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            Abstract
Polycystic ovary syndrome (PCOS) is characterized by androgen excess, ovulatory dysfunction and polycystic ovaries1, and is often accompanied by insulin resistance2. The mechanism of ovulatory dysfunction and insulin resistance in PCOS remains elusive, thus limiting the development of therapeutics. Improved metabolic health is associated with a relatively high microbiota gene content and increased microbial diversity3,4. This study aimed to investigate the impact of the gut microbiota and its metabolites on the regulation of PCOS-associated ovarian dysfunction and insulin resistance. Here, we report that Bacteroides vulgatus was markedly elevated in the gut microbiota of individuals with PCOS, accompanied by reduced glycodeoxycholic acid and tauroursodeoxycholic acid levels. Transplantation of fecal microbiota from women with PCOS or B. vulgatus-colonized recipient mice resulted in increased disruption of ovarian functions, insulin resistance, altered bile acid metabolism, reduced interleukin-22 secretion and infertility. Mechanistically, glycodeoxycholic acid induced intestinal group 3 innate lymphoid cell IL-22 secretion through GATA binding protein 3, and IL-22 in turn improved the PCOS phenotype. This finding is consistent with the reduced levels of IL-22 in individuals with PCOS. This study suggests that modifying the gut microbiota, altering bile acid metabolism and/or increasing IL-22 levels may be of value for the treatment of PCOS.
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                    Fig. 1: Profiling of the gut microbiota and bile acids in individuals with PCOS.[image: ]


Fig. 2: Effects of PCOS fecal microbiota or B. vulgatus transplantation disrupted insulin sensitivity, ovarian function, bile acid profiling and IL-22 production.[image: ]


Fig. 3: IL-22 or bile acid administration improved insulin resistance, ovarian dysfunction and infertility in mice with PCOS.[image: ]


Fig. 4: Bile acid–GATA3 pathway-regulated IL-22 improved IR and ovarian dysfunction in PCOS-like mice.[image: ]
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Extended data

Extended Data Fig. 1 Gut microbial alterations in women with PCOS.
a,b, Alpha diversity (Shannon index) (a) and beta diversity (Bray–Curtis distance) (b) of the control and PCOS groups at the gene level. For box plots, the midline represents the median, the box represents the interquartile range (IQR) between the first and third quartiles, and whiskers represent the lowest or highest values within 1.5× the IQR from the first or third quartiles. Statistical significance was determined by two-tailed Mann–Whitney U-test. c,d, Top ten bacterial family (c) and bacterial genus (d) abundances in PCOS and control subjects. The q value represents the FDR-adjusted P value. The P value was determined by two-tailed Wilcoxon rank-sum test. In c, for Bacteroidaceae, q = 2.53 × 10−8. In d, for Bacteroides, q = 5.55 × 10−8. Data are presented as means ± s.e.m. Control: n = 43; PCOS: n = 50.

                          Source Data
                        


Extended Data Fig. 2 Insulin, hormone, bile acid and IL-22 levels of mice transplanted with PCOS gut microbiota or B. vulgatus.
a, Timeline for the recipient mice transplanted with PCOS or control fecal microbiota. b, Area under the curve (AUC) of GTT (n = 6 mice per group; t10 = −3.032). c, AUC of ITT (n = 6 mice per group; t10 = −2.498). d, Fasting glucose levels (n = 6 mice per group). e, Insulin levels (n = 6 mice per group; t10 = 0.134). f, HOMA-IR (n = 6 mice per group; t10 = −2.669). g, Number of cystic follicles (n = 6 mice per group; t10 = −5.966). h, Number of CLs (n = 6 mice per group; t10 = 7.720; P = 0.000016). i, Levels of testosterone (T) (n = 6 mice per group; t10 = −2.335). j, Levels of luteinizing hormone (n = 6 mice per group; t10 = −5.675). k, Levels of estradiol for the trans-PCOS and trans-control mice (n = 6 mice per group; t10 = 1.322). l, AUC of GTT (n = 8 mice per group; F2,21 = 12.095). m, AUC of ITT (n = 8 mice per group; F2,21 = 5.609). n, Fasting glucose levels (n = 8 mice per group; F2,21 = 6.190). o, Insulin levels (n = 8 mice per group; F2,21 = 4.254). p, HOMA-IR (n = 8 mice per group; F2,21 = 13.559). q, Number of cystic follicles (n = 8 mice per group; F2,21 = 91.000; control versus B. vulgatus, P = 3.17 × 10−9; control versus DHEA, P = 1.74 × 10−11). r, Number of CLs (n = 8 mice per group). s, Levels of T (n = 8 mice per group; control versus DHEA, P = 0.000007). t, Levels of luteinizing hormone (n = 8 mice per group). u, Levels of estradiol for the mice in the control, B. vulgatus gavage or DHEA injection groups (n = 8 mice per group; F2,21 = 18.890; control versus DHEA, P = 0.000039). v, Levels of intestine bile acids (n = 6 mice per group). w, Il22 mRNA expression levels in the intestines, as measured by qPCR (n = 6 mice per group). x, IL-22 levels in the serum of mice transplanted with PCOS or control individual’s fecal microbiota (n = 6 mice per group; t10 = 7.518; P = 0.00002). For d, v and w, P values were determined by two-tailed Mann–Whitney U-test and the data are presented as medians with interquartile ranges. For b, c, e–k and x, P values were determined by two-tailed Student’s t-test and the data are presented as means ± s.e.m. For l–q and u, P values were determined by one-way ANOVA with Tukey’s multiple comparison post-hoc test and data are presented as means ± s.e.m. For r, s and t, P values were determined by Kruskal–Wallis test followed by Dunn’s post-hoc test and data are presented as medians with interquartile ranges.

                          Source Data
                        


Extended Data Fig. 3 Improvement of insulin resistance and ovarian dysfunction by administration of IL-22 or bile acid in PCOS mice.
a, Timeline for the mice subjected to IL-22 or GDCA administration after gavage with B. vulgatus. b, Timeline for the PAMH administration PCOS-like mouse model. c, AUC of GTT (n = 6 mice per group; F3,20 = 8.170). d, AUC of ITT (n = 6 mice per group; F3,20 = 10.798; control versus B. vulgatus, P = 0.000035). e, Fasting glucose levels (n = 6 mice per group; F3,20 = 24.524; control versus B. vulgatus, P = 0.000003; B. vulgatus versus B. vulgatus + GDCA, P = 2.18 × 10−7; B. vulgatus versus B. vulgatus + IL-22, P = 0.000002). f, Insulin levels (n = 6 mice per group). g, HOMA-IR (n = 6 mice per group; F3,20 = 48.560; control versus B. vulgatus, P = 1.66 × 10−8; B. vulgatus versus B. vulgatus + GDCA, P = 8.55 × 10−10; B. vulgatus versus B. vulgatus + IL-22, P = 9.47 × 10−9). h, Levels of estradiol for the mice in the control, B. vulgatus, B. vulgatus + GDCA and B. vulgatus + IL-22 groups (n = 6 mice per group; F3,20 = 0.553). i, Levels of estradiol for the mice in the control, PAMH and PAMH + IL-22 groups (n = 6 mice per group; F2,15 = 0.498). For c–e and g–i, P values were determined by one-way ANOVA with Tukey’s multiple comparison post-hoc test and data are presented as means ± s.e.m. For f, the P values were determined by Kruskal–Wallis test followed by Dunn’s post-hoc test and data are presented as medians with interquartile ranges.

                          Source Data
                        


Extended Data Fig. 4 Administration of IL-22 prevented insulin resistance and ovarian dysfunction in B. vulgatus-treated mice.
The mice were divided into three groups (control, B. vulgatus and B. vulgatus + IL-22). The animals were gavaged with B. vulgatus or heat-killed B. vulgatus as a control for 3 weeks. At the same time, the mice received IL-22 at a dose of 100 µg kg−1 d−1, intraperitoneally for the B. vulgatus + IL-22 group, or PBS as a parallel control for a–l. a, GTT (n = 8 mice per group). b, AUC of GTT (n = 8 mice per group; F2,21 = 4.076). c, ITT (n = 8 mice per group). d, AUC of ITT (n = 8 mice per group; F2,21 = 23.560; control versus B. vulgatus, P = 0.000036; B. vulgatus versus B. vulgatus + IL-22, P = 0.000002). e, Representative estrous cycles. f, Quantitative analysis of estrous cycles (n = 8 mice per group). g, Number of MII oocytes (n = 8 mice for the control and B. vulgatus + IL-22; n = 10 mice for B. vulgatus; F2,23 = 40.993; control versus B. vulgatus, P = 2.71 × 10−8; B. vulgatus versus B. vulgatus + IL-22, P = 3.40 × 10−7). h, Number of embryos (n = 6 mice per group). i, Immunofluorescence staining for tubulin (green) and DNA (blue) in MII oocytes (MII oocyte number = 150; n = 8 mice for the control and B. vulgatus + IL-22; n = 10 mice for B. vulgatus). Scale bars: 20 μm. Images are representative of two independent experiments with similar results. j, H&E staining of representative ovaries. Scale bars: 200 μm. Images are representative of three independent experiments with similar results. k, Quantitative analysis of cystic follicles (n = 8 mice per group; F2,21 = 37.800; control versus B. vulgatus, P = 2.14 × 10−7; B. vulgatus versus B. vulgatus + IL-22, P = 2.14 × 10−7). l, Quantitative analysis of CLs (n = 8 mice per group; control versus B. vulgatus, P = 0.000045). For a–d, g and k, P values were determined by one-way ANOVA with Tukey’s multiple comparison post-hoc test and data are presented as means ± s.e.m. For f, h and l, P values were determined by the Kruskal–Wallis test followed by Dunn’s post-hoc test and data are presented as medians with interquartile ranges. *P < 0.05; **P < 0.01 versus the control. #P < 0.05; ##P < 0.01 versus B. vulgatus.

                          Source Data
                        


Extended Data Fig. 5 Role and mechanisms of bile acid in improving insulin sensitivity and ovarian function.
a, Percentage of IL-22+ cells in CD45+ lineage− RORγT+ ILC3s from siLP of mice with or without TUDCA treatment (n = 4 mice per group; t6 = −5.767). b, mRNA expression of Il22 in the intestines (n = 6 mice per group; t10 = −4.175). c, Serum IL-22 levels of the DHEA or DHEA + GDCA mice (n = 6 mice per group; t10 = −6.067). The mice were divided into three groups (control, GDCA and Il22r−/− + GDCA) for d–i. For the control, wild-type mice were injected daily with DHEA subcutaneously. For GDCA, wild-type mice were injected daily with DHEA subcutaneously and gavaged with 30 mg kg−1 d−1 GDCA. For Il22r−/− + GDCA, Il22r−/− mice were injected daily with DHEA and gavaged with GDCA. d, GTT (n = 6 mice per group). e, AUC of GTT (n = 6 mice per group; F2,15 = 6.293). f, ITT (n = 6 mice per group). g, AUC of ITT (n = 6 mice per group; F2,15 = 14.899). h, Representative estrous cycles for mice from the three groups. i, Quantitative analysis of estrous cycles for the mice from the control, GDCA and Il22r−/− + GDCA groups (n = 6 mice per group). j, IL-22 levels in the cell culture supernatant (n = 4 mice per group; F3,12 = 49.221; DMSO versus GDCA, P = 0.000002; GDCA versus triamterene + GDCA, P = 3.60 × 10−7). k, Il22 mRNA expression levels (n = 4 mice per group; F3,12 = 17.708; GDCA versus triamterene + GDCA, P = 0.000047). l, Gata3 mRNA expression levels in ILC3s with or without GDCA or triamterene treatment in vitro (n = 4 mice per group; F3,12 = 24.044; GDCA versus triamterene + GDCA, P = 0.000012). m, cAMP levels in the intestines of mice treated with DHEA or B. vulgatus (n = 8 mice per group; F2,21 = 29.246; control versus B. vulgatus, P = 3.52 × 10−7; control versus DHEA, P = 0.000013). n, Representative flow cytometry plots of IL-22+ cells in CD45+ lineage− RORγT+ ILC3s from siLP. Three independent experiments were performed with similar results. o, Percentage of IL-22+ cells in CD45+ lineage− RORγT+ ILC3s from siLP of the mice (n = 4 mice per group; F2,9 = 23.175). For a–c, P values were determined by two-tailed Student’s t-test and data are presented as means ± s.e.m. For d–g, j–m and o, P values were determined by one-way ANOVA with Tukey’s multiple comparison post-hoc test and data are presented as means ± s.e.m. For i, P values were determined by Kruskal–Wallis test followed by Dunn’s post-hoc test and data are presented as medians with interquartile ranges.

                          Source Data
                        


Extended Data Fig. 6 Adipose tissue browning in PCOS-like mice with or without IL-22 or GDCA treatment.
a–c, Ucp1, Pgc1α, Cited1 and Cox8b mRNA expression levels in brown adipose tissue from: (a) trans-control and trans-PCOS mice (n = 6 mice per group; Ucp1: t10 = 4.789; Pgc1α: t10 = 4.427; Cited1: t10 = 3.846; Cox8b: t10 = 3.153); (b) control, B. vulgatus and DHEA mice (n = 8 mice per group; Ucp1: F2,21 = 14.107; Pgc1α: F2,21 = 8.638, Cited1: F2,21 = 2.612; Cox8b: F2,21 = 9.528); and (c) GDCA or IL-22 therapeutic administration in B. vulgatus-treated mice (control, B. vulgatus, B. vulgatus + GDCA and B. vulgatus + IL-22 mice) (n = 6 mice per group; Ucp1: F3,20 = 19.769, B. vulgatus versus B. vulgatus + IL-22, P = 3.41 × 10−7; Pgc1α: F3,20 = 53.487; control versus B. vulgatus, P = 8.83 × 10−8; B. vulgatus versus B. vulgatus + IL-22, P = 2.39 × 10−10; Cited1: F3,20 = 5.853; Cox8b: F3,20 = 9.242). d,e, Ucp1, Pgc1α, Cited1, Cox8b, Nr2f6 and Prdm16 mRNA expression levels in the subcutaneous fat (d; n = 8 mice per group), and Ucp1, Pgc1α, Cited1 and Cox8b mRNA expression levels in brown adipose tissue (e) after IL-22 preventive administration in B. vulgatus-treated mice (control, B. vulgatus and B. vulgatus + IL-22). For a–e, all of the mice were placed at 4 °C for 12 h before killing. For a, P values were determined by two-tailed Student’s t-test and data are presented as means ± s.e.m. For b and c, P values were determined by one-way ANOVA with Tukey’s multiple comparison post-hoc test and data are presented as means ± s.e.m. For d and e, P values were determined by Kruskal–Wallis test followed by Dunn’s post-hoc test and data are presented as medians with interquartile ranges.
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