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Don't trust your gut: when gut microbiota disrupt fertility

Emerging evidence indicates that the composition of the gut microbiome may impact metabolic homeostasis as well as reproductive fitness in women. A new study by Qi et al., issued in Nature Medicine (2019), provides exciting insights into how gut microbiota dysbiosis may drive development of polycystic ovary syndrome (PCOS) and insulin resistance.

Main body

).

. Host-bacterial interaction is

also sex-dependent as studies showed the ability of microbiota to modulate gonadal sex hormones [START_REF] Markle | Sex differences in the gut microbiome drive hormone-dependent regulation of autoimmunity[END_REF]; putting forward the concept that gut microbiota dysbiosis may negatively impact reproductive fitness. Recent studies reported differences in the gut microbiome composition of women with Polycystic Ovary Syndrome (PCOS) as compared to healthy women, raising the important question as to whether microbial imbalance may play a causal role in the pathophysiology of PCOS [START_REF] Lindheim | Alterations in gut microbiome composition and barrier function are associated with reproductive and metabolic defects in women with polycystic ovary syndrome (PCOS): A pilot study[END_REF][START_REF] Torres | Gut microbial diversity in women with polycystic ovary syndrome correlates with hyperandrogenism[END_REF] .

Affecting 5 to 20% of women in reproductive age, PCOS is the most common endocrine disorder leading to anovulatory infertility worldwide [START_REF] Azziz | Health care-related economic burden of the polycystic ovary syndrome during the reproductive life span[END_REF]. It is characterized by androgen excess, ovulatory dysfunction, polycystic-appearing ovaries and hypothalamic neuronal dysregulations [START_REF] Walters | New perspectives on the pathogenesis of PCOS: neuroendocrine origins[END_REF]. Beyond its reproductive and neuroendocrine traits, PCOS has a substantial metabolic impact as it is strongly associated with obesity, hyperinsulinemia, insulin resistance, and an increased risk of developing type 2 diabetes and cardiovascular disease [START_REF] Azziz | Health care-related economic burden of the polycystic ovary syndrome during the reproductive life span[END_REF]. The current medical management of the syndrome remains suboptimal as it focuses only on treatment of the symptoms; therefore, the development of new therapeutic strategies is urgently needed. A recent study, issued in Nature Medicine [START_REF] Qi | Gut microbiota-bile acid-interleukin-22 axis orchestrates polycystic ovary syndrome[END_REF], provides compelling evidence supporting a causal link between gut microbiota dysbiosis in women with PCOS and the appearance of PCOS associated ovarian and metabolic dysfunctions.

Firstly, Qi et al. recapitulated recent findings by others [START_REF] Lindheim | Alterations in gut microbiome composition and barrier function are associated with reproductive and metabolic defects in women with polycystic ovary syndrome (PCOS): A pilot study[END_REF][START_REF] Torres | Gut microbial diversity in women with polycystic ovary syndrome correlates with hyperandrogenism[END_REF], showing that the gut microbiota of a Chinese cohort of PCOS patients present a higher beta diversity, pointing to a more homogeneous community structure among individuals with PCOS when compared with healthy women. Subsequently, the authors found a remarkable abundance of Bacteroides vulgatus (B. vulgatus) in the gut microbiota of individuals with PCOS.

B. vulgatus are gram-negative anaerobic bacteria inhabiting the distal human gut and are typically nonpathogenic in heathy individuals [START_REF] Takaishi | Imbalance in intestinal microflora constitution could be involved in the pathogenesis of inflammatory bowel disease[END_REF]. These bacteria are known to deconjugate conjugated bile acids synthesized in the liver, such as glycodeoxycholic acid (GDCA) and tauroursodeoxycholic acid (TUDCA). Qi et al. report a negative correlation between the amount of B. vulgatus and that one of GDCA and TUDCA in PCOS patients. To search for the effect of the gut microbiota on the PCOS phenotype of the host, the authors performed interspecific fecal transplant from PCOS women to adult mice. Remarkably, recipient female mice exhibit the major PCOS cardinal defects: hyperandrogenism, high luteinizing hormone (LH) secretion, impairment of reproductive cycles, ovarian dysfunction, decreased TUDCA levels and insulin resistance. Subsequently, the authors were able to recapitulate all the aforementioned PCOS-like traits in mice following administration of B. vulgatus, proving that high levels of these bacteria are sufficient to drive the disease features in mice.

To elucidate the underlying mechanisms by which B. vulgatus contributes to the PCOS pathology, the authors ventured to analyze the profile of intestinal cytokines that modulate immune response and influence bile acid metabolism. Molecular screening showed reduction of interleukin-22 (IL-22) in both intestinal mRNA and serum levels in PCOS individuals and PCOS-like animal models. IL-22 is mainly produced by T-helper lymphocytes and in type 3 innate lymphoid cells (ILC3s) in the gut [START_REF] Dudakov | Interleukin-22: Immunobiology and Pathology[END_REF]. Through a series of in vitro experiments, the authors found that the GATA3 signaling pathway is involved in bile acidmediated regulation of IL-22 production (Figure 1A). The next step was then to administer IL-22 or GDCA to B. vulgatus-treated mice and confirm a decreased insulin resistance, recovery of estrous cyclicity, morphological changes of the ovary, and normalization of hormonal levels in these animals. To determine whether IL-22 could have a therapeutic role in PCOS, the authors treated PCOS-like mouse models or B. vulgatus-administered mice with IL-22 and they could show full recovery of reproductive cycles, ovarian morphology, testosterone levels and insulin resistance in these animals. Finally, using a series of in vivo and in vitro studies, Qi et al. attempted to dissect the mechanisms underlying IL-22-regulated improvements in the insulin resistance and ovarian dysfunction associated with PCOS. This led to the conclusion that such mechanisms may likely involve adipose tissue browning, as suggested by the upregulation of thermogenic markers after GDCA or IL-22 administration in the B. vulgatus-treated mice, and an IL-22 anti-inflammatory role at the level of the ovaries (Figure 1A).

The findings of this study inspire several new questions as to the precise nature of the mechanisms underlying the IL-22-mediated recovery of reproductive and metabolic function, respectively, which are paramount for the prospective use of IL-22 in PCOS therapeutics. Along this line, an important finding emerging from the study by Qi and colleagues is that an increase of B. vulgatus population in the gut is sufficient to drive PCOS-like cardinal defects, including hyperandrogenism. It will be fascinating to explore the effects of IL-22 on the expression of the ovarian steroidogenic pathway components responsible for the production of testosterone, and/or whether IL-22 may act centrally through neuroendocrine mechanisms improving LH secretion, testosterone levels and, therefore, reproductive function (Figure 1B). In addition, it remains unknown whether hyperandrogenism itself may modulate the composition of the gut microbiome contributing to the self-perpetuation of the disease, and whether androgen antagonists or oral contraceptives could recover the gut microbiome dysbiosis.

Another relevant point worth discussing comes from the observations of Qi et al. pointing to IL-22 amelioration of insulin resistance via upregulation of thermogenic components in subcutaneous and brown adipose tissues. Although this pathway is known to be relevant in the pathogenesis of PCOS since previous studies have shown that white adipose tissue browning increases the metabolic rate and improves insulin resistance [START_REF] Bartelt | Adipose tissue browning and metabolic health[END_REF], synergistic mechanisms involving other metabolic tissues such as liver and pancreas as well as hypothalamic circuits regulating energy homeostasis could also play a significant role in this context (Figure 1B).

In conclusion, this study sheds a new light on the interplay between gut microbiota and reproductive disorders and suggests that modifying the gut microbiome, altering bile acid metabolism and/or increasing IL-22 levels may be of value for the treatment of PCOS. While systemic IL-22 treatment is undeniably an appealing therapeutic approach for treating PCOS, we must consider that IL-22 acts in a plethora of ways and its role in inflammation differs depending on the specific tissue. Therefore, a more targeted pharmacological approach would be probably more recommended to minimize side effects when considering clinical interventions of women with PCOS. Before that time comes, a more in-depth knowledge of the physiological and pathological mechanisms underpinning the evolution of the disease is required. 
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 1 Figure 1. Altered microbiota disrupts gut-bile acid-interleukin-22 (IL-22) axis
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