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Objective: We aimed to identify structural and functional alterations of gut microbiota associated with visceral obesity in adult
women with polycystic ovary syndrome (PCOS).

Methods: Twenty-seven adults with PCOS underwent stool and fasting blood collection, oral glucose tolerance testing, and visceral
fat area (VFA) measurement via dual-bioimpedance technique. Metagenomic analysis was used to analyze gut microbiota.

Results: PCOS patients were divided into three groups: visceral obesity group (PCOS-VO, n=9, age 28.33+5.68 years, BMI 37.06
+4.27 kg/m?, VFA 128.67+22.45 cm?), non-visceral obesity group (PCOS-NVO, n=10, age 25.40+4.53, BMI 30.74+3.95, VFA 52.00
+24.04), normal BMI group (PCOS-NB, n=8, age 27.88+2.53, BMI 21.56+2.20, VFA 27.00+21.18), with no statistical difference in
age (P>0.05) and significantly statistical differences in BMI and VFA (P<0.05). The groups showed a significant difference in
microbial B-diversity between PCOS-VO and PCOS-NVO (P=0.002) and no difference between PCOS-NVO and PCOS-NB
(P=0.177). Bacteroidetes was the phylum with the highest relative abundance among all patients, followed by Firmicutes. Those
with visceral obesity had a higher abundance of Prevotella, Megamonas, and Dialister genera, positively correlated with metabolic
markers (r>0.4, P<0.05), and lower abundance of Phascolarctobacterium and Neisseria genera, negatively correlated with metabolic
markers (r<-0.4, P<0.05). Functional annotation analysis showed significant differences in relative abundance of ribosome pathway,
fatty acid biosynthesis pathway, and sphingolipid signaling pathway between groups, affecting lipid homeostasis and visceral fat
accumulation.

Conclusion: Alteration in B-diversity of gut microbiota exists in PCOS with visceral obesity versus those without visceral obesity and
relates to functional differences in ribosomes, fatty acid biosynthesis, and sphingolipid signaling pathways.
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Introduction

Polycystic ovary syndrome (PCOS) is a highly prevalent disease in reproductive-aged women, characterized by
menstrual disorder, abnormally high androgen, polycystic ovary morphology, and infertility." Although genetic, gesta-
tional environmental and lifestyle factors are thought to be involved in the development of PCOS, how do these factors
pathologically trigger biochemical and metabolic disorders remains widely unknown. Limited therapeutic options have
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focused mainly on symptoms, resulting in unsatisfactory treatment outcomes and long-term metabolic complications.
Therefore, there is an urgent need to develop new therapeutic strategies.

Recent studies have reported alterations of gut microbiota in PCOS patients® > and provided convincing evidence for
a causal correlation between dysbiosis of gut microbiota and onset of ovarian and metabolic dysfunction.”* Dysbiosis of
gut microbiota can increase secretion of ovarian androgen, which then interfere normal follicular development by
triggering a chronic inflammatory response and insulin resistance.® Further evidence has suggested that gut microbiota
and their metabolites can cause imbalances in energy intake, activate inflammatory pathways, stimulate secretion of brain
gut peptides, and proliferate pancreatic -cells, leading to abnormal or excessive fat accumulation, insulin resistance, and
compensatory hyperinsulinemia.”’ Fecal microbiota transplantation (FMT) from the healthy, addition of probiotics,
alteration of bile acid metabolism, and/or increasing IL-22 level have been demonstrated to be valuable in treatment for
PCOS and may help improve symptoms of PCOS, ameliorate metabolic effect of obesity, and reconstitute normal gut
microbiota. >’

Obesity has a marked impact on the metabolic complications of PCOS,'® and its occurrence is 2.8 times higher than
that in women without PCOS."" Obesity affects the relationship between PCOS and gut microbiota. However, incon-

sistent results exist in microbial diversity and enriching microbiota between obesity and non-obesity, >

which may be
attributed to the key factor BMI for grouping, in addition to geography, ethnicity, and dietary habits. Excess accumulation
of intra-abdominal adipose tissue, termed visceral obesity, is part of a phenotype that is significantly correlated with
increased inflammatory cytokines and cardiometabolic risk."* According to perspective of precision medicine, there
should be essentially different applications of gut microbiota in the treatments for PCOS complicated with visceral
obesity and non-visceral obesity, rather than solely based on BMI.

In this study, visceral fat area (VFA) and subcutaneous fat area (SFA) of patients with PCOS were measured by dual-
bioimpedance method easily performed in clinical practice. Visceral obesity is defined by BMI combined with VFA. We
obtained fecal metagenomic sequencing from clinical practice in PCOS patients with visceral obesity, non-visceral
obesity, and normal BMI, to explore microbial factors associated with susceptibility to visceral obesity. By comparing
differences in enriching Kyoto Encyclopedia of Functional Genes and Genomes (KEGG) pathways and KEGG
Orthology (KO) between PCOS patients with visceral obesity and controls, we described possible pathological mechan-
isms for the development of PCOS patients with visceral obesity. The design idea of this study has not been reported, and
the findings may provide more guidance for improving treatment and prevention of PCOS patients with visceral obesity.

Methods

Participants

From April 2021 to January 2022, we enrolled participants with untreated PCOS at the Department of Endocrinology and
Metabolism’s outpatient clinic at the Second Affiliated Hospital of Fujian Medical University. We chose patients aged
from 20 to 35 who were diagnosed with PCOS according to the Rotterdam 2003 criteria. The occurrences of diabetes
mellitus, congenital adrenal hyperplasia, Cushing’s syndrome, hyperprolactinemia, thyroid dysfunction, other diseases
causing hyperandrogenemia, and severe liver and kidney dysfunction were in exclusion criteria. Other exclusion factors
included the use of hormonal drugs, antibiotics, insulin enhancers, probiotics, laxatives within the previous 3 months,
pregnant or breastfeeding women, being in weight loss or weight management programs, smokers, or alcoholics.

Study Protocol

Participants received case information registration, physical measurements, and laboratory evaluations to establish
eligibility. We recorded case information including age at menarche, menstrual cycle, duration of menstruation, infertility
history, medication history, dietary habit, physical activity, and sleep habit. Physical measurements included height,
weight, waist and hip circumference, assessment of body hair and acne referring to modified Ferriman-Gallwey (mFG)
score and Global Acne Grading System (GAGS), acanthosis nigricans, and also included VFA and SFA, which were
accurately calculated by dual-bioimpedance technique using the device DUALSCAN HDS-2000 (OMRON
HEALTHCARE Co., Ltd). mFG score >4 is defined as hirsutism in Chinese.'* VFA >100 cm? is defined as visceral
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obesity according to the recommended VFA cutoff from the Japanese Society for the Study of Obesity.'> Using BMI
25 kg/m2 (the Asian-Pacific standard) and VFA 100 cm? as cut points, PCOS patients were divided into three groups in
this study: visceral obesity group (PCOS-VO, BMI >25 kg/m?, VFA >100 cm?), non-visceral obesity group (PCOS-
NVO, BMI >25 kg/m?, VFA <100 cm?), normal BMI group (PCOS-NB, BMI <25 kg/m?, VFA <100 cm?).

Laboratory evaluations included stool and fasting blood collection, oral glucose tolerance testing (OGTT), and color
ultrasound scan of ovaria-utero-liver. Fasting intravenous blood were tested for lipids, liver and kidney functions, sex
hormones, 25-hydroxy vitamin D, and thyroid function. Sex hormones, such as total testosterone (TT), free testosterone
(FT), luteinizing hormone (LH), follicle-stimulating hormone (FSH), 17-alpha hydroxyprogesterone (17-a. OHP), and sex
hormone-binding globulin (SHBG) were measured by chemiluminescence method, while dehydroepiandrosterone
(DHEA), dihydrotestosterone (DHT), and anti-Mullerian hormone (AMH) were measured by enzyme-linked immuno-
sorbent assay. Androstenedione was measured by high-performance liquid chromatography-tandem mass spectrometry.
25-Hydroxy vitamin D was measured by chemiluminescence method. It should be noted that testing of sex hormones was
performed on days 3—5 of menstrual cycle (not limited to amenorrhea).

The calculation formulas used in the study were as follows,

BMI = weight (kg)/height* (m?) (1)
FAI = TT (ng/mL) /SHBG (nmol/L) x 3.467 x 100 2)
HOMA — IR = Fasting blood glucode (mM) x Fasting insulin(mIU/L) /22.5 3)

where FAI represents Free androgen index, HOME-IR represents Homeostatic Model Assessment for Insulin
Resistance.

Stool Collection and Metagenomic Sequencing

Fecal samples were collected on non-menstrual morning. We placed 300 mg of each sample into Longsee fecal sampling tube
containing preservative fixatives provided by Wekemo Tech Group Co., Ltd. (Shenzhen, China) and froze them at —80°C.
Microbial genomic DNA was extracted from the stools using cetyltrimethylammonium bromide (CTAB) method and then were
sequenced on the [llumina Novaseq 6000 platform. Quality control and preprocessing of metagenomic data were implemented to
obtain clean readings.'®

Microbial Taxonomy and Functional Annotation

Kraken2 and the self-build microbial database by searching in NT nucleic acid database and RefSeq whole-genome database
of NCBI were used to identify microbiota from the clean readings in all samples. Bracken was used to predict the actual
relative abundance of microbial taxa at seven levels of classification (kingdom, phylum, class, order, family, genus, and
specie). The relative abundance refers to the sequence number percent (SN%) for each microbial taxon at different taxonomic
levels, which indicates the ratio of the sequence number to the total annotated data at that level (total value of 1 for each
taxonomic level in each sample). Meanwhile, the clean readings were matched to protein sequences from UniRef90 Database
using HUMANN?2 software. Based on the corresponding relationships between UniRef90 ID and functional databases, such as
KEGG pathway database and KO database, the annotation information and relative abundance data were obtained.

Statistical Analysis

The clinical data were processed using SPSS statistical software (Version 19.0). One-way ANOVA or Kruskal-Wallis test was
used to compare quantitative variables. The quantitative metagenomics analysis was implemented via online Wekemo
Bioincloud (https://www.bioincloud.tech) provided by Wekemo Tech Group Co., Ltd. We used Principal Coordinate analysis

(PCoA) based on Bray-Curtis distance and permutation multivariate analysis of variance (PERMANOVA) to evaluate
microbial B-diversity between groups. Linear discriminant analysis (LDA) effect size (LEfSe) and Dunn test analysis were
further applied to identify significantly enriching taxa, KEGG pathways, and KOs. We also calculated Spearman correlation
coefficients between clinical parameters and enriching taxa at the genus level (top 200 in abundance) to determine significant
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correlations. Thirty enriching genera with the most significant correlations were displayed by correlation heat map. All

statistical analysis and graphics were conducted using R software (V.4.1.0) and QIIME (version 2). All the tests were two-

sided and p <0.05 was considered statistically significant.

Results

Clinical Characteristics of PCOS Patients

A total of 27 PCOS patients aged 20 to 35 were enrolled in this study. To explore the relationship between visceral

obesity and gut microbiota, patients were divided into three groups: PCOS-VO group (n=9, age 28.33+£5.68 years,
BMI 37.06+4.27 kg/m? VFA 128.67+22.45 cm?), PCOS-NVO group (n=10, age 25.40+4.53 years, BMI 30.74
+3.95 kg/m?, VFA 52.00+24.04 cm?), PCOS-NB group (n=8, age 27.88+2.53 years, BMI 21.56+2.20 kg/m? VFA
27.00+21.18 cm?), with no statistical difference in age (P>0.05) and significantly statistical differences in BMI and
VFA (P<0.05) (Table 1). Free testosterone and FAI were higher in PCOS-VO group compared with PCOS-NVO and

Table | Clinical Characteristics in Patients with Untreated PCOS

Parameter

PCOS-VO (n=9)

PCOS-NVO (n=10)

PCOS-NB (n=8)

P value for Overall

Comparison

Age (years)
Oligo/Amenorrhoea®
PCOM®

Hirsutism*

Acne?

Acanthosis nigricans
Anthropometric parameter
BMI (kg/m?)T+&

Waist to hip ratio™*
Subcutaneous fat area (cm?)**
Visceral fat area (cm?)T+&
Liver function
Aspartate transaminase (U/L)
Alanine transaminase (U/L)
Gamma-glutamyl transpeptidase (U/L)
Total bilirubin (umol/L)¥
Direct bilirubin (umol/L)
Metabolic index
Glucose OH (mmol/L)
Glucose IH (mmol/L)t
Glucose 2H (mmol/L)
Insulin OH (u IU/mL)**
Insulin 1H (u 1U/mL)
Insulin 2H (u 1U/mL)
HOMA-IR®#*
HbAIcf
Uric acid (umol/L)
Total cholesterol (mmol/L)
Triglyceride (mmol/L)
High density lipoprotein (mmol/L)**
Low density lipoprotein (mmol/L)
Apolipoprotein A (g/L)*
Apolipoprotein B (g/L)
25-hydroxy vitamin D (ng/mL)**

28.33+5.68
9 (100.0%)
5 (55.6%)
6 (66.7%)
4 (44.4%)
6 (66.7%)

37.06+4.27
0.95+0.07
429.00+126.70
128.67+22.45

25.26+12.58
43.50+29.82

32.40 (18.30, 69.15)
9.61+3.06
4.02+1.07

5.19+0.83
10.33+1.77
8.28+2.49
34.42+14.56
2213614271
200.02+89.66
8.19+4.33
5.90 (5.50, 6.55)
415.78+51.02
4.72+0.89
1.50£0.62
1.13£0.15
3.13+0.82
1.350.12
1.01+0.24
12.5142.62

25.40+4.53
10 (100.0%)
7 (70.0%)
4 (40.0%)
7 (70.0%)
I (10.0%)

30.74+3.95
0.88+0.06
339.00+87.54
52.00+24.04

20.82+9.36
28.76+21.52

23.20 (19.90, 31.10)
8.55+2.00
3.75+0.80

4.68+0.37
8.12+1.89
7.39£2.37
24.668.12
223.82+160.91
228.99+158.80
520+1.94

5.35 (5.18, 5.65)
416.90+95.00
433£0.71
1.38+0.94
1.14£0.27
2.78+0.81
1.29+0.24
0.90+0.14
14.8045.03

27.88+2.53
8 (100.0%)
6 (75.0%)
4 (50.0%)
2 (25.0%)
0 (0.0%)

21.56+2.20
0.83+0.07
159.75+73.08
27.00£21.18

17.29+3.51
22.23%12.89

17.50 (16.18, 39.00)
12.14+5.38
4.87+1.74

4.9020.42
9.86+2.60
7.04+2.43
I1.41£6.94
125.10+41.04
128.99+92.72
2.54+1.60

5.40 (5.00, 5.50)
348.00£79.11
42340.67
1.040.35
141033
2.48+0.66
1.53+0.28
0.83+0.20
21.61£7.57

0.328

<0.001
0.002

<0.001
<0.001

0.237
0.160
0.247
0.127
0.164

0.184
0.071
0.552
0.001
0.227
0.229
0.002
0.085
0.137
0.377
0.401
0.061
0.236
0.085
0.171
0.014

(Continued)
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Table | (Continued).

Parameter PCOS-VO (n=9) PCOS-NVO (n=10) PCOS-NB (n=8) P value for Overall
Comparison
Thyroid function
Free triiodothyronine (pmol/L) 5.56+0.49 4.98+0.50 5.27x1.59 0.463
Free thyroxine (pmol/L)* 15.72+3.92 14.95+1.38 18.24+3.08 0.067
Thyroid stimulating hormone (mIU/L) 3.11£1.69 3.031£2.41 2.60£2.19 0.875
Sex hormone
Luteinizing hormone (IU/L) 7.38 (4.53, 11.95) 10.45 (5.67, 13.69) 8.64 (6.32, 15.39) 0.585
Follicle-stimulating hormone (mIU/mL) 6.41£3.43 4.70%1.03 6.56+3.23 0.276
Total testosterone (ng/mL) 0.59+0.33 0.55+0.21 0.62+0.10 0.816
Androstenedione (nmol/L) 6.38+3.71 5.98+2.84 6.05+1.21 0.954
Free testosterone (pg/mL) 4.82+3.81 3.08+0.87 2.99+1.57 0.238
Dehydroepiandrosterone (ng/mL) 6.27+4.09 5.12+1.07 5.33%2.15 0.655
Dihydrotestosterone (pg/mL) 403.32+168.40 356.33+£96.81 404.76x159.50 0.730
Sex hormone binding globulin (nmol/L)¥ 16.73 (11.53, 19.94) 23.10 (13.00, 33.04) 24.28 (20.50, 111.17) | 0.028
FAISf 15.18+9.92 10.026.63 6.89+4.14 0.092
17-a hydroxyprogesterone (ng/mL) 1.44+1.35 1.15+0.49 1.71x1.26 0.547
Anti-Mullerian hormone (ng/mL) 3.43 (1.45, 7.51) 8.95 (3.33, 12.27) 8.09 (5.68, 12.76) 0.129

Notes: Data are presented as meansSD, median (IQR), or number (percent). *Oligo/Amenorrhoea: Oligomenorrhoea defined as an intermenstrual interval >45 days or <8 menstrual
bleedings in the past year. Amenorrhea defined as an intermenstrual interval >90 days. "PCOM: Polycystic ovarian morphology presents when there were 12 follicles (2-9 mm) or an
ovarian volume of 10 mL in | or both ovaries by ultrasound scanner. Hirsutism: modified Ferriman-Gallwey (mFG) score 24 is defined as hirsutism in Chinese. “Acne: According to
Global Acne Grading System (GAGS), all patients had mild or no acne. The number of patients with acne is shown here. ‘HOMA-IR: Homeostatic Model Assessment for Insulin
Resistance (HOMA-IR)=Fasting blood glucose (mM)xFasting insulin (mlIU/L)/22.5.A27. ‘FAI: Free androgen index (FAl)=Total testosterone (ng/mL)/Sex hormone binding globulin (nmol/
1)*3.467x100. TP<0.05 (multiple comparison in ANOV) or P<0.017 (multiple comparison in Kruskal-Wallis Test) for the differences between PCOS-VO group and PCOS-NVO group.
*#P<0.05 (multiple comparison in ANOV) or P<0.017 (multiple comparison in Kruskal-Wallis Test) for the differences between PCOS-NVO group and PCOS-NB group. #P<0.05
(multiple comparison in ANOV) or P<0.017 (multiple comparison in Kruskal-Wallis Test) for the differences between PCOS-VO group and PCOS-NB group.

Abbreviations: PCOS-VO, PCOS with visceral obesity; PCOS-NVO, PCOS with non-visceral obesity; PCOS-NB, PCOS with normal BMI.

PCOS-NB groups, but only FAI was statistically significant between PCOS-VO and PCOS-NB groups (P=0.032).
Comparing metabolic parameters such as blood glucose (glucose OH, glucose 2H), lipids (total cholesterol,
triglyceride, low-density lipoprotein, apolipoprotein B), and uric acid among the three groups, there were no
statistical differences (P<0.05). However, insulin OH and HOMA-IR were significantly increased in PCOS-VO
group and PCOS-NVO group compared to PCOS-NB group, respectively (all P<0.05). Deficiency of 25-hydroxy
vitamin D was more severe in PCOS-VO group (12.514£2.62 ng/mL) and PCOS-NVO group (14.80+£5.03 ng/mL)
compared to PCOS-NB group (21.61+£7.57 ng/mL), both P<0.05.

In addition, we obtained information on each participant’s daily dietary, physical activity, and sleep habit through
a questionnaire, which did not differ between groups. These investigations excluded the effect of daily habits on gut

microbiota between groups.

Abundance Summary and Diversity Analysis of Gut Microbiota

Each microbial taxon was identified for its relative abundance at seven taxonomic levels (kingdom, phylum, class, order,
family, genus, species). A total of 2767 species, 521 genera, and 38 phyla were counted in this study. This study showed
significant microbial -diversity among PCOS-VO, PCOS-NVO, and PCOS-NB groups (F=2.13, P=0.003, Figure 1A) by
PERMANOVA method. This difference was observed between PCOS-VO group and PCOS-NVO group (F=3.209,
P=0.002), and between PCOS-VO group and PCOS-NB group (F=1.854, P=0.039). However, there was no significant
difference in microbial B-diversity between PCOS-NVO group and PCOS-NB group (F=1.299, P=0.177). At the species
level, there were 1089 common species in three groups, and 364/495/278 unique species in PCOS-VO, PCOS-NVO, and
PCOS-NB groups, respectively (Figure 1B).
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Figure | Comparison of microbial community characteristics between three groups with PCOS from fecal metagenomic sequencing. (A) B-diversity was evaluated by
Principal Coordinate analysis (PCoA) based on Bray-Curtis distance and permutation multivariate analysis of variance (PERMANOVA) between groups. (B) Venn diagram of
unique or common species between groups.

Abbreviations: PCOS, polycystic ovary syndrome; PCOS-VO, PCOS with visceral obesity; PCOS-NVO, PCOS with non-visceral obesity; PCOS-NB, PCOS with normal BMI.

Abundance Comeparison of Gut Microbiota

Figure 2 shows relative abundance of gut microbiota in patients with PCOS. Bacteria and Heunggongvirae were the two
main kingdoms in all samples (Figure 2A). At the phylum level, Bacteroidetes (PCOS-VO, sequence number percent
58.20%; PCOS-NVO, 60.25%; PCOS-NB, 53.28%), Firmicutes (PCOS-VO, 28.85%; PCOS-NVO, 26.64%; PCOS-NB,
31.11%), Proteobacteria (PCOS-VO, 1.98%; PCOS-NVO, 3.96%; PCOS-NB, 5.99%), and Uroviricota (PCOS-VO,
5.33%; PCOS-NVO, 4.42%; PCOS-NB, 4.64%) were abundant taxa (Figure 2B), with the first three phyla coming
from Bacteria kingdom and the last one coming from Heunggongvirae kingdom.

When it comes to Bacteroidetes phylum, different families were observed to be significantly abundant in different
groups, with Prevotellaceae for PCOS-VO group (LDA=5.0, P<0.05), Bacteroidaceac for PCOS-NVO group
(LDA=5.07, P<0.05), Odoribacteraceac for PCOS-NB group (LDA=3.64, P<0.05) (Figures 2C and 3A). There were
three dominant genera, including Bacteroides, Phocaeicola, and Prevotella (Figure 2D). Abundant genera were further
compared by Dunn test (Table 2). Compared to PCOS-NVO group, Prevotella genus was more abundant in PCOS-VO
group, while Phocaeicola genus was less abundant (both P<0.05).

Firmicutes phylum included several enriching families, such as Lachnospiraceae, Oscillospiraceae, Selenomonadales,
Acidaminococcales (Figure 2C). Figures 2D and 3A show that there were different genera with high relative abundance
in different groups, such as Megamonas and Dialister in PCOS-VO group (LDA=4.05 and 3.54, P<0.05),
Mediterraneibacter in PCOS-NVO group (LDA=4.08, P<0.05), Ruminococcus, Phascolarctobacterium, and
Enterocloster in PCOS-NB group (all LDA>3.0, P<0.05).

Proteobacteria phylum was the third most abundant Bacteria kingdom. Enterobacteriaceae family and Escherichia
genus were more abundant in PCOS-NB group compared with the other two groups (Figure 2C and D), but without
significance (Dunn test, P>0.05, Table 2). Neisseria genus was more abundant in PCOS-NB group compared to PCOS-
VO and PCOS-NVO groups (Dunn test, P<0.05, Table 2). Network analysis of correlation among enriching microbial
taxa at the genus level can be found in Figure 3B.
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Figure 2 Relative abundance of gut microbiota in 27 patients with PCOS. (A) Microbial histogram analysis at the kingdom level for each sample. Microbial histogram analysis

at the phylum level (B, top 5), the family level (C, top 10), and the genus level (D, top 20) for each group. The abbreviations for kingdom, phylum, class, order, family, genus,
and species are k, p, ¢, o, f, g and s, respectively.

Abbreviations: PCOS, polycystic ovary syndrome; PCOS-VO, PCOS with visceral obesity; PCOS-NVO, PCOS with non-visceral obesity; PCOS-NB, PCOS with normal BMI.

Association Between Microbial Taxa and Clinical Parameters

Heatmap shows that multiple metabolic markers were significantly correlated with relative abundance of microbial taxa
at the genus level (only r>0.4 or r<-0.4, and P<0.05 are marked, Figure 3C). For example, the relative abundance of
Prevotella, Megamonas, and Dialister genera, which were enriched in PCOS-VO group, were positively correlated with
certain parameters of BMI, WHR, VFA, SFA, HbAlc, insulin OH, and HOMA-IR, respectively. In contrast,
Phascolarctobacterium and Neisseria genera, which were enriched in PCOS-NB group, showed a significantly negative
association with insulin OH, HOMA-IR, SFA, VFA, and BMI. In addition, the relative abundance of
Phascolarctobacterium genus was positively correlated with 25-hydroxy vitamin D, while Dialister, Lactiplantibacillus,
Macrococcus, Salmonella, and Kluyvera genera were negatively correlated with 25-hydroxy vitamin D.
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Figure 3 Enriching microbial taxa in PCOS patients of each group and their correlations with clinical parameters. (A) LEfSe identified significant abundant taxa in each group
(LDA score (log 10)>3, p<0.05). The abbreviations for kingdom, phylum, class, order; family, genus, and species are k, p, ¢, o, f, g and s, respectively. (B) Network analysis of
correlations among enriching microbial taxa at the genus level. The size of ellipse denotes the relative abundance of the genus. The red and green lines denote positive and
negative correlations, respectively. Only top 30 genera in abundance are counted and mapped. Only r>0.4 or r<-0.4, and P<0.05 is displayed a line. Microbial taxa from different
phyla are shown by different colors on the right. (C) Heatmap of correlations between clinical parameters and microbial taxa at the genus level. Microbial taxa with top 30
abundance detected in samples are listed on the left, and clinical parameters are shown on the bottom. Microbial taxa from different phyla are shown by different colors on the
right. R values are shown in different colors, and only r>0.4 or r<-0.4, and P<0.05 are marked. *Means 0.01<P<0.05, ** means 0.001<P<0.01, *** means P<0.001.

Abbreviations: LEfSe, linear discriminant analysis effect size; LDA, linear discriminant analysis; FSH, follicle-stimulating hormone; HDL-C, high-density lipoprotein
cholesterol; AMH, anti-Mullerian hormone; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; SFA, subcutaneous fat area; WHR, waist-to-hip ratio; VFA,
visceral fat area; FT, free testosterone; FAI, free androgen index; LH, luteinizing hormone; LDL-C, low-density lipoprotein cholesterol; Apo-B, apolipoprotein B.

Functional Characteristics of Gut Microbiota Between Groups

We annotated the fecal gene catalogs using KEGG pathway and KO databases. The most abundant pathway was metabolism
pathway at KEGG level-1. A total of 57 level-2 pathways were identified in this study, and the top three were amino acid
metabolism, carbohydrate metabolism, metabolism of cofactors and vitamins, all of which belong to metabolism pathways
(Supplementary Table 1). In PCOS-VO group, it showed significant enrichments in map03010 (ribosome), map00780 (biotin
metabolism), and map00061 (fatty acid biosynthesis) at KEGG level-3 (LAD=3.59, 3.26, 3.12, all P<0.05, Figure 4A). We
also identified several KOs that differed significantly in relative abundance between groups with the results shown in
Figure 4B. Most of these KOs were involved in the map03010 (ribosome), such as ribosomal protein S9 (RPS9), RPS4,
RPS19, RPS11, RPS13, RPL1, RPL2, RPLS, RPL14, RPL22. In addition, LEfSe method also suggested that map04071
(sphingolipid signaling pathway) was enriched in PCOS-NB group (LAD=2.18, P<0.05, Figure 4A).

Discussion

We first studied the gut microbiota of PCOS patients with visceral obesity using fecal metagenomic sequencing.
Microbial B-diversity is an index to measure the similarity of microbial composition among individuals. Previous studies
showed significant differences in microbial B-diversity between PCOS patients and healthy controls,>® while some
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Table 2 Comparison of Relative Abundance of Microbial Genera Among PCOS
Patients

Genus PCOS-VO (SN%) PCOS-NVO (SN%) PCOS-NB (SN%)
Prevotellat 0.240854428 0.011145989 0.001566573
Bacteroides 0.232903755 0.280217956 0.219054669
Phocaeicola® 0.116486463 0.262477618 0.152675515
Faecalibacterium 0.094694723 0.106373215 0.075600046
Parabacteroides 0.039393417 0.03575337 0.062182817
Megamonas’ 0.029243029 9.38565E-07 0.012456004
Roseburia 0.028395777 0.010935087 0.028685214
Dialister™ 0.015851156 0.001087968 5.75907E-05
Alistipes* 0.014320205 0.008303278 0.027069826
Escherichia 0.008816834 0.014846753 0.045671956
Coprococcus 0.008148359 0.00546381 0.004777703
Mediterraneibacter’* 0.00773597 0.030657228 0.017545291
Bifidobacterium 0.006722136 0.01280929 0.001451393
Klebsiella 0.006459636 0.014457506 0.001688751
Lachnospira 0.005877721 0.005204371 0.005965814
Ruminococcus* 0.005441992 0.002896745 0.012929959
Blautia 0.005372683 0.003361559 0.00613332
Odoribacter* 0.00486163 0.001266033 0.006041829
Flavonifractor 0.003837804 0.004736585 0.005184732
Phascolarctobacterium® 0.003756321 0.006489874 0.021432891
Butyricimonas 0.003362212 0.001718001 0.002865543
Ruthenibacterium 0.001982074 0.000975697 0.001570549
Anaerostipes 0.001967321 0.003602445 0.006792606
Sutterella 0.001957603 0.000353832 0.001966225
Anaerobutyricum 0.001938578 0.001693365 0.004824901
Streptococcus 0.001929965 0.002198628 0.002176205
Dysosmobacter 0.001884027 0.002132362 0.001448367
Clostridium 0.001850184 0.002835619 0.004579551
Paraprevotella 0.001649762 0.000477624 0.001337441
Fusobacterium 0.001601699 0.000913598 0.002726259
Oscillibacter 0.001556443 0.00172829 0.001473736
Collinsella 0.001532239 0.001803439 0.00088308
Adlercreutzia 0.001237749 0.000189017 0.001717451
Enterocloster!® 0.001073355 0.003320091 0.003572268
Veillonella 0.000911388 0.000927371 0.000592063
Lachnoclostridium 0.000762024 0.00056526 0.000479331
Faecalibacillus 0.000704157 0.000315021 0.000501044
Longibaculum 0.000534618 0.000626635 0.000534384
Eubacterium 0.000480104 0.00144658 0.000651174
Haemophilus 0.000399465 0.00062642 0.001472551
Coprobacter 0.000321771 0.000644229 0.000264652
Erysipelatoclostridium 0.000320608 0.001253503 0.00049666
Eggerthella 0.000276351 0.000136322 0.000145597
Lacrimispora 0.000219434 0.00028178 0.00021555
Clostridioides 0.0002 14447 0.000245511 0.000416008
Campylobacter® 0.000163456 0.000203822 0.000746196
Romboutsia 0.00013476 0.000325063 0.000264461
Faecalicatena 0.000130106 0.0002036 0.000387642
Longicatena 0.000120104 0.000373066 0.000445143
Neisseria** 1.59363E-06 3.66124E-06 1.19777E-05
Notes: The relative abundance of each genus was compared between groups, and this analysis was performed by
first calculating the total p-value using Kruskal-Wallis, then using the Dunn test core algorithm for multiple
comparisons and correcting the false discovery rate with Bonferroni method. TP<0.05 for the differences
between PCOS-VO group and PCOS-NVO group. ¥P<0.05 for the differences between PCOS-NVO group
and PCOS-NB group. #P<0.05 for the differences between PCOS-VO group and PCOS-NB group.
Abbreviations: SN%, sequence number percent; PCOS-VO, PCOS with visceral obesity; PCOS-NVO,
PCOS with non-visceral obesity; PCOS-NB, PCOS with normal BMI.
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Figure 4 Functional annotation of gut microbiota of 27 PCOS patients from metagenomic sequencing data. Linear discriminant analysis (LDA) effect size (LEFSe) was used to
identify KEGG pathways (A) and KOs (B) with significant differences in relative abundance between groups. LDA>2 for KEGG pathways or LDA>2.5 for KOs, and p<0.05 are listed.
Abbreviations: KEGG, Kyoto Encyclopedia of Functional Genes and Genomes; KO, KEGG Orthology.

studies suggested an opposite finding.*!” There were also opposite findings on whether microbial diversity is homo-
genized among PCOS population. Some studies showed no significant difference in B-diversity based on Bray-Curtis
distance between PCOS-HB (BMI >24 kg/m?) and PCOS-LB (BMI <24 kg/m?),>'” but Insenser et al indicated microbial
B-diversity of obese PCOS (BMI >30 kg/m?) was significantly lower than that of non-obese PCOS (BMI <30 kg/m?)."?
In regard to literature, the effect of obesity on microbial B-diversity yielded conflicting results, which may be attributed to
a key factor BMI for grouping. Our study shows that microbial B-diversity was significantly different between PCOS-VO
and PCOS-NVO groups but not different between PCOS-NVO and PCOS-NB groups. Thus, PCOS phenotype with
visceral obesity may essentially affect the change of microbial diversity rather than obesity distinguished only by BMI.

Bacteroidetes is the main phyla in gut microbiota of all PCOS patients in this study. Different families were observed
abundantly in different groups, with Prevotellaceae for PCOS-VO, Bacteroidaceae for PCOS-NVO, and
Odoribacteraceae for PCOS-NB. Relative abundances of Prevotella genus and Bacteroides genus were negatively
correlated (Figure 3B), in other words, the existence of one kind seemed to lead to the rejection of the other kind.'®
One clinical study'”® reported a higher abundance of Prevotella genus in PCOS with obesity, consistent with ours. Our
study also indicated that Prevotella genus was positively correlated with BMI, VFA, WHR. Meanwhile, Bacteroides
genus was negatively correlated with WHR and SFA (Figure 3C). Carolina Serena et al conducted a clinical trial noting
that a higher relative abundance of succinate-producing Prevotellaceae and a lower relative abundance of succinate-
consuming Odoribacteraceae were found in obese individuals. Obesity concomitant with impaired glucose metabolism is

associated with increased levels of circulating succinate.”® Therefore, Prevotellaceae family, Prevotella genus, and
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Odoribacteraceae family may be involved in the development of fat accumulation and severe metabolism in PCOS with
visceral obesity.

Firmicutes was another dominant phylum of gut microbiota in this study, which together with Bacteroidetes and
Proteobacteria account for more than 90% of total gut microbiota. Dialister, Phascolarctobacterium, and Clostridium
genera all belong to Firmicutes phylum. Dialister was more abundant in PCOS-VO group, which was positively
correlated with VFA, SFA, BMI, insulin OH, and HOMA-IR. Phascolarctobacterium and Clostridium both increased
negatively with Dialister (Figure 3B), and they were negatively correlated with VFA, SFA, and BMI. These are in line
with literature studies on differences in gut microbiota between obese and non-obese participants.'*** In insulin-sensitive

! while Phascolarctobacterium was higher.”® Dialister is a kind of

individuals, the abundance of Dialister was lower,’
gram-negative cocci, which has been shown to produce short-chain fatty acids (SCFAs) such as acetate and propionate.®*
Circulating SCFAs produced in gut can trigger endogenous secretion of hunger-regulating peptides such as glucagon-like
peptide 1 (GLP-1) and peptide YY (PYY),”> which may promote energy uptake and lead to obesity.

20.26 thus the decrease of Phascolarctobacterium abundance

Phascolarctobacterium is a kind of succinate-consuming taxa,
may lead to an increase in intestinal succinate metabolites. Previous studies showed correlation between abundance of
Clostridium, reducing body fat accumulation and enhancing insulin sensitivity.>”*® Zhao et al confirmed that
Clostridium_sensu_stricto_1 might be one of the key pathogens causing PCOS-IR rat model.”® Thus, Dialister,
Phascolarctobacterium, and Clostridium genera may play an important role in the mechanism of morbid obesity in
PCOS patients.

Proteobacteria phylum, a kind of gram-negative bacteria, was more abundant in PCOS-NB group, especially
Gammaproteobacteria class, Enterobacteriaceae family, and Escherichia genus, but without significance. Chen et al
suggested that a higher abundance of Proteobacteria phylum was observed in PCOS-HB group compared to PCOS-LB
group, with the grouped BMI set at 24 kg/m?, which may be a factor contributing to the opposite result to our study.’
Debédat et al indicated that increase in Proteobacteria, Gammaproteobacteria, and Escherichia coli was correlated with
the amount of weight loss or post-bariatric surgery, as well as reduced systemic inflammation and improved glucose
homeostasis.*® Therefore, some taxa of Proteobacteria phylum may be involved in improving morbid obesity in PCOS
patients. In this study, Spearman correlation analysis showed that Neisseria and Cardiobacterium genera were negatively
correlated with BMI, VFA, WHA, Insulin OH, and HOMA-IR.

In order to comprehensively understand the differences in gut microbiota between visceral obesity group and non-
visceral obesity group, we analyzed the function of microbial taxa. The ribosome pathway was significantly enriched in
PCOS-VO group. Ghosh et al conducted whole-genome expression profiling of whole blood and showed that ribosome
pathway was the top ranked pathway in the obese cohort.*’ The ribosome pathway is related to ribosome composition,
protein synthesis, and hematopoietic cell survival. While ribosomes have long been considered as complex machines
with unchanging composition, in recent years researchers have proposed that ribosomes can have heterogeneous
composition, and this heterogeneity can be caused by variations of any component, such as rRNA modifications,
rRNA variants, stoichiometric ratios of ribosomal proteins, post-translational modifications, and ribosome-associated
proteins.®> Complex ribosomes consist of ribosomal proteins with ribosomal RNAs, and perturbations of these check-
points in ribosome pathway may lead to excessive activation of ribosomal organisms. Analysis of KOs in this study
showed that ribosome pathway included several ribosomal protein genes (PRL14, PRS9, PRLS, et al Figure 4B), which
were enriched in PCOS-VO group. Wu et al conducted experiments on Caenorhabditis elegans and demonstrated that
nucleolus stress promotes lipid synthesis and accumulation through the ribosomal protein RPL11/RPLS5, which upregu-
lates PHA-4 expression located in the nucleus and transcriptionally activates the expression of lipid synthesis genes.*
Therefore, it is reasonable to speculate that ribosome pathway may be involved in fat accumulation in PCOS with
visceral obesity and aggravate severe metabolism.

This study also showed a higher relative abundance of fatty acid biosynthesis but a lower relative abundance of
sphingolipid signaling pathway in PCOS-VO group, which may be correlated with lipid homeostasis and insulin
resistance in PCOS. Excess circulating fatty acids (FAs) are characteristic of obesity and can induce insulin resistance,

steatosis, p-cell dysfunction, and apoptosis.** Ceramide plays a key role in lipotoxicity. The imbalance between ceramide
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and sphingosine-1 phosphate (S-1P) is involved in lipid homeostasis in human diseases such as Alzheimer’s disease, type
2 diabetes-induced insulin resistance, and cardiovascular diseases.>

Conclusion

This study suggested that B-diversity of gut microbiota in PCOS was significantly different between visceral obesity and
non-visceral obesity. A variety of enriching taxa with significant differences between groups, such as Prevotellaceae
family, Odoribacteraceae family, Prevotella genus, Phascolarctobacterium genus, Dialister genus, and Clostridium genus,
may participate in the development of PCOS patients with visceral obesity through fat accumulation, SCFA metabolism
(including succinate metabolism), and energy uptake. These enriching taxa can be used as future candidate biomarkers
for PCOS patients with visceral obesity. We also found that the underlying and functional differences between groups
were mainly distributed in ribosome, fatty acid biosynthesis, and sphingolipid signaling pathways, affecting lipid
homeostasis and visceral fat accumulation. One obvious limitation of this study is that the sample size was small,
allowing only preliminary findings. Another limitation is that the groups showed a statistical difference in BMI between
PCOS-VO and PCOS-NVO, and the effect of BMI on gut microbiota could not be excluded. However, VFA and BMI,
respectively, define obesity from different perspectives. Clinically, VFA and BMI are often positively correlated, so it is
difficult to completely distinguish the effect of the two on gut microbiota. Of course, we will industriously further expand
clinical samples to recruit PCOS patients with visceral obesity and non-visceral obesity with matching BMI for
exploration of the relationship between VFA, BMI, and gut microbiota. More basic mechanical experiments on cells
or animals should also be performed to demonstrate how gut microbiota influences pathological processes of visceral
obesity, metabolism, and reproduction in PCOS.
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