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TRAINING FOR GENES – HOW TO DESIGN IT?

 TRENING ZA GENE – KAKO GA DIZAJNIRATI?

Jelena Ž. POPADIĆ GAĆEŠA

Introduction

Skeletal muscle is a tissue that possesses an in-
trinsic capacity to adapt to the type of physical ac-

tivity it is required to perform. The adaptation is 
taking place during growth in the childhood, as a 
response to training, and its decline occurs during 
aging. In training, the onset and degree of adapta-
tion depend on type, intensity and duration of the 
training stimulus. Highly specialized sport disci-
plines also demand highly specialized types of 
training which will favor specific metabolic muscle 
adaptation. 

Summary
Introduction. The aim of this short review was not to be just an-
other systematic report, but to highlight further research hypotheses 
regarding the challenges in performance genomics by focusing on 
three papers published in 2016, which offer innovative and promis-
ing approach that would be a breakthrough in more exact application 
of genetic data in practical work of sports experts and training de-
sign. Genes for sports. More than 200 single nucleotide polymor-
phisms and genetic traits associated with fitness performance have 
been reported in numerous studies, but genes for angiotensin con-
verting enzyme and alpha-actinin-3 are most frequently associated 
with enhanced physical performance. Perspectives of epigenetics. 
Genotype-phenotype interactions include a wide range of molecular 
mechanisms with complex effects and interconnections. Gene ad-
justed training protocols. Using genetic profiling to match indi-
vidual genotype with appropriate training modality may be a pow-
erful tool providing personalized athletic training in the future. 
Conclusion. When applying genetic profiling prior to and during 
training programs, special consideration should be made to avoid 
athlete selection; it should be only used for inclusion, not for exclu-
sion. Also, attention must be paid to social and ethical issues. Wider 
approach should include training interventional studies and non-
athletic population in discovering new molecular pathways of mus-
cle adaptation to exercise through genotype-phenotype interactions.
Key words: Athletic Performance; Genotype; Gene Expression; 
Polymorphism, Single Nucleotide; Exercise; Programs; Peptidyl-
Dipeptidase A; Actinin; Muscle, Skeletal 

Sažetak
Uvod. Cilj ovog kratog revijalnog članka nije da bude još jedan 
sistematski izveštaj, već da naglasi moguće buduće istraživačke 
hipoteze o izazovima u genomici fizičke aktivnosti fokusirajući se 
na tri naučna rada objavljena 2016. godine, koji nude inovativni i 
obećavajući pristup koji bi mogao doneti proboj ka egzaktnijoj pri-
meni genetskih podataka u praktičnom radu sportskih stručnjaka i 
dizajnu treninga. Geni za sport. Više od 200 različitih polimorfi-
zama jednog nukleotida (single nucleotide polymorphism) i genetskih 
osobina udruženih sa sportskim postigućem objavljeni su u brojnim 
studijama, ali geni za angiotenzin-konvertujući enzim i alfa-aktinin-3 
najčešće su povezivani sa poboljšanim posignućem. Perspektive u 
epigenetici. Interakcije između genotipa–fenotipa uključuju širok 
dijapazon mehanizama sa kompleksnim uticajima i međupovezanošću. 
“Genu prilagođeni” trenažni protokoli. Koristeći genetsko pro-
filisanje radi boljeg poklapanja individualnih genotipova sa 
odgovarajućim trenažnim modalitetima moglo bi predstavljati moćno 
oruđe u postizanju detaljnije personalizovanog treninga u budućnosti. 
Zaključak. Kada se primenjuje genetsko profilisanje pre i tokom 
trenažnih programa, posebnu pažnju bi trebalo obratiti na to da se 
izbegne njegovo korištenje u selekciji; ono se može upotrebiti samo 
kao uključujući kriterijum, a ne kao isključujući kriterijum. Takođe, 
pažnja se mora posvetiti i socijalnim i etičkim pitanjima. Širi pristup 
bi trebalo da uključi studije sa trenažnim intervencijama i populacije 
nesportista u otkrivanju novih molekularnih puteva mišićne adap-
tacije na fizičku aktivnost kroz interakcije genotip–fenotip.
Ključne reči: sportsko postignuće; genotip; ekspresija gena; 
polimorfizam jednog nukleotida; vežbanje; programi; angioten-
zin konvertujući enzim; aktinin; skeletni mišići
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The aim of training is achieving biological ad-
aptation of the organism in line with its genetic 
potential, in order to accomplish specific tasks, with 
increased load. It is clear, therefore, that hard work 
is necessary to accomplish desired sports results.

Modern athletic training has two major aims: to 
systemize the training process and to make quanti-
fication possible. Monitoring and evaluation of 
training effects is possible by using functional tests, 
always having in mind to choose a test which has 
to be specific for the metabolic profile of the sport 
in which participant is involved in.

At the beginning of the third millennium, new 
perspectives have opened in modern sport in which 
genetics has an increased importance. By introduc-
ing new methods for gene expression profile analy-
sis, metabolic adaptation adds a new dimension, on 
the molecular level, through processes of transcrip-
tion and translation. Can these methods be used for 
designing athletic training? With the human ge-
nome decoded, is it possible to determine who has 
genetic potentials for top athletic achievements? 
The answers to these and similar questions are bur-
dened by the fact that a variety of genetic expres-
sions is controlled by various signaling pathways, 
most of them still partially known or unknown. 

Since muscle cells react to mechanical, but also to 
chemical signals, it is probable that the training should 
be more scientifically based, using methods of genom-
ics, proteomics and epigenetics in optimization the 
training program to gain adequate muscle mass and 
fitness phenotype for specific physical activity.

Still, this will probably refer only to fine tuning, 
rather than replacement of training that has been 
applied in ad hoc manner for decades. Anyhow, as 
1 to 2% can make a difference between Olympic 
gold and failure to qualify, we can say with high 
certainty that this new biochemical technology will 
be used aiming to improve and enhance sports 
achievements and to develop genetic potential on a 
more scientifically based level.

Genetic era has certainly brought novelties into 
sports medicine. How will the development of 
young top athletes be designed in the future? Can 
gene therapy be used in sports and misused as well? 
We cannot get answers to these and other questions 
concerning modern sports soon, but they will cer-
tainly raise new questions and challenges in this 
area. One thing is certain – all the possibilities to 
enhance and raise limits of human performance are 
not yet exhausted. 

The exercise genomics is also very promising in 
the population of non-athletes in the research of mus-
cle adaptation processes in various interactions and 
interconnections between genotype and environmen-
tal stimuli, knowing that genes are not sufficient for 
achievement, but we do not know exactly how to 
train them to reach maximum performance.

More than 200 single nucleotide polymorphisms 
(SNPs) associated with performance and fitness-re-
lated traits have been reported in the literature. These 
genetic traits have been identified as effective in mus-
cle morphology, function, adaptation and physical 
performance in humans, and reported in numerous 
studies [1–6]. The literature in this area is rich, with 
extensive reviews published on the subject, and reg-
ular annual review reports about current status of 
research in exercise genomics. However, advances 
in this area are not as fast as expected.

Therefore, the aim of this review was not to be 
just another systematic report, but to highlight new 
and promising approaches in performance genom-
ics by focusing on three interesting papers pub-
lished in 2016 [7–9]. They offer a refreshing and 
innovative approach that would be a breakthrough 
in exact application of genetic data in practical work 
of sports experts.

Genes for sports

Skeletal muscles can adapt to different levels of 
physical activity by increasing muscle size and 
strength. The capacity of adaptation depends on 
multiple factors, like genetic predisposition, hor-
monal influences, neural components, metabolic 
factors, muscle fiber composition and the training 
protocol [10–19].

The genetic factors are estimated to account for 
20 – 80% of various aspects of athletic performance 
[20]. A number of genes have been discovered that 
likely influence specific performance both in athletes 
and non-athletes. In the decades since the gene for 
angiotensin converting enzyme (ACE) was first pro-
posed to be a “human gene for physical performance” 
[21, 22], there have been numerous studies examining 
the effects of ACE and other genes on athletic status 
through its association with strength/power, aerobic 
capacity, muscle fiber composition [6, 23–26]. So far, 
only ACE, alpha-actibnin 3 (ACTN3) and bradykinin 
receptor B2 (BRDKB2) (due to connections with 
ACE) [27, 28], are genes most frequently connected 
with enhanced performance. 

For ACE gene, D allele is associated with in-
creased ACE activity, which converts angiotensin 
I to angiotensin II (potent vasoconstrictor) and de-
grades bradykinin (vasodilator), while allele I is 
associated with increased endurance performance 
and increased kinin activity. Effect of bradykinin 
on muscular blood flow and metabolism was also 
studied [29]. The combination of ACEI/BDKRB2-9 
is associated with increased muscle efficiency and 
endurance through elevation of kinin activity [28]. 

Abbreviations
SNP – single nucleotide polymorphism
ACE – angiotensin converting enzyme 
ACTN3 – alpha actinin 3
BRDKB2 – bradykinin receptor B2
GWAS – genome-wide association studies
BASES – British Association of Sport and Exercise 
    Sciences
DNA – deoxyribonucleic acid
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The ACTN3 gene encodes actin-binding protein 
alpha-actinin-3 which has a structural role of the 
Z-line only in type II fibers. X allele leads to com-
plete deficiency of actinin, and XX genotype is 
rarely seen in athletes. ACTN3 showed no associa-
tion with muscle metabolic characteristics, and in 
knockout mice study, although muscles had similar 
fiber proportions as the wild type mice, reduced 
muscle mass with decreased fast-twitch fiber diam-
eter, increased aerobic enzymes concentration, con-
traction time, and decreased recovery period were 
reported [30].

Beside the above described genes, there are more 
than 200 other genes reported to be linked with 
some variations in human performance, mainly in 
the aspects of strength/power and endurance. How-
ever, some genes are connected to cardiovascular, 
pulmonary, endocrine, or central nervous system 
regulation related to exercise [31–33]. Table 1 
presents several polymorphisms for genes most fre-
quently connected with the physical performance.

Although numerous studies examined effects of 
different genes on athletic status and physical perform-
ance, only 25% of these genetic markers were posi-
tively associated with performance in at least two 
studies for polymorphism responsible for the substan-
tial heritability of performance-related phenotypes [34, 
35]. This indirectly implies relative magnitude of the 
genetic contribution to sporting performance.

Advanced molecular technologies with simulta-
neous genotyping of numerous markers shifted 
study designs from family studies, like HERITAGE 
study [36] to population-based association studies, 
which can be candidate-gene association studies or 
genome-wide association studies (GWAS). 

Genome-wide association studies  approach was 
introduced to identify new SNPs that confer sus-
ceptibility to sprint/endurance performance in 
world-class athletes. The study is ongoing, and 17 
SNPs were identified by Jamaican group that may 
be connected to sprint performance in elite athletes 
[35]. Some new traits were recently discovered and 
published by using GWAS approach [37]. But, the 
most recent study of Rankinen et al. from GWAS 
failed to show that world-class athletes possess 
higher concentrations of endurance performance 
alleles than sedentary controls [7]. As Rankinen et 
al. reported, GWAS studies were undertaken on two 
cohorts of elite endurance athletes and controls 
(GENATHLETE and Japanese endurance runners), 
from which a panel of 45 promising markers was 
identified, then tested for replication in seven ad-
ditional cohorts and controls, with a total of 1.520 
endurance athletes and 2.760 controls. Although 
world-class athletes were more likely expected to 
have an endurance genetic profile, only one statisti-
cally relevant marker was found, and the study did 
not identify a panel of genomic variants common 
to these elite endurance athlete groups. Further 
analyses of some suggestive alleles (as the study 
was underpowered to identify alleles with small ef-

fect sizes) in controlled exercise training studies 
could expand our knowledge in this area [7], as a 
novel direction in exercise genomics research.

So far, extensive literature analysis marked sev-
eral important advantages, as well as disadvantag-
es in the research approach in exercise genomics. 
Advantages include development of new technolo-
gy, low cost analyses, higher availability of geno-
typing, designing GWAS, inclusion of top athlete 
cohorts, with fine mapping/targeted resequencing 
and multi-centric study models. On the other hand, 
disadvantages include the following: most known 
genes may have only accidental association with 
phenotypes of interest, many genes are involved in 
sporting performance, large cohorts are unachiev-
able for SNPs, small effect size, acute training ef-
fects, and in many cases only association with 
genotype, which does not have to mean connection 
with gene variant. Also, many other factors direct-
ly or indirectly influence the final athletic perform-
ance, like social and psychological ones.

Rees et al. recently elaborated and discussed in de-
tail current knowledge on the development of best 
sporting talents, reviewing extensive literature on what 
is the most important contributor to the development 
of super-elite performance in sport [8]. Taking into 
consideration personality, environment, training and 
other factors, authors reported only moderate quality 
of the evidence that any of these parameters individu-
ally are important contributors to the development of 
super-elite performance. The authors emphasized that 
genetics, together with anthropometric and physiolog-
ical factors, presents a significant contributor in talent 
development strategy, with a recommendation to sports 
practitioners to use these personality profiling for talent 
development, but not for talent selection purposes. 
Also, the trajectory to super-athletes status appears 
distinctly non-linear, involving repeated selection and 
de-selection, rather than linear progression within ath-
letes support programs, which suggests that early ath-
letes support programs are not the sole route to the 
development of the talent, that they should be open for 
access at all age ranges, and to monitor de-selected 
athletes for potential return, with special attention paid 
to progress fail in many talented athletes at transition 
from junior elite to elite level. Thus, early specialization 
should be avoided if not necessary, with promoting 
opportunities for young athletes to experience non-
organized play and sampling in variety of sports. 
Other factors include socio-economic status, the rem-
iniscence effect (improvement of performance that 
occurs while the subject is resting), emotional factors, 
and other complex interactions of an athlete and envi-
ronment during growth, which all make discovering 
and nourishing a sports talent so difficult, as well as 
impossible to be completely scientifically based and 
predicted [8]. 

As Lucia et al. pointed in their review [38], being 
an athletic champion takes much more than having 
“champion genes”, with making sport achievement 
of excellence even from the scientific and theoreti-
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cal point very unpredictable, genetic profiling should 
not be used for selection, but for development of an 
individual potential. All the information should be im-
plemented in interventional studies with non-athletic 
population as well, which could also represent an im-
portant new dimension of exercise genomics.

Perspectives of epigenetics 

Epigenetics has a growing influence in the field of 
exercise genomics. A predisposition to achieve excel-
lence in sports does not only depend on genes, but also 
on the level of their expression, and therefore on nu-
merous mechanisms influencing transcriptional and 
post-transcriptional regulation processes [39]. 

The regulation of gene expression is a fundamen-
tal process that establishes and impacts the pheno-
type of each tissue. Each cell type possesses its own 

gene expression mechanisms, which are conducted 
by a specific epigenetic pattern. Epigenetics focuses 
on accessibility of deoxyribonucleic acid (DNA) to 
the transcriptional processes, association of the epi-
genetic modifications with gene expression patterns, 
and their potential effects on the phenotype [38–40]. 
Epigenetic modifications include DNA methylation 
and histone modifications, with epigenetic inheritance 
through genomic imprinting [39]. Therefore, genotype-
phenotype interactions include a wide range of mech-
anisms with complex interactions and interconnections, 
which additionally complicate predetermination of in-
dividual athletic physical potential.

Acute exercise effect on molecular processes broad-
ens the horizon in epigenetic researches. Acute gene 
activation is associated with a dynamic and transient 
change in DNA methylation in skeletal muscle and 
DNA hypomethylation is an early event in contraction-

Table 1. The best known genes associated with physical performance
Tabela 1. Najpoznatiji geni povezani sa fizičkim postignućem

Gene
Gen

Product
Produkt

Functions
Funkcije

SNP/JNP - Jednonukle-
otidni polimorfizam

Effects
Efekti

ACE Angiotensin I converting 
enzyme

Angiotenzin I 
konvertujući enzim

Synthesis of angiotensin II (vasocon-
striction) and degradation of vasodila-
tor kinins/Sinteza angiotenzina II (va-
zokonstrikcija) i razgradnja vazodila-

tatora kinina

Alu I/D (rs4646994)
l: 17q23.3

I: endurance
D: power

I: izdržljivost
D: snaga

ACTN3 α-actinin-3
α-aktinin-3

Muscle contractility in fast-twitch 
muscle fibers/Mišićna kontraktilnost u 

brzokontra- hujućim mišićnim vla-
knima

R577X (rs1815739 C/T)
l: 11q13.1

T: endurance
C: power

T: izdržljivost
C: snaga

BDKBR2 Bradykinin receptor B2
Bradikinin receptor B2

Endothelium-dependent vasodilation/
Endotelijalno-zavisna vazodilatacija

+9/-9 (exon1) 
rs1799722 C/T

l: 14q32.1-q32.2

-9: endurance
T: endurance
T: izdržljivost

CNTF Ciliary neurotrophic fac-
tor/Cilijarni neurotrofni 

faktor

Differentiation and survival of motor 
neurons/Diferencijacija i preživljavanje 

motornih neurona

rs1800169 Power
Snaga

IGF1 Insulin-like growth fac-
tor-1/Insulinu sličan fak-

tor rasta-1

Muscle growth and development
Mišićni rast i razvoj

rs6220, rs7136446 Power
Snaga

IL6 Interleukin-6
Interleukin 6

Cytokine engaged in regulation of differ-
entiation, proliferation and survival of 

target cells/Citokini angažovani u regu-
laciji diferencijacije, proliferacije i 

preživljavanja ciljnih ćelija

-174 C/G (rs1800795 C/G)
l: 7p21

G: power
Snaga

PPARA Peroxisome proliferator-
activated receptor α

Peroksizom 
roliferatorni-aktivirajući 

receptor α

Regulates liver, heart and skeletal muscle 
lipid metabolism, glucose homeostasis, 

mitochondrial biogenesis, cardiac hyper-
trophy/Reguliše metabolizam masti u jetri, 
srcu i skeletnom mišiću, homeostazu glu-
koze, biogenezu mitohondrija, hipertrofiju 

srčanog mišića

G/C
(rs4253778 G/C)

l: 22q13.31

G: Endurance
C - Power

G: Izdržljivost
C: Snaga

PPARGC1A Peroxisome proliferator-
activated receptor γ 

coactivator 1α
Peroksizom 

roliferatorni-aktivirajući 
receptor γ koaktivator 1α

Regulates fatty acids oxidation, glucose 
utilization, mitochondrial biogenesis, 

thermogenesis, angiogenesis, formation 
of muscle fibers/Reguliše oksidaciju mas-
nih kiselina, utilizaciju glukoze, biogen-
ezu mitohondrija, termogenezu, angio-
genezu, formiranje mišićnih vlakana

Gly482 (G)
(rs8192678 G/A)

G: Endurance
G: Izdržljivost
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induced gene activation, which provides new evidence 
that the epigenetic marks across the genome undergo 
dynamic variations as a response to acute as well as 
chronic stimuli [40]. This and similar findings should 
be kept in mind when analyzing epigenetic inflow on 
performance genes and their expression.

New perspectives of genetic testing for preven-
tion of sports injuries and treatment will bring new 
aspects of its application in the field of sports sci-
ences but also rehabilitation medicine [41]. Also, 
ethical issues regarding genetic testing of athletes 
are very important and widely discussed in the lit-
erature [42, 43]. The British Association of Sport 
and Exercise Sciences (BASES) Molecular Exercise 
Physiology Interest Group has produced a position 
stand to advise on current issues in genetic research 
and testing in sport and exercise sciences (BASES 
position stand on Genetic Research and Testing in 
Sport and Exercise Science). However, discussion 
on this subject is beyond the scope of this review.

Gene adjusted training protocols

Angiotensin coverting enzyme and ACTN3 genes 
(and BDKRB2 due to the association with ACE) are the 
most frequently studied and mostly linked to enhanced 
performance, with physiological mechanisms of their 
influences studied in detail. Introduction of GWAS 
showed promising approach in discovering new SNPs 
for “fitness genes”. However, it is not easy to link geno-
types with athletic performance phenotypes. The most 
recent report from Rankinen et al. (including GENATH-
LETE project) failed to show that world-class athletes 
possess higher concentrations of endurance perform-
ance alleles compared to sedentary controls [7]. There-
fore, trying to find the perfect athletic genotype will not 
be as easy and practical as expected, since it is a complex 
multifactorial interaction with variable successful out-
comes in numerous super athletes worldwide.

Although numerous studies reported a variety 
of gene/athletic performance interactions, there are 
inconsistencies for most of the SNPs in different 
studies, as many genes are involved in sports per-
formance with their variable expression and func-
tional interactions which are mainly unknown and 
very complex. One of the most important disadvan-
tages so far is the lack of interventional training 
studies which could explore training effects and 
their association with genotype.

Since the HERITAGE study reported individual 
response to training stimulus and its linkage to ge-
netic profile [36], some other researchers correlated 
different polymorphisms with training effects on 
functional capacity [34, 44–46]. Individual variabil-
ity in training response is in all these studies discov-
ered after completing the training protocols and no 
modifications were done during training. It would be 
essential to take into consideration these individual 
variations when preparing the training. A personal-
ized approach with individually dosed exercise com-
bination is the final aim in training design, which 

could significantly contribute in achieving maximal 
sports performance based on athlete’s genetic poten-
tial and its phenotypic expression and interaction. 
Recently, Jones et al. have for the first time, as to our 
knowledge, reported on a personalized approach to 
training based on athletes’ genetic algorithm [9]. Us-
ing genetic profiling to better match individual gen-
otype with appropriate training modality may be a 
powerful tool to aid personalized and precise training 
in the future. Numerous cohorts of participants could 
be included in various training interventional studies 
with “genetically designed” protocols and serve as 
solid ground for future development and better un-
derstanding of underlying physiological mechanisms. 
Aging studies could also further benefit from this 
approach. Therefore, significant scientific efforts 
should be shifted towards designing training proto-
cols for non-athletes based on known SNPs. Previ-
ously prescribed training, based on genetic profiling, 
would allow investigators to follow up numerous 
functional, morphological and metabolic properties, 
including mitochondrial dynamics, their response to 
training intervention and possible association with 
genetic traits, illuminating physiological mechanisms 
and pathways in this complex interconnection. De-
veloping gene adjusted training protocols for non-
athletic populations may decrease the number of 
non-responders and significantly fasten positive ad-
aptation changes, with enhanced therapeutical effect. 
The follow-up of the training response may broaden 
epigenetic approach through possible gene expression 
modifications as a result of training intervention. 

Is training in the future going to be done in an 
ad hoc manner, or precisely designed, based on ge-
netic predisposition in athletic and non-athletic 
populations? If applying this fine tuning prior or 
during the training programs, special effort should 
be made to avoid using genetic profiling for selec-
tion; it should  only be used for inclusion, not for 
exclusion. 

Conclusion

Physical performance represents a complex mul-
tifactorial phenotype, combination of genetics and 
environmental factors, through epigenetic patterns. 

Numerous studies of genetic associations with per-
formance phenotypes have been published over the past 
three decades. The actual number of single nucleotide 
polymorphisms and genetic traits that can potentially 
explain elite athletic performance or response to train-
ing will eventually be much higher in the future.

Further replications of these single nucleotide 
polymorphisms in independent cohorts are required 
to be taken forward for fine mapping/targeted rese-
quencing and interventional training studies to re-
veal the underlying physiological mechanisms.

Also, attention must be paid to social and ethical 
issues regarding genetic testing in sports medicine.

As discussed in this review, genetic profiling should 
not be used for prediction or selection of future top 
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athletes, but for development of physical fitness and 
achievements in accordance to individual potentials. 
New efforts should be focused on application of exer-
cise genomics knowledge in non-athletic populations, 
by designing genetically-based training algorithms. 
Widening the research in this direction could bring new 
information about muscle plasticity and more scien-

tifically based application of different stimuli that en-
hance or modify skeletal muscle adaptation to exercise 
through various molecular mechanisms. Introducing 
skeletal muscle as a secretory organ, with still un-
known extent of its influence in systemic response to 
exercise, will substantially increase its role and impor-
tance in future research.
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