

[image: image1]
Alterations of Gut Microbiome and Fecal Fatty Acids in Patients With Polycystic Ovary Syndrome in Central China
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Objective: The purpose of this study was to elucidate the characteristics of the gut microbiome in patients with Polycystic ovary syndrome (PCOS) and analyze the alterations of fecal fatty acid metabolism, so as to further provide the pathogenesis of PCOS.

Methods: Fecal samples from the PCOS group (n = 31) and healthy control group (n = 27) were analyzed by 16S rRNA gene sequencing and untargeted metabolomics. Peripheral venous blood was collected to measure serum inflammation and intestinal permeability. Finally, the correlation analysis of intestinal flora, fecal metabolites, and laboratory indicators was carried out.

Results: Serum D-lactate content in the PCOS group was higher than that in the control group. There was no significant difference in microbial α diversity and β diversity between PCOS patients and healthy controls. Peptostreptococcaceae and Bacteroidales S24-7 group existed significant differences between PCOS patients and healthy controls. Based on linear discriminant analysis selection, 14 genera including Klebsiella, Enterobacteriaceae, and Gammaproteobacteria were dominant in patients with PCOS, while 4 genera, including rumenococcus (Ruminocaccaceae UCG 013), prewortella (Prevotellaceae UCG 001), and erysipelas (Erysipelatoclostridium), were dominant in healthy controls. Compared with PCOS with Body mass index (BMI) < 24, patients with BMI ≥ 24 have multiple dominant genera including Abiotrophia and Peptostreptococcaceae. Moreover, serum levels of free testosterone and androstenedione were positively correlated with Megamonas, while total testosterone was negatively correlated with Alistipes. Additionally, fecal contents of acetic acid and propionic acid in patients with PCOS were significantly higher than those in healthy controls. Eubacterium_coprostanoligenes_group and Alistipes were positively correlated with 6 kinds of fatty acids.

Conclusion: Specific intestinal flora fecal fatty acids and serum metabolites may mediate the occurrence and development of PCOS. PCOS patients with different body sizes have specific intestinal flora.
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INTRODUCTION

Polycystic ovary syndrome (PCOS) is one of the most prevalent endocrine and metabolic diseases and the main cause of infertility in women of reproductive age, affecting approximately 8–13% of women worldwide (Rotterdam, 2004; Teede et al., 2019). PCOS may be a complex polygenic disease with strong epigenetic inheritance and influenced by factors including diet and lifestyle (Escobar-Morreale, 2018). It is characterized by a series of symptoms, such as hirsutism, alopecia, acne, and rare ovulation or non-ovulation, as well as a series of endocrine disorders, such as hyperandrogenism, insulin resistance, and hyperinsulinism. PCOS can have profound and long-term health consequences (Teede et al., 2010). Despite the development of PCOS treatment, including treatment for hyperandrogenism and insulin resistance, and ovulation induction therapy (Jayasena and Franks, 2014; Azziz et al., 2016), its prevention and long-term control are still not ideal, because the precise underlying pathogenesis and mechanisms for these endocrine and metabolic disturbances remain largely unclear (Azziz et al., 2016; Yang et al., 2021). In addition, bariatric surgery has been shown to be effective in severely obese patients with PCOS, but the benefit-to-risk ratio still needs to be carefully evaluated (Palomba et al., 2021). Thus, it is still urgent to explore its pathogenesis to provide evidence for treatment.

Gut microbiota plays a wide range of functions in humans, such as digestion of food, maturation of the host immune system, synthesis of short-chain fatty acids (SCFAs), vitamins, and amino acids, protection against pathogens, and regulation of bone mineral density, angiogenesis, fat metabolism, and drug metabolism (Macfarlane and Macfarlane, 1997; Ley et al., 2006; Nenci et al., 2007; Mitreva and Human Microbiome Project Consortium, 2012; Pickard, 2015). Previous studies have implicated that the alteration of gut microbiota may be involved in various diseases, including type 2 diabetes mellitus (T2DM), obesity, and nonalcoholic fatty liver disease (Canfora et al., 2019), and the incidence of these diseases also increased in PCOS (Azziz et al., 2016; Kumarendran et al., 2018; Zeng et al., 2021). Importantly, gut dysbacteriosis is found in clinical studies and animal research of PCOS (Lindheim et al., 2017; Liu et al., 2017; Kusamoto et al., 2021; Liang et al., 2021; Lin et al., 2021). Gut microbiota could be served as a key diagnostic biomarker in PCOS and cause insulin resistance (Yang et al., 2021). The possible mechanism is that gut permeability increased after gut dysbacteriosis, which causes lipopolysaccharide to enter the body’s circulation system, activate the immune system and inflammatory response, and promote insulin resistance of PCOS patients (Tremellen and Pearce, 2012; Duan et al., 2021). Moreover, the gut microbiota is one of the major regulators of circulating estrogen, contributing to the development of PCOS (Baker et al., 2017). Based on those, we speculate that gut dysbacteriosis is common in PCOS, and is closely related to the occurrence and development of PCOS.

Gut microbiota participates in the overall metabolism of the host, and metabolites play important roles in the microbial community. SCFAs are lipid metabolites of the gut microbiome, which are involved in gene expression, inflammation, differentiation, and apoptosis in host cells (Canfora et al., 2019). It has been found that short-chain fatty acid metabolic abnormalities caused by gut microbiological abnormalities are related to insulin resistance and hyperandrogenism in PCOS patients (Kumarendran et al., 2018; Zeng et al., 2022). Gut microbiota can affect the body’s insulin sensitivity through the inflammatory reaction mediated by SCFAs (Lindheim et al., 2017). It can be seen that the relationship between PCOS and SCFAs metabolism of gut microorganisms is also worthy of further exploration by the scientific community.

In this study, 16S rRNA sequencing and lipidomics were applied to the fecal samples of 58 participants to analyze the altered characteristics of gut microflora and short-chain fatty acid metabolism in PCOS patients. We observe changes in intestinal barrier function and inflammation in patients with PCOS. In addition, correlation analysis was performed on laboratory indicators, intestinal flora, and fecal fatty acids.



MATERIALS AND METHODS


Study Profile

Through strict inclusion and exclusion criteria, the present study prospectively collected fecal and serum samples from 58 participants in central China, including 31 patients with PCOS and 27 healthy controls, for analysis. This study was reviewed and approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University (2021-KY-0069). All selected participants understood the risks and benefits of the study and signed informed consent. Detailed inclusion, exclusion, and diagnostic criteria can be found in the Supplement Method. The gut microbial characteristics of 31 PCOS and 27 healthy controls were described and compared. According to body mass index (BMI), the included PCOS patients were divided into PCOSF group (BMI ≥24 kg/m2, N = 12) and PCOST group (BMI < 24 kg/m2, N = 19). The gut microbial characteristics of PCOS patients with different body types were analyzed and compared. In addition, association analysis was performed for laboratory indicators, intestinal microbiota, and SCFAs. We must evaluate intestinal barrier function and inflammatory response of PCOS and healthy controls.



Fecal Samples Collected, DNA Extracted, and Concentration Determined

Each participant (non-menstrual) provided a fresh stool sample between 06:30 am and 08:30 am and collected about 1,000 mg of clean stool from the stool center with a sterile spoon. The samples were divided into sterile boxes of 200 mg each and refrigerated at −80°C for 30 min until used for testing. A fecal genomic DNA extraction kit (EZNA® Soil DNA Kit) was used to collect total DNA from the feces of PCOS patients and healthy controls. The detailed steps of DNA extraction and purification were detailed in the Supplement Method.

The concentration of nucleic acid and organic matter was detected by using the Nanodrop2000 nucleic acid concentration analyzer. The absorbance value of nucleic acid (A260), the absorbance value of organic matter (A280), and the absorbance value of carbohydrate (A230) were obtained. When A260/A230 > 2.0 and A260/A280 ≈ 1.9 the purity of DNA extract was higher. TAE 1 × buffer solution was used to prepare 1% agarose gel, and the DNA extract was separated (105 V, 30 min). The size and completeness of the DNA bands were observed under the gel imager. If the bands were clean, with large molecular weight and single linearity, the extracted DNA was relatively complete.



Gut Microorganism PCR Amplification, MiSeq Sequencing, MiSeq Library Construction, and Data Processing

The V3-V4 variable region sequence of bacterial 16S rRNA gene was used as the target, and 338F-806R with Barcode sequence was used as the primer for PCR amplification. The TransStartFastpfu DNA polymerase was used to amplify in ABI GeneAmp 9,700 PCR apparatus. Each sample was repeated three times. The PCR products of the same sample were mixed and detected by 2% agar gel electrophoresis. PCR products were recovered by gel-cut with AxyPreDNA gel recovery kit, eluted with Tris–HCl buffer, detected by 2% agarose gel electrophoresis, denatured with sodium hydroxide, and single-stranded DNA fragments were produced. The PCR products were quantified using the QuantifluorTM-ST blue fluorescence quantification system. Sequencing was performed on Illumina MiSeq 2*300 bp high-throughput sequencing platform. The detailed steps of MiSeq sequencing are described in the Supplement Method. The TruSeqTM DNA Sample Prep Kit was used to construct the MiSeq library. The raw Illumina read data for all samples were deposited in the European Bioinformatics Institute European Nucleotide Archive database (accession number: PRJNA823867).



Bioinformatics Analysis

In this study, all sequencing data were analyzed using the Meiji Bio-Information Cloud Platform. By sampling OTUs analysis, the Shannon index calculated by R program package “Vegan” was used to measure and display the microbial diversity of the samples (Oksanen, 2011), while Chao index and ACE index were used to measure and display the microbial species number of the samples. Microbial community distribution and the degree of difference between each group of samples were shown by Principal coordinate analysis (PCOA), Principal component analysis (PCA), and Non-metric multi-dimensional scaling (NMDS) of the R package.1

Taxonomic analysis and comparison of two or more groups of bacteria, including Phylum, Genus, Class, Order, and Family, were performed by Wilcoxon rank-sum test and Kruskal–Wallis test. Based on the relative abundance of the standard matrix, we use the LEfSe method2 analysis between PCOS patients and healthy controls stool samples of microbial communities (Brown et al., 2011). The Kruskal-Wallis rank sum test (p < 0.05), and then Linear discriminant analysis (LDA) was used to evaluate the effect size of each feature [with LDA score (log10) = 2 or 2.5 as the cut-off value; Gill et al., 2006]. In addition, the Spearman correlation coefficient was used to analyze the correlation between gut flora and clinical indicators and SCFAs.



Fatty Acid Analysis, GC–MS Analysis, and Data Analysis

The supernatant of human feces was collected for GC–MS analysis. Detailed treatment of fecal samples please see the Supplement Method. Agilent 7890B gas chromatography and Agilent 5977B mass spectrometry were used to detect the production of 11 metabolites in human feces, including acetic acid, propionic acid, isobutyric acid, butyric acid, iso-valeric acid, valeric acid, hexanoic acid, heptanoic acid, octanoic acid, nonanoic acid, and capric acid. Detailed detection procedures were described in the online supplement method. Agilent MassHunter Qualitative Analysis B.04.00 software was used to convert the raw data into a general format. In the R software platform, the XCMS package is used to identify material signal peaks, correct retention time, and carry out the integration (Smith et al., 2006). The standard curve is used for quantification and internal standard correction. The expression difference of metabolites in PCOS and healthy controls were analyzed.



Blood Samples Collected, Inflammatory Indexes, and Intestinal Permeability Indexes Determined

Fasting blood samples from the participants were collected using procoagulant tubes after 8 to 12 h of fasting on the second to the fifth day of menstruation. After the blood samples were collected, the blood samples were left standing at room temperature for 30 min and centrifuged at 4,000 r/min for 10 min. The supernatant was transferred into 1.5 ml EP tubes and immediately stored in a −80°C refrigerator for later use.

Enzyme-linked immunosorbent assay (ELISA) was used to detect serum levels of IL-6, TNF-α, lipopolysaccharide-binding protein (LBP), and diamine oxidase (DAO) in PCOS patients and healthy women in the control group. Serum D-lactic acid (D-LA) levels in PCOS patients and healthy women in the control group were determined by colorimetry. Detailed detection methods and procedures refer to the online supplement method.



Statistical Analysis

SPSS 20.0 was used for data statistics and analysis, and GraphPad Prism 7 was used to make various statistical graphs. The categorical and continuous variables were expressed as mean (standard deviation) or median (quartile range) and percentage, respectively. If they were in line with normal distribution and homogeneity of variance, an independent sample T-test was used for the comparison of quantitative data between groups. If the variance is not normal or homogenous, the rank-sum test is performed. The classified data were tested by the chi-square test. p < 0.05 (two-tailed) was the significance test level.




RESULTS


Analysis of Basic Clinical Data Between PCOS and Healthy Controls

Age, height, weight, BMI, hirsuties, acne, waist circumference, hip circumference, total testosterone (TT), sex hormone binding globulin (SHBG), double hydrogen testosterone (DHT), free testosterone (FT), fasting insulin (FINS) and fasting blood glucose (FBG) were compared between PCOS patients and healthy controls. The results were shown in Table 1. Compared with healthy controls, the hairy symptoms and acne symptoms were more significant in PCOS patients (p < 0.001), and the serum levels of DHT (p < 0.05), FT (p < 0.01), TT, FINS, and FBG (p < 0.001) were significantly increased. While there were no significant differences in age, height, weight, BMI, waist circumference, hip circumference, and WHR between the two groups (p > 0.05).



TABLE 1. Analysis of basic clinical data of PCOS and healthy controls.
[image: Table1]



Analysis of Serum Inflammatory Indexes and Gut Permeability Indexes Between PCOS and Healthy Controls

Serum levels of IL-6, TNF-α, Lipopolysaccharide-binding protein (LBP), D-lactic acid (D-LA), and Diamine oxidase (DAO) were compared between PCOS patients and healthy controls. As shown in Figure 1, serum levels of TNF-α, LBP, D-LA, and DAO in PCOS patients were significantly higher than those in healthy controls (p < 0.05), and there was no significant difference in serum IL-6 level between the two groups (p > 0.05). These results suggest that PCOS patients have impaired intestinal barrier function and a low degree of chronic inflammation in the body.

[image: Figure 1]

FIGURE 1. (A-E) Inflammation and gut permeability analysis of PCOS and healthy controls. A p < 0.05 (two-tailed) was the significance test level. PCOS, Polycystic ovary syndrome, LBP, Lipopolysaccharide-binding protein, D-LA, D-lactic acid, DAO, Diamine oxidase. *p ≤ 0.05; **p ≤ 0.01; and ***p ≤ 0.001. •outlier.




Analysis of SCFAs in Feces of PCOS and Healthy Controls

GC–MS was used to analyze 11 kinds of SCFAs in fecal samples from PCOS patients and healthy controls. The total ion effluent, retention time, and standard curves of the target compounds were shown in Supplementary Figure 1 and Supplementary Table 1, respectively. At the same time, quality control (QC) was carried out on the SCFAS test data, and the results were shown in the Supplementary Table 2. Mann–Whitney U method was used to further analyze the differences in SCFAs metabolism between the two groups. As shown in Figure 2, the fecal metabolism of acetic acid (p < 0.05) and propionic acid (p < 0.05) in PCOS was significantly higher than that of healthy controls.

[image: Figure 2]

FIGURE 2. (A-K) Quantitative analysis of 11 SCFAs metabolites in samples from PCOS and healthy controls. A p < 0.05 (two-tailed) was the significance test level. PCOS, Polycystic ovary syndrome. *p ≤ 0.05; **p ≤ 0.01; and ***p ≤ 0.001. •outlier.




Analysis of Species Composition and Differences of Gut Flora Between PCOS and Healthy Controls


Gut Microflora Diversity Analysis of PCOS and Healthy Controls

As shown in Figures 3A–D, according to the measurement and comparison of the diversity index ACE, Chao, Shannon Index, and Simpson Index, there was no significant difference in the abundance and uniformity between PCOS and healthy controls (p > 0.05).

[image: Figure 3]

FIGURE 3. (A–D) Comparison of gut microbial α diversity index between PCOS and healthy controls. There was no significant difference in α diversity between the two groups. (E) A Venn diagram shows the number of unique and common OTUs between the two groups. (F,G) PCoA and NMDS based on OTU distribution showed no significant difference in β diversity between the two groups. PCOS: polycystic ovary syndrome (N = 31); Control: healthy controls (N = 27); PCoA, Principal coordinate analysis; NMDS, Non-metric multi-dimensional scaling; OTUs, Operational Taxonomic Units.


Based on the distribution of gut microbial OTUs, PCoA and NMDS were used to display the spatial distribution of gut microbial community in PCOS and healthy controls. Venn diagram based on OTUs distribution was further used to display the microbiome distribution of PCOS and healthy controls. As shown in Figure 3E, the total abundance of OTUs in the two groups reached 574, of which 490 OTUs were shared by the two groups, but 32 OTUs still existed independently in PCOS. These isolated PCOS microbiome may be the key microbiome related to the development of PCOS. The results are shown in Figures 3F,G. The confidence ellipses of PCOS and healthy controls overlapped in a large area, indicating that the distribution of gut microbiome of the two groups was not significantly different. However, it should be noted that some microbiome still existed independently in PCOS or healthy controls.



Analysis and Comparison of Gut Microbiota in Phylum and Genus Between PCOS and Healthy Controls

To further analyze the phylogeny and degree of difference between PCOS and healthy controls, the Kruskal–Wallis rank-sum test was used to analyze and compare the differences in the abundance of gut microbiota between the two groups at the levels of Family and Genus.

At the family level, the average composition and relative abundance of gut microbial communities in the two groups were shown in Figure 4A. The three dominant populations in the PCOS and the healthy controls were all Bacteroidaceae, Lachnospiraceaeand Ruminocaccaceae. As shown in Figure 4B, compared with the healthy controls, the abundance of Peptostreptococcacese and Bacteroidales S24-7 group was significantly increased in PCOS (p < 0.05).

[image: Figure 4]

FIGURE 4. (A,B) At family level, the composition and differences of gut microbiota between PCOS and healthy controls were observed. (C,D) Composition and differences of gut microbiota at genus level between PCOS and healthy controls. The difference of intestinal flora between the two groups was compared by STAMP analysis. PCOS: polycystic ovary syndrome (N = 31); Control: healthy controls (N = 27). *p ≤ 0.05; **p ≤ 0.01; and ***p ≤ 0.001.


At the genus level, the average composition and relative abundance of gut microbial communities in the two groups were shown in Figure 4C. The three dominant groups in PCOS and healthy controls were Bacteroides, Prevotella, and Faecalibacterium. As shown in Figure 4D, compared with healthy controls, the abundances of 10 genera, including Klebsiella, Unclassified Peptostreptococcaceae, and Weissella, were significantly higher in the PCOS, the abundance of two genera, including Ruminococcaceae UCG 013 and Howardella, decreased significantly in PCOS group (all p < 0.05).



The Dominant Microflora in the Gut Microflora of PCOS and Healthy Controls

In order to determine the specific bacterial groups and dominant flora associated with PCOS, LEfSe analysis was used to show the maximum difference between the gut microflora of PCOS and healthy controls, so as to find the important gut microflora associated with PCOS. Based on LDA selection, as shown in Figures 5A, 13 bacterial groups, including Klebsiella, Enterobacteriaceae, and Peptostreptococcaceae, dominate in PCOS. Three bacterial groups, including Ruminocaccaceae UCG 013 and Prevotellaceae UCG 001, were predominant in healthy controls. Phylogenetic profiles of specific bacterial groups and dominant flora between the two groups of gut microbiota are shown in Figure 5B.

[image: Figure 5]

FIGURE 5. (A) Histogram of LDA branch of gut dominant flora in PCOS and healthy controls [LDA score (log10) > 2, p < 0.05]. (B) Phylogenetic profiles of specific bacterial groups and dominant flora between the two groups of gut microbiota. LDA, linear discriminant analysis; PCOS, polycystic ovary syndrome.





Differences in Gut Microflora Among PCOS Patients With Different Body Types


Diversity Analysis of Gut Microflora in PCOS Patients With Different Body Types

In order to analyze the structural characteristics of gut microflora in PCOS patients with different body types, 31 PCOS patients were divided into two groups according to BMI, namely the PCOSF group (BMI ≥ 24 kg/m2, N = 12) and PCOST group (BMI < 24 kg/m2, N = 19). As shown in Supplementary Figures 2A–D, according to the determination and comparison of Ace Index, Chao Index, Shannon Index, and Simpson Index, there was no significant difference in gut microbial diversity between PCOSF and PCOST, all p > 0.05.

We also used PCoA and NMDS to show the spatial distribution and difference degree of the gut microbial community of PCOS patients with different body types based on the distribution of gut microbial OTUs. The results are shown in Supplementary Figures 2E,F. The confidence ellipse of PCOSF and PCOST overlaps in a large area. This suggests that there is no significant difference in the distribution of gut microflora between the two groups. However, according to PCoA and NMDS, it was noted that some microbial communities still existed independently in PCOSF or PCOST. A venn diagram based on OTUs was further used to show the distribution of the two groups of gut microbial communities. The results were shown in Supplementary Figure 2G. The total abundance of OTUs in the two groups was 522, of which 389 OTUs were shared by the two groups, and 98 OTUs existed independently in the PCOST. And 35 OTUs existed independently in the PCOSF.



Analysis and Comparison of Gut Microflora of PCOS Patients With Different Body Types at Family and Genus Levels

To further analyze the phylogenetic status and differences of gut microflora in PCOS patients with different body types, we used the Kruskal–Wallis rank-sum test to analyze and compare the differences in the abundance of gut microorganisms in the two groups at the levels of Family and Genus.

At the family level, the average composition and relative abundance of gut microbial communities in the two groups were shown in Supplementary Figure 3A. The 4 dominant populations in the two groups were Bacteroidaceae, Lachnospiraceae, Ruminocaccaceae, and Prevotellaceae. As shown in Supplementary Figure 3B, compared with PCOST, the abundance of Peptostreptococcacese and Vellonellaceae was significantly increased in PCOSF (p < 0.05). There was no significant difference in the abundance of 13 families, including Ruminocaccaceae, Enterobacteriaceae, and Acidaminococcaceae, between the two groups (all p > 0.05).

At the genus level, the average composition and relative abundance of the two groups of gut microbial communities were shown in Supplementary Figure 3C. Bacteroides, Prevotella, Faecalibacterium, and Megamonas were the 4 dominant species in the two groups. As shown in Supplementary Figure 3D compared with PCOSF, the abundance of Sutterella was significantly increased in PCOST (p < 0.05).



Dominant Microflora in the Gut Microflora of PCOS With Different Body Types

In order to determine the specific bacterial groups and dominant flora associated with PCOS of different body types, LEfSe analysis was also used to show the maximum difference between PCOSF and PCOST gut microbial communities. As shown in Supplementary Figure 4A, based on LDA, 13 bacterial groups, including Veillonellaceae, Lactobacillales, and Peptostreptococcaceae, were dominant in PCOSF. Four bacterial groups, including Candidatus Soleaferrea and Erysipelatoclostridium, were dominant in PCOST. Phylogenetic profiles of specific bacterial groups and dominant flora between the two groups of gut microbiota were shown in Supplementary Figure 4B.




Correlation Analysis Among Gut Flora, Environmental Variables, and Fecal Fatty Acids

Clinical and gut permeability indexes that were significantly different between PCOS and healthy controls were selected to further analyze the related gut microbial species. The results were shown in Figure 6A. At the Genus level, Megamonas was positively correlated with androstenedione (AD), FT, and INS (all p < 0.05), while Bacteroides and Faecalibacterium were negatively correlated with INS (all p < 0.05), Phascolarctobacterium was negatively correlated with FT (p < 0.05).
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FIGURE 6. (A) Heatmap of correlation analysis between gut microflora and clinical indexes of PCOS. (B) Heatmap of correlation analysis between gut flora and SCFAs. (C) Heatmap of correlation analysis between fatty acids and clinical indexes. (D) Network diagram among clinical indicators, intestinal flora, and SCFAs. SHBG, Sex hormone binding globulin; FT, Free testosterone; DHT, Double hydrogen testosterone; FBG, Fasting blood glucose; D-LA, D-lactic acid; AD, androstenedione; DHEA-S, dehydroepiandrosterone-sulfate; INS, Insulin; BMI, Body mass index; WHR, Waist hip rate; FAI, Free androgen index; SCFAs, short-chain fatty acids. *p ≤ 0.05; **p ≤ 0.01; and ***p ≤ 0.001.


We further analyzed the correlation between the abundance of gut flora and the fecal SCFA levels of the corresponding PCOS, and the results were shown in Figure 6B. At the genus level, Alistipes and Eubateriumn coprostanoligenes group were positively correlated with valeric acid, caproic acid, isobutyric acid, isovaleric acid, heptylic acid, octanoic acid, n-nonanoic acid, and deca durabolin (all p < 0.05). Though Megasphaera and Prevotella 9 were positively correlated with valeric acid and caproic acid (all p < 0.05), Lachnoclostridium was negatively correlated with valeric acid and caproic acid (all p < 0.05). Butyric acid was positively correlated with Ruminococcus 2, Roseburia, and Eubacterium rectale group (all p < 0.05).

In the correlation analysis between fatty acids and laboratory indicators (Figure 6C), crinosity and DHT were positively correlated with acetic acid and propionic acid. In addition, acne was positively correlated with caproic acid, and BMI was positively correlated with decylic acid. Further, we revealed the correlation among clinical indicators, intestinal flora and SCFAs through network diagram (Figure 6D).




DISCUSSION

Gut flora is closely related to the occurrence and development of a variety of metabolic diseases, and each disease-related to gut flora alterations has its own relatively unique alterations in gut flora structure. For example, the prevalence of butyrate-producing bacteria was decreased in diabetic patients (Qin et al., 2012), and the abundance of Bacteroidetes was significantly decreased in obese patients, while the abundance of Actinomycetes was significantly increased (Ley et al., 2006). As a chronic endocrine and metabolic disorder, PCOS also has its unique alterations in the structure and function of gut flora, and the alterations of gut flora play an important regulatory role in the pathogenesis and evolution of PCOS (Insenser et al., 2018; Zhou et al., 2020). The results of this study showed that in PCOS, the abundance of Ruminocaccaceae and Howardella was significantly decreased, while the abundance of 13 bacterial groups, including Klebsiella, Peptostreptococcacese, and Gammaproteobacteria, was significantly higher than that of healthy controls, indicating that PCOS had gut flora dysregulation and unique gut flora structural changes. It is worth noting that these altered gut floras may play an important role in the pathogenesis or disease progression of PCOS. However, the significantly reduced abundance of Ruminocaccaceae and Howardella may play an important protective role in preventing the occurrence of PCOS. The abundance of Peptostreptococcaceae in PCOS increased significantly. Evidence shows that Peptostreptococcaceae may be related to the increase of cholic acid levels in patients with depression (Yu et al., 2017), and it is also involved in the gut inflammatory response. This indicates that alterations in gut flora may affect the occurrence and development of PCOS through a gut inflammatory response. Therefore, fecal bacteria transplantation to alter the composition of the intestinal microbiome of the new host is expected to be an effective treatment for PCOS. To date, there have been no clinical reports on the use of fecal bacteria transplantation for the treatment of PCOS other than in mouse models. This study provides rich basic data for further preclinical and clinical trials of fecal bacteria transplantation.

It has been speculated that gut dysbacteriosis can lead to increased gut permeability, then activate the host immune system and systemic inflammatory response, and induce insulin resistance in PCOS patients (Tremellen and Pearce, 2012). In this study, the serum levels of D-LA and DAO in PCOS patients were significantly increased compared with healthy controls, and the levels of TNF-α and LBP were also significantly increased. Studies have shown that the increase of serum D-LA level indicates the excessive proliferation of lactic acid producing bacteria in the gut, which indicates that gut dysbacteriosis exists in PCOS (Bulik-Sullivan et al., 2018). It is worth noting that DAO is an enzyme with a high concentration in the gut mucosa of humans and other mammals, which can serve as an important circulatory marker for the maturation and integrity of the gut mucosa (Luk et al., 1980), while LBP can induce a systemic inflammatory response in the body after recognizing and binding endotoxin (Rojo et al., 2007). Based on the above results, it is speculated that in PCOS, gut dysbacteriosis causes a systemic inflammatory response by affecting gut permeability changes, and then leads to the pathogenesis and progression of PCOS. In addition, inflammatory molecules can also serve as biomarkers for PCOS (Velez et al., 2021), which can aid in the diagnosis of the disease.

We further screened out the gut flora related to inflammation and gut permeability based on clinical factors TNF-α, LBP, D-LA, and DAO, and the results showed that the level of D-LA was positively correlated with unclassified-f-Peptostreptococcaceae. D-LA can be produced by some microorganisms or by certain metabolic pathways (Pohanka, 2020), and the abundance of unclassified-f-Peptostreptococcaceae is significantly altered in Graves’ disease (Jiang et al., 2021). In addition, this study found that the serum FT level was positively correlated with Dialister and Megamonas, and the TT level was negatively correlated with Alistipes and Parasutterella. Shin et al. demonstrated a significant correlation between the intestinal microbe Megamonas and testosterone levels in men (Shin et al., 2019). This suggests that abnormal serum androgen levels are related to gut dysbacteriosis. Therefore, abnormal androgen levels induced by PCOS may cause alterations in gut microflora homeostasis, and then alter gut function.

Dietary carbohydrates can be fermented by gut microorganisms to produce SCFAs, including acetate, propionate, butyrate, etc. (Reichardt et al., 2018). In this study, the GC–MS analysis method was used to analyze the SCFAs in stool samples of PCOS patients and healthy controls. The results showed that the contents of acetic acid and propionic acid in PCOS patients were significantly higher than those in healthy controls. Interestingly, PCOS patients also had elevated levels of acetic acid in their follicular fluid (Zhang et al., 2017). Further analysis of the correlation between gut flora and fecal fatty acids showed that the six fatty acids were positively correlated with Eubacterium_coprostanoligenes_group and Alistipes. Ahmad et al. found Eubacterium_coprostanoligenes_group presented increased relative abundance in obese-T2DM individuals (Ahmad et al., 2019). Alistipes are producers of both propionate acid and acetate, which may contribute to SCFA reduction (Polansky et al., 2015; Oliphant and Allen-Vercoe, 2019). Nogal et al. found that Lachnoclostridium may influence acetate circulating levels and be involved in the biosynthesis of harmful lipid compounds (Nogal et al., 2021). In this study, Lachnoclostridiu was negatively correlated with valeric acid, caproic acid, heptylic acid, and octanoic acid. In conclusion, the alterations of gut flora in PCOS patients may cause the metabolic alterations of SCFAs.

Obesity is one of the main clinical manifestations of PCOS. Current studies have shown that obesity is closely related to gut flora, and disorders of gut flora are common in obese people (Gomes et al., 2018). Obese children had higher rates of Firmicutes and Bacteroidetes compared with normal-weight children (Riva et al., 2017). In this study, the gut flora of obese PCOS patients and non-obese PCOS patients were compared, and the results showed that in the gut flora of PCOS patients in the obese PCOS, 13 bacterial groups, including Veillonellaceae, Lactobacillales, and Peptostreptococcaceae, were dominant. Four bacterial groups, including Candidatus Soleaferrea, Eubacterium hallii and Erysipelatoclostridium, were dominant in non-obese PCOS patients. These results suggest that the difference in gut flora between obese and non-obese PCOS patients is different from that between obese and healthy people, and the reason for this difference may be the impact of PCOS disease itself on gut flora. In conclusion, the gut flora of obese PCOS is different from that of non-obese PCOS, and PCOS disease itself can also affect the gut flora of patients.

In conclusion, this study comprehensively characterized the gut flora characteristics and fatty acid metabolism characteristics of PCOS patients by 16S rRNA sequencing and clinical index detection of stool samples and serum samples from participants in central China, and for the first time clarified the correlation between gut flora alterations and inflammatory indicators and gut permeability indicators, and the correlation between gut flora and short-chain fatty acid metabolism. In addition, this study is the first to comprehensively characterize the gut flora of PCOS patients with different body types. These findings will lay a solid foundation for the pathogenesis of PCOS and provide some help for intervention including fecal bacteria transplantation.
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