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Abstract: Elite soccer places significant neuromuscular and metabolic stress on athletes, leading to
elevated production of reactive oxygen and nitrogen species (RONS). These reactive species play a
dual role in skeletal muscle, supporting adaptive signaling at controlled levels while causing
oxidative damage when poorly regulated. This paper presents an integrated synthesis of current
knowledge on redox biology in elite soccer players, with a focus on the origins and regulation of
RONS, the roles of enzymatic and non-enzymatic antioxidant systems, and their impact on muscle
performance, fatigue, recovery, and long-term physiological adaptation. Drawing on studies
conducted between 2000 and 2025, the discussion underscores the seasonal fluctuations in oxidative
stress, individual variability in redox responses, and the potential adverse effects of unsystematic
antioxidant supplementation. The analysis also emphasizes the value of using biomarker-guided,
periodized antioxidant interventions tailored to training demands. Future directions include
longitudinal tracking and the use of Al-assisted monitoring to enable personalized strategies for
maintaining redox balance and optimizing performance in elite sport.

Keywords: mitochondrial biogenesis; exercise-induced stress; reactive species regulation; training
periodization; injury prevention; biomarker monitoring

1. Introduction

Redox biology is fundamental to elite soccer players' physiological adaptations and
performance, governed by the dynamic balance between reactive oxygen species (ROS) production
and antioxidant defenses [1,2]. Elevated oxygen demand during high-intensity activity increases ROS
generation, which, if unregulated, leads to oxidative stress and subsequent cellular damage that
impairs muscle function and recovery [3]. Regular training enhances endogenous antioxidant
capacity, thereby supporting redox homeostasis and resilience to oxidative challenges [4,5]. Recent
research emphasizes the dual role of RONS as stressors and critical modulators of skeletal muscle
adaptation, regulating protein turnover, mitochondrial biogenesis, and intracellular signaling [6,7].
At physiological levels, RONS serve as essential signaling molecules, but excessive accumulation
disrupts homeostasis, highlighting the need for tightly coordinated redox regulation to sustain
performance in elite athletes [6-8].

1.1. Physiological Demands of Elite Soccer and Redox Stress

Elite soccer imposes intense physiological demands due to its high-intensity, intermittent nature,
characterized by repeated sprints, rapid directional changes, and explosive movements. These
actions significantly increase mitochondrial oxygen consumption and the production of RONS,
particularly during eccentric contractions and ischemia-reperfusion events common in match play
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[9,10]. While RONS are integral to signaling pathways that support mitochondrial biogenesis and
antioxidant defense, excessive accumulation disrupts cellular homeostasis, impairing calcium
handling, macromolecular damage, delayed muscle recovery, and heightened injury risk [9,11].
These effects are exacerbated by congested match schedules, which limit recovery and lead to
cumulative fatigue [12,13]. Empirical data indicate elevated stress, muscle soreness, and performance
decline during such periods, accompanied by increased biochemical markers like creatine kinase and
C-reactive protein, reflective of muscle damage and inflammation [10,14,15]. Therefore, regulating
redox balance through personalized recovery strategies, targeted nutritional support, and
appropriate training load management is essential to preserving performance and reducing injury
susceptibility in elite players [11].

1.2. Relevance of Antioxidant Systems in Muscle Adaptation and Recovery

Skeletal muscle depends on a well-organized antioxidant defense system to maintain redox
homeostasis during metabolic stress. This system includes enzymatic antioxidants such as
superoxide dismutase, catalase, and glutathione peroxidase, which catalyze the detoxification of
reactive oxygen species [9,10]. In addition, non-enzymatic antioxidants, including glutathione,
vitamin C, and vitamin E, help neutralize oxidative intermediates and protect cellular structures
[16,17]. These mechanisms are essential for mitigating exercise-induced oxidative damage,
preserving muscle function, and facilitating the remodeling processes critical for performance
enhancement [18,19]. In elite soccer players subjected to variable mechanical and metabolic loads, the
capacity and responsiveness of the endogenous antioxidant system significantly influence both acute
recovery and long-term adaptation. However, growing evidence indicates that excessive or poorly
timed exogenous antioxidant supplementation may disrupt redox-sensitive signaling pathways,
including those involving AMP-activated protein kinase and peroxisome proliferator-activated
receptor gamma coactivator-1a, thereby impairing adaptive responses [20-22]. This highlights the
importance of tailoring antioxidant strategies to the specific demands of training phases and recovery
periods to support optimal adaptation while avoiding potential interference with beneficial signaling
processes [9,23].

This work presents a comprehensive analysis of redox signaling and antioxidant defense in elite
soccer players, examining how these systems influence muscle performance, recovery, and
adaptation. Particular emphasis is placed on the dynamic interaction between exercise-induced
oxidative stress, endogenous antioxidant responses, and scientifically grounded recovery approaches
tailored to the specific demands of elite-level soccer.

2. Literature Selection and Scope

This work utilizes a narrative approach to explore antioxidant defense mechanisms and redox
signaling pathways in the context of elite soccer performance. The aim is to present an integrative
perspective on skeletal muscle oxidative stress, adaptive responses, and their relevance to training,
recovery, and performance optimization in high-level athletes. The discussion emphasizes
conceptual synthesis and the practical application of redox biology to support effective performance
management strategies.

Relevant literature was identified through a focused search of peer-reviewed journal articles
published between 2000 and 2025 across databases including PubMed, Scopus, Web of Science, and
EBSCO. Search terms were combinations of the following keywords: “reactive oxygen species”,
“oxidative stress”, “antioxidants”, “skeletal muscle”, “soccer performance”, “redox signaling”,
“exercise-induced adaptation”, and “training recovery”. Articles were selected based on their
relevance to three core themes: (1) the physiological production and regulatory role of reactive
species during exercise; (2) antioxidant defense systems in skeletal muscle; and (3) training and
recovery strategies in elite soccer players that influence redox balance.

Both original research and review papers were considered to ensure comprehensive coverage of
current knowledge. Studies involving human participants, exceptionally trained or elite athletic
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populations, were prioritized. Research with direct implications for soccer-specific performance,
rather than general fitness or clinical populations, was emphasized. Rather than following a strict
systematic review protocol, this narrative review allows for thematic exploration across key domains,
including mitochondrial adaptations, antioxidant enzyme regulation, oxidative stress biomarkers,
periodization, and nutritional interventions. This flexible approach facilitates a critical discussion of
emerging evidence, identifies knowledge gaps, and highlights practical considerations for sports
scientists and performance practitioners.

3. Redox Biology in Skeletal Muscle: Concepts and Mechanisms
3.1. Sources and Types of Reactive Species During Exercise

During intense physical activity, especially under the high-intensity, intermittent conditions
typical of elite soccer, the production of reactive oxygen and nitrogen species (RONS) rises sharply.
These species include superoxide anion (O;*-), hydrogen peroxide (H.O,), hydroxyl radical (¢OH),
nitric oxide (NO®), and peroxynitrite (ONOO"), each varying in reactivity, lifespan, and cellular
targets [24,25].

Mitochondria are the primary intracellular source of RONS during aerobic metabolism,
particularly at complexes I and III of the electron transport chain, where electron leakage leads to
partial oxygen reduction [7]. This is further amplified in contracting muscles due to heightened ATP
demand and oxygen flux. Additional enzymatic systems also contribute: Nicotinamide Adenine
Dinucleotide Phosphate (NADPH) oxidases (NOX2/NOX4) produce superoxide in response to
mechanical stress and inflammation [26]; xanthine oxidase becomes active during ischemia-
reperfusion; and lipoxygenases and cyclooxygenases generate lipid-derived oxidants during
inflammation [25]. Under oxidative stress or cofactor deficiency, uncoupled nitric oxide synthase may
generate superoxide instead of nitric oxide [27].

The extent and location of RONS generation depend on factors such as contraction type, oxygen
availability, and muscle fiber composition. Fast-twitch fibers (type II) dominate sprinting and
explosive efforts and are more prone to oxidative stress due to high metabolic turnover and lower
antioxidant enzyme expression [28,29]. These fibers are frequently recruited in elite soccer, making
them especially vulnerable during repeated efforts.

Hypoxic conditions and mechanical strain during intense activity also increase local RONS
production. The cycle of restricted blood flow during exertion, followed by reoxygenation during
brief rest, mimics ischemia-reperfusion, exacerbating oxidative load [30]. This dynamic redox
environment underscores the need for effective antioxidant defenses and tailored recovery strategies
in soccer-specific training and competition.

3.2. Antioxidant Defense Systems in Skeletal Muscle

To counteract exercise-induced RONS, skeletal muscle relies on a well-organized antioxidant
defense system composed of enzymatic and non-enzymatic components. These systems maintain
redox homeostasis, protect muscle integrity, and facilitate recovery and adaptation [31].

The primary enzymatic antioxidants include superoxide dismutase (SOD), catalase, and
glutathione peroxidase (GPx). SOD converts superoxide into hydrogen peroxide, which is then
broken down by catalase or reduced by GPx using glutathione as a substrate. These enzymes are
compartmentalized within the cell: SOD1 is cytosolic, SOD2 is mitochondrial, and catalase resides in
peroxisomes [31-33]. Their expression is regulated by redox-sensitive transcription factors,
particularly Nuclear Factor Erythroid 2—-Related Factor 2 (Nrf2), which is activated under oxidative
stress to enhance antioxidant gene expression [31].

Complementing the enzymatic defenses are non-enzymatic antioxidants such as reduced
glutathione (GSH), vitamin C, and vitamin E [34-36]. GSH is a direct scavenger and a cofactor in
enzymatic detoxification [34]. Vitamin C functions in aqueous compartments, where it neutralizes
free radicals and helps regenerate other antioxidants such as vitamin E [35]. In turn, vitamin E
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contributes to the stabilization of lipid membranes by preventing lipid peroxidation [37].
Additionally, dietary polyphenols such as quercetin, curcumin, and resveratrol play a role by
modulating oxidative signaling pathways and reducing inflammation [38].

In elite athletes, these antioxidant systems are not static but dynamically adapt to training load,
recovery status, and nutritional intake. As seen in training, regular exposure to moderate oxidative
stress can upregulate these systems, enhancing resilience and performance [4]. However, disruptions
in this balance, through overtraining, poor recovery, or inappropriate supplementation, can
compromise adaptation [39]. Thus, understanding and supporting these endogenous defenses are
critical for optimizing athletic output and long-term physiological health.

3.3. Dual Role of RONS: Signaling and Damage

Reactive oxygen and nitrogen species (RONS) exert a concentration-dependent influence on
skeletal muscle, functioning as critical signaling molecules and potential sources of cellular damage.
At physiological levels, RONS are indispensable for initiating and regulating adaptations to exercise
[7]. They activate several redox-sensitive signaling pathways, including AMP-activated protein
kinase (AMPK), mitogen-activated protein kinases (MAPKSs), and Nrf2 [7,40]. These pathways
mediate key processes such as mitochondrial biogenesis, antioxidant enzyme upregulation, glucose
uptake, and muscle fiber remodeling [41,42].

Nrf2, in particular, serves as a central regulatory node in oxidative stress responses. Upon
activation by moderate RONS levels, Nrf2 translocates to the nucleus [43]. It binds to antioxidant
response elements (AREs), promoting the transcription of genes encoding detoxifying and
antioxidant enzymes like SOD and GPx [43,44]. Similarly, AMPK and MAPKs are activated under
increased oxidative load and energy stress, facilitating metabolic flexibility and enhancing cellular
resilience [45]. Through these mechanisms, RONS are necessary stimuli that drive the adaptations
required for improved muscle performance and recovery [43].

However, when the production of RONS exceeds the buffering capacity of the antioxidant
defense system, oxidative stress occurs. This pathological condition is marked by structural and
functional impairments. Elevated levels of RONS can trigger lipid peroxidation, protein
carbonylation, and DNA damage, ultimately compromising cellular integrity and interfering with
essential physiological functions [46]. In muscle cells, oxidative modifications to calcium-handling
proteins, such as ryanodine receptors and Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase
(SERCA) pumps, interfere with excitation—contraction coupling [28,47]. This impairs calcium
homeostasis, reducing contractile efficiency and delaying recovery [46].

Such oxidative disruptions are particularly detrimental in elite soccer players, who often face
high-frequency neuromuscular demands and condensed recovery periods. Persistent oxidative stress
diminishes short-term performance and contributes to chronic fatigue, muscle soreness, systemic
inflammation, and elevated injury risk [2,48]. Importantly, this damage is not simply a byproduct of
overexertion; it also reflects a failure of the redox system to adapt to cumulative training and match
stress [49].

Therefore, maintaining a precise balance in RONS levels is critical enough to stimulate beneficial
adaptations, but not so much as to trigger deleterious effects [50]. This delicate interplay emphasizes
the need for targeted strategies that support redox homeostasis through well-regulated training
loads, recovery protocols, and nutrition [48]. Recognizing the dual nature of RONS as both signal and
stressor provides the foundation for developing individualized approaches to optimize performance
while safeguarding long-term muscular health. A summarized comparison of reactive species
sources, antioxidant defenses, and their dual role in muscle physiology is presented in Table 1.
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Table 1. Integrated overview of redox species, antioxidant defenses, and physiological effects in skeletal muscle

during exercise
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the manuscript.

4. Redox Homeostasis and Exercise in Elite Soccer Players
4.1. Exercise Demands and RONS Generation in Soccer

Elite soccer is defined by high-intensity, intermittent efforts that require a combination of aerobic
endurance, anaerobic bursts, and rapid neuromuscular responses. Players frequently perform
sprints, jumps, tackles, and directional changes, which place considerable metabolic and mechanical
stress on the body. These repeated efforts elevate mitochondrial respiration, increasing electron
leakage at complexes I and III of the electron transport chain and promoting superoxide formation
[61,52]. This oxidative load intensifies as match intensity increases, with soccer matches often
involving over 150 high-intensity actions [52].

In addition to mitochondrial sources, non-mitochondrial enzymes such as NOX, xanthine
oxidase, and uncoupled nitric oxide synthase are activated in response to mechanical loading,
inflammation, and transient hypoxia, all of which are frequently encountered during competitive
play [53]. Eccentric muscle contractions, including those involved in braking, cutting, and
deceleration, further increase RONS production by causing localized muscle damage and triggering
inflammatory responses [54].

Additionally, the intermittent nature of play leads to repeated cycles of restricted blood flow
and reoxygenation, mimicking ischemia-reperfusion conditions that favor oxidative reactions. These
physiological stressors are exacerbated during congested match schedules, limiting recovery time
and overwhelming antioxidant defenses [55]. If not properly regulated, the resulting oxidative
imbalance may disrupt cellular signaling, impair calcium handling, and initiate catabolic processes.
These effects can ultimately reduce athletic performance and increase the risk of injury [15].

Understanding the specific contexts in which RONS production is elevated, such as during
sprints, directional changes, or periods of high match load, can inform the design of targeted training,
recovery, and antioxidant strategies that preserve redox balance without suppressing necessary
adaptive signals [56].

4.2. Acute and Chronic Oxidative Stress Responses

Acute oxidative stress is a natural response to intense exercise and is vital in promoting muscular
adaptation. RONS produced during a single training session or match can activate several signaling
pathways, including AMPK, MAPKSs, and Nrf2. These pathways contribute to the upregulation of
antioxidant enzyme expression, stimulation of mitochondrial biogenesis, and support of tissue repair
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processes [40,57]. These transient responses help prepare the muscle for future stress, contributing to
improved endurance, faster recovery, and greater fatigue resistance [40].

However, when exposure to oxidative stress is prolonged or when recovery is inadequate, the
body's ability to adapt may become overwhelmed. Chronic oxidative stress, which can result from
repeated high-intensity efforts, poor nutritional status, or insufficient rest, may lead to cumulative
damage to lipids, proteins, and DNA [58]. In elite soccer players, this may manifest as reduced
calcium handling efficiency, impaired mitochondrial function, elevated inflammation, and decreased
neuromuscular performance [21]. Over time, such maladaptations contribute to performance decline,
prolonged fatigue, and a heightened risk of injury.

These adaptive and maladaptive outcomes are governed by the principle of hormesis, where
moderate stress enhances resilience, but excessive stress becomes detrimental [59]. Well-trained
athletes typically develop robust antioxidant defenses through upregulated enzymes like SOD, GPx,
and catalase, as well as increased stores of non-enzymatic antioxidants such as glutathione and
vitamin C [4]. Yet, the degree of this adaptation varies significantly between individuals, influenced
by genetics, dietary habits, age, and training status.

Given this variability, redox management in elite soccer cannot follow a one-size-fits-all
approach. Instead, recovery and nutritional strategies should be personalized based on regularly
monitoring redox biomarkers, training load, and individual responsiveness [3], thereby reducing the
risk of oxidative maladaptation while promoting consistent performance.

4.3. Biomarker Monitoring and Practical Applications

Effectively managing redox homeostasis in elite athletes requires objective tools to assess
oxidative stress and antioxidant status. Biomarkers offer a non-invasive and quantifiable way to
monitor the balance between RONS production and antioxidant capacity, providing insights into an
athlete’s physiological state and recovery needs.

Commonly used oxidative stress biomarkers include malondialdehyde (MDA) and F.-
isoprostanes for lipid peroxidation, protein carbonyls for protein oxidation, and 8-hydroxy-2'-
deoxyguanosine (8-OHdG) for oxidative DNA damage [60-62]. These can be measured through
blood, urine, or saliva, making them practical for laboratory and field settings. Complementing these
are markers of antioxidant defense, such as total antioxidant capacity (TAC) and activities of enzymes
like SOD, catalase, and GPx.

When incorporated into athlete monitoring systems, these biomarkers help identify redox
imbalance before it results in noticeable fatigue or performance drops [63,64]. This allows for
proactive adjustments in training loads, recovery protocols, and dietary support. Advances in
portable diagnostics have also improved the feasibility of frequent sampling, enabling real-time
feedback [65].

It is important to interpret biomarker data within the appropriate physiological and training
context. Isolated measurements may be misleading; therefore, longitudinal tracking that considers
training phases, performance indicators, and subjective recovery assessments is essential for accurate
evaluation [66]. Personalized profiles can guide evidence-based decisions on antioxidant use and
recovery interventions, reducing injury risk and supporting long-term adaptation [64].

Redox biomarker monitoring, combined with other physiological and psychological indicators
(e.g., HRV, neuromuscular function, perceived exertion), provides a comprehensive framework for
optimizing training and recovery in elite soccer [63,67]. It marks a key step toward precision
performance management tailored to the unique oxidative demands of each athlete. A synthesized
overview of exercise-induced redox stress, adaptation mechanisms, and biomarker applications in
elite soccer is presented in Table 2.
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Table 2. Overview of redox stress, adaptive responses, and biomarker-guided strategies in elite soccer
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5. Redox Signaling and Muscle Function in Soccer Performance
5.1. Redox Regulation of Neuromuscular Function and Energy Metabolism

RONS exert significant control over neuromuscular function by modulating the molecular
processes that govern excitation—contraction (E-C) coupling and cellular energy metabolism. In
skeletal muscle, E-C coupling involves the precise sequence of electrical stimulation, calcium release,
actin-myosin interaction, and subsequent calcium reuptake [68,69]. Moderate concentrations of
RONS, particularly hydrogen peroxide (H;O) and nitric oxide (NO®), can enhance this process by
reversibly oxidizing thiol groups on proteins such as ryanodine receptors (RyR1) and SERCA pumps,
thereby facilitating calcium handling and improving contractile performance [68,70].

This redox-sensitive modulation is especially relevant during submaximal or repetitive efforts
common in elite soccer, where efficient calcium cycling supports sustained muscular output [71].
However, when RONS accumulate excessively, they induce irreversible oxidative modifications,
such as carbonylation or nitrosylation, of contractile proteins, impairing calcium flux and reducing
muscle fiber responsiveness [72,73]. This deterioration in E-C coupling contributes to decreased force
production, particularly in later stages of match play or under cumulative fatigue [73].

In addition to regulating contractile function, RONS influence skeletal muscle energy
metabolism by activating AMPK, a key energy sensor that responds to increased AMP: ATP ratios
and oxidative cues [74]. Once activated, AMPK promotes adaptive processes including glucose
uptake via GLUT4 translocation, fatty acid oxidation, and mitochondrial biogenesis. These effects are
primarily mediated through upregulation of peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1a), a master regulator of oxidative metabolism and mitochondrial function
[75].

The interaction between RONS, AMPK, and PGC-1a enhances metabolic flexibility, allowing
soccer players to transition efficiently between energy systems during variable-intensity play [40].
Redox-sensitive pathways involving sirtuins (e.g., SIRT1) and FOXO transcription factors support
mitochondrial quality control and protect against oxidative injury [41]. However, sustained oxidative
overload can interfere with these signaling pathways, impair the mitochondrial membrane potential,
and decrease ATP synthesis. These effects collectively compromise endurance capacity and
contribute to increased fatigue.

Therefore, maintaining RONS within a functional range is crucial for preserving neuromuscular
performance and metabolic resilience. Training, recovery, and nutritional strategies must be designed
with an understanding of redox dynamics to support performance and adaptation without tipping
into oxidative dysfunction.

5.2. Redox Contribution to Fatigue, Recovery, and Muscle Damage

In the physically demanding context of elite soccer, where athletes repeatedly engage in high-
intensity actions with limited recovery, RONS contribute substantially to fatigue development and
tissue stress [13,73]. While moderate levels of RONS are essential for triggering beneficial
adaptations, excess production can impair cellular functions central to muscular endurance and
recovery [76].

One major pathway through which RONS influence fatigue is by disrupting excitation—
contraction coupling. Oxidative modifications to calcium-regulating proteins, such as RyR1 and
SERCA pumps, lead to reduced calcium availability and slower reuptake, lowering contraction
efficiency [73]. In parallel, RONS-induced oxidation of metabolic enzymes, like glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and creatine kinase, can diminish ATP regeneration capacity,
limiting energy availability during sustained activity [73]. These impairments are particularly evident
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in fast-twitch fibers, which are heavily recruited during sprinting and explosive movements in soccer
but possess relatively weaker intrinsic antioxidant defenses [2].

In addition to contributing to acute fatigue, RONS play a role in muscle soreness and injury
through their involvement in the inflammatory response to eccentric muscle damage. Structural
disruption of muscle fibers during intense or lengthening contractions triggers immune cell
infiltration, which amplifies oxidative stress through secondary RONS release [77]. This prolongs the
inflammatory phase, exacerbates lipid and protein oxidation, and delays tissue recovery—
mechanisms that underlie delayed-onset muscle soreness (DOMS) and increase the risk of recurrent
injury if insufficient recovery is provided [78].

Despite these risks, RONS are vital for initiating the repair and remodeling processes necessary
for long-term adaptation [79]. They activate transcription factors such as NF-kB and AP-1, which
upregulate cytokines and growth factors involved in muscle regeneration, satellite cell activation,
and extracellular matrix remodeling [72]. Consequently, completely suppressing RONS, such as
through indiscriminate antioxidant use, may interfere with natural recovery processes and hinder
adaptation.

Effective recovery management, therefore, requires a nuanced understanding of redox
physiology. Interventions to limit excessive oxidative stress (e.g., antioxidant support, cryotherapy)
should be timed strategically to avoid blunting redox-sensitive adaptation pathways. By combining
redox biomarker monitoring with neuromuscular assessments and subjective fatigue ratings,
practitioners can better support muscle recovery and maintain high-level performance throughout
the competitive season. A summary of redox signaling pathways and their influence on muscle
function, fatigue, and recovery in elite soccer is presented in Table 3.

Table 3. Summary of redox signaling effects on neuromuscular function, fatigue, and muscle recovery in elite

soccer.
Implications for
Mechanism or Description and Effects /
Elite Soccer References
Concept Key Features Outcomes
Players
Supports sustained
Excitation— RONS modulate Enhances calcium
submaximal
Contraction (E-  RyR1 and SERCA handling and
output; vulnerable  [68-71]
C) Coupling through reversible  contractile
to oxidative
Modulation oxidation performance
damage in fatigue
Reduces force
Excessive RONS  Irreversible protein Leads to late-match
production and
and E-C oxidation impairs fatigue, especially ~ [72,73]
muscle
Disruption calcium flux ] under high load
responsiveness

Promotes glucose ~ Enhances energy
AMPK-PGC-1a. AMPK is activated

uptake, FAQ, efficiency and
Pathway by oxidative and [40,74,75]
mitochondrial endurance
Activation energetic stress ) i
biogenesis performance
RONS-sensitive Improves Disrupted under
Redox and
transcription (e.g.,  metabolic chronic oxidative
Mitochondrial [40,41]
) SIRT1, FOXO) flexibility and overload, reducing
Regulation
affects quality control ATP

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.2261.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2025

d0i:10.20944/preprints202505.2261.v1

11 of 26
mitochondrial
health
Type II fibers with ~ Accumulate Require targeted
Fast-Twitch
low antioxidant oxidative damage, recovery and
Fiber [2,73]
o capacity under reduce contraction antioxidant
Susceptibility ) N .
high load efficiency strategies
Secondary
Lipid and protein  Increases soreness
RONS Role in oxidative stress
oxidation, and injury risk
Muscle Damage  from immune [13,73,77,78]
o prolonged under poor
and DOMS activation post-
inflammation recovery
exercise
Necessary for
Activate NF-«B ) ]
Support satellite adaptation;
RONS in Muscle and AP-1,
cell activation and  indiscriminate
Repair and stimulating [72,79]
muscle antioxidant use
Remodeling cytokines and ) . .
regeneration may impair the
growth factors
process
Combines redox Enables precise
Prevents
Recovery biomarker intervention
o ) o maladaptation and
Management monitoring with timing (e.g., o [2,76,79]
o maintains
Strategy neuromuscular and antioxidant,
i performance
fatigue data cryotherapy)

Note: For the full terms of abbreviations used in this table, please refer to the Abbreviations sec-tion at the end

of the manuscript.

6. Antioxidant Defense and Recovery Strategies

6.1. Endogenous Adaptation Versus Exogenous Antioxidant Supplementation

Skeletal muscle has a well-developed endogenous antioxidant system that adjusts in response

to oxidative stress induced by training. This adaptive response is governed by the principle of
hormesis, in which exposure to moderate oxidative stress activates protective cellular mechanisms,
thereby enhancing resilience and overall performance capacity. Central to this process is the
transcription factor Nrf2, which, upon activation by RONS, translocates to the nucleus and promotes
the expression of antioxidant enzymes such as SOD, catalase, and GPx, as well as enzymes involved
in glutathione synthesis [2,80,81].

These adaptive responses enhance mitochondrial efficiency, reinforce redox buffering capacity,
and assist in the regulation of inflammation. Together, these effects are essential for maintaining high-
level athletic performance. Importantly, repeated exposure to manageable oxidative stress during
training triggers the expression of PGC-1a, a key coactivator of mitochondrial biogenesis and
oxidative metabolism [82]. This leads to improved endurance, delayed onset of fatigue, and greater
efficiency in energy utilization, all of which are essential attributes for elite soccer players.

On the other hand, exogenous antioxidant supplementation introduces a layer of complexity.
Widely used compounds such as vitamin C, E, and N-acetylcysteine (NAC) are intended to reduce
oxidative damage and inflammation [22,83]. At the same time, polyphenols like quercetin, curcumin,
and resveratrol have additional signaling effects [84]. While these supplements can reduce muscle
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soreness and improve subjective recovery in certain contexts, their indiscriminate or chronic use may
interfere with the very signaling pathways that mediate beneficial training adaptations [84].

Studies have shown that high doses of antioxidants can blunt the activation of redox-sensitive
kinases such as AMPK and p38 MAPK, reducing PGC-1a expression and impairing mitochondrial
and metabolic adaptations [22,83,85]. These findings challenge the notion that oxidative stress is
always harmful, highlighting its essential role in driving physiological improvements.

Thus, while antioxidant supplementation may be useful in specific contexts, such as injury
recovery, high-altitude exposure, or during periods of extreme match congestion, it should not be
applied universally. A periodized and personalized approach, aligned with training goals, recovery
needs, and individual redox profiles, is increasingly regarded as the most effective strategy to
optimize both adaptation and performance in elite soccer.

6.2. Nutritional and Physiological Recovery Interventions

In elite soccer, recovery strategies are crucial to counteract the neuromuscular and oxidative
strain from frequent high-intensity activity. Both nutritional antioxidants and physiological methods
are used to support tissue repair, reduce inflammation, and maintain performance continuity, though
their effectiveness depends heavily on timing, context, and dosage.

From a nutritional perspective, several antioxidants are commonly used to buffer exercise-
induced oxidative stress. Vitamin C operates in the aqueous phase to scavenge radicals and
regenerate other antioxidants, while vitamin E protects lipid membranes from peroxidation [86].
NAC serves as a precursor for glutathione synthesis and has shown promise in preserving muscle
function under high oxidative loads [87]. Polyphenols like quercetin, resveratrol, and curcumin offer
dual benefits: direct antioxidant activity and modulation of redox-sensitive signaling pathways such
as NF-kB and Nrf2 [88].

These compounds can be delivered through diet or supplements, but their absorption, efficacy,
and interaction with training stress must be carefully considered. For instance, while acute
supplementation may reduce inflammation and muscle damage post-exercise [89], chronic high-dose
intake may suppress signaling pathways required for adaptation [90]. This underscores the need to
align antioxidant intake with the training cycle, applying them more liberally during high-stress
periods and sparingly during adaptation-focused blocks [26,91].

Physiological interventions such as cold-water immersion and cryotherapy are also widely used
to manage inflammation and oxidative stress [92]. By limiting neutrophil activity and oxidative
bursts following muscle damage, these techniques can aid short-term recovery. However, excessive
or untimely use may blunt anabolic signaling and delay long-term adaptation [93].

Sleep is another vital component of redox regulation, as it influences hormonal rhythms and
endogenous antioxidant activity, including melatonin production [94]. Sleep deprivation can impair
redox signaling and reduce antioxidant capacity, emphasizing the need for consistent sleep hygiene
as a non-negotiable element of recovery [95]. Additionally, low-intensity active recovery and massage
can improve circulation, promote metabolic byproduct clearance, and reduce oxidative load [96].

Taken together, these interventions form a multifaceted recovery toolkit. Their success depends
on individual responsiveness, the training phase, and the broader performance context. When
strategically implemented, they can accelerate recovery, preserve adaptations, and extend the
competitive longevity of elite soccer players.

6.3. Strategic Application and the Adaptation-Blunting Debate

Antioxidant strategies in elite sport must be applied with precision, as inappropriate timing or
excessive dosing may impair training-induced adaptations. The adaptation-blunting hypothesis
suggests that high-dose supplementation can suppress redox-sensitive pathways, such as AMPK,
PGC-1a, and Nrf2, disrupting mitochondrial biogenesis and metabolic remodeling [26,97]. To
preserve the benefits of oxidative signaling, antioxidant use should be aligned with specific training
phases and individual recovery needs.
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In elite soccer, where training focus shifts throughout the year, from capacity-building in the
preseason to performance preservation during congested match periods, antioxidant strategies must
be periodized [9]. During phases of high training load or competition density, moderate antioxidant
use may help manage cumulative fatigue and protect against excessive oxidative stress [98].
However, during adaptation-intensive blocks, minimizing supplementation may preserve the
oxidative signals necessary for physiological gains.

Individual variability further complicates blanket recommendations. Genetic polymorphisms in
redox-related enzymes (e.g., SOD2, GSTP1), baseline antioxidant status, dietary habits, and positional
demands all influence an athlete’s oxidative profile and responsiveness to interventions [1,99]. For
example, midfielders and wide players typically engage in more high-intensity running than
defenders or goalkeepers, potentially experiencing greater oxidative stress.

To tailor antioxidant support, objective data are essential. Biomarkers such as MDA, protein
carbonyls, 8-OHdG, and enzyme activities (e.g., SOD, GPx) can provide insights into redox status
when interpreted alongside performance and recovery metrics [26,100]. This enables practitioners to
detect maladaptation early and adjust interventions accordingly.

Ultimately, the future application of antioxidants in elite sport is expected to focus on precision
recovery. This approach involves the use of biomarker data, training load metrics, and athlete
feedback to guide decisions regarding the timing, dosage, and method of intervention [101,102]. By
doing so, it ensures that performance is supported without interfering with the molecular pathways
essential for long-term development and physiological resilience. A comparative summary of
antioxidant strategies, adaptive responses, and recovery interventions in elite soccer is presented in
Table 4.

Table 4. Summary of endogenous and exogenous antioxidant strategies and recovery applications in elite

soccer.
. L Implications
Mechanism or Description and  Effects / .
for Elite Soccer  References
Concept Key Features Outcomes
Players
Promotes
Nrf2 activation
natural
induces )
o Enhances redox adaptation;
Endogenous antioxidant
resilience and training must
Antioxidant enzymes (SOD, [2,80,81]
mitochondrial ~ provide a
Adaptation catalase, GPx) in .
efficiency moderate
response to L
oxidative
RONS .
stimulus
Triggered by
Increases
oxidative and Critical for
endurance,
PGC-1a- energetic stress, long-term
delays fatigue,
Mediated supports i adaptationand  [82]
and improves
Adaptation mitochondrial performance
. ) energy
biogenesis and enhancement
utilization
metabolism
Reduces Can impair Use cautiously
Exogenous
] oxidative stress ~ AMPK and during injury or  [22,83,85]
Supplementation
and PGC-1a overload
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— Vitamins C, E, inflammation, activation, periods, not
NAC but may blunt reducing chronically
signaling if adaptation
misused
Aid Appl
Quercetin, ) ) PP y
. inflammation selectively
curcumin,
Polyphenol-Based control and based on
resveratrol have [84,88,90]
Supplementation recovery; training
antioxidant and
modulate NF- intensity and
signaling effects
kB and Nrf2 goals
Cryotherapy, Support acute Effective when
cold-water recovery and timed
Physiological immersion, tissue repair; appropriately; [92-96]
Interventions sleep, massage, reduce avoid overuse
and active inflammatory to preserve
recovery oxidative bursts adaptations
High
antioxidant May limit
) ) ) Highlights the
Adaptation- doses suppress ~ mitochondrial ]
. . . ) importance of
Blunting redox-sensitive ~ biogenesis and o [26,83,97]
. o precise timing
Hypothesis pathways oxidative )
and dosing
(AMPK, PGC- capacity
la, Nrf2)
Strategy varies Periodized
. between Balances planning
Training
adaptation- oxidative enhances
Periodization of [9,98]

focused and

signaling and

recovery and

Antioxidants
performance- damage control  preserves
focused phases adaptation
Redox response ~ Biomarkers Supports
Individual
is influenced by (MDA, 8- personalized
Variability and
] genetics, diet, OHJdG, GPx) antioxidant and  [1,26,99-102]
Precision
training, and enable targeted  recovery
Recovery
playing position intervention protocols

Note: For the full terms of abbreviations used in this table, please refer to the Abbreviations section at the end of

the manuscript.

7. Periodization, Redox Adaptation, and Long-Term Conditioning

7.1. Seasonal Variation and Oxidative Stress Profiles

Throughout the annual training and competition cycle, elite soccer players are exposed to

varying levels of physiological stress that impact their oxidative status. The different phases of the

season, including the preseason, in-season, and off-season, each present unique metabolic,

neuromuscular, and recovery demands that collectively influence redox balance [103,104].
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Understanding how oxidative stress fluctuates across these periods is essential for designing effective
training and recovery programs that support long-term conditioning and resilience.

During the preseason, training loads intensify as players rebuild fitness, strength, and
coordination. This phase typically includes unfamiliar or high-volume eccentric exercises and
increased total workload, all of which elevate RONS production [2,80]. Mitochondrial respiration,
NADPH oxidase activity, and inflammatory responses from muscle microtrauma contribute to
elevated oxidative stress, as reflected by increased biomarkers such as MDA and protein carbonyls
[105]. However, when managed properly, this oxidative challenge acts as a beneficial stimulus,
activating redox-sensitive pathways like Nrf2 and promoting antioxidant enzyme expression and
mitochondrial biogenesis [106]. These adaptations lay the physiological foundation for enduring
performance throughout the season.

The in-season phase for elite soccer players is characterized by a focus on maintaining
performance, preventing injuries, and ensuring efficient recovery between matches. This period is
marked by frequent high-intensity games, travel, and limited rest, which collectively contribute to
increased oxidative stress. For players with high playing minutes and limited rotation, the
endogenous antioxidant capacity may be insufficient to counteract the repeated exposure to RONS.
This persistent oxidative overload can lead to reduced recovery quality, elevated muscle damage
markers, and a higher incidence of soft tissue injuries. Therefore, in-season management often
requires targeted nutritional support, individualized recovery interventions, and close monitoring of
oxidative stress to prevent maladaptation. Effective nutritional strategies for post-match recovery
emphasize the timely intake of approximately 1.2 g/kg/h of carbohydrates and 40 g of protein within
20 minutes to restore glycogen and stimulate muscle protein synthesis. Daily recommendations
include 6-10 g/kg of carbohydrates and over 1.5 g/kg of protein, ideally in divided doses [107].
Supplementation with vitamin D, omega-3 fatty acids, creatine, and antioxidants may further support
recovery, with compounds like curcumin and bromelain showing potential benefits pending further
research [108]. Monitoring oxidative stress through markers such as creatine kinase (CK) and C-
reactive protein helps assess muscle damage and inflammation, as CK typically peaks 24-48 hours
post-match and normalizes within 72 hours [9,14]. Antioxidant enzymes, including glutathione
reductase and catalase, exhibit seasonal variation, suggesting adaptive buffering of oxidative stress,
despite stable overall marker levels [2].

The off-season is a critical phase for redox recalibration in elite soccer players, providing an
opportunity for physiological regeneration, reduction in systemic inflammation, and restoration of
antioxidant capacity. Decreased training volume lowers oxidative stress, allowing replenishment of
key antioxidants such as glutathione and vitamins C and E [26,109,110]. This period also supports
improved sleep and circadian rhythm regulation, which enhances recovery and immune function
[111,112]. Regular in-season oxidative stress may enhance endogenous defenses, which can be
recalibrated during the off-season to restore redox balance [4]. Although antioxidant
supplementation may aid recovery, its effectiveness depends on exercise intensity and individual
requirements [26,110]. Low-level conditioning should be maintained to preserve mitochondrial
function and prevent detraining [4,113], while the shift toward a more reducing environment
supports long-term performance and health [113]. This phase also allows for dietary reassessment to
better prepare for oxidative demands in the upcoming preseason [111,[114].

By recognizing the seasonal rhythm of oxidative stress, practitioners can better align antioxidant
strategies with physiological demands, ensuring recovery and adaptation are both supported
throughout the training year.

7.2. Periodized Antioxidant Strategies and Individual Redox Profiling

Antioxidant strategies in elite soccer should be periodized to match the oxidative demands of
specific training phases. High-dose supplementation during adaptation-focused periods, such as
preseason or strength blocks, may blunt training-induced adaptations by interfering with redox-
sensitive pathways like AMPK, PGC-1a, and Nrf2, which are essential for mitochondrial biogenesis
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and metabolic remodeling [97,115]. Endogenous antioxidant systems, strengthened through
controlled oxidative stress, play a key role in promoting adaptation and performance by facilitating
ROS-mediated signaling and reducing inflammation [26]. In contrast, during high-intensity
competition phases, short-term antioxidant support may help mitigate fatigue and muscle damage,
particularly when appropriately timed and dosed [26,116]. Although some evidence suggests that
antioxidants can attenuate mitochondrial and antioxidant adaptations, the redundancy in skeletal
muscle signaling pathways indicates that training may offset these effects in certain contexts [97,115].

In elite soccer players, individualized redox management is essential due to variability in
oxidative stress susceptibility, influenced by genetic polymorphisms in antioxidant enzymes such as
SOD2, GPX1, and CAT [50,117]. These genetic differences, along with training history, position-
specific demands, and dietary patterns, affect oxidative stress responses and recovery needs [2,4,118].
Personalized nutritional interventions, including vitamin C and antioxidant-rich diets, can support
redox balance and reduce markers like 8-OHdG and F2a-isoprostane [117,118]. Biomarker profiling,
which includes measures such as MDA, 8-OHdG, protein carbonyls, and total antioxidant capacity,
along with data from GPS tracking, HRV, and subjective fatigue assessments, provides the basis for
developing individualized antioxidant strategies [118,119]. Applying these interventions across
training cycles helps regulate oxidative stress, enhances performance, and reduces the risk of
overtraining [4,119]. A seasonal and personalized overview of redox adaptation and antioxidant
strategy in elite soccer is presented in Table 5.

Table 5. Seasonal variation, periodized antioxidant strategy, and personalized redox profiling in elite soccer.

o Implications
. Description .
Mechanism or Effects / for Elite
and Key References
Concept Outcomes Soccer
Features
Players
High training
volume and
. Activates Nrf2, Forms an
eccentric
) enhances adaptive
exercises
) antioxidant foundation
Preseason increase
_ enzyme for in-season
Redox RONS via ) [2,80,103-106]
expression, and  performance;
Challenge mitochondrial
o promotes must be
respiration, . ) .
mitochondrial monitored
NOX activity,
biogenesis for overload
and
inflammation
Frequent Demands
high-intensity targeted
matches, nutrition
Can impair
travel, and (CHO,
In-Season recovery,
limited rest protein,
Oxidative increase muscle [9,14,107,108]
elevate vitamin D),
Load damage, and
oxidative o . biomarker
raise injury risk o
stress, CK, monitoring,

and

inflammation

and rotation

strategies
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Reduced load
allows
antioxidant Enhances
restoration glutathione, Ideal for
Off-Season and vitamin C/E physiological
Redox inflammation levels, immune  regeneration [4,26,109-114]
Recalibration resolution; function, and and dietary
improved mitochondrial reassessment
sleep maintenance
supports
redox reset
Strategy
should
High-dose
match
antioxidants .
) training
during May blunt
o . . cycle—
Periodized adaptation training
minimal
Antioxidant phases may adaptations and ) [26,97,115,116]
during
Strategy suppress mitochondrial )
adaptation
AMPK, PGC-  gains
blocks,
la, and Nrf2
moderate
pathways )
during
congestion
Individual
differences in Highlights
antioxidant Affects the need for
enzyme genes susceptibility to  genetically
Redox Genetic
(SOD2, GPX1, oxidative stress informed [2,4,50,117]
Variability
CAT) and efficacy of nutrition and
modulate supplementation recovery
oxidative protocols
response
Redox
markers Reduces
Supports
(MDA, 8- overtraining
individualized
OHdG, risk and
Biomarker- ) training, o
protein optimizes
Guided antioxidant [4,117-119]
carbonyls, performance
Personalization timing, and
TAC) with through
stress
GPS, HRV, precision
management L
and RPE data conditioning
provide a
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recovery

profile

Note: For the full terms of abbreviations used in this table, please refer to the Abbreviations section at the end of

the manuscript.

8. Future Research Directions

Future investigations should prioritize longitudinal studies that capture redox fluctuations
across an entire competitive season in elite soccer players. Current research predominantly focuses
on acute responses to isolated training or matches, offering limited insight into cumulative oxidative
stress and its implications for injury risk, fatigue, and adaptation. Monitoring oxidative biomarkers
alongside performance and recovery metrics during preseason, in-season, and off-season phases
would provide a more integrated understanding of redox dynamics and their role in athlete resilience
and performance sustainability.

Advancements in omics technologies, including metabolomics and transcriptomics, provide
new opportunities to explore redox-sensitive pathways involved in muscle adaptation. These
approaches can assist in detecting early molecular changes that are associated with maladaptation or
overtraining. Additionally, future studies should aim to develop individualized antioxidant
strategies based on athletes’ genetic profiles, training demands, and biomarker data. Integrating these
insights into Al-assisted monitoring systems could enable real-time decision-making in training and
recovery planning, facilitating precision-based redox management tailored to each athlete’s
physiological needs.

9. Conclusions

RONS play a critical, dual role in the physiological demands of elite soccer. At moderate levels,
RONS function as essential signaling molecules that support mitochondrial biogenesis, antioxidant
enzyme induction, and muscle remodeling. However, excessive accumulation of reactive species,
often caused by high training loads or inadequate recovery, can disturb redox homeostasis. This
disruption may result in oxidative stress, compromised neuromuscular function, and an increased
risk of injury.

Optimizing redox balance requires a shift from generalized antioxidant use toward
individualized, periodized strategies informed by biomarker monitoring and performance metrics.
Integrating redox profiling with advancements in Al-based analytics, nutrition science, and athlete
monitoring systems offers a promising pathway for precision recovery and adaptation. Future
interventions should prioritize supporting physiological signaling while minimizing maladaptive
oxidative stress, thereby enhancing performance sustainability in elite soccer.

Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation Full Term

RONS Reactive Oxygen and Nitrogen Species

E-C coupling Excitation-Contraction Coupling

ROS Reactive Oxygen Species

NADPH Nicotinamide Adenine Dinucleotide Phosphate
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Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1-alpha

Nuclear Factor Erythroid 2-Related Factor 2

Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells

Total Antioxidant Capacity
8-Hydroxy-2'-Deoxyguanosine
Delayed-Onset Muscle Soreness
Creatine Kinase

Heart Rate Variability

Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase

Mitogen-Activated Protein Kinase

Forkhead Box O Transcription Factor

Sirtuin 1

Carbohydrates

N-Acetylcysteine

Fatty Acid Oxidation

Global Positioning System (Athlete Tracking)

Rating of Perceived Exertion

Author Contributions: Q.M. and C.-H.S. contributed to this review of experts. All authors have read and agreed

to the published version of the manuscript.

Funding: This research received funding from the Research Project on Education and Teaching Reform of
HUAQIAO University, No. HQJG202114.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.2261.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2025 d0i:10.20944/preprints202505.2261.v1

20 of 26

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

References

1. Rago, V. Leo, L; Pizzuto, F.; Costa, J.; Angeicchio, G.; Tafuri, D.; Raiola, G. Variation of Oxidative Stress of
Elite Football Players during Pre-Season and In-Season. Journal of physical education and sport 2016, 16 (2),
326-329. https://doi.org/10.7752/]PES.2016.02052.

2. Zoppi, C. C.; Antunes-Neto, J. M. F.; Catanho, F. O.; Goulart, L. F.; Motta e Moura, N.; Vaz de Macedo, D.
Blood Oxidative Stress, Antioxidant Enzymes and Muscle Damage Biomarkers Changes during a
Competitive Season in Soccer Players.2003,17 (2), 119-130. https://doi.org/10.11606/ISSN.2594-
5904.RPEF.2003.137562.

3. Toledo, I. C. Clinical, Cellular and Molecular Approaches to Oxidative Stress in Athletes’” Bodies: A
Systematic and Integrative Review. Int. ]. Nutrology 2023, 16 (1), €23106. https://doi.org/10.54448/ijn23106

4. Ruzicic, R.; Jakovljevic, V.; Djordjevic, D. Oxidative Stress in Training, Overtraining and Detraining: From
Experimental to Applied Research. Serb. ]. Exp. Clin. Res. 2016, 17 (4), 343-348.
https://doi.org/10.1515/SJECR-2016-0002

5. Gomez-Cabrera, M. C.; Carretero, A.; Millan-Domingo, F.; Garcia-Dominguez, E.; Correas, A. G.; Olaso-
Gonzalez, G.; Vina, ]. Redox-Related Biomarkers in Physical Exercise. Redox Biol. 2021, 42, 101956.
https://doi.org/10.1016/].REDOX.2021.101956

6.  Zulfahmidah, Z.; Safei, I. The Role of Reactive Oxygen Species in Muscle: Beneficial/Harmful. Green Med. |.
2022, 4 (3), 84-92. https://doi.org/10.33096/gmj.v4i3.129

7. Chen, M, Li, Y; Deng, S.-L; Zhao, Y, Lian, Z; Yu, K. Mitochondrial Function and Reactive
Oxygen/Nitrogen Species in Skeletal Muscle. Front. Cell Dev. Biol. 2022, 10, 826981.
https://doi.org/10.3389/fcell.2022.826981

8.  Powers, S. K,; Ji, L. L.,; Kavazis, A. N.; Jackson, M. ]J. Reactive Oxygen Species: Impact on Skeletal Muscle.
Compr. Physiol. 2011, 1 (2), 941-969. https://doi.org/10.1002/CPHY.C100054

9. Owen, A. L. Biochemical Response Comparisons of a Competitive Microcycle vs. Congested Fixture

Periods in Elite Level European Champions League Soccer Players. ]. Complement. Med. Alt. Healthcare 2019,
10 (1). https://doi.org/10.19080/]CMAH.2019.09.555778

10. Coelho, D. B.; Pimenta, E. M.; Veneroso, C. E.; Morandi, R. F.; Pacheco, D. A. S.; Pereira, E. R.; Coelho, L. G.
M,; Garcia, E. S. Assessment of Acute Physiological Demand for Soccer. Rev. Bras. Cineantropom. Desempenho
Hum. 2013, 15 (6), 667-676. https://doi.org/10.5007/1980-0037.2013V15N6P667

11. Mohr, M.; Vigh-Larsen, J. F.; Krustrup, P. Muscle Glycogen in Elite Soccer — A Perspective on the

Implication for Performance, Fatigue, and Recovery. Front. Sports Act. Living 2022, 4, 876534.
https://doi.org/10.3389/fspor.2022.876534

12. Nedelec, M.; McCall, A.; Carling, C.; Legall, F.; Berthoin, S.; Dupont, G. Recovery in Soccer Part I - Post-
Match Fatigue and Time Course of Recovery. Sports Med. 2012, 42 (12), 997-1015.
https://doi.org/10.2165/11635270-000000000-00000

13. Liu, G. Extended Match Time Exacerbates Fatigue and Impacts Physiological Responses in Male Soccer
Players. Med. Sci. Sports Exerc. 2022, 55 (1), 80-92. https://doi.org/10.1249/mss.0000000000003021

14. Saidi, K; Zouhal, H.; Boullosa, D.; Dupont, G.; Hackney, A. C.; Bideau, B.; Granacher, U.; Ben Abderrahman,
A. Biochemical Markers and Wellness Status During a Congested Match Play Period in Elite Soccer Players.
Int. ]. Sports Physiol. Perform. 2022, 17 (4), 1-16. https://doi.org/10.1123/ijspp.2020-0914

15. Saidi, K.; Zouhal, H.; Rhibi, F.; Tijani, ]. M.; Boullosa, D.; Chebbi, A.; Hackney, A. C.; Granacher, U.; Bideau,
B.; Ben Abderrahman, A. Effects of a Six-Week Period of Congested Match Play on Plasma Volume
Variations, Hematological Parameters, Training Workload and Physical Fitness in Elite Soccer Players. PLoS
One 2019, 14 (7), €0219692. https://doi.org/10.1371/journal.pone.0219692

16. Mankowski, R. T.; Anton, S. D.; Buford, T. W.; Leeuwenburgh, C. Dietary Antioxidants as Modifiers of
Physiologic Adaptations to Exercise. Med. Sci. Sports Exerc. 2015, 47 (9), 1857-1868.
https://doi.org/10.1249/MSS.0000000000000620

17. Urso, M.; Clarkson, P. Oxidative Stress, Exercise, and Antioxidant Supplementation. Toxicology 2003, 189
(1-2), 41-54. https://doi.org/10.1016/S0300-483X(03)00151-3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.7752/JPES.2016.02052
https://doi.org/10.11606/ISSN.2594-5904.RPEF.2003.137562
https://doi.org/10.11606/ISSN.2594-5904.RPEF.2003.137562
https://doi.org/10.54448/ijn23106
https://doi.org/10.1515/SJECR-2016-0002
https://doi.org/10.1016/J.REDOX.2021.101956
https://doi.org/10.33096/gmj.v4i3.129
https://doi.org/10.3389/fcell.2022.826981
https://doi.org/10.1002/CPHY.C100054
https://doi.org/10.19080/JCMAH.2019.09.555778
https://doi.org/10.5007/1980-0037.2013V15N6P667
https://doi.org/10.3389/fspor.2022.876534
https://doi.org/10.2165/11635270-000000000-00000
https://doi.org/10.1249/mss.0000000000003021
https://doi.org/10.1123/ijspp.2020-0914
https://doi.org/10.1371/journal.pone.0219692
https://doi.org/10.1249/MSS.0000000000000620
https://doi.org/10.1016/S0300-483X(03)00151-3
https://doi.org/10.20944/preprints202505.2261.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2025 d0i:10.20944/preprints202505.2261.v1

21 of 26

18. Powers, S.; Deruisseau, K.; Quindry, J.; Hamilton, K. Dietary Antioxidants and Exercise. J. Sports Sci. 2004,
22, 81-94. https://doi.org/10.1080/0264041031000140563

19. Kawamura, T.; Muraoka, I. Exercise-Induced Oxidative Stress and the Effects of Antioxidant Intake from a
Physiological Viewpoint. Antioxidants 2018, 7 (9), 119. https://doi.org/10.3390/antiox7090119

20. Supruniuk, E.; Goérski, J.; Chabowski, A. Endogenous and Exogenous Antioxidants in Skeletal Muscle
Fatigue Development during Exercise. Antioxidants 2023, 12 (2), 501. https://doi.org/10.3390/antiox12020501

21. Vargas-Mendoza, N.; Angeles-Valencia, M.; Morales-Gonzalez, A Madrigal-Santillan, E.; Morales-

Martinez, M.; Madrigal-Bujaidar, E.; Alvarez-Gonzdlez, 1.; Gutiérrez-Salinas, J.; Esquivel-Chirino, C.;
Chamorro-Cevallos, G.; Cristobal-Luna, J. M.; Morales-Gonzalez, J. A. Oxidative Stress, Mitochondrial
Function and Adaptation to Exercise: New Perspectives in Nutrition. Life 2021, 11 (11), 1269.
https://doi.org/10.3390/LIFE11111269

22. McLeay, Y,; Stannard, S. R.; Houltham, S. D.; Starck, C. Dietary Thiols in Exercise: Oxidative Stress Defence,
Exercise Performance, and Adaptation. J. Int. Soc. Sports Nutr. 2017, 14 (1), 12.
https://doi.org/10.1186/S12970-017-0168-9

23. Fransson, D.; Nielsen, T. S.; Olsson, K.; Christensson, T.; Bradley, P. S.; Fatouros, I. G.; Krustrup, P.;

Nordsborg, N. B.; Mohr, M. Skeletal Muscle and Performance Adaptations to High-Intensity Training in
Elite Male Soccer Players: Speed Endurance Runs versus Small-Sided Game Training. Eur. ]. Appl. Physiol.
2018, 118 (1), 111-121. https://doi.org/10.1007/500421-017-3751-5

24. Djordjevic, D.; Jakovljevic, V.; Cubrilo, D.; Zlatkovic, M.; Zivkovic, V.; Djuric, D. Coordination Between
Nitric Oxide and Superoxide Anion Radical During Progressive Exercise in Elite Soccer Players. Open
Biochem. ]. 2010, 4 (1), 100-106. https://doi.org/10.2174/1874091X01004010100

25. daSilva, A. N.; Freitas-Lima, L. C. The Association between Physical Exercise and Reactive Oxygen Species
(ROS) Production. J. Sports Med. Doping Stud. 2015, 5 (1), 1000152. https://doi.org/10.4172/2161-0673.1000152

26. Clemente-Suarez, V. J.; Bustamante-Sanchez, A.; Mielgo-Ayuso, J.; Martinez-Guardado, I.; Martin-
Rodriguez, A.; Tornero-Aguilera, J. F. Antioxidants and Sports Performance. Nutrients 2023, 15 (10), 2371.
https://doi.org/10.3390/nu15102371

27. Yavari, A.; Javadi, M.; Mirmiran, P.; Bahadoran, Z. Exercise-Induced Oxidative Stress and Dietary
Antioxidants. Asian J. Sports Med. 2015, 6 (1), €24898. https://doi.org/10.5812/AS]SM.24898

28. Bottinelli, R.; Westerblad, H. Reactive Oxygen and Nitrogen Species in Skeletal Muscle: Acute and Long-
Term Effects. J. Physiol. 2011, 589 (9), 2117-2118. https://doi.org/10.1113/[PHYSIOL.2011.209437

29. Quindry, J. C; Miller, L.; McGinnis, G. R.; Irwin, M.; Dumke, C. L.; Magal, M.; Triplett, N. T.; McBride, J.
M.; Urbiztondo, Z. Muscle-Fiber Type and Blood Oxidative Stress after Eccentric Exercise. Int. J. Sport Nutr.
Exerc. Metab. 2011, 21 (6), 462-470. https://doi.org/10.1123/I[SNEM.21.6.462

30. Aldous, J. W. F.; Chrismas, B. C. R.; Akubat, I.; Dascombe, B. J.; Abt, G.; Taylor, L. Hot and Hypoxic
Environments Inhibit Simulated Soccer Performance and Exacerbate Performance Decrements When
Combined. Front. Physiol. 2015, 6, 421. https://doi.org/10.3389/FPHYS.2015.00421

31. Powers, S. K,; Goldstein, E. R.; Schrager, M. A.; Ji, L. L. Exercise Training and Skeletal Muscle Antioxidant
Enzymes: An Update. Antioxidants 2022, 12 (1), 39. https://doi.org/10.3390/antiox12010039

32. Kozakowska, M.; Pietraszek-Gremplewicz, K.; Jozkowicz, A.; Dulak, J. The Role of Oxidative Stress in

Skeletal Muscle Injury and Regeneration: Focus on Antioxidant Enzymes. |. Muscle Res. Cell Motil. 2015, 36
(6), 377-393. https://doi.org/10.1007/510974-015-9438-9

33. Bjelakovic, L.; Kocic, G.; Radovanovi¢, D.; Anti¢, V.; Bjelakovic, B.; Anti¢, Z. Antioxidants and Their
Importance during Muscular Exercise: A Review. Facta Univ. Ser. Med. Biol. 2017, 19 (1), 48-56.
https://doi.org/10.22190/FUMB160918002B

34. Galecka, E.; Mrowicka, M.; Malinowska, K.; Gatecki, P. Chosen Non-Enzymatic Substances That Participate
in a Protection against Overproduction of Free Radicals. Pol. Merkur. Lekarski 2008, 25 (147), 269-272.
https://europepmec.org/article/MED/19112847

35. Frei, B. Efficacy of Dietary Antioxidants to Prevent Oxidative Damage and Inhibit Chronic Disease. ]. Nutr.
2004, 134 (11), 31965-3198S. https://doi.org/10.1093/IN/134.11.3196S

36. Gutowicz, M. Antioxidant and Detoxyactive Mechanisms in Central Nervous System. Postepy Hig. Med.
Dosw. 2020, 74, 1-11. https://doi.org/10.5604/01.3001.0013.8548

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.1080/0264041031000140563
https://doi.org/10.3390/antiox7090119
https://doi.org/10.3390/antiox12020501
https://doi.org/10.3390/LIFE11111269
https://doi.org/10.1186/S12970-017-0168-9
https://doi.org/10.1007/S00421-017-3751-5
https://doi.org/10.2174/1874091X01004010100
https://doi.org/10.4172/2161-0673.1000152
https://doi.org/10.3390/nu15102371
https://doi.org/10.5812/ASJSM.24898
https://doi.org/10.1113/JPHYSIOL.2011.209437
https://doi.org/10.1123/IJSNEM.21.6.462
https://doi.org/10.3389/FPHYS.2015.00421
https://doi.org/10.3390/antiox12010039
https://doi.org/10.1007/S10974-015-9438-9
https://doi.org/10.22190/FUMB160918002B
https://europepmc.org/article/MED/19112847
https://doi.org/10.1093/JN/134.11.3196S
https://doi.org/10.5604/01.3001.0013.8548
https://doi.org/10.20944/preprints202505.2261.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2025 d0i:10.20944/preprints202505.2261.v1

22 of 26

37. Baktiyani, S. C. W. The Changes of H,O, Level and Glutathione/Glutathione Dioxide Ratio with the
Administration of N-Acetylcysteine, Vitamin C, and Vitamin E towards In Vitro Eclampsia Human
Umbilical Vein Endothelial Cell Model. Indones. ]. Obstet. Gynecol. 2011, 34 (2), 64-68.
http://indonesia.digitaljournals.org/index.php/I[JOG/article/download/184/189

38. Arulselvan, P.; Fard, M. T.; Tan, W. S.; Gothai, S.; Fakurazi, S.; Norhaizan, M. E.; Kumar, S. S. Role of
Antioxidants and Natural Products in Inflammation. Oxid. Med. Cell. Longev. 2016, 2016, 5276130.
https://doi.org/10.1155/2016/5276130

39. Maskhulia, L.; Kakhabrishvili, Z.; Akhalkatsi, V.; Tskhvediani, N.; Kapetivadze, I. Evaluation of the Effect
of Oxidative Stress on Dynamics of Cardiac Biomarkers in Georgian Elite Athletes with Overtraining
Syndrome. Eur. |. Prev. Cardiol. 2023, 30 (Suppl. 1). https://doi.org/10.1093/eurjpc/zwad125.126

40. Bouviere, J.; Fortunato, R. S.; Dupuy, C.; Werneck-de-Castro, J. P.; Carvalho, D. P.; Louzada, R. A. N.
Exercise-Stimulated ROS Sensitive Signaling Pathways in Skeletal Muscle. Antioxidants 2021, 10 (4), 537.
https://doi.org/10.3390/ANTIOX10040537

41. Nemes, R.; Koltai, E.; Taylor, A. W.; Suzuki, K.; Gyori, F.; Radak, Z. Reactive Oxygen and Nitrogen Species
Regulate Key Metabolic, Anabolic, and Catabolic Pathways in Skeletal Muscle. Antioxidants 2018, 7 (7), 85.
https://doi.org/10.3390/ANTIOX7070085

42. Llanos, P.; Palomero, J. Reactive Oxygen and Nitrogen Species (RONS) and Cytokines —Myokines Involved
in Glucose Uptake and Insulin Resistance in Skeletal Muscle. Cells 2022, 11 (24), 4008.
https://doi.org/10.3390/cells11244008

43.  Arif, 1. S.; Kamal, Y. M.; Raoof, I. B. Nrf2 as a Modulator of Oxidative Stress. Al- Uliim Al-Saydalaniyyat 2022,
21 (4), 17-23. https://doi.org/10.32947/ajps.v21i4.798

44. Mann, G. E.; Niehueser-Saran, J.; Watson, A.; Gao, L.; Ishii, T.; de Winter, P.; Siow, R. C. M. Nrf2/ARE
Regulated Antioxidant Gene Expression in Endothelial and Smooth Muscle Cells in Oxidative Stress:
Implications for Atherosclerosis and Preeclampsia. Acta Physiol. Sin. 2007, 59 (2), 117-127.
https://pubmed.ncbi.nlm.nih.gov/17437032/

45. Ngo, V. T.-K,; Duennwald, M. L. Nrf2 and Oxidative Stress: A General Overview of Mechanisms and
Implications in Human Disease. Antioxidants 2022, 11 (12), 2345. https://doi.org/10.3390/antiox11122345

46. Lian, D.; Chen, M.-M.; Wu, H.; Deng, S.; Hu, X. The Role of Oxidative Stress in Skeletal Muscle Myogenesis
and Muscle Disease. Antioxidants 2022, 11 (4), 755. https://doi.org/10.3390/antiox11040755

47. Bottinelli, R.; Westerblad, H. Reactive Oxygen and Nitrogen Species in Skeletal Muscle: Acute and Long-
Term Effects. ]. Physiol. 2011, 589 (9), 2117-2118. https://doi.org/10.1113/[PHYSIOL.2011.209437

48. Powers, S. K; Hogan, M. C. Exercise and Oxidative Stress. ]. Physiol. 2016, 594 (18), 5079-5080.
https://doi.org/10.1113/]P272255

49. Romagnoli, M.; Sanchis-Gomar, F.; Alis, R.; Risso-Ballester, ].; Bosio, A.; Graziani, R. L.; Rampinini, E.

Changes in Muscle Damage, Inflammation, and Fatigue-Related Parameters in Young Elite Soccer Players
after a  Match. . Sports  Med. Phys.  Fitness 2016, 56 (10), 1198-1205.
https://www.ncbi.nlm.nih.gov/pubmed/26558831

50. Nocella, C.; Cammisotto, V.; Pigozzi, F.; Borrione, P.; Fossati, C.; D’Amico, A.; Cangemi, R.; Peruzzi, M,;

Gobbi, G,; Ettorre, E.; Frati, G.; Cavarretta, E.; Carnevale, R. Impairment between Oxidant and Antioxidant
Systems: Short- and Long-Term Implications for Athletes’ Health. Nutrients 2019, 11 (6), 1353.
https://doi.org/10.3390/NU11061353

51. Shalfawi, S. A. I; Tjelta, L. I. A Critical Evaluation of the Aerobic Capacity Demands of Elite Male Soccer
Players. Int. J. Appl. Sports Sci. 2016, 28 (2), 200-212. https://doi.org/10.24985/IJASS.2016.28.2.200

52. Harper, D.; Harper, D.; Carling, C.; Kiely, J. High-Intensity Acceleration and Deceleration Demands in Elite

Team Sports Competitive Match Play: A Systematic Review and Meta-Analysis of Observational Studies.
Sports Med. 2019, 49 (12), 1923-1947. https://doi.org/10.1007/540279-019-01170-1

53. Di Meo, S.; Napolitano, G.; Venditti, P. Mediators of Physical Activity Protection against ROS-Linked
Skeletal Muscle Damage. Int. ]. Mol. Sci. 2019, 20 (12), 3024. https://doi.org/10.3390/1JMS20123024

54. Heyat, F. Cellular and Molecular Mechanisms of the Production of Free Radicals during Exercise and Their
Function on Skeletal Muscles. J. Fasa Univ. Med. Sci. 2017, 7 (1), 1-11. http://journal.fums.ac.ir/article-1-1025-

en.html

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


http://indonesia.digitaljournals.org/index.php/IJOG/article/download/184/189
https://doi.org/10.1155/2016/5276130
https://doi.org/10.1093/eurjpc/zwad125.126
https://doi.org/10.3390/ANTIOX10040537
https://doi.org/10.3390/ANTIOX7070085
https://doi.org/10.3390/cells11244008
https://doi.org/10.32947/ajps.v21i4.798
https://pubmed.ncbi.nlm.nih.gov/17437032/
https://doi.org/10.3390/antiox11122345
https://doi.org/10.3390/antiox11040755
https://doi.org/10.1113/JPHYSIOL.2011.209437
https://doi.org/10.1113/JP272255
https://www.ncbi.nlm.nih.gov/pubmed/26558831
https://doi.org/10.3390/NU11061353
https://doi.org/10.24985/IJASS.2016.28.2.200
https://doi.org/10.1007/S40279-019-01170-1
https://doi.org/10.3390/IJMS20123024
http://journal.fums.ac.ir/article-1-1025-en.html
http://journal.fums.ac.ir/article-1-1025-en.html
https://doi.org/10.20944/preprints202505.2261.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2025 d0i:10.20944/preprints202505.2261.v1

23 of 26

55. Alghannam, A. F. Metabolic Limitations of Performance and Fatigue in Football. Asian J. Sports Med. 2012,
3 (2), 65-73. https://doi.org/10.5812/AS]SM.34699
56. Pérez-Lépez, A.; Pérez-Lépez, A.; Martin-Rincon, M.; Santana, A.; Perez-Suarez, I.; Dorado, C.; Calbet, J. A.

L.; Morales-Alamo, D. Antioxidants Facilitate High-Intensity Exercise IL-15 Expression in Skeletal Muscle.
Int. ]. Sports Med. 2019, 40 (1), 16-22. https://doi.org/10.1055/A-0781-2527

57.  Petrick, H. L.; Dennis, K. M. J. H.; Miotto, P. M. The Importance of Exercise Intensity, Volume and Metabolic
Signalling Events in the Induction of Mitochondrial Biogenesis. . Physiol. 2018, 596 (19), 4571-4572.
https://doi.org/10.1113/]P276802

58. Abbas, K,; Batool, U.; Memon, A. S.; Soomro, S. Oxidative Stress: A Double Edged Sword. Biomed. Innov.
Open Sci. 2021, 2 (1), 4-12. https://doi.org/10.46568/BIOS.V211.40

59. Meiliana, A.; Wijaya, A. Hormesis in Health and Disease: Molecular Mechanisms. Indones. Biomed. ]. 2020,
12 (4), 288-303. https://doi.org/10.18585/INABJ.V1214.1315

60. Demirci-Cekig, S.; Ozkan, G.; Avan, A.; Uzunboy, S.; Capanoglu, E.; Apak, R. Biomarkers of Oxidative
Stress and  Antioxidant  Defense. . Pharm. Biomed.  Anal. 2021, 209, 114477.
https://doi.org/10.1016/j.jpba.2021.114477

61. Li, J;Pan, L; Pan, W, Li, N.; Tang, B. Recent Progress of Oxidative Stress Associated Biomarker Detection.
Chem. Commun. 2023, 59 (48), 7361-7374. https://doi.org/10.1039/d3cc00878a

62. Manap, A.S. A.; Sivapragasam, G. Perspective on the Oxidative Stress Biomarkers and Antioxidant Defense
Strategies. Curr. Tradit. Med., in press, Article 1D e22150838296420.
https://doi.org/10.2174/0122150838296420240904104030

63. Pedlar, C. R; Newell, J.; Lewis, N. A. Blood Biomarker Profiling and Monitoring for High-Performance

Physiology and Nutrition: Current Perspectives, Limitations and Recommendations. Sports Med. 2019, 49
(2), 185-198. https://doi.org/10.1007/540279-019-01158-X

64. Lewis, N. A,; Newell, ].; Burden, R.; Howatson, G.; Pedlar, C. R. Critical Difference and Biological Variation
in Biomarkers of Oxidative Stress and Nutritional Status in Athletes. PLoS One 2016, 11 (3), €0149927.
https://doi.org/10.1371/journal.pone.0149927

65. Haller, N.; Behringer, M.; Reichel, T.; Wahl, P.; Simon, P.; Kriiger, K.; Zimmer, P.; Stoggl, T. Blood-Based
Biomarkers for Managing Workload in Athletes: Considerations and Recommendations for Evidence-
Based Use of Established Biomarkers. Sports Med. 2023, 53 (7), 1315-1333. https://doi.org/10.1007/s40279-
023-01836-x

66. Nowakowska, A.; Kostrzewa-Nowak, D.; Buryta, R.; Nowak, R. Blood Biomarkers of Recovery Efficiency
in Soccer Players. Int. ]J.  Environ. Res.  Public  Health 2019, 16 (18), 3279.
https://doi.org/10.3390/ITERPH16183279

67. Schliep, E. M,; Schafer, T. L. J.; Hawkey, M. Distributed Lag Models to Identify the Cumulative Effects of
Training and Recovery in Athletes Using Multivariate Ordinal Wellness Data. . Quant. Anal. Sports 2021,
17 (3), 241-254. https://doi.org/10.1515/JQAS-2020-0051

68. Sun, Q. A.; Wang, B.; Miyagi, M.; Hess, D. T.; Stamler, J. S. Oxygen-Coupled Redox Regulation of the
Skeletal Muscle Ryanodine Receptor/Ca?* Release Channel (RyR1): Sites and Nature of Oxidative
Modification. J. Biol. Chem. 2013, 288 (32), 22961-22971. https://doi.org/10.1074/[BC.M113.480228

69. Sun, Q. A,; Hess, D. T.; Nogueira, L.; Yong, S.; Bowles, D. E.; Eu, J.; Laurita, K. R.; Meissner, G.; Stamler, ].
S. Oxygen-Coupled Redox Regulation of the Skeletal Muscle Ryanodine Receptor-Ca?* Release Channel by
NADPH Oxidase 4. Proc. Natl. Acad. Sci. US.A. 2011, 108 (38), 16098-16103.
https://doi.org/10.1073/PNAS.1109546108

70. Kumar, R,; Coggan, A. R;; Ferreira, L. F. Nitric Oxide and Skeletal Muscle Contractile Function. Nitric Oxide
2022, 122-123, 54-61. https://doi.org/10.1016/j.niox.2022.04.001

71.  Jackson, M. ],; Pollock, N.; Staunton, C. A_; Jones, S. W.; McArdle, A. Redox Control of Signalling Responses
to Contractile Activity and Ageing in Skeletal Muscle. Cells 2022, 11 (10), 1698.
https://doi.org/10.3390/cells11101698

72.  Jackson, M. J. Reactive Oxygen Species and Redox-Regulation of Skeletal Muscle Adaptations to Exercise.
Philos. Trans. R. Soc. B 2005, 360 (1464), 2285-2291. https://doi.org/10.1098/RSTB.2005.1773

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.5812/ASJSM.34699
https://doi.org/10.1055/A-0781-2527
https://doi.org/10.1113/JP276802
https://doi.org/10.46568/BIOS.V2I1.40
https://doi.org/10.18585/INABJ.V12I4.1315
https://doi.org/10.1016/j.jpba.2021.114477
https://doi.org/10.1039/d3cc00878a
https://doi.org/10.2174/0122150838296420240904104030
https://doi.org/10.1007/S40279-019-01158-X
https://doi.org/10.1371/journal.pone.0149927
https://doi.org/10.1007/s40279-023-01836-x
https://doi.org/10.1007/s40279-023-01836-x
https://doi.org/10.3390/IJERPH16183279
https://doi.org/10.1515/JQAS-2020-0051
https://doi.org/10.1074/JBC.M113.480228
https://doi.org/10.1073/PNAS.1109546108
https://doi.org/10.1016/j.niox.2022.04.001
https://doi.org/10.3390/cells11101698
https://doi.org/10.1098/RSTB.2005.1773
https://doi.org/10.20944/preprints202505.2261.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2025 d0i:10.20944/preprints202505.2261.v1

24 of 26

73. Cheng, A. ], Yamada, T.; Rassier, D. E.; Andersson, D. C.; Westerblad, H.; Lanner, J. T. Reactive
Oxygen/Nitrogen Species and Contractile Function in Skeletal Muscle during Fatigue and Recovery. J.
Physiol. 2016, 594 (18), 5149-5160. https://doi.org/10.1113/]P270650

74. Hardie, D. G. Energy Sensing by the AMP-Activated Protein Kinase and Its Effects on Muscle Metabolism.
Proc. Nutr. Soc. 2011, 70 (1), 92-99. https://doi.org/10.1017/S0029665110003915

75. Kjebsted, R.; Hingst, J. R.; Fentz, J.; Foretz, M.; Sanz, M. N.; Pehmeller, C.; Shum, M.; Marette, A.; Mounier,
R.; Treebak, J. T.; Wojtaszewski, J. F. P.; Viollet, B.; Lantier, L. AMPK in Skeletal Muscle Function and
Metabolism. FASEB J. 2018, 32 (4), 1741-1777. https://doi.org/10.1096/F].201700442R

76. Popovi¢, L.; Miti¢, R. N. Influence of Free Radicals on Muscle Function and Adaptation in Exercise.
Praemeditatus 2014, 43 (1), 73-77. https://doi.org/10.5937/PRAMED1401073P

77. Kanda, K,; Sugama, K.; Hayashida, H.; Sakuma, J.; Kawakami, Y.; Miura, S.; Yoshioka, H.; Mori, Y.; Suzuki,
K. Eccentric Exercise-Induced Delayed-Onset Muscle Soreness and Changes in Markers of Muscle Damage
and Inflammation. Exerc. Immunol. Rev. 2013, 19, 72-85. https://pubmed.ncbi.nlm.nih.gov/23977721/

78. Devrnja, A.; Matkovi¢, B. The Effects of a Soccer Match on Muscle Damage Indicators. Kinesiology 2018, 50
(1), 112-123. https://doi.org/10.26582/K.50.1.15

79. Schwiete, C.; Roth, C.; Skutschik, C.; Mock, S.; Rettenmaier, L.; Happ, K.; Broich, H.; Behringer, M. Effects
of Muscle Fatigue on Exercise-Induced Hamstring Muscle Damage: A Three-Armed Randomized
Controlled Trial. Eur. J. Appl. Physiol. 2023, https://doi.org/10.1007/s00421-023-05234-7

80. Vargas-Mendoza, N.; Morales-Gonzalez, A Madrigal-Santillan, E.; Madrigal-Bujaidar, E.; Alvarez-

Gonzadlez, I.; Garcia-Melo, L. F.; Anguiano-Robledo, L.; Fregoso-Aguilar, T.; Morales-Gonzalez, J. A.
Antioxidant and Adaptative Response Mediated by Nrf2 during Physical Exercise. Antioxidants 2019, 8 (6),
196. https://doi.org/10.3390/ANTIOX8060196

81. Koyama, K. Exercise-Induced Oxidative Stress: A Tool for “Hormesis” and “Adaptive Response.” ]. Phys.
Fit. Sports Med. 2014, 3 (1), 115-120. https://doi.org/10.7600/[PFSM.3.115

82. Bartlett, M. F.; Miehm, J. D.; Fitzgerald, L. F.; Straight, C. R. Do Changes in Mitochondrial Quality
Contribute to Increases in Skeletal Muscle Oxidative Capacity Following Endurance Training? J. Physiol.
2017, 595 (6), 1861-1862. https://doi.org/10.1113/]P273809

83. Mason, S. A.; Trewin, A. J.; Parker, L.; Wadley, G. D. Antioxidant Supplements and Endurance Exercise:
Current Evidence and Mechanistic Insights. Redox Biol. 2020, 35, 101471.
https://doi.org/10.1016/J.REDOX.2020.101471

84. Rickards, L.; Lynn, A.; Harrop, D.; Baker, M. E.; Russell, M.; Ranchordas, M. Effect of Polyphenol-Rich
Foods, Juices, and Concentrates on Recovery from Exercise-Induced Muscle Damage: A Systematic Review
and Meta-Analysis. Nutrients 2021, 13 (9), 2988. https://doi.org/10.3390/NU13092988

85. Devrim-Lanpir, A.; Hill, L.; Knechtle, B. How N-Acetylcysteine Supplementation Affects Redox Regulation,

Especially at Mitohormesis and Sarcohormesis Level: Current Perspective. Antioxidants 2021, 10 (2), 153.
https://doi.org/10.3390/ANTIOX10020153

86. Zoppi, C.; Hohl, R; Silva, F.; Lazarim, F.; Neto, J.; Stancanneli, M.; Macedo, D. Vitamin C and E
Supplementation Effects in Professional Soccer Players under Regular Training. J. Int. Soc. Sports Nutr. 2006,
3 (2), 37-44. https://doi.org/10.1186/1550-2783-3-2-37

87. Ponce-Gonzalez, J.; Corral-Pérez, J.; Villarreal, E.; Gutiérrez-Manzanedo, J.; De Castro-Maqueda, G.; Casals,

C. Antioxidants Markers of Professional Soccer Players During the Season and Their Relationship with
Competitive Performance. |. Hum. Kinet. 2021, 80, 113-123. https://doi.org/10.2478/hukin-2021-0089
88. Bell, P.; Stevenson, E.; Davison, G.; Howatson, G. The Effects of Montmorency Tart Cherry Concentrate

Supplementation on Recovery Following Prolonged, Intermittent Exercise. Nutrients 2016, 8 (7), 441.
https://doi.org/10.3390/nu8070441

89. Carrera-Quintanar, L.; Funes, L.; Herranz-Lépez, M.; Vicente-Salar, N.; Bonet-Garcia, R.; Blasco-Peris, C.;
Micol, V.; Pons, A.; Roche, E. Modulation of Oxidative Stress and Antioxidant Response by Different
Polyphenol Supplements in Five-a-Side Football Players. Nutrients 2023, 15 (1), 177.
https://doi.org/10.3390/nu15010177

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.1113/JP270650
https://doi.org/10.1017/S0029665110003915
https://doi.org/10.1096/FJ.201700442R
https://doi.org/10.5937/PRAMED1401073P
https://pubmed.ncbi.nlm.nih.gov/23977721/
https://doi.org/10.26582/K.50.1.15
https://doi.org/10.1007/s00421-023-05234-z
https://doi.org/10.3390/ANTIOX8060196
https://doi.org/10.7600/JPFSM.3.115
https://doi.org/10.1113/JP273809
https://doi.org/10.1016/J.REDOX.2020.101471
https://doi.org/10.3390/NU13092988
https://doi.org/10.3390/ANTIOX10020153
https://doi.org/10.1186/1550-2783-3-2-37
https://doi.org/10.2478/hukin-2021-0089
https://doi.org/10.3390/nu8070441
https://doi.org/10.3390/nu15010177
https://doi.org/10.20944/preprints202505.2261.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2025 d0i:10.20944/preprints202505.2261.v1

25 of 26

90. Higgins, M. R.; Izadi, A.; Kaviani, M. Antioxidants and Exercise Performance: With a Focus on Vitamin E
and C Supplementation. Int. ] Environ. Res. Public Health 2020, 17 (22), 8452.
https://doi.org/10.3390/ITERPH17228452

91. Margaritis, I.; Rousseau, A. S. Does Physical Exercise Modify Antioxidant Requirements? Nutr. Res. Rev.
2008, 21 (1), 3-12. https://doi.org/10.1017/5S0954422408018076

92. Nedelec, M.; McCall, A.; Carling, C.; Legall, F.; Berthoin, S.; Dupont, G. Recovery in Soccer: Part II—
Recovery Strategies. Sports Med. 2013, 43 (1), 9-22. https://doi.org/10.1007/S40279-012-0002-0

93. White, G. E.; Caterini, J. E. Cold Water Immersion Mechanisms for Recovery Following Exercise: Cellular
Stress and Inflammation Require Closer Examination. . Physiol. 2017, 595 (3), 631-632.
https://doi.org/10.1113/]P273659

94. Kim, T.-W,; Jeong, J.-H.; Hong, S. C. The Impact of Sleep and Circadian Disturbance on Hormones and
Metabolism. Int. J. Endocrinol. 2015, 2015, 591729. https://doi.org/10.1155/2015/591729

95. Nedelec, M.; Halson, S. L.; Delecroix, B.; Abaidia, A.-E.; Ahmaidi, S.; Dupont, G. Sleep Hygiene and
Recovery  Strategies in Elite Soccer Players. Sports Med. 2015, 45 (11), 1547-1559.
https://doi.org/10.1007/S40279-015-0377-9

96. Giillii, E.; Giillii, A. Recovery after High-Intensity Interval Training in Professional Soccer Players: Passive-
Active  Combination  Recovery  Technique. Int. J. Relig. 2024, 5 (3), 221-229.
https://doi.org/10.61707/k8bwcq46

97. Merry, T. L,; Ristow, M. Do Antioxidant Supplements Interfere with Skeletal Muscle Adaptation to Exercise
Training? J. Physiol. 2016, 594 (18), 5135-5147. https://doi.org/10.1113/]P270654

98. Lamberti, I.; Buzzetti, E.; Cristani, A. Oxidative Stress Management in Elite Athletes. Recenti Prog. Med. 2013,
104 (9), 490-492. https://doi.org/10.1701/1331.14737

99. Miranda-Vilela, A. L.; Lordelo, G. S.; Akimoto, A. K.; Zaidan Alves, P. C.; Pereira, L. C. S.; Klautau-

Guimaraes, M. de N.; Grisolia, C. K. Genetic Polymorphisms Influence Runners’ Responses to the Dietary

Ingestion of Antioxidant Supplementation Based on Pequi Oil (Caryocar brasiliense Camb.): A Before-After
Study. Genes Nutr. 2011, 6 (4), 369-395. https://doi.org/10.1007/512263-011-0217-Y

100. Lee, E. C; Fragala, M. S.; Kavouras, S. A.; Queen, R. M.; Pryor, J. L.; Casa, D. J. Biomarkers in Sports and
Exercise: Tracking Health, Performance, and Recovery in Athletes. |. Strength Cond. Res. 2017, 31 (10), 2920—
2937. https://doi.org/10.1519/]SC.0000000000002122

101. Reid, M. B. Redox Interventions to Increase Exercise Performance. . Physiol. 2016, 594 (18), 5125-5133.
https://doi.org/10.1113/]P270653

102. Vassalle, C.; Pingitore, A.; De Giuseppe, R.; Vigna, L.; Bamonti, F. Biomarkers Part II: Biomarkers to
Estimate Bioefficacy of Dietary/Supplemental Antioxidants in Sport. Adv. Clin. Chem. 2015, 69, 209-222.
https://pubmed.ncbi.nlm.nih.gov/26065089/

103. Meckel, Y.; Doron, O.; Eliakim, E.; Eliakim, A. Seasonal Variations in Physical Fitness and Performance
Indices of Elite Soccer Players. Sports 2018, 6 (1), 14. https://doi.org/10.3390/SPORTS6010014

104. Abate, M.; Pellegrino, R.; Di lorio, A.; Salini, V. Oxidative Stress and Performance after Training in

Professional Soccer (European Football) Players. Antioxidants 2023, 12, 1470.
https://doi.org/10.3390/antiox12071470

105. Vitosevic, B.; Rankovié, G.; Koci¢, ]J. Adaptive Mechanisms of Mitochondria in Response to Exercise.
Vojnosanit. Pregl. 2013, 70 (11), 1046-1050. https://doi.org/10.2298/VSP1311046V

106. Gomes, E. C.; da Silva, A. N.; Oliveira, M. Oxidants, Antioxidants, and the Beneficial Roles of Exercise-
Induced Production of Reactive Species. Oxid. Med. Cell. Longev. 2012, 2012, 756132.
https://doi.org/10.1155/2012/756132

107. Ranchordas, M.; Dawson, J. T.; Russell, M. Practical Nutritional Recovery Strategies for Elite Soccer Players
When Limited Time Separates Repeated Matches. ]. Int. Soc. Sports Nutr. 2017, 14 (1), 35.
https://doi.org/10.1186/S12970-017-0193-8

108. Heaton, L. E.; Davis, J. K.; Rawson, E. S.; Nuccio, R. P.; Witard, O. C,; Stein, K. W.; Baar, K,; Carter, J. M.;
Baker, L. B. Selected In-Season Nutritional Strategies to Enhance Recovery for Team Sport Athletes: A
Practical Overview. Sports Med. 2017, 47 (11), 2201-2218. https://doi.org/10.1007/540279-017-0759-2

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.3390/IJERPH17228452
https://doi.org/10.1017/S0954422408018076
https://doi.org/10.1007/S40279-012-0002-0
https://doi.org/10.1113/JP273659
https://doi.org/10.1155/2015/591729
https://doi.org/10.1007/S40279-015-0377-9
https://doi.org/10.61707/k8bwcq46
https://doi.org/10.1113/JP270654
https://doi.org/10.1701/1331.14737
https://doi.org/10.1007/S12263-011-0217-Y
https://doi.org/10.1519/JSC.0000000000002122
https://doi.org/10.1113/JP270653
https://pubmed.ncbi.nlm.nih.gov/26065089/
https://doi.org/10.3390/SPORTS6010014
https://doi.org/10.3390/antiox12071470
https://doi.org/10.2298/VSP1311046V
https://doi.org/10.1155/2012/756132
https://doi.org/10.1186/S12970-017-0193-8
https://doi.org/10.1007/S40279-017-0759-2
https://doi.org/10.20944/preprints202505.2261.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2025 d0i:10.20944/preprints202505.2261.v1

26 of 26

109. Baldelli, S.; Ciccarone, F.; Limongi, D.; Checconi, P.; Palamara, A. T.; Ciriolo, M. R. Glutathione and Nitric
Oxide: Key Team Players in Use and Disuse of Skeletal Muscle. Nutrients 2019, 11 (10), 2318.
https://doi.org/10.3390/NU11102318

110. Taherkhani, S.; Valaei, K.; Arazi, H.; Suzuki, K. An Overview of Physical Exercise and Antioxidant
Supplementation Influences on Skeletal Muscle Oxidative Stress. Antioxidants 2021, 10 (10), 1528.
https://doi.org/10.3390/ANTIOX10101528

111. Michalczyk, M. M.; Ktapcinska, B.; Sadowska-Krepa, E.; Jagsz, S.; Pilis, W.; Szottysek-Boldys, I.; Chmura,
J.; Kimsa, E.; Kempa, K. Evaluation of the Blood Antioxidant Capacity in Two Selected Phases of the

Training Cycle in Professional Soccer Players. J. Hum. Kinet. 2008, 19, 93-108.
https://doi.org/10.2478/V10078-008-0007-9
112. Kénig, D.; Wagner, K.-H.; Elmadfa, I.; Berg, A. Exercise and Oxidative Stress: Significance of Antioxidants

with Reference to Inflammatory, Muscular, and Systemic Stress. Exerc. Immunol. Rev. 2001, 7, 108-133.
https://pubmed.ncbi.nlm.nih.gov/11579745/

113. Seifi-Skishahr, F.; Damirchi, A.; Farjaminezhad, M.; Babaei, P. Physical Training Status Determines
Oxidative Stress and Redox Changes in Response to an Acute Aerobic Exercise. Biochem. Res. Int. 2016, 2016,
3757623. https://doi.org/10.1155/2016/3757623

114. Devrim-Lanpir, A.; Bilgi¢, P.; Kocahan, T.; Deliceoglu, G.; Rosemann, T.; Knechtle, B. Total Dietary

Antioxidant Intake Including Polyphenol Content: Is It Capable to Fight against Increased Oxidants within
the Body of Ultra-Endurance Athletes? Nutrients 2020, 12 (6), 1877. https://doi.org/10.3390/NU12061877

115. Ruderman, E. B. W.; White, G. E. Don’t Mess with Stress: Vitamin Supplementation and the Role of
Oxidative Stress for Aerobic Exercise Adaptation. . Physiol. 2014, 592 (18), 3951-3952.
https://doi.org/10.1113/JPHYSIOL..2014.278978.

116. Reid, M. B. Redox Interventions to Increase Exercise Performance. J. Physiol. 2016, 594 (18), 5125-5133.
https://doi.org/10.1113/]P270653.

117. Margaritelis, N. V.; Chatzinikolaou, P. N.; Theodorou, A. A Paschalis, V.; Vrabas, 1. S.; Kyparos, A.;
Fatouros, I. G.; Nikolaidis, M. G. Inter-Individual Variability in Redox and Performance Responses after
Antioxidant Supplementation: A Randomized Double Blind Crossover Study. Acta Physiol. 2023, e14017.
https://doi.org/10.1111/apha.14017

118. Zare, M.; Shateri, Z.; Nouri, M.; Sarbakhsh, P.; Eftekhari, M. H.; Gargari, B. P. Association between Urinary
Levels of 8-Hydroxy-2-Deoxyguanosine and F2a-Isoprostane in Male Football Players and Healthy Non-
Athlete Controls with Dietary Inflammatory and Antioxidant Indices. Front. Nutr. 2023, 9, 1101532.
https://doi.org/10.3389/fnut.2022.1101532

119. Clemente, F. M.; Gonzalez-Fernandez, F. T.; Ceylan, H. 1; Silva, R.; Younesi, S.; Chen, Y.-S.; Badicu, G.;
Wolanski, P.; Murawska-Cialowicz, E. Blood Biomarkers Variations across the Pre-Season and Interactions
with Training Load: A Study in Professional Soccer Players. |. Clin. Med. 2021, 10 (23), 5576.
https://doi.org/10.3390/JCM 10235576

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.3390/NU11102318
https://doi.org/10.3390/ANTIOX10101528
https://doi.org/10.2478/V10078-008-0007-9
https://pubmed.ncbi.nlm.nih.gov/11579745/
https://doi.org/10.1155/2016/3757623
https://doi.org/10.3390/NU12061877
https://doi.org/10.1113/JPHYSIOL.2014.278978
https://doi.org/10.1113/JP270653
https://doi.org/10.1111/apha.14017
https://doi.org/10.3389/fnut.2022.1101532
https://doi.org/10.3390/JCM10235576
https://doi.org/10.20944/preprints202505.2261.v1
http://creativecommons.org/licenses/by/4.0/

