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KEY POINTS

Growing evidence defines the gut microbiome as an endocrine organ and suggests
its potential role in gynecological physiology and pathophysiology due to its
bidirectional relationship with female hormone levels.

The estrobolome is defined as the collection of the gut microbial genes that encode
enzymes implicated in estrogen activation, therefore potentially affecting
different hormone-dependent gynecological functions.

Gut microbial dysbiosis may lead to the activation of the immune responses and
inflammation, and hormone dysregulation, thereby contributing to the onset and
progression of multiple estrogen-driven inflammatory pathologies.

The gut microbiome has been associated with endometriosis, polycystic ovary
syndrome (PCOS), gynecological cancer, abortion and infertility.

Current knowledge about the association of the gut microbiome with
gynecological health is under-examined and requires well-designed studies based

on standardized protocols for consistent findings.
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ABSTRACT

Purpose of review: The analysis of microbiome in association with female health is today
a “hot topic” with the main focus on microbes in the female reproductive tract.
Nevertheless, recent studies are providing novel information of the possible influence of
the gut microbiome on gynecological health outcomes, especially as we start to
understand that the gut microbiome is an extended endocrine organ influencing female
hormonal levels. This review summarizes the current knowledge of the gut microbes in

association with gynecological health.

Recent findings: The gut microbiome has been associated with endometriosis,
polycystic ovary syndrome, gynecological cancers, and infertility, although there is a lack
of consistency and consensus among studies due to different study designs and protocols

used, and the studies in general are underpowered.

Summary: The interconnection between the gut microbiome and reproductive health is
complex and further research is warranted. The current knowledge in the field emphasizes
the link between the microbiome and gynecological health outcomes, with high potential

for novel diagnostic and treatment tools via modulation of the microenvironment.

Keywords: microbiota, endometriosis, polycystic ovary syndrome, cancer, infertility
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1. INTRODUCTION

The human gastrointestinal tract harbors trillions of microorganisms including bacteria,
archaea, viruses, protozoa, and fungi, being the largest and most diverse microbial
ecosystem within the human body. The collection of the intestinal microbial genomes,
the gut microbiome, is a research field of increasing interest since it represents a genetic
pool more than one order of magnitude higher in genes than the human genome [1]. The
vast majority of these microbial communities co-evolved symbiotically with the host and
contribute to important metabolic, immune and epithelial functions, being crucial for the

host physiology and pathophysiology [2—4].

Recent evidence refers to the gut microbiome as an extended endocrine organ due to its
profound interaction with hormone levels [5]. Furthermore, a sex bias has been identified
in microbiome-related diseases which are associated with sex hormones [6]. In this
context, the term “microgenderome” has emerged to define the interactions between the
microbiome, sex hormones and the immune system [7]. This interaction could unravel
the molecular mechanisms underlying the gut microbiome influence on female

reproductive health and how its dysbiosis could lead to different pathologies [8].

The gut microbiome-estrogen axis has been proposed as a cornerstone implicated in the
pathogenesis of different gynecological conditions, such as polycystic ovary syndrome
(PCOS), endometriosis, gynecological cancer, infertility and adverse pregnancy
conditions [9] (Figure 1). This crosstalk between the gut microbiome and estrogens is
regulated by the estrobolome, the aggregate of gut bacterial genes whose products are
capable of metabolizing estrogens [10]. Certain enteric bacteria secrete B-glucuronidase,
the main estrogen-regulator of the estrobolome, that converts the conjugated estrogen

(glucuronic acid) into its deconjugated form that exerts its biological activity [11]. Thus,
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an optimal B-glucuronidase activity reduces the inactivation of estrogen, leading to a
balanced hormone circulating levels. However, a reduction in the gut microbial diversity
as a result of dysbiosis and inflammation could reduce the B-glucuronidase activity and
this reduction has been linked to hypoestrogenic pathologies such as obesity, metabolic
syndrome, cardiovascular disease and cognitive decline [9]. Otherwise, an increased [3-
glucuronidase activity is associated with hyperestrogenic conditions and can lead to the
progression of gynecological estrogen-driven diseases [9] (Figure 1). Since the
estrobolome may have a profound influence on these pathologies, future interventions
targeting the estrobolome-microbiome axis emerge as promising diagnostic and treatment
tools for women’s health [5]. However, the molecular mechanisms underlying the
relationships between the gut microbiome, estrogen metabolism and gynecological
outcomes are still in its infancy. In this narrative review, we summarize the whole body
of knowledge of the gut microbiome and its interactions with different gynecological

health conditions.

2. ENDOMETRIOSIS

Endometriosis is defined as an estrogen-dependent chronic inflammatory gynecological
disease characterized by endometrial-like tissue present outside of the uterus. It represents
a major health concern since it affects 6-10% of women in reproductive age [12].
Regardless of the continuous research, the exact mechanisms of endometriosis are still
undetermined. The most widely accepted hypothesis for the origin of endometriosis is
Sampson's retrograde menstruation, which explains that women commonly have
retrograde menstrual flow [13]. Nevertheless, only 10% of women are diagnosed with

endometriosis [ 14]. Growing evidence proposes a multifactorial origin for endometriosis
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development driven by genetic predisposition, environmental factors, inflammation,

immune activation, hormone dysregulation and microbial dysbiosis [15, 16].

Much is known of the role of the gut microbiome in maintaining the integrity of the
gastrointestinal epithelial lining and immune balance to prevent bacterial translocation,
which can cause low-grade systemic inflammation [17]. While it is well-established that
the gut microbes influence immunomodulation and the development of various
inflammatory diseases [18], current studies have highlighted the potential implication of
enteric microbes in the pathogenesis of endometriosis [11, 19]. The “bacterial
contamination hypothesis” proposes that besides estrogen regulation, the gut microbiome
could contribute to the onset of endometriosis through lipopolysaccharide (LPS)
endotoxin as the initial trigger and bacterial contamination as its source in the intrauterine
environment [20]. LPS is found in the cell wall of Gram-negative bacteria, and is a marker
of inflammation which has been linked to endometriosis lesions activating the immune
response by binding with Toll-like receptor 4 [20]. A systematic review concluded that
increased abundance of Proteobacteria, Enterobacteriaceae, Streptococcus and
Escherichia in the gut associated with the presence of endometriosis [21] (Figure 1). In
line, a Shigella/Escherichia dominant gut microbiome in women with advanced stages
3/4 endometriosis have been described [22], and an increase in Streptococcus in the gut
of patients with the 3/4 endometriosis stages has been reported [23]. Further, a recent
study detected a higher abundance of Shigella flexneri (Proteobacteria phylum) in
patients with external genital endometriosis compared to controls [24]. Additionally, a
higher proportion of Gram-negative bacteria belonging to Desulfobacterota phylum have
been detected in women with endometriosis when compared to healthy controls [25].
Proteobacteria and Desulfobacterota phyla are both characterized by Gram-negative

staining, and, therefore, presenting LPS in the outer membrane [26]. Interestingly, a
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recent translational study demonstrated a pathogenic mechanism via Fusobacterium (a
Gram-negative bacterial genus) infection in endometrial cells through activation of
transforming growth factor—3 (TGF-B) signaling [27]. This activation leads to the
transition from quiescent fibroblasts to transgelin (TAGLN)—positive myofibroblasts,
which are able to proliferate, adhere, and migrate in vitro [27]. It was also observed that
inoculation of Fusobacterium nucleatum in a murine model of endometriosis resulted in

increased numbers and weights of endometriotic lesions [27].

Short-chain fatty acids (SCFAs) are microbial metabolites with pleiotropic beneficial
effects for the host metabolism and immune regulation through their action on T-
regulatory cells [28, 29]. Lachnospiraceae, Eubacteriaceae and Ruminocacceae family
members are the main producers of SCFAs in the intestine, particularly producing acetate
and butyrate [30, 31] (Figure 1). Several studies have found lower abundances of
butyrate-producing microbes such as Lachnospira, Ruminococcus, Eubacterium eligens
and Coprococcus catus in women with endometriosis [23, 24, 32, 33]. In particular,
butyrate has been described as an anti-inflammatory mediator that could indirectly
regulate endometriosis-related symptoms such as visceral inflammatory pain [34].
Considering the connection between the dysbiosis (through an increase of Gram-negative
bacteria and/or depletion of SCFAs producers) and immune dysfunction, future studies
are needed to study whether imbalances within these gut microbes are the cause,

consequence or enhancer of endometriosis.

Given the hyperestrogenic conditions associated with endometriosis, there is growing
interest focused on the estrobolome as a key factor contributing to the progression of the
disease. Alterations in the gut microbiome that result in overexpression of estrobolome
associated genes could both trigger formation and maintenance of the lesions.

Interestingly, B-glucuronidase activity has been found in Gram-negative bacteria [25].
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Moreover, an analysis of microbial genomes associated enteric Bacteroides,
Bifidobacterium, Escherichia and Lactobacillus with B-glucuronidase production [35]
(Figure 1). In endometriosis population, several studies have reported higher abundances
in these bacteria [23, 32]. Nevertheless, an enzymatic activity study of fecal samples did
not reveal significant differences in B-glucuronidase activity in women with and without
endometriosis [36]. We have recently performed the first whole metagenome study on a
cohort of 1,000 women with and without endometriosis, and did not find any microbial
features (species or pathways) associated with the disease [37, 38]. Furthermore, we
analyzed the estrobolome-associated genes and did not find any significant differences

between the two study groups [38].

Altogether, the previous results pave the way for future strategies targeted to the gut
microbiome-estrobolome axis, nevertheless the studies in the field lack consensus and the
identification of an endometriosis-associated microbiome profile still constitutes a debate
without a definitive answer. It is clear that endometriosis is a complex heterogenic disease
and further studies applying well defined, adequately powered study groups are warranted

to determine the core microbial composition in endometriosis.

3. POLYCYSTIC OVARY SYNDROME

The polycystic ovary syndrome (PCOS) is one of the most prevalent endocrine disorders
in women of reproductive age, affecting up to 20% of women [39]. Despite its high
prevalence, its multifactorial complexity has made it challenging to understand the
underlying etiology. Possible triggers include genetic factors, intrauterine environment,
lifestyle, and, in an increasingly explored approach, alterations in the gut microbiome [40,

41].
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Considering the role of the gut microbes in metabolic disorders, the search of the link
between the gut microbes and PCOS is plausible. Numerous studies have detected
alterations in the microbial richness, diversity, and microbial composition in PCOS [41].
Specifically, PCOS patients have been observed to exhibit a decrease in a-diversity
indices (diversity within a sample) compared to controls [42—45]. Regarding -diversity
(dissimilarity of the microbial community between samples), previous studies have
identified differences in the microbial composition among samples from PCOS patients
compared to healthy controls [42, 44—47]. While other studies have not observed any
significant differences in microbial composition in PCOS [48-52]. Our recent systematic
review summarizes that the women PCOS have decreased microbial diversity in the gut
and that the prevalent taxa are Bacteroides spp., Parabacteroides spp., Prevotella,
Megamonas  spp.,  Megasphaera  massiliensis,  Escherichia/Shigella,  while
Bifidobacterium spp., Lactobacillus spp., Faecalibacterium, and Blautia are reduced

[41].

The presence of obesity and insulin resistance also emerges as crucial factors in the study
of the gut microbes in PCOS. Obesity, a common characteristics in PCOS patients, has
been analyzed in relation to the intestinal microbiome, revealing significant differences
in the gut microbiome B-diversity in PCOS patients with obesity compared to non-obese
patients [53, 54]. In PCOS groups with high BMI, an increased abundance of
Erysipelotrichaceae UCG-003 [45], Prevotellaceae [54], Streptococcus, Fusobacterium,
Rhizobacter, and Achromobacter [49] was observed. Nevertheless, other previous studies
have not observed any microbiome differences between the groups [48, 49, 51].
Regarding insulin resistance, studies have shown a decrease in the a-diversity when

compared to controls [48, 54, 55], and the most abundant bacteria such as Prevotella,
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Megamonas, Dialister [54], Prevotella stercorea [48] and Faecalibacterium [55] have

been identified in PCOS patients with insulin resistance.

Beyond the bacteria, a number of studies have explored the mycobiome and virome in
PCOS patients, where the increased abundance of fungi: Saccharomyces, Lentinula, and
Aspergillus [46], Candida, Malassezia, Kazachstania, Microascus, Coniochaeta,
Xepicula, Paraphoma, Pyrenochaetopsis, Cephaliophora, Epicoccum, and Sclerophora
has been observed in PCOS patients [45]. The analysis of the gut virome detected lower
viral diversity and significant alterations in virome composition in women with PCOS,
where the most enriched taxon was Quimbyviridae when compared to healthy controls

[56].

Altogether, there seems to be a common trend of reduced microbial diversity in PCOS,

nevertheless, the studies are performed on limited sample size and lack consensus.

4. GYNECOLOGICAL CANCER

Within the recent years, there has been a growing interest in understanding the connection
between the human microbiome and various types of cancers, including gynecological
cancers. Among these, the most common are endometrial, cervical, and ovarian cancers,
where the endometrial cancer is the most prevalent [57]. However, the most lethal is
ovarian cancer, accounting for 5% of total cancer-related deaths [8, 57]. These cancers
are characterized by being estrogen-mediated tumors [58]. Estrogens have the capacity to
modulate the inflammatory response and increase the production of pro-inflammatory
mediators (IL-6 and TNF-a) [59]. This can establish a feedback loop that influences the
expression of enzymes associated with ovarian steroidogenesis. The gut microbiome is

able to metabolize these estrogens, increasing their concentration and thereby enhancing
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the development of endometrial cancer [59]. Simultaneously, this increase in the estrogen
levels also has the potential to induce changes in the gut microbiome, indirectly

contributing to the cancer progression [8].

Although there is still limited literature of the relationship between the gut microbiome
and endometrial cancer, existing studies provide contradicting results. One study found a
significant reduction in the gut microbial a-diversity and differences in B-diversity among
endometrial cancer patients [60], while other did not detect any significant differences
[61]. These discrepancies are also reflected in the phylogenetic composition, with
variations in the abundances of Firmicutes, Proteobacteria, Actinobacteria, and
Bacteroidetes in the gut microbiome among endometrial cancer patients when compared

to controls [60, 61].

In ovarian cancer studies, changes in B-diversity were consistently observed between
patients and controls, however, in richness, no significant differences were detected
[62,63]. Moreover, increase in specific bacterial abundances such as Firmicutes,
Proteobacteria, and Bacteroidetes phyla have been reported in ovarian cancer patients

[62].

The research of the gut microbiome in gynecological cancers is very preliminary and
future research is needed to clarify the potential cancer-associated microbial profile and
unravel the complexity of the relationship between gut microbes and gynecological

cancers.

S. INFERTILITY

The vaginal microbiome has been the subject of extensive research in relation to female

fertility; however, the influence of the gut microbiome is still relatively unstudied. Recent

11
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investigations suggest that the gut microbiome may play a crucial role in the modulation
of the reproductive system through the gut-uterus axis. It has been observed that even a
small alteration in the commensal and symbiotic gut microbes can trigger dysbiosis,
disrupting intestinal homeostasis and increase the risk of inflammatory processes

associated with adverse reproductive pathologies [64] (Figure 1).

A previous study highlighted that the diversity and composition of the intestinal
microbiome, along with its metabolite profiles, show significant alterations in patients
who had experienced spontaneous abortions [64]. When analyzing the fecal microbiome
in association with spontaneous abortions, an overrepresentation of various opportunistic
pathogens  (Prevotellaceae NK3B31 group,  Bacteroidales S24 7 group,  and
Eubacterium ruminantium) was 1identified in the affected group, while other
microorganisms (Prevotellaceae, Prevotella 1, and Gammaproteobacteria) were more
abundant in the control group [64]. Additionally, a significant correlation was found
between the metabolites associated with these microorganisms and an increase in
cytokines linked to Th1 and Th17 [64]. The reduction in the richness and diversity of the
microbiome in patients who had suffered abortions supported these findings,

corroborating previous results linking microbiome composition to infertility [65-67].

In a similar context, notable differences in the composition of the gut microbiome
between patients with infertility (recurrent implantation failure —RIF- and unexplained
infertility) and controls have been detected [65]. Bacteroides and Hungatella stood out as
the most abundant genera in the gut in infertilite women, especially in cases of
unexplained infertility. A decrease in the genera Prevotella 9, Ruminococcaceae UCG-
004, Ruminococcaceae UCG-010, and an increase in Bacteroides, Dorea oral clone
FR58, and Peptoniphilus were detected in the gut microbiome when compared to controls

[65]. Further studies have detected higher abundance of Verrucomicrobia, and members

12
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of Barnesiellaceae and Phascolarctobacterium in the gut [67], while the genera
Stenotrophomonas, Streptococcus, and Roseburia showed a decrease in patients with
infertility [67]. Altogether, regardless of these preliminary studies, there seems to be a
consensus in the increase of the gut Firmicutes/Bacteroidetes ratio in infertile women

when compared to controls [64, 66].

6. CONCLUSIONS

There is growing body of evidence demonstrating that the gut microbes play important
role in female physiology and pathophysiology and that via its endocrine and hormonal
regulation, specifically estrobolome regulation can influence female reproductive health.
In this review we gather the knowledge of the gut microbiome involvement in
endometriosis, PCOS, cancer and infertility, and with the time, the list of different

gynecological disorders in association with the gut microbiome will definitely grow.

The current knowledge of the microbe-disease associations encompasses the microbial
diversity analyses and identification of specific bacterial genera. The majority of the
studies of the gut microbiome in female gynecological health have applied the 16S rRNA
gene sequencing technique that does not have sufficient specificity to identify bacteria on
species level, which makes the generalization of the findings of the current studies
imprecise. The whole metagenome sequencing method, although more expensive and
requiring advanced bioinformatics skills, would provide more detailed information of the
exact bacterial species and detects also other microorganisms within the sample, such as

viruses, fungi, archaea and other microeukaryotes.

Another important aspect that calls for caution when interpreting the previous findings is

that most of the studies have been performed on limited sample size, lacking detection
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power and negative/positive controls. It is known that inherent elements of study design,
such as sample size, sample collection method, DNA extraction process, type of
sequencing employed, and data analysis, represent limitations that can influence the

accurate detection of microorganisms [68, 69].

Furthermore, the currently applied next-generation sequencing-based microbiome
analysis techniques assess DNA sequences, which do not necessarily equate with the
presence of live bacteria [70]. Thus, DNA-based techniques characterize a microbiome
but do not mean that the detected sequences are functionally active microbes. RNA
analysis-based technique (i.e. meta-transcriptomics [71] and culturomics [72], together
with integration with other omics analysis platforms would provide further knowledge of

the functionality of the microbes in the gut in reproductive health and disease.

In conclusion, the gut microbiome studies in the female gynecological health are in its
infancy, and future research on bigger, well-designed studies together with novel methods
are warranted to unravel the core microbial compositions in gynecological health and to

understand the function of specific microbes in the disease development.

ACKNOWLEDGEMENTS

This work is part of a Ph.D. thesis conducted in the Biomedicine Doctoral Studies of the

University of Granada, Spain.

FINANCIAL SUPPORT AND SPONSORSHIP

This work was supported by the projects Endo-Map PID2021-127280B-100 and ROSY

CNS2022-135999 funded by MCIN/AEI/10.13039/501100011033 and ERFD “A way of

14



331

332

333

334

335

336

making Europe”; and by grant FPU19/05561 funded

MCIN/AEI/10.13039/501100011033 and FSE “El FSE invierte en tu futuro”.

CONFLICTS OF INTEREST

The authors have no conflicts of interest.

by

15



337

338
339
340

341
342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

REFERENCES
1. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A human gut

microbial gene catalogue established by metagenomic sequencing. Nature.

2010;464:59-65.

2. Levy M, Kolodziejczyk AA, Thaiss CA, Elinav E. Dysbiosis and the immune system.
Nat Rev Immunol. 2017;17:219-32.

3. Schmidt TSB, Raes J, Bork P. The Human Gut Microbiome: From Association to

Modulation. Cell. 2018;172:1198-215.

4. Fan Y, Pedersen O. Gut microbiota in human metabolic health and disease. Nat Rev

Microbiol. 2021;19:55-71.

5.Qi X, Yun C, Pang Y, Qiao J. The impact of the gut microbiota on the reproductive

and metabolic endocrine system. Gut Microbes. 2021;13:1-21.

6. He S, LiH, Yu Z, Zhang F, Liang S, Liu H, et al. The Gut Microbiome and Sex

Hormone-Related Diseases. Front Microbiol. 2021;12:711137.

7. Flak MB, Neves JF, Blumberg RS. Immunology. Welcome to the microgenderome.

Science. 2013;339:1044-5.

8. Chadchan SB, Singh V, Kommagani R. Female reproductive dysfunctions and the

gut microbiota. J] Mol Endocrinol. 2022;69:R81-94.

9. Baker JM, Al-Nakkash L, Herbst-Kralovetz MM. Estrogen-gut microbiome axis:

Physiological and clinical implications. Maturitas. 2017;103:45-53.

10. Hu S, Ding Q, Zhang W, Kang M, Ma J, Zhao L. Gut microbial beta-glucuronidase:

a vital regulator in female estrogen metabolism. Gut Microbes. 2023;15.

11. Salliss ME, Farland V L, Mahnert ND, Herbst-Kralovetz MM. The role of gut and

genital microbiota and the estrobolome in endometriosis, infertility and chronic pelvic

16



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

pain. Hum Reprod Update. 2022;28:92—-131.

* A comprehensive review of the gut microbiome and the estrobolome in

endometeriosis, infertility and chronic plevic pain.

12. Taylor HS, Kotlyar AM, Flores VA. Endometriosis is a chronic systemic disease:

clinical challenges and novel innovations. Lancet (London, England). 2021;397:839-52.

13. Sampson JA. Peritoneal endometriosis due to the menstrual dissemination of

endometrial tissue into the peritoneal cavity. Am J Obstet Gynecol. 1927;14:422—69.

14. Laschke MW, Menger MD. The gut microbiota: a puppet master in the pathogenesis

of endometriosis? Am J Obstet Gynecol. 2016;215:68.e1-4.

15. Saunders PTK, Horne AW. Endometriosis: Etiology, pathobiology, and therapeutic

prospects. Cell. 2021;184:2807-24.

16. Yuan M, Li D, Zhang Z, Sun H, An M, Wang G. Endometriosis induces gut

microbiota alterations in mice. Hum Reprod. 2018;33:607—16.

17. Belkaid Y, Hand TW. Role of the microbiota in immunity and inflammation. Cell.

2014;157:121-41.

18. Blaser MJ. The microbiome revolution. J Clin Invest. 2014;124:4162-5.

19. Molina NM, Sola-Leyva A, Saez-Lara MJ, Plaza-Diaz J, Tubi¢-Pavlovi¢ A, Romero
B, et al. New Opportunities for Endometrial Health by Modifying Uterine Microbial

Composition: Present or Future? Biomolecules. 2020;10.

20. Khan KN, Fujishita A, Hiraki K, Kitajima M, Nakashima M, Fushiki S, et al.
Bacterial contamination hypothesis: a new concept in endometriosis. Reprod Med Biol.

2018;17:125-33.

17



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

21. Leonardi M, Hicks C, El-Assaad F, El-Omar E, Condous G. Endometriosis and the

microbiome: a systematic review. BJOG. 2020;127:239-49.

22. Ata B, Yildiz S, Turkgeldi E, Brocal VP, Dinleyici EC, Moya A, et al. The
Endobiota Study: Comparison of Vaginal, Cervical and Gut Microbiota Between

Women with Stage 3/4 Endometriosis and Healthy Controls. Sci Rep. 2019;9:2204.

23. Shan J, Ni Z, Cheng W, Zhou L, Zhai D, Sun S, et al. Gut microbiota imbalance and
its correlations with hormone and inflammatory factors in patients with stage 3/4

endometriosis. Arch Gynecol Obstet. 2021;304:1363-73.

24. Gumenyuk LN, Zemlyanaya [A, Almasoud R, Badula ES, Ismailov AR,
Seroshtanov NA, et al. Gut microbiota alterations and their association with IL6, IL8
and TNFa levels in patients with external genital endometriosis. Bull Russ STATE Med

Univ. 2023;:9-15.

25. Wei Y, Tan H, Yang R, Yang F, Liu D, Huang B, et al. Gut dysbiosis-derived [3-
glucuronidase promotes the development of endometriosis. Fertil Steril. 2023;120 3 Pt

2:682-94.

* This study demonstrated a pathogenic role of beta-glucuronidase in endometriosis by

causing macrophage dysfunction in a human, murine and in vitro model study.

26. Rizzatti G, Lopetuso LR, Gibiino G, Binda C, Gasbarrini A. Proteobacteria: A

Common Factor in Human Diseases. Biomed Res Int. 2017;2017:9351507.

27. Muraoka A, Suzuki M, Hamaguchi T, Watanabe S, lijima K, Murofushi Y, et al.
Fusobacterium infection facilitates the development of endometriosis through the

phenotypic transition of endometrial fibroblasts. Sci Transl Med. 2023;15:eadd1531.

*This article demonstrates a potential mechanism for endometriosis pathogenesis via

18



406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

Fusobacterium infection.

28. Corréa-Oliveira R, Fachi JL, Vieira A, Sato FT, Vinolo MAR. Regulation of

immune cell function by short-chain fatty acids. Clin Transl Immunol. 2016;5:¢73.

29. Zizolfi B, Foreste V, Gallo A, Martone S, Giampaolino P, Di Spiezio Sardo A.
Endometriosis and dysbiosis: State of art. Front Endocrinol (Lausanne).

2023;14:1140774.

30. Sorbara MT, Littmann ER, Fontana E, Moody TU, Kohout CE, Gjonbalaj M, et al.
Functional and Genomic Variation between Human-Derived Isolates of
Lachnospiraceae Reveals Inter- and Intra-Species Diversity. Cell Host Microbe.

2020;28:134-146.e4.

31. Louis P, Flint HJ. Diversity, metabolism and microbial ecology of butyrate-
producing bacteria from the human large intestine. FEMS Microbiol Lett. 2009;294:1—

8.

32. Svensson A, Brunkwall L, Roth B, Orho-Melander M, Ohlsson B. Associations

Between Endometriosis and Gut Microbiota. Reprod Sci. 2021;28:2367-77.

33. Huang L, Liu B, Liu Z, Feng W, Liu M, Wang Y, et al. Gut Microbiota Exceeds
Cervical Microbiota for Early Diagnosis of Endometriosis. Front Cell Infect Microbiol.

2021;11:788836.

34. Zhang J, Song L, Wang Y, Liu C, Zhang L, Zhu S, et al. Beneficial effect of
butyrate-producing Lachnospiraceae on stress-induced visceral hypersensitivity in rats.

J Gastroenterol Hepatol. 2019;34:1368-76.

35. Kwa M, Plottel CS, Blaser MJ, Adams S. The Intestinal Microbiome and Estrogen

Receptor-Positive Female Breast Cancer. J Natl Cancer Inst. 2016;108.

19



429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

36. Pai AH-Y, Wang Y-W, Lu P-C, Wu H-M, Xu J-L, Huang H-Y. Gut Microbiome-
Estrobolome Profile in Reproductive-Age Women with Endometriosis. Int J Mol Sci.

2023;24.

37. Perez-Prieto I, Vargas E, Salas-Espejo E, Canha-Gouveia A, Fontes-Jimenez J,
Salumets A, et al. O-030 Gut microbiome in endometriosis: a cohort study on 1000
individuals. Hum Reprod. 2023;38: dead093.030.

https://doi.org/10.1093/humrep/dead093.030

*This oral communication was awarded with the Basic Science Award for oral
presentation in the 39" Annual Meeting of the European Society of Human

Reproduction and Embryology.

38. Pérez-Prieto I, Vargas E, Salas-Espejo E, Liill K, Canha-Gouveia A, Antequera
Pérez L, et al. Gut microbiome in endometriosis: a cohort study on 1,000 individuals.

Res Sq. 2024. https://doi.org/10.21203/rs.3.rs-3894655/v1.

*This preprint is the first metagenome-based study conducted in endometriosis and is

the largest endometriosis-population study analyzed so far.

39. Skiba MA, Islam RM, Bell RJ, Davis SR. Understanding variation in prevalence
estimates of polycystic ovary syndrome: a systematic review and meta-analysis. Hum

Reprod Update. 2018;24:694—709.

40. Jobira B, Frank DN, Pyle L, Silveira LJ, Kelsey MM, Garcia-Reyes Y, et al. Obese
Adolescents With PCOS Have Altered Biodiversity and Relative Abundance in

Gastrointestinal Microbiota. J Clin Endocrinol Metab. 2020;105:e2134-44.

41. Sola-Leyva A, Pérez-Prieto I, Molina NM, Vargas E, Ruiz-Duran S, Leonés-Baios

I, et al. Microbial composition across body sites in polycystic ovary syndrome: a

20



452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

systematic review and meta-analysis. Reprod Biomed Online. 2023;47:129-50.

*This article is the first systematic review of PCOS that includes all body sites and

performs the first a meta-analysis on the topic.

42. Yang Z, Fu H, Su H, Cai X, Wang Y, Hong Y, et al. Multi-omics analyses reveal
the specific changes in gut metagenome and serum metabolome of patients with

polycystic ovary syndrome. Front Microbiol. 2022;13:1017147.

43.Yu Z, Qin E, Cheng S, Yang H, Liu R, Xu T, et al. Gut microbiome in PCOS

associates to serum metabolomics: a cross-sectional study. Sci Rep. 2022;12:22184.

44. Suturina L, Belkova N, Igumnov I, Lazareva L, Danusevich I, Nadeliaeva I, et al.
Polycystic Ovary Syndrome and Gut Microbiota: Phenotype Matters. LIFE-BASEL.

2023;13.

45.Yin G, Chen F, Chen G, Yang X, Huang Q, Chen L, et al. Alterations of bacteriome,
mycobiome and metabolome characteristics in PCOS patients with normal/overweight

individuals. J Ovarian Res. 2022;15.

46. Chen K, Geng H, Liu J, Ye C. Alteration in gut mycobiota of patients with

polycystic ovary syndrome. Microbiol Spectr. 2023;11:¢0236023.

47. Wang Q, Sun Y, Zhao A, Cai X, Yu A, Xu Q, et al. High dietary copper intake
induces perturbations in the gut microbiota and affects host ovarian follicle

development. Ecotoxicol Environ Saf. 2023;255 March:114810.

48. Dong S, Jiao J, Jia S, Li G, Zhang W, Yang K, et al. 16S rDNA Full-Length
Assembly Sequencing Technology Analysis of Intestinal Microbiome in Polycystic

Ovary Syndrome. Front Cell Infect Microbiol. 2021;11:634981.

49. Liu K, He X, Huang J, Yu S, Cui M, Gao M, et al. Short-chain fatty acid-butyric

21



475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

acid ameliorates granulosa cells inflammation through regulating METTL3-mediated
N6-methyladenosine modification of FOSL2 in polycystic ovarian syndrome. Clin

Epigenetics. 2023;15:86.

* This article suggests a potential mechanism of how the production of butirate affect

the pathogenesis of PCOS.

50. Li G, Liu Z, Ren F, Shi H, Zhao Q, Song Y, et al. Alterations of Gut Microbiome
and Fecal Fatty Acids in Patients With Polycystic Ovary Syndrome in Central China.

Front Microbiol. 2022;13:911992.

51. Chen F, Chen Z, Chen M, Chen G, Huang Q, Yang X, et al. Reduced stress-
associated FKBP5 DNA methylation together with gut microbiota dysbiosis is linked

with the progression of obese PCOS patients. NPJ biofilms microbiomes. 2021;7:60.

52. Liill K, Arffman RK, Sola-Leyva A, Molina NM, Aasmets O, Herzig K-H, et al.
The Gut Microbiome in Polycystic Ovary Syndrome and Its Association with Metabolic

Traits. J Clin Endocrinol Metab. 2021;106:858-71.

53. 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. J Clin Endocrinol Metab. 2018;103:2552-62.

54. Bai X, Ma J, Wu X, Qiu L, Huang R, Zhang H, et al. Impact of Visceral Obesity on
Structural and Functional Alterations of Gut Microbiota in Polycystic Ovary Syndrome
(PCOS): A Pilot Study Using Metagenomic Analysis. Diabetes Metab Syndr Obes.

2023;16:1-14.

55. Zeng B, Lai Z, Sun L, Zhang Z, Yang J, Li Z, et al. Structural and functional

profiles of the gut microbial community in polycystic ovary syndrome with insulin

22



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

resistance (IR-PCOS): a pilot study. Res Microbiol. 2019;170:43-52.

56. Huang L, Wu X, Guo S, Lv Y, Zhou P, Huang G, et al. Metagenomic-based
characterization of the gut virome in patients with polycystic ovary syndrome. Front

Microbiol. 2022;13:951782.

* This study is one of the first that has investigated the association between the gut

virome and PCOS.

57. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide

for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021;71:209-49.

58. Laniewski P, Ilhan ZE, Herbst-Kralovetz MM. The microbiome and gynaecological

cancer development, prevention and therapy. Nat Rev Urol. 2020;17:232-50.

59. Elkafas H, Walls M, Al-Hendy A, Ismail N. Gut and genital tract microbiomes:
Dysbiosis and link to gynecological disorders. Front Cell Infect Microbiol.

2022;12:1059825.

60. Li Y, Liu G, Gong R, Xi Y. Gut Microbiome Dysbiosis in Patients with Endometrial
Cancer vs. Healthy Controls Based on 16S rRNA Gene Sequencing. Curr Microbiol.

2023;80:239.

61. Zhao S-S, Chen L, Yang J, Wu Z-H, Wang X-Y, Zhang Q, et al. Altered Gut
Microbial Profile Accompanied by Abnormal Fatty Acid Metabolism Activity

Exacerbates Endometrial Cancer Progression. Microbiol Spectr. 2022;10:¢0261222.

62. Hu X, Xu X, Zeng X, Jin R, Wang S, Jiang H, et al. Gut microbiota dysbiosis
promotes the development of epithelial ovarian cancer via regulating Hedgehog

signaling pathway. Gut Microbes. 2023;15:2221093.

23



521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

* This article shows on a murine model how gut dysbiosis can promote ovarian cancer

progression.

63. D’ Amico F, Perrone AM, Rampelli S, Coluccelli S, Barone M, Ravegnini G, et al.
Gut Microbiota Dynamics during Chemotherapy in Epithelial Ovarian Cancer Patients

Are Related to Therapeutic Outcome. Cancers (Basel). 2021;13.

64. Liu Y, Chen H, Feng L, Zhang J. Interactions between gut microbiota and
metabolites modulate cytokine network imbalances in women with unexplained

miscarriage. NPJ biofilms microbiomes. 2021;7:24.

65. Patel N, Patel N, Pal S, Nathani N, Pandit R, Patel M, et al. Distinct gut and vaginal
microbiota profile in women with recurrent implantation failure and unexplained

infertility. BMC Womens Health. 2022;22:113.

66. Azpiroz MA, Orguilia L, Palacio MI, Malpartida A, Mayol S, Mor G, et al. Potential
biomarkers of infertility associated with microbiome imbalances. Am J Reprod

Immunol. 2021;86.

67. Komiya S, Naito Y, Okada H, Matsuo Y, Hirota K, Takagi T, et al. Characterizing
the gut microbiota in females with infertility and preliminary results of a water-soluble

dietary fiber intervention study. J Clin Biochem Nutr. 2020;67:105-11.

68. Altmie S, Franasiak JM, Mandar R. The seminal microbiome in health and disease.

Nat Rev Urol. 2019;16:703-21.

69. Molina NM, Sola-Leyva A, Haahr T, Aghajanova L, Laudanski P, Castilla JA, et al.
Analysing endometrial microbiome: methodological considerations and

recommendations for good practice. Hum Reprod. 2021;36:859-79.

70. Altmée S, Rienzi L. Endometrial microbiome: new hope, or hype? Reprod Biomed

24



544

545

546

547

548

549

550

551

552

Online. 2021;42:1051-2.

71. Sola-Leyva A, Andrés-Ledn E, Molina NM, Terron-Camero LC, Plaza-Diaz J,
Saez-Lara MJ, et al. Mapping the entire functionally active endometrial microbiota.

Hum Reprod. 2021;36:1021-31.

72. Vanstokstraeten R, Demuyser T, Pié¢rard D, Wybo I, Blockeel C, Mackens S.
Culturomics in Unraveling the Upper Female Reproductive Tract Microbiota. Semin

Reprod Med. 2023. https://doi.org/10.1055/s-0043-1777758.

25



553

554

555

556

557

558

559

560

561

562

563

564

565

566

FIGURE LEGEND

Figure 1. Potential gut microbiome-driven mechanisms underlying gynecological
physiology and pathophysiology. In healthy (eubiotic) conditions, the estrobolome
contributes to estrogen activation through the secretion of beta-glucuronidase.
Homeostatic circulating estrogen levels regulate menstrual cycle and contribute to uterine
health. Moreover, several gut microbes release short-chain fatty acids (SCFA; e.g.,
butyrate, acetate and propionate), which participate as anti-inflammatory mediators
maintaining gut barrier function and physiological inflammation. When the gut
microbiome is disrupted (dysbiosis), the overgrowth of B-glucuronidase-producing
bacteria may lead to hyperestrogenic levels commonly reported in different gynecological
pathologies. On the other hand, gut dysbiosis can be linked to a reduction of SCFA-
producing bacteria, resulting in increased pro-inflammatory mediators and systemic
inflammation. *Reported [-glucuronidase-producing genera associated with any

gynecological disease in case-control studies. (Created with BioRender.com).
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