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The gut microbiome is implicated in the pathogenesis of polycystic ovary syndrome (PCOS), and prenatal androgen exposure is involved in the development of PCOS in later life. Our previous study of a mouse model of PCOS induced by prenatal dihydrotestosterone (DHT) exposure showed that the reproductive phenotype of PCOS appears from puberty, followed by the appearance of the metabolic phenotype after young adulthood, while changes in the gut microbiota was already apparent before puberty. To determine whether the prenatal or postnatal nurturing environment primarily contributes to these changes that characterize prenatally androgenized (PNA) offspring, we used a cross-fostering model to evaluate the effects of changes in the postnatal early-life environment of PNA offspring on the development of PCOS-like phenotypes and alterations in the gut microbiota in later life. Female PNA offspring fostered by normal dams (exposed to an abnormal prenatal environment only, fostered PNA) exhibited less marked PCOS-like phenotypes than PNA offspring, especially with respect to the metabolic phenotype. The gut microbiota of the fostered PNA offspring was similar to that of controls before adolescence, but differences between the fostered PNA and control groups became apparent after young adulthood. In conclusion, both prenatal androgen exposure and the postnatal early-life environment created by the DHT injection of mothers contribute to the development of PCOS-like phenotypes and the alterations in the gut microbiota that characterize PNA offspring. Thus, both the pre- and postnatal environments represent targets for the prevention of PCOS and the associated alteration in the gut microbiota in later life.
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1 INTRODUCTION
Polycystic ovary syndrome (PCOS) is the most common endocrine disorder of reproductive-age women, affecting up to 15% of this group (Escobar-Morreale, 2018). PCOS is diagnosed using the Rotterdam criteria, the most widely used criteria for PCOS, which require two of the following to be present: i) hyperandrogenism, ii) ovulatory dysfunction, or iii) polycystic ovarian morphology (Fauser et al., 2004). Although the pathophysiology of PCOS has not been fully elucidated, owing to its heterogeneity and complexity, hyperandrogenism, ovulatory dysfunction, abnormal gonadotropin secretion, and insulin resistance have been implicated (Dumesic et al., 2015b; Harada, 2022); and these reproductive and metabolic abnormalities interact and exacerbate one another.
It has been reported that the daughters of women with PCOS are at a high risk of developing PCOS (Filippou and Homburg, 2017; Crisosto et al., 2019; Risal et al., 2019). PCOS is considered as multifactorial disorder with polygenetic and environmental contributions (Dunaif, 2016; Escobar-Morreale, 2018). Out of these factors, prenatal androgen exposure has been recognized as a critical environmental contributor to the development of PCOS. It has been shown that the daughters of women with PCOS are prenatally exposed to high concentrations of androgens during fetal life (Sir-Petermann et al., 2002; Maliqueo et al., 2013). In addition, daughters born to women with PCOS have a longer anogenital distance (AGD), the distance from the center of the anus to the posterior fourchette, which serves as a biomarker of intrauterine exposure to excess androgens (Barrett et al., 2018; Perlman et al., 2020). Furthermore, numerous studies have reported that prenatally androgenized (PNA) animals, including rodents, sheep, and rhesus monkeys, exhibit PCOS-like reproductive and metabolic phenotypes in adulthood (Dumesic et al., 2015a; Risal et al., 2019). However, the mechanism by which prenatal androgen exposure is involved in the etiology of PCOS in later life is unknown.
It was recently reported that the gut microbiome of adult women with PCOS differs from that of healthy individuals (Lindheim et al., 2017; Insenser et al., 2018; Torres et al., 2018). In addition, rodents with PCOS induced by the long-term administration of androgens or aromatase inhibitors during puberty or adulthood have a different gut microbiome to controls in adulthood (Kelley et al., 2016; Arroyo et al., 2019; Torres et al., 2019a; Zheng et al., 2020). Furthermore, the transplantation of feces from or co-housing with healthy controls ameliorates the PCOS-like phenotype of such rodents, suggesting that changes in the gut microbiota are not merely a result of the pathology characterizing PCOS, which has both reproductive and metabolic components, but that the gut microbiota may play an etiologic role in PCOS (Guo et al., 2016; Torres et al., 2019b).
Based on these findings, we hypothesized that prenatal androgen exposure would induce dysbiosis of the gut microbiota early stage of life and that this would lead to the development of PCOS in later life. In the previous our study, we characterized the temporal relationship between alterations in the gut microbiota and the development of PCOS-like phenotypes between weaning and adulthood using prenatally androgenized female mice (Kusamoto et al., 2021). We found that abnormalities in the gut microbiota appear as early as or even before PCOS-like phenotypes manifest in PNA offspring, which suggests that the gut microbiota in early life represents a potential target for the prevention of PCOS in later life. However, the findings of the study raised a question: which of the prenatal environment or the postnatal nurturing environment contributes more to the etiology of PCOS phenotypes and the alterations in the gut microbiota, or are both important? To answer this question, in the present study, we used a cross-fostering model. The PCOS-like phenotypes and the differences in the gut microbiota in PNA offspring fostered with a control mother (fostered PNA) and PNA offspring kept with their own mothers were compared to control. To the best of our knowledge, this is the first study to separately demonstrate the effects of the prenatal and postnatal early-life environments on the development of PCOS phenotypes and the gut microbiota in later life.
2 MATERIALS AND METHODS
2.1 PNA model and cross-fostering design
Cross-fostering (Mccormack et al., 2022) was used in a mouse model of PCOS induced by prenatal androgen exposure to evaluate the effects of the prenatal and postnatal early-life environments on PCOS-like phenotypes and the gut microbiota. The PNA model was generated by the injection of pregnant mice with DHT, as previously reported (Sullivan and Moenter, 2004; Moore et al., 2013; Caldwell et al., 2014; Risal et al., 2019; Kusamoto et al., 2021; Wu et al., 2021). Eight-week-old male and female C57BL/6 mice, aged 8–12 weeks, were provided by Japan SLC Inc (Hamamatsu, Japan). The mice were maintained under specific pathogen-free conditions and under a 12-h light/dark cycle, with ad libitum access to water and food. After 1 week of adaptation to their surroundings, the female mice were paired with male mice and subsequently checked for the presence of copulatory plugs. The date of identification of a plug was regarded as day 1 of gestation. The experimental design is shown in Figure 1. Pregnant dams were subcutaneously injected on days 16, 17, and 18 of gestation with either 0.1 mL sesami oil (control mothers) or 0.1 mL sesami oil containing 250 μg of DHT (Sigma-Aldrich, St. Louis, MO, United States; DHT-injected mothers). Within 12 h of birth, the pups were exchanged between mothers who gave birth at the same time. The offspring of control mothers were all reared by their own mothers for 4 weeks, and offspring born from DHT-injected mothers were reared by their own mothers (PNA group) or control foster mothers (fostered PNA group) for 4 weeks. There were no differences in maternal nurturing behavior between these groups, including breastfeeding. All the female pups were weaned at 4 weeks of age and subsequently housed separately from their dams. The three groups of offspring were kept separately, with three or four pups per cage. The PCOS-like phenotypes and gut microbiota of the female offspring in control, fostered PNA, and PNA groups were then analyzed at various time points.
[image: Figure 1]FIGURE 1 | Experimental design. Scheme showing how prenatally androgenized (PNA) offspring that were cross-fostered were generated and how the outcomes were evaluated. Pregnant dams were subcutaneously (s.c.) injected on days 16, 17, and 18 of gestation with either 0.1 mL sesami oil (control mothers) or 0.1 mL sesami oil containing 250 μg of dihydrotestosterone (DHT-injected mothers). The offspring of control mothers were reared by their own mothers for 4 weeks, and female pups born to DHT-injected mothers were reared by their own mothers (PNA group) or control foster mothers (fostered PNA group) for 4 weeks. The development of a PCOS-like reproductive phenotype, characterized by abnormal estrous cyclicity (n = 23 to 25 per group), ovarian histology (n = 10 to 12 per group), and serum testosterone concentration (n = 21 to 23 per group); and the development of a metabolic phenotype, including abnormal body mass (n = 23 to 25 per group), size of visceral adipocytes (n = 11 to 14 per group), and results of insulin tolerance testing (ITT) (n = 17 to 20 per group), were assessed at each time point. The gut microbiota of the female offspring was analyzed at various time points (n = 3 to 5 per group), as shown.
The AGD of the mice was measured early in their lives to confirm the androgenization of the female offspring. PNA and fostered PNA offspring had longer AGDs than control offspring (PNA, 4.53 ± 0.72 mm; fostered PNA, 4.82 ± 0.49 mm; control, 3.53 ± 0.47 mm (p < 0.001 vs. the control group) at 4 weeks; and PNA, 5.98 ± 0.67 mm; fostered PNA, 6.00 ± 0.51 mm; control, 4.05 ± 0.27 mm (p < 0.001 vs. the control group) at 6 weeks, confirming that the PNA and fostered PNA offspring had been exposed to the androgen in utero. The mice were euthanized under isoflurane anesthesia, and blood, ovarian, parametrial fat, and fecal samples were collected. The PCOS-like reproductive phenotype was confirmed by assessing estrous cyclicity, ovarian histology, and serum testosterone concentration; and the metabolic phenotype was identified by assessing body mass, the size of the visceral adipocytes, and insulin tolerance testing (ITT), using the methods described in our previous publication (Kusamoto et al., 2021).
To evaluate the effects of the prenatal and early-life environments on the development of the gut microbiota of female offspring, next-generation sequencing (NGS) and bioinformatic analysis of the 16S rRNA genes were performed using DNA extracted from fecal samples from the three groups that were obtained at 3, 4, 6, 8, 12, and 16 weeks of age. These ages correspond to prepuberty (3 and 4 weeks), puberty, adolescence, young adulthood, and adulthood, respectively. In addition, the gut microbiota of control and DHT-injected mothers were analyzed after 3 days of injections, to determine whether the gut microbiota of the DHT-treated mothers had been altered. All the procedures used in the study were performed in compliance with the guidelines and regulations of the University of Tokyo Committee on the Use and Care of Animals, and the study was approved by the committee (approval number: P21-005).
2.2 Estrous cyclicity
Estrous cyclicity was analyzed using well-established methods (Moore et al., 2013; Wang et al., 2018). Vaginal cells were collected from female offspring every morning from 6 to 16 weeks of age, and the stages of the estrous cycle recognized by light microscopic examination were diestrus, proestrus, estrus, and metestrus, as previously described (Cora et al., 2015; Ajayi and Akhigbe, 2020). Each stage of the estrous cycle was defined by assessing the proportions of neutrophils, nucleated epithelial cells, and anuclear keratinized epithelial cells. Briefly, in diestrus, neutrophils are predominately present; in metestrus, neutrophils and anuclear keratinized epithelial cells are present; in estrus, anuclear keratinized epithelial cells are characterized; and in proestrus, small, round, nucleated epithelial cells are visible.
2.3 Ovarian and adipose histology
The ovaries and parametrial fat samples were collected from control, fostered PNA, and PNA mice at 16 weeks of age. The ovaries and adipose tissue were fixed, embedded in paraffin, and 5-μm thick sections were prepared. These sections were stained with hematoxylin and eosin. The ovarian sections were examined by two investigators using an Olympus BX50 Fluorescence Microscope (Olympus, Tokyo, Japan). The number of atretic antral follicles were counted across the entire ovary, as previously described (Kusamoto et al., 2021). Atretic follicles were recognized by the presence of an attenuated granulosa cell layer, shrinkage, and degenerate oocyte nuclei (Osman, 1985). For the adipose tissue samples, two representative micrographs were obtained per sample at ×40 magnification using a light microscope (Olympus BX50 Fluorescence Microscope). The sizes of the adipocytes were quantified using ImageJ software (National Institutes of Health, Bethesda, MD, United States), as previously described (Benrick et al., 2017; Kusamoto et al., 2021).
2.4 Serum testosterone concentration
To measure the serum testosterone concentration, blood samples were collected from the mice at 16 weeks of age by cardiac exsanguination under isoflurane anesthesia at 09:00, because it exhibits diurnal variation. The samples were centrifuged and the separated serum was stored at −80°C until assayed. The serum concentration of testosterone was measured using an ELISA kit for testosterone (RRID: AB_2848196; Enzo Life Sciences, Farmingdale, NY, United States).
2.5 Insulin tolerance testing (ITT)
To evaluate insulin resistance, ITT was performed, as previous described (Ayala et al., 2010). Briefly, mice were intraperitoneally administered insulin (0.75 IU/kg body mass) after fasting for 5 h, then the glucose concentrations of blood samples obtained from a tail vein were measured using a glucometer (LAB Gluco, ForaCare Japan, Tokyo, Japan) 0, 15, 30, 60, and 120 min later.
2.6 DNA extraction and NGS of the fecal bacterial 16S rRNA genes
DNA extraction was performed as described previously (Kobayashi et al., 2013), with slight modifications. Briefly, fecal samples stored at −80°C were suspended in 600 μL of TE buffer and glass beads were added to the samples. The samples were then homogenized at 7,000 rpm for 20 s using a MagNA Lyser (Roche Diagnostics GmbH, Mannheim, Germany). Following the addition of 100 µL of 10% sodium dodecyl sulfate (Fujifilm Wako Pure Chemical Co., Inc., Osaka, Japan) and 600 µL of Phenol/Chloroform/Isoamyl alcohol solution (Nippon Gene Co., Ltd., Tokyo, Japan), the samples were homogenized in the same way. The samples were then incubated at 70°C for 10 min and homogenized similarly again. The samples were then centrifuged at 20,400 × g for 5 min and 600 µL of each supernatant was transferred to a new 1.5 mL tube and mixed with 600 µL of 2-propanol (Kanto Chemical Co., Inc., Tokyo, Japan) and 60 µL of 3 M sodium acetate (Nippon Gene). After gentle shaking, the samples were centrifuged at 20,400 × g for 5 min and the supernatants were discarded. The DNA pellets were washed twice with 70% ethanol (Kanto Chemical), dried with a centrifugal evaporator (Tomy Seiko Co., Ltd., Tokyo, Japan), and dissolved in 200 µL of TE buffer. One microliter of RNase (10 mg/mL; Nippon Gene) was added to each sample, and they were incubated at 37°C for 1 h. Finally, the extracted DNA was purified using a High Pure PCR Template Preparation Kit (Roche Diagnostics), according to the manufacturer’s instructions. The variable V3-4 regions of the 16S rRNA gene were amplified by PCR using the TaKaRa Ex Taq® Hot Start Version (Takara Bio Inc., Shiga, Japan) and the universal 16S primer sets 341F and 805R, which contain the Illumina index and sequencing adapter overhangs. The amplicons were purified using SPRIselect (Beckman Coulter, Inc., Brea CA, United States) and the DNA was quantified using a QuantiFluor One dsDNA system (Promega Corporation). Mixed samples were prepared by pooling approximately equal amounts of each amplified DNA sample and sequenced using a MiSeq Reagent Kit v3 (600 cycles) and MiSeq sequencer (Illumina, Inc., San Diego, CA, United States), according to the manufacturer’s instructions.
2.7 Bioinformatic analysis of the fecal bacterial 16S rRNA genes
The 16S rRNA gene sequence data generated by the MiSeq sequencer were processed using the quantitative insights into microbial ecology 2 (QIIME 2 2021.2) pipeline (Bolyen et al., 2017). Raw sequence data were demultiplexed and quality-filtered using the q2-demux plugin, then denoised using DADA2 (Ombrello, 2020). All the amplicon sequence variants (ASVs) were aligned using MAFFT (Katoh et al., 2002), and their phylogeny was assessed using FastTree2 (Price et al., 2010). Taxa were assigned to the ASVs using the q2-feature-classifier (Bokulich et al., 2018) classify-sklearn naïve Bayes taxonomy classifier against SILVA 138.1 (Pruesse et al., 2007).
For diversity analysis, the number of sequence reads was set to the minimum reads among samples using the qiime diversity core-metrics-phylogenetic method (Bolyen et al., 2017). The within-community diversity (α-diversity) was calculated using the Chao1 index. To compare the microbial composition of the samples, β-diversity was used, and this was calculated using the unweighted UniFrac distances. PCoA was used to generate two-dimensional plots from the resulting distance matrices. LEfSe with default settings was used to identify the bacterial taxa that significantly differed in abundance between the groups (Segata et al., 2011).
2.8 Statistical analysis
One-way ANOVA, followed by post-hoc comparisons using the Tukey-Kramer honest significant difference test, was used to compare the features of the PCOS phenotypes between groups at the same time points, using JMP Pro 17 software (SAS Institute Inc, Cary, NC, United States). p < 0.05 was considered to represent statistical significance. The Mann-Whitney U test was used to compare the Chao1 index values. The difference of each group in the community structure was compared using permutational multivariate analysis of variance (PERMANOVA).
3 RESULTS
3.1 Female offspring exposed to androgens prenatally exhibit disrupted estrous cycles during all stages of growth, regardless of their postnatal early-life environment
PNA and fostered PNA offspring exhibited disrupted estrous cycles during all stages of their life, while control offspring exhibited normal cycles. Compared to control, PNA and fostered PNA offspring represented increased percentage of days in the estrous cycle spent in diestrus and decreased percentage of days spent in proestrus and estrus. Therefore, the disruption to the estrous cycle induced by prenatal androgen exposure is not normalized by changing the postnatal early-life environment (Figure 2).
[image: Figure 2]FIGURE 2 | Estrous cyclicity. PNA and fostered PNA offspring exhibited disruption of their estrous cycles at all the time points, while control offspring exhibited normal cycles. (A) Representative estrous cycles for control, fostered PNA, and PNA offspring are shown. (B) The percentage of time spent at each estrous stage. PNA and fostered PNA offspring showed increased percentage of days in the estrous cycle spent in diestrus and decreased percentage of days spent in proestrus and estrus. fPNA, fostered PNA. D, diestrus; M, metestrus; E, estrus; P, proestrus.
3.2 Prenatal androgen exposure induces changes in ovarian morphology and increases the serum testosterone concentration, and this change in testosterone concentration is affected by the postnatal early-life environment
Figure 3A shows representative histological images of ovaries from control, fostered PNA, and PNA offspring. Follicle counting revealed a larger number of atretic antral follicles in both the fostered PNA and PNA offspring than in control offspring (p = 0.011, p = 0.042, respectively) at the age of 16 weeks (Figure 3B) and there was no difference between the fostered PNA and PNA offspring. As shown in Figure 3C, the PNA offspring had significantly higher testosterone concentrations than the control (p < 0.001) and fostered PNA groups (p = 0.039) at 16 weeks of age, but there was no difference between fostered PNA and control offspring.
[image: Figure 3]FIGURE 3 | Ovarian morphology and serum testosterone concentrations. (A) Representative sections through an ovary, (B) the number of atretic antral follicles, and (C) the serum testosterone concentration in mice of the control, fostered PNA, and PNA groups at 16 weeks of age. Cystic follicles with large antra and degenerate granulosa cells are apparent in the ovaries of the fostered PNA and PNA offspring. There were larger numbers of atretic follicles in both fostered PNA and PNA offspring than in control offspring. The mean serum testosterone concentration of PNA offspring was significantly higher than that of control and fostered PNA offspring. Scale bars: 400 μm. Values are means ± SEMs. *p < 0.05 according to one-way-ANOVA, followed by post-hoc Tukey-Kramer honest significant difference test analysis. fPNA, fostered PNA.
3.3 The prenatal androgen-induced increase in body mass and hypertrophy of parametrial adipocytes are attenuated by changing the postnatal early-life environment
At 4 weeks of age (weaning), there were no differences in the body masses of the control, fostered PNA, and PNA groups; however, both the fostered PNA and PNA offspring were heavier than controls from 12 weeks (young adulthood) onwards (Figure 4A). The area under the curve (AUC) for the gain of body mass was significantly larger for PNA offspring than for control offspring (p = 0.020), and the fostered PNA offspring showed a similar trend, but the difference between the fostered PNA and control offspring did not reach significance (p = 0.089) (Figure 4B). In addition, the parametrial adipocytes of the PNA offspring were significantly larger than those of the controls at 16 weeks (p = 0.002), and the fostered PNA offspring showed a similar trend, but again, the difference between the fostered PNA and control offspring did not reach significance (p = 0.073) (Figures 4C, D).
[image: Figure 4]FIGURE 4 | Body mass and the size of parametrial adipocytes. (A) Body masses of control, fostered PNA, and PNA offspring between 4 and 16 weeks of age. There were no differences of the body masses of the mice in the three groups at 4 weeks of age (prepuberty); however, fostered PNA and PNA offspring were heavier after 12 weeks (young adulthood) than control offspring. (B) Area under the body mass curve (AUC), which was significantly larger in PNA offspring than in control offspring. Fostered PNA offspring showed a similar trend to PNA offspring, but the difference between fostered PNA and control offspring was not significant. (C) Representative sections of parametrial adipose, ×40 magnification. (D) The size of parametrial adipocytes in the three groups. PNA offspring showed hypertrophy of their parametrial adipocytes at 16 weeks of age and fostered PNA offspring showed a similar trend, but the difference between the fostered PNA and control offspring was not significant. Scale bars: 50 μm. Values are means ± SEMs. Differences in the letters “a,” “b,” and “c” indicate differences at p < 0.05 for the fPNA versus the control group, the PNA versus the control group, and the fPNA versus the PNA group, respectively. *p < 0.05 according to one-way-ANOVA, followed by post-hoc Tukey-Kramer honest significant difference testing. fPNA, fostered PNA.
3.4 Female offspring prenatally exposed to androgen are insulin resistant from 12 weeks of age, regardless of their postnatal early-life environment
Figure 5A shows the results of insulin tolerance testing (ITT) of the offspring mice. The insulin-induced reduction in serum glucose concentration was less marked at several time points in the fostered PNA and PNA offspring at the ages of 12 and 16 weeks than in control mice. In addition, the AUC for serum glucose during ITT was significantly larger in both the fostered PNA and PNA offspring than in controls at 12 (p = 0.022 and p = 0.002, respectively) and 16 weeks of age (p = 0.027 and p = 0.003, respectively) (Figure 5B). This implies that both fostered PNA and PNA offspring have lower insulin sensitivity than controls.
[image: Figure 5]FIGURE 5 | Insulin resistance. (A) Results of insulin tolerance testing (ITT) in control, fostered PNA, and PNA offspring at 12 and 16 weeks of age. The insulin-induced reduction in serum glucose concentration was less marked 60 and 120 min after insulin injection in fostered PNA offspring at 12 and 16 weeks of age; and 15, 60, and 120 min after insulin injection in PNA offspring at 12 and 16 weeks of age. (B) Area under the serum glucose curve (AUC) during ITT. The AUC was significantly larger in the fostered PNA and PNA offspring than in the control offspring at 12 and 16 weeks of age. This implies lower insulin sensitivity in fostered PNA and PNA offspring from 12 weeks onwards. Values are means ± SEMs. Differences in the letters “a” and “b” indicate p < 0.05 for the fPNA versus the control group and the PNA versus the control group, respectively. *p < 0.05 according to one-way-ANOVA, followed by post-hoc Tukey-Kramer honest significant difference testing. fPNA, fostered PNA.
3.5 Prenatal androgen exposure alters the alpha-diversity of the gut microbiota of mice between 4 and 8 weeks of age, but this effect is abrogated by changing their postnatal early-life environment
The α-diversity of the microbiota, which reflects the richness of the microbial species, was assessed using the Chao1 index. The α-diversity of the PNA group was significantly higher than that of the control offspring at 4 and 8 weeks of age (p = 0.032 and p = 0.032, respectively), and tended to be higher at 6 weeks of age (p = 0.055). There was no significant difference in the α-diversity of the fostered PNA and control offspring at all life stages, but it tended to be lower in fostered PNA mice than in controls at 12 weeks of age (p = 0.055) (Figure 6).
[image: Figure 6]FIGURE 6 | Alpha-diversity of the gut microbiome. The Chao1 index is shown for the control, fostered PNA, and PNA groups. The α-diversities of the groups were compared using the Mann-Whitney U test. The α-diversity of the PNA group was significantly higher than that of control offspring at 4 and 8 weeks of age, and there was a similar trend at 6 weeks of age. However, there were no differences between the fostered PNA and control offspring at all of the time points. *p < 0.05. fPNA, fostered PNA.
3.6 Prenatal androgen exposure induces a change in the beta-diversity of the gut microbiota from the early stage of life, but the microbial community is shifted toward that of control offspring by changing the postnatal early-life environment
The β-diversity, which reflects the similarity between groups, was assessed using the unweighted UniFrac distance and visualized using principal coordinates analysis (PCoA). The PCoA plots showed a significant separation of the PNA group from the control group at 4, 6, and 8 weeks of age (p = 0.041, p = 0.016, and p = 0.032, respectively) (Figure 7), which implies that the microbial communities of the two groups substantially differed at these time points, and similar trends were identified at 3 and 16 weeks of age (p = 0.079 and p = 0.087, respectively). However, the microbial community of the fostered PNA offspring differed from that of control offspring only at 12 weeks of age. Furthermore, the PCoA plots showed significant separation of the fostered PNA group from the PNA group at 8 and 12 weeks of age.
[image: Figure 7]FIGURE 7 | Beta-diversity of the gut microbiome. The β-diversity, reflecting the similarity between groups, was analyzed at each time point using a principal coordinate analysis (PCoA) plot, based on the unweighted UniFrac metric. Each dot represents the composition of the bacterial community in an individual sample. The proportions of the variance that could be explained using principal coordinate (PC) axes 1 and 2 are shown as figures. Significant differences in β-diversity were identified using permutational multivariate analysis of variance (PERMANOVA). The microbial community of the PNA offspring could be differentiated from that of the control offspring at 4, 6, and 8 weeks of age, and a similar trend were found at 3 and 16 weeks of age. By contrast, the microbial community of the fostered PNA offspring could be differentiated from that of control offspring only at 12 weeks of age. Furthermore, the PCoA plots showed significant separation of the fostered PNA group from the PNA group at 8 and 12 weeks of age. *p < 0.05. fPNA, fostered PNA.
3.7 Prenatal androgen exposure induces changes in composition of the gut microbiota of the mice at all stages of life, but changing their postnatal early-life environment makes it more similar to that of controls in the early stages of life
The gut microbial compositions of control, fostered PNA, and PNA offspring were analyzed taxonomically at the genus level. Bacterial taxa that significantly differed in abundance in the fostered PNA and PNA offspring vs. the control offspring were identified using linear discriminant analysis (LDA) and LDA effect size (LEfSe). The abundances of several bacterial genera significantly differed between the control and PNA groups at all the ages assessed (Figure 8A). On the other hands, only a few bacterial taxa differed between the fostered PNA and control offspring between 4 and 8 weeks of age, and no specific bacteria was detected at 3 weeks of age. However, the abundances of many bacterial taxa differed at 12 and 16 weeks (Figure 8B). There were several bacterial taxa differed consistently between the PNA and fostered PNA offspring across multiple time points: Blautia, Anaerovoracaceae-Eubacterium-nodatum-group, Anaerovoracaceae-Eubacterium-brachy-group, Bilophila, and Erysipelotrichaceae-uncultured were more abundant in the PNA offspring (Supplementary Figure S1), however, all of them, no bacteria were more abundant than control group. Table 1 is a summary of all the bacterial taxa at genus levels that were consistently more or less abundant in the PNA or fostered PNA offspring, compared to controls across multiple time points. Most of them were more abundant in the PNA or fostered PNA offspring after 6 weeks of age: Alistipes were more abundant in both the PNA and fostered PNA offspring. Tuzzerella Anaerovoracaceae-Eubacterium-nodatum-group, Clostridia-vadinBB60-group, Paludicola, Tyzzerella, Bilophila, UBA 1819, Oscillibacter, and Staphylococcus were more abundant in PNA group. ASF356, Rikenellaceae-RC9-gut-group, and Bacteroides were more abundant in fostered PNA group. On the other hands, Parasutterella was less abundant in PNA offspring at 6 and 8 weeks of age. Blautia was less abundant in the PNA offspring at 3 weeks, and in fostered PNA offspring at 4 and 12 weeks.
[image: Figure 8]FIGURE 8 | Composition of the gut microbiome. Taxa that were differentially abundant between the (A) control and PNA offspring, and (B) control and fostered PNA offspring were identified using linear discriminant analysis (LDA) effect size (LEfSe) software. The taxa enriched in the PNA and fostered PNA groups vs. the control group are shown in black and gray, respectively. A significance level of < 0.05 and an LDA effect size of >2 were used as the thresholds in LEfSe analysis. Differences in microbial composition were identified in multiple taxa at each time point. Genera that characterized the control and PNA offspring were already apparent from 3 weeks of age and this persisted until 16 weeks of age. However, no or only a few bacterial taxa differed in abundance between the fostered PNA and control offspring between 3 and 8 weeks of ages, whereas many bacteria differed in abundance at 12 and 16 weeks. fPNA, fostered PNA.
TABLE 1 | Differences in the gut microbial composition of the prenatally androgenized (PNA) and fostered PNA offspring compared to control offspring. All the bacterial taxa that were consistently more or less abundant in the PNA or fostered PNA offspring across multiple time points, identified by linear discriminant analysis (LDA) effect size (LEfSe), are summarized. In LEfSe analysis, a log LDA score >2.0 and p < .05 were set as the thresholds. Upward and downward arrows indicate higher and lower abundance in the PNA or fostered PNA group than in the control group, respectively. fPNA, fostered PNA.
[image: Table 1]4 DISCUSSION
We have shown that the phenotype and gut microbial features of both PNA and fostered PNA female offspring differ from those of control offspring, but the differences are smaller for the fostered PNA offspring. Tables 2, 3 summarize the findings for the PNA and fostered PNA offspring, compared with the control offspring, with respect to PCOS-like phenotypes and the gut microbiota, respectively. These findings indicate that both prenatal androgen exposure itself and the postnatal early-life environment provided by dihydrotestosterone (DHT)-injected mothers contribute to the development of PCOS-like phenotypes and the abnormalities in the gut microbiota that characterize PNA offspring.
TABLE 2 | Features of polycystic ovary syndrome (PCOS) in prenatally androgenized (PNA) and fostered PNA offspring, compared to control offspring. Upward arrows indicate significantly (p < 0.05) higher values than the control group. Arrows with parentheses indicate trends (p < 0.10). Horizontal arrows indicate no change was identified compared to the control group. Bold characters for insulin resistance indicate the age when a significant difference (p < 0.05) was identified. fPNA, fostered PNA.
[image: Table 2]TABLE 3 | Summary of the differences in the gut microbiome of prenatally androgenized (PNA) and fostered PNA offspring, compared to control offspring. For α-diversity, upward arrows indicate significantly (p < 0.05) higher values than the control group. Arrows with parentheses indicate trends (p < 0.10). Bold and normal characters indicate the ages when significant differences (p < 0.05) and trends (p < 0.10), respectively, were identified. For β-diversity, bold characters indicate that the composition of the bacterial communities of the groups (fPNA vs. control or PNA vs. control) significantly differed at the indicated ages (p < 0.05), while normal characters within parentheses indicate trends at the indicated ages (p < 0.10). As for the bacterial composition, the number of bacterial genera that were more or less abundant in the fostered PNA or PNA group than in the control group at each time point is shown. Differences in composition were identified using linear discriminant analysis (LDA) effect size (LEfSe), and in LEfSe analysis, a log LDA score >2.0 and p < 0.05 were used as the thresholds. fPNA, fostered PNA.
[image: Table 3]Fostered PNA offspring had less marked PCOS-like phenotypes than PNA offspring (Table 2). With respect to the reproductive phenotype, PNA offspring exhibited disruption to their estrous cycles from 6 weeks (puberty) onwards, and polycystic ovarian histology and high serum testosterone concentrations at 16 weeks (adulthood); while fostered PNA offspring showed disruption of their estrous cycles from puberty onwards and polycystic ovarian histology in adulthood, but normal serum testosterone concentration in adulthood. With respect to the metabolic phenotype, PNA offspring were heavier and more insulin resistant from 12 weeks of age (young adulthood) onwards, and to show hypertrophy of visceral adipocytes in adulthood. By contrast, the fostered PNA offspring showed insulin resistance in adulthood, but only slightly higher body mass throughout the study period, as shown by analysis of area under the body mass curve, and slightly larger visceral adipocytes in adulthood. The findings in the PNA offspring are consistent with those of previous studies: the reproductive phenotype appears at puberty, whereas the metabolic phenotype appears in young adulthood (Skarra et al., 2017; Kusamoto et al., 2021). The PCOS-like phenotypes in the PNA offspring remained in large part even after changing their postnatal early-life environment by fostering, which suggests that the prenatal environment, rather than the postnatal early-life environment, is critical for the etiology of PCOS in later life.
From a translational point of view, it is noteworthy that fostered PNA offspring had less marked PCOS-like phenotypes than PNA offspring, specifically with respect to serum testosterone concentration and visceral adiposity in adulthood and body mass throughout the study period. The etiology of the reproductive phenotype seems to involve the prenatal environment in contrast to the metabolic phenotype. Of all the reproductive parameters assessed, the reason why only the serum testosterone concentration was improved by changing the postnatal early-life environment is unknown. This may be explained by the characteristics of the PNA model, in which the increase in testosterone concentration is modest (Kusamoto et al., 2021). The present findings suggest that interventions targeting the postnatal early-life environment of offspring exposed to high prenatal androgen concentrations, a feature of the intrauterine environment of mothers with PCOS, may prevent them from developing PCOS phenotypes, and especially the metabolic phenotype, in later life.
PNA offspring exhibited differences in their gut microbiota from that of controls throughout the study period, and these differences were more marked before adolescence than in young adulthood or subsequently, whereas the gut microbiota of the fostered PNA before adolescence was similar to that of controls, and the difference was apparent after young adulthood (Table 3). The gut microbiota of the PNA offspring differed from that of controls with respect to its richness and composition, as demonstrated by analysis of their α- and β-diversity from 4 weeks (prepuberty) to 8 weeks (adolescence) of age. The abnormal composition of the gut microbiota at the genus level in the PNA offspring was apparent before puberty and was present at all the time points thereafter. By contrast, there was no significant difference in the α-diversity of the fostered PNA and control offspring at all the life stages evaluated. The composition of the gut microbiota in the fostered PNA shifted toward that of control offspring from 4 weeks (prepuberty) to 8 weeks (adolescence) of age, as shown by analysis of the β-diversity, while the fostered PNA showed significant differences in their microbial community from both the control and PNA offspring at 12 weeks of age (young adulthood). Similarly, the differences in bacterial composition at the genus level in the fostered PNA vs. the control offspring became apparent from young adulthood.
Differences in the richness of the microbial population, the α-diversity, between patients with PCOS and healthy controls have been identified previously. Multiple previous studies of the adult human and rodent gut microbiota have demonstrated lower α-diversity in women with PCOS and rodent models of PCOS than in controls (Lindheim et al., 2017; Liu et al., 2017; Torres et al., 2018; Rizk and Thackray, 2021), and one study that characterized the gut microbiota of adult PNA rats showed higher α-diversity at 25 weeks of age (Sherman et al., 2018). There have been fewer studies of the gut microbiota associated with PCOS in early life, but that of adolescent girls (14–16 years old) with PCOS and obesity showed lower α-diversity than that of girls with obesity but no PCOS (Jobira et al., 2020), and that of female PNA mouse offspring showed higher α-diversity than that of controls during adolescence (Kusamoto et al., 2021). Given that higher α-diversity has been identified in males than in females after puberty (Insenser et al., 2018), the higher α-diversity in PNA offspring of 4, 6, and 8 weeks of age, corresponding to the period between weaning and adolescence, identified in the present study could be attributable to the high testosterone concentration that is present from 6 weeks of age onwards (Kusamoto et al., 2021). Considering that low α-diversity is associated with metabolic abnormalities, such as obesity and type 2 diabetes (Mosca et al., 2016; Menni et al., 2020), it is conceivable that the lack of difference identified in the α-diversity of the PNA offspring and controls from 12 weeks of age in the present study reflects the manifestation of the metabolic phenotype from this time. In contrast to the PNA offspring, the fostered PNA offspring did not show a significant difference in α-diversity from controls prior to adolescence, and it tended to be lower in young adulthood. These differences may be principally attributable to the normalization of the serum testosterone concentration in the fostered PNA offspring.
Differences in the β-diversity of the microbial communities of adult patients with PCOS and healthy controls have also been identified previously (Lindheim et al., 2017; Liu et al., 2017; Torres et al., 2018; Rizk and Thackray, 2021). Although few studies have assessed the β-diversity of patients with PCOS in early life, adolescent girls with PCOS and obesity have also been shown to have microbiota with differing β-diversity to those with obesity but no PCOS (Jobira et al., 2020). In addition, several studies have shown altered gut microbial composition (β-diversity) in rodent models of PCOS in adulthood (Kelley et al., 2016; Moreno-Indias et al., 2016; Sherman et al., 2018; Torres et al., 2019a). In the present study, the differences in the microbial community between the PNA and control groups were marked at 4 (prepuberty), 6 (puberty), and 8 weeks (adolescence) of age, whereas the microbial community of the fostered PNA offspring was similar to that of control offspring at these time points. This finding is consistent with those of previous studies in which rodents with PCOS underwent fecal microbiota transplantation (FMT), which restored a normal gut microbial composition (Guo et al., 2016; Torres et al., 2019b). Interestingly, the microbial composition of the fostered PNA offspring differed from those of both control and PNA offspring at 12 weeks of age (young adulthood). This may be because the normalization of the gut microbial community achieved by fostering during early life does not persist into young adulthood. Alternatively, the effects of the metabolic abnormalities that become apparent in the fostered PNA offspring after young adulthood may override the effects of the normalization of the gut microbial community during early life, even though the metabolic phenotype of these mice is less marked than that of the PNA offspring.
Alterations in the composition of the gut microbiota at the genus level were apparent from as early as 3 weeks of age and persisted throughout the period of study in the PNA female offspring. Various taxa have been reported to be up- or downregulated in adult women with PCOS and in adult rodents with PCOS, depending on the model used (Rizk and Thackray, 2021; Min et al., 2023). In the present study, among the taxa that were found to be different between control, fostered PNA, and PNA offspring, several taxa associated with insulin resistance including Alistipes (Takeuchi et al., 2023), Bilophila (Liu et al., 2021), and Parasutterella (Henneke et al., 2022) were more or less abundant in fostered PNA and PNA offspring compared to control offspring, although whether these bacterial changes were associated with or caused by PCOS-like phenotypes. Although the gut microbiota of humans and rodents differ, alterations in their composition appear relatively early in life in both rodent models and in women who develop PCOS (Kelley et al., 2016; Torres et al., 2019a; Jobira et al., 2020; Kusamoto et al., 2021). It is conceivable that the balance of the entire microbiota and the metabolites produced by the bacteria are more important than the individual bacterial taxa themselves in the development of PCOS, meaning that rodent models and women who develop PCOS have similar characteristics. In contrast to the PNA offspring, the fostered PNA offspring exhibited no or a few differences from control offspring with respect to the abundances of specific bacterial taxa between 3 and 8 weeks of age. The differences in the findings for PNA offspring and fostered PNA offspring indicate that both prenatal androgen exposure and the postnatal nurturing environment before weaning affect the formation of the gut microbiota of prenatally-androgenized individuals before adolescence.
The gut microbial community starts to develop during gestation, and its composition is influenced by various factors such as gestational age, the mode of delivery (vaginal delivery or cesarean section), and the type of feeding (breast milk or artificial milk), as well as maternal conditions during gestation and lactation (Kapourchali and Cresci, 2020). In addition, the prenatal environment, including the mother’s gut microbiota and its metabolites, and the early postnatal environment, may influence the risks of developing certain diseases in the offspring (Kimura et al., 2020). The mechanism by which intrauterine prenatal androgen exposure affects the gut microbiota has yet to be elucidated. In this study, the composition of the gut microbiota of DHT-injected mothers differed from that of control mothers after 3 days of injections (Supplementary Figure S2). The microbial community of the DHT-injected mothers could be differentiated from that of the control mothers. Alternatively, high levels of androgen in the maternal circulation may directly affect the formation of the gut microbiota in the fetus. Many bacterial taxa differed in their abundance between the fostered PNA and control offspring after young adulthood, which may be the result of the development of the metabolic phenotype in the fostered PNA offspring during this period.
It would be intriguing to clarify the contribution of the alterations in the gut microbiota to the development of the PCOS phenotype. In the present study, prenatal androgen exposure resulted in abnormalities in the gut microbiota from prepuberty onwards, and the improvement of the postnatal early-life environment through fostering by a control mother shifted the composition of the gut microbiota toward that of controls before adolescence, while the PCOS-like phenotype induced by prenatal androgen exposure was ameliorated in adulthood. Previous studies that demonstrated the effects of the restoration of a normal gut microbiota on PCOS generated contradictory results: some showed that treatment with healthy FMT or probiotics, or co-housing with normal animals, ameliorated their PCOS-like phenotype, including their estrous cyclicity, serum testosterone concentrations, and body composition (Guo et al., 2016; Torres et al., 2019b), while another study showed that healthy FMT had no effect on the PCOS-like phenotype, despite the composition of the gut microbiota being shifted toward that of controls (Rodriguez Paris et al., 2022). The variability in these findings may be explained by the difference in the models used, the mode of exposure to a healthy gut microbiota, or the timing of the intervention. In the present study, prenatal androgen exposure may have induced abnormalities in the gut microbiota early in its formation and altered its composition prior to adulthood. Fostering by a normal mother, which involves exposure of the pups to their mothers through feces, breast milk, and direct contact, brought the composition of the gut microbiota in the offspring close to that of the control offspring and ameliorated some aspects of the PCOS-like phenotype in later life, but not substantially, which may be explained by the lack of normalization of the gut microbiota. These results indicate that alterations in the initial formation of the gut microbiota that are induced by prenatal androgen exposure, which have long-term effects on its composition, also have implications for the development of PCOS in later life. Further intervention studies targeting the gut microbiota of mothers or their very young female offspring would be helpful to investigate this further.
There were some limitations to the present study. First, the “prenatal environment” in the present study includes both intrauterine prenatal androgen exposure and the exposure of the offspring to their mother’s microbiota through vaginal delivery. Cesarean delivery would be required to separate the effects of these two exposures, but this is difficult in rodents. Second, it should be noted that this study observed the changes in gut microbiota and phenotypes induced by intrauterine androgen exposure in mice and does not fully recapitulate the mechanisms of human PCOS. In addition, the design of the present study was based on the premise that the PNA and fostered PNA offspring were prenatally exposed to androgens. The findings that both the pre- and postnatal environments contribute to the development of PCOS-like phenotypes and the alterations in the gut microbiota in later life cannot be extrapolated to “normal” offspring born to control mothers that are not prenatally exposed to high androgen concentrations.
In conclusion, both prenatal androgen exposure itself and the postnatal early-life environment created by the DHT injection of mothers contribute to the development of PCOS-like phenotypes and the alterations to the gut microbiota in PNA offspring. The PCOS-like phenotypes in later life, and especially the metabolic phenotype that develops after young adulthood, can be ameliorated by interventions during early life. In particular, the composition of the gut microbiota of PNA offspring before adolescence is shifted toward that of controls by interventions in early life. Future studies of the mechanisms by which the alterations in the gut microbiota contribute to the development of PCOS would be helpful for the design of strategies for the prevention of PCOS.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
ETHICS STATEMENT
The animal study was approved by the University of Tokyo Committee on the Use and Care of Animals. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
AK: Conceptualization, Funding acquisition, Project administration, Writing–original draft, Data curation, Formal Analysis, Investigation, Methodology, Validation, Visualization. MH: Conceptualization, Funding acquisition, Investigation, Writing–original draft, Project administration, Writing–review and editing, Validation. AMi: Data curation, Formal Analysis, Resources, Writing–review and editing. AMa: Data curation, Formal Analysis, Resources, Writing–review and editing. KO: Data curation, Formal Analysis, Resources, Writing–review and editing. MT: Data curation, Formal Analysis, Resources, Writing–review and editing. NS: Investigation, Writing–review and editing. JA: Conceptualization, Methodology, Writing–review and editing, Investigation. HK: Investigation, Writing–review and editing. ZX: Investigation, Writing–review and editing. TT: Investigation, Writing–review and editing. YU: Project administration, Writing–review and editing, Funding acquisition. CK: Project administration, Writing–review and editing. NT: Project administration, Writing–review and editing, Funding acquisition. OW-H: Supervision, Writing–review and editing. YH: Supervision, Writing–review and editing. YO: Writing–review and editing, Supervision.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by Grants-in-Aid for Scientific Research from the Japan Society for the Promotion of Science (JSPS) (23K19667 to AK, 22K0961419 to MH, 21K16808 to YU, and 19K24021 and 23K15803 to NT) and The Japan Society for Menopause and Women’s Health (JMWH) (to YU).
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2024.1365624/full#supplementary-material
REFERENCES
 Ajayi, A. F., and Akhigbe, R. E. (2020). Staging of the estrous cycle and induction of estrus in experimental rodents: an update. Fertil. Res. Pract. 6, 5–15. doi:10.1186/s40738-020-00074-3
 Arroyo, P., Ho, B. S., Sau, L., Kelley, S. T., and Thackray, V. G. (2019). Letrozole treatment of pubertal female mice results in activational effects on reproduction, metabolism and the gut microbiome. PLoS One 14, e0223274. doi:10.1371/journal.pone.0223274
 Ayala, J. E., Samuel, V. T., Morton, G. J., Obici, S., Croniger, C. M., Shulman, G. I., et al. (2010). Standard operating procedures for describing and performing metabolic tests of glucose homeostasis in mice. Dis. Model. Mech. 534, 525–534. doi:10.1242/dmm.006239
 Barrett, E. S., Hoeger, K. M., Sathyanarayana, S., Abbott, D. H., Redmon, J. B., Nguyen, R. H. N., et al. (2018). Anogenital distance in newborn daughters of women with polycystic ovary syndrome indicates fetal testosterone exposure. J. Dev. Orig. Health Dis. 9, 307–314. doi:10.1017/S2040174417001118
 Benrick, A., Chanclón, B., Micallef, P., Wu, Y., Hadi, L., Shelton, J. M., et al. (2017). Adiponectin protects against development of metabolic disturbances in a PCOS mouse model. Proc. Natl. Acad. Sci. U. S. A. 114, E7187–E7196. doi:10.1073/pnas.1708854114
 Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R., et al. (2018). Optimizing taxonomic classification of marker-gene amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome 6, 90–17. doi:10.1186/s40168-018-0470-z
 Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., GabrielAl-Ghalith, A., et al. (2017). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Physiol. Behav. 176, 852–857. doi:10.1038/s41587-019-0209-9
 Caldwell, A. S. L., Middleton, L. J., Jimenez, M., Desai, R., McMahon, A. C., Allan, C. M., et al. (2014). Characterization of reproductive, metabolic, and endocrine features of polycystic ovary syndrome in female hyperandrogenic mouse models. Endocrinology 155, 3146–3159. doi:10.1210/en.2014-1196
 Cora, M. C., Kooistra, L., and Travlos, G. (2015). Vaginal cytology of the laboratory rat and mouse:review and criteria for the staging of the estrous cycle using stained vaginal smears. Toxicol. Pathol. 43, 776–793. doi:10.1177/0192623315570339
 Crisosto, N., Ladrón de Guevara, A., Echiburú, B., Maliqueo, M., Cavada, G., Codner, E., et al. (2019). Higher luteinizing hormone levels associated with antimüllerian hormone in postmenarchal daughters of women with polycystic ovary syndrome. Fertil. Steril. 111, 381–388. doi:10.1016/j.fertnstert.2018.10.011
 Dumesic, D. A., Hoyos, L. R., Chazenbalk, G. D., Naik, R., Vasantha Padmanabhan, D. H. A., and Abbott, D. H. (2015a). Mechanisms of intergenerational transmission of polycystic ovary syndrome. Physiol. Behav. 176, R1–R13. doi:10.1530/rep-19-0197
 Dumesic, D. A., Oberfield, S. E., Stener-Victorin, E., Marshall, J. C., Laven, J. S., and Legro, R. S. (2015b). Scientific statement on the diagnostic criteria, epidemiology, pathophysiology, and molecular genetics of polycystic ovary syndrome. Endocr. Rev. 36, 487–525. doi:10.1210/er.2015-1018
 Dunaif, A. (2016). Perspectives in polycystic ovary syndrome: from hair to eternity. J. Clin. Endocrinol. Metab. 101, 759–768. doi:10.1210/jc.2015-3780
 Escobar-Morreale, H. F. (2018). Polycystic ovary syndrome: definition, aetiology, diagnosis and treatment. Nat. Rev. Endocrinol. 14, 270–284. doi:10.1038/nrendo.2018.24
 Fauser, B. C. J. M., Tarlatzis, , Fauser, , Chang, , Aziz, , and Legro, (2004). Revised 2003 consensus on diagnostic criteria and long-term health risks related to polycystic ovary syndrome (PCOS). Hum. Reprod. 19, 41–47. doi:10.1093/humrep/deh098
 Filippou, P., and Homburg, R. (2017). Is foetal hyperexposure to androgens a cause of PCOS?Hum. Reprod. Update 23, 421–432. doi:10.1093/humupd/dmx013
 Guo, Y., Qi, Y., Yang, X., Zhao, L., Wen, S., Liu, Y., et al. (2016). Association between polycystic ovary syndrome and gut microbiota. PLoS One 11, e0153196. doi:10.1371/journal.pone.0153196
 Harada, M. (2022). Pathophysiology of polycystic ovary syndrome revisited: current understanding and perspectives regarding future research. Reprod. Med. Biol. 21, e12487. doi:10.1002/rmb2.12487
 Henneke, L., Schlicht, K., Andreani, N. A., Hollstein, T., Demetrowitsch, T., Knappe, C., et al. (2022). A dietary carbohydrate–gut Parasutterella–human fatty acid biosynthesis metabolic axis in obesity and type 2 diabetes. Gut Microbes 14, 1–18. doi:10.1080/19490976.2022.2057778
 Insenser, M., Murri, M., Del Campo, R., Martínez-García, M. Á., Fernández-Durán, E., and Escobar-Morreale, H. F. (2018). Gut microbiota and the polycystic ovary syndrome: influence of sex, sex hormones, and obesity. J. Clin. Endocrinol. Metab. 103, 2552–2562. doi:10.1210/jc.2017-02799
 Jobira, B., Frank, D. N., Pyle, L., Silveira, L. J., Kelsey, M. M., Garcia-Reyes, Y., et al. (2020). Obese adolescents with PCOS have altered biodiversity and relative abundance in gastrointestinal microbiota. J. Clin. Endocrinol. Metab. 105, 2134–2144. doi:10.1210/clinem/dgz263
 Kapourchali, F. R., and Cresci, G. A. M. (2020). Early-life gut microbiome—the importance of maternal and infant factors in its establishment. Nutr. Clin. Pract. 35, 386–405. doi:10.1002/ncp.10490
 Katoh, K., Misawa, K., Kuma, K. I., and Miyata, T. (2002). MAFFT: a novel method for rapid multiple sequence alignment based on fast Fourier transform. Nucleic Acids Res. 30, 3059–3066. doi:10.1093/nar/gkf436
 Kelley, S. T., Skarra, D. V., Rivera, A. J., and Thackray, V. G. (2016). The gut microbiome is altered in a Letrozole-Induced mouse model of polycystic ovary syndrome. PLoS One 11, e0146509. doi:10.1371/journal.pone.0146509
 Kimura, I., Miyamoto, J., Ohue-Kitano, R., Watanabe, K., Yamada, T., Onuki, M., et al. (2020). Maternal gut microbiota in pregnancy influences offspring metabolic phenotype in mice. Science 80, eaaw8429. doi:10.1126/science.aaw8429
 Kobayashi, T., Jin, J.-S., Kibe, R., Touyama, M., Tanaka, Y., Benno, Y., et al. (2013). Identification of Human Intestinal Microbiota of 92 Men by Data Mining for 5 Characteristics, i.e., Age, BMI, Smoking Habit, Cessation Period of Previous Smokers and Drinking Habit. Biosci. Microbiota, Food Heal 32, 129–137. doi:10.12938/bmfh.32.129
 Kusamoto, A., Harada, M., Azhary, J. M. K., Kunitomi, C., Nose, E., Koike, H., et al. (2021). Temporal relationship between alterations in the gut microbiome and the development of polycystic ovary syndrome-like phenotypes in prenatally androgenized female mice. FASEB J. 35, e21971. doi:10.1096/fj.202101051R
 Lindheim, L., Bashir, M., Münzker, J., Trummer, C., Zachhuber, V., Leber, B., et al. (2017). 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. PLoS One 12, e0168390. doi:10.1371/journal.pone.0168390
 Liu, R., Zhang, C., Shi, Y., Zhang, F., Li, L., Wang, X., et al. (2017). Dysbiosis of gut microbiota associated with clinical parameters in polycystic ovary syndrome. Front. Microbiol. 8, 324. doi:10.3389/fmicb.2017.00324
 Liu, X., Mao, B., Gu, J., Wu, J., Cui, S., Wang, G., et al. (2021). Blautia—a new functional genus with potential probiotic properties?Gut Microbes 13, 1–21. doi:10.1080/19490976.2021.1875796
 Maliqueo, M., Lara, H. E., Sánchez, F., Echiburú, B., Crisosto, N., and Sir-Petermann, T. (2013). Placental steroidogenesis in pregnant women with polycystic ovary syndrome. Eur. J. Obstet. Gynecol. Reprod. Biol. 166, 151–155. doi:10.1016/j.ejogrb.2012.10.015
 Mccormack, K. M., Howell, B. R., Higgins, M., Bramlett, S., Guzman, D., Morin, E. L., et al. (2022). The developmental consequences of early adverse care on infant macaques: a cross-fostering study. Psychoneuroendocrinology 146, 105947. doi:10.1016/j.psyneuen.2022.105947
 Menni, C., Zhu, J., Le Roy, C. I., Mompeo, O., Young, K., Rebholz, C. M., et al. (2020). Serum metabolites reflecting gut microbiome alpha diversity predict type 2 diabetes. Gut Microbes 11, 1632–1642. doi:10.1080/19490976.2020.1778261
 Min, Q., Geng, H., Gao, Q., and Xu, M. (2023). The association between gut microbiome and PCOS: evidence from meta-analysis and two-sample mendelian randomization. Front. Microbiol. 14, 1–12. doi:10.3389/fmicb.2023.1203902
 Moore, A. M., Prescott, M., and Campbell, R. E. (2013). Estradiol negative and positive feedback in a prenatal androgen-induced mouse model of polycystic ovarian syndrome. Endocrinology 154, 796–806. doi:10.1210/en.2012-1954
 Moreno-Indias, I., Sánchez-Alcoholado, L., Sánchez-Garrido, M. Á., Martín-Núñez, G. M., Pérez-Jiménez, F., Tena-Sempere, M., et al. (2016). Neonatal androgen exposure causes persistent gut microbiota dysbiosis related to metabolic disease in adult female rats. Endocrinology 157, 4888–4898. doi:10.1210/en.2016-1317
 Mosca, A., Leclerc, M., and Hugot, J. P. (2016). Gut microbiota diversity and human diseases: should we reintroduce key predators in our ecosystem?Front. Microbiol. 7, 455. doi:10.3389/fmicb.2016.00455
 Ombrello, A. K. (2020). Dada2. Encycl. Med. Immunol. 13, 1–7. doi:10.1007/978-1-4614-9209-2_118-1
 Osman, P. (1985). Rate and course of atresia during follicular development in the adult cyclic rat. J. Reprod. Fertil. 73, 261–270. doi:10.1530/jrf.0.0730261
 Perlman, S., Toledano, Y., Kivilevitch, Z., Halevy, N., Rubin, E., and Gilboa, Y. (2020). Foetal sonographic anogenital distance is longer in polycystic ovary syndrome mothers. J. Clin. Med. 9, 2863–2868. doi:10.3390/jcm9092863
 Price, M. N., Dehal, P. S., and Arkin, A. P. (2010). FastTree 2 - approximately maximum-likelihood trees for large alignments. PLoS One 5, e9490. doi:10.1371/journal.pone.0009490
 Pruesse, E., Quast, C., Knittel, K., Fuchs, B. M., Ludwig, W., Peplies, J., et al. (2007). SILVA: a comprehensive online resource for quality checked and aligned ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res. 35, 7188–7196. doi:10.1093/nar/gkm864
 Risal, S., Pei, Y., Lu, H., Manti, M., Fornes, R., Pui, H. P., et al. (2019). Prenatal androgen exposure and transgenerational susceptibility to polycystic ovary syndrome. Nat. Med. 25, 1894–1904. doi:10.1038/s41591-019-0666-1
 Rizk, M. G., and Thackray, V. G. (2021). Intersection of polycystic ovary syndrome and the gut microbiome. J. Endocr. Soc. 5, bvaa177–16. doi:10.1210/jendso/bvaa177
 Rodriguez Paris, V., Wong, X. Y. D., Solon-Biet, S. M., Edwards, M. C., Aflatounian, A., Gilchrist, R. B., et al. (2022). The interplay between PCOS pathology and diet on gut microbiota in a mouse model. Gut Microbes 14, 2085961. doi:10.1080/19490976.2022.2085961
 Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12, R60. doi:10.1186/gb-2011-12-6-r60
 Sherman, S. B., Sarsour, N., Salehi, M., Schroering, A., Mell, B., Joe, B., et al. (2018). Prenatal androgen exposure causes hypertension and gut microbiota dysbiosis. Gut Microbes 9, 400–421. doi:10.1080/19490976.2018.1441664
 Sir-Petermann, T., Maliqueo, M., Angel, B., Lara, H. E., Përez-Bravo, F., and Recabarren, S. E. (2002). Maternal serum androgens in pregnant women with polycystic ovarian syndrome: possible implications in prenatal androgenization. Hum. Reprod. 17, 2573–2579. doi:10.1093/humrep/17.10.2573
 Skarra, D. V., Hernández-Carretero, A., Rivera, A. J., Anvar, A. R., and Thackray, V. G. (2017). Hyperandrogenemia induced by letrozole treatment of pubertal female mice results in hyperinsulinemia prior to weight gain and insulin resistance. Endocrinology 158, 2988–3003. doi:10.1210/en.2016-1898
 Sullivan, S. D., and Moenter, S. M. (2004). Prenatal androgens alter GABAergic drive to gonadotropin-releasing hormone neurons: implications for a common fertility disorder. Proc. Natl. Acad. Sci. U. S. A. 101, 7129–7134. doi:10.1073/pnas.0308058101
 Takeuchi, T., Kubota, T., Nakanishi, Y., Tsugawa, H., Suda, W., Kwon, A. T. J., et al. (2023). Gut microbial carbohydrate metabolism contributes to insulin resistance. Nature 621, 389–395. doi:10.1038/s41586-023-06466-x
 Torres, P. J., Ho, B. S., Arroyo, P., Sau, L., Chen, A., Kelley, S. T., et al. (2019a). Exposure to a healthy gut microbiome protects against reproductive and metabolic dysregulation in a PCOS mouse model. Endocrinology 160, 1193–1204. doi:10.1210/en.2019-00050
 Torres, P. J., Siakowska, M., Banaszewska, B., Pawelczyk, L., Duleba, A. J., Kelley, S. T., et al. (2018). Gut microbial diversity in women with polycystic ovary syndrome correlates with hyperandrogenism. J. Clin. Endocrinol. Metab. 103, 1502–1511. doi:10.1210/jc.2017-02153
 Torres, P. J., Skarra, D. V., Ho, B. S., Sau, L., Anvar, A. R., Kelley, S. T., et al. (2019b). Letrozole treatment of adult female mice results in a similar reproductive phenotype but distinct changes in metabolism and the gut microbiome compared to pubertal mice. BMC Microbiol. 19, 57–15. doi:10.1186/s12866-019-1425-7
 Wang, Z., Shen, M., Xue, P., Divall, S. A., Segars, J., and Wu, S. (2018). Female offspring from chronic hyperandrogenemic dams exhibit delayed puberty and impaired ovarian reserve. Endocrinology 159, 1242–1252. doi:10.1210/en.2017-03078
 Wu, Y., Chanclón, B., Micallef, P., Stener-Victorin, E., Wernstedt Asterholm, I., and Benrick, A. (2021). Maternal adiponectin prevents visceral adiposity and adipocyte hypertrophy in prenatal androgenized female mice. FASEB J. 35, e21299. doi:10.1096/fj.202002212R
 Zheng, Y., Yu, J., Liang, C., Li, S., Wen, X., and Li, Y. (2020). Characterization on gut microbiome of PCOS rats and its further design by shifts in high-fat diet and dihydrotestosterone induction in PCOS rats. Bioprocess Biosyst. Eng. 44, 953–964. doi:10.1007/s00449-020-02320-w
Conflict of interest: Authors AMi, AMa, KO, and MT were employed by Miyarisan Pharmaceutical Co., Ltd.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Kusamoto, Harada, Minemura, Matsumoto, Oka, Takahashi, Sakaguchi, Azhary, Koike, Xu, Tanaka, Urata, Kunitomi, Takahashi, Wada-Hiraike, Hirota and Osuga. 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.
OPS/images/fcell-12-1365624-g005.gif
12wecks

Tie i)
Zwds

5t hcose

-

16 wecks






OPS/images/fcell-12-1365624-g006.gif





OPS/images/fcell-12-1365624-g003.gif
PNA

IPNA

(Control





OPS/images/fcell-12-1365624-g004.gif





OPS/images/fcell-12-1365624-t001.jpg
Genus level 3 weeks 4 weeks 6 weeks 8 weeks 12 weeks 16 weeks

fPNA PNA fPNA PNA fPNA PNA fPNA PNA fPNA PNA fPNA PNA

Blautia 1 1 1 1

Tuzzerella | 1 [ | | [ T [ 1 . 1
Alistipes 1 | T T T T T
Lachnospiraceae-UCG006 [ | T [ [ T |
Anaerovoracaceae-Eubacterium-nodatum- T 1

group

Clostridia-vadinBB60-group 1 T [ T T
Paludicola T 1 ‘
Tyzzerella iy T

Bilophila T | 1

UBA1819 | [ [ T | 1

 Passuterella [ o

Oscillibacter | ! | 1 [ [ T
ASF356 1 1 I
Stapbfibcocus | [ [ 1] [t
Rikenellaceae-RC9-gut-group 1 i
Bacteroides | [ | [ T » 1






OPS/images/fcell-12-1365624-g007.gif
rapsm

P
°
o
.
Pt

) reisen

wlo® e
.

;—‘f:," 25 =2
i o

°
oo
.

000
%
a0
o
.

s

e





OPS/images/fcell-12-1365624-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Effects of the prenatal and postnatal nurturing environment on the phenotype and gut microbiota of mice with polycystic ovary syndrome induced by prenatal androgen exposure: a cross-fostering study		1 Introduction

		2 Materials and methods		2.1 PNA model and cross-fostering design

		2.2 Estrous cyclicity

		2.3 Ovarian and adipose histology

		2.4 Serum testosterone concentration

		2.5 Insulin tolerance testing (ITT)

		2.6 DNA extraction and NGS of the fecal bacterial 16S rRNA genes

		2.7 Bioinformatic analysis of the fecal bacterial 16S rRNA genes

		2.8 Statistical analysis





		3 Results		3.1 Female offspring exposed to androgens prenatally exhibit disrupted estrous cycles during all stages of growth, regardless of their postnatal early-life environment

		3.2 Prenatal androgen exposure induces changes in ovarian morphology and increases the serum testosterone concentration, and this change in testosterone concentration is affected by the postnatal early-life environment

		3.3 The prenatal androgen-induced increase in body mass and hypertrophy of parametrial adipocytes are attenuated by changing the postnatal early-life environment

		3.4 Female offspring prenatally exposed to androgen are insulin resistant from 12 weeks of age, regardless of their postnatal early-life environment

		3.5 Prenatal androgen exposure alters the alpha-diversity of the gut microbiota of mice between 4 and 8 weeks of age, but this effect is abrogated by changing their postnatal early-life environment

		3.6 Prenatal androgen exposure induces a change in the beta-diversity of the gut microbiota from the early stage of life, but the microbial community is shifted toward that of control offspring by changing the postnatal early-life environment

		3.7 Prenatal androgen exposure induces changes in composition of the gut microbiota of the mice at all stages of life, but changing their postnatal early-life environment makes it more similar to that of controls in the early stages of life





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Cell and Developmental Biology

Effects of the prenatal and
postnatal nurturing
environment on the phenotype
and gut microbiota of mice with
polycystic ovary syndrome
induced by prenatal androgen
exposure: a cross-fostering
study





OPS/images/fcell-12-1365624-g001.gif
[Control mather | - | OWT-injected mather|

Seomon st ont
£ el
(A
Mothers SL_HI53 60 +
ey g
Propubery  puberty Adolescance  Young Adulinood  Adulhood
© 3weds dwects Gueoks Swecks e 16w
Offspring, )
o oy
2 [Comrol] | ot
ool
)
e PN ] | o e
-
ey ot
PR ] | oo
e )

e e et

e i e

et 3 e





OPS/images/fcell-12-1365624-g002.gif
ESRE





OPS/images/fcell-12-1365624-t003.jpg
a-diversity B-diversity Composition

3w 4w 6w % 12w 16w

vs. Control ‘ PNA (1 12 weeks) 12 weeks

‘ PNA 14, 8 weeks (T 6 weeks) 4,6, 8 weeks (3, 16 weeks)





OPS/images/fcell-12-1365624-t002.jpg
Reproductive phenotypes Metabolic phenotypes

Estrous cyclicity Atretic follicle ~Serum testosterone Body mass Adipocytes Insulin resistance

vs. Control Disrupted 112, 16 weeks

Disrupted 112, 16 weeks









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





