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Abstract

:

Historically, urine in the urinary tract was considered “sterile” based primarily on culture-dependent methods of bacterial detection. Rapidly developing sequencing methods and analytical techniques have detected bacterial deoxyribonucleic acid and live bacteria in urine, improving our ability to understand the urinary tract microbiome. Recently, many studies have revealed evidence of a microbial presence in human urine in the absence of clinical infections. In women, fascinating evidence associates urinary tract microbiota with lower urinary tract symptoms (LUTS). However, the association between urinary tract microbiota and men with LUTS, particularly those with benign prostate hyperplasia (BPH), has not been established. In addition, the identification of the proinflammatory cytokines and pathogens responsible for the clinical progression of BPH is still underway. This review article aimed to address microbiome-related evidence for BPH. Further studies are required for a comprehensive understanding of the relationship between the urogenital microbiome and BPH pathogenesis to facilitate the development of preventive and therapeutic approaches for male LUTS.
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1. Introduction


Recent developments in molecular biology techniques and culture methods have allowed for the detection of a specific microbiome associated with body sites previously believed to be sterile, including the urinary tract [1,2,3,4,5]. Based on these developments, many studies have revealed that changes in the microbial population in the urinary tract, known as dysbiosis, are associated with urologic symptoms and disease. In addition, the discovery of bacterial communities and the investigation of their roles in urological diseases have begun to suggest novel factors that may have implications for the pathophysiology and management of these common urological conditions [6,7].



Lower urinary tract symptoms (LUTS) are common in men and benign prostatic hyperplasia (BPH) accounts for a substantial proportion of men with LUTS [6,7]. The prevalence of BPH increases with age and is histologically found in approximately 40% of patients in their 50s, >70% of patients in their 60s, and approximately 90% of patients >80 years [8]. LUTS have generally been attributed to BPH and its secondary effects on bladder function. However, some patients show histological evidence of BPH but do not show LUTS. According to 11 cross-sectional population studies, the incidence of moderate-to-severe LUTS has been reported to be 29% in men in their 50s and 56% in men in their 70s [9]. These reports show that patients with histological BPH are not necessarily consistent with those with LUTS.



Although LUTS and BPH affect the quality of life of numerous patients, [10] the pathophysiologic mechanisms of prostatic diseases are not yet fully elucidated. Chronic prostatic inflammation has been implicated as a significant cause of BPH, but the source of this inflammation has been subject to debate [11,12,13]. Evolving studies indicate that the microbiome can impact prostatic inflammation in relation to BPH [14,15]. In the current review, we summarize the leading recent publications on the urinary microbiome in male BPH.




2. Materials and Methods


We performed a nonsystematic narrative review of published articles in English from 1980 to May 2022. The search terms were as follows: (“prostate” OR “benign prostate hyperplasia” OR “chronic prostate inflammation” OR “lower urinary tract symptoms”) AND (“microbiota” OR “urinary microbiota” OR “gut microbiota”). We also searched related articles on PubMed and manually searched the reference list of identified articles to identify additional relevant articles.



2.1. The Journey to Discover the Urinary Microbiota of Healthy Individuals


The term “microbiota” refers to the ecological community of symbiotic and pathogenic microorganisms, including bacteria, viruses, archaea, fungi, and protozoa living in our bodies. The term “microbiome” is the genetic material of these microorganisms [16]. The Human Microbiome Project was established in 2008 with the goal of characterizing the human microbiome and analyzing its role in human health and disease [17]. However, the urinary tract was not included in this project, based on the perception that urine is sterile. Historically, bladder urine has been considered “sterile,” based primarily on culture-dependent methods of bacterial detection. The speculation that healthy human urine is sterile arose before the clinical application of culture-independent molecular sequencing, which was likely influenced by standard microbial culture techniques [18].



Recently, numerous studies have revealed evidence of microbiota in the bladders of adults without clinical infection [19,20,21,22,23,24,25,26,27,28,29], and the presence of microbiota in urine has disproved the dogma of urine being sterile. These results can be obtained with 16S ribosomal ribonucleic acid (rRNA) gene sequencing and expanded quantitative urine culture (EQUC), which are techniques primarily utilized to reveal bacterial deoxyribonucleic acid (DNA) and live bacteria in culture-negative urine samples [19]. However, the association between urinary microbiota and clinical factors depends on proper sampling from specific anatomic sites. Although most studies on men are based on voided urine [22,23,24,25,26,27,28,29], voided urine does not truly represent the bladder microbiota, as the bacterial DNA detected in midstream voided urine often differs substantially from the DNA detected in catheterized urine. In fact, a study comparing paired voided and catheterized urine obtained from men found that these paired samples often did not match, providing evidence that voided urine does not truly characterize the male bladder microbiota [30].



As mentioned above, many studies have used midstream urine (MSU) samples or spontaneously voided urine [22,23,24,25,26,27,28,29], in which the first milliliters are discarded, as they may be contaminated with bacteria from the skin. In addition, MSU samples may contain microbial contamination with bacteria from the uroepithelium, periurethral gland, or genital tract. This may lead to the improper characterization of the urinary bladder microbiome due to the involvement of the urogenital microbiota [25,28]. Not even the joint use of funnels (for urine collection) and silver antimicrobial wipes have prevented sample contamination [31]. In men, the risk of contamination in MSU samples is lower than that of women, but there is also a chance of introducing microbial load from nearby tissues, such as the urethra [32,33].



Another widely used method for collecting urine samples involves the use of transurethral catheters. However, this is a more invasive technique, and urethral bacteria may still contaminate the samples during catheter insertion. Therefore, the best option for the collection of urine samples in studies regarding the urinary microbiome is suprapubic aspiration, since it is performed directly from the bladder to avoid contact with other areas. Data regarding the composition of the urinary bladder microbiome obtained using this method are more accurate than those obtained through other routines [34]. However, it is the most invasive, painful, and complicated collection method. A comparative study of microbial communities in urine obtained either with suprapubic aspiration or transurethral catheter showed that the outcome is very similar, regardless of the collection method, which makes transurethral catheterization the most appropriate option for urine collection. This method is widely accepted for the study of the urinary bladder microbiome [32].




2.2. Urinary Microbiota in Healthy Male Individuals


To date, numerous studies have reported on the urinary microbiota of healthy men and women [19,20,21]. However, there are significantly fewer published studies on the male urinary microbiota than those on females. General information on the urinary microbiota of healthy male individuals is presented in Table 1. Nelson and Dong et al. reported the first results on the male urinary microbiome using first-void urine samples from patients with and without sexually transmitted infections [22,24]. The characterization of the male urinary microbiota in healthy individuals, as well as dysbiosis associated with disease, has also been enabled by 16S rRNA gene sequencing.



Although most microbiomes in the urinary tracts of healthy men and women are similar, slight differences in the compositions of the urinary tract microbiomes between these populations have been found. Common female urinary microbiomes, such as Prevotella, Escherichia, Enterococcus, Streptococcus, or Citrobacter have also been found in men. However, while male microbiota are characterized by the predominance of Corynebacterium and Streptococcus, Lactobacillus is the most abundant microbiome in the female urinary tract [25,28]. Lactobacillus and Pseudomonas have also been found in male urinary microbiota, but their proportions are lower than those of women [28]. Other shared microbiomes in the male and female urinary tract are coagulase-negative Staphylococci and Eubacterium [35].



These differences can be attributed to anatomical factors and urine sampling methods. In females, the urinary tract is anatomically close to the vagina; therefore, the vagina is suggested to be the main source of the female urinary microbiome. Thomas-White et al. analyzed cultured bacteria from the female bladder and compared them to gastrointestinal and vaginal microbiota, demonstrating a close similarity between vaginal and bladder microbiota, with functional capacities that are distinct from those observed in gastrointestinal microbiota [36]. However, another study reported evidence that the origin of urinary microbiota is the gut [37]. Furthermore, gut microbiota composition and its metabolites can be related to the urinary microbiome and various genitourinary pathologies [38]. Therefore, further studies are needed to determine the origin of the urinary microbiota and to explore the interaction between the microbiota of urine and other sites in healthy humans.



Another hypothesis is the difference in urine sampling methods. Contrary to studies on men, numerous studies on female urinary microbiota have used urine samples obtained by catheterization. As mentioned above, voided urine does not truly represent the urinary microbiota. In addition, MSU samples may contain microbial contamination with bacteria from the uroepithelium, periurethral gland, or genital tract, thus misleading the proper characterization of the urinary bladder microbiome [25,28]. In a recent study, Bajic et al. reported the importance of catheterized urine samples in both male and female urinary microbiota using EQUC and 16S rRNA sequencing. However, the small sample size of their study is a limitation for the true characterization of male urinary microbiota [30]. Therefore, a standardized method for urine sample collection needs to be developed.




2.3. The Urinary Microbiota and LUTS in Male Individuals


The new perception that “urine is not sterile,” as well as new knowledge associated with the urinary microbiome, has led to a better understanding of LUTS. Compelling evidence associates lower urinary tract microbiota with LUTS in women [19]. Several studies have reported that changes in the microbiota in urine (dysbiosis or less diversity) are related to urge urinary incontinence (UUI) and interstitial cystitis/bladder pain syndrome (IC/BPS) [39,40,41]. In addition, the invasion of the bladder wall by uropathogenic Escherichia coli (E. coli) (UPEC) and the formation of biofilm-like intracellular bacterial communities (IBCs) by occult and recurrent cystitis may be possible explanations for LUTS (e.g., overactive bladder (OAB) and IC/BPS). IBCs after urinary tract infection (UTI) go undetected in urine cultures and evade antibiotic therapy; therefore, they could be a source of recurrent UTI and a possible aggravation factor in LUTS [42,43,44]. However, a similar relationship between LUTS and urinary microbiota in men has not yet been established. Previous information regarding urinary microbiota in men with LUTS is weak, which makes interpretation in clinical practice difficult. Therefore, further investigation on the relationship between male urinary microbiota and LUTS should be conducted for a possible clinical application to LUTS in men, as in studies on women.



BPH and its secondary effects on bladder function have been considered to be causes of LUTS. However, the contribution of BPH severity to LUTS is not equivocal, and LUTS are complex processes involving multiple factors, such as prostate inflammation and fibrosis [45]. Therefore, instead of placing emphasis on BPH, LUTS should be focused on as a multifactorial etiology with associated symptoms. Among these multifactorial etiologies, one possible etiology is that the inhabitant bacterial microbiota in the lower urinary tract impacts the local immunological environment [13]. The results of studies on urinary microbiota in men with LUTS/BPH are presented in Table 2.



16S rRNA, 16S ribosomal RNA; BPH, benign prostatic hyperplasia; DNA, deoxyribonucleic acid; EPS, EQUC, expanded quantitative urine culture; IPSS, International Prostate Symptom Score; LUTS, lower urinary tract symptoms; MSU, midstream urine; PC, prostate cancer; TUC, catheterized urine.



Lewis et al. examined the effect of aging on the microbiota of male midstream voided urine and found that microbiota in the male urethra appear to diminish in number and increase in diversity with age [26]. This finding suggests that changes in the urethra and bladder microbiota that come with age might be associated with increasing LUTS in older men, which is typically due to BPH. However, no study has investigated the effect of aging on the microbiota of catheterized male urine. According to studies on females, urinary microbiota may play a role in the pathogenesis of OAB, although the mechanisms underlying the causative relationship, as well as its possible therapeutic implications, are still uncertain [19]. Decreased urinary microbiome diversity due to catheterized urine is frequently detected in patients with UUI [39,41]. Therefore, urinary microbiome diversity in the male urinary system should be evaluated to find its clinical significance in male LUTS.



Using a combination of 16S rRNA sequencing and EQUC, Bajic et al. confirmed the presence of dissimilar microbiota in the urethra and provided evidence of microbes in the bladders of males [30]. Using the International Prostate Symptom Score (IPSS), 28 men undergoing surgery for benign prostatic enlargement (BPE)/LUTS and 21 undergoing non-BPE/LUTS surgery were stratified, and paired voided/catheterized urine specimens were collected for EQUC and 16S ribosomal RNA gene sequencing. The presence of distinct urinary tract microbiota that differ between BPH/LUTS patients based on the degree of symptoms suggests the presence of a link between urinary microbiota and male LUTS. Bajic et al. showed that the severity of LUTS (measured by IPSS) is associated with the presence of bacteria in catheterized urine but not in midstream voided urine. Moreover, patients in the increasing IPSS category were more likely to have detectable bacteria (2.2-fold higher odds) [30]. This study was the first to demonstrate an association between the male urinary microbiome and LUTS and is important in establishing the difference between voided and catheterized urine collection in men. MSU, catheterized urine, seminal fluid, expressed prostatic secretion, stool, and resected prostatic tissue have been used to profile the microbiome in prostatic diseases. However, Bajic et al. indicated that voided urine cannot adequately characterize the male bladder microbiome due to the existence of distinct microbiota in the anterior urethra of the lower male urinary tract. In addition, they suggested that catheterized urine may be the most appropriate way to sample male bladder microbiota because voided urine shows significant contamination compared to catheterized urine.



Holland et al. examined the correlation between urinary and fecal microbial profiles and the various aspects of lower urinary tract symptoms (LUTS) in men [47]. Among the 48 fecal OTUs, which showed a significant correlation with one or more of the IPSS, the most substantial negative correlation was between Lachnospiraceae blautia—a bacterium that increases the availability of gut anxiolytic and antidepressant short-chain fatty acids—and symptom severity. The abundance of L. blautia continued to have a protective correlation with LUTS when examining different levels of IPSS severity. However, voided urine samples were used, and the results should therefore be interpreted with caution as microbial contamination may have occurred. Recently, Lee et al. showed that some bacterial genera were present in MSU samples of the BPH group [49]. Some bacterial genera correlated with a high IPSS, as well as severe storage and voiding symptoms. However, voided MSU cannot adequately characterize the male bladder microbiome, and evidence of an association between urinary microbiota and symptom severity (e.g., IPSS) is still lacking. Furthermore, there has been no study including used naïve vs. treated patients (alpha-blocker and other agents used in male LUTS), and neither is there evidence of clinical response vs. clinical progression according to urinary microbiota after medicating male LUTS. Therefore, further research targeting specific microbes to identify their role in the development and treatment of LUTS is necessary.




2.4. The Urinary Microbiota and BPH in Male Individuals


BPH is the most common urological condition affecting aging males. In addition, LUTS due to BPE increase with age. LUTS have also been associated with bladder outlet obstruction (BOO), often caused by BPE resulting from histological BPH [50,51]. Combination therapy with α-blockers and 5-α reductase inhibitors significantly reduces the risk of clinical progression; BPH-related complications, such as hematuria, bladder stones and upper tract deterioration; and BPH-related surgery [52]. Nevertheless, in a previous study, 13% of men on combination therapy showed clinical progression after 4 years of treatment, with 5% requiring surgical intervention [53]. As such, the lack of response to medical therapy, as well as the disease progression despite medical therapy, suggests that its primary pathophysiology is heterogeneous, diverse, and poorly understood [54]. Our current understanding of the pathophysiology of BPE-associated LUTS relies on the fixed belief that the bladder is sterile. Recently, this belief was invalidated by several reports describing the presence of microbiota in urine acquired from male bladders in the absence of UTI.



Historically, prostatic inflammation has been considered to play a significant role in BPH pathogenesis and progression [11,12,55]. The association between histological prostatitis and BPH has received considerable attention due to the high frequency of inflammatory histological findings in prostatic biopsy specimens from BPH patients [56]. Additionally, in the majority of patients, BPH/LUTS are known to be related to intraprostatic infiltration of inflammatory cells [57]. In the MTOPS study, 1197 patients were biopsied, of whom 544 showed histological evidence of prostatic inflammation. Patients with prostatic inflammation are significantly more likely to develop acute urinary retention than those without prostatic inflammation [57]. Although there is evidence of a connection between inflammation and BPH, the etiology of inflammation remains poorly understood. One possible etiology is that the presence of an inflammatory status can stimulate IL-6 and IL-8 production. Interleukins can stimulate androgen receptors independently via dihydrotestosterone (DHT) and transforming growth factor (TGF) synthesis. Therefore, inflammation can conserve tissue proliferation in the presence of 5-α reductase inhibitors. Moreover, proliferation and hypoxia can stimulate the production of reactive oxygen species (ROS), further supporting a vicious cycle [11]. Another possible etiology is that the gut microbiota alteration, induced by several factors such as age, diet, lifestyle, and drug intake, can influence prostate inflammation status indirectly by activating the immune system [38]. Gut microbiota alterations could promote an inflammatory condition in distant sites, including the prostate, through the production of proinflammatory cytokines, such as IL-17, IL-23, TNF-alpha, and IFN-gamma [58]. In addition, Takezawa et al. reported that patients with BPH had a high Firmicutes/Bacteroidetes ratio in gut microbiota, and the short-chain fatty acids from gut bacteria promoted prostate enlargement by activating the IGF-1 signaling pathway. These findings can be considered to be evidence of the existence of a “gut–prostate axis” [59].



This inflammatory process in BPH is a potential new target for diagnosis and treatment. A recent report hypothesized an association between the prostate and proinflammatory bacterial species [13], including several bacterial species previously related to female UUI [60]. Recently, some studies in men have been performed to explore the role of urinary microbiota in BPH.



Yu et al. utilized 16S rRNA sequencing to compare the microbes in EPS, seminal fluid, and voided urine in BPH and prostate cancer patients. They reported that the bacterial flora in the EPS of patients with BPH differed from those of patients with prostate cancer. BPH patients had higher rates of the genera Eubacterium and Defluviicoccus but lower rates of the phyla Bacteroidetes, Alphaproteobacteria, and Firmicutes, as well as the family Lachnospiraceae and the genera Propionicimonas, Sphingomonas, and Ochrobactrum [46]. Certain bacteria can induce a chronic inflammatory state in the prostate, resulting in a higher production of proinflammatory cytokines. These results suggest that ecological dysbiosis of the microbiota in the prostatic fluid might play a key role in the pathophysiology of BPH and prostate cancer.



In another study, Jain et al. showed that BPH tissues have divergent microbial compositions, including the commonly found E. coli (phylum Proteobacteria), which might contribute to BPH-associated inflammation and/or tissue damage [48]. Microbial cultures of tissue samples showed the presence of live bacteria in 55.5% of the patient tissues. The majority of isolates were coagulase-positive Staphylococcus, E. coli, and Micrococcus species. The presence of multiple bacteria has been found in the BPH tissues, with the most common phyla being Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes [48]. Phospho-histone γH2A.X staining confirmed the presence of cells with damaged DNA lesions in BPH tissues and correlated it with inflammation severity. Furthermore, the BPH-associated E. coli induced in vitro NF-κB signaling and DNA damage in prostate epithelial cells [48].



The presence of pathogenic bacteria may contribute to the pathogenesis of BPH through acute and chronic inflammation [61]. However, the repeated antibiotic therapies that often accompany the clinical course of urogenital and prostate infections may also lead to frequent dysbiosis [62]. Recently, several therapeutic approaches, such as the supplementation of live probiotics, bacteria, and hydrocolon therapy, were theoretically suggested to restore eubiosis and stop the vicious circle of dysbiosis–urogenital infections [62].



Although the prostate is an androgen-dependent organ, it frequently shows proliferative changes (in cases of BPH) in an environment where testicular function and blood androgen levels decrease with age. This androgen-independent association between prostate proliferation and inflammation has received much attention in the literature [63]. The imbalance of sex hormones, especially the involvement of estrogen—which is relatively increased due to a decrease in androgen concentration with age—is suggested as a cause of the acute or chronic inflammation that occurs frequently in the prostate, in addition to external factors such as infection and trauma [63,64,65]. Therefore, further research regarding the relationship between prostate proliferation and inflammation, as well as the composition and changes in the urinary microbiota with various external and internal factors, is required.




2.5. The Role of the Inflammasome in LUTS/BPH


As previously mentioned, histological BPH is not necessarily consistent with male LUTS, and an increasing number of studies have shown that LUTS are often unconnected to the prostate [66]. Bladder dysfunction may also cause LUTS, including detrusor overactivity/OAB and detrusor underactivity/underactive bladder [66]. Storage and voiding symptoms occur in common conditions, such as UTIs and BOO, and these conditions are confirmed to have underlying inflammations that directly trigger these symptoms. While it is well understood that inflammation causes bladder dysfunction in several common diseases, the role of inflammasomes as central mediators has only recently been explored.



Inflammasomes may play a role in the inflammation caused by bladder and prostate microbiota. By understanding the role of each inflammasome in various pathological conditions, we may be able to target them using therapeutic agents to prevent these diseases and their symptoms. According to a recent study, inflammatory processes mediated by inflammasomes can lead to storage/voiding symptoms, bladder fibrosis, and denervation [67]. Inflammasomes are multiprotein oligomers responsible for initiating inflammatory responses. Additionally, inflammasomes promote the maturation and secretion of the proinflammatory cytokines interleukin 1β (IL-1β) and interleukin 18 (IL-18), as well as pyroptosis, which is programmed proinflammatory cell death distinct from apoptosis [67]. The inflammasomes formed by the nucleotide-binding domain, leucine-rich-containing family, and pyrin domain containing-3 (NLRP3) are known as NLRP3 inflammasomes. NLRP3 inflammasomes are located intracellularly, where they recognize two different types of signals: pathogen-associated molecular patterns (PAMPs) and danger (or damage)-associated molecular patterns (DAMPs) [68]. PAMPs include common bacterial components and known virulence factors such as lipopolysaccharide (LPS), flagellin, and hemolysins [69]. DAMPs include adenosine triphosphate (ATP), uric acid crystals, high-mobility group box 1, and heat-shock proteins, and are typically released by stressed, damaged, or dying cells [68]. An NLRP3 inflammasome contains three components: NLRP3 (node-like receptor), ASC, and procaspase-1. It requires an adaptor protein to connect to procaspase-1. The adapter is an apoptosis-associated speck-like protein containing CARD (ASC). Activated caspase-1 cleaves pro-IL-1β and pro-IL-18 to their active forms (IL-1β and IL-18). Caspase-1 is also responsible for the formation of pores in the cell membrane, which results in pyroptosis [67].



Inflammasome-activating processes induced by BOO are DAMPs induced by hypoxia/reperfusion, increased pressure, and repetitive stretching. BOO triggers an ongoing inflammatory process mediated by NLRP3, which evokes negative downstream events, such as storage/voiding symptoms and fibrosis. Although the most common cause of BOO is BPH, BPH itself may be a result of inflammasome activation [70]. Infectious prostatitis can activate inflammasomes through PAMPs. Inflammasomes may mediate both infectious and sterile prostatitis, leading to BPH, BOO, and activation of NLRP3 within the bladder, eventually causing harmful effects, such as storage/voiding symptoms, bladder fibrosis, and denervation. However, the main NLR involved in the prostate appears to be NLRP1 and not NLRP3. NLRP1 was the first inflammasome to be described, and it plays a role in prostate inflammation [71,72]. NLRP1 differs mechanistically from NLRP3, as it needs to undergo autolytic proteolysis for activation, and it may play a role in mediating UTI responses [73].



Recently, intracellular bacteria have provided explanations for OAB symptoms. For example, α-hemolysin is expressed in UPEC and activates NLRP3, which triggers pyroptosis in human urothelial cells as a host defense mechanism. In addition, UPEC releases multiple mediators from the urothelium and promotes urothelial barrier defects. Immune cell infiltration and the release of proinflammatory cytokines (e.g., nerve growth factor (NGF)) are known to sensitize peripheral afferents and, in this way, enhance bladder sensation [74]. After the exfoliation of urothelial cells, quiescent cellular reservoirs can develop, leading to chronic cystitis [75]. Intracellular bacteria and quiescent cellular reservoirs may cause chronic LUTS due to persistent occult infection, or perhaps due to chronic irritation and the inflammation of the bladder wall from the initial result of infection and invasion. In a small sample of patients with OAB, Khasriya et al. found intracellular bacteria in 94% of patients, compared with 29% in controls [76]. Considering this, intracellular bacteria seem to be found more commonly in patients with OAB than in controls.



However, the role of intracellular bacteria in causing LUTS is poorly understood. Contreras-Sanz et al. found that LUTS are caused by the altered urothelial ATP signaling pathway due to intracellular bacteria [77]. Additionally, they found that ATP mediates the sensations of bladder filling and urgency, and a low-grade inflammatory response (pyuria ≥ 10 wbc/uL) in 10–35% of MSU specimens from patients with OAB showed the worst symptoms of frequency. In addition, intracellular bacteria were visualized in shed urothelial cells from approximately 80% of OAB patients with pyuria. The basal release of ATP was significantly greater in the urothelium of OAB patients with pyuria than in non-OAB patients or OAB patients without pyuria. Therefore, they suggested that the increased basal release of ATP in the urothelium is responsible for intracellular bacteria in OAB patients with pyuria [77].




2.6. Prospectives of Urinary Microbiota


The term “microbiota” includes not only bacteria but also human and bacteriophage viruses, and even fungi. However, most human studies have focused exclusively on bacteria, and few investigations of fungi and viruses have been conducted [78,79,80]. Bacteriophage viruses play an important role in the stability of microbial communities [81]. In addition, phages can destroy UPEC biofilms, and the use of phages may be the best option for the prevention and treatment of LUTS caused by UTI without significant adverse effects [82,83]. Regarding human viruses, Moustafa et al. examined whole metagenome shotgun sequencing from 49 MSU samples and identified different human viruses such as human papillomavirus, BK polyomavirus, and JC polyomavirus, related to papilloma, UTI, and OAB, respectively [84,85,86]. Studies of urinary fungal microbiota are scarcer than those of microbiota. Therefore, the discovery of microbiomes other than bacteria in urine could open new areas of research for the analysis of new mechanisms in urologic symptoms and disease, as well as for innovative preventive measures and new therapeutic strategies.





3. Conclusions


The urinary tract has been found to be unsterile. The potential influence of the microbiome in the urinary tract on the pathobiology of genitourinary diseases is only now beginning to be appreciated. Preliminary evidence has shown that the microbiome plays a role in various aspects of male urological diseases. However, to date, the evidence is weak, making translation into clinical practice difficult. The materials used for microbiota profiling may have affected the findings, providing limitations for these studies. Standardized methodologies, such as sample collection and the sequencing of the same variable region, as well as reporting methods, should be developed. In addition, most studies have focused exclusively on bacteria, and the contribution of other microbial populations, such as fungi and viruses, to the urinary microbiome should be elucidated. Further investigations on urogenital microbiota may reveal potential associations between BPH, male LUTS, and causative pathogens. Perhaps, with further studies, a means to handle the urinary microbiome to improve patient outcomes can be developed.







Author Contributions


Conceptualization, S.I.J.; data curation, S.H.Y. and S.I.J.; writing—original draft preparation, S.H.Y. and S.I.J.; writing—review and editing, S.H.Y. and S.I.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Aagaard, K.; Ma, J.; Antony, K.M.; Ganu, R.; Petrosino, J.; Versalovic, J. The Placenta Harbors a Unique Microbiome. Sci. Transl. Med. 2014, 6, 237ra65. [Google Scholar] [CrossRef] [PubMed]

	



Branton, W.G.; Ellestad, K.K.; Maingat, F.; Wheatley, B.M.; Rud, E.; Warren, R.L.; Holt, R.A.; Surette, M.G.; Power, C. Brain Microbial Populations in HIV/AIDS: α-Proteobacteria Predominate Independent of Host Immune Status. PLoS ONE 2013, 8, e54673. [Google Scholar] [CrossRef] [PubMed]

	



DiGiulio, D.B. Diversity of microbes in amniotic fluid. Semin. Fetal Neonatal Med. 2012, 17, 2–11. [Google Scholar] [CrossRef] [PubMed]

	



Urbaniak, C.; Cummins, J.; Brackstone, M.; Macklaim, J.M.; Gloor, G.B.; Baban, C.K.; Scott, L.; O’Hanlon, D.M.; Burton, J.P.; Francis, K.P.; et al. Microbiota of Human Breast Tissue. Appl. Environ. Microbiol. 2014, 80, 3007–3014. [Google Scholar] [CrossRef] [PubMed]

	



Thomas-White, K.; Brady, M.; Wolfe, A.J.; Mueller, E.R. The Bladder Is Not Sterile: History and Current Discoveries on the Urinary Microbiome. Curr. Bl. Dysfunct. Rep. 2016, 11, 18–24. [Google Scholar] [CrossRef] [PubMed]

	



Hollingsworth, J.M.; Wei, J.T. Economic impact of surgical intervention in the treatment of benign prostatic hyperplasia. Rev. Urol. 2006, 8, S9–S15. [Google Scholar]

	



Auffenberg, G.B.; Helfand, B.T.; McVary, K.T. Established Medical Therapy for Benign Prostatic Hyperplasia. Urol. Clin. N. Am. 2009, 36, 443–459. [Google Scholar] [CrossRef]

	



Berry, S.J.; Coffey, D.S.; Walsh, P.C.; Ewing, L.L. The Development of Human Benign Prostatic Hyperplasia with Age. J. Urol. 1984, 132, 474–479. [Google Scholar] [CrossRef]

	



Roehrborn, C.G. Pathology of benign prostatic hyperplasia. Int. J. Impot. Res. 2008, 20, S11–S18. [Google Scholar] [CrossRef]

	



Robertson, C.; Link, C.L.; Onel, E.; Mazzetta, C.; Keech, M.; Hobbs, R.; Fourcade, R.; Kiemeney, L.; Lee, C.; Boyle, P.; et al. The impact of lower urinary tract symptoms and comorbidities on quality of life: The BACH and UREPIK studies. Br. J. Urol. 2007, 99, 347–354. [Google Scholar] [CrossRef]

	



Ficarra, V.; Rossanese, M.; Zazzara, M.; Giannarini, G.; Abbinante, M.; Bartoletti, R.; Mirone, V.; Scaglione, F. The Role of Inflammation in Lower Urinary Tract Symptoms (LUTS) due to Benign Prostatic Hyperplasia (BPH) and Its Potential Impact on Medical Therapy. Curr. Urol. Rep. 2014, 15, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Gandaglia, G.; Zaffuto, E.; Fossati, N.; Cucchiara, V.; Mirone, V.; Montorsi, F.; Briganti, A. The role of prostatic inflammation in the development and progression of benign and malignant diseases. Curr. Opin. Urol. 2017, 27, 99–106. [Google Scholar] [CrossRef] [PubMed]

	



Shrestha, E.; White, J.R.; Yu, S.-H.; Kulac, I.; Ertunc, O.; De Marzo, A.M.; Yegnasubramanian, S.; Mangold, L.A.; Partin, A.W.; Sfanos, K.S. Profiling the Urinary Microbiome in Men with Positive versus Negative Biopsies for Prostate Cancer. J. Urol. 2018, 199, 161–171. [Google Scholar] [CrossRef]

	



Bajic, P.; Dornbier, R.A.; Doshi, C.P.; Wolfe, A.J.; Farooq, A.V.; Bresler, L. Implications of the Genitourinary Microbiota in Prostatic Disease. Curr. Urol. Rep. 2019, 20, 34. [Google Scholar] [CrossRef] [PubMed]

	



Miyake, M.; Tatsumi, Y.; Ohnishi, K.; Fujii, T.; Nakai, Y.; Tanaka, N.; Fujimoto, K. Prostate diseases and microbiome in the prostate, gut, and urine. Prostate Int. 2022, 10, 96–107. [Google Scholar] [CrossRef]

	



Cho, I.; Blaser, M.J. The human microbiome: At the interface of health and disease. Nat. Rev. Genet. 2012, 13, 260–270. [Google Scholar] [CrossRef]

	



Nelson, W.C.; Weinstock, G.M.; Highlander, S.K.; Worley, K.C.; Creasy, H.H.; Wortman, J.R.; Rusch, D.B.; Mitreva, M.; Sodergren, E.; Chinwalla, A.T.; et al. The Human Microbiome Jumpstart Reference Strains Consortium. Science 2010, 328, 994–999. [Google Scholar] [CrossRef]

	



Kunin, C.M. A tribute to Edward Kass his work on the epidemiology of urinary tract infections. Ann. Epidemiol. 1993, 3, 99–102. [Google Scholar] [CrossRef]

	



Aragón, I.M.; Herrera-Imbroda, B.; Queipo-Ortuño, M.I.; Castillo, E.; Del Moral, J.S.-G.; Gómez-Millán, J.; Yucel, G.; Lara, M.F. The Urinary Tract Microbiome in Health and Disease. Eur. Urol. Focus 2018, 4, 128–138. [Google Scholar] [CrossRef]

	



Perez-Carrasco, V.; Soriano-Lerma, A.; Soriano, M.; Gutiérrez-Fernández, J.; Garcia-Salcedo, J.A. Urinary Microbiome: Yin and Yang of the Urinary Tract. Front. Cell. Infect. Microbiol. 2021, 11. [Google Scholar] [CrossRef]

	



Kim, M.S.; Jung, S.I. The Urinary Tract Microbiome in Male Genitourinary Diseases: Focusing on Benign Prostate Hyperplasia and Lower Urinary Tract Symptoms. Int. Neurourol. J. 2021, 25, 3–11. [Google Scholar] [CrossRef]

	



Nelson, D.E.; Van Der Pol, B.; Dong, Q.; Revanna, K.V.; Fan, B.; Easwaran, S.; Sodergren, E.; Weinstock, G.M.; Diao, L.; Fortenberry, J.D. Characteristic Male Urine Microbiomes Associate with Asymptomatic Sexually Transmitted Infection. PLoS ONE 2010, 5, e14116. [Google Scholar] [CrossRef]

	



Nelson, D.E.; Dong, Q.; Van Der Pol, B.; Toh, E.; Fan, B.; Katz, B.P.; Mi, D.; Rong, R.; Weinstock, G.M.; Sodergren, E.; et al. Bacterial Communities of the Coronal Sulcus and Distal Urethra of Adolescent Males. PLoS ONE 2012, 7, e36298. [Google Scholar] [CrossRef]

	



Dong, Q.; Nelson, D.E.; Toh, E.; Diao, L.; Gao, X.; Fortenberry, J.D.; Van Der Pol, B. The Microbial Communities in Male First Catch Urine Are Highly Similar to Those in Paired Urethral Swab Specimens. PLoS ONE 2011, 6, e19709. [Google Scholar] [CrossRef] [PubMed]

	



E Fouts, D.; Pieper, R.; Szpakowski, S.; Pohl, H.; Knoblach, S.; Suh, M.-J.; Huang, S.-T.; Ljungberg, I.; Sprague, B.M.; Lucas, S.K.; et al. Integrated next-generation sequencing of 16S rDNA and metaproteomics differentiate the healthy urine microbiome from asymptomatic bacteriuria in neuropathic bladder associated with spinal cord injury. J. Transl. Med. 2012, 10, 174. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, D.A.; Brown, R.; Williams, J.; White, P.; Jacobson, S.K.; Marchesi, J.R.; Drake, M.J. The human urinary microbiome; bacterial DNA in voided urine of asymptomatic adults. Front. Cell. Infect. Microbiol. 2013, 3, 41. [Google Scholar] [CrossRef] [PubMed]

	



Gottschick, C.; Deng, Z.-L.; Vital, M.; Masur, C.; Abels, C.; Pieper, D.H.; Wagner-Döbler, I. The urinary microbiota of men and women and its changes in women during bacterial vaginosis and antibiotic treatment. Microbiome 2017, 5, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Modena, B.D.; Milam, R.; Harrison, F.; A Cheeseman, J.; Abecassis, M.M.; Friedewald, J.J.; Kirk, A.D.; Salomon, D.R. Changes in Urinary Microbiome Populations Correlate in Kidney Transplants with Interstitial Fibrosis and Tubular Atrophy Documented in Early Surveillance Biopsies. Am. J. Transplant. 2016, 17, 712–723. [Google Scholar] [CrossRef] [PubMed]

	



Frølund, M.; Wikström, A.; Lidbrink, P.; Abu Al-Soud, W.; Larsen, N.; Harder, C.B.; Sørensen, S.J.; Jensen, J.S.; Ahrens, P. The bacterial microbiota in first-void urine from men with and without idiopathic urethritis. PLoS ONE 2018, 13, e0201380. [Google Scholar] [CrossRef] [PubMed]

	



Bajic, P.; Van Kuiken, M.E.; Burge, B.K.; Kirshenbaum, E.J.; Joyce, C.; Wolfe, A.J.; Branch, J.D.; Bresler, L.; Farooq, A.V. Male Bladder Microbiome Relates to Lower Urinary Tract Symptoms. Eur. Urol. Focus 2018, 6, 376–382. [Google Scholar] [CrossRef]

	



Lough, M.E.; Shradar, E.; Hsieh, C.; Hedlin, H. Contamination in Adult Midstream Clean-Catch Urine Cultures in the Emergency Department: A Randomized Controlled Trial. J. Emerg. Nurs. 2019, 45, 488–501. [Google Scholar] [CrossRef] [PubMed]

	



Wolfe, A.J.; Toh, E.; Shibata, N.; Rong, R.; Kenton, K.; FitzGerald, M.; Mueller, E.R.; Schreckenberger, P.; Dong, Q.; Nelson, D.E.; et al. Evidence of Uncultivated Bacteria in the Adult Female Bladder. J. Clin. Microbiol. 2012, 50, 1376–1383. [Google Scholar] [CrossRef] [PubMed]

	



Karstens, L.; Asquith, M.; Caruso, V.; Rosenbaum, J.T.; Fair, D.A.; Braun, J.; Gregory, W.T.; Nardos, R.; McWeeney, S.K. Community profiling of the urinary microbiota: Considerations for low-biomass samples. Nat. Rev. Urol. 2018, 15, 735–749. [Google Scholar] [CrossRef] [PubMed]

	



Eliacik, K.; Kanik, A.; Yavascan, O.; Alparslan, C.; Kocyigit, C.; Aksu, N.; Bakiler, A.R. A Comparison of Bladder Catheterization and Suprapubic Aspiration Methods for Urine Sample Collection from Infants with a Suspected Urinary Tract Infection. Clin. Pediatr. 2016, 55, 819–824. [Google Scholar] [CrossRef] [PubMed]

	



Kogan, M.I.; Naboka, Y.L.; Ibishev, K.S.; Gudima, I.A.; Naber, K.G. Human Urine Is Not Sterile—Shift of Paradigm. Urol. Int. 2015, 94, 445–452. [Google Scholar] [CrossRef]

	



Thomas-White, K.; Forster, S.C.; Kumar, N.; Van Kuiken, M.; Putonti, C.; Stares, M.D.; Hilt, E.E.; Price, T.K.; Wolfe, A.J.; Lawley, T.D. Culturing of female bladder bacteria reveals an interconnected urogenital microbiota. Nat. Commun. 2018, 9, 1–7. [Google Scholar] [CrossRef]

	



Dubourg, G.; Morand, A.; Mekhalif, F.; Godefroy, R.; Corthier, A.; Yacouba, A.; Diakite, A.; Cornu, F.; Cresci, M.; Brahimi, S.; et al. Deciphering the Urinary Microbiota Repertoire by Culturomics Reveals Mostly Anaerobic Bacteria from the Gut. Front. Microbiol. 2020, 11, 513305. [Google Scholar] [CrossRef]

	



Russo, G.I.; Bongiorno, D.; Bonomo, C.; Musso, N.; Stefani, S.; Sokolakis, I.; Hatzichristodoulou, G.; Falcone, M.; Cai, T.; Smarrazzo, F.; et al. The relationship between the gut microbiota, benign prostatic hyperplasia, and erectile dysfunction. Int. J. Impot. Res. 2022, 1–6. [Google Scholar] [CrossRef]

	



Karstens, L.; Asquith, M.; Davin, S.; Stauffer, P.; Fair, D.; Gregory, W.T.; Rosenbaum, J.T.; McWeeney, S.K.; Nardos, R. Does the Urinary Microbiome Play a Role in Urgency Urinary Incontinence and Its Severity? Front. Cell. Infect. Microbiol. 2016, 6, 78. [Google Scholar] [CrossRef]

	



Siddiqui, H.; Lagesen, K.; Nederbragt, A.J.; Jeansson, S.L.; Jakobsen, K.S. Alterations of microbiota in urine from women with interstitial cystitis. BMC Microbiol. 2012, 12, 205. [Google Scholar] [CrossRef]

	



Abernethy, M.G.; Rosenfeld, A.; White, J.R.; Mueller, M.G.; Lewicky-Gaupp, C.; Kenton, K. Urinary Microbiome and Cytokine Levels in Women with Interstitial Cystitis. Obstet. Gynecol. 2017, 129, 500–506. [Google Scholar] [CrossRef] [PubMed]

	



Scott, V.C.; Haake, D.A.; Churchill, B.M.; Justice, S.S.; Kim, J.-H. Intracellular Bacterial Communities: A Potential Etiology for Chronic Lower Urinary Tract Symptoms. Urology 2015, 86, 425–431. [Google Scholar] [CrossRef] [PubMed]

	



Horsley, H.; Malone-Lee, J.; Holland, D.; Tuz, M.; Hibbert, A.; Kelsey, M.; Kupelian, A.; Rohn, J.L. Enterococcus faecalis Subverts and Invades the Host Urothelium in Patients with Chronic Urinary Tract Infection. PLoS ONE 2013, 8, e83637. [Google Scholar] [CrossRef] [PubMed]

	



Arya, L.A.; Northington, G.M.; Asfaw, T.; Harvie, H.; Malykhina, A. Evidence of bladder oversensitivity in the absence of an infection in premenopausal women with a history of recurrent urinary tract infections. Br. J. Urol. 2011, 110, 247–251. [Google Scholar] [CrossRef] [PubMed]

	



Bushman, W.A.; Jerde, T.J. The role of prostate inflammation and fibrosis in lower urinary tract symptoms. Am. J. Physiol. Physiol. 2016, 311, F817–F821. [Google Scholar] [CrossRef] [PubMed]

	



Yu, H.; Meng, H.; Zhou, F.; Ni, X.; Shen, S.; Das, U.N. Urinary microbiota in patients with prostate cancer and benign prostatic hyperplasia. Arch. Med Sci. 2015, 2, 385–394. [Google Scholar] [CrossRef]

	



Holland, B.; Karr, M.; Delfino, K.; Dynda, D.; El-Zawahry, A.; Braundmeier-Fleming, A.; McVary, K.; Alanee, S. The Effect of the Urinary and Fecal Microbiota on Lower Urinary Tract Symptoms Measured by the International Prostate Symptom Score: Analysis Utilizing Next-Generation Sequencing. Br. J. Urol. 2020, 125, 905–910. [Google Scholar] [CrossRef]

	



Jain, S.; Samal, A.G.; Das, B.; Pradhan, B.; Sahu, N.; Mohapatra, D.; Behera, P.K.; Satpathi, P.S.; Mohanty, A.K.; Satpathi, S.; et al. Escherichia coli, a common constituent of benign prostate hyperplasia-associated microbiota induces inflammation and DNA damage in prostate epithelial cells. Prostate 2020, 80, 1341–1352. [Google Scholar] [CrossRef]

	



Lee, H.-Y.; Wang, J.; Juan, Y.-S.; Li, C.-C.; Liu, C.-J.; Cho, S.Y.; Yeh, H.-C.; Chueh, K.-S.; Wu, W.-J.; Wu, D. The impact of urine microbiota in patients with lower urinary tract symptoms. Ann. Clin. Microbiol. Antimicrob. 2021, 20, 1–12. [Google Scholar] [CrossRef]

	



Abrams, P.; Cardozo, L.; Fall, M.; Griffiths, D.; Rosier, P.; Ulmsten, U.; Van Kerrebroeck, P.; Victor, A.; Wein, A. The standardisation of terminology of lower urinary tract function: Report from the standardisation sub-committee of the International Continence Society. Neurourol. Urodyn. 2002, 21, 167–178. [Google Scholar] [CrossRef]

	



Kupelian, V.; Wei, J.T.; O’Leary, M.P.; Kusek, J.W.; Litman, H.J.; Link, C.L.; McKinlay, J.B. Prevalence of Lower Urinary Tract Symptoms and Effect on Quality of Life in a Racially and Ethnically Diverse Random Sample. Arch. Intern. Med. 2006, 166, 2381–2387. [Google Scholar] [CrossRef] [PubMed]

	



McConnell, J.D.; Roehrborn, C.G.; Bautista, O.M.; Andriole, G.L.; Dixon, C.M.; Kusek, J.W.; Lepor, H.; McVary, K.T.; Nyberg, L.M.; Clarke, H.S.; et al. The Long-Term Effect of Doxazosin, Finasteride, and Combination Therapy on the Clinical Progression of Benign Prostatic Hyperplasia. New Engl. J. Med. 2003, 349, 2387–2398. [Google Scholar] [CrossRef] [PubMed]

	



Roehrborn, C.G.; Siami, P.; Barkin, J.; Damião, R.; Major-Walker, K.; Nandy, I.; Morrill, B.B.; Gagnier, R.P.; Montorsi, F. The Effects of Combination Therapy with Dutasteride and Tamsulosin on Clinical Outcomes in Men with Symptomatic Benign Prostatic Hyperplasia: 4-Year Results from the CombAT Study. Eur. Urol. 2010, 57, 123–131. [Google Scholar] [CrossRef] [PubMed]

	



Bechis, S.K.; Otsetov, A.G.; Ge, R.; Olumi, A.F. Personalized Medicine for the Management of Benign Prostatic Hyperplasia. J. Urol. 2014, 192, 16–23. [Google Scholar] [CrossRef]

	



He, Q.; Wang, Z.; Liu, G.; Daneshgari, F.; MacLennan, G.T.; Gupta, S. Metabolic syndrome, inflammation and lower urinary tract symptoms: Possible translational links. Prostate Cancer Prostatic Dis. 2015, 19, 7–13. [Google Scholar] [CrossRef] [PubMed]

	



Nickel, J.C.; Downey, J.; Young, I.; Boag, S. Asymptomatic inflammation and/or infection in benign prostatic hyperplasia. Br. J. Urol. 2001, 84, 976–981. [Google Scholar] [CrossRef]

	



Roehrborn, C.G.; Kaplan, S.A.; Noble, W.D.; Lucia, M.S.; Slawin, K.M.; McVary, K.T.; Kusek, J.W.; Nyberg, L.M. 1277: The Impact of Acute or Chronic Inflammation in Baseline Biopsy on the Risk of Clinical Progression of BPH: Results from the MTOPS Study. J. Urol. 2005, 173, 346. [Google Scholar] [CrossRef]

	



Golombos, D.M.; Ayangbesan, A.; O’Malley, P.; Lewicki, P.; Barlow, L.; Barbieri, C.E.; Chan, C.; DuLong, C.; Abu-Ali, G.; Huttenhower, C.; et al. The Role of Gut Microbiome in the Pathogenesis of Prostate Cancer: A Prospective, Pilot Study. Urology 2018, 111, 122–128. [Google Scholar] [CrossRef]

	



Takezawa, K.; Fujita, K.; Matsushita, M.; Motooka, D.; Hatano, K.; Banno, E.; Shimizu, N.; Takao, T.; Takada, S.; Okada, K.; et al. The Firmicutes/Bacteroidetes ratio of the human gut microbiota is associated with prostate enlargement. Prostate 2021, 81, 1287–1293. [Google Scholar] [CrossRef]

	



Pearce, M.M.; Hilt, E.E.; Rosenfeld, A.B.; Zilliox, M.J.; Thomas-White, K.; Fok, C.; Kliethermes, S.; Schreckenberger, P.C.; Brubaker, L.; Gai, X.; et al. The Female Urinary Microbiome: A Comparison of Women with and without Urgency Urinary Incontinence. mBio 2014, 5, e01283-14. [Google Scholar] [CrossRef]

	



Shoemaker, R.; Kim, J. Urobiome: An outlook on the metagenome of urological diseases. Investig. Clin. Urol. 2021, 62, 611. [Google Scholar] [CrossRef]

	



Magri, V.; Boltri, M.; Cai, T.; Colombo, R.; Cuzzocrea, S.; De Visschere, P.; Giuberti, R.; Granatieri, C.M.; Latino, M.A.; Larganà, G.; et al. Multidisciplinary approach to prostatitis. Arch. Ital. di Urol. e Androl. 2018, 90, 227–248. [Google Scholar] [CrossRef]

	



Tsunemori, H.; Sugimoto, M. Effects of inflammatory prostatitis on the development and progression of benign prostatic hyperplasia: A literature review. Int. J. Urol. 2021, 28, 1086–1092. [Google Scholar] [CrossRef]

	



Wilson, J.D. The Critical Role of Androgens in Prostate Development. Endocrinol. Metab. Clin. N. Am. 2011, 40, 577–590. [Google Scholar] [CrossRef]

	



Zlotta, A.R.; Egawa, S.; Pushkar, D.; Govorov, A.; Kimura, T.; Kido, M.; Takahashi, H.; Kuk, C.; Kovylina, M.; Aldaoud, N.; et al. Prevalence of Inflammation and Benign Prostatic Hyperplasia on Autopsy in Asian and Caucasian Men. Eur. Urol. 2014, 66, 619–622. [Google Scholar] [CrossRef]

	



Chapple, C.R.; Wein, A.J.; Abrams, P.; Dmochowski, R.R.; Giuliano, F.; Kaplan, S.A.; McVary, K.T.; Roehrborn, C.G. Lower Urinary Tract Symptoms Revisited: A Broader Clinical Perspective. Eur. Urol. 2008, 54, 563–569. [Google Scholar] [CrossRef]

	



Inouye, B.M.; Hughes, J.F.M.; Sexton, S.J.; Purves, T.J. The Emerging Role of Inflammasomes as Central Mediators in Inflammatory Bladder Pathology. Curr. Urol. 2018, 11, 57–72. [Google Scholar] [CrossRef]

	



Takeuchi, O.; Akira, S. Pattern Recognition Receptors and Inflammation. Cell 2010, 140, 805–820. [Google Scholar] [CrossRef]

	



Lamkanfi, M.; Dixit, V.M. Modulation of Inflammasome Pathways by Bacterial and Viral Pathogens. J. Immunol. 2011, 187, 597–602. [Google Scholar] [CrossRef]

	



Chughtai, B.; Lee, R.; Te, A.; Kaplan, S. Role of inflammation in benign prostatic hyperplasia. Rev. Urol. 2011, 13, 147–150. [Google Scholar] [PubMed]

	



Martinon, F.; Burns, K.; Tschopp, J. The Inflammasome: A molecular platform triggering activation of inflammatory caspases and processing of proIL-β. Mol. Cell 2002, 10, 417–426. [Google Scholar] [CrossRef]

	



Kashyap, M.; Pore, S.; Wang, Z.; Gingrich, J.; Yoshimura, N.; Tyagi, P. Inflammasomes are important mediators of prostatic inflammation associated with BPH. J. Inflamm. 2015, 12, 1–8. [Google Scholar] [CrossRef]

	



Finger, J.N.; Lich, J.D.; Dare, L.C.; Cook, M.N.; Brown, K.K.; Duraiswami, C.; Bertin, J.J.; Gough, P.J. Autolytic Proteolysis within the Function to Find Domain (FIIND) Is Required for NLRP1 Inflammasome Activity. J. Biol. Chem. 2012, 287, 25030–25037. [Google Scholar] [CrossRef]

	



Vijaya, G.; Cartwright, R.; Derpapas, A.; Gallo, P.; Fernando, R.; Khullar, V. Changes in nerve growth factor level and symptom severity following antibiotic treatment for refractory overactive bladder. Int. Urogynecology J. 2013, 24, 1523–1528. [Google Scholar] [CrossRef]

	



Nagamatsu, K.; Hannan, T.J.; Guest, R.L.; Kostakioti, M.; Hadjifrangiskou, M.; Binkley, J.; Dodson, K.; Raivio, T.L.; Hultgren, S.J. Dysregulation of Escherichia coli α-hemolysin expression alters the course of acute and persistent urinary tract infection. Proc. Natl. Acad. Sci. USA 2015, 112, E871–E880. [Google Scholar] [CrossRef]

	



Khasriya, R.; Sathiananthamoorthy, S.; Ismail, S.; Kelsey, M.; Wilson, M.; Rohn, J.L.; Malone-Lee, J. Spectrum of Bacterial Colonization Associated with Urothelial Cells from Patients with Chronic Lower Urinary Tract Symptoms. J. Clin. Microbiol. 2013, 51, 2054–2062. [Google Scholar] [CrossRef]

	



Contreras-Sanz, A.; Krska, L.; Balachandran, A.A.; Curtiss, N.L.; Khasriya, R.; Kelley, S.; Strutt, M.; Gill, H.S.; Taylor, K.M.; Mansfield, K.; et al. Altered urothelial ATP signaling in a major subset of human overactive bladder patients with pyuria. Am. J. Physiol. Physiol. 2016, 311, F805–F816. [Google Scholar] [CrossRef]

	



Winter, B.J.; O’Connell, H.E.; Bowden, S.; Carey, M.; Eisen, D.P. A Case Control Study Reveals that Polyomaviruria Is Significantly Associated with Interstitial Cystitis and Vesical Ulceration. PLoS ONE 2015, 10, e0137310. [Google Scholar] [CrossRef]

	



Jhang, J.-F.; Hsu, Y.-H.; Peng, C.-W.; Jiang, Y.-H.; Ho, H.-C.; Kuo, H.-C. Epstein-Barr Virus as a Potential Etiology of Persistent Bladder Inflammation in Human Interstitial Cystitis/Bladder Pain Syndrome. J. Urol. 2018, 200, 590–596. [Google Scholar] [CrossRef] [PubMed]

	



Nickel, J.C.; Stephens, A.; Landis, J.R.; Mullins, C.; Van Bokhoven, A.; Lucia, M.S.; Ehrlich, G. MAPP Research Network Assessment of the Lower Urinary Tract Microbiota during Symptom Flare in Women with Urologic Chronic Pelvic Pain Syndrome: A MAPP Network Study. J. Urol. 2016, 195, 356–362. [Google Scholar] [CrossRef]

	



Weinbauer, M.G.; Rassoulzadegan, F. Are viruses driving microbial diversification and diversity? Environ. Microbiol. 2004, 6, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Chibeu, A.; Lingohr, E.J.; Masson, L.; Manges, A.; Harel, J.; Ackermann, H.-W.; Kropinski, A.M.; Boerlin, P. Bacteriophages with the Ability to Degrade Uropathogenic Escherichia Coli Biofilms. Viruses 2012, 4, 471–487. [Google Scholar] [CrossRef] [PubMed]

	



Khawaldeh, A.; Morales, S.; Dillon, B.; Alavidze, Z.; Ginn, A.N.; Thomas, L.; Chapman, S.J.; Dublanchet, A.; Smithyman, A.; Iredell, J.R. Bacteriophage therapy for refractory Pseudomonas aeruginosa urinary tract infection. J. Med Microbiol. 2011, 60, 1697–1700. [Google Scholar] [CrossRef] [PubMed]

	



Moustafa, A.; Li, W.; Singh, H.; Moncera, K.J.; Torralba, M.G.; Yu, Y.; Manuel, O.; Biggs, W.; Venter, J.C.; Nelson, K.E.; et al. Microbial metagenome of urinary tract infection. Sci. Rep. 2018, 8, 1–12. [Google Scholar] [CrossRef]

	



Paduch, D. Viral lower urinary tract infections. Curr. Urol. Rep. 2007, 8, 324–335. [Google Scholar] [CrossRef] [PubMed]

	



Garretto, A.; Thomas-White, K.; Wolfe, A.J.; Putonti, C. Detecting viral genomes in the female urinary microbiome. J. Gen. Virol. 2018, 99, 1141–1146. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Information regarding the urinary microbiota in healthy males [19,20,21].
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	Subject
	Study Population
	Main Bacterial Taxa
	Sample Collection
	Technique Used





	Nelson et al. (2010) [22]
	Men aged ≥ 18 y without STI (n = 9)
	Corynebacterium, Lactobacillus, Streptococcus, Staphylococcus, Propionibacterium
	First-void urine
	16S rRNA GS



	Nelson et al. (2012) [23]
	Healthy adolescent men (aged 14–17 y) (n = 18)
	Lactobacillus, Streptococcus, Sneathia, Mycoplasma, Ureaplasma
	First-void urine
	16S rRNA GS



	Dong et al. (2011) [24]
	Men without STI (n = 10)
	Lactobacillus, Sneathia, Veillonella, Corynebacterium, Prevotella, Streptococcus, Ureaplasma, Mycoplasma, Anaerococcus, Atopobium, Aerococcus, Staphylococcus, Gemella, Enterococcus, Finegoldia
	First-void urine
	16S rRNA GS



	Fouts et al. (2012) [25]
	Healthy men aged 24–50 y (n = 11)
	Lactobacillus, Corynebacterium, Staphylococcus
	MSU
	16S rRNA GS



	Lewiset al. (2013) [26]
	Healthy men (n = 6)
	Forty-six genera identified
	MSU
	16S rRNA GS



	Gottschicket al. (2017) [27]
	Healthy men (n = 31)
	Prevotella amnii, Sneathia

amnii, Shigella sonnei, Enterococcus

faecalis, Streptococcus agalacticie,

Citrobacter murliniae
	MSU
	16S rRNA GS



	Modenaet al. (2017) [28]
	Healthy men (n = 10)
	Streptococcus, Lactobacillus, Prevotella, Corynebacterium, Pseudomonas
	MSU
	16S rRNA GS



	Frølund et al. (2018) [29]
	Healthy men (n = 46)
	Gardnerella, Lactobacillus, Sneathia, Finegoldia, Alphaproteobacteria, Prevotella, Enterococcus
	First-void urine
	16S rRNA GS
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Table 2. Studies investigating the microbiota of males with benign prostatic hyperplasia/lower urinary tract symptoms [14,15].
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	Subject
	Sample Size (n)
	Sample Type
	Analysis Method
	Relevant Microbiota
	Primary Finding





	Lewis et al. (2013) [26]
	6
	MSU
	16S rRNA gene sequencing
	Firmicutes, Proteobacteria, Actinobacteria, Fusobacteria, Bacteroidetes
	
	
Diminish in numbers and increase in diversity with age








	Bajic et al. (2020) [30]
	49
	MSU, TUC
	EQUC, 16S rRNA gene sequencing
	Streptococcus, Veillonella, Gardnerella, Staphylococcus, Candida
	
	
An increase in IPSS was associated with significantly high odds of detectable bacteria in TUC



	
TUC is adequate to sample the bladder microbiome








	Yu et al. (2015) [46]
	21 BPH, 13 Pc
	Voided urine, EPS/seminal fluid
	16S rRNA gene sequencing with PCR-DGGE analysis
	Eubacterium, Defluviicoccus
	
	
Bacterial flora in the EPS of patients with BPH differ from those with PC








	Holland et al. (2019) [47]
	30 men
	Urine & fecalsamples
	16S rRNA gene sequencing
	Lachnospiraceae, Bacteoidaceae, Erysipelotrichaceae, Ruminococcaeceae, Prevotellaceae, Clostridiales, Veillonellaceae, Enterococcaceae, Corynebacteriaceae, Incertae
	
	
The abundance of L. blautia continued to have a protective correlation with LUTS when looking at various levels of IPSS severity








	Jain et al. (2020) [48]
	36 men
	Resected tissue
	EQUC, 16S rRNA gene sequencing, immunohistological staining
	Coagulase-positive Staphylococcus, E. coli, Micrococcus species, Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes
	
	
The presence of live bacteria in 55.5% of patient tissues



	
Staining confirmed the presence of cells with damaged DNA lesions in BPH tissues and correlated with the severity of inflammation








	Lee et al. (2021) [49]
	77 men with BPH, 30controls
	MSU
	16S MetagenomicSequencing
	Haemophilus, Staphylococcus, Dolosigranulum, Listeria, Phascolarctobacterium, Enhydrobacter, Bacillus, [Ruminococcus] torques, Faecalibacterium, Finegoldia
	
	
Some bacterial genera correlated with a high IPSS as well as severe storage and voiding symptoms
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