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ABSTRACT

Introduction. Previously, it was shown that the “classic” phenotypes of polycystic
ovarian syndrome (PCOS) are associated with significant decrease in gut microbiota
alpha diversity as compared with healthy women.

The aim of the study. To establish cut-off points for alpha diversity indices, signifi-
cant in polycystic ovarian syndrome with hyperandrogenism.

Material and methods. The manuscript presents a sub-study of Eastern Siberia
PCOS Epidemiology and Phenotype Study, conducted in Eastern Siberia (Russia)
from 2016 to 2019. All participants (175 women of reproductive age: 26 women
with PCOS (according to Rotterdam criteria (2003)) and hyperandrogenemia (in-
creased levels of total testosterone (TT) and/or free androgen index (FAI), and/or de-
hydroepiandrosterone sulphate (DHEAS)), 149 - without hyperandrogenemia)
were recruited during the annual employment medical assessment. Methods
included a questionnaire survey, anthropometry and modified Ferriman - Gallwey
score, gynecological examination, pelvic ultrasound, and blood serum tests for TT,
DHEAS, sex hormone-binding globulin, FAI, prolactin, thyroid-stimulating hormone,
and 17-hydroxyprogesterone. Five indices of alpha diversity (amplicon sequencing
variant, Shannon index, Simpson index, Chao index, and abundance-based cover-
age Index) were estimated for the gut microbiota using amplicon metasequencing.
Statistical analysis included ROC-analysis for development of cut-off points for the in-
dices, associated with hyperandrogenism in women of reproductive age with PCOS.
Results. According to results of ROC-analysis, the greatest sensitivity with moder-
ate specificity, with a high area under the curve was established for the Shannon
and Simpson indices with cut-off points classifying women with or without hyper-
androgenemia - 5.84 and 0.97, respectively.

Conclusions. The developed criteria for assessing alpha diversity using cut-off
points for the most significant indices can be useful for monitoring the results of dif-
ferent therapeutic interventions (prebiotics, probiotics, etc.) in hyperandrogenic
phenotypes of PCOS.

Key words: polycystic ovary syndrome, PCOS, hyperandrogenism, gut microbiota,
alpha diversity indices, amplicon metasequencing
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PE3IOME

BeedeHue. PaHee 6bi710 NOKA3AHO, YMO «K/idccudeckue» heHomunsl CUHOPOMA
NOIUKUCMO3HbIX AUYHUKO8 (Cl1f) c8a3aHbI CO 3HAYUMETbHbIM CHUXEHUEM aJlb-
¢ha-pasHoobpaszus Kuwe4yHol MUKpobuomsl N0 CpasHeHUIo C NoKAasamesaamu
300P08bIX KEeHUUH.

Lens 0aHHO20 uccnedo08aHus. YCmaHo8UMb NOPO208ble 3Ha4eHUs 0J15 UHOeK-
€08 anba-pazHoobpasus, 3HaYUMbIX NPU CUHOPOMe NOIUKUCMO3HbIX SUYHUKOB
C eunepaHopoeeHued.

Mamepuan umemoosl. Bpykonucu npedcmassieHbl pe3yibmamel, NOs1yYeHHble
8 pamkax «Vccnedosarus snudemuosoauu u peHomuna Cl1f 8 BocmoyuHou Cubu-
pu», npogedéHHoz0 8 BocmoyHol Cubupu (Poccus) c 2016 no 2019 2. Bce yyacmHuku
(175 )eHWuH penpodykmusHoz0 8o3pacma: 26 xeHwuH ¢ Cl14 (coenacHo kpumepu-
AM, npuHaAmMeiM 8 Pommepodame 6 2003 2.) u 2unepaHopozeHemuell (N08bIWEHHbIM
yposHem 0bwjeco mecmocmepoHa (T), u/unu UHOeKCOM C80O00HbIX AHOPO2eHO8
(UCA), u/unu yposHem 0e2udposnuaHopocmepoH-cynbpama (Ar3A-C)) u 149 xeH-
WuH 6e3 eunepaHopozeHeMuu) 6bis1U peKPymMUpPOBAHbI 80 8pPEMs exe200H020
medocmMompa no mecmy pabomei. MemoOs! 8k/1104a/1U AHKeMUPOBAHUE, dHMPO-
nomempuro u oyeHKy no MoouguyuposaHHoU wikane GeppumaHa —[annges, 2uHe-
KoJ102u4ecKuti ocMomp, ylbmpassyKosoe Ucc1ie008aHue op2dHO8 Masao2o0 masa
U aHasnu3swl cbigopomku Kposu Ha T, AISA-C, 2nobynuH, ceasvisarowuli nosaossle
20pMoHsbI, UCA, nponiakmuH, mupeomponHsiti 20pMoH u 17-OH-npozecmepoH.
[Mames uHOekcos anvha-pazHoobpasus Mukpobuomel KuweyHuka (ASV (amplicon
sequencing variant), uHoekc llleHHoHa, uHoekc CumncoHa, uHOekc Yao, u ACE
(Abundance-based Coverage index)) oyeHusasnu ¢ ucnosb308aHUeMm memacek-
8eHUPOBAHUA amnyiukoHos. Cmamucmudeckul aHanu3 sxkmoyan ROC-aHanus
0719 paspabomku Nopo208bix 3HaYeHUUl 0715 UHOEKC08, dCCOYUUPOBAHHbIX C 2une-
paHopozeHuel y XeHUWUH penpodyKmugeHo20 8o3pacma c ClKA.

Pe3synemamel. [lo pesynemamam ROC-aHanu3za Haubonswias yyscmeumerib-
HOCMb NPU yMepeHHOU cneyuguyHoCcmU, ¢ 8bICOKoU naowadsto nod Kpusou bbiia
ycmaHoessieHa 011 uHoekcos LLleHHoHa u CUMNCOHA € NOPO20BbIMU 3HAYEHUAMU,
Kaccuguyupyrouwumu XeHUUH ¢ 2unepaHopozeHemuel unu 6e3 Heé: 5,84 u 0,97
€cooMmeemcmeeHHo.

Bb1800bI. PazpabomatHsie Kpumepuu oUeHKU aslbga-pazHoobpasus ¢ ucnosie-
308aHUEM NOPO208bIX 3Ha4YeHUll 0719 Haubosiee 3HaYUMbIX UHOeKCO8 Mo2ym 6bimb
nosie3Hol 0J19 MOHUMOPUH2a pe3yibmamos pa3iudHblXx mepanesmuyeckux
sMewiamesnibcme (npebuomuku, NPobUOMUKU U M. 0.) NPpU 2UNePaHOPO2eHHbIX
¢eHomunax CI1KA.

Knrodesole cioea: cuUHOPOM NOJIUKUCMO3HbIX AUYHUKO8, CTIA, 2unepaHopozeHus,
MUKpObUOMA KuWeYHUKA, UHOEKCbI dslbha-pad3Hoobpasus, MemacekeeHUposaHue
amMnJIUKOHO8
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BACKGROUND

Polycystic ovarian syndrome (PCOS) is the most com-
mon type of hyperandrogenism in women and is associat-
ed not only with reproductive disorders but also with a high
risk of developing metabolic syndrome, diabetes mellitus,
cardiovascular diseases, and psychoemotional disorders [1].
The prevalence of PCOS ranges from 2.2 to 19.5 %, depend-
ing on the diagnostic criteria used and the characteristics
of the population sample [2]. To date, more and more at-
tention is being paid to the role of the gut microbiota in dif-
ferent PCOS pathways: chronic systemic inflammation, di-
gestive hormone imbalance, and decreased insulin sensi-
tivity [3-5]. Nevertheless, the study results are inconsistent
and different authors considered the same bacterial species
as probiotics or, on the contrary, as pathogens causing pol-
ycystic ovary syndrome in model animals. Dysbiosis of gut
microbiota correlates with the clinical features of PCOS [6,
71; however, the role of gut microbiocenosis in the devel-
opment of hyperandrogenemia has not been definitive-
ly established.

Currently, some studies have reported the relationship
between PCOS and at least one alpha diversity index [7, 8].
At the same time, in general, data on gut microbiota biodi-
versity in PCOS and hyperandrogenemia are contradictory
and demonstrate decreased [7-9] or comparable diversity
with controls values [10].

Previously, we have shown that the “classic” PCOS pheno-
types are associated with a significant decrease in the alpha
diversity of the intestinal microbiota as compared to healthy
women, which was consistent with findings of other stud-
ies [11-13]. However, a diagnostic value of biodiversity indi-
ces regarding hyperandrogenism is not determined clearly.
Therefore, the objectives of this study were to establish cut-
off points for the main indices of alpha diversity that are sig-
nificant in PCOS women with hyperandrogenism.

METHODS

Study design

We performed this research as a sub-study of cross-sec-
tional, multicenter, institution-based Eastern Siberia PCOS
Epidemiology and Phenotype (ESPEP) Study, conducted
in the Irkutsk region and the Republic of Buryatia (Eastern
Siberia, Russian Federation) from 2016 to 2019 (ClinicalTri-
als.gov ID: NCT05194384) [14].

All participants (175 women of reproductive age:
26 women with PCOS phenotypes A, B, C (according to Rot-
terdam criteria (2003)) and hyperandrogenemia (increased
levels of total testosterone (TT) and/or free androgen index
(FAI), and/or dehydroepiandrosterone sulphate (DHEAS)),
and 149 women without hyperandrogenemia) were recruit-
ed during the annual employment medical assessment.
The study was conducted in accordance with the WMA Dec-
laration of Helsinki, 1964, with subsequent changes, and ap-
proved by the Local Ethics Committee of the Scientific Cent-
re for Family Health and Human Reproduction Problems
(Protocol No. 2.1, date of approval - February 24, 2016).
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The inclusion and exclusion criteria for ESPEP study
were previously reported [14]. For sub-study, we also ex-
cluded women who had taken antibiotics within one month
before recruitment.

For PCOS diagnosis, we used Rotterdam Criteria (2003):
a presence of any two of three criteria — hyperandrogen-
ism, oligo/anovulation, and polycystic ovarian morpholo-
gy — with no conditions with similar symptoms (hyperprol-
actinemia, hypothyroidism, 21-hydroxylase-deficient non-
classic congenital adrenal hyperplasia (NC-CAH), premature
ovarian failure) [15].

Methods included a questionnaire survey, anthro-
pometry with body mass index (BMI) calculation (weight
(kg)/height (m?)), vital signs, modified Ferriman - Gallw-
ey (mF-G) scoring, gynecological examination, lab tests,
and pelvic ultrasound (US). Pelvic US was performed using
the portable ultrasound scanner Mindray M7 (MINDRAY,
China). Blood serum TT was estimated using liquid chro-
matography with tandem mass spectrometry. For DHEAS,
sex hormone-binding globulin (SHBG), prolactin, luteiniz-
ing hormone (LH), follicle-stimulating hormone (FSH), thy-
roid-stimulating hormone (TSH), and 17-hydroxyprogester-
one (17-OH-P) we used ELISA. FAl was calculated (i. e. [TT/
SHBG] X 100). As previously reported, the upper normal
levels (UNL) for androgens (TT, FAI, and DHEAS) were de-
termined from the 98th percentiles for these parameters
in the healthy controls [16].

Sampling for high-throughput sequencing was per-
formed according to standard operating procedures
(SOP: IHMS_SOPO03 V2, IHMS_SOPO06 V2) developed dur-
ing the implementation of the International Human Mi-
crobiome Standards (IHMS) project of the internation-
al consortium [17]. On the eve of admission, patients re-
ceived a home fecal collection kit, which included a ster-
ile fecal jar, refrigerant, and instructions. The patients
transported the biomaterial in refrigerant to the labora-
tory within 2 h after defecation. The feces were immedi-
ately divided into aliquots for storage at —80 °C until fur-
ther processing.

Genomic DNA was isolated from feces using
the Quick-DNA Fecal/Soil Microbe Kit (Zymo Research,
USA). Library preparation and sequencing were car-
ried out in accordance with the manufacturer’s rec-
ommendations: amplified fragments were indexed us-
ing the Nextera XT Index kit v2 (set A-D), and individ-
ual libraries were mixed in equimolar amounts and se-
quenced on an lllumina MiSeq instrument (lllumina,
USA) using a MiSeq® Reagent Kit v3 (600 cycle) with dou-
ble-sided reading (2 x 300 N). Sequencing of the V1-
V3 amplicons of the variable regions of the 16S rRNA
gene was performed using the equipment of the Core
Centrum ‘Genomic Technologies, Proteomics and Cell
Biology’ in ARRIAM, and the primary data were de-
posited in the international database NCBI SRA (data:
PRIJNA899143). Amplicon libraries of 16S rDNA were pro-
cessed using the QIIME2 bioinformatics pipeline to con-
duct a comparative metagenomic study [18]. Ampli-
con sequencing variants (ASV) were generated using
the DADA2 algorithm, which allows detection, correction,



and filtering of amplicon errors and chimeric sequences.
The resulting representative sequences were used to de-
termine their taxonomic classification using the sklearn-
based Naive Bayes classifier trained on the SILVA v138
with 99 % 16S full-length database. Diversity analysis
was performed to estimate alpha diversity using the “di-
versity” plugin, and species richness difference analysis
was performed using the following indexes: ASV, Shan-
non, Simpson, Chao, and Abundance-based coverage
index (ACE).

The main outcome measures included the cut-off points
for the biodiversity indices (ASV, Shannon, Simpson, Chao,
and ACE), associated with hyperandrogenemia in premen-
opausal women with PCOS.

Statistical analysis

Sample size calculations for the total population were
based on the following formula: n = [(ZZHJl p(1-p)1/D2,
where n -individual sample size, Z, =196 (when a=0.05),
p —assumed PCOS prevalence according to the previously
published data [2],and D - absolute error. The data were col-
lected using Research Electronic Data Capture (REDCap)
[19]. Outliers were identified during the Exploratory Data
Analysis using the box-plot and 30 methods. Managing
missing data: in our research dataset, there were two types
of missing data — missing completely at random (MCAR)
and missing at random (MAR). We recorded all missing val-
ues with labels of “N/A” to make them consistent through-
out our dataset. Pairwise deletion was used when the data-
set was analyzed.

To estimate the assumption of the normal distribu-
tion of our datasets, we performed a formal statistical
test — the Shapiro — Wilk test. Chi-square (x?) was used
for frequency data. We used a Student’s t-test to compare
the mean values of the data with an independent sample,
which followed a normal distribution, or a Mann - Whitney
U-test to compare the ratio between two groups in anoth-
er case. Statistical analysis included ROC-analysis for cut-
offs development.

All data were analyzed using R 3.6.3 (a free software
environment for statistical computing and graphics [20]
and packages rstatix 0.7.0, ggplot2, and catdap1.3.5.

RESULTS

The main socio-demographic characteristics of study
participants are presented in the Table 1. To determine
microbiome-specific markers of hyperandrogenemia us-
ing the polycystic ovary syndrome model, all study par-
ticipants were divided into two groups based on the pres-
ence or absence of PCOS with hyperandrogenemia.
The criterion for hyperandrogenemia was the presence
of an increase above the UNLs of at least one of the fol-
lowing indicators: TT, FAI, DHEAS. As presented in the Ta-
ble 2, in patients with hyperandrogenemia, we found sig-
nificantly increased levels of luteinizing hormone and an-
drogens, which confirms the correctness of the model
(PCOS) we have chosen.
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TABLE 1

SOCIO-DEMOGRAPHIC CHARACTERISTICS OF STUDY

PARTICIPANTS

Parameters

Age (years), Mean £ SD

Ethnicity, n/N (%)
Caucasians

Asians

Mixed (Caucasian + Asian)

Place of residence, n/N (%)

City

Rural area

Marital status, n/N (%)
Single

Married

Living with another
Separated

Divorced

Widowed

Would rather not say
Education, n/N (%)
Doctoral degree
Master’s degree
Bachelor’s degree

Some college

High school or equivalent

Middle school only
Elementary school
No degree

Missing data

Total (n=175)

33+6.2

128/175(73.2)

28/175(16)

19/175(10.8)

105/175 (60)

70/175 (40)

54/175 (30.9)

82/175 (46.8)

23/175(13.1)

1/175 (0.6)

14/175 (8.0)

1/175 (0.6)

0/175(0.0)

4/175 (2.3)

75/175 (42.8)

29/175 (16.6)

31/175(17.7)

14/175 (8.0)

2/175(1.1)

9/175(5.2)

3/175(1.7)

8/175 (4.6)

As presented in the Table 3, the optimal balance
of sensitivity and specificity was found for the Shannon
and Simpson indices.



TABLE 2

THE MAIN CHARACTERISTICS OF STUDY PARTICIPANTS WITH AND WITHOUT HYPERANDROGENEMIA

Women with PCOS and HA (n = 26)

Women without HA (n = 149)

Parameters Mean + SD p
Median (LQ; UQ)
269+ 6.0 26.4+54

2 — #

B4 gl 25.9 (22.4;313) 25.8(22.0; 29.0) p=070
13.0+11.2 7.6+7.4 .

el b 10.0 (6.3; 15.5) 56(3.2;9.2) p <0.001
59+18 58+54 o

L ool 59(5.0:7.2) 5.1(3.7:6.4) p=004
. 322+ 161 336+ 189 -

dels iy 291 (233; 435) 286 (215; 408) p=095
16+0.8 18+ 16 o,

LS I 16(0.9: 1.9) 15(1.1:1.9) p=076
54+32 53+35 o

ISl 49(2.7;7.5) 5.0(26;7.3) p=072
62.8+28.8 27.7+14.7 .

[ttt 55.6 (44.5;81.1) 26.0 (17.9;36.5) p <0001
65.3+52.9 789+513 o

Sl st 403 (31.3: 89.8) 69.7 (43.1;99.3) p=003
53+38 16+1.2 ,

2l 46(2.2:6.7) 13(0.8:2.2) p<0.001
S 2736+ 144.4 1729+718 p < 0.001"

212.5(151.0; 389.0)
Note. HA — hyperandrogenism; * — Mann — Whitney U-test.

TABLE 3

168.0 (116.7; 221.5)

THE CUT-OFF POINTS FOR BIODIVERSITY INDICES ASSOCIATED WITH HYPERANDROGENEMIA (ON THE MODEL OF PCOS)

IN PREMENOPAUSAL WOMEN

Index The cut-off point Sensitivity; specificity
ASV 1225 0.80; 0.63
Shannon 5.8 0.80; 0.68
Simpson 1.0 0.89;0.63
Chao 135.0 0.80; 0.68
ACE 131.5 0.80; 0.63

Note. 95% Cl - 95% confidence interval; AUC — area under the curve.

DISCUSSION

The role of the gut microbiota in human metabolic
health is crucial. Numerous studies have shown that chang-
es in the abundance and composition of gut microbiota
are associated with many diseases, including PCOS [21, 22].
Therefore, the treatment of metabolic diseases using vari-
ous approaches (probiotics, prebiotics, and fecal microbio-
ta transplantation) is of interest [23-25]. Currently, correc-
tion of the gut microbiome disturbances is a promising op-
tion in the management of metabolic disorders, associated
with PCOS [23, 26, 27]. Nevertheless, there are no strategies
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95% ClI AUC 95% ClI
(103.00; 184.00) 0.65 (0.48;0.82)
(5.20; 6.49) 0.74 (0.59;0.88)
(0.90; 0.98) 0.73 (0.58; 0.88)
(110.00; 184.50) 0.69 (0.53,0.85)
(98.50; 168.00) 0.68 (0.52; 0.85)

for selection of PCOS patients who need the interventions
that regulate the gut microbiome correction.

Previously, we showed that diversity indices
are an effective biomarker for visualizing differences
in the gut microbiota according to PCOS phenotypes [13],
which were consistent with data obtained by other authors
[28, 29]. In this study, we conducted ROC analysis to devel-
op cut-off values for indices associated with hyperandro-
genism in women of reproductive age with PCOS.

The ROC-analysis has been actively used to search for bio-
markers for noninvasive diagnostics of certain diseases. Regard-
ing microbiome investigations, ROC curves were used for bac-



terial genera identified by the linear discriminant analysis ef-
fect size [30, 31]. Furthermore, the area under the curve (AUC),
sensitivity, and specificity were estimated in the study of ma-
jor depressive disorder patients were accompanied by anorex-
ia [30], and patients with chronic schistosomiasis japonica-in-
duced fibrosis [31], but they did not establish any cut-off points.

According to our results of ROC-analysis, the greatest
sensitivity with moderate specificity, with a high AUC was es-
tablished for the Shannon and Simpson indices with cut-off
points classifying women with or without hyperandrogene-
mia (5.84 and 0.97 for the Shannon and Simpson indices, re-
spectively). Therefore, we consider these values as potential
biomarkers of hyperandrogenemia associated with PCOS in
premenopausal women.

Limitations of the study
The small number of women included in the hyperan-
drogenemia group is a limitation of the study.

CONCLUSIONS

The developed criteria for assessing alpha diversity using
cut-off points for the most significant indices can be useful
for monitoring the results of different therapeutic interven-
tions (prebiotics, probiotics, etc.) in hyperandrogenic phe-
notypes of PCOS.
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