kg and was highest in the group with body weight less than 50 kg. Increased body weight was significantly correlated to the rise of initial Gn dosage (Beta = 0.399, t = 8.921, p < 0.001). Normal ovarian response (NOR) patients had significantly less fresh cycle cancel rate and ovarian hyperstimulation syndrome (OHSS) rate which outweighed the fewer embryos compared with HOR patients. Using ROC curves, 53.25 kg (sensitivity, 84.2%; specificity, 53.8%) and 70.5 kg (sensitivity, 58.8%; specificity, 93.0%) were identified as the optimal cut-off values to predict the initial Gn dosage of no more than 150 IU and 225 IU, respectively. In conclusion, adjusting the initial Gn dosage based on body weight is crucial to preventing ovarian hyperstimulation while not influencing reproductive outcomes for PCOS patients during IVF.
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Introduction

Polycystic ovarian syndrome (PCOS), a complex and multifaceted disorder characterized by hyperandrogenism, ovulatory dysfunction, and polycystic ovaries, has an increasing incidence rate of 4.47% and an age-standardized incidence rate of 1.45% per year globally (1). Approximately half of PCOS patients are overweight or obese and obesity plays an important role in the pathogenesis of PCOS and may aggravate the adverse metabolic outcomes of PCOS (2). About three-quarters of PCOS patients suffered from another common complication, infertility, making PCOS the major cause of anovulatory infertility (3). Assisted reproduction technology (ART), including in vitro fertilization (IVF) and embryo transfer (ET) and intracytoplasmic sperm injection (ICSI), is often needed when patients are resistant to ovarian induction or complicated with other infertility factors.

Women with PCOS exhibit higher sensibility and exaggerated response to gonadotropins which could result in an increased risk of ovarian hyperstimulation. Ovarian hyperstimulation syndrome (OHSS) is a serious iatrogenic complication characterized by fluid shifting from intravascular to extravascular spaces due to arteriolar vasodilatation and increased capillary permeability (4). It occurs as mild type in 20%-30% of IVF cycles and may develop to moderate or severe type in 2%-3% of cycles (5). Individualized exogenous gonadotropin (Gn) dose is essential for minimizing OHSS risk and optimizing follicle recruitment at the same time. The strategies to manage OHSS include initial dosage selection and dose adjustment during cycle (6). Several studies have developed a series of algorithms to predict the proper initial dosage of Gn based on age, Anti-Mullerian hormone (AMH), body mass index (BMI), baseline follicle stimulating hormone (FSH) level, or ovarian response of the previous cycle (7). Obesity also takes an essential part in ovarian response and could augment adverse reproductive outcomes (2). However, these studies were lacking in evidence-based on body weight and regimens aimed at PCOS patients were limited.

Body weight is one of the factors associated with pharmacokinetic parameters. Patients with different body wight require dose adjustment to achieve equivalent therapeutic effects. Some had reported that body weight is more important than BMI in determining the dosage of exogenous Gn (8). Studies have found that body weight was negatively associated with exogenous Gn levels (8). One study reported that weight-adjusted rFSH dose could predict follicular growth and retrieval in general women, while the complications and pregnancy outcomes were not reported (9). As a large number of PCOS patients are accompanied by increased body weight, upregulating Gn dose is often needed to achieve the therapeutic effect, however, this in turn may increase the risk of ovarian hyperstimulation. Therefore, it is important to weigh the pros and cons and find the balance when adjusting Gn dosage according to body weight.

In this retrospective cohort study, we aimed to investigate the association between body weight and individualized Gn dosage and the ART outcomes in women with PCOS undergoing IVF cycles. In addition, we tried to find the optimal cut-off value of body weight in predicting the increase of initial Gn dosage in PCOS patients in order to prevent high ovarian response (HOR).



Materials and Methods


Study Population

In this study, we retrospectively enrolled infertile patients diagnosed with PCOS who underwent their first cycle of IVF in the Reproductive Center, Department of obstetrics and gynecology, West China Second University Hospital from January 2019 to June 2021. The Ethical Review Board of West China Second University Hospital, Sichuan University, approved the study and waived the need for written informed consent (Approval No. 2021-033).

PCOS was diagnosed according to the European Society for Human Reproduction and Embryology/American Society for Reproductive Medicine (ESHRE/ASRM) (Rotterdam criteria) (10). Only the first controlled ovarian stimulation (COS) cycles treated with gonadotropin-releasing hormone (GnRH)-antagonist fixed protocol were included. Exclusion criteria include: male factor infertility, other COS protocols (e.g., GnRH-antagonist flexible protocol, depot GnRH-agonist protocol, long GnRH-agonist protocol, etc.); second or further COS cycles; female with any known systemic or endocrine diseases, such as Cushing syndrome, androgen secreting ovarian tumors or adrenal tumors, functional hypothalamic amenorrhea (FHA), thyroid diseases, hyperprolactinemia, premature ovarian insufficiency (POI); couples with abnormal chromosome karyotype not including chromosome polymorphisms; female with a history of recurrent spontaneous abortion.

Baseline clinical characteristics including age, type of infertility, oligo/hypomenorrhea, height, weight, and BMI were extracted from the patient records. Laboratory examination data including baseline testosterone (T) level, dehydroepiandrosterone sulfate (DHEAS) level, androstadienone (AND) level, sex hormone-binding globulin (SHBG) level, FSH level, luteinizing hormone (LH) level, polycystic ovarian morphology (PCOM) measured by antral follicle count (AFC) level, and AMH level were also collected. Sex hormones and ultrasonographic examinations were measured on day 2-4 of the menstrual cycle.



Controlled Ovarian Stimulation Protocols

As mentioned above, only patients who were treated with fixed GnRH-antagonist protocol were included in this study. Briefly, exogenous Gn (Gonal-F, Merck Serono, Germany), generally 100-375 IU/day, was administered starting from day 2-3 of menstruation. The doses were determined by experienced (more than 10 years) fertility/infertility specialists based on the patient’s age, BMI, PCOM, and follicular response. GnRH-antagonist (Cetrotide, 0.25 mg, Merck Serono, Germany) was daily administrated after 5-7 days usage of Gn and the administration of GnRH-antagonist continued until triggering. Urine human chorionic gonadotropin (hCG) (Ovidrel, 8000-10000 U, Merck-Serono, Germany) was given to trigger ovulation when two leading follicles reached a mean diameter of 18 mm, or three follicles reached a mean diameter of 17 mm. A decreased dose of urine hCG (5000 IU), recombinant hCG (250 ug), or GnRH agonist (0.2 mg) with urine hCG (2000 IU) was used to trigger ovulation when patients were at high risk of OHSS. Initial Gn dosage, stimulation time, total Gn dosage, number of oocytes with diameter ≥14 mm on trigger day, estradiol (E2), progesterone (P), LH, endometrial thickness on trigger day measured by sonographic examinations, and number of oocytes retrieved were recorded.



Fresh Embryo Transfer Cycle

Oocytes were retrieved transvaginally 36-38 h after the trigger. If the patients showed increased progesterone level or at high risk of OHSS, fresh ET cancellation and freeze-all strategy were applied. All the additional embryos were cryopreserved. The morphology of embryo or blastocyst was assessed to determine its quality (11). The day 3 embryo was defined as good-quality if it presented two pronuclei (PN) when fertilization, had six to 10 blastomeres and no more than 20% fragmentation. The blastocyst was defined as good-quality if it met with the inner cell mass/trophectoderm score of AA, AB, BA, or BB.

In the present study, data including mature (MII) oocyte rate, IVF fertilization rate, IVF normal fertilization rate, ICSI fertilization rate, ICSI normal fertilization rate, cleavage rate, good-quality D3 embryo rate, blastocyst formation rate, good-quality blastocyst rate, fresh ET cancellation rate, severe OHSS rate, clinical pregnancy rate after fresh ET, and cumulative clinical pregnancy rate were collected. Fertilization was defined as the presence of PN 16-18 h post-insemination or post-injection. Normal fertilization was defined as the presence of 2PN on D1 post-insemination or post-injection. In this study, HOR was defined as a patient who had at least one of the following features (12) (1): >15 retrieved oocytes during COS cycle or cycle cancellation due to excessive follicular development (2); > 20 oocytes larger than 12-14mm in diameter during COS cycle (3); moderate or severe OHSS after COS. Poor ovarian response (POR) was defined as patients who had at least two of the following three characteristics (13) (1): maternal age ≥40 years or any other known risk factor for POR (2); previous POR history (i.e., retrieved less than three oocytes under a conventional stimulation protocol) (3); abnormal ovarian reserve test. And the rest was defined as the normal ovarian response (NOR). Serum hCG test was conducted 14 days after ET and transvaginal ultrasound (TVS) was done 28 days after ET. Clinical pregnancy was recorded when the gestational sac was observed by TVS. Patients who were hospitalized because of severe OHSS were recorded.



Statistical Analyses

We first divided the participants into four groups based on body weight: body weight between 40-50 kg (Group A), body weight between 50-60 kg (Group B), body weight between 60-70 kg (Group C), and body weight greater than 70 kg (Group D). Continuous variables were expressed as mean ± standard deviation (SD) and category variables were displayed as frequency (n) and percentage (%). One-way analysis of variance (ANOVA) test was applied to compare normal distribution continuous variables between the four groups and LSD test was used as the post hoc test, and median and interquadrant range (IQR) and Kruskal-Wallis H tests were used to compare abnormal distribution variables. Chi-square test and/or Fisher’s exact test were used for the comparison between the four groups as appropriate, and Bonferroni correction was used for comparison between every two groups. Multivariable linear regression analyses were also performed to compare the set-up of initial Gn dosage. Age, weight, T, LH, and AMH were used in the regression model. Afterward, we compared the reproductive outcomes between PCOS patients with HOR and NOR. While the student’s t-test was adopted for the comparison between two normal distributed continuous variables, Mann-Whitney U test was used to compare two abnormal distributed continuous variables, Chi-square test and/or Fisher’s exact test were used to compare category variables between the aforementioned two groups. A receiver operating characteristic (ROC) curve was used to identify a cut-off value for body weight to accurately predict the need of increasing initial Gn dosage. The optimized cut-off value was selected where the ROC curve reached the maximum area under the curve (AUC) with the greatest sum of sensitivity and specificity. For all comparisons, a two-sided p-value less than 0.05 was considered statistically significant. All statistical analyses were performed using SPSS version 22.0 (IBM, Armonk, NY, USA).




Results


Clinical Characteristics and Reproductive Outcomes Between PCOS Patients of Different Body Weight Groups

A total of 409 women diagnosed with PCOS who used GnRH-antagonist fixed protocol as COS protocol were included in the present study. Among the four groups, the group with body weight over 70 kg had the lowest LH and AMH level while the group with body weight less than 50 kg had the highest LH and AMH level. Except for BMI, other baseline characteristics were similar among the four groups (all p > 0.05). Details of baseline clinical characteristics of the PCOS participants are shown in Table 1.


Table 1 | Baseline characteristics of PCOS patients in four body weight groups (n = 409).



Initial Gn dosage and total dosage of Gn were significantly higher in the group with higher body weight (Group A = 150 (125-150), Group B = 150 (150-184.4), Group C = 175 (150-225), Group D = 212.5 (175-300), p < 0.001, and Group A = 1350 (1125-1512.5), Group B = 1575 (1350-1846.9), Group C = 1775 (1500-2250), Group D = 2137.5 (1800-2587.5), p < 0.001, respectively). Notably, more patients presented HOR in the group with body weight less than 50 kg, with 65.08% HOR patients in Group A, 64.89% in Group B, 60.55% in Group C, and 40.82% in Group D (p = 0.018). The clinical outcomes between the four weight groups were similar, except for blastocyst formation rate and good-quality blastocyst rate (76.71% vs. 73.17% vs. 72.60% vs. 63.94%, p = 0.003 and 27.21% vs. 35.40% vs. 29.66% vs. 35.95%, p = 0.018, respectively). Details of the COS and clinical outcomes of the four weight groups are displayed in Table 2.


Table 2 | COS and clinical outcomes of PCOS patients in four body weight groups (n = 409).





Clinical Characteristics and Reproductive Outcomes Between Different Ovarian Response Groups

There were 249 patients of HOR and 160 patients of NOR in our study. And none of our patients expressed POR. Compared with PCOS patients with NOR, those with HOR had lower body weight, higher AMH level, higher LH to FSH ratio, and less percentage of PCOM. During COS, lower initial Gn dosage (150 (150-200) vs. 175 (150-225), p = 0.008), lower total Gn dosage (1575 (1275-1850) vs. 1725 (1425-2193.8), p = 0.007), and more oocytes retrieved (19.5 (16-24) vs. 10 (8–12), p < 0.001) were observed in HOR patients. Patients with HOR had higher MII oocyte rate (85.26% vs. 82.77%, p = 0.017) and IVF normal fertilization rate (60.45% vs. 57.65%, p = 0.050), lower good-quality D3 embryo rate (51.27% vs. 58.55%, p < 0.001) than the NOR. Although clinical pregnancy rate after fresh ET and cumulative clinical pregnancy rate did not differ between patients with HOR and those with NOR, HOR patients had significantly higher fresh ET cancellation rate and severe OHSS rate (89.96% vs. 32.50%, p < 0.001 and 4.42% vs. 0.63%, p = 0.033, respectively). Details of the comparison of HOR and NOR PCOS patients are displayed in Table 3.


Table 3 | Comparison of characteristics in PCOS patients with high ovarian response and normal ovarian response (n = 409).





The Role of Body Weight in Adjusting Gn Dosage to Prevent HOR

In our multiple linear regression analysis, we aimed to find the association between body weight and initial Gn dosage, and the model was adjusted for age, body weight, T, LH, and AMH. We found that increased body weight was an independent factor that was significantly associated with the increase in initial Gn dosage (Beta = 0.399, t = 8.921, p < 0.001). In addition, AMH was inversely correlated with initial Gn dosage (Beta = -0.246, t = -5.458, p < 0.001). Patient’s age, T, and LH level were not associated with initial Gn dosage in our analysis (Table 4).


Table 4 | Multiple linear regression analysis of initial Gn dosage.



All patients presenting with NOR received an initial Gn dosage between 100 IU and 300 IU. A ROC curve was drawn to identify the optimal cut-off value of body weight in predicting the increase of initial Gn dosage of over 150 IU and 225 IU. As for initial Gn dose of over 150 IU, the AUC was 0.725 (95% CI: 0.645-0.805, p < 0.001). Body weight of 53.25 kg was selected as the optimal cut-off value with a sensitivity of 84.2% and a specificity of 53.8% (Figure 1A). The AUC was 0.843 (95% CI: 0.755-0.932, p < 0.001) for initial Gn dose of over 225 IU, and the cut-off value was 70.5 kg for body weight (sensitivity, 58.8%; specificity, 93.0%) (Figure 1B).




 Figure 1 Receiver operating characteristic curves of body weight in predicting initial Gn dosage set up in PCOS patients with normal ovarian response. (A) body weight in predicting initial Gn dosage higher than 150 IU/day in PCOS patients with normal ovarian response; (B) body weight in predicting initial Gn dosage higher than 225 IU/day in PCOS patients with normal ovarian response. AUC, area under curve.






Discussion

In this retrospective cohort study, we found that increased body weight was significantly correlated to the increase of initial Gn dosage which was also associated with HOR. Compared with HOR patients, NOR patients had significantly less fresh ET cancellation rate and severe OHSS rate. In this way, we believed that adjusting initial Gn dosage based on body weight may be beneficial to reproductive outcomes in PCOS patients. Therefore, using ROC curves, we found that less than 150 IU initial Gn was appropriate for patients with body weight under 53.25 kg, and less than 225 IU initial Gn was suitable for those under 70.5 kg in order to prevent HOR.

According to our results, we found that there was a relationship between initial Gn dose and body weight and AMH. An appropriate dosage of Gn is necessary during ovarian stimulation to improve synchronization of follicular growth and maturity of oocytes at retrieval and avoid unpredicted POR at the same time (14). For young women with AFC>15, rFSH dose (IU per kg) was related to ovarian response, and the starting dose of rFSH adjusted for body weight had a prediction role on day 5 median follicle size and the proportion of antral follicles recruited, when adjusted by age, AFC, and pre-treatment FSH level (9). Several factors have been put forward to adjust the Gn dose during COS, including ovarian response, AMH, and AFC (6, 15, 16). Involving two or more factors could help improve COS results significantly. Some had individualized rFSH doses based on the consistency in r-FSH starting doses for individualized treatment (CONSORT) dosing algorithm (17). However, patients with more than 25 oocytes retrieved, a history of severe OHSS, or BMI over 30 kg/m2 were excluded. One study set the optimal number of oocytes retrieval to be 9 in women younger than 40 but they also failed to include women with irregular menstrual cycle or presented PCOM (18). Another two PIVET rFSH algorithms adjusted by AMH, AFC, BMI, and age were conducted to optimize the number of retrieved oocytes of no more than 15 (19). The researchers found that the need for elevating rFSH dose increased with the starting dose reduction. The cancellation rate of all and no more than 75 IU FSH groups were 6.2% and 8.7%, respectively. Unfortunately, the clinical pregnancy and live birth outcomes of hyper-responders were not provided.

A higher incidence of HOR in patients with relatively lower body weight was observed in our study, although they received less initial and total Gn dose during COS. Compared with those who showed NOR, patients with HOR, although retrieved more oocytes, had about eight times the incidence of OHSS and 2.5 times of fresh ET cancellation rate. Limited studies have focused on the ovarian stimulation of hyper-responders. A meta-analysis summarized the effect of Gn dose grouped by ovarian reserve tests (20). Only two studies were included in predicted hyper-responders’ part (AFC>15 or AMH 15-50 pmol/l). The results showed that decreasing the dose from 150IU did not make a difference in clinical pregnancy and live birth rates, while it did reduce the risk of moderate and severe OHSS. Similar results were reported by a previous study that lowered the FSH dose in patients with AMH >32 pmol/L (21). Our results together with these findings showed that the weakening of actual ovarian response reflected by oocytes retrieval and transferable embryos did not outweigh clinical outcomes. As the clinical outcomes would not be improved or even impaired when more than 15-20 oocytes were recovered, together with increased risk of early OHSS or thromboembolic events (22). It is reasonable and vital to control the incidence of HOR. We also found that HOR women expressed relatively higher AMH, LH to FSH ratio, and PCOM, indicating these patients had more serious endocrine dysfunction. AMH and AFC are important indicators of Gn dose. Through regression analysis, we found that body weight is also an independent factor of the starting dose. Since AMH and AFC are generally high in PCOS patients, it is necessary to take body weight into consideration.

According to ESHRE guideline recommendations, a Gn dose of 150 IU in GnRH antagonist protocol was suggested for high responders (23). However, the pharmacokinetics and pharmacodynamics of Gn should be individualized to different patients. The excess weight affects the ovarian response to Gn and exogenous serum FSH level is inversely associated with body weight (24). The volume of extracellular fluid is a key factor for drug distribution. Women with elevated BMI own a larger portion of fat tissue, which contributes to low content of extracellular water than those without (8). In other words, for two patients with the same BMI, the one with a higher body weight owns more extracellular fluid than the other. Therefore, body weight is more predominant in determining FSH distribution than BMI (25). A previous study found that reducing the FSH dose in predicted hyper responders with body weight > 55kg significantly decreased the OHSS occurrence but also decreased the probability of live birth (24). On the contrary, a randomized controlled trial (RCT) found that the reduction of Gn dosage significantly lowered the OHSS incidence, together with no influence on live birth rates (11). However, women involved in this study were free from PCOS. Some researchers came up with a low-dose stimulation with a basement dose of 75 IU and increment/decrement of 25-50 IU according to age, AMH, BMI, and previous onset of OHSS. Patients with PCOS and the control group had comparable clinical pregnancy rates (32.2% vs. 34.4%) and moderated or severe OHSS rates (16.9% vs. 15.7%). Additionally, there was no cancellation because of unexpected poor responses (7). One study made a cut-off value of 60 kg to decrease FSH dose from 150 IU to 112.5 IU in PCOS patients but did not explain the possible reason behind it (26). In our study, as all patients presented HOR or NOR, no patients received a starting dose of over 300 IU as Gn overdose did not lead to increased oocytes and pregnancy outcomes (27). We aimed to clarify the exact body weight to predict the need for lowering the initial Gn dosage from 150 IU or 300 IU, to prevent the risk of HOR. We suggested that patients with body weight below 53.25 kg required a starting dose of Gn of less than 150 IU, and 70.5 kg for Gn dose less than 225 IU, based on the data from NOR patients.

However, our study also has several limitations. Firstly, as a retrospective study, there might be selective bias. Therefore, we collected and compared the baseline characteristics of the enrolled participants. Secondly, the sample size of our study was relatively small, which might cause the insignificance of some findings due to limited power. Thirdly, this study was conducted in a single reproductive center which may limit the external validity of our findings. Also, we were not able to access the pregnancy results and cumulative live birth rate due to the limited following-up time. Further multicenter studies with larger sample sizes and a longer follow-up period are needed.

In summary, our result showed a relationship between body weight and Gn starting dose in ART, which was often overlooked by previous studies. Adjusting initial Gn dosage according to body weight is of great importance for preventing HOR and better reproductive outcomes in PCOS patients and further large scale, randomized, controlled trials should be encouraged in this field.
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A potential correlation between polycystic ovary syndrome (PCOS) and asthma, used to be identified as diseases originating from two independent systems, has been supported by increasing evidence. From an epidemiological perspective, mounting studies have confirmed that women suffering from PCOS exhibit increased susceptibility to asthma. Meanwhile, PCOS and asthma seem to share several mutual pathological conditions, such as metabolic disorders, hormonal fluctuation, proinflammatory state, etc. Here, we further elucidate the correlation between asthma and PCOS by focusing on the internal common pathophysiology and adverse influences on women’s health. Understanding the internal connection between PCOS and asthma may shed light on developing new prevention and control strategies to fight against these conditions.
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Introduction

As a common endocrinopathy among women of childbearing age, polycystic ovary syndrome (PCOS) poses a considerable threat to the health of women throughout the whole world with a prevalence of 15%-20% (1, 2). According to the revised 2003 Rotterdam criteria, a final diagnosis of PCOS can be made if two of the following indicators are met: hyperandrogenism, ovulatory dysfunction, and polycystic changes in the ovary (3). In addition to reproductive health issues (4), PCOS carries an important responsibility for female metabolic disorders and mental problems (5, 6). Notably, chronic systemic and local ovarian inflammation has emerged as a vital focus for the study of PCOS pathophysiology (7–9). To be more specific, previous studies have indicated that PCOS women usually exhibit abnormally elevated levels of inflammatory cytokines (e.g. TNF-α, interleukins, CRP) (9), as well as DNA single-nucleotide polymorphisms of relevant inflammatory mediators (10).

Asthma, a chronic airway inflammatory disease with recurrence and reversibility, is characterized by paroxysmal wheezing, shortness of breath, chest tightness, and cough. To date, approximately 235 million people worldwide suffer from asthma, causing a considerable burden of disease to both families and societies (11). The pathogenesis of asthma involves complex interplay of multiple factors, such as airway hyperresponsiveness (AHR), chronic low-grade inflammation, and airway structural changes (12). In particular, intensive investigations have proposed a potential causal relationship between hormonal fluctuation and the occurrence or severity of asthma, and extensively highlighted the gender disparities that can change with age, which probably accounts for the reproductive disorders in asthmatic women. Intriguingly, as indicated by epidemiological studies, females with metabolic syndrome tend to exhibit an elevation in susceptibility to asthma attacks, whereas the mechanisms underlying the pathophysiology are poorly understood.

Following the similar risk factors as well as the intersection of potential pathogenesis, several lines of evidence have gradually revealed a non-negligible association between asthma and PCOS in metabolic syndrome, impaired fertility, irregular menstruation, and mood disturbances. And chronic local and systemic inflammation may act as one of the common molecular mechanisms behind these phenomena. Therefore, by literature retrieval and inductive analysis, we further expounded the correlation between asthma and PCOS by focusing on the internal common pathophysiology and insults on female health, to provide unique insights for further exploration of disease prevention and therapy (Figure 1).




Figure 1 | Potential associations between PCOS and asthma. Women with PCOS or asthma are characterized by several common disease phenotypes, including metabolic syndrome, irregular menstruation, impaired fertility and mood disturbances. And chronic local and systemic inflammation may act as one of the common molecular mechanisms behind these phenomena. Image was created with Biorender®.





Concomitance of Asthma and PCOS

PCOS is comorbid with respiratory diseases with a considerable frequency, and asthma in particular. A retrospective cohort study in 2015, which collected and mined the data from Australian statewide hospitals, reported that the prevalence of respiratory disease in women with PCOS was about 22.8%, compared with 14.2% in the control group; among them, 10.6% of the former were admitted to hospital for asthma, while only 4.5% of the latter, suggesting that women with PCOS were more prone to develop asthma (13). And other epidemiological studies of different populations have reached similar conclusions (4, 12–16). In support of the above findings, Underdal et al. propose a potential link between PCOS and asthma from the perspective of lung function, reporting a combined obstructive (forced expiratory volume in one second (FEV1) % predicted, 93.7 vs 102.0) and restrictive (forced vital capacity (FVC) % predicted, 94.5 vs 103.7) respiratory impairment in PCOS compared with controls (17). Meanwhile, a historical cohort study reported that irregular period was associated with higher odds of atopic asthma (18), which once again verified the potential connection between asthma and ovulatory dysfunction. Recent studies have further explored whether confounding factors alter the association between asthma and PCOS, and indicate that the incidence of asthma remained higher even after adjusting for heterogeneity of body mass index (BMI), smoking status, and dietary intake (12, 16). Furthermore, Sun H et al. (19) performed a meta-analysis that systematically evaluated the prevalence of asthma as related to PCOS, and determined PCOS as an independent risk factor for asthma.

Although the link between PCOS and asthma incidence is well established, results from different studies on asthma severity among women with or without PCOS are conflicting. To be specific, Zierau et al. investigated the severity of asthma based on the use of anti-asthma medication, and indicated that PCOS status is not a contributing factor to exacerbation of asthma (14). However, other studies report opposite results, which are verified by a higher hospital admission rate for asthma and increased doses of anti-asthma medication in PCOS women (13, 15). In combination, the researches mentioned above suggest an important correlation between PCOS and asthma attack and provide a reliable perspective to investigate the corresponding pathogenesis (Table 1).


Table 1 | General characteristics of key studies.





Overlap Between Features of PCOS and Asthma


Metabolic Syndrome

Metabolic syndrome (MS) is a cluster of complex disorders characterized by abnormal glucose metabolism, dyslipidemia, overweight or obesity, and hypertension, and has been recognized as the most critical long-term health problem associated with PCOS. Both obese and lean women with PCOS are reported to have a much higher risk of MS compared with the control group (20–22). So far, numerous pathologic changes have been identified in exploring the pathogenesis of PCOS, such as hyperandrogenemia, hyperinsulinemia, dysfunction of the hypothalamic-pituitary-ovarian axis, and disturbances of adipokines secretion. These specific alterations interact with each other in fat tissues, liver, muscle, and ovary, resulting in diverse phenotypes of MS.

Remarkably, insulin resistance (IR) and hyperandrogenism stand out as pivotal factors in the development of PCOS. Approximately 50-80% of PCOS females exhibit varying degrees of IR, which possibly accounts for the higher annual conversion rate to impaired glucose tolerance (IGT) or diabetes mellitus type 2 (T2DM) in them (23, 24). Previous studies have identified several abnormal or dysfunctional cells and molecules involved in the IR status of PCOS women, such as glucose transporter 4 (GLUT4), insulin receptor β subunit, pancreatic β-cells, and so on (25, 26). In PCOS, adipose tissue dysfunction, possibly leading to excessive visceral fat depots, is thought to be involved in determining both IR and dysregulated androgen metabolism (27). When exposed to excessive androgen, adipocytes seem to be prone to hypertrophy, releasing superabundant adipokines and inflammatory mediators. TNF-α, for instance, can block the tyrosine kinase phosphorylation of insulin receptors (28), and affect glucose transport by inhibiting GLUT-4 activity (29), thus inducing the obesity-related IR or hyperinsulinemia. Functionally, insulin acts as an essential factor in the development of hyperandrogenism (30). Insulin not only directly stimulates follicular theca cells to produce androgen and encourages the development of stromal cells in the ovary, but also induces the secretion of insulin-like growth factor 1 (IGF-1) so as to promote androgen synthesis in adrenal and gonads (31). Thus, adipose tissue dysfunction, inflammation, IR, and hyperandrogenism form a vicious cycle that leads to different phenotypes in PCOS patients.

In recent years, growing evidence also supports MS is a potential risk factor for asthma. Multiple studies have linked MS to asthma attacks but the correlation is still under dispute. Lee et al. (32) put forward that patients with MS are more likely to develop symptoms of wheeze and dyspnea at rest or after exercise. This is consistent with a large retrospective cohort study from Norway showing that excessive waist circumference and diabetes increase the susceptibility to asthma in adults (33). What’s more, cohort studies in Japan and China also revealed that overweight or obesity can dramatically aggrandize susceptibility to asthma in females but not in males (21, 34). The sexual heterogeneity makes it reasonable to presume that specific gonadal hormones and metabolic disorders may complement each other to exert promoting effect on the pathogenesis of asthma. However, whether every element of MS can induce female asthma attacks is still controversial. Assad et al. pointed out that the association between abdominal adiposity, elevated blood pressure, impaired fasting glucose or diabetes and asthma incidence is no longer statistically significant after adjustment for BMI (35). This raises the possibility that BMI or obesity is a stronger predictor of asthma than MS. In turn, so far little is known about the influence of asthma on obesity incidence. Several studies have shown that early-life of asthma may result in a higher susceptibility to obesity in later childhood and adolescence (36, 37), but further investigations are needed to verify the promoting effect of asthma on obesity.

The underlying mechanism of overweight or obesity prompting asthma remains uncertain, and attention is mainly focused on the mechanical factors and altered inflammation responses. First, obesity is theorized to encourage drastic changes in normal lung physiology. Excessive accumulation of fat in the chest and abdominal cavity contributes to lung compression and reduced lung volume, resulting in a pronounced decrease in functional residual capacity (FRC) and expiratory volume (ERV) (38, 39). Low lung volume leads to AHR through impaired ability to stretch the airway wall (40). Among patients with late-onset non-allergic asthma, obesity induces excessive collapsibility of airways by reducing distal airway wall stiffness (41). Second, it is not unexpected that obesogenic dietary patterns tend to contain much fatty acids and fructose but little fiber and antioxidants. Growing evidence verifies that food rich in saturated fatty acids can encourage pulmonary lymphocyte infiltration, induce congenital AHR and further allergic airway inflammation through the IL-1β pathway (42, 43). Third, inflammatory effects of obesity on the lung involve dysregulation of proinflammatory adipokines (e.g. excess leptin) and anti-inflammatory adipokines (e.g. adiponectin deficiency). Excessive adipose tissue secrets redundant pro-inflammatory cytokines, such as TNF-α, interleukin, and leptin, which further trigger systemic inflammation and AHR. Meanwhile, the downregulated level of bronchoalveolar surface-active protein A (SPA) in obese subjects with asthma can cause airway eosinophil aggregation (44), thereby increasing the risk of allergic airway inflammation. In combination, MS may then act as a link between PCOS and asthma, with a co-existence of MS and PCOS aggravating asthma.



Impaired Fertility

It is well established that PCOS status threatens fertility in women of childbearing age. Although women with PCOS are typically characterized by an increase in the quantity of preantral follicles, the quality of oocytes is usually diminished, resulting in impaired fertilization, cleavage as well as embryo implantation. Wild et al. (45) demonstrated that 17.5% of PCOS women, 11 times that of the control group, reported fertility problems, of which 66% of PCOS women suffered from infertility and 24% relied on ovulation induction. Consistently, other researchers also observed remarkable growths in the non-fertility rate, gestational age, and the utilization rate of assisted reproductive technology in PCOS women (46, 47). Hormonal imbalance is the most striking feature of PCOS, accounting for diverse reproductive problems. In PCOS, hypersecretion of LH during follicle formation significantly impairs oocyte maturation, fertilization, and embryo quality (48, 49). Part of the cellular and molecular abnormalities caused by excessive LH have been identified, including suppressed FSH function, dysfunctional granulosa cell (GC), damaged oocyte nucleus, and impaired extrusion of the first polar body (50, 51). Excessive insulin can cooperate with LH to stimulate androgen production (52), which thereby retards the development of dominant follicles, impacts endometrial receptivity, and increases the risk of various obstetric complications (53–55).

Recently, much more attention has been paid to the similar association between allergic diseases and infertility. Gade et al. (56) revealed that asthma was responsible for a prolonged time to pregnancy (TTP), with TTP of about 27% of asthmatic women extended beyond one year, and specific treatment for asthma could effectively abolish the extension of TTP (57). Hansen et al. (58) explored the association between asthma and the need for fertility treatment among women with life births, and pointed out that the association remained significant after adjusting for age, BMI, and smoking habits. What’s worse, despite fertility treatment, asthma is still associated with unfavorable pregnancy outcomes (59). Rocklin et al. reported that maternal asthma may increase the risk of preterm birth, low birth weight, and perinatal mortality (60). Overall, the vast majority of evidence points toward the possibility that asthma in women has an inextricable link with delayed conception, lowered genitality, and poor pregnancy outcomes.

Obesity and inflammation response are two pathologic conditions closely related to both PCOS and asthma, which may provide insights into the impaired fertility associated with these two conditions. Obesity is partially responsible for poor oocyte quality through a variety of pathways, including follicular development retardation, oocyte maturation problems, meiosis abnormalities, as well as mitochondrial dynamics disorder (61–64). Excessive free fatty acids are presumed to exert toxic effects on reproductive tissues through oxidative stress, leading to damage or apoptosis of female gametes (64). Recently, studies have demonstrated that several adipokines may carry metabolic responsibilities for female reproductive function, especially in ovarian physiology. Through the interaction with LH and insulin, adiponectin encourages the expression of genes related to periovulatory maturation of ovarian follicles (65). Lower adiponectin levels were reported in the plasma of either PCOS (66) or asthma (67) women, as well as in the follicles of PCOS women (68). These suggest its possible role in the follicular arrest and ovulatory dysfunction. In combination, obesity, independently or jointly with endocrine disruption, impair female fertility in women with PCOS or asthma.

What’s more, abundant available evidence supports chronic systematic inflammation as the common cornerstone for the internal pathogenesis of impaired fertility in both PCOS and asthma. The immune system plays a pivotal part in the reproductive process. Concretely speaking, Th2 immunity supports the pregnancy process by reducing the rejection of fetal tissue, while Th1 immunity is thought to be unfavorable to the “foreign” fetus (56). Based on this recognition, researchers speculate that asthma might cause female fertility impairment and poor pregnancy outcomes by inducing an imbalance of the adaptive immune system. The systemic inflammation induced by asthma may increase the infiltration of inflammatory cells and alter cytokine profiles in the ovary and uterus exerting a negative effect on fertility. For example, TNF-α is regarded as a potential regulator of follicular development, ovulation, and oocyte apoptosis, playing an important role in reproductive failure (69–71). Imbalanced IL-6 is associated with recurrent miscarriages and failed implantation by regulating the proliferation, differentiation, and survival of germ cells (56, 72). Intriguingly, growing evidence supports that PCOS is also closely related to chronic systemic inflammation. The amount of immune cells in the peripheral blood of PCOS women dramatically increases with high androgen levels, inducing the secretion of inflammatory factors such as CRP, TNF-α, and IL-6 (73). In addition, previous studies revealed the altered immune cell profiles (e.g. macrophages, dendritic cells, and CD8+ T cells) in the ovary and endometrium of PCOS women (74, 75), which possibly compromise ovarian function, normal implantation, and endometrial health in the long run. For example, pentraxin-3 (PTX3), a crucial humoral innate immunity component secreted by macrophages, which stands out as a structural constituent of the cumulus oophorus extracellular matrix essential for female fertility, was reported abnormally high both in plasma and ovary in PCOS women (76–78). And higher PTX3 is associated with hyperandrogenism (79), which might perturb interactions of the sperm with the matrix during in vivo fertilization (80). Low-grade systemic inflammation, therefore, carries pivotal responsibility for impaired female fertility, which may build a bridge connecting asthma and PCOS.



Irregular Menstruation

Irregular menstruation refers to oligomenorrhea, amenorrhea, abnormal uterine bleeding, etc. Numerous studies have revealed that PCOS women tend to exhibit a higher prevalence of irregular menstruation, which is often initially onset at a younger age and is positively correlated to BMI (81, 82). Compared with the age-matched controls, PCOS females reported more frequent hospitalization for menstrual abnormalities (20.3% vs 4.9%), endometriosis (26.4% vs 4.4%), endometrial hyperplasia (1.8% vs 0.1%) and other gynecological diseases (13). Based on the available evidence, lifestyle interventions, insulin sensitizers, and anti-androgen drugs are thought to be able to improve the reproductive health of PCOS women by inhibiting IR or declining androgen levels.

Abnormal regulation of steroidogenesis and ovarian regulation is a pivotal part of the pathophysiology of PCOS. Hypersecretion of LH and IGF-1, anti-Müllerian hormone (AMH) interact with each other to induce hyperandrogenism (83). For one thing, excessive androgen enhances the initial recruitment of primordial follicles into the growth pool, thus regulating the growth of small antral follicles (84). For another, hypersecretion of androgen encourages premature luteinization, thus inhibiting the selection of the dominant follicle and hindering normal ovulation (49, 85). Ovarian follicular arrest results in oligo-ovulation or anovulation, characterized by delayed menstruation, amenorrhea, or abnormal uterine bleeding (85).

Meanwhile, growing evidence demonstrates a strong correlation between menstruation and asthma attacks. Earlier menarche or irregular menstruation seems to predict worse lung function and increased susceptibility to asthma in adulthood (86–88). Women with abnormal or irregular menstrual cycles tend to exhibit significantly lowered FVC and elevated prevalence of asthma attacks (89). Furthermore, the exacerbation of asthma during menstruation, known as perimenstrual asthma (PMA), affects 30-40% of women with asthma. Compared with normal asthma attacks, PMA is characterized by more severity, increased drug use, lower vital capacity and PEF, as well as higher airway responsiveness (90). The association between deviations in levels of sex hormones and PMA has been suggested. Compared to non-PMA asthmatics, PMA subjects exhibit elevated estradiol levels in the luteal phase of the cycle (91). Rubio et al. reported that on the 5th and 21st days of the menstrual cycle, approximately 80% of asthmatic women exhibit abnormal hormonal changes (92). These studies indicate that sex hormone fluctuations may act as a risk factor for severe asthma attacks.

Indeed, more pronounced incidence and severity of asthma starting around puberty usually occur in females but not in males (86), suggesting the important role of sex hormones in the development of female airway pathology. Estrogen is the most widely studied ovarian hormone in airway inflammation. Mouse models have suggested the role of estrogen receptor (ER) signaling in allergic airway inflammation by increasing the function of dendritic cells, M2 macrophages, and mast cells (93–95). Besides, 17β-estradiol and progesterone promote TH17 cell differentiation and subsequently enhance IL-17A-mediated airway inflammation (96). From the perspective of neurological factors, as the parasympathetic nerve pathway is an essential determinant of bronchial tension, estradiol can indirectly cause bronchial muscle contraction and bronchial mucosal swelling by regulating the activity of acetylcholine and cholinesterase (97, 98). Generally speaking, given the commonly harbored hormonal disorders in PCOS women, these studies provide a new insight to investigate the correlation between PCOS and asthma by elucidating the effect of sex hormones.



Mood Disturbances

Clear evidence from epidemiological studies corroborates that women with PCOS have an increased incidence of depression, anxiety, sleep disorders, or other psychological disorders (46, 99, 100). Since the presence of overweight or obesity and infertility may exacerbate depression and anxiety reported in the general population, Damone et al. indicated that the associations between PCOS and depression or anxiety remain statistically significant, although weakened after adjusting for BMI, infertility, and sociodemographic variables (101). This confirms the hypothesis that the PCOS state itself may have an independent effect on mental functioning. When shown negative emotional images, PCOS women with IR exhibited increased activation in the left prefrontal cortex and the ventral anterior cingulate region compared with controls. These affected areas are responsible for the integration and regulation of cognitive and emotion-related information (102). In addition, PCOS women with IR were found to have greater marginal activation in emotional tasks than controls, leading to the aggravation of anxiety symptoms (103).

Meanwhile, numerous epidemiological studies have determined mental disorders as one of the important comorbidities of asthma. Adolescents with asthma are more prone to develop anxiety unipolar depressive disorder and bipolar disorder than the control group (104, 105). However, Slattery et al. have reached conflicting conclusions, demonstrating depressive symptoms were not significantly associated with a lifetime history of asthma (106). Different research methodology and diagnostic criteria, as well as a lack of adjustment for other co-existing allergic disorders, may explain the inconsistency. In recent years, magnetic resonance imaging (MRI) has been applied to investigate brain regions that may play a mechanistic role in asthma and mood disorders. Compared with the healthy controls, asthmatic patients showed abnormal structural connectivity in the bilateral frontal gyrus, right temporo-parietal cortex, and limbic regions, as well as decreased globus pallidus volume, suggesting changes in the function of brain regions involved in emotional regulation (107, 108).

Several common pathophysiological alterations may carry responsibility for mood disturbances in both PCOS and asthma, such as hypothalamic-pituitary-adrenal (HPA) dysfunction and inflammatory responses. HPA axis dysfunction is a potential mechanism underlying a variety of mental health conditions, especially anxiety and depression (109, 110). Cortisol, a steroid hormone with diurnal fluctuations, is widely recognized as a highly sensitive biomarker of stress-related changes in the maintenance of metabolic homeostasis (111). Flattening the circadian rhythm of cortisol results in dysregulation of several downstream biological and behavioral systems, including immunity, metabolism, energy, as well as appetite. Interestingly, chronic HPA axis disorders are common in asthmatic children (109). Compared with the healthy controls, asthmatic children had lower cortisol levels in hair samples, reduced cortisol reactivity in saliva samples, and a blunted cortisol awakening response (CAR) (112, 113). Further study indicated that adrenal insufficiency is not simply a consequence caused by inhaled corticosteroid treatments for asthma, it may also be a feature of asthma itself (114). Likewise, abnormal HPA activity in PCOS women has also been widely reported, but results vary. Some studies indicated that women with PCOS or different hyperandrogenic states are characterized by HPA-axis overactivity (115, 116). Nevertheless, Prelevic et al. (117) observed significantly lower cortisol levels at nighttime in PCOS women. Taken together, as abnormal cortisol levels are observed among mental disorders, asthma, and PCOS, HPA dysfunction could be an underlying mechanism that predisposes patients with asthma or PCOS to develop mood disturbances.

Inflammation responses could also explain this co-association between asthma or PCOS and multiple mental disorders. Increasing evidence shows that the levels of pro-inflammatory cytokines (e.g. IL-6, TNF-α, CRP) in peripheral blood of patients with mental problems are dramatically increased (118–121). Given that both asthma and PCOS are characterized by chronic systemic inflammation, these findings provide a basis for such association. The oversecreted pro-inflammatory cytokines can penetrate the blood-brain barrier during allergic reactions (122). On the one hand, it activates abnormal neuroimmune mechanisms in certain neural circuits involved in emotion regulation; On the other hand, it leads to decreased synthesis and increased uptake of 5-hydroxytryptamine, a neurotransmitter associated with various psychiatric disorders (123–125). Meanwhile, elevated levels of peripheral cytokines can activate microglia (126), which are involved in neuronal cell apoptosis, neurogenesis, and synaptic interactions (127). Inflammation-induced hyperactivation of microglia can inhibit neuronal activity through increased phagocytosis of dendritic spines, thus encouraging the development of mood disturbances (128). So far, the role of inflammatory response in the pathogenesis of mood disorders has not been fully elucidated, but it possibly becomes one of the promising targets to protect asthma or PCOS patients from mood disorders.




Discussion

Both PCOS and asthma are common diseases in adult females, causing severe damage to women’s physical and mental health as well as their quality of life. Clarifying the full landscape of pathogenesis and development of these two diseases under physiological conditions can elucidate the complex negative effects on female health from a whole-life perspective. Previous studies mainly focus on inheritance, molecular cytology, epigenetics, or other aspects, and have already made significant breakthroughs. In recent years, growing epidemiological studies have demonstrated that PCOS, to a certain degree, correlates to asthma in several aspects. Specifically, women with PCOS are prone to develop asthma, and in return, asthma patients tend to exhibit increased susceptibility to metabolic syndrome, impaired fertility, irregular menstruation, and other clinical symptoms similar to PCOS. Furthermore, in the context of the coronavirus disease 2019 (COVID-19) pandemic, emerging data link the risk of severe COVID-19 with both PCOS and asthma. Researchers have identified potential overlap between common PCOS features and key risk factors of COVID-19, including cardio-metabolic comorbidity, hyperandrogenism, hyper-inflammation, etc. (129). Studies that have addressed the issue of asthma patients’ susceptibility to the disease have come to discrepant conclusions, possibly due to complex interplay between numerous factors such as geographical differences, asthma phenotypes, and asthma medication (130–133). Of note, patients suffering from Th2-low asthma, especially the subjects with concomitant MS, are at a higher risk for progression to severe COVID-19 (134, 135). This provides new insights into the association between PCOS and asthma and requires further research. Interestingly, PCOS and asthma have been confirmed to share common physiological and pathological changes, such as specific hormonal abnormalities, insulin resistance as well as chronic systemic inflammation, whereas the potential mechanisms linking asthma to PCOS remain poorly investigated. It is important to mention that both conditions were recognized to originate in the early stages of life (136, 137).

PCOS is considered to have a strong correlation with autoimmune and chronic systematic inflammation related to IR, T2DM, or other metabolic syndromes, suggesting a possible mechanism that may occur when it comes to airway inflammation or even asthma in PCOS women. Given that numerous studies have reported an increased incidence of asthma-related pathological changes in PCOS females, further longitudinal studies and more precise elucidation of pathogenesis are required to examine the deeper connection between PCOS and asthma. To date, most data support a negative impact of asthma on female reproductive health through inducing irregular menstruation and reduced fertility. Based on the available evidence, it could be speculated that the imbalance of sex hormones and metabolic disorders behind impaired female reproductive health is likely to be one of the potential explanations for this correlation.

Currently, most evidence comes from observational studies, making it hard to establish a causal relationship between PCOS and asthma. The pathophysiology of the two conditions may involve diverse factors, and further prospective studies are of great significance to elucidate the complex cross-influence of inflammatory, metabolic disturbance, as well as endocrine disorders, and to provide broader screening and treatment strategies for women suffering from PCOS, asthma, or related complications.
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Objective

To observe the effect of metformin (MET) monotherapy versus MET plus liraglutide (LIRA) on gonadal and metabolic profiles in overweight patients with polycystic ovary syndrome (PCOS).



Methods

Sixty overweight patients with PCOS were recruited from January 2021 to January 2022 in Shengjing Hospital of China Medical University and were randomly assigned to the MET or combination (COM) group to receive 12 weeks of MET monotherapy or MET plus LIRA therapy. Anthropometric measurements, menstrual cycle changes, gonadal profiles, and oral glucose tolerance tests (OGTT) were conducted at baseline and after the 12-week treatment.



Results

Fifty-two subjects completed the trial while eight were lost during the follow-up. Both MET and COM improved menstrual cycles, anthropometric parameters, and glucose metabolism after the 12-week treatment; however, there was no statistical difference between the two groups. MET plus LIRA therapy improved hyperandrogenemia, including TT (total testosterone), SHBG (sex hormone binding globulin) and FAI (free androgen index), whereas MET monotherapy only improved SHBG and FAI when compared with baseline. Furthermore, both MET monotherapy and MET plus LIRA therapy improved E2 (estradiol) while only MET plus LIRA therapy improved LH (luteinizing hormone), FSH (follicle stimulating hormone) and Prog (progesterone) more effectively than baseline. Additionally, MET plus LIRA therapy may improve TT, SHBG, FAI, LH and Prog more effectively than MET monotherapy; however, there were no significant differences on E2, FSH and LH/FSH between the two groups.



Conclusions

In overweight patients with PCOS, both MET monotherapy and MET plus LIRA therapy improved glucose metabolism and relieved insulin resistance (IR). Additionally, MET plus LIRA therapy was more effective than MET monotherapy in improving reproductive abnormalities and hyperandrogenemia, potentially by modulating the hypothalamic-pituitary-ovarian axis.





Keywords: metformin, liraglutide, polycystic ovary syndrome, gonadal profiles, hyperandrogenemia or androgen excess



Introduction

Polycystic ovary syndrome (PCOS) is a common reproductive endocrine disease characterized by ovulatory dysfunction and hyperandrogenemia (HA), affecting 5–15% women of reproductive age (1). Meanwhile, PCOS is considered as one of the main causes of female infertility (2) with a wide range of clinical manifestations, including reproductive disorders, dermatological disorders, and metabolic abnormalities (3). Extensive clinical and epidemiological data indicates that up to 80% of women with PCOS are overweight or obese with the prevalence of abdominal obesity (4). Obesity-related insulin resistance (IR) may induce excessive luteinizing hormone (LH)-stimulated ovarian androgen production and suppress hepatic sex hormone-binding globulin (SHBG) production, thus leading to HA (5). PCOS is also characterized by elevated serum LH levels and an altered ratio between LH and the follicle stimulating hormone (FSH) (6). Women with PCOS not only have higher basal LH levels, but also exhibit an increased number of LH pulses, which together drive the synthesis of androgens by ovarian theca cells, leading to HA (7). The secretion of gonadotropin-releasing hormone (GnRH) from the brain is regulated by several upstream neural and endocrine factors that contribute to both the timing and magnitude of GnRH secretion. Increased androgen signaling in brain may be a potential mechanism in the pathophysiology of PCOS, underlying the hypersecretion of GnRH and LH (8).

Metformin (MET) is a biguanide insulin sensitizer which may reduce hepatic glucose production, stimulate insulin-mediated glucose uptake in the liver and skeletal muscle, and reduce gluconeogenic substrate utilization (9). MET is used as a second-line treatment in PCOS guidelines and has multiple beneficial effects on menstrual disturbances, ovulatory disturbances, HA, metabolic, and cardiovascular abnormalities (10, 11). Glucagon-like peptide-1 (GLP-1) is an intestinal hormone that enhances glucose-stimulated insulin secretion, inhibits glucagon secretion, delays gastric emptying, increases satiety, reduces food intake and appetite, reduces body weight, and exerts other physiological effects (12). Animal and clinical studies have revealed that the effectiveness of GLP-1 receptor agonists (GLP-1 RAs) in treating PCOS and preventing its metabolic consequences (13). Liraglutide (LIRA) is a long-acting GLP-1 analogue with 97% similarity to human GLP-1 that reduces body weight and HA while improving menstrual cycles in patients with PCOS (14). Herein, the aim of the present randomized study was to evaluate the effect of MET monotherapy versus MET plus LIRA therapy on gonadal and metabolic profiles to provide new sights for treatment of overweight patients with PCOS.



Methods


Patients

We recruited 60 patients aged 18 to 40 years, who were diagnosed with PCOS in the outpatient department of Endocrinology, Shengjing Hospital of China Medical University from January 2021 to January 2022. All patients were informed about the study purpose, and signed written informed consent prior to participation. This study was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of Shengjing Hospital of China Medical University (registration number: 2020PS624K). The study was registered on Clinical Trials.gov (registration number: NCT04969627 with trial activation on 01/01/2021, first subject enrolled on 01/04/2021, last subject enrolled on 01/04/2022 and database lock on 03/29/2022).

The inclusion criteria for the subjects were as follows: (1) meet the Rotterdam diagnostic criteria of PCOS phenotype B with hyperandrogenism and ovulatory dysfunction (15); (2) body mass index (BMI) ≥ 24 kg/m2; (3) age between 18 and 40 years; (4) no medication that affects insulin sensitivity or ovarian function within the first three months of the trial; (5) use barrier contraception.

The exclusion criteria for the subjects were as follows: (1) allergy to GLP-1 RAs or MET; (2) severe cardiovascular disease; (3) abnormal liver function test results (alanine transaminase (ALT) levels 2.5 times higher than the upper limit of the normal range); (4) renal insufficiency (estimated glomerular filtration rate, eGFR < 60 mL/min/1.73 m2); (5) thyroid dysfunction; (6) history of cancer; (7) active infection; (8) weekly alcohol intake > 100 g; (9) pregnancy and breastfeeding; (10) 17-hydroxyprogesterone level > 2 ng/mL (to exclude women with hyperandrogenemia due to atypical 21-hydroxylase deficiency).



Study design

This was a prospective, randomized, open-label, parallel-group controlled trial. After informed consent, the following data was obtained to determine eligibility: (1) height, weight, and age; (2) menstrual cycle; and (3) medical history. Eligible patients were assigned to the MET group or MET plus LIRA (COM) group through simple randomization at a 1:1 ratio using computer-generated codes. Patients in MET and COM group were administered MET 1000 mg BID p.o. or LIRA 1.2 mg QD s.c. plus MET 1000 mg BID p.o. for 12 consecutive weeks, respectively. Over the 12-week treatment course, all patients received the same diet and physical exercise. All subjects returned to the hospital for clinical, metabolic, and laboratory evaluations at baseline, the 4th week and the 12th week after treatment initiation (Figure 1).




Figure 1 | Flow chart of the study design.





Assessment of anthropometric measures

At baseline, the 4th week and the 12th week after treatment, trained personnel obtained anthropometric data, including height, weight, and abdominal girth (AG) for all patients using standardized protocols. The height and weight of each subject wearing light clothes were measured to the nearest 0.1 cm and 0.1 kg, respectively. BMI was calculated as weight (kg) divided by the square of height (m). AG was measured to an accuracy of 0.1 cm by placing a tape measure around the body at the level of the navel. Women with a BMI above 24 kg/m2 were classified as overweight.



Assessment of menstrual cycle

During the 12-week treatment period, patients were asked to use barrier contraception only. Menstrual cycle changes were recorded. Menstrual cycle disorders included oligomenorrhea and amenorrhea. Oligomenorrhea referred to patients with less than six menstrual periods within 12 months while amenorrhea referred to patients who have stopped menstruating for more than 6 months. Each bleeding counts as one menstrual cycle. Menstrual cycle recovery was defined as the recurrence of regular menstrual cycles in patients.



Biochemical assessment

At baseline and the 12th week after treatment, the subjects fasted for 8–12 h overnight. We collected fasting venous blood to determine fasting glucose (FG) and fasting insulin (FINS). Subsequently, we performed a 75 g oral glucose tolerance test (OGTT) and collected venous blood at 0 h, 1 h and 2 h to determine the blood glucose and insulin concentrations. The homeostasis model assessment-insulin resistance (HOMA-IR) score was calculated to evaluate IR. HOMA-IR score = FINS (mU/L) × FG (mmol/L)/22.5. The approximate trapezoidal method was used to estimate the area under the curve of glucose (AUCglu; mmol/L × h) and the area under the curve of insulin (AUCins; mU/L × h). As all patients had irregular menstrual periods at enrollment, gonadal profiles were measured when venous blood samples were collected into BD Vacutainer Tubes (SSTTM II Advance, REF 367953) at baseline, the 4th and the 12th week. We did not perform progestin-induced menstrual bleeding to evaluate the hormones at the follicular phase of the menstrual cycle. The samples were centrifuged at 3600 rpm and 4°C for 10 min. The serum and plasma were aliquoted and stored at –80°C before estimating serum total testosterone (TT), LH, FSH, progesterone (Prog), estradiol (E2), and SHBG levels. LH/FSH = LH (mIU/mL)/FSH (mIU/mL). Free androgen index (FAI) = TT (nmol/L)/SHBG (nmol/L) × 100. The standard glucose oxidase method was used to determine plasma glucose levels using Abbott CI16200. Radio-immunological assay was used to detect insulin, chemiluminescent immunoassay was used to detect LH, FSH, Prog, E2 and SHBG, while TT was measured by electro-chemiluminescent immunoassay using Beckman Coulter Unicel DXI800. Pre- and post-intervention samples from all subjects were analyzed in the same run, and all samples were measured in the same laboratory using standard laboratory techniques.



Statistical analyses

The sample size was calculated using the average difference formula, assuming that the minimum average difference between the treatment groups was 20%, and the average SE (standard error) was 2.2%. The sample size required for a statistical power of 0.80 and P-values on both sides <0.05 was 22 per group. The final sample size was 52. The Anderson–Darling method was used to test the normality of continuous data. Continuous data were presented as mean ± standard deviation (SD) (normal distribution) or median and interquartile range (non-normal distribution). Pre- and post-treatment effects in each group were analyzed using ANOVA or paired t-test (normal distribution) or paired Wilcoxon test (non-normal distribution) if appropriate. Effects between groups at the same time point were analyzed using unpaired t-test (normal distribution) or rank test (non-normal distribution) if appropriate. Categorical variables were expressed as frequencies or percentages and compared using the chi-square test. All P-values were two-tailed, and P < 0.05 was considered statistically significant. All data analyses were performed using GraphPad Prism 8.0.1 (GraphPad Software, Chicago, IL, USA) and SPSS 23.0 (SPSS Inc., Chicago, IL, USA).




Results


Participants

Sixty participants were randomly allocated to receive MET 1000 mg BID p.o. monotherapy (MET group) or MET 1000 mg BID p.o. plus LIRA 1.2 mg QD s.c. therapy (COM group). For all patients receiving MET, the dose began at 500 mg BID and gradually reached the target dose of 1000 mg BID after 1 week. For all patients receiving LIRA, the dose began at 0.6 mg QD and gradually reached the target dose of 1.2 mg QD after 1 week. Only 52 participants (25 in the MET group and 27 in the COM group) completed the 12-week follow-up; three participants conceived (one in the MET group and two in the COM group), and five participants could not be contacted at the end of the 12th week (four in the MET group and one in the COM group). Mild gastrointestinal side effects, such as nausea, heartburn, vomiting, and diarrhea, occurred in both groups during the first two weeks of treatment with a higher proportion of these adverse reactions in the COM group. Two participants had one episode of hypoglycemia, while one participant in the COM group developed a rash at the injection site. Most adverse reactions were mild and spontaneously resolved after 2 weeks of treatment. No participants dropped out owing to drug intolerance in both groups with the final compliance 83.3% in the MET group and 90% in the COM group. All 52 subjects underwent anthropometric measurements, menstruation monitoring, and gonadal profiles detection at baseline, the 4th and the 12th week; however, only 38 subjects (16 in the MET group and 22 in the COM group) underwent OGTT tests at baseline and the 12th week (Figure 1). All subjects ranged in age from 16 to 32 years (mean ± SD, 24.73 ± 4.65 years) with an average BMI of 29.26 ± 3.84 kg/m2, and anovulation (menstrual cycle delay of longer than 2 months) at baseline.



Baseline results

The characteristics of the subjects at baseline are presented in Table 1. There was no significant difference between the two groups on Anthropometric parameters (weight, BMI, and AG), menstrual cycle recovery rates, gonadal parameters (E2, LH, FSH, LH/FSH, Prog, TT, SHBG, and FAI), and metabolic parameters (FG, FINS, HOMA-IR, AUCglu, AUCins, and AUCglu/AUCins) at baseline.


Table 1 | Menstruation and anthropometric, gonadal, and metabolic parameters at baseline.





Menstruation and anthropometric measurements after treatment

After the 4-week treatment, the recovery rate of menstrual cycle was 52.00% (13/25) in the MET group (P < 0.05) and 77.78% (21/27) in the COM group (P < 0.01). After the 12-week treatment, the recovery rate of menstrual cycle was 88.00% (22/25) in the MET group (P < 0.01) and 92.59% (25/27) in the COM group (P < 0.01). There was no difference between the two groups (Figure 2A and Table 2).




Figure 2 | Changes in menstruation and anthropometric measurements after MET and COM therapy. (A) Changes in menstrual cycles after MET and COM therapy. (B) Changes in weight after MET and COM therapy. (C) Changes in BMI after MET and COM therapy. (D) Changes in AG after MET and COM therapy. MET, metformin; COM, combine; BMI, body mass index; AG, abdominal girth. Results are expressed as mean ± SD; *P < 0.05, **P < 0.01 (vs. before treatment in each group).




Table 2 | Changes of hormonal, metabolic and anthropometric parameters.



After the 4-week and 12-week treatment, body weight was significantly decreased when compared with baseline in both the MET group (P < 0.01) and the COM group (P < 0.01). After the 4-week and 12-week treatment, BMI was significantly decreased when compared with baseline in both the MET group (P < 0.01) and the COM group (P < 0.01). AG was also significantly decreased when compared with baseline after the 4-week and 12-week treatment in both the MET group (P < 0.01) and the COM group (P < 0.01). There was no significant difference between the two groups in improving body weight, BMI, and AG (Figures 2B–D and Table 2).



Metabolic parameters after treatment

After the 12-week treatment, FG, FINS, and HOMA-IR were significantly decreased in both the MET group (P < 0.05) and the COM group (P < 0.01). There was no significant difference between the two groups in improving FG, FINS, and HOMA-IR (Figures 3A–C and Table 2). However, AUCglu, AUCins, and AUCins/AUCglu were not improved in both groups after the 12-week treatment (Figures 3D–H and Table 2).




Figure 3 | Changes in metabolic parameters after MET and COM therapy. (A) Changes in FG after MET and COM therapy. (B) Changes in FINS after MET and COM therapy. (C) Changes in HOMA-IR after MET and COM therapy. (D) Changes in AUCglu after MET and COM therapy. (E) Changes in AUCins after MET and COM therapy. (F) Changes in AUCglu/AUCins after MET and COM therapy. (G) Changes in OGTT (glucose) after MET and COM therapy. (H) Changes in OGTT (insulin) after MET and COM therapy. MET, metformin; COM, combine; FG, fasting glucose; FINS, fasting insulin; HOMA-IR, homeostasis model assessment-insulin resistance; AUCglu, area under the curve (AUC) for glucose; AUCins, AUC for insulin. Results are expressed as mean ± SD; *P < 0.05, **P < 0.01 (vs. before treatment in each group).





Gonadal parameters after treatment

E2 increased when compared with baseline in both the MET group (P < 0.05) and COM group (P < 0.01) (Figure 4A and Table 2). SHBG was higher than baseline only after the 12-week treatment in the MET group (P < 0.01) while it was higher than baseline after both the 4-week and the 12-week treatment in the COM group (P < 0.01) (Figure 4H and Table 2). After the 12-week treatment, FAI decreased significantly in both the MET group (P < 0.01) and the COM group (P < 0.01) (Figure 4I and Table 2). After the 12-week treatment, LH (P < 0.01), FSH (P < 0.01), Prog (P < 0.01), and TT (P < 0.01) improved significantly only in the COM group (Figures 4B, C, F, G and Table 2). After the 4-week treatment, a significant decrease from baseline in FSH (P < 0.05) was observed only in the COM group (Figure 4C and Table 2). However, there was no significant difference in LH/FSH between the two groups after the 4-week and 12-week treatment (Figure 4D and Table 2). After the 12-week treatment, LH [(9.77 ± 5.81) mIU/mL vs. (6.61 ± 4.72) mIU/mL, P = 0.036], Prog [0.54 (0.31–1.72) ng/mL vs. 1.08 (0.52–10.61) ng/mL, P = 0.020], TT [(0.79 ± 0.31) ng/mL vs. (0.62 ± 0.24) ng/mL, P = 0.032], SHBG [22.40 (15.25–34.60) nmol/L vs. 27.00 (22.60–44.90) nmol/L,P = 0.018], and FAI [12.72 (6.40–17.71)% vs. 7.06 (3.90–10.19)%, P = 0.004] were significantly improved, and more improvement was observed in the COM group. There was no significant difference between the two groups in improving E2, FSH and LH/FSH (Figures 4A–I and Table 2).




Figure 4 | Changes in gonadal parameters after MET and COM therapy. (A) Changes in E2 after MET and COM therapy. (B) Changes in LH after MET and COM therapy. (C) Changes in FSH after MET and COM therapy. (D) Changes in LH/FSH after MET and COM therapy. (E) Changes in PRL after MET and COM therapy. (F) Changes in Prog after MET and COM therapy. (G) Changes in TT after MET and COM therapy. (H) Changes in SHBG after MET and COM therapy. (I) Changes in FAI after MET and COM therapy. MET, metformin; COM, combine; E2, estradiol; LH, luteinizing hormone; FSH, follicle-stimulating hormone; PRL, prolactin; Prog, progesterone; TT, total testosterone; SHBG, sex hormone-binding globulin; FAI, free androgen index. Results are expressed as mean ± SD or median (25th–75th percentile); *P < 0.05, **P < 0.01 (vs. before treatment in each group); #P < 0.05, ##P < 0.01 (vs. the other treatment).






Discussion

This study was the first randomized controlled trial designed to compare the effect of MET monotherapy versus MET plus LIRA therapy mainly focusing on gonadal profiles in overweight patients with PCOS. Our results demonstrated that both MET monotherapy and MET plus LIRA therapy improved E2, SHBG and FAI, whereas only MET plus LIRA therapy improved LH, FSH, Prog and TT more effectively than baseline. Additionally, MET plus LIRA therapy was more effective than MET monotherapy in improving serum LH, Prog, TT, SHBG, and FAI levels after the 12-week treatment. We also found that both MET plus LIRA therapy and MET monotherapy improved menstrual cycles, anthropometric parameters, and glucose metabolism with no significant differences between the two groups.

Approximately 98% of women with PCOS experienced menstrual disorders and infertility (16). Sever et al. found no statistically significant changes after the 12-week intervention in menstruation frequency, neither over time nor when analyzing separately by the type of therapy among LIRA monotherapy, MET monotherapy, or COM therapy groups (17). However, our results showed that menstrual rates were significantly improved in both the MET (88.00%) and COM (92.59%) groups after 12 weeks of treatment with no significant difference between the two groups. The difference between our results and those of Sever et al. may be due to the fact that all of our subjects initially had amenorrhea for more than 3 months and we focused on menstrual recovery, while Sever et al. focused on changes in menstrual frequency. In addition, there was great heterogeneity due to the small number of participants and the short duration of the intervention. So far, few clinical studies have observed the effect of MET and LIRA on menstrual changes in PCOS. Thus, more research is needed in the future to further clarify their effects.

Approximately 60–70% of patients with PCOS are obese, and they have greater AG than women who are simply obese (18). Reductions in BMI, particularly abdominal fat, may play an important role in reducing infertility risk factors, leading to improvements in HA and clinical symptoms (19). In addition to lifestyle intervention and combined oral contraceptives, MET is the most frequent treatment modality in PCOS to relieve IR. However, MET does n0t substantially reduce weight or alter fat distribution in PCOS. In contrast, Frøssing et al. demonstrated that 1.8 mg QD LIRA treatment for 26 weeks could achieve a substantial reduction in liver fat content by 44% and visceral adipose tissue by 18%, with a minor reduction in total body fat, thus leading to weight loss by 5.2 kg (5.6%) and a reduction in the prevalence of the nonalcoholic fatty liver disease by two-thirds when compared with placebo (20). Sever et al. found that after the 12-week treatment, the COM therapy of MET 1000 mg BID and LIRA 1.2 mg QD was superior to either LIRA 1.2 mg QD monotherapy or MET 1000 mg BID monotherapy in reducing weight, BMI, and waist circumference. Subjects in the COM group lost on average of 6.5 ± 2.8 kg compared with a 3.8 ± 3.7 kg loss in the LIRA group and a 1.2 ± 1.4 kg loss in the MET group. BMI decreased by 2.4 ± 1.0 in the COM group compared with 1.3 ± 1.3 in the LIRA group and 0.5 ± 0.5 in the MET group. Waist circumference also decreased by 5.5 ± 3.8 cm in the COM group compared with 3.2 ± 2.9 cm in the LIRA group and 1.6 ± 2.9 cm in the MET group (17). Jensterle et al. found that BMI and waist circumference reduction in the LIRA 3 mg QD monotherapy group was greater than that in the COM therapy of MET 1000 mg BID and LIRA 1.2 mg QD group (−2.2 ± 1.3 vs −1.3 ± 0.9 kg/m2 and −4.2 ± 3.4 vs −2.2 ± 6.2 cm) within 12 weeks (21). We found that body weight, BMI, and AG were significantly decreased when compared with baseline in both the MET and the COM groups after 4 and 12 weeks of treatment; however, no statistical differences between the two groups were found. This finding was possibly due to the short duration of the intervention or the different dosage of interventions or the initial BMI of our Chinese participants was lower than that of the European participants included by Sever et al. and Jensterle et al.

MET inhibits the gluconeogenesis of hepatic glycogen, increases glucose uptake and utilization by peripheral tissues, improves hepatic insulin sensitivity and FG in patients with PCOS (22). GLP-1 improves hepatic IR, increases hepatic glucose uptake, and improves adipose IR, thereby reducing free fatty acid production (23). GLP-1 RAs activate GLP-1 receptors on beta cells, mimicking endogenous GLP-1 to stimulate glucose-dependent phase 1 and 2 insulin secretion, thereby reducing fasting and postprandial blood glucose (24). Frøssing et al. demonstrated that the 26-week LIRA treatment caused significant reductions in FG −0.24 [−0.44 to −0.04] mmol/L, HbA1c −1.38 [−2.48 to −0.28] mmol/mol, and AUCglu when compared with placebo, whereas HOMA-IR and AUCins remained unchanged (20). Additionally, Sever et al. found that HOMA-IR tended to be reduced after LIRA monotherapy, MET monotherapy, and COM therapy, but did not significantly decrease in any group while FG and FINS did not consistently improve either after the 12-week intervention. However, patients in the COM group proved the most successful at reducing glucose value after 120 min during OGTT (17). Moreover, Jensterle et al. found that the beneficial effects on glucose metabolism after a 12-week intervention were comparable in both LIRA 3 mg QD monotherapy group and the COM therapy of MET 1000 mg BID and LIRA 1.2 mg QD group (21). Similarly, our results showed that FG, FINS, and HOMA-IR were significantly decreased in both the MET and the COM groups after 12 weeks of treatment with no significant differences between the two groups. However, AUCglu, AUCins, and AUCins/AUCglu were not significantly improved in either group after 12 weeks of treatment. The different results of glucose metabolism changes obtained in different studies may be due to the different drug dosage or intervention duration, which still need to be further confirmed by larger-scale studies in the future.

HA is the most common hormonal change in PCOS, and women with PCOS typically present elevated serum levels of multiple androgens (25). Chen et al. found that women with PCOS have higher LH levels and lower FSH levels when compared with healthy women (26). Although the LH/FSH ratio is not a diagnostic criterion of PCOS, patients with LH/FSH > 2 may have increased adrenal androgen activity and HA, which may lead to the worsening of PCOS symptoms such as hirsutism and acne (27). The ovarian phenotype in PCOS is due to maturation arrest of FSH-sensitive follicles, thus preventing them from reaching full size typically due to IR. This leads to elevated levels of insulin and insulin-related growth factors, which stimulate theca cells to produce large amounts of androgens, and in turn interfere with follicle growth, causing abnormal ovulation (28). Patients with PCOS demonstrate increased levels of GnRH leading to a higher frequency of LH pulsation, stimulation of LH-mediated androgen production, and disruption of follicle development. The resulting chronic anovulation is due to the relatively low level of FSH that occurs secondary to the altered GnRH release pattern (29). Recent studies in induced rat models have shown the expression of GLP receptors in the hypothalamus, pituitary, the change of ovary during the ovulatory cycle. Treatment with natural GLP-1 quadrupled the amplitude of the LH surge and resulted in higher progesterone in the luteal phase (30). Based on research regarding the impact of GLP-1RAs on the LH ratio, Bednarz et al. advocated that its modulating abilities can either increase LH surge in hypothalamic-pituitary-ovarian (HPO) axis disturbances due to adipose tissue estrogen aromatization or decrease excessive LH levels that induced ovarian androgen secretion which may also be related to hyperinsulinemia (31). Although trials conducted on GLP-1 RAs in PCOS have all demonstrated improvement in glucose and metabolic parameters, limited clinical research has been performed on gonadal profiles. Our study observed for the first time that COM therapy was more effective than MET monotherapy in reducing serum LH levels [(9.77 ± 5.81) mIU/mL vs. (6.61 ± 4.72) mIU/mL, P = 0.036] after 12 weeks of treatment. In addition, COM therapy was more effective than MET monotherapy in increasing serum Prog levels [0.54 (0.31–1.72) ng/mL vs. 1.08 (0.52–10.61) ng/mL, P = 0.020] after 12 weeks of treatment, indicating the recovery of local hyperandrogenic state and ovulatory function of PCOS ovaries.

Women with PCOS typically have low serum SHBG levels owing to IR and obesity, thus resulting in high levels of bioavailable active free testosterone (FT), leading to higher rates of menstrual disorders, ovarian cysts, hypo-ovulation, infertility, and hirsutism. Therefore, both the decreased circulating insulin and improved IR status can cause the increase of serum SHBG levels, leading to the decreased serum FT levels, thereby improving outcomes in patients with PCOS (27). Nylander et al. reported that after 26 weeks of LIRA treatment, SHBG levels increased by 7.4 nmol/L (95% CI 4.1 to 10.7), FT levels decreased by 0.005 nmol/L (95% CI −0.009 to −0.001), while TT levels remained unchanged (32). In a 12-week study, Jensterle et al. found that both LIRA and LIRA plus MET therapy resulted in increased SHBG levels and decreased FT levels with no difference between groups in obese patients with PCOS. However, TT levels decreased only after LIRA plus MET therapy (33). Our 12-week study revealed that SHBG levels were significantly increased and FAI significantly decreased in both MET and COM groups. Moreover, the TT level remained unchanged after 12 weeks of treatment in the MET group but significantly decreased in the COM group, which was also consistent with the findings by Jensterle et al. (33). After 12 weeks of treatment, the COM group had significant differences in the serum TT levels [(0.79 ± 0.31) ng/mL vs. (0.62 ± 0.24) ng/mL, P = 0.032], serum SHBG levels [22.40 (15.25–34.60) nmol/L vs. 27.00 (22.60–44.90) nmol/L, P = 0.018], and FAI [12.72 (6.40–17.71)% vs. 7.06 (3.90–10.19)%, P = 0.004] when compared with those in the MET group, indicating that MET plus LIRA therapy may be more effective than MET monotherapy in improving HA in overweight patients with PCOS.

PCOS is a heterogeneous disease with multiple factors influencing its treatment. To date, several therapeutic strategies have been proposed for the treatment of PCOS, anti-androgens for menstrual disorders and hirsutism/acne; ovulation-stimulating agents for infertility; insulin-sensitizing compounds for hyperinsulinemia. Additionally, lifestyle changes, such as diet and exercise, are considered first-line treatments for women affected by PCOS. Recent evidence also suggests that a low-carbohydrate, ketogenic diet can have beneficial effects on weight loss and improved insulin resistance in 11 women with PCOS with a BMI >27 kg/m2 following a 24-week low-ketogenic diet. Preliminary studies have reported significant improvements in body weight, free testosterone, LH/FSH ratio, and FINS (34). Different forms of fasting, such as intermittent fasting and regular fasting, can lower glucose and insulin levels, which can have beneficial effects on ovarian function, androgen excess, and infertility in women with PCOS. Fasting may also improve symptoms and signs associated with hyperandrogenemia. In addition, weight loss reduces adipose tissue and may negatively regulate androgen conversion in estrone: in this case, fasting may reduce hypothalamic and pituitary dysregulation, which underlie subfertility in women with PCOS (35). Inositol is a polyol with nine naturally occurring stereoisomers, including D-chiro-inositol (DCI) and inositol (MI), which play important roles in the metabolism of glucose and free fatty acids. Moreover, MI and DCI have been classified as insulin sensitizers and appear to adequately counteract several IR-related metabolic alterations with safe nutritional profiles (36). Laganà et al. administered MI or DCI to two different groups of PCOS patients and found that circulating androgen levels were decreased, LH and LH/FSH ratios were decreased in both groups, through a decrease in the HOMA index, and an increase in SHBG. The results suggest that MI appears to have the most significant effect on the metabolic profile, whereas DCI mainly affects hyperandrogenemia parameters. Furthermore, both groups showed improved menstrual cycle regularity without any significant difference between the two inositol isoforms (37). Unfortunately, our clinical trial only explored the effects of MET and LIRA in overweight PCOS patients, so future longitudinal cohort studies, as well as prospective intervention trials, may help to better elucidate the role of different treatments for PCOS.

The main limitations of our study are the single-center design, relatively small sample size, and short treatment duration. Above all, the 12-week period is very short to compare the sustainability of the benefits of these regimens. Although LIRA plus MET therapy was more effective than MET monotherapy in improving LH, Prog, SHBG, and FAI, longer treatment durations and larger, multicenter, multiethnic group trials are needed to confirm our findings. Additionally, at the end of the 12th week of treatment, some patients did not undergo OGTT tests, resulting in fewer available results for glucose metabolism analysis. The lack of data hindered comprehensive evaluation of the dynamics underlying glucose metabolism. Finally, owing to various reasons, such as the COVID-19 pandemic, the rate of loss of participants during follow-up was relatively high. Although attrition was within the generally accepted threshold of 20%, it might cause potential biases.



Conclusions

In overweight Chinese patients with PCOS, both MET monotherapy and MET plus LIRA therapy improved glucose metabolism and relieved IR. Additionally, MET plus LIRA therapy was more effective than MET monotherapy in improving reproductive abnormalities and hyperandrogenemia, potentially by modulating the hypothalamic-pituitary-ovarian axis.
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Background

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



Objective

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



Population and sample

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



Methods

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



Mean outcome measures

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



Results

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



Conclusions

The differential metabolites were mainly a variety of lipids. Some of them can predict clinical outcomes to a certain extent.





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



1 Introduction

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

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

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

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



2 Methods


2.1 Sample collection and preparation

All subjects were recruited from infertility women who underwent IVF-ET in the first affiliated hospital of Zhengzhou University, from September 2019 to October 2019. Including PCOS group(n=30) and non-PCOS group(n=30). For all subjects, we collected the first tube of follicular fluid (FF) at the time of picking up oocytes and the waste embryo culture medium (ECM) after the D3 high-quality embryo transplanted. Women with PCOS were diagnosed based on the Rotterdam 2003 criteria, which require two of the following three features to be met: 1) oligo- or anovulation, 2) clinical and/or biochemical signs of hyperandrogenism, or 3) ultrasound suggestive of polycystic ovarian changes. Patients in the non-PCOS group all underwent IVF-ET purely because of tubal factors. Patients in both groups were younger than 35 years old, undergoing their first IVF-ET, with a body mass index of 18 kg/m2 < BMI < 24 kg/m2, and received conventional IVF fertilization.

Exclusion criteria:①Other endocrine disorders such as Cushing’s disease, congenital adrenal hyperplasia, etc. ②Women with infertility due to poor ovarian reserve, endometriosis, premature ovarian failure, or other issues may influence follicle development ③Use of donor oocytes or sperm ④infertility due to male factor ⑤patients who underwent preimplantation genetic diagnosis(PGD) or preimplantation genetic screening(PGS)

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



2.2 Metabolites extraction

20 μL of the sample was mixed with the extraction solution (methanol: acetonitrile = 1:1 (V/V), including the isotope-labeled internal standard mixture), sonicated, and left at -40°C for 1 h. The samples were centrifuged and the supernatant was extracted for detection on the machine. All samples were mixed into quality control (QC) samples by taking equal amounts of supernatant.



2.3 Method conditions

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



2.4 Date collection, processing and statistical analysis


2.4.1 Raw data processing

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



2.4.2 Multivariate analysis

To narrow down the results of large-scale untargeted metabolomics assays, principal component analysis (PCA) was used to visualize the sample distribution. For better display and subsequent analysis, orthogonal projections to latent structures discriminant analysis (OPLS-DA) statistical method were used to separate metabolites and classify uncorrelated orthogonal and non-orthogonal variables. PCA and OPLS-DA models were constructed with the reversed-phase liquid chromatography data. The data were logarithmically (LOG) transformed plus UV-formatted using SIMCA software (V15.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden). The quality of the model was further tested by 7-fold cross-validation, and then the validity of the model was judged by the R2Y (interpretability of the model for categorical variable Y) and Q2 (predictability of the model) obtained after cross-validation. Finally, a permutation test was made to confirm the validity of the model.



2.4.3 Univariate statistical analysis

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




2.5 Metabolic pathway enrichment and topological analysis

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



2.6 Identify potential biomarkers for clinical outcomes

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




3 Results


3.1 Clinical features of enrolled subjects

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



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

The OPLS-DA model showed a distinct trend of separation between the follicular fluid in the PCOS group(P-FF) and the non-PCOS group(N-FF). Score plots of all metabolites in follicular fluid showed a significant difference in the metabolic fingerprint profile between the PCOS and non-PCOS groups (Table S1). The parameter R2Y (the interpretability of the model for the categorical variable Y) used to test the validity of the model was close to 1 in both ion models, indicating that the model was consistent with the reality of the sample date (Figure S2).The results of differential metabolite screening are represented by volcano plots (Figure S3).

Eleven main differential metabolites were identified in the follicular fluid of the PCOS group versus non-PCOS patients. Among the differential metabolites in follicular fluid, the levels of DG(15:0/18:3(6Z,9Z,12Z)/0:0), DG(18:2(9Z,12Z)/15:0/0:0), Androsterone sulfate, and L-Erythrulose were significantly higher, whereas the levels of LysoPE(16:0/0:0), L-Palmitoylcarnitine, Linoleyl carnitine, trans-Hexadec-2-enoyl carnitine, 1-Arachidonoylglycerophosphoinositol, 2-propylpentanoic acid, LysoPA(18:1(9Z)/0:0) were significantly lower in the PCOS group than in the non-PCOS control group. The details are shown in the (Table 1).


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





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

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

As known that the abnormalities in follicular fluid metabolism between the PCOS and non-PCOS groups were primarily related to abnormal lipid metabolism. Therefore, of the embryo culture fluid differential metabolites, only lipidic metabolites and the more abundant organic acid and its derivative-like metabolic differentials were selected for analysis. A total of 32 differential metabolites were screened. Respectively L-Alloisoleucine, D-Proline, L-Valin, Taurine, Creatine, beta-Alanine, Ureidopropionic acid,4- Guanidinobutanoic acid, D-Alanine, Allantoic acid, L-Phenylalanine, Glycerophos phocholine, beta-Santalal, L-Asparagine, Elaidic carnitine, Phosphatidylcholine O-34:2, Glycine, Isobutyric acid, Pelargonic acid, Tridecanoic acid, Undecanoic acid, 12-Hydroxydodecanoic acid, L-Serine, Ketoleucine, D- Glutamine, 3-Hydroxycapric acid, 2-Hydroxyethanesulfonate, 2-Hydroxy-3- methylbutyric acid, L-Allothreonine, Undecylenic acid and (R)-3- Hydroxy- tetradecanoic acid. The detailed results are shown in the (Table 2).


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





3.4 Differential metabolites-related metabolic pathways

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




Figure 1 | Metabolic pathways relevant to the follicular fluid.






Figure 2 | Metabolic pathways relevant to the embryo culture fluid. (A) positive ion mode, (B) negative ion mode.





3.5 Potential biomarkers for clinical outcomes

As shown by the screening results of the differential metabolite-related metabolic pathways, the differences in follicular fluid and embryo culture fluid metabolism between the PCOS and non-PCOS groups of patients were mainly focused on lipidic metabolism. In order to find potential markers that could predict clinical outcomes, we performed a logistic regression analysis of the screened lipid differential metabolites in combination with clinical outcomes (pregnancy rate, delivery rate, live birth rate, and miscarriage rate). Clinical dates are shown in (Table S2). The results are represented by a Receiver Operating Characteristic Curve (ROC) plot. An area under the ROC curve (AUC) greater than 0.7 is usually considered to have good predictive performance, and greater than 0.9 is considered to have excellent predictive performance, so we list the results with an AUC greater than 0.7.

LysoPE (16:0/0:0), DG (18:2(9Z,12Z)/15:0/0:0), Linoleyl carnitine and Androsterone sulfate in follicular fluid of the PCOS group had better predictive ability for abortion rate, with an AUC of 0.824, 0.706, 0.706 and 0.941, respectively. DG (15:0/18:3(6Z,9Z,12Z)/0:0) and LysoPA (18:1(9Z)/0:0) were good indicators for predicting the live birth rate and delivery rate in PCOS group, with AUC of 0.7 and 0.88. LysoPA (18:1(9Z)/0:0) was a good predictor of pregnancy rate in PCOS group, with an AUC of 0.89. In the follicular fluid of non-PCOS group, LysoPE(16:0/0:0) and DG (18:2(9Z,12Z)/15:0/0:0) had a better ability to predict pregnancy rate, delivery rate and live birth rate, with an AUC of 0.733. Glycerophosphocholine, (R)-3-Hydroxy-tetradecanoic acid and Elaidic carnitine in embryo culture medium of PCOS group were important indicators for predicting clinical pregnancy rate, with AUC of 0.933, 0.767 and 0.933, respectively. Pelargonic acid and Elaidic carnitine had better predictive effect on pregnancy rate in PCOS group, with AUC of 0.771 and 0.757, respectively. Pelargonic acid in the PCOS group was better in predicting the birth rate and live birth rate, and the AUC was 0.764. Beta-Santalal and(R)-3- Hydroxy-tetradecanoic acid in embryo culture medium of non-PCOS group were good indicators for predicting live birth rate, delivery rate and pregnancy rate, with AUC of 0.798 and 0.726, respectively. For a better presentation, we listed in Table S3–Table S6 which groups of women these markers were predictive for and in what samples they were found. ROC charts of markers are Figure S7–Figure S10. As can be seen from Figure S10, Androsterone sulfate, Glycerophosphocholine and Glycerophosphocholine had robust predictive capability.,




4 Discussion


4.1 Main findings

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

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

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



4.2 Strengths and limitations

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

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



4.3 Interpretation

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

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

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

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




5 Conclusion

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

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

3. Various lipid differential metabolites can predict clinical outcomes to a certain extent. They are LysoPE(16:0/0:0), DG(18:2(9Z,12Z)/15:0/0:0), Elaidic carnitine, DG(15:0/18:3(6Z,9Z,12Z)/0:0),LysoPA(18:1(9Z)/0:0), Pelargonic acid, beta-Santalal, (R)-3-Hydroxy-tetradecanoic acid, Linoleyl carnitine, Androsterone sulfate and Glycerophosphocholine. Especially Androsterone sulfate, Glycerophosphocholine, and Elaidic carnitine were believed to be connected with the abortion rate of PCOS patients closely.
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Objective: A meta-analysis is used to explore the relationship between polycystic ovary syndrome (PCOS) and the risk of Sleep disturbances.
Method: Cochrane Library, PubMed, Embase, and Web of Science databases are searched by computer from their establishment to 1 May 2022. Review Manager 5.4 software is used for the meta-analysis.
Results: A total of nine articles are included, with 1,107 subjects. The results show that PCOS is positively associated with the risk of Sleep disturbances. Comparing with the “PCOS group” (experimental group) with the “NON-PCOS group” (control group), the incidence of Sleep disturbances is higher (OR = 11.24, 95% CI: 2.00–63.10, Z = 2.75, p = 0.006); the Pittsburgh Sleep Quality Index (PSQI) scores of the PCOS group is higher than that of the NON-PCOS group (MD = 0.78, 95% CI: 0.32–1.25, Z = 3.30, p = 0.001); the Epworth Sleepiness Scale (ESS) scores of the PCOS group is higher than that of the NON-PCOS group (MD = 2.49, 95% CI: 0.80–4.18, Z = 2.88, p = 0.004); Apnea hypopnea index (AHIs) in the PCOS group are higher than those in the NON-PCOS group (MD = 2.68, 95% CI: 1.07–4.28, Z = 3.27, p = 0.001); the sleep efficiency of the PCOS group is lower than that of the NON-PCOS group (MD = -5.16, 95% CI: 9.39–-0.93, Z = 2.39, p = 0.02); the sleep onset latency of the PCOS group is higher than that of the NON-PCOS group (MD = 2.45, 95% CI: 1.40–3.50, Z = 4.57, p < 0.001); and the Rapid Eyes Movement (REM) sleep in the PCOS group is higher than that in the NON-PCOS group (MD = 17.19, 95% CI: 11.62–55.76, Z = 6.05, p < 0.001). The studies included in each analysis have publication biases of different sizes. After subgroup analysis and sensitivity analysis, the heterogeneity of each study in the meta-analysis is reduced, the bias is reduced accordingly, and the stability of the results can be maintained.
Conclusion: PCOS is positively associated with the risk of Sleep disturbances. In order to reduce such risk, attention should be paid to the role of PCOS management, and PCOS prevention and treatment should be actively carried out.
Keywords: polycystic ovary syndrome (PCO), sleep disturbances, relationship, meta-analysis', risk
1 INTRODUCTION
Polycystic ovary syndrome (PCOS) is the most common endocrine disorder in women of reproductive age (4–12%) (Azziz et al., 2004), while its prevalence depends on the choice of diagnostic criteria. A community-based prevalence study using the Rotterdam criteria found that approximately 18% of women had PCOS, 70% of whom had not been diagnosed previously (Teede et al., 2010). PCOS usually occurs during puberty with irregular menstrual cycles, signs of hyperandrogenism such as acne and hirsutism, and insulin resistance (Azziz, 2006). PCOS was discovered in the 1930s, but the understanding of its relationship with Sleep disturbances was relatively late. Most studies on this topic were published after 2001, and the research content is relatively small, with some variations in results. Recent studies have linked PCOS to Sleep disturbances, with a prospective case-control study estimating that women with PCOS have a 30-fold higher prevalence of Sleep disturbances than women in the general population (Nandalike et al., 2011). Studies have confirmed that persistent lack of sleep can lead to decreased thinking ability and memory, decreased vigilance and judgment, low immunity, endocrine disorders, anxiety, and irritability, and ultimately lead to the occurrence of diseases such as high blood pressure, cardiovascular and cerebrovascular diseases, and affective psychosis, aggravate the severity of age-related chronic diseases, and increase the risk factors of periodic coronary heart disease in middle-aged and elderly women (Tsay et al., 2003). Sleep itself is an important regulator of endocrine function, and the endocrine system also plays an important role in regulating the sleep-wake cycle (Calandra-Buonaura et al., 2016). There may be a complex relationship between PCOS as an endocrine disorder and sleep. Therefore, this study conducted a meta-analysis of the risk relationship between Sleep disturbances and PCOS in order to provide medical evidence for an exploration of the etiology of PCOS and its preventive treatment.
2 MATERIALS AND METHODS
2.1 Retrieval strategy
According to the meta-analysis of Observational Studies in Epidemiology (MOOSE) statement and standard of preferred reporting items for Systematic Reviews and meta-analyses (PRISMA), and the PRISMA checklist item is depicted in Supplementary File S1. Cochrane Library, PubMed, Embase, and Web of Science databases were searched by computer from their establishment to 1 May 2022. English search terms included “polycystic ovary syndrome”, “PCOS”, “Stein-leventhal Syndrome”, “Sclerocystic Ovarian Degeneration”, “Ovary Syndrome, Polycystic”, “Syndrome, Polycystic Ovary”, “Stein-Leventhal Syndrome”, “Stein Leventhal Syndrome”, “Syndrome, Stein-Leventhal”, “Ovarian Degeneration, Sclerocystic”, “Sclerocystic Ovary Syndrome”, “Polycystic Ovarian Syndrome”, “Sclerocystic Ovaries”, “Ovary, Sclerocystic","Sclerocystic Ovary”, Sleep Wake Disorders","Disorder, Sleep Wake”, “sleep disturbances”, “Disorder, Sleep Wake”, “Disorders, Sleep Wake”, “Sleep Wake Disorder”, “Wake Disorder, Sleep”, “Wake Disorders, Sleep Disorders”, “Disorder, Sleep”, “Disorders, Sleep”, “Sleep Disorder”, “Short Sleeper Syndrome”, “Short Sleeper Syndromes”, “Sleeper Syndrome, Short”, “Sleeper Syndromes, Short”, “Syndrome, Short Sleeper”, “Syndromes, Short Sleeper”, “Short Sleep Phenotype”, “Phenotype, Short Sleep”, “Phenotypes, Short Sleep”, “Short Sleep Phenotypes”, “Sleep Phenotypes, Short”, “Sleep”. The details of the search process for each database are listed in Supplementary File S2. The type of research design was not limited, and the language was limited to English.
2.2 Literature inclusion and exclusion criteria
Inclusion criteria: ① the subjects of the study were patients with a clinical diagnosis of PCOS in the case group, and healthy women with a normal menstrual cycle or female patients who came to the hospital for other reasons in the control group; ② the types of studies were cohort studies, case-control studies, and cross-sectional studies which were compared with the control group; ③ articles in which the subjects were diagnosed as having PCOS by the criteria of National Institutes of Health (NIH; 1990) (Zawadzki et al., 1992), and Rotterdam criteria (AE-PCOS; 2003) (Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group, 2004), and Sleep disturbances were diagnosed and investigated by polysomnography, actiwatch, and sleep questionnaires.
Exclusion criteria: ① languages other than English; ② replicated publications (if studies involving the same population were published repeatedly, the latest published studies or those with the larger sample size were selected); ③ studies without a control group; ④ studies for which the effect sizes could not be extracted or calculated; ⑤ studies with little research information or incomplete data and inconsistent outcome indicators; ⑥ studies on the use of contraceptives, metformin and other drugs that affect PCOS; ⑦ studies in which the population is accompanied by hypertension, diabetes, atypical adrenal 21-hydroxylase deficiency, androgen-secreting tumor, Cushing’s syndrome, and any other disease that may cause Sleep disturbances; ⑧ the experimental group and control group had significant body mass index (BMI) differences (differences greater than 10 kg/m2 were excluded) which were likely to cause bias.
2.3 Literature screening, quality assessment, and data extraction
Two researchers independently searched, extracted and screened the literature, then checked each other’s work, and provided articles with differences to a third researcher to decide whether they should be included. The methodological quality of the included literature was assessed. The evaluation was performed using the “Risk of Bias Assessment” tool recommended by the Cochrane Collaboration, which is divided into three levels: low risk, unclear, and high risk. The content is: whether it is randomly assigned; whether to perform allocation concealment; whether to use blinding; whether the outcome data is complete; whether the research results are selectively reported; and whether there is other risk of bias. The extracted data included the first author, study area, publication time, sample size, age, BMI, prevalence of Sleep disturbances, AHIs, sleep efficiency, rapid eye movement (REM) sleep, sleep onset latency, Pittsburgh Sleep Quality Index (PSQI), Epworth Sleepiness Scale (ESS), outcome measures, and adjustment for confounders. After data extraction, the two datasets were checked, and inconsistent data was extracted again. After checking, the data was analyzed.
2.4 Ending and exposure
The PCOS of the research subjects had to meet the NIH or Rotterdam diagnostic criteria, and Sleep disturbances were diagnosed by polysomnography, actiwatch, and sleep questionnaires. The prevalence of Sleep disturbances (including sleep apnea or obstructive sleep apnea) in the PCOS group and control group, AHIs, sleep efficiency, REM sleep, sleep onset latency, PSQI, and ESS were used as outcome indicators. The incidence of Sleep disturbances between the PCOS group and control group was different, indicating a correlation between PCOS and Sleep disturbances; comparing with the PCOS group and control group, the differences in levels of AHIs, sleep efficiency, REM sleep, sleep onset latency, PSQI, and ESS were included, illustrating the effects of PCOS on Sleep disturbances.
2.5 Statistical methods
Statistical analysis was performed using Review Manager 5.4 software. Quantitative data was expressed as mean ± standard deviation (x ± s), MD and OR values were used for effect evaluation, and 95% CI was calculated. The I2 statistical value test and Q test were used to analyze the heterogeneity of the studies. If the heterogeneity among the studies was not statistically significant (I2 ≤ 50% and p ≥ 0.1), a fixed effects model was used; and if there was heterogeneity (I2 > 50% and p < 0.1), a random effects model was used. Sensitivity analysis was used to judge the stability and reliability of the combined results. p < 0.05 was considered statistically significant.
3 RESULTS
3.1 Literature screening results
A total of 768 articles were retrieved, of which 442 papers were obtained after deduplication, and 237 papers were excluded by reading the titles and abstracts. After reading the full texts, nine papers (Fogel et al., 2001; Tasali et al., 2008a; Yang et al., 2009; de Sousa et al., 2010; de Sousa et al., 2011; Shreeve et al., 2013; Suri et al., 2016; Su et al., 2017; Azizi et al., 2020) were finally included (Figure 1), with a total of 1,107 research subjects. The study populations were from United States; China; Taiwan, China; Germany; Britain; India; and Iran. The basic characteristics of the literature included in the study are shown in Table 1.
[image: Figure 1]FIGURE 1 | Flow chart of literature screening.
TABLE 1 | Basic features of the included studies.
[image: Table 1]3.2 Quality evaluation of included studies
The Newcastle–Ottawa (NOS) scale was used to evaluate the quality of the included observational studies. The specific evaluation is shown in Table 2. The lowest overall evaluation was 6★ and the highest was 8★, all of which were of high quality. All studies had a low to moderate risk of bias and no studies were excluded due to poor quality (<5★).2.3 Statistical Analysis Results.
TABLE 2 | Newcastle–Ottawa Scale of the included studies.
[image: Table 2]3.3.1 Association between PCOS and Incidence of Sleep disturbances
A total of four studies were included (Fogel et al., 2001; Tasali et al., 2008a; Shreeve et al., 2013; Suri et al., 2016), all of which were used in the analysis. There was moderate heterogeneity among the included studies (p = 0.01, I2 = 72%), so a random effects model was used for analysis (Figure 2). The results showed that the incidence of Sleep disturbances in the PCOS group was higher than in the control group (OR = 11.24, 95% CI: 2.00–63.10, Z = 2.75, p = 0.006), and the results were statistically significant. In order to reduce the clinical heterogeneity of the research subjects, the sensitivity analysis of the incidence of Sleep disturbances showed that there was no heterogeneity after excluding one study: Shreeve 2013 (Shreeve et al., 2013) (p = 0.5, I2 = 0%). Furthermore, the fixed effects model analysis showed (Figure 3) that the incidence of Sleep disturbances in the PCOS group was higher than in the control group (OR = 28.91, 95% CI: 10.44–80.07, Z = 6.47, p < 0.001), further verifying that Sleep disturbances in the PCOS group had a higher prevalence and statistical significance. Looking back at the original text, it was found that the sleep disorder assessment method of Shreeve 2013 (Shreeve et al., 2013) was actiwatch, while the assessment method of the other studies was polysomnography. Considering that the generation of heterogeneity may be related to the method of sleep disorder assessment, there is a certain degree of heterogeneity, suggesting that future research can specifically explore the effects of sleep disorder assessment methods on the study population.
[image: Figure 2]FIGURE 2 | Forest plot of the incidence of sleep disturbance in the PCOS group and the control group (before heterogeneity was excluded).
[image: Figure 3]FIGURE 3 | Forest plot of incidence of sleep disturbance in PCOS group and control group (after removing heterogeneity studies).
3.3.2 Correlation between PCOS and PSQI scores
A total of two studies were included (de Sousa et al., 2011; Shreeve et al., 2013), both of which were used in the analysis (Figure 4). The heterogeneity among the included studies was mild (p = 0.16, I2 = 49%), so a fixed effects model was used for analysis. To enter the forest plot of the PSQI scores of Sleep disturbances in the control group. The results showed that the PSQI scores of PCOS group was higher than that of control group (MD = 0.78,95% CI: 0.32–1.25, z = 3.30, p = 0.001); In general, the prevalence of sleep disorders in PCOS group was higher, which was statistically significant.
[image: Figure 4]FIGURE 4 | Forest plot of PSQI scores of sleep disturbance in PCOS group and control group.
3.3.3 Correlation of PCOS and ESS scoress
A total of four studies were included (Fogel et al., 2001; Yang et al., 2009; Shreeve et al., 2013; Suri et al., 2016), all of which were used in the analysis. There was large heterogeneity among the included studies (p < 0.001, I2 = 91%), so a random effects model was used for analysis (Figure 5). The results showed that the ESS scores in the PCOS group was higher than in the control group (MD = 2.49, 95% CI: 0.80–4.18, Z = 2.88, p = 0.004), with statistical significance. In order to reduce the clinical heterogeneity of the research subjects, the sensitivity analysis for the ESS scoress showed that there was no heterogeneity after excluding one study, Yang 2009 (Yang et al., 2009) (p = 0.44, I2 = 0%); further fixed effects model analysis was performed, showing (Figure 6) that the ESS scoress of the PCOS group was higher than that of the control group (MD = 3.55, 95% CI: 3.06–4.04, Z = 14.1, p < 0.001), with statistical significance. Looking back at the original text, it was found that the mean BMI of the study population in Yang 2009 (Yang et al., 2009) was lower than 24 kg/m2, while the mean BMI of the other study populations was higher than 28 kg/m2, so it was considered that the generation of heterogeneity may be related to the BMI value of the study population. Therefore, there was a certain heterogeneity, suggesting that the effects of BMI on PCOS and Sleep disturbances in the study population should be explored in future studies.
[image: Figure 5]FIGURE 5 | Forest plot of ESS scoress in PCOS and control groups (before heterogeneity was excluded).
[image: Figure 6]FIGURE 6 | Forest plot of ESS scoress in PCOS group and control group (after removing heterogeneity studies).
3.3.4 Correlation of PCOS with AHIs
A total of four studies were included (Fogel et al., 2001; Tasali et al., 2008a; Suri et al., 2016; Su et al., 2017), all of which were used in the analysis (Figure 7). There was great heterogeneity among the included studies (p < 0.001, I2 = 97%), so a random effects model was used for analysis. The results showed that AHIs in the PCOS group were higher than those in the control group (MD = 2.68, 95% CI: 1.07–4.28, Z = 3.27, p = 0.001), with statistical significance.
[image: Figure 7]FIGURE 7 | Forest plot of AHIs in PCOS group and control group.
3.3.5 Correlation between PCOS and sleep efficiency
A total of six studies were included (Fogel et al., 2001; Yang et al., 2009; de Sousa et al., 2010; Suri et al., 2016; Su et al., 2017; Azizi et al., 2020), all of which were used in the analysis (Figure 8). There was great heterogeneity among the included studies (p < 0.001, I2 = 93%), so a random effects model was used for analysis. The results showed that the sleep efficiency of the PCOS group was lower than that of the control group (MD = -5.16, 95% CI: 9.39–-0.93, Z = 2.39, p = 0.02), which was statistically significant, but the included studies were heterogeneous. To further verify the relationship between PCOS and sleep efficiency, and further reduce the clinical heterogeneity of the study subjects, a subgroup analysis of the study population was performed (Figure 9) in which the heterogeneity of the minor group was (p = 0.95, I2 = 0%), and the heterogeneity of the adult group was (p < 0.001, I2 = 95%). These results showed that compared with the control group, the PCOS group was divided into minors (MD = -12.21, 95% CI: -18.18–-6.23, Z = 4, p < 0.001) and adults (MD = - 0.08, 95% CI: -0.19–0.02, Z = 1.51, p = 0.13), there was no heterogeneity in the subgroup study of minors, the sleep efficiency of the PCOS population in the minor subgroup was lower, and the difference was statistically significant. However, there was large heterogeneity in the adult subgroup study, and the sleep efficiency of the PCOS population in the adult subgroup was low, but the difference was not statistically significant. Considering that the generation of heterogeneity may be related to age, the influencing factor of age needs to be further confirmed by future large-sample, multi-center clinical studies.
[image: Figure 8]FIGURE 8 | Forest plot of sleep efficiency correlation between PCOS group and control group.
[image: Figure 9]FIGURE 9 | Forest plot of sleep efficiency correlation between PCOS group and control group (age subgroup).
3.3.6 Correlation between PCOS and Sleep Onset Latency
A total of four studies were included (Fogel et al., 2001; Suri et al., 2016; Su et al., 2017; Azizi et al., 2020), all of which were used in the analysis (Figure 10). There was moderate heterogeneity among the included studies (p = 0.03, I2 = 67%), so a random effects model was used. The results showed that the sleep onset latency in the PCOS group was longer than that in the control group (MD = 2.45, 95% CI: 1.40–3.50, Z = 4.57, p < 0.001), which was statistically significant.
[image: Figure 10]FIGURE 10 | Forest plot of correlation between sleep onset latency in PCOS group and control group.
3.3.7 Correlation between PCOS and REM sleep
A total of two studies were included (de Sousa et al., 2010; Suri et al., 2016), both of which were included in the analysis (Figure 11). There was no heterogeneity among the included studies (p = 0.89, I2 = 0%), so a fixed effects model was used for analysis. The results showed that the REM sleep in the PCOS group was higher than that in the control group (MD = 17.19, 95% CI: 11.62–55.76, Z = 6.05, p < 0.001); overall, the REM sleep in the PCOS group was higher, with statistical significance.
[image: Figure 11]FIGURE 11 | Forest plot of REM sleep correlation between PCOS group and control group.
3.4 Sensitivity analysis
In this study, sensitivity analysis was conducted for the results with high heterogeneity and statistical significance. In the sensitivity analysis of the incidence of sleep disorders in the PCOS group and the control group, there was no significant change in the combined results after excluding any literature, and the results were stable; After the Shreeve 2013 (Shreeve et al., 2013) study was excluded, there was no heterogeneity among the studies. Tracing back to the original text, it was found that the sleep disorder evaluation method of this study was actiwatch, while the evaluation method of other studies was polysomnography. Considering that the generation of heterogeneity may be related to the sleep disorder evaluation method, there was some heterogeneity, suggesting that the effect of sleep disorder evaluation methods on the study population can be explored in future studies. In the sensitivity analysis of the ESS score in the PCOS group and the control group, there was no significant change in the combined results after excluding any literature, and the results were stable; After the Yang 2009 (Yang et al., 2009) study was excluded, the heterogeneity of the study decreased significantly. It was found that the average BMI of the study population was lower than 24 kg/m2, while the average BMI of other study populations was higher than 28 kg/m2. Considering that the generation of heterogeneity may be related to the BMI value of the study population, there was a certain heterogeneity, suggesting that the effect of BMI of the study population on PCOS and sleep disorders can be explored in future studies. In the sensitivity analysis of the AHI in the PCOS group and the control group, there was no significant change in the combined results after excluding any literature, and the results were stable. After the fogel 2001 (Fogel et al., 2001) study was excluded, the heterogeneity of the study decreased significantly. In the sensitivity analysis of thesleep onset latency in the PCOS group and the control group, there was no significant change in the combined results and inter study heterogeneity after excluding any literature.
3.5 Publication bias
The presence of publication bias was assessed using Egger’s method. There were four studies on the incidence of Sleep disturbances in the PCOS group and control group. The result of Egger’s method was p = 0.664 > 0.05, indicating no significant publication bias. There were four studies on the ESS score in the PCOS group and control group. The result of Egger’s method was p = 0.596 > 0.05, indicating no significant publication bias. There were four studies on the AHI in the PCOS group and control group. The result of Egger’s method was p = 0.427 > 0.05, indicating no significant publication bias. There were six studies on the Sleep Efficiency in the PCOS group and control group. The result of Egger’s method was p = 0.124 > 0.05, indicating no significant publication bias. There were four studies on the Sleep Onset Latency in the PCOS group and control group. The result of Egger’s method was p = 0.183 > 0.05, indicating no significant publication bias.
4 DISCUSSION
PCOS is a complex endocrine disorder that affects reproductive, metabolic, and mental health in women. Clinically-based studies have shown that Sleep disturbances, including obstructive sleep apnea and excessive daytime sleepiness, occur more frequently in women with PCOS compared with control groups of women without PCOS (Fernandez et al., 2018). Sleep is an important part of normal physiology, and Sleep disturbances are common in contemporary society. Abnormal sleep is associated with health conditions and comorbidities such as obesity, hypertension, diabetes, depression, and poor quality of life. Little is known about the relationship between female sleepiness and PCOS, and several limited studies investigating sleep in women of reproductive age suggest that PCOS is associated with Sleep disturbances (Ehrmann, 2005). Women with PCOS also have an increased incidence of depression (Cooney and Dokras, 2018) and metabolic dysfunction (Dunaif et al., 1989), both of which are associated with Sleep disturbances.
Sleep disturbances and disorders can affect many aspects of daytime mood, cognition, and psychomotor function, so Sleep disturbances is a serious health problem. Recognized Sleep disturbances include features of sleep deprivation and insomnia (difficulty falling asleep, difficulty maintaining sleep, waking up too early, or unrefreshing sleep), which may be problematic for the individual, even below the clinically defined 1-month duration time (Moran et al., 2015). Hallmark sequelae include daytime fatigue, lethargy, and irritability. Sleep disturbances can occur in the absence of OSA (in which breathing is disturbed during sleep). Notably, women’s subjective experience of Sleep disturbances differs from men’s, with insomnia and subsequent depression more characteristic than men’s typical snoring, apnea, and daytime sleepiness (Redline et al., 1994; Pillar and Lavie, 1998). At present, there are various ways to evaluate sleep quality, including objective monitoring methods such as polysomnography and various subjective questionnaires such as the PSQI (Buysse et al., 1989), ESS (Johns, 1991), and Leeds sleep evaluation questionnaire (LSEQ) (Skrobik et al., 2018).
A total of nine studies were included in this meta-analysis. The sleep quality of patients was further explored through the analysis of multiple indicators. The results showed that PCOS is closely related to Sleep disturbances, and may increase the risk of Sleep disturbances; among them, the incidence of Sleep disturbances is higher in PCOS patients; PSQI scoress, ESS scoress, AHIs, sleep onset latency, and REM sleep were higher in PCOS patients than those in the control group, the sleep efficiency of PCOS patients was lower than that of the control group, and PCOS patients all had more serious sleep problems.
Specifically, the results of the meta-analysis of the relation between PCOS and Sleep disturbances risk showed that the incidence of Sleep disturbances in PCOS patients was high; after excluding one study, Shreeve 2013 (Shreeve et al., 2013), there was no heterogeneity and no obvious research bias, indicating that this study was the source of the heterogeneity and bias, and that the research conclusions of the other articles were more reliable. However, only four studies were included, so analyzing a larger number of studies can help to further stabilize the research results. When PCOS patients were analyzed and evaluated in terms of PSQI scores, ESS scores, AHIs, sleep onset latency, REM sleep, etc., the degree of Sleep disturbances in PCOS patients was more serious. Prolonged sleep efficiency decreased and REM sleep increased, but excluding any studies had no significant effect on the combined effect size of the remaining literature, confirming that the results were relatively stable, but the sleep efficiency, PSQI, and ESS studies had no statistical significance after deleting any studies, and the number of included studies was not statistically significant. Thus, the amount of data was insufficient, and further confirmation by large-sample, multi-center clinical studies is required.
The pathophysiological mechanism leading to the high incidence of Sleep disturbances in PCOS has not yet been determined, and some studies simply attribute it to the presence of excessive BMI or obesity in women with PCOS, but this is only part of the reason for their sleep problems, as this association persisted after adjusting for the index (de Sousa et al., 2010), and PCOS patients with normal BMI also experience sleep problems. SDB is an independent risk factor for metabolic dysfunction in women with PCOS (Vgontzas et al., 2001). This meta-analysis also showed that sleep parameters were abnormal in both the overweight PCOS population and normal weight PCOS population. At present, it is believed that there are several pathways in the relation of PCOS to Sleep disturbances, and they may be bidirectional: (1) Insulin resistance is an important pathological feature of PCOS, and studies have shown that Sleep disturbances can exacerbate insulin resistance (Rao et al., 2015), while insulin increases the sympathetic nervous system; this, this may in turn affect sleep architecture, increasing the risk of sleep-disordered breathing and daytime sleepiness (Greco and Spallone, 2015). (2) Women with PCOS have elevated hypothalamic-pituitary-adrenal axis reactivity (Benson et al., 2009), which is associated with Sleep disturbances (Vgontzas, 2008); the circadian sleep-wake cycle also involves peripheral regulation by neurotransmitters and neuromodulators, including melatonin and cytokines. (3) Women with PCOS have an altered cytokine profile (Xiong et al., 2011) and increased diurnal urine levels of the melatonin metabolite 6-sulfamoyloxymelatonin (Luboshitzky et al., 2001), which in turn can affect sleep. (4) Many women with PCOS have bad living habits such as smoking, alcoholism, and lack of physical activity, which can lead to Sleep disturbances (Thakkar et al., 2015; Zomers et al., 2017). (5) The disorders of the stress system in women with PCOS leads to the disorders of the sleep cycle (Vgontzas et al., 2001). (6) Alterations in body fat composition due to excess androgen levels and/or the effects of metabolic syndrome (Tasali et al., 2008b) have been previously associated with an increased risk of Sleep disturbances in patients without PCOS.
Limitations of this study: ① The number of included studies on the correlation between PCOS and Sleep disturbances was small, and the results were not stable, so further research is required to stabilize the research results; ② the included studies were case-control studies carried out to demonstrate the weak strength of the causal relationship, and their overall evidence-based medicine level was low; ③ the diagnostic methods of PCOS and sleep disorder assessment methods in each study were slightly different, and the study populations were from different age groups, which may have caused a certain level of heterogeneity in the results; ④ Sleep disturbances are more common in obese people (Koren and Taveras, 2018), and the populations of the studies included in our meta-analysis mainly consisted of obese patients and few patients with normal BMI, so there may be selection bias. Therefore, the conclusions of this meta-analysis should be interpreted with caution.
5 CONCLUSION
The results of this study suggest that the incidence of Sleep disturbances in patients with PCOS is high. PSQI scores, ESS scores, AHIs, sleep efficiency, sleep onset latency, and REM sleep may be related to PCOS. In order to understand the incidence and prevention of Sleep disturbances in patients with PCOS Treatment provides evidence-based medical evidence. Effective PCOS prevention and treatment can effectively reduce the risk of Sleep disturbances. Limited by the quantity and quality of included studies, the above conclusions need to be further confirmed by more large-sample, multi-center clinical studies.
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Polycystic ovary syndrome is an endocrinopathy that mainly affects adolescent girls and young women of childbearing age. In girls, the presence of clinical and biochemical symptoms of hyperandrogenism should be particularly considered. The role of vitamin D deficiency in insulin resistance, inflammation, dyslipidemia, and obesity, i.e. in diseases associated with PCOS, has been investigated, which may suggest its involvement in the pathophysiology of the syndrome. Leptin has been shown to stimulate the formation of FGF23 in bones. There is a relationship between the incidence of dyslipidemia, adipose tissue mass and the concentration of fibroblast growth factor 23. The main aim of the presented research project is to assess the concentration of vitamin D, calcium, and selected hormones as well as the concentration of adipokines (leptin) in girls diagnosed with polycystic ovary syndrome.


Materials and methods

The study included a population of 85 girls and young women aged 14 to 22 years. The study group included 37 girls who were diagnosed with polycystic ovary syndrome according to the modified Rotterdam’s criteria. The control group consisted of 48 completely healthy girls. In the first stage of the study participants were required to answer background questions. Next, anthropometric measurements were performed. The laboratory tests assessed: leptin, FGF23, FSH, SHGB, total testosterone, DHEA-S, 25-OH-D3, PTH, calcium, androstadiene, AMH, glucose, insulin.



Results

The vitamin D level in the group with polycystic ovary syndrome was lower than in the control group, but there was no statistically significant difference. The level of anti-Müllerian hormone was significantly higher in the group of girls diagnosed with PCOS compared to the control group. Statistically significant differences between both groups were also noted in the HOMA-IR value. The concentration of calcium, parathyroid hormone, FGF23 and leptin in the study and control groups showed no statistically significant difference.



Conclusions

In the studied group of girls with PCOS, no correlation between the level of vitamin D and selected parameters such as: AMH leptin, HOMA-IR and FGF23 was confirmed. On this basis, it can be assumed that additional vitamin D supplementation would not reduce the symptoms of polycystic ovary syndrome.
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Introduction

Polycystic ovary syndrome (PCOS) is an endocrinopathy that mainly affects adolescent girls and young women of childbearing age. The frequency of PCOS depends on the diagnostic criteria used. In girls it has not been thoroughly investigated, and in a recent study carried out on a group of women aged 15–19 it was estimated at 1.14% (1–3).

Determining the diagnosis of PCOS is difficult mainly in the group of adolescents and women in the perimenopausal period. In girls, the presence of clinical and biochemical symptoms of hyperandrogenism should be particularly considered. Some of the symptoms of polycystic ovary syndrome may be also the result of physiological changes in the body of an adolescent woman. Therefore, in this age group, the diagnosis of the syndrome is based on the modified Rotterdam’s criteria, i.e. all three Rotterdam criteria must be met (1, 4–7).

Obesity, hyperlipidemia, hyperinsulinemia, and insulin resistance are the major metabolic disorders accompanying PCOS. Hyperinsulinemia and insulin resistance occur in 20-40% of slim women with PCOS and in as many as 80% of obese patients. The coexistence of polycystic ovary syndrome and obesity shows a synergistic, unfavorable effect on the insulin. In adolescents, ovarian volume is correlated with levels of free testosterone and insulin, as well as with insulin resistance. Insulin also stimulates hyperkeratosis and the proliferation of skin fibroblasts. Thus, in PCOS patients, acanthosis nigricans can be observed more often (1, 2, 8).

The pleiotropic effect of vitamin D is evidenced by the fact that VDR (Vitamin D Receptor) is present in cells of various tissues, not only those related to calcium and phosphorus homeostasis, but also in 1-alpha hydroxylase (the enzyme necessary for the formation of vitamin’s active form in kidneys) which can be found in keratocytes, macrophages, enterocytes or cells of the human placenta. VDR regulates the expression of approximately 3% of human genetic material (9–12).

Vitamin D has been shown to work in the uterus, ovary, vagina, and placenta. It affects the implantation of the embryo, the course of pregnancy and the health of the progeny. It must be acknowledged that the evidence supporting its contribution to human reproductive health is inconsistent and based mainly on observational studies. The role of vitamin D deficiency in insulin resistance, inflammation, dyslipidemia, and obesity, i.e. in diseases associated with PCOS, has been investigated which may suggest its involvement in the pathophysiology of the syndrome. In their studies, Keshavarz et al. found vitamin D deficiency <20ng/ml in 78.7% of patients with PCO syndrome, and its normal level was only in 2.7% of patients (5, 12, 13)

Fibroblast growth factor 23 (FGF23) is a part of newly identified regulators system that forms the FGF23-bone-kidney axis, with a function comparable to the PTH-vitamin D axis. It is mainly synthesized by osteocytes and osteoblasts, qualifying bone tissue as an endocrine organ (14, 15).

The kidney is the target organ of FGF23 and the 1,25(OH)2D3 is its main regulating factor. Excessive secretion of fibroblast growth factor 23 leads to hypophosphatemia, a decrease in 1,25(OH)2D3 concentration and to rachitis or osteomalacia. In turn, FGF23 deficiency results in hyperphosphatemia, an increase in the 1,25(OH)2D3 concentration and the formation of calcifications in soft tissues. The cofactor of FGF23 is the Klotho protein. The PTH, by stimulating the activity of 1α-hydroxylase, increases the synthesis of 1,25(OH)2D3, which in turn enhances the synthesis of the Klotho protein (14, 15).

Leptin has been shown to stimulate the formation of FGF23 in bones. There is a relationship between the incidence of dyslipidemia, adipose tissue mass and the concentration of fibroblast growth factor 23. It has also been shown that estrogens, deficiency of which is the main risk factor for osteoporosis, stimulate the secretion of FGF23 (14, 15).

Changes in the secretion of adipokines are an important link in the development of insulin resistance in peripheral tissues. In this mechanism adipokines may indirectly participate in the pathogenesis of PCO syndrome. Earlier studies showed that the concentration of leptin is significantly higher in PCOS patients who have irregular menstrual cycles compared to the group with regular cycles. The level of fertility in women with PCOS has been shown to be inversely related to the concentration of circulating leptin. In turn, in adolescents with polycystic ovary syndrome, leptin concentration depends on BMI, adipose tissue content, waist circumference and HOMA-IR value (16, 17).

So far, the published literature data assess the level of vitamin D, without explanation of the changes taking place, etiology, and pathogenesis of PCOS. The possible relationship between fibroblast growth factor 23 and leptin in the pathogenesis of PCOS has not been investigated yet. The conducted studies focused almost exclusively on the group of adult patients. The results of the studies published so far are not unequivocal.

The main aim of the presented research project is to assess the concentration of vitamin D, calcium, and selected hormones as well as the concentration of adipokines (leptin) in girls diagnosed with polycystic ovary syndrome. The first symptoms of PCOS, such as hyperandrogenism and anovulatory cycles, usually appear in adolescence, but the moment when the patient visits the doctor, and the diagnosis is made is most often delayed. In this situation, conducting research is particularly important not only for the development of diagnostics and treatment, but also for examining the pathophysiology of the syndrome. Years later, the patients show such multi-system symptoms that it is difficult to recognize the initiating factors.

The possible relationship between fibroblast growth factor 23 and leptin in the pathogenesis of PCOS has not been investigated so far.

The specific aims are:

	Assessment of the variability of vitamin D levels depending on the occurrence of the syndrome polycystic ovaries.

	Assessment of the variability of AMH concentrations depending on the presence of polycystic syndrome ovaries.

	Determination of the relationship between AMH, FGF23, leptin, HOMA-IR and the level vitamin D in the test and control group.





Materials and methods


Materials

The study included a population of 85 girls and young women aged 14 to 22 years. Patients were recruited for the study at the Department of Pediatrics and Pediatric Endocrinology of the John Paul II Upper Silesian Child Health Centre in Katowice and at the children’s gynecology sub-department in the Department of Gynaecology, Obstetrics and Oncological Gynaecology in Katowice. The study was conducted between December and March.

The study was conducted between December and March. The study group included 37 girls who were at least two years after the menarche and were diagnosed with polycystic ovary syndrome according to the modified Roterdam’s criteria. The mean length of menstrual cycles in the study group was 59.03 days (± 45.17 days). The values of the performed hormonal tests (androstenedione, testosterone, DHEAS and FAI) were increased and on their basis the hyperandrogenism was diagnosed. The exact inclusion criteria for the study group are summarized in Table 1.


Table 1 | The inclusion and exclusion criteria for the study group.



The study group was recruited from the patients’ population of the hospital outpatient clinic at Department of Pediatrics and Pediatric Endocrinology of the John Paul II Upper Silesian Child Health Centre in Katowice and the Department of Gynaecology, Obstetrics and Oncological Gynaecology in Katowice, during follow-up visits. The control group consisted of 48 completely healthy girls aged between 14 and 22 years old, at least two years after the menarche, menstruating regularly (28 ± 7 days) for at last six months. In the control group the presence of hyperandrogenism was not confirmed in laboratory tests. The exclusion criteria for this group remained the same as for the study group (Table 1).

All participants of the study were informed in detail about its purpose and method. The consent to take part in the study was obtained from all participants (in case of patients under 18 years of age the consent was obtained from both the respondent and her parents/legal guardians). The consent of the Bioethical Committee of the Medical University of Silesia in Katowice was obtained to conduct the study (consent number - KNW/0022/KB1/136/III/13/14/16).



Methodology

In the first stage of the study participants were asked to answer background questions about medical history (regarding internal diseases, use of dietary supplements, exposure to the sun, addictions) and gynecological history with the assessment of the menstrual cycle.

The normal menstrual cycle in girls was defined as:

	- cycles lasting 21-45 days;

	- menstrual bleeding 3-7 days;

	- blood loss during menstruation 5-80 ml.



Secondary amenorrhea was diagnosed in the event of a lack of period for six months after the previous period of normal menstruation.

In the next stage the anthropometric measurements (height, weight, BMI) were performed. The severity of hirsutism was assessed according to the Ferriman-Gallwey score (diagnosed hirsutism ≥ 8 points). The ultrasound examination of the pelvis was performed. The laboratory tests assessed: leptin, FGF23, FSH, SHGB, total testosterone, DHEA-S, 25-OH-D3, PTH, calcium, androstadiene, AMH, glucose, insulin. The characteristics of the studied biochemical parameters are presented in Additional data section.

Insulin resistance was assessed indirectly based on the obtained results after calculating the value of the HOMA-IR indicator. The formula was as follows: HOMA-IR (Homeostasis Model Assessment) = fasting serum insulin concentration (mU/ml) x fasting serum glucose concentration (mmol/L)/22.5.

Insulin resistance was diagnosed at HOMA-IR values ≥ 2.5.

Free Androgen Index (FAI) was calculated using the following formula: FAI = [Total Testosteron/SHBG] x 100%. Normal values <5%.

Laboratory research was made in the Biochemical Laboratory of the Department of Health Promotion and Obesity Management, Department of Pathophysiology, Faculty of Medical Sciences, Medical University of Silesia in Katowice.



Statistical analysis

The Excel 2007 and STATISTICA v.12PL applications were used for the statistical analysis. The result of the statistical analysis was considered statistically significant if the obtained significance level “p” was less than or equal to 0.05.

The statistical research used:

	- Shapiro-Wolf test;

	- Mann-Whitney U test;

	- CHI2 test with Yates correction;

	- Spearman and Kendall correlation test;

	- analysis of discrimination - a one-time, multi-parameter comparison of two groups.






Results


General characteristics of the studied groups of girls

The mean age of the participants from the study group was 19.4 ± 2.4 years, while in the control group it was 20.0 ± 2.2 years. The difference between the two groups in this parameter was not statistically significant.

There were no statistically significant differences between the two groups also in terms of body weight, height, and body mass index (BMI). The above data are presented in Table 2.


Table 2 | Basic characteristics of anthropometric data in groups.





Comparison of biochemical parameters in the test and control group

The vitamin D level in the group with polycystic ovary syndrome was lower than in the control group (Table 3). The mean concentration in the study group was 24.88 ng/ml. However, no statistically significant difference was found in these measurements (p=0.80). In both groups the mean level of vitamin D was below the reference value.


Table 3 | Vitamin D3, AMH, HOMA-IR level in the study and control group.



The level of anti-Müllerian hormone was significantly higher in the group of girls diagnosed with PCOS compared to the control group (p=0.001). The mean concentration of AMH in the study group was 9.21 ng/ml. A relationship between the level of the anti-Müllerian hormone and the occurrence of polycystic ovary syndrome was demonstrated. Statistically significant differences between both groups were also noted in the HOMA-IR value (2.62 ± 1.92 in the study group and 1.80 ± 1.82 in the control group; p=0.003) (Table 3).

No statistical significance between the control group and the study group in terms of the concentration of calcium, parathyroid hormone, FGF23 and leptin was noticed. The results are detailed in Table 4.


Table 4 | Ca, PTH, FGF23, leptin values in the study and control group.





Correlations of selected parameters in the test and control group

In the next stage of statistical analyzes, relationships between the concentrations of selected markers in the study group and the control group were assessed. In the control group, using the Spearman’s correlation, a relationship between the concentration of vitamin D and the concentration of FGF23 (p=0.01) (Figure 1) was found. There was no correlation between:

	- vitamin D and leptin levels;

	- vitamin D and AMH levels;

	- leptin and FGF23 concentration (Table 5).






Figure 1 | Correlation of FGF23 and vitamin D in the study and control group.




Table 5 | Spearman’s correlations in the study and control group.






Discussion

According to previously published studies, the serum levels of vitamin D in women with PCO syndrome may be higher, lower, or not significantly different than in healthy controls. This leads to the conclusion that the role of vitamin D in the pathogenesis of PCOS is unclear (18). In the conducted study, lower levels of vitamin D were found in patients with PCOS, but the difference was not statistically significant.

In the study by Ghadimi et al. (19) the mean values ​​of vitamin D were significantly lower in the group of girls (192 girls aged 16-20) with the PCO syndrome in comparison to the healthy control group. Similarly, to the present study they did not show any difference in the level of calcium between the groups, even though animal studies have proven its effect on oocyte maturation and impairment of its regulation system on follicle arrest (8). There was also no correlation between the severity of vitamin D deficiency and the severity of acne, hirsutism, and obesity. Moreover, there was no correlation between the level of vitamin D and the lipid and hormonal profile of both groups (19). On the other hand, in a British study on a group of adult women, no significant difference between the level of vitamin D in patients with and without PCOS was found, although severe deficiency was more common in the study group. However, this study showed an inverse correlation between BMI and serum 25 (OH) D concentration in women with PCOS (18).

While reviewing the literature, one can meet the hypothesis that the level of vitamin D correlates with the BMI, so there is a relationship between the level of vitamin and obesity, and it is not dependent on the occurrence of PCOS (19). However, it should be considered that obese people spend less time outdoors when exposed to sunlight, which leads to insufficient vitamin D biosynthesis in the skin and is the main reason for the difference in 25 (OH) D levels in this group. In the conducted studies, it was noticed that in obese subjects 24 hours after exposure to UV light, the increase in 25 (OH) D level was by 57% lower than in healthy subjects. This may be due to the reduction of vitamin D bioavailability through its sequestration in excessive amounts of adipose tissue. Of course, food preferences should also be considered, as well as vitamin D metabolism in individual groups and their possible impact on the results of the analyzes (18). On the other hand, it has been suggested that the relationship between vitamin D levels and FAI levels results from the reduction of SHBG because of obesity (insulin inhibits SHBG synthesis in the liver), which would support the hypothesis that D hypovitaminosis is only the result of obesity in PCO syndrome (20). Tsakova et al. (21) showed that obese women with PCOS have lower 25 (OH) D levels compared to slim PCOS patients.

In the study by Keshavarz et al. no relationship between the concentration of vitamin D and total testosterone, DHEAS, SHBG and the index of free androgens was found (13). Similarly, in the American study from 2016, no relationship between the level of vitamin D and the concentration of total testosterone, FAI, and hirsutism was found (5).

Analyzing the articles about polycystic ovary syndrome, it was noticed that some seemingly unrelated elements could form a causal relationship and be involved in etiopathogenesis and explain some of the symptoms of PCOS. FGF23 turned out to be the central element in this hypothesis. Its formation is stimulated by leptin and estrogens, and FGF23 itself reduces the concentration of 1,25(OH)2D3 reducing thereby the activity of 1α-hydroxylase (Figure 2) (14, 15).




Figure 2 | Potential relationship between leptin, FGF23 and vitamin D levels in patients with PCOS.



Despite attempts to fully understand the mechanisms that regulate the FGF23 production and secretion it should be unequivocally stated that this is an extremely complex and complicated issue that has not been fully described yet. Leptin has a major influence on the increased level of FGF23. It was proven that the secretion of FGF23 in the osteocytes is directly stimulated by leptin and can have an important impact on several mineral metabolism parameters. Furthermore, as with FGF23, leptin also inhibits the synthesis of 1,25(OH)2D3 (22).

Another hormone that has a major impact on the bone metabolism by regulating bone markers including FGF23, vitamin D, DBP, especially in women, is estrogen. Estrogen therapy can decrease the FGF23 level, due to the phosphaturia effect of estrogen. Treatment with exogenous estradiol leads to an increase in 25(OH)D3, which increases the active form 1,25(OH)2D3 in women (22).

Baldani et al. found higher levels of leptin in PCOS patients compared to healthy controls. The same relationship was obtained after the groups were verified in terms of BMI, which suggests that the relationship is not only the result of higher body weight of patients in the study group. However, they did not notice any correlation between the level of leptin and the concentration of total testosterone and HOMA-IR in the analyzed groups. It was suggested that obesity and the diagnosis of PCOS itself affect the serum leptin level almost equally (23). In our study, we did not find a statistically significant difference in the level of leptin between the control group and the study group. According to other publications, in adolescent patients the concentration of leptin was correlated with the HOMA-IR value (16, 17).

It was noted that in rodents, insulin deficiency was an independent factor increasing the serum levels of FGF23. The administration of insulin reversed this effect. Also, a negative correlation between FGF23 and insulin was observed in humans (24). In our research, we noticed a relationship between the concentration of vitamin D and FGF23, but only in the control group. There was also no correlation between FGF23 and leptin or vitamin D and leptin in any of the groups.

In the studied group of girls with PCOS, the existence of a relationship between the level of vitamin D and selected parameters such as leptin and FGF23 was not confirmed. On this basis, it can be assumed that additional vitamin D supplementation would not reduce the symptoms of polycystic ovary syndrome. On the other hand, in the control group there was a correlation between the vitamin D concentration and the concentration of FGF23. However, the presented relationship is not clinically significant. Further studies of these relationships in a larger group of patients are necessary.

The results of this study do not explain the pathogenesis of PCOS but are another element of research aimed at trying to determine the processes that affect the appearance of the clinical picture presented by patients. The presented results show that the average vitamin D concentration in the study and control group is below the reference value. Moreover, it is suggested that girls diagnosed with PCOS have higher levels of AMH and HOMA-IR. Considering the declining diagnostic value of ultrasound scan in girls in PCOS diagnosis, further studies leading to a discovery of new markers enabling an early diagnosis of the disease are definitely needed.



Limitations of the study

The main limitation of the study is the small number of participants in both study and control groups. This is due to the limited ability to qualify girls, caused by the infrequent prevalence and diagnosis of polycystic ovary syndrome in this age group. The use of HOMA-IR for the assessment of insulin resistance, i.e. an indirect method instead of the metabolic clamp being the “gold standard”, should also be considered as a limitation of the study. Such a choice was made due to the safety of the adolescent patient and the ambulatory conditions in which the tests were carried out. Moreover, the reference value for the HOMA-IR and AMH index (marked in the conducted study) in the group of adolescent patients has not been established so far.



Additional data section

The characteristics of the studied biochemical parameters:

	1. Androstendion

	Method sensitivity: 0.40 ng/ml

	The coefficient of variation within and between laboratories was 5.2%, 8.7%,

	Normal: 0.7-3.1ng/ml

	2. AMH (Anti-Mullerian Hormone)

	Method sensitivity: 0.08 mg/ml

	The coefficient of variation within and between laboratories is as follows: 6.75%, 5.5%

	Normal: 0-10.6 ng/mL

	3. FSH

	Method sensitivity: 0.1 mIU/ml

	The coefficient of variation within and between laboratories was 1.7%, 1.7%

	Normal: 3.5-12.5 mlU/ml

	4. SHBG

	Method sensitivity: 0.35 nmol/l

	The coefficient of variation within and between laboratories was: 2.4%, 2.2%,

	Norm: 26.1 -110 nmol/l

	5. Total testosterone

	Method sensitivity: 0.0250 nmol/L

	The coefficient of variation within and between laboratories was 2.5%, 1.6%

	Norm: 0.290-1.67 nmol/l

	6. DHEA-S

	Method sensitivity: 0.1 μg/dL

	43

	The coefficients of variation within and between laboratories were 2.3%, 2.5%

	Normal: 65.1 - 368 μg/dL

	7. Insulin

	Method sensitivity: 0.2 μIU/ml

	The coefficient of variation within and between laboratories was 1.9%, 1.6%

	Normal: 2.6 - 20 μIU/ml

	8. Parathyroid hormone

	Method sensitivity: 1.20 pg/mL, 0.127 pmol/L

	The coefficient of variation within and between laboratories was 1.6% and 2.2%

	Standard: 15-65pg/mL, 1.6-6.9 pmol/L

	9. 25- Hydroxyvitamin D

	Method sensitivity: 9.0 ng/mL

	The coefficient of variation within and between laboratories was 5.1% and 2.7%

	Normal:> 30 ng/mL

	10. Calcium

	Method sensitivity: 0.20mmol/L, 0.8 mg/dL

	The coefficient of variation within and between laboratories was 1.9% and 1.9%

	Normal: 2.10-2.55 mmol/L, 8.4-1.2 mg/dL

	11. Leptin

	Method sensitivity: 0.2 ng/ml,

	The coefficient of variation within and between laboratories was 5.9%, 5.5%

	12. FGF23

	Method sensitivity: 0.04pg/mL

	The coefficients of variation within and between laboratories were: 8.9% and 12.4%
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Polycystic ovary syndrome (PCOS) is a universal endocrine and metabolic disorder prevalent in reproductive aged women. PCOS is often accompanied with insulin resistance (IR) which is an essential pathological factor. Although there is no known cure for PCOS, cangfudaotan (CFDT) decoction is widely used for the treatment of PCOS; nevertheless, the underlying mechanism is not clear. In this study, 40 Sprague-Dawley (SD) rats (female) were randomized to 4 groups, namely the control group, PCOS group, PCOS+CFDT group, and PCOS+metformin group. The rats in the control group were fed a normal-fat diet, intraperitoneally injected with 0.5% carboxymethyl cellulose (CMC, 1 mL/kg/d) for 21 days and orally given saline (1 mL/kg/d) for the next 4 weeks. The rats in the PCOS group, PCOS+CFDT group, and PCOS+Metformin group were fed a high-fat diet (HFD) and intraperitoneally injected with letrozole (1.0 mg/kg) for 21 days. During this period, we recorded the body weight, estrous cycles, and rate of pregnancy in all rats. We also observed the ovarian ultrastructure. Blood glucose indices, serum hormones, and inflammatory factors were also recorded. Then, we detected apoptotic and mitochondrial function, and observed mitochondria in ovarian granular cells by transmission electron microscopy. We also detected genes of ASK1/JNK pathway at mRNA and protein levels. The results showed that CFDT alleviated pathohistological damnification and apoptosis in PCOS rat model. In addition, CFDT improved ovarian function, reduced inflammatory response, inhibited apoptosis of granular cells, and inhibited the operation of ASK1/JNK pathway. These findings demonstrate the occurrence of ovary mitochondrial dysfunction and granular cell apoptosis in PCOS. CFDT can relieve mitochondria-dependent apoptosis by inhibiting the ASK1/JNK pathway in PCOS rats.




Keywords: polycystic ovary syndrome, granulosa cell, insulin resistance, mitochondrial dysfunction, cangfu daotan decoction, apoptosis



Introduction

Polycystic ovarian syndrome (PCOS) is a widespread endocrine and metabolic disorder, prevalent in reproductive aged women. In general, PCOS is characterized by hyperandrogenism, irregular menstrual cycle, abnormal ovarian function, follicular dysplasia (with multiple cystic ovarian follicles), and insulin resistance (IR) (1). PCOS is associated with IR in approximately 75% of cases (2). Hyperandrogenism, IR, hyperinsulinemia, and a variety of endocrine signals in the follicle can disturb follicular activation and growth in women with PCOS. These effects lead to the accumulation of small follicles around the ovary, polycystic morphology, and injury of follicular maturation, thereby leading to anovulation and infertility. As the main feature, IR refers to reduced insulin sensitivity. IR is a hallmark of metabolic dysfunction in patients with PCOS, and is considered a promoter of hyperandrogenism and chronic oligo- or anovulation (3, 4). Additionally, obesity-related inflammation may have potential implications for ovarian physiology due to the dysregulated adipokine secretion, thereby affecting insulin sensitivity. In adolescents with obesity, increased visceral adiposity is also associated with hormonal changes that impair the hypothalamus and the pituitary function and directly affect ovarian function (5, 6).

Metabolic abnormalities, chronic inflammation, and oxidative stress (OS) have been reported to be associated with IR in PCOS, and those features are related to mitochondrial dysfunction in PCOS (7, 8). Mitochondria are the critical energy controller and the fundamental source of cellular reactive oxygen species (ROS). Mitochondrial abnormalities have organism-wide manifestations that can lead to different metabolic disorders (9). Mitochondria are critical organelles for modulating OS. The abnormal mitochondrial genes and mitochondrial abnormalities in PCOS have been studied (10). Thus, it is essential to understand the mechanism of mitochondrial abnormalities in the pathogenesis of PCOS. However, the regulatory mechanism between mitochondrial abnormalities and PCOS is still unclear. Although there is no known cure for PCOS, traditional Chinese medicine (TCM) may offer a specific therapeutic effects for treating PCOS (11).

The Cang-fu-dao-tan (CFDT) decoction is a classic prescription of TCM for the treatment of PCOS. CFDT decoction is one of the most common prescriptions for PCOS patients in East Asian countries (12). According to TCM theories, the leading causes of PCOS-IR include turbid phlegm, blood stasis, stagnation of liver Qi, deficiency of kidney essence, and deficiency of spleen and kidney. The CFDT decoction comprises 16 medicinal herbs, aiming to solve the pathogenesis of phlegm dampness. A clinical study has reported that the CFDT decoction, used alone or in combination with other western medications, can be used in the treatment of women with PCOS (12), however the mechanism of action of this treatment remains unknown (11–13).



Materials and methods


Chemicals and reagents

The CFDT decoction (Beijing Kang-Ren-Tang Pharmaceutical Co., Ltd., Chengdu, China) was dissolved in heated (60°C) deionized water to obtain a 3.0 g/mL stock solution and stored at 4°C. Metformin and letrozole were purchased from Solarbio Life Sciences Co., Ltd. (China).



Chemical component analysis of the CFDT decoction

The CFDT decoction contained Cyperus rotundus (Dried radix of Cyperus rotundus L, Xiangfu in Chinese, 10 g), Citrus × aurantium L (Dried peel of Citrus, Chenpi in Chinese, 6 g), Atractylodes lancea (Thunb.) DC (Dried stem of Atractylodes lancea, Cangzhu in Chinese, 15 g), Pinellia ternata (Dried radix of Pinellia ternata (Thunb.) Breit., Banxia in Chinese, 9 g), Wolfiporia cocos (Dried sclerotium of Syagrus romanzoffiana (Cham.) Glassman, Fuling in Chinese, 12 g), Arisaema erubescens (Dried radix of Arisaema erubescens (Wall.) Schott, Tiannanxing in Chinese, 6 g), Astragalus membranaceus (Dried radix of Astragalus membranaceus (Fisch.) Bunge., Huangqi in Chinese, 15 g), and Fructus aurantii (Dried fructus of Gleditsia sinensis lam (Dried spine of Gleditsia sinensis Lam, Zaojiaoci in Chinese, 10 g). The main components of the CFDT decoction were analyzed through quadrupole-time-of-flight mass spectrometry (UPLC-QQQ-MS) combined with high-performance liquid chromatography (Chromatographic column: Agilent ZORBAX SB-C18 column (100 × 2.1 mm, 1.9 μm); Injection quantity: 5 μL; Flow rate: 0.3 ml/min; Temperature: 20 ℃; Authenticated with standards). The process was guided by positive and negative ionization modes (Gas Temp: 325 ℃; Gas Flow: 7L/Min; Sheath Gas Temp: 350 ℃; Sheath Gas Flow: 11L/Min; Scan: 100–1500 Da; Fragment: 80–185 V; eV: 4–80 eV). The data were analyzed using SCIEX OS software. The compounds were identified according to the mass spectrometry data and matched to the TCM MS/MS Library.



Experimental animals

40 female and 16 male Sprague-Dawley (SD) rats (age, 8 weeks; body weight, 180–220 g) were acquired (Liaoning Changsheng Biotechnology Co., Ltd.; production license: SCXK (Liao) 2015–0001) and housed in cages at 20 ± 3°C temperature and 45–65% humidity, with cycles of 12-h light/12-h dark (lights off, 18:00 h). All of the rats were given food and water ad libitum.

Animal processing procedures and the experimental design were authorized by the Ethical Committee of Animal Handling (2021-210, March 8, 2021) of Liaoning University of Traditional Chinese Medicine, Shenyang, China. We complied with the guidelines of Use and Care of Laboratory Animals published by the US National Institutes of Health and tried our best to decrease the number of rats and alleviate their suffering. At the same time, we tried to provide a

better environment for rats in this study.

40 female rats were randomly divided into four groups, namely, control group, PCOS group, PCOS+CFDT group, and PCOS+Metformin group. The rats in the control group were fed a normal-fat diet, intraperitoneally injected with 0.5% carboxymethyl cellulose (CMC, 1 mL/kg/d) for 21 days, and orally given saline (1 mL/kg/d) for the next 4 weeks. To build the PCOS rat model: the rats were fed a high-fat diet (HFD) and intraperitoneally injected with 1.0 mg/kg letrozole (1 mL/kg/d, dissolved in 0.5% CMC) for 21 days (13, 14). During this period, we recorded all rats’ body weights and estrous cycles. Vaginal smears were used to evaluate the onset of PCOS. The PCOS rats were further randomly divided into three groups, namely, PCOS group (intragastrically administered saline), PCOS+CFDT group (intragastrically administered the CFDT decoction, 15 g/kg/d), and PCOS+Metformin group (intragastrically administered metformin hydrochloride, 50 mg/kg/d) for 4 weeks. The dose of CFDT in our study is similar to that in Wang’ study (13). The constituents of the HFD included 13% fiber, 44% carbohydrates, 11% unsaturated fat, 25% total fat, and 18% protein, ash and other ingredients.

Vaginal smears were analyzed every morning to observe the estrous cycle (Estrous interval period was mainly characterized by white blood cells; the proestrus period was mainly characterized by nuclear epithelial cells; the estrous period was mainly characterized by keratinized epithelial cells; the late estrous period was characterized by keratinized epithelial cells and white blood cells) (Figure 1). After the last irrigation, blood from the abdominal aorta of each group was collected on the non-estrus period with anesthesia (isoflurane via inhalation anesthesia) and oophorectomy. The rats were euthanized with the blood collected. Samples were permitted to coagulate for approximately 1 h at room temperature; then, serum was collected via centrifugation (2000 rpm/min) for 20 min and stored at -80°C for use. The ovarian tissues were fixed with 4% paraformaldehyde with the rest preserved at -80°C for expression analysis at genes and protein levels. The other four female rats of each group were mated with male rats at a ratio of 1:1 for 12 h (15). A mixture of sperm and vaginal smears on the following morning led to successful pregnancy, which was considered the 0.5th day of gestation. The pregnant rats were executed on the 15.5th day of gestation (15).




Figure 1 | CFDT decoction improved the weight, rate of pregnancy, and the rate of abnormal estrous cycle in PCOS rats model. Rats were treated with CFDT decoction (15.0 g/kg.d) and metformin (50 mg/kg) followed by feeding with HFD and intraperitoneal injection with of letrozole (1 ml/kg/d) for 21 days. (A) Weight; (B) The rate of pregnancy (Female rats of each groups were sent to mate with male rats with a ratio of 1:1 for 12 h. The mixture of sperm and vaginal smears were seen on the next morning indicated the success of pregnancy, and this was considered as the 0.5th day of gestation. The pregnant rats were euthanized on the 13.5th day of the gestation) (n=4); (C) The rate of abnormal estrous cycle, estrous cycle of the rats (Estrous interval period: Vagina smear with white blood cells mainly; Preestrus period: With nuclear epithelial cells mainly; Estrous period: With Keratinized epithelial cells mainly; Late estrous period: See Keratinized epithelial cells and white blood cells) (n=6). Data are shown as mean ± SD. *p < 0.05 versus control group, #p < 0.05 versus PCOS group, △p < 0.05 versus PCOS+ CFDT group. δ The groups between the PCOS+ CFDT and PCOS+metformin do not have statistical difference.





Blood glucose detection and IR calculation

After fasting for 12 h, the rats were weighed. Tail vein blood was collected to measure fasting insulin (FINS) and fasting blood glucose (FBG) levels. HOMA-IR was formulated as IR = FBG

(mmol/L) × FINS (mU/L)/22.5.

The rats were euthanized. Then, blood from the abdominal aorta was collected. To obtain serum, blood was centrifuged at 3000 rpm (15 min) and then stored at –80°C. The ovaries were harvested, weighed, and then measured with a calliper.



Ovarian index

The rats were euthanized. The ovaries were harvested and placed in a prechilled medium containing 1 mM EDTA, 10 mM Tris-HCl, and 250 mM sucrose, with pH of 7.4. Fatty tissues around the ovaries were removed. Then, the ovaries were weighed. The ovarian index was calculated as the ratio between the wet weight of bilateral ovaries (mg) and body weight (g) (16).



Histological assessment of ovarian tissues

The ovarian tissues were fixed with paraformaldehyde (4%) for 24 h, dehydrated with different concentrations of ethanol, and then embedded in paraffin. Ovarian tissue blocks were cut to generate sections (5-μm-thick) (17). The cross-sections were stained in hematoxylin-eosin and then viewed with a light microscope (Olympus, CX33, Japan). All follicular phases (primary follicles, secondary follicles, and atretic follicles) and the corpora lutea were determined.



Enzyme-linked immunosorbent assays

Arterial blood samples were used in enzyme-linked immunosorbent assays (ELISA) to measure follicle stimulating hormone [FSH, Sangon Biotech Co., Ltd. (D731057-0096)], luteinizing hormone [LH, Sangon Biotech Co., Ltd. (D731015-0096)], estradiol [E2, Biotech Co., Ltd. (EK7003)], testosterone [T, Biotech Co., Ltd. (EK7014)], interleukin-1β [IL-1β, Solarbio Life Sciences Co., Ltd. (SEKR-0002)], tumor necrosis factors-α [TNF-α, Solarbio Life Sciences Co., Ltd. (SEKR-0009)], C-reactive protein [CRP, Solarbio Life Sciences Co., Ltd. (SEKR-0017)], and interleukin-6 [IL-6, Solarbio Life Sciences Co., Ltd. (SEKR-0005)].



Electron microscopy to observe mitochondria and cell apoptosis

Bilateral ovaries were harvested, minced into 1 mm3 fragments, fixed in 4% glutaraldehyde at 4°C for 2 h, and washed in 0.1 M sodium dimethylarsenate three times. The samples were postfixed with osmium tetroxide (1%) at 4°C for 90 min and washed with distilled water for three times, followed by dehydration in ethanol and acetone series. Finally, the samples were dehydrated in 100% propionaldehyde for two times. The samples were soaked in embedding agents at 1:3, 1:1, and 3:1. The samples were polymerized at 35°C (24 h), 45°C (24 h), and 60°C (24 h). The samples were trimmed with an ultrathin slicer (70–90 nm) to create a smooth surface. Double staining was carried out with lead citrate and uranyl acetate. The sections were observed using an electron microscope (H-7650; Hitachi, Tokyo, Japan).



Apoptosis assay

The terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay was used to assess apoptosis. For TUNEL staining, 5-μm-thick sections were employed. After deparaffinization and rehydration, the sections were treated with proteinase K (10 μg/mL) for 15 min and incubated with a reaction mixture at 37°C for 60 min in the dark. Following washing, the nuclei were stained with 4’,6-diamidino-2-phenylindole. The sections were observed with a fluorescence microscope (Canon, Japan). Eight random visual fields per sample were observed in a blinded manner to assess the number of TUNEL-positive cells.



Caspase-3/9 activity

The AcDEVD-7-pNA substrate (Solarbio Co., Ltd.) was used to detect the caspase-9/3 activity. A 10 mg fragment of ovarian tissue was combined with the reaction buffer and then was incubated at 37°C for 2 h. A fluorimeter was used to quantify the enzyme-catalyzed release at a wavelength of 405 nm.



Preparation of mitochondria suspension and detection of mitochondrial function

The rats were euthanized. Ovaries were harvested, placed in a prechilled medium containing Tris-HCl (10 mM), sucrose (250 mM), and EDTA (1 mM), with pH of 7.4, and homogenized on ice. The samples were consecutively centrifuged at 700 × g (10 min) and 7000 × g (10 min). Then, the mitochondria pellets were resuspended in 5 mL buffer mentioned above and then centrifuged (7000 × g) for 10 min twice. The highly pure mitochondrial pellets were resuspended in sucrose (20 mM), KH2PO4 (10 mM), MgCl2 (2 mM), KCl (100 mM), 5 mM HEPES (5 mM), and EDTA (1 mM). The BCA Protein Assay Kit was employed to measure the concentration of protein with the concentration of protein adjusted to 100–1000 μg/mL. The mitochondrial suspensions were used for measuring the MMP (18), opening of mitochondrial permeability transition pore (mPTP) (19), generation of ROS, degree of damaged mtDNA (20), mitochondrial oxygen consumption rate (21), respiratory control rate (RCR) (21), mitochondrial respiratory chain complex enzyme (I, II, III, IV, and V) levels (22), and the adenosine triphosphate (ATP) level (22).



RNA extraction, cDNA dynthesis, and real-time qPCR

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was employed to separate the total RNA. A spectrophotometer was used to assess the RNA quality at a wavelength of 260 nm. The RNA was reverse-transcribed to cDNA using the M-MLV Reverse Transcriptase Kit (Promega, Madison, WI, USA) following to the manufacturer’s instructions. After that, real-time qPCR was performed on a Rotor-Gene Q Sequence Detection System (QIAGEN, Germany) using SYBR Premix Ex Taq II (TakaraBio) in line with the manufacturer’s instructions (23). The PCR requirements were as follows: 95°C (10 min) and 95°C (10 s), followed by 40 cycles at 60°C (15 s); 72°C (20 s); and 72°C (10 min). The relative mRNA expression of each gene was calculated using the GAPDH (24). Table 1 listed the primer sequences.


Table 1 | Sequence of primers for RT-PCR and long PCR.





Protein detection

RIPA Buffer was used to extract total proteins from ovaries. The BCA Protein Assay Kit was employed to detect the concentration of protein. Equivalent amounts of total protein were subjected to 8–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were transferred to PVDF membranes. After blocking with skim milk, the membranes were incubated overnight with an anti-GAPDH, anti-ASK1, anti-p-ASK1, anti-JNK, anti-p-JNK, anti-Bcl-2, anti-Bax, anti-caspase-9/3, anti-Cyt-c, anti-OPA1, anti-Mfn1, anti-Mfn2, anti-Drp1, anti-Fis1, or anti-PGC1a antibody (Table 2). After that, the membranes were incubated with a secondary HRP-conjugated goat anti-rabbit antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The Enhanced Chemiluminescence Kit (Thermo Fisher Scientific) was used to visualize the proteins. Alpha View Software (Cell Biosciences, Preston VIC, Australia) was used for densitometric analysis.


Table 2 | Antibodies used in the study.





Statistical analysis

Statistical analysis was performed using SPSS 17.0 Software (SPSS Inc. Chicago, IL, USA). The data were expressed as mean ± standard deviation. One-way analysis of variance (ANOVA) was used to compare four independent groups. Two-to-two comparison among groups was employed to analyze the variance. The LSD-t test was employed to compare multiple comparisons among four groups. We defined p < 0.05 as having a statistically significant difference.




Results


Chemical components of the CFDT decoction

The chemical components of the CFDT decoction were measured via UPLC-QQQ-MS. They were as follows: narirutin (content: 24.7403 μg/g; CAS: 14259-46-2), chrysin-7beta-monoglucoside (content: 0.74 μg/g; CAS: 31025-53-3), liquiritin (content: 99.97 μg/g; CAS: 551-15-5), nobiletin (content: 39.93 μg/g; CAS: 478-01-3), hesperetin (content: 96.28 μg/g; CAS: 520-33-2), tanshinone IIA (content: 4.92 μg/g; CAS: 568-72-9), calycosin (content: 1.30 μg/g; CAS: 20575-57-9), formononetin (content: 1.83 μg/g; CAS: 485-72-3), stachydrine (content: 4.36 μg/g; CAS: 471-87-4), betaine (content: 61.97 μg/g; CAS: 107-43-7), astragaloside IV (content: 80.79 μg/g; CAS: 84687-43-4), acteoside (content: 26.25 μg/g; CAS: 61276-17-3), rosmarinic acid (content: 6.00 μg/g; CAS: 20283-92-5), and rhein (content: 1.64 μg/g; CAS: 478-43-3). Standard curve of compounds were showed in Table 3.


Table 3 | Standard curve of compounds.





The CFDT decoction improved the weight, rate of pregnancy, and the rate of the abnormal estrous cycle in the PCOS rat model

To assess the severity of PCOS and the protective effects of the CFDT decoction, we examined the body weight (Figure 1), rate of pregnancy (Figure 1), and rate of the abnormal estrous cycle (Figure 1). The body weight increased in PCOS group compared to control group (p < 0.05), but decreased after administration of the CFDT decoction and metformin (p < 0.05) (Figure 1). The rate of pregnancy decreased in the PCOS group compared to the control group (p < 0.05) but increased after administration of the CFDT decoction and metformin (p < 0.05) (Figure 1). Compared to the control group, the rate of abnormal estrous cycles increased in the PCOS group (p < 0.05), but decreased after administration of the CFDT decoction and metformin (p < 0.05). Daily vaginal smears displayed that the rats in the control group had regular estrous cycles (4–5 days) that included proestrus, estrus, metestrus, and diestrus phases, whereas the rats in the PCOS group showed irregular estrous cycles, in diestrus period, showing predominantly leukocytes (Figure 1).



The CFDT decoction improved the ovarian index, ovarian diameter, follicular phases, serum hormones, blood glucose indices, and inflammatory cytokine levels in the PCOS rat model

We examined the ovarian diameter and index (Figure 2), follicular phases (Figure 2), serum hormone levels (Figure 2), blood glucose indices (Figure 2), and inflammatory cytokine levels (Figure 2). The ovarian diameter and index increased in the PCOS group compared to control group (p < 0.05), but decreased after administration of the CFDT decoction and metformin (p < 0.05) (Figure 2). Light microscopy results showed the primary, secondary, and atretic follicles, the corpora lutea, and the normal granulosa cells in the ovaries of control rats. By contrast, early-stage and atretic follicles were observed in rats with PCOS, in addition to many large cysts and few granulosa cells. The corpora lutea and granulosa cells were visible after the administration of the CFDT decoction and metformin (Figure 2). Serum LH, T, and E2 levels increased in the PCOS group compared to the control group (p < 0.05), but decreased after the administration of the CFDT decoction and metformin (p < 0.05). No difference in the FSH level was detected among the four groups (Figure 2) (p > 0.05). FBG, FINS, and HOMA-IR increased in PCOS group (p < 0.05), but decreased after the administration of the CFDT decoction and metformin (p < 0.05), and metformin was more effective than the CFDT decoction (p < 0.05) (Figure 2). TNF- α, IL-1β, IL-6, and CRP levels increased in the PCOS group (p < 0.05), but decreased after the administration of the CFDT decoction and metformin (p < 0.05) (Figure 2).




Figure 2 | CFDT decoction improved the ovarian index, ovarian diameter, the number of all phases of follicles, serum hormones, blood glucose indices, and inflammatory factors in PCOS rats model. Rats were treated with CFDT decoction (15.0 g/kg.d) and metformin (50 mg/kg) followed by feeding with HFD and intraperitoneal injection with of letrozole (1 ml/kg/d) for 21 days. (A) Ovarian index (Ovarian index= wet weight of bilateral ovaries (mg)/body weight (g)×100%, the size of the ovary in PCOS group was significantly reduced compared with the control group) and ovarian diameter, the scale bars represent a length of 1 cm on histology; (B) Histological assessment of the ovarian tissue using hematoxylin-eosin (HE) staining [All phases of follicles (primary follicles, secondary follicles, and atretic follicles) and corpora lutea were counted], the scale bars represents a length of 20 μm on histology; (C) Serum hormones (LH, FSH, T, and E2); (D) Blood glucose indices (FBG, FINS, and HOMA-IR); (E) Serum inflammatory factors (TNF- α, IL-1β, IL-6, and CRP). Data are shown as mean ± SD. *p < 0.05 versus control group, #p < 0.05 versus PCOS group, △p < 0.05 versus PCOS+ CFDT group. (n=6).





The CFDT decoction improved mitochondrial function in the PCOS rat model

The mitochondrial function was assessed by electron microscopy. The results showed intact mitochondria but damaged mitochondria, with membrane swelling and rupture, in the PCOS group. The percentage of damaged mitochondria of ovaries was higher in the PCOS group compared to the control group (p < 0.05); however, it decreased after the administration of the CFDT decoction and metformin (Figure 3).




Figure 3 | CFDT decoction improved mitochondrial function in PCOS rats model. Rats were treated with CFDT decoction (15.0 g/kg.d) and metformin (50 mg/kg) followed by feeding with HFD and intraperitoneal injection with of letrozole (1 ml/kg/d) for 21 days. (A) Electron microscope pictures (10,000×; 20,000×; 40 000×) of the ovary in PCOS rats, the scale bars represents a length of 2 μm, 1 μm, and 500 nm on histology respectively. Abnormal mitochondrial (paired yellow arrow) morphology showed mitochondrial membrane rupture or swellings, and normal mitochondrial (single yellow arrow) morphology type showed smooth mitochondrial membrane and distinct inner carinulae and percentage of damaged mitochondria; (B) The MMP (ratio of red/green), the opening of mPTP (%), the mitochondrial ROS, the mtDNA damage (ratio of long/short fragments), the mitochondrial RCR, mitochondrial oxygen consumption rate; (C) The mitochondrial respiratory chain complex enzymes (I, II, III, IV, and V) and ATP were recorded above. Data are shown as mean ± SD. *p < 0.05 versus control group, #p < 0.05 versus PCOS group, △p < 0.05 versus PCOS+ CFDT group. (n=6).



We measured the MMP (ratio of red/green), the opening of mPTP (%), ROS production, degree of mtDNA damage, oxygen consumption rate, RCR, the ATP level, and the activity of mitochondrial respiratory chain complex enzymes (I, II, III, IV, and V) to further evaluate the mitochondrial function of ovaries. ROS production and the opening of mPTP (%) increasedin the PCOS group compared to the control group (p < 0.05). Again, both parameters decreased after the administration of the CFDT decoction and metformin (p < 0.05). MMP (ratio of red/green), mitochondrial oxygen consumption rate, and RCR decreased in the PCOS group compared to the control group (p < 0.05), but increased after administration of CFDT decoction and metformin (p < 0.05). The ratio of long-to-short fragments of mtDNA was measured by Real-time qPCR. The ratio of long/short fragments decreased in the PCOS group compared to the control group (p < 0.05). However, administration of CFDT decoction and metformin increased the ratio (p < 0.05). The activity of mitochondrial respiratory chain complex enzymes (I, II, III, IV, and V) and the ATP level decreased in the PCOS group compared to the control group (p < 0.05). However, administration of CFDT decoction and metformin increased these indices (p < 0.05) (Figure 3B).



The CFDT decoction affected the mitochondrial function of ovarian in the PCOS rat model

The genes expression was examined by qPCR (mRNA) and Western blotting (protein). OPA1, Mfn1, and Mfn2 were selected as markers of mitochondrial biogenesis, with PGC-1 α as a marker of mitochondrial fusion and Drp1 and Fis1 as markers of mitochondrial fission, respectively. OPA1, Mfn1, Mfn2, and PGC-1 α expression decreased in the PCOS group compared to the control group (p < 0.05), but increased after administration of CFDT decoction and metformin (p < 0.05). Drp1 and Fis1 expression increased in PCOS group compared to the control group (p < 0.05), but decreased after the administration of the CFDT decoction and metformin (p < 0.05) (Figures 4A, B).




Figure 4 | CFDT decoction improved mitochondrial biogenesis and dynamics in PCOS rats model. Rats were treated with CFDT decoction (15.0 g/kg.d) and metformin (50 mg/kg) followed by feeding with HFD and intraperitoneal injection with of letrozole (1 ml/kg/d) for 21 days. We used real-time qPCR and western blot to detect mitochondrial biogenesis and dynamics. We chose OPA1, Mfn1, and Mfn2 to represent mitochondrial biogenesis function, PGC-1 α to represent the dynamic mitochondrial fusion, and Drp1 and Fis1 to represent mitochondrial fission. The expression of OPA1, Mfn1, Mfn2, PGC-1 α, Drp1, and Fis1 at mRNA (A) and protein (B) levels. Data are shown as mean ± SD. *p < 0.05 versus control group, #p < 0.05 versus PCOS group, △p < 0.05 versus PCOS+ CFDT group. (n=6).





CFDT decoction modulated the ASK1/JNK pathway in the PCOS rat model

The levels of target genes in the ASK1/JNK pathway were examined by qPCR (mRNA) and Western blotting (protein). Caspase-9/3, Bax, ASK1, JNK, and Cty-C mRNA expression increased in the PCOS group compared to the control group (p < 0.05), whereas the mRNA level expression of these indices decreased after treatment with the CFDT decoction and metformin (p < 0.05). PCOS reduced the mRNA level expression of Bcl-2 compared with the control group (p < 0.05). The mRNA level expression of Bcl-2 increased after administration of CFDT decoction and metformin (p < 0.05). CFDT decoction and metformin inhibited ASK1 and JNK phosphorylation (decreased p-ASK1/ASK1 and p-JNK/JNK) (Figure 5B). The number of apoptotic granulosa cells in the PCOS group increased compared to the control group (p < 0.05). However, treatment with the CFDT decoction and metformin decreased the number of apoptotic cells (Figure 5D). Caspase-9/3 activity in ovaries of the PCOS group was higher than that of the control group (p < 0.05). However, administration of CFDT decoction and metformin decreased the activity of caspase-9/3 (Figure 5).




Figure 5 | CFDT decoction improved mitochondrial function and inhibited apoptosis via inhibiting the ASK1/JNK pathway. Rats were treated with CFDT decoction (15.0 g/kg.d) and metformin (50 mg/kg) followed by feeding with HFD and intraperitoneal injection with of letrozole (1 ml/kg/d) for 21 days. (A) Graphical abstract: Mitochondrial dysfunction of the ovarian granular cells occurs following PCOS and can lead to granular cells apoptosis. CFDT decoction can relieve granular cell apoptosis by improving mitochondrial function via inhibiting the ASK1/JNK pathway in vivo. We suggested that CFDT decoction be used as a potential therapeutic agent for PCOS and mitochondria are seen as a potential therapeutic target. We used real-time qPCR and western blot to detect the target genes of the ASK1/JNK pathway at mRNA (B) and protein (C) levels. (D) TUNEL positive cells, the scale bars represent a length of 50 μm on histology; (E) The activity of caspase-9/3. Data are shown as mean ± SD. *p < 0.05 versus control group, #p < 0.05 versus PCOS group, △p < 0.05 versus PCOS+ CFDT group. (n=6).






Discussion

Our main finding is that CFDT decoction can reduce granulosa cell apoptosis in the PCOS rat model. We also defined the potential protective effects and the mechanism of action of CFDT decoction. Mitochondrial dysfunction may induce granulosa cell apoptosis, whereas the CFDT decoction can reduce apoptosis by improving mitochondrial function via inhibition of the ASK1/JNK pathway. To the best of our knowledge, this is the first study to investigate the treatment mechanism of CFDT decoction. To examine the protective mechanism of CFDT decoction, we used HFD and letrozole to establish a PCOS rat model.

The incidence of PCOS continues to increase in females at reproductive age, but the pathogenesis of PCOS remains complex and unclear. There is increasing evidence that IR is related to the pathogenesis of PCOS (25–27). In this study, in addition to the obviously increased HOMA-IR in PCOS rat model, the serum T level, and LH/FSH ratio, significantly increased, which is consistent with results from an earlier study (27). The increase in insulin level can up-regulate androgen levels, thereby inducing hyperandrogenism and up-regulating androgen levels in fatty tissues of PCOS patients via increased AKR1C3 activity (26). An irregular estrous cycle (prolonged diestrus period) of the PCOS group was detected based on vaginal smears. Histological analysis showed that the morphology of ovaries was characterized by fewer granulosa cells and oocytes and cystic dilatation of the follicles in the PCOS group, compared with the control group. Hyperandrogenism can induce early luteinization of granulosa cells, inhibit follicular development and growth, and trigger follicle atresia, thereby leading to poor ovulation or anovulation, which is all consistent with the earlier study (28). However, we observed an increased E2 level in the PCOS rat model. The reason for this phenomenon may be that PCOS causes ovarian injury such that the negative feedback regulates the pituitary gland to increase the secretion of E2. In addition, we believe that the created PCOS rat model reflects the early stage of PCOS, while clinical patients often suffer from the disease for a long time, where negative feedback regulation is weakened.

After the administration of the CFDT decoction, FPG and HOMA-IR decreased, indicating that the CFDT decoction improved IR in the PCOS rat model. In the PCOS+ CFDT group, serum LH and T levels decreased and the damage of ovarian morphology was alleviated. The effect was similar to that of metformin, which is consistent with the earlier study (27).

As a low-grade chronic inflammatory disease, PCOS often associated with permanently elevated levels of inflammatory markers (TNF- α, CRP, IL-6, IL-8, and IL-18) in patients, and inflammatory markers can induce mitochondrial dysfunction (29, 30). Multiple inflammatory factors, such as CRP, IL-6, TNF- α, IL-8, IL-1, MCP, and CCL2, increase OS, and inflammatory immune cell infiltration can lead to a low-grade inflammatory response (31). Thus, relieving inflammation may be necessary for treating PCOS. In this study, we showed that the serum levels of IL-1, TNF- α, CRP, and IL-6 increased in the PCOS group, but decreased after the CFDT decoction and metformin administration.

The granulosa cells bring growth factors and hormones, interact with oocytes, build a highly specialized microenvironment, and perform essential roles in follicle development and maturation (32). The hallmark of PCOS is follicular dysplasia, which has been reported in various studies to be associated with granulosa cell apoptosis (33–35). In the PCOS group, the ovaries demonstrated atretic follicles and small follicles at an early stage of development. In addition, there were many large cysts with few granulosa cells. These morphological changes were reversed by administering the CFDT decoction or metformin.

There is no specific Chinese medical term “PCOS” in Chinese medicine books. According to the clinical characteristics, PCOS belongs to the categories of infertility, irregular menstruation, and obesity. TCM has been used to treat menstrual disorders, infertility, and obesity (36, 37). A previous study showed that herbal medicines could alleviate some symptoms of PCOS (38). Analysis of network pharmacology, which focused on seeking the related pathways and chemical compositions of the CFDT decoction for treating PCOS, showed that IR, as well as PI3K-Akt, MAPK, HIF-1 signaling pathways, and Toll-like receptor, was involved in the treatment of PCOS (39). The CFDT decoction is a herbal medicine that has extensive clinical application prospects for PCOS patients (12, 40). Chemical profiling analysis and quality control of the CFDT decoction have been performed (27).

The production of ROS and release of Cyt-c can induce apoptosis, while the opening of mPTP is key to the production of ROS and release of Cyt-c from mitochondria to the cytoplasm; thus, inhibiting the mPTP opening can improve the mitochondrial function and decrease apoptosis (41). It is believed that mitochondrial dysfunction (especially mPTP opening) is targeted in treating ovarian cancer (42). The opening of mPTP induces a decreased MMP, mitochondrial swelling, and inhibition of oxidative phosphorylation. The opening of mPTP operates via binding to CyP-D on the inner mitochondrial membrane. Cyclosporine A (CsA) restrains the mPTP opening via combining with CyP-D and decreasing injury (43). We hypothesize that the CFDT decoction might play a protective function in granulosa cells via increasing mitochondrial function (inhibiting the mPTP opening).

Apoptosis is an ATP-dependent cell death induced by a variety of extracellular and intracellular signals (26, 35, 44). The apoptosis of ovarian oocytes and granulosa cells can induce follicular atresia. A previous study has reported that follicular atresia is a feature of PCOS (45) and that granulosa cell apoptosis is an initiating factor of PCOS (46). Although many apoptotic pathways have been studied, the mitochondrial pathway is the most common apoptotic cascade (47). Previous study showed that apoptosis was increased in PCOS rats and that treatment with the CFDT decoction and metformin could reduce apoptosis, indicating that the CFDT decoction and metformin might ameliorate follicular development in rats with PCOS by modulating apoptosis (13). To further explore the anti-apoptotic mechanism of the CFDT decoction, TUNEL staining, caspase-9/3 activity, and apoptotic genes (Cyt-c, Bcl-2, and Bax) expression were assessed. Our results demonstrated that the number of apoptotic cells in ovaries in the PCOS group increased compared to the control group, and that treatment with the CFDT decoction and metformin could reduce apoptosis. The decreased Bax shifted to mitochondria, integrating with the increased Bcl-2 to form the Bax/Bcl-2 heterodimer on the mitochondrial membrane, and as such promoted the anti-apoptosis effect. As a result, the MMP was steady with little Cyt-c released into the cytoplasm. The Bcl-2 family contains pro-apoptosis molecules (Bad, Bax, and Bid) and anti-apoptosis genes (Bcl-xL, Bcl-2, and Bel-w) (48). Bcl-2, a proto-oncogene, can inhibit cancer cell apoptosis, while Bax is a pro-apoptotic gene. A previous study demonstrated that the Bcl-2/Bcl-2 homodimer and the Bax/Bcl-2 heterodimer could promote mitochondrial membrane permeability and that the Bax/Bax homodimer could decrease the MMP. The ratio of Bax/Bcl-2 may affect apoptosis (48).

The senescence and apoptosis of granulosa cells are responsible for the decline in ovarian reserve in PCOS (49). Granulosa cell injury is generally associated with mitochondrial dysfunction in PCOS (50). Mitochondrial apoptotic signaling pathways (NF-jB/p53/PUMA and PI3K/Akt/Bad) play an essential role in organ injury, which in turn can induce mitochondrial dysfunction (51–53). In this study, PCOS was associated with morphological changes in mitochondria (swelling or membrane rupture) and increase in the percentage of damaged mitochondria, but CFDT decoction was able to protect the mitochondria. An imbalance of mitochondrial homeostasis plays an essential function in the pathophysiology of PCOS (54). Furthermore, impaired ovarian mitochondrial function and increased OS are critical elements in PCOS (50).

In this study, we firstly established a PCOS rat model. Then, we used CFDT decoction to investigate the MMP, opening of mPTP (%), Cty-c release, ROS production, degree of mtDNA damage, oxygen consumption rate, ATP level, RCR, and activity of mitochondrial respiratory chain complex enzymes (I, II, III, IV, and V). RCR, MMP, oxygen consumption rate, mitochondrial respiratory chain complex enzymes (I, II, III, IV, and V), and ATP levels were reduced in the PCOS group. The ROS production and the opening of mPTP (%) increased in the PCOS group, whereas mitochondrial function indices were improved after treatment with the CFDT decoction. As the copy number of mtDNA in every mitochondrion was steady, the total copy number of mtDNA was applied to evaluate the number of mitochondria (20). Although the mechanism of restoring mtDNA is ambiguous, mtDNA is close to the respiratory chain complex enzymes, which, therefore, is more brittle when exposed to oxidative reactions. Furthermore, we detected damaged mtDNA by calculating the ratio of long/short fragments. The ratio of long/short fragments was reduced in the PCOS group, but increased after treatment with the CFDT decoction.

Mitochondrial biogenesis involves the function of many genes, such as OPA1, Mfn1, and Mfn2. As a regulatory gene, optic atrophy 1 (OPA1) plays an essential role in managing the mitochondrial dynamics and other related roles. In addition, the overexpression of L-OPA1 can reduce neuronal apoptosis via increasing the ratio of Bcl-2/Bax and decreasing the caspase-3 level. The overexpression of L-OPA1 can modulate mitochondrial dysfunction by reducing oxidative stress and mitochondrial bioenergetics deficits, preserving mitochondrial integrity, and promoting mitochondrial biogenesis in brain tissues (55). Mitochondrial function is also under the control of mitofusins (Mfns) and dynamin-related protein 1 (Drp1) (56). Mitofusin2 (Mfn2), a conserved dynamin-like GTPase situated in the outer membrane of mitochondria, affects mitochondrial structure and function by modulating fission and fusion (57). Furthermore, Mfn2 preserves cell function by modulating the respiratory chain, MMP, metabolic processes, and apoptosis (58). Mfn2 plays a crucial role in maintaining the integrity of mtDNA (59). As shown in this study, OPA1, Mfn1, Mfn2, mRNA and protein levels decreased in the PCOS group, but increased after treatment with the CFDT decoction. These results further corroborated previous research that Mfn2 can maintain the integrity of mtDNA (59). Mitochondria undergo fission and fusion, and these dynamic processes are essential for maintaining size and shape. PPARγ coactivator-1- α (PGC-1 α) is a crucial transcriptional co-activator that modulates critical factors containing Tfam and Nrf1 which facilitate mitochondrial biogenesis (60). Drp1, the significant regulation of mitochondrial fission, is a cytosolic member of the dynamin family of GTPases. Drp1 binds to mitochondrial membranes, and its level increases during apoptosis (61). FiS1 induces apoptosis via the interaction with endoplasmic reticulum-localized Bap31, leading to Cyt-c release and ultimately cell death (62). In addition, FIS1 has been implicated in reducing the GTPase activity of Mfn1, Mfn2, and OPA1 (63). Our results showed that the expression of Drp1, FiS1, and PGC-1 α changed in PCOS, showing a chaotic fission-fusion balance in mitochondria. We observed an increase in Drp1 and FiS1 levels and a decrease in the PGC-1 α level in PCOS. The CFDT decoction could decrease the PCOS-induced imbalance by increasing mitochondrial biogenesis and renewing the balance between fusion and fission.

Apoptosis signal-regulating kinase 1 (ASK1), a kind of universally expressed mitogen-activated kinase kinase kinase (MAP3K), can be activated by all kinds of stimuli, and then activate downstream kinases (JNK and p38) (64). As such, it can play an important role in neurodegenerative disorders, cancer, and inflammatory diseases (65). The ASK1 inhibitor selonsertib (GS-49977) is a possible treatment drug during the early treatment of ALF through reducing JNK-mediated Drp1 mitochondrial translocation and then remedying mitochondrial injury (66). The ASK1/JNK signalling pathway plays a crucial function in inducing mitochondrial-induced apoptosis (67). In this study, CFDT decoction affected the expression of ASK1/JNK pathway-related proteins, inhibited ASK1 and JNK phosphorylation, and downregulated Cyt-c expression and cleaved caspase-9/3, indicating that the CFDT decoction could improve mitochondrial function and inhibit apoptosis through the ASK1/JNK pathway.



Conclusions

In this study, we used isolated mitochondria and showed that PCOS promoted injury of the mitochondria in the ovary and damaged mtDNA and mitochondrial function, including respiratory, biogenesis, and the ROS balance. The opening of mPTP caused mitochondrial swelling and induced flow back of protons from the mitochondrial membrane space to the matrix, thereby reducing ATP synthesis and the MMP and inducing metabolic abnormalities or even apoptosis. The CFDT decoction could inhibit apoptosis via improving mitochondrial function through inhibition of ASK1/JNK pathway in PCOS rats.
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Background

Moderate-intensity continuous training (MICT) is strongly recommended for polycystic ovarian syndrome (PCOS) treatment. However, recent studies have suggested that high-intensity interval training (HIIT) would promote great benefits for cardiac autonomic control. Therefore, we investigated whether the benefits of HIIT related to cardiovascular autonomic control were greater than those of MICT in women with PCOS.



Methods

Women with PCOS were randomly allocated through a blind draw into three groups: control, MICT, and HIIT. The control group did not undergo exercise, whereas those in the MICT and HIIT groups underwent 16 weeks of aerobic physical training. All groups were evaluated before and after the 16 weeks of intervention in the following aspects: quantification of serum lipids, testosterone, fasting insulin and blood glucose; physical fitness through cardiopulmonary testing; analysis of heart rate variability (HRV) by linear (time domain and frequency domain) and non-linear (symbolic analysis) methods, analysis of blood pressure variability (BPV) and spontaneous baroreflex sensitivity (BRS).



Results

The final analysis, each group comprised 25 individuals. All groups had similar baseline parameters. After 16 weeks, intragroup comparison showed that the MICT and HIIT groups had a reduction in baseline heart rate (P < 0.001; P < 0.001, respectively) and testosterone levels P < 0.037; P < 0.012, respectively) associated with an increase in VO2peak (MICT, P < 0.001; HIIT, P < 0.001). The MICT (P < 0.36) and HIIT (P < 0.17) groups also showed an increase in cardiac vagal modulation, however only observed in the non-linear analysis. The intergroup comparison showed no differences between the MICT and HIIT groups in any of the hormonal, metabolic and autonomic parameters evaluated, including testosterone, peak oxygen uptake (VO2peak), HRV, BPV and BRS.



Conclusion

HIIT and MICT showed similar results for the different parameters evaluated. This suggests that both training protocols can be recommended for the treatment of PCOS. Brazilian Clinical Trials Registry (RBR-78qtwy).





Keywords: aerobic physical training, cardiovascular autonomic control, heart rate variability, high-intensity interval training, polycystic ovary syndrome



1 Introduction

Polycystic ovary syndrome (PCOS) affects a large proportion of women of reproductive age. Studies have demonstrated a prevalence between 6% and 13%; however, it varies depending on the diagnostic criteria used (1–4). This high prevalence is concerning, since PCOS may lead to insulin resistance, obesity, and cardiovascular autonomic changes, predisposing the development of diabetes mellitus type 2 and cardiovascular diseases (CVDs) (2, 5, 6).

Therapeutic interventions that target the prevention of comorbidities resulting from PCOS include regular physical exercise (3, 4, 7). Some clinical studies demonstrate the long-term effects of moderate-intensity continuous aerobic training (MICT) and its beneficial effects on adjustments in the regulation of hemodynamic, metabolic, and cardiovascular autonomic control, especially insulin sensitivity and cardiac modulation of heart rate variability (HRV) (8–10).

High-intensity interval training (HIIT) is another aerobic physical training protocol that has been used to optimize therapeutic benefits, mainly in patients with different CVDs. Some studies have shown that HIIT promotes greater benefits for cardiorespiratory fitness, as well as hemodynamic and anthropometric parameters, compared to MICT (11–13). However, these therapeutic benefits are still controversial, especially those related to cardiovascular autonomic control (13–18).

Although aerobic physical exercise is well known for improving hemodynamic, metabolic, and cardiovascular autonomic control in people with different diseases, there are limited studies in the literature regarding the effects of physical training on cardiovascular autonomic modulation in women with PCOS. We found few studies, although they did not present an analysis of cardiovascular autonomic control (19–22). Thus, there is a great need to find others training methods that would promote great therapeutic benefits for patients with PCOS. The current study aimed to compare the effects of HIIT and MICT on cardiovascular autonomic control in women with PCOS evaluated using HRV, blood pressure variability (BPV), and baroreflex sensitivity (BRS).



2 Materials and methods


2.1 Sampling

This was a randomized clinical trial. In total, 126 participants aged between 18 and 39 years were enrolled, and 110 were included (Figure 1). All patients were screened at the Gynecology and Obstetrics Clinic of the Ribeirão Preto Medical School’s Hospital (HCFMRP/USP). The patients were diagnosed with PCOS according to the Rotterdam Consensus criteria (23). In the end, 75 participants completed the experimental protocol (Figure 1). The participants were randomly allocated to three different experimental groups: control (N = 25), without any exercise training; MICT group (N =25), and HIIT group (N = 25), and the study lasted for 16 weeks. Randomization was performed through a blind draw using numbers one to three, wherein each number corresponded to a specific group. The exclusion criteria were a history of a) smoking, b) cognitive disturbances, c) pregnancy, d) musculoskeletal disorders, e) CVDs, and f) the use of any medication, including contraceptives. The study was approved by the Ethics Committee of the Ribeirão Preto Medical School’s Hospital (Protocol number 845.830/2014), the scientific and legal aspects were disclosed to the participants, and all participants signed a free and informed consent form, agreeing to participate. The authors confirm that all ongoing and related trials for this intervention were registered with the Brazilian Clinical Trials Registry (RBR-78qtwy).




Figure 1 | A flow diagram of the study.





2.2 Protocols

Data were collected in the morning during two laboratory visits between 07:00 AM and 10:00 AM, with a 48-hour interval between visits. Data were collected during the follicular phase for women with regular ovulatory cycles and at any time for those with irregular ovulatory cycles. The first assessment included anthropometric measurements and blood collection performed in the laboratory of the HCFMRP/USP.

The second assessment was performed at the Laboratory of Exercise Physiology and Cardiovascular Physiotherapy of Ribeirão Preto Medical School. During the second visit, the following protocols were completed: anthropometric parameters, cardiovascular autonomic analysis, and cardiorespiratory function test. Each visit lasted approximately two hours.

All participants were asked to avoid exercise and consumption of alcoholic beverages and maintain their usual diet for 48 h prior to the assessments. They were also advised to sleep for at least 7 or 8 h the night before the visits.


2.2.1 Laboratory tests

Blood samples (3.5 ml, BD Vacutainer® EDTA - Becton, Dickin, and Company, Franklin Lakes, NJ, USA) were used to analyze fasting glycemia hexokinase-UV), insulin levels (chemiluminescence immunoassay), triglyceride levels (dehydrogenase), and total cholesterol and fraction levels (esterase-oxidase). All participants were asked to fast for 12 h prior to the assessments. Insulin resistance was assessed using the homeostasis model assessment-insulin resistance index (HOMA-IR) (24).



2.2.2 Anthropometric parameters

Data on body weight and height were obtained using an analog scale with an altimeter (Welmy), while the body mass index (BMI) values were calculated using weight and height expressed as kg/m2.



2.2.3 Cardiorespiratory function test

Peak oxygen uptake (VO2peak) was assessed by a submaximal exercise test conducted on a treadmill (Super ATL Millenium®, Inbramed/Inbrasport, Brazil) using the modified Bruce protocol. Heart rate (HR) was continuously monitored by electrocardiography with one lead (CM5). The analysis of exhaled gases (VO2 and VCO2) was performed using a metabolic device (PowerLab/8M, ADInstruments, Bella Vista, Australia).



2.2.4 Hemodynamic assessment

Data on systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean blood pressure (MBP) were obtained using digital plethysmography recording equipment (Finometer Pro, Finapres Medical System, Amsterdam, Netherlands). HR data were obtained using an electrocardiographic (ECG) digital recorder through the CM5 lead (ML866 PowerLab).



2.2.5 HRV, BPV, and spontaneous BRS analysis

HRV data were obtained using the RR intervals (RRi) from the ECG records at a sampling frequency of 2000 Hz. The BPV values were obtained from the SBP data recorded beat-to-beat using the Finometer, with a cuff positioned on the middle finger of the right upper limb. The data interface to the microcomputer was performed using a PowerLab4/35 device (ADInstruments),. The data were recorded and stored (Software LabChart 8.0, ADInstruments), for further analysis. The participants were instructed to remain in the supine position for approximately 10 min to stabilize the cardiovascular parameters. After this period, the ECG signals and arterial pulse pressure were recorded simultaneously for another 10 min. The temperature (22°C) and ambient lighting were controlled, and the sessions were performed in a noise-free environment.

The HRV and BPV analyses were performed using custom computer software (CardioSeries v2.4, http://sites.google.com/site/cardioseries). The HRV was assessed by the following three methods: time domain (standard deviation [SD] and the root mean square of successive normal sinus RR-interval [RMSSD]) (25), frequency domain (spectral analysis, fast Fourier transform [FFT]) (25, 26), and nonlinear analysis (symbolic analysis) (27, 28). The BPV was assessed only by frequency domain (spectral analysis) (26). BRS was assessed in the time domain using the sequence technique (29, 30). The computer software CardioSeries v2.4 was also used as previously described (26).



2.2.6 Training protocol

The training sessions were conducted at the Laboratory of Exercise Physiology and Cardiovascular Physiotherapy of the Ribeirão Preto Medical School. After the initial evaluation, both MICT and HIIT participants were submitted to their respective training protocols using a motorized treadmill. These sessions were supervised and monitored three times per week for a total of 16 weeks. MICT used the equivalent intensity of HR corresponding to the sum of HR at rest and 70%–80% of reserve HR, obtaining the following equation: HR recorded at peak cardiopulmonary test – HR at rest. The MICT training sessions had a duration of 1 hour, divided into three phases as follows: 5-min warm-up using intensity lower than the target HR training range (50%–65% of reserve HR), 50-min training using the HR target (70%–80% of reserve HR), and 5-min cool-down, using intensity lower than the training HR (40%–50% of reserve HR).

In contrast, the HIIT session was as follows: 5-min warm-up using intan ensdensitywer than the target HR training range (50%–65% of reserve HR); for the main phase of HIIT, the intensity used for a total of 2-min corresponded to the sum of HR at rest and 85%–90% of the reserve HR, altering with 3-min of intensity corresponding to the sum of HR at rest and 65%–70% of the reserve HR; and the last stage consisted of 5-min cool-down, using intensity lower than the training HR (40%–50% of reserve HR). The two aerobic exercise training protocols, HIIT and MICT, had similar total HR numbers. Every day of physical training, the HR of the participants was beat-by-beat monitored and recorded (Polar RS810). Stored records were quantified for necessary adjustments for the next physical training session. While MICT had a total training duration of 50 min, HIIT had a total duration of 35–45 min. Prior to both training models, during the first 2 weeks of the study, an adaptation period was provided to the participants. All participants underwent sessions of 20–30 min for familiarization and adaptation to the treadmill protocol. The intensity used was equivalent to the sum of HR at rest and 50%–60% of the reserve HR. In addition, if the participant did not have an adherence above 85%, their data were not included in the analysis.




2.3 Statistical analysis

The sample size calculation was performed using the Sigma-Plot®, version 11.0 software (Systat Software Inc., San Jose, CA, USA) with a confidence level of 95% and power of 80% using the LF and HF variables in normalized units, with a standard deviation of 15. We initially carried out an exploratory analysis of data through measures of central position and dispersion. A mixed effects linear regression model was adjusted to verify the effect of time and group variables in relation to the outcomes of interest. This model considered intra- and inter-group variability. To verify whether the model was well adjusted to the data, a residual analysis was performed. Comparisons between groups within each time and between times within each group were performed considering orthogonal contrasts. The analyzes were implemented in the SAS program version 9.4. Differences were considered significant at P <0.05.




3 Results

Table 1 presents the means ± standard deviation (SD), while Tables 2, 3 present intragroup (Table 2) and intergroup (Table 3) comparisons between the means of confidence intervals (CI) of the anthropometric characteristics and hemodynamic, hormonal and metabolic parameters. Anthropometric characteristics did not differ in intragroup (Table 2) or intergroup (Table 3). Regarding hemodynamic parameters, the period of 16 weeks (time factor) did not influence the values of heart rate (control group, P < 0.452) and mean arterial pressure (control group, P < 0.184). In turn, the aerobic physical training (training factor) reduced HR (MICT, P <.0.001; HIIT, P < 0.001). Both time and training factors had different influences on the metabolic parameters. The time factor reduced VO2peak and increased the testosterone (P < 0.035) and cholesterol (P < 0.009) levels in the control group, while the training factor increased VO2peak and decreased the testosterone level in the MICT (P < 0.001; P < 0.037, respectively) and HIIT (P < 0.001; P < 0.012, respectively) groups. Finally, both training protocols showed similar effects on all metabolic parameters evaluated, including VO2peak (P < 0.659).


Table 1 | The descriptive table of characteristics and hemodynamic, hormonal and metabolic parameters obtained before and after the 16-wk physical training (MICT and HIIT groups) or observation period without training (Control group).




Table 2 | Intragroup comparison of baseline hemodynamic, hormonal and metabolic parameters obtained before and after the 16-wk of physical training.




Table 3 | Intergroup comparison of baseline hemodynamic, hormonal and metabolic parameters obtained after the 16-wk of physical training.



Table 4 presents the means ± SD, while Tables 5, 6 present intragroup (Table 5) and intergroup (Table 6) comparisons between the means of CI of all autonomic parameters evaluated. The analysis of HRV using linear methods (time domain and frequency domain) did not show any influence of time and physical training (MICT and HIIT) on cardiac autonomic parameters. In contrast, the symbolic analysis (non-linear method) showed an increase in 2UV% oscillations, which represents vagal modulation, in both trained groups (MICT, P < 0.036; HIIT, P < 0.017). Tables 5, 6 also present the results of BPV (linear analysis) and BRS, and the results showed that the time and physical training factors did not influence the evaluated parameters.


Table 4 | The descriptive table of cardiovascular autonomic parameters obtained before and after the 16-wk of physical training (MICT and HIIT groups) or observation period without training (Control group).




Table 5 | Intragroup comparison of autonomic parameters obtained before and after the 16-wk of physical training.




Table 6 | Intergroup comparison of autonomic parameters obtained after the 16-wk of physical training.



Figure 2 shows a representative record of the RRi segments of each group before and after 16 weeks of aerobic physical training. It also shows the results of the HRV analysis performed by a non-linear method (symbolic analysis, Figure 2A) and a linear method (spectral analysis, Figure 2B) using Fast Fourier Transform (FFT). In most parameters evaluated, the results were similar between the two methods. Only in the intragroup comparison, the symbolic analysis showed an increase in HRV corresponding to vagal modulation in the MICT and HIIT groups, characterized by an increase in 2UV variations.




Figure 2 | Cardiac interval segments obtained during rest in supine position for all groups, before and after 16 weeks of the intervention. (A) Graphs showing the symbolic analysis; 0V, patterns with no variation (sympathetic modulation); 2UV, patterns with two unlike variation (vagal modulation). (B) Graphs showing the spectral analysis in normalized units (nu); LF, low frequency band (sympathetic modulation); HF, high frequency band (vagal modulation).





4 Discussion

Our results showed that after a 16-week training period, MICT and HIIT groups presented with higher cardiorespiratory fitness than the control, characterized by an increase in VO2peak and a decrease in baseline HR. Both models of physical training reduced testosterone levels, while the control group showed an increase. Metabolic parameters were similar between groups, and these observations may be associated with the maintenance of anthropometric parameters after the 16 weeks. All the participants were instructed to maintain a normal diet, and maintenance of anthropometric parameters was expected. However, we expected that both exercise training protocols would increase insulin sensitivity, which did not occur.

Before and after MICT and HIIT, the assessment of BRS and analysis of cardiovascular autonomic modulation using linear methods did show any changes. In this case, MICT and HIIT showed similar cardiovascular autonomic modulation results. In turn, the analysis of HRV through symbolic analysis (non-linear method) showed an increase in vagal modulation only in the HIIT group. In contrast, the comparison between groups showed no differences after 16 weeks. These results contradict the findings of other studies, which have shown that HIIT is more effective than MICT, particularly for some parameters, such as VO2peak and HRV (11–13). However, the prescription of the two training protocols must be considered. In our study, we ensured that both training sessions had similar volumes, controlling not only the daily training time and intensity but also the number of heartbeats during each training session. Monitoring the number of heartbeats ensures that each group has a similar total number of heartbeats per training session (31). This prevents the HIIT group, which has a short training time, from having a greater number of heartbeats per session. During the high metabolic demand (2-min), the training HR reached 85%–90% of the reserve HR, after that, the treadmill’s speed and inclination returned to 65%–70% of the reserve HR, that is, the lowest metabolic demand intensity for 3-min. Thus, during the first week of training, especially for sedentary individuals, after reaching 85%–90% of the reserve HR, the exercise intensity decreases (65%–70%) and is not followed by a prompt reduction in HR, which corresponds to this lower intensity. Interestingly, when we consider the rigid pre-determined HIIT interval times, the total number of heartbeats obtained in the HIIT is often higher than the total number obtained in the MICT, even if the latter has a longer training duration. Thus, as mentioned in the methods section, we stipulated a flexible time range for HIIT, which was between 35 and 45 min. This range was used to allow all participants in the HIIT group to obtain similar numbers of total heartbeats compared to the participants in the MICT group. This enabled us to suggest that the most significant results obtained in other studies on the HIIT protocol can be partially explained by a greater volume of training, that is, the number of heartbeats (31). Another important aspect to consider is the variation in BP observed in this study during the physical training sessions, specifically in SBP. SBP reached higher values (≅ 145 mmHg) in the HIIT group than in the MICT group (≅ 130 mmHg). These higher SBP values in HIIT suggest greater endothelial shear stress, promoting prominent adaptations, such as the release of dilating factors derived from the endothelium (32–34). However, we found no statistical differences in resting BP between the training sessions and trained groups. Adherence to the two physical training protocols must also be considered. Despite the greater physical demand in the execution of HIIT, dropouts were slightly lower (N=10) in the HIIT group when compared to those in the MICT group (N=12).

Regardless of the HRV, BPV, and BRS analysis methods, the clinical relevance of these parameters is widely known as an important predictor of cardiac morbidity and mortality and is often used to investigate autonomic adaptations in cardiac regulation resulting from different diseases (9, 10, 25, 35–37). Moreover, these analysis can be influenced by different metabolic and hormonal variables, such as blood glucose levels, insulin levels, testosterone levels, ovarian hormone levels, obesity, and caffeine intake (15, 26, 38–40). The literature has shown beneficial effects of aerobic physical training on autonomic modulation in individuals with chronic diseases, evidenced by a reduction in sympathetic modulation and an increase in vagal modulation (7, 8, 15–17).

However, in the present study, the participants with PCOS showed modulatory autonomic values similar to those of participants without PCOS, based on other studies that used spectral analysis (linear analysis) as a tool (41, 42). This observation is important because autonomic modulation obtained by spectral analysis seemed intact in these groups. This might be associated with blood glucose and insulin levels, since there were no differences in these parameters between the groups, and the values were within the normal reference range.

In addition, cardiac autonomic modulation has been extensively studied, although there is no consensus among researchers and clinicians regarding the best methodology for the HRV analysis. Since the development of the first computational tools to analyze the physiological mechanisms involved in HRV, several linear and nonlinear methods have been used. The most widely used linear method is the spel analysis, both for clinical and experimental studies (25, 37). Among the various nonlinear methods, symbolic analysis has recently been highlighted (27, 28, 43). This analysis transforms three beats into symbol segments (0V, 1V, 2LV and 2UV) classifying them according to their pattern within the tachogram, created from the delta between the highest and the lowest RRi of the recorded HR (44). Each symbol represents an autonomic modulation response as follows: 0V represents sympathetic modulation, 1V represents both modulations, and 2UV represents vagal modulation (28). Our results suggest a greater sensitivity of symbolic analysis detecting changes in cardiac autonomic modulation, evidenced by the increase in vagal modulation (2UV%) in MICT and HIIT groups, however, in the intergroup comparison, no difference was observed. In this case, further studies are needed to assess whether there are advantages of symbolic (non-linear) analysis over spectral (linear) analysis.

The current study had some limitations: the mean BMI of all groups was classified as overweight, since the body fat percentage may influence cardiovascular autonomic modulation. The dosages of inflammatory markers and oxidative stress could have provided additional important information to differentiate the effects of the two training models. In addition, the application of a physical training period longer than 16 weeks could facilitate the discrimination of possible differences between the MICT and HIIT. However, it is important to note that these limitations do not invalidate the main findings of this study.



5 Conclusion

In conclusion, MICT and HIIT had similar effects on anthropometric, metabolic and hormonal parameters. Both increased cardiorespiratory fitness and reduced baseline HR and serum testosterone levels. They also did not differ in relation to the effects on cardiovascular autonomic modulation and BRS. In this case, the only finding was the increa in vagal autonomic modulation in both trained groups. However, this finding was only observed in the non-linear analysis. Thus, we did not find greater benefits of HIIT compared to MICT in women with PCOS for all parameters evaluated.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of the Ribeirão Preto Medical School’s Hospital (Protocol number 845.830/2014). The patients/participants provided their written informed consent to participate in this study.



Author contributions

SP participated in the acquisition of data, analysis and interpretation of data, manuscript preparation for the original draft. VR participated in acquisition of data and project administration. JT participated in the interpretation of data and manuscript review for intellectual content. RR participated in the study design, conceptualization, and manuscript review. DG participated in the interpretation of data and statistical analysis. HS participated in the conception, design of the study, analysis and interpretation of data, and manuscript review. All authors have read and approved the final manuscript.



Funding

This work was supported by the São Paulo Research Foundation – FAPESP (Process 2015/14031-0; 2018/08569-6; and 2018/17892-5).



Acknowledgments

We would like to thank all the participants for their commthe itment and adherence to the training protocol.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2022.1024844/full#supplementary-material



References

1. Bozdag, G, Mumusoglu, S, Zengin, D, Karabulut, E, and Yildiz, BO. The prevalence and phenotypic features of polycystic ovary syndrome: a systematic review and meta-analysis. Hum Reprod (2016) 31:2841–55. doi: 10.1093/humrep/dew218

2. Sirmans, SM, and Pate, KA. Epidemiology, diagnosis, and management of polycystic ovary syndrome. Clin Epidemiol (2013) 6:1–13. doi: 10.2147/CLEP.S37559

3. Fauser, BCJM, Tarlatzis, BC, Rebar, RW, Legro, RS, Balen, AH, Lobo, R, et al. Consensus on women’s health aspects of polycystic ovary syndrome (PCOS): the Amsterdam ESHRE/ASRM-sponsored 3rd PCOS consensus workshop group. Fertil Steril (2012) 97:28–38.e25. doi: 10.1016/j.fertnstert.2011.09.024

4. Teede, HJ, Misso, ML, Costello, MF, Dokras, A, Laven, J, Moran, L, et al. Recommendations from the international evidence-based guideline for the assessment and management of polycystic ovary syndrome. Fertil Steril (2018) 110:364–79. doi: 10.1016/j.fertnstert.2018.05.004

5. Norman, RJ, Dewailly, D, Legro, RS, and Hickey, TE. Polycystic ovary syndrome. Lancet (2007) 370:685–97. doi: 10.1016/S0140-6736(07)61345-2

6. Tekin, G, Tekin, A, Kiliçarslan, EB, Haydardedeoğlu, B, Katircibaşi, T, Koçum, T, et al. Altered autonomic neural control of the cardiovascular system in patients with polycystic ovary syndrome. Int J Cardiol (2008) 130:49–55. doi: 10.1016/j.ijcard.2007.08.037

7. Pundir, J, Charles, D, Sabatini, L, Hiam, D, Jitpiriyaroj, S, Teede, H, et al. Overview of systematic reviews of non-pharmacological interventions in women with polycystic ovary syndrome. Hum Reprod Update (2019) 25:243–56. doi: 10.1093/humupd/dmy045

8. Sá, JCF, Costa, EC, da Silva, E, Tamburús, NY, Porta, A, Medeiros, LF, et al. Aerobic exercise improves cardiac autonomic modulation in women with polycystic ovary syndrome. Int J Cardiol (2016) 202:356–61. doi: 10.1016/j.ijcard.2015.09.031

9. Besnier, F, Labrunée, M, Pathak, A, Pavy-Le Traon, A, Galès, C, Sénard, J-M, et al. Exercise training-induced modification in autonomic nervous system: An update for cardiac patients. Ann Phys Rehabil Med (2017) 60:27–35. doi: 10.1016/j.rehab.2016.07.002

10. Villafaina, S, Collado-Mateo, D, Fuentes, JP, Merellano-Navarro, E, and Gusi, N. Physical exercise improves heart rate variability in patients with type 2 diabetes: A systematic review. Curr Diabetes Rep (2017) 17:110. doi: 10.1007/s11892-017-0941-9

11. Wisløff, U, Støylen, A, Loennechen, JP, Bruvold, M, Rognmo, Ø, Haram, PM, et al. Superior cardiovascular effect of aerobic interval training versus moderate continuous training in heart failure patients: a randomized study. Circulation (2007) 115:3086–94. doi: 10.1161/CIRCULATIONAHA.106.675041

12. Thum, JS, Parsons, G, Whittle, T, and Astorino, TA. High-intensity interval training elicits higher enjoyment than moderate intensity continuous exercise. PloS One (2017) 12:e0166299. doi: 10.1371/journal.pone.0166299

13. Ghardashi-Afousi, A, Holisaz, MT, Shirvani, H, and Pishgoo, B. The effects of low-volume high-intensity interval versus moderate intensity continuous training on heart rate variability, and hemodynamic and echocardiography indices in men after coronary artery bypass grafting: A randomized clinical trial study. ARYA Atheroscler (2018) 14:260–71. doi: 10.22122/arya.v14i6.1781

14. Jaureguizar, KV, Vicente-Campos, D, Bautista, LR, de la Peña, CH, Gómez, MJA, Rueda, MJC, et al. Effect of high-intensity interval versus continuous exercise training on functional capacity and quality of life in patients with coronary artery disease: A RANDOMIZED CLINICAL TRIAL. J Cardiopulm Rehabil Prev (2016) 36:96–105. doi: 10.1097/HCR.0000000000000156

15. Masson, GS, Borges, JP, da Silva, PPS, da Nóbrega, ACL, Tibiriçá, E, and Lessa, MA. Effect of continuous and interval aerobic exercise training on baroreflex sensitivity in heart failure. Auton Neurosci (2016) 197:9–13. doi: 10.1016/j.autneu.2016.03.003

16. Abad, CCC, do Nascimento, AM, de Souza, LE, Figueroa, D, Ramona, P, Sartori, M, et al. Interval and continuous aerobic exercise training similarly increase cardiac function and autonomic modulation in infarcted mice. J Exerc Rehabil (2017) 13:257–65. doi: 10.12965/jer.1734914.457

17. Pattyn, N, Beckers, PJ, Cornelissen, VA, Coeckelberghs, E, De Maeyer, C, Frederix, G, et al. The effect of aerobic interval training and continuous training on exercise capacity and its determinants. Acta Cardiol (2017) 72:328–40. doi: 10.1080/00015385.2017.1304712

18. Ramos, JS, Dalleck, LC, Borrani, F, Beetham, KS, Mielke, GI, Dias, KA, et al. High-intensity interval training and cardiac autonomic control in individuals with metabolic syndrome: A randomised trial. Int J Cardiol (2017) 245:245–52. doi: 10.1016/j.ijcard.2017.07.063

19. Aktaş, HŞ, Uzun, YE, Kutlu, O, Pençe, HH, Özçelik, F, Çil, EÖ, et al. The effects of high intensity-interval training on vaspin, adiponectin and leptin levels in women with polycystic ovary syndrome. Arch Physiol Biochem (2022) 128:37–42. doi: 10.1080/13813455.2019.1662450

20. Ribeiro, VB, Kogure, GS, Lopes, IP, Silva, RC, Pedroso, DCC, Melo, AS, et al. Effects of continuous and intermittent aerobic physical training on hormonal and metabolic profile, and body composition in women with polycystic ovary syndrome: A randomized controlled trial. Clin Endocrinol (2020) 93:173–86. doi: 10.1111/cen.14194

21. Ribeiro, VB, Lopes, IP, dos Reis, RM, Silva, RC, Mendes, MC, Melo, AS, et al. Continuous versus intermittent aerobic exercise in the improvement of quality of life for women with polycystic ovary syndrome: A randomized controlled trial. J Health Psychol (2021) 26:1307–17. doi: 10.1177/1359105319869806

22. Lopes, IP, Ribeiro, VB, Reis, RM, Silva, RC, Dutra de Souza, HC, Kogure, GS, et al. Comparison of the effect of intermittent and continuous aerobic physical training on sexual function of women with polycystic ovary syndrome: Randomized controlled trial. J Sex Med (2018) 15:1609–19. doi: 10.1016/j.jsxm.2018.09.002

23. Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group. Revised 2003 consensus on diagnostic criteria and long-term health risks related ?A3B2 show [#,32] ?>to polycystic ovary syndrome. Fertil Steril (2004) 81:19–25. doi: 10.1016/j.fertnstert.2003.10.004

24. Geloneze, B, Repetto, EM, Geloneze, SR, Tambascia, MA, and Ermetice, MN. The threshold value for insulin resistance (HOMA-IR) in an admixtured population IR in the Brazilian metabolic syndrome study. Diabetes Res Clin Pract (2006) 72:219–20. doi: 10.1016/j.diabres.2005.10.017

25. . Electrophysiology Task Force of the European Society of Cardiology the North American Society of Pacing. Heart rate variability. Circulation (1996) 93:1043–65. doi: 10.1161/01.CIR.93.5.1043

26. Philbois, SV, Gastaldi, AC, Facioli T de, P, Felix, ACS, Reis, RMD, Fares, TH, et al. Women with polycystic ovarian syndrome exhibit reduced baroreflex sensitivity that may be associated with increased body fat. Arq Bras Cardiol (2019) 112:424–9. doi: 10.5935/abc.20190031

27. Porta, A, Guzzetti, S, Montano, N, Furlan, R, Pagani, M, Malliani, A, et al. Entropy, entropy rate, and pattern classification as tools to typify complexity in short heart period variability series. IEEE Trans BioMed Eng (2001) 48:1282–91. doi: 10.1109/10.959324

28. Porta, A, Tobaldini, E, Guzzetti, S, Furlan, R, Montano, N, and Gnecchi-Ruscone, T. Assessment of cardiac autonomic modulation during graded head-up tilt by symbolic analysis of heart rate variability. Am J Physiol Heart Circ Physiol (2007) 293:H702–708. doi: 10.1152/ajpheart.00006.2007

29. Bertinieri, G, di Rienzo, M, Cavallazzi, A, Ferrari, AU, Pedotti, A, and Mancia, G. A new approach to analysis of the arterial baroreflex. J Hypertens Suppl (1985) 3:S79–81.

30. Di Rienzo, M, Parati, G, Castiglioni, P, Tordi, R, Mancia, G, and Pedotti, A. Baroreflex effectiveness index: an additional measure of baroreflex control of heart rate in daily life. Am J Physiology-Regulatory Integr Comp Physiol (2001) 280:R744–51. doi: 10.1152/ajpregu.2001.280.3.R744

31. Rodrigues, JAL, Philbois, SV, de Paula Facioli, T, Gastaldi, AC, and de Souza, HCD. Should Heartbeats/Training session be considered when comparing the cardiovascular benefits of high-intensity interval aerobic and moderate-intensity continuous training? a critical appraisal. Sports Med Open (2020) 6:29. doi: 10.1186/s40798-020-00257-8

32. Furchgott, RF, and Zawadzki, JV. The obligatory role of endothelial cells in the relaxation of arterial smooth muscle by acetylcholine. Nature (1980) 288:373–6. doi: 10.1038/288373a0

33. Moncada, S, Palmer, RM, and Gryglewski, RJ. Mechanism of action of some inhibitors of endothelium-derived relaxing factor. Proc Natl Acad Sci USA (1986) 83:9164–8. doi: 10.1073/pnas.83.23.9164

34. Souza, HCD, Terzini, GCSV, da Silva, VJD, Martins-Pinge, MC, Salgado, HC, and Salgado, M-CO. Increased cardiac sympathetic drive and reduced vagal modulation following endothelin receptor antagonism in healthy conscious rats. Clin Exp Pharmacol Physiol (2008) 35:751–6. doi: 10.1111/j.1440-1681.2008.04866.x

35. Routledge, FS, Campbell, TS, McFetridge-Durdle, JA, and Bacon, SL. Improvements in heart rate variability with exercise therapy. Can J Cardiol (2010) 26:303–12. doi: 10.1016/s0828-282x(10)70395-0

36. Murad, K, Brubaker, PH, Fitzgerald, DM, Morgan, TM, Goff, DC, Soliman, EZ, et al. Exercise training improves heart rate variability in older patients with heart failure: a randomized, controlled, single-blinded trial. Congest Heart Fail (2012) 18:192–7. doi: 10.1111/j.1751-7133.2011.00282.x

37. Billman, GE. Heart rate variability - a historical perspective. Front Physiol (2011) 2:86. doi: 10.3389/fphys.2011.00086

38. Iellamo, F, Manzi, V, Caminiti, G, Sposato, B, Massaro, M, Cerrito, A, et al. Dose-response relationship of baroreflex sensitivity and heart rate variability to individually-tailored exercise training in patients with heart failure. Int J Cardiol (2013) 166:334–9. doi: 10.1016/j.ijcard.2011.10.082

39. Indumathy, J, Pal, GK, Pal, P, Ananthanarayanan, PH, Parija, SC, Balachander, J, et al. Decreased baroreflex sensitivity is linked to sympathovagal imbalance, body fat mass and altered cardiometabolic profile in pre-obesity and obesity. Metab Clin Exp (2015) 64:1704–14. doi: 10.1016/j.metabol.2015.09.009

40. De Melo, VU, Saldanha, RRM, Dos Santos, CR, De Campos Cruz, J, Lira, VA, Santana-Filho, VJ, et al. Ovarian hormone deprivation reduces oxytocin expression in paraventricular nucleus preautonomic neurons and correlates with baroreflex impairment in rats. Front Physiol (2016) 7:461. doi: 10.3389/fphys.2016.00461

41. Dutra, SGV, Pereira, APM, Tezini, GCSV, Mazon, JH, Martins-Pinge, MC, and Souza, HCD. Cardiac autonomic modulation is determined by gender and is independent of aerobic physical capacity in healthy subjects. PloS One (2013) 8:e77092. doi: 10.1371/journal.pone.0077092

42. Facioli, TP, Gastaldi, AC, Dutra, SGV, Felix, ACS, Philbois, SV, Sánchez-Delgado, JC, et al. The blood pressure variability and baroreflex sensitivity in healthy participants are not determined by sex or cardiorespiratory fitness. Blood Press Monit (2018) 23:260–70. doi: 10.1097/MBP.0000000000000338

43. Guzzetti, S, Borroni, E, Garbelli, PE, Ceriani, E, Della Bella, P, Montano, N, et al. Symbolic dynamics of heart rate variability: a probe to investigate cardiac autonomic modulation. Circulation (2005) 112:465–70. doi: 10.1161/CIRCULATIONAHA.104.518449

44. Griffin, IJ, Cole, TJ, Duncan, KA, Hollman, AS, and Donaldson, MD. Pelvic ultrasound measurements in normal girls. Acta Paediatr (1995) 84:536–43. doi: 10.1111/j.1651-2227.1995.tb13689.x



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 Philbois, Ribeiro, Tank, Reis, Gerlach and Souza. 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: 28 November 2022

doi: 10.3389/fendo.2022.1038184

[image: image2]


The alterations of circulating mucosal-associated invariant T cells in polycystic ovary syndrome


Hong Zhou 1†, Junting Xu 1†, Ling Hong 1†, Yanping Jia 1, Lilo Valerie Burk 2, Fengli Chi 1, Mei Zhao 1, Xiaohong Guan 3, Dan Liu 1, Xiangjie Yin 3, Yiqiao Zhang 4, Xiaoming Teng 1, Liyan Duan 2,5* and Kunming Li 1*


1 Center for Assisted Reproduction, Shanghai First Maternity and Infant Hospital, School of Medicine, Tongji University, Shanghai, China, 2 Department of Gynecology and Obstetrics, University of Duisburg-Essen, Essen, Germany, 3 Department of Obstetrics and Gynecology, Shanghai First Maternity and Infant Hospital, School of Medicine, Tongji University, Shanghai, China, 4 Institute of Pharmacology, University Duisburg-Essen, Essen, Germany, 5 Reproductive Medicine Center, Nanjing Drum Tower Hospital, Nanjing University School of Medicine, Nanjing, China




Edited by: 

Bianca Bianco, Faculdade de Medicina do ABC, Brazil

Reviewed by: 

Abbas Alam Choudhury, VIT University, India

Gengxiang Wu, Renmin Hospital of Wuhan University, China

*Correspondence: 

Kunming Li
 likunming@51mch.com 

Liyan Duan
 FL1114@126.com












†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Reproduction, a section of the journal Frontiers in Endocrinology


Received: 06 September 2022

Accepted: 10 November 2022

Published: 28 November 2022

Citation:
Zhou H, Xu J, Hong L, Jia Y, Burk LV, Chi F, Zhao M, Guan X, Liu D, Yin X, Zhang Y, Teng X, Duan L and Li K (2022) The alterations of circulating mucosal-associated invariant T cells in polycystic ovary syndrome. Front. Endocrinol. 13:1038184. doi: 10.3389/fendo.2022.1038184




Background

Polycystic ovary syndrome (PCOS) is the most common endocrine disorder affecting reproductive age females and an important cause of infertility. Although the etiology is complex and its pathogenesis remains unclear, the pathological process of PCOS is tightly related with the immune dysfunction and gut microbial dysbiosis. Mucosal-associated invariant T (MAIT) cells are a subset of innate-like T cells which can regulate inflammation through the production of cytokines and play a role in regulating the gut microbiota. We aim to evaluate the correlation between characteristics of PCOS and MAIT cells as well as their impact on cytokine secretion.



Methods

Peripheral blood samples were taken from PCOS patients (n=33) and healthy controls (n=30) during 2-5 days of the menstrual period. The frequencies of MAIT cells and T cells were measured by flow cytometry. Cytokines interleukin 17 (IL-17), interleukin 22(IL-22), interferon γ (IFN-γ) and granzyme B were determined by Enzyme-linked immunosorbent assay (ELISA).



Results

The frequency of MAIT cells was significantly reduced in the blood of PCOS patients compared with the controls, and negatively correlated with Body Mass Index (BMI), Homeostatic model assessment- insulin resistance (HOMA-IR) index, and Anti Miillerian Hormone (AMH). Thus, the frequencies of MAIT cells decreased in PCOS patients with abnormal weight (BMI≥24kg/m2), higher HOMA-IR (≥1.5), and excessive AMH (≥8ng/ml). The Cytokine IL-17 was significantly higher in PCOS patients and negatively correlated with the frequency of MAIT cells. Even though the IL-22 was lower in PCOS Patients, no correlation with MAIT cells was detected. In subgroup, CD4+MAIT cells correlated with BMI, AMH, and testosterone (T) levels.



Conclusion

The frequency change of MAIT cells may play a significant role in the pathogenesis of PCOS. Exploring these interactions with MAIT cells may provide a new target for PCOS treatment and prevention.





Keywords: Mucosal-associated invariant T cells, Polycystic Ovary Syndrome, Interleukin 17, Interleukin 22, CD4+ Mucosal-associated invariant T cells



Introduction

Polycystic ovary syndrome (PCOS) is the most common reproductive endocrine disorder affecting reproductive age females, with an incidence of 5% to 20% worldwide (1). A Chinese community population study found the prevalence of PCOS in China is 5.6% (2).

PCOS has heterogeneous clinical characteristics: polycystic ovarian morphology (PCOM), clinical or biochemical hyperandrogenism, anovulation, and metabolic disorders such as insulin resistance (IR) and obesity (3–5). In the long term, patients with PCOS are at increased risk of diabetes, cardiovascular diseases, endometrial cancer, pregnancy complications and depression due to metabolic disturbance, which result in a heavy global burden (6–10). Although the etiology of PCOS has been studied for decades, the pathogenesis is still unclear and a causative therapy is still missing. Treatments are currently tailored to specific symptoms, include oral contraceptives or hormones to manage the menstrual cycle and control the symptoms of hyperandrogenemia, lifestyle modifications and metformin to improve metabolic syndrome such as insulin sensitivity and obesity, ovulation induction and assisted reproductive techniques to manage the PCOS-induced infertility (11).

Recently, researchers have focused on the hormones and immune cells, including both innate and adaptive immune cells, which have been reported to be a cross-talk in PCOS (12–14). It is well known that the endocrine markers of PCOS are hyperandrogenism and hyperinsulinemia. Previous studies reported a relatively high leukocyte count in PCOS patients with hyperinsulinemia and hyperandrogenemia, which exhibits a low-grade chronic inflammatory state and accounts for a disturbance in T cell polarization (15, 16). T cell polarization markers, such as interferon γ (IFN-γ) and interleukin 17 (IL-17) were increased in PCOS patients (17). However, interleukin 22(IL-22) secreted by innate lymphocytes leading to an improved IR was decreased in PCOS patients (18). Further results showed that granzyme-B was higher in PCOS patients which was positively correlated with hyperandrogenemia (19).

Mucosal-associated invariant T (MAIT) cells are a kind of unconventional innate-like T cells defined as CD3+CD161+Vα7.2+cells. They express semi-constant T cell receptor (TCR) composed of TCRα and TCRβ chains (20, 21). This receptor can specifically identify microbial-derived vitamin B metabolites presented by major histocompatibility complex class I-related protein 1(MR1) and plays a crucial role in local and systemic immune-inflammatory responses (22, 23).

MAIT cells are abundant in humans and comprise 1-10% of blood CD3+T cells. They are more enriched in the liver, intestine, and other mucosal tissues (23). Furthermore MAIT cells play a key role in the immune system and other pathologies such as tumors, they can attack healthy cells and thus contribute in certain autoimmune diseases and microbial infection (24–32). Previous studies found that alterations in the frequency and function of MAIT cells in circulation are associated with many metabolic diseases, such as diabetes/IR and obesity (33–37). As we know, PCOS is tightly associated with metabolic disorders, therefor we hypothesize that MAIT cells are related to the disorder of PCOS patients.

Until now, there are five different MAIT subsets which are CD4+CD8-, CD4+CD8+, CD4- CD8-, CD4- CD8αα+ and CD4- CD8αβ+ subset (38, 39). About 95% MAIT cells are CD4- subset (CD4– CD8αα+ or CD4– CD8αβ+ MAIT cells accounts for 80%, CD4- CD8- MAIT constitute 15%), only 5% of MAIT cells are CD4+ MAIT (CD4+CD8- and CD4+CD8+ subsets of MAIT cells) (39). Whereas CD4+ MAIT were focused on less, as this subset may be functionally distinct from others, Zhu et al. found that CD8+ MAIT cells are associated with metabolic dysfunction in PCOS patients (40). To date there has been no research on the role of total MAIT cells in PCOS patients.

We analyzed the frequency and phenotype of circulating MAIT cells (total MAIT cells and CD4+MAIT cells) in the blood of PCOS patients to explore their plausible clinical relevance which may provide novel therapeutic strategies to interfere with the PCOS disease.



Materials and methods


Patient samples

Ethical approval for this study was granted by the Scientific and Ethical Committee of the Shanghai First Maternity and Infant Hospital affiliated with Tongji University (NO: KS2132). All participating patients signed the informed consent. This study included 33 patients with PCOS and 30 healthy controls. The participants of control group were undergoing in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) due to male factor infertility or tubal factors, and PCOS patients were enrolled from the Endocrinology clinic or undergoing IVF or ICSI diagnosed according to the Rotterdam diagnostic criteria of 2003 (8) at Shanghai First Maternity and Infant Hospital between December 2020 and February 2022. All participants were between 18 to 40 years old, had no history of hereditary or familial diseases, and did not take any drugs. Patients with thyroid dysfunction, diabetes, other endocrine disorders, endometriosis, and autoimmune diseases were excluded. All patients’ clinical data are listed in Table 1.


Table 1 | Clinical and biological characteristics of PCOS patients and healthy controls.





Flow cytometry analysis

100ul of whole blood was incubated for 2o minutes at room temperature in the dark with the following antibodies: anti-CD3 PE (317308, BioLegend, San Diego, USA), anti-CD161 PE-Cyanine 7(339918, BioLegend, San Diego, USA), anti-TCR Vα7.2 APC(351708, BioLegend, San Diego, USA), and anti-CD4 FITC(300505, BioLegend, San Diego, USA), incubated at room temperature, in the dark for 20 minutes. Cell lysis and fixation was performed with 1x RBC Lysis/Fixation Solution (422401, BioLegend, San Diego, USA) for 15 minutes at room temperature in the dark. After centrifuging at 350g for 5 minutes, supernatant was discarded, then washed twice with Cell Staining Buffer. The cell pellet was resuspended in 500µl Cell Staining Buffer (420201, BioLegend, San Diego, USA) and analyzed on BD FACSCalibur flow cytometer using the CellQuestPro Software (BD Biosciences). Data were analyzed using FlowJo Version 10.5.3 software (TreeStar). The serum obtained after centrifugation was stored at -80°C.



Enzyme-linked immunosorbent assay

Serum IL-17(EH6264M, Weiao, Shanghai, China), IL-22(EH6285M, Weiao, Shanghai, China), IFN-γ (EH6242M, Weiao, Shanghai, China), and granzyme B (EH6217M, Weiao, Shanghai, China) concentrations were measured using commercial ELISA kits according to the manufacturer’s protocol and procedure, each serum sample and assay diluent were placed in each well of a 96-well plate coated with IL-17/IL-22/IFN-γ/granzyme B antibody, then incubated for 30 minutes in a 37°C incubator, and each well was washed five times with wash solution, Subsequently, SABC-complexes was added into each well and the reaction was performed for 20 minutes in a 37°C incubator. Again, each well was washed five times with wash solution, after which a TAB reagent was added for 10 minutes in a 37°C incubator. The reaction was quenched by the addition of stop solution. Within 15 minutes, the absorbance was measured at 450 nm using a multifunctional microplate reader. The serum concentration was determined based on a standard concentration curve.



Statistical analysis

All statistical analysis was performed using GraphPad Prism version 9.1.0 or OSX (GraphPad Software, La Jolla, CA). Results are expressed as mean ± SD. Groups were compared using the Student t-test or Mann–Whitney U test. Individuals were compared using paired t-test when applicable. Parameter correlation was determined using Pearson correlation coefficients. Levels of significance are indicated as *p < 0.05 or **p < 0.01.




Result


Clinical characteristics of patients

33 PCOS patients and 30 age-matched healthy controls were enrolled in the Shanghai First Maternity and Infant hospital from November 2020 to February 2022. Table 1 shows the main clinical biological characteristics of PCOS and healthy controls included in the study. There were no significant differences in age, basal Follicle-Stimulating Hormone (FSH), estrogen (E2) fasting glucose (FPG), total cholesterol (TC), and triglycerides (TG). While the indicators of total testosterone(T), AMH, Luteinizing Hormone (LH), LH/FSH, Body Mass Index (BMI), fasting insulin (FINS), and HOMA-IR were higher in PCOS patients compared with the healthy controls.



Decreased MAIT cells in peripheral blood CD3+T cells of PCOS patients

Previous studies have suggested that CD3+CD161+TCR Vα7.2+ T cells can be considered MAIT cells (40, 41). Accordingly, the frequency of circulating CD3+CD161+ TCRVα7.2+cells in total CD3+ lymphocytes in individual subjects was determined by flow cytometry (Figure 1A). We first analyzed the frequency of circulating CD3+Vα7.2+CD161+ MAIT cells, the percentages of circulating MAIT cells were significantly lower in PCOS patients than in control (5.29 vs. 7.76%, p<0.01, Figures 1B, C). Concerning the diagnostic accuracy of MAIT cells frequency for PCOS, the ROC curve analysis of MAIT cells in PCOS patients, the AUC was 0.69 (95% CI 0.56–0.82, P <0.05) (Figure 1D). Therefore, PCOS patients had significantly reduced numbers of circulating MAIT cells.




Figure 1 | Frequency of MAIT cells in controls and PCOS patients. (A) Gating strategy for identification of circulating MAIT cells (CD3+ TCRVα7.2+CD161+). (B) Representative flow plots show the MAIT cells gated among CD3+ T cells in control and PCOS patients. (C) The frequency of MAIT cells in PCOS patients (n = 33) was significantly decreased compared to control (n = 30) (p<0.01). Data represent means ± SEM, **p < 0.01, significantly downregulated compared to control which analyzed by Mann–Whitney U test. (D) ROC curves of the MAIT cells in the identification of the PCOS patients (the area under the curve (AUC), confidence interval (CI), and the associated calculated P-value (p) are indicated on each graph).





Correlation between MAIT cells clinical characteristics in PCOS patients

Multiple regression analysis was performed to analyze the correlation of BMI, HOMA-IR index, AMH, T, LH/FSH, and MAIT cells frequency. As shown in Figure 2, the frequency of MAIT cells was significantly negatively correlated with BMI, HOMA-IR index, and AMH (R=-0.41, -0.35, -0.4; p=0.0017, 0.049, 0.023), and whereas no significant correlation between MAIT cells and LH/FSH or T could be found.




Figure 2 | Forest plot of the Pearson Correlation between frequencies of MAIT cells of T cells and BMI, HOMI-IR, AMH, T, and LH/FSH in PCOS patients. P < 0.05 is considered as significantly different.





Analysis of MAIT cells in different subgroup of PCOS patients

Due to the frequency of MAIT cells being significantly negatively correlated with BMI, HOMA-IR index, and AMH, 33 PCOS patients were divided into different subgroups by BMI, HOMA-IR, AMH, T, and LH/FSH. We found that the frequencies of MAIT cells of T cells decreased in PCOS patients with abnormal weight [BMI≥24kg/m2 (41)] (Figure 3A), higher HOMA-IR (≥1.5) (42, 43) (Figure 3B), and excessive AMH [≥8ng/ml (44)] (Figure 3C). However, T and LH/FSH do not affect the frequencies of MAIT cells (Figures 3D, E).




Figure 3 | Subgroup analysis of the frequencies of MAIT cells of T cells in PCOS patients by BMI, HOMA-IR, AMH, T, and LH/FSH. (A) BMI; (B) HOMA-IR; (C) AMH; (D) T; (E) LH/FSH. *, p<0.05, **, p<0.01, ns, not significant.





CD4+ MAIT cells

Although only 5% of MAIT cells are CD4+ MAIT (CD4+CD8- and CD4+CD8+ subsets of MAIT cells) (39), they may have a distinct role in the immune system. However, a small proportion of CD4+MAIT cells were found in PCOS patients and healthy control group, there was no significant difference in CD4+MAIT cells between the two group (Figures 4A, C). then we analysis the CD4+ cells of T cells, we found that the CD4+ T cells increased in PCOS patients (Figures 4A, B). Interestingly, we found CD4+MAIT cells significantly increased in PCOS patients with abnormal weight (BMI≥24kg/m2), excessive AMH (≥8ng/ml), and excessive T (≥0.4ng/ml). However, CD4+MAIT cells did not show any difference when we divide the subgroups according to HOMA-IR and LH/FSH (Figure 4D).




Figure 4 | CD4+ cells of MAIT cells and T cells between Control and PCOS groups, and subgroup analysis of the CD4+ cells of MAIT cells in PCOS patients by BMI, HOMA-IR, AMH, T, and LH/FSH. (A) Gating strategy for CD4+ T cells (CD3+ CD4+) and CD4 MAIT cells (CD3+TCRVα7.2+CD161+CD4+). (B) CD4+ cells of T cells between Control and PCOS groups. (C) CD4+ cells of MAIT cells between Control and PCOS groups. (D) Subgroup analysis the CD4+ cells of MAIT cells in PCOS patients by BMI, HOMA-IR, AMH, T, and LH/FSH. *p<0.05, ns, not significant.





Correlation between circulating MAIT cells of T cells and cytokines in plasma

MAIT cells can quickly respond to stimulation, which produce a range of cytokines (22). To better demonstrate the function of MAIT cells, we analyzed the relationship between MAIT cells and cytokines in PCOS, we evaluated the level of IL-17, IL-22, IFN-γ, and granzyme B in the plasma of all participants. IL-17 is higher in the plasma of PCOS patients while the IL-22 is less expressed in PCOS patients than in the control group. There were no significant differences in IFN-γ and granzyme B (Figure 5A). In addition, a negative relation between the level of IL-17 in plasma and the frequency of MAIT cells of T cells was found (Figure 5B).




Figure 5 | Cytokines in the plasma of control and PCOS patients. (A) compared L-17, IL-22, IFN-γ and granzyme B between control and PCOS patients. (B) The Pearson Correlation between the frequency of MAIT cells and cytokines in plasma. *p<0.05, ns, not significant.






Discussion

This study revealed that the frequency of MAIT cells is decreased in peripheral blood of PCOS patients compared with control group. The decrease of MAIT cells indicates that MAIT cells are associated with the disorder of PCOS. Interestingly, we found that the frequency of MAIT cells were negatively correlated with the clinical features of BMI, HOMA-IR and AMH. It is known that AMH plasma level is a maker of impaired folliculogenesis in patients (45). Therefor we suggest that the altered distribution of MAIT cells can affect the development of PCOS via the aspects of metabolism and follicular development.

A previous study showed that blood MAIT cell frequency decreased in obesity and type-2 diabetes, even below the detection limit in severe obesity patients (46). MAIT cells in peripheral blood can be recruited to adipose which may contribute to the decrease MAIT cells number (46). It was reported that 3-6 months after bariatric surgery was performed in obese patients, the frequency of MAIT cells increased (46). As BMI increases, visceral adipose tissue (VAT) exhibits chronic low-grade inflammation, a major factor associated with IR (35). These results are consistent with our results that the frequency of MAIT cells were lower in overweight patients (BMI≥24kg/m2) and with higher HOMA-IR (≥1.5). Rouxel et al. reported that the frequency of MAIT cells in the peripheral blood of diabetic patients is lower than in healthy people, and this reduction in frequency may be due to the migration of MAIT cells into the pancreas of mice during the development of diabetes, which can also kill human β-cell line (47). Besides, the lower numbers of blood MAIT cells might also lead to cell exhaustion as a previous study has shown they carry a defective BCL2, CD25 and PD-1 expression causing persistent activation (47) (46). However, further studies are needed to verify that MAIT cells are exhausted in PCOS patients.

Our study also observed that the level of IL-17 in plasma increased in PCOS patients and negatively correlated with the frequency of MAIT cells of T cells, which is consistent with the studies on diabetes and obesity (33, 48). Kousei et al. reported that IL-17 can activate Angiotensin II Type 1 Receptor inducing induced IR (49), which may also be the cause of IR in PCOS patients. However, IL-22 was decreased in PCOS which is consistent with Qi et al, who reported that the IL-22 levels in serum and follicular fluid of PCOS patients were decreased (18). IL-22 can be produced by intestinal group 3 innate lymphoid cells (ILC3), and Qi et al. found that transplantation of stool microbiota from mice with PCOS into recipient mice resulted in increased disruption of ovarian function, IR, altered bile acid metabolism which decreased the secretion of IL-22 from intestinal-type-3 innate lymphoid cells (18). MAIT cells are a kind of innate-like T cell, which are found in the intestine, skin, oral and female genital mucosa. The decrease of IL-22 may have a certain relationship with the changes of MAIT cells. This, however, could not be proven by our study possibly due to the small number of cases, or the MAIT subtype. Therefore, further research is needed which include a large patient cohort longitudinal studies and more subsets of MAIT cells.

Although the CD4+ MAIT cells subset constitutes only a small fraction which usually were ignored for their low frequency, studies have shown that CD4+ MAIT cells can produce more IL-22 than other MAIT subset (38). Therefore CD4+MAIT cells may play a distinct role in disease. Studies that investigated the association between PCOS and IL-22, found that overweight PCOS patients had significantly higher levels of IL-22 in serum compared to healthy controls (14, 50).We speculate that elevated Il-22 may be associated with an increase in CD4+MAIT cells. In our study, we did not find a difference between the control and PCOS group, however the CD4+ T cells increased in PCOS patients, this is consistent with previous literature reports (51), that might be the reason for indifference of CD4+ MAIT between two group. In the subgroup, however, we found that the proportion of CD4+MAIT cells correlates with BMI, AMH, and testosterone levels. CD4+MAIT were higher in overweight patients (BMI≥24kg/m2), and patients with higher AMH(≥8ng/ml) and T (≥0.4ng/ml). AMH is regarded as the best serum biomarker of ovarian reserve. Previous studies revealed that total testosterone is closely related to AMH and plays an important role in follicular growth (52). A study in 2016 found that the number of circulating CD4+ cells strongly affected serum AMH levels (53). Therefore, CD4+MAIT cells may play a key role in ovarian granulosa cell function and follicular physiology.



Conclusion

The outcomes of our study showed that the reduction of MAIT cells and increased frequency of CD4+MAIT cells may contribute to the metabolic disorder and follicular development in PCOS. MAIT cells may act as a predictive marker and could present potential new treatment options. However, the limitation of this study is that we only correlate the frequency to the clinical features, which support the hypothesis that MAIT cells and CD4+MAIT cells play a role in PCOS. Further in-depth research of the correlation between different MAIT cells subsets and PCOS will be performed.
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Introduction

Women with polycystic ovary syndrome (PCOS) exhibit complement factor expression changes that may be obesity-driven rather than an intrinsic facet of PCOS; furthermore, complement changes have been associated with vitamin D deficiency, a common feature of PCOS. Therefore, complement pathway proteins and vitamin D levels may be linked in PCOS.



Methods

We measured plasma levels of complement pathway proteins by Slow Off-rate Modified Aptamer (SOMA)-scan plasma protein measurement for the classical (C4, C4a, and C4b) and alternative pathways (C3, C3b, iC3b, properdin, and factors B, D, and H) in weight and age-matched non-obese non-insulin resistant women with PCOS (n = 24) and control women (n = 24). Proteins that differed between groups were correlated with 25-hydroxyvitamin D3 (25(OH)D3) and 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), measured by isotope-dilution liquid chromatography tandem mass spectrometry.



Results

Women with PCOS had a higher free androgen index and anti-Mullerian hormone, though insulin resistance was comparable to controls; likewise, C-reactive protein, a marker of inflammation, was comparable between cohorts. In the alternative complement pathway, C3, iC3b, and properdin were increased in PCOS (p <0.05), while C4 in the classical pathway was increased (p <0.05). 25(OH)D3 levels positively correlated with C3b only in control subjects, with no correlation of 1,25(OH)2D3 with any of the proteins.



Conclusion

In a non-obese PCOS population matched for age, insulin resistance and inflammation, initiating proteins of the classical and alternate complement cascades were increased. However, a positive correlation with 25(OH)D3 was only seen for C3b in control subjects, with no correlation to 1,25(OH)2D3, suggesting that the increase in complement proteins in PCOS is vitamin D-independent.





Keywords: polycystic ovary syndrome, complement factors, C3, C4, vitamin D



Introduction

In women with polycystic ovary syndrome (PCOS), there is an increased prevalence of type 2 diabetes, hypertension and, potentially, cardiovascular disease (1), the mechanism of which is still unclear, though inflammation has been implicated (2). Increased complement factor proteins in PCOS have been reported for both the classical and alternate cascade pathways, including C3, C4, properdin, factor B, and factor D (3) (Figure 1), though their expression and activation appeared to be dependent upon obesity and insulin resistance (3). Complement protein studies in PCOS have, however, been discrepant in the literature, with a confirmatory report that C3 may be elevated and related to inflammation (4) while, conversely, others report that C3 levels are unchanged (5).




Figure 1 | A schematic to illustrate the initiating proteins of the classical and alternate complement cascades.



Vitamin D deficiency is very common in women with PCOS, with 67%–85% being severely deficient, and low levels have been reported to correlate with obesity, insulin resistance, and testosterone levels (6, 7); however, it has been suggested that vitamin D does not exacerbate these features in PCOS (8). A systematic review and meta-analysis suggested that vitamin D deficiency was associated with insulin resistance but the significance was lost when BMI was accounted for (9). However, it has been reported that vitamin D insufficiency predicts elevated C3 levels independent of insulin resistance and obesity (10) and therefore, hypothetically, may contribute to the elevation of these proteins in PCOS. Vitamin D3 (cholecalciferol) is endogenously produced in the skin through the effect of UV-B on 7-dehydrocholesterol that is hydroxylated at position 25 to 25-hydroxyvitamin D3 (25(OH)D3). 25(OH)D3 is transported to the kidney and converted to the active 1,25(OH)2D3 by 1-alpha hydroxylase (11). This study was undertaken in a non-obese PCOS population versus controls matched for BMI, insulin resistance, and inflammation to determine whether complement factor proteins were independently associated with PCOS and whether they may be modulated by vitamin D metabolites.



Materials and methods

We determined plasma complement pathway protein levels in women with PCOS (n = 24) and control women (n = 24) attending the Hull IVF clinic (11). Control women were age and body mass index (BMI) matched women with PCOS. Demographic data for both control women and women with PCOS are shown in Table 1 (11). The Rotterdam consensus was used for the diagnosis of PCOS; these criteria are (1) clinical and biochemical hyperandrogenemia, requiring a Ferriman–Gallwey score of >8 and a free androgen index of >4, respectively (2), oligomenorrhea or amenorrhea and (3) polycystic ovaries seen on transvaginal ultrasound (12). Study participants had no other condition or illness and were required to be medication-free for nine months preceding study enrollment. Testing was undertaken to ensure that no patient had any of the following endocrine conditions: non-classical 21-hydroxylase deficiency, hyperprolactinemia, Cushing’s disease, or an androgen-secreting tumor. All procedures performed in studies involving human participants were in accordance with the ethical standards of the Yorkshire and The Humber NRES ethical committee, UK. In addition, they were in accordance with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.


Table 1 | Demographics, baseline, hormonal, and metabolic parameters of the women with PCOS and control women (mean ± SD). All parameters did not differ other than those marked **=p <0.01.



Fasting blood samples were centrifuged at 3,500g for 15 min and placed into aliquots and frozen at −80°C until analysis. The blood samples were analyzed for sex hormone binding globulin (SHBG), insulin (DPC Immulite 200 analyzer, Euro/DPC, Llanberis UK), and plasma glucose (Synchron LX20 analyzer, Beckman-Coulter, High Wycombe, UK). Free androgen index (FAI) was calculated by dividing the total testosterone by SHBG, and then multiplying by 100. Insulin resistance (IR) was calculated using the homeostasis model assessment (HOMA-IR). Serum vitamin D levels and testosterone were quantified using isotope-dilution liquid chromatography tandem mass spectrometry (LC-MS/MS) (11). Circulating levels of complement pathway proteins were determined by Slow Off-rate Modified Aptamer (SOMA)-scan plasma protein measurement (Somalogic, Boulder, CO, USA), the details of which have been previously reported (13). Normalization of raw intensities, hybridization, median signal, and calibration signal were performed based on the standard samples included on each plate, as previously described (14).

We measured plasma complement pathway protein levels for the alternative (C3, C3b, iC3b, properdin, factors B, D, and H) and classical pathways (C4, C4a, and C4b) (3) (Table 2).


Table 2 | Complement dysregulation in non-obese non-insulin resistant women with PCOS.




Statistics

A power analysis (nQuery version 9, Statsol USA) was undertaken for C3 protein that had been previously reported (3). For 80% power and an alpha of 0.05 with a common standard deviation of 0.37, the number of subjects required was 23. Data trends were visually and statistically evaluated for normality. Independent t-tests were applied to normally distributed data, while non-parametric tests (Mann–Whitney U) were applied to data that violated the assumptions of normality when tested using the Kolmogorov–Smirnov Test. Correlations between vitamin D and the differing complement proteins were undertaken with the Pearson coefficient and shown in Figure 2 and Supplementary Figure 1. All analyses were performed using R version 4.0.0 (R Foundation for Statistical Computing, Vienna, Austria. URL: https://www.R-project.org/).




Figure 2 | Correlations of complement pathway proteins with 25-hydroxy vitamin D3 [25(OH)D3]. Correlations of 25(OH)D3 with properdin (A), iC3b (B), C3 (C), C3b (D), and C4 (E) in women with PCOS and control women are shown. Only in controls did C3b show a positive correlation with 25(OH)D3. RFU, Relative Fluorescent Units.






Results

Baseline data for the 24 non-obese women with PCOS matched for age and BMI with 24 control subjects is shown in Table 1. Insulin resistance and CRP (as a marker of inflammation) did not differ between the two groups. Women with PCOS had an elevated free androgen index and an elevated anti-Mullerian hormone, as expected in PCOS.

The results of the complement factors are shown in Table 2 for both the non-obese women with PCOS and the control women. In these non-obese, non-insulin-resistant women with PCOS, there were significant elevations in the levels of alternative pathway complement proteins C3 (p <0.002), iC3b (p <0.02), and properdin (p <0.006), while C4 in the classical pathway was increased (p <0.05); C4a and C4b did not differ between groups.

25(OH)D3 levels correlated with C3 for control subjects, but not for PCOS (Figure 2); however, there was no correlation for 1,25(OH)2D3 with any of the complement proteins in either cohort (Supplementary Figure 1).



Discussion

These data show that, in non-obese women with PCOS that did not differ for insulin resistance and inflammation compared to controls, proteins in the alternative complement activation pathway (C3, iC3, and properdin) were elevated in women with PCOS in comparison with the matched controls; C4, belonging to the classical complement activation pathway, was also increased in PCOS. These data are in accord with those reported by others; of note, in that report, Factors B, D, and H were also elevated but became non-significant when the data was adjusted for BMI (3). C4 was elevated, but its products of activation (C4a and C4b) were no different between women with PCOS and controls, suggesting that activation of C4 was not occurring. Similarly, C3 was elevated, but its product of activation (C3b) was no different between women with PCOS and control women, again suggesting that activation of C3 was not taking place. However, properdin was elevated and, as its action is to stabilize C3 convertase in the alternative pathway, its elevation would prolong complement activation (15).

In this cohort of women with PCOS who were not obese, insulin resistant or demonstrating indices of inflammation greater than control women, this suggests that the alterations of the complement proteins in this study are reflective of the inherent processes in PCOS rather than an epiphenomenon reflective of obesity, insulin resistance or inflammation, as has been previously suggested by mathematical modeling (3). This is important, as many of the cardiovascular risk factors are largely due to obesity and its associated complications rather than the underlying pathophysiology of PCOS. It can, however, be difficult to determine the relative contributions of obesity and insulin resistance to the inherent dysfunction of PCOS (16, 17). Further adding to the complexity, the underlying disease process of PCOS may also be affected by ethnicity (18). The complement protein results reported here are in accord with some studies in PCOS (3, 4) but not others (5); however, those studies had not taken into account the underlying pathophysiology of obesity, insulin resistance and inflammation that are addressed here.

Vitamin D3 levels correlated positively with C3b in controls only, indicating that vitamin D3 deficiency was associated with lower C3b protein levels. However, no correlation was seen for the active form, 1,25(OH)2D3. A correlation between vitamin D and C3 was reported to be independent of insulin resistance and BMI in normal controls (10) though, in that study, C3b was not measured specifically. The lack of correlation seen for the active 1,25(OH)2D3 with any of the complement proteins suggests that the 25(OH)D3 association seen with C3b alone, together with the fact that C3b plasma protein levels did not differ between groups, may be a chance observation or an epiphenomenon secondary to some unknown factor in the control women. In either case, the data suggest that the changes in complement proteins seen in PCOS are not due to vitamin D levels.


Limitations

A major concern of any study such as this that describes negative findings is that of reporting a type 2 statistical error due to an inadequate sample size. The initial power analysis was based on that for C3, and significant findings for iC3b, properdin and C4 were found in accord with others (3). The results for Factors B, D, and H are in accord with the modeling that they would become non-significant when BMI is considered and, therefore, in a non-obese population would not differ. As all study subjects were Caucasian, these results may not be generalizable to other ethnic populations. It would be important for future studies to address the role of the PCOS phenotype (19) in the presence and absence of obesity.

In conclusion, in a non-obese PCOS population matched for age, insulin resistance, and inflammation, initiating proteins of the classical and alternate complement cascades were increased in women with PCOS, but their positive correlation with 25(OH)D3 was only seen for C3b in control women, with no correlation to 1,25(OH)2D3, suggesting that the increase in complement proteins in women with PCOS is independent of vitamin D.
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Objective

Polycystic ovary syndrome (PCOS) is a heterogeneous endocrine and metabolic disease. The gut microbiota is highly correlated with androgen secretion and insulin resistance (IR), which are two potential major pathogenic mechanisms of PCOS. Currently, an antibiotic cocktail (ABX) is often used to construct pseudo germ-free mouse models for studies on the gut microbiota and PCOS. Our work aimed to study the effects of dehydroepiandrosterone (DHEA), a high-fat diet (HFD) and ABX on the heterogeneous phenotypes of PCOS mouse models by regulating the gut microbiota.



Methods

PCOS mouse models were established by subcutaneous injection of DHEA alone or in combination with a HFD in wild-type and pseudo germ-free mice. The changes in ovary morphology and sex hormonal and glycolipid metabolic parameters were evaluated.



Results

Wild-type mice treated with DHEA or DHEA+HFD showed a PCOS-like phenotype of hyperandrogenism, anovulation and polycystic ovaries. The former was combined with hyperinsulinemia and IR, while the latter was combined with glucolipid metabolic disorders, extremely heterogeneous hyperinsulinemia and IR. The phenotype of PCOS mice, especially the metabolic parameters, was correlated with the gut microbiota. The pseudo germ-free mice treated with DHEA or DHEA+HFD also showed a PCOS-like phenotype. However, DHEA could not induce hyperinsulinemia or IR in pseudo germ-free mice. Pseudo germ-free mice treated with DHEA+HFD exhibited decreased serum AMH level, glucolipid metabolic disorders and IR. Compared with the wild-type mice, the pseudo germ-free mice treated with DHEA showed significantly higher testosterone and lipid levels and lower blood glucose levels, and they did not present with hyperinsulinemia or IR.



Conclusion

A better and stabilized mouse model simulating the pathophysiological defects of PCOS was induced by DHEA alone rather than by DHEA+HFD. The ABX intervention improved glucose metabolic disorders and hyperinsulinemia but aggravated the hyperandrogenism and lipid metabolic disorders of the PCOS mice. This study suggests that the gut microbiota plays an important role in the heterogeneous phenotypes of PCOS mouse models.





Keywords: polycystic ovary syndrome, mouse model, phenotype, dehydroepiandrosterone, high-fat diet, antibiotic cocktail



Introduction

Polycystic ovary syndrome (PCOS) is a common, complex, and heterogeneous endocrine and metabolic disorder that affects 8 to 13% of women of reproductive age and 21% of women in high-risk groups (1). Based on the Rotterdam criteria (2), PCOS can be identified into 4 phenotypes/subtypes, and the presence of insulin resistance (IR) and hyperinsulinemia is common among women with PCOS but are not required for diagnosis (3). Despite significant progress in understanding this disorder over the past 20 years, the heterogeneity of PCOS makes the pathophysiology and treatment still confused. Because of ethical and logistical constraints on clinical studies including women with PCOS, many studies need to be carried out in animal models, especially rodent models.

To date, there are no accepted rodent models of PCOS to comprehensively simulate the pathophysiological process and phenotypes of women with PCOS. Rodent models of PCOS induced by dehydroepiandrosterone (DHEA), dihydrotestosterone or letrozole are widely used in most studies (4–8). These models share the key characteristics of women with PCOS, including hyperandrogenism, disrupted cyclicity, presence of follicular cysts, and some metabolic disorders. However, the above models display high heterogeneity mainly in the presence of metabolic disorders including IR and hyperinsulinemia (9, 10), which leads to difficulties in the repeatability and reliability of further PCOS animal studies. Lai et al. (11) firstly induced a PCOS mice model with distinct metabolic features via DHEA combined with a high-fat diet (HFD), confirming the effect of HFD on the heterogeneous phenotypes of PCOS mice.

Studies suggest that the gut microbiota is involved in the genesis of PCOS. In 2012, Tremellen and Pearce proposed a hypothesis that dysbiosis of the gut microbiota is a causative factor of metabolic and reproductive manifestations of PCOS (12). In the past 10 years, studies in both humans and rodent models have demonstrated that alterations of the gut microbiota are associated with PCOS (7, 8, 13, 14). Most evidence has focused on the connection between the gut microbiota and hyperandrogenism and IR, which are the two core pathogenic factors of PCOS. Torres et al. reported a relationship between the gut microbiota and hyperandrogenism, although the genesis is still unclear (15). However, the gut microbiota could cause IR/hyperinsulinemia via the immune system and microbiota-gut-brain axis (13, 16, 17). The above evidence proves that the gut microbiota participates in the two core pathogenic factors of PCOS via different pathways, suggesting that the gut microbiota may be related to the heterogeneity of PCOS. Our previous study found that the gut microbiota was closely related to the heterogeneous phenotypes of women with PCOS (18). However, the correlation between the gut microbiota and the heterogeneity of PCOS rodent models has not yet been studied.

Based on previous studies of PCOS mouse models, this study aimed to observe whether the gut microbiota plays a role in producing the heterogeneity of PCOS mouse models. We induced PCOS in different mouse models using an injection of DHEA or an injection of DHEA combined with a HFD in wild-type mice and pseudo germ-free mice to observe the effects of the gut microbiota on the phenotypes of PCOS mouse models.



Materials and methods


Animals

Eighty-four female C57BL/6J mice (3 weeks old) were purchased from Shanghai Laboratory Animal Center (SLAC). Five mice per cage were housed in a specific pathogen-free environment at the Shanghai Jiao Tong University animal center under a standard temperature (22°C ± 3°C), stable humidity, and standard lighting conditions (12 h light/12 h dark cycle), with 24 h free access to irradiated rodent feed and autoclaved water. Body weight was measured weekly.



Establishment of a PCOS model without gut microbiota depletion

Forty mice (6 weeks old) were randomly divided into four groups: the Ctrl, HFD, DHEA and DHEA+HFD groups (n = 10 each group). To induce the PCOS model, the mice in the DHEA and DHEA+HFD groups were given a daily subcutaneous injection of DHEA (6 mg/100 g body weight; D4000-10 g, Sigma Aldrich, USA) dissolved in 0.1 mL of sesame oil for 5 weeks. For the Ctrl group, the mice were fed a normal diet and injected daily with sesame oil. For the HFD group, the mice were fed a HFD (60% of energy provided by fat, D12492, Research Diets, USA) and injected daily with sesame oil. For the DHEA group, the mice were fed a normal diet and injected daily with DHEA. For the DHEA + HFD group, the mice were fed a HFD and injected daily with DHEA.



Establishment of a PCOS model with gut microbiota depletion

To deplete the gut microbiota, forty-four mice (3 weeks old) received a freshly prepared antibiotic cocktail (ABX) in their drinking water that was prepared with ampicillin (1 g/L, A105483), vancomycin (500 mg/L, V105495), metronidazole (1 g/L, M109874), and ciprofloxacin (200 mg/L, C131636) (all from Aladdin, China). After 3 weeks of ABX treatment, thirty-one mice (6 weeks old) were randomly divided into four groups: the ABX group (n = 10), HFD+ABX group (n = 5), DHEA+ABX group (n = 8) and DHEA+HFD+ABX group (n = 8). The mice were injected and fed in the same manner as the mice without gut microbiota depletion and continued to receive ABX water for another 5 weeks.



Oral glucose tolerance test

An oral glucose tolerance test (OGTT) was performed 4 weeks after starting the DHEA treatment. The mice were fasted overnight for 6 hours before the OGTT. The glucose level of blood from the tail vein was measured with a glucometer (Accu-Chek® Performa) before and 15, 30, 60, 90 and 120 min after the administration of glucose (2 g/kg body weight per mL) by oral gavage. Tail vein blood was also collected for serum insulin measurement at 0-, 15-, and 60-min time points. The area under the curve of the glucose levels (AUC-Glucose) was calculated using GraphPad Prism 6.0 software.



Vaginal smears and oestrous cycle determination

Vaginal smears were taken daily at 8:00–9:00 am for 2 weeks before the OGTT to avoid the potential disturbances caused by the OGTT. Vaginal smears were stained with Giemsa for light microscopic determination of oestrous cycle stage. The predominance of nucleated epithelial cells indicated the proestrus stage. The predominance of cornified squamous epithelial cells indicated the oestrus stage. When the number of cornified squamous epithelial cells decreased as numerous white blood cells and nucleated epithelial cells appeared, the mice were in the metoestrus stage. Thin vaginal mucosa with vaginal cells comprising nearly all white blood cells indicated the dioestrus stage. It is worth noting that samples from mice treated with DHEA were all cornified squamous epithelial cells throughout the experiment.



Morphology

After the collection of blood samples, the ovaries were removed and fixed in 4% paraformaldehyde immediately. The tissues were then embedded in paraffin and stained with haematoxylin and eosin (HE). Corpora lutea and antral follicles were counted from the middle section of each ovary. Antral follicles displayed an expanded antral cavity, collapsed walls, and an attenuated and scattered granulosa cell layer.



Serum measurement

At the end of the experiment, blood for the determinations of testosterone (T) and lipid levels was collected from the inner canthus after the mice fasted overnight for 6 hours. Levels of serum T were measured using 125I-labelled radioimmunoassay kits (B10B, Beijing North Institute of Biological Technology, China). The within-assay and between-assay variabilities were 10% and 15%, respectively. Levels of serum lipids were measured using assay kits according to the manufacturer’s instructions for the following lipids: triglycerides (TGs; A110-1), total cholesterol (TC, A111-1), high-density lipoprotein cholesterol (HDL-C; A112-1) and low-density lipoprotein cholesterol (LDL-C; A113-1) (all from Nanjing Jiancheng, China).

Levels of serum insulin were measured using an ultrasensitive mouse insulin ELISA kit (90080, Crystal Chem, USA). The area under the curve of the insulin levels (AUC-Insulin) was calculated using GraphPad Prism 6.0 software. HOMA-IR = fasting blood glucose (FBG) (mmol/L) ∗ fasting blood insulin (FINS) (mIU/L)/22.5. Serum anti-Mullerian hormone (AMH) levels were measured using a mouse AMH ELISA kit (YLK-EXS921, Youlike Life Science, China).



Fecal sample collection and 16S rRNA gene sequencing

Fresh fecal samples were collected before sacrifice and were immediately stored at −80°C until analysis. DNA extraction from frozen fecal samples was conducted as previously described (19). All DNA samples were sequenced with a MiSeq reagent kit v3 (600-cycle) (MS-102-3033, Illumina, USA). A sequencing library for the V3–V4 regions of the bacterial 16S rRNA genes was constructed based on the manufacturer’s instructions, with some modifications as previously described (20).



Microbiota data analysis

The 16S rRNA gene sequence data were processed and analysed using QIIME2 software (v2018.11) (21). The raw sequence data were demultiplexed and then denoised with the DADA2 pipeline (q2-dada2 plugin) (22) to obtain the amplicon sequence variant (ASV) frequency data table. Alpha diversity metric (observed ASVs), beta diversity metric (Bray−Curtis 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 (23) using the SILVA rRNA gene database (24). The observed ASV index was compared using the Kruskal–Wallis test. The treatment-induced structural shifts in the gut microbiota were evaluated using Bray−Curtis distance, visualized by PCoA plot, and assessed by permutation multivariate analysis of variance (PERMANOVA) using the R “vegan” package with 9,999 permutations.

ASVs shared by at least 25% of all samples were considered prevalent ASVs. The correlation coefficients between the ASVs were calculated by the SparCC algorithm (25). The correlations were converted to a correlation distance (1- correlation coefficients) and then clustered into 59 coabundant groups (CAGs) using Ward clustering and PERMANOVA with 9,999 permutations. Spearman correlations between CAGs and parameters were calculated by MATLAB R2014a, and the Benjamini−Hochberg procedure was used to control the false discovery rate.



Statistical analysis

Statistical analysis and data visualization were performed using GraphPad Prism 6.0 software. Data are presented as the means ± SEMs. One-way analysis of variance (ANOVA) followed by the correction of p values with the Tukey post test was used to assess the differences among four groups (i.e., Ctrl, HFD, DHEA and DHEA+HFD or ABX, HFD+ABX, DHEA+ABX and DHEA+HFD+ABX). A two-tailed unpaired Student’s t test was used to compare the differences between the two groups (i.e., Ctrl vs. DHEA, ABX vs. DHEA+ABX, Ctrl vs. ABX, and DHEA vs. DHEA+ABX). A difference with a p value < 0.05 was considered statistically significant.




Results


Different treatments induced a PCOS-like phenotype in wild-type mice

All of the mice from the DHEA and DHEA + HFD groups stayed in the dioestrus stage (Figures 1A, B), and the serum T levels were significantly higher in these mice than in mice from the Ctrl and HFD groups (Figure 1C). There was no significant difference in the AMH level among the four groups (Figure 1D). The T level was significantly higher in the DHEA group than in the DHEA+HFD group. Ovaries from the Ctrl and HFD groups contained follicles at different stages of development and several corpora lutea (CL). In contrast, those from the DHEA and DHEA + HFD groups contained several antral follicles and no CL (Figures 1E–G). These results verified the successful establishment of a PCOS-like mouse model with hyperandrogenism, anovulation and polycystic ovaries.




Figure 1 | The stage of the oestrous cycle, ovarian morphology and serum T level in wild-type mice. (A) Representative oestrous cycle of one mouse from each group. (B) The proportion of each oestrous cycle stage in each group. (C) Serum testosterone level. (D) Serum AMH level. (E) Representative HE staining of ovarian tissue from one mouse from each group. * indicates corpora lutea, and # indicates large antral follicles. The number of (F) corpora lutea and (G) large antral follicles of one ovary from each group. Data are reported as the means ± SEMs. **P <0.01, and ***P < 0.001. AMH, anti-Mullerian hormone.



Body weights were similar among all of the groups (Figure 2A). Compared with the Ctrl and DHEA groups, the HFD and DHEA+HFD groups displayed markedly higher FBG levels (Figure 2B) and glucose intolerance (Figures 2E, F). Two mice from the DHEA+HFD group showed extremely heterogeneous hyperinsulinemia and IR. Thus, only the DHEA group displayed significant and stabilized increases in FINS, HOMA-IR and postprandial insulin levels (Figures 2C, D, G, H), indicating hyperinsulinemia and insulin resistance in the DHEA group. In addition, the DHEA and DHEA + HFD groups displayed significantly increased TC and LDL-C levels compared with the other groups, while the mice on a HFD displayed a reduced trend for TG levels (Figures 2I–L).




Figure 2 | Glucolipid metabolism in wild-type mice. (A) Body weight. (B) Fasting blood glucose levels. (C) Fasting blood insulin levels. (D) HOMA-IR. (E) Serum glucose levels during the OGTT. (F) AUC-Glucose. (G) Serum insulin levels during the OGTT. (H) AUC-Insulin. (I) Total cholesterol. (J) Triglycerides. (K) LDL-C. (L) HDL-C. *P < 0.05, **P <0.01, and ***P < 0.001. HOMA-IR, homeostasis model assessment for insulin resistance index; AUC, area under the curve; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.



We performed V3-V4 16S rRNA gene sequencing to compare the diversity and composition of the gut microbiota of the four groups. The observed ASVs showed a significant reduction in alpha diversity in the HFD group compared to the Ctrl and DHEA groups, but no significant difference was observed among the Ctrl, DHEA and DHEA+HFD groups (Figure 3A). In the context of beta diversity based on Bray–Curtis distance (Figures 3B, C), the overall microbial structure showed significant differences among the four groups, but the HFD might contribute to a more severe effect. We constructed a coabundance network between the 520 ASVs that were shared by at least 25% of all samples and clustered the ASVs into 59 coabundant groups (CAGs) (Table S1). Of these, CAG2, mainly containing ASVs from Bifidobacterium and Lactobacillus, was significantly increased in the DHEA and DHEA+HFD groups. CAG2 was also positively correlated with the T level, the number of antral follicles and the TG level and negatively correlated with the AUC-Glucose and FBG levels. CAG6 composed of ASVs from Alistipes and Turicibacter, CAG9, CAG15 and CAG17 composed of ASVs from Muribaculaceae, CAG16 composed of ASVs from Lactobacillus and Muribaculaceae, and CAG18 composed of ASVs from Lachnospiraceae were enriched in the Ctrl and DHEA groups. Additionally, they were negatively correlated with the AUC-Glucose and FBG levels, and positively correlated with the TG levels. In contrast, CAG36 and CAG46 composed of ASVs from Lachnospiraceae, CAG38 composed of ASVs from Blautia, CAG47 composed of ASVs from Desulfovibrionaceae and Blautia, CAG54 composed of ASVs from Alistipes and Muribaculaceae, and CAG56 composed of ASVs from Bacteroides and Alistipes were enriched in the HFD and DHEA+HFD groups and showed an opposite trend in their correlations with the disease phenotypes (Figures 3D, E and Table S1).




Figure 3 | The gut microbial structure was altered in PCOS mice. Alpha diversity measured by (A) observed ASVs. Data are expressed as the mean ± SEM. *P < 0.05 and ***P < 0.001. (B) A PERMANOVA test was performed on the basis of the Bray−Curtis distances. The colors of the blocks indicate the distance, and the asterisks denote significant differences between different groups. ** P <0.01 and *** P < 0.001. (C) Principal coordinates analysis (PCoA) performed on the basis of the Bray−Curtis distances. PC1, principal coordinate 1; PC2, principal coordinate 2. (D) Bubble plot shows the variation in the average abundance of CAGs in each group. The size and color of the circles represent the average abundance and coefficient of variance (CV) of each CAG, respectively. (E) Correlations between phenotypic data and CAGs.





Different treatments induced a PCOS-like phenotype in pseudo germ-free mice

Quantitative real-time PCR and viable bacterial plate counts confirmed that more than 99.99% of the gut bacteria were depleted after 3 weeks of ABX treatment. These results verified the successful establishment of a pseudo germ-free mouse model.

Similar to wild-type mice, all of the mice from the DHEA+ABX and DHEA + HFD+ABX groups displayed disrupted oestrous cycles, increased serum T levels, several antral follicles and no CL (Figures 4A–G). The AMH level in DHEA + HFD+ABX group was significantly lower than that of the ABX and DHEA+ABX groups (Figure 4D). These results suggest that DHEA can also induce the PCOS-like mouse model in pseudo germ-free mice. However, pseudo germ-free mice in the ABX group displayed a reduced oestrous stage and no CL (Figures 4A, B, E, F), indicating oligo- or anovulation in pseudo germ-free mice.




Figure 4 | The stage of the oestrous cycle, ovarian morphology and serum T level in pseudo germ-free mice. (A) Representative oestrous cycle of one mouse from each group. (B) The proportion of each oestrous cycle stage in each group. (C) Serum testosterone level. (D) Serum AMH level. (E) Representative HE staining of ovarian tissue from one mouse from each group. * indicates corpora lutea, and # indicates large antral follicles. The number of (F) corpora lutea and (G) large antral follicles of one ovary from each group. Data are reported as the means ± SEMs. **P <0.01, and ***P < 0.001. AMH, anti-Mullerian hormone.



For all mice, body weights decreased progressively during the first week of ABX treatment and gradually recovered thereafter. At the end of the experiment, the body weight of the HFD+ABX group was significantly higher than that of the ABX group (Figure 5A). Similar to wild-type mice, the HFD+ABX and DHEA+HFD+ABX groups displayed markedly higher FBG levels (Figure 5B) and glucose intolerance (Figures 5E, F) than the ABX and DHEA+ABX groups. There was no significant difference in the FINS level among the four groups (Figure 5C). The AUC-Insulin level of the DHEA+ABX and DHEA+HFD+ABX groups was not significantly higher than that of the ABX group (Figures 5G, H). The HFD+ABX and DHEA+HFD+ABX groups displayed a significantly increased HOMA-IR index (Figure 5D). In addition, the TC, TG and LDL-C levels of the DHEA+ABX group were significantly higher than those of the ABX group, and the TC level of the DHEA+HFD+ABX group was significantly higher than that of the ABX group (Figures 5I–L).




Figure 5 | Glucolipid metabolism in pseudo germ-free mice. (A) Body weights. (B) Fasting blood glucose levels. (C) Fasting blood insulin levels. (D) HOMA-IR. (E) Serum glucose levels during the OGTT. (F) AUC-Glucose. (G) Serum insulin levels during the OGTT. (H) AUC-Insulin. (I) Total cholesterol. (J) Triglycerides. (K) LDL-C. (L) HDL-C. *P < 0.05, **P <0.01, and ***P < 0.001. HOMA-IR, homeostasis model assessment for insulin resistance index; AUC, area under the curve; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.





Effect of gut microbiota depletion on the phenotype of PCOS mouse models

To explore the effect of gut microbiota depletion on the phenotype of PCOS mouse models, we compared the reproductive endocrine and metabolism indicators of wild-type and pseudo germ-free mice. The disrupted oestrous cycles, AMH level, numbers of antral follicles and CL were not significantly different between the DHEA and DHEA+ABX groups (Figures 6A, B, D–G). In contrast, the DHEA+ABX group displayed significantly higher serum T levels than the DHEA group (Figure 6C).




Figure 6 | The stage of the oestrous cycle, ovarian morphology and serum T level of wild-type mice compared to pseudo germ-free mice. (A) Representative oestrous cycle of one mouse from each group. (B) The proportion of each oestrous cycle stage in each group. (C) Serum testosterone level. (D) Serum AMH level. (E) Representative HE staining of ovarian tissue from one mouse from each group. * indicates corpora lutea, and # indicates large antral follicles. The number of (F) corpora lutea and (G) large antral follicles of one ovary from each group. Data are reported as the means ± SEMs. **P <0.01, and ***P < 0.001. AMH, anti-Mullerian hormone.



The decrease in body weight induced by ABX treatment was restored to the level of the wild-type mice after 6 weeks, and there was no significant difference among the four groups at the end of the experiment (Figure 7A). The mice in the ABX and DHEA+ABX groups displayed markedly lower FBG levels (Figure 7B) and were less glucose-intolerant (Figures 7E, F) than the Ctrl and DHEA groups. Unlike the wild-type mice, the FINS, HOMA-IR, 15 min insulin and AUC-Insulin levels (Figures 7C, D, G, H) of the ABX and DHEA+ABX groups were not significantly different. In addition, the DHEA+ABX group displayed significantly higher TC levels and markedly higher TG levels than the other three groups (Figures 7I–L).




Figure 7 | Glucolipid metabolism of wild-type mice compared to pseudo germ-free mice. (A) Body weights. (B) Fasting blood glucose levels. (C) Fasting blood insulin levels. (D) HOMA-IR. (E) Serum glucose levels during the OGTT. (F) AUC-Glucose. (G) Serum insulin levels during the OGTT. (H) AUC-Insulin. (I) Total cholesterol. (J) Triglycerides. (K) LDL-C. (L) HDL-C. *P < 0.05, **P <0.01, and ***P < 0.001. HOMA-IR, homeostasis model assessment for insulin resistance index; AUC, area under the curve; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.






Discussion

PCOS mouse models are often heterogeneous, especially in terms of metabolic features, but studies are still limited. Our current study first indicated that the gut microbiota was associated with heterogeneous phenotypes in PCOS mice. In this study, we induced PCOS in mice by DHEA administration or DHEA administration together with a HFD and ABX to observe the differences in reproductive and metabolic phenotypes. PCOS mice induced by DHEA alone showed reproductive disorders and hyperinsulinemia, and the HFD mainly aggravated glucolipid metabolic disorders. Glucolipid metabolic disorders were associated with alterations in the gut microbiota. The PCOS mice with gut microbiota depletion showed improvements in hyperinsulinemia and glucose metabolic disorders and more serious hyperandrogenism and lipid disorders.

In the past decade, the number of studies on PCOS has increased exponentially. A number of studies suggest that women with PCOS exhibit hyperandrogenism, multi-cystic ovaries, hyperinsulinemia, glucolipid metabolism disorders and obesity, which are related to the gut microbiota (14, 26, 27). However, women with PCOS often show high clinical heterogeneity, and our previous study found that the clinical heterogeneity of PCOS was related to the gut microbiota (18). Combined with reviews of PCOS rodent models over the past decades, we found that PCOS rodent models are often variable (9, 10). Lai et al. (11) used a HFD combined with DHEA to induce PCOS mouse models and found that HFD treatment did not affect the reproductive phenotype of DHEA-treated mice but caused significant metabolic alterations. Considering the effects of a HFD on metabolism in DHEA-treated mice, we treated C57BL/6 mice with DHEA alone or in combination with a HFD and studied the heterogeneity and its relationship with the gut microbiota.

Consistent with previous studies (5, 11), DHEA-treated and DHEA+HFD-treated PCOS mice showed disturbed cyclicity, multi-cystic ovaries and hyperandrogenism. Recently, Hohos et al. (28) found that mice fed a HFD for 10 weeks exhibited ovulatory dysfunction, which appears to be mediated through the dysregulation of ovarian Edn2 expression. In our study, HFD-fed mice did not show ovulatory dysfunction, and these conflicting results might be due to the time of HFD feeding. Thus, ovulatory dysfunction was caused by the effect of DHEA. It is well known that the HFD is frequently used to induce obesity, IR and hyperinsulinemia (29). However, we found that DHEA-treated mice showed hyperinsulinemia and IR, while DHEA+HFD-treated mice did not show this, except the two mice with extreme values. This may be due to the short duration of HFD treatment in our study. In addition, DHEA could lead to hyperinsulinemia by affecting granulosa cells (30). Our study suggested that DHEA could better induce PCOS in mice with hyperandrogenism and hyperinsulinemia than DHEA+HFD. Mice fed a 60% HFD showed impaired glucose tolerance, but the DHEA-treated mice showed normal glucose tolerance. The above result indicates that the impaired glucose tolerance was mainly induced by HFD. Therefore, we could conclude that the physiological and pathological pathways for reproductive and metabolic disorders in DHEA-induced PCOS mice may be different.

We found that the gut microbiota was altered in PCOS mice induced by DHEA or combined with HFD. Up to now, only one study reported that the relative abundance of Lactobacillus was lower in mice with prenatal androgen exposure, and no study reported the alteration of Bifidobacterium in PCOS mice (31). Our study showed the relative abundance of Bifidobacterium and Lactobacillus was significantly increased in the mice treated with DHEA, indicating the enrichment of Bifidobacterium and Lactobacillus by androgen exposure. Previous studies showed that Bifidobacterium and Lactobacillus could improve hyperandrogenism, obesity and IR of PCOS (32–34). However, our study showed the relative abundance of Bifidobacterium was positively correlated with the level of testosterone. These results suggest that the causal relationship between Bifidobacterium and androgen remains to be further explored. Moreover, a HFD might play a more critical role in shaping the gut microbiota structure than DHEA, emphasizing the important influence of diet on the host gut microbiota (35). Our study showed that the Bacteroides, Blautia and Desulfovibrionaceae specifically enriched in mice treated with HFD were positively correlated with the AUC-Glucose and FBG levels, while Turicibacter and Lactobacillus specifically inhibited in mice treated with HFD showed an opposite trend correlation with the disease phenotypes. Sun et al. (36) and Jiang et al. (16) pointed out that two strains of Bacteroides affected the host metabolic disorders and inflammation of host via the gut microbiota–bile acid axis. Lin et al. (37) reported an increase in the abundance of Blautia genera was correlated with the alterations of bile acids in rats treated with HFD. Blautia and Desulfovibrionaceae, the HFD-dependent taxa, were related to the glucose homeostasis (38). In this study, Zhao et al. also found that the enrichment of Turicibacter and Bifidobacterium was related to the improvement of glucose homeostasis. One analysis of the alteration of gut microbiota richness and structure in women with PCOS found that the dysbiosis of the gut microbiota was more severe in obese PCOS women than in nonobese women (17). These results suggest that changes in the gut microbiota mainly affected the metabolic disorders more than reproductive disorders by regulating bile acid metabolism and inflammation of the host.

In pseudo germ-free mice, DHEA treatment could still induce reproductive disorders. Han et al. (4) also induced PCOS in rats with disturbed cyclicity, multi-cystic ovaries and hyperandrogenism by treatment with DHEA+ABX. The above results indicated that the gut microbiota could not prevent the occurrence of reproductive disorders in PCOS rodent models induced by DHEA. The ABX-treated mice showed disturbed cyclicity and anovulation, while the HFD+ABX-treated mice showed normal ovulation. It is interesting that this phenomenon was associated with the change in adipose tissue weight (Figure S2). Serum AMH is the preferred ovarian reserve marker. PCOS rats showed significant decrease of AMH level in serum and increase of AMH protein expression in ovaries (39). In our study, serum AMH level was only significantly decreased in the DHEA+HFD+ABX group. However, the serum AMH level of the ABX-treated mice was not decreased, indicating the reproductive function is normal in pseudo germ-free mice. The underlying mechanisms require further investigation. AMH is an indicator that was tested four years later than the original experiment. Because of the long storage time and freeze-thawing of the samples, the result of AMH needs to be further verified. A Vietnamese study reported that lean PCOS women presented with anovulation, higher serum testosterone levels and a low metabolic disease risk (40). In a 2007 study, Martin et al. (41) found that caloric restriction led females become ceased cycling and underwent endocrine masculinization. However, until now, studies on lean PCOS are limited. Gut microbiota depletion did not prevent the glucose metabolic disorders induced by a HFD. Fleissner et al. (42) found that the absence of the gut microbiota in germ-free mice could not protect mice from diet-induced obesity. Metabolic disorders were not affected solely by the gut microbiota.

By comparing wild-type and pseudo germ-free mice, we found that gut microbiota depletion did not affect the occurrence of oestrous cycle disorders, serum AMH levels or ovarian morphological changes induced by DHEA but aggravated hyperandrogenism. Consistent with our results, Markle et al. found that the serum T level of germ-free female mice is significantly higher than that of SPF female mice and that the transplantation of the gut microbiota from male mice to germ-free female mice significantly increased the serum T level of the recipients (43). The serum T levels of PCOS mice in our study seemed to be negatively correlated with body fat weight. This phenomenon that might be due to the conversion of androgens to oestrogens by the aromatase enzyme that is expressed in fat tissue (44). These results suggest that the gut microbiota is not a direct factor in the development of hyperandrogenemia. The blood glucose level of PCOS mice was decreased after ABX intervention. ABX-induced gut microbiota depletion alters metabolic homeostasis by affecting colonic metabolism. Zarrinpar et al. (45) found that antibiotic-induced microbiome depletion decreased luminal Firmicutes and Bacteroidetes and thereby decreased luminal short-chain fatty acids (SCFAs). This was especially true for butyric acid, which can provide intestinal epithelial cells with energy. In addition, the body weight and parametrial fat weight of pseudo germ-free mice were lower than wild-type mice (Figure S3). Therefore, the decrease of blood glucose levels might correlate with emaciation. It suggested that we should pay attention to the effect of ABX on blood glucose of the host in future studies. ABX-induced gut microbiota depletion promoted glucose uptake in brown adipose tissue and the cecum (46). ABX-induced gut microbiota depletion could reduce the content of lipopolysaccharide in the ileum and inhibited the TLR4-related inflammatory pathways (47). Therefore, ABX treatment improved the chronic metabolic inflammation of the host. However, the PCOS mice treated with ABX showed more severe hyperlipemia. Although recent studies suggested that ABX could reduce lipid levels of HFD-fed mice, two studies reported the liver lipid accumulation by ABX treatment in tacrolimus-treated mice and the ABX discontinuity in db/db mice, which might be due to the reduced SCFAs and bile acid metabolism (48, 49). The specific mechanism for this still requires further study.

Our study focused on the correlational relationship between the gut microbiota and the heterogeneity of PCOS mouse models. Next, fecal microbiota transplantation of PCOS women to germ-free mice is needed to explore the causal relationship and mechanisms of the gut microbiota in the heterogeneity of PCOS.

Our work described the phenotypic differences in PCOS induced by different methods in mice and revealed that the phenotype of PCOS mice was correlated with the gut microbiota. Compared to DHEA+HFD, the PCOS mouse model induced by DHEA alone better simulates the stabilized pathophysiological defects of this disease. ABX intervention improved glucose metabolic disorders and hyperinsulinemia but aggravated hyperandrogenism and lipid metabolic disorders in PCOS mice. These findings provide new insight into the establishment of PCOS rodent models and studies about the pathophysiological mechanisms of PCOS in the future.
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During pregnancy, the fetoplacental unit is key in the pronounced physiological endocrine changes which support pregnancy, fetal development and survival, birth and lactation. In healthy women, pregnancy is characterized by changes in insulin sensitivity and increased maternal androgen levels. These are accompanied by a suite of mechanisms that support fetal growth, maintain glucose homeostasis and protect both mother and fetus from adverse effects of pregnancy induced insulin and androgen excess. In pregnancies affected by endocrine, metabolic disorders such as polycystic ovary syndrome (PCOS), diabetes and obesity, there is an imbalance of beneficial and adverse impacts of pregnancy induced endocrine changes. These inter-related conditions are characterized by an interplay of hyperinsulinemia and hyperandrogenism which influence fetoplacental function and are associated with adverse pregnancy outcomes including hypertensive disorders of pregnancy, macrosomia, preterm delivery and caesarean section. However, the exact underlying mechanisms and relationships of the endocrine and metabolic milieu in these disorders and the impact they have on the prenatal endocrine environment and developing fetus remain poorly understood. Here we aim to review the complex endocrine and metabolic interactions in healthy women during normal pregnancies and those in pregnancies complicated by hyperinsulinemic disorders (PCOS, diabetes and obesity). We also explore the relationships between these endocrine and metabolic differences and the fetoplacental unit, pregnancy outcomes and the developing fetus.
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1 Introduction

During pregnancy, pronounced physiological endocrine changes support maintenance of pregnancy, fetal development and survival, birth and lactation. Hormonal factors including progesterone, estrogens, androgens, and glucocorticoids are important during critical developmental windows of pregnancy (1). Increasingly, links between maternal endocrine metabolic conditions and pregnancy outcomes are recognized, with insulin resistance and hyperandrogenism central in these interactions. During normal progression of pregnancy, insulin resistance (IR) increases in the mother to provide energy for the growing fetus and (2) androgens increase, regulating key processes during pregnancy and parturition (3). These changes are balanced by pregnancy-specific mechanisms that are activated to maintain glucose homeostasis and to protect both the mother and fetus from pregnancy-induced insulin and androgen excess (4, 5).

Endocrine metabolic disorders such as polycystic ovary syndrome (PCOS), type 1 and type 2 diabetes (T1D, T2D), gestational diabetes (GDM) and maternal obesity are common and the prevalence of these conditions is rising globally, in line with increasing obesity. These conditions influence the endocrine environment and impact of the balance of beneficial and protective mechanisms in pregnancy. PCOS, the most common endocrinopathy in reproductive age women, affects 8 to 21% of this population. (6) PCOS is diagnosed (Rotterdam criteria) based on the presence of two of three features: oligo- or anovulation, hyperandrogenism (clinical or biochemical), and polycystic ovary morphology on ultrasound (7). Pre-existing diabetes is estimated to affect around 2% of pregnancies, doubling from 1990 to 2020 (8), while diabetes in pregnancy (DIP), either from pre-existing diabetes or GDM, affects approximately 16% of pregnancies globally (9). Overweight and obesity, characterized by an elevated body mass index (BMI) of 25 kg/m (2) and 30 kg/m (2) respectively, currently affects 26% and 25% of US women of reproductive age (20-39 years) (10). Globally, 18% and 20% of pregnant women start pregnancy overweight or obese and 47% gain gestational weight above that recommended by guidelines (11). These conditions are interrelated, with GDM prevalence closely associated with maternal obesity (12) and with PCOS (13).

According to the Barker hypothesis, the health and development of children is directly affected by fetal programming in utero during critical stages of development in early embryonic and fetal life (14). Critically, the presence of PCOS, diabetes or obesity is associated with higher rates of hypertensive disorders of pregnancy, macrosomia, pre-term delivery and caesarean sections, among other adverse impacts (15–19). These conditions may also lead to unfavorable long-term developmental programming in offspring and manifest as higher rates of metabolic disorders in adulthood, adverse cardiometabolic profiles and even mortality (16, 20). However, the exact underlying mechanisms and relationships between the endocrine and metabolic milieu in these disorders and the mechanisms and impacts they may have on the developing fetus are not fully understood.

A complex interplay of hyperinsulinemia and hyperandrogenism alters the endocrine milieu in pregnant women with PCOS, diabetes and obesity. In non-pregnant women with PCOS, insulin resistance (IR) and compensatory hyperinsulinemia contribute to hyperandrogenic traits as insulin facilitates androgen secretion (21). In turn, androgen excess itself facilitates metabolic dysfunction (21). This persists in pregnancy when women with PCOS are reported to have higher IR, insulin and androgens compared to women without PCOS (22–26). Systemic hyperinsulinemia in pregnancy also occurs with endogenous factors such as obesity (27), GDM (28) and T2D or exogenous factors (such as insulin use in type 1 diabetes or GDM) (29). Associations between maternal hyperinsulinemia and adverse neonatal outcomes are poorly understood, but some studies point to a role of hyperinsulinemia in macrosomia, neurological disorders and endothelial dysfunction in the neonate and impaired glucose tolerance in childhood (30, 31). These endocrine metabolic conditions are also characterized by hyperandrogenism. Fetal exposure to high androgen concentrations is associated with virilization (32–34), intra-uterine growth restriction (IUGR) (34, 35), placental differentiation (36), reproductive and metabolic dysfunction (37–42), adverse cardiac programming (43–45), and behavioral outcomes later in life (46–48). Hyperandrogenism is also associated with high levels of Anti-Müllerian hormone (AMH) in women with PCOS (49). AMH is a member of the transforming growth factor beta (TGFβ) family, produced by granulosa cells of the ovarian (pre-) antral follicles. Most non-pregnant women with PCOS exhibit higher levels of AMH than women without PCOS, with a positive correlation with androstenedione (A4) and testosterone (T) (49). Further, a positive correlation between AMH levels and HOMA-IR has been reported in non-obese women with PCOS (50). Elevated AMH concentrations have also been seen in prepubescent girls with T1D, suggesting a stimulatory effect of insulin therapy on granulosa cells (51). Recently, a number of cohort studies have reported elevated levels of AMH in pregnant women with PCOS versus controls (22, 23, 25, 52, 53), and positive correlations between AMH and maternal total T levels (53). Altered levels of AMH are associated with increased risk of miscarriage (53), lower live birth rates in women with PCOS undergoing assisted reproductive technology (54), milder forms of Mullerian anomalies (22), preterm delivery (55–57) and PCOS features in adulthood (53).

With the rising incidence of these endocrine metabolic disorders in pregnancy, an improved understanding of their impact on pregnancy and on the developing fetus and child is pertinent. Whilst this is a broad topic with other factors involved such as lipid metabolism, growth factors and cytokines, here we will focus on core hormonal factors linking endocrine and metabolic dysfunction - hyperinsulinemia, hyperandrogenism and AMH. This review aims to explore the complex endocrine and metabolic interactions in healthy women during normal pregnancies and those in pregnancies complicated by hyperinsulinemic disorders (PCOS, diabetes and obesity). We also explore the relationships between these endocrine and metabolic differences and the fetoplacental unit, the developing fetus and child health.




2 Endocrine and metabolic interactions in healthy pregnant women


During pregnancy, pronounced physiological endocrine changes occur to support fetal development and survival, birth and lactation. Effective exchange of nutritive and metabolic products is essential for intrauterine life. Although the endocrine systems are compartmentalized, processes within the fetal, placental and maternal compartments, complement each other, functioning as a unit that utilizes building materials from the maternal compartment for steroidogenic activities (58, 59). The fetus influences maternal adaptations, and thereby its own growth and development. Moreover, mechanisms involved in the regulation and metabolism of sex steroids during pregnancy could be dependent on adaptations in the maternal/placental compartment, determined by the fetal gender (60). Relative contributions of sex steroids shift from maternal ovaries and adrenals to the fetoplacental unit. The fetoplacental unit also acts as a barrier to some substances crossing to the fetus, with maternal hormones larger than 0.7 kDA barely passing the placenta. This ensures that the fetal endocrine environment is largely independent of maternal hormones. Whilst steroids are highly lipophilic and cross the placenta in both directions, most of them are metabolized en route (59). Although the placenta functions as a hypothalamic-pituitary-end organ-like entity, placental function is more complex.

In the sections below, we will describe the endocrine actions of the fetoplacental unit in relation to reproductive and steroid hormones and the impact of insulin, androgens and AMH on these hormones in healthy pregnant women.



2.1 Actions of the fetoplacental unit


Taking over from LH eight days after ovulation, hCG supports survival of the corpus luteum. A maximum level is reached at 8-10 weeks of gestation, then decreases to 10,000-20,000 IU/L by 18-20 weeks and remains at that level to term. Similar to the pituitary secretion of gonadotropins, inhibin and progesterone are inhibiting factors and estrogen and activin are enhancing factors of GnRH-hCG regulation. Maternal serum FSH concentrations are almost undetectable, and LH concentrations slowly decline until birth (3). Elevated levels of hCG in the second trimester are associated with miscarriage, small-for-gestational age infants, pre-eclampsia and preterm delivery (58).



2.1.1 Progesterone


Progesterone prepares and maintains the endometrium to allow implantation, is important in maternal immunologic responses to fetal antigens and has a role in parturition. Initially, the corpus luteum is responsible for its production until about 10 weeks of gestation. After a transition period, the placental unit functions as the major source of progesterone synthesis and maternal circulating levels increase across pregnancy to reach a peak concentration (in order of 130 ng/ml) in the third trimester (59) whilst the fetal contribution is negligible (58). The precursor for progesterone derives from maternal cholesterol and production is therefore independent of uteroplacental perfusion or fetal wellbeing. Firstly, cholesterol is converted to pregnenolone by cytochrome P450scc (CYP11A1). Secondly, Pregnenolone is converted to progesterone by type 1 3β-hydroxysteroid dehydrogenase (HSD3B1) (59). The fetus uses progesterone to synthesize biologically important corticosteroids such as cortisol and aldosterone (58).




2.1.2 Estrogens


Three forms of estrogen are produced in women: estrone (E1), estradiol (E2) and estriol (E3) (61). During pregnancy, E1 and E2 production is increased about a 100-fold, and E3 secretion by about a 1000-fold. This increase is due mainly to estrogen production in the placenta (59). Estrogens contribute to progesterone production, maternal cardiovascular adaptations, blood volume and uteroplacental blood flow. They also regulate genes involved in cholesterol supply to the placenta which is important for fetal and placental steroid hormone production (62). Additionally, estrogens exert effects on the developing fetus by maintaining intrauterine homeostasis, promoting maturation of fetal organs, regulating the fetal neuroendocrine system and regulating timing of parturition (63).

Human placental estrogen synthesis depends on DHEA and its sulfated form (DHEAS), produced from maternal androgens in the early months of gestation and derived from fetal androgens by the 20th week of pregnancy (64). Further conversion of DHEAS to E1 and E2 requires four key enzymes. Placental sulfatases convert DHEAS into DHEA. Placental type I 3β-hydroxysteroid dehydrogenase (HSD)/Δ5Δ4isomerase (HSD3B1), converts DHEA into Δ4-androstenedione. Aromatase irreversibly converts Δ4-androstenedione into estrone (E1). Finally, E1 is converted into E2 by 17-β-HSD type 1 (HSD17B1) and then delivered to the maternal circulation (64). Placental E3 formation is carried out by 16a hydroxylation in the fetal liver (58), and then metabolized by placental sulfate, 3β-hydroxysteroid dehydrogenase, 17-hydroxysteroid oxidoreductase and maternal P450 aromatase to yield estriol (59). Moreover, the human fetal liver responds by increasing production of SHBG in order to bind estrogen in the circulation and limit levels of bioactive estrogens (65). These processes all ensure that biological effects of potent steroids are blocked. After birthing this ability disappears and estrogen concentrations decline rapidly in the postpartum period (3). Because estrogen production is dependent on fetal and placental steroidogenic cooperation, the amount of estrogen (especially estriol) present in the maternal blood or urine reflects fetal and placental enzymatic capability and, hence, well-being (58). In fact, Wan et al. reported lower levels of estrogen in preeclampsia and speculate that this reduction may be due to the impairment of placental function in preeclampsia (66).




2.1.3 Activin and inhibin


Inhibin, produced by the placenta, shows increased levels during pregnancy (3). It peaks at 8 weeks gestation, then decreases (67), and increases again in the third trimester to 100-fold more than that during the normal menstrual cycle (3). Inhibin and estrogen account for the suppression of maternal gonadotropins during pregnancy (58). Activin A is also increased during pregnancy, with stable levels from 8 to 24 weeks and then increasing to a 100-fold of that during the normal menstrual cycle (58). Inhibin and Activin act as regulators within the placenta for the production of GnRH, hCG and steroids; inhibin is inhibitory and activin is stimulatory. Abnormal concentrations of Inhibin A have been associated with miscarriage, fetal growth restriction, gestational diabetes, and pre-eclampsia (68, 69). Elevated levels of Activin-A are associated with preeclampsia (70–72).

A summary of steroid synthesis during pregnancy is provided in 
Figure 1
 with details in 
Table 1
.





Figure 1 | 
Steroid synthesis during pregnancy. CYP11A1, Cytochrome P450 side-change cleavage enzyme; HSD3B1, 3β-hydroxysteroid dehydrogenase 1; HSD17B1, 17-β-HSD type 1; DHEA, Dehydroepiandrosterone; 16αOH; 16α-hydroxydehydro.






Table 1 | 
Physiology of the feto-placental unit and the influence of metabolic factors in healthy pregnant women vs pregnant women with hyperinsulinemic disorders.








2.2 Metabolic factors influencing actions of the feto-placental unit


To understand the potential impacts of high levels of insulin, androgens and AMH, an understanding of their actions in normal pregnancies is critical. The sections below describe the normal actions of insulin, androgens and AMH and their relation to the hormones described in the previous sections.



2.2.1 Insulin


Depending on the requirements of pregnancy, insulin sensitivity shifts. At 12–14 weeks’ gestation, insulin sensitivity is somewhat increased to promote the uptake of glucose into adipose stores in preparation for the energy demands later in pregnancy. However, insulin sensitivity then declines throughout pregnancy as a result of local and placental hormones, including estrogen, progesterone, leptin, cortisol, placental cytokines (especially TNF-α), placental lactogen (hPL) and placental growth hormone that promote IR (98, 99). This results in slightly elevated blood glucose levels as a means to provide energy to support the growing fetus. The state of IR also promotes endogenous glucose production and breakdown of fat stores with further increase in blood glucose concentrations (100). Hypertrophy and hyperplasia of pancreatic β-cells and increased glucose-stimulated insulin secretion compensate for these changes to maintain glucose homeostasis, as shown in animal studies (101). Insulin has been found to inhibit hepatic SHBG production (3) and, low SHBG concentrations might even reflect IR better than fasting glucose or insulin levels (102, 103).




2.2.2 Androgens


The fetoplacental unit, the adrenals and potentially adipose tissue have been assumed to be responsible for maternal androgen levels in pregnancy (90, 97). During normal progression of pregnancy, levels of total testosterone (T) increase by 70%, with peak levels in the third trimester of pregnancy (3). Among factors contributing to the rise of T are the decrease in metabolic clearance of T (91) and adipose tissue aromatization (90). Among others, T exerts effects on genital development during early gestation (3) and on the maintenance of pregnancy and initiation of parturition (92). Maternal serum A4 concentrations start to increase in the later part of pregnancy, with peak levels in the third trimester (3). A4 levels have been associated with nausea, fetal size, duration of gestation and onset of labour (93). DHEAS plays a role in cervical ripening through activation of collagenase activity induced by the enhanced conversion to E2 (104). It is also a major source of E3 production in the fetal-placental unit (92). It has been shown to decline during pregnancy (105). However, recent studies suggest a more fluctuating pattern of DHEAS throughout gestation (3).

Pregnant women and their infants remain largely unaffected by the changes in androgen concentrations due to pregnancy-specific mechanisms that are activated to protect both the mother and fetus from this androgen excess. The increased levels of SHBG bind T, while the cytochrome P450 aromatase enzyme converts androgens into E2. The fetal liver subsequently converts E2 to E3, which is then excreted in maternal urine. Placental aromatization is so efficient, that little androgen presented to the placenta escapes (4). It has been proposed that the increase in SHBG during pregnancy protects the fetus from exposure to maternal androgens, however, reciprocally, maternal SHBG may protect mothers from androgens originating from the fetus (65). This has been demonstrated in a clinical case report that showed profound and transient maternal virilization resulting from very low plasma SHBG, whereas the twin daughters did not show any evidence of excessive androgen exposure (106). Something similar has been demonstrated in patients with a fetus with a defective P450 aromatase gene, which resulted in a spillover of fetal androgens into the maternal circulation (107). This highlights the importance of SHBG and placental aromatase in protecting the mother from fetal androgens.




2.2.3 Anti-Müllerian hormone


During pregnancies of women without hyperinsulinemic disorders, AMH levels significantly drop during the course of pregnancy and immediately after birth, (first trimester: 1.69 ng/ml (IQR 0.71-3.10), second trimester: 0.8 ng/ml (IQR 0.48-1.41), third trimester: 0.5 ng/ml (IQR 0.18-1.00)) but subsequently increases over the first four days postpartum (76). This decrease throughout the three trimesters of pregnancy most likely results in the inhibition of folliculogenesis in pregnancy (78). Hormones such as estrogen may regulate AMH production (77), however some studies have not found associations between AMH levels and E1 in pregnancies in women with or without T2D and GDM (78, 108). The relationship between other reproductive hormones (e.g. LH, activin, inhibin) and AMH production has not been established. Although possible involvement of these factors in regulating gravid AMH levels cannot be excluded, other factors, such as Follistatin (109) may also regulate AMH levels during pregnancy.

In summary, in normal pregnancies, insulin sensitivity declines as a result of local and placental hormones resulting in slightly elevated blood glucose levels to support the growing fetus, with a concomitant inhibition of hepatic SHBG production. Androgen levels increase due to decreased metabolic clearance and adipose tissue aromatization to regulate key processes during pregnancy and parturition. Mechanisms such as altered SHBG that binds T and conversion of androgens into E2 by cytochrome P450 are in place to protect both the mother and fetus from androgen excess. Levels of AMH decrease as a result of hormonal suppression and inhibition of folliculogenesis. Relationships between AMH and other reproductive hormones in pregnancy are not extensively studied.






3 Hormonal and metabolic interactions in pregnant women with hyperinsulinemic disorders


The interrelationships between hyperinsulinemia, androgen excess, and AMH are potentially reflected in pregnancies complicated by hyperinsulinemic disorders. The preconception state of hyperinsulinemia and/or androgen and AMH excess might drive the mechanisms underlying fetoplacental endocrine dysfunction. However, because hyperinsulinemic conditions including PCOS, diabetes (GDM, T1D and T2D), and obesity often appear concurrently, no one condition explains the altered endocrine milieu and eventual adverse maternal and neonatal outcomes in these women. The following section aims to assess the endocrine and metabolic factors, focusing on insulin, androgens and AMH (and their interactions) in women with PCOS, diabetes and obesity and how they impact the fetoplacental unit.



3.1 Actions of the fetoplacental unit and the influence of metabolic factors in women with hyperinsulinemic pregnancies


Clinical studies on placental GnRH, hCG, estrogens, progesterone, activin and inhibin in women with hyperinsulinemic conditions in pregnancy are scarce. Studies have reported differences in some hormones in pregnant women with and without PCOS, but do not specifically compare the fetoplacental unit between these groups or address interactions between androgens, estrogens, AMH and pituitary hormones in the mothers and the fetus (22). Maternal E2 levels appear similar in women with and without PCOS (22, 73, 74). A recent study found that E1 and E2 levels were lower in women with T2D and GDM than in healthy controls during the second half of pregnancy (75). Data on cord blood estrogens show conflicting outcomes. Lower E1 concentrations were found in cord blood from girls and women with PCOS compared with controls, but there were no differences in E2 and E3 in these studies (74, 88). Anderson et al. (73) reported decreased E2 levels in female PCOS cord blood samples compared with controls, and lower E2 levels have been noted in cord blood compared to maternal levels (22, 110). Few studies report on estrogens in relation with other reproductive and metabolic hormones.



3.1.1 Hyperinsulinemia


Whereas increased IR during pregnancy is an expected physiological state, complications arise when these changes are augmented by pre-existing hyperinsulinemia and related metabolic dysfunction. When there is a relative lack of insulin action in body tissues to overcome IR, GDM ensues (83). Critical to the pathophysiology of GDM is β-cell impairment aggravated by tissue IR during pregnancy. These impairments usually exist prior to pregnancy and can be progressive. Women with a history of GDM were almost 10 times more likely to develop T2DM than those with a normoglycemic pregnancy with pooled cumulative incidence estimated to be around 16% for studies with more than 10 years of follow up (111). Reduced insulin-stimulated glucose uptake further contributes to hyperglycemia which overburdens the β-cell, producing an additional insulin response and worsening β-cell dysfunction (5). IR, which includes a failure of insulin signaling, further exacerbates β-cell dysfunction (5).

The mechanisms underlying GDM are thought to be similar to other disorders of insulin sensitivity such as T2DM, prediabetes, obesity and PCOS. De Wilde et al. (26) demonstrated that in 22 women with PCOS and GDM, insulin levels and homeostasis model assessment of insulin resistance (HOMA-IR) scores were higher before conception and at each sampling point in pregnancy compared to women with PCOS who did not develop GDM, independently of BMI. Insulin sensitivity in women with PCOS who develop GDM is potentially not as high as in normal glucose-tolerant women in the first trimester resulting in hyperinsulinemia to keep glucose concentrations within normal ranges. Additionally, insulin levels and HOMA-IR levels were already significantly increased prior to conception in the GDM group compared with the non-GDM group. These findings support the hypothesis that the risk of developing GDM is already present early in pregnancy. A growing body of evidence suggests that hyperinsulinemia in early gestation precedes later gestation hyperglycemia and GDM development (89, 112–114). Associations have also been found between maternal obesity and maternal and fetal hyperinsulinemia (87).

Insulin interacts with other important metabolic markers. High levels of insulin may contribute to fetal hyperandrogenism exposure by directly stimulating androgen production (24). Furthermore, insulin, Insulin-like growth factor 1 (IGF-I) and IGF-II have been shown to inhibit placental aromatase activity (88). This is important, given the exacerbated IR and increased levels of insulin in pregnant women with PCOS. In turn, a decrease in P450 aromatase activity has been described in GDM and pre-eclampsia (115, 116). Importantly, a recent meta-analysis of prospective studies found an inverse association of SHBG with fasting insulin and IR (80). SHBG levels were lower among women who subsequently developed GDM compared to those who did not, independent of adiposity (80). Similarly, lower preconception SHBG concentrations are also associated with GDM in women with PCOS (81, 82). The study by de Wilde et al. (26) also demonstrated that in 22 women with PCOS and GDM, SHBG levels were significantly lower before conception and in the second trimester. Low plasma SHBG in pregnancy was also associated with hyperandrogenism (106). We therefore hypothesize that like outside pregnancy, hyperinsulinemia in these disorders and subsequent direct stimulation of androgen production, and inhibition of SHBG (that binds androgens), contributes to hyperandrogenism. In pregnancy, inhibition of placental aromatase activity is likely to exacerbate this phenomenon.

Hyperinsulinemia in pregnancy may impact maternal and fetal health. Routine assessments and standardized diagnostics of hyperinsulinemia in pregnancy are lacking. Therefore, associations between pathological hyperinsulinemia and maternal and neonatal outcomes are not well understood. However, it is proposed that hyperinsulinemia has effects on maternal hemodynamic adaptations, potentially increasing the risk of pre-eclampsia, stillbirth and intrauterine growth restriction (84). Studies have reported increased insulin in cord blood of babies born to mothers with T2D and GDM compared to controls (85, 86). Fetal hyperinsulinism is associated with increased risk of later metabolic complications (30). Further, some studies point to a role of hyperinsulinemia in fetal development such as macrosomia, neurological disorders, endothelial dysfunction in the neonate (31), offspring hyperinsulinemia and cardiac hypertrophy (84). North et al. (89) hypothesize that hyperinsulinemia in women with “borderline” glucose intolerance may explain pivotal observations from The Hyperglycemia and Adverse Pregnancy Outcome (HAPO) cohort that showed an increased risk of fetal overgrowth, primary caesarean delivery, elevated cord-blood Connecting peptide (C-peptide) and neonatal hypoglycemia in mothers with mild-to-moderately elevated glucose levels (19). Importantly, metformin use in pregnancy might enhance insulin sensitivity, reduce insulin resistance and fetal hyperinsulinemia and in turn, reduce neonatal adiposity (117). However, it’s use in pregnancy continues to be investigated to determine efficacy and safety for preventing or treating GDM (118).

Human data on the effects of exogenous insulin use in pregnancy in relation to other reproductive factors or pregnancy outcomes is scarce. Insulin does not cross the placenta and in animal studies, exogenous insulin has no effects on embryo or fetal development (119). However, insulin receptors are expressed on the placenta and may be a means through which insulin mediates effects on the fetus through action on the placenta (84). A recent meta-analysis compared outcomes between women with GDM with insulin use, GDM without insulin use and no GDM (120). In studies with no insulin use, when adjusted for confounders such as BMI, women with GDM had increased odds of caesarean section, preterm delivery, low one-minute Apgar scores, macrosomia and infant born large for gestational age compared with women without GDM. In studies with insulin use, when adjusted for confounders, women with GDM had increased odds of having an infant born large for gestational age, with respiratory distress syndrome, neonatal jaundice, and/or requiring admission to the neonatal intensive care unit compared to women without GDM (120). Furthermore, an increase in placental weight in women with GDM that used insulin versus women with GDM that were controlled with diet and exercise only was observed (121). In pregnant women with T1D, the use of insulin lispro was associated with an increased risk of macrosomia (122). Importantly, a high incidence of macrosomia was found despite overall good glycemic control, as assessed by HbA1c. It was proposed that the acute pulsatile rise and fall of maternal blood glucose levels which occur after food intake (hyperglycemia) and insulin treatment (hypoglycemia), respectively, might result in increased fetal release of endogenous insulin leading to increased placental weight and macrosomia (121, 122). However, clinical implications of hyperinsulinemia and links to perinatal and neonatal outcomes remain poorly understood. There is limited research to confirm diagnostic thresholds for hyperinsulinemia in to insulin metabolism become potentially harmful are needed (89).

Overall, studies show relative hyperinsulinemia during pregnancy in women with PCOS GDM, and maternal obesity, compared to healthy pregnancies without these conditions. Hyperinsulinemia contributes to fetal hyperandrogenism exposure by stimulating androgen production, inhibiting placental aromatase activity and inhibiting SHBG. Hyperinsulinemia may also increase risks of PE, stillbirth, IUGR, macrosomia, and neurological disorders, endothelial dysfunction and later metabolic complications in the offspring. Finally, similar to the exogenous action of insulin on androgen excess in women with T1D, we hypothesize that the use of insulin in women with GDM (with or without PCOS) might also aggravate hyperinsulinemia in pregnancy; however, this phenomenon and its potential complications await further study.




3.1.2 Hyperandrogenism


The adaptations which occur in pregnancy to protect both the mother and fetus from pregnancy-induced androgen excess might not be sufficient in pregnant women with underlying hyperinsulinemic pregnancies, as evidenced by elevated levels of androgens in pregnant women with PCOS. Several studies found elevated serum androgen levels, including T (22–25, 94), A4 (23, 24, 94), DHEAS and free androgen index (FAI) (24, 25, 94) in pregnant women with PCOS. This may be a potential source of fetal androgen excess and induce effects on the development of the fetus, even if virilization of a female fetus is not observed (24). Results regarding T and GDM are conflicting. Some report that women who develop GDM have significantly higher T concentrations compared with controls (95), while others demonstrated hyperandrogenemia in pregnant women with T2D, but not in GDM (75). Additionally, decreased estrogen and E/T ratios were found in women with T2D and women with GDM (75). In the latter study, BMI and T levels were positively associated in the T2D and GDM groups (75). Maternal obesity has also been found to be associated with elevated maternal serum T concentrations (60).

In relation to the impact of androgen excess on fetal health, some studies have used cord blood to investigate the intrauterine fetal environment in women with PCOS (22, 73, 74, 88, 123, 124). Levels of DHEA and DHEAS in fetal cord blood were generally not associated with PCOS (73, 74, 88, 95), but studies regarding T and A4 have produced conflicting results. A recent meta-analysis of seven studies (n= 570) found no significant differences in cord blood T levels between women with and without PCOS, irrespective of neonatal sex (125). The authors suggest that T may be quickly degraded and converted by placental aromatase into E2 when passing through the placenta. However, cord blood A4 levels in female newborns were significantly lower in PCOS than in the control group (125). As explained in section 2, cord blood androgens are derived from both fetal adrenal as well as placental steroidogenesis. The fetal adrenals produce DHEAS in utero, which is transformed into A4, T, and E2 by the placenta (126). Alterations of steroidogenesis in the fetus or an abnormality in placental steroidogenesis could potentially account for the decreased A4 levels (125). Similarly, Kelly et al. (96) proposed that maternal androgens may exert a programming effect on placental and/or fetal steroidogenesis to alter androgen levels within the fetal-placental unit. This concept is supported by Maliqueo et al. (88), wherein placental tissue from women with PCOS had increased 3β-hydroxysteroid dehydrogenase 1 enzymatic activity and decreased aromatase activity compared with non-PCOS controls inducing accumulation of androgenic substrate. This is in line with findings of lower E1 and E2 serum levels in women with GDM and lower E2/T ratios suggesting a lower conversion of T to estrogens (75).

Despite the fact that maternal androgen excess was not associated with elevated T concentrations in cord blood, hyperandrogenism in pregnancy is clinically relevant given the numerous reports, both from animal models and clinical studies, on the adverse effects of fetal exposure to high androgen concentrations. Importantly, umbilical cord blood is only a representation of the end of pregnancy rather than the entire gestation period. The effects of fetal exposure to high androgen concentrations have been reviewed in detail elsewhere and include virilization (32–34), IUGR (34, 35), placental differentiation culminating in low birth weight (36), reproductive function including PCOS like phenotypes (37–39), metabolic dysfunction (37, 39–42), adverse cardiac programming (43–45), and behavioral outcomes later in life (46–48).

To what extent high levels of androgens directly impact maternal and fetal health is not clear, given that androgens are converted to estrogens. In animal studies, examining direct effects of DHT, a nonaromatizable androgen, was associated with decreased placental weight and cotreatment of T with an androgen antagonist prevented placental changes, suggesting placental changes were mediated at least in part by androgenic action (96). Additionally, evidence from studies in rhesus monkeys indicates that gestational T and DHT treatment induces maternal hyperinsulinemia and insulin resistance in addition to elevating circulating androgen levels in both maternal and fetal compartments (42, 127). This may result in reprogramming of insulin target tissues in offspring such as liver and adipose tissue, leading to hyperglycemia in adulthood (128). As such, effects of hyperandrogenism on fetal development and pregnancy outcomes could be mediated via insulin and further altered by the impact of hyperinsulinemic states. Importantly, the inhibitory action of insulin and AMH on placental aromatase action might contribute to changes in sexual steroids and insulin levels during pregnancy. Placental steroidogenesis possibly follows different pathways in hyperinsulinemic pregnancies, which results in a different ratio of E/T fractions during gestation and in offspring.

In summary, studies have found relatively higher levels of androgens in pregnant women with PCOS and obesity, whereas this is less clear in T2D and GDM. Reports of cord blood levels of androgens are scarce and conflicting. Different androgen profiles within the fetal-placental unit may be reflective of abnormalities of steroidogenesis in the fetus or placenta. Hyperandrogenism in pregnancy is associated with adverse short- and long-term neonatal outcomes. Rather than a function of direct androgenic action only, effects from hyperandrogenism on fetal development and pregnancy outcomes are potentially mediated by insulin and further altered by hyperinsulinemic states.




3.1.3 Anti-Müllerian hormone


As described in section 2, AMH levels decrease successively during pregnancy, mostly between the first and second trimester. Several studies show elevated levels of AMH during pregnancy in women with PCOS versus controls (22, 23, 25, 52, 53). In fact, high AMH levels in women with PCOS are maintained throughout the entire pregnancy (23). However, studies have not found significantly different AMH concentrations between women with diabetes (T2D; GDM) and healthy pregnant women (78, 79). In relation to obesity, studies found that AMH was negatively associated with maternal BMI (22, 108, 129).

Interactions between AMH and other hormones in pregnancy have recently been investigated by Tata et al. (53) who measured AMH in a cohort of 66 pregnant women with PCOS and 63 control women, at gestational week 16-19. AMH was significantly higher in pregnant lean women with PCOS compared with the control group but not in obese women with PCOS versus obese control women. Furthermore, AMH was significantly higher in lean women with PCOS who had hyperandrogenism than in those without. No differences between obese women with PCOS with and without hyperandrogenism were detected, potentially as the impact of obesity may negate PCOS effects on AMH. An animal model that treated pregnant mice with AMH resulted in maternal neuroendocrine-driven T excess and diminished placental metabolism of T to E2. Authors suggest that this could be a viable route by which maternal and placental T can be transferred to the human fetus (53). Although not extensively studied, lower levels of E1 and E2 in pregnant women with T2D and GDM and in female cord blood of women with PCOS support this suggestion, and could be reflective of increased AMH levels leading to decreased placental metabolism of T, however a direct relationship has not been established (73, 74, 78, 88).

Several other studies report a positive correlation between elevated AMH levels and maternal total T levels (both in women with PCOS as well as controls) (22, 23, 25). It is thought that the ovaries may contribute to maternal serum concentrations of T. In addition, high AMH may influence placental T production. This is in line with findings in prenatal AMH-exposed mice, in which AMH exposure was associated with elevated T levels in the dams and offspring. Treatment of pregnant mice with AMH resulted in a masculinization of the exposed female fetus and PCOS-like phenotypic traits in adulthood (reproductive and neuroendocrine) (53). Lastly, although studies in non-pregnant adolescents with PCOS show a positive association between serum AMH and HOMA-IR, no significant associations of AMH with insulin, HOMA-IR or IGF-1 have been observed in pregnant women (78, 108).

Elevated levels of AMH potentially impact the developing fetus. Studies have found elevated serum AMH levels in the umbilical vein at time of delivery in newborns of women with PCOS compared with healthy controls (110). Importantly, higher levels of AMH were observed in neonates born from women with PCOS and maternal hyperandrogenism or maternal BMI higher than 30 kg/m2 (110). On the other hand, no significant associations were observed between maternal AMH concentrations and AMH in female offspring (110), whereas AMH was higher in male fetuses, than in the mother (22). This suggests that AMH concentrations in umbilical cord blood might differ from that in maternal serum because there is no passage of AMH from fetus to mother (22, 110). Instead, elevated AMH concentrations could be a result of placental passage from the mother and increased AMH production by the fetal compartment. Detti et al. (22) hypothesize that genetic inheritance of PCOS by the fetus causes increased AMH production by the embryonal/fetal granulosa and Sertoli cells.

Studies investigating associations between levels of AMH and pregnancy outcomes are scarce. One study showed increased risk of miscarriage in association with prenatal exposure to AMH (53). Further, high serum AMH levels were associated with lower live birth rates in women with PCOS undergoing assisted reproductive technology (54). Studies have reported no association between maternal AMH and infant birthweight (25, 79, 129, 130). Increased incidence of PCOS is observed in women with sub-separate uteri. Detti et al. (22) hypothesize that higher AMH concentrations could contribute to development of milder forms of Mullerian anomalies by delay/arrest in Mullerian duct fusion and inner wall reabsorption (22, 110). AMH may also be associated with preterm delivery (55–57). Kaing et al. (57) examined women with PCOS and high AMH who conceived after ovulation induction, and found that 62% of women who delivered preterm had AMH levels above the 75th percentile. Women with PCOS who delivered preterm had notably higher AMH than their term counterparts (11.1 vs 5.4 ng/mL). Similarly, a recent retrospective cohort study with patients with PCOS who had undergone IVF/ICSI showed that for patients with a BMI ≥ 24 kg/m (2) plus serum AMH > 6.45 ng/ml (75th percentile), the risk of preterm birth was 2.1 times that in the AMH <2.71 ng/ml group (55).Associations with other maternal and perinatal outcomes remain uncertain. Most existing studies do not show statistically increased risk of other adverse maternal and perinatal outcomes in women with elevated AMH levels (25, 55, 130). Prenatal AMH treatment in mice resulted in PCOS features in adulthood: hyperandrogenism, LH elevation, sporadic ovulation, and fertility defects. However, these mice did not show weight alterations, leading to the assumption that prenatal AMH could predispose to the lean PCOS phenotype in adulthood (53).

In summary, elevated levels of AMH during pregnancy have been associated with T excess, and diminished metabolism of T to E2. However, associations between AMH and insulin or HOMA-IR in pregnancy remains to be determined. Elevated AMH may be associated with preterm birth in women with PCOS, however associations with other maternal and neonatal outcomes remain uncertain.






4 Limitations and future directions


While an abnormal prenatal endocrine milieu could possibly reflect a deranged feto-placental unit in women with hyperinsulinemic disorders, studies specifically addressing relationships and associations between insulin, androgens, pituitary hormones, estrogens, AMH and placental steroidogenesis are scarce. Studies are often cross-sectional in design, do not adjust for confounding factors such as nutrition and physical activity and longitudinal studies on maternal hormones do not always include early pregnancy samples. Furthermore, they are often limited by small sample sizes and to increase the power, the conclusions drawn from these studies need to be further studied with larger sample sizes. Data regarding subsequent alterations in the intrauterine environment, often studied in cord blood have produced conflicting results and overall evidence is scarce. Hormonal dysregulation in women with PCOS, diabetes or obesity may impact placental development and function. However, placental studies (looking at macroscopic and microscopic changes) in pregnancies impacted by these conditions are limited.

In order to study the interrelationships between insulin, androgens and AMH, investigating placental tissue could be an important additional mode of research.

Hyperinsulinemia in pregnancies affected by PCOS, obesity or diabetes seems largely a result of pre-existing hyperinsulinemia and related metabolic dysfunction paired with IR in pregnancy exacerbating B-cell dysfunction. However, further research is warranted on the factors that promote IR more than the physiological state of IR hPL for example, contributes to IR and secretion of insulin. Pregnancies affected by obesity and diabetes show altered hPL levels: lower concentrations have been shown in obesity and increased levels in GDM. Disruptions in hPL are also thought to be associated with an increased prevalence of placental dysfunction and increased fetal growth (131). Likewise, TNF-α, a proinflammatory cytokine produced by the placenta and other placental adipokines (e.g. Chemerin, Apelin, Omentin) also likely play a role in development of IR in pregnancy (131). In order to understand the pathways by which IR occurs, factors associated with IR in women with hyperinsulinemic pregnancies should be further explored.

Studies of diagnostic thresholds of insulin levels in pregnancy are lacking. Therefore, in order to study associations between pathological hyperinsulinemia and maternal and neonatal outcomes, criteria need to be established to determine when normal hyperinsulinemia in pregnancy results in levels that result in clinically relevant adverse outcomes. In addition, data on insulin levels and IR in pregnancies affected by metabolic and endocrine disorders is notably lacking. Longitudinal measurements of insulin and IR in pregnancy would be beneficial. The possible associations between maternal hyperinsulinemia and offspring health highlight the need for further study into the interactions and mechanisms between maternal insulin and fetal development and health through pregnancy, post birth and into childhood.

Whilst studies show that hyperinsulinemia is likely to result in decreased levels of SHBG (leading to increased free T), direct stimulation of androgens and inhibition of placental aromatase activity, future research is needed to substantiate associations between insulin levels in pregnancy and the maternal and prenatal endocrine milieu. Human association studies of the various hyperinsulinemic states, coupled with animal models that ablate variables of interest could help clarify these links. Furthermore, the use of insulin in women across a range of hyperinsulinemic disorders in pregnancy, the potential concurrent worsening of hyperinsulinemia in pregnancy, related hyperandrogenism and its potential complications have not been studied previously.

The effects of hyperandrogenism in pregnancy on developmental programming have been widely studied. However, questions regarding the pathways by which androgens impact maternal and fetal health remain unanswered. Whilst evidence is clear regarding the contribution of hyperinsulinemia on hyperandrogenism, few studies examine the effects of androgens on insulin and insulin sensitivity. Observational studies of various hyperandrogenic states coupled with further explorations using animal models will enhance understanding of how hyperandrogenism interacts with other variables such as estrogens, AMH, insulin and potential other markers in pregnancy.

The hyperandrogenic phenotype is likely to be underreported in maternal samples as observational studies do not always include a full assessment of the different androgens. This will influence interpretation of gestation AMH levels across PCOS phenotypes. Future research, with bigger sample sizes and full assessment of hyperandrogenism is warranted to confirm elevated levels of AMH during pregnancy between groups, to support the hypothesis that high AMH levels lead to decreased placental metabolism of T and to assess associations between AMH and insulin and HOMA-IR. Animal studies could explore what contributes to higher levels of AMH in pregnancy. In addition, the physiologically low AMH levels observed during the second half of pregnancy may require more sensitive tests to find a significant difference between groups under study. Previous studies assayed serum AMH using the widely clinically used assay AMH/MIS ELISA kit (Immunotech-Beckman, Marseilles, France) (75, 79). Due to a lower threshold of detection, a newer commercially available AMH enzyme-linked assay (pico AMH ELISA, AnshLabs) might be more appropriate for the measurement of low AMH concentrations (132). Further, studies are needed to investigate associations between high AMH levels and pregnancy and fetal and offspring health and to elucidate the potential actions of high AMH on the maternal and placental adaptations in pregnancy. Reports so far show no conclusive results and the polycystic ovarian morphology, reflected by high AMH levels, might not drive mechanisms behind adverse outcomes in pregnant women with PCOS.

Other factors important for pregnancy, birth, lactation, child development and survival, such as hCG, activin, inhibin, hPL and placental cytokines have not been widely studied in relation to hyperinsulinemic pregnancies but might be potential markers relevant to explain altered hormonal states in pregnancies affected by hyperinsulinemic disorders. For example, while Inhibin and Activin act as regulators within the placenta for GnRH, hCG and steroids, to our knowledge no reports are currently present on their actions in hyperinsulinemic pregnancies. Additionally, hyperinsulinemia could stimulate production of leptin which could amplify inflammation (133).

Interestingly, upon analyzing T and P450 aromatase in normal weight and obese women, Maliqueo et al. (2017) only found an increment of T and lower P450 aromatase in obese women with male fetuses. The authors therefore suggest that regulation and metabolism of sex steroids in pregnancy could be dependent on maternal/placental adaptations determined by fetal gender (60). In relation to pregnancies affected by hyperinsulinemic disorders, future research is warranted to understand the mechanisms by which fetal gender may impact placental function.




5 Conclusions


This comprehensive review compares physiological changes in normal pregnancies to those in women with pre-existing hyperinsulinemic conditions including PCOS, diabetes and obesity. We highlight how the maternal, placental and fetal compartments are separate, but functionally complement each other in healthy pregnancies. Yet in pregnant women with pre-existing hyperinsulinemic disorders, it appears that abnormal levels of insulin, androgens, estrogens and AMH are reflective of a deranged fetoplacental unit, ultimately leading to adverse pregnancy and neonatal outcomes. Hyperinsulinemia in these disorders and subsequent direct stimulation of androgen production, inhibition of SHBG and inhibition of placental aromatase activity, contributes to hyperandrogenism. Effects of hyperandrogenism could be mediated via insulin and altered placental steroidogenesis. Elevated levels of AMH contribute to T excess, and diminished metabolism of T to E2. With the high prevalence of hyperinsulinemic endocrine metabolic conditions including PCOS, diabetes and obesity in pregnancy, more research, including longitudinal sampling, and consideration of severity of hyperinsulinemia and interaction across these linked conditions is needed. A focus on placental and fetal steroidogenesis and hormonal interactions in these conditions is important. Finally, further study on the impacts of exogenous insulin administered in women with T1D, T2D and GDM, is needed, in relation to important endocrine and metabolic markers, and impact on fetal health.
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Polycystic ovary syndrome (PCOS) and periodontal disease (PDD) share common risk factors. The bidirectional interaction between PCOS and PDD has been reported, but until now, the underlying molecular mechanisms remain unclear. Endocrine disorders including hyperandrogenism (HA) and insulin resistance (IR) in PCOS disturb the oral microbial composition and increase the abundance of periodontal pathogens. Additionally, PCOS has a detrimental effect on the periodontal supportive tissues, including gingiva, periodontal ligament, and alveolar bone. Systemic low-grade inflammation status, especially obesity, persistent immune imbalance, and oxidative stress induced by PCOS exacerbate the progression of PDD. Simultaneously, PDD might increase the risk of PCOS through disturbing the gut microbiota composition and inducing low-grade inflammation and oxidative stress. In addition, genetic or epigenetic predisposition and lower socioeconomic status are the common risk factors for both diseases. In this review, we will present the latest evidence of the bidirectional association between PCOS and PDD from epidemiological, mechanistic, and interventional studies. A deep understanding on their bidirectional association will be beneficial to provide novel strategies for the treatment of PCOS and PDD.
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1 Introduction

Polycystic ovary syndrome (PCOS), the most common heterogeneous disorder in women with high prevalence rate of 5%–10% (1), is characterized by hyperandrogenism (HA), oligomenorrhea or amenorrhea, polycystic ovary, and low-grade inflammation (2). PCOS contributes to menstrual cycle abnormalities, pregnancy complications, long-term metabolic disorders, cardiovascular diseases, and even increases cancer risk (2). Periodontal diseases (PDDs) are multifactorial, highly prevalent chronic inflammatory disorders in the oral cavity. It is widely recognized that the symbiotic relationship between oral microbiota and the host is essential for the homeostasis in oral microecology (3). Oral flora dysbiosis renders dominance of periodontal pathogens, impacts tooth-supporting tissues (gingiva, periodontal ligament, and alveolar bone), and even leads to tooth loss (4). Systemic diseases including diabetes mellitus (DM), obesity, and metabolic syndrome (MS) are independent risk factors for PDD (5). Interestingly, PCOS and PDD have common risk factors, including metabolic syndrome (6), obesity, DM, and cardiovascular disease (7). Recently, several studies have explored and confirmed the association between PCOS and PDD (8–11). However, the cause-and-effect relationship between PCOS and PDD and their molecular mechanisms remain undefined. In this review, we will focus on recent studies to discuss the potential mechanisms between PCOS and PDD.



2 Epidemiological evidence of the bidirectional relationship between PCOS and PDD

There are 15 published papers on the bidirectional relationship between PCOS and PDD, including 14 cross-sectional studies and 1 randomized controlled trial. A recent cross-sectional study indicated that women who are infertile, in comparison with those who are fertile, are more vulnerable to PDD with signs of increased probing depth (PD) and clinical attachment loss (CAL). However, no difference were observed in oral-health-related quality of life (OHRQoL) scores between the two groups, which might reveal a poor periodontal status and weak awareness of oral health care in infertile women (12). PCOS as an important cause of infertility might be associated with PDD. Recently published studies have provided evidence to support the interaction network between PCOS and PDD (9–11). PCOS may have an impact on gingival inflammation and vice versa. Several cross-sectional studies unanimously concluded that PCOS increases the risk of PDD (13–18). Women with PCOS tend to manifest poor periodontal conditions, such as positive bleeding on probing (BOP), deep PD, and high plaque index (PI). Interestingly, controlling PCOS with oral contraceptives and metformin mitigates periodontal inflammation (19). A retrospective cohort study involving 48,820 subjects showed that PDD multiplies the risk of PCOS (20). The bidirectional relationship between PCOS and PDD was discussed in recent meta-analysis research. The risk of PDD is increased by 28% in women with PCOS, and the risk of PCOS is increased by 46% in women with PDD (9). In addition, a higher PD rate is observed in PCOS patients than in healthy women in a recent case–control study. However, there was no differentiation between PCOS and healthy women in other periodontal parameters, such as PI, BOP, and CAL (21). Although no causal relationship between genetic liability for PCOS and periodontitis was identified based on a recent bidirectional Mendelian randomization analysis (22), strong evidence supports the mutual effect between PCOS and PDD. The potential mechanisms between PCOS and PDD are discussed in the following sections (Table 1).


Table 1 | Summary of studies investigating the association between PCOS and PDD.





3 Potential mechanisms by which PCOS might increase the risk of PDD

PCOS is featured with endocrine disorders, including HA, insulin resistance (IR), and estrogen reduction. Endocrine disorder aggravates the development of PDD. We summarize the potential mechanisms of endocrine disorders between PCOS and PDD in the following four aspects (Figure 1).




Figure 1 | Schematic representation of the association between PCOS and PDD. PCOS is characterized by low-grade inflammation, immune imbalance, endocrine disorder, and oxidative stress. The above microenvironment has an adverse implication for oral microbiome, periodontium, and alveolar bone. In addition, PCOS women show a propensity for obesity and have a poor oral hygiene, which increases the risk of PDD. PCOS, polycystic ovary syndrome; T, testosterone; DHT, Dihydro testosterone; HA, hyperandrogenism; IR, insulin resistance; LH/FSH, luteinizing hormone/follicle stimulating hormone; F.n, Fusobacterium nucleatum; P.g, Porphyromonas gingivalis; T.f, Tannerella forsythia; GF, gingival fibroblasts; PLF, periodontal ligament fibroblasts; OPG, osteoprotegerin; RANKL, receptor activator of NF-κB ligand; MDA, malondialdehyde; MPO, myeloperoxidase; No, nitric oxide; TAS, total antioxidant status; NK, natural killer cells; DC, dendritic cell;IL, interleukin; TNF, tumor necrosis factor.




3.1 PCOS alters the composition of oral microbiota

The initiation and progression of periodontal lesions depend on the interactions between host and oral microecology. Within the oral ecosystem, local microbial metabolism, systemic stress-induced dysbiosis, especially hormonal imbalance, toxins, and inflammatory cytokines might result in 10-fold higher migration of immune cells from the gingival sulcus (36). Once the host immune system is continuously activated, chronic inflammation will develop. Periodontitis is mainly caused by the disturbance of subgingival biofilm ecosystems. Fusobacterium nucleatum (F.n) is one of the anaerobic bacteria in supra- and subgingival biofilms. F.n serves as a bridge to assist the interspecies coaggregation, including Porphyromonas gingivalis (P.g), Treponema denticola (T.d), and Streptococcus gordonii (S.g), and accelerates biofilm formation via outer membrane proteins. In addition, F.n breaks the epithelial barrier and engages in attacking the lymphocytes, resulting in the host immune imbalance (37). Accumulating evidence suggests that the alteration of the oral microbial community in PCOS women might increase the risk of PDD. Increased number of Fusobacterium and decreased number of Actinobacteria were observed in the salivary microbiome from PCOS women (38). Actinobacteria are more abundant in the periodontium in a healthy state than that in the inflammatory state (39) and plays an important role in maintaining oral microbial homeostasis. A decreased proportion of phylum Actinobacteria was observed in the salivary microbiome in PCOS when compared with healthy women, but no relationship was found between saliva alpha diversity or beta diversity and serum testosterone and inflammatory markers in PCOS (40, 41). Higher abundances of F.n and Tannerella forsythia (T.f) were observed in gingival crevicular fluid (GCF) in patients with comorbidity of PCOS and gingivitis rather than patients with gingivitis alone (23), which suggests a detrimental effect of PCOS on periodontal microecology (Table 2). Interestingly, a similar change was observed in the abundance of F.n and Actinobacteria in DM patients accompanied with PDD (43).


Table 2 | Alteration of composition of oral microbial community in PCOS women.



Sex hormones may also contribute to the differences in the oral microbiota. A higher abundance of F.n subspecies, fusiforme/vincentii, was observed in women compared with men (44). Additionally, increased abundance of Actinobacteria has been reported in postmenarcheal girls compared with premenarcheal girls (45). Moreover, endocrine disorder alters the microbiota composition in female individuals at reproductive age. The level of estradiol (E2) was positively correlated with the number of green complex bacteria (Capnocytophaga gingivalis) in subgingival microflora in adolescent girls with PCOS (42). Similarly, alteration of the composition of oral microbial community was observed in various endocrine system diseases, such as DM and obesity (41). A recent study demonstrated that diabetes increased the pathogenicity of the oral microbiota by enhancing the expression of interleukin (IL)-17 in mice. Moreover, mice infected with DM-related oral microbiota manifest inflammation and bone loss in periodontal tissues (46), which confirms that oral microbiota is implicated in DM patients. In addition, altered composition of salivary bacteria is also observed in overweight women (47).

Both HA and IR affect the composition of the microbiota and metabolic activity in PCOS. HA was associated with decreased alpha diversity and alteration of specific Bacteroidetes and Firmicutes in gut microbiota in women with PCOS (48). PCOS accompanied by IR alters the composition of the gut microbial community (48) and oral microbiota. Numerous observational and interventional studies have linked IR to PDD (49). IR was positively correlated with the abundances of Granulicatella, Veillonella, Streptococcus, and Scardovia in supragingival plaque by 16s rDNA sequencing in patients with metabolism-associated fatty liver disease (50). A previous study has demonstrated that IR was associated with the abundance of 22 individual taxa in human subgingival plaque (51). Hence, endocrine disorder in PCOS might increase the risk of PDD by altering the composition of oral microbiota.

Microbial metabolomics is the key to probe into the relationship between the alteration of oral microbial composition in PCOS and the occurrence of PDD. Altered composition of salivary bacteria in PCOS women causes changes in host metabolism (38), including oxidative phosphorylation, methane metabolism, nitrogen metabolism, butanoate metabolism, molecular chaperones, folding catalysts, and membrane and intracellular structural molecules. More importantly, consistently upregulated methane metabolism and downregulated chaperones and folding catalysts are observed in PCOS (38). Interestingly, both butanoate and methane metabolism in the subgingival microbiota are significantly over-activated in patients with periodontitis (52). Butanoate production has been known to play an important role in periodontal disease (53). Butyrate, the metabolite of periodontal pathogens (including F.n and P.g) (54), inhibits cell cycle of gingival fibroblasts and promotes apoptosis (55) by inducing reactive oxygen species (56). Therefore, more studies should focus on the effects of the oral microbiome in PCOS on host metabolism.



3.2 PCOS promotes bone resorption

PCOS has a negative effect on bone metabolism. PCOS women are at high risk of osteoporosis (57). Another study revealed a decreased bone mineral density (BMD) in the spine and femur and less bone formation with decreased osteocalcin in PCOS patients with a body mass index (BMI) <27 kg/m2 (58). Zia et al. evaluated the serum levels of bone metabolism and bone turnover markers (BTMs) in PCOS accompanied with PDD. Increased level of C-terminal telopeptides of type I collagen (CTX, bone resorption marker) and decreased level of alkaline phosphatase (ALP, bone formation marker) were found in patients with comorbidity of PCOS and PDD than in patients with PDD alone (31), suggesting that PCOS worsens the bone metabolism of the alveolar bone around the periodontal tissue. In addition, PCOS enhances the levels of PD and CAL in PDD patients with continuing alveolar bone resorption (31, 33).

HA, estrogen reduction, and IR are responsible for the alteration of bone metabolism in PCOS (57). Elevated luteinizing hormone (LH)/follicle stimulating hormone (FSH) ratio in PCOS decreases the activity of aromatase, which converts androgens into estrogens, leading to hyperandrogenism (57). Although androgen plays an important role in maintaining BMD in men, it does not exert the same function in women with PCOS (57). Excessive androgen has an adverse effect on bone anabolism in women. The increase in 5α reductase in PCOS enhances the conversion of testosterone to dihydrotestosterone (DHT), which inhibits the expression of cortisol. Subsequently, cortisol inactivation increases the expression of IL-1β and tumor necrosis factor alpha (TNF-α) and contributes to bone resorption. In addition, estrogen reduction in PCOS decreases bone density, deteriorates microarchitecture, and increases fracture risk (59). IR in PCOS women inhibits the expression of osteoprotegerin (OPG) and induces RANKL expression, which are responsible for bone resorption (57). Decreased levels of vitamin D and increased levels of parathyroid hormone (PTH) and calcitonin in PCOS promote bone resorption (57). These findings suggest that hormonal imbalance in PCOS might increase bone resorption and lead to the development of PDD.



3.3 PCOS increases infection susceptibility in soft tissues

Poor oral hygiene and the inflammation status of gingival tissues are closely related to periodontitis. Higher PI and gingival index (GI) are observed in PCOS patients than in healthy controls (31), which indicates poor oral hygiene and soft tissue inflammation in PCOS patients. Accumulated evidence demonstrated that periodontal tissues are hormone sensitive and that gonadal hormones modulate the periodontium including fibroblasts and the epithelium (60, 61). Hence, endocrine dysfunction in PCOS might impact the periodontium. The tissue specificity of sex steroid hormone mainly depends on the expression of specific hormone receptors (62). Extensive studies have supported the high expression of estrogen receptors in periodontal tissues. Estrogen receptors (ERs), but not progesterone, are highly expressed in gingival tissues of PCOS (63). During inflammation, estrogen receptors are expressed in gingival tissues by 10-fold than normal state (64). Meanwhile, androgen receptors have been detected in the nuclei of basal gingival epithelial cells and gingival fibroblasts (65). Collectively, androgens and estrogens are preferentially localized and retained in periodontal tissues (66). Moreover, inflammation increases the metabolism activity of androgens in gingival tissues (67–69). Testosterone can be metabolized to 5α-dihydrotestosterone, 4α-androstenedione, and 5α-androstanediols in human gingival fibroblasts in vitro (70). In addition, sex hormones also mediate the action of periodontal ligament fibroblasts, gingival fibroblasts, and epithelial cells in the gingiva. Estrogen plays an important role in maintaining the epithelial barrier in the periodontium (60). It has been reported that estrogen stimulates the proliferation and keratinization of gingival epithelium, increases the downgrowth of epithelial attachment, and accelerates the proliferation of fibroblasts (62). Decreased estrogen contributed to the thinning of oral mucosa through reducing the epithelial keratinization and collagen formation in connective tissues (71, 72). Progesterone, however, is not conducive to the repair and maintenance of the periodontium (60). Progesterone inhibited the proliferation of human gingival fibroblasts ex vivo (73). In addition, progesterone suppressed the collagen synthesis in periodontal ligament fibroblast (74). In summary, androgens might modulate the gingival tissues in PCOS by affinity for androgen receptors, elevation of androgen metabolism, and inhibition of fibroblast proliferation.



3.4 PCOS causes immune imbalance

Immune–endocrine interactions play an important role between PCOS and PDD. However, no study has directly explored the effects of PCOS-induced immune dysfunction on the development of PDD. PCOS-induced innate and adaptive immune imbalance might promote the pathogenic effects by periodontal pathogens. High levels of neutrophils and high ratio of neutrophil-to-lymphocyte in PCOS indicate low-grade inflammation status (75, 76). In addition, a shift from M2- to M1-polarized macrophage was observed in a dehydroepiandrosterone-induced mouse model of PCOS, which caused chronic inflammation (77). The increased M1/M2 ratio accelerated alveolar bone resorption in periodontal tissues (78). In addition, decreased natural killer (NK) cells and dendritic cells (DC) have been reported in PCOS women (79), which might enhance susceptibility to periodontitis (80). T lymphocytes play an important role in adaptive immune response, while the dysfunction of T lymphocytes might accelerate microorganism invasion. PCOS patients are characterized by Th1/Th2 imbalance and increase in CD4+CD28− T cell and Th17/Treg ratio (79).

Sex hormones have been shown to influence the immune system in the periodontium. Increased immune cells were observed in oral and sulcular gingival epithelium during pregnancy (81). Androgens play an important role in adaptive immunity and innate inflammatory response and maintain the homeostasis of periodontal tissues (82). Furthermore, sex hormone disorders in PCOS have been shown to mediate the production of cytokines (62). E2 level was negatively correlated with interferon gamma (IFN-γ) level and positively correlated with PD-1 level in serum CD4+ and CD8+ T cells of infertile women with PCOS (83). This immune network is complicated and can be an interesting topic for future research.



3.5 PCOS elevates the systemic inflammation

PCOS is characterized by low-grade chronic inflammation, which is considered as a key contributor to the development of PDD. In fact, systemic inflammation in metabolic diseases creates a chronic inflammatory status for periodontal tissues (84). A large number of studies revealed that multiple inflammatory cytokines contributed to the interaction between PCOS and PDD, including IL-6, IL-17, and TNF-α. Reduced estrogen in PCOS increases the expression of proinflammatory cytokines, including IL-1, IL-6, IL-8, IL-10, TNF-α, and granulocyte colony-stimulating factor (GCSF), which creates an inflammatory microenvironment for the development of PDD (71, 72). In addition, a higher expression of matrix metalloproteinase (MMP)-8 was observed in the serum and saliva of women with comorbidity of PCOS and gingivitis compared with that in systemically healthy individuals with gingivitis (13). A positive correlation between MMP-8 levels and poor periodontal conditions including PD, BOP, and PI was detected in PCOS, which suggests a deteriorative role of PCOS for PDD (13). Similarly, elevated serum CRP level in PCOS reveals systemic inflammation and increases the risk of PDD (19, 33).



3.6 PCOS triggers oxidative stress

The imbalance of oxidation/antioxidant capacity contributes to oxidative damage, called oxidative stress (OS). The PCOS-induced OS has an impact on gingival inflammation. A higher level of malondialdehyde (MDA) (a lipid peroxidation product indicating OS) in serum and GCF was detected in women with PCOS, which was positively correlated with gingival inflammation (18, 27). In addition, the contents of nitric oxide (NO) and myeloperoxidase (MPO) were higher in women with PCOS than in healthy women (14). Furthermore, women with PCOS and PDD exhibited higher serum levels of 8-hydroxy-2′-deoxyguanosine (8-OHdG), MPO, MDA, and lower total antioxidant status (TAS) than women with PCOS alone (25, 27). Hence, PCOS might enhance systemic lipid peroxidation and oxidative DNA damage and contribute to the development of PDD.



3.7 PCOS with obesity increases the expression of inflammation mediators

Epidemiological data showed that obesity affects 30%–70% PCOS women (85). Although not all morbidly obese women develop PCOS, adipose tissue is important for the development and maintenance of PCOS (85, 86). Adipokines including adiponectin leptin, resistin, visfatin, and retinol-binding protein 4 (RBP4) are mainly secreted by adipose tissues and involved in the glucolipid metabolism and IR (87). Disturbed expression of adipokines has been found in PCOS, which has an impact on the secretion of sex steroid, such as IR (87). A recent study identified a significantly elevated level of visfatin in GCF of women with comorbidity of PCOS and PDD, compared with that of women with PDD alone (30). In addition, more than 50 cytokines and inflammatory mediators are released from adipose tissues and responsible for the regulation of inflammation, glucose metabolism, and energy balance. Increased levels of CRP, IL-6, and TNF-α were detected in PCOS, which contributes to low-grade chronic inflammation and increases the risk of PDD (87). In summary, obesity in PCOS results in IR and low-grade chronic inflammation and accelerates PDD development through altering the expression of adipokines and inflammation mediators.



3.8 PCOS therapy mitigates periodontal inflammation

Porwal et al. (19) compared the morbidity in two groups of patients with PCOS receiving and not receiving drug treatment. A lower frequency of moderate periodontitis was observed in PCOS with the drug treatment group. Furthermore, the authors also evaluated the effect of drug treatment on periodontal clinical parameters and serum hsCRP levels in PCOS. Periodontal parameters including BOP, PD, and CAL were significantly improved by drug treatment. In addition, drug treatment caused lower serum level of hsCRP in PCOS. Interestingly, there were no statistical difference in the serum level of hsCRP between PCOS patients receiving drug treatment and healthy controls. The authors concluded that PCOS-induced systemic inflammatory responses might function as a pivotal role in the development of PDD. However, further studies are needed to focus on the impacts of drug therapy for PCOS on periodontal status based on before-and-after study in the same patient.




4 Potential mechanisms by which PDD might increase the risk of PCOS


4.1 PDD leads to low-grade inflammation and oxidative damage

PDD is characterized by chronic inflammation induced by the subgingival biofilm. Various studies have demonstrated that multiple proinflammatory cytokines and reactive oxygen species (ROS) are involved in the systemic effects of PDD on systemic diseases, such as DM, MS, and obesity (88). PDD increases the risk of PCOS by mediating the anti-inflammatory and proinflammatory pathways. Higher concentrations of IL-6 in GCF, saliva, and serum were found in PCOS women with gingivitis, compared with PCOS women with healthy periodontium (16). Another study found that the expression of anti-inflammatory cytokine IL-17E was decreased in PCOS women with gingivitis, compared with PCOS women with healthy periodontium (24). In addition, PDD increases the oxidative damage and induces OS. Dharuman et al. found higher levels of advanced oxidation protein products (AOPP, a marker of oxidative damage) in the serum and saliva of PCOS women accompanied with PDD, when compared with that of PCOS women with good periodontal heath (28) (Figure 2). Hence, PDD might function as a risk factor for PCOS through promoting inflammation and oxidative damage.




Figure 2 | Schematic representation of the potential mechanisms by which periodontitis increases the risk of PCOS.





4.2 PDD promotes IR

It has been confirmed that IR is accompanied by chronic and low-grade inflammation (89). Several proinflammatory cytokines are induced by PDD, including IL-1, IL-6, and TNF-α, and play critical roles in the progression of IR. Periodontitis exacerbates IR (90) and impairs the host immune response (49), which finally contributes to the development of PCOS. Subgingival flora dysbiosis might function as an aggravating factor for IR by increasing the proteobacteria levels (51). In addition, high abundance of P.g, a major pathogen in periodontitis, can exacerbate IR (84). Enhanced IR was observed in high-fat-fed rats after injection with P.g, which reveals a positive relationship between P.g abundance and IR and bone loss (49). The outer membrane vesicles from P.g decreased the insulin sensitivity through delivering gingipains to the liver (91). Another study indicated that P.g promoted IR in high-fat-diet-fed mice by increasing plasma levels of branched-chain amino acids (BCAAs) (92). IR alters the oral microflora composition and vice versa (84). In addition, PDD impaired the β-cell function by downregulating the IL-12 levels and contributed to the development of DM (93, 94). The above findings suggest the possible harmful effects of periodontal pathogens on IR.



4.3 PDD induces dysbiosis of intestinal flora

Intestinal flora dysbiosis has an impact on IR and PCOS occurrence by regulating IL-22 (95). Mice transplanted with fecal microbiota from PCOS women were characterized by ovarian dysfunction, infertility, and IR, which was similar to PCOS symptoms (95). Elevated abundance of Bacteroides vulgatus was identified in gut microbiota of PCOS women (95). In addition, the gut microbiota disturbance in PCOS participates in the alteration of host metabolism. The levels of glycodeoxycholic acid and tauroursodeoxycholic acid were decreased in the stool and serum of PCOS women (95). Another study demonstrated a low concentration of 5-hydroxyindoleacetic acid (5-HIAA) in the serum of PCOS women (96). Disturbance of the salivary microbiota in PDD leads to dysbiosis of the gut microbiota (97). The salivary microbes in periodontitis persists in the intestine and induces intestinal microbiota dysbiosis (97). The altered composition of the gut microbiota was characterized by the enrichment of Porphyromonadaceae and F.n in mice with severe periodontitis. In addition, transplantation of PDD-related salivary microbes into the colon could initiate the inflammation in the colon by upregulating the levels of proinflammatory cytokines and chemokines in mice (97). Administration of P.g for mice altered the composition and function of the intestinal microbiota and even increased the intestinal permeability (90). Both tryptophan and choline metabolisms play important roles in the P.g-induced MS (90). In addition, the alterations of serum metabolome markers (including 5-HIAA, indole-3-acetaldehyde, P-salicylic acid, and phosphatidylcholine) were observed in mice with P.g administration, which is closely associated with gut microbiota. Hence, periodontitis might render individuals more susceptible to PCOS through altering the intestinal microbiota and host metabolism and increasing intestinal permeability. However, further studies are needed to clarify the effects of PDD-induced oral microbiota disorder on PCOS.



4.4 Periodontal therapy improves PCOS

It is essential to investigate the impact of periodontal therapy on PCOS. Deepti et al. (33) evaluated the alteration of anthropometric parameters and metabolic and periodontal parameters in periodontitis patients with PCOS after periodontal therapy for 6 months. A combination of oral hygiene instructions (OHI) or scaling and root planing (SRP) with myo-inositol (MI) significantly decreased the serum level of hsCRP in PCOS women with periodontitis. Interestingly, PDD patients with PCOS receiving SRP and MI intervention exhibited the improved body mass index (BMI) compared with those receiving OHI and MI intervention. No statistical difference was observed in serum LH/FSH, testosterone, prolactin, HOMR, and lipid profiles in both groups at 6-month follow-up. In addition, the BMI and the modified Ferriman–Gallwey score (MFG), which assess hair growth, remained high in the two groups at 6-month follow-up when compared with healthy controls. The above evidence indicates that periodontal therapy alleviates PCOS by reducing the low-grade inflammation. Hence, good oral hygiene practices and regular oral health examination are recommended for women with PCOS.




5 Common risk factors for PCOS and PDD


5.1 Genetic/epigenetic predisposition

There is little evidence reporting the impact of genetic or epigenetic modification in both PDD and PCOS. Peroxisome-proliferator-activated receptor gamma (PPAR-γ), primarily expressed in adipose tissues, exerts an influence of insulin sensitivity through regulating glucolipid metabolism (98). Both PCOS and PDD have gene polymorphisms of PPAR-γ (88, 99), which might function as a cross-link between PDD and PCOS. In addition, epigenetic alteration occurs in both diseases to regulate transcriptional events without changing the DNA sequence. Decreased methylation levels of TNF-α, COX2, IFN-γ, and immune-related genes were found in PDD (100). There were increased methylation levels of PPARG, PPARGC1A, and CYP19A1 in adipose tissues, peripheral blood, and ovarian tissues, respectively, which regulate the ovarian functions in PCOS (101, 102). Future researchers should focus on the mechanism of epigenetic alterations for the association between PCOS and PDD.



5.2 Low socioeconomic status

Environmental factors have significant impact on the development of PCOS and PDD. Several studies have confirmed that women with low socioeconomic status have higher incidence of PCOS (103). Meanwhile, individuals with low socioeconomic status have a higher risk of moderate-to-severe periodontitis (104, 105). Individuals with lower socioeconomic status are prone to have adverse health behaviors, including smoking, sedentary lifestyles, poor oral hygiene, and poor nutritional diet (106). Food habits with high consumption of fatty and salty foods increase risk of PCOS and PDD (107, 108). Hence, women with PCOS or PDD should pay more attention to lifestyle modification, including quitting smoking and keeping healthy with exercise and a nutritious diet. More research is needed on the effect of lifestyle intervention on patients from a lower socioeconomic stratum, having either PCOS or PDD.




6 Conclusion

Multiple lines of evidence confirmed the bidirectional relationships between PCOS and PDD. Endocrine disorders, low-grade inflammation, immune imbalance, and OS in PCOS deteriorate the periodontal microenvironment, while PDD accelerates the development of low-grade inflammation, OS, and IR and increases the risk of PCOS. However, only a few intervention studies revealed the mechanisms underlying the causal relation between PCOS and PDD. In addition, both PCOS and PDD share common risk factors including genetic or epigenetic predisposition and low socioeconomic status. Further longitudinal studies are needed to elucidate the shared pathophysiology between PCOS and PDD.
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Polycystic Ovary Syndrome (PCOS) is the most common endocrine disorder in reproductive-age women. PCOS is characterized by androgen excess, oligo/anovulation, and polycystic appearance of the ovaries. Women with PCOS have an increased prevalence of multiple cardiovascular risk factors such as insulin resistance, hypertension, renal injury, and obesity. Unfortunately, there is a lack of effective, evidence-based pharmacotherapeutics to target these cardiometabolic complications. Sodium-glucose cotransporter-2 (SGLT2) inhibitors provide cardiovascular protection in patients with and without type 2 diabetes mellitus. Although the exact mechanisms of how SGLT2 inhibitors confer cardiovascular protection remains unclear, numerous mechanistic hypotheses for this protection include modulation of the renin-angiotensin system and/or the sympathetic nervous system and improvement in mitochondrial function. Data from recent clinical trials and basic research show a potential role for SGLT2 inhibitors in treating obesity-associated cardiometabolic complications in PCOS. This narrative review discusses the mechanisms of the beneficial effect of SGLT2 inhibitors in cardiometabolic diseases in PCOS.
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Introduction

Polycystic Ovary Syndrome (PCOS) is the most common endocrine disorder in reproductive-age women, affecting 5-20% of this population (1–3). While there has been evidence of women with PCOS since the time of Hippocrates (4), the syndrome was first described by Stein and Leventhal in 1935 in their article “Amenorrhea associated with bilateral polycystic ovaries” (5). Stein and Leventhal described a series of cases focusing on amenorrhea in women with polycystic ovaries as determined by bimanual pelvic exam and/or pneumoroentgenography (5). However, they also noted physical signs of androgen excess in most cases (5). Since the 1930s, our understanding of the disease has evolved. However, the etiology of PCOS remains unknown, and there are still many gaps in our knowledge and disagreements in the field, in part due to three coexisting sets of criteria for PCOS diagnosis (6–8).

PCOS, a diagnosis of exclusion, can be characterized by using three different sets of diagnostic criteria: the National Institutes of Health (NIH) 1990 criteria, the Rotterdam 2003 criteria, and the Androgen Excess-PCOS Society (AE-PCOS) 2006 criteria (6–8) (Figure 1). The NIH and AE-PCOS criteria consider androgen excess a requirement for diagnosis. Androgen excess can be defined as either biochemical or clinical evidence of high levels of androgens (6–8). Therefore, if a woman presents to the clinic with hirsutism (as defined by the Ferriman-Gallwey Scale) (9), excessive acne after puberty, or male-pattern balding, then measurement of serum androgens is not necessary for the PCOS diagnosis per se. However, biochemical testing, including testosterone levels, is required to eliminate other possible causes of androgen excess, as PCOS is a diagnosis of exclusion. Workup to exclude elevated prolactin, Cushing syndrome, non-classic congenital adrenal hyperplasia, thyroid dysfunction, androgen-producing tumors, and exogenous administration of androgens should be done before conferring the PCOS diagnosis (6–8). In particular, if total serum testosterone is above 200 ng/dL, if dehydroepiandrosterone sulfate is above 800 μg/dL, if signs of excess androgen progress rapidly, or if the voice changes, then the possibility of an androgen-producing tumor in the adrenal gland or ovary should be thoroughly investigated before diagnosing the patient with PCOS (10). Women with PCOS will have elevated levels of androgens, but they should not approach male levels (10, 11). The Rotterdam criteria, the most common criteria used in the clinic, requires the presence of two of the three PCOS’ characteristics (Figure 1) generating 4 different phenotypes. As a result, there are women diagnosed with PCOS with and without hyperandrogenism. In recent years, several lines of evidence suggest that women with hyperandrogenic PCOS have worsened cardiovascular profiles (12). Unfortunately, there are no safe and effective therapeutic agents to decrease the levels or block the action of androgens in women. Furthermore, the heterogeneity of the clinical manifestation of PCOS suggests that the involvement of multiple pathophysiological pathways as suggested by GWAS studies (13, 14). Thereby, novel and effective therapeutic agents are needed for safe and effective PCOS clinical management.




Figure 1 | PCOS diagnosis criteria.



Sodium-glucose cotransporter-2 (SGLT2) inhibitors provide cardiovascular protection in patients with and without type 2 diabetes mellitus (T2DM). Although the exact mechanisms of how SGLT2 inhibitors confer cardiovascular protection remains unclear, numerous mechanistic hypotheses have been postulated, including modulation of the renin-angiotensin system and/or the sympathetic nervous system and improvement in mitochondrial function. Data from recent clinical trials and basic research show a potential role for SGLT2 inhibitors in treating obesity-associated cardiometabolic complications targeting those abnormal pathophysiological systems in PCOS. This narrative review discusses the mechanisms of the beneficial effect of SGLT2 inhibitors in cardiometabolic diseases in PCOS.



Cardiovascular disease in PCOS

Cardiovascular disease is the number one cause of death among females in the United States (15). Unfortunately, PCOS is associated with multiple cardiovascular risk factors, such as obesity, hypertension, insulin resistance, dyslipidemia, and renal injury (16–19). While it is clear that women with PCOS have increased prevalence of cardiovascular risk factors, there is debate about whether or not these cardiovascular risk factors translate into increased cardiovascular events (20). In 2006, a study including ~11,000 women with PCOS from California (USA) showed no increased risk of coronary artery disease, cerebrovascular disease, or peripheral arterial disease in PCOS (17). Later, in 2015, a study including ~20,000 Danish women with PCOS also showed no increased risk of cardiovascular disease (21). However, when the same Danish population was reanalyzed broadening the definition of CVD to include hypertension and dyslipidemia, women with PCOS showed a ~2-fold increase in CVD events (22). The negative findings of the American and some of the Danish studies were in spite of both studies showing increased prevalence of cardiovascular risk factors, such as hypertension, dyslipidemia, and T2DM, in women with PCOS (17, 21). Conversely, in 2020, a meta-analysis showed that women with PCOS have an increased risk of cardiovascular disease and stroke (23). Furthermore, in 2021, a study including ~175,000 British women with PCOS demonstrated an increased risk for cardiovascular events, including myocardial infarction, angina, and revascularization in young women with PCOS (24). Participants were matched with controls for body mass index (BMI) on a 1:1 ratio in a total of 350,000 women, giving unprecedented strength to the work of Berni et al. (20, 24). Although there are multiple pharmacological agents used to manage the cardiometabolic complications in PCOS, their safety and effectiveness to prevent or ameliorate cardiovascular disease and mortality in PCOS are limited (25).

Although the etiology of the syndrome remains unknown, hyperandrogenemia may constitute a key mechanism underlying the cardiovascular risk factors in PCOS. We have demonstrated that hyperandrogenemia in female rats elicits several cardiovascular risk factors also present in women with PCOS (Figure 2). More recently, we demonstrated the potential benefit of SGLT2 inhibitors in body composition and blood pressure in such PCOS experimental model. Therefore, novel pharmacotherapies, such as sodium-glucose cotransporter-2 inhibitors, could simultaneously target multiple mechanisms of the pathophysiology of the cardiometabolic complications associated with PCOS.




Figure 2 | Cardiometabolic complications in PCOS.





SGLT2 inhibitors: Discovery and use beyond type 2 diabetes mellitus


Discovery of SGLT2 and its function

As the kidney filters blood, it must exercise precise, selective control over the reabsorption of electrolytes, carbohydrates, and amino acids while excreting waste products like urea. In the 1930s, with experiments from Shannon and Fisher, glucose in the mammalian nephron was shown to go “into reversible combination with some element in the tubule cells, present in constant but limited amount,” and this mystery element was proposed to be the rate-limiting step of glucose reabsorption from the nephron (26). In the 1970s, Scriver et al. hypothesized that there might be a G1/G2 system to reabsorb hexoses in the kidney, with G1 having a low-capacity, and low affinity for glucose. In contrast, G2 would have a high-capacity, high affinity. Inspired by familial renal glucosuria, Scriver et al. also hypothesized that only the G1 system was present in the intestines while G2 was not (27). Experiments from Turner and Moran in the 1980s gave further evidence for two different sodium-dependent glucose transporters in the proximal tubule of the nephron (28). The G1 and G2 systems were later characterized as low-capacity, high-affinity, or high-capacity, low-affinity and were recognized as SGLT1 and SGLT2, respectively (29). SGLT2 expression was localized to the renal cortex, while SGLT1 was localized to the renal medulla and intestine (29, 30). As SGLT2 has a high capacity for glucose, it was later confirmed that SGLT2 is explicitly responsible for the vast majority of renal glucose reabsorption (31).



Discovery of SGLT2 inhibitors

By inhibiting SGLT2, blood glucose could be lowered independently of insulin via its glucosuric effect, thus minimizing the risk of hypoglycemia observed with other antidiabetic agents (32). However, there were multiple drawbacks to using phlorizin, an early SGLT2 inhibitor naturally found in apple trees (33, 34), such as poor absorption in the gut and its concurrent inhibition of SGLT1 (35). Lack of functioning SGLT1 can lead to diarrhea, as seen with hereditary glucose/galactose malabsorption, so the search began for selective and orally available drugs to inhibit SGLT2 (36). Out of this search came the burgeoning drug class of gliflozins, which were based on the structure of the o-glucoside phlorizin (37, 38). While some gliflozins, such as the o-glucoside sergliflozin, were not successful candidates for managing glucose homeostasis (37), many c-glucosides made it through phase III clinical trials, such as empagliflozin, dapagliflozin, and canagliflozin, which are the SGLT2 inhibitors that are widely used in clinical practice nowadays (38, 39).



SGLT2 inhibitors confer cardiovascular protection in patients with and without diabetes

Around the time that currently available SGLT2 inhibitors were progressing through clinical trials, the United States Food and Drug Administration (FDA) issued an additional requirement for phase III clinical trials of antidiabetic medications for T2DM (40). Because of evidence that thiazolidinediones, PPARγ agonists that act as insulin sensitizers (41), may increase cardiovascular risk in patients with T2DM even while improving glycemic control, the FDA began recommending that all new antidiabetic medications also needed to demonstrate cardiovascular safety (40, 42).

Intriguingly, with the landmark EMPA-REG study (43), empagliflozin was shown to reduce the risk of cardiovascular death in T2DM, becoming the first antidiabetic medicine proven to do so (40, 43). Additionally, EMPA-REG showed preservation of renal function with empagliflozin (44). Later with the CANVAS (45), DECLARE-TIMI 58 (46), and CREDENCE (47) trials, the SGLT2 inhibitors canagliflozin and dapagliflozin were also shown to decrease the risk of cardiovascular death and renal failure. These benefits have been proposed to be independent of changes in glycemic status (47) as the reduction in blood glucose with SGLT2 inhibition is modest (43, 45, 47), suggesting that the positive benefit of SGLT2 inhibitors could be possible in patients without overt T2DM. Additionally, in terms of side effects, there was no increased risk of hypoglycemia or acute kidney injury with SGLT2 inhibition (43, 45–47). However, there are some notable side effects of this drug class. SGLT2 inhibition does increase the risk of mycotic genital infection (43, 45–47). More rarely, SGLT2 inhibition also increases the risk of diabetic ketoacidosis (46, 47), in particular euglycemic diabetic ketoacidosis (48), often occurring with surgery or illness. Euglycemic diabetic ketoacidosis is a severe and life-threatening complication that can be overlooked by providers because of the normal range blood glucose in this condition, so this is an important consideration for anyone taking or prescribing gliflozins.

More recently, with multiple trials such as EMPEROR-Reduced (49), EMPEROR-Preserved (50), DAPA-HF (51), and DAPA-CKD (52), even in the absence of T2DM, SGLT2 inhibition benefited patients with chronic kidney disease and patients with heart failure (with either reduced or preserved ejection fraction). These findings implicated a potential role of SGLT2 inhibition in cardiovascular or renal disease for various conditions. However, exactly how SGLT2 inhibition produces this cardiovascular/renal protection independently of its effect on glycemia is uncertain and is an open question. There are multiple hypotheses concerning these mechanisms (53, 54).




SGLT2 inhibition in women with PCOS

PCOS is associated with insulin resistance, obesity, renal injury, mitochondrial dysfunction, and activation of both the Sympathetic Nervous System (SNS) and Renin-Angiotensin System (RAS). SGLT2 inhibitors have demonstrated improvements in all these disease states, suggesting they may be a promising novel therapy to improve women’s healthcare in PCOS (Figure 3). Recently three small clinical trials used SGLT2 inhibitors to improve the cardiometabolic complications of patients with PCOS with exciting results (see summary in Table 1). In the trial by Javed et al., empagliflozin decreased body weight, body mass index, and fat mass in overweight women with PCOS compared to metformin (55). However, there was no decrease in insulin resistance or blood pressure, though it should be noted that the patients in this study had normal blood pressure at baseline (55). In the trial by Elkind-Hirsch et al., they explored if there were a synergistic effect between SGLT2 inhibition with dapagliflozin and glucagon-like peptide-1 receptor agonism (GLP-1RA) with exenatide in obese women with PCOS (56). Their data show that dapagliflozin and exenatide have an additive effect to further reduce body weight and fat mass than either drug individually can, which is likely due to their differing mechanisms of action. Combination therapy of SGLT2 and GLP-1RA could constitute a promising therapeutic tool to ameliorate cardiometabolic complications in PCOS women.




Figure 3 | Potential mechanisms by which SGLT2 inhibitors improve the cardiometabolic complications in PCOS.




Table 1 | Clinical trials of SGLT2 inhibitors in PCOS.



More recently, Tan et al. reported that licogliflozin decreased insulin resistance and circulating dehydroepiandrosterone sulfate (DHEAS) in women with PCOS, with a similar tendency in other circulating androgens (57). However, licogliflozin is not yet approved by the FDA and is more promiscuous than other SGLT2 inhibitors, having only a 30-fold selectivity for SGLT2 over SGLT1 (58), instead of the over 2,500-fold selectivity that empagliflozin has for SGLT2 (38). Higher-quality clinical trials are needed to better define the potential role of selective SGLT2 inhibitors in treating the cardiometabolic complications in women with PCOS.



Insulin resistance and SGLT2 inhibition in PCOS

While not part of the diagnostic criteria for PCOS, insulin resistance is frequently present in lean and obese women with PCOS (16, 59). In PCOS patients using the sequential euglycemic insulin clamp technique, insulin infusion leads to elevations in testosterone (60). Mechanistically, insulin and insulin-like growth factors synergize with luteinizing hormone to increase androgen synthesis in ovarian theca cells (61). Furthermore, insulin decreases circulating sex hormone-binding globulin (SHBG) by decreasing its hepatic synthesis, leading to increased circulating free testosterone (61), which can bind and activate the androgen receptor. Moreover, testosterone can be reduced to 5α-dihydrotestosterone (DHT) in peripheral tissues to become the most potent endogenous agonist of the androgen receptor (62). However, short-term androgen administration in women also decreases insulin sensitivity, as demonstrated by both hyperglycemic and euglycemic hyperinsulinemic clamps (63). Furthermore, androgen administration in female rats leads to insulin resistance (64, 65). Thus, it is still unclear if insulin resistance causes androgen excess in women with PCOS or whether androgen excess leads to the constellation of cardiometabolic dysfunctions, including insulin resistance, in women with PCOS.

To ameliorate insulin resistance in PCOS, the first-line therapy for T2DM, metformin, is often used off-label (66, 67). However, there is an ongoing debate whether or not metformin is beneficial for insulin resistance in PCOS patients, as a recent meta-analysis showed that metformin had no impact on fasting blood glucose or insulin in overweight women with PCOS (68, 69). Small short-term clinical trials have shown that the FDA-approved anti-obesity glucagon-like peptide-1 receptor agonists (GLP-1 RAs) improve insulin resistance in PCOS patients (70) and may be superior to metformin (71). Therefore, there is a great need for new therapeutics targeting insulin resistance and T2DM in PCOS.

We previously demonstrated that hyperandrogenic female (HAF) experimental PCOS model generated with female Sprague Dawley rats chronically implanted with subcutaneous DHT pellets (7.5 mg/90 days) exhibit similar cardiometabolic complications to those in women with PCOS. The HAF rats exhibit increased food intake, obesity with an expansion of both subcutaneous and visceral fat depots, insulin resistance, and elevated blood pressure, that closely mimic the cardiometabolic complications in women with PCOS (65, 72). This review will focus on the HAF cardiometabolic complications; however, there are multiple animal experimental models of PCOS, each one with pros and cons to model the human disease as summarized in recent reviews (73, 74).

We recently demonstrated that SGLT2 inhibition did not improve insulin resistance in the HAF rats, but it did improve adiposity and elevated blood pressure, suggesting that this agent could exhibit cardioprotective effects in women with PCOS. Whether SGLT2 inhibitors could be used to prevent the progression of insulin resistance to diabetes in women with PCOS remains unknown.



Hypertension and SGLT2 inhibition in PCOS


The systemic renin-angiotensin system

Multiple studies have demonstrated an increased prevalence of hypertension in women with PCOS (17, 18). Moreover, blood pressure could be only mildly elevated as demonstrated in 24-hour ambulatory blood pressure measurements in women with PCOS (75). Obesity is associated with hypertension, but women with PCOS, even with normal weight, can have elevated blood pressure (76). The specific mechanism(s) that lead to elevated blood pressure or hypertension in PCOS remain a matter of debate.

One promising mechanism is dysregulation of the renin-angiotensin system (77, 78). The RAS plays a significant role in long-term blood pressure control, and it may lead to hypertension when inappropriately activated (79). The systemic RAS begins with the macula densa in the distal portion of the nephron (80). When it senses low sodium, the macula densa releases the enzyme renin from juxtaglomerular cells. Renin will then cleave angiotensinogen, released mainly from the liver, into angiotensin I (Ang I). Angiotensin-converting enzyme (ACE), which is expressed primarily in the lung, will then convert Ang I into angiotensin II (Ang II). Then, Ang II can bind to the Ang II Type 1 Receptor (AT1R) or the Ang II Type 2 Receptor (AT2R) (80, 81). Through AT1R, Ang II constricts the efferent arteriole, causing an increase in glomerular filtration rate to increase sodium delivery to the macula densa. Furthermore, Ang II stimulates aldosterone release by the adrenal gland via AT1R, which will increase sodium reabsorption by principal cells of the collecting duct of the nephron. Alternatively, via AT2R, Ang II causes vasodilation to decrease blood pressure. Furthermore, Ang II can be converted by angiotensin-converting enzyme 2 (ACE2) into the heptapeptide angiotensin (1–7) that reduces blood pressure and insulin resistance via the Mas receptor (81, 82).



The intrarenal renin-angiotensin system

In addition to the systemic RAS, several tissue-specific renin-angiotensin systems exist, such as in the kidneys, heart, and adipose tissue (83). We will focus on the intrarenal RAS for this review as SGLT2, an essential player in this work, is predominantly expressed in the kidney but not in the heart or the adipose tissue (84). In the nephron, AT1R lines the lumen of the proximal tubule, distal tubule, and collecting duct (85) and can stimulate angiotensinogen synthesis in the proximal tubule with Ang II-activation (86). Renin is produced in the proximal tubule (87, 88), distal tubule (89), and principal cells of the collecting duct (89), allowing for angiotensin I to be produced within the nephron. Meanwhile, ACE is expressed along the brush border of the proximal tubule (90) and within cells of the collecting duct (91), allowing for Ang I to be produced within the nephron. When Ang II binds to the AT1R of the principal cells of the collecting duct, it increases the activity of epithelial sodium channels, which can further increase blood pressure (86, 91, 92). The detailed mechanism of the regulation of blood pressure by epithelial sodium channels can be found elsewhere (93). Thus, the intrarenal RAS appears to have a positive feedback loop where intratubular Ang II can lead to the formation of more intratubular Ang II, which can lead to increases in blood pressure (86).



Hypertension in PCOS: Targeting the renin-angiotensin system

The RAS, a central regulator of blood pressure, is modulated by androgens. Women with PCOS have dysregulation of the RAS with high circulating levels of renin (77, 94), the rate-limiting enzyme of the RAS (95). Plasma ACE2, which converts Ang II into the vasodilator angiotensin (1–7), is also decreased in women with PCOS (94). In a case series of four women with PCOS, treatment with telmisartan, an AT1R blocker, normalized blood pressure, reduced androgen levels, and improved the menstrual cycle (78). In a preclinical hyperandrogenemic female (HAF) rat model of PCOS, mRNA expression of renal angiotensinogen and ACE is increased (65). Furthermore, the ACE inhibitor enalapril reduces blood pressure in aged HAF rats more than in controls (96). However, compensatory alterations in the RAS have been shown in PCOS, as circulating angiotensinogen is decreased in women with PCOS (94). Moreover, intrarenal ACE2 is upregulated while intrarenal renin is downregulated in HAF rat model of PCOS (97). The upregulation of the ACE2 could be a protective mechanism to counteract the activation of the classical arm of the RAS; however, this hypothesis needs to be tested. Altogether, these data implicate the RAS is at least partially responsible for the increased blood pressure observed in PCOS. ACE inhibitors or AT1R blockers are widely used as antihypertensive drugs in the general population. However, due to their potential teratogenic, fetotoxic, and miscarriage-associated risks during pregnancy, ACE inhibitors and AT1R blockers are rarely used in the clinic in PCOS women of reproductive age (98–100). Thereby, agents that impact the RAS safely and effectively are needed to treat hypertension in women with PCOS.



SGLT2 and the renin-angiotensin system

RAS blockers are part of the standard of care for chronic kidney disease (both with and without diabetes mellitus) and heart failure. In landmark clinical trials showing cardiovascular and renal protection by SGLT2 inhibition, most patients were on some form of RAS blocker at baseline (43, 45–47, 49–52). In other words, the benefit of SGLT2 inhibition in clinical trials typically occurred on a background of RAS blockade. How might RAS blockade be working with SGLT2 inhibition, though?

As SGLT2 inhibition decreases sodium reabsorption in the proximal tubule, one would expect that there would be increased sodium delivery to the macula densa, thus reducing renin release and RAS activation. However, what has been found experimentally is more complex. Concerning the first part of the systemic RAS cascade, in a retrospective analysis of patients with hypertension and T2DM, no significant change was observed in plasma renin activity (PRA) with SGLT2 inhibition (101). Meanwhile, diabetic male mice treated with empagliflozin had decreased PRA; however, empagliflozin caused no change in PRA in control mice (102). Furthermore, a small observational study showed in diabetic patients that PRA was initially increased after one month of SGLT2 inhibition but returned to normal after three months of treatment (103). The variability observed in PRA with SGLT2 inhibition could be partly due to volume contraction from SGLT2 inhibition. The glucosuria from SGLT2 inhibition causes osmotic diuresis, which may decrease extracellular volume to trigger the release of renin (53). However, with time, the elevated antidiuretic hormone can compensate for the decrease in volume from SGLT2 inhibition (104), which may restore renin levels to normal.

Renin is far from the only component of the RAS reported to respond to SGLT2 inhibition, and the results are equally as mixed as those of renin. In a mouse model of T2DM, Woods et al. found that renal cortex angiotensinogen mRNA and protein expression was decreased by SGLT2 inhibition; however, renal ACE and AT1R mRNA expression was unchanged (105). Meanwhile, in a rat model of T2DM, Shin et al. found that AT1R protein expression was decreased in the renal cortex with SGLT2 inhibition (106). Furthermore, in diabetic Dahl salt-sensitive rats, SGLT2 inhibition was shown to work synergistically, instead of additively, with ACE inhibition to reduce blood pressure (107). Meanwhile, Bautista et al. found in male rats that Ang II increases renal SGLT2 independent of blood pressure changes and that inhibiting Ang II formation or AT1R decreases renal SGLT2 (108). Therefore, at least in male rodents, SGLT2 inhibitors and RAS blockade may work together synergistically, which may translate to the importance of patients having both types of pharmacotherapies to treat their cardiometabolic disease.

Recently, we reported that SGLT2 inhibition in HAF rats downregulates intrarenal ACE and AT1R mRNA, which was accompanied by a slight decrease in mean arterial pressure (97). However, intrarenal ACE2 mRNA, which is part of the vasodilatory arm of the RAS, was also downregulated by SGLT2 inhibition in HAF rats (97). If the upregulation of the ACE2 in the kidney is a compensatory mechanism to combat the androgen deleterious effect, one can speculate that due to the beneficial effect of SGLT2 inhibitors, this is not further needed. These data suggest that SGLT2 inhibition could work synergistically with RAS blockers to reduce blood pressure in HAF rats, similar as in male rodents (107).



Sympathetic nervous system and SGLT2 in PCOS

Another possible mechanism for hypertension in women with PCOS is an activation of the SNS. Using heart rate variability to measure autonomic dysfunction, women with PCOS matched with controls for body mass index and blood pressure have increased SNS activity and decreased parasympathetic activity (109). Furthermore, adrenergic blockade with terazocin and propranolol in young HAF rats effectively decreases blood pressure (110). Renal denervation, which reduces sympathetic activity in the kidney, also reduces blood pressure in HAF rats and in women with PCOS (110, 111). The SNS may be activated in PCOS women and HAF rats because of elevations in the adipokine leptin in the circulation (65, 112). Leptin secretion by the adipose tissue is upregulated in obesity. When leptin is chronically elevated, it increases blood pressure by stimulating the sympathetic nervous system via melanocortin 4 receptor (MC4R) in pro-opiomelanocortin (POMC) neurons (113). Activation of the renal SNS can also activate the RAS (113) and promote sodium retention, actions that, if sustained over time, can increase blood pressure. Consequently, it is possible to speculate that adrenergic blockade could reduce RAS activation in PCOS. The detailed mechanism by which MC4R regulates blood pressure has been recently reviewed (114).

Adrenergic blockade is part of the standard of care in particular clinical conditions such as heart failure with reduced ejection fraction (115). To the best of our knowledge, randomized clinical trials with adrenergic blockade have not been yet performed in women with PCOS. However, while used to treat some individuals with essential hypertension, adrenergic blockade is not the gold standard, with some studies showing a lack of cardiovascular protection with this drug class (116, 117). Therefore, while the SNS appears to be upregulated in overweight or obese women with PCOS, whether or not direct adrenergic blockade would be beneficial in attenuating their hypertension is still unclear.

There are some evidence that SGLT2 inhibitors could target the SNS to exhibit their cardioprotective effects. Activation of the SNS leads to vasoconstriction and an increase in heart rate, leading to an increase in blood pressure (80). With the potential volume contraction from the osmotic diuresis caused by SGLT2 inhibition, one would not be surprised to observe a compensatory increase in heart rate. However, data from phase II/III clinical trials in patients with T2DM show that SGLT2 inhibition is associated with a decrease in heart rate (118, 119). Why might that be? A study by Herat and colleagues recently demonstrated in Schlager mice, a model of neurogenic hypertension with sympathetic activation, that SGLT2 inhibition decreases SNS innervation of the kidney, accompanied by a reduction of renal norepinephrine (120). However, precisely how SGLT2 regulates renal SNS is uncertain. A recent meta-analysis in patients with T2DM demonstrated that SGLT2 inhibition was associated with decreased circulating leptin (121), and we recently found that SGLT2 inhibition decreases plasma leptin in HAF rats (97). As leptin is known to stimulate the renal SNS, reduced circulating leptin may contribute to how SGLT2 regulates the renal SNS.




Mitochondrial dysfunction and SGLT2 inhibitors in PCOS

The mitochondrion is an essential organelle for eukaryotic organisms. It is known as “the powerhouse of the cell” because it conducts oxidative phosphorylation, a process necessary to generate enough energy for complex organisms to function (80). Mitochondrial dysfunction can be defined as when mitochondria cannot provide ATP for the cell while minimizing an overflow of naturally formed reactive oxygen species (ROS) from damaging the rest of the cell (122, 123). Methods to measure ROS in humans or animals include assessing total antioxidant capacity in serum or measuring markers of oxidative damage, such as lipid peroxidation, through 2-thiobarbituric acid reactive substances assay (124). Mitochondrial dysfunction has been linked to diabetes (122, 125), metabolic syndrome (125), heart failure (126), chronic kidney disease (127), and PCOS (128).

Women with PCOS have decreased mitochondrial DNA, a marker of mitochondrial content or volume, in circulating leukocytes (129, 130). Decreased inner mitochondrial membrane potential, altered mitochondrial structure, and increased ROS have also been demonstrated in the oocytes of a PCOS mouse model (131). Furthermore, lean women with PCOS have decreased circulating total antioxidant capacity and increased malondialdehyde, indicating increased oxidative stress (59). The mitochondrion is an organizing center for cellular metabolism (80), so there are significant implications for insulin resistance and obesity in PCOS. Additionally, excess oxidative stress can lead to inflammation, further worsening insulin resistance, obesity, and blood pressure in PCOS (132, 133). Therefore, targeting mitochondrial dysfunction may be a promising therapeutic avenue in patients with PCOS. Yilmaz et al. demonstrated in lean women with PCOS that rosiglitazone, a peroxisome proliferator-activated receptor-γ (PPARγ) agonist that stimulates mitochondrial biogenesis (41), increases circulating total antioxidant capacity, decreases circulating malondialdehyde, and decreases insulin resistance (59). However, PPARγ has multiple functions outside of stimulating mitochondrial biogenesis (134), so it is uncertain if specifically increasing mitochondrial content improves these parameters in women with PCOS. Furthermore, body mass index increases with the thiazolidinedione rosiglitazone in women with PCOS (59). However, there are concerns about thiazolidinediones and cardiovascular risk (42), limiting excitement for using PPARγ agonists in women with PCOS. Exploring the potential role of other pharmacotherapeutics that improve mitochondrial function, such as SGLT2 inhibitors (105, 135–138), is a promising new direction in the field.

SGLT2 inhibition has been found to improve mitochondrial function in various ways. In the heart of male rodents with T2DM, SGLT2 inhibition decreases ROS production (135) and also increases the expression of nuclear respiratory factor 1 (NRF1) and PPARγ coactivator 1-α (PGC1α) (136), which positively regulate mitochondrial biogenesis (134). SGLT2 inhibition also decreases markers of oxidative stress in the blood while increasing the activity of the antioxidant enzyme superoxide dismutase (136). Meanwhile, in the kidney of male rodents with T2DM, SGLT2 inhibition normalizes mitochondrial morphology (preventing mitochondria from becoming excessively round or fragmented) while decreasing urinary 8-isoprostane and 8-hydroxydeoxyguanosine, which are markers of oxidative stress (105, 137). In white adipose tissue of male rodents with T2DM, SGLT2 inhibition similarly increased the expression of NRF1 and PGC1α as it did in the heart, which was associated with an increase in mitochondrial DNA, a marker of mitochondrial content (136, 138). The diseases currently indicated for SGLT2 inhibitor use, such as T2DM, heart failure, and chronic kidney disease, have been linked to mitochondrial dysfunction (125–127), so improving mitochondrial function may be an essential pathway for the beneficial effects seen in patients on SGLT2 inhibitors. However, more studies are needed to explore the therapeutic potential of SGLT2 inhibition on mitochondrial dysfunction in women, especially those with PCOS. We recently demonstrated that hyperandrogenemia in the HAF rat model of PCOS causes the expansion of white adipose tissue, which is associated with decreases in mitochondrial content and function in both subcutaneous and visceral adipose tissue (139). Treatment with SGLT2 inhibitors increased the frequency of small adipocytes in visceral adipose tissue without affecting mitochondrial dysfunction in white adipose tissue, oxidative stress, or insulin resistance in the HAF rat model (139). Our study suggests that targeting mitochondrial dysfunction in PCOS may be necessary to improve insulin resistance and that hyperandrogenemia blunts the beneficial effect of SGLT2 inhibitors in the HAF rat model of PCOS.



Perspective and clinical implications

PCOS is the most common endocrine disorder in reproductive-age women (1–3). Patients with PCOS have an increased incidence of major adverse cardiovascular events (24), likely driven by the increased incidence of cardiovascular risk factors in this population, such as hypertension, insulin resistance, renal injury, and obesity (16–19) (Figure 2). Unfortunately, there is a lack of effective, evidence-based pharmacotherapeutics targeted at cardiometabolic disease (25). Meanwhile, SGLT2 inhibitors have been rapidly expanding their clinical indications because of their cardiovascular protection in patients with and without T2DM (43, 47, 51, 52). However, whether and exactly how SGLT2 inhibitors confer cardiovascular protection in PCOS women, with and without diabetes remains to be elucidated pending high quality large clinical trials. Limited clinical data have suggested that women with PCOS have renal and cardiac target organ injury (140). Moreover, a recent study has shown that women with PCOS have a higher risk of preeclampsia/eclampsia, peripartum cardiomyopathy, and heart failure during hospitalizations for delivery (141). Women with PCOS who have increased cardiovascular risk factors as the conditions mentioned above could benefit from SGLT2 inhibitors, pending confirmation with clinical trials. The numerous mechanistic hypotheses for cardiovascular protection include deactivation of the RAS and/or the SNS as well as improvement in mitochondrial function, all of which are abnormal in women with PCOS. Data from recent small clinical trials and basic research show promise for SGLT2 inhibitors in treating some of the cardiometabolic complications in PCOS.
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Introduction

Asthma and polycystic ovarian syndrome (PCOS) are linked in several possible ways. To date, there has been no study evaluating whether pediatric asthma is an independent risk factor for adult PCOS. Our study aimed to examine the association between pediatric asthma (diagnosed at 0-19 years) and adult PCOS (diagnosed at ≥20 years). We further assessed whether the aforementioned association differed in two phenotypes of adult PCOS which were diagnosed at 20-25 years (young adult PCOS), and at >25 years (older adult PCOS). We also evaluated whether the age of asthma diagnosis (0-10 vs 11-19 years) modified the association between pediatric asthma and adult PCOS.





Material and methods

This is a retrospective cross-sectional analysis using the United Arab Emirates Healthy Future Study (UAEHFS) collected from February 2016 to April 2022 involving 1334 Emirati females aged 18-49 years. We fitted a Poisson regression model to estimate the risk ratio (RR) and its 95% confidence interval (95% CI) to assess the association between pediatric asthma and adult PCOS adjusting for age, urbanicity at birth, and parental smoking at birth.





Results

After adjusting for confounding factors and comparing to non-asthmatic counterparts, we found that females with pediatric asthma had a statistically significant association with adult PCOS diagnosed at ≥20 years (RR=1.56, 95% CI: 1.02-2.41), with a stronger magnitude of the association found in the older adult PCOS phenotype diagnosed at >25 years (RR=2.06, 95% CI: 1.16-3.65). Further, we also found females reported thinner childhood body size had a two-fold to three-fold increased risk of adult PCOS diagnosed at ≥20 years in main analysis and stratified analyses by age of asthma and PCOS diagnoses (RR=2.06, 95% CI: 1.08-3.93 in main analysis; RR=2.74, 95% CI: 1.22-6.15 among those diagnosed with PCOS > 25 years; and RR=3.50, 95% CI: 1.38-8.43 among those diagnosed with asthma at 11-19 years).





Conclusions

Pediatric asthma was found to be an independent risk factor for adult PCOS. More targeted surveillance for those at risk of adult PCOS among pediatric asthmatics may prevent or delay PCOS in this at-risk group. Future studies with robust longitudinal designs aimed to elucidate the exact mechanism between pediatric asthma and PCOS are warranted.
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1 Introduction

Asthma is a multifactorial respiratory disease defined by reversible airway hyperactivity and a wide range of symptoms (1). Inflammation is a key factor in the pathology of asthma, and cross-communication between the airways and inflammatory mediators leads to inflammation that is not only confined to the local airways but also tends to be systemic (2). Asthma is a common pediatric disease with more than 80% of first asthma episodes happening in the first six years of life (3). The main risk factors associated with pediatric asthma include genetic predisposition, viral respiratory infections, and female sex hormones (4). In addition, pediatric asthma has long-term health consequences and is known to be associated with adult non-communicable diseases such as hypertension and diabetes (5).

Polycystic Ovarian Syndrome (PCOS) is a complex endocrine disorder affecting 5-10% of females of reproductive age (6). PCOS is a multifactorial disorder and risk factors associated with PCOS include genetic predisposition, hormonal factors, as well as maternal environmental factors (e.g. metabolic disturbance during pregnancy) (7, 8). Previous studies found that females with PCOS have an increased risk of developing subsequent metabolic disorders, such as cardiovascular disease, hypertension, and diabetes (7, 9, 10). The etiology of PCOS is not exactly known, however, chronic systemic inflammation has been proposed as one of the possible mechanisms (8, 11). In addition, PCOS may have its early-life origins through exposure to excess androgens at any stage from fetal development to childhood period (7, 8).

Asthma and PCOS are linked in several possible ways. Previous studies have established the association between PCOS and subsequent asthma among reproductive-aged females (12–14). There is clinical overlap between asthma and PCOS (15), including alterations in gut microbiota (16–18), menstrual cycle abnormalities (19–21), infertility (22, 23), obesity (24–26), and insulin resistance that was found in asthmatics as well as females with PCOS (27, 28). Previous epidemiological studies have also found an association between PCOS and subsequent asthma (13, 29). However, there is a limited epidemiological study on another possible direction of the association between asthma and subsequent PCOS, including our previous work examining the association between asthma diagnosed at <25 years with subsequent PCOS diagnosed at ≥25 years (30). Asthma may be associated with subsequent PCOS as asthma and PCOS are multifactorial complex diseases and they shared pathophysiological mechanisms, including female hormonal disturbance, systemic/low-grade inflammation, as well as obesity and, metabolic syndrome (11–14, 31). We thus predict that pediatric asthma might be associated with adult PCOS, independent of other relevant risk factors found in our dataset.

Our study aimed to examine the association between pediatric asthma (diagnosed at 0-19 years of age) and adult PCOS (overall adult PCOS: diagnosed at ≥20 years, young adult PCOS: diagnosed at 20-25 years, and older adult PCOS: diagnosed at 25-49 years). We also assessed whether the age of asthma diagnosis (childhood asthma: diagnosed at 0-10 years, and adolescent asthma: diagnosed at 11-19 years) modified the association between pediatric asthma and adult PCOS. Finally, in the main analysis and stratified models, we performed restriction analysis by body size at 10 years old and health status up to 10 years old, to better address the potential mediating effect of childhood body size and childhood health on the association between pediatric asthma and adult PCOS.




2 Material and methods



2.1 Study design, participants, and setting

This is a retrospective cross-sectional study using the United Arab Emirates Healthy Future Study (UAEHFS) collected from February 2016 to April 2022. We included all 1334 females aged 18-49 years who had complete information on the age of asthma and PCOS diagnosis (Figure 1). The study design, questionnaire, and methodologies of the UAEHFS are described elsewhere (32). In brief, the UAEHFS is an ongoing population-based prospective cohort study among Emirati nationals aged 18 years or above. A convenience sample of Emirati individuals was invited to participate from across the UAE. Multiple recruitment centers were set up across the country where participants filled out the questionnaire and had some physical measurements. Due to the COVID-19 pandemic, the recruitment shifted to online-based starting in April 2020, and an online questionnaire was introduced to the new participants. Physical measurements, such as body mass index (BMI), were taken in the participating centers for new participants that filled out and returned the online questionnaire.




Figure 1 | Flowchart of the final analytical sample included in the study.






2.2 Ethical approval

The study and its procedures have been reviewed and approved by the Institutional Review Board at New York University Abu Dhabi, Dubai Health Authority, Ministry of Health and Prevention in the UAE, and Health Research and Technology Committee, reference number DOH/HQD/2020/516. Written consent was obtained from participants at the centers or by filling out an online consent form before data collection started.




2.3 Measurements

We analyzed self-reported physician diagnoses for asthma based on the questionnaire response to: “Has a doctor ever told you that you had asthma?”. The age at asthma diagnosis was extracted from the questionnaire response to: “What was your age when asthma was first diagnosed?”, and pediatric asthma was defined as asthma first diagnosed at 19 years of age or younger (pediatric population) (5, 33). Similarly, self-reported physician diagnosis for PCOS was used based on the questionnaire response to: “Has a doctor ever told you that you had PCOS?”. The age at PCOS diagnosis was extracted from the questionnaire response to: “How old were you when the doctor first told you that you had PCOS?”, and adult PCOS was defined as PCOS first diagnosed at 20 years of age or above (34). Overall health up to 10 years old was determined based on the questionnaire response to: “In general, how was your health in childhood (less than 10 years old)?”, we then categorized childhood health status variable into two categories: poor or fair and good or excellent based on the responses. Body size at 10 years old was determined based on the questionnaire responses to: “When you were 10 years old, compared to average, would you describe yourself as: about average, thinner, or plumper?”, we then classified body size at 10 years old into four categories of around average, average, thinner, and plumper. Age was constructed based on the questionnaire response to “What is your date of birth”, and we kept its continuous form in our analysis. Urbanicity at birth and current urbanicity were determined based on the questionnaire response to: “Where do you and your family live around the time of your birth?”, and “Where do you and your family live now?”, respectively. We then categorized the city as an urban area and non-cities (villages, deserts, islands, and others) as rural or other non-urban. Parental smoking (at birth) was constructed based on the questionnaire response to “Did your mother or father smoke regularly around the time when you were born?” (no/yes). Parental education and education attainment were constructed based on the questionnaire response to: “What level of education did your father or mother complete?”, and “What is the highest level of education that you have completed?”, respectively. We categorized education levels into three categories (≤6 years, >6 to 12 years, and 12+ years of schooling). Birthweight which was determined based on the questionnaire item: “What was your birth weight (in kg)?”, was categorized later into low birthweight (<2.5 kg) and normal birthweight (2.5+ kg). BMI was calculated using the Tanita MC 780 by nurses at the recruitment centers, and the values for each participant were recorded and its continuous form was used in our analysis.




2.4 Statistical analysis

Characteristics of the study participants were evaluated using numbers with percentage (n, %) for each categorical variable and mean with standard deviation (mean ± SD) for each continuous variable (Table 1). To establish asthma as an exposure preceding PCOS as an outcome, we relied on age at disease diagnosis and excluded those with adult asthma (diagnosed at >19 years of age) and adolescent PCOS (diagnosed at <20 years of age). We then fitted a Poisson regression model with robust variance to estimate the risk ratio (RR) and its 95% confidence interval (95% CI) to assess the association between pediatric asthma (diagnosed at 0-19 years of age) and adult PCOS (diagnosed at ≥20 years of age) (Tables 2–4) (35). We examined the RR and its 95% CI in the crude and adjusted models, adjusting for age (5, 36), urbanicity at birth (37, 38), and parental smoking (37, 39). Due to a high amount of missing values (>50%) on parental education (40, 41) and birthweight (42, 43), we excluded these potential confounding factors in the regression analysis even though these are important confounding factors in this study. In addition, the missing indicator method was used to handle uncertain values from missing, prefer not to answer (PFA), and do not know (DN) responses. Analyses were carried out using STATA 17.0 (StataCorp, TX). P values <0.05 were considered statistically significant.


Table 1 | Characteristics of female study participants based on pediatric asthma status, missing or uncertain vales are not shown (N=1334).




Table 2 | Modified Poisson regression analysis between females with pediatric asthma history (diagnosed at 0-19 years of age) and adult PCOS (diagnosed at ≥20 years of age), in total population and restricted by potential mediators (N=1334).




Table 3 | Modified Poisson regression analysis between females with pediatric asthma and adult PCOS, stratified by the age of PCOS diagnosis (20-25 years vs >25 years), in total population and restricted by potential mediators (N=1334).




Table 4 | Modified Poisson regression analysis between females with pediatric asthma and adult PCOS, stratified by the age of asthma diagnosis (0-10 vs >11-19 years), in total population and restricted by potential mediators (N=1334).







3 Results

Table 1 summarizes the descriptive characteristics of study participants based on their pediatric asthma status. Out of 1334 females aged 18 to 49 years, 130 females reported ever being diagnosed with asthma when they were 0-19 years of age (pediatric asthma prevalence = 9.75%). Compared to non-asthmatics, females with pediatric asthma were older (24.8 ± 6.4 vs 23.8 ± 6.1 years), had a higher BMI (28.5 ± 7.6 vs 23.2 ± 4.7 kg/m2), a greater proportion resided in urban areas (89.2% vs 83.2%), a greater proportion had >12 years of schooling (high level of education) (53.9% vs 48.1%), and a higher proportion diagnosed with PCOS (14.6% vs 8.5%). In terms of early-life characteristics, females with pediatric asthma had a higher proportion reporting poorer overall health up to 10 years old (25.4% vs 11.0%), had a higher proportion having plumper body size at 10 years old (16.2% vs 8.4%), had a higher proportion of parental smoking at birth (29.2% vs 22.4%), and had a higher proportion of lower birthweight (26.2% vs 15.7%), compared to non-asthmatic females.

Table 2 shows the risk ratios (RRs) of the associations between pediatric asthma (diagnosed at 0-19 years of age) and adult PCOS (diagnosed at ≥20 years of age). In the crude and fully adjusted model, compared to non-asthmatics, pediatric asthma was significantly associated with adult PCOS (RR=1.73, 95% CI: 1.10-2.72 in the crude model; and RR=1.56, 95% CI: 1.02-2.41 in the adjusted model). In the restriction analysis by early-life risk factors, namely, body size at 10 years old and childhood health status up to 10 years old, the significance diminished among those who had about average and plumper body size, and those who reported excellent or good childhood health. Meanwhile, marginal significance was observed among those who reported poor or fair childhood health. Lastly, the statistical significance persisted among those with thinner body size at 10 years old (RR=2.00, 95% CI: 1.01-3.99 in the crude model; and RR=2.06, 95% CI: 1.08-3.93 in the adjusted model).

Table 3 shows the risk ratios (RRs) of the associations between pediatric asthma (diagnosed at 0-19 years of age) and adult PCOS (diagnosed at ≥20 years of age), stratified by the age of adult PCOS diagnosis (20-25 years vs >25 years at PCOS diagnosis), in the main analysis and restricted by early-life risk factors, namely, body size at 10 years old and childhood health status up to 10 years old. In the young adult PCOS diagnosis stratum (diagnosed at 20-25 years), pediatric asthma was not associated with adult PCOS. On the contrary, in the older adult PCOS diagnosis stratum (diagnosed at >25 years) and after adjusting for confounding, we found that pediatric asthma had a significantly increased risk for adult PCOS (RR=2.06, 95% CI: 1.16-3.65). The statistical significance was still observed among those with thinner and about average body size at 10 years old in the older adult PCOS group even after adjusting for confounding factors (RR=2.74, 95% CI: 1.22-6.15 among thinner childhood body size category; and RR=3.40, 95% CI: 1.49-7.73 among about average body size category).

Table 4 presents the risk ratios (RRs) of the associations between pediatric asthma (diagnosed at 0-19 years of age) and adult PCOS (diagnosed at ≥20 years of age), stratified by the age of asthma diagnosis (0-10 vs 11-19 years at asthma diagnosis), in main analysis and restricted by early-life risk factors, namely, body size at 10 years old and childhood health status up to 10 years old. We did not find any statistically significant associations in the main analysis for both strata. However, in the 0-10 years of age of asthma diagnosis and after adjusting for confounding, the significance was observed among those with poor or fair childhood health status (RR=2.54, 95% CI: 1.03-6.30). Meanwhile, in the 11-19 years of age of asthma diagnosis stratum and after adjusting for confounding factors, we found that those diagnosed with asthma at 11-19 years had a significantly increased risk of adult PCOS among those reported thinner childhood body size and those reported excellent or good childhood health status (RR=3.50, 95% CI: 1.38-8.43 among those reported thinner childhood body size, and RR=2.13, 95% CI: 1.01-4.50 among those reported excellent or good childhood health status).




4 Discussion

To our knowledge, this is the first population-based study evaluating the association between pediatric asthma diagnosed at 0-19 years and adult PCOS diagnosed at 20 years of age or above. We are able to demonstrate temporality as there is a long interval time between pediatric asthma and adult PCOS diagnoses in this analysis. In both crude and adjusted models and compared to non-asthmatic females, we found that pediatric asthma was significantly positively associated with adult PCOS (Table 2). Previous studies have found that PCOS was an independent risk factor for asthma among reproductive-aged females and suggested a strong correlation between PCOS and chronic systemic inflammation such as asthma (12–14, 31). However, our study provided a new perspective on how asthma and PCOS might be linked in the opposite direction. Our recent bi-directional study examining asthma and PCOS found a significant association between asthma diagnosed at <25 years and adult PCOS diagnosed at ≥25 years, independent of age and BMI (30). Female hormonal disturbance, metabolic syndrome, and obesity have been suggested as overlapping mechanisms that link asthma and PCOS (11–14, 31). A previous study has shown that obesity may worsen hormone dysregulation (25), and although there is no exact explanation linking asthma and metabolic syndrome, there were various known risk factors, including obesity or high BMI and dyslipidemia (44). Compared to non-asthmatics, those with pediatric asthma are known to be more susceptible to subsequent chronic diseases due to immune system impairment and persistent systemic inflammation (45, 46). In addition, compared to their healthy counterparts, pediatric asthmatics are known to have lower sympathetic nervous activity, and thereby a lower metabolic rate which may subsequently affect their vital biological process such as growth and reproduction (47–49). A previous study that linked pediatric asthma and reproductive health found pediatric asthma to be significantly associated with an earlier age at menarche (37). Therefore, we believe there are possible mechanisms involving biological factors in the association between pediatric asthma and adult PCOS since PCOS has been recognized as a chronic metabolic condition beyond a merely reproductive disorder (50).

We stratified by the age of PCOS diagnosis (Table 3) to better understand the association between pediatric asthma and adult PCOS phenotypes; young adult PCOS (diagnosed at 20-25 years), and older adult PCOS (diagnosed at >25 years). Compared to non-asthmatics, we found pediatric asthma was significantly associated with older adult PCOS. Most PCOS-related studies have involved adult populations (mean age > 25 years), however, PCOS can also be present in adolescence and young adulthood (aged ≤25 years) (51, 52). To our knowledge, there is no study on the association between pediatric asthma and any PCOS phenotypes (young adult PCOS or older adult PCOS) to compare to our study findings, however, several possible mechanisms may explain the observed findings. The expression of PCOS in early adulthood may differ from and does not necessarily resemble that of clinical and endocrinological features observed in later adulthood (52). Elevated sex hormone of adrenal androgen was observed in females with PCOS (8), and a previous study found that a greater decrease in adrenal androgen secretion happens between the ages of 20 to 25 years (53). In addition, inflammation is known to be a key factor in the pathology of asthma (2), and a previous study has shown that inflammation affects the level of female sex hormones (11). We believe possible mechanisms involving chronic inflammation and endocrinological features or sex hormones may explain the observed association between pediatric asthma and older adult PCOS phenotype in our study. Future studies to elucidate the exact mechanism of the association between pediatric asthma and older adult PCOS are warranted.

We further stratified the analysis by the age of asthma diagnosis (Table 4) to separate two distinct asthma phenotypes of childhood asthma (diagnosed at 0-10 years of age) and adolescent asthma (diagnosed at 11-19 years of age) and its association with adult PCOS. Childhood asthma (asthma diagnosed at 0-10 years) and adolescent asthma (asthma diagnosed at 11-19 years) were shown to be not significantly associated with adult PCOS in the crude and adjusted models. Asthma is known to be a uniquely diverse disorder with many clinical expressions throughout childhood and adolescence period (3). Childhood asthma and adolescent asthma are shown to be distinct in several ways, including their risk factors. The main risk factor for childhood asthma is a genetic predisposition (4), whereas the main risk factor for adolescent asthma is related to sex hormones (3). Our significant association between pediatric asthma and adult PCOS was only observed among those diagnosed with asthma at 11-19 years in the crude analysis, but the significant association disappeared after adjusting for confounding factors. Adolescence is a transitional stage of physical and psychological development, which is marked by the puberty period in which changes in reproductive hormones occur, and body weight gain following menarche is suggested to mediate the association between pediatric asthma and adult PCOS (54). Compared to healthier counterparts, pediatric asthmatics tend to have a lower sympathetic activity, hence a lower metabolic rate that may affect fat storage and may lead to overweight or obesity (47, 48). In addition, weight gain at puberty has been shown to be a significant risk factor for adult PCOS (52). The involvement of weight gain during puberty in the association between adolescent asthma and adult PCOS may  be  worth further investigation.

We also performed restriction analysis by body size at 10 years old and childhood health status up to 10 years old in all analyses (Table 2-4) to further explore the role of obesity in the association between pediatric asthma and adult PCOS since we could not rule out the possibility that childhood obesity and childhood health status may mediate the association between pediatric asthma and adult PCOS. Further analysis showed that childhood obesity or childhood health status alone was unlikely to explain the mechanism between pediatric asthma and adult PCOS, as the observed significance disappeared when the analysis was restricted to those with average or plumper body size at 10 years old, as well as to those with poorer/fair or excellent/good childhood health status up to 10 years old (Table 2). Childhood body size (obesity or overweight) may be related to pediatric asthma and adult PCOS through the following mechanisms. In addition to their lower metabolic rate as previously mentioned (47, 48), pediatric asthmatics are known to have poorer childhood health and may limit their physical activities due to their asthma conditions, hence, more susceptible to subsequent childhood overweight or obesity, compared to their healthy counterparts (37, 55). However, due to the design of this study, we could not further evaluate whether childhood obesity or childhood health status indeed mediated the association between pediatric asthma and adult PCOS.



4.1 Strengths and limitations

To our knowledge, our study is unique because it is the first population-based study examining the association between pediatric asthma and adult PCOS. We were able to assess the association with clear temporality and were able to control for relevant confounding factors. In addition, the large sample size in this study was suitable to perform stratification and/or restriction analysis to better assess and address the potential mediating effect on the association between pediatric asthma and adult PCOS. Epidemiological study of PCOS during different life stages is still limited and this study might guide future research.

Despite the strength of our study, we acknowledge some limitations. One major limitation pertains to the self-reported diagnosis of asthma and PCOS which might raise the concern about disease ascertainment accuracy. However, previous studies have shown self-reported asthma and PCOS diagnoses to be reliable (56–58). Self-reported age of asthma diagnosis was found to be accurate and had a low variability across categories of demographic and health-related characteristics (56), and self-reported PCOS was found to have high sensitivity in predicting PCOS (78%) compared to the sensitivity of PCOS diagnosis using the Rotterdam criteria (89%) (59). We have also adjusted for age in our adjusted analysis to further address the recall error for all self-reported variables. Furthermore, our study was also prone to misclassification, especially regarding childhood variables such as childhood body size, childhood health status, and parental smoking. However, we believe asthmatics and non-asthmatics in this study reported childhood variables in a similar fashion, resulting in non-differential misclassification. With regards to the convenience sampling design employed in our study, we have attempted to improve the representativeness of the sample by inviting the entire eligible population of the UAE to participate and operating multiple recruitment centers in different regions across the country to ensure ease of access. Another limitation is that we did not have information on the severity of asthma and PCOS to examine the associations involving disease severity (31). Our study may be prone to survivorship bias since we only included those who were alive at the questionnaire time; however, childhood mortality rates are low in the UAE and this is likely to have had a minimal effect on the findings (60). Our study also a had low sample size and statistical power in certain stratification analyses, such as in certain strata in the childhood body size and childhood health status (with N/A reflecting insufficient sample size). Lastly, our study may have been subjected to unmeasured confounding factors, including those factors with significant missing values such as parental education (40, 41) and birthweight (42, 43). However, our sensitivity analysis revealed similar results with or without the involvement of parental education and birthweight in the adjusted model (data not shown).




4.2 Conclusions

Our data demonstrated that pediatric asthma was an independent risk factor for adult PCOS. More targeted surveillance for those at risk of adult PCOS among pediatric asthmatics, may prevent or delay adult PCOS occurrence in this at-risk group. Future population-based studies with robust longitudinal designs aimed to elucidate the exact mechanism between pediatric asthma and PCOS are warranted.
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- Regulates placental steroidogenesis and release of prostaglandins and human chorionic
gonadotrophin (hcG). GnRH secretion from the fetoplacental unit is controlled similarly to
the hypothalamus and is increased by estrogen, activin-A, insulin and prostaglandins, and
inhibited by progesterone and inhibin (58).

- The GnRH receptor is highly expressed in the fetal adrenal gland as well, which shows another
possible pathway by which the placenta can influence fetal adrenal function (58).

- Slowly declines until birth (3)
- Almost undetectable (3)

- Contribute to progesterone production, maternal cardiovascular adaptations, blood volume,
uteroplacental blood flow, cholesterol supply to the placenta, maintaining intrauterine
homeostasis, maturation of fetal organs, timing of parturition, regulation of fetal
neuroendocrine system

- Estrone and estradiol production increased about a 100-fold, estriol secretion by about a 1000-
fold.

- Placental estrogen synthesis depends on DHEA (S) from maternal and fetal androgens

- Prepares and maintains endometrium, important in maternal immunologic responses to fetal
antigens, role in parturition (58).

- Produced as a result of placental-maternal cooperation (58)
- Maternal circulating levels increase to high concentration in third trimester (59).

- Used by the fetus to synthesize corticosteroids such as cortisol and aldosterone (58)

- Produced by the placenta, increased levels during pregnancy (3).

- Regulators for the production of GnRH, hCG and steroids; inhibin is inhibitory and activin
stimulatory (58).

- Levels decrease as a result of hormonal suppression and inhibition of folliculogenesis (76, 77).

- Relationship with other reproductive hormones in pregnancy have not been established

- Increased production in order to bind estrogen and T (65).

- Insulin sensitivity declines throughout pregnancy as a result of placental hormones resulting in
slightly elevated blood glucose levels to support the growing fetus (73-75).

- Inhibits hepatic SHBG production (3).

- Rise of testosterone levels during pregnancy (3) as a result of decrease in metabolic clearance
and adipose tissue aromatization (90, 91).

- Effects on genital development and maintenance of pregnancy and initiation of parturition (92).

- A4 levels peak in third trimester (3). Associated with fetal size, duration of gestation and onset
of labor (93).

- DHEAS major source of estriol production in fetal-placental unit (92).

- Women and their fetus largely protected from androgen excess by SHBG and placental
aromatization (4, 65).

hyperinsulinemic disorders

- Studies lacking

- Studies lacking
- Studies lacking

- E2 levels similar in PCOS vs non-PCOS
(22,73, 74)

- El and E2 lower in T2D and GDM
compared to healthy controls (75)

- Studies lacking

- Studies lacking

- Elevated in women with PCOS vs controls
(22, 23, 25, 52, 53).
No significant between
pregnant women with T2D/GDM vs
without T2D/GDM (78, 79).

- Elevated levels correlated with maternal
total testosterone levels (22, 25, 49)

differences

- Elevated levels correlated with diminished
placental metabolism of T to estradiol
(53)

- Elevated levels found in umbilical artery
and vein in women with PCOS vs
controls (22)

- Impact of elevated levels include risk of
miscarriage and preterm delivery (53,
55-57)

- Lower levels among women with GDM in
women with and without PCOS (27, 80~
82).

- Inverse association with fasting insulin and
insulin resistance (82).

- GDM is characterized by lack of insulin
action, b-cell impairment and insulin
resistance (83).

- Higher insulin levels and HOMA-IR scores
in women with PCOS and GDM (26)

- Hyperinsulinemia precedes development of
later gestation hyperglycemia and GDM
(81, 82, 84-86)

- Maternal and fetal hyperinsulinemia also
associated with maternal obesity (87).
May  directly ~ stimulate
production or inhibit placental
aromatase activity (24, 88).

androgen

Limited studies to confirm diagnostic
thresholds for hyperinsulinemia in
pregnancy (89)

- Fetal hyperinsulinemia associated with
macrosomia, neurological disorders,
endothelial dysfunction and metabolic
complications later in life (30, 31)

- Elevated levels in pregnant women with
PCOS (22-25, 94) and obesity (60).

- Conflicting results in pregnant women
with T2D/GDM (75, 95)

- Decreased E2/T ratios in women with T2D
and GDM (75).

- Alterations of steroidogenesis in placenta
or fetus may account for altered
androgen levels (96).

- Effects of fetal exposure to high androgen
concentrations include virilization,
TUGR, reproductive function including
PCOS phenotypes, metabolic
dysfunction later in life (97).
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Parameters

Regular menstrual cycles
(%,n)

Weight (kg)

BMI (kg/m2)

AG (cm)

FG (mmol/L)

FINS (uU/mL)
HOMA-IR

AUCglu (mmol/L*min)
AUCins (mU/L*min)
AUCins/AUCglu

E2 (pg/mL)

LH (mIU/mL)
FSH (mIU/mL)
LH/FSH

PRL (ng/mL)
Prog (ng/mL)
TT (ng/mL)
SHBG (nmol/L)

FAI (%)

MET (N=25)
Baseline 4 weeks
0%,0 52.00%,13*
7650 + 12.44  74.10 + 12.45%
28.80 + 4.25 27.89 + 421
9196 +12.09  87.82 + 11.79**
548 +0.52
18.13 + 11.73
453 £3.07

1009.00 + 109.00
13305.00 + 4458.00

1131 £7.17
35.00 (27.49-40.50)  46.00 (35.33-
66.50)*
1197 +4.20 12.08 + 647
6.03 + 1.48 591+ 1.72
212 %097 203+ 1.02
10.81 +4.21 10.80 + 4.52
050 (0.29-0.75)  0.45 (0.29-1.14)
0.84 +0.25 0.81 +0.35
18.10 (11.75-24.10)  19.90 (13.90-
27.45)
15.62 (10.99-26.53) 1422 (6.85-
21.85)

12 weeks

88.00%,22**

71.44 + 11.50**
26.88 + 3.76**
83.40 + 12.42**
5.20 +0.32*
12.87 £ 7.93**
2.86 + 2.05**
1007.00 + 89.43
11820.00 + 3867.00
10.14 + 6.84

71.10 (48.37-
120.00)**

9.77 +5.81
528 £2.11
1.91 +0.86
13.07 £ 5.77*
0.54 (0.31-1.72)
0.79 £ 0.31

22.40 (15.25-
34.60)*

12.72 (6.40-17.71)*

Baseline

0%,0

79.09 + 8.46
29.69 + 3.44
95.69 + 8.94
570 £ 0.93
18.89 + 7.15
4.85 + 2.09
1135.00 + 144.50
13223.00 + 3817.00
1122 £ 7.11
40.00 (32.00-67.00)

12.09 + 5.26
6.22 + 1.44
2.04 £0.98

10.21 + 3.66

0.42 (0.22-0.56)
0.79 £ 0.20
18.80 (14.90-21.90)

13.94 (11.93-19.40)

COM (N=27)

4 weeks
77.78%,21**

73.26 + 7.71**
27.49 + 3.03**
90.28 + 8.20**

54.00 (41.00-
99.00)**

9.54 + 4.52
5:15% 1.93™
1.94 + 0.80
10.65 + 4.64
0.53 (0.39-1.21)
0.70 £ 0.24

22.10 (17.10-
26.90)*

9.55 (5.78-17.01)

12 weeks

92.59%,25**

69.96 + 7.23**
26.24+ 2.75%*
86.30 + 8.25*
5.05 £ 0.40**
11.60 + 4.22**
2.62 £ 1.05%
972.70 + 135.70
8964.00 + 2919.00
8.39 £5.50

90.00 (58.00-
184.00)*

6.61 + 4.72*%
4.42 +2.59"
1.59 £ 0.95
12.91 + 4.97*
1.08 (0.52-10.61)**
0.62 + 0.24**

27.00 (22.60-
44.90)

7.06 (3.90-10.19)**

0.773
0.69
0.384

0.053

0.105

0.14
0.725
0.903
0.272
0.163
0.395

0.104

0.662

0.586
0.485
0.331
0.222
0.577
0.677
0.687
0.253
0.387
0.181

0.036
0.197
0.215
0.914
0.020
0.032
0.018

0.004

BMI, body mass index; AG, abdominal girth; FG, fasting glucose; FINS, fasting insulin; HOMA-IR, homeostasis model assessment-insulin resistance; AUCglu, area under the curve (AUC)
for glucose; AUCins, AUC for insulin; E2, estradiol; LH, luteinizing hormone; FSH, follicle-stimulating hormone; PRL, prolactin; Prog, progesterone; TT, total testosterone; SHBG, sex
hormone-binding globulin; FAI, free androgen index. Results are expressed as mean + SD or median (2575 percentile). *P < 0.05, post-treatment vs. baseline; **P < 0.01, post-treatment
vs. baseline; *P < 0.01, COM vs. MET at the 4™ week; °P < 0.01, COM vs. MET at the 12 week. Statistically significant results are presented in bold.
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Age (years)

Regular menstrual cycles (%,n)

Weight (kg)

BMI (kg/m?)

AG (cm)

FG (mmol/L)

FINS (uU/mL)
HOMA-IR

AUCglu (mmol/L*min)
AUCins (mU/L*min)
AUCins/AUCglu

E2 (pg/mL)

LH (mIU/mL)

ESH (mIU/mL)
LH/FSH

PRL (ng/mL)

Prog (ng/mL)

TT (ng/mL)

SHBG (nmol/L)

FAT (%)

2352 + 4.65
0,0
76.50 + 12.44
28.80 + 4.25
91.96 + 12.09
548 £0.52
18.13 £11.73
4.53 +3.07
1009.00 + 109.00
13,305.00 + 4458.00
1131 £7.17
35.00 (27.49-40.50)
11.97 + 4.20
6.03 + 1.48
212 +097
1081 + 4.21
0.55 +0.29
0.84 +0.25
18.10 (11.75-24.10)
15.62 (10.99-26.53)

COM (N =27)

25.85 + 4.45
0,0
79.09 + 8.46
29.69 + 3.44
95.69 + 8.94
5.70 £ 0.93
18.89 + 7.15
4.85 +2.09
1135.00 + 144.50
13,223.00 + 3817.00
11.22 £7.11
46.00 (35.33-66.50)
12.09 +5.26
6.22 + 1.44
2.04 £ 098
10.21 + 3.66
0.42 +0.21
0.79 £ 0.20
18.80 (14.90-21.90)
13.94 (11.93-19.40)

P

0.071
0.999
0.381
0.411
0.210
0.373
0.820
0.708
0.264
0.960
0.970
0.062
0.925
0.652
0.781
0.583
0.054
0.408
0.713
0.537

BMI, body mass index; AG, abdominal girth; FG, fasting glucose; FINS, fasting insulin; HOMA-IR, homeostasis model assessment-insulin resistance; AUCglu, area under the curve (AUC)
for glucose; AUCins, AUC for insulin; E2, estradiol; LH, luteinizing hormone; FSH, follicle-stimulating hormone; PRL, prolactin; Prog, progesterone; TT, total testosterone; SHBG, sex
hormone-binding globulin; FAL free androgen index. Results are expressed as mean + SD or median (25"-75" percentile).
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Author

Hart et al
(13
Underdal et al. (17)

Doherty et al.
(4)
Zierau et al. (14)

Gintborg et al.
(15)

Htet et al.

(16)

Grieger et al. (12)

Year

2015

2020

2015

2018

2015

2017

2020

Country

Australia
Norway

Australia
Denmark
Denmark
Australia

Australia

Study design

Retrospective cohort study
Prospective cohort study
Retrospective cohort study
Prospective cohort study
Prospective cohort study
Prospective cohort study

Prospective cohort study

PCOS criteria

ICD-10
Rotterdam
criteria
ICD-10
Rotterdam
criteria
IcD-10

Questionnaire

Questionnaire

Asthma criteria

Medical
record
Medical
record
Medical
record
Medical
record
Medical
record
Questionnaire

Questionnaire

Characteristics of the subjects

PCOS
Median age: 27.9

Mean age: 38
Mean BMI: 28.5
Not avallable

Mean age: 34
BMI: 25.8+5.3
Mean age: 30.6

Age: 30.5+0.1
BML: 280 + 0.3
Age: 336514
BML: 285+7.4

Control

Not available

Mean age: 38
Mean BMI: 25.7
Not available

Mean age: 34
BML: 24.3+4.9
Mean Age: 306

Age: 306 £ 0.02
BMI: 25.1 £ 0.1
Age: 337 £1.5
BMI: 256+58

Asthma incidence % (n)

PCOS

10.56%
(271/2566)
19.31%
(28/145)
13.64%
(478/3505)
19.59%
(266/1358)
3,05%
(686/19199)
16.11%
(77/478)
13.64%
(478/3505)

Control

4,52%
(1160/25660)
8.74%
(38/435)
9.90%
(3450/34856)
14.48%
(786/5430)
221%
(1270/57483)
10.52%
(856/8134)
9.90%
(3450/34856)

P value

<0.01

<0.01

<0.01

<0.001

<0.001

0.004

0.004
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Characteristics

Age, year (mean + SD) 23861 248 + 64
BMI, kg/m2 (mean + SD) 232147 28.5£7.6
Marital status, n (%)

Single 914 (75.9) 100 (76.9)

Married 235 (19.5) 26 (20.0)

Divorced or separated 38 (32) 4(3.1)

‘Widow or widower 17 (1.4) 0(0)
Urbanicity at questionnaire, n (%)

Rural or other non-urbans 173 (14.4) 14 (10.8)

Urban (city) 1002 (83.2) 116 (89.2)
Urbanicity at birth, n (%)

Rural or other non-urbans 233 (19.4) 21 (16.2)

Urban (city) 899 (74.6) 102 (78.5)
Education attainment, n (%)

6 years of schooling or below 48 (4.0) 2(1.5)

>6-12 years of schooling 577 (47.9) 58 (44.6)

>12 years of schooling 579 (48.1) 70 (53.9)
Parental education attainment, n (%)

6 years of schooling or below 51(43) 5(39)

>6-12 years of schooling 150 (12.5) 18 (13.9)

>12 years of schooling 183 (15.2) 28 (21.5)
Overall health up to 10 years, n (%)

Poor or fair 132 (11.0) 33 (254)

Good or excellent 1072 (89.0) 97 (74.6)
Body size at 10 years, n (%)

About average 436 (36.2) 54 (41.5)

Thinner 518 (43.0) 46 (35.4)

Plumper 101 (8.4) 21 (16.2)
Parental smoking at birth, n (%)

No 819 (68.0) 82 (63.1)

Yes 270 (22.4) 38 (292)
Birthweight, n (%)

<25kg 189 (15.7) 34 (262)

25+ kg 288 (23.9) 40 (30.8)
With PCOS diagnosed at> 20 years, n (%)

No 1102 (91.5) 111 (85.4)

Yes 102 (8.5) 19 (14.6)
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Crude Model Adjusted Model®

[95% Cl] [95% CI]
Main analysis
Non-asthmatics (N=1204) (Reference) (Reference)
Pediatric asthmatics (N=130) 173 1.10-2.72 0.019 1.56 1.02 -2.41 0.040

Restriction analysis by body size at 10 years old

About average

Non-asthmatics (N= 436) (Reference) (Reference)

Pediatric asthmatics (N= 54) 1.66 0.78-3.57 0.192 1.39 0.73 -2.66 0.323
Thinner

Non-asthmatics (N=518) (Reference) (Reference)

Pediatric asthmatics (N=46) 2.00 1.01-3.99 0.048 2.06 1.08-3.93 0.028
Plumper

Non-asthmatics (N=101) (Reference) (Reference)

Pediatric asthmatics (N=21) 1.03 0.32-3.29 0.959 113 0.27 -4.69 0.871

Restriction analysis by childhood health status up to 10 years old

Poor or fair
Non-asthmatics (N=132) (Reference) (Reference)
Pediatric asthmatics (N=33) 2.00 0.73-5.47 0.177 241 0.95 -6.10 0.063

Excellent or good
Non-asthmatics (N=1072) (Reference) (Reference)
Pediatric asthmatics (N=97) 1.68 0.99-2.84 0.051 144 0.88-2.38 0.149

*Adjusted for age (continuous), urbanicity at birth (rural/urban), and parental smoking at birth (no/yes).
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Follow-up

Analysis

week 0

week 1

week 4

week 12

Randomized (N=60)
: Allocated to COM
Allocated to MET (N=30) (N=30)

Baseline measurements assessed

MET 500mg BID p.o.
LIRA 0.6mg QD s.c.

MET 500mg BID p.o.

MET 1000mg BID p.o.
LIRA 1.2mg QD s.c.

Gonadal parameters assessed

MET 1000mg BID p.o.
LIRA 1.2mg QD s.c.

Endpoints measurements assessed

Dropouts=3
(conceived=2, lost=1)

MET 1000mg BID p.o.

MET 1000mg BID p.o.

Dropouts=5
(conceived=1, lost=4)

Completed (N=27)

Completed (N=25)
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Control group ple types Methods Result
Adolescent PCOS (42) Health GCF qPCR P.mand T.d|
PCOS (40) Health Saliva 165 rRNA Actinobacteria|
PCOS (38) Health Saliva 165 rRNA Fusobacterium? Actinobacteria}
PCOS and gingivitis (23) Gingivitis Saliva qPCR P.g Fnand T.ft

GCF, gingival crevicular fluid; F.n, Fusobacterium nucleatum; PCOS, polycystic ovary syndrome; P.g, Porphyromonas gingivalis; P.m, Peptostreptococcus micros; qQPCR, quantitative real-time
polymerase chain reaction; T.d, Treponema denticola; T.f, Tannerella forsythia; *the trend for compared with control group. 1, increased level; I, decreased level.
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PCOS Diagnosis Criteria

National Institutes of Health « Clinical and/or biochemical hyperandrogenism
(both criteria required) e Oligo/amenorrhea or anovulation

Rotterdam e Clinical and/or biochemical hyperandrogenism
o . . e Oligo/amenorrhea or anovulation
(two of three criteria required) e Polycystic ovaries on ultrasound

Androgen Excess-PCOS Society ° CIi_nicaI and/or biochemical hy.perandrogenism
e Oligo/amenorrhea or anovulation, and/or

(both criteria required) polycystic ovaries on ultrasound
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Characteristics

Age (years)
Type of infertility Primary
Secondary
Oligo/hypomenorrhea

BMI (kg/m2)

T (ng/ml)

DHEAS (ug/di)

AND (ng/mi)

SHBG (nmol/L)

FSH

LH

LH/FSH

PCOM

AMH (ng/ml)

Weight 40~50kg Group
(n=63)

28 (26-30.5)
68.25% (43/63)
31.75% (20/63)

90.48% (57/63)
18.8 (17.3-19.7)
05 (0.3-06)
0 (0-186)
0(0-32)

0 (0-56)
6.6 (5.9-79)
12.6 (8.3-17.9)
24 (1.1-29)
80.95% (51/63)
12.4 (8.7-15.5)

Weight 50~60 kg Group
(n=188)

29 (27-32)
63.83% (120/188)
36.27% (68/188)

84.57% (159/188)
21.4 (20.3-22.6)°
0.4 (0.3-0.5)
90.1 (0-204.8)
1.7 (0-3.3)
0(0-40.7)

6.6 (5.7-8.1)
8.6 (5.6-14.7)
1.3(0.8-2.2)
79.26% (149/188)
10.5 (6.9-15.7)

Weight 60~70 kg Group
(n=109)

29 (26.3-31)
70.64% (77/109)
29.36% (32/109)

88.99%(97/109)
24.5 (23.4-25.9)¢
0.4 (0.3-0.6)
0(0-235.3)
0(0-3.1)
0(0-21.4)
6.3 (5.6-7.4)
7.9 (4.7-11°
1.3(0.8-1.8)
84.40% (92/100)
9.7 (5.8-13.3)

Weight >70 kg Group
(n=49)

29 (26-31)
51.02% (25/49)
48.98% (24/49)
83.67% (41/49)

28.2 (27.3-28.9

0.4 (0.3-08)
135 (0-221.5)
1.3(0-4.2)
6.8 (0-22.9)
6.7 (5.9-7.5)
6.1 (3.9-11.2°
1(0.6-1.8)
83.67% (41/49)
4.8 (3.1-8.3°

0513
0.106

0.499
<0.001*
0.266
0.725
0.604
0.237
0.646
0.014*
0.031
0.706
<0.001*

BMI, body mass index; T, testosterone; DHEAS, dehydroepiandrosterone sulfate; AND, androstadienone; SHBG, sex hormone-binding globulin; FSH, follicle-stimulating hormone; LH,
luteinizing hormone; PCOM, polycystic ovarian morphology; AMH, Anti-Mullerian hormone. *, P values < 0.05; ®p<0.05 between Group A and Group B; ®p<0.05 between Group B and
Group C; °p<0.05 between Group A and Group C; %<0.05 between Group C and Group D; ®p<0.05 between Group A and Group D; 'p<0.05 between Group B and Group D.
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Characteristics Weight 40~50kg Group Weight 50~60 kg Group Weight 60~70 kg Group Weight >70 kg Group P

(n=63) (n =188) (n=109) (n=49)

Initial Gn dosage (IU/day) 150 (125-150) 150 (150-184.4)™ 175 (150-225) 212.5 (175-300)%' <0.001*
Stimulation time (days) 9(8.5-10) 10 (9-11) 10 (9.3-11)° 10 (9-12)° <0.001*
Total dosage of Gn (IU) 1350 (1125-1512.5) 1575 (1350-1846.9)*° 1775 (1500-2250) 2137.5 (1800-2587.5)  <0.001*
Number of oocytes with diameter >14mm on 12 (8-13.5) 10 (7-13) 9(8-11.8° 8(7-9.3° 0.009*
hCG day
E2 on hCG day (pg/mi) 5200.3 (3470.2-8891.9) 51282 (3249.8-7094)  4254.8 (2776.2-6748.7) 2786.5 (1989-3793.9)° <0.001*
P on hCG day (ng/mi) 1.2 (0.8-1.4) 1(0.8-1.5) 0.9 (0.6-1.3) 0.7 (0.5-1.1)¢" 0.009*
LH on hCG day (IU/L) 1.7 (1.1-3.1) 1.7 (0.9-3.5) 2.1(1.1-3.2) 2.4 (12-3.1)° 0.012*
Endometrial thickness on hCG day (mm) 5 (4.5-5.6) 5 (4.2-5.6) 5(4.4-5.5) 5 (4.2-5.4) 0.283
Ovarian response High 65.08% (41/63) 64.89% (122/188) 60.55% (66/109) 40.82% (20/49)%" 0.018*

Normal 34.92% (22/63) 35.11% (66/188) 39.45% (43/109) 59.18% (29/49)
Number of oocytes retrieved 13 (9.5-20) 16 (11-21.8) 15 (10-20) 12 (9.8-16.3) 0.06
MIl oocyte rate 83.66% (814/973) 84.52% (2729/3229) 84.78% (1521/1794) 86.69% (573/661) 0.405
IVF fertilization rate 74.86% (658/879) 74.14% (2340/3156) 72.73% (1264/1738) 78.23% (485/620) 0.06
IVF normal fertilization rate 60.87% (574/943) 60.15% (1923/3197) 58.94% (1035/1756) 58.85% (389/661) 0.706
ICS! fertilization rate 85.95% (104/121) 91.60% (218/238) 87.10% (162/186) 88.68% (47/53) 0.334
ICSI normal fertilization rate 79.34% (96/121) 87.17% (197/226) 79.03% (147/186) 81.13% (43/53) 0.119
Cleavage rate 97.64% (744/762) 98.28% (2514/2558) 98.60% (1406/1426) 98.50% (524/532) 0411
Good-quality D3 embryo rate 55.96% (310/554) 52.54% (952/1812) 51.15% (512/1001) 53.74% (201/374) 0.322
Blastocyst formation rate 76.71% (326/425) 73.17% (982/1342) 72.60% (583/803) ' 63.94% (172/269)%"  0.003*
Good-quality blastocyst rate 27.21% (83/305) 35.40% (314/887) 29.66% (159/536) 35.95% (55/153)7 0.018*
Fresh ET cancellation rate 76.19% (48/63) 66.49% (125/188) 70.64% (77/109) 53.06% (26/49) 0.06
Severe OHSS rate 4.76% (3/63) 3.19% (6/188) 1.83% (2/109) 2.04% (1/49) 0.753
Clinical pregnancy rate after fresh ET 66.67% (10/15) 50.79% (32/63) 50.00% (16/32) 52.17% (12/23) 0.715
Cumulative clinical pregnancy rate 64.10% (25/39) 53.85% (70/130) 57.58% (38/66) 60.00% (18/30) 0.694

Gn, gonadotrophin; E2, estradiol; P, progesterone; LH, luteinizing hormone; OSl, ovarian sensitivity index; MIl, mature; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; ET,
embryo transfer; OHSS, ovarian hyperstimulation syndrome. *P values < 0.05; %p<0.05 between Group A and Group B; ®p < 0.05 between Group B and Group C; °p < 0.05 between
Group A and Group C; %p < 0.05 between Group C and Group D; °p < 0.05 between Group A and Group D; 'p < 0.05 between Group B and Group D; 9p < 0.0125 between Group A and
Group D; "p < 0.0125 between Group B and Group D; 'p < 0.0125 between Group C and Group D;’p < 0.0125 between Group A and Group B.
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Patients

Age, (year)
BMI, (kg/m?)

T, (ng/ml)

AMH, (ng/ml)
Basal FSH, (IU/L)
Basal LH, (IU/L)
LH/FSH

Basal E2, (pg/ml)
FPG, (mmol/L)
FINS, (pmol/L)
HOMA-IR

TC, (mmol/L)
TG, (mmol/L)

Control (n=30)

29.83 +4.53

20.90 + 2.87
0.27 £ 0.08
423 290
6.35 + 1.46
4.54 £2.31
0.74 +0.34

46.78 +24.22
4.54 +0.40
6.69 + 1.85
1.36 + 0.42
4.61 £0.78
0.84 £ 0.41

PCOS (n=33)

2945 +5.25
23.88 +2.81
0.39 +0.12
11.14 + 5.03
6.27 +1.27
10.87 + 6.42
177 £ 1.14
5842 +25.42
4.64 +0.38
10.35 + 5.18
2.09 £ 1.06
4.55 £ 0.81
0.89 +0.33

P-value

0.761
<0.001
<0.001
<0.001

0.821
<0.001
<0.001

0.094

0.331

0.001

0.001

0.827

0.616
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P-value

0.017
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0.399

0.525

0.5





OPS/images/fendo.2022.922044/table3.jpg
Characteristics HOR group NOR group P
(n = 249) (n = 160)
Age (years) 29 (27-32) 29 (27-31) 0.722
Type of infertility Primary 66.67 % (166/249) 61.88% (99/160) 0.322
Secondary 33.33% (83/249) 38.12% (61/160)

Oligo/hypomenorrhea (%) 87.95% (219/249) 84.38% (135/160) 0.301
Weight (kg) 55 (51-60) 57 (52-65) 0.015*
BMI (kg/m2) 21.8 (20.3-23.6) 22.9 (20.3-25.6) 0.041*
T (ng/ml) 0.4 (0.3-0.5) 0.4 (0.3-0.6) 0.036"
DHEAS (ug/mi) 99.3 (0-210.5) 0(0-204.5) 0.831
AND (ng/m) 1.8 (0-3.4) 0(0-3) 0.462
SHBG (nmol/) 0(0-41.9) 0(0-22.6) 0.064*
FSH 6.5 (56.6-7.6) 6.5 (5.9-8) 0.022*
LH 9.6 (6.4-14.8) 7(45-11.2) 0.001*
LH/FSH 1.6 (1-2.4) 1.1 (0.7-1.7) <0.001*
AMH (ng/m) 12 (9-16) 6.9(4.1-11.6) <0.001*
PCOM 85.94% (214/249) 74.38% (119/160) 0.003*
Initial Gn dosage (IU/day) 150 (150-200) 175 (150-225) 0.008*
Stimulation time (days) 10 (9-11) 10 (9-11) 0.467
Total Gn dosage (IU) 1675 (1275-1850) 1725 (1425-2193.8) 0.007*
Number of oocytes retrieved 19.5 (16-24) 10 (8-12) <0.001*
MIl oocyte rate 85.26% (4350/5102) 82.77% (1287/1555) 0.017*
IVF fertilization rate 74.34% (3644/4902) 73.98% (1103/1491) 0.781
IVF normal fertilization rate 60.45% (3039/5027) 57.65% (882/1530) 0.050"
ICS| fertilization rate 89.94% (438/487) 83.78% (93/111) 0.064
ICSI normal fertilization rate 83.37% (406/487) 77.78% (77/99) 0.183
Cleavage rate 98.26% (4011/4082) 98.41% (1177/1196) 0.723
Good-quality D3 embryo rate 51.27% (1516/2957) 58.55% (459/784) <0.001*
Blastocyst formation rate 72.88% (1701/2334) 71.68% (362/505) 0.585
Good-quality blastocyst rate 32.89% (523/1590) 30.24% (88/291) 0.374
Fresh ET cancellation rate 89.96% (224/249) 32.50% (52/160) <0.001*
Severe OHSS rate 4.42% (11/249) 0.63% (1/160) 0.033"
Clinical pregnancy rate after fresh ET 56.00% (14/25) 51.85% (56/108) 0.708
Cumulative clinical pregnancy rate 59.71% (83/139) 53.97% (68/126) 0.346

HOR, high ovarian response; NOR, normal ovarian response; BMI, body mass index; T, testosterone; DHEAS, dehydroepiandrosterone sulfate; AND, androstadienone; SHBG, sex
hormone-binding globulin; FAI, free androgen index; FSH, follicle-stimulating hormone; LH, luteinizing hormone; PCOM, polycystic ovarian morphology; AMH, Anti-Mullerian hormone; Gn,
gonadotrophin; E2, estradiol; P, progesterone; OSI, ovarian sensitivity index; Mll, mature; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; ET, embryo transfer; OHSS,

ovarian hyperstimulation syndrome. *P values < 0.05.
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Unstandardized coefficients

Standardized coefficients

B SE Beta
Age -0.56 0.698 -0.035 -0.802 0.423
Weight 2579 0.289 0.399 8.921 <0.001
T 1.756 424 0.018 0.414 0.679
LH 0.059 0.205 0.013 0.287 0.774
AMH -2.87 0.526 -0.246 -5.458 <0.001

SE, standard error; T, testosterone; LH, luteinizing hormone; AMH, Anti-Mullerian hormone.
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Control (N=25)

Before
HRYV - Time domain
RRi, ms 866 + 119
SD 56 + 31
RMSSD, ms 54143
HRYV - Frequency domain
Variance, ms” 2495 + 2783
LE, ms’ 713 + 741
HF, ms’ 1152 + 1662
LF, nu 45+ 14
HEF, nu 55+ 14
LE/HF Ratio 0,96 + 0.53
HRV - Symbolic analysis
oV % 219 %12
20V % 221%12
BPV - Frequency domain
Variance, mmHg” 19 +87
LF, mmHg’ 49+23
BRS
Ramp numbers 87 + 46
BEI 0.59 + 0.14
UP, ms/mmHg 157 £ 10.6
DOWN, ms/mmHg 16.5+ 94
GAIN, ms/mmHg 162+97

After

865 + 115
57 £26
52+33

2906 + 2507
851 + 683
1295 + 1525
46 £ 18
54 £ 18
0.99 £0.57

232+15
20+ 12

20.7 £ 8.6
55+22

82 +41
0.58 £0.19
154 + 83
16.6 = 7.9
16.1 £7.9

MICT (N=

Before

829 + 114
55+23
52+32

2827 + 2445
771 + 808
1375 + 1478
219
58 + 19
0.98 +0.84

232+12
187 +75

19.5 £ 9.4
49 +2.7

83+48
0.55 £ 0.19

14+85
14475
143+79

25)

After

909 + 94
56 +£22
54 +£27

2990 + 2352
737 £ 561
1208 + 1164
43 £ 14
57+ 14
0.85 + 0.49

17.9'£11
22.6 £89

20+ 125
56+ 34

85 +42
0.62 £ 0.12
16 + 8.1
16.6 +7.5
165+ 74

HIIT (N=25)
Before After
823+ 110 908 + 126
54+ 26 62 +37
48 + 34 58 + 45
2245 + 2156 2515 + 2521
657 + 710 620 + 643
791 + 1052 888 + 1141
48+ 14 4413
52+ 14 56+ 13
0.96 + 041 0.89 £ 0.53
26.1+ 13 204 + 9.6
191+97 235+ 12
238+ 12.1 202 +10.4
66+ 3.1 62437
86+ 38 78 +35
0.63 +0.12 06 +0.14
135+ 66 16+83
14.6 £ 6.9 174 +88
14.1 %67 16.8 £ 8.6

Values are expressed as means + SD, standard deviation. MICT, moderate-intensity continuous training; HIIT, high-intensity interval training; HRV, heart rate variability; RRi, R-R interval;
ms, millisecond; SD, standard deviation; RMSSD, root mean square of successive normal sinus RR-interval; LF, low-frequency; HF, high-frequency; nu, normalized unit; 0V %, patterns with

no variation (sympathetic modulation); 2UV, patterns with two unlike variation (vagal modulation); BPV, blood pressure variability; BEI, baroreflex effectiveness index.
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Control (N=25)

Estimation of difference

(CI95%)

HRYV - Time domain

RRi, ms 0.73 (-47.96; 49.43)
SD, ms -1.91 (-11.77; 7.94)
RMSSD, ms 1.25 (-10.23; 12.73)

HRYV - Frequency domain

Variance, ms®

LE, ms® -138.18 (-386.52; 110.15)
HF, ms® -143.02 (-533.65; 247.61)
LE, nu -1.34 (-7.87; 5.20)
HF, nu 1.34 (-5.20; 7.87)

LF/HF Ratio

HRYV - Symbolic analysis
oV % -1.33 (-7.04; 4.38)
20V % 2.07 (-1.53; 5.66)

-0.04 (-0.27; 0.19)

BPV - Frequency domain
-1.64 (-6.27; 3.0)
-0.61 (-1.86; 0.65)

Variance, mmHg”
LF, mmHg2

BRS

Ramp numbers 4.95 (-11.19; 21.09)
BEI 0.12 (-0.06; 0.08)

0.35 (-3.79; 4.49)

-0.09 (-3.40; 3.22)

0.08 (-3.52; 3.68)

UP, ms/mmHg
DOWN, ms/mmHg
GAIN, ms/mmHg

-410.42 (-1161.18; 340.35)

P value

976
700
829

280
271
468
685
685
734

643
255

484
.337

543
739
.867
.958
967

MICT (N=25)

Estimation of difference
(CI 95%)

-76.64 (-125.34; -27.95)
-1.56 (-11.41; 8.30)
-1.36 (-12.85; 10.11)

-163.50 (-914.27; 587.26)

33.53 (-214,81; 281.87)

166.32 (-224.31; 556.94)
-1.03 (-7.57; 5.50)
1.03 (-5.50; 7.57)
0.13 (-0.11; 0.36)

5.27 (-0.44; 10.98)
-3.84 (-7.44; -0.25)

-0.61 (-5.24; 4.03)
-0.70 (-1.96; 0.55)

-1.40 (-17.54; 14.74)
-0.07 (-0,14; 0.0004)
-2.03 (-6.17; 2.11)
-220 (-551; 1.12)
221 (-5.81; 1.39)

P value

0.003
754
813

666
789
399
754
754
278

070
.036

795
267

863
050
332
.190
226

HIIT (N=25)

Estimation of difference
(CI 95%)

-85.02 (-133.72; -36.33)
-7.90 (-17.76; 1.95)
9.17 (-20.65; 2.31)

-270.28 (-1021.05; 480.48)
37.23 (-211,11; 285.57)
-97.17 (-487.80; 293.46)

432 (-2.21; 10.86)
-4.32 (-10.86; 2.21)
0.08 (-0.16; 0.31)

571 (0.004; 11.42)
-4.39 (-7.98; -0.79)

365 (-0.99; 8.28)
0.40 (-0.85; 1.66)

7.95 (-8.19; 24.09)
0.03 (-0,04; 0.10)
247 (-6.61; 1.67)
-2.84 (-6.15; 0.48)
274 (-6.34; 0.86)

P value

<0.001
114
116

475
766
622
191
191
519

050
017

121
553

330
429
238
092
134

Data are presented as means of the confidence intervals (CI) with their respective minimum and maximum values. Statistical analysis was performed by calculating the difference between
subtracting the values obtained before and after the 16-week experimental protocol (estimation of difference= before - after). MICT, moderate-intensity continuous training; HIIT, high-
intensity interval training; HRV, heart rate variability; RRi, R-R interval; ms, millisecond; SD, standard deviation; RMSSD, root mean square of successive normal sinus RR-interval; LF, low-
frequency; HF, high-frequency; nu, normalized unit; 0V%, patterns with no variation (sympathetic modulation); 2UV, patterns with two unlike variation (vagal modulation); BPV, blood

pressure variability; BEL, baroreflex effectiveness index.
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HRV - Time domain
RRi, ms

SD, ms

RMSSD, ms

HRYV - Frequency domain

Variance, ms”

LE, ms*

HF, ms’

LF, nu

HF, nu

LF/HF Ratio

HRV - Symbolic analysis
0V %

2UV %

BPV - Spectral Analysis
Variance, mm]-Ig2

LF; mmHg2

BRS

Ramp numbers

BEI

UP, ms/mmHg

DOWN, ms/mmHg
GAIN, ms/mmHg

Data are presented as means of the confidence intervals (CI) with their respective minimum and maximum values.

Control vs. MICT

Estimation of
difference
(CI 95%)

-41.03 (-105.09; 23.02)
1.22 (-14.58; 17.03)
-1.19 (-21.48; 19.10)

-84.48 (-1476.25; 1307.28)

113.52 (-278.60; 505.64)
87.00 (-677.65; 851.64)
3.54 (-5.23; 1231)
-3.54 (-12.31; 5.23)
0.15 (-0.18; 0.48)

529 (-1.59; 12.17)
-2.52 (-8.49; 3.46)

0.52 (-5.35; 6.40)
-0.06 (-1.72; 1.59)

2.60 (-26.16; 20.96)
-0.05 (-0.13; 0.04)
-0.97 (-5.76; 3.81)
005 (-4.59; 4.48)
-0.46 (-5.02; 4.10)

P value

206
879
907

904
566
821
424
424
370

130
404

859
939

827
290
687
982
841

Control vs. HIIT

Estimation of
difference
(CI 95%)

-43.56 (-107.62; -20.50)
-4.56 (-20.37; 11.24)
-5.08 (-25.37; 15.21)

39034 (-1001.43; 1782.10)
230.48 (-161.64; 622.60)
407.01 (-357.63; 1171.65)
2.10 (-6.67; 10.87)
-2.10 (-10.87; 6.67)
0.10 (-0.23; 0.42)

279 (-4.09; 9.67)
-3.46 (-9.43; 2551)

0.48 (-5.40; 6.35)
-0.63 (-2.29; 1.03)

3.79 (-19.78; 27.35)
-0.03 (-0.11; 0.06)
-0.60 (-5.38; 4.18)
-0.86 (-5.40; 3.68)
074 (-5.29; 3.82)

P value

180
567
619

578
245
292
635
635
.560

421
251

872
450

750
.528
803
707
748

MICT vs. HIIT

Estimation of
difference
(CI 95%)

-2.53 (-66.58; 61.53)
-5.79 (-21.59; 10.02)
-3.89 (-24.18; 16.40)

474.82 (-916.95; 1866.59)

116.96 (-275.16; 509.08)

320,02 (-444.63; 1084.66)
-1.44 (-10.21; 7.33)
1.44 (-7.33; 10.21)
-0.05 (-0.38; 0.28)

-2.50 (-9.38; 4.38)
094 (-6.92; 5.03)

-0.05 (-5.92; 5.82)
-0.57 (-2.23; 1.09)

639 (-17.18; 29.95)
0.02 (-0.07; 0.11)
037 (-4.41; 5.16)

-0.81 (-5.34; 3.73)
-0.28 (-4.83; 4.28)

P value

936
468
703

499
554
407
745
745
752

754

987
497

591
667
877

724

MICT, moderate-intensity continuous training; HIIT, high-intensity interval training; HRV, heart rate variability; RRi, R-R interval; ms, millisecond; SD, standard deviation; RMSSD, root
mean square of successive normal sinus RR-interval; LF, low-frequency; HF, high-frequency; nu, normalized unit; 0V %, patterns with no variation (sympathetic modulation); 2UV, patterns

with two unlike variation (vagal modulation); BPV, blood pressure variability; BEL, baroreflex effectiveness index.
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Control 24) PCOS 4)
Age (years) 32.5+4.1 31+6.4
BMI (kg/m?) 248+ 1.1 . 259+ 18
Fasting glucose (mmol/L) 49+ 04 47 +0.8
HbA1C (mmol/mol) 30.9 + 6.5 318 £3.0
HOMA-IR 1.8+ 1.0 19+ 1.6
SHBG (nmol/L) 104.2 + 80.3 . 717 £62.2
Free androgen index (FAI) 1.3+05 ‘ 4.1 +£29%
CRP (mgL™") 2344234 277 +2.57
AMH (ng/ml) 24£13 STk 1AM
25 hydroxy vitamin D3 (nmol/l) 46.2 +23.5 54.0 £27.4
1,25 Dihydroxy vitamin D3 (ng/ml) 0.03 +0.02 0.04 £ 0.2

BMI, Body Mass Index; HbAc, glycated hemoglobin; HOMA-IR, Homeostasis model of assessment-insulin resistance; CRP, C reactive protein; SHBG, sex hormone binding globulin;
AMH, Anti-Millerian hormone.
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Complel t pathway protein PCOS C |

Properdin 152,592 (42,743) 117,488 (50,041) 0.006
iC3b 7,148 (2,127) 5,991 (1,425) 0.02
c3 65,878 (26,872) 45,742 (18,189) 0.002
C3b 50,982 (28,296) 46,250 (39,450) 0.6
C4 119,057 (28,429) 104,245 (28,069) 0.05
Cda 71,549 (9,802) 73,037 (2,258) 0.43
C4b 349 (186) 335 (202) 0.78
Factor D 733 (99) 693 (150) 0.24
Factor B 30,257 (6,541) 28,172 (5,791) 0.2
Factor H 60,898 (9,191) 59,289 (6,016) 0.43
Complement proteins for the classical (C4, C4a, and C4b) and alternative (C3, iC3, Properdin, Factors B, D, and H) complement pathways in non-obese non-insulin resistant women
with polycystic ovary syndrome (PCOS) versus their BMI-matched controls.

Data presented as Mean + 1 Standard Deviation of Relative Fluorescent Units (RFU).
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Parameter Group Group size Mean Standard Median Min value Max value Normality test The Mann-Whitney U Test

deviation
Vitamin D  Study 37 24,88 11,54 2,12 931 52,64 p=0,02 NS (p=0,80)
Control 48 2629 14,15 22,63 462 69,26 p=0,01
AMH Study 35 921 457 8,16 1,84 20,37 p=0,18 p=0,001
Control 48 625 3,67 531 1,05 17,19 p=0,002
HOMA-IR  Study 33 2,62 192 2,34 0,58 11,04 p<0,000001 p=0,003

Control 48 1,80 1,82 1,47 0,13 12,39 p<0,000001
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Parameter

FGF23

Ca

PTH

Leptin

Group Group size Mean Standard Median Min value Max value Normality test The Mann-Whitney U Test

Study
Control
Study
Control
Study
Control
Study

Control

30
48
30
48
30
48
37
48

59,67
58,57
2,25
2,22
19,10
19,46
15,32
13,86

deviation

29,95
26,20
0,13
0,18
781
9,68
10,10
13,56

52,59
52,19
2,26
2,25
17,68
19,67
12,07
9,82

21,86
23,25
1,75
1,46
5,07
3,51
2,92
2,68

168,19
168,25
2,48
2,47
46,21
38,20
48,56
80,35

p=0,001
Pp<0,000001
p=0,0002
p=<0,000001
p=0,009
p=0,14
p=0,001
p<0,000001

NS (p=0,99)

NS (p=0,45)

NS (p=0,59

NS (p=0,15)
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Correlation

Vitamin D - FGF23
FGF23 - Leptin
Vitamin D - Leptin
Vitamin D - AMH
Leptin - FGF23
HOMA-IR - AMH
HOMA-IR - BMI
AMH - BMI

Study group

R=0,24; NS (p=0,21)
R=-0,18; NS (p=0,34)
R=-0,05; NS (p=0.75)
R=0,06; NS (p=074)
R=-0,18; NS (p=0,34)
R=-0,08; NS (p=0,65)
R=0,22; NS (p=0,22)
R=-0,15; NS (p=0,38)

Control group

R=-0,36; p=0,01
R=0,11; NS (p=0,47)
R=0,05; NS (p=0,73)
R=0,11; NS (p=0,44)
R=0,11; NS(p=0,47)
R=0,03; NS (p=0,87)

R=0,32; p=0,03
R=0,10; NS (p=0,49)
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Inclusion Criteria: Exclusion Criteria:

-age between 14 and 22 years -pharmacotherapy used in the last 6 months (including hormonal drugs, contraceptives, NSAIDs)

-time over 2 years from the menarche -additional systemic diseases (e.g., cardiovascular diseases, diabetes, gastric/duodenal ulcer disease,
autoimmune diseases)

-consent of a woman or a girl and her legal guardian to -use of dietary supplements, especially those containing vitamin D or calcium, within the last 12
participate in the study months

-oligo- or anovulation -sunbathing in the last 3 months

-biochemical indicators of hyperandrogenism or hirsutism -applying a restrictive diet in the last 12 months

-volume of one of the ovaries >12 ml or >24 follicles in the ovary - endocrinopathies (congenital adrenal hyperplasia, Cushing’s syndrome, hyperprolactinemia, thyroid
in pelvic ultrasound examination dysfunction, acromegaly, androgen-secreting tumors)
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Statistical parameter Study group Control group The Mann-Whitney U Test
[mean value + SD] Median [mean value + SD] Median

Height [cm] 1659 £ 6,5 167 165,5 + 6,1 165,0 p=0,49
Body weight [kg] 64,3 £ 124 62,5 61,8 £9,9 60,0 p=0,31
BMI [kg/m2] 233 £4,1 22,6 226 +£3,5 223 p=0,55
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Control (N=:

Before
Characteristics
Age, years 295
Height, m 1.61 + 0.07
Weight, kg 76 15
BMI, kg/m® 292+54
Baseline Cardiovascular Values
HR (bpm) 69 £ 11
SBP (mmHg) 102 + 11
DBP (mmHg) 70 £ 10
MAP (mmHg) 81+ 10
Hormonal and Metabolic Values
VOjpeato mL/min/kg 337+53
Testosterone, ng/dL 86.7 £ 36.9
Glucose, mg/dL 835+7.1
Insulin, pIU/mL 132192
HOMA-IR 2,69 £1.9
Triglyceride, mg/dL 117.7 £ 57.5
Cholesterol, mg/dL 189.7 £ 354
HDL, mg/dL 49.6 £ 124
LDL, mg/dL 116.5 +33.3

25)

After

76 £ 16
293 +£54

69 £ 10
108 + 14
71.£9
83+ 10

323+5.1
94.1 +£423
81.8 +10.1
12.8 £ 106
256 £2.3
106 + 62.9
177.7 + 24.6
47.7 £ 106
108.6 + 28.2

MICT (N=25)

Before After
29+5 -
1.62 % 0.06 -
7316 72+ 16
27757 275+ 75
70 + 12 66+ 10
106 + 12 101+ 12
70 + 10 69+ 10
82+9 80 + 10
325+47 362+50°¢
1047 + 36.9 87.8+333
82.6 + 8.4 81.6+ 68
128+ 8.1 117+ 82
260+ 1.7 241+17
125 + 1103 127.3 + 911
1834 + 28 1732+ 29.1
458 + 8.4 447 £97
1093 +21.8 1034 +24.3

HIIT (N=25)
Before After
29+ 4 -

1.64 + 0.07 -

76 £ 16 75+ 16
278 +42 27.8 42
70 £ 10 66 + 11
102 £9 103 + 14
68 + 8 67 £ 11
79+7 79+ 11
33.6+3.7 369+ 43
98.8 +41.2 78.6 = 51.8
819+ 88 814 + 6.6
121+ 52 11.8 £ 6.3
252+ 1 234+13
102.4 + 56.5 110.3 + 63.6

180.9 + 31.1 175+ 28
48.3 +10.6 46.2£9.9
1143 +19.3 107.4 + 23.7

Values are expressed as means + SD, standard deviation. MICT, moderate-intensity continuous training; HIIT, high-intensity interval training; BMI, body mass index; HR, heart rate; bpm,
beats per minute; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; VOspesk, oxygen uptake at peak exercise; HOMA-IR, homeostatic model
assessment for insulin resistance; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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Control (N=25)

Estimation of difference P value

(CI 95%)

Baseline hemodynamic parameters

HR (bpm) -0.64 (-2.33; 1.06) 452
SBP (mmHg) -5.52 (-10.41; -0.62) 028
DBP (mmHg) -0.84 (-4.44; 2.76) 640
MBP (mmHg) -2.36 (-5.87; 1.15) 184
Hormonal and Metabolic Values

VO, peatc mL/min/kg 133 (0.06; 2.6) 040
BMI, kg/m® -0.14 (-0.50; 0.21) 432
Testosterone, ng/dL -7.36 (-23.01; -8.29) 035
Glucose, mg/dL 1.66 (-1.0; -4.29) 023
Insulin, pIU/mL 022 (-2.34; 2.78) 862
HOMA-IR 0.15 (-0.37; 0.67) 561
Triglyceride, mg/dL 11.72 (-9.54; 32.98) 276
Cholesterol, mg/dL 12.0 (3.0; 21.0) .009
HDL, mg/dL 1.90 (-1.40; 5.21) 255
LDL, mg/dL 7.84 (-1.92; 17.6) 114

MICT (N=25)

Estimation of difference

(CI 95%)

4.48 (2.79; 6.17)
4.56 (-0.33; 9.45)
0.80 (-2.80; 4.40)
2.04 (-147; 5.55)

-3.79 (-5.05; -2.52)
0.16 (-0,19; 0.52)
16.72 (1.07; 32.37)
1.01 (-1.73; 3.75)
1.07 (-1.49; 3.63)
020 (-0.32; 0.72)
040 (-20.86; 21.66)
1024 (-1.24; 20.24)
112 (-2.20; 4.42)
592 (-3.84; 15.68)

P value

<0.001
067
660
251

<0.001
.368
037
465
406
444
970
076
503
231

HIIT (N=25)

Estimation of difference
(CI 95%)

4.52 (2.83; 6.22)
-1.40 (-6.29; 3.49)
-0.24 (-3.84; 3.36)
-0.60 (-4.11; 2.91)

-3.07 (-4.34; -1.81)
0.04 (-0,32; 0.39)
20.28 (4.63; 35.93)
053 (-2.2133.27)
030 (-2.26; 2.86)
0.18 (-0.34; 0.69)
216 (-19.10; 23.42)
6.0 (-3.0; 15.0)
216 (-1.15; 5.47)
6.96 (-2.80; 16.72)

P value

<0.001
570
.895
735

<0.001
826
012
700
814
491
.840
.188
197
.160

Data are presented as means of the confidence intervals (CI) with their respective minimum and maximum values. Statistical analysis was performed by calculating the difference between
subtracting the values obtained before and after the 16-week experimental protocol (estimation of difference= before - after). MICT, moderate-intensity continuous training; HIIT, high-
intensity interval training; HR, heart rate; bpm, beats per minute; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; VOapeak, 0Xygen uptake at peak
exercise; BMI, body mass index; HOMA-IR, homeostatic model assessment for insulin resistance; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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Control vs. MICT Control vs. HIIT MICT vs. HIIT

Estimation of P value Estimation of P value Estimation of P value
difference difference (CI 95%) difference (CI 95%)
(CI 95%)

Baseline hemodynamic parameters

HR (bpm) 4.12 (-1.60; 9.84) 155 4.16 (-1.56; 9.88) 151 0.04 (-5.68; 5.76) 989
SBP (mmHg) 7.00 (0.21; 13.79) 044 4.92 (-1.87; 11.71) 153 -2.08 (-8.87; 4.71) 544
DBP (mmHg) 1.88 (-3.48; 7.24) 487 3.32 (-2.04; 8.68) 221 1.44 (-3.92; 6.80) 594
MBP (mmHg) 3.56 (-1.86; 8.98) 195 3.88 (-1.54; 9.30) 158 0.32 (-5.10; 5.74) 908
Hormonal and Metabolic Values

VO,pear, mL/min/kg -3.95 (-6.63; -1.27) .005 -4.54 (-7.23; -1.86) 0.001 -0.60 (-3.28; 2.09) 659
BMI, kg/m2 1.84 (-1.07; 4.75) 211 1.57 (-1.34; 4.48) 285 -0.27 (-3.18; 2.64) 854
Testosterone, ng/dL 6.20 (-16.74; 29.14) 591 15.52 (-7.42; 38.46) 182 9.32 (-13.62; 32.26) 421
Glucose, mg/dL 0.20 (-4.35; 4.75) 930 0.44 (-4.11; 4.99) 848 0.24 (-4.315 4.79) 917
Insulin, uIU/mL 1.30 (-3.26; 5.86) 571 1.19 (-3.37; 5.75) 605 -0.11 (-4.67; 4.45) 961
HOMA-IR 1.14 (-0.83; 1.11) 768 0.22 (-0.75; 1.19) 652 0.08 (-0.89; 1.05) 876
Triglyceride, mg/dL -4.76 (-42.64; 33.12) .803 -1.36 (-39.24; 36.52) 943 3.4 (-34.48; 41.28) 859
Cholesterol, mg/dL 4.56 (-12.08; 21.20) 587 2.84 (-13.80; 19.48) 735 -1.72 (-18.36; 14.92) 837
HDL, mg/dL 3.03 (-2.79; 8.85) .303 1.56 (-4.26; 7.38) 596 -1.47 (-7.29; 4.35) 616
LDL, mg/dL 5.28 (-9.11; 19.67) 467 1.28 (-13.11; 15.67) 860 -4.00 (-18.39; 10.38) 581

Data are presented as means of the confidence intervals (CI) with their respective minimum and maximum values. MICT, moderate-intensity continuous training; HIIT, high-intensity
interval training; HR, heart rate; bpm, beats per minute; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; VO, peak, 0Xygen uptake at peak exercise;
BMI, body mass index; HOMA-IR, homeostatic model assessment for insulin resistance; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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Compounds LLOQ (ug-mL-1) linear ranger (ug-mL-1) Linear regression equation Correlation coefficient (r)

Narirutin 0.115 0.1148-58.8 Y=0.078X+0.0027 0.9998
Calycosin-7-O-B-D-glucoside 0.011 0.011-14.71 Y=6.1821X-0.7872 0.9990
Liquiritin 0.011 0.011-7.35 Y=0.4695X- 0.0299 0.9995
Nobiletin 0.011 0.011-3.68 Y=106.77X-5.8926 0.9970
Hesperetin 0.011 0.011-7.35 Y=0.3739X-0.1658 0.9988
Tanshinone ITA 0.011 0.011-58.8 Y=0.228X-0.0075 0.9989
Calycosin 0.011 0.011-3.68 Y=7.4149X-0.0274 0.9979
Formononetin 0.011 0.011-0.92 Y=3.3123X-0.0241 0.9997
Stachydrine 0.011 0.011-7.35 Y=0.1754X+0.0506 0.9998
Betaine 0.114 0.114-58.8 Y=0.2471X+1.0458 0.9983
Dioscin 0.011 0.011-58.8 Y=0.0088X+0.0114 0.9996
Astragaloside IV 0.115 0.115-58.8 Y=0.0003X+0.0006 0.9951
Acteoside 0.92 0.92-58.8 Y=0.0051X-0.0027 0.9980
Rosmarinic acid 0.011 0.0114-58.8 Y=0.0266X-0.0211 0.9990

Rhein 0.011 0.0114-58.8 Y=0.036X+0.0319 0.9988
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Assessed for eligibility (n=126)

— -

Excluded: (n=16)

2 hyperprolactinemia

1 early ovarian failure
13 without PCOS

Randomized (n=110)

Allocation

v

|

Control Group (n= 36)

Moderate intensity continuous training (n=37)

High intensity intermittent training (n=37)

Follow-Up

- Had no intervention (n=25)

Discontinuous intervention (n=11):
- Did not answered the phone call

- Completed the training (n=25)

Discontinuous intervention (n=12):
- Said that did not have available time

- Completed the training (n=25)

Discontinuous intervention (n=12):
Said that did not have available time

(@=6) @=9) (@=
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Target Gene

OPA1
Mfnl
Mfn2
Drpl

Fisl
PGC-1o.
Tfam
Long Fragment
Shrot
Fragment
Bax

Bcl-2
Caspase-3
Caspase-9
ASK1
JNK
Cyc-c

GAPDH

Primer Sequence

Forward: 5-TGGTTCGAGAGTCGGTTGAA-3"
Reverse: 5- CCTCCCAGTGCTTTGGAGTA -3
Forward: 5-GGGAAGACCAAATCGACAGA-3
Reverse: 5-CAAAACAGACAGGCGACAAA-3
Forward: 5-GAGAGGCGATTTGAGGAGTG-3"
Reverse: 5-CTCTTCCCGCATTTCAAGAC-3’
Forward: 5-GCCCGTGGATGATAAAAGTG-3"
Reverse: 5-TGGCGGTCAAGATGTCAATA-3’
Forward: 5-AGATGGACTGGTAGGCATGG-3
Reverse: 5-GACACAGCCAGTCCAATGAG-3
Forward: 5-GGACGAATACCGCAGAGAGT-3’
Reverse: 5-CCATCATCCCGCAGATTTAC-3’
Forward: 5-TCACCTCAAGGGAAATTGAAG-3
Reverse: 5-CCCAATCCCAATGACAACTC-3

Forward:5-AAAATCCCCGCAAACAATGACCACCC-3
Reverse: 5-GGCAATTAAGAGTGGGATGGAGCCAA-3
Forward: 5~-CCTCCCATTCATTATCGCCGCCCTGC-3
Reverse: 5-GTCTGGGTCTCCTAGTAGGTCTGGGAA-3

Forward: 5-GCGATGAACTGGACAACAAC-3’
Reverse: 5-GATCAGCTCGGGCACTTTAG-3"
Forward: 5-CGAGTGGGATACTGGAGATGA-3"
Reverse: 5- GACGGTAGCGACGAGAGAAG-3’
Forward: 5-CCCATCACAATCTCACGGTAT-3’
Reverse: 5-GGACGGAAACAGAACGAACA-3’
Forward: 5-GCCTCTGCTTTGTCATGGAG-3’
Reverse: 5-AGCATGAGGTTCTCCAGCTT-3
Forward: 5~ ACAATGAGCAGACGATTGGC-3’
Reverse: 5-CAGCAAGCCTCTTGGATGTC-3’
Forward: 5-TGGATTTGGAGGAGCGAACT-3
Reverse: 5-TCACTGCTGCACCTAAAGGA-3’
Forward: 5-GGACAGCCCCGATTTAAGTA-3"
Forward: 5-TCAATAGGTTTGAGGCGACAC-3’
Forward: 5- AGGTCGGTGTGAACGGATTTG -3’
Reverse: 5- GGGGTCGTTGATGGCAACA-3

Size (bp)

189
152
165
215
84
201
241
13400
235
200
236
195
181
168
69
121

20

Tm (°C)

56
56
57
57
58
56
56
56
56
56
59
56
55
56
72
72
60
60
57
58
58
59
57
58
56
56
56
56
56
56
57
58
58
58
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Antibodies

Anti-ASK1
Anti-p-ASK1
Anti-JNK
Anti-p-JNK
Anti-Bcl-2
Anti-Bax
Anti-Caspase-3
Anti-Caspase-9
Anti-Cyt-c
Anti-OPA1
Anti-Mfn1
Anti-Mfn2
Anti-Drpl
Anti-Fis1
Anti-PGCla
Anti-GAPDH

Manufacturer

Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech

Proteintech

Catalogue No.

67072-1-1g
28846-1-AP
10176-2-AP
80024-1-RR
26593-1-AP
50599-2-1g
19677-1-AP
10380-1-AP
12245-1-AP
66583-1-Ig
13798-1-AP
12186-1-AP
10656-1-AP
66635-1-Ig
66369-1-1g
60004-1-1g

Observed MW

110 KDa
120 KDa
46KDa

46 KDa
26 KDa
26 KDa
32 KDa
47 KDa
13 KDa
100 KDa
86 KDa
86 KDa
27 KDa
15 KDa
100 KDa
36 KDa

Dilution

1:2000
1:1000
1:2000
1:2000
1:1000
1:6000
1:1000
1: 500
1:3000
1:1000
1:500
1:3000
1:1000
1:3000
1:5000
1:20000
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Age of asthma diagnosis: 0-10 years Age of asthma diagnosis: 11-19 years

Crude Model Adjusted Model® Crude Model Adjusted Model®
RR [95% Cl] RR [95% Cl] [95% Cl] RR [95% Cl] 2
Main analysis
Non-asthmatics (Reference) (Reference) (Reference) (Reference)
Pediatric asthmatics 1.59 094-2.68 0082 146 0.89-2.39 0130 | 227 1.01-5.10 0047 199 093423 0.075

Restriction analysis by body size at 10 years old

About average

Non-asthmatics (Reference) (Reference) (Reference) (Reference)

Pediatric asthmatics 1.46 0.60-3.54 0.405 118 0.56-2.49 0.657 2.57 0.71-9.25 0.150 2.39 0.80-7.19 0.120
Thinner

Non-asthmatics [ (Reference) (Reference) (Reference) (Reference)

Pediatric asthmatics 1.69 0.72-4.00 0.229 1.68 0.76-374 0.202 2.88 1.04-7.98 0.042 3.50 1.38-8.43 0.008
Plumper

Non-asthmatics (Reference) (Reference) (Reference) (Reference)

Pediatric asthmatics 1.20 0.38-3.78 0.753 1.36 0.36-5.17 0.649 N/A N/A

Restriction analysis by childhood health status up to 10 years old

Poor or fair
Non-asthmatics (Reference) (Reference) (Reference) (Reference)
Pediatric asthmatics 2.28 0.83-6.18 0.106 254 1.03-6.30 0.044 N/A N/A

Excellent or good
Non-asthmatics (Reference) (Reference) (Reference) (Reference)

Pediatric asthmatics 1.39 0.74-2.66 0.307 123 0.66-2.28 0.511 2,65 1.20-5.87 0.016 213 1.01-4.50 0.047

*Adjusted for age (continuous), urbanicity at birth (rural/urban), and parental smoking at birth (no/yes). N/A reflects insufficient sample size.





OPS/images/fendo.2023.1022272/table3.jpg
Age of PCOS diagnosis: 20-25 years of age Age of PCOS diagnosis: > 25 years of age

Crude Model Adjusted Model® Crude Model Adjusted Model®
RR [95% Cl] RR [95% Cl] P [95% Cl] RR [95% Cl] 2
Main analysis
Non-asthmatics (Reference) (Reference) (Reference) (Reference)

Pediatric asthmatics 1.32 0.65 -2.70 0443 133 0.65 -2.72 0442 | 240 1.27 -453 0007 | 2.06 1.16-3.65 | 0.013
Restriction analysis by body size at 10 years old

About average

Non-asthmatics (Reference) (Reference) (Reference) (Reference)

Pediatric asthmatics 0.40 0.06-2.92 0.367 0.39 0.06-2.79 0.350 391 1.53-9.98 0.004 3.40 1.49-7.73 0.004
Thinner

Non-asthmatics (Reference) (Reference) (Reference) (Reference)

Pediatric asthmatics 146 0.46-4.63 0.523 155 0.49-4.94 0.454 2.87 1.13-7.26 0.026 274 1.22-6.15 0.015
Plumper

Non-asthmatics (Reference) (Reference) (Reference) (Reference)

Pediatric asthmatics 1.92 0.54-6.85 0.316 255 0.65-9.96 0.180 N/A N/A

Restriction analysis by childhood health status up to 10 years old

Poor or fair
Non-asthmatics (Reference) (Reference) (Reference) (Reference)
Pediatric asthmatics 1.42 0.30-6.73 0.657 1.63 0.37-7.10 0.517 3.05 0.72-13.0 0.132 3.11 0.61-15.7 0.170

Excellent or good

Non-asthmatics (Reference) (Reference) (Reference) (Reference)

Pediatric asthmatics 1.31 0.58-2.97 0.512 1.25 0.55-2.82 0.599 2.30 1.11-4.77 0.026 1.87 0.94-3.69 0.073

*Adjusted for age (continuous), urbanicity at birth (rural/urban), and parental smoking at birth (nofyes). N/A reflects insufficient sample size.
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Metabolites
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Study Country  Ages Sample size  Criteria for  Criteria for SDB (kg/m2) Research
(Years) n (T/C) PCOS object
characteristics
Fogel, 2001 (Fogel ~ United States  T: 311+ 13,C: 36 (18/18) NIH Polysomnography/Sleep ~ T:3696 £ 1.3, C:  no concomitant
et al,, 2001) 32313 questionnaire 3696 + 14 disease
Tasali 2008 (Tasali ~ United States 1840 73 (52/21) NIH Polysomnography >25 kg/m2 1o concomitant
et al,, 2008a) disease
Yang 2009 (Yang Taiwan, T: 29.1 + 143 28 (18/10) Rotterdam Polysomnography/Sleep T: 21.7 + 0.57 non-obese
et al,, 2009) China questionnaire
C:316 %387 C:209 £ 058 no concomitant
disease
Sousa 2010 (de Germany T152+13 33 (2/11) NIH Polysomnography T:317 £ 62 no concomitant
Sousa et al., 2010) disease
C:150 £ 10 C:348£87
Sousa 2011 (de Germany T:150£10 50 (31/19) NIH Polysomnography T:327 %62 no concomitant
Sousa et al., 2011) disease
C1s2% 11 C:324 %40
Shreeve 2013 Britain T: 298 £ 37 52 (26/26) Rotterdam actiwatch/Sleep T:293 £82 no concomitant
(Shreeve et al., questionnaire disease
2013)
C:263 %56 C:246 £33
Suri 2016 (Suri India T:27.9 £644 150 (50/100) Rotterdam Polysomnography/Sleep ~ T: 28.0 + 401 no concomitant
et al,, 2016) questionnaire disease
C:283 %605 C:253 £293
Su 2017 (Suetal,  China T: 29.03 £ 326 285 (129/156) Rotterdam Sleep questionnaire Unlimited no concomitant
2017) disease
C:3172 £ 386
Kutenaee 2019 Iran T:27.86 + 584 400 (201/1%9)  Rotterdam Sleep questionnaire T:2273£962  no concomitant
(Azizi et al,, 2020) disease
C: 2806 + 651 C: 2395 £ 496
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