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The integration of genetics into sports science has shifted from theory to practice
over the past decade. What was once considered a distant possibility, using genomic
information to guide training, prevent injuries, and optimize performance, has now
become a reality applied daily by professionals in the field. This book reflects that
transformation.

Beyond summarizing scientific advances, this volume is authored by profession-
als who combine academic rigor with extensive practical experience. The contribu-
tors have spent nearly a decade applying genetic insights directly to sports practice,
whether in training centers, laboratories, or on the field with athletes. Their back-
grounds span physiology, biomechanics, nutrition, and strength and conditioning,
ensuring that the chapters not only present current evidence but also demonstrate
how genomics can be integrated into decision-making in real sporting contexts.

The chapters are structured to guide the reader from foundational concepts to
applied strategies. Early sections revisit the historical development of sports genet-
ics and its methodological bases. Later chapters present functional genomic pro-
files, applied frameworks for training and nutrition, and case studies that reveal how
genetic information has shaped interventions for athletes across endurance, team,
and power sports.

What unites these diverse perspectives is a commitment to bridging science and
practice. Readers will find that each chapter draws from direct experience in both
the academic and applied domains, offering insights that are as relevant for research-
ers as they are for coaches and practitioners.

I hope this collaborative work will inspire reflection, foster dialogue, and encour-
age the responsible use of genomic information in sport and exercise, paving the
way for precision strategies that respect the complexity of human performance.

Verona, Italy Ricardo Muller Bottura
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Abstract

This chapter provides a comprehensive introduction to the field of genetics
applied to sports, exploring the fundamental concepts and current applications. It
begins by explaining the basic structure and function of DNA, genes, alleles, and
the process of gene expression, highlighting how genetic variations, particularly
single nucleotide polymorphisms (SNPs), contribute to individual differences.
The text delves into the complex interplay between genetic inheritance and envi-
ronmental factors in shaping athletic traits such as strength, speed, endurance,
and susceptibility to injury, emphasizing the polygenic nature of sports perfor-
mance. Key genes like ACTN3, ACE, PPARGCIA, COL5A1, and others associ-
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ated with muscle function, cardiovascular efficiency, energy metabolism, tissue
integrity, and response to training are discussed with specific examples of rele-
vant SNPs (e.g., rs1815739, ACE insertion/deletion (I/D), rs8192678, rs12722).
The chapter also covers the evolution and current state of genetic testing in
sports, including methodologies (SNP arrays, NGS, gPCR), interpretation chal-
lenges, and the crucial role of qualified professionals. Finally, it addresses the
significant ethical considerations, international guidelines, and concerns sur-
rounding the use of genetic information in sports, advocating for a responsible,
evidence-based, and athlete-centered approach that uses genetics as a tool for
personalization and optimization, rather than deterministic prediction or
exclusion.

Keywords

Genetic polymorphisms - Sports genetics - Physical performance - Sports science
- Training improvement - Personalized training

1.1 Introduction

The pursuit of better or superior athletic performance has never been so closely
linked to the role of science as it is today. Coaches, trainers, physical educators, and
athletes are beginning to understand that personalized training, based on genetic
knowledge, can maximize results and minimize risks. Recent advances in sports
genetics already allow us to understand physical characteristics, predisposition to
injuries, and differentiated responses to training (Pitsiladis et al., 2013).

These advances are the result of decades of interdisciplinary research combining
genetics, physiology, and bioinformatics. Currently, sports genetics has become an
essential tool in the preparation of elite athletes, assisting in the selection of modali-
ties compatible with the genetic characteristics of each individual. Furthermore,
genetics significantly contributes to the understanding of individual variability,
highlighting the importance of personalized strategies in training and nutrition pro-
grams. This is due to the great genetic diversity found among athletes, which directly
influences their physical capabilities and sporting results.

Another important point is the growing perception among sports professionals
about the relevance of ethical issues involved in the use of genetic information. The
responsible application of this knowledge can prevent abuses, protect athletes’ pri-
vacy, and ensure equity and better competitiveness in tournaments. Finally, the inte-
gration of genetic tools in sports is seen as an opportunity for continuous development
in the application of science, providing a pathway for coaches and health profes-
sionals to direct the maximization of athletic performance in a safe and effi-
cient manner.
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1.2  Basic and Fundamental Concepts in Genetics
1.2.1 Deoxyribonucleic Acid

In summary, deoxyribonucleic acid (DNA) is essentially a molecule that carries
essential information for the development and functioning of cells. The structure of
the molecule is composed of units called nucleotides, organized in a sequence that
defines the identity of an organism and determines its physical and physiological
characteristics. Each nucleotide is formed by a nitrogenous base, a sugar (deoxyri-
bose), and a phosphate group. The variable parts of DNA are the nitrogenous bases,
namely, adenine (A), thymine (T), cytosine (C), and guanine (G), whose sequence
constitutes the genetic code of a species and an individual (Alberts et al., 2015).
This is a code that the cellular apparatus “can read,” converting this information into
elements that cells need to survive and develop (more details ahead, in the
Sect. 1.2.2).

As this is an individual code, despite similarities, the information contains subtle
variations between individuals, establishing a wide diversity of organisms of the
same species. In the human case, this becomes very clear when we evaluate not only
physical characteristics of faces and bodies but also behaviors, which are unique
(Charney, 2017). Physiological potentials, however, are not as apparent as physical
and behavioral traits, but they also have their origin in genetics. Obviously, there is
the environmental contribution, which ends up shaping, along with genetics, how
each person responds to external stimuli—and this includes nutrition, training, or
even sunstroke.

What matters is that understanding the genetic composition of an individual
allows identifying specific parts of DNA that may be associated with characteristics
such as muscle strength, aerobic capacity, and predisposition to certain sports inju-
ries. Therefore, studying DNA is essential to develop more targeted training strate-
gies, meeting specific demands.

Recent technological advances have allowed the definitively complete sequenc-
ing of the human genome, increasing the understanding of biological functions,
including those related to sports performance. Such knowledge paves the way for
the creation of personalized genetic tests, which help understand how to optimize
the individual potential of athletes.

Finally, it is important to emphasize that DNA does not determine athletic suc-
cess in isolation, as, as already explained, environmental factors also have great
influence. Therefore, the role of DNA should be understood as part of a complex
system that, when well interpreted, can guide more effective training and recovery
strategies.

1.2.2 Genes and Gene Expression

Genes are specific segments of DNA that contain the instructions for producing
proteins, the molecules responsible for most cellular functions. The human genome
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contains approximately 20,000 genes, each with a specific function in the body’s
development and maintenance.

The process by which the information contained in genes is used to synthesize
proteins is called gene expression. This process involves two main stages: transcrip-
tion and translation. In transcription, the DNA sequence of a gene is copied into a
molecule of messenger RNA (mRNA). In translation, this mRNA is used as a tem-
plate for the assembly of a specific sequence of amino acids, forming a protein
(Fig. 1.1).

Gene expression is regulated by various mechanisms that determine when,
where, and how much of a protein is produced. These regulatory mechanisms are
crucial for the proper functioning of cells and can be influenced by both genetic and
environmental factors, including physical exercise.

In the context of sports, the expression of certain genes can significantly affect an
athlete’s performance. For example, genes related to muscle fiber type, energy
metabolism, oxygen transport, and recovery capacity can be expressed differently in
response to different types of training, explaining, in part, the individual variability
in adaptation to exercise.

Fig. 1.1 The central
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Understanding these mechanisms allows for a more precise approach to training,
considering the genetic predisposition of each athlete and how their genes respond
to different stimuli. This is the basis of precision training, which seeks to optimize
results by aligning training strategies with the athlete’s genetic profile.

1.2.3 Genetic Inheritance and Epigenetics

Genetic inheritance is the process by which genetic information is transmitted from
parents to offspring. In humans, each individual inherits two copies of each gene,
one from the mother and one from the father. These gene variants, called alleles, can
be identical (homozygous) or different (heterozygous).

The combination of alleles an individual possesses for a particular gene can
influence various physical and physiological characteristics relevant to sports per-
formance. For example, certain alleles of the ACTN3 gene are associated with fast-
twitch muscle fiber predominance, which can be advantageous in power and
sprint sports.

However, it is important to note that most traits relevant to sports performance
are polygenic, meaning they are influenced by multiple genes, each with a small
effect. This makes the genetic basis of athletic performance extremely complex and
multifactorial. Studies with twins and families have been fundamental in under-
standing the heritability of various physical traits, with estimates ranging from 40%
to 80%, depending on the variable analyzed (Calvo et al., 2002; De Moor et al.,
2007; Bouchard et al., 1997).

Beyond classical inheritance based on DNA sequence, epigenetic factors play a
crucial role in modulating gene expression in response to exercise. Epigenetics
studies reversible and heritable alterations in gene function that occur without modi-
fying the underlying nucleotide sequence. The most well-studied epigenetic mecha-
nisms include DNA methylation (addition of methyl groups to cytosines, generally
leading to gene silencing) and histone modifications (such as acetylation and meth-
ylation, which alter chromatin structure and DNA accessibility to transcription fac-
tors). These mechanisms are dynamic and can be influenced by environmental
factors such as nutrition, stress, sleep, and, notably, physical exercise itself (Ehlert
et al., 2013; McGee & Hargreaves, 2019).

Recent studies demonstrate that both acute sessions and chronic training pro-
grams induce significant alterations in DNA methylation patterns and histone modi-
fications in the human skeletal muscle and other relevant tissues (Voisin et al., 2015;
Jacques et al., 2019). For example, endurance training tends to promote hypometh-
ylation (reduction of methylation) in promoter regions of genes involved in oxida-
tive metabolism and mitochondrial biogenesis, such as PPARGCIA, TFAM, and
VEGFA, facilitating their expression and contributing to aerobic adaptation (Barres
et al., 2012; Nitert et al., 2012).

Similarly, strength training can induce epigenetic changes in pathways related to
muscle hypertrophy and anabolic signaling (Seaborne et al., 2018). These epigene-
tic adaptations are specific to the tissue, type of exercise, and gene and are believed
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to mediate part of the molecular “memory” of the muscle to training, influencing the
magnitude and speed of adaptive responses to subsequent stimuli (Sharples et al.,
2016). Understanding these mechanisms opens new perspectives for optimizing
training programs and nutritional interventions, aiming to modulate individual epi-
genetic response to maximize performance and health (Plaza-Diaz et al., 2022).

Another relevant concept is genomic imprinting, an epigenetic phenomenon in
which only one of the alleles (maternal or paternal) of a gene is expressed, while the
other is silenced. This mechanism can influence important phenotypic characteris-
tics and introduces an additional layer of complexity in the interpretation of genetic
inheritance, especially in multifactorial traits such as those observed in sports
(Monk et al., 2019).

Finally, recognizing the complexity of genetic inheritance and exercise physiol-
ogy avoids simplistic or deterministic interpretations. Sports genetics provides pre-
dictive tools but should never be used to define an athlete’s potential in an absolute
way. Athletic performance is the result of a dynamic and continuous dialogue
between genetics and environment, and both factors should be considered for per-
sonalized, ethical, and scientifically based interventions (Fig. 1.2).

Fig. 1.2 Analyzing
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1.2.4 Genetic Variants and SNPs

Genetic variants (or genetic polymorphisms) are variations in the DNA sequence
that occur naturally among individuals in a population. They can influence how
genes are expressed or how proteins function, thus affecting physiological, meta-
bolic, and behavioral characteristics. In the sports context, genetic variants can be
associated with differences in strength, endurance, speed, recovery, and predisposi-
tion to injuries (Bouchard et al., 1997; Rankinen et al., 2016).

The most common types of variants in the universe of genetic predispositions are
single nucleotide polymorphisms (SNPs), which represent point differences in a
single nitrogenous base in the DNA sequence. These variations are the most com-
mon forms of genetic differences between individuals and play a significant role in
determining physiological characteristics relevant to sports (Alberts et al., 2015).

To identify each of these variants, SNPs receive a standardized code called rsID
(Reference SNP cluster ID), a unique code that allows standardizing the identifica-
tion of variants in genetic databases, such as the dbSNP of the National Center of
Biological Information, facilitating scientific communication and comparison
among different investigations. Therefore, the use of “rs identifiers” is fundamental
to ensure precision in the interpretation of SNP genotyping results and ensure ade-
quate clinical application of this information (Sherry et al., 2001).

For example, rs1815739 refers to the R577X polymorphism of the ACTN3 gene.
This SNP involves the substitution of a cytosine (C) base for a thymine (T), which
results in a premature stop of protein synthesis at the site where the amino acid
arginine should be. This prevents the complete translation of the alpha-actinin-3
protein, important for the rapid contraction of type II muscle fibers (MacArthur &
North, 2007).

This practical example illustrates how an SNP—a simple base exchange—can
have an important functional impact, influencing muscle physiology and perfor-
mance potential in different sports modalities. As these variations are genetically
inherited, knowledge about SNPs can be used in the personalization of training
programs and injury prevention.

Beyond physical performance, SNPs are also studied in relation to predisposition
to sports injuries. As an example, variants in the COL5A 1 gene have been associated
with the increased risk of ligament and tendon injuries. The rs12722 SNP of this
gene also involves a substitution of the C (cytosine) base for T (thymine) in the 3’
UTR region of the mRNA, an area that regulates the stability of the messenger RNA
molecule. This change can alter the amount of produced type V collagen, essential
for the structural integrity of connective tissues (Collins & Raleigh, 2009).

It is important to emphasize, however, that despite the relevance of genetic vari-
ants, sports performance is a multifactorial phenotype, also dependent on environ-
mental, nutritional, and psychological factors. Thus, SNPs should be considered
complementary in an integrated and holistic approach to personalized sports
training.
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1.3  Genetics and Sports Performance

As we have seen, sports performance is the result of the interaction between envi-
ronmental and genetic factors. Among the genetic components, various variants
have been associated with determining physical characteristics, such as strength,
speed, endurance, and recovery. Sports genetics seeks to identify which genes or
variants are involved in these processes, and this ends up being a relevant point
when wanting to individualize and optimize the development of athletes. The practi-
cal applications of this knowledge include the optimization of training and preven-
tion of overtraining.

Studies indicate that genetic knowledge can assist in guiding young athletes for
a personalization of training programs to maximize results and minimize risks of
fatigue and injury (Ahmetov & Fedotovskaya, 2015; Pickering & Kiely, 2019).
However, it is essential to remember that genetics does not determine athletic suc-
cess in isolation.

Regarding the genetic aspect, the ACTN3 gene is one of the most studied in
sports genetics and is often referred to as the “speed gene.” This gene encodes the
alpha-actinin-3 protein, which is expressed exclusively in fast-twitch (type II) mus-
cle fibers, responsible for generating explosive force. The R577X polymorphism
(rs1815739) results in two possible alleles: C (or R, functional) and T (or X, non-
functional) (Fig. 1.3). Individuals with the C/C (or RR) genotype have normal pro-
duction of alpha-actinin-3, and the T/T (or XX) genotype, on the other hand, results
in a complete deficiency of this protein. Although it is still believed that ACTN3 C/C
is more associated with better performance in power and speed activities, while T/T
may be more advantageous in endurance activities—with the C/T (or RX) genotype

Fig. 1.3 Schematic figure
of ACTN3 gene. On the
left, the C allele provides
the ACTN3 protein, so that
muscle fibers can perform
fast contraction. On the
right, the T allele provides
a truncated ACTN3 protein
that has no function, so
that the composition of
muscle fibers is different
between the carriers of C
or T alleles
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presenting an intermediate phenotype (MacArthur & North, 2007; Pickering &
Kiely, 2017), it has already been described that, in fact, ACTN3 is important for
both sports modalities (Bottura, 2025). And, apparently, it is the case for most genes
that impact training and performance.

Another gene of great relevance is ACE (angiotensin-converting enzyme), which
plays a central role in the renin-angiotensin system, influencing blood pressure reg-
ulation and fluid balance. The insertion/deletion (I/D) polymorphism of this gene
affects both gene expression and enzyme activity levels. The D allele is associated
with higher levels of circulating ACE and has been linked to better performance in
power and sprint activities. The I allele, associated with lower ACE levels, appears
to favor endurance performance. This is one of the most consistent associations in
sports genetics, with numerous studies confirming these relationships in different
populations and sports modalities (Montgomery et al., 1998; Danser et al., 1995).

The PPARGCIA (peroxisome proliferator-activated receptor gamma coactivator
1-alpha) gene is a key regulator of energy metabolism and mitochondrial biogene-
sis. The Gly482Ser polymorphism (rs8§192678) has been extensively studied in rela-
tion to endurance capacity, with the Gly allele (G) associated with higher expression
of the gene and, consequently, greater mitochondrial density and oxidative capacity,
which can be advantageous for endurance athletes. The Ser allele (A), on the other
hand, is associated with reduced metabolic efficiency (Lucia et al., 2005;
Timmons, 2011).

Below is a summary of the most prominent genes and its SNPs related to sports

physiology:

e The AMPDI (adenosine monophosphate deaminase 1) gene plays a crucial activ-
ity in the purine nucleotide cycle during intense exercise. The C34T polymor-
phism (rs17602729) results in reduced enzyme activity, which can affect ATP
regeneration during high-intensity efforts. The T allele has been associated with
reduced exercise capacity and early fatigue in some studies, although the results
are not always consistent (Ginevi¢iené et al., 2014).

* The MCTI (monocarboxylate transporter 1) gene is responsible for lactate trans-
port across cell membranes, a process essential for maintaining pH balance dur-
ing intense exercise. The A1470T polymorphism (rs1049434) affects the
efficiency of this transport. The T allele has been associated with reduced lactate
transport capacity, which can influence performance in activities that signifi-
cantly depend on anaerobic metabolism (Fedotovskaya et al., 2013).

* Genes related to antioxidant capacity are also relevant in the sports context, as
exercise increases the production of reactive oxygen species. The SOD2 (super-
oxide dismutase 2) gene encodes a mitochondrial enzyme that neutralizes super-
oxide radicals. The Vall6Ala polymorphism (rs4880) affects the enzyme’s
efficiency. The Val allele (G) has been associated with lower antioxidant capac-
ity, which can influence recovery and adaptation to training (Pereira et al., 2021).

* Similarly, the GPX! (glutathione peroxidase 1) gene encodes another important
antioxidant enzyme. The Prol98Leu polymorphism (rs1050450) affects the
enzyme’s activity. The Leu allele (T) has been associated with reduced antioxi-
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dant capacity, which can influence the response to oxidative stress induced by
exercise (He et al., 2007; Gomez-Cabrera et al., 2008).

* The VEGFA (vascular endothelial growth factor A) gene is crucial for angiogen-
esis and vascular adaptation to training. The —634 G/C polymorphism
(rs2010963) affects the production of this growth factor. The G allele has been
associated with higher VEGFA production and, consequently, better vascular
adaptation to endurance training (Prior et al., 2006).

It is important to emphasize that these genetic associations should be interpreted
with caution, as sports performance is multifactorial and influenced by numerous
genes, each with a small effect, as well as by environmental factors. The practical
application of this knowledge should focus on personalization of training and recov-
ery strategies, rather than talent selection or prediction of absolute performance.

1.4  Genetics and Predisposition to Injuries

The predisposition to sports injuries is influenced by multiple factors, including
biomechanics, training load, recovery, and, increasingly recognized, genetics.
Several genes have been associated with increased risk of musculoskeletal injuries,
including ligament problems, tendinopathies, and stress fractures. The identification
of these variants can assist in the creation of individualized preventive protocols,
focusing on sports longevity and reduction of time away (Collins & Raleigh, 2009).

Among the most studied genes is the already mentioned COL5A 1, which encodes
the alpha-1 chain of type V collagen, an important structural protein for the integrity
of tendons and ligaments. Studies from the rs12722 SNP indicate that individuals
with the T/T genotype present greater tendon stiffness, which may be associated
with an increased risk of tendinopathies, such as Achilles tendon injuries and other
soft tissues with high mechanical demand. The C/C genotype has been associated
with a lower incidence of injuries, while the C/T presents an intermediate risk
between the other genotypes (September et al., 2007). This information has proven
useful for the personalization of preventive and rehabilitative programs in athletes,
especially in sports with high demand on tendons. As these variations are geneti-
cally inherited, knowledge about SNPs can be used in the personalization of train-
ing programs and injury prevention.

In the same sense, a relevant gene is COLIAI, responsible for encoding the
alpha-1 chain of type I collagen, which is the main structural component of tendons,
ligaments, and bones. The rs1800012 (G>T) variant, located in the promoter region
of the gene, can influence the regulation of transcription and, consequently, the
quantity and quality of collagen fibers produced. Studies indicate that individuals
with the T allele have alterations in the binding of transcription factors to the
COLIAI gene, resulting in an altered proportion between collagen types and, thus,
lower biomechanical resistance of tissues. This condition has been associated with
a higher risk of anterior cruciate ligament ruptures and stress fractures, especially in
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athletes exposed to high mechanical loads (Posthumus et al., 2009; Khoschnau
et al., 2008).

Another prominent gene is matrix metalloproteinase 3 (MMP3), involved in the
degradation of the extracellular matrix, especially collagen and proteoglycans dur-
ing processes of inflammation and tissue remodeling. The rs679620 (A>G) SNP
affects the activity of the MMP3 enzyme. The G allele, for example, has been asso-
ciated with higher proteolytic activity, which can compromise the integrity of con-
nective tissue and favor the emergence of tendinopathies, particularly in athletes
subjected to chronic overload. Individuals with the G/G genotype present increased
risk for injuries such as patellar tendinitis and rotator cuff tendinitis, while the A
allele may be associated with lower enzyme activity and, consequently, lower risk
(Raleigh et al., 2009).

Regarding musculoskeletal homeostasis, the GDF5 (growth differentiation fac-
tor 5) gene is also crucial for the formation and maintenance of tendons, ligaments,
and cartilages. The rs143383 (T>C) variant, located in the promoter region, directly
affects the expression levels of the gene, with the T allele associated with reduced
expression of GDFS5, thus impairing tissue regeneration and the capacity to respond
to repetitive microlesions. This translates into an increased risk for joint injuries,
such as recurrent sprains, and early development of osteoarthritis in genetically sus-
ceptible individuals (Miyamoto et al., 2007; Southam et al., 2007).

Although all this scientific information has an inestimable value, it is important
to highlight that these genetic associations should not be seen as absolute determi-
nants, but rather as risk markers that, combined with clinical history, type of sport
practiced, biomechanics, and environmental factors, can contribute to more indi-
vidualized prevention and training strategies. The ethical use of this information
should respect the principles of confidentiality and consent, avoiding stigmatization
and promoting equity in the sports environment (Vlahovich et al., 2017).

1.5  Genetics of Response to Training

The response to physical training is highly individualized and influenced by energy
metabolism, muscle regeneration, oxidative stress, and inflammation. Genetic vari-
ability in these processes explains why some athletes progress rapidly, while others
present limited responses even with similar training programs.

Among the central genes in this process is PPARGCIA, responsible for regulat-
ing mitochondrial biogenesis and the oxidative capacity of skeletal muscle.
Especially the Gly482Ser variant (rs8192678) has been associated with greater
capacity for adaptation to aerobic exercise (Timmons, 2011). This variant consists
of the substitution of a guanine (G) for an adenine (A), resulting in the exchange of
the amino acid glycine (Gly) for serine (Ser) at position 482 of the encoded protein
(peroxisome proliferator-activated receptor gamma coactivator-1 alpha or PGC-1a),
which is essential in the regulation of mitochondrial biogenesis and energy metabo-
lism (Eynon et al., 2011). Individuals with the G/G genotype tend to present greater
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muscle oxidative capacity, favoring adaptations to sports. The A/A genotype is
related to lower metabolic efficiency, being considered unfavorable for aerobic per-
formance (Timmons, 2011; Lucia et al., 2005).

Another gene of growing interest in sports genetics is NRF2 (NFE2L2), which
encodes the nuclear factor erythroid-2-related factor 2, a transcription factor that
regulates the expression of various antioxidant genes. This protein is activated in
response to oxidative stress, including that induced by exercise, and coordinates the
cellular defense against free radicals. Polymorphisms in this gene can affect the
efficiency of the antioxidant response, influencing recovery capacity and adaptation
to training. Some studies suggest that certain variants may be associated with differ-
ences in the adaptive response to training, particularly in older individuals (Done
etal., 2016).

The IL6 gene, which encodes interleukin-6, a cytokine with both pro- and anti-
inflammatory functions, also plays a significant role in the response to training. The
—174 G/C polymorphism (rs1800795) affects the production of this cytokine and
has been associated with differences in the inflammatory response to exercise. The
G allele, associated with higher IL-6 production, may favor recovery after intense
exercise, while the C allele may be related to a more pronounced inflammatory
response and longer recovery time (Fischer, 2006).

In the context of muscle metabolism, the AMPDI (adenosine monophosphate
deaminase 1) gene is crucial for the purine nucleotide cycle during intense exercise.
The C34T polymorphism (rs17602729) results in reduced enzyme activity, which
can affect ATP regeneration during high-intensity efforts. Some studies suggest that
carriers of the T allele may present reduced exercise capacity and early fatigue,
especially in activities that significantly depend on anaerobic metabolism
(Gineviciené et al., 2014).

The PPARA (peroxisome proliferator-activated receptor alpha) gene regulates
the expression of genes involved in fatty acid metabolism and plays a central role in
energy homeostasis. The G/C polymorphism at position 2528 (rs4253778) has been
associated with differences in substrate utilization during exercise. The G allele
appears to favor lipid metabolism, which can be advantageous in endurance activi-
ties, while the C allele may be associated with a preference for carbohydrate metab-
olism (Ahmetov et al., 2016).

Understanding this complex genetic basis of how genetic variants respond to
training allows for a more precise approach, considering the individual’s genome.
This is the foundation of precision training, which seeks to optimize results by
aligning training strategies with the athlete’s genetic profile. However, it is impor-
tant to emphasize that these genetic associations should be interpreted with caution,
as the response to training is multifactorial and influenced by numerous genes, each
with a small effect, as well as by environmental factors.
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1.6  GeneticTesting Applied to Sports

Genetic testing in sports involves the analysis of DNA to identify specific variants
associated with physical performance, injury risk, and response to training. These
tests can be performed using various methodologies, including polymerase chain
reaction (PCR), microarrays (SNP arrays), and next-generation sequencing (NGS).

The PCR-based techniques, such as real-time PCR (qPCR), are commonly used
to analyze specific SNPs of interest. These methods are relatively simple and cost-
effective and provide quick results, making them suitable for targeted analysis of
well-established genetic markers. In genetic tests with a more concise number of
variants (up to approximately 50 SNPs), real-time PCR is a methodology with
excellent cost-benefit, and that guarantees good results.

In a broader manner, microarray technology allows the simultaneous analysis of
thousands of SNPs, providing a broader view of the athlete’s genetic profile. This
approach is useful for identifying patterns of genetic variation that may influence
various aspects of sports performance.

However the NGS is the technology that offers the most comprehensive genomic
analysis, identifying not only known SNPs but also rare variants and new polymor-
phisms with potential physiological impact. This approach has gained prominence
in academic research and more complex personalized tests.

Companies and laboratories that work with sports genetics use customized pan-
els that include well-established genes in the scientific literature, such as ACTN3,
ACE, PPARGCIA, and PPARA, among others. These panels can offer information
about training intensity, susceptibility to musculoskeletal injuries, recovery speed,
energy metabolism, inflammatory profile, and oxidative stress.

In general, the collection of genetic material is done through oral swab, which
facilitates large-scale application, with minimal invasiveness and low cost. The
extracted DNA is then processed in the laboratory, and the results are interpreted
based on scientific databases such as dbSNP, Ensembl, ClinVar, and GWAS Catalog,
which provide information about location, allelic frequency, functional effect, and
clinical evidence of the analyzed variants.

However, the simple detection of variants does not guarantee practical applica-
bility without correct interpretation. Even today, most tests are delivered to the end
consumer without mediation by a qualified professional, which can generate mis-
conceptions or unfounded promises. Therefore, it is fundamental that these tests are
evaluated by qualified professionals—such as geneticists, sports physicians, physi-
ologists, or nutritionists with training in genomics—so that the results are integrated
with the clinical history, anthropometric data, physical assessments, and the ath-
lete’s context. The risk of misconception, decontextualized commercial use, or deci-
sions based on few genetic markers is a growing ethical challenge (Webborn
et al., 2015).
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1.6.1 The Evolution of Genetic Tests Applied to Sports

Sports genetics emerged from observational studies in the 1970s and 1980s, when
researchers began to investigate families and twins to evaluate the role of heritabil-
ity in characteristics such as cardiorespiratory capacity, strength, and body compo-
sition (Bouchard et al., 1986). These works showed that a good part of the
interindividual variability in responses to exercise had a genetic component.
However, it was only from the 1990s that the first candidate genes began to be
explored in a more systematic way, with emphasis on ACTN3 and ACE, two of the
most well-known markers to this day (Yang et al., 2003; Montgomery et al., 1998).

With the completion of the Human Genome Project in 2003 and the populariza-
tion of genotyping and microarray techniques, genetic investigation expanded expo-
nentially. Genome-wide association studies (GWAS) emerged, which represented a
milestone by allowing the simultaneous analysis of hundreds of thousands to mil-
lions of genetic variants in large populations, without the need for previous hypoth-
eses about specific candidate genes. This approach was fundamental to discover
new associations between SNPs and complex characteristics such as VO, max,
muscle recovery, injury profile, body composition, inflammatory response, and even
intrinsic motivation for sports practice (Ahmetov et al., 2016; Eynon et al., 2013;
Wang et al., 2022).

The GWAS methodology compares the allelic frequencies of a vast set of SNPs
between groups of individuals with and without a certain characteristic (cases vs.
controls) or along a spectrum of a quantitative trait (such as VO, max). Variants that
appear with significantly different frequency between the groups are considered
associated with the phenotype under study, pointing to genomic regions of interest
that may harbor causal genes (Visscher et al., 2017).

The reduction in costs with sequencing and, crucially, the development of large
population genetic databases (Biobanks) also accelerated progress, enabling multi-
ethnic studies with greater statistical power and reproducibility. Projects such as the
1000 Genomes Project and, especially, the UK Biobank, which contains detailed
genetic and phenotypic data from about 500,000 participants, provided unprece-
dented resources for research in human genetics, including sports (Bycroft et al.,
2018; Klimentidis et al., 2018). Analyses in the UK Biobank, for example, have
already identified dozens of loci associated with self-reported and accelerometer-
measured physical activity levels (Wang et al., 2022; Doherty et al., 2018). The
cheapening of DNA sequencing—which went from thousands of dollars per genome
in 2003 to a few hundreds currently, along with the expansion of bioinformatics and
artificial intelligence platforms, enabled more refined analyses to connect genomic
data to more precise predictive models (Van Dijk et al., 2014).

Beyond GWAS focused only on the genome, the frontier of research in sports
genetics now moves toward multi-omic approaches. These strategies integrate data
from different biological levels—such as genomics (DNA), transcriptomics (RNA),
proteomics (proteins), and metabolomics (metabolites), to obtain a more holistic
and dynamic understanding of physiological responses to exercise and the molecu-
lar bases of athletic performance (Pitsiladis et al., 2016). The integration of these
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multiple data sets allows identifying not only the predisposing genetic variants but
also how they interact with gene expression, protein function, and metabolic path-
ways in response to training or different environmental conditions (Muniz-Santos
etal.,2023; Wei et al., 2024). Large-scale projects, such as the Molecular Transducers
of Physical Activity Consortium (MoTrPAC), are using multi-omic approaches in
humans and animal models to map in detail the molecular alterations induced by
exercise in various tissues, promising to revolutionize our understanding of the
mechanisms of adaptation and the benefits of physical activity for health (MoTrPAC
Study Group, 2024).

Currently, there is a variety of genetic tests applied to sports commercially avail-
able globally. Most of these tests analyze between 20 and 200 SNPs. These tests
seek to identify the individual’s “sports genetic profile” to guide training, nutritional
strategies, and personalized recovery (Pickering & Kiely, 2017). However, the qual-
ity of the tests varies greatly between laboratories: although some offer panels based
on robust and reviewed scientific evidence, others use variants with little or no vali-
dation in population studies. In the mass of a variety of genetics tests, a positive
point comes from recent research that have demonstrated a scenario of promising
applications of genetic testing toward optimizing athletic performance in both
endurance and swimming. It evidences that genetic-based training, when integrated
with structured load monitoring, can effectively support sports professionals in opti-
mizing training for elite athletes (Bottura & Dentillo, 2025a, b).

An emerging approach to deal with the polygenic nature of traits related to per-
formance is the use of polygenic risk scores (PGS), also called polygenic scores.
The PGS aggregates information from multiple genetic variants (often thousands or
millions of SNPs identified in GWAS) into a single score that represents an indi-
vidual’s genetic predisposition for a certain trait or disease (Kujala et al., 2020).
Instead of focusing on the effect of isolated genes, the PGS captures the cumulative
effect of many variants with small individual effects. Although still in development
for specific sports traits, PGS for related characteristics, such as habitual physical
activity levels, have already been created and show association with health out-
comes (Sillanpéd et al., 2022). The application of PGS in sports genetics may, in the
future, offer a more robust prediction of athletic potential or injury risk than the
analysis of a few candidate genes, although methodological and interpretation chal-
lenges still need to be overcome (Gineviciené et al., 2022; Varillas-Delgado
etal., 2022).

Another problem to be faced is that the training of professionals capable of inter-
preting genetic reports with scientific rigor is still incipient in many countries. This
creates a gap between the generation of genetic data and its practical application,
which can lead to misinterpretations or exaggerated promises. The responsible use
of genetic information in sports requires a multidisciplinary approach, involving
geneticists, sports physicians, physiologists, nutritionists, and coaches, all with ade-
quate training in genomics and its applications.

Additionally, the growing convergence between sports genetics, big data (gener-
ated by wearables, continuous monitoring, and biobanks), and artificial intelligence
(AD) introduces new layers of ethical complexity. Al algorithms are increasingly
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used to analyze large volumes of omics and phenotypic data, seeking predictive pat-
terns of performance, injury risk, or response to training (Reis et al., 2024; Mateus
et al., 2024). Although promising, these approaches raise significant concerns about
data privacy, security, potential for algorithmic biases (which can perpetuate
inequalities), transparency of Al models, and the need for specific informed consent
for the use of data in complex algorithms (Farhud et al., 2021; Howe III, 2020).
Robust governance and clear regulation are essential to ensure that the use of Al and
big data in sports genetics is ethical and fair and benefits athletes without compro-
mising their fundamental rights (Bojarczuk et al., 2024; Mennella et al., 2024).

Beyond the host’s genetic and epigenetic factors, there is an emerging under-
standing that the intestinal microbiome—the vast community of microorganisms
that inhabit our gastrointestinal tract—also plays a significant role in health and
athletic performance. There is a bidirectional communication between exercise and
the microbiome: regular physical activity can positively modulate the composition
and diversity of the intestinal microbiota, while microbiota, in turn, influences
energy metabolism, immune function, inflammation, and even the athlete’s mental
health (Mohr et al., 2020; Hughes et al., 2020). Studies have shown differences in
microbial composition between athletes and sedentary individuals and even between
athletes of different modalities.

Certain bacteria can produce beneficial metabolites, such as short-chain fatty
acids, which serve as an energy source and have anti-inflammatory effects. The
interaction between host genetics and the microbiome (influenced by diet and life-
style) represents a new frontier in the personalization of strategies to optimize per-
formance and recovery (O’Brien et al., 2022; Patel et al., 2024). Interventions
focused on the microbiome, such as the use of probiotics and prebiotics, are being
investigated as potential tools to modulate the response to exercise.

In summary, sports genetics should be used as a tool for self-knowledge and
optimization, not as an exclusionary criterion. Its ethical and careful application can
contribute to prevention programs, training personalization, and athletic longev-
ity—as long as it is inserted in a multidimensional approach that respects the limits
of science and the rights of athletes. The advancement of genotyping technologies
has allowed the creation of accessible and increasingly complete genetic tests aimed
at sports practice. These tests investigate genetic variants previously associated with
physical performance, injury risk, recovery capacity, and response to training.

1.7  Conclusion and Final Perspectives

Sports genetics is not a future promise: it is a current reality, sustained by decades
of advances in molecular biology and the science of human performance. This chap-
ter demonstrated how genetic variants influence strength, endurance, recovery, pro-
pensity for injuries, and even individual response to training. However, it became
evident that genetics is not destiny. Genetic information is only one part of the
complex puzzle that composes sports performance. It should be interpreted with
caution, contextualized, and used as support for more informed decisions, never as
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absolute truths or exclusion criteria. Genetic tools will continue to evolve, with
more precise and comprehensive technologies. However the future of genetics in
sports will depend above all on how this data will be integrated, with ethical respon-
sibility, consent, privacy, and, mainly, respect for the athlete’s individuality. For
coaches, physical educators, and health professionals, knowing these concepts is a
unique opportunity to offer more personalized, effective, and preventive interven-
tions. Sports genetics is, above all, a tool to expand human potential, with science,
conscience, and balance.
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Abstract

Scientific research on the relationship between genetics and athletic performance
has evolved significantly over the past century, moving from early theories of
heredity to advanced genomic analyses. The growing understanding of genetic
factors that influence athletic performance has not only expanded scientific
knowledge but also raised ethical and practical questions regarding talent identi-
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fication, training optimization, and potential genetic interventions. This chapter
aims to explore the historical evolution of genetic research in sports, from the
earliest studies on heredity and performance to the groundbreaking discoveries
made possible by molecular genetics. Key milestones will be discussed, includ-
ing the Human Genome Project, the introduction of genome-wide association
studies, and the identification of performance-related genes such as ACTN3 and
ACE. In addition, we will examine the ethical considerations that have emerged
along this trajectory, shaping the responsible application of genetic knowledge in
the sports context. By tracing this historical pathway, this chapter provides a
comprehensive overview of how genetics has influenced research on athletic per-
formance, preparing the reader for future discussions on its physiological and
practical implications.

Keywords

Sports genomics - ACTN3 - ACE gene - Athletic performance - Genetic testing -
Epigenetics - Human Genome Project - Talent identification - GWAS - Ethical
issues in sports science

2.1 Introduction

The relationship between genetics and athletic performance has become a topic of
increasing scientific interest, driven by technological advances that allow for a
deeper understanding of the biological foundations of athletic ability. From the first
observations of heredity to the modern era of genomics, research into how genes
influence athletic capacity has evolved significantly. Over the decades, accumulated
knowledge has made it possible not only to identify genetic markers associated with
performance but also to understand their interactions with environmental and epi-
genetic factors. An overview of the key historical and scientific milestones in this
field is summarized in Fig. 2.1. For readers unfamiliar with the basic principles of
genetics and their relevance to sports performance, we recommend reviewing Chap.
1, which provides a foundational overview of key concepts that will help contextu-
alize the historical developments discussed in this chapter.

This chapter provides a historical review of the main advances in research on
genetics and sports, highlighting how the concepts of natural selection and heredity
laid the foundation for modern studies. We begin with the contributions of Charles
Darwin, Gregor Mendel, and Francis Galton, whose theories and experiments
shaped the early understanding of the transmission of biological traits. We then
explore the impact of twin studies in estimating the heritability of physical and
physiological traits, as well as the first statistical models applied to human genetics.

The discovery of the DNA structure by Watson and Crick marked a turning point
in science, enabling fundamental advances in the identification of genes associated
with athletic performance. With the Human Genome Project (HGP) and the devel-
opment of genetic sequencing techniques, it became possible to map genetic
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Fig. 2.1 Timeline of key milestones in sports genetics

variants that influence different athletic abilities. Genes such as ACTN3 and angio-
tensin-converting enzyme (ACE) became emblematic in performance genetics
research, paving the way for personalized training and talent identification in sports.

Beyond scientific advancements, we also discuss the ethical implications of
using genetics in sports. The rise of direct-to-consumer (DTC) genetic testing has
raised questions about the validity and use of such information in athlete selection
and training. Issues of fairness, privacy, and the potential for “gene doping” are
central to the current bioethical debate.

Throughout this chapter, we aim to provide a comprehensive overview of history
and major developments in sports genetics. Understanding this trajectory is essen-
tial to contextualize discussions on the impact of genetics on exercise physiology,
athlete development, and future research directions in the field. By exploring the
foundations of sports genomics and its practical consequences, we prepare the
reader for a critical reflection on the role of DNA in athletic performance and its
future applications in high-performance sports.

2.2  Early Studies on Heredity and Performance

The relationship between heredity and physical performance began to be investi-
gated in the nineteenth century, based on evolutionary ideas and the first experi-
ments on the transmission of biological traits. In this section, we will discuss the key
historical milestones that shaped the understanding of genetic influence in sports.
The theory of natural selection, proposed by Charles Darwin, established that
advantageous biological characteristics could be passed down through generations,
indirectly influencing athletic performance. At the same time, Gregor Mendel,
through his pea plant experiments, laid the foundations of modern genetics by dem-
onstrating how specific traits are inherited in a predictable manner. Francis Galton,
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in turn, explored the inheritance of skills and talents, contributing to the develop-
ment of statistical concepts in human genetics. However, his ideas on eugenics
sparked ethical debates, raising questions about the limits of genetic selection
applied to human performance. By understanding these historical milestones, we
can analyze how scientific advances have transformed research on genetics and ath-
letic performance, leading to modern studies that integrate molecular genetics and
sports physiology.

2.3 Charles Darwin and Natural Selection

The first step toward understanding the influence of genetics on athletic perfor-
mance can be traced back to the ideas of Charles Darwin (1809-1882). In his work
On the Origin of Species (1859), Darwin proposed the theory of natural selection,
according to which individuals best suited to survive and reproduce pass on their
favorable traits to future generations (Darwin, 1859). Although his theory did not
directly address genetics as we understand it today, it laid the foundation for the idea
that biological traits could be inherited and that certain variants might confer com-
petitive advantages.

In the context of sports, natural selection suggests that specific anatomical and
physiological traits beneficial to athletic performance may have been favored across
generations. This is particularly relevant when considering population groups his-
torically exposed to specific environmental pressures, which may have led to the
development of adaptive characteristics such as enhanced cardiorespiratory capac-
ity, metabolic efficiency, and differences in muscle fiber composition. Modern stud-
ies indicate that genetic variants associated with these traits can directly influence
predisposition to certain types of sports, such as endurance or power-based
disciplines.

Darwin’s contribution to genetics applied to sports lies in the idea that individual
differences in performance may result from natural selection acting throughout evo-
lutionary history. Although natural selection does not operate in the short term, its
cumulative effects help explain genetic variability among individuals and popula-
tions in relation to athletic performance, offering a conceptual framework for con-
temporary research in sports genetics.

24  Gregor Mendel and the Laws of Heredity

While Darwin was explaining the evolution of species, Gregor Mendel (1822-1884),
an Austrian monk and scientist, was conducting pioneering experiments on heredi-
tary transmission. In his classic study with pea plants, published in 1866, Mendel
demonstrated that certain traits were passed from one generation to the next in a
predictable manner, governed by discrete units later known as genes (Mendel, 1866).

Mendel established three fundamental laws of heredity: the law of segregation,
which states that alleles of a gene separate during gamete formation; the law of
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independent assortment, which asserts that different traits are inherited indepen-
dently of one another; and the law of dominance, which explains how some traits
are expressed preferentially over others.

These principles laid the foundation for modern genetics and, decades later, were
applied to understanding the genetic variations associated with athletic perfor-
mance. Mendel’s influence on sports genetics became evident with the advancement
of genomics, which enabled the identification of specific genes that influence traits
such as muscle strength, energy metabolism, and cardiorespiratory capacity.
Through Mendelian analysis, researchers were able to understand how genetic vari-
ants can contribute to athletic predisposition, establishing the groundwork for
applying genetics in athlete selection and personalized training programs.

2.5 Francis Galton and the Concept of Heredity

Francis Galton (1822-1911), a cousin of Charles Darwin, was one of the first scien-
tists to propose that physical and intellectual traits were inherited and that heredity
played a central role in talent and genius (Del Cont, 2008). In his work Hereditary
Genius (Galton, 1869), Galton analyzed the biographies of prominent individuals
and concluded that genius was strongly influenced by genetic inheritance, suggest-
ing that intellectual traits and special abilities were passed down from one genera-
tion to the next. He also introduced statistical methods to measure heredity, laying
the foundation for biometrics and establishing one of the earliest quantitative para-
digms for studying the transmission of hereditary traits (Galton, 1883).

Galton believed that the transmission of traits was not only limited to physical
aspects but also included cognitive skills and talents, which led him to develop the
concept of eugenics (Del Cont, 2008). This idea advocated for the genetic improve-
ment of the human population through the selection of individuals with desirable
characteristics. Although initially influential in scientific circles, eugenics was later
widely criticized for its ethical and social implications, especially due to the misuse
of its principles in discriminatory policies during the twentieth century.

In the context of sports, Galton’s ideas on heredity helped shape the early debates
on the genetic influence on physical performance. His pioneering studies paved the
way for later investigations into the inheritance of athletic abilities and the search
for genetic biomarkers related to sports talent. With advances in modern genomics,
many of Galton’s concepts have been revised and refined, enabling a more objective
and scientifically grounded approach to understanding the influence of genes on
athletic performance.

2,6 Twin Studies and Heredity

The study of heredity advanced significantly with the introduction of twin studies,
an essential method for distinguishing between genetic and environmental influ-
ences on human traits. In 1922, Walter Jablonski was one of the first scientists to use
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monozygotic and dizygotic twins to investigate the genetic influence on refractive
eye errors. His results demonstrated that genetic differences could be inferred by
comparing identical and fraternal twins, establishing a methodological model for
future research (Jablonski, 1922; Liew et al., 2005). Twin studies have since become
a key tool for estimating trait heritability and quantifying the respective contribu-
tions of environment and genetics to various phenotypes (Sahu & Prasuna, 2016).
This method has enabled significant advances in the understanding of hereditary
traits related to health and physical performance.

2.7 Raymond Pearl and Human Biology

In the 1920s and 1930s, Raymond Pearl introduced quantitative approaches to the
study of human biology, combining biometrics and experimentation to analyze pop-
ulation growth, longevity, and genetic heritage (Little & Garruto, 2010). Pearl was
one of the first scientists to reject eugenics as a valid approach, arguing that environ-
mental factors played a crucial role in shaping human traits (Pearl, 1924).

His studies were fundamental to the development of human biology as a scien-
tific discipline, promoting the use of statistics to assess the genetic influence on
population-level traits. Pearl also emphasized the need to integrate experimental
and epidemiological approaches in genetic research, anticipating the advances that
would emerge with modern molecular studies.

2.8 The Evolution of Twin Studies and Their Application
in Modern Genetics

Since the work of Galton and Jablonski, twin studies have become an essential tool
in genetic research. In the twenty-first century, this methodology has been com-
bined with molecular techniques, allowing significant advances in understanding
the heritability of diseases and complex traits (Sahu & Prasuna, 2016). With the
development of twin population registries, researchers have been able to analyze
data from thousands of twin pairs over time, confirming the genetic influence on
traits such as athletic performance, metabolism, and training response (Liew et al.,
2005). Modern studies reinforce the notion that the interaction between genes and
the environment plays a fundamental role in the expression of athletic phenotypes,
challenging deterministic views of genetics in sports.

29 The Discovery of DNA Structure by Watson and Crick

The greatest revolution in genetics came in 1953, when James Watson and Francis
Crick discovered the structure of DNA. Using X-ray diffraction images obtained by
Rosalind Franklin and Maurice Wilkins, Watson and Crick proposed that DNA had
a double-helix structure, in which nitrogenous bases, adenine, thymine, cytosine,
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and guanine, paired in a complementary manner (Watson & Crick, 1953). This dis-
covery was fundamental for understanding how genetic information is stored, repli-
cated, and transmitted across generations, enabling major advances in genetics and
in the identification of genes related to athletic performance. It was from this break-
through that molecular genetics began to develop, paving the way for future research
on how specific genetic variants could influence physical and physiological traits.

2,10 Milestone in Genomics and Physical Activity

The 1960s marked the beginning of research into the genetic influence on athletic
performance, with the first studies investigating hereditary traits in athletes. The
work of Jacob and Monod (1961) was fundamental in understanding the regulatory
mechanisms of gene expression, highlighting that genes are not simply active by
default, but must be activated or repressed according to cellular needs. These
advances paved the way for the application of genetics in exercise physiology, lead-
ing to studies on the heritability of athletic traits. By the 1980s, the first evidence of
genetic variations associated with sports performance began to emerge, particularly
in muscle enzymes. A study by Rotenberg et al. (1988) revealed distinct patterns of
lactate dehydrogenase isoenzymes in university basketball players, suggesting that
genetic variation could influence energy metabolism and muscle recovery. These
findings were pioneering in the search for candidate genes that could impact athletic
performance, laying the groundwork for more advanced genomic research in the
decades that followed.

2,11 The Human Genome Project

The 1990s marked a turning point in genetic research with the launch of the HGP in
1990. This global initiative aimed to map and understand all human genes, enabling
unprecedented advances in the understanding of human biology. The international
consortium responsible for the project brought together scientists from multiple
countries, using new sequencing technologies to create a detailed map of the human
genome (International Human Genome Sequencing Consortium, 2001). Throughout
the 1990s, the HGP provided a foundational basis for analyzing genes associated
with specific traits, including athletic performance.

Within this context, in 1999, Montgomery et al. (1999) published a pioneering
study demonstrating the association between the ACE gene polymorphism and ath-
letic performance. The study showed that individuals with the II genotype displayed
greater efficiency in endurance activities, while those with the D allele had a predis-
position for strength and power-based activities. This discovery was crucial in
establishing a direct link between genetic variation and athletic capacity, offering a
model for future research on the genetics of physical performance.

In 2003, the completion of the Human Genome Project marked a new era in
biomedical research, allowing for more detailed analyses of genes involved in
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athletic performance. With the human genome fully sequenced, scientists were able
to identify and characterize genes such as ACTN3, a gene associated with muscle
function and performance in power sports (North et al., 1999). The absence of
a-actinin-3 protein due to a specific mutation was found in a significant portion of
the population, raising questions about its influence on athletic performance and
adaptation to exercise.

The progress enabled by human genome sequencing transformed the field of
sports genomics, allowing not only for the identification of new candidate genes for
performance but also for the personalization of training based on individual genetic
profiles. Thus, the developments from 1990 to 2003 laid a solid foundation for mod-
ern research in sports genetics, impacting everything from exercise physiology to
sports medicine and the ethical application of genetic knowledge.

2.12 Methodological Advances and Key Discoveries

The introduction of genome-wide association studies (GWAS) into sports genetics,
beginning around 2008, represented a significant advancement in identifying genes
associated with athletic performance. This approach enabled the simultaneous anal-
ysis of thousands of genetic variants, allowing the discovery of polygenic patterns
that influence physical aptitude. Williams and Folland (2008) emphasized that ath-
letic performance is highly polygenic and that the combination of multiple poly-
morphisms may determine an individual’s athletic potential. The growing application
of GWAS in the following decade led to the identification of numerous genetic
variants related to endurance and muscular power, refining the understanding of
genetic influence on physical performance (Wang, 2013).

Among the most important findings from this period was the identification of the
ACTN3 gene as one of the key determinants of athletic performance, particularly in
power and speed sports. The R577X polymorphism in the ACTN3 gene was recog-
nized as a critical factor in muscle fiber composition, influencing predisposition to
explosive activities. Elite athletes in sports such as sprinting and weightlifting
showed a higher frequency of the functional R allele, while individuals with the null
variant (XX) were less represented in high-power disciplines (Eynon et al., 2013).
The absence of a-actinin-3 protein, associated with the XX variant, has been linked
to a higher proportion of oxidative fibers, favoring endurance activities but reducing
explosive capacity (Berman & North, 2010).

The review by Ostrander et al. (2009) reinforced that genetics plays a fundamen-
tal role in athletic performance and that the interaction among different polymor-
phisms can shape an individual’s athletic potential. These findings solidified the
understanding that there is no single “sports gene,” but rather a combination of
genetic variants that collectively determine muscular, metabolic, and physiological
traits with a direct impact on athletic performance.

With the advancement of genomic research, it has become clear that the applica-
tion of genetics in sports must consider not only isolated variants but also their
combined effects on human physiology. The discoveries surrounding ACTN3 and
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the increasing use of GWAS allowed for a more personalized approach to athletic
preparation, supporting talent identification and the optimization of training based
on individual genetic profiles.

Thus, the period between 2008 and 2010 marked a pivotal shift in the under-
standing of the relationship between genetics and athletic performance, establishing
a new paradigm in sports and exercise science research.

2.13 Ethical Considerations in the History of Sports Genetics

Starting in 2015, sports genomics experienced significant expansion, leading to
ethical debates about the use of genetic testing to identify athletic talent. Companies
began offering DTC tests, claiming they could predict the athletic potential of chil-
dren and adolescents based on specific genetic variants. However, a consensus
among experts, published by Webborn et al. (2015), emphasized the lack of scien-
tific evidence to support such tests and warned of the risks of misinterpreting genetic
data. Camporesi and McNamee (2016) reinforced this position by arguing that tal-
ent selection based on genetic testing could undermine a child’s right to an open
athletic future, rather than rigidly defining their capabilities from an early age.
Furthermore, concerns have been raised regarding the potential for genetic discrimi-
nation and the inappropriate use of such information in athlete development. For a
deeper exploration of the ethical challenges surrounding sports genomics, including
regulatory concerns and future directions, readers are encouraged to consult
Chap. 10.

In the scientific landscape, sports genomics continued to evolve, driven by
advances in DNA sequencing technologies and the growth of genetic databases of
athletes. Ginevicien¢ et al. (2022) highlighted how the application of genomic tech-
niques, combined with other omics approaches, such as proteomics and metabolo-
mics, began offering more detailed insights into genetic predisposition for specific
sports and susceptibility to injuries. However, these advances have also raised ethi-
cal questions about the appropriate use of such information, particularly in high-
performance contexts and talent selection.

By 2020, one of the most significant developments in genetics applied to sports
was the growing body of research in epigenetics, showing how environmental fac-
tors can modulate gene expression and influence athletic performance throughout
life. Studies began to demonstrate that factors such as training, nutrition, and psy-
chological stress not only impact performance but may also induce lasting epigen-
etic changes, altering how genes are activated or silenced in different physiological
contexts. Bicakgi et al. (2024) emphasized the relevance of genetic polymorphisms
and epigenetic mechanisms in the adaptation to aerobic exercise, suggesting that
gene—environment interactions may explain individual differences in endurance and
muscle recovery.

The understanding of these mechanisms opened new perspectives for personal-
ized training strategies, allowing for more effective approaches based on each indi-
vidual’s epigenetic response. However, the growth of this research also brought
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challenges, especially regarding the possibility of artificial epigenetic modulation, a
topic closely tied to ongoing discussions around gene doping. The use of epigenetic
manipulation to enhance athletic performance has become a key concern for the
World Anti-Doping Agency, which is working to regulate potential genetic inter-
ventions in sports.

Thus, between 2015 and 2020, sports science underwent profound transforma-
tions, expanding knowledge about the relationship between genetics, epigenetics,
and physical performance. Nevertheless, ethical and regulatory challenges continue
to evolve, demanding ongoing debate about the limits of applying sports genomics.

2.14 Final Considerations

As research in sports genetics continues to advance, it becomes increasingly impor-
tant to balance scientific innovation with ethical responsibility. The historical trajec-
tory, from early theories of heredity to modern genomic and epigenetic approaches,
has shown that athletic performance is shaped by a complex interplay of genetic,
environmental, and social factors. While the potential for personalized training and
injury prevention is promising, the misuse of genetic information remains a concern
that must be addressed through transparent guidelines, education, and regulation.
By understanding the scientific milestones and ethical dilemmas that have shaped
this field, researchers, coaches, and policymakers are better equipped to apply
genetic knowledge in a way that respects individual rights and promotes fairness in
sports. This historical perspective lays a critical foundation for future research and
responsible innovation in the pursuit of athletic excellence.
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Abstract

Individual variability in responses to physical training is influenced by both envi-
ronmental and genetic factors. Understanding the molecular basis of these differ-
ences can contribute to the advancement of precision sports science. This chapter
is structured around the classical energy systems described in exercise physiol-
ogy, namely, the alactic anaerobic, lactic anaerobic, and aerobic systems, high-
lighting how specific genes and their polymorphisms modulate the efficiency,
plasticity, and maximal capacity of each metabolic pathway. In the alactic anaer-
obic system, genes such as ACTN3 (rs1815739) and CKM (rs8111989) influence
explosive power, while polymorphisms in ACE (insertion/deletion (I/D)) and
AGT (rs699) modulate hemodynamics during intense efforts. The lactic anaero-
bic system, responsible for glycolysis and lactate production, is regulated by
genes such as MCTI (rs1049434) and IL6 (rs1800795), which impact both
energy metabolism and the inflammatory response. The aerobic system, based on
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oxidative phosphorylation, involves genes related to mitochondrial biogenesis
and oxygen transport, including PPARGCIA (rs8192678), PPARA (rs4253778),
PPARD (1s2016520), NOS3 (rs2070744, rs1799983), and VEGFA (rs2010963).
By integrating physiological function with genetic regulation, it becomes possi-
ble to achieve a more comprehensive understanding of exercise adaptation. A
hypothetical case study illustrates how two 10 km runners with distinct genomic
profiles would respond differently to the same training program, one with a more
oxidative profile characterized by greater mitochondrial efficiency and better lac-
tate utilization and the other with a more powerful profile characterized by
greater explosive strength but reduced aerobic sustainability. In conclusion,
genetics does not determine athletic performance in isolation but modulates the
adaptive response to training stimuli. The integration of physiology and genom-
ics paves the way for individualized prescription strategies that simultaneously
account for phenotypic plasticity and genomic predisposition.

Keywords
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3.1 Introduction

Human performance in different sports modalities depends on the complex interac-
tion between environmental factors such as training, nutrition, and recovery and
biological factors, particularly genetics. Adaptive responses to physical exercise
vary widely among individuals, as some display rapid and substantial improve-
ments in parameters such as VO, max, ventilatory thresholds, and movement econ-
omy, while others show more modest changes even under similar stimuli. Family
and twin studies confirm that part of this variability is explained by heritability,
which can range from 25% to 50% depending on the trait studied (Bouchard et al.,
1999, 2011).

Traditionally, exercise physiology has been organized around the energy systems
responsible for adenosine triphosphate (ATP) resynthesis, namely, the alactic anaer-
obic system (ATP—phosphocreatine (PCr)), the lactic anaerobic system (anaerobic
glycolysis), and the aerobic system (oxidative phosphorylation). These systems
function in an integrated manner but demonstrate relative predominance according
to the intensity and duration of exercise. Genetics provides an additional layer of
understanding by revealing how variants in specific genes modulate the efficiency,
plasticity, and maximal capacity of each of these systems.

The purpose of this chapter is to present the metabolic pathways of energy pro-
duction in a classical way, as in a physiology textbook, while highlighting the main
genes associated with each pathway. Subsequently, evidence on genetic polymor-
phisms and their relationship with individual responses to exercise is discussed.
Finally, two hypothetical case studies of athletes with distinct genomic profiles are
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analyzed, illustrating how they might respond differently to the same training
program.

3.2  Anaerobic Alactic System

The anaerobic alactic system, also known as the ATP-PCr system, is the fastest
pathway for supplying energy to support intense and short-duration muscle contrac-
tions, typically predominant during the first 10 seconds of maximal effort (McArdle
et al., 2015). This system relies on ATP stored within the muscle and on PCr as
immediate phosphate donors for ATP resynthesis, a process catalyzed by creatine
kinase. Despite its high-power output, its capacity is limited by the relatively small
amount of phosphocreatine available in muscle fibers.

Several genes influence the efficiency of this system. The ACTN3 gene
(rs1815739, R577X) is one of the most studied. It encodes the protein a-actinin-3,
expressed exclusively in type II fast-twitch fibers. Individuals carrying the R allele
(RR or RX) express the protein, which confers a greater ability to generate force and
explosive power, a trait essential in modalities such as 100-meter sprinting, weight-
lifting, and jumping events (MacArthur & North, 2007). Homozygotes for the X
allele, in contrast, do not express a-actinin-3 and display a more fatigue-resistant
phenotype, which is associated with endurance performance.

Another gene of relevance is CKM (rs8111989), which encodes muscle creatine
kinase, the enzyme responsible for transferring the phosphate group from phospho-
creatine to adenosine diphosphate (ADP) to regenerate ATP during periods of high
energetic demand (Fig. 3.1). Polymorphisms in this gene are associated with varia-
tions in enzymatic activity, influencing both the rapid resynthesis of ATP and the
adaptive response to strength training (Chen et al., 2017).

In addition, genes of the renin—angiotensin system also participate indirectly in
this pathway. The ACE gene, with its I/D polymorphism, influences the formation
of angiotensin II and the degradation of bradykinin. The D allele is associated with
higher enzymatic activity and has been reported more frequently in strength and

CREATINE PHOSPHATE + ADP + H* «— CREATINE + ATP
CREATINE KINASE

Fig. 3.1 Simplified schematic of the phosphagen system (ATP—PCr). Phosphocreatine donates a
phosphate group to ADP, regenerating ATP, catalyzed by creatine kinase (CKM, rs8111989).
Genetic variants such as ACTN3 (rs1815739) influence fast-twitch fiber function and power pro-
duction. This system supports explosive and short-duration efforts
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power athletes, whereas the I allele is more commonly found in endurance athletes
(Montgomery et al., 1998; Ma et al., 2013). The AGT gene (rs699), which encodes
angiotensinogen, has also been linked to differences in cardiovascular regulation
and performance in explosive efforts (Rankinen et al., 2016).

Physical training can modulate the expression and function of these genes.
Maximal strength sessions, repeated sprints, and plyometric exercises stimulate
neuromuscular and biochemical adaptations that enhance the efficiency of the ATP—
PCr system, increasing intramuscular phosphocreatine content and creatine kinase
activity (Bogdanis et al., 1995). Individuals with favorable genotypes in ACTN3 and
CKM are more likely to achieve gains in power and speed, while those with less
favorable variants may develop better tolerance to repeated high-intensity efforts,
though with a lower peak power output.

In sports, the anaerobic alactic system is decisive in explosive modalities. The
100-meter sprint, for instance, relies almost exclusively on ATP and PCr availabil-
ity, as do high jump and long jump events. However, even in endurance sports, the
contribution of this system is critical during the final sprints or sudden accelera-
tions, being modulated both by training and by the athlete’s genetic profile.

3.3  Anaerobic Lactic System

The anaerobic lactic system, also referred to as anaerobic glycolysis, is the pathway
responsible for ATP production through the breakdown of glucose or glycogen to
pyruvate, which under conditions of limited oxygen availability is converted into
lactate (Fig. 3.2). This pathway has high-power output and intermediate capacity,
predominating during high-intensity efforts lasting between 30 seconds and 3 min-
utes, such as 400-to-800-meter runs, short-distance swimming events, team sports,
and sprint situations within endurance disciplines (Brooks et al., 2005).

From a molecular perspective, glycolysis involves a cascade of reactions cata-
lyzed by regulatory enzymes such as phosphofructokinase and lactate dehydroge-
nase. The accumulation of lactate, associated with H* ions, leads to a decrease in
intramuscular pH, altering membrane excitability and contributing to fatigue.
However, lactate should not be regarded solely as a negative byproduct. In addition
to serving as an energy substrate in oxidative fibers, it acts as a signaling molecule
that mediates training adaptations (Gladden, 2004).

Several genes influence this system. MCTI (rs1049434, A1470T) encodes a
monocarboxylate transporter responsible for lactate flux between muscle fibers and
between muscle and circulation. The A allele has been associated with greater
capacity to transport lactate into oxidative fibers, enhancing its use as a substrate
and contributing to better tolerance of intense exercise (Cupeiro et al., 2012). In
addition, inflammatory cytokines also play a role in this pathway. /L6 (rs1800795,
G-174C) is an interleukin released by muscle during intense exercise, acting both as
a pro-inflammatory cytokine and as a myokine with metabolic effects. The C allele
is associated with higher IL-6 expression, which may lead to a more pronounced
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Fig. 3.2 Simplified schematic of the glycolytic pathway leading to lactate production during
high-intensity exercise. Key genetic polymorphisms influencing this system include MCTI and
ACTNS3. These variants modulate individual differences in glycolytic efficiency, lactate accumula-
tion, and recovery capacity

inflammatory response to intense effort but also to greater mobilization of energy
substrates (Fishman et al., 1998).

High-intensity interval training (HIIT) and repeated efforts around the anaerobic
threshold are potent stimuli to increase both glycolytic and oxidative muscle capac-
ity, modulating the expression of transporters such as MCT1 and regulating the
activity of key enzymes (Edge et al., 2005). Individuals with favorable variants in
these genes tend to exhibit better tolerance to lactate accumulation and faster recov-
ery between efforts, whereas less favorable genotypes may be associated with
greater fatigue and a stronger inflammatory response.

In sports practice, the anaerobic lactic system is decisive in middle-distance
events and in decisive phases of team sports, where the ability to sustain repeated
high-intensity efforts determines performance. Genetics, by modulating the effi-
ciency of this pathway, helps explain individual differences in the capacity to toler-
ate high-intensity loads and can guide the design of training programs that either
exploit or compensate for such characteristics.

3.4  Aerobic System

The aerobic system is the primary pathway for energy production during prolonged
efforts of moderate to high intensity, such as marathons, triathlons, long-distance
cycling, and open-water swimming. It uses carbohydrates, lipids, and, to a lesser
extent, proteins as energy substrates, generating ATP through the Krebs cycle and
the electron transport chain within the mitochondria (Fig. 3.3). The main
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Fig. 3.3 Schematic representation of the aerobic metabolism (glycolysis, p-oxidation, Krebs
cycle, and electron transport chain) and key genetic polymorphisms associated with mitochondrial
biogenesis, lipid metabolism, and adrenergic regulation

characteristic of this system is its high capacity, although it has a lower power out-
put compared to the anaerobic systems (McArdle et al., 2015).

From a molecular perspective, mitochondrial biogenesis and the efficiency of
substrate oxidation are regulated by genes that act as metabolic sensors. PPARGCIA
(rs8192678, Gly482Ser) encodes the coactivator PGC-1a, considered the “master
regulator” of mitochondrial biogenesis. The Gly allele has been associated with
greater oxidative capacity and improved adaptation to endurance training, whereas
the Ser allele has been linked to reduced mitochondrial efficiency (Tharabenjasin
et al., 2019). The genes PPARA (1rs4253778, G/C), PPARDa (152016520, T/C), and
PPARDD (152267668, G/A) encode nuclear receptors that regulate the expression of
enzymes involved in fatty acid p-oxidation, which are essential for lipid utilization
as a substrate during prolonged exercise (Lopez-Leon et al., 2016; Skogsberg
et al., 2000).

Muscle perfusion, which is essential for oxygen and nutrient delivery, is also
genetically modulated. NOS3 (rs2070744, rs1799983) encodes endothelial nitric
oxide (NO) synthase, responsible for the production of NO, a vasodilatory molecule
that increases blood flow. The Glu allele of rs1799983 has been associated with
greater NO availability and better endothelial function, whereas the Asp allele has
been linked to lower production (Miyamoto et al., 1998). VEGFA (rs2010963)
encodes vascular endothelial growth factor, which promotes angiogenesis and mus-
cle capillarization, adaptations that are critical for efficient oxygen transport (Boidin
et al., 2023).
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Endurance exercise performed at moderate to high volumes increases PPARGCIA
expression and promotes mitochondrial biogenesis (Gustafsson et al., 1999).
Sessions performed under low glycogen availability or in a fasted state enhance
PPARA and PPARD activation, favoring the utilization of lipids as fuel (Bartlett
et al., 2015). HIIT is also a potent stimulus for mitochondrial biogenesis, even with
relatively low volumes, through activation of adenosine monophosphate-activated
protein kinase and p38 MAPK pathways that converge to regulate PGC-1a (Perry
et al., 2010).

The aerobic system not only sustains performance in long-duration events but is
also crucial in intermittent sports, ensuring recovery between intense efforts.
Genetic variants that favor oxidative efficiency and angiogenesis are associated with
better tolerance to high endurance loads, whereas less favorable profiles may require
a greater emphasis on nutritional periodization and training strategies designed to
maximize oxidative stimuli.

3.5 Metabolic Integration in Sports

Although the energy systems are described separately, in practice they function in
an integrated manner. Even in very short efforts, such as a 100-meter sprint, the
contribution of aerobic metabolism is already present, albeit in a small proportion.
Similarly, in long events such as the marathon, anaerobic systems contribute at spe-
cific moments, including fast starts, pace changes, and final sprints. The predomi-
nance of each system depends on the intensity, duration, and sporting context, yet
all operate in parallel to sustain muscle contraction (Brooks et al., 2005).

Genetics modulates not only the individual efficiency of each system but also the
way they interact. Individuals with favorable variants in genes such as MCT/ and
PPARGCIA, for example, display a greater ability to oxidize lactate produced dur-
ing rapid glycolysis, turning a potentially limiting byproduct into an efficient energy
substrate (Cupeiro et al., 2012; Tharabenjasin et al., 2019). Likewise, variants in
NOS3 and VEGFA can facilitate oxygen and nutrient delivery to the muscles,
enhancing the efficiency of oxidative phosphorylation and delaying fatigue
(Miyamoto et al., 1998; Boidin et al., 2023).

This integrated view reinforces that athletic performance is not the result of the
isolated action of genes but of the interaction among multiple loci regulating com-
plementary processes. For this reason, the interpretation of genomic profiles should
always consider the metabolic and physiological context in which the athlete is
embedded. This chapter focuses primarily on polymorphisms most directly related
to energy metabolism, yet other genes also play complementary roles by modulat-
ing inflammatory responses, oxidative stress, and vascular control (Fig. 3.4). These
genes are discussed in greater detail in Chap. 4 (Genetics and Sports Nutrition) and
Chap. 5 (Genetics, Inflammation, and Oxidative Stress), underscoring that athletic
performance results from a broad network of molecular interactions rather than
from isolated pathways.
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Fig. 3.4 Integrated view of exercise metabolism and genetic regulation. Candidate genes influ-
ence energy pathways (e.g., ACTN3, MCT1, PPARs), inflammatory responses (IL6, TNFa), oxida-
tive stress (SOD2, CAT, GPX1), vascular control (NOS3, VEGFA, BDKRB2, ACE), and modulatory
systems such as circadian thythm (CLOCK) and caffeine metabolism (CYPIA2). These interac-
tions highlight how multiple loci converge to regulate exercise performance and adaptation

3.6 Hypothetical Case Study

To illustrate how different genetic profiles can modulate training responses within
the same discipline, let us consider two hypothetical athletes competing in 10 km
running.

Athlete A presents a genomic profile more favorable to endurance. His genotype
includes ACTN3 XX, associated with a predominance of slow-twitch fibers and
greater fatigue resistance (MacArthur & North, 2007). He also carries the Gly allele
of PPARGCIA (rs8192678), linked to greater mitochondrial biogenesis capacity
(Tharabenjasin et al., 2019), and the A allele of MCT1 (rs1049434), which confers
higher efficiency in lactate transport into oxidative fibers (Cupeiro et al., 2012). In
addition, he possesses favorable variants in NOS3 and VEGFA, facilitating vasodila-
tion and angiogenesis (Miyamoto et al., 1998; Boidin et al., 2023). In practice, this
athlete is more likely to sustain submaximal intensities with reduced lactate accu-
mulation, faster recovery, and consistent adaptation to high training volumes.

Athlete B, on the other hand, exhibits a profile more oriented toward power. His
genotype includes ACTN3 RR, favoring a greater proportion of fast-twitch fibers
and higher capacity for force and speed generation (MacArthur & North, 2007). He
also carries the Ser allele of PPARGCIA (rs8192678), associated with lower effi-
ciency of mitochondrial biogenesis (Tharabenjasin et al., 2019), and the T allele of
MCTI (rs1049434), which reduces lactate transport efficiency (Cupeiro et al.,
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2012). Furthermore, he possesses the D allele of ACE, associated with higher anaer-
obic power but also with reduced cardiovascular efficiency during prolonged efforts
(Montgomery et al., 1998; Ma et al., 2013). In practice, this athlete is more likely to
excel in interval-based training and situations involving pace changes, although he
may accumulate greater fatigue during continuous volume-based sessions.

If both athletes were subjected to the same 10 km training program, they would
likely adapt in different ways. Athlete A would achieve better results with progres-
sive long-distance sessions, showing notable improvements in VO, max and anaero-
bic threshold. Athlete B, in contrast, would benefit more from polarized training
programs emphasizing high-intensity intervals and complementary strength train-
ing, although he might struggle in longer races requiring steady pacing. This exam-
ple illustrates how genomic knowledge can enrich training personalization, allowing
each athlete to maximize his potential.

3.7 Conclusion

The study of energy metabolism through the lens of genetics offers an integrative
perspective to better understand individual variability in responses to exercise. The
analysis of the anaerobic alactic, anaerobic lactic, and aerobic systems demonstrates
how different biochemical pathways are modulated by specific genes, whose poly-
morphisms influence traits ranging from explosive power to the ability to sustain
prolonged efforts. Although no single gene determines athletic success, the combi-
nation of variants may favor certain performance profiles. By mapping how these
polymorphisms relate to energy systems, it becomes possible to explain why ath-
letes with similar training and environmental conditions may display distinct out-
comes. More than a predictive tool, the integration of genetics and exercise
physiology paves the way for a science of precision sports. By considering both
training-induced plasticity and genomic predispositions, it becomes feasible to indi-
vidualize programs, prevent overload, and optimize performance in a sustain-
able manner.
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Abstract

Nutritional genomics is an emerging field that investigates how nutrients influ-
ence gene expression and, consequently, impact skeletal muscle metabolism,
athletic performance, and metabolic flexibility. Macronutrients serve as critical
modulators of metabolic programming by regulating cellular homeostasis and
gene activity. This chapter offers a comprehensive overview of key DNA poly-
morphisms involved in energy metabolism, with a particular focus on genes such
as ACTN3, AMPDI C34T (rs17602729), PPARA (rs4253778), PPARD
(rs2016520), PPARG (rs1801282), PPARGCIA (rs8192678), and TFAM. The
implications of these genetic variants are examined in the context of muscle fiber
composition, athletic performance, and susceptibility to metabolic disorders.
Emphasis is placed on the importance of personalized nutritional strategies to
harness individual genetic potential and support optimal metabolic health and
physical performance.

Keywords

Nutritional genomics - Genetic - Sports performance - Nutrigenomics - Exercise
physiology - Energy metabolism

4.1 Introduction

Athletic performance is the result of a complex interplay between training, environ-
ment, and genetics. Over recent decades, scientific advances have highlighted the
crucial role of genetic variations in shaping individual responses to both diet and
exercise (Chambers & Murach, 2025). Nutrigenomics, the study of how genes inter-
act with nutrients, has become an essential tool in optimizing sports performance
through personalized nutrition strategies (Guest et al., 2019).

Traditional sports nutrition relies on generalized dietary recommendations.
However, athletes often exhibit significant variability in metabolic responses,
largely driven by genetic differences (Ahmetov et al., 2015). These genetic varia-
tions influence key physiological processes such as energy metabolism, muscle
adaptation, recovery, inflammation, and susceptibility to injury. By identifying
genetic predispositions, sports nutritionists and coaches can design targeted dietary
interventions that enhance performance and reduce health risks (Thomas et al., 2016).

Specific genetic polymorphisms impact the way macronutrients such as carbohy-
drates, proteins, and fats and micronutrients like vitamins and minerals are metabo-
lized. These differences can directly affect endurance, strength, and recovery
(Ahmetov et al., 2015). For instance, certain gene variants influence an athlete’s
ability to metabolize caffeine, synthesize vitamin D, or utilize oxygen efficiently
during prolonged exertion (Betts et al., 2008).

By leveraging genetic insights, sports professionals can develop precise, evi-
dence-based nutritional strategies tailored to an athlete’s genetic profile. These strat-
egies support not only peak performance but also long-term health. Understanding
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how macronutrients modulate gene expression is essential for determining their role
in muscle function, endurance, and recovery (Verdi, 2023). Nutritional genomics,
also known as nutrigenomics, is a growing field that investigates how specific
genetic variations impact metabolism, exercise performance, and individual dietary
responses (Ahmetov et al., 2016; Bangsbo et al., 2006). This chapter explores the
fundamental principles of nutrigenomics in sports, the gene-diet interactions, and
the application of personalized nutrition strategies based on genetic variation.

4.2  Adaptation of Skeletal Muscles and Energy Metabolism

Skeletal muscle comprises approximately 40% of total body mass and serves as a
fundamental component of systemic metabolic regulation. Owing to its elevated
metabolic activity during physical exertion, skeletal muscle significantly influences
the functionality of other organ systems and contributes decisively to the mainte-
nance of whole-body physiological homeostasis (Pedersen & Febbraio, 2012;
Bujnovky et al., 2019).

Advances in genetic mapping have enabled the identification of over 200 genes
implicated in athletic performance and metabolic regulation (Guest et al., 2019).
Polymorphisms within these genes can modulate aerobic capacity, muscle fiber
composition, and mitochondrial efficiency, thereby contributing to interindividual
variability in response to both physical training and nutritional interventions
(Thomas et al., 2016; Guest et al., 2019).

Recent scientific developments have elucidated diverse nutrient-mediated molec-
ular mechanisms that regulate gene expression, which are essential for supporting
normal metabolic function. Notably, several genetic variants have been associated
with physiological traits such as aerobic performance and muscle fiber composition
key determinants of skeletal muscle energy metabolism.

4.2.1 Macronutrients

Carbohydrates present in food have significant regulatory effects on the expression
of genes associated with cell adhesion, cell cycle progression, growth control, and
the transport and oxidation of lipids necessary for mitochondrial metabolism (Di
Salvo et al., 2009). Through oxidative phosphorylation and transcriptional regula-
tion, carbohydrates influence gene expression and mitochondrial biogenesis, serv-
ing as a key energy source whose derivatives play critical roles in cellular signaling
(Ding¢ & Gokmen, 2019). The AMPD1 gene (C34T, rs17602729) has been linked to
mitochondrial regulation and elite endurance phenotypes. This gene participates in
oxidative phosphorylation, thermogenesis, and adenosine triphosphate (ATP) buff-
ering during high-intensity exercise (Din¢ & Gokmen, 2019).

Proteins play a multifaceted role in the body, extending beyond the preservation
of lean mass and muscular strength. They are fundamental not only for muscle
repair and hypertrophy but also for supporting immune function and modulating
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metabolic pathways. At the cellular level, proteins contribute to the stabilization of
transcription factor complexes in both the nucleus and mitochondria, thereby influ-
encing gene expression and mitochondrial biogenesis. These gene—nutrient interac-
tions are pivotal in mediating the physiological adaptations to training, optimizing
recovery, and enhancing athletic performance (Cermak & van Loon, 2013).

Triglycerides (composed of fatty acids and glycerol) are also a major energy
source and play a key role in gene regulation and the cellular adaptation of skeletal
muscle (Cermak & van Loon, 2013). Muscle adaptation to exercise is a dynamic
and genetically modulated process. A single exercise session can modulate the
DNA-binding activity of critical transcription factors such as PPAR, PPARD, and
PPARGCI1A, which regulate genes involved in lipid and carbohydrate metabolism
(Li et al., 2023). Peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a, encoded by PPARGCIA) plays a pivotal role in the regulation of
mitochondrial biogenesis in the skeletal muscle. Aerobic exercise activates PGC-1a
in working muscles and upregulates numerous PGC-1a-dependent genes associated
with mitochondrial biogenesis, energy substrate metabolism, and angiogenesis
(Johnson et al., 2013).

The adaptive response to aerobic training is influenced by the duration and inten-
sity of exercise, as well as by the length of recovery periods between sessions (i.e.,
training frequency). Within mitochondria, PGC-1a interacts with mitochondrial
transcription factor A (TFAM) to regulate mitochondrial gene expression and bio-
genesis (Safdar et al., 2011; Granata et al., 2016). In the nucleus, PGC-1a acts as a
transcriptional coactivator, interacting with various transcription factors, including
estrogen-related receptors (ESRRa, ESRRY), nuclear respiratory factors (NRFI,
NRF2), peroxisome proliferator-activated receptors (PPARs), and other regulators
of oxidative metabolism and mitochondrial function (Scarpulla, 2008; Rangwala
et al., 2010). Several PPARGC1A mRNA isoforms have been described in rodents
and humans (Popov et al., 2015). The analysis of the exon—exon junctions in human
skeletal muscles revealed that at rest and after acute exercise, PPARGCIA is tran-
scribed from two promoters (Fig. 4.1), producing four major mRNA isoforms. The
expression of these genes peaks between 30 min and 3 h post-exercise, contributing
to metabolic flexibility and energy homeostasis (Gan et al., 2018).

4.3  Personalized Nutrition: Molecular Strategies
for Genotype-Based Nutritional Periodization
in Athletes

Nutritional periodization is a strategic framework that involves the precise modula-
tion of nutrient timing, macronutrient composition, and caloric intake, dynamically
aligned with the fluctuating physiological and metabolic demands across distinct
training phases such as preparatory, competitive, and recovery cycles (Granata
et al., 2016). This approach is designed to optimize key adaptive processes includ-
ing mitochondrial biogenesis, muscle protein synthesis, glycogen replenishment,
inflammatory modulation, and hormonal balance, thereby enhancing both acute
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Fig. 4.1 The activation of signaling pathways in the skeletal muscle plays a key role in mitochon-
drial biogenesis, particularly in response to external stimuli such as physical activity. Several
molecular cascades converge to regulate the expression of genes involved in mitochondrial func-
tion, primarily through the coactivator PGC-1a (peroxisome proliferator-activated receptor gamma
coactivator 1-alpha). PGC-la interacts with nuclear receptors such as ERR (estrogen-related
receptor) and PPARs (peroxisome proliferator-activated receptors) to orchestrate the transcription
of genes critical for mitochondrial energy metabolism. Key mediators in this process include
enzymes and transcription factors such as CaMK (calmodulin-dependent kinase), CN (calcineu-
rin), AMPK (AMP-activated protein kinase), f-adrenergic receptors (f-AR), cAMP response ele-
ments (CRE), CREB (cAMP response element-binding protein), RXR (retinoid X receptor), KLF
(Kriippel-like factors), and components of the electron transport chain (ETC) and oxidative phos-
phorylation (OXPHOS). (Illustration adapted and created by the author based on Gan et al., 2018)

performance and long-term athletic adaptations (Verdi, 2022). The integration of
individual genetic profiles into nutritional periodization marks a paradigm shift
from generic dietary prescriptions to a precision nutrition model (Johnson
etal., 2013).

By leveraging nutrigenetic insights such as polymorphisms affecting genes
involved in macronutrient metabolism (e.g., AMYI, FTO, PPARA), oxidative stress
response (e.g., SOD2, GPX]I), inflammatory pathways (e.g., IL6, TNFA), and mus-
cle recovery (e.g., ACTN3) dietary interventions can be tailored to an athlete’s
unique genetic predispositions (Bottura et al., 2020; Eynon et al., 2009). This
enables optimized nutrient partitioning, personalized supplementation strategies,
and targeted manipulation of macronutrient ratios to maximize metabolic efficiency
and recovery kinetics. Ultimately, this genetically informed nutritional periodiza-
tion enhances the capacity for physiological adaptation, reduces injury risk,
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mitigates chronic inflammation, and improves performance outcomes across com-
petitive seasons (Eynon et al., 2009).

4.3.1 Genotype-Driven Macronutrient Modulation

Certain polymorphisms can significantly influence an athlete’s ability to metabo-
lize, utilize, and store macronutrients:

» Carbohydrate utilization and insulin response: Variants in genes such as TCF7L2
(rs7903146), PPARG (Prol12Ala), and AMYI copy number variation modulate
insulin sensitivity, glucose uptake, and starch digestion efficiency (Li et al., 2023,
Hawley & Leckey, 2015). Athletes with genotypes indicative of carbohydrate
intolerance may benefit from low-glycemic index strategies, cyclical carbohy-
drate intake, or a higher reliance on dietary fats for energy metabolism during
base training periods (Corella & Ordovas, 2009).

* Lipid metabolism: Polymorphisms in APOA2, FABP2, and LPL can influence
lipid absorption, transport, and oxidation (Li et al. 2023). Tailored fat intake
considering both quantity and quality may optimize mitochondrial adaptations in
endurance athletes and reduce systemic inflammation in genetically predisposed
individuals (Horvath et al., 2000).

¢ Protein turnover and muscle remodeling: Variants in F70, LEPR, and MC4R
have been associated with appetite regulation, satiety, and muscle protein synthe-
sis (Horvath et al., 2000). Furthermore, ACTN3 and MSTN polymorphisms may
influence anabolic signaling and muscle phenotype, guiding decisions on leu-
cine-rich protein timing and total intake. In resistance-trained individuals, pro-
tein periodization may be adjusted based on these polymorphic influences to
support hypertrophy or muscular endurance goals (Chambers & Murach, 2025).

4.4 Nutrigenetic Modulation of Supplementation Protocols

Personalized use of ergogenic aids is a critical frontier in sports nutrigenomics:

Caffeine (CYPIA2, rs762551): Caffeine is among the most widely studied ergo-
genic compounds, with established effects on endurance, reaction time, and per-
ceived exertion. The CYPIA2 gene encodes a cytochrome P450 enzyme responsible
for hepatic caffeine metabolism. Individuals with the AA genotype (fast metaboliz-
ers) experience significantly greater improvements in aerobic performance and time
to exhaustion following caffeine ingestion (Womack et al., 2012). Conversely, car-
riers of the AC or CC genotypes (slow metabolizers) may exhibit neutral or even
detrimental cardiovascular and performance outcomes when exposed to standard
caffeine doses. In this context, dosing, timing, and withdrawal strategies should be
genotype-specific to mitigate risks and enhance efficacy (Burke, 2008; Guest
etal., 2018).
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Creatine (SLC22A5, CKM, and GATM): Creatine monohydrate supplementation
enhances intramuscular phosphocreatine stores, supporting ATP resynthesis during
high-intensity efforts (Al-Qaim & Alshukri, 2020; Hall et al., 2021). Variants in
SLC22A5 (organic cation transporter), CKM (creatine kinase, muscle type), and
GATM (glycine aminotransferase) have been implicated in variability of response to
creatine loading. Individuals with certain polymorphisms may require adjusted
loading protocols or prolonged maintenance phases to achieve ergogenic thresholds
(Verdi, 2022). This precision approach supports enhanced muscle phosphagen
capacity, especially relevant for power athletes and those undergoing neuromuscu-
lar rehabilitation (Hall et al., 2021).

Antioxidant support (SOD2, rs4880; GPX1, rs1050450; and CAT, rs7943316):
Exercise-induced oxidative stress, while necessary for adaptation, must be tightly
regulated. The enzymes superoxide dismutase (SOD2), glutathione peroxidase
(GPX1), and catalase (CAT) are central to endogenous antioxidant defenses. SNPs
in these genes have been shown to alter enzyme activity, increasing susceptibility to
oxidative damage (Al-Qaim & Alshukri, 2020; Jiménez-Ortega et al., 2023). For
instance, the SOD2 rs4880 Val/Val genotype is associated with reduced mitochon-
drial import efficiency and antioxidant activity. Athletes harboring these less favor-
able genotypes may benefit from targeted antioxidant support, particularly during
intensified training or altitude exposure. However, chronic high-dose supplementa-
tion may suppress redox-sensitive signaling pathways (e.g., PGC-1a), potentially
blunting mitochondrial and muscular adaptations to exercise stimuli. Therefore,
antioxidant use should be strategically periodized and genotype-informed (Gomez-
Cabrera et al., 2008).

4.5 Nutritional Periodization Based on Inflammatory
and Connective Tissue Genetic Profiles

The capacity for post-exercise recovery and the susceptibility to overreaching or
musculoskeletal injury vary substantially among individuals and are, in part, deter-
mined by genetic polymorphisms. Integrating this information into the periodiza-
tion of nutritional strategies allows for precision-based support, especially during
high-volume or high-intensity phases of training (Al-Qaim & Alshukri, 2020).

4.5.1 Inflammation-Related Polymorphisms: IL6 and TNFA

The IL6 (rs1800795) and TNFA (rs1800629) promoter polymorphisms are key regu-
lators of the inflammatory response. The presence of high-expression alleles (G in
IL6 and A in TNFA) has been associated with elevated levels of pro-inflammatory
cytokines such as interleukin-6 and tumor necrosis factor-alpha following strenuous
or eccentric exercise. This exaggerated response can lead to increased muscle dam-
age, prolonged recovery times, and a higher risk of non-functional overreaching
(Yamin et al., 2008). For athletes with these genotypes, anti-inflammatory
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nutritional strategies are indicated, particularly during competitive phases or inten-
sified training blocks.

4.6 Nutritional Modulators of Inflammatory and Oxidative
Stress Responses

4.6.1 Omega-3 Polyunsaturated Fatty Acids

These essential fatty acids, primarily eicosapentaenoic acid and docosahexaenoic
acid, play a pivotal role in attenuating inflammation by competitively inhibiting the
enzymatic conversion of arachidonic acid into pro-inflammatory eicosanoids such
as prostaglandins and leukotrienes. Furthermore, omega-3 polyunsaturated fatty
acids serve as precursors to specialized pro-resolving mediators, including resolvins
and protectins, which actively promote the resolution of inflammation and tissue
repair (Verdi, 2022).

4.6.2 Curcumin

The bioactive polyphenol extracted from Curcuma longa exhibits potent anti-
inflammatory effects largely through the inhibition of the nuclear factor kappa B
(NF-kB) signaling pathway, a critical regulator of inflammatory gene expression.
By suppressing NF-kB activation, curcumin reduces the transcription of pro-
inflammatory cytokines such as TNFA, IL-1p, and IL-6, thereby modulating sys-
temic and localized inflammatory responses.

4.6.3 Polyphenols: For Example, Quercetin and Resveratrol

These phytochemicals possess robust antioxidant properties by scavenging reactive
oxygen species and upregulating endogenous antioxidant defenses via activation of
the Nrf2 pathway. Additionally, they exert anti-inflammatory effects by inhibiting
key signaling pathways, including NF-kB and MAPK, resulting in decreased
expression of pro-inflammatory mediators (Bassett Jr & Howley, 2000). Quercetin
and resveratrol also influence cellular metabolism and mitochondrial function, con-
tributing to reduced oxidative stress and improved cellular resilience (Guest
et al., 2018).

4.6.4 Connective Tissue Integrity: COL5A1 and COL1A1

The genes COL5A1 and COLIAI encode type V and type I collagen, respectively,
both essential to the tensile strength and structural integrity of tendons and liga-
ments (Baumert et al., 2016). SNPs in these genes (e.g., COL5A1 rs12722) have
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been associated with altered collagen fibril assembly and a higher incidence of soft
tissue injuries, including Achilles tendinopathy and anterior cruciate ligament rup-
ture (Shaw et al., 2017). This may inform collagen supplementation timing, vitamin
C co-ingestion, and specific training-nutrition recovery synergies (Posthumus et al.,
2009). Athletes carrying risk alleles may benefit from periodized support for colla-
gen synthesis, particularly during:

¢ Preseason conditioning
¢ Return-to-play protocols post-injury

4.7 Synergistic Effects of Hydrolyzed Collagen and Vitamin
C on Connective Tissue Remodeling

Hydrolyzed collagen or gelatin supplementation: Ingesting hydrolyzed collagen or
gelatin approximately 60 min before mechanical loading exercises has been shown
to enhance collagen synthesis in connective tissues, such as tendons, ligaments, and
cartilage. This timing aligns with the peak availability of collagen-derived amino
acids in the bloodstream, providing the necessary substrates for fibroblasts to pro-
mote extracellular matrix remodeling and improve tissue resilience and repair
(Posthumus et al., 2009).

Vitamin C co-ingestion: Vitamin C plays a critical role as a cofactor for enzymes
prolyl and lysyl hydroxylase, which are essential for the hydroxylation of proline
and lysine residues during collagen maturation. This post-translational modification
stabilizes the collagen triple helix structure via cross-link formation, thereby
increasing the tensile strength and structural integrity of connective tissues.
Adequate vitamin C intake alongside collagen supplementation optimizes collagen
biosynthesis and supports musculoskeletal health and recovery (Guest et al., 2018).
This genotype-informed approach helps preserve musculoskeletal integrity and sup-
ports adaptation to mechanical loading.

4.8 Integration with Training Blocks
and Physiological Demands

The integration of nutrigenetic data into training microcycles and mesocycles allows
for a dynamic approach to nutrition (Choi & Friso, 2010):

e Preparatory phase: Focus on mitochondrial biogenesis and aerobic base; high-
fiber, moderate carbohydrate plans modulated by glycemic handling genes;
increased methyl-donor nutrients for epigenetic priming.

» Competitive phase: Optimized use of ergogenic aids (caffeine, nitrate, creatine)
as dictated by metabolizer status; antioxidant and anti-inflammatory support
based on oxidative stress response genes (Hall et al., 2021).
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* Recovery/transition phase: Enhanced focus on anti-inflammatory nutrients and
adaptogens; targeted support for polymorphisms linked to impaired collagen
synthesis, oxidative damage, or methylation deficits.

4.9 Personalized Nutrition for Athletes Based
on Genetic Profiles

Personalized nutrition is a precision-based approach that tailors dietary recommen-
dations according to an athlete’s genetic background. Recent studies underscore the
importance of genetic markers in regulating nutrient metabolism, hydration status,
and recovery efficiency (Tables 4.1, 4.2, and 4.3) (Guest et al., 2019; Verdi,
2022, 2023).

4.9.1 Personalized Nutrition for Athletes Based
on Genetic Profiles

Personalized nutrition is a precision-based approach that tailors dietary recommen-
dations according to an athlete’s genetic background. Recent studies underscore the
importance of genetic markers in regulating nutrient metabolism, hydration status,
and recovery efficiency (Chori & Friso 2010).

Table 4.1 Macronutrient metabolism

Gene Function Impact on performance Nutritional strategy

AMYI Carbohydrate High copy number Adjust carbohydrate intake
metabolism improves starch digestion | based on AMY1 levels

PPARG, Fat metabolism Variants influence lipid Modify fat intake based on

APOA2, oxidation genetic profile

FADSI

FTO, LEPR, Protein utilization | Affects muscle Higher protein intake for

MC4R maintenance and satiety muscle hypertrophy

Table 4.2 Micronutrient requirements

Gene Function Impact on performance Nutritional strategy

VDR, GC, Vitamin D Affects bone density and | Increase supplementation if
CYP2RI metabolism muscle contraction needed

HFE, Iron metabolism | Influences oxygen Higher iron intake for
TMPRSS6, transport individuals with deficiencies
TFR2

GPX1,SOD2, | Antioxidant Modulates oxidative Antioxidant-rich diet

GSTT1 defense stress and recovery
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Table 4.3 Hydration and electrolyte balance

Gene Function Impact on performance Nutritional strategy
ACE, ADDI, Sodium retention | Regulates blood pressure and Adjust electrolyte
AGT hydration intake

CYPIA2, Caffeine Affects endurance and Adjust caffeine
ADORA2A metabolism cognition intake

4,10 Conclusion

This chapter explored the integration of nutritional periodization with genetic
insights to enhance metabolic efficiency, recovery, and performance in athletes.
Genetic polymorphisms, such as those in ACTN-3, AMPD1, PPARs, UCPs, TFAM,
IL6, and TNFA, play a key role in regulating energy metabolism, skeletal muscle
adaptation, and circadian rhythms, directly impacting exercise capacity and recov-
ery dynamics. When combined with targeted nutritional strategies, including
omega-3 s, curcumin, polyphenols, and collagen with vitamin C, these genetic
insights enable more precise modulation of inflammation, oxidative stress, and con-
nective tissue remodeling. The application of nutrigenomics in sports and metabolic
health represents a shift toward truly individualized nutrition. Moving forward,
research into polygenic interactions and gene-environment-nutrient dynamics will
be essential to refine personalized dietary protocols, improve metabolic adaptabil-
ity, and reduce the risk of injury and chronic disease, ultimately maximizing human
performance potential.
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Abstract

The study of the effects of genetic polymorphisms in inflammatory response
markers and antioxidant enzymes on physical performance has attracted increas-
ing interest. The aim of this chapter is to elucidate the mechanisms through
which these effects occur and to promote the understanding of how such poly-
morphisms impact performance across different sport modalities with distinct
physiological demands. Various polymorphisms in pro-inflammatory cytokines,
such as IL-6, TNF-a, and C-reactive protein, as well as in antioxidant enzymes,
including superoxide dismutase, catalase, and glutathione peroxidase, are pre-
sented. The main effects of these polymorphisms on the performance of athletes
and physically active individuals are discussed, including references to certain
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clinical conditions potentially associated with these polymorphisms, due to
chronic inflammation or oxidative stress. For each cytokine and antioxidant
enzyme, a brief review of their physiological roles is provided to facilitate the
understanding of the underlying mechanisms by which these polymorphisms
may influence sports performance. Throughout the discussion of each compo-
nent, reflections and critical considerations are encouraged regarding the practi-
cal applications of this knowledge to optimize individual genetic potential
through targeted training strategies.

Keywords

Pro-inflammatory cytokines - Genetic polymorphisms - Oxidative stress

5.1 Introduction

Regular physical exercise induces both acute and chronic physiological modifica-
tions across various organ systems, affecting functions such as cardiorespiratory,
endocrine, neuromusculoskeletal, metabolic, and immune responses. Metabolically,
exercise induces both acute and chronic effects on reactive oxygen species (ROS)
generation and the expression of endogenous antioxidant enzymes like superoxide
dismutase (SODI1, SOD2), catalase (CAT), and glutathione peroxidase (GPx1)
(Barbosa et al., 2010). These changes define the extent of oxidative stress (OS)
imposed by exercise on the organism. Regarding the immune system, physical exer-
cise influences leukocyte and lymphocyte responses, particularly affecting cytokine
dynamics. Cytokines serve as key mediators of the inflammatory response and
include interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), C-reactive pro-
tein (CRP), and interleukin-1 (IL-1), among others (Febbraio & Pedersen, 2005;
Pedersen & Febbraio, 2005; Pedersen, 2011).

Since acute exercise and chronic training modulate oxidative stress and inflam-
mation, processes influencing energy metabolism, physical performance, and post-
exercise recovery, it is plausible that genetic polymorphisms in enzymes involved in
ROS production, antioxidant defense, and inflammatory mediators may affect indi-
vidual response profiles. These variations could ultimately impact athletic perfor-
mance and adaptation to training.

This chapter explores the influence of specific genetic polymorphisms on inflam-
matory and oxidative stress responses to exercise and their potential implications
for physical performance. Emphasis is placed on polymorphisms in genes encoding
antioxidant enzymes (SOD1/SOD2, CAT, GPx1) and pro-inflammatory cytokines,
particularly IL-6, with additional consideration for TNF-a and CRP. The essential
approach will consist of a critical analysis of the results from specific studies, in
order to strengthen a reflective stance regarding training demands based on the dis-
tinct polymorphisms of these peptides. This approach opposes the notion that the
study of genetic polymorphisms is intended to determine the orientation toward
certain specific sports disciplines or specific roles within some modalities.
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5.2  Cytokines, Inflammation, and Physical Exercise

Before addressing genetic polymorphisms and their influence on inflammation and
exercise, it is essential to clarify foundational concepts related to inflammation and
its physiological mediators. The inflammatory response can be classified into acute
and chronic inflammation, each with distinct characteristics and biological roles.
Acute inflammation is typically triggered by tissue injury, microbial invasion (e.g.,
viruses, bacteria), or chemical toxins, with its primary function being to resolve the
initial insult by promoting tissue regeneration or eliminating pathogenic agents
(Rankin, 2004; Kumar et al., 2004; Pedersen, 2011). This response involves immune
cell activation (notably neutrophils and macrophages), local blood flow alterations,
and increased capillary permeability, facilitating immune cell migration toward the
affected tissue.

This process is mediated by cytokines, low-molecular-weight peptides synthe-
sized by various tissues, particularly monocytes and lymphocytes. Cytokines regu-
late the immune response by either stimulating or inhibiting leukocyte and
inflammatory activity. They can exert pro-inflammatory effects, such as those of
IL-6, interleukin-1p (IL-1f), TNF-a, and CRP, or anti-inflammatory actions, includ-
ing IL-10, IL-13, and the IL-1 receptor antagonist (IL-1Ra) (Rankin, 2004; Kumar
et al., 2004; Pedersen & Febbraio, 2005; Pedersen, 2011; Antunes et al., 2017).
Cytokines also significantly modulate communication between immune and meta-
bolic systems, underscoring their potential role in physical and motor performance
through metabolic regulation. This bidirectional relationship between immunity,
metabolism, and exercise has been recently termed immunometabolism (Antunes
et al., 2017).

5.2.1 IL-6: Functions and Exercise Response

Among the many cytokines studied in the context of exercise, IL-6 has garnered
significant attention due to its broad influence on general metabolism and muscle
function. It is hypothesized that IL-6 may modulate exercise performance by affect-
ing muscle metabolism and recovery processes (Smith, 2000; Fischer, 2006;
Muiioz-Cénoves et al., 2013; Nash et al., 2022). Furthermore, IL-6 plays a central
role in regulating the secretion of both pro- and anti-inflammatory cytokines
(Pedersen & Febbraio, 2005; Pedersen, 2011). Based on these observations, /L6
gene polymorphisms could plausibly impact muscle metabolism and function,
potentially influencing individual responses to exercise and training. Before exam-
ining the effects of /L6 genetic polymorphisms on physical performance, it is essen-
tial to outline the biological functions of IL-6, particularly those related to muscle
activity and metabolism, as a conceptual foundation for understanding its genetic
influence on physical work capacity.

IL-6 is a 212-amino acid peptide with a molecular weight of 21-26 kDa and
pleiotropic roles in immune response, inflammation, and hematopoiesis. Its gene is
located on chromosome 7p21 (Tanaka et al., 2014; Nash et al., 2022). IL-6 is
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produced in injured tissues and various cell types, including fibroblasts, leukocytes,
and adipocytes. It is involved in acute inflammatory responses and regulates multi-
ple processes, including hepatic release of acute-phase proteins (CRP, serum amy-
loid A, fibrinogen, hepcidin), platelet production in the bone marrow, activation of
CD4+ and CD8+ T cells, antibody production by B cells, osteoclast differentiation,
VEGF-mediated angiogenesis, and vascular permeability (Tanaka et al., 2014; Nash
et al., 2022). Notably, IL-6 is also implicated in chronic inflammatory conditions,
including AA amyloidosis and rheumatoid arthritis, as well as in low-grade inflam-
mation common in aging, obesity, and type 2 diabetes, conditions associated with
increased cardiovascular risk and metabolic dysfunction (Tanaka et al., 2014; Nash
et al., 2022; Antunes et al., 2017).

Interestingly, beyond its role as a pro-inflammatory cytokine produced by
immune and adipose tissues, IL-6 is also synthesized by skeletal muscle cells (myo-
cytes) in response to muscular contraction and physical activity, classifying it as a
myokine (Febbraio & Pedersen, 2005; Pedersen & Febbraio, 2005; Pedersen, 2011;
Muiioz-Canoves et al., 2013; Nash et al., 2022). Of particular significance is that
IL-6 produced by the skeletal muscle exerts anti-inflammatory effects and regulates
muscle metabolism, as discussed below.

This dual functionality is attributed to its signaling pathways, which activate
upon receptor binding. IL-6 exerts its effects via two main mechanisms: classical
signaling and trans-signaling. Classical signaling mediates both pro- and anti-
inflammatory actions and involves membrane-bound IL-6 receptors (mbIL-6R),
highly expressed in hepatocytes, monocytes/macrophages, lymphocytes, and myo-
cytes (Kamimura et al., 2003; Robson-Ansley et al., 2010). This pathway is typi-
cally activated by other pro-inflammatory cytokines (e.g., TNF-a, IL-1, IL-18) or by
physiological stressors such as infections, obesity, and type 2 diabetes. Conversely,
classical signaling can also mediate anti-inflammatory effects, particularly when
IL-6 is released by the skeletal muscle during contraction (exercise) (Keller et al.,
2005). In this context, IL-6 binding to mbIL-6R activates AMPK (AMP-activated
protein kinase), leading to enhanced lipolysis, fatty acid oxidation, glucose uptake,
and mitochondrial biogenesis, adaptations that may improve metabolic efficiency
during prolonged or exhaustive exercise. Furthermore, muscle-derived IL-6 is
involved in muscle hypertrophy and regeneration via satellite cell proliferation
(Pedersen, 2011) while simultaneously downregulating TNF-o production and
upregulating other anti-inflammatory myokines (Kamimura et al., 2003; Fischer,
2006; Muiioz-Canoves et al., 2013; Nash et al., 2022).

In contrast, IL-6 trans-signaling occurs via binding to its soluble receptor (sIL-
6R), which promotes predominantly pro-inflammatory effects (Nash et al., 2022).
Elevated sIL-6R levels may thus amplify the pro-inflammatory signaling cascade.
This dual nature of IL-6 supports its interpretation as a pro-inflammatory cytokine
when secreted by immune cells and an anti-inflammatory myokine when released
from contracting muscles (Mufloz-Canoves et al., 2013).

Notably, IL-6 infusion studies have shown that it can acutely induce fatigue
through central mechanisms (e.g., increased perceived exertion via the central ner-
vous system) (Robson-Ansley et al., 2004, 2009) and peripheral mechanisms, such
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as impaired glucose metabolism in the muscle tissue (Geiger et al., 2007). IL-6 and
its soluble receptor have also been implicated in the pathophysiology of overtrain-
ing syndrome (OTS), characterized by elevated plasma IL-6 and sIL-6R levels
(Smith, 2000; Robson-Ansley et al., 2009). Chronic inflammation can compromise
recovery following intense training sessions, which may hinder performance gains.

Based on this evidence, it is reasonable to hypothesize that genetic polymor-
phisms affecting IL-6 expression or signaling, particularly those influencing sIL-6R
production, could modulate physical work capacity. This topic has been increas-
ingly explored in the literature and will be addressed later in this chapter.

Given the specific interest in IL-6 polymorphisms during exercise, it is essential
to consider the distinct dynamics of IL-6 production in the skeletal muscle during
physical activity. IL-6 levels rise markedly during exercise, with plasma concentra-
tions increasing 3- to 100-fold relative to resting values (typically ~1 pg/mL).
Muscle contraction directly stimulates IL-6 release, with the skeletal muscle identi-
fied as the primary source, as evidenced by increased /L6 mRNA expression during
exercise (Fischer, 2006). This elevation is further influenced by intramuscular cal-
cium and calcineurin levels, oxidative stress, glycogen depletion, and muscle dam-
age (Bruunsgaard et al., 1997; Pedersen & Febbraio, 2005; Febbraio & Pedersen,
2005; Fischer, 2006; Ulucan et al., 2020; Nash et al., 2022). The IL-6 response is
non-linear and typically peaks at exercise cessation, correlating with glycogen
depletion and increased oxidative stress (Kamimura et al., 2003; Keller et al., 2005;
Fischer, 2006). Plasma IL-6 levels are also associated with markers of tissue dam-
age (e.g., CK) and increased immune cell activity, particularly natural killer (NK)
cells and CD8+ T lymphocytes. The magnitude of IL-6 release is closely linked to
exercise intensity, recruited muscle mass, and particularly exercise duration.
Sessions longer than 60 min generally elicit the highest IL-6 levels (Fischer, 2006),
with an 8000-fold increase reported after a 246 km ultramarathon (Goussetis et al.,
2009). This volume-dependent response may be explained by type I (slow-twitch,
aerobic) muscle fibers appearing to be the primary producers and secretors of IL-6
during endurance exercise (Plomgaard et al., 2005). In contrast, high-intensity, low-
volume exercise induces a more modest IL-6 response, with IL-6 primarily originat-
ing from tendon tissues rather than the muscle (Langberg et al., 2002). These
secretion patterns will be discussed further in relation to how /L6 polymorphisms
may affect exercise performance.

Additionally, evidence suggests that regular physical training attenuates basal
and acute pro-inflammatory cytokine responses, including IL-6, TNF-a, and CRP,
regardless of exercise intensity. This anti-inflammatory adaptation has been
observed in longitudinal studies involving individuals with chronic inflammatory
conditions and in cross-sectional comparisons between sedentary and trained/physi-
cally active individuals (Fischer, 2006; Gray et al., 2008; Robson-Ansley et al.,
2009, 2010; Silverman et al., 2009; Zheng et al., 2019; Nash et al., 2022). These
findings underscore the therapeutic potential of exercise as an adjunct strategy in
managing chronic inflammation. As we will explore, certain /L6 gene polymor-
phisms may lead to increased IL-6 production and/or enhanced pro-inflammatory
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signaling. Structured and well-designed training programs may help mitigate these
genetic predispositions.

With this overview established, the analysis now turns to specific /L6 polymor-
phisms and their potential impact on physical performance, highlighting how train-
ing may interact with these genetic variants.

5.2.2 IL-6 Gene Polymorphisms and Physical Performance

Generally, research indicates that the single nucleotide polymorphism (SNP)
-174G/C (rs1800795) in the /L6 gene appears to influence athletic performance. The
G allele, associated with increased gene transcription, higher IL-6 production, ele-
vated plasma levels, and a more pronounced IL-6 response to inflammatory stimuli,
has been linked to advantages in strength- and power-oriented sports. In contrast,
the C allele, correlated with lower IL-6 production and reduced plasma levels,
appears to favor performance in endurance disciplines (Bennermo et al., 2004; Ruiz
et al., 2010; Eider et al., 2013; Ulucan et al., 2020; Kazanci et al., 2021; Nash et al.,
2022). What might explain this association between /L6 polymorphisms and spe-
cific performance profiles across different sport demands? Let us examine this
further.

Moreover, the G/G genotype has been associated with increased risk for clinical
conditions such as atherosclerosis, dyslipidemia, obesity, insulin resistance, type 2
diabetes, hypertension, and coronary artery disease (Bennermo et al., 2004; Tanaka
et al., 2014; Nash et al., 2022). This genotype presents a greater propensity for low-
grade chronic inflammation, marked by elevated basal concentrations of pro-
inflammatory cytokines such as IL-6, TNF-a, CRP, and interferon-y, factors
contributing to cardiometabolic disease risk. High baseline plasma IL-6 levels in
G/G carriers are also linked to increased risks of functional decline, disability,
dementia, morbidity, and mortality in older adults, potentially reducing life expec-
tancy (Di Bona et al., 2009; Tanaka et al., 2014; Pereira et al., 2019). These findings
are especially relevant for non-athletic populations, such as the elderly or individu-
als with chronic diseases.

One strategy to investigate the role of genetic polymorphisms in physical capac-
ity is by comparing allele and genotype frequencies across athletes and non-athletes
or across athletes from different disciplines with varying physiological demands
(e.g., strength/power vs. endurance).

In this context, findings on the rs1800795 /L6 polymorphism remain inconsis-
tent. In a study involving runners and swimmers, Ben-Zaken et al. (2017) found a
higher frequency of the C/C genotype and C allele among long-distance swimmers
compared to sprinters and long-distance runners. The authors suggested this genetic
pattern may reflect selection for sports with lower muscle damage risk, as C/C indi-
viduals are more susceptible to eccentric exercise-induced muscle injury, exhibiting
higher plasma creatine kinase (CK) responses and potentially requiring longer
recovery periods (Chen et al., 2008; Yamin et al., 2008; Funghetto et al., 2013).
Supporting this, Ben-Zaken et al. (2022) reported that experienced swimming
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coaches observed better recovery in Israeli swimmers lacking the C allele or C/C
genotype.

Ruiz et al. (2010) found a higher frequency of the G/G genotype and G allele
among elite Spanish athletes in power-based disciplines when compared to both the
general population and endurance athletes. They proposed that the G allele or G/G
genotype may favor power performance, possibly due to IL-6’s role in promoting
muscle regeneration and hypertrophy following high-intensity exercise-induced
damage. However, two meta-analyses by Ipekoglu et al. (2023, 2024) suggest that
no definitive consensus exists regarding the influence of rs1800795 on performance
across strength- and endurance-based sports.

Cenikli et al. (2016) reported a higher frequency of the G allele and G/G geno-
type among elite Turkish endurance athletes compared to the general population,
suggesting a potential performance advantage of the G allele. Similarly, Kazanci
et al. (2023) found a higher frequency of the G/C genotype among elite Turkish
cross-country skiers compared to controls, with no G/G genotype differences, and
notably a complete absence of the C/C genotype in athletes. Given the high muscu-
lar endurance demands of cross-country skiing, G/G individuals may experience
excessive inflammation, while C/C individuals may be more injury-prone, high-
lighting the complex balance between muscle damage susceptibility and recovery
capacity.

Ethnic variation in allele frequency further complicates interpretation. The G
allele frequency ranges from 45% to 100% across different populations (Funghetto
et al., 2013), which may explain some discrepancies in study outcomes.

How should these findings be interpreted with regard to their practical applica-
tions in the development of training strategy proposals? Do they suggest that indi-
viduals with the G/G genotype should be directed toward strength/power disciplines,
whereas those with the C/C genotype should be assigned to endurance-based
modalities? According to the approach adopted in this work, it is clear that such is
not the appropriate practical application of the results described above.

Taken together, these findings lead to several important considerations. For indi-
viduals carrying the C/C genotype, strength or power training sessions with lower
total volume may be more appropriate, as they appear more prone to exercise-
induced muscle damage under this type of training load. A reduced weekly training
frequency, with longer recovery intervals between sessions, may facilitate muscle
recovery, which tends to be slower in this genotype. Regarding muscular strength
capacity, a training regimen oriented toward muscular endurance stimuli, character-
ized by lower intensity (reduced load) and higher repetitions and sets, may serve as
an alternative to minimize exercise-induced microtrauma. Similarly, typical long-
duration endurance sessions (e.g., running, cycling, or swimming), performed at
anaerobic threshold intensity, or long-interval sessions at suprathreshold intensities
could represent another strategy to reduce the extent of muscle tissue damage. If this
genotype is also associated with the ACTN3 XX polymorphism, which is likewise
linked to increased susceptibility to muscle damage, this genetic combination may
confer an even greater risk for training-induced injury, particularly in response to
protocols involving high eccentric force demand.
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In contrast, individuals with the G/G genotype appear to have greater capacity to
tolerate maximal strength training, characterized by increased motor unit recruit-
ment, short sets (one to five repetitions), and intensities between 90% and 100% of
one-repetition maximum (1RM), as well as explosive power training modalities
(e.g., jumping, sprinting, throwing, kicking). However, highly exhaustive sessions,
either continuous or interval-based, at intensities ranging from 80% to 100% of VO,
max, may induce substantial oxidative stress and glycogen depletion, exacerbating
the inflammatory response and thereby hindering both tolerance to training sessions
and recovery capacity. Given their greater IL-6 production and inflammatory poten-
tial, monitoring of recovery (e.g., recovery perception scales, performance testing,
sleep quality) and biochemical parameters (e.g., plasma CK, CRP, plasma urea)
may be warranted to avoid unplanned homeostatic disruptions. One final aspect to
consider for this genotype is the potential need for dietary adjustments, particularly
with increased intake of foods and/or supplements with anti-inflammatory
properties.

Another approach to understanding the role of genetic polymorphisms in physi-
cal performance involves examining acute physiological responses to training ses-
sions, as well as long-term adaptations following a defined training period.

In a study involving young, physically active men, the effects of 12 weeks of
swim training on plasma concentrations of inflammatory markers were compared
across IL6 genotypes. Individuals with the C/C genotype presented higher baseline
plasma concentrations of inflammatory markers such as TNF-a and HSP70 (heat
shock protein 70) compared to those with the G/G genotype. Additionally, after the
training period, individuals with the C/C genotype exhibited a smaller reduction in
these inflammatory markers, suggesting a greater protective role of the G allele
against inflammation (Kotowska et al., 2022), likely due to reduced daily tissue
damage and the known anti-inflammatory role of muscle-derived IL-6 in suppress-
ing TNF-a and IL-1p production. During training, the G/G genotype may elicit typi-
cal responses with elevated plasma IL-6 and reduced TNF-a levels, highlighting the
anti-inflammatory function of IL-6 produced in the skeletal muscle.

Partially supporting these findings, Huuskonen et al. (2009) reported greater
improvements in VO, max and greater reductions in BMI in individuals with the
G/C genotype after 8 weeks of training. This study also showed a more pronounced
acute IL-6 response in G/C carriers, alongside increased concentrations of other
inflammatory markers such as TNF-a and IL-1f. A similar response profile was
observed in a simulated duathlon (20 km cycling and 2.5 km running), where G/C
individuals showed a greater acute IL-6 response, and both G/C and C/C genotypes
reported higher ratings of perceived exertion compared to the G/G genotype, with-
out differences in actual performance.

Studies involving older adults tend to yield even more conflicting results. Pereira
et al. (2019) subjected elderly men to an eccentric isokinetic exercise session and
observed a greater acute IL-6 response in G/G carriers, consistent with this poly-
morphism, but without significant differences in plasma CK concentrations among
genotypes. This finding regarding CK (and muscle damage) contrasts with Yamin
et al. (2008), who reported higher plasma CK concentrations in young adults with
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the C/C genotype after eccentric exercise. This discrepancy may be explained by
older individuals typically presenting with chronic low-grade inflammation, charac-
terized by elevated baseline levels of pro-inflammatory cytokines (IL-6, TNF-a,
CRP), which may attenuate the G allele’s protective anti-inflammatory effects dur-
ing acute eccentric exercise. Notably, in the study by Pereira et al. (2012), G/G
elderly individuals exhibited higher baseline plasma IL-6 concentrations than G/C
or C/C individuals.

In a separate study involving obese elderly women performing intense eccentric
exercise, G/G carriers showed higher plasma CK concentrations 48 h post-session,
whereas G/C and C/C individuals exhibited higher IL-6 concentrations at the same
time point (Funghetto et al., 2013). These participants had baseline IL-6 plasma
levels four to six times higher than normal, a typical pattern in sedentary elderly and
obese individuals, indicating chronic low-grade inflammation. Such elevated base-
line inflammatory markers may significantly affect post-exercise inflammatory
responses, as the anti-inflammatory potential of exercise is dependent on both the
type of exercise performed and the individual’s genotypic profile. Pre-existing
inflammation may compromise both exercise intensity and work capacity in C/C
individuals, who tend to produce less muscle-derived IL-6, resulting in limited
attenuation of the inflammatory state and increased fatigue during the session. This
may partly explain the higher IL-6 concentrations observed in the C/C genotype and
the increased CK activity in G/G carriers post-exercise.

Taken together, these conflicting results regarding acute IL-6 and other inflam-
matory markers, as well as CK responses, indicate that without precise identifica-
tion of the cellular sources of circulating IL-6, interpreting the data becomes
extremely difficult. This is due to IL-6 exerting both pro- and anti-inflammatory
effects depending on its tissue of origin (Baumert et al., 2016).

In studies examining exercise responses based on specific genotypic profiles, it
is also crucial to acknowledge that outcomes are likely influenced by the interaction
of multiple genes related to physical capacity. Therefore, many conflicting findings,
especially in studies with limited sample sizes, may be due to gene-gene interac-
tions, making it difficult to derive meaningful conclusions from a single polymor-
phism alone. Consider, for example, an individual with the C/C genotype of /L6 and
XX genotype of ACTN3, another with the same /L6 genotype but RR for ACTN3,
and a third with the G/G IL6 genotype and XX ACTN3. The susceptibility to muscle
damage under intense training may differ substantially among these profiles, but
analyzing only the /L6 genotype would hinder the accurate interpretation of such
differences. In designing training strategies, the interaction among genotypic pro-
files must be taken into account to align the individual’s genetic “map” with the
most appropriate training stimuli.

Another SNP relevant to IL-6 signaling involves the expression of soluble IL-6
receptors (sIL-6R), which are linked to IL-6 trans-signaling, typically associated
with pro-inflammatory effects. This is the rs2228145 polymorphism, in which the C
allele has been associated with increased sIL-6R expression, while the A allele cor-
responds to lower expression. Individuals with the C/C genotype have been shown
to exhibit approximately twice the plasma sIL-6R concentration compared to A/A
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carriers (Rafiq et al., 2007). Based on the previous discussion, it is reasonable to
hypothesize that this could impair classical anti-inflammatory IL-6 signaling during
exercise, thereby compromising metabolic regulation; increasing perceived exer-
tion; delaying post-exercise recovery, especially following prolonged or high-
intensity sessions; and negatively affecting adaptive responses due to a predominance
of trans-signaling-mediated inflammation. Individuals with high IL-6 production
may be particularly susceptible to this genetic variation.

Early studies investigating sIL-6R’s role in physical work capacity have shown
that athletes with higher sIL-6R expression experience greater perceived exertion
and poorer mood states, possibly due to trans-signaling effects in the central ner-
vous system (Robson-Ansley et al., 2009, 2010; Cullen et al., 2017). Depending on
the individual’s baseline fitness, even acute moderate training sessions (in sedentary
or clinical populations) or exhaustive sessions (in athletes) can provoke immediate
increases in sIL-6R expression, albeit modest in some cases (Gray et al., 2008),
amplifying IL-6 inflammatory signaling. This can lead to increased CRP levels,
impaired metabolic responses, elevated fatigue, and decreased work capacity
(Geiger et al., 2007; Robson-Ansley et al., 2009, 2010). The study by Robson-
Ansley et al. (2009), in which athletes ran 468 km over six consecutive days, clearly
illustrates this pattern, with progressive increases in sIL-6R, CRP, and CK over the
course of the event, reflecting a state of systemic inflammation and cumulative
fatigue.

It is reasonable to postulate that the co-occurrence of the sIL-6R C/C genotype
and the /L6 G/G genotype represents a high-risk profile for exacerbated inflamma-
tory responses. Such individuals may require carefully structured weekly training
plans. For example, given low muscle glycogen stores’ influence on IL-6 expres-
sion, long-duration sessions for these individuals should be preceded by carbohy-
drate intake to preserve glycogen levels. Mid-session carbohydrate replenishment
may also need to be considered.

On the other hand, regular training promotes a chronic reduction in sIL-6R
expression, offering protection against inflammation exacerbated by either clinical
conditions or strenuous exercise (Adamopoulos et al., 2002; Olson et al., 2007),
which may progressively improve inflammatory regulation, particularly in geneti-
cally predisposed individuals. Training progression can be designed with this
immunoinflammatory adaptation in mind.

Few studies have investigated the functional role of sIL-6R polymorphisms in
exercise (Nash et al., 2022). One study found that individuals with the A/A geno-
type were more likely to engage in spontaneous physical activity compared to C/C
carriers, possibly due to a lower inflammatory burden during physical exertion in
the former. Another longitudinal study involving diet and exercise showed that A/A
individuals experienced reductions in waist circumference, triglycerides, and
plasma glucose, which were not observed in C/C carriers, suggesting the latter’s
reduced ability to engage classical IL-6 anti-inflammatory signaling through exer-
cise (Vargas et al., 2013). This modulation enhances lipid metabolism by promoting
adipose tissue lipolysis and skeletal muscle fat oxidation.
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These findings may inform training prescriptions emphasizing continuous
threshold training and extended interval training for individuals with genotypes
associated with predominantly anti-inflammatory IL-6 signaling, namely, C/C for
IL6 and A/A for sIL-6R.

5.3  TNF-a Gene Polymorphisms and Physical Performance
5.3.1 TNF-a: Concepts, Synthesis, and Exercise Response

Other pro-inflammatory cytokines investigated for their influence on physical per-
formance in the context of genetic polymorphisms, albeit to a lesser extent than
IL-6, include TNF-a and CRP. This section examines selected studies to enhance
understanding of how the inflammatory response is integratively modulated in rela-
tion to motor performance, thereby providing a more informed foundation for
developing training strategies aligned with distinct genetic profiles.

TNF-a is a potent pro-inflammatory cytokine with pleiotropic roles in the
immune-inflammatory response. It is produced primarily by macrophages and acti-
vated by T lymphocytes, antigens, and NK cells. TNF-a stimulates the release of
other pro-inflammatory cytokines such as IL-6, IL-8, and IL-1f through macro-
phage activation. It exhibits pyrogenic activity (fever induction), promotes vascular
changes that facilitate monocyte and neutrophil infiltration, triggers cell apoptosis,
activates adhesion molecules, induces lymphocyte proliferation and differentiation,
and plays a central role in host defense against bacteria, viruses, fungi, and parasites
(Hajeer & Hutchinson, 2000; Vijayaraghava & Doreswamy, 2017; Idrus et al.,
2020). TNF-a concentrations increase during acute inflammation; however, chroni-
cally elevated plasma levels are associated with various clinical complications such
as sepsis or septic shock due to its cytotoxic properties (Idrus et al., 2020). TNF-a
exerts its effects through interaction with two main receptors, TNF-RI and TNF-RII,
both of which exist in membrane-bound and soluble forms (El-Tahan et al., 2016).

In addition to macrophages, other tissues, such as myocytes (particularly under
conditions of tissue damage) and adipocytes (notably in obesity), can also produce
TNF-a. Its expression in the adipose tissue has been implicated in the development
of chronic low-grade inflammation, a condition well-documented in metabolic dis-
orders including insulin resistance, dyslipidemia, atherosclerosis, metabolic syn-
drome, and type 2 diabetes (Hajeer & Hutchinson, 2000; Nieto-Vazquez et al.,
2008; Qidwai & Khan, 2011; Idrus et al., 2020). TNF-a plays a direct role in the
modulation of insulin resistance (de Carvalho et al., 2006), potentially impairing
glucose metabolism during high-intensity exercise and compromising muscle
recovery after strenuous training sessions. Several studies have reported strong
associations between chronically elevated TNF-a levels and sarcopenic obesity in
older adults (Elahi et al., 2009; Brinkley et al., 2012; Ribeiro, 2019). Chronic low-
grade inflammation is frequently observed in sedentary elderly individuals, and as
with IL-6, elevated plasma TNF-a concentrations appear to contribute to increased
frailty, morbidity, and mortality in this population (Brinkley et al., 2012;
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Vijayaraghava et al., 2015). This effect is attributed to the strong catabolic action of
TNF-a on the skeletal muscle, which is why it was originally termed “cachectin”
(Reid & Li, 2001). In individuals with chronic inflammation, elevated TNF-a levels
may impair muscle mass gains in response to training. Consider the impact of this
condition on individuals with genetic polymorphisms associated with increased
TNF-a production.

During exercise, TNF-a secretion tends to increase, especially under conditions
involving significant tissue damage or highly strenuous sessions, although to a
lesser extent than IL-6 (Ostrowski et al., 1999; Vijayaraghava & Doreswamy, 2017).
It is important to note that muscle-derived IL-6, which has anti-inflammatory prop-
erties, suppresses TNF-a secretion. Functional status also appears to influence
TNF-a response to exercise, as physically active individuals exhibit smaller
increases in TNF-a after moderate or exhaustive training sessions (Vijayaraghava
et al., 2015).

More extreme or prolonged elevations of TNF-a in response to training may
impair muscle recovery and limit hypertrophic adaptations to resistance exercise
(Ostrowski et al., 1999). Thus, genetic polymorphisms associated with higher
TNF-a production may hinder both acute exercise responses and chronic adapta-
tions to regular training.

As previously discussed, strenuous physical activity also triggers a compensa-
tory increase in anti-inflammatory cytokines, such as IL-10, IL-1 receptor antago-
nist (IL-1Ra), and muscle-derived IL-6, likely to limit the magnitude and duration
of the exercise-induced inflammatory response, primarily mediated by TNF-a, IL-1,
and CRP (Ostrowski et al., 1999). This highlights the importance of inflammatory
regulation for muscle adaptation to exercise and training.

5.3.2 TNF-a Genetic Polymorphisms and Physical Performance

Given the broad physiological roles of TNF-a, it is plausible to consider that its
genetic polymorphisms may influence physical performance. The following sec-
tions examine selected variants and their relevance to exercise, aiming to establish a
conceptual framework for how distinct training modalities may interact with TNFA
genotypes. In line with previous discussions on /L6 polymorphisms, some interpre-
tations integrate both TNF-o and IL-6 profiles, more accurately reflecting the mul-
tifactorial nature of the inflammatory phenotype than isolated cytokine analyses.
Most studies on TNFA polymorphisms focus on disease susceptibility, while
their relationship with physical performance remains relatively underexplored. The
TNFA gene is located on chromosome 6p21.3, and several polymorphisms have
been identified in its promoter region: —1031 (T/C), —863 (C/A), —857 (C/A), —851
(C/T), =419 (G/C), =376 (G/A), =308 (G/A), —238 (G/A), —162 (G/A), and —49
(G/A) (Hajeer & Hutchinson, 2000; El-Tahan et al., 2016). Among these, the most
studied variants are —308 (G/A) (rs1800629) and — 238 (G/A) (rs361525). In the
context of sports performance, the —308 G/A polymorphism is the most frequently
analyzed. The A allele is associated with enhanced TNF-a gene transcription, higher
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plasma concentrations, and increased TNF-a expression in the skeletal muscle
(Karimi et al., 2009), suggesting that the AA genotype may impair exercise perfor-
mance due to elevated systemic inflammation and protein catabolism.

Regarding disease susceptibility, numerous studies have examined TNFA poly-
morphisms in relation to autoimmune diseases (e.g., systemic lupus erythematosus,
rheumatoid arthritis), chronic inflammatory conditions (e.g., Crohn’s disease), and
cardiometabolic disorders (e.g., type 2 diabetes, atherosclerosis, coronary artery
disease, COPD) (Hajeer & Hutchinson, 2000; Elahi et al., 2009; Qidwai & Khan,
2011; Zhang et al., 2017). These findings underscore the immunoinflammatory
imbalances resulting from excessive TNF-a production, which may disrupt homeo-
stasis and compromise physical work capacity.

While findings in the exercise context are less consistent, interesting results have
emerged. For example, Liu et al. (2008) evaluated muscle mass and strength in 1050
men and women aged 20 to 97 years and examined associations with several TNFA
polymorphisms. They found that —1031 (T/C) (rs1799964) and —-863 (C/A)
(rs1800630), alone or in combination with rs1800629 and rs361525, were associ-
ated with lower muscle mass in men, but not in women. Surprisingly, no significant
associations were observed between TNFA polymorphisms and sarcopenia in indi-
viduals over 55 years of age, suggesting that the relationship between these variants
and muscle mass gains from training remains unclear. Naturally, single-gene analy-
ses limit precise phenotype prediction.

In a study by Yamin et al. (2008), a modest association was found between
rs1800629 and plasma CK response to eccentric resistance exercise, suggesting that
this polymorphism may have limited influence on muscle damage, in contrast to /L6
polymorphisms. However, 83% of the study population carried the GG genotype
(low TNF-a production), while the AA genotype was present in only 1%, a fre-
quency consistent with certain ethnic groups (Pereira et al., 2023). Conversely,
elderly women carrying the GG genotype performed better in functional tests (e.g.,
the “get-up-and-go” test) than those with AG or AA genotypes (Pereira et al., 2023),
supporting the hypothesis that the A allele may be detrimental to function.

In another study, individuals at high risk for cardiometabolic diseases underwent
a 9-month lifestyle intervention involving diet and physical activity. Those with AA
or AG genotypes showed greater reductions in fasting glucose compared to GG car-
riers, despite no differences in plasma TNF-a levels before or after the intervention,
contradicting some previous findings (Karimi et al., 2009). These results suggest
that individuals with higher TNF-a production may demonstrate greater training
responsiveness, contrary to expectations. However, it is worth noting that the GG
group had lower baseline fasting glucose, implying less insulin resistance and,
therefore, a smaller window for metabolic improvement (Curti et al., 2012).

These findings prompt several practical considerations. Carriers of the A allele,
due to their heightened inflammatory potential in response to muscle damage, may
experience exacerbated inflammation during high-intensity training, particularly in
resistance protocols involving eccentric loading, deceleration, and rapid directional
changes. Repeated exposure to such stimuli may impair recovery, especially in indi-
viduals who also carry the G/G genotype of IL-6, since excess TNF-a can
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upregulate non-muscle (inflammatory) IL-6. It is important to recall that strength
and power training typically elicit lower levels of muscle-derived (anti-
inflammatory) IL-6.

The allele carriers may also have reduced tolerance for consecutive high-intensity
interval training (HIIT) sessions, which are associated with increased oxidative
stress and amplified inflammatory responses. When combined with pro-inflammatory
IL-6 and CRP genotypes, this profile may require extended recovery intervals fol-
lowing intense or exhaustive training.

Special consideration should be given to middle-aged or older individuals who
are A allele carriers, particularly in the presence of obesity. Initiating high-intensity
training may exacerbate inflammation, especially in those with inflammatory IL-6
and sIL-6R genotypes. Gradual intensity progression across weeks may enhance
muscle-derived IL-6 responses and reduce sIL-6R expression. In individuals with
this inflammatory TNF-a and IL-6 profile, progressive improvements in IL-6’s anti-
inflammatory activity may yield meaningful clinical and functional benefits.

5.4 C-Reactive Protein Gene Polymorphisms
and Physical Performance

Another pro-inflammatory cytokine whose genetic polymorphisms may be associ-
ated with physical performance is CRP, a hepatic acute-phase protein whose synthe-
sis is strongly induced by IL-6. The CRP gene is located on chromosome 1q23, and
many studies on CRP polymorphisms have focused on their relationship with dis-
ease risk, particularly chronic conditions. This line of research stems from CRP’s
biological role as a marker and mediator of acute inflammation. In this context, CRP
exerts predominantly pro-inflammatory effects and participates in the modulation of
the inflammatory cascade alongside other cytokines such as IL-1p, IL-6, and TNF-a.

When chronically elevated, as seen in low-grade systemic inflammation, CRP
has been implicated in reduced nitric oxide bioavailability (a potent vasodilator),
increased endothelin-1 (a potent vasoconstrictor), enhanced insulin resistance, ath-
erogenesis, and increased risk of diabetes, atherosclerosis, and coronary artery dis-
ease (Festa et al., 2000; Pradhan et al., 2001; Freeman et al., 2002). Multiple studies
have linked persistently high CRP levels to endothelial dysfunction and elevated
cardiovascular risk (Ridker et al., 2000; Andrade et al., 2014).

The literature reports associations between certain CRP polymorphisms and
increased plasma CRP levels (Suk et al., 2005), as well as links to specific condi-
tions such as dyslipidemia, atherosclerosis, metabolic syndrome, type 2 diabetes,
hypertension, and coronary artery disease (Wolford et al., 2003; Todendi et al.,
2015). The most frequently studied variants include rs133552, rs131547, rs123389,
1s5977, rs1800947, rs1417938, rs2794521, rs1130864, and rs1205.

Regarding CRP polymorphisms and physical performance, relatively few studies
have been conducted, and these rarely follow methodological approaches compa-
rable to those used in IL-6 research. In one such study, healthy men underwent
12 weeks of intensive training aimed at inducing concentric left ventricular



5 Genetic Influences on Inflammation, Oxidative Stress, and Recovery in Sports... 75

hypertrophy. The rs2794521 and rs1130864 polymorphisms were analyzed for their
association with increased left ventricular mass post-training (Mann et al., 2010).
The findings showed that individuals homozygous for the T allele (T/T genotype) at
rs1130864 exhibited greater increases in ventricular mass compared to C/T and C/C
carriers, despite similar baseline CRP levels at the study’s outset.

Another study, also analyzing rs1130864, examined patients undergoing coro-
nary artery bypass surgery. T/T homozygotes showed higher baseline plasma CRP
concentrations and a more pronounced acute CRP increase in response to surgery,
an expected acute-phase inflammatory stimulus (Brull et al., 2003).

Taken together, these findings suggest that carriers of the T/T genotype at
rs1130864 may exhibit heightened inflammatory responses to physiological stress-
ors (e.g., high-intensity exercise) and a greater propensity for left ventricular hyper-
trophy induced by intense training, such as resistance sessions performed to or
beyond concentric failure. These training modalities are known to provoke signifi-
cant acute blood pressure elevations, increasing the risk for concentric cardiac
remodeling. This risk may be further amplified in individuals carrying genotypes
associated with cardiac risk or hypertrophic cardiomyopathy, such as specific poly-
morphisms of the angiotensin-converting enzyme (ACE), aldosterone synthase, and
angiotensinogen genes (Pimenta, 2008). In athletes with such combined genotypes,
periodic evaluation of cardiac morphology (e.g., echocardiography) may be
advisable.

The above considerations also apply to HIIT, which induces acute elevations in
systolic blood pressure (170-200 mmHg), representing a key stimulus for increased
left ventricular mass. These same considerations may extend to other CRP polymor-
phisms whose specific alleles are associated with elevated basal production and/or
enhanced CRP responsiveness to exercise, such as rs1205, which has been previ-
ously associated with such effects (data not shown). The combination of these CRP-
related polymorphisms with “pro-inflammatory” IL6 and sIL-6R genotypes may
further exacerbate this response pattern. This highlights the importance of integrated
analysis of inflammation-related gene polymorphisms to better inform training-
related decision-making.

5.5 Oxidative Stress, Genetics, and Physical Performance

5.5.1 Reactive Oxygen Species, Antioxidant Enzymes,
and Oxidative Stress

To better understand the influence of different genetic polymorphisms related to
oxidative stress on physical performance, it is first necessary to standardize some
key concepts underlying this topic, such as ROS, lipid peroxidation, enzymatic and
non-enzymatic antioxidant systems, and total antioxidant capacity. This brief review
will allow for a more coherent and fluid discussion of the genetic polymorphisms
associated with oxidative stress.
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While physical exercise is well-recognized for its systemic benefits, it is also
directly associated with the production of ROS, including singlet oxygen ('O,),
superoxide anion (O,~), hydrogen peroxide (H,0,), hydroxyl radical (*OH), hypo-
chlorous acid (HOCI), and peroxynitrite (ONOO~) (Kerksick & Zuhl, 2015). Once
formed, these ROS promote the oxidation of cellular components such as lipids
(lipid peroxidation), proteins, nucleic acids (DNA), and elements of the extracellu-
lar matrix (Wagner, 2015). ROS may originate from endogenous sources (electron
transport chain, xanthine oxidase pathway, NADPH oxidase activity, nitric oxide
metabolism, tissue injury, ischemia-reperfusion, calcium homeostasis imbalance,
apoptosis, or coagulation) or exogenous factors (cigarette smoke, drugs, diet,
exhaustive exercise, pesticides, ozone, nitrogen oxides, sulfur dioxide, X-rays, and
UV radiation) (Guimaries & Vianna, 2013; Kerksick & Zuhl, 2015).

To prevent excessive ROS accumulation and their harmful cellular effects, the
body relies on endogenous antioxidant systems, both enzymatic and non-enzymatic.
The enzymatic system is primarily composed of superoxide dismutase (SODI,
SOD?2), glutathione peroxidase (GPx1), and CAT, as well as thiol-complex enzymes
such as thioredoxin. The non-enzymatic system includes both endogenous compo-
nents, such as glutathione, uric acid, bilirubin, and lipoic acid, and exogenous anti-
oxidants obtained through the diet, including vitamins C, E, and A, flavonoids, and
carotenoids (Reid, 2001; Powers, 2011).

Of particular relevance here is the body’s capacity to “counteract” ROS, which
depends primarily on the expression and activity levels of the antioxidant enzymes
SOD1/SOD2, GPx1, and CAT. The combined efficacy of these enzymes and other
antioxidants in neutralizing ROS is referred to as total antioxidant capacity, which
is critical to prevent ROS accumulation and their deleterious effects (Barbosa et al.,
2010). SOD serves as the first line of defense by converting superoxide anion into
hydrogen peroxide, which is subsequently broken down by GPx or CAT into water
and alcohol or water and oxygen, respectively. These enzymatic activities can be
modulated by trace minerals such as zinc, copper, and manganese. Certain genetic
polymorphisms in these enzymes may alter their expression and/or activity, thereby
influencing total antioxidant capacity and the ability to control ROS. These are the
polymorphisms of interest in this section and will be discussed in detail below.

Under physiological conditions, ROS production is now recognized as essential
for triggering several adaptive responses to stress, including muscle hypertrophy,
angiogenesis, mitochondrial biogenesis, glycogen storage, and upregulation of anti-
oxidant enzymes (Radak et al., 2013), as well as for proper force generation in
muscle fibers (Reid, 2001). However, excessive ROS production is consistently
linked to systemic inflammation, cardiovascular disease, cancer, inflammatory dis-
orders, atherosclerosis, neurodegenerative diseases, aging, impaired regeneration,
and muscle damage (Cruzat et al., 2007; McLeay et al., 2012; Guimaraes & Vianna,
2013). Importantly, there is a bidirectional synergy between ROS and inflammation:
ROS accumulation enhances the inflammatory state, while immune responses by
macrophages and neutrophils further increase ROS production to combat patho-
gens. Genetic profiles that combine high pro-inflammatory potential with reduced
antioxidant capacity may predispose individuals to greater tissue damage, reduced
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tolerance to high-intensity training, and delayed recovery. These factors must be
taken into account when designing weekly training routines.

OS refers to the loss of balance between ROS production and elimination. This
imbalance can disrupt intracellular signaling pathways, alter gene expression pro-
files, and increase susceptibility to cellular dysfunction and reduced adaptability to
future stressors, such as physical exercise, thereby increasing vulnerability to the
harmful effects of ROS accumulation (Droge, 2002; Powers, 2011; Radak, 2013).
Maintaining the balance between ROS production and clearance is thus essential for
sustaining physical performance and ensuring adequate recovery between training
sessions and competitions.

OS can be monitored by measuring blood biomarkers that reflect lipid peroxida-
tion byproducts. The most commonly used markers include thiobarbituric acid reac-
tive substances (TBARS), malondialdehyde (MDA), carbonylated proteins, and
advanced oxidation protein products. Plasma CK may also serve as an indirect
marker, reflecting oxidative stress via tissue damage. Most studies assessing OS rely
on a combination of these markers.

Total antioxidant capacity may also be modulated by training status. Several
studies show that trained individuals exhibit elevated antioxidant reserves, particu-
larly in the endogenous enzymatic system, leading to enhanced total antioxidant
capacity (Atli, 2013; Zivkovic et al., 2013; Cichon-Wosniack et al., 2024). However,
chronic exposure to intense training may deplete these reserves, suggesting the need
for dietary antioxidant supplementation (Powers et al., 2011; Bell et al., 2014) or
adjustments to training programs to allow adequate ROS clearance and systemic
recovery (Cichon-Wosniack et al., 2024).

Although regular, structured physical activity benefits health and fitness, fre-
quent high-intensity or exhaustive exercise, common among elite athletes, can
increase susceptibility to injury, fatigue, and overtraining. These outcomes appear
to be largely driven by elevated ROS formation (Bloomer et al., 2005; Cruzat et al.,
2007). Genetic polymorphisms that impair ROS clearance may further increase the
risk of overtraining, especially when combined with pro-inflammatory genotypes.

In this context, it has been shown that exercise sessions at intensities above 70%
VO, max, as well as high-frequency or repeated exhaustive training, result in sig-
nificantly elevated ROS production (Ji, 2002; Souza Junior et al., 2005). To illus-
trate the oxidative impact of extreme endurance events, one study analyzed the
effects of an Ironman triathlon on oxidative stress by measuring total antioxidant
capacity (enzyme activity), plasma levels of carbonylated proteins (lipid peroxida-
tion byproducts), and CK concentrations 20 min post-race. The authors reported
significant increases in plasma CK and carbonylated proteins, along with a reduc-
tion in total antioxidant capacity, indicating that such competitions can acutely ele-
vate ROS production and lead to a transient oxidative stress state (Scheffer
etal., 2012).

It is important to note that the lower the training status, the greater the oxidative
stress response to intense training sessions. Consider the implications of this in
individuals with the ACTN3 XX genotype; inflammatory variants of /L6, sIL-6R,
and TNFA; and additional genotypes associated with reduced antioxidant capacity.
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5.5.2 Polymorphisms in Antioxidant Enzymes
and Physical Performance

The influence of genetics on oxidative stress during exercise is primarily investi-
gated through the analysis of polymorphisms in antioxidant enzymes, such as SOD,
CAT, and GPx. Building upon the established framework of oxidative stress, a more
detailed examination of how specific enzymatic polymorphisms influence physical
performance capacity is warranted. These insights further support the development
of evidence-based training strategies that account for genetic variability, particu-
larly when considered alongside inflammation-associated polymorphisms.

Many studies on antioxidant enzyme polymorphisms have aimed to elucidate
their association with various diseases, mainly chronic conditions, following a simi-
lar rationale to that adopted in inflammation research, given the role of oxidative
stress in the pathogenesis of these diseases. Among these, the polymorphisms
receiving the most attention are:

* CAT, whose gene is located on chromosome 11p13, presents the —262 C/T poly-
morphism (rs1001179), which influences CAT gene expression. The T allele has
been consistently linked to a decreased enzymatic activity, and individuals
homozygous for the T allele (T/T) typically exhibit lower CAT activity and
impaired clearance of hydrogen peroxide (H,0,). Another relevant polymor-
phism is —844 G/A, where the A allele has likewise been associated with reduced
CAT activity.

¢ Superoxide dismutase (SOD1, SOD?2) exists in three isoforms: Cu/ZnSOD (cyto-
solic), MnSOD (mitochondrial), and extracellular SOD. Among these, MnSOD
is the most extensively studied, particularly in the context of physical perfor-
mance and oxidative stress. Mn-SOD is encoded by the SOD2 gene on chromo-
some 6g25 and is manganese-dependent. The —16 C/T polymorphism (rs4880),
also known as the Vall6Ala variant, involves a C to T substitution that affects
mitochondrial targeting of the enzyme. The T allele has been associated with
reduced MnSOD activity and diminished superoxide anion (O,~) dismutation
capacity.

¢ Glutathione peroxidase (GPx) comprises six isoforms, each encoded by a dis-
tinct gene with specific polymorphisms. The most abundant isoform, GPx-1, is
encoded by the GPX1 gene located on chromosome 3p21.3. The —198 C/T poly-
morphism (rs1050450), also referred to as Pro198Leu, involves a substitution of
proline by leucine, and the T allele has been linked to reduced GPx activity and
decreased H,0, detoxification. Another polymorphism, rs1800668 (C/T), has
also been studied; in this variant, the C allele is associated with reduced GPx1
enzymatic activity. Although findings remain somewhat inconsistent, some stud-
ies have reported associations between these antioxidant enzyme polymorphisms
and conditions such as hypercholesterolemia (Duarte, 2010), increased risk of
type 2 diabetes (Gongalves dos Santos et al., 2006), cardiovascular disease and
its clinical severity (Souiden et al., 2016), systemic inflammation in older adults
(Borges, 2020), and osteoporosis risk in elderly women (Alcaraz Reza, 2017).
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In terms of athletic performance, the polymorphisms described above may
impair antioxidant enzymatic function, compromising ROS neutralization and, con-
sequently, increasing susceptibility to oxidative stress. This may hinder physical
performance capacity. The review by Nocella et al. (2019) underscores the impor-
tance of understanding oxidative stress dynamics in the context of athletic training,
including the influence of training session intensity on individual oxidative stress
responses, recovery capacity based on redox status, the role of antioxidant supple-
mentation in mitigating oxidative stress and enhancing performance, and the dif-
ferential oxidative responses among elite athletes, amateurs, and senior athletes.
Failure to account for these variables may compromise athletic progression and
increase health risks, particularly in amateur and older athletes. Training strategies
informed by antioxidant enzyme polymorphism profiles should consider these fac-
tors, as individuals with polymorphisms associated with lower total antioxidant
capacity may require stricter regulation of weekly training intensity distribution.

Nocella et al. (2019) also highlight how these polymorphisms modulate oxida-
tive stress levels, athletic performance, and general health status, suggesting that the
training-induced upregulation of antioxidant enzyme activity is itself influenced by
genetic background, with reduced adaptation expected in carriers of genotypes
associated with reduced enzymatic efficiency.

In a study involving Polish combat athletes, the T allele and T/T genotype of
MnSOD were linked to higher baseline plasma concentrations of lipid hydroperox-
ides and total cholesterol. After a 3-month training period, all genotypes showed
increased MnSOD activity and decreased plasma CK levels, indicating enhanced
antioxidant capacity. However, carriers of the T allele demonstrated smaller
increases in GPx activity and a significant deterioration in lipid profile parameters,
suggesting that the rs4880 MnSOD polymorphism may impair the adaptive antioxi-
dant response to training (Jowko et al., 2017).

Thus, in individuals with greater genetic potential for increasing antioxidant
enzyme activity, continuous aerobic training at anaerobic threshold intensity and
extended interval training at respiratory compensation threshold may promote
stronger enzymatic upregulation. For individuals with genotypes associated with
reduced antioxidant capacity, strategies such as increasing dietary antioxidant intake
and/or supplementing with antioxidants (e.g., vitamins C and E, flavonoids, carot-
enoids) should be considered, especially during periods of intensified training.

Vecchio et al. (2017) assessed oxidative stress markers in water polo athletes
after a simulated match, examining polymorphisms in SOD (rs4880), CAT
(—844 G/A), and GPx (rs1800668). When analyzing the combined effects of all
three polymorphisms, athletes with combinations associated with reduced enzyme
activity presented higher levels of oxidative stress markers (PAOP, CK, MDA) and,
therefore, lower total antioxidant capacity. These results suggest that athletes carry-
ing two or more polymorphisms indicative of low antioxidant potential may experi-
ence impaired recovery following consecutive high-intensity sessions due to
excessive ROS exposure, particularly when inflammatory genotypes coexist with
these oxidative risk profiles.
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Akimoto et al. (2010) evaluated markers of tissue damage (plasma CK) and lipid
peroxidation (TBARS) following endurance running events, considering polymor-
phisms in MnSOD, CAT, and GPx. They found that the MnSOD T/T genotype was
associated with higher CK and TBARS levels, indicating increased muscle damage
and oxidative stress, especially when combined with other polymorphisms linked to
inflammation and tissue injury. This study supports the view that such genetic pro-
files may require stricter management of consecutive intense training and more rig-
orous recovery monitoring using tools such as plasma CK, urea levels, perceived
recovery scales, and performance testing.

Finally, a study analyzing MnSOD polymorphism frequency in Russian and
Polish strength/power and endurance athletes showed that the T/T genotype was
less frequent among strength/power athletes compared to both endurance athletes
and the general population. This genotype was also associated with higher plasma
CK concentrations. According to the authors, these findings suggest that the T/T
genotype may hinder success in sports requiring high-intensity training routines
(Ahmetov et al., 2014).

These data underscore the importance of carefully tailoring training intensity for
individuals with this genotype. A rational approach for such genetic profiles may
involve increasing aerobic stimuli during the early season (base phase) and incorpo-
rating strength-endurance sessions, with the goal of enhancing antioxidant enzyme
activity and mitigating oxidative stress and muscle damage prior to the more inten-
sive phases of the training cycle.
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Abstract

Soccer performance, particularly regarding the physical demands of matches,
can be influenced by genetic factors. This chapter initially discusses some of the
main genetic polymorphisms that have been associated in the literature with
physical performance in soccer, with special attention to genes more directly
related to the ability to sustain high training intensities as well as those associated
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with the risk of musculoskeletal injuries involving muscles, tendons, and liga-
ments, which influence skeletal muscle structure, vascular tone regulation, and
metabolic responses to exercise. The chapter therefore provides a detailed explo-
ration of polymorphisms in the following genes: ACTN3, ACE, MCT1, COL5AI,
COLIAI, and MMP3. In addition, it addresses polymorphisms in other genes
related to vasodilatory responses (NOS3, BDKRB2, ADRB2) and metabolic
responses (the PPAR family and CPK), as well as polymorphisms in genes
involved in the modulation of immunoinflammatory and oxidative stress
responses, such as IL-6, TNF-a, CRP, SOD, CAT, and GPX. Finally, the chapter
presents reports from our studies and intervention experiences with male and
female soccer players, both from youth development squads and professional
teams. Throughout the chapter, practical applications of the theoretical content
are proposed, grounded in our empirical experiences and scientific studies with
soccer athletes.

Keywords

Genetic and soccer - Genetic and musculoskeletal injurie - Genetic
polymorphisms

6.1 Introduction

The study of the relationship between genetics and soccer can, to some extent, be
guided by an understanding of how genetics may influence the athletes’ specific
physical work capacity according to the physical demands imposed during matches.
From this perspective, the objective is to understand how certain genes, through
their specific effects on the functioning of the organism, may exert some degree of
influence on the athlete’s performance during competition.

Another approach lies in analyzing how some genes may influence athletes’
responses to different training stimuli, aiming to enhance their specific performance
during matches. In this sense, this line of investigation seeks to identify which train-
ing stimuli are most effective for each individual genetic profile, that is, the types of
training stimuli to which each genetic profile exhibits the most favorable adaptive
response of the organism. This approach reflects a concern for achieving the highest
possible degree of individualization in training stimuli.

For both approaches, there is an explicit concern with how genetics may modu-
late the physical, technical, and tactical development of athletes, in other words,
sports performance. However, both also carry an implicit need to identify which
genes are most likely to influence performance during matches or responses to train-
ing. This requires a thorough understanding of the functions performed by each of
the genes considered “eligible” as potential influencers of athletic performance.

From our perspective, the study of the relationship between genetics and soccer
should not be guided by the idea of identifying the most favorable genetic profiles
for achieving sporting success in soccer, nor by defining the most appropriate
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Fig. 6.1 Integrated model of key genetic polymorphisms influencing soccer performance, train-
ing adaptation, and injury risk

genetic profiles for playing specific positions or fulfilling particular tactical roles.
Genetics is not intended to discover or select soccer talents. We firmly believe that
the study of sports genetics should not serve this type of purpose.

In this chapter, we will emphasize the relationship between genetics and the
organism’s responses to training, highlighting how certain genetic polymorphisms
can modulate these adaptive responses and guide the individualization of the train-
ing process in soccer, maximizing performance development and minimizing the
incidence of injuries (Fig. 6.1).

6.2  Physical Demands and Physiological Characterization
of Soccer Matches

Before we begin the discussion specifically focused on genetic polymorphisms and
soccer performance, it is necessary to understand certain aspects related to the phys-
ical demands and physiological characterization of soccer matches, since both indi-
cate how genes, through their specific actions on the functioning of the organism,
could influence match performance. This distinction also helps in understanding the
fatigue mechanisms triggered during matches, which supports the analysis of the
potential effects of genetic profiles on these mechanisms and, consequently, on the
attenuation of fatigue and the improvement of performance during games.
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Physical demands refer to all the requirements for physical work during matches,
such as the total distance covered, the speeds reached during movements, the break-
down of distances covered within each specific speed range, the total number of
acceleration and sprint efforts, the differences between positions and tactical roles,
the variations in movement patterns between the first and second halves of the
matches, and so on.

Physiological characterization of matches, in turn, refers to the mobilization of
different bioenergetic pathways and energy substrates during play; the differences
in such mobilization between the first and second halves; the alternation of pathway
activation according to match dynamics, with changes between high- and low-
intensity periods; the removal of metabolic end products such as lactate and urea;
the heart rate (HR) response; blood flow and its redistribution; oxygen uptake (VO,)
and caloric expenditure during games; blood lactate concentration; oxidative stress;
and inflammatory responses.

It is important to highlight here the relevance of understanding the relationship
between various genetic polymorphisms and each of these aspects of soccer physi-
ology, since each of these responses exerts some level of influence on the ability to
meet the physical demands of matches. Therefore, genetics can play an extremely
useful role in guiding training process decisions for each athlete. It is the responsi-
bility of professionals to know how to effectively use the full set of information
derived from the individual genetic profile.

6.2.1 Physical Demands of Soccer Matches

Several studies have been conducted to gain a better understanding of the actual
demands of soccer matches. One of the main concerns in the literature is the identi-
fication of match dynamics, particularly regarding the breakdown of the efforts per-
formed by male and female players in their different positions and tactical roles,
with a special emphasis on the total distances covered and the respective speeds
reached during these actions.

In a study with professional players from the Spanish League, the average total
distance covered was 11.4 km, with the following breakdown of movement: 7.03 km
at low-intensity speeds (up to 11 km/h), 1.65 km at speeds between 11 and 14 km/h,
1.75 km at speeds between 14 and 19 km/h, 0.61 km at speeds between 19 and
23 km/h, and 0.33 km at speeds above 23 km/h (Di Salvo et al., 2007). These find-
ings are supported by another study with players from the Italian League, in which
the average total distance was 10.95 km, with only 1.1 km (approximately 10%)
covered at speeds between 19 and 22 km/h or higher (Osgnach et al., 2010).

Speeds above 22-23 km/h are considered acceleration or sprint actions, which
generally occur during the main decisive moments of matches. Movements between
19 and 23 km/h are classified as high or very high intensity, corresponding to speeds
above the velocity at VO, max and, together with sprints, represent the decisive
intensity zone of matches. Players who can cover greater distances within these two
speed ranges are typically characterized as more intense athletes.
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Possessing a genetic profile that favors better adaptation to training aimed at
increasing the distance covered within these two speed ranges may be highly advan-
tageous for athletic performance, as this is a highly valued characteristic in soccer
players. Sports genetics should identify which genes and specific polymorphisms
can influence this adaptation in order to guide decisions on the most effective train-
ing strategies to enhance such genotypic traits.

The total distance covered, as well as the speeds sustained during matches, is
influenced by the level of physical conditioning. This can be illustrated by the study
of Helgerud et al. (2001), in which a significant increase in total distance covered
during matches was observed after 8 weeks of interval training (pre-training,
8.61 + 1.23 km; post-training, 10.33 = 1.61 km). Similarly, junior players demon-
strated significant improvements after 4 weeks of interval training, with total dis-
tances increasing from 9.52 + 0.44 km to 9.92 + 0.40 km (Impellizzeri et al., 2006).

In this context, it is important to highlight that some genetic polymorphisms may
be more favorable to the physiological adaptations associated with increasing the
total distance covered during matches, which can shorten the time required to reach
the desired performance level, allow for better adjustment of training plans, and
provide an additional advantage to the athlete. Identifying these genes and their
respective polymorphisms is therefore essential to enable the appropriate use of this
genetic potential through the most relevant training stimuli.

The final point regarding this topic is that, during the second half of matches,
there is a decrease in both total distance covered and distance covered at high
speeds, which indicates the onset of fatigue, particularly during the last 15-20 min
of play (Mohr, Krustrup, and Bangsbo, 2005).

Which genetic polymorphisms might influence this aspect related to fatigue in
soccer? The answer to this question may significantly contribute to guiding training
decisions for each individual athlete.

6.2.2 Physiological Characterization of Soccer Matches

The physiological characterization of soccer matches refers essentially to the way
each organ and physiological system is challenged during the actions performed by
players throughout the game. This demand, which determines the physiological
stress that soccer imposes on the body, depends on match dynamics, since it is from
these dynamics that the actions of the game emerge.

In general, soccer is characterized by intermittent bouts of very high or high
intensity, relying on alactic and lactic anaerobic metabolism, associated with the
main decisive plays of the match, interspersed with predominantly low- to moderate-
intensity actions, which rely mainly on aerobic metabolism (Bangsbo, Iaia, and
Krustrup, 2007). Therefore, although soccer has a high-intensity nature, the aerobic
pathway is the most used during matches, which does not necessarily mean it is the
most important for athletic performance.

On average, approximately 150-250 short high-intensity actions are performed
per match, which explains the reduction in phosphocreatine (PCr) and
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intramuscular glycogen stores after games (Bangsbo, Iaia, and Krustrup, 2007). The
high mobilization of intramuscular glycogen during matches, with a significant
decrease especially in fast-twitch fibers (Ila and IIx), suggests that glycogen deple-
tion may be one of the important fatigue mechanisms in soccer. This also highlights
the importance of carbohydrate intake before and replenishment during the game
(Di Salvo et al., 2007).

The ability to sustain a large number of actions with high power demand, such as
accelerations and sprints, and high eccentric force demand, such as decelerations,
may be influenced to some extent by certain genetic polymorphisms, as will be
discussed later. Imagine athletes with distinct genetic profiles for this capacity being
exposed to identical training routines with a high volume of accelerations and decel-
erations over 1 or more weeks.

The increase in blood lactate concentration, which may range from 2 to § mmol/L,
with extreme individual values reaching 12 to 13 mmol/L, demonstrates the high
mobilization of the glycolytic pathway during matches and indicates the possibility
that acidosis, caused by the accumulation of hydrogen ions in glycolytic metabo-
lism, is one of the mechanisms that induce fatigue in soccer (Stglen et al, 2005;
Krustrup et al., 2006).

Genetic polymorphisms that influence the rate of lactate—hydrogen removal, for
example, may have a considerable impact on the efficiency of anaerobic metabolism
and fatigue during matches. This aspect will be addressed later in the discussion of
genetic polymorphisms.

Another important factor to consider concerns the estimated caloric expenditure
of matches, as it is related to oxygen consumption, the depletion of intramuscular
glycogen, and recovery time after games. In this regard, the literature reports total
caloric expenditures of approximately 1200-1500 kcal per match, with oxygen con-
sumption values ranging from 20 to 50-60 mL/kg-min for both female and male
players, depending on the variations in match activity patterns (Mohr, Krustrup, and
Bangsbo, 2005; Osgnach et al., 2010).

The final point regarding this topic is the understanding of the cardiovascular
demands during matches, which has been investigated through the monitoring of
HR responses during play. In general, studies show HR values ranging from 150 to
190 bpm for most of the game, with average HR around 170 bpm, corresponding to
approximately 85% of the athletes’ maximum heart rate. This value is close to the
anaerobic threshold intensity of professional soccer players, around 75% of VO,
max, which explains the prolonged maintenance within this intensity range, as
described in the distance covered across different speed zones. These HR values
allow for the estimation of cardiac output at approximately 20-25 liters per minute
for extended periods of the match, which is about 80% of the athletes’ maximum
cardiac output for both female and male players (Mortimer et al., 2006; Bangsbo,
Mohr, and Krustrup, 2006). These data demonstrate the high cardiovascular
demands imposed by soccer.

The faster these cardiovascular adjustments occur, the better the delivery of
blood and oxygen to the muscles, the lower the oxygen deficit, and the faster the
removal of metabolic end products, which substantially contributes to mitigating
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important fatigue mechanisms in soccer. Some genetic polymorphisms are strongly
associated with the efficiency of these cardiovascular adjustments and may there-
fore play an important role in work capacity and recovery in soccer. Once again, it
is the responsibility of professionals to recognize these polymorphisms and under-
stand how to influence them through individualized training stimuli.

6.3  Genetic Polymorphisms, Training Intensity, and Risk
of Muscle Injuries in Soccer

Some genes and their respective polymorphisms have been associated with the abil-
ity to sustain repeated high-intensity efforts by enhancing, in some way, the capac-
ity to withstand the mechanical tension generated during the most demanding
actions. This reduces the risk of muscle injury and allows for faster muscle recovery
after more intense training sessions. Additionally, the literature reports that certain
genetic polymorphisms appear to influence the removal of metabolic end products,
such as lactate-hydrogen, which contributes to maintaining high-intensity effort for
longer periods by improving the rate of lactate—hydrogen clearance, thereby attenu-
ating exercise-induced metabolic acidosis of predominantly lactic anaerobic origin.

In this section, we will discuss the role of three specific genes and their respec-
tive polymorphisms, which, due to their physiological functions, may play an
important role in the capacity to sustain high-intensity efforts, a decisive factor in
the preparation of soccer athletes considering the characteristics of soccer matches
previously discussed. We will also address the role of certain genes in the potential
risk of tendon and ligament injuries, which may influence decisions regarding the
implementation of more intense training routines.

Among the main genes that have been associated with high-intensity work, three
appear particularly relevant to discuss in relation to soccer. These genes encode
three important proteins: ACTN3 (alpha-actinin-3), ACE (angiotensin-converting
enzyme), and MCT1 (monocarboxylate transporter 1). Respectively, ACTN3, ACE,
and MCT1 are involved in muscle fiber structure, hemodynamic and metabolic reg-
ulation, and muscular lactic anaerobic metabolism. For these reasons, these genes
seem to be associated with high-intensity effort capacity.

Regarding the risk of tendon and ligament injuries, the genes most studied and
associated with this aspect in soccer players and athletes from other sports are
COLS5A]1 (collagen type V alpha-1 chain), COLIA]I (collagen type I alpha-1 chain),
and MMP3 (matrix metalloproteinase 3), all of which are related to collagen struc-
ture in soft tissues such as tendons and ligaments.

6.3.1 ACTN3 Polymorphisms and Soccer: Relevance to Intensity,
Muscle Injuries, and Performance

ACTN3 is a structural protein of the muscle fiber cytoskeleton, involved in main-
taining sarcomere architecture. It is responsible for anchoring the thin actin
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filaments to the Z-disk (Z-line) of the myofibril, where it is located, forming a struc-
ture that stabilizes the muscle tissue during contraction and contributes to the trans-
fer of tension between the actin filaments and the Z-disk (Pasqua et al., 2011;
Baltazar-Martins et al., 2020). ACTN3 is produced exclusively in type II fibers,
which are specialized for strength and power, being expressed in all type IIx fibers
and approximately 50% of type Ila fibers, and plays an essential role in force and
power production by the sarcomeres (Mills et al., 2001; Baltazar-Martins et al.,
2020). Therefore, this protein appears to be fundamental for the ability of muscles
to withstand higher mechanical tensile loads and produce greater levels of force and
power, given its exclusive association with type II fibers.

In addition to its structural role, ACTN3 can also bind to other proteins and intra-
cellular regulatory elements, thereby influencing muscle contraction regulation,
energy metabolism, muscle hypertrophy, and muscle fiber-type determination
(Vincent et al., 2007; Pasqua et al., 2011). This diversity of influences on muscle
function suggests the importance of ACTN3 for physical performance.

The literature has documented a polymorphism in ACTN3, consisting of the sub-
stitution of an arginine (R) residue with a premature stop codon (X) at amino acid
577, resulting in the R577X polymorphism (rs1815739), where R is the functional
allele and X is the non-functional allele. Thus, individuals homozygous for the X
allele (XX genotype) do not produce ACTN3, whereas RX genotype carriers pro-
duce a reduced (or partial) amount, and RR homozygotes exhibit the highest ACTN3
production (Vincent et al., 2007; MacArthur et al., 2007). The absence of ACTN3 is
not a clinical condition, but it may compromise muscular work that requires high
levels of strength and power. This polymorphism has been extensively studied in the
sports context to better understand its actual influence on athletic performance and
the potential consequences of ACTN3 absence on such performance, possibly mak-
ing it the most investigated polymorphism in the context of genetics and sports.

The analysis of ACTN3 polymorphism distribution frequencies among athletes
from different sports contributes to understanding its influence on physical perfor-
mance. Although there is no broad consensus in the literature, studies examining
elite athletes have reported higher frequencies of the RR genotype in sports with
high strength and power demands, such as sprinting, jumping, and throwing, while
the XX genotype is more frequent in endurance-based sports, such as long-distance
events predominantly reliant on aerobic metabolism (Eynon et al., 2009, 2012;
Baltazar-Martins et al., 2020). These results are more consistent in studies with
track and field, swimming, and combat sports athletes, whereas findings are more
divergent in research on team sports such as soccer, basketball, and volleyball
(Pasqua et al., 2011; Eynon et al., 2014; Castilha et al., 2018).

Such findings suggest that the presence of the R allele and the RR genotype may
provide an advantage for soccer players, given the strength and power demands of
match actions. The XX genotype frequency in the general population ranges from
approximately 18% to 25%, depending on ethnicity, with extremely low frequen-
cies (0% to 11%) reported in countries such as Kenya, Nigeria, and Ethiopia.
Interestingly, athletes from these countries achieve remarkable results in endurance
events despite the almost complete absence of the XX genotype, suggesting that the
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R allele and RR genotype may be advantageous in high-performance sports in gen-
eral, not only in strength and power disciplines (Yang et al., 2007). This may be due,
at least in part, to the possibility of sustaining more intense training routines in RX
and RR genotypes.

This apparent advantage for strength and power sports or for tolerating higher
training intensities may be explained partly by the fact that RR genotype carriers,
compared with XX individuals, tend to have greater maximal strength and power,
better hypertrophy and power gains, a higher proportion of type IIx fibers, higher
maximal speed, lower susceptibility to muscle injuries, and faster recovery follow-
ing more intense training sessions. Some studies have shown that XX genotype
carriers display higher plasma creatine kinase (CK) concentrations and inflamma-
tory markers after intense strength training, greater delayed onset muscle soreness,
and longer recovery times to restore maximal strength, indicating greater micro-
damage from intense training, particularly in type II fibers, which lack ACTN3 in
XX individuals (Baltazar-Martins et al., 2020; Pereira et al., 2022; Barros Contreras
& de la Iglesia, 2023). From a metabolic perspective, the XX genotype appears to
be associated with higher oxidative enzyme activity and greater intramuscular gly-
cogen stores, characteristics more compatible with predominantly aerobic work of
moderate intensity and medium to long duration, rather than strength and power
(MacArthur et al., 2007).

Some studies with professional soccer players have not found differences in
ACTN3 genotype frequencies, probably because soccer performance depends on
multiple physical, technical, tactical, and psychological factors that go beyond the
purely physical characteristics associated with ACTN3 polymorphisms, in addition
to the fact that environmental stimuli play an essential role in shaping individual
athletic development (Eynon et al., 2014).

However, studies by Coelho (2011) and Almeida (2021) found higher frequen-
cies of the R allele and RX genotype in Brazilian soccer players, particularly at the
professional level, suggesting a possible genetic selection, given the reduction of
the XX genotype in professionals compared with younger categories. The higher
RX genotype frequency may be due to the mixed demands of soccer, with high
requirements for both power and endurance. As discussed earlier, the aerobic path-
way is the most utilized during matches and may contribute to adequate recovery
from intermittent anaerobic efforts, which could suggest a relative importance for
the X allele. Nevertheless, in the review by McAuley et al. (2021), based on an
analysis of polymorphism frequencies and performance in power-related actions, it
was proposed that the R allele and RR genotype may be important prognostic indi-
cators of success in soccer, due to a greater genetic predisposition to meet the sport’s
power demands. This may be related to the previously discussed concept of the
“intense” player.

Do these data imply that individuals with the XX genotype should not pursue a
professional soccer career? Clearly, this is not the interpretation. However, the find-
ings allow us to speculate that XX genotype athletes may have lower strength and
power characteristics and may not exhibit marked power improvements with spe-
cific training, which could be considered as early as youth development stages.
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Their training routines could be oriented toward endurance capacities, with higher
volume and lower intensity, to promote better adaptive responses, which could then
transfer to competitive tasks, resulting in greater total distances covered but fewer
accelerations and decelerations. In certain tactical contexts, these characteristics can
be valuable, especially if combined with refined technical skills.

Conversely, RX and especially RR genotype athletes are expected to perform
better in power-demanding tasks. However, will they always outperform XX ath-
letes in power-related aspects? This cannot be stated categorically, but they do pos-
sess a genetic potential to better tolerate higher-intensity training loads, suggesting
a greater predisposition to benefit from strength and power training. Would it be
appropriate to closely monitor the progression of these capacities when such train-
ing stimuli are prioritized? Should the most responsive RR athletes be exposed to
specific individualized training protocols? These are relevant considerations for
both researchers and sports professionals.

Studies conducted exclusively with soccer players to investigate the association
between ACTN3 polymorphisms and muscle injury incidence have yielded interest-
ing results. Almeida (2021) found no differences in plasma CK concentrations, a
blood marker of muscle damage, between ACTN3 genotypes after soccer matches.
However, Coelho (2011) observed higher plasma CK responses in RX and RR gen-
otypes after a match, a curious finding that the authors attributed to these athletes
performing a greater volume of high-intensity accelerations and decelerations com-
pared with XX players, in other words, being more intense. These results differ
from those of Massidda et al. (2019), who collected data on muscle injury incidence
in Italian professional soccer teams over a 5-year period. When compared across
ACTN3 polymorphisms, results showed that the XX genotype had a 2.66-fold higher
probability of muscle injury and a 2.13-fold higher risk of severe muscle injury
compared with RR genotype players. Similarly, Assis (2022), after subjecting
under-20 players to an eccentric training session, observed that XX genotype ath-
letes displayed higher plasma CK and C-reactive protein (acute inflammation
marker) levels and higher muscle temperature (via thermography), indicating
greater muscle damage and inflammation in response to eccentric training, which
heavily recruits type IIx fibers.

Can we conclude from these findings that XX genotype athletes will have a
higher injury incidence and therefore should avoid intense training or reconsider
pursuing soccer? Again, this is not the correct interpretation. However, we can spec-
ulate that reducing the frequency of intense training for XX athletes may create
more favorable conditions for muscle recovery, thereby preventing injuries. It may
also be advisable for athletes with this genotype to strengthen monitoring strategies
for muscle damage, especially after competitions or intense training sessions, par-
ticularly in those who repeatedly report higher muscle discomfort. Conversely,
since the RR genotype shows greater potential to respond to strength and power
training, increasing such training could yield more pronounced improvements in
these capacities, leading to better acceleration performance and a higher number of
accelerations in matches, thus enabling greater match intensity.
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The main takeaway from these findings is the need to design training strategies
that respect individual genotypic characteristics, as the analysis of a single gene
should never be the sole determinant for evaluating athletic potential in a sport as
complex and multifactorial as soccer.

Finally, what have studies with soccer players shown, and what is the relevance
of these findings, regarding the relationship between ACTN3 polymorphisms and
performance in muscle power and speed tests? This research line is justified by the
importance of muscle power in meeting part of the sport’s physical demands. Coelho
(2011) found no differences in muscle power parameters (countermovement jump
and squat jump), acceleration and sprint performance (30-meter sprint), or aerobic
capacity (Yo-Yo endurance test) when comparing ACTN3 genotypes in soccer play-
ers from different competitive levels, suggesting no influence of ACTN3 on overall
soccer physical performance. These results partially align with Almeida (2021),
who found differences in countermovement jump performance only when compar-
ing tactical positions, with RR players outperforming XX players, suggesting that
genetic advantages may be position-specific.

The third study, providing particularly interesting results, was conducted by
Pimenta et al. (2013) with professional Brazilian soccer players. The authors found
that RR genotype athletes exhibited greater power (squat jump and countermove-
ment jump) and greater acceleration/speed (10-, 20-, and 30-meter sprint tests) than
XX genotype athletes, who, in turn, showed greater aerobic capacity, as estimated
by VO, max (Yo-Yo endurance test). These results support hypotheses from ACTN3
research in soccer and align with findings from two other studies conducted in dif-
ferent sports, which help enrich the discussion. The first, with elite Polish athletes
from various sports (volleyball, ice hockey, swimming, and canoeing), reported that
RR genotype athletes had greater lower-limb power (higher countermovement jump
height) compared with XX genotype athletes. Although not soccer players, the sam-
ple included elite volleyball and ice hockey athletes (Orysiak et al., 2014). In another
study, analyzing sprint times from elite sprinters worldwide, mean 200- and 400-
meter race times were shorter in RR genotype athletes, which tends to be more
frequent in sprinters in some studies, compared with XX genotype athletes
(Papadimitriou et al., 2016).

In conclusion, the mere presence of the RR genotype will not ensure success in
power-related actions or in the complex physical demands of soccer. Its presence
indicates a genetic potential for the development of strength, power, or speed capac-
ities, provided that appropriate training stimuli are applied. The interaction between
genes and training is what determines the desired phenotypic expression. We must
continue to reflect on the role of ACTN3 polymorphisms in guiding certain training
strategies and monitoring the acute and chronic responses of athletes. This appears
to be the most important consideration when establishing the relationship between
ACTN3 and other genes with sports performance.
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6.3.2 ACE Polymorphisms and Soccer: Intensity, Acute
Adjustments, Fatigue, and Performance

The ACE is a protein that plays a key role in regulating the renin—angiotensin sys-
tem, an important mechanism for controlling blood pressure and total body fluid
volume. ACE promotes the conversion of angiotensin I, the inactive form of the
hormone, into angiotensin II, the active form, which has a potent vasoconstrictor
effect and stimulates aldosterone secretion by the adrenal cortex. Aldosterone
increases sodium reabsorption in the kidneys, leading to a higher body fluid volume.
Consequently, angiotensin II elevates blood pressure through two mechanisms,
vasoconstriction and increased blood volume, both of which raise systolic and dia-
stolic blood pressure. Therefore, whenever there is increased expression or activity
of ACE, the production of angiotensin II rises, ultimately resulting in higher blood
pressure and generalized vasoconstriction. In this context, ACE should be viewed as
a potentially vasoconstrictive enzyme, which helps us understand the implications
of its different genetic polymorphisms. It is important to remember that during exer-
cise, an increase in peripheral vasodilation is essential to facilitate blood, oxygen,
and nutrient delivery to the muscles. After exercise, vasodilation also supports
proper muscle recovery by allowing a higher rate of metabolic by-product clearance
and an adequate supply of restorative hormones and nutrients to the muscles.

The literature describes an important ACE polymorphism, located on chromo-
some 17 at position 17q23, which involves two alleles at position 287, an insertion
allele (I) and a deletion allele (D). The combination of these alleles results in the II,
ID, and DD genotypes. This I/D polymorphism (rs4340) is such that the I allele
induces lower ACE production, while the D allele induces higher systemic or tissue
ACE production. Consequently, the II genotype is associated with a low ACE pro-
duction rate, the DD genotype with the highest production rate, and the ID genotype
with intermediate production. Thus, the homozygous genotypes II and DD are
potentially linked to low and high renin—angiotensin system activity, respectively,
and therefore to lower and higher angiotensin II concentrations (Batista Ferreira
et al., 2005). It is also worth noting that ACE increases bradykinin degradation, a
vasodilator agent, indirectly enhancing its vasoconstrictive effect by inhibiting
bradykinin-mediated vasodilation (Baumert et al., 2016).

Before addressing the potential impacts of this polymorphism on sports perfor-
mance, particularly in soccer, it is relevant to briefly examine some of its clinical
associations to better understand its influence on physical work capacity.

Several studies have shown a strong association between the D allele, particu-
larly the DD genotype, and an increased risk of developing insulin resistance, type
2 diabetes, systemic arterial hypertension, hypertrophic cardiomyopathy, and coro-
nary artery disease (Pimenta, 2008; Zarouk et al., 2012; Al-Saikhan et al., 2017,
Sousa et al., 2018). The direct and indirect vasoconstrictive and hypertensive effects
of ACE are likely determinants of these clinical outcomes in the DD genotype, espe-
cially since these studies often report higher plasma ACE concentrations in indi-
viduals with this genetic profile. This is an important aspect to keep in mind when
discussing the relationship between ACE polymorphisms and soccer performance.
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Traditionally, the literature indicates that the ACE I/D polymorphism influences
physical work capacity and was the first genetic polymorphism studied in the con-
text of exercise. In general, studies show that the I allele is more frequently associ-
ated with success in endurance sports, while the D allele is linked to better
performance in strength- and power-based sports (Batista Ferreira et al., 2005;
Voroshin & Astratenkova, 2008; Baumert et al., 2016; Papadimitriou et al., 2016).
This has been examined both in distribution frequency studies across different
sports and in performance tests assessing strength, power, and aerobic capacity.

In this regard, the II genotype tends to be more common among endurance ath-
letes and is often associated with higher VO, max values, better performance in
aerobic tests, and greater improvements in VO, max following specific training
(Voroshin & Astratenkova, 2008; Almeida et al., 2012; Bottura & Dentillo, 2025),
although these findings are not unanimous (Tucker et al., 2013). This effect of the IT
genotype may partly result from its influence on a higher prevalence of type I mus-
cle fibers, specialized in oxidative metabolism (Zhang et al., 2003). Moreover, all
other aspects related to aerobic capacity may benefit from the II genotype’s indirect
vasodilatory potential. How these characteristics may affect soccer training demands
will be discussed later.

Conversely, the DD genotype is more frequently observed in athletes from
strength, power, and sprint disciplines and is associated with greater muscle mass
and strength, better strength-training responses, and shorter times in 200- and 400-
meter races (Dias et al., 2007; Baumert et al., 2016; Papadimitriou et al., 2016). Its
superior hypertrophic response to training may be linked to ACE’s bradykinin-
degrading action, which reduces an inhibitor of tissue growth, and to angiotensin
II’s effects on the inflammatory response, improving muscle hypertrophy signaling
(Baumert et al., 2016).

Additionally, this polymorphism appears to influence the degree of muscle dam-
age induced by intense eccentric training, with the II genotype showing higher
plasma CK concentrations than the DD genotype after such training, suggesting that
the D allele may play a protective role against muscle injury from intense exercise
(Yamin et al., 2007). This is a relevant consideration for daily soccer training.
Interestingly, the DD genotype shares certain characteristics with the RR genotype
of ACTN3, which can be examined in terms of training demands based on their
interaction.

Specifically in soccer, research findings are as conflicting as those for ACTN3
polymorphisms, but they still allow for meaningful reflection on the potential impact
of ACE variations on performance. In a systematic review and meta-analysis,
McAuley et al. (2021) found that the D allele and the DD genotype were more
strongly associated with elite status in soccer players, supporting the idea that this
genotype may be more closely linked to soccer’s power demands. Integration with
the RR genotype of ACTN3 could contribute to success in soccer, particularly in
meeting the physical requirements of training and competition.

Does this mean that II genotype athletes should be discouraged from playing
soccer or are destined to fail, especially if combined with the XX genotype of
ACTN3? Absolutely not. Our interpretation is that the II genotype may indicate the
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need for training strategies similar to those suggested for XX genotype carriers of
ACTN3. On the other hand, the DD genotype does not guarantee sports success
unless its potential advantages are properly developed through training, especially
if combined with the RR genotype of ACTN3. It is plausible that the DD-RR com-
bination is highly favorable for expressing the “intense” player phenotype men-
tioned earlier, characterized by covering large distances at speeds above 19 km/h. If
this genetic combination can predispose athletes to this phenotype through training,
its identification becomes valuable.

An important, rarely addressed point in studies is that DD genotype athletes, due
to their genetically more vasoconstrictive profile, may exhibit slower vasodilatory
hemodynamic adjustments at exercise onset, delaying blood flow redistribution and
causing a higher oxygen deficit in muscles. This could make the first minutes of
training sessions, particularly at high initial intensity, more challenging. If this
impacts performance during the first 10—15 min of matches or after halftime, it
would merit scientific investigation and might call for more attention to warm-up
routines for these athletes. It would not be unreasonable to hypothesize that part of
the DD genotype’s predisposition for intense power and strength activities could
result from this potential hemodynamic disadvantage, making alactic anaerobic
efforts more suitable and less demanding, as they are less dependent on blood, oxy-
gen, and glucose supply. Some clinical studies suggest benefits from consuming
foods with high vasodilatory potential, such as beetroot, for DD genotype carriers,
raising the possibility of using this strategy for athletes with this profile, particularly
on days with more intense or prolonged sessions. This possible delay in vasodilation
could limit the use of blood glucose as a substrate, prompting earlier intramuscular
glycogen use when starting at high intensity, leading to faster depletion and earlier
fatigue in training and matches. This is a factor that warrants monitoring through
athletes’ subjective feedback during weekly routines.

Similarly, this vasoconstrictive profile may hinder muscle recovery between
intense sets and after demanding sessions, as proper local blood flow is necessary
for the clearance of metabolic by-products and for the supply of recovery-regulating
hormones and nutrients. This could affect lactate—hydrogen removal, PCr replenish-
ment during training, and intramuscular glycogen resynthesis and muscle hypertro-
phy post-training.

Regarding performance in soccer-specific tests, despite the lack of consensus,
Coelho et al. (2022) found that the best results in the 20-meter sprint test, a measure
of acceleration capacity, were associated with the DD genotype, with no differences
in power (countermovement jump) or maximal speed (30-meter sprint). Conversely,
the II genotype was linked to superior aerobic capacity performance (Yo-Yo endur-
ance test). Similarly, Dionisio et al. (2017) reported that, in addition to better
20-meter sprint performance, the DD genotype showed higher power (counter-
movement jump) compared with the II genotype, which again performed better in
the aerobic capacity test. Almeida (2021), using a similar methodological approach,
did not find differences in power, speed, or aerobic capacity when comparing II and
DD genotypes. However, when combining ACE and ACTN3 genotypes, significant
differences emerged, with the RR/RX and DD combination outperforming other
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combinations in power and speed, while the XX and DD combination showed supe-
rior aerobic capacity.

These findings suggest that, in soccer players, the DD-RR genotype combina-
tion may enhance power and speed actions, indicating that this genetic profile could
be more responsive and derive additional benefits from training with a greater
emphasis on these parameters. At the same time, this genetic profile may face
greater challenges in developing aerobic capacity, which is fundamental for recov-
ery during soccer training and competition. In our view, focusing on allele combina-
tion analysis could provide substantial advantages in using genetics as a tool in
soccer training. However, the best genetic combination will only yield superior
results if adequately stimulated, which depends on training quality and athlete
commitment.

The presence of such a combination also prompts us to consider the importance
of stimulating this genetic potential throughout the entire soccer development pro-
cess, starting from youth levels.

Finally, regarding the relationship between these polymorphisms and muscle
injuries in soccer players, Massidda et al. (2020) followed 710 Italian and Japanese
athletes over 8 years, analyzing injury histories in relation to ACE genotypes. They
found that the ID and DD genotypes were less frequent among injured players, sug-
gesting a higher muscle injury risk for the II genotype. This association with the D
allele was stronger in Japanese athletes, highlighting an ethnic component in the
phenotype. Comparing the II-XX combination to the DD-RR combination, even
amid a general lack of consensus in the literature, raises inevitable questions.

Could the ACE 1l and ACTN3 XX combination carry a greater genetic potential
for muscle injury risk? Could this imply that, for this genetic profile, it would be
advisable to reinforce strength endurance and maximal strength training early in the
season, with fewer power-oriented sessions, such as sprints and jumps, to better
prepare the muscles for the intense demands of future training and matches? The
literature needs to advance in addressing such questions to provide more applied
insights on the interaction between genetics and sport.

If we truly believe in the role of genetics in guiding training decisions, we cannot
remain passive and accept generic training prescriptions for all athletes. The realis-
tic possibility of such differences between players on the same team should at least
make us question our current practices.

After understanding the effects of ACE polymorphisms, it is relevant to briefly
discuss polymorphisms of another gene related to ACE and, therefore, to vasomotor
tone control. This is the angiotensinogen (AGT) gene, a large peptide secreted by the
liver, which is converted into angiotensin I by the action of renin, hence the term
renin—angiotensin system, in which AGT can be considered the “raw material” for
angiotensin I production. Genetic polymorphisms that increase AGT production
may lead to higher angiotensin I and consequently angiotensin II production, espe-
cially when combined with the DD ACE genotype.

The rs699 polymorphism has the G allele as an inducer of increased AGT pro-
duction and the A allele as an inducer of normal production. Thus, individuals with
the GG genotype have the potential for high AGT production and, consequently, a
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strong vasoconstrictive potential. This polymorphism has been associated with
sports performance, particularly in conjunction with ACE polymorphisms, and the
GG genotype has been linked to higher strength and power potential due to its vaso-
constrictive effect, similar to the ACE DD genotype. Therefore, the combination of
the DD ACE genotype and the GG AGT genotype may determine a greater potential
for strength and power development, representing a more “favorable” genotypic
profile for soccer (Murtagh et al., 2023). However, this genetic profile may also
present significant challenges for acute cardiovascular adjustments at the beginning
of training sessions and during intensity fluctuations in soccer-specific activities.
The impact of this profile on post-training recovery may require increased attention
to recovery strategies, as discussed earlier.

Although the literature contains some isolated analyses of the relationship
between AGT polymorphisms and soccer performance, we believe these polymor-
phisms should be studied in conjunction with ACE variants, given their intrinsic
physiological relationship.

6.3.3 MCT1 Polymorphisms and Soccer: Intensity, Fatigue,
and Performance

The MCT]1 is a specific membrane protein highly expressed in type I muscle fibers
(slow-twitch, oxidative, aerobic). It is responsible for transporting lactate into these
fibers for subsequent use as an energy substrate in the mitochondria, that is, in aero-
bic metabolism (Zhang et al., 2024). MCT1 therefore plays an important role in
regulating lactate flux into type I fibers and in controlling blood lactate and hydro-
gen concentrations during continuous or more intense interval exercise. The higher
the expression of MCT1, the greater the potential for removing and oxidizing lac-
tate and hydrogen ions (H*) from the bloodstream, delaying their accumulation and
controlling the state of metabolic acidosis, which allows for longer maintenance of
high-intensity efforts, whether continuous or intermittent (Bottura & Dentillo,
2025). As discussed earlier, metabolic acidosis is one of the mechanisms that con-
tribute to fatigue in soccer.

The gene encoding MCT] is located on chromosome 1p13.2 and presents an
important polymorphism, A1470T (rs1049434), in which there is a substitution of
aspartic acid by glutamic acid at position 490. In this variant, the A allele induces
greater MCT1 expression, while the T allele results in lower expression. Thus, ath-
letes homozygous for the A allele (AA genotype) have a greater potential for blood
lactate and hydrogen removal, delaying their accumulation and controlling meta-
bolic acidosis, whereas the TT genotype presents a lower potential for such removal,
which may lead to greater lactate and hydrogen accumulation and greater difficulty
in controlling metabolic acidosis during more intense anaerobic exercise (Murtagh
et al., 2023; Bottura & Dentillo, 2025).

Regarding the effect of this polymorphism on sports performance, the literature
reports that the A allele is more frequently found in endurance athletes, while the T
allele is more common in strength, power, and speed disciplines, especially short



6 Genomics and Soccer Performance: From Genetic Markers to Applied Interventions 105

sprints and weightlifting, which are typically alactic anaerobic efforts (Sawczuk
et al., 2015; Kikuchi et al., 2017). This frequency pattern may be due to the fact that
in power and speed events, where alactic anaerobic metabolism predominates, train-
ing and competition involve lower levels of acidosis, allowing athletes with lower
lactate—H* removal capacity to perform without significant impairment.

In soccer, Massidda et al. (2018), in a study with professional European players,
reported a higher frequency of the A allele among forwards compared with controls
from the general population, as well as a greater likelihood of forwards expressing
the AA genotype compared with the TT genotype. This suggests that the presence
of the A allele may be more favorable for positions requiring repeated sprints during
matches, as is the case for forwards. This hypothetical advantage of the A allele for
forwards may be due to its greater potential for lactate—H* removal between repeated
sprints. This higher frequency of the AA genotype compared with the general popu-
lation has also been observed in Japanese combat athletes (Kikuchi et al., 2017).

To assess the relationship between MCT1 polymorphisms, lactate removal capac-
ity, and performance maintenance under conditions similar to match dynamics, 26
Italian junior soccer players participated in a pilot study in which they performed
six 30-meter sprints with active recovery between each sprint. Carriers of the A
allele recorded significantly shorter times in the last two sprints compared with TT
genotype carriers, confirming the proposed advantage of the A allele in attenuating
fatigue during successive alactic anaerobic sprint series (Massidda et al., 2021).
Even under work conditions predominantly based on alactic anaerobic metabolism,
the short recovery intervals between sprints induce high levels of metabolic acido-
sis, as they do not allow for complete phosphocreatine resynthesis between repeti-
tions. Supporting this advantage, Kikuchi et al. (2017) subjected elite Japanese
combat athletes to two high-acidosis conditions (10-14 mmol lactate/L), the first
being a Wingate test on day 1 and the second, on the following day, ten 10-second
maximal efforts on a cycle ergometer with 50 seconds of passive recovery between
sets. The results showed that AA genotype athletes had lower blood lactate concen-
trations both 10 min after the Wingate test and between the sets of the intense train-
ing session.

These findings indicate the likely value of the MCT!I polymorphism for main-
taining high intensities in training and matches. More than influencing basic aerobic
capacity (VO, max), the A allele or AA genotype appears to provide a genetic
potential particularly well suited to exploiting high-intensity interval training with
more sets and short recoveries, which may help improve soccer-specific endurance
capacities, namely, acceleration and high-intensity endurance (speeds above
19 km/h). This could lead to greater distances covered in matches at speeds above
19 km/h. Conversely, the TT genotype may indicate potential for acceleration train-
ing with minimal acidosis, as well as maximal strength training (90-100% 1RM)
with low repetitions (one to five reps), both of which are essentially alactic anaero-
bic in profile and induce minimal plasma acidosis.

When considering combinations with other genetic polymorphisms discussed
earlier, athletes with the TT genotype, already having a low potential for lactate—H*
removal, could face even greater difficulty if combined with the ACE DD genotype
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due to the added limitation in vasodilation, leading to greater lactate—-H* accumula-
tion. In contrast, combining the AA genotype of MCT1 with the II genotype of ACE
could result in a pronounced lactate—-H* removal potential, although this may not
correspond to a high-performance profile for actions with large muscular power
demands. Such considerations are essential when designing training programs.
Extending this analysis to include ACTN3 polymorphisms is indispensable for a full
understanding of individual genetic potential.

6.4  Genetic Polymorphisms and the Risk of Tendon
and Ligament Injuries in Soccer

Injuries represent one of the major challenges for soccer professionals, as they lead
to withdrawal from training routines and matches. From an epidemiological per-
spective, according to Lopez-Valenciano et al. (2020), the incidence of injuries dur-
ing matches is approximately ten times higher than during training, with the most
affected sites being the thigh, knees, and ankles. The most common injuries are
muscle and tendon injuries, occurring about ten times more frequently than liga-
ment injuries, although ligament injuries tend to be more severe and require longer
rehabilitation periods.

Injury prevention is one of the main concerns of sports professionals and has
been the subject of numerous studies, among them the investigation of the relation-
ship between certain genetic polymorphisms and injury risk.

In this section, we will discuss the relationships between selected genetic poly-
morphisms and an increased risk of tendon injuries and, in particular, ligament inju-
ries. Muscle injuries have been discussed extensively in earlier sections.

One genetic polymorphism that has attracted scientific attention regarding its
association with tendon and ligament injuries is related to the COL5A1 gene, which
encodes the alpha-1 chain of type V collagen. Although type V collagen is a minor
component in muscles, tendons, and ligaments, it regulates the assembly of other
collagen fibrils in these tissues, assisting in the architecture, organization, and con-
trol of the diameter of type I collagen fibrils, the main collagen type, playing a
fundamental role in tissue structure and providing elasticity and tensile strength to
collagen (Guo et al., 2022b; Gkritzali et al., 2024).

The COL5A1 gene is located on chromosome 9 at position 9q34.3 and presents
several important polymorphisms, among which rs12722 has been extensively stud-
ied in the sports context for its association with the risk of tendon and ligament
injuries (Guo et al., 2022b; Murtagh et al., 2023). This polymorphism involves a
mutation in the 3’-untranslated region (3’UTR) of COL5A1, where the T allele
induces increased type V collagen production and the C allele induces normal pro-
duction. Consequently, the TT genotype can lead to markedly increased type V col-
lagen production, which improves COL5A1 mRNA stability but interferes with type
I collagen fibril diameter. This alteration results in collagen fiber stiffness, compro-
mising tissue resilience and increasing the risk of fiber rupture and, therefore, mus-
culoskeletal injury (Posthumus et al., 2009b).
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Some review and meta-analysis studies have documented the role of rs12722 in
ligament injury risk, with strong evidence that the presence of the T allele, and
especially the TT genotype, increases the risk of both Achilles tendon injury and
anterior cruciate ligament (ACL) injury, whereas the CC genotype appears to confer
greater protection against Achilles tendon and ACL injuries (Guo et al., 2022a;
Murtagh et al., 2023; Gkritzali et al., 2024).

In the study by Posthumus et al. (2009a), conducted with 345 male and female
athletes from various sports and divided into a control group (no history of ACL
injury) and an injured group (history of ACL rupture), the CC genotype frequency
was significantly lower in the injured group compared with the control group, but
only in women, indicating the protective effect of the CC genotype. The authors
suggest that this female-specific effect may be related to greater matrix metallopro-
teinase (MMP) production in the ACL in women, indicating a possible gene—hor-
mone interaction. In the same research line, CC genotype frequency was significantly
lower in individuals with a history of non-contact ACL rupture in both men and
women, again showing a protective effect of CC (Calo et al., 2024). In that study,
the authors also associated ACL injury risk with another COL5A 1 polymorphism,
rs13946.

In professional soccer players from the Italian League followed for a 5-year
period, there was no difference in the incidence of musculoskeletal injuries (muscle,
tendon, and ligament) across different COL5AI genotypes. However, the study
reported that TT genotype athletes had more severe musculoskeletal injuries com-
pared with CT and CC genotypes, with severity classified according to time to
return to play (Massidda et al., 2015). What is notable about this study is that it was
a cohort design with a relatively long follow-up period, an aspect that deserves
attention in genotypic analyses, as it may require adjustments in basic strength
development strategies from youth categories onward.

Regarding different competitive levels, an interesting finding comes from Hall
et al. (2022), who studied Brazilian soccer players across several age groups and
found a higher prevalence of any musculoskeletal injuries and isolated ligament
injuries in CC genotype carriers strictly among athletes who had not yet reached
their peak height velocity. This finding diverges from many previous studies since
the CC genotype appeared to be associated with greater injury risk, raising an alert
that maturational status may influence musculoskeletal injury risk associated with
COL5AI polymorphisms. This may suggest a gene—hormone interaction that
requires further investigation.

Another research line involving COL5A1 seeks to understand the relationship
between its polymorphisms and tendon mechanical properties, as well as muscle
strength and power production in athletes. In this regard, Kubo et al. (2013), inves-
tigating tendon mechanical properties according to COL5A 1 polymorphisms, found
that men with the CC genotype had greater tendon strain, greater elongation, and
lower tendon stiffness compared with CT and TT genotypes. These differences in
patellar tendon mechanical properties may enhance force production over time by
improving tendon capacity to withstand tensile loads, which may explain the
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superior countermovement jump performance observed in soccer players with the
CC genotype (Murtagh et al., 2023).

The combination of the RR genotype of ACTN3 with the CC genotype of
COL5A I may represent a high genetic potential for increasing muscle strength and
power, with lower susceptibility to musculoskeletal injuries, contrasting with the
XX genotype of ACTN3 and the TT genotype of COL5A1. Conversely, the interac-
tion between RR of ACTN3 and TT of COL5A1 may represent the potential for
muscles to tolerate high-intensity loads but with a higher risk of tendon injury, for
instance, when exposed to high frequencies of intense training due to the muscle’s
ability to sustain such routines, which could reduce tendon regeneration time. Such
distinct genotypic profiles are likely not suited to identical training stimuli through-
out days and weeks of practice.

Another genetic polymorphism associated with the risk of soft tissue injuries is
found in the COLIAI gene, which encodes the alpha-1 chain of type I collagen, the
main collagen type in tendons and ligaments. The rs1800012 polymorphism, in
which the T allele induces greater type I collagen production and the G allele
induces lower production, has been investigated in several studies showing a poten-
tial protective effect of the T allele, and especially the rare TT genotype, against
tendon and ligament injuries (Posthumus et al., 2009a; Gibbon et al., 2020). The T
allele may also be associated with a greater predisposition for strength and power
activities.

Finally, another gene whose polymorphisms may influence tendon and ligament
injury risk in soccer athletes is MMP3, which encodes the endopeptidase matrix
metalloproteinase-3, also known as stromelysin-1, responsible for degrading extra-
cellular matrix components such as collagen, fibronectin, laminin, and proteogly-
cans. The MMP3 gene is located on chromosome 11 at position 11q22.3 and
presents several polymorphisms that have been associated with an increased risk of
tendon and ligament injuries (Raleigh et al., 2009). Among these, rs679620,
rs3025058, rs591058, and rs650108 are the most studied, with rs679620 and
rs3025058 showing the most consistent associations with soft tissue injuries. The
literature suggests that the rs679620 GG genotype may increase Achilles tendon
injury risk and that the rs3025058 5A allele may increase the risk of tendon and
ligament injuries (Raleigh et al., 2009; Guo et al., 2022a).

Given this body of evidence, consider the injury risk of an athlete with the genetic
combination XX of ACTN3, TT of COL5A1, GG of COLIAI, and GG of MMP3.
This profile may require specific strategies with a greater emphasis on the develop-
ment of muscle strength, the balance between agonist and antagonist muscle groups,
adequate recovery intervals between intense training sessions, the reflex responsive-
ness of proprioceptors (muscle spindle and Golgi tendon organ), muscle flexibility,
and the restoration of muscle function after training routines, all of which would
help reduce the risk of unwanted injuries during demanding training and match
seasons.

It is also important to consider the interaction between genetic polymorphisms
associated with tendon-ligament injury risk and those of ACTN3 and ACE. For
example, in the case of ACE, typically vasoconstrictive profiles may present greater
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difficulty for tissue regeneration, as they can compromise blood flow to tendons,
which is naturally lower than to skeletal muscles.

6.5 Other Genetic Polymorphisms Related
to Soccer Performance

Other genes and their respective polymorphisms have been studied and associated
with soccer performance, primarily in relation to the regulation of cardiovascular,
metabolic, immunoinflammatory, and oxidative stress responses.

Regarding cardiovascular and metabolic responses, the genes that have attracted
the greatest attention in the literature are AGT (already discussed), NOS3 (nitric
oxide synthase 3), BDKRB2 (bradykinin receptor B2), ADRB2 (beta-2 adrenergic
receptor), VEGF-A (vascular endothelial growth factor-alpha), CPK (creatine
kinase), and PPAR (peroxisome proliferator-activated receptors) and their variants
(PPAR-alpha, PPAR-delta, and PPARGCI1-alpha). Many of these genes, such as
NOS3, BDKRB2, and ADRB2, are involved in the regulation of vascular tone, with
primarily vasodilatory functions, and their genetic polymorphisms may determine a
greater or lesser propensity for vasodilation, which integrates, to some extent, with
the regulation determined by ACE polymorphisms. Therefore, the interaction of dif-
ferent polymorphisms in these vasomotor tone-modulating genes with ACE poly-
morphisms can significantly influence vasodilatory responses and, consequently, all
aspects linked to these responses that may impact soccer performance, as previously
discussed. The effects of these polymorphisms follow essentially the same logic as
ACE polymorphisms, that is, in general, variants associated with lower vasodilatory
potential tend to favor strength and power activities, whereas those with greater
vasodilatory potential are more often linked to endurance activities. For further
details on these additional genetic polymorphisms and their influence on physical
performance, please refer to Chapters 3, 7, 8, and 9.

Other genes, such as those in the PPAR family and CPK, regulate metabolic
responses related to aerobic capacity, mitochondrial biogenesis, and fat metabolism
(PPAR family) and alactic anaerobic metabolism (CPK), with the potential to influ-
ence adaptations to different training profiles throughout the season. The polymor-
phisms in these genes may therefore impact predisposition to strength, power, or
endurance activities, as well as muscle and general systemic recovery after training
sessions and matches. Chapters 3 and 8 provide further details on these genes, par-
ticularly the PPAR family, allowing for complementary relationships to be estab-
lished with soccer performance.

Genes regulating immunoinflammatory and oxidative stress responses (genes for
antioxidant enzymes) have also been associated with soccer performance. Regarding
the immunoinflammatory response, the main polymorphisms studied are those of
the IL-6 (interleukin-6), TNF-alpha (tumor necrosis factor-alpha), and CRP
(C-reactive protein) genes, which encode their respective cytokines and have poten-
tial inflammatory effects while modulating innate and adaptive immune activity.
The polymorphisms in these genes have been linked to predisposition for strength,
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power, or endurance activities, as well as to muscle injury, muscle hypertrophy, and
recovery from more intense training sessions. Particularly, /L-6 polymorphisms, for
a cytokine with both pro- and anti-inflammatory effects, have been associated with
performance in strength and power actions and with muscle injury risk. In this
regard, the rs1800795 polymorphism appears to influence physical performance,
with the G allele being associated with higher IL-6 production, higher plasma IL-6
levels, and a greater inflammatory response, leading to a greater predisposition for
strength and power activities, whereas the C allele is linked to lower IL-6 produc-
tion and appears to predispose athletes to greater success in endurance activities.
Additionally, the C allele and particularly the CC genotype may increase the risk of
muscle injury from high-intensity eccentric training, which is very common in soc-
cer (Ben-Zacken et al., 2017).

An integrated analysis with ACTN3 and ACE polymorphisms may help in under-
standing the genetic potential for more intense training routines, while integration
with ACTN3, COL5A1, and COLIAI polymorphisms may assist in assessing the
potential risk of musculoskeletal injuries. Chapter 5 provides a detailed discussion
of all polymorphisms in immune and inflammatory response-regulating genes, con-
tributing to the understanding of their role in soccer performance.

Finally, genes related to oxidative stress, which corresponds to an imbalance
between the production of reactive oxygen species (ROS) and the capacity to coun-
teract ROS (antioxidant capacity), have been linked to physical performance in soc-
cer. In this context, genetic polymorphisms in endogenous antioxidant system
enzymes have attracted particular attention in the literature. These enzymes are
responsible for neutralizing ROS, which, when produced in excess, can impair cel-
lular and systemic function and, consequently, physical performance. The main
antioxidant enzymes are SOD (superoxide dismutase), CAT (catalase), and GPx
(glutathione peroxidase), and their respective genetic polymorphisms may influence
individual antioxidant potential and the adaptive responses of these enzymes to
training. Chapter 5 discusses in depth the role of these enzymes and the implications
of their polymorphisms for physical work capacity, providing further understanding
of their influence on soccer performance.

6.6 Case Report
6.6.1 Youth Academy Players from a Brazilian Professional Team

Our “Case Report 17 refers to our experience with 23 soccer players from the youth
academy teams (U-15 to U-20) of a Brazilian professional club. This club’s youth
programs (ages 12-20) on the women’s side achieve numerous national and inter-
national titles every year and have several athletes regularly called up to Brazilian
national teams across all age categories. Due to the club’s high level of excellence,
players undergo a rigorous selection process to earn a place in the different age-
group teams. All players who underwent genotyping analyses were considered
starters and standouts in their respective categories, with many having been called
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up to their national teams. Although these are not adult athletes, they are part of an
elite group from a club with a strict selection process. What can the genetic profile
of these selected players reveal about performance in women’s soccer?

We present data on the frequency distribution of selected polymorphisms in the
genes discussed throughout the chapter, as well as relationships between these
genetic variants and performance in specific physical tests.

The players showed a distribution frequency for ACTN3 that was quite sugges-
tive: 17% carried the XX genotype, 39% the RR genotype, and 43% the RX geno-
type. This frequency is consistent with some of the studies discussed in the chapter
and does not differ significantly from the general population frequency of XX
(18-25%) and RR (22-35%), suggesting that the XX genotype does not necessarily
represent a disadvantage for youth soccer players, even in a highly selective team.
Pimenta et al. (2013) reported respective frequencies of 11%, 44%, and 45% for the
XX, RX, and RR genotypes in Brazilian male professional soccer players. It can be
speculated that the XX genotype might represent a disadvantage over the course of
the selection process from youth to elite levels, especially in men’s soccer, where
the athlete pool is much larger and the competition level to reach the top is higher.
This remains speculative, as data from Eynon et al. (2014) on European soccer play-
ers and athletes from other team sports (handball, volleyball, hockey) reported XX
genotype frequencies ranging from 11% to 18% and RR frequencies from 22% to
46%. In that study, Russian players had a lower XX frequency and higher RR fre-
quency compared with the general population, which was not observed in Spanish
and Polish athletes. In our investigation (and in these studies), the presence of the
RR genotype, with a slight difference from the general population frequency, may
represent an advantage for soccer players, particularly for adults.

Regarding ACE polymorphisms, a minority of the players (17%) carried the II
genotype, while 34% had the DD genotype and 48% the ID genotype. This distribu-
tion is partly consistent with Farias (2019), who found frequencies of 12%, 23%,
and 65% for the II, ID, and DD genotypes, respectively, in Brazilian professional
soccer players. In relation to the general population, our results align closely with
frequencies of around 20%, 48%, and 32% for II, ID, and DD, respectively, as
reported by Meira-Lima et al. (2000). However, these figures differ from Rocha
et al. (2020), who reported frequencies of 48%, 45.5%, and 6.5% for 11, ID, and DD
in the Brazilian population (small sample, n = 62), compared with 49%, 44%, and
7% for professional soccer players. Menezes (2019) found frequencies of 28%,
63%, and 8% for II, ID, and DD in the general population (n = 60) and 11%, 75%,
and 14% in youth soccer players (n = 65), suggesting a potential advantage for the
DD genotype in professional soccer performance.

The combination of ACTN3 and ACE polymorphisms in our sample points to a
higher genetic predisposition for high-intensity strength and power work. Based on
the discussions in this chapter, note that the prevalence of RR and DD genotypes
among these players is, in some studies, slightly or significantly higher than in the
general population, suggesting a potential advantage for carriers of these variants in
soccer performance, presumably due to the sport’s high strength and power demands.
This combination of ACTN3 and ACE polymorphisms may have helped these
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players tolerate more intense strength and power training loads over the years, as
well as respond better to such training, achieving higher strength and power levels.
This may have translated into better execution of physical tasks during matches
throughout their progression in the youth academy, ultimately increasing their
selection rates within the club.

Coincidentally, for MCT1 polymorphisms, we found the same frequency of 17%
for the AA genotype, while 43% carried the TT genotype, again indicating a greater
genetic predisposition for strength and power—oriented work. The combination of
polymorphisms in these three genes suggests a genetic profile that may favor suc-
cess in youth-level soccer.

An interesting observation from this group concerns the distribution frequency
of IL-6 polymorphisms. Of the 23 players analyzed, 13 (56%) carried the GG geno-
type, while none (0%) had the CC genotype, which is potentially more susceptible
to muscle injury, as discussed earlier in this chapter and in Chap. 5. Recall that the
GG genotype also appears to offer an advantage for strength and power training, as
extensively discussed in Chap. 5. This combination of polymorphisms from these
four genes highlights the importance of analyzing genetic variants in combination
to better understand the role of genetics in soccer performance.

For COL5A1 polymorphisms, five athletes (21%) had the TT genotype (higher
injury risk), and seven (30%) carried the CC genotype. However, we do not have
data on the players’ history of tendon and ligament injuries to compare with their
genetic profiles.

What do these results suggest as a whole?

Soccer performance is not determined solely by an athlete’s muscle power capac-
ity or genetic risk for tissue injury but rather by a complex interaction between
groups of genes and their polymorphisms, as well as various environmental influ-
ences, including physical, technical, and tactical training routines, competition
schedules, individual motivation for training and competition, nutrition, and social
networks. Therefore, a single genetic polymorphism, or even a few genetic interac-
tions, will rarely play a decisive role in determining athletic performance and suc-
cess (Baltazar-Martins et al., 2020), especially in a sport like soccer. In this regard,
Egorova et al. (2014) suggest that the probability of becoming a soccer player
depends on the presence of a high number of “favorable” gene variants, which can
essentially be understood as those associated with the ability to sustain high levels
of physical work, due to their relationship with match demands, as discussed earlier,
as well as the capacity to adopt more intense training routines.

In our view, the most important factor is recognizing the physical potentials
expressed by each of these genetic polymorphisms and their respective interactions
to ensure optimal individualization of training stimuli, fully respecting the principle
of biological individuality. The focus should be on the training demands suggested
by the different genetic polymorphisms, not on seeking to define or describe the
ideal genetic profile for soccer success.

Another point to consider is that, as these are youth academy players who have
not yet reached elite-level competition, the selection process may not be fully com-
plete, as some of these players may not advance to the most competitive teams once
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they reach adulthood. Therefore, the analysis of the distribution frequencies of
genetic polymorphisms may not fully represent the specificities of profes-
sional soccer.

In addition, the selection process in women’s soccer still appears to be quite dif-
ferent and less competitive than in men’s soccer, given the number of participants
and the quantity of high-performance teams. This is evident in the disparity observed
even within Brazilian top-tier teams, where matches can result in scorelines with
differences of eight goals or more, something extremely rare and unlikely in men’s
matches. This may explain, at least in part, differences in study results between
male and female players, particularly in different competitive categories.

6.6.2 Male Professional Soccer Player

Our “Case Report 2” refers to our experience with a professional soccer player from
a top-tier Brazilian club. He was 32 years old, was 190 cm tall, weighed 82.5 kg, and
played as a central defender.

This athlete had a history of recurrent muscle injuries, and the coaching staff
consulted us after several unsuccessful interventions to determine whether there
could be any relationship between this injury pattern and the athlete’s genetic char-
acteristics, that is, whether he might present a genetic profile typically associated
with a high risk of muscle injury. Based on everything discussed in this chapter, can
you imagine which genetic polymorphisms would be the most indicative of a poten-
tial risk for muscle injury under the intense training and match demands of profes-
sional soccer? However, this player’s genetic profile did not indicate such a risk for
musculoskeletal injury, nor a low genetic potential to withstand intense training
routines.

His genetic profile included the following polymorphisms related to potential
capacity to sustain high-intensity work, inflammatory and oxidative stress potential,
and musculoskeletal injury risk:

ACTN3 (RR), MCT1 (AA), ACE (1l), IL-6 (GG), TNF-a (GG), SOD (CC), CAT
(CC), GPx (CC), COL5A1 (CC), and MMP3 (CC).

With this genotypic profile, we could not identify a high genetic risk for muscle
injury or a low capacity to tolerate high-intensity workloads, particularly given the
interactions between ACTN3, MCT1, IL-6, TNF-a, and COL5A 1 genotypes, as well
as the favorable antioxidant capacity (SOD, CAT, and GPx) and recovery potential.
This was despite the less favorable MMP3 genotype, which suggested some poten-
tial risk for tendon or ligament injury. Nevertheless, the athlete’s history involved
recurrent muscle injuries, which the coaching staff suspected were the result of a
succession of high-intensity matches and training sessions. The ACE II genotype
could also have facilitated recovery from intense training through its potential vaso-
dilatory response after sessions, in addition to other genetic polymorphisms favor-
able to vasodilation, such as NOS3 and BDKRB?2.

Given the genetic profile, which did not suggest an increased risk of muscle
injury or an inability to sustain high-intensity training, we hypothesized that the
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injuries might be the result of inadequate muscular stimulation, with training rou-
tines involving intensities lower than those his unique genetic potential could toler-
ate, as well as a reduced capacity to prepare him for match demands. It is important
to note that, in our experience analyzing hundreds of genetic profiles from soccer
players, we had never encountered one so suggestive of the capacity to withstand
high-intensity training.

We therefore recommended some changes in his training routine, essentially
increasing the intensity of maximum strength and explosive strength (muscle power)
sessions, particularly sprint training with overload. The athlete’s acceleration per-
formance in both matches and training sessions was already well above the team’s
average and higher than values reported in the literature. These data supported the
characteristics suggested by his genotypic profile. This led us to propose increasing
the average acceleration intensities in both specific training sessions and technical—
tactical (situational) drills, raising them above the general guidelines adopted for the
team. The genetic profile provided us with confidence in making these recommen-
dations and decisions.

Following these adjustments to his training routine, the athlete suffered a mild
muscle injury 4 months after his previous injury. Since then, he has had no recur-
rence of muscle injuries over the last 7 months, meaning that after the intervention,
he experienced just one muscle injury in an 11-month period. This was highly sig-
nificant given his prior history of recurrent muscle injuries occurring every 1 or
2 months.

Why had these injuries been occurring? Most likely because, due to his genetic
profile, in matches he operated at very high intensities during accelerations and
decelerations, which were not replicated in training sessions, as training intensities
were based on the average parameters reported in the literature, which are designed
to ensure greater safety against excessive musculoskeletal strain in athletes.
However, his genetic analysis revealed a profile with highly favorable interactions
for high-intensity work and, in our view, a need for greater stimulation compared
with the average athlete. His genetic profile indicated a requirement for higher-
intensity training in order to adequately prepare his muscular system for the demands
imposed by his inherent predisposition toward the most intense match actions. In
general, the adjustments to his training routines aimed to “respect” the genotypic
profile he presented.

6.7 Final Considerations

In conclusion, the integration of genetic profiling into soccer performance analysis
should not be viewed as a means of predicting or limiting an athlete’s potential, but
rather as a powerful tool to optimize training strategies, enhance recovery processes,
and reduce injury risk. The evidence discussed throughout this chapter, supported
by both the scientific literature and our practical experience with youth and profes-
sional players, highlights the importance of evaluating multiple polymorphisms in
combination rather than in isolation. Such an approach enables a deeper
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understanding of the physiological, metabolic, and structural predispositions that
can influence an athlete’s capacity to tolerate high-intensity workloads, adapt to
specific training demands, and recover efficiently. Genetics does not determine des-
tiny, but when used ethically and in conjunction with comprehensive technical, tac-
tical, and physical assessments, it provides coaches, medical staff, and performance
specialists with valuable insights for truly individualized athlete management. This
synergy between scientific evidence and applied practice represents one of the most
promising pathways for maximizing long-term performance and sustainability in
modern soccer.
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Abstract

This chapter presents a longitudinal case study conducted over the course of
1 year with a high-performance open-water marathon swimmer, exploring how
genomic profiling was used to personalize and periodize out-of-water physical
training. Expanding on content previously published in a scientific article, this
chapter offers a month-by-month narrative from April 2023 to January 2024,
integrating genetic data with training plans, technical reports, and records of
conversations with the coach via WhatsApp. This practical and integrated
approach highlights not only the athlete’s physiological evolution but also how
genomic information can inform real-world training decisions. The chapter
offers a unique perspective for coaches and sports scientists interested in preci-
sion training strategies applied to endurance sports.

Keywords

Sports genomics - Open-water swimming - Personalized training - Genetic poly-
morphisms - Strength training - Functional genomic profile

7.1 Introduction

In April 2023, following a top 10 finish at the national trials for the Open-Water
World Championships, a 23-year-old Brazilian swimmer sought support to opti-
mize his physical preparation. Despite a consistent competitive trajectory, the
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athlete faced a significant challenge: maximizing his physiological potential while
minimizing the risk of injury, particularly after being diagnosed with left shoulder
tendinopathy at the end of 2022.

In this context, it was decided to incorporate genetic data into the training plan-
ning and periodization process, an approach still rarely explored in high-performance
sport. Through a sports genetic test, 20 polymorphisms related to traits such as
strength, aerobic capacity, fat metabolism, oxidative stress response, and tissue
recovery were analyzed. Based on this analysis, a functional profile was developed,
organized into two main axes: trainability (acute response to stimuli) and adaptation
(long-term response and recovery).

A scientific synthesis of this intervention was published as an article in Frontiers
in Genetics (Bottura & Dentillo, 2025). However, this chapter goes beyond the con-
straints of the academic format, presenting a detailed timeline of the decisions,
adjustments, and outcomes observed between April 2023 and January 2024.
Throughout the process, training spreadsheets, athlete monitoring, technical reports,
and conversations with the coach were used as tools to practically integrate genetic
insights into the athlete’s daily routine. By revealing the behind-the-scenes aspects
of this experience, the chapter aims to bridge science and practice, serving as an
applied reference for professionals seeking to incorporate genetics into sports plan-
ning in an ethical, individualized, and evidence-based manner.

The use of genetic data to guide interventions in endurance sports is increasingly
supported by the literature. Polymorphisms such as ACTN3 (RR) are associated
with a greater expression of fast-twitch fibers and enhanced performance in power-
based activities, while PPARGCIA (TT) and VEGFA (CC) indicate a high potential
for aerobic adaptations when appropriate recovery periods are respected (Pickering
& Kiely, 2019; Eynon et al., 2013). Conversely, variants such as COL5A1, MMP3,
and GDF5 are linked to an increased risk of tissue degeneration, requiring a more
conservative approach to load progression (Ahmetov & Fedotovskaya, 2015).

This chapter provides a month-by-month account of how this information was
applied to guide individualized decisions over an 11-month training cycle, using not
only training plans and internal load monitoring (RPE) but also scientifically
grounded weekly adjustments to optimize the adaptive process and reduce reliance
on trial and error. The goal is to offer an applied, evidence-based example of the
integration of genetics, sports science, and high-performance professional practice.

7.1.1 Contextualization: The Decision to Include
Genomic Profiling

The introduction of genetics into the planning of this training cycle was not merely
a technical initiative, but a decision developed collaboratively among the athlete,
coach, and strength and conditioning specialist. As early as April 2023, during
initial discussions with the coach and the athlete, it became clear that there was
openness to exploring innovative approaches that could offer greater predictability
and personalization to the process. Although the concept of genetic testing was
new to the athlete, who mentioned never having encountered this type of tool
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despite years of competitive experience, the proposal was enthusiastically wel-
comed. The coach, in turn, expressed a practical interest: he wanted to understand
how the results could be used to optimize recovery, prevent overload, and guide
periodization decisions.

As the process progressed, anticipation for the genetic report grew. The coach
and strength and conditioning specialist began discussing potential adjustments
even before the results arrived, anticipating interventions related to strength endur-
ance, volume control, and recovery times. The initial analysis of the genomic pro-
file provided a new level of understanding of the athlete’s responses to various
training stimuli, confirming trends already observed in practice, such as the need
for longer muscle and cardiorespiratory recovery periods and an increased risk of
tissue strain under high training loads. From that point on, the genomic profile
became an active component of weekly decision-making, serving as a “physiologi-
cal compass” in the planning process. This integration of science and practice
became a defining feature of the training cycle and forms the foundation of this
longitudinal case study.

7.2  April 2023: Beginning the Journey
and Initial Adaptations

The collaborative work with the swimmer began in April 2023, approximately
4 months after a magnetic resonance imaging scan (December 16, 2022) revealed
supraspinatus and infraspinatus tendinopathy, as well as a partial tear of the sub-
scapularis tendon affecting approximately 50% of the tendon thickness. These find-
ings justified the adoption of a conservative approach to resuming training load
(Boorman et al., 2018). Based on this clinical condition, and taking the competition
calendar into account, the initial phase of the training plan focused on neuromuscu-
lar reconditioning and progressive strengthening of the shoulder stabilizing muscu-
lature. Exercises involving excessive range of motion or significant joint instability
were avoided, with an emphasis on controlled movement patterns and submaximal
loading (Dines & Levinson, 1995).

The first training plan, which began during the week of April 24, incorporated
multi-joint exercises focused on strength endurance and execution speed, aiming to
restore motor control and recondition the target muscle groups without overloading
the glenohumeral joint (Escamilla et al., 2009). In parallel, coordination with the
coach overseeing in-water sessions ensured a balanced progression, aligned with
periodization principles and the specificity of the discipline. Load monitoring indi-
cated a total training load of 1318 arbitrary units (AU), with an acute-to-chronic
workload ratio (ACWR) of 1.2, within the range considered safe for progressive
stimulus. A monotony index of 1.06 and a strain value of 1396.41 reflected adequate
variation and good tolerance to the imposed load.
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7.3  May 2023: Load Consolidation and Introduction
of Genetic Personalization

During May, the physical training plan entered a consolidation phase, with sessions
performed consistently and progressively more stable adaptive responses. This
period also marked the transition from a standardized approach to a truly personal-
ized intervention, with the arrival of the athlete’s complete genetic report.

7.3.1 Integration of the Genomic Profile

The report revealed a complex functional profile, with good tolerance to short-
duration strength stimuli (based on the ACTN3 genotype) and an efficient adaptive
capacity to aerobic stimuli (highlighting ACE, PPARA, PPARD(a), and PPARD(b)).
On the other hand, the results indicated greater vulnerability to oxidative stress and
tissue strain, with unfavorable polymorphisms in the SOD2, CAT, GPX1, COL5A1,
MMP3, and GDF5 genes. These findings reinforced the need for rigorous monitor-
ing of recovery and perceived exertion (RPE), as well as the implementation of
complementary strategies to manage tissue damage and reduce inflammation. The
genomic profile presented in Table 7.1 served as the foundation for training peri-
odization and risk management in this case study, guiding both the development of
aerobic capacity and the modulation of recovery and tissue stress throughout
the season.

7.3.2 Interpretation of the Athlete’s Genomic Characteristics
and Their Application to Training Decisions

The athlete’s genomic profile (Table 7.1) provided a structured foundation for tai-
loring training strategies throughout the competitive season. The interpretation of
these genetic characteristics allowed for an individualized approach to both perfor-
mance optimization and injury prevention.

Muscular Profile

The presence of favorable variants in ACTN3 and a moderate profile in MCT1 sug-
gest a capacity for high-intensity efforts, with a predisposition toward enhanced
cardiopulmonary responses post-exercise. This supports the athlete’s ability to tol-
erate and benefit from anaerobic and mixed energy system training when strategi-
cally applied.

Trainability Profile
The combination of genotypes in AGT, ACE, BDKRB2, NOS3 (two variants),
ADRB?2, PPARA, and MCT1 indicates a tendency to better tolerate short-duration,
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Table 7.1 Genomic profile of the athlete, functional implications, and key references

Gene
ACTN3

MCTI

AGT

ACE

BDKRB?2

NOS3

NOS3

ADRB?2

PPARA

PPARD

PPARD

PPARGCIA

VEGFA

TNFA

IL6

CRP

SOD2

SNP
rs1815739

rs1049434

rs699

rs4341

rs1799722

rs2070744

rs1799983

rs1042713

rs4253778

rs20165209

1s2267668

rs8192678

rs2010963

rs1800629

rs1800795

rs1205

rs4880

Genotype | Functional implication

CC (RR)
AT

CcC

CC

CT

CcC

GT

GG

TT

GG

GG

GG

CT

TT

Alpha-actinin-3 expression;
strength and power support
Intermediate lactate transport
capacity

Higher angiotensinogen
production; vascular tone and
fluid balance

Lower ACE activity; potential
endurance advantage
Intermediate bradykinin
receptor density; vasodilation
modulation

Reduced NOS3 expression;
lower nitric oxide availability

Intermediate NOS3 enzyme
activity; endothelial function
modulation

Reduced adrenergic receptor
affinity; lower vasodilation
under stress

Intermediate lipid metabolism
efficiency

Enhanced PPARGC1A
stimulation; favorable for
endurance

Enhanced PPARGC1A
stimulation; mitochondrial
biogenesis support

Reduced mitochondrial
biogenesis; endurance
limitation

Lower VEGF-A production;
potential limitation in
angiogenesis

Low TNF-alpha production;
favorable for recovery

Higher IL-6 production;
potential for increased
inflammation

Intermediate CRP production;
inflammatory response
modulation

Lower antioxidant enzyme
activity; increased oxidative
stress risk

References
Pickering and Kiely
(2019)

Eynon et al. (2013)

Eynon et al. (2013)

Eynon et al. (2013)

Ahmetov and
Fedotovskaya
(2015)
Ahmetov and
Fedotovskaya
(2015)
Ahmetov and
Fedotovskaya
(2015)
Ahmetov and
Fedotovskaya
(2015)

Eynon et al. (2013)

Eynon et al. (2013)

Eynon et al. (2013)

Eynon et al. (2013)

Eynon et al. (2013)

Ahmetov and
Fedotovskaya
(2015)
Ahmetov and
Fedotovskaya
(2015)
Ahmetov and
Fedotovskaya
(2015)
Ahmetov and
Fedotovskaya
(2015)

(continued)
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Table 7.1 (continued)

Gene SNP Genotype | Functional implication References

CAT rs1001179 | CT Intermediate CAT enzyme Ahmetov and
activity; partial oxidative stress | Fedotovskaya
protection (2015)

GPX1 rs1050450 | CT Intermediate GPX1 enzyme Ahmetov and
activity; partial oxidative stress | Fedotovskaya
protection (2015)

Note: This table presents the athlete’s genomic profile based on 20 polymorphisms. The genotype
of each SNP is interpreted in terms of physiological relevance to endurance performance, recovery,
and injury risk. This functional genomic profile was integrated into the planning and monitoring of
the training cycle described in this chapter

strength-oriented stimuli compared to prolonged aerobic efforts. However, cardio-
vascular (HR) and respiratory recovery may require extended periods following
intense training loads, necessitating careful load management and recovery
planning.

Adaptation Profile

Variants in PPARD (two loci), PPARGCIA, TRHR, VEGFA, TNFA, IL6, and CRP
suggest a more rapid adaptation to aerobic training stimuli relative to strength-
focused programs. The profile also points to a lower propensity for lean mass devel-
opment, which informed decisions regarding strength training volume and intensity
within the overall periodization.

Complementary Genetic Profile

The athlete exhibits a heightened potential for reactive oxygen species production
due to genotypes in SOD2, CAT, and GPX], particularly relevant given the oxida-
tive demands of endurance training. Additionally, variants in COL5A1, MMP3, and
GDF>5 indicate a reduced capacity for connective tissue repair, especially concern-
ing soft tissues. Consequently, the monitoring plan included close attention to early
signs of tissue stress or nonspecific joint discomfort, with proactive adjustments to
training loads and recovery protocols.

By integrating these genomic insights, the coaching and sports science team was
able to implement a dynamic, responsive training plan that optimized performance
outcomes while mitigating injury risk, exemplifying the practical utility of func-
tional genomic profiling in elite endurance sport (Fig. 7.1).

Note: This conceptual model illustrates how key genetic information, organized
into functional axes such as trainability, injury risk/recovery, and metabolic path-
ways, can guide personalized training planning, continuous monitoring, and cycle-
to-cycle decision-making. By integrating genomic insights with physiological data
and athlete feedback, this framework supports optimized performance progression
while minimizing injury risk. The model is applicable to endurance sports and pro-
vides a practical approach to bridging sports genomics and high-performance
training.



R. M. Bottura

Genomic Profile

¢ Key polymorphisms grouped into functional axes

Trainability:
* ACTN3, PPARA, PPARGC1A, ACE
Injury Risk / Recovery:
 COL5A1, MMP3, GDF5, SOD2, CAT, GPX1

Training Planning
* Type of training (strength, endurance)
¢ Volume and intensity
* Periodization
* Tapering

Continuous Monitoring
e Total training load (TL), ACWR
* Monotony and strain
* Heart Rate
* RPE

Weekly and Cycle-to-Cycle Decisions
* Load adjustments
* Recovery strategies
* Competition sequence
* Specific interventions

Performance Progression and Risk Reduction
e Performance peaks aligned with goals
¢ Injuries avoided or minimized
¢ Improved technical efficiency

Fig. 7.1 Integrative framework for applying functional genomic profiles to personalized training
and performance management
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7.3.3 Training Load and Adaptations

Training load monitoring data (Gabbett model) showed that, following a peak
recorded at the end of April (1318.00 AU), a planned reduction in total load (TL)
was implemented during the week of May 22-28 (591.00 AU), with a sharp drop in
the acute-to-chronic workload ratio to 0.4. This reduction was strategically designed
to prevent joint overload, particularly in light of the genetic findings and the ath-
lete’s history of left shoulder injury (Gabbett, 2016). In resistance training, the focus
shifted to maintaining submaximal stimuli with high repetition density, targeting
strength endurance with an emphasis on stabilization and motor control (Jones
etal., 2016). Additionally, the athlete began systematically using heart rate monitor-
ing (polar), integrating objective data with subjective feedback to guide weekly
adjustments (Buchheit, 2014). This month thus represented a turning point in the
process: from this stage onward, the strength program was adapted not only to the
athlete’s responses but also to his genetic characteristics, optimizing the balance
between stimulus, recovery, and risk (Pickering & Kiely, 2019).

7.4 June 2023: Peak Load, Competition,
and Recovery Strategies

June represented a turning point in the swimmer’s preparation, combining peak
training loads, participation in key competitions, and the need for strategic adjust-
ments based on physiological indicators and muscular responses. At this stage, the
goal was to enhance movement economy and neuromuscular efficiency by combin-
ing aerobic training with controlled strength blocks (Rgnnestad & Mujika, 2014), as
properly periodized strength training is effective for endurance athletes (Beattie
et al., 2014). Additionally, strategies such as polarized periodization (Seiler, 2010)
and extended tapering (Mujika & Padilla, 2003) are particularly effective for ath-
letes who require greater post-exercise recovery, an aspect identified in this athlete’s
genomic profile.

7.4.1 Competitions and Peak Load: Late May and Early June

At the transition from May to June, the athlete competed in two consecutive high-
level events: a 10 km race on Saturday followed by a 5 km race on Sunday.
Performance data and heart rate monitoring indicated that the 10 km race was exe-
cuted at a controlled pace with effective strategic management. However, the 5 km
race revealed signs of accumulated fatigue, with difficulty maintaining pace during
the final segments and a limited ability to change pace. Technical feedback and
post-race blood lactate levels (7.8 mmol/L after the 5 km event) confirmed that the
athlete was still exhibiting signs of muscular exhaustion, even after a microcycle
that included tapering strategies. This suggested that the training loads in the week
preceding the competition remained relatively high, potentially resulting in residual
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fatigue (Aubry et al., 2014). The peak training load was recorded during the week
of May 29 to June 4, reaching 1650 AU, the highest value of the cycle up to that
point. The monotony index remained at 0.78, and strain reached 1291.21, with an
acute-to-chronic workload ratio of 1.0, an ideal value for promoting adaptation
while maintaining a low risk of injury.

7.4.2 Strategic Load Reduction and Recovery: June 5-18

In response to these signs, the following 2 weeks were dedicated to partial recovery
and load management, with a significant reduction in total training volume (1122.00
and 470.00 AU). The acute-to-chronic workload ratio dropped to 0.3, representing
the lowest value since the start of the training cycle. Strength training sessions pri-
oritized isometric exercises, postural control, and light muscle activation. In addi-
tion, a scheduling adjustment was made: the coaching staff decided to include a new
qualifying competition in the coming weeks, which required a reassessment of the
training load and recovery plan.

7.4.3 Reacceleration and Targeted Strengthening: June 19-30

In the second half of the month, the athlete gradually resumed both training volume
and intensity, with a focus on developing strength endurance and neuromuscular
adaptation, areas that had shown limitations in recent races (Aagaard & Andersen,
2010). The training plan for the week of June 26 included circuits with controlled
time under tension, multi-joint exercises emphasizing core strength, and power
variations, integrating physical conditioning with the technical demands of long-
distance events. Coordination with the coach was essential to prevent overlapping
training stimuli. Based on heart rate data, blood lactate levels, and subjective train-
ing responses, the team decided to alternate between stimulus and maintenance
weeks leading up to the final phase of preparation for the July events (Buchheit,
2014; Issurin, 2010).

7.5  July 2023: Final Taper and Preparation
for the Brazilian Championship

July marked the transition into the most competitive phase of the season, culminat-
ing in the Brazilian Open Water Marathon Championship during week 31 (July
24-30), followed by the Pacific Cup in week 32, held in Ecuador. Preparation dur-
ing this period required maximum attention to recovery, technical refinement, and
the maintenance of the physical capacities developed over the preceding months.
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7.5.1 Early July: Consolidation of Physical Capacities

The first 3 weeks of the month (weeks 27 to 29) were dedicated to maintaining and
refining physical capacities. The strength training plans featured sessions with
reduced volume and moderate intensity, focused on strength endurance, with exer-
cises performed at maximal intended velocity and rhythmic cadence (Aagaard &
Andersen, 2010). The goal was to maintain strength levels without inducing accu-
mulated fatigue, allowing the focus to gradually shift toward water-specific perfor-
mance (Gabbett, 2016). Despite the reduction in dryland training load, swimming
sessions were intensified, with sets simulating race pace and requiring both changes
in velocity and pace maintenance under fatigue (Cuenca-Ferndndez et al., 2021).
The athlete’s difficulty accelerating during pace transitions was identified in internal
testing, and this limitation was addressed through adjustments in both strength
training (with power-focused stimuli) and swim sets (Jin et al., 2024).

7.5.2 Week 30: Transition to Taper

In the fourth week (July 17-23), the tapering process was initiated. Total training
load was strategically reduced while maintaining neuromuscular activation stimuli
(Ribeiro et al., 2023). Strength sessions were adapted to include light circuits with
low volume and a focus on explosive movements, emphasizing the transfer of mus-
cular power to swimming, with strength training sessions scheduled immediately
prior to pool sessions (Trinity et al., 2008). During this period, the coach reported
positive responses in technical and tactical training, with the athlete showing
increased confidence and a positive adaptation to the transition phase. Subjective
responses (RPE) also became more stable, with reports of improved breathing con-
trol and reduced perceived fatigue during high-intensity swim sessions.

7.5.3 Week 31: Brazilian Championship in Brasilia

The competition week was characterized by a maximal reduction in training load,
maintenance of technical stimuli, and close attention to the athlete’s emotional state.
Physical training was limited to light neuromuscular activation sessions, performed
2-3 days prior to the race. This planning was aligned with the athlete’s genomic
profile, which indicated a longer cardiorespiratory recovery period following high-
intensity efforts, thereby warranting a more cautious approach during the final
week. The athlete arrived at the Brazilian Championship in good physical condition,
reporting positive perceived exertion and emotional stability. Although the primary
performance peak was targeted for the Pacific Cup, the performance at the national
event was satisfactory and served as a final assessment milestone before the interna-
tional competition.



132 R. M. Bottura

7.6  August 2023: Pacific Cup and Final Phase
of the Training Cycle

The month of August centered on the main competitive goal of the cycle: the ath-
lete’s participation in the Pacific Cup, held during the first week of the month (week
32) in Ecuador. The event served not only as a performance test but also as an
opportunity to validate the periodization model based on genetic profiling and load
management.

7.6.1 Week 32: International Competition—Pacific Cup

During race week, preparation followed classic tapering principles, with an empha-
sis on maintaining neuromuscular activation (Aubry et al., 2014). The coach opted
for reduced volume and familiar stimuli, respecting the athlete’s individual charac-
teristics and avoiding any potential for pain or muscular discomfort. During the
10 km race, the athlete executed a refined tactical strategy, drafting effectively
within the pack and positioning intelligently to avoid premature fatigue. Despite
adverse conditions, elevated water temperature, and strong sun exposure, the perfor-
mance was considered positive. Heart rate analysis showed that the athlete main-
tained the effort within zone A2, with no signs of exhaustion peaks. The athlete
reported a good sense of control, although difficulties during the final accelerations
were noted, an already identified functional limitation.

7.6.2 Technical Review and Post-Race Adjustments

After the race, the athlete and his coach reviewed both physiological and emotional
responses. Despite the solid performance, the athlete reported not feeling fully
rested upon arriving for the competition. According to the coach, this fatigue may
have resulted from accumulated overload during the preceding weeks, with training
sessions remaining relatively intense even at the start of the taper. From a genetic
standpoint, this outcome aligns with the predispositions identified in the athlete’s
profile: strong aerobic response and solid base endurance but with a longer cardio-
vascular recovery time. This pattern reinforces the need to reduce physical load up
to 10 days prior to key competitions to allow for more effective supercompensation
(Ribeiro et al., 2023).

7.6.3 Weeks 33 and 34: Post-Cycle Reorganization

In the second half of August, the focus shifted to active recovery and the maintenance
of acquired capacities. Strength training sessions prioritized strength endurance, with
reduced loads and volume. Swimming sessions gradually resumed intensity, with
careful attention to the athlete’s signs of fatigue and motivation. Communication
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with the coach remained continuous, with weekly reviews based on both objective
data (heart rate, blood lactate) and subjective feedback (RPE, overall well-being).
This period was also used to plan the final competitions of the year, now with greater
clarity regarding what had worked well and what could be improved.

7.7  September 2023: Post-cycle Restructuring
and Transition to the Next Macrocycle

Following the conclusion of the Pacific Cup in August, September was the month
dedicated to load reorganization, goal reassessment, and the establishment of a new
foundation for the upcoming competitive cycle. The focus was on gradually increas-
ing training volume and intensity without compromising the athlete’s physical and
emotional recovery.

7.7.1 Scheduled Restart and Rigorous Monitoring

In the first weeks of September, the athlete resumed his routine with controlled
loads, prioritizing strength endurance exercises and joint stability. The training plan
for the week of September 4 already indicated a modular structure emphasizing
multi-joint exercises to optimize training and facilitate transfer to swimming (Fone
& van den Tillaar, 2022) while always respecting the necessary tissue regeneration
time. The coach reported that the swimmer still showed signs of accumulated
fatigue, particularly related to the intensity of recent events. Discussions throughout
the month reflected a cautious approach, with progressive volume increases only
beginning in the third week of September, guided by subjective feedback and rest-
ing heart rate indicators.

7.7.2 Active Recovery and Neuromuscular Stimulation

Strength training sessions returned with an emphasis on neuromuscular control and
biomechanical efficiency. Neuromuscular activation strategies were employed using
unilateral exercises and controlled load progression (ACSM, 2009). The coach
maintained focus on progressive swim sets, incorporating controlled pace chal-
lenges and gradually introducing higher-intensity sprints only toward the end of the
month. The goal was to promote the recovery of pace-changing capacity, a previ-
ously identified vulnerability in competitions, without inducing additional stress.

7.7.3 Planning the New Cycle

The final week of September was used as a milestone to close the previous cycle and
initiate planning for the year’s final competitions. A meeting was held between the
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athlete, coach, and strength and conditioning specialist to define the new macrocy-
cle, taking into account accumulated data on weekly RPE, monotony and strain,
genomic profile, recent competitive performances, and the athlete’s emotional and
motivational feedback. This collaborative process ensured that the upcoming weeks
were planned with clarity, respecting both the injury history and the need for spe-
cific development targeting long-distance events.

7.8 October 2023: New Phase of Overload
and Structural Reconstruction

October marked the beginning of a new development block within the annual peri-
odization. Following the intense competitive cycle concluded in August and the
restructuring phase in September, October was used to resume load progression,
once again prioritizing strength endurance and the recovery of joint and neuromus-
cular stability.

7.8.1 Early Weeks: Low Load and Technical Focus

The first 2 weeks of the month (October 2—-15) served as an introductory phase for the
new training block. Based on training load analysis, there was a significant reduction
in volume and intensity, for example, during the week of October 2-8, the total load
was only 250.00 AU, with a monotony index of 0.57, reflecting a focus on motor
reactivation and injury prevention. During this period, physical training included
closed kinetic chain exercises, proprioceptive and neuromuscular stimuli, movements
with controlled time under tension, active mobility work, and scapular stability exer-
cises. The coach maintained swim sessions focused on pace control and stroke econ-
omy, preparing the athlete to handle increased training loads in the following weeks.

7.8.2 Progressive Resumption: October 16-22

Starting in the week of October 16, a new planned overload phase began, with a
total load increasing to 900.00 AU, returning to an acute-to-chronic workload ratio
of 0.9, within the safe range. This increase followed the guidelines of the athlete’s
genomic profile, which indicated good tolerance to submaximal stimuli but a higher
risk of tissue strain with abrupt progressions, especially related to MMP3 and
COL5AI polymorphisms (Brazier et al., 2025). Strength training plans included
pyramid sets emphasizing strength endurance and circuits with multi-joint exercises
integrating the trunk and lower limbs. The coach’s focus was to keep the athlete
motivated and confident, avoiding exhaustive workouts while maintaining a positive
relationship with the increasing volume. Physiological and emotional responses
were monitored daily, and the athlete showed good adherence to the process, report-
ing reduced fatigue and increased energy during moderate-intensity sessions.
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7.8.3 Late October: Block Consolidation

During the final week of the month (October 23-29), the total training load remained
high (840.00 AU), with minimal variations in monotony and strain indices, indicat-
ing that the athlete had adapted well to the new training block. The focus was on
consolidating structural adaptations, with the gradual introduction of higher-
intensity stimuli in swim sessions (Campos et al., 2022). Physical training incorpo-
rated low-amplitude plyometric exercises and explosive movements, preparing the
athlete for subsequent phases of the plan, now with a more specific focus on the
demands of year-end competitions.

7.9 November 2023: World Trials—The Cycle’s Highlight

November was the most decisive moment of the competitive year. The national tri-
als for the World Championships were treated as the primary target event of the
entire cycle that began in April. Every aspect of the preparation, from load monitor-
ing to recovery strategy and the application of genetic insights, converged toward
this moment.

7.9.1 Pre-competition Period: Final Adjustments and Tapering

The first 2 weeks of November were dedicated to a carefully planned tapering pro-
cess. Based on the analysis of load data (RPE, monotony, strain) and the athlete’s
genomic profile, particularly his greater need for cardiorespiratory and muscular
recovery time, an aggressive and progressive taper was chosen, with a gradual
reduction in volume without loss of intensity (Aubry et al., 2014; Mujika & Padilla,
2003; Ribeiro et al., 2023). The coach reported that, in the preceding weeks,
demanding swim sets were maintained to ensure the athlete felt competitive and
confident. During race week, the priority was to minimize the risk of residual mus-
cle soreness and optimize neuromuscular activation through short, intense sessions
followed by active rest.

7.9.2 The Competition: Performance and Strategy

During the trials, the athlete competed in the 10 km event, facing highly skilled
opponents. The race was characterized by elevated water temperature (28 °C), low
visibility, and strong winds, which affected navigation (the athlete reported missing
the course twice), and high muscular demand in the final segments. Despite these
challenges, the athlete delivered a consistent performance. He remained with the
main pack for much of the race and attempted a strong finish but reported muscular
limitations that hindered the final contractions. Blood lactate measured at the end
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was 7.8 mmol/L, indicating a high level of exertion but also reflecting that neuro-
muscular fatigue and accumulated fatigue still impacted his capacity for a final sprint.

7.9.3 Post-Race Analysis and Lessons Learned

The post-race discussion between the coach and athlete addressed emotional and
environmental factors, but the athlete himself emphasized feeling confident and
technically prepared. This experience reinforced several important points: the ath-
lete responded well to longer recovery cycles before key competitions; his optimal
taper period may exceed 10 days, with light maintenance of capacities without
introducing new stimuli; and emotional control strategies as well as visual/situa-
tional training (such as navigation and transitions) should be integrated earlier in
the cycle.

7.10 December 2023: Cycle Closure and Beginning
of Transition

Following the competitive peak in November, December was planned as an active
transition month aimed at promoting physical and emotional recovery, reviewing
the cycle, and taking the first steps toward the new season. Muscular fatigue from
the national trials was still evident in the first weeks, requiring careful attention to
training load and stimulus variability.

7.10.1 First Half of the Month: Recovery and Maintenance

The first 2 weeks (December 4—17) were characterized by sessions of low volume
and intensity. Total training load ranged from approximately 990 to 690 AU, with
monotony below 1.0, indicating good variability. Strength training plans prioritized
light muscle activation, unilateral movements, and corrective exercises, respecting
signs of fatigue and the athlete’s genomic profile, with particular attention to the
risk of soft tissue strain. Discussions with the coach indicated that, despite good
overall readiness, the athlete still showed limitations in maintaining strength during
higher-intensity stimuli, especially in swim sets involving pace variation. This was
attributed both to residual fatigue and reduced recovery following the trials (Botonis
etal., 2019).

7.10.2 Review and Reflection: Cycle Analysis

During the second week, a joint review of the year’s performance was conducted,
focusing on the following points: performance peaks aligned with the plan, good
adaptation to the progressive overload model, the need for taper adjustments before
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key competitions, and excellent integration between genomic data and load man-
agement. The coach proposed maintaining the same physical training structure for
the upcoming cycle, with some adjustments to recovery periods and pre-competition
volume. The genomic profile was again used as a guide for these modifications.

7.10.3 Late December: Gradual Reacceleration

During the Christmas week (December 25-31), the athlete resumed more consistent
training stimuli, with increasing training volume and favorable recovery responses.
The total load reached 1275 AU, with strain levels still controlled (1286.94), indi-
cating that the body was ready to begin a new overload phase in January. Strength
sessions focused on muscular endurance with moderate volume and multi-joint
exercises, aiming to reactivate intermuscular coordination without overloading joint
systems. Swim training started reintroducing pace work and short sets in zone A2.

7.11  January 2024: Restart with Focus on Strength
and Technical Efficiency

The new year began with clear goals and a commitment to improve the points iden-
tified as critical in the previous cycle. January was planned as a rebuilding month,
characterized by the progressive return of training loads, recovery of physical quali-
ties, and implementation of adjustments based on the lessons learned in 2023.

7.11.1 First Weeks: Structure and Assessments

The first 2 weeks of the month were dedicated to assessments and general reactiva-
tion. The athlete returned to training after a brief break, focusing on reintroducing
strength training with an emphasis on maximal strength and strength endurance,
swim sessions with pace control and technical sets, heart rate monitoring, and con-
sistent use of the rating of perceived exertion (RPE) scale to adjust load progression.
Total training load during the week of January 8—14 was 1318 AU, with a monotony
index of 1.05, indicating a controlled reintroduction with good variability.

7.11.2 Mid-January: Progressive Stimuli and Integration

Starting in the week of January 15-21, the athlete began a more defined overload
block. Strength training sessions included sets with greater range of motion and
eccentric control, core and shoulder stability work, integrated with strength endur-
ance circuits, and plyometrics. In the aquatic environment, the focus was on improv-
ing bilateral breathing technique, postural alignment, and stroke efficiency at
submaximal intensities. Discussions with the coach revealed that the athlete
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responded well to the progressive increase in intensity, showing greater emotional
control and improved fatigue tolerance. Total training load during the week of
January 15-21 increased to 1463 AU, with an acute-to-chronic workload ratio of
1.6, reflecting a well-calculated overload to induce adaptation without exceeding
the risk zone.

7.11.3 Late January: Strategic Planning

At the end of the month, the multidisciplinary team held a meeting to review prog-
ress, align goals, and design the plan for the first quarter of 2024. The intention was
reaffirmed to maintain a focus on strength endurance until February, initiate a tran-
sition to power training in March, and schedule the peak for the South American
Championships, planned for the second quarter. This strategic organization aims not
only to improve race times but also to ensure that the athlete reaches new perfor-
mance levels based on his genomic profile, load management, and effective com-
munication among the coaching staff.

7.12 February 2024: Italy, International Tests,
and Trip to Doha

February was an atypical and strategic month for the athlete’s project. More than a
training month, February was a period of technical immersion and capacity reas-
sessment. The athlete’s trip to Italy, specifically Naples, enabled in-person biome-
chanical and strength assessments prior to the World Championships in Doha.

7.12.1 Naples: Assessments and Alignment

During the stay in Italy, the athlete completed strength training sessions focused on
lower and upper limb power. The visit also facilitated rich exchanges with local
coaches, as well as strategic discussions about objectives for the second quarter
of 2024.

7.12.2 Transition and Trip to Doha: Heat Training

The trip to Doha took place in the second half of February. Training sessions aver-
aged between 3 and 6 km, featuring progressive blocks with a focus on the final
accelerations and continuous swimming at race pace. The athlete responded well to
the sessions despite initial difficulties with acclimatization, particularly due to the
heat. Heart rate and RPE monitoring were maintained, and the coach reported that
the athlete demonstrated good recovery levels, reinforcing the effectiveness of the
strength training conducted in the previous weeks.



7 Precision Training in Endurance Sports: A Genomic Case Study of an Elite Open... 139

7.13 Integrated Summary of Periodization and Adaptations

After 11 months of continuous monitoring, it was possible to accurately map the
swimmer’s progression in terms of load, physical capacities, and competitive per-
formance, integrating the genomic profile, subjective responses, and technical deci-
sions. Table 7.2 summarizes the adopted periodization structure, highlighting the
main focus of each month, the corresponding phase within the macrocycle, and the
average values of TL, monotony, strain, and ACWR. The process was guided by
principles of individualization, controlled variation, and genomic integration,
allowing for:

* Gradual development of motor capacities
» Rigorous control of physiological load
» Strategic adjustments prior to each target competition

The integration of weekly data into monthly planning not only helped avoid inju-
rious overloads but also optimized supercompensation phases, with notable peaks
observed in July (Brazilian Championship), November (world trials), and January
(return to the maximal strength block). Based on the lessons learned from this cycle,
the technical team emphasized the importance of:

* Initiating tapering earlier in athletes with lower recovery capacity

e Strengthening joint recovery during transition phases between intensive train-
ing blocks

e Using objective tests and subjective perception jointly for weekly
decision-making

This table summarizes the project in its entirety, serving as a guide for coaches,
physiologists, and researchers who seek to apply an integrated, ethical, and evi-
dence-based approach to endurance athlete training.

7.14 Final Considerations and Lessons for Practice

The longitudinal monitoring of this open-water marathon swimmer over a full train-
ing cycle demonstrated, in a practical manner, how the integration of genetic data
can enrich the planning and periodization process in high-performance sport. Using
the genomic profile as a guide for load management, tapering, and recovery strate-
gies allowed for greater control of physiological responses and reduced injury risk,
especially in an athlete with a history of tissue vulnerability. This case underscores
the importance of an individualized, evidence-based approach, where genetics com-
plements clinical insight, coaching experience, and continuous monitoring data.
Key lessons include the need to anticipate tapering for athletes with lower recovery
capacity, the importance of rigorous load progression control in individuals
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genetically predisposed to tissue strain, and the value of constant communication
among all members of the technical team. Ultimately, this case suggests that apply-
ing genetics in endurance sport is not only feasible but also can add real value when
integrated ethically, critically, and personally within the practical context. Looking
ahead, integrating genomic data with other omics layers, such as epigenomics, tran-
scriptomics, proteomics, and metabolomics, will likely further enhance the preci-
sion and personalization of training interventions in elite sport.
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Abstract

This chapter explores the application of sports genomics through two contrasting
case studies: a retrospective analysis of a Brazilian Olympic sprinter from the
1980s and a prospective follow-up of two monozygotic middle-distance twins
transitioning into high-performance athletics. The first part revisits the career of
Paulo Roberto Correia, whose genetic profile, analyzed decades after his athletic
peak, offers insights into how individualized strategies for recovery, substrate
metabolism, and training load management might have enhanced both perfor-
mance and longevity. The second part presents a longitudinal, interdisciplinary
project in which the functional genomic profile of the twins was used from the
outset to guide strength and endurance training, nutritional support, and tissue
recovery strategies. Despite being genetically identical, the athletes’ physiologi-
cal responses and progression highlighted the essential role of environmental and
contextual modulation. By comparing these two scenarios, the chapter empha-
sizes the dynamic interplay between genetic predisposition and adaptive plastic-
ity. It advocates for the integration of genomic testing, field assessments, and
multidisciplinary support as foundational elements for a new paradigm in per-
sonalized sports development.

Keywords

Sports genomics - Functional genetic profile - Track and field - Personalized
training - Identical twins - Training planning - Physiological adaptability - Genetic
polymorphisms - Athletic performance - Precision sports medicine

8.1 Introduction

The relationship between genetics and athletic performance has become a topic of
increasing interest within applied sport science. As advances in genetic testing
become more accessible, new possibilities emerge to better understand how biologi-
cal predisposition may influence not only athletic potential but also the individual
response to training stimuli, physiological stress, and recovery strategies. This
chapter is structured into two complementary parts (Fig. 8.1).

Part 1 presents a retrospective case study of Paulo Roberto Correia, one of the
most prominent Brazilian sprinters in the 1980s. Based on his genetic profile, we
analyze how specific markers may help explain his athletic success and reflect on
how such knowledge, if available at the time, could have been used to optimize his
training and extend his competitive longevity.

Note: Visual summary of the two-part case study presented in this chapter. The
retrospective analysis examines the genetic profile of an Olympic sprinter to inter-
pret past performance and adaptation patterns, while the prospective case follows
the use of genomic information from early development in identical twin
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RETROSPECTIVE CASE STUDY PROSPECTIVE CASE STUDY

* CASESTUDY OF AN ELITE ATHLETE + CASESTUDY OF DEVELOPINGATHLETES
* GENETIC PROFILINGAFTER CAREER * GENETICTESTING DURING DEVELOPMENT
+ EXPLAINS PAST PERFORMANCE PATTERNS + PREDICTS POTENTIALAND GUIDES TRAINING
* TRAINING NOT INFLUENCED BY GENOMICS * TRAINING GUIDED BY GENOMIC INSIGHTS
* USED FOR RETROSPECTIVE ANALYSIS ONLY * USED FOR REAL-TIME DECISION-MAKING

Fig. 8.1 Overview of genomic integration in a dual case study: retrospective and prospective
applications

middle-distance runners. The figure illustrates how genomic data can serve both
explanatory and predictive roles in sports performance planning

Part 2 presents a contemporary case study of two identical twin athletes, cur-
rently 18 years old, who have been training since the age of 8 and now compete at a
high level in middle-distance events. Unlike Paulo’s generation, these athletes had
access to their genomic profiles during the early stages of development, allowing for
a prospective analysis of how genetics can inform personalized training strategies
and support long-term career planning. We begin with the story of Paulo Roberto
Correia, whose experience offers a vivid example of how genetic insights could
have played a decisive role in maximizing his performance.

8.2  Part 1: Retrospective Case Study—The Case of Paulo
Roberto Correia

Paulo was not only a talented athlete for the results he achieved but also for his
unique approach to his athletic career. From the very beginning, he kept detailed
records of his training sessions, injuries, travels, competitions, and results, which
over the years became a valuable archive for retrospective analysis. More than just
recording data, he preserved these documents for decades, allowing them to serve
today as a concrete foundation for studies such as the one presented in this chapter.

This level of organization not only supported his journey as an athlete but also
shaped his transition into an academic career. After completing his degree in physi-
cal education at FEC, Paulo earned a master’s degree in exercise physiology from
CEFE-Unifesp and later a PhD in experimental neurophysiology from the same
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institution. He worked for several years as a university professor in undergraduate
physical education programs, until his activities were interrupted during the
COVID-19 pandemic.

One of the fastest men in Brazil during the 1980s, Paulo began his track and field
career in 1976 at the age of 16 through a public program led by the Department of
Physical Education of the State of Sdo Paulo. He initially trained on a cinder track
at Ibirapuera Stadium, still transitioning from its former use as a velodrome, and
took his first steps in the sport under the guidance of coach José Antdnio Rabaca.
Despite having limited experience, no weight training, and no systematic control of
training load, he achieved remarkable results. Within a few months, he became the
Sdo Paulo state youth champion in both the hexathlon and the 200 meters, qualify-
ing for the national championship and eventually representing Brazil at the South
American Championships in Chile. Notably, he remained injury-free during this
intense early stage of his career.

Nearly 50 years after the beginning of his track and field career, Paulo had the
opportunity to undergo genetic testing, which revealed relevant aspects of his biol-
ogy that help explain both his athletic success and his remarkable longevity in sport.
One of the most striking findings was his RR genotype for the R577X polymor-
phism of the ACTN3 gene, a variant frequently associated with performance in
strength and speed disciplines (Berman & North, 2010; MacArthur & North, 2004),
but also highly represented among elite endurance athletes, particularly in East
African populations (Muller Bottura, 2025; Yang et al., 2007).

The presence of the a-actinin-3 protein, determined by the RR genotype, is asso-
ciated with greater force production, improved tolerance to high-intensity training,
and enhanced recovery capacity (Pickering & Kiely, 2017), as well as a higher pro-
portion of type IIx muscle fibers (Vincent et al., 2007). These characteristics not
only favor performance in sprint events but also seem to support the ability to sus-
tain high training loads over time. Paulo’s trajectory exemplifies these properties,
particularly his ability to maintain years of intense training with a low incidence of
injury. This phenomenon can now be better understood through the lens of applied
sports genomics. In addition to ACTN3, other genes reinforce this profile of high
responsiveness to intense stimuli, although with specific predispositions that war-
rant attention. For instance, the AT genotype of the MCT gene is associated with an
enhanced capacity for lactate clearance and recycling, a desirable trait for athletes
engaging in repeated high-intensity training sessions (Dubouchaud et al., 2000;
Fedotovskaya et al., 2014).

In the physiological axes related to vascular control, Paulo exhibits favorable
genotypes in the AGT (TT), ACE (CC), NOS3(a) (TC), and NOS3(b) (GG) genes,
which collectively suggest a highly vasodilatory profile, with greater hemodynamic
efficiency and potential for rapid recovery between efforts (Ipekoglu et al., 2024a;
Puthucheary et al., 2011; Zar¢bska et al., 2016), even when considering less favor-
able variants in BDKRB2 (CC) and ADRB2 (GG) (Alves et al., 2013; Sarpeshkar &
Bentley, 2010).

Regarding substrate availability and mitochondrial biogenesis, the genotypes
PPARD(a) (TC), PPARD(b) (AG), and PPARGCIA (CC) indicate a good potential
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for substrate oxidation and mitochondrial regulation, favoring performance in inter-
mittent activities of moderate duration (Lopez-Leon et al., 2016), as typically seen
in sprint training. However, the combination of VEGFA (CG), TNFA (GA), IL6
(GG), and CRP (TC) polymorphisms suggests a heightened inflammatory profile,
which may help explain slower recovery or increased susceptibility to overuse inju-
ries throughout the athletic career (Lopes et al., 2021; Yamin et al., 2008). Despite
this, the genotypes associated with oxidative stress (SOD2 (CC), CAT (CC), and
GPX1 (CC)) suggest low production of reactive oxygen species and a favorable
redox balance (Ogino et al., 2021; Powers et al., 2020). On the other hand, the poly-
morphisms COL5A1 (CT), MMP3 (TT), and GDF5 (AG), which are related to
extracellular matrix integrity and tissue repair, point to a greater risk of soft tissue
injuries, particularly in joints, tendons, and fasciae, underscoring the importance of
careful load monitoring and individualized recovery strategies (Brown et al., 2017,
Guo et al., 2022; Raleigh et al., 2009).

These genetic findings offer a new perspective on Paulo’s career, revealing a
biological foundation consistent with his ability to withstand intense training,
recover quickly, and maintain structural stability over long periods, even in the pres-
ence of predispositions that would typically require greater individualized attention.
In the following sections, we revisit his athletic journey in light of these genomic
insights, integrating molecular profiles with specific training sessions, adaptation
phases, injury episodes, and recovery strategies.

8.2.1 1976: Finding Direction Through Training

In 1976, Paulo was already seen by coaches and teammates as a rising athlete. For
him, however, sport was still just a form of enjoyment. There was no institutional
support. He covered his own transportation, meals on competition days, and even
anti-inflammatory medications when injured. Contrary to the common perception,
his athletic initiation was marked by quiet sacrifices. That same year, he joined the
Army, which disrupted his preseason and led to injuries and a fragmented training
cycle. Foundational training was virtually nonexistent, and specific stimuli arrived
without the ideal groundwork. Even so, Paulo persevered. He remained largely
unaffected by gossip or external criticism. His motivation was intrinsic. He wanted
to train with friends, to compete, and to win.

Paulo showed high efficiency in high-intensity training (ACTN3). However, rest,
which is essential to modulate training effects, was scarce. In his own words, sleep
was an unattainable luxury. With daily routines starting at 4:45 a.m. and lasting until
nearly midnight, the risk of overreaching and injury was constant (TNFA, IL6, CRP).
Moreover, his family and school environments were also hostile. Before athletics,
Paulo was labeled as the “dumb kid” in the neighborhood. Sport brought transfor-
mation. His academic performance improved year after year, culminating in his
admission to the physical education program at Sdo Caetano do Sul, ranking eighth
in the entrance exam. In 1980 and 1981, Esporte Clube Pinheiros began funding his
studies. This recognition reflected the value of a talent that endured despite lacking
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ideal support. His story in 1977 highlights a key point for this chapter. Not even the
most favorable genetic makeup can, over time, compensate for the absence of sleep,
recovery, and psychosocial support. Paulo’s biology provided potential. But it was
his resilience that shaped the athlete.

8.2.2 Foundation Training and the Absence of Assessment: 1977

The year 1977 marked the beginning of a more structured phase in Paulo’s athletic
routine. Still lacking any formal assessment of strength, power, speed, or endurance,
training sessions were conducted based on subjective perception and training times,
which informally guided the weekly workload. Progression followed an intuitive
and empirical logic, shaped by the coach’s attentive observation and the athlete’s
performance during sessions and competitions.

The microcycles from February and March reflect a training approach rich in
volume, incorporating jumping drills, submaximal running, and varied stimuli such
as plyometrics, circuits, and hill sprints (Table 8.1). The weekly structure was
coherent and well-organized, although intensity remained high and recovery was
not tailored to the individual. One clear example is the sequence of sprint sessions,
where recovery was determined by the athlete’s own readiness, without any physi-
ological monitoring.

Despite the absence of laboratory testing, training sessions themselves served as
markers of progression. In March and April, training volumes increased, including
coordination drills with 15 x 100 m runs, 600 m sessions, and the introduction of
controlled 300 m intervals (7'=38"/40”, R = 10’). Training notes also revealed a rise
in intensity as competitions approached. Even without a performance goal, Paulo
posted strong results in his early 1977 races, such as 11.4 seconds in the 100 m and
54 seconds in the 400 m, accompanied by clear improvements in training outputs.
However, the lack of internal load monitoring and early detection of overload signs,
such as persistent groin and calf pain, led to a reduction in intensity in the following
weeks. This pattern suggests a possible case of functional overreaching, likely influ-
enced by genetic markers related to connective tissue integrity and inflammation
(COL5A1, MMP3, GDF5, TNFA, IL6, and CRP).

At this point, Paulo’s genetic profile becomes particularly relevant. The RR gen-
otype of the ACTN3 gene is associated with the expression of alpha-actinin-3, a key

Table 8.1 Example of a microcycle (February 1977)

Monday Tuesday Wednesday | Thursday Friday Saturday
12 x 100 m 6 x 60 m 6 x 150 m Circuit Progressive Forest run +
coordination | progressive (T=18", training speed drills hill sprints
+ 120 jumps | runs + 100 R=4'I5") (4 x30” (20-120 m) (6-8 x 80 m)
horizontal on/30” off, with full
jumps no rest recovery
between

sets)
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structural protein in fast-twitch type II muscle fibers. This variant not only supports
high-intensity training, such as those described above, but also enhances recovery
capacity following intense efforts (Pickering & Kiely, 2017). This feature may have
been a decisive factor in Paulo’s ability to maintain consistency under high physical
stress. However, the same genetic traits that favor explosive performance must be
considered alongside inflammatory and antioxidant markers (Cho et al., 2022;
Fisher-Wellman & Bloomer, 2009). Paulo carried less favorable variants in TNFA,
IL6, and CRP, indicating a predisposition to heightened inflammatory responses.
On the other hand, his genotypes for SOD2, CAT, and GPX1 suggest a strong anti-
oxidant potential. Nevertheless, the absence of internal load monitoring and insuf-
ficient recovery amplified the risk of injury and could have compromised his
medium-term recovery, a hypothesis consistent with the reports of pain and fatigue
at the end of April’s training cycle.

The qualifying event for the Youth World Championship in France, held in May,
marked the peak of Paulo’s first training cycle in 1977:

* 100 m-11.1 s (second place)
e 200 m-22.6 s (first place)
¢ 400 m-52.0 s (fourth place)

These results were achieved without any formal functional assessments, relying
solely on practical responses to training. As Paulo himself recalls, training times
served as the primary criterion for progression. The gaps in physiological monitor-
ing and individualized load management stand in stark contrast to his demonstrated
potential and clearly illustrate the value that genetic knowledge and structured test-
ing could have added to his development.

8.2.3 Second Half of 1977: Intensification and First Injuries

The second half of 1977 marked a phase of intensified training for Paulo Roberto
Correia. Following the trials for the World School Championship in May, which
resulted in excellent times (100 min 11.1 s, 200 m in 22.6 s, 400 m in 52.0 s), sprint
training sessions began to occur nearly every day. The microcycles were repeated
over 2-3 weeks, with progressive adjustments in both intensity and rest intervals. A
typical weekly schedule for this period is presented in Table 8.2.

Performance continued to improve throughout the second half of the 1977 sea-
son. On May 21, at the Adult Championship, Paulo ran 100 meters in 11.0 seconds
in all rounds (heats, semifinals, and final), finishing fourth. Despite the effort, he
could not break the 11-second barrier. On June 26 and 27, he competed at the
Student World Championships in Saint-Etienne, France, following a week of train-
ing in Dortmund, Germany. At the event, he ran 11.14 in the 100 meters (seventh
place) and 22.52 in the 200 meters (sixth place). On July 15, at the JEBs in Brasilia,
he won the 200 meters with 22.0 after clocking 22.3 in the semifinal. However,
signs of overload began to emerge after this race: calf pain and left thigh contrac-
tures led to the frequent use of anti-inflammatory drugs. While these medications
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Table 8.2 Example of a microcycle (May/June 1977)

Monday Tuesday Wednesday Thursday Friday Saturday

6 x 60 m 6 x 150 m 10 to 8§x20m 4 to 10 x 20 m from
progressive at 17-18 s 15x 100 mat | from blocks |6 x 200 m blocks

runs Recovery: 13.5-14 s 6 x50 m at24 s 2 x 40 m from
2x100mat | 4-6 Recovery: with flying Recovery: blocks

85% intensity 1'30” start 6 2 x50 m

2 x 80 m at 120 jumps 2x250mat | 120 jumps 2 x 60 m
100% 29-30 s 1 x80m

2x 120 m at Recovery: 5 1 %250 m (all
100% at 100% with
120 jumps full recovery)

masked the pain, they also delayed tissue recovery. In early August, during the Sao
Paulo Junior Championship, Paulo still competed, clocking 11.0 in the 100 meters
(third place) and 22.5 in the 200 meters (fourth place), but suffered a left thigh strain
at the finish. The 1977 season ended with Paulo in recovery. From August to
September, he underwent physiotherapy treatment, and from October to December,
he completed a recovery-focused training block, though he experienced a noticeable
decline in physical conditioning. By the end of the year (Christmas and New Year),
Paulo was not training. Up to this point in his career, he had not engaged in weight
training or undergone structured performance testing. His progress was guided by
his own physical sensations and the coach’s observations, with variations only in
training volume and intensity.

8.2.4 Building the Foundation: Early 1978

The year 1978 began with a more structured base training phase in Paulo’s prepara-
tion. Training loads alternated between higher- and lower-intensity weeks, allowing
volume and intensity to be progressively adjusted based on how his body responded.
By this point, accumulated experience and heightened body awareness enabled
more refined training management, even in the absence of weight training or
advanced physiological assessments.

Throughout Paulo’s career, the general structure of his training remained rela-
tively consistent. One day was dedicated to block starts and pure speed, with repeti-
tions of 20 m, 30 m, and 40 m, followed by sets of 50 m, 60 m, 80 m, and 120 m at
maximum intensity, with long recovery intervals of 5 to 8 minutes. Another training
day focused on strength through jump work, with 80 vertical and 120 horizontal
jumps, complemented by 100-meter coordination runs clocked between 12 and
14 seconds. Sessions of speed endurance were also included. A common format
consisted of a progression of 100 m, 150 m, 200 m, 250 m, and 300 m sprints fol-
lowed by a descending sequence of 250 m, 200 m, 150 m, and 100 m. These were
performed at 85-90% intensity with relatively short rest intervals. Alternatively, he
would perform six to eight repetitions of 150 m sprints at 90-95% intensity with
6-minute rest intervals.
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Hill sprints played a central role in his preparation. These included six to eight
repetitions of 60 m at maximum effort with 8-minute recovery periods or 150-250 m
hill runs at 90% intensity with 8—10 minutes of rest. Specific speed and technique
drills were also included, such as 60 m progressions, in and out intervals (20 m at
100% followed by 20 m at 95%) and flying sprints of 50 and 60 meters. Finally,
light continuous runs or longer recovery runs, such as 6 kilometers in under 30 min-
utes or 40 minutes at a controlled pace, were incorporated as recovery sessions.

In 1978, for the first time, some basic tests were introduced to monitor training
progress. These included 60 m sprints, single-leg and alternating jumps, 300 m and
1000 m time trials, and a 12-minute run test. Although not yet used systematically
to adjust training loads as is done today with genomic analysis or heart rate vari-
ability metrics, these tests provided valuable benchmarks to track seasonal
development.

The foundation built during this early period of the year proved solid and sup-
ported a more structured preparation for the competitive season. A growing matu-
rity in training management and increased self-awareness, combined with the
training volume accumulated over previous years, gave Paulo greater tolerance to
training loads and a reduced incidence of injury, even in the absence of formal
strength training. This phase represented an important turning point. His natural
talent, reflected also in his genetic profile, was finally being matched by a more
conscious and well-structured training methodology.

8.2.5 A Year of Transition: 1979

The year 1979 marked an unusual and transitional phase in Paulo’s athletic career.
That year, in addition to moving up to the Junior category, which in itself brought
new competitive challenges, he was also drafted for mandatory military service, a
factor that would significantly impact his training routine.

Upon joining the Army, Paulo’s daily life changed dramatically. The first half of
the year was almost entirely devoted to military duties, including guerrilla training,
shooting practice, treks, urban warfare drills, chemical warfare exercises, and
extended field camps. There was neither time nor appropriate conditions to maintain
a regular athletic training regimen. As Paulo himself recounted, 1979 was a year
without base training, a semester without any specific preparation for athletics.
During this period, the focus was on enduring the rigorous demands of military life,
with daily routines beginning at 6:00 a.m. and extending into the late afternoon. To
continue his education, Paulo attended school in the evening, which made his sched-
ule even more exhausting.

Only in July, with the gradual easing of his military duties, was Paulo able to
partially resume training at the Olympic Training and Research Center (COTP), as
part of the “Adopt an Athlete” program. Even so, these sessions were limited and
low in intensity, serving more as maintenance than as true preparation. The only
meaningful training took place at night, at Esporte Clube Pinheiros, after
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completing military duties and university classes, a routine that demanded extraor-
dinary effort and discipline.

The lack of a proper base and the fragmented training structure were reflected in
his performance that season. Although he competed in the trials for the Pan American
Games, Paulo was far from his best form. Without the necessary preparation, his
body struggled to meet the demands of sprint competitions. Attempts to compete led
to recurrent muscle injuries. As he himself explained, his mind still knew how to
race close to 10 or 11 seconds, but his body was no longer ready for that level
of demand.

Beyond the physical challenges, 1979 was also a year of personal and academic
resilience. Despite military obligations and limited training opportunities, Paulo
managed to finish high school and prepare for the university entrance exam. In
1980, he began his degree in physical education, marking the start of a new phase in
both his academic life and athletic career.

In hindsight, 1979 was a year to be “crossed out” of Paulo’s athletic trajectory, a
period when external circumstances severely constrained his development. Still, his
resilience and discipline allowed him to endure that phase without abandoning
sport, keeping alive the Olympic dream that would soon become a reality.

8.2.6 The Olympic Year: 1980

After a challenging 1979 marked by adversity and limited training, Paulo entered
1980 with a clear objective: to regain his physical condition and reach peak perfor-
mance in a special year—the year of the Moscow Olympic Games. With the early
end to the previous season and a reduction in military duties, Paulo was able to
begin his preparatory period earlier, allowing him to structure a training cycle with
two planned performance peaks throughout the year.

His military routine was also made more flexible. Paulo was no longer required
to attend the early morning formation, which gave him the freedom to attend univer-
sity classes in the morning. He would leave the barracks around 6:40 a.m. and head
straight to the School of Physical Education in Sdo Caetano do Sul, where classes
lasted until midday. In the afternoon, he split his training between the COTP, where
sessions were lighter and focused on maintenance, and Esporte Clube Pinheiros,
where he carried out high-intensity technical and specific training.

Both the volume and quality of training increased significantly. Plyometric and
jump-based exercises were particularly emphasized, although at times applied
excessively. The preparation quickly yielded results. In the first competitions of the
year, Paulo posted promising times. At the Armed Forces Championship, he ran
10.6 seconds in the 100 meters, 21.7 in the 200 meters, and 48.6 in the 400 meters,
marks that clearly reflected his progression compared to the previous season.

Given the competitive landscape of sprint events in Brazil and considering his
own physiological and technical characteristics, Paulo and his coach adopted a flex-
ible strategy for the Olympic season. While maintaining his primary focus on the
100 and 200 meters, they also pursued a spot in the 4x400-meter relay team,
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capitalizing on his strong performances in the 400 meters. This decision proved
strategic, as the competition in the sprint events was fierce, and broadening his event
range increased his chances of being selected for the Olympic delegation.

At the State Championships, Paulo delivered outstanding performances: 10.4 sec-
onds in the 100 meters, 20.8 in the 200 meters, and 49.5 in the 400 meters. At the
Troféu Brasil, he exceeded expectations with times of 10.3 in the 100 meters, 20.6 in
the 200 meters, and a remarkable 46.6 in the 400 meters, finishing third behind the
two South American record holders at the time. His result in the 400 meters was
particularly impressive, given the limited specific preparation for that event. He
adopted an aggressive strategy, running at full pace from the start, which gave him
a significant lead through the first 200 meters, although it came at a cost in the final
stretch. Still, this performance secured his spot as a versatile athlete on the Olympic
team, meeting International Olympic Committee standards in the 100, 200, and
400 meters and qualifying for both the 4x100 and 4x400-meter relays.

Prior to the Moscow Olympic Games, the Brazilian team competed in several
European meets. In Milan, Paulo clocked 21.12 in the 200 meters, followed by
21.23 in Pisa. However, an unexpected incident nearly jeopardized his Olympic
participation: he sprained his foot after tripping on an uneven sidewalk, forcing a
temporary break from training. Fortunately, he recovered in time to compete.

At the Moscow Games, Paulo ran in the 200-meter heats, posting 21.27 in the
first round and 21.01 in the second, falling just one position short of qualifying for
the semifinals. In the 4x400-meter relay, he helped the Brazilian team reach the
final. They recorded a time of 3:04.9 in the semifinal and 3:05.9 in the final.
Unfortunately, during the last 120 meters of the final, a collision between Brazil’s
anchor and an Italian athlete cost them a spot on the podium, and the team finished
in the fifth place.

The year 1980 established Paulo as one of Brazil’s premier sprinters and high-
lighted the crucial role of his genetic profile in supporting his performance. His
explosive power, resistance to fatigue, and adaptability across different sprint events
were consistent with key genetic traits, particularly the presence of ACTN3 and
favorable variants in the PPAR gene family, associated with energy metabolism and
muscular strength. Although injuries and external circumstances posed limitations
at times, his Olympic participation represented the peak of a career built on disci-
pline, resilience, and remarkable genetic potential.

8.2.7 Restructuring, Records, and Injuries: 1981

After the experience at the Moscow Olympic Games, Paulo and his coach recog-
nized that the moment was ideal to restructure the focus of his training. An analysis
of the previous year’s results suggested that the 200 m and 400 m events offered the
greatest potential for future Olympic success. As a result, the 1981 season was
planned with the goal of enhancing his speed endurance and optimizing perfor-
mance in the 400-meter races.
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Training sessions soon revealed that the transition to the 400-meter profile would
not be straightforward. Paulo struggled to adapt to the demands of this type of prep-
aration, which included long-distance intervals (250 m, 300 m, 500 m, 600 m) at
submaximal intensities with short recovery periods (MCT1). For an athlete with an
explosive profile and a strong predominance of fast-twitch fibers, as suggested by
his RR genotype for the ACTN3 gene, such training led to significant physical and
mental fatigue. It did not take long for signs of exhaustion and depressive symptoms
to emerge, prompting Paulo to consider retiring from the sport.

Beyond the technical difficulties, financial constraints remained a challenge.
Without direct sponsorship, Paulo relied solely on tuition support from Esporte
Clube Pinheiros and a modest stipend from the “Adopt an Athlete” program, insuf-
ficient to meet the needs of a high-performance athlete. Although excused from
daily military duties to train, he still had obligations at the barracks, which inter-
fered with his recovery and nutrition. He depended entirely on public transportation,
consuming precious hours of his day.

Given this scenario, the decision was made to abandon the 400-meter project and
refocus on the 100- and 200-meter events, where his genetic profile and competitive
history offered clear advantages. With the return to pure sprint training and longer
rest intervals between efforts, Paulo once again found comfort in his routine, though
minor muscular strains, common in athletes with his profile, began to reappear.

The season started with indoor competitions in France and Italy over 60 meters,
with unremarkable results. However, the true turning point came with the start of the
outdoor season. In April, at the CUP, Paulo won the 200 meters with a time of 21.1.
At the State Championship later that month, he showed clear progression: 22.7 in
the heats, 21.8 in the semifinals, and an impressive 20.4 in the final, equaling the
South American record for the event.

In May, at the Troféu Brasil, Paulo maintained his high level. In the first stage, he
competed in the 400 meters, clocking 48.2 in the semifinal but suffering a muscle
strain in the final that forced him to withdraw. In the second stage, he returned to the
sprint events, running 10.3 in the 100 meters and 20.5 in the 200 meters. This per-
formance earned him a spot on the Brazilian team for the World University Games
in Bucharest, Romania.

In Bucharest, Paulo showed excellent form. He ran the opening leg of the 4x400-
meter relay with ease and advanced through the 200-meter heats. In the semifinal,
he posted a 20.99, the fastest qualifying time. However, a tactical adjustment sug-
gested by a team coach (running the curve at a more aggressive pace to enter the
straight with a lead) resulted in a severe muscle strain at the start of the final stretch.
This injury prematurely ended his participation in the competition and jeopardized
the remainder of the season.

After a month of recovery, Paulo was called up for the South American
Championships in La Paz, Bolivia. Still not fully recovered, he delivered a remark-
able performance, especially given the challenging track conditions and his ana-
tomical asymmetry (a 1.5 cm discrepancy in femur length that impaired his ability
to run curves at high speed). In the 200-meter semifinal, he ran a controlled 20.4,
easing up in the final meters. In the final, he executed a flawless strategy, overtaking



8 Integrating Genomics in Track and Field: Insights from Retrospective... 157

his main rivals and setting a new South American record with a time of 20.2. He also
helped the Brazilian team secure victory in the 4x100-meter relay.

The 1981 season was marked by stark contrasts: while Paulo achieved historic
new records and solidified his place among the greatest sprinters on the continent,
he also faced structural limitations and an increasing risk of injury. His genetic pro-
file, highly favorable for power and explosiveness, remained a key advantage, yet
the energetic demands and tissue recovery, already compromised by the logistical
and nutritional challenges of the time, began to weigh more heavily on his athletic
longevity.

8.2.8 Overcoming Pain and Uncertainty: 1982

The year 1982 was marked by uncertainty and physical limitations for Paulo.
Following an intense 1981 season and a demanding competitive cycle, he began the
new year struggling to maintain consistency in training, primarily due to recurring
muscle injuries. The international athletics calendar was relatively sparse, as 1982
was considered a transitional year globally, which also reduced opportunities for
competitive rthythm.

Despite the challenges, Paulo’s strong performances the previous year earned
him an invitation to an international track meet in Taiwan, with two stages sched-
uled: one in Taipei and another in Tai Chung. During the 200-meter race in Taipei,
held as a timed final, Paulo once again suffered a muscle strain in his right thigh,
forcing him to withdraw from the competition and skip the second stage in
Tai Chung.

Upon returning to Brazil, he focused on recovery and managed to return to the
track in July, during the Troféu Brasil de Atletismo. Exercising caution, he com-
peted in the 200 meters, running 21.1 seconds in the semifinal, and 21.0 seconds in
the final, finishing second overall. Although still competitive, Paulo sensed that his
body was no longer responding as it once had. The persistent pain during training
and the constant fear of new injuries began to weigh on him mentally, to the point
of considering retirement from competitive athletics.

Nevertheless, he remained active, committing to a careful process of readapta-
tion and load management. The year 1982 became a period of personal resilience,
in which his motivation to remain in the sport was continually tested. Even with a
limited calendar and results below his peak potential, Paulo demonstrated persever-
ance, preparing for a full comeback attempt in 1983.

8.2.9 Perseverance and Stagnation: 1983
After a difficult 1982 season, Paulo was encouraged to continue training and entered

1983 with the goal of regaining confidence and competitive consistency. The focus
at the start of the season was a prolonged base phase, with special attention to
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flexibility, an aspect that had been largely overlooked in previous years and which
he recognized as a limiting factor in both his performance and injury prevention.

The first major competition of the year was the Troféu Brasil de Atletismo in
May, which served as the qualifying event for the Pan American Games in Caracas.
Paulo delivered consistent performances: 10.66 and 10.60 seconds in the 100 meters
and 21.68 and 21.30 seconds in the 200 meters. However, these marks were not
enough to secure a spot for the Pan American Games. Still, he was selected to rep-
resent Brazil at the World University Games in Alberta, Canada, in July.

In Canada, each race was shadowed by physical uncertainty. The fear of sustain-
ing another injury followed Paulo onto the track. Despite this, he clocked 10.69 in
the 100-meter heats and 10.50 in the semifinals, as well as 21.25 in the 200-meter
semifinal. Although he did not advance to the finals, his times confirmed that he
could still perform at an international level.

In September, at the Brazilian National Championships, Paulo again delivered
solid results: 10.50 in the 100 meters and 21.20 in the 200 meters, earning third
place in both events. The season ended on a high note in October at the South
American Championships in Santa Fe, Argentina, where he claimed gold in the
200 meters (21.3) and silver in the 100 meters (10.5) and contributed to Brazil’s
victories in both the 4x100-meter and 4x400-meter relays.

Despite these achievements, Paulo felt his performance had plateaued below his
full potential. No matter how hard he trained, progress seemed elusive. The recur-
ring cycle of injuries and emotional strain gave rise to a growing sense of stagna-
tion. Nevertheless, he remained committed to training and competition, holding on
to the hope of a fresh Olympic cycle in 1984.

During this period, Paulo began suffering from an injury that would trouble him
for years, even after retiring from competitive sport, that is, swelling in the left
Achilles tendon, which forced him to begin each morning with an extensive warm-
up routine just to be able to walk. This account underscores the potential benefits
that a functional genomic analysis could have offered at the time. While his ACTN3
RR genotype allowed him to train with minimal muscular strain, his soft tissue
recovery did not keep pace. His tissue repair profile, comprising MMP3, GDFS,
and, most critically in this case, COL5A1, indicated increased susceptibility to soft
tissue injuries, particularly those affecting the Achilles tendon (Brown et al., 2017).

8.2.10 The Final Olympic Cycle: Los Angeles 1984

The year 1984 represented a decisive opportunity for Paulo, his second Olympic
cycle, this time with the Los Angeles Games on the horizon. Following the end of
1983, which had been marked by a sense of stagnation, the prospect of a new spon-
sor emerged. This brought not only some financial relief but also an important
morale boost. Moreover, for the first time in years, Paulo was free from both aca-
demic and military obligations, allowing for a more structured training routine with
greater emphasis on recovery.
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The season began on a promising note in April, with the State Championship.
Paulo won both the 100-meter (10.3) and 200-meter (21.0) events, demonstrating a
strong form at the outset of the year. In May, he competed in races in Czechoslovakia,
running the 200 meters in Bratislava (21.22) and Ostrava (21.18), under challenging
weather conditions with temperatures around 16—17 °C. More significant than the
times themselves was the fact that he completed these events without sustaining any
injuries, a positive sign given his recent medical history.

Back in Brazil, Paulo competed in the Troféu Brasil de Atletismo, which served
as the Olympic qualifying event. His strategy in the 100-meter semifinal proved
decisive. With worsening weather conditions forecast for the following day, he
chose to push hard in the semifinal, clocking 10.40 and securing his spot on the
Olympic team. In the final, held in rain and cold wind, he finished third with a time
of 10.60.

At the Los Angeles Olympic Games in July, Paulo competed in the 100-meter
event. In the first round, he ran 10.45, advancing to the next stage. In the second
round, he posted 10.54, missing the semifinals, though he remained the top-ranked
Brazilian in the event. He also ran in the 4x100-meter relay, helping the Brazilian
team reach the final, where they finished eighth.

One of the key differences that season was the quality of his preparation. For the
first time, Paulo was able to train in two daily sessions: strength work (snatch,
squats, and jumps) in the morning and sprint training in the late afternoon. The
increased focus on recovery and periodization resulted in one of the best physical
conditions of his career, even though injuries, especially in the Achilles tendon, and
years of accumulated training began to show their toll.

After the Games, he competed in the Orlando Guaita Tournament in Chile in
October, clocking 10.62 in the 100 meters and 21.50 in the 200 meters. The 1984
season marked the final peak of his international career, crowning a cycle of per-
sonal and professional perseverance, where training maturity and physiological
adaptation enabled him to achieve consistent results in a highly competitive
landscape.

8.2.11 Post-Olympics: Closing the Career (1985-1988)

After the Los Angeles Olympic Games, Paulo began the 1985 season still moti-
vated, although fully aware that longevity in sprinting would require increasing
attention to recovery and training planning. With no academic or military obliga-
tions, he was able to dedicate more time to athletics, though institutional support
remained limited.

The season started with promising results. In January, he competed in a meeting
in Paris, where he ran the 60 meters in 6.91 seconds. In May, he won the 100 meters
at the State Championship with a time of 10.3 seconds. During the same period, he
competed in a meeting in French Guiana, clocking 10.65 seconds in the 100-meter
final and 21.13 seconds in the 200 meters, which he won. At the Troféu Brasil in
June, he recorded times of 10.88 and 10.91 in the 100 meters and 21.05 in the
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200 meters. In 1986, Paulo remained competitive, participating in the Troféu Jodo
Carlos de Oliveira, where he ran the 100 meters in 10.40 seconds. However, the
cumulative wear from years of intense training, combined with the structural diffi-
culties of the national sports system, began to take a toll.

Despite these challenges, between 1987 and 1988, Paulo experienced one of the
best phases of his career in terms of training quality. Under the guidance of a coach
who implemented a more refined periodization, with a strong emphasis on strength
training (weighted jumps, weightlifting) and biweekly load monitoring, his training
performance reached unprecedented levels. This new approach, focused on recov-
ery and individualized planning, enabled a far more efficient physiological response,
and Paulo managed to remain injury-free during this stage. Although competitive
opportunities were limited in these years and his official race results did not fully
reflect the level he had achieved in training, this period solidified a key lesson: a
personalized approach could have significantly enhanced his career from the
beginning.

Paulo concluded his career as a high-performance athlete by the end of the 1980s,
moving into a new phase of life. He carried with him not only the impressive results
achieved on the track but also a valuable perspective on the challenges and opportu-
nities of athletic preparation. His practical experience and deep understanding of his
own physiology would later enrich his academic and professional work, making
him a reference in the integration of science and practice in sports training.

Revisiting Paulo’s trajectory in light of his genetic profile exemplifies the poten-
tial of applied genomics to retrospectively explain the performance and adaptations
of an elite athlete. While this knowledge was not available in the 1980s, it is now
increasingly integrated into the training strategies of young talents. In the second
part of this chapter, we explore a contemporary scenario: the case of two identical
twin athletes who had access to their genomic profiles during their early develop-
ment. Based on this information, it was possible to personalize the development of
their abilities and manage training loads, offering a forward-looking perspective on
how genomics can serve as a practical tool in high-performance sport.

8.2.12 Reflective Epilogue: What Could Genetics Have Changed?

Paulo’s trajectory represents a rare example of athletic longevity combined with
high-level performance. His career, characterized by consistency, a low incidence of
injuries, and participation in international competitions for over a decade, is remark-
able even by today’s standards. However, in light of current genomic knowledge, it
is possible to revisit his athletic journey through a new lens and reflect on what
could have been optimized with greater precision throughout his career.

Paulo’s genetic profile reveals a particularly favorable combination for power
and speed-based sports (ACTN3 (RR), associated with greater force production,
enhanced tolerance to high-intensity training, and faster recovery), a positive vaso-
dilatory profile (AGT (TT), ACE (CC), NOS3(a) (TC), and NOS3(b) (GG)), low
production of reactive oxygen species (ROS) (SOD2 (CC), CAT (CC), and GPXI
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(CQ)), and potential for efficient metabolic regulation (PPARD(a) (TC), PPARD(b)
(AG), and PPARGCIA (CQ)). These characteristics provide advantages for both
performance and adaptation to high training loads.

However, the same mapping also revealed inflammatory predispositions (TNFA
(GA), IL6 (GG), CRP (TC)) and specific structural vulnerabilities (COL5A1 (CT),
GDFS5 (AG), MMP3 (TT)). These findings could have informed more targeted
recovery strategies between training sessions, potentially preventing or mitigating
the Achilles tendon injury he later sustained.

Had genomic knowledge been available in the 1980s and 1990s, several strate-
gies could have been implemented to further enhance Paulo’s performance and
reduce potential training overloads:

¢ Personalized recovery modulation, with rest protocols tailored to his inflamma-
tory response profile.

¢ Preventive monitoring of soft tissues, particularly during high-load phases, con-
sidering risks associated with collagen integrity and tissue repair.

¢ Individualized nutritional support to leverage his genetic advantage in redox
balance.

 Intelligent management of interval training density, given his lower lactate trans-
port efficiency (MCT1 (AT)) in terms of clearance.

Had such tools been available, it is plausible to assume that Paulo could have
prolonged his peak performance window, reduced the recurrent discomforts often
associated with post-athletic life, and even improved his responsiveness to specific
training blocks. His journey reinforces a key point: talent and discipline are irre-
placeable, but applied genomics offers a new level of precision and protection,
enabling that talent to be expressed more efficiently and sustainably. In this sense,
Paulo’s case transcends his personal story and illustrates what science can offer to
the past, the present, and, most importantly, the future of elite sport.

8.3  Part 2: Prospective Case Study—The Journey
of Identical Twin Middle-Distance Runners

The second part of this chapter presents a prospective case study on the application
of genomics in the athletic development of two young identical twin athletes, cur-
rently 18 years old, who compete in middle-distance events (1500 m and 5000 m).
In contrast to the retrospective analysis of Paulo’s career, this case offers the oppor-
tunity to explore how genetic knowledge can be integrated in a structured and early
manner into the development of emerging athletes.

The twins began their athletic training at the age of 8 and have been monitored
by a multidisciplinary team since the youth categories. In 2022, a specific project
was launched with the goal of incorporating their functional genomic profile into
training, nutrition, and recovery strategies. Unlike the case report presented in Chap.
7, in this instance we did not take over the athletes’ training directly; instead, we
assumed a consultative role, supporting the professionals already working with
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them by interpreting the genetic data and assisting in its practical implementation.
Genetic testing was conducted as part of the initial evaluation process, and the
insights obtained were progressively integrated into the individualized planning for
each athlete.

The project involved coordinated efforts among professionals responsible for
coaching, nutritional support, physiotherapy, sport psychology, and scientific coor-
dination. All decisions were made in alignment with the athletes’ family, who
actively participated in the process and rigorously followed all ethical guidelines
related to the use of genetic information, as discussed in Chap. 10.

The distinguishing feature of this project lies in its longitudinal and personalized
approach, where genetic profiling was not treated as a determining factor, but rather
as an additional tool to guide training individualization, load management, and
injury prevention. Over the months, the athletes’ physiological responses were
monitored through both field and laboratory assessments, with continuous feedback
used to fine-tune interventions.

This case represents a practical example of how the integration between genetics
and applied sport science can contribute to the sustainable development of athletic
talent, respecting both the biological individuality and the specific context of each
athlete. In the following sections, we will detail the athletes’ functional genetic
profiles and the main strategies adopted throughout the project.

8.3.1 Functional Genomic Profile and Initial Training Guidelines

Athlete A and Athlete B are 18-year-old monozygotic twins who compete in the
1500 m and 5000 m events. Genetically identical, they provide a valuable example
of how genomics can guide training personalization, even among individuals who
share the same DNA. Their genetic profile indicates a high potential for power and
high-intensity training: both carry the RX genotype for the ACTN3 gene, favoring
the efficiency of type II muscle fibers (Ahmetov et al., 2010; Papadimitriou et al.,
2008; Pickering & Kiely, 2017; Scott et al., 2010; Yang et al., 2007). However, the
AT genotype for the MCTI gene suggests a tendency toward lactate accumulation,
indicating the need for longer recovery periods between intense anaerobic stimuli
(Fedotovskaya et al., 2014). Interestingly, this combination of genotypes mirrors
that of Paulo (Table 8.3), although he specialized in sprint events, while the twins
compete in middle-distance races.

From a cardiovascular perspective, their profile indicates limited vasodilatory
capacity due to the BDKRB2 (TC), NOS3(a) (TC), and NOS3(b) (GT) genotypes
(1pekoglu et al., 2024; Saunders et al., 2006), which may contribute to elevated heart
rate during intense exercise and reduced aerobic efficiency, despite the presence of
the favorable ACE (CC) genotype. On the other hand, their adaptation potential,
based on the PPAR gene family (PPARA (GG), PPARD(a) (TC), PPARD(b) (AG),
PPARGCIA (CT)) (Lopez-Leon et al., 2016; Petr et al., 2019), and the VEGFA (CG)
genotype (Bigakgr et al., 2024), indicated a predisposition for rapid physiological
adaptation. This was validated by anaerobic threshold and VO, max testing, which
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Table 8.3 Functional genetic profile of two applied cases: elite sprint athlete (Paulo) and identical
middle-distance twins

Genes Genotypes Paulo | Twins

ACTN3 (rs1815739) | C/C (RR) and T/C (RX)—production of RR RX
alpha-actinin-3
T/T (XX) —absence of alpha-actinin-3

MCTI (1049434) A/A—higher production of MCT1 AT AT
T/T and A/T—lower production of MCT1

AGT (rs699) C/C and T/C—higher production of angiotensinogen TT CC
T/T—lower production of angiotensinogen

ACE (rs4341) G/G and C/G—higher production and action of ACE CcC CcC
C/C—Ilower production and action of ACE

BDKRB?2 T/T—higher quantity of bradykinin receptor CC CT

(rs1799722) C/T and C/C—Ilower quantity of bradykinin receptor

NOS3 (rs2070744) T/T and C/T—higher production of NOS3 enzyme CT CT
C/C—Ilower production of NOS3 enzyme

NOS3 (rs1799983) G/G—higher activity of NOS3 enzyme GG GT
T/T and G/T—lower activity of NOS3 enzyme

ADRB?2 (1042713) A/A—higher affinity of receptor to adrenaline GG GG
A/G and G/G—Ilower affinity of receptor to adrenaline

PPARA (rs4253778) | G/G and G/C—higher energy production from lipid GC GG
metabolism
C/C—Ilower energy production from lipid metabolism

PPARD T/T and C/T—stimulates more PPARGCIA CT CT

(rs20165209) expression
C/C—stimulates less PPARGC1A expression

PPARD (rs2267668) | A/A and A/G—stimulates more PPARGC1A AG AG
expression
G/G—stimulates less PPARGC1A expression

PPARGCIA C/C and C/T—higher production of mitochondria CC CT

(rs8192678) T/T—lower production of mitochondria

VEGFA (rs2010963) | C/C and C/G—higher production of VEGF-A CG CG
G/G—Ilower production of VEGF-A

TNFA (rs1800629) G/G—lower production of TNF-A GA GG
A/A and A/G—higher production of TNF-A

IL6 (rs1800795) C/C—lower synthesis of IL-6 GG |CG
G/G and C/G—higher synthesis of IL-6

CRP (rs1205) T/T—lower production of CRP TC TT
C/C and C/T—nhigher production of CRP

SOD?2 (rs4880) C/C and T/C—higher activity of SOD2 enzyme CC CC
T/T—Ilower activity of SOD2 enzyme

CAT (rs1001179) C/C—higher activity of CAT enzyme CC CC
T/T and C/T—lower activity of CAT enzyme

GPX1 (rs1050450) C/C—higher activity of GPX1 enzyme CC CC
T/T and C/T—lower activity of GPX1 enzyme

COLS5AI (rs12722) C/C—produces COL5A1 with adequate structure CT CT

C/T and T/T—produces COL5A1 with altered
structure

(continued)
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Table 8.3 (continued)

Genes Genotypes Paulo | Twins

GDF5 (rs143383) G/G and G/A—higher expression of GDF5 AG AA
A/A—Ilower expression of GDF5 and reduced
collagen repair

MMP3 (rs679620) T/T—higher MMP?3 activity, faster tissue remodeling | TT CT
C/T and C/C—reduced MMP3 expression, slower
ECM turnover

showed significant improvements after 7 months of structured training, confirming
the expression of their genetic potential.

As in Paulo’s case, their antioxidant system profile showed three favorable geno-
types (SOD2 (CC), CAT (CC), and GPX1 (CC)) (Ogino et al., 2021). However, their
tissue recovery profile raised concerns, with three genotypes associated with an
increased risk of soft tissue injuries (COL5AI (CT), GDF5 (AA), and MMP3 (CT))
(Brown et al., 2017; Guo et al., 2022; Lim et al., 2021), highlighting the importance
of balancing training volume and intensity and integrating targeted nutritional and
physiotherapeutic strategies.

What is most compelling in this case is that, although they share the same
genome, individualized load management and environmental responses play a cen-
tral role. The integration of genetic data, field assessments, and interdisciplinary
collaboration enabled a more refined model of sports performance management,
one that goes beyond the traditional approach.

8.3.2 Longitudinal Development: Genomic Integration
in Training Planning from 2022 to 2024

Since the project’s implementation in 2022, the integration of the twins’ functional
genomic profile into their training planning has been carried out progressively and
in a coordinated manner, in alignment with the principles of periodization and long-
term athletic development. Genetic information was used as a complementary com-
ponent in the individualization process, with continuous attention to the athletes’
real-world responses during training.

One of the first elements considered was their muscular profile, which indicated
a potential for high-intensity stimuli (ACTN3), combined with a predisposition to
lactate accumulation (MCT1). This required greater attention to the distribution of
anaerobic stimuli and recovery intervals. Based on these insights, training blocks
were restructured to provide a more refined organization of power and endurance
sessions, incorporating variations in recovery time and monitoring of cardiorespira-
tory responses.

Another relevant aspect was their limited vasodilatory response (AGT, BDKRB2,
and NOS3), which predisposed the athletes to more pronounced increases in heart
rate during high-intensity efforts. This trait was tracked through regular assess-
ments, which showed improvements in VO, max (Athlete A, from 54.6 to 57.7 ml/
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kg/min; Athlete B, from 52.1 to 57.6 ml/kg/min), anaerobic threshold velocity
(Athlete A, from 14.7 to 15.5 km/h; Athlete B, from 14.3 to 16.4 km/h), and
increased tolerance to prolonged exertion, demonstrating both the realization of
their genetic potential and progressive aerobic adaptation.

Load monitoring spreadsheets maintained throughout the period enabled detailed
tracking of weekly progression and individual responses to different training cycles.
Metrics such as the rate of perceived exertion, acute-to-chronic workload ratio, and
recovery indicators were regularly assessed. This approach supported dynamic
adjustments to the periodization model and helped prevent overtraining, in line with
their genetic profile for tissue recovery (COL5A1, GDF5, and MMP3), which indi-
cated the need for special attention.

Ongoing communication among the professionals involved, including regular
discussions about training progression, load adjustments, psychological responses,
and nutritional support strategies, was a central factor in the successful genomic
integration process. Records of these interactions highlight a collaborative approach
focused on the athletes’ individuality, valuing both scientific knowledge and the
practical experience of the training environment.

At the end of this initial 2-year phase, the twins showed robust improvements in
their performance indicators, with adaptations consistent with their genetic profile,
yet always guided by the real-world responses observed in training. The project was
successfully concluded as the athletes transitioned to a training center affiliated with
a university abroad.

8.3.3 Final Considerations: Lessons from the Case
and Practical Applications

The prospective follow-up of the twin athletes throughout this project provides
valuable insights into the role of genomics in the personalization of athletic training.
The main takeaway is that genetic information, when integrated and contextualized
appropriately, can serve as a powerful tool to optimize athletic development. Rather
than replacing field observation, it enriches the decision-making process.

Over the 2-year period, it became evident that genetics should not be viewed as
a deterministic or limiting factor, but rather as a component that helps explain indi-
vidual differences and guide more suitable training and recovery strategies. In the
case of the twins, despite sharing an identical genome, their training responses and
developmental trajectories were individualized, highlighting the importance of con-
sidering not only biological factors but also the psychological context, environment,
and the dynamic interaction between them.

Another key takeaway was the value of an interdisciplinary approach. The inte-
gration of genetic analysis, physiological assessments, load monitoring, nutritional
support, and psychosocial aspects was essential in constructing a sustainable devel-
opment model that respected the uniqueness and pace of each athlete. Continuous
communication among the professionals involved, along with alignment with the
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athletes’ families, enabled effective management of training demands and smoother
adaptation to the competitive cycle.

This case also underscores the need for a critical perspective on the use of genom-
ics in sport. Tools such as the functional profile used here can add significant value
when applied with scientific rigor and in conjunction with established practices in
monitoring and individualization. Conversely, simplistic models and deterministic
interpretations should be avoided, as they risk constraining athletes’ potential or
leading to misinformed decisions.

In summary, the experience with the twins demonstrates that the integration of
genomics into athletic planning is not only feasible but desirable, provided it is
implemented with caution, a deep respect for the complexity of human develop-
ment, and a commitment to evidence-based personalization. This paradigm shift
represents a natural evolution in applied sport science, and cases like this illuminate
promising pathways for the future of athlete development in endurance sports
and beyond.

8.4 Conclusion

By placing side by side the legacy of an Olympic finalist and the trajectory of two
young athletes, this chapter highlights the role of genomics in the personalization of
athletic performance. It serves as an invitation for coaches, scientists, and institu-
tions to rethink standardized models and embrace a new logic of individualization
grounded in biological evidence. The two case studies presented, one retrospective
and one prospective, complementarily illustrate how genetic knowledge can con-
tribute to a more precise and effective approach to sports planning. In Paulo’s case,
the retrospective analysis shows how certain genetic predispositions shaped his per-
formance profile and how, had this information been available at the time, it could
have been used to refine training and recovery strategies. In the longitudinal follow-
up of the twins, we observe how the integration of genetic profiling, combined with
field assessments and interdisciplinary support, enabled a more individualized and
sustainable development process from the early stages of their careers. These exam-
ples reinforce the idea that genomics should not be viewed as an isolated or deter-
ministic factor, but as a complementary tool within the broader context of athletic
preparation. Its successful application depends on its ability to interact with other
components of training and to respect the complexity of human development. As
technological advances continue to improve access to this type of information, it
becomes the responsibility of the scientific and coaching communities to establish
models for its ethical, critical, and personalized application. The future of sport sci-
ence points toward this convergence of genetics, physiology, psychology, and load
management, a scenario where evidence-based individualization becomes the rule
rather than the exception.
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Abstract

The application of genetics in sports, as explored in previous chapters, has
opened new avenues for personalized training and a deeper understanding of
individual variability in response to exercise. However, this progress is accompa-
nied by significant scientific, methodological, ethical, and social challenges. This
chapter critically examines the complexity of gene—environment interactions, the
low reproducibility of genetic findings across diverse populations, and the meth-
odological limitations of genome-wide association studies (GWAS). It also
addresses the practical difficulties of integrating genetic testing into everyday
sports practice, as well as the risks of reductionist or deterministic interpreta-
tions. Ethical concerns, such as genetic discrimination, data privacy, and the
ownership of genomic information, are discussed in light of emerging regula-
tions, including the General Data Protection Regulation (GDPR) and the Genetic
Information Non-discrimination Act (GINA). Technologies such as artificial
intelligence, bioinformatics, and gene editing (e.g., CRISPR) are examined for
both their transformative potential and the risks they entail. The chapter also
highlights socioeconomic disparities in access to genetic testing and underscores
the urgent need for global frameworks to ensure equity and accountability.
Finally, future directions are explored, including the role of epigenetics, interdis-
ciplinary integration, and the advancement of precision genomics, emphasizing
individualized, safe, and ethically guided strategies for enhancing athletic
performance.

Keywords

Sports genomics - Genetic testing - Ethics in sport - Gene doping - Epigenetics -
Artificial intelligence - Personalized training - Gene—environment interaction -
Genetic privacy - Equity

9.1 Introduction

Advancements in genetics applied to sports have introduced innovative possibilities
for understanding human performance and tailoring training strategies, as outlined
in previous chapters. However, this evolution also presents significant challenges,
both in terms of methodological limitations and ethical and social concerns. The
interpretation of genetic data still faces obstacles such as the complexity of gene—
environment interactions and the lack of reproducibility in many scientific findings.
Moreover, the use of such information by sports teams, federations, and sponsors
raises critical issues related to privacy, genetic discrimination, and equity in access
to emerging technologies. In light of this scenario, this chapter examines the scien-
tific and technical limitations of sports genomics, the ethical dilemmas associated
with its use, and the future prospects for its responsible application (Fig. 9.1).
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Fig. 9.1 Sports genomics,
Genetic testing, Ethics in
sport, Gene doping,
Epigenetics, Artificial
intelligence, Personalized
training, Gene—
environment interaction,
Genetic privacy, Equity
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9.2  Practical Limitations
9.2.1 Complexity of Gene-Environment Interaction

Athletic performance results from a complex interplay between genetic and envi-
ronmental factors, making its prediction a multifactorial challenge (Ahmetov &
Fedotovskaya, 2015; Sarzynski et al., 2016). While certain genetic variants have
been associated with traits such as muscular strength, aerobic capacity, reaction
time, and recovery profile, the phenotypic expression of these genes is highly depen-
dent on external stimuli (Eynon et al., 2011; Pickering & Kiely, 2017).

Studies such as those by Timmons et al. (2010) and Williams and Folland (2008)
have shown that athletes with seemingly favorable genetic profiles may exhibit low
performance levels in the absence of appropriate stimuli, while individuals with
fewer “favorable markers” may achieve high performance through an optimizing
environment. This reinforces the probabilistic, rather than deterministic, nature of
sports genetics. Moreover, epigenetic effects, that is, environmentally induced
changes in gene expression, further increase this complexity, particularly in the con-
text of long-term training (Seaborne et al., 2018).

This gene—environment interaction has important practical implications. In tal-
ent identification, for instance, the isolated use of genetic testing may lead to prema-
ture and unfair exclusion of athletes with strong developmental potential. Similarly,
personalized training programs based on genetic data must take into account the
athlete’s life context, training history, and individual response to both physical and
psychological stimuli. Overlooking these variables may result in ineffective strate-
gies or, worse, potentially harmful ones.
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Therefore, the practical application of genetics in sports requires an integrative
approach that respects the complexity of the factors involved. Genetics can offer
valuable insights, but its true value emerges when it is combined with a comprehen-
sive analysis of the individual and their environment.

9.2.2 Lack of Reproducibility in Genetic Studies

Reproducibility is a fundamental principle of science, particularly in emerging
fields such as sports genetics. However, many published findings from genetic asso-
ciation studies suffer from low replicability when applied to different populations or
sports disciplines (Ioannidis, 2005). This is due, in part, to genetic heterogeneity
among ethnic groups, variations in sample selection criteria, and differences in ana-
Iytical methods (Ioannidis et al., 2001).

Several studies have shown that genetic variants associated with specific athletic
traits in one population may not exhibit the same effects in others (Ioannidis et al.,
2001). For example, the frequency of the R allele of the ACTN3 gene is high in
African and European populations, but lower in Asian populations, which may
affect the ability to detect robust associations between this variant and muscular
power performance across different contexts (Eynon et al., 2011).

Another limiting factor is the small sample size of many studies in sports genet-
ics. Investigations involving only a few hundred individuals often lack sufficient
statistical power to detect true associations and frequently result in false positives or
overestimation of genetic effects (Ioannidis, 2005). To address this issue, interna-
tional consortia are needed to combine data from multiple centers and athletes from
diverse backgrounds.

Therefore, the validation of genetic findings in sports depends on larger sample
sizes, standardized methodologies, and greater ethnic diversity in research studies.
Without these elements, the development of robust and practically useful genetic
panels for sports applications will remain limited.

9.2.3 Methodological Limitations of GWAS

Genome-wide association studies (GWAS) represent one of the main tools of mod-
ern genetics for identifying variants associated with complex traits, such as athletic
performance. However, their application in this field presents significant limitations
that must be carefully considered when interpreting the results.

One of the main methodological limitations of GWAS is sample size. Detecting
variants with small effect sizes requires large population cohorts to achieve robust
statistical significance. In practice, many studies in sports genetics involve only a
few hundred athletes, which reduces statistical power, increases the risk of false
positives, and compromises the generalizability of findings (Ioannidis et al., 2009).
Furthermore, when reported associations are published without replication in inde-
pendent samples, the risk of overestimating effect sizes increases considerably.
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Another critical issue is the low genetic diversity of the samples used. Most
GWAS in sports have been conducted on European populations, excluding a large
portion of global genetic variability. This creates ancestry bias, limits the applicabil-
ity of the findings to non-European populations, and may lead to misleading inter-
pretations when the data are applied to athletes from diverse ethnic backgrounds
(Martin et al., 2019).

In addition, there is a risk of overreaching inferences based on isolated markers.
Athletic performance is a polygenic and multifactorial trait, influenced by dozens or
even hundreds of genes with small effect sizes, as well as environmental factors.
Therefore, interpreting a single polymorphism as an indicator of “talent” or “ath-
letic potential” is scientifically reductionist and lacks practical validity (Williams &
Folland, 2008).

Given these challenges, GWAS must be accompanied by functional analyses,
validation in independent populations, and multivariate approaches. The integration
of epigenetic, environmental, and phenotypic data may represent the next step
toward a more precise and applicable form of sports genomics.

9.2.4 Barriers to Practical Application

Despite advances in identifying genetic variants associated with athletic perfor-
mance, one of the main barriers is the effective translation of this scientific knowl-
edge into practical settings involving coaches, athletes, and support teams (McAuley
et al., 2023). Technical language, the complexity of the findings, and the lack of
specific training in genetics among sports professionals hinder the conversion of
research outcomes into strategies that are both applicable and understandable
(Pickering & Kiely, 2017).

Coaches and athletes often encounter genetic reports indicating “potential” for
strength, endurance, or injury risk, yet without clear guidance on how to adjust
training, workload, or recovery based on such data. This gap between scientific
knowledge and practical applicability can lead to misinterpretations and poorly
grounded decisions, including the medicalization or premature exclusion of athletes
based on partial or misunderstood information (Webborn et al., 2015; McNamee
et al., 2009).

In addition, there is a real risk of creating false expectations. The growing popu-
larity of genetic testing in the consumer market, often lacking solid scientific back-
ing, may lead athletes or coaches to overestimate the predictive value of such
analyses (Webborn et al., 2015). In some cases, this results in excessive reliance on
genetic results, while overlooking fundamental factors such as motivation, disci-
pline, training environment, and emotional support (Tucker & Collins, 2012).

To overcome these barriers, it is essential to promote the continuous education of
sports professionals in applied genetics, develop accessible interpretation guide-
lines, and foster interdisciplinary communication between scientists and practitio-
ners. Only by building this bridge between science and practice will it be possible
to safely and effectively harness the potential of genetics in high-performance sport.
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9.3  Contemporary Ethical Issues
9.3.1 Genetic Privacy and Discrimination

With the increasing availability of genetic testing in sports, there is growing concern
about the potential misuse of such information by coaching staff, federations, spon-
sors, or agents (Webborn et al., 2015). The primary ethical issue lies in the possibil-
ity that genetic data, collected under the premise of performance optimization, may
be used to select or exclude athletes based on their genetic predisposition, even
before they have had the opportunity to demonstrate their potential through training
or practical experience (McNamee et al., 2009; McAuley et al., 2023).

This form of genetic discrimination may represent a modern expression of bio-
logical determinism, in which individuals are labeled as “fit” or “unfit” for a given
sport based on a genetic report. Such a practice not only undermines the principle of
athletic merit, but also threatens equity in access to opportunities, particularly
among young athletes or underrepresented populations (McNamee et al., 2009).

Moreover, the unregulated use of genetic data can have negative repercussions
on the sports market, creating an environment in which only those with “good
genes’ have access to resources, sponsorships, and team selections. This contradicts
the fundamental values of sport, such as inclusion, perseverance, and individual
effort (Rothstein, 2008; Feldman, 2012).

To address this challenge, important legislative initiatives have emerged. In the
European Union, the General Data Protection Regulation (GDPR) classifies genetic
data as “sensitive data,” requiring explicit consent, a clearly defined purpose, and
enhanced protection for its use. In the United States, the Genetic Information
Nondiscrimination Act (GINA) prohibits genetic discrimination in employment and
insurance contexts, although it does not explicitly cover the sports sector
(Rothstein, 2008).

Despite these advances, the practical application of such laws remains limited
within the sports environment. The absence of sport-specific regulations leaves dan-
gerous gaps that can enable abuse and manipulation. Therefore, there is an urgent
need to establish international ethical guidelines that ensure privacy, informed con-
sent, and the responsible use of genetic data in the context of sport.

9.3.2 Legal Issues Concerning the Ownership of Genetic Data

As sports genomics continues to expand, legal concerns surrounding the ownership
and control of athletes’ genetic data are also growing. Unlike conventional physio-
logical tests, genetic data contain highly sensitive, permanent information that may
be shared with biological relatives. This raises a central question: who, in fact, holds
the rights to this data? (Anderlik & Rothstein, 2001; Knoppers, 2014).

From an ethical and legal standpoint, the principle of “informational self-
determination” asserts that athletes themselves are the legitimate owners of their
genetic data. This means that any collection, storage, analysis, or sharing of such
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data must occur with free, informed, and specific consent (Knoppers, 2014).
However, in practice, particularly in high-performance settings and national team
programs, athletes may face institutional pressure to undergo genetic testing as part
of routine evaluations.

This power asymmetry between institutions and athletes creates zones of legal
vulnerability. As highlighted by Anderlik and Rothstein (2001), the violation of
genetic privacy represents not only instrumental harm, such as the risk of discrimi-
nation, but also intrinsic harm to individual autonomy. In many cases, consent terms
are vague, and data end up being stored on platforms that are difficult to monitor,
potentially accessible to multiple parties without clear oversight. Even more con-
cerning is the possibility that clubs or federations may claim ownership of genetic
data on the grounds that they financed the tests or signed contracts with ambiguous
clauses.

Internationally, most legislation classifies genetic data as sensitive information,
protected by confidentiality and purpose-specific regulations. In Europe, the GDPR
requires not only informed consent, but also grants data subjects the right to access,
correct, and delete their information, known as the “right to be forgotten.” In the
United States, GINA seeks to prevent discrimination based on genetic information
in healthcare and employment contexts, but it still does not cover areas such as life
insurance, retirement, or sports settings, which, according to Feldman (2012), rep-
resents a significant limitation in an era of personalized medicine.

Given this scenario, it is important to establish specific codes for the use of
genetic data in sports, with clear guidelines regarding storage, sharing, and retention
periods. It is essential that athletes retain full autonomy over their information, and
that any use of such data be justified by legitimate, transparent, and proportionate
purposes.

9.4 Impact of Technological Advancement
9.4.1 Use of Artificial Intelligence and Bioinformatics

The advancement of artificial intelligence (AI) and bioinformatics technologies has
opened new perspectives for the analysis of genetic data applied to athletic perfor-
mance. These tools enable the identification of complex patterns and the prediction
of phenotypic traits relevant to athletes.

Recently, it has been shown that machine learning algorithms, such as artificial
neural networks and regression-based methods, have been effective in predicting
genetic values and identifying markers associated with quantitative traits. For exam-
ple, Rodas et al. (2019) investigated the association between tendinopathy risk and
genetic markers in elite athletes, using machine learning models to construct a reli-
able predictive framework.

In addition, the integration of genomic data with physiological and environmen-
tal information through Al systems has enabled a more comprehensive analysis of
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athletic performance. This approach allows for the personalization of training and
recovery strategies, optimizing athlete performance (McAuley et al., 2023).

However, it is essential to consider the limitations and ethical challenges associ-
ated with the use of these technologies, including the privacy of genetic data and the
need to validate predictive models across different populations and sporting con-
texts (Knoppers, 2014; Martin et al., 2019).

9.4.2 Emerging Technologies: Gene Editing (CRISPR)

The discovery of the CRISPR-Cas9 gene editing technique marked a milestone in
modern biotechnology, allowing for precise, rapid, and relatively accessible modifi-
cations to the human genome. Although initially developed for therapeutic pur-
poses, such as the treatment of monogenic diseases, cancers, and hematological
disorders, CRISPR has also opened controversial possibilities within the context of
high-performance sport (SynBioBeta, 2019; World Anti-Doping Agency, 2023).

From a physiological perspective, gene editing could be used to alter perfor-
mance-related genes such as EPOR (erythropoietin receptor), /GFI (insulin-like
growth factor 1), MSTN (myostatin), and PPARGCIA (a key regulator of mitochon-
drial biogenesis), among others. Manipulating these pathways could theoretically
enhance oxygen-carrying capacity, muscle strength, metabolic efficiency, and
recovery time in athletes (Cantelmo, 2019). Although these effects are better docu-
mented in animal models, their application in humans is considered technically
feasible.

However, these possibilities raise serious ethical dilemmas and biological risks.
So-called gene doping, defined as the transfer of nucleic acids or the modification
of the genome with the aim of enhancing athletic performance, undermines the
principles of fairness and integrity that underpin sport. In addition, the long-term
consequences of gene editing, particularly in germline cells, remain unpredictable
and may involve off-target effects, unwanted somatic mutations, or even the herita-
ble transmission of genetic alterations (SynBioBeta, 2018).

Given these risks, the World Anti-Doping Agency (WADA) has prohibited any
form of genetic manipulation aimed at performance enhancement since 2003. Gene
editing is listed as a banned method under category M3 of its Prohibited List of
Substances and Methods. In 2023, WADA published a study specifically focused on
detecting the use of the CRISPR-Cas9 system in sports contexts, employing the
identification of synthetic guide RNA (sgRNA) as a biomarker of illicit use (WADA,
2023). This initiative represents a step forward in efforts to maintain biological con-
trol in the face of advancing biotechnologies.

Although gene editing represents a remarkable scientific breakthrough, its appli-
cation in sports requires a cautious approach grounded in ethical principles, robust
evidence, and clear international regulations. The contemporary challenge is not
merely technical, but moral, to ensure that scientific progress does not undermine
the human spirit of perseverance, effort, and fairness that defines the true essence of
athletic practice.
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9.5 Equityin Access to Genetic Testing

9.5.1 Inequities Among Athletes from Different
Socioeconomic Backgrounds

The advancement of genomics applied to sports has brought promises of greater
precision in training personalization, injury prevention, and talent identification.
However, access to these innovations has been highly unequal, reflecting and ampli-
fying preexisting economic disparities within the sports landscape (Landry et al.,
2018; Martin et al., 2019).

Commercial genetic tests aimed at athletic performance still carry relatively high
costs and are often offered by private companies without support from public poli-
cies or grassroots programs. As a result, access to these technologies remains lim-
ited to elite athletes or those from economically privileged backgrounds, creating a
gap between those who can benefit from these tools and those who cannot (Tucker
& Collins, 2012).

This technological asymmetry may exacerbate structural inequalities. Athletes
with financial resources or those affiliated with major clubs and training centers
have access to genetic data that inform decisions regarding workload, early special-
ization, nutrition, and injury prevention. In contrast, grassroots athletes, particularly
in developing countries, not only lack access to these tools but are also excluded
from the population studies that underpin the genetic algorithms currently in use
(Popejoy & Fullerton, 2016).

This lack of representation in global genomic databases undermines the validity
of testing for diverse populations, leading to biased interpretations. For example,
genetic variants with significant effects in European populations may differ entirely
in frequency and impact among African or Latin American populations. This gap
not only limits the scientific potential of genetic testing, but also reinforces injus-
tices in its practical application (Landry et al., 2018).

In light of this, it is essential that equity policies in science and sport move toward
democratizing access to genetic technologies. This includes subsidizing the respon-
sible use of genomic testing in grassroots programs, ensuring diversity in genetic
databases, and promoting genetic literacy among coaches, athletes, and sports
administrators.

9.5.2 Potential Regulation of Access to Genetic Testing

The growing use of genetic testing in sports underscores the need to establish regu-
latory mechanisms that ensure not only the scientific validity of these tools, but also
their ethical and equitable application (Knoppers, 2014). In a context of rapid tech-
nological advancement and intense pressure for results, unregulated access to
genomics may deepen existing inequalities and encourage discriminatory or pseu-
doscientific practices (Webborn et al., 2015; Rothstein, 2008).
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Currently, there is no specific international regulation governing the use of
genetic testing in sports. Most national legislations focus on clinical or employment
contexts, leaving gaps regarding the use of such tests by clubs, Olympic commit-
tees, training centers, or sports schools (Rothstein, 2005). This lack of regulation
creates room for opportunistic interpretations and for the use of scientifically weak
tests as selection criteria, particularly in unregulated environments.

Experts in bioethics and public health have advocated for the creation of global
guidelines, with the involvement of organizations such as WADA, UNESCO, and
the WHO, to establish minimum standards for the responsible use of genomics in
sport. These standards would include scientific validation of tests, informed consent
presented in accessible language, the right to refuse without consequences for the
athlete, and equitable access, particularly in grassroots settings (Knoppers
et al., 2020).

Another proposal would be the creation of subsidized access programs for
genetic testing, especially for athletes from vulnerable communities. Such an initia-
tive would help ensure that the benefits of genetic personalization are more equita-
bly distributed, reducing the risk of biotechnological elitism in high-performance
sport (Andorno, 2004).

At the same time, regulation must protect against the misuse and commercializa-
tion of genetic data by private companies, requiring transparency in contracts, ano-
nymization of data, and restrictions on the storage and sharing of genomic
information. The ethical challenge of the twenty-first century will not only be to
interpret genes correctly, but to ensure that their use is guided by values of justice,
equality, and respect for human dignity.

9.6 Future Perspectives
9.6.1 Epigeneticsin Sport

In recent years, epigenetics has emerged as one of the most promising fields for
understanding physiological adaptations to athletic training. Unlike permanent
genetic mutations, epigenetic modifications, such as DNA methylation, histone
modification, and regulation by non-coding RNAs, modulate gene expression in a
dynamic, reversible manner that is highly sensitive to environmental stimuli such as
physical activity, diet, and physiological stress (McGee & Walder, 2017; Voisin
et al., 2015; Barres et al., 2012).

Several studies have shown that physical exercise induces epigenetic remodeling
in key performance-related tissues, particularly in skeletal muscle. A classic study
by Barres et al. (2012) demonstrated that a single session of acute exercise was suf-
ficient to reduce methylation levels of gene promoters associated with mitochon-
drial biogenesis, such as PGC-la, in human muscle. This hypomethylation is
associated with increased gene expression and, consequently, with physiological
adaptation to endurance training.
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In a comprehensive review, Voisin et al. (2015) describe how different types of
training, endurance, strength, and high-intensity interval training (HIIT), elicit dis-
tinct epigenetic signatures, reflecting the plasticity of the epigenetic system in
response to mechanical overload, hypoxia, and metabolic shifts. These epigenetic
patterns contribute not only to performance but also to the phenomenon of “muscle
memory,” which may explain the faster reappearance of adaptations even after peri-
ods of detraining (McGee & Walder, 2017).

Nutrition also plays a fundamental role in epigenetic modulation (see Chap. 4).
Nutrients such as folate, vitamin B12, choline, and polyphenols participate in
methyl-donor pathways, directly influencing the DNA methylation profile. Specific
diets, particularly those rich in anti-inflammatory bioactive compounds, can enhance
positive epigenetic responses to training while simultaneously reducing the expres-
sion of pro-inflammatory and catabolic genes (de Roos & Brennan, 2017; McGee &
Walder, 2017).

Understanding these mechanisms has important practical applications. By inte-
grating epigenetic data with genetic and environmental information, it becomes
possible to develop more precise and individualized approaches to training, nutri-
tion, and recovery. Moreover, this integration creates opportunities for more effec-
tive preventive strategies against injuries, especially those related to overload, which
also exhibit specific epigenetic signatures (Seaborne et al., 2018).

On the other hand, the use of epigenetics in sport also raises ethical concerns.
The intentional manipulation of the epigenome through pharmacological substances
or experimental interventions, even without directly altering the genetic sequence,
could represent a new frontier of doping (Cantelmo et al., 2020; World Anti-Doping
Agency, 2023). Therefore, it is essential that this field advances with scientific rigor,
transparency, and regulatory frameworks that protect the integrity of sport
(Knoppers, 2014).

9.6.2 Interdisciplinary Integration

The practical application of genetics in sport depends on the ability to integrate it
with other areas of sports science, such as exercise physiology, biomechanics, nutri-
tion, and sports psychology. This interdisciplinary approach has enabled significant
progress in the personalization of training programs, recovery protocols, and nutri-
tional interventions (Pickering & Kiely, 2017; McAuley et al., 2023).

Training response is highly individualized, and part of this variability can be
explained by genetic variants. Genes such as ACTN3, ACE, and VEGFA directly
influence traits like muscular strength, aerobic capacity, and tissue perfusion. The
analysis of these markers can assist coaches and healthcare professionals in adjust-
ing the intensity, volume, and frequency of training stimuli, thereby optimizing
training effects and reducing the risk of injury (Pickering & Kiely, 2017).

In the field of nutrition, the integration of genetics and dietetics has been explored
through nutrigenomics and precision nutrition. Evidence suggests that an individu-
al’s genetic profile affects the absorption and metabolism of various nutrients,



182 R. M. Bottura

directly influencing processes such as inflammation, oxidative stress, and muscle
recovery. As demonstrated by Ross and Brennan (2017), personalized dietary inter-
ventions based on genetic profiles can enhance the effectiveness of nutritional rec-
ommendations, particularly for athletes exposed to high training loads or with
specific metabolic needs.

In addition, integrating genetic data with physiological information, such as
heart rate variability, blood lactate levels, and incremental exercise tests, enables the
development of more accurate models for predicting performance and fatigue risk.
The review by Bottura and Dentillo (2025b) proposes a model in which genomics is
incorporated as a central axis in the interpretation of the four pillars of endurance
training: VO2max, anaerobic threshold, movement economy, and physiological
resilience. This approach reinforces the idea that decisions based on multiple
sources of information: genetic, physiological, and contextual, are more effective
than isolated strategies.

This integrative model is also valuable for injury prevention and return-to-sport
strategies following periods of inactivity. Genetic markers associated with tissue
recovery, such as COL5A1, MMP3, and IL6, can help guide decisions regarding
recovery time, readaptation loads, and the need for personalized physiotherapy
interventions (Varillas-Delgado et al., 2022).

This integration requires that professionals be equipped to correctly interpret
genetic data and apply it to each athlete’s specific context, a task that remains a
significant challenge. Interdisciplinary training and collaboration across fields thus
become central elements to ensure that genetic information is applied ethically,
effectively, and in an evidence-based manner (McAuley et al., 2023; Knoppers
et al., 20006).

9.6.3 Precision Genetics in Sport

Precision genetics in sport proposes a shift from the generic use of isolated poly-
morphisms to an integrated approach that considers multiple genes and their inter-
actions with environmental and contextual factors. Rather than seeking a “genetic
signature of talent,” the contemporary approach is to use functional genetic profiles
to support technical decisions, reduce injury risks, modulate training loads, and
enhance recovery strategies.

Several studies have identified genetic variants associated with athletic perfor-
mance, such as ACTN3, ACE, IL6, MCT1, PPARGCI1A, among others. However, as
highlighted by Varillas-Delgado et al. (2022), the impact of each polymorphism is
generally small and strongly modulated by environmental factors, such as the type,
volume, and intensity of training, as well as nutritional and psychosocial aspects.
Therefore, the use of genetics in sport should be viewed as part of a complex sys-
tem, rather than as an isolated or deterministic tool.

The practical application of genetic testing in sport still lacks sufficient scientific
robustness, particularly regarding talent identification and early selection processes.
Nonetheless, these tests are increasingly being used by sports stakeholders,
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prompting the proposal of a pragmatic model focused on promoting talent inclusion
and improving genetic literacy among the professionals involved (McAuley
et al., 2023).

Despite methodological limitations, there is potential value in incorporating
genetic information into sports practice, especially when done with transparency,
informed consent, and a focus on protecting the athlete. Although the predictive
accuracy of current tests remains limited, their integration can help refine decisions
regarding nutritional interventions, recovery protocols, and injury prevention strate-
gies, particularly in high-performance contexts (Pickering, 2023).

An example of this practical application is the study by Bottura and Dentillo
(2025a), which describes the use of a functional genomic profile to guide the train-
ing of an elite Brazilian open-water swimmer. Based on the analysis of over 20
polymorphisms grouped by physiological axes (such as vasodilation, oxidative
metabolism, recovery, and inflammation), the coaching team structured the training
periodization in a personalized manner, respecting the athlete’s individual biology.
The result was sustained progress in competitive performance, culminating in quali-
fication for the World Championship (more details of this case in Chap. 7).

This model reinforces the idea that precision genetics should be used as a deci-
sion-support tool, not as an exclusionary criterion, but as a guide for safer, more
efficient, and individualized interventions. To achieve this, it is necessary for the
sports community to develop interpretative skills, as well as ensure the ethical and
legal protection of athletes’ genetic data.

9.7 Conclusions

Genetics applied to sport has evolved significantly over the past two decades, mov-
ing from generic promises about “talent genes” to more refined approaches that
acknowledge the complexity of gene—environment interactions and the need for
integration with other areas of sports science. Based on accumulated evidence, it
has become clear that athletic performance is not determined by a single genetic
variant, but by a mosaic of predispositions that interact with training, nutrition,
emotional support, sociocultural context, and opportunity. In this chapter, we have
discussed not only the technical and scientific advancements of sports genomics,
but also its methodological limitations, ethical risks, and emerging inequalities. The
possibility of predicting individual responses to training or structuring personalized
interventions based on genetic profiles opens innovative opportunities for high-
performance sport. However, the indiscriminate, misinterpreted, or ethically ques-
tionable use of this information can lead to significant harm, both from a human and
scientific perspective. It is essential, therefore, that the use of genomics in sport be
guided by responsibility, rigor, and transparency. Informed consent, genetic privacy
protection, equity in access, and the rejection of deterministic views must be non-
negotiable principles. At the same time, researchers, coaches, and managers need to
develop the skills to interpret genetic data critically, avoiding simplistic conclusions
or inappropriate applications. The future of genetics in sport lies not in the promise
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of detecting champions at birth, but in building tools that help each athlete reach
their full potential, respecting their biological individuality and life context. To
achieve this, it will be necessary to invest in longitudinal research, expand the
genetic diversity of studies, integrate technologies such as artificial intelligence, and
ensure that ethics advances at the same pace as science. Genetics should not replace
effort, resilience, or the teamwork between athletes and their teams. But, if used
wisely, it can illuminate paths of self-awareness and innovation in contempo-
rary sport.
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