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Abstract: Sex-specific discrepancies in bladder cancer (BCa) are reported, and new studies imply that
microbiome may partially explain the diversity. We aim to provide characterization of the bladder
microbiome in both sexes diagnosed with non-muscle-invasive BCa with specific insight into cancer
grade. In our study, 16S rRNA next-generation sequencing was performed on midstream urine,
bladder tumor sample, and healthy-appearing bladder mucosa. Bacterial DNA was isolated using
QIAamp Viral RNA Mini Kit. Metagenomic analysis was performed using hypervariable fragments
of the 16S rRNA gene on Ion Torrent Personal Genome Machine platform. Of 41 sample triplets,
2153 taxa were discovered: 1739 in tumor samples, 1801 in healthy-appearing bladder mucosa and
1370 in midstream urine. Women were found to have smaller taxa richness in Chao1 index than
men (p = 0.03). In comparison to low-grade tumors, patients with high-grade lesions had lower
bacterial diversity and richness in urine. Significant differences between sexes in relative abundance
of communities at family level were only observed in high-grade tumors.
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1. Introduction

Bladder cancer (BCa) remains the most common malignancy of the urinary tract [1]. It
is three–four times more common in men than in women, but females present with a more
advanced disease and have a less favorable prognosis [2,3]. A number of investigators tried
to explain the sex gap and introduced several hypotheses including delayed diagnosis,
diverse management, and different responses to cancer therapy [3–5]. Hematuria is the
dominant sign of BCa, particularly when blood clots are found without concomitant lower
urinary tract complaints. Initial diagnosis is based on imaging but the final diagnosis
is confirmed after cystoscopy followed by transurethral resection of the bladder tumor
(TURBT) with subsequent histopathological examination of the specimens [6,7]. Indeed,
there are data reporting no differences in clinical symptoms between sexes, while the pri-
mary diagnostic approach differs, as shown in numerous studies [2]. It has been observed
that a sex gap in the evaluation of hematuria exists [8]. However, the exact role of a particu-
lar feature among a variety of intermingled factors is yet to be fully understood. About
75% of cases of bladder cancer (BCa) are limited to the mucosa at the time of diagnosis,
which is referred to as non-muscle-invasive bladder cancer (NMIBC), while the remaining
cases have invaded deeper layers of the bladder wall or have already formed metastases
(MIBC—muscle invasive bladder cancer) [9]. The latter indicates a poor prognosis, while
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the former is highly variable and can be classified into three main prognostic subgroups.
The mainstay of the division is the stage of the bladder lesion followed by its grade [10]. In
the majority of cases, low-grade disease has indolent clinical history, whereas high-grade
cancers pose significant risk to patients. In patients with non-muscle-invasive bladder
cancer grading continues to play a crucial role in treatment decisions. Multiple studies
have demonstrated that low- and high-grade BCa exhibit distinct molecular characteristics
and are closely linked to disease recurrence and progression [11]. Patients with high-grade
Ta tumors have a similar lifelong risk of disease progression and death as those with T1
tumors [12]. Furthermore, Bree KK et al. suggest that regardless of the stage, all high-grade
BCa should be regarded as the high-risk group of NMIBC, based on the analysis of the
risk of disease progression following BCG immunotherapy [13]. The tumor differentiation
grade has been shown by several studies to be a stage-independent prognostic factor in
NMIBC [14]. Therefore, with respect to sex, we decided to differentiate our NMIBC cohort
into high- versus low-grade bladder tumors.

Throughout recent years, extensive research has been devoted to genetic and molecular
alterations in bladder cancer. Recent investigations have revealed distinct genetic patterns
of BCa with correspondence to conventional pathologic grade and stage subgroups [15–18].
The studies involved both patients with MIBC and those with NMIBC. Briefly, most
studies of low-grade papillary urothelial cancers show a few molecular events apart from
deletions involving chromosome 9 and mutations of FGFR3 (fibroblast growth factor
receptor 3) and HRAS (harvey rat sarcoma viral oncogene) [19,20]. In MIBC, many genetic
abnormalities have been reported which involve dysregulations of several oncogenes and
tumor suppressor genes like recently shown aberrations in p53/MDM2 (murine double
minute 2), RB1 (retinoblastoma 1) and E2F3 (E2F transcription factor 3) [21]. The interest in
BCa biology has burst since publication of the landmark study of the Cancer Genome Project
(TCGA) [22]. It has been shown that bladder cancer is a molecularly heterogeneous disease,
and a multitude of genomic changes were found. Recently, Liu et al. accomplished genetic
profiling of high- as well as low-grade NMIBC [23]. Extensive genomic heterogeneity was
noted among high-grade lesions. Patschan et al. have further divided 167 T1 high-grade
NMIBC into three prognostic groups—urobasal, genomically unstable, and squamous-cell-
carcinoma-like, with the last two related with significantly worse clinical outcomes [24].
Likewise, comprehensive transcriptomic assay of 460 NMIBC samples revealed again three
different subgroups of NMIBC similar to the previously described urobasal, genomically
unstable, and squamous-cell-carcinoma-like subgroups. High-risk lesions identified using
these molecularly defined classifications are consistent with the high-risk tumors identified
by the clinical European Organization for Research and Treatment of Cancer (EORTC)
risk scores. According to genetic profiling of NMIBC lesions, ranging from carcinoma
in situ to Ta and T1 stages, TERT promoter mutations (73%) and chromatin remodeling
gene mutations (69%) were found to be the most common in the sequenced BCa samples
irrespective of disease stage and grade implying a role of these in the early pathogenesis of
BCa [25]. Mutations of FGFR3 or ERBB2 were found in 57% of lesions and were mutually
exclusive. FGFR3 mutations were more often present in the low-grade BCa with frequency
of 83%; ERBB2 mutations were only found in high-grade BCa. At the same time, the
receptor tyrosine kinase/phosphatidylinositol 3-kinase pathway mutations were found in
79% of NMIBC tumors, with PIK3CA alterations prevalent in 26% of the lesions, 47% of the
NMIBC lesions had mutations involving TP53 or the cell cycle pathway—these mutations
were correlated with higher grades and stages of BCa [26]. Similarly, DNA damage repair
(DDR) genes mutations were more often present in high-grade NMIBC tumors (30%) than
among low-grade lesions (4%) [27]. The tumor mutational burden (TMB) correlated with the
presence of DDR defect and was higher in the high-grade tumors with DDR gene mutations.
ERCC2 alterations (17%) were the most commonly present DDR gene alterations [28]. The
similar spread of DDR gene mutations and the degree of TMB in the high-grade NMIBC
group to MIBC signifies a close genetic resemblance of high-grade NMIBC to MIBC. It is
worth emphasizing that authors of the study reported cell cycle and damage response genes
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alterations; in particular, E2F1/2 and a wide range of E2F are mutated in high-grade NMIBC
lesions [29]. Importantly, genes involved in embryonic development and morphogenesis
(Hox genes, sonic hedge- hog [SHH], wingless-type MMTV integration site family, member
6 [WNT6], and wingless-type MMTV integration site family, member 10A [WNT10A]) were
down-regulated in high-grade NMIBC tumors [30].

Recent advancements in molecular engineering have allowed researchers to explore
the intricate connections between the host and the microbiome, which has been found
to exist within a variety of its vital systems [31]. Not surprisingly, the role of the gut,
pancreatic, and breast microbiome in carcinogenesis was later explored and multifactorial
relationships were revealed [32,33]. As such, the urinary microbiome (UMB) has also been
investigated and shown to play a significant role in BCa [34–38]. Susceptibility of females
to urinary tract infections has set the ground for research on UMB in BCa sex diversities.
Preliminary results suggest that as much as 30% of cancers would be related to microbial
infection [39]. However, only few studies with a limited number of patients with BCa
with respect to UMB were published. In addition, concurrent clinical data essential to
draw any meaningful conclusion are scarce. Hence, we have designed research which aims
at elucidating UMB metrics in both sexes diagnosed with NMIBC with specific insight
into the cancer grade. The objective of this study was to compare sex-related diversities
in microbiome signatures, resulting from 16S rRNA next-generation sequencing-based
metagenomics analyses of midstream urine and paired bladder and tumor tissues among a
cohort of individuals with histopathologically proven urothelial bladder cancer.

2. Materials and Methods
2.1. Patients

Informed written consent was obtained from individuals undergoing transurethral
resection of the bladder tumor (TURBT) in our tertiary institution. Inclusion criteria were
(1) >18 years of age; (2) no bladder catheter in place; (3) no symptoms or signs of an active
urinary tract infection. Exclusion criteria included (1) inability to apply inclusion criteria,
(2) refusal to give informed consent, and (3) muscle-invasive bladder cancer. The consent
involved analysis of three different types of biological material: mid-stream urine, tumor
sample, and healthy-appearing bladder mucosa.

Mid-stream urine collection was employed for both men and women. Patients were
requested to collect a urine sample the day of TURBT. Participants were instructed on the
proper midstream urine collection techniques to minimize external contamination. Morning
urine samples were collected in sterile containers from the 41 studied patients (21 male,
median age 82 and 20 female, median age 79). None of the patients presented clinical
symptoms of urinary tract infection at the time of urine sampling or received antibiotics
during the 72 days before urine collection. Samples were stored within 90 min at −80 ◦C
until analysis. Similarly, small biopsy specimens were obtained from the cancerous samples
of the urinary bladder and healthy-appearing bladder mucosa, collected at the time of
TURBT. Tissue samples were obtained via transurethral resection of the bladder tumor
procedure under sterile conditions. After collection in sterile Eppendorf tubes, tissues were
frozen and stored at −80 ◦C until use.

A separate analysis concerned standard histologic subgroups of BCa including grade
(low-grade and high-grade) and stage (Ta and T1) of the disease to avoid heterogeneity
between known distinct BCa entities

2.2. Bacterial DNA Isolation

Urine genomic bacterial DNA isolation was performed using the QIAamp Viral RNA
Mini Kit (QIAGEN, Hilden, Germany) according to the instruction for purification of
bacterial DNA from urine and author modifications. Urine samples of 5 mL volume were
centrifuged to concentrate; next, 140 µL of urine was taken and mixed with 540 µL of AVL
buffer (QIAGEN, Hilden, Germany) to inactivate the numerous unidentified PCR inhibitors
found in urine. After 10 min of incubation, 100% ethanol was added, and the mixture was
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transferred onto QIAamp Mini columns (QIAGEN, Hilden, Germany) and centrifuged.
After purification using AW1 and AW2 buffers (QIAGEN, Hilden, Germany), DNA was
eluted from the columns with nuclease free water. DNA samples were divided into 1.5 mL
Eppendorf test tubes.

Cancerous samples and healthy bladder mucosa genomic DNA were extracted and
purified using QIAamp DNA Mini Kits (QIAGEN, Hilden, Germany), according to the
manufacturer’s instructions, as described previously [40]. The amount of extracted DNA
from urine and bladder tissues were measured using Nanodrop ND-1000 spectrophotome-
ter (Thermo Fisher Scientific, Waltham, MA, USA). Bacterial genomic DNA was stored at
−20 ◦C until further analysis.

2.3. 16S rRNA Gene Analysis

Bacterial 16S rRNA libraries were constructed utilizing the Ion 16S Metagenomics Kit
(Thermo Fisher Scientific, Waltham, MA, USA), which facilitates a comprehensive analysis
of six distinct regions (V2, V3, V4, V6–7, V8, and V9). Additionally, an Ion Plus Fragment
Library Kit (Thermo Fisher Scientific, Waltham, MA, USA) was employed for library
preparation, following established protocols [41,42]. Hypervariable fragments of the 16S
rRNA gene analysis of the urine, cancerous tissues, and healthy bladder mucosa microflora
were performed using the Ion Torrent Personal Genome Machine (PGM) platform (Thermo
FisherScientific, Waltham, MA, USA), as described previously [43]. Template preparation
and sequencing of the barcoded libraries were performed using the Ion PGM™ Hi-Q™
View OT2 400 Kit and Ion PGM Sequencing 400 Kit (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions.

2.4. Statistical and Bioinformatic Analysis

Unmapped BAM files were converted to FASTQ using Picard’s SamToFastq. Addi-
tional steps of the analysis were performed using Mothur software version 1.38 [44]. FASTQ
files were converted to the FASTA format. Only sequences that were 200–300 bases in
length, with an average base quality of 20 in a sliding window of 50 bases, and a maximum
homopolymer length of 10, were included. Chimeric sequences were identified using the
UCHIME [45] algorithm using default parameters, with internal sequence collection as
the reference database. Chimeric sequences were removed and the remaining 16S rRNA
sequences were classified using the Wang method and the SILVA [46] bacterial 16S rRNA
database for reference (release 138); the bootstrap cut-off was 80%. Counts on the genus
level were obtained with MEGAN5. FDR-adjusted [47] p-values ≤ 0.05 were considered
statistically significant. Alpha diversity analysis was performed using Shannon and Chao1
indexes as indicators. PCoA was performed using the Bray–Curtis index as a distance
measure. ANOSIM was used to test the significance of clustering patterns. The differential
abundance of taxa was assessed using the metagenomeSeq method for taxa with at least
10× sequencing depth.

3. Results

Bacterial DNA was extracted from a total of 112 bladder cancer patients. On average,
there were 229 thousand reads classified per sample (median: 185 thousand). An average of
12% (median—3%) of reads were not classified as bacteria—such reads were removed from
further analysis. Only samples that yielded sufficient DNA and met the sequencing quality
criteria were ultimately included in the final analysis. As a result, the final cohort included
41 paired triplets of midstream urine, tumor samples, and healthy-appearing mucosa
obtained from urothelial BCa patients. Clinical and histopathological characteristics of the
study cohort are summarized in Table 1.

There were 2153 taxa discovered among all samples: 1739 in tumor tissue, 1801 in
bladder tissue, and 1370 in urine. Counts on the genus level were obtained with MEGAN5.
Proteobacteria phylum was the dominant phylum in the largest number of samples in every
tissue tested (63% for normal tissue, 48% for tumor tissue, and 46% for urine). The Pro-
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teobacteria had the highest mean abundance in every group (around 38%). Other abundant
phyla were Firmicutes, Bacteroidota, and Actinobacteriota (Supplementary Figure S1). On a
family level, Streptococcaceae were the dominant family in 45% and 39% tumor and normal
tissue samples, while Enterobacteriaceae were dominant in 32% urine samples.

Table 1. Clinical features of the study cohort.

Male Female

Number 21 (51%) 20 (49%)

Mean age at TURBT 82 79

Low-grade 11 (52%) 12 (60%)

Non-invasive (Ta) 7 (33%) 8 (40%)

Invasive (T1) 4 (19%) 4 (20%)

High-grade 10 (48%) 8 (40%)

Non-invasive (Ta) 4 (19%) 3 (15%)

Invasive (T1) 6 (29%) 5 (25%)

Figure 1a shows the observed Shannon diversity at the genus level, comparing the sex
and sample type groups. Regarding sex, there were no statistically significant differences
between male and female patients in the Shannon diversity index; although in tumor
and bladder mucosa samples, the adjusted p-value nearly reached the level of statistical
significance (p = 0.055 and p = 0.067, respectively) with female patients presenting with
a less diverse microbiome. Contrary, Chao1 index values differentiated male and female
tumor samples, with women having a smaller taxa richness (Figure 1b).
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Figure 1. (a) Shannon diversity; (b) Chao1 index at genus level from urine, mucosa, and tumor
samples obtained from patients stratified by sex.

As far as tumor grades are concerned, patients with high-grade tumors presented
with lower bacterial diversity and richness in urine (Figure 2a,b). Considering both sex
and grade, women with high-grade tumors presented with significantly lower diversity
and richness in cancer samples than men (adjusted p value = 0.019 and 0.0087 for Shannon
diversity and Chao1 index, respectively). In female urine, there was also a statistically signif-
icant difference in diversity between high- and low-grade tumors (adjusted p value = 0.025
Shannon diversity and Chao1 index, respectively), while in male urine there was no differ-
ence in richness between different tumor grades.
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samples obtained from patients stratified by tumor grade.

There were statistically significant differences between sexes in community distances
as measured using Bray–Curtis index. These variations applied to every sample tested
(Figure 3a–c). Moreover, no statistically significant differences were observed between
different tumor grades.
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Figure 3. Principal component analysis (PCA) of bacteria according to sex at the genus level in
urine (a), bladder mucosa (b), and tumor sample (c).

Using metagenomeSeq, we were able to find differentially abundant specific OTUs in
both sexes with respect to the disease grade. In comparison with sexes, large differences
were seen. There were 92, 120, and 98 differential taxa in bladder mucosa, tumor samples,
and urine, respectively (Supplementary Table S1). In bladder mucosa and tumor samples,
81 and 107 taxa were underrepresented in women, which reflects lower bacterial diversity
observed in female patients’ tissues (Supplementary Table S1). While, in male urine samples,
45 taxa were overrepresented, including abundant genera Campylobacter, Sphingobium, and
Haemophilus (Supplementary Table S1). In high-grade tumors, sex-related differences were
less pronounced in bladder mucosa and urine samples, with only 20 and 9 differential
taxa, respectively. While, in the tumor tissues, as many as 153 differentiating bacteria
have been identified (Supplementary Table S2). Bacteria overrepresented in high-grade
female tissues included Salmonella genus (both in bladder mucosa and tumor samples),
Romboutsia (bladder mucosa only), and Enterobacter (tumor sample only) (Supplementary
Table S2). What is more, in cancerous tissue, 149 taxa were overrepresented in men
with high-grade BCa, including abundant genera Aeribacillus, Peptococcus, Alcaligenes,
Actinomyces, Pseudomonas, Acinetobacter, Proteus (Supplementary Table S2). Interestingly,
no statistically significant differences were present in low-grade tumors in tumor and
urine samples, with only minimal differences in bladder mucosa (Rhodocyclaceae C39 and
Cellvibrionales unclassified) (Supplementary Table S3).
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4. Discussion

To the best of our knowledge, the study provides the first sex-based profile of the
urinary microbiome in patients with urothelial BCa with respect to the disease grade. Both
alpha and beta diversity showed differences between males and females and between high-
and low-grade diseases as well. It further highlighted the polymicrobial composition of
human urine, with marked individual variations. Chao1 and Shannon indexes of urine
samples were lower in high-grade tumor patients suggesting diminished abundance and
diversity of microflora in this subgroup of BCa patients. Chao1 index values of tumor
samples show smaller taxa richness in women than in men, but at the same time healthy-
appearing bladder mucosa presents no sex-differences in this regard. Finally, women
diagnosed with high-grade tumors are found to have significantly lower diversity and
richness of their urinary microbiome than their male counterparts.

Persistent inflammation reduces the presence of beneficial microbial community mem-
bers involved in maintaining epithelial health and immune homeostasis and increases
some opportunistic pathogens intensifying chronic inflammation [48]. Inflammation may
also have an impact on carcinogenesis by altering functions of the mucosal barrier and
translocation of bacteria to tumor tissues [49]. Cancer is a disease of genome, and gradually
accumulated mutations in the oncogenic gene shape the growth rate of colonic epithelial
cells, reduce their susceptibility to cell death, endow them with metabolic specializations,
and confer on them abilities to commandeer immune cells to further promote growth
and spread [50]. Bacteria can directly damage the host DNA via specific substances called
“genotoxins”, such as colibactin produced by some E. coli strains or indirectly by generating
reactive oxidative species [51]. Other pathogenic microorganisms influence host signaling
pathways, for example, the Wnt/β-catenin pathway which is altered to support cell prolif-
eration in many types of cancers [52]. Extracellular superoxide from Enterococcus faecalis
can induce chromosomal instability in human cells [53]. Escherichia coli of the phylogenetic
group B2 induces DNA double-strand breaks in intestinal epithelial cells [54]. Exposure of
intestinal epithelial cell lines to Bacteroides fragilis toxin results in an increased cellular
proliferation, which is mediated by the elevated expression of the c-Myc oncogene [55].
However, a majority of studies were focused on the relationship between gut microbiota
and colorectal carcinogenesis where the gut microbiota potentially contributes to a cancer
risk via three major routes: (1) altering host cell proliferation or turnover, (2) influencing
immune function, and (3) metabolizing ingested and host-derived products [56–59].

The observed differences in taxa richness between men and women in our cohort,
particularly highlighted by the Chao1 index indicating smaller taxa richness in women,
prompt a deeper exploration of their implications and potential factors contributing to
these sex-specific distinctions. Firstly, the Chao1 index, a measure of species richness,
suggests that women harbour a less diverse microbial community in the bladder compared
to men. This discrepancy in microbial richness could be indicative of differing microbial
colonization patterns, immune responses, or hormonal influences between sexes [60–62].
One implication of the reduced taxa richness in women is the potential alteration of micro-
bial community dynamics within the bladder microenvironment. A less diverse microbial
ecosystem may lead to decreased microbial competition, altered metabolic pathways, and
potentially compromised host–microbiome interactions, all of which could influence dis-
ease susceptibility and progression. Several factors may contribute to these sex-specific
differences in the bladder microbiota. Hormonal fluctuations, particularly oestrogen and
progesterone levels, have been shown to influence the composition and stability of the
urinary microbiome [60]. Additionally, anatomical disparities between male and female uri-
nary tracts, such as urethral length and proximity to the perineum, may also play a role in
shaping microbial communities [63]. The relevance of these sex-specific differences to blad-
der cancer progression and treatment lies in their potential impact on disease development,
response to therapy, and overall patient outcomes. Variations in microbial composition
and diversity could affect tumour microenvironment characteristics, immune modulation,
and therapeutic efficacy [64]. Understanding these differences may lead to personalized
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approaches for bladder cancer management, including tailored interventions targeting
the microbiome to improve treatment outcomes. In conclusion, the observed differences
in taxa richness between men and women, particularly highlighted by the Chao1 index,
underscore the importance of considering sex-specific factors in understanding bladder
microbiome dynamics and their implications for cancer progression and treatment. Further
research elucidating the underlying mechanisms driving these differences is crucial for
understanding bladder cancer pathogenesis and developing targeted therapeutic strategies.

Decreased diversity of specific microbiomes has been correlated to a number of dis-
eases, including colorectal and cervical cancers, skin, pulmonary tract and lower urinary
system dysfunctions as well [65–70]. The interplay among composite communities of bacte-
ria and the host is thought to influence its immunity by modulating multiple immunologic
pathways. In our study, women with high-grade tumors presented with significantly lower
diversity and richness of their microbiome within cancer samples compared to their male
counterparts. Furthermore, the microbiome in midstream urine in females with high-grade
disease was less diverse than in females with low-grade tumors. Several investigations
have shown reduced diversity and richness of the urine microbiota in patients with bladder
cancer when compared to patients with benign urological conditions. Hrbáček J et al.
revealed differences between BCa patients and those with benign urological conditions
exploring catheterized urine [71]. Pederzoli F. et al. found no differences in microbiome
composition in terms of overall diversity or composition in urine specimens collected from
12 male patients diagnosed with bladder cancer and from 11 healthy individuals [37]. The
latter results are obviously hampered by the limited number of cases. In patients with
colorectal cancer, several studies revealed lower microbial diversity in cancerous tissues
compared to normal-appearing mucosa [72,73]. Furthermore, it has been demonstrated
that lower diversity of gut microbiota is associated with a poorer response to chemoradia-
tion [69]. In cervical cancer patients, significant differences in α and β diversity between
patients and healthy controls were also observed [74]. Therefore, we speculate that dys-
biosis of the microbiota might be implicated in carcinogenesis, therapy-related side effects
and treatment outcomes in bladder cancer, and may (at least partially) explain sex-specific
differences in tumor biology.

The findings regarding bacterial diversity and richness in urine samples in our co-
hort especially concerning tumor grade, offer significant insights into the diagnosis and
prognosis of non-muscle-invasive bladder cancer (NMIBC). Variations in bacterial diversity
and richness across tumor grades could reflect differences in tumor microenvironment
characteristics and immune responses. Differences in microbial composition between tu-
mor grades may provide additional information for stratifying patients based on disease
severity and guiding treatment decisions. Incorporating urinary microbiome analysis into
diagnostic protocols may enhance the accuracy of NMIBC detection and improve early
intervention strategies. Targeting specific microbial signatures associated with tumor grad-
ing could offer novel therapeutic avenues for modulating the tumor microenvironment
and improving treatment outcomes. Further validation and standardization of urinary
microbiome-based diagnostic and prognostic assays are warranted to ensure their clinical
utility and reliability.

We noted differences in the relative abundance of specific taxa between sexes with
respect to the grade. It is noted that certain bacterial taxa may be associated with different
tumor grades, suggesting a potential link between microbial composition and bladder
cancer progression. In women with high-grade cancers, Salmonella and Enterobacter were
overrepresented in a cancerous specimen when compared to males. These microorganisms
were suggested to be involved in carcinogenesis across several malignancies. Salmonella
typhi has been shown to be associated with hepatobiliary and colon cancers, through the
activation of the Wnt/β-catenin pathway [75]. Mansour et al. demonstrated that bladder
tissue samples exhibited a higher prevalence of Akkermansia, Bacteroides, Clostridium sensu
stricto, Enterobacter, and Klebsiella compared to urine samples [76]. Additionally, in the
study conducted by Pederzoli et al., the Enterobacteriaceae family was found to be more
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prevalent in females [37]. Notably, bacteria from the Enterobacteriaceae family are known to
produce toxins such as colibactin, which directly contribute to bladder tumorigenesis.

In our study, in male urine samples, 45 taxa showed higher representation, including
the prevalent genera Campylobacter, Sphingobium, and Haemophilus. Bučević Popović V. et al.
revealed similar findings [77]. Relative enrichment of Campylobacter has been observed in
urine in BCa patients when compared to healthy controls. Haemophilus has been overrepre-
sented in patients with muscle-invasive disease when compared to non-muscle-invasive
bladder cancer in a study by Bi H. et al. [38]. Conversely, Sphingobium may play a protective
role. Due to its extra ability to metabolize estrogen, it may have favorable influence on
outcomes in breast cancer, especially estrogen-positive breast cancer [78,79]. However, the
exact roles the pathogens may play in bladder cancer pathology remain to be seen.

In comparison with the female cohort, men with high-grade BCa were found to have
at least 149 bacterial taxa that were more abundant in the cancerous specimen. These
include Aeribacillus, Peptococcus, Alcaligenes, Actinomyces, Pseudomonas, Acinetobacter, Proteus.
Xu et al. noted that certain genera, including Streptococcus, Pseudomonas, and Anaerococ-
cus, were more commonly observed in patients diagnosed with urothelial carcinoma [80].
Reports indicate that bladder cancer patients exhibited increased levels of Actinomyces,
whereas the control group showed enrichment of Bifidobacterium, Streptococcus, and Lac-
tobacillus [43]. Liu et al. uncovered elevated relative abundances of various microbial
genera, including Acinetobacter and Anoxybacillus, in cancerous tissues compared to normal
tissues [35]. Wu et al. demonstrated higher bacterial richness and the enrichment of certain
bacterial genera, including Acinetobacter, Anaerococcus, and Sphingobacterium, alongside a
decrease in others, including Serratia, Proteus, and Roseomonas, within the bladder cancer
group compared to the non-cancer group [81]. By understanding how microbial communi-
ties vary between sexes and their impact on tumor characteristics, we can potentially tailor
treatments to individual patients. This personalized approach could lead to more effective
and targeted therapies, ultimately improving outcomes for bladder cancer patients.

It is of note that significant differences in the microbiome diversity of female and male
high-grade BCa were observed in cancerous samples only. Midstream urine and healthy
tissue microbiome analysis did not confirm the findings. Our results suggest that urine
samples may not mirror microbiota composition at the site of the cancer. Furthermore, we
believe the tumor microenvironment influences microbiome arrangement and leads to the
overrepresentation of a few specific microorganisms. Pederzoli F. et al. provided detailed
characterization of the BCa urinary microbiome in urine and in bladder cancerous and non-
cancerous tissue specimens [37]. They found different clustering of urine versus the tissue
microbiome in men and women, supporting evidence for a different bacterial composition
of these two environments. In parallel to BCa, in colorectal cancer, the distribution of
the microbiome differs significantly between normal and tumor tissues [82]. The fecal
microbiome is more variable and inconsistent probably due to numerous factors that may
influence its composition including diet or lifestyle [83,84]. Hence, we believe one may find
more reliable information on the microbiome through tissue-based sample exploration only,
rather than upon more diverse microbiota of midstream urine. While the use of midstream
urine samples for microbiome studies may have advantages due to an ease of collection
and non-invasive nature, their composition may not accurately represent the more stable
cancer tissue microbiota and the mucosal interactions across the bladder.

Bladder cancer progression involves a complex interplay of various molecular and
cellular mechanisms [85]. One potential mechanism involves the direct interaction be-
tween specific microbial species and the bladder epithelium, which could lead to chronic
inflammation and tissue damage, ultimately promoting tumor initiation and progression.
Furthermore, the microbiome can modulate immune responses within the bladder microen-
vironment, influencing the balance between pro-inflammatory and anti-tumor immune
pathways. Dysregulation of these immune responses by the microbiome may contribute to
immune evasion by tumor cells and facilitate tumor growth and metastasis. Additionally,
microbial metabolites and signaling molecules produced within the bladder may impact
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tumor cell behavior, including proliferation, invasion, and response to therapy. These
metabolites can also influence immune cell function and the tumor microenvironment,
further shaping the course of bladder cancer progression.

Clinical applications of research on microbiome in bladder cancer are very limited. In
patients with recurrent bladder cancer relative abundance of Lactobacillus was lower than
in those without disease failure, though the difference between the two groups did not
reach the level of significance [86]. Seow SW et al. demonstrated the Lactobacillus species
exerted anti-proliferative effects in the bladder cancer cell line [87]. Oral administration of
Lactobacillus, in addition to epirubicin instillations, was demonstrated to decrease the risk
of recurrence at three years when compared to intravesical therapy only in a randomized
controlled trial by Naito S et al. [88]. In conclusion, oral intake of Lactobacillus may be helpful
in preventing bladder cancer recurrence. Among those with BCa subjected to BCG therapy,
overrepresentation of Corynebacterium and Pseudomonas was found in the responding
subgroup of patients. The presence of Aerococcus species might indicate a less favorable
response to BCG, whereas the presence of Ureaplasma and Escherichia/Shigella could
suggest a more apositive response to BCG. Additional research is needed to clarify and
verify the importance of alterations in the bladder microbiome. Specific microbial signatures
can be used for various purposes, such as predicting the response to therapeutics [89].

Building on the emerging evidence linking the microbiome to cancer biology, future
research could explore microbiome-targeted therapies for bladder cancer. Our study
suggests that the bladder microbiome may serve as a potential source of biomarkers
for bladder cancer diagnosis and prognosis. Future research could aim to validate and
refine these findings in larger cohorts of NMIBC patients. Strategies such as probiotics,
prebiotics, dietary interventions, and microbiota transplantation could be investigated for
their potential to modulate the bladder microbiome and influence bladder cancer outcomes.
Clinical trials evaluating the efficacy and safety of microbiome-based interventions in
bladder cancer patients are warranted to translate these findings into clinical practice.
Overall, future research efforts should aim to leverage the findings of our study to advance
our understanding of the role of the microbiome in bladder cancer and translate these
discoveries into clinically actionable strategies for improving patient outcomes.

We acknowledge several limitations of our study. Our study design is observational
in nature, which precludes establishing causality between the urinary microbiome and
bladder cancer outcomes. While we have identified associations between microbial profiles
and disease parameters, further longitudinal or interventional studies are necessary to elu-
cidate the causal relationships and underlying mechanisms. The precision of our estimates
is still limited by a moderate sample size. In addition to the intrinsic limitations of the
amplicon-based microbiome approach, we could not control for patient-specific factors,
such as race, diet, or exposure to environmental carcinogens. We could not exclude the
potential bias introduced by previous TURBT or by previous antibiotic therapies, although
their impact on the bladder and urinary microbiome is currently unclear. Furthermore,
we collected the samples only once and prior to surgery, so we cannot comment on the
microbial stability over time. In our study, diversity of the microbiome in BCa patients
differed between sexes, specifically in high-grade disease. Based on our research, we may
assume that urinary microbiota consists of groups of taxa that are the core and are being
rarely lost and additional groups of co-occurring microbiota that are associated positively or
negatively with cancer. A lack of protective taxa can lead to the development of high-grade
disease. Therefore, many types of bacteria are being studied in bladder cancer. Prospective
studies are needed to disentangle the association between cancer development and micro-
bial dysbiosis, as well as the possible role of these bacterial communities in the metabolism
of carcinogenic compounds present in the urinary tract. We consider our data relevant for
the development of future approaches for microbiota-based biomarkers of BCa and for
microbiome modulation to boost therapy efficacy. Our study makes a preliminary explo-
ration of the association of urinary microbiota and clinical features of bladder cancer and
their association with sex. By uncovering differences in the bladder microbiome between



Curr. Issues Mol. Biol. 2024, 46 3605

male and female NMIBC patients, we have expanded our understanding of the interplay
between microbial communities and cancer biology in this specific population. Sex-related
differences in the bladder microbiome may reflect underlying biological mechanisms, such
as hormonal influences, immune responses, and genetic factors, which contribute to blad-
der cancer development and progression. Accordingly, developing a predictive testing
based on the urobiome composition could contribute to a personalized medicine approach
in the future.

5. Conclusions

Bladder cancer persists as a malignancy affecting both men and women. Our study
reveals the significant diversity of the bladder microbiome in both sexes diagnosed with
non-muscle-invasive BCa, especially in those with high-grade cancers. The differences
among patients with low- and high-grade tumors, as well as women and men may be used
in the future studies to close the sex gap in bladder cancer.
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5. Jobczyk, M.; Pikala, M.; Różański, W.; Maniecka-Bryła, I. Years of life lost due to bladder cancer among the inhabitants of Poland

in the years 2000 to 2014. Cent. Eur. J. Urol. 2017, 70, 338–343. [CrossRef]
6. Goessl, C.; Knispel, H.H.; Miller, K.; Klän, R. Is routine excretory urography necessary at first diagnosis of bladder cancer? J. Urol.

1997, 157, 480–481. [CrossRef] [PubMed]
7. Palou, J.; Rodríguez-Rubio, F.; Huguet, J.; Segarra, J.; Ribal, M.J.; Alcaraz, A.; Villavicencio, H. Multivariate analysis of clinical

parameters of synchronous primary superficial bladder cancer and upper urinary tract tumor. J. Urol. 2005, 174, 859–861;
discussion 861. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cimb46040225/s1
https://www.mdpi.com/article/10.3390/cimb46040225/s1
https://doi.org/10.3390/medsci8010015
https://www.ncbi.nlm.nih.gov/pubmed/32183076
https://doi.org/10.1177/0391560319887327
https://www.ncbi.nlm.nih.gov/pubmed/31868559
https://doi.org/10.1016/j.eururo.2015.08.037
https://www.ncbi.nlm.nih.gov/pubmed/26346676
https://doi.org/10.1097/MOU.0000000000000606
https://www.ncbi.nlm.nih.gov/pubmed/30855378
https://doi.org/10.5173/ceju.2017.1521
https://doi.org/10.1016/S0022-5347(01)65180-2
https://www.ncbi.nlm.nih.gov/pubmed/8996338
https://doi.org/10.1097/01.ju.0000169424.79702.6d
https://www.ncbi.nlm.nih.gov/pubmed/16093970


Curr. Issues Mol. Biol. 2024, 46 3606

8. Garg, T.; Pinheiro, L.C.; Atoria, C.L.; Donat, S.M.; Weissman, J.S.; Herr, H.W.; Elkin, E.B. Gender disparities in hematuria
evaluation and bladder cancer diagnosis: A population based analysis. J. Urol. 2014, 192, 1072–1077. [CrossRef] [PubMed]

9. Burger, M.; Catto, J.W.F.; Dalbagni, G.; Grossman, H.B.; Herr, H.; Karakiewicz, P.; Kassouf, W.; Kiemeney, L.A.; La Vecchia, C.;
Shariat, S.; et al. Epidemiology and risk factors of urothelial bladder cancer. Eur. Urol. 2013, 63, 234–241. [CrossRef]

10. Sylvester, R.J.; Rodríguez, O.; Hernández, V.; Turturica, D.; Bauerová, L.; Bruins, H.M.; Bründl, J.; van der Kwast, T.H.; Brisuda,
A.; Rubio-Briones, J.; et al. European Association of Urology (EAU) Prognostic Factor Risk Groups for Non-muscle-invasive
Bladder Cancer (NMIBC) Incorporating the WHO 2004/2016 and WHO 1973 Classification Systems for Grade: An Update from
the EAU NMIBC Guidelines Panel. Eur. Urol. 2021, 79, 480–488. [CrossRef]

11. Apollo, A.; Ortenzi, V.; Scatena, C.; Zavaglia, K.; Aretini, P.; Lessi, F.; Franceschi, S.; Tomei, S.; Sepich, C.A.; Viacava, P.; et al.
Molecular characterization of low grade and high grade bladder cancer. PLoS ONE 2019, 14, e0210635. [CrossRef]

12. Herr, H.W. Tumor progression and survival of patients with high grade, noninvasive papillary (TaG3) bladder tumors: 15-year
outcome. J. Urol. 2000, 163, 60–61; discussion 61–62. [CrossRef]

13. Bree, K.K.; Hensley, P.J.; Lobo, N.; Brooks, N.A.; Nogueras-Gonzalez, G.M.; Guo, C.C.; Navai, N.; Grossman, H.B.; Dinney, C.P.;
Kamat, A.M. All High-Grade Ta Tumors Should Be Classified as High Risk: Bacillus Calmette-Guérin Response in High-Grade Ta
Tumors. J. Urol. 2022, 208, 284–291. [CrossRef] [PubMed]

14. Cheng, L.; Montironi, R.; Davidson, D.D.; Lopez-Beltran, A. Staging and reporting of urothelial carcinoma of the urinary bladder.
Mod. Pathol. 2009, 22 (Suppl. S2), S70–S95. [CrossRef]

15. Choi, W.; Ochoa, A.; McConkey, D.J.; Aine, M.; Höglund, M.; Kim, W.Y.; Real, F.X.; Kiltie, A.E.; Milsom, I.; Dyrskjøt, L.; et al.
Genetic Alterations in the Molecular Subtypes of Bladder Cancer: Illustration in the Cancer Genome Atlas Dataset. Eur. Urol.
2017, 72, 354–365. [CrossRef] [PubMed]

16. Siracusano, S.; Rizzetto, R.; Porcaro, A.B. Bladder cancer genomics. Urologia 2020, 87, 49–56. [CrossRef]
17. Salagierski, M. The genetic patterns of bladder cancer. Where do we stand now? Cent. Eur. J. Urol. 2014, 66, 411–412. [CrossRef]

[PubMed]
18. Hussain, S.A.; Palmer, D.H.; Syn, W.-K.; Sacco, J.J.; Greensmith, R.M.D.; Elmetwali, T.; Aachi, V.; Lloyd, B.H.; Jithesh, P.V.; Arrand,

J.; et al. Gene expression profiling in bladder cancer identifies potential therapeutic targets. Int. J. Oncol. 2017, 50, 1147–1159.
[CrossRef]

19. Knowles, M.A.; Hurst, C.D. Molecular biology of bladder cancer: New insights into pathogenesis and clinical diversity. Nat. Rev.
Cancer 2015, 15, 25–41. [CrossRef]

20. Yoshino, H.; Seki, N.; Itesako, T.; Chiyomaru, T.; Nakagawa, M.; Enokida, H. Aberrant expression of microRNAs in bladder
cancer. Nat. Rev. Urol. 2013, 10, 396–404. [CrossRef]

21. Kiselyov, A.; Bunimovich-Mendrazitsky, S.; Startsev, V. Key signaling pathways in the muscle-invasive bladder carcinoma:
Clinical markers for disease modeling and optimized treatment. Int. J. Cancer 2016, 138, 2562–2569. [CrossRef] [PubMed]

22. Comprehensive molecular characterization of urothelial bladder carcinoma. Nature 2014, 507, 315–322. [CrossRef] [PubMed]
23. Li, H.-T.; Duymich, C.E.; Weisenberger, D.J.; Liang, G. Genetic and Epigenetic Alterations in Bladder Cancer. Int. Neurourol. J.

2016, 20, S84–S94. [CrossRef] [PubMed]
24. Patschan, O.; Sjödahl, G.; Chebil, G.; Lövgren, K.; Lauss, M.; Gudjonsson, S.; Kollberg, P.; Eriksson, P.; Aine, M.; Månsson, W.;

et al. A Molecular Pathologic Framework for Risk Stratification of Stage T1 Urothelial Carcinoma. Eur. Urol. 2015, 68, 824–832;
discussion 835–836. [CrossRef] [PubMed]

25. Hedegaard, J.; Lamy, P.; Nordentoft, I.; Algaba, F.; Høyer, S.; Ulhøi, B.P.; Vang, S.; Reinert, T.; Hermann, G.G.; Mogensen, K.; et al.
Comprehensive Transcriptional Analysis of Early-Stage Urothelial Carcinoma. Cancer Cell 2016, 30, 27–42. [CrossRef]

26. Rachakonda, P.S.; Hosen, I.; de Verdier, P.J.; Fallah, M.; Heidenreich, B.; Ryk, C.; Wiklund, N.P.; Steineck, G.; Schadendorf,
D.; Hemminki, K.; et al. TERT promoter mutations in bladder cancer affect patient survival and disease recurrence through
modification by a common polymorphism. Proc. Natl. Acad. Sci. USA 2013, 110, 17426–17431. [CrossRef]

27. Pang, K.H.; Esperto, F.; Noon, A.P. Opportunities of next-generation sequencing in non-muscle invasive bladder cancer outcome
prediction. Transl. Androl. Urol. 2017, 6, 1043–1048. [CrossRef]

28. Tian, W.; Shan, B.; Zhang, Y.; Ren, Y.; Liang, S.; Zhao, J.; Zhao, X.; Peng, D.; Cai, S.; Wang, H. Association of high tumor mutation
(TMB) with DNA damage repair (DDR) alterations and better prognosis in ovarian cancer. J. Clin. Oncol. 2018, 36, 5512. [CrossRef]

29. Zhang, N.; Jiang, G.; Liu, X.; Na, R.; Wang, X.; Xu, J. Prediction of Bacillus Calmette-Guerin Response in Patients with Bladder
Cancer after Transurethral Resection of Bladder Tumor by Using Genetic Variation Based on Genomic Studies. Biomed Res. Int.
2016, 2016, 9859021. [CrossRef]

30. Zhang, Y. Understanding the gender disparity in bladder cancer risk: The impact of sex hormones and liver on bladder
susceptibility to carcinogens. J. Environ. Sci. Health C Environ. Carcinog. Ecotoxicol. Rev. 2013, 31, 287–304. [CrossRef]

31. Singh, A.V.; Chandrasekar, V.; Paudel, N.; Laux, P.; Luch, A.; Gemmati, D.; Tisato, V.; Prabhu, K.S.; Uddin, S.; Dakua, S.P.
Integrative toxicogenomics: Advancing precision medicine and toxicology through artificial intelligence and OMICs technology.
Biomed. Pharmacother. 2023, 163, 114784. [CrossRef] [PubMed]

32. Bhatt, A.P.; Redinbo, M.R.; Bultman, S.J. The role of the microbiome in cancer development and therapy. CA Cancer J. Clin. 2017,
67, 326–344. [CrossRef] [PubMed]

33. Jain, T.; Sharma, P.; Are, A.C.; Vickers, S.M.; Dudeja, V. New Insights Into the Cancer-Microbiome-Immune Axis: Decrypting a
Decade of Discoveries. Front. Immunol. 2021, 12, 622064. [CrossRef] [PubMed]

https://doi.org/10.1016/j.juro.2014.04.101
https://www.ncbi.nlm.nih.gov/pubmed/24835058
https://doi.org/10.1016/j.eururo.2012.07.033
https://doi.org/10.1016/j.eururo.2020.12.033
https://doi.org/10.1371/journal.pone.0210635
https://doi.org/10.1016/S0022-5347(05)67972-4
https://doi.org/10.1097/JU.0000000000002678
https://www.ncbi.nlm.nih.gov/pubmed/35770498
https://doi.org/10.1038/modpathol.2009.1
https://doi.org/10.1016/j.eururo.2017.03.010
https://www.ncbi.nlm.nih.gov/pubmed/28365159
https://doi.org/10.1177/0391560319899011
https://doi.org/10.5173/ceju.2013.04.art4
https://www.ncbi.nlm.nih.gov/pubmed/24757529
https://doi.org/10.3892/ijo.2017.3893
https://doi.org/10.1038/nrc3817
https://doi.org/10.1038/nrurol.2013.113
https://doi.org/10.1002/ijc.29918
https://www.ncbi.nlm.nih.gov/pubmed/26547270
https://doi.org/10.1038/nature12965
https://www.ncbi.nlm.nih.gov/pubmed/24476821
https://doi.org/10.5213/inj.1632752.376
https://www.ncbi.nlm.nih.gov/pubmed/27915480
https://doi.org/10.1016/j.eururo.2015.02.021
https://www.ncbi.nlm.nih.gov/pubmed/25770486
https://doi.org/10.1016/j.ccell.2016.05.004
https://doi.org/10.1073/pnas.1310522110
https://doi.org/10.21037/tau.2017.10.04
https://doi.org/10.1200/JCO.2018.36.15_suppl.5512
https://doi.org/10.1155/2016/9859021
https://doi.org/10.1080/10590501.2013.844755
https://doi.org/10.1016/j.biopha.2023.114784
https://www.ncbi.nlm.nih.gov/pubmed/37121152
https://doi.org/10.3322/caac.21398
https://www.ncbi.nlm.nih.gov/pubmed/28481406
https://doi.org/10.3389/fimmu.2021.622064
https://www.ncbi.nlm.nih.gov/pubmed/33708214


Curr. Issues Mol. Biol. 2024, 46 3607

34. Hourigan, S.K.; Zhu, W.; Wong, W.S.W.; Clemency, N.C.; Provenzano, M.; Vilboux, T.; Niederhuber, J.E.; Deeken, J.; Chung, S.;
McDaniel-Wiley, K.; et al. Studying the urine microbiome in superficial bladder cancer: Samples obtained by midstream voiding
versus cystoscopy. BMC Urol. 2020, 20, 5. [CrossRef] [PubMed]

35. Liu, F.; Liu, A.; Lu, X.; Zhang, Z.; Xue, Y.; Xu, J.; Zeng, S.; Xiong, Q.; Tan, H.; He, X.; et al. Dysbiosis signatures of the microbial
profile in tissue from bladder cancer. Cancer Med. 2019, 8, 6904–6914. [CrossRef] [PubMed]

36. Parra-Grande, M.; Oré-Arce, M.; Sánchez-Hellín, V. A differential bladder microbiota composition is associated with tumour
grade in bladder cancer. Ann. Oncol. 2019, 30, v379. [CrossRef]

37. Pederzoli, F.; Ferrarese, R.; Amato, V.; Locatelli, I.; Alchera, E.; Lucianò, R.; Nebuloni, M.; Briganti, A.; Gallina, A.; Colombo, R.;
et al. Sex-specific Alterations in the Urinary and Tissue Microbiome in Therapy-naïve Urothelial Bladder Cancer Patients. Eur.
Urol. Oncol. 2020, 3, 784–788. [CrossRef] [PubMed]

38. Bi, H.; Tian, Y.; Song, C.; Li, J.; Liu, T.; Chen, Z.; Chen, C.; Huang, Y.; Zhang, Y. Urinary microbiota–A potential biomarker and
therapeutic target for bladder cancer. J. Med. Microbiol. 2019, 68, 1471–1478. [CrossRef]

39. Azevedo, M.M.; Pina-Vaz, C.; Baltazar, F. Microbes and Cancer: Friends or Faux? Int. J. Mol. Sci. 2020, 21, 3115. [CrossRef]
40. Zeber-Lubecka, N.; Kulecka, M.; Załęska-Oracka, K.; Dąbrowska, M.; Bałabas, A.; Hennig, E.E.; Szymanek-Szwed, M.; Mikula, M.;

Jurkiewicz, B.; Ostrowski, J. Gene Expression-Based Functional Differences between the Bladder Body and Trigonal Urothelium
in Adolescent Female Patients with Micturition Dysfunction. Biomedicines 2022, 10, 1435. [CrossRef]

41. Zeber-Lubecka, N.; Kulecka, M.; Lindner, B.; Krynicki, R.; Paziewska, A.; Nowakowski, A.; Bidzinski, M.; Ostrowski, J. Increased
diversity of a cervical microbiome associates with cervical cancer. Front. Oncol. 2022, 12, 1005537. [CrossRef] [PubMed]

42. Zeber-Lubecka, N.; Kulecka, M.; Ambrozkiewicz, F.; Paziewska, A.; Goryca, K.; Karczmarski, J.; Rubel, T.; Wojtowicz, W.; Mlynarz,
P.; Marczak, L.; et al. Limited prolonged effects of rifaximin treatment on irritable bowel syndrome-related differences in the fecal
microbiome and metabolome. Gut Microbes 2016, 7, 397–413. [CrossRef] [PubMed]

43. Bilski, K.; Dobruch, J.; Kozikowski, M.; Skrzypczyk, M.A.; Oszczudłowski, M.; Ostrowski, J. Urobiome in Gender-Related
Diversities of Bladder Cancer. Int. J. Mol. Sci. 2020, 21, 4488. [CrossRef] [PubMed]

44. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.;
Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent, community-supported software for describing
and comparing microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541. [CrossRef] [PubMed]

45. Edgar, R.C.; Haas, B.J.; Clemente, J.C.; Quince, C.; Knight, R. UCHIME improves sensitivity and speed of chimera detection.
Bioinformatics 2011, 27, 2194–2200. [CrossRef] [PubMed]

46. Silva, C.J.; Caparica, A.A.; Plascak, J.A. Wang-Landau Monte Carlo simulation of the Blume-Capel model. Phys. Rev. E Stat.
Nonlinear Soft Matter Phys. 2006, 73, 36702. [CrossRef] [PubMed]

47. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.
Stat. Soc. Ser. B 1995, 57, 289–300. [CrossRef]

48. Belkaid, Y.; Hand, T.W. Role of the microbiota in immunity and inflammation. Cell 2014, 157, 121–141. [CrossRef]
49. Rea, D.; Coppola, G.; Palma, G.; Barbieri, A.; Luciano, A.; Del Prete, P.; Rossetti, S.; Berretta, M.; Facchini, G.; Perdonà, S.; et al.

Microbiota effects on cancer: From risks to therapies. Oncotarget 2018, 9, 17915–17927. [CrossRef]
50. Sears, C.L.; Garrett, W.S. Microbes, microbiota, and colon cancer. Cell Host Microbe 2014, 15, 317–328. [CrossRef]
51. Grasso, F.; Frisan, T. Bacterial Genotoxins: Merging the DNA Damage Response into Infection Biology. Biomolecules 2015, 5,

1762–1782. [CrossRef] [PubMed]
52. Villaseñor, T.; Madrid-Paulino, E.; Maldonado-Bravo, R.; Urbán-Aragón, A.; Pérez-Martínez, L.; Pedraza-Alva, G. Activation of

the Wnt Pathway by Mycobacterium tuberculosis: A Wnt-Wnt Situation. Front. Immunol. 2017, 8, 50. [CrossRef]
53. Huycke, M.M.; Moore, D.R. In vivo production of hydroxyl radical by Enterococcus faecalis colonizing the intestinal tract using

aromatic hydroxylation. Free Radic. Biol. Med. 2002, 33, 818–826. [CrossRef]
54. Nougayrède, J.-P.; Homburg, S.; Taieb, F.; Boury, M.; Brzuszkiewicz, E.; Gottschalk, G.; Buchrieser, C.; Hacker, J.; Dobrindt,

U.; Oswald, E. Escherichia coli induces DNA double-strand breaks in eukaryotic cells. Science 2006, 313, 848–851. [CrossRef]
[PubMed]

55. Goodwin, A.C.; Destefano Shields, C.E.; Wu, S.; Huso, D.L.; Wu, X.; Murray-Stewart, T.R.; Hacker-Prietz, A.; Rabizadeh, S.; Woster,
P.M.; Sears, C.L.; et al. Polyamine catabolism contributes to enterotoxigenic Bacteroides fragilis-induced colon tumorigenesis.
Proc. Natl. Acad. Sci. USA 2011, 108, 15354–15359. [CrossRef]

56. Gao, W.; Du, X.; Lei, L.; Wang, H.; Zhang, M.; Wang, Z.; Li, X.; Liu, G.; Li, X. NEFA-induced ROS impaired insulin signalling
through the JNK and p38MAPK pathways in non-alcoholic steatohepatitis. J. Cell. Mol. Med. 2018, 22, 3408–3422. [CrossRef]
[PubMed]

57. Alexander, J.L.; Scott, A.J.; Pouncey, A.L.; Marchesi, J.; Kinross, J.; Teare, J. Colorectal carcinogenesis: An archetype of gut
microbiota-host interaction. Ecancermedicalscience 2018, 12, 865. [CrossRef]

58. Tilg, H.; Adolph, T.E.; Gerner, R.R.; Moschen, A.R. The Intestinal Microbiota in Colorectal Cancer. Cancer Cell 2018, 33, 954–964.
[CrossRef]

59. Raskov, H.; Burcharth, J.; Pommergaard, H.-C. Linking Gut Microbiota to Colorectal Cancer. J. Cancer 2017, 8, 3378–3395.
[CrossRef]

60. He, S.; Li, H.; Yu, Z.; Zhang, F.; Liang, S.; Liu, H.; Chen, H.; Lü, M. The Gut Microbiome and Sex Hormone-Related Diseases.
Front. Microbiol. 2021, 12, 711137. [CrossRef]

https://doi.org/10.1186/s12894-020-0576-z
https://www.ncbi.nlm.nih.gov/pubmed/31992287
https://doi.org/10.1002/cam4.2419
https://www.ncbi.nlm.nih.gov/pubmed/31568654
https://doi.org/10.1093/annonc/mdz249.039
https://doi.org/10.1016/j.euo.2020.04.002
https://www.ncbi.nlm.nih.gov/pubmed/32345542
https://doi.org/10.1099/jmm.0.001058
https://doi.org/10.3390/ijms21093115
https://doi.org/10.3390/biomedicines10061435
https://doi.org/10.3389/fonc.2022.1005537
https://www.ncbi.nlm.nih.gov/pubmed/36249017
https://doi.org/10.1080/19490976.2016.1215805
https://www.ncbi.nlm.nih.gov/pubmed/27662586
https://doi.org/10.3390/ijms21124488
https://www.ncbi.nlm.nih.gov/pubmed/32599810
https://doi.org/10.1128/AEM.01541-09
https://www.ncbi.nlm.nih.gov/pubmed/19801464
https://doi.org/10.1093/bioinformatics/btr381
https://www.ncbi.nlm.nih.gov/pubmed/21700674
https://doi.org/10.1103/PhysRevE.73.036702
https://www.ncbi.nlm.nih.gov/pubmed/16605693
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1016/j.cell.2014.03.011
https://doi.org/10.18632/oncotarget.24681
https://doi.org/10.1016/j.chom.2014.02.007
https://doi.org/10.3390/biom5031762
https://www.ncbi.nlm.nih.gov/pubmed/26270677
https://doi.org/10.3389/fimmu.2017.00050
https://doi.org/10.1016/S0891-5849(02)00977-2
https://doi.org/10.1126/science.1127059
https://www.ncbi.nlm.nih.gov/pubmed/16902142
https://doi.org/10.1073/pnas.1010203108
https://doi.org/10.1111/jcmm.13617
https://www.ncbi.nlm.nih.gov/pubmed/29602237
https://doi.org/10.3332/ecancer.2018.865
https://doi.org/10.1016/j.ccell.2018.03.004
https://doi.org/10.7150/jca.20497
https://doi.org/10.3389/fmicb.2021.711137


Curr. Issues Mol. Biol. 2024, 46 3608

61. Mohseni, A.H.; Taghinezhad-S, S.; Casolaro, V.; Lv, Z.; Li, D. Potential links between the microbiota and T cell immunity determine
the tumor cell fate. Cell Death Dis. 2023, 14, 154. [CrossRef] [PubMed]

62. Santos-Marcos, J.A.; Mora-Ortiz, M.; Tena-Sempere, M.; Lopez-Miranda, J.; Camargo, A. Interaction between gut microbiota and
sex hormones and their relation to sexual dimorphism in metabolic diseases. Biol. Sex Differ. 2023, 14, 4. [CrossRef] [PubMed]

63. Nickel, J.C.; Stephens, A.; Ackerman, A.L.; Anger, J.T.; Lai, H.H.; Ehrlich, G.D. The healthy urinary microbiome in asymptomatic
participants in the MAPP Network Study: Relation to gender, age, and menopausal status. Can. Urol. Assoc. J. 2022, 16, E448–E454.
[CrossRef] [PubMed]

64. Kandalai, S.; Li, H.; Zhang, N.; Peng, H.; Zheng, Q. The human microbiome and cancer: A diagnostic and therapeutic perspective.
Cancer Biol. Ther. 2023, 24, 2240084. [CrossRef] [PubMed]

65. Chen, J.; Zhao, J.; Cao, Y.; Zhang, G.; Chen, Y.; Zhong, J.; Huang, W.; Zeng, J.; Wu, P. Relationship between alterations of urinary
microbiota and cultured negative lower urinary tract symptoms in female type 2 diabetes patients. BMC Urol. 2019, 19, 78.
[CrossRef] [PubMed]

66. He, T.; Cheng, X.; Xing, C. The gut microbial diversity of colon cancer patients and the clinical significance. Bioengineered 2021, 12,
7046–7060. [CrossRef] [PubMed]

67. Mekadim, C.; Skalnikova, H.K.; Cizkova, J.; Cizkova, V.; Palanova, A.; Horak, V.; Mrazek, J. Dysbiosis of skin microbiome and gut
microbiome in melanoma progression. BMC Microbiol. 2022, 22, 63. [CrossRef] [PubMed]

68. Pizzo, F.; Maroccia, Z.; Hammarberg Ferri, I.; Fiorentini, C. Role of the Microbiota in Lung Cancer: Insights on Prevention and
Treatment. Int. J. Mol. Sci. 2022, 23, 6138. [CrossRef] [PubMed]

69. Sims, T.T.; El Alam, M.B.; Karpinets, T.V.; Dorta-Estremera, S.; Hegde, V.L.; Nookala, S.; Yoshida-Court, K.; Wu, X.; Biegert,
G.W.G.; Delgado Medrano, A.Y.; et al. Gut microbiome diversity is an independent predictor of survival in cervical cancer
patients receiving chemoradiation. Commun. Biol. 2021, 4, 237. [CrossRef]

70. Woo, Y.R.; Cho, S.H.; Lee, J.D.; Kim, H.S. The Human Microbiota and Skin Cancer. Int. J. Mol. Sci. 2022, 23, 1813. [CrossRef]
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