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Abstract
Background: Urinary system stones are a common clinical
disease, with significant differences in incidence and recur-
rence rates between different countries and regions. The
etiology and pathogenesis of urinary system stones have not
been fully elucidated, butmany studies have found that some
bacteria and fungi that are difficult to detect in urine con-
stitute a unique urinary microbiome. This special urinary
microbiome is closely related to the occurrence and devel-
opment of urinary system stones. By analyzing the urinary
microbiome and its metabolic products, early diagnosis and
treatment of urinary system stones can be carried out.
Summary: This article reviews the relationship between the
urinary microbiome and urinary system stones, discusses the
impact of the microbiome on the formation of urinary system
stones and its potential therapeutic value, with the aim of
providing a reference for the early diagnosis, prevention, and
treatment of urinary system stones. Key Messages: (i) Urinary
stones are a common and recurrent disease, and there is no
good way to prevent them. (ii) With advances in testing
technology, studies have found that healthy human urine also
contains various types of bacteria. (iii) Is there a potential
connection between the urinary microbiota and urinary
stones, and if so, can understanding these connections offer
fresh perspectives and strategies for the diagnosis, treatment,
and prevention of urinary stones? © 2024 S. Karger AG, Basel

Introduction

Urinary system stones are among the most common
diseases in urology, with the earliest records dating back
thousands of years. In China, the earliest related record
can be found in the “Shennong Bencao Jing” from the
Han dynasty; in the West, the earliest records trace back
to the 4th century BC [1]. Throughout this long history,
the exploration of the mechanisms of urolithiasis and the
update of treatment methods have never ceased. With the
advancement of examination techniques and the appli-
cation and popularization of various new minimally
invasive treatment technologies, the diagnosis and
treatment of urinary tract stones have made significant
progress. However, the prevention and treatment of
urinary tract stones still have a long way to go. As a
multifactorial disease, its pathogenesis is not yet clear,
and preventive measures are relatively scarce. Further-
more, its incidence is on the rise globally [2–4], which not
only affects the quality of life of patients with stones but
also brings a significant economic burden to the treat-
ment of stone patients [5].

The microbiome refers to the collective term for all
microbial organisms in a specific environment at a
specific time. For the human body, this includes mi-
croorganisms that inhabit different parts of the body,
consisting possibly of viruses, bacteria, and fungi [6–8].
The functions of the microbiome vary significantly based
on its composition and distribution. Among these, the
well-known gut microbiome is closely related to human
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health [9]; for instance, lactobacilli in the female vagina
play a crucial role in maintaining the balance of the
vaginal ecosystem and defending against other pathogens
[10, 11].

In the past, urine from healthy individuals was often
considered to be sterile. However, with the development
and innovation of detection technologies, especially the
advancement of 16S rRNA gene sequencing technology,
researchers have found a significant presence of bacteria
in urine from healthy individuals [12–14]. These bacteria
cannot be detected by conventional clinical microbio-
logical laboratory culturing methods. Urinary tract
stones, as themost common disease in urology, are widely
considered to be primarily caused by the supersaturation
of minerals in urine, leading to crystal formation, growth,
aggregation, and retention within the urinary system [15,
16]. This discovery has led to further contemplation:
could the microbiome in urine affect the hostʼs health
similar to the gut microbiome? Is there a connection
between stone formation and the urinary microbiome?
This article aims to systematically review the potential
link between the urinary microbiome and urinary tract
stones.

Background

Urinary tract stones are commonly formed by the
abnormal accumulation of substances such as calcium,
oxalate, uric acid, and cysteine in the kidneys and other
areas, making them one of the common diseases in
urology [2]. Despite the complex etiology of stones, there
is still no comprehensive consensus on their formation
mechanism.

It is widely believed that, regardless of the type of stone,
its formation is a multi-step complex process primarily
involving urine supersaturation, crystal nucleation,
crystal growth, and aggregation as the four key stages [17,
18]. Additionally, an imbalance of inhibitory factors in
the urine, urinary tract anatomical abnormalities, genetic
factors, dietary habits, and certain metabolic disorders
within the body may also significantly impact stone
formation.

Based on the main components of stones, they are
commonly classified into four major types: calcium
stones, uric acid stones, struvite stones (infection stones),
and cystine stones. Among these, calcium stones are the
most common type, with approximately 80% of kidney
stones in clinical practice belonging to this category.
These stones typically appear in the form of CaOx and
CaP, either alone or in combination. CaOx often exists as

a monohydrate or dihydrate, with the monohydrate
usually crystallizing into a “dumbbell shape” and the
dihydrate forming the more characteristic “octahedral
shape.” CaP stones frequently manifest as apatite (cal-
cium phosphate) or brushite (hydroxyapatite), often
appearing as radially arranged thin plate crystals [2].
Unlike calcium stones, uric acid stones account for about
8%–10% of urinary stones, and their formation is often
attributed to excessive acidification of urine (pH < 5.6)
[19]. Due to their dense structure, most uric acid stones
resemble pebbles in appearance [20, 21]. Struvite stones,
also known as “infection stones,” are typically caused by
the increased production of ammonia resulting from
bacterial infections in the urinary tract that can produce
urease, forming in an alkaline urine environment. Due to
their rapid growth and ease of being molded by the renal
collecting system, they often form “stag-horn” shapes
[22]. Lastly, cystine stones are caused by congenital
cystinuria, an autosomal recessive genetic disorder caused
by a defect in the reabsorption mechanism of the
proximal renal tubules [23]. This often results in the
formation of characteristic hexagonal cystine crystals,
which are dense, slightly opaque, and amber-colored.

As one of the most common diseases in urology, the
incidence and recurrence rates of urinary tract stones are
both on the rise. A review of epidemiological data from
multiple countries reveals that the prevalence of urinary
tract stones ranges from 1.7% to 14.8% and is increasing
in almost all countries [3]. According to statistics, from
1976 to 2010, the prevalence of kidney stones in the USA
nearly tripled [24]; during the same period, the preva-
lence of urinary tract stones in the UK also increased by
63% [25]. Over the past 50 years, the global prevalence of
urinary tract stones has continued to rise, with a re-
currence rate of up to 50% within 5 years. Furthermore,
this trend is expected to increase further in the
future [26].

The occurrence and development of urinary tract
stones are closely related to lifestyle, dietary habits, and
global warming. Additionally, diabetes [27], obesity,
hypertension, and metabolic syndrome [28, 29] are
considered significant risk factors for stone formation.
Correspondingly, the risk of hypertension [30], end-stage
renal disease [31], and chronic kidney disease [32] also
increases in patients with stones. Moreover, studies have
shown that women with a history of stones have an
increased risk of cardiovascular diseases [33]; and pa-
tients with a history of stones have a higher risk of
myocardial infarction than the general population [34].

The microbiome refers to the collective term for all
microbial organisms at a specific time in a specific
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environment [8]. The human microbiome refers to mi-
crobial communities living inside and outside the human
body, which show significant differences in composition
and function due to their different locations. In the past,
urine from healthy individuals was often considered
sterile, so the kidneys, which filter urine, and the bladder,
which stores urine, were not included in the study of the
human microbiome. However, with the advancement of
detection technologies, especially through 16S rRNA gene
sequencing, scientists have discovered that even urine
from healthy individuals contains a large number of
bacteria [35]. This finding challenges the traditional
notion that urine is sterile and raises a new theory: if the
gut microbiome of healthy individuals provides impor-
tant health benefits to the host, might the urinary mi-
crobiome also play a crucial role in the hostʼs health?

According to related studies, the urinary microbiome
in healthy womenʼs bladders significantly overlaps with
the vaginal microbiome in function and classification,
showing high similarity in four genera of bacteria, in-
cluding Actinomyces, Lactobacillus iners, Lactobacillus
gasseri, and Lactobacillus crispatus [14]. Furthermore,
research by Nelson et al. [36] suggests that the compo-
sition of the male urinary microbiome may be related to
asymptomatic sexually transmitted diseases. An in-
creasing number of studies have revealed a close asso-
ciation between the urinary microbiome and urinary
urgency, urinary tract infections, response to anticho-
linergic drugs, and urinary tract stones.

Methods for the Study of the Urinary Microbiota

Currently, there are various methods for studying the
urinary microbiome, among which the most represen-
tative and commonly used are Enhanced Quantitative
Urine Culture (EQUC) developed by Hilt et al. [12] and
16S rRNA sequencing technology. Compared to tradi-
tional clinical testing techniques, EQUC has the advan-
tage of increasing the initial sample detection volume and
enriching the diversity of culture media and testing en-
vironments. This method can isolate and identify many
microorganisms that traditional clinical tests miss.
Compared to traditional clinical testing techniques,
EQUC has revealed that the false-negative rate of tra-
ditional methods can be as high as 90%. However, EQUC
has limitations because some bacteria are unculturable,
meaning that even with EQUC, these microorganisms
cannot be detected. At this point, the advantage of 16S
rRNA sequencing technology becomes particularly im-
portant as it can effectively and accurately detect urinary-

related microbial populations without the need for special
culturing of microorganisms [37]. However, the infor-
mation provided by 16S rRNA sequencing technology is
limited to a single gene locus. In current applications, the
gene loci measured by amplicon sequencing are often
restricted to a region of 100–500 nucleotides, reducing
researchersʼ ability to differentiate related strains and
identify organisms with thicker cell walls (such as Gram-
positive bacteria) [38]. To further investigate the potential
relationship between the urinary microbiome and urinary
tract stones, combining the advantages and limitations of
EQUC and 16S rRNA sequencing technology can help
researchers better explore the relationship between
the two.

Intestinal Flora and Urinary Stones

With the introduction of the brain-gut axis and gut-
kidney axis concepts, increasing evidence suggests a bi-
directional connection between the gut and the kidneys
[39], revealing that the gut microbiome plays a crucial
role in the gut-kidney axis [40]. Disruption and imbal-
ance of the gut microbiome not only directly affect the
occurrence and development of urinary system diseases
but can also exert an indirect impact, involving diseases
including but not limited to chronic kidney disease,
hypertension [41], and urinary tract stones [42].

Early in the last century, research by Allison et al. [43]
first discovered a new genus of oxalate-degrading bacteria
in the intestines of humans and animals, namely, Ox-
alobacter formigenes. With advancements in detection
technology, the absence of O. formigenes and its asso-
ciation with stone formation were also confirmed [44].
Further research by Siener et al. [45] showed that colo-
nization by O. formigenes is related to a reduced risk of
hyperoxaluria and the formation of calcium oxalate
stones. Additionally, a pilot study by Stern et al. [46]
comparing the gut microbiomes of stone patients with
non-stone patients found that the abundance of Bac-
teroides in the stone group was 3.4 times that of the
control group, while Prevotella was 2.8 times more
abundant in the control group than in the stone group. In
11 patients who completed 24 h urine analysis, Eubac-
terium was negatively correlated with oxalate levels, and
Escherichia was negatively correlated with citrate levels.
Deng et al. [47] used 16S rRNA gene sequencing tech-
nology to describe the characteristics of the gut micro-
biome before and after surgery in patients with their first
occurrence of kidney stones. Their study showed dif-
ferences in the gut microbiome composition before
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surgery (RS1 group) and 1 month post-surgery (RS2
group), with a higher prevalence of Pseudomonadaceae,
Pseudomonadales, and Pseudomonas in the RS1 group
and a higher prevalence of Enterobacteriaceae, Enter-
obacteriales, Gammaproteobacteria, and Escherichia in
the RS2 group. Correlation analysis showed that the
prevalence of Enterobacteriaceae, Gammaproteobacteria,
and Escherichia was related to reduced levels of urea,
while decreased levels of creatinine were associated with
increased prevalence of Escherichia. This further proves
the significant role of the gut microbiome in kidney stone
formation and offers a new perspective for the preven-
tion, diagnosis, and treatment of kidney stones. Fur-
thermore, research by Yuan et al. [48] revealed that in-
dividual dietary habits can affect the prevention and
treatment of calcium oxalate stones by regulating the
homeostasis of the gut microbiome.

With the rapid development of big data model anal-
ysis, constructing machine learning models to analyze
clinical diseases has become a current research hotspot. In
a study by Xiang et al. [49], a machine learning model was
developed that predicts the likelihood of calcium oxalate
stone occurrence based on a combination of clinical and
gut microbiome characteristics. The experiment included
data from 180 participants, with the data from 120
participants allocated to the training set for constructing
the big data model and the data from the remaining 60
participants used for model validation. The model pre-
dicts by identifying three types of bacteria associated with
stones: Flavobacterium, Rhodobacter, and Gordonia.
Clinical data include five features: oxalate concentration,
acetate concentration, citrate concentration, phosphate
concentration, and urine pH value. The study results
indicate that the gut microbiome plays a significant role
in the formation of calcium oxalate stones. However,
future research still needs to collect more related data to
further analyze and validate these findings through
machine learning.

Evidence for an Association between the Urinary
Microbiota and Urinary Tract Stones

Early studies on the urinary microbiome from the last
century discovered that bacteria producing urease are
related to the formation of stones [50]. Urease is an
enzyme that catalyzes the hydrolysis of urea to produce
ammonia and carbon dioxide, considered to be one of the
culprits behind diseases such as pyelonephritis [51, 52],
urine alkalinization, and infectious stones [53]. Bacteria
known to produce urease include Proteus mirabilis,

Klebsiella pneumoniae, Staphylococcus aureus, and
Pseudomonas aeruginosa, among others. These bacteria
often cause renal tubular damage and urine alkaliniza-
tion, leading to the formation of phosphate and subse-
quently stones [54]. Recent studies indicate that Enter-
obacteriaceae in the urinary microbiome, including Es-
cherichia coli, also have a potential relationship with the
occurrence of urolithiasis. In one study investigating
whether the presence of pathogenic E. coli in the urinary
tract affects calcium deposition in mice, it was found that
calcium deposition increased by 2.7 times in mice in-
oculated with E. coli [55]. Hiranoʼs research suggests that
the adhesive properties of certain bacteria may be an
important cause of crystal and organic matter aggregation
in the urine of stone patients [56].

Venkatesan and colleagues also found that E. coli and
P. mirabilis exacerbated the formation of calcium oxalate
calcification shells on the surface of polyurethane
membranes used in ureteral stents, further proposing that
biofilms produced by these bacteria may facilitate the
formation of calcium oxalate shells [57]. Ultimately,
bacteria bind with calcium oxalate crystals, causing py-
elonephritis, which leads to changes in the renal units and
the formation of Randallʼs plaques. E. coli reduces citrate
levels by secreting citrate lyase, leading to the supersat-
uration of calcium oxalate [55]. Bacteria adhere to the
urinary epithelium and repeat this process, ultimately
forming stones.

Prevention and Treatment of Urinary Stones

Furthermore, some bacteria have the function of in-
hibiting stone formation, such as O. formigenes, which
can promote the secretion of endogenous oxalate in the
intestinal mucosa while reducing the excretion of oxalate
in the urine [44]. To explore new treatments for hy-
peroxaluria and urolithiasis, Hoppe and others conducted
a clinical study involving 16 patients with urolithiasis.
Patients were divided into two groups and orally ad-
ministered with a frozen paste (IxOC-2) and enteric-
coated capsules (IxOC-3) made from O. formigenes,
continuing for 4 weeks. By analyzing blood and urine
samples, it was found that ingestion of O. formigenes
significantly reduced the urinary oxalate levels in patients
with urolithiasis (IxOC-2: 22–48%, IxOC-3: 38.5–92%)
[58]. However, due to its low sensitivity to antibiotics and
requirement for a low pH environment, O. formigenes is
not an ideal probiotic candidate.

Therefore, the combined use of various probiotics has
become an effective solution to the problem of antibiotic
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sensitivity. This approach helps mitigate the intestinal
colonization issues caused by antibiotic use, as a complete
gut microbiome can participate in the degradation of
oxalates and reduce their excretion in urine [59].
Therefore, supplementing with a variety of probiotics can
effectively restore microbial balance and provide effective
help in the prevention of urolithiasis. Subsequent re-
search focuses on some well-known probiotics, including
Lactobacillus, Bifidobacterium, Enterococcus, and E. coli
[59]. Turroni and others assessed the oxalate-degrading
activity of Lactobacillus in commonly available probiotic
dairy products and pharmaceutical preparations, finding
that Lactobacillus acidophilus and L. gasseri had the
highest activity against oxalates, confirming the potential
significance of Lactobacillus in the degradation of oxalates
and prevention of stones [60]. Campieri and colleagues
found that after taking a mixture of freeze-dried Lacto-
bacillus for 4 weeks, 6 patients with idiopathic calcium
oxalate urolithiasis and mild hyperoxaluria showed a
significant reduction in urinary oxalate excretion (about a
40% reduction) [61]. Therefore, combining different
probiotics to participate in the decomposition of oxalates
and reduce their excretion in urine is an effective strategy
for controlling stone formation [61, 62]. However, cur-
rent research primarily consists of in vitro studies and
animal experiments, with relatively few human trials,
which often have limitations such as small sample sizes
and difficulties in controlling participantsʼ diets. More-
over, existing studies on microbial communities are often
singular, lacking research that analyzes the microbial
community as a whole. Therefore, directly translating
current research findings into clinical practice is con-
tentious. Thus, conducting more strictly controlled
studies involving a broad population, as well as enriching
research designs and methodologies, is crucial.

Currently, research on the urinary microbiome mainly
focuses on two methods: Enhanced Quantitative Urine
Culture (EQUC) and 16S rRNA. To further investigate
the connection between the urinary microbiome and
urinary tract stones, research integrating multi-omics
approaches will become a future direction. For in-
stance, Moustafa et al. [63] studied the microbiome of
urinary tract infections using metagenomic sequencing, a
method that can more comprehensively describe the
urinary microbiome. Gao et al. [64] discovered distinct
features between the urinary microbiome and metabolic
profiles of kidney stone patients and healthy controls
through untargeted metabolomics research, identifying
new biomarkers for the early diagnosis and prevention of
kidney stones. Therefore, by employing a richer array of
research methods to further explore the link between

kidney stones and the urinary microbiome, more targeted
intervention measures can be taken in the future to
modulate the urinary microbiome, thus preventing the
formation of stones.

Future Research Direction

To further elucidate the relationship between urinary
microbiota and urinary stones, future research should
focus on the following areas: (1) The relationship be-
tween microbiota and the recurrence of urinary stones:
investigate whether the presence or absence of specific
microbiota is associated with the recurrence rate of
certain types of urinary stones. Conduct longitudinal
studies to observe changes in the microbiota of stone
patients after the removal of urinary stones and analyze
the correlation with recurrence rates. Stern et al. [46]
study indicates that the gut microbiota of urinary stone
patients differs significantly from that of non-stone
patients, suggesting that the microbiota may play an
important role in stone recurrence. Additionally, a
prospective study by Kim et al. [65] on the incidence and
prevalence of kidney stones and their relationship with
gut microbiota also confirmed that changes in gut mi-
crobiota composition are associated with the incidence
and prevalence of kidney stones compared to normal
controls. They also discovered new functional pathways,
in addition to the known oxalate degradation pathways,
that require further validation. (2) Metabolic pathways
of microbiota and stone formation: use metabolomics
techniques to analyze metabolites in urine and combine
these data with microbiome data to explore the rela-
tionship between microbial metabolic activities and
stone formation. A study by Gao et al. [64] used 16S
rRNA gene sequencing and liquid chromatography-
mass spectrometry to separately analyze the gut mi-
crobiome and metabolome and ultimately identified two
significantly enriched metabolic pathways in kidney
stone patients: the synthesis of unsaturated fatty acids
and the metabolism of tryptophan. Additionally, in
exploring the relationship between the composition and
function of the gut microbiome and calcium oxalate
kidney stones, Denburg et al. [66] found that in children
with calcium oxalate kidney stones, the absence of gut
bacteria that produce butyrate and degrade oxalate is
closely related to metabolic dysregulation. They further
hypothesized that the metabolome might be an up-
stream determinant of early calcium oxalate kidney
stone disease. (3) Microbiota interventions as a method
to prevent stones: study the effects of probiotic or
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antibiotic treatment on the gut microbiota and urinary
microbiota of stone patients. Stepanova et al. [67]
conducted an animal experiment to evaluate whether
ceftriaxone treatment affects the number of oxalate-
degrading bacteria in the rat gut and the impact of
commercially available probiotics on oxalate-degrading
activity in rat feces. This study provides new insights for
developing predictive diagnostic methods, targeted
prevention, and personalized treatment of kidney stone
disease. (4) Urinary microbiota and immune response in
stone patients: study the relationship between changes in
the urinary microbiota and urinary tract infections in
stone patients and analyze the impact of the microbiota
on local immune responses (such as inflammatory re-
sponse and immune cell infiltration). A retrospective
study found that the occurrence of urolithiasis was
observed in 61.5% of cases with urinary tract infections,
whereas only 12.5% of cases in the control group without
urinary tract infections observed urolithiasis [68]. This
study clearly demonstrates a close relationship between
urinary tract infections and the development of urinary
stones. Urinary tract infections inevitably lead to
changes in the urinary microbiota and significantly
affect the hostʼs immune response. Therefore, future
research should focus on the dynamic changes of the
urinary microbiota and deeply analyze how the mi-
crobiota regulates local immune responses. This will
help to understand the role of microbiota in urinary tract
infections and stone formation. These research direc-
tions will help to deepen the understanding of the role of
urinary microbiota in the formation and recurrence of
urinary stones, thereby providing a theoretical foun-
dation for the development of new prevention and
treatment strategies.

Conclusions and Outlook

Existing research indicates that the urinary micro-
biome can lead to the formation of stones by affecting the
excretion of certain metabolites. However, related re-
search is scarce, and there is a lack of standardized re-
search designs regarding urinary tract stones and the
urinary microbiome, making it challenging to generalize
some of the current research findings for clinical appli-
cation. Therefore, this article focuses on elucidating the
latest research from three aspects: research methods of
the urinary microbiome, evidence of the association
between the urinary microbiome and urinary tract stones,
and the potential therapeutic significance. By conducting
a comprehensive analysis of the urinary microbiome, we
can better understand the formation process of urinary
tract stones and provide new ideas and directions for the
treatment and prevention of urinary tract stones.
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