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Abstract

Background/Aims: Male infertility is conditioned in up to 25% genetically, but environmental
factors are equally important. Dependencies analyzed here in this area have not been studied
using such an approach so far. Therefore, they are innovative and constitute an important
aspect of multi-range interdependencies. That is why we analyzed factors shaping male
reproductive condition: glutathione, bilirubin, uric acid, chemical elements (Ca, Na, Mn, Fe,
Mo, Li, V, Co, Ag, Ba, T, Al, Ni, Sn, B, Pb, Be), and genetic polymorphism (genotypes CC and
TT of IL—4v.C589T(rs2243250). We studied infertile men from polluted Poland region with
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semen perturbations and healthy with normozoospermia. Methods: \We described semen
abnormalities according to standard criteria. The population of patients with infertility
consisted of 76 men with different fertility disorders. The control group consisted of 87 men
with normozoospermia. The majority of infertile men came from Central Poland. The collection
of biological samples and seminological tests were conducted by qualified medicians from
the andrology clinic and by the authors of this paper (semen morphological parameters).
Seminological analyses were based on macro- and microscopic analysis of ejaculate to verify
semenvolume, time of liquefaction, sperm density, motility, presence of agglutination, presence
of leukocytes, and percentage of pathological forms. Concentrations of chemical elements in
the blood were analyzed (ICP-MS). In serum, non-enzymatic antioxidants (glutathione GSH,
bilirubin, uric acid) and lipid peroxidation intensity were qualified (Cayman Chemicals Co.).
In researching gene polymorphisms connected with male infertility, molecular analysis was
conducted (PCR-RFLP) and applied to chromosome 5: gene IL—4v.C589T. Results: We found
poorer antioxidative defense in infertile men, whilst the higher levels of uric acid, compared
to healthy, may act as a deteriorating factor. High correlations between glutathione and uric
acid in the infertile and healthy implicated that non—-enzymatic antioxidants undergo mutual
regulation. It also applies to patients with /[L—4v.C589T polymorphism. Interactions between
non—enzymatic antioxidants and chemical elements were particularly noticeable in men with
CCgenotype. The mostimportant modulator appeared to be sodium, while boron was the most
meaningful in the interactions. Higher concentration of bilirubin, uric acid, and GSH in men
with TT (0.687 mg-dL™", 6.097 mg-dL", 6.345 uM), compared to CC genotype (0.652 mg-dL",
4,980 mg-dL™", 4.630 uM) suggest a better functionality of antioxidative barrier. Estimating
the importance of unfavorable changes arising from oxidative stress about the functionality
of non-enzymatic antioxidants and correlations with MDA in men’s serum allows a complete
look at the determinants of male infertility. Among genetic polymorphisms, genotypes TT
and CC of IL-4v.C589T gene show their influence on generating fertility perturbations. They
had an indirect but differentiated effect on antioxidant mechanisms involving bilirubin, uric
acid, and glutathione. Therefore, we conclude that /L-4v.C589T polymorphism differentiated
the body’s response to environmental stressors. The results presented in our paper on /L—4v.
C589T polymorphism and conclusions formulated on their basis are consistent with literature
data, indicating the lack of a direct relationship between polymorphism studied and male
infertility. However, the primary intention of this paper was, to a lesser extent, to exclude or
confirm a direct relationship between studied polymorphism and male infertility. We wanted
a broader approach to the subject and to establish relationships between genetic aspects and
antioxidant parameters of defense mechanisms. Therefore, we were more interested in the
status of antioxidant defense and its relationships to the genetic factor in groups of people
with a fixed genotype. We obtained a more detailed picture of the sum of genetic aspects and
parameters related to antioxidant defense. Conclusion: Non—-enzymatic defense, chemical
elements, and genetic polymorphisms are related to and shape male reproductive potential.
Our results may be helpful in the diagnosis of male infertility; they will enable the reduction
of idiopathic cases and the implementation of targeted and more effective treatment.
Identification of environmental stressors and their correlations with fertility disorders can
help eliminate or reduce the impact of factors unfavorable to fertility. This shows the new
importance of environmental and immunogenetic factors, oxidative stress, and genetic

polymorphisms in male fertility. © 2025 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

The problem of male infertility is conditioned in up to 25% genetically, but environmental
factors are equally important. Genetic and environmental impact, radiation, certain drugs, or
immunologic conditions are the most important male factors. At the same time, the hormonal
category encompasses imbalances in hormone levels and hypoandrogenism as well as
possible psychological factors [1]. Certain types or causes of male infertility are still not
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sufficiently described or cannot be categorized [1]. One of the essential factors in the etiology
of male infertility is oxidative stress since 30-80% of infertile men demonstrate increased
levels of seminal reactive oxygen species (ROS). This fact encouraged the constitutional term
“male oxidative stress infertility”, which is particularly important for men with idiopathic
infertility as a possible decisive factor [2]. However, low ROS levels are necessary to maintain
sperm functionality and trigger processes that guarantee reproductive success. However, the
uncontrolled increment in their level harms semen quality. Among them, lipoperoxidation of
the sperm plasma membrane, sperm DNA fragmentation, and oxidation of sperm proteins
occur [2]. The fact that spermatozoa are generally rich in polyunsaturated fatty acids propels
lipid peroxidation and subsequently leads to the generation of damaging aldehydes like
4-hydroxynonenal or malondialdehyde (MDA). The accumulation of these lipid peroxidation
products also lessens spermatozoa’s protective abilities [3].

A large pool of environmental factors additionally stimulates ROS production in
spermatozoa. Among them, estrogens are considered particularly important since
extensive environmental expositions mediate in the decrease of testosterone levels, and
this phenomenon confirms a link between environmental pollution and a general decrease
in the male reproductive potential [3]. Another serious modulator of sperm quality is
electromagnetic energy. Chronic exposure to this factor is connected with a decrease in
sperm quality parameters such as vitality and motility, accompanied by an increment in DNA
oxidation and fragmentation and escalated ROS production in the mitochondria [4]. Also,
sudden changes in temperature or osmotic balance create a risk of declining sperm quality
[5]. Lifestyle factors may modulate sperm quality and subsequent reproductive potential.
Similarly, ethanol metabolization generates acetaldehyde and simultaneously contributes to
the ROS increment [6]. Even psychological strain appears engaged in the worsening of sperm
motility and concentration and the reduction of antioxidants [6].

The antioxidative system provides the counteraction against such multifactorial threats,
which generally aims to scavenge and neutralize free radicals and repair damaged ones.
Thus, both enzymatic and non-enzymatic antioxidants guarantee the regulation of free
radical reactions and restoration of cellular integrity. Although the cooperative character
of the entire system is crucial for its effectiveness, enzymatic antioxidants convert oxidized
metabolic products to H,0, and water. In contrast, non-enzymatic ones act through
interruption and termination of free radical chain reactions [7]. These actions take place on
the particular lines of defense and antioxidants, e.g., uric acid, bilirubin, glutathione (GSH), as
well as vitamin C, alpha-tocopherol, ubiquinol, widely represents the second line preventing
initiation of chain reactions and interrupting their propagation [7].

Itis well established that in spermatozoa, there are two primary sources of ROS, namely
NADH-dependent oxidoreductase at the mitochondrial level and NADPH oxidase in the
sperm plasma membrane. On the other hand, spermatozoa generally contain little cytoplasm
sequestering antioxidants, constitute seminal plasma as a significant source of antioxidants,
and besides antioxidative enzymes also, relatively high levels of non-enzymatic antioxidants
like ascorbate or thiol groups are present in this microenvironment. Therefore, the efficiency
of antioxidative defense is crucial since harmful changes caused by oxidative stress, like a
downgrade in the membrane integrity, enzyme inactivation, or cell death, are connected
with the reduction of sperm quality parameters, e.g., count and motility [8].

One of the cytoprotective adaptations against oxidative stress engages biliverdin, which
is generated as a byproduct of heme breakdown by heme oxygenase and subsequently,
through the participation of biliverdin reductase, undergoes reduction to bilirubin. This
process is a beneficial evolutionary mechanism that augments cytoprotection since bilirubin
exhibits potent antioxidative and anti-inflammatory activity [9]. Thus, a synthesis of bilirubin
is rapidly magnified in response to oxidative stress. At the same time, animal models widely
confirm that its deficiency is connected with the increment in susceptibility of cells to
oxidative damage. Fibroblasts from mice devoid of biliverdin reductase (BVR”/") appear
generally more sensitive to superoxide donors, hydrogen peroxide, or 4-hydroxynonenal, as
well as highly subjected to oxidative death, since their potential to eliminate ROS is seriously
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handicapped. Oppositely, the addition of bilirubin to BVR/~ fibroblasts causes a reduction
in the 0, level, suggesting the engagement of antioxidants in scavenging this radical [10].

Furthermore, the other heme metabolites, namely ditaurated bilirubin and biliverdin,
also scavenge O,". The first has almost comparable efficiency, and the latter has a relatively
minor capacity. The fact that mitochondrial complexes Il and I1l generate O,"~ at membranous
structures and these compartments are generally more available to bilirubin compared to
superoxide dismutase (SOD) makes bilirubin a crucial O, scavenger in the membranous
environment [10].

The animal models confirmed a positive correlation between the plasma’s antioxidative
efficiency and the total bilirubin level in the plasma. It is also connected with successive
increases in the effectiveness of eliminating peroxyl radicals from plasma, demonstrating
the scavenging activity of bilirubin [11]. When bilirubin is bound to albumin, it protects
from oxidation of linolenic acid associated with this protein. On the other hand, bilirubin
inhibits the activity of NADPH oxidase (an enzyme with the potential to generate superoxide
anion) and counteracts oxidative DNA injuries. It may also deactivate singlet oxygen [12, 13].
Takeda et al. (2015) affirm that uninterrupted cellular generation of heme and its conversion
to biliverdin and subsequently into bilirubin play an essential role in cytoprotection against
widely considered cellular damages [14].

Similarly, glutathione is essential in the non-enzymatic antioxidant defense, scavenging
various free radicals. At the same time, its deficiency contributes to perturbations
in spermatozoa midpieces and affects morphology and motility. Oppositely, GSH
supplementation improves testicular histology and sperm motility [15]. GSH concentration
tends to be lower in infertile men in comparison to fertile. Meanwhile, semen GSH levels
appear positively connected with essential seminogram parameters like total sperm cell
count, progressive motility, concentration, plasma membrane integrity, viability, and correct
morphology.

On the other hand, the GSH level in seminal plasma correlates negatively with the
period of trying to have a child, suggesting that an increment in this parameter favors the
achievement of reproductive success [16]. Sekhar et al. (2011) confirmed that reduced
synthesis of glutathione due to aging processes leads to an intracellular deficit of GSH and
an increment of oxidative stress in cells [17]. Gadea et al. (2011) demonstrated that freezing
and thawing of human sperm cause an escalation in oxidative stress conditions, and it is
connected with a significant disturbance in the antioxidative GSH efficiency [18].

Uric acid (2, 6,8-trihydroxypurine) constitutes the final product of purine nucleotides
adenosine and guanosine catabolism. It plays the role of an important antioxidant, whose
activity is somewhat restricted to semen but on a smaller scale, and is also noticeable in
the epididymis. About 37% of antioxidant activity in semen applies to urate, ascorbate,
and tyrosine. Furthermore, urate concentration in the seminal fluid of fertile men tends
to be higher than that of infertile. In contrast, a diminished urate level indicates rising
perturbations in the antioxidative protection or increment of oxidative damage in seminal
plasma, testis, or epididymis [19]. Finally, uric acid exerts an evident improving effect on
sperm quality parameters, such as motility, morphology, concentration, and membrane
integrity, while simultaneously negatively connected with the intensity of lipid peroxidation
and sperm DNA damage [19].

On the other hand, a high serum uric acid concentration (>420 pmol*L™) called
hyperuricemia may cause opposite harmful effects on semen parameters. Therefore, semen
volume, total sperm count, sperm concentration, or percentage of proactive sperms are
significantly or moderately diminished in hyperuricemia. This fact suggests that serum uric
acid, in a concentration-dependent manner, may also worsen semen quality, demonstrating
its ambiguous nature. It can be accompanied by some perturbations in the balance of serum
reproductive hormones manifested in the decrease of testosterone and the increment of
luteinizing hormone or even destabilization in the antioxidative potential [20]. Therefore,
the role of uric acid is equivocal; it is a potent antioxidant in the extracellular environment,
while inside cells, it is committed to the rapid escalation of oxidative stress [21, 22].
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During the generation of uric acid, a certain pool of ROS is produced since the xanthine
oxidoreductase, besides the generation of uric acid, may also catalyze the production of
nitric oxide or other ROS potentially harmful to DNA or enzymes (uric acid as a marker
of oxidative damage). However, the other side of uric acid activity makes it a potent free
radical scavenger and chelator of transitional metal ions. It is also engaged in the increase
of the level of glutathione (in the hippocampus) [21]. To describe this remarkably diverse
activity of uric acid in human organisms, Sautin and Johnson (2008) use the term “oxidant-
antioxidant paradox”. From one side, this hydrophilic antioxidant scavenges, among others,
peroxyl radicals or singlet oxygen. On the other, a high burden of uric acid accompanies
pathological states like dyslipidemia, insulin resistance, and kidney disease. Therefore, the
environment of occurrence is a decisive factor for the pro- or antioxidative properties of uric
acid. In contrast, in the hydrophobic environment, it cannot scavenge lipophilic radicals or
interrupt chain reactions of propagation within lipid membranes. On the contrary, it turns
into a proinflammatory factor that stimulates intracellular production of oxidants on the
way conditioned by NADPH oxidase [23].

IL-4 may influence male fertility since infertile patients tend to exhibit lower levels
of this modulator compared to fertile in seminal plasma. Also, chronic toxic damage to the
testes usually are connected with a downgrade in the level of IL-4. Oppositely, the increment
of IL-4 concentration in semen causes specific inhibition of inflammatory factors and
processes and participates in the maintenance of undisturbed spermatogenesis [24]. Even
recent analysis of reproductive impairments due to COVID-19 indicates that decreased levels
of testosterone, diminished sperm count, and generally disturbed spermatogenesis may be
connected with disturbances among cytokines (TNF-q, IL-6, IL-4, IL-12). Furthermore, IL-4
contributes to the inhibition of Th1-mediated response. At the same time, during pregnancy,
it undergoes increased generation and cooperates with progesterone, which indicates its
anti-inflammatory nature and generally important role in successful reproduction [24].

IL-4 is considered one of the fundamental immunoregulatory cytokines since its
expression is upregulated in basophils, lymphocytes, and mast cells, particularly those
exposed to toxins. This fact implies that induction of IL-4 may constitute a specific defensive
mechanism against different types of stress. Finally, it can also be engaged in DNA repair,
attenuating DNA damage and mobilizing important mechanisms that favor the removement
of injuries [25]. Therefore, antioxidative defense is ensured by various mutually regulated
factors. However, only some low molecular mass antioxidants are generated in the organism.
This group encompasses GSH, uric acid, bilirubin, ubiquinone, metallothioneins, and
albumin. However, exogenous compounds appear even more numerous, including phenolic
acids, flavonoids, carotenoids, coumarins, stilbenes, lignans, vitamins, and certain chemical
elements (Zn, Se, Mn). This fact implicates not only that, in relatively large part, the efficiency
of the antioxidative barrier depends on the individual diet or lifestyle but also encourages
the search for the relationships between the components of this antioxidative mechanism
[12, 26, 27].

In our previous paper [28] we considered relationships between concentrations
of Li, Be, B, Na, Mg, Al, P, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Mo, Ag, Cd, Sn,
Sb, Ba, Hg, Tl, Pb, and enzymatic antioxidants SOD, CAT, GPx, and GR in men with fertility
disorders and healthy men. However, this paper aims to estimate the important aspects of
the impact of unfavorable changes that arise from oxidative stress on the functionality of
non-enzymatic antioxidants (bilirubin, uric acid, glutathione) and analysis of correlations
with MDA (a marker of lipoperoxidation) in serum of men. These analyses allow a more
complete look at the determinants of male infertility and the establishment of relationships
between perturbations in the antioxidative defense and male reproductive condition.
Molecular analysis was conducted and applied to the polymorphism of gene IL-4v.C589T
(rs2243250) (chromosome 5). TT and CC genotypes were analyzed to notice their influence
on the generation of fertility perturbations in the studied groups of men. Therefore, some
methodological aspects of analyses used in the paper by Baszynski et al. (2022) [28] are
identical to the research presented in this work. Therefore, they have been included in this
work as Supplementary Materials (1-7) (Material and methods).
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The relationship between the destabilization of the concentration of chemical
elements, disturbances in the functionality of non-enzymatic antioxidative barriers, and
the commitment to genetic polymorphism are considered in this paper. On this basis, the
importance of environmental factors and oxidative stress in the shaping of male reproductive
potential was established. The dependencies analyzed in the framework of the research
included in this paper have not been studied using such an approach so far. Therefore, they
are innovative and constitute an important aspect of the multi-range interdependencies.

Materials and Methods

Seminological studies

The population of patients with infertility consisted of 76 men with different fertility disorders, as
confirmed via seminological tests [29]. In this paper, we used methodological details of seminological studies
presented entirely in the paper by Baszynski et al. (2022) [28]. They are identical to the research presented
in this work. Therefore, they have been included here as Supplementary Materials 1-7 [Download] (1:
Seminological studies). We described semen abnormalities according to standard criteria [29]. The control
group consisted of 87 men with normozoospermia [29]. The majority of infertile men came from Central
Poland (Cuyavian region) [30]. The collection of biological samples and seminological tests were conducted
by qualified medicians from the andrology clinic and by the authors of this paper (semen morphological
parameters). Normozoospermia or specific seminological abnormalities were diagnosed, which allowed the
division of patients into the infertile or control group.

Methods used for seminological analysis

In this paper, we used methodological details of methods applied for seminological analysis presented
entirely in the paper by Baszynski et al. (2022) [28]. They are identical to the research presented in this
paper. Therefore, they have been included here as Supplementary Materials 1-7 at the end of this paper (2:
Methods used for seminological analysis). Seminological analyses were based on macro- and microscopic
analysis of ejaculate to verify semen volume, time of liquefaction, sperm density, motility, presence of
agglutination, presence of leukocytes, and percentage of pathological forms. Patients were assigned to the
infertile or control group after comparing the results with those of the WHO (2010) [29]. Therefore, the
classification of patients into particular groups (healthy control or infertile) in our study was based on
comparing the seminological results obtained with WHO guidelines. Patients who fulfilled the criteria of
normozoospermic were included in healthy control, whilst men with diverse seminological disorders (that
field normozoospermic classification) were included in the infertile group.

Standard semen evaluation

All of the tested parameters were determined immediately after liquefaction or within one hour of
ejaculation at room temperature. In this paper, we used methodological details of methods characterized
for standard semen evaluation presented entirely in the paper by Baszynski et al. (2022) [28]. They are
identical to the research presented in this work. Therefore, they have been included here as Supplementary
Materials 1-7 at the end of this paper (3: Standard semen evaluation, Macroscopic evaluation of semen,
Microscopic evaluation of semen). These parameters were determined by the WHO criteria (2010) [29].
We consider the criteria included in the classification by Kruger [31] after staining with the Schorr method.
Sperm were considered normal if they exhibited specified characteristics.

Chemical elements analysis

Concentrations of Li, Be, B, Na, Mg, Al, P, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Mo, Ag, Cd,
Sn, Sb, Ba, Hg, T], and Pb in the blood of infertile and healthy men were analyzed (ICP-MS). Here, we used
methodological details of methods applied for chemical elements analysis presented entirely in the paper by
Baszynski et al. (2022) [28]. They are identical to the research presented in this work. Therefore, they have
been included here as Supplementary Materials 1-7 at the end of this paper (4: Chemical element analysis,
Digestion, Quantitative analyses, Mineralization, Calibration, and reference materials).
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Non-enzymatic antioxidants

The assessment of the concentration of glutathione (GSH) in serum was conducted with the
commercially available kit (Glutathione Assay Kit) from Cayman Chemical Co., Ann Arbor, MI, USA (Item
No. 703002). The method was based on enzymatic processing that engages glutathione reductase for
quantitative assessment of GSH. Sulfhydryl group of GSH reacts with 5, 5’-dithio-bis-(2-nitrobenzoic) acid
(DTNB) and crates yellow-colored 5-thio-2-nitrobenzoic (TNB) acid. Simultaneously generated mixed
disulfide (GSTNB) undergoes reduction through glutathione reductase to process GSH and generate a larger
amount of TNB. The intensity of the generation of TNB is directly proportional to the reaction of processing,
which is directly proportional to the concentration of GSH in the sample. Therefore, the measurement of
absorbance of TNB in the wavelength of 405-414 nm equals the precise measurement of the concentration
of GSH in the sample (paragraph of included instruction About This Assay).

Under the influence of vanadic acid salt and detergent, total bilirubin undergoes oxidation in an acidic
environment to colored biliverdin. As a result of this process, a change of color is noticeable, from yellow
(characteristic of bilirubin) to green (characteristic of biliverdin). The color intensity of this derivative
measured spectrophotometrically (in wavelength of 420 nm) is proportional to the total bilirubin
concentration in the sample (PZ Cormay, No 2-245).

The assessment of uric acid in serum is based on the enzymatic conversion of uric acid into
allantoin under the influence of uricase with the simultaneous liberation of hydrogen peroxide. In the
proportional amount of uric acid hydrogen peroxide in the reaction mixture reaction, peroxidase/ADPS/4-
aminoantipyrine creates chinonoimin - a colored product. The intensity of the color is directly proportional
to uric acid content in the sample (PZ Cormay, No 2-208).

Lipid peroxidation intensity

In this presented paper, we used methodological details of methods used for lipid peroxidation
intensity presented entirely in the paper by Baszynski et al. (2022) [28]. They are identical to the research
presented in this work. Therefore, they have been included here as Supplementary Materials 1-7 at the end
of this paper (5: Lipid peroxidation intensity).

Molecular Analysis

In the studies presented here, we used methodological details of methods applied for molecular
analysis presented entirely in the paper by Baszynski et al. (2022) [28]. They are identical to the research
presented in this work. Therefore, they have been included here as Supplementary Materials 1-7 at the
end of this paper (6: Molecular Analysis). Values were established based on the optimization and literature
[33-35]. Starters, PCR reaction conditions, and the conditions of digestion with restrictive enzymes for
respective polymorphism were established based on the literature [36, 37].

Polymorphism of Gene IL-4v.C589T (rs2243250)

We used here methodological details of methods used for the analysis of polymorphism of gene IL-4v.
C589T (rs2243250) presented entirely in the paper by Baszynski et al. (2022) [28] and after [38]. They are
identical to the research presented in this work. Therefore, they have been included here as Supplementary
Materials 1-7 at the end of this paper (7: Polymorphism of Gene IL-4v.C589T (rs2243250).

Statistical analysis

Statistical analyses were performed with STATISTICA (v.13, StatSoft, Cracov, Poland) and Microsoft
Office Excel 2021 (v.2108, Microsoft, Redmond, WA, USA). The results of quantitative parameters are
displayed as minimum and maximum values, quartiles (Q1, Q3), medians, arithmetical averages, and
standard deviations. Data were analyzed for normal distribution (Shapiro-Wilk test). Those that did not
exhibit normal distribution were analyzed with non-parametric tests (U-Mann-Whitney test, Spearman
rank test). The chi-square test was used to compare the frequency of genotypes. Correlations were analyzed
with Spearman rank correlation tests. The coefficient of significance was set at a<0.05 and statistical
significance at P<0.05 [39-41].
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Results

Non-enzymatic antioxidants activity

None of the analyzed non-enzymatic antioxidants achieved a statistically significant
difference between the infertile and healthy control groups (P>0.05). For uric acid, the
statistical tendency was noted (P<0.10). The difference between average values of uric
acid in the mentioned groups was 1.571 mg*dL™! (P=0.071). The results of bilirubin and
GSH were more similar among groups (P=0.355 and 0.162). Therefore, although the fact
that concentration of bilirubin, uric acid, and GSH did not show statistically significant
differences between the infertile group and the control, it is evident that the level of uric
acid is higher in the serum of men with fertility disorders (7.058 mg*dL!) when compared
to the control (5.487 mg*dL™). Inversely, results for GSH and bilirubin in healthy control
were higher (6.812 pM and 0.617 mg*dL™!) than in the infertile men (6.150 uM and 0.588
mg*dL™); Table 1, Fig. 1. Surprisingly, MDA also appeared to be more accumulated in control
than in the infertile men (Table 1).

Table 1. The concentration of bilirubin Br, uric acid UA, glutathione GSH, and mutual interactions, including
malondialdehyde MDA in infertile and healthy control men, as well as correlations between bilirubin, uric
acid, GSH, MDA, and sodium Na, and boron B in healthy control and infertile men. Statistically significant
differences and relationships are in bold
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In the men with normozoospermia, GSH correlated with uric acid (r=0.511), while
in men with fertility disorders, a relatively strong relationship between these parameters
was also noted (r=0.524); Table 1. Besides the positive correlation between bilirubin and
uric acid in the infertile group (r=0.324), the rest of the comparisons did not show any
relationships (Table 1). However, the obtained correlations suggest the existence of the
cooperation between non-enzymatic components of antioxidative defense in the reduction
of oxidative stress with the strongest interaction between GSH and uric acid noted both
for infertile group and healthy control (accordingly r=0.524 and r=0.511; Table 1, Fig. 2).
Boron and sodium correlated with GSH (respectively positive correlation B-GSH r=0.387
and negative Na-GSH r=-0.308) in healthy control, while boron also influenced on the MDA,
both in the infertile men and healthy control (accordingly r=0.338 and r=0.326). The results
suggest the commitment of chemical elements in modulating non-enzymatic antioxidative
defense and indirect lipid peroxidation (Table 1).

Relationships with polymorphism of gene IL-4v.C589T (rs2243250)

The polymorphism of gene IL-4v.C589T (rs2243250) in the infertile group (n=76)
was determined for 43 men. Among them, 31 mutant-type homozygotes TT were noted
(the frequency of occurrence: 0.72) and 12 wild-type homozygotes CC (the frequency of
occurrence: 0.27). There were not any heterozygotes CT. In the control group (n=87), this
polymorphism was determined for 44 men. Among them, 34 mutant-type homozygotes TT
were noted (the frequency of occurrence: 0.77), besides 10 wild-type homozygotes CC (the
frequency of occurrence: 0.22). In healthy control, similarly to the infertile group, no affirmed
heterozygotes CT was found. During the electrophoretic section of the PCR product for a
variant of gene IL-4v.C589T (rs2243250), the stripe on the height of 195bp was observed.
Subsequently, after digestion with restrictive enzyme Avall, the stripe was observed on
various heights. The single stripe at the height of 195bp was characteristic of the mutant
type of homozygote TT, while the single stripe at the height of 177bp informed about the
wild type of homozygote CC. The analysis of polymorphism of gene IL-4v.C589T (rs2243250)
did not reveal significant differences in the frequency of genotypes in the particular groups.
Genotype TT is present in 72.09% of men from the infertile group and 77.27% of men from
healthy control. Genotype CC is present in 27.91% and 22.73% of men, respectively, from the
infertile group and healthy control (Table 2). Based on the frequency of genotype occurrence
in the infertile group and control, the direct impact of genetic factors on male fertility in
the studied population may be excluded. The lack of significant difference in the frequency
of particular genotypes in the infertile group and control (P=0.578) constitutes a decisive

Table 2. Frequency of genotypes of IL-4v.C589T (rs2243250) in infertile and healthy control men as
well as the concentration of bilirubin Br, uric acid UA, glutathione GSH and mutual interactions including
malondialdehyde MDA regarding IL-4v.C589T (rs2243250) genotypes CC and TT. Statistically significant
differences and correlations are in bold
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factor (Table 2). However, for the polymorphism of gene IL-4v.C589T (rs2243250), it is
worth considering the indirect influence of genetic factors on male reproductive condition
by comparison of studied parameters (concentration of non-enzymatic antioxidants and
their relations with chemical elements according to the distinguished genotypes TT and CC).
Significant differences between men with genotype TT compared to genotype CC in
the level of non-enzymatic antioxidants were not affirmed (bilirubin: P=0.267, uric acid:
P=0.279, GSH: P=0.123). However, the concentration of bilirubin, uric acid, and GSH was
slightly higher in men with genotype TT (relatively 0.687 mg*dL™!, 6.097 mg*dL™, and 6.345
uM) compared to men with genotype CC (accordingly 0.652 mg*dL™?, 4.980 mg*dL!, and
4.630 uM). The results may suggest that genotype TT is accompanied by more intensive non-
enzymatic antioxidative protection. This observation is additionally sustained by a slightly
lower concentration of MDA in men with genotype TT (15.171 uM) compared to genotype
CC (18.094 uM). It suggests that in the case of genotype TT more effective antioxidative
defense is accompanied by reduced lipid peroxidation. In contrast, genotype CC may be
connected with specific impairments in the non-enzymatic antioxidative protection and
subsequently more escalated lipid peroxidation (Table 2, Fig. 1). The analysis of correlations
between non-enzymatic antioxidants and MDA regarding polymorphism of gene IL-4v.
C589T (rs2243250) revealed that in the group with genotype TT uric acid correlates with
GSH (r=0.522). A similar relationship was noted in the group with genotype CC (uric acid-
GSH: r=0.419). Some weaker interactions were restricted only to the genotype CC, namely
between bilirubin and GSH (r=0.305) and between bilirubin and MDA (r=0.335), suggesting
cooperation of antioxidants, their mutual regulation as well as modest influence on the
lipid peroxidation. However, this positive correlation between bilirubin and MDA may also
be considered a symptom of destabilization of the antioxidative barrier in the group with
genotype CC, compared to TT, where such interaction did not appear (Table 2, Fig. 2).
However, there was not statistically significant relationship between genotype TT or
CC (polymorphism of gene IL-4v.C589T (rs2243250) and modulation of activity of non-
enzymatic antioxidants or overproduction of MDA in the studied groups (P>0.05). Still,
the slightly higher level of MDA that accompanies genotype CC (18.094 pM), compared to
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TT (15.171 uM), suggests that men with this genotype (CC) are more subjected to the lipid
peroxidation and larger destabilization of antioxidative defense. Additionally, genotype TT
was characterized by slightly higher concentration of bilirubin (0.687 mg*dL™, CC: 0.652
mg*dL™?), uric acid (6.097 mg*dL™, CC: 4.980 mg*dL") and GSH (6.345 uM, CC: 4.630 uM)
(Table 2, Fig. 1). Therefore, non-enzymatic antioxidative defense is more effective in the
case of genotype TT, while genetic factor is evidently committed in its modulation. This
commitment is also visible in the interactions between particular antioxidants on the level
of genotypes TT and CC (polymorphism of gene IL-4v.C589T (rs2243250). The relationships
between uric acid and GSH (r=0.522 in the genotype TT and r=0.419 in the genotype CC), as
well as correlations restricted only to one genotype (weak interactions between bilirubin and
MDA in the case of genotype CC r=0.335; Table 2), confirm that effectiveness of antioxidative
mechanisms varies according to the genotype (77T, CC). Correlations between antioxidants
and MDA may even constitute a symptom of a larger destabilization of antioxidative
protection in men with a particular genotype (CC). Certain chemical elements may be
considered important modulators because they act on both analyzed levels correlating
with non-enzymatic antioxidants in the groups of men with normozoospermia and fertility
disorders as well as in the groups connected with genotypes TT and CC (polymorphism of
gene IL-4v.C589T (rs2243250). It applies to sodium, which interacts with GSH in healthy
control (r=-0.308) and in men with genotype CC (r=-0.506). Another prominent example is
boron, which correlates with GSH in the healthy control group (r=0.387) and the group with
genotype CC (r=0.401).

The obtained results in this matter even emphasize the role of genetic factors in
strengthening interactions between chemical elements and non-enzymatic antioxidants. It is
also important when it comes to interactions between toxic heavy metals and antioxidants,
which appear to play a meaningful role but only in men with genotype CC (Pb-bilirubin:
r=0.416). Finally, it also concerns lipid peroxidation since the interaction between boron and
MDA is slightly stronger in the group with genotype CC (r=0.428) compared to analogous
relationships noted in men with fertility disorders (r=0.338) or healthy control (r=0.326).
Therefore, polymorphism of gene IL-4v.C589T (rs2243250), despite the lack of direct impact
on male fertility in the studied population (the lack of significant difference in the frequency
of genotypes; P=0.578), still may modulate status of non-enzymatic antioxidative barrier as
well as the shape of interactions between chemical elements and antioxidants (Tables 2, 3,
Figs. 1, 2).

Malondialdehyde concentration, non-enzymatic antioxidants and chemical elements

The analysis of correlations between the activity of non-enzymatic antioxidants, MDA,
and chemical elements regarding polymorphism of gene IL-4v.C589T (rs2243250) revealed
numerous correlations, especially in the group with genotype CC. Correlations were noted
between parameters: Ca-bilirubin: r=-0.359, Ca-MDA: r=-0.447, Na-bilirubin: r=-0.399,
Na-GSH: r=-0.506, Fe-uric acid: r=-0.383, Mo-bilirubin: r=0.408, Li-bilirubin: r=-0.398,
V-bilirubin: r=-0.489, Co-bilirubin: r=-0.321, Co-GSH: r=-0.445, Ag-GSH: r=-0.398, Ba-
GSH: r=-0.348, Ba-MDA: r=-0.465, Tl-bilirubin: r=-0.390, TI-GSH: r=-0.415, Al-bilirubin:
r=-0.320, AI-MDA: r=-0.365, Ni-GSH: r=0.415, B-bilirubin: r=0.355, B-uric acid: r=0.346,
B-GSH: r=0.401, B-MDA: r=0.428, Pb-bilirubin: r=0.416, Be-bilirubin: r=0.333 (Table 3, Fig.
2). Therefore, the most important modulators appear to be sodium (the strongest interaction
with GSH: r=-0.506) and boron (most frequently correlating trace element that interacted
with analyzed antioxidants as well as influenced on the MDA level). However, many negative
correlations between chemical elements and non-enzymatic antioxidants and ambiguous
relationships with MDA may constitute another symptom of greater destabilization or
even inhibition of non-enzymatic antioxidative defense in men with genotype CC. On the
contrary, in the group with genotype TT, only a few negative correlations between elements
and antioxidants were noted: Mn-GSH: r=-0.326, Ag-GSH: r=-0.305, Sn-uric acid: r=-0.313,
Be-bilirubin: r=-0.317. In the group with genotype CC, toxic heavy metals play a larger role
in the shaping of antioxidative response (Pb-bilirubin: r=0.416) compared to genotype TT
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(Table 3, Fig. 2). Interactions with MDA are also restricted only to group with genotype CC,
where boron (B-MDA: r=0.428), barium (Ba-MDA: r=-0.465) and calcium (Ca-MDA: r=-
0.447) play a role as modulators (Table 3).

Itisworth considering the obtained resultsin the matter ofuricacid; there was a statistical
tendency (P=0.071) of a higher level of this non-enzymatic antioxidant in the serum of men
with fertility disorders (7.058 mg*dL!) compared to the control (5.487 mg*dL™!). It may be
disturbing since the admissible norm of uric acid is situated in the range of 3-7 mg*dL™" [42].
When presuming that the optimum antioxidative potential of uric acid is also situated in
this range of concentrations, it becomes noticeable that in men from the infertile group, the
excess of uric acid may intensify oxidative stress. Furthermore, concentrations of bilirubin
and GSH in serum, although not demonstrating significant difference (respectively P=0.355
and P=0.162), achieved higher levels in healthy control (accordingly 0.617 mg*dL'and 6.812
uM), compared to the infertile group (0.588 mg*dL ! and 6.150 uM). These two facts confirm
better functionality of non-enzymatic antioxidative defense in healthy normozoospermic
men, compared to men with fertility disorders (Table 1, Fig. 1). These interactions between
GSH and uric acid inform about the cooperative character of the entire antioxidative system
with mutual regulations of particular components for optimal protection.

Also, thelipid peroxidation level is a reflecting factor of antioxidative defense. At the same
time, the interactions between chemical elements and MDA prove that lipid peroxidation
itself undergoes modulation by relations with chemical elements. The correlations between
B and MDA (infertile: r=0.338, control: r=0.326) suggest that the higher level of B favors
escalation of lipid peroxidation. On the contrary, different tendencies may be noticeable on
the level of polymorphism of the gene IL-4v.C589T (rs2243250), where negative correlations
(Ca-MDA: r=-0.447, Ba-MDA: r=-0.465 and Al-MDA: r=-0.365) suggest mitigating actions
of these chemical elements about lipid peroxidation (Tables 1, 3). Therefore, relationships
with chemical elements, non-enzymatic antioxidative defense, and the intensity of lipid
peroxidation generally shape the defense mechanisms and responses of infertile men.

Table 3. Correlations (correlation coefficients; r) between concentration of bilirubin Br, uric acid UA,
glutathione GSH, malondialdehyde MDA and Ca, Na, Mn, Fe, Mo, Li, V, Co, Ag, Ba, Tl, Al, Ni, Sn, B, Pb, and Be
regarding IL-4v.C589T (rs2243250) genotypes CC and TT men. Statistically significant relationships are in
bold

Spearman correlation test
Eemiype IT prnniype OO

Br[mgdl: UA[mzdl  GSH MDA Brmzdl- 1A [medl-  &H MDA

deeent elrment
B 1 (] [1M] 1 D ] M)
Cafmpkel]  -0.056 0.282 0.027 -0.156 ':'['F] & 1359 oas7 OZI6 A7
Nafmgkpy = 0116 -0.005 02235 0155 N'I'l'f]‘-'; 1399 ono7 0506 D253
I]’hl“"]" 0.187 -0.009 0326 0024 I""[:;E"F -nAs2 Y D163 065
Fe [me k] 0.086 0.020 0.008 0.245 Fe[mghgd]  -DABG 2313 oMz -n2sa
:"[”5']‘5' 0.011 0.205 0.187 0.084 ""[';;5"‘5' o408 -aiz7 -onsn n25s
Li gt -0.021 -0.129 -0.006 0.050  Li[mgkgt] 0398 oasa o224 -BaEl
¥ [me kgt 0.132 -0.117 -0.018 0.022  Vimghgd] 1489 0095 0299 -na7
o [mekpd] 0.198 0.065 0015 01s3 O [':’]E*‘f -3z 161 0445 nLoas
Ar[mpkpd]  -0.045 -0.082 0305 0.138 ‘5[':’]“*? 0261 o1 0398 -DIST
Bafmgkg1] -0.083 0.040 0158 -0.161 B"[':f*‘r -nais a2 0348 [LdES
T peg g d] 0.011 -0.023 0.024 0077 Tkl -39 a1z D415 D47
Al [ gd] -0.028 0.194 0188  -0.168 Alpmghgd] 320 0078 0215 -pas
i fmg ] 0.001 0.093 -0.149 0.064  Ri[mpkg?]  -DISS o058 D415 nozz
Sn [mpked] 0.105 0313 0121 0.104 5’["‘1] & 0179 25 ons? nL11z
H [mgkgrd] -0.075 0184 0.152 0208  H[mglgd] Dass 0346 Lam D.AZB
Ph [me k] 0.065 0174 0.150 pi01 @ [';’F*F D416 oIH5 D.a5ss D12
Be[mgkgt] 0317 0.079 0123 o DelmmiE ;333 e omE1  -DOBE

64



Cellular Physiology Cell Physiol Biochem 2025;59:53-81

DOI: 10.33594/000000801 © 2025 The Author(s). Published by

and BiOChemiStry Published online: 24 August 2025 |Cell Physiol Biochem Press GmbH&Co. KG

Baszynski Shorttitle: Non-Enzymatic Antioxidant Defense and Male Infertility

Discussion

The effectiveness of antioxidants in their participation in defense mechanisms and
responses of infertile men strongly depends on their cooperation with other defense
components. In that matter, glutathione is produced by cells that neutralize free radicals.
However, it simultaneously ensures that certain exogenous antioxidants (vitamins E and
C) remain in their reduced forms. GSH participates in the maintenance of intracellular
redox status and constitutes a potent reservoir for reducing power. At the same time, its
antioxidative functionality is also based on the cooperation with enzymes (i.e., peroxidase
and reductase) committed to its conversions.

On the other hand, supplementation of exogenous antioxidants (vitamins C and E)
is associated with the increment in GSH level [43]. Furthermore, supplementing certain
antioxidants may positively affect the particular sperm quality parameters. Selenium
increases the chance of conception and, according to the period of supplementation and
dosage, also improves sperm motility, morphology, concentration, total sperm count, and
semen volume. Similarly, vitamin E acts instead stimulatingly on sperm motility, while zinc
causes improvement in the concentration and total motility. This confirms that antioxidative
defense also undergoes crucial modulations by exogenous factors that influence overall
systemic efficiency [44].

Uric acid shows equivocal character in its actions. It acts as a potent antioxidant in the
plasma, contributing significantly to the total plasma antioxidant capacity. Peroxynitrite,
hydroxyl, or iron-containing free radicals are selectively neutralized in this environment.
Uricacid even preserves functionality and the structure of important enzymatic antioxidants,
namely extracellular SOD, as well as prevents oxidative DNA injuries [45]. However, after
entering the cell environment, uric acid alters into a strong pro-oxidative factor, augmenting
oxidative stress by stimulating proinflammatory biomarkers, depletion of endothelial levels
of nitric oxide, or provocation of peroxynitrite-mediated lipoperoxidation. Adding certain
exogenous antioxidants, like polyphenols or flavonoids, may reduce uric acid by inhibiting
xanthine oxidase. At the same time, vitamin C participates in the increment of urinary
excretion [45].

On the other hand, the decrease in GSH level is connected with an increment of oxidative
stress and mitochondrial dysfunctions. At the same time, a downgrade in the GSH/GSSG
ratio accompanies the generation of ROS. Similarly, the depletion of serum levels of uric acid
favors the progression of diseases that are driven by oxidative stress, e.g., neurodegenerative
conditions [46]. We noted relatively high positive correlations between GSH and uric acid,
both for men with fertility disorders and those from control (accordingly, r=0.524 and
r=0.511). This observation was also sustained in analyzing groups assigned by polymorphism
of gene [L-4v.C589T (rs2243250) in the particular genotypes (TT: r=0.522, CC: r=0.419).
This result underlines the cooperative character of non-enzymatic antioxidants in general
defense against oxidative stress (Tables 1, 2, Fig. 2).

Bilirubin is widely known for its anti-inflammatory activity, and plasma bilirubin is
connected with a decreased risk of oxidative injuries in the disease process. Furthermore,
bilirubin can participate in the modulation of heme oxidase-1 upregulation within specific
cells. On the level of immune system responses, bilirubin lessens M1-macrophages, which
release proinflammatory cytokines. Heme oxidase-1 also augments the anti-inflammatory
response, while its inhibition causes significant growth of the cytokines (TNF-a, IL-1, IL-6)
that generally favor inflammation. Physical activity exerts a positive effect on the expression
of this modulator. It thus is also committed to incrementing plasma bilirubin, which mitigates
oxidative stress [47].

Bilirubin’s effectiveness in scavenging peroxyl radicals surpasses o-tocopherol,
while after bonding with albumin, it prevents albumin-bound fatty acids from oxidation.
Unconjugated bilirubin is engaged in the conservation of albumin from oxidation by O,
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OH, HO,, or ONOO". It is also committed to inhibiting NADPH oxidase functionality, which
implicates bilirubin’s important role in lessening ROS production. Such beneficial effects may
also arise from the cooperative action of bilirubin with other antioxidants [48]. Although
the interactions between bilirubin and uric acid in the diseases caused by oxidative stress
remain controversial, uric acid levels are associated with an increased risk of the disease
[49].

In the matter of male fertility, the results of our work reflect an equivocal relation between
the mentioned parameters. The positive correlation between bilirubin and uric acid was
confirmed, but only for men with fertility disorders (r=0.324). Oppositely, the control group
obtained coefficient did not attest to the relationship (r=0.201; Table 1). Besides, uric acid
in excess may even provoke negative changes connected with oxidative stress, which appear
detrimental for specific organs; e.g., high serum uric acid level is considered the leading risk
factor for non-alcoholic fatty liver disease since it stimulates hepaticlipid accumulation. [t may
happen through induction of endoplasmic reticulum stress or mitochondrial oxidative stress
[50]. Therefore, elevated serum uric acid may simultaneously lead to metabolic dysregulation
and manifest in hyperlipidemia. This phenomenon undoubtedly results in intensified lipid
peroxidation, which is closely connected with the increment of serum concentration of MDA
[51]. Furthermore, the high level of uric acid tends to be accompanied by the increment in
the inflammatory markers (C-reactive protein, white blood cells, neutrophils, interleukin-1
receptor antagonist, interleukin-6, interleukin-18, tumor necrosis factor-alpha).

On the contrary, the antioxidative potential of uric acid in physiological conditions is
undisputed, and administration of uric acid causes an evident increase in the antioxidant
capacity and the blocking of ROS generation [52]. Therefore, the ambiguous character of
uric acid is mainly determined by its concentration. In this matter, the results obtained in
our analysis show a higher concentration of this parameter in the case of men with fertility
disorders (7.058 mg*dL!) compared to control (5.487 mg*dL!); p=0.071. Oppositely, other
studied non-enzymatic antioxidants, namely bilirubin, and GSH, were more concentrated in
healthy control (respectively 0.617 mg*dL™" and 6.812 uM), compared to the infertile men
(0.588 mg*dL" and 6.150 uM).

Although the differences in these two parameters between groups were not so evident
(respectively p=0.355 and p=0.162; Table 1), still obtained results suggest more intensified
antioxidative defense in healthy control since the higher concentration of uric acid in the
infertile group may be recognized as a disturbing factor, for bilirubin concentrations those
define borders of the norm are included in the range of 0.3-1.2 mg*dL™! [53], when obtained
concentrations of bilirubin measured in the infertile group and healthy control were
confronted with admissible values of the norm, it became evident, that the higher percentage
of results beyond norm was noted among men with fertility disorders (51.31% of results
beyond range of norm), comparing to the control (34.48% of results beyond range of norm).
In the uric acid concentration, the norm range is defined by 3-7 mg*dL! [42]. Similarly, like
in the case of bilirubin, also for uric acid, a higher percentage of results beyond the norm
was noted in the infertile group (39.47% of values beyond the range of the norm) compared
to the control (32.18% of values beyond the range of the norm). This observation proves
a larger destabilization of non-enzymatic mechanisms of antioxidative defense (bilirubin
and uric acid) in the group of men with fertility disorders compared to healthy control.
Furthermore, the obtained concentration of uric acid was also evidently higher in men with
fertility disorders (7.058 mg*dL™) compared to the control (5.487 mg*dL?, P=0.071) (Table
1, Fig. 1) and exceeded the upper border of norm range (7.000 mg*dL!)[42].

The detailed chemical elements are essential for maintaining male fertility. Therefore,
perturbations in the level of macroelements, especially their deficiency, may exert a
destructive impact on the level of testosterone and sperm count or manifest in the reduction
oflibido. For example, decreased seminal Mg is considered a marker of prostate infection and
remains associated with specific vasoconstrictive actions, which in turn provoke premature
ejaculation [54]. Similarly, Ca deficiency reduces general reproductive potential since it is
necessary to initiate an acrosome reaction and condition the membrane alterations needed
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to achieve reproductive success. Ca also favors sperm motility, while Mg and Ca tend to be
decreased in infertile men and may be connected with a downgrade in total antioxidant
capacity [54].

On the other hand, studies revealed that certain Na compounds cause a significant
improvement in antioxidant capacity in the conditions of intensive exposure to H,0, [55].
However, the body of evidence conjoins extensive Na intake with impairments in endothelial
functionality, while the increment in oxidative stress is often recognized as a decisive factor.
In that matter, sodium may stimulate mRNA expression of NADPH oxidase subunits or
generally participate in the augmentation of activity of NADPH oxidase and xanthine oxidase,
which leads to the generation of 0, [56].

About male fertility, the results of our paper support mentioned equivocal reports
with a negative correlation between Na and GSH in healthy control (r=-0.308), which is
additionally strongly sustained in the genotype CC group of polymorphism of gene IL-4v.
C589T (rs2243250), where negative correlation appear not only between Na and GSH
(r=-0.506) but also between Na and bilirubin (r=-0.399). In the same group, Ca inversely
correlated with bilirubin (r=-0.359) and MDA (r=-0.477; Table 3). Therefore, obtained
results confirm the transitioning character of interactions between macroelements (Na,
Ca) and non-enzymatic antioxidants, as well as suggest limiting influence on the MDA level
(Ca), and this commitment of Ca in the reduction of MDA, in general, favors maintenance of
fertility.

However, our analysis’s most frequently correlating chemical element appears to be
boron (Tables 1, 3). In humans, this microelement is present in an average amount of 18 mg
[57, 58]. Still, its chemical nature distinguishes oneself with the ability to convert between
particular forms instantly. Thus, boron in bioactive molecules tends to appear as a single
atom or cluster and immediately change forms from natural trigonal planar to anionic
tetrahedral in the single boron-containing compounds under physiological conditions [58].
Boron has a rather beneficial effect on the functioning of the body, and the reduction of the
risk of changes is due to the anti-inflammatory properties of boron because its excretion
is negatively related to inflammatory parameters (highly sensitive C-C-reactive protein,
homocysteine, and the number of leukocytes) [59].

Our results agree with statements from the above references regarding non-enzymatic
antioxidants. In healthy control men we noted a positive correlation between B and GSH
(r=0.387), while in the group with genotype CC regarding polymorphism of gene IL-4v.
C589T (rs2243250) all of studied antioxidants (bilirubin, uric acid, GSH) were positively
correlated with B (respectively r=0.355, r=0.346 and r=0.401; Tables 1, 3). Therefore, these
results implicate the beneficial impact of boron on the activity of studied non-enzymatic
antioxidants.

Mn and Fe are the other microelements widely known for engagement in the
modulation of oxidative stress. Mn maintains the activity of superoxide dismutase Mn-
SOD in mitochondria and regulates immune response and developmental processes.
However, in excess, it is committed to sperm damage and decreased libido accompanied by
neurological pathologies. On the other hand, Mn deficiency may also cause a downgrade
in the reproductive potential accompanied by growth impairments [60]. On the contrary,
iron may catalyze the formation of free radicals and, in labile form, is recognized as a potent
contributor to oxidative cellular damage. However, oxidative stress may also arise in Fe
deficiency conditions that subsequently affect stored iron in the body. Therefore, ferritin
plays the role of endogenous antioxidant through its engagement in sequestering potentially
toxic labile Fe [61].

The results of our paper suggest the possible regulating influence of Mn and Fe on GSH
(negative correlation between Mn and GSH (r=-0.326) in men with genotype TT regarding
polymorphism of gene IL-4v.C589T (rs2243250) or uric acid (negative correlation between
Fe and uric acid (r=-0.383) in men with genotype CC (Table 3). It is also worth mentioning
that such less obvious microelements as Mo, Li, V, Co, Ag, Ba, Tl, Al, Ni, and Sn appear
committed in the regulation of particular non-enzymatic antioxidants. However, in most
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cases, they exert relatively weak mitigating influence, which is restricted practically to men
with genotype CC (polymorphism of gene IL-4v.C589T (rs2243250). It is noticeable in the
correlations: Li-bilirubin (r=-0.398), V-bilirubin (r=-0.489), Co-bilirubin (r=-0.321), Co-
GSH (r=-0.445), Ag-GSH (r=-0.398), Ba-GSH (r=-0.348), Tl-bilirubin (r=-0.390), TI-GSH
(r=-0.415), Al-bilirubin (r=-0.320); Table 3.

There are also some positive interactions in men with genotype CC (Mo-bilirubin:
r=0.408 and Ni-GSH: r=0.415) as well as specific symptoms of mitigating modulation in
the group with genotype TT: Ag-GSH (r=-0.305), Sn-uric acid (r=-0.313). Finally, Ba and
Al correlate negatively with MDA (Ba-MDA: r=-0.465, Al-MDA: r=-0.365), implicating their
commitment to the reduction of MDA, but it is also restricted only to men with genotype CC
(Table 3). In this matter, boron appears to exert a larger and even stimulative effect on the
level of MDA noticeable in the positive correlations both in the polymorphism of gene IL-4v.
C589T (rs2243250) of the assigned group with genotype CC (B-MDA: r=0.428), as well as
in the group of men with fertility disorders or healthy control (respectively r=0.338 and
r=0.326) (Tables 1, 3).

Heavy metals constitute a considerable threat to reproductive potential since there
is much evidence conjoining these chemical elements with a decrease in essential semen
parameters. Lead contributes to the reduction of spermatic concentration, count, velocity,
viability, and morphology. In contrast, greater concentrations in the blood and semen tend to
be connected with lower sperm motility and provoke teratozoospermia. The exposition may
also result in prolonged liquefaction time. Additionally, these metals stimulate increments
in the seminal oxidative stress markers [62]. Beryllium can also induce the release of
inflammatory cytokines, chemokines, and ROS from macrophages and dendritic cells. It
may also be engaged in apoptosis, while Be-induced cell death is connected with the rapid
release of alarmins, e.g.,, lI-1a [63]. The results obtained in our work in the matter of Be
and Pb appear ambiguous and restricted only to the groups of men with genotype TT or CC
regarding polymorphism of gene IL-4v.C589T (rs2243250), e.g., Be was inversely connected
with bilirubin in men with genotype TT (r=-0.317). At the same time, it positively correlated
with the same antioxidant in the case of men with genotype CC (r=0.333). Similarly,
observations apply to Pb (Table 3).

In about 15% of infertile men, a genetic defect constitutes a decisive factor. Genetics is
even considered to play a prominent role, particularly in the most serious spermatogenic
perturbations (oligozoospermia or azoospermia). There is a need for the identification of
novel genes associated with male infertility since the obtainment of an unambiguous causal
diagnosis is still very problematic [64]. Our analysis of polymorphism of gene IL-4v.C589T
(rs2243250) results in the exclusion of direct engagement of this factor in male infertility
in the studied population is based on the lack of significant difference in the frequency of
genotypes (P=0.578; Table 2). However, the construction of two groups that included men
with particular genotypes (TT, CC) enabled further analysis of the possible indirect impact of
this polymorphism on the status of non-enzymatic antioxidative defense.

The levels of non-enzymatic antioxidants (bilirubin, uric acid, GSH) were higher in men
with genotype TT (respectively 0.687 mg*dL™, 6.097 mg*dL™?, and 6.345 uM), compared
to men with genotype CC (accordingly 0.652 mg*dL", 4.980 mg*dL™ and 4.630 uM) (Table
2). Despite the lack of significance of these concentrations (P=0.267, 0.279, and 0.123),
more intensive and balanced non-enzymatic antioxidative protection seems to be present
in the group with genotype TT. Based on the mentioned results, we notice certain inhibitory
potential in the relations between analyzed chemical elements and non-enzymatic
antioxidants that manifest in evidently more numerous negative correlations in the case of
genotype CC, compared to TT. Furthermore, the interactions between chemical elements
and MDA in men with genotype CC are pretty ambiguous, while MDA concentration in this
group is higher than in the group with genotype TT (respectively 18.094 uM and 15.171 uM;
Tables 2, 3), which suggests more escalated lipid peroxidation accompanying genotype CC.
Nowadays, a generally decreasing trend in total fertility rate has become noticeable, as well
as a substantial decline in fertility, particularly in developed countries. Additionally, there is a
growing tendency to delay childbearing [65]. Therefore, undertaking multifactorial research
in this matter is so important.
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There are still controversies about the effectiveness of therapy based on antioxidants.
Despite suggestions that underscore improvements in fertility potential, the data may be
unconvincing regarding inaccuracies in optimal dosage and combination, treatment duration,
and difficulties with selecting specific patient populations most likely to benefit. Thus,
there is a demand for high-quality research to clarify antioxidants’ significance in infertility
treatment. The most urgent challenge is a careful diagnostic assessment of oxidative stress
indices as a fundamental pre-request before starting antioxidant-based therapy. Although
there are numerous reports about beneficial outcomes of therapy in the context of sperm
parameters, it is difficult to obtain firm conclusions due to the high heterogeneity among
studies [66].

On the other hand, Mancini et al. (2023) [67] remind us that the dual role of ROS is
increasingly becoming more evident, and exaggerated administration of antioxidants could
also trigger the deterioration of seminal parameters. In such a situation, the phenomenon
of reductive stress participates in the reduction instead of amelioration of male fertility
potential. Therefore, as it was mentioned, the evaluation of the redox state of the sample
should be applied before establishing a treatment. Finally, there are specific underestimated
problems. For instance, during assisted reproduction procedures, some methods of sperm
selection can evoke sperm damage via oxidative stress. Lifestyle factors may also be
responsible for unexpected or incorrect effects of applied actions. Ultimately, there is a need
to determine if particular dietetic or pharmacological therapy caused sperm amelioration,
which is effectively linked to improving oxidative status [67].

In the case of polymorphism of IL-4v.C589T gene (rs2243250), a significant difference
between the infertile group and control was not affirmed (chi?=0.309, P=0.578); Table 2. The
direct connection between this polymorphism and the reproductive potential of men from
the studied population was also excluded. However, considering the indirect influence of the
mentioned polymorphism on the reproductive condition, important differences were made
between genotype TT or CC and the functionality of non-enzymatic antioxidative defense in
the studied men. There were correlations between antioxidants in the group with genotype
TT or CC; in the case of TT, the strongest relationship appeared between uric acid and GSH
(r=0.522), while in CC, the relation between these parameters was also confirmed (r=0.419).
Only in the group with genotype CC correlation between antioxidative mechanism and MDA
was noted (bilirubin-MDA: r=0.335), which may be a symptom of a larger destabilization of
antioxidative protection in the group with genotype CC, compared to the TT (Table 2). The
connection between genotype TT or CC (polymorphism of gene IL-4v.C589T (rs2243250)
with interactions between chemical elements and antioxidants was also considered. Among
men with genotype CC, the strongest correlation appeared between Na and GSH (r=-0.506).

Furthermore, some other chemical elements appear to be engaged in this group’s
modulation of antioxidative defense. Ca, Fe, Li, V, Co, Ag, Ba, T, and Al constituted a relatively
large pool of elements that interacted inversely with non-enzymatic antioxidants (negative
correlations). Positive interactions with antioxidants were noted only for Mo, Ni, B, Pb, and
Be. The interactions with evidently toxic elements (Be, Pb) were quite ambiguous; positive
in the group with genotype CC (Pb-bilirubin: r=0.416, Be-bilirubin: r=0.333) and neutral
or negative in the group with genotype TT (Pb-bilirubin: r=0.065, Be-bilirubin: r=-0.317);
Table 3. Nevertheless, in the group with genotype TT, negative correlations between non-
enzymatic antioxidants and chemical elements were uncomparably less numerous (only Mn,
Ag, Sn, and Be correlated negatively with particular non-enzymatic antioxidants) than in the
CC genotype. This suggests mitigating or limiting the impact of certain chemical elements on
the activity of non-enzymatic antioxidants, which is more noticeable in men with genotype
CC than men with genotype TT. This observation is sustained by a higher concentration
of MDA, which accompanied genotype CC (18.094 uM), suggesting more escalated lipid
peroxidation compared to genotype TT (15.171 uM). Finally, the genotype TT was connected
with higher concentrations of non-enzymatic antioxidants: bilirubin (0.687 mg*dL™?, CC:
0.652 mg*dL™), uric acid (6.097 mg*dL™, CC: 4.980 mg*dL'), GSH (6.345 uM, CC: 4.630 uM),
suggesting more effective antioxidative defense, comparing to genotype CC (Tables 2, 3, Figs.
1, 2).
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All these facts confirm the indirect influence of genetic factors on antioxidative
protection and the relationship between non-enzymatic antioxidants and chemical elements
in the studied population. In the matter of GSH, the level in serum of men with fertility
disorders was lower (6.150 uM) compared to normozoospermic men (6.812 uM; Table
1, Fig. 1). Despite that, the difference was not significant (P=0.162). Still, it might suggest
more effective antioxidative defense in the group of men with normozoospermia, which was
additionally sustained by a higher concentration of bilirubin in this group (0.617 mg*dL™),
comparing to men with fertility disorders (0.588 mg*dL™'; Table 1, Fig. 1). Again, components
of non-enzymatic antioxidative protection underwent mutual regulation since important
correlations between uric acid and GSH were noted both in the group with fertility disorders
and healthy control (respectively r=0.524 and r=0.511; Table 1, Fig. 2). This result is in
agreement with specific suggestions from available literature that emphasize commitment
of uric acid in GSH increment [21].

Finally, the level of uric acid in men with fertility disorders was higher (7.058 mg*dL™)
compared to the control (5.487 mg*dL!; P=0.071), but it might be considered an excessive
burden, which causes instead an adverse effect in the infertile group. Despite the lack of direct
influence of polymorphism of gene IL-4v.C589T (rs2243250) on male fertility, it indirectly
shaped antioxidative status and relations between chemical elements and non-enzymatic
antioxidants. TT genotype was connected with higher concentrations of bilirubin (0.687
mg*dL™?, CC: 0.652 mg*dL™), uric acid (6.097 mg*dL™?, CC: 4.980 mg*dL™), and GSH (6.345
uM, CC: 4.630 pM). The genotype also modulates or even strengthens some interactions
between chemical elements and non-enzymatic antioxidants since correlations between Na,
B, and GSH in men with genotype CC were stronger (Na-GSH: r=-0.506, B-GSH: r=0.401),
than in the case of healthy control (Na-GSH: r=-0.308, B-GSH: r=0.387). It also applied to
the interactions between certain chemical elements and MDA (in the group with genotype
CC B-MDA: r=0.428, while in the infertile men B-MDA: r=0.338 and in the control B-MDA:
r=0.326; Tables 1, 3).

The proteins encoded by IL-4 gene are cytokines produced by activated T cells. It is a
ligand for IL-4 receptor. It shares its functionality with Interleukin 13. Interleukin 4 plays a
role in tissue repair, balancing the effects of type 1 pro-inflammatory cytokines, regulating
the body’s antiparasitic response, and healing wounds. However, Interleukin 4 itself may
show a proinflammatory nature, promoting, inter alia, allergic inflammation (mediating
the production of allergen-specific immunoglobulin E) or participating in the course of
acute lung injury (recent reports have confirmed the increased level of IL-4 in the course of
COVID-19) [38, 68].

The importance of the IL-4 gene for male fertility is evidenced by its relatively high
tissue-specific expression in the testes and the average level of expression in the prostate
(compared to other analyzed tissues) [38]. The information provided corresponds to the
results and conclusions presented by us in our paper and testifies to the legitimacy and
relevance of the study of this issue about the male reproductive condition. This applies
especially to the connection with oxidative stress, which is a series of reactions that can
trigger or intensify the widely understood inflammatory processes in the body), which
allowed us to combine this genetic aspect with the topic of oxidative stress, which also
has a modulating effect on the course of broadly understood inflammatory processes and
the mobilization of various defense mechanisms. Therefore, their level was an important
research element within the undertaken project.

The high expression of IL-4 gene in the testicular tissue suggests that the processes that
are the object of our research interest may be important for male fertility. Indeed, the C589T
polymorphism did not show a direct relationship with infertility (which is consistent with
the state of knowledge contained in the current literature on the subject).

Generally, -589C/T polymorphism of the IL-4 gene tends to increase the risk of asthma
across various genetic models (dominant, recessive, allelic, TT vs. CC). Furthermore, this
tendency concerns both pediatrics and adults [69]. Finally, an ethnicity analysis conducted
by Kousha et al. (2020) [69] shows significant associations among Asians, Americans, and
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Europeans. Inthis context, polymorphism (recognized upstream of the transcriptioninitiation
site) is connected with specific enhancements in the process of binding a transcription factor
caused by the appearance of the polymorphic T allele. Subsequently, it may lead to over-
expression of the IL-4 gene and trigger escalations of immunological responses [69]. On the
other hand, Razaghian et al. (2023) [70] focused on the Iranian pediatric population. They
noted that the probability of asthma in children with the C allele was 3.33 times higher than
that of children with the T allele, and this observation was statistically significant. However,
comparing the serum IgE level between various IL-4 genotype groups (v.C589T; CC, CT, TT)
in asthmatic and atopic and non-atopic asthmatic patients demonstrated no significant
difference (similar level of IgE).

Ultimately, the authors stated that IL-4 rs2243250 gene polymorphism was certainly
connected with asthma risk in the studied population. However, atopy and severity appear
more problematic and diverse among various populations [70]. Quite recently, Shi et al.
(2023) [71] analyzed the association of IL-4 gene polymorphisms with the susceptibility of
atopic dermatitis (AD) since interleukin-4 is thought to be involved in the pathogenesis of
this inflammatory skin disease.

Finally, researchers found no significant differences in genotype or allele frequencies
between patients with AD and the control group in the studied population of Chinese Han
children. However, additional analysis of haplotypes in the context of such polymorphisms
as IL-4 rs2243283, rs2243250, and rs2243248 (located in the same haplotype block with
linkage disequilibrium) showed that compared to the haplotype CCT, the frequency of
haplotype GTT in patients with AD was significantly lower than that in controls. Accordingly,
there was a connection between the IL-4/GTT haplotype and a lower disease risk. However,
the mentioned team suggests that the study of the exact role of polymorphism rs2243250
in AD should be tested on a larger sample size [71]. Certain interleukins (among others, IL-
4, IL-6, IL-8, IL-10) are considered key modulators in vulnerability to the hepatitis B virus
and course of infection. Therefore, due to the significant role of the mentioned factors in
immunomodulation, some studies also analyze the role of polymorphisms in influencing the
activities of interleukins and other modulating agents that can affect even the process of
liver scarring [72].

However, the indirect effects of C589T polymorphism in the context of male reproductive
condition, which we demonstrated, combined with antioxidant defense status, prove the
importance and innovation of our research project and the innovative conclusions obtained
therein.

Non-enzymatic antioxidants, chemical elements, and genetic factors jointly shaped
male reproductive conditions in the studied population. Genetic polymorphism of gene IL-
4v.C589T (rs2243250) despite the lack of direct connection with male fertility disorders,
indirectly influence non-enzymatic antioxidants, their relations with chemical elements and
exert influence lipid peroxidation [73]. Therefore, the functionality of antioxidative defense
was modulated by genotype, and the presence of genotype CC was connected with the
inevitable destabilization of non-enzymatic antioxidative defense noticeable in numerous
negative correlations between chemical elements and antioxidants, as well as lower activity
of particular non-enzymatic mechanisms.

Another important issue is the meaning of inflammation in infertility. This process can
lead to unfavorable effects in males, such as leukocytospermia, due to the production of
reactive oxygen free radicals and chronic testicular inflammation, which threaten the male
reproductive condition [74]. However, this problem needs to be considered multispectral,
linking causative factors of male reproductive tract inflammation, induction of oxidative
stress, and oxidant-sensitive cellular cascades leading to worsening reproductive potential.
The presence of inflammatory states and the recognition of semen markers of inflammation
are fundamental for the overall diagnostic-therapeutic management of male infertility [74].
Generally, in the context of treatment possibilities for male infertility, as it was mentioned,
the empirical medical treatment strategies gain interest, particularly in cases of idiopathic
male infertility. Empirical therapies, such as selective estrogen receptor modulators
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(SERMs), hormones, or antioxidants in general, offer a possibility of improvement of sperm
parameters. However, probably the most serious disadvantage is that their effectiveness in
enhancing pregnancy rates is still inconclusive.

On the other hand, alternative therapies like acupuncture or pharmacopuncture also
exhibited particular clinical effectiveness in improving sperm parameters. Understanding
the biological mechanisms underlying male infertility may also be improved thanks to the
conceptions that differentiate human pluripotent stem cells into advanced spermatogenic
cells [75]. The mentioned aspects demonstrate that the future of this discipline will
undoubtedly be interesting and very promising.

The results presented in our paper on the IL-4v.C589T polymorphism and conclusions
formulated on their basis are consistent with literature data, indicating the lack of a direct
relationship between the polymorphism studied and male infertility. However, the primary
intention of this paper was, to a lesser extent, to exclude or confirm a direct relationship
between the studied polymorphism and male infertility. We wanted a broader approach to
the subject and to establish relationships between genetic aspects and selected antioxidant
parameters of defense mechanisms. Therefore, we were more interested in the status of
antioxidant defense and its relationships to the genetic factor (in groups of people with a
fixed genotype). On this basis, we obtained a more detailed picture of the topic - the sum
of analyzed genetic aspects and parameters related to antioxidant defense (response to
oxidative stress). Our results in no way challenge current data in this area. They only represent
a broader perspective focused on finding the indirect impact of analyzed polymorphism. Our
research focused on the polymorphism of IL-4v.C589T gene. The central premise was the
involvement of the IL-4 gene in various inflammatory processes in the body [38].

The obtained results may be helpful in the diagnostics of male infertility (reduction of
idiopathic cases, more effective treatment), decrement of idiopathic cases, and introduction
of more directed and effective treatment. At the same time, identifying relationships between
environmental stressors and fertility disorders may help eliminate or reduce the impact of
factors detrimental to fertility and the perception of the importance of immunogenetic factors
in shaping the defensive abilities of the organisms against the destruction of reproductive
material. This allows us to infer the role of oxidative stress in the induction of genetic
polymorphisms threatening male infertility. Subsequently, it may enlarge consciousness
about factors harmful to male infertility (environmental and immunogenetic) and ways of
their elimination.

Study perspectives and limitations

Current evidence invariably underlines the multispectral nature of male infertility in the
context of its connection with the presence of specific accompanying health concerns, which
jointly result in reduced life expectancy [76]. Cohort studies even demonstrate that men
with diminished semen parameters may be subjected to a greater risk of all-cause mortality
compared to fertile controls. Thus, possible genetic, hormonal, or lifestyle causes of infertility
may also escalate threats of other harmful conditions. Decreased testosterone, for example,
may be connected with testicular dysfunction but, on the other hand, engaged in obesity,
cardiovascular disease, or insulin resistance. Klinefelter syndrome may be considered a
cause of azoospermia but also as a factor predisposing to diabetes, metabolic syndrome,
or malignancies. Finally, psychological stress or unfavorable environmental exposures
may further undermine reproductive conditions and intensify other health-compromising
events [76]. Therefore, Kaltsas et al. (2025) [76] postulate to consider male infertility as an
early indicator of other important health vulnerabilities and notice a need to broaden the
evaluation of infertile men beyond standard fertility assessments to include searching for
chronic diseases, mental issues, specific cancers or hormonal imbalances [76]. Sciorio et al.
(2025) [77] underscore the necessity of improving diagnostics to emphasize the significance
of immunopathological mechanisms, infection, inflammation, and autoimmune responses in
male infertility.
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Furthermore, the mentioned processes may affect sperm quality through anti-sperm
antibodies and oxidative stress, which worsen the reproductive condition and again reveal
the multifactorial nature of this phenomenon [77]. Since anti-sperm antibodies interfere
negatively with fertility by inhibiting sperm migration through the female reproductive
tract or exerting an inhibitory effect during sperm-egg interaction and fertilization, modern
assisted reproductive treatments may be generally considered adequate for resolving this
issue. However, an important diagnostic limitation of inadequate association of epididymal
and testicular immunopathologies with male infertility is posed by the tendency that
immunological conditions often manifest well before actual fertility evaluation. In some
instances, experimental data from animal models may constitute an effective alternative to
increase knowledge in this area and extend the possibilities of identifying new biomarkers
and therapeutic options [77].

Additionally, there are still many fertility research gaps. Standard semen analysis has
only a limited ability to correctly distinguish between men who struggle with infertility
and men who do not. Recently, the pool of diagnostic tools has been willingly enriched with
sperm DNA fragmentation studies, reactive oxygen species measurements, and leukocyte
detection tests. Furthermore, the nature of interactions between oocyte and sperm may
be examined with the zone penetration assay, the vitality and hypo-osmotic swelling test,
or the mitochondrial activity index test [78]. Artificial intelligence (Al) achievements may
improve diagnostics, prevention, treatment, and management of diverse health conditions.
It can potentially develop more patient-centered precision in medicine in general, but in
andrology, applying Al is still relatively new.

Nevertheless, using Al algorithms could, for instance, enable massive combinations of
the body of parameters evaluated in the pre-intervention diagnostic analysis of varicocele
patients, allowing the exact selection of the patients to undergo surgery [78]. In the field of
terminology, there is also a recent descriptor for men with infertility with abnormal semen
parameters and oxidative stress, namely Male Oxidative Stress Infertility (MOSI). This
category includes many patients previously described as heaving idiopathic male infertility.
Undeniably, measuring the levels of oxidants and antioxidants can serve as a crucial clinical
indicator for classifying MOSI. However, the therapy that utilizes antioxidants to treat
male infertility still suffers from a lack of solid scientific backing. Therefore, besides the
existence of such assays as MiOXSYS® (male infertility oxidative system) and OxiSperm® II,
which constitute a diagnostic tool to assess oxidative stress in an accurate and repeatable
way, there is a need to develop new evidence-based treatment guidelines and algorithms
that enable to qualify men with idiopathic or unexplained infertility into MOSI-positive or
MOSI-negative groups [78]. The mentioned MiOXSYS® technology is an innovative method to
evaluate the oxidation-reduction potential (ORP) level in whole seminal fluid. Measurement
of this parameter and the relationship between oxidants and antioxidants in the context
of the potential for electrons to move from one species to another allows for the versatile
measurement of oxidative stress. Despite some limitations, incorrect ORP levels can identify
altered sperm functionality, which appears to be particularly important in cases of idiopathic
infertility [79].

Another representation of an innovative approach is omics studies, which encompass
such areas of research as genomics (genes), transcriptomics (transcription products),
proteomics (proteins), and metabolomics (metabolites). Successful development of this
discipline may be improved thanks to the existence of numerous databases that combine
data from the fields of molecular biology, genetics, statistics, and computational biologists.
However, because of the modernity of such approaches, there are still many challenges
and imbalances in the development of particular omics fields. Nevertheless, it is generally
very promising, among others, in identifying unknown genetic factors of male infertility or
accomplishing new diagnostic tools for this condition. Undoubtedly, the effective conjunction
of altered levels of oxidative stress with fields like glycomics or lipidomics may also deliver
new knowledge about male reproductive potential [79].
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An interesting issue is the linkage between oxidative stress and the effectiveness of
assisted reproductive techniques. There are reports confirming that seminal oxidative
stress level may be regarded as a predictive factor in the context of fertilization and
blastulation rates in patients undergoing intracytoplasmic sperm injection. Since oxidative
stress tends to be correlated with poor outcomes of in vitro fertilization procedure, there
are propositions in which, thanks to a combination of antioxidants, the redox state of ART
culture media may be adjusted to ensure the optimal effect of blastocyst formation and
pregnancy rates [80]. Antioxidant treatment is also willingly applied to decrease sperm
DNA fragmentation. In this context, there are suggestions that testicular sperm presents a
lower level of DNA fragmentation than ejaculated sperm. Therefore, the usage of testicular
sperm for intracytoplasmic sperm injection may appear to be beneficial if the male partner
struggles with high sperm DNA fragmentation rate in the ejaculated sperm. Undeniably, in
this issue, antioxidant therapy before ICSI (Intracytoplasmic Sperm Injection) and artificial
oocyte activation may also deliver favorable outcomes [80].

Another aspect that may affect the male reproductive condition and simultaneously
has the potential to gain interest shortly is microbial dysbiosis of the human genital tract.
The fundamental mechanism linking microbial dysbiosis (among others, altered bacterial
diversity and richness, the dominance of pathogenic species or imbalances in the genital
microbiome) to infertility engages oxidative stress, inflammation, and possible sperm
structural degradation. In this context, such tactics as targeted antimicrobial therapies,
prebiotics, probiotics, fecal microbiota transplantation, and others can potentially improve
male fertility by adjusting the genital microbiota [81]. However, there are limitations to
the decreased strength of the research evidence due to unclear randomization methods,
the lack of adequate controls, and the deficiency of double-masked clinical studies.
Additionally, there are lots of disturbing factors like body mass index, age, lifestyle habits,
usage of medications, and more, which can interfere with both the microbiome and specific
reproductive parameters, obfuscating the reliability of research. Finally, the implementation
of microbial-based interventions in male infertility generates some ethical and safety
challenges. Selection of antimicrobial agents, probiotics or prebiotics, possible interactions
with the immune system, optimization of treatment route and duration, as well as the need
for long-term monitoring of outcomes, may also constitute a serious issue that must be
answered in the process of development of this innovative discipline [81].

Furthermore, couple fertility may also be disturbed by the microbiota, which is
transferred between partners during intercourse. Therefore, detailed fertility evaluation
should consider both partners’ microbiota. Certain bacteria may be recognized as factors
responsible for altering semen quality. For instance, Pseudomonas spp. tend to be expressed
in greater abundance in the semen of infertile men and probably exert influence on sperm
motility. Moreover, some Prevotella species may lessen semen quality and be engaged in
impaired spermatogenesis.

On the other hand, reduced Lactobacillus abundance may be associated with abnormal
sperm morphology [82]. Nevertheless, the validation of results of future investigations
undoubtedly will require substantial researches, that will combine data from various
fields and institutions. It will not only focus on the description of microbiota but also on
the interactions between bacteria, microorganisms with human cells, or the production of
biofilms [82].

Nowadays, the application of next-generation sequencing (NGS) technologies offers
a chance to better understand the genetic basis of infertility in cases where conventional
diagnostic tools appear ineffective. This approach also enables discoveries that enrich
existing infertility treatment and prevention strategies. It is imperative since unexplained
infertility may be caused by various unidentified complex genetic or polygenic factors, subtle
genetic interactions, and additionally be affected by environmental influences. Achieving
optimal results requires integrating genomic research, including broader gene panels, and
engagement of transcriptomics and epigenetics [83]. However, there is a need to constitute
uniform standards for using NGS ininfertility,allowing for more consistent variantanalysis and
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Fig. 3. Three-dimensional plots illustrating the influence of genetic polymorphism (IL-4v.C589T),
nonenzymatic antioxidants, and chemical elements on male fertility parameters. Left: In individuals with
the TT genotype, higher levels of bilirubin (Br), uric acid (UA), and glutathione (GSH) are associated with

maintenance of the antioxidative barrier. Middle: In individuals with the CC genotype, a strong interaction
between bilirubin, glutathione (GSH), and sodium (Na) levels indicates an impact on the balance of chemical
elements and non-enzymatic antioxidants. Right: The combined effect of boron (B), glutathione (GSH),
and malondialdehyde (MDA) levels, an indicator of oxidative stress, highlights the role of trace elements
in modulating oxidative balance. Overall, the data suggest that genotype-dependent antioxidant defense
mechanisms, together with chemical element interactions, influence male fertility. Infertile men show
reduced levels of bilirubin and GSH, and increased uric acid concentrations may act as a deteriorating factor.

credible cross-studies. Ultimately, longitudinal studies encompassing infertility in different
populations and environments could deliver new knowledge about region-specific genetic
variants and gene-environment interactions essential for male reproductive conditions [83].
Generally, all of the mentioned reports prove that multi-aspectual investigations in male
infertility remain in the phase of lively development. Undoubtedly, cooperation between
many innovative disciplines will be decisive in achieving success, both in the near and more
distant future (Fig. 3).

Conclusion

We estimate the importance of unfavorable changes arising from oxidative stress
about the functionality of non-enzymatic antioxidants (bilirubin, uric acid, glutathione) and
correlations with MDA in the serum of men, which allow a complete look at the determinants
of male infertility. Molecular analysis was conducted and applied to the polymorphism of
gene IL-4v.C589T (rs2243250). Particular genotypes TT and CC were analyzed to notice their
influence on the generation of fertility perturbations. They had an indirect but differentiated
effect on antioxidant mechanisms involving bilirubin, uric acid, and glutathione. Therefore,
we conclude that IL-4v.C589T (rs2243250) polymorphism differentiated the body’s
response to environmental stressors.

1. The activity of non-enzymatic antioxidant mechanisms differs in men with fertility
disorders and the control group. Numerous correlations between these mechanisms
prove the cooperation of antioxidants in ensuring defense against oxidative stress. The
concentration of glutathione and bilirubin suggests more effective antioxidative defense
in the control group than in infertile men. Compared to the control, uric acid excessively
burdens infertile men, and non-enzymatic mechanisms appear correlated, confirming their
mutual regulation and cooperation in adequate antioxidative protection.

2. Genetic polymorphisms of IL-4v.C589T (rs2243250) do not directly correlate with
conditioning of male reproductive potential in the study population (the lack of significant
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difference in the frequency of genotypes; P=0.5). However, men with TT or CC genotype (IL-
4v.C589T (rs2243250) showed different antioxidant defenses. TT genotype was associated
with a higher concentration of non-enzymatic antioxidants, which confirmed the cooperative
character of non-enzymatic antioxidative mechanisms.

3. Due to the number of correlations, B should be considered an important modulator
of non-enzymatic antioxidant defense. In contrast, due to the strength of correlation, Na
is important. In the group with the CC genotype, Pb and Be play a greater role in shaping
antioxidant defense and lipoperoxidation. Thus, in the influence of chemical elements on the
non-enzymatic antioxidants, the most important modulators of non-enzymatic antioxidative
defense appeared to be boron and sodium. In the group with CC genotype (IL-4v.C589T
(rs2243250), the larger pool of chemical elements correlated negatively with antioxidants,
which might signal destabilization.

4. Non-enzymatic defense, chemical elements, and genetic factors shape the male
reproductive condition of the study population. Genetic polymorphism of IL-4v.C589T
(rs2243250), although not directly related to impaired male fertility (no differences in
the frequency of genotypes between groups), may indirectly shape the elemental balance
and influence non-enzymatic antioxidants and their relations with chemical elements and
exert influence lipid peroxidation. The CC genotype was associated with the inevitable
destabilization of antioxidant defense, noticeable in numerous negative correlations between
elements and antioxidants and lower activity of non-enzymatic antioxidants. This indicates
the differentiation of functioning of antioxidant defense, depending on the genotype.

5. The dependencies analyzed in the framework of the research included in this research
have notbeen studied in such an approach so far. Therefore, they are innovative and constitute
an important aspect of multi-range interdependencies considered in this work.
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