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Abstract: This work will review the metabolic information that various studies have obtained in
recent years on bladder cancer, with particular attention to discovering biomarkers in urine for the
diagnosis and prognosis of this disease. In principle, they would be capable of complementing
cystoscopy, an invasive but nowadays irreplaceable technique or, in the best case, of replacing it.
We will evaluate the degree of reproducibility that the different experiments have shown in the
indication of biomarkers, and a synthesis will be attempted to obtain a consensus list that is more
likely to become a guideline for clinical practice. In further analysis, we will inquire into the origin of
these dysregulated metabolites in patients with bladder cancer. For this purpose, it will be helpful to
compare the imbalances measured in urine with those known inside tumor cells or tissues. Although
the urine analysis is sometimes considered a liquid biopsy because of its direct contact with the
tumor in the bladder wall, it contains metabolites from all organs and tissues of the body, and the
tumor is separated from urine by the most impermeable barrier found in mammals. The distinction
between the specific and systemic responses can help understand the disease and its consequences in
more depth.

Keywords: bladder cancer; metabolomics; diagnostic; prognostic; systemic response

1. Metabolomics, Another Perspective in Clinical Biochemistry

“Both the body and its parts are in a continuous state of dissolution and nourishment, so
they are inevitably undergoing permanent change.” Ibn al-Nafis (1213–1288)

The word metabolomics comes from the ancient Greek, meta-bàllo (µεταβάλλω), which
means to turn, change, transform. It combines two words: bàllo, a verb meaning to
launch, and metà, meaning beyond. However, it was Aristotle’s work that conferred
the word metabolé (µεταβoλή) its scientific value, use and relevance. In the first book
of Physics, he affirms: “Let us place as a basic assumption of our investigation that
things that exist by nature, either all or some of them, are in motion: this is attested by
experience” [1]. He also fixes in the word and the concept of metabolé that every movement
is a change from something into something else. Therefore, for the ancient Greeks, the
word metabolé represents the act of recognizing that change comes out from something that
was hidden before. Therefore, in the original experience of Aristotelian science, the sense
of metabolomics consists of considering nature as a place of continuous transformation
in which the processes of change are not annulled but preserved by this tireless work of
acquisition and overcoming. In transformation, what takes form preserves the progress in
new and unexpected manifestations.

More than 2500 years after Aristotle’s biology studies, metabolomics is a broadly
recognized scientific discipline that seeks to identify and quantify the entire collection of
intracellular and extracellular metabolites (molecules with MW < 1500 Da), reflecting the
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permanent changes of the complex network of biochemical reactions in living systems to
adapt themselves to the environment and pathological events. This includes measurements
within biofluids like the serum, plasma, urine, cerebrospinal fluid, exhales, tissue, and bio-
logical extracts [2]. As a whole, Omics sciences such as genomics (genes), transcriptomics
(mRNA), proteomics (proteins), and metabolomics (metabolites) adopt a holistic view for
the study of how molecules compose a cell tissue or organism. The integrated study of all
these techniques is what is called “systems biology”.

The need to characterize complex biochemical mixtures makes mandatory the use of
state-of-the-art analytical techniques. In this way, it is possible to analyze compounds in all
physical states, including solids (tissues, soil, and biological waste), liquids (biofluids, efflu-
ents, and water), and gases (breath, fumes, and scents). In addition, it is possible to perform
in vivo or in vitro studies. All these applications are possible because metabolomics uses a
wide range of instruments. In recent years, however, three technologies have proven to be
the most widely employed: Nuclear Magnetic Resonance (NMR), Gas Chromatography-
Mass Spectrometry (GC-MS), and Liquid Chromatography-Mass Spectrometry (LC-MS).
These techniques allow quantification of various organic compounds, including lipids,
amino acids, sugars, biogenic amines, and organic acids. Several reviews describe how
they work and how they can be used in metabolomics [3–6]. Often the emphasis is on the
differences and the relative advantages, but several studies demonstrate that it is more
beneficial to consider them complementary [3–8].

Despite the ever-growing number of applications of metabolomics, the leading and
most exciting ones refer to the clinical and biochemical fields. It hypothesizes how and
when perturbations of metabolic pathways occur in phenotypic alterations and can repre-
sent a powerful tool in diagnostic or prognostic areas.

The central assumption about the cause of many chronic or severe diseases is that their
origins are genetic. This paradigm has begun to change when recent epidemiological stud-
ies have shown that many causes of death and disease have environmental origins [9,10],
along with the importance of the microbiome [11] and the epigenome [12]. Metabolomics
provides evidence in favor of this new perspective since it contributes significantly to
understanding of the cellular metabolism [9,13], the microbiome, and its effect on human
health and disease [14,15]. Thus, metabolomics has helped identify many unexpected
chemical causes in complex diseases like atherosclerosis, cancer, and diabetes [9,16]. Fur-
thermore, these studies have revealed that metabolites (both endogenous and exogenous)
play a more critical role in disease development, cell signaling, and physiological control
than previously expected. For this reason, metabolomics can intervene in the diagno-
sis, prognosis, and prevention of many diseases, as many examples from the literature
show [17].

2. Metabolomics and Cancer

Cancer is considered the result of genetic alterations at the nuclear and cytoplasmic
levels of oncogenes and tumor suppressor genes. This theory is considered almost a
dogma, to the point that the National Cancer Institute states that “Cancer is a genetic
disease—that is, it is caused by changes to genes that control the way our cells operate,
especially how they grow and divide”. In this context, the metabolic changes observed in
cells, tissues, and organisms result from these genetic signatures and the deregulation of
cellular energetics [18].

A different view gave rise to an alternative explanation of cancer as a disease that be-
gins with mitochondrial metabolic dysfunction, in some sense returning to Otto Warburg’s
original observation [19]. However, recent data indicate that mitochondrial metabolism
can be down- or upregulated, classifying tumors into two types: oxidative and non-
oxidative [20]. From this perspective, metabolic alterations are the cause of the genetic
alterations that influence the development of cancer. What causes metabolic alteration
is a matter of discussion, but potential candidates are: increased inflammation and ROS
formation. Although we do not yet have enough evidence to fully embrace the metabolic
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theory or understand the relative importance that both factors, genetic mutations, and
metabolic alterations, play in the origin of the disease, metabolomics can make a significant
contribution. From a genetic point of view, cancer is a disease of extreme complexity
since a quick calculation based on the number of genes associated with cancer and the
number of combinations of mutations that become tumorous yields a figure of more than
one million different cancer genotypes. This complexity is reduced when analyzing the
metabolic alterations, usually limited to three pathways: aerobic glycolysis, glutaminolysis,
and one-carbon metabolism [21]. In the meaningful summary by D. Wishart: “[ . . . ]
the bottom line is that while cancer as a genetic disease looks to be impossibly complex,
cancer as a metabolic disease appears to be remarkably simple” [21]. This scenario assigns
metabolomics a unique advantage for discovering new specific therapeutic targets and
diagnostic markers.

3. The Critical Challenge of Bladder Cancer Diagnosis

Bladder cancer (BC) is the most common urinary tract cancer and a leading cause
of mortality worldwide, with approximately 550,000 new cases and 160,000 deaths per
year [22]. The incidence of bladder cancer differs according to the geographical region
considered: the age-standardized incidence (ASI) is one-third less in undeveloped with
respect to high-developed countries. The World Health Organization (WHO) predicts a
rise in cases and deaths for the near future due to increased life expectancy [23].

BC encompasses a wide range of histologies: urothelial carcinoma (UC), which repre-
sent the majority (~90–95%) of bladder tumors, squamous cell carcinoma (SCC) (2–5%),
adenocarcinoma (0.5–2%), and small cell carcinoma (<1%). BC’s risk factors include occu-
pational factors, age, sex, race, socioeconomic status, personal health, diet, and infection
by pathogens [24–26]. BC tumors are divided into two classes depending on whether they
invade the detrusor muscle (muscle-invasive bladder cancer, MIBC) or not (non-muscle-
invasive bladder cancer, NMIBC). The first presents a higher risk of metastasis of lymph
nodes or other organs but, fortunately, represents only 25% of diagnosticated BC cases [23].
NMIBC generally involves the fibroblast growth factor receptor 3 (FGFR3) mutation, pro-
ducing cancer with a high recurrence rate but a low risk of progression. By contrast, MIBC
and carcinoma in situ exhibit deletions or mutations of TP53, RB transcriptional corepressor
1 (RB1), erb-b2 receptor tyrosine kinase 2 or PTEN, leading to metastatic cancer [27]. A link
between some of these genotypes and cell phenotypes was recently observed, leading
to the result that cell lines associated with a low risk of progression present an activated
oxidative metabolic state, while those associated with a high risk present a non-oxidative
state and high glycolytic activity [28].

Evaluation of patients suspected of having BC is performed using cystoscopy, an inva-
sive endoscopic procedure performed with a flexible scope and with local anesthesia [29].
Histological evaluation is required if reddish flat papillary or solid lesions are observed
because benign conditions like inflammatory diseases can mimic BC. Trans Urethral Resec-
tion of Bladder Tumor (TURBT) or resection of the entire area is used to obtain information
about the histology of tumors. In addition, an inspection of cells in the urine (cytology)
can be performed to detect missed cancer. Cells with a malignant appearance indicate
cancerous lesions in the bladder and warrant cystoscopy and histological investigation.

4. Metabolomics of Bladder Cancer: Three Open Questions

The introduction of metabolic markers for an accurate diagnosis of BC and its risk
of progression may decrease disease management costs and increase patients’ quality of
life [30]. The availability of non-invasive markers for diagnosis would also improve pa-
tients’ susceptibility to routine screening, thereby increasing the effectiveness of preventive
diagnostics. Therefore, it is essential to render prevention non-invasive and thus more
efficient, even without apparent symptoms. In addition, the biochemical interpretation
of the metabolic unbalances that can result from these screenings can open new oppor-
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tunities for development of more effective therapies and monitoring of treatment and
disease evolution.

Metabolomics may be the most appropriate way to achieve this goal. In the particular
case of BC, the direct contact of the tumor with urine makes it feasible that specific biomark-
ers can be present in this fluid. Many specific reviews have been published about urinary
markers of BC, testifying to the great interest in this field [31–41]. We have revised most
available data on urinary metabolomics and bladder cancer to answer three key questions:
(i) is it possible to use the urinary metabolic profile to detect BC? (ii) In the case of a positive
answer, what are the metabolites responsible for this difference? (iii) What is the origin of
the observed metabolic imbalances?

4.1. Can We Diagnose Bladder Cancer by Analyzing the Urinary Profile?

Twenty-five papers about discovering BC diagnostical metabolic markers in urine
have been published in the literature (Table 1). Almost all the studies have used MS coupled
with gas or liquid chromatography for the quantification of metabolites. The relatively
low number of works using NMR reflects the complexity of urine as a biofluid because it
contains many compounds and highly variable composition.

Table 1. List of research works on urinary metabolomics for the discovery of BC diagnostic biomarkers.

References Platform Control Group (CTRL) Bladder Cancer Patients (BC)

Type %M a Age Type %M a Age

Issaq et al., 2008 [42] LC-MS Healthy (48) 44 59 (20–86) MIBC +
NMIBC (41) 88 76 (51–93)

Pasikanti et al., 2010 [43] GC-TOF non-BC (51) 55 67 ± 12 NMIBC (24) 83 61 ± 12

Srivastava et al., 2010 [44] 1H-NMR Healthy (37), UTI b (31)
bladder stone (2)

41 33 ± 15 NMIBC (33) 100 45 ± 25

Kim et al., 2010 [45] GC-MS Healthy (8) 100 NR c NMIBC (8) 100 47–78
Huang et al., 2011 [46] LC-MS Healthy (32) 56 53 (46–67) NMIBC (27) 70 56 (42–71)

Putluri et al., 2011 [47]

LC-MS Healthy (13) 62 53 ± 11 MIBC +
NMIBC (13) 85 61 ± 14

LC-MS Benign patients (16) 75 69 ± 12 MIBC +
NMIBC (28) 82 66 ± 13

LC-MS Benign patients (11) NR 68 ± 14 MIBC +
NMIBC (34) NR 71 ± 10

LC-MS Healthy (11) 45 NR MIBC +
NMIBC (8) 50 NR

Gamagedara et al., 2012
[48] LC-MS/MS

No-evidence-of-
malignancy (NEM)

(12)
NR NR BC d (11) NR NR

Huang et al., 2013 [49] LC-MS Healthy (24) 62 50 (26–65) MIBC +
NMIBC (19) 74 60 (45–74)

LC-MS Kidney cancer (25) 60 55 (27–71) MIBC +
NMIBC (19) 74 60 (45–74)

Pasikanti et al., 2013 [50] GC-TOF non-BC (61) 59 60 ± 13 NMIBC (38) 84 68 ± 11

Wittmann et al., 2014 [51] LC and CG MS non-BC (266) 64 64 MIBC +
NMIBC (66) 85 67

Jin et al., 2014 [52] LC-MS Healthy (69), benign
HU e (52) 64 64 ± 9 MIBC +

NMIBC (138) 81 66 ± 13

Peng et al., 2014 [53] LC-QTOFMS Hernia (68), UTI b or
HU (31)

91 62 ± 12 MIBC +
NMIBC (91) 70 68 ± 13

Shen et al., 2015 [54] LC-MS Healthy (21) 57 54 ± 19 MIBC +
NMIBC (23) 78 65 ± 13

Shao et al., 2017 [55] UPLC-TOF Hernia (65) 95 65 ± 13 MIBC +
NMIBC (87) 62 68 ± 14

Zhou et al., 2017 [56] GC-MS Healthy (35) 66 63 ± 8 MIBC +
NMIBC (50) 70 63 ± 12

Mpanga et al., 2018 [57] LC-MS Healthy (40) 55 60 (53–81) BC (40) 50 62 (50–87)
Cheng et al., 2018 [58] LC-HRMS Healthy (78) 78 59 ± 11 NMIBC (54) 78 62 ± 13

Liu et al., 2018 [59] LC-HRMS Healthy (203) 48 20–60 NMIBC (110) 64 64 ± 13

Loras et al., 2018 [60] UPLC-TOF-
MS

NMIBC after TURBT
(18) 53 67 ± 11 NMIBC before

TURBT (18) 53 67 ± 11
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Table 1. Cont.

References Platform Control Group (CTRL) Bladder Cancer Patients (BC)

Type %M a Age Type %M a Age

Loras et al., 2019 [61] 1H-NMR
MIBC + NMIBC after

TURBT (21) 67 69 ± 10
MIBC +

NMIBC before
TURBT (12)

Loras et al., 2019 [62] 1H-NMR
MIBC + NMIBC after

TURBT (17) 59 71 ± 9
MIBC +

NMIBC before
TURBT (13)

Jacyna et al., 2019 [63]
1H-NMR,
GC-MS,

HPLC-MS
Healthy (24) 75 64 ± 10 MIBC (24) 75 65 ± 12

Wang et al., 2019 [64] UPLC-MS
Healthy (98) 59 55 (20–91) NMIBC (53) 77 62 (33–87)
RCC f (64) 75 53 (14–82) NMIBC (146) 77 62 (33–87)

Łuczykowski et al., 2021
[65] SPME-LC-MS Healthy (24) 75 64 ± 10 MIBC (24) 76 65 ± 13

Pinto et al., 2021 [66] HS-SPME-GC-
MS Cancer-free (56) 71 52 (45–66) MIBC +

NMIBC (53) 74 69 (43–87)

Lin et al., 2021 [67] GC-MS Hernia (61) 95 65 ± 12 NMIBC (63) 71 67 ± 13
a Male percentage. b Urinary-Tract-Infection. c Not reported. d Tumor type not specified. e Hematuria. f Renal cell carcinoma.

In all cases, the authors have concluded that there is a significant difference between
the urine metabolic profiles corresponding to a control group with respect to BC. This
unanimous result indicates that urine is sufficiently sensitive to the metabolic changes
caused by a tumor in the bladder. However, to be considered a biomarker of disease,
its alteration needs to be specifically related to that illness. From this point of view, it is
relevant that different studies have used control groups made up of individuals with other
pathologies instead of healthy subjects.

An example is the attempt to distinguish the metabolic signature caused in urine by BC
and kidney cancer (KC), the top-two-incidence urological cancers [49]. The authors were
able to classify the control, BC, and KC groups with 100% specificity and sensitivity using
multivariate analysis. In a successive study, the urinary profile was used to differentiate
the metabolic profile of 138 patients with BC from that of a control group of 121 persons
that included 52 patients with non-malignant hematuria (HU) [52]. This distinction is
particularly pertinent since hematuria is a widespread condition in BC and could constitute
a confounding factor in diagnosing this disease [23]. A more recent study demonstrated
that it is possible to distinguish between BC and renal cell carcinoma (RCC) patients, both
in the presence or absence of hematuria [64]. Peng et al. [53] found that ten metabolites
were responsible for the significant distinction between BC patients and a control group
formed by subjects with urinary tract infection (UTI) and HU. On the contrary, no urinary
metabolite was found to differentiate BC from prostate cancer (PCa) [68].

4.2. Which Are the Metabolites Responsible for the Difference in the Urinary Profile?

If the first question has a unanimous affirmative answer, the markers proposed in each
study are very different, most of the time, from each other, which prevents a clear consensus
on which metabolites are responsible for the metabolic differentiation of urine from BC
patients. The combined results of all the studies in Table 1 generate a list of 352 putative
urine markers for the presence of BC, but only 20 (6%) were found in at least three studies
to have a significantly altered level (Table 2). Even the metabolite with the most significant
consensus, hippuric acid, showed a concentration change in less than half of the studies.
The variation direction was also poorly reproduced: only eight metabolites (2%) of the list
in Table 2 showed the same variation between control and BC groups among the different
studies, further reducing the consensus list. If we consider only those markers proposed in
at least three studies, the occurrence of BC will potentially cause a decrease in the levels of
hippuric and citric acids and an increase in lactic acid, taurine, valine, glutamine, histidine,
and erythritol.
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Table 2. Urinary metabolites proposed for bladder cancer diagnosis that were found to be perturbed
in at least three studies.

Metabolite BC/CTRL References

hippuric acid ↓↓↓↓↓↓↓↓↓↓?? a [44,46–49,56,60–63,65]
citric acid ↓↓↓↓?? [43,44,50,60–62]

gluconic acid ↑↑↓↓↓ [43,50,51,57,65]
lactic acid ↑↑↑↑? [50,51,56,61,63]

taurine ↑↑↑?? [44,48,49,61,62]
uridine ↑↑↑↓? [43,45,50,53,63]
valine ↑↑↑?? [43,47,51,61,62]

phenylacetylglutamine ↑↓↓↓ [46,49,60,63]
succinate ↑↓↓? [51,52,56,61]
tyrosine ↑↑↑↓ [47,56,60,63]
carnitine ↑↑↓↓ [46,47,52,60]

ribitol ↑↓↓↓ [43,50,56,67]
creatine ↑↓↓? [47,51,60,62]
p-cresol ↑↑↓ [50,56,66]

acetyl-carnitine ↑↑↓ [46,51,60]
5-hydroxyindoleacetic acid ↑↓↓ [53,60,63]

fructose ↑↓↓ [43,51,67]
glutamine ↑?? [61–63]
histidine ↑?? [47,62,63]
erythritol ↑↑↑ [50,63,67]

a Each symbol refers to a single study; “↑” “↓” symbols represent higher and lower alterations in metabolite
concentrations in cancer versus healthy control group, respectively; “?”: direction of variation not reported.

These disappointing numbers are not unique characteristics of metabolomics applied
to BC. For example, in PCa, thirteen studies published from 2015 to 2020 proposed a total
of 179 different putative urinary biomarkers. Of these, only four (2%) were repeated in at
least three studies showing the same variation [69]. This lack of consistency among the
results is undoubtedly multicausal, and in the following chapters, we will address some of
the potential problems affecting the reproducibility of results.

4.2.1. Sample Size

One possible reason for the lack of reproducibility is the use of small cohorts in the
experiments. The most frequently proposed limit of published metabolomics studies is the
insufficient number of samples analyzed and, as a result, the number of population studies
is still insignificant compared to the overabundance of pilot experiments. The appropriate
sample size calculation is not easy in metabolic phenotyping studies because of their top-
down hypothesis-free characteristic (the so-called untargeted approach), complicating the
experimental setup [70]. Nevertheless, the lack of reproducibility in the results should be
a potent incentive to improve the significance of the experimental results by recruiting
more participants.

4.2.2. Geographical Origin, Economic Status, and Diet

The heterogeneity among the different studies regarding the participants’ geographic
origins, economic status, and diet may contribute to the distinct metabolic alterations
observed. Urine’s metabolic composition is strongly dependent on lifestyle and diet [71–73],
two factors highly related to the country and even the different cities where samples are
collected [72]. The analysis of 2732 urine samples from 1391 subjects across five European
countries revealed systematic variation in the metabolic profiles, especially in terms of
gender, country, and, to a lesser extent, economic status [71]. Even if socioeconomic status’s
effect was generally less marked, the two primary metabolite variations associated with
this factor are those of hippurate and citrate [71], two compounds among the most repeated
as biomarkers of BC in the different studies (Table 2). The impoverishment in the quality
and quantity of food consumed by populations at risk of poverty may to some extent
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influence these alterations [71], as was previously observed for Brazilian children [74]. The
relationship with diet may become an important confounding factor that detracts from
the observed variations concerning BC. For this reason, all the people participating in a
metabolomics study must follow a standardized diet at least 24 h before collecting the
samples [75].

4.2.3. The Control Group

The definition of a proper control group is challenging, especially when used as
a reference to BC patients since they constitute an elderly population with significant
comorbidities. The higher incidence of BC in males is another characteristic to consider
when defining the control group. Given that gender is one of the most critical determinants
of urinary composition [76], results may be biased if this is not adequately considered. For
example, the urinary citric acid concentration is more elevated in females [77], and this
difference can partially explain the observed decrease of this metabolite level for the BC
group when more males than the control group form it. The importance of matching both
sex and age has already been pointed out in a metabolomics study of urinary BC biomarkers:
tryptophan metabolism, the citrate cycle, and pantothenate and CoA biosynthesis heavily
contribute to inter-individual variations. In this case, and to obtain meaningful results, the
authors proceeded with cohorts strictly matched in age and sex [59].

4.2.4. BC Heterogeneity

Disease heterogeneity is also a strong element that can lead to disparate results when
looking at urinary biomarkers. BC presents one of the highest mutational burdens, only
exceeded by lung and skin cancer [78]. This enormous genetic variability causes a vast
heterogeneity that is manifested in at least five different levels: interpatient (different
subjects present tumors with different genotypes); intratumoral (different spatial regions
of the primary tumor do not share the same genetic alterations); intertumoral (differences
in the genotype among multiple primary tumors or metastatic sites); circulation (difference
between tissue-based and circulating markers) and temporal (genetic changes in the tumor
over time and/or during treatment) [79].

In addition to the complexity and instability of the BC tumor genotype landscape,
cancer cell metabolism itself is also highly variable. It is subject to environmental signals,
mainly generated by the tumor microenvironment. Variations in the levels of oxygen
and nutrients can induce metabolic heterogeneity, and the cell metabolic phenotype can
further change during tumor progression because of a higher limitation in nutrients [80].
Different studies probably searched for biomarkers almost like they were characterizing
distinct diseases due to all these changes in the genotype and phenotype. For example,
in some studies, patients with NMIBC and MIBC were considered together, although
their metabolic profiles are expected to be very different, as shown in tissue samples
studies [81]. Three major pathways were found altered in MIBC, including increased
eicosanoid signaling, enhanced de novo synthesis of NAD+, and increased heme catabolism.
Even if a study considers only one of these two cancer categories, it is important to note
that these broad classifications include carcinomas presenting different stages and thus
representing a different phase of cancer progression. For example, it was observed that
tryptophan metabolism is upregulated in the urine of high-grade NMIBC patients when
compared with low-grade NMIBC patients [58]. In the study by Alberice et al., a series
of markers for the BC diagnosis specific to the grade and stage were proposed [82]. The
authors also considered cases of recurrence for patient classification and found prognostic
markers specific to BC stability. The differences found in this work demonstrate that, as the
control, the patient group chosen for a metabolomic study should also be homogeneous.
Although it is still a pending issue in this field, a large cohort is the only way to mediate
the heterogeneities mentioned above when searching for universal BC urinary biomarkers.
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4.2.5. Technical Issues about Biomarkers Identification and Quantification

The identification and quantification of metabolites in biofluids also face a series of
technical difficulties. LC-MS is the most diffuse platform in these untargeted studies, and
problems such as detector saturation and matrix effect can alter the signal intensity in
particular samples [83]. Compound identification without the use of labeled standards is
a further challenge. According to the Metabolomics Standard Initiative, this corresponds
to level 2 identification (putative annotation); for MS, the scientific community agrees
that a direct comparison of the experimental data with an authentic reference standard is
essential for level 1 identification using MS data. Level 1 was only granted in very few
cases among the studies in Table 1 [45,48,51], while in all other LC-MS-based analyses,
metabolite structure determination was only putative and based on comparison with MS
libraries or MS/MS data. This may add ambiguity about the actual chemical structure of
the quantified features and can, in part, contribute to the lack of agreement among the
different studies. A dataset composed of accurately identified and quantified metabolites
yields more robust and, therefore, more comparable results across different studies for
biochemical information and diagnostic/prognostic purposes. A possible way to reach this
has been recently proposed by the synergic use of NMR and UHPLC-HRMS [83].

4.3. What Is the Physiological Origin of These Imbalances?

Although poorly reproducible, studies attempting to diagnose the presence of BC
through urine have found significant alterations in the metabolic profile in this biofluid
caused by the disease. However, the origins of these variations are still in debate. What
is the relative weight of the systemic response vs. metabolite exchange facilitated by
direct contact of the tumor with the urine? Determining which mechanism is the major
contributor to the observed alteration is not crucial if the purpose is diagnostic, but it is
essential to understanding the biochemical reason.

4.3.1. The Direct Exchange between Tumor and Urine

Most of the studies cited in Table 1 embrace the “direct contact” theory, considering
urine as a sort of liquid biopsy [43,44,46,49,52–55,58–63,66,67]. Therefore, all biochemical
interpretations of the urinary metabolic variations are explained by unbalances in tumor cell
pathways. This theory predicts an elevated exchange of metabolites across the uroepithelial
membrane. Historically, the passage of substances from the urine into the inner layers of
the bladder was the first conjecture used to explain the origin of the disease. In the late
19th century, the German physician Rehn noticed that the aniline dye industry workers
showed an increased risk of developing this tumor [84], transforming BC into the first
known chemically induced cancer. Urine concentrates carcinogens that can be inhaled,
consumed, or absorbed through the skin, and they subsequently come into contact with
the lining of the urinary tract [85]. All these substances have in common that they are or
can be metabolized to highly reactive electrophilic compounds [86]. They subsequently
attack electron-deficient sites in proteins and nucleic acids, forming covalent adducts or
inducing mutagenesis [87].

The best strategy to understand whether the changes in urine and those occurring
inside tumor cells are linked is to compare tissue and urine metabolomics results. So
far, only two works regarding BC have explored these correlations. Putluri et al. found
25 metabolites altered in tissue and urine [47], whereas Alberice et al., using solid-state
and solution NMR, discovered amino acids, glutathione, and taurine metabolic pathways
significantly altered in both matrices [82].

The coincidence in tissue and urine alterations is insufficient to postulate the specificity
of biomarkers. For example, decreased citrate levels and increased levels of leucine, valine,
and taurine were observed contemporarily in tissue and urine samples of patients with
PCa and were therefore postulated as specific biomarkers of this cancer type [69]. However,
the same variation pattern was observed in the urinary metabolic profile of BC, as reported
in Table 2 for citrate, valine, and taurine. An increase in leucine was also observed in the
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urine of BC patients in two studies [47,51]. Specificity can potentially arise from a different
quantitative alteration of these metabolites in the two disease profiles. In this case, it will
be necessary to accurately measure the biomarkers’ levels, increasing the experimental
difficulty of the evaluation.

The number of studies comparing urine and tissue metabolic profiles is insufficient
to determine whether changes in this biofluid reflect tumor metabolic imbalances prepon-
derantly and thus whether metabolite exchange is sufficiently efficient. For this to occur,
the chemical substances must pass through the most impermeable membrane in our body:
the uroepithelium.

4.3.2. The Impermeable Barrier between the Tumor and Urine

The uroepithelium constitutes the interface between the urinary space and underlying
tissues. It is formed by different layers, from the superficial and highly differentiated
multinucleated umbrella cells, several layers of intermediate cells, and a layer of basal cells.
The paracellular diffusion of substances is prevented by the tight junctions connecting
the umbrella cells, converting the uroepithelium into an impenetrable barrier to most
substances present in urine [88]. Glycosaminoglycan (GAG) forms an extra negatively
charged layer, further contributing to the urothelial barrier function [89]. These features
generate the most resistant human barrier that shields the bloodstream from dangerous
bacteria and high-risk substances.

The urine composition is highly different from plasma: urine osmolality ranges from
50 to 1200 mosmol/kg, against 280–290 mosmol/kg of blood; its pH lies between 4.5 and
10, compared to 7.4 of blood; and it contains high concentrations of ammonia, urea, and
toxins. Urine must be stored for prolonged periods, and thus the function of the barrier
is to prevent the passage of highly permeable molecules into the bloodstream that can
cause harmful changes in osmolality, pH, and ionic strength [90]. In vitro measurement
of the urothelium permeability established that urea, ammonia, water, and proton values
were very low [91,92], suggesting that the in vivo bladder is an excellent barrier preventing
these substances’ movement from urine to blood [93].

Tumor formation can potentially change this scenario by structurally altering the
luminal surface membrane. For example, the neoplastic cells may fail to differentiate
during chemical carcinogenesis, producing a modified membrane with no hexagonal sub-
structure [94] and a concurrent increase in ion permeability [95]. This modification can
hypothetically be more important for luminal MIBC, as it was suggested that this cancer
subtype might arise from the transformation of umbrella cells [96]. However, luminal
tumors show significant basal–luminal plasticity, suggesting that all bladder cancers arise
from basal stem cells [96].

4.3.3. Is the Tumor–Urine Metabolic Exchange Enough?

For a series of reasons, it is difficult to convincingly explain most of the altered
urinary metabolic profile exclusively invoking the “direct contact” theory. Studies carried
out with drug candidates for intravesical treatment suggest that the permeability of the
uroepithelium remains low for most substances, even in the presence of a bladder tumor.
This type of treatment takes advantage of the direct access of therapeutic agents to the
bladder provided by the urethra, maximizing the exposure of the tumor to them and
at the same time limiting the toxicity of the drug by decreasing systemic exposure [97].
Shen et al. determined the ratio between the urine concentration and that in the interface
between the urothelium and the submucosa for different drugs [97]. Compounds with
marked lipophilicity showed values up to 0.5, but more polar compounds like mitomycin c,
doxorubicin, and 5-fluorouridine showed ratios of 0.02–0.03. These results and others in the
literature [98,99] indicate that lipophilicity is a key determinant of drug penetration through
the urothelium. Most of the compounds listed in Table 2 that are small and hydrophilic do
not possess the ideal characteristics needed to cross the uroepithelial membrane efficiently.
To reinforce this concept, it should be noted that enhancers are frequently necessary to
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permeate the drugs used in intravesical treatment adequately. The most promising ones are
liposomes, surfactants, nanogels, EMDA, RITE, and low-energy shock-wave therapy [100].
These strategies underline that a highly efficient exchange of compounds between the
bladder cavity and the tumor is not warranted by BC’s mere presence.

Moreover, a significant influence of tumor cell metabolism on urine composition is
more plausible in animal models in which the tumor-to-host mass ratio is often large
than in humans, with a lower proportion between the masses of the tumor and the whole
organism [101]. At the same time, the tumor influence is expected to be higher for those
metabolites that show a small mass variation in the urine composition. This quantity can be
calculated from the mean urine concentration and the fold change measured in the different
studies, as shown in Table 3. A first analysis shows that the most altered metabolites in
BC patients are also among the most concentrated in the urine. This result is surprising
considering that almost all studies used MS, a technique that, thanks to its high sensitivity,
does not limit the detection of markers to highly concentrated compounds. If we add the
high fold changes proposed for their alteration in BC, we conclude that the variation in
terms of mass must be significantly high to explain the predicted results. For example,
to decrease the amounts of hippurate and citrate in the urine to the extent observed on
average, tumor cells should consume 100 and 40 mg, respectively, between two urine
voids. Similar large variations are expected for most of the metabolites of the consensus
list (Table 3).

Table 3. Putative BC urinary biomarkers and their predicted changes in total mass between BC and
control groups.

Metabolite Normal Range a Fold Change ∆Mass b

(mg)

gluconic acid 21.5 (8.1–38.8) 11.0 177.1
p-cresol 46.0 (1.2–118.9) 1.7 14.6

lactic acid 12.3 ± 6.2 3.1 10.0
erythritol 33.4 (6.8–64.0) 1.2 3.4

acetyl-carnitine 2.8 (0.6–7.5) 2.4 3.3
taurine 4.00–159.98 2.5 3.2
uridine 0.994 (0.637–1.351) 1.8 0.8
valine 3.0 ± 1.0 1.5 0.8

5-hydroxyindoleacetic acid 2.9 (0.4–5.8) 1.3 0.7
ribitol 3.5 ± 2.24 0.7 −0.6

succinate 5.6 ± 3.8 0.6 −1.0
creatine 46 (3–448) 0.3 −17.7

phenylacetylglutamine 47.03 (3.84–85.51) 0.5 −26.1
fructose 150 (100–200) c 0.7 −37.5

citric acid 242.0 ± 129.6 0.8 −39.1
hippuric acid 257 (20–770) 0.5 −96.7

a Values in µM/mM of Creatinine. b Average mass difference between BC and normal subjects urine and
calculated using the following formula: ∆mass = NR∗10−3 × Cc × Vu ×MW × (FC− 1), where NR is the
average value reported in this table; Cc is the average Creatinine concentration (14 mM); Vu is the average urine
volume (0.3 L); MW is the metabolite molecular weight, and FC is the fold change. c M/24 h.

The presence of an efficient barrier separating tumor and urine and the low tumor-
to-host mass ratio are two eloquent reasons to question the impact of the “direct contact”
theory. Another mechanism is more likely to contribute to the substantial mass changes
listed in Table 3. The most obvious one involves the systemic response. In fact, many of
the first studies in humans could not find significant metabolic changes in patients with
early-stage and localized cancer, reinforcing the possibility that the variations observed
in most of the subsequent studies were not because of cancer per se but a manifestation
of a phenotype determined by systemic responses [101]. The inclusion of the whole body
to explain the changes produced in urine by BC goes in the direction recently suggested
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by Doru Paul, who invites to replace the “tumoricentric” paradigm with a new one that
focuses on the whole “cancerized” organism [102].

5. The Systemic Response of the “Cancerized” Organism

A key concept that helped conceptualize the metabolic changes induced by cancer in
the whole organism was proposed by Al-Zhoughbi et al., the so-called tumor macroenviron-
ment [103,104]. According to the authors, the tumor environment constantly changes due
to three types of interactions, differing by the type of cells sending and receiving the signal
and the spatial distribution of the cellular signaling. The first type regards ligands released
by cancer cells binding to receptors on their own surface. A second paracrine interaction
involves local growth factors and inhibitors, defining the tumor microenvironment. The
third type requires endocrine signaling through the neovasculature formed by angiogenesis
and is a critical step in cancer growth and progression. This mechanism, involving the
macroenvironment, allows cancer cells to interact with other organs and systems [103,104].

The endocrine signaling explains how the whole organism participates with the tumor
to develop the disease. To this end, a complex systemic pathogenic network develops,
allowing communication between separated cancer tissues and the rest of the organism.
This network creates a co-dependence, and the interaction between the tumor and the
whole organism induces the appearance of cancer-induced systemic pathologic networks
(CISPN) [102]. A list of six systemic hallmarks, each established through a different
CISPN, has been recently proposed which includes the connection between the primary
tumor, the bone marrow and the distal metastasis, the global inflammation, the immunity
inhibition, the metabolic changes leading to cachexia, the propensity to thrombosis, and
the neuroendocrine changes [102]. The following chapters will review some of them
and different comorbidities commonly associated with BC. In all cases, we have tried
to summarize the results that different metabolomics studies have found, and we have
analyzed which proposed markers for BC may be altered due to the different systemic
responses (Scheme 1). This kind of crosscheck is particularly important since patients
with BC represent a highly comorbid population, given their age and a generally high
prevalence of other diseases, smoking, and poor performance status [105].
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Scheme 1. Proposed BC urinary biomarkers and their potential involvement in systemic re-
sponses. Abbreviations: CAC: cachexia, HYP: hypertension, ImIn: immunity inhibition, IRF: im-
paired renal function, SIR: systemic inflammation response, TN: thrombosis network, 5-HIAA:
5-hydroxyindoleacetic acid, PAGN: phenylacetylglutamine.
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5.1. Systemic Inflammation: Hippurate and Lactate

A large body of evidence correlates systemic inflammatory response (SIR) with poor
oncologic outcomes in cancer patients. SIR-related hematological biomarkers are consid-
ered a potential source of information about risk stratification for recurrence and mortality
of patients with BC [106]. One of these biomarkers is the absolute neutrophils to absolute
lymphocytes ratio (NLR), which significantly correlates with disease recurrence and pro-
gression in NMIBC [107], and even higher NLR values were observed in MIBC patients
compared with NMIBC patients [108].

The coexistence between BC and a systemic inflammatory status undoubtedly has con-
sequences at the level of the urinary metabolic profile. One of these is host dysbiosis [109],
which alters the intestinal microbiota composition and ultimately affects urinary hippurate
content [65,110]. This modification may be one of the main reasons for its decreased con-
centration observed in BC patients’ urine [44,46–49,56,60–63,65], as already observed for
inflammatory bowel diseases (IBD), Chron’s disease, and ulcerative colitis [111]. Moreover,
the hippurate excretion level has been associated with the functional state of other systems,
including excretory, cardiovascular, and neurological systems [112]. Not surprisingly, uri-
nary hippurate was found to be significantly altered in 20 types of cancer and can be safely
considered the least specific metabolite by tumor type [113].

Lactate increase in BC urine [50,51,56,61,63] can also be connected with SIR. Pietzner
and coworkers found a positive correlation between urinary lactate and white blood
cell count (WBC) [114], one of the laboratory markers used in clinical practice to assess
the degree of inflammation. The hypoxic conditions and the high energetic demand of
proliferation of immune cells cause lactate to accumulate at sites of inflammation [76].
This metabolite also modulates the pro-inflammatory response of T cells and induces the
trapping of these cells at the site of inflammation [115].

5.2. Immunity Inhibition: Hippurate and Lactate

The inhibition of the immune system and the induction of inflammation are two
determining factors for tumor growth and progression [116]. Metastatic tumor cells release
exosomes containing programmed death-ligand 1 (PD-L1) on their surface. Stimulation
with IFN-γ increases PD-L1 levels that suppress CD8 T cell function and facilitate tumor
growth [116]. In the specific case of BC, several trials have shown encouraging efficacy of
checkpoint inhibitors, all targeting the PD1/PD-L1 pathway [117]. However, more than
half of the patients with an advanced disease did not show clinical benefit with this type of
therapy [118]. It is, therefore, necessary to find markers that can anticipate the response to
immunotherapy.

As for inflammation, there is mutual interference between the immune system and
the gut microbiome [119,120]. This relationship has led to the suggestion that the mi-
crobiota and/or its metabolites may influence the efficacy of immune checkpoint in-
hibitors [121–124]. The work by Hatae et al. proved that hippurate and other three
metabolites derived from the microbiome are quite valuable when anticipating a high
response in patients with non-small cell lung cancer [125]. Although there are no studies
on this subject, it is possible that the urinary level of hippurate of BC patients could be
used in the future to anticipate their response to immunotherapy.

Several groups have highlighted the role of lactate as an immunosuppressant in
cancer patients. Increased lactate levels are the main factor in the tumor microenviron-
ment acidosis. Decreased pH value in the extracellular environment impairs the functions
(activation, cytotoxicity, chemotaxis, motility, and proliferation) of CD8+ and CD4+ lym-
phocytes [126,127]. The mechanism that regulates lactate-mediated activity in immunosup-
pression has been described by Brand et al.: lactic acid production and subsequent acidosis
inhibit nuclear factor of activated T cells (NFAT), the transcription factor that activates
CD8+ T cells and in NK cells. As a result, there is a decrease in the production of IFNg, a
cytokine that plays a crucial role in innate and adaptive immune activity [128,129].
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5.3. Hypertension: Hippurate, Citrate, and Succinate

A nationwide population-based cohort study using a National Health Insurance re-
search dataset determined a positive association between hypertension and subsequence
BC development [130]. High blood pressure can decrease hippurate excretion, as estab-
lished in the research about urinary metabolite phenotypes within-population samples
from China, Japan, the United Kingdom, and the United States [131]. A further association
between hippurate excretion and blood pressure has been established by spontaneously
observing hypertensive rats’ urinary metabolome [132].

Citrate and succinate are intermediates of the tricarboxylic acid cycle (TCA), and
their decreased levels in BC patients’ urine have been generally interpreted as a change
in the relative weights of glycolysis vs. OxPhos in the tumoral cells [43,44,50–52,56,60–62].
However, their role in the systemic metabolism goes beyond their function in TCA. A
succinate-specific G protein-coupled receptor was identified in blood vessels, cardiomy-
ocytes, and kidney epithelia [133,134], suggesting that succinate can act as an extracellular
signaling molecule. Urinary citrate chelates free Ca2+, thus protecting against Ca2+ oxalate
crystallization and renal and bladder calculi formation. Kidney stone formation is associ-
ated with elevated risk for developing hypertension [135], and Khamaysi et al. suggested
a molecular link between these two disease states because a protein complex mediates
and regulates citrate and succinate transport, with the first associated with kidney stones
formation and the second with hypertension [136]. In addition, urinary citrate concen-
tration can be altered in patients subjected to radical cystectomy (RC) and subsequent
urinary diversion, which is routinely practiced to treat high-risk NMIBC after the failure
of intravesical therapy or to treat MIBC [137]. The incidence of renal stone formation in
patients with this kind of surgery is relatively high, leading to a decreased urinary citrate
level [137]. Taking all together, these results suggest that systemic pathways other than
TCA heavily influence the urinary concentrations of these two metabolites.

5.4. Impaired Renal Function: Phenylacetylglutamine, Taurine, and Tyrosine

Up to 40% of patients with bladder cancer also have renal impairment [138]. Pheny-
lacetylglutamine (PAGN) renal clearance decreased five-fold in severe renal impairment
compared to subjects with normal renal function [139]. The link between PAGN concentra-
tion and renal dysfunction is based on the fact that, in humans, conjugation of phenylacetic
acid (PAA) and glutamine to form PAGN increases from 45% in plasma to 90% in urine.
These values indicate that 50% of urine PAGN derives from kidney conjugation of free
plasma PAA and/or from the kidney’s preferential filtration of conjugated PAA [140].
Considering these data, decreases in urinary PAGN observed in different BC urinary
metabolomic studies [46,49,60,63] can be partially linked to this comorbidity.

Taurine was the first metabolite proposed as a BC biomarker [44]. Other studies
confirmed an increase in this compound in BC patients [78,89,99,100] and PCa patients’
urine [69], which precludes its definition as a specific BC biomarker. A study about the
urinary metabolomic analysis of patients with acute heart failure identified taurine as the
most significant variable to detect early renal injury [141]. More evidence is needed to
separate the covariation in taurine excretion due to BC and renal impairment to determine
the cause of its derangement in urine.

Tyrosine was observed to increase in the urine of BC patients in three studies and
to decrease in one [47,56,60,63]. Both tyrosine and phenylalanine are excreted in small
quantities in the urine of normal men and women, but in patients with advanced renal
failure, the ratio of the clearance of these two amino acids to the glomerular filtration rate
is increased [142]. This effect can be in part responsible for the change observed in the
urinary tyrosine level.

As already pointed out by Van et al., these examples show the importance of eliminat-
ing the effects of kidney diseases and other urinary tract comorbidities when defining the
urinary metabolic profile provoked by BC [143].
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5.5. The Thrombosis Network: Citrate and Valine

At least 20% of cancer patients will suffer a thrombotic event during their lives, and
thromboembolism is considered a leading cause of death for those receiving outpatient
chemotherapy [144]. In fact, venous thromboembolism (VTE) may be the first manifestation
of an occult tumor in an individual who would be otherwise considered healthy [145]. The
reciprocal connection between cancer and thrombosis, known for more than one century,
depends on the fact that, on the one hand, cancer cells support the formation of clots, while,
on the other hand, coagulant proteins promote the growth and spread of cancer [145].
The principal mechanism by which malignancy induces a hypercoagulable state involves
a transmembrane glycoprotein, tissue factor (TF), that activates the clotting cascade by
interaction with the coagulation factor VII/VIIa on the cell surface [146].

The risk of VTE is particularly high in BC patients, with an incidence of 7.9 events
per 100 patient-years in those with metastatic disease [147]. Patients who undergo RC and
have TF-positive tumors have a three times higher risk of dying from their disease than
TF-negative patients [148].

Several metabolomics studies have attempted to elucidate the molecular basis of
thrombosis [149]. The metabolites most frequently shown to have altered levels are acetate,
citrate, glucose, phenylalanine, valine, and 3-hydroxybutyrate. As in the cases analyzed
above, at least two metabolites belonging to the BC consensus list of Table 2, citrate and
valine, also appear as candidates for biomarkers of this systemic effect.

5.6. Cachexia and Sarcopenia: Acetylcarnitine, Carnitine, Citrate, Creatine, Glutamine, Lactate,
Succinate, Taurine, Tyrosine, Uridine, and Valine

Cancer cells display an altered metabolism particularly well fitted to the attainment of
sufficient energy and a high metabolic turnover rate. This high amount of energy arrives
from the tumor biochemical pathways, but a “metabolic dictatorship” is also established
over the whole organism to cope with the demand for substrates [150]. In this way, a
network is established between different tissues, tumors, muscle and adipose, and organs,
including the liver, pancreas, brain, and gut [151]. This network configures a global
syndrome known as cachexia, which shows a high incidence among cancer patients and is
directly related to inflammation: cytokines such as IL-6, TNF-α, IL-1β, and TGF-β induce
inflammation and adipose tissue wasting [152,153].

Unlike starvation, in which liver and fat mass are lost but not lean body mass, cancer
cachexia is characterized by loss of lean body mass (sarcopenia) with or without fat mass
loss [154]. The prognostic role of sarcopenia in BC has been the subject of several studies in
recent years. In general, it was observed that sarcopenia is associated with a poor prognosis
in patients who underwent RC or advanced inoperable cases of BC [155,156]. Metabolically,
sarcopenia is related to glucose, lipid, and protein metabolism [157]. Experimental evidence
suggests that these metabolic alterations arise from changes induced in the host metabolism
by the tumor and not from the metabolic activity of the tumor itself [101].

Yang et al. analyzed the serum and urine metabolic profiles of patients with cancer
cachexia, pre-cachexia (weight loss < 5%), weight-stable cancer, and healthy controls and
found that 45 metabolites were responsible for differences among all these groups [158].
Nine metabolites of those indicated in Table 2 as biomarkers of BC coincide with those
listed in the study by Yang et al.: carnitine, citrate, creatine, glutamine, lactate, succinate,
tyrosine, uridine, and valine. For example, lactate levels differed among the testing
groups: they were increased in the weight-stable cancer group with respect to both healthy
and cancer cachexia groups but lower than in the pre-cachexia group [158]. The fact
that lactate concentration shows these variations makes it a very unspecific marker and
highly dependent on the composition of the BC group in terms of body mass stability or
weight loss.

In another study, Stretch et al. used metabolomics to predict the skeletal muscle and
fat mass changes in patients with advanced cancer [159]. They have listed a series of
controls to separate cancer-specific metabolic discriminants from those associated with
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lean and fat mass variations. Participants must be enrolled in the fasted state, stratified for
protein intake, or provided a standardized protein intake before the measurements and
divided into predefined lean and fat mass [159]. As in the case of the study by Yang et al.,
many metabolites from Table 2 were discovered to be related to the variation in body mass,
including acetylcarnitine, taurine, creatine, succinate, lactate, and tyrosine.

6. Final Remarks

Despite the great expectation of using urine as a particularly favored biofluid for
discovering BC markers, no metabolite or set of metabolites proposed to be altered in this
biofluid have yet demonstrated sufficient sensitivity and specificity to replace cystoscopy
for BC diagnosis [160–162]. Although the number of studies is still low compared with
those dedicated to other diseases, this is not the only drawback. Some of the problems
underlying this failure were discussed in this review. Care must be taken in standardizing
the composition of the groups, their geographical origin and diets, the type of tumor
considered, and adjusting the technical details finely. A series of methodological recom-
mendations about implementing NMR and MS-based metabolomics can be found in the
review by Dinges et al. [113].

Concerning the ultimate causes of the observed alterations in the urinary metabolic
profile provoked by BC, we have emphasized the systemic response of the “cancerized”
body. This analysis complements most metabolomics BC papers’ explanations, primarily
based on tumor biochemical imbalance reflected directly in the urine. While the contribu-
tion of the metabolite exchange between the tumor and urine can play a significant role for
low concentrated compounds, the magnitude of the observed changes in metabolic levels
and the large number of tightly interconnected systemic responses to cancer evidenced
in recent years increase the likelihood that it is the whole-body reaction that prevails.
When the biological understanding of cancer metabolic pathways is pursued, the tumor
metabolism and the systemic response must be considered simultaneously to rationalize
the observed metabolic variations. This may not be sufficient, however, and it may be
essential to combine results with other omics fields, such as genomics, transcriptomics, and
proteomics, and different types of samples, such as tissue and serum.

The search for specific metabolites whose alteration represents what occurs inside tu-
mor cells will require focusing attention on less concentrated and more specific compounds.
In fact, the concept of using urine as a liquid biopsy refers mainly to the detection of
cell-free tumor nucleic acids and other tumor-derived materials [163]. An alternative is to
use urinary extracellular vesicles containing miRNAs and IncRNAs, promising diagnostic
biomarkers [164]. In this scenario, the role of metabolomics is yet to be discovered.

Quandt et al. reviewed most of the “pros” and “cons” for the use of tumor biopsies vs.
peripheral biomarkers for their implementation into clinical decision-making for cancer
immunotherapy [165]. They fit perfectly for evaluating the potentials and the shortcomings
of using urine to discover BC biomarkers. Tissue biopsies represent the gold standard
because they allow the in situ analysis of the primary site of interest and provide the spatial
resolution of the tumor microenvironment. On the contrary, the method is highly invasive;
patients usually do not lend themselves to the necessary surgical procedure; there is a need
for serial assessment, and the results are heavily dependent on the tumor heterogeneity.
Peripheral biofluids, like serum or urine, can provide markers with a minimally invasive
procedure; serial assessment is easy; they can be monitored over the entirety life; samples
are prepared at a reduced cost, and the material is easily accessible from patients and
healthy volunteers. The systemic signature they reflect can alleviate tumor heterogeneity
because the global response can be a homogenizing feature. There are many disadvantages,
including the lack of spatial resolution, the lack of knowledge of the extent to which
biofluids reflect the host–tumor interaction or the global systemic consequences, and if they
genuinely represent tumor heterogeneity. This last constraint may be a limitation when
searching for the best treatment for a BC patient based on his metabolic profile.
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A new paradigm of disease management can be foreseen by introducing non-invasive
biomarkers into the usual clinical practice of NMIBC treatment and follow-up. It includes
improvements in early diagnosis, prognosis, choice of efficient treatment, and follow-up
during the entire life span (Scheme 2). The main benefits will be the reduced cost of the
treatment and follow-up and the positive influence on patients’ quality of life due to the
non-invasiveness character of these markers. Their inclusion acquires more significance
considering the actual emergency dictated by the COVID-19 pandemic, which causes a con-
siderable increase in waiting times for cystoscopies, delaying diagnoses and lessening the
surveillance quality [166]. For this reason, it was proposed that urinary biomarkers in diag-
nostic and prognosis must expand their role in disease management [167]. The discovery
of urinary metabolic markers that can replace the current gold-standard test or improve its
selectivity remains a significant challenge for scientists working in metabolomics. Among
other hurdles, bridging the gap between basic research and clinical practice remains a huge
obstacle to overcome, and this is the direction in which it is most important to redouble
our efforts.

Metabolites 2021, 11, x FOR PEER REVIEW 17 of 24 
 

 

 
Scheme 2. A new paradigm of NMIBC management exploiting non-invasive metabolic biomarkers 
as a complement to the current clinical practice guidelines [168]. Abbreviations: BCG: Bacillus 
Calmette–Guèrin, TURBT: Trans Urethral Resection of Bladder Tumor. 

Author Contributions: Conceptualization, G.P. and D.O.C.; investigation, G.P., G.C. and D.O.C.; 
data curation, G.C.; writing—original draft preparation, G.P. and D.O.C.; writing—review and 
editing, G.P., R.V. and D.O.C. All authors have read and agreed to the published version of the 
manuscript. 

Funding: This research received no external funding. 

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

References 
1. Aristotle; Waterfield, R.; Bostock, D. Physics; Oxford world’s classics; Oxford University Press: Oxford, UK, 1999; ISBN 

9780192835864. 
2. Krastanov, A. Metabolomics—The state of art. Biotechnol. Biotechnol. Equip. 2010, 24, 1537–1543, doi:10.2478/V10133-010-0001-y. 
3. Wishart, D.S. Advances in metabolite identification. Bioanalysis 2011, 3, 1769–1782, doi:10.4155/bio.11.155. 
4. Wishart, D.S. Quantitative metabolomics using NMR. TrAC Trends Anal. Chem. 2008, 27, 228–237, doi:10.1016/j.trac.2007.12.001. 
5. Zhang, A.; Sun, H.; Wang, P.; Han, Y.; Wang, X. Modern analytical techniques in metabolomics analysis. Analyst 2012, 137, 293–

300, doi:10.1039/c1an15605e. 
6. Dunn, W.B.; Bailey, N.J.C.; Johnson, H.E. Measuring the metabolome: Current analytical technologies. Analyst 2005, 130, 606–

625, doi:10.1039/b418288j. 
7. Psychogios, N.; Hau, D.D.; Peng, J.; Guo, A.C.; Mandal, R.; Bouatra, S.; Sinelnikov, I.; Krishnamurthy, R.; Eisner, R.; Gautam, 

B.; et al. The human serum metabolome. PLoS ONE 2011, 6, doi:10.1371/journal.pone.0016957. 
8. Bouatra, S.; Aziat, F.; Mandal, R.; Guo, A.C.; Wilson, M.R.; Knox, C.; Bjorndahl, T.C.; Krishnamurthy, R.; Saleem, F.; Liu, P.; et 

al. The Human Urine Metabolome. PLoS ONE 2013, 8, doi:10.1371/journal.pone.0073076. 
9. Rappaport, S.M.; Barupal, D.K.; Wishart, D.; Vineis, P.; Scalbert, A. The blood exposome and its role in discovering causes of 

disease. Environ. Health Perspect. 2014, 122, 769–774, doi:10.1289/ehp.1308015. 
10. Mokdad, A.H. Actual Causes of Death in the United States, 2000. JAMA 2004, 291, 1238, doi:10.1001/jama.291.10.1238. 

Scheme 2. A new paradigm of NMIBC management exploiting non-invasive metabolic biomarkers
as a complement to the current clinical practice guidelines [168]. Abbreviations: BCG: Bacillus
Calmette–Guèrin, TURBT: Trans Urethral Resection of Bladder Tumor.

Author Contributions: Conceptualization, G.P. and D.O.C.; investigation, G.P., G.C. and D.O.C.; data
curation, G.C.; writing—original draft preparation, G.P. and D.O.C.; writing—review and editing,
G.P., R.V. and D.O.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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



Metabolites 2021, 11, 756 17 of 23

References
1. Aristotle. Physics (Oxford World’s Classics); Bostock, D., Ed.; Waterfield, R., Translator; Oxford University Press: Oxford, UK, 1999;

ISBN 9780192835864.
2. Krastanov, A. Metabolomics—The state of art. Biotechnol. Biotechnol. Equip. 2010, 24, 1537–1543. [CrossRef]
3. Wishart, D.S. Advances in metabolite identification. Bioanalysis 2011, 3, 1769–1782. [CrossRef]
4. Wishart, D.S. Quantitative metabolomics using NMR. TrAC Trends Anal. Chem. 2008, 27, 228–237. [CrossRef]
5. Zhang, A.; Sun, H.; Wang, P.; Han, Y.; Wang, X. Modern analytical techniques in metabolomics analysis. Analyst 2012, 137,

293–300. [CrossRef] [PubMed]
6. Dunn, W.B.; Bailey, N.J.C.; Johnson, H.E. Measuring the metabolome: Current analytical technologies. Analyst 2005, 130, 606–625.

[CrossRef]
7. Psychogios, N.; Hau, D.D.; Peng, J.; Guo, A.C.; Mandal, R.; Bouatra, S.; Sinelnikov, I.; Krishnamurthy, R.; Eisner, R.; Gautam, B.;

et al. The human serum metabolome. PLoS ONE 2011, 6, e16957. [CrossRef]
8. Bouatra, S.; Aziat, F.; Mandal, R.; Guo, A.C.; Wilson, M.R.; Knox, C.; Bjorndahl, T.C.; Krishnamurthy, R.; Saleem, F.; Liu, P.; et al.

The Human Urine Metabolome. PLoS ONE 2013, 8, e73076. [CrossRef]
9. Rappaport, S.M.; Barupal, D.K.; Wishart, D.; Vineis, P.; Scalbert, A. The blood exposome and its role in discovering causes of

disease. Environ. Health Perspect. 2014, 122, 769–774. [CrossRef] [PubMed]
10. Mokdad, A.H. Actual Causes of Death in the United States, 2000. JAMA 2004, 291, 1238. [CrossRef]
11. Cho, I.; Blaser, M.J. The human microbiome: At the interface of health and disease. Nat. Rev. Genet. 2012, 13, 260–270. [CrossRef]
12. Feil, R.; Fraga, M.F. Epigenetics and the environment: Emerging patterns and implications. Nat. Rev. Genet. 2012, 13, 97–109.

[CrossRef] [PubMed]
13. Scalbert, A.; Brennan, L.; Manach, C.; Andres-Lacueva, C.; Dragsted, L.O.; Draper, J.; Rappaport, S.M.; Van Der Hooft, J.J.J.;

Wishart, D.S. The food metabolome: A window over dietary exposure. Am. J. Clin. Nutr. 2014, 99, 1286–1308. [CrossRef]
14. Wikoff, W.R.; Anfora, A.T.; Liu, J.; Schultz, P.G.; Lesley, S.A.; Peters, E.C.; Siuzdak, G. Metabolomics analysis reveals large effects

of gut microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. USA 2009, 106, 3698–3703. [CrossRef] [PubMed]
15. Joice, R.; Yasuda, K.; Shafquat, A.; Morgan, X.C.; Huttenhower, C. Determining Microbial Products and Identifying Molecular

Targets in the Human Microbiome. Cell Metab. 2014, 20, 731–741. [CrossRef]
16. Wild, C.P.; Scalbert, A.; Herceg, Z. Measuring the exposome: A powerful basis for evaluating environmental exposures and

cancer risk. Environ. Mol. Mutagen. 2013, 54, 480–499. [CrossRef] [PubMed]
17. Wishart, D.S. Emerging applications of metabolomics in drug discovery and precision medicine. Nat. Rev. Drug Discov. 2016, 15,

473–484. [CrossRef] [PubMed]
18. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
19. Warburg, O. On the Origin of Cancer Cells. Science 1956, 123, 309–314. [CrossRef]
20. Meiser, J.; Schuster, A.; Pietzke, M.; Voorde, J.V.; Athineos, D.; Oizel, K.; Burgos-Barragan, G.; Wit, N.; Dhayade, S.; Morton, J.P.;

et al. Increased formate overflow is a hallmark of oxidative cancer. Nat. Commun. 2018, 9, 1368. [CrossRef]
21. Wishart, D.S. Is Cancer a Genetic Disease or a Metabolic Disease? EBioMedicine 2015, 2, 478–479. [CrossRef]
22. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.M.; Piñeros, M.; Znaor, A.; Bray, F. Estimating the global cancer

incidence and mortality in 2018: GLOBOCAN sources and methods. Int. J. Cancer 2019, 144, 1941–1953. [CrossRef]
23. 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]
24. Czerniak, B.; Dinney, C.; McConkey, D. Origins of Bladder Cancer. Annu. Rev. Pathol. Mech. Dis. 2016, 11, 149–174. [CrossRef]
25. Gruber, K. Coffee consumption and bladder cancer are linked, analysis shows. BMJ 2015, 350, h1477. [CrossRef]
26. Markowski, M.C.; Boorjian, S.A.; Burton, J.P.; Hahn, N.M.; Ingersoll, M.A.; Maleki Vareki, S.; Pal, S.K.; Sfanos, K.S. The Microbiome

and Genitourinary Cancer: A Collaborative Review. Eur. Urol. 2019, 75, 637–646. [CrossRef]
27. Knowles, M.A.; Hurst, C.D. Molecular biology of bladder cancer: New insights into pathogenesis and clinical diversity. Nat. Rev.

Cancer 2015, 15, 25–41. [CrossRef] [PubMed]
28. Petrella, G.; Ciufolini, G.; Vago, R.; Cicero, D.O. The Interplay between Oxidative Phosphorylation and Glycolysis as a Potential

Marker of Bladder Cancer Progression. Int. J. Mol. Sci. 2020, 21, 8107. [CrossRef]
29. Zuiverloon, T.C.M.; Beukers, W.; Van Der Keur, K.A.; Munoz, J.R.; Bangma, C.H.; Lingsma, H.F.; Eijkemans, M.J.C.; Schouten, J.P.;

Zwarthoff, E.C. A methylation assay for the detection of non-muscle-invasive bladder cancer (NMIBC) recurrences in voided
urine. BJU Int. 2012, 109, 941–948. [CrossRef] [PubMed]

30. Svatek, R.S.; Hollenbeck, B.K.; Holmäng, S.; Lee, R.; Kim, S.P.; Stenzl, A.; Lotan, Y. The economics of bladder cancer: Costs and
considerations of caring for this disease. Eur. Urol. 2014, 66, 253–262. [CrossRef]

31. Hyndman, M.E.; Mullins, J.K.; Bivalacqua, T.J. Metabolomics and bladder cancer. Urol. Oncol. Semin. Orig. Investig. 2011, 29,
558–561. [CrossRef] [PubMed]

32. Urquidi, V.; Rosser, C.J.; Goodison, S. Molecular Diagnostic Trends in Urological Cancer: Biomarkers for Non-Invasive Diagnosis.
Curr. Med. Chem. 2012, 19, 3653–3663. [CrossRef] [PubMed]

33. Jung, S.; Kim, J. Biomarker discovery and beyond for diagnosis of bladder diseases. Bladder 2020, 7, e40. [CrossRef] [PubMed]
34. 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. J. Clin. Exp. Med. 2015, 8, 11052–11063. [PubMed]

http://doi.org/10.2478/V10133-010-0001-Y
http://doi.org/10.4155/bio.11.155
http://doi.org/10.1016/j.trac.2007.12.001
http://doi.org/10.1039/C1AN15605E
http://www.ncbi.nlm.nih.gov/pubmed/22102985
http://doi.org/10.1039/b418288j
http://doi.org/10.1371/journal.pone.0016957
http://doi.org/10.1371/journal.pone.0073076
http://doi.org/10.1289/ehp.1308015
http://www.ncbi.nlm.nih.gov/pubmed/24659601
http://doi.org/10.1001/jama.291.10.1238
http://doi.org/10.1038/nrg3182
http://doi.org/10.1038/nrg3142
http://www.ncbi.nlm.nih.gov/pubmed/22215131
http://doi.org/10.3945/ajcn.113.076133
http://doi.org/10.1073/pnas.0812874106
http://www.ncbi.nlm.nih.gov/pubmed/19234110
http://doi.org/10.1016/j.cmet.2014.10.003
http://doi.org/10.1002/em.21777
http://www.ncbi.nlm.nih.gov/pubmed/23681765
http://doi.org/10.1038/nrd.2016.32
http://www.ncbi.nlm.nih.gov/pubmed/26965202
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1126/science.123.3191.309
http://doi.org/10.1038/s41467-018-03777-w
http://doi.org/10.1016/j.ebiom.2015.05.022
http://doi.org/10.1002/ijc.31937
http://doi.org/10.1038/nrdp.2017.22
http://doi.org/10.1146/annurev-pathol-012513-104703
http://doi.org/10.1136/bmj.h1477
http://doi.org/10.1016/j.eururo.2018.12.043
http://doi.org/10.1038/nrc3817
http://www.ncbi.nlm.nih.gov/pubmed/25533674
http://doi.org/10.3390/ijms21218107
http://doi.org/10.1111/j.1464-410X.2011.10428.x
http://www.ncbi.nlm.nih.gov/pubmed/21756281
http://doi.org/10.1016/j.eururo.2014.01.006
http://doi.org/10.1016/j.urolonc.2011.05.014
http://www.ncbi.nlm.nih.gov/pubmed/21930087
http://doi.org/10.2174/092986712801661103
http://www.ncbi.nlm.nih.gov/pubmed/22680923
http://doi.org/10.14440/bladder.2020.813
http://www.ncbi.nlm.nih.gov/pubmed/32775482
http://www.ncbi.nlm.nih.gov/pubmed/26379905


Metabolites 2021, 11, 756 18 of 23

35. 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]

36. Shi, H.; Li, X.; Zhang, Q.; Yang, H.; Zhang, X. Discovery of urine biomarkers for bladder cancer via global metabolomics.
Biomarkers 2016, 21, 578–588. [CrossRef] [PubMed]

37. Rodrigues, D.; Jer Onimo, C.; Henrique, R.; Belo, L.U.I.; De Lourdes Bastos, M.; Guedes De Pinho, P.; Arcia Carvalho, M.;
Jerónimo, C.; Henrique, R.; Belo, L.U.I.; et al. Biomarkers in bladder cancer: A metabolomic approach using in vitro and ex vivo
model systems. Int. J. Cancer 2016, 139, 256–268. [CrossRef] [PubMed]

38. Zhang, W.-T.; Zhang, Z.-W.; Guo, Y.-D.; Wang, L.-S.; Mao, S.-Y.; Zhang, J.-F.; Liu, M.-N.; Yao, X.-D. Discovering biomarkers in
bladder cancer by metabolomics. Biomark. Med. 2018, 12, 1347–1359. [CrossRef] [PubMed]

39. Bhat, A.; Ritch, C.R. Urinary biomarkers in bladder cancer: Where do we stand? Curr. Opin. Urol. 2019, 29, 203–209. [CrossRef]
40. 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]
41. Shahid, M.; Yeon, A.; Kim, J. Metabolomic and lipidomic approaches to identify biomarkers for bladder cancer and interstitial

cystitis (Review). Mol. Med. Rep. 2020, 22, 5003–5011. [CrossRef]
42. Issaq, H.J.; Nativ, O.; Waybright, T.; Luke, B.; Veenstra, T.D.; Issaq, E.J.; Kravstov, A.; Mullerad, M. Detection of Bladder Cancer in

Human Urine by Metabolomic Profiling Using High Performance Liquid Chromatography/Mass Spectrometry. J. Urol. 2008, 179,
2422–2426. [CrossRef] [PubMed]

43. Pasikanti, K.K.; Esuvaranathan, K.; Ho, P.C.; Mahendran, R.; Kamaraj, R.; Wu, Q.H.; Chiong, E.; Chan, E.C.Y. Noninvasive urinary
metabonomic diagnosis of human bladder cancer. J. Proteome Res. 2010, 9, 2988–2995. [CrossRef]

44. Srivastava, S.; Roy, R.; Singh, S.; Kumar, P.; Dalela, D.; Sankhwar, S.N.; Goel, A.; Sonkar, A.A. Taurine—A possible fingerprint
biomarker in non-muscle invasive bladder cancer: A pilot study by 1H NMR spectroscopy. Cancer Biomark. 2010, 6, 11–20.
[CrossRef] [PubMed]

45. Kim, J.-W.; Lee, G.; Moon, S.-M.; Park, M.-J.; Hong, S.K.; Ahn, Y.-H.; Kim, K.-R.; Paik, M.-J. Metabolomic screening and star
pattern recognition by urinary amino acid profile analysis from bladder cancer patients. Metabolomics 2010, 6, 202–206. [CrossRef]

46. Huang, Z.; Lin, L.; Gao, Y.; Chen, Y.; Yan, X.; Xing, J.; Hang, W. Bladder Cancer Determination Via Two Urinary Metabolites: A
Biomarker Pattern Approach. Mol. Cell. Proteom. 2011, 10, M111.007922. [CrossRef]

47. Putluri, N.; Shojaie, A.; Vasu, V.T.; Vareed, S.K.; Nalluri, S.; Putluri, V.; Thangjam, G.S.; Panzitt, K.; Tallman, C.T.; Butler, C.; et al.
Metabolomic Profiling Reveals Potential Markers and Bioprocesses Altered in Bladder Cancer Progression. Cancer Res. 2011, 71,
7376–7386. [CrossRef]

48. Gamagedara, S.; Shi, H.; Ma, Y. Quantitative determination of taurine and related biomarkers in urine by liquid chromatography-
tandem mass spectrometry. Anal. Bioanal. Chem. 2012, 402, 763–770. [CrossRef]

49. Huang, Z.; Chen, Y.; Hang, W.; Gao, Y.; Lin, L.; Li, D.Y.; Xing, J.; Yan, X. Holistic metabonomic profiling of urine affords potential
early diagnosis for bladder and kidney cancers. Metabolomics 2013, 9, 119–129. [CrossRef]

50. Pasikanti, K.K.; Esuvaranathan, K.; Hong, Y.; Ho, P.C.; Mahendran, R.; Raman Nee Mani, L.; Chiong, E.; Chan, E.C.Y. Urinary
metabotyping of bladder cancer using two-dimensional gas chromatography time-of-flight mass spectrometry. J. Proteome Res.
2013, 12, 3865–3873. [CrossRef]

51. Wittmann, B.M.; Stirdivant, S.M.; Mitchell, M.W.; Wulff, J.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, e115870.
[CrossRef]

52. Jin, X.; Yun, S.J.; Jeong, P.; Kim, I.Y.; Kim, W.-J.; Park, S. Diagnosis of bladder cancer and prediction of survival by urinary
metabolomics. Oncotarget 2014, 5, 1635–1645. [CrossRef] [PubMed]

53. Peng, J.; Chen, Y.-T.; Chen, C.-L.; Li, L. Development of a Universal Metabolome-Standard Method for Long-Term LC–MS
Metabolome Profiling and Its Application for Bladder Cancer Urine-Metabolite-Biomarker Discovery. Anal. Chem. 2014, 86,
6540–6547. [CrossRef] [PubMed]

54. 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 J. Integr. Biol. 2015, 19, 1–11. [CrossRef]

55. Shao, C.H.; Chen, C.J.C.L.; Lin, J.Y.; Chen, C.J.C.L.; Fu, S.H.; Chen, Y.T.; Chang, Y.S.; Yu, J.S.; Tsui, K.H.; Juo, C.G.; et al. Metabolite
marker discovery for the detection of bladder cancer by comparative metabolomics. Oncotarget 2017, 8, 38802–38810. [CrossRef]

56. Zhou, Y.; Song, R.; Ma, C.; Zhou, L.; Liu, X.; Yin, P.; Zhang, Z.; Sun, Y.; Xu, C.; Lu, X.; et al. Discovery and validation of potential
urinary biomarkers for bladder cancer diagnosis using a pseudotargeted GC-MS metabolomics method. Oncotarget 2017, 8,
20719–20728. [CrossRef]

57. Yumba Mpanga, A.; Siluk, D.; Jacyna, J.; Szerkus, O.; Wawrzyniak, R.; Markuszewski, M.; Matuszewski, M.; Kaliszan, R.;
Markuszewski, M.J. Targeted metabolomics in bladder cancer: From analytical methods development and validation towards
application to clinical samples. Anal. Chim. Acta 2018, 1037, 188–199. [CrossRef] [PubMed]

58. Cheng, X.; Liu, X.; Liu, X.; Guo, Z.; Sun, H.; Zhang, M.; Ji, Z.; Sun, W. Metabolomics of Non-muscle Invasive Bladder Cancer:
Biomarkers for Early Detection of Bladder Cancer. Front. Oncol. 2018, 8, 494. [CrossRef]

59. 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. J. Cancer 2018, 143, 408–418. [CrossRef]

http://doi.org/10.1021/pr500966h
http://doi.org/10.3109/1354750X.2016.1171903
http://www.ncbi.nlm.nih.gov/pubmed/27133288
http://doi.org/10.1002/ijc.30016
http://www.ncbi.nlm.nih.gov/pubmed/26804544
http://doi.org/10.2217/bmm-2018-0229
http://www.ncbi.nlm.nih.gov/pubmed/30507300
http://doi.org/10.1097/MOU.0000000000000605
http://doi.org/10.1080/14789450.2019.1583105
http://doi.org/10.3892/mmr.2020.11627
http://doi.org/10.1016/j.juro.2008.01.084
http://www.ncbi.nlm.nih.gov/pubmed/18433783
http://doi.org/10.1021/pr901173v
http://doi.org/10.3233/CBM-2009-0115
http://www.ncbi.nlm.nih.gov/pubmed/20164538
http://doi.org/10.1007/s11306-010-0199-6
http://doi.org/10.1074/mcp.M111.007922
http://doi.org/10.1158/0008-5472.CAN-11-1154
http://doi.org/10.1007/s00216-011-5491-4
http://doi.org/10.1007/s11306-012-0433-5
http://doi.org/10.1021/pr4000448
http://doi.org/10.1371/journal.pone.0115870
http://doi.org/10.18632/oncotarget.1744
http://www.ncbi.nlm.nih.gov/pubmed/24721970
http://doi.org/10.1021/ac5011684
http://www.ncbi.nlm.nih.gov/pubmed/24877652
http://doi.org/10.1089/omi.2014.0116
http://doi.org/10.18632/oncotarget.16393
http://doi.org/10.18632/oncotarget.14988
http://doi.org/10.1016/j.aca.2018.01.055
http://www.ncbi.nlm.nih.gov/pubmed/30292293
http://doi.org/10.3389/fonc.2018.00494
http://doi.org/10.1002/ijc.31323


Metabolites 2021, 11, 756 19 of 23

60. Loras, A.; Trassierra, M.; Sanjuan-Herráez, D.; Martínez-Bisbal, M.C.; Castell, J.V.; Quintás, G.; Ruiz-Cerdá, J.L. Bladder cancer
recurrence surveillance by urine metabolomics analysis. Sci. Rep. 2018, 8, 9172. [CrossRef]

61. Loras, A.; Suárez-Cabrera, C.; Martínez-Bisbal, M.C.; Quintás, G.; Paramio, J.M.; Martínez-Máñez, R.; Gil, S.; Ruiz-Cerdá, J.L.
Integrative metabolomic and transcriptomic analysis for the study of bladder cancer. Cancers 2019, 11, 686. [CrossRef] [PubMed]

62. Loras, A.; Martínez-Bisbal, M.C.; Quintás, G.; Gil, S.; Martínez-Máñez, R.; Ruiz-Cerdá, J.L. Urinary metabolic signatures detect
recurrences in non-muscle invasive bladder cancer. Cancers 2019, 11, 914. [CrossRef] [PubMed]

63. Jacyna, J.; Wawrzyniak, R.; Balayssac, S.; Gilard, V.; Malet-Martino, M.; Sawicka, A.; Kordalewska, M.; Nowicki, Ł.; Kurek, E.;
Bulska, E.; et al. Urinary metabolomic signature of muscle-invasive bladder cancer: A multiplatform approach. Talanta 2019, 202,
572–579. [CrossRef] [PubMed]

64. Wang, Z.; Liu, X.; Liu, X.; Sun, H.; Guo, Z.; Zheng, G.; Zhang, Y.; Sun, W. UPLC-MS based urine untargeted metabolomic analyses
to differentiate bladder cancer from renal cell carcinoma. BMC Cancer 2019, 19, 1195. [CrossRef] [PubMed]
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