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Abstract: Oxidative stress represents a significant contributing factor to male infertility and sperm
dysfunction. In this condition, an increase in ROS production exceeds the body's antioxidant
defences, resulting in a decline in spermatozoa quality and fertilising capacity. Furthermore,
excessive ROS production has been linked to the promotion of genomic damage, lipid peroxidation,
inflammation, altered enzyme activity, and ultimately, irreversible alterations, cell death, and a
decline in seminal parameters associated with male infertility. It is established that physical activity
(PA), acting on inflammatory parameters and improving antioxidant defence, can alleviate the
negative effects caused by free radicals, offering numerous health benefits and positively influencing
sperm quality. The objective of this review is to highlight the mechanisms of ROS production, the
physiological and pathophysiological roles of ROS in relation to the male reproductive system, and
recent knowledge on the impact of some protocols of PA on these systems and the molecular
mechanisms involved.

Keywords: lifestyle; physical activity; sport; oxidative stress; spermatogenesis; steroidogenesis

1. Introduction

Infertility is a significant global issue, affecting over 12% of couples worldwide, with male
factors being the primary cause in most cases [1]. Male fertility relies heavily on spermatogenesis, the
process that produces large quantities of sperm cells (spermatozoa) in the testis. Spermatogenesis is
a meticulously orchestrated biological process that culminates in the production of mature, haploid
spermatozoa capable of fertilizing an oocyte. This process involves three primary stages: proliferation
of spermatogonia, the meiotic divisions and the spermiogenesis. One of the most significant aspects
of the final stage is nuclear remodeling, where the compacting of DNA is achieved by replacing
histones with protamines with the goal to safeguard the genetic material, ensuring it is protected
during its journey through the female reproductive tract. Indeed, spermatozoa inherently generate
large amounts of reactive oxygen species (ROS) that impairs sperm motility and damages DNA
through the oxidation of membrane lipids and nucleic acids [2]. However, their role in
spermatogenesis and sperm function is more nuanced, serving as both a potential disruptor and a
key regulator of normal physiological processes. In spermatozoa, ROS mediate capacitation,
hyperactivation and acrosome reaction, fundamental processes for fertilization, and they take part in
intracellular signaling pathways essential for sperm development and function, such as the
production of intracellular cAMP, which activates Protein Kinase A (PKA) [3]. Moreover, ROS
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contribute to cellular balance by regulating processes like vascular tone, oxygen sensing, immune
response, and even adhesion properties.

This duality necessitates a robust but carefully regulated antioxidant system and spermatozoa
possess several intracellular antioxidant enzymes to mitigate the effects of ROS and the importance
of antioxidants extends beyond endogenous mechanisms [4]. As a matter of fact, exogenous
supplementation with compounds such as coenzyme Q10, L-acetyl-Carnitine, vitamin C, and zinc
has been widely studied for its potential to counteract oxidative stress in semen. These supplements
have demonstrated benefits in improving sperm quality and fertility outcomes, but excessive
antioxidant use can lead to a condition known as reductive stress, where the over-suppression of ROS
disrupts sperm functionality [5].

Physical activity (PA) is widely recognized for its numerous health benefits, including reduced
risks of obesity, diabetes, and cardiovascular disease, pathologies where oxidative stress-related
inflammatory responses is considered a causative process [6]. Interestingly, it also appears to have a
role in reducing oxidative stress in sperm, a key factor in maintaining male fertility. However, the
relationship between PA and sperm quality is complex, with various levels and types of activity
showing differing effects [7]. While moderate PA may provide protective benefits, strenuous exercise
has been linked to reduced semen quality in some cases, particularly in activities such as long-
distance running and cycling. Animal studies, for example, have shown that running can slow
testicular aging by mitigating oxidative stress and it might be possible that regular exercise,
improving the redox homeostasis, may lower the generation of ROS, thereby preventing damage to
sperm DNA and cellular structures [8].

This review intends to offer an overview of the dual role of reactive oxygen species in
spermatogenesis, focusing on the potential role of sport and physical activity in maintaining or
impairing the redox homeostasis control during spermatogenesis or in sperm.

2. Spermatogenesis

Spermatogenesis is the mechanism by which spermatozoa are produced from primordial germ
cells. The process transforms diploid spermatogonia into specialized haploid spermatozoa through
mitosis, meiosis, and spermiogenesis [9,10]. These cells migrate to the gonadal ridge and, after a
period of mitotic division to form spermatogonia, enter in meiosis. Meiotic divisions and cytological
changes, transforms spermatogonia into spermatozoa, a highly specialised cell equipped with a tail
that allows the cell to move. The head of the sperm contains the nucleus, which contains DNA and is
located at the periphery, separated from the cell membrane and the acrosome, which contains various
substances for penetrating the ovocyte. The central part of the sperm contains the mitochondria,
organised in different helical arrays around the axoneme. Mitochondria in spermatozoa are crucial
for energy production, redox balance, calcium regulation, and apoptotic pathways, all necessary for
sperm motility, capacitation, and fertilization [11]. Mitochondrial dysfunction and quantity can lead
to decreased sperm quality and infertility [11].

Spermatogenesis is a complex process involving several hormonal and cells interactions. The
hypothalamic release of gonadotropin-releasing hormone (GnRH) stimulates the anterior pituitary
gland to secrete follicle-stimulating hormone (FSH) and luteinizing hormone (LH). Sertoli and Leydig
cells are two further testis cells that are pivotal for male reproduction [12]. These cells play critical
roles in the process of spermatogenesis, ensuring proper development and maturation of sperm [13].
Sertoli cells, located within the seminiferous tubules of the testes, provide structural support and
nourishment to developing germ cells [14]. They form the blood-testis barrier, regulate the
environment of the seminiferous tubules, and secrete factors essential for the differentiation of
spermatogonia into spermatozoa. Sertoli cells also produce inhibin, a hormone involved in the
negative feedback regulation of FSH levels.

Leydig cells, located in the interstitial space between the seminiferous tubules, influenced by
LH, are responsible for the production of testosterone, that exerts its effects on Sertoli cells, promoting
the maturation of germ cells and the progression of spermatogenesis. Consequently, the coordinated
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actions of GnRH, FSH, LH, Sertoli cells, Leydig cells, and testosterone work in concert to establish a
regulated environment that facilitates the sustained production of sperm throughout the male

reproductive life.

3. Oxidative stress

The concept of "Oxidative Stress" refers to an imbalance between oxidants and antioxidants,
favoring oxidants, which results in disrupted redox signaling, impaired control mechanisms, and/or
molecular damage [15]. Originally introduced in 1985 [16], this concept has evolved to encompass
advancements in our understanding of redox signaling [17]. Fundamentally, it describes a steady-
state redox balance within an open metabolic system, maintained at a specific setpoint that ensures
basal redox tone. Any deviation from this balance constitutes stress, triggering a stress response. The
definition also acknowledges that (i) a shift to the opposite end of the balance constitutes "reductive
stress," and (ii) deviations can be physiological ("oxidative eustress”) or supraphysiological
("oxidative distress") [15] (Figure 1).
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Figure 1. Redox balance and its physiological and pathological implications. The equilibrium between
antioxidants (SOD, CAT, PRDX, GSH, GPx) and oxidants (RNS, RSS, ROS, RES, RHS) determines cellular
redox responses. Low oxidant exposure induces oxidative eustress, promoting adaptive signaling (NF-«B,
MAPK, Nrf2, HIF) and contributing to physiology and health. In contrast, high oxidant exposure leads to
oxidative distress, disrupting redox signaling and causing pathological consequences such as DNA damage,
inflammation, and neuronal degeneration. ROS, reactive oxygen species; RNS, reactive nitrogen species; RSS,

reactive sulfur species; RES, reactive electrophile species; RHS, and reactive halogen species.

Oxidative eustress plays a crucial role in physiological redox signaling and control [15,16],
aligning closely with the concept of redox homeostasis as the "golden mean" [18].

Metabolic regulation involves a wide array of chemical processes, including the orchestrated
modification of proteins, lipids, carbohydrates, and nucleic acids to maintain structure and function.
Redox reactions play a significant role in this regulation, with notable interactions between redox
modifications and other regulatory mechanisms, such as the phosphorylation and
dephosphorylation of proteins. Low-molecular-mass chemically reactive molecules, often referred to
as “reactive species,” have been extensively studied for their regulatory roles. These include reactive
oxygen species (ROS) [19], reactive nitrogen species (RNS) [20,21], reactive sulfur species (RSS) [22],
reactive electrophile species (RES) [23], and reactive halogen species (RHS) [24].

The interplay among these reactive species forms a complex system of checks and balances
essential for effective redox regulation [25]. On the opposite side of the redox equilibrium, the defense
mechanisms against excessive oxidant levels involve a variety of antioxidant enzymes supported by
their auxiliary systems, alongside low-molecular-weight antioxidants, collectively forming an
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integrated antioxidant network [26]. The expression of these antioxidant enzymes is regulated by key
redox signaling pathways as part of the oxidative stress response [15].

4. Redox homeostasis and physio-pathological conditions

Maintaining homeostasis is a fundamental aspect of health [27], which is regarded as a dynamic
and active biological process [28]. Achieving and sustaining physiological health depends on
mechanisms that ensure homeostasis through resistance, tolerance, and resilience, reflecting a
homodynamic nature [29,30]. The concept of eustress, as distinct from non-physiological distress,
characterizes the body's continuous state of readiness to maintain homeostasis. This distinction,
introduced by Selye [31], forms a foundational perspective in understanding stress and its responses
[32].

Oxidation-reduction (redox) reactions are integral to life's processes. Research into elements
such as oxygen, iron, copper, sulfur, selenium, and nitrogen, alongside studies on free radical
oxidation and defense mechanisms, has uncovered the remarkable versatility and applications of
redox reactions. These include roles in energy capture, mitigating oxygen toxicity, and producing
biochemical defenses against harmful entities. Notably, redox reactions also play a pivotal role in
signalling, as they enable fast and reversible processes essential for physiological regulation.

The complex integration of energetically demanding systems makes life in oxygen-rich
environments possible. Similarly, this principle applies to the regulation of redox signalling, which
governs numerous physiological processes. Ensuring redox homeostasis presents an ongoing
challenge, requiring tight biochemical control [15]. For oxidation events that serve as physiological
signals, counteractive mechanisms must deactivate the signals and restore the redox balance to
maintain health [18].

For over three decades, an understanding of ill health has been associated with the oxidative
stress concept in the form of ‘an imbalance between oxidants and antioxidants in favour of the
oxidants’, which developed into the idea of a ‘disrupted Redox signalling’ [33]. The refinement of this
concept has been hastened by the articulation of a ‘Redox Code’ in an influential paper describing a
set of principles through which biological function is enabled and protected [34]. Many disease
processes are attributed to enhanced production of reactive oxygen species (ROS) or ‘dysfunctional
Redox regulation’. Still, not everything can be explained by excessive ROS production. Many
pathophysiological conditions may in fact exemplify processes that can be accounted for by other
bioactive entities such as reactive nitrogen or sulphur species (RNS, RSS), or other small signalling
molecules such as hydrogen (H2), ammonia (NH3), and carbon monoxide (CO). Many of these
entities can react with each other, with protein thiols or other biomolecules.

These varied interactions modulate the function of ion channels, enzymes, transcription factors,
and other bio-logical targets, a scenario defined as the ‘Reactive Species Interactome’ [35]. This
reactive species interactome concept provides a useful framework to explain the apparent complexity
of adaptive signalling. There is no single marker or process that captures the complexity of these
interactions adequately. Rather, it is likely that a combination of readouts from different levels of
organization will be required to explain how and why mitochondrial function appears so intimately
related to chronic disease, inflammation and metabolism.

5. The Role of Oxidative Stress in Male Infertility

Oxidative stress, defined as an imbalance between reactive oxygen species (ROS) and
antioxidant defenses, has been identified as a significant contributing factor to male infertility [36,37].

While the presence of low levels of ROS is necessary for normal sperm function, excessive levels
have been demonstrated to cause cellular damage, impaired sperm motility, and DNA fragmentation
[38,39]. It appears that this delicate balance is of critical importance: low levels of oxidative stress
have been shown to promote the appropriate activation of signaling pathways involved in
spermatogenesis, while excessive ROS production has been linked to pathological changes, including
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the apoptosis of germ cells and a decline in sperm quality. These effects impact various aspects of
male fertility, including testis cell structure and function, as well as sperm parameters (sperm count,
motility, viability, and increased abnormal sperm morphology, sperm DNA fragmentation) [40].

It has been suggested that several conditions may possibly alter oxidant/antioxidant balance,
which could in turn lead to oxidative stress. These conditions include endogenous factors such as
deficiencies in antioxidants, immune system dysfunctions bacterial/viral infections, abnormal
spermatozoa, leukocytospermia (LCS) [41,42], and exogenous factors such as smoke, alcohol, obesity,
varicocele or sexual transmitted diseases [36,43] (Figure 2).
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Figure 2. Endogenous and exogenous factors that alter oxidant/antioxidant balance, and that lead to oxidative

stress and sperm dysfunctions.

Testicular environment is particularly vulnerable to oxidative damage due to the high metabolic
activity of spermatogenic cells [44] and poor vascularization, as well as the presence of a high content
of polyunsaturated fatty acids (PUFA) in the plasma membrane in conjunction with the absence of
cytoplasmic antioxidant enzymes [38,45-48]. ROS, indeed, can potentially damage sperm membranes
organization, mitochondprial activity, and function of testicular cells [48], consequently affecting germ
cells motility and ability to fuse with oocytes, testis steroid hormone synthesis and steroidogenic
capacity [45,49,50]. Mitochondria are the energy powerhouses of the sperm cell, and any disruption
in their function can lead to diminished motility, thus reducing the sperm'’s ability to fertilize an egg
[51]. Studies have shown that men with lower sperm motility exhibit decreased glucose-6-phosphate
dehydrogenase activity and increased levels of malondialdehyde, a marker of oxidative damage [44].
Furthermore, oxidative stress has been implicated in the disruption of the blood-testis barrier, the
key structure that protects the developing sperm cells from harmful substances, including ROS [52].
However, all these factors are modifiable and reversible, and hence, by mere changing of lifestyle,
many of these risk factors can be avoided.

5.1. Testicular Cells and Oxidative Stress

The testis is composed of several different cell types, each playing a vital role in the process of
sperm production. Sertoli cells, Leydig cells, and germ cells are all integral components of this
dynamic environment, and each is influenced by the redox status of the tissue. Sertoli cells, which
provide nutritional and structural support to developing sperm cells, are particularly sensitive to
changes in oxidative balance. Under conditions of chronic oxidative stress, Sertoli cell function is
compromised, leading to impaired spermatogenesis and, consequently, a reduction in sperm count
and quality [53]. The presence of ROS was associated with significant levels of apoptosis in Sertoli
cells, a substantial decrease in connexin-43 (Cx43) expression, a key component of gap junctions,
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pivotal to regulate spermatogenesis, and a failure to maintain the viability of spermatogonial stem
cells (SSCs) [54].

Research on Sertoli cells and oxidative stress suggests that various environmental toxins have
the potential to induce oxidative damage and apoptosis. It has been suggested that exposure to
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) may possibly impair Sertoli cell function through
oxidative stress, affecting mitochondrial activity and membrane potential [55]. Similarly, it appears
that sodium fluoride exposure may contribute to a decline in cell viability and an increase in oxidative
stress and apoptosis. Furthermore, acrylamide and its metabolite glycidamide have been observed to
cause oxidative stress and apoptosis in both Leydig and Sertoli cells, affecting cell viability and gene
expression of apoptotic markers [56].

Exposure to oxidative stress has been demonstrated to result in a decline in testosterone
production, an escalation in apoptosis, and an impairment in steroidogenesis in Leydig cells [56,57].
In 2016, Duan et al. investigated the effects of hydrogen peroxide (H20:z) on primary rat Leydig cells
and the role of peroxiredoxin 2 (Prdx2), an important antioxidant protein involved in oxidative stress
response. The study revealed that H20z treatment led to a significant decline in cell viability, inducing
apoptosis in a dose-dependent manner and altering Prdx2 protein expression [57]. Subsequently, in
2021, Anak and colleagues explored the impact of aging on testosterone production, conducting a
comprehensive literature review that investigated the role of antioxidants in safeguarding Leydig
cells against oxidative stress [58]. Two key defects in the steroidogenic pathway have been identified
as contributing to age-related reductions in testosterone production: reduced LH-stimulated cAMP
production, and impaired cholesterol transport to and within the mitochondria.

Increasing oxidative stress appears to play a crucial role in age-related testosterone reduction,
and aging is associated with enhanced lipid peroxidation. Leydig cell membranes from older rats
exhibit a two- to three-fold increase in basal thiobarbituric acid-reactive substances (TBARS)
formation, indicating increased oxidative damage. They demonstrated that aging leads to a decrease
in serum testosterone levels in both humans and rodents. This decline is not attributable to a loss of
Leydig cells, but rather to their reduced capacity to produce testosterone in response to luteinizing
hormone (LH) [59].

In spermatozoa, oxidative stress triggers lipid peroxidation of polyunsaturated fatty acids in
sperm membranes [45,60], lead to protein aggregation in male germ cells, and potentially disrupting
proteostasis [61]. Proteostasis in sperm cells is of pivotal significance for sustaining optimal
functionality and fertility. It encompasses regulatory mechanisms that govern protein synthesis,
folding, modification, and degradation [62]. Sperm cells are distinguished by their limited capacity
for protein synthesis and repair, which renders proteostasis essential for their viability [62].
Disruptions in proteostasis can result in sperm dysfunction, impacting motility and fertilization
potential, thus, the interplay between proteostasis and oxidative stress in sperm cells is pivotal to
their functionality [61,62]. Proteostasis mechanisms have been shown to mitigate the harmful effects
of oxidative stress [63]. Indeed, it has been demonstrated that the sustained production of misfolded
proteins can exceed the capacity of the proteostasis network, resulting in its failure and subsequent
cell death [64]. Morphological abnormalities in sperm are also frequently observed in men with high
oxidative stress levels. These abnormalities, which may include defects in the acrosome, tail, or head,
are often a result of lipid peroxidation and protein damage induced by ROS. These structural changes
compromise the sperm's ability to penetrate the egg and perform its fertilization function.

Male infertility can be influenced by various endogenous sources of ROS in seminal plasma. The
human semen sample contains a variety of cells, including immature and mature spermatozoa, round
shaped cells of different phases of spermatogenesis, epithelial cells, and leukocytes [65]. A significant
contributor is leukocytes, particularly polymorphonuclear leukocytes and macrophages, which
originate from the seminal vesicles and prostate gland. In the presence of urogenital infections or
inflammation, these leukocytes exhibit an enhanced immune response, generating up to 100 times
more ROS, thereby leading to oxidative stress [66].
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Human semen contains a variety of cells, including immature and mature spermatozoa, round-
shaped cells from different phases of spermatogenesis, epithelial cells, and leukocytes [65].
Leukocytes, especially macrophages and neutrophils, are typically activated in response to infection
or inflammation, while immature, morphologically abnormal spermatozoa also serve as primary
sources of ROS [36]. However, the rate of ROS production is up to 1000 times higher in leukocytes
(extrinsic source) compared to spermatozoa (intrinsic source) [67].

6. Spermatogenesis and Physical Activity: Role for Oxidative Stress Control.

Regular moderate-intensity physical exercise is associated with an increase in antioxidant
defense systems and a reduction in systemic oxidative stress [68]. This is largely due to the adaptation
of various enzymatic and non-enzymatic antioxidants, such as superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx), which play key roles in neutralizing ROS [69].
Furthermore, physical activity PA has been found to improve mitochondrial function, which may
contribute to a more efficient regulation of oxidative metabolism and reduced ROS production [70].
Conversely, intense or prolonged PA, especially when performed in an unconditioned state, can
result in an acute increase in oxidative stress. This phenomenon is primarily attributable to the
enhanced production of ROS during high-intensity exercise, which can exceed the body's antioxidant
defense mechanisms [71,72].

Consequently, oxidative damage may result, manifesting as muscle fatigue, inflammation, and
potentially compromised sperm quality. It is important to note that the beneficial effects of physical
activity on oxidative stress are dose-dependent, with moderate levels of exercise being most effective
in improving antioxidant capacity and mitigating the negative effects of oxidative stress [68,73].

6.1. Impact of Physical Activity on Spermatogenesis

The aetiology of male infertility is multifactorial, with physiological factors such as age and
lifestyle factors including physical activity playing a role. However, the specific impact of sporting
activity on semen parameters, and consequently on male fertility, remains unclear. Recent studies
have explored the impact of physical activity on male fertility, highlighting the complex relationship
between exercise and reproductive health [74-77].

Moderate exercise has been shown to improve sperm quality, including count, motility, and
morphology, while excessive or severe exercise may have detrimental effects [7,78,79]. Regular
physical exercise has been shown to enhance sperm count, motility, and morphology in both human
and rat subjects, with a concomitant improvement in testosterone, LH, and FSH levels in rats. It has
been demonstrated that exercise can reduce the percentages of sperms with negative tubular
differentiation (TDI) and spermiogenesis indices (SPI), DNA fragmentation, and also ameliorate the
diabetes-induced apoptosis and improve sperm apoptosis index in animal models [80]. The positive
effects of exercise on male fertility are thought to be mediated by reduced oxidative stress, enhanced
antioxidant defense, and improved steroidogenesis [78,79,81]. Furthermore, the improvement of
glucose metabolism that results from physical activity increase is often the primary factor that
ameliorates sperm parameters in men, since the majority of studies performed engaged men affected
by metabolic syndrome and type 2 diabetes [81-86] (Figure 3).
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Steroidogenesis, the process of producing steroids such as testosterone, plays a crucial role in
regulating various physiological functions, including muscle growth, sexual function, and overall
health. In this context, PA has been identified as a potential modulator of steroidogenesis, influencing
both testicular and muscular pathways. Acute bouts of intense exercise, such as heavy resistance
training or endurance exercise, lead to transient increases in testosterone secretion [87]. This response
is thought to be mediated by the hypothalamic-pituitary-gonadal axis, which stimulates the release
of LH and, consequently, the production of testosterone by Leydig cells [87]. Research suggests that
the impact of physical activity on male fertility depends on exercise intensity, duration as well as the
profile of the participant [80]. Studies performed in recreational athletes, demonstrated positive
effects of prolonged physical activity. In fact, 433 infertile men training at 70-85% of their maximal
oxygen consumption revealed that high-intensity exercise may restrain inflammatory biomarkers,
oxidative stress, and antioxidants, while concomitantly enhancing semen parameters and the
pregnancy rate [80]. While moderate exercise may have beneficial effects on sperm quality, high-
intensity or prolonged exercise can negatively affect semen parameters [88-90]. Intense physical
activity has been associated with decreased sperm concentration, motility, and morphology,
particularly in elite athletes [90]. It has been observed that endurance exercise, including activities
such as long-distance running or extensive cycling, has the potential to adversely affect seminal
parameters [75]. A 16-week low-to-intensive cycling training program has been shown to result in a
decline in sperm quality parameters and an increase in seminal inflammatory markers, with some
effects persisting even after a 30-day recovery period [91]. The same training regimen has also been
shown to result in increased oxidative stress and decreased antioxidant capacity in semen [91]. A
further study comparing endurance cyclists to sedentary controls found significantly lower
proportions of morphologically normal sperm in cyclists [92]. At the same time, moderate running,
has been shown to improve cardiovascular health, reduce oxidative stress, and enhance hormone
regulation, all of which can potentially benefit male fertility. Moreover, the regulation of insulin
sensitivity and the reduction of visceral fat, both outcomes of consistent running, are linked to
improved hormonal profiles, including better testosterone levels. However, excessive endurance
running or high-intensity training may have the opposite effect, leading to a decrease in sperm
quality [90]. This decline in sperm quality is attributed to mechanical impact, gonadal overheating,
wearing tight clothes, and increased oxidative stress [36,90]; however, these effects may be reversible
with proper rest and recovery periods [75].

Ultimately, the relationship between exercise and male fertility remains complex, with some
studies showing conflicting results and difficulties in quantifying physical activity [7]. Further
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evidences, showed the influence of physical exercise on the endocrine system, particularly the
hypothalamo-pituitary-adrenal (HPA) axis and stress hormones production, influencing in turn
testosterone production. The intensity and duration of exercise have been demonstrated to modulate
the HPA axis response, resulting in increased cortisol secretion [93]. While endurance training does
not lead to permanent hypercortisolism, it has been observed to result in decreased tissue sensitivity
to glucocorticoids [93].

The relationship between cortisol and testosterone during exercise is a complex one, too. Post-
exercise, a significant negative correlation between cortisol and total testosterone has been observed,
while a positive correlation exists with free testosterone [94]. Prolonged imbalances in cortisol and
growth hormone secretion can be detrimental to health [95]. In cases of overtraining, the
sympathetic/parasympathetic imbalance and neuroendocrine dysfunction hypotheses have been
proposed to explain performance decrements and recovery issues [96]. It is therefore crucial to ensure
proper exercise planning with sufficient recovery in order to prevent overtraining and maintain
hormonal balance.

Exercise-induced oxidative stress can be counteracted by the consumption of nutritional
strategies [97] and antioxidant-rich foods [98], which can further support the maintenance of sperm
quality. Antioxidant supplementation has shown potential in improving sperm quality and fertility
outcomes in some individuals [98]. Specific antioxidants such as selenium, zinc, omega-3 fatty acids,
CoQ10, and carnitines have been positively associated with sperm quality [99]. However, excessive
antioxidant use may be detrimental to sperm function, resulting in a paradoxical decline in sperm
quality [99] which is similar to the effect seen with oxidative stress.

However, an exact cut-off for "excessive" has not been well defined in the existing literature. A
balanced diet rich in natural antioxidants from fruits, vegetables, whole grains, legumes, and seeds
is recommended as a safe and effective approach to meet antioxidant requirements in physically
active individuals and athletes [100].

7. Conclusion and Future Perspectives

This review underscores the significant role of exercise in modulating male reproductive health,
primarily through its impact on oxidative stress and inflammatory pathways. The findings suggest
that engaging in moderate-intensity exercise over a prolonged period can effectively suppress pro-
inflammatory cytokine production, improve antioxidant defense mechanisms, and enhance sperm
DNA integrity. Such effects are particularly beneficial for individuals experiencing infertility, as
oxidative stress is known to impair sperm quality and overall testicular function. High-Intensity
Interval Training (HIIT) has also demonstrated potential in improving sperm characteristics in men
with fertility issues, further supporting the notion that structured physical activity can be an effective
intervention for reproductive health.

The testicles are highly susceptible to oxidative stress due to their high rate of cell division,
mitochondrial oxygen consumption, and abundance of unsaturated fatty acids. As a result, excessive
production of reactive oxygen species (ROS) can disrupt spermatogenesis, impair steroidogenesis,
and reduce sperm quality. Exercise exerts a dual effect on male reproductive function—while mild
to moderate exercise improves testicular steroidogenesis, spermatogenesis, and sexual competence
by increasing insulin sensitivity and regulating ROS production, excessive and prolonged exercise
can have adverse effects by promoting oxidative stress and impairing testicular function. This
highlights the importance of maintaining an optimal balance in exercise intensity and duration to
support reproductive health.

Furthermore, research has demonstrated that exercise can improve fertility in men with lifestyle-
induced conditions such as obesity and diabetes. By enhancing testicular antioxidant defense,
reducing pro-inflammatory cytokine levels, and promoting steroidogenesis, exercise contributes to
improved spermatogenesis and semen quality. However, the extent to which exercise benefits male
fertility is influenced by multiple factors, including an individual’s overall health status, the type,
intensity, and duration of exercise, and pre-existing metabolic or hormonal conditions. These factors


https://doi.org/10.20944/preprints202502.0705.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2025 d0i:10.20944/preprints202502.0705.v1

10 of 15

should be carefully considered when prescribing exercise as a therapeutic strategy for male
reproductive health.

Future research should focus on refining clinical guidelines that consider individual health
status, exercise volume, intensity, and duration. Further clinical trials are required to validate the
underlying mechanisms and establish exercise-based interventions for managing lifestyle-induced
infertility. A more comprehensive understanding of the interaction between physical activity and
male reproductive health will facilitate the development of evidence-based recommendations that
optimize fertility outcomes.
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Abbreviations

The following abbreviations are used in this manuscript:

cAMP  [cyclic adenosine monophosphate
CAT catalase

cO carbon monoxide

Cx43 connexin-43

FSH follicle-stimulating hormone
GPx glutathione peroxidase

GnRH  |gonadotropin-releasing hormone

H20: hydrogen peroxide

H?2 hydrogen

LCS leukocytospermia
LH luteinizing hormone
INH3 ammonia

PKA rotein kinase A

PA physical activity
Prdx2 eroxiredoxin 2

PUFA olyunsaturated fatty acids

RES reactive electrophile species
RNS reactive nitrogen species
RHS reactive halogen species
REDOX |oxidation-reduction
ROS reactive oxygen species
SSCs spermatogonial stem cells
SOD superoxide dismutase
SPI and spermiogenesis indices
IBARS thiobarbituric acid-reactive substances
TDI tubular differentiation
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