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Abstract

:

Microbiota are ecological communities of commensal, symbiotic, and pathogenic microorganisms. The microbiome could be involved in kidney stone formation through hyperoxaluria and calcium oxalate supersaturation, biofilm formation and aggregation, and urothelial injury. Bacteria bind to calcium oxalate crystals, which causes pyelonephritis and leads to changes in nephrons to form Randall’s plaque. The urinary tract microbiome, but not the gut microbiome, can be distinguished between cohorts with urinary stone disease (USD) and those without a history of the disease. In the urine microbiome, the role is known of urease-producing bacteria (Proteus mirabilis, Klebsiella pneumoniae, Staphylococcus aureus, Pseudomonas aeruginosa, Providencia stuartii, Serratia marcescens, and Morganella morganii) in stone formation. Calcium oxalate crystals were generated in the presence of two uropathogenic bacteria (Escherichia coli and K. pneumoniae). Non-uropathogenic bacteria (S. aureus and Streptococcus pneumoniae) exhibit calcium oxalate lithogenic effects. The taxa Lactobacilli and Enterobacteriaceae best distinguished the healthy cohort from the USD cohort, respectively. Standardization is needed in urine microbiome research for urolithiasis. Inadequate standardization and design of urinary microbiome research on urolithiasis have hampered the generalizability of results and diminished their impact on clinical practice.
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1. Introduction


Microbiomes are defined as microbiota, their genomes, and the surrounding environmental conditions. Microbiota are ecological communities of commensal, symbiotic, and pathogenic microorganisms [1,2]. Sometimes, the term “microbiome” is used interchangeably with “microbiota.” Microorganisms are conventionally classified into pathogens, normal flora, and probiotics; however, normal flora have been recently referred to as “indigenous microbiota”.



Research on the human urinary microbiome has the potential to increase understanding of a variety of urologic disorders, including lower urinary tract symptoms (LUTS) and urologic cancer [3,4,5]. Many recent studies have reported the role of the microbiome in urinary stone formation (urolithiasis) [6,7,8,9,10,11,12,13,14,15]. Urolithiasis can be classified as being caused by infection (magnesium ammonium phosphate, carbonate apatite, and ammonium urate), non-infectious causes (calcium oxalate, calcium phosphate, and uric acid), or hereditary abnormalities (cystine, xanthine, and 2,8-Dihydroxyadenine) [16].



Urolithiasis is a disease with a high recurrence rate, and its occurrence rate is rising worldwide [17]. As a direct consequence of urolithiasis, patients with stone recurrence have a deterioration in their quality of daily life, and the financial burden associated with managing urolithiasis is increasing [18]. Thus, the various etiologies, including the microbiome of urolithiasis, which can be a potential cause for stone recurrence, must be understood.



Here, we provide a reviewing update focusing on the role of the urinary microbiome in urolithiasis.




2. Pathophysiology of Urinary Stone Formation


Figure 1 shows the process of calcium oxalate stone formation. An increase in calcium and oxalate and a decrease in urine volume initiate urinary stone formation and urine saturation. Among these processes, the formation of Randall’s plaque is related to crystal nucleation and growth. The formation of free particles is related to crystal aggregation. The formation of fixed particles is related to urothelial damage, and through this process, stone retention is repeated and develops into urinary stone disease (USD). The urinary microbiome could be involved in stone formation through hyperoxaluria and calcium oxalate supersaturation, biofilm formation and aggregation, and urothelial injury.




3. History of the Urinary Microbiome Studies


The Human Microbiome Project (HMP) aimed to explore microbial communities and their connections to their human hosts [19,20]. The HMP was launched in 2008. Initially, however, the HMP did not include the bladder [9]. Samples were obtained from the lungs, skin, oral cavity, gastrointestinal tract, and vagina. Urine was once believed to be sterile in healthy persons, despite including several microorganisms.



Modern clinicians have linked bacteria in the urine to infection or, less frequently, an undefined syndrome called “asymptomatic bacteriuria” [21]. The “sterile urine” paradigm has been the foundation for this and other existing ideas for a long time [21]. However, microbial communities (microbiota) have recently been found in the female urinary bladder [22,23,24,25,26,27,28,29,30]. As a result, the concept of “sterile urine” is obsolete.



In response, new methods to study urine have been developed. Urine initially found to have “no growth” by the usual methodology has been shown to include bacteria that could be cultivated using 16S rRNA sequence analysis [22]. As a result, Hilt et al. [28] have developed an enhanced quantitative urine culture (EQUC) methodology that employs 100 times as much urine as a traditional culture and a wide range of media and environmental conditions to isolate and identify many organisms missed by conventional culturing. When comparing EQUC to the conventional clinical technique, a 90% false negative rate was found for the conventional clinical approach [28].



The previous widespread testing methods (such as the standard urine culture and dipstick) are inadequate for research purposes and may also be inappropriate for clinical purposes. However, the clinical feasibility and future roles of 16S rRNA sequencing and EQUC have yet to be determined [21].



In addition, knowledge of the “normal” urinary microbiome has been hindered because there was no formal definition of bladder health [31]. The Prevention of Lower Urinary Tract Symptoms Consortium has recently defined bladder health as “A complete state of physical, mental, and social well-being related to bladder function and not merely the absence of LUTS” [32].



However, although it is difficult to identify a single group of common bacteria found in a healthy bladder, comparative studies have provided insights into the overlap and various compositions of urine-based microbial communities [33]. One study found that the urinary microbiome is composed primarily of species from a few genera, most frequently Lactobacilli (the generic term ‘Lactobacilli’ is useful to designate all organisms that were classified as Lactobacillaceae [34]), Gardnerella, and Streptococcus, and has a lower biomass than the vaginal microbiome [31].



Due to the significant anatomical and physiological differences between men’s and women’s lower urinary tracts, it is not surprising that the urine microbiome of the bladder also exhibits unequal stratification [33]. One study discovered that Firmicutes, Actinobacteria, Bacteroidetes, and Proteobacteria were the phyla that men and women shared most frequently. However, in general, in healthy females, Streptococcus, Lactobacilli, and Prevotella are abundant, whereas, in males, Lactobacilli, Corynebacterium, and Gardnerella are more prevalent [35]. Another study found that Lactobacilli predominates in the bladder in healthy women, while the bladders of healthy men contain high levels of Enterococcus, Proteus, and Klebsiella in their bladder [29].



Urine samples obtained by catheterization and 16S rRNA sequencing were used in a multicenter cross-sectional study by the NIH-NICHD-funded Pelvic Floor Disorders Network [36]. They described characteristics of the urine microbiomes of well-characterized asymptomatic women (n = 84) compared to those of women with mixed urinary incontinence (MUI) (n = 123). These researchers confirmed earlier reports that some members of the genus Lactobacilli may be linked to urinary symptoms, including urgency urinary incontinence, even though the proportion of women with predominant Lactobacilli did not differ between women with MUI and asymptomatic women with matching ages [36].



Bajic et al. [37] classified 28 men with surgical histories of benign prostate enlargement (BPE)–LUTS and 21 men with histories of non-BPE–LUTS surgery using the International Prostate Symptom Score (IPSS). The authors obtained and analyzed paired catheterized and voided urine samples using EQUC and 16S rRNA sequencing. Overall, 39% of the urine specimens obtained by catheterization and 98% of specimens obtained by self-voiding included microbiome, and there was a significant difference between the microbiome of these types of urine specimens. The findings of the study suggest that catheterized urine may be a better method for collecting the urinary microbiome of male patients compared to voided urine. They examined catheterized urine samples from a group of men, some with and some without BPE, and discovered that the severity of LUTS was linked to the presence of bacteria in bladder urine. Specifically, the study showed that men with mild, moderate, and severe LUTS had detectable bacteria in their bladder urine at rates of 22.2%, 30.0%, and 57.1%, respectively (p = 0.024). The authors determined that severe LUTS in men may be related to detectable bladder bacteria compared to men with milder or no symptoms.



Few studies have examined the relevance of the urinary microbiome in urological cancers. A study compared the urine of six healthy people with that of eight bladder cancer patients and measured an increased amount of the genus Streptococcus in the bladder cancer group using 16S rRNA sequencing [38]. A more recent study compared urine samples using 16S sequencing from twelve patients diagnosed with bladder cancer and eleven healthy participants selected from an age-matched cohort [39]. Although there were no significant differences between the two groups in the diversity or overall composition of the microbiome, certain taxa were considerably over-represented in either the bladder cancer or healthy subgroups. The most prevalent bacteria in the healthy subgroup were Veillonella, Streptococcus, and Corynebacterium. In contrast, numerous taxa were highly represented in the bladder cancer group, including members of the colorectal cancer-associated genus Fusobacterium.




4. Urinary Microbiome and Urolithiasis


In the urine microbiome, the role of urease-producing bacteria in stone formation is already understood. Urease-producing bacteria are Proteus mirabilis, Klebsiella pneumoniae, Staphylococcus aureus, Pseudomonas aeruginosa, Providencia stuartii, and Serratia marcescens and Morganella morganii. Those bacteria break down urea and induce ammonia and carbon dioxide production, leading to renal tubular injury, urine alkalinization, and subsequent formation of phosphate salts that urease-producing bacteria form struvite stones [8].



Recent studies have shown that enterobacteria in the urinary microbiome, including Escherichia coli, may be associated with urolithiasis. In a study to determine if the presence of uropathogenic E. coli affected calcium deposition in the urinary tracts of mice, calcium deposition was 2.7-fold higher after inoculation with E. coli [40].



According to Hirano et al. [41], the aggregation of crystalline and organic matter in the urine of stone formers may be due to in part to the adhesive properties of certain bacteria. These bacteria have the ability to actively participate in the formation of stones by causing the aggregation of these materials. E. coli and P. mirabilis worsened calcium oxalate encrustation on the surface of polyurethane film, the substance used in urinary stents, as demonstrated by Venkatesan et al. [42]. The authors further proposed that the biofilm produced by these bacteria might cause calcium oxalate encrustation. Bacteria bind to calcium oxalate crystals, causing pyelonephritis, which leads to changes in nephrons that form Randall’s plaque. In addition, E. coli decreases citrate levels by secreting citrate lyase, which causes calcium oxalate supersaturation [40]. Ultimately, bacteria attach to the urothelium and repeat this process.



Chutipongtanate et al. [43] examined the lithogenic potential of Gram-negative and Gram-positive bacteria on calcium oxalate. The researchers employed both morphological evaluation and a new screening method, as well as gold-standard assays, to determine that bacteria have the capacity to directly enhance the growth and aggregation of calcium oxalate crystals. This study was the first to utilize this novel screening method. In this study, calcium oxalate crystals were generated in the presence of two uropathogenic bacteria, i.e., E. coli and K. pneumoniae. In addition, the non-uropathogenic bacteria, i.e., S. aureus and S. pneumoniae, exhibited calcium oxalate lithogenic effects.



Because not all urinary tract infection patients develop calcium oxalate stones, it can be understood as a hypothesis, but the microbes in the urine are not entirely essential for forming calcium oxalate stones. Even then, we must consider that the role of the urinary microbiome for stone formation in chronic kidney disease and kidney transplant patients could be more critical due to the perturbation (dysbiosis) of the urinary microbiome induced by immunosuppressive medications and repeated antibiotic treatments [44,45].



Recently, Kachroo et al. [12] have performed the first comparative shotgun metagenomic analysis of the urinary microbiome from patients either with pure calcium oxalate stones with an active episode of USD or without a history of USD. The goal of this study was to compare the shotgun metagenomics of voided midstream urine samples from a small number of patients (n = 5 calcium oxalate stone formers, n = 5 healthy controls) to identify the associated microbial functions across prokaryotic, viral, fungal, and protozoan domains. According to their findings, the genes involved in oxalate metabolism, transmembrane transport, proteolysis, and oxidation-reduction pathways were expressed at lower levels in calcium oxalate stone formers. Genes enriched in the control group mapped overwhelmingly to Lactobacillus crispatus from 17 draft genomes taken from the data and more than 42,000 full-length reference genomes, while genes related to calcium oxalate mapped to P. aeruginosa and Burkholderia sp.



A recent comparative multi-omics clinical study by Zampini et al. revealed that the urinary microbiome, but not the gut microbiome, could be distinguished between cohorts with USD (excluding cases of infectious stones) and those without a history of the disease [46]. In the urine microbiome, 8.8% of the operational taxonomic units (OTUs) were differently abundant, with 1.6 times more OTUs in the healthy group than in the USD group. Lachnospiraceae in the stool of the USD cohort, Lactobacilli in the urine of the healthy cohort, and Enterobacteriaceae in the urine of the USD cohort were the taxa that best distinguished the healthy cohort from the USD cohort. When assessing the differential concentrations of specific metabolites by USD status, 53 were enriched in the healthy group and 16 were enriched in the USD group, a 3.3-fold greater number of enriched metabolites in the healthy cohort compared to the USD cohort. This is the first study to use metagenomics to compare the urinary microbiome in USD and healthy persons. Multiple lines of evidence in this study indicate that the urinary microbiome contributes more to the development of USD than the gut microbiome. The microorganisms in urinary microbiome associated with urolithiasis is summarized in Table 1.




5. Standardization of Urinary Microbiome Research for Urolithiasis


Since the discovery of the human urinary microbiome, various technological and participant-related issues and irregular sampling settings have impacted urinary microbiome research [31]. In other words, the inadequate standardization and design of urinary microbiome research on urolithiasis have hampered the generalizability of results and diminished their impact on clinical practice [11]. Thus, in the United States, standardization of microbiome studies for urolithiasis has begun with the MICRObiome contributions on the Complexity Of the Stone Matrix (MICROCOSM)—the first international consortium focused on microbiome-urolithiasis research [13]. MICROCOSM was created to reduce the inconsistencies in microbiome research findings brought on by experimental factors, including sample collection, storage, DNA extraction, sequencing, and data analysis.



In addition, taxonomic assignment using OTUs or amplicon sequence variants (ASVs) for the sequencing data could address the variation in results due to differences in the experimental design or population characteristics [14]. With OTUs’ classification, in the urinary tract, the family Enterobacteriaceae and the genus Veillonella were most related with USD patients, whereas the genus Lactobacilli was most connected with healthy people. However, with ASVs assignment, Veillonellaceae were more frequently found in the urine microbiome of healthy participants, whereas Actinomycetaceae and Enterobacteriaceae were most frequently found in USD patients [14].



Brubaker et al. [5] have proposed guidelines developed at the UROBIOME 2020 conference for documenting and reporting data originating from urinary microbiome studies. Key recommendations for urinary microbiome research are: first, using appropriate nomenclature to describe the urine specimen: “Urogenital” sample for voided urine samples versus “Urinary Bladder” for catheterized (transurethral or suprapubic aspirates). Second, aligning the urine sampling technique with the purpose of the research. For studies of bladder urinary microbiome in adult women, the authors recommend the collection of catheterized urine samples when possible. Third, using nucleic acid preservatives and maintaining cold temperatures while expediting sample transfer to the laboratory. Fourth, aligning the sample processing plan with the research question (culture±culture-independent techniques). Fifth, minimizing the batch effects as much as possible (differences in kits and sequencing runs; record information to account for differences in downstream analyses if necessary). Finally, adopting a standard metadata checklist for urinary microbiome studies.




6. Gut Microbiome and Urolithiasis


The gut and kidney appear to have a bidirectional relationship, as supported by growing evidence [47]. Research suggests that the gut microbiome plays a significant role in the gut–kidney axis [48], and disruption of the gut microbial community, or dysbiosis, has been linked to the development of several renal disorders. This may indirectly contribute to chronic kidney disease and hypertension [49], as well as urinary stone disease [50].



Before current sequencing techniques were developed, it had already been demonstrated that the gut microbiome forms stones. That is, the absence of Oxalobacter formigenes leads to the formation of stones [51]. Bacteria that use oxalate as an energy source are called oxalotrophs. Lactobacilli and Bifidobacterium are examples of generalist oxalotrophs, which are able to degrade substances beyond oxalate for carbon energy. On the other hand, Oxalobacter formigenes is an example of a specialist oxalotrophs. This bacterium can degrade oxalate in the intestinal tract via the expression of two enzymes, Formyl-CoA transferase and Oxalyl-CoA decarboxylase [8].



Siener et al. [52] presented clinical results that the absence of Oxalobacter formigenes induces hyperoxaluria, which may lead to the formation of calcium oxalate stones. Among 37 patients with idiopathic calcium oxalate stone, Oxalobacter formigenes in the intestinal microbiome was positive in 11 patients and negative in 26 patients. Oxalobacter formigenes was not detected in 70% of patients. In the case of multiple stone formers, it was found that 60–80% of patients were negative for Oxalobacter formigenes. However, there was no difference in the concentration of urine oxalate between positive and negative Oxalobacter formigenes in 24-h urinalysis. In the case of enteric oxaluria, 0.5 mmol/d or 40 mg/d or more should be detected, but hyperoxaluria was not seen at 0.3 and 0.4 mmol/d in both groups. Therefore, a contradiction occurred in the mechanism that the absence of Oxalobacter formigenes, which we already knew, induces hyperoxaluria. Ticinesi et al. [53] reported an urolithiasis and intestinal microbiome study that examined the cause of the contradiction between Oxalobacter formigenes, hyperoxaluria, and calcium oxalate stones. They analyzed the metagenomics of 52 stone formers and 48 healthy controls. However, very few Oxalobacter formigenes were found among 100 subjects, less than 0.001% of the total sample. Relative abundance also showed no difference. As a result of analyzing the concentration of oxalate in the 24-h urine test in both groups, the strains presented showed differences. Assimos commented regarding the results of this study [54], the abundance of Faecalibacterium, Enterobacter and Dorea reduced stone formation, and Faecalibacterium is recognized as generating short chain fatty acids. It is thought to attenuate the inflammation and oxidative stress associated with stone formation. The negative correlation between Oxalobacter formigenes and hyperoxaluria is because Oxalobacter formigenes was rarely found in the 100 subjects, and the results were different from those known so far. This is why, even in the absence of Oxalobacter formigenes, it does not cause enteric hyperoxaluria, showing the possibility that it is not a valid theory or that there is no clinical value in the theory. Bostanghadiri et al. [55] described that the contradiction of Oxalobacter formigenes could be due to a variety of factors, including the study’s population, lifestyle, and eating habits, all of which could affect the gut microbiome, particularly Oxalobacter formigenes.



Stern et al. [56] examined in a pilot study the significant variations in the gut microbiome of urolithiasis patients in comparison to patients without kidney stone formation. Their findings showed that the genus Prevotella was 2.8-fold more prevalent in the control group without kidney stones, but the genus Bacteroides was 3.4-fold more abundant in the kidney stone group. According to a 24-h urine examination, the genus Eubacterium was negatively correlated with oxalate levels and the genus Escherichia was negatively correlated with citrate levels. Recently, Kim et al. [57] conducted a prospective cohort study aimed at examining the association between the prevalence and incidence of renal stones and the gut microbiome in a relatively large-scale study of 915 participants. Patients were divided into the following groups according to the presence or absence of renal stones at the initial and subsequent visits: G0, no renal stones (control), those without renal stones at the initial and subsequent visits; G1, incidental renal stones, those without renal stones initially but with renal stones at the follow-up visits; and G2, prevalent renal stones, those with renal stones at the beginning of the experiment. The median follow-up period was 4.0 years (interquartile range, 2.0–5.0 years; maximum 5.5 years). The abundances of other taxa, as opposed to Oxalobacter formigenes, varied significantly between the control group and the renal stone group, as seen in prior reports, and their findings were consistent with the results of those studies. In contrast to the accidental stone group, they discovered that Bifidobacterium was more prevalent in the no stone group. Dorea, Incertae sedis, and Faecalibacterium abundances were discovered to be lower in the incidental stone group than in the no stone group. The incidental stone group also showed higher abundances of Fusobacteria, Phascolarctobacterium, and Erysipelatoclostridium and reduced abundances of Eubacterium eligens group and Dialister as compared to the no stone group. Finally, they observed Faecalibacterium was found in lower abundance in the incidental stone group than in the no stone group, but there was no difference in abundance between the prevalent stone and no stone groups.



Deng et al. [58] reported that 16S ribosomal RNA (rRNA) gene sequencing reveals an altered composition of the gut microbiome in postoperative individuals with renal stones. They used 16S ribosomal RNA (rRNA) gene sequencing to examine the relationships between the gut microbiome and renal stone formation. In summary, 20 patients were chosen, and data on health and eating patterns from the previous 1–3 months were gathered at the time of admission. A total of 40 samples were examined, yielding 493 operational taxonomic units (OTUs), with an average of 67,888 ± 827 reads per sample. OTU-based partial least squares discriminant analysis (PLS-DA) analysis with OTU-based results revealed differences between the RS1 (fecal specimen taken before surgery) and RS2 (fecal specimen taken one month after surgery) groups, with a significantly greater level of OTU7 in the RS2 group. Taxonomy-based comparisons of the gut microbiome revealed changes in the flora composition, with greater prevalences of Enterobacteriaceae, Gammaproteobacteria, Escherichia, and Enterobacteriales in the RS2 group and Pseudomonadaceae, Pseudomonadales, and Pseudomonas in the RS1 group. According to correlation analysis, a lower level of urea was correlated with a higher prevalence of Enterobacteriaceae, Gammaproteobacteria, and Escherichia, while a lower level of creatinine was correlated with a higher frequency of Escherichia. These findings may offer new perspectives for the prevention, diagnosis, and treatment of renal stones as they strongly imply that the gut microbiome plays a significant role in kidney stone formation.



Yuan et al. [59] reported an association of dietary patterns with gut microbiome in kidney stone and non-kidney stone individuals. In their study, both the calcium oxalate kidney stone group and the non-kidney stone group had a gut microbiome with significantly different abundances in the high urolithiasis risk dietary patterns compared to the low urolithiasis risk counterparts, while Pseudomonas, Sphingomonas, Slackiain, Corynebacterium, Arcobacter, Stenotrophomonas, Hydrogenoanaerobacterium, and Faecalitalea were found to be more abundant in the high urolithiasis risk kidney stone group, which is significant in the formation of kidney stones, so were metabolic pathways linked to inflammation, lipid, and mineral metabolism. Their results suggested that dietary habits may influence the prevention and treatment of calcium oxalate stones by controlling the gut microbiome’s homeostasis.



In a recent study by Xiang et al. [60], a machine learning model was developed to forecast the likelihood of calcium oxalate kidney stones based on a combination of clinical and gut microbiome features. The study included data from a total of 180 subjects, with 120 subjects allocated to the training set and the remaining 60 subjects used for validation purposes. The authors evaluated the performance of eight distinct machine-learning techniques using clinical and gut microbiome data from 66 non-kidney stone individuals and 54 kidney stone patients. They identified three stone-related bacteria (Flavobacterium, Rhodobacter, and Gordonia). Clinical data were comprised of five characteristics: oxalate concentration, acetic acid concentration, citrate concentration, phosphorus concentration, and urinary PH. Area under the curve (AUC) of predictive models using only three genus was 0.763, the AUC of using five pieces of clinical information was 0.902, and the AUC of using three genus plus five pieces of clinical information was 0.936. In the end, the gut microbiome plays a role in forming calcium oxalate stones, but it needs to be further elucidated in the future.




7. The Microbiome of Urinary Stones


The microbiome of urinary stones refers to the microbiome discovered using EQUC and 16S rRNA gene sequencing in stones themselves.



Bacteria can be identified in between 15 and 70 percent of stones [61,62,63]. In 13% to 44% of samples, calcium oxalate stones had positive cultures. The most frequent bacteria found in stone cultures were E. coli (15–35%), Pseudomonas spp., and Proteus (urease-producing bacteria), which are frequently linked to the development of struvite stones [62,63].



An analysis of the microbiome of calcium stones has recently been reported [15]. In 52 urolithiasis patients, patients who had used antibiotics within 4 weeks, pregnant or hospitalized patients, and patients with a history of struvite stones were excluded. After removing the stones with a ureteroscope and laser, an EQUC and 16S rRNA sequencing were performed. In 16s rRNA sequencing, 55.8% of cases were positive. After comparing with a negative control and removing difficult-to-identify stones, 12 stones were confirmed as sequencing positions, and 40 were considered negative. When the stones sequencing positive and negative were compared, calcium oxalate was confirmed in 90% of the negative group, and brushite was found in the positive group. Uric acid and cystine stones were found only in the negative group. The struvite stones were the same in both groups. When looking at the results of expanded culture and sequencing, various bacteria were distributed in the 12 stones, and very diverse bacteria were found in the sequencing metagenomics. The most prevalent bacterial taxon was Enterobacteriaceae (including the genera Escherichia and Klebsiella), Staphylococcus, Veillonella, Streptococcus, Corynebacterium, Haemophilus, Proteus, Lactobacilli, and Bifidobacterium. Multiple enriched bacterial species were discovered using EQUC and 16S rRNA sequencing Bacterial species isolated from the urinary stone that were concordant with 16S rRNA gene sequencing identification include S. epidermidis, E. cloacae, E. coli, and L. gasseri. The authors describe the value of their research as follows: a method for comparing the microorganisms of urine and stone is presented, and it shows similar microbiomes of selective urine in the upper urinary tract and the bladder. A calcium oxalate stone indicates that the presence of bacteria is low. This result is inconsistent with the experiment mentioned above that showed E. coli in mice could promote calcium oxalate stone formation. In a meta-analysis, Staphylococcus and Aerococcus genera dominated the microbiome of stone samples across two studies, with Enterobacteriaceae present in high abundance based on OTUs, and Enterococcus predominant based on ASVs [14].



When there was a urinary tract infection, urolithiasis growth was observed in 61.5% of cases, and stones grew in only 12.5% of cases with no urinary tract infection [64]. This study demonstrates the need to treat urinary tract infection to prevent the progression of infectious stones. However, more research is needed to determine whether treating the microbiome in calcium oxalate stones as a prevention strategy is worthwhile.




8. Probiotics for Prevention of Urolithiasis


Oxalobacter formigenes may protect against calcium stones via two distinct mechanisms: oxalate degradation in the gut lumen, which reduces mucosal absorption, and promotion of endogenous oxalate secretion by the gut mucosa [65]. From Eubacterium lentum, the oxalate-degrading proteins oxalyl-CoA decarboxylase and formyl-CoA transferase was isolated [66,67]. Turroni et al. [68] discovered that Bifidobacterium subsp. lactis DSM 10140, Bifidobacterium adolescentis MB 238, and Bifidobacterium longum MB 282 had the highest levels of oxalate degradation. In addition, according to Turroni et al. [68], a variety of Lactobacilli. can degrade oxalate. The presence of oxc and frc genes was discovered in isolates of Lactobacillus acidophilus and Lactobacillusgasseri that degraded more than 50% oxalate.



Wigner et al. [6] have reviewed the use of probiotics to prevent calcium oxalate stones. Prior research has mostly concentrated on administering Oxalobacter formigenes to patients with urolithiasis. Due to its antibiotic sensitivity and low pH, this bacterium is not a good probiotic. Thus, later research focused on well-known probiotics, including Lactobacilli and Bifidobacterium strains, Eubacterium lentum, Enterococcus faecalis, and E. coli, to identify bacteria that are capable of degrading oxalate. However, Oxalobacter formigenes has the best potential for oxalate degradation of all the bacteria examined. Subsequent research has revealed the existence of Oxalobacter formigenes strains that are resistant to low pH and contain oxygen, confirming the possibility of using Oxalobacter formigenes in clinical settings [69,70,71]. No reduction in the viable cell count was seen when the Oxalobacter formigenes strain was cultured in anaerobic media at pH 6.8 and pH 3.0 for up to 2 h [71]. Mass spectrometry (MS)-based shotgun proteomics study of anaerobic Oxalobacter formigenes cultures found superoxide dismutase (substantial protection against oxygen toxicity) to be expressed [70]. Additionally, it was demonstrated that several variables, including the acid produced by yogurt bacteria and oxygen permeability through the packaging, affect the survivability of probiotic bacteria in yogurt [72,73,74].



Hoppe et al. [69] conducted clinical study (16 patients with urolithiasis). There were two groups of patients. The first group consisted of nine patients who received Oxalobacter formigenes as a frozen cell paste containing 1 g of live cells equivalent to >1010 CFU (IxOC-2). The second group was made up of seven patients who received two enteric-coated capsules of Oxalobacter formigenes (137 mg of lyophilized bulk powder of freeze-dried live cells, equivalent to ~107 CFU) per dose (IxOC-3). In order to evaluate the degree of oxalate extraction, urine and plasma samples were obtained. In their study, Oxalobacter formigenes intake can reduce the urinary oxalate levels in patients with urolithiasis (IxOC-2: 22–48%, IxOC-3: 38.5–92%).



Combining probiotics is one possible solution to address the issue of antibiotic sensitivity. Such an approach may help mitigate the problem of intestinal colonization caused by antibiotic use. According to reports, combining different probiotics may also be a good solution because the entire intestinal microflora participates in the breakdown of oxalate and reduces its excretion in urine [75,76]. Campieri et al. [76] discovered that a daily dose of a mixture of freeze-dried Lactobacilli strains (L. acidophilus, L. plantarum, and L. brevis), Bifidobacterium infantis, and Streptococcus thermophilus (administered as a daily dose at 8 × 1011 CFU, 4 weeks probiotic therapy) caused a significant reduction in urinary oxalate excretion, i.e., by about 40%, in six patients with idiopathic calcium oxalate urolithiasis and mild hyperoxaluria. Wigner et al. [6] concluded that it is necessary to perform additional research with a bigger population under highly controlled circumstances. No studies have attempted to comprehensively evaluate changes in the gut microflora, and most studies rely on small study groups, which frequently follow an unplanned diet. Additionally, there are discrepancies between the ability of these bacteria to metabolize oxalate in vitro and in vivo, according to studies on Lactobacilli and Bifidobacterium strains, E. lentum, E. faecalis, and E. coli that have primarily been conducted in animals and in vitro [7,66,67,68,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92].



Stepanova et al. [10] have performed experiments (i) to evaluate whether ceftriaxone treatment could affect the number of intestinal oxalate-degrading bacteria, their overall oxalate degradation activity, and their influence on oxalate homeostasis in rats, (ii) to assess the impact of commercially available probiotics and synbiotics (food ingredients or dietary supplements combining probiotics) on total fecal oxalate-degrading activity, and (iii) to measure how well synbiotics can reverse ceftriaxone-induced disturbance of the oxalate homeostasis and fecal oxalate-degrading activities in rats. They randomly divided 28 female Wistar rats (weighing 200–300 g) into four groups (n = 7). Group 1 (control) was treated with sterile water (0.1 mL, i.m., 14 days); Group 2 was treated with synbiotics (30 mg/kg, per os, 14 days); Group 3 was treated with ceftriaxone (300 mg/kg, i.m., 7 days); and Group 4 was treated with ceftriaxone and synbiotic. On days 1 and 57 following the termination of treatment, the number and total activity of oxalate-degrading bacteria, as well as urine and plasma oxalate concentrations, were assessed. Oxalate homeostasis was altered by ceftriaxone treatment, which also significantly increased urine oxalate levels. The number of oxalate-degrading bacteria in the fecal microbiome did not differ significantly between the groups on day 57 following treatment discontinuation. However, total oxalate-degrading activity was significantly higher in both synbiotic treatment groups than in the control and ceftriaxone alone-treated groups. Urinary oxalate excretion was markedly decreased in the rats given synbiotics. The overall amount of oxalate-degrading activity in the fecal microbiome was not correlated with the number of oxalate-degrading bacteria, and this activity was inversely correlated with plasma and urine oxalate concentrations. These findings imply that supplementation with synbiotics enhances the total oxalate-degrading capacity of the gut microbiome, leading to a substantial reduction in urine oxalate excretion [9]. Ticinesi et al. [78] reviewed the effects of the administration of oxalate-degrading bacteria on lithogenic risk. Overall, the findings were inconsistent, with some studies reporting significant decreases in urinary oxalate excretion following probiotic treatment [71,76,80,84,86,91], while others showed no changes from baseline [81,89]. Regarding the inconsistency of findings, the authors noted that oxalate excretion represents a proxy endpoint for stone recurrence and is merely one of several factors that contribute to the definition of lithogenic risk [78].




9. Conclusions


The urinary microbiome could affect calcium oxalate supersaturation, biofilm formation and aggregation, and urothelial injury. Standardization (study design, type of sample, sample collection, sample storage, DNA extraction methods, and data analysis) is needed in urine microbiome research for urolithiasis.







Author Contributions


Conceptualization, J.Y.L.; data curation, H.D.J. and S.C.; writing—original draft preparation, H.D.J.; writing—review and editing, J.Y.L. 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


	



Marchesi, J.R.; Ravel, J. The vocabulary of microbiome research: A proposal. Microbiome 2015, 3, 31. [Google Scholar] [CrossRef]

	



Park, J.; Cheon, J.H. Incidence and Prevalence of Inflammatory Bowel Disease across Asia. Yonsei Med. J. 2021, 62, 99–108. [Google Scholar] [CrossRef]

	



Whiteside, S.A.; Razvi, H.; Dave, S.; Reid, G.; Burton, J.P. The microbiome of the urinary tract—A role beyond infection. Nat. Rev. Urol. 2015, 12, 81–90. [Google Scholar] [CrossRef]

	



Shoemaker, R.; Kim, J. Urobiome: An outlook on the metagenome of urological diseases. Investig. Clin. Urol. 2021, 62, 611–622. [Google Scholar] [CrossRef]

	



Brubaker, L.; Gourdine, J.F.; Siddiqui, N.Y.; Holland, A.; Halverson, T.; Limeria, R.; Pride, D.; Ackerman, L.; Forster, C.S.; Jacobs, K.M.; et al. Forming Consensus To Advance Urobiome Research. mSystems 2021, 6, e0137120. [Google Scholar] [CrossRef] [PubMed]

	



Wigner, P.; Bijak, M.; Saluk-Bijak, J. Probiotics in the Prevention of the Calcium Oxalate Urolithiasis. Cells 2022, 11, 284. [Google Scholar] [CrossRef] [PubMed]

	



Wei, Z.; Cui, Y.; Tian, L.; Liu, Y.; Yu, Y.; Jin, X.; Li, H.; Wang, K.; Sun, Q. Probiotic Lactiplantibacillus plantarum N-1 could prevent ethylene glycol-induced kidney stones by regulating gut microbiota and enhancing intestinal barrier function. FASEB J. 2021, 35, e21937. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Zhang, Y.; Zhang, J.; Deng, Q.; Liang, H. Recent advances on the mechanisms of kidney stone formation (Review). Int. J. Mol. Med. 2021, 48, 149. [Google Scholar] [CrossRef] [PubMed]

	



Stone, L. Microbiota manipulation to prevent oxalate kidney stone formation. Nat. Rev. Urol. 2022, 19, 193. [Google Scholar] [CrossRef] [PubMed]

	



Stepanova, N.; Akulenko, I.; Serhiichuk, T.; Dovbynchuk, T.; Savchenko, S.; Tolstanova, G. Synbiotic supplementation and oxalate homeostasis in rats: Focus on microbiota oxalate-degrading activity. Urolithiasis 2022, 50, 249–258. [Google Scholar] [CrossRef] [PubMed]

	



Patel, S.R.; Ingram, C.; Scovell, J.M.; Link, R.E.; Mayer, W.A. The Microbiome and Urolithiasis: Current Advancements and Future Challenges. Curr. Urol. Rep. 2022, 23, 47–56. [Google Scholar] [CrossRef] [PubMed]

	



Kachroo, N.; Monga, M.; Miller, A.W. Comparative functional analysis of the urinary tract microbiome for individuals with or without calcium oxalate calculi. Urolithiasis 2022, 50, 303–317. [Google Scholar] [CrossRef] [PubMed]

	



Kachroo, N.; Lange, D.; Penniston, K.L.; Stern, J.; Tasian, G.; Bajic, P.; Wolfe, A.J.; Suryavanshi, M.; Ticinesi, A.; Meschi, T.; et al. Standardization of microbiome studies for urolithiasis: An international consensus agreement. Nat. Rev. Urol. 2021, 18, 303–311. [Google Scholar] [CrossRef] [PubMed]

	



Kachroo, N.; Lange, D.; Penniston, K.L.; Stern, J.; Tasian, G.; Bajic, P.; Wolfe, A.J.; Suryavanshi, M.; Ticinesi, A.; Meschi, T.; et al. Meta-analysis of Clinical Microbiome Studies in Urolithiasis Reveal Age, Stone Composition, and Study Location as the Predominant Factors in Urolithiasis-Associated Microbiome Composition. mBio 2021, 12, e0200721. [Google Scholar] [CrossRef]

	



Dornbier, R.A.; Bajic, P.; Van Kuiken, M.; Jardaneh, A.; Lin, H.; Gao, X.; Knudsen, B.; Dong, Q.; Wolfe, A.J.; Schwaderer, A.L. The microbiome of calcium-based urinary stones. Urolithiasis 2020, 48, 191–199. [Google Scholar] [CrossRef]

	



Türk, C.S.A.; Neisius, A.; Petrik, A.; Seitz, C.; Thomas, K. EAU guidelines on urolithiasis, EAU guidelines. In Proceedings of the EAU Annual Congress Amsterdam 2020, Amsterdam, The Netherlands, 20–24 March 2020. [Google Scholar]

	



Jung, H.D.; Seo, I.Y.; Lee, J.Y. Large database study of urinary stone composition in South Korea: Korean Society of Endourology and Robotics (KSER) research series. Investig. Clin. Urol. 2021, 62, 462–469. [Google Scholar] [CrossRef]

	



Yang, S.Y.; Jung, H.D.; Kwon, S.H.; Lee, E.K.; Lee, J.Y.; Lee, S.H. Does Early Retrograde Intrarenal Surgery Improve the Cost-Effectiveness of Renal Stone Management? Yonsei Med. J. 2020, 61, 515–523. [Google Scholar] [CrossRef]

	



Human Microbiome Project Consortium. A framework for human microbiome research. Nature 2012, 486, 215–221. [Google Scholar] [CrossRef]

	



Yoon, H.; Park, Y.S.; Shin, C.M.; Kim, N.; Lee, D.H. Gut Microbiome in Probable Intestinal Tuberculosis and Changes following Anti-Tuberculosis Treatment. Yonsei Med. J. 2022, 63, 34–41. [Google Scholar] [CrossRef]

	



Wolfe, A.J.; Brubaker, L. "Sterile Urine" and the Presence of Bacteria. Eur. Urol. 2015, 68, 173–174. [Google Scholar] [CrossRef]

	



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]

	



Siddiqui, H.; Nederbragt, A.J.; Lagesen, K.; Jeansson, S.L.; Jakobsen, K.S. Assessing diversity of the female urine microbiota by high throughput sequencing of 16S rDNA amplicons. BMC Microbiol. 2011, 11, 244. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



Nienhouse, V.; Gao, X.; Dong, Q.; Nelson, D.E.; Toh, E.; McKinley, K.; Schreckenberger, P.; Shibata, N.; Fok, C.S.; Mueller, E.R.; et al. Interplay between bladder microbiota and urinary antimicrobial peptides: Mechanisms for human urinary tract infection risk and symptom severity. PLoS ONE 2014, 9, e114185. [Google Scholar] [CrossRef]

	



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]

	



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]

	



Hilt, E.E.; McKinley, K.; Pearce, M.M.; Rosenfeld, A.B.; Zilliox, M.J.; Mueller, E.R.; Brubaker, L.; Gai, X.; Wolfe, A.J.; Schreckenberger, P.C. Urine is not sterile: Use of enhanced urine culture techniques to detect resident bacterial flora in the adult female bladder. J. Clin. Microbiol. 2014, 52, 871–876. [Google Scholar] [CrossRef]

	



Fouts, D.E.; 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]

	



Brubaker, L.; Nager, C.W.; Richter, H.E.; Visco, A.; Nygaard, I.; Barber, M.D.; Schaffer, J.; Meikle, S.; Wallace, D.; Shibata, N.; et al. Urinary bacteria in adult women with urgency urinary incontinence. Int. Urogynecol. J. 2014, 25, 1179–1184. [Google Scholar] [CrossRef]

	



Wolfe, A.J.; Brubaker, L. Urobiome updates: Advances in urinary microbiome research. Nat. Rev. Urol. 2019, 16, 73–74. [Google Scholar] [CrossRef]

	



Lukacz, E.S.; Bavendam, T.G.; Berry, A.; Fok, C.S.; Gahagan, S.; Goode, P.S.; Hardacker, C.T.; Hebert-Beirne, J.; Lewis, C.E.; Lewis, J.; et al. A Novel Research Definition of Bladder Health in Women and Girls: Implications for Research and Public Health Promotion. J. Womens Health 2018, 27, 974–981. [Google Scholar] [CrossRef]

	



Friedrich, V.; Choi, H.W. The Urinary Microbiome: Role in Bladder Cancer and Treatment. Diagnostics 2022, 12, 2068. [Google Scholar] [CrossRef]

	



Zheng, J.; Wittouck, S.; Salvetti, E.; Franz, C.; Harris, H.M.B.; Mattarelli, P.; O’Toole, P.W.; Pot, B.; Vandamme, P.; Walter, J.; et al. A taxonomic note on the genus Lactobacillus: Description of 23 novel genera, emended description of the genus Lactobacillus Beijerinck 1901, and union of Lactobacillaceae and Leuconostocaceae. Int. J. Syst. Evol. Microbiol. 2020, 70, 2782–2858. [Google Scholar] [CrossRef] [PubMed]

	



Modena, B.D.; Milam, R.; Harrison, F.; Cheeseman, J.A.; 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. 2017, 17, 712–723. [Google Scholar] [CrossRef] [PubMed]

	



Komesu, Y.M.; Richter, H.E.; Carper, B.; Dinwiddie, D.L.; Lukacz, E.S.; Siddiqui, N.Y.; Sung, V.W.; Zyczynski, H.M.; Ridgeway, B.; Rogers, R.G.; et al. The urinary microbiome in women with mixed urinary incontinence compared to similarly aged controls. Int. Urogynecol. J. 2018, 29, 1785–1795. [Google Scholar] [CrossRef] [PubMed]

	



Bajic, P.; Van Kuiken, M.E.; Burge, B.K.; Kirshenbaum, E.J.; Joyce, C.J.; Wolfe, A.J.; Branch, J.D.; Bresler, L.; Farooq, A.V. Male Bladder Microbiome Relates to Lower Urinary Tract Symptoms. Eur. Urol. Focus 2020, 6, 376–382. [Google Scholar] [CrossRef] [PubMed]

	



Xu, W.; Yang, L.; Lee, P.; Huang, W.C.; Nossa, C.; Ma, Y.; Deng, F.M.; Zhou, M.; Melamed, J.; Pei, Z. Mini-review: Perspective of the microbiome in the pathogenesis of urothelial carcinoma. Am. J. Clin. Exp. Urol. 2014, 2, 57–61. [Google Scholar] [PubMed]

	



Bučević Popović, V.; Šitum, M.; Chow, C.T.; Chan, L.S.; Roje, B.; Terzić, J. The urinary microbiome associated with bladder cancer. Sci. Rep. 2018, 8, 12157. [Google Scholar] [CrossRef]

	



Barr-Beare, E.; Saxena, V.; Hilt, E.E.; Thomas-White, K.; Schober, M.; Li, B.; Becknell, B.; Hains, D.S.; Wolfe, A.J.; Schwaderer, A.L. The Interaction between Enterobacteriaceae and Calcium Oxalate Deposits. PLoS ONE 2015, 10, e0139575. [Google Scholar] [CrossRef]

	



Hirano, S.; Ohkawa, M.; Nakajima, T.; Orito, M.; Sugata, T.; Hisazumi, H. Renal infections and implicated urinary stone formation. Hinyokika Kiyo 1985, 31, 1387–1391. [Google Scholar]

	



Venkatesan, N.; Shroff, S.; Jeyachandran, K.; Doble, M. Effect of uropathogens on in vitro encrustation of polyurethane double J ureteral stents. Urol. Res. 2011, 39, 29–37. [Google Scholar] [CrossRef] [PubMed]

	



Chutipongtanate, S.; Sutthimethakorn, S.; Chiangjong, W.; Thongboonkerd, V. Bacteria can promote calcium oxalate crystal growth and aggregation. J. Biol. Inorg. Chem. 2013, 18, 299–308. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Xin, W.; Xiong, J.; Yao, M.; Zhang, B.; Zhao, J. The Intestinal Microbiota and Metabolites in the Gut-Kidney-Heart Axis of Chronic Kidney Disease. Front. Pharmacol. 2022, 13, 837500. [Google Scholar] [CrossRef] [PubMed]

	



Mella, A.; Mariano, F.; Dolla, C.; Gallo, E.; Manzione, A.M.; Di Vico, M.C.; Cavallo, R.; De Rosa, F.G.; Costa, C.; Biancone, L. Bacterial and Viral Infection and Sepsis in Kidney Transplanted Patients. Biomedicines 2022, 10, 701. [Google Scholar] [CrossRef]

	



Zampini, A.; Nguyen, A.H.; Rose, E.; Monga, M.; Miller, A.W. Defining Dysbiosis in Patients with Urolithiasis. Sci. Rep. 2019, 9, 5425. [Google Scholar] [CrossRef]

	



Meštrović, T.; Matijašić, M.; Perić, M.; Čipčić Paljetak, H.; Barešić, A.; Verbanac, D. The Role of Gut, Vaginal, and Urinary Microbiome in Urinary Tract Infections: From Bench to Bedside. Diagnostics 2020, 11, 7. [Google Scholar] [CrossRef]

	



Evenepoel, P.; Poesen, R.; Meijers, B. The gut-kidney axis. Pediatr. Nephrol. 2017, 32, 2005–2014. [Google Scholar] [CrossRef]

	



Yang, T.; Richards, E.M.; Pepine, C.J.; Raizada, M.K. The gut microbiota and the brain-gut-kidney axis in hypertension and chronic kidney disease. Nat. Rev. Nephrol. 2018, 14, 442–456. [Google Scholar] [CrossRef]

	



Lee, J.A.; Stern, J.M. Understanding the Link Between Gut Microbiome and Urinary Stone Disease. Curr. Urol. Rep. 2019, 20, 19. [Google Scholar] [CrossRef]

	



Allison, M.J.; Dawson, K.A.; Mayberry, W.R.; Foss, J.G. Oxalobacter formigenes gen. nov., sp. nov.: Oxalate-degrading anaerobes that inhabit the gastrointestinal tract. Arch. Microbiol. 1985, 141, 1–7. [Google Scholar] [CrossRef]

	



Siener, R.; Bangen, U.; Sidhu, H.; Hönow, R.; von Unruh, G.; Hesse, A. The role of Oxalobacter formigenes colonization in calcium oxalate stone disease. Kidney Int. 2013, 83, 1144–1149. [Google Scholar] [CrossRef]

	



Ticinesi, A.; Milani, C.; Guerra, A.; Allegri, F.; Lauretani, F.; Nouvenne, A.; Mancabelli, L.; Lugli, G.A.; Turroni, F.; Duranti, S.; et al. Understanding the gut-kidney axis in nephrolithiasis: An analysis of the gut microbiota composition and functionality of stone formers. Gut 2018, 67, 2097–2106. [Google Scholar] [CrossRef]

	



Assimos, D.G. Re: Understanding the Gut-Kidney Axis in Nephrolithiasis: An Analysis of the Gut Microbiota Composition and Functionality of Stone Formers. J. Urol. 2018, 200, 940–941. [Google Scholar] [CrossRef] [PubMed]

	



Bostanghadiri, N.; Ziaeefar, P.; Sameni, F.; Mahmoudi, M.; Hashemi, A.; Darban-Sarokhalil, D. The controversial association of gut and urinary microbiota with kidney stone formation. Microb. Pathog. 2021, 161, 105257. [Google Scholar] [CrossRef] [PubMed]

	



Stern, J.M.; Moazami, S.; Qiu, Y.; Kurland, I.; Chen, Z.; Agalliu, I.; Burk, R.; Davies, K.P. Evidence for a distinct gut microbiome in kidney stone formers compared to non-stone formers. Urolithiasis 2016, 44, 399–407. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.N.; Kim, J.H.; Chang, Y.; Yang, D.; Joo, K.J.; Cho, Y.S.; Park, H.J.; Kim, H.L.; Ryu, S. Gut microbiota and the prevalence and incidence of renal stones. Sci. Rep. 2022, 12, 3732. [Google Scholar] [CrossRef]

	



Deng, Q.; Wang, Z.; Wang, J.; Zhang, J.; Zhang, Y.; Liang, H. 16S rRNA gene sequencing reveals altered composition of gut microbiota in postoperative individuals with renal stones. Lett. Appl. Microbiol. 2022, 75, 271–280. [Google Scholar] [CrossRef]

	



Yuan, C.; Jin, X.; He, Y.; Liu, Y.; Xiang, L.; Wang, K. Association of dietary patterns with gut microbiota in kidney stone and non-kidney stone individuals. Urolithiasis 2022, 50, 389–399. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, L.; Jin, X.; Liu, Y.; Ma, Y.; Jian, Z.; Wei, Z.; Li, H.; Li, Y.; Wang, K. Prediction of the occurrence of calcium oxalate kidney stones based on clinical and gut microbiota characteristics. World J. Urol. 2022, 40, 221–227. [Google Scholar] [CrossRef]

	



Wang, X.; Krambeck, A.E.; Williams, J.C., Jr.; Tang, X.; Rule, A.D.; Zhao, F.; Bergstralh, E.; Haskic, Z.; Edeh, S.; Holmes, D.R., 3rd; et al. Distinguishing characteristics of idiopathic calcium oxalate kidney stone formers with low amounts of Randall’s plaque. Clin. J. Am. Soc. Nephrol. 2014, 9, 1757–1763. [Google Scholar] [CrossRef]

	



Thompson, R.B.; Stamey, T.A. Bacteriology of infected stones. Urology 1973, 2, 627–633. [Google Scholar] [CrossRef] [PubMed]

	



Tavichakorntrakool, R.; Prasongwattana, V.; Sungkeeree, S.; Saisud, P.; Sribenjalux, P.; Pimratana, C.; Bovornpadungkitti, S.; Sriboonlue, P.; Thongboonkerd, V. Extensive characterizations of bacteria isolated from catheterized urine and stone matrices in patients with nephrolithiasis. Nephrol. Dial. Transplant. 2012, 27, 4125–4130. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-Piñeiro, J.A.; de Iriarte, E.G.; Armero, A.H. The problem of recurrences and infection after surgical removal of staghorn calculi. Eur. Urol. 1982, 8, 94–101. [Google Scholar] [CrossRef]

	



Arvans, D.; Jung, Y.C.; Antonopoulos, D.; Koval, J.; Granja, I.; Bashir, M.; Karrar, E.; Roy-Chowdhury, J.; Musch, M.; Asplin, J.; et al. Oxalobacter formigenes-Derived Bioactive Factors Stimulate Oxalate Transport by Intestinal Epithelial Cells. J. Am. Soc. Nephrol. 2017, 28, 876–887. [Google Scholar] [CrossRef] [PubMed]

	



Ito, H.; Kotake, T.; Masai, M. In vitro degradation of oxalic acid by human feces. Int. J. Urol. 1996, 3, 207–211. [Google Scholar] [CrossRef]

	



Ito, H.; Miura, N.; Masai, M.; Yamamoto, K.; Hara, T. Reduction of oxalate content of foods by the oxalate degrading bacterium, Eubacterium lentum WYH-1. Int. J. Urol. 1996, 3, 31–34. [Google Scholar] [CrossRef] [PubMed]

	



Turroni, S.; Vitali, B.; Bendazzoli, C.; Candela, M.; Gotti, R.; Federici, F.; Pirovano, F.; Brigidi, P. Oxalate consumption by lactobacilli: Evaluation of oxalyl-CoA decarboxylase and formyl-CoA transferase activity in Lactobacillus acidophilus. J. Appl. Microbiol. 2007, 103, 1600–1609. [Google Scholar] [CrossRef]

	



Hoppe, B.; Beck, B.; Gatter, N.; von Unruh, G.; Tischer, A.; Hesse, A.; Laube, N.; Kaul, P.; Sidhu, H. Oxalobacter formigenes: A potential tool for the treatment of primary hyperoxaluria type 1. Kidney Int. 2006, 70, 1305–1311. [Google Scholar] [CrossRef]

	



Ellis, M.L.; Dowell, A.E.; Li, X.; Knight, J. Probiotic properties of Oxalobacter formigenes: An in vitro examination. Arch. Microbiol. 2016, 198, 1019–1026. [Google Scholar] [CrossRef]

	



Duncan, S.H.; Richardson, A.J.; Kaul, P.; Holmes, R.P.; Allison, M.J.; Stewart, C.S. Oxalobacter formigenes and its potential role in human health. Appl. Environ. Microbiol. 2002, 68, 3841–3847. [Google Scholar] [CrossRef]

	



Talwalkar, A.; Kailasapathy, K. The role of oxygen in the viability of probiotic bacteria with reference to L. acidophilus and Bifidobacterium spp. Curr. Issues Intest. Microbiol. 2004, 5, 1–8. [Google Scholar] [PubMed]

	



Shah, N.P. Probiotic bacteria: Selective enumeration and survival in dairy foods. J. Dairy Sci. 2000, 83, 894–907. [Google Scholar] [CrossRef] [PubMed]

	



Biavati, B.; Sozzi, T.; Mattarelli, P.; Trovatelli, L.D. Survival of bifidobacteria from human habitat in acidified milk. Microbiologica 1992, 15, 197–200. [Google Scholar] [PubMed]

	



Chapman, C.M.; Gibson, G.R.; Rowland, I. Health benefits of probiotics: Are mixtures more effective than single strains? Eur. J. Nutr. 2011, 50, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Campieri, C.; Campieri, M.; Bertuzzi, V.; Swennen, E.; Matteuzzi, D.; Stefoni, S.; Pirovano, F.; Centi, C.; Ulisse, S.; Famularo, G.; et al. Reduction of oxaluria after an oral course of lactic acid bacteria at high concentration. Kidney Int. 2001, 60, 1097–1105. [Google Scholar] [CrossRef]

	



Turroni, S.; Bendazzoli, C.; Dipalo, S.C.; Candela, M.; Vitali, B.; Gotti, R.; Brigidi, P. Oxalate-degrading activity in Bifidobacterium animalis subsp. lactis: Impact of acidic conditions on the transcriptional levels of the oxalyl coenzyme A (CoA) decarboxylase and formyl-CoA transferase genes. Appl. Environ. Microbiol. 2010, 76, 5609–5620. [Google Scholar] [CrossRef]

	



Ticinesi, A.; Nouvenne, A.; Chiussi, G.; Castaldo, G.; Guerra, A.; Meschi, T. Calcium Oxalate Nephrolithiasis and Gut Microbiota: Not just a Gut-Kidney Axis. A Nutritional Perspective. Nutrients 2020, 12, 548. [Google Scholar] [CrossRef]

	



Siener, R.; Bade, D.J.; Hesse, A.; Hoppe, B. Dietary hyperoxaluria is not reduced by treatment with lactic acid bacteria. J. Transl. Med. 2013, 11, 306. [Google Scholar] [CrossRef]

	



Okombo, J.; Liebman, M. Probiotic-induced reduction of gastrointestinal oxalate absorption in healthy subjects. Urol. Res. 2010, 38, 169–178. [Google Scholar] [CrossRef]

	



Murphy, C.; Murphy, S.; O’Brien, F.; O’Donoghue, M.; Boileau, T.; Sunvold, G.; Reinhart, G.; Kiely, B.; Shanahan, F.; O’Mahony, L. Metabolic activity of probiotics-oxalate degradation. Vet. Microbiol. 2009, 136, 100–107. [Google Scholar] [CrossRef]

	



Mogna, L.; Pane, M.; Nicola, S.; Raiteri, E. Screening of different probiotic strains for their in vitro ability to metabolise oxalates: Any prospective use in humans? J. Clin. Gastroenterol. 2014, 48 (Suppl. 1), S91–S95. [Google Scholar] [CrossRef] [PubMed]

	



Lieske, J.C.; Tremaine, W.J.; De Simone, C.; O’Connor, H.M.; Li, X.; Bergstralh, E.J.; Goldfarb, D.S. Diet, but not oral probiotics, effectively reduces urinary oxalate excretion and calcium oxalate supersaturation. Kidney Int. 2010, 78, 1178–1185. [Google Scholar] [CrossRef] [PubMed]

	



Lieske, J.C.; Goldfarb, D.S.; De Simone, C.; Regnier, C. Use of a probiotic to decrease enteric hyperoxaluria. Kidney Int. 2005, 68, 1244–1249. [Google Scholar] [CrossRef] [PubMed]

	



Kwak, C.; Jeong, B.C.; Ku, J.H.; Kim, H.H.; Lee, J.J.; Huh, C.S.; Baek, Y.J.; Lee, S.E. Prevention of nephrolithiasis by Lactobacillus in stone-forming rats: A preliminary study. Urol. Res. 2006, 34, 265–270. [Google Scholar] [CrossRef]

	



Hoppe, B.; Groothoff, J.W.; Hulton, S.A.; Cochat, P.; Niaudet, P.; Kemper, M.J.; Deschênes, G.; Unwin, R.; Milliner, D. Efficacy and safety of Oxalobacter formigenes to reduce urinary oxalate in primary hyperoxaluria. Nephrol. Dial. Transplant. 2011, 26, 3609–3615. [Google Scholar] [CrossRef]

	



Gomathi, S.; Sasikumar, P.; Anbazhagan, K.; Sasikumar, S.; Kavitha, M.; Selvi, M.S.; Selvam, G.S. Screening of indigenous oxalate degrading lactic acid bacteria from human faeces and South Indian fermented foods: Assessment of probiotic potential. Sci. World J. 2014, 2014, 648059. [Google Scholar] [CrossRef]

	



Goldfarb, D.S.; Modersitzki, F.; Asplin, J.R. A randomized, controlled trial of lactic acid bacteria for idiopathic hyperoxaluria. Clin. J. Am. Soc. Nephrol. 2007, 2, 745–749. [Google Scholar] [CrossRef]

	



Giardina, S.; Scilironi, C.; Michelotti, A.; Samuele, A.; Borella, F.; Daglia, M.; Marzatico, F. In vitro anti-inflammatory activity of selected oxalate-degrading probiotic bacteria: Potential applications in the prevention and treatment of hyperoxaluria. J. Food. Sci. 2014, 79, M384–M390. [Google Scholar] [CrossRef]

	



Ferraz, R.R.; Marques, N.C.; Froeder, L.; Menon, V.B.; Siliano, P.R.; Baxmann, A.C.; Heilberg, I.P. Effects of Lactobacillus casei and Bifidobacterium breve on urinary oxalate excretion in nephrolithiasis patients. Urol. Res. 2009, 37, 95–100. [Google Scholar] [CrossRef]

	



Al-Wahsh, I.; Wu, Y.; Liebman, M. Acute probiotic ingestion reduces gastrointestinal oxalate absorption in healthy subjects. Urol. Res. 2012, 40, 191–196. [Google Scholar] [CrossRef]

	



Abratt, V.R.; Reid, S.J. Oxalate-degrading bacteria of the human gut as probiotics in the management of kidney stone disease. Adv. Appl. Microbiol. 2010, 72, 63–87. [Google Scholar] [CrossRef] [PubMed]








[image: Diagnostics 13 00951 g001 550] 





Figure 1. Process of calcium oxalate stone formation. 
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Table 1. Urinary microbiome associated with urolithiasis.
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	Urinary Microbiome (Urinary Stone Disease Group)
	Urinary Microbiome (Healthy Group)





	Escherichia coli
	Lactobacilli



	Staphylococcus aureus
	Bifidobacterium



	Streptococcus pneumoniae
	Veillonellaceae



	Pseudomonas aeruginosa
	



	Burkholderia
	



	Urease-producing Organisms
	



	Proteus mirabilis
	



	Klebsiella pneumonia
	



	Staphylococcus aureus
	



	Pseudomonas aeruginosa
	



	Providencia stuartii
	



	Serratia marcescens
	



	Morganella morganii
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