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Context:Amajority of womenwith polycystic ovary syndrome (PCOS) havemetabolic abnormalities
that result in an increased risk of developing type 2 diabetes and heart disease. Correlative studies
have shown an association between changes in the gut microbiome and metabolic disorders. Two
recent studies reported a decrease in a diversity of the gut microbiome in women with PCOS
compared with healthy women.

Objective:We investigated whether changes in the gut microbiome correlated with specific clinical
parameters in women with PCOS compared with healthy women. We also investigated whether
there were changes in the gut microbiome in women with polycystic ovarian morphology (PCOM)
who lacked the other diagnostic criteria of PCOS.

Participants: Subjects were recruited at the Poznan University of Medical Sciences. Fecal microbial
diversity profiles of healthy women (n = 48), womenwith PCOM (n = 42), andwomen diagnosedwith
PCOS using the Rotterdam criteria (n = 73) were analyzed using 16S ribosomal RNA gene sequencing.

Results: Lower a diversity was observed in women with PCOS compared with healthy women.
Women with PCOM had a change in a diversity that was intermediate between that of the other
two groups. Regression analyses showed that hyperandrogenism, total testosterone, and hirsutism
were negatively correlated with a diversity. Permutational multivariate analysis of variance in
UniFrac distances showed that hyperandrogenism was also correlated with b diversity. A random
forest identified bacteria that discriminated between healthy women and women with PCOS.

Conclusion: These results suggest that hyperandrogenism may play a critical role in altering the gut
microbiome in women with PCOS. (J Clin Endocrinol Metab 103: 1502–1511, 2018)

Polycystic ovary syndrome (PCOS) is the most com-
mon endocrine disorder in women of reproductive

age, with an estimated worldwide prevalence of 5% to
15%when the Rotterdam consensus criteria are used (1).
Hyperandrogenism is a key feature of this disorder, and
heritability studies indicate that there is a strong poly-
genic component (2). PCOS can result in profound, long-

term health consequences (3). In addition to increased
risks of infertility, miscarriage, and pregnancy compli-
cations, many women with PCOS have metabolic ab-
normalities that increase their risk of developing obesity,
type 2 diabetes, and cardiovascular disease (4, 5).

A complex community of microorganisms that is
important for human health resides within the large
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intestine (the gut microbiome) (6). Correlative studies
demonstrated that the gut microbiome of individuals
with metabolic disorders such as obesity and diabetes
differs from that of healthy individuals (7–10). More
recently, two studies reported differences in the gut
microbiome of Caucasian or Han Chinese women with
PCOS, including a decrease in the overall bacterial species
richness (a diversity) of the gut microbial community and
changes in several bacterial taxa, compared with that
of healthy women (11, 12). Fecal microbiome trans-
plantation from obese humans into germ-free mice also
resulted in an obese phenotype, indicating a potential
causative role of the gut microbiome in the development
of metabolic disorders (13, 14).

Given that we previously observed changes in the gut
microbiome in a hyperandrogenic mouse model of PCOS
(15), we investigated whether changes in the gut micro-
biome in women with PCOS correlate with hyper-
androgenism or other hallmarks of PCOS. We found that
womenwith PCOShad a decrease in biodiversity in the gut
microbiome and changes in specific bacterial taxa com-
pared with healthy women. Women with polycystic
ovarian morphology (PCOM) also had a change in gut
microbial diversity that was intermediate between that of
the other two groups. Furthermore, our analyses dem-
onstrated that hyperandrogenism (total testosterone and
hirsutism) was correlated with changes in the gut micro-
biome. A better understanding of the relationship between
hyperandrogenism and the gutmicrobiome inwomenmay
lead to new therapeutic approaches for PCOS.

Subjects and Methods

Study cohort
A total of 163 premenopausal women were recruited at the

Poznan University of Medical Sciences. Using the Rotterdam
criteria, PCOS was diagnosed by the presence of at least two
of the following conditions: clinical or biochemical hyper-
androgenism (Ferriman-Gallwey score $8; testosterone level
.0.5 ng/mL), oligomenorrhea or amenorrhea (,8 cycles/y),
and polycystic ovaries. Congenital adrenal hyperplasia was
excluded on the basis of a morning follicular phase 17-
hydroxyprogesterone level ,2 ng/mL. Diabetes mellitus was
excluded on the basis of a fasting glucose level ,100 mg/dL
and a glucose tolerance test value ,200 mg/dL at 30, 60, and
90 minutes and ,140 mg/dL at 120 minutes. None of the
subjects had elevated prolactin levels, thyroid disease, or Cushing
disease. Study participants had no clinical signs or symptoms of
any other endocrinopathy, a normal baseline renal function, and
normal levels of bilirubin and aminotransferases. Exclusion
criteria were the use of oral contraceptives, other steroid hor-
mones, and metformin within the preceding 3 months. Subjects
taking antibiotics, probiotics, or laxatives were excluded. All
study participants were at least 18 years old and provided in-
formed consent. The study was approved by the institutional
review boards at the Poznan University of Medical Sciences and
the University of California, San Diego.

Sampling and laboratory measurements
The study visits took place between 8:30 and 11 AM. Clinical

assessments included determination of body mass index (BMI)
and hirsutism. Venous blood was collected after an overnight
fast, and serum was stored at 280°C until the analyses were
performed. A 2-hour oral glucose tolerance test was performed
with determinations of glucose and insulin in the fasting state as
well as after a 75-g glucose load at 30, 60, 90, and 120 minutes.
Fecal samples were collected from the rectum using a cotton
swab (CultureSwab 220135; Becton Dickinson). Samples were
stored at 280°C within 20 minutes of collection. Transvaginal
ultrasonographic evaluations were performed using the Aloka
ProSound 7 (Aloka Co. Ltd.). The ovaries were measured in
three perpendicular diameters. Ovarian volume was determined
using the prolate ellipsoid formula. Glucose levels were de-
termined using the enzymatic reference method with hexo-
kinase. Serum testosterone, luteinizing hormone (LH),
follicle-stimulating hormone (FSH), sex hormone-binding
globulin, and insulin levels were determined using electro-
chemiluminescence assays (Roche Cobas 6000 System).

DNA isolation
Rectal swab samples were shipped on dry ice to the Uni-

versity of California, San Diego and stored at280°C. Genomic
DNA was extracted from samples in a class II biological safety
cabinet using the PowerSoil DNA Isolation Kit (MoBio Lab-
oratories, Inc.). Solution C1 (60 mL) was added to the bead
beating tubes, and the cotton tips of the swabs were broken off
directly into the tubes. Tubes were vortexed at maximum speed
for 15 minutes using the PowerSoil Vortex Adaptor (MoBio
Laboratories, Inc). The remaining steps were performed as
directed by the manufacturer. Genomic DNA was quantified
using a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific), and the DNA was stored at 280°C.

16S ribosomal RNA amplicon sequencing
For each sample, the V4 hypervariable region of the 16S

ribosomal RNA (rRNA) gene was polymerase chain reaction
(PCR) amplified with primers 515F and 806R (16). The reverse
primers contained unique 12-base-pair Golay barcodes that
were incorporated into the PCR amplicons (17). PCR param-
eters were as follows: denaturing at 94°C for 3minutes followed
by amplification for 35 cycles at 94°C for 45 seconds, at 50°C
for 60 seconds, at 72°C for 90 seconds, and with a final ex-
tension of 72°C for 10 minutes. Amplicon sequence libraries
were prepared at The Scripps Research Institute Next Gener-
ation Sequencing Core Facility, where the libraries were se-
quenced on an Illumina MiSeq as previously described (15).

16S rRNA amplicon analysis
Raw sequences were imported into QIIME 2 (v.2017.6;

https://docs.qiime2.org/2017.6/) (18) using the q2-tools-import
script, and sequences were demultiplexed using the q2-demux
emp-single script. This resulted in 5.6 million sequences with an
average of 30,000 sequences per sample. The 16S rRNA se-
quences generated in this study were deposited into the Euro-
pean Nucleotide Archive (study accession no. PRJEB22972).
DADA2 software was used to obtain a set of observed sequence
variants (SVs) (19). DADA2 uses an Illumina sequence error
correction algorithm to derive an abundance distribution of
distinct SVs, which can differ by only a single nucleotide. On the
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basis of the quality scores, the forward reads were truncated at
position 220 using the q2-dada2-denoise script. Taxonomy was
assigned using a pretrained naive Bayes classifier [Greengenes
13_8 99% operational taxonomic units (OTUs)], and the q2-
feature-classifier plug-in (20). Singletons and SVs present
in ,10% of samples were removed to minimize the effect of
spurious, low abundance sequences using the q2-feature-table
filter-features script. The resulting SVs were then aligned using
MAFFT (21), and a phylogenetic tree was built using FastTree
(22). Taxonomic distributions of the samples were calculated
using the q2-taxa-barplot script. The rectal swabs contained
bacteria representative of fecal samples, and there was no ev-
idence of contamination with oral, skin, or vaginal bacteria.

a and b diversity metrics were computed using the q2-
diversity core-metrics script at a rarefied sampling depth of
500. Rarefaction resulted in the removal of three samples (one
control and two PCOS) that had ,500 sequences per sample.
Four a diversity metrics, observed SVs, Faith phylogenetic di-
versity (PD), Shannon, and Pielou were used to estimate fecal
microbial community richness, PD, information content, and
evenness, respectively (23–25). Two outliers (both PCOS) were
identified in the measures of a diversity and removed from the
analyses. UniFrac was used to compare the similarity (b di-
versity) among the microbial communities by calculating the
shared PD between pairs of microbial communities (26). A
cluster of outliers (four control and four PCOS)was identified in
the principal coordinates analysis (PCoA) of unweighted Uni-
Frac and removed from the analyses.

Statistical analysis
Statistical calculations were performed in the RStudio sta-

tistical package (version 0.99.893). Data were tested for nor-
mality via the Shapiro-Wilk test. Variables that were not
normally distributedwere transformed or ranked.Differences in

the clinical characteristics of study participants andmicrobiome
characteristics were analyzed using one-way or multifactor
analysis of variance followed by a Tukey honest significant
difference test for multiple post hoc comparisons. Multivariable
linear regression models were generated by backward stepwise
elimination implemented in R using the “step” library. Simple
linear regression and Pearson rank correlation were also per-
formed. PCoA and canonical correspondence analysis (CCA)
plots were constructed using the phyloseqRpackage (V.1.19.1).
PCoA plots were used to represent the similarity of fecal
microbiome samples on the basis of multiple variables in the
data set, whereas CCA was used to visualize the relationship of
the fecal microbiome with specific clinical parameters. Per-
mutational multivariate analysis of variance (PERMANOVA)
used unweighted Unifrac distance measures to assess bacterial
community compositional differences and relationships to patient
clinical characteristics (999 permutations; “vegan” package).
CCA combinedwith PERMANOVAwas performed to single out
significant variables driving microbiome composition and to
orient the data for visualizing the differences among the factors of
interest. A random forest classifier (27) was implemented in R
using the “randomForest” library to identify a diversity factors
and bacterial observed SVs that discriminate between healthy
women andwomenwith PCOS. Since random forest assumes that
there are equal samples in each group, we sampled a random
subset of the samples from the women with PCOS to compare
with the control group.

Results

Clinical characteristics of study participants
Gut microbial diversity profiles were generated for a

total of 163women: 48 healthy controls, 42 with PCOM,

Table 1. Clinical Characteristics of Study Participants

Diagnosis ANOVA Tukey HSD (Adjusted for Multiple Comparisons)

Control
(n = 48)

PCOM Only
(n = 42)

PCOS
(n = 73) P Value Control vs PCOM Control vs PCOS PCOM vs PCOS

Age, y 29.4 6 4.9 29.8 6 5.3 27.4 6 4.9 0.04 0.97 0.11 0.08
BMI, kg/m2 23.7 6 4.1 22.6 6 4.2 25.6 6 6.5 0.02 0.34 0.39 0.01
Testosterone, ng/mL 0.3 6 0.1 0.3 6 0.1 0.56 6 0.2 ,0.0001 0.98 ,0.0001 ,0.0001
Free testosterone, V 0.35 6 0.2 0.3 6 0.2 0.9 6 0.5 ,0.0001 0.85 ,0.0001 ,0.0001
Hirsutism (Ferriman-
Gallwey)

2.9 6 1.3 3.5 6 1.8 8.1 6 4.3 ,0.0001 0.31 ,0.0001 ,0.0001

Menses per y 12.1 6 0.5 10.9 6 1.8 8.1 6 3.4 ,0.0001 0.07 ,0.0001 ,0.0001
LH, IU/L 7.7 6 5.8 10.8 6 14.3 11.9 6 8.4 ,0.0001 0.13 ,0.0001 0.02
FSH, IU/L 5.7 6 1.9 6.4 6 2.9 5.5 6 1.9 0.29 0.52 0.91 0.25
LH/FSH ratio 1.4 6 0.6 1.5 6 0.8 2.3 6 1.4 ,0.0001 0.59 ,0.0001 0.0006
Fasting glucose,
mmol/L

4.86 6 0.34 4.85 6 0.4 5.14 6 1.87 0.37 1 0.47 0.47

Fasting insulin,
pmol/L

48.5 6 18.5 46.6 6 21.9 61.4 6 38.2 0.05 0.83 0.2 0.06

HOMA-IR 1.75 6 0.7 1.69 6 0.84 2.27 6 1.54 0.01 0.97 0.05 0.03
Hyperandrogenism 0 0 62 ,0.0001 1 ,0.0001 ,0.0001
Oligomenorrhea 0 0 34 ,0.0001 1 ,0.0001 ,0.0001
PCOM 0 42 71 ,0.0001 ,0.0001 ,0.0001 0.39

Data are presented asmean6 standard deviation. Nonnormal datawere ranked and analyzed by one-way analysis of variance followed by the Tukey HSD
test.

Abbreviations: HSD, honest significant difference; V, Vermeulen equation.
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and 73 diagnosed with PCOS. Of the 73 women with
PCOS, 21 had all three criteria (hyperandrogenism,
oligomenorrhea, and PCOM), 39 had hyperandrogenism
and PCOM, two had hyperandrogenism and oligome-
norrhea, and 11 had oligomenorrhea and PCOM.
Table 1 summarizes the clinical characteristics of the
study participants. Compared with healthy women in the
control group and those with PCOM, the cohort of
women with PCOS had higher levels of serum total
testosterone and free testosterone as well as an in-
crease in hirsutism and a decrease in the number of
menses per year. Women with PCOS also had in-
creased levels of serum LH, an increased ratio of LH/
FSH, but no detectable change in serum FSH levels. In
addition, although fasting glucose and insulin levels
were not different, women with PCOS had higher
homeostasis model assessment of insulin resistance
(HOMA-IR) values. Although age and BMI did not
differ between controls and women with PCOS, there

was a small difference in BMI between women with
PCOM and women with PCOS.

PCOS was associated with reduced biodiversity in
the gut microbiome

In total, 481 observed SVs (analogous to OTUs) were
identified from the rectal swab samples. Women with PCOS
had reduced gut microbiome a diversity compared with
healthywomenasmeasuredbyabundance (observedSVs;P=
0.04) and PD (Faith PD; P = 0.02) [Fig. 1(a) and 1(b)].
Women with PCOM displayed an intermediate phenotype
in both observed SVs and Faith PD because the a diversity of
their gut microbiome was not statistically different from that
of healthywomenorwomenwithPCOS.WomenwithPCOS
also tended tohave lowerShannondiversity,whichaccounted
for both abundance and evenness of SVs, than controls (P =
0.1) [Fig. 1(c)]. There was no difference in the evenness of
the gut microbiome of women with PCOS compared with
that of either controls or women with PCOM [Fig. 1(d)].

Figure 1. Biodiversity of the gut microbiome was decreased in women with PCOS. Box plots of a diversity in fecal samples from healthy women
(controls; n = 47), women with PCOM (n = 41), and women diagnosed with PCOS using the Rotterdam criteria (n = 70) are shown, with
whiskers extending 1.53 past the interquartile range. (a‒d) a diversity was calculated using (a) the number of observed SVs as an estimate of
species richness, (b) Faith PD as an estimate of species richness that takes phylogenetic relationships into account, (c) Shannon as an estimate of
both species richness and evenness, and (d) Pielou as an estimate of the evenness of a community. One-way analysis of variance was performed
on ranked data with the Tukey honest significant difference post hoc test to compare means among groups. *P , 0.05.

doi: 10.1210/jc.2017-02153 https://academic.oup.com/jcem 1505

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/103/4/1502/4822208 by guest on 21 August 2022

http://dx.doi.org/10.1210/jc.2017-02153
https://academic.oup.com/jcem


Higher total testosterone levels and hirsutism
correlated with lower biodiversity in the
gut microbiome

Backward stepwise regression was used to build mul-
tiple regression models for identification of clinical pa-
rameters that best predicted two measures of a diversity
(i.e., observed SVs andFaithPD). Table 2 shows the factors
that contributed to the multiple regression models. Total
testosterone level, hyperandrogenism, and number of
menses per year correlated with observed SVs in the
multiple regressionmodel, whereas total testosterone level,
hirsutism, and hyperandrogenism correlated with Faith
PD. The ratio of LH/FSH may also correlate with a di-
versity (observed SVs and Faith PD; P = 0.08). In contrast,
age, BMI, andHOMA-IRdid not correlatewitha diversity
and were not included in the models. In addition, simple
linear regression was performed on clinical or biochemical
hyperandrogenism to get a better understanding and vi-
sualization of the data. Both serum total testosterone level
and hirsutism showed negative correlations with observed
SVs (P = 0.006 and P = 0.02, respectively) and Faith PD
(P = 0.05 and P = 0.03, respectively) (Fig. 2).

Hyperandrogenism was associated with changes in
the gut microbiome

b diversity
In addition to assessing a diversity, we used un-

weighted and weighted UniFrac analyses to compare the
similarity of the gut microbial communities (b diversity)

between healthy women and women with PCOS. a di-
versity estimates the within-sample biodiversity, whereas
b diversity estimates the biodiversity between samples.
PCoA and PERMANOVA were used to analyze the re-
lationship between overall gut bacterial composition and
clinical characteristics of the study participants. Although
there was no distinct clustering between samples from
controls and those from women with PCOS [Fig. 3(a)],
PERMANOVA tests detected a highly significant effect of
hyperandrogenism (P = 0.0009) and, to a lesser extent,
diagnostic group (P = 0.08) on the microbial community
composition (Table 3). When CCA was applied to visu-
alize the relationship of the gut microbial community
structure to clinical and biochemical hyperandrogenism, a
separation between samples from controls and from
women with PCOS that correlated with hirsutism was
observed (P = 0.06) [Fig. 3(b)].

Random forest identified bacterial taxa that
distinguished between healthy women and
women with PCOS

The random forest machine learning classifier was
trained to determine how well healthy women and
women with PCOS could be predicted on the basis of a
diversity and bacteria represented by observed SVs. The
random forest had the highest accuracy in distinguishing
women with PCOS (65% accuracy) followed by controls
(50% accuracy). The variable importance by mean de-
crease in accuracy was then calculated from the random
forest model (Supplemental Fig. 1). The relative abun-
dance of the eight bacterial genera whose removal caused
the greatest decrease in model accuracy (i.e., the most
important for classification) was graphed for healthy
women andwomenwith PCOS [Fig. 3(c)]. These bacteria
included Porphyromonas spp., Bacteroides coprophilus,
Blautia spp., Faecalibacterium prausnitzii, Anaerococcus
spp., Odoribacter spp., Roseburia spp., and Rumino-
coccus bromii.

Discussion

This study demonstrated that Caucasian women di-
agnosed with PCOS using the Rotterdam criteria had a
reduction in overall species richness (a diversity) of the
gut microbiome compared with that of healthy women
and changes in the composition of the microbial com-
munity (b diversity). Interestingly, our study found that
the biodiversity of the microbiome strongly correlated
with hyperandrogenism. More specifically, observed SVs
and Faith PD were both negatively correlated with total
testosterone level and hirsutism, whereas hyper-
androgenism had a highly significant effect on the
structure of the bacterial community as measured by

Table 2. Summary of Multiple Regression Analysis
Relating Patient Parameters to a Diversity

Std. Error t Value P Value

Observed SVs
Control vs PCOM 9.61 21.49 0.13
Control vs PCOS 18.35 22.28 0.02a

Testosterone, ng/mL 24.50 22.58 0.01a

Hirsutism 1.25 21.70 0.09
Hyperandrogenism 18.67 22.28 0.02a

Menses per y 2.27 22.05 0.04a

Oligomenorrhea 16.67 21.51 0.13
LH/FSH ratio 3.20 1.75 0.08

Faith PD
Control vs PCOM 37.14 21.79 0.07
Control vs PCOS 48.13 22.55 0.01a

Testosterone, ng/mL 24.38 22.00 0.04a

Hirsutism 1.25 22.17 0.03a

Hyperandrogenism 18.43 23.25 0.001b

Menses per y 1.56 21.57 0.11
PCOM 43.77 1.42 0.16
LH/FSH ratio 3.17 1.76 0.08

Data were ranked and a backward stepwise regression was used to select
themodel that best predicted observed SVs (r=0.14) and Faith PD (r=0.16).
aP , 0.05.
bP , 0.01.
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unweighted UniFrac. We also observed an intermediate
phenotype for women with PCOM regarding gut micro-
biome a diversity, suggesting that further studies are
warranted to determine whether the gut microbiome of
womenwith PCOM is significantly altered comparedwith
that of healthy women.

a diversity metrics estimate the overall biodiversity
of a community (i.e., the bacterial species in the gut
microbiome). Compared with healthy controls, women
with PCOS had a reduced overall number of bacterial
species and lower PD (observed SVs and Faith PD),
whereas there was no difference in community evenness
(Pielou) [Fig. 1(a)‒1(d)]. This agrees with two previous
studies that found a decrease ina diversity inwomenwith
PCOS compared with healthy women (11, 12). Reduced
a diversity of the gut microbiome was also observed in
humans with metabolic diseases compared with healthy
individuals. Indeed, lower a diversity of the gut micro-
biome was consistently associated with human obesity
according to several recent meta-analyses (28–30).

In the field of ecology, species richness has been
proposed to correlate with the health of an ecosystem,
as diverse communities may increase the stability and
productivity of an ecosystem (31). In terms of the gut
microbiome, it is possible that decreased bacterial di-
versity results in changes in gut function that can exac-
erbate diseases, including PCOS, though much work
remains to be done to understand how changes in the gut
microbiome influence host physiology.

Multiple and single linear regression analyses showed
that the decrease in a diversity was associated with total
testosterone level and hirsutism [Fig. 2(a)‒2(d); Table 2].
These results concur with the negative correlation we
observed between a diversity and testosterone level in a
hyperandrogenic, letrozole-induced PCOS mouse model
(15). Interestingly, factors such as the number of menses
per year and the LH/FSH ratio also contributed to the
multiple regression models but did not have a significant
association with a diversity in the single linear regression
analysis. In contrast, free testosterone, LH, and FSH

Figure 2. A decrease in gut bacterial biodiversity correlated with an increase in testosterone level and hirsutism. (a‒d) Scatterplots and trend lines
show the relationship between testosterone and (a) observed SVs or (c) Faith PD as well as the relationship between hirsutism and (b) observed
SVs or (d) Faith PD. Results of a Pearson correlation (P value and correlation coefficient) are shown in the insets, with the gray shaded areas
indicating the 95% confidence interval for the line of best fit. Healthy women (controls; n = 47), women with PCOM (n = 41), and women with
PCOS (n = 70).
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levels, as well as age, BMI, or HOMA-IR, did not con-
tribute to the multiple regression models or correlate with
a diversity.

In addition to a diversity, our study demonstrated a
difference in the overall gut microbial composition
(b diversity) between healthy women and women with
PCOS. Our results agree with the two aforementioned

studies that demonstrated changes in b diversity between
healthy women and women with PCOS according to
unweighted Unifrac and Bray-Curtis analyses (11, 12). In
addition, using PERMANOVA, we demonstrated that
hyperandrogenism was strongly correlated with changes
in the gut microbiome (Table 3). CCA also identified a
difference between the gut microbiome of women with

Figure 3. b diversity of the gut bacterial community was influenced by hyperandrogenism (HA), and random forests identified bacterial taxa that
distinguished between healthy women and women with PCOS. (a) PCoA of b diversity (unweighted UniFrac distances) of fecal samples from
healthy women (controls; n = 43) and women with PCOS (n = 66). Proportion of variance explained by each principal coordinate (PC) axis is
denoted on the corresponding axis. Permutation analysis of variance of the unweighted UniFrac distances indicated that hyperandrogenism had
a strong influence on the gut microbial community (P = 0.0009). (b) CCA represents the relationship between b diversity and specific variables of
interest, such as HA, testosterone, and hirsutism. CCA demonstrated that changes in the gut microbial communities between healthy women
and women with PCOS correlated with hirsutism (permutation test; P = 0.06). Proportion of variance explained by each CCA axis is denoted on
the corresponding axis. The arrows represent the direction and strength of the correlation between gut microbiome composition and specific
variables of interest. (c) A random forest classifier was used to identify bacterial observed SVs that best distinguished between healthy women
(controls) and women with PCOS. The relative mean abundances (mean 6 standard error of the mean) of the top eight most discriminant
observed SVs are identified to the genus and species level when possible.
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PCOS and that of healthy women and showed that
hirsutism was associated with the observed composi-
tional differences (P = 0.06) [Fig. 3(b)]. Our results agree
with the study by Liu et al. (12), who used SparCC to
analyze the gut microbiome of Han Chinese women with
PCOS and healthy women and found that a number of
distinct bacterial OTUs correlated with both total tes-
tosterone level and hirsutism. Although one cannot infer
causation from association studies, the accumulating data
from studies of humans and rodent models suggest that
androgen levels may have a significant effect on the
composition of the gut microbiome in women with PCOS.

Kruskal-Wallis tests did not detect significant dif-
ferences between the relative abundance of specific
bacterial taxa in the gut microbiome of healthy women
compared with women with PCOS after correction for
multiple comparisons. However, a supervised learning
approach using the random forest method identified
several bacteria that distinguished the gut microbiome
of healthy women from that of women with PCOS
[Fig. 3(c)]. The relative abundance of Porphyromonas
spp., B. coprophilus, Blautia spp., and F. prausnitziiwas
consistently higher in women with PCOS, whereas
Anaerococcus spp., Odoribacter spp., Roseburia spp.,
and R. bromii were lower [Fig. 3(c)]. Porphyromonas
has been reported to increase gut permeability and
dysbiosis (32). The relative abundance ofB. coprophilus
was reported to be higher in obese individuals (33),
whereas patients with type 2 diabetes and glucose intol-
erance had greater numbers of Blautia (34). Interestingly,
F. prausnitzii is a commensal bacterium known to produce
short-chain fatty acids (SCFAs), and in several reports,
lower abundance of this bacterium was associated with
obesity and Crohn disease (35), which is opposite to the
pattern we observed in women with PCOS [Fig. 3(c)].

The four taxa identified by random forest that had
lower abundance in women with PCOS [Fig. 3(c)] are all
known to synthesize SCFAs. SCFAs are microbial me-
tabolites that have distinct physiological effects on the
host. Butyrate, in particular, is involved in a number of
beneficial processes to the host, including down-
regulation of bacterial virulence; maintenance of colonic
homeostasis, including acting as an energy source for
intestinal epithelial cells; and anti-inflammatory effects
(36). Decreased levels of certain strains of Odoribacter
and Roseburia have been associated with Crohn disease
and ulcerative colitis and were thought to increase the
host’s inflammatory response via reduced SCFA pro-
duction (37, 38). Specific strains of Anaerococcus are
more abundant in obese individuals (33), whereas
R. bromii was associated with a lower concentration of
SCFAs and insulin sensitivity (39, 40).

Conclusion

In summary, our study demonstrated that hyper-
androgenism was correlated with changes in the gut
microbiome in women with PCOS. Our findings sug-
gest that androgens may be an important factor in
shaping the gut microbiome and that changes in the gut
microbiome may influence the development and pa-
thology of PCOS. If hyperandrogenism drives the mi-
crobial composition of the gut, it would be interesting
to determine if treatment of PCOS with androgen
antagonists or oral contraceptives results in recovery of
the gut microbiome and improvement of the PCOS
metabolic phenotype. Moreover, it would be informative
to determine whether the gut microbiome of women
diagnosed with PCOS using the criteria of oligomenor-
rhea and polycystic ovaries is distinct from that of women
diagnosed with the other subtypes of PCOS that include
hyperandrogenism.

Although many studies have reported that obesity was
associated with changes in the gut microbiome, it is
noteworthy that BMI or HOMA-IR did not correlate
with changes in a or b diversity of the gut microbiome in
our study. One possible explanation is that the average
BMI of the women in this study was 24.326 0.85 kg/m2.
Further sampling of the gut microbiome of obese women
with or without PCOS could address whether obesity
and insulin resistance influence the gut microbiome in
women with PCOS. However, given variations in the
human gut microbiome, large clinical cohorts will likely
be needed to address these questions. Future studies to
determine whether specific gut bacterial species play a
causative role in PCOS will also be important in de-
termining whether probiotics are a treatment option
for PCOS.

Table 3. Summary of Permutational Analysis of
Variance Assessing the Effect of Patient Parameters
on Unweighted UniFrac Distances (b Diversity)

Mean Squares Pseudo-F P Value

Control vs PCOS 0.31 1.33 0.08
Age, y 0.22 1.01 0.42
BMI, kg/m2 0.18 0.81 0.79
Testosterone, ng/mL 0.24 1.09 0.29
Hirsutism 0.18 0.81 0.77
Menses per y 0.24 1.08 0.31
LH/FSH ratio 0.19 0.85 0.71
Fasting glucose, mmol/L 0.24 1.1 0.37
Fasting insulin, pmol/L 0.21 0.97 0.51
HOMA-IR 0.19 0.89 0.67
Hyperandrogenism 0.47 2.11 0.0009a

Oligomenorrhea 0.21 0.96 0.52
PCOM 0.20 0.95 0.52

aP , 0.001.
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