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Background

Published data on the relationship between polycystic ovary syndrome (PCOS) and thyroid dysfunction are sparse and confusing.





Objective

To comprehensively review data available in the literature regarding the relationship between PCOS and the thyroid function, and its abnormalities.





Methods

Nine main areas of interest were identified and analyzed according to the available evidence: 1) Evaluation of thyroid function for PCOS diagnosis; 2) Epidemiology data on thyroid function/disorders in patients with PCOS, and vice versa; 3) Experimental data supporting the relationship between thyroid function/disorders and PCOS; 4) Effects of thyroid function/disorders on PCOS features, and vice versa; 5) Effect of thyroid alterations on the cardiometabolic risk in women with PCOS; 6) Effect of thyroid abnormalities on reproductive outcomes in women with PCOS; 7) Relationship between thyroid function/abnormalities in patients with PCOS who are undergoing fertility treatment; 8) Effect of treatments for thyroid diseases on PCOS; and 9) Effect of treatments for PCOS on thyroid function. An extensive literature search for specific keywords was performed for articles published from 1970 to March 2023 using PubMed and Web of Science. Data were reported in a narrative fashion.





Results

PCOS is a diagnosis of exclusion for which diagnosis is possible only after excluding disorders that mimic the PCOS phenotype, including thyroid dysfunctions. However, the tests and the cutoff values used for this are not specified. Many experimental and clinical data suggest a relationship between perturbations of the thyroid function and PCOS. Direct and unequivocal evidence on the effects of thyroid function/disorders on PCOS features are lacking. High thyroid-stimulating hormone levels and subclinical hypothyroidism may be associated with significant worsening of several intermediate endpoints of cardiometabolic risk in women with PCOS. Thyroid abnormalities may worsen reproductive outcomes, especially in patients undergoing fertility treatment. To date, there are no data demonstrating the efficacy of thyroid medications on fertility and cardiometabolic risk in women with PCOS. Lifestyle modification changes, metformin, and vitamin D seem to improve thyroid function in the general population.





Conclusion

PCOS and thyroid disorders are closely related, and their coexistence may identify patients with a higher reproductive and metabolic risk. Regular screening for thyroid function and thyroid-specific autoantibodies in women with PCOS, particularly before and during pregnancy, is highly recommended.
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1 Introduction

Polycystic ovary syndrome (PCOS) is a complex and heterogeneous disease, and the most common endocrine disorder among women who are at reproductive age, with a prevalence that is widely variable according to geographic areas and the diagnostic criteria adopted (1). Even though the diagnostic criteria defined during the Rotterdam consensus workshop in 2003 (2) were initially criticized, expert opinions and clinical guidelines subsequently confirmed their value (1, 3, 4). These diagnostic criteria consist of the combination of at least two of three of the following features: oligo- and/or anovulation, clinical and/or biochemical signs of hyperandrogenism, and polycystic ovarian morphology (PCOM). More recently, both the American College of Obstetricians and Gynecologists (5) and the International PCOS Network (6) used the same original criteria, with only a few differences.

Thyroid disorders may also cause menstrual dysfunction, infertility, and metabolic disorders, and are extremely common in females (7–9). Although data on thyroid function/dysfunction in women with PCOS are sparse and confusing, growing evidence suggests a potential link between these diseases (10, 11). Genetic susceptibility to the onset of both diseases is a potential mechanism of association between thyroid disease and PCOS, but a common genetic profile has not yet been found. Furthermore, it was hypothesized that altered estrogen/androgen balance in women with PCOS may predispose these patients to hypothyroidism, but these data are inconclusive. Further extensive studies in these fields are needed to assess which mechanisms cause this correlation.

The aim of this article is to comprehensively review, in a narrative fashion, data available on thyroid function/dysfunction in women with PCOS, and to clarify the relationship between these two common medical conditions.




2 Methods

An extensive literature search was performed for articles published from 1970 to March 2023 using PubMed and Web of Science. Specific keywords used in the search were: “thyroid” and/or “hypothyroidism” and/or “hyperthyroidism” and/or “autoimmune thyroiditis” and/or “Hashimoto’s thyroiditis” and/or “chronic lymphocytic thyroiditis” and/or “Grave’s disease” and/or “TSH” with “polycystic ovary syndrome” and/or “polycystic ovary disease” and/or “PCOS.” Subsequently, the same search terms were paired with terms covering specific features/characteristics related to PCOS, such as “polycystic ovaries,” “oligo-amenorrhea,” “oligo-anovulation,” “ovulatory dysfunction,” “chronic anovulation,” “amenorrhea,” “oligo-amenorrhea,” “hyperandrogenism,” ‘testosterone,” “anti-Mullerian hormone,” “AMH,” “hyperestrogenism,” “estrogens,” “estradiol,” “hyperinsulinemia,” “insulin resistance,” “hirsutism,” “inflammation,” “body mass index,” “BMI,” “obesity,” “infertility,” “sterility,” “diabetes,” and “autoimmunity.”

The title and abstract of all articles on the relationship between PCOS and thyroid function were independently screened by all authors without language restriction. Full texts of eligible articles were then selected, and only articles considered relevant by the authors were cited and discussed. Additional journal articles were identified from the bibliographies of included studies. Specific inclusion and exclusion criteria to identify, select, and include in the final analysis of the articles were not predefined at the start of this narrative review.




3 Results

Following extensive revision of the literature, each author proposed a list of potential and specific topics to analyze. After discussion, all authors agreed on the main issues to evaluate (Table 1).


Table 1 | Selected issues on the relationship between PCOS and thyroid function/disorder, reported as scientific questions to answer.





3.1 Evaluation of thyroid function for PCOS diagnosis

In all main articles in which different diagnostic criteria were proposed (2, 12, 13), it was emphasized that PCOS is a diagnosis of exclusion, where diagnosis is only possible after excluding disorders that mimic the PCOS phenotype. In the original published manuscript from the Rotterdam consensus workshop (2), the need to exclude hyperandrogenic diseases, such as congenital adrenal hyperplasias, androgen-secreting tumors, and Cushing’s syndrome was specified, but limited value was given to the exclusion of thyroid dysfunctions and hyperprolactinaemia due to their low incidence among patients with PCOS. However, because of the high frequency of thyroid disease in women with menstrual disorders, the assessment of thyroid function, together with the exclusion of other diseases, including hyperprolactinemia, acromegaly, genetic defects in insulin action, primary hypothalamic amenorrhea, primary ovarian failure, and syndrome of severe insulin resistance was recommended in other articles (1, 3–6, 13).

Table 2 summarizes the different recommendations from consensus conferences and scientific societies to assess thyroid function in patients with suspected PCOS. It is noteworthy that this issue was discussed and adequately referenced in a few manuscripts only. The Endocrine Society practice guideline (3) specifies that serum thyroid stimulating hormone (TSH) levels higher than the upper limit of normal suggests that the patient has hypothyroidism and a TSH level lower than the inferior limit suggests that the patient has hyperthyroidism. However, the Scientific Statement of experts in PCOS (1) and clinical guidelines from the American Association of Clinical Endocrinologists (AACE), American College of Endocrinology (ACE), and Androgen Excess and PCOS Society (AES) (4) only include a few lines on the need to exclude endocrinopathies, including thyroid abnormalities, when PCOS is suspected. No specific recommendation regarding this issue was given in the more recent guideline from the International PCOS Network (6).


Table 2 | Recommendations from consensus conferences and scientific societies on the assessment of thyroid function in patients with suspected PCOS.



In conclusion, available data from published articles on the diagnostic criteria for PCOS diagnosis suggest excluding thyroid diseases but do not report on the specific thyroid diseases to exclude, tests needed for a PCOS diagnosis, or specific cutoff values for those tests to use.




3.2 Epidemiological studies on thyroid disorders in patients with PCOS, and vice versa

The presence of thyroid diseases is an exclusion criterion for a PCOS diagnosis. Thus, the prevalence of clinical thyroid dysfunctions, i.e., hyper- or hypothyroidism should be zero in the PCOS population. However, prevalence data on PCOS features in patients with hyper- or hypothyroidism may be interesting to explore. A literature search for epidemiological studies on thyroid disorders in patients with PCOS, including autoimmune thyroiditis (AIT), subclinical hypothyroidism (SCH), Graves’ disease (GD), thyrotoxicosis, thyroid nodules, nodular goiter, and thyroid malignancy was performed. Many of those studies discussed the AIT presence, but data regarding other thyroid disorders were sparse. Table 3 summarizes the main data found (discussed further, below).


Table 3 | Main clinical studies on potential correlations between thyroid disease and PCOS.





3.2.1 AIT and PCOS

AIT, also known as Hashimoto’s thyroiditis (HT) or chronic lymphocytic thyroiditis, is the most common cause of hypothyroidism (28), characterized by thyroid infiltration by inflammatory cells and the presence of antithyroglobulin antibodies (anti-TG Ab) or anti-thyroid peroxidase antibodies (anti-TPO Ab). Thyroid autoantibodies reflect the general activation of the immune system and substantially contribute to the pathogenesis of AIT by activating complement/antibody-dependent cellular cytotoxicity leading to apoptosis of thyroid cells and the gradual destruction of follicles in the thyroid gland. AIT diagnosis is generally based on increased levels of anti-TPO Ab (with/without increased levels of anti-TG Ab) and is associated with the presence of diffuse/irregular hypoechogenicity of the thyroid gland during ultrasound evaluation.

A systematic review with meta-analysis (14) that aimed to study the relationship between PCOS and AIT was published in 2013. In this article, six studies that included 726 women with PCOS, diagnosed according to different criteria (including Rotterdam, National Institutes of Health [NIH]), or other criteria), and 879 patients without PCOS were analyzed. The prevalence of AIT was 22.8% and 5.7% in PCOS and non-PCOS groups, respectively. AIT was about fivefold higher in patients with PCOS versus patients without PCOS (odds ratio [OR] 4.81, 95% confidence interval [CI] 2.88−8.04). Mean TSH levels were slightly higher in patients with PCOS vs patients without PCOS; this increase in mean TSH level was statistically significant, with a mean difference of 0.62 (95% CI 0.21−1.02) (14). Anti-TPO Ab-positive patients were about threefold higher among patients with PCOS versus patients without PCOS (OR 3.32, 95% CI 1.25 to 8.87) and anti-TG Ab-positive patients were about twofold higher among patients with PCOS versus patients without PCOS (OR 1.93, 95% CI 1.23 - 3.02) (14). The goiter presence (OR 3.36, 95% CI 2.14 - 5.26) and a hypoechoic ultrasound pattern of the thyroid (OR 4.11, 95% CI 2.17 to 7.82) were more frequent in women with PCOS versus those without PCOS, and the thyroid volume of patients with PCOS was larger than that of control patients (14) (Table 3).

Another systematic review, including data until August 2017, confirmed the increased incidence of AIT in women with PCOS (15). The analysis included 13 studies, 1210 women with PCOS diagnosed according to Rotterdam criteria, and 987 healthy controls. AIT prevalence was 26% and 9.7% in patients with PCOS and the control group, respectively. The risk of developing AIT in women with PCOS was more than threefold higher versus the control group (OR 3.27, 95% CI 2.32−4.63). Interestingly, data from analysis of different geographical regions confirmed these findings in patients with PCOS in different geographic regions. The risk of developing AIT was four times higher in Asian (28.9%) patients with PCOS versus Asian patients without PCOS (8.6%; OR 4.56, 95% CI 2.47−8.43) but lower by less than twofold for South American patients with PCOS (26.6%) versus South American patients without PCOS (20.5%; OR 1.86, 95% CI 1.05−3.29). An intermediate risk (about threefold higher) was detected for European patients with PCOS (21.8%) versus European patients without PCOS (7.8%; OR 3.27, 95% CI 2.07 −5.15) (15). Findings for serum TSH levels were heterogeneous; about one-half of the studies reported that TSH levels were significantly higher in women with PCOS versus control groups, whereas other studies either found no difference in TSH levels for patients with/without PCOS or did not evaluate this (Table 3). Moreover, a recent case-control study (17) showed no difference in AIT prevalence in 210 women with PCOS versus 343 patients without PCOS. However, among women with PCOS, patients with AIT had a significantly higher adiposity and insulin resistance index versus those without AIT (17). A very large cohort study (16) evaluated PCOS prevalence and its comorbidities in patients with AIT. The analysis of 33655 patients with AIT and 26924 patients without AIT demonstrated an increased risk of PCOS in patients with AIT versus patients without AIT (adjusted hazard ratio [aHR] 1.39, 95% CI 1.07−1.71) (16).

Finally, a recent systematic review (29) including 20 studies and 7857 participants confirmed that women with PCOS have an increased risk of AIT versus patients without PCOS, and AIT prevalence was higher in South America versus Asia/Europe. This systematic review also showed that patients with AIT have an increased risk of developing PCOS versus patients without AIT, and PCOS prevalence was higher in India and Turkey versus other countries.




3.2.2 SCH and PCOS

SCH is defined as the presence of elevated levels of TSH with normal free thyroxine levels (30). The cutoff value of TSH to determine the presence of SCH is not unequivocal throughout published studies (31, 32) (Table 3).

SCH prevalence in women with PCOS varies from 10−25% (33), whereas the prevalence of SCH and clinical hypothyroidism in women of reproductive age is 4−10 and 0.1−2%, respectively (34). Thus, SCH in women with PCOS may be at least twofold higher than SCH in unselected women (21). A recent study (23) on 207 women with PCOS and 644 healthy controls showed no difference in 95 percentiles of TSH concentrations and no association between PCOS status and SCH (aOR 1.40, 95% CI 0.79−2.50).

Discrepancies in SCH prevalence in women with PCOS may be due not only to the different cutoff TSH values used (18) but also to the different criteria for PCOS diagnosis or distinct PCOS phenotypes (including non-hyperandrogenic, ovulatory, non-PCOM, classical, PCOS meeting NIH criteria, or the full-blown/complete phenotypes). Albeit serum TSH levels were not associated with PCOS features, including hyperandrogenism, ovulatory dysfunction, and PCOM, a significant relationship between PCOS phenotype and TSH levels was detected (35). As TSH level increased, the proportion of women with complete PCOS phenotype (i.e., hyperandrogenism plus ovulatory dysfunction plus PCOM) increased, while the proportion of patients with the non-PCOM or non-hyperandrogenic phenotype decreased (35). No effect was observed on the proportion of women with women with the ovulatory phenotype (35). A meta-analysis of 6 studies (18) including 692 patients with PCOS and 540 patients without PCOS reported a threefold higher risk of SCH in women with PCOS versus patients without PCOS (OR 2.87, 95% CI 1.82−9.92). Further analysis of the data to only include studies in which a SCH diagnosis was ascertained using a TSH cutoff of ≥4 mUI/L, the SCH risk was 3.59 times higher in women with PCOS versus women without PCOS (18). Serum TSH concentration was higher in an infertile population of euthyroid women with PCOS versus euthyroid women without PCOS (36).

However, other authors reported no significant association of any PCOS phenotype with SCH with/without AIT, and no significant difference in hormonal parameters and the modified Ferriman-Gallwey scale score in women with PCOS with/without SCH (22). The reported rate of SCH with/without AIT is also extremely variable. In women with PCOS, the reported SCH prevalence was lower than AIT prevalence in one publication and higher than AIT prevalence in another publication (20, 22), suggesting a potentially different pathogenesis for SCH in patients with PCOS. Data on PCOS prevalence in patients with SCH are limited. A cohort study of 534 obese women demonstrated that the rate of PCOS diagnosis between patients with SCH (60.2%) and patients without SCH (56.1%) was not significant. This finding was also confirmed after adjusting the data for confounding factors (aOR 0.9, 95% CI 0.6−1.7) (19).




3.2.3 GD and PCOS

GD is defined as an autoimmune disease resulting in the overproduction of thyroid hormones and hyperthyroidism/thyrotoxicosis (37). While autoimmune hypothyroidism is relatively frequent in women of childbearing age, GD is less frequent, and this influences the availability of correlation studies. In geographical regions without a high prevalence of iodine deficiency, the lifetime risk is 3% for women and 0.5% for men, with an estimated prevalence of 0.5−2% in females (38).

Data from a very large Danish cohort study (24) confirmed that the risk of developing thyroid disease for women with PCOS was more than double that for an age-matched control population (HR 2.5, 95% CI 2.3−2.7), with an incidence rate for thyrotoxicosis of 1.4 per 1000 patients/year for patients with PCOS versus 0.5 per 1000 patients/year for patients without PCOS. However, this risk was lower than the risk of hypothyroidism (24).

Although recent meta-analysis data showed that GD was the most common type of thyroid autoimmunity in patients with AIT (26), correlation studies on GD in women with PCOS, and vice versa, were limited. These data were reported in a few case reports and one cohort study that included a large number of patients (16197 patients of whom 5399 were women with GD and 10798 were patients without GD) (25). The cumulative incidence of PCOS was significantly higher in patients with GD versus patients without GD (aHR 1.47, 95% CI 1.09−1.98), suggesting that GD is a risk factor for developing PCOS (25).

In conclusion, data on the association between GD and PCOS are extremely limited. More extensive multicenter cohort studies are needed for further insight into the potential association between these diseases.




3.2.4 Thyroid nodules and PCOS

Specific data on the presence of thyroid nodules in women with PCOS are sparse and confounded with other thyroid alterations. A retrospective study (39) on 178 patients with PCOS and 92 body mass index (BMI)-matched control patients showed that the number of thyroid nodules of ≥1 cm was higher in women with PCOS versus the control group. Further analysis of the PCOS phenotypes suggested that women with a complete PCOS phenotype were more often affected by thyroid nodules (39). Another study with a small sample size (40) showed a close association between thyroid nodules and ovarian volume in women with PCOS.

In conclusion, considering previous data and risk factors for developing thyroid nodules (41), including the female sex and metabolic syndrome, it is possible to hypothesize an increased prevalence of thyroid nodules in women with severe PCOS phenotypes and metabolic comorbidities. However, the exact prevalence of this cannot be calculated and further investigations involving larger cohorts of patients are required to establish the validity of this association.




3.2.5 Goiter and PCOS

Regarding the prevalence of nodular goiter in women with PCOS, available data are also extremely limited, although the presence of thyroid nodules is relatively frequent in fertile young patients (42).

In a case-control study involving a small number of patients (27), no significant relationship was found between thyroid volume and nodular goiter prevalence in 70 women with PCOS versus 60 women without PCOS (27). However, this study also demonstrated no increase in the incidence of AIT in women with PCOS (27). More recently, a large cohort study demonstrated that the risk of developing a goiter was significantly higher in women with PCOS versus women without PCOS (OR 2.0, 95% CI 1.1−3.4) (24). The incidence of goiter in that study was 1.4 patients/year in women with PCOS versus 0.7 patients/year in the control population (24) confirming the complex nature of hormonal interactions in women with PCOS (43).




3.2.6 Thyroid cancer and PCOS

Thyroid cancer is the most prevalent endocrine malignancy, and its incidence is more than threefold higher in women versus men (44). Approximately three quarters of thyroid cancers are diagnosed in the women (44).

The relationship between thyroid cancer and PCOS is still unknown and published data on this are limited. Available data frequently discuss the incidence of thyroid nodules instead of thyroid cancer in women with PCOS and indirect evidence for a potential link between thyroid cancer and PCOS. Direct evidence from epidemiological studies on the risk of thyroid cancer in patients with PCOS is not currently available in the literature.





3.3 Experimental data on the relationship between thyroid function and PCOS

Sparse and heterogeneous experimental data are available in the literature to identify potential links between thyroid function/diseases and PCOS. These findings include preclinical data on the effect of thyroid hormones on ovaries and impact of sex hormones on the thyroid, autoimmunity as a link between PCOS and thyroid dysfunctions, and influence of endocrine disruptors on PCOS. Due to the lack of epidemiological studies on the relationship between specific thyroid diseases, such as thyroid cancer and PCOS, indirect evidence was reported.



3.3.1 Preclinical studies

Few preclinical data showed a strong interaction between hypothalamus-pituitary-gonadal and hypothalamus-pituitary-thyroid axes, suggesting an association between PCOS and thyroid disorders. Hypothyroidism in rats after thyroidectomy increased ovary size and the local concentration of luteinizing hormone (LH)/human chorionic gonadotropin receptors (45). Therefore, low levels of thyroid hormones appeared to sensitize the ovaries to gonadotropin action and favor the development of PCOS in rats (46). In an animal PCOS model (female Wistar rats treated with estradiol valerate) several biochemical and histological evidence of thyroid gland dysfunction was observed, such as increased TSH serum levels, decreased T3 and T4 serum levels, small-sized thyroid follicles devoid of the colloid and increased connective tissue between follicles (47). Interestingly, treatment of the rats with PCOS with chamomile extract and metformin improved serum levels of TSH, T3, and T4 and counteracted most pathological changes in the thyroid gland (48). These data suggested a link between insulin resistance, a milestone in the pathogenesis of PCOS and thyroid function.

In another preclinical model of PCOS comprising rats treated with letrozole, an increased thyroid weight was reported (49). Combination treatment of melatonin and T4 for rats with PCOS restored thyroid weight to values observed in control groups, suggesting an interplay between melatonin, the thyroid, and PCOS (49). Expression profiles for messenger RNA (mRNA) and long non-coding RNA (lncRNA) in ovarian tissues from letrozole-induced rats with PCOS and control groups were characterized via deep sequencing (49). Pathway analysis revealed that differentially expressed mRNAs were related to several pathways, including insulin resistance, steroid hormone biosynthesis, PPAR signaling pathway, cell adhesion molecules, adenosine mono-phosphate-activated protein kinase signaling pathway, and autoimmune thyroid disease (50).

Finally, prenatal glucocorticoid exposure of mice resulted in metabolic dysfunctions in adult mice, and the effects of 3-iodothyronamine (T1AM), a natural analog of T4 with distinct functional properties, was explored. T1AM administration induced a profound tissue-specific antilipogenic effect in liver and muscle tissue, while an opposing effect on the regulation of estrogenic pathways was observed in the ovary by upregulation of STAR, CYP11A1, and CYP17A1 (51).




3.3.2 Autoimmunity in PCOS and thyroid diseases

Emerging research showed a link between PCOS, low-grade inflammation, and autoimmune disorders, suggesting PCOS pathogenesis as an autoimmune disease (52–54). Indeed, several studies reported a higher incidence of autoantibodies, such as anti-histone, anti-double stranded DNA, anti-nuclear, anti-thyroid, anti-sperm, anti-ovarian and anti-islet cells autoantibodies in patients with PCOS (55–58). Although the exact reason for this association is not known, several mechanisms were suggested, including hormonal susceptibility in women with PCOS.

PCOS is characterized by a hormonal imbalance with an increase in LH/follicle stimulating hormone (FSH) ratio, hyperandrogenism, insulin resistance, a moderate increase in serum estradiol levels and a decrease in progesterone production (1). Serum estradiol levels were higher in anti-TPO Ab-positive women with PCOS than in anti-TPO Ab-negative women with PCOS, and anti-TPO Ab positively correlated with estradiol and estradiol/progesterone ratio (59). These data were recently confirmed in adolescent females with PCOS (60).

Estrogen receptors are present on several cells of the immune system. Although estrogens have a dichotomous effect on the immune system regarding their concentration and timing of exposure (61), several reports suggested an association between excess estrogen production and the incidence of autoimmune diseases, probably due to the stimulatory effects of estrogen on interleukin (IL)-4, IL-1, IL-6, and interferon-γ (62, 63) production. Furthermore, activation of estrogen receptor-α was found to promote autoimmune responses and autoantibody production through an increase of β cell activity and a decline of T suppressor cell activity (64). Conversely, androgens and progesterone exert immunosuppressive and anti-inflammatory effects. Indeed, progesterone receptor activation counteracts the effects of estrogen receptor-α, which supports the production of autoantibodies (61, 65, 66).

Therefore, in women with PCOS an increased estradiol/progesterone ratio due to anovulation and luteal insufficiency may be involved in stimulating the immune system and consequently in the AIT development. The immunosuppressive effect of androgens makes it more difficult to explain the potential role of hyperandrogenism in patients with PCOS in AIT development. Less severe cases of hyperandrogenemia and hyperandrogenism were observed in patients with PCOS and AIT versus patients with PCOS without AIT (67). A recent experimental study (68) demonstrated a change in the expression of T helper (Th)17 and T regulatory (Treg) cells with an imbalance of the Th17/Treg cell ratio in peripheral blood mononuclear cells from patients with PCOS and AIT versus patients with PCOS without AIT, which was significantly influenced by testosterone (68).

Another potential link between PCOS and AIT appears to be mediated through the tumor growth factor (TGF)-β pathway, a main regulator of immune tolerance, by stimulating Treg cells, a subpopulation of T cells that act to suppress the immune response, thereby maintaining homeostasis and self-tolerance. This effect may be modulated via the gene for fibrillin 3 (FBN3) that regulates the bioavailability of TGF-β (10, 69). The FBN3 genetic variant, D19S884 allele 8, was strongly associated with risk of PCOS (70). Women with PCOS carrying allele 8 of D19S884 in the FBN3 gene had significantly lower levels of TGF-β1, higher inhibin β levels, and higher Homeostatic Model Assessment of Insulin Resistance levels than women with PCOS without the same allele (71). Similarly, in patients with autoimmune hypothyroidism lower serum levels of TGF-β1 were reported versus healthy controls (72). Thus, TGF-β and Treg level reduction may favour autoimmune processes and it can be speculated that women with PCOS carrying allele 8 of D19S884 in the FBN3 gene who have lower levels of TGF-β1, are more susceptible to developing hypothyroidism than women with PCOS without allele 8 (10, 73). Genetic susceptibility was considered a major factor in AIT and PCOS development in > 70% of cases, as demonstrated by studies of families and twins (10).

Vitamin D is well known for its beneficial and protective effect on the immune system. Indeed, vitamin D deficiency and polymorphisms of the vitamin D receptor (VDR) gene was associated with an increased risk of developing several autoimmune diseases, including hypothyroidism (74, 75). Similarly, several meta-analyses reported on the association of VDR gene polymorphisms with PCOS risk (76–78). Vitamin D deficiency may have a role in the development of insulin resistance, metabolic syndrome and hyperandrogenism in women with PCOS (79, 80). Vitamin D deficiency was significantly associated with AIT in overweight and obese patients showing that obesity, frequently present in women with PCOS, is associated with lower vitamin D circulating levels (81). Interestingly, 25-hydroxy vitamin D levels were significantly lower in women with PCOS and AIT versus women with PCOS without AIT (82). Therefore, low levels of vitamin D provide another possible link between thyroid dysfunction and PCOS in women with PCOS.




3.3.3 Endocrine disruptors

An interesting hypothesis linking PCOS with thyroid alterations considers the deleterious effect of the endocrine disruptors. Available data (83) seem to suggest that the same endocrine-disrupting chemicals may induce epigenetic alterations at the ovarian and thyroidal level inducing PCOS and thyroid dysfunction. Unfortunately, solid evidence supporting this hypothesis is lacking and needs to be validated in future studies.





3.4 Effect of thyroid function/dysfunction on PCOS features, and vice versa

AIT, in the general population, is associated with a euthyroid phase followed by SCH, which slowly progresses to overt hypothyroidism (84). It is not clear if the euthyroid phase in women with PCOS has the same length/duration compared with the general population or whether the progression to overt hypothyroidism is different in terms of its timing/incidence. Considering data on autoimmunity and on low-grade chronic inflammation in women PCOS (52, 85, 86), it may be possible to hypothesize shorter euthyroid and SCH phases in women with PCOS and AIT (87). A recent retrospective case-control study (35) showed that TSH levels, adjusted for age and BMI, were higher in women with PCOS resulting in a higher incidence of SCH versus control groups. Although serum TSH levels were related to PCOM but not to hyperandrogenism or ovarian dysfunction, the patient proportion with PCOS and a complete phenotype increased with higher serum TSH levels (35). Conversely, the proportion of patients with non-PCOM and non-hyperandrogenic phenotypes decreased with higher serum TSH levels (35).

In two meta-analyses of studies of AIT in women with PCOS (14, 15), the analyses were not conducted according to distinct PCOS phenotypes or the relationship of AIT with different PCOS features. However, both studies suggested no relationship between BMI and AIT in women with PCOS because no difference in BMI was observed in patients with PCOS with/without AIT (14, 15). Moreover, it is well known that increased BMI and obesity influence the severity of the PCOS (14, 15). Limited data have failed to establish the effect of AIT in women with PCOS on serum LH and FSH levels and on the LH/FSH ratio (14). But the presence of AIT/HT was associated with increased insulin resistance in women with PCOS (88).

A large cross-sectional study (87) of 600 patients with PCOS and 200 age-, BMI-, and AIT-matched women, demonstrated that serum TSH levels were directly associated with hyperandrogenism, and the hyperandrogenic PCOS phenotypes were more frequent in patients with higher TSH levels (> 2.5 mU/L). Also, a recent retrospective analysis (39) showed a higher incidence of thyroid diseases, including AIT, increased thyroid volume, and more frequent thyroid nodules >1 cm in women with the complete PCOS phenotype. These findings, however, were not confirmed by other authors (35). The relationship between serum concentrations of anti-TPO Ab and the ovarian reserve in different PCOS phenotypes was specifically investigated (89). Although no difference was observed among PCOS phenotypes, an inverse relationship between anti-TPO Ab and serum anti-Mullerian hormone (AMH) in women with PCOS was observed suggesting that the ovarian tissue may be more sensitive to AIT in women with PCOS (89). Differences in the ovarian reserve among different PCOS phenotypes may be not significant due to the small sample size.

Women with PCOS have increased AMH serum concentrations due to enhanced AMH production per follicle and, such as in PCOS patients with PCOM, to increased follicle number (90, 91). Thyroid dysfunction may affect ovarian AMH production and the ovarian reserve, influencing PCOS diagnosis and its characteristics. Levels of AMH were lower in women with PCOS and AIT versus patients with PCOS without AIT, and negatively correlated with anti-TPO Ab levels and AIT duration (92). Interestingly, the coexistence of anti-TG Ab did not influence findings (92). No effect of anti-TG Ab was detected on ovarian function (menstrual pattern) or biochemical/clinical hyperandrogenism (92). More recently, serum AMH levels were significantly higher in anti-TPO Ab-negative versus anti-TPO Ab-positive women, but it is important to note that patient age was significantly lower in anti-TPO Ab- negative versus anti-TPO- Ab-positive women, highlighting the influence of age on AMH levels (93). Conversely, other studies (58, 94, 95) reported high autoantibody levels against ovarian tissue in women with PCOS. In particular, the presence of thyroid antibodies in ovarian follicular fluid and their correlation with AMH serum levels were demonstrated (96).

Despite conflicting findings, the relationship between AMH and the thyroid was extensively studied in populations not selected for PCOS. A large cross-sectional study (97) on patients with normal, low, and high ovarian response, showed no relationship between serum thyroid hormone and AMH levels. These findings were subsequently supported (97–100), although, in 2021, a meta-analysis of 9 trials confirmed that AIT and hypothyroidism may affect the ovarian reserve (101). Serum TSH levels <3 mIU/ml were associated with better ovarian function (102–104), suggesting that SCH may influence ovulatory function and menstrual cyclicity, therefore SCH is a crucial diagnostic criterion for PCOS (1–6).

One confounding factor for the relationship between thyroid function and ovarian function/reserve is patient age since thyroid alterations increase and worsen with age. A more recent study (105) in infertile women, including patients with subclinical and clinical hypothyroidism, confirmed a relationship between TSH levels and the ovarian reserve in women aged >35 years only. Although these data are not in agreement with other studies (93, 101–104, 106), one unit increase in TSH level was associated with a 25% increased risk of an AMH level <1.1 ng/ml and an increase in serum TSH values greater than the cutoff of 1.465 mIU/L was associated with a decrease in ovarian function in these patients (105). More recently (106) a Chinese study demonstrated that the ovarian reserve may be affected only in women with TSH levels >2.5 mIU/L and an anti-TPO Ab >100 IU/ml.

AIT coexistence in women with PCOS may also influence fertility (92). Thyroid hormones, irrespective of clinical dysfunctions, play an important role in the development and maintenance of reproductive function in women, directly affecting the ovary and endometrium via thyroid hormone receptors and indirectly affecting these tissues through the secretion of sex hormone-binding globulin, prolactin, and gonadotropin-releasing hormone (107). Hypo- and hyperthyroidism have adverse effects on female reproduction and are associated with a wide range of reproductive disorders, including abnormal sexual development, disturbances in menstruation and ovulation, and infertility (108). Furthermore, AIT presence in euthyroid women was associated with unexplained infertility, miscarriage, recurrent miscarriage, low fertilization rates, poor embryo quality in assisted reproductive technologies (ARTs), preterm delivery, and maternal post-partum thyroiditis (109–111). Anti-thyroid antibodies were detected in the ovarian follicular fluid of women with hypothyroidism at levels correlating with serum antibody levels, and their presence was associated with lower fertilization rates (96). PCOS was included among autoimmune-mediated disorders, such as endometriosis and premature ovarian failure (111–113). AIT presence was associated with unexplained infertility and implantation failure, irrespective of PCOS (114). Furthermore, the effects on AMH (92) may reduce the biological reproductive advantage of women with PCOS due to a higher ovarian reserve and/or larger reproductive window (115). In fact, exposure of the ovaries to autoantibodies may cause, similarly to thyroid gland, ovarian damage with reduced AMH levels (92). Several data demonstrated significantly higher levels of thyroid antibodies in infertile women with lower ovarian reserves (95, 116, 117), and this seems particularly true for anti-TPO Abs (98). From a clinical point of view, these data are particularly important for adolescent females and confirm the significant inverse relationship between serum AMH values and AIT (118). Figure 1 summarizes the available data on the relationship between the ovarian reserve and AIT in women with PCOS.




Figure 1 | Schematic illustration for the possible mechanisms underlying the relationship between AIT, ovarian reserve, PCOS severity and phenotype. During the initial phases, the autoimmune thyroiditis may cause an autoimmune inflammatory process also involving the ovaries and may predispose young women to PCOS or more severe PCOS phenotypes. At later phases, with an increase in age, auto-antibodies may damage ovarian tissue, as well as the thyroid gland. The reduced ovarian reserve may induce milder PCOS phenotypes. AIT, autoimmune thyroid disease; AMH, anti-Mullerian hormone; anti-TG Ab antithyroglobulin antibodies; anti-TPO Ab, anti-thyroid peroxidase antibody; PCOS, polycystic ovary syndrome.



Conversely, the potential influence of hyperandrogenism and other PCOS-related features, such as obesity and insulin resistance, on the thyroid gland is very complex. Experimental data suggest that sex hormones, specifically testosterone, may influence thyroid cancer initiation and progression (119). The presence of estrogen receptors in thyroid cancers (120) also suggests that estrogens may enhance thyroid cancer proliferation, whereas androgens and/or androgen receptors may play a protective role. However, the effect of androgens on thyroid cells seems to be gender specific. Testosterone levels in serum and thyroid cancer tissues were higher in women and lower in men with thyroid cancers versus related control groups, whereas binding activity and androgen receptor mRNA expression were enhanced in men and reduced in women with thyroid cancers (121). More recently, a 2.7-fold reduction in androgen receptor expression was detected in papillary thyroid cancer versus matched normal tissue (122). In vitro studies on undifferentiated thyroid cancer cells demonstrated that hormonal activation of androgen receptor with dihydrotestosterone addiction led to receptor translocation into the nucleus, proliferation reduction, and a shift towards G1 arrest (122). In contrast, a close and inverse relationship between thyroid nodules prevalence and serum sex hormone binding globulin (SHBG) levels was demonstrated in men, with a 1.91-fold lower risk in the lowest quartile of SHBG levels versus the highest quartile of SHGB levels (98).

Obesity, a crucial factor because it worsens the severity of PCOS (1), is related to a higher risk of thyroid cancer (123, 124), and is associated with several aggressive clinicopathologic features in both men and women (125). BMI was associated with extrathyroidal extension, multifocality, tumor size and lymph node metastasis in both overweight and obesity patients (125), although a linear association was demonstrated only in men (124). The potential role of obesity in thyroid cancer risk may also differ by gender or may be due to a more frequent abnormal metabolic pattern, including insulin resistance, altered adipocytokine profiles, and chronic low-grade inflammation in men versus women (126). Chronic low-grade inflammation, abnormal cytokine levels, insulin resistance, oxidative stress, and increased estrogen levels, frequently present in PCOS (1), are all factors that contribute to the occurrence and growth of thyroid cancer in obese patients (123, 127). Metabolic syndrome and its components are also associated with an increased risk of thyroid cancer, especially in obese patients and women (128, 129). However, for metabolic syndrome, obesity interaction with other metabolic components was different between men and women (128, 129). Similarly, metabolic dysfunction associated with alcoholic fatty liver disease was closely related to thyroid cancer in women (130).

Insulin resistance and hyperinsulinemia, crucial etiological factors for PCOS (1), are also well recognized risk factors for thyroid tumors (123, 131). In a multivariate analysis, insulin resistance was found to be an independent risk factor in euthyroid patients (132). Other PCOS-related comorbidities (1), such as dysglycemia, dyslipidemia, and hypertension, were risk factors for thyroid cancer (123). Abnormalities in the gut microbiota, frequently observed in PCOS (133), may represent a new link between PCOS and thyroid cancer (134, 135). Finally, patients with PCOS are frequently infertile (115) and infertility is also associated with a 29% higher adjusted risk of developing thyroid cancer (136).

In conclusion, several available data in the literature discuss how AIT potentially influences the ovarian reserve and its function, possibly modifying the PCOS phenotypes, and specifically increasing or reducing its severity according to patient age and the timing/evolution of the thyroid disease (Figure 1). Conversely, only indirect data partially support the role of PCOS-related features on thyroid function. Some PCOS-related features seem to be risk factors whereas others are protective factors. Current data may support the hypothesis that hyperandrogenism may play a protective and antiproliferative effect on thyroid cancer cells in women with PCOS. Moreover, PCOS-related hyperandrogenism may worsen the syndrome, increasing its severity and the prevalence of the several PCOS-related comorbidities, such as obesity and insulin resistance, that may counterbalance the overall risk of thyroid neoplasia.




3.5 Effect of thyroid alterations on cardiometabolic risk in women with PCOS

PCOS is closely associated with obesity, alterations in glucose and lipid metabolism, metabolic syndrome, and an increased risk for cardiometabolic disease (137). A large amount of data was available on the effect of high TSH levels and SCH in women with PCOS, whereas fewer studies analyzed the influence of other thyroid diseases/dysfunctions, such as AIT and GD, in women with PCOS. SCH was associated with a decrease in glucose disposal, but an increase in serum SHBG, total cholesterol (TC), low-density lipoprotein (LDL) cholesterol, and total triglyceride (TG) levels, weight, and insulin resistance in the general population, particularly in women (138–141). In fact, thyroid hormones regulate lipid and carbohydrate metabolism via direct actions on gene expression or nuclear receptors (142). In contrast, an interesting study (143) demonstrated that peripheral deiodinases and, consequently, serum FT3 concentration significantly decreased after glucose load in euthyroid women with PCOS versus age-matched, BMI-matched, and thyroid volume-matched women without PCOS. These changes were significantly related to insulin, TC, and TG levels in women with PCOS, suggesting that thyroid function alterations may affect metabolic patterns more greatly in women with PCOS versus those without PCOS (143).

These potential effects on metabolic and cardiovascular risk in the general population may translate to a significant increase in the categories who are at risk, such as those with obesity (144, 145), frequently associated with PCOS (1), and women with PCOS (137). The increase in cardiovascular risk due to SCH may be higher in obese patients with PCOS or specific subcategories of women with PCOS, such as women with the complete PCOS phenotype, hyperandrogenic phenotype, diabetes, or metabolic syndrome (146). For example, a large prospective cohort study (147) with a median follow-up of >17 years showed that there was a higher risk of cardiovascular mortality in diabetic patients with SCH versus the diabetic euthyroid control group (HR 1.52, 95% CI 1.08 - 2.12). Unfortunately, a subgroup analysis for patients with PCOS was not performed.

A systematic review with a meta-analysis (148) of 12 studies, including a total of 2341 women with PCOS (577 with SCH versus 2077 euthyroid control groups), concluded that SCH in women with PCOS does not influence the clinical profile (systolic and diastolic blood pressure, waist circumference, waist/hip ratio, and BMI), hormonal profile (prolactin, FSH, LH, LH/FSH ratio), and metabolic profile (serum SHBG and LDL cholesterol levels, and insulin resistance indexes) profile of women with PCOS (148). Only mild metabolic alterations were observed in women with PCOS and SCH comprising a lower serum high-density lipoprotein (HDL) cholesterol level (mean difference –3.92 mg/dL, 95% CI –6.56 to –1.29) and TG levels (mean difference 26.91 mg/dL, 95% CI -3.79 to 50.02) (148). Unfortunately, a large amount of heterogeneity was observed after data synthesis (148), probably due to the lack of predefined inclusion/exclusion criteria for PCOS and SCH in the study design.

In 2018, a meta-analysis (149), including 9 observational studies of 1838 women with PCOS (301 patients with SCH versus 1537 euthyroid control groups) demonstrated higher levels of TC, TG, and fasting glucose, lower levels of HDL, and no significant difference in serum testosterone levels in patients with SCH versus euthyroid control groups.

Another more recent systematic review and meta-analysis (150) analyzed 27 studies of 4821 women with PCOS, including 1300 patients with SCH and 3521 control groups without SCH. Data confirmed that patients with PCOS and SCH had a worse lipid profile and insulin resistance index than patients with PCOS without SCH, but serum testosterone levels were lower in patients with PCOS and SCH versus patients with PCOS without SCH (150).

In women with PCOS, serum TSH levels appeared to be strongly correlated with higher LDL cholesterol concentrations (151), TG, apolipoprotein B (apoB), and free testosterone, but was negatively associated with apolipoprotein A (apoA), independent of age, BMI, or thyroid autoimmunity (87). Furthermore, in women with PCOS, SCH was closely related to obesity (21, 152) and biochemical and clinical markers of insulin resistance (22) and worsened several features of insulin resistance versus euthyroid control groups (152). Data on the relationship between SCH hyperandrogenism is controversial (22, 150), and these findings are difficult to explain considering that SCH seems to generally worsen outcomes in patients with the PCOS phenotype and severity.

Although a large amount of data are available on the effect of high TSH levels/SCH on intermediate endpoints of cardiometabolic risk, limited data exists on the clinical risk to the patient. A large population-based study (24) showed that baseline TSH levels in women with PCOS was not predictive of later development of type 2 diabetes or cardiovascular disease. Data analysis on a large number of patients investigating the potential association between SCH and risk of developing diabetes also demonstrated no association, even after adjusting the data for age and sex (153). Unfortunately, no subgroup or sensitivity analysis for women with PCOS was performed. However, another large observational study (16) showed that the coexistence of AIT and PCOS greatly increases the coronary artery disease risk from ~50% for patients with AIT alone to approximately sixfold in patients with AIT and PCOS suggesting a role of AIT on the cardiometabolic risk in women with PCOS (irrespective of SCH), although the confidence interval was very large (16). In contrast, other authors reported that the coexistence of SCH and AIT did not clinically worsen metabolic alterations in patients with PCOS (22). Data analysis of a large number of patients including 38274 participants with SCH (154) demonstrated no difference in cardiovascular mortality for patients with AIT versus those without AIT (aHR 1.15, 95% CI 0.87−1.53). Therefore, the influence of AIT on the cardiovascular risk of patients with PCOS and SCH is not completely clear.

The relationship between SCH and PCOS in terms of cardiometabolic risk is very complex because it also involves clinical non-diagnostic characteristics influencing the severity of PCOS, and this is particularly true for obesity. Obesity is closely related to the elevation of proinflammatory markers and insulin resistance, and chronic low-grade inflammation, and is a crucial influencing factor of metabolic abnormalities in women with PCOS (1). In obese women, a relation between thyroxine deficiency and higher TSH levels due to decreased deiodinase-2 activity at the pituitary level via undetermined processes was suggested (155). Furthermore, leptin, a hormone produced primarily in adipose cells, that regulates energy balance by inhibiting or stimulating hunger, may stimulate the hypothalamus to secrete thyroid releasing hormone (TRH) in obese patients and influence the excess amounts of visceral adipose tissue through alterations in the hypothalamus-hypophysis-thyroid axis (156). However, TSH levels are also closely related to insulin resistance in women with PCOS, regardless of age or BMI, and TSH a cutoff of ≥2 mIU/L may be considered a specific predictor of insulin sensitivity in patients with PCOS (107). These findings were also confirmed in another study where women with PCOS and TSH levels < 2 mIU/L had significantly higher markers of insulin resistance compared with patients with TSH level ≥2 mIU/L (31).

In a large Taiwanese study (25), a higher incidence of cardiometabolic comorbidities, including hyperlipidemia, was detected for patients with GD and PCOS. In particular, the risk of hyperlipidemia, adjusted for confounders, was more than double in patients with GD and PCOS versus patients with GD without PCOS (aHR 2.18, 95% CI 1.14−4.17). For 6731 patients with AIT, including 3599 patients with GD and 1332 patients with HT, and 26924 patients in control groups, coexistence of PCOS and AIT was associated with a more than twofold higher risk of developing diabetes mellitus (aOR 2.48, 95% CI 1.14−5.38), hyperlipidemia (aOR 2.05, 95% CI 1.11−3.77), and coronary artery disease (aOR 2.63, 95% CI 1.06−6.51) in women with PCOS and AIT versus those with PCOS alone (25).

In conclusion, high TSH levels and SCH are associated with significant worsening of several intermediate endpoints of cardiometabolic risk in women with PCOS. However, the impact of SCH in women with PCOS appears to be low and it is not known whether SCH clinically influences long-term risk. The effects of SCH, alone or in association with AIT, in women with PCOS at high risk, such as obese prediabetic patients with severe phenotypes, should be investigated in the future. Data on other thyroid dysfunctions and PCOS are rarely reported in the literature and seem to suggest that cardiometabolic comorbidities may worsen when the two entities are present.




3.6 Effect of thyroid abnormalities on the reproductive outcome in women swith PCOS

Thyroid hormones play a crucial role in female reproductive system regulation (157). Overt thyroid dysfunction had a negative impact on both fertility and pregnancy outcomes (108, 109, 157–159). However, the effect of subclinical thyroid abnormalities on reproductive outcomes is much more debated. According to the most accredited theories, slight increases in TSH levels could exert a negative effect on both embryo implantation at the endometrial level and the fertilization process (160). Furthermore, anti-thyroid Ab, acting on granulosa cells, could further hinder the success of the reproductive process (161). Available data suggest a negative impact of SCH on obstetric and neonatal outcomes (162). Maternal SCH in pregnancy is a well-demonstrated risk factor for small babies, those at gestational age, and babies with a low birth weight, with a 24% higher risk in patients with SCH versus the euthyroid control group (163). But data regarding their effect on fertility-related outcomes are conflicting. Slight isolated elevations of TSH levels do not appear to have a negative impact on fertility and miscarriage risk (159). However, anti-thyroid Abs were associated with an increased rate of miscarriage and recurrent pregnancy loss (109, 164). Women with PCOS have reduced fertility overall (115) due to reduced oocyte (165) and endometrial (166) competence. These abnormalities may also influence the risk of early and late pregnancy complications in patients with PCOS. Several maternal and neonatal complications are increased in women with PCOS (167). Hypertensive disorders and gestational diabetes are more frequent in women with PCOS, even after adjusting the data for BMI (168, 169).

Thyroid disease risk during first birth and the one-year post-partum period in women with PCOS in Denmark was significantly increased versus patients without PCOS (OR 2.3, 95% CI 2.0 - 2.8) (24). The highest risk was reported for hypothyroidism (OR 3.0, 95% CI 2.3 - 3.9), although a significant influence on risk was also observed for the presence of a goiter (OR 2.0, 95% CI 1.1 - 3.4), thyrotoxicosis (OR 1.7, 95% CI 1.1 - 2.3), thyroiditis (OR 2.3, 95% CI 1.2 - 4.2), or postpartum thyroiditis (OR 1.3, 95% CI 0.7- 2.6) (24). Thyroid medication use was more than double in patients with PCOS versus patients without PCOS (OR 2.5, 95% CI 2.1 - 3.0), and the risk remained significant for both thyroid replacement treatments (OR 2.7, 95% CI 2.2 - 3.3) and anti-thyroid medications (OR 1.7, 95% CI 1.1 - 2.4) (24).

A recent cross-sectional study (170) analyzed biochemical thyroid parameters in 69 pregnant women with PCOS, 354 control groups, and the cord blood of their babies at birth. Serum thyroid level alterations were more prevalent among women with PCOS. FT3 levels were significantly lower in women with PCOS versus those without PCOS, whereas an increased anti-TPO Ab prevalence was observed in mothers and babies with PCOS versus those without PCOS (170). In patients with elevated anti-TPO Ab levels, hypothyroidism prevalence was higher in patients with PCOS versus patients without PCOS (170). However, no association between complication rate and thyroid parameters was found (170).

In conclusion, the combined effect of PCOS and thyroid dysfunctions, as well as their relationship, on reproductive performance are not still completely known. However, from available data, it can be speculated that mild thyroid dysfunctions may influence reproductive outcomes in women with PCOS, and vice versa, enhancing the deleterious effects of AIT/SCH or PCOS on reproduction. Thus, patients with PCOS and subclinical thyroid dysfunction may have a higher infertility rate due to ovulatory dysfunction/pregnancy loss, and pregnant women with PCOS and AIT may have a higher risk of developing SCH and overt hypothyroidism during the gestation period compared with women without PCOS. Furthermore, patients with PCOS and AIT/SCH may be considered a subpopulation at high risk of obstetric and neonatal complications. Women with both PCOS and SCH/AIT could represent a phenotype at a higher risk of reproductive dysfunction and, consequently, a target population for whom testing the effect of therapeutic interventions (e.g., levothyroxine) is needed. It should be noted that the efficacy of therapeutic interventions such as levothyroxine has never been convincingly demonstrated in populations not selected for SCH/AIT (171, 172). There appears to be an informal consensus recommending thyroid function evaluation in women with PCOS (21, 152) to enhance their reproductive and clinical pregnancy outcomes, however, this suggestion is not formally incorporated in any PCOS treatment guidelines.




3.7 Thyroid function and dysfunction in patients with PCOS undergoing fertility treatments

Fertility treatments may be an excellent model for studying the impact of thyroid dysfunction associated with PCOS on human reproductive health. The effect of this potentially detrimental combination on each stage of the reproductive process from oocyte fertilization to embryo implantation requires investigation. Since the exact biochemical stage of the pregnancy is precisely determined during fertility treatment, this enables investigation of the effect of AIT/SCH in women with PCOS at the earliest gestational stages (164). Obese women with PCOS should first be counselled on lifestyle modifications, such as a hypocaloric diet and physical exercise, before starting pharmacological treatments (6, 173, 174). If these interventions fail, and in anovulatory non-obese patients with PCOS, oral ovulation induction with letrozole or clomiphene citrate (CC) may be considered as first-line treatment (6). Gonadotropins can be considered as an alternative first-line treatment following counselling on the cost and potential risk of multiple pregnancy or can be prescribed as second-line agents in women who failed prior treatment with oral ovulation induction (6).

It is important to note that it has been hypothesized that AIT may negatively influence the outcomes of ovulation induction cycles with these pharmacological agents (95). Accordingly, patients with such disorders were excluded from all RCTs comparing the effectiveness of different treatments for ovulation induction in women with PCOS (173). Therefore, the impact of thyroid dysfunction on the success rate of ovulation induction cycles can only be extracted from the few retrospective data that are available (95). In a retrospective cohort study conducted on 196 infertile women with PCOS, anti-TPO Ab levels exceeding the upper reference limit were found in significantly more CC-resistant patients versus CC responders or metformin responders (95). According to the authors, anti-TPO Ab may therefore represent a new predictive marker of a response to oral ovulation induction (95). Similarly, SCH was also a predictor of CC resistance, although it is not known whether thyroid dysfunction exerts a direct effect on the ovary or an indirect effect, through increased insulin resistance or a metabolic syndrome (175). Unfortunately, to the best of our knowledge, those findings remain isolated, and this hypothesis still awaits validation.

In women affected by anovulatory infertility due to PCOS, in vitro fertilization (IVF) should be considered when ovulation induction cycles are unsuccessful or in the presence of concomitant factors of infertility, such as tubal damage or the male factor (6, 176). Meta-analyses (177, 178) showed that women with PCOS versus those without PCOS, had similar rates of clinical pregnancy and live births but, also achieved more unfavorable outcomes. Moreover, a reduced fertilization rate and an increased miscarriage risk was detected (177, 178).

The relationship between PCOS and AIT, as well as SCH, could be particularly critical in women seeking fertility treatments (10). A recent updated systematic review and meta-analysis showed that women with AIT undergoing ART cycles had a ~30% reduction in the rate of implantation, a ~50% increase in miscarriage risk, and a ~30% reduction in the chance of live births (179). Interestingly, these results did not appear to be influenced by age or serum TSH concentration. However, both associations were not observed in a subgroup analysis of patients who exclusively underwent intracytoplasmic sperm injection (179, 180), confirming previous findings from a meta-analysis (181). It is tempting to speculate a detrimental additive or, at least, synergic effect of PCOS and AIT on the miscarriage risk and, consequently, live birth rate but this remains undemonstrated. Furthermore, the studies included in the aforementioned meta-analyses investigating the impact of AIT on ART outcomes did not divide the data based on infertility etiology (179, 181). Furthermore, an adequately powered study on women with PCOS comparing reproductive outcomes between AIT-positive and AIT-negative patients has not been published. Therefore, AIT was not included in the most recent meta-regression analysis exploring the influence of possible covariates on the association between PCOS and miscarriage (182).

SCH was also hypothesized to have a negative effect on ART outcomes. To investigate this, a recent meta-analysis was performed to evaluate the association between preconception maternal TSH levels and IVF success rate (183). When the TSH cutoff value for SCH was set to 2.5 mIU/L, no significant differences were observed in any clinical reproductive endpoints between patients with SCH and the euthyroid control group. Notably, when a higher TSH level was used to diagnose SCH (i.e., 3.5–5 mIU/L), a significantly increased miscarriage risk was observed in affected women (183).

Based on this, it is possible to speculate that PCOS and AIT and/or SCH may represent a phenotype with a particularly poor reproductive prognosis during the IVF cycle. Initial indirect evidence can be extracted from studies investigating the independent impact of TSH level on IVF-related outcomes in women affected by PCOS (36, 184). A small prospective cohort study on 32 AIT-negative patients with PCOS and a serum TSH level of 0.4−4.5 mIU/L (184), showed that both serum and follicular fluid TSH levels were negatively correlated with the rate of oocyte maturation and fertilization, whereas high-quality embryo production rate was negatively correlated with serum TSH concentration only (184). Interestingly, the authors also observed an increased TSH receptor expression and cyclic adenosine monophosphate concentration in granulosa cells of patients with PCOS, suggesting a possible detrimental effect of TSH on the PCOS ovary mediated via TSH receptor/cyclic adenosine monophosphate (184) with a potential reduction of oocyte competence in women with PCOS (165). More recently, a multi-factor linear regression analysis was performed to identify variables that influence the maturation of oocytes in a cohort of 594 euthyroid women with PCOS selected for IVF (36). Serum TSH concentration was negatively correlated with oocyte maturation, and a TSH cutoff value of ≥2.98 uIU/ml was identified as a predictor of a poor oocyte maturation rate (36). Oocyte maturation rate was better in women with TSH levels <2.98 uIU/ml versus patients with higher TSH levels (36). Further prospective evidence is warranted to clarify the impact of TSH levels on the reproductive success rate of women with PCOS.

However, a change of perspective is needed. Available data strongly suggest that thyroid function should be considered a dynamic element in women undergoing ovarian stimulation (185). This could be particularly relevant for patients with PCOS with a greater risk of a high response to ovarian stimulation and, therefore, of hyperestrogenism, a supraphysiological condition that undermines thyroid function equilibrium (185). Future studies should, thus, consider assessing thyroid function immediately before embryo transfer. The eventual identification of a new TSH threshold associated with poorer reproductive outcomes would allow the design of interventional studies with a therapeutic goal of optimization of TSH levels after/during ovarian stimulation (185). Considering the quality of the available evidence, it is timely to investigate the impact of AIT on reproductive prognosis in women with PCOS. Furthermore, the impact of ovarian stimulation on AIT cannot be ruled out for women with PCOS (108). The ideal time to assess anti-TPO Ab and anti-TG Ab levels is at the end of the ovarian stimulation process. A very promising alternative study population includes women who undergo freeze-thawed embryo transfer cycles, even though this would not provide information on embryological parameters. The absence of the confounding effect of ovarian stimulation in this study population would enable the investigation of the impact of thyroid function and AIT, independently, on reproductive outcomes in women with PCOS.




3.8 Thyroid medications in women with PCOS

According to the American Thyroid Association guidelines, for hypothyroid women seeking pregnancy, the levothyroxine dose should be adjusted to achieve a TSH level between the lower reference limit and 2.5 mIU/L (186). Available evidence is insufficient to determine whether levothyroxine supplementation improves fertility in anti-TPO Ab-positive women with SCH who are attempting to have a natural conception (186). However, considering the effect of ovarian stimulation on the thyroid axis function and impact of thyroid dysfunction on fertility treatment outcomes, women undergoing ART should be considered a distinct population (180). The 2021 European Thyroid Association guidelines on thyroid disorders before/during ART recommend levothyroxine for women with AIT and TSH levels >2.5 but <4.0 mIU/L, with a low levothyroxine dose before ovarian stimulation, on a case-by-case basis (180). Specifically, the decision to treat patients with thyroid medications should consider the following concomitant factors: a diminished ovarian reserve/premature ovarian insufficiency; age >35 years; history of recurrent pregnancy loss; and anti-high thyroid Ab levels (180). PCOS was not included in this group of patients at increased risk due to insufficient data. However, women with PCOS, slightly elevated TSH values, and AIT may benefit from levothyroxine supplementation. Levothyroxine may at least partially restore mechanisms that have been altered by both PCOS and AIT/SCH. Firstly, levothyroxine may improve the ovulation process by exerting a positive effect not only on menstrual cyclicity, but also on oocyte and endometrial quality. Secondly, levothyroxine administration may induce an improvement in many risk factors for cardiovascular events and lead to a better reproductive outcome and long-term reduction in the cardiometabolic risk.

Although interesting and biologically plausible, these hypotheses are not supported by current evidence. A small case-control study (151) demonstrated no significant effect of levothyroxine treatment in women with PCOS and SCH after multivariate analysis; none of the serum metabolic markers assessed, including LDL and HDL cholesterol, triglycerides, glucose, and insulin changed after treatment. Similarly, an interesting study showed that the well-known positive association between number of live births and risk of autoimmune hypothyroidism is stronger in women with PCOS versus women without PCOS, despite the greater use of thyroid medication in women with PCOS (24). Thus, specific, robust data on the administration of levothyroxine in women with PCOS are urgently needed.




3.9 Effect of PCOS treatments on the thyroid

An interesting question is whether PCOS treatment can improve thyroid function. Many treatments for this are available for women with PCOS (Table 4). Obese patients should follow lifestyle modification programs, including improved diet and physical activity, to reduce body weight and improve insulin sensitivity (2–6). As previously mentioned, women with PCOS and ovulatory infertility should receive oral ovulation induction agents or gonadotropins with/without metformin (6). Metformin is also effective in improving menstrual cyclicity and intermediate cardiometabolic endpoints (6, 187). Oral contraceptives (OC) and antiandrogens also play a role in menstrual irregularities and establishing hyperandrogenism features (3–6). Many other treatments are also suggested.


Table 4 | Key scientific evidence on the effect of treatments for PCOS on thyroid function and disease according to the Oxford Centre for Evidence-Based Medicine 2011 Levels of Evidence (http://www.cebm.net/index.aspx?o=5653).



The effect of lifestyle factors and its modifications on the thyroid is controversial. A recent review (188) reported on the effect of smoking (that causes a decrease in TSH levels and an increase in T3), BMI (that has a direct relationship with TSH and free T3 levels), and iodine intake (that has a direct relationship with TSH levels and an indirect relationship with T3 levels) on TSH and thyroid hormones. Regular physical activity influences thyroid hormone levels, inflammation, and immune system markers (189) and may exert a beneficial effect on thyroid function. However, data on the effect of physical activity on the thyroid are also controversial. Some studies, including cross-sectional and longitudinal analyses, demonstrate no association between TSH/FT4 levels and physical activity (190), whereas others reported that more active adults tended to have lower TSH and T4 levels and a somewhat blunted TSH response to reduced T4 levels (189). Recently, no effect on thyroid function was observed following a three-week isocaloric ketogenic diet (191). An effect of physical exercise on thyroid cancer risk has been also suggested (190, 192, 193), however, in all studies the clinically meaningful effect was modest.

OC may potentially influence thyroid function by enhancing liver SHBG synthesis and modulating tissue estrogen action (194). Long-term OC use was associated with a ~4 times higher risk of hypothyroidism. Data from a study (24) with a large sample size also suggested that treatment with OC was an independent risk factor for the development of thyroid disease in women with PCOS, and this effect could be mediated by enhancing autoimmunity, inflammation, insulin resistance, and weight gain (24). A meta-analysis (195) demonstrated a small but significantly increased risk of thyroid cancer, especially for patients with the papillary histology, in OC users versus non-OC users. Progesterone administration also increased the thyroid cancer risk (196).

Data on the effect of infertility drugs on thyroid disorders, including cancer, are controversial (196), especially regarding the use of CC, particularly at high dosages and in nulliparous women, whereas the administration of gonadotropins was associated with an increased thyroid cancer risk (196).

Data on metformin administration on patients with PCOS are also limited. Metformin administration induced a significant TSH level decrease in women with PCOS and hypothyroidism (197, 198), irrespective of whether the patients received levothyroxine (198). In women unselected for PCOS, data from a meta-analysis (199) confirmed that metformin induces a significant reduction in serum TSH levels and thyroid nodule size suggesting a potential effect of metformin on TSH levels/the thyroid by improved insulin resistance. Patients treated with metformin have a smaller thyroid volume and a lower risk of incident goiter and thyroid nodules (200). The inhibitory effects of metformin on the thyroid appear to involve several pathways related to adenosine monophosphate-activated protein kinase, mammalian target of rapamycin, mitochondrial glycerophosphate dehydrogenase, and the nuclear factor κB (201). However, recent data on the effect of metformin on thyroid cancer risk are vague (202). Metformin induced a significant reduction in anti-TPO Ab and anti-TG Ab levels in patients with HT and SCH (203), reduced TSH levels, and increased FT4 and FT3 levels in euthyroid patients with uninodular thyroid disease and insulin resistance (204).

Post-hoc analyses of two randomized controlled trials (RCTs) (205) including 288 pregnant women with PCOS randomized to metformin or placebo from the first trimester to delivery showed that the overall prevalence of SCH (1.5%) and overt hypothyroidism (0%) was similar between two groups, and TSH level was not affected by metformin. Of note, metformin resulted in a significant decrease in observed FT4 levels throughout the pregnancy period, correlating with reduced weight gain and a nonsignificant lower prevalence of gestational diabetes (OR 0.85, 95% CI 0.71−1.02) (205).

Many studies have investigated the role of vitamin D in reproduction. Low vitamin D levels have been detected in women with PCOS (206) and patients with thyroid dysfunctions (207). Vitamin D levels were markedly lower in patients with AIT, HT, or hypothyroidism, but not in patients with GD (207). In women with PCOS, vitamin D levels were significantly lower in patients with AIT versus patients without AIT suggesting that low vitamin D levels may play a role in the pathogenesis of AIT in patients with PCOS (82). Consequently, vitamin D supplementation was proposed for several potential beneficial effects on metabolic and biochemical parameters (208, 209). In patients with AIT, vitamin D administration decreases serum anti-TPO Ab and anti-TG Ab levels (210). Unfortunately, studies assessing the effect of vitamin D supplementation in women with PCOS and thyroid dysfunctions, such as AIT, are not available. Moreover, interesting data demonstrate a synergistic effect of metformin and vitamin D in prediabetic women with HT (211).

Inositol is a cyclic polyol with 6 hydroxyl groups that may exist in 9 possible isoforms. Myoinositol was the first isoform identified and it is the most abundant in the eukaryotic cells (212). It’s clinical and metabolic efficacy for treating women with PCOS has been recently confirmed in meta-analytic studies (213). Recent papers (214, 215) reviewed the available in vitro and in vivo studies detailing the role of myoinositol on thyroid homeostasis and showing a potential favorable effect of myoinositol supplementation on SCH and AIT.

In summary, the effect of vitamin D deficiency on the pathogenesis of PCOS and thyroid dysfunctions and whether this impact is a consequence or coexisting factor needs further investigation in RCTs using standardized methods and specific definitions for vitamin D deficiency.





4 Discussion



4.1 Key findings

PCOS and thyroid disorders are two of the most common endocrine diseases affecting young women worldwide and contribute to severe metabolic and reproductive disorders. All available guidelines and consensus documents on PCOS diagnosis reviewed emphasized that PCOS is a diagnosis of exclusion for which diagnosis is possible only after excluding disorders that mimic the PCOS phenotype. Accordingly, published articles suggest excluding thyroid dysfunctions. However, these articles do not clarify which thyroid dysfunctions/diseases should be excluded or the tests and cutoff values to use. Current analysis demonstrates a higher prevalence of thyroid diseases, particularly AIT and SCH, in women with PCOS versus control groups, indicating a close association between thyroid disorders and PCOS. Conversely, data on clinical hypothyroidism, Graves’ disease/hyperthyroidism, goiter, thyroid nodules, and thyroid cancer in women with PCOS are limited. Similarly, direct evidence on the PCOS risk in populations with thyroid diseases are also scarce. Furthermore, many experimental data in animal models of PCOS suggest a strong relationship between thyroid function perturbations and PCOS and emphasize many potential and biologically plausible mechanisms for this, although the exact cause/underlying mechanisms for this association is not yet fully understood. Several mechanisms alone/combined, including sex hormone production, inflammation, and autoimmunity, may play a role in this for patients with a genetic susceptibility.

Direct and unequivocal evidence on the effect of thyroid function/disorders on PCOS features are lacking, and this impact may be confounded and biased by several factors. High TSH levels and SCH are associated with a substantial worsening of several intermediate endpoints of cardiometabolic risk in women with PCOS, although the impact of SCH in women with PCOS appears to be small and mediated by BMI and insulin resistance. Thyroid abnormalities may worsen reproductive outcomes, especially in patients undergoing fertility treatments, but direct evidence of this in women with PCOS are limited. To date, despite a clear rationale, there is no data demonstrating the efficacy of thyroid medications, particularly levothyroxine, on fertility and the cardiometabolic risk in women with PCOS. Lifestyle modification changes, including diet and physical activity, metformin treatment, and vitamin D supplementation appear to improve thyroid function in the general population and, thus, may be useful for women with PCOS, also.




4.2 Interpretation

The relationship between PCOS and the thyroid is complex because their separate characteristics can influence and be influenced by thyroid function and disease. This is true for diagnostic criteria, i.e., ovulatory dysfunction, hyperandrogenism, and PCOM, but also for nondiagnostic features closely related to the PCOS/thyroid function, such as obesity and insulin resistance. Furthermore, age appears to influence PCOS severity, as well as thyroid disease. The effects of AIT may vary depending on patient age; AIT may be associated with hyperthyroidism during the initial phases and SCH and clinical hypothyroidism at the later phases. Although a direct effect of AIT on the ovaries was not demonstrated in women with PCOS, it is plausible that in women with PCOS and AIT, particularly in presence of anti-TPO Ab, autoantibodies pass through the blood-follicle barrier during follicular evolution. During the initial phases of the thyroid disease, the disease may cause an inflammatory process involving the ovaries that stimulates AMH production and predisposes young women to PCOS or severe PCOS phenotypes. At later phases, with an increase in age, thyroid antibodies may damage ovarian tissue, as well as the thyroid gland, and ovarian reserve. Therefore, the presence of AIT may induce severe or milder PCOS phenotypes according to phase of disease or age (Figure 1).

Furthermore, available literature indicates that BMI and insulin resistance are factors that strongly modulate the effect of thyroid function/dysfunction on PCOS, and vice versa. Thus, obese insulin-resistant patients with PCOS may have an elevated risk of coincidental or future thyroid disease.




4.3 Strengths

In this narrative review, significant effort was made to interpret the main data available on the relationship between thyroid function and PCOS, and vice versa, to discuss the topic in a comprehensive fashion. An extensive literature search was performed using many keywords associated with PCOS features such as specific thyroid diseases. We analyzed experimental data to define the scientific plausibility of a potential connection between these endocrine diseases and the clinical evidence from epidemiological and intervention studies. Studies on patients with PCOS with the highest evidence were preferentially included, but when specific data for selected patients with PCOS were absent, data from studies that included general/unselected patient populations with specific characteristics (e.g., obesity) were also discussed.




4.4 Limitations

A wide variation in findings across studies was observed. This was particularly true for the incidence of thyroid diseases in patients with PCOS. This was probably due to the differences in the criteria used for diagnosis of PCOS and thyroid disease, particularly for AIT and SCH. Diagnostic criteria for PCOS were not specified in many studies. Other potential confounders influencing the findings were differences in the size of study populations, ethnic origins, geographical locations, anthropometric parameters, and iodine nutrition levels. Another limitation was that many studies had a short-term follow-up period. This was particularly true for SCH and PCOS, which frequently co-occur and share many endocrine and metabolic characteristics. However, findings from studies in patients with PCOS and SCH appeared to be conflicting in terms of reproductive and cardiometabolic effects, most likely because large data on selected populations and long-term follow-up were lacking.

Exclusion of thyroid diseases for a PCOS diagnosis is of interest but seems not to have been considered in many studies. In a registry-based study on 18476 women with PCOS diagnosis according to Rotterdam criteria and 54757 age-matched controls, a high incidence of thyroid diseases, including overt hypothyroidism and hyperthyroidism/thyrotoxicosis, was detected in patients with PCOS (24). This observation seems to suggest that in many retrospective/cohort studies the PCOS diagnosis, even if performed according to specific and well-recognized criteria, such as the Rotterdam criteria, is wrong or, at least, not entirely correct.




4.5 Implications for clinical practice

Coexistence of PCOS and thyroid diseases may identify patients with a more aggressive phenotype in terms of their reproductive and metabolic risk. Regular screening for thyroid function and thyroid-specific autoantibodies in women with PCOS, particularly before/during pregnancy, should be highly recommended. Furthermore, it can be hypothesized that levothyroxine is beneficial in obese/insulin-resistant patients with PCOS and SCH, together with medications for cardiometabolic alterations e.g., metformin for thyroid function (especially for patients with PCOS and glucose intolerance/diabetes mellitus) or vitamin D supplementation for vitamin D deficiency.




4.6 Implications for future research

To date, it is not recommended that women with PCOS are monitored for thyroid diseases, even though a large amount of data appear to recognize that these women have a high risk of thyroid dysfunction. Similarly, there is no clinical/scientific recommendation for the management of subclinical/clinical thyroid diseases in patients with PCOS under specific clinical conditions. Should the recommendations be more stringent in specific cases, e.g., for infertile patients or pregnant women with PCOS? Should PCOS diagnosis be confirmed also in presence of subclinical thyroid disease? If so, for which PCOS phenotypes? For example, considering the strong relationship between thyroid function and menstrual cyclicity, PCOS may be confirmed only for patients with the normo-ovulatory PCOS phenotype. More data are also needed on reference ranges for thyroid hormones in women with PCOS and on how to define a patient who has thyroid disease but is euthyroid under treatment with the PCOS phenotype. Is it important to consider these two diseases as independent comorbidities or should the PCOS diagnosis be excluded? Evidence-based answers for these questions are still needed.





5 Conclusions

Thyroid diseases and PCOS seem to be associated by their prevalence in experimental studies, but more comprehensive investigations are needed to fully understand their relationship in terms of their etiology, pathogenesis, and clinical outcomes. Questions remain unanswered on whether PCOS leads to AIT/SCH (or vice versa), whether treating patients for PCOS reduces their risk of thyroid dysfunction, and whether levothyroxine treatment in women with PCOS and SCH improves their reproductive/cardiometabolic outcome. However, regular screening for thyroid function and thyroid-specific autoantibodies in women with PCOS, particularly before/during pregnancy, should be highly recommended.





Author contributions

SP conceptualized and designed the study, acquired, and interpreted the main data, and drafted the article. CC acquired the main data and additional references and drafted the article. AB, DC and GV checked the literature searches, improved the interpretation of data, and critically revised the article. All authors provided their approval of the final version for publication and agree to be accountable for all aspects of the work, especially regarding its accuracy and integrity.





Funding

IBSA Farmaceutici Italia Srl provided financial support for English editing of the manuscript only.




Acknowledgments

The authors acknowledge Mrs. Matilde Bongio for preparing Figure 1.





Conflict of interest

The authors declare that the study was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Dumesic, DA, Oberfield, SE, Stener-Victorin, E, Marshall, JC, Laven, JS, and Legro, RS. Scientific statement on the diagnostic criteria, epidemiology, pathophysiology, and molecular genetics of polycystic ovary syndrome. Endocr Rev (2015) 36:487–525. doi: 10.1210/er.2015-1018

2. Rotterdam ESHRE/ASRM-Sponsored PCOS consensus workshop group. Revised 2003 consensus on diagnostic criteria and long-term health risks related to polycystic ovary syndrome (PCOS). Hum Reprod (2004) 19:41–7. doi: 10.1093/humrep/deh098

3. Legro, RS, Arslanian, SA, Ehrmann, DA, Hoeger, KM, Murad, MH, Pasquali, R, et al. Diagnosis and treatment of polycystic ovary syndrome: an Endocrine Society clinical practice guideline. J Clin Endocrinol Metab (2013) 98:4565–92. doi: 10.1210/jc.2013-2350

4. Goodman, NF, Cobin, RH, Futterweit, W, Glueck, JS, Legro, RS, and Carmina, E. American Association of Clinical Endocrinologists (AACE); American College of Endocrinology (ACE); Androgen Excess and PCOS Society (AES). American Association of Clinical endocrinologists, American College of Endocrinology, and Androgen Excess and PCOS Society Disease state clinical review: guide to the best practice in the evaluation and treatment of polycystic ovary syndrome - PART 1. Endocr Pract (2015) 21:1291–300. doi: 10.4158/EP15748.DSC

5. American College of Obstetricians and Gynecologists' Committee on Practice Bulletins—Gynecology. ACOG practice bulletin no. 194: polycystic ovary syndrome. Obstet Gynecol (2018) 131:157–71. doi: 10.1097/AOG.0000000000002656

6. 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. Hum Reprod (2018) 33:1602–18. doi: 10.1093/humrep/dey256

7. Garmendia Madariaga, A, Santos Palacios, S, Guillén-Grima, F, and Galofré, JC. The incidence and prevalence of thyroid dysfunction in Europe: a meta-analysis. J Clin Endocrinol Metab (2014) 99:923–31. doi: 10.1210/jc.2013-2409

8. Mu, C, Ming, X, Tian, Y, Liu, Y, Yao, M, Ni, Y, et al. Mapping global epidemiology of thyroid nodules among general population: a systematic review and meta-analysis. Front Oncol (2022) 12:1029926. doi: 10.3389/fonc.2022.1029926

9. Hu, X, Chen, Y, Shen, Y, Tian, R, Sheng, Y, and Que, H. Global prevalence and epidemiological trends of Hashimoto's thyroiditis in adults: a systematic review and meta-analysis. Front Public Health (2022) 10:1020709. doi: 10.3389/fpubh.2022.1020709

10. Gaberšček, S, Zaletel, K, Schwetz, V, Pieber, T, Obermayer-Pietsch, B, and Lerchbaum, E. Mechanisms in endocrinology: thyroid and polycystic ovary syndrome. Eur J Endocrinol (2015) 172:R9–21. doi: 10.1530/EJE-14-0295

11. Kowalczyk, K, Franik, G, Kowalczyk, D, Pluta, D, Blukacz, Ł, and Madej, P. Thyroid disorders in polycystic ovary syndrome. Eur Rev Med Pharmacol Sci (2017) 21:346–60.

12. Zawadski, JK, and Dunaif, A. Diagnostic criteria for polycystic ovary syndrome; towards a rational approach. In:  A Dunaif, JR Givens, and F Haseltine, editors. Polycystic Ovary Syndrome. United States: Blackwell Scientific, Boston (1992). p. 377–84.

13. Azziz, R, Carmina, E, Dewailly, D, Diamanti-Kandarakis, E, Escobar-Morreale, HF, Futterweit, W, et al. Task Force on the Phenotype of the Polycystic Ovary Syndrome of The Androgen Excess and PCOS Society. The Androgen Excess and PCOS Society criteria for the polycystic ovary syndrome: the complete task force report. Fertil Steril (2009) 91:456–88. doi: 10.1016/j.fertnstert.2008.06.035

14. Du, D, and Li, X. The relationship between thyroiditis and polycystic ovary syndrome: a meta-analysis. Int J Clin Exp Med (2013) 6:880–9.

15. Romitti, M, Fabris, VC, Ziegelmann, PK, Maia, AL, and Spritzer, PM. Association between PCOS and autoimmune thyroid disease: a systematic review and meta-analysis. Endocr Connect (2018) 7:1158–67. doi: 10.1530/EC-18-0309

16. Ho, CW, Chen, HH, Hsieh, MC, Chen, CC, Hsu, SP, Yip, HT, et al. Increased risk of polycystic ovary syndrome and it's comorbidities in women with autoimmune thyroid disease. Int J Environ Res Public Health (2020) 17:2422. doi: 10.3390/ijerph17072422

17. Kim, JJ, Yoon, JW, Kim, MJ, Kim, SM, Hwang, KR, and Choi, YM. Thyroid autoimmunity markers in women with polycystic ovary syndrome and controls. Hum Fertil (Camb) (2022) 25:128–34. doi: 10.1080/14647273.2019.1709668

18. Ding, X, Yang, L, Wang, J, Tang, R, Chen, Q, Pan, J, et al. Subclinical hypothyroidism in polycystic ovary syndrome: a systematic review and meta-analysis. Front Endocrinol (Lausanne) (2018) 9:700. doi: 10.3389/fendo.2018.00700

19. Zhang, B, Wang, J, Shen, S, Liu, J, Sun, J, Gu, T, et al. Subclinical hypothyroidism is not a risk factor for polycystic ovary syndrome in obese women of reproductive age. Gynecol Endocrinol (2018) 34:875–9. doi: 10.1080/09513590.2018.1462319

20. Kamrul-Hasan, A, Aalpona, FTZ, and Selim, S. Impact of subclinical hypothyroidism on reproductive and metabolic parameters in polycystic ovary syndrome - a cross-sectional study from Bangladesh. Eur Endocrinol (2020) 16:156–60. doi: 10.17925/EE.2020.16.2.156

21. Raj, D, Pooja, F, Chhabria, P, Kalpana, F, Lohana, S, Lal, K, et al. Frequency of subclinical hypothyroidism in women with polycystic ovary syndrome. Cureus (2021) 13:e17722. doi: 10.7759/cureus.17722

22. Gawron, IM, Baran, R, Derbisz, K, and Jach, R. Association of subclinical hypothyroidism with present and absent anti-thyroid antibodies with PCOS phenotypes and metabolic profile. J Clin Med (2022) 11:1547. doi: 10.3390/jcm11061547

23. Rojhani, E, Rahmati, M, Firouzi, F, Saei Ghare Naz, M, Azizi, F, and Ramezani Tehrani, F. Polycystic ovary syndrome, subclinical hypothyroidism, the cut-off value of thyroid stimulating hormone; is there a link? Findings of a population-based study. Diagn (Basel) (2023) 13:316. doi: 10.3390/diagnostics13020316

24. Glintborg, D, Rubin, KH, Nybo, M, Abrahamsen, B, and Andersen, M. Increased risk of thyroid disease in Danish women with polycystic ovary syndrome: a cohort study. Endocr Connect (2019) 8:1405–15. doi: 10.1530/EC-19-0377

25. Chen, HH, Chen, CC, Hsieh, MC, Ho, CW, Hsu, SP, Yip, HT, et al. Graves' disease could increase polycystic ovary syndrome and comorbidities in Taiwan. Curr Med Res Opin (2020) 36:1063–7. doi: 10.1080/03007995.2020.1756235

26. Botello, A, Herrán, M, Salcedo, V, Rodríguez, Y, Anaya, JM, and Rojas, M. Prevalence of latent and overt polyautoimmunity in autoimmune thyroid disease: a systematic review and meta-analysis. Clin Endocrinol (Oxf) (2020) 93:375–89. doi: 10.1111/cen.14304

27. Duran, C, Basaran, M, Kutlu, O, Kucukaydin, Z, Bakdik, S, Burnik, FS, et al. Frequencu of nodular goiter and autpimmune disease in patients with polycystic ovary syndrome. Endocrine (2015) 49:464–9. doi: 10.1007/s12020-014-0504-7

28. Golden, SH, Robinson, KA, Saldanha, I, Anton, B, and Ladenson, PW. Clinical review: Prevalence and incidence of endocrine and metabolic disorders in the United States: a comprehensive review. J Clin Endocrinol Metab (2009) 94:1853–78. doi: 10.1210/jc.2008-2291

29. Hu, X, Chen, Y, Shen, Y, Zhou, S, Fei, W, Yang, Y, et al. Correlation between Hashimoto's thyroiditis and polycystic ovary syndrome: a systematic review and meta-analysis. Front Endocrinol (Lausanne) (2022) 13:1025267. doi: 10.3389/fendo.2022.1025267

30. Peeters, RP. Subclinical hypothyroidism. N Engl J Med (2017) 376:2556–65. doi: 10.1056/NEJMcp1611144

31. Mueller, A, Schöfl, C, Dittrich, R, Cupisti, S, Oppelt, PG, Schild, RL, et al. Thyroid-stimulating hormone is associated with insulin resistance independently of body mass index and age in women with polycystic ovary syndrome. Hum Reprod (2009) 24:2924–30. doi: 10.1093/humrep/dep285

32. Locantore, P, Corsello, A, Policola, C, and Pontecorvi, A. Subclinical thyroid diseases and isolated hypothyroxinemia during pregnancy. Minerva Endocrinol (Torino) (2021) 46:243–51. doi: 10.23736/S2724-6507.21.03391-5

33. Singla, R, Gupta, Y, Khemani, M, and Aggarwal, S. Thyroid disorders and polycystic ovary syndrome: an emerging relationship. Indian J Endocrinol Metab (2015) 19:25–9. doi: 10.4103/2230-8210.146860

34. Aoki, Y, Belin, RM, Clickner, R, Jeffries, R, Phillips, L, and Mahaffey, KR. Serum TSH and total T4 in the United States population and their association with participant characteristics: National Health and Nutrition Examination Survey (NHANES 1999-2002). Thyroid (2007) 17:1211–23. doi: 10.1089/thy.2006.0235

35. Lee, HJ, Jo, HN, Noh, HK, Kim, SH, and Joo, JK. Is there association between thyroid stimulating hormone levels and the four phenotypes in polycystic ovary syndrome? Ginekol Pol (2022). doi: 10.5603/GP.a2021.0239

36. Xu, S, Zhang, Y, Qiang, C, and Zhang, C. Effect of TSH on oocyte maturation of PCOS patients with normal thyroid function in IVF. Reprod Biol Endocrinol (2022) 20:133. doi: 10.1186/s12958-022-01005-1

37. Ochi, Y. De Groot L Long-acting thyroid stimulator of Graves's disease. N Engl J Med (1968) 278:718–21. doi: 10.1056/NEJM196803282781307

38. Smith, TJ, and Hegedüs, L. Graves' Disease. N Engl J Med (2016) 375:1552–65. doi: 10.1056/NEJMra1510030

39. Altuntaş, SÇ, and Güneş, M. Investigation of the relationship between autoimmune and nodular goiter in patients with euthyroid polycystic ovary syndrome and their phenotypes. Horm Metab Res (2022) 54:396–406. doi: 10.1055/a-1825-0316

40. Topaloglu, O, Evren, B, Uzun, M, Yologlu, S, Guldogan, E, and Sahin, I. Is there a relationship between serum IGF-1 and thyroid nodule, thyroid or ovarian volume in polycystic ovarian syndrome? Acta Endocrinol (Buchar) (2021) 17:138–46. doi: 10.4183/aeb.2021.138

41. Zhang, C, Gao, X, Han, Y, Teng, W, and Shan, Z. Correlation between thyroid nodules and metabolic syndrome: a systematic review and meta-analysis. Front Endocrinol (Lausanne) (2021) 12:730279. doi: 10.3389/fendo.2021.730279

42. Burguera, B, and Gharib, H. Thyroid incidentalomas. Prevalence, diagnosis, significance, and management. Endocrinol Metab Clin North Am (2000) 29:187–203. doi: 10.1016/S0889-8529(05)70123-7

43. Emanuel, RHK, Roberts, J, Docherty, PD, Lunt, H, Campbell, RE, and Möller, K. A review of the hormones involved in the endocrine dysfunctions of polycystic ovary syndrome and their interactions. Front Endocrinol (Lausanne) (2022) 13:1017468. doi: 10.3389/fendo.2022.1017468

44. Megwalu, UC, and Moon, PK. Thyroid cancer incidence and mortality trends in the United States: 2000-2018. Thyroid (2022) 32:560–70. doi: 10.1089/thy.2021.0662

45. Fitko, R, Szlezyngier, B, Gajewska, A, and Kochman, K. Ovarian LH/hCG receptors and plasma level of LH,17-beta estradiol and progesterone in gonadotropin–induced PCO syndrome in rats. Exp Clin Endocrinol (1994) 102:320–5. doi: 10.1055/s-0029-1211298

46. Fitko, R, and Szlezyngier, B. Role of thyroid hormone in controlling the concentration of luteinizing hormone/human chorionic gonadotropin receptors in rat ovaries. Eur J Endocrinol (1994) 130:378–80. doi: 10.1530/eje.0.1300378

47. Alzahrani, AA, Alahmadi, AA, Ali, SS, Alahmadi, BA, Arab, RA, Wahman, LF, et al. Biochemical and histological evidence of thyroid gland dysfunction in estradiol valerate model of the polycystic ovary in Wistar rats. Biochem Biophys Res Commun (2019) 514:194–9. doi: 10.1016/j.bbrc.2019.04.126

48. Alahmadi, AA, Alzahrani, AA, Ali, SS, Alahmadi, BA, Arab, RA, and El-Shitany, NAE. Both Matricaria chamomilla and metformin extract improved the function and histological structure of thyroid gland in polycystic ovary syndrome rats through antioxidant mechanism. Biomolecules (2020) 10:88. doi: 10.3390/biom10010088

49. Ghosh, H, Rai, S, Manzar, MD, Pandi-Perumal, SR, Brown, GM, Reiter, RJ, et al. Differential expression and interaction of melatonin and thyroid hormone receptors with estrogen receptor α improve ovarian functions in letrozole-induced rat polycystic ovary syndrome. Life Sci (2022) 295:120086. doi: 10.1016/j.lfs.2021.120086

50. Fu, LL, Xu, Y, Li, DD, Dai, XW, Xu, X, Zhang, JS, et al. Expression profiles of mRNA and long noncoding RNA in the ovaries of letrozole-induced polycystic ovary syndrome rat model through deep sequencing. Gene (2018) 657:19–29. doi: 10.1016/j.gene.2018.03.002

51. Selen Alpergin, ES, Bolandnazar, Z, Sabatini, M, Rogowski, M, Chiellini, G, Zucchi, R, et al. Metabolic profiling reveals reprogramming of lipid metabolic pathways in treatment of polycystic ovary syndrome with 3-iodothyronamine. Physiol Rep (2017) 5:e13097. doi: 10.14814/phy2.13097

52. Petríková, J, Lazúrová, I, and Yehuda, S. Polycystic ovary syndrome and autoimmunity. Eur J Intern Med (2010) 21:369–71. doi: 10.1016/j.ejim.2010.06.008

53. Mobeen, H, Afzal, N, and Kashif, M. Polycystic ovary syndrome may be an autoimmune disorder. Scientifica (Cairo) (2016) 2016:4071735. doi: 10.1155/2016/4071735

54. Patel, S. Polycystic ovary syndrome (PCOS), an inflammatory, systemic, lifestyle endocrinopathy. J Steroid Biochem Mol Biol (2018) 182:27–36. doi: 10.1016/j.jsbmb.2018.04.008

55. Gardner, SG, Gale, EA, Williams, AJ, Gillespie, KM, Lawrence, KE, Bottazzo, GF, et al. Progression to diabetes in relatives with islet autoantibodies. Is it inevitable? Diabetes Care (1999) 22:2049–54. doi: 10.2337/diacare.22.12.2049

56. Reimand, K, Talja, I, Metskűla, K, Kadastik, U, Matt, K, and Uibo, R. Autoantibody studies of female patients with reproductive failure. J Reprod Immunol (2001) 51:167–76. doi: 10.1016/S0165-0378(01)00075-4

57. Janssen,, Janssen, OE, Mehlmauer, N, Hahn, S, Offner, AH, and Gärtner, R. High prevalence of autoimmune thyroiditis in patients with polycystic ovary syndrome. Eur J Endocrinol (2004) 150:363–9. doi: 10.1530/eje.0.1500363

58. Hefler-Frischmuth, K, Walch, K, Huebl, W, Baumuehlner, K, Tempfer, C, and Hefler, L. Serologic markers of autoimmunity in women with polycystic ovary syndrome. Fertil Steril (2010) 93:2291–4. doi: 10.1016/j.fertnstert.2009.01.056

59. Arduc, A, Aycicek Dogan, B, Bilmez, S, Imga Nasiroglu, N, Tuna, MM, Isik, S, et al. High prevalence of Hashimoto's thyroiditis in patients with polycystic ovary syndrome: does the imbalance between estradiol and progesterone play a role? Endocr Res (2015) 40:204–10. doi: 10.3109/07435800.2015.1015730

60. Skrzyńska, KJ, Zachurzok, A, and Gawlik, AM. Metabolic and hormonal profile of adolescent girls with polycystic ovary syndrome with concomitant autoimmune thyroiditis. Front Endocrinol (Lausanne) (2021) 12:708910. doi: 10.3389/fendo.2021.708910

61. Cutolo, M, and Straub, RH. Sex steroids and autoimmune rheumatic diseases: state of the art. Nat Rev Rheumatol (2020) 16:628–44. doi: 10.1038/s41584-020-0503-4

62. Walters, E, Rider, V, Abdou, NI, Greenwell, C, Svojanovsky, S, Smith, P, et al. Estradiol targets T cell signaling pathways in human systemic lupus. Clin Immunol (2009) 133:428–36. doi: 10.1016/j.clim.2009.09.002

63. Singh, RP, Hahn, BH, and Bischoff, DS. Interferon genes are influenced by 17β-estradiol in SLE. Front Immunol (2021) 12:725325. doi: 10.3389/fimmu.2021.725325

64. Kim, JW, Kim, HA, Suh, CH, and Jung, JY. Sex hormones affect the pathogenesis and clinical characteristics of systemic lupus erythematosus. Front Med (Lausanne) (2022) 9:906475. doi: 10.3389/fmed.2022.906475

65. Benagiano, M, Bianchi, P, D'Elios, MM, Brosens, I, and Benagiano, G. Autoimmune diseases: role of steroid hormones. Best Pract Res Clin Obstet Gynaecol (2019) 60:24–34. doi: 10.1016/j.bpobgyn.2019.03.001

66. Pauklin, S, and Petersen-Mahrt, SK. Progesterone inhibits activation-induced deaminase by binding to the promoter. J Immunol (2009) 183:1238–44. doi: 10.4049/jimmunol.0803915

67. Ulrich, J, Goerges, J, Keck, C, Müller-Wieland, D, Diederich, S, and Janssen, OE. Impact of autoimmune thyroiditis on reproductive and metabolic parameters in patients with polycystic ovary syndrome. Exp Clin Endocrinol Diabetes (2018) 126:198–204. doi: 10.1055/s-0043-110480

68. Ma, M, Wang, M, Xu, F, and Hao, S. The imbalance in Th17 and Treg cells in polycystic ovarian syndrome patients with autoimmune thyroiditis. Immunol Invest (2022) 51:1170–81. doi: 10.1080/08820139.2021.1915329

69. Raja-Khan, N, Urbanek, M, Rodgers, RJ, and Legro, RS. The role of TGF-β in polycystic ovary syndrome. Reprod Sci (2014) 21:20–31. doi: 10.1177/1933719113485294

70. Urbanek, M, Sam, S, Legro, RS, and Dunaif, A. Identification of a polycystic ovary syndrome susceptibility variant in fibrillin-3 and association with a metabolic phenotype. J Clin Endocrinol Metab (2007) 92:4191–8. doi: 10.1210/jc.2007-0761

71. Raja-Khan, N, Kunselman, AR, Demers, LM, Ewens, KG, Spielman, RS, and Legro, RS. A variant in the fibrillin-3 gene is associated with TGF-β and inhibin B levels in women with polycystic ovary syndrome. Fertil Steril (2010) 94:2916–9. doi: 10.1016/j.fertnstert.2010.05.047

72. Akinci, B, Comlekci, A, Yener, S, Bayraktar, F, Demir, T, Ozcan, MA, et al. Hashimoto's thyroiditis, but not treatment of hypothyroidism, is associated with altered TGF-beta1 levels. Arch Med Res (2008) 39:397–401. doi: 10.1016/j.arcmed.2007.12.001

73. Zeber-Lubecka, N, and Hennig, EE. Genetic susceptibility to joint occurrence of polycystic ovary syndrome and Hashimoto's thyroiditis: how far is our understanding? Front Immunol (2021) 12:606620. doi: 10.3389/fimmu.2021.606620

74. Muscogiuri, G, Mari, D, Prolo, S, Fatti, LM, Cantone, MC, Garagnani, P, et al. 25 Hydroxyvitamin D deficiency and its relationship to autoimmune thyroid disease in the elderly. Int J Environ Res Public Health (2016) 13:850. doi: 10.3390/ijerph13090850

75. Sîrbe, C, Rednic, S, Grama, A, and Pop, TL. An update on the effects of vitamin D on the immune system and autoimmune diseases. Int J Mol Sci (2022) 23:9784. doi: 10.3390/ijms23179784

76. Niu, YM, Wang, YD, Jiang, GB, Bai, G, Chai, HB, Li, XF, et al. Association between vitamin D receptor gene polymorphisms and polycystic ovary syndrome risk: a meta-analysis. Front Physiol (2019) 9:1902. doi: 10.3389/fphys.2018.01902

77. Shi, XY, Huang, AP, Xie, DW, and Yu, XL. Association of vitamin D receptor gene variants with polycystic ovary syndrome: a meta-analysis. BMC Med Genet (2019) 20:32. doi: 10.1186/s12881-019-0763-5

78. Shahmoradi, A, Aghaei, A, Ghaderi, K, Jafar Rezaei, M, and Azarnezhad, A. A meta-analysis of the association of ApaI, BsmI, FokI, and TaqI polymorphisms in the vitamin D receptor gene with the risk of polycystic ovary syndrome in the Eastern Mediterranean Regional Office population. Int J Reprod BioMed (2022) 20:433–46. doi: 10.18502/ijrm.v20i6.11439

79. Kiani, AK, Donato, K, Dhuli, K, Stuppia, L, and Bertelli, M. Dietary supplements for polycystic ovary syndrome. J Prev Med Hyg (2022) 63:206–13. doi: 10.15167/2421-4248/jpmh2022.63.2S3.2762

80. Morgante, G, Darino, I, Spanò, A, Luisi, S, Luddi, A, Piomboni, P, et al. PCOS physiopathology and vitamin D deficiency: biological insights and perspectives for treatment. J Clin Med (2022) 11:4509. doi: 10.3390/jcm11154509

81. De Pergola, G, Triggiani, V, Bartolomeo, N, Giagulli, VA, Anelli, M, Masiello, M, et al. Low 25 hydroxyvitamin D levels are independently associated with autoimmune thyroiditis in a cohort of apparently healthy overweight and obese subjects. Endocr Metab Immune Disord Drug Targets (2018) 18:646–52. doi: 10.2174/1871530318666180406163426

82. Muscogiuri, G, Palomba, S, Caggiano, M, Tafuri, D, Colao, A, and Orio, F. Low 25 (OH) vitamin D levels are associated with autoimmune thyroid disease in polycystic ovary syndrome. Endocrine (2016) 53:538–42. doi: 10.1007/s12020-015-0745-0

83. Kirtana, A, and Seetharaman, B. Comprehending the role of endocrine disruptors in inducing epigenetic toxicity. Endocr Metab Immune Disord Drug Targets (2022) 22:1059–72. doi: 10.2174/1871530322666220411082656

84. Dwivedi, SN, Kalaria, T, and Buch, H. Thyroid autoantibodies. J Clin Pathol (2023) 76:19–28. doi: 10.1136/jcp-2022-208290

85. Escobar-Morreale, HF, Luque-Ramírez, M, and González, F. Circulating inflammatory markers in polycystic ovary syndrome: a systematic review and metaanalysis. Fertil Steril (2011) 95:1048–58. doi: 10.1016/j.fertnstert.2010.11.036

86. Shabbir, S, Khurram, E, Moorthi, VS, Eissa, YTH, Kamal, MA, and Butler, AE. The interplay between androgens and the immune response in polycystic ovary syndrome. J Transl Med (2023) 21:259. doi: 10.1186/s12967-023-04116-4

87. Cai, J, Zhang, Y, Wang, Y, Li, S, Wang, L, Zheng, J, et al. High thyroid stimulating hormone level is associated with hyperandrogenism in euthyroid polycystic ovary syndrome (PCOS) women, independent of age, BMI, and thyroid autoimmunity: a cross-sectional analysis. Front Endocrinol (Lausanne) (2019) 10:222. doi: 10.3389/fendo.2019.00222

88. Zhao, H, Zhang, Y, Ye, J, Wei, H, Huang, Z, Ning, X, et al. A comparative study on insulin secretion, insulin resistance and thyroid function in patients with polycystic ovary syndrome with and without Hashimoto's thyroiditis. Diabetes Metab Syndr Obes (2021) 14:1817–21. doi: 10.2147/DMSO.S300015

89. Adamska, A, Łebkowska, A, Krentowska, A, Hryniewicka, J, Adamski, M, Leśniewska, M, et al. Ovarian reserve and serum concentration of thyroid peroxidase antibodies in euthyroid women with different polycystic ovary syndrome phenotypes. Front Endocrinol (Lausanne) (2020) 11:440. doi: 10.3389/fendo.2020.00440

90. Dewailly, D, Andersen, CY, Balen, A, Broekmans, F, Dilaver, N, Fanchin, R, et al. The physiology and clinical utility of anti-Mullerian hormone in women. Hum Reprod Update (2014) 20:370–85. doi: 10.1093/humupd/dmt062

91. di Clemente, N, Racine, C, Pierre, A, and Taieb, J. Anti-Müllerian hormone in female reproduction. Endocr Rev (2021) 42:753–82. doi: 10.1210/endrev/bnab012

92. Serin, AN, Birge, Ö, Uysal, A, Görar, S, and Tekeli, F. Hashimoto's thyroiditis worsens ovaries in polycystic ovary syndrome patients compared to Anti-Müllerian hormone levels. BMC Endocr Disord (2021) 21:44. doi: 10.1186/s12902-021-00706-9

93. Giusti, M, and Mittica, M. Evaluation of anti-Müllerian hormone in pre-menopausal women stratified according to thyroid function, autoimmunity and age. Thyroid Res (2022) 15:15. doi: 10.1186/s13044-022-00133-5

94. Fénichel, P, Gobert, B, Carré, Y, Barbarino-Monnier, P, and Hiéronimus, S. Polycystic ovary syndrome in autoimmune disease. Lancet (1999) 353:2210. doi: 10.1016/S0140-6736(99)00256-1

95. Ott, J, Aust, S, Kurz, C, Nouri, K, Wirth, S, Huber, JC, et al. Elevated antithyroid peroxidase antibodies indicating Hashimoto's thyroiditis are associated with the treatment response in infertile women with polycystic ovary syndrome. Fertil Steril (2010) 94:2895–7. doi: 10.1016/j.fertnstert.2010.05.063

96. Monteleone, P, Parrini, D, Faviana, P, Carletti, E, Casarosa, E, Uccelli, A, et al. Female infertility related to thyroid autoimmunity: the ovarian follicle hypothesis. Am J Reprod Immunol (2011) 66:108–14. doi: 10.1111/j.1600-0897.2010.00961.x

97. Polyzos, NP, Sakkas, E, Vaiarelli, A, Poppe, K, Camus, M, and Tournaye, H. Thyroid autoimmunity, hypothyroidism and ovarian reserve: a cross-sectional study of 5000 women based on age-specific AMH values. Hum Reprod (2015) 30:1690–6. doi: 10.1093/humrep/dev089

98. Chen, Y, Chen, Y, Wang, N, Chen, C, Nie, X, Li, Q, et al. Are thyroid nodules associated with sex-related hormones? A cross-sectional SPECT-China study. BMJ Open (2017) 7:e015812. doi: 10.1136/bmjopen-2016-015812

99. Kucukler, FK, Gorkem, U, Simsek, Y, Kocabas, R, and Guler, S. Evaluation of ovarian reserve in women with overt or subclinical hypothyroidism. Arch Med Sci (2018) 14:521–26. doi: 10.5114/aoms.2016.58621

100. Kuroda, K, Uchida, T, Nagai, S, Ozaki, R, Yamaguchi, T, Sato, Y, et al. Elevated serum thyroid-stimulating hormone is associated with decreased anti-Müllerian hormone in infertile women of reproductive age. J Assist Reprod Genet (2015) 32:243–7. doi: 10.1007/s10815-014-0397-7

101. Hasegawa, Y, Kitahara, Y, Osuka, S, Tsukui, Y, Kobayashi, M, and Iwase, A. Effect of hypothyroidism and thyroid autoimmunity on the ovarian reserve: a systematic review and meta-analysis. Reprod Med Biol (2021) 21:e12427. doi: 10.1002/rmb2.12427

102. Weghofer, A, Barad, DH, Darmon, S, Kushnir, VA, and Gleicher, N. What affects functional ovarian reserve, thyroid function or thyroid autoimmunity? Reprod Biol Endocrinol (2016) 14:26. doi: 10.1186/s12958-016-0162-0

103. Rao, M, Wang, H, Zhao, S, Liu, J, Wen, Y, Wu, Z, et al. Subclinical hypothyroidism is associated with lower ovarian reserve in women aged 35 years or older. Thyroid (2020) 30:95–105. doi: 10.1089/thy.2019.0031

104. Michalakis, KG, Mesen, TB, Brayboy, LM, Yu, B, Richter, KS, Levy, M, et al. Subclinical elevations of thyroid-stimulating hormone and assisted reproductive technology outcomes. Fertil Steril (2011) 95:2634–7. doi: 10.1016/j.fertnstert.2011.02.056

105. Kabodmehri, R, Sharami, SH, Sorouri, ZZ, Gashti, NG, Milani, F, Chaypaz, Z, et al. The relationship between thyroid function and ovarian reserve: a prospective cross-sectional study. Thyroid Res (2021) 14:22. doi: 10.1186/s13044-021-00112-2

106. Sun, Y, Fang, Y, Xu, M, and Liu, Y. Relationship between thyroid antibody levels and ovarian reserve function in infertile chinese women with normal thyroid-stimulating hormone. J Ovarian Res (2023) 16:100. doi: 10.1186/s13048-023-01174-6

107. Dittrich, R, Kajaia, N, Cupisti, S, Hoffmann, I, Beckmann, MW, and Mueller, A. Association of thyroid-stimulating hormone with insulin resistance and androgen parameters in women with PCOS. Reprod BioMed Online (2009) 19:319–25. doi: 10.1016/S1472-6483(10)60165-4

108. Krassas, GE, Poppe, K, and Glinoer, D. Thyroid function and human reproductive health. Endocr Rev (2010) 31:702–55. doi: 10.1210/er.2009-0041

109. Thangaratinam, S, Tan, A, Knox, E, Kilby, MD, Franklyn, J, and Coomarasamy, A. Association between thyroid autoantibodies and miscarriage and preterm birth: meta­analysis of evidence. BMJ (2011) 342:d2616. doi: 10.1136/bmj.d2616

110. van den Boogaard, E, Vissenberg, R, Land, JA, van Wely, M, van der Post, JA, Goddijn, M, et al. Significance of (sub)clinical thyroid dysfunction and thyroid autoimmunity before conception and in early pregnancy: a systematic review. Hum Reprod Update (2011) 17:605–19. doi: 10.1093/humupd/dmr024

111. d'Assunção, VRN, Montagna, E, d'Assunção, LEN, Caldas, MMP, Christofolini, DM, Barbosa, CP, et al. Effect of thyroid function on assisted reproduction outcomes in euthyroid infertile women: a single center retrospective data analysis and a systematic review and meta-analysis. Front Endocrinol (Lausanne) (2022) 13:1023635. doi: 10.3389/fendo.2022.1023635

112. Davidson, A, and Diamond, B. Autoimmune diseases. N Engl J Med (2001) 345:340–50. doi: 10.1056/NEJM200108023450506

113. Wang, J, Yin, T, and Liu, S. Dysregulation of immune response in PCOS organ system. Front Immunol (2023) 14:1169232. doi: 10.3389/fimmu.2023.1169232

114. Abdolmohammadi-Vahid, S, Samaie, V, Hashemi, H, Mehdizadeh, A, Dolati, S, Ghodrati-Khakestar, F, et al. Anti-thyroid antibodies and underlying generalized immunologic aberrations in patients with reproductive failures. J Reprod Immunol (2022) 154:103759. doi: 10.1016/j.jri.2022.103759

115. Palomba, S. Is fertility reduced in ovulatory women with polycystic ovary syndrome? An opinion paper. Hum Reprod (2021) 36:2421–8. doi: 10.1093/humrep/deab181

116. Poppe, KG. Are live-birth rates reduced in euthyroid women with thyroid autoimmunity treated with an assisted reproductive technology? The janus face of a meta-analysis. Thyroid (2022) 32:1005–6. doi: 10.1089/thy.2022.0370

117. Wu, J, Zhao, YJ, Wang, M, Tang, MQ, and Liu, YF. Correlation analysis between ovarian reserve and thyroid hormone levels in infertile women of reproductive age. Front Endocrinol (Lausanne) (2021) 12:745199. doi: 10.3389/fendo.2021.745199

118. Metwalley, KA, Farghaly, HS, Tamer, DM, Ali, AM, Embaby, M, Elnakeeb, IF, et al. Ovarian reserve in adolescent girls with autoimmune thyroiditis. Arch Endocrinol Metab (2023) 67:395–400. doi: 10.20945/2359-3997000000597

119. Zhang, LJ, Xiong, Y, Nilubol, N, He, M, Bommareddi, S, Zhu, X, et al. Testosterone regulates thyroid cancer progression by modifying tumor suppressor genes and tumor immunity. Carcinogenesis (2015) 36:420–8. doi: 10.1093/carcin/bgv001

120. Chaudhuri, PK, and Prinz, R. Estrogen receptor in normal and neoplastic human thyroid tissue. Am J Otolaryngol (1989) 10:322–6. doi: 10.1016/0196-0709(89)90107-5

121. Stanley, JA, Aruldhas, MM, Chandrasekaran, M, Neelamohan, R, Suthagar, E, Annapoorna, K, et al. Androgen receptor expression in human thyroid cancer tissues: a potential mechanism underlying the gender bias in the incidence of thyroid cancers. J Steroid Biochem Mol Biol (2012) 130:105–24. doi: 10.1016/j.jsbmb.2012.02.004

122. Jones, ME, O'Connell, TJ, Zhao, H, Darzynkiewicz, Z, Gupta, A, Buchsbaum, J, et al. Androgen receptor activation decreases proliferation in thyroid cancer cells. J Cell Biochem (2021). doi: 10.1002/jcb.29934

123. Yin, DT, He, H, Yu, K, Xie, J, Lei, M, Ma, R, et al. The association between thyroid cancer and insulin resistance, metabolic syndrome and its components: a systematic review and meta-analysis. Int J Surg (2018) 57:66–75. doi: 10.1016/j.ijsu.2018.07.013

124. Shin, A, Cho, S, Jang, D, Abe, SK, Saito, E, Rahman, MS, et al. Body mass index and thyroid cancer risk: a pooled analysis of half a million men and women in the Asia Cohort Consortium. Thyroid (2022) 32:306–14. doi: 10.1089/thy.2021.0445

125. Economides, A, Giannakou, K, Mamais, I, Economides, PA, and Papageorgis, P. Association between aggressive clinicopathologic features of papillary thyroid carcinoma and body mass index: a systematic review and meta-analysis. Front Endocrinol (Lausanne) (2021) 12:692879. doi: 10.3389/fendo.2021.692879

126. Pazaitou-Panayiotou, K, Polyzos, SA, and Mantzoros, CS. Obesity and thyroid cancer: epidemiologic associations and underlying mechanisms. Obes Rev (2013) 14:1006–22. doi: 10.1111/obr.12070

127. Franchini, F, Palatucci, G, Colao, A, Ungaro, P, Macchia, PE, and Nettore, IC. Obesity and thyroid cancer risk: an update. Int J Environ Res Public Health (2022) 19:1116. doi: 10.3390/ijerph19031116

128. Park, JH, Choi, M, Kim, JH, Kim, J, Han, K, Kim, B, et al. Metabolic syndrome and the risk of thyroid cancer: a nationwide population-based cohort study. Thyroid (2020) 30:1496–504. doi: 10.1089/thy.2019.0699

129. Park, JH, Cho, HS, and Yoon, JH. Thyroid cancer in patients with metabolic syndrome or its components: a nationwide population-based cohort study. Cancers (Basel) (2022) 14:4106. doi: 10.3390/cancers14174106

130. Liu, Z, Lin, C, Suo, C, Zhao, R, Jin, L, Zhang, T, et al. Metabolic dysfunction-associated fatty liver disease and the risk of 24 specific cancers. Metabolism (2022) 127:154955. doi: 10.1016/j.metabol.2021.154955

131. Harikrishna, A, Ishak, A, Ellinides, A, Saad, R, Christodoulou, H, Spartalis, E, et al. The impact of obesity and insulin resistance on thyroid cancer: a systematic review. Maturitas (2019) 125:45–9. doi: 10.1016/j.maturitas.2019.03.022

132. Xu, N, Liu, H, Wang, Y, and Xue, Y. Relationship between insulin resistance and thyroid cancer in Chinese euthyroid subjects without conditions affecting insulin resistance. BMC Endocr Disord (2022) 22:58. doi: 10.1186/s12902-022-00943-6

133. Gu, Y, Zhou, G, Zhou, F, Li, Y, Wu, Q, He, H, et al. Gut and vaginal microbiomes in PCOS: implications for women's health. Front Endocrinol (Lausanne) (2022) 13:808508. doi: 10.3389/fendo.2022.808508

134. Yu, X, Jiang, W, Kosik, RO, Song, Y, Luo, Q, Qiao, T, et al. Gut microbiota changes and its potential relations with thyroid carcinoma. J Adv Res (2021) 35:61–70. doi: 10.1016/j.jare.2021.04.001

135. Jiang, W, Lu, G, Gao, D, Lv, Z, and Li, D. The relationships between the gut microbiota and its metabolites with thyroid diseases. Front Endocrinol (Lausanne) (2022) 13:943408. doi: 10.3389/fendo.2022.943408

136. Murugappan, G, Li, S, Alvero, RJ, Luke, B, and Eisenberg, ML. Association between infertility and all-cause mortality: analysis of US claims data. Am J Obstet Gynecol (2021) 225:57:e1–e11. doi: 10.1016/j.ajog.2021.02.010

137. Wekker, V, van Dammen, L, Koning, A, Heida, KY, Painter, RC, Limpens, J, et al. Long-term cardiometabolic disease risk in women with PCOS: a systematic review and meta-analysis. Hum Rerod Update (2020) 26:942–60. doi: 10.1093/humupd/dmaa029

138. Jonklaas, J. Hypothyroidism, lipids, and lipidomics. Endocrine (2023). doi: 10.1007/s12020-023-03420-9

139. Yan, Y, Xu, M, Wu, M, Wang, X, Li, F, Zhang, J, et al. Obesity is associated with subclinical hypothyroidism in the presence of thyroid autoantibodies: a cross-sectional study. BMC Endocr Disord (2022) 22:94. doi: 10.1186/s12902-022-00981-0

140. Ding, X, Zhao, Y, Zhu, CY, Wu, LP, Wang, Y, Peng, ZY, et al. The association between subclinical hypothyroidism and metabolic syndrome: an update meta-analysis of observational studies. Endocr J (2021) 68:1043–56. doi: 10.1507/endocrj.EJ20-0796

141. Deng, L, Wang, L, Zheng, X, Shuai, P, and Liu, Y. Women with subclinical hypothyroidism are at higher prevalence of metabolic syndrome and its components compared to men in an older chinese population. Endocr Res (2021) 46:186–95. doi: 10.1080/07435800.2021.1928177

142. Mullur, R, Liu, YY, and Brent, GA. Thyroid hormone regulation of metabolism. Physiol Rev (2014) 94:355–82. doi: 10.1152/physrev.00030.2013

143. Adamska, A, Krentowska, A, Łebkowska, A, Hryniewicka, J, Leśniewska, M, Adamski, M, et al. Decreased deiodinase activity after glucose load could lead to atherosclerosis in euthyroid women with polycystic ovary syndrome. Endocrine (2019) 65:184–91. doi: 10.1007/s12020-019-01913-0

144. Wiebe, N, Lloyd, A, Crumley, ET, and Tonelli, M. Associations between body mass index and all-cause mortality: a systematic review and meta-analysis. Obes Rev (2023) 13:e13588. doi: 10.1111/obr.13588

145. Jayedi, A, Khan, TA, Aune, D, Emadi, A, and Shab-Bidar, S. Body fat and risk of all-cause mortality: a systematic review and dose-response meta-analysis of prospective cohort studies. Int J Obes (Lond) (2022) 46:1573–81. doi: 10.1038/s41366-022-01165-5

146. Krentowska, A, Łebkowska, A, Jacewicz-Święcka, M, Hryniewicka, J, Leśniewska, M, Adamska, A, et al. Metabolic syndrome and the risk of cardiovascular complications in young patients with different phenotypes of polycystic ovary syndrome. Endocrine (2021) 72:400–10. doi: 10.1007/s12020-020-02596-8

147. Zhu, P, Lao, G, Chen, C, Luo, L, Gu, J, and Ran, J. TSH levels within the normal range and risk of cardiovascular and all-cause mortality among individuals with diabetes. Cardiovasc Diabetol (2022) 21:254. doi: 10.1186/s12933-022-01698-z

148. Pergialiotis, V, Konstantopoulos, P, Prodromidou, A, Florou, V, Papantoniou, N, and Perrea, DN. MANAGEMENT OF ENDOCRINE DISEASE: The impact of subclinical hypothyroidism on anthropometric characteristics, lipid, glucose and hormonal profile of PCOS patients: a systematic review and meta-analysis. Eur J Endocrinol (2017) 176:R159–66. doi: 10.1530/EJE-16-0611

149. de Medeiros, SF, de Medeiros, MAS, Ormond, CM, Barbosa, JS, and Yamamoto, MMW. Subclinical hypothyroidism impact on the characteristics of patients with polycystic ovary syndrome. A meta-analysis observational Stud Gynecol Obstet Invest (2018) 83:105–15. doi: 10.1159/000485619

150. Xing, Y, Chen, J, Liu, J, and Ma, H. The impact of subclinical hypothyroidism on patients with polycystic ovary syndrome: a meta-analysis. Horm Metab Res (2021) 53:382–90. doi: 10.1055/a-1463-3198

151. Kowalczyk, K, Radosz, P, Barański, K, Pluta, D, Kowalczyk, D, Franik, G, et al. The influence of treated and untreated subclinical hypothyroidism on metabolic profile in women with polycystic ovary syndrome. Int J Endocrinol (2021) 2021:8427150. doi: 10.1155/2021/8427150

152. Fatima, M, Amjad, S, Sharaf Ali, H Sr, Ahmed, T, Khan, S, Raza, M, et al. Correlation of subclinical hypothyroidism with polycystic ovary syndrome (PCOS). Cureus (2020) 12:e8142. doi: 10.7759/cureus.8142

153. Alwan, H, Villoz, F, Feller, M, Dullaart, RPF, Bakker, SJL, Peeters, RP, et al. Subclinical thyroid dysfunction and incident diabetes: a systematic review and an individual participant data analysis of prospective cohort studies. Eur J Endocrinol (2022) 187:S35–46. doi: 10.1530/EJE-22-0523

154. Collet, TH, Bauer, DC, Cappola, AR, Asvold, BO, Weiler, S, Vittinghoff, E, et al. Thyroid antibody status, subclinical hypothyroidism, and the risk of coronary heart disease: an individual participant data analysis. J Clin Endocrinol Metab (2014) 99:3353–62. doi: 10.1210/jc.2014-1250

155. Moleti, M, Di Mauro, M, Paola, G, Olivieri, A, and Vermiglio, F. Nutritional iodine status and obesity. Thyroid Res (2021) 14:25. doi: 10.1186/s13044-021-00116-y

156. Martelli, D, and Brooks, VL. Leptin increases: physiological roles in the control of sympathetic nerve activity, energy balance, and the hypothalamic-pituitary-thyroid axis. Int J Mol Sci (2023) 24:2684. doi: 10.3390/ijms24032684

157. Bucci, I, Giuliani, C, Di Dalmazi, G, Formoso, G, and Napolitano, G. Thyroid autoimmunity in female infertility and assisted reproductive technology outcome. Front Endocrinol (Lausanne) (2022) 13:768363. doi: 10.3389/fendo.2022.768363

158. De Leo, S, and Pearce, EN. Autoimmune thyroid disease during pregnancy. Lancet Diabetes Endocrinol (2018) 6:575–86. doi: 10.1016/S2213-8587(17)30402-3

159. Zhong, Y, Peng, S, Chen, Q, Huang, D, Zhang, G, and Zhou, Z. Preconceptional thyroid stimulating hormone level and fecundity: a community-based cohort study of time to pregnancy. Fertil Steril (2023) 119:313–21. doi: 10.1016/j.fertnstert.2022.10.025

160. Colicchia, M, Campagnolo, L, Baldini, E, Ulisse, S, Valensise, H, and Moretti, C. Molecular basis of thyrotropin and thyroid hormone action during implantation and early development. Hum Reprod Update (2014) 20:884–904. doi: 10.1093/humupd/dmu028

161. Dosiou, C. Thyroid and fertility: recent advances. Thyroid (2020) 30:479–86. doi: 10.1089/thy.2019.0382

162. Consortium on Thyroid and Pregnancy - Study Group on Preterm Birth, Korevaar, TIM, Derakhshan, A, Taylor, PN, Meima, M, Chen, L, et al. Association of thyroid function test abnorMalities and thyroid autoimmunity with preterm birth: a systematic review and meta-analysis. JAMA (2019) 322:632–41. doi: 10.1001/jama.2019.10931

163. Derakhshan, A, Peeters, RP, Taylor, PN, Bliddal, S, Carty, DM, Meems, M, et al. Association of maternal thyroid function with birthweight: a systematic review and individual-participant data meta-analysis. Lancet Diabetes Endocrinol (2020) 8:501–10. doi: 10.1016/S2213-8587(20)30061-9

164. Busnelli, A, Paffoni, A, Fedele, L, and Somigliana, E. The impact of thyroid autoimmunity on IVF/ICSI outcome: a systematic review and meta-analysis. Hum Reprod Update (2016) 22:775–90. doi: 10.1093/humupd/dmw019

165. Palomba, S, Daolio, J, and La Sala, GB. Oocyte competence in women with polycystic ovary syndrome. Trends Endocrinol Metab (2017) 28:186–98. doi: 10.1016/j.tem.2016.11.008

166. Palomba, S, Piltonen, TT, and Giudice, LC. Endometrial function in women with polycystic ovary syndrome: a comprehensive review. Hum Reprod Update (2021) 27:584–618. doi: 10.1093/humupd/dmaa051

167. Palomba, S, de Wilde, MA, Falbo, A, Koster, MP, La Sala, GB, and Fauser, BC. Pregnancy complications in women with polycystic ovary syndrome. Hum Reprod Update (2015) 21:575–92. doi: 10.1093/humupd/dmv029

168. Bahri Khomami, M, Joham, AE, Boyle, JA, Piltonen, T, Silagy, M, Arora, C, et al. Increased maternal pregnancy complications in polycystic ovary syndrome appear to be independent of obesity. A systematic review, meta-analysis, and meta-regression. Obes Rev (2019) 20:659–74. doi: 10.1111/obr.12829

169. Pan, H, Xian, P, Yang, D, Zhang, C, Tang, H, He, X, et al. Polycystic ovary syndrome is an independent risk factor for hypertensive disorders of pregnancy: a systematic review, meta-analysis, and meta-regression. Endocrine (2021) 74:518–29. doi: 10.1007/s12020-021-02886-9

170. Feigl, S, Obermayer-Pietsch, B, Klaritsch, P, Pregartner, G, Herzog, SA, Lerchbaum, E, et al. Impact of thyroid function on pregnancy and neonatal outcome in women with and without PCOS. Biomedicines (2022) 10:750. doi: 10.3390/biomedicines10040750

171. Rao, M, Zeng, Z, Zhou, F, Wang, H, Liu, J, Wang, R, et al. Effect of levothyroxine supplementation on pregnancy loss and preterm birth in women with subclinical hypothyroidism and thyroid autoimmunity: a systematic review and meta-analysis. Hum Reprod Update (2019) 25:344–61. doi: 10.1093/humupd/dmz003

172. Jiao, XF, Zhang, M, Chen, J, Wei, Q, Zeng, L, Liu, D, et al. The impact of levothyroxine therapy on the pregnancy, neonatal and childhood outcomes of subclinical hypothyroidism during pregnancy: an updated systematic review, meta-analysis and trial sequential analysis. Front Endocrinol (Lausanne) (2022) 13:964084. doi: 10.3389/fendo.2022.964084

173. Gadalla, MA, Huang, S, Wang, R, Norman, RJ, Abdullah, SA, El Saman, AM, et al. Effect of clomiphene citrate on endometrial thickness, ovulation, pregnancy and live birth in anovulatory women: systematic review and meta-analysis. Ultrasound Obstet Gynecol (2018) 51:64–76. doi: 10.1002/uog.18933

174. Vyrides, AA, El Mahdi, E, and Giannakou, K. Ovulation induction techniques in women with polycystic ovary syndrome. Front Med (Lausanne) (2022) 9:982230. doi: 10.3389/fmed.2022.982230

175. Lu, YH, Xia, ZL, Ma, YY, Chen, HJ, Yan, LP, and Xu, HF. Subclinical hypothyroidism is associated with metabolic syndrome and clomiphene citrate resistance in women with polycystic ovary syndrome. Gynecol Endocrinol (2016) 32:852–5. doi: 10.1080/09513590.2016.1183193

176. Balen, AH, Morley, LC, Misso, M, Franks, S, Legro, RS, Wijeyaratne, CN, et al. The management of anovulatory infertility in women with polycystic ovary syndrome: an analysis of the evidence to support the development of global WHO guidance. Hum Reprod Update (2016) 22:687–708. doi: 10.1093/humupd/dmw025

177. Sha, T, Wang, X, Cheng, W, and Yan, Y. A meta-analysis of pregnancy-related outcomes and complications in women with polycystic ovary syndrome undergoing IVF. Reprod BioMed Online (2019) 39:281–93. doi: 10.1016/j.rbmo.2019.03.203

178. Tang, K, Wu, L, Luo, Y, and Gong, B. In vitro fertilization outcomes in women with polycystic ovary syndrome: a meta-analysis. Eur J Obstet Gynecol Reprod Biol (2021) 259:46–152. doi: 10.1016/j.ejogrb.2021.02.023

179. Busnelli, A, Beltratti, C, Cirillo, F, Bulfoni, A, Lania, A, and Levi-Setti, PE. Impact of thyroid autoimmunity on assisted reproductive technology outcomes and ovarian reserve markers: an updated systematic review and meta-analysis. Thyroid (2022) 32:1010–28. doi: 10.1089/thy.2021.0656

180. Poppe, K, Bisschop, P, Fugazzola, L, Minziori, G, Unuane, D, and Weghofer, A. European Thyroid Association guideline on thyroid disorders prior to and during assisted reproduction. Eur Thyroid J (2021) 9:281–95. doi: 10.1159/000512790

181. Poppe, K, Autin, C, Veltri, F, Kleynen, P, Grabczan, L, Rozenberg, S, et al. Thyroid autoimmunity and intracytoplasmic sperm injection outcome: a systematic review and meta-analysis. J Clin Endocrinol Metab (2018) 5:1755–66. doi: 10.1210/jc.2017-02633

182. Chatzakis, C, Tsakmaki, E, Psomiadou, A, Charitakis, N, Eleftheriades, M, Dinas, K, et al. Different pregnancy outcomes according to the polycystic ovary syndrome diagnostic criteria: a systematic review and meta-analysis of 79 studies. Fertil Steril (2022) 117:854–81. doi: 10.1016/j.fertnstert.2021.12.027

183. Zhao, T, Chen, BM, Zhao, XM, and Shan, ZY. Meta-analysis of ART outcomes in women with different preconception TSH levels. Reprod Biol Endocrinol (2018) 16:111. doi: 10.1186/s12958-018-0424-0

184. Gao, H, Lu, X, Huang, H, Ji, H, Zhang, L, and Su, Z. Thyroid-stimulating hormone level is negatively associated with fertilization rate in patients with polycystic ovary syndrome undergoing in vitro fertilization. Int J Gynaecol Obstet (2021) 155:138–45. doi: 10.1002/ijgo.13581

185. Busnelli, A, Cirillo, F, and Levi-Setti, PE. Thyroid function modifications in women undergoing controlled ovarian hyperstimulation for in vitro fertilization: a systematic review and meta-analysis. Fertil Steril (2021) 116:218–31. doi: 10.1016/j.fertnstert.2021.01.029

186. Alexander, EK, Pearce, EN, Brent, GA, Brown, RS, Chen, H, Dosiou, C, et al. Guidelines of the American Thyroid Association for the diagnosis and management of thyroid disease during pregnancy and the postpartum. Thyroid (2017) 27:315–89. doi: 10.1089/thy.2016.0457

187. Palomba, S, Falbo, A, Zullo, F, and Orio, F Jr. Evidence-based and potential benefits of metformin in the polycystic ovary syndrome: a comprehensive review. Endocr Rev (2009) 30:1–50. doi: 10.1210/er.2008-0030

188. Babić Leko, M, Gunjača, I, Pleić, N, and Zemunik, T. Environmental factors affecting thyroid-stimulating hormone and thyroid hormone levels. Int J Mol Sci (2021) 22:6521. doi: 10.3390/ijms22126521

189. Klasson, CL, Sadhir, S, and Pontzer, H. Daily physical activity is negatively associated with thyroid hormone levels, inflammation, and immune system markers among men and women in the NHANES dataset. PloS One (2022) 17:e0270221. doi: 10.1371/journal.pone.0270221

190. Roa Dueñas, OH, Koolhaas, C, Voortman, T, Franco, OH, Ikram, MA, Peeters, RP, et al. Thyroid function and physical activity: a population-based cohort study. Thyroid (2021) 31:870–75. doi: 10.1089/thy.2020.0517

191. Iacovides, S, Maloney, SK, Bhana, S, Angamia, Z, and Meiring, RM. Could the ketogenic diet induce a shift in thyroid function and support a metabolic advantage in healthy participants? A pilot randomized-controlled-crossover trial. PloS One (2022) 17:e0269440. doi: 10.1371/journal.pone.0269440

192. Bui, AQ, Gunathilake, M, Lee, J, Lee, EK, and Kim, J. Relationship between physical activity levels and thyroid cancer risk: a prospective cohort study in Korea. Thyroid (2022) 32:1402–10. doi: 10.1089/thy.2022.0250

193. Chen, B, Xie, Z, and Duan, X. Thyroid cancer incidence trend and association with obesity, physical activity in the United States. BMC Public Health (2022) 22:1333. doi: 10.1186/s12889-022-13727-3

194. Torre, F, Calogero, AE, Condorelli, RA, Cannarella, R, Aversa, A, and La Vignera, S. Effects of oral contraceptives on thyroid function and vice versa. J Endocrinol Invest (2020) 43:1181–8. doi: 10.1007/s40618-020-01230-8

195. La Vecchia, C, Ron, E, Franceschi, S, Dal Maso, L, Mark, SD, Chatenoud, L, et al. A pooled analysis of case-control studies of thyroid cancer. III. Oral contraceptives, menopausal replacement therapy and other female hormones. Cancer Causes Control (1999) 10:157–66. doi: 10.1023/A:1008832513932

196. Kroener, L, Dumesic, D, and Al-Safi, Z. Use of fertility medications and cancer risk: a review and update. Curr Opin Obstet Gynecol (2017) 29:195–201. doi: 10.1097/GCO.0000000000000370

197. Morteza Taghavi, S, Rokni, H, and Fatemi, S. Metformin decreases thyrotropin in overweight women with polycystic ovarian syndrome and hypothyroidism. Diabetes Vasc Dis Res (2011) 8:47–8. doi: 10.1177/1479164110391917

198. Rotondi, M, Cappelli, C, Magri, F, Botta, R, Dionisio, R, Iacobello, C, et al. Thyroidal effect of metformin treatment in patients with polycystic ovary syndrome. Clin Endocrinol (Oxf) (2011) 75:378–81. doi: 10.1111/j.1365-2265.2011.04042.x

199. He, X, Wu, D, Hu, C, Xu, T, Liu, Y, Liu, C, et al. Role of metformin in the treatment of patients with thyroid nodules and insulin resistance: a systematic review and meta-analysis. Thyroid (2019) 29:359–67. doi: 10.1089/thy.2017.0707

200. Meng, X, Xu, S, Chen, G, Derwahl, M, and Liu, C. Metformin and thyroid disease. J Endocrinol (2017) 233:43–51. doi: 10.1530/JOE-16-0450

201. García-Sáenz, M, Lobaton-Ginsberg, M, and Ferreira-Hermosillo, A. Metformin in differentiated thyroid cancer: molecular pathways and its clinical implications. Biomolecules (2022) 12:574. doi: 10.3390/biom12040574

202. Wang, Z, Luo, J, Zhang, Y, Xun, P, and Chen, Z. Metformin and thyroid carcinoma incidence and prognosis: a systematic review and meta-analysis. PloS One (2022) 17:e0271038. doi: 10.1371/journal.pone.0271038

203. Jia, X, Zhai, T, and Zhang, JA. Metformin reduces autoimmune antibody levels in patients with Hashimoto's thyroiditis: A systematic review and meta-analysis. Autoimmunity (2020) 53:353–61. doi: 10.1080/08916934.2020.1789969

204. Condorelli, RA, Cannarella, R, Aversa, A, Basile, L, Avola, O, Calogero, AE, et al. Effects of slow-acting metformin treatment on the hormonal and morphological thyroid profile in patients with insulin resistance. Pharmaceutics (2022) 14:1987. doi: 10.3390/pharmaceutics14101987

205. Trouva, A, Alvarsson, M, Calissendorff, J, Åsvold, BO, Vanky, E, and Hirschberg, AL. Thyroid status during pregnancy in women with polycystic ovary syndrome and the effect of metformin. Front Endocrinol (Lausanne) (2022) 13:772801. doi: 10.3389/fendo.2022.772801

206. Berry, S, Seidler, K, and Neil, J. Vitamin D deficiency and female infertility: a mechanism review examining the role of vitamin D in ovulatory dysfunction as a symptom of polycystic ovary syndrome. J Reprod Immunol (2022) 151:103633. doi: 10.1016/j.jri.2022.103633

207. Taheriniya, S, Arab, A, Hadi, A, Fadel, A, and Askari, G. Vitamin D and thyroid disorders: a systematic review and Meta-analysis of observational studies. BMC Endocr Disord (2021) 21:171. doi: 10.1186/s12902-021-00831-5

208. Mu, Y, Cheng, D, Yin, TL, and Yang, J. Vitamin D and polycystic ovary syndrome: a narrative review. Reprod Sci (2021) 28:2110–7. doi: 10.1007/s43032-020-00369-2

209. Trummer, C, Schwetz, V, Kollmann, M, Wölfler, M, Münzker, J, Pieber, TR, et al. Effects of vitamin D supplementation on metabolic and endocrine parameters in PCOS: a randomized-controlled trial. Eur J Nutr (2019) 58:2019–28. doi: 10.1007/s00394-018-1760-8

210. Wang, S, Wu, Y, Zuo, Z, Zhao, Y, and Wang, K. The effect of vitamin D supplementation on thyroid autoantibody levels in the treatment of autoimmune thyroiditis: a systematic review and a meta-analysis. Endocrine (2018) 59:499–505. doi: 10.1007/s12020-018-1532-5

211. Krysiak, R, Kowalcze, K, and Okopień, B. The impact of combination therapy with metformin and exogenous vitamin D on hypothalamic-pituitary-thyroid axis activity in women with autoimmune thyroiditis and high-normal thyrotropin levels. J Clin Pharm Ther (2020) 45:1382–9. doi: 10.1111/jcpt.13233

212. Downes, CP, and Macphee, CH. Myo-inositol metabolites as cellular signals. Eur J Biochem (1990) 193:1–18. doi: 10.1111/j.1432-1033.1990.tb19297.x

213. Greff, D, Juhász, AE, Váncsa, S, Váradi, A, Sipos, Z, Szinte, J, et al. Inositol is an effective and safe treatment in polycystic ovary syndrome: a systematic review and meta-analysis of randomized controlled trials. Reprod Biol Endocrinol (2023) 21:10. doi: 10.1186/s12958-023-01055-z

214. Benvenga, S, Nordio, M, Laganà, AS, and Unfer, V. The role of inositol in thyroid physiology and in subclinical hypothyroidism management. Front Endocrinol (Lausanne) (2021) 12:662582. doi: 10.3389/fendo.2021.662582

215. Paparo, SR, Ferrari, SM, Patrizio, A, Elia, G, Ragusa, F, Botrini, C, et al. Myoinositol in autoimmune thyroiditis. Front Endocrinol (Lausanne) (2022) 13:930756. doi: 10.3389/fendo.2022.930756




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 © 2023 Palomba, Colombo, Busnelli, Caserta and Vitale. 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.


OEBPS/Images/fendo-14-1251866-g001.jpg
Autoimmune thyroiditis (Hashimoto’s thyroiditis)

£ Anti-TG Ab £ Anti-TG Ab
£ Anti-TPO Ab £ Anti-TPO Ab
= or{} Thyroid hormones ¥ Thyroid hormones

Polycystic

ovaries
{} Ovarian reserve ¥ Ovarian reserve
£ AMH ¥ AMH
1} Ovarian androgens § Ovarian androgens
§ Ovulations {} Ovulations

£ Irregular menstrual cycles ¥ Irregular menstrual cycles





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Polycystic ovary syndrome and thyroid disorder: a comprehensive narrative review of the literature

      

        		

          Background

        



        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Methods

        



        		

          3 Results

        

          		

            3.1 Evaluation of thyroid function for PCOS diagnosis

          



          		

            3.2 Epidemiological studies on thyroid disorders in patients with PCOS, and vice versa

          

            		

              3.2.1 AIT and PCOS

            



            		

              3.2.2 SCH and PCOS

            



            		

              3.2.3 GD and PCOS

            



            		

              3.2.4 Thyroid nodules and PCOS

            



            		

              3.2.5 Goiter and PCOS

            



            		

              3.2.6 Thyroid cancer and PCOS

            



          



          



          		

            3.3 Experimental data on the relationship between thyroid function and PCOS

          

            		

              3.3.1 Preclinical studies

            



            		

              3.3.2 Autoimmunity in PCOS and thyroid diseases

            



            		

              3.3.3 Endocrine disruptors

            



          



          



          		

            3.4 Effect of thyroid function/dysfunction on PCOS features, and vice versa

          



          		

            3.5 Effect of thyroid alterations on cardiometabolic risk in women with PCOS

          



          		

            3.6 Effect of thyroid abnormalities on the reproductive outcome in women swith PCOS

          



          		

            3.7 Thyroid function and dysfunction in patients with PCOS undergoing fertility treatments

          



          		

            3.8 Thyroid medications in women with PCOS

          



          		

            3.9 Effect of PCOS treatments on the thyroid

          



        



        



        		

          4 Discussion

        

          		

            4.1 Key findings

          



          		

            4.2 Interpretation

          



          		

            4.3 Strengths

          



          		

            4.4 Limitations

          



          		

            4.5 Implications for clinical practice

          



          		

            4.6 Implications for future research

          



        



        



        		

          5 Conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
REEE Article Exclusion = Clinical Biochemical ~ Reason given Comments

type of thyroid = assessment assessment  to screen/not
disease screen thyroid
disease

Zawadski and Textbook No Any Any - -
Dunaif, (12) from NIH

meeting
Rotterdam ESHRE/ No Any Any Low incidence of Routine TSH assay in hyperandrogenic patients
ESHRE/ASRM- ASRM thyroid disease in should be not discouraged
Sponsored PCOS consensus women with PCOS
consensus conference

workshop group,

()

Azziz et al, (13) AES Yes, but not | Any Any Thyroid Hypo- and hyperthyroidism may influence PCOS
consensus mandatory abnormalities may diagnosis, and screening of patients with
conference cause ovulatory suspected PCOS for thyroid dysfunction may be
on PCOS dysfunction despite = cost-effective in asymptomatic patients with
diagnosis a low prevalence thyroid dysfunction

Legro et al,, (3) ES clinical Yes, but only | Any Serum TSH Thyroid disease Suggestion for screening is based on low quality
guideline suggested may present in evidence (reinforced in case of amenorrhea and/

women with or severe phenotypes).

irregular menstrual | Serum TSH levels higher than the upper limit of

cycles normal suggests hypothyroidism; serum TSH
levels lower than the inferior limit (<0.1 mIU/L)
suggest hyperthyroidism

Goodman et al., AACE, ACE, Yes Any Any No motivation Usefulness of the serum 170HP and AMH assays

(4) and AES discussed
Society
clinical
guidelines

Dumesic et al,, (1) | Scientific Yes Any Any No motivation Only a few lines in the text on excluding other
statement of endocrinopathies
experts in
PCOS

Teede et al., (6) International | Any Any Any No motivation Exclusion of other endocrinopathies for PCOS
PCOS diagnosis not assessed/discussed
Network
evidence-
based
guideline

ACOG Committee | ACOG Yes Any Serum TSH High frequency in | ——————-

on Practice clinical women with

Bulletins, (5) guidelines menstrual disorders

170HP, 17-hydroxyprogesterone; AACE, American Association of Clinical Endocrinologists; ACE, American College of Endocrinology; ACOG, American College of Obstetricians and
Gynecologists; AES, Androgen Excess and PCOS Society; AMH, anti-Mullerian hormone; ASRM, American Society for Reproductive Medicine; ES, Endocrine Society; ESHRE, European Society
of Human Reproduction and Embryology; NIH, National Institute of Health; PCOS, polycystic ovary syndrome; TSH, thyroid stimulating hormone.





OEBPS/Images/table4.jpg
PCOS treatment Thyroid effect Grade of

evidence
Lifestyle modification programs (diet and physical activity) Controversial data on thyroid hormones levels and development of thyroid cancer Level 3
Metformin » Controversial data on potential reduction in serum TSH levels and thyroid nodule size Level 2
Oral contraceptives and anti-androgens Potential risk of hypothyroidism development Level 3

Potential increased risk of thyroid cancer
Vitamin D Low vitamin D levels are potentially correlated with PCOS and AIT development Level 2

Myoinositol Improvement of SCH and AIT Level 5

AIT, autoimmune thyroid disease; PCOS, polycystic ovary syndrome; SCH, subclinical hypothyroidism; TSH, thyroid stimulating hormone.





OEBPS/Images/table3.jpg
References

Patients

studied (n.)

Conclusions

Duand Li,
(14)

Romitti et al,,
(15)

Ho et al,, (16)

Kim et al.
17)

Ding et al.,
(18)

Zhang et al,,
(19)

Kamrul-
Hasan et al.,
(20)

Raj et al, (21)

Xu et al. (19)

Gawron et al.,
(22)

Rojhani et al.,
(23)

Glintborg
et al,, (24)

Chen et al,,
(25)

Botello et al.,
(26)

Duran et al.,
@7

Glintborg
etal, (24)

China

Brazil

China

Korea

China

China

Bangladesh

Pakistan

China

Poland

Iran

Denmark

Taiwan

Colombia

Turkey

Denmark

Meta-
analysis

Meta-
analysis

Cohort

Case-
control

Meta-
analysis

Cohort

Case-
control

Case-
control

Cohort

Cohort

Cohort

Cohort

Meta-
analysis

Case-
control

Cohort

AIT and PCOS

1605 (726 PCOS
patients vs 879
patients without
PCOS)

To assess the relationship between
PCOS and thyroiditis

2197 (1210

PCOS patients
vs 987 patients
without PCOS)

To estimate AIT prevalence and risk in
women with PCOS

33655 (cases:
6731 women
with AIT (5399
GD and 1332
HT); 26924
healthy women

To investigate PCOS prevalence and its
comorbidities in patients with AIT

553 (210 PCOS
patients vs 343

To assess the prevalence of anti-TPO
Ab and hypoechoic USG in women

healthy women) with PCOS
SCH and PCOS
1232 (692 To evaluate SCH prevalence in women
patients with with PCOS
PCOS vs 540
patients without
PCOS)

To determine whether SCH increases
prevalence of PCOS

34 obese patients
with SHC vs
obese patients
without SCH

To assess if SCH in women with PCOS
is a metabolic/reproductive risk factor

465 (50 PCOS
patients vs 415
patients without
PCOS)

400 (200
patients with
PCOS vs 200
patients without
PCOS)

To assess if SCH is more frequent in
women with PCOS vs healthy women

3189 (594
patients with
PCOS vs 2595
patients without
PCOS)

To evaluate the effect of TSH on IVF
outcomes

To evaluate whether SCH with/without
anti-thyroid Ab impacts on the PCOS
phenotype and alters biochemical/
clinical parameters

367 women with
PCOS

To assess whether there is a difference
between PCOS and control groups in
terms of the upper reference limit of
TSH and to identify SCH prevalence in
women with PCOS vs women without
PCOS

851 (207 PCOS
patients vs 644
patients without
PCOS)

GD and PCOS

73223 (18476
patients with
PCOS vs 54757

healthy women)

To investigate risk of thyroid disease in
Danish women with PCOS

To assess whether GD is a risk factor
for developing PCOS

16197 (5399
women with GD
vs 10798 women
without GD)

47509 patients
with thyroid
autoimmunity

To determine the prevalence of these
types of polyautoimmunity in patients
with AIT as the index condition

Goiter/thyroid nodules and PCOS

133 (70 PCOS
patients vs 60
healthy women)

Estimate the frequency of nodular
goiter in patients with PCOS

18476 (1146
PCOS patients
vs 54757 women
without PCOS)

To investigate risk of thyroid disease in
Danish women with PCOS

Prevalence of AIT in patients with PCOS is significantly
higher than in patients without PCOS. Data suggest that
PCOS may be associated with AIT

Meta-analysis provides evidence of higher AIT prevalence
in patients with PCOS compared with healthy patients.
Physicians should consider screening for thyroid function
and thyroid-specific autoantibodies at PCOS diagnosis, even
in the absence of symptoms related with thyroid
dysfunction

Findings support the established common mechanism
between PCOS and AIT

AIT is not more prevalent in women with PCOS vs women
without PCOS. However, among women with PCOS,
patients with AIT have a significantly higher adiposity and
insulin resistance index vs those without AIT

SCH risk is higher in women with PCOS vs women without
PCOS

PCOS frequency does not differ between the two groups
(56.1% for normal thyroid function vs 60.2% for SCH)

The similar adverse reproductive and metabolic
consequences in women with PCOS with/without SCH
indicates that these consequences are due to PCOS alone;
the additional presence of SCH in these patients may not
impart additional risks

Data suggest a strong association of SCH in women with
PCOS vs healthy women

TSH level in patients with PCOS with normal thyroid
function is higher than that in patients without PCOS, and
is negatively correlated with the oocyte maturation in IVF

SCH alters metabolic, but not hormonal, parameters in
PCOS. Among all parameters studied, the strongest
relationship with SCH is confirmed for insulin resistance
and dyslipidaemia.

SCH prevalence and the upper reference limit of TSH are
not significantly different in patients with PCOS vs patients
without PCOS

Findings highlight the importance of screening for thyroid
disease at the time of PCOS diagnosis and during patient
follow-up

‘Women with GD are at a risk of developing PCOS. A
higher incidence of comorbidities, including
hyperlipidaemia, is noted in women with GD and PCOS

Latent and overt polyautoimmunity are common in patients
with AIT

It is not possible to demonstrate a significant relation
between thyroid volume, thyroid nodule, and AIT frequency
in patients with/without PCOS. The increased frequency of
goiter and AIT in patients with PCOS may be related to a
component of metabolic syndrome rather than the PCOS
diagnosis

Data demonstrate a risk of developing a goiter that is
significantly higher in women with PCOS vs healthy
controls

AIT, autoimmune thyroid disease; anti-TPO Ab, anti-thyroid peroxidase antibody; CI, confidence interval; GD, Graves’ diseases HT, hypothyroidism; IVE, in vitro fertilization; OR, odds ratios
PCOS, polycystic ovary syndrome; SCH, subclinical hypothyroidism; TSH, thyroid stimulating hormone; USG, ultrasonography.





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo.2023.1251866_cover.jpg
& frontiers | Frontiers in Endocrinology

Polycystic ovary syndrome and thyroid
disorder: a comprehensive narrative review
of the literature





OEBPS/Images/table1.jpg
1. Ts the evaluation of the thyroid function for a diagnosis of PCOS needed,
and which clinical and biochemical parameters should be assessed?

2. Are there any epidemiological data linking thyroid disorders and PCOS?

3. Are there experimental data to support the relationship between thyroid
function and PCOS?

4. What is the effect of thyroid function/dysfunction on PCOS features, and
vice versa?

5. What is the effect of thyroid alterations on cardiometabolic risk in women
with PCOS?

6. What is the effect of thyroid abnormalities on reproductive outcomes in
women with PCOS?

7. Does thyroid function/dysfunction influence reproductive outcomes in
patients with PCOS undergoing fertility treatment?

8. What is the effect of treatments for thyroid diseases on PCOS?

9. What is the effect of treatments for PCOS on thyroid function?

PCOS, polycystic ovary syndrome.





