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Abstract

Modern professional sports place increasingly high demands on athletes, necessitating the optimization
of training loads and effective injury prevention. One of the key tools supporting these processes is the regular
monitoring of biochemical markers, which allows for the assessment of the body's response to physical exertion
and the detection of overtraining states. This paper discusses the significance of selected biochemical indicators,
including creatine kinase (CK), lactate dehydrogenase (LDH), acute-phase proteins (CRP, IL-6, IL-8, IL-10,
haptoglobin), metallothionein (MT), electrolytes, and hormones (testosterone and cortisol), in the context of
monitoring fatigue, recovery, and injury risk.

Analysis of available studies has shown that the integration of various biomarkers enables a more
precise assessment of the body's adaptation to training loads and the early detection of overtraining symptoms.
At the same time, attention has been drawn to individual physiological differences affecting the interpretation of
results, as well as the need for further research into the standardization of measurement methods.

Regular monitoring of biochemical markers can serve as an effective tool for optimizing the training
process, provided it is integrated with an individualized approach to the athlete and considers a broad spectrum
of factors influencing the body's response. The implementation of such an approach can contribute to minimizing
injury risk, improving performance, and enhancing recovery efficiency, which is crucial for the long-term

professional development of athletes.

Aim of the review

The aim of the review was to discuss the role of regular monitoring of biochemical markers in assessing fatigue,
recovery, and injury prevention in professional athletes. Key indicators such as creatine kinase (CK), lactate
dehydrogenase (LDH), acute-phase proteins, electrolytes, and hormones (testosterone and cortisol) were

analyzed.

Results

The analysis of available studies showed that the integration of various biomarkers allows for a precise
assessment of the body's adaptation to exercise. Regular monitoring of these indicators enables the detection of

overtraining states, optimization of training loads, and minimization of injury risk.

Conclusions



Regular monitoring of biochemical markers is an effective tool in managing the training and recovery process.
Its effectiveness depends on individualization of the approach, integration with other diagnostic methods, and

further standardization of measurements in future research.
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Introduction

Over the years, professional sports have begun to place increasingly higher demands on both athletes
and the entire interdisciplinary teams that comprehensively support their development. These tasks include
the constant adaptation of training, recovery, and adaptation strategies, enabling the systematic pushing of
physical performance limits. These teams consist of coaches (responsible for planning and conducting training
sessions), physiotherapists (preventing injuries and supporting recovery), sports doctors (diagnosing and treating
health issues related to physical exertion), sports nutritionists (ensuring a balanced and individualized diet),
sports psychologists (enhancing mental resilience and concentration), biomechanists (analyzing movement
and optimizing technique), and strength and conditioning coaches (developing strength, endurance, and speed).
One of the main challenges of modern sports training is balancing training intensity with adequate recovery time.
Too short a recovery period between training sessions can lead to accumulated fatigue, which in turn increases
the risk of injuries and negatively impacts an athlete's performance.

The increase in training intensity and volume, as well as the dynamic nature of modern sports
competition, significantly elevate the risk of overload, which can lead to injuries and decreased performance.
Therefore,
proper monitoring of physiological parameters becomes crucial. A key role in assessing the body's response to
physical exertion is played by biochemical markers of fatigue, such as creatine kinase (CK), lactate
dehydrogenase (LDH), acute-phase proteins (including CRP, IL-6, IL-8, IL-10 and haptoglobin), metallothionein
(MT), electrolytes (with particular emphasis on potassium levels), and hormones (mainly testosterone
and cortisol). These markers allow for continuous assessment of the body's reaction to physical effort. Through
their analysis, it is possible to detect microdamage in muscles, evaluate inflammatory status, and identify the
degree of metabolic overload. Regular monitoring of these indicators enables the appropriate adjustment of
training programs, minimizing the risk of injury and optimizing recovery.

This publication provides a detailed discussion on the significance of monitoring fatigue biomarkers
in sports practice. By analyzing available scientific data, it presents the benefits of utilizing these indicators

in injury prevention, performance optimization, and recovery management. At the same time, it highlights
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individual differences (such as gender, age, body mass, training level, and genetics) in physiological responses
to exercise, emphasizing the necessity of an integrated approach that combines various diagnostic tools
and personalized training strategies. Additionally, the publication addresses the limitations associated with result

interpretation and explores future research directions in this field.

Characteristics of Biomechanical Markers

Creatine Kinase (CK)

Creatine Kinase (CK) is a key enzyme involved in cellular energy metabolism. It plays a particularly
important role in tissues with high energy demand, including striated muscle tissue (both skeletal and cardiac)
as well as brain tissue. CK catalyzes reactions in which phosphate groups are transferred from phosphocreatine
to ADP, enabling the rapid regeneration of ATP during intense physical exertion. Under conditions of mechanical
overload or muscle damage, CK is released into the bloodstream. This makes it a valuable marker in professional
sports for assessing muscle status, metabolic fatigue, and the recovery phase [4, 13].

During intense physical exertion, especially activities involving eccentric contractions, structural
damage occurs within sarcomeres and the sarcolemma. As a result, CK is released into the bloodstream,
indicating
the presence of microdamage in the muscles. Its increase is proportional to the intensity and volume of exercise.
This characteristic makes CK one of the most sensitive biomarkers for assessing training load and potential
muscle damage [3, 4, 17, 29].

By regularly monitoring CK levels, it is possible to precisely track physiological adaptation to training
loads and identify the risk of injury. In team sports, where repeated cycles of exertion can lead to the
accumulation of fatigue, CK monitoring plays a key role in managing recovery. Additionally, studies show that
CK levels may remain elevated for several days after exercise. This allows for appropriate planning of training
load levels, continuously updating and modifying them [1, 24, 26].

It is worth noting that there is significant individual variability in response to exercise. Factors such
as genetics, fitness level, age, gender, as well as diet, circadian rhythm, nutritional habits, and external influences
affect serum CK levels. Additionally, there are no clear reference norms. A partial solution to this issue could be
interpreting results based on baseline values for a given athlete, combined with data from other monitoring
methods such as CRP, IL-6, hormonal measurements, or subjective fatigue assessment questionnaires. In
summary,
further research should primarily focus on developing consistent and standardized measurement methods.
Equally important is determining individual reference ranges tailored to the specifics of various sports

disciplines [12, 13].

Lactate dehydrogenase (LDH)



Lactate dehydrogenase (LDH) is an enzyme that, under anaerobic conditions, participates in the final
stage of respiration (glycolysis), catalyzing the reversible reaction of converting pyruvate into lactate
(pyruvate + NADH + H' < lactate + NAD™). Thus, this process allows for the regeneration of NAD*, which is
essential for continuing glycolysis and further ATP production. Consequently, during intense training,
when oxygen deficiency occurs in tissues with particularly high energy demands and high metabolism
(e.g., in skeletal muscles), increased LDH activity is observed. It is worth noting that the rise in plasma LDH
levels is not due to its synthesis but rather results from cell membrane damage and the release of the enzyme
from within cells, especially during eccentric muscle work, which causes microdamage. Additionally, LDH
exists in various isoenzyme forms, whose distribution and activity are tissue-specific, making LDH a useful
indicator for analyzing physiological load, training adaptation, and recovery processes in athletes [4, 25].

The dynamics of LDH concentration changes depend on the type of physical activity performed.
Aerobic exercise, characterized by lower intensity, generates moderate increases in serum LDH. On the other
hand, resistance exercises, as mentioned earlier — particularly those of high intensity with a dominant eccentric
contraction component — lead to a significant rise in LDH activity, which directly correlates with structural
muscle damage [4, 23]. The time it takes for LDH levels to return to baseline after exercise serves as a reliable
indicator of the efficiency of recovery processes in muscle tissue. Integrating LDH analysis with other
biomarkers can provide a more comprehensive picture of an athlete's physiological state [13, 25].

Elevated resting LDH levels, observed with frequent and prolonged physical overexertion, may indicate
insufficient recovery and an increased risk of overtraining and injury. In such cases, regular LDH measurements
become a crucial tool in monitoring the body's adaptation to training load and can serve as a basis for making

decisions about adjusting training intensity [12, 26].

C-reactive protein (CRP)

C-reactive protein (CRP) is classified as one of the so-called "acute-phase proteins (APPs)". This is
a group of proteins present in the blood that are produced in the liver by hepatocytes in response to an ongoing
inflammatory process in the body. Their synthesis is induced by pro-inflammatory cytokines, such as
interleukin-6 (IL-6). Its serum concentration increases in response to tissue damage, infections, and excessive
physical exertion, although in the context of physical exercise, this increase is usually temporary and depends on
the intensity and nature of the training. However, regular measurement can be significant in assessing the risk of
chronic inflammation in athletes [13, 26]. The use of CRP as an inflammatory marker allows for the early
detection of muscle microtraumas resulting from intense physical exertion. Elevated CRP levels reflect the
activation of
the immune system and the intensification of repair processes [1, 26]. Additionally, CRP can serve as an
indicator of overall inflammatory status, pointing to infections or other conditions that may affect an athlete's
performance and recovery [13].

The pattern of changes in CRP levels after physical exercise is strongly dependent on the type

and intensity of the activity. Endurance exercises, such as marathons, lead to significant increases in CRP, which



is attributed to prolonged metabolic and mechanical stress [12, 26]. High-intensity interval training (HIIT)
generates moderate CRP elevations, while strength training, although causing smaller CRP increases, still
imposes a load on the muscular and immune systems [13, 29]. The return of CRP to baseline levels suggests the
resolution of inflammation and the repair of damaged tissues. Regular CRP measurements can support the
evaluation of

the effectiveness of recovery strategies, such as proper diet and supplementation, as well as physiotherapy

[13, 23]. Persistently high CRP levels over an extended period may indicate insufficient recovery or excessive
training load, requiring immediate intervention [21, 23]. Chronically elevated CRP levels are often associated
with excessive training load, which can lead to overtraining syndrome and increase the risk of injuries. Regular
monitoring of this marker enables early detection of an elevated risk of injuries or other serious health

complications [12, 26].

Haptoglobin (Hp)

Haptoglobin (Hp), like CRP, is an acute-phase protein. Its primary function is to bind free hemoglobin
(Hb) released as a result of hemolysis, thereby protecting tissues from damage caused by reactive oxygen species
(ROS) [7, 18]. The increase in its levels in response to physical exercise is due to the stimulation of its synthesis
by interleukin-6 (IL-6). Intense exercise, particularly in endurance disciplines, leads to increased hemolysis and
the release of free hemoglobin into the bloodstream. This forms an Hp-Hb complex, which is cleared by the
reticuloendothelial system. Through this mechanism, the risk of developing chronic inflammatory conditions
is reduced [7, 25]. By protecting muscle tissue from oxidative stress, haptoglobin is included in the list of
indicators of the body's adaptive processes to physical load. An increase in the level of this protein may reflect
the degree of mobilization of the inflammatory response and the effectiveness of repair mechanisms [18].

The characteristics of changes in haptoglobin levels depend on the type, intensity, and duration of
exercise. Endurance exercises, which involve intense hemolysis, lead to a significant increase in haptoglobin
levels in plasma. Strength and interval exercises cause less pronounced changes, although an increase in the level
of this protein is still observed [7, 25]. Intense training, especially with insufficient recovery time, can result in
persistently elevated haptoglobin levels, indicating chronic inflammation. Such changes may suggest
overtraining and increase the risk of injury. Therefore, monitoring haptoglobin levels can help optimize training
load [18, 25]. Stabilization of haptoglobin levels after intense exercise suggests the effectiveness of the body's
repair mechanisms.

On the other hand, prolonged elevation of haptoglobin may indicate chronic inflammation and/or overloading of
the body [7]. When combined with other biochemical markers, haptoglobin provides a comprehensive picture of
an athlete's health status, which is crucial for planning recovery processes and reducing the risk of injury [25].
Haptoglobin can also be used to identify athletes who are particularly susceptible to the development of chronic

inflammatory conditions, enabling the implementation of appropriate preventive strategies.

Interleukins (IL-6, IL-8, IL-10)



Cytokines, including interleukins IL-6, IL-8, and IL-10, are key mediators of intercellular
communication that regulate immune responses and inflammatory processes [16]. They play a crucial role in cell
signaling, influencing the activity of immune cells and modulating the body's response to infection, injury, or
physical exertion [19]. These interleukins contribute to balancing pro-inflammatory and anti-inflammatory
reactions, supporting metabolic adaptation and muscle tissue repair [12]. In professional sports, their significance
as biomarkers for monitoring the physiological state of the body is increasingly recognized, enabling the
optimization of training, recovery, and preventive strategies to minimize the risk of injuries and overuse [14].

IL-6 serves both pro-inflammatory and anti-inflammatory functions, making it a crucial regulator of the
body's adaptation to physical exertion. Synthesized primarily by skeletal myocytes, IL-6 also acts as a myokine,
influencing glucose and lipid metabolism, which allows the body to effectively adjust to increased energy
demands [16, 19]. The level of IL-6 can increase up to 100-fold in response to prolonged and intense exercise,
particularly in endurance disciplines such as long-distance running or triathlon. The correlation between the rise
in IL-6
and the duration and intensity of exercise has been well-documented, and its level is inversely proportional to
muscle glycogen stores. For this reason, IL-6 can serve as an indicator of the body's metabolic adaptation to
prolonged exertion [13, 19]. Long-term analysis of IL-6 levels not only allows for the assessment of fatigue but
also for the prediction of overtraining risk. Chronically elevated IL-6 levels may signal suboptimal recovery
processes, and an increased risk of injury associated with chronic inflammation [14].

IL-8 is a potent pro-inflammatory chemokine that plays a role in mobilizing neutrophils to sites of
muscle tissue damage. In professional sports, IL-8 serves as a marker of recovery, as it is involved in
angiogenesis, stimulation of satellite cell proliferation, and initiation of repair processes [13, 16]. After intense
physical exertion, IL-8 levels increase, which is directly associated with repair processes and muscle remodeling.
High levels of this cytokine may indicate active regeneration; however, its persistent elevation may signal
overtraining, an increased risk of chronic inflammation, and microinjuries [12].

IL-10 is a key anti-inflammatory factor that regulates the balance between inflammation and recovery
after physical exertion. Its primary function is to inhibit excessive activity of pro-inflammatory cytokines, such
as IL-6 and TNF-a, which helps limit degenerative processes in muscle tissue and accelerate its repair [14, 16].
A high level of IL-10 after exercise indicates the activation of homeostatic and regenerative mechanisms, which
is beneficial for athletes subjected to intense training loads. Moreover, the IL-10 to IL-6 ratio is an important
marker of inflammatory balance—a high ratio indicates effective recovery and adaptation, whereas a low ratio

may suggest an inadequate regenerative response and an increased risk of injury [12].

Metallothionein (MT)

Metallothionein (MT) is a low-molecular-weight, highly conserved protein with a molecular mass of

approximately 6—7 kDa, characterized by a high content of cysteine residues. This enables it to bind transition

metals such as zinc (Zn), copper (Cu), and cadmium (Cd), playing a crucial role in metal ion homeostasis and



detoxification of the body. Additionally, it has a protective function by neutralizing reactive oxygen species
(ROS), which can lead to cellular damage and oxidative stress [25, 30, 32].

In the context of physical exertion, MT is a potential biomarker of the body's adaptation to training
loads, as its levels increase in response to intense training, suggesting involvement in regenerative processes and
modulation of the inflammatory response [25, 30]. However, research on its effectiveness as a biomarker
remains limited, and some studies indicate that the increase in MT is not always clearly correlated with improved
regenerative capacity [30].

Moreover, MT levels in plasma or urine may be strongly influenced by other factors, such as diet,
metabolic stress, and individual genetic predispositions [30]. Some studies also indicate that MT concentration
decreases after physical exertion, similar to other markers of muscle catabolism, further complicating its use as
a recovery biomarker [25].

Although MT is considered a component of the body's defense mechanisms, its excessive expression
may lead to dysregulation of zinc and other trace metal levels, potentially affecting enzyme functions and
disrupting metabolic balance [32]. It is also unclear whether higher MT expression in individuals who train
regularly
is a cause or a consequence of the body's adaptation, and the mechanisms of this relationship require further
research [32].

An additional limitation is the difficulty in standardizing MT measurements, as different analytical
methods may yield varying results, and MT concentrations in urine or plasma can exhibit high interindividual
variability. Therefore, further research is needed to establish optimal protocols for MT determination and to

assess its actual diagnostic value in professional sports [32].

Electrolytes (potassium, sodium, magnesium, calcium, phosphorus)

Electrolytes such as potassium (K*), sodium (Na*), magnesium (Mg?"), calcium (Ca?"), and phosphorus
(P) are involved in fundamental physiological processes, regulating nerve conduction, muscle contraction
function, acid-base balance, and energy metabolism. Their concentrations fluctuate during physical exertion, but
interpreting these changes is challenging due to high interindividual variability and interactions with other
physiological
factors [25, 28].

Potassium plays a crucial role in nerve conduction and muscle contraction. Its plasma concentration
(3.5-5.0 mmol/L) is significantly lower than in muscle cells (120—150 mmol/L), due to the activity of the
sodium-potassium pump (Na*/K*-ATPase). During intense physical exertion, a transient increase in serum K*
occurs as
it is released from muscle cells, which can influence contraction strength and reduce the risk of fatigue [10, 21].
However, excessive accumulation of K* in the extracellular space may disrupt muscle membrane depolarization,

leading to weakened contraction and an increased risk of exercise-induced cramps [10, 20].



Sodium is the primary extracellular cation responsible for maintaining osmotic pressure and water-
electrolyte balance. Its loss through sweat can lead to exercise-associated hyponatremia, the symptoms of which
include weakness, muscle cramps, and decreased performance [28]. However, there is controversy regarding the
importance of sodium supplementation — some studies suggest that the issue is not always a sodium deficiency,
but rather excessive fluid intake leading to dilutional hyponatremia [17, 28].

Magnesium is involved in the regulation of enzyme activity, muscle contraction function, and ATP
metabolism. It is essential for the function of antioxidant enzymes and ion transport across cell membranes [6,
20]. Magnesium deficiencies may lead to increased susceptibility to cramps and impaired recovery. Some studies
suggest that magnesium supplementation improves muscle function and reduces the risk of cramps, while others
do not confirm the unequivocal effectiveness of such an intervention [6, 19].

Calcium is responsible for the proper contractile function of muscles, regulating the release of Ca®*
from the sarcoplasmic reticulum. It plays a role in nerve conduction and the activation of enzymes involved in
tissue regeneration. Calcium deficiencies can lead to weakened muscle contractions, prolonged recovery time,
and an increased risk of stress fractures [11, 20]. However, it is worth noting that serum calcium levels do not
always reflect its actual status in the body, as its storage and release are regulated by hormonal mechanisms and
bone metabolism [20].

Phosphorus is a key component of ATP and phosphocreatine, making it essential for energy metabolism.
Its adequate levels are crucial for maintaining exercise capacity, and a deficiency can lead to reduced ATP
synthesis, prolonged fatigue, and decreased physical performance [28]. It is worth noting that excessive dietary
intake of phosphorus — particularly in the form of phosphates found in processed foods — can disrupt calcium-
phosphate balance and negatively affect bone health [28].

Monitoring electrolyte levels in athletes can provide valuable insights, but interpreting the results
requires consideration of individual differences, the timing of sample collection relative to exercise, and
methodological limitations of measurement [25]. Some studies suggest that electrolyte measurements may not be

sensitive enough to assess fatigue and recovery, and their diagnostic value requires further research [4, 9].

Hormones (testosterone, cortisol)

It should be noted that anabolic and catabolic hormones also play a key role in regulating the
adaptive responses of the body to physical exertion. In particular, testosterone (T) and cortisol (C) perform
opposing functions in the anabolic-catabolic balance, determining the processes of tissue repair and muscle
degradation. The testosterone-to-cortisol ratio (T/C) is widely used in the analysis of training load and its
impact on the athlete's homeostasis [22]. Regular monitoring of these hormones enables a precise
assessment of the body's adaptive capacity to exercise and the early detection of overtraining and an
increased risk of injury [5, 15, 27].

Testosterone is the primary regulator of anabolic processes, influencing muscle protein synthesis,
satellite cell proliferation, and tissue regeneration. Its levels increase in response to intense strength training;

however, prolonged physical strain, especially under conditions of insufficient recovery, can lead to a
9



gradual decline in its serum concentration [2, 15, 27]. High-intensity resistance exercise induces a
temporary increase in testosterone levels, whereas excessive training loads in endurance sports may result
in its suppression, thereby weakening regenerative and adaptive capacities [5].

Testosterone exhibits a circadian rhythm, reaching its highest levels in the morning. Exposure to
chronic exercise-induced stress can disrupt this rthythm, leading to long-term impairment of regenerative
processes [27]. Testosterone not only stimulates protein synthesis but also plays a key role in regulating
neurotransmitters, influencing the central nervous system and the body's ability to adapt to exercise [15, 31].
Additionally, testosterone enhances the synthesis of erythropoietin (EPO), which improves oxygen
transport to tissues and the aerobic capacity of athletes [15]. It also acts synergistically with growth
hormone (GH)
and insulin-like growth factor (IGF-1), supporting muscle mass development and recovery [15]. In this way,
testosterone plays a crucial role as an anabolic hormone, influencing many aspects of bodily function,
particularly in the context of physical exercise and recovery.

Cortisol is a catabolic hormone whose primary function is the mobilization of energy substrates
through protein breakdown and the stimulation of gluconeogenesis. Its excessive concentration can lead to
the degradation of muscle structures, reduced regenerative capacity, and weakened immune function [15,
27]. Intense exercise causes a transient increase in cortisol; however, its chronic elevation indicates a state
of prolonged exercise-induced stress, which negatively affects training adaptation and recovery [5, 8].
Endurance athletes are particularly susceptible to hypercortisolemia due to cumulative training load, which
may result in a catabolic effect and an increased risk of injuries [8].

Cortisol also affects electrolyte balance by influencing sodium-potassium homeostasis through
increased sodium retention and promotion of potassium excretion, which has significant implications for
muscle function and the risk of cramps and overload-induced tissue injuries [5, 25]. Furthermore, chronic
hypercortisolemia leads to a weakened immune system by inhibiting lymphocyte proliferation and antibody
synthesis, increasing the risk of infections in athletes [8]. In this way, cortisol plays a key role as the
primary catabolic hormone, impacting various aspects of bodily function, particularly in the context of
physical exertion and recovery.

The T/C ratio is one of the key biochemical parameters used in monitoring training loads. A
decrease in this ratio indicates a dominance of catabolic processes and may serve as a warning sign,
suggesting
the need for modifications in the training plan [5, 27]. Long-term reduction of the T/C ratio is correlated
with overtraining and endocrine imbalance, necessitating the individualization of training loads and the
implementation of appropriate recovery strategies [5, 8].

Different training protocols have a significant impact on the T/C ratio — high-intensity interval training
(HIIT) and prolonged exercise sessions can cause substantial changes in the anabolic-catabolic balance.

Systematic monitoring of this ratio allows for the assessment of the body's adaptation level and the
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adjustment of training strategies to its current capabilities [15, 29]. In this way, the testosterone-to-cortisol
ratio (T/C) serves as
a key indicator of the anabolic-catabolic balance, enabling the optimization of the training process

and reducing the risk of overloading the body.

Conclusions

Modern professional sports demand not only the maximization of physical performance but also
effective injury prevention and the optimization of recovery processes. In this context, regular monitoring of
biochemical markers plays a pivotal role in assessing the body's fatigue, identifying overtraining states, and
tailoring training loads to the individual capabilities of athletes. This study provides a comprehensive analysis of
the significance of markers such as creatine kinase (CK), lactate dehydrogenase (LDH), acute-phase proteins
(CRP, IL-6, IL-8,

IL-10, haptoglobin), metallothionein (MT), electrolytes, and hormones (testosterone and cortisol) in evaluating
the physiological state of the body and minimizing injury risk.

Based on current scientific evidence, the integration of multiple biomarkers enables a more holistic
assessment of fatigue and recovery, facilitating precise adjustments to training strategies. At the same time,
individual differences — such as training status, genetics, gender, and body composition — must be considered
when interpreting results. A personalized approach to monitoring biochemical markers can significantly enhance
the management of training loads and recovery processes.

The study also highlights the limitations associated with biomarker analysis, including the absence of
standardized reference values and the influence of external factors on marker concentrations. Further research
is needed to standardize measurement protocols and identify new indicators that can more accurately assess
the body's adaptive capacity to exercise.

In conclusion, regular monitoring of biochemical markers represents a valuable tool for injury
prevention and performance optimization in athletes. Its effectiveness, however, relies on a comprehensive
approach that integrates biochemical parameters with individual physiological characteristics. The adoption of
advanced diagnostic methods and personalized training strategies can significantly improve the efficiency of
athletic preparation, reduce the risk of overtraining and injuries, and contribute to the long-term success of elite

athletes.
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