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Abstract

:

Polycystic ovary syndrome (PCOS) is a heterogenous disorder characterized by chronic ovulation dysfunction and hyperandrogenism. It is considered the most common endocrinological disorder, affecting up to 25% of women of reproductive age, and associated with long-term metabolic abnormalities predisposing to cardiovascular risk, such as insulin resistance (IR), dyslipidemia, endothelial dysfunction, and systemic inflammation. PCOS is also characterized by elevated serum levels of luteinizing hormone (LH), causing a condition of hyperandrogenism and a consequent altered ratio between LH and the follicle stimulating hormone (FSH). Over the years, several different approaches have been proposed to alleviate PCOS symptoms. Supplementation with natural molecules such as inositols, resveratrol, flavonoids and flavones, vitamin C, vitamin E and vitamin D, and omega-3 fatty acids may contribute to overcoming PCOS pathological features, including the presence of immature oocyte, IR, hyperandrogenism, oxidative stress and inflammation. This review provides a comprehensive overview of the current knowledge about the efficacy of natural molecule supplementation in the management of PCOS.
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1. Introduction


Polycystic ovary syndrome (PCOS) is considered the most common endocrinological disorder, affecting up to 25% of women throughout their reproductive ages [1,2]. It is often characterized by a condition of chronic oligo—or anovulation (usually manifested as oligo—or amenorrhea), and hyperandrogenism [3], which derives from elevated serum levels of luteinizing hormone (LH) and a consequent altered ratio between LH and follicle stimulating hormone (FSH) [4,5,6,7].



PCOS is a heterogenous disorder, also associated with long-term metabolic abnormalities such as insulin resistance (IR), dyslipidemia, endothelial dysfunction and systemic inflammation, predisposing patients to an earlier cardiovascular risk, compared to women unaffected by PCOS disorder.



The Rotterdam workshop consensus [8] established the diagnostic criteria for PCOS based on a combination of at least two of the following three clinical features: (1) chronic oligo-anovulation; (2) polycystic ovaries at ultrasound examination; (3) hyperandrogenism (clinical and/or biochemical), featuring acne, androgenic alopecia and hirsutism [9]. Accordingly, four different groups of PCOS patients were identified, those with:




	
Chronic ovulatory disorder, hyperandrogenism and polycystic ovary;



	
Chronic ovulatory disorder and hyperandrogenism;



	
Hyperandrogenism and polycystic ovary;



	
Chronic ovulatory disorder and polycystic ovary.








Across seven recent studies [10,11,12,13,14,15,16], the frequency of the first group, presenting all three PCOS diagnostic criteria, was between 52.8% and 71.0%. In comparison, the other groups exhibited highly variable frequencies among the different studies. Since these surveys were conducted in various parts of the world, statistics were certainly influenced by genetic, environmental, and cultural factors linked to lifestyle, which plays a crucial role in PCOS management.



Even though insulin resistance was not included in the Rotterdam criteria, it is well known that it is a recurring sign in PCOS women and deserves proper attention due to the associated potential cardiovascular risk. In fact, the key role of IR, and/or compensatory hyperinsulinemia in PCOS onset and progression, is largely supported by increasing evidence [17,18,19]. Regardless of weight, about 30–40% of lean PCOS patients, along with up to 80% of PCOS women with obesity of the upper body (increased waist circumference and waist-to-hip ratio), exhibit hyperinsulinemia secondary to IR [20,21]. In this context, obesity also exacerbates PCOS pathological features. Indeed, elevated levels of insulin induce an increase in free circulating androgen levels [22] and a consequent IR condition, which can enhance the risk of developing glucose intolerance, type 2 diabetes, and lipid abnormalities in PCOS women [23,24,25]. Numerous molecules participate in the insulin signaling pathway. Many of them come from natural sources and their concentration depends on daily intake via food. Thus, correct dietary habits help maintain physiological ovarian functions [26]. In the case of reduced intake due to a specific diet or to impaired absorption, supplementation with natural molecules such as inositols, resveratrol, flavonoids and flavanones, vitamin C, vitamin E, vitamin D and omega-3 fatty acids may contribute to overcoming PCOS related symptoms.



These are natural molecules representing different chemical compounds acting on various pathological aspects of PCOS, including ovarian functionality, hormonal and metabolic profile, inflammatory state and oxidative stress.



This review aims to provide an overview of the effects of supplementation with natural molecules in the management of PCOS, gathering the evidence from the most recent literature.




2. Inositol


Inositols were discovered in muscle tissue more than 150 years ago, but only in the last few decades they have attracted strong interest as precursors of inositol 3-phosphate (InsP3), which acts as a second messenger in several intracellular pathways. Inositols are chemical compounds referred to as carbocyclic polyols. They have the same brute formula of glucose (C6-H12-O6) and they are present in almost all forms of life.



Inositols naturally occur as five stereoisomers [27], with myo-inositol (Myo-Ins) and D-chiro-inositol (D-Chiro-Ins) the most abundant. They are involved in several biological processes (e.g., cytoskeleton assembly and intracellular calcium concentration control) and also in the endocrine modulation. Both isomers are second messengers of insulin, but they work through different mechanisms: Myo-Ins is involved in the expression of glucose transporters and in cellular glucose uptake, while D-Chiro-Ins is mainly involved in glycogen synthesis and storage. Notably, Myo-Ins is physiologically converted to D-Chiro-Ins by an insulin-dependent epimerase.



Inositol metabolism is impaired in women with PCOS. Specifically, PCOS patients are generally characterized by an altered ratio between Myo-Ins and D-Chiro-Ins, in favor of the former. In fact, PCOS women tend to exhibit insulin resistance, resulting in a reduced intracellular conversion of Myo-Ins to D-Chiro-Ins [28]. An opposite situation occurs in the ovaries, which maintain normal sensitivity to insulin [28], becoming enriched in D-Chiro-Ins and depleted in Myo-Ins. In such tissue, Myo-Ins acts as the second messenger of the FSH signaling pathway. Indeed, numerous studies reported that the dietary supplementation of Myo-Ins improves metabolic and hormonal parameters of PCOS women, positively affecting the menstrual cycle and oocyte quality [29,30].



A recent meta-analysis from Unfer et al. [29] evaluated the efficacy of inositol-based therapy, including nine randomized clinical trials (RCTs) with a total of 247 cases (PCOS women) and 249 controls (non-PCOS women). The selected studies investigated the effects of the supplementation of Myo-Ins, alone or in combination with D-Chiro-Ins, highlighting its beneficial effect in improving the metabolic profile of PCOS women, and in reducing their hyperandrogenism. Specifically, the treatment with Myo-Ins significantly decreased levels of insulin and androgens (free testosterone) and the HOMA-index, while it increased levels of sex hormone binding globulin (SHBG). In detail, studies reported that Myo-Ins significantly increased SHBG levels after at least 24 weeks of administration.



Another recent meta-analysis [30] further supports these findings, reporting that Myo-Ins supplementation significantly improves the rate of ovulation and regulates the frequency of menstrual cycles. Studies demonstrated that the supplementation of 2 g of Myo-Ins twice daily improved hormonal parameters in women affected by PCOS. Moreover, other evidence highlighted that Myo-Ins should be taken on an empty stomach to avoid absorption interference, and that administration should be repeated. Indeed, kinetic analyses reported a 12 h half-life of inositol [31], suggesting that a double administration may guarantee the correct plasma concentration throughout the day.



It is crucial to emphasize the safety of Myo-Ins administration. The U.S. Food and Drug Administration (FDA) included Myo-Ins in the list of compounds generally recognized as safe (GRAS), implying that it is considered safe by experts and that it meets the food additive tolerance requirements of the Federal Food, Drug, and Cosmetic Act (FFDCA).



The androgen excess often observed in insulin-resistant PCOS patients depends on compensatory hyperinsulinemia, which leads to an unbalanced ovarian Myo-Ins:D-Chiro-Ins ratio. While Myo-Ins maintains the physiological FSH ovarian signaling, D-Chiro-Ins contributes to reducing insulin resistance and systemic insulin levels. For this reason, an increasing number of studies have evaluated the combination of the two inositols as a treatment for PCOS patients with metabolic alterations. Among different ratios tested, several studies concluded that the average plasma ratio of 40:1 (Myo-Ins:D-Chiro-Ins) is the most effective approach to restore metabolic and endocrinological physiology in overweight or obese PCOS women (BMI > 25) [32].



The International Consensus Conference in Florence on the use of Myo-Ins and D-Chiro-Ins in obstetrics and gynecology stated that the 40:1 ratio has beneficial effects also in assisted reproductive technology (ART), improving oocyte and ovarian quality [33]. Furthermore, Colazingari and colleagues [34] demonstrated the advantages of using the 40:1 Myo-Ins:D-Chiro-Ins ratio for oocyte quality compared to D-Chiro-Ins supplementation alone.



In PCOS women, a positive correlation exists between the volume of follicular fluid, Myo-Ins levels, and the presence of mature oocytes. As the ovaries of these subjects are depleted in Myo-Ins [35], administration of high doses of D-Chiro-Ins understandably leads to decreased oocyte quality and ovarian response [36]. On the other hand, the administration of a combined treatment of Myo-Ins and D-Chiro-Ins provided the best results [37].



An interesting study on a PCOS mouse model revealed that treatment with a 40:1 Myo-Ins:D-Chiro-Ins ratio restored normal histological features and a proper thickness ratio of theca/granulosa cell layer (TGR), suggesting that the treatment efficiently reversed the androgenic phenotype [38].



As mentioned, insulin resistance and compensatory hyperinsulinemia are frequent dysfunctions in PCOS women, mainly associated with obesity, but present also in lean women. This metabolic alteration is an indicator for increased cardiovascular risk and for the development of other serious related diseases, including type 2 diabetes, hypertension, and metabolic syndrome [39]. In this regard, the therapy with Myo-Ins and D-Chiro-Ins in a 40:1 ratio may improve levels of low-density lipoproteins (LDL), high-density lipoprotein (HDL) and triglycerides (TG), at the same time reducing fasting and circulating insulin levels [40].



Interestingly, referring to inositol supplementation in PCOS patients, later studies highlighted that the addition of α-lactalbumin (α-LA) can optimize the beneficial effects in PCOS women, overcoming the common problem of inositol resistance occurring in these patients [41]. Montanino and colleagues indicated that following inositol treatment, only 62% of women ovulated, while 38% were resistant and did not ovulate. This resistant group was then treated with inositol plus α-LA, following which about 86% of them ovulated, accompanied by an improvement in hormone and lipid profile. Indeed, in vitro studies corroborated the ability of α-LA in improving the intestinal adsorption of inositols, ensuring a higher effectiveness of inositol-based therapy in PCOS condition [31].



In conclusion, treatment with the combination of Myo-Ins and D-Chiro-Ins in the 40:1 ratio seems to be the most effective approach for restoring ovulation and normalizing crucial parameters (progesterone, LH, SHBG, estradiol, and testosterone) in overweight and obese PCOS patients [42], also reducing the risk of cardiovascular-related problems.



Overall, available evidence indicates that the positive effects of the combined therapy of Myo-Ins and D-Chiro-Ins can be related to the regulation of glucose metabolism, which is guaranteed by the simultaneous administration of the two stereoisomers in the physiological average plasma ratio.




3. Resveratrol, Flavonoids and Flavanones


Resveratrol is a natural polyphenol found in grapes, nuts, and berries, with marked anti-inflammatory and antioxidant effects, and cardioprotective properties. Resveratrol was suggested as a potential therapeutic agent in the treatment of infertility, which is a condition related to diminished ovarian reserve, obesity, and PCOS [43,44,45,46,47].



However, most recent scientific evidence suggests that resveratrol should be avoided during the luteal phase and pregnancy, due to the anti-deciduogenic function in uterine endometrial tissue. Specifically, resveratrol seems to inhibit the expression of cellular retinoic acid-binding protein 2 (CRABP2-RAR), avoiding the decidualization process and decidual senescence. At the same time, it induces the deacetylation of crucial decidual genes [48,49,50,51] encoding for prolactin (PRL) and insulin-like growth factor-binding protein-1 (IGFBP1).



Moreover, the teratogenicity of resveratrol is still debated, and clinical studies have demonstrated a reduction in the rate of clinical pregnancies and a statistically significant increase in abortion rate, compared with age-matched controls, in the practice of ART [48,49,50,51].



Benrick and colleagues [52] investigated the effects of resveratrol on insulin resistance, studying the outcomes of 5/6-week treatment in PCOS rats. The authors demonstrated that supplementation failed to improve insulin sensitivity, while physical exercise restored physiological insulin sensitivity. Unlike physical exercise, resveratrol seems to have no beneficial effects on fat mass, adipocyte size, and estrus cyclicity.



More recent evidence suggests that resveratrol also has anti-inflammatory, antioxidative, anti-apoptotic properties. Indeed, several studies indicated that resveratrol seems to inhibit the expression of pro-inflammatory cytokines, such as interleukin-1β (IL-1β), interleukin-6 (IL-6), and cyclooxygenase-2 (COX-2), through the modulation of the NF-κB pathway [51] by inhibiting IκB kinase activity [53,54]. However, few clinical trials have investigated its effects on inflammatory pathways in PCOS women; therefore, other studies are necessary [54,55,56].



Flavonoids and flavanones constitute a large group of plant secondary metabolites with pharmacological potential [57]. Naringenin is a natural flavanone derived from grapefruit and various plant species [58,59]. Several recent studies highlighted its beneficial role in PCOS mouse models with cytoprotective and anti-inflammatory effects [60]. Naringenin can reduce testosterone and estradiol levels in PCOS women, and it can increase the concentration of enzymes involved in the scavenging of reactive oxygen species (ROS) [61]. Indeed, oxidative stress is indicated as one of the pathogenetic features of PCOS; therefore, molecules that can scavenge ROS may be beneficial in PCOS treatment. Furthermore, Hong and colleagues demonstrated that naringenin can prevent weight gain associated with PCOS and it can cause a reduction in the serum glucose levels of PCOS rats [62].



Interestingly, naringenin is not the only flavonoid found in a variety of plants. Namely, rutin is a citrus flavonoid glycoside exhibiting positive effects in the treatment of PCOS. A recent study revealed that rutin can ameliorate obesity and insulin resistance in obese mice, by enhancing the activity of the brown adipose tissue (BAT) and inducing the formation of the beige adipocytes in white adipose tissue (WAT) [63]. In line with this, Hu and colleagues demonstrated that rutin treatment significantly activates the BAT-ameliorating PCOS phenotype including hyperandrogenism, cyclicity and infertility [64].




4. Vitamin C


Vitamin C (or ascorbic acid) is a micronutrient, a molecule required by the body in small quantity, necessary for the physiological and healthy growth of cells and tissues. Being water-soluble, vitamin C is easily excreted in urine, and constant dietary intake is necessary.



Vitamin C exhibits antioxidant activities as it scavenges peroxyl radicals and restores the antioxidant properties of fat-soluble vitamin E. The overall outcome is the beneficial control of lipid peroxidation of intracellular and plasma membranes, similar to the antioxidant effect.



Olaniyan and colleagues [65] investigated the ovarian metabolic changes in PCOS Wistar rats, associated with vitamin C administration. They observed that vitamin C plays an important role in the regulation of the menstrual cycle and ovarian function, and that its levels are modulated throughout the menstrual cycle. Vitamin C levels decline immediately before ovulation, and increase again after post-ovulation temperature rise. This evidence is in line with the uptake of ascorbic acid in the pre-ovulatory phase, likely to facilitate proper ovulation. Ascorbic acid stimulates progesterone and oxytocin production, and high concentrations are present in the corpus luteum [66]. Moreover, ascorbic acid in the ovaries may be responsible for collagen synthesis, necessary for follicle and corpus luteum growth, as well as for post-ovulation repair of the ovarian tissue. Notably, impairment of these functions may contribute to the development of ovarian cysts [67].



On these premises, vitamin C deserves to be investigated as a potential therapeutic agent to improve ovarian morphology and anovulation associated with PCOS [65]. It is noteworthy that very few clinical trials have been conducted so far, and further studies are necessary to evaluate vitamin C effectiveness in the treatment of PCOS.




5. Vitamin E


Vitamin E (or tocopherol) is a fat-soluble vitamin that can be stored in the liver and released in small quantities to maintain physiological levels. Vitamin E exhibits antioxidant properties as it neutralizes free radicals and promotes cell renewal [68].



Recent evidence has confirmed that vitamin E may improve endometrial thickness in women with idiopathic infertility, thanks to its anticoagulant and antioxidant properties [69]. In addition, cotreatment with vitamin E and coenzyme Q10 for 8 weeks increased circulating levels of SHBG in PCOS patients [70], reducing free plasma testosterone concentrations.



Recently, Chen and colleagues [71] explored whether short-term supplementation with vitamin E leads to improved reproductive performance in the induction of ovulation in PCOS women, and whether associations between vitamin E and pregnancy rates exist. They observed that the treatment reduces oxidative stress, consequently reducing the exogenous human menopausal gonadotropin (HMG) dosage, with economic benefits for medical practice [71]. However, the supplementation of vitamin E seems to have a negligible effect on pregnancy rate [71].




6. Vitamin D


Vitamin D is a secosteroid hormone with progesterone-like activity [72], well known for maintaining calcium homeostasis and promoting bone mineralization [73]. The name of vitamin D usually refers only to when this molecule is administered exogenously in cases of hormone D deficiency [74].



To become active, vitamin D requires two hydroxylation steps, yielding first calcidiol (or calcifediol or 25(OH)D), and eventually calcitriol (1,25(OH)2D). Calcidiol and calcitriol are considered a pre-hormone and hormone, respectively. A growing body of literature suggests mechanistic implications of hormone D deficiency in insulin resistance, inflammation, dyslipidemia and decreased fertility, namely, clinical and metabolic phenomena commonly encountered in PCOS [75,76,77,78].



Kadoura S. and colleagues investigated the effects of combining calcium and vitamin D supplements with metformin on menstrual cycle abnormalities, gonadotropins and the IGF-1 system in vitamin D-deficient/insufficient PCOS women. In this randomized, placebo-controlled clinical trial, 40 PCOS women with low 25-OH-vitamin D serum levels (<30 ng/mL), were randomly assigned to take either metformin (1500 mg/daily) plus a placebo, or metformin (1500 mg/daily) plus calcium (1000 mg/daily) and vitamin D3 (6000 IU/daily) orally for 8 weeks. The authors observed that calcium and vitamin D supplements can support metformin effect on the regulation of menstrual cycle irregularity in vitamin D-deficient/insufficient PCOS patients, but this effect is not associated with any significant changes in gonadotropins or the IGF-1 system [79].



The meta-analysis by Miao and co-workers, concerning 11 studies, aimed to evaluate the effect of vitamin D supplementation on 483 women with PCOS. The main outcomes included body mass index (BMI), total testosterone, dehydroepiandrosterone sulfate (DHEAs), homeostasis model assessment of insulin resistance (HOMA-IR), homeostasis model assessment of β-cell function (HOMA-B), triglycerides, total cholesterol, or low-density lipoprotein-cholesterol. The results failed to show a positive effect of vitamin D supplementation on BMI, dehydroepiandrosterone sulphate, triglyceride levels or high-density lipoprotein-cholesterol. The data from the available randomized controlled trials (RCTs) on vitamin D indicate that supplementation may reduce insulin resistance and hyperandrogenism in patients with PCOS [80]. However, the evidence reported seems to still be contradictory, and further studies are necessary to validate the findings and draw conclusive results.



In a double-blind, randomized, placebo-controlled trial, Trummer and colleagues randomized 180 PCOS women to receive either vitamin D (20,000 IU/week) or a placebo for 24 weeks [81]. Supplementation with vitamin D led to a decrease in plasma glucose, one hour after the oral glucose tolerance test (OGTT), compared to the placebo.



Furthermore, in 2014, Lerchbaum E. et al. investigated the role of vitamin D in modulating the human reproductive process. They observed a greater thickness of the endometrium in women who had normal levels of vitamin D, which resulted in a better chance of becoming pregnant [82].



The molecular mechanism between vitamin D supplementation and improvement of PCOS is currently unknown. However, recent studies have claimed there are positive effects of vitamin D3 replacement in the treatment of PCOS. Indeed, vitamin D supplementation may attenuate the harmful effects of advanced glycation end products (AGEs) in women with PCOS, by enhancing androgen synthesis and improving abnormal folliculogenesis [83,84]. Namely, vitamin D attenuates the adverse effects of AGEs on steroidogenesis by human granulosa cells (GCs), possibly by downregulating the expression of the pro-inflammatory cell membrane receptor for AGEs (RAGE) [83,84].



All these results highlighted the potential positive effects of vitamin D supplementation on different pathologic features of PCOS. Nevertheless, more studies are needed to ascertain the benefits of vitamin D supplementation in PCOS management, also in association with other molecules.




7. Omega-3 Fatty Acids


Omega-3 belong to the class of polyunsaturated fatty acids (PUFAs). Among them, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are the most biologically active, and they are mainly present in fatty fish such as salmon, mackerel, tuna, herring, and other types of small and blue fish.



Omega-3 fatty acids have antioxidant, anti-inflammatory, anti-obesity, and insulin-sensitizing properties [85,86,87]. In detail, they can improve insulin sensitivity by decreasing the production of inflammatory cytokines, including tumor necrosis factor-α (TNFα) and IL-6, and by increasing the secretion of anti-inflammatory adiponectin [88]. The positive effect of EPA and DHA supplementation on inflammatory processes and cardiovascular parameters have long been studied [89,90] in pathological contexts such as obesity [91], atherosclerosis [92], and diabetes mellitus [93]. Of note, PCOS disorder commonly involves insulin resistance and obesity, predisposing to cardiometabolic-related alterations (dyslipidemia, diabetes, hypertension), which usually occur after 40 years of age in affected women [94,95]. Interestingly, several studies investigated the effect of omega-3 fatty acids administration in PCOS women, with inconclusive results. While Sadeghi and colleagues [96] observed that omega-3 supplementation may have no beneficial effects on insulin resistance in PCOS patients, Khani B. [97] and co-workers reported that a 6-month treatment with omega-3 fatty acids improves waist circumference, HDL, LDL, triglycerides, and regularity of menstrual cycle compared to non-PCOS subjects. However, no significant changes were observed in other parameters such as body weight, number of ovarian follicles, size of ovaries, bleeding volume, menstrual bleeding, and hirsutism score, between intervention and control groups. On the other hand, a meta-analysis by Yang K. and colleagues [98] reported that omega-3 fatty acids positively affect insulin resistance (improving HOMA index and increasing adiponectin levels) and decrease the level of total cholesterol (TC), TG and LDL. However, there are no indications that omega-3 fatty acids directly affect BMI, fasting insulin, fasting glucose, and levels of HDL, FSH, LH, SHGB and total testosterone [98]. These results further indicate that omega-3 fatty acids increase insulin sensitivity, also acting on inflammatory state, stimulating the production of anti-inflammatory adipokine and reducing proinflammatory cytokines. However, the above mentioned analysis of Yang has some limitations, including small sample sizes and the short duration of omega-3 administration. Indeed, beneficial effects derived from treatments with omega-3 fatty acids over 6 months are still largely under-investigated.



Recently, Tosatti and colleagues [99] studied the influence of omega-3 fatty acid supplementation on inflammatory and oxidative stress markers in PCOS patients, through a systematic literature search of Medline/PubMed, Cochrane Central Register of Controlled Trials, Scopus, and Lilacs, until November 2019. They retrieved data from 323 studies suggesting that supplementation with omega-3 fatty acids could reduce the inflammatory state in PCOS women, due to decreased high-sensitivity C-reactive protein (hs-CRP) and increased adiponectin levels [99].



Based on evidence regarding the positive effects of omega-3 supplementation on inflammatory state and cardiometabolic alterations, and considering that cardiovascular problems may occur only after 40 years of age in PCOS women, a generalized administration of omega-3 fatty acids in all PCOS patients, regardless of age and needs, seems unnecessary. Therefore, administration of omega-3 fatty acids should be specific only for PCOS women who already exhibit inflammatory and cardiovascular-related symptoms, which usually occur between 40 and 45 years of age [94,95]. Daily intake of omega-3 fatty acids should range between 0.5 and 2% of energy requirement at any age, according to the latest revision of LARNs (the Reference Intake Levels of nutrients and energy for the Italian population). Moreover, studies on cardiovascular and anti-inflammatory effects in adults reported that the recommended minimum dose for combined EPA:DHA administration is 500 mg/day, reaching 2000–4000 mg/day in patients with recent myocardial infarction or in those with altered triglycerides levels [100].



Possible occurrence of side effects related to omega-3 fatty acids supplementation should be considered. They include mild gastrointestinal discomfort, intestinal gas (especially if the source of omega-3 fatty acids is fish oil), nausea, diarrhea and headache [101]. Notably, the intake of omega-3 fatty acids is contraindicated during antiplatelet and anticoagulant treatment, because they exert synergistic effects [102]. Consulting with doctors is always advised before beginning supplementation with omega-3 fatty acids, in order to rule out possible side effects or interference with other drugs, especially during pregnancy or breastfeeding. Indeed, current guidelines recommend avoiding EPA administration during pregnancy because of the possible competitive effects with arachidonic acid, which is essential for growth processes at the fetal stage [103]. Finally, omega-3 fatty acids have a higher calorific value compared to other dietary supplements, and their use should be carefully evaluated in obese or overweight patients to avoid negative impact on metabolic alterations, which are common in PCOS women.




8. Conclusions


Natural molecules reported here represent different chemical compounds acting with several mechanisms of action on pathological aspects of PCOS, such as ovarian functionality, hormonal and metabolic profile, inflammatory state, and oxidative stress (Table S1).



The administration of Myo-Ins and D-Chiro-Ins in the 40:1 ratio seems to be the most effective choice to restore ovulation in PCOS women and to normalize hormonal parameters (progesterone, LH, SHBG, estradiol, and testosterone). Such an approach proved to consistently ameliorate the metabolic profile of obese PCOS patients, reducing the risk of cardiovascular problems. Beside inositols, other natural antioxidant and anti-inflammatory molecules seem to be effective in the management of PCOS. These natural molecules include resveratrol, flavonoids and flavanones, such as naringenin and rutin, vitamins such as vitamin C, vitamin E and vitamin D, and omega-3 fatty acids. In particular, omega-3 fatty acids appeared to improve symptoms of PCOS in women over 40 years of age. However, careful monitoring is necessary because of both possible adverse effects and interference with some pharmacological treatments. Finally, guidelines on the correct use of dietary EPA and DHA supplementation in pregnancy will discourage the administration of EPA.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/nu13051677/s1, Table S1: Supplements and mechanisms of action. Description of the main mechanisms of action of the natural supplements mentioned in the review in relation to individual symptoms of PCOS.





Author Contributions


All authors contributed to writing and revising this review. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


This is not applicable, since this review does not present any innovative data.




Conflicts of Interest


Iervolino, M., Lepore, E., Forte, G. and Unfer, V. are employees at Lo.Li. Pharma srl. All other authors declare that they have no conflict of interest.




References


	



Papaleo, E.; Unfer, V.; Baillargeon, J.P.; De Santis, L.; Fusi, F.; Brigante, C.; Marelli, G.; Cino, I.; Redaelli, A. Myo-inositol in patients with polycystic ovary syndrome: A novel method for ovulation induction. Gynecol. Endocrinol. 2007, 23, 700–703. [Google Scholar] [CrossRef]

	



Barnard, L.; Ferriday, D.; Guenther, N.; Strauss, B.; Balen, A.H.; Dye, L. Quality of life and psychological wellbeing in polycystic ovary syndrome. Hum. Reprod. 2007, 22, 2279–2286. [Google Scholar] [CrossRef]

	



Stein, I.; Leventhal, M. Amenorrhea associated with bilateral polycystic ovaries. Am. J. Obstet. Gynecol. 1935, 29, 181–191. [Google Scholar] [CrossRef]

	



Conway, G.; Dewailly, D.; Diamanti-Kandarakis, E.; Escobar-Morreale, H.F.; Franks, S.; Gambineri, A.; Kelestimur, F.; Macut, D.; Micic, D.; Pasquali, R.; et al. The polycystic ovary syndrome: A position statement from the European Society of Endocrinology. Eur. J. Endocrinol. 2014, 171, 1–29. [Google Scholar] [CrossRef]

	



Dunaif, A. Insulin resistance and the polycystic ovary syndrome: Mechanism and implications for pathogenesis. Endocr. Rev. 1997, 18, 774–800. [Google Scholar]

	



Morin-Papunen, L.C.; Vauhkonen, I.; Koivunen, R.M.; Ruokonen, A.; Tapanainen, J.S. Insulin sensitivity, insulin secretion, and metabolic and hormonal parameters in healthy women and women with polycystic ovarian syndrome. Hum. Reprod. 2000, 15, 1266–1274. [Google Scholar] [CrossRef] [PubMed]

	



Diamanti-Kandarakis, E.; Alexandraki, K.; Piperi, C.; Protogerou, A.; Katsikis, I.; Paterakis, T.; Lekakis, J.; Panidis, D. Inflammatory and endothelial markers in women with polycystic ovary syndrome. Eur. J. Clin. Investig. 2006, 36, 691–697. [Google Scholar] [CrossRef] [PubMed]

	



ESHRE, The Rotterdam; 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, 41–47. [Google Scholar] [CrossRef] [PubMed]

	



McLuskie, L.; Newth, A. New diagnosis of polycystic ovary syndrome. BMJ 2017, 12, 356:i6456. [Google Scholar] [CrossRef] [PubMed]

	



Dewailly, D.; Catteau-Jonard, S.; Reyss, A.C.; Leroy, M.; Pigny, P. Oligoanovulation with polycystic ovaries but not overt hyperandrogenism. J. Clin. Endocrinol. Metab. 2006, 91, 3922–3927. [Google Scholar] [CrossRef] [PubMed]

	



Welt, C.K.; Gudmundsson, J.A.; Arason, G.; Adams, J.; Palsdottir, H.; Gudlaugsdottir, G.; Ingadottir, G.; Crowley, W.F. Characterizing discrete subsets of polycystic ovary syndrome as defined by the Rotterdam criteria: The impact of weight on phenotype and metabolic features. J. Clin. Endocrinol. Metab. 2006, 91, 4842–4848. [Google Scholar] [CrossRef]

	



Pehlivanov, B.; Orbetzova, M. Characteristics of different phenotypes of polycystic ovary syndrome in a Bulgarian population. Gynecol. Endocrinol. 2007, 23, 604–609. [Google Scholar] [CrossRef]

	



Guastella, E.; Longo, R.A.; Carmina, E. Clinical and endocrine characteristics of the main polycystic ovary syndrome phenotypes. Fertil. Steril. 2010, 94, 2197–2201. [Google Scholar] [CrossRef] [PubMed]

	



Głuszak, O.; Stopińska-Głuszak, U.; Glinicki, P.; Kapuścińska, R.; Snochowska, H.; Zgliczyński, W.; Dębski, R. Phenotype and metabolic disorders in polycystic ovary syndrome. ISRN Endocrinol. 2012, 2012, 569862. [Google Scholar] [CrossRef]

	



Kar, S. Anthropometric, clinical, and metabolic comparisons of the four Rotterdam PCOS phenotypes: A prospective study of PCOS women. J. Hum. Reprod. Sci. 2013, 6, 194–200. [Google Scholar] [CrossRef]

	



Jamil, A.S.; Alalaf, S.K.; Al-Tawil, N.G.; Al-Shawaf, T. A case–control observational study of insulin resistance and metabolic syndrome among the four phenotypes of polycystic ovary syndrome based on Rotterdam criteria. Reprod. Health 2015, 12, 7. [Google Scholar] [CrossRef] [PubMed]

	



Nestler, J.E. Role of hyperinsulinemia in the pathogenesis of the polycystic ovary syndrome, and its clinical implications. Semin. Reprod. Endocrinol. 1997, 15, 111–122. [Google Scholar] [CrossRef] [PubMed]

	



Baillargeon, J.P.; Iuorno, M.J.; Nestler, J.E. Insulin sensitizers for polycystic ovary syndrome. Clin. Obstet. Gynecol. 2003, 46, 325–340. [Google Scholar] [CrossRef] [PubMed]

	



Mayer, S.B.; Evans, W.E.; Nestler, J.E. Polycystic ovary syndrome and insulin: Our understanding in the past, present and future. Womens Health 2015, 11, 137–149. [Google Scholar] [CrossRef]

	



Ciampelli, M.; Fulghesu, A.M.; Cucinelli, F.; Pavone, V.; Ronsisvalle, E.; Guido, M.; Caruso, A.; Lanzone, A. Impact of insulin and body mass index on metabolic and endocrine variables in polycystic ovary syndrome. Metabolism 1999, 48, 167–172. [Google Scholar] [CrossRef]

	



Genazzani, A.D.; Battaglia, C.; Malavasi, B.; Strucchi, C.; Tortolani, F.; Gamba, O. Metformin administration modulates and restores luteinizing hormone spontaneous episodic secretion and ovarian function in nonobese patients with polycystic ovary syndrome. Fertil. Steril. 2004, 81, 114–119. [Google Scholar] [CrossRef]

	



Holte, J.; Bergh, T.; Gennarelli, G.; Wide, L. The independent effects of polycystic ovary syndrome and obesity on serum concentrations of gonadotrophins and sex steroids in premenopausal women. Clin. Endocrinol. 1994, 41, 473–481. [Google Scholar] [CrossRef] [PubMed]

	



Robinson, S.; Henderson, A.D.; Gelding, S.V.; Kiddy, D.; Niththyananthan, R.; Bush, A.; Richmond, W.; Johnston, D.G.; Franks, S. Dyslipidaemia is associated with insulin resistance in women with polycystic ovaries. Clin. Endocrinol. 1996, 44, 277–284. [Google Scholar] [CrossRef] [PubMed]

	



Venkatesan, A.M.; Dunaif, A.; Corbould, A. Insulin resistance in polycystic ovary syndrome: Progress and paradoxes. Recent Prog. Horm. Res. 2001, 56, 295–308. [Google Scholar] [CrossRef] [PubMed]

	



Dunaif, A. Insulin resistance in women with polycystic ovary syndrome. Fertil. Steril. 2006, 86 (Suppl. S1), S13–S14. [Google Scholar] [CrossRef] [PubMed]

	



Jakimiuk, A.J.; Szamatowicz, J. The role of inositol deficiency in the etiology of Polycystic ovary syndrome disorders. Ginekol. Pol. 2014, 85, 54–57. [Google Scholar] [CrossRef]

	



Daughaday, W.H.; Larner, J.; Hartnett, C. The synthesis of inositol in the immature rat ANC chick embryo. J. Biol. Chem. 1955, 212, 869–875. [Google Scholar] [CrossRef]

	



Laganà, A.S.; Garzon, S.; Casarin, J.; Franchi, M.; Ghezzi, F. Inositol in polycystic ovary syndrome: Restoring fertility through a pathophysiology-based approach. Trends Endocrinol. Metab. 2018, 29, 768–780. [Google Scholar] [CrossRef]

	



Unfer, V.; Facchinetti, F.; Orrù, B.; Giordani, B.; Nestler, J. Myo-inositol effects in women with PCOS: A meta-analysis of randomized controlled trials. Endocr. Connect. 2017, 6, 647–658. [Google Scholar] [CrossRef]

	



Pundir, J.; Psaroudakis, D.; Savnur, P.; Bhide, P.; Sabatini, L.; Teede, H.; Coomarasamy, A.; Thangaratinam, S. Inositol treatment of anovulation in women with polycystic ovary syndrome: A meta-analysis of randomised trials. BJOG 2018, 125, 299–308. [Google Scholar] [CrossRef]

	



Monastra, G.; Sambuy, Y.; Ferruzza, S.; Ferrari, D.; Ranaldi, G. Alpha-lactalbumin effect on myo-inositol intestinal absorption: In vivo and in vitro. Curr. Drug Deliv. 2018, 15, 1305–1311. [Google Scholar] [CrossRef]

	



Benelli, E.; Del Ghianda, S.; Di Cosmo, C.; Tonacchera, M. A combined therapy with myo-inositol and D-chiro-inositol improves endocrine parameters and insulin resistance in PCOS young overweight women. Int. J. Endocrinol. 2016, 2016, 3204083. [Google Scholar] [CrossRef]

	



Bevilacqua, A.; Carlomagno, G.; Gerli, S.; Oliva, M.M.; Devroey, P.; Lanzone, A.; Soulange, C.; Facchinetti, F.; Di Renzo, G.C.; Bizzarri, M. Results from the international consensus conference on myo-inositol and d-chiro-inositol in obstetrics and gynecology-assisted reproduction technology. Gynecol. Endocrinol. 2015, 31, 441–446. [Google Scholar] [CrossRef]

	



Colazingari, S.; Treglia, M.; Najjar, R.; Bevilacqua, A. The combined therapy myo-inositol plus d-chiro-inositol, rather than d-chiro-inositol, is able to improve IVF outcomes: Results froma randomized controlled trial. Arch. Gynecol. Obstet. 2013, 288, 1405–1411. [Google Scholar] [CrossRef] [PubMed]

	



Nestler, J.E.; Unfer, V. Reflections on inositol(s) for PCOS therapy: Steps toward success. Gynecol. Endocrinol. 2015, 31, 501–505. [Google Scholar] [CrossRef]

	



Ravanos, K.; Monastra, G.; Pavlidou, T.; Goudakou, M.; Prapas, N. Can high levels of D-chiro-inositol in follicular fluid exert detrimental effects on blastocyst quality? Eur. Rev. Med. Pharmacol. Sci. 2017, 21, 5491–5498. [Google Scholar]

	



Dinicola, S.; Chiu, T.T.T.; Unfer, V.; Carlomagno, G.; Bizzarri, M. The rationale of the myo-inositol and d-chiro-inositol combined treatment for polycystic ovary syndrome. J. Clin. Pharmacol. 2014, 54, 1079–1092. [Google Scholar] [CrossRef] [PubMed]

	



Bevilacqua, A.; Dragotto, J.; Giuliani, A.; Bizzarri, M. Myo-inositol and D-Chiro-inositol (40:1) reverse histological and functional features of polycystic ovary syndrome in a mouse model. J. Cell. Physiol. 2019, 234, 9387–9398. [Google Scholar] [CrossRef]

	



Diamanti-Kandarakis, E.; Dunaif, A. Insulin resistance and the polycystic ovary syndrome revisited: An update on mechanisms and implications. Endocr. Rev. 2012, 33, 981–1030. [Google Scholar] [CrossRef]

	



Tabrizi, R.; Ostadmohammadi, V.; Lankarani, K.B.; Peymani, P.; Akbari, M.; Kolahdooz, F.; Asemi, Z. The effects of inositol supplementation on lipid profiles among patients with metabolic diseases: A systematic review and meta-analysis of randomized controlled trials. Lipids Health Dis. 2018, 17, 123. [Google Scholar] [CrossRef]

	



Montanino Oliva, M.; Buonomo, G.; Calcagno, M.; Unfer, V. Effects of myo-inositol plus alpha-lactalbumin in myo-inositol-resistant PCOS women. J. Ovarian Res. 2018, 11, 38. [Google Scholar] [CrossRef] [PubMed]

	



Roseff, S.; Montenegro, M. Inositol treatment for PCOS should be science-based and not arbitrary. Int. J. Endocrinol. 2020, 2020, 6461254. [Google Scholar] [CrossRef] [PubMed]

	



Liu, M.; Yin, Y.; Ye, X.; Zeng, M.; Zhao, Q.; Keefe, D.L.; Liu, L. Resveratrol protects against age-associated infertility in mice. Hum. Reprod. 2013, 28, 707–717. [Google Scholar] [CrossRef]

	



Zhang, T.; Zhou, Y.; Li, L.; Wang, H.H.; Ma, X.S.; Qian, W.P.; Shen, W.; Schatten, H.; Sun, Q.Y. SIRT1, 2, 3 protect mouse oocytes from postovulatory aging. Aging 2016, 8, 685–696. [Google Scholar] [CrossRef]

	



Cabello, E.; Garrido, P.; Morán, J.; González del Rey, C.; Llaneza, P.; Llaneza-Suárez, D.; Alonso, A.; González, C. Effects of resveratrol on ovarian response to controlled ovarian hyperstimulation in ob/ob mice. Fertil. Steril. 2015, 103, 570–579.e571. [Google Scholar] [CrossRef]

	



Ortega, I.; Duleba, A.J. Ovarian actions of resveratrol. Ann. N. Y. Acad. Sci. 2015, 1348, 86–96. [Google Scholar] [CrossRef]

	



Aquino, C.I.; Nori, S.L. Complementary therapy in polycystic ovary syndrome. Transl. Med. UniSa 2014, 9, 56–65. [Google Scholar]

	



Ochiai, A.; Kuroda, K. Preconception resveratrol intake against infertility: Friend or foe? Reprod. Med. Biol. 2019, 19, 107–113. [Google Scholar] [CrossRef]

	



Kuroda, K.; Ochiai, A.; Brosens, J.J. The actions of resveratrol in decidualizing endometrium: Acceleration or inhibition? Biol. Reprod. 2020, 103, 1152–1156. [Google Scholar] [CrossRef]

	



Ochiai, A.; Kuroda, K.; Ikemoto, Y.; Ozaki, R.; Nakagawa, K.; Nojiri, S.; Takeda, S.; Sugiyama, R. Influence of resveratrol supplementation on ivf–embryo transfer cycle outcome. Reprod. Biomed. Online 2019, 39, 205–210. [Google Scholar] [CrossRef]

	



Ochiai, A.; Kuroda, K.; Ikemoto, Y.; Murakami, K.; Muter, J.; Matsumoto, A.; Itakura, A.; Brosens, J.J.; Takeda, S. Resveratrol inhibits decidualization by accelerating downregulation of the CRABP2-RAR pathway in differentiating human endometrial stromal cells. Cell Death Dis. 2019, 10, 276. [Google Scholar] [CrossRef] [PubMed]

	



Benrick, A.; Maliqueo, M.; Miao, S.; Villanueva, J.A.; Feng, Y.; Ohlsson, C.; Duleba, A.J.; Stener-Victorin, E. resveratrol is not as effective as physical exercise for improving reproductive and metabolic functions in rats with dihydrotestosterone-induced polycystic ovary syndrome. Evid. Based Complement Altern. Med. 2013, 2013, 964070. [Google Scholar] [CrossRef] [PubMed]

	



Manna, S.K.; Mukhopadhyay, A.; Aggarwal, B.B. Resveratrol sup- presses TNF-induced activation of nuclear transcription factors NF-κB, activator protein-1, and apoptosis: Potential role of re- active oxygen intermediates and lipid peroxidation. J. Immunol. 2000, 164, 6509–6519. [Google Scholar] [CrossRef]

	



Aggarwal, B.B.; Shishodia, S. Suppression of the nuclear factor-κB activation pathway by spice-derived phytochemicals: Reasoning for seasoning. Ann. N. Y. Acad. Sci. 2004, 1030, 434–441. [Google Scholar] [CrossRef] [PubMed]

	



Csaki, C.; Keshishzadeh, N.; Fischer, K.; Shakibaei, M. Regulation of inflammation signalling by resveratrol in human chondrocytes in vitro. Biochem. Pharmacol. 2008, 75, 677–687.15. [Google Scholar] [CrossRef] [PubMed]

	



Shakibaei, M.; John, T.; Seifarth, C.; Mobasheri, A. Resveratrol in-hibits IL-1β–induced stimulation of caspase-3 and cleavage of PARP in human articular chondrocytes in vitro. Ann. N. Y. Acad. Sci. 2007, 1095, 554–563. [Google Scholar] [CrossRef]

	



Venkateswara Rao, P.; Kiran, S.D.V.S.; Rohini, P.; Bhagyasree, P. Flavonoid: A review on Naringenin. J. Pharmacol. Phytochem. 2017, 6, 2778–2783. [Google Scholar]

	



Ho, P.C.; Dorothy, J.; Saville, D.J.; Wanwimolruk, S. Improved high-performance liquid chromatographic method for the analysis of Naringenin grapefruit juice without extraction. Pharm. Pharmacol. Commun. 1998, 4, 473–476. [Google Scholar]

	



Frabasile, S.; Koishi, A.C.; Kuczera, D.; Ferreira Silveira, G.; Verri, W.A., Jr.; Nunes Duarte dos Santos, C.; Bordignona, J. The citrus flavanone naringenin impairs dengue virus replication in human cells. Sci. Rep. 2017, 7, 41864. [Google Scholar] [CrossRef]

	



Kicinska, A.; Kampa, R.P.; Daniluk, J.; Sek, A.; Jarmuszkiewicz, W.; Szewczyk, A.; Bednarczyk, P. Regulation of the mitochondrial bk ca channel by the citrus flavonoid naringenin as a potential means of preventing cell damage. Molecules 2020, 25, 3010. [Google Scholar] [CrossRef]

	



Wawrzkiewicz-Jałowiecka, A.; Kowalczyk, K.; Trybek, P.; Jarosz, T.; Radosz, P.; Setlak, M.; Madej, P. In search of new therapeutics-molecular aspects of the PCOS pathophysiology: Genetics, hormones, metabolism and beyond. Int. J. Mol. Sci. 2020, 21, 7054. [Google Scholar] [CrossRef]

	



Hong, Y.; Yin, Y.; Tan, Y.; Hong, K.; Zhou, H. The flavanone, naringenin, modifies an-tioxidant and steroidogenic enzyme activity in a rat model of letrozole-induced poly-cystic ovary syndrome. Med. Sci. Monit. 2019, 25, 395–401. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, X.; Wei, G.; You, Y.; Huang, Y.; Jong Lee, H.; Dong, M.; Lin, J.; Hu, T.; Zhang, H.; Zhang, C.; et al. Rutin ameliorates obesity through brown fat activation. FASEB J. 2017, 31, 333–345. [Google Scholar] [CrossRef] [PubMed]

	



Hu, T.; Yuan, X.; Ye, R.; Zhou, H.; Lin, J.; Zhang, C.; Zhang, H.; Wei, G.; Dong, M.; Huang, Y.; et al. Brown adipose tissue activation by rutin ameliorates polycystic ovary syndrome in rat. J. Nutr. Biochem. 2017, 47, 21–28. [Google Scholar] [CrossRef] [PubMed]

	



Olaniyan, O.T.; Femi, A.; Iliya, G.; Ayobami, D.; Godam, E.; Olugbenga, E.; Bamidele, O.; Mali, P.C. Vitamin C suppresses ovarian pathophysiology in experimental polycystic ovarian syndrome. Pathophysiology 2019, 26, 331–341. [Google Scholar] [CrossRef]

	



Bendich, A.; Machlin, L.J.; Scandurra, O.; Burton, G.W.; Wayner, D.D.M. The antioxidant role of vitamin C. Adv. Free Radic. Biol. Med. 1986, 2, 419–444. [Google Scholar] [CrossRef]

	



Chen, Q.; Espey, M.G.; Krishna, M.C.; Mitchell, J.B.; Corpe, C.P.; Buettner, G.R.; Shacter, E.; Levine, M. Pharmacologic ascorbic acid concentrations selectively kill cancer cells: Action as a pro drug to deliver hydrogen peroxide to tissues. Proc. Natl. Acad. Sci. USA 2005, 102, 13604–13609. [Google Scholar] [CrossRef]

	



Palamanda, J.R.; Kehrer, J.P. Involvement of vitamin e and protein thiols in the inhibition of microsomal lipid peroxidation by glutathione. Lipids 1993, 28, 427–431. [Google Scholar] [CrossRef]

	



Cicek, N.; Eryilmaz, O.G.; Sarikaya, E.; Gulerman, C.; Genc, Y. Vitamin E effect on controlled ovarian stimulation of unexplained infertile women. J. Assist. Reprod. Genet. 2012, 29, 325–328. [Google Scholar] [CrossRef]

	



Izadi, A.; Ebrahimi, S.; Shirzai, S.; Taghizadeh, S.; Parized, M.; Farzadi, L.; Gargari, B.P. Hormonal and metabolic effects of coenzyme q10 and/ or vitamin E in patients with polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 2019, 104, 319–327. [Google Scholar] [CrossRef]

	



Chen, J.; Guo, Q.; Pei, Y.H.; Ren, Q.-L.; Chi, L.; Hu, R.K.H.; Tan, Y. Effect of a short-term vitamin E supplementation on oxidative stress in infertile PCOS women under ovulation induction: A retrospective cohort study. BMC Womens Health 2020, 20, 69. [Google Scholar] [CrossRef] [PubMed]

	



Monastra, G.; De Grazia, S.; De Luca, L.; Vittorio, S.; Unfer, V. Vitamin D: A steroid hormone with progesterone-like activity. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 2502–2512. [Google Scholar]

	



Holick, M.F. Vitamin D deficiency. N. Engl. J. Med. 2007, 357, 266–281. [Google Scholar] [CrossRef] [PubMed]

	



Unfer, V. Vitamin D as Progesterone-Like Hormone—Novel Applications in Obstetrics and Gynecology; Nova Science Publishers Inc.: New York, NY, USA, 2020; pp. 1–47. [Google Scholar]

	



Li, H.W.R.; Brereton, R.E.; Anderson, R.A.; Wallace, A.M.; Ho, C.K. Vitamin D deficiency is common and associated with metabolic risk factors in patients with polycystic ovary syndrome. Metabolism 2011, 60, 1475–1481. [Google Scholar] [CrossRef] [PubMed]

	



Wehr, E.; Pilz, S.; Schweighofer, N.; Giuliani, A.; Kopera, D.; Pieber, T.; Obermayer-Pietsch, B. Association of hypovitaminosis D with metabolic disturbances in polycystic ovary syndrome. Eur. J. Endocrinol. 2009, 161, 575–582. [Google Scholar] [CrossRef] [PubMed]

	



Krul-Poel, Y.; Snackey, C.; Louwers, Y.; Lips, P.; Lambalk, C.; Laven, J.; Simsek, S. The role of vitamin D in metabolic disturbances in polycystic ovary syndrome: A systematic review. Eur. J. Endocrinol. 2013, 169, 853–865. [Google Scholar] [CrossRef] [PubMed]

	



Lerchbaum, E.; Obermayer-Pietsch, B. Vitamin D and fertility: A systematic review. Eur. J. Endocrinol. 2012, 166, 765–778. [Google Scholar] [CrossRef]

	



Kadoura, S.; Alhalabi, M.; Nattouf, A.H. Effect of calcium and vitamin d supplements as an adjuvant therapy to metformin on menstrual cycle abnormalities, hormonal profile, and IGF-1 system in polycystic ovary syndrome patients: A randomized, placebo-controlled clinical trial. Adv. Pharmacol. Sci. 2019, 2019, 9680390. [Google Scholar] [CrossRef]

	



Miao, C.Y.; Fang, X.J.; Chen, Y.; Zhang, Q. Effect of vitamin D supplementation on polycystic ovary syndrome: A meta-analysis. Exp. Ther. Med. 2020, 19, 2641–2649. [Google Scholar] [CrossRef]

	



Trummer, C.; Schwetz, V.; Kollmann, M.; Wölfler, M.; Münzker, J.; Pieber, T.R.; Pilz, S.; Heijboer, A.C.; Obermayer-Pietsch, B.; Lerchbaum, E. Effects of vitamin D supplementation on metabolic and endocrine parameters in PCOS: A randomized-controlled trial. Eur. J. Nutr. 2019, 58, 2019–2028. [Google Scholar] [CrossRef]

	



Lerchbaum, E.; Rabe, T. Vitamin D and female fertility. Curr. Opin. Obstet. Gynecol. 2014, 26, 145–150. [Google Scholar] [CrossRef] [PubMed]

	



Merhi, Z. Crosstalk between advanced glycation end products and vitamin D: A compelling paradigm for the treatment of ovarian dysfunction in PCOS. Mol. Cell. Endocrinol. 2019, 479, 20–26. [Google Scholar] [CrossRef]

	



Merhi, Z.; Buyuk, E.; Cipolla, M. Advanced glycation end products alter steroidogenic gene expression by granulosa cells: An effect partially reversible by vitamin D. Mol. Hum. Reprod. 2018, 24, 318–326. [Google Scholar] [CrossRef] [PubMed]

	



Forouhi, N.; Shab-Bidar, S.; Djafarian, K. Effect of omega-3 fatty acids supplementation on testosterone levels in women with polycystic ovary syndrome: Meta-analysis of randomized controlled trials. J. Nutr. Sci. Diet. 2015, 1, 165–170. [Google Scholar]

	



Oner, G.; Muderris, I. Efficacy of omega-3 in the treatment of polycystic ovary syndrome. J. Obstet. Gynaecol. 2013, 33, 289–291. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, J.S.; Huang, T.; Yang, J.; Fu, Y.-Q.; Li, D. Marine N-3 polyunsaturated fatty acids are inversely associated with risk of type 2 diabetes in Asians: A systematic review and meta-analysis. PLoS ONE 2012, 7, e44525. [Google Scholar] [CrossRef] [PubMed]

	



Monk, J.M.; Turk, H.F.; Liddle, D.M.; De Boer, A.A.; Power, K.A.; Ma, D.W.; Robinson, L.E. n-3 polyunsaturated fatty acids and mechanisms to mitigate inflammatory paracrine signaling in obesity-associated breast cancer. Nutrients 2014, 6, 4760–4793. [Google Scholar] [CrossRef]

	



Calder, P.C. Omega-3 polyunsaturated fatty acids and inflammatory processes: Nutrition or pharmacology? Br. J. Clin. Pharmacol. 2013, 75, 645–662. [Google Scholar] [CrossRef]

	



Poudyal, H.; Panchal, S.K.; Diwan, V.; Brown, L. Omega-3 fatty acids and metabolic syndrome: Effects and emerging mechanisms of action. Prog. Lipid Res. 2011, 50, 372–387. [Google Scholar] [CrossRef]

	



Simopoulos, A.P. The importance of the ratio of omega-6/omega-3 essential fatty acids. Biomed. Pharmacother. 2002, 56, 365–379. [Google Scholar] [CrossRef]

	



Capó, X.; Martorell, M.; Busquets-Cortés, C.; Tejada, S.; Tur, J.A.; Pons, A.; Sureda, A. Resolvins as proresolving inflammatory mediators in cardiovascular disease. Eur. J. Med. Chem. 2018, 153, 123–130. [Google Scholar] [CrossRef] [PubMed]

	



Sima, C.; Van Dyke, T.E. Therapeutic targets for management of periodontitis and diabetes. Curr. Pharm. Des. 2016, 22, 2216–2237. [Google Scholar] [CrossRef] [PubMed]

	



Bellver, J.; Rodríguez-Tabernero, L.; Robles, A.; Muñoz, E.; Martínez, F.; Landeras, J.; García-Velasco, J.; Fontes, J.; Álvarez, M.; Álvarez, C.; et al. Polycystic ovary syndrome throughout a woman’s life. J. Assist. Reprod. Genet. 2018, 35, 25–39. [Google Scholar] [CrossRef] [PubMed]

	



Wekker, V.; Van Dammen, L.; Koning, A.; Heida, K.Y.; Painter, R.C.; Limpens, J.; Laven, J.S.E.; Roeters van Lennep, J.E.; Roseboom, T.J.; Hoek, A. Long-term cardiometabolic disease risk in women with PCOS: A systematic review and meta-analysis. Hum. Reprod. Update 2020, 26, 942–960. [Google Scholar] [CrossRef]

	



Sadeghi, A.; Djafarian, K.; Mohammadi, H.; Shab-Bidar, S. Effect of omega-3 fatty acids supplementation on insulin resistance in women with polycystic ovary syndrome: Meta-analysis of randomized controlled trials. Diabetes Metab. Syndr. 2017, 11, 157–162. [Google Scholar] [CrossRef]

	



Khani, B.; Mardanian, F.; Fesharaki, S.J. Omega-3 supplementation effects on polycystic ovary syndrome symptoms and metabolic syndrome. J. Res. Med. Sci. 2017, 22, 64. [Google Scholar]

	



Yang, K.; Zeng, L.; Bao, T.; Ge, J. Effectiveness of Omega-3 fatty acid for polycystic ovary syndrome: A systematic review and meta-analysis. Reprod. Biol. Endocrinol. 2018, 16, 27. [Google Scholar] [CrossRef]

	



Tosatti, J.A.G.; Alves, M.T.; Cândido, A.L.; Reis, F.M.; Araújo, V.E.; Gomes, K.B. Influence of n-3 fatty acid supplementation on inflammatory and oxidative stress markers in patients with polycystic ovary syndrome: A systematic review and meta-analysis. Br. J. Nutr. 2021, 125, 657–668. [Google Scholar] [CrossRef]

	



Calder, P.C. Conference on ‘The future of animal products in the human diet: Health and environmental concerns’ Plenary Lecture 3 n-3 PUFA and health: Fact, fiction and the future Very long-chain n-3 fatty acids and human health: Fact, fiction and the future. Proc. Nutr. Soc. 2018, 77, 52–72. [Google Scholar] [CrossRef]

	



National Institute of Diabetes and Digestive and Kidney Diseases. Omega-3 fatty acids. In LiverTox: Clinical and Research Information on Drug-Induced Liver Injury; National Institute of Diabetes and Digestive and Kidney Diseases: Bethesda, MD, USA, 2017. [Google Scholar]

	



Harris, W.S.; Silveira, S.; Dujovne, C.A. The combined effects of N-3 fatty acids and aspirin on hemostatic parameters in man. Thromb. Res. 1990, 57, 517–526. [Google Scholar] [CrossRef]

	



Warstedt, K.; Furuhjelm, C.; Duchen, K.; Falth-Magnusson, K.; Fagerås, M. The Effects of Omega-3 Fatty Acid Supplementation in Pregnancy on Maternal Eicosanoid, Cytokine, and Chemokine Secretion. Pediatric Res. 2009, 66, 212–217. [Google Scholar] [CrossRef] [PubMed]












	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  nutrients-13-01677


  
    		
      nutrients-13-01677
    


  




  





media/file0.png





