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Abstract | Urologists rarely need to consider bacteria beyond their role in infectious disease. However, 
emerging evidence shows that the microorganisms inhabiting many sites of the body, including the urinary 
tract—which has long been assumed sterile in healthy individuals—might have a role in maintaining urinary 
health. Studies of the urinary microbiota have identified remarkable differences between healthy populations 
and those with urologic diseases. Microorganisms at sites distal to the kidney, bladder and urethra are likely 
to have a profound effect on urologic health, both positive and negative, owing to their metabolic output 
and other contributions. Connections between the gut microbiota and renal stone formation have already 
been discovered. In addition, bacteria are also used in the prevention of bladder cancer recurrence. In the 
future, urologists will need to consider possible influences of the microbiome in diagnosis and treatment 
of certain urological conditions. New insights might provide an opportunity to predict the risk of developing 
certain urological diseases and could enable the development of innovative therapeutic strategies.
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Introduction
The microbiota is defined as the microorganisms in a 
particular environment.1,2 More specifically, the term 
refers to the microbial taxa that are associated with an 
environment and are revealed using molecular tech­
niques such as 16S ribosomal RNA (rRNA) sequencing. 
Conversely, the term microbiome is less firmly defined. 
Some groups limit the use of microbiome to the cata­
logue of microbes and their genes only,2 whereas our 
group and others prefer to refer to this as the meta­
genome (all genetic material of a population including 
plasmids). The term microbiome is used as a reference to 
the habitat as a whole,1 thus, incorporating the biotic and 
abiotic factors, encompassing host and microorganism 
genomes and environmental conditions (Figure 1). The 
populations are composed of bacteria, archaea, viruses 
and fungi, which are predominantly found in the gastro­
intestinal tract, but also in other exposed tissues, such 
as the skin, upper respiratory and urogenital tracts.3–5 
However, other tissues that were once considered sterile, 
such as the brain, breast, placenta and the urinary tract, 
also harbour unique bacterial communities.6–9 At pres­
ent, our knowledge of the microbiome is restricted to 
bacterial information, owing to technical limitations, but 
future advancements will enable a better understanding 
of the interactions between the different populations and 
their roles in the microbiome.

The recent identification of a microbiota in the bladder 
has important implications for the urologist. Studies of 
other body systems suggest that the microbiota is criti­
cal in the maintenance of health and/or development of 

disease. For example in the gastrointestinal tract, links 
between gut dysbiosis, chronic Clostridium difficile 
infection and colorectal cancer have been reported.10–12 
For the urinary tract, researchers have only begun to 
assess the relationship between the urinary microbiota 
and urologic disease.

It is now widely appreciated that the gut microbiota has 
a key role in homeostasis, regulating health and disease 
at distal sites throughout the body. Gastrointestinal dys­
biosis has been linked to abnormalities within the brain,13 
heart,14 musculoskeletal system15 and of metabolic pro­
cesses.16 Notably, a recent metagenomic analysis of intesti­
nal microbes highlights the power of the microbiome, 
which was a better predictor of the development of type 2 
diabetes than the individual’s genomic composition.17

However, the relationship between these actively 
metabolizing organisms and urogenital health has yet to 
be completely elucidated. Given the role of the kidneys 
and bladder in filtration and storage of waste, respec­
tively, microbial profiles and microbial metabolites of the 
gut and other organs might influence the urinary micro­
biota, and alterations might affect urinary homeostasis. 
Whether the microbiomes of these sites are predictive of 
the risk of urological disease or malfunction is unclear.

This Review seeks to characterize the microbiome–
host relationship with regards to urological health and 
examines the potential of probiotic intervention to 
modulate the risk of disease.

The microbiota of the urinary tract
A number of recent studies suggest that the urinary tract 
harbours a unique urinary microbiota,7,18–29 which is sub­
stantially different from the populations of the gut and 
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vagina. These findings challenge the long-held doctrine 
of the urinary tract proximal of the urethra as a sterile 
environment and raise the question of why these bacteria 
had not been discovered previously.

Discovery
Traditionally, bacteriological culture of urine is used to 
isolate and identify pathogens involved in the develop­
ment of UTIs; for example, aerobic, fast-growing organ­
isms, such as Escherichia coli and Enterococcus faecalis.30 
Conversely, slow-growing, anaerobic or fastidious 
organisms, such as Corynebacterium, Lactobacillus 
and Ureaplasma, are rarely isolated from the urinary 
tract, as routine culture techniques are not designed to 
support the growth of these genera.18,31–33 However, using  
advanced detection technologies, these bacteria have 
been identified as members of the urinary microbiota in 
multiple studies.19–23 Similarly, owing to such advanced 
culture and molecular techniques, Lactobacillus 
iners replaced Lactobacillus acidophilus as the gener­
ally accepted dominant species in the microbiota of 
the healthy vagina.34,35 Hence, improvements in PCR 
and 16S rRNA sequencing technology have made it 

possible to ascertain the bacterial communities of the 
body,36 leading to the discovery of the microbiota of  
the urinary tract.

This revelation raises many questions. How can so 
many species, including some known to cause UTI, 
survive and multiply within the urinary tract without 
causing chronic infection? The required nutrients seem 
to be available, and presumably many organisms carry 
the necessary virulence factors for infection. Why would 
genera, such as Jonquetella, Parvimonas, Proteiniphilum 
and Saccharofermentans, previously unfamiliar to 
urologists, seemingly arbitrarily colonize the urinary 
tract of individuals aged >70 years and what are these 
organisms doing?27

Stapleton37 has suggested that nonmodifiable host 
factors have a role in the colonization by these organisms. 
If host factors indeed ‘select’ the species that become 
established, what are the receptors and the basis for selec­
tion in evolutionary terms for a given individual? Did 
bacteria and their hosts coevolve? This process might 
encompass human urinary tract adaptation to accom­
modate certain bacterial species, for example, through 
expression of specific receptors, as well as mutations in 
bacteria enabling adherence to the uroepithelium and 
survival in the variable urinary conditions. Clinically, 
it is known that children of women with a history of 
recurrent UTIs often also have recurrent infections.38 Is 
this increased susceptibility to UTIs caused by genetic 
inheritance or the transfer of bacterial species during 
childhood or, more specifically, at birth? If the latter is 
the case, should some babies be delivered by Caesarean 
section and artificially colonized by selected bacterial 
species? Indeed, artificial colonization of children deliv­
ered by Caesarean section using probiotics to prevent 
the development of IgE-associated allergy has previously 
been successful.39

Key points

■■ Contrary to doctrine, the urinary tract is inhabited by a unique urinary 
microbiota; further research is needed to characterize this microbial community 
in health and disease

■■ Alterations in the urinary microbiota have been linked to urologic disease, 
such as neurogenic bladder dysfunction, interstitial cystitis and urgency 
urinary incontinence

■■ The microbiome, particularly that of the gut, has a key role in the development 
and progression of disease within the urinary tract

■■ Although early studies of probiotics in patients with nephrolithiasis or bladder 
cancer have demonstrated variable effectiveness, such alternative treatment 
strategies focused on reconstituting the microbiome should be further explored
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Nature Reviews | UrologyFigure 1 | Definition of the microbiota, metagenome and microbiome as used in this Review. Each image represents the 
same population; however, different approaches to define the population provide different information. a | Microbiota: 16S 
rRNA surveys are used to taxonomically identify the microorganisms in the environment. b | Metagenome: the genes and 
genomes of the microbiota, including plasmids, highlighting the genetic potential of the population. c | Microbiome: the 
genes and genomes of the microbiota, as well as the products of the microbiota and the host environment. 
Abbreviation: rRNA, ribosomal RNA.
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Alterations and disease
Investigations of bacterial populations in the urinary 
tract of healthy volunteers and patients with different 
diseases have revealed an altered microbiota in individu­
als with neurogenic bladder dysfunction (NBD), inter­
stitial cystitis, urgency urinary incontinence and sexually 
transmitted infections (Table 1).19,23–26 In patients with 
NBD, the alterations to the microbiota seem to posi­
tively correlate with the duration of the condition and 
the type of catheter used in bladder emptying.24 The 
latter is intriguing and supports the ‘receptivity’ concept, 
whereby the presence of a new surface ‘attracts’ certain 
organisms, changing the dynamics of the microbiota. 
Urine from patients with interstitial cystitis had lower 
bacterial diversity than urine from healthy volunteers 
compounded by an increase in the relative abundance 
of the genus Lactobacillus (92% versus 57%).23 This 
finding raises two questions. First, is the loss of diver­
sity a cause of or caused by the condition? Second, why 
is the increase specific for Lactobacillus, a genus that is 

considered beneficial in both the intestine and vagina, 
in a diseased state?10,40,41 Interestingly, reduced bacterial 
diversity has also been correlated with other chronic 
inflammatory states, including obesity and inflammatory 
bowel disease.42,43 Evidently, urinary microbiota studies 
are providing a whole range of novel ideas about urinary 
health and disease, yet still demonstrate that the micro­
biota of patients with symptomatic UTIs are dominated 
by organisms that have previously also been identified 
via traditional culture methods.28

Microbiota of different populations
Although the numbers of studies are limited, some found 
significant differences between the urinary microbiota 
of men and women.24,27 This finding is not surprising 
given the differences in anatomical structure, hormones 
and local defences, but it is worthy of study in rela­
tion to disease susceptibility. For example, analysis of 
the EUROCARE‑4 cancer survival data highlighted the 
disparity in bladder cancer survival between the sexes: 

Table 1 | Studies characterizing the urine microbiota

Study Patients (n) Notable taxa* Sample collection method

Nelson et al. 
(2010)25

Men with STI (10)
Men without STI (9)

Lactobacillus, Sneathia, Gemella, Aerococcus, 
Corynebacterium, Streptococcus, Veillonella, Prevotella, 
Anaerococcus, Propionibacterium, Atopobium, Staphylococcus

First-void urine

Dong et al. 
(2011)26

Men with STI (10)
Men without STI (22)

Lactobacillus, Sneathia, Veillonella, Corynebacterium, Prevotella, 
Streptococcus, Ureaplasma, Mycoplasma, Anaerococcus, 
Atopobium, Aerococcus, Staphylococcus, Gemella, Enterococcus, 
Finegoldia, Neisseria, Propionibacterium, Ralstonia

First-void urine

Siddiqui et al. 
(2011)22

Healthy women (8) Lactobacillus, Prevotella, Gardnerella, Peptoniphilus, Dialister, 
Finegoldia, Anaerococcus, Allisonella, Streptococcus, 
Staphylococcus

Clean-catch midstream urine

Fouts et al. 
(2012)24

Healthy controls 
(26; 58% women)
Patients with NBD 
(27; 48% women)

Orders: Lactobacillales, Enterobacteriales, Actinomycetales, 
Bacillales, Clostridiales, Bacteroidales, Burkholderiales, 
Pseudomonadales, Bifidobacteriales, Coriobacteriales

Midstream urine, 
intermittent catheterization, 
Foley catheter

Nelson et al. 
(2012)21

Healthy adolescent 
men (18)

Lactobacillus, Streptococcus, Sneathia, Mycoplasma, 
Ureaplasma

First-void urine

Siddiqui et al. 
(2012)23

Women with IC (8) Lactobacillus, Gardnerella, Corynebacterium, Prevotella, 
Ureaplasma, Enterococcus, Atopobium, Proteus, Cronobacter

Clean-catch midstream urine

Wolfe et al. 
(2012)7

Healthy women (12)
Women with POP 
or UI (11)

Lactobacillus, Actinobaculum, Aerococcus, Anaerococcus, 
Atopobium, Burkholderia, Corynebacterium, Gardnerella, 
Prevotella, Ralstonia, Sneathia, Staphylococcus, 
Streptococcus, Veillonella

Clean-catch midstream urine, 
suprapubic aspirate, 
transurethral catheter

Lewis et al. 
(2013)27

Healthy men (6)
Healthy women (10)

Jonquetella, Parvimonas, Proteiniphilum, Saccharofermentans
Phyla: Actinobacteria, Bacteroidetes

Clean-catch midstream urine

Fricke et al. 
(2014)20

Patients receiving 
first renal transplant 
(60; 37% women)

Lactobacillus, Enterococcus, Pseudomonas, Streptococcus
Families: Bifidobacteriaceae, Corynebacterineae

Not described

Hilt et al. 
(2014)18

Healthy women (24)
Women with OAB 
(41)

Lactobacillus, Corynebacterium, Streptococcus, Actinomyces, 
Staphylococcus, Aerococcus, Gardnerella, Bifidobacterium, 
Actinobaculum

Transurethral catheterization

Pearce et al. 
(2014)19

Healthy women (58)
Women with 
urgency UI (60)

Gardnerella, Lactobacillus, Actinobaculum, Actinomyces, 
Aerococcus, Arthrobacter, Corynebacterium, Oligella, 
Staphylococcus, Streptococcus

Transurethral catheterization

Willner et al. 
(2014)28

Patients with acute 
uncomplicated UTI 
(50; 76% women)

Anaerococcus, Peptoniphilus, Streptococcus, Lactobacillus, 
Staphylococcus, Escherichia, Pseudomonas

Midstream urine

*Identified by the authors of the original studies as predominant or of significantly more prevalent than other populations; listed as genera, unless otherwise 
noted. Abbreviations: IC, interstitial cystitis; NBD, neurogenic bladder dysfunction; OAB, overactive bladder; POP, pelvic organ prolapse; STI, sexually transmitted 
infection; UI, urinary incontinence.
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the age-adjusted 5‑year relative survival was 4.2% lower 
for women compared with men.44 By contrast, for all 
cancers combined, the report noted a significant sur­
vival advantage for women. As an example regarding 
noncancerous urinary tract diseases, one study demon­
strated that men have a higher incidence of renal calculi 
compared with women.45 It is possible that differences in 
the urinary microbiota of men and women have a role 
in these disparities.

To date, the variations in detected organisms between 
samples have been too high to indicate that comparable 
bacterial communities in individuals of the same age or 
gender exist.22,25–27 However, Lewis et al.27 propose the 
presence of a ‘core’ bladder microbiota—a subset of bac­
teria that exist at variable abundances within the urinary 
tract regardless of age. This hypothesis needs to be con­
firmed by large studies accompanied by investigations 
to identify why these organisms have evolved with the 
human urinary tract. This evolution could encompass 
coevolution, but also changes in the urinary microbiota 
with an individual’s age: the microbiota of children are 
likely to differ from adults, and the microbiota of adults 
are likely to differ within age groups, for example, owing 
to changes in urinary metabolites, personal hygiene and 
voiding habits.

Maintenance of homeostasis
Assuming a mutualistic relationship, in which the bac­
teria benefit from the host’s nutrient supply, pH, oxygen 
concentration and other survival factors, it remains 
unclear what advantage the microbiota provide to the 
host. The human microbiome is critical in the main­
tenance of health and development at different sites 
throughout the body, but whether the urinary micro­
biota have a role similar to that of bacterial communi­
ties at other mucosal sites requires further investigation 
(Figure 2). In addition, it is known that microbes are 
important in establishing the immune system after 
birth and maintaining its effectiveness throughout 
life.46 The presence of dedicated immune cells within 
the urinary tract raises the question of whether the 
urinary microbiota has a similar role in priming 
the immune system.

Bacteria are also able to interact with many environ­
mental toxins, such as heavy metals, polycyclic aromatic 
hydrocarbons, pesticides, ochratoxins, plastic monomers 
and organic compounds.47–50 After certain toxins have 
been removed from the blood stream through renal fil­
tration, their storage within the bladder provides ample 
time for the urinary microbiota to interact with and 
alter these compounds. This ‘metabolism’ can increase 
or decrease the risk of diseases, including cognitive dys­
function, renal pathologies and urinary cancers, that can 
be caused by these toxins.51

The gut microbiota has been linked to the develop­
ment of both the enteric and central nervous system after 
birth.52 However, little is known about bacterial inter­
actions with the peripheral nervous system. The urinary 
microbiota might be required for correct development 
of and signalling within this system, potentially through 
the production of neurotransmitters. Loss of these func­
tions might be the cause of diseases, such as overactive 
bladder and interstitial cystitis. Indeed, studies on germ-
free mice show that the absence of microbes correlates 
with a compromised immune system, leaky gut, as well 
as behavioural and neurological disorders.13 Studies of 
urinary tract function in germ-free animals are rare, so it 
is currently unclear exactly how this system is influenced 
by the microbiota. Finally, the urinary microbiota might 
act as a barrier to uropathogens, for example, through 
competition for resources, similar to other body sites.53 
In the vagina, secretions can have inhibitory activity 
against E. coli, particularly in communities dominated 
by Lactobacillus crispatus.54

One of the limitations of 16S rRNA sequencing is its 
inability to differentiate between live and dead bacteria or 
bacterial DNA fragments. Hilt et al.18 addressed this issue 
by expanding culture conditions beyond the ones that are 
used routinely to isolate bacteria from urine. Using these 
modified culture criteria, 80% of 65 samples, of which 
92% were culture negative (<103 colony forming units 
(CFU)/mL) using traditional culture techniques, grew 
bacteria. Comparison of these findings to their high-
throughput sequencing results suggested that a majority 
of the bacteria found within the urinary microbiota via 
16s rRNA sequencing were indeed alive.
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Figure 2 | Potential roles of the urinary microbiota in homeostasis of the urinary 
tract. Bacteria might produce neurotransmitters that interact with the nervous 
system (1). Commensal bacteria might outcompete pathogens for common 
resources (2). Bacteria might have a role in the regulation and maintenance of 
epithelial junctions (3). Commensals might produce antimicrobial compounds that 
kill pathogens (4). Bacteria might prime epithelial defences, including immune 
defences (5). Commensal bacteria might degrade harmful compounds (6). Bacteria 
might be necessary for proper development of the urinary tract, including the 
uroepithelium, immune system and peripheral nervous system within the bladder 
and surrounding tissues (7). Commensals might create a barrier, blocking 
pathogen access to the uroepithelium (8).
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Factors influencing the microbiota
It is well known that dietary factors can influence the 
risk of urinary infections and calculi. Consistent high 
water intake is important, but it is perhaps a little sim­
plistic to suggest that it can help cure UTIs. Indeed, 
urine from individuals with increased water intake 
significantly increased the initial deposition rates and 
numbers of adherent E. coli and E. faecalis to silicone 
rubber.55 This finding is of particular importance in 
patients with catheter-associated UTIs and suggests that 
high water intake leads to the dilution of a urinary factor 
that inhibits microbial deposition, rendering it ineffec­
tive. Notably, a proportion of UTI cases resolve without 
intervention for unexplained reasons.56–58 Furthermore, 
one pilot study found that the use of ibuprofen for the 
treatment of acute uncomplicated UTI is comparable 
to that of ciprofloxacin.59 Unfortunately, results from a 
large, randomized, controlled, double‑blind study have 
not yet been published.60

These findings raise a number of questions. Does 
the urinary microbiota simply need time to reconsti­
tute following an acute infection? If so, why do not all 
infections resolve without intervention? Are there other 
triggers of infection, for example, alterations in the gut 
microbiota? Many microbial metabolites are found in 
the urine, which can be used as an indicator of gut dys­
biosis. For example, in rats, in which the microbiota was 
suppressed by antibiotic treatment, the urinary metabo­
lite profiles between the treated and control rats were 
remarkably different.61 Clearly, many waste products, 
including microbial metabolites, are excreted via the 
urinary tract, but whether these metabolites are harmful 
to the urinary microbiota and their role in the develop­
ment of UTIs is unclear. Multiple groups have explored 
the use of NMR to differentiate the metabolites in the 
urine from healthy patients and those with suspected 
UTI,62 as well as to identify biomarkers of morbidity.63

Consumption of cranberry juice has been proposed 
to reduce the incidence of recurrent UTIs; however, in 
2012, a randomized controlled trial in women with a 
history of recurrent UTI found no protective effects.64 
Other studies have suggested that d‑mannose, a compo­
nent of cranberry juice and other juices, especially pine­
apple juice, inhibits the attachment of bacterial type 1 
fimbriae to cell surfaces, presumably reducing the patho­
gen’s ability to remain in the urinary tract and infect the 
host.65 Although more studies are needed—which should 
also examine the effect on the total microbiota—urinary 
components indeed seem likely to have an impor­
tant role in determining which organisms inhabit the 
urinary tract.

In addition, the virome is likely to be important in 
maintaining the urinary microbiota. The virome is 
defined as the set of viruses infecting eukaryotic, bac­
terial, and archaic microorganisms found within the 
host, as well as the virus-derived genetic elements that 
have integrated chromosomally.66 Similar to the bac­
terial contingent of the microbiome, the virome can be 
found throughout the entire human body, including the 
urinary tract, and is not limited to the mucosal sites. 

To date, little is known about the influence of the virome 
on the urinary microbiota and this topic is likely to 
receive much attention in the coming years. However, 
as viruses can be DNA or RNA encoded and owing to 
high genomic diversity, characterization of the virome 
is complicated by the limitations of current technology 
and the lack of a universal phylogenetic marker, such as 
the 16S rRNA in bacteria.67

Importantly, the ways in which antibiotics and anti­
microbial agents prescribed to patients, as well as trace 
amounts found in drinking water and food, affect the 
human microbiome are only now being realized.68 The 
fact that bacterial resistance to antibiotics is increasing 
is well known; however, the use of low-dose, prophy­
lactic antibiotics to prevent recurrent infection remains 
an accepted therapeutic option. These practices might 
be creating bacterial persister cells that are geneti­
cally homogenous to previous generations, but exhibit 
a greater fitness, enabling them to be more capable  
of invading the uroepithelium and acting as a source of  
sepsis and infection, but potentially also of becoming 
part of the urinary microbiota.69 In children with anato­
mical congenital anomalies that predispose them to 
recurrent UTI, infection is often managed with low-dose 
antibiotic prophylaxis—the development of persister 
cells due to such medication might be contributing to 
the recurrent nature of the UTI.

Changes in bacterial diversity over the course of an 
individual’s life have been described for the intestinal 
microbiota and are also likely to occur to some extent 
in the urinary microbiota,70 given the influence of the 
former on the latter. Hormonal changes associated 
with puberty and menopause,71 as well as constipa­
tion and urinary incontinence, are known to influence 
the microbiome.72 In women, such changes primarily 
affect the composition of lactobacilli populations in 
the vagina.73 In addition, in women, sexual activity can 
alter the microbiota of both the urethra and the vagina.4 
Furthermore, in male adolescents (aged 14–17 years) 
who have engaged in vaginal sexual intercourse, bac­
teria commonly associated with bacterial vaginosis 
can colonize the coronal sulcus and distal urethra.21 
These genera were not found in sexually inexperienced 
individuals, suggesting that colonization was related 
to sexual activity. The same study also found signifi­
cant differences in the types of bacteria colonizing the 
coronal sulcus between circumcised and uncircumcised 
adolescents. After puberty, the prostate has developed 
sufficiently to produce prostatic fluid that contains 
various antimicrobial substances,74 which are capable of 
influencing the urinary microbiota. In addition, spermi­
cidal agents might disrupt both the male and the female 
urinary microbiota, similar to disruptions observed in 
the vagina.75,76 Furthermore, anal and oral penetration 
during sexual intercourse exposes men to two atypical 
microbial environments.

As has been proposed for the gut,77 the balance 
between certain microbial groups or organisms that 
contribute to a conserved metagenome might be more 
important than the overall composition of the urinary 
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microbiota. For example, two populations might contain 
completely different sets of bacterial species, yet perform 
the same function, as the genetic potential is present 
in both populations. This property adds an aspect of 
redundancy to the microbiome, acting as a safeguard in 
the maintenance of health and development of disease. 
It is important to note that the metagenome represents 
only the genetic potential of the microbiota, not the 
actual activity of the population.

The microbiota in specific diseases
Urolithiasis
Several studies have described an inverse relationship 
between the occurrence of Oxalobacter formigenes 
in the intestinal microbiota and the development of 
renal calcium oxalate stones. In the colon, O. formi­
genes utilizes oxalate as its primary substrate,78 thus, 
O. formigenes is believed to be essential for the degra­
dation of dietary oxalate in the human body. Studies 
indicated that individuals lacking this bacterium 
have an increased urinary oxalate concentration.79–81 
Further, colonization with the bacterium is associ­
ated with a 70% reduction in risk of recurrent calcium 
oxalate stone formation and the colonization rate of 
healthy subjects is almost double that of individuals 
with nephrolithiasis.81,82

Multiple studies have sought to characterize the 
mechanisms behind the relationship between O. formi­
genes colonization and the development of oxalate 
stones. Treatment of hyperoxaluric animals with live 
O. formigenes or isolated oxalate-degrading enzymes 
decreased urinary oxalate levels.83,84 This decrease 
might, in part, be due to stimulated oxalate secretion 
into the gut caused by new colonization of the gut with 
O. formigenes or promotion of bacterial survival within 
the colon owing to the ingestion of bacterial lysates.85

O. formigenes acquisition is not well understood, but 
is assumed to occur during childhood and, accord­
ing to animal studies, bacteria might be picked up 
through environmental exposure.86 In children (aged 
4–18 years) in Poland, similar colonization rates were 
found between paediatric stone formers and appar­
ently healthy children (27.6% versus 26% of children, 
respectively).87 Conversely, a Ukrainian study demon­
strated age-dependent colonization, with no detec­
tion of the organism during the first year after birth 
followed by detection in all participants by the age of 
8 years. Colonization then seems to decrease to 70–80% 
by the age of 12 years and further declines into adult­
hood, with reported colonization rates as low at 60%.88 
The discordance is noteworthy, yet might be caused by 
limited antibiotic access in the Ukraine at the time of 
the study and arguable overprescription of antibiotics 
in Poland.87 Moreover, patients receiving long-term 
antibiotic therapy, such as cystic fibrosis patients, have 
a lower prevalence of O. formigenes in comparison with 
healthy individuals,89 concordant with a greater inci­
dence of calcium oxalate nephrolithiasis.90 In adults, 
this eradication might be permanent, as researchers have 
had minimal success in recolonizing adult patients.88,91,92

Given the limited preventative options for calcium 
oxalate nephrolithiasis, alternative treatments are highly 
sought after. Recolonization or replacement of O. formi­
genes within the gastrointestinal tract represents a valid 
option; however, studies exploring this strategy are con­
tradictory.93 In humans, administration of O. formigenes 
HC1 (5 × 1010 CFU) reduced both urinary oxalate excre­
tion and oxalate:creatinine ratios.93 Further, the use of 
live O. formigenes against primary hyperoxaluria type 1 
in patients decreased oxalate excretion by 20–50% in the 
urine of patients with functioning kidneys, yet oxalate 
excretion again increased following cessation of treat­
ment, presumably because the bacterium was unable 
to colonize the gastrointestinal tract.94 In 2013, Siener 
et al.79 identified that O. formigenes lowers the con­
centration of oxalate available for absorption in the 
intestine, which might explain the notable decrease in 
urinary oxalate excretion. Indeed, consumption of pro­
biotics significantly decreased oxaluria in patients with 
enteric hyperoxaluria or after administration of oral 
oxalate,95–97 but led to unsatisfactory results in mildly 
hyperoxaluric patients.98 Thus, probiotic studies with 
negative results that include patients on low-oxalate 
diets should not be considered as true probiotic fail­
ures.90 Borghi et al.90 argue that, based on available 
studies, probiotics should not be assumed ineffective 
in the treatment of calcium nephrolithiasis. Rather, 
researchers should focus on identifying the patient 
population in which this treatment strategy is effective. 
Such patient selection might be more difficult than it 
sounds, especially considering the Human Microbiome 
Project’s findings that no single phylum is found at 
the same body site in every individual; indeed, each 
individual sample was unique in terms of phylum and 
genus composition.99

To date, therapeutic administration of O. formigenes 
has been hampered by its complicated growth require­
ments and subsequent lack in understanding of the 
optimal dietary oxalate levels required to maintain 
intestinal colonization—not to mention the regulatory 
issues of using non-food-grade bacteria in humans. 
Thus, other options have been explored. In rats, oxalate-
degrading enzymes from O. formigenes have been com­
bined with a 2% oxalate diet in an enzyme therapy that 
decreased urinary oxalate levels by 65% compared 
with controls.91

Other oxalate-degrading bacteria using different 
enzymatic pathways have also been explored as pro­
biotic alternatives to O. formigenes. Indeed, certain lactic 
acid bacteria are capable of oxalate degradation in vitro, 
and when given orally reduce urinary oxalate excre­
tion.95,100 The administration of a mixture of L. acido­
philus, Lactobacillus plantarum, Lactobacillus brevis, 
Streptococcus thermophilus and Bifidobacterium infantis 
strains over a period of 4 weeks in patients with idio­
pathic calcium oxalate urolithiasis and hyperoxaluria 
significantly reduced urinary excretion of oxalate.100 
Conversely, a double-blind, placebo-controlled study 
found that neither 2 × 1011 CFU of L. acidophilus, 
L. brevis, S. thermophilus and B. infantis at a ratio of 
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1:1:4:4 nor a mixture of 115 mg Fructooligosaccharide, 
4.5 × 109  CFU Enterococcus faecium, 3 × 106  CFU 
Saccharomyces boulardii and 2 × 106 CFU S. cerevisiae 
significantly increased intestinal oxalate metabolism or 
decreased oxalate absorption from the gut beyond the 
effects of a controlled diet.95 It is still not established 
whether the mechanism behind the reduction in oxalate 
absorption is related to the bacterial ability to utilize 
the molecule or to modulate the host’s epithelial barrier 
functions, resulting in decreased oxalate absorption.

Urolithiasis is also one of many diseases, including 
renal cell cancer in men, that have been associated with 
obesity.101,102 This relationship is of particular interest 
as obesity is correlated with dysbiosis of the oral cavity 
and the intestinal tract.43 Urolithiasis has also been 
linked to metabolic syndrome, which is associated with 
increased urinary levels of uric acid, oxalate and calcium, 
as well as decreased citrate levels.103 Future studies should 
clarify whether dysbiosis of the gut, beyond the loss of 
O. formigenes colonization, might be a cause of renal 
stone formation.

Although dysbiosis of a distal microbiota might not 
be the trigger of disease development, it might have a 
role in disease progression. For example, chronic kidney 
disease (CKD) has clearly been linked to an aberrant gut 
microbiota,104–106 particularly through the production 
of uraemic retention molecules (URMs) by the micro­
biota.107,108 Accumulation of these organic waste prod­
ucts leads to the development of uraemic illness and 
has been implicated in progression of CKD to end-stage 
renal failure.107

Bladder cancer
The microbiome might have a role in the prevention of 
recurrent superficial bladder cancer. In patients with 
this disease, recurrence rates can be as high as 66% at 
5 years and 88% at 15 years.109 Transurethral resection 
of the bladder tumour followed by weekly intravesical 
instillation of BCG (attenuated Mycobacterium tubercu­
losis vaccine) is currently considered the most effective 
management for intermediate and high-risk noninva­
sive tumours. Despite a significant reduction in recur­
rence and progression rates following BCG, almost 
half of patients will not respond and the disease might 
even progress.110

The mechanism by which the bacteria in the BCG 
vaccine prevent cancer recurrence has yet to be fully 
elucidated. Successful BCG immunotherapy requires an 
interaction with the bladder wall, which is dependent 
on fibronectin111 and α5β1 integrins.112 BCG binds to 
fibronectin with specific binding proteins, leading to the 
induction of CD8+ T cells and natural killer cells. BCG is 
thought to initiate crosslinking between α5β1 integrins, 
which leads to cell cycle arrest.113 The α5β1 integ­
rins are also necessary for BCG internalization112 and 
host cell death.114 BCG soluble factors have been linked 
to cell death through the production of reactive oxygen 
species in bladder cancer cells in vitro, correlating with 
DNA damage, the extent of which was related to the 
duration of BCG exposure.115

At other exposed mucosal sites, such as in the gut or 
oral activity, the commensal bacteria are essential in the 
maintenance of host homeostasis and it seems rational to 
presume that a similar relationship exists in the bladder. 
Interestingly, Lactobacillus and, most notably, L. iners has 
been found in the urinary microbiota.7,18,20–28 In 2013, our 
group demonstrated that L. iners binds fibronectin with 
a greater affinity than other lactobacilli derived from 
vaginal samples or probiotics.116 In addition, numerous 
indigenous commensal and probiotic bacterial strains 
demonstrated the ability to attenuate mucosal inflam­
mation via inhibition of the NF‑κB pathway, as well as 
IL‑6 and IL‑8.117 This interaction might be enhancing 
or reducing the efficacy of BCG therapy. BCG therapy 
might be further affected by the indigenous micro­
biota, potentially influencing clinical outcomes by 
competing with BCG to bind fibronectin, thereby alter­
ing the host’s immunological response. Strategies to 
promote or deplete the indigenous bladder microbiome 
might be used in the future to improve the efficacy of 
BCG treatment.

Although rare, life-threatening adverse effects are 
associated with BCG. For example, 0.4% of patients 
develop BCG sepsis,118 thus, research into alternative 
therapies is warranted. In mice, Lactobacillus casei 
decreased the growth of transplantable bladder tumours 
and pulmonary metastases.119 In a rat bladder cancer 
model, similar results were observed when treating 
animals orally or intravesically with L. casei.120 In addi­
tion, these effects were reproduced with dead bacteria.121 
Notably, such beneficial responses are not limited to 
L. casei: Lactobacillus rhamnosus GG recruited natural 
killer cells to the bladder and draining lymph nodes of 
healthy mice receiving weekly instillations of the bac­
terium at rates comparable to BCG.122 In vitro studies 
also demonstrate cytotoxic effects of L. rhamnosus GG 
in bladder cancer cells.123

In a double-blind, placebo-controlled randomized 
trial, orally administered L. casei Shirota decreased 
superficial bladder cancer recurrence.124 Although 
controversial, these findings have been confirmed in 
multiple other studies.109 However, the mechanism of 
action and whether the treatment is superior or comple­
mentary to BCG remain unclear. Although the inter­
actions of probiotics with the immune system have been 
well established, questions are also raised about the pro­
biotic interaction with the gut microbiota of patients. Is 
intestinal microbial dysbiosis present in patients with 
superficial bladder cancer and does application of pro­
biotics ameliorate some of the accompanying changes to 
the gut microbiota?

In colorectal cancer, a dysbiotic gut microbiota is 
thought to contribute to the development of the genetic 
mutations, epigenetic changes and aberrant immuno­
logical signalling pathways linked to disease develop­
ment.11,12 Indeed, bacteria have been linked to the 
development of multiple cancers through various mecha­
nisms: gastric cancer, gastric and skin mucosa-associated 
lymphoid tissue lymphoma, immunoproliferative small 
intestinal disease, ocular adnexal lymphoma, colorectal 
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cancer and breast cancer.8,125–128 Bladder cancer has 
been associated with a number of risk factors, including 
smoking and Schistosoma haematobium,125 and asympto­
matic bacteriuria has also been clinically noted.29 In addi­
tion, a preliminary study found alterations in the urinary 
microbiota of patients with urothelial carcinoma in 
comparison with healthy individuals.29

Many questions currently remain unanswered. Does 
the gut microbiota have a role in the development of 
bladder cancer? Many carcinogens are produced in 
the gut, absorbed by the blood and filtered and stored 
by the urinary tract prior to excretion. Which effects 
do these compounds have on the urinary microbiota? 
Certainly, some members of the commensal micro­
biome are able to sequester heavy metals and other toxic 
substances thought to be risk factors for bladder cancer.47

Future directions
Apart from probiotic applications for the treatment of 
renal stones and bladder cancer, oral and vaginal pro­
biotic therapies have been successful in decreasing 
the recurrence rates of UTI.129 Pending further explo­
ration, the use of such treatment strategies is likely to 
lead to a reduction in antibiotic use and subsequent 
resistance. The effectiveness of intravaginal and intra­
vesical probiotic application in the treatment of UTI 
and bladder cancer opens the door for the adminis­
tration of probiotics via these routes also for other 
urological diseases.

Alternative treatment strategies involving interven­
tions targeting the colonic microbiome, such as the use 
of faecal transplants, have also been experimentally 
explored and are worth further research. In 2012, one 
study successfully transferred the intestinal microbiota 
of lean donors to recipients with metabolic syndrome, 
resulting in a notable improvement in human insulin 
sensitivity.130 Faecal transplants have been successfully 
used in the treatment of chronic C. difficile infections,131 

but are controversial owing to potential inadvertent 
transfer of other infectious agents. Another alternative 
to faecal transplants is synthetic stool therapy.132 In this 
strategy, a relatively well defined, but diverse, collection 
of >30 bacterial strains is propagated for use as a stool 
alternative with the aim of creating a safe, reproducible 
and consistent treatment. Such therapies might be useful 
for diseases, in which the gut microbiome has a role in 
the progression of the disease. Although their application 
is unlikely to cure disease, it might represent a tool for 
management of symptoms. In the field of urology, faecal 
transplants might be beneficial in the management of, 
for example, urolithiasis.

Alternatively, the development of a synthetic urinary 
microbiota for transplantation might lead to an effective 
treatment for patients with recurrent UTI, as the cause of 
this condition is probably similar to recurrent infection 
caused by C. difficile, in which the infection is likely to 
be associated with an inability to reconstitute the normal 
microbiota. Recurrent UTI is unlikely to be compounded 
by many genomic factors, although hereditary links have 
been suggested,37 making it a good candidate for micro­
biota transfer. Finally, an altered microbiome might 
potentially be useful as an early diagnostic indicator of 
disease, although further studies in large populations are 
required to determine the disease-specific profiles that 
might form the basis of future diagnostic tests.

Conclusions
Undoubtedly, the microbiome is linked to urological 
health and disease, but the extent of this relationship 
is still unclear. Over the next few years defining the 
influence of the microbiome on urological homeo­
stasis will be key in understanding the development 
and progression of urological disease. Concurrently, 
exploration and incorporation of more probiotic and 
microbiome-targeted treatment strategies within urology 
is warranted.
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