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    The book “Recent Trends and The Future of Antimicrobial Agents” tries to explore various alternatives of multi drug resistant bacteria which are the major causes of therapeutic failure. The book provides various approaches to the solution and each section describes and analyses the approach towards the problem. Research is going on globally on various alternatives to treatment like Plant based antimicrobials, Photodynamic therapies, enzyme based and antibody based antimicrobial approaches, chemical compounds that act as antimicrobial agents, nano-materials which act as antimicrobial agents, probiotic, prebiotic and peptides compounds or agents. The writers have taken up each scenario to make the readers understand about the macro and micro factors associated with the approach.




    The book attempts to throw light on the various aspects of the pathogenic multi drug resistant bacteria and takes a wide horizon on the impact of antibiotics on them. The discovery of penicillin paved the way for the antibiotics to become popular but as the bacteria can accumulate on multiple genes making them resistant to a particular drug, similarly the resistance can also be caused by an increased expression of genes responsible for multi-drug efflux pumps forcing out a lot many drugs. Hence the need to develop an alternative strategy is very critical for therapeutic success. The book describes all these scenarios in two subsequent volumes of the title. Volume-1 includes the naturally derived antimicrobial remedies/strategies. The Volume-2 of the same title incorporates the chemical and advanced nanomaterial based strategies along with sustainable antimicrobial strategies viz. use of probiotics and photodynamic therapy. I would like to thank the authors for their dedicated effort and the publishers in converting that effort into a reality. I am sure that the information will be very useful for Clinicians as well as Microbiologists.
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    Many microbial pathogens have evolved as drug resistant due to indiscriminate and injudicious use of drugs. This has compelled researchers to find novel antimicrobial agents with diverse chemical structures and novel mechanisms over the conventional antimicrobial agents rendering the pathogens with minimum scope to develop resistance. Last few decades have witnessed profound research on different areas for the development of alternative antimicrobial agents. These include novel chemically synthesized molecules, nanomaterials and probiotic/prebiotic mediated immunity boosters, etc. “Recent Trends and the Future of Antimicrobial Agents”, Part 2 is a continuation of the Part 1 of the same title that dealt with the naturally derived antimicrobial remedies/strategies. The present Part 2 of the same title deals with the chemically synthesized compounds, nanomaterials and probiotics.




    The devastating pandemic caused by the severe acute respiratory syndrome-causing corona virus-2 (SARS CoV-2) virus has once again taught us that “Prevention is better than cure”. The overburden of xenobiotic drugs can be drastically reduced by boosting our immune system and fighting the disease causing microbes in association with the helpful bacteria and their metabolites. Three chapters of the book uncover the probiotic/prebiotic/antibacterial peptide compounds as novel antimicrobial approaches and disorder-management therapies. All of these “-biotics” are designed to modulate the gut microbiota in a way that improves health and reduces the need to gulp antibiotics indiscriminately and thus indirectly assist in fighting potential bacterial threats. But, prevention may not always be able to protect us from infiltrating microbes. Chemical synthesis enables researchers to develop target based prospective drug molecules to fight against ever-changing microorganisms. The potent synthetic pathways are discussed in a chapter. The plant-based products have traditionally been used as natural healing systems. Although, modern scientific approaches focus on active compounds. Bioactive natural compounds and synthetic drug candidates are promising therapeutic agents for human health and disease management. Their therapeutic efficacy can be enhanced if their bioavailability is raised to the optimum level and/or delivered to the target cells/tissue involving nanocarriers. The membrane targeting bactericidal agents are also emerging as potent antimicrobials since developing resistance against them demands extensive restoration of membrane compounds, which is a conceivably formidable challenge for the bacteria. In this regard, membrane-targeting nanoscale materials, amphiphiles, and antimicrobial peptides bear special merit. Two chapters discuss the potential of cationic amphiphiles as promising antimicrobial entities and amphiphilic nanocarriers as delivery vehicles. Another chapter discusses the design, synthesis and antimicrobial applications of Metal-Organic Frameworks (MOFs). Thus, amphiphiles of this new genre have enough potential to deliver several antibacterial molecules in years to come. The emergence of nanoscience and technology in recent years offers great promise in therapeutics. Nanomaterials are emerging as a novel class of antimicrobial agents to overcome the challenges faced by conventional antimicrobials. Using nanomaterials as bactericidal agents represents a novel approach to antibacterial therapeutics. Three chapters of this book cover the recent development, antimicrobial prospects of biogenic metal or metalloid nanoparticles, bactericidal QDs and MoS2 based antibacterial nanocomposites. A new-age approach to combat microbes, antimicrobial photodynamic therapy (aPDT), is discussed in a chapter. PDT uses a nontoxic and lightsensitive dye, a photosensitizer (PS), in combination with nontoxic visible light of the appropriate wavelength to excite the PS and oxygen that can selectively control bacterial infections by the generation of highly cytotoxic reactive oxygen species (ROS).




    In the process of editing the book we have received needful assistance and inspiration from different spheres of academy. We express our sincere gratitude to Prof. (Dr.) Dhrubajyoti Chattopadhyay, Vice Chancellor, Sister Nivedita University, Kolkata, West Bengal for his motivation throughout the project. We express our gratitude to the Vice Chancellor, University of North Bengal, Darjeeling, for all necessary facilities and support. We are thankful to Fr. (Dr.) Lalit P. Tirkey, Principal, North Bengal St. Xavier’s College (NBSXC), Jalpaiguri, for his continuous encouragement. Our sincere thanks go to all authors for their hard work and professionalism in making this book a reality. Their expertise in the contributed chapters is acknowledged and appreciated. Finally, we appreciate Bentham Science Publishers for their assistance and constant support in publishing the book.
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      Abstract




      Polycystic ovarian syndrome (PCOS) is the most frequent endocrine disorder currently plaguing women. There are many factors associated with high androgenicity in the female body. Dysbiosis of gut microbiota may be one of the primary reasons that initiate PCOS. Emerging evidence suggests that some plastics, pesticides, synthetic fertilizers, electronic waste, food additives, and artificial hormones that release endocrine-disrupting chemicals (EDCs) cause microbial Dysbiosis. It is reported that the permeability of the gut is increased due to an increase of some Gram-negative bacteria. It helps to promote the lipopolysaccharides (LPS) from the gut lumen to enter the systemic circulation resulting in inflammation. Due to inflammation, insulin receptors' impaired activity may result in insulin resistance (IR), which could be a possible pathogenic factor in PCOS development. Good bacteria produce short-chain fatty acids (SCFAs), and these SCFAs have been reported to increase the development of Mucin-2 (MUC-2) mucin in colonic mucosal cells and prevent the passage of bacteria. Probiotic supplementation for PCOS patients enhances many biochemical pathways with beneficial effects on changing the colonic bacterial balance. This way of applying probiotics in the modulation of the gut microbiome could be a potential therapy for PCOS.
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      INTRODUCTION




      Polycystic ovarian syndrome (PCOS) is a condition of hormonal imbalance that causes female reproductive abnormalities, especially in reproductive age common disorder in women, with a wide range of prevalence rate from 6 to 20% [1, 2]. The main characteristics of PCOS are polycystic ovaries, hyperandrogenism, anovulation, abnormal menstruation [3], hypertension, central obesity, and dyslipidemia [4]. Though the pathologic process of PCOS is complex and mostly unknown, the symptoms are often associated with internal secretory problems, such as decreased progesterone, estrogen, and sex hormone binding globulin (SHBG) and elevated testosterone, luteinizing hormone (LH), among other things [5]. Progesterone is one of the key hormones linked to PCOS and whose primary role is to aid in the maintenance of pregnancy [6]. PCOS patients are unable to produce a corpus luteum due to low progesterone levels and irregularities in the fertilization process [7]. Infertility, cardiovascular disease, insulin resistance (IR), type 2 diabetes mellitus (T2DM), visceral obesity, and endothelial dysfunction are all common symptoms of PCOS. As a result, this syndrome is classified as a metabolic disease that affects the quality of women’s lives as well as a fertility concern [8].




      While PCOS is known to cause genetic, neuroendocrine, metabolic, environmental, and lifestyle factors, the etiology of PCOS remains unclear. According to new data, the gut microbiome may have a role in the development of PCOS [9]. It is suggested that differences in gut microbiota composition are correlated with metabolic and clinical changes in PCOS patients [10, 11]. Imbalances in gut microbiology may result in Dysbiosis of gut microbiota and may cause activation of the host’s immune system. The activation of the immune system causes chronic activation of inflammatory response and initiates a state of IR due to improper function of insulin receptors. It is known earlier that IR interferes with the growth of follicles for the excess production of androgen by the ovary’s thecal cells [12].




      An unhealthy lifestyle, consuming junk food, and various inflammatory mediators increase the risk of PCOS [13, 14]. Emerging evidence suggests interactions between endocrine-disrupting chemicals (EDCs) and the microbiome, affecting host health. EDC exposure has been shown to disrupt the microbiome, which can lead to Dysbiosis and the induction of xenobiotic-related pathways, microbiome-associated genes, enzymes and metabolite production, which can play a key role in EDCs biotransformation. This Dysbiosis of gut microbiota may be associated with the globalization of industry and the manufacture of plastics, synthetic fertilizers, pesticides, electronic trash, and additives in food that release EDCs into the environment and food chain [15]. Gut bacteria dysbiosis helps to promote the Lipopolysaccharides (LPS) from the gut lumen to the systemic circulation. LPS causes chronic stimulation of hepatic and tissue macrophages, and insulin tolerance is increased due to impaired activity of insulin receptors. Hyper-insulinemia then increases the secretion of androgens in the ovaries and prevents normal processes of ovulation [12].


    




    

      WHAT IS PCOS?




      PCOS is a complex condition marked by high testosterone levels, irregular menstruation cycles, and/or small cysts on one or both ovaries [16]. Later it was redefined to establish different diagnostic criteria. It was first redefined by the National Institutes of Health (NIH) in 1990, and according to it, patients with hyperandrogenism and oligo-anovulation are diagnosed with PCOS [17]. It was further redefined by Rotterdam Consensus in 2003 that postulates patients should have at least two among the three classic features which are irregular menstrual cycle, hyperandrogenism and enlarged “polycystic” ovaries in pelvic ultrasonography [18]. In addition to the main hyperandrogenic findings, those with oligo anovulation or polycystic ovarian criteria are considered to have PCOS, according to the Androgen Excess and PCOS Society (AE-PCOS) in 2006 [19]. The three Rotterdam criteria, which are currently accepted according to the international PCOS guidelines [20], can divide the condition down into four phenotypes. These are (1) classic PCOS (chronic anovulation, hyperandrogenism, and polycystic ovaries); (2) non-polycystic ovary PCOS (hyperandrogenism, chronic anovulation, and normal ovaries); (3) ovulatory PCOS (hyperandrogenism, polycystic ovaries, and regular menstrual cycles); and (4) mild/norm androgenic PCOS (chronic anovulation, normal androgens, and polycystic ovaries) [21].




      The various components of the diagnostic criteria cause changes in prevalence across the NIH criteria 1990, the Rotterdam 2003 criteria and the AE-PCOS 2006 criteria [22]. A meta-analysis was performed on all published studies which reported PCOS prevalence was 6%, 10%, and 10% according to the diagnostic criteria of NIH, Rotterdam, and AE-PCOS Society, respectively, based on at least one subset of diagnostic criteria [23]. In India, PCOS prevalence was 22.5% by Rotterdam and 10.7% by Androgen Excess Society criteria. Mild PCOS is amongst the most common phenotypes occurring in about 52.6% of women [24].




      

        Etiopathology of PCOS




        Though the main reason for PCOS is unknown, it is known to be a multifunctional disorder with genetic, endocrinological, and environmental factors having a role to play [25]. Hyperandrogenism, seen in 90 percent of women with PCOS, plays an important role in the disease etiology [26]. Androgen excess may cause hirsutism, acne, and alopecia in PCOS patients. Not only androgen hormones but also the level of gonadotrophin-releasing hormone, follicular stimulating hormone (FSH), luteinizing hormone (LH) and prolactin are also disturbed in the case of PCOS [27]. It is also linked with many metabolic disorders, like glucose intolerance, T2DM, dyslipidemia, hepatic steatosis, hypertension and increased cardiovascular surrogate markers [28].




        Since 1968, studies have shown a significant genetic function that contributes to the etiology of PCOS [29]. Patients with first-degree relatives of PCOS are at greater risk of being influenced by the syndrome relative to the general population. There are so many candidate genes that are responsible for the involvement of various biochemical pathways that may lead to an increase of androgen hormone, leading to an ovary dysfunction. It had shown that there are 100 candidate genes associated with the reproductive axis, IR and chronic inflammation, which have not shown reproducible results [30].




        It is reported that obesity is another factor for PCOS because obese women take a much longer time for pregnancy than non-obese women. Obese women face higher infertility risk than non-obese women because of adipokines, a bioactive cytokine that regulate so many functions like IR, inflammation, hypertension, cardiovascular risk, coagulation, and oocyte differentiation and maturation [31]. It was seen that these abnormal levels of these factors are strongly associated with IR and T2DM in PCOS patients. Another factor associated with PCOS is insulin resistance, in which blood glucose levels increase dramatically. It is reported that CC chemokine ligand 18 (CCL18) is a chemokine whose expression was much higher in obese people and decreased after they lost weight [32]. In PCOS patients, there is a strong association between serum CCL 18 levels and IR, and this can serve as a marker for PCOS [33]. Due to IR, high levels of glucose increase in blood; as a result, functional disturbances in ovaries occur, and androgen hormone levels increase in the female body [12]. There are so many chemical toxicants that are used in industry or as fertilizer that act as endocrine disruptor that plays a crucial role in the dysfunction of our endocrine system. In experimental use of BPE and BPS, structurally similar BPA analogs accelerate the onset of puberty, disrupt estrous cyclicity, and impair adult reproductive functions with age which indicates that there is a strong association between the endocrine disruptors and PCOS [34].




        A further mechanism has been thought to be a key factor in PCOS development in recent years. This mechanism is intestinal microbiota, which is thought to contribute to the pathogenesis of many disorders [9].


      


    




    

      GUT MICROBIOTA




      The human gastrointestinal tract (GI) comprises an abundant and complex microbial population that contains over 100 trillion micro-organisms [35]. The gut microbiome encodes more than three million genes that contain thousands of metabolites, while the human genome consists of about 23,000 genes [36]. The microbiota starts to evolve immediately after birth, and its composition is damaged by various factors such as age, birth type, diet, lifestyle, genetic predisposition and antibiotic usage [37]. Every healthy human being has unique gut microbiota. The makeup of a balanced gut microbiome is described by the richness and diversity of gut microbiota produced in early life [38]. Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria are the four main dominant phyla that belong to more than 99% of intestinal bacteria [39, 40]. Among healthy adults, two phyla, Bacteroidetes and Firmicutes, dominate the intestinal microbiota [41, 42]. Most probiotic products contain high levels of Lactobacillus or Bifidobacterium spp. that support the host's immune system, stimulate the host's defense by increasing anti-microbial defensive production, regulate intestinal permeability, and are often the main metabolite producers, such as vitamins [43].




      

        Importance of Gut Microbiota




        The gut microbiota maintains a symbiotic relationship with the gut mucosa and provides significant roles in metabolic, protective, structural, immunomodulation, and neuroendocrine functions in a healthy person [44, 45]. Gut microbiota performs various metabolic functions like vitamins, short-chain free fatty acids (SCFAs) and the processing of conjugated linoleic acids, amino acid synthesis, bile acid biotransformation, nondigestible food fermentation and hydrolysis, ammonia synthesis and detoxification [46]. The SCFA is produced by good bacteria through the fermentation of carbohydrates such as soluble fibers that are delivered to the colon without digestion [47]. Pyruvate is produced primarily from carbohydrates, and gut microbiota helps to further fermentation to generate energy as it is catabolized into succinate, lactate, or acetyl-CoA. However, these catabolized products are not available in large concentrations in typical faecal samples because they can be further metabolized by cross-feeders, producing SCFAs such as acetate, propionate, and butyrate [48]. These three main SCFAs have several important functions in metabolism as they play different roles in anti-inflammatory, anticarcinogenic, and immunomodulatory effects. Consumption of butyrate improves the integrity of intestinal epithelial cells (IECs) by promoting tight junctions, cell proliferation, and increasing mucin production by Goblet cells [49]. Another important function of butyrate is to stimulate both IECs and antigen-presenting cells (APCs) to produce the cytokines TGF-β, IL-10, and IL-18, and induce the differentiation of naive T cells to T regulatory cells [50]. Butyrate also has an anti-carcinogenic effect as it helps to increase the apoptosis of colon cancer cells. Propionate participates in the process of gluconeogenesis, while acetate plays an important role in cholesterol metabolism and lipogenesis [51].




        Good bacteria have the ability to produce some nutrients and regulatory substances that improve the function of the colonic epithelium. The production of mucus is maintained in the human body by the mucin gene. The major intestinal mucus is produced by the MUC2 gene. SCFA produced by good bacteria have been reported to increase the development of MUC-2 mucin in colonic mucosal cells and prevent the passage of bacteria [52, 53]. Good bacteria such as Bifidobacteria and Lactobacillus help in maintaining the growth of bad bacteria and hold bad bacteria numbers in control. Bifidobacteria and Lactobacillus reduce the pH of the colonic lumen by producing SCFA and lactic acid and create a condition that is unfavorable for bad bacteria. In this way, the bad bacterial number is maintained and minimized the production of colonic luminal endotoxin (LPS) [54].




        An imbalance in the composition and metabolic capacity of our microbiota is termed Dysbiosis. It is a process that results from a reduction in the ratio of beneficial/ harmful bacteria, and as a result, it increases the risk of developing some chronic diseases such as allergies, inflammatory bowel disease, cancer, lupus, asthma, multiple sclerosis, Parkinson’s disease, celiac disease, obesity, IR, T2DM, and cardiovascular diseases [46, 55].


      




      

        Relationship between PCOS and Gut Microbiota




        Early it was very confusing whether gut microbiota dysbiosis causes PCOS or PCOS leads to gut microbiota dysbiosis, but recently, it has been confirmed that microbiota dysbiosis may play a role in PCOS pathogenesis [11]. PCOS women have a lowered α diversity compared with healthy women. It has been shown that hyperandrogenism, total testosterone, and hirsutism have a negative correlation with α diversity of gut microbiota, and there is also a correlation of β diversity with hyperandrogenism [56].




        There are some possible mechanisms, which explain the role of gut microbiota in PCOS pathogenesis. One of them is gut microbiota dysbiosis which activates the host's immune system. IR and chronic inflammation are the two main biochemical features known to be present in PCOS patients in the vast majority. It is known that there are 1014 bacteria present in the human gut [57], and Dysbiosis of these bacteria may cause the activation of the immune system of the host. As a result, the activation of immune system causes chronic activation of inflammatory response and initiates a state of IR due to improper function of insulin receptors. Earlier it is well-known that IR interferes with the growth of follicles for the production of excess androgen by the ovary’s thecal cells. This novel microbiological paradigm for PCOS is called the DOGMA theory-Dysbiosis of Gut Microbiota [9].




        

          Gut Microbiota and SCFA




          The consumed carbohydrate is degraded into simple sugar and further fermented into hydrogen, carbon-di-oxide, methane, and SCFA to provide energy to the host [58]. A vicious circle is formed in obese individuals because they consume more energy from food. Due to this phenomenon, the composition of gut microbiota is altered, and this alteration leads to the disease. Gut microbiota decomposes organic materials to produce SCFA, which can stimulate the release of peptide YY(PYY) in the ileum and colon. PYY has three major functions; it inhibits intestinal peristalsis, decreases the secretion of the pancreas and promotes the absorption of energy in the intestinal tract [59]. According to certain studies, the distribution of different gut microbes may have different abilities to absorb energy. An experiment observed that obese mice absorb more energy as they have more Firmicutes and fewer Bacteroides than lean mice after treating the same diet. In addition, wild aseptic mice were given a gut microbiota transplant from obese mice, and they turned became obese with high energy intake capacity. More than half of the PCOS patients show characteristics of the overweight or obese condition [10, 60].


        




        

          Gut Microbiota and Cytokines




          PCOS is associated with chronic activation of the immune system by some proinflammatory cytokines such as TNF-α and interleukin-6 (IL-6). TNF-α induces the NF-κB signaling pathway, which affects the barrier function of pancreatic duct epithelial cells by altering tight junction-related proteins [61]. Increasing LPS in the systemic circulation causes low-grade chronic inflammation and may result in metabolic endotoxemia [62]. The introduction of some endocrine-disrupting chemicals in the human intestine may cause Dysbiosis of the gut microbiome, and there is an increase of excessive Gram-negative bacteria introduced that causes chronic endotoxemia by increasing the amount of circulating bacterial LPS. The enterocytes that bear toll-like receptors on their surface can recognize bacterial LPS that help to induce inflammation through the activation of nuclear factor Kappa B (NF-κB). Another factor that causes metabolic endotoxemia is the decrease of tight junction protein due to changes in the intestinal flora. There is a biomarker for intestinal permeability called zonulin that was found higher in 78 women with PCOS compared to the healthy controls. A positive correlation was also found between serum zonulin levels and IR that may lead to the severity of menstrual problems [63]. Studies suggest that there is a significant alteration of T-lymphocyte subsets and different profiles of the leukocyte population that clearly show a connection between excess androgen, chronic inflammation, and immune-mediated diseases in patients with polycystic ovary syndrome [64].




          IR is the most common feature of PCOS that affects 70% of obese and lean women. A substantial combination of low-grade chronic inflammation with sympathetic dysfunction and hyperandrogenism indicates the role of chronic inflammation in mediating the effect of sympathetic dysfunction on PCOS hyperandrogenism and IR [65]. IR is caused in obese PCOS patients by increased cytokine levels such as TNF-α, and IL-6 and by the movement of LPS throughout systemic circulation that results from increased bowel permeability. If levels of both fasting blood glucose and insulin rise, then LPS is directly applied to the circulation of mice and humans [66, 67]. Inflammation-induced IR raises blood testosterone levels in two ways. The first cause of hyperinsulinemia results in the overproduction of androgen synthesis by ovaries [68]. Second, hyperinsulinemia, by decreasing SHBG, raises the free (bioactive) testosterone levels [69]. Higher levels of androgens caused by hyperinsulinemia may cause acne as well as hirsutism [70]. In addition, the synthesis of androgen by singleton cells is stimulated by hyperinsulinemia as it raises the level of free insulin-like growth factor 1 (IGF-1) in the blood, which suppresses the production of the insulin-like growth factor 1 binding protein (IGFBP-1) [71]. High insulin levels, as well as IGF-1 activity, hamper the natural process of follicle growth from primary follicles and trigger ovarian polycystic structures and also menstrual irregularities [72].


        




        

          Gut Microbiota and the Gut-brain Axis




          Metabolites of gut microbiota stimulate the secretion of gut-brain peptides and regulate inflammatory pathway activation that may cause IR as well as hyperinsulinemia. The pathway activation occurs through a complex process by the brain-gut axis, the central nervous system, and the gastrointestinal system. Some gut-brain axis mediators have been identified, including serotonin, ghrelin, and peptide YY (PYY), which play various roles in folliculogenesis. In primordial follicle oocytes, serotonin is found to a greater degree and decreases at the later stages of folliculogenesis. Serotonin is uptaken by the specific receptor serotonin transporter (SERT) and has a significant impact on the folliculogenesis process [73]. Gut-brain mediators also play an important role in the psychological well-being of women with PCOS by appetite regulation. Another function of these mediators is energy homeostasis and LH secretion [10, 74, 75]. Some spore-forming bacteria, such as Clostridial bacteria, help in serotonin biosynthesis but species belonging to Bacteroides are not associated with this function. Some intestinal bacteria which produce SCFA also regulate PYY secretion [76]. An investigation reported that the ghrelin, serotonin, and PYY levels were lower in PCOS patients than in the control group. These mediators also negatively correlate with PCOS-related parameters such as waist circumference and testosterone [10]. Patients with PCOS show lower levels of Clostridial species and higher levels of Bacteroides species. Researchers found that the level of ghrelin is negatively correlated with the abundance of Bacteroides, Blautia, Escherichia/Shigella [10]. There are few studies that support the possible mechanism of PCOS pathogenesis in relation to the gut microbiome. Therefore, more thorough and in-depth studies are needed to strongly prove the link between gut bacteria, mediators of the brain-intestinal axis, and PCOS phenotype.


        




        

          Gut Microbiota and Androgen Hormone




          Another factor that may contribute to the development of PCOS is the androgen hormone, which is influenced by the composition of the gut flora [77-79]. This has been demonstrated that changing the composition of the gut bacteria causes an increase in androgen hormone in PCOS patients [78, 79]. However, little evidence is there that supports how gut microbiota is affected by sex steroids. Gut microbiota composition is directly influenced by sex steroids by energy production and changing the activity of beta-glucuronidase [77, 80]. In addition, the gut microbiota is also regulated indirectly by sex steroids activating the steroid receptors in the body of the host [77]. Due to changes in sex steroids, the integrity of the intestinal barrier is also regulated, which can alter the immune response. Intestinal barrier integrity may cause peripheral inflammation due to infiltration of some Gram-negative bacteria in the circulation, which bears LPS in the periphery. The gut microbiome may have a role in PCOS through regulating sex steroids [78]. It is important to remember that the impact of gut bacteria on steroid regulation is not entirely understood. That's why there should be more investigation to know the related mechanism of the relationship between hyperandrogenism and the gut microbiome.




          All the mechanisms that are discussed so far are somehow responsible for gut microbiota dysbiosis, which later are responsible for PCOS pathogenesis (Fig. 1). The current study suggests that Dysbiosis may have occurred for a variety of reasons, such as consumption of junk food (high fat-low fiber diet) and endocrine-disrupting chemicals [81]. So far, there has been a lot of research done about a high-fat diet for Dysbiosis, but the EDCs have not been discussed in such a way. So, now we will discuss the EDCs and their effects in shaping the gut microbiota composition.
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Fig. (1))


          A possible mechanisms that could explain the function of gut microbiota in polycystic ovary syndrome pathogenesis.

        


      


    




    

      



      ENDOCRINE DISRUPTING CHEMICALS




      The planet has seen huge production and release of toxic chemicals into the environment through manufacturing, chemical-based agriculture and food processing, and electronic waste [82]. Most of the chemicals released from these activities interfere with the hormonal ​system by affecting the growth, release, transport and action of hormones; these are called endocrine-disrupting chemicals [83]. There are many items that are commonly used that can release EDCs, such as plastics, pesticides, synthetic fertilizers, electronic waste, food additives, and artificial hormones. Recent data suggests that unhealthy lifestyles and environmental pollutants exposure lead to ovulatory dysfunction in PCOS [84]. It is also suggested that some metabolic disturbances, such as dyslipidemia, IR, and obesity, are associated in girls with PCOS [85]. In this respect, the primary cause of human exposure to EDCs is the consumption of food or water. Exposure to EDCs has been shown to disrupt the microbiome, leading to Dysbiosis and activation of xenobiotics-related pathways, microbiome-associated genes, enzymes and metabolite development that can play a significant role in EDCs biotransformation [15]. The products and by-products released after the host will take over the microbial metabolism of EDCs, thereby affecting the development of host health and diseases. The gut microbiome, however, can change the EDCs profile by different possible mechanisms.




      There are so many endocrine disruptors consumed in our bodies in different ways, but various pesticides are the most important. We have seen a dramatic increase in the world population to date, and meanwhile, demand for food has also increased significantly. In order to obtain better quality agricultural products and increase crop yields, various types of pesticides are widely used and bring considerable and more economic benefits. That is why pesticides are widely used globally, and minimizing human, and wildlife exposure remain a challenge [86, 87]. Due to excessive use, residues of pesticides or their metabolites have been found in food, drinking water [88] and groundwater, suggesting that pesticides can effectively reach animals or humans through different pathways. In most situations, the gut comes into direct contact with food pollutants, and pesticides are likely to reach the human gastrointestinal tract and intestinal flora. However, we will mainly discuss the mechanisms by which different types of EDCs cause changes in the gut microbiota's composition and function.




      

        EDCs and their Effect on Gut Microbiota




        The gut microbiota’s composition, diversity, and enzymatic capacities are readily affected by various environmental factors, including the lifestyle of the host, diet, and antibiotic use. Several environmental chemicals have been seen to suppress the growth of gut bacteria populations or induce Dysbiosis. These populations include high abundant population levels of Bacteroidetes (27.8% relative abundance) and Firmicutes (38.8% relative abundance), or relatively low abundant Proteobacteria (2.1% relative abundance; a marker of gut inflammation) [89].




        An increase in metabolic diseases occurred through interaction between persistent organic pollutants, and gut microbiome was found to be mediated via aryl hydrocarbon receptor activation [63]. A knock-out study in mice suggests that TLR5 or inflammasomes, which are the innate immune system components, play a critical role in modulating the gut microbiome and contribute to the development of an abnormal metabolic phenotype [90, 91]. It also suggests that both perinatal-period alterations in microbial colonization and early-life exposure to environmental chemicals can promote dysregulated immune response [92-94]. Therefore, it seems that exposure to toxic chemicals, toxic substances have the




        potential to disrupt the natural colonization of bacteria in the gut, which later affects host physiology.




        In addition, there is a growing consensus that a healthy microbiome may not be characterized as an idealized assembly of specialized microbe species, but that the microbe community should be capable of performing a set of metabolic functions together with its host, although this set of metabolic functions is still to be established [95]. This is particularly important since some xenobiotics could affect the physiology of gut microbiota without inducing Dysbiosis. After all, when fresh human faecal samples were incubated with antibiotics or with host-targeted drugs, all host-targeted drugs resulted in major changes in the expression of microbial genes, including genes involved in xenobiotic metabolism, and also because of minimal short-term impact on the structure of microbial communities [96]. These interactions can significantly impact the metabolism, toxicity and risk assessment of many environmental compounds that become toxic upon microbiome-mediated metabolism. Several different classes of xenobiotic chemicals have been known to interact with the biochemical and enzymatic activity of gut microbes affecting the composition of the bacterial community and the overall homeostasis of the gut microbiome, with possible harmful effects for the host [97]. It is also suggested that the herbicide glyphosate is specifically known to block the synthesis of three essential aromatic amino acids tyrosine, phenylalanine and tryptophan. Glyphosate inhibits the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) in the shikimate pathway of some bacterial species as well as in plants [98, 99].




        EDCs could alter the composition of the gut microbiota as well as its metabolites, such as TMA, bile acids, SCFAs or other metabolites, which cause adverse effects on hosts from some known and unknown signaling pathways (Fig. 2). For example, pesticides also target bile acids which are considered very important signals between the liver and the gut axis. The primary bile acids are generally first produced in the liver, and can then be transformed by the gut microbiota into secondary bile acids. Different bile acids can bind to different receptors (such as TGR5 and FXR), which can cause problems in the near future like atherosclerosis, liver lipid metabolism disorders and fat accumulation dysbiosis [100]. In addition, SCFAs can inhibit histone deacetylases and serve as energy substrates by activating the G-coupled receptors directly [48, 101]. The effect of SCFAs in fat cells on GPR41/43 can lead to Dysbiosis of fat accumulation [102]. Aside from the metabolic pathways mentioned above, there are other pathways. For example, bacterial endotoxin called LPS present in Gram-negative bacteria is released into the gut and interact with the Toll-like receptor 4 (TLR-4) on the surface of innate immune cells. Many pro-inflammatory cytokines are released from activated innate immune cells, which cause low-grade inflammation and even neuroinflammation. Consumption of pesticides leads to Dysbiosis of gut microbiota. As a result, there is an increase in intestinal permeability takes place. Due to intestinal permeability, a potential risk for the entry of LPS into the body is increased and, finally, low-grade inflammation [103].




        Pesticides can act on gut microbes, affect metabolites, destroy gut mucosa and intestinal cells, and so on. By acting on receptor sites, these alterations produce pathogenic changes in various tissues and organs [104, 105]. We, therefore, emphasize the importance and need to regard the gut microbiota as an unwanted recipient of pesticide pollution. The long-term consequences on microbial diversity at a societal level of chronically consuming pesticides (via dietary exposure) should be addressed and figured out.




        More research into the mechanisms of EDC-induced gut microbiota dysbiosis and its long-term implications on host health is needed in the future. We believe the gut microbiota will become a new target for analyzing pesticide toxicity and bring new knowledge of the occurrence and impacts of contamination with EDCs.
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Fig. (2))


        Effect of endocrine disrupting chemicals on gut microbiota. EDCs could alter gut microbiota composition, gut barrier and metabolites, which further cause inflammation to the host.

      


    




    

      



      INFLAMMATION, INSULIN RESISTANCE, GUT DYSBIOSIS AND PCOS




      As far as we have already discussed the gut microbiota dysbiosis by several EDCs, this Dysbiosis may favor the growth of some Gram-negative bacteria while reducing the growth of beneficial “good” bacteria [81]. Dysbiosis of the Gut Microbiome can result in the activation of the host’s immune system that, triggers a chronic inflammatory response. An inflammatory response is further involved in impairing the function of insulin receptors and initiates IR. The resulting hyper-insulinemic interferes with follicular development, while driving excess androgen production by the ovary's thecal cells – thus producing all three PCOS classical features [9].




      

        Loss of Gut Integrity Due to Dysbiosis of Gut




        The gastrointestinal tract is a wide portion of the body. The surface of the gastrointestinal body contains a mucosal surface. There is a circular layer of muscle, which prevents food from going backward. The mucosal surface provides a large area where the intestinal bacteria are exposed. The colonic mucosa forms an intricate selective barrier, and it stops intestinal bacteria from entering the systemic circulation and saves from the lethal systemic condition of infection. It acts as a selective barrier, as it only facilitates the movement of valuable nutrients and water across the intestinal wall while preventing potentially harmful bacteria from passing through [106].




        Within the mucosa, there is a type of cell called the goblet cell that produces a dense mucus barrier that prevents the luminal bacteria from closely contacting the mucosal surface [107]. Only small-sized molecules can pass through this barrier, but this heavily glycosylated mucous layer prevents large molecules. An important barrier function is provided by proteins of cell-to-cell adhesion that allow selective para-cell passage between mucosal epithelial cells of colonic luminal content [106]. This is due to the fact that most hydrophilic solutes pass through the mucosal epithelial cells of the lipid membranes due to the lack of particular “shuttle” proteins. Tight junctions between epithelial cells, produced by the interaction of adhesive proteins such as Claudins and Occludins (zonula Occludens 1 and 2), provide a tight seal between neighboring epithelial cells and thus control the passing of solutes into the circulation from the luminal room via the colon wall. Large molecules such as whole bacteria cannot move through these paracellular pathways if tight junctions operate normally [106].




        Mucins are required to maintain an adequate layer of mucus that covers the intestinal epithelium, providing a physical barrier that protects the intestinal epithelium from toxic agents and interrupts the passage of bad bacteria from the gut to systemic circulation. The MUC2 gene is responsible for major intestinal mucus production. The good bacteria Bifidobacteria and Lactobacillus produce SCFA through the fermentation of carbohydrates, and it has been reported that these SCFA increase the development of MUC-2 mucin in colonic mucosal cells and prevent bacteria from passing through the gut epithelium [52, 53]. Good bacteria help in maintaining the growth of bad bacteria and hold bad bacteria numbers in control. There is another function of good bacteria is to reduce the pH of the colonic lumen by producing SCFA and lactic acid, and as a result, a condition is created which is unfavorable for bad bacteria. In this way, bad bacterial numbers are maintained, and colonic luminal endotoxin (LPS) production is minimized [54].




        Several independent studies demonstrated that the number of Firmicutes in the PCOS group of rats was significantly fewer than in healthy people where Gram-negative bacteria are extremely higher, specifically those who belong to the Bacteroidetes group [108]. On the contrary, other studies suggested that the number of Firmicutes was much greater than Bacteroides in PCOS mice [109]. PCOS has been linked to variations in the amount of Bacteroidetes and Firmicutes bacteria. It is apparent that in PCOS, changes in the abundance of particular Bacteroidetes and Firmicutes can lead to alterations in short-chain fatty acid synthesis, which can affect metabolism, gut barrier integrity, and immunity. Firmicutes help to produce butyrate and among all the SCFA, butyrate is more efficient than acetate and propionate because butyrate is an important source of nutrition for epithelial cells [110, 111] and it promotes mucosal restitution, induces differentiation, and inhibits tumor growth and inflammation [111, 112]. In several experiments, such as cell-line studies, experimental animal models and fresh specimens of human intestinal tissue, it was shown that butyrate acts to express in a dose-dependent manner [113-117]. Reports from in-vitro studies have indicated that low concentrations of butyrate induce MUC2 mucin expression, resulting in increased in vivo activation of the intestinal epithelial barrier. In comparison, high concentrations of butyrate’s decrease the expression of MUC2, which may reduce the role of the intestinal barrier [53]. Butyrate is known to use the transcription factor AP-1 and prevents proliferation in HT-29 cells by inducing cyclin D3, a progression cycle blocker, and p21, a stimulator for cell differentiation [118]. AP-1 is a multiprotein complex made up of proto-oncogenes from c-Jun and c-Fos. In MUC2 promoter there is a putative consensus binding site (ATGAGTCAGA) for AP-1 at -817/-808 and MUC2 gene is regulated by AP1 transcription factor. Butyrate induces the expression of c-Jun and c-Fos to trigger the AP1 reporter construct and induce MUC2 expression through AP1 binding to the promoter of MUC2 gene (Fig. 3) [53]. As we have discussed earlier, only low butyrate concentration can induce the expression of MUC2 mRNA and protein. This suggests that MUC2 promoter activation and upregulation of MUC2 RNA and protein levels, at low concentrations of butyrate, was, at least partly, regulated by AP-1. It has also shown that in a dose-dependent manner, butyrate changes gene expression and can also reflect changes in the status of histone modification and chromatin marks. Methylation of histone H3 at Lys-9 (H3-Lys9) was considered a chromatin sign synonymous with heterochromatin and silencing of the gene for a long time. High concentration butyrate causes H3-Lys9 methylation of gene and forms heterochromatin; as a result, silencing of the gene for a long time has occurred. On the other hand, low butyrate treatment caused an increase in trimethylation of histone H3 at Lys 27 (H3-Lys27) at the MUC2 promoter [53, 119]. It was reported that higher levels of H3-Lys9 mono-methylation are found in active promoters surrounding gene transcription sites, indicating that transcription activation may be associated with this alteration [120].
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Fig. (3))


        Regulation of MUC-2 gene expression by butyrate.



        Another mechanism reported by which MUC-2 gene expression is regulated by butyrate. Butyrate enhances gene expression of MUC-2 by regulating the expression of prostaglandins (PG). There are two types of PG, e.g., PG1 and PG2, and it is reported that PG1 is more effective in enhancing MUC-2 gene expression than PG2. In the intestine, there are two layers of cells, the outer epithelial layer and beneath the epithelial cells. There is another subepithelial layer composed of a thin layer of myofibroblast cells. The myofibroblast cells that underlie the epithelium control epithelial cell functions such as proliferation, differentiation, secretion, and motility. These two types of cells that are present in different layers are an important source of PG and thus play an important role in the expression of the MUC-2 gene in epithelial cells. An important enzyme Cyclooxygenase (COX)-1, is present in both epithelial cells as well as subepithelial cells that can induce the expression of PG. Epithelial cells express COX-1 in a constitutive way, while myofibroblast regulates its expression by butyrate. SCFA increased the PGE1/PGE2 ratio provided by subepithelial myofibroblasts by enhancing the expression of MUC-2 in epithelial cells, and it was found that PGE1 was superior to PGE2. This indicates that bacterial fermentation products can have beneficial effects on the health of the gut while maintaining the integrity of the mucosal barrier [52].


      




      

        Metabolic Endotoxemia and Insulin Resistance




        It is now evident from the above discussion that Gram-negative bacteria may be responsible for the loss of gut integrity and may cause the level of pro-inflammatory mediators to increase. The majority of the Gram-negative bacteria belonging to the phyla Bacteroidetes, whose cell wall consists of LPS, an important pro-inflammatory mediator. This situation of extremely high circulating LPS level is called metabolic endotoxemia [121]. These Gram-negative bacteria may invade the intestinal barrier with a loss of gut integrity, and may come into contact with immune cells such as macrophages and dendritic cells. These cells express some high-affinity immune receptors, such as TLRs, the inflammatory NLRP3 and NLRs [122]. These receptors can bind specifically to the LPS and cause a local immune response that leads to chronic low-grade inflammation.




        LPS and its endotoxic moiety were reported as potential TLR4 activators. LPS is composed of oligosaccharides and acylated saturated fatty acids (SFAs). LPS can activate TLR-4/MyD 88/NFκβ pathway, which can trigger some inflammatory responses by releasing various pro-inflammatory molecules such as TNFα, IL-1, IL-6 and inducible synthase nitric oxide (iNOS) [123]. This pro-inflammatory molecule produced by bacterial endotoxins can result in IR.




        An inflammatory cascade is initiated after binding LPS to the TLR-4, which then dimerizes and recruits downstream adaptor molecules MyD 88/MyD 88 adaptor-like protein (MAL). The activated MyD 88/MAL further activates IL-1 receptor-associated kinase (IRAK), TNF receptor-associated factor-6 (TRAF-6), Transforming growth factor B associated kinase-1 (TAK-1), and Janus kinase (JNK) and IKK complexes. Initially, IKK was inactivated by iκβ, but after phosphorylation of iκβ, it can no longer inhibit IKK. Now the free IKK activates the transcription factor NFκβ. After activation, NFκβ translocates inside the nucleus to activate an inflammatory response. In the meantime, activation of serine kinases (JNK and IKK) induces insulin receptor substrates (IRS) serine phosphorylation [124]. In addition, high circulating LPS may increase iNOS expression via the TLR-4 pathway [125] (Fig. 4). The increased iNOS causes protein S-nitrosation/ S-nitrosylation, in which the protein functions are altered as the nitric oxide (NO) interacts with the protein's cysteine residues [126]. Therefore, LPS could be responsible for impaired insulin signaling because the processes of S-nitrosation/S-nitrosylation may disrupt the IR, IRS and Akt in insulin-sensitive tissues [127], and this will generate systemic IR.
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Fig. (4))


        Mechanism of the induction of systemic insulin resistance by LPS (PO4: phosphate group; P-Ser: Serine phosphorylation).

      




      

        Hyperinsulinemia Leads to PCOS Pathogenesis




        Oligo-anovulation or anovulation is a prevalent symptom of PCOS. In the growth of PCOS, IR and its compensatory hyperinsulinemia are the main factors and play a key role in generating excessive androgen in PCOS [128-131].




        Hyperinsulinemia significantly increases the synthesis of ovarian androgen. Insulin also causes hyperandrogenemia by directly activating mitogenic pathways in ovarian cells, as well as increasing steroidogenic acute regulatory protein (StAR) transcription and several primary steroidogenic enzymes. Insulin may play a role in developing the usual increased amplitude and frequency of pulse secretion of GnRH and LH, as seen in PCOS. This effect can be mediated by insulin in the hypothalamus GnRH-secreting cells, potentiating transcription of the GnRH gene through the MAPK pathway. This results in increased synthesis and secretion of GnRH, leading to a subsequent elevation of LH levels. This continuous stimulation would result in increased synthesis of ovarian steroid hormones, particularly androgens [132].




        On the other hand, by potentiating hypothalamus-hypophysis-adrenal axis (HHAA) activity at several key sites, insulin also strengthens the adrenal glands as an alternate androgen source parallel to ovaries. The hippocampus is an essential mediator of HHAA negative feedback by inhibiting hippocampal activity; insulin indirectly increases hypothalamic Corticotropin-releasing hormone (CRH) secretion [133], although it can also play a direct role in both the hypothalamus [134] and the hypophysis [135]. Although the mechanisms are not clear, insulin tends to increase the responsiveness of the adrenal cortex to ACTH stimulation, with increased androgen secretion [136].




        Lower levels of SHBG have been associated with elevated insulin concentrations, leading to increased bioavailability of androgens [137]. On the other hand, insulin has been shown to suppress IGFBP-1 synthesis in both the liver and the ovaries. This allows greater availability of IGF-1 and boosts insulin production not only in the liver, but also in the ovaries, which in turn stimulate thecal androgen production [138].




        A local ovarian environment with high androgen, insulin and IGF-1 activity can impair normal follicle development from small antral follicles (2–10 mm) to maturation. This would, of course, provide the mechanism for developing the last two cardinal features of PCOS-multiple small ovarian subcapsular cysts and impaired ovulation/menstrual irregularity.


      




      

        Probiotics as a Potential Treatment for PCOS




        With a better understanding of the function of intestinal microbiota in the pathophysiology of PCOS, the use of microbiota-targeted medicines in the treatment of PCOS has recently been addressed. For this aim, probiotic therapy may be a new treatment choice for PCOS.




        Probiotics can be defined as “live micro-organisms which give the host a benefit for health when given in adequate amounts” [139]. These micro-organisms are found naturally in foods that are made possible through fermentation, such as kefir, yogurt, ayran, tarhana, pickles, (sundried tomato, flour, and yogurt), turnip, soy products, wine, olives, beer, bacon, and dried or fermented meat products [140].




        Only a few studies are found that assess the effects of probiotic supplementation on women's hormonal profile with PCOS. It was found that supplementation of probiotics (L. acidophilus, L. casei, and Bifidobacterium bifidum) among PCOS women for 12 weeks increased SBHG and plasma total antioxidant capacity, but decreased the level of serum testosterone as compared to the control group [141]. When Lactobacillius and faecal microbiota were transplanted together, serum androgen levels were decreased, and estrogen levels were increased and a regulated menstrual cycle was seen [108]. In another study, probiotic administration could increase total testosterone, SHBG by improving insulin sensitivity, decreasing the level of proinflammatory cytokines and raising the faecal pH [142].




        High C-reactive protein (CRP) and increased oxidative stress induced by oxygen species (ROS) may contribute to the progress of IR and hyperandrogenism, which are the main features of PCOS [143, 144]. A recent study suggested that PCOS women supplemented with for 12 weeks had beneficial effects on total testosterone, SHBG, modified Ferriman-Gallwey (mFG) scores, serum high-sensitivity C-reactive protein (hs-CRP), plasma total antioxidant capacity (TAC) and plasma malondialdehyde (MDA) levels. A randomized placebo-controlled trial with probiotics, such as Lactobacillus acidophilus, L. casei and Bifidobacterium bifidum supplementation has shown that there is a decrease in serum hs-CRP and plasma MDA and increased plasma TAC [141]. In another study, it was found that Vitamin D and probiotic co-administration for 12 weeks in women with PCOS had beneficial effects on parameters of mental well-being, total serum testosterone, hs-CRP, hirsutism, plasma MDA, TAC, and GSH but did not affect levels of plasma NO, acne, serum SHBG and alopecia [145].




        So many studies have reported that supplementation with probiotics has advantageous results on the metabolic profile of women with PCOS. A meta-analysis of seven randomized control trials found significant impacts on metabolic profiles. They found that probiotic supplementation in women with PCOS had positive effects on High-density lipoprotein (HDL), Triglycerides (TG), and fasting insulin, but no significant effect was found on Homeostatic model assessment of insulin resistance (HOMA-IR), CRP, hsCRP, LDL, and total cholesterol as well as anthropometric measurements including weight, BMI, and waist circumference [146]. In another study, probiotics supplementation (Bifidobacterium bifidum, Lactobacillus acidophilus, L. casei) for 12 weeks showed that there is a significant reduction in fasting plasma glucose, serum insulin concentration, HOMA-IR, TG, very low-density lipoprotein (VLDL) cholesterol levels in women with PCOS compared with the controls [147]. Plasma glucose and serum insulin levels are important parameters for PCOS patients. Probiotic supplementation (L. casei, L. acidophilus, L. bulgaricus, L. rhamnosus, Streptococcus thermophiles, B. breve, B. longum) in PCOS women for 8 weeks was linked with a substantial decrease in fasting plasma glucose and serum insulin levels [142]. Another study demonstrated that probiotic supplementation with L. fermentum and L. delbruekii has a meaningful impact on macrophage migration inhibitory factor (MIF), HOMA-IR, and fasting blood glucose. Rashad et al. [148] found that supplementation of probiotics for 12 weeks significantly reduced MIF, fasting plasma glucose, and HOMA-IR levels, and it also improved the lipid profile. According to Ghanei et al. [149], probiotic supplementation can also modulate inflammation in women with PCOS as they found significant results with Acidophilus, L. plantarum, L. fermentum, and L. gasseri supplementation for 12 weeks.




        Supplementation of probiotics has also shown positive results on the gut microbiome. Zhang et al. [150] reported that 210 mg/kg body weight probiotic administration (Bifidobacterium sp., Lactobacillus acidophilus, and Enterococcus faecalis) showed better results than the treatment of Diane-35 (medication to treat PCOS) and berberine in dihydrotestosterone-induced PCOS rats. The effect of probiotics showed an increased microbial diversity and significant effects on Firmicutes, Tenericutes, Proteobacteria, and Spirochaetae. A recent study has reported that Through the Gut-Brain Axis, the probiotic Bifidobacterium lactis V9 regulates the secretion of sex hormones in Polycystic Ovary Syndrome patients. In PCOS patients, levels of LH, testosterone, and PRL were found to be higher, whereas levels of brain-gut mediators such as ghrelin and PYY were found to be lower, compared to healthy controls. It was reported that consumption of the probiotic Bifidobacterium lactis V9 promotes the growth of SCFA-producing microbes, such as Faecalibacterium prausnitzii, Butyricimonas sp., and Akkermansia sp. Thus, these microbes produce SCFA together with Bifidobacterium, affecting the gut-brain mediators (ghrelin and PYY) secretion. Eventually, variations in the PYY and ghrelin levels result in variability of sex hormone levels secreted by the hypophysis and hypothalamus through the gut-brain axis [151].


      


    




    

      CONCLUSION




      As a result of the preceding discussion, it is obvious that Dysbiosis of the gut microbiota, inflammation, and IR are three of the essential fundamental components in the development of PCOS. The gut microbiota’s composition, diversity, as well as enzymatic capacities, are readily affected by various EDCs. Studies have shown that due to Dysbiosis of gut microbiota, α-diversity is decreased in the gut; as a result, the abundances of some bacteria species change. PCOS was associated with changes in the abundance of multiple bacteria of Bacteroidetes and Firmicutes phyla. In PCOS, changes in the number of particular Bacteroidetes and Firmicutes can lead to changes in short-chain fatty acid synthesis, which can affect metabolism, gut barrier integrity, and immunity. An increase in Gram-negative “bad” bacteria results in increased translocation of immunostimulatory LPS molecules from the intestinal lumen to the systemic circulation. It is also evident that Gram-negative bacterial LPS can cause metabolic endotoxemia, which is a key effector in IR development. This condition of “metabolic endotoxemia” stimulates macrophages of fat, liver and muscle in the body, leading to the release of high levels of TNF-α and the initiation of IR. This condition of hyper-insulinemic interferes with the normal production of follicles in the ovary, causing a halt in follicular growth with multiple small follicles generation and abnormal ovulation with its related menstrual irregularities. High serum insulin also drives excessive androgen production by ovarian thecal cells while depressing SHBG hepatic production, leading to a net increase in the availability of free androgen and the development of acne and hirsutism.




      The symbiotic application of some probiotics is likely to improve intestinal barrier function. These improvements would reduce the flow of LPS through the mucosal surface, thus decreasing metabolic endotoxemia. Probiotic supplements help reduce fasting blood glucose and the level of serum insulin concentration and also regulate the sex hormone level through manipulating the intestinal microbiome in PCOS-like patients.


    




    

      



      FUTURE PERSPECTIVES AND SCOPE




      A number of processes have been presented to support that EDCS may play a role in the establishment of gut microbial dysbiosis. It should be noted that the EDCs consumed via dietary intake require the identification of the compounds and the specific responses of the different species of the gut microbiome. Due to insufficient data obtained from cross-sectional studies regarding the effects of EDCs on the human gut microbiota, the exact mechanism by which EDCs may cause Dysbiosis is unknown. To understand the underlying processes of this association and the involvement of the gut bacteria in PCOS, random control trials are needed.




      Studies have demonstrated that gut microbiota dysbiosis exists in PCOS, a reduction in diversity, and changes in abundance of certain types of bacteria linked with metabolic disorders. It is important to remember that the findings were inconsistent with those studies. In some studies, it has shown that certain bacterial (e.g., Firmicutes, Bacteroides) numbers are decreasing, while on the contrary, other studies demonstrated that the number of these bacteria is increasing. In fact, it is not clear precisely how to gut microbiota shifts in various ways in PCOS phenotypes; thus, more studies are required.




      Probiotic supplementation to PCOS patients has been shown to effectively and beneficially affect many biochemical pathways, but the fundamental process is unknown. Further research is therefore essential to figure out what role these agents play in developing PCOS.
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