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Abstract

Background

The urinary microbiome, or urobiome, is a novel area of research that has been gaining
attention recently, as urine was thought to be sterile for years. There is limited information
about the composition of the urobiome in health and disease. The urobiome may be affected
by several factors and diseases such as diabetes, a disease that often leads to kidney dam-
age. Thus, we need to understand the role of the urobiome to assess and monitor kidney
disease related to diabetes over time.

Methods

We conducted a systematic review to summarize knowledge about the urobiome in associa-
tion with diabetes mellitus and diabetic kidney disease. The search was conducted in sev-
eral electronic databases until November 2024.

Results

Eighteen studies were selected including cross-sectional case-control studies, cross-sec-
tional surveys and one prospective longitudinal study. In total, the urobiome of 1,571 people
was sequenced, of which 662 people had diabetes, and of these 36 had confirmed diabetic
kidney disease; 609 were healthy individuals, 179 had prediabetes or were at risk of type 2
diabetes mellitus and 121 did not have diabetes but had other comorbidities. Eight studies
analysed data from females, one was focused on male data, and the other nine had mixed
female-male data. Most of the studies had a small sample size, used voided midstream
urine, and used 16S rRNA sequencing.
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Conclusion

This systematic review summarizes trends seen throughout published data available to
have a first baseline knowledge of the urinary microbiome, and its microbiota, in association
with diabetes including the decreased richness and a-diversity in urinary microbiota in indi-
viduals with diabetes compared to healthy controls and the decreased a-diversity with the
evolution of kidney disease independently of the cause.

1. Introduction

Microbial communities living within us comprise viruses, bacteria, archaea, and small eukary-
otes like fungi and protists [1]. These communities are symbiotic microbial networks that can
perform vital functions in the host and whose metabolites, or the lack of them, have influence
in human health and diseases [2-4]. The intricate structure of these microbial ecosystems
within their ecological niche, their taxonomy and functional composition, are known as the
microbiome [5]. Similarly to our fingerprints, each microbiome in the gut, vagina, skin or uri-
nary tract are highly unique and they are influenced by the environment, host genetics, lifestyle
and there may be other factors influencing the microbiome for which we currently lack under-
standing [4]. Dysbiosis is a state where the microbiome is disrupted or altered, or both, imped-
ing normal functionality or causing low-grade inflammation that may play a role in the onset
and/or development of several diseases [5]. The human gut microbiome is seen as a “hidden”
metabolic organ for human wellbeing affecting immunity, neural, endocrinal or metabolic
pathways [4, 6]. Gut dysbiosis has been related to several diseases but if it is cause or effect of
these diseases is a question that remains unclear [4, 7, 8]. While our understanding of the gut
microbiome is evolving but limited, the knowledge about other microbiomes is even more
scarce. This is particularly true for the urinary tract microbiome, or urobiome, which was long
believed to be sterile until a decade ago [9, 10]. The urobiome is characterized by a low biomass
relative to the gut microbiome, and its composition remains largely unexplored [9, 11]. Evi-
dence suggests that the urobiome differs between males and females: associated with lactoba-
cilli in females, whereas in males is linked to Corynebacterium or Staphylococcus [9, 11, 12].

Diabetes, a disease characterized by elevated levels of glucose in the blood, is a leading cause
of cardiovascular disease, blindness or kidney damage [13]. Diabetes, especially type 2 diabetes
mellitus (T2DM), has become a global health emergency whose prevalence have been rising
for decades affecting 537 million people globally in 2021, including 6.7 million related deaths
[13, 14]. The incidence of diagnosed diabetes in adults is stabilising in some high-income
countries, but incidence in children is still increasing [15-18]. Impaired glycaemia contributes
to enhanced risk of infections, and it may explain why diabetic individuals have higher risk of
urinary infections, pyelonephritis and urosepsis [19]. Not only individuals with diabetes have
higher glucose, albumin and other proteins in urine which may affect the urobiome composi-
tion, enhance bacterial growth of some species and may influence the diversity of the uro-
biome; but also they have high glucose in urine which compromises the immune response and
uroepithelial integrity [19]. However, we have limited information about the composition of
the urobiome related to diabetes. In addition, damage in the kidney blood vessels, because of
diabetes or other causes, may decline the estimated glomerular filtration rate (eGFR) which
impacts urinary functions as these organs are connected through the ureters to the urinary
bladder [20]. Development of diabetic nephropathy may further turn in chronic kidney disease
(CKD) or end stage renal disease (ESRD), the former associated with diabetes but also other
comorbidities while the latter is mostly caused by diabetes [20].
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As there is a clear knowledge gap regarding the role of the urobiome in diabetes and dia-
betic kidney disease, the aim of this systematic review is to gather available data and synthetise
the main findings about the urobiome, particularly, the urinary microbiota in association with
diabetes and kidney conditions derived from diabetes such as CKD or ESRD.

2. Materials and methods
2.1 Search strategy

The comprehensive literature search was conducted according to the Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines [21]. It was registered
under accession number of 565545 in the International Prospective Register of Systematic
Reviews (PROSPERO) hosted by the National Institute for Health and Care Research of the
University of York (United Kingdom). A comprehensive literature search on different data-
bases was conducted from 1% January 2000 until 28" November 2024. The search included the
following terms [("urobiome" OR "urinary microbiome" OR "urinary microbiota” OR "urinary
tract microb™" OR "urine microb™" OR "urogenital microbiome" OR "urogenital microbiota")
AND ("kidney disease™ OR "chronic kidney disease" OR "diabetes" OR "albuminuria” OR
"diabetic nephropathy” OR "end stage renal disease*" OR "renal disease*")]. We used the
‘TITLE-ABS-KEY’ search in SCOPUS and Cochrane Central Register of Controlled Trials
databases, the ‘Keyword’ in advanced search in MEDLINE-Ovid and EMBASE databases,
while ‘ALL FIELDS’ were used in Web of Science and PUBMED databases (S1 Table in S1
File). This search wanted to identify relevant clinical urinary microbiome studies associated
with diabetes and/or kidney impairment published from 1% January 2000 until 28" November
2024.

2.2 Study selection

We included studies that evaluated the urobiome sequencing any type of urine samples (uri-
nary bladder, urinary kidney or urogenital samples [22]) in relation with diabetes and condi-
tions that affect kidney functionality, and which can lead to CKD or ESRD. Studies were
excluded if they were review articles, editorials, comments, systematic reviews, books, confer-
ence abstracts or any other type of article without full data available. The inclusion criteria
were: (i) analyses studying the bacterial species of urine; (ii) analyses of individuals with diabe-
tes and/or albuminuria and/or diabetic CKD and/or diabetic ESRD; (iii) human clinical sam-
ples; and (iv) perform DNA sequencing through 16S ribosomal DNA gene or shotgun next
generation sequencing.

2.3 Data extraction, assessment of quality and risk of bias

Throughout this synthesis, we used the PRISMA and PROSPERO frameworks and we incor-
porated the associated guidance at each stage. Following the removal of duplicates, the first
step was the screening of studies by article type. After removal of non-suitable studies, the sec-
ond step included a screening of studies by title and/or abstract for relevance. Those that
seemed relevant were the preliminary selected publications and they were finally screened
based on full-text information. Studies lacking full-text availability or with missing or unclear
information were excluded from the evaluation (Fig 1). Two independent authors (T.G and Y.
T.L) screened studies by title and abstract and, if discrepancies arose, they were discussed until
they reached a common agreement. Preliminary selected publications were fully screened by
T.G., reviewed by Y.T L, and if they fulfilled the inclusion criteria, they were selected for this
systematic review. Studies quality and risk of bias were assessed on participant selection,
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Fig 1. Flow diagram of selected studies. Diagram showing how studies in this systematic review about the urinary
microbiota and diabetes were selected.

https://doi.org/10.1371/journal.pone.0317960.g001

exclusion criteria, data measurements and analysis [23, 24]. A determination of “low risk” or
“high risk” bias according to the Cochrane and the National Heart, Lung and Blood of the
United States (NHLBI) guidelines was assessed by T.G. and independently checked by Y.T.L
and J.A. [23, 25]. Any disagreement was discussed and resolved between these authors.

3. Results
3.1 Selected studies

In total, eighteen studies were included including cross-sectional case-control studies, cross-
sectional surveys and one prospective longitudinal study (Table 1 and S2 Table in S1 File).
These studies altogether sequenced the urinary microbiome of 1,571 people, some participants
were part of the same cohort studied and were included multiple times [26-29]. Of these indi-
viduals 662 had diabetes, 609 were healthy individuals, 179 had prediabetes or were at risk of
diabetes, and 121 did not have diabetes but had other comorbidities. Among the 662 diabetic
individuals, 36 individuals had diabetic kidney disease [30-32] while one studied CKD
patients, most of them with diabetes, but did not mention the primary cause of CKD [33]. Six-
teen of the studies used voided midstream urine samples, or a modification of this collection
technique, to avoid as much as possible skin or genitalia microorganisms (S2 Table in S1 File).
The remaining two studies analysed urinary bladder microbiota (catheterised urine) and,
among these two, one was focused only on males (Table 1). Eight studies included only female
samples (four of these used the same cohort data); and nine studies had mixed female-male
data (Table 1). All studies except one used 16S sequencing which included twelve studies with
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small sample sizes with less than 100 individuals, including five studies with less than 50 partic-
ipants (Table 1). The only one that used shotgun sequencing had a small sample size (n = 29)
(S2 Table in S1 File). Participants of these 18 studies were adults; individuals with diabetes ran-
ged between 50 and 72 years old on average, and healthy controls were similar in age but
slightly younger (if age was significantly different between groups, it is stated in the comments
in Table 1). Selected studies had comprehensive exclusion criteria which are detailed in S2
Table in S1 File and they were assessed for risk of bias in S3 Table in S1 File. Moreover, as arti-
cles considered confounding factors, such as age, BMI or other relevant clinical factors; those
that were statistically significant between groups are pointed up in the comments of Table 1.

3.2 Diversity and richness indexes

Among the 11 case-control studies, 9 reported richness and o-diversity analyses of which three
of the studies observed a decrease in richness and o-diversity, one a decrease in richness, two a
decrease in o-diversity, one observed an increase in o-diversity but this study assessed kidney
stones patients with and without diabetes, and two studies did not observe differences in rich-
ness or a-diversity in the urobiome of the individuals with diabetes compared to those without
diabetes (Table 1). Among the studies assessing only diabetic individuals, one study observed
lower a-diversity in diabetic individuals with pyuria, one study observed lower richness in
patients with diabetic peripheral neuropathy, one study did not observed differences in o-
diversity when assessing urinary interleukin-8; and one study observed increased richness in
diabetic individuals compared to diabetic individuals with hyperlipidaemia but decreased rich-
ness if compared to diabetic individuals with hypertension. Lastly, the two studies assessing
CKD reported a decrease of a-diversity as CKD worsened independently of the primary cause
of CDK (diabetes or other). Indexes calculated in each study are detailed in S4 Table in S1 File
and the main ones are detailed in Table 1. Only seven studies reported B-diversity analyses
with variable results (Table 1); 4 reported differences in B-diversity, of which 2 described dif-
ferent urotypes [33-36]; while 3 did not see differences in B-diversity [27, 37, 38].

3.3 Differences in microbial taxa

Significant results in microbial species for diabetic adults (statistical significance set to p<
0.05) of each article are summarised in Table 1 and all details can be found in S5 Table in S1
File. Comprising all studies, most of the bacterial species were identified at the genus level; few
at species level and some at higher taxonomy levels. The relative abundance of 69 different bac-
teria was decreased, of 53 was increased in the urine of diabetic individuals while bacteria such
as Enterococcus, Stenotrophomonas, Klebsiella or Actinobacteriota had increased or decreased
relative abundance depending on studies (S5 and S6 Tables in S1 File and Table 1).

Opverall, we could observe that the genus Lactobacillus, and at species level Lactobacillus
iners, had increased relative abundance in diabetic individuals in 6 and 2 studies, respectively;
and it was related to poor glycaemic control and with presence of interleukin-8 in urine [27,
28, 34-36, 39]. Three studies reported a decrease in relative abundance of the family Bifidobac-
teriaceae in urine of individuals with diabetes which includes the genera Bifidobacterium and
Gardnerella; while one study reported the absence of the genus Gardnerella in individuals with
diabetes and hyperlipidemia (note: Gardnerella is included now in the genus Bifidobacterium)
[27, 28, 30, 40]. In addition, depletion of the family Peptoniphilaceae in urine of T2DM patients
was reported in several selected studies. In fact, studies reported decreased relative abundance
of this family being relevant genera Peptoniphilus, Anaerococcus, Finegoldia, Murdochiella and
Gallicola, which were reported decreased abundant in four, three, two, one and one article,
respectively [26, 27, 35, 36]. The genus Parvimonas, which belongs to this family as well, was
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increased in relative abundance in diabetic individuals compared to non-diabetics only in the
elderly cohort [39]; while its relative abundance was increased in the diabetic cohort compared
to the diabetic plus hypertension cohort [28]. Lastly, three studies reported increased relative
abundance of Escherichia (Escherichia-Shigella), a well-known genus causing urinary tract
infections (UTI), which was related to poor glycaemic control and in two studies this genus
was related to urinary symptoms or pyuria in urine (even though individuals did not have an
active UTI) [32, 35, 41].

Taxonomic classification of bacteria identified in selected studies was updated according to
Genome Taxonomy Database release 220 (https://gtdb.ecogenomic.org/) at higher taxonomi-
cal levels (e.g. phylum) but at lower levels was maintained to preserve clarity of the conclu-
sions. For the most accurate taxonomic annotation refer to details in S6 Table in S1 File.

4. Discussion

This study has assessed the urinary microbiota related to diabetes and diabetes-related kidney
diseases through a systematic review. This work has summarised statistically significant results
reported by selected studies with a threshold of p < 0.05. The main findings of this study were:
(1) a decreased richness and a-diversity in urinary microbiota in individuals with diabetes
compared to healthy controls; (2) c-diversity was not different within diabetic individuals,
except if they showed urinary symptoms (e.g. urgency to pee) although they did not have a
(diagnosed) urinary infection; (3) o-diversity decreases with the evolution of kidney disease
independently of the primary cause (e.g. kidney disease primarily caused by diabetes or hyper-
tension or other pathology); (4) -diversity urinary microbiota composition between healthy
controls and diabetic individuals results were conflicting between studies and may depend on
the stage of the disease and/or the grade of kidney damage; (5) patients with T2DM shared the
depletion of Peptoniphilus, Anaerococcus, Finegoldia and Gallicola (all formerly part of the
genus Peptostreptococcus and inside the Peptoniphilaceae family), or Lachnospiraceae that are
butyrate-producing bacteria; (6) patients with diabetes shared the enrichment of pro-inflam-
matory microbes such as Pseudomonadota (formerly Proteobacteria) and of bacteria of order
Lactobacillales such as Lactobacillus or Enterococcus; (7) cohort sizes were small (from a few
samples to more than one hundred) and the only one study that was large (nearly seven hun-
dred samples) had data restricted to extracellular microbial vesicles; (8) except in two studies,
voided midstream urine samples were analysed and those are often referred as urogenital sam-
ples due to likely cross-contamination with skin or genitalia microbiota during collection; and,
(9) although data showed similar trends, some bacterial phyla, families, and genera had contro-
versial results, probably due to the lack of resolution of these studies using 16S sequencing.

One of the main findings of this systematic review is the depletion of the family Peptoniphi-
laceae in urine of T2DM patients as a trend. The most relevant genera of this family for the
urobiome being Peptoniphilus, Anaerococcus, Finegoldia, Murdochiella, Parvimonas and Galli-
cola. These genera are gram-positive obligate anaerobic cocci that have been described as pro-
ducers of short-chain fatty acids such as butyrate (Peptoniphilus, Anaerococcus, and Gallicola)
and acetate (Peptoniphilus, Parvimonnas, Gallicola and Finegoldia) or lactate (Murdochiella)
[44]. Parvimonas increased in relative abundance in diabetic individuals compared to non-dia-
betics only in the elderly cohort [39]; while its relative abundance was increased in the diabetic
cohort compared to the diabetic plus hypertension cohort [28]. In the latter, if diabetes is
accompanied by other factors such as hypertension, there is decreased abundance of this
genus pointing to a depletion as the health status worsens. Peptoniphilus and Anaerococcus
abundance may be associated to glycosylated haemoglobin HbA1c¢ as diabetic individuals with
high HbA1lc had decreased relative abundance of these two genera in urine compared to
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diabetic individuals with low HbA1lc [35]. Generally, adults with diabetes and/or CKD show
lower abundance of short-chain fatty acids producing bacteria in the gut compared to healthy
controls [4, 45]. This systematic review reveals that diabetic individuals have similar trends in
their urinary and urogenital microbiota with lower relative abundance of short-fatty acid buty-
rate-producing bacteria of the family Peptoniphilaceae. Butyrate is the main source of colono-
cyte metabolism, it is an enhancer of the integrity of the epithelium, and it decreases
inflammation in the mucosa while promoting electrolyte absorption in the gut [46]. Moreover,
dissociated butyric acid has an antibacterial effect [46] and butyryl-CoA regulates transcription
and modifies proteins [46, 47]. We hypothesize that butyrate could also promote epithelium
integrity and reduce inflammation in the urinary tract. Hence, depletion of butyrate-produc-
ing bacteria such as Peptoniphilus, Anaerococcus, and Gallicola in diabetic individuals could
induce inflammation and contribute to the high onset of urinary infections in diabetic individ-
uals in the urinary tract and induce inflammation in the renal blood vessels which could
worsen kidney disease. This theory will need further studies to be tested, and it could help to
understand if these molecules could be used to improve urinary functionality in association
with diabetes and kidney disease.

Higher relative abundance of Lactobacillus associated with diabetes was a common trend of
this systematic review. Lactobacillus have been described as a genus that is common in the uro-
biome of females and whose difference between females and males has been attributed to the
hormone oestrogen, which plays a crucial role in glycogen production [11, 48]. Oestrogen fluc-
tuations with age and menopausal status may affect the female urobiome [49], as the genus
Lactobacillus metabolizes glycogen, and as a byproduct of it there is lactic acid which acidifies
the environment modulating the growth of other bacteria [11]. The acidic environment has
been assumed significant for the protective role that lactobacilli play in both the vaginal and
urinary microbiomes of women [9, 48]. However, the genus Lactobacillus seems to be more
abundant in the urine of diabetic individuals according to this systematic review. In line with
these findings, history of diabetes was associated with increased odds of growing Lactobacilli
when using expanded quantitative urine culture in catheterised urine of women [50]. Lactoba-
cillus iners, which has been described as a transitional species that colonizes the vagina after an
ecological disturbance [51], was found enriched in the urine of T2DM females [28, 39] and in
the same cohort with higher levels of inflammatory interleukin-8 in urine [27]. Other species
of this genus such as Lactobacillus crispatus and Lactobacillus gasseri have been associated with
lack of lower urinary tract symptoms and lack of urgency urinary incontinence, respectively;
and levels of Lactobacillus in the vagina are reported to be associated with menopausal status
and with reduced risk of UTI [36]. Although lactobacilli have generally been considered bene-
ficial and the normal microbiota of the urobiome and vagina, there is increasing evidence that
some Lactobacillus spp. may be pathogenic or related to urinary symptoms [52, 53]. The asso-
ciation between the different species of Lactobacillus and their role in T2DM needs further
investigation, considering that age, oestrogen, HbAlc and/or BMI could also be important fac-
tors affecting the abundance of this genus. In this context, HbAlc was positively correlated
with Lactobacillus. Individuals with T2DM and high HbA1c had higher abundance of this
genus compared to those with T2DM and low HbA1c levels [35, 36]. Another point to con-
sider is that the genus Lactobacillus is naturally resistant to widely used antibiotics and T2DM
individuals often have multiple infections that require the use of them [35]. Thus, we could
hypothesize that antibiotic therapy may imbalance the urobiome allowing Lactobacillus to
grow excessively which may induce inflammation.

Diabetic, prediabetic and obese individuals had lower abundance of the genus Bifidobacter-
ium in urine; and the abundance of this genus was negatively correlated with age [39, 40]. In
this line, T2DM patients with hyperlipidemia lacked Bifidobacterium (former Gardnerella)
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[28]. This was also true for the former genus Gardnerella, that is now included in the genus
Bifidobacterium, that have decreased abundance in CKD patients with diabetes [30]. Bifidobac-
terium (Gardnerella) was a common urotype in healthy females compared to diabetic females
that had Lactobacillus or Enterobacteriaceae urotypes [36]. Bifidobacteriaceae had decreased
relative abundance in diabetic females without interleukin-8 in urine in the study by Ling et al;
but this group had also lower age and BMI compared to the group with interleukin-8 [27].
These results may imply that diabetes but also age, BMI or levels of interleukin-8 could influ-
ence the relative abundance of Bifidobacterium in urine [27].

The role of the genus Prevotella in the urinary microbiota is unclear. Although HbAlc was
negatively correlated with Prevotella in T2DM patients [36] and Chen et al. reported a decrease
of this genus in individuals with diabetes with high urinary symptoms [35], other studies have
found that this genus was more prevalent in T2DM [42] or that urotypes and enrichment of
Prevotella was associated with urinary incontinence patients [12, 54]. Therefore, similarly to
findings with the genus Lactobacillus, we will likely need higher resolution studies, preferably
shotgun metagenomics, to identify which species or strains of these genera may play different
roles in the urobiome.

UTIs are common in diabetic patients and are associated with poor glycaemic control, which
compromises kidney function and impairs quality of life [55]. That is why many selected articles
also examined urinary symptoms, as hospitalization for UTIs caused by diabetes is more than
twice as common as hospitalizations for UTIs caused by other factors. The use of sodium-glu-
cose cotransporter 2 inhibitors as therapy for diabetes may contribute as these drugs reduce glu-
cose reabsorption, thus lowering the level on blood, but causing glycosuria in urine which could
increase the risk of UTIs in those patients [56]. Hyperglycaemia and diabetes have shown to
reduce psoriasin and occludins levels in the urinary tract leading to be more prone to urinary
tract infections [19]. Moreover, psoriasin is an antimicrobial peptide with a broad protective
role against Escherichia coli and Enterococcus urinary infections, two of the most common path-
ogens causing UTI in diabetics [19]. In addition, low-grade inflammation with higher concen-
tration of proinflammatory cytokines and the depletion of producers of short-chained fatty
acids such as butyrate, which has beneficial effects on the host [57], may affect mucosa integrity,
bacterial translocation and host—urine microbiota interactions in T2DM patients.

The results of this systematic review have also highlighted that urinary microbiota diversity
seems lower in CKD or ESRD and it drops as the disease progresses independently of the pri-
mary cause [30, 33]. Diabetes progression to kidney damage reduces eGFR and as eGFR declines
the excretion of uromodulin follows the same trend. Uromodulin, an urinary antimicrobial pep-
tide whose function is to stick to bacteria forming larger particles which enhance their excretion
by the kidney, is produced exclusively in the renal tubules and is affected by the decline of renal
function [33] which may also influence bacterial growth, microbiota diversity and risk of UTI.

4.1 Strengths and limitations

To our knowledge, this review represents the first comprehensive analysis of the current
understanding of the urobiome, specifically the urinary microbiota, in the context of diabetes.
One notable strength of this review is the identification of emerging trends within the uro-
biome across multiple studies where the majority had low risk of bias assessment. For instance,
this is the first article to highlight the significance of the Peptoniphilaceae family within the
urobiome of diabetic individuals, which has frequently been reported as less prevalent or
reduced in relative abundance in urine of diabetic individuals. Additionally, this work is
strengthened by its systematic approach, adhering to PRISMA and PROSPERO guidelines,
ensuring standardized and reproducible results.
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However, we also recognize some limitations. First, we were unable to perform meta-analy-
ses due to the considerable heterogeneity of the included studies and the small sample size in
most of them. Second, the included studies have some methodological limitations such as the
collection method of the urine, the small sample size of the studies, being the vast majority
cross-sectional, and mostly they processed samples using 16S sequencing. Only two studies
analysed catheterized urine, reflecting the microbiota of the bladder or renal pelvis, while most
of the studies relied in voided midstream collection techniques that may also capture micro-
biota from the genitalia or skin (Linda Brubaker et al., 2021). Since most studies employed 16S
sequencing, the resolution of the results is limited and there may be discrepancies depending
on the region sequenced (most of them used the V3-V4 region or only the V4 region of the
16S rDNA gene). This limitation means that the same genera identified across different studies
could refer to distinct bacterial species, potentially explaining some discrepancies in the find-
ings. Moreover, microbial taxa such as fungi or small prokaryotic taxa that may also contribute
to the urobiome community are often not captured in these studies, as they must sequence the
eukaryotic 18S rDNA gene. Another limitation is the evolving taxonomical classification of
bacteria. Taxonomic reclassification may have occurred since the original articles were pub-
lished. Where possible, we have updated higher-level classifications (e.g., from Firmicutes to
Bacillota) while maintaining the original nomenclature at lower levels to preserve the clarity of
the conclusions (e.g., Gardnerella instead of Bifidobacterium). For the most accurate taxo-
nomic annotation, we refer readers to the Genome Taxonomy Database release 220 (https://
gtdb.ecogenomic.org/), with detailed information provided in S6 Table in S1 File. Therefore,
the generality of these findings may be treated as trends, with caution, and these hypotheses
should be tested in larger size studies and analysed using high resolution shotgun sequencing.

5. Future perspectives

There are significant knowledge gaps regarding the role and impact of the urobiome in both
health and disease. This emerging field has attracted increasing attention in recent years, but
the influence of the urobiome on conditions such as diabetes and diabetic kidney disease
remains largely unexplored. While this systematic review has identified common trends across
studies—such as the depletion of Peptoniphilaceae and the increased abundance of Lactobacil-
lus in the urine of diabetic adults—the evidence remains insufficient due to the small sample
sizes of most studies and the limited resolution provided by 16S sequencing.

To advance urobiome research, large-scale population-based studies are urgently needed,
along with the application of higher-resolution techniques like shotgun metagenomics to more
precisely characterize the urinary microbiome. Longitudinal studies will also help to under-
stand the changes in the urinary microbiome in diabetes and diabetic kidney disease progres-
sion, including the role of the urobiome in early stages of diabetes development. These
approaches could identify generalized results including specific microbial species that play
critical roles in maintaining a healthy urobiome, as well as those involved in the onset and pro-
gression of diseases such as diabetes and conditions affecting kidney function. In the future,
the applicability of this knowledge may help us to investigate the influence of diet on the uro-
biome in diabetes and the potential for probiotics, postbiotics or other interventions to modu-
late the urobiome in relation to diabetes and diabetic kidney disease.
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