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Abstract

Benign prostatic hyperplasia (BPH) is an age-related disorder increasingly linked to chronic
inflammation and redox imbalance, yet its systemic oxidative and nitrosative profile re-
mains insufficiently characterized. In this cross-sectional study, fasting serum samples
were collected from 47 men with clinically confirmed BPH scheduled for transurethral
resection of the prostate and 40 healthy controls. We assessed antioxidant status (thi-
ols, total antioxidant capacity), lipid peroxidation (malondialdehyde, 4-hydroxynonenal),
protein nitration (3-nitrotyrosine), glycoxidation markers (Amadori products, advanced
glycation end products (AGE)-associated fluorescence), and tryptophan metabolism indices
(tryptophan, kynurenine, N′-formylkynurenine). Compared with controls, BPH patients
showed significantly lower antioxidant capacity and thiol levels, together with increased
lipid peroxidation and protein nitration. AGE-associated fluorescence was modestly el-
evated, whereas Amadori products and advanced oxidation protein products did not
differ significantly. Tryptophan metabolism was markedly altered, with lower tryptophan
and higher kynurenine and N′-formylkynurenine, indicating activation of the kynurenine
pathway. After false discovery rate correction, most redox biomarkers remained significant.
Multivariable logistic regression confirmed independent associations of lipid peroxidation,
nitrosative stress, and kynurenine pathway activation with BPH after adjustment for age
and metabolic parameters. These findings support a role for systemic oxidative and inflam-
matory mechanisms in BPH pathophysiology, although confirmation in age-matched and
longitudinal studies is needed.

Keywords: benign prostatic hyperplasia; oxidative stress; nitrosative stress; lipid
peroxidation; kynurenine pathway

1. Introduction
Benign prostatic hyperplasia (BPH) is one of the most prevalent urological disor-

ders in aging men and represents a major cause of lower urinary tract symptoms (LUTS),
negatively affecting quality of life and increasing healthcare burden worldwide [1,2]. Be-
tween 1990 and 2021, the global prevalence of BPH increased by 122%, reaching more than
112 million affected individuals worldwide [3]. Although BPH has long been considered
a hormone-dependent condition, accumulating evidence indicates that its pathogenesis
is multifactorial and involves complex interactions between aging, chronic low-grade
inflammation, metabolic alterations, and cellular oxidative stress [4–6].
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Oxidative stress (OS), defined as an imbalance between the production of reactive
oxygen species (ROS) and antioxidant defense mechanisms, has emerged as a key contrib-
utor to age-related tissue remodeling and chronic non-malignant disorders [7,8]. In the
prostate, excessive generation of ROS may promote stromal and epithelial cell proliferation,
extracellular matrix remodeling, and microvascular alterations, thereby facilitating prostate
enlargement and functional obstruction [9]. Experimental and clinical studies indicate that
oxidative stress can amplify pro-inflammatory signaling pathways, leading to the persis-
tence of a chronic inflammatory microenvironment and further sustaining the progression
of BPH [5,10].

Previous clinical investigations addressing oxidative stress in BPH have primarily
focused on classical biomarkers, such as malondialdehyde (MDA) [11], total antioxidant
capacity (TAC) [12], and selected antioxidant enzymes [11,13,14]. While these studies
consistently indicate enhanced oxidative burden in patients with BPH compared with
healthy individuals, the biochemical characterization of oxidative damage in this condition
remains incomplete. In particular, limited attention has been paid to oxidative modifications
of proteins and amino acids, as well as to non-enzymatic glycation processes that are closely
linked to aging and metabolic homeostasis.

Beyond classical lipid peroxidation markers such as MDA, secondary aldehydic prod-
ucts of lipid oxidation, including 4-hydroxy-2-nonenal (4-HNE), represent biologically
active mediators capable of modifying proteins, lipids, and nucleic acids, thereby ampli-
fying oxidative and inflammatory signaling. In parallel, nitrosative stress-related protein
modifications, particularly the formation of 3-nitrotyrosine (3-NT), reflect peroxynitrite-
mediated protein damage and serve as stable indicators of chronic redox imbalance [15].
Although both 4-HNE and 3-NT have been implicated in prostate carcinogenesis [16,17],
their systemic relevance in BPH remains insufficiently characterized.

Advanced glycation end products (AGEs) and early glycation intermediates, including
Amadori products, accumulate progressively with age and oxidative stress, yet the involve-
ment of glycation-associated oxidative damage in BPH has not been comprehensively
investigated [18,19].

In parallel, the metabolism of aromatic amino acids, particularly tryptophan, has
gained increasing attention in the context of oxidative and inflammatory stress [20]. Oxida-
tive degradation products of tryptophan, such as kynurenine and N′-formylkynurenine,
as well as protein cross-linking products like dityrosine, serve as sensitive indicators of
oxidative protein damage [21]. Alterations in the tryptophan-kynurenine pathway have
been implicated in immune modulation, cellular redox balance, and age-related patholo-
gies [22]; however, their potential contribution to BPH-associated oxidative stress remains
largely unexplored.

Excessive production of reactive oxygen and nitrogen species can promote chronic low-
grade inflammation, contribute to stromal and epithelial alterations, induce extracellular
matrix remodeling, and impair local microvascular homeostasis [23,24]. Together, these
processes may favor prostatic enlargement and the progression of LUTS.

Given these gaps in current knowledge, a more comprehensive biochemical assess-
ment of oxidative stress in BPH is warranted. Therefore, the aim of the present study
was to evaluate systemic oxidative stress and antioxidant status in patients with BPH
compared with healthy controls by analyzing a broad panel of oxidative stress markers.
This panel included lipid peroxidation products, total antioxidant capacity assessed by
complementary methods, markers of protein oxidation, thiol group content, early glycation
products, advanced glycation end products, and selected fluorescent markers of oxidative
amino acid modification related to the tryptophan-kynurenine pathway. By integrating
multiple biochemical pathways, this study seeks to provide a more detailed insight into the
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oxidative and glycoxidative milieu associated with BPH. To our knowledge, this is the first
study to simultaneously integrate lipid peroxidation, nitrosative stress, glycoxidation, and
tryptophan metabolism markers in a well-characterized BPH cohort.

2. Materials and Methods
2.1. Ethical Approval

The study protocol received approval from the Bioethics Committee of the Univer-
sity of Rzeszów (decision numbers: 2022/017, date: 9 February 2022; 2022/037, date:
6 April 2022; and 2022/090, date: 9 November 2022). All research activities were conducted
in full compliance with the ethical principles of the Declaration of Helsinki. Each indi-
vidual provided written informed consent before taking part in the study. All data were
anonymized prior to analysis.

2.2. Study Group

A total of 60 consecutive men diagnosed with BPH and qualified for transurethral
resection of the prostate (TURP) due to moderate or severe LUTS or urinary obstruction
were assessed for eligibility in this single-center, cross-sectional study. Participants were
recruited continuously between March and September 2022 by a specialist urologist (K.B.) at
the Clinical Department of Urology and Urologic Oncology, Municipal Hospital in Rzeszów,
Poland. Demographic characteristics, medical history, and relevant lifestyle information
were recorded for all screened individuals. Thirteen patients were excluded due to lack of
informed consent (n = 3), active smoking (n = 3), excessive alcohol consumption (n = 2), or
body mass index (BMI) > 25 kg/m2 (n = 5). The final study group consisted of 47 patients
with confirmed BPH who were included in the analysis. A detailed flow chart of patient
recruitment and exclusion is presented in Figure 1.

Figure 1. Flow chart of patient screening and exclusion in the BPH study.

2.2.1. Inclusion Criteria

The study enrolled only patients with a first-time diagnosis of BPH confirmed by a
urologist, prostate enlargement documented by transrectal ultrasound and/or digital rectal
examination, clinical qualification for TURP due to moderate or severe lower urinary tract
symptoms, and no history of previous pharmacological or surgical treatment for BPH.
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2.2.2. Exclusion Criteria

Participants were excluded if they: declined to participate, reported active smoking
or chronic alcohol consumption, had a BMI > 25 kg/m2, had undergone chemotherapy or
radiotherapy, had a history of endocrine disorders, dyslipidemia, diabetes mellitus, obesity,
malignancies other than BPH, presented with evidence of an active inflammatory process,
had a history of recurrent urinary tract disease or previous interventions for prostate
disorders. Routine urinalysis was performed to exclude clinically significant urinary tract
infections. Patients with overt urinary tract infection were not included in the study.
The strict exclusion of overweight individuals may have reduced metabolic heterogeneity,
potentially amplifying detectable redox differences. These criteria were applied to minimize
potential confounding factors related to metabolic disturbances, chronic inflammation, or
lifestyle-associated oxidative stress.

2.2.3. Control Group

The control group included 40 healthy men, selected to approximate the age distri-
bution of the BPH group. Controls were recruited from individuals attending routine
health examinations at a local outpatient clinic during the same period (March–September
2022). Eligible controls: had no history of LUTS, were free from chronic diseases, were not
taking any medications, vitamins, or nutritional supplements for at least 30 days prior to
enrollment, reported no smoking or excessive alcohol intake, and had a BMI ≤ 25 kg/m2.

Socioeconomic background and general dietary habits were assessed through medical
interviews to support comparability between the groups. Participants were asked to
maintain their usual hydration routines and to avoid alcohol, diuretics, or supplements in
the days before blood sampling.

2.3. Materials

All essential chemicals were sourced from Sigma-Aldrich (Poznań, Poland). Ab-
sorbance was recorded with a multimode microplate reader, Tecan Infinite 200 PRO (Tecan
Group Ltd., Männedorf, Switzerland). All biochemical determinations were performed
in independent repetitions, unless otherwise specified, using certified analytical-grade
materials and standardized, previously validated procedures.

2.4. Blood Sampling

Venous blood was obtained in the morning after an overnight period without food,
using the S-Monovette vacuum-assisted system (SARSTEDT AG & Co. KG, Nümbrecht,
Germany). After collection, blood was placed in the designated laboratory tubes and
immediately centrifuged at 1000× g for 10 min at 4 ◦C to separate the serum fraction. The
serum was then divided into small aliquots and frozen at −80 ◦C. The interval between
sampling and freezing did not exceed 30 min. During all preparation steps, samples
were handled on ice and shielded from light to minimize oxidative changes. In line with
recommendations for the analysis of intrinsic oxidative stress markers, no stabilizers or
antioxidant additives were introduced. Serum aliquots were kept for a maximum of
three months before examination. Each aliquot was thawed only once, directly before
measurement, after being brought to room temperature. The applied storage conditions
and timeframe were selected based on prior studies indicating that oxidative stress-related
biomarkers remain stable under these parameters [25,26].

2.5. Blood Analysis

Complete blood counts were obtained using a hematology analyzer from Siemens
Healthineers (Bavaria, Germany). Serum levels of glucose, creatinine and urea were
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determined following standard laboratory procedures on the Cobas c501 analyzer (Roche
Diagnostics, Mannheim, Germany). Coagulation tests were performed with the ACL TOP
300 CTS system (Instrumentation Laboratory, Werfen, Barcelona, Spain). The international
normalized ratio (INR) was measured using the RecombiPlasTin 2G reagent, whereas
activated partial thromboplastin time (APTT) was determined with the APTT-SP kit, both
supplied by Instrumentation Laboratory. Serum potassium was analyzed using a liquid
ion-exchange electrode method.

2.6. Analytical Procedures
2.6.1. Protein Determination

Total protein levels were quantified using the colorimetric Lowry method [27]. For
the assay, 250 µL of the Lowry reagent was pipetted into each well of a 96-well plate,
after which 50 µL of serum (previously diluted) was added. The contents were mixed
and allowed to react for 10 min at room temperature. Then, 25 µL of the Folin–Ciocalteu
solution was introduced, the wells were mixed again, and the plate was left to stand for a
further 30 min at room temperature. The optical density was subsequently read at 750 nm
using a microplate spectrophotometer.

2.6.2. Thiol Group Determination

Thiol group content was measured using the Ellman reaction [28]. In brief, 20 µL of
serum were mixed with 2 µL of 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) in 100 µL of
0.1 M phosphate buffer (pH 8.0) in a 96-well microplate. The mixture was incubated at 37 ◦C
for 1 h in the dark, and absorbance was subsequently recorded at 412 nm using a reagent
blank as reference. Thiol concentrations were calculated from a glutathione calibration
curve and normalized to total protein content, with results expressed as nmol/mg protein.

2.6.3. Total Antioxidant Capacity (TAC)

TAC was evaluated using two complementary assays.

(1) Ferric reducing antioxidant power (FRAP) assay: TAC was determined using the
FRAP method [29]. Serum samples were incubated with the FRAP working reagent
for 20 min at room temperature, and absorbance was measured at 593 nm. TAC
values were obtained from a Trolox calibration curve and expressed as µmol Trolox
equivalents per liter (µmol TE/L).

(2) 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical cation (ABTS) radical
cation decolorization assay: TAC was also assessed using the ABTS•+ decolorization
method [30]. The ABTS•+ working solution was adjusted to an initial absorbance of
approximately 1.0 at 734 nm. After adding the samples, absorbance was recorded after
6 min, and TAC values were calculated using a Trolox standard curve, expressed as
µmol TE/L.

2.6.4. MDA Determination

MDA concentrations were determined using the thiobarbituric acid reactive substances
assay [31]. Serum samples were incubated with thiobarbituric acid and trichloroacetic
acid under acidic conditions at 100 ◦C for 40 min, followed by centrifugation to remove
precipitated proteins. The absorbance of the resulting chromogen was measured at 535 nm,
and MDA levels were calculated using an extinction coefficient of 1.56 × 105 M−1·cm−1.
This determination was performed in duplicate.
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2.6.5. Assessment of 3-NT and 4-HNE Concentrations

Serum levels of 3-NT, a marker of protein nitration, and 4-HNE, a marker of lipid per-
oxidation, were determined using commercially available enzyme-linked immunosorbent
assay (ELISA) kits (FineTest, Wuhan Fine Biotech Co., Ltd., Wuhan, China; 3-NT: catalog no.
EU2560, 4-HNE: catalog no. EU0187), in accordance with the manufacturer’s instructions.
Absorbance was measured at 450 nm using a microplate reader. All samples were analyzed
in duplicate.

2.6.6. Amadori Products Determination

Amadori products were quantified using the nitro blue tetrazolium reduction assay.
Briefly, samples were incubated at 37 ◦C for 2 h, after which absorbance was recorded
at 525 nm [32]. Concentrations were calculated using the molar extinction coefficient of
monoformazan (12,640 M−1·cm−1) [25].

2.6.7. AGE-Associated Fluorescence

The estimation was performed using a spectrofluorimetric method to measure novel
glucose-derived fluorescence in serum [33,34], with excitation and emission wavelengths
set at 350 nm and 440 nm, respectively, measured against a reagent blank and expressed as
arbitrary fluorescence units normalized to protein content.

2.6.8. AOPP Determination

AOPP levels were quantified spectrophotometrically at 340 nm using a modified Witko-
Sarsat method [35], with chloramine-T employed as the calibration standard. Measurements
were performed in duplicate and were normalized to total serum protein content and
expressed as nmol of chloramine-T equivalents per mg of protein. This determination was
performed in duplicate.

2.6.9. Content of Tryptophan, Dityrosine, Kynurenine and N′-Formylkynurenine

The concentrations of serum tryptophan, dityrosine, kynurenine, and N′-formylkynurenine
were estimated based on their fluorescence at the wavelengths of 295/340 nm, 330/415 nm,
365/480 nm, and 325/434 nm, respectively, measured against a reagent blank and expressed
as arbitrary fluorescence units normalized to protein content [36]. The kynurenine-to-
tryptophan ratio was calculated by dividing the fluorescence-based kynurenine value by
the corresponding tryptophan value for each sample.

2.7. Statistical Analysis

Statistical analyses were performed using STATISTICA software (version 13.3; StatSoft
Inc., Tulsa, OK, USA). The distribution of continuous variables was assessed using the
Shapiro–Wilk test. As most parameters deviated from normality, data are presented as
medians with an interquartile range (IQR). Variables with normal distribution are reported
as mean ± standard deviation (SD).

Between-group comparisons were performed using the Mann–Whitney U test with
continuity correction for non-normally distributed variables. For normally distributed
variables, comparisons between two independent groups were conducted using Student’s
t-test or Welch’s t-test, depending on variance homogeneity assessed by Levene’s test. All
statistical tests were two-tailed.

To control for multiple comparisons across oxidative stress biomarkers, false discovery
rate (FDR) correction was applied using the Benjamini–Hochberg procedure. FDR-adjusted
q-values < 0.05 were considered statistically significant.

Spearman’s rank correlation coefficients (ρ) were calculated to evaluate associations
between redox biomarkers and selected clinical and metabolic variables (age, BMI, fasting
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glucose, and serum urea) in the combined cohort. FDR correction was applied across all
correlation analyses.

To assess independent associations between oxidative stress biomarkers and BPH sta-
tus, multivariable logistic regression models were constructed. Separate models were fitted
for individual biomarkers to minimize multicollinearity among correlated redox parame-
ters. Biomarkers with non-normal distribution were log-transformed prior to modeling.
Effect estimates were standardized and expressed as odds ratios (ORs) per 1 standard devi-
ation (SD) increase to enhance comparability across variables and reduce scale-dependent
inflation of estimates. In the presence of strong between-group separation and skewed
distributions, effect sizes with wide confidence intervals were interpreted cautiously.

A p-value < 0.05 and an FDR-adjusted q-value < 0.05 were considered statistically
significant.

3. Results
Baseline clinical and laboratory characteristics of the study groups are summarized

in Table 1. The analysis included 47 patients with BPH and 40 healthy controls. Pa-
tients with BPH were significantly older than controls (median [IQR]: 72.0 [64.0–74.0] vs.
64.5 [56.0–72.0] years, p = 0.02), reflecting the age-related nature of BPH. No significant
differences were observed between the groups with respect to BMI, which remained within
the normal range in both groups (p = 0.13). White blood cell count, coagulation parame-
ters (prothrombin time, INR, and APTT), serum creatinine, and potassium concentrations
were also comparable between the groups (all p > 0.05), indicating the absence of acute
inflammatory processes, coagulation abnormalities, or clinically relevant renal dysfunction.

Table 1. Baseline clinical and laboratory characteristics of the study groups.

Healthy Controls BPH p

n 40 47

Age (years) median (IQR) 64.5 (56.0–72.0) 72.0 (64.0–74.0) 0.02 1

BMI (kg/m2) median (IQR) 23.3 (22.2–24.3) 23.7 (23.3–24.4) 0.13 1

WBC (103/µL) median (IQR) 6.7 (6.1–8.1) 7.0 (5.5–8.2) 0.74 1

Prothrombin time (s) median (IQR) 11.9 (11.5–13.0) 11.9 (11.6–12.6) 0.59 1

Prothrombin time (%) median (IQR) 93.5 (85.5–101.0) 96.0 (87.0–101.0) 0.46 1

INR median (IQR) 1.0 (1.0–1.1) 1.0 (1.0–1.1) 0.65 1

APTT (s) median (IQR) 28.9 (26.6–30.9) 29.3 (27.9–32.0) 0.25 1

Creatinine (mg/dL) median (IQR) 0.93 (0.82–1.13) 0.97 (0.84–1.05) 0.43 1

Glucose (mg/dL) median (IQR) 92.0 (85.0–97.5) 106.0 (98.0–112.0) <0.01 1

Protein (mg/mL) median (IQR) 73.9 (69.9–77.2) 74.2 (68.5–77.2) 0.88 1

Urea (mg/dL) median (IQR) 30.0 (25.5–34.0) 39.0 (30.0–45.0) <0.01 1

K+ (mmol/L) mean ± SD 4.35 ± 0.28 4.48 ± 0.48 0.11 2

1 Mann–Whitney U Test (with continuity correction). 2 Welch’s t-test (unequal variances).

Fasting serum glucose levels were significantly higher in patients with BPH compared
with healthy controls (p < 0.01), although none of the participants met the diagnostic criteria
for diabetes mellitus. Similarly, serum urea concentrations were elevated in the BPH group
relative to controls (p < 0.01), while creatinine levels remained within the reference range in
both groups.
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Overall, apart from differences in age, fasting glucose, and urea levels, the study
groups were comparable with respect to key clinical and laboratory parameters relevant
to oxidative stress assessment. Given the age difference between the study groups, an
additional age-binned subgroup analysis was performed (Supplementary Table S1).

Serum oxidative stress, glycoxidation, and tryptophan metabolism markers differed
significantly between patients with BPH and healthy controls (Figures 2–6, Table 2).

Figure 2. Serum thiol group content in healthy controls and patients with BPH. Data are presented as
box-and-whisker plots showing the median, interquartile range, and minimum–maximum values,
with individual data points overlaid (Welch’s t-test).

Figure 3. TAC assessed by the ABTS• radical cation decolorization assay in healthy controls and
patients with BPH. Data are presented as box-and-whisker plots showing the median, interquartile
range, and minimum-maximum values; individual data points are overlaid (Welch’s t-test).

Patients with BPH exhibited a significant reduction in serum thiol group content com-
pared with healthy controls (6.03 ± 1.40 vs. 7.00 ± 1.16 nmol/mg protein, p < 0.01, q < 0.01;
Figure 2), indicating depletion of thiol-based antioxidant defenses. Consistently, TAC was
significantly lower in the BPH group when assessed using both analytical approaches. TAC
measured by the ABTS•+ radical cation decolorization assay was reduced in patients with
BPH compared with controls (250.8 ± 10.9 vs. 275.3 ± 18.6 µmol TE/L, p < 0.01, q = 0.0014;
Figure 3). Similarly, TAC determined by the FRAP assay was markedly decreased in the
BPH group (187.9 ± 34.2 vs. 233.8 ± 49.7 µmol TE/L, p < 0.01, q = 0.002; Figure 4).
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Figure 4. TAC assessed by the FRAP assay in healthy controls and patients with BPH. Results
are presented as box-and-whisker plots showing the median, interquartile range, and minimum-
maximum values, with individual data points displayed (Welch’s t-test).

Figure 5. Serum 4-HNE concentrations in healthy controls and patients with BPH. Data are presented
as box-and-whisker plots showing the median, interquartile range, and minimum–maximum values,
with individual data points overlaid (Mann–Whitney U test).

 
Figure 6. Serum 3-NT concentrations in healthy controls and patients with BPH. Data are presented
as box-and-whisker plots showing the median, interquartile range, and minimum–maximum values,
with individual data points overlaid (Mann–Whitney U test).

Evaluation of lipid peroxidation and nitrosative stress markers demonstrated a sig-
nificant intensification of oxidative damage in patients with BPH. Serum MDA levels
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were elevated in the BPH group compared with healthy controls (Table 2), indicating
enhanced lipid peroxidation. In parallel, concentrations of 4-HNE, a highly reactive lipid
peroxidation–derived aldehyde, were significantly higher in patients with BPH than in
controls (303.2 ± 42.9 vs. 220.8 ± 27.1 pg/mL, p < 0.001, q < 0.001; Figure 5). Moreover,
serum levels of 3-NT, a marker of protein nitration and nitrosative stress, were also sig-
nificantly increased in the BPH group compared with healthy individuals (20.4 ± 6.0 vs.
13.9 ± 3.7 ng/mL, p < 0.001, q < 0.001; Figure 6).

Table 2. Comparison of oxidative stress, glycoxidation, and tryptophan metabolism markers in
healthy controls and patients with BPH. Data are presented as medians (interquartile range) for
non-normally distributed variables and as mean ± SD for normally distributed variables. Between-
group comparisons were performed using the Mann–Whitney U test with continuity correction for
non-normally distributed variables and Welch’s or Student’s t-test for normally distributed variables,
as appropriate.

Healthy Controls BPH p q

n 40 47

MDA (µmol/L) median (IQR) 3.39 (3.24–3.92) 4.28 (4.04–4.59) <0.01 1 <0.01

Amadori products
(nmol/mg protein) median (IQR) 1718 (1570–1834) 1637 (1534–1837) 0.50 1 0.50

AGE-associated fluorescence
(a.u./mg protein) median (IQR) 2.73 (2.20–3.19) 3.01 (2.67–3.24) 0.03 1 0.039

AOPP (nmol/mg protein) median (IQR) 115 (93.8–142.0) 132 (104.3–144.8) 0.14 1 0.16

Dityrosine (a.u./mg protein) median (IQR) 1.34 (1.06–1.62) 1.44 (1.27–1.55) 0.30 0.325

Kynurenine (a.u./mg protein) median (IQR) 1.98 (1.63–2.67) 2.38 (2.19–2.60) <0.01 1 <0.01

N′-formylkynurenine
(a.u./mg protein) median (IQR) 2.86 (2.36–3.76) 3.39 (2.96–3.74) 0.02 1 0.03

Tryptophan (a.u./mg protein) mean ± SD 106.9 ± 13.87 88.7 ± 10.63 <0.01 2 <0.01
1 Mann–Whitney U Test (with continuity correction). 2 Welch’s t-test (unequal variances).

Analysis of protein oxidation and glycoxidation markers revealed a modest but statis-
tically significant increase in AGE-associated fluorescence in patients with BPH compared
with healthy controls (median 3.01 vs. 2.73 a.u./mg protein, p = 0.031; Table 2). In contrast,
dityrosine levels did not differ significantly between groups. Similarly, early glycation
products (Amadori products) and AOPP showed no statistically significant differences
between BPH patients and controls.

Markers of tryptophan metabolism demonstrated pronounced alterations in BPH.
Kynurenine concentrations were significantly elevated in the BPH group (median
2.38 vs. 1.98 a.u./mg protein, p < 0.01), accompanied by a significant increase in
N′-formylkynurenine (median 3.39 vs. 2.86 a.u./mg protein, p = 0.021). These changes
were paralleled by a marked reduction in tryptophan levels in patients with BPH compared
with healthy controls (88.7 ± 10.63 vs. 106.9 ± 13.87 a.u./mg protein, p < 0.01).

Collectively, this pattern reflects enhanced lipid peroxidation and protein nitration,
depletion of systemic antioxidant capacity, increased glycoxidative stress, and activation of
the tryptophan-kynurenine pathway in patients with BPH.

The kynurenine-to-tryptophan ratio, a surrogate marker of tryptophan catabolism
and immunometabolic activation, was significantly elevated in patients with BPH com-
pared with healthy controls (median: 0.027 vs. 0.019, p < 0.001). The effect size was
large (Cohen’s d = 1.90), indicating a substantial shift in systemic tryptophan metabolism
in BPH.
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After FDR correction using the Benjamini–Hochberg procedure, between-group differ-
ences remained statistically significant for 11 out of 14 biomarkers. The strongest differences
were observed for 4-HNE, kynurenine-tryptophan ratio, and 3-NT (all q < 0.001). Markers
of lipid peroxidation (MDA), antioxidant depletion (thiols and TAC), and tryptophan
metabolism (kynurenine, N′-formylkynurenine, tryptophan) also remained significant after
adjustment. In contrast, differences in AOPP, dityrosine, and Amadori products did not
withstand FDR correction.

Spearman correlation analysis performed in the entire cohort revealed that selected
oxidative stress and tryptophan metabolism markers were significantly associated with
metabolic parameters (Table 3). After FDR correction, the kynurenine-to-tryptophan ratio
showed a strong positive correlation with fasting glucose (ρ = 0.448, q < 0.001) and serum
urea (ρ = 0.427, q < 0.001). Similarly, 4-HNE was positively associated with glucose
(ρ = 0.481, q < 0.001) and urea (ρ = 0.411, q < 0.001). MDA also correlated with glucose
(ρ = 0.455, q < 0.001), whereas 3-NT demonstrated a moderate association with glucose
(ρ = 0.292, q = 0.028).

Table 3. Spearman rank correlation coefficients (ρ) between redox biomarkers, tryptophan–
kynurenine pathway metabolites, and age, BMI, fasting glucose, and serum urea in the combined
cohort (FDR-adjusted).

Biomarker Age ρ Age p Age q BMI ρ BMI p BMI q Glucose ρ Glucose p Glucose q Urea ρ Urea p Urea q

Thiol group −0.338 0.001 0.007 * −0.245 0.022 0.082 0.025 0.818 0.889 −0.201 0.061 0.156

TAC (ABTS) −0.095 0.381 0.520 −0.134 0.217 0.347 −0.487 <0.001 <0.001 * −0.228 0.034 0.110

TAC (FRAP) −0.152 0.160 0.300 −0.062 0.567 0.705 −0.213 0.047 0.132 −0.184 0.088 0.197

MDA 0.216 0.045 0.132 0.219 0.0413 0.128 0.455 <0.001 0.0002 * 0.192 0.074 0.173

4-HNE 0.142 0.189 0.320 0.170 0.115 0.229 0.481 <0.001 <0.001 * 0.411 <0.001 0.001 *

3-NT 0.076 0.482 0.614 0.265 0.013 0.055 0.292 0.0061 0.028 * 0.135 0.212 0.347

Amadori products −0.209 0.052 0.139 −0.105 0.333 0.479 0.149 0.167 0.302 −0.122 0.260 0.405

AGE-associated
fluorescence 0.020 0.851 0.899 −0.078 0.473 0.614 0.003 0.980 0.980 0.357 0.001 0.004 *

AOPP 0.173 0.109 0.228 0.105 0.334 0.479 −0.029 0.791 0.885 0.172 0.110 0.229

Dityrosine 0.034 0.757 0.866 −0.035 0.747 0.866 −0.056 0.603 0.734 0.199 0.065 0.159

Kynurenine −0.007 0.946 0.964 0.079 0.469 0.614 0.263 0.013 0.055 0.384 0.0002 0.002 *

N′-formylkynurenine 0.120 0.267 0.405 −0.024 0.826 0.889 0.013 0.906 0.940 0.380 0.0003 0.002 *

Tryptophan −0.163 0.132 0.255 −0.100 0.357 0.500 −0.341 0.001 0.007 * −0.234 0.0293 0.102

Kynurenine-to-
tryptophan 0.046 0.672 0.801 0.143 0.186 0.320 0.448 <0.001 0.0002 * 0.427 <0.001 0.0004 *

Spearman’s rank correlation coefficients (ρ) were calculated for the entire cohort (n = 87). FDR correction was
applied across all correlation tests using the Benjamini–Hochberg procedure. q < 0.05 was considered statistically
significant; significant results are marked with an asterisk (*).

Among antioxidant parameters, thiol groups were inversely correlated with age
(ρ = −0.338, q = 0.007), indicating an age-related decline in antioxidant capacity. No sig-
nificant associations between BMI and oxidative or kynurenine pathway markers were
observed after FDR correction.

These findings indicate that while selected redox markers are partially influenced
by metabolic parameters, the observed activation of the kynurenine pathway cannot be
attributed solely to aging or BMI.

In multivariable logistic regression models adjusted for age, BMI, fasting glucose,
and serum urea, several biomarkers remained independently associated with BPH status
(Table 4). After FDR correction across models, higher levels of 3-NT, 4-HNE, MDA, AGE-
associated fluorescence, kynurenine, N′-formylkynurenine, and an increased kynurenine-
to-tryptophan ratio were independently linked to BPH, whereas antioxidant parameters
(thiol groups, TAC) and tryptophan were inversely associated with BPH (all q < 0.05). In
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contrast, Amadori products, dityrosine, and AOPP were not independently associated
with BPH after adjustment. Although several biomarkers demonstrated high odds ratios,
the wide confidence intervals observed for selected parameters (e.g., 4-HNE) likely reflect
limited sample size and strong between-group separation rather than true effect magnitude.
Therefore, effect sizes should be interpreted with caution.

Table 4. Multivariable logistic regression for BPH status adjusted for age, BMI, fasting glucose, and
urea (OR per 1 SD increase in log-transformed biomarker; n = 87; FDR-adjusted).

Marker OR (95% CI) p q (FDR)

Thiol groups 0.18 (0.06–0.54) 0.002 0.009

TAC (ABTS) 0.13 (0.04–0.48) 0.002 0.009

TAC (FRAP) 0.12 (0.03–0.49) 0.003 0.009

MDA 3.01 (1.23–7.36) 0.016 0.025

4-HNE 452.54 (3.38–60,506.26) 0.014 0.025

3-NT 6.82 (2.23–20.87) 0.0008 0.009

Amadori products 0.57 (0.25–1.31) 0.186 0.207

AGE-associated fluorescence 2.70 (1.10–6.61) 0.03 0.041

AOPP 1.15 (0.56–2.36) 0.695 0.695

Dityrosine 1.57 (0.80–3.11) 0.192 0.207

Kynurenine 2.84 (1.26–6.38) 0.012 0.023

N′-formylkynurenine 2.57 (1.08–6.08) 0.032 0.041

Kynurenine-to-tryptophan ratio 45.77 (3.29–636.30) 0.004 0.010

Tryptophan 0.01 (0.000566–0.23) 0.003 0.009

4. Discussion
The present study provides comprehensive evidence that BPH is associated with a

distinct systemic oxidative stress profile characterized by impaired antioxidant defense,
enhanced protein glycoxidation, and pronounced alterations in tryptophan metabolism.
Taken together, these findings support the concept that oxidative stress is not merely a local
phenomenon restricted to prostatic tissue but rather a systemic process accompanying the
progression of BPH.

One of the key observations of the present study is the significant reduction in serum
thiol group content in patients with BPH. Thiol-containing compounds constitute a major
component of the circulating antioxidant defense system and play a critical role in redox
buffering and protection against protein oxidation. Their depletion in BPH indicates an
increased oxidative burden and reduced capacity to neutralize ROS [37]. Our findings
are consistent with observations reported by Koike et al., who demonstrated significantly
lower circulating protein thiol levels in patients with BPH compared with healthy controls
(333.4 ± 47.8 µM vs. 372.8 ± 47.0 µM, respectively) [38]. In line with these data, studies
evaluating thiol/disulfide homeostasis have shown that BPH is associated with significant
alterations in native and total thiol levels as well as thiol/disulfide ratios, occurring indepen-
dently of albumin and total protein concentrations [39,40]. Importantly, these observations
are further supported by a recent systematic review and meta-analysis demonstrating
significantly reduced thiol levels in patients with BPH compared with healthy controls,
with BPH occupying an intermediate redox-risk position between prostate cancer patients
and healthy individuals [41]. Collectively, this body of evidence reinforces the concept that
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attenuation of thiol-dependent antioxidant defenses represents a consistent and systemic
feature of BPH rather than a phenomenon restricted to malignant prostate disease.

Consistently, TAC was significantly reduced in patients with BPH when assessed
using two complementary analytical approaches, namely the ABTS• radical cation decol-
orization assay and the FRAP assay. The concordant decrease in TAC measured by both
methods strengthens the reliability of this finding and suggests a broad impairment of
systemic antioxidant potential rather than selective depletion of individual antioxidants.
Consistently, plasma total equivalent antioxidant capacity was also significantly reduced
in a cohort of 15 patients affected by BPH compared with 15 healthy controls, further
supporting impaired systemic antioxidant defenses in BPH [12]. Our findings are also
consistent with recent comprehensive reviews indicating that total antioxidant status is
reduced in patients with BPH compared with healthy controls, reflecting impairment of
non-enzymatic antioxidant defenses, including thiol-dependent systems [42]. Together,
these observations support diminished systemic antioxidant capacity as a fundamental
feature of BPH-associated redox imbalance.

The concurrent elevation of MDA, 4-HNE, and 3-NT observed in the present study
provides integrated evidence for enhanced lipid peroxidation and nitrosative stress in BPH.
Increased serum MDA concentrations in BPH have been documented in earlier studies,
indicating that lipid peroxidation is a consistent feature of oxidative stress associated with
benign prostatic enlargement [43–45].

While MDA reflects end-stage lipid peroxidation, 4-HNE represents a biologically
active aldehydic mediator capable of propagating oxidative and inflammatory signaling
through protein adduct formation [46]. Previous studies have demonstrated that 4-HNE
is closely linked to oxidative stress-related alterations within prostatic tissue. Immuno-
histochemical analyses revealed low 4-HNE expression in BPH contrasted by markedly
increased accumulation in prostate cancer, particularly in poorly differentiated tumors,
suggesting progressive impairment of aldehyde detoxification mechanisms during malig-
nant transformation [47]. These findings indicate that tissue-level 4-HNE accumulation
may reflect local redox dysregulation associated with cancer progression. In contrast, the
present study demonstrates significantly elevated circulating 4-HNE levels in patients with
BPH, suggesting that systemic lipid peroxidation may precede or occur independently of
overt tissue accumulation and malignant transformation.

In parallel, increased 3-NT levels indicate peroxynitrite-driven protein nitration, link-
ing reactive nitrogen species to oxidative damage [48]. Previous studies have demonstrated
increased expression of nitrosative stress markers, including 3-NT, predominantly at the
tissue level in prostate cancer compared with BPH [16]. Immunohistochemical analyses
revealed higher 3-NT immunoreactivity in prostate cancer biopsies, supporting the role of
protein nitration in malignant transformation of the prostate. In contrast, the present study
demonstrates significantly elevated circulating 3-NT levels in patients with BPH, suggest-
ing that systemic nitrosative stress may already be present in benign prostate pathology,
preceding or occurring independently of overt malignant tissue changes.

Together, these markers suggest that BPH is characterized not only by oxidative injury,
but also by sustained redox signaling driven by lipid- and nitrogen-derived reactive species.

In parallel with impaired antioxidant defenses, markers of protein glycoxidation
revealed selective alterations. While early glycation products, reflected by Amadori com-
pounds, did not differ significantly between groups, AGE-associated fluorescence was
significantly higher in patients with BPH. This pattern suggests that BPH may be associated
with enhanced progression from early glycation intermediates to more stable, biologically
active AGE structures. AGEs are known to promote oxidative stress and inflammation
through receptor-mediated mechanisms, including activation of the receptor for AGEs,
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which may further amplify redox imbalance and inflammatory signaling within the prostate
and systemically [18]. Beyond their role as biomarkers, AGEs are increasingly recognized
as biologically active mediators capable of modulating the tissue microenvironment [49].
Experimental studies in prostate cancer models have demonstrated that AGEs can promote
stromal activation and epithelial cell migration through receptor for AGEs-dependent mech-
anisms [50]. Although these observations were made in malignant settings, they suggest
that AGE accumulation may contribute to redox-sensitive stromal-epithelial interactions
also in benign prostate disorders, supporting the relevance of AGE-related pathways in
prostate pathophysiology. Alterations in protein glycosylation have also been reported
in BPH. Structural heterogeneity of urinary prostate-specific antigen, reflected by distinct
lectin-binding profiles, has been demonstrated in BPH compared with prostate cancer,
indicating disease-specific modifications of oligosaccharide chains [51–53]. Although these
changes reflect enzymatic glycosylation rather than non-enzymatic glycoxidation, they
support the concept that protein carbohydrate modifications represent an integral feature
of prostate pathology and may interact with redox-related processes.

Notably, markers of advanced protein oxidation such as AOPP and dityrosine did not
differ significantly between groups in the present study. This observation may indicate that,
at the systemic level, glycoxidative modifications and redox imbalance precede the overt
accumulation of irreversible protein oxidation products in BPH. Alternatively, it may reflect
differences in sensitivity and specificity among oxidative stress biomarkers, highlighting
the importance of multi-marker approaches when characterizing redox status in complex
chronic conditions. In contrast, Koike et al. [38] reported significantly elevated circulating
levels of AOPP in patients with BPH compared with healthy controls (171.1 ± 100.2 vs.
119.0 ± 54.8 µmol/L of chloramine-T equivalents), suggesting that systemic accumulation
of AOPP may depend on disease stage, patient selection, and the presence of metabolic or
inflammatory comorbidities.

A particularly novel and clinically relevant finding of this study is the pronounced dys-
regulation of the tryptophan-kynurenine pathway in BPH. Patients with BPH exhibited sig-
nificantly elevated serum levels of kynurenine and N′-formylkynurenine, accompanied by
a marked reduction in tryptophan concentration. Activation of the tryptophan–kynurenine
pathway is commonly linked to oxidative stress, immune activation, and chronic inflamma-
tion, as oxidative degradation of tryptophan can be driven by both reactive oxygen species
and inflammatory enzymes. The observed shift toward increased kynurenine metabolites
suggests enhanced oxidative and inflammatory metabolism of tryptophan in BPH, a mech-
anism that has been extensively described in malignant and inflammatory diseases but
remains largely unexplored in benign prostatic disorders [54].

Importantly, alterations in the tryptophan-kynurenine axis may have functional con-
sequences beyond serving as biomarkers of oxidative stress. Kynurenine metabolites are
known to exert immunomodulatory effects and influence cellular proliferation, apoptosis,
and vascular function [55]. Thus, activation of this pathway may contribute not only to sys-
temic redox imbalance but also to local prostatic changes associated with tissue remodeling
and disease progression in BPH. Importantly, multivariable logistic regression analysis
demonstrated that several redox biomarkers remained independently associated with BPH
after adjustment for age, BMI, fasting glucose, and serum urea. This indicates that the ob-
served oxidative and kynurenine pathway alterations cannot be attributed solely to aging or
mild metabolic differences between groups. In particular, 3-NT, 4-HNE, MDA, kynurenine
metabolites, and the kynurenine-to-tryptophan ratio remained independently associated
with BPH after multivariable adjustment. However, confidence intervals were wide for
some biomarkers, indicating potential variability of effect size estimates. These findings
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support the concept that systemic redox imbalance represents an intrinsic biological feature
of BPH rather than a secondary epiphenomenon of age-related metabolic changes.

Evidence for the involvement of oxidative stress in BPH is also provided by experi-
mental studies using animal models. In dogs with spontaneous BPH, significantly reduced
TAC accompanied by increased levels of protein oxidation markers, including dityrosine
and N′-formylkynurenine, has been demonstrated in prostatic fluid and spermatozoa [56].
Interestingly, no significant differences in thiol group content were observed in this model,
suggesting that the expression of thiol-dependent redox imbalance may vary depending
on the biological compartment, species, and stage of the disease. Nevertheless, these
findings support the concept that oxidative stress-related protein modifications represent a
conserved feature of BPH pathophysiology across species.

Population-based evidence also supports a link between redox status and BPH. An
analysis of NHANES data demonstrated a significant, non-linear association between
the oxidative balance score (OBS) and BPH prevalence, suggesting that systemic redox-
related factors are involved in BPH pathophysiology. However, as the OBS is derived
from dietary and lifestyle variables rather than direct biochemical measurements, these
findings highlight the complexity of redox regulation and underscore the importance of
using objective oxidative stress biomarkers to characterize redox imbalance in BPH [57].

Although patients with BPH were older, multivariable adjustment demonstrated that
the majority of redox biomarkers remained independently associated with BPH status,
suggesting that age alone does not explain the observed biochemical phenotype. The
lack of significant differences in BMI, white blood cell count, renal function markers, and
total protein concentration between groups supports the interpretation that the detected
redox alterations are specifically associated with BPH rather than generalized metabolic or
inflammatory comorbidities. Correlation analysis revealed consistent associations between
fasting glucose levels and multiple oxidative stress markers across the entire cohort. Lipid
peroxidation products (MDA and 4-HNE) and protein nitration were positively correlated
with glucose concentrations, whereas TAC assessed by the ABTS assay showed a significant
inverse relationship. In addition, lower tryptophan levels and a higher kynurenine-to-
tryptophan ratio were associated with higher glucose levels. Importantly, these associations
were observed within the non-diabetic range of fasting glucose, suggesting that even subtle
variations in glycemic status may be linked to systemic redox balance. This pattern indicates
a coordinated redox-metabolic interaction rather than isolated biomarker fluctuations. Mild
elevations in glucose may enhance oxidative burden through increased mitochondrial
ROS generation, glycoxidative processes, and activation of pro-inflammatory signaling
pathways [58]. Conversely, impaired antioxidant defenses may exacerbate susceptibility to
oxidative damage in the context of metabolic stress.

Collectively, the observed pattern integrates antioxidant depletion, lipid peroxidation,
nitrosative stress, and immunometabolic activation into a coherent systemic oxidative
phenotype associated with BPH. This multidimensional redox signature may reflect persis-
tent low-grade inflammatory activation and age-related metabolic stress contributing to
prostatic remodeling.

Although we assessed only serum biomarkers, previous studies support the presence
of oxidative damage also at the level of prostatic tissue in BPH. Oxidative DNA damage
in transition-zone tissue has been shown to increase in BPH and to correlate with disease
severity and prostate weight [59]. Earlier studies also linked oxidative DNA base lesions
with altered antioxidant enzyme activity in BPH tissue [60]. Moreover, recent clinical work
demonstrated that urinary inflammatory and oxidative stress biomarkers are associated
with symptom severity and treatment response in BPH [23]. Nevertheless, direct corre-
lations between serum oxidative stress markers and intraprostatic redox status remain
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insufficiently established; therefore, our findings should be interpreted as evidence of
systemic oxidative imbalance associated with BPH rather than a direct measure of local
tissue oxidative stress.

Several limitations of the present study should be acknowledged. The cross-sectional
design precludes causal inference, and the lack of direct tissue-level oxidative stress assess-
ment limits conclusions regarding local prostatic redox processes. In addition, inflammatory
mediators were not directly measured, which would further clarify the relationship between
oxidative stress and immune activation in BPH. Furthermore, complete and standardized
data on serum PSA levels and total prostate volume were not available for all participants.
In particular, the control group did not undergo detailed urological assessment, and these
variables were not collected in a uniform manner across the study population. As a result,
we were unable to include these clinically relevant parameters in the comparative baseline
analysis. Another limitation is the lack of complete and standardized data on total prostate
volume, which prevented us from analyzing potential correlations between prostate size
and systemic oxidative stress markers. Moreover, due to the strict exclusion criteria ap-
plied to minimize potential confounding factors, the findings should be interpreted as
applicable primarily to the selected study population meeting these criteria, which may
limit the generalizability of the results to the broader BPH population. The very high
odds ratio observed for 4-HNE likely reflects pronounced between-group separation in this
relatively small cohort rather than the exact biological magnitude of the effect. Accordingly,
the regression results should be viewed as hypothesis-supporting rather than providing
definitive estimates of clinical risk.

Nevertheless, the relatively well-characterized study population and the use of multi-
ple complementary oxidative stress markers represent important strengths of this work.
From a translational perspective, the multidimensional redox signature observed in BPH
may support the development of composite biomarker panels rather than reliance on single
oxidative markers. Future studies integrating oxidative stress markers with clinical severity
scores and imaging parameters may clarify their potential diagnostic or stratification value.

5. Conclusions
In conclusion, the present findings demonstrate that BPH is associated with systemic

oxidative stress characterized by depletion of antioxidant defenses, enhanced glycoxida-
tion, and activation of the tryptophan-kynurenine pathway. Collectively, these results
highlight oxidative stress as a central biological component of BPH and identify trypto-
phan metabolism disturbances as a novel feature of this condition, warranting further
investigation as potential biomarkers or therapeutic targets in benign prostatic disease.
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Relationship between 4-Hydroxynonenal (4-HNE) as Systemic Biomarker of Lipid Peroxidation and Metabolomic Profiling of
Patients with Prostate Cancer. Biomolecules 2023, 13, 145. [CrossRef]

18. Twarda-Clapa, A.; Olczak, A.; Białkowska, A.M.; Koziołkiewicz, M. Advanced Glycation End-Products (AGEs): Formation,
Chemistry, Classification, Receptors, and Diseases Related to AGEs. Cells 2022, 11, 1312. [CrossRef] [PubMed]

19. Zhang, Y.; Zhang, Z.; Tu, C.; Chen, X.; He, R. Advanced Glycation End Products in Disease Development and Potential
Interventions. Antioxidants 2025, 14, 492. [CrossRef]

https://doi.org/10.3390/antiox15040488

https://doi.org/10.4082/kjfm.19.0012
https://www.ncbi.nlm.nih.gov/pubmed/32019295
https://doi.org/10.3390/medicina61122244
https://www.ncbi.nlm.nih.gov/pubmed/41470246
https://doi.org/10.1038/s41598-025-90229-3
https://www.ncbi.nlm.nih.gov/pubmed/39955408
https://doi.org/10.1155/2014/329456
https://doi.org/10.3390/diseases13020053
https://doi.org/10.1080/13685538.2018.1434772
https://doi.org/10.3390/metabo15070479
https://doi.org/10.1155/2017/8416763
https://doi.org/10.3389/fimmu.2025.1662792
https://doi.org/10.3389/fonc.2025.1579539
https://doi.org/10.1016/j.clinbiochem.2009.05.009
https://www.ncbi.nlm.nih.gov/pubmed/19465015
https://doi.org/10.1159/000315064
https://doi.org/10.17219/acem/66837
https://doi.org/10.1007/s12291-012-0229-4
https://doi.org/10.1002/jbt.70133
https://doi.org/10.4321/S0004-06142009000900003
https://doi.org/10.3390/biom13010145
https://doi.org/10.3390/cells11081312
https://www.ncbi.nlm.nih.gov/pubmed/35455991
https://doi.org/10.3390/antiox14040492
https://doi.org/10.3390/antiox15040488


Antioxidants 2026, 15, 488 18 of 19

20. Shi, C.; Dong, J.; Hui, X.; Xu, Z.; Zhao, Z.; Dong, L. Production, Mechanisms, and Therapeutic Strategies of Tryptophan
Metabolites in CNS Diseases. Mol. Neurobiol. 2026, 63, 226. [CrossRef] [PubMed]

21. Fuentes-Lemus, E.; Hägglund, P.; López-Alarcón, C.; Davies, M.J. Oxidative Crosslinking of Peptides and Proteins: Mechanisms
of Formation, Detection, Characterization and Quantification. Molecules 2021, 27, 15. [CrossRef] [PubMed]

22. Gabela, A.M.; Mthembu, N.; Hadebe, S. Tryptophan Metabolism in Health and Disease- Implications for Non-Communicable
Diseases. Immunol. Lett. 2026, 277, 107093. [CrossRef] [PubMed]

23. Jiang, Y.-H.; Lee, J.; Kuo, H.-C.; Wu, Y.-H. Urinary Inflammatory and Oxidative Stress Biomarkers as Indicators for the Clinical
Management of Benign Prostatic Hyperplasia. Int. J. Mol. Sci. 2025, 26, 6516. [CrossRef]

24. Lee, G.-H.; Lee, H.-Y.; Zhao, L.; Rashid, M.M.U.; Kim, M.K.; Jeong, Y.B.; Chae, H.-J.; Shin, Y.S. The Role of Reactive Oxygen
Species, Inflammation, and Endoplasmic Reticulum Stress Response in the Finasteride Protective Effect against Benign Prostate
Hyperplasia. World J. Mens Health 2024, 42, 600–609. [CrossRef]

25. Jansen, E.H.J.M.; Beekhof, P.K.; Viezeliene, D.; Muzakova, V.; Skalicky, J. Long-Term Stability of Oxidative Stress Biomarkers in
Human Serum. Free Radic. Res. 2017, 51, 970–977. [CrossRef]

26. Costa, K.B.; Leite, H.R.; Garcia, B.C.C.; Ottone, V.O.; Mendonça, G.D.R.; Cordeiro, P.J.; Chaves, P.R.; Deus, F.A.; Tossige-Gomes, R.;
Coimbra, C.C.; et al. Storage Duration Affects the Quantification of Oxidative Stress Markers in the Gastrocnemius, Heart, and
Brain of Mice Submitted to a Maximum Exercise. Biopreserv. Biobank. 2022, 20, 3–11. [CrossRef] [PubMed]

27. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein Measurement with the Folin Phenol Reagent. J. Biol. Chem. 1951,
193, 265–275. [CrossRef] [PubMed]

28. Ellman, G.L. Tissue Sulfhydryl Groups. Arch. Biochem. Biophys. 1959, 82, 70–77. [CrossRef]
29. Benzie, I.F.; Strain, J.J. The Ferric Reducing Ability of Plasma (FRAP) as a Measure of “Antioxidant Power”: The FRAP Assay.

Anal. Biochem. 1996, 239, 70–76. [CrossRef]
30. Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant Activity Applying an Improved ABTS

Radical Cation Decolorization Assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [CrossRef]
31. Yagi, K. Assay for Blood Plasma or Serum. Methods Enzymol. 1984, 105, 328–331. [CrossRef]
32. Johnson, R.N.; Metcalf, P.A.; Baker, J.R. Fructosamine: A New Approach to the Estimation of Serum Glycosylprotein. An Index of

Diabetic Control. Clin. Chim. Acta 1983, 127, 87–95. [CrossRef]
33. Münch, G.; Keis, R.; Wessels, A.; Riederer, P.; Bahner, U.; Heidland, A.; Niwa, T.; Lemke, H.D.; Schinzel, R. Determination of

Advanced Glycation End Products in Serum by Fluorescence Spectroscopy and Competitive ELISA. Eur. J. Clin. Chem. Clin.
Biochem. 1997, 35, 669–677. [CrossRef]

34. Henle, T.; Deppisch, R.; Beck, W.; Hergesell, O.; Hänsch, G.M.; Ritz, E. Advanced Glycated End-Products (AGE) during
Haemodialysis Treatment: Discrepant Results with Different Methodologies Reflecting the Heterogeneity of AGE Compounds.
Nephrol. Dial. Transplant. 1999, 14, 1968–1975. [CrossRef] [PubMed]

35. Witko-Sarsat, V.; Friedlander, M.; Khoa, T.N.; Capeillère-Blandin, C.; Nguyen, A.T.; Canteloup, S.; Dayer, J.-M.; Jungers, P.;
Drüeke, T.; Descamps-Latscha, B. Advanced Oxidation Protein Products as Novel Mediators of Inflammation and Monocyte
Activation in Chronic Renal Failure. J. Immunol. 1998, 161, 2524–2532. [CrossRef]

36. Diplock, A.T.; Symons, M.C.R.; Rice-Evans, C.A. Techniques in Free Radical Research; Elsevier: Amsterdam, The Netherlands, 1991;
ISBN 978-0-444-81304-6.

37. Ulrich, K.; Jakob, U. The Role of Thiols in Antioxidant Systems. Free Radic. Biol. Med. 2019, 140, 14–27. [CrossRef]
38. Koike, A.; Robles, B.E.F.; da Silva Bonacini, A.G.; de Alcantara, C.C.; Reiche, E.M.V.; Dichi, I.; Maes, M.; Cecchini, R.; Simão,

A.N.C. Thiol Groups as a Biomarker for the Diagnosis and Prognosis of Prostate Cancer. Sci. Rep. 2020, 10, 9093. [CrossRef]
39. Sönmez, M.G.; Kozanhan, B.; Deniz, Ç.D.; Göger, Y.E.; Kılınç, M.T.; Neşelioğlu, S.; Erel, Ö. Is Oxidative Stress Measured by
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