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Abstract: Responding to the need for the verification of some experimental animal studies showing
the involvement of oxidative stress in germ cell damage in the heat-induced testis, we investigated the
possibility of a direct relationship between seminal oxidative stress markers (total antioxidant capacity,
catalase activity, superoxide dismutase activity, and malondialdehyde concentration) and ejaculated
sperm chromatin/DNA integrity (DNA fragmentation and chromatin condensation abnormalities)
in distinct groups of men exposed and not exposed to prolonged scrotal hyperthermia. A statistical
increase in the proportion of sperm with DNA fragmentation was observed in all the studied sub-
groups compared to the fertile men. In turn, the groups subjected to heat stress as professional drivers
or infertile men with varicocele presented greater disturbances in the oxidative stress scavenging
system than men not exposed to genital heat stress. Based on the comparative analysis of the studied
parameters, we can conclude that alterations in the seminal oxidative stress scavenging system are
directly engaged in the pathogenesis of ejaculated sperm DNA damage regardless of the intensity of
the impact of thermal insult. To the best of our knowledge, this study, for the first time, revealed the
co-existence of oxidative stress and sperm DNA damage in the semen of professional drivers.

Keywords: genital heat stress; oxidative stress scavenging system; sperm DNA damage

1. Introduction

It is well established that the production and maturation of mammalian sperm are
highly dependent on the scrotal temperature and run efficiently at a minimum of 2 ◦C
below that of the body core. In this context, the dysfunction of local thermoregulatory
systems is considered to be one of the main risk factors for male subfertility/infertility [1].
There are many different factors and situations associated with a raised scrotal temperature
that induce genital heat stress. Everyday behavior such as a sedentary lifestyle, hot bath
or sauna, tight clothing, or occupations performed in high temperatures are examples of

Int. J. Environ. Res. Public Health 2022, 19, 2713. https://doi.org/10.3390/ijerph19052713 https://www.mdpi.com/journal/ijerph

https://doi.org/10.3390/ijerph19052713
https://doi.org/10.3390/ijerph19052713
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com
https://orcid.org/0000-0003-1212-4230
https://orcid.org/0000-0002-0211-0743
https://orcid.org/0000-0002-9619-8220
https://orcid.org/0000-0002-8338-9570
https://orcid.org/0000-0002-1655-5065
https://orcid.org/0000-0002-5914-2121
https://orcid.org/0000-0001-9808-8896
https://orcid.org/0000-0003-3127-2028
https://orcid.org/0000-0003-3275-3245
https://doi.org/10.3390/ijerph19052713
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com/article/10.3390/ijerph19052713?type=check_update&version=2


Int. J. Environ. Res. Public Health 2022, 19, 2713 2 of 13

many environmental factors provoking hyperthermia in male gonads. In addition, clinical
factors resulting from pathophysiological conditions such as fever, obesity, cryptorchidism,
and varicocele are involved in the scrotal temperature increase [2,3].

One of the critical mechanisms by which heat stress induces testicular disorders is
the oxidative stress pathway. The excessive generation of reactive oxygen species (ROS)
in mitochondria, depolarization of mitochondrial membrane potential, changes in cell
membrane fluidity and stability, production of heat shock protein (HSP), impairment of
DNA synthesis, and changes in gene expression and signal transduction are just some
of the molecular effects of heat stress occurring in male germ cells [4]. The majority of
experimental animal studies reported heat-induced oxidative stress responses in male
gonads, such as apoptosis of the germ cells, cell cycle arrest, and/or disturbances in the
oxidative stress scavenging system [5–9]. Although the aforementioned effects of the
oxidative stress in heat-induced injury in the testes have been confirmed many times, the
involvement of the thermogenic factor in the pathomechanism of the ejaculated sperm
oxidation still presents a puzzle.

The destructive effect of oxidative stress on male gametes is mainly associated with the
peroxidative processes of sperm membrane lipids, proteins, impairment of mitochondrial
membrane potential, and DNA fragmentation [10–12]. Regarding the results of ROS
interactions with sperm subcellular structures, variations primarily concern the DNA
integrity. There is a generally accepted view that three different pathogenic mechanisms,
including incomplete apoptosis in the testis, alterations in the sperm maturation process,
and free radical attack, may contribute to the DNA damage in ejaculated sperm cells [13].
However, there is increasing evidence that the majority of sperm DNA breaks is of oxidative
origin, especially in the context of a theory of intrinsic mitochondrial-dependent apoptosis
in mature spermatozoa initiated by the increased ROS production in the mitochondrial
chain [13,14]. The increase in the percentage of sperm-fragmented DNA has often been
reported in ejaculates of men with varicocele [15–18]. However, the adverse effects of
cryptorchidism [19], obesity [20], transient scrotal hyperthermia [21], and a sedentary
lifestyle [22] on sperm nuclear DNA have also been demonstrated.

In light of the data mentioned above, there is a tendency to combine oxidative stress
and sperm death processes in the pathomechanism of male infertility [23,24]. It has been
widely postulated, especially in the case of varicocele, to be the most common pathology
that may be fundamental to causing male infertility. However, the involvement of the
thermogenic factor in varicocele patients has not been well estimated. The present work
addresses a link between seminal oxidative stress and sperm chromatin/DNA status
including chromatin stability, condensation, and DNA fragmentation in males exposed to
scrotal hyperthermia of both internal (varicocele) and external (professional drivers) origin,
as well as those not exposed to prolonged genital heat stress. The study aimed to examine
the clinical verification of some current concepts regarding possible pathways that can be
involved in heat-induced sperm chromatin/DNA damage. It should be noted here that this
work is a continuation of our previously published clinical retrospective study in which
the associations among standard semen quality, seminal oxidative stress, and biochemical
status in the context of genital heat stress were reported [25].

2. Materials and Methods
2.1. Study Population

This retrospective study continues the previously published original study from a
multi-center research project [25]. The study protocol received approval from the Local
Bioethical Committee at the Poznan University of Medical Sciences, Poland, following
relevant guidelines and regulations. All individual participants were informed of the study
design and provided informed consent for the research on donated samples. To perform
this study, 232 men aged 23–40 years were enrolled. The subjects were recruited from the
Andrology Outpatient Clinics in Poznan, Szczecin, and Lviv and via traditional and social
media advertising. A detailed medical history was scrutinized, while andrological and
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ultrasound examinations to confirm or exclude the presence of varicocele were performed.
Additionally, the men completed a questionnaire containing questions on their general
health, genitourinary and systemic diseases, working conditions, and lifestyle. The main
exclusion criteria applied were: age over 40 years, body mass index ≥ 30, tobacco smoking,
co-existence of systemic or locally active inflammations, history of cryptorchidism, and
exposure to double local temperature factor. The subjects were categorized according to
their medical history and survey data and contained: (A) a group of healthy fertile men not
exposed to prolonged genital heat stress, which served as the control group (n = 30); (B)
a group of professional drivers; minimum 2 years in the profession (n = 61); (C) a group
of infertile men with varicocele (n = 101), and (D) a group of infertile men not exposed
to prolonged genital heat stress (n = 40). Subjects were classified as fertile when they
had fathered at least one child over the past two years and infertile when they had failed
to achieve natural conception for at least 12 months of unprotected sexual intercourses
without any apparent reason on the partner’s side. The varicoceles were diagnosed when
the dilation of the vessels of the pampiniform plexus was ≥3 mm in diameter.

2.2. Semen Sample Preparation

All semen samples were obtained by masturbation after 3–5 days of sexual abstinence
before medical treatment (surgical interventions, medicines, and supplements). The sam-
ples were examined after liquefaction at room temperature for 30 min [25]. Spermatozoa
from collected samples were separated from seminal plasma by centrifugation at 1800 rpm
for 7 min. Seminal plasma was centrifuged again at 3500 rpm for 5 min, then divided
into aliquots and stored at −75 ◦C for the determination of oxidative stress parameters.
Sperm pellets were washed in phosphate-buffered saline (PBS) at 1800 rpm for 7 min. An
aliquot of sperm suspension was used for detecting the SCSA by flow cytometry. Sperm
smears were also prepared. They were fixed in 3% glutaraldehyde at room temperature for
30 min and stored at −20 ◦C to assess sperm chromatin maturity in the aniline blue (AB)
test. The remaining part of sperm pellets was fixed in 1% formaldehyde at 4 ◦C for 20 min.
To avoid sperm sticking, the cells were transferred to a fixative agent and mixed vigorously.
After two washes in PBS, the fixed sperm cells were resuspended in cold 75% ethanol and
stored at −20 ◦C to assess sperm DNA fragmentation in the TUNEL assay. Seminal plasma
and fixed spermatozoa collected in Szczecin and Lviv were transported on dry ice to the
Andrology Laboratory in Poznan. All the samples were stored for a maximum of 3 months
before being analyzed.

2.3. Determination of Oxidative Stress Parameters in Seminal Plasma

The levels of seminal antioxidant parameters such as total antioxidant capacity (TAC),
and catalase and superoxide dismutase (SOD) activity were determined with commercially
available kits from Cayman Chemical (Cayman Chemical, Ann Arbor, MI, USA), while
the OXISelect TBARS Assay Kit (Cell Biolabs Inc., San Diego, CA, USA) was used for
malondialdehyde (MDA) quantification in seminal plasma.

2.3.1. Total Antioxidant Capacity (TAC)

The reaction mixture contained: 150 µL of chromogen (ABTS®), 10 µL of diluted
seminal plasma (1:9) or a suitable standard, 10 µL of metmyoglobin, and 40 µL of H2O2.
The samples were incubated with shaking for 5 min at room temperature. After incuba-
tion, suppression of the absorbance of blue-green ABTS®+ was measured at 405 nm in a
spectrophotometric microplate reader (ELx808, Bio Tek Instruments, Inc. Winooski, VT,
USA). The results were reported as µM of Trolox equivalent. Each sample was determined
in duplicate [26].

2.3.2. Catalase Activity

The reaction mixture contained: 100 µL of Assay Buffer, 20 µL of seminal plasma or
a suitable standard, 30 µL of methanol, and 20 µL of H2O2. After a 20 min incubation
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with shaking at room temperature, the reaction was stopped by adding 30 µL of sodium
hydroxide. Then, 30 µL of chromogen (catalase purpald) was added, and the samples
were incubated again (constant shaking) for 10 min at room temperature. After incubation,
10 µL of potassium periodate was added and the samples were incubated for another
5 min with shaking at room temperature. The intensity of purple color was measured at
540 nm in a spectrophotometric microplate reader (ELx808). Formaldehyde content was
calculated based on the linear regression curve for standard samples. The results were
finally expressed as nM/min/mL. Each sample was determined in duplicate [27].

2.3.3. Superoxide Dismutase (SOD) Activity

The reaction mixture contained: 200 µL of tetrazolium salt, 10 µL of xanthine oxidase,
and 10 µL of diluted seminal plasma (1:2) or a suitable standard. After a 30 min incubation
with shaking at room temperature, the absorbance of the samples was measured at 450 nm
in a spectrophotometric microplate reader (ELx808). The results were calculated based
on the linear regression curve for standard samples and finally expressed as U/mL. Each
sample was determined in duplicate [28].

2.3.4. Malondialdehyde (MDA) Concentration

The reaction mixture contained: 100 µL of seminal plasma or equivalent standard,
100 µL of SDS lysis buffer, and 250 µL of TBA solution. After a 45 min incubation in a water
bath at 95 ◦C, the reaction was stopped by cooling on ice. The samples were centrifuged at
3000 rpm for 15 min. The supernatant obtained was extracted with n-butanol (1:1, v/v). For
this purpose, the samples were vortexed for 2 min and centrifuged at 10,000×g for 5 min.
The butanol fraction was transferred to a 96-well microplate and the absorbance at 532 nm
was measured in a spectrophotometric microplate reader (ELx808). The MDA content in
seminal plasma was read directly from the MDA standard curve. Water served as a blank
control sample. The results were expressed as µM/mL. Each sample was determined in
duplicate [29].

2.4. Determination of Sperm Nuclear DNA Integrity
2.4.1. Flow Cytometry Measurements and Data Analysis

A Beckman Coulter flow cytometer (Cell Lab Quanta SC MPL, Beckman Coulter,
Fullerton, CA, USA) equipped with an argon laser with a wavelength of 488 nm was used
in the study. The sperm population was gated based on signals from Electronic Volume
(EV, parameter depending on cells size) and Side Scatter (SS, parameter depending on cells
granularity) detectors. A total of 10,000 events were analyzed at a flow rate of 200–250 cells
per second in each sample. The intensity of green fluorescence (480–550 nm) was measured
in the fluorescence channel FL1, while the power of red fluorescence (560–670 nm) was
measured in channel FL3. Signals from SS and EV detectors were recorded on a linear scale
and from FL1 and FL3 on a logarithmic scale. Fluorescence measurements were repeated
two times with distinct samples. The data obtained were analyzed using the Cell Lab
Quanta S.C. MPL Analysis software (Beckman Coulter, Brea, CA, USA).

2.4.2. Sperm Chromatin Structure Assay (SCSA)

The SCSA test was applied to assess the susceptibility of sperm DNA to acid-induced
DNA denaturation, followed by staining with acridine orange, a metachromatic fluorescent
dye. Acridine orange emits green fluorescence when it binds to double-stranded DNA and
red fluorescence when it binds to single-stranded DNA.

The sperm pellet was washed twice in cold TNE buffer at 2000 rpm for 7 min. The
test started by adding 400 µL of cold acid-detergent solution (0.08 N HCl, 150 mM NaCl,
0.1% Triton-X 100, pH 1.2) to 200 µL of sperm suspension in TNE buffer. After exactly
30 s, 1.2 mL of cold working solution of acridine orange (0.6 mg of AO, 0.1 M citric acid,
0.2 M Na2PO4, 1 mM EDTA, 0.15 M NaCl, pH 6.0) was added to the sperm suspension.
After 3 min, the samples were analyzed in a flow cytometer. Two subpopulations of
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sperm were identified: sperm with fragmented DNA emitting strong red fluorescence (DFI,
DNA fragmentation index) and sperm with incompletely condensed chromatin emitting
strong green fluorescence (HDS, High DNA Stainability). The percentage of both sperm
subpopulations was statistically calculated [30].

2.4.3. TUNEL Assay

The DNA fragmentation levels in sperm cells were determined by a direct method such
as the TUNEL (Terminal deoxynucleotidyl transferase-mediated dUT nick-end labeling)
assay using the FlowTACS Apoptosis Detection Kit (Trevigen, Inc. (Minneapolis, MN, USA).
The principle of the method was the incorporation of labeled nucleotides into the free ends
of 3′ DNA fragments in the presence of terminal deoxynucleotidyl transferase (TdT).

The previously fixed cells were washed in PBS at 2000 rpm for 5 min and permeabilized
using 0.1% solution of Triton X-100 in 0.1% sodium citrate solution at 4 ◦C for 10 min. After
washing in 1×Binding Buffer at 2000 rpm for 5 min, sperm pellets were resuspended in
the reaction mixture containing 25 µL of 1 × Binding Buffer, 0.5 µL of biotinylated dNTP,
0.5 µL of Mn2+, and 0.5 µL of TdT enzyme and incubated at 37 ◦C for 45 min. The reaction
was stopped by adding 1 mL of 1 × Stop Buffer. Next, the sperm pellet was resuspended in
25 µL of FITC-labeled streptavidin solution and incubated at room temperature for 20 min
in the dark. To discriminate apoptotic cells from necrotic cells in the flow cytometry analysis,
the sperm pellet was resuspended in PBS and incubated with 10 µL of propidium iodide (PI)
at room temperature for 5 min. After cooling, the samples were analyzed in flow cytometry.
Two sperm subpopulations were identified: sperm with DNA fragmentation (TUNEL-
positive sperm) and sperm without DNA fragmentation (TUNEL-negative sperm). The
percentage of TUNEL-positive sperm was statistically calculated. Additionally, two control
samples were prepared: negative control for the level of background fluorescence (reaction
mixture without TdT), and positive control for optimization of the labeling conditions
(sperm pretreated with TACS-nuclease) [31].

2.4.4. Aniline Blue (AB) Test

The AB test was used to assess sperm chromatin condensation abnormalities. This
dye selectively binds to lysine residues (in histones). This test allows the identification of
male gametes containing residual histones, which indicates abnormal spermiogenesis.

The previously fixed sperm smears were stained in 5% aqueous solution of aniline
blue in 4% acetic acid (pH 3.5) for 5 min. After washing in distilled water, the slides were
mounted with DPX. The smears were evaluated under a light microscope (DM 2000, Leica
Microsystems, Wetzlar, Germany) under immersion at ×1000 magnification. A total of
200 spermatozoa in each preparation were counted. Two sperm subpopulations were iden-
tified: immature sperm with residual histones (dark blue/blue-stained head, AB-positive
sperm) and sperm with mature chromatin without residual histones (pale blue-stained
head, AB-negative sperm). The percentage of AB-positive sperm was calculated [32].

2.5. Statistical Analysis

Categorical data for the oxidative stress parameters were presented as numbers,
while categorical data for the DNA/chromatin integrity parameters were presented as
percentages. Descriptive statistics (median, range, mean, and standard deviation) were
used to define continuous variables. The conformity of variables with normal distribution
was evaluated using the Shapiro–Wilk test. As the variables were not normally distributed,
the nonparametric Kruskal–Wallis test followed by the Dunn test with Holm correction
was applied for comparative analysis of all the parameters among the studied groups. For
assessment of correlations between oxidative stress and sperm chromatin/DNA integrity
parameters, the Spearman rank test was used. All calculations were performed using
the Python 3 with Pandas (https://pandas.pydata.org/ ver 0.24.2), Matplotlib (https:
//matplotlib.org/ ver 3.0.3), SciPy (https://www.scipy.org/ ver 1.2.1), Seaborn (https:
//seaborn.pydata.org/ ver 0.11.0) and scikit-posthoc (https://pypi.org/project/scikit-
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posthocs/ ver 0.5.4) libraries. A value of p < 0.05 was considered statistically significant for
all analyses.

3. Results
3.1. Comparative Analysis of Oxidative Stress Parameters among the Studied Groups

The medians (range) and means with standard deviation values of seminal oxidative
stress parameters in the studied groups of males are shown in Table 1. The total antioxi-
dant capacity was significantly reduced only in the groups exposed to genital heat stress
compared to the control group (p < 0.001 for professional drivers and p < 0.01 for infertile
men with varicocele). Moreover, in these groups, the decline in TAC was accompanied by a
significant increase in catalase activity compared to values obtained for the fertile group
(p < 0.01 for professional drivers and p < 0.001 for infertile men with varicocele). The levels
of seminal SOD activity and MDA concentration were similar in the groups under study,
and no statistical differences were noted.

Table 1. Descriptive statistics and comparative analysis of oxidative stress parameters among the
studied groups of males.

Parameter Fertile Men
n = 30

Professional Drivers
n = 61

Infertile Men with
Varicocele

n = 101

Infertile Men Not Exposed
to Genital Heat Stress

n = 40

Total antioxidant capacity (µM) 1916.50 (1583–2451)
1981.78 ± 247.82

1744 (890–2356) b
1686.7 ± 336.83

1770.50 (636–2459) a
1746.56 ± 336.58

1823.50 (1114–2246)
1810.66 ± 277.76

Catalase activity (U/mL) 12.63 (3.43–22.08)
12.45 ± 4.29

17.13(4.00–40.22) a
17.70 ± 7.55

17.52 (2.66–80.14) b
19.02 ± 10.47

16.01 (3.42 = 32.68)
16.24 ± 7.07

SOD activity (nM/min/mL) 2.70 (0.74–10.08)
2.76 ± 1.18

2.77 (0.36–8.48)
2.75 ± 1.07

2.68 (0.22–8.06)
2.75 ± 0.97

2.68 (0.15–8.23)
2.65 ± 1.22

MDA concentration (µM/mL) 3.16 (1.82–5.09)
3.22 ± 0.82

3.66 (1.71–7.21)
3.43 ± 1.18

3.12 (1.14–8.12)
3.25 ± 1.09

3.15 (1.01–5.30)
3.21 ± 0.97

Data are expressed as median (range) and mean ± SD; MDA—malondialdehyde; SOD—superoxide dismutase;
a (p < 0.01), b (p < 0.001) calculated using Dunn test with Holm’s correction compared to the control group.

3.2. Comparative Analysis of Parameters for Sperm Chromatin/DNA Integrity among the Studied
Groups of Males

The comparison of sperm DNA integrity parameters among the studied groups has
been summarized in Figure 1. The DFI index measured in the SCSA was significantly
higher in all the studied groups compared to the control (p < 0.05 for infertile men with
varicocele; p < 0.01 for the group of drivers; and p < 0.001 for infertile men not exposed to
genital heat stress). The HDS index measured in the SCSA was significantly higher in the
infertile groups than the fertile men (p < 0.001). Similarly to the DFI index, the percentage
of TUNEL-positive sperm cells was significantly higher in all the studied groups in respect
of the values obtained in the group of fertile individuals (p < 0.01 for drivers and infertile
men not exposed to genital heat stress and p < 0.001 for varicocele patients). A statistically
significant difference was observed between the varicocele group and the fertile men in the
percentage of sperm with immature chromatin in the AB test (p < 0.05).

https://pypi.org/project/scikit-posthocs/
https://pypi.org/project/scikit-posthocs/
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Figure 1. Comparison of sperm DNA fragmentation index, high DNA stainability index, and the
percentage of TUNEL-positive and AB-positive sperm among the studied groups. The results are
expressed as the median, Q1–Q3, and range. p < 0.05, p < 0.01, p < 0.001 calculated using the Dunn
test with Holm’s correction compared to the control group.

3.3. Spearman Rank Order Correlations between Oxidative Stress and Sperm Chromatin/DNA
Integrity Parameters in the Studied Groups of Males

Figures 2 and 3 show the Spearman rank order correlations between oxidative stress
and sperm chromatin/DNA integrity parameters in the groups under study. In men with
varicocele, a weak negative correlation was found between seminal TAC and the percentage
of sperm cells with DNA fragmentation in the TUNEL assay (p < 0.05; Figure 2). Moreover,
the decrease in catalase activity was associated with the increase in the percentage of
AB-positive cells (p < 0.05; Figure 2). In the infertile men not exposed to genital heat stress,
the DFI index was negatively correlated with TAC, catalase activity, and SOD activity
(p < 0.05 for all cases; Figure 3). No statistically significant associations were found between
the analyzed parameters in the group of drivers.
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Figure 2. Spearman rank-order correlations between oxidative stress and sperm DNA integrity
parameters in the group of infertile men with varicocele. AB—aniline blue, p—p value, r—Spearman’s
correlation coefficient.

Figure 3. Spearman rank-order correlations between oxidative stress and sperm DNA integrity
parameters in the group of infertile men not exposed to genital heat stress. p—p value, r—Spearman’s
correlation coefficient, SOD—superoxide dismutase.

4. Discussion

It is widely accepted that oxidative stress is a common mechanism underlying the
pathophysiology of male infertility, and is a risk factor in male fertility disorders. Accord-
ing to Esteves [33], over 80% of patients with fertility problems show oxidative stress in
semen. As spermatozoa are characterized by an extremely high susceptibility to oxidative
damage, seminal plasma released from accessory glands contains an abundant antioxidant
system, which includes both enzymatic and nonenzymatic factors for effectively protecting
spermatozoa against ROS attack. In this context, sperm cells are highly dependent on the
powerful antioxidant properties of the surrounding environment [34]. Our previous report
demonstrated that a redox imbalance in semen occurred in men exposed to prolonged en-
vironmental (professional drivers) or clinically recognized local hyperthermia (varicocele).
Moreover, we have shown that the disturbances in the seminal oxidative stress scavenging
system during active scrotal overheating can be principally associated with the metabolic
disorders of the epididymis and prostate [25]. As we expected, in the present study, a
greater number of semen samples in the studied subgroups not only allowed us to confirm
the previous results but also to achieve an even higher statistical significance (Table 1). It
seems that the low TAC in semen, despite an increased expression of some antioxidant
enzymes, does not provide the proper protective effect on sperm cells from oxidative stress
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induced by heat stressors. Such data once again highlighted the importance of maintaining
adequate levels of nonenzymatic antioxidant agents of seminal plasma to protect the sperm
fertilizing potential. Analysis of research and clinical articles from the last 20 years revealed
that antioxidant therapy was mostly investigated in male cohorts with sperm abnormalities,
especially with reduced motility and clinical conditions such as idiopathic infertility and
varicocele [35]. Taken together with the experimental findings showing a reduction in
heat stress-induced oxidative stress in human sperm [36] or in TM4 Sertoli cells [37] in the
presence of vitamin C, we can speculate that the administration of some nonenzymatic
antioxidant molecules protects germ cells and/or sperm cells under conditions of genital
heat stress. However, further research can answer the question whether this specific group
of men can have any beneficial effects from such a therapeutic approach [4].

Regarding nonconventional seminological parameters, disagreements mostly concern
the role of sperm chromatin/DNA integrity assessment [38–40]. The conflicting results were
mainly associated with the methodology, variability in the studied population samples,
the nature of sperm DNA breaks and their origin, and the prognostic significance of the
determination of sperm nuclear chromatin/DNA integrity for infertility. In the present
study, we applied the two most commonly used assays to measure the direct (TUNEL
assay) and indirect (SCSA) levels of sperm DNA fragmentation. Additionally, disturbances
in sperm chromatin condensation in the examined men were evaluated, directly as the
population of AB-positive sperm cells with abnormal histone retention and indirectly as
the population of sperm with incompletely condensed cells with high DNA stainability
emitting strong green fluorescence in the SCSA. The conducted comparative analysis
demonstrated a statistically significant increase in sperm DNA fragmentation levels in all
the studied groups compared to the control. High medians of immature sperm cell numbers
(in both tests) in the examined infertile subgroups, especially in varicocele patients, were
also noted (Figure 1). Not surprisingly, we observed chromatin/DNA damage in men
exposed as well as not exposed to prolonged heat stress because DNA fragmentation in
sperm cells can be induced by a variety of pathological and environmental factors [41]. In
addition, it is known to be prevalent among men with poor semen quality [42,43]. However,
to the best of our knowledge, this is the first study documenting an elevated sperm DNA
fragmentation in the group of professional drivers, suggesting a potential link between
heat stress and levels of ejaculated sperm DNA fragmentation.

Apoptosis in ejaculated spermatozoa and its influence on the reproductive potential
of male gametes has been a subject of considerable debate, especially in the context of
the clinical significance of apoptotic markers and the postulated link between apoptosis
and oxidative stress [13,14]. Under physiological conditions, the process of programmed
cell death occurring in the seminiferous epithelium is a controlled and natural way of
immature and damaged sperm elimination. On the other hand, it may be the cause of the
deregulation of spermatogenesis and entry to various pathologies. There are substantial
premises that apoptosis may be involved in the male gonad response to the thermogenic
factor [2]. It was also evidenced by prospective experimental studies in humans in which
transient scrotal hyperthermia demonstrated an increased expression of apoptotic markers,
including caspase 3 activity and/or DNA fragmentation [44]. The role of apoptosis in
the pathomechanism of infertility associated with varicocele was also strongly postulated
in available reports [15,16,45]. Our results regarding the highest proportion of apoptotic
TUNEL-positive sperm (propidium iodide was applied to discriminate apoptotic cells
from necrotic cells) in varicocele patients are in agreement with the data obtained by other
research groups, and further suggest a strong contribution of apoptosis in the pathogenesis
of sperm DNA damage in clinically significant varicocele. Moreover, considering the
elevated proportion of TUNEL-positive sperm in the group of professional drivers, we
can speculate the occurrence of heat stress-induced apoptosis following the induction of
ejaculated sperm DNA damage in this pathology. However, more studies including early
and late apoptotic markers are needed to assess the involvement of sperm death processes
in the male gonad response to heat stress of both internal and external origin.
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This study was designed not only to compare oxidative stress intensity and sperm
DNA damage in the groups of men exposed and not exposed to prolonged genital heat
stress but also to provide associations among the parameters in the studied subgroups.
Our results revealed such a direct relationship in the varicocele-positive infertile subjects
(Figure 2), as well as in infertile men without active genital heat stress (Figure 3), showing
some negative correlations among the studied antioxidant parameters (TAC, catalase,
and/or SOD) and the percentage of sperm with DNA fragmentation. Such findings are
consistent with other studies correlating the level of sperm DNA fragmentation with the
activity of various antioxidant parameters in the semen of men with/without varicocele [46].
However, contrary to those studies, we were unable to find a direct connection between
the lipid peroxidation measured by MDA concentration in seminal plasma and the level of
sperm DNA fragmentation in any studied subgroups. This is not the first time that we have
revealed a poor diagnostic value of seminal MDA concentration in male infertility [25].

Despite the fact that we demonstrated a clear co-existence of oxidative stress and
sperm DNA fragmentation in ejaculates of professional drivers, the comparative analysis
between the parameters did not show any direct relationship. However, it should be
noted here that a lack of such significant correlations does not exclude the notion that
heat-induced oxidative stress is associated with high levels of sperm DNA fragmentation
in general. First, according to the current hypothesis, oxidative damage to sperm DNA
naturally occurs, and it can be omitted in routine techniques used for the assessment of
sperm DNA fragmentation [47]. Secondly, the potential adverse effects of heat-induced
oxidative stress may be counteracted by the thermotolerance phenomenon that is generated
in the testis after the first heat attack [48]. However, the induction of molecular mechanisms
to protect germ cells against heat stressors (e.g., an antioxidant network within male gonads,
the induction of a set of heat-shock proteins) facilitates cell survival; finally, it can induce
responses to the chronic thermogenic factor in a different way, including variations in terms
of epigenetics with a potential harmful impact on the reproductive success [49,50]. Thirdly,
the detrimental effect of genital heat stress depends on the degree of temperature, its
duration, and intervals between elevated temperature episodes. Fourthly, heat stress can be
an additional factor triggering the consequences shown in this study in men with infertility.

Considering the increasing number of reports confirming the presence of seminal
oxidative stress in men with varicocele, the simultaneous assessment of standard semen
parameters, markers of sperm oxidation, and sperm chromatin/DNA integrity has become
clinically significant in varicocele-related infertility. Moreover, the strategies to reduce
sperm DNA damage with a focus on medical and surgical interventions in this pathology
are the subject of intense debate [51,52]. It is noteworthy that the correlations revealed
in the present study in the group of infertile men with varicocele notably indicated the
participation of all the postulated mechanisms taking part in sperm chromatin/DNA failure.
On the one hand, the observed negative correlation between the percentage of TUNEL-
positive sperm and TAC levels indirectly supported the hypothesis about the oxidative
origin of sperm fragmentation due to apoptotic process in the adult varicocele [53]. On the
other hand, the negative correlation of the percentage of sperm with retained histones in
the AB test with catalase activity determined the failure of the oxidative stress-induced
maturation process in this pathology. Based on these data, it could be assumed that local
oxidative stress in varicocele may play a central role in the pathogenesis of sperm DNA
damage leading to the deregulation of spermatogenesis and spermiogenesis. We also
cannot exclude that sperm maturation disturbances in this pathology could result from
oxidative stress present in both the testis and epididymis [25].

Some relevant limitations of the present study should be mentioned. The group of
infertile men with varicocele was not homogenous. The subjects with varicocele diagnosed
as grade 1 were also included, which could weaken the strength of the correlations observed
in this study group. However, the vast majority of patients had varicocele diagnosed as
grade 2 or 3. Furthermore, the markers of sperm oxidative damage such as deoxyguanosine
(8-OHdG), 4-hydroksynonenal (4-HNE), or mitochondrial ROS generation could have
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provided additional information regarding the considerable contribution of heat to the
induction of oxidative stress in males exposed to external or internal hyperthermia.

Based on the evidence presented in the study, we can conclude that disturbances in the
seminal oxidative stress scavenging system are engaged in the pathogenesis of sperm DNA
damage triggering both spermatogenesis and spermiogenesis impairment. Local exposure
to environmental factors associated with raised scrotal temperature can compromise the
reproductive capacity in males due to the co-existence of sperm DNA fragmentation and
oxidative stress in semen. Such data can clinically verify similar findings observed in the
male germ line in the experimental animal models [54]. The conclusions presented, together
with our previous data from the retrospective research study designed to assess the effect
of thermogenic factors on ejaculated sperm alterations [25], also support a suggestion that
the supplementation of exogenous antioxidants could be one of the therapeutic options to
prevent or to reduce sperm damage under thermal conditions.
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Odrowąż-Sypniewska, G.; Stuczyński, T.; Michałkiewicz, J. Zinc and iron concentration and SOD activity in human semen and
seminal plasma. Biol. Trace Elem. Res. 2011, 143, 167–177. [CrossRef]

29. Fraczek, M.; Wiland, E.; Piasecka, M.; Boksa, M.; Gaczarzewicz, D.; Szumala-Kakol, A.; Kolanowski, T.; Beutin, L.; Kurpisz,
M. Fertilizing potential of ejaculated human spermatozoa during in vitro semen bacterial infection. Fertil. Steril. 2014, 102,
711–719.e1. [CrossRef]

30. Evenson, D.; Jost, L. Sperm chromatin structure assay is useful for fertility assessment. Methods Cell Sci. 2000, 22, 169–189.
[CrossRef]

31. Rosiak-Gill, A.; Gill, K.; Jakubik, J.; Fraczek, M.; Patorski, L.; Gaczarzewicz, D.; Kurzawa, R.; Kurpisz, M.; Piasecka, M. Age-related
changes in human sperm DNA integrity. Aging 2019, 11, 5399–5411. [CrossRef]

32. Gill, K.; Rosiak, A.; Gaczarzewicz, D.; Jakubik, J.; Kurzawa, R.; Kazienko, A.; Rymaszewska, A.; Laszczynska, M.; Grochans, E.;
Piasecka, M. The effect of human sperm chromatin maturity on ICSI outcomes. Hum. Cell 2018, 31, 220–231. [CrossRef] [PubMed]

33. Esteves, S.C. Interventions to Prevent Sperm DNA Damage Effects on Reproduction. Adv. Exp. Med. Biol. 2019, 1166, 119–148.
[PubMed]

34. Amorini, A.M.; Listorti, I.; Bilotta, G.; Pallisco, R.; Saab, M.W.; Mangione, R.; Manca, B.; Lazzarino, G.; Tavazzi, B.; Lazzarino, G.;
et al. Antioxidant-based therapies in male infertility: Do we have sufficient evidence supporting their effectiveness? Antioxidants
2021, 10, 220. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0041412
http://doi.org/10.1095/biolreprod.108.071779
http://doi.org/10.1016/j.mce.2005.12.026
http://doi.org/10.1093/biolre/iox104
http://www.ncbi.nlm.nih.gov/pubmed/29025014
http://doi.org/10.1387/ijdb.130146ja
http://www.ncbi.nlm.nih.gov/pubmed/23784837
http://doi.org/10.1042/BJ20110114
http://doi.org/10.1111/j.1439-0272.2009.00981.x
http://www.ncbi.nlm.nih.gov/pubmed/20629644
http://doi.org/10.1007/s00404-015-3822-y
http://www.ncbi.nlm.nih.gov/pubmed/26223186
http://doi.org/10.4081/aiua.2013.1.8
http://www.ncbi.nlm.nih.gov/pubmed/23695398
http://doi.org/10.1016/j.fertnstert.2007.12.058
http://doi.org/10.2164/jandrol.05124
http://doi.org/10.1111/andr.12228
http://doi.org/10.5603/FHC.a2019.0002
http://www.ncbi.nlm.nih.gov/pubmed/30869154
http://doi.org/10.2164/jandrol.112.016535
http://www.ncbi.nlm.nih.gov/pubmed/22879525
http://doi.org/10.2119/molmed.2014.00158
http://www.ncbi.nlm.nih.gov/pubmed/25786204
http://doi.org/10.3390/ijms21176427
http://doi.org/10.1007/s10815-016-0677-5
http://www.ncbi.nlm.nih.gov/pubmed/26941096
http://doi.org/10.1016/0003-2697(88)90554-4
http://doi.org/10.1007/s12011-010-8868-x
http://doi.org/10.1016/j.fertnstert.2014.06.002
http://doi.org/10.1023/A:1009844109023
http://doi.org/10.18632/aging.102120
http://doi.org/10.1007/s13577-018-0203-4
http://www.ncbi.nlm.nih.gov/pubmed/29594950
http://www.ncbi.nlm.nih.gov/pubmed/31301050
http://doi.org/10.3390/antiox10020220
http://www.ncbi.nlm.nih.gov/pubmed/33540782


Int. J. Environ. Res. Public Health 2022, 19, 2713 13 of 13

35. Agarwal, A.; Leisegang, K.; Majzoub, A.; Henkel, R.; Finelli, R.; Panner Selvam, M.K.; Tadros, N.; Parekh, N.; Ko, E.Y.; Cho, C.L.;
et al. Utility of antioxidants in the treatment of male infertility: Clinical guidelines based on a systematic review and analysis of
evidence. World J. Men’s Health 2021, 39, 233–290. [CrossRef]

36. Ahmad, G.; Agarwal, A.; Esteves, S.C.; Sharma, R.; Almasry, M.; Al-Gonaim, A.; AlHayaza, G.; Singh, N.; Al Kattan, L.; Sannaa,
W.M.; et al. Ascorbic acid reduces redox potential in human spermatozoa subjected to heat-induced oxidative stress. Andrologia
2017, 49, e12773. [CrossRef]

37. Sun, J.; Yin, B.; Tang, S.; Zhang, X.; Xu, J.; Bao, E. Vitamin C mitigates heat damage by reducing oxidative stress, inducing HSP
expression in TM4 Sertoli cells. Mol. Reprod. Dev. 2019, 86, 673–685. [CrossRef]

38. Cho, C.L.; Esteves, S.C.; Agarwal, A. Novel insights into the pathophysiology of varicocele and its association with reactive
oxygen species and sperm DNA fragmentation. Asian J. Androl. 2016, 18, 186–193.

39. Agarwal, A.; Majzoub, A.; Esteves, S.C.; Ko, E.; Ramasamy, R.; Zini, A. Clinical utility of sperm DNA fragmentation testing:
Practice recommendations based on clinical scenarios. Transl. Androl. Urol. 2016, 5, 935–950. [CrossRef]

40. Fraczek, M.; Kurpisz, M. Is the sperm DNA status the best predictor of both natural and assisted conception? Transl. Androl. Urol.
2017, 6, S594–S596. [CrossRef]

41. Muratori, M.; Marchiani, S.; Tamburrino, L.; Baldi, E. Sperm DNA Fragmentation: Mechanisms of Origin. Adv. Exp. Med. Biol.
2019, 1166, 75–85.

42. Evgeni, E.; Charalabopoulos, K.; Asimakopoulos, B. Human sperm DNA fragmentation and its correlation with conventional
semen parameters. J. Reprod. Infertil. 2014, 15, 2–14. [PubMed]

43. Gill, K.; Kups, M.; Harasny, P.; Machalowski, T.; Grabowska, M.; Lukaszuk, M.; Matuszewski, M.; Duchnik, E.; Fraczek,
M.; Kurpisz, M.; et al. The negative impact of varicocele on basic semen parameters, sperm nuclear DNA dispersion and
oxidation-reduction potential in semen. Int. J. Environ. Res. Public Health 2021, 18, 5977. [CrossRef] [PubMed]

44. Zhang, M.H.; Zhang, A.D.; Shi, Z.D.; Wang, L.G.; Qiu, Y. Scrotal heat stress causes sperm chromatin damage and cysteinyl
aspartate-spicific proteinases 3 changes in fertile men. J. Assist. Reprod. Genet. 2015, 32, 747–755. [CrossRef]

45. Foroozan-Broojeni, S.; Tavalaee, M.; Lockshin, R.A.; Zakeri, Z.; Abbasi, H.; Nasr-Esfahani, M.H. Comparison of main molecular
markers involved in autophagy and apoptosis pathways between spermatozoa of infertile men with varicocele and fertile
individuals. Andrologia 2019, 51, e13177. [CrossRef]

46. Ammar, O.; Tekeya, O.; Hannachi, I.; Sallem, A.; Haouas, Z.; Mehdi, M. Increased sperm DNA fragmentation in infertile men
with varicocele: Relationship with apoptosis, seminal oxidative stress, and spermatic parameters. Reprod. Sci. 2021, 28, 909–919.
[CrossRef] [PubMed]

47. Drevet, J.R.; Aitken, R.J. Oxidative damage to sperm DNA: Attack and defense. In Genetic Damage in Human Spermatozoa, Advances
in Experimental Medicine and Biology; Baldi, E., Muratori, M., Eds.; Springer Nature Switzerland: Cham, Switzerland, 2019;
pp. 107–117.

48. Lindquist, S. The heat-shock response. Annu. Rev. Biochem. 1986, 55, 1151–1191. [CrossRef] [PubMed]
49. Mostafa, T.; Rashed, L.A.; Nabil, N.I.; Osman, I.; Mostafa, R.; Farag, M. Seminal miRNA relationship with apoptotic markers and

oxidative stress in infertile men with varicocele. Biomed. Res. Int. 2016, 2016, 4302754. [CrossRef] [PubMed]
50. Rao, M.; Zeng, Z.; Tang, L.; Cheng, G.; Xia, W.; Zhu, C. Next-generation sequencing-based microRNA profiling of mice testis

subjected to transient heat stress. Oncotarget 2017, 8, 111672–111682. [CrossRef]
51. Zaazaa, A.; Adel, A.; Fahmy, I.; Elkhiat, Y.; Awaad, A.A.; Mostafa, T. Effect of varicocelectomy and/or mast cells stabilizer on

sperm DNA fragmentation in infertile patients with varicocele. Andrology 2018, 6, 146–150. [CrossRef]
52. Lira Neto, F.T.; Roque, M.; Esteves, S.C. Effect of varicocelectomy on sperm deoxyribonucleic acid fragmentation rates in infertile

men with clinical varicocele: A systematic review and meta-analysis. Fertil. Steril. 2021, 116, 696–712. [CrossRef]
53. Jeremias, J.T.; Belardin, L.B.; Okada, F.K.; Antoniassi, M.P.; Fraietta, R.; Bertolla, R.P.; Intasqui, P. Oxidative origin of sperm DNA

fragmentation in the adult varicocele. Int. Braz. J. Urol. 2021, 47, 275–283. [CrossRef] [PubMed]
54. Houston, B.J.; Nixon, B.; Martin, J.H.; De Iuliis, G.N.; Trigg, N.A.; Bromfield, E.G.; McEwan, K.E.; Aitken, R.J. Heat exposure

induces oxidative stress and DNA damage in the male germ line. Biol. Reprod. 2018, 98, 593–606. [CrossRef] [PubMed]

http://doi.org/10.5534/wjmh.200196
http://doi.org/10.1111/and.12773
http://doi.org/10.1002/mrd.23146
http://doi.org/10.21037/tau.2016.10.03
http://doi.org/10.21037/tau.2017.06.03
http://www.ncbi.nlm.nih.gov/pubmed/24696791
http://doi.org/10.3390/ijerph18115977
http://www.ncbi.nlm.nih.gov/pubmed/34199549
http://doi.org/10.1007/s10815-015-0451-0
http://doi.org/10.1111/and.13177
http://doi.org/10.1007/s43032-020-00311-6
http://www.ncbi.nlm.nih.gov/pubmed/32909188
http://doi.org/10.1146/annurev.bi.55.070186.005443
http://www.ncbi.nlm.nih.gov/pubmed/2427013
http://doi.org/10.1155/2016/4302754
http://www.ncbi.nlm.nih.gov/pubmed/28105423
http://doi.org/10.18632/oncotarget.22900
http://doi.org/10.1111/andr.12445
http://doi.org/10.1016/j.fertnstert.2021.04.003
http://doi.org/10.1590/s1677-5538.ibju.2019.0827
http://www.ncbi.nlm.nih.gov/pubmed/33146981
http://doi.org/10.1093/biolre/ioy009
http://www.ncbi.nlm.nih.gov/pubmed/29351587

	Introduction 
	Materials and Methods 
	Study Population 
	Semen Sample Preparation 
	Determination of Oxidative Stress Parameters in Seminal Plasma 
	Total Antioxidant Capacity (TAC) 
	Catalase Activity 
	Superoxide Dismutase (SOD) Activity 
	Malondialdehyde (MDA) Concentration 

	Determination of Sperm Nuclear DNA Integrity 
	Flow Cytometry Measurements and Data Analysis 
	Sperm Chromatin Structure Assay (SCSA) 
	TUNEL Assay 
	Aniline Blue (AB) Test 

	Statistical Analysis 

	Results 
	Comparative Analysis of Oxidative Stress Parameters among the Studied Groups 
	Comparative Analysis of Parameters for Sperm Chromatin/DNA Integrity among the Studied Groups of Males 
	Spearman Rank Order Correlations between Oxidative Stress and Sperm Chromatin/DNA Integrity Parameters in the Studied Groups of Males 

	Discussion 
	References

