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Abstract

Paraoxonase-1 (PONT1) is considered a liver-derived antioxidant enzyme circulating bound
to high-density lipoproteins, with limited evidence of protein expression in human urothe-
lial tissue. Its role in bladder cancer remains unexplored. Methylthioadenosine phosphory-
lase (MTAP), an enzyme related to tumor aggressiveness, may interact with oxidative and
metabolic stress pathways relevant to tumor progression. We conducted an exploratory
study integrating immunohistochemistry, serum biochemistry, and PON1 genotyping in
39 patients with low-grade (LGUC) or high-grade urothelial carcinoma (HGUC). Both
PON1 and MTAP showed reduced expression in high-grade tumors, with MTAP reduction
being more pronounced and consistent than that of PON1. Serum PON1 concentrations and
activities were slightly reduced in HGUC compared with LGUC and controls. Genotype
frequencies were similar between patients and controls, and polymorphisms influenced
serum enzymatic activity similarly in both groups. Correlations between tissue and serum
PON1 did not reach significance, although descriptively low tissue expression aligned with
low serum levels. This study provides initial evidence of intratumoral PON1 expression
in bladder cancer and suggests that combined PON1/MTAP immunohistochemical as-
sessment may reflect tumor grade and biological behavior. Larger functional studies are
needed to clarify their mechanistic and clinical relevance.

Keywords: bladder cancer; immunohistochemistry; methylthioadenosine phosphorylase;
MTAP; paraoxonase-1; PON1

1. Introduction

Bladder cancer is among the most prevalent malignancies of the urinary tract world-
wide. This disease represents a significant public health concern due to its high incidence,
substantial recurrence rate, and potential for invasive progression [1]. Despite advances in
early detection, surgical techniques, and adjuvant therapies, long-term outcomes remain
suboptimal for a considerable proportion of patients [2]. The etiology and clinical course of
bladder cancer are strongly influenced by chronic exposure to oxidative stress and persistent
inflammation, which can arise from both endogenous metabolic processes and environmen-
tal insults. Exposure to carcinogenic compounds such as those derived from tobacco smoke
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and aromatic amines leads to the generation of reactive oxygen species and the subsequent
oxidation of lipids and proteins within the urothelium [3,4]. These molecular alterations
highlight the potential value of investigating endogenous antioxidant systems, such as
paraoxonase-1 (PON1), as modulators of the oxidative environment in bladder cancer.

PON1 is a member of the paraoxonase family, which also includes PON2 and PON3 [5,6].
While PON2 is primarily regarded as a tissue-associated enzyme responsible for local
antioxidant protection and has been linked to several types of cancer [7-9], PON1 is
generally considered to act in the circulation, bound to high-density lipoproteins (HDL).

Several studies, however, have reported detectable PON1 protein expression in various
tissues in rodents and humans [10-12], but the presence and distribution of PON1 in bladder
tissue, particularly in the context of cancer, remain undescribed. Understanding whether
PONI is expressed in the tumor microenvironment is therefore crucial to elucidate its
potential role as a modulator of oxidative stress at the tissue level, complementing its
systemic activity in circulation.

PONT1 exerts its protective effects through multiple enzymatic activities, including lac-
tonase, paraoxonase, and arylesterase functions, which allow it to degrade lipid peroxides
and detoxify organophosphate xenobiotics such as paraoxon and phenylacetate. The en-
zyme’s activity and serum concentration are strongly influenced by genetic polymorphisms,
most notably the PON1 Q192R (rs662) and L55M (rs854560) variants. The 55M allele is
associated with lower enzyme stability and activity, partly due to linkage disequilibrium
with promoter variants, whereas the 192 polymorphism affects substrate-specific catalytic
efficiency [5]. Altered serum PONI1 concentration or activity has been implicated in several
oxidation- and inflammation-related diseases, including cardiovascular disorders, liver
disease, and multiple cancer types [5,6,13,14].

This pilot study was therefore designed to examine PON1 protein expression in blad-
der tumor tissue, clarify its cellular localization, and evaluate its systemic activity through
serum measurements. In parallel, common PON1 polymorphisms (Q192R and L55M) were
genotyped to explore their potential association with tissue and circulating enzyme levels.
In addition to PON1, we assessed the expression of methylthioadenosine phosphorylase
(MTAP), a metabolic enzyme frequently lost in urothelial and other cancers. MTAP loss
has been associated with tumor progression and altered cellular metabolism, making it a
relevant marker for histopathological evaluation [15]. Assessing MTAP alongside PON1
allows the characterization of tumor heterogeneity, including nuclear versus cytoplasmic
staining patterns, providing complementary information on tissue-level alterations in both
low- and high-grade tumors. By integrating tissue, circulation, and genetic data, this study
provides preliminary insights into the role of PON1 in bladder cancer and its contribution
to the oxidative balance within the tumor microenvironment.

2. Materials and Methods
2.1. Participants

This retrospective and descriptive cohort study was conducted at the Hospital Univer-
sitari de Sant Joan (Reus, Spain). A total of 39 patients in whom urinary bladder cancer had
been confirmed by transurethral resection were included. Cases of urothelial carcinoma
diagnosed between January 2002 and December 2013 were retrieved from the Department
of Pathology archives. Patients were excluded if they had severe alcohol abuse, psychiatric
disease, or evidence of liver impairment.

Both tissue-level and serum-level measurements of PON1 were performed to address
complementary biological questions. Inmunohistochemistry (IHC) provides information
on the cellular localization and presence of PON1 within bladder tumor tissue, whereas
serum PONI1 concentration and enzymatic activities reflect systemic circulating levels.
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The potential relationship between tumor expression and circulating PON1 is currently
unknown. In addition, common PON1 gene polymorphisms (Q192R and L55M) were
analyzed to explore their possible influence on enzymatic activity and serum concentration,
as well as to assess potential differences between healthy individuals and patients. These
approaches were included in an exploratory manner to capture distinct aspects of PON1
biology in bladder cancer.

Clinical information was obtained from electronic medical records, including age, sex, and
relevant laboratory data. All patients underwent routine clinical follow-up, with their records
and number of cancer recurrences reviewed for at least five years after the initial diagnosis.

For the biochemical and genetic analyses, a control group consisting of 47 healthy
individuals was included. The control participants were matched to the patient group for
age and sex distribution. They exhibited no clinical or biochemical evidence of infectious
diseases, diabetes mellitus, renal insufficiency, hepatic disorders, cancer, or neurological
conditions. These samples were obtained from a study conducted by the Department of Epi-
demiology at our university, which focused on a healthy reference population. Participants
were identified through telephone interviews based on municipal census data. Subse-
quently, they underwent a standardized clinical interview and basic laboratory testing to
confirm the absence of any health conditions that could influence the study outcomes [16].

The study protocol was reviewed and approved by the Ethics Committee (Institutional
Review Board) of the Hospital Universitari de Sant Joan, and all participants provided
written informed consent in accordance with the principles of the 1964 Helsinki Declaration
and its subsequent amendments.

2.2. Histopathological Characteristics

Tumor grade was categorized as low-grade urothelial carcinoma (LGUC) or high-
grade urothelial carcinoma (HGUC) based on the degree of cellular and architectural
atypia [17]. Low-grade tumors display relatively well-organized architecture and mild
cytologic abnormalities, whereas high-grade tumors show marked atypia, disorganized
growth, and a higher likelihood of invasion and progression. Tumor invasion was classified
as follows: muscle-invasive urothelial carcinoma (MUSC), in which the tumor invaded the
muscle layer of the bladder; T1 subepithelial connective tissue invasion (TCSE), where the
tumor invaded the subepithelial connective tissue without reaching the muscle layer; and
T1 subepithelial connective tissue invasion (non-flat) (TCSE NF), where the invasion of the
subepithelial tissue was more irregular or nodular [18].

2.3. Histological and Immunohistochemical Study

Formalin-fixed, paraffin-embedded bladder biopsy specimens from each patient were
sectioned at 2 pm thickness and stained with hematoxylin and eosin (H&E). An experienced
pathologist evaluated the tumor histological pattern, grade, and pathological stage.

For immunohistochemical analysis, an additional 2 pm section was mounted on a
silanized slide and processed on a VENTANA® Benchmark ULTRA /LT automated im-
munostainer (Ventana Medical Systems, Oro Valley, AZ, USA). The standardized protocol
was applied for PON1 and MTAP detection (Hoffmann-La Roche, Basel, Switzerland),
including antigen retrieval with a pH 9 buffer and visualization using the OptiView® DAB
THC Detection Kit (VENTANA®). The primary antibodies were incubated for 32 min at
room temperature. Immunoreactivity was revealed with diaminobenzidine (DAB), coun-
terstained with Meyer’s hematoxylin, and examined under an Olympus BX41 (Olympus
Corp. Tokyo, Japan) light microscope at magnifications ranging from 2x to 60x.

Positive IHC staining for PON1 and MTAP was defined as the presence of cytoplasmic
and/or nuclear reactivity in tumor cells. Appropriate positive and negative controls
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were included in each staining run to ensure specificity and technical reliability. All
tumor areas were systematically evaluated. IHC assessment was performed using a semi-
quantitative approach based on previously published criteria [19-22], incorporating both
the proportion of positive cells and staining intensity. The percentage of positive tumor cells
was categorized as 0% (negative), 1-10%, 11-50%, 51-80%, or >80%. Cytoplasmic staining
intensity was graded as absent (0), weak (1+), moderate (2+), or strong (3+), using the
reactivity of positive controls as an internal reference for intensity assessment. Microscopic
evaluation was performed at magnifications ranging from 4 x to 20 x.

2.4. Biochemical Measurements

Blood samples were collected after an overnight fast into anticoagulant-free tubes for
serum preparation or into K;-EDTA tubes for genetic analyses. Aliquots were stored at
—80 °C until batched analyses. Serum paraoxonase activity (PARX) was assessed by moni-
toring the hydrolysis of paraoxon at 410 nm and 37 °C in 0.05 mmol/L glycine buffer (pH
10.5) containing 1 mmol/L CaCl, [23]. Paraoxon substrate was freshly prepared for each
batch. Due to its toxicity and volatility, all measurements were conducted in a fume hood
with appropriate personal protective equipment. Serum lactonase activity (LACT) was
determined by measuring the hydrolysis of 5-thiobutyl butyrolactone (TBBL) in a reaction
mixture containing 1 mmol/L CaCly, 0.25 mmol/L TBBL, and 0.5 mmol/L 5,5'-dithio-bis-2-
nitrobenzoic acid in 0.05 mmol/L Tris—-HCI buffer (pH 8.0) [24]. Changes in absorbance
were monitored at 412 nm. PARX and LACT activities were expressed in U/L. Serum PON1
concentrations were measured by a previously established in-house ELISA using antibodies
against the CRNHQSSYQTRLNALREVQ peptide of mature human PON1 [25]. Serum
samples were diluted in a 0.05 M sodium carbonate buffer and incubated overnight at room
temperature. Plates were blocked with PBS containing 1% BSA, incubated with a primary
rabbit anti-PON1 antibody, and then incubated with a horseradish peroxidase-conjugated
secondary antibody. Color was developed using 3,3’,5,5'-tetramethylbenzidine, and the
reaction was stopped with 2 M HySO;.

2.5. DNA Extraction and Genotyping

For genotyping analyses, whole-blood samples were centrifuged at 1500x g and 4 °C.
The buffy coat was isolated and incubated overnight with a cell lysis buffer. Proteins were
then removed by adding a protein precipitation solution and centrifuging the mixture; the
pellet was discarded, and the supernatant was retained. DNA was precipitated by adding
cold isopropanol, washed, and finally resuspended in nuclease-free water.

DNA concentration and purity were determined using a NanoDrop™ spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA), with quality assessed by the
260/280 nm absorbance ratio. The PON1 Q192R and L55M polymorphisms were geno-
typed using Applied Biosystems TagMan™ SNP Genotyping Assays. Approximately 2 ug
of DNA was dispensed into each well of a 384-well plate and allowed to dry overnight.
The assay master mix and other kit components were then added to the wells. The probes,
designed to bind specifically within the minor groove of the DNA helix, stabilized the
probe—template complex and enabled accurate discrimination between alleles.

2.6. Statistical Analyses

Quantitative data are presented as medians and 95% confidence intervals, and dif-
ferences were assessed with the Mann—-Whitney U test. Qualitative data are shown as
numbers and percentages, and differences were evaluated with the x? test. Correlations
were calculated by using the Spearman rho test. We employed the IBM SPSS Statistics for
Windows package, Version 25.0 (IBM Corp., Armonk, NY, USA).
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3. Results
3.1. Histopathological Results

The study included 34 (87%) men and 5 (13%) women, with a mean age of 68 years
(62-75 years). Most high-grade tumors displayed an infiltrative growth pattern, whereas
low-grade tumors were predominantly confined to the mucosa. High-grade tumors more
often involved the subepithelial connective tissue, including non-focal cases, and the
muscularis propria, while low-grade lesions largely remained limited to the mucosa.

The distribution of architectural patterns further distinguished the two groups. All low-
grade tumors exhibited a papillary pattern, whereas high-grade tumors more frequently
showed solid or mixed papillary-solid components, features rarely encountered in the
low-grade group. Divergent histologic differentiation was also more prevalent in high-
grade tumors, with adenocarcinomatous or squamous components identified in a notable
proportion of cases. In contrast, such differentiation was absent in low-grade lesions.
Similarly, concomitant carcinoma in situ was detected almost exclusively in high-grade
tumors (Table 1).

Table 1. Histopathological characteristics.

Characteristic Type (I;II(:lljg (51(1[;(6:) p-Value
Papillary 7 (53.8) 26 (100.0)
Pattern Solid 3(23.1) 0(0.0) 0.001
Papillary and solid 3(23.1) 0(0.0)
No 3(23.1) 26 (100.0)
Invasion Yes 10 (76.9) 0(0.0) <0.001
No invasion 3(23.1) 26 (100.0)
Invasion MUSC 4 (30.8) 0 (0.0
degree TCSE 4 (30.8) 0 (0.0) <0001
TCSE NF 2 (15.3) 0 (0.0)
Divergent No 10 (76.9) 26 (100.0) 0.031
differentiation Yes 3(23.1) 0 (0.0) '
In situ No 10 (76.9) 26 (100.0) 0.031
carcinoma Yes 3(23.1) 0 (0.0
PPC (%) 90 (70-100) 95 (90-100) 0.308
PON1 ger'leral Present 12 (92.4) 25 (96.2) 0.999
expression Present focal 1(7.6) 1(3.89
PON1 nu.clear Present 11 (84.6) 26 (100.0) 0.105
expression Absent 2 (15.4) 0(0.0)

Abbreviations: HGUC, high-grade urothelial carcinoma; LGUC, low-grade urothelial carcinoma; MUSC, muscle-
invasive urothelial carcinoma; PON1, paraoxonase-1; PPC, PON1-positive cells; TCSE, T1 subepithelial connective
tissue invasion; TCSE NF, T1 subepithelial connective tissue invasion (non-flat).

Regarding clinical course, recurrence patterns at 1 year were similar across groups.
Approximately half of the patients experienced a single recurrence, and multiple recur-
rences were less common and occurred at similar rates. At 5 years, the distribution of
patients with no recurrence, a single event, or multiple recurrences remained analogous,
with only minor variations and no meaningful differences between the two groups.
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3.2. Immunohistochemical Findings

Immunohistochemical evaluation revealed distinct expression patterns for PON1 and
MTAP between LGUC and HGUC (Figure 1). PON1 staining in LGUC was variable, with
intensity ranging from weak (1+) to strong (3+) and displaying a combination of cytoplasmic
and nuclear localization (Figure 1a,b). A complete absence of PON1 (score 0) was observed
in 2 LGUC cases (7.1%). In HGUC, PON1 immunoreactivity was, overall, less intense than
in LGUC (Figure 1e,f), although expression was still detectable in many tumors.

Figure 1. Representative sections of low-grade urothelial carcinoma (LGUC) and high-grade urothelial
carcinoma (HGUC) are shown using hematoxylin—eosin (H&E) and immunohistochemical staining for
paraoxonase-1 (PON1) and methylthioadenosine phosphorylase (MTAP). LGUC exhibits papillary fronds
lined by orderly urothelial cells with mild nuclear enlargement and minimal cytologic atypia (H&E,
20x). PONT1 staining in LGUC (a,b) shows diffuse cytoplasmic labeling with a largely homogeneous
distribution across papillary structures. MTAP staining is variable, appearing strong and focal (c) or
weak and diffuse (d). HGUC shows loss of polarity, marked nuclear pleomorphism, and numerous
mitoses (H&E, 20x). In HGUC, PON1 immunostaining (e,f) is heterogeneous, with moderate cytoplasmic
expression in some tumor regions and reduced or absent labeling in infiltrative foci. MTAP staining (g h)
shows extensive loss of expression, with only occasional residual positivity in isolated cells.
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MTAP expression showed a contrasting pattern. LGUC cases showed variable MTAP
staining, appearing strong and focal (c) or weak and diffuse (d), whereas HGUC frequently
exhibited reduced or absent expression (Figure 1g,h). Complete loss of MTAP was more
common in high-grade tumors than in low-grade ones.

3.3. Biochemical and Genetic Analyses

Patients had serum PON1 concentrations and PARX activities comparable to those of
the control group, whereas LACT activities were lower (Figure 2). When stratified by tumor
grade, median serum PONI1 concentrations and paraoxonase activities were numerically
lower in high-grade patients compared with low-grade patients and controls, but these
differences did not reach statistical significance (Table 2).

Controls - Bladder cancer

ns ns p <0.001
300 - 7.5 4
. 400 .
< Y )y
g 200 S S 50
= x E
2 <C 200 <
£ 100- L = 254
Figure 2. Paraoxonase-1-related variables in patients with bladder cancer and the control group.
Abbreviations: LACT, lactonase activity; ns, not significant; PARX, paraoxonase activity; [PON1],
paraoxonase-1 concentration.
Table 2. Biochemical and genetic analyses.
Control Group HGUC 1 LGUC 2 3
Parameter (1 = 47) = 13) p-Value (1 = 26) p-Value p-Value
Age 68 (60-79) 71 (56-85) 0.081 72 (45-87) 0.413 0.598
Male sex 47 (100.0) 12 (92.3) 0.217 25 (96.2) 0.356 1.000
99.9 75.7 91.6
PONTc, mg/L (43.8-315.7) (18.9-196.8) 0.134 (24.6-435.2) 0475 0.677
Paraoxonase, 278.9 224.0 245.9
U/L (173.2-512.5) (124.9-519.5) 0.125 (121.7-465.9) 0.413 0.251
Lactonase, U/L 5.8 (3.3-9.9) 3.8 (2.1-5.6) <0.001 3.6 (1.8-6.1) <0.001 0.777
PON1 192
QQ 23 (48.9) 7 (53.8) 16 (61.6)
OR 20 (42.6) 5 (38.5) 0.952 5(19.2) 0.095 0.352
RR 4 (8.5) 1(7.6) 5(19.2)
PON1 55
LL 17 (36.2) 3(23.1) 9 (34.6)
LM 22 (46.8) 9 (69.2) 0.349 12 (46.1) 0.971 0.371
MM 1(17.0) 1(7.6) 5(19.2)

Abbreviations: HGUC, high-grade urothelial carcinoma; LGUC, low-grade urothelial carcinoma; PONI,
paraoxonase-1. 1 HGUC vs. the control group; 2 LGUC vs. the control group; 3 LGUC vs. HGUC.
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No significant differences were observed between patients and controls in the frequencies
of the PON1 Q192R and L55M genotypes (Table 2). Moreover, the effect of these polymor-
phisms on PON1-related variables was similar in both groups. Specifically, the Q192R and
L55M variants significantly influenced PARX activity in patients and controls alike, whereas
their impact on LACT and PON1 concentration was minimal or negligible (Figure 3).

PON1Q192R -

s s ___ns . QR
ns ns ns . RR

150

100

[PON1](mg/L)

50

Controls HGUC LGUC

ns ns ns, ns, ns
0.045 p <0.001 ns ns
ns

0.026 0.012 ns ns

& 3¢ 1
=1 =3
- 4
2 ) . 5 :
g 32
Controls HGUC LGUC Controls HGUC LGUC
PON1L55M
ns ___ns
ns ns

ns

150

100 -

[PON1](mg/L)

50

Controls HGUC
ns ng
ns 0.002

ns 0.003 —_—r

; b
§4oo l ” 5 6
> 300 =
=) 2.
’g 200 & (Bl
o 100 42

Controls HGUC LGUC ~ Controls HGUC LGUC

Figure 3. Paraoxonase-1-related variables in patients with bladder cancer and the control group,
segregated by selected paraoxonase-1 gene polymorphisms and the grade of cancer. Abbreviations:
HGUC, high-grade urothelial carcinoma; LACT, lactonase activity; LGUC, low-grade urothelial
carcinoma; ns, not significant; PARX, paraoxonase activity; [PON1], paraoxonase-1 concentration.
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3.4. Relationships Between Cellular PON1 Expression and Circulating PON1-Related Variables

Correlation analyses between the percentage of PON1-positive tumor cells and serum
PON1 concentration or enzymatic activities did not reach statistical significance (Figure 4).
Descriptively, cases with low tissue expression tended to show low serum levels, whereas cases
with high tissue expression displayed a broader range of serum values. These observations
are presented as exploratory, and no causal or mechanistic conclusions can be drawn.

2 p=-0.17 . 500 P=0.09 . . o p=0.12 .
400 p-value = 0.313 p-value = 0.585 p-value = 0.479 .
:T ° —_— ] O ’:|“5 | © ° °
d 400 =
© 300+ 5 . ¢35 ..
£ .3 .2
gzoo- o2 300- ° .’: <<.t>4' - § o
S . " s X — 3| ———
£ 100 s . . e g @ 34
— 7 3.1 204, : : . T
0 ° . 21 ) .
. : : , 1001, : : : - . . . —
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100

PON1-positive cells (%)

PON1-positive cells (%) PON1-positive cells (%)

Figure 4. Relationship between the percentage of paraoxonase-1 (PON1)-positive cells in urothelial
tissue and serum PON1-related variables. Abbreviations: LACT, lactonase activity; PARX, paraox-
onase activity; [PON1], paraoxonase concentration. The solid line represents the regression line, and
the shaded area indicates the 95% confidence interval.

4. Discussion

To our knowledge, this study provides the first evidence of detectable PON1 protein
expression within human urothelial carcinoma cells. PON1 has traditionally been described
as a liver-derived enzyme circulating bound to HDL [5], with limited protein expression
reported in a few non-hepatic tissues. More recent studies in rodent and human tissues
suggested a broader biological distribution [10-12,26,27]. However, information on PON1
protein expression in human urothelium remains minimal and inconsistently reported,
which highlights the need for direct immunohistochemical evaluation. The Human Protein
Atlas reports only weak or inconsistent PON1 staining in normal urothelial tissue [12].
Our immunohistochemical findings therefore extend the current understanding of PON1
biology, demonstrating that the enzyme is present in bladder tumor cells and exhibits
patterns that vary with tumor grade. These findings underscore a potentially novel aspect
of PON1 localization in the tumor microenvironment.

Our results raise the question of how PON1 appears within bladder tumor cells. Early
mRNA expression studies failed to detect PON1 transcripts in most human non-hepatic
tissues, suggesting that local synthesis outside the liver and intestine is minimal or below the
sensitivity of these techniques [26,28]. In contrast, immunohistochemical and biochemical
data indicate that PON1 protein can be detected in a variety of tissues in mammals. This
discrepancy between mRNA and protein distribution raises the plausible scenario that
circulating HDL-bound PON1 may be taken up or transferred to peripheral tissues.

Indeed, experimental evidence supports the concept that HDL-associated PON1 can
redistribute to cell membranes and remain enzymatically active, implying a mechanism
by which PONI1 can be delivered from the circulation to peripheral cells. In this model,
interaction with cell surface receptors facilitates the exchange of PON1 between HDL and
the plasma membrane [29]. Consequently, the PON1 immunoreactivity observed in bladder
tumor cells could reflect either local uptake of HDL-bound PONI1 or, less likely, low-level
synthesis that has not yet been detected by sensitive transcriptomic methods. Therefore,
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both local synthesis and uptake from the extracellular milieu remain plausible mechanisms,
highlighting a potentially important aspect of PON1 biology in urothelial carcinoma.

PONT1 expression in low-grade tumors tended to be stronger and more homogeneous.
In contrast, high-grade tumors displayed weaker and more heterogeneous staining. Al-
though speculative at this stage, this pattern may reflect altered antioxidant capacity or
dysregulated cellular responses to oxidative stress during tumor progression, as reported in
several types of cancer [30,31]. A similar trend was observed in the biochemical analysis,
with high-grade patients showing slightly lower serum PON1-related variables than low-
grade patients and controls. However, these differences were not statistically significant,
and any apparent concordance with tissue-level changes should be interpreted with caution.

Beyond its presence, the potential functional role of PON1 within urothelial carcinoma
cells warrants consideration. In the tumor context, intracellular PON1 could contribute
to modulating local redox homeostasis, counteracting reactive oxygen species generated
during metabolic stress, chronic inflammation, or exposure to environmental toxins [5,13].
This activity might influence tumor cell survival, proliferation, and resistance to oxidative
insults. Additionally, PON1 could indirectly affect the tumor microenvironment by limiting
oxidative modifications of extracellular lipids and proteins, thereby modulating signaling
pathways involved in tumor progression [32]. These preliminary findings support the need
for further studies to explore the interplay between PON1, oxidative stress, and tumor
aggressiveness, which could uncover new therapeutic targets or biomarkers. [33].

Complementing these observations, analysis of common PON1 polymorphisms
(Q192R and L55M) revealed similar genotype frequencies in patients and healthy vol-
unteers. It should be emphasized that our study was not intended as a genetic association
analysis, and the small sample size precludes formal conclusions regarding links between
these variants and bladder cancer susceptibility or enzyme activity. Nevertheless, we deter-
mined these polymorphisms to ensure that cases and controls were matched for genotype,
as differences in allelic frequencies could confound the interpretation of enzymatic activity
in small cohorts, as previously discussed by our group [34]. In our dataset, the genotype
distributions were comparable between patients and controls, suggesting that the modest
tissue- or serum-level differences observed are likely attributable to disease-specific effects
rather than inherited variation. This finding aligns with prior reports in other cancer types,
where associations between these polymorphisms and disease risk or enzyme activity have
been inconsistent and dependent on the investigated population [35-37]. Taken together,
these results underscore that, while PON1 genotypes do influence enzymatic activity,
the tissue- and serum-level alterations seen in bladder cancer may reflect tumor-specific
regulation and local micro-environmental factors rather than genetic variation.

The observation that LACT activity, but not PARX or serum PON1 concentration, was
significantly reduced in patients is biologically plausible and deserves specific considera-
tion. PON1 is a promiscuous enzyme with the capacity to hydrolyze multiple substrates.
However, converging experimental and structural evidence indicates that its ancestral
and physiologically primary activity is that of a lactonase [24]. In contrast, hydrolysis of
organophosphates such as paraoxon reflects a secondary catalytic function. Its efficiency
is highly substrate-dependent and strongly modulated by common functional polymor-
phisms, particularly Q192R [5]. These variants markedly affect catalytic turnover toward
paraoxon and introduce substantial interindividual variability, which may obscure disease-
related differences. Lactonase activity, being less influenced by these polymorphisms,
is considered a more robust indicator of the intrinsic functional status of PON1 in vivo.
Regarding serum PON1 concentration, its regulation is complex and influenced by hepatic
synthesis, HDL metabolism, inflammatory status, and genetic background [38]. Thus,
subtle disease-related changes may be difficult to detect in small cohorts. Together, these
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considerations suggest that the selective reduction in lactonase activity may represent the
most sensitive indicator of altered PON1 function in this setting, whereas paraoxonase
activity and protein concentration may be confounded by genetic and metabolic variability.

An additional aspect of our study is the evaluation of MTAP expression, a well-
characterized tumor suppressor gene involved in the methionine salvage pathway [39,40]. We
observed strong and diffuse MTAP expression in low-grade tumors, but it was frequently
reduced or absent in high-grade lesions. MTAP loss is a recognized molecular hallmark of
aggressive behavior and is often co-deleted with CDKN2A at 9p21 [41-43]. Although our
study was not designed to determine the genomic basis of MTAP loss, the differential ex-
pression between tumor grades supports its role as a marker of high-grade transformation
in urothelial carcinoma.

PON1 and MTAP immunohistochemistry differ markedly between LGUC and HGUC,
offering potential diagnostic and prognostic utility. Strong MTAP/PONT1 staining favors
low-grade classification, whereas weak/absent MTAP and heterogeneous PON1 suggest
high-grade disease and may guide targeted surveillance. Indeed, MTAP loss has been
reported to correlate with aggressive morphology and identifies candidates for clinical
trials targeting methionine salvage [44]. Inmunohistochemical assessment is compatible
with routine diagnostics and requires minimal additional resources.

The immunohistochemical evaluation of PON1 and MTAP in this study provides
insight into their potential utility as complementary markers in diagnostic, prognostic,
and predictive frameworks for urothelial carcinoma. Bladder cancer is characterized by
heterogeneous genomic and epigenomic alterations that influence tumor behavior and
therapeutic response [45]. Recent evidence highlights the role of DNA methylation and
hydroxymethylation profiles in disease progression, immune modulation, and biomarker
development [46—49]. Within this context, PON1 and MTAP could enrich multiparametric
panels by reflecting metabolic and epigenetic dysregulation, complementing established
markers such as fibroblast growth factor receptor 3, the gene of tumor protein p53, and
programmed death-ligand 1 [50]. Moreover, methylation-based assays, including Epicheck,
are emerging as promising tools for early detection and risk stratification [47]. A key
question for future research is whether PON1 expression is influenced by the tumor mi-
croenvironment, which could impact both its biological function and clinical relevance.
Collectively, these considerations emphasize the need for integrative studies combining
immunohistochemistry with genomic and epigenomic profiling to enhance diagnostic
precision and prognostic assessment in urothelial carcinoma.

Finally, we examined whether cellular PON1 expression was associated with circu-
lating PON1-related measures. Although our dataset was too small to support robust
statistical modeling, the descriptive analysis suggested a potential non-random pattern
linking tissue and serum PONI1. Specifically, cases with low percentages of PON1-positive
cells in the tumor consistently exhibited low serum PON1 concentrations, whereas cases
with high tissue positivity showed a broader range of serum values. These observations
are preliminary and descriptive, and they raise the possibility that a minimum level of
intracellular PON1 expression could contribute to sustaining circulating PON1 levels, while
additional factors (genetic, metabolic, or tumor-related) may influence the upper range of
serum concentrations. Interpretation should therefore remain cautious, and confirmation
in larger cohorts is needed.

5. Limitations and Future Perspectives

This study has several limitations inherent to its retrospective and exploratory design.
The sample size was relatively small, limiting statistical power and precluding robust
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multivariate analyses. Consequently, some descriptive trends, such as the relationship
between tissue-level and circulating PON1, should be interpreted cautiously.

Although patients and controls were matched for age and sex, other potential con-
founding factors known to influence PON1-related variables, such as smoking status,
alcohol consumption, and metabolic comorbidities, could not be systematically evaluated
or stratified due to the limited cohort size.

Another limitation is the absence of adjacent non-tumoral bladder tissue for PON1
assessment. All tissue samples were obtained during routine diagnostic biopsies, which
are targeted to visible lesions rather than to histologically normal mucosa. As a result, a
systematic comparison between tumoral and non-tumoral urothelium was not possible.

Moreover, the study was not designed to establish causal or mechanistic links between
PONT1 expression, MTAP status, and tumor progression. MTAP was included as a well-
established reference marker of tumor aggressiveness to contextualize PONI1 findings
within a known pathological framework. Any potential functional interaction between
PON1 and MTAP remains speculative, and conclusions regarding their relationship should
be interpreted strictly in a descriptive and hypothesis-generating context.

Semi-quantitative immunohistochemical scoring was performed by a single patholo-
gist, albeit with extensive experience in uropathology. Routine implementation of these
assessments in clinical practice would ideally require automated digital image analysis.
However, the marked heterogeneity of PON1 and MTAP expression across tumor regions
currently limits the reliability of such automated approaches. Future studies should em-
ploy optimized image analysis tools to enhance the reproducibility and objectivity of the
measurements.

Additionally, the study did not include p16 immunostaining, which could have served
as a complementary marker to validate MTAP loss and its association with 9p21 deletion.
Tissue availability in this retrospective cohort precluded further analyses. Future prospec-
tive studies should incorporate p16 and other relevant markers to strengthen the biological
interpretation of MTAP alterations.

Future research should address these limitations by incorporating larger, multicenter
cohorts and quantitative approaches for both tissue and serum PON1 measurements. Inves-
tigating the interplay between clinical variables, such as smoking history and comorbidities,
and PON1 levels could provide additional context and help identify patient subgroups
with distinct biological or prognostic profiles.

Furthermore, developing a composite risk score integrating clinical history, laboratory
data, and pathological features could help identify patients at higher risk of disease pro-
gression. Such a score could guide surveillance intensity, distinguishing those who may
benefit from more frequent cystoscopic follow-up from those suitable for standard annual
monitoring. Within this framework, combined PON1 and MTAP immunohistochemical
assessment in tumor biopsies may further refine stratification, offering a translational tool
for personalized management and follow-up strategies in bladder cancer.

6. Conclusions

This study should be viewed as a pilot, hypothesis-generating investigation rather
than as a definitive validation of PON1 or MTAP as clinical biomarkers. By providing
the first systematic immunohistochemical characterization of PON1 in human urothelial
carcinoma and contextualizing it alongside MTAP, a well-established marker of tumor
aggressiveness, our results define preliminary expression patterns associated with tumor
grade and highlight biologically plausible links with metabolic and epigenetic dysregu-
lation. Although the limited cohort size and retrospective design preclude mechanistic
or outcome-based inferences, the data establishes a rationale for future prospective stud-
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ies integrating paired normal and tumoral tissues, molecular profiling, and functional
approaches to determine the clinical and biological significance of PON1 in bladder can-
cer. We believe that, within this clearly stated exploratory framework, the present work
provides useful proof of concept and a foundation for subsequent translational research.
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HDL High-density lipoproteins

HGUC High-grade urothelial carcinoma
IHC Immunohistochemistry

LACT Lactonase activity

LGUC Low-grade urothelial carcinoma
MTAP Methylthioadenosine phosphorylase
MUSC Muscle-invasive urothelial carcinoma
PARX Paraoxonase activity

PON1 Paraoxonase-1

TBBL 5-thiobutyl butyrolactone

TCSE T1 subepithelial connective tissue invasion

TCSENF  T1 subepithelial connective tissue invasion (non-flat)

https:/ /doi.org/10.3390/antiox15020198


https://doi.org/10.3390/antiox15020198

Antioxidants 2026, 15, 198 14 of 16

References

1. Su, X;; Tao, Y.; Chen, F.; Han, X.; Xue, L. Trends in the global, regional, and national burden of bladder cancer from 1990 to 2021:
An observational study from the global burden of disease study 2021. Sci. Rep. 2025, 15, 7655. [CrossRef] [PubMed]

2. Dobruch, J.; Oszczudlowski, M. Bladder cancer: Current challenges and future directions. Medicina 2021, 57, 749. [CrossRef]

3.  Kiriluk, K.J.; Prasad, S.M.; Patel, A.R.; Steinberg, G.D.; Smith, N.D. Bladder cancer risk from occupational and environmental
exposures. Urol. Oncol. 2012, 30, 199-211. [CrossRef]

4. Liu, D.; Qiu, X,; Xiong, X.; Chen, X.; Pan, F. Current updates on the role of reactive oxygen species in bladder cancer pathogenesis
and therapeutics. Clin. Transl. Oncol. 2020, 22, 1687-1697. [CrossRef] [PubMed]

5. Camps, J.; Marsillach, J.; Joven, J. The paraoxonases: Role in human diseases and methodological difficulties in measurement.
Crit. Rev. Clin. Lab. Sci. 2009, 46, 83-106. [CrossRef]

6. Mohammed, C.J.; Lamichhane, S.; Connolly, ].A.; Soehnlen, S.M.; Khalaf, FK.; Malhotra, D.; Haller, S.T.; Isailovic, D.; Kennedy,
D.J. A PON for all seasons: Comparing paraoxonase enzyme substrates, activity and action including the role of PONj in health
and disease. Antioxidants 2022, 11, 590. [CrossRef]

7. Bacchetti, T.; Ferretti, G.; Sahebkar, A. The role of paraoxonase in cancer. Semin. Cancer Biol. 2019, 56, 72-86. [CrossRef]

8.  Campagna, R;; Serritelli, E.N.; Salvolini, E.; Schiavoni, V.; Cecati, M.; Sartini, D.; Pozzi, V.; Emanuelli, M. Contribution of the
paraoxonase-2 enzyme to cancer cell metabolism and phenotypes. Biomolecules 2024, 14, 208. [CrossRef] [PubMed]

9. Agarwal, V.; Cheesman, M.; Haywood, A.; Khan, S.; Dukie, S.A. Role of paraoxonase 2 (PONy) as a potential biomarker and
therapeutic target in cancer treatment. J. Cancer Res. Clin. Oncol. 2025, 151, 229. [CrossRef]

10. Marsillach, J.; Mackness, B.; Mackness, M.; Riu, F; Beltran, R.; Joven, J.; Camps, J]. Inmunohistochemical analysis of paraoxonases-
1,2, and 3 expression in normal mouse tissues. Free Radic. Biol. Med. 2008, 45, 146—157. [CrossRef]

11. Rodriguez-Sanabria, F.; Rull, A.; Beltran-Debén, R.; Aragones, G.; Camps, J.; Mackness, B.; Mackness, M.; Joven, J. Tissue
distribution and expression of paraoxonases and chemokines in mouse: The ubiquitous and joint localisation suggest a systemic
and coordinated role. J. Mol. Histol. 2010, 41, 379-386. [CrossRef] [PubMed]

12. The Human Protein Atlas. PON;. Available online: https://v18.proteinatlas.org/ENSG00000005421-PON1/tissue (accessed on
24 October 2025).

13.  Camps, ].; Castaiié, H.; Rodriguez-Tomas, E.; Baiges-Gaya, G.; Hernandez-Aguilera, A.; Arenas, M.; Iftimie, S.; Joven, ]. On the
role of paraoxonase-1 and chemokine ligand 2 (C-C motif) in metabolic alterations linked to inflammation and disease. A 2021
update. Biomolecules 2021, 11, 971. [CrossRef]

14. Huybrechts, T.; Franck, K.; Steenackers, E.; Van Hul, W. The paraoxonase (PON) gene family in health, metabolic dysfunction-
associated steatotic liver disease (MASLD) and other diseases. Int. ]. Mol. Sci. 2025, 26, 11054. [CrossRef]

15. Chang, W.H.; Zhang, J.; Hong, Q.S.; Chen, C.H. Inmune suppression in MTAP-deficient cancers via glutamate metabolism and
CXCL10 downregulation. Front. Immunol. 2025, 16, 1634342. [CrossRef]

16. Bertran, N.; Camps, J.; Fernandez-Ballart, J.; Arija, V.; Ferre, N.; Tous, M.; Simo, D.; Murphy, M.M.; Vilella, E.; Joven, ]J. Diet and
lifestyle are associated with serum C-reactive protein concentrations in a population-based study. J. Lab. Clin. Med. 2005, 145,
41-46. [CrossRef]

17.  WHO C(lassification of Tumours Editorial Board. Urinary and Male Genital Tumours. In WHO Classification of Tumours, 5th ed.;
IARC Publications: Lyon, France, 2022; Volume 8, pp. 131-192.

18.  Alfred Witjes, J.; Max Bruins, H.; Carrién, A.; Cathomas, R.; Compérat, E.; Efstathiou, J.A.; Fietkau, R.; Gakis, G.; Lorch, A,;
Martini, A.; et al. European Association of Urology Guidelines on muscle-invasive and metastatic bladder cancer: Summary of
the 2023 guidelines. Eur. Urol. 2024, 85, 17-31. [CrossRef]

19. Dadhania, V.; Zhang, M.; Zhang, L.; Bondaruk, J.; Majewski, T.; Siefker-Radtke, A.; Guo, C.C.; Dinney, C.; Cogdell, D.E.; Zhang, S.;
et al. Meta-analysis of the luminal and basal subtypes of bladder cancer and the identification of signature immunohistochemical
markers for clinical use. EBioMedicine 2016, 12, 105-117. [CrossRef] [PubMed]

20. Johnson, S.M.; Khararjian, A.; Legesse, T.B.; Khani, F.; Robinson, B.D.; Epstein, ]J.I.; Wobker, S.E. Nested variant of urothelial
carcinoma is a luminal bladder tumor with distinct coexpression of the basal marker cytokeratin 5/6. Am. J. Clin. Pathol. 2021,
155, 588-596. [CrossRef]

21. Weyerer, V.; Weisser, R.; Moskalev, E.A.; Haller, E; Stoehr, R.; Eckstein, M.; Zinnall, U.; Gaisa, N.T.; Compérat, E.; Perren, A ; et al.
Distinct genetic alterations and luminal molec-ular subtype in nested variant of urothelial carcinoma. Histopathology 2019, 75,
865-875. [CrossRef]

22. Hodgson, A.; Liu, S.K.; Vesprini, D.; Xu, B.; Downes, M.R. Basal-subtype bladder tumours show a ‘hot” immunophenotype.
Histopathology 2018, 73, 748-757. [CrossRef] [PubMed]

23.  Ferré, N.; Camps, J.; Prats, E.; Vilella, E.; Paul, A.; Figuera, L.; Joven, J. Serum paraoxonase activity: A new additional test for the
improved evaluation of chronic liver damage. Clin. Chem. 2002, 48, 261-268. [CrossRef] [PubMed]

24. Khersonsky, O.; Tawfik, D.S. Chromogenic and fluorogenic assays for the lactonase activity of serum paraoxonases. Chembiochem

2006, 7, 49-53. [CrossRef]

https://doi.org/10.3390/antiox15020198


https://doi.org/10.1038/s41598-025-92033-5
https://www.ncbi.nlm.nih.gov/pubmed/40038504
https://doi.org/10.3390/medicina57080749
https://doi.org/10.1016/j.urolonc.2011.10.010
https://doi.org/10.1007/s12094-020-02330-w
https://www.ncbi.nlm.nih.gov/pubmed/32189139
https://doi.org/10.1080/10408360802610878
https://doi.org/10.3390/antiox11030590
https://doi.org/10.1016/j.semcancer.2017.11.013
https://doi.org/10.3390/biom14020208
https://www.ncbi.nlm.nih.gov/pubmed/38397445
https://doi.org/10.1007/s00432-025-06282-y
https://doi.org/10.1016/j.freeradbiomed.2008.03.023
https://doi.org/10.1007/s10735-010-9299-x
https://www.ncbi.nlm.nih.gov/pubmed/20931267
https://v18.proteinatlas.org/ENSG00000005421-PON1/tissue
https://doi.org/10.3390/biom11070971
https://doi.org/10.3390/ijms262211054
https://doi.org/10.3389/fimmu.2025.1634342
https://doi.org/10.1016/j.lab.2004.11.002
https://doi.org/10.1016/j.eururo.2023.08.016
https://doi.org/10.1016/j.ebiom.2016.08.036
https://www.ncbi.nlm.nih.gov/pubmed/27612592
https://doi.org/10.1093/ajcp/aqaa160
https://doi.org/10.1111/his.13958
https://doi.org/10.1111/his.13696
https://www.ncbi.nlm.nih.gov/pubmed/29947424
https://doi.org/10.1093/clinchem/48.2.261
https://www.ncbi.nlm.nih.gov/pubmed/11805006
https://doi.org/10.1002/cbic.200500334
https://doi.org/10.3390/antiox15020198

Antioxidants 2026, 15, 198 15 of 16

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Reddy, S.T.; Wadleigh, D.J.; Grijalva, V.; Ng, C.J.; Hama, S.; Gangopadhyay, A.; Shih, D.M.; Lusis, A.J.; Navab, M.; Fogelman,
A.M. Human paraoxonase-3 is an HDL-associated enzyme with biological activity similar to paraoxonase-1 protein but is not
regulated by oxidized lipids. Arterioscler. Thromb. Vasc. Biol. 2001, 21, 542-547. [CrossRef]

Mackness, B.; Beltran-Debon, R.; Aragones, G.; Joven, J.; Camps, J.; Mackness, M. Human tissue distribution of paraoxonases 1
and 2 mRNA. I[UBMB Life 2010, 62, 480-482. [CrossRef] [PubMed]

Cavallero, A.; Puccini, P; Aprile, V.; Lucchi, M.; Gervasi, P.G.; Longo, V.; Gabriele, M. Presence, enzymatic activity, and subcellular
localization of paraoxonases 1, 2, and 3 in human lung tissues. Life Sci. 2022, 311, 121147. [CrossRef]

Hassett, C.; Richter, R.J.; Humbert, R.; Chapline, C.; Crabb, ].W.; Omiecinski, C.J.; Furlong, C.E. Characterization of cDNA
clones encoding rabbit and human serum paraoxonase: The mature protein retains its signal sequence. Biochemistry 1991, 30,
10141-10149. [CrossRef]

Deakin, S.P; Bioletto, S.; Bochaton-Piallat, M.L.; James, R.W. HDL-associated paraoxonase-1 can redistribute to cell membranes
and influence sensitivity to oxidative stress. Free Radic. Biol. Med. 2011, 50, 102-109. [CrossRef] [PubMed]

Igbal, M.].; Kabeer, A.; Abbas, Z.; Siddiqui, H.A.; Calina, D.; Sharifi-Rad, J.; Cho, W.C. Interplay of oxidative stress, cellular
communication and signaling pathways in cancer. Cell Commun. Signal 2024, 22, 7. [CrossRef]

Liang, X.; Weng, J.; You, Z.; Wang, Y.; Wen, J.; Xia, Z.; Huang, S.; Luo, P; Cheng, Q. Oxidative stress in cancer: From tumor and
microenvironment remodeling to therapeutic frontiers. Mol. Cancer 2025, 24, 219. [CrossRef]

Medina-Diaz, I.M.; Ponce-Ruiz, N.; Rojas-Garcia, A.E.; Zambrano-Zargoza, J.F.; Bernal-Hernandez, Y.Y.; Gonzalez-Arias, C.A,;
Barrén-Vivanco, B.S.; Herrera-Moreno, J.F. The relationship between cancer and paraoxonase 1. Antioxidants 2022, 11, 697.
[CrossRef] [PubMed]

Wigner, P.; Szymarnska, B.; Bijak, M.; Sawicka, E.; Kowal, P; Marchewka, Z.; Saluk-Bijak, J. Oxidative stress parameters as
biomarkers of bladder cancer development and progression. Sci. Rep. 2021, 11, 15134. [CrossRef]

Camps, J.; Mackness, M.; Mackness, B.; Marsillach, J.; Joven, J. Serum paraoxonase-1 activity and genetic polymorphisms:
Common errors in measurement and interpretation of results. Clin. Chem. Lab. Med. 2010, 48, 893-894. [CrossRef]

Hussein, Y.M.; Gharib, A.E; Etewa, R.L.; EISawy, W.H. Association of L55M and Q192R polymorphisms in paraoxonase 1 (PONy)
gene with breast cancer risk and their clinical significance. Mol. Cell. Biochem. 2011, 351, 117-123. [CrossRef]

Pan, X,; Huang, L.; Li, M,; Mo, D.; Liang, Y.; Liu, Z.; Huang, Z.; Huang, L.; Liu, J.; Zhu, B. The association between PON1 (Q192R
and L55M) gene polymorphisms and risk of cancer: A meta-analysis based on 43 studies. Biomed. Res. Int. 2019, 2019, 5897505.
[CrossRef] [PubMed]

Zhang, M.; Xiong, H.; Fang, L.; Lu, W.; Wu, X.; Huang, Z.S.; Wang, Y.Q.; Cai, ZM.; Wu, S. Paraoxonase 1 (PON;) Q192R
gene polymorphism and cancer risk: A meta-analysis based on 30 publications. Asian Pac. ]. Cancer Prev. 2015, 16, 4457-4463.
[CrossRef] [PubMed]

Deakin, S.P; James, R.W. Genetic and environmental factors modulating serum concentrations and activities of the antioxidant
enzyme paraoxonase-1. Clin. Sci. 2004, 107, 435—447. [CrossRef]

Della Ragione, F.; Carteni-Farina, M.; Gragnaniello, V.; Schettino, M.1.; Zappia, V. Purification and characterization of 5’'-deoxy-5'-
methylthioadenosine phosphorylase from human placenta. . Biol. Chem. 1986, 261, 12324-12329. [CrossRef]

Lin, J.; Zhang, H.; Kang, H.; Chen, Y. Current status and prospects of methylthioadenosine phosphorylase/protein arginine
methyltransferase 5 target therapy. Biochem. Pharmacol. 2025, 224, 117561. [CrossRef] [PubMed]

Vrugt, B.; Kirschner, M.B.; Meerang, M.; Oehl, K.; Wagner, U.; Soltermann, A.; Moch, H.; Opitz, I.; Wild, PJ. Deletions of CDKN2A
and MTAP detected by copy-number variation array are associated with loss of p16 and MTAP protein in pleural mesothelioma.
Cancers 2023, 15, 4978. [CrossRef]

Gorbokon, N.; Teljuk, K.; Reiswich, V.; Lennartz, M.; Minner, S.; Simon, R.; Sauter, G.; Wilczak, W.; Clauditz, T.S.; Schraps, N.;
et al. Deficiency of MTAP is frequent and mostly homogeneous in pancreatic ductal adenocarcinomas. Cancers 2025, 17, 1205.
[CrossRef]

Patro, C.PK,; Biswas, N.; Pingle, S.C.; Lin, F; Anekoji, M.; Jones, L.D.; Kesari, S.; Wang, F.; Ashili, S. MTAP loss: A possible
therapeutic approach for glioblastoma. J. Transl. Med. 2022, 20, 620. [CrossRef]

Fan, N.; Zhang, Y.; Zou, S. Methylthioadenosine phosphorylase deficiency in tumors: A compelling therapeutic target. Front. Cell.
Dev. Biol. 2023, 11, 1173356. [CrossRef]

Lobo, A.; Collins, K.; Kaushal, S.; Acosta, A.M.; Akgul, M.; Adhya, A.K.; Al-Ahmadie, H.A.; Al-Obaidy, K.I.; Amin, A.; Amin,
M.B.; et al. Advances, recognition, and interpretation of molecular heterogeneity among conventional and subtype histology of
urothelial carcinoma (UC): A survey among urologic pathologists and comprehensive review of the literature. Histopathology
2024, 85, 748-759. [CrossRef] [PubMed]

Zhang, S.; Zhang, J.; Zhang, Q.; Liang, Y.; Du, Y.; Wang, G. Identification of prognostic biomarkers for bladder cancer based on
DNA methylation profile. Front. Cell. Dev. Biol. 2022, 9, 817086. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15020198


https://doi.org/10.1161/01.ATV.21.4.542
https://doi.org/10.1002/iub.347
https://www.ncbi.nlm.nih.gov/pubmed/20503442
https://doi.org/10.1016/j.lfs.2022.121147
https://doi.org/10.1021/bi00106a010
https://doi.org/10.1016/j.freeradbiomed.2010.09.002
https://www.ncbi.nlm.nih.gov/pubmed/20850524
https://doi.org/10.1186/s12964-023-01398-5
https://doi.org/10.1186/s12943-025-02375-x
https://doi.org/10.3390/antiox11040697
https://www.ncbi.nlm.nih.gov/pubmed/35453382
https://doi.org/10.1038/s41598-021-94729-w
https://doi.org/10.1515/CCLM.2010.156
https://doi.org/10.1007/s11010-011-0718-4
https://doi.org/10.1155/2019/5897505
https://www.ncbi.nlm.nih.gov/pubmed/31467900
https://doi.org/10.7314/APJCP.2015.16.10.4457
https://www.ncbi.nlm.nih.gov/pubmed/26028114
https://doi.org/10.1042/CS20040187
https://doi.org/10.1016/S0021-9258(18)67242-4
https://doi.org/10.1016/j.bcp.2025.117561
https://www.ncbi.nlm.nih.gov/pubmed/41314432
https://doi.org/10.3390/cancers15204978
https://doi.org/10.3390/cancers17071205
https://doi.org/10.1186/s12967-022-03823-8
https://doi.org/10.3389/fcell.2023.1173356
https://doi.org/10.1111/his.15287
https://www.ncbi.nlm.nih.gov/pubmed/39075659
https://doi.org/10.3389/fcell.2021.817086
https://www.ncbi.nlm.nih.gov/pubmed/35174173
https://doi.org/10.3390/antiox15020198

Antioxidants 2026, 15, 198 16 of 16

47. Fiorentino, V.; Pizzimenti, C.; Franchina, M.; Rossi, E.D.; Tralongo, P.; Carlino, A.; Larocca, L.M.; Martini, M.; Fadda, G.; Pierconti,
F. Bladder Epicheck test: A novel tool to support urothelial carcinoma diagnosis in urine samples. Int. J. Mol. Sci. 2023, 24, 12489.
[CrossRef]

48. Shi, Z.D.; Han, X.X.; Song, Z.].; Dong, Y.; Pang, K.; Wang, X.L.; Liu, X.Y.; Lu, H.; Xu, G.Z.; Hao, L.; et al. Integrative multi-omics
analysis depicts the methylome and hydroxymethylome in recurrent bladder cancers and identifies biomarkers for predicting
PD-L1 expression. Biomark. Res. 2023, 11, 47. [CrossRef]

49. Xu,].; Wei, L.; Liu, H.; Lei, Y.; Zhu, Y,; Liang, C.; Sun, G. CD274 (PD-L1) methylation is an independent predictor for bladder
cancer patients’ survival. Cancer Investig. 2022, 40, 228-233. [CrossRef] [PubMed]

50. Ferro, M.; Crocetto, F.; Jannello, L.M.L; Contieri, R.; Falagario, U.G.; Veccia, A.; Marchioni, M.; Tataru, S.O.; Barone, B.; Fallara, G.;
et al. Emerging biomarkers in bladder cancer: Translating molecular advances into precision oncology. Crit. Rev. Oncol. Hematol.
2025, 215, 104862. [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/10.3390/antiox15020198


https://doi.org/10.3390/ijms241512489
https://doi.org/10.1186/s40364-023-00488-3
https://doi.org/10.1080/07357907.2022.2028805
https://www.ncbi.nlm.nih.gov/pubmed/35020560
https://doi.org/10.1016/j.critrevonc.2025.104862
https://doi.org/10.3390/antiox15020198

	Introduction 
	Materials and Methods 
	Participants 
	Histopathological Characteristics 
	Histological and Immunohistochemical Study 
	Biochemical Measurements 
	DNA Extraction and Genotyping 
	Statistical Analyses 

	Results 
	Histopathological Results 
	Immunohistochemical Findings 
	Biochemical and Genetic Analyses 
	Relationships Between Cellular PON1 Expression and Circulating PON1-Related Variables 

	Discussion 
	Limitations and Future Perspectives 
	Conclusions 
	References

