

[image: image1]
The Gut Microbiome and Sex Hormone-Related Diseases









 


	
	
REVIEW
 published: 28 September 2021
 doi: 10.3389/fmicb.2021.711137






[image: image2]

The Gut Microbiome and Sex Hormone-Related Diseases

Song He1†, Hao Li1†, Zehui Yu1, Faming Zhang2, Sicheng Liang1, Hang Liu1, Hongwei Chen1 and MuHan Lü1*


1The Affiliated Hospital of Southwest Medical University, Luzhou, China


2The Second Affiliated Hospital of Nanjing Medical University, Nanjing, China


Edited by:
 Nelson da Cruz Soares, University of Sharjah, United Arab Emirates

Reviewed by:
 Mohammad T Al Bataineh, University of Sharjah, United Arab Emirates
 Guochun Jiang, University of North Carolina at Chapel Hill, United States

*Correspondence: MuHan Lü, lvmuhan@swmu.edu.cn 

†These authors have contributed equally to this work

Specialty section: This article was submitted to Microbial Physiology and Metabolism, a section of the journal Frontiers in Microbiology

Received: 18 May 2021
 Accepted: 25 August 2021
 Published: 28 September 2021

Citation: He S, Li H, Yu Z, Zhang F, Liang S, Liu H, Chen H and Lü M (2021) The Gut Microbiome and Sex Hormone-Related Diseases. Front. Microbiol. 12:711137. doi: 10.3389/fmicb.2021.711137
 

The role of the gut microbiome has been a hot topic in recent years. One aim of this review is to shed light on the crosstalk between sex hormones and the gut microbiome. Researchers have observed a sex bias of the composition of the gut microbiome in mice and have proved that sex differences influence the composition of the gut microbiome, although the influence is usually obscured by genetic variations. Via cell studies, animal studies and some observational studies in humans, researchers have confirmed that the gut microbiome can be shaped by the hormonal environment. On other hand, some theories suggest that the gut microbiota regulates the levels of sex hormones via interactions among its metabolites, the immune system, chronic inflammation and some nerve-endocrine axes, such as the gut-brain axis. In addition, bidirectional interactions between the microbiome and the hormonal system have also been observed, and the mechanisms of these interactions are being explored. We further describe the role of the gut microbiome in sex hormone-related diseases, such as ovarian cancer, postmenopausal osteoporosis (PMOP), polycystic ovary syndrome and type 1 diabetes. Among these diseases, PMOP is described in detail. Finally, we discuss the treatments of these diseases and the application prospects of microbial intervention.
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INTRODUCTION

The gut microbiome system is the largest ecosystem in the human body. In addition to the large number of microbes in the gut microbiota, gene expression in the gut microbiota is 100 times greater than human gene expression, with more than 1,000 bacterial species in the human colon and each individual host having at least 160 species (Qin et al., 2010; Sommer and Backhed, 2013; Fukuda and Ohno, 2014). The type and quantity of the gut microbiome are closely related to human health. Some scholars even regard the normal intestinal microbiome as a ‘separate organ’ (Possemiers et al., 2011). It is now a consensus opinion that the gut microbiota and host are interdependent. The gut microbiota is necessary for the health of its host and affects the endocrine system, digestive function, intestinal permeability, resistance to foreign pathogens and stimulation of immunisation (Blumberg and Powrie, 2012).

The balance of the intestinal microecological system is affected by a series of factors. External factors include food, drugs and pathogens, and internal factors include immune and endocrine factors. It has been suggested that an imbalance in the gut microbiota can lead to a series of related diseases, especially autoimmune diseases (Blumberg and Powrie, 2012; Tremaroli and Backhed, 2012). Interestingly, recent reports have revealed that many microbiome-related diseases have a sex bias, some of which have been shown to be associated with sex hormones.

Therefore, gaining a better understanding of the interrelationship between sex hormone-related diseases and the gut microbiota is critical to not only help us understand disease pathogenesis but also to target the microbiome and sex hormones for therapeutic purposes.

In this review, we discuss animal and human studies on some gut microbiota-mediated diseases related to sex hormones and the possible mechanisms involved and present evidence for microbial intervention as a treatment for sex hormone-driven diseases.



THE INTERACTION BETWEEN SEX HORMONES AND THE GUT MICROBIOME


Sex Bias of the Composition of the Gut Microbiome

It has been widely accepted that the gut microbiome is diverse. Existing studies have noted that this diversity is a result of a combination of factors, including sex differences (Human Microbiome Project Consortium, 2012). In a study including NOD mice (non-obese diabetic), Yurkovetskiy et al. observed that the abundances of Porphyromonadaceae, Veillonellaceae, Kineosporiaceae, Peptococcaceae, Enterobacteriaceae, Lactobacillaceae, Cytophagaceae, Peptostreptococcaceae and Bacteroidaceae were higher in male mice than in female mice (Yurkovetskiy et al., 2013).

To exclude environmental and genetic influences as much as possible and to determine how the sex difference impacts the composition of the gut microbiome alone, Elin Org et al. housed mice of 89 different strains and sexes in separate cages and then sequenced the 16S rRNA of faeces from mice of different strains (Org et al., 2016).

When considering each microbial phylum within the 89 matched strains of mice, Elin Org et al. observed clear differences in the microbiota composition and diversity between sexes, especially in the C57BL/6J and C3H/HeJ strains of mice. In mice from both abovementioned strains, the abundances of Allobaculum, Erwinia and Anaeroplasma were higher in male mice than in female mice. However, when Elin Org et al. examined the entire population together using Bray-Curtis dissimilarity, there were no clear patterns differentiating samples between males and females (Org et al., 2016). These results indicate that sex differences influence the composition of the gut microbiome, although the influence is usually obscured by genetic variations.



Sex Hormone Levels Regulate the Diversity of the Gut Microbiome

Researchers have speculated that differences in sex hormones may contribute to the sex bias (diversity) of the gut microbial composition, and many studies have provided evidence supporting this speculation (Neuman et al., 2015).

In a cell-level study performed in the 1980s, researchers observed that progesterone could promote the growth of oral Bacteroides species and Prevotella intermedius (Kornman and Loesche, 1982). Recently, Yurkovetskiy et al. sequenced bacterial DNA extracted from the caecal contents of prepubescent mice (4weeks old) and postpubescent mice (10–13weeks old). They found that α-diversity was not significantly different between the sexes in prepubescent mice. In contrast, they observed an apparent gender bias among postpubescent mice (Yurkovetskiy et al., 2013). Then, they sequenced 16S rRNA genes from the microbiota of male, female and castrated male littermates and observed that the microbiome of females was closer to that of castrated males than to that of males.

Elin Org et al. further proved the effect of androgen on changes using gonadectomy and hormone supplementation (Org et al., 2016). They observed apparent differences in the gut microbial composition between male mice that had undergone gonadectomy and sham male mice, and hormone supplementation via a pellet containing 5α-dihydrotestosterone released over 90days eliminated the difference. Furthermore, recent studies have shown that androgen deficiency caused by castration not only alters the gut microbiome but also increased risk factors for cardiovascular diseases induced by hypogonadism and chronic metabolic diseases, such as obesity and loss of thigh muscle mass in high-fat diet-fed male mice. These changes can be reduced when apply antibiotics. These results shed a light on the effect of the antibiotic treatment for curing hypogonadism-induced cardiovascular diseases (Harada, 2018).

Some human studies have also indicated that fluctuations in oestrogen can affect the composition of the gut microbiome, although relatively few related human studies have been performed. Cross-sectional studies account for the majority of studies, whose results are inevitably affected by interference factors, including genetics and the environment, and most of the results can only prove the existence of a correlation between sex hormones and the microbiome instead of a causal relationship.

A few relatively convincing studies have been performed indicating the causal relationship between sex hormones and the microbiome. Koren et al. sequenced stool samples from 91 women and observed that the gut microbiome was profoundly altered during pregnancy, especially during T3 (the third trimester of pregnancy), when oestrogens are at their maximal peak, regardless of health status (Koren et al., 2012). A study from Europe showed that healthy males had a higher abundance of Bacteroides-Prevotella than females, while the microbiota of postmenopausal women did not differ from that of males (Mueller et al., 2006). The results of both studies indicated that oestrogens and related female hormones play an important role in regulating the composition of the gut microbiome.



The Composition of Gut Microbiota Influences Hormone Levels

It appears that not only is the gut microbiome influenced by sex hormones but also the gut microbiota itself also influences hormone levels.


The Gut Microbiome Influences the Levels of Oestrogen, Progesterone and Corticosterone and a Possible Mechanism of These Effects

As early as the last century, researchers observed a decline in oestrogen levels while discovering that antibiotics can affect the composition of the gut microbiome (Adlercreutz et al., 1984).

Recently, Itsuka Kamimura et al. detected and analysed the concentrations of faecal sex hormones in germ-free mice (GM mice), specific pathogen-free mice (SPF mice) and GF-SPF mice (germ-free mice orally administered the faecal microbiome of specific pathogen-free mice). They found that the levels of faecal oestradiol, progesterone and corticosterone in GF-SPF mice were slightly lower than those in SPF mice and that those in GF mice were the lowest (Kamimura et al., 2019). Their results proved that the colonisation of the microbiota in mice can influence the level of sex hormones. One small limitation of their study was that they only focused on mice under 8weeks old and did not measure the hormone levels in postpubescent mice at 10–13weeks of age, similar to Yurkovetskiy et al. (2013).

In human studies, researchers have also found some evidence of the correlation of the microbiome with hormone production. In Flore’s study, the focus was on men and postmenopausal women. By analysing the determinants of oestrogens that are primarily from non-ovarian sources, they found that the levels of total urinary oestrogens were strongly associated with the faecal microbiome richness and α-diversity. These non-ovarian systemic oestrogens were also strongly related with faecal Clostridia taxa, including non-Clostridiales organisms and three genera in the Ruminococcaceae family (Flores et al., 2012).

Associated with previous studies in which researchers found that most gut microbiomes showed β-glucuronidase enzyme activity (Beaud et al., 2005; Dabek et al., 2008), Flores further analysed the relationship between the oestrogen level and the activity of faecal β-glucuronidase. They found that oestrone in urine was significantly related to the functional activity of faecal β-glucuronidase, while other EM (oestrogen metabolites) in urine did not.

By contrast, faecal β-glucuronidase was inversely correlated with faecal total oestrogens. Based on these results, they concluded that β-glucuronidase was an influencing factor of non-ovarian oestrogens (Flores et al., 2012).

Regarding the mechanism, Shen R. L. found that the gut microbiome could produce β-glucuronidase, which could block the binding of oestrogen to glucuronic acid. In this way, β-glucuronidase reduces the inactivation of oestrogen and increases the amount of oestrogen in the body (Shen et al., 2012). In addition, some studies have indicated that enterohepatic circulation is also involved in this process (Holder et al., 2010; Kisiela et al., 2012). In the liver, oestrogens and their metabolites are conjugated through glucuronidation or sulfonation to prepare for excretion in bile (Zhu and Conney, 1998). Conjugated oestrogens are excreted through bile, urine and faeces. Hepatically conjugated oestrogens excreted in bile can be deconjugated by bacterial species with β-glucuronidase activity in the gut (Raftogianis et al., 2000). In this way, β-glucuronidase reduces the inactivation of oestrogen and increases the amount of oestrogen in circulation.

In addition to bacterial β-glucuronidase, some researchers have recently proposed a theory called the gut-brain axis, which may contribute to explaining how the microbiome influences the levels of sex hormones. In this theory, the gut microbiome is seen as a crucial component of the axis, which is involved in the connection between the central nervous system (CNS) and the endocrine system (Cussotto et al., 2018; Osadchiy et al., 2019). Unfortunately, the majority of related studies have been performed using single-sex mice; thus, their focus on the endocrine system is on the HPA axis or insulin secretion, and they do not explain how sex hormones are affected within the gut-brain axis. Therefore, how the microbiome affects the level of sex hormones through the brain-gut axis remains to be explored.



The Gut Microbiome Influences the Level of Androgens

There are relatively few experiments that directly prove that the intestinal flora affects androgens. In a recently published article, Hannah et al. detected higher levels of glucuronidated testosterone and dihydrotestosterone but lower free dihydrotestosterone levels in the distal intestine of germ-free mice compared with mice with a normal gut microbiome composition, which proved that gut microbiome plays a vital role in androgen metabolism in mice (Collden et al., 2019).

we still found some potential evidence from research related to type 1 diabetes (T1D). NOD mice are used as an animal model of T1D, and their T1D incidence shows a strong sex bias (female-to-male ratio>2:1; Pozzilli et al., 1993). Castration can increase the incidence of T1D in male mice (Makino et al., 1981), and androgen treatment confers protection to females (Fabbri et al., 2019). These data confirmed the protection of androgens against T1D.

Previous studies have shown that germ-free (GM) animals lose the sexual dimorphism of T1D in NOD mice (Yurkovetskiy et al., 2013). However, germ-free mice transplanted gut microbiome from male mice showed increased serum testosterone levels and lower morbidity of T1D (Markle et al., 2013). These results indicate that the protective effect of androgen on T1D is microbiome dependent and highlight the importance of microbial colonisation in modulating host hormone levels, but the specific mechanism remains to be explored (The abovementioned studies suggesting the interaction between intestinal flora and sex hormones were summarised in Table 1; Some cellular and molecular mechanisms involved in the interaction between sex hormones and the gut microbiome were shown in Figure 1).



TABLE 1. Studies on the interaction between gut microbiome and sex hormones.
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FIGURE 1. Cellular and molecular mechanisms involved in the interaction between sex hormones and gut microbiome.






THE RELATIONSHIP BETWEEN THE GUT MICROBIOME AND SOME COMMON SEX HORMONE-RELATED DISEASES


Ovarian Cancer


Hypothetical Relationship Between the Pathogenesis of Ovarian Cancer and the Microbiome

The aetiology of ovarian cancer is unknown and may be related to environmental, reproductive, behavioural and genetic factors. Among these factors, dysfunctions of oestrogen levels and the activity of oestrogens are considered important factors. The gut microbiome may be involved in the development of the ovaries by affecting oestrogen levels. Laura et al. found that E2 (17β-oestradiol) treatment could alter the pathophysiology of an ovarian cancer mouse model, leading to earlier onset of tumours, reduced overall survival time and a characteristic papillary histology (Laviolette et al., 2010). Guillermo et al. conducted an in vitro study using different ovarian cancer cell lines to confirm the requirement of oestrogen receptors in the aetiology of ovarian cancer. Their results showed that the adhesion and migration abilities of the oestrogen-receptor-positive cell lines were enhanced after oestrogen treatment, while those of the oestrogen-receptor-negative cell line 2,774 EOC were not significantly changed. These results indicated that the effect of oestrogen is directly related to the expression of oestrogen receptors and that oestrogen enhances cell adhesion and migration, which contribute to the metastasis and colonisation of ovarian cancer.

As mentioned above, bacteria with β-glucuronidase activity can mediate the deconjugation of oestrogen to affect the amount of active oestrogen in circulation (see ‘The gut microbiome influences the levels of oestrogen, progesterone and corticosterone and a possible mechanism of these effects’). Combined with the roles that oestrogen level and activity play in the aetiology of ovarian cancer, we can infer that the gut microbiome may contribute to the development of oestrogen-driven diseases, such as ovarian cancer, by affecting the amount of active oestrogen.



Clinical Implications of the Microbiome in Treating Ovarian Cancer

Breakthroughs in knowledge of the relationship between the gut microbiome and the chemotherapy efficiency of ovarian cancer have been made using animal experiments. The importance of the gut microbiome in the treatment of ovarian cancer has also been confirmed in many aspects (Chase et al., 2015). Cyclophosphamide is one of the first-line chemotherapy drugs for treating ovarian cancer and can interfere with the synthesis of DNA and RNA. Romain et al. found that the efficacy of cyclophosphamide treatment is related to some species of gut bacteria. The specific mechanisms are still unclear, but they identified that Enterococcus hirae translocate from the small intestine to secondary lymphoid organs and increase the intratumoural CD8/Treg ratio, which may participate in the mechanism of action of cyclophosphamide (Daillere et al., 2016).

Viaud et al. found that cyclophosphamide can change the composition of the gut microbiome. In addition, they also observed that cyclophosphamide treatment induced Gram-positive bacterial transfer to secondary lymphoid organs and stimulated secondary lymphoid organs to produce ‘pathogenic’ Th17 cells and memory T cells. In contrast, control group mice with destroyed intestinal microbial homeostasis showed resistance to cyclophosphamide, and the efficacy of the drug was greatly reduced (Viaud et al., 2013).

Based on these findings, we inferred that the content, composition, location and function of the gut microbiome could greatly influence the efficacy of cyclophosphamide. Utilising the role that bacterial β-glucuronidases play in oestrogen metabolism, some researchers regard bacterial β-glucuronidases as possible drug targets for oestrogen-related cancer, similar to ovarian cancer. A conserved motif including asparagine and lysine (N-K) residues has been elucidated in β-glucuronidase, which provides the possibility of using β-glucuronidase inhibitors to increase the chemotherapeutic efficacy and reduce the toxicity of cancer drugs (Wallace et al., 2010, 2015).

We mentioned above that E2, an active form of oestrogen, contributes to the development of ovarian cancer. Regarding the pathway from which E2 is derived, studies have shown that steroid sulfatase (STS) and sulfotransferase (SULT1E1) may play significant roles in the production of E2. STS can activate oestrogens, while SULT1E1 can convert active oestrone (E1) and other forms of oestrogens into an inactive state (Kodama et al., 2011; Purohit et al., 2011). In advanced ovarian cancer patients, researchers have also found a high level of STS and a low level of SULT1E1 (Secky et al., 2013). In addition, there have been reports that the production of STS may be related to some species of the gut microbiome. For example, J Van Eldere succeeded in isolating intestinal steroid-desulfating bacteria from rats and humans (Van Eldere et al., 1988). These results indicate that oestrogen-related cancers can be treated using STS inhibitors or bacterial treatment.




Postmenopausal Osteoporosis


Hypothetical Relationship Between the Pathogenesis of PMOP and the Microbiome

Osteoporosis is a bone metabolic disease taking the form of bone loss and structural destruction. Postmenopausal osteoporosis (PMOP) is a form of osteoporosis that is induced by oestrogen deficiency and leads to an increased frequency of fracture in postmenopausal women. Current studies have suggested the potential and close relationship between gut microbiota and bone remodelling as well as that between gut microbiota and bone metabolic diseases (Collins et al., 2017).

Researchers have found that in germ-free (GF) mice, sex steroid deficiency (sex steroid deficiency was induced by leuprolide) could not induce increased osteoclastogenic cytokine expression, activation of bone resorption and loss of trabecular bone, suggesting that the gut microbiome is crucial in trabecular bone loss caused by sex steroid deficiency. Sex steroid deficiency failed to induce a loss of BV/TV (bone volume density) in GF mice, while it caused a large decrease of BV/TV in Conv. R mice (mice raised under either conventional condition) and Col. GF mice (GF mice recolonized with conventional microbiota), indicating that the process of cortical bone loss caused by sex steroid deprivation is closely related with microbiome (Zhao, 2012).

They further proved that a twice-weekly treatment of sex steroid-deficient mice with the probiotic Lactobacillus rhamnosus GG (LGG) or the commercially available probiotic supplement VSL#3 could avoid bone loss. This occurrence may be contributed by the reduction of gut permeability, inhibition of intestinal and BM inflammation. By contrast, supplementation with a non-probiotic strain of Escherichia coli or a mutant LGG did not show protection against bone loss.

The above results suggest that gut microbiota disorders may cause increased gut permeability and trigger activation of important inflammatory pathways for inducing bone loss in sex steroid-deficient mice (Li et al., 2016). These results link osteoporosis caused by oestrogen deficiency with gut microbial diversity, intestinal permeability and inflammation.

Recent experiments have shown that many species of the gut microbiome, such as members of the genus Clostridium and Lactobacillus acidophilus and Bacillus clausii, can modulate the Treg-Th17 cell balance, inhibit bone loss and increase bone heterogeneity in osteoporotic mice because Th17 cells secrete RANKL and TNF-α, which are key cytokines for osteoclast formation and are involved in bone resorption (Atarashi et al., 2011; Dar et al., 2018). Treg cells can regulate osteoclastogenesis by secreting TGF-β, IL-10 and IL-4 cytokines too (Talaat et al., 2015; Bozec and Zaiss, 2017).

Oestrogen deficiency may lead to the reduction of some species of bacteria that affect the expression of immune inflammatory cells, such as Tregs and Th17 cells, resulting in increasing bone loss.

By the way, Ang et al. recently found that high-fat ketogenic diets (KDs) could also reduce the levels of gut proinflammatory Th17 cells via a gut microbiome-related pathway (Ang et al., 2020). However, whether the KDs will affect the development of PMOP through this Th17-related pathway is still unknown.

Furthermore, some studies suggest that altered intestinal permeability caused by changes in the gut microbiome may be a significant factor for the abovementioned inflammatory response. When high levels of oestrogen interact with the oestrogen receptor (ER) on the intestinal epithelium, the guanosine triphosphate-binding protein Ras and a series of cytoplasmic kinases (Raf, MEK1/2 and Erk1/2) are activated, phosphorylation of some cytoplasmic proteins and transcription factors are induced and the expression of tight junction transmembrane protein (TJP) is upregulated, thereby enhancing the function of the intestinal epithelial barrier and reducing intestinal permeability (Gonzalez-Mariscal et al., 2008).

On other hand, some researchers have proved that oestrogen depletion increases gut permeability, causing some metabolites of the gut microbiome to enter subepithelial tissues as antigens to trigger an immune response, leading to the upregulation of osteoclastogenic cytokines, such as TNF-α, RANKL and IFN-γ (Ye et al., 2003). TNF-α and IFN-γ can reduce the expression of the TJ protein Occludin and increase the synthesis of the TJ cation channel constituent protein Claudin-2 through the Ras-Raf-MEK1/2-Erk1/2 and MLKs- MKK3/6-p38 pathways of the MAPK pathway, leading to a further increase in permeability of the paracellular pathway (Matsumura and Ellington, 2001).



Clinical Implications of the Microbiome in Treating PMOP

Recent studies have shown that probiotic treatment can decrease gut permeability by affecting TJ protein expression and enhance the function of the intestinal epithelial barrier, which can reduce the invasion of intestinal pathogenic bacteria and harmful products into the host and reduce the immune response caused by inflammation (Mennigen et al., 2009; Anderson et al., 2010). These results suggest the potential of probiotics for treating PMOP.

Although existing studies have shown that probiotics have many regulatory functions, whether the effects of different probiotics on the host are individual or species-specific remains to be further studied. At the same time, the biosafety, safe and optimal doses and dosage form of probiotics in the treatment of PMOP also urgently need to be verified by corresponding animal and clinical experiments.




Polycystic Ovary Syndrome


Hypothetical Relationship Between the Pathogenesis of PCOS and the Microbiome

Polycystic ovary syndrome (PCOS) is a common endocrine disorder in women of reproductive age whose aetiology may be related to hyperandrogenism, insulin resistance and neuroendocrine dysfunction. There are some studies focusing on the gut microbiome of patients with PCOS, and these studies have found some association between gut microbiome and PCOS. However, the exact mechanisms of the microbes associated with PCOS have not yet been identified.

Some researchers have found that patients who suffer from PCOS have a significantly lower diversity of gut microbiome than that of healthy controls (Lindheim et al., 2017). In the gut microbiome of individuals with PCOS, Bacteroides vulgatus is significantly elevated, and the levels of glycodeoxycholic acid and tauroursodeoxycholic acid are reduced (Qi et al., 2019).

By comparing the faecal microbiome, permeability of the intestinal epithelium and inflammatory status of women with PCOS, some studies have proposed a hypothesis that toxaemia resulting from a high permeability of the intestinal epithelium is related to inflammation, insulin resistance and hyperandrogenaemia in PCOS. More in-depth studies are needed to clarify the specific mechanism of endotoxaemia (Lindheim et al., 2017).

Others have suggested that disturbances of the gut microbiome caused by a poor diet lead to a higher gut permeability and more delivery of lipopolysaccharide (LPS) from Gram-negative colonic bacteria into systemic circulation subsequently (Tremellen and Pearce, 2012). The subsequent activation of the immune system may cause interference with insulin receptor function, increase serum insulin levels and then stimulate the ovaries to produce higher androgens and affect normal follicular development.



Clinical Implications of the Microbiome in Treating PCOS

Xue J revealed the alleviating effect of inulin and metformin on PCOS is related to anti-inflammation and modulation of the gut microbiota, which may contribute to potential clinical therapy for PCOS (Xue et al., 2019). Diane-35 (oestrogen and progesterone) and probiotics could help to rebuild the diversity of the gut microbiota, and reduction of intestinal flora disorders improved the reproductive function in PCOS-like rats (Zhang et al., 2019a). Moreover, further studies are needed to find out whether manipulation of the gut microbiome can be used as an effective treatment for PCOS.

Transplanting gut microbiota from females with PCOS to recipient mice colonised by B. vulgatus resulted in increased destruction of ovarian functions and resistance against insulin, bile acid metabolism alternation and decreased secretion of interleukin-22. As for the possible mechanisms, glycodeoxycholic acid induced IL-22 secretion in three groups of innate lymphoid cells through GATA-binding protein 3. Subsequently, IL-22 improved the PCOS phenotype. These results suggest that manipulation of the gut microbiome, altering bile acid metabolism and increasing IL-22 levels might be a feasible treatment for treating PCOS (Qi et al., 2019). Zhang J monitored observed that the levels of sex hormones and intestinal short-chain fatty acids (SCFAs) increased significantly under the impact of probiotic Bifidobacterium lactis V9. Based on these results, they proposed a potential mechanism that B. lactis V9 regulates the levels of sex hormones by adjusting the intestinal microbiome in PCOS patients (Zhang et al., 2019b). The above studies provided new insights into the pathogenesis of PCOS, and the potential for using probiotics in PCOS therapy has gradually been noted.




Type 1 Diabetes


Hypothetical Relationship Between T1D and the Microbiome

Abnormal/aberrant microbiota community structures have been reported in many autoimmune diseases (AIDs), including T1D, IBD, asthma and RA (Gianchecchi and Fierabracci, 2017).

T1D is a disorder caused by the autoimmune destruction of insulin-producing pancreatic β cells (Bluestone et al., 2010). The most common symptoms of the disease include hyperglycaemia, polydipsia, polyphagia and polyuria. Currently, patients with T1D require immediate insulin replacement therapy, and the therapy lasts for their entire lifetime. The aetiology and classification of this disease remain unclear and controversial. Current studies mainly focus on the immune system and genetic aspects. The role of the gut microbiome in the pathogenesis of T1D is discussed below.

Part 1, androgen-related:

First, as mentioned above, some studies have found that the gut microbiome is crucial in protecting androgens against T1D, and the protection of androgens is microbiome dependent (see ‘The gut microbiome influences the level of androgens’).

Part 2, the immune response and the metabolites produced by commensal bacteria (short-chain fat acid, SCFA):

In addition, T1D is an AID, and CD4+ and CD8+ T cells, especially Th1 and Th17 cells within CD4+ T cells, are regarded as the crucial point of β-cell loss (Noack and Miossec, 2014). Many studies have suggested that the development of diabetes is related to immune cells, such as Th17 and Treg cells.

L. Ivanov found that antibiotic treatment reduced the differentiation of Th17 cells and increased the number of Treg cells in the small intestine lamina propria in C57BL/6 mice (Uzel et al., 2013). Furthermore, segmented filamentous bacteria (SFB) can induce the differentiation of Th17 cells (Gaboriau-Routhiau et al., 2009). Honkanen et al. (2010) found increase of Th17 cells in peripheral blood T cells from children with T1D, accompanied by increased levels of IL-17, IL-22, retinoic acid-related orphan receptor C isoform 2 and FOXP3 mRNA, which indicated activation of the IL-17 pathway. Their results emphasised the role of IL-17 immune pathway in the pathogenesis of T1D and identified a potential treatment for T1D.

Some studies have shown that there is an interaction between Th17 and Treg cells, and some studies have shown that this interaction may be related to the signal transducer and activator of transcription (STAT) protein family, which includes intracellular transcription factors of cellular immunity, proliferation, apoptosis and differentiation (Fabbri et al., 2019). Previous studies analysing Treg cells in the peripheral blood of T1D patients have brought about some controversial results. Recently, the results of several reports suggest that the frequency of CD4+ FOXP3+ Treg cells in the peripheral blood of T1D patients has not changed significantly (Hamari et al., 2016; Okubo et al., 2016). By contrast, some studies have reported increases and decreases in frequency (Kukreja et al., 2002; Marwaha et al., 2010; Viisanen et al., 2019). Analysis of distinct subsets of total Treg cells may be a future research direction.

Some metabolites produced by commensal bacteria are thought to play important mediating roles in activating the immune response (Arpaia et al., 2013; Rooks and Garrett, 2016). Some researchers have observed that SCFAs may be involved in the pathogenesis of T1D. For example, Sun found that NOD mice had reduced SCFAs, especially butyric acid, compared to those in healthy controls. Similarly, in patients with T1D, there were fewer bacteria producing butyrate than in healthy people (Yuille et al., 2018). These results indicated a close relationship between SCFAs and T1D.

Researchers have long noted that SCFAs can be seen as ligands to bind to G protein-coupled receptors and free fatty acids (FFAs), thereby triggering a series of downstream reactions (Shi et al., 2014). SCFAs can control the production of a cathelicidin called cathelicidin-related antimicrobial peptide (CRAMP), which is secreted by pancreatic islets and has a positive regulation of pancreatic macrophages and other immune cells, maintaining immune homeostasis in the pancreas by induction of Treg cells.

CRAMP is protective against T1D in adult NOD mice, and the protective effect did not appear in female NOD mice. Furthermore, after CRAMP treatment of prediabetic NOD mice, Sun observed that the frequency and number of Foxp3+ Treg cells in the pancreatic islets of prediabetic NOD mice increased, and the incidence of autoimmune diabetes decreased (Sun et al., 2015).

A recent study by Serena showed that butyric acid improved the body’s insulin response (Sanna et al., 2019). The protection of butyrate against T1D may be associated with butyric acid inducing mucoprotein synthesis, which in turn, maintains the tight junction between intestinal epithelial cells and further maintains immune homeostasis (Suzuki, 2013). It has also been shown that butyrate inhibits histone deacetylase (HDAC) activity, reduces the expression of pre-inflammatory factors in dendritic cells and promotes Treg cell differentiation outside the thymus, which affects the development of T1D (Yuille et al., 2018).

However, the protection butyrate against T1D remains controversial, and a more recent randomised controlled trial suggested that oral butyrate did not affect innate immunity and autoimmunity of islet in patients with long-term T1D.



Clinical Implications of the Microbiome in Treating T1D

For a long time, insulin has been the only choice for treating most T1D patients, but the perspective of the ‘gut microbiome-metabolites-immune axis’ provides inspiration for T1D prevention and treatment strategies. The effectiveness and mechanism of the combined application of probiotics, SCFAs and oral anti-sugar drugs in T1D therapy may be future research directions

(A neat epitome of possible treating strategies for sex hormone-related diseases depending on the interaction between sex hormones and the gut microbiome was shown in Figure 2).
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FIGURE 2. Treating strategies for sex hormone-related diseases based on the interaction between sex hormones and gut microbiome.






DISCUSSION

There is a consensus opinion that the gut microbiome plays an important role in maintaining the ecological balance of the human body and mediating the occurrence of certain diseases.

Researchers have observed a sex bias in the gut microbiome and have confirmed the interaction between the gut microbiome and sex hormones, such as oestrogen, testosterone, progesterone and corticosteroids. The most important factor was the relationship between oestrogen levels. Researchers have found possible mechanisms to explain the interaction. For example, it has been shown that gut microbiome-related β-glucuronidases play an important role in mediating the effects of the microbiome on the level of oestrogens, and the brain-gut axis may also be involved in the interactive mechanisms.

We investigated the pathogenesis of several common sex hormone-related diseases and the role of the gut microbiome. Researchers have found that the gut microbiome and its metabolites are involved in the development of these diseases and affect the levels of sex hormones. In addition, the effects of gut microbiome and its metabolites, such as SCFAs, on inflammatory immunity also play crucial roles in the pathogenesis of these sex hormone-related diseases.

The role of the gut microbiome in sex hormone-related diseases is increasingly being studied. However, the mechanisms of synergy or pathways involved in the interaction among the gut microbiome, its metabolites, the immune response and sex hormone levels are still worthy of further study. With the development of technology and the advancement of research, a broader outlook must be taken using microbial supplementation and targeted intervention aimed at investigating the role of the sex hormone metabolism pathway related to the microbiome and its metabolites in the treatment of sex hormone-related diseases.



AUTHOR CONTRIBUTIONS

SH contributed to the consulting literature, data collection and drafting of the manuscript. HL, ZY, FZ, SL, and HL participated in the production of pictures, data analysis and made suggestions for revision. ML made suggestions for revision. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by National Natural Science Foundation of China, Award id 81972296, https://doi.org/10.13039/501100001809 and Southwest Medical University, Award id 00031718, https://doi.org/10.13039/501100014895. Talent Development Project of The Affiliated Hospital of Southwest Medical University. The grant numbers are 20079 and 20061, respectively.



REFERENCES

 Adlercreutz, H., Pulkkinen, M. O., Hamalainen, E. K., and Korpela, J. T. (1984). Studies on the role of intestinal bacteria in metabolism of synthetic and natural steroid hormones. J. Steroid Biochem. 20, 217–229. doi: 10.1016/0022-4731(84)90208-5 

 Anderson, R. C., Cookson, A. L., McNabb, W. C., Park, Z., McCann, M. J., Kelly, W. J., et al. (2010). Lactobacillus plantarum MB452 enhances the function of the intestinal barrier by increasing the expression levels of genes involved in tight junction formation. BMC Microbiol. 10:316. doi: 10.1186/1471-2180-10-316 

 Ang, Q. Y., Alexander, M., Newman, J. C., Tian, Y., Cai, J., Upadhyay, V., et al. (2020). Ketogenic diets Alter the gut microbiome resulting in decreased intestinal Th17 cells. Cell 181, 1263–1275. doi: 10.1016/j.cell.2020.04.027

 Arpaia, N., Campbell, C., Fan, X., Dikiy, S., van der Veeken, J., deRoos, P., et al. (2013). Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 504, 451–455. doi: 10.1038/nature12726 

 Atarashi, K., Tanoue, T., Shima, T., Imaoka, A., Kuwahara, T., Momose, Y., et al. (2011). Induction of colonic regulatory T cells by indigenous clostridium species. Science 331, 337–341. doi: 10.1126/science.1198469 

 Beaud, D., Tailliez, P., and Anba-Mondoloni, J. (2005). Genetic characterization of the beta-glucuronidase enzyme from a human intestinal bacterium, Ruminococcus gnavus. Microbiology 151, 2323–2330. doi: 10.1099/mic.0.27712-0

 Bluestone, J. A., Herold, K., and Eisenbarth, G. (2010). Genetics, pathogenesis and clinical interventions in type 1 diabetes. Nature 464, 1293–1300. doi: 10.1038/nature08933 

 Blumberg, R., and Powrie, F. (2012). Microbiota, disease, and back to health: a metastable journey. Sci. Transl. Med 4:rv137. doi: 10.1126/scitranslmed.3004184

 Bozec, A., and Zaiss, M. M. (2017). T regulatory cells in bone Remodelling. Curr. Osteoporos. Rep. 15, 121–125. doi: 10.1007/s11914-017-0356-1 

 Chase, D., Goulder, A., Zenhausern, F., Monk, B., and Herbst-Kralovetz, M. (2015). The vaginal and gastrointestinal microbiomes in gynecologic cancers: a review of applications in etiology, symptoms and treatment. Gynecol. Oncol. 138, 190–200. doi: 10.1016/j.ygyno.2015.04.036 

 Collden, H., Landin, A., Wallenius, V., Elebring, E., Fandriks, L., Nilsson, M. E., et al. (2019). The gut microbiota is a major regulator of androgen metabolism in intestinal contents. Am. J. Physiol. Endocrinol. Metab. 317, E1182–E1192. doi: 10.1152/ajpendo.00338.2019 

 Collins, F. L., Rios-Arce, N. D., Schepper, J. D., Parameswaran, N., and McCabe, L. R. (2017). The potential of probiotics as a therapy for osteoporosis. Microbiol Spectr. 5. doi: 10.1128/microbiolspec.BAD-0015-2016 

 Cussotto, S., Sandhu, K. V., Dinan, T. G., and Cryan, J. F. (2018). The neuroendocrinology of the microbiota-gut-brain Axis: A Behavioural perspective. Front. Neuroendocrinol. 51, 80–101. doi: 10.1016/j.yfrne.2018.04.002 

 Dabek, M., McCrae, S. I., Stevens, V. J., Duncan, S. H., and Louis, P. (2008). Distribution of beta-glucosidase and beta-glucuronidase activity and of beta-glucuronidase gene gus in human colonic bacteria. FEMS Microbiol. Ecol. 66, 487–495. doi: 10.1111/j.1574-6941.2008.00520.x 

 Daillere, R., Vetizou, M., Waldschmitt, N., Yamazaki, T., Isnard, C., Poirier-Colame, V., et al. (2016). Enterococcus hirae and Barnesiella intestinihominis facilitate cyclophosphamide-induced therapeutic immunomodulatory effects. Immunity 45, 931–943. doi: 10.1016/j.immuni.2016.09.009 

 Dar, H. Y., Pal, S., Shukla, P., Mishra, P. K., Tomar, G. B., Chattopadhyay, N., et al. (2018). Bacillus clausii inhibits bone loss by skewing Treg-Th17 cell equilibrium in postmenopausal osteoporotic mice model. Nutrition 54, 118–128. doi: 10.1016/j.nut.2018.02.013 

 Fabbri, M., Frixou, M., Degano, M., and Fousteri, G. (2019). Type 1 diabetes in STAT protein family mutations: regulating the Th17/Treg equilibrium and Beyond. Diabetes 68, 258–265. doi: 10.2337/db18-0627 

 Flores, R., Shi, J., Fuhrman, B., Xu, X., Veenstra, T. D., Gail, M. H., et al. (2012). Fecal microbial determinants of fecal and systemic estrogens and estrogen metabolites: a cross-sectional study. J. Transl. Med. 10:253. doi: 10.1186/1479-5876-10-253 

 Fukuda, S., and Ohno, H. (2014). Gut microbiome and metabolic diseases. Semin. Immunopathol. 36, 103–114. doi: 10.1007/s00281-013-0399-z 

 Gaboriau-Routhiau, V., Rakotobe, S., Lecuyer, E., Mulder, I., Lan, A., Bridonneau, C., et al. (2009). The key role of segmented filamentous bacteria in the coordinated maturation of gut helper T cell responses. Immunity 31, 677–689. doi: 10.1016/j.immuni.2009.08.020 

 Gianchecchi, E., and Fierabracci, A. (2017). On the pathogenesis of insulin-dependent diabetes mellitus: the role of microbiota. Immunol. Res. 65, 242–256. doi: 10.1007/s12026-016-8832-8 

 Gonzalez-Mariscal, L., Tapia, R., and Chamorro, D. (2008). Crosstalk of tight junction components with signaling pathways. Biochim. Biophys. Acta 1778, 729–756. doi: 10.1016/j.bbamem.2007.08.018

 Hamari, S., Kirveskoski, T., Glumoff, V., Kulmala, P., Simell, O., Knip, M., et al. (2016). Analyses of regulatory CD4+ CD25+ FOXP3+ T cells and observations from peripheral T cell subpopulation markers during the development of type 1 diabetes in children. Scand. J. Immunol. 83, 279–287. doi: 10.1111/sji.12418 

 Harada, N. (2018). Role of androgens in energy metabolism affecting on body composition, metabolic syndrome, type 2 diabetes, cardiovascular disease, and longevity: lessons from a meta-analysis and rodent studies. Biosci. Biotechnol. Biochem. 82, 1667–1682. doi: 10.1080/09168451.2018.1490172 

 Holder, G., Makin, H. L. J., and Bradlow, H. L. (2010). “The measurement of estrogens,” in Steroid Analysis. eds. H. Makin and D. Gower (Dordrecht: Springer), 605–742.

 Honkanen, J., Nieminen, J. K., Gao, R., Luopajarvi, K., Salo, H. M., Ilonen, J., et al. (2010). IL-17 immunity in human type 1 diabetes. J. Immunol. 185, 1959–1967. doi: 10.4049/jimmunol.1000788 

 Human Microbiome Project Consortium (2012). Structure, function and diversity of the healthy human microbiome. Nature 486, 207–214. doi: 10.1038/nature11234 

 Kamimura, I., Watarai, A., Takamura, T., Takeo, A., Miura, K., Morita, H., et al. (2019). Gonadal steroid hormone secretion during the juvenile period depends on host-specific microbiota and contributes to the development of odor preference. Dev. Psychobiol. 61, 670–678. doi: 10.1002/dev.21827 

 Kisiela, M., Skarka, A., Ebert, B., and Maser, E. (2012). Hydroxysteroid dehydrogenases (HSDs) in bacteria: a bioinformatic perspective. J. Steroid Biochem. Mol. Biol. 129, 31–46. doi: 10.1016/j.jsbmb.2011.08.002 

 Kodama, S., Hosseinpour, F., Goldstein, J. A., and Negishi, M. (2011). Liganded pregnane X receptor represses the human sulfotransferase SULT1E1 promoter through disrupting its chromatin structure. Nucleic Acids Res. 39, 8392–8403. doi: 10.1093/nar/gkr458 

 Koren, O., Goodrich, J. K., Cullender, T. C., Spor, A., Laitinen, K., Backhed, H. K., et al. (2012). Host remodeling of the gut microbiome and metabolic changes during pregnancy. Cell 150, 470–480. doi: 10.1016/j.cell.2012.07.008 

 Kornman, K. S., and Loesche, W. J. (1982). Effects of estradiol and progesterone on Bacteroides melaninogenicus and Bacteroides gingivalis. Infect. Immun. 35, 256–263. doi: 10.1128/iai.35.1.256-263.1982 

 Kukreja, A., Cost, G., Marker, J., Zhang, C., Sun, Z., Lin-Su, K., et al. (2002). Multiple immuno-regulatory defects in type-1 diabetes. J. Clin. Invest. 109, 131–140. doi: 10.1172/JCI0213605 

 Laviolette, L. A., Garson, K., Macdonald, E. A., Senterman, M. K., Courville, K., Crane, C. A., et al. (2010). 17beta-estradiol accelerates tumor onset and decreases survival in a transgenic mouse model of ovarian cancer. Endocrinology 151, 929–938. doi: 10.1210/en.2009-0602 

 Li, J. Y., Chassaing, B., Tyagi, A. M., Vaccaro, C., Luo, T., Adams, J., et al. (2016). Sex steroid deficiency-associated bone loss is microbiota dependent and prevented by probiotics. J. Clin. Invest. 126, 2049–2063. doi: 10.1172/JCI86062 

 Lindheim, L., Bashir, M., Munzker, J., Trummer, C., Zachhuber, V., Leber, B., et al. (2017). Alterations in gut microbiome composition and barrier function are associated with reproductive and metabolic defects in women with polycystic ovary syndrome (PCOS): A pilot study. PLoS One 12:e0168390. doi: 10.1371/journal.pone.0168390 

 Makino, S., Kunimoto, K., Muraoka, Y., and Katagiri, K. (1981). Effect of castration on the appearance of diabetes in NOD mouse. Jikken Dobutsu 30, 137–140. doi: 10.1538/expanim1978.30.2_137 

 Markle, J. G., Frank, D. N., Mortin-Toth, S., Robertson, C. E., Feazel, L. M., Rolle-Kampczyk, U., et al. (2013). Sex differences in the gut microbiome drive hormone-dependent regulation of autoimmunity. Science 339, 1084–1088. doi: 10.1126/science.1233521 

 Marwaha, A. K., Crome, S. Q., Panagiotopoulos, C., Berg, K. B., Qin, H., Ouyang, Q., et al. (2010). Cutting edge: increased IL-17-secreting T cells in children with new-onset type 1 diabetes. J. Immunol. 185, 3814–3818. doi: 10.4049/jimmunol.1001860 

 Matsumura, I., and Ellington, A. D. (2001). In vitro evolution of beta-glucuronidase into a beta-galactosidase proceeds through non-specific intermediates. J. Mol. Biol. 305, 331–339. doi: 10.1006/jmbi.2000.4259 

 Mennigen, R., Nolte, K., Rijcken, E., Utech, M., Loeffler, B., Senninger, N., et al. (2009). Probiotic mixture VSL#3 protects the epithelial barrier by maintaining tight junction protein expression and preventing apoptosis in a murine model of colitis. Am. J. Physiol. Gastrointest. Liver Physiol. 296, G1140–G1149. doi: 10.1152/ajpgi.90534.2008 

 Mueller, S., Saunier, K., Hanisch, C., Norin, E., Alm, L., Midtvedt, T., et al. (2006). Differences in fecal microbiota in different European study populations in relation to age, gender, and country: a cross-sectional study. Appl. Environ. Microbiol. 72, 1027–1033. doi: 10.1128/AEM.72.2.1027-1033.2006 

 Neuman, H., Debelius, J. W., Knight, R., and Koren, O. (2015). Microbial endocrinology: the interplay between the microbiota and the endocrine system. FEMS Microbiol. Rev. 39, 509–521. doi: 10.1093/femsre/fuu010 

 Noack, M., and Miossec, P. (2014). Th17 and regulatory T cell balance in autoimmune and inflammatory diseases. Autoimmun. Rev. 13, 668–677. doi: 10.1016/j.autrev.2013.12.004 

 Okubo, Y., Torrey, H., Butterworth, J., Zheng, H., and Faustman, D. L. (2016). Treg activation defect in type 1 diabetes: correction with TNFR2 agonism. Clin. Transl. Immunology 5:e56. doi: 10.1038/cti.2015.43 

 Org, E., Mehrabian, M., Parks, B. W., Shipkova, P., Liu, X., Drake, T. A., et al. (2016). Sex differences and hormonal effects on gut microbiota composition in mice. Gut Microbes 7, 313–322. doi: 10.1080/19490976.2016.1203502 

 Osadchiy, V., Martin, C. R., and Mayer, E. A. (2019). The gut-brain Axis and the microbiome: mechanisms and clinical implications. Clin. Gastroenterol. Hepatol. 17, 322–332. doi: 10.1016/j.cgh.2018.10.002 

 Possemiers, S., Bolca, S., Verstraete, W., and Heyerick, A. (2011). The intestinal microbiome: a separate organ inside the body with the metabolic potential to influence the bioactivity of botanicals. Fitoterapia 82, 53–66. doi: 10.1016/j.fitote.2010.07.012 

 Pozzilli, P., Signore, A., Williams, A. J., and Beales, P. E. (1993). NOD mouse colonies around the world--recent facts and figures. Immunol. Today 14, 193–196. doi: 10.1016/0167-5699(93)90160-M 

 Purohit, A., Woo, L. W., and Potter, B. V. (2011). Steroid sulfatase: a pivotal player in estrogen synthesis and metabolism. Mol. Cell. Endocrinol. 340, 154–160. doi: 10.1016/j.mce.2011.06.012 

 Qi, X., Yun, C., Sun, L., Xia, J., Wu, Q., Wang, Y., et al. (2019). Gut microbiota-bile acid-interleukin-22 axis orchestrates polycystic ovary syndrome. Nat. Med. 25, 1225–1233. doi: 10.1038/s41591-019-0509-0 

 Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., et al. (2010). A human gut microbial gene catalogue established by metagenomic sequencing. Nature 464, 59–65. doi: 10.1038/nature08821 

 Raftogianis, R., Creveling, C., Weinshilboum, R., and Weisz, J. (2000). Estrogen metabolism by conjugation. J. Natl. Cancer Inst. Monogr. 2000, 113–124. doi: 10.1093/oxfordjournals.jncimonographs.a024234 

 Rooks, M. G., and Garrett, W. S. (2016). Gut microbiota, metabolites and host immunity. Nat. Rev. Immunol. 16, 341–352. doi: 10.1038/nri.2016.42 

 Sanna, S., van Zuydam, N. R., Mahajan, A., Kurilshikov, A., Vich Vila, A., Vosa, U., et al. (2019). Causal relationships among the gut microbiome, short-chain fatty acids and metabolic diseases. Nat. Genet. 51, 600–605. doi: 10.1038/s41588-019-0350-x 

 Secky, L., Svoboda, M., Klameth, L., Bajna, E., Hamilton, G., Zeillinger, R., et al. (2013). The sulfatase pathway for estrogen formation: targets for the treatment and diagnosis of hormone-associated tumors. J. Drug Deliv. 2013:957605. doi: 10.1155/2013/957605 

 Shen, R. L., Dang, X. Y., Dong, J. L., and Hu, X. Z. (2012). Effects of oat beta-glucan and barley beta-glucan on fecal characteristics, intestinal microflora, and intestinal bacterial metabolites in rats. J. Agric. Food Chem. 60, 11301–11308. doi: 10.1021/jf302824h 

 Shi, G., Sun, C., Gu, W., Yang, M., Zhang, X., Zhai, N., et al. (2014). Free fatty acid receptor 2, a candidate target for type 1 diabetes, induces cell apoptosis through ERK signaling. J. Mol. Endocrinol. 53, 367–380. doi: 10.1530/JME-14-0065 

 Sommer, F., and Backhed, F. (2013). The gut microbiota--masters of host development and physiology. Nat. Rev. Microbiol. 11, 227–238. doi: 10.1038/nrmicro2974 

 Sun, J., Furio, L., Mecheri, R., van der Does, A. M., Lundeberg, E., Saveanu, L., et al. (2015). Pancreatic beta-cells limit autoimmune diabetes via an Immunoregulatory antimicrobial peptide expressed under the influence of the gut microbiota. Immunity 43, 304–317. doi: 10.1016/j.immuni.2015.07.013 

 Suzuki, T. (2013). Regulation of intestinal epithelial permeability by tight junctions. Cell. Mol. Life Sci. 70, 631–659. doi: 10.1007/s00018-012-1070-x 

 Talaat, R. M., Sidek, A., Mosalem, A., and Kholief, A. (2015). Effect of bisphosphonates treatment on cytokine imbalance between TH17 and Treg in osteoporosis. Inflammopharmacology 23, 119–125. doi: 10.1007/s10787-015-0233-4 

 Tremaroli, V., and Backhed, F. (2012). Functional interactions between the gut microbiota and host metabolism. Nature 489, 242–249. doi: 10.1038/nature11552 

 Tremellen, K., and Pearce, K. (2012). Dysbiosis of gut microbiota (DOGMA)—a novel theory for the development of polycystic ovarian syndrome. Med. Hypotheses 79, 104–112. doi: 10.1016/j.mehy.2012.04.016 

 Uzel, G., Sampaio, E. P., Lawrence, M. G., Hsu, A. P., Hackett, M., Dorsey, M. J., et al. (2013). Dominant gain-of-function STAT1 mutations in FOXP3 wild-type immune dysregulation-polyendocrinopathy-enteropathy-X-linked-like syndrome. J. Allergy Clin. Immunol. 131, 1611–1623. doi: 10.1016/j.jaci.2012.11.054 

 Van Eldere, J., Robben, J., De Pauw, G., Merckx, R., and Eyssen, H. (1988). Isolation and identification of intestinal steroid-desulfating bacteria from rats and humans. Appl. Environ. Microbiol. 54, 2112–2117. doi: 10.1128/aem.54.8.2112-2117.1988 

 Viaud, S., Saccheri, F., Mignot, G., Yamazaki, T., Daillere, R., Hannani, D., et al. (2013). The intestinal microbiota modulates the anticancer immune effects of cyclophosphamide. Science 342, 971–976. doi: 10.1126/science.1240537 

 Viisanen, T., Gazali, A. M., Ihantola, E. L., Ekman, I., Nanto-Salonen, K., Veijola, R., et al. (2019). FOXP3+ regulatory T cell compartment is altered in children With newly diagnosed type 1 diabetes but not in autoantibody-positive at-risk children. Front. Immunol. 10:19. doi: 10.3389/fimmu.2019.00019

 Wallace, B. D., Roberts, A. B., Pollet, R. M., Ingle, J. D., Biernat, K. A., Pellock, S. J., et al. (2015). Structure and inhibition of microbiome beta-Glucuronidases essential to the alleviation of cancer drug toxicity. Chem. Biol. 22, 1238–1249. doi: 10.1016/j.chembiol.2015.08.005 

 Wallace, B. D., Wang, H., Lane, K. T., Scott, J. E., Orans, J., Koo, J. S., et al. (2010). Alleviating cancer drug toxicity by inhibiting a bacterial enzyme. Science 330, 831–835. doi: 10.1126/science.1191175 

 Xue, J., Li, X., Liu, P., Li, K., Sha, L., Yang, X., et al. (2019). Inulin and metformin ameliorate polycystic ovary syndrome via anti-inflammation and modulating gut microbiota in mice. Endocr. J. 66, 859–870. doi: 10.1507/endocrj.EJ18-0567 

 Ye, L., Martin, T. A., Parr, C., Harrison, G. M., Mansel, R. E., and Jiang, W. G. (2003). Biphasic effects of 17-beta-estradiol on expression of occludin and transendothelial resistance and paracellular permeability in human vascular endothelial cells. J. Cell. Physiol. 196, 362–369. doi: 10.1002/jcp.10315 

 Yuille, S., Reichardt, N., Panda, S., Dunbar, H., and Mulder, I. E. (2018). Human gut bacteria as potent class I histone deacetylase inhibitors in vitro through production of butyric acid and valeric acid. PLoS One 13:e0201073. doi: 10.1371/journal.pone.0201073 

 Yurkovetskiy, L., Burrows, M., Khan, A. A., Graham, L., Volchkov, P., Becker, L., et al. (2013). Gender bias in autoimmunity is influenced by microbiota. Immunity 39, 400–412. doi: 10.1016/j.immuni.2013.08.013 

 Zhang, F., Ma, T., Cui, P., Tamadon, A., He, S., Huo, C., et al. (2019a). Diversity of the gut microbiota in Dihydrotestosterone-induced PCOS rats and the pharmacologic effects of Diane-35, probiotics, and Berberine. Front. Microbiol. 10:175. doi: 10.3389/fmicb.2019.00175

 Zhang, J., Sun, Z., Jiang, S., Bai, X., Ma, C., Peng, Q., et al. (2019b). Probiotic Bifidobacterium lactis V9 regulates the secretion of sex hormones in polycystic ovary syndrome patients through the gut-brain Axis. mSystems 4:e00017-19. doi: 10.1128/mSystems.00017-19

 Zhao, R. (2012). Immune regulation of osteoclast function in postmenopausal osteoporosis: a critical interdisciplinary perspective. Int. J. Med. Sci. 9, 825–832. doi: 10.7150/ijms.5180 

 Zhu, B. T., and Conney, A. H. (1998). Functional role of estrogen metabolism in target cells: review and perspectives. Carcinogenesis 19, 1–27. doi: 10.1093/carcin/19.1.1 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 He, Li, Yu, Zhang, Liang, Liu, Chen and Lü. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-12-711137-t001.jpg
Model nd changed a
Fosing ot susponsions of pro J—
Colisuy v of e organsms om Progesirns
subgingal sampaof grghis Prooala lemecist
il mioo:
Pophyomonadaceeet elonclooeet,
D _— Knoosporacoset  Poptocscsacsat,
s Entroboctarocsot Locobaclaceae,
yopagacsse, Peptotaptococcacesr,
Homons dfecarce baveen Peptosrr
fesil [ —
nmaiomoo
Vs fom 68 sfent s .
Mo fonae, Examingdcent
s soprcy Fitehs
Non-speciic hormenal changed) bt
(especiay n st of CS7EUB) anc CH
Prpupascent iave Overlnormona hange befors A dverstybetarainpostoubescant ca bt ot
ospubescen mice andiaer pboscont Sropubascont mico
Mal, ol castatod mdo_cvral hormaralchang bekore  mirobiome ffamd s Gosr 0 castated ml han
s st s ‘o miopons.
Goradectomy i and -
‘St mlomio bk anatar Anksgen' or b v b gt s e
el stoy 9HoDen suppiament
Esiradprogstocns,
cacomaons:
raloves o fac o,
6% mics, S i, G597 o rogutuana nd corioone Gem o oot
0 GF-57F s wer it ower
tran s n S i and s
0GP i v th ovest
©51am NOD s and asiratod
NOD i o and afer
homono suppmont - P
@NOD i, GF NOD s, o vinout anogen
ren GENCORS, Befosan st oo st
iroitaransis o o NOD
Hoayvomenbeor and afr Gt mrcbomo ot atred g progancy
sregnancy Oveltamo g el durg ho T3
Homnshay (e ) et g sbundnce of Sacaroces
s ator mnopaues Ol ioe

1, inceass; J, decressa,

Results and possible mechanisms

Result:

Levels ofsex hormona roguatsthe dversy of gut
microbiome.

Rosult:

The gender bias of composton of ut mirctiome.
Possible mechanism:

(Crange ofsex hormones shaps the compositon of gt
microtiome.

Rosult:

Levels ofsex hormone reguite the diversty o gut
micrtiome.

Rosult:
The compostion f gut microtiota infuencos hormone
leves.

Possible mechanism:
© Bacteril p-gucuronidase catalyzs estogens convert
fom conjugated 0 decongated:

@B gut i,

Rosults:

© Castraton can ncreass thoncdence of D o mal mico;
and ancrogen teatment confrs protection o femaes;
®Gorm o0 animals oo the soxal dimorphism of T1D n
NOD ice; mal-10-emale NOD ice showed incroased
‘sorum tstosteronlvols, metabalomic changes and
ncreased TID protectn.

The inforonce obtainod from the above experimental
rosults aro comblr

The protocton of nxkogen on TID s microtioma dependent,
I ofhor words, microbiome may aflect h e of ankogen.
Rosult:

Prevote than feal, i post-menopausal woren Lovl of ex hormono reguiate tho sty of gut
‘micobiome.

microtiota it dfered rom male one

Roferonces

Koroman and Lossche, 1062

Vorkovetsidy et a, 2013
orgetal. 2018

Vatkovetsky ot al, 2013
Yuskoretsy ot l, 201
orgetal, 2016

Vurkovetsiy ot a, 2

Makino o al, 1981; Pozzi
otal 1993; Org ot o, 2016
Fabir ot 2019

Korenat al, 2012
Mosler ot o, 2006






OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Gut Microbiome and Sex Hormone-Related Diseases



		Introduction



		The Interaction Between Sex Hormones and the Gut Microbiome



		Sex Bias of the Composition of the Gut Microbiome



		Sex Hormone Levels Regulate the Diversity of the Gut Microbiome



		The Composition of Gut Microbiota Influences Hormone Levels



		The Gut Microbiome Influences the Levels of Oestrogen, Progesterone and Corticosterone and a Possible Mechanism of These Effects



		The Gut Microbiome Influences the Level of Androgens















		The Relationship Between the Gut Microbiome and Some Common Sex Hormone-Related Diseases



		Ovarian Cancer



		Hypothetical Relationship Between the Pathogenesis of Ovarian Cancer and the Microbiome



		Clinical Implications of the Microbiome in Treating Ovarian Cancer









		Postmenopausal Osteoporosis



		Hypothetical Relationship Between the Pathogenesis of PMOP and the Microbiome



		Clinical Implications of the Microbiome in Treating PMOP









		Polycystic Ovary Syndrome



		Hypothetical Relationship Between the Pathogenesis of PCOS and the Microbiome



		Clinical Implications of the Microbiome in Treating PCOS









		Type 1 Diabetes



		Hypothetical Relationship Between T1D and the Microbiome



		Clinical Implications of the Microbiome in Treating T1D















		Discussion



		Author Contributions



		Funding



		References



















OPS/images/fmicb-12-711137-g001.jpg
1. Clostridium
Eumen S X B yygenus Clostidum
8. fragils 0\ Lactobacilus acidophilus
y; & Bacilus clausi
R st
acidophilis
Microbiota
TJP \ 4
D B intestinhominis
i ~ E.hice
Foxp3
Treg Th17
TGF-
11014
Immune system activation =
@ TP
— g D=
Insulin Insulin receptor

r
Sa-reductase

Dihydrotestosterone

e )

p-
Testosterone =

Ratio of
Treg cellCD* T cell
Lumina propria

N

e

Estrone receptor

= &
E.cylindroides
P riger
Glostdum

\

Estrone sulfate

—— stimulation

inhibition






OPS/images/fmicb-12-711137-g002.jpg





OPS/images/cover.jpg
, frontiers
in Microbiology

The Gut Microbiome and Sex
Hormone-Related Diseases









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Microbiology





