~ International Journal of
Molecular Sciences

Review

Unmasking the Metabolite Signature of Bladder Cancer: A
Systematic Review

Francisca Pereira 12, M. Rosario Domingues 3
and Rita Ferreira

José Alexandre Ferreira 2

check for
updates

Citation: Pereira, F.; Domingues, M.R.;
Vitorino, R.; Guerra, LM.S.; Santos,
L.L.; Ferreira, J.A.; Ferreira, R.
Unmasking the Metabolite Signature
of Bladder Cancer: A Systematic
Review. Int. J. Mol. Sci. 2024, 25, 3347.
https://doi.org/10.3390/1jms25063347

Academic Editor: Andrew G. Ewing

Received: 8 January 2024
Revised: 28 February 2024
Accepted: 12 March 2024
Published: 15 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

4,%

, Rui Vitorino . Inés M. S. Guerra 13, Lucio Lara Santos 2,

1

1 LAQV-REQUIMTE, Mass Spectrometry Centre, Department of Chemistry, University of Aveiro,

3810-193 Aveiro, Portugal; afranciscagp@ua.pt (EP.); ines.guerra@ua.pt (LM.S.G.); ritaferreira@ua.pt (R.F.)
Experimental Pathology and Therapeutics Group, IPO Porto Research Center (CI-IPOP),

RISE@CI-IPOP (Health Research Network), Comprehensive Cancer Center, Portuguese Oncology
Institute (IPO Porto), 4200-072 Porto, Portugal; llarasantos@gmail.com (L.L.S.);
jose.a.ferreira@ipoporto.min-saude.pt (J.A.F.)

CESAM, Mass Spectrometry Centre, Department of Chemistry, University of Aveiro, 3810-193 Aveiro,
Portugal; mrd@ua.pt

iBiMED, Department of Medical Sciences, University of Aveiro, 3810-193 Aveiro, Portugal

*  Correspondence: rvitorino@ua.pt

Abstract: Bladder cancer (BCa) research relying on Omics approaches has increased over the last
few decades, improving the understanding of BCa pathology and contributing to a better molecular
classification of BCa subtypes. To gain further insight into the molecular profile underlying the
development of BCa, a systematic literature search was performed in PubMed until November 2023,
following the PRISMA guidelines. This search enabled the identification of 25 experimental studies
using mass spectrometry or nuclear magnetic resonance-based approaches to characterize the metabo-
lite signature associated with BCa. A total of 1562 metabolites were identified to be altered by BCa in
different types of samples. Urine samples displayed a higher likelihood of containing metabolites
that are also present in bladder tumor tissue and cell line cultures. The data from these comparisons
suggest that increased concentrations of L-isoleucine, L-carnitine, oleamide, palmitamide, arachidonic
acid and glycoursodeoxycholic acid and decreased content of deoxycytidine, 5-aminolevulinic acid
and pantothenic acid should be considered components of a BCa metabolome signature. Overall,
molecular profiling of biological samples by metabolomics is a promising approach to identifying po-
tential biomarkers for early diagnosis of different BCa subtypes. However, future studies are needed
to understand its biological significance in the context of BCa and to validate its clinical application.

Keywords: bladder cancer; metabolomics; biomarkers; mass spectrometry; nuclear magnetic reso-
nance; urine; blood-derived samples; tumor tissue

1. Introduction

Cancer of the urinary bladder, or bladder cancer (BCa), is the most common malig-
nancy of the urinary tract, being the 10th most incident malignant disease worldwide. In
2020, there were more than 573,000 BCa cases and over 212,000 deaths globally [1]. More-
over, BCa comprises several risk factors, such as gender, age, chemical and environmental
exposures and genetic and molecular abnormalities, among others [2—6]. The clinical pre-
sentation of BCa depends on the stage and grade of the malignancy. Hematuria, frequent
urination, nocturia and dysuria are non-specific signs of lower urinary tract diseases [7].
Given that these symptoms and signs are not exclusive of a BCa case, its diagnosis relies on
a series of tests, which mainly include urine analysis, cytology and cystoscopy [8].

The BCa classification takes into account histological and pathophysiological features
that are essential for adequate staging and classification of the malignant disease. In terms
of histomorphology, urothelial cell carcinoma (UCC) is the most common subtype (~75%),

Int. . Mol. Sci. 2024, 25, 3347. https:/ /doi.org/10.3390/ijms25063347

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms25063347
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-5357-3601
https://orcid.org/0000-0003-3636-5805
https://orcid.org/0000-0002-0097-6148
https://orcid.org/0000-0002-6872-4051
https://doi.org/10.3390/ijms25063347
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25063347?type=check_update&version=1

Int. J. Mol. Sci. 2024, 25, 3347

2 of 24

followed by squamous cell carcinoma (SCC) and adenocarcinoma [9]. In terms of patho-
physiology, the staging of BCa follows the tumor-node-metastasis (TNM) system, with
non-muscle-invasive bladder carcinoma (NMIBC) confined to the urothelium or lamina
propria (stage T1) and muscle-invasive bladder carcinoma (MIBC) invading the muscularis
propria (stage T2), perivesical tissue (stage T3) or adjacent organs and pelvic structures
(stage T4). The staging is based on the classification of the World Health Organization
(WHO), which distinguishes between papillary urothelial neoplasms with low malignant
potential and low-grade and high-grade papillary carcinomas [10,11]. Accurate staging
and grading of tumor characteristics is crucial for the follow-up of every BCa patient.

At the molecular level, BCa comprises several subtypes, including luminal-papillary,
luminal-infiltrated, basal-squamous and neuronal, among others. Each subtype is char-
acterized by unique molecular and pathological features [12-14]. However, due to the
heterogeneity of this malignancy, it is difficult to reach a consensus on the molecular classi-
fication of BCa. In an effort to gain a better insight into tumor biology, BCa research has
therefore increasingly resorted to Omics approaches in recent decades. As “deregulation
of cellular metabolism” is considered one of the hallmarks of cancer [15], metabolomics
research in BCa has proven particularly valuable for studying the pathophysiology of BCa.
This research led to the identification of metabolite signatures that reflect the molecular
processes underlying the different BCa subtypes [16]. Moreover, metabolomic profiling
has allowed the identification of potential biomarkers, not only for a better molecular
classification but also to improve the understanding of the alterations underlying BCa de-
velopment [17-19]. In the pursuit of promising strategies, metabolomic-based approaches
applied to the analysis of non-invasively, or minimally invasively, collected body fluids
have been demonstrated to be specific and cost-effective tools for the discovery of novel
and specific biomarkers for early detection and diagnosis of BCa and high-risk patients,
along with improved survival and interpretation of the disease status [20-23]. Moreover,
efforts have been made to integrate data from metabolomics studies to propose biomarkers
for BCa management [24-28]. In the present review, we aimed to delve deeper into the
understanding of the molecular changes occurring during BCa development through an
updated systematic literature search of experimental studies focusing on BCa metabolite
profiling, followed by an integrative analysis using bioinformatic tools. Data from this
analysis undergoes critical discussion of the reported data. A list of altered metabolites
associated with the detection, development and prognosis of BCa that can be considered as
potential biomarkers is presented.

2. Material and Methods
2.1. Search Strategy and Selection Criteria

A systematic literature search in the PubMed database was performed and conducted
according to PRISMA guidelines. The last search was run on the 9 November 2023, and it
was restricted to the English language. The search included experimental studies based
on the following keywords: “bladder cancer” AND “lipidomics” OR “metabolomics”
AND “blood”, “urine”, “cell line” OR “tissue”. As a result, the search retrieved a total
of 261 published studies, which were considered if they were related to the domains of
BCa and metabolomics-based science data. Following title and abstract analysis, 87 papers
were selected, and after full-text and results analysis, 25 experimental studies were pooled,
all published between 2012 and 2023 (Figure 1). Experimental studies were included if
they reported altered metabolites involved in BCa. The study selection was performed by
two individuals independently, and disagreements were resolved by consensus between
the authors or by a third author [Supplementary Table S1]. From these, 3 performed
metabolomic profiling of BCa cells, 4 of BCa human and mice-derived tissue samples
and 18 analyzed body fluids, in which 10 included exclusively analysis of urine samples,
7 included only the analysis of blood samples and 1 included both urine and blood samples.
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Figure 1. PRISMA flowchart providing a visual summary of the study selection process of the
25 experimental studies included for the systematic review of metabolomics-based research in
bladder cancer.

2.2. Analysis

The analysis of the selected papers resulted in a list of 1562 altered metabolites in BCa,
presented in Supplementary Table S2. The metabolite names and other metadata from the
original paper were retained whenever possible. In cases where this information was not
provided, a search was conducted in PubChem and HMDB. Furthermore, the trends in
metabolite variation outlined in this table correspond with those reported in the original
papers. Metabolites modulated by BCa were identified by comparing data across various
sample types using the Venny tool (https:/ /jvenn.toulouse.inrae.fr/app/example.html),
considering the names of the metabolites. For the metabolites consistently modulated by
BCa in urine, bladder tissue and cell lines, a MetScape analysis (v3.1.3.; http:/ /metscape.
ncibi.org) was conducted. Out of the nine metabolites identified as modulated by BCa, only
six were included in this analysis due to the availability of their KEGG IDs. The size of
the nodes reflects variations in the metabolite levels; they appear enlarged when at higher
levels and smaller when at lower levels in samples from subjects with BCa.

3. Results and Discussion
3.1. Overview of the Methodological Approaches Used in Bladder Cancer Metabolomics Research

In the field of oncology, metabolomics-based research uses two main analytical tech-
niques for metabolite characterization, namely nuclear magnetic resonance (NMR) and
mass spectrometry (MS). Each of these technological platforms has its own characteris-
tics, advantages and disadvantages. The general workflow used for metabolomics-based
research in the context of BCa is overviewed in Figure 2.
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Figure 2. Overview of the methodological workflow used for a bladder cancer metabolomics-based
approach using nuclear magnetic resonance (NMR) or mass spectrometry (MS) analytical platforms.

The selection of the appropriate methodology for metabolite extraction is dependent
on the analytical system used, as well as the sample matrix, and it should be adapted
according to the required metabolite range [29]. The majority of experimental studies that
performed an LC-MS-based analysis included the use of cold organic solvents, such as
acetonitrile [18,22,30,31] or methanol [17,20,23,32], for deproteinization prior to separa-
tion by centrifugation. In addition, metabolite extraction may also include the use of a
mixture of solvents, such as acetone and methanol or acetonitrile and methanol [22,33,34].
Meanwhile, two studies that performed a GC-MS-based analysis used polydimethylsilox-
ane/divinylbenzene for the solid-phase microextraction of metabolites [35,36]. In the case
of profiling, particularly for the lipid compounds, the workflow starts with total lipid
extraction from the biological samples, using usually organic solvents. Several extraction
methods can be performed, such as the Bligh and Dyer method and the Folch method,
which use chloroform/methanol in a ratio of 1:2 and 2:1 by volume, respectively [37]. From
the selected experimental papers [Supplementary Table S1], the Bligh and Dyer method
was applied in two distinct studies [38,39], whereas the Folch method was used in the
study of Ho and colleagues [40]. After metabolite extraction, the appropriate analytical
system for metabolite detection is used. This can be performed using either NMR- or
MS-based approaches, but the latter are more commonly used for BCa metabolomics due
to their higher sensitivity and specificity, as well as their ability to identify a wide range
of metabolites [41,42]. However, NMR can provide a non-specific and non-destructive
quality and quantitative characterization of metabolites, with minimal sample preparation
required [42,43]. Within the 25 selected experimental studies for this work (Figure 1), only
three relied on NMR-based approaches [44—46], while the majority used MS-based ones,
often in combination with separation techniques such as LC and GC. GC-MS was used
in 4 out of 25 selected papers, identifying 124 potentially altered volatile metabolites in
association with BCa pathophysiology [20,35,36,47]. Overall, while both NMR and MS-
based approaches have their advantages and disadvantages, MS-based methods are more
commonly used in BCa metabolomics due to their higher sensitivity and specificity.
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For the identification of metabolites, databases for Omics-based data have been devel-
oped, e.g., TCGA, the Human Metabolome Database, PubChem and LipidMaps [41]. Once
a list of the possible compounds in a biological sample is available, a statistical analysis is
performed to obtain important biological information about the molecular profile of the
sample [48]. However, to fully understand the altered metabolite signature in BCa, the data
should be integrated and contextualized with clinical information from BCa patients and
combined with data from different metabolomics platforms and bioinformatics tools. This
approach could enable a better understanding of the biological significance of the altered
metabolite signatures in BCa patients and ultimately lead to a better clinical outcome.

3.2. Data from Metabolomics Profiling in Bladder Cancer

BCa research using a metabolomics-based approach has been pursued through the
use of three main categories of samples, namely human fluids, in vitro cell lines and ex
vivo tissues [48,49]. Each type of sample has its own unique features, advantages and
disadvantages.

For human fluids, both urine and blood samples are used in BCa research. Urine
samples are used more frequently because this body fluid can reflect the molecular changes
that occur during cancer development very well due to its direct contact with the devel-
oping tumor [50]. In this case, the disadvantage is that urine can be more affected by
lifestyle and environmental factors as well as microbial contamination [51]. Furthermore,
in contrast to blood samples, urine is easy, non-invasive and painless to collect, available in
larger quantities and requires less sample preparation [48]. Nevertheless, blood is also a
relevant sample as its composition reflects the molecular processes occurring throughout
the organism, and it is less influenced by external factors [50]. In the case of cell lines,
they have been widely used in cancer research as a result of their capability to provide an
unlimited self-replicating source of biological material. Additionally, they can provide an
alternative to animal testing, and their characteristics are available on online databases,
providing a better insight into the genetic profile and the alterations associated with each
BCa molecular subtype [49,52]. On the downside, the extrapolation of in vitro to in vivo
model systems is still a challenging concern in science research [53]. Another drawback
related to the use of in vitro cell lines is the fact that, when the culture lasts for a long period
of time, they may be prone to the acquisition of epigenetic and genetic alterations [49].
Lastly, ex vivo bladder tissue samples imply a more direct study approach, providing
information closely related to the tumor and its microenvironment; however, it is also
a more invasive approach requiring certain expertise and special equipment, as well as
careful, attentive and difficult sample preparation due to the sample heterogeneity [48].

In the next sections, the metabolite profile of each type of sample is critically analyzed
in the setting of BCa.

3.2.1. Data from Studies Performed with Urine-Derived Samples

Among the selected experimental studies, there are 11 that relied on the characterization
of urine samples for the study of the molecular alterations that occur in BCa. These resulted
in a list of 364 metabolites altered in urine-derived samples [Supplementary Table S3]. Most
of these studies established a comparison between BCa patients and healthy controls and
used liquid chromatography-MS (LC-MS) for the characterization of urine metabolites.
In 2014, Jin et al. obtained the urine metabolomic profile of 138 BCa patients and found
12 metabolites that were altered when compared to control groups [54]. In the same
year, a different study comprising 66 BCa patients identified a biochemical signature of
26 metabolites as potential biomarkers for this malignancy [23]. Interestingly, from the
38 metabolites found to be altered in the BCa cases of both studies, succinate was a common
metabolite; however, it was found to be both increased [54] and decreased [23]. A recent
study has also demonstrated decreased levels of succinate in urine-derived samples from
BCa patients [46]. Succinate is an intermediate metabolite in the tricarboxylic acid (TCA)
cycle that was demonstrated to play a role in inflammation, oxidative stress, ischemia,
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hypoxia and immune signaling [55-57]. Apart from these, succinate has been reported to
promote tumorigenic signaling and metastasis, being defined as an oncometabolite [58,59].
Therefore, the increased content of succinate in urine samples from BCa patients may
be an indicator of cancer cell migration and invasion. Afterward, in 2015, a study by
Shen and colleagues found three BCa-upregulated—i.e., nicotinuric acid, trehalose and
AspAspGlyTrp—and three BCa-downregulated—inosinic acid, ureidosuccinic acid and
GlyCyzAlaLys—metabolites with high potential for BCa discrimination [60]. In this study,
the alterations may be associated with an early diagnosis, given that the patients were
mainly in stage T1. Nicotinuric acid is an acylglycine, a minor metabolite of fatty acid
oxidation (FAO), and its increased content has been associated with the diagnosis of
metabolic disorders [61]; however, the study performed by Shen and colleagues was the
first to report it as a metabolite with increased levels in BCa. On the other hand, trehalose
is a disaccharide that has been highly associated with antioxidant activity and is being
investigated as a potential therapeutic agent to control cellular homeostasis in cancer
cells [62]. Therefore, the increased content of this metabolite may be a consequence of
increased oxidative stress and inflammation that occur during BCa development. Moreover,
this disaccharide has recently been suggested as a potential prognostic serum biomarker
for NMIBC [63]. Regarding the downregulated metabolites observed in this study, inosinic
acid and ureidosuccinic acid are related to purine and pyrimidine metabolism, respectively.
With that in mind, it would be expected that these metabolites would be increased due to
the disturbed nucleotide metabolism of cancer cells to achieve an increased proliferation
rate [64]. Therefore, the modulation of both inosinic and ureidosuccinic acid during BCa
development requires further investigation. At last, urine samples of BCa patients have also
been demonstrated to alter two tetrapeptides, namely AspAspGlyTrp and GlyCysAlaLys.
Yet, the involvement of these compounds in cancer development, and especially BCa
pathogenesis and progression, is poorly studied and requires further investigation.

As potential biomarkers for BCa diagnosis, a different study discovered 19 metabolites
in significantly different amounts, in which a subset of 11 metabolites were filtered with 95%
sensitivity and 100% specificity [17]. This study provided the detailed results of a metabolic
pathway enrichment analysis of the 19 differently abundant metabolites. This allowed
the identification of 33 distinct metabolic pathways, including fatty acid (FA) metabolism,
propanoate metabolism, phenylacetate metabolism, proline and arginine metabolism, bile
acid biosynthesis and others [17]. Among the altered metabolites, it is possible to point out
adenosine monophosphate (AMP), chenodeoxycholic acid (CDCA) and glycochenodeoxy-
cholic acid (GCDCA) as increased metabolites found in urine samples derived from BCa
patients. AMP is a purine nucleotide that may lead to the activation of the AMP-activated
protein kinase (AMPK) in conditions of low energy status, activating catabolic pathways
to increase the generation of ATP [65]. That is, AMPK activation advantages tumor cell
growth and proliferation. In addition, the measurement of this nucleotide has exhibited
a correlation between AMP concentration and tumor progression, revealing high AMP
levels in BCa cases that became invasive and/or metastatic [66]. The metabolites CDCA
and GCDCA are a part of the bile acids group synthesized from cholesterol in the liver.
Bile acids have double-regulatory roles in carcinogenesis, demonstrating both anti- and
pro-carcinogenic activity depending on the neoplasia [67,68]. These compounds are active
G-protein-coupled receptors that induce signaling pathways involved in inflammation,
proliferation, migration and cancer development [68]. Notwithstanding, the outcome of
these effects is dependent on local bile acid concentration, along with differential expres-
sion of its receptors between cancers. Hence, bile acid concentration in the context of
BCa proliferation and migration requires further investigation. Concerning the decreased
metabolites in the study of Wang and coworkers, a decrease in the content of picolinic acid
was observed [17]. Picolinic acid is a product of tryptophan catabolism, which is produced
in response to an inflammatory condition. It possesses a particular role as a second signal
in the activation of macrophages [69,70]. Therefore, the decreased levels of picolinic acid
found in this study suggest that during BCa pathology, the inflammatory response is likely



Int. J. Mol. Sci. 2024, 25, 3347

7 of 24

decreased. This outcome is questionable given that an increased inflammatory response is
a well-known hallmark of cancer. In addition, the levels of tridecanoic acid and myristic
acid in urine samples of BCa patients were decreased in comparison to healthy controls.
FA metabolism has been related to immunotherapy in BCa, in the sense that cases that
exhibited low FA synthase expression demonstrated an increase in tumor sensitivity to
drug therapy with immune checkpoint inhibitors [71]. Therefore, the downregulation of
FA metabolism may possess a prognostic risk score value for BCa patients.

In 2022, Li and coworkers identified 27 metabolites differently expressed among BCa
patients and cancer-free controls [72]. From these, adenosine was found with a decreased
content in BCa cases, which is in agreement with the results obtained in the previously
mentioned study of Wittman and colleagues [23]. Adenosine is a purine nucleoside with
immunosuppressive properties in the tumor microenvironment; therefore, it is being
reviewed as a potential target therapy in the field of oncology [73,74]. However, its in-
volvement in the context of BCa cancer cells is poorly studied. Lastly, in the concern of
discriminating between BCa patients and healthy controls, a study using a GC-MS-based
approach discovered 24 volatile biomarkers for BCa detection [36]. Overall, these metabo-
lites provided information related to metabolic dysregulations that might occur in BCa
tumorigenesis, namely increased levels of alkanes and aromatic compounds and decreased
levels of aldehydes. Among the increased levels of alkanes, only the 2,4-dimethylheptane
and 4-methyloctane metabolites have been previously reported in association with cancer,
being significantly increased in lung cancer cell lines [75], which suggests a cellular origin.
With respect to the increased levels of aromatic compounds in urine samples, methylnaph-
thalenes have long been associated with chronic toxicity and carcinogenesis, especially in
the case of smokers [76,77]. Therefore, the increased urinary levels of methylnaphthalenes
may be related to tobacco use, which comprises one of the main risk factors for BCa develop-
ment. Additionally, p-cresol is considered a uremic toxin that promotes the migration and
invasion of carcinoma cells [78]. Thus, the increased content of p-cresol in urine samples of
BCa patients may be related to the development of urothelial carcinoma.

Furthermore, some studies focused on BCa staging and grading. In that sense, in
addition to the discrimination among BCa patients and healthy controls, Pinto et al. [36]
found distinct urinary volatile profiles among patients diagnosed at different tumor stages.
Some metabolites were similar to the ones noticed in the discrimination between BCa
samples and control groups. However, octanal exhibited higher levels in tumor stage T1
in comparison to stage Ta/Tis, and methylglyoxal had a lower content between stage T2
and stage T1 of BCa. Octanal is a medium-chain aldehyde that has been reported in breast
cancer cells and in the exhaled breath of lung cancer patients [79,80] but not in the case of
BCa. Methylglyoxal can be formed as a byproduct of glycolysis and amino acid degrada-
tion. It is considered a highly reactive metabolite and is implicated in age-related chronic
inflammatory diseases [81]. Notably, this metabolite has been demonstrated to promote
cancer development via the Warburg effect and glycation [82]. Therefore, the increased
content of methylglyoxal in urine samples between stage T2 and stage T1 of BCa patients
may be related to the progressive extent of the malignancy. In addition, there were two
metabolites, namely 1,2,3-trimethylbenzene and 1,2,4,5-tetramethylbenzene, which were
increased in samples derived from stage T2 tumors when compared to stage Ta/Tis. [36].
Therefore, a higher extent of the disease may be related to an increased content of aromatic
compounds that contain a monocyclic ring system consisting of benzene. In 2018, to ad-
dress the differentiation between high-grade BCa (HG-BCa) and low-grade BCa (LG-BCa)
for accurate grading, a study identified 58 altered metabolites between 15 HG-BCa and
18 LG-BCa cases [30]. These metabolites belonged to the pathways of histidine metabolism,
retinol metabolism, arachidonic metabolism and tryptophan metabolism. Moreover, with
the intent to discover diagnostic and staging biomarkers for BCa, a study recruited 198 BCa
patients and 98 healthy volunteers and identified 15 dysregulated metabolites among
different stages of NMIBC, MIBC and controls [18]. From these, urine p-cresol glucuronide
was a downregulated metabolite and validated as a potential diagnostic biomarker for
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BCa, as well as a staging biomarker for NMIBC patients. This glucuronide derivate of the
end-product of tyrosine biotransformation is generated by anaerobic intestinal bacteria
typically excreted in urine [83,84]. Therefore, a reduction in urinary levels of this metabolite
may indicate changes in the composition of the gut microbiota. In addition, spermine
was a metabolite with increased levels, being validated as a staging biomarker for MIBC.
This polyamine can also reflect changes in microbiota composition, contributing to the
establishment of a tumor microenvironment that facilitates the initiation and progression
of cancer, as previously reported [85].

Opverall, the comprehensive analysis of urine metabolome reveals a set of metabolites
that hold promising diagnosis value, distinctly characterizing various stages of BCa. These
metabolites, whose urinary levels are modulated by bladder tumorigenesis, not only reflect
systemic adaptations to cancer, such as inflammation, but also offer insights into tumor-
specific metabolic changes.

3.2.2. Data from Studies Performed with Blood-Derived Samples

Blood-derived fluids are commonly used in BCa research. The eight selected exper-
imental papers that included blood-derived fluids” metabolomics analysis gave rise to
a list of 151 altered metabolites associated with BCa detection, grading and staging in
blood-derived samples [Supplementary Table S4].

In 2012, Cao et al. performed an NMR-based metabolomic analysis of serum samples
from 37 BCa patients to evaluate altered metabolic pathways related to BCa pathogenesis.
They found significant changes in 10 metabolites between BCa patients and healthy pa-
tients [45]. Among them, the levels of certain intermediates and products of amino acids
and glucose metabolism were decreased, while the levels of lipids and ketone bodies were
increased. The increased content of lipids and ketone bodies is suggestive of enhanced
lipogenesis, which may be related to the growth and development of tumoral tissue given
that lipids are essential components of the basic structure of cell membranes [86]. Moreover,
the decreased lactate levels observed in this study are contrary to the “Warburg effect” typi-
cally associated with tumorigenesis [87] but may be due to increased liver gluconeogenesis.
A distinct NMR-based serum metabolomic analysis of 67 BCa patients also demonstrated
altered levels of lactate compared to 32 healthy controls [88]; however, in this case, lactate
was upregulated. Particularly, in this study, lactate was considered as a potential biomarker
for the discrimination between BCa patients and healthy controls but was not sufficiently
accurate to segregate LG- from HG-BCa, suggesting that it might not be associated with
tumor aggressiveness [89].

Regarding the MS-based metabolomic approaches of blood-derived samples, a number
of studies discriminate the global serum profile of BCa patients in terms of this malignancy’s
detection and classification. A study by Lin et al. discriminated the global serum profile of
20 BCa patients, identifying five specific biomarkers for BCa detection [32]. These biomark-
ers included increased metabolites, namely eicosatrienol and docasotrienol, which are
related to the metabolism of polyunsaturated fatty acids (PUFA), and azaprostanoic acid,
which is an inhibitor of platelet aggregation [90]. The mechanism of platelet aggregation
has been associated with cancer metastasis and progression [91], so the rise in azaprostanoic
acid may be related to an immune response against BCa progression. In a different study,
Niziot et al. performed a serum metabolomics analysis of 100 BCa patients and 100 healthy
controls. As a result, the molecular signatures revealed 27 metabolites that discriminated
between BCa patients and healthy controls, 23 metabolites that differentiated between
LG- and HG-BCa from controls and 39 metabolites that could distinguish BCa in distinct
stages [33]. These metabolites were essentially lipids and lipid-like molecules. The struc-
tural diversity of lipids is reflected in distinct biological functions, including components
of cell membranes, energy storage and cell signaling. Notably, cancer has been associated
with alterations in lipid metabolism [92]. These alterations mainly include altered levels of
glycerophospholipids, such as PCs, PSs and PEs, along with alterations in FA metabolism.
As a result, cancer cells comprise distinct capabilities when compared to normal cells,
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for instance, a higher proliferation rate and higher resistance to chemotherapy [93,94].
Therefore, the observed altered lipid levels may reveal the adaptation of cancer cells un-
derlying BCa development and progression, along with a harder BCa management for the
patients included in the previously mentioned study. Interestingly, thymol has revealed a
decreased content in BCa serum-derived samples in comparison to serum samples from
healthy controls. It has been reported that this phenol is associated with anti-inflammatory
effects, as well as with the inhibition of BCa cell proliferation [95]. Therefore, these results
are in agreement, reinforcing the role of thymol as a potential therapeutic approach in
BCa management.

In terms of BCa grading, an experimental study used LC-MS metabolomics of 120 BCa
patients and identified 25 altered metabolites, from which they highlighted a promising
three metabolites’ signature to classify and grade BCa [19]. This signature included higher
levels of inosine, acetyl-N-formyl-5-methoxykynurenamine (AFMK) and PS (O-18:0/0:0) in
HG-BCa vs. LG-BCa. Inosine is a nucleoside involved in purine metabolism. Its increased
content seems to be associated with a more advanced state of the disease, namely HG-BCa,
which is in agreement with the involvement of impaired purine metabolism in cell growth
and progression of distinct cancer types [96,97]. On the other hand, AFMK has not been
associated with cancer progression or development. Being a melatonin metabolite, it is
mostly studied as a potential anti-inflammatory agent [98]. Therefore, the significance of
its increased content in serum-derived samples from HG-BCa patients requires further
investigation. In the case of PS (O-18:0/0:0), the higher levels of this phosphatidylserine
(PS) in HG-BCa patients in comparison to LG-BCa are suggestive of impaired phospholipid
metabolism. This glycerophospholipid is typically located in inner cellular membranes,
and its exposure has been linked to immune suppression in the tumor microenvironment,
being investigated as a potential target for cancer therapy [99]. Therefore, the increased
PS content in serum samples of HG-BCa could indicate an impaired immune response to
proliferating tumor cells. Another study also aimed to better categorize BCa patients, in
this case using a GC-MS-based metabolomic approach for serum. This study identified
37 metabolites that were altered in HG-BCa patients compared to the control group, and
only 16 metabolites differed between LG-BCa and the control group [20]. In general, there
were significant increases in metabolite levels involved in FA and nucleotide synthesis
and the pentose phosphate pathway in patients with HG-BCa. Particularly among the
altered metabolites in the LG-BCa group, hippuric acid demonstrated a decreased content
when compared to healthy controls. This is in agreement with the results of Tan and
coworkers, in which hippuric acid content was equally decreased in BCa patients [19]. This
metabolite is involved in phenylalanine metabolism. Nevertheless, it has been scarcely
studied in connection with the pathophysiology of BCa, which is why its involvement in
tumor development is unclear.

In general, comprehensive analysis of the blood metabolome reveals a number of
metabolites that may play a role in the detection and progression of BCa. The variations
in the concentrations of these metabolites in blood samples reflect some of the biological
processes underlying BCa development. In addition, some of the tumor-specific metabolic
changes reveal the immune response as well as structural changes in lipid content that may
be related to the adaptation of BCa cancer cells.

3.2.3. Data from In Vitro Studies

Regarding studies performed with cell lines using metabolomics-based approaches in
the set of BCa, the selected papers highlighted 74 altered metabolites related to BCa diagno-
sis, classification and resistance to cisplatin-based treatment [Supplementary Table S5].

The study of Rodrigues et al. focused on the determination of a volatile metabolomic
signature of BCa cell lines by a GC-MS approach. Initially, they used the BCa cell lines ]82,
Scaber and 5637 as well as the normal bladder cell line SV-HUC-1. It is important to note
that each BCa cell line represents a different tumor grade and histological subtype. The
BCa cell lines J82 and Scaber represent high-grade tumors of stage T3 and T4, respectively,
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while the BCa cell line 5637 represents a low-grade tumor at an unspecified stage. In
addition, the BCa cell lines Scaber and 5637 represent the histologic subtype TCC, while
the BCa cell line J82 is representative of the histologic subtype SCC. Analysis of the volatile
metabolome revealed a panel of altered metabolites that differentiate between tumor and
normal bladder cells. The major commonly altered metabolites included increased alkanes
and ketones and decreased alcohols in all BCa cell lines compared to the normal bladder
cell line [35]. These may be related to either FAO or FA synthesis for energy production or
membrane formation, respectively, as well as inflammation processes and oxidative stress.
In the matter of cancer pathophysiology, these alterations reflect how BCa cancer cells
make use of FA metabolism for their growth and proliferation, which corroborates previous
studies [100-102]. FAs are essential components of cell membranes and important sources
of energy. Therefore, during cancer development and proliferation, they can be used either
for membrane formation or as an energy source. In fact, it is known that cancer cells can
reprogram their metabolism to meet higher energy demands for higher replication rates
and rapid proliferation. Furthermore, tumor-associated macrophages have been shown to
use FAO for energy production, leading to the production of ROS, which are a hallmark of
cancer [100,103]. Interestingly, the metabolite 2-pentadecanone, a ketone, was altered in
all BCa cell lines in this study. In this type of cancer, this ketone has been demonstrated
to be derived from a metabolic cascade starting from the cellular metabolism of glucose
to FA synthesis [104], which, as stated before, are metabolic pathways that are typically
abnormal in cancer cells. Though, it exhibited distinct regulation trends, it was upregulated,
except in the Scaber BCa cell line. Hence, its regulation may be influenced according to
the histological subtype of BCa. Nonetheless, it has already been reported as an altered
metabolite in gastric cancer cell lines [105]. To create a volatile signature to assess tumor
aggressiveness, this research group also compared low-grade (5637) and high-grade (Scaber
and J82) cell lines, resulting in 21 significantly altered volatile organic compounds. Most
of them showed lower levels in HG-BCa compared to LG-BCa, although benzaldehyde
showed increased levels [35]. These results may reflect the energetic demands associated
with a higher grade of malignancy. For instance, lipid peroxidation of cellular membranes
for energy production may result in the production of aldehydes. At last, they compared
TCC (J82 and 5637) and SCC (Scaber) cancer cell lines, which resulted in a panel of 14 altered
metabolites demonstrating that distinct histological subtypes have different volatile organic
compounds (VOCs).

Later, in 2019, the same research group analyzed the metabolome of the LG-BCa cell
line 5637 and HG-BCa cell line J82 to find altered metabolites and assess tumor aggres-
siveness by GC-MS. Metabolomic analyses revealed altered levels of amino acids and
FAs in HG-BCa compared to LG-BCa, of which glycine, myristic acid, palmitic acid and
palmitoleic acid were downregulated, while aspartic acid, leucine, methionine and valine
were upregulated [47]. This result shows that BCa cells from different classes have different
metabolic profiles in terms of amino acid metabolism and FA biosynthesis to compensate
for the higher energetic requirements. That is, to meet the high energy requirements for
growth and proliferation, cancer cells can metabolize FAs that provide large amounts of
energy for cellular processes. In terms of amino acid metabolism, the reduced amino acid
content could be related to increased protein synthesis for cancer cell proliferation.

Remarkably, Lee and coworkers attempted to characterize the lipidomic profile associ-
ated with cisplatin resistance in BCa cells using an LC-MS approach. For this purpose, they
used two isogenic human T24 BCa cell lines: one was cisplatin-sensitive (T24S) and the other
was cisplatin-resistant (T24R). Accordingly, they found 16 differentially expressed lipids
that are most likely associated with cisplatin resistance and tumor aggressiveness, suggest-
ing potential lipid species as biomarkers for identifying higher-risk patients [94], such as
sphingomyelin (SM), ceramide (CE), phosphatidylcholine (PC), phosphatidylethanolamine
(PE) and triglycerides (TGs). PC and PE are two of the most abundant glycerophospholipids
in cell membranes. Therefore, their increase can be associated with membrane formation.
However, an increase in PC and a decrease in PE were found to be associated with cisplatin-
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resistant cells, suggesting that higher PC content may be an indicator of poorer cancer
prognosis in BCa patients. In addition, decreased TG levels were found in this study, which
in turn may be associated with the higher energy requirements of a more aggressive stage
of disease, i.e., increased FA metabolism in BCa cells.

Overall, the comprehensive analysis from in vitro studies with different BCa cell lines
revealed a number of metabolites that are altered in response to BCa development. These
metabolites mainly include amino acids and lipids or lipid-like molecules and shed light
on metabolic changes that may occur during tumorigenesis in the bladder to sustain cancer
cell growth and proliferation, as well as structural changes in cancer cell membranes that
are associated with BCa pathogenesis.

3.2.4. Data from Studies with Ex Vivo Bladder Tissue

Bladder tissue-derived samples require the most invasive approach in the context of
BCa research, explaining at least in part the low number of experimental studies comprising
this type of sample. Notwithstanding, the selected studies provided a list of 1031 altered
metabolites related to BCa diagnosis and staging with either human or mice tissue-derived
samples [Supplementary Table S6].

In the study of Vantaku et al., they used high-resolution LC-MS combined with
bioinformatic analysis for the determination of the global metabolome and lipidome
of 25 BCa tissue-derived samples. Consequently, 533 metabolites were found to be al-
tered between low- and high-grade BCa. In general, the altered metabolites included
nucleotides, polyamines, prostaglandins and carnitines, among others, while the altered
lipids comprised seven distinct lipid classes, specifically cardiolipin (CL), PC, PE, phos-
phatidylinositol (PI), plasmenyl-PE, PS and TG [38]. In addition, taking into account the
identified differentially expressed metabolites and lipids, the metabolic pathway analysis
performed in this study revealed the deregulation of glycerophospholipid and arachidonic
acid metabolism [38]. Particularly, it has been demonstrated that there is a decrease in
PC content in bladder tissue derived from LG-BCa patients when compared to tissue
from HG-BCa patients. This result is in agreement with the findings reported by Lee
and colleagues in which PC was increased in the case of higher-risk BCa patients [94].
Therefore, the possibility of higher levels of PC being related to a more aggressive state of
BCa is reinforced, most likely due to the higher need for membrane formation required for
increased cell proliferation. In addition, bladder tissue derived from LG-BCa patients has
revealed higher levels of arachidonic acid, a PUFA typically associated with inflammation,
which suggests an inflammatory state in BCa patients with a lower grade of the disease.
Contrastingly, in a previously mentioned study, arachidonic acid exhibited a higher content
in urine-derived samples from BCa patients who were mainly in a higher-grade state
of malignancy [23]. These contradictory results emphasize the need for a deeper under-
standing of the role of arachidonic acid in BCa carcinogenesis. In 2021, Tu and colleagues
performed infrared matrix-assisted laser desorption electrospray ionization MS imaging
(IR-MALDESI MSI) of six MIBC and six adjacent matched normal tissue samples. As a
result, they identified 408 altered metabolites that allowed differentiation between tumor
and normal tissue [106]. The vast majority of these metabolites included overexpressed
PC, PE, PI and PA lipid species, along with glycerides and free FAs. In contrast, normal
tissue samples had a greater number of SM and cholesterol ester species [106]. Notably,
the MIBC specimens were classified in HG-BCa of stages T2, T3 and T4 according to the
2016 WHO classification [107]. Taking this into consideration and comparing the results
between the two previously mentioned studies, four common metabolites were identified,
namely bolasterone, PE (32:1), PC (36:2) and PC (36:3) [38,106]. Therefore, these metabolites
could be potential biomarkers for the diagnosis of high-risk patients with BCa.
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As mentioned above, the heterogeneity of BCa can be divided into several different
molecular subtypes. Therefore, the study by Feng et al. focused on distinguishing between
basal and luminal subtypes of MIBC. To achieve this goal, they used an LC-MS-based
approach to identify and quantify metabolites in 12 tissue samples of MIBC. Their results
revealed 73 altered metabolites in the basal and luminal MIBC subtypes, suggesting that
sulfatides (SLs), SMs and free FAs mainly contribute to the diagnosis of the basal MIBC
subtype, while PCs and PEs are typically more abundant in the luminal subtype [39]. Thus,
these metabolites may be useful to provide an improved differential diagnosis of MIBC.

In addition to human tissue samples, bladder tissue was obtained from a mouse disease
model system for the investigation of BCa. In the study by Ho et al., for example, a BCa
mouse model was used that was produced by the instillation of an MB49 mouse bladder
carcinoma cell line. They then examined the composition of the lipid extracts obtained from
the bladder tissue of 10 tumor-bearing and 10 healthy mice using an LC-MS-based method.
The comparative analysis revealed that phospholipids enriched in unsaturated acyl groups,
such as PC (36:4) and PC (38:4), and SM, such as SM (36:1), were the most abundant lipid
species in tumors compared to healthy samples [40]. More so, ceramide with long-chain
saturated FA parts revealed a lower abundance in tumor-derived tissue when compared
to healthy tissue [40]. In addition, one of the most abundant lipid species found in tumor
tissue-derived samples was PE and, more precisely, PE (32:1). Notably, this lipid was
equally found in the previously mentioned experimental studies regarding tissue-derived
samples, in which it was upregulated in HG-BCa-related studies and downregulated in the
comparison between distinct MIBC molecular subtypes [38,39,106]. This suggests that this
phospholipid may be a potential biomarker in BCa detection, especially in the high-grade
state of the disease, excluding the basal molecular subtype.

3.3. Integrative Analysis of Data from Studies Performed with Distinct Types of Samples

Blood- and urine-derived samples are the most common human fluids used in BCa
research. Although urine samples are obtained by a less invasive approach compared to
blood samples, they equally reflect the metabolic changes and molecular processes that
can occur during BCa development. In a study by Yu and coworkers, the serum and urine
metabolome of 26 BCa patients, 15 of whom had NMIBC and 11 of whom had MIBC,
was determined using an LC-MS method. As a result, they found 13 serum and 13 urine
metabolites that were significantly different in NMIBC compared to MIBC samples. In
addition, the mechanistic mapping performed by this research group revealed that the
discovered metabolomic signature is related to immune, metabolic and inflammatory
responses [22]. However, only one of the metabolites found, pelargonic acid, was present
in serum and urine samples, suggesting that these human fluids may contain different
molecular information on BCa progression and should be analyzed separately. More
importantly, this study again found that of the metabolome profiles found, only the overall
urine metabolome profile was significantly different in NMIBC and MIBC, suggesting that
urine metabolomics may be a preferred approach for the discovery of potential biomarkers
for the study of BCa progression [22].

With this in mind and in the context of the present review, an integrative analysis of
the data collected from the selected papers using either blood- or urine-derived samples
was performed [Supplementary Table S7]. This integrative analysis revealed a total of
17 common metabolites, as shown in Figure 3. Most of these metabolites showed a con-
sistent trend in terms of increased or decreased levels, with a few exceptions, e.g., lactate,
choline, glycine and decanoylcarnitine. Interestingly, the common metabolites of blood-
and urine-derived samples, which show the same trend in all studies, are consistent with
previous conclusions on possible adaptations that may occur during BCa development,
i.e., impaired FA metabolism. The increased level of pelargonic acid, a fatty acid, could
be related to the previously mentioned increase in FA synthesis for membrane formation
during cancer cell growth and proliferation. In addition, an increase in the content of
acylcarnitines (L-acetylcarnitine and 9-decenoylcarnitine) is also highlighted, which may
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be associated with energy production by FAO due to the higher energy requirements of
cancer cells. Nevertheless, the common metabolites account for only a small fraction of the
global metabolome signatures found in a total of 18 studies. This once again underlines
the fact that the blood and urine metabolome reflect different adaptations of the body to
BCa development, e.g., in the case of lactate content in blood and urine samples. Therefore,
complementary information can be obtained from the metabolomic analysis of both fluids.
Urine seems to be a better sample for the identification of metabolites released by the blad-
der tumor and thus for the identification of molecular processes up- and downregulated in

the tumor.
(A) Blood
134 17
(B) Common metabolite Trend Comparison Type of sample Ref.
1 HG-BCa vs. control Blood (plasma) Zhou et al., 2016
Gluconic acid
BCa vs. control Urine Wittman et al., 2014

Pelargonic acid

NMIBC vs. MIBC
NMIBC vs. MIBC

Blood (serum)

Urine

Yu et al., 2022
Yu et al., 2022

Glycocholic acid

LG-BCa vs. control
HG-BCa vs. control
HG-BCa vs. LG-BCa
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Blood (serum)

Urine

Tan et al., 2017

Tan et al., 2017

Tan et al., 2017
Niziot et al., 2023
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Tan et al., 2017
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Niziot et al., 2023
Niziot et al., 2023
Niziot et al., 2023
Niziot et al., 2023
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Tan et al., 2017
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Niziot et al., 2023
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BCa vs. control
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Niziot et al., 2022
Niziot et al., 2022
Niziot et al., 2022
Niziot et al., 2022
Pinto et al., 2021

Figure 3. Cont.
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l BCa vs. control Blood (serum) Cao et al.,, 2012
1 BCa vs. control Urine Ossolinski et al., 2023
Lactate
. Wang et al., 2022
1 BCa vs. control Urine .
Wittmann et al., 2014
. 1 BCa vs. control Blood (serum) Cao et al., 2012
Citrate
l BCa vs. control Urine Ossolinski et al., 2023
| BCa vs. control Blood (serum) Cao et al., 2012
! BCa vs. control Urine Niziot et al., 2023
. ! LG-BCa vs. control Urine Niziot et al., 2023
Choline
! HG-BCa vs. control Urine Niziot et al., 2023
l Stage Ta-T2 vs. control Urine Niziot et al., 2023
1 BCa vs. control Urine Li et al., 2022
l BCa vs. control Blood (serum) Cao et al., 2012
Glycine ) o
0 BCa vs. control Urine Ossolinski et al., 2023
1 LG-BCa vs. control Blood (serum) Tan et al., 2017
) T HG-BCa vs. control Blood (serum) Tan et al., 2017
Hypoxanthine
T HG-BCa vs. LG-BCa Blood (serum) Tan et al., 2017
1 BCa vs. control Urine Ossolinski et al., 2023
! BCa vs. control Blood (plasma) Liu et al., 2020
) BCa vs. control Urine Niziot et al., 2023
Acetylcysteine l LG-BCa vs. control Urine Niziot et al., 2023
1 HG-BCa vs. control Urine Niziot et al., 2023
! Stage Ta-T2 vs. control Urine Niziot et al., 2023
T Stage T2 vs. control Blood (serum) Niziot et al., 2022
Creatinine 1 HG-BCa vs. control Blood (plasma) Zhou et al., 2016
l BCa vs. control Urine Ossolinski et al., 2023
1 BCa vs. control Blood (serum) Niziot et al., 2022
1 HG-BCa vs. control Blood (serum) Niziot et al., 2022
1 LG-BCa vs. control Blood (serum) Niziot et al., 2022
1 Stage Ta-T2 vs. control Blood (serum) Niziot et al., 2022
L-Acetylcarnitine 1 BCa vs. control Urine Wittmann et al., 2014
| BCa vs. control Urine Niziot et al., 2023
! LG-BCa vs. control Urine Niziot et al., 2023
) HG-BCa vs. control Urine Niziot et al., 2023
! Stage Ta-T2 vs. control Urine Niziot et al., 2023
T Stage Ta-T2 vs. control Blood (serum) Niziot et al., 2022
1 BCa vs. control Urine Jinet al., 2014
) ! BCa vs. control Urine Niziot et al., 2023
Isovalerylcarnitine . o
l LG-BCa vs. control Urine Niziot et al., 2023
! HG-BCa vs. control Urine Niziot et al., 2023
l Stage Ta-T2 vs. control Urine Niziot et al., 2023
) LG-BCa vs. control Blood (serum) Tan et al., 2017
9-Decenoylcarnitine 1 HG-BCa vs. control Blood (serum) Tan et al., 2017
0 BCa vs. control Urine Liu et al., 2018
1 LG-BCa vs. control Blood (serum) Tan et al., 2017
Decanoylcarnitine T HG-BCa vs. control Blood (serum) Tan et al., 2017
1 BCa vs. control Urine Jinet al., 2014

Figure 3. (A) Venn diagram of the integrative analysis of data from the 18 selected papers regarding
bladder cancer using a metabolomic approach for the analysis of urine- and blood-derived samples.
(B) Common metabolites between urine and blood and respective trend regulation by bladder cancer
and type of sample. 1: increase; |: decrease. BCa: bladder cancer; HG: high grade; LG: low grade;
NMIBC: non-muscle-invasive bladder cancer; MIBC: muscle-invasive bladder cancer [17,19,20,22,23,
30,31,33,34,36,45,46,54,72].
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Regarding the use of human fluids and ex vivo bladder tissue in BCa omics research,
integrative analysis of the 22 selected papers that included these types of samples revealed
a total of 25 common metabolites between studies (overview in Figure 4). The vast majority
of the potential impact of some of these metabolites on BCa development and progression
has already been discussed in the present systematic review, particularly in relation to lipids
and lipid-like molecules, including FAs (such as linoleic acid, arachidonic acid and myristic
acid), suggesting impaired lipid metabolism during BCa development and progression. In
addition, oleamide was found to have elevated urinary levels in BCa patients associated
with high tumor malignancy and T1 and T2 stage of cancer [34], as well as in bladder tissue
samples from HG-BCa patients [106]. Oleamide is an endogenous lipid that has previously
been demonstrated to exert an effect on Ca?* signaling in human BCa cells; that is, it
led to an increase in the intracellular content of Ca?* in a phospholipase C-independent
way [108]. However, there are no recent studies on its role in the development of this
malignant disease. Therefore, its role in BCa pathology needs to be further investigated.
In the integrative analysis of human fluid and bladder tissue samples derived from BCa
patients, it is important to draw attention to the fact that these common metabolites are
most abundant in urine and bladder tissue samples, supporting the idea that urine better
reflects the molecular changes underlying tumor development and is preferred for the
identification of potential biomarkers for the early BCa diagnosis and the follow-up of
cancer management (Table S7).

In terms of the use of human fluids vs. cell lines as samples in BCa research, within
the 21 selected papers regarding the use of blood, urine and cell line cultures for BCa
research, seven common metabolites were found (Figure 5). These include branched-
chain amino acids (BCAA), valine and leucine [23,47] as increased metabolites, along with
glycine [45,47] and myristic acid [17,47] as decreased metabolites. Notwithstanding, in
the case of valine, leucine and glycine, these have recently displayed contradicting results
in the study of Ossolifiski and coworkers; that is, valine and leucine exhibited decreased
urinary levels, whereas glycine revealed increased urinary levels in comparison to healthy
controls [46]. Interestingly, BCAA metabolism has been marked as a potential oncogenic
metabolic pathway in the sense that it may be perturbed due to increased biosynthetic
and nutritional demands involved in tumor progression [109]. Furthermore, glycine is
a proteogenic amino acid also linked to tumorigenesis, which is being reported as an
important fuel for cancer cell proliferation [110,111]; therefore, its increased consumption
can lead to a lower content in cancer cells. The modulation of these amino acids in the
context of BCa pathology therefore requires further investigation. In addition, both myristic
and palmitic acids showed the same trend of lower levels in urine samples and BCa cells in
all studies. This finding highlights the involvement of FA in BCa pathology, especially in
the context of the role of FAO as an energy source for tumor development and progression.
Regarding the type of samples used in BCa research, human fluids appear to have similar
molecular expression compared to cell line cultures.
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Common metabolite Trend Comparison Type of sample Ref.
i HG-BCa vs. control Blood (serum) Tan et al., 2017
L-Kynurenine T LG-BCa vs. control Blood (serum) Tan et al., 2017
l HG-BCa vs. control Human bladder tissue Tu et al., 2021
1 BCa vs. control Urine Wittmann et al., 2014
L-Isoleucine
T LG-BCa vs. HG-BCa Human bladder tissue Vantaku et al., 2019
T HG-BCa vs. control Blood (serum) Tan et al., 2017
il LG-BCa vs. control Blood (serum) Tan et al., 2017
Phytosphingosine
T HG-BCa vs. LG-BCa Blood (serum) Tan et al., 2017
! LG-BCa vs. HG-BCa Human bladder tissue Vantaku et al., 2019
l BCa vs. control Urine Lietal., 2022
Cytidine
T LG-BCa vs. HG-BCa Human bladder tissue Vantaku et al., 2019
1 BCa vs. control Urine Lietal., 2022
Taurine ! BCa vs. control Urine Ossolinski et al., 2023
1 LG-BCa vs. HG-BCa Human bladder tissue Vantaku et al., 2019
! MIBC vs. control Urine Oto et al., 2022
Spermine
1 HG-BCa vs. control Human bladder tissue Tu et al., 2021
1 BCa vs. control Urine Oto et al., 2022
Benzylamine 1 NMIBC vs. control Urine Oto et al., 2022
| HG-BCa vs. control Human bladder tissue Tu et al., 2021
1 BCa vs. control Urine Liu et al., 2018
Budesonide
l LG-BCa vs. HG-BCa Human bladder tissue Vantaku et al., 2019
. Wang et al., 2022
1 BCa vs. control Urine .
Adenosine monophosphate Lietal., 2022
| HG-BCa vs. control Human bladder tissue Tu et al., 2021
T BCa vs- control Urine Jin et al., 2014
L-Carnitine
1 LG-BCa vs. HG-BCa Human bladder tissue Vantaku et al., 2019
1 BCa vs. control Urine Wang et al., 2022
Palmitoylcarnitine
1 LG-BCa vs. HG-BCa Human bladder tissue Vantaku et al., 2019
! LG-BCa vs. control Urine Niziot et al., 2023
L. l HG-BCa vs. control Urine Niziot et al., 2023
Deoxycytidine
l Stage T2 vs. control Urine Niziot et al., 2023
! HG-BCa vs. control Human bladder tissue Tu et al., 2021
! BCa vs. control Urine Ossolinski et al., 2023
Arginine
1 HG-BCa vs. control Human bladder tissue Tu et al., 2021
1 BCa vs. control Urine Niziot et al., 2023
1 HG-BCa vs. control Urine Niziot et al., 2023
Oleamide
i Stage T1-T2 vs. control Urine Niziot et al., 2023
il HG-BCa vs. control Human bladder tissue Tu et al., 2021

Figure 4. Cont.
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Figure 4. (A) Venn diagram of the integrative analysis of data from the 22 selected papers re-
garding bladder cancer using a metabolomic approach with human fluid and ex vivo bladder
tissue samples. (B) Common metabolites between human fluids and ex vivo bladder tissue and
respective trend regulation by bladder cancer and type of sample. Metabolites consistently modu-
lated by BCa in both sample types are highlighted in bold, while those exhibiting a distinct trend
in cell lines are marked in bold blue. 1: increase; |: decrease. BCa: bladder cancer; HG: high
grade; LG: low grade; NMIBC: non-muscle-invasive bladder cancer; MIBC: muscle-invasive bladder
cancer [17-19,23,30,33,34,38,39,46,54,60,72,106].
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Figure 5. (A) Venn diagram of the integrative analysis of data from the 21 selected papers regarding
bladder cancer using a metabolomic approach with human fluid and cell line culture samples.
(B) Common metabolites between human fluids and cell lines and respective trend regulation by
bladder cancer and type of sample. Metabolites exhibiting a distinct trend in bladder tissue are
marked in bold blue. 1: increase; |: decrease. BCa: bladder cancer; HG: high grade; LG: low grade;
TCC: transitional cell carcinoma; SCC: squamous cell carcinoma [17,23,34-36,45-47].

4. Conclusions

A total of 1562 metabolites were reported as altered in 25 experimental studies on
molecular alterations associated with BCa in terms of development, detection and prog-
nosis. Within the different sample types, most of the reported metabolites were found
altered in the bladder tissue of BCa patients, which is consistent with the fact that this type
of sample represents a direct approach to studying the tumor and its microenvironment.
However, it is also the sample type with the lowest number of studies, as sample collection
must be invasive. In addition, both blood- and urine-derived samples can be representative
of the molecular changes underlying BCa. Among these two fluids, urine appears to dis-
play a higher likelihood of containing metabolites that are also present in ex vivo bladder
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tissue and cell line cultures. In this comparative analysis of different sample types, notable
variations in several metabolites were consistently identified. Specifically, elevated levels of
L-isoleucine, L-carnitine, oleamide, palmitide, arachidonic acid and glycoursodeoxycholic
acid, along with decreased levels of deoxycytidine, 5-aminolevulinic acid and pantothenic
acid were observed in both bladder tissue and urine samples. These findings warrant
consideration as potential components of a BCa metabolome signature. Indeed, one of the
main limitations in the literature is the scarcity of metabolomic studies conducted with
ex vivo bladder tissue from BCa patients, as well as reference groups for comparative
analysis of metabolite level variations. Some studies compare them with healthy subjects,
while others focus on those with low-grade BCa (Supplementary Table S2). Remarkably, no
specific biological processes appear to predominate, as shown by the lack of associations
between these metabolites, as depicted in the MetScape analysis. Furthermore, only one
metabolite from each pathway was consistently found in urine and BCa tissue or cells
(Figure 6). Vitamin B5-CoA biosynthesis from pantothenate and porphyrin metabolism was
found to be downregulated, considering the metabolites involved, whereas arachidonic
acid metabolism, pyrimidine metabolism, BCAA metabolism and fatty acid metabolism
are upregulated. Nevertheless, CoA, derived from pantothenate, assumes a central role in
bridging these pathways by acting as a cofactor for crucial enzymatic reactions involved
in fatty acid metabolism, amino acid metabolism and porphyrin metabolism. However,
the downregulation of CoA biosynthesis seems to correlate with the downregulation of
porphyrin metabolism but with the upregulation of fatty acid metabolism, particularly
arachidonic acid, and BCAA metabolism, suggesting the involvement of complex regula-
tory signaling pathways.

e &) 3
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e gl \@ @ ey (ea) & I s
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Vitamin B5 - CoA biosynthesis
from pantothenate

Figure 6. MetScape (v3.1.3; https://metascape.org/) analysis used to examine metabolites that
are equally modulated by bladder cancer in both urine and bladder cancer tissue, highlighting
the pathways in which these metabolites are actively involved. Enlarged red nodes correspond to
metabolites found at higher levels, whereas smaller red nodes represent those present at lower levels
in BCa settings. The metabolites from which the identified compounds may originate or derive are
represented by pink hexagons, while the proteins (identified by gene name) involved in the metabolic
processes are denoted by blue circles. The comprehensive details of pathway enrichment, including
the associated metabolites for each pathway along with their corresponding FDR and p-values, are
presented in Table S8.

Notwithstanding, the use of metabolomics emerges as an essential tool enabling the
identification of metabolite signatures for a non-invasive early diagnosis, assessment of
recurrence and progression and monitoring of therapeutic responses within distinct BCa
subtypes. However, these identified metabolites should be validated in future studies,
taking into account potential influencing factors such as age, gender, stage and grade of
tumor and other risk factors associated with the development of BCa.
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The future of Omics-based research in BCa is promising. Nevertheless, there are
still some challenges to overcome in order to achieve better development and application
of this research area in the different fields of oncology. For example, a standardized
experimental design and methodological approach should be introduced to achieve more
comparable results between studies. Further studies should enable the creation of a
database of all metabolite characteristics and their interactions to better understand the
biological processes underlying BCa development. Finally, the development of high-
throughput analytical platforms in combination with bioinformatics tools could enable a
multi-Omics approach to capture all cancer features. Taking these aspects into account, it
may be possible to achieve the main goal of using Omics-based approaches in BCa research:
early diagnosis through noninvasive approaches, better stratification of cancer patients,
prediction of recurrence risk and an improved therapeutic follow-up while increasing the
knowledge of tumor biology.
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Author Contributions: Conceptualization, EP,, M.R.D., R.V,, J.A.F. and R.F; methodology, EP.
and R.V,; validation, LM.S.G. and R.V; investigation, EP.; data curation, EP., LM.S.G. and R.V,;
writing—original draft preparation, F.P; writing—review and editing, M.R.D., R.V,,IM.S.G,, L.L.S,,
J.A.E. and R.F,; visualization, EP. and R.V,; supervision, M.R.D., ].A.F. and R.F. All authors have read
and agreed to the published version of the manuscript.

Funding: This work received support from PT national funds (FCT/MCTES, Fundacao para a Ciéncia e
Tecnologia and Ministério da Ciéncia, Tecnologia e Ensino Superior) through the projects UIDB/50006/
2020 and UIDP/50006/2020 (LAQV-REQUIMTE), UIDP /50017 /2020, UIDB /50017 /2020 and LA /P/
0094/2020 (CESAM), CI-IPOP-29-2017-2020 and CI-IPOP-58-2017-2021 (Portuguese Oncology Insti-
tute of Porto—Research Centre), UIDB/04501 /2020 and POCI-01-0145-FEDER-007628 (iBiMED), the
Portuguese Mass Spectrometry Network (RNEM, LISBOA-01-0145-FEDER-402-022125) and a principal
investigator contract with the following DOI: 10.54499/2022.08311.CEECIND /CP1744/CT0001 (J.A.E).
LM.S.G. is grateful to FCT for the Ph.D. grant 2021.04754.BD.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Ll

World Cancer Research Fund International. Bladder Cancer Statistics | World Cancer Research Fund. Available online: https:
/ /www.wecrf.org/cancer-trends /bladder-cancer-statistics / (accessed on 13 October 2022).

Freedman, N.D,; Silverman, D.T.; Hollenbeck, A.R.; Schatzkin, A.; Abnet, C.C. Association between Smoking and Risk of Bladder
Cancer among Men and Women. JAMA 2011, 306, 737-745. [CrossRef]

Hyldgaard, ].M.; Jensen, ].B. The Inequality of Females in Bladder Cancer. Apmis 2021, 129, 694-699. [CrossRef]

Kaufman, D.S.; Shipley, W.U.; Feldman, A.S. Bladder Cancer. Lancet 2009, 374, 239-249. [CrossRef] [PubMed]

Yu, EYW,; Stern, M.C,; Jiang, X.; Tang, L.; van den Brandt, P.A.; Lu, C.M.; Karagas, M.R.; Vecchia, C.L.; Bosetti, C.; Polesel, .; et al.
Family History and Risk of Bladder Cancer: An Analysis Accounting for First- and Second-Degree Relatives. Cancer Prev. Res.
2022, 15, 319-326. [CrossRef]

Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Clark, P.E.; Agarwal, N.; Biagioli, M.C.; Eisenberger, M. A.; Greenberg, R.E.; Herr, HW.; Inman, B.A.; Kuban, D.A.; Kuzel, TM,;
Lele, SM.; et al. Bladder Cancer: Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw. 2013, 11, 446—475.
[CrossRef] [PubMed]

Powles, T.; Bellmunt, ].; Comperat, E.; De Santis, M.; Huddart, R.; Loriot, Y.; Necchi, A.; Valderrama, B.P; Ravaud, A.; Shariat, S.F;
et al. Bladder Cancer: ESMO Clinical Practice Guideline for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 2022, 33, 244-258.
[CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms25063347/s1
https://www.mdpi.com/article/10.3390/ijms25063347/s1
https://www.wcrf.org/cancer-trends/bladder-cancer-statistics/
https://www.wcrf.org/cancer-trends/bladder-cancer-statistics/
https://doi.org/10.1001/jama.2011.1142
https://doi.org/10.1111/apm.13183
https://doi.org/10.1016/S0140-6736(09)60491-8
https://www.ncbi.nlm.nih.gov/pubmed/19520422
https://doi.org/10.1158/1940-6207.CAPR-21-0490
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.6004/jnccn.2013.0059
https://www.ncbi.nlm.nih.gov/pubmed/23584347
https://doi.org/10.1016/j.annonc.2021.11.012
https://www.ncbi.nlm.nih.gov/pubmed/34861372

Int. J. Mol. Sci. 2024, 25, 3347 21 of24

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Sanli, O.; Dobruch, J.; Knowles, M.A_; Burger, M.; Alemozaffar, M.; Nielsen, M.E.; Lotan, Y. Bladder Cancer. Nat. Rev. Dis. Prim.
2017, 3, 17022. [CrossRef]

Babjuk, M.; Burger, M.; Compérat, E.; Gontero, P.; Liedberg, F.; Mostafid, A.; Palou, J.; Van Rhijn, B.; Rouprét, M.; Shariat, S.F.;
et al. EAU Guidelines on Bladder Cancer (Ta, T1 and CIS). 2022. Available online: https://pubmed.ncbi.nlm.nih.gov /34511303 /
(accessed on 23 October 2022).

Witjes, J.A.; Compérat, E.; Cowan, N.C.; Gakis, G.; Hernandez, V.; Lebret, T.; Lorch, A.; Heijden, A.G.V.D.; Ribal, M. Muscle-
invasive and Metastatic Bladder Cancer—EAU Guidelines; EAU-Website. Available online: http://uroweb.org/guideline/
bladder-cancer-muscle-invasive-and-metastatic/ (accessed on 23 October 2022).

The Cancer Genome Atlas Research Network. Comprehensive Molecular Characterization of Urothelial Bladder Carcinoma.
Nature 2014, 507, 315-322. [CrossRef]

Robertson, A.G.; Kim, J.; Al-Ahmadie, H.; Bellmunt, J.; Guo, G.; Cherniack, A.D.; Hinoue, T.; Laird, PW.; Hoadley, K.A.; Akbani,
R.; et al. Comprehensive Molecular Characterization of Muscle-Invasive Bladder Cancer. Cell 2017, 171, 540-556.€25. [CrossRef]
Sjodahl, G.; Lauss, M.; Lovgren, K.; Chebil, G.; Gudjonsson, S.; Veerla, S.; Patschan, O.; Aine, M.; Ferno, M.; Ringnér, M.; et al. A
Molecular Taxonomy for Urothelial Carcinoma. Clin. Cancer Res. 2012, 18, 3377-3386. [CrossRef]

Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31-46. [CrossRef]

Sahu, D.; Lotan, Y.; Wittmann, B.; Neri, B.; Hansel, D.E. Metabolomics Analysis Reveals Distinct Profiles of Nonmuscle-Invasive
and Muscle-Invasive Bladder Cancer. Cancer Med. 2017, 6, 2106-2120. [CrossRef]

Wang, R.; Kang, H.; Zhang, X.; Nie, Q.; Wang, H.; Wang, C.; Zhou, S. Urinary Metabolomics for Discovering Metabolic Biomarkers
of Bladder Cancer by UPLC-MS. BMC Cancer 2022, 22, 214. [CrossRef]

Oto, J.; Fernandez-Pardo, A.; Roca, M.; Plana, E.; Cana, F.; Herranz, R.; Pérez-Ardavin, J.; Vera-Donoso, C.D.; Martinez-Sarmiento,
M.; Medina, P. LC-MS Metabolomics of Urine Reveals Distinct Profiles for Non-Muscle-Invasive and Muscle-Invasive Bladder
Cancer. World J. Urol. 2022, 40, 2387-2398. [CrossRef] [PubMed]

Tan, G.; Wang, H.; Yuan, J.; Qin, W.; Dong, X.; Wu, H.; Meng, P. Three Serum Metabolite Signatures for Diagnosing Low-Grade
and High-Grade Bladder Cancer. Sci. Rep. 2017, 7, 46176. [CrossRef]

Zhou, Y.; Song, R.; Zhang, Z.; Lu, X,; Zeng, Z.; Hu, C,; Liu, X;; Li, Y,; Hou, J.; Sun, Y.; et al. The Development of Plasma
Pseudotargeted GC-MS Metabolic Profiling and Its Application in Bladder Cancer. Anal. Bioanal. Chem. 2016, 408, 6741-6749.
[CrossRef] [PubMed]

Dettmer, K.; Vogl, E.C.; Ritter, A.P.; Zhu, W.; Niirnberger, N.; Kreutz, M.; Oefner, P].; Gronwald, W.; Gottfried, E. Distinct Metabolic
Differences between Various Human Cancer and Primary Cells. Electrophoresis 2013, 34, 2836-2847. [CrossRef] [PubMed]

Yu, EY.W,; Zhang, H.; Fu, Y.; Chen, Y.T,; Tang, Q.Y,; Liu, Y.X,; Zhang, Y.X.; Wang, S.Z.; Wesselius, A.; Li, W.C,; et al. Integrative
Multi-Omics Analysis for the Determination of Non-Muscle Invasive vs. Muscle Invasive Bladder Cancer: A Pilot Study. Curr.
Oncol. 2022, 29, 5442-5456. [CrossRef] [PubMed]

Wittmann, B.M.; Stirdivant, S.M.; Mitchell, M.W.; Wulff, ].E.; McDunn, J.E.; Li, Z.; Dennis-Barrie, A.; Neri, B.P.; Milburn, M.V.;
Lotan, Y.; et al. Bladder Cancer Biomarker Discovery Using Global Metabolomic Profiling of Urine. PLoS ONE 2014, 9, 115870.
[CrossRef] [PubMed]

Cheng, Y.; Yang, X.; Deng, X.; Zhang, X.; Li, P,; Tao, J.; Qin, C.; Wei, J.; Lu, Q. Metabolomics in Bladder Cancer: A Systematic
Review. Int. ]. Clin. Exp. Med. 2015, 8, 11052-11063.

Zhang, W.T.; Zhang, Z.W.; Guo, Y.D.; Wang, L.S.; Mao, S.Y.; Zhang, ].F,; Liu, M.N.; Yao, X.D. Discovering Biomarkers in Bladder
Cancer by Metabolomics. Biomark. Med. 2018, 12, 1347-1359. [CrossRef] [PubMed]

Garcia-Perdomo, H.A.; Davila-Raigoza, A.M.; Korkes, F. Metabolomics for the Diagnosis of Bladder Cancer: A Systematic Review.
Asian J. Urol. 2023; in press. [CrossRef]

Amara, C.S.; Vantaku, V.; Lotan, Y.; Putluri, N. Recent Advances in the Metabolomic Study of Bladder Cancer. Expert Rev. Proteom.
2019, 16, 315-324. [CrossRef] [PubMed]

Di Meo, N.A.; Loizzo, D.; Pandolfo, S.D.; Autorino, R.; Ferro, M.; Porta, C.; Stella, A.; Bizzoca, C.; Vincenti, L.; Crocetto, E,; et al.
Metabolomic Approaches for Detection and Identification of Biomarkers and Altered Pathways in Bladder Cancer. Int. J. Mol. Sci.
2022, 23, 4173. [CrossRef] [PubMed]

Shulaev, V. Metabolomics Technology and Bioinformatics. Brief. Bioinform. 2006, 7, 128-139. [CrossRef] [PubMed]

Liu, X,; Cheng, X,; Liu, X,; He, L.; Zhang, W.; Wang, Y.; Sun, W.; Ji, Z. Investigation of the Urinary Metabolic Variations and the
Application in Bladder Cancer Biomarker Discovery. Int. |. Cancer 2018, 143, 408-418. [CrossRef]

Liu, X.; Zhang, M.; Cheng, X,; Liu, X.; Sun, H.; Guo, Z; Li, J.; Tang, X.; Wang, Z.; Sun, W.; et al. LC-MS-Based Plasma Metabolomics
and Lipidomics Analyses for Differential Diagnosis of Bladder Cancer and Renal Cell Carcinoma. Front. Oncol. 2020, 10, 717.
[CrossRef]

Lin, L.; Huang, Z.; Gao, Y.; Chen, Y;; Hang, W.; Xing, J.; Yan, X. LC-MS-Based Serum Metabolic Profiling for Genitourinary Cancer
Classification and Cancer Type-Specific Biomarker Discovery. Proteomics 2012, 12, 2238-2246. [CrossRef]

Niziol, J.; Ossolifiski, K.; Plaza-Altamer, A.; Kolodziej, A.; Ossoliriska, A.; Ossolifiski, T.; Ruman, T. Untargeted Ultra-High-
Resolution Mass Spectrometry Metabolomic Profiling of Blood Serum in Bladder Cancer. Sci. Rep. 2022, 12, 15156. [CrossRef]
Niziot, J.; Ossoliniski, K.; Plaza-Altamer, A.; Kotodziej, A.; Ossolifiska, A.; Ossoliniski, T.; Nieczaj, A.; Ruman, T. Untargeted
Urinary Metabolomics for Bladder Cancer Biomarker Screening with Ultrahigh-Resolution Mass Spectrometry. Sci. Rep. 2023,
13,9802. [CrossRef]


https://doi.org/10.1038/nrdp.2017.22
https://pubmed.ncbi.nlm.nih.gov/34511303/
http://uroweb.org/guideline/bladder-cancer-muscle-invasive-and-metastatic/
http://uroweb.org/guideline/bladder-cancer-muscle-invasive-and-metastatic/
https://doi.org/10.1038/nature12965
https://doi.org/10.1016/j.cell.2017.09.007
https://doi.org/10.1158/1078-0432.CCR-12-0077-T
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1002/cam4.1109
https://doi.org/10.1186/s12885-022-09318-5
https://doi.org/10.1007/s00345-022-04136-7
https://www.ncbi.nlm.nih.gov/pubmed/36057894
https://doi.org/10.1038/srep46176
https://doi.org/10.1007/s00216-016-9797-0
https://www.ncbi.nlm.nih.gov/pubmed/27473428
https://doi.org/10.1002/elps.201300228
https://www.ncbi.nlm.nih.gov/pubmed/23857076
https://doi.org/10.3390/curroncol29080430
https://www.ncbi.nlm.nih.gov/pubmed/36005168
https://doi.org/10.1371/journal.pone.0115870
https://www.ncbi.nlm.nih.gov/pubmed/25541698
https://doi.org/10.2217/bmm-2018-0229
https://www.ncbi.nlm.nih.gov/pubmed/30507300
https://doi.org/10.1016/j.ajur.2022.11.005
https://doi.org/10.1080/14789450.2019.1583105
https://www.ncbi.nlm.nih.gov/pubmed/30773067
https://doi.org/10.3390/ijms23084173
https://www.ncbi.nlm.nih.gov/pubmed/35456991
https://doi.org/10.1093/bib/bbl012
https://www.ncbi.nlm.nih.gov/pubmed/16772266
https://doi.org/10.1002/ijc.31323
https://doi.org/10.3389/fonc.2020.00717
https://doi.org/10.1002/pmic.201200016
https://doi.org/10.1038/s41598-022-19576-9
https://doi.org/10.1038/s41598-023-36874-y

Int. J. Mol. Sci. 2024, 25, 3347 22 0f24

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Rodrigues, D.; Pinto, J.; Aratjo, A.M.; Monteiro-Reis, S.; Jerénimo, C.; Henrique, R.; de Lourdes Bastos, M.; de Pinho, P.G;
Carvalho, M. Volatile Metabolomic Signature of Bladder Cancer Cell Lines Based on Gas Chromatography—Mass Spectrometry.
Metabolomics 2018, 14, 62. [CrossRef]

Pinto, J.; Carapito, A.; Amaro, F; Lima, A.R.; Carvalho-Maia, C.; Martins, M.C.; Jerénimo, C.; Henrique, R.; Bastos, M.D.L.; de
Pinho, P.G. Discovery of Volatile Biomarkers for Bladder Cancer Detection and Staging through Urine Metabolomics. Metabolites
2021, 11, 199. [CrossRef]

Domingues, P; Garcia, A.; Skrzydlewska, E.; Luczaj, W.; Gegotek, A.; Bielawska, K.; Barbas, C.; Dudzik, D.; Rey-Stolle, E.; Rupérez,
F; et al. AACLifeSci Course Companion Manual Advanced Analytical Chemistry for Life Sciences; Uniwersytet Medyczny: Biatystok,
Poland, 2018.

Vantaku, V,; Dong, J.; Ambati, C.R.; Perera, D.; Donepudi, S.R.; Amara, C.S.; Putluri, V.; Ravi, S.S.; Robertson, M.].; Piyarathna,
D.W.B.; et al. Multi-Omics Integration Analysis Robustly Predicts High-Grade Patient Survival and Identifies CPT1B Effect on
Fatty Acid Metabolism in Bladder Cancer. Clin. Cancer Res. 2019, 25, 3689-3701. [CrossRef]

Feng, C.; Pan, L.; Tang, S.; He, L.; Wang, X.; Tao, Y.; Xie, Y.; Lai, Z.; Tang, Z.; Wang, Q.; et al. Integrative Transcriptomic, Lipidomic,
and Metabolomic Analysis Reveals Potential Biomarkers of Basal and Luminal Muscle Invasive Bladder Cancer Subtypes. Front.
Genet. 2021, 12, 695662. [CrossRef]

Ho, J.C.S.; Mir, S.A.; Cavalera, M.; Esmaeili, P.; Tran, T.H.; Yann, Z.C.; Tran, T.H.; Chaudhuri, A.; Bendt, A.K.; Wenk, M.R.; et al.
Lipid Bilayer Composition as a Determinant of Cancer Cell Sensitivity to Tumoricidal Protein-Lipid Complexes. BioFactors 2022,
48, 1145-1159. [CrossRef]

Dettmer, K.; Aronov, P.A.; Hammock, B.D. Mass Spectrometry-Based Metabolomics. Mass Spectrom. Rev. 2007, 26, 51-78.
[CrossRef] [PubMed]

Schmidt, D.R,; Patel, R.; Kirsch, D.G.; Lewis, C.A.; Vander Heiden, M.G.; Locasale, ].W. Metabolomics in Cancer Research and
Emerging Applications in Clinical Oncology. CA Cancer J. Clin. 2021, 71, 333-358. [CrossRef]

Bharti, S.K.; Roy, R. Quantitative 1H NMR Spectroscopy. Trends Anal. Chem. 2012, 35, 5-26. [CrossRef]

Bansal, N.; Gupta, A.; Sankhwar, S.N.; Mahdi, A.A. Low- and High-Grade Bladder Cancer Appraisal via Serum-Based Proteomics
Approach. Clin. Chim. Acta 2014, 436, 97-103. [CrossRef] [PubMed]

Cao, M.; Zhao, L.; Chen, H.; Xue, W.; Lin, D. NMR-Based Metabolomic Analysis of Human Bladder Cancer. Anal. Sci. 2012, 28,
451-456. [CrossRef]

Ossoliniski, K.; Ruman, T.; Copié, V.; Tripet, B.P.; Kolodziej, A.; Ptaza-Altamer, A.; Ossoliiska, A.; Ossolinski, T.; Nieczaj, A.;
Niziot, J. Targeted and Untargeted Urinary Metabolic Profiling of Bladder Cancer. J. Pharm. Biomed. Anal. 2023, 233, 115473.
[CrossRef] [PubMed]

Rodrigues, D.; Pinto, J.; Aratjo, A.M.; Jerénimo, C.; Henrique, R.; De Lourdes Bastos, M.; De Pinho, P.G.; Carvalho, M. GC-MS
Metabolomics Reveals Distinct Profiles of Low- and High-Grade Bladder Cancer Cultured Cells. Metabolites 2019, 9, 18. [CrossRef]
[PubMed]

Spratlin, J.L.; Serkova, N.J.; Eckhardt, S.G. Clinical Applications of Metabolomics in Oncology: A Review. Clin. Cancer Res. 2009,
15, 431-440. [CrossRef]

Zhu, S.; Zhu, Z.; Ma, A.H.; Sonpavde, G.P; Cheng, E; Pan, C. xian. Preclinical Models for Bladder Cancer Research. Hematol.
Oncol. Clin. N. Am. 2021, 35, 613-632. [CrossRef]

Chan, E.C.Y;; Pasikanti, K K.; Hong, Y.; Ho, P.C.; Mahendran, R.; Raman Nee Mani, L.; Chiong, E.; Esuvaranathan, K. Metabonomic
Profiling of Bladder Cancer. J. Proteome Res. 2015, 14, 587-602. [CrossRef] [PubMed]

Wang, X.; Lv, H,; Zhang, G.; Sun, W.; Zhou, D,; Jiao, G.; Yu, Y. Development and Validation of a Ultra Performance LC-ESI/MS
Method for Analysis of Metabolic Phenotypes of Healthy Men in Day and Night Urine Samples. . Sep. Sci. 2008, 31, 2994-3001.
[CrossRef]

Mirabelli, P.; Coppola, L.; Salvatore, M. Cancer Cell Lines Are Useful Model Systems for Medical Research. Cancers 2019, 11, 1098.
[CrossRef] [PubMed]

Hamon, J.; Renner, M.; Jamei, M.; Lukas, A.; Kopp-Schneider, A.; Bois, EY. Quantitative In Vitro to In Vivo Extrapolation of
Tissues Toxicity. Toxicol. Vitr. 2015, 30, 203-216. [CrossRef]

Jin, X.; Yun, S.J; Jeong, P.; Kim, L.Y,; Kim, W].; Park, S. Diagnosis of Bladder Cancer and Prediction of Survival by Urinary
Metabolomics. Oncotarget 2014, 5, 1635-1645. [CrossRef]

Kanai, K.; Kikuchi, E.; Mikami, S.; Suzuki, E.; Uchida, Y.; Kodaira, K.; Miyajima, A.; Ohigashi, T.; Nakashima, J.; Oya, M. Vitamin
E Succinate Induced Apoptosis and Enhanced Chemosensitivity to Paclitaxel in Human Bladder Cancer Cells In Vitro and In
Vivo. Cancer Sci. 2010, 101, 216-223. [CrossRef]

Ariza, A.C.; Deen, PM.T.; Robben, J.H. The Succinate Receptor as a Novel Therapeutic Target for Oxidative and Metabolic
Stress-Related Conditions. Front. Endocrinol. 2012, 3, 22. [CrossRef]

Mossa, A.H.; Velasquez Flores, M.; Cammisotto, P.G.; Campeau, L. Succinate, Increased in Metabolic Syndrome, Activates GPR91
Receptor Signaling in Urothelial Cells. Cell. Signal. 2017, 37, 31-39. [CrossRef]

Wu, J.Y.; Huang, TW.; Hsieh, Y.T.; Wang, Y.E; Yen, C.C.; Lee, G.L.; Yeh, C.C,; Peng, Y.J.; Kuo, Y.Y.; Wen, H.T,; et al. Cancer-Derived
Succinate Promotes Macrophage Polarization and Cancer Metastasis via Succinate Receptor. Mol. Cell 2020, 77, 213-227.e5.
[CrossRef]


https://doi.org/10.1007/s11306-018-1361-9
https://doi.org/10.3390/metabo11040199
https://doi.org/10.1158/1078-0432.CCR-18-1515
https://doi.org/10.3389/fgene.2021.695662
https://doi.org/10.1002/biof.1841
https://doi.org/10.1002/mas.20108
https://www.ncbi.nlm.nih.gov/pubmed/16921475
https://doi.org/10.3322/caac.21670
https://doi.org/10.1016/j.trac.2012.02.007
https://doi.org/10.1016/j.cca.2014.05.012
https://www.ncbi.nlm.nih.gov/pubmed/24875752
https://doi.org/10.2116/analsci.28.451
https://doi.org/10.1016/j.jpba.2023.115473
https://www.ncbi.nlm.nih.gov/pubmed/37229797
https://doi.org/10.3390/metabo9010018
https://www.ncbi.nlm.nih.gov/pubmed/30669322
https://doi.org/10.1158/1078-0432.CCR-08-1059
https://doi.org/10.1016/j.hoc.2021.02.007
https://doi.org/10.1021/pr500966h
https://www.ncbi.nlm.nih.gov/pubmed/25388527
https://doi.org/10.1002/jssc.200800326
https://doi.org/10.3390/cancers11081098
https://www.ncbi.nlm.nih.gov/pubmed/31374935
https://doi.org/10.1016/j.tiv.2015.01.011
https://doi.org/10.18632/oncotarget.1744
https://doi.org/10.1111/j.1349-7006.2009.01362.x
https://doi.org/10.3389/fendo.2012.00022
https://doi.org/10.1016/j.cellsig.2017.05.014
https://doi.org/10.1016/j.molcel.2019.10.023

Int. J. Mol. Sci. 2024, 25, 3347 23 of 24

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Dalla Pozza, E.; Dando, I; Pacchiana, R.; Liboi, E.; Scupoli, M.T.; Donadelli, M.; Palmieri, M. Regulation of Succinate Dehydroge-
nase and Role of Succinate in Cancer. Semin. Cell Dev. Biol. 2020, 98, 4-14. [CrossRef]

Shen, C.; Sun, Z.; Chen, D.; Su, X.; Jiang, J.; Li, G.; Lin, B.; Yan, J. Developing Urinary Metabolomic Signatures as Early Bladder
Cancer Diagnostic Markers. Omics |. Integr. Biol. 2015, 19, 1-11. [CrossRef] [PubMed]

Hobert, J.A.; Guymon, R; Yuzyuk, T.; Pasquali, M. Acylglycine Analysis by Ultra-Performance Liquid Chromatography-Tandem
Mass Spectrometry (UPLC-MS/MS). Curr. Protoc. 2023, 3, €758. [CrossRef] [PubMed]

Chaitanya, N.S.N.; Devi, A.; Sahu, S.; Alugoju, P. Molecular Mechanisms of Action of Trehalose in Cancer: A Comprehensive
Review. Life Sci. 2021, 269, 118968. [CrossRef]

Zhu, R; Jiang, Y.; Zhou, Z.; Zhu, S.; Zhang, Z.; Chen, Z.; Chen, S.; Zhang, Z. Prediction of the Postoperative Prognosis in Patients
with Non-Muscle-Invasive Bladder Cancer Based on Preoperative Serum Surface-Enhanced Raman Spectroscopy. Biomed. Opt.
Express 2022, 13, 4204. [CrossRef] [PubMed]

Ma, J.; Zhong, M,; Xiong, Y.; Gao, Z.; Wu, Z.; Liu, Y.; Hong, X. Emerging Roles of Nucleotide Metabolism in Cancer Development:
Progress and Prospect. Aging 2021, 13, 13349-13358. [CrossRef]

Jeon, S.M. Regulation and Function of AMPK in Physiology and Diseases. Exp. Mol. Med. 2016, 48, e245. [CrossRef]

Koiso, K.; Nemoto, R.; Ohtani, M.; Uchida, K.; Shimazui, T.; Noguchi, R.; Hattori, K.; Miyanaga, N.; Shiraiwa, H.; Iwasaki, A.
Evaluation of the Invasive Potential of Superficial Bladder Cancer by Adenosine Triphosphate Measurement. Urol. Int. 1991, 46,
145-148. [CrossRef]

Rezen, T.; Rozman, D.; Kovacs, T.; Kovacs, P; Sipos, A.; Bai, P.; Miko, E. The Role of Bile Acids in Carcinogenesis. Cell. Mol. Life
Sci. 2022, 79, 243. [CrossRef]

Qi, Y.; Duan, G.; Wei, D.; Zhao, C.; Ma, Y. The Bile Acid Membrane Receptor TGR5 in Cancer: Friend or Foe? Molecules 2022,
27,5292. [CrossRef]

Varesio, L.; Clayton, M.; Blasi, E.; Ruffman, R.; Radzioch, D. Picolinic Acid, a Catabolite of Tryptophan, as the Second Signal in
the Activation of IFN-Gamma-Primed Macrophages. J. Immunol. 1990, 145, 4265-4271. [CrossRef]

Bosco, M.C.; Rapisarda, A.; Reffo, G.; Massazza, S.; Pastorino, S.; Varesio, L. Macrophage Activating Properties of the Tryptophan
Catabolite Picolinic Acid. Adv. Exp. Med. Biol. 2003, 527, 55-65. [CrossRef]

Xiong, Q.; Feng, D.; Wang, Z; Ying, Y.; Xu, C.; Wei, Q.; Zeng, S.; Yang, L. Fatty Acid Synthase Is the Key Regulator of Fatty Acid
Metabolism and Is Related to Immunotherapy in Bladder Cancer. Front. Immunol. 2022, 13, 836939. [CrossRef] [PubMed]

Li, J.; Cheng, B.; Xie, H.; Zhan, C.; Li, S.; Bai, P. Bladder Cancer Biomarker Screening Based on Non-Targeted Urine Metabolomics.
Int. Urol. Nephrol. 2022, 54, 23-29. [CrossRef] [PubMed]

Arab, S.; Alizadeh, A.; Asgharzade, S. Tumor-Resident Adenosine-Producing Mesenchymal Stem Cells as a Potential Target for
Cancer Treatment. Clin. Exp. Med. 2021, 21, 205-213. [CrossRef] [PubMed]

Leone, R.D.; Emens, L.A. Targeting Adenosine for Cancer Immunotherapy. J. Immunother. Cancer 2018, 6, 57. [CrossRef]
Filipiak, W.; Sponring, A.; Mikoviny, T.; Ager, C.; Schubert, J.; Miekisch, W.; Amann, A.; Troppmair, ]. Release of Volatile Organic
Compounds (VOCs) from the Lung Cancer Cell Line CALU-1 In Vitro. Cancer Cell Int. 2008, 8, 17. [CrossRef] [PubMed]
Murata, Y. Chronic Toxicity and Carcinogenicity Studies of 1-Methylnaphthalene in B6C3F1 Mice. Fundam. Appl. Toxicol. 1993, 21,
44-51. [CrossRef] [PubMed]

Li, Z.; Romanoff, L.C.; Trinidad, D.A_; Pittman, E.N.; Hilton, D.; Hubbard, K.; Carmichael, H.; Parker, J.; Calafat, A.M.; Sjodin, A.
Quantification of 21 Metabolites of Methylnaphthalenes and Polycyclic Aromatic Hydrocarbons in Human Urine. Anal. Bioanal.
Chem. 2014, 406, 3119-3129. [CrossRef] [PubMed]

Hsu, YH.; Huang, H.P; Chang, H.R. The Uremic Toxin P-Cresol Promotes the Invasion and Migration on Carcinoma Cells via
Ras and MTOR Signaling. Toxicol. Vitr. 2019, 58, 126-131. [CrossRef] [PubMed]

Tanaka, M.; Hsuan, C.; Oeki, M.; Shen, W.; Goda, A.; Tahara, Y.; Onodera, T.; Sanematsu, K.; Rikitake, T.; Oki, E.; et al.
Identification of Characteristic Compounds of Moderate Volatility in Breast Cancer Cell Lines. PLoS ONE 2020, 15, e0235442.
[CrossRef]

Jouyban, A.; Djozan, D.; Mohammadandashti, P.; Alizadeh-Nabil, A.; Ghorbanpour, H.; Khoubnasabjafari, M.; Mohammadzadeh,
M. Co-Liquefaction with Acetone and GC Analysis of Volatile Compounds in Exhaled Breath as Lung Cancer Biomarkers.
BioImpacts 2017, 7, 99-108. [CrossRef] [PubMed]

Schalkwijk, C.G.; Stehouwer, C.D.A. Methylglyoxal, a Highly Reactive Dicarbonyl Compound, in Diabetes, Its Vascular Compli-
cations, and Other Age-Related Diseases. Physiol. Rev. 2020, 100, 407-461. [CrossRef]

Sruthi, C.R.; Raghu, K.G. Methylglyoxal Induces Ambience for Cancer Promotion in HepG2 Cells via Warburg Effect and
Promotes Glycation. J. Cell. Biochem. 2022, 123, 1532-1543. [CrossRef]

Gryp, T.; De Paepe, K.; Vanholder, R.; Kerckhof, EM.; Van Biesen, W.; Van de Wiele, T.; Verbeke, E; Speeckaert, M.; Joossens, M.;
Couttenye, M.M.; et al. Gut Microbiota Generation of Protein-Bound Uremic Toxins and Related Metabolites Is Not Altered at
Different Stages of Chronic Kidney Disease. Kidney Int. 2020, 97, 1230-1242. [CrossRef]

De Loor, H.; Bammens, B.; Evenepoel, P.; De Preter, V.; Verbeke, K. Gas Chromatographic-Mass Spectrometric Analysis for
Measurement of p-Cresol and Its Conjugated Metabolites in Uremic and Normal Serum. Clin. Chem. 2005, 51, 1535-1538.
[CrossRef]

Holbert, C.E.; Cullen, M.T.; Casero, R.A.; Stewart, T.M. Polyamines in Cancer: Integrating Organismal Metabolism and Antitu-
mour Immunity. Nat. Rev. Cancer 2022, 22, 467-480. [CrossRef] [PubMed]


https://doi.org/10.1016/j.semcdb.2019.04.013
https://doi.org/10.1089/omi.2014.0116
https://www.ncbi.nlm.nih.gov/pubmed/25562196
https://doi.org/10.1002/cpz1.758
https://www.ncbi.nlm.nih.gov/pubmed/37099696
https://doi.org/10.1016/j.lfs.2020.118968
https://doi.org/10.1364/BOE.465295
https://www.ncbi.nlm.nih.gov/pubmed/36032588
https://doi.org/10.18632/aging.202962
https://doi.org/10.1038/emm.2016.81
https://doi.org/10.1159/000282120
https://doi.org/10.1007/s00018-022-04278-2
https://doi.org/10.3390/molecules27165292
https://doi.org/10.4049/jimmunol.145.12.4265
https://doi.org/10.1007/978-1-4615-0135-0_6
https://doi.org/10.3389/fimmu.2022.836939
https://www.ncbi.nlm.nih.gov/pubmed/35392075
https://doi.org/10.1007/s11255-021-03080-6
https://www.ncbi.nlm.nih.gov/pubmed/34850327
https://doi.org/10.1007/s10238-020-00674-9
https://www.ncbi.nlm.nih.gov/pubmed/33484380
https://doi.org/10.1186/s40425-018-0360-8
https://doi.org/10.1186/1475-2867-8-17
https://www.ncbi.nlm.nih.gov/pubmed/19025629
https://doi.org/10.1006/faat.1993.1070
https://www.ncbi.nlm.nih.gov/pubmed/8365584
https://doi.org/10.1007/s00216-014-7676-0
https://www.ncbi.nlm.nih.gov/pubmed/24714969
https://doi.org/10.1016/j.tiv.2019.03.029
https://www.ncbi.nlm.nih.gov/pubmed/30910523
https://doi.org/10.1371/journal.pone.0235442
https://doi.org/10.15171/bi.2017.13
https://www.ncbi.nlm.nih.gov/pubmed/28752074
https://doi.org/10.1152/physrev.00001.2019
https://doi.org/10.1002/jcb.30215
https://doi.org/10.1016/j.kint.2020.01.028
https://doi.org/10.1373/clinchem.2005.050781
https://doi.org/10.1038/s41568-022-00473-2
https://www.ncbi.nlm.nih.gov/pubmed/35477776

Int. J. Mol. Sci. 2024, 25, 3347 24 of 24

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

105.

106.

107.

108.

109.

110.

111.

Cheng, C.; Geng, F; Cheng, X.; Guo, D. Lipid Metabolism Reprogramming and Its Potential Targets in Cancer. Cancer Commun.
2018, 38, 27. [CrossRef] [PubMed]

Warburg, O. The Metabolism of Carcinoma Cells. J. Cancer Res. 1925, 9, 148-163. [CrossRef]

Bansal, N.; Gupta, A.; Mitash, N.; Shakya, P.S.; Mandhani, A.; Mahdi, A.A.; Sankhwar, S.N.; Mandal, S.K. Low- and High-Grade
Bladder Cancer Determination via Human Serum-Based Metabolomics Approach. J. Proteorne Res. 2013, 12, 5839-5850. [CrossRef]
[PubMed]

Massari, F.; Ciccarese, C.; Santoni, M.; Iacovelli, R.; Mazzucchelli, R.; Piva, F; Scarpelli, M.; Berardi, R.; Tortora, G.; Lopez-Beltran,
A.; et al. Metabolic Phenotype of Bladder Cancer. Cancer Treat. Rev. 2016, 45, 46-57. [CrossRef] [PubMed]

Le Breton, G.C.; Venton, D.L.; Enke, S.E.; Halushka, P.V. 13-Azaprostanoic Acid: A Specific Antagonist of the Human Blood
Platelet Thromboxane/Endoperoxide Receptor. Proc. Natl. Acad. Sci. USA 1979, 76, 4097—4101. [CrossRef]

Jurasz, P.; Alonso-Escolano, D.; Radomski, M.W. Platelet-Cancer Interactions: Mechanisms and Pharmacology of Tumour
Cell-Induced Platelet Aggregation. Br. . Pharmacol. 2004, 143, 819-826. [CrossRef]

Szlasa, W.; Zendran, 1.; Zalesiniska, A.; Tarek, M.; Kulbacka, J. Lipid Composition of the Cancer Cell Membrane. |. Bioenerg.
Biomembr. 2020, 52, 321-342. [CrossRef]

Ridgway, N.D. The Role of Phosphatidylcholine and Choline Metabolites to Cell Proliferation and Survival. Crit. Rev. Biochem.
Mol. Biol. 2013, 48, 20-38. [CrossRef] [PubMed]

Lee, M.Y,; Yeon, A.; Shahid, M.; Cho, E.; Sairam, V.; Figlin, R.; Kim, K.H.; Kim, J. Reprogrammed Lipid Metabolism in Bladder
Cancer with Cisplatin Resistance. Oncotarget 2018, 9, 13231-13243. [CrossRef] [PubMed]

Li, Y.;; Wen, ].M.; Du, CJ.; Hu, SM.; Chen, ].X,; Zhang, S.G.; Zhang, N.; Gao, E,; Li, S.J.; Mao, X.W.; et al. Thymol Inhibits Bladder
Cancer Cell Proliferation via Inducing Cell Cycle Arrest and Apoptosis. Biochem. Biophys. Res. Commun. 2017, 491, 530-536.
[CrossRef]

Chakravarthi, B.V.S.K.; Rodriguez Pena, M.D.C.; Agarwal, S.; Chandrashekar, D.S.; Hodigere Balasubramanya, S.A.; Jabboure,
FJ.; Matoso, A.; Bivalacqua, T.]J.; Rezaei, K.; Chaux, A.; et al. A Role for De Novo Purine Metabolic Enzyme PAICS in Bladder
Cancer Progression. Neoplasia 2018, 20, 894-904. [CrossRef] [PubMed]

Bahreyni, A.; Samani, S.S.; Rahmani, F.; Behnam-Rassouli, R.; Khazaei, M.; Ryzhikov, M.; Parizadeh, M.R.; Avan, A.; Hassanian,
S.M. Role of Adenosine Signaling in the Pathogenesis of Breast Cancer. |. Cell. Physiol. 2018, 233, 1836-1843. [CrossRef] [PubMed]
Mayo, ].C.; Sainz, R-M.; Tan, D.X,; Hardeland, R.; Leon, J.; Rodriguez, C.; Reiter, R.]. Anti-Inflammatory Actions of Melatonin
and Its Metabolites, N1-Acetyl-N2-Formyl-5-Methoxykynuramine (AFMK) and N1-Acetyl-5-Methoxykynuramine (AMK), in
Macrophages. . Neuroimmunol. 2005, 165, 139-149. [CrossRef] [PubMed]

Chang, W.; Fa, H.; Xiao, D.; Wang, J. Targeting Phosphatidylserine for Cancer Therapy: Prospects and Challenges. Theranostics
2020, 10, 9214-9229. [CrossRef] [PubMed]

Su, P; Wang, Q.; Bi, E.; Ma, X,; Liu, L.; Yang, M.; Qian, ].; Yi, Q. Enhanced Lipid Accumulation and Metabolism Are Required for
the Differentiation and Activation of Tumor-Associated Macrophages. Cancer Res. 2020, 80, 1438-1450. [CrossRef] [PubMed]
De Oliveira, M.P,; Liesa, M. The Role of Mitochondrial Fat Oxidation in Cancer Cell Proliferation and Survival. Cells 2020, 9, 2600.
[CrossRef] [PubMed]

Currie, E.; Schulze, A.; Zechner, R.; Walther, T.C.; Farese, R.V. Cellular Fatty Acid Metabolism and Cancer. Cell Metab. 2013, 18,
153-161. [CrossRef] [PubMed]

Lopez-Otin, C.; Blasco, M.A; Partridge, L.; Serrano, M.; Kroemer, G. The Hallmarks of Aging. Cell 2013, 153, 1194. [CrossRef]
Lee, D.K;; Na, E; Park, S.; Park, ].H.; Lim, J.; Kwon, S.W. In Vitro Tracking of Intracellular Metabolism-Derived Cancer Volatiles
via Isotope Labeling. ACS Cent. Sci. 2018, 4, 1037-1044. [CrossRef]

Slefarska-Wolak, D.; Heinzle, C.; Leiherer, A.; Ager, C.; Muendlein, A.; Mezmale, L.; Leja, M.; Corvalan, A.H.; Drexel, H.; Krolicka,
A.; et al. Volatilomic Signatures of AGS and SNU-1 Gastric Cancer Cell Lines. Molecules 2022, 27, 4012. [CrossRef]

Tu, A; Said, N.; Muddiman, D.C. Spatially Resolved Metabolomic Characterization of Muscle Invasive Bladder Cancer by Mass
Spectrometry Imaging. Metabolomics 2021, 17, 70. [CrossRef] [PubMed]

Humphrey, P.A.; Moch, H.; Cubilla, A.L.; Ulbright, T.M.; Reuter, V.E. The 2016 WHO Classification of Tumours of the Urinary
System and Male Genital Organs—Part B: Prostate and Bladder Tumours. Eur. Urol. 2016, 70, 106-119. [CrossRef] [PubMed]
Lo, YK,; Tang, K.Y.; Chang, W.N.; Lu, C.H.; Cheng, ].S.; Lee, K.C.; Chou, KJ.; Liu, C.P; Chen, W.C; Su, W.; et al. Effect of
Oleamide on Ca?* Signaling in Human Bladder Cancer Cells. Biochem. Pharmacol. 2001, 62, 1363-1369. [CrossRef] [PubMed]
Peng, H.; Wang, Y.; Luo, W. Multifaceted Role of Branched-Chain Amino Acid Metabolism in Cancer. Oncogene 2020, 39,
6747-6756. [CrossRef]

Jain, M.; Nilsson, R.; Sharma, S.; Madhusudhan, N.; Kitami, T.; Souza, A.L.; Kafri, R.; Kirschner, M.W.; Clish, C.B.; Mootha, V.K.
Metabolite Profiling Identifies a Key Role for Glycine in Rapid Cancer Cell Proliferation. Science 2012, 336, 1040-1044. [CrossRef]
di Salvo, M.L.; Contestabile, R.; Paiardini, A.; Maras, B. Glycine Consumption and Mitochondprial Serine Hydroxymethyltrans-
ferase in Cancer Cells: The Heme Connection. Med. Hypotheses 2013, 80, 633-636. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s40880-018-0301-4
https://www.ncbi.nlm.nih.gov/pubmed/29784041
https://doi.org/10.1158/jcr.1925.148
https://doi.org/10.1021/pr400859w
https://www.ncbi.nlm.nih.gov/pubmed/24219689
https://doi.org/10.1016/j.ctrv.2016.03.005
https://www.ncbi.nlm.nih.gov/pubmed/26975021
https://doi.org/10.1073/pnas.76.8.4097
https://doi.org/10.1038/sj.bjp.0706013
https://doi.org/10.1007/s10863-020-09846-4
https://doi.org/10.3109/10409238.2012.735643
https://www.ncbi.nlm.nih.gov/pubmed/23350810
https://doi.org/10.18632/oncotarget.24229
https://www.ncbi.nlm.nih.gov/pubmed/29568353
https://doi.org/10.1016/j.bbrc.2017.04.009
https://doi.org/10.1016/j.neo.2018.07.006
https://www.ncbi.nlm.nih.gov/pubmed/30121007
https://doi.org/10.1002/jcp.25944
https://www.ncbi.nlm.nih.gov/pubmed/28383816
https://doi.org/10.1016/j.jneuroim.2005.05.002
https://www.ncbi.nlm.nih.gov/pubmed/15975667
https://doi.org/10.7150/thno.45125
https://www.ncbi.nlm.nih.gov/pubmed/32802188
https://doi.org/10.1158/0008-5472.CAN-19-2994
https://www.ncbi.nlm.nih.gov/pubmed/32015091
https://doi.org/10.3390/cells9122600
https://www.ncbi.nlm.nih.gov/pubmed/33291682
https://doi.org/10.1016/j.cmet.2013.05.017
https://www.ncbi.nlm.nih.gov/pubmed/23791484
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1021/acscentsci.8b00296
https://doi.org/10.3390/molecules27134012
https://doi.org/10.1007/s11306-021-01819-x
https://www.ncbi.nlm.nih.gov/pubmed/34287708
https://doi.org/10.1016/j.eururo.2016.02.028
https://www.ncbi.nlm.nih.gov/pubmed/26996659
https://doi.org/10.1016/S0006-2952(01)00772-9
https://www.ncbi.nlm.nih.gov/pubmed/11709196
https://doi.org/10.1038/s41388-020-01480-z
https://doi.org/10.1126/science.1218595
https://doi.org/10.1016/j.mehy.2013.02.008

	Introduction 
	Material and Methods 
	Search Strategy and Selection Criteria 
	Analysis 

	Results and Discussion 
	Overview of the Methodological Approaches Used in Bladder Cancer Metabolomics Research 
	Data from Metabolomics Profiling in Bladder Cancer 
	Data from Studies Performed with Urine-Derived Samples 
	Data from Studies Performed with Blood-Derived Samples 
	Data from In Vitro Studies 
	Data from Studies with Ex Vivo Bladder Tissue 

	Integrative Analysis of Data from Studies Performed with Distinct Types of Samples 

	Conclusions 
	References

