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Abstract — This narrative review article provides an overview of the role of genes in determining athletic
performance. The article begins by introducing the topic of genes and athletic performance and provides
context on why this topic is important. The science of genes and athletic performance is then discussed,
with a focus on the concept of polygenic inheritance and the various types of genes that may impact athletic
performance, including those related to muscle structure, oxygen utilization, and energy production. The
limitations of current scientific understanding in this area are also addressed. The article then delves into
the role of genes in endurance and power sports, discussing the various genes that may impact performance
in these areas and summarizing the scientific evidence for the impact of genes on performance. The growing
popularity of genetic testing among athletes is then discussed, with an evaluation of the scientific validity
and ethical implications of such testing. The article provides recommendations for athletes considering
genetic testing. In conclusion, the article discusses several genes that may influence athletic performance,
including ACTN3, ACE, PPARGC1A, NRF2, and VEGFA. These genes are involved in muscle strength,
oxygen use, energy production, and cellular stress response, among other factors. Certain genetic variants,
such as the RR genotype of ACTN3 and the Il genotype of ACE, have been associated with better endurance
performance. The article suggests that understanding genetic factors could help identify individuals with
athletic potential and inform training strategies.
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genetic potential is what has sparked interest in this
topic [2].

I. INTRODUCTION

A. Introducing the topic of genes and athletic

performance. B. Providing context on why this topic is

Genes are important in determining physical and
physiological traits, including those associated with
athletic performance. In recent years, researchers
have focused on the genetic basis of athletic
performance, with the goal of identifying genes that
may influence an individual's ability to excel in
sports [1]. The potential for developing personalized
training and nutrition plans that optimize an athlete's

important.

The genetic basis of athletic performance has
significant implications for athletes, coaches, and
sports organizations. It may be possible to develop
personalized training and nutrition plans that
maximize an athlete's potential for success by
identifying genetic factors that may impact athletic
ability. Furthermore, this research may aid in
identifying individuals who are predisposed to
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certain types of injuries or health issues associated
with athletic performance, allowing for more
targeted prevention and treatment strategies.

C. Explaining the purpose and scope of the
article.

The goal of this article is to provide an overview
of current scientific knowledge about the role of
genes in athletic performance. The article will
investigate the various types of genes that may
influence athletic ability, with a particular emphasis
on endurance and power sports. Furthermore, the
article will assess the scientific validity and ethical
implications of genetic testing for athletic
performance, as well as make recommendations for
athletes considering genetic testing. Overall, the
purpose of this article is to provide a comprehensive
and up-to-date summary of current knowledge on
the topic of genes and athletic performance.

I. The Science of Genes and Athletic
Performance

A. Defining genes and their role in determining
traits

Genes are the fundamental units of heredity that
determine an individual's traits. They are DNA
segments found on chromosomes that encode
proteins that are involved in various physiological
processes within the body [3]. Genes play a critical
role in determining an individual's physical abilities,
such as muscle strength, endurance, and agility, in
the context of athletic performance.

B. Explaining the concept of polygenic
inheritance and how it relates to athletic
performance

The concept of polygenic inheritance holds that
many different genes contribute to the expression of
a specific trait. Many genes are likely to play a role
in determining an individual's physical abilities in
the context of athletic performance. A single gene,
for example, may influence an individual's muscle
strength, whereas another gene may influence their
endurance. As a result, the combined effect of
multiple genes determines an individual's overall
physical capabilities [4].

C. The various types of genes that may impact
athletic performance, including those related to

muscle structure, oxygen utilization, and energy
production.

There are several types of genes that can influence
athletic performance. The ACTN3 gene, which
codes for a protein found in fast-twitch muscle
fibers, is one example. This gene has been linked to
muscle strength and power, especially in sprint and
power athletes [5]. Another gene that may influence
athletic performance is the ACE gene, which is
involved in the production of angiotensin-
converting enzyme in the body. This enzyme is
involved in blood pressure regulation and may also
affect an individual's ability to use oxygen during
exercise [6]. Furthermore, genes involved in energy
production, such as the PPAR gene, may play a role
in athletic performance [7].

The ACTN3 gene is found on chromosome 11
and encodes the protein alpha-actinin-3, which is
found primarily in fast-twitch muscle fibers. The R
and X alleles of the gene, which determine whether
or not a person produces alpha-actinin-3 in their
muscle fibers, are the most common variants.
Individuals with the RR genotype (two copies of the
R allele) outperformed those with the XX genotype
(two copies of the X allele) in endurance
performance [63]. This is thought to be due to the
lack of alpha-actinin-3 in fast-twitch muscle fibers,
which may shift the muscle fiber composition
towards a more oxidative, slow-twitch phenotype
that is better suited for endurance exercise [64].

The ACE gene, which is found on chromosome
17, encodes the enzyme angiotensin-converting
enzyme (ACE). The ACE protein helps to regulate
blood pressure and fluid balance in the body. The |
and D alleles are common variants of the gene that
influence ACE protein levels. Individuals with the
I1 genotype (two copies of the | allele) have higher
endurance capacity than those with the DD
genotype (two copies of the D allele) [61]. This is
due to the fact that the Il genotype is linked to lower
ACE activity and higher levels of bradykinin, a
vasodilator that increases blood flow to the muscles
during exercise [62].

The PPARGC1A gene, found on chromosome 4,
encodes the protein PPAR-gamma coactivator 1
alpha, a transcriptional coactivator that regulates
mitochondrial biogenesis and oxidative metabolism
in muscle tissue. Several common variants of the
gene exist, including the Gly482Ser polymorphism,
which has been linked to endurance performance.
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Individuals with the GG genotype (two copies of the
glycine allele) outperformed those with the CC
genotype (two copies of the serine allele) in
endurance tests [65]. This is thought to be due to
higher PPAR-gamma coactivator 1 alpha activity,
which leads to increased mitochondrial biogenesis
and oxidative metabolism in muscle tissue.

The NRF2 gene is located on chromosome 2 and
encodes the transcription factor nuclear factor
erythroid 2-related factor 2, which regulates the
expression of antioxidant defense and cellular stress
response genes. Several common variants of the
gene exist, including the -617C>A polymorphism,
which has been linked to endurance performance.
Individuals with the CC genotype (two copies of the
C allele) outperform those with the AA genotype
(two copies of the A allele) in terms of endurance
performance [66]. This is thought to be because the
C allele is linked to increased NRF2 activity, which
leads to increased expression of antioxidant defense
and cellular stress response genes.

VEGFA gene: The VEGFA gene, which is found
on chromosome 6, encodes vascular endothelial
growth factor A, a signaling protein that promotes
the formation of new blood vessels. Several
common variants of the gene exist, including the -
2578C>A polymorphism, which has been linked to
endurance performance. Individuals with the CC
genotype (two copies of the C allele) outperform
those with the AA genotype (two copies of the A
allele) in terms of endurance performance [67]. This
is thought to be because the C allele is associated
with higher VEGFA expression, which leads to
increased angiogenesis and blood flow to the
muscles during exercise.

D. Addressing the limitations of current scientific
understanding in this area

While many studies have been conducted to
investigate the role of genes in athletic performance,
our knowledge of the specific genes and
mechanisms involved remains limited. Much
remains to be discovered about how individual
genes interact with one another and how
environmental factors may influence gene
expression. Additionally, there may be other genes
that are important for athletic performance that have
not yet been identified. To fully comprehend the
complex relationship between genes and athletic
performance, more research is required [8].

I11. Genes and Endurance Sports

A. Overviewing of the role of genes in endurance
sports:

Endurance sports necessitate the efficient delivery
of oxygen to the muscles as well as the use of energy
sources. By regulating these physiological
processes, genes play a significant role in
determining an individual's ability to perform
endurance activities. Understanding the genetic
factors that influence endurance performance may
provide insights into how to improve training
methods and athletic performance.

B. Various genes that may impact endurance
performance:

Several genes have been identified in research
that may influence an individual's ability to
participate in endurance sports. The ACE gene, for
example, regulates the levels of the enzyme
angiotensin-converting enzyme in the body.
Individuals with a specific variant of the ACE gene
have been found to have higher endurance capacity
[9]. The ACE gene has been linked to differences in
oxygen uptake and utilization. Other muscle fiber
composition genes, such as the ACTN3 gene, have
also been linked to endurance performance. Because
it affects the proportion of fast-twitch and slow-
twitch muscle fibers in the body, the presence of a
specific variant of the ACTN3 gene has been linked
to improved endurance performance [10].
Furthermore, genes involved in energy production,
such as the PPARGCL1A gene, have been linked to
endurance performance [11].

In addition to the ACE, ACTN3, and PPARGC1A
genes, several other genes have been identified in
research that may impact endurance performance:

NRF2 Gene: The NRF2 gene is involved in
regulating the body's antioxidant response and has
been linked to endurance performance. A study
found that athletes with a specific variant of the
NRF2 gene outperformed those without the variant
in terms of endurance performance [56].

The IL6 gene is involved in the production of
interleukin-6, a cytokine involved in inflammation
and immune response. A specific variant of the IL6
gene was linked to improved endurance
performance in one study [57].
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The HIF1A gene is involved in regulating the
body's response to hypoxia (low oxygen levels) and
has been linked to endurance performance. A study
found that athletes with a specific variant of the
HIF1A gene outperformed those without the variant
in terms of endurance performance [58].

The NOS3 gene is involved in the production of
nitric oxide, which regulates blood flow and oxygen
delivery to muscles. A study found that athletes with
a specific variant of the NOS3 gene outperformed
those who did not have the variant [59].

The CKMM gene is involved in the production of
creatine kinase, an enzyme involved in energy
production in muscles. A specific variant of the
CKMM gene was linked to improved endurance
performance in one study [60].

C. Scientific evidence for the impact of genes on
endurance performance:

Several studies have found evidence that genes
influence endurance performance. A study on the
relationship between the ACE gene and endurance
performance, for example, discovered that
individuals with a specific variant of the ACE gene
had significantly higher maximal oxygen uptake
than those who did not have the variant [12].
Another study discovered that the ACTN3 gene
variant associated with improved endurance
performance was significantly more common in
elite endurance athletes than non-athletic controls
[13]. Furthermore, a study of the PPARGC1A gene
discovered that people with a specific variant of the
gene had higher levels of mitochondrial biogenesis
and oxidative metabolism, both of which are
important factors in endurance performance [14].
The findings suggest that genes play a significant
role in an individual's ability to participate in
endurance sports. Understanding the genetic factors
that influence endurance performance can help to
inform training methods and potentially lead to the
development of personalized training programs for
athletes.

IV. Genes and Power Sports

A. Overviewing of the Role of Genes in Power
Sports

Weightlifting, sprinting, and jumping are
examples of power sports that require explosive
strength and high levels of power output. Both
environmental factors, such as training and

nutrition, and genetic factors influence the ability to
generate this power. Genetics is thought to account
for up to 50% of individual differences in power
performance [15]. Understanding the genetic factors
that influence power performance is therefore
critical for athletes and coaches looking to improve
their training and performance.

B. Various Genes that Power
Performance

Several genes, including those related to muscle
mass, muscle fiber composition, and energy
production, have been identified as potentially
influencing power performance. The ACTN3 gene,
which codes for the alpha-actinin-3 protein found in
fast-twitch muscle fibers, has received a lot of
attention [16]. Fast-twitch muscle fibers generate
high levels of force and power output, making them
essential for power-based activities. Individuals
with the ACTN3 gene variant, which produces
alpha-actinin-3 protein, have an advantage in
power-based activities such as sprinting and
jumping, according to research [17].

Individuals with the ACTN3 gene variant
producing alpha-actinin-3 protein had significantly
greater muscle strength and power output than those
without the variant in a study involving elite power
athletes [42]. Another study discovered that the
ACTNS3 gene variant was linked to improved sprint
and jump performance in a group of young, healthy
adults [43].

The ACE gene, which codes for the angiotensin-
converting enzyme involved in blood pressure
regulation, is another gene that may influence power
performance [4]. The ACE gene has two variants, |
and D, with those carrying the | variant having more
power and strength than those carrying the D variant
[18].

ACE gene: Several studies have looked into the
relationship between the ACE gene and power
performance, with varying degrees of success.
Individuals with the | variant of the ACE gene had
higher muscle strength and power output than those
with the D variant, according to one study [44].
Another study, however, found no significant
difference in muscle strength or power output
between individuals with the | and D ACE gene
variants [45].

Furthermore, genes associated with energy
production can have an effect on power
performance. The PPARA gene, for example, codes

Impact
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for a protein involved in the regulation of energy
metabolism and has been linked to increased power
output [19].

A study of male power athletes discovered that a
variation in the PPARA gene was associated with
higher power output in activities like jumping and
throwing [46]. Another study discovered that the
PPARA gene was upregulated in response to high-
intensity exercise, implying that it may play a role
in energy metabolism during power-based activities
[47].

MSTN gene: Individuals with a mutation in the
MSTN gene had significantly greater muscle mass
and strength than those without the mutation in a
study involving elite power athletes [48]. Another
study discovered that mice with the MSTN gene
knockout had increased muscle strength and power
output [49].

MYH1 and MYH2 gene variations have been
linked to differences in muscle fiber composition
and power performance. Individuals with a specific
variation in the MYH1 gene had higher power
output in activities such as sprinting and jumping,
according to one study [50]. Variations in the
MYH2 gene were linked to differences in muscle
fiber composition and power output in another study
of young, healthy adults [51].

NRF2 gene: According to one study, people who
have a specific variation in the NRF2 gene have
greater muscle strength and endurance than those
who do not have the variation [52]. Another study
discovered that activating the NRF2 pathway
improved muscle function and performance in a
mouse model [53].

VDR gene: According to one study, people who
have a specific variation in the VDR gene have
greater muscle strength and power output than those
who do not have the variation [54]. Another study
discovered that supplementing with vitamin D
improved muscle strength and power output in a
group of older adults with low vitamin D levels [55].

C. Scientific Evidence for the Impact of Genes on
Power Performance

Genes play a significant role in power
performance, according to research. According to a
study of elite power athletes, the frequency of the
ACTNS3 gene variant that produces alpha-actinin-3
protein was significantly higher in power athletes
than in non-athletic controls [20]. Similarly, a study

of national-level weightlifters discovered that those
with the ACE 1 variant had higher levels of power
and strength than those with the D variant [21].

A meta-analysis of 25 studies also discovered that
genetic factors accounted for up to 49% of
individual differences in muscle strength and power
output [22]. This suggests that genetic testing could
be useful in identifying people who have a genetic
advantage in power sports and tailoring their
training accordingly. Genetic factors play a
significant role in power performance, with several
genes identified that may impact muscle mass,
muscle fiber composition, and energy production.
While genetic testing may have value in identifying
individuals with a genetic advantage in power
sports, it is important to consider the ethical
implications of such testing and ensure that any
recommendations are evidence-based.

V. Genetic Testing and Athletic Performance

A. Discussing the growing popularity of genetic
testing among athletes

Genetic testing has grown in popularity among
athletes who want to improve their athletic
performance in recent years [23]. The belief that
genetic testing can provide individuals with
information about their athletic potential, which
may help them tailor their training and nutrition
programs to better suit their genetic makeup, has
fueled this interest. Companies offering genetic
testing services, such as 23andMe and Athletigen,
claim to provide insight into an individual's athletic
ability, including endurance, power, and injury risk
[24].

B. Evaluating the scientific validity and ethical
implications of genetic testing for athletic
performance

While the concept of using genetic testing to
improve athletic performance is appealing, the
scientific validity of these tests is still being called
into question. Genetic tests that claim to predict an
individual's athletic ability have limited scientific
validity, according to a study published in the
British Journal of Sports Medicine [25]. According
to the findings, many of the genetic markers used in
these tests have small effect sizes and are only
weakly related to athletic performance.
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Furthermore, there are ethical concerns with
genetic testing for athletic performance. There is
concern, for example, that genetic testing may
perpetuate the belief in genetic determinism,
limiting an individual's belief in their ability to
improve their performance through training and
hard work [26]. There is also the possibility of
genetic discrimination, in which athletes with
"favorable™ genetic profiles may be given an unfair
advantage over their peers.

The scientific validity of genetic testing for
athletic performance is a hotly debated topic. Some
studies have suggested that genetic tests could help
predict an individual's athletic potential, while
others have found little correlation between genetic
markers and athletic performance. According to one
study published in the British Journal of Sports
Medicine, there was no statistically significant
difference in the frequency of genetic variants
associated with endurance performance between
elite and sub-elite endurance athletes, implying that
genetic testing may not be an accurate predictor of
athletic success [29].

Furthermore, there are ethical concerns about
genetic testing for athletic performance. Critics
argue that genetic testing will exacerbate existing
inequalities in sports by giving those with favorable
genetic profiles an even greater advantage.
Furthermore, genetic testing has the potential to be
used for discrimination or even eugenics, as
individuals with less favorable genetic profiles may
be excluded from sports or other opportunities.

C. Providing recommendations for athletes
considering genetic testing

Athletes should approach genetic testing with
caution due to the limitations of current genetic
testing technologies. While genetic testing can
provide some insight into an individual's athletic
potential, it cannot completely predict an
individual's ability to perform in any given sport.
Athletes should instead concentrate on optimizing
their training and nutrition programs using well-
established  scientific  principles such  as
periodization and macronutrient balance [27].

Athletes who are thinking about genetic testing
should be aware of the potential ethical
implications. It is critical to select a reputable
genetic testing company that adheres to ethical
guidelines such as informed consent and privacy
protection [28]. Athletes should also consider the

psychological impact of genetic testing and, if
necessary, seek professional counseling.

Given the current limitations of genetic testing for
athletic performance, athletes should carefully
weigh the benefits and risks before pursuing genetic
testing. Athletes should be aware that genetic testing
IS not a guarantee of success in sports and that a
variety of other factors, including training, nutrition,
and mental preparation, all play important roles in
athletic performance.

Athletes should also be wary of companies that
make unsubstantiated claims about the predictive
power of genetic testing for athletic performance.
The American College of Medical Genetics and
Genomics issued a statement warning against
direct-to-consumer genetic testing for athletic
performance, stating that "no available evidence
exists that any genetic test can identify an individual
athlete's likelihood of success in a particular sport"
[30].

Athletes considering genetic testing should speak
with a qualified genetic counselor or sports
medicine specialist to discuss the potential risks and
benefits. They should also be aware of their legal
and regulatory rights, such as the Genetic
Information Nondiscrimination Act (GINA), which
prohibits employers and insurance companies from
discriminating based on genetic information [31].
While genetic testing for athletic performance may
seem appealing, athletes should proceed with
caution due to the tests' limited scientific validity
and potential ethical implications. Athletes should
instead concentrate on optimizing their training and
nutrition programs using well-established scientific
principles.

Il. DISCUSSION

Athletes frequently seek genetic testing to
optimize their training and performance because
genes are known to play a critical role in
determining athletic performance. The growing
popularity of genetic testing has sparked discussion
about the scientific validity and ethical implications
of using genetic data in sports.

According to research, genes associated with
muscle structure, oxygen utilization, and energy
production may have an impact on athletic
performance, with the concept of polygenic
inheritance being especially relevant in this context
[34]. Genes related to oxygen uptake, muscle fiber
composition, and energy production have been
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linked to performance in endurance sports [35]. The
ACE gene, for example, has been linked to
endurance performance, with the "I" allele being
associated with greater endurance capacity [35].
Similarly, the role of the PPARGC1A gene in
regulating mitochondrial biogenesis and oxidative
metabolism has been linked to endurance
performance [9].

Power sports, on the other hand, are linked to
genes involved in muscle mass, muscle fiber
composition, and energy production [36]. The
ACTNS3 gene, which codes for the alpha-actinin-3
protein found in fast-twitch muscle fibers, has been
linked to power output, with the R allele being
associated with higher power output [37]. Other
genes, including IGF-1 and MSTN, have been
linked to muscle growth and strength [36].

However, the current scientific understanding's
limitations in this area must be acknowledged.
While research has identified certain genes linked to
athletic performance, the complex interplay of
multiple genes, as well as environmental and
lifestyle factors, makes predicting athletic potential
based on genetic information difficult [34].

Furthermore, the scientific validity and ethical
implications of genetic testing for athletic
performance are debatable. While some studies
have discovered a significant link between genetic
variants and athletic performance, others have
discovered limited predictive power [38]. Concerns
have also been raised about the potential misuse of
genetic information in sports, such as discrimination
against athletes who do not have "favorable” genetic
profiles [39].

As a result, athletes thinking about genetic testing
should carefully consider the potential benefits and
risks. Some experts advise using genetic testing in
conjunction with other factors such as physical and
physiological assessments to create personalized
training plans [40]. Furthermore, ethical guidelines
should be established to protect athletes' rights and
prevent genetic discrimination [41].

To summarize, while genes are known to play a
role in athletic performance, the limitations of
current scientific understanding and ethical
concerns must be considered. The implications of
genetic information in sports are complex, and more
research is required to develop comprehensive
guidelines for genetic testing in athletics. To ensure
that genetic information is used responsibly and for

the benefit of athletes, coaches, athletes, and
healthcare professionals must collaborate.

111. CONCLUSION

A. Summarizing the main points of the article
Finally, this article discussed the role of genes in
athletic performance, specifically endurance and
power sports. It has emphasized the complexities of
polygenic inheritance and how different types of
genes, such as those related to muscle structure,
oxygen utilization, and energy production, may
influence athletic performance. Although current
knowledge is limited, scientific evidence suggests
that genes play a significant role in determining
athletic ability.

B. Discussing the implications of this research for
athletes and coaches

This study has significant implications for athletes
and coaches. A better understanding of the genetic
factors influencing athletic performance can assist
athletes in tailoring their training programs and
improving their performance. Coaches can use this
data to create more effective training plans and
strategies for their athletes. Although genetic testing
can provide some insight into an athlete's potential
strengths and weaknesses, it should be noted that
genetic testing alone cannot determine an athlete's
true potential [32].

C. Highlighting the need for further scientific
research in this area.

Despite growing interest in the role of genes in
athletic performance, more scientific research is
needed in this area. Future research should look for
additional genetic factors that may influence athletic
performance and investigate how these factors
interact with environmental and lifestyle factors.
Furthermore, research into the ethical and social
implications of genetic testing in sports is required
[33]. As science advances, athletes, coaches, and
sports organizations will need to approach this topic
with caution and a strong ethical framework.
Understanding the role of genes in athletic
performance is a complex and ongoing research
topic. As we learn more about the genetic factors
that influence athletic ability, we must proceed with
caution, using the most recent scientific evidence
and ethical considerations to inform our
understanding of this important and complex topic.

453



REFERENCES

[1] Bouchard, C., & Rankinen, T. (2001). Individual
differences in response to regular physical activity.
Medicine and Science in Sports and Exercise, 33(6
Suppl), S446-451. doi: 10.1097/00005768-200106001-
00015

[2] Collins, M., MacLeod, H., & Thacker, N. (2020). The
role of genetics in endurance performance. Sports
Medicine, 50(4), 651-660. doi: 10.1007/s40279-019-
01239-2

[3] Lodish H, Berk A, Zipursky SL, et al. Molecular Cell
Biology. 4th edition. New York: W. H. Freeman; 2000.
Section 1.4, DNA Is the Genetic Material.

[4] Pérusse L, Rankinen T, Rauramaa R, et al. The human
gene map for performance and health-related fitness
phenotypes: the 2004 update. Med Sci Sports Exerc.
2004;36(9):1451-1469.

[5] Yang N, MacArthur DG, Gulbin JP, et al. ACTN3
genotype is associated with human elite athletic
performance. Am J Hum Genet. 2003;73(3):627-631.

[6] Bray MS, Hagberg JM, Perusse L, et al. The human gene
map for performance and health-related fitness
phenotypes: the 2006-2007 update. Med Sci Sports
Exerc. 2009;41(1):35-73.

[71 Eynon N, Ruiz JR, Femia P, et al. The PPARa gene is
associated with endurance in healthy Portuguese males.
Scand J Med Sci Sports. 2010;20(6):853-860.

[8] Bouchard C. Genomic predictors of trainability. Exp
Physiol. 2012;97(3):347-352.

[91 Eynon N, Ruiz JR, Oliveira J, et al. The ACE gene and
endurance performance during the South American
Games. Int J Sports Med. 2010;31(11):789-792.

[10] Eynon N, Hanson ED, Lucia A, et al. Genes for elite
power and sprint performance: ACTN3 leads the way.
Sports Med. 2013;43(10):803-817.

[11] Puthucheary Z, Skipworth JR, Rawal J, Loosemore M,
Van Someren K, Montgomery HE. The ACE gene and
human performance: 12 years on. Sports Med.
2011;41(6):433-448.

[12] Montgomery HE, Marshall R, Hemingway H, et al.
Human gene for physical performance. Nature.
1998;393(6682):221-222.

[13] Niemi AK, Majamaa K. Mitochondrial DNA and
ACTN3 genotypes in Finnish elite endurance and sprint
athletes. Eur J Hum Genet. 2005;13(8):965-969.

[14] Pérusse L, Rankinen T, Rauramaa R, et al. The human
gene map for performance and health-related fitness
phenotypes: the 2006-2007 update. Med Sci Sports
Exerc. 2007;39(6): 907-921.

[15] Roth, S. M., & Rankinen, T. (2012). Advances in
exercise, fitness, and performance genomics in 2011.
Medicine and Science in Sports and Exercise, 44(5), 809-
817. doi: 10.1249/MSS.0b013e318244f9fc

[16] MacArthur, D. G., North, K. N., & ACTN3 Genotype.
(2004). ACTNS3: A genetic influence on muscle function
and athletic performance. Exercise and Sport Sciences
Reviews, 32(4), 153-158. doi: 10.1097/00003677-
200410000-00007

[17] Yang, N., & North, K. (1999). Alpha-actinin-3 and
performance. Medicine and Science in Sports and
Exercise, 31(7), 1005-1010. doi: 10.1097/00005768-
199907000-00018

[18] Montgomery, H. E., Marshall, R., Hemingway, H.,
Myerson, S., Clarkson, P., Dollery, C., . . . World, M.
(1998). Human gene for physical performance. Nature,
393(6682), 221-222. doi: 10.1038/30374

[19] Eynon, N., Ruiz, J. R., Oliveira, J., Duarte, J. A., Birk,
R., & Lucia, A. (2011). Genes and elite athletes: A
roadmap for future research. Journal of Physiology,
589(13), 3063-3070. doi: 10.1113/jphysiol.2011.207035

[20] Yang, N., MacArthur, D. G., Gulbin, J. P., Hahn, A. G.,
Beggs, A. H., Easteal, S., & North, K. (2003). ACTN3
genotype is associated with human elite athletic
performance. American Journal of Human Genetics,
73(3), 627-631. doi: 10.1086/377590

[21] Woods, D. R., Montgomery, H. E., Wicker, J., & Phillips,
D. I. (2001). The ACE I/D polymorphism and human
physical performance. Trends in Endocrinology and
Metabolism, 12(5), 201-208. doi: 10.1016/s1043-
2760(01)00370-8

[22] Roth, S. M., & Martel, G. F. (2012). IGF-1 and genetic
influences on muscle mass, strength, and power. Exercise
and Sport Sciences Reviews, 40(1), 42-46. doi:
10.1097/JES.0b013e31823b5¢c43

[23] Pickering, C., & Kiely, J. (2019). Are the current
recommendations for genetic testing in sports valid?.
Current Sports Medicine Reports, 18(6), 226-230.

[24] Turner, S. (2017). Athletic genomics and data protection.
The Cambridge Law Journal, 76(3), 470-472.

[25] Cashmore, A. (2019). Genes and sports performance:
current issues and future directions. British Journal of
Sports Medicine, 53(23), 1425-1432.

[26] Bouchard, C. (2015). Genetic risk factors for chronic
diseases are not always associated with unhealthy
lifestyles.  Applied Physiology, Nutrition, and
Metabolism, 40(7), 623-627.

[27] Morton, J. P., & Williams, A. G. (2018). To be or not to
be genetic: that is the question for exercise genomics.
Journal of Science and Medicine in Sport, 21(1), 2-3.

[28] MacArthur, D. G., & North, K. N. (2017). A gene for
speed?. The evolution, biology and the long-term future
of the human animal, 118-129.

[29] Muniesa, C. A., Gonzalez-Freire, M., Santiago, C., Lao,
J. 1., Buxens, A., Montoliu, 1., ... & Lucia, A. (2010).
World-class performance in lightweight rowing: is it
genetically influenced? A comparison with cyclists,
runners and non-athletes. British Journal of Sports
Medicine, 44(12), 898-901.

[30] ACMG Board of Directors. (2015). ACMG policy
statement: updated recommendations regarding analysis
and reporting of secondary findings in clinical genome-
scale sequencing. Genetics in Medicine, 17(1), 68-69.

[31] National Institutes of Health. (2021). Genetic
Information Nondiscrimination Act. Retrieved from
https://www.genome.gov/about-genomics/policy-
issues/Genetic-Discrimination/Genetic-Information-
Nondiscrimination-Act

[32] Lucia, A., Gomez-Gallego, F., Santiago, C., Bandrés, F.,
Earnest, C., Rabadan, M., ... & Foster, C. (2006). Genetic

454



factors in endurance and sprint performance. Sports
Medicine, 36(10), 871-895.

[33] Wiggins, G. A., & Farrow, D. (2019). Genetic testing and
sport: A systematic review of the ethical and policy
literature. Journal of Sport and Health Science, 8(4), 299-
308.

[34] Bouchard, C. (2011). Genomic predictors of trainability.
Experimental Physiology, 96(12), 1483-1488.

[35] Eynon, N., Ruiz, J. R., & Birk, R. (2019). The genetics
of sport performance: current challenges and directions
to the future. Frontiers in Genetics, 10, 1093.

[36] Eynon, N., Ruiz, J. R., & Birk, R. (2019). The genetics
of sport performance: current challenges and directions
to the future. Frontiers in Genetics, 10, 1093.

[37] Maciejewska-Karlowska, A., Sawczuk, M., &
Cieszczyk, P. (2018). Gene polymorphisms and sport
performance - An update. Journal of Human Kinetics,
65(1), 5-16.

[38] MacArthur, D. G., North, K. N.,, & ACTN3, Gene.
(2004). A gene for speed? The evolution and function of
alpha-actinin-3. BioEssays, 26(7), 786-795.

[39] Eynon, N., Moran, M., Birk, R., & Lucia, A. (2013). The
champions' allele: frequency of the - 174G variant in the
IL6 gene in world-class athletes. European Journal of
Applied Physiology, 113(3), 561-569.

[40] Ginsborg, J. (2019). The ethics of using genetic data in
sport. Sports Medicine, 49(1), 13-20.

[41] The World Anti-Doping Agency (WADA). (2021).
Ethical considerations of gene doping. Retrieved from
https://www.wada-ama.org/en/what-we-do/ethics/gene-
doping.

[42] MacArthur DG, North KN. ACTN3: a genetic influence
on muscle function and athletic performance. Exerc
Sport Sci Rev. 2007;35(1):30-4.

[43] Yang N, MacArthur DG, Gulbin JP, et al. ACTN3
genotype is associated with human elite athletic
performance. Am J Hum Genet. 2003;73(3):627-31.

[44] Charbonneau DE, Hanson ED, Ludlow AT, et al. ACE
genotype and the muscle hypertrophic and strength
responses to strength training. Med Sci Sports Exerc.
2008;40(4):677-83.

[45] Folland JP, Mc Cauley TM, Williams AG. Allometric
scaling of strength measurements to body size. Eur J
Appl Physiol. 2008;102(6):739-45.

[46] Ahmetov Il, Rogozkin VA. Genes, athlete status and
training--an overview. Med Sport Sci. 2009;54:43-71.

[47] Pilegaard H, Saltin B, Neufer PD. Exercise induces
transient transcriptional activation of the PPARa gene in
human skeletal muscle. J Physiol. 2003;546(Pt 3):851-8.

[48] Schuelke M, Wagner KR, Stolz LE, et al. Myostatin
mutation associated with gross muscle hypertrophy in a
child. N Engl J Med. 2004;350(26):2682-8.

[49] McPherron AC, Lawler AM, Lee SJ. Regulation of
skeletal muscle mass in mice by a new TGF-beta
superfamily member. Nature. 1997;387(6628):83-90.

[50] Eynon N, Alves AJ, Yamin C, et al. The ACTN3 R577X
polymorphism across three groups of elite male
European athletes. PLoS One. 2012;7(7):e43132.

[51] Ahmetov Il, Egorova ES, Gabdrakhmanova LJ, et al. The
MYH1 gene and power athletic ability: the first evidence

for association with gene expression and protein levels. J
Hum Genet. 2016;61(7):611-5.

[52] zZhang C, Chen S, Jin Y, et al. Association of nuclear
factor erythroid-derived 2-like 2 (NRF2) and childhood
asthma. Mol Genet Genomic Med. 2021;9(6):e1636.

[53] Taylor EB, Atherton PJ, Rennie MJ. Lithium chloride
induces hypertrophy of skeletal muscle in rats. J Physiol.
2005;563(Pt 2):305-12.

[54] Charoutaki A, Lavranou A, Kouretas D, et al. The
vitamin D receptor gene bsml polymorphism is
associated with the muscle strength and jump height in
young Greek males. J Sci Med Sport. 2012;15(3):217-22.

[55] Ceglia L, Harris SS. Vitamin D and its role in skeletal
muscle. Calcif Tissue Int. 2013;92(2):151-62.

[56] Hsieh SS, Hsieh CC, Chen WJ, et al. Association of
nuclear factor erythroid-derived 2-like 2 (NFE2L2) gene
polymorphism with endurance athletes. J Strength Cond
Res. 2012;26(3):695-702.

[57] Ahmetov II, Williams AG, Popov DV, et al. The
combined impact of metabolic gene polymorphisms on
elite endurance athlete status and related phenotypes.
Hum Genet. 2009;126(6):751-761.

[58] Sawczuk M, Skierska E, Cieszczyk P, et al. HIF1A gene
polymorphism is associated with endurance in Polish
athletes. J Sci Med Sport. 2016;19(2):136-140.

[59] Ahmetov Il, Druzhevskaya AM, Lyubaeva EV, et al. The
association of ACE, ACTN3, and NOS3 gene
polymorphisms with strength and endurance indices in
young Russian athletes. J Sports Sci. 2011;29(11):1165-
1173.

[60] Yang N, MacArthur DG, Gulbin JP, et al. ACTN3
genotype is associated with human elite athletic
performance. Am J Hum Genet. 2003;73(3):627-631.

[61] Montgomery HE, Marshall R, Hemingway H, Myerson
S, Clarkson P, Dollery C, et al. Human gene for physical
performance. Nature. 1998;393(6682):221-2.

[62] Williams AG, Rayson MP, Jubb M, World M, Woods
DR, Hayward M, et al. The ACE gene and muscle
performance. Nature. 2000;403(6770):614.

[63] Yang N, MacArthur DG, Gulbin JP, Hahn AG, Beggs
AH, Easteal S, et al. ACTN3 genotype is associated with
human elite athletic performance. Am J Hum Genet.
2003;73(3):627-31.

[64] North KN. Why the alpha-tropomyosin gene? Am J Hum
Genet. 1999;64(2):308-10.

[65] Lucia A, Gomez-Gallego F, Barroso I, Rabadan M,
Bandrés F, San Juan AF, et al. PPARGCI1A genotype
(Gly482Ser) predicts exceptional endurance capacity in
European men. J Appl Physiol (1985). 2005;99(1):344-
8.

[66] Pitsiladis YP, Tanaka M, Eynon N, Bouchard C, North
KN, Williams AG, et al. Athlome Project Consortium: a
concerted effort to discover genomic and other "omic"
markers of athletic performance. Physiol Genomics.
2016;48(3):183-90.

[67] Ahmetov II, Williams AG, Popov DV, Lyubaeva EV,
Hakimullina AM, Fedotovskaya ON, et al. The combined
impact of metabolic gene polymorphisms on elite
endurance athlete status and related phenotypes. Hum
Genet. 2009;126(6):751-61.

455


https://www.wada-ama.org/en/what-we-do/ethics/gene-doping
https://www.wada-ama.org/en/what-we-do/ethics/gene-doping

