UC San Diego

UC San Diego Electronic Theses and Dissertations

Title
Role of the Gut Microbiome in Polycystic Ovary Syndrome

Permalink
https://escholarship.org/uc/item/4035933X

Author
Torres, Pedro .

Publication Date
2019

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4035g33x
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA SAN DIEGO
SAN DIEGO STATE UNIVERSITY

Role of the Gut Microbiome in Polycystic Ovary Syndrome

A dissertation submitted in partial satisfaction of the requirements for the degree Doctor of
Philosophy

n

Biology

by

Pedro Jahir Torres

Committee in charge:

University of California San Diego

Professor Joseph Pogliano
Professor Varykina G. Thackray

San Diego State University

Professor Scott T. Kelley, Chair
Professor Robert A. Edwards
Professor David Lipson

2019



Copyright
Pedro Jahir Torres, 2019

All rights reserved.



The Dissertation of Pedro Jahir Torres is approved, and it is acceptable in quality and form for
publication on microfilm and electronically:

Chair

University of California San Diego
San Diego State University
2019

il



DEDICATION

This thesis is dedicated to all the teachers who told me I could amount to anything, to all the
people who were around me and lend a helping hand when I was just trying to study in order to
better myself and feed my brain with knowledge, to everyone currently in struggle. You know
what [ am saying? It’s all good baby baby.

I would like to dedicate this work to my smart, funny, caring, amazing and beautiful wife
Kristin whose love, inspiration and motivation guided me through hard times and allowed me
to truly enjoy the good times. Thank you for comforting me on the tough days, for making sure
I was eating healthy and taking care of myself, for worrying about me, for always thinking of
us and for being you. I could not have done this without you. To my supportive and loving
parents whose relentless hard work, sacrifice and encouragement paved the way for me to
follow my dreams, push barriers and travel the road less traveled. To my sister Jennifer for her
loving support.

To all my friends and family who always showed up to celebrate achievements and
milestones and who also always seemed to showed up when I felt that [ was in my deepest
valleys - thank you for being there. To all the outcast, dreamers and first timers with no one to
look up to or guide you — keep pushing and keep fighting. Find your inspiration wherever you
may and appreciate all those who will undoubtedly help you along the way. Keep growing,
keep moving, never settle and never surrender. Reach for the stars.

v



EPIGRAPH

All disease begins in the gut.

-Hippocrates



TABLE OF CONTENTS

DIEAICATION. ..ttt ettt ettt bt e e a e et e e a bttt e s at e e bt e et e et saee e b e eaee v
2] 01 Tea 21 o) KOOSO PRRPPRRPR v
TaDIE OF CONENLS ....eeiiiiiieiiiieite ettt ettt ettt e b e st et e saee e b e eaee vi
LSt OF FIGUIS. ....eiiutieeiie ettt et ettt ettt e et e et e st e e nseeeabeenaeesnseensaesnsaans viii
LSt OF TADIES ...ttt et st ettt ettt e be e X
ACKNOWIEAZEIMENES ....eveiiiiiieciie ettt ee e et e e st e e s ae e e s stee e nbeeesseeenseeennseeennes X
VB Lottt h bt et s h e bttt e h e bt et sh et et e bt aeeaee Xii
Abstract of the DISSETTatiON ......c.eeiiiiiiiiiieiiete bbbt X1v
INEEOAUCTION ...ttt et et sb et ettt et eate bt et e sarenaeens 1
Polycystic Ovary Syndrome (PCOS) .....cuoiiiiiiiiiieeieeeeete et 1
PCOS PathOphySiOlOgY .....eeeuiieiiieiieie ettt ettt e enes 1
Gut Microbiome and PCOS ..ottt 3
Letrozole Induced PCOS Mouse Model...........cooiiiiiiiiiiiiiiiiiieeeceeeeee e 4
RETEIEINCES ...uveiiiiieiecec ettt ettt eaees 6

Chapter 1: Gut Microbial Diversity in Women with Polycystic Ovary Syndrome Correlates

With HyperandrogeniSIm ........cccueiiiiiiiiiie ettt e et e e tee s ae e e saeeesnbeeenseeennaeenns 13
AADSTIACE. ...ttt ettt e h e a et ebt e bttt enaeen 14
INEOAUCTION ...ttt ettt ettt ettt esate e b e e 14
Subjects and MeEthOdS..........oouiiiiiiiieie ettt et 15
RESULLS ..ttt et ettt et s e et et et e e st e b e e 16
DIISCUSSION. ...ttt ettt ettt h e et et e et esat e e bt e ebe e et e e sabeenbeessbeenbeesaneenbeans 18
CONCIUSION ...ttt ettt e b e et e bt st e bt et e eatesae e be et e sbeeaeeae 21
RETEIETICES ...ttt sttt ettt e b e 22
ACKNOWIEAZEIMENLS ......eieuiiiiiieiieeie et ettt ettt et e e beenbeeesbeeseesaseenaee e 24

Chapter 2: Letrozole Treatment of Adult female Mice Results in a Similar Reproductive
Phenotype but Distinct Changes in Metabolism and the Gut Microbiome Compared to

PUDCITAL IMIICE......etiiiiieietee ettt sttt sttt et sttt e e 25
ADSETACT. ...ttt et b e et b e s bt e bt e ea bt e bt e sateeaee e 26
INEOAUCTION ...ttt ettt et ettt et e b e saeeebee e 26
RESUILS ettt sttt et st sae et et b et nae e 27
DISCUSSION. ..ttt ettt ettt ettt et b ettt e e bt e et e esat e et e e sb e e eabeesabeenbeeesbeebeesabeenbeanns 33

vi



COMCIUSION ettt e et e e e e e e e e e e e e e e e e e e e aeeeeeeeeeeanaaaeaeeeeeeenannns 35

IMEEIOMS ...ttt ettt ettt et et e et e et eenb e et e et e etteenbeeteeenreeaeeens 35
RETETEIICES ...ooveviieiiie ettt ettt e et e e et e e e ea e e e taeesssaeessseeensseeenssaeesseeensseeas 38
ACKNOWIEAZEIMENLES ......eeeiiiieeiie ettt e e st e e st e e s e e e ssaeeenseeenseeennnes 41
Chapter 3: Exposure to a Healthy Gut Microbiome Protects Against Reproductive and
Metabolic Dysregulation in a PCOS Mouse Model ...........cooovveeiiiiniiiieiiececee e 42
PN 011 2Tt SO SRS RUPRRPUPRPRRP 43
INEEOAUCTION ...ttt ettt st e bt e st e e beesabeenbeeenseeseesnseenneanes 43
Materials and MEthOAS .........ccuiiiiiiiiiiiee et e e e eeaee s 45
RESUILS ...ttt ettt ettt e et e et e et e e bt e enbeeseesnbeeaeeens 46
DDISCUSSION. ...cuetieeiieeeiieeeiteeetteeeteeeetteeesseeesateeessseeesseeasseeansseeansseeansseeasseeenssaeenssaeensseesnsseenn 48
RETEIEICES ...ttt ettt ettt et e et e e atesabeenaeeenbeeseesabeensea e 53
ACKNOWIEAZEIMENLES ......veeiiiieiiie ettt e e st e st e e s aee e saeeenseeennseeennnes 55
Dissertation Discussion and COonclUSION ..........ccccveieiiieeiiieiiiieeieeeeeeiee e e 56
RETEIEICES ..ottt ettt ettt e st e et e e satesabeeseeenbeeseesnseenseanns 64

Vil



LIST OF FIGURES

Figure 1-1: Biodiversity of gut microbiome was decreased in women with PCOS................. 17

Figure 1-2: A decrease in gut bacterial biodiversity correlated with an increase in testosterone
level and RIFSULISIN......o.coiiiiiiiiiceee et 19

Figure 1-3: Beta diversity of the gut bacterial community was influenced by
hyperandrogenism, and random forest identified bacterial taxa that distinguished healthy
women and women With PCOS ... 20

Figure 2-1: Letrozole treatment of adult female mice resulted in reproductive hallmarks of

PCOS ettt st 28
Figure 2-2: Five weeks of letrozole treatment of adult female mice did not result in substantial
weight gain or abdominal adiPOSILY .....eeeeeviieiiiieiiieeee e e 29

Figure 2-3: Five weeks of letrozole treatment of adult female mice resulted in minimal
increase in fasting blood glucose and insulin levels and did not result in insulin resistance ... 30

Figure 2-4: Letrozole treatment of adult female mice did not result in a string correlation
between time and alpha diversity of the gut microbial community ..........cccceeververerrieneennennn. 31

Figure 2-5: Letrozole treatment of adult female mice resulted in a significant shift in the beta
diversity of the gut MICTODIOME ......cc.eeiiiiiiiiiiieiieeie ettt s es 32

Figure 2-6: Repeated measures analysis of variance and Random Forest classification
identified distinct bacteria associated with letrozole treatment in the pubertal versus adult

PCOS MOUSE MOAEL.......oouiiiiiiiiiiiiiiteee ettt sttt st 33
Figure 3-1: Co-housing letrozole mice with placebo mice protected against development of
the PCOS metabolic PhenOtYPe. ......coouiiiiiiiiieiieeee ettt et 47

Figure 3-2: Letrozole mice co-housed with placebo mice did not become hyperandrogenic or
Yo o1 (oSSR 48

Figure 3-3: Co-housing letrozole mice with placebo mice improved the ovarian phenotype..49
Figure 3-4: Gut microbiome was similar in all co-housing treatment groups prior to treat-. .. 50

Figure 3-5: Co-housing letrozole mice with placebo mice did not restore alpha diversity of the
UL TNICTODIOMNEC  ...evtiiiiieiie et eice ettt ettt et e ettt et e sate e beessbeebeeeabeenseesnseenseesnseenseessseensaesnseenseanns 50

Figure 3-6: Co-housing letrozole mice with placebo mice influenced the overall composition
of the gut bacterial cCOMMUNILY OVET tIME........eeervieeriieeiieeetee ettt e e e e eaeeenenes 51

Figure 3-7: Specific bacterial genera were associated with improvement of the PCOS
phenotype dUring CO-NOUSING .......cveieiiieiiiieeiiee ettt e et e st e e et e e s e e e sesaeessseeesaeeesneeenns 52

Figure 4-1: Timeline of the emergence of metabolic and gut microbiome changes in a
hyperandrogenic letrozole induced polycystic ovary syndrome (PCOS) mouse model.......... 59

Figure 4-2: Relative abundance of lithocholic acid in the feces of placebo and letrozole treated
mice at the end of 5 weeks of treatment ............coouevieriiiiiiiiii e 61

viii



LIST OF TABLES

Table 1-1: Clinical characteristics of Study Participants. ..........cccceevvieriiieeniieeniie e 16

Table 1-2: Summary of Multiple Regression Analysis Relating Patient Parameters to alpha
DAVETSILY. 1eutietieeieeiie ettt ettt et stt e et et e et e e s tae et e e e et e eabeeeabe e bt e eabeenseeenbeenbeeenbeeseeentean 18

Table 1-3: Summary of Permutational Analysis of Variance Assessing the Effect of Patient
Parameters on Unweighted Unifrac Distances (Beta DiVersity). ......cccceeevveveerieenieenieenieennnen. 21

Table 2-1: Classification error rates carried out using Random Forest classifiers composed of
SO0 TTEES...eeueteeeitt ettt ettt ettt ettt e ettt e st eea e e h e e bt e bt e e e bt e e ettt e e st et e eab e e e bt e e e bteeeaaeens 34

X



ACKNOWLEDGEMENTS

I would like to acknowledge Dr. Scott T. Kelley for guiding me through my graduate
school journey. Scott, I forgive you for not wanting me to be in your lab and having me beg
you twice to let me in ©. In all seriousness, you are an incredible mentor and I could not have
asked for a better PI. With constant enthusiasm and creativity, you taught me to think
critically and to continuously push myself. Your confidence in me made me confident in
myself and I feel very lucky to have been your student. Thank you for encouraging me to

apply to the Ph.D. program. Thank you for being a great motivator and mentor to me.

I would also like to acknowledge Dr. Varykina Thackray for your guidance and
support through my Ph.D. journey. You taught me to pursue science from a critical and
engaging perspective, with a dose of optimism and a reticent skepticism. Through you I
learned how to organize my thoughts and experiments in writing and plan every step of an
experiment before diving in. Thank you for encouraging me to apply for grants and

fellowships and for supporting me in my non-academic ventures.

I want to also thank Dr. Rob Edwards for believing in me when he allowed me to take
charge and see a great project through as a rotation student. You gave me my first big dose of
confidence as a Bioinformatician and you were always there to answer any questions I had.

Thank you for all the support and advice you gave me.

I would also like to thank Dr. David Lipson and Dr. Joe Pogliano for your insight and

guidance in completing this work.

Thank you to Dr. Kelly Doran who took me in as a Master student and introduced me

to a great project that changed the course of my academic career. You encouraged me to give



talks and presentations, go to conferences and put myself out there. A big thank you to all the
Kelley and Thackray Lab members past and present for the good times, good talks, good beer

and good food. Thanks to the SDSU Bioinformatics Club for the engaging talks.

Lastly, I would like to thank all my friends who helped guide/get me through graduate
school and beyond, especially Drs. Andrew Cutting, Bryan Hancock, Genivaldo Silva as well

as Jennifer Fouquier, Bryan Ho, Pablo Arroyo and Adrian Cantu, I’ll cherish the memories.

Chapter 1, in full, is a reprint of the material as it appears in: Torres PJ, Siakowska M,
Banaszewska B, Pawelczyk L, Duleba AJ, Kelley ST, Thackray VG. Gut Microbial Diversity
in Women with Polycystic Ovary Syndrome Correlates with Hyperandrogenism. J Clin
Endocrinol Metab. 2018;103(4):1502—11. The dissertation author was the primary author of

this paper.

Chapter 2, in full, is a reprint of the material as it appears in: Torres PJ, Skarra DV, Ho
BS, Sau L, Anvar A.R., Kelley ST, Thackray VG. Letrozole treatment of adult female mice
results in a similar reproductive phenotype but distinct changes in metabolism and the gut
microbiome compared to pubertal mice. BMC Micro. 2019;19:57. The dissertation author was

the primary author of this paper.

Chapter 3, in full, is a reprint of the material as it appears in: Torres PJ, Ho BS,
Arroyo P, Sau L, Chen A, Kelley ST, Thackray VG. Exposure to a Healthy Gut Microbiome
Protects Against Reproductive and Metabolic Dysregulation in a PCOS Mouse Model.
Endocrinology. 2019;https://doi.org/10.1210/en.2019-00050. The dissertation author was the

primary author of this paper.

xi



VITA

2011 Bachelor of Science in Biology, University of California, Santa Barbara
2012-2015  Teaching Assistant, Department of Biology, San Diego State University
2015 Master of Science in Microbiology, San Diego State University

2015 Research Associate II, Roka Bioscience

2015-2016  Teaching Assistant, Department of Biology, San Diego State University

2018 Bioinformatics Intern, Zymo Research
2019 Doctor of Philosophy, University of California, San Diego and San Diego
State University
PUBLICATIONS

Torres P.J., Skarra D., Ho B., Sau L., Anvar A., Kelley S.T. and Thackray V.G. (2019)
Letrozole Treatment of Adult Female Mice Results in Similar Reproductive Phenotype but
Distinct Changes in Metabolism and the Gut Microbiome Compared to Pubertal Mice. BMC
Microbiology. https://doi.org/10.1186/s12866-019-1425-7

Prussin A.J.*, Torres P.J.*, Shimashita J., Head S.R., Kelley S.T. and Marr L.C. (2019)
Seasonal Dynamics of DNA and RNA Viral Bioaerosol Communities in a Daycare Center.
Microbiome. https://doi.org/10.1186/s40168-019-0672-z * Pesignates Equal Contribution

Edwards R.A., crAssphage Consortium (including Torres P.J.) and Dutilh B.E. (2019)
Global Phylogeography and Ancient Evolution of the Widespread Human Gut Virus
crAssphage. Nature Microbiology. https://doi.org/10.1101/527796

Torres P.J., Ho B.S., Arroyo P., Sau L., Chen A., Kelley S.T., and Thackray V.G. (2018)
Exposure to a Healthy Gut Microbiome Protects Against Reproductive and Metabolic
Dysregulation in a PCOS Mouse Model. Endocrinology. https://doi.org/10.1210/en.2019-
00050

Caparaso J.G, QIIME Consortium (including Torres P.J.) and Knight R. (2018). QIIME 2:
Reproducible, interactive, scalable, and extensible microbiome data science. PeerJ Preprints
6:e27295v2. https://doi.org/10.7287/peerj.preprints.27295v2

Torres P.J., Thompson J., McLean J.S., Kelley S.T. and Edlund A. (2018) Discovery of a
Novel Periodontal Disease-Associated Bacterium. Microbial Ecology.
https://doi.org/10.1007/s00248-018-1200-6

Xii



Kosnicki K., Penprase J., Cintora P., Torres P.J., Harris G.L., Brasser S.M. and Kelley S.T.
(2018) Effects of Moderate, Voluntary Ethanol Consumption on the Rat and Human Gut
Microbiome. Addiction Biology. https://doi.org/10.1111/adb.12626

Torres P.J., Siakowska M., Banaszewska B., Pawelczyk L., Duleba A.J., Kelley S.T., and
Thackray V.G. (2018) Decreased Diversity of the Gut Microbiome in Women with Polycystic
Ovary Syndrome is Correlated with Hyperandrogenism. Journal of Clinical Endocrinology
and Metabolism. https://doi.org/10.1210/5¢.2017-02153

Torres P.J. and Kelley, S.T. (2018) Sampling, Extraction and High-Throughput Sequencing
Methods for Environmental Microbial and Viral Communities. In: Head S., Ordoukhanian P.,
Salomon D. (eds) Next Generation Sequencing Methods in Molecular Biology vol 1712.
Humana Press, New York NY https://doi.org/10.1007/978-1-4939-7514-3 11

Gurfield N., Grewal S., Cua L.S., Torres P.J., and Kelley S.T. (2017) Endosymbiont
Interference and Microbial Diversity of the Pacific Coast Tick, Demacentor occidentalis, in
San Diego County, California. PeerJ 5:€3202 https://doi.org/10.7717/peer;.3202

Torres P.J., Edwards R.A. and McNair K. (2017) PARTIE: A Partition Engine to Separate
Metagenomic and Amplicon Projects in the Sequence Read Archive. Bioinformatics.
https://doi.org/10.1093/bioinformatics/btx184

Torres P.J., Fletcher E., Gibbons S.M., Bouvet M., Doran K.S., and Kelley S.T. (2015)
Characterization of the Salivary Microbiome in Patients with Pancreatic Cancer. PeerJ
3:e1373 https://dx.doi.org/10.7717/peerj.1373

xiii



ABSTRACT OF THE DISSERTATION

Role of the Gut Microbiome in Polycystic Ovary Syndrome
by
Pedro Jahir Torres
Doctor of Philosophy in Biology
University of California San Diego, 2019
San Diego State University, 2019
Professor Scott T. Kelley, Chair

Polycystic ovary syndrome (PCOS) is the most common endocrine disorder in
reproductive-aged women worldwide. In addition to infertility, many women with PCOS have
metabolic abnormalities that result in an increased risk of type 2 diabetes and cardiovascular
disease. Although the etiology of PCOS is poorly understood, accumulating evidence suggests
that androgen excess is an important contributor to the pathogenesis of PCOS. The human
large intestine contains a complex community of microorganisms (the gut microbiome)
important for human health and disease. Studies have shown that the gut microbiome is
altered in humans with metabolic disorders such as obesity and type 2 diabetes, and that the
gut microbiome may be a causal factor in the development of these disorders. Dysbiosis of
the gut microbiome has been proposed to factor in the development of PCOS and studies have

shown that changes in the gut microbiome are associated with PCOS in women
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and in rodent models. However, it is unknown if the gut microbiome plays a causal role in the
PCOS phenotype. For this dissertation I used human fecal samples and a letrozole-induced
PCOS mouse model together with 16S rRNA gene sequencing to further our understanding of
the effects of androgen excess and the role of the gut microbiome in PCOS. Using human
fecal samples and patient clinical parameters, the results in chapter 1 suggest that androgen
excess may play a critical role in altering the gut microbiome in women with PCOS. Since
there is considerable variation in the human gut microbiome due to differences in diet and
ethnicity, chapters 2 and 3 used a PCOS mouse model to gain more insight into the
pathophysiology of PCOS. The results from chapter 2 indicate that dysregulation of the
metabolism and gut microbiome in PCOS may be influenced by the timing of androgen
exposure. Lastly, the results from chapter 3 showed that exposure to a healthy gut microbiome
improved the metabolic and reproductive phenotype in a PCOS mouse model. Overall, these
results suggest that modulating the composition of the gut microbiome may be a potential

treatment option for women with PCOS.
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INTRODUCTION

Polycystic Ovary Syndrome (PCOS)

Polycystic ovary syndrome (PCOS) is the most common endocrine disorder in
reproductive-aged women with an estimated world-wide prevalence of ~10% [1]. PCOS was
first described in 1935 by Drs. Irving Stein and Michael Leventhal as a group of patients who
demonstrated a combination of hirsutism (male-pattern terminal hair growth in women),
chronic anovulation and polycystic ovaries [2, 3]. Since then, there have been several
diagnostic criteria proposed for PCOS: 1. The NIH criteria (1990), which requires
hyperandrogenism and oligo- or amenorrhea; 2. the Androgen Excess Society criteria (2006),
which requires hyperandrogenism and ovulatory dysfunction (e.g., oligo- or amenorrhea
and/or polycystic ovaries; and the most widely used PCOS classification 3. the Rotterdam
Consensus criteria (2003), which requires at least two of the following: androgen excess
(hyperandrogenemia and/or hirsutism), ovarian dysfunction (oligo- or amenorrhea) and/or
polycystic ovarian morphology (PCOM) [4]. The most severe clinical manifestation is the
classical PCOS phenotype in which women present with both hyperandrogenism and oligo-
ovulation irrespective of polycystic ovaries. The next most severe phenotype is ovulatory
PCOS in which women present with hyperandrogenism and polycystic ovaries. The non-
hyperandrogenic phenotype, which consists of oligo-ovulation and polycystic ovaries, is the
least severe phenotype [5].

PCOS Pathophysiology

Although the etiology of PCOS is poorly understood, familial clustering indicates that
there is a genetic component [6-8]. Twin studies comparing the correlation of PCOS diagnosis
between monozygotic and dizygotic twins have estimated the heritability of PCOS as ~70%,

but no clear mode of inheritance has been identified [9]. Altered expression of genes involved



in signal transduction pathways controlling steroidogenesis, steroid hormone action,
gonadotropin action and regulation, insulin action and secretion, energy homeostasis and
chronic inflammation have been described in PCOS [10-12]. While results have been
promising, there are no genes universally accepted as fundamentally important in PCOS
pathophysiology. Heritability is commonly assumed to reflect the effects of inherited genomic
variation; however, it may also reflect the effects from shared disease-predisposing
environments e.g. daughters of a woman with PCOS would be exposed to the same
intrauterine environment. Prenatal exposure to androgens in female rodent and primate studies
have also implicated the intrauterine environment in PCOS pathogenesis [13-15]. Evidence
suggest that the intrauterine environment in pregnant PCOS women is also hyperandrogenic
[16]. The clinical manifestations of PCOS often emerge in adolescence or the early
reproductive years, suggesting that puberty may be a critical time in the development and
pathology of PCOS [17, 18]. Indeed, PCOS has been hypothesized to originate form abnormal
pubertal development due to a lack of transition from an androgen-dominated state in early
puberty to an estrogenic state in late puberty [19, 20]. Altogether, mounting evidence suggest
that PCOS might be a complex multifactorial disorder that arises from interactions among

genetic, environmental and intrauterine factors.

Women with PCOS often suffer from profound, long-term health issues [21]. PCOS is
the leading cause of anovulatory infertility in women and increases the likelihood of
miscarriage and pregnancy complications [22, 23]. In addition, a majority of women with
PCOS have abnormalities that increase their risk of developing metabolic disease [4, 24-28].
Obesity is a common finding in women with PCOS and approximately 80% of women with
PCOS in the United States are obese [29]. Moreover, obesity exacerbates many of the

reproductive and metabolic abnormalities associated with PCOS [30]. Insulin resistance is



another common feature of women with PCOS, which cannot be fully explained by the
frequent association with obesity because PCOS women are more insulin resistant than
healthy controls matched for body mass index (BMI) [31, 32]. Insulin resistance occurs in
75% of non-obese and 95% of obese women with PCOS [33]. In addition to obesity and
insulin resistance, studies have shown that PCOS is associated with abdominal adiposity,
hyperinsulinemia, glucose intolerance, and dyslipidemia [34-37]. These associated disorders
directly increase the risk of metabolic syndrome, type 2 diabetes, gestational diabetes, non-
alcoholic fatty liver disease and cardiovascular disease [25, 38-40]. Studies have shown that
hyperandrogenism is strongly correlated with development of a metabolic phenotype [41-43].
Metabolic dysfunction occurs predominately in women diagnosed with hyperandrogenism
and ovulatory dysfunction, independent of BMI [7, 44, 45]. Given the limitations of current
treatments for metabolic symptoms of PCOS, there is a significant need for studies addressing
the development and pathophysiology of the PCOS metabolic phenotype.
Gut Microbiome and PCOS

The human large intestine contains a complex community of microorganism (the gut
microbiome) important for human health and disease [46, 47]. Gut microbes offer many
benefits to the host including protection against pathogens as well as education of our immune
system and integrity of the intestinal barrier [48-50]. The gut microbiome is also involved in
the production of short-chain fatty acids via fermentation of dietary soluble fibers, production
of essential vitamins such as folic acid and B12 and modification of bile acids,
neurotransmitters and hormones [51, 52]. Correlative studies have demonstrated that the gut
microbiome of individuals with metabolic disorders, such as obesity and diabetes, differs
significantly from healthy individuals [46, 53-57]. Moreover, studies have reported that

transplantation of stool from obese donors into germ-free mice results in an obese phenotype,



suggesting that the gut microbiome may play a causative role in metabolic dysregulation [56].
These transplantation studies were complemented with co-housing studies that took advantage
of the fact that, since mice are coprophagic, co-housing provides a means for repeated, non-
invasive microbial inoculation. Co-housing germ free mice transplanted with stool from obese
donors with germ-free mice transplanted with stool from lean donors was shown to protect the
mice transplanted with obese donor stool from developing obesity [56, 58, 59]. Altogether,
these studies suggest that modulation of the gut microbiome may be a potential treatment

option for metabolic disorders.

Dysbiosis of the gut microbiome has been proposed to contribute to the development
of PCOS and studies using 16S rRNA gene amplicon sequencing have shown that changes in
the gut microbiome are associated with PCOS [46, 60-63]. Women diagnosed with PCOS
using the Rotterdam criteria were reported to have a significant reduction in the overall gut
bacterial species richness (alpha diversity), shifts in gut microbial composition (beta diversity)

and changes in abundance of several bacterial taxa compared to healthy women.

Letrozole Induced PCOS Mouse Model

Since hyperandrogenism is associated with PCOS, researchers have created animal
models to study the role of androgens in the development and pathology of PCOS [64-68].
Several mouse models were developed using treatment with exogenous dihydrotestosterone
but these models did not exhibit the elevated luteinizing hormone (LH) levels associated with
PCOS [69-73]. A PCOS mouse model was developed in pubertal female mice using treatment
with the aromatase inhibitor, letrozole, to limit the conversion of testosterone to estrogen
which results in increased testosterone and decreased estrogen levels. This model is based on
the findings that genetic variants of the aromatase gene are associated with the development

of PCOS in women and that a higher androgen/estrogen ratio is found in the ovaries of



women with PCOS [74-78]. Letrozole treatment of pubertal female mice results in the
reproductive hallmarks of PCOS including hyperandrogenism, acyclicity, polycystic ovaries,
and elevated LH levels [79-81]. This model also exhibits metabolic dysregulation similar to
the phenotype in women with PCOS including weight gain, abdominal adiposity, increased
fasting blood glucose and impaired insulin levels, impaired glucose stimulated-insulin
secretion, insulin resistance and dyslipdemia [79-81]. Letrozole treatment does not alter food
intake or energy expenditure, even though locomotion was decreased, suggesting that other
mechanisms contribute to the metabolic dysregulation in this model [81]. Similar to women
with PCOS, 16S rRNA gene sequencing showed that letrozole treatment was associated with
a significant decrease in the alpha diversity and a shift in overall gut microbial composition
(beta diversity) [80]. A recent study examining the effects of non-antibiotic drugs on the gut
microbiome found that letrozole did not alter the growth of ~40 representatives gut bacteria
[82], this suggest that differences in the gut microbial composition found in the PCOS mouse

model are not due to a direct effect of letrozole.

The results obtained from the studies presented in this thesis have increased our
understanding of the role of hyperandrogenism in shaping the gut microbiome of women with
PCOS, how timing of excess androgen exposure may be an important component in the
development of the PCOS phenotype and how exposure to a healthy gut microbiome can help
improve the PCOS metabolic and reproductive phenotype. All together, these studies provide
insight into the pathophysiology of PCOS and suggest that dysbiosis of the gut microbiome
may play a causal role in PCOS and that modulation of the gut microbiome may be a potential

treatment option for women with this disorder.
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Context: A majority of women with polycystic ovary syndrome (PCOS) have metabolic 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), women with PCOM (n = 42), and women diagnosed with
PCOS using the Rotterdam criteria (n = 73) were analyzed using 16S ribosomal RNA gene sequencing.

Results: Lower « 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 « 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)

olycystic 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-
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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

*These authors are co-first authors.

Abbreviations: BMI, body mass index; CCA, canonical correspondence analysis; FSH,
follicle-stimulating hormone; HOMA-IR, homeostasis model assessment of insulin re-
sistance; LH, luteinizing hormone; OTU, operational taxonomic unit; PCoA, principal
coordinates analysis; PCOM, polycystic ovarian morphology; PCOS, polycystic
ovary syndrome; PCR, polymerase chain reaction; PD, phylogenetic diversity; PERM-
ANOVA, permutational multivariate analysis of variance; rRNA, ribosomal RNA; SCFA,
short-chain fatty acid; SV, sequence variant
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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 (« 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
women with PCOS had 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 gut microbiome in women may
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 cyclesly),
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.
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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 —80°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 —80°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 at —80°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 wL) 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 —80°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 3 minutes 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.qiime2.0rg/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 g2-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 « 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 « diversity and removed from the
analyses. UniFrac was used to compare the similarity (8 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 distributed were transformed or ranked. Differences in
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the clinical characteristics of study participants and microbiome
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 phyloseq R package (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 combined with PERMANOVA was 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 « diversity factors
and bacterial observed SVs that discriminate between healthy
women and women with 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 163 women: 48 healthy controls, 42 with PCOM,

Table 1. Clinical Characteristics of Study Participants
Diagnosis ANOVA  Tukey HSD (Adjusted for Multiple Comparisons)
Control  PCOM Only PCOS
(n = 48) (n=42) (n=73) P Value Control vs PCOM Control vs PCOS PCOM vs PCOS

Age, y 29449 298 £53 274=*49 0.04 0.97 0.1 0.08
BMI, kg/m? 237 41 226 *42 256 *6.5 0.02 0.34 0.39 0.01
Testosterone, ng/mL 0.3 + 0.1 03 +0.1 0.56+02 <0.0001 0.98 <0.0001 <0.0001
Free testosterone, V. 0.35 0.2 0.3 *=0.2 09 = 0.5 <0.0001 0.85 <0.0001 <0.0001
Hirsutism (Ferriman- 2.9 = 1.3 35*+18 8.1 £43 <0.0001 0.31 <0.0001 <0.0001

Gallwey)
Menses pery 121+05 109+18 8134 <0.0001 0.07 <0.0001 <0.0001
LH, UL 7.7 58 108 =*143 119 =84 <0.0001 0.13 <0.0001 0.02
FSH, 1U/L 57+19 64+x29 55=%19 0.29 0.52 0.91 0.25
LH/FSH ratio 1.4+ 0.6 1.5*+038 23 * 1.4 <0.0001 0.59 <0.0001 0.0006
Fasting glucose, 486 £ 0.34 485 *04 514 *1.87 0.37 1 0.47 0.47

mmol/L
Fasting insulin, 485 + 185 46.6 =219 614 =382 0.05 0.83 0.2 0.06

pmol/L
HOMA-IR 1.75* 0.7 169 =084 227 =154 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 as mean = standard deviation. Nonnormal data were 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

https://academic.oup.com/jcem

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 « diversity compared with
healthy women as measured by abundance (observed SVs; 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  diversity of
their gut microbiome was not statistically different from that
of healthy women or women with PCOS. Women with PCOS
also tended to have lower Shannon diversity, which accounted
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)].

(a) — ) —
150- | | 150.
0
% 100 o 100
g £
50 50
0 0
Control PCOM PCOS Control PCOM PCOS
(c) (d)
150- ‘ | 150 ‘
3
o
[}
¢ 100 T 100
£
o c
= c
2} 5}
I
50 50
0 0
Control PCOM PCOS Control PCOM PCOS

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 1.5X past the interquartile range. (a—d) « 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.
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Table 2. Summary of Multiple Regression Analysis
Relating Patient Parameters to « Diversity
Std. Error t Value P Value
Observed SVs
Control vs PCOM 9.61 -1.49 0.13
Control vs PCOS 18.35 -2.28 0.02°
Testosterone, ng/mL 24.50 —2.58 0.01¢
Hirsutism 1.25 -1.70 0.09
Hyperandrogenism 18.67 -2.28 0.027
Menses per y 2.27 —2.05 0.04%
Oligomenorrhea 16.67 -1.51 0.13
LH/FSH ratio 3.20 1.75 0.08
Faith PD
Control vs PCOM 37.14 -1.79 0.07
Control vs PCOS 48.13 —2.55 0.01¢
Testosterone, ng/mL 24.38 —2.00 0.04%
Hirsutism 1.25 -2.17 0.03%
Hyperandrogenism 18.43 —3.25 0.001?
Menses per y 1.56 -1.57 0.1
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
the model that best predicted observed SVs (r=0.14) and Faith PD (r=0.16).

ap < 0.05.
bp<0.01.

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 and Faith PD). 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 regression model, whereas total testosterone level,
hirsutism, and hyperandrogenism correlated with Faith
PD. The ratio of LH/FSH may also correlate with « di-
versity (observed SVs and Faith PD; P = 0.08). In contrast,
age, BMIL, and HOMA-IR did not correlate with a 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 « diversity, we used un-
weighted and weighted UniFrac analyses to compare the
similarity of the gut microbial communities (8 diversity)
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between healthy women and women with PCOS. « 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
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 and women with 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
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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).

unweighted UniFrac. We also observed an intermediate
phenotype for women with PCOM regarding gut micro-
biome « diversity, suggesting that further studies are
warranted to determine whether the gut microbiome of
women with PCOM is significantly altered compared with
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 in « diversity in women with
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 @ diversity of the gut micro-
biome was consistently associated with human obesity
according to several recent meta-analyses (28-30).
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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 « 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 « 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 « diversity in the single linear regression
analysis. In contrast, free testosterone, LH, and FSH
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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 g 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 = standard error of the mean) of the top eight most discriminant
observed SVs are identified to the genus and species level when possible.

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
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Table 3. Summary of Permutational Analysis of
Variance Assessing the Effect of Patient Parameters
on Unweighted UniFrac Distances (8 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/m? 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 0.0009°
Oligomenorrhea 0.21 0.96 0.52
PCOM 0.20 0.95 0.52
7P < 0.001.

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. prausnitzii was
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 of B. 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)].
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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 « 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 24.32 *+ 0.85 kg/m>.
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.
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Abstract

substantial metabolic dysregulation.

Background: A majority of women with polycystic ovary syndrome (PCOS) have metabolic dysfunction that results
in an increased risk of type 2 diabetes. We previously developed a pubertal mouse model using the aromatase
inhibitor, letrozole, which recapitulates many of the reproductive and metabolic features of PCOS. To further our
understanding of the effects of androgen excess, we compared the effects of letrozole treatment initiated in
puberty versus adulthood on reproductive and metabolic phenotypes as well as on the gut microbiome.

Results: Letrozole treatment of both pubertal and adult female mice resulted in reproductive hallmarks of PCOS,
including hyperandrogenemia, anovulation and polycystic ovaries. However, unlike pubertal mice, treatment of
adult female mice resulted in modest weight gain and abdominal adiposity, minimal elevation in fasting blood
glucose and insulin levels, and no detectable insulin resistance. In addition, letrozole treatment of adult mice was
associated with a distinct shift in gut microbial diversity compared to letrozole treatment of pubertal mice.
Conclusions: Our results indicate that dysregulation of metabolism and the gut microbiome in PCOS may be
influenced by the timing of androgen exposure. In addition, the minimal weight gain and lack of insulin resistance
in adult female mice after letrozole treatment indicates that this model may be useful for investigating the effects
of hyperandrogenemia on the hypothalamic-pituitary-gonadal axis and the periphery without the influence of

Keywords: Gut microbiome, Polycystic ovary syndrome, Hyperandrogenism, Puberty

Background

Polycystic ovary syndrome (PCOS) is the most common
endocrine disorder in reproductive-aged women with an
estimated world-wide prevalence of 6-15%, but the eti-
ology of PCOS is not well understood [1]. Heritability
and twin studies have identified a strong genetic compo-
nent that is likely polygenic [2-4]. Recent genome-wide
association studies have reported multiple susceptibility
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loci associated with an increased risk of developing
PCOS [5]. Environmental factors, such as prenatal ex-
posure to androgens may also play a role in the etiology
of PCOS [6]. Currently, diagnosis is made using the Rot-
terdam Consensus criteria (2003), which require at least
two of the following: hyperandrogenism, oligo- or amen-
orrhea and polycystic ovaries [1].

Studies have shown that women with PCOS often suf-
fer from profound, long-term health issues [7]. PCOS is
the leading cause of anovulatory infertility in women
and increases the likelihood of miscarriage and preg-
nancy complications [8, 9]. In addition, a majority of

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http:/creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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women with PCOS have abnormalities that increase
their risk of developing metabolic disease [1, 10-15]. A
large, retrospective study demonstrated that PCOS was
associated with an increased risk of obesity (16 vs. 3.7%)
and type 2 diabetes (12.5 vs. 3.8%) over a 15-year period
[16]. Studies show that hyperandrogenism is strongly
correlated with development of a metabolic phenotype.
Metabolic dysfunction occurs predominantly in women
diagnosed with hyperandrogenism and ovulatory dys-
function, independent of body mass index [17, 18].

A complex community of microorganisms (the micro-
biome) resides within the large intestine and is import-
ant for human health [19, 20]. Correlative studies have
demonstrated that the gut microbiome of individuals
with metabolic disorders, such as obesity and diabetes,
differ significantly from healthy individuals [21-25]. In
addition, mouse models of obesity are associated with
gut microbiome dysregulation [26—31]. Studies have also
shown that fecal transplantation of the gut microbiome
from obese individuals into germ-free mice results in an
obese phenotype [22, 32, 33], indicating a potential role
of the gut microbiome in the development of metabolic
disorders [34]. Recent studies indicate that changes in
the gut microbiome are associated with PCOS. Women
diagnosed with PCOS using the Rotterdam criteria were
reported to have a significant reduction in the overall
bacterial species richness (alpha diversity) of the gut mi-
crobial community and changes in the abundance of
several bacterial taxa compared to healthy women [35—
37]. Interestingly, a study from our lab also showed a
significant correlation between hyperandrogenism and
diversity of the gut microbiome, suggesting that andro-
gens may influence the composition of the gut micro-
biome in women [37].

Since hyperandrogenism is associated with PCOS, re-
searchers have created animal models to study the role
of androgens in the development and pathology of
PCOS [reviewed in [38—42]]. Several mouse models were
developed using treatment with exogenous dihydrotes-
tosterone but these models did not exhibit the elevated
LH levels associated with PCOS [43-47]. We developed
a PCOS mouse model in pubertal female mice using
treatment with the aromatase inhibitor, letrozole, to
limit the conversion of testosterone to estrogen which
results in increased testosterone and decreased estrogen
levels. This model is based on the findings that genetic
variants of the aromatase gene are associated with the
development of PCOS in women and that a higher an-
drogen/estrogen ratio is found in the ovaries of women
with PCOS [48-52]. We demonstrated that this mouse
model has many hallmarks of PCOS including hyperan-
drogenemia, elevated LH levels, acyclicity, and polycystic
ovaries [53, 54]. This model also exhibited a metabolic
phenotype including weight gain, abdominal adiposity,

dysglycemia, hyperinsulinemia, and insulin resistance
after 5weeks of letrozole treatment [55]. Similar to
women with PCOS, we also showed that there was a sig-
nificant decrease in the alpha diversity of the gut micro-
biome in the letrozole-induced PCOS mouse model that
correlated with hyperandrogenism [54]. To gain more
insight into the effects of androgen excess, we investi-
gated whether the timing of testosterone exposure was
important for the pathophysiology of PCOS by evaluat-
ing the effects of letrozole treatment on reproductive
and metabolic phenotypes in pubertal versus adult fe-
male mice.

Results

Letrozole treatment of adult female mice resulted in
reproductive hallmarks of PCOS

In this study, we investigated whether the age at which
letrozole treatment was initiated affected development
of the PCOS phenotype in female mice (Fig. 1a). Five
weeks of letrozole treatment in pubertal and adult fe-
male mice resulted in elevated serum testosterone levels
(Fig. 1b-c). Letrozole treatment in adult female mice also
resulted in increased LH levels (Fig. 1d) and acyclicity
(Fig. 1e). Interestingly, the ovarian weight was similar in
placebo and letrozole-treated adult mice (Fig. 1f). This is
in contrast to the increase in ovarian weight previously
observed in letrozole-treated pubertal mice [53, 54].
Similar to pubertal mice, letrozole treatment of adult
female mice resulted in ovaries with cystic follicles
and hemorrhagic cysts (Fig. 1g). Ovaries in the
letrozole-treated mice also lacked corpora lutea, indicat-
ing a lack of ovulation compared to placebo-treated
mice.

Letrozole treatment of adult female mice resulted in
minimal weight gain and abdominal adiposity after 5
weeks of treatment

Similar to previous reports [53, 54], letrozole treatment
of pubertal female mice for 2 weeks resulted in substan-
tial weight gain compared with placebo treatment, and
weight was still increased at the end of the study
(Fig. 2a). In contrast, letrozole treatment of adult female
mice resulted in a more modest weight gain after 2
weeks of treatment and weight was not statistically dif-
ferent compared to placebo-treated mice after 5weeks
of treatment (Fig. 2a). Letrozole treatment of pubertal
female mice resulted in a significant change in abdom-
inal adiposity compared with placebo as reflected in an
increase in the weight of the parametrial fat pad relative
to total body weight (Fig. 2b). However, letrozole treat-
ment of adult mice did not result in increased abdominal
adiposity compared with placebo-treated mice (Fig. 2b).
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Fig. 1 Letrozole treatment of adult female mice resulted in reproductive hallmarks of PCOS. Letrozole (LET) treatment was initiated at 8 weeks of
age in the adult PCOS mouse model compared to 4 weeks of age in the pubertal PCOS mouse model (a). LET treatment of pubertal and adult
female mice for 5 weeks resulted in elevated serum testosterone (b-c). LET treatment of adult female mice resulted in elevated LH levels (d), and
decreased cyclicity as measured by percentage (%) of mice that had an estrous cycle between 4 and 5 weeks of treatment (e). In contrast to
pubertal mice, LET treatment of adult female mice did not result in an increase in ovarian weight (f). Pubertal PCOS model (n = 24 placebo (P), n
=22 LET; adult PCOS model (n=16 P, n= 14 LET). Student t-test; * p < 0.05. LET treatment of adult female mice resulted in ovaries lacking corpora
lutea (CL) and containing cystic follicles (CF) and hemorrhagic cysts (HC) compared to placebo-treated mice (g)
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Fig. 2 Five weeks of letrozole treatment of adult female mice did
not result in substantial weight gain or abdominal adiposity. The
phenotype of pubertal (4 week-old) versus adult (8 week-old) female
mice treated with placebo (P) or letrozole (LET) for 5 weeks was
compared. In contrast to pubertal mice, 5 weeks of LET treatment of
adult female mice did not result in a significant increase in weight
(a) or abdominal adiposity as measured by parametrial fat relative to
total body weight (b). Pubertal PCOS model (n =24 P, n=22 LET;
adult PCOS model (n=16 P, n=14 LET). Student t-test, * p < 0.05

Letrozole treatment of adult female mice resulted in less
elevation of fasting blood glucose and insulin levels and

did not result in insulin resistance

Both the pubertal and adult PCOS mouse models dis-
played dysglycemia and hyperinsulinemia but the pheno-
type was more modest in the adult model. Letrozole
treatment of pubertal female mice resulted in elevated
fasting blood glucose (FBG) levels and a 3-fold increase

in fasting blood insulin levels (Fig. 3a-b). In contrast,
letrozole treatment of adult female mice resulted in a
slight but statistically significant increase in FBG and a
2-fold increase in insulin levels. There was no significant
difference in the response to exogenous glucose in a glu-
cose tolerance test in mice treated with letrozole com-
pared to placebo in either the pubertal or adult PCOS
mouse models (data not shown). Finally, the pubertal
PCOS mouse model displayed signs of insulin resistance
compared to placebo-treated mice while the adult PCOS
mouse model remained insulin sensitive (Fig. 3c).

Letrozole treatment of adult female mice was not
associated with a strong correlation between alpha
diversity and time

Gut microbial diversity profiles were generated from 84 fecal
samples taken prior to and during 5weeks of placebo or
letrozole treatment (weeks 0-5). Sequences collected before
placebo and letrozole treatment were compared for both the
pubertal and adult mouse models. No significant difference
in alpha and beta diversity was observed between the two
treatment groups at time 0, indicating that the gut micro-
biomes of the groups were similar prior to treatment for
both the pubertal and adult cohort (Additional file 1: Figure
S1). Similar to a previous study in pubertal mice [54],
placebo-treated adult mice showed a strong positive correl-
ation between alpha diversity and time as measured by spe-
cies richness and phylogenetic diversity but not evenness of
their gut communities (Fig. 4a, ¢, e). In contrast, letrozole
treatment of adult mice was associated with a relatively
weak positive correlation between alpha diversity and time
(Fig. 3b, d, f). To examine this further, we evaluated whether
there was a significant difference amongst the time points
using a repeated measures (RM) ANOVA. RM-ANOVA
found a highly significant effect of time on species richness
and phylogenetic diversity in placebo-treated mice but no
difference in letrozole-treated mice.

Letrozole treatment of adult female mice resulted in
changes in gut microbiome beta diversity

UniFrac analyses were used to compare the similarity
amongst gut microbial communities (beta diversity) in
fecal samples from placebo versus letrozole—treated
adult female mice. When all post-treatment data points
were combined together, clustering of the data based on
treatment was observed with unweighted UniFrac
(Fig. 5a). When the samples were separated by the indi-
vidual time points (Fig. 5b-f), Analysis of Similarity
(ANOSIM) tests found a difference in the overall bacter-
ial community composition of the gut microbiome be-
tween placebo and letrozole—treated adult female mice
at weeks 4 and 5 post-treatment (p =0.01 and p =0.03
respectively). We also observed similar results using
weighted UniFrac (data not shown).
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Fig. 3 Five weeks of letrozole treatment of adult female mice
resulted in a minimal increase in fasting blood glucose and insulin
levels and did not result in insulin resistance. The metabolic
phenotype of pubertal (4 week-old) versus adult (8 week-old) female
mice treated with placebo (P) or letrozole (LET) for 5 weeks was
compared. LET treatment of adult female mice resulted in reduced
fasting blood glucose (FBG) or insulin levels compared to pubertal
mice (a-b). Unlike pubertal female mice, LET treatment of adult
female mice for five weeks did not result in insulin resistance (c).
Pubertal PCOS model (n =24 P, n=22 LET; adult PCOS model (n=8
P, n=8 LET). Student t-test or two-way repeated-measures ANOVA
with post-hoc Student t-tests to directly compare P versus LET at
specific time points were performed; * p < 0.05

Distinct bacterial genera discriminated between placebo
and letrozole treatment in the pubertal and adult PCOS
mouse models

In addition to studying changes in alpha and beta di-
versity, we also investigated whether the age at which
letrozole treatment was initiated was important for
changes in the taxonomic composition of the gut
microbiome. We combined the post-treatment data
(weeks 1-5) from placebo and letrozole-treated mice
in the pubertal and adult mouse models. Based on
the Greengenes taxonomic database, we identified a
total of 10 bacterial phyla and 51 bacterial genera in
the four different groups. Similar to our previous
study [54], the majority of Operational Taxonomic
Units (OTUs) in the adult mouse fecal samples were
identified as Bacteriodetes or Firmicutes (~ 84-95%).
We used RM-ANOVA to determine if the mean rela-
tive abundances of specific bacterial genera were dif-
ferent in the gut microbiome of placebo versus
letrozole-treated mice in the pubertal and adult
mouse models. A heatmap was generated to represent
the relative abundance of 9 different bacterial genera
that changed significantly with letrozole treatment
(FDR-corrected p <0.05) in the pubertal mouse model
(Fig. 6a). Letrozole treatment of pubertal female mice
resulted in higher relative abundances of Coprococcus,
Allobaculum, Bifidobacterium, and an undescribed
genus belonging to the Ruminococcaceae, as well as
a lower abundance of AFI2, Dehalobacterium, taxa
belonging to the uncultured order YS2, and unde-
scribed genera of Peptococcaceae and Bacteroidales
(Fig. 6a).

In contrast to the pubertal mice, letrozole treat-
ment of adult female mice resulted in changes in the
mean relative abundance of a distinct set of 8 bac-
terial genera (FDR-corrected p<0.05). With the ex-
ception of uncultured members of the genus-level
CF231 group, the rest of the genera from the Bacter-
oidetes phylum increased with letrozole treatment in
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Fig. 4 Letrozole treatment of adult female mice did not result in a strong correlation between time and alpha diversity of the gut microbial
community. Chao 1 species richness estimate per sample at each collection time for placebo (a) and letrozole-treated adult female mice (b), (n=
8 placebo, n =6 letrozole). Faith's phylogenetic diversity (PD) estimate per sample at each collection time for placebo (c) and letrozole-treated
adult female mice (d). Equitability (evenness) estimate per sample at each collection time point for placebo (e) and letrozole-treated mice (f). Line
of best fit along with results of linear regression (LM) and repeated measures (RM) ANOVA are shown in box inset

adult female mice, including Prevotella, an uncul-
tured genus within Parabacteroides and a genus-level
group within the S24-7 family (Fig. 6c). Letrozole
treatment of adult mice also resulted in a higher
relative abundance of genera from Lachnospiraceae,
Ruminococcaceae, and Peptococcaceae, as well as a
lower abundance of Lactobacillus (Fig. 6c).
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Random Forest classifier identified bacterial genera
predictive of placebo and letrozole treatment in the
pubertal and adult PCOS mouse models

The Random Forest (RF) classifier was trained to deter-
mine how well placebo or letrozole treatment could be
predicted based on bacterial relative abundances in the
two models (pubertal and adult). Forty-five of the 51
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total bacterial genera identified in the four different
groups were used for RF classification (six were excluded
due to low relative abundances). Our results showed that
RF predicted treatment category in the pubertal group
with 78.5% accuracy while it predicted treatment cat-
egory in the adult group with 84% accuracy (Table 1).
Variable importance by mean decrease in accuracy was
calculated for the RF models. Figure 6b and d illustrate

10 bacterial genera whose removal caused the greatest
decrease in model accuracy (i.e. the most important for
classification) in the pubertal and adult mouse models
respectively. In the pubertal model, the removal of
Coprococcus, Allobaculum, AFI12, Mucispirillum, Rose-
buria, Sutterella, and an unknown genus from Bacteroi-
dales had the greatest impact on classification (mean
decrease accuracy >8; Fig. 6b). In the adult mice, the
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of variance (corrected for multiple comparisons via FDR) was used to

removal of Lactobacillus, CF231 and Parabacteriodes
caused the greatest decrease in prediction accuracy
(mean decrease accuracy > 8; Fig. 6d).

Discussion

Our study demonstrated that initiation of letrozole
treatment during puberty or adulthood in female mice
resulted in reproductive hallmarks of PCOS, including
elevated testosterone levels, anovulation and ovaries
with cystic follicles. This suggests that the timing of
androgen exposure (puberty versus adulthood) may

not be important for development of the PCOS re-
productive phenotype. On the other hand, our study
did find a clear divergence between the metabolic
phenotypes of the pubertal and adult mouse models.
Similar to previously published studies [53, 54], letro-
zole treatment in pubertal female mice resulted in
multiple metabolic features of PCOS, including obes-
ity, abdominal adiposity, hyperinsulinemia, and insulin
resistance. On the other hand, letrozole treatment in
adult female mice did not result in substantial weight
gain, abdominal adiposity or insulin resistance, indicating
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Table 1 Classification error rates carried out using Random
Forest classifiers composed of 500 trees

Predicted classes Classification  OOB Accuracy
Placebo  Letrozole error rates estimate
of error
rate
Pubertal 21.5% 78.5%
Placebo 32 7 0.18
Letrozole 10 30 025
Adult 16.0% 84.0%
Placebo 30 1 0.03
Letrozole 7 13 035

that androgen exposure is not sufficient to induce the full
PCOS-like metabolic phenotype in adult female mice.
Interestingly, studies using post-natal treatment with
DHT to create a hyperandrogenic mouse model observed
a similar pattern: the metabolic phenotype depended on
when DHT treatment was initiated. Compared with
placebo-treated mice, female mice treated with DHT start-
ing at 3 weeks of age gained significantly more weight, had
greater levels of abdominal adiposity and were glucose in-
tolerant [43, 47]. In contrast, while female mice treated
with DHT in adulthood had impaired glucose tolerance,
they did not become obese or display increased abdominal
adiposity [56].

Our results also suggest that the timing of excess an-
drogen exposure may be an important component in the
development of the PCOS metabolic phenotype. Since
PCOS often manifests in the early reproductive years,
puberty has been suggested to be a critical developmen-
tal time period for the development and pathology of
PCOS [6, 57]. Indeed, PCOS has been hypothesized to
originate from abnormal pubertal development due to a
lack of transition from an androgen-dominated state in
early puberty to an estrogenic state in late puberty [58,
59]. Puberty is a time of considerable hormonal and
metabolic change, including an increase in insulin resist-
ance [60]. Although physiological insulin resistance is
common in healthy adolescents, it usually resolves to
prepubertal levels in adulthood [61]. Pubertal insulin re-
sistance has been reported to increase the risk of devel-
oping type 2 diabetes along with accelerating the
complications of diabetes [62—65]. Thus, it is possible
that insulin resistance and the hyperinsulinemia that oc-
curs during puberty may also contribute to the risk of
developing obesity and metabolic dysfunction in PCOS.

Another factor that changes during the transition from
childhood to adulthood is the gut microbiome. Studies
have shown that children or adolescents have a distinct
gut microbial community compared to adults [66, 67].
Moreover, prepubertal mice were reported to have a dif-
ferent gut microbiome than adult mice [68, 69]. Studies

in humans and mice have shown a strong positive asso-
ciation between gut bacterial alpha diversity and age, in-
dicating that the complexity of the gut microbiome
increases as the host ages [70-72]. In contrast to pla-
cebo, there was no significant effect of time on alpha di-
versity in letrozole-treated mice when the data was
adjusted for within subject error using RM-ANOVA
(Fig. 4) [54]. With regards to beta diversity, letrozole
treatment of both pubertal and adult female mice re-
sulted in a distinct shift in the gut microbial composition
(Fig. 5). However, closer examination of the types of bac-
teria that changed after letrozole treatment showed that
the taxa driving the shift in beta diversity were quite dis-
tinct in the two mouse models (Fig. 6).

Letrozole treatment initiated during puberty resulted
in changes in the abundances of bacterial genera previ-
ously reported to be altered in diet-induced obesity
mouse models. In the pubertal model, RF and statistical
analysis of relative bacterial abundances determined that
Coprococcus, Allobaculum and an unknown genus from
Bacteroidales differentiated the gut microbiomes of
placebo and letrozole-treated mice (Fig. 6a and b).
Significant differences were also observed in the relative
abundance of Bifidobacterium, reported to have
strain-specific effects on weight gain in rodents [73], as
well as Dehalobacterium and unknown genera belonging
to the Rikenellaceae and Ruminococcaceae families, all
of which have been associated with obesity [28, 74-77].
The genus with the strongest effect on RF classification,
namely Coprococcus, was previously reported to be more
abundant in obese individuals [78, 79], in agreement
with the higher levels observed after letrozole treatment
in pubertal mice. The second most important genus in
terms of classification, Allobaculum, was reported to be
lower in the gut of obese mice fed a high-fat diet [80,
81], in contrast to the increase in Allobaculum observed
after letrozole treatment.

In comparison to pubertal mice, letrozole treatment of
adult female mice had a distinct impact on the compos-
ition of the gut microbial community. With the excep-
tion of a genus within the Peptococcaceae, the bacterial
genera most affected by letrozole treatment in adult fe-
males were not altered in pubertal mice and vice versa
(Fig. 6a, c). It should be noted that the genera that chan-
ged in the pubertal and adult female mice after letrozole
treatment were present at both ages, indicating that the
differential effects of letrozole treatment in the two
models was not due to the absence of specific bacteria.
The most striking difference in letrozole treatment of
adult female mice was the importance that Lactobacillus,
Parabacteroides and the uncultured Paraprevotellaceae
group CF231 played in classifying the treatment groups
(Fig. 6d). The mean relative abundance of these bacteria
changed significantly after letrozole treatment in adult
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female mice (Fig. 6¢). This is in contrast to the increased
abundance of some Lactobacillus species observed in
obese humans [82-84], though direct comparisons are
difficult since there may be strain-specific effects of
Lactobacillus on weight gain [85]. While CF231 has not
been described in much detail, members of the Parapre-
votellaceae are found in the gut of many mammals [86,
87] and have been suggested to be involved in the deg-
radation of plant polysaccharides into short chain fatty
acids [88]. Parabacteroides are also known to metabolize
non-digestible carbohydrates, but the increase in Para-
bacteroides relative abundance after 5 weeks of letrozole
treatment contrasts with the decrease observed in mice
fed a high-fat diet [27, 89].

Conclusions
In summary, our study demonstrated that the timing of
androgen exposure may be important for development
of the PCOS metabolic phenotype and associated
changes in the gut microbiome. While letrozole treat-
ment of female mice during puberty and in adulthood
both resulted in reproductive hallmarks of PCOS, in-
cluding hyperandrogenemia, anovulation and polycystic
ovaries, letrozole treatment in adulthood did not result
in the weight gain, abdominal adiposity or insulin resist-
ance observed in the pubertal PCOS mouse model. In
addition, letrozole treatment in adulthood resulted in
distinct changes in the gut microbiome, particularly in
Lactobacillus. Although evidence is accumulating that
changes in steroid hormones are associated with an al-
tered gut microbiome [90], the mechanisms involved in
steroid hormone/gut microbe interactions are currently
unknown. Future studies investigating whether steroid
hormones regulate the gut microbiome through actions
in the gastrointestinal tract, immune system or other tis-
sues will begin to address the mechanisms involved.
Given that many of the previous studies that report an
association of specific bacterial genera with obesity in
humans and high fat diet-induced mouse models are
contradictory, it is possible that these results are due to
modulation of specific bacterial species and strains
within genera. Future studies should employ higher reso-
lution methods such as metagenomic sequencing or
quantitative PCR to fully understand the effects of
hyperandrogenism on the gut microbiome. Moreover,
since many studies of the role of the gut microbiome in
obesity are confounded by the effect of diet on the
microbiome, the letrozole-induced PCOS mouse model
provides an opportunity to study the effects of androgen
excess on the gut microbiome and metabolism in a
diet-independent setting, since food intake is not altered
by letrozole treatment [55]. Moreover, the adult PCOS
mouse model can be used to study the effects of hyper-
androgenism in female mice without the confounding

variable of insulin resistance. Further studies addressing
whether the gut microbiome plays a causal role in the
development of PCOS or if manipulation of the gut
microbiome can improve the PCOS phenotype will be
informative. In addition, prospective studies with adoles-
cent girls may be crucial to understand the etiology and
development of PCOS, particularly the metabolic dysreg-
ulation and changes in the gut microbiome associated
with this disease.

Methods

PCOS mouse model

C57BL/6NHsd female mice purchased from Envigo
were housed in a vivarium for one week under spe-
cific pathogen-free conditions with an automatic 12
h:12 h light/dark cycle (light period: 06.00-18.00) and
ad libitum access to water and food (Teklad Global
18% Protein Extruded Diet, Envigo). Prior to the be-
ginning of the study, the mice were sorted by weight
to ensure that the starting weight was similar between
the two treatment groups. To establish the pubertal
or adult PCOS models, 4 or 8 week-old female mice,
respectively were implanted subcutaneously with a
placebo or 3 mg letrozole pellet (3 mm diameter; In-
novative Research of America) that provided a slow,
constant release of letrozole (50 pg/day) over 5weeks.
For the duration of the experiment, the mice were
housed 2 per cage: 2 placebo or 2 letrozole-treated
mice. Placebo and letrozole-treated mice were not
housed together to avoid the influence of coprophagy
on the PCOS mouse model. At the end of the study,
the mice were sacrificed using 2.5% isoflurane deliv-
ered with a precision vaporizer followed by a physical
method of euthanasia.

Analysis of reproductive and metabolic phenotype

The mice were weighed weekly. The stage of the estrous
cycle for placebo and letrozole-treated mice was deter-
mined from the predominant cell type in vaginal epithe-
lium smears obtained during weeks 4-5 of treatment.
After 5weeks of placebo or letrozole treatment, the mice
were fasted for 5h and blood from the tail vein was col-
lected to measure fasting insulin levels. Blood glucose
was measured using a handheld glucometer (One Touch
UltraMini, LifeScan, Inc) and an intraperitoneal (IP) in-
sulin tolerance test (ITT) was performed. Tail vein blood
glucose was measured just before (time 0) an IP injec-
tion of insulin (0.75U/kg in sterile saline; Humulin R
U-100, Eli Lilly) was given and at 15, 30, 45, 60, 90, and
120 min post injection.

At the end of the experiment, blood was collected
from the posterior vena cava, parametrial fat pads were
dissected and weighed, and the ovaries were dissected,
weighed, fixed in 4% paraformaldehyde at 4 °C overnight,
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and stored in 70% ethanol before processing for hist-
ology. Paraffin-embedded ovaries were sectioned at
10 pm and stained with hematoxylin and eosin (Zyagen).
Serum testosterone were measured using a mouse
ELISA (range 10-800 ng/dL) while LH levels were mea-
sured using a radioimmunoassay (range 0.04—75 ng/mL)
by the University of Virginia Center for Research in
Reproduction Ligand Assay and Analysis Core Facility.
Serum insulin was measured using a mouse ELISA
(ALPO) by the University of California, Davis Mouse
Metabolic Phenotyping Center. The data from four mice
in the pubertal and adult letrozole-treated groups were
removed from the analyses because these mice did not
have a significant elevation in serum testosterone when
compared to the average of the placebo-treated mice.
The analysis of the reproductive and metabolic pheno-
types was performed with data from 2 unpublished co-
horts of the adult PCOS model (total n =16 placebo, n
=14 letrozole) and 3 cohorts of the pubertal PCOS
model (total # = 24 placebo, n = 22 letrozole) including 2
unpublished and 1 previously published cohort [54]. Dif-
ferences between placebo and letrozole treatment were
analyzed by Student ¢-test or two-way repeated measures
ANOVA followed by post-hoc comparisons of individual
time points.

Fecal sample collection and DNA isolation

Fecal samples were collected from one cohort of
8-week-old female mice (1 = 8/group) prior to treatment
with placebo or letrozole and once per week thereafter
for 5 weeks. Fecal samples were frozen immediately after
collection and stored at — 80 °C. Bacterial DNA was ex-
tracted from the fecal samples using the MoBio Power-
Soil DNA Extraction Kit following the manufacturer’s
protocol, and the DNA was stored at — 80 °C.

16S rRNA amplicon sequencing

The V4 hypervariable region of the 16S rRNA gene was
PCR amplified with primers 515F (GTGCCAGCMGCCG
CGGTAA) and 806R (GGACTACHVGGGTWTCTAAT)
[91]. The reverse primers contained unique 12 base pair
Golay barcodes that were incorporated into the PCR
amplicons [92]. The barcoded primers allowed for pooling
of multiple PCR amplicons in a single sequencing run.
Thermocycling parameters were as follows: denaturing at
98 °C for 2 min followed by amplification for 35 cycles at
98 °C for 305, 50 °C for 30 s and 72 °C for 60's, and a final
extension of 72°C for 10 min. The resulting amplicons
were submitted to The Scripps Research Institute Next
Generation Sequencing Core Facility where they were
cleaned using Zymo DNA Clean & Concentrator™-25 col-
umns, quantified using a Qubit Flourometer (Life Tech-
nologies) and pooled. Pooled PCR products were size
selected on a 2% agarose gel (290-350 bp), purified using

a Zymoclean™ Gel DNA recovery kit and used to prepare
sequencing libraries following the recommended Illumina
protocol involving end-repair, A-tailing and adapter
ligation. The DNA library was then size selected on a 2%
agarose gel (410-470bp), cleaned using the Agencourt
SPRI system (Beckman Coulter, Inc.) and PCR amplified
with HiFi Polymerase (Kapa Biosystems) for 12 cycles.
The amplified DNA products were again size selected on
a 2% agarose gel and purified using the Zymoclean™ Gel
DNA recovery kit. The purified DNA library was quanti-
tated, denatured in 0.1 N NaOH and diluted to a final con-
centration of 5 pM before being loaded onto the Illumina
single read flow-cell for sequencing on the Illumina MiSeq
system along with 4 pM PhiX control library.

16S rRNA gene sequence analysis

16S rRNA sequences for the adult mice were
de-multiplexed using the Quantitative Insights Into Mi-
crobial Ecology (QIIME v.1.9.1, http://www.qiime.org)
pipeline [93] using the default split_libraries.py script
parameter [94]. This resulted in approximately 4.3 mil-
lion Illumina sequences across all samples with an aver-
age of 50,000 sequences per sample. Sequences from
two mice in the letrozole-treated group were removed
from the analysis because these mice did not have a sig-
nificant elevation in serum testosterone levels compared
to the average of the placebo-treated mice. The 16S
rRNA gene sequencing quality control and analysis for
the samples from the adult mice followed the same pipe-
line as the samples in a previously published study with
placebo or letrozole-treated pubertal female mice [54].
Sequences were clustered using the pick_de_novo_o-
tus.py script with usearch [95]. Sequences were assigned
to OTUs with an assumed 97% threshold of pairwise
identity for bacterial species by comparison with the
Greengenes reference database [96] using the RDP clas-
sifier [97]. Before performing downstream analysis, sin-
gletons and OTUs present in less than 25% of the
samples were discarded from the database to minimize
the effect of spurious, low abundance sequences using
the filter_otus_from_otu_table.py script. Sequences were
then aligned using PyNast [93] and a phylogenetic tree
constructed using FastTree [98]. The alpha_diversity.py
script was used to estimate several different attributes of
alpha diversity. Species richness was estimated using
Chaol to define the total number of unique species in a
community [99]. Faith’s Phylogenetic Diversity was used
to measure the phylogenetic diversity of a community by
calculating the total branch lengths on a phylogenetic
tree of all members of the community [100]. Evenness
was estimated using the Equitability index [101]. The
beta_diversity_through_plots.py script was used to com-
pute weighted and unweighted UniFrac distances [102].
The smaller the UniFrac distance between two microbial
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communities, the more similar the communities are in
their overall diversity. The weighted UniFrac distance
metric incorporates the abundance of specific taxa in
each community into the UniFrac distance calculation
while unweighted UniFrac ignores abundance informa-
tion. Taxonomic distributions across sample categories
were calculated (from phylum to genus) using the sum-
marize_taxa_through_plots.py script. Several bacterial
genera such as Anaeroplasma and an unknown Entero-
bacteriaceae were excluded from the analysis because of
extremely low abundance, suggesting that they may have
been artifacts. Sequences from placebo-treated samples
collected during week 5 (9 weeks of age) of the pubertal
cohort were compared to samples collected from week 1
(9 weeks of age) from the adult cohort. No significant
difference in alpha and beta diversity was observed be-
tween the two cohorts, indicating that the gut micro-
biome at the end of placebo treatment in the pubertal
cohort was similar to the gut microbiome at the begin-
ning of placebo treatment in the adult cohort.

Statistical analysis

Pearson’s product-moment correlation was performed
when analyzing alpha diversity over time using the RStu-
dio statistical package (version 0.99.893). RM-ANOVA
was used to model alpha diversity measures accounting
for within subject error. Two-dimensional PCoA plots
were constructed using the make_2d_plots.py script in
QIIME. ANOSIM tests for weighted and unweighted
UniFrac distances between treatments were performed
using the compare_categories.py script. The biom table
of post treatment samples (weeks 1-5) from the adult
study was merged with the biom table from the pubertal
study, resulting in approximately 6.2 million sequences
from 170 samples (pubertal =100 samples; adult =70
samples). The merged dataset was used to compare dif-
ferences among treatment group and developmental
stage. RM-ANOVA adjusting for within subject error
(corrected for multiple comparisons via FDR) was used
to determine whether the abundance of specific bacterial
genus differed between treatments. The RF supervised
machine-learning classifier was used to determine how
well a given set of factors (e.g. bacterial genera) classified
discrete categories and which factors were most import-
ant for the classification [70, 116]. RF was implemented
in R using the “randomForest” library, and was used to
identify bacterial genera that differentiated placebo and
letrozole treatment within pubertal or adult mice.

Additional file

Additional file 1: Figure S1. No differences in gut microbial
community diversity between placebo and letrozole-treated mice were
observed prior to treatment. No significant differences in gut microbiome

alpha diversity (Faith’s PD) between placebo- and letrozole-treated mice
were observed prior to treatment (week 0) in the pubertal (placebo n =
10, letrozole n=10) (A) or adult (placebo n =38, letrozole n=6) (B) model.
Similarly, no differences in beta diversity (unweighted UniFrac) were ob-
served between placebo- and letrozole-treated mice prior to treatment in
the pubertal (C) or adult model (D). Student t-test was used to compare
alpha diversity between groups and Analysis of Similarity (ANOSIM) test
was used to compare beta diversity between groups. (PDF 1335 kb)
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Polycystic ovary syndrome (PCOS) is a common endocrine disorder affecting ~10% to 15% of
reproductive-aged women worldwide. Diagnosis requires two of the following: hyperandrogenism,
oligo-ovulation or anovulation, and polycystic ovaries. In addition to reproductive dysfunction,
many women with PCOS display metabolic abnormalities associated with hyperandrogenism.
Recent studies have reported that the gut microbiome is altered in women with PCOS and rodent
models of the disorder. However, it is unknown whether the gut microbiome plays a causal role in
the development and pathology of PCOS. Given its potential role, we hypothesized that exposure
to a healthy gut microbiome would protect against development of PCOS. A cohousing study was
performed using a letrozole-induced PCOS mouse model that recapitulates many reproductive and
metabolic characteristics of PCOS. Because mice are coprophagic, cohousing results in repeated,
noninvasive inoculation of gut microbes in cohoused mice via the fecal-oral route. In contrast to
letrozole-treated mice housed together, letrozole mice cohoused with placebo mice showed sig-
nificant improvement in both reproductive and metabolic PCOS phenotypes. Using 16S rRNA gene
sequencing, we also observed that the overall composition of the gut microbiome and the relative
abundance of Coprobacillus and Lactobacillus differed in letrozole-treated mice cohoused with
placebo mice compared with letrozole mice housed together. These results suggest that dysbiosis of
the gut microbiome may play a causal role in PCOS and that modulation of the gut microbiome may
be a potential treatment option for PCOS. (Endocrinology 160: 1193-1204, 2019)

olycystic ovary syndrome (PCOS) is a common en-

docrine disorder affecting ~10% to 15% of women
worldwide (1). Diagnosis of PCOS, based on the Rotterdam
Consensus criteria (2003), requires two of the following:
hyperandrogenism, oligomenorrhea or amenorrhea, and
polycystic ovaries. PCOS is the leading cause of anovula-
tory infertility in women, and women with PCOS also have
an elevated likelihood of miscarriage and pregnancy
complications (1-3). Although it is often perceived as a
reproductive disorder, PCOS is also a metabolic disorder.
Women with PCOS have an elevated risk of developing
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obesity, type 2 diabetes, hypertension, and nonalcoholic
fatty liver disease (2, 4, 5). PCOS-related metabolic dys-
function is associated with hyperandrogenism and occurs
irrespective of body mass index (6, 7). Although studies
indicate that androgen excess is an important contributor
to metabolic dysregulation in women with PCOS, the
mechanisms that lead to obesity and insulin resistance in
PCOS are not well understood. Although genetic and en-
vironmental factors undoubtedly influence the development
and pathology of PCOS (6, 8-10), it is worth exploring
whether gut microbes contribute to this disorder.

Abbreviations: CAP, canonical analysis of principal coordinates; FBG, fasting blood
glucose; LET, letrozole mice housed together; LET", letrozole mice cohoused with
placebo mice; P, placebo mice housed together; P, placebo mice cohoused with
letrozole mice; PCoA, principal coordinate analysis; PCOS, polycystic ovary syndrome; PD,
phylogenetic diversity; PERMANOVA, permutational multivariate analysis of variance; SV,
sequence variant.
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Studies over the past decade have shown that the
gastrointestinal tract harbors a complex microbial eco-
system (the gut microbiome) that is important for human
health and disease (11, 12). Gut microbes offer many
benefits to the host, including protection against path-
ogens and regulation of host immunity and the integrity
of the intestinal barrier (13-15). The gut microbiome is
also involved in the production of short-chain fatty acids
via fermentation of dietary fibers, production of essential
vitamins such as folic acid and B12, and modification of
bile acids, neurotransmitters, and hormones (16, 17).
Studies have also shown that changes in the gut micro-
biome are associated with metabolic disorders such as
obesity and type 2 diabetes (18, 19). Moreover, studies
have reported that transplantation of stool from obese
donors into germ-free mice results in an obese phenotype
(20), suggesting that the gut microbiome may play a
causative role in metabolic dysregulation. These trans-
plantation studies were complemented with cohousing
studies that took advantage of the fact that, because mice
are coprophagic, cohousing provides a means for re-
peated, noninvasive microbial inoculation. Cohousing
germ-free mice transplanted with stool from obese do-
nors with germ-free mice transplanted with stool from
lean donors was shown to protect the mice transplanted
with obese donor stool from developing obesity (20-22).
Altogether, these studies suggest that modulation of the
gut microbiome may be a potential treatment option for
metabolic disorders.

With regard to PCOS, several recent studies reported
that changes in the gut microbiome are associated with
PCOS (23-26). These studies detected lower a-diversity
and differences in the relative abundances of specific Bac-
teroidetes and Firmicutes in women with PCOS compared
with controls (23-25). In particular, changes in the relative
abundance of bacterial genera from the Bacteroidaceae,
Clostridaceae, Erysipelotrichidae, Lachnospiraceae, Lac-
tobacillaceae, Porphyromondaceae, Ruminococcaceae, and
$24-7 families were observed in several studies. In addition,
changes in the gut microbiome correlated with hyper-
androgenism (23-25), suggesting that testosterone may
influence the composition of the gut microbiome in women.
In addition to studies in humans, several studies reported a
significant association between the gut microbiome and
PCOS in rodent models (27-30). Because the rodent models
are diet independent, these studies suggest that the mech-
anisms that result in an altered gut microbiome in PCOS are
distinct from diet-induced effects on the gut microbiome
observed in high-fat diet-induced obesity models. Overall,
these studies indicate that the gut microbiome of women
with PCOS differs significantly from that of healthy women
and suggest that a microbial imbalance or “dysbiosis” in
the gut may contribute to the pathology of PCOS.

Co-Housing Protects Against Development of PCOS

Endocrinology, May 2019, 160(5):1193-1204

We previously developed a PCOS mouse model that
uses treatment with letrozole, a nonsteroidal aromatase
inhibitor, to increase testosterone levels and decrease
estrogen levels by inhibiting the conversion of testos-
terone to estrogen (31). Letrozole treatment of pubertal
female mice results in reproductive hallmarks of PCOS
including hyperandrogenism, acyclicity, polycystic ova-
ries, and elevated LH levels (31). This model also ex-
hibits metabolic dysregulation similar to the phenotype
in women with PCOS, including weight gain, abdominal
adiposity, elevated fasting blood glucose (FBG) and in-
sulin levels, impaired glucose-stimulated insulin se-
cretion, insulin resistance, and dyslipidemia (32). Our
studies also showed that letrozole treatment did not
alter food intake or energy expenditure, even though
locomotion was decreased (32), suggesting that other
mechanisms contribute to the metabolic dysregulation in
this model. Although letrozole treatment results in es-
trogen levels that are lower than estrogen levels in women
with PCOS, we used this model to study the role of the
gut microbiome in PCOS because it recapitulates both
reproductive and metabolic aspects of PCOS. As in
women with PCOS, 16S rRNA gene sequencing showed
that letrozole treatment was associated with lower gut
microbial richness, a shift in the overall gut microbial
composition, and changes in specific Bacteroidetes and
Firmicutes (27). A recent study examining the effects of
nonantibiotic drugs on the gut microbiome found that
letrozole did not alter growth of ~40 representative gut
bacteria (33), which suggests that differences in the gut
microbial composition found in the PCOS mouse model
are not a direct effect of letrozole.

To begin to address whether the gut microbiome
contributes to the pathophysiology of PCOS and whether
manipulation of the gut microbiome can be used to treat
PCOS, we used a cohousing paradigm to determine
whether exposure to a healthy gut microbiome protected
against development of PCOS metabolic and reproductive
phenotypes. Because mice are coprophagic, gut mi-
crobes can be readily transferred from one mouse to
another through the fecal-oral route. In this study,
pubertal female mice were treated with placebo or
letrozole and housed two per cage in three different
housing arrangements. The study groups consisted of
placebo mice housed together (P), letrozole mice housed
together (LET), placebo mice cohoused with letrozole
mice (P%), and letrozole mice cohoused with placebo
mice (LET"). Overall, cohousing letrozole with placebo
mice resulted in substantial improvement in both PCOS
metabolic and reproductive phenotypes compared with
letrozole mice housed together. Furthermore, 16S rRNA
gene sequence analysis demonstrated that cohousing
letrozole with placebo mice resulted in changes in the
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B-diversity of the gut microbiome and highlighted
bacteria that may be candidates for probiotic therapy.
Our findings support the idea that there may be a causal
link between the gut microbiome and PCOS and that
modulation of the gut microbiome may be a potential
treatment option for PCOS.

Materials and Methods

PCOS mouse model

C57BL/6NHsd female mice from Envigo were housed in a
vivarium under specific pathogen-free conditions with an au-
tomatic 12 hour:12 hour light/dark cycle (light period: 06:00 to
18:00) and ad libitum access to water and food (Teklad S-2335
Mouse Breeder Irradiated Diet, Envigo). To establish the pu-
bertal PCOS model, 4-week-old female mice were implanted
subcutaneously with a placebo or 3-mg letrozole pellet (3 mm
diameter; 50 pg/d; Innovative Research of America) for
5 weeks. The 50 ng/d dose was based on the original letrozole
mouse model study (31). For the cohousing paradigm, mice
were housed two per cage in three different cage arrangements:
two placebo mice, two letrozole mice, or one placebo and one
letrozole mouse. The cohousing experimental design resulted in
four groups of mice (n = 8 per group): P, LET, P", and LET",
All animal procedures in this study were approved by the
University of California, San Diego Institutional Animal Care
and Use Committee (Protocol Number $14011).

Analysis of reproductive phenotype

Mice were weighed weekly. Estrous cycle stage was de-
termined from the predominant cell type in vaginal epithelial
smears obtained during weeks 4 to 5 of treatment as previously
described (31). At the end of the experiment, ovaries were
dissected, weighed, fixed in 4% paraformaldehyde, paraffin-
embedded, sectioned at 10 wm, and stained with hematoxylin
and eosin (Zyagen). Serum testosterone and LH levels were
measured using a mouse ELISA (34) (range 10 to 800 ng/dL)
and a radioimmunoassay (35, 36) (range 0.04 to 75 ng/mL), by
the University of Virginia Center for Research in Reproduction
Ligand Assay and Analysis Core Facility.

Analysis of metabolic phenotype

After 5 weeks of treatment, mice were fasted for 5 hours and
blood from the tail vein was collected to measure fasting insulin
levels. Blood glucose was measured with a handheld glucometer
(One Touch UltraMini, LifeScan, Inc), and an intraperitoneal
insulin tolerance test was performed. Tail vein blood glucose
was measured just before (time 0) an intraperitoneal injection of
insulin (0.75 U/kg in sterile saline; Humulin R U-100, Eli Lilly)
was given and at 15, 30, 45, 60, 90, and 120 minutes after
injection. At the end of the experiment, the mice were anes-
thetized with isoflurane, blood was collected from the posterior
vena cava, and parametrial fat pads were dissected and
weighed. Serum insulin was measured with a mouse ELISA (37)
by the University of California, Davis Mouse Metabolic Phe-
notyping Center.

Quantitative real-time PCR of ovarian genes
Total RNA was isolated from ovaries with an RNeasy Mini
Plus kit (Qiagen), which also removes genomic DNA. cDNA
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was made by reverse transcription of total RNA with an iScript
cDNA synthesis kit (Bio-Rad Laboratories). cDNA products
were detected with SYBR Green Supermix (Bio-Rad Labora-
tories) on a Bio-Rad CFX Connect quantitative real-time PCR
system (Bio-Rad Laboratories) with previously described
primers (31). Data were analyzed by the 2-*2¢T method (38) by
normalizing the gene of interest to glyceraldehyde 3-phosphate
dehydrogenase. Data were represented as mean fold change
compared with placebo * the SEM.

Statistical analysis of reproductive and
metabolic phenotypes

The statistical package JMP 13 (SAS) was used to analyze
differences between groups by one-way ANOVA followed by
post hoc comparisons with the Tukey-Kramer honestly sig-
nificant difference test or two-way repeated-measures ANOVA
followed by post hoc comparisons of individual time points.
Different letters or an asterisk were used to indicate significant
differences (P < 0.05).

Fecal sample collection, DNA isolation, and 16S rRNA
gene sequencing

Fecal samples were collected from 8 mice per group (32 mice
total) before treatment and once per week for 5 weeks. Fecal
samples were frozen immediately after collection and stored
at —80°C. Bacterial DNA was extracted from the samples with
the DNeasy PowerSoil Kit (Qiagen) and stored at —80°C. The
V4 hypervariable region of the 16S rRNA gene was PCR
amplified with primers 515F and 806R (39). The reverse
primers contained unique 12-bp Golay barcodes that were
incorporated into the PCR amplicons (39). Amplicon sequence
libraries were prepared at the Scripps Research Institute Next
Generation Sequencing Core Facility, where the libraries were
sequenced on an Illumina MiSeq as previously described (27).

16S rRNA gene sequence analysis

Raw sequences were imported into QIIME 2 (version
2018.4) with the g2-tools-import script, and sequences were
demultiplexed with the q2-demux emp-single script. This
procedure resulted in 7.3 million sequences, with an average
of 36,000 sequences per sample. The 16S rRNA sequences
generated in this study were deposited into the European
Nucleotide Archive (Study Accession Number PRJEB29583).
DADA2 software was used to obtain a set of observed sequence
variants (SVs) (40). Based on the quality scores, the forward
reads were truncated at position 240 with the q2-dada2-denoise
script. Taxonomy was assigned with a pretrained naive Bayes
classifier (Greengenes 13_8 99% operational taxonomic units)
and the q2-feature-classifier plugin (41). Out of 192 samples, 5
were removed because of insufficient sequence coverage (one
placebo at week 4, two P at week 5, and two LET" at week 5),
resulting in 187 samples. In total, 318 SVs were identified from
186 fecal samples. The resulting SVs were then aligned in
MAFFT (42), and a phylogenetic tree was built in FastTree (43).
Taxonomic distributions of the samples were calculated with
the q2-taxa-barplot script. a- and B-diversity metrics were
computed with the q2-diversity core-metrics script at a rarefied
sampling depth of 1250. The a-diversity metric, Faith phylo-
genetic diversity (PD), was used to measure phylogenetic
biodiversity by calculating the total branch lengths on a phy-
logenetic tree of all members in a community (44). UniFrac
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was used to compare the similarity (B-diversity) between the
microbial communities by calculating the shared PD between
pairs of microbial communities (45, 46).

Statistical analysis of 16S rRNA sequences

Statistical calculations were performed in the R statistical
package (version 3.5.1) with the phyloseq (version 1.26.1) (47)
and vegan package (version 2.5.3). a-Diversity data were tested
for normality via the Shapiro-Wilk test. Variables that were not
normally distributed were ranked. Changes in a-diversity over
time were analyzed via simple linear regression and Pearson rank
correlation on ranked diversity measures. Linear mixed effects
analysis of the relationship between a-diversity and time was
done with the Ime4 R package (version 1.1.19). P values were
obtained by likelihood ratio tests of the full model with the effect
in question against the model without the effect in question.
Principal coordinate analysis (PCoA) and canonical analysis of
principal coordinates (CAP) plots (48) were constructed in the
phyloseq R package. PCoA plots were used to represent the
similarity of posttreatment (weeks 1 to 5) fecal microbiome
samples based on multiple variables in the data set, and CAP was
used to visualize the relationship of the fecal microbiome with
specific parameters. Permutational multivariate analysis of var-
iance (PERMANOVA) used posttreatment weighted UniFrac
distance measures to assess bacterial community compositional
differences and its relationship to cohousing treatment group
(999 permutations “vegan” package). DESeq2 (49) (version
1.14.1) in the microbiomeSeq package (version 0.1, http://www.
github.com/umerijaz/microbiomeSeq) was used to identify bac-
terial genera that were differentially abundant between placebo
and LET mice and between LET™ and LET.

Results

Cohousing letrozole mice with placebo mice
resulted in less weight gain and
abdominal adiposity

To investigate whether exposure to a healthy gut
microbiome can protect against the development of a
PCOS metabolic and reproductive phenotype, we per-
formed a cohousing study. Female mice were implanted
with a placebo or letrozole pellet at 4 weeks of age and
housed two mice per cage in three different housing
arrangements. This study design resulted in four groups
of mice (n = 8 per group): P, LET, P*", and LET®"
(Fig. 1A). As shown in Fig. 1B, weight was measured each
week during the 5 weeks of treatment. Similarly to
previously published studies (27, 32), 2 weeks of letro-
zole treatment resulted in increased weight compared
with placebo treatment that was maintained for the rest
of the study (Fig. 1B). Five weeks of letrozole treatment
also resulted in greater abdominal adiposity compared
with placebo treatment (Fig. 1C). Interestingly, P" mice
had similar weight gain and abdominal adiposity com-
pared with placebo mice. In contrast, LET" mice gained
less weight and exhibited a trend toward less abdominal
adiposity compared with LET mice (Fig. 1B and 1C).

Co-Housing Protects Against Development of PCOS
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Notably, the protective effect of cohousing letrozole mice
with placebo mice on weight gain manifested only after
several weeks of treatment.

Cohousing letrozole mice with placebo mice
resulted in reduced FBG and insulin levels and
insulin resistance

As reported in previous studies (27, 31, 32), 5 weeks of
letrozole treatment resulted in increased FBG and insulin
levels and insulin resistance (Fig. 1D-1F). PP mice had
similar serum glucose and insulin levels and insulin
sensitivity to that of placebo mice, whereas LET® mice
had reduced FBG and insulin levels as well as less insulin
resistance compared with LET mice (Fig. 1D-1F).

Cohousing letrozole mice with placebo mice
resulted in estrous cyclicity

In addition to characterizing the effect of cohousing
on the PCOS metabolic phenotype, we also assessed
the effect on the reproductive axis. As previously
published (27, 31), letrozole treatment resulted in
hallmarks of PCOS, including elevated testosterone
and LH levels and acyclicity in LET mice (Fig. 2A-2C).
P" mice did not have changes in testosterone, LH,
or estrous cyclicity compared with placebo mice
(Fig. 2A-2C). On the other hand, LET" mice had
decreased testosterone and LH levels compared with
LET mice (Fig. 2A and 2B). In addition, LET" mice
displayed changes in the morphology of vaginal epi-
thelial cells representative of different stages of the
estrous cycle compared with the constant diestrus
exhibited by LET mice (Fig. 2C).

Cohousing letrozole mice with placebo mice
protected ovarian function

Consistent with previous reports (27, 31), the ova-
ries of LET mice lacked corpora lutea and displayed
cystic follicles and hemorrhagic cysts, whereas the
ovaries of P mice had a similar morphology to that of
placebo mice (Fig. 3A). Interestingly, the ovaries of
LET*" mice lacked cystic follicles and hemorrhagic cysts
and contained corpora lutea (Fig. 3A). As in previous
reports (31), LET mice showed a significant increase in
both ovarian weight and ovarian mRNA expression
levels of follicle-stimulating hormone receptor (Fshr),
cytochrome P450 17A1 (Cyp17), and aromatase (Cyp19)
compared with placebo mice (Fig. 3B-3E). The ovarian
weight and mRNA expression levels in P" mice mirrored
those of placebo mice (Fig. 3B-3E). Compared with LET
mice, LET" mice showed a significant decrease in ovarian
weight and mRNA expression levels of Cyp17, whereas
Fshr and Cyp19 mRNA expression levels were compa-
rable to those of LET mice (Fig. 3B-3E).
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Figure 1. Cohousing letrozole mice with placebo mice protected against development of the PCOS metabolic phenotype. Design of cohousing
study with pubertal female mice housed two per cage in three different housing arrangements that resulted in four groups of mice (n = 8 per
group): P, LET, P", and LET" (A). Letrozole treatment resulted in metabolic dysfunction compared with placebo including (B-F) increased weight,
abdominal adiposity, FBG, and insulin levels and insulin resistance. (B-F) Compared with LET mice, LET®" mice showed a decrease in body
weight, a decrease in abdominal adiposity, a decrease in FBG and insulin levels, and restored insulin sensitivity. Graph error bars represent SEM.
Different letters or an asterisk symbol were used to indicate significant differences in a one-way ANOVA or repeated-measures two-way ANOVA
followed by post hoc comparisons with the Tukey-Kramer honestly significant difference test (P < 0.05).

Gut microbial richness did not correlate with an
improved PCOS phenotype

The overall composition of the gut microbiome from
samples collected before placebo and letrozole treatment
(time 0) was compared between the four groups. No sig-
nificant difference in a- or B-diversity was observed between
the groups, indicating that the gut microbiomes were similar
before treatment (Fig. 4). Linear regression was used to
examine the relationship between a-diversity of the gut
microbiome (Faith PD) and time. There was a strong positive
relationship between a-diversity and time in placebo mice
(r = 0.23) but not LET mice (r = 0.05) (Fig. 5A and 5B). To
account for the repeated measures in this longitudinal study,
we also used a linear mixed-effect model to examine the
association between microbial diversity and time. This
analysis confirmed that there was a significant effect of time
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on a-diversity in placebo mice (P = 0.003) but not LET mice
(P = 0.2) (Fig. 5A and 5B). We then investigated whether
changes in a-diversity correlated with improved metabolic
and reproductive phenotypes in the cohoused mice. In
contrast to placebo mice, we did not observe a significant
effect of time on a-diversity on linear regression or the linear
mixed-effect model in P" mice (» = 0.009; P = 1) or LET®
mice (r = 0.08; P = 0.71) (Fig. 5C and 5D).

Composition of the gut microbiome was altered
by cohousing

In addition to investigating changes in a-diversity, we
used weighted UniFrac distances to compare the similarity
of gut microbial composition (B-diversity) between the
different groups. Although visualization of the UniFrac
distances via PCoA did not result in distinct clustering, a
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Differentially abundant genera
are associated with cohoused
letrozole mice
Differential abundance of gut bac-
teria between placebo- and letrozole-
treated mice was determined with
a DESeq2. This approach used a nega-
c tive binomial regression for modeling
count variables and is commonly used
for overdispersed data, which is typical
of microbiome data (33). DESeq2
identified five bacterial genera that
were of higher relative abundance and
four bacterial genera that were of
lower relative abundance in placebo
compared with LET mice (Fig. 7A).
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The gram-positive bacteria included
Coprobacillus, Candidatus Arthromi-
tus, Roseburia, Dorea, Lactobacillus,
and Adlercreutzia, and the gram-
negative bacteria included Akkerman-
sia, Christensenella, and Turicibacter.
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Figure 2. Letrozole mice cohoused with placebo mice did not become hyperandrogenemic
or acyclic. The cohousing study included four groups of mice (n = 8 per group): P, LET, P",
and LET. Letrozole treatment resulted in increased (A) testosterone and (B) LH levels

compared with placebo. LET" mice displayed a decrease in (A) testosterone and (B) LH and
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DESeq2 also identified three bacterial
genera that had an altered relative
abundance in LET®" compared with
LET mice: Coprobacillus, Christense-
nella, and Lactobacillus (Fig. 7B).

(C) a restoration of estrous cyclicity compared LET mice stuck in diestrus. Stages of the
estrous cycle are indicated as diestrus (D), metestrus (M), estrus (E), and proestrus (P). Graphs

illustrating the estrous cycle stages of representative mice from the four groups are shown.

Discussion

Graph error bars represent SEM. Different letters were used to indicate significant differences

in a one-way ANOVA followed by post hoc comparisons with the Tukey-Kramer honestly

significant difference test (P < 0.05).

PERMANOVA test (ADONIS) detected a significant ef-
fect of cohousing treatment on the microbial community
structure (P = 0.001) (Fig. 6A). This trend was also ob-
served in unweighted UniFrac (data not shown). CAP was
then used to analyze the microbial composition in response
to an a priori defined experimental variable (cohousing
treatment). PERMANOVA demonstrated a strong re-
lationship between cohousing treatment and the overall
composition of the gut microbiome (P = 0.001) (Fig. 6B),
suggesting that cohousing resulted in a distinct gut mi-
crobial community in LET" mice compared with LET
mice. To understand when the gut microbiome diverged,
we then compared the fecal samples from the four groups
at each time point (Fig. 6C-6G). We observed a significant
separation of the bacterial communities in the treatment
groups after 2 weeks (ADONIS, P = 0.004) (Fig. 6D).
Separation of the bacterial communities also occurred in
weeks 3 and 4 but not in week 5, possibly because of
convergence of P and LET" with a placebo-like gut
microbiome phenotype.

This study demonstrated that exposure
to a healthy gut microbiome resulted in
protection from developing a meta-
bolic phenotype in a PCOS mouse model. In particular,
cohousing letrozole-treated mice with placebo mice
resulted in LET" mice with body weight, FBG and in-
sulin levels, and insulin resistance similar to those of
placebo mice (Fig. 1). Although our results demonstrated
that cohousing letrozole with placebo mice resulted in
protection from metabolic dysregulation by the end of
the study, future studies will be needed to ascertain how
much time cohousing takes to exert a protective effect on
these metabolic factors. The improved PCOS metabolic
phenotype obtained via cohousing is consistent with
previous cohousing studies with obese mice, in which
exposure to a healthy gut microbiome provided pro-
tection from weight gain to germ-free mice inoculated
with feces from obese donors (22). It is worth noting that
the letrozole-induced metabolic phenotype does not in-
volve changes in diet, food intake, or total energy ex-
penditure (32), suggesting that other mechanisms are
responsible for the development of metabolic dysregu-
lation in PCOS. For instance, because studies have
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Figure 3. Cohousing letrozole mice with placebo mice improved the ovarian phenotype. The
cohousing study included four groups of mice (n = 8 per group): P, LET, P™", and LET". (A)
Letrozole treatment resulted in a lack of corpora lutea, cystlike follicles, and hemorrhagic
cysts in the ovaries compared with placebo mice. (A) Unlike LET mice, LET" mice lacked
polycystic ovaries, and their ovaries contained corpora lutea (CL) which is evidence of
ovulation. Scale bars represent 250 wm. (B-E) Letrozole treatment also resulted in increased
ovarian weight and increased mRNA expression of several ovarian genes important in ovarian
follicular development and steroidogenesis. (B) Ovarian weight was lower in LET mice
compared with LET mice. Fshr and Cyp79 mRNA levels were similar between LET and LET"
mice, whereas Cyp17 was lower in LET" mice compared with LET mice. Graph error bars
represent standard error of the mean. Different letters were used to indicate significant
differences in a one-way ANOVA followed by post hoc comparisons with the Tukey-Kramer
honestly significant difference test (P < 0.05).
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cohousing on a reproductive pheno-
type. Specifically, cohousing letrozole
mice with placebo mice resulted in
LET" mice with normalized testos-
terone and LH levels as well as estrous
cycling and ovarian morphology sim-
ilar to those of placebo mice (Figs. 2
and 3). The presence of estrous cycles
and corpora lutea in many of the LET"
mice suggests that the mice were able to
ovulate. Future superovulation studies
could be informative in determining
whether exposure to a healthy micro-
biome restores ovulation in letrozole-
treated mice cohoused with placebo
mice. Because ovarian Cypl7 gene
expression is induced by both andro-
gens and insulin (50, 51), it is un-
surprising that Cypl7 levels were
normalized in LET" mice (Fig. 3) that
had reduced circulating levels of tes-
tosterone and insulin. On the other
hand, it is not clear why Fshr mRNA
levels were increased in both LET and
LET" mice. With regard to aromatase
(Cyp19) expression, one possible ex-
planation why Cyp19 mRNA levels
did not resolve in LET mice, despite
normalization of testosterone levels, is
that LET" mice were still exposed to
letrozole. These results support the
idea that suppression of the aromatase
enzyme with letrozole treatment results
in a compensatory increase in Cypl9
mRNA. This study also indicates that
normalization of Cyp19 mRNA was
not necessary for an improved PCOS
phenotype and suggests that the pro-
tective effect of cohousing did not oc-
cur because of decreased letrozole
activity in LET" mice.

To further characterize the effects
of cohousing on the letrozole-induced
PCOS mouse model, we examined the
effects of cohousing on the gut
microbiome. As published previously
(27), we observed lower a-diversity in

indicated that obesity may be influenced by an increased
capacity of the gut microbiome to harvest energy from
dietary fiber (21), it would be informative to test whether
this occurs in letrozole-treated mice.

In addition to an effect of cohousing on the PCOS
metabolic phenotype, this study reports an effect of
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letrozole-treated female mice compared with placebo
mice. These results are consistent with studies that re-
ported lower a-diversity of the gut microbiome in women
with PCOS compared with controls (23-25). However,
because we did not observe higher a-diversity in LET"
mice compared with LET mice (Fig. 5), these results
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microbes. Supporting this idea, we
observed changes in the overall gut
bacterial composition at the same time
(Fig. 6; week 2) that we observed a
protective effect of cohousing on
weight gain in LET" mice (Fig. 1B).
Additional support for this idea comes
from the identification of specific gut
bacteria such as Coprobacillus and
Lactobacillus that had a relative abun-
dance altered by letrozole treatment
and restored by cohousing letrozole
with placebo mice. Interestingly, these
bacteria have been linked with host
metabolism. Coprobacillus was re-
ported to be enriched in healthy sub-
jects compared with obese subjects and
was proposed as a novel probiotic
because of its association with a

healthy gut microbiome (52, 53). Although Lactobacillus
is commonly used as a probiotic, increased abundance of
some Lactobacillus species has been reported in obese

humans (54, 55), suggesting that the
effect of Lactobacillus on metabolism
may be species and strain specific (56).
Our results highlight the need for
bacterial species- and strain-level iden-
tification in future studies focused on
the role of the gut microbiome in
PCOS.

Sex differences in the gut microbiome
probably arise after puberty through
the action of sex steroids (57). How-
ever, the mechanisms by which sex
steroids influence the gut microbiome
remain unclear. In the case of PCOS,
previous studies in humans and mouse
models of the disorder (23-25, 27)
suggest that elevated testosterone
levels select for different gut microbes via
unknown mechanisms. Future studies
investigating the role of androgen and
estrogen receptors in immune cells,
intestine, liver, or other relevant tissues
will be important in determining
whether steroid receptor signaling
in the host is necessary for steroid-
dependent changes in the gut micro-
biome. Additional studies will also be
needed to determine whether andro-
gens can directly regulate gut bacteria
by acting as substrates for bacterial
enzymes, such as B-glucuronidases,
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important for producing carbon and
energy as described for estrogens (58).

Although our results suggest that
bacterial exchange may protect against
the PCOS phenotype, it is possible that
exposure to other fecal microbes (e.g.,
archaea), microbial metabolites, or
even steroids in feces and urine could
play a protective role. Fecal micro-
biome transplant studies will be critical
in ruling out the influence of phero-
mones, behavioral interactions, or urine
in the protective effect of cohousing.
Future reconstitution experiments will
also be important to determine whether
specific bacteria or metabolites are
necessary for a protective effect. If
bacteria prove to be an important
component of the protective effect of
cohousing, it is worth considering how
modulating gut bacterial composition
could improve reproductive function.
Because studies have shown that weight
loss in women with PCOS results in
decreased androgen levels and improved
menstrual cycling and fertility (59), it is
possible that gut microbes may indirectly
regulate the reproductive axis through
effects on metabolism. Alternatively, gut
bacteria may have a direct effect on re-
production by controlling the amount of
steroid hormones excreted or reab-
sorbed into enterohepatic circulation
through deconjugation of steroids
conjugated in the liver (60). Although
there are some similarities in the types
of bacteria that are altered in PCOS and
obesity, it remains unclear whether
microbial dysbiosis and metabolic
dysregulation in these two disorders
result from similar mechanisms. Studies
demonstrating that changes in the
gut microbiome and metabolism
are associated with hyperandrogenism
and that PCOS metabolic dysregula-
tion occurs in a body mass index—
independent manner indicate that some
of the mechanisms driving PCOS met-
abolic disturbances are distinct from
those driving metabolic dysregulation in
obesity (6, 23-25, 7).

In summary, our study demon-
strated that exposure to a healthy gut
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Figure 7. Specific bacterial genera were associated with
improvement of the PCOS phenotype during cohousing. The
cohousing study included four groups of mice: P, LET, P, and LET"
(n = 8 per group with the exception of n = 7 for P time 4 and n =
6 for P and LET" time 5). Results from the DESeq2 differential
abundance analysis were expressed as log2 fold change for (A) the
comparison of P and LET mice and (B) the comparison of LET" and
LET mice. Positive log2 fold changes represent bacterial genera
increased in (A) P mice relative to LET mice or (B) LET" relative to LET
mice, whereas negative changes represent bacterial general increased
in (A) LET relative to P mice or (B) LET relative to LET™ mice. *P <
0.05; **P < 0.01; ***P < 0.001.

microbiome via a cohousing paradigm resulted in pro-
tection from developing metabolic and reproductive
phenotypes in a letrozole-induced PCOS mouse model.
The physiological phenotypes were associated with
changes in the composition of the gut microbiome,
suggesting that modulation of gut microbes toward a
dysbiotic or healthy state may influence the degree of

Endocrinology, May 2019, 160(5):1193-1204

pathology. It is notable that cohousing also resulted in
changes in the gut bacterial community of placebo mice
cohoused with letrozole mice compared with placebo
mice housed together. However, because these changes
were not sufficient to alter the metabolic and re-
productive phenotypes of the host, these results suggest
that the healthy gut microbiome was resistant to any
pathological influence from the feces of the letrozole
mice. To elucidate how exposure to a healthy gut
microbiome protected mice from developing PCOS, fu-
ture studies are needed to characterize the effects of
cohousing on the composition and function of the gut
microbiome in the letrozole-induced PCOS mouse model
by using metagenomics and metabolomics. In addition,
studies are needed to investigate the mechanisms by
which changes in the gut microbiome influence meta-
bolism and reproduction. Moreover, because these re-
sults imply that modulating the composition of the gut
microbiome may be a potential treatment option for
women with PCOS, future studies should also investigate
whether supplementation with prebiotics or novel pro-
biotics such as Coprobacillus can protect against the
development and pathology of PCOS.

Acknowledgments

We thank members of the Kelley and Thackray laboratories for
insightful comments and suggestions. Hormone levels were
measured by the University of Virginia Center for Research
in Reproduction Ligand Assay and Analysis Core Facility
(P50 HD28934) and the University of California, Davis
Mouse Metabolic Phenotyping Core (U24 DK092993).

Financial Support: 'This work was funded by the National
Institute of Child Health and Human Development through a
cooperative agreement as part of the National Centers for
Translational Research in Reproduction and Infertility (Grant
P50 HD012303, to V.G.T.). V.G.T. was also funded by Grant
RO1 HD095412. P.J.T. was funded by the University of Cal-
ifornia, San Diego Microbial Sciences Research Initiative Fel-
lowship and the San Diego State University Achievement
Rewards for College Scientists Foundation. L.S. and A.C. were
funded by a Doris A. Howell Foundation Research Scholarship
for Women’s Health.

Author Contributions: V.G.T. and S.T.K. conceived and
designed the study; P.J.T.,B.S.H.,P.A.,L.S.,and A.C. collected
samples and performed reproductive and metabolic assess-
ments and quantitative RT-PCR; P.J.T. performed DNA ex-
tractions and PCR amplifications; P.J.T., V.G.T., and S.T.K.
analyzed the data; and P.J.T., S.T.K., and V.G.T. wrote the
manuscript.

Correspondence: Varykina G. Thackray, PhD, Department
of Obstetrics, Gynecology and Reproductive Sciences, University
of California, San Diego, La Jolla, California 92093. E-mail:
vthackray@ucsd.edu.

Disclosure Summary: The authors have nothing to
disclose.

52

6102 Mdy 9z uo woo'lewb@ggseuolld ‘sieues Ateiqi Aq 8660ZS/S6 L L/S/09 L A0BISIR-8]011EB/OPUS/W 0D dNO"OIWBPRI.//:SANY WOy papeojumod



doi: 10.1210/en.2019-00050

References

1.

13.

14.

Fauser BC, Tarlatzis BC, Rebar RW, Legro RS, Balen AH, Lobo R,
Carmina E, Chang ], Yildiz BO, Laven ]S, Boivin J, Petraglia F,
Wijeyeratne CN, Norman RJ, Dunaif A, Franks S, Wild RA,
Dumesic D, Barnhart K. Consensus on women’s health aspects of
polycystic ovary syndrome (PCOS): the Amsterdam ESHRE/
ASRM-Sponsored 3rd PCOS Consensus Workshop Group. Fer-
til Steril. 2012;97:28-38 ¢25.

. Azziz R, Carmina E, Chen Z, Dunaif A, Laven JSE, Legro RS,

Lizneva D, Natterson-Horowtiz B, Teede HJ, Yildiz BO. Polycystic
ovary syndrome. Nat Rev Dis Primers. 2016;2:16057.

. Dumesic DA, Oberfield SE, Stener-Victorin E, Marshall JC, Laven

JS, Legro RS. Scientific statement on the diagnostic criteria, epi-
demiology, pathophysiology, and molecular genetics of polycystic
ovary syndrome. Endocr Rev. 2015;36(5):487-525.

. Churchill SJ, Wang ET, Pisarska MD. Metabolic consequences

of polycystic ovary syndrome. Minerva Ginecol. 2015;67(6):
545-555.

. Goodman NF, Cobin RH, Futterweit W, Glueck JS, Legro RS,

Carmina E; American Association of Clinical Endocrinologists
(AACE); American College of Endocrinology (ACE); Androgen
Excess and PCOS Society. American Association of Clinical En-
docrinologists, American College of Endocrinology, and Androgen
Excess and PCOS Society disease state clinical review: guide to the
best practices in the evaluation and treatment of polycystic ovary
syndrome—part 2. Endocr Pract. 2015;21(12):1415-1426.

. Barber TM, Wass JAH, McCarthy MI, Franks S. Metabolic

characteristics of women with polycystic ovaries and oligo-
amenorrhoea but normal androgen levels: implications for the
management of polycystic ovary syndrome. Clin Endocrinol (Oxf).
2007;66(4):513-517.

. Moghetti P, Tosi F, Bonin C, Di Sarra D, Fiers T, Kaufman J-M,

Giagulli VA, Signori C, Zambotti F, Dall’Alda M, Spiazzi G,
Zanolin ME, Bonora E. Divergences in insulin resistance between
the different phenotypes of the polycystic ovary syndrome. | Clin
Endocrinol Metab. 2013;98(4):E628-E637.

. Legro RS, Driscoll D, Strauss JF, Fox J, Dunaif A. Evidence for a

genetic basis for hyperandrogenemia in polycystic ovary syndrome.
Proc Natl Acad Sci USA. 1998;95(25):14956-14960.

. Vink JM, Sadrzadeh S, Lambalk CB, Boomsma DI. Heritability of

polycystic ovary syndrome in a Dutch twin-family study. | Clin
Endocrinol Metab. 2006;91(6):2100-2104.

. Abbott DH, Bacha F. Ontogeny of polycystic ovary syndrome and

insulin resistance in utero and early childhood. Ferzil Steril. 2013;
100(1):2-11.

. Clemente JC, Ursell LK, Parfrey LW, Knight R. The impact of the

gut microbiota on human health: an integrative view. Cell. 2012;
148(6):1258-1270.

. Walker AW, Lawley TD. Therapeutic modulation of intestinal

dysbiosis. Pharmacol Res. 2013;69(1):75-86.

Biumler AJ, Sperandio V. Interactions between the microbiota and
pathogenic bacteria in the gut. Nature. 2016;535(7610):85-93.
Gensollen T, Iyer SS, Kasper DL, Blumberg RS. How colonization
by microbiota in early life shapes the immune system. Science.
2016;352(6285):539-544.

. Natividad JM, Verdu EF. Modulation of intestinal barrier by in-

testinal microbiota: pathological and therapeutic implications.
Pharmacol Res. 2013;69(1):42-51.

. den Besten G, van Eunen K, Groen AK, Venema K, Reijngoud DJ,

Bakker BM. The role of short-chain fatty acids in the interplay
between diet, gut microbiota, and host energy metabolism. | Lipid
Res. 2013;54(9):2325-2340.

. Ridlon JM, Kang DJ, Hylemon PB, Bajaj JS. Bile acids and the gut

microbiome. Curr Opin Gastroenterol. 2014;30(3):332-338.

. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology:

human gut microbes associated with obesity. Nature. 2006;444(7122):
1022-1023.

53

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

https://academic.oup.com/endo

Qin ], LiY, Cai Z, Li S, Zhu ], Zhang F, Liang S, Zhang W, Guan
Y, Shen D, Peng Y, Zhang D, Jie Z, Wu W, Qin Y, Xue W, Li ], Han
L,LuD,WuP,DaiY,Sun X, LiZ, Tang A, Zhong S, Li X, Chen W,
Xu R, Wang M, Feng Q, Gong M, Yu ], Zhang Y, Zhang M,
Hansen T, Sanchez G, Raes ], Falony G, Okuda S, Almeida M,
LeChatelier E, Renault P, Pons N, Batto JM, Zhang Z, Chen H,
Yang R, Zheng W, Li S, Yang H, Wang ], Ehrlich SD, Nielsen R,
Pedersen O, Kristiansen K, Wang J. A metagenome-wide associ-
ation study of gut microbiota in type 2 diabetes. Nature. 2012;
490(7418):55-60.

Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan
A, Ley RE, Sogin ML, Jones W], Roe BA, Affourtit JP, Egholm M,
Henrissat B, Heath AC, Knight R, Gordon JI. A core gut micro-
biome in obese and lean twins. Nature. 2009;457(7228):480-484.
Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER,
Gordon JI. An obesity-associated gut microbiome with increased
capacity for energy harvest. Nature. 2006;444(7122):1027-1031.
Ridaura VK, Faith JJ, Rey FE, Cheng ], Duncan AE, Kau AL,
Griffin NW, Lombard V, Henrissat B, Bain JR, Muehlbauer M]J,
Ilkayeva O, Semenkovich CF, Funai K, Hayashi DK, Lyle BJ,
Martini MC, Ursell LK, Clemente JC, Van Treuren W, Walters
WA, Knight R, Newgard CB, Heath AC, Gordon JI. Gut micro-
biota from twins discordant for obesity modulate metabolism in
mice. Science. 2013;341(6150):1241214.

LiuR, Zhang C, ShiY, Zhang F, Li L, Wang X, Ling Y, Fu H, Dong
W, Shen ], Reeves A, Greenberg AS, Zhao L, Peng Y, Ding X.
Dysbiosis of gut microbiota associated with clinical parameters in
polycystic ovary syndrome. Front Microbiol. 2017;8:324.
Lindheim L, Bashir M, Miinzker ], Trummer C, Zachhuber V,
Leber B, Horvath A, Pieber TR, Gorkiewicz G, Stadlbauer V,
Obermayer-Pietsch B. Alterations in gut microbiome composition
and barrier function are associated with reproductive and meta-
bolic defects in women with polycystic ovary syndrome (PCOS): a
pilot study. PLoS One. 2017;12(1):e0168390.

Torres PJ, Siakowska M, Banaszewska B, Pawelczyk L, Duleba AJ,
Kelley ST, Thackray VG. Gut microbial diversity in women with
polycystic ovary syndrome correlates with hyperandrogenism.
J Clin Endocrinol Metab. 2018;103(4):1502-1511.

Insenser M, Murri M, Del Campo R, Martinez-Garcia MA,
Fernandez-Duran E, Escobar-Morreale HF. Gut microbiota and
the polycystic ovary syndrome: influence of sex, sex hormones, and
obesity. | Clin Endocrinol Metab. 2018;103(7):2552-2562.
Kelley ST, Skarra DV, Rivera AJ, Thackray VG. The gut micro-
biome is altered in a letrozole-induced mouse model of polycystic
ovary syndrome. PLoS One. 2016;11(1):e0146509.

Guo Y, Qi Y, Yang X, Zhao L, Wen S, Liu Y, Tang L. Association
between polycystic ovary syndrome and gut microbiota. PLoS
One. 2016;11(4):e0153196.

Moreno-Indias I, Sanchez-Alcoholado L, Sanchez-Garrido MA,
Martin-Nafiez GM, Pérez-Jiménez F, Tena-Sempere M, Tinahones
FJ, Queipo-Ortufio MI. Neonatal androgen exposure causes per-
sistent gut microbiota dysbiosis related to metabolic disease in adult
female rats. Endocrinology. 2016;157(12):4888-4898.

Sherman SB, Sarsour N, Salehi M, Schroering A, Mell B, Joe B, Hill
JW. Prenatal androgen exposure causes hypertension and gut
microbiota dysbiosis. Gut Microbes. 2018;9(5):400-421.
Kauffman AS, Thackray VG, Ryan GE, Tolson KP, Glidewell-
Kenney CA, Semaan SJ, Poling MC, Iwata N, Breen KM, Duleba
A]J, Stener-Victorin E, Shimasaki S, Webster NJ, Mellon PL. A
novel letrozole model recapitulates both the reproductive and
metabolic phenotypes of polycystic ovary syndrome in female mice.
Biol Reprod. 2015;93(3):69.

Skarra DV, Hernandez-Carretero A, Rivera AJ, Anvar AR, Thackray
VG. Hyperandrogenemia induced by letrozole treatment of pubertal
female mice results in hyperinsulinemia prior to weight gain and
insulin resistance. Endocrinology. 2017;158(9):2988-3003.

Maier L, Pruteanu M, Kuhn M, Zeller G, Telzerow A, Anderson
EE, Brochado AR, Fernandez KC, Dose H, Mori H, Patil KR, Bork

6102 Mdy 9z uo woo'lewb@ggseuolld ‘sieues Ateiqi Aq 8660ZS/S6 L L/S/09 L A0BISIR-8]011EB/OPUS/W 0D dNO"OIWBPRI.//:SANY WOy papeojumod



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Torres et al

P, Typas A. Extensive impact of non-antibiotic drugs on human gut
bacteria. Nature. 2018;555(7698):623-628.

. RRID:AB_2784504, https://scicrunch.org/resolver/AB_2784504.
. RRID:AB_278503, https://scicrunch.org/resolver/AB_278503.

. RRID:AB_2784498, https://scicrunch.org/resolver/AB_2784498.
. RRID:AB_2784503, https://scicrunch.org/resolver/AB_2784505.
. Livak KJ, Schmittgen TD. Analysis of relative gene expression data

using real-time quantitative PCR and the 2(-Delta C(T)) method.
Methods. 2001;25(4):402-408.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J,
Fierer N, Owens SM, Betley ], Fraser L, Bauer M, Gormley N,
Gilbert JA, Smith G, Knight R. Ultra-high-throughput microbial
community analysis on the [llumina HiSeq and MiSeq platforms.
ISME ]. 2012;6(8):1621-1624.

Callahan BJ, McMurdie PJ, Rosen M], Han AW, Johnson A]J,
Holmes SP. DADA2: High-resolution sample inference from Illu-
mina amplicon data. Nat Methods. 2016;13(7):581-583.
Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight
R, Huttley GA, Gregory Caporaso J. Optimizing taxonomic
classification of marker-gene amplicon sequences with QIIME 2’s
q2-feature-classifier plugin. Microbiome. 2018;6(1):90.

Katoh K, Standley DM. MAFFT multiple sequence alignment
software version 7: improvements in performance and usability.
Mol Biol Evol. 2013;30(4):772-780.

Price MN, Dehal PS, Arkin AP. FastTree: computing large mini-
mum evolution trees with profiles instead of a distance matrix. Mol
Biol Evol. 2009;26(7):1641-1650.

Faith DP. Conservation evaluation and phylogenetic diversity. Biol
Conserv. 1992;61(1):1-10.

Lozupone C, Knight R. UniFrac: a new phylogenetic method for
comparing microbial communities. Appl Environ Microbiol. 2005;
71(12):8228-8235.

Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R.
UniFrac: an effective distance metric for microbial community
comparison. ISME J. 2011;5(2):169-172.

McMurdie PJ, Holmes S. Phyloseq: a bioconductor package for
handling and analysis of high-throughput phylogenetic sequence
data. Pac Symp Biocomput. 2012:235-246.

Anderson MJ, Willis T]. Canonical analysis of principal co-
ordinates: a useful method of constrained ordination for ecology.
Ecology. 2003;84(2):511-525.

Co-Housing Protects Against Development of PCOS

49.

50.

S1.

52.

53.

54.

55.

S6.

57.

58.

59.

60.

54

Endocrinology, May 2019, 160(5):1193-1204

Love MI, Huber W, Anders S. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol.
2014;15(12):550.

Kumar A, Magoffin D, Munir 1, Azziz R. Effect of insulin and
testosterone on androgen production and transcription of
SULT2AT1 in the NCI-H295R adrenocortical cell line. Fertil Steril.
2009;92(2):793-797.

Zhang G, Veldhuis JD. Insulin drives transcriptional activity of the
CYP17 gene in primary cultures of swine theca cells. Biol Reprod.
2004;70(6):1600-1605.

Hou YP, He QQ, Ouyang HM, Peng HS, Wang Q, Li ], Lv XF,
Zheng YN, Li SC, Liu HL, Yin AH. Human gut microbiota as-
sociated with obesity in Chinese children and adolescents. BioMed
Res Int. 2017;2017:7585989.

Tap J, Mondot S, Levenez F, Pelletier E, Caron C, Furet JP, Ugarte
E, Mufioz-Tamayo R, Paslier DL, Nalin R, Dore ], Leclerc M.
Towards the human intestinal microbiota phylogenetic core. En-
viron Microbiol. 2009;11(10):2574-2584.

Armougom F, Henry M, Vialettes B, Raccah D, Raoult D. Mon-
itoring bacterial community of human gut microbiota reveals an
increase in Lactobacillus in obese patients and Methanogens in
anorexic patients. PLoS One. 2009;4(9):¢7125.

Stepetova J, Sepp E, Kolk H, Laivukene K, Songisepp E, Mikelsaar
M. Diversity and metabolic impact of intestinal Lactobacillus
species in healthy adults and the elderly. Br | Nuzr. 2011;105(8):
1235-1244.

Million M, Angelakis E, Paul M, Armougom F, Leibovici L, Raoult
D. Comparative meta-analysis of the effect of Lactobacillus species
on weight gain in humans and animals. Microb Pathog. 2012;
53(2):100-108.

Thackray VG. Sex, microbes, and polycystic ovary syndrome.
Trends Endocrinol Metab. 2019;30(1):54-65.

Plottel CS, Blaser MJ. Microbiome and malignancy. Cell Host
Microbe. 2011;10(4):324-335.

Teede H, Deeks A, Moran L. Polycystic ovary syndrome: a complex
condition with psychological, reproductive and metabolic mani-
festations that impacts on health across the lifespan. BMC Med.
2010;8(1):41.

Pellock SJ, Redinbo MR. Glucuronides in the gut: sugar-driven
symbioses between microbe and host. | Biol Chem. 2017;292(21):
8569-8576.

6102 Mdy 9z uo woo'lewb@ggseuolld ‘sieues Ateiqi Aq 8660ZS/S6 L L/S/09 L A0BISIR-8]011EB/OPUS/W 0D dNO"OIWBPRI.//:SANY WOy papeojumod



ACKNOWLEDGEMENTS

Chapter 3, in full, is a reprint of the material as it appears in: Torres PJ, Ho BS,
Arroyo P, Sau L, Chen A, Kelley ST, Thackray VG. Exposure to a Healthy Gut Microbiome
Protects Against Reproductive and Metabolic Dysregulation in a PCOS Mouse
Model. Endocrinology. 2019;https://doi.org/10.1210/en.2019-00050. The dissertation author

was the primary author of this paper.

55



DISSERTATION DISCUSSION AND CONCLUSION

The results from these studies have helped answer fundamental questions concerning
the role of the gut microbiome in the development and pathology of PCOS. Similar to two
previous studies, chapter 1 demonstrated that women with PCOS had lower microbial
richness and a shift in gut microbial composition when compared to healthy women [1-4].
Through regression analysis we also showed that, similar to the letrozole-induced PCOS
mouse model, hyperandrogenism was correlated with changes in the gut microbiome in
women with PCOS. This is particularly impactful because these findings suggest that
androgens may be an important factor in shaping the gut microbiome and that changes in the

gut microbiome may influence the development and pathology of PCOS.

The clinical manifestations of PCOS often emerge around the early reproductive years
suggesting that puberty is a critical period for the development and pathology of PCOS [5, 6].
Furthermore, women with PCOS who are also hyperandrogenic are likely to display a strong
metabolic phenotype [7, 8]. The results in chapter 2 showed that letrozole treatment of both
pubertal and adult female mice resulted in reproductive hallmarks of PCOS [9]. However,
unlike pubertal mice, letrozole treatment in adult female mice resulted in only a modest PCOS
metabolic phenotype and no insulin resistance. In addition, letrozole treatment of adult mice
was associated with a distinct shift in the gut microbial community when compared to
pubertal mice even though specific bacterial genera that changed were present in both ages.
These results are important because they suggest that timing of excess androgen exposure
may be an important component in the development of the PCOS metabolic phenotype and

associated changes in the gut microbiome.
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In recent years, several human and rodent studies have reported that the gut
microbiome of individuals with PCOS differs significantly from healthy individuals and
suggest that microbial imbalance or “dysbiosis” in the gut may contribute to the pathology of
PCOS [1-4, 10-12]. Using a PCOS mouse model, we addressed whether the gut microbiome
contributes to the pathophysiology of PCOS and if manipulation of the gut microbiome can be
used to treat PCOS. The results in chapter 3 significantly added to the microbiome and PCOS
field by being the first to report that the reproductive and metabolic phenotype of PCOS
improved with exposure to heathy gut bacteria [13]. These results suggest that altering the gut
microbiome via pre-/probiotic therapies or introduction of bioactive molecules may be a

potential treatment option for women with PCOS.

While the chapters in this thesis focused on the bacterial part of the gut microbiome, it
is possible that other members of the microbiome (archaea, virus, fungi) also play a
significant role in the pathophysiology of PCOS. Throughout the chapters, we emphasized the
need to move beyond the genera level typically obtained through 16S rRNA gene sequencing
and into the strain level using shotgun metagenomics. This approach will also yield fruitful
information regarding other members of the gut microbiome and the genes they carry with

them.

Nevertheless, if bacteria are involved in the pathophysiology of PCOS, what are the
mechanisms involved in this process? In order to better understand their potential
mechanisms, we must first understand current hypotheses pertaining to PCOS pathology.
PCOS is one of the most poorly understood medical disorders, possible reasons for this
include the perceived inadequacy of its naming, its heterogenous nature and the uncertainty

about its etiology and pathophysiology [14, 15]. What is known is that obesity is a common
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feature of PCOS and up to 80% of women with PCOS are reported to be overweight or obese
in the U.S. [16]. Obesity can exacerbate many of the reproductive and metabolic
abnormalities associated with PCOS. Obesity is associated with increased insulin resistance
and hyperinsulinemia which are also common findings in PCOS [16, 17]. Insulin resistance
and hyperinsulinemia contribute to androgen excess in PCOS by stimulating ovarian androgen
production, decreasing serum sex hormone-binding globulin and modulating luteinizing
hormone pulsatility [18, 19]. One hypothesis suggests that abdominal adiposity together with
insulin resistance contribute to ovarian and adrenal hyperandrogenism in women with PCOS
[20, 21]. However, insulin resistance can occur independent of obesity. Furthermore, PCOS is
not universal in women presenting with insulin resistance and insulin resistance is not
universal in PCOS either [15]. Another hypothesis on the pathophysiological mechanisms
underlying PCOS, and one that most closely resembles what we see in the letrozole-induced
PCOS mouse model, suggest that a primary resulting in androgen excess is essential for the
development of this syndrome [22]. This theory suggests that a vicious cycle of androgen
excess favoring abdominal and visceral adiposity facilitates insulin resistance, which in turn
further facilitates androgen secretion by the ovaries and adrenal glands in women with PCOS

[15, 20, 23, 24].
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Figure 4-1: Timeline of the emergence of metabolic (hyperinsulinemia — HI; weight gain —
WG:; insulin resistance — IR) and gut microbiome changes (gut microbiome — GM) in a
hyperandrogenic (HA) letrozole induced polycystic ovary syndrome (PCOS) mouse model
(A). Hypothesis explaining the emergence of the PCOS phenotype as the result of a vicious
cycle in which androgen excess favors hyperinsulinemia facilitating weight gain, the weight
gain in combination with hyperinsulinemia gives rise to insulin resistance and perpetuation of
hyperandrogenism (B). Two possible mechanisms that the gut microbiome could regulate the
PCOS phenotype is via modulation of androgen levels or modulation of host metabolism (B).
Hypothesis explaining how bile acids produced by the host (1°) and modified by the gut
microbiota (2°) can act as ligands for the farnesoid X receptor (FXR) and vitamin D receptor
(VDR) and affect the PCOS metabolic phenotype (C).

Previous work in our lab has demonstrated that hyperandrogenism (HA) and
hyperinsulinemia (HI) occurs after 1 week of letrozole treatment, weight gain (WG) and
changes in the gut microbiome (GM) occur by week 2 and insulin resistance (IR) occurs by
week 4 [10, 13, 25, 26] (Figure 4-1A). I hypothesize that a vicious cycle of androgen excess
(HA) favoring hyperinsulinemia (HI) facilitates weight gain (WQ), the weight gain in
combination with the hyperinsulinemia eventually gives rise to insulin resistance (IR)

perpetuating hyperandrogenism in our PCOS mouse model (Figure 4-1B). In this cycle, there
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are two possible ways that the gut microbiome could have an effect on the PCOS phenotype:
1. direct modulation of androgen levels or 2. modulation of the host metabolism (Figure 4-

IB).

In light of these considerations, I hypothesize that the mechanism by which the gut
microbiome improves the PCOS phenotype is via modulation of the host metabolism. In fact,
the first-line treatment option for overweight/obese women with PCOS is diet and lifestyle
interventions [27, 28]. Weight loss in PCOS women has been shown to ameliorate the clinical
signs and symptoms of PCOS including hyperandrogenism and insulin resistance [29],
menstrual dysfunction [30] and oligoovulation [31]. Strategies for managing PCOS symptoms
also include targeting insulin resistance through the use of an insulin-sensitizer such as
metformin. Metformin has similar effects to lifestyle interventions in terms of weight loss but
1s superior in its effects on decreasing androgen concentrations [32]. Studies have shown that
changes in the gut microbiome are associated with metabolic disorders such as obesity, type 2
diabetes and insulin resistance [32-34]. Moreover, studies have reported that transplantation
of stool from obese donors into germ free mice results in an obese phenotype, suggesting that
the gut microbiome may play a causative role in metabolic dysregulation. Interestingly, a
recent study showed that metformin’s ability to increase insulin sensitivity was through the

gut microbiome and its metabolic metabolites [34].
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Figure 4-2: Relative abundance of lithocholic acid in the feces of placebo and letrozole treated
mice at the end of 5 weeks of treatment.

The gut microbiome not only facilitates harvesting of nutrients and energy from the
diet but also produces numerous metabolites capable of activating host receptors which can
regulate several host processes, including metabolic processes. One such class of metabolites
are produced in the liver from cholesterol initially forming primary bile acids which can then
be metabolized by gut microbiome specific enzymes (e.g. bile salt hydrolases — BSH) forming
secondary bile acids. Bile acids facilitate fat digestion and absorption and play an integral role
in shaping the gut microbiota and host physiology [35]. Based on our preliminary work using
untargeted metabolomics, we noted that a microbially derived secondary bile acid (lithocholic
acid) differed significantly between placebo and letrozole mice after 5 weeks of treatment
(Figure 4-2). Since bile acids have been associated with obesity [36] and insulin resistance

[37], it is interesting to consider the role that they might play in PCOS.

Secondary bile acids, such as lithocholic acid, can activate vitamin D receptor (VDR)
mediating vitamin D signaling [38]. Vitamin D plays important roles in metabolic pathways

affected by PCOS, including insulin resistance and dyslipidemia [39-41]. Vitamin D
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concentration has been found to be negatively correlated with the severity of the disorder [42].
Studies investigating the effect of vitamin D supplementation on women with PCOS have
reported improvement of the metabolic and reproductive phenotype; however, these results
have been mixed and they require further randomized interventional studies on a larger group

of patients [43-47].

Nevertheless, an altered bile acid pool composition has been implicated in the
pathogenesis of several metabolic diseases [35, 36, 48, 49]. With regards to PCOS, primary
bile acids have been shown to be positively associated with hyperandrogenism in women with
PCOS [50]. Primary bile acids can function as signaling molecules by binding to the farnesoid
X receptor (FXR) [51-53]. FXR plays key roles in bile acid homeostasis and acts as a
metabolic regulator [54]. Interestingly, primary bile acids have been shown to down regulate
the conversion of androgens to estrogens by activating FXR, which further inhibited the
expression and activity of aromatase [55]. This suggest that increased primary bile acids
might act on the aromatase enzyme already being interfered with by letrozole there by
exacerbating the hyperandrogenism in the letrozole-induced PCOS mouse model. In essence,
gut microbes could reduce inhibition of the aromatase by shifting the bile acid pool away
from primary into secondary bile acids capable of influencing host metabolism leading to an

improved PCOS phenotype (Figure 4-1C).

Given the association between excess primary bile acids and hyperandrogenism in
PCOS, future studies should attempt to orally administer gut microbiota-derived bile salt
hydrolase (BSH) into our mouse model. This could help rebalance the bile acid pool by
metabolizing the primary bile acids and forming secondary bile acids. If imbalances in the

primary and secondary bile acid pool are contributing to the PCOS phenotype, I would expect
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to see amelioration of the PCOS phenotype in letrozole-treated mice given BSH. Primary bile
acids are known to directly interact with the FXR receptor; however, it is unclear if the FXR
is playing a role in PCOS. Future studies could administer letrozole to mice with an intestine-
specific knockout of FXR to determine whether activity of this receptor in the intestine is

required for the PCOS metabolic phenotype and changes in the gut microbiome.

In addition to exploring the role of bile acids and FXR in the pathology of PCOS, it is
also important to determine whether the gut microbiome is necessary and sufficient for the
development of PCOS. Future experiments using a letrozole-induced PCOS germ free mouse
model or the introduction of letrozole to pubertal mice given broad-spectrum antibiotics will
be critical. If the gut microbiome is sufficient for the development of the PCOS phenotype,
then we would not expect mice with depleted gut microbiomes to develop the PCOS
phenotypes. However, recapitulation of the PCOS phenotype in germ free mice or mice
treated with broad-spectrum antibiotics would indicate that the gut microbiome is not
necessary for PCOS development but could be sufficient to protect from the PCOS
phenotype. Fecal microbiome transplant of a healthy mouse gut microbiome into the
letrozole-treated germ free or broad-spectrum antibiotic treated PCOS mouse model and
treatment with pre/probiotics or metabolites will be critical in determining if modulation of

the gut microbiome is a viable treatment option for women with PCOS.
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