X piomolecules MDPI
@
Article

Interplay Between Sperm Function and Seminal Plasma
Biochemical Profile in a Group of Normozoospermic Subjects

1 1

Caterina Marcucci 1©, Giulia Collodel 1'*(®, Elena Leoni 12, Laura Liguori “%, Cinzia Signorini ~'7,

2 2

Fabiola Nerucci 22, Paola Calzoni 2(2), Marcello Fiorini 2(2) and Elena Moretti !

Department of Molecular and Developmental Medicine, University of Siena, 53100 Siena, Italy;
caterin.marcucci@student.unisi.it (C.M.); elena.leoni@student.unisi.it (E.L.);
laura.liguori@student.unisi.it (L.L.); cinzia.signorini@unisi.it (C.S.); elena.moretti@unisi.it (E.M.)
Division of Clinical Pathology, University Teaching Hospital of Siena, 53100 Siena, Italy;
fabiola.nerucci@gmail.com (F.N.); p.calzoni@ao-siena.toscana.it (P.C.);
marcello.fiorini@ao-siena.toscana.it (M.E)

*  Correspondence: giulia.collodel@unisi.it

Abstract

Seminal plasma regulates sperm function; oxidative stress (OS) and inflammation can
impair semen biochemical homeostasis. This study investigated seminal biochemi-
cal/enzymatic compounds and Trolox Equivalent Antioxidant Capacity (TEAC) in seminal
plasma and spermatozoa from normozoospermic men (>5th percentile) assessing their
relationship with sperm quality. The strongest significant (p < 0.001 ***) negative corre-
lations (r) were found for normal sperm morphology and albumin (ALB, r = —0.515 **¥),
cholesterol (CHO, r = —0.386 ***), lactate dehydrogenase (LDH, r = —0.514 ***), sperm
TEAC (r = —0.438 ***) and homocysteine (Hcy; r = —0.381 ***); sperm progressive motil-
ity with ALB (r = —0.495 ***), CHO (r = —0.349 ***), LDH (r = —0.355 ***) and sperm
TEAC (r = —0.295 ***); sperm vitality with creatine kinase (CK, r = —0.486 ***) and LDH
(r = —0.380 ***). Total prostate-specific antigen (TPSA) was positively correlated with sperm
quality. After stratification, subjects with low-normal sperm parameters showed signifi-
cantly higher levels of ALB, CHO, CK, LDH, interleukin 6 (IL-6), Hcy and sperm TEAC vs.
high-normal parameter subjects. ALB, Hcy and LDH were increased in individuals with
progressive motility, normal morphology and vitality < 25th percentile indicating their
involvement in OS, inflammation and accessory gland activity. These findings suggest that
World Health Organization lower reference limits are not a strict cutoff between normal
and abnormal semen quality but rather define a baseline of biochemical efficiency and
sperm function, highlighting the synergy between spermatozoa and seminal plasma.
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acids [1-3]. This molecular complexity underlies several essential functions of seminal
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as a potential source of biomarkers for the diagnosis and monitoring of male reproductive
disorders [3,5].

Recent research has been directed toward the detailed characterization of the enzy-
matic, biochemical composition of semen [6-11], metabolome, exploring their association
with sperm quality [12-14].

Several seminal molecules, particularly relevant to male reproductive physiology,
encompassing proteins and metabolites involved in cellular metabolism, oxidative stress
(0S), and inflammation have been considered in this paper, in particular albumin (ALB),
carcinoembryonic antigen (CEA), cholesterol (CHO), creatine kinase (CK), interleukin-6
(IL-6), lactate dehydrogenase (LDH), total prostate-specific antigen (TPSA), uric acid (UA),
homocysteine (Hcy) and Trolox Equivalent Antioxidant Capacity (TEAC) measured in
seminal plasma and spermatozoa. ALB facilitates sperm capacitation by promoting CHO
efflux from the sperm plasma membrane, enabling membrane reorganization and activation
of signaling pathways required for hyperactivation and fertilization [15]. CHO represents
a major structural component of the sperm plasma membrane, regulating the activity of
ion channels involved in sperm capacitation [16]. Recently, alterations in CHO metabolism
have also been associated with OS-induced damage and impaired fertilizing capacity [17].
The CK participates in the phosphocreatine system, sustaining sperm motility and flagellar
activity [18], while LDH, particularly the sperm-specific LDH-C isoform, plays a central
role for normal motility and fertilization capacity [19,20].

Inflammatory mediators are also known to influence the seminal microenvironment
and sperm physiology. IL-6 is a pleiotropic cytokine involved in immune regulation and is
consistently detected in human semen, even in the absence of overt infection [21]. Elevated
concentrations of IL-6 in seminal plasma have been associated with increased levels of
reactive oxygen species (ROS) and lipid peroxidation in spermatozoa, leading to impaired
sperm quality [22]. Another molecule of particular interest is Hcy, a sulphur-containing
amino acid generated during methionine metabolism. Alterations in Hcy metabolism
may negatively influence semen quality [23]. Additional molecules of prostatic origin,
such as CEA, have also been detected in seminal plasma. Although the physiological role
in male reproduction remains poorly understood, its inclusion in the present panel was
motivated by the potential value as an indicator of accessory gland contribution to the
seminal microenvironment [24,25].

Moreover, TPSA, a serine protease produced by the prostate, plays a crucial role in the
liquefaction of seminal plasma after ejaculation. This enzymatic process is necessary for
the degradation of seminal coagulum proteins and for the release of spermatozoa, thereby
facilitating sperm motility and progression within the female reproductive tract [26,27].

In seminal plasma the antioxidant capacity also plays a critical role in maintain-
ing sperm integrity. UA, a major non-enzymatic antioxidant in human semen, con-
tributes to preserving sperm motility, vitality and morphology, supporting overall sperm
function [28,29]. Despite its recognized importance, seminal UA concentrations remain
inconsistently reported, reflecting inter-individual variability and the influence of both
physiological and pathological factors [30-32]. On the other hand, total antioxidant capac-
ity (TAC) reflects the cumulative activity of enzymatic and non-enzymatic antioxidants
present in both seminal plasma and sperm cells, which act synergistically to neutralize ROS
and protect spermatozoa from oxidative damage [33]. TAC assays are frequently used to
identify the antioxidant capacity also in male infertility [34]. Here, the TEAC assay was
applied as a measure of antioxidant capacity expressed in Trolox equivalents [35].

Although several seminal components have been individually associated with sperm
function, the integrated contribution of biochemical, enzymatic, inflammatory and OS-
related markers to sperm quality remains insufficiently characterized, particularly in nor-
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mozoospermic men. A comprehensive assessment of these parameters may provide new
insights into the biological variability underlying apparently normal semen profiles.

Based on these observations, the present study aimed to investigate in a cohort of
normozoospermic individuals (>5th percentile; World Health Organization (WHO) [36])
the seminal concentrations of biochemical and enzymatic components and TEAC levels
in seminal plasma and spermatozoa. This analytical approach can indicate whether these
markers may vary also in relation to sperm parameters, always within the condition
of normozoospermia.

2. Materials and Methods
2.1. Participants and Groups

The study group consisted of 92 normozoospermic men (aged 2741 years) attending
the Department of Molecular and Developmental Medicine for semen analysis. All individ-
uals exhibited semen parameters above the 5th percentile according to WHO guidelines [36]
and provided the required anamnestic information. Additional inclusion criteria were: a
normal karyotype, BMI < 25 kg/m?, and normal serum hormone levels. The individuals
had no urogenital infections, leukocytospermia, and did not smoke more than 10 cigarettes
per day. They did not report chronic diseases, chemotherapy, radiotherapy, intake of oral
antioxidant supplementation, or a history of drug or alcohol use. To investigate whether,
within normozoospermia (above the 5th percentile [36]), specific seminal parameters corre-
late with the level of specific biochemical molecules measured in seminal plasma, values of
sperm progressive motility, normal sperm morphology and sperm vitality corresponding
to the 25th percentile [36] were used to stratify the selected normozoospermic individuals
as follows (Figure 1):

e  The group of individuals with sperm progressive motility below the 25th percentile
(PMOT < 25 group) included 28 normozoospermic men with progressive motil-
ity <45%, whereas the group with sperm progressive motility > 25th percentile
(PMOT > 25 group) included 64 normozoospermic men with progressive motility
> 45% [36];

e  The group of individuals with normal sperm morphology below the 25th percentile
(MOR < 25 group) included 32 normozoospermic men with normal morphology < 8%,
whereas the group with normal sperm morphology > 25th percentile (MOR > 25 group)
included 60 normozoospermic men with normal morphology > 8% [36];

e  The group of individuals with sperm vitality below the 25th percentile (VIT < 25 group)
included 29 normozoospermic men with vitality < 69%, whereas the group with sperm
vitality > 25th percentile (VIT > 25 group) included 63 normozoospermic men with
vitality > 69% [36].

Subsequently, the same cohort of normozoospermic individuals was stratified into
three groups:

e High-parameter group (H, n = 44), in whom all three sperm parameters were greater
than or equal to the 25th percentile (respectively sperm progressive motility > 45%,
normal sperm morphology > 8%, and sperm vitality > 69%);

o Intermediate-parameter group (I, n = 20), defined by having two out of the three
evaluated parameters are comprised between the 5th and 25th percentile (respectively
sperm progressive motility 30-45%, normal sperm morphology 4-8%, and sperm
vitality 54-69%);

e  Low-parameter group (L, n = 11), in whom all three parameters fell between the 5th
and 25th percentiles (respectively 30—44%, 4-7%, and 54-68%).
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Subjects with only one of the three selected sperm parameters at or above the 25th
percentile and the remaining two parameters between the 5th and 25th percentiles did not
meet the predefined classification criteria for the H, I, or L groups and were not included in

the corresponding group-based analyses.

The 25th percentile was chosen as a data-driven, exploratory threshold to identify

the lowest-performing subgroup and assess whether specific biochemical markers are

preferentially associated with reduced sperm parameters. It also provided an intermediate

reference point while ensuring an adequate distribution of subjects among the three groups

for comparative analyses.

All patients agreed to have their semen analyzed for semen components and for

assessing OS. The study was approved by the Ethics Committee of Azienda Ospedaliera
Universitaria Senese (ID: CEAVSE 25612, 20 November 2023).

STUDY POPULATION
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Figure 1. Study design and stratification of the study population. A total of 92 normozoospermic

men were enrolled according to the WHO reference criteria [36] and additional inclusion criteria.
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Semen samples underwent standard semen analysis; subsequently, seminal plasma was used to
measure albumin (ALB), carcinoembryonic antigen (CEA), cholesterol (CHO), creatine kinase (CK),
interleukin-6 (IL-6), lactate dehydrogenase (LDH), total prostate-specific antigen (TPSA), uric acid
(UA), homocysteine (Hcy) and Trolox Equivalent Antioxidant capacity (TEAC), whereas the sperm
pellet was used for sperm TEAC assessment. Following correlation analyses in the whole study
population, subjects were first stratified according to the 25th percentile of sperm progressive
motility, normal sperm morphology and sperm vitality, generating the PMOT < 25/PMOT > 25,
MOR < 25/MOR > 25 and VIT < 25/VIT > 25 comparison groups, respectively. Subsequently, the
same cohort was classified into high- (H), intermediate- (I), and low-parameters (L) groups according
to the combined distribution of sperm progressive motility, morphology and vitality values between
the 5th and 25th percentiles or above the 25th percentile.

2.2. Semen Analysis

Semen analysis was performed according to WHO guidelines [36]. Briefly, semen sam-
ples were collected by masturbation after 3-5 days of sexual abstinence and analyzed after
liquefaction for 30 min at 37 °C. Conventional semen parameters were determined: volume,
pH, sperm concentration, motility, and vitality. The sperm morphology was assessed by
the stain-coated test simplet slides (Origio, Italy). Sperm vitality was assessed using Eosin
Y staining by evaluating at least 300 spermatozoa per sample and distinguishing viable
(unstained) from non-viable (red-stained) cells.

After semen analysis, all samples were centrifuged at 12,000 g to separate spermato-
zoa from the seminal plasma, according to Feng and colleagues [37]. The recovered seminal
plasma was examined under a light microscope to confirm the absence of sperm cells. The
sperm pellet was washed three times with phosphate-buffered saline (PBS), and aliquots
containing approximately 1 x 10° spermatozoa were prepared for other analyses. Both
seminal plasma and sperm aliquots were stored at —80 °C until use.

The samples were stored for 3-5 months before the analysis. Upon thawing, they were
immediately processed and were not subjected to any further freeze-thaw cycles.

2.3. Determination of Biochemical Components in Seminal Plasma

The stored seminal plasma specimens were thawed at room temperature and then
tested using a COBAS 8000 modular analyzer (Roche Diagnostics GmbH, Mannheim, Ger-
many) by means of two analytical modules: C702, the high-throughput clinical chemistry
module, and E602, the immunoassay module. The following parameters were measured in
seminal plasma: ALB, g/dL, CEA, ng/mL, CHO, mg/dL, CK, U/L, IL-6, pg/mL, LDH,
U/L, TPSA, ng/mL, UA, mg/dL. For the analytes measured in module C702 (ALB, LDH,
CK, CHO, UA), COBAS 8000 calibration was done with the human lyophilized serum
Calibrator C.f.a.s. (Roche Diagnostics GmbH, Mannheim, Germany). The C.f.a.s. (calibrator
for automated systems) is a universal calibrator for adjusting most photometric methods.
Human lyophilized serum PreciControl ClinChem level 1 was used as normal control
and PreciControl ClinChem level 2 was used as pathologic control (Roche Diagnostics
GmbH, Mannheim, Germany). For the analytes measured in module E602 (CEA, IL-6,
TPSA), specific calibrators for each analyte (Roche Diagnostics GmbH, Mannheim, Ger-
many) were used. PreciControl Tumor Marker levels 1 and 2 (Roche Diagnostics GmbH,
Mannheim, Germany), and Preci control Multimarker levels 1 and 2 (Roche Diagnostics
GmbH, Mannheim, Germany) were used as normal and pathologic controls respectively.

Then, semen samples were centrifuged at 2600x g for 15 min and the resulting su-
pernatant was used for Hcy quantification by nephelometric assay on the Atellica NEPH
630 System (Siemens Healthineers, Milano Italy), employing the N Latex HCY reagent
(Siemens Healthineers, Milano Italy). Concentrations were calculated using a calibration
curve generated with the N Protein Standard SL (Siemens Healthineers, Milano, Italy),
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and results were expressed in micromoles per liter (umol/L). Each analytical session was
validated through internal quality control using the N/T Protein Control SL/M (Siemens
Healthineers, Milano, Italy).

2.4. Trolox Equivalent Antioxidant Capacity Determination in Seminal Plasma and Spermatozoa

The total antioxidant capacity of seminal plasma and spermatozoa was quantified
using an antioxidant assay kit (Sigma-Aldrich, St. Louis, MO, USA). After thawing, sper-
matozoa were suspended in 0.5 mL of cold 1x Assay Buffer and sonicated to prepare cell
lysates. Afterward, a centrifugation at 12,000 x g for 15 min at 4 °C was carried out and the
supernatant was collected. Seminal plasma was thawed at room temperature and analyzed.
The applied antioxidant assay measures the ability of sample antioxidants to inhibit the
formation of the radical cation of 2,2"-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTSe+) generated by the reaction of metmyoglobin with hydrogen peroxide. In the pres-
ence of antioxidants, the production of ABTSe+ is suppressed in a concentration-dependent
manner, resulting in a reduction in the green color intensity, which was measured spec-
trophotometrically at 405 nm. Trolox, a water-soluble vitamin E analog, was used to
generate a standard curve, and results, reported as mM concentrations, were expressed as
TEAC in both seminal plasma (seminal TEAC) and spermatozoa (sperm TEAC).

2.5. Statistical Analysis

The D’Agostino—Pearson test was used to assess data distribution. Medians and
interquartile ranges (IQR: 25th—75th percentile) of the considered variables were used to
represent the data. Spearman’s rank correlation coefficient was used to assess the correla-
tions among the variables under investigation in the overall study population. Comparisons
between the PMOT < 25 and PMOT > 25 groups, MOR < 25 and MOR > 25 groups and
VIT < 25 and VIT > 25 groups were performed using the Mann-Whitney U test. Compar-
isons among the high-, intermediate- and low (H, I, L)-parameter groups were performed
using the Kruskal-Wallis test followed by Dunn’s post hoc test for multiple comparisons
when a statistically significant difference was found among groups. A p value < 0.05 was
considered statistically significant.

3. Results

Seminal levels of ALB, CEA, CHO, CK, IL-6, LDH, TPSA, UA and Hcy were
quantified in semen samples of 92 individuals with normal semen parameters (>5th
percentile, [36]). TEAC was assessed in both seminal plasma and spermatozoa (seminal
TEAC and sperm TEAC).

In Table 1, the medians and interquartile range (IQR, 25th—75th percentile) for each
variable are shown.

The correlations between the variables under investigation in the overall study popu-
lation are reported in Table 2.

The biochemical profile of the seminal plasma revealed a complex network of inter-
actions. Among seminal biomarkers, ALB showed positive significant correlations with
CHO (r=0.377, p < 0.001), LDH (r = 0.577, p < 0.001) and Hcy (r = 0.426, p < 0.001), and a
negative correlation with TPSA (r = —0.425, p < 0.001). CEA showed positive correlations
with TPSA (r = 0.245, p < 0.05), UA (r = 0.233, p < 0.05) and Hcy (r = 0.209, p < 0.05). CHO
was positively correlated with LDH (r = 0.582, p < 0.001) and sperm TEAC (r = 0.223,
p < 0.05) and negatively with TPSA (r = —0.530, p < 0.001) and UA (r = —0.346, p < 0.001).
CK showed positive correlations with IL-6 (r = 0.305, p < 0.01) and sperm TEAC (r = 0.248,
p < 0.05) and negative correlation with TPSA (r = —0.311, p < 0.01). IL-6 was positively
correlated with LDH (r = 0.228, p < 0.05) and UA (r = 0.221, p < 0.05) and negatively with
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seminal TEAC (r = —0.213, p < 0.05). LDH was negatively correlated with TPSA (r = —0.457,
p < 0.001) and positively with Hcy (r = 0.254, p < 0.05). UA showed positive correlations
with TPSA (r = 0.338, p < 0.001), Hey (r = 0.320, p < 0.01) and seminal TEAC (r = 0.221,
p <0.05).

Table 1. Medians and interquartile ranges (IQR: 25th-75th percentile) of seminal albumin (ALB,
g/dL), carcinoembryonic antigen (CEA, ng/mL), cholesterol (CHO, mg/dL), creatine kinase (CK,
U/L), interleukin-6 (IL-6, pg/mL), lactate dehydrogenase (LDH, U/L), total prostate-specific antigen
(TPSA, ng/mL), uric acid (UA, mg/dL), homocysteine (Hcy, umol/L), semen volume (mL), sperm
concentration (x10°/mL), sperm progressive motility (%), normal sperm morphology (%), sperm
vitality (%), seminal and sperm Trolox Equivalent Antioxidant Capacity (seminal, sperm TEAC, mM)
are reported.

Median IQR
ALB (g/dL) 0.55 0.44-0.70
CEA (ng/mL) 20.58 9.66-52.71
CHO (mg/dL) 16.30 9.74-25.60
CK(U/L) 320 134-482
IL-6 (pg/mL) 12.15 6.59-30.71
LDH (U/L) 1798 1327-2132
TPSA (ng/mL) 15.70 12.14-23.09
UA (mg/dL) 5.1 4.2-6.5
Hcy (umol/L) 3.17 2.67-4.44
Volume (mL) 35 2.5-4.0
Sperm concentration (x10°/mL) 44 36-69
Sperm progressive motility (%) 49 40-58
Normal sperm morphology (%) 9 6-11
Sperm vitality (%) 72 66-78
Sperm TEAC (mM) 0.08 0.04-0.15
Seminal TEAC (mM) 2.05 1.83-2.10

Moreover, several biochemical markers exhibited significant relationships with
sperm parameters.

Normal sperm morphology showed significant negative correlations with ALB
(r=-0.515, p < 0.001), CHO (r = —0.386, p < 0.001), LDH (r = —0.514, p < 0.001), Hcy
(r=—0.381, p < 0.001), sperm TEAC (r = —0.438, p < 0.001), CK (r = —0.294, p < 0.01) and
CEA (r = —0.207, p < 0.05) and a positive correlation with TPSA (r = 0.258, p < 0.05).

Progressive sperm motility had significant negative correlations with ALB (r = —0.495,
p < 0.001), LDH (r = —0.355, p < 0.001), CHO (r = —0.349, p < 0.001), Hey (r = —0.293,
p <0.01), sperm TEAC (r = —0.295, p < 0.01) and CEA (r = —0.258, p < 0.05).

Sperm vitality showed significant inverse correlations with CK (r = —0.486, p < 0.001),
LDH (r = —0.380, p < 0.001), ALB (r = —0.260, p < 0.05), IL-6 (r = —0.233, p < 0.05) and
Hcy (r = —0.241, p < 0.05). Like normal sperm morphology, vitality showed a significant
positive correlation with TPSA (r = 0.215, p < 0.05).
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Table 2. Spearman correlation coefficients among seminal albumin (ALB, g/dL), carcinoembryonic antigen (CEA, ng/mL), cholesterol (CHO, mg/dL), creatine kinase
(CK, U/L), interleukin-6 (IL-6, pg/mL), lactate dehydrogenase (LDH, U/L), total prostate-specific antigen (TPSA, ng/mL), uric acid (UA, mg/dL), homocysteine
(Hcy, umol/L), semen volume (mL), sperm concentration (x10°/mL), sperm progressive motility (%), normal sperm morphology (%), sperm vitality (%) and
seminal and sperm Trolox Equivalent Antioxidant Capacity (seminal, sperm TEAC, mM). Significant correlations are reported: * p < 0.05, ** p < 0.01, *** p < 0.001.

ALB CEA CHO CK IL-6 LDH TPSA UA Hec Semen Sperm Con- Pr: przrsI:ive S l\i(r):rnm;lor Sperm Sperm  Seminal
y Volume centration Mgo tility l;)hology Vitality TEAC TEAC
ALB (g/dL) 1
CEA (ng/mL) —0.086 1
CHO (mg/dL) 0.377 #*+ —0.118 1
CK (U/L) 0.163 ~0.188 —0.016 1
IL-6 (pg/mL) 0.160 0.009 0.027 0.305 ** 1
LDH (U/L) 0.577 #** —0.061 0.582 *** 0.157 0.228* 1
TPSA (ng/mL) 0425  0245%  —0530**  —0.311* 0.025 —0.457 *** 1
UA (mg/dL) —0.083 0233*  —0.346** —0.071 0.221% —0.107 0.338 *** 1
Hey (pmol /L) 0.426 ** 0.209* 0.042 0.026 0.113 0.254* 0.006 0.320** 1
Semen volume (mL) 0.017 0.161 0.033 ~0.160 —0.087 ~0.191 0.184 0.128 —0.177 1
Sperm concentration —0.127 —0.127 ~0.038 —0.201 —0.166 0.066 0.103 —0.039 ~0.159 —0.192 1
(x10/mL)
Sperm progressive —0.495%*  _(258%  —0.349 % —0.029 —0.078  —0.355% 0.173 0.128 —0.293** —0.095 0.475 *** 1
motility (%)
Normal sperm —0.515%%*  —0207*  —0386**  —0.204* —0.005  —0.514**  0258* 0.081 —0.381 ** 0.046 0.259* 0.590 *** 1
morphology (%)
Sperm vitality (%) —0.260* 0.102 0.014 —0486**  —0233*  —0380**  0215% ~0.106 —0.241* 0.199 0.106 0.128 0.449 #*+ 1
Sperm TEAC (mM) 0.174 0.191 0.223* 0.248* 0.095 0.105 —0.021 0.024 0.146 0.182 —0213% —0.295** —0.438 ** ~0.168 1
Seminal TEAC (mM) ~0.109 0.026 —0.123 —0.005 —0213% —0.086 0.123 0.221% —0.050 0.034 0.185 0.191 —0.054 ~0.052 0.170 1
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In Table 3, the detected values of ALB, CEA, CHO, CK, IL-6, LDH, TPSA, UA, Hcy,
sperm TEAC and seminal TEAC were compared between individuals with sperm progres-
sive motility below the 25th percentile (PMOT < 25 group; n = 28) and those with sperm
progressive motility > 25th percentile (PMOT > 25 group; n = 64), between individuals
with normal sperm morphology below the 25th percentile (MOR < 25 group; n = 32) and
those with normal sperm morphology > 25th percentile (MOR > 25 group; n = 60), and
between individuals with sperm vitality below the 25th percentile (VIT < 25 group; n = 29)
and those with sperm vitality > 25th percentile (VIT > 25 group; n = 63). As expected,
progressive sperm motility (53 vs. 32%, p < 0.001, Table 3), normal sperm morphology
(10 vs. 5%, p < 0.001, Table 3) and sperm vitality (76 vs. 60%, p < 0.001, Table 3) were
increased in PMOT > 25 group, MOR > 25 group, and VIT > 25 group, respectively.

PMOT < 25 showed significantly higher ALB levels (0.72 vs. 0.51 g/dL, p < 0.001),
CHO (23.96 vs. 13.35 mg/dL, p < 0.001), LDH (2140 vs. 1467 U/L, p < 0.001), Hcy (4.42
vs. 2.95 pymol/L, p < 0.001) and sperm TEAC (0.16 vs. 0.06 mM, p < 0.01, Table 3) com-
pared with subjects with PMOT > 25. Conversely, men with PMOT > 25 showed signifi-
cantly increased TPSA (16.60 vs. 13.70 ng/mL, p < 0.05) level, sperm concentration (46 vs.
35 x10%/mL, p < 0.001, Table 3), normal sperm morphology (10 vs. 5%, p < 0.001, Table 3)
and sperm vitality (75 vs. 71%, p < 0.05, Table 3).

Subjects with MOR < 25 exhibited significantly higher ALB levels (0.72 vs. 0.52 g/dL,
p < 0.001), CHO (21.33 vs. 15.07 mg/dL, p < 0.01), CK (428 vs. 244 U/L, p < 0.05), LDH
(2140 vs. 1467 U/L, p < 0.001), Hcy (3.98 vs. 2.95 umol/L, p < 0.01) and sperm TEAC
(0.16 vs. 0.06 mM, p < 0.001) compared with men with MOR > 25. In contrast, men with
MOR > 25 showed significantly higher TPSA levels (16.27 vs. 13.90 ng/mL, p < 0.05), sperm
concentration (47 vs. 36 x10°/mL, p < 0.001, Table 3), progressive motility (53 vs. 35%,
p <0.001, Table 3), and sperm vitality (76 vs. 68%, p < 0.001, Table 3).

Subjects with VIT < 25 displayed significantly higher ALB levels (0.66 vs. 0.53 g/dL,
p <0.01), CK (591 vs. 219 U/L, p < 0.001, Table 3), LDH (2104 vs. 1541 U/L, p < 0.01), Hcy
(3.73 vs. 2.95 pmol/L, p < 0.05) compared with subjects with VIT > 25. Differently, men
with VIT > 25 showed significantly higher TPSA levels (16.66 vs. 14.90 ng/mL, p < 0.05),
normal sperm morphology (9 vs. 6%, p < 0.001, Table 3). Across the three stratifications, no
significant differences were observed for semen volume, CEA, CK, IL-6, UA and seminal
TEAC in the PMOT < 25 versus PMOT > 25 comparison; for semen volume, CEA, IL-6, UA
and seminal TEAC in the MOR < 25 versus MOR > 25 comparison; and for semen volume,
sperm concentration, progressive motility, CEA, CHO, IL-6, UA and seminal TEAC in the
VIT < 25 versus VIT > 25 comparison.

Figure 2 showed the variables significantly different in all the three groups; in par-
ticular ALB, LDH, and Hcy levels were significantly increased in PMOT < 25, MOR < 25
and VIT < 25 groups and TPSA was significantly increased in PMOT > 25, MOR > 25 and
VIT > 25 groups.

As a second part of the study, the population was stratified to evaluate variations in
seminal plasma biomolecule composition according to combined semen quality profiles
defined by the three investigated sperm parameters. Specifically, subjects were classified
into three groups: high-parameter group (H, all three parameters > 25th percentile),
intermediate-parameter group (I, two out of three parameters < 25th percentile) and low-
parameter group (L, all three parameters < 25th percentile). Considering the relatively
small size of the low-parameter group (L, n = 11), findings related to this subgroup should
be interpreted with caution.
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Table 3. Medians and interquartile ranges (IQR: 25th—75th percentile) of seminal albumin (ALB, g/dL),
carcinoembryonic antigen (CEA, ng/mL), cholesterol (CHO, mg/dL), creatine kinase (CK, U/L),
interleukin-6 (IL-6, pg/mL), lactate dehydrogenase (LDH, U/L), total prostate-specific antigen (TPSA,
ng/mL), uric acid (UA, mg/dL), homocysteine (Hcy, pmol/L), semen volume (mL), sperm concen-
tration (x10°/mL), sperm progressive motility (%), normal sperm morphology (%), sperm vitality
(%), seminal and sperm Trolox Equivalent Antioxidant Capacity (seminal, sperm TEAC, mM) in men
with sperm progressive motility < 25th percentile (PMOT < 25, n = 28) versus men with sperm pro-
gressive motility > 25th percentile (PMOT > 25, n = 64), men with normal sperm morphology < 25th
(MOR < 25, n = 32) versus men with sperm normal morphology > 25th (MOR > 25, n = 60) and men
with sperm vitality < 25th (VIT < 25, n = 29) versus men with sperm vitality > 25th (VIT > 25, n = 63).
Statistics are also reported: * p < 0.05, ** p < 0.01, ** p < 0.001.

Sperm Progressive Motility Normal Sperm Morphology Sperm Vitality
Variable PMOT < 25 PMOT > 25 MOR < 25 MOR > 25 VIT < 25 VIT > 25
ALB 0.72 *** 0.51 0.72 *** 0.52 0.66 ** 0.53
(g/dL) (0.60-0.82) (0.41-0.58) (0.56-0.84) (0.42-0.58) (0.49-0.85) (0.43-0.60)
CEA 43.58 17.83 2232 20.08 18.79 21.10
(ng/mL) (9.03-86.39) (9.88-24.80) (9.03-65.61) (9.98-34.62) (9.21-24.80) (11.04-55.00)
CHO 23.96 ** 13.35 21.33 ** 15.07 17.40 16.26
(mg/dL) (17.30-27.98) (8.85-19.20) (15.77-29.53) (8.96-20.57) (7.20-27.29) (11.25-22.12)
CK 395 270 428 * 244 5971 *** 219
(U/L) (212-474) (133-487) (263-575) (125-381) (382-1177) (122-361)
IL-6 17.96 11.48 13.90 11.55 18.70 10.80
(pg/mL) (9.20-37.59) (5.47-26.04) (8.32-41.07) (5.46-28.55) (6.59-35.30) (6.87-22.90)
LDH 2140 *** 1467 2140 *** 1467 2104 ** 1541
(U/L) (1974-2396) (1256-1928) (1952-2391) (1254-1924) (1601-2374) (1320-1975)
TPSA 13.70 * 16.60 13.90 * 16.27 14.90 * 16.66
(ng/mL) (10.93-18.85) (13.60-26.00)  (10.05-19.60)  (13.63-26.33)  (11.67-18.26)  (12.80-27.60)
UA 49 5.2 5.0 52 5.9 49
(mg/dL) (3.8-6.2) (4.4-6.9) (4.0-6.5) (4.3-6.8) (4.3-6.8) (4.1-6.5)
Hey 4.42 2.95 3.98 ** 2.95 3.73% 2.95
(umol/L) (3.21-5.76) (2.59-3.57) (3.06-5.76) (2.59-3.58) (3.17-4.51) (2.59-3.98)
Volume 3.6 3.50 35 35 35 36
(mL) (3.00-4.00) (2.5-4.0) (2.6-4.0) (2.5-4.0) (2.5-3.9) (2.5-4.0)
Ssrelzz;tration 35 % 46 36 %+ 47 45 4
(>106/mL) (31-49) (38-84) (30-49) (38-84) (31-76) (36-68)
Isrf’;rlﬁl progressive 30w 53 35 %o 53 50 48
) Y (30-38) (48-60) (31-41) (47-60) (37-58) (41-58)
Normal sperm 5 *43% 10 5 bt 10 6 bt 9
g}‘;rph"logy (4-6) 9-12) (4-6) (9-13) (4-9) (8-13)
Sperm vitality 71 % 75 68 *** 76 60 *** 76
(%) (60-73) (67-80) (57-72) (70-80) (55-65) (72-80)
Sperm TEAC 0.16 ** 0.06 0.16 ** 0.06 0.12 0.06
(mM) (0.06-0.29) (0.04-0.11) (0.07-0.23) (0.03-0.10) (0.04- 0.18) (0.04-0.13)
Seminal TEAC 2.02 2.05 2.06 2.05 2.09 2.05
(mM) (1.73-2.10) (1.84-2.10) (1.89-2.11) (1.83-2.10) (2.05-2.13) (1.83-2.10)
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Figure 2. Box-and-whisker plots of seminal biomarkers that remained significantly different across all
semen parameter stratifications. Seminal levels of (a) albumin (ALB, g/dL), (b) lactate dehydrogenase
(LDH, U/L), (c) total prostate-specific antigen (TPSA, ng/mL) and (d) homocysteine (Hcy, umol/L)
are shown in subjects below the 25th percentile (<25th percentile) and at or above the 25th per-
centile (>25th percentile) for progressive sperm motility (PMOT), normal sperm morphology (MOR)
and sperm vitality (VIT). Median values, interquartile ranges and outliers are shown. Statistical
significance between groups is indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.

As reported in Table 4, subjects in the L group showed significantly higher ALB
levels (0.81 vs. 0.51 g/dL, p < 0.001, Figure 3a), CHO (23.65 vs. 15.40 mg/dL, p < 0.01,
Figure 3b), CK (472 vs. 187 U/L, p < 0.01, Figure 3c), IL-6 (35.30 vs. 10.15 pg/mL, p < 0.05,
Figure 3d), LDH (2386 vs. 1431 U/L, p < 0.001, Figure 3e), Hcy (3.80 vs. 2.73 pmol/L,
p < 0.01, Figure 3f) and sperm TEAC (0.17 vs. 0.06 mM, p < 0.01, Figure 3g) compared with
subjects in the H group. Moreover, the I group also showed significantly higher ALB (0.68
vs. 0.51 g/dL, p < 0.01, Figure 3a), LDH (2083 vs. 1431 U/L, p < 0.001, Figure 3e), Hcy (4.12
vs. 2.73 umol/L, p < 0.01, Figure 3f) and sperm TEAC (0.16 vs. 0.06 mM, p < 0.01, Figure 3g)
compared with the H group. No significant differences were observed for CEA, TPSA, UA
and seminal TEAC.
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Table 4. Medians and interquartile ranges (IQR: 25th-75th percentile) of seminal albumin
(ALB, g/dL), carcinoembryonic antigen (CEA, ng/mL), cholesterol (CHO, mg/dL), creatine kinase
(CK, U/L), interleukin-6 (IL-6, pg/mL), lactate dehydrogenase (LDH, U/L), total prostate-specific
antigen (TPSA, ng/mL), uric acid (UA, mg/dL), homocysteine (Hcy, pmol/L), semen volume (mL),
sperm concentration (x10°/mL), sperm progressive motility (%), normal sperm morphology (%),
sperm vitality (%), seminal and sperm Trolox Equivalent Antioxidant Capacity (sperm TEAC, mM) in
high-parameter group (H, n = 44) including men with sperm progressive motility, normal morphol-
ogy and vitality > 25th percentile (respectively >45%, >8%, and >69%), intermediate-parameter
group (I, n = 20) including men with two out of the three among sperm progressive motility, normal
morphology and vitality < 25th percentile (respectively <45%, <8%, and <69%), and low-parameter
group (L, n = 11) including men with sperm progressive motility, normal morphology and vitality
between the 5th and the 25th percentiles (respectively 30-44%, 4-7%, and 54—-68%). Statistics are also
reported: ns non-significant, * p < 0.05, ** p < 0.01, *** p < 0.001.

High Intermediate Low Parameters
Variable Parameters Parameters L Statistics
(H) (1]
ALB 0.51 0.68 0.81 Hwvs. I**
(g/dL) (0.41-0.55) (0.56-0.75) (0.66-0.89) Hwvs. L **
CEA 18.42 18.25 23.00 N
(ng/mL) (12.28-27.33) (7.59-75.34) (13.12-61.78) S
CHO 15.40 18.83 23.65 Hvs. L **
(mg/dL) (9.43-18.60) (14.11-29.53) (17.60-29.85) ’
CK 187 419 472 Hovs. L **
(U/L) (122-351) (166—488) (395-1257) ’
IL-6 10.15 9.24 35.30 Hvs. L *
(pg/mL) (5.62-16.08) (6.63-22.05) (22.31-46.75) ’
LDH 1431 2083 2386 Hvs. I***
(U/L) (1246-1671) (1902-2232) (2139-2976) Hvs. L***
TPSA 18.50 14.43 12.74 ns
(ng/mL) (12.95-28.00) (9.11-19.08) (10.70-19.08)
UA 4.8 52 4.2 n
(mg/dL) (4.1-6.0) (4.2-6.5) (3.8-6.1) S
Hcey 2.73 4.12 3.80 Hwvs. I**
(umol/L) (2.50-3.12) (3.03-5.88) (3.42-4.42) Hvs. L**
Volume 3.5 3.6 3.0 ns
(mL) (2.5-4.4) (2.5-4.1) (2.9-3.7)
Sperm
. 46 33 49
concentration H vs. T ***
(x10°/mL) (38-79) (29-44) (31-59)
Efoglrietss“’e 53 38 32 Hvs. [***
(O/C; y (47-59) (31-47) (30-38) Hvs. L ***
ﬂg;mﬁéfferm 12 5 4 Hvs. I+
) phology (9-14) (5-6) (4-5) Huvs. L***
Sperm vitality 78 72 59 Hvs. I***
(%) (73-80) (59-73) (55-63) Hvs. L***
Sperm TEAC 0.06 0.16 0.17 Hvs. I**
(mM) (0.04-0.09) (0.09-0.22) (0.07-0.64) Hvs. L**
Seminal TEAC 2.05 2.07 2.05 ns
(mM) (1.83-2.10) (1.94-2.12) (1.59-2.10)
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Figure 3. Box-and-whisker plots showing parameters with statistically significant differences among
high-parameter, intermediate-parameter and low-parameter groups (respectively indicated as H,
I, L), including (a) albumin (ALB, g/dL), (b) cholesterol (CHO, mg/dL), (c) creatine kinase (CK,
U/L), (d) interleukin-6 (IL-6, pg/mL), (e) lactate dehydrogenase (LDH, U/L), (f) homocysteine (Hcy,
umol/L) and (g) sperm Trolox Equivalent Antioxidant Capacity (sperm TEAC, mM), (h) sperm
concentration (x10°/mL), (i) sperm progressive motility (%), (j) normal sperm morphology (%),
and (k) sperm vitality (%). Median values, interquartile ranges, and outliers are shown. Statistical
significance between groups is indicated as follows: ns non-significant, * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.

4. Discussion

Seminal components, nutrients and molecular signals act as dynamic regulators of
sperm function and reproductive competence [38,39]; OS and inflammatory processes are
recognized as key determinants involved in altering delicate biochemical homeostasis [39].
In this context, the present study investigated the seminal biochemical profile of men with
semen parameters above the 5th percentile according to WHO criteria [36], highlighting sig-
nificant associations between several seminal plasma biomarkers, antioxidant capacity, and
sperm parameters. Overall, the findings suggest that most seminal plasma biomolecules
follow a specific trend in relation to sperm parameters, indicating a close relationship
between the seminal biochemical environment and sperm function within a population not
classified as infertile according to conventional reference limits [36].

To investigate the relationships between the biochemical markers measured in seminal
plasma, sperm TEAC, and conventional semen parameters, three analytical approaches
were adopted: (1) correlation analyses among all variables considering the entire study
population; (2) stratification of samples using normal progressive sperm motility, normal
sperm morphology, and vitality as discriminating parameters, classified above or below the
25th percentile; and (3) classification into three groups: H group, in which all three sperm
parameters were above the 25th percentile; I group, in which two out of three parameters
ranged between the 5th and 25th percentiles; and L group, in which all three parameters
fell within the 5th-25th percentile range.

Overall, ALB, CHO, LDH, Hcy and sperm TEAC increase with a decrease in sperm
parameters. These molecules, which displayed strong mutual correlations, were also
associated with variations in sperm parameters within the physiological range, as the 5th
percentile values established by the WHO guidelines [36] represent the clinical thresholds
used to distinguish suboptimal semen quality from values considered normal. After
stratification, the L group showed significantly increased levels of ALB, CHO, CK, IL-6,
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LDH, Hcy, and sperm TEAC compared to H group. The levels of some of these molecules
also differed between H and I group, except for CHO, CK, and IL-6, further demonstrating
the existence of a correlation and a progressive gradient in their levels in relation to
sperm parameters.

The increase of ALB and CHO may alter membrane dynamics or mild oxidative
conditions probably affecting sperm function. In particular, ALB was negatively correlated
with normal sperm morphology, motility and vitality, indicating possible mild alteration
of the reproductive system at different levels [6,40]. ALB is physiologically present in
seminal plasma and contributes to osmotic balance and molecule transport; however,
increased seminal ALB concentrations may reflect altered permeability of the blood-testis
or accessory gland barriers [41]. Alternatively, given albumin’s role as a potent extracellular
antioxidant and carrier molecule, its elevated presence might reflect a compensatory,
protective mechanism aimed at safeguarding spermatozoa, rather than a definitive sign of
barrier disruption or accessory gland alteration [42].

CHO plays a critical role in sperm membrane structure and capacitation processes.
Excessive CHO retention in sperm membranes may reduce membrane fluidity, impair
capacitation, and consequently compromise sperm motility and fertilizing ability [17].

Among the investigated biomarkers, LDH, a cytoplasmic oxidoreductase, is one of
the strongest indicators associated with reduced sperm quality as observed also by Feng
and colleagues [43]. In the male reproductive system, the LDH-C isoform is specifically ex-
pressed in germ cells and spermatozoa and is essential for sperm energy metabolism [19,20].
In humans, higher LDH and LDH-C activity is observed in oligozoospermic patients
compared to normozoospermic individuals [44]; some recent studies suggest that the de-
tection of LDH-C in seminal plasma may predict successful retrieval of viable testicular
spermatozoa [5,27,45].

In our dataset, Hcy emerged as an important component associated with several other
seminal molecules. Interestingly, the Hcy concentrations detected in the seminal plasma of
the studied normozoospermic population were slightly increased, although comparable to
those previously reported in other studies [46,47], suggesting that a moderate increase of
this metabolite may occur even in individuals with semen parameters within the normal
range according to WHO criteria [36]. Clinically, seminal Hcy has been negatively associ-
ated with embryo quality in IVF/ICSI procedures [48], and infertile men show significantly
higher seminal plasma Hcy compared with fertile controls, with these levels inversely
correlated with sperm concentration and motility [49]. Some authors have suggested that
elevated Hcy levels may increase ROS production due to the high reactivity of its thiol
group and reduce nitric oxide bioavailability, thereby impairing sperm motility [50]. Impor-
tantly, Hcy metabolism is tightly regulated by folate- and vitamin B12-dependent pathways:
deficiencies or imbalances in these micronutrients may lead to Hcy accumulation, con-
tributing to the development of a pro-oxidative intracellular environment [46,47,51]. Taken
together, these findings seem to suggest that even small alterations in Hcy metabolism may
contribute to mild oxidative imbalance within the seminal microenvironment.

Inflammatory mediators further contribute to seminal biochemical alterations: IL-6 has
been associated with oxidative damage in spermatozoa and impaired semen quality [22].
Experimental evidence also suggests that IL-6 may interfere with sperm mitochondrial
activity via inducible nitric oxide synthase pathways [52], potentially affecting sperm
motility and vitality. In this study, the levels of IL-6 increased in semen samples with the L
group; moreover, the negative correlation between IL-6 and sperm vitality and the positive
correlations observed between IL-6 vs. both CK and LDH support an association among
inflammation, energy metabolism and cellular damage in the seminal microenvironment
present also in normozoospermia.
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Within this biochemical network, UA appears to play a relevant and multifaceted role.
As one of the most abundant non-enzymatic antioxidants in seminal plasma, it contributes
significantly to the ROS neutralization through free radical scavenging and transition
metal chelation [28,29,31,32,37,53]. In our research, the median UA concentration across
the entire cohort was similar to that reported in seminal plasma of normozoospermic
men by Janiszewska and colleagues [32]. UA showed positive correlations with TPSA,
seminal TEAC, Hcy, IL-6 and CEA, supporting its involvement in a tightly interconnected
network linking OS, inflammation and accessory gland activity. The association with Hcy is
particularly noteworthy, as elevated Hcy levels are known to contribute to a pro-oxidative
environment, suggesting that increased UA levels may reflect a compensatory response to
metabolically driven OS. Similarly, the positive association with IL-6 and CEA indicates
that UA levels may rise in parallel with low-grade inflammation and/or mild OS. Notably,
the positive relationship between UA and seminal TEAC confirms its contribution to total
antioxidant capacity. However, this finding should be interpreted with caution, as UA
may exert both antioxidant and pro-oxidant effects depending on its concentration and the
surrounding biochemical context [31,32].

When considered together, the observed correlations among seminal biomarkers
highlight the existence of an interconnected biochemical network rather than independent
alterations of individual molecules. The relationships involving ALB, CHO, CK, LDH, Hcy,
IL-6, UA, TPSA, CEA and sperm TEAC suggest the simultaneous involvement of multiple
biological processes, including membrane remodeling, energy metabolism, inflammatory
signaling, oxidative balance and accessory gland activity. In particular, the association
of ALB, CHO, CK and LDH with Hcy, IL-6 and sperm TEAC suggests that alterations in
seminal biochemical homeostasis may arise from the interaction between metabolic stress,
inflammation and redox regulation. Conversely, the relationships observed with TPSA,
CEA and UA indicate the contribution of accessory gland secretory activity to this complex
environment. Thus, the observed correlation pattern supports the interpretation that sperm
quality within the normozoospermic range is influenced by a coordinated biochemical
milieu, in which moderate variations in multiple seminal components may collectively
contribute to differences in sperm functional efficiency.

Stratifying the study population according to the quality of individual sperm param-
eters, namely motility, normal morphology, and vitality, ALB, Hcy, LDH concentrations
were increased in the groups with sperm progressive motility, normal morphology and
vitality < 25th percentile. CK levels were increased in the groups with reduced normal
sperm morphology and vitality as well as in I and L groups, confirming its role as a marker
of cellular damage. CK is a key enzyme in maintaining adequate ATP availability for
sperm motility [18]. Previous studies have reported increased CK activity in semen from
patients with infertility-related conditions such as varicocele or idiopathic infertility, often
in association with OS and impaired sperm parameters [54] and from patients with sperm
vitality < 5th percentile [6]. Additionally, CHO levels were higher in groups characterized
by lower motility and viability, indicating alterations of the sperm membrane.

An intriguing finding concerns antioxidant capacity. Sperm TEAC is a more significant
marker than seminal TEAC, as recently demonstrated by Signorini and colleagues [35].
Mature spermatozoa have limited intrinsic antioxidant defenses due to the cytoplasmic
loss that occurs during spermiogenesis. Consequently, they rely mainly on the antioxidant
capacity of seminal plasma, although residual intracellular antioxidant systems remain
essential for the maintenance of proper sperm function [33]. The seminal TEAC levels
observed in our study are similar to those previously reported in studies comparing fertile
and infertile men [35,55-57]. Recently, total antioxidant activity has also been used to
evaluate molecular alterations in semen due to environmental factors [58].
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Sperm TEAC was higher in subjects with lower sperm quality and negatively cor-
related with sperm motility and normal morphology. At first glance, this observation
may appear counterintuitive, since antioxidant capacity is generally considered protective.
However, increased sperm TEAC may represent a compensatory response to mild OS
rather than a marker of improved redox balance. In conditions characterized by moderate
oxidative damage, spermatozoa may upregulate antioxidant defenses in an attempt to
counteract ROS generation. The concomitant increase in Hcy, LDH, and inflammatory
markers supports this interpretation. Similar findings have been reported by Shcherbitskaia
and colleagues [29], who observed an association between elevated cellular TEAC levels
and an increased DNA fragmentation index.

Notably, TPSA was the only parameter, among those analyzed in this study, associated
with the improvement of sperm parameters. The positive role of TPSA appears to be
confirmed by other studies [9,26]. TPSA is a serine protease produced by the prostate
that promotes the liquefaction of seminal coagulum proteins after ejaculation, thereby
facilitating sperm release and motility within the female reproductive tract. In our dataset,
TPSA showed positive correlations with UA, and higher TPSA concentrations were con-
sistently observed in groups with better motility, morphology, and vitality, while inverse
correlations were found with ALB, CHO, CK, and LDH. Since TPSA contributes to semen
liquefaction and reflects prostate secretory function [59], these findings may indicate that
preserved prostate activity supports an optimal seminal environment and sperm function.
Reduced TPSA levels could therefore reflect a suboptimal accessory gland function, with
the observed correlation indicating that poorer accessory gland function is associated with
lower semen quality.

The results of this study suggest that the WHO lower reference limits mark the lower
end of a broad functional range, rather than a cut-off between normal and abnormal repro-
ductive function: within this range, individuals may exhibit various degrees of biochemical
efficiency and overall sperm function, which are closely correlated, demonstrating a strong
relationship between the two major components of seminal fluid, namely spermatozoa
and seminal plasma. Early molecular signs of metabolic or OS may be present in individ-
uals at the lower end of the range, before any measurable changes in sperm parameters
are observed.

This interpretation suggests several directions for future research. First, longitudinal
studies are needed to define whether individuals with this biochemical profile are more
likely to experience declines in semen quality, clarifying if these molecular differences are
temporary variations or early signs of reproductive risk. Second, combining these biochem-
ical markers with functional sperm tests, such as mitochondrial activity, lipid peroxidation,
sperm chromatin integrity and proteomic or metabolomic profiling, could show whether
these molecular changes affect sperm function in ways not detected by routine semen
analysis. Third, systemic factors that influence OS and metabolism, such as diet, metabolic
syndrome, physical activity and micronutrient status, should be studied in relation to these
biochemical patterns. Finally, evaluating seminal biochemical markers alongside standard
semen parameters could help develop more sensitive tools for assessing male reproductive
function. Some limitations of this research should be acknowledged. Since the study has a
cross-sectional design, data were collected at a single time point without following subjects
over time. Thus, it is possible to observe associations or correlations between biomarkers
and sperm dysfunction, but it is not possible to demonstrate a cause-and-effect relationship.
Moreover, OS was assessed indirectly through TEAC rather than through direct quantifi-
cation of ROS or oxidative damage products. Finally, the study population included only
men with semen parameters above WHO reference limits; therefore, the findings cannot be
directly generalized to infertile populations with severe semen abnormalities.
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In addition, the exploratory nature of the study and the relatively high number of
investigated variables compared with the sample size limited the application of multivari-
able analyses. These findings provide a basis for future investigations aimed at further
exploring the independent role of individual biomarkers.

5. Conclusions

In conclusion, these results suggest the coexistence of multiple mild sperm impair-
ments with a progressive alteration of the seminal biochemical milieu. Normal sperm
morphology and progressive sperm motility appear to be the most sensitive indicators of
seminal biochemical variations, strongly associated with markers of cellular damage, OS
and inflammation. The observed increase in sperm antioxidant capacity (sperm TEAC)
could reflect a compensatory response rather than effective protection. Conversely, higher
TPSA concentrations were associated with a more favorable seminal biochemical profile.
The overall interpretation of the observed biochemical profile is summarized in Figure 4.

SEMINAL BIOCHEMICAL PROFILE & NORMAL SPERM PARAMETERS
(WHO, 2021; >5th percentile)

Interconnected biochemical network

Membrane remodeling &——>  Energy metabolism
ALB CHO CK LDH

Inflammatory signaling ¢——>  Oxidative balance
IL-6 Hcy Sperm TEAC

Accessory gland activity
TPSA CEA UA

Pr d hani underlying the biochemical profile

Altered membrane composition and fluidity
AALB  ACHO

Active cellular stress and injury markers
ACK ALDH
Low-grade inflammation and unbalanced energy
metabolism

AlL-6 AHcy

Anti-/pro-oxidant role

AUA
. J
Functional gradient within the WHO normal range l Hypothesized adaptive antioxidant resp
Suboptimal altered and pro-oxidative microenvironment + Potential upregulation of cellular antioxidant defenses
AALB ACHO ACK ALDH AHcy AIL-6 A Sperm TEAC
VTPSA

shared trend with

V progressive motility ¥ normal morphology

Vvitality
- J

Figure 4. Schematic summary of the seminal biochemical profile associated with normal sperm
parameters. The diagram summarizes the main findings of the study and their proposed biological
interpretation. The biochemical profile observed in seminal plasma of normozoospermic men
(>5th percentile, [36]) suggests interconnected changes involving membrane remodeling, energy
metabolism, inflammatory signaling, oxidative balance and accessory gland activity. Increased
ALB and CHO may reflect altered membrane composition and fluidity, whereas elevated CK and
LDH are consistent with cellular stress and tissue injury. Increased IL-6 and Hcy suggest a low-
grade inflammatory and pro-oxidant environment, while UA may contribute to redox regulation.
Collectively, these changes define a functional biochemical gradient within the WHO normal range,
associated with lower progressive motility, normal morphology, vitality and TPSA levels. The
concomitant increase in sperm TEAC may reflect a hypothesized adaptive antioxidant response.

https://doi.org/10.3390/biom16081125


https://doi.org/10.3390/biom16081125

Biomolecules 2026, 16, 1125 19 of 22

Author Contributions: Conceptualization, G.C. and E.M.; methodology, E.L., L.L., EN. and P.C;
investigation, C.M., E.L., L.L. and EN.; resources, G.C.; data curation, C.S. and C.M.; writing—original
draft preparation, C.M.; writing—review and editing, G.C. and E.M.; supervision, M.E,, EM. and
G.C,; project administration, G.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of Siena University Hospital, ID
CEAVSE 25612 (22 November 2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this
study. Written informed consent has been obtained from the patients to publish this paper.

Data Availability Statement: The data presented in this study is available on request from the
corresponding author. The data is not publicly available due to the privacy of the patients.

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

Abbreviations

The following abbreviations are used in this manuscript:

WHO  World Health Organization
(O3] Oxidative Stress

TEAC Trolox Equivalent Antioxidant Capacity
ALB Albumin

CHO  Cholesterol

CK Creatine Kinase

LDH  Lactate Dehydrogenase
IL-6 Interleukin-6

Hcy Homocysteine

CEA  Carcinoembryonic Antigen
ROS Reactive Oxygen Species
TAC Total Antioxidant Capacity

References

1. Placzkowska, S.; Rodak, K.; Kmieciak, A.; Gilowska, I.; Kratz, E.M. Exploring correlations: Human seminal plasma and blood
serum biochemistry in relation to semen quality. PLoS ONE 2024, 19, e0305861. [CrossRef] [PubMed]

2. Vashisht, A.; Gahlay, G.K. Understanding seminal plasma in male infertility: Emerging markers and their implications. Andrology
2024, 12, 1058-1077. [PubMed]

3. Blaurock, J.; Grunewald, S.; Engel, K.M. Intra-individual variability of the human seminal plasma metabolome. Asian . Androl.
2025, 27, 586-591. [CrossRef] [PubMed]

4. Ahmadi, H.; Csabai, T.; Gorgey, E.; Rashidiani, S.; Parhizkar, F.; Aghebati-Maleki, L. Composition and effects of seminal plasma in
the female reproductive tracts on implantation of human embryos. Biomed. Pharmacother. 2022, 151, 113065. [CrossRef] [PubMed]

5. Camargo, M.; Intasqui, P; Bertolla, R.P. Understanding the seminal plasma proteome and its role in male fertility. Basic. Clin.
Andprol. 2018, 28, 6. [CrossRef] [PubMed]

6. Collodel, G.; Nerucci, F; Signorini, C.; Iacoponi, F; Moretti, E. Associations between biochemical components of human semen
with seminal conditions. Syst. Biol. Reprod. Med. 2019, 65, 155-163. [PubMed]

7. Collodel, G.; Signorini, C.; Nerucci, F.; Gambera, L.; Iacoponi, F; Moretti, E. Semen Biochemical Components in Varicocele,
Leukocytospermia, and Idiopathic Infertility. Reprod. Sci. 2021, 28, 91-101. [PubMed]

8.  Collodel, G.; Moretti, E.; Noto, D.; Corsaro, R.; Signorini, C. Oxidation of Polyunsaturated Fatty Acids as a Promising Area of
Research in Infertility. Antioxidants 2022, 11, 1002. [CrossRef] [PubMed]

9. Rodriguez-Martinez, H.; Martinez, E.A.; Calvete, ].].; Pefia Vega, FJ.; Roca, J. Seminal Plasma: Relevant for Fertility? Int. . Mol.
Sci. 2021, 22, 4368. [CrossRef] [PubMed]

10.  Signorini, C.; Moretti, E.; Noto, D.; Micheli, L.; Ponchia, R.; Collodel, G. Fatty Acid Oxidation and Pro-Resolving Lipid Mediators

Are Related to Male Infertility. Antioxidants 2022, 11, 107. [CrossRef] [PubMed]

https://doi.org/10.3390 /biom16081125


https://doi.org/10.1371/journal.pone.0305861
https://www.ncbi.nlm.nih.gov/pubmed/38913627
https://www.ncbi.nlm.nih.gov/pubmed/38018348
https://doi.org/10.4103/aja2024110
https://www.ncbi.nlm.nih.gov/pubmed/40019275
https://doi.org/10.1016/j.biopha.2022.113065
https://www.ncbi.nlm.nih.gov/pubmed/35550527
https://doi.org/10.1186/s12610-018-0071-5
https://www.ncbi.nlm.nih.gov/pubmed/29881623
https://www.ncbi.nlm.nih.gov/pubmed/30499741
https://www.ncbi.nlm.nih.gov/pubmed/32696238
https://doi.org/10.3390/antiox11051002
https://www.ncbi.nlm.nih.gov/pubmed/35624866
https://doi.org/10.3390/ijms22094368
https://www.ncbi.nlm.nih.gov/pubmed/33922047
https://doi.org/10.3390/antiox11010107
https://www.ncbi.nlm.nih.gov/pubmed/35052611
https://doi.org/10.3390/biom16081125

Biomolecules 2026, 16, 1125 20 of 22

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

Zhou, Y.F; Hou, Y.Y;; Ban, Q.; Zhang, M.L.; Huang, T.; Ma, B.; Shi, L.; Zhang, Q. Metabolomics profiling of seminal plasma in
obesity-induced asthenozoospermia. Andrology 2023, 11, 1303-1319. [CrossRef] [PubMed]

Yao, H.; Luo, C.; Xian, Y.; Liu, B.; Yang, T; Tian, R.; Xiao, X.; Zhao, W.; Ying, L.; Xu, J.; et al. Integrated profiling of semen
microbiota and metabolome reveals dysregulation in primary idiopathic male infertility. J. Transl. Med. 2025, 23, 1092. [CrossRef]
[PubMed]

Wang, J.; Chen, M.; Yao, Y.; Zhu, M,; Jiang, Y.; Duan, J.; Yuan, Y.; Li, L.; Chen, M.; Sha, J. Characterization of Metabolic Patterns in
Mouse Spermatogenesis and Its Clinical Implications in Humans. Int. . Mol. Sci. 2025, 26, 1001. [CrossRef] [PubMed]

Zhao, S.; Lu, W,; Yuan, G;; Liu, Y; Yang, C.; Lu, S.; Liu, J.; Wang, Q.; Liu, P. Associations between seminal plasma metal mixture
and semen quality: A metabolome-mediated case-control study. Ecotoxicol. Environ. Saf. 2025, 297, 118257. [CrossRef] [PubMed]
Leahy, T.; Gadella, B.M. New insights into the regulation of cholesterol efflux from the sperm membrane. Asian J. Androl. 2015, 17,
561-567. [CrossRef] [PubMed]

Han, S.; Chu, X.P.; Goodson, R.; Gamel, P.; Peng, S.; Vance, ].; Wang, S. Cholesterol inhibits human voltage-gated proton channel
hHv1. Proc. Natl. Acad. Sci. USA 2022, 119, e2205420119. [CrossRef] [PubMed]

Serafini, S.; O’Flaherty, C. Dysregulation of sphingolipid and cholesterol homeostasis imposes oxidative stress in human
spermatozoa. Redox Biol. 2025, 84, 103669. [CrossRef] [PubMed]

Banihani, S.A.; Khasawneh, FH. Effect of lansoprazole on DNA integrity of human spermatozoa and activity of seminal creatine
kinase. Andrologia 2020, 52, €13564. [CrossRef] [PubMed]

Odet, F.; Duan, C.; Willis, W.D.; Goulding, E.H.; Kung, A.; Eddy, E.M.; Goldberg, E. Expression of the gene for mouse lactate
dehydrogenase C (Ldhc) is required for male fertility. Biol. Reprod. 2008, 79, 26-34. [CrossRef] [PubMed]

Goldberg, E.; Eddy, EMM.; Duan, C.; Odet, F. LDHC: The ultimate testis-specific gene. J. Androl. 2010, 31, 86-94. [CrossRef]
[PubMed]

Eggert-Kruse, W.; Boit, R.; Rohr, G.; Aufenanger, ].; Hund, M.; Strowitzki, T. Relationship of seminal plasma interleukin (IL) -8
and IL-6 with semen quality. Hum. Reprod. 2001, 16, 517-528. [CrossRef] [PubMed]

Moretti, E.; Cerretani, D.; Noto, D.; Signorini, C.; Iacoponi, F.; Collodel, G. Relationship Between Semen IL-6, IL-33 and
Malondialdehyde Generation in Human Seminal Plasma and Spermatozoa. Reprod. Sci. 2021, 28, 2136-2143. [CrossRef] [PubMed]
Vujkovic, M.; de Vries, ].H.; Dohle, G.R.; Bonsel, G.J.; Lindemans, J.; Macklon, N.S.; van der Spek, PJ.; Steegers, E.A.; Steegers-
Theunissen, R.P. Associations between dietary patterns and semen quality in men undergoing IVE/ICSI treatment. Hum. Reprod.
2009, 24, 1304-1312. [CrossRef] [PubMed]

Lizana, J.; Moberg, PJ.; Eneroth, P. Beta2-microglobulin, carcinoembryonic antigen and prostatic acid phosphatase in split
ejaculates and urine voided before and after massage of the prostate. Arch. Androl. 1983, 11, 225-232. [CrossRef] [PubMed]
Asseo, P.P,; Panidis, D.K.; Papaloucas, A.C. Carcinoembryonic antigen activity in human seminal plasma. Int. J. Fertil. 1986, 30,
53-56. [PubMed]

Fu, L.; Yuen, K.C.J.; Tint, A.N.; Hoffman, A.R.; Bongso, A.T.; Lee, K.O. Association of decreased sperm motility and increased
seminal plasma IGF-I, IGF-II, IGFBP-2, and PSA levels in infertile men. Endocrine 2021, 74, 698-706. [CrossRef] [PubMed]
Moustakli, E.; Zikopoulos, A.; Skentou, C.; Stavros, S.; Sofikitis, N.; Georgiou, I.; Zachariou, A. Integrative Assessment of Seminal
Plasma Biomarkers: A Narrative Review Bridging the Gap between Infertility Research and Clinical Practice. J. Clin. Med. 2024,
13, 3147. [CrossRef] [PubMed]

Banihani, S.A. Role of Uric Acid in Semen. Biomolecules 2018, 8, 65. [CrossRef] [PubMed]

Shcherbitskaia, A.D.; Komarova, E.M.; Milyutina, Y.P.; Ishchuk, M.A.; Sagurova, Y.M.; Safaryan, G.K,; Lesik, E.A.; Gzgzyan, AM.;
Bespalova, O.N.; Kogan, LY. Oxidative Stress Markers and Sperm DNA Fragmentation in Men Recovered from COVID-19. Int. ].
Mol. Sci. 2022, 23, 10060. [CrossRef] [PubMed]

Alsalman, A.R.S.; Almashhedy, L.A.; Alta’ee, A.H.; Hadwan, M.H. Effect of Zinc Supplementation on Urate Pathway Enzymes in
Spermatozoa and Seminal Plasma of Iraqi Asthenozoospermic Patients: A Randomized Controlled Trial. Int. |. Fertil. Steril. 2020,
13, 315-323. [CrossRef] [PubMed]

Li, L.; Hao, X.; Chen, H.; Wang, L.; Chen, A.; Song, X.; Hu, Z.; Su, Y; Lin, H.; Fan, P. Metabolomic characterization of semen
from asthenozoospermic patients using ultra-high-performance liquid chromatohhy-tandem quadrupole time-of-flight mass
spectrometry. Biomed. Chromatogr. 2020, 34, e4897. [CrossRef] [PubMed]

Janiszewska, E.; Kokot, I.; Kmieciak, A.; Gilowska, I.; Faundez, R.; Kratz, E.M. Are There Associations between Seminal Plasma
Advanced Oxidation Protein Products and Selected Redox-Associated Biochemical Parameters in Infertile Male Patients? A
Preliminary Report. Cells 2022, 11, 3667. [CrossRef] [PubMed]

Gupta, S.; Finelli, R.; Agarwal, A.; Henkel, R. Total antioxidant capacity-Relevance, methods and clinical implications. Andrologia
2021, 53, e13624. [CrossRef] [PubMed]

Silvestrini, A.; Meucci, E.; Ricerca, B.M.; Mancini, A. Total Antioxidant Capacity: Biochemical Aspects and Clinical Significance.
Int. ]. Mol. Sci. 2023, 24, 10978. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biom16081125


https://doi.org/10.1111/andr.13412
https://www.ncbi.nlm.nih.gov/pubmed/36841993
https://doi.org/10.1186/s12967-025-07139-1
https://www.ncbi.nlm.nih.gov/pubmed/41088280
https://doi.org/10.3390/ijms26031001
https://www.ncbi.nlm.nih.gov/pubmed/39940768
https://doi.org/10.1016/j.ecoenv.2025.118257
https://www.ncbi.nlm.nih.gov/pubmed/40319704
https://doi.org/10.4103/1008-682x.153309
https://www.ncbi.nlm.nih.gov/pubmed/25926609
https://doi.org/10.1073/pnas.2205420119
https://www.ncbi.nlm.nih.gov/pubmed/36037383
https://doi.org/10.1016/j.redox.2025.103669
https://www.ncbi.nlm.nih.gov/pubmed/40435557
https://doi.org/10.1111/and.13564
https://www.ncbi.nlm.nih.gov/pubmed/32153057
https://doi.org/10.1095/biolreprod.108.068353
https://www.ncbi.nlm.nih.gov/pubmed/18367675
https://doi.org/10.2164/jandrol.109.008367
https://www.ncbi.nlm.nih.gov/pubmed/19875487
https://doi.org/10.1093/humrep/16.3.517
https://www.ncbi.nlm.nih.gov/pubmed/11228223
https://doi.org/10.1007/s43032-021-00493-7
https://www.ncbi.nlm.nih.gov/pubmed/33620706
https://doi.org/10.1093/humrep/dep024
https://www.ncbi.nlm.nih.gov/pubmed/19228759
https://doi.org/10.3109/01485018308987486
https://www.ncbi.nlm.nih.gov/pubmed/6362591
https://www.ncbi.nlm.nih.gov/pubmed/2890596
https://doi.org/10.1007/s12020-021-02823-w
https://www.ncbi.nlm.nih.gov/pubmed/34273055
https://doi.org/10.3390/jcm13113147
https://www.ncbi.nlm.nih.gov/pubmed/38892858
https://doi.org/10.3390/biom8030065
https://www.ncbi.nlm.nih.gov/pubmed/30065172
https://doi.org/10.3390/ijms231710060
https://www.ncbi.nlm.nih.gov/pubmed/36077455
https://doi.org/10.22074/ijfs.2020.5760
https://www.ncbi.nlm.nih.gov/pubmed/31710193
https://doi.org/10.1002/bmc.4897
https://www.ncbi.nlm.nih.gov/pubmed/32428267
https://doi.org/10.3390/cells11223667
https://www.ncbi.nlm.nih.gov/pubmed/36429095
https://doi.org/10.1111/and.13624
https://www.ncbi.nlm.nih.gov/pubmed/32400041
https://doi.org/10.3390/ijms241310978
https://www.ncbi.nlm.nih.gov/pubmed/37446156
https://doi.org/10.3390/biom16081125

Biomolecules 2026, 16, 1125 21 of 22

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

Signorini, C.; Moretti, E.; Liguori, L.; Leoni, E.; Marcucci, C.; Salvatici, M.C.; Collodel, G. Sperm Antioxidant Capacity Discrimi-
nates Between Fertile and Infertile Men and Is Strictly Related to Lipid Peroxidation and Lipid Mediator Production. Biology 2026,
15, 760. [CrossRef] [PubMed]

World Health Organization. WHO Laboratory Manual for the Examination and Processing of Human Semen, 6th ed.; WHO Press:
Geneva, Switzerland, 2021.

Feng, R.X,; Ly, J.C.; Zhang, H.Y.; Lii, N.Q. A Pilot Comparative Study of 26 Biochemical Markers in Seminal Plasma and Serum in
Infertile Men. Biomed. Res. Int. 2015, 2015, 805328. [CrossRef] [PubMed]

Fietz, D.; Sgaier, R.; O’Donnell, L.; Stanton, P.G.; Dagley, L.F.; Webb, A.L; Schuppe, H.C.; Diemer, T.; Pilatz, A. Proteomic
biomarkers in seminal plasma as predictors of reproductive potential in azoospermic men. Front Endocrinol. 2024, 15, 1327800.
[CrossRef] [PubMed]

Sengupta, P.; Dutta, S.; Jallo, M.K,; Rosas, I.M.; Roychoudhury, S. Seminal Plasma and Extracellular Vesicles as Molecular
Gatekeepers: Oxidative Stress, Endocrine Crosstalk, and Biomarker Discovery in Male Infertility. Curr. Issues Mol. Biol. 2026, 48,
117. [CrossRef] [PubMed]

Kumar, S.; Tomar, A.K,; Singh, S.; Saraswat, M.; Singh, S.; Singh, T.P; Yadav, S. Human serum albumin as a new interacting
partner of prolactin inducible protein in human seminal plasma. Int. J. Biol. Macromol. 2012, 50, 317-322. [CrossRef] [PubMed]
McLay, R.N.; Kastin, A ].; Zadina, ].E. Passage of interleukin-1-beta across the blood-brain barrier is reduced in aged mice: A
possible mechanism for diminished fever in aging. Neuroimmunomodulation 2000, 8, 148-153. [CrossRef] [PubMed]

Roche, M.; Rondeau, P; Singh, N.R.; Tarnus, E.; Bourdon, E. The antioxidant properties of serum albumin. FEBS Lett. 2008, 582,
1783-1787. [CrossRef] [PubMed]

Feng, Y.; Xiong, Y.; Qiao, T.; Li, X; Jia, L.; Han, Y. Lactate dehydrogenase A: A key player in carcinogenesis and potential target in
cancer therapy. Cancer Med. 2018, 7, 6124-6136. [CrossRef] [PubMed]

Casano, R.; Orlando, C.; Serio, M.; Forti, G. LDH and LDH-X activity in sperm from normospermic and oligozoospermic men.
Int. J. Androl. 1991, 14, 257-263. [CrossRef] [PubMed]

Rolland, A.D.; Lavigne, R.; Dauly, C.; Calvel, P.; Kervarrec, C.; Freour, T.; Evrard, B.; Rioux-Leclercq, N.; Auger, J.; Pineau, C.
Identification of genital tract markers in the human seminal plasma using an integrative genomics approach. Hum. Reprod. 2013,
28, 199-209. [CrossRef] [PubMed]

Crha, I; Kralikova, M.; Melounova, J.; Ventruba, P.; Zakova, J.; Beharka, R.; Husicka, R.; Pohanka, M.; Huser, M. Seminal plasma
homocysteine, folate and cobalamin in men with obstructive and non-obstructive azoospermia. J. Assist. Reprod. Genet. 2010, 27,
533-538. [CrossRef] [PubMed]

Kralikova, M.; Crha, I; Huser, M.; Melounova, J.; Zakova, J.; Matejovicova, M.; Ventruba, P. The intracellular concentration of
homocysteine and related thiols is negatively correlated to sperm quality after highly effective method of sperm lysis. Andrologia
2017, 49. [CrossRef] [PubMed]

Ebisch, LM.; Peters, W.H.; Thomas, C.M.; Wetzels, A.M.; Peer, P.G.; Steegers-Theunissen, R.P. Homocysteine, glutathione and
related thiols affect fertility parameters in the (sub)fertile couple. Hum. Reprod. 2006, 21, 1725-1733. [CrossRef] [PubMed]

Ge, Y.E; Wang, C.H.; Ouyang, L.X.; Shao, Y.; Yao, B.; Xia, X.Y.; Shang, X.].; Huang, Y.F. Determination of plasma homocysteine in
oligospermia and/or asthenospermia patients. Zhonghua Nan Ke Xue 2008, 14, 1112-1114. [PubMed]

Banihani, S.A. Vitamin B12 and Semen Quality. Biomolecules 2017, 7, 42. [CrossRef] [PubMed]

He, Q.; Zhang, M.; Xiao, S.; Guo, Z. Folic acid and sperm quality improvement: Insights from snRNA sequencing and RNA
splicing mechanisms. Front. Nutr. 2025, 12, 1648307. [CrossRef] [PubMed]

Qinyu, Z; Jitao, S.; Yang, X.; Yue, D.; Hao, Z. Chronic prostatitis and male infertility: Association mechanism and research
progress. World J. Urol. 2025, 43, 599. [CrossRef] [PubMed]

Baszynski, J.; Kaminski, P.; Szymanski, M.; Wasilow, K.; Stanek, E.; Brodzka, S.; Grochowalska, R.; Stuczynski, T.; Bilski, R.;
Hromada, M.; et al. Non-Enzymatic Antioxidant Defense and Polymorphic Changes in Male Infertility. Cell Physiol. Biochem.
2025, 59, 53-81. [CrossRef] [PubMed]

Hallak, J.; Sharma, R K.; Pasqualotto, EF.; Ranganathan, P.; Thomas, A.]., Jr.; Agarwal, A. Creatine kinase as an indicator of sperm
quality and maturity in men with oligospermia. Urology 2001, 58, 446—451. [CrossRef] [PubMed]

Mahfouz, R.; Sharma, R.; Sharma, D.; Sabanegh, E.; Agarwal, A. Diagnostic value of the total antioxidant capacity (TAC) in
human seminal plasma. Fertil. Steril. 2009, 91, 805-811. [CrossRef] [PubMed]

Tartibian, B.; Maleki, B.H. Correlation between seminal oxidative stress biomarkers and antioxidants with sperm DNA damage in
elite athletes and recreationally active men. Clin. J. Sport. Med. 2012, 22, 132-139. [CrossRef] [PubMed]

Marinaro, C.; Bianchi, A.R.; Guerretti, V.; Barricelli, G.; Berman, B.; Bertola, F.; Micali, S.; Busardo, EP,; Di Giorgi, A.; De Maio,
A.; et al. Molecular Alterations in Semen of Per-And Polyfluoroalkyl Substance Exposed Subjects: Association Between DNA
Integrity, Antioxidant Capacity and Lipoperoxides. Antioxidants 2025, 14, 792. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biom16081125


https://doi.org/10.3390/biology15100760
https://www.ncbi.nlm.nih.gov/pubmed/42187722
https://doi.org/10.1155/2015/805328
https://www.ncbi.nlm.nih.gov/pubmed/26539526
https://doi.org/10.3389/fendo.2024.1327800
https://www.ncbi.nlm.nih.gov/pubmed/38654926
https://doi.org/10.3390/cimb48010117
https://www.ncbi.nlm.nih.gov/pubmed/41614947
https://doi.org/10.1016/j.ijbiomac.2011.12.015
https://www.ncbi.nlm.nih.gov/pubmed/22209935
https://doi.org/10.1159/000054275
https://www.ncbi.nlm.nih.gov/pubmed/11124581
https://doi.org/10.1016/j.febslet.2008.04.057
https://www.ncbi.nlm.nih.gov/pubmed/18474236
https://doi.org/10.1002/cam4.1820
https://www.ncbi.nlm.nih.gov/pubmed/30403008
https://doi.org/10.1111/j.1365-2605.1991.tb01090.x
https://www.ncbi.nlm.nih.gov/pubmed/1879960
https://doi.org/10.1093/humrep/des360
https://www.ncbi.nlm.nih.gov/pubmed/23024119
https://doi.org/10.1007/s10815-010-9458-8
https://www.ncbi.nlm.nih.gov/pubmed/20676751
https://doi.org/10.1111/and.12702
https://www.ncbi.nlm.nih.gov/pubmed/27620273
https://doi.org/10.1093/humrep/del081
https://www.ncbi.nlm.nih.gov/pubmed/16556671
https://www.ncbi.nlm.nih.gov/pubmed/19157234
https://doi.org/10.3390/biom7020042
https://www.ncbi.nlm.nih.gov/pubmed/28598359
https://doi.org/10.3389/fnut.2025.1648307
https://www.ncbi.nlm.nih.gov/pubmed/40948861
https://doi.org/10.1007/s00345-025-05964-z
https://www.ncbi.nlm.nih.gov/pubmed/41055724
https://doi.org/10.33594/000000801
https://www.ncbi.nlm.nih.gov/pubmed/40851487
https://doi.org/10.1016/s0090-4295(01)01224-9
https://www.ncbi.nlm.nih.gov/pubmed/11549497
https://doi.org/10.1016/j.fertnstert.2008.01.022
https://www.ncbi.nlm.nih.gov/pubmed/18314108
https://doi.org/10.1097/jsm.0b013e31823f310a
https://www.ncbi.nlm.nih.gov/pubmed/22246344
https://doi.org/10.3390/antiox14070792
https://www.ncbi.nlm.nih.gov/pubmed/40722896
https://doi.org/10.3390/biom16081125

Biomolecules 2026, 16, 1125 22 of 22

58. Gholinezhad, M.; Aliarab, A.; Abbaszadeh-Goudarzi, G.; Yousefnia-Pasha, Y., Samadaian, N.; Rasolpour-Roshan, K,
Aghagolzadeh-Haji, H.; Mohammadoo-Khorasani, M. Nitric oxide, 8-hydroxydeoxyguanosine, and total antioxidant capacity in
human seminal plasma of infertile men and their relationship with sperm parameters. Clin. Exp. Reprod. Med. 2020, 47, 54-60.
[CrossRef] [PubMed]

59. Mngomezulu, K.; Mzobe, G.; Mtshali, A.; Baxter, C.; Ngcapu, S. The use of PSA as a biomarker of recent semen exposure in
female reproductive health studies. J. Reprod. Immunol. 2021, 148, 103381. [CrossRef] [PubMed]

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/biom16081125


https://doi.org/10.5653/cerm.2020.00423
https://www.ncbi.nlm.nih.gov/pubmed/32079054
https://doi.org/10.1016/j.jri.2021.103381
https://www.ncbi.nlm.nih.gov/pubmed/34563757
https://doi.org/10.3390/biom16081125

	Introduction 
	Materials and Methods 
	Participants and Groups 
	Semen Analysis 
	Determination of Biochemical Components in Seminal Plasma 
	Trolox Equivalent Antioxidant Capacity Determination in Seminal Plasma and Spermatozoa 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

