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This review aims to explore the role of genetic and hormonal factors in shaping exercise responses and perfor-
mance in children, providing insights into their implications for training and talent identification. A comprehen-
sive narrative review of the literature was conducted, analyzing studies published between 2014 and 2024. The
review focused on genetic predispositions, key hormones regulating exercise performance, and their combined
influence on physical development in children. Data were collected from peer-reviewed journals and ana-
lyzed using a descriptive approach to identify patterns and practical applications in pediatric exercise science.
The review highlights that genetic factors play a foundational role in determining physical attributes such as
muscle composition, aerobic capacity, and metabolic efficiency. Key genes, including ACTN3 and ACE, have
been linked to variations in strength, endurance, and recovery potential. Hormonal factors, particularly growth
hormone, insulin-like growth factor-1, testosterone, and cortisol, dynamically influence exercise adaptation,
with significant changes occurring during developmental stages. The interaction between genetic and hormo-
nal influences suggests that personalized training approaches can optimize performance while considering
developmental stages and environmental factors. Ethical considerations surrounding genetic testing for talent
identification remain a critical concern, emphasizing the need for responsible and evidence-based application
in pediatric sports programs. Therefore, it is crucial to understand the relationship between genetic and hor-
monal factors for designing individualized exercise programs that enhance athletic potential while ensuring
long-term health and well-being. Future research should focus on integrating genetic and hormonal insights
with environmental and behavioral factors to develop holistic training strategies for children.

Keywords: Genetics, Hormones, Exercise performance, Children, Talent identification, Personalized training,
Physical development.

1. Introduction

fecting key physiological traits such as aerobic capacity,

Understanding the factors that influence exercise re-
sponses and performance in children is a topic of increas-
ing interest in both sports science and pediatric health [1].
Children exhibit significant variability in their physical ca-
pabilities, and this variability is often attributed to a com-
bination of genetic and hormonal factors. Genetic predis-
position plays a crucial role in determining an individual’s
response to physical activity, influencing attributes such as
muscle composition, endurance, and strength [2, 3]. Ad-
ditionally, hormonal changes during growth and develop-
ment significantly impact physical performance, regulat-
ing processes such as muscle growth, energy metabolism,
and recovery [4]. Investigating the interplay between ge-
netic and hormonal influences is essential for developing
tailored exercise interventions that optimize children's
health and athletic potential [5].

Genetics contribute to physical performance by af-

muscle fiber type distribution, and metabolic efficiency
[6]. Studies have identified specific genetic markers that
are associated with enhanced athletic potential in children,
including variations in genes related to muscle function,
oxygen utilization, and recovery [7]. These genetic varia-
tions can explain why some children respond more favor-
ably to training programs than others [8]. The identifica-
tion of genetic predispositions has led to discussions on
personalized training regimens that cater to an individual’s
unique genetic profile, offering opportunities for early tal-
ent identification and targeted training strategies [9]. How-
ever, the ethical considerations surrounding genetic testing
in children remain a significant concern, emphasizing the
importance of balanced approaches that consider both po-
tential benefits and risks [10-12].

Hormonal regulation is another critical factor influenc-
ing exercise performance in children. Hormones such as
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growth hormone, insulin-like growth factor-1, cortisol,
and sex hormones play a pivotal role in muscle develop-
ment, energy balance, and recovery [13-15]. During child-
hood and adolescence, hormonal fluctuations can signifi-
cantly impact physical performance, with puberty serving
as a key period of change [16]. Differences in hormonal
responses between boys and girls further highlight the
complex interplay of biological factors that shape exercise
adaptations [17]. Growth hormone, for instance, is known
to influence muscle hypertrophy and bone development
[18], while cortisol levels can affect energy metabolism
and stress responses during exercise [19]. Understanding
these hormonal influences is essential for designing age-
appropriate training programs that align with developmen-
tal stages and physiological capacities [20].

The growing prevalence of physical inactivity and as-
sociated health concerns underscores the importance of
examining genetic and hormonal factors in children's exer-
cise performance [21]. Childhood obesity, metabolic dis-
orders, and sedentary lifestyles pose significant challenges
to public health, making it imperative to identify the bio-
logical underpinnings of physical fitness and develop ef-
fective intervention strategies [14]. Genetic and hormonal
insights can contribute to personalized exercise programs
that cater to individual needs, promoting physical activ-
ity from an early age and fostering lifelong healthy habits
[22]. By leveraging advancements in genetic research and
endocrinology, it is possible to create targeted interven-
tions that enhance physical fitness outcomes and reduce
the risk of lifestyle-related diseases [23].

Despite the potential benefits of genetic and hormonal
insights, challenges remain in translating research find-
ings into practical applications. The complexity of gene-
environment interactions presents significant hurdles in
applying genetic findings to exercise training [24]. Ethical
considerations surrounding genetic testing, particularly
in minors, require careful assessment to ensure that such
information is used responsibly [25]. Additionally, socio-
environmental factors such as nutrition, access to sports
facilities, and parental support play crucial roles in shap-
ing exercise responses, highlighting the multifaceted na-
ture of physical performance in children [26]. Future re-
search should focus on integrating genetic and hormonal
data with environmental and behavioral factors to develop
holistic approaches that support children's physical devel-
opment [27].

The primary objective of this comprehensive review
is to analyze and synthesize existing literature on the role
of genetic and hormonal factors in shaping exercise re-
sponses and performance in children. By examining recent
studies and theoretical frameworks, this review aims to
provide a deeper understanding of how genetic predisposi-
tions and hormonal fluctuations contribute to physical fit-
ness outcomes. Furthermore, the review seeks to highlight
practical implications for pediatric exercise programs, in-
forming coaches, parents, and healthcare professionals on
evidence-based strategies to optimize children's athletic
potential.

2. Methods
2.1. Literature search strategy

This narrative review was conducted using a compre-
hensive literature search to gather relevant scientific studies

published between 2014 and 2024. A systematic approach
was applied to identify research articles, review papers,
and meta-analyses related to genetic and hormonal factors
influencing exercise responses and performance in chil-
dren. The primary databases used for this search included
PubMed, Scopus, Web of Science, and Google Scholar,
ensuring broad coverage of the topic across various disci-
plines, including sports science, genetics, endocrinology,
and pediatrics. Search terms were carefully selected based
on the study's objectives and included keywords such as
"genetic factors in exercise performance," "hormonal reg-
ulation of physical activity," "children and exercise adap-
tation," "genetics and sports performance," and "pediatric
endocrinology and physical fitness." Boolean operators
such as AND and OR were used to refine searches and
identify studies that met the inclusion criteria.

2.2. Inclusion and exclusion criteria

Studies were selected based on predefined inclusion
and exclusion criteria to ensure the relevance and qual-
ity of the reviewed literature. Inclusion criteria consisted
of studies focusing on children and adolescents up to 18
years of age, articles published in peer-reviewed journals,
and studies investigating the role of genetic and hormonal
factors in physical activity and performance. Only studies
published in English and within the specified timeframe
were considered. Exclusion criteria included studies that
focused solely on adults, animal studies, articles without
a clear methodological framework, and papers with incon-
clusive or contradictory findings without supporting evi-
dence. Additionally, studies that did not provide a direct
link between genetic or hormonal factors and exercise re-
sponses were omitted from the review.

2.2.1. Data extraction and analysis

A structured data extraction process was implemented
to systematically collect and analyze relevant informa-
tion from the selected studies. The extracted data included
details such as study design, population characteristics,
sample size, genetic markers or hormones investigated,
outcome measures related to exercise performance, and
key findings. Particular attention was given to studies
that employed advanced molecular techniques, such as
genome-wide association studies (GWAS) and hormonal
profiling, to ensure a thorough understanding of the inter-
play between genetic and hormonal influences on exercise
responses in children. The findings were categorized based
on themes such as genetic predisposition to endurance
and strength training, the influence of pubertal hormonal
changes, and gene-environment interactions.

2.2.2. Quality assessment

To ensure the credibility and reliability of the included
studies, a quality assessment was performed using estab-
lished criteria such as study design, sample representative-
ness, methodological rigor, and statistical analysis. Stud-
ies employing randomized controlled trials (RCTs), cohort
studies, and longitudinal designs were given preference,
while cross-sectional studies were critically evaluated for
their limitations in establishing causal relationships. The
PRISMA (Preferred Reporting Items for Systematic Re-
views and Meta-Analyses) guidelines were used as a ref-
erence to enhance transparency and reproducibility in the
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review process.

3. Genetic factors influencing exercise responses in
children

Genetic factors are pivotal in influencing exercise re-
sponses and physical performance in children, contrib-
uting to significant inter-individual variability [28, 29].
Studies have demonstrated that genetic predisposition
accounts for a substantial proportion of the differences
observed in aerobic capacity, muscle strength, and meta-
bolic efficiency among children engaged in physical ac-
tivities [30]. Various genetic markers have been identified
that correlate with exercise performance, suggesting that
inherited traits influence the way children respond to dif-
ferent types of training regimens. This genetic influence
extends to traits such as muscle fiber composition, oxy-
gen uptake efficiency, and recovery time following exer-
cise [31, 32]. Children with specific genetic profiles may
exhibit superior endurance capabilities, while others may
demonstrate enhanced strength and power attributes, un-
derlining the complexity of genetic contributions to physi-
cal performance [2]. Inter-individual variability in exercise
performance can be attributed to polymorphisms in genes
related to muscle contraction, cardiovascular function, and
metabolic pathways. These genetic variations not only af-
fect baseline physical capabilities but also determine the
extent to which an individual can improve with training
interventions. Research has shown that children with fa-
vorable genetic predispositions tend to experience greater
gains in fitness levels compared to their peers, emphasiz-
ing the role of genetics in shaping athletic potential [4, 33].

Among the various genetic markers associated with
exercise performance, specific genes have been widely
studied for their contribution to different physical attri-
butes. The ACTN3 gene, which encodes alpha-actinin-3,
is one of the most extensively researched genetic factors
linked to athletic performance [34, 35]. This gene is par-
ticularly associated with fast-twitch muscle fibers, which
are crucial for power and speed-related activities. Individ-
uals with the RR genotype of the ACTN3 gene are often
found to have a higher proportion of these muscle fibers,
making them better suited for activities requiring explo-
sive power, such as sprinting and weightlifting [36]. Con-
versely, the XX genotype is linked to endurance-oriented
traits, favoring slow-twitch muscle fibers that support pro-
longed aerobic activity [6, 37]. The ACE gene, encoding
the angiotensin-converting enzyme, has also been identi-
fied as a key determinant of exercise performance [38].
The presence of the I allele in the ACE gene is associated
with enhanced endurance performance, as it contributes
to greater efficiency in oxygen utilization and cardiovas-
cular function. In contrast, the D allele has been linked
to increased strength and power capabilities, providing a
genetic advantage for activities requiring short bursts of
intense effort [7, 31, 39]. Another important gene, PPA-
RA, plays a role in lipid metabolism and energy utilization
during exercise. Variants of this gene have been shown to
influence the body's ability to utilize fat as a fuel source,
impacting endurance performance and overall exercise ef-
ficiency. These genetic insights provide a foundation for
understanding how inherited factors influence physical ca-
pabilities in children, shaping their responses to various
types of physical activities [8, 40].

Different genetic profiles contribute to variations in

exercise modalities, with distinct genetic influences ob-
served in endurance and strength-related performance [37,
41]. Endurance-based activities, such as long-distance
running and cycling, require efficient oxygen delivery,
sustained energy production, and muscle fatigue resis-
tance. Genetic factors that enhance aerobic capacity, mi-
tochondrial function, and cardiovascular efficiency play a
critical role in optimizing endurance performance. Studies
have found that children with favorable genetic profiles
related to aerobic metabolism exhibit superior endurance
capabilities and are better able to sustain prolonged physi-
cal exertion [5, 42]. Strength-related exercise modalities,
on the other hand, depend on factors such as muscle fiber
composition, neuromuscular coordination, and anaerobic
energy production. Genetic variants that enhance muscle
hypertrophy, contractile force, and power output provide
a distinct advantage in strength-oriented sports such as
weightlifting, gymnastics, and sprinting. The interplay be-
tween genetic predisposition and environmental factors,
such as training and nutrition, further modulates an indi-
vidual's potential in these exercise modalities, highlighting
the complex interactions between inherited traits and life-
style choices [20]. Genetic testing has been increasingly
utilized to identify children's potential in different exercise
domains, allowing for the customization of training pro-
grams based on their genetic predispositions. However,
ethical considerations surrounding genetic testing in mi-
nors remain a concern, emphasizing the need for respon-
sible application of genetic insights in sports and fitness
settings [43, 44].

The emerging field of epigenetics has provided new
perspectives on how environmental factors interact with
genetic predispositions to influence exercise adaptation in
children. Epigenetic modifications, such as DNA methyla-
tion and histone acetylation, play a crucial role in regu-
lating gene expression without altering the underlying ge-
netic code. These modifications are influenced by factors
such as physical activity, nutrition, and lifestyle choices,
demonstrating that gene-environment interactions can
significantly impact exercise responses and performance
[13-15]. Studies have shown that regular physical activ-
ity can induce beneficial epigenetic changes that enhance
metabolic efficiency, muscle adaptation, and overall fit-
ness. For instance, exercise-induced DNA methylation
changes have been observed in genes related to energy
metabolism and muscle growth, suggesting that training
can modify gene expression patterns to optimize physical
performance [45]. Childhood represents a critical period
for epigenetic programming, where lifestyle interventions
can have long-lasting effects on health and fitness out-
comes. Encouraging regular physical activity and healthy
nutritional habits during early developmental stages can
promote favorable epigenetic modifications that support
long-term exercise adaptations and overall well-being [9].
Additionally, emerging evidence suggests that epigenetic
factors may partially explain the inter-individual variabil-
ity in exercise responses, highlighting the need for person-
alized approaches that consider both genetic and environ-
mental influences [23].

Despite the significant progress in understanding ge-
netic and epigenetic contributions to exercise performance
in children, several challenges remain in translating these
insights into practical applications. The complexity of
gene-environment interactions, ethical concerns related

68



Genetics and hormones in child exercise.

Cell. Mol. Biol. 2025, 71(5): 66-77

to genetic testing, and the potential for misinterpreta-
tion of genetic data pose challenges for integrating ge-
netic insights into youth sports programs. Moreover, the
dynamic nature of growth and development in children
further complicates the assessment of genetic influences,
necessitating longitudinal studies to better understand how
genetic predispositions evolve over time [22]. Future re-
search should focus on exploring the combined effects of
genetic and environmental factors, identifying potential
intervention strategies that leverage genetic insights while
promoting holistic approaches to physical development
[18]. By integrating genetic and epigenetic data with en-
vironmental and behavioral factors, it is possible to de-
velop comprehensive strategies that optimize exercise re-
sponses and performance in children [19]. This integrated
approach can help create individualized training programs
that maximize children's athletic potential while ensuring
their long-term health and well-being [14].

In conclusion, genetic factors play a crucial role in
shaping exercise responses and performance in children,
influencing attributes such as endurance, strength, and
metabolic efficiency. Key genes such as ACTN3, ACE,
and PPARA have been identified as significant contribu-
tors to physical performance, with distinct effects on en-
durance and strength-related modalities. Future research
should continue to explore the interplay between genetic
predispositions and environmental influences, providing
a deeper understanding of how to optimize exercise re-
sponses and promote lifelong health in children. A sum-
mary of the gene descriptions is provided in Table 1.

4. Hormonal regulation of exercise responses in chil-
dren

Hormonal regulation plays a crucial role in influenc-
ing exercise responses and performance in children, as

Table 1. Summary of gene descriptions.

hormones act as primary mediators of physiological de-
velopment and adaptation to physical activity. Throughout
childhood and adolescence, hormones regulate growth,
energy metabolism, and tissue development, making them
essential determinants of physical fitness. Hormonal influ-
ence on physiological development is particularly evident
in the musculoskeletal system, cardiovascular function,
and metabolic processes, where hormones such as growth
hormone, insulin-like growth factor-1, testosterone, and
cortisol work in synergy to support the body's response to
exercise [46, 47]. These hormones not only facilitate the
growth and repair of tissues but also contribute to energy
regulation, muscle adaptation, and recovery following
physical exertion. The intricate balance of these hormones
ensures optimal development and performance in response
to varying physical demands, making them critical factors
in designing effective exercise programs for children and
adolescents. Variations in hormonal levels during different
growth stages significantly influence physical capabilities,
emphasizing the need for age-specific training strategies
that align with hormonal fluctuations to optimize growth
and exercise performance [13-15].

Several key hormones play a vital role in children's ex-
ercise performance, with growth hormone being one of the
most critical. Growth hormone is essential for promoting
longitudinal bone growth, stimulating protein synthesis,
and enhancing muscle hypertrophy. It also facilitates the
mobilization of fat stores for energy production, thereby
supporting endurance activities and overall energy effi-
ciency during exercise. The secretion of growth hormone
increases in response to physical activity, particularly dur-
ing high-intensity exercises, contributing to muscle recov-
ery and adaptation over time. Insulin-like growth factor-1,
closely associated with growth hormone, mediates many
of its anabolic effects, promoting cell growth and differ-

Category Key Factor/Gene Explanation
Inter-individual Genetic Accounts for substantial differences in aerobic capacity, muscle strength, and
Variability Predisposition metabolic efficiency among children engaged in physical activities.
- RR genotype: Associated with fast-twitch muscle fibers (power activities). - XX
ACTN3 Gene . . .
genotype: Favors endurance-oriented traits (slow-twitch muscle fibers).
- I allele: Associated with enhanced endurance performance and oxygen utilization -
. ACE Gene . . g
Specific Genes D allele: Linked to increased strength and power capabilities.
Plays a role in lipid metabolism and energy utilization during exercise. Variants
PPARA Gene influence the body's ability to utilize fat as a fuel source, impacting endurance
performance and exercise efficiency.
. . . - Different genetic profiles contribute to variations in endurance versus strength-
Exercise Exercise Modality . . .
Performance Influences related performance. - Genetic factors enhance aerobic capacity for endurance
activities- Others favor muscle hypertrophy and power output for strength activities.
Epicenetic - Environmental factors interact with genetic predispositions through DNA
Epigenetics Mo?ii%ications methylation and histone acetylation, regulating gene expression without altering the
genetic code. - Regular physical activity can induce beneficial epigenetic changes.
Critical . . . . . . .
Developmental Childhood represents a crucial period for epigenetic programming, where lifestyle
Development . . .
Impact Period interventions can have long-lasting effects on health and fitness outcomes.
. - Complexity of gene-environment interactions. - Ethical concerns related to genetic
Research & Ethical Research plexity ol & . . . . &
. . testing in minors- Potential misinterpretation of genetic data. - Challenges for
Considerations Challenges

integrating genetic insights into youth sports programs.
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entiation in various tissues. This hormone plays a pivotal
role in muscle development and repair, enabling children
to build strength and endurance in response to training.
Studies have shown that regular physical activity enhanc-
es the secretion and effectiveness of insulin-like growth
factor-1, highlighting its importance in exercise-induced
muscle adaptation [23]. Testosterone, another critical hor-
mone in exercise performance, is primarily known for its
anabolic effects on muscle growth and strength. Although
its levels are relatively low in prepubescent children, they
increase significantly during puberty, leading to marked
improvements in muscle mass and strength. Testosterone
influences protein synthesis and neuromuscular coordina-
tion, making it particularly relevant for strength-based ex-
ercises and athletic performance during adolescence. Cor-
tisol, often referred to as the stress hormone, plays a dual
role in exercise performance. While it aids in the mobiliza-
tion of energy stores and supports metabolic function dur-
ing physical activity, prolonged elevated levels can lead
to muscle breakdown and impaired recovery. Managing
cortisol levels through appropriate training and recovery
strategies is essential to prevent overtraining and ensure
optimal physical development in children [18].

Sex differences in hormonal responses to exercise be-
come increasingly evident as children progress through
puberty, with significant variations in hormone levels be-
tween boys and girls. Puberty marks a critical period of
hormonal changes that influence physical development
and exercise performance, with boys experiencing a surge
in testosterone levels that facilitates greater muscle growth
and strength development. This hormonal shift contributes
to the observed differences in physical capabilities be-
tween boys and girls, with boys generally exhibiting high-
er muscle mass, strength, and power output. In contrast,
estrogen, the primary female sex hormone, plays a signifi-
cant role in modulating fat distribution, bone density, and
endurance capacity in girls. Estrogen enhances collagen
synthesis and promotes the maintenance of bone health,
making it particularly important for activities that require
flexibility and endurance. These hormonal differences in-
fluence training responses, with boys typically benefiting
more from resistance training and girls demonstrating su-
perior endurance adaptations. Understanding these gen-
der-related differences is essential for designing exercise
programs that cater to the unique physiological needs of
boys and girls, ensuring balanced development and injury
prevention [ 14]. The influence of puberty on exercise per-
formance is further complicated by individual variability
in the timing and progression of hormonal changes, high-
lighting the need for personalized training approaches that
consider each child's developmental stage [22].

Endocrine adaptations to different types of exercise
vary depending on the nature and intensity of the physi-
cal activity, with resistance training and aerobic exercise
eliciting distinct hormonal responses. Resistance training,
which involves high-intensity, short-duration exercises,
primarily stimulates the production of anabolic hormones
such as growth hormone and testosterone. These hor-
mones promote muscle hypertrophy, increase strength,
and enhance neuromuscular coordination, making resis-
tance training particularly beneficial for developing mus-
cular strength and power in children. Regular engagement
in resistance training has been shown to improve hormon-
al profiles, leading to greater muscle mass and strength

gains over time. However, appropriate load management
and progression are crucial to prevent excessive stress
on the developing musculoskeletal system and avoid po-
tential negative effects on growth and development [4].
In contrast, aerobic exercise, which involves sustained,
moderate-intensity activities such as running, cycling, and
swimming, primarily stimulates the release of hormones
involved in energy metabolism and cardiovascular adap-
tation. Growth hormone and insulin-like growth factor-1
play a central role in enhancing aerobic capacity by pro-
moting efficient energy utilization and supporting endur-
ance adaptations. Aerobic exercise also influences corti-
sol levels, with moderate-intensity activities helping to
regulate cortisol secretion and prevent excessive stress re-
sponses. However, prolonged endurance training without
adequate recovery can lead to chronically elevated cortisol
levels, which may impair muscle recovery and overall per-
formance [19]. Balancing resistance and aerobic training
is essential for promoting comprehensive physical devel-
opment in children, allowing for the optimal regulation of
hormonal responses and minimizing the risk of overtrain-
ing or hormonal imbalances [45].

The interaction between exercise and hormonal regu-
lation underscores the importance of adopting a holistic
approach to training that considers the dynamic physi-
ological changes occurring throughout childhood and
adolescence. Integrating appropriate nutrition, sleep, and
recovery strategies is essential for supporting hormonal
balance and maximizing exercise adaptations. Nutritional
factors such as adequate protein intake, micronutrient suf-
ficiency, and hydration play a significant role in optimizing
hormonal responses to exercise, ensuring that children re-
ceive the necessary nutrients to support growth and physi-
cal performance. Sleep is another critical factor that influ-
ences hormonal regulation, with inadequate sleep leading
to disruptions in growth hormone secretion and impaired
recovery processes. Ensuring sufficient rest and recovery
is essential for maintaining hormonal balance and promot-
ing long-term physical development [20]. Psychological
factors, including stress and motivation, also influence
hormonal responses to exercise, with chronic stress lead-
ing to elevated cortisol levels that can negatively impact
performance and growth. Creating a supportive and enjoy-
able exercise environment can help mitigate stress-related
hormonal imbalances and foster positive attitudes toward
physical activity [48].

Despite the growing understanding of hormonal regu-
lation in exercise responses, several challenges remain in
translating research findings into practical applications.
Variability in hormonal responses among children, influ-
enced by factors such as genetics, environment, and indi-
vidual maturity levels, presents challenges in standardiz-
ing training protocols. Additionally, ethical considerations
surrounding hormone-related interventions in youth sports
require careful attention to ensure that training practices
align with developmental needs and long-term health
outcomes [26]. Future research should focus on explor-
ing the interactions between genetic and hormonal factors,
and identifying personalized approaches that optimize
exercise performance while safeguarding health and well-
being. Longitudinal studies tracking hormonal changes
over time can provide valuable insights into the long-term
impact of exercise on hormonal regulation and physical
development, contributing to evidence-based practices in
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pediatric exercise science [10-12].

In conclusion, hormonal regulation is a fundamen-
tal aspect of children's exercise responses, influencing
growth, energy metabolism, and adaptation to physical
activity. Key hormones such as growth hormone, insu-
lin-like growth factor-1, testosterone, and cortisol play
significant roles in shaping physical performance, with
distinct effects observed in resistance and aerobic train-
ing modalities. Pubertal changes introduce sex-specific
differences in hormonal responses, necessitating tailored
training approaches that consider individual developmen-
tal stages. By integrating scientific insights into practice,
it is possible to optimize exercise responses and promote
lifelong physical well-being in children. A summary of the
hormonal regulation of exercise responses in children is
presented in Table 2.

5. Interaction between genetic and hormonal factors
The interaction between genetic and hormonal fac-
tors plays a fundamental role in determining exercise per-
formance in children. Genetics provide the foundational
blueprint for physiological attributes such as muscle com-
position, aerobic capacity, and metabolic efficiency, while
hormones act as regulatory agents that modulate these
genetic potentials in response to various internal and ex-
ternal stimuli [49]. The complex interplay between these
two biological components shapes the development of
physical abilities and adaptation to exercise training. For
example, genetic predispositions may determine baseline
muscle fiber composition, but hormonal fluctuations dur-
ing growth spurts can enhance or inhibit the expression of
these traits, resulting in varied responses to physical activ-

ity [50]. Understanding how these factors work together
is crucial for developing individualized training strategies
that align with a child’s unique physiological profile and
developmental stage [5].

Gene-hormone interactions significantly impact train-
ing adaptations by influencing muscle growth, energy
utilization, and recovery mechanisms. Specific genetic
variants related to muscle function and cardiovascular ef-
ficiency can enhance an individual’s response to the ana-
bolic effects of hormones such as growth hormone and
testosterone [51]. For instance, variations in the ACTN3
gene, which is associated with fast-twitch muscle fibers,
may interact with hormonal surges during puberty to pro-
mote strength and power development in children. Indi-
viduals with the RR genotype of the ACTN3 gene tend
to have a higher percentage of fast-twitch fibers, which
can be further enhanced by the increased production of
testosterone during adolescence, leading to superior per-
formance in strength-based activities. Similarly, the ACE
gene, which influences cardiovascular efficiency, interacts
with hormonal regulators such as insulin-like growth fac-
tor-1 to optimize endurance performance by improving
oxygen uptake and utilization during prolonged exercise.
These interactions underscore the importance of consid-
ering both genetic and hormonal factors when designing
training programs, as they collectively determine the ex-
tent and rate of physical development [6].

Developmental stages play a critical role in shaping the
interaction between genetic and hormonal factors, with
significant variations observed from childhood to adoles-
cence. During early childhood, hormonal levels remain
relatively stable, and genetic predispositions primarily

Table 2. Summary of hormonal regulation of exercise responses in children.

Category Key Hormone/Factor Explanation
Essential for longitudinal bone growth, protein synthesis, and muscle
Growth & Growth Hormone hypertrophy. Secretion increases in response to physical activity, particularl
Development yp phy. P phy: Y, p y

Muscle & Strength

Stress & Recovery

Pubertal
Differences

Exercise
Adaptation

External Factors

Research & Ethical
Considerations

Insulin-like Growth
Factor-1 (IGF-1)

Testosterone

Cortisol

Sex Differences

Exercise Type
Adaptation

Environmental
Influences

Research Challenges

high-intensity exercises, contributing to muscle recovery and adaptation.

Mediates many growth hormone's anabolic effects, promoting cell growth and
differentiation. Plays a pivotal role in muscle development and repair, enabling
children to build strength and endurance in response to training.

Known for anabolic effects on muscle growth and strength. Levels increase
significantly during puberty, leading to improvements in muscle mass and
strength. Influences protein synthesis and neuromuscular coordination.

Plays a dual role in exercise performance, aiding in energy mobilization but
potentially causing muscle breakdown if chronically elevated. Managing
cortisol levels is essential to prevent overtraining.

Become increasingly evident during puberty. Boys experience testosterone
surges leading to greater muscle growth, while estrogen in girls modulates fat
distribution, bone density, and endurance capacity.

Resistance training primarily stimulates anabolic hormones like growth
hormone and testosterone, while aerobic exercise influences hormones involved
in energy metabolism and cardiovascular adaptation.

Nutrition, sleep, and psychological factors significantly impact hormonal
balance and exercise adaptation. Adequate protein intake, micronutrient
sufficiency, and hydration optimize hormonal responses.

Variability in hormonal responses among children poses challenges in
standardizing training protocols. Ethical considerations surrounding hormone-
related interventions in youth sports require careful attention.
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dictate physical attributes such as muscle composition and
aerobic capacity. However, as children approach puberty,
hormonal changes become more pronounced, exerting a
greater influence on genetic expression and modifying the
body's response to exercise [52]. The onset of puberty trig-
gers the release of key hormones such as growth hormone
and testosterone, which interact with genetic predisposi-
tions to enhance muscle growth, bone density, and overall
physical performance. Boys typically experience a more
significant increase in testosterone levels, which amplifies
their genetic potential for strength and power develop-
ment, while girls benefit from increased estrogen levels
that support endurance and flexibility. These developmen-
tal differences highlight the need for gender-specific train-
ing interventions that consider both genetic and hormonal
influences to optimize performance outcomes [14].

The dynamic interaction between genetic and hormon-
al factors is further influenced by environmental condi-
tions such as nutrition, training load, and lifestyle habits
[53]. Nutritional intake plays a crucial role in supporting
hormonal balance and optimizing the expression of genet-
ic potential. Adequate protein intake, for example, is es-
sential for maximizing the anabolic effects of growth hor-
mone and insulin-like growth factor-1, promoting muscle
hypertrophy and recovery. Conversely, poor nutrition can
suppress hormonal responses and limit the realization of
genetic potential, leading to suboptimal performance out-
comes [54]. Training load and intensity also influence the
gene-hormone interaction, with appropriately structured
exercise regimens enhancing hormonal responses and
facilitating greater adaptations. High-intensity resistance
training, for instance, can stimulate the production of tes-
tosterone and growth hormones, further amplifying the ge-
netic predisposition for strength development in children
with favorable genetic profiles. On the other hand, exces-
sive training without adequate recovery can lead to hor-
monal imbalances, such as elevated cortisol levels, which
may negatively impact genetic expression and hinder per-
formance progress [18].

Gene-hormone interactions extend beyond physical
performance to include factors such as injury susceptibil-
ity and recovery. Certain genetic variants have been asso-
ciated with an increased risk of musculoskeletal injuries,
and hormonal fluctuations can further influence this pre-
disposition. For example, variations in the COL5A1 gene,
which affects collagen synthesis and tendon integrity, may
interact with hormonal changes during growth spurts, in-
creasing the likelihood of injuries such as tendinopathies
and ligament tears. Understanding these interactions al-
lows for the implementation of preventive measures, such
as targeted strength training and flexibility programs, to
mitigate injury risks and support long-term athletic de-
velopment. Recovery processes are also influenced by
genetic and hormonal factors, with growth hormone and
insulin-like growth factor-1 playing critical roles in tissue
repair and regeneration. Genetic predispositions related to
inflammatory responses and muscle repair can influence
the effectiveness of these hormonal mechanisms, deter-
mining the speed and quality of recovery following exer-
cise or injury [19].

Despite the significant influence of genetic and hor-
monal interactions on exercise performance, challenges
remain in translating these findings into practical applica-
tions. One of the primary challenges is the variability in

individual responses, as the same genetic profile may elicit
different outcomes depending on hormonal status and en-
vironmental factors. Additionally, ethical considerations
regarding genetic testing in children must be carefully ad-
dressed to ensure that such information is used responsibly
and does not lead to undue pressure or unrealistic expec-
tations. Educating parents, coaches, and healthcare pro-
fessionals about the complex interplay between genetics
and hormones is essential for fostering a supportive and
informed approach to youth sports and physical develop-
ment [26].

The growing field of personalized medicine and sports
science offers promising avenues for leveraging genetic
and hormonal insights to enhance training outcomes in
children. Advances in genetic screening and hormonal
profiling provide opportunities for early identification of
strengths and weaknesses, allowing for the customization
of training programs that align with individual physiologi-
cal profiles. Personalized approaches can help optimize
performance, reduce the risk of overtraining and injuries,
and promote long-term engagement in physical activity.
However, it is essential to balance scientific advancements
with practical considerations, ensuring that training inter-
ventions remain evidence-based and tailored to the unique
needs of each child [10-12].

In conclusion, the interaction between genetic and hor-
monal factors is a key determinant of exercise performance
in children, influencing physical development, training
adaptations, and recovery processes. Genetics provide
the underlying framework for physical capabilities, while
hormones act as modulators that enhance or inhibit these
genetic potentials in response to various stimuli. The influ-
ence of developmental stages, environmental factors, and
training regimens further complicates this relationship,
highlighting the need for a comprehensive and individual-
ized approach to exercise programming. By understanding
and leveraging the interplay between genetics and hor-
mones, it is possible to optimize training outcomes and
support healthy physical development in children, paving
the way for lifelong engagement in physical activity and
sports [22]. A summary of Interaction Between Genetic
and Hormonal Factors in Table 3.

6. Practical implications for training and talent iden-
tification

The application of genetic and hormonal insights in
sports science and pediatric exercise programs has the po-
tential to revolutionize the way young athletes are trained
and developed. Understanding the genetic predisposi-
tion of children allows for the identification of inherent
strengths and weaknesses, enabling the design of exercise
programs that maximize their potential while minimiz-
ing the risk of injury and burnout. Hormonal regulation,
on the other hand, provides valuable information on the
timing and intensity of training that aligns with develop-
mental stages, ensuring that interventions are both safe
and effective. In pediatric exercise programs, integrating
genetic and hormonal assessments can aid in structuring
training regimens that cater to individual physiological
needs, optimizing both performance outcomes and overall
health. By identifying children with a genetic predisposi-
tion for endurance, strength, or speed, coaches and sports
scientists can tailor training programs to enhance these in-
nate abilities while also addressing potential deficiencies
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Table 3. Summary of interaction between genetic and hormonal factor.

Genetics provide the blueprint for physiological attributes, while hormones act as
regulatory agents that modulate these genetic potentials in response to stimuli. This
interaction shapes the development of physical abilities and adaptation to exercise.

- Specific genetic variants related to muscle function can enhance an individual's

Category Key Interaction/Factor Explanation
Fundamental .

Mechanisms Foundational Interplay

Specific Gene/  Gene-Hormone

Hormone Links

Training Impact

response to anabolic hormones. - ACTN3 gene variants interact with pubertal
testosterone to promote strength development. - ACE gene interacts with insulin-
like growth factor-1 to optimize endurance performance.

- During early childhood, genetic predispositions primarily dictate physical
attributes. - As children approach puberty, hormonal changes become more
pronounced, exerting greater influence on genetic expression and modifying

- Nutrition, training load, and lifestyle habits influence gene-hormone interactions.
- Adequate protein intake maximizes anabolic effects of growth hormone. -
Appropriate training intensity enhances hormonal responses and facilitates greater

- Gene-hormone interactions affect injury susceptibility and recovery. - Variations
in genes like COL5A1 may interact with hormonal changes during growth spurts,
influencing injury risk. - Recovery processes are influenced by growth hormone
and genetic factors related to inflammatory responses.

- Individual variability in responses presents challenges, as the same genetic profile
may elicit different outcomes depending on hormonal status- Ethical considerations
regarding genetic testing in children must be carefully addressed.

- Advances in genetic screening and hormonal profiling provide opportunities for
customizing training programs that align with individual physiological profiles. -
This can optimize performance, reduce overtraining risks, and promote long-term

- The relationship between genes and hormones is influenced by developmental
stages, environmental factors, and training regimens, highlighting the need for an

Developmental — Developmental Stage
Stages Influence
exercise response.
Modulating Environmental
Factors Modulation
adaptations.
Injury & Injury and Recovery
Recovery Factors
Implementation Implementation
Challenges Challenges
Personalization  Personalized Approach
Potential Potential
engagement in physical activity.
Holistic Comprehensive
Approach Framework

individualized approach to exercise programming for children.

through targeted interventions. This approach allows for
a more efficient allocation of training resources and helps
in nurturing young talent based on scientifically validated
criteria rather than subjective observations alone [4].
Personalized training approaches based on genetic
and hormonal profiles have gained increasing attention in
the field of pediatric sports science. Individualized train-
ing regimens take into account the unique physiologi-
cal responses of children to different types of exercise,
thereby enhancing their ability to improve performance
while avoiding the negative effects of overtraining. For in-
stance, children with genetic markers associated with fast-
twitch muscle fibers and higher testosterone levels may
benefit more from strength and power training, whereas
those with genetic predispositions for aerobic efficiency
and endurance-related hormonal responses may excel in
long-distance running or endurance sports. Personalized
exercise prescriptions can also be beneficial in address-
ing specific training adaptations, such as muscle recovery
and injury prevention, by understanding how hormonal
fluctuations affect tissue repair and energy metabolism.
Tailoring exercise programs to align with the natural hor-
monal cycles of growing children can help optimize peak
performance periods and ensure proper recovery during
times of hormonal fluctuations, such as puberty. More-
over, understanding genetic markers related to metabolism

can assist in designing nutrition plans that complement
training efforts, ensuring that young athletes receive ad-
equate fuel for their physiological demands. Personalized
training strategies not only enhance performance but also
contribute to long-term athlete development by promoting
sustainable training loads and fostering healthy lifestyle
habits from an early age [14].

Despite the potential benefits, the use of genetic test-
ing for talent identification in sports raises several ethi-
cal considerations and limitations that must be carefully
addressed. One of the primary ethical concerns revolves
around the potential misuse of genetic information to cat-
egorize or limit children’s opportunities in sports based
on their genetic predisposition. There is a risk that genetic
testing could create undue pressure on children to pursue
specific sports or training regimens based solely on their
genetic profiles, potentially leading to psychological stress
and limiting their ability to explore diverse athletic inter-
ests. The commercialization of genetic testing in youth
sports also raises concerns regarding data privacy and the
potential for discrimination based on genetic predisposi-
tions. Ensuring informed consent and safeguarding genet-
ic data are essential aspects of ethical practice when utiliz-
ing genetic information in talent identification programs.
Additionally, the accuracy and predictive value of genetic
testing in determining athletic potential remain areas of de-
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bate within the scientific community. While genetic mark-
ers provide valuable insights into certain physiological
traits, they do not account for environmental influences,
motivation, or the dynamic nature of human development.
Relying too heavily on genetic testing without considering
the multifactorial nature of athletic performance could re-
sult in an overly deterministic approach that overlooks the
potential for improvement through training and experience
[10-12].

Another limitation of genetic testing in sports talent
identification is the variability in gene expression influ-
enced by environmental factors such as training, nutrition,
and lifestyle choices. Even children with a favorable ge-
netic predisposition may not achieve optimal performance
without the appropriate training and support systems in
place. Conversely, children without specific advantageous
genetic markers may still achieve high levels of perfor-
mance through dedicated training and adaptive responses
to exercise. This highlights the importance of adopting
a holistic approach that combines genetic insights with
comprehensive training methodologies that consider in-
dividual goals, developmental stages, and psychosocial
factors. The dynamic nature of hormonal regulation also
adds complexity to talent identification processes, as hor-
monal responses to exercise can vary widely based on fac-
tors such as stress, sleep, and overall health. Therefore,
while genetic and hormonal testing can provide valuable
supplementary information, they should be used as part of
a broader athlete development framework rather than as
standalone predictors of success [22].

Implementing genetic and hormonal assessments in
pediatric sports programs requires collaboration between
coaches, healthcare professionals, and sports scientists to
ensure that the data is interpreted and applied responsi-
bly. Educating all stakeholders on the appropriate use and
limitations of genetic and hormonal information is crucial
to prevent unrealistic expectations and promote ethical
decision-making. Parents also play a vital role in ensur-
ing that genetic insights are used to support their child’s
development positively and encouragingly rather than
imposing undue pressure or expectations. Ethical guide-
lines and regulatory frameworks should be established to
govern the use of genetic testing in youth sports, ensuring
that it is used primarily to enhance athlete well-being and
development rather than for exclusionary or exploitative
purposes. The development of standardized protocols for
genetic and hormonal assessments can help ensure con-
sistency and reliability in their application, allowing for
evidence-based decision-making in talent identification
and training design [26].

Looking forward, the integration of genetic and hor-
monal insights into sports training holds great promise for
advancing the field of personalized exercise science, but
it must be approached with caution and a focus on ethi-
cal responsibility. Future research should continue to ex-
plore the interaction between genetic and environmental
factors, with an emphasis on understanding how train-
ing interventions can modulate genetic expression and
hormonal responses over time [55]. Longitudinal studies
tracking young athletes' development from childhood to
adolescence can provide valuable insights into the long-
term effects of genetic and hormonal influences on perfor-
mance outcomes. Advances in technology, such as wear-
able devices and real-time biomonitoring, may also offer

new opportunities for tracking physiological responses to
exercise and optimizing training strategies based on indi-
vidual needs. However, it is essential to balance scientific
advancements with a commitment to ethical integrity and
the overall well-being of young athletes to ensure that ge-
netic insights are used as tools for empowerment rather
than limitation [18].

In conclusion, the application of genetic and hormonal
insights in pediatric sports programs offers exciting pos-
sibilities for optimizing training and talent identification.
Personalized training approaches based on individual ge-
netic and hormonal profiles have the potential to enhance
performance while minimizing the risk of injury and over-
training. However, the ethical considerations and limita-
tions associated with genetic testing must be carefully
navigated to ensure that these tools are used responsibly
and in the best interest of the child. By adopting a balanced
and evidence-based approach, sports scientists, coaches,
and healthcare professionals can harness the power of ge-
netic and hormonal data to support the holistic develop-
ment of young athletes, fostering a positive and sustain-
able engagement with physical activity and sports.

7. Conclusion

The review of genetic and hormonal factors influencing
exercise responses and performance in children highlights
the intricate interplay between inherited traits and biologi-
cal regulatory mechanisms. Genetic predisposition plays
a foundational role in determining key physical attributes
such as muscle composition, endurance capacity, and met-
abolic efficiency, while hormonal fluctuations act as mod-
ulators that dynamically influence these traits throughout
childhood and adolescence. Together, these factors shape
an individual's ability to respond to training stimuli, adapt
to physical challenges, and achieve optimal performance
levels. The interaction between genetic and hormonal in-
fluences underscores the importance of adopting personal-
ized approaches to exercise programming that cater to the
unique physiological profiles of children, ensuring both
safety and effectiveness in their athletic development.

Practical recommendations emerging from this review
emphasize the need for individualized training strategies
that align with genetic predispositions and hormonal pro-
files. Tailoring exercise programs based on a child's spe-
cific genetic and hormonal characteristics can help maxi-
mize their potential while minimizing the risk of injury or
overtraining. Personalized approaches should incorporate
considerations for developmental stages, ensuring that
training interventions are appropriately timed to align with
critical periods of growth and maturation. Additionally, a
holistic approach that integrates nutritional support, ade-
quate rest, and psychological well-being is essential to op-
timize performance outcomes and promote overall health.
Educating coaches, parents, and healthcare professionals
about the implications of genetic and hormonal factors can
further enhance the effectiveness of training programs and
foster a supportive environment for young athletes.

Despite the potential benefits of leveraging genetic and
hormonal insights, several challenges remain in translat-
ing these findings into practical applications. One of the
primary challenges is the complexity of gene-environment
interactions, as factors such as training load, nutrition, and
psychosocial influences play a significant role in shaping
physical performance. The ethical considerations associat-
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ed with genetic testing, particularly in minors, also present
obstacles that must be carefully managed to avoid undue
pressure, unrealistic expectations, or privacy concerns.
Additionally, the dynamic nature of hormonal fluctuations
requires continuous monitoring and adaptation of training
protocols, which can be resource-intensive and logistical-
ly challenging. Addressing these challenges will require a
collaborative effort among researchers, practitioners, and
policymakers to develop evidence-based guidelines that
prioritize the well-being and development of young ath-
letes.

Looking ahead, future research should focus on ad-
vancing the understanding of how genetic and hormonal
factors interact with lifestyle and environmental influences
to shape exercise responses over time. Longitudinal stud-
ies tracking the physical development of children through
various stages of growth will provide valuable insights into
the long-term impact of genetic predispositions and hor-
monal adaptations on performance outcomes. Advances in
technology, such as wearable devices and biomonitoring
tools, offer promising opportunities for real-time tracking
of physiological responses and personalized training ad-
justments. Furthermore, the integration of genetic and hor-
monal insights into broader public health initiatives can
help promote lifelong engagement in physical activity and
support efforts to combat sedentary lifestyles and related
health conditions in children.

In conclusion, the interplay between genetic and hor-
monal factors represents a critical determinant of exercise
performance and adaptation in children. A nuanced un-
derstanding of these influences can inform the develop-
ment of tailored training programs that maximize potential
while ensuring the holistic well-being of young athletes.
While challenges exist in the practical implementation
of genetic and hormonal insights, ongoing research and
technological advancements hold promise for refining and
expanding their applications in pediatric exercise science.
By adopting a balanced approach that prioritizes ethical
considerations, scientific evidence, and individualized
support, stakeholders can contribute to the development of
healthier, more active generations of children equipped to
achieve their physical potential.
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