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Summary - Endurance and power performance capacities show much interindividual variation, even 
among well-trained athletes. In the past few years the research was focus on the analysis of the relationship 
between physiology, biochemistry and genetics in the fi eld of physical exercise, investigating on the inheritance 
of some traits of performance, on the genetic and molecular basis of training adaptation and on the diff erent 
indicators of performance.Recently, several studies have shown evidence of the important role of gene 
polymorphisms in athletic performance. Genetic analysis can be considered a crucial predictive factor only 
when the gene under scrutiny has a strong infl uence in a specifi c physiological pathway or when physiological 
tests are weakly predictive of adult performance. It is noteworthy that genetic association studies must always 
be interpreted with caution, for several reasons. It is necessary to verify if the association is attributable to 
chance or is a false positive result. � e association between gene and performance phenotype could even be a 
consequence of a lack of homogeneity in the genetic substrate of the samples under scrutiny, which could be 
from diff erent ethnic groups. � e number of genes potentially correlated with sport performance is increasing 
steadily: today it includes 165 autosomal genes and fi ve on the X chromosome. Moreover, there are 17 
mitochondrial DNA (mtDNA) genes in which sequence variants infl uence both fi tness and performance 
phenotypes. Here we review some of the most studied genes on autosomes and in mtDNA that are correlated 
with potential performance or fi tness phenotypes.
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Introduction

Physical exercise is a complex phenotype 
infl uenced by several environmental and genetic 
factors (MacArthur & North, 2005). � e adap-
tations implied to produce coordinated move-
ments entail tissue and cellular changes, which 
in turn involve gene expression. For example, 
the skeletal muscles can vary in effi  ciency and 
the cardiovascular system can be more or less 
subject to fatigue, depending on how genes are 
expressed. � e recent literature reviewed here 
covers the type and the range of the changes 
that occur during physical exercise, at both cel-
lular and molecular levels. � e methods most 

frequently used involve analyses of the maximal 
and submaximal consumption of oxygen, the 
activity of oxidative enzymes, and the percent-
ages and contraction capacity of slow muscle 
fi bers (Costil, 1967; Booth & Narahara, 1975).
� ese parameters show signifi cant correlations 
with performance, for example in endurance 
activity (Larsen, 2003). Nevertheless, even if 
the maximum oxygen uptake (VO2max) can be 
considered an important prerequisite for perfor-
mance in endurance racing, it does not seem to 
be a comprehensive predictive factor for perfor-
mance in elite athletes. In fact, performance is 
the result of many diff erent factors: the intensity 
and type of training, the energy cost of running 
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and the anthropometric and morphometric 
characteristics of the athlete (Maldonado et al., 
2002). � e energy cost of running appears corre-
lated with height and body mass. Another factor 
is the cross-sectional area of muscular fi bers as 
this determines the capillarity of the muscle and 
aff ects adaptations to oxidative capacity of the 
trained muscle. � us, a high density of capillaries 
together with the high contractile ability of slow 
fi bers is likely to favor endurance performance 
(Hawley, 2002).

At this point, we wonder if these and other 
similar observations suffi  ce to establish whether 
an individual is potentially an elite athlete. It is 
known that sport performance shows a certain 
degree of variability within a population, as with 
many other phenotypic characters. Is it possible 
that this variability is caused exclusively by dif-
ferent degrees of physical activity and training? 
At the New York marathon in 2000, the fi rst 
three positions were taken by Kenyan athletes 
and nine other Kenyan runners ranked within 
the fi rst 20 positions. At the Boston marathon in 
2002, 13 of the 14 Kenyan athletes completed 
their race within the fi rst 25 positions. On the 
other hand, only one of 1122 Canadian athletes 
completed the race within the fi rst 25. Clearly, 
Kenyans appear to have some inherent abilities 
that favor them in long-distance running.

� e general hypothesis is that there is an 
inheritance component aff ecting physical and 
athletic fi tness that is able to interact with envi-
ronmental factors, particularly with training. 
� erefore, to understand fully the biological 
aspects of performance it is essential to under-
stand the roles played by genes. Recent scien-
tifi c research has concentrated on possible rela-
tions between physiology, biochemistry, and 
genetics in the fi eld of physical exercise. It has 
investigated the inheritance of several traits 
of performance focusing on the genetic and 
molecular basis of adaptation to training and 
on various markers of sport performance. Until 
the 1990s, the study of such complex traits was 
based almost entirely on twin and family analy-
ses and on association studies, such as the cor-
relation between sports results, morphological 

and physiological parameters, and modes of 
training. For example, the family study of the 
HERITAGE project (HEalth, RIsk factors, exer-
cise Training And GEnetics) showed that the 
variance of maximum oxygen uptake (VO2max) 
among families is 2.7 times higher than the 
VO2max variance calculated within each family; 
moreover, the correlation between parents and 
off spring indicated a 52% inheritance compo-
nent (Perusse et al., 2001). Other research work 
based on family studies highlighted the pres-
ence of signifi cant familial similarities for several 
traits that had been indicated as important fac-
tors of performance, such as muscular strength 
and endurance (Katzmarzyk et al., 2000).

� e activity levels of enzymes involved in 
ATP production show high diff erences between 
individuals, even within the same muscle. � e 
similarity among monozygotic twins varies 
from 0.30 to 0.68, while dizygotic twins and 
brothers present correlation values that rarely 
reach signifi cance (Bouchard et al., 1986). � e 
individual changes induced by physical exer-
cise and training have also been studied. One 
study on monozygotic twins (Prud’homme et 
al., 1984) found that changes in VO2max after 
20 weeks endurance training were eight times 
higher between pairs of twins than within 
individuals of the same pairs, demonstrating a 
strong genetic component for endurance train-
ing capacity. Studies of this kind, despite being 
able to estimate genetic infl uences on physical 
performance, show clear limits when diff er-
ent populations are compared (Hedrik, 2000). 
In fact, the degree of genetic interaction with 
environmental factors diff ers between popula-
tions and this can explain why the estimation of 
inheritance shows such variability.

Recently it has been possible to investigate 
complex traits, such as physical performance, 
using molecular biology techniques. In the 
HERITAGE project, 289 microsatellites located 
on 22 autosomal chromosomes were analyzed in 
a sample of sibling pairs of sedentary individu-
als, distinguished by ethnic origin (Rico-Sanz et 
al., 2004). � e research aimed to identify the 
regions of the human genome associated with 
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VO2max and maximal power output (MPO) and 
to verify the capacity of response to a standard-
ized training program of endurance for a period 
of 20 weeks. For subjects of Caucasian origin, 
the variation of VO2max seems to be infl uenced 
by a locus located on chromosome 11 (11p15), 
whereas some markers on chromosomes 10 
(10q23) and 13 (13q33) seem to infl uence the 
MPO.� e variation in response to training in 
the same subjects is a partial eff ect of locus 5q23. 
Among people of African origin, variation in 
VO2max is linked to chromosome 1 (1p31).� e 
authors suggest that loci 11p15 and 10q23 are 
correlated with VO2max and MPO, whereas loci 
1p31 and 5q23 infl uence the ability to respond 
to training. In view of these ethnic diff erences, it 
would be extremely interesting to repeat a study 
of the same markers in other populations to 
verify whether the observed relations hold true 
between the loci identifi ed by the study, VO2max, 
MPO and responses to training, or if there are 
local environmental or genetic variations.

Numerous papers have been published over 
the past decade presenting evidence that varia-
tions in single genes may infl uence performance 
(Rankinen et al., 2006). For example, many 
studies have shown associations between allele 
frequencies at a given polymorphic locus and 
a specifi c characteristic, such as a high VO2max, 
aerobic enzyme capacity, superior exercise effi  -
ciency, or muscle strength. It is important to 
stress that world-class athletes have a combina-
tion of several genotypes favorable for physical 
performance, as this is surely a polygenic trait. A 
single genetic polymorphism cannot be respon-
sible for sporting success, but it can modulate 
physical capacity (Dionne et al., 1991). Besides, 
not all the favorable genotypes are present in 
the same athlete and performance variation is 
caused by a combination of genetic and environ-
mental factors, which of course include training 
methods. Only recently systematic research has 
started to identify genes that could infl uence 
physical quality, human performance, and motor 
skill. Several strategies have used to identify such 
candidate genes. � e ideal candidate gene must 
be functional, infl uencing, for example, the 

concentration of a protein, its functionality, effi  -
ciency, or responsiveness to environmental fac-
tors. � erefore, one of the strategies for selecting 
candidate genes is to concentrate on genes that 
are known to aff ect physiological and biochemi-
cal systems infl uencing the traits under scrutiny. 
Markers with evidence of association or linkage 
with performance or fi tness phenotype or with 
adaptation to acute exercise or training-induced 
changes are located on all autosomes and the X 
chromosome; their number is increasing steadily 
(Fig. 1). By the end of 2005, 165 autosomal 
genes and fi ve genes on the X chromosome had 
been identifi ed. In addition, variants of 17 mito-
chondrial genes were shown to infl uence fi tness 
and performance phenotype (Rankinen et al., 
2006). Here we will review only the most stud-
ied polymorphisms that have been proved to 
have a direct infl uence on physical performance 
(summarized in Table 1).

Fig. 1 - Increase of  the number of  markers with 
evidence of association with performance or 
fi tness phenotype.
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Angiotensin-converting enzyme (ACE)

One of the most studied genetic markers in 
the fi eld of human performance is an insertion/
deletion (I/D) Alu element of the gene encod-
ing ACE on chromosome 17. As a component of 

the circulating renin–angiotensin system (RAS), 
ACE infl uences circulatory homeostasis through 
the degradation of vasodilator bradykinin and 
generation of the vasopressor, angiotensin II (Ang 
II). � e presence of the D allele has been associ-
ated with higher concentrations of circulating 

Gene Location Type of 
polymorphism

Physiological 
eff ect

Population Major 
fi ndings

Main references

ACE 17q23 insertion/
deletion of an 
Alu element

infl uences 
circulatory 
homeostasis

power and 
endurance 
athletes

association 
with fatigue 
resistance in 
skeletal muscle

Montgomery et 
al., 1999; Folland 
et al., 2000

BDKRB2 14q32.1-
q32.2

insertion/
deletion of a 
9bp repeat

vasodilator endurance 
athletes

association 
with skeletal 
muscle 
metabolic 
effi  ciency

Williams et al. , 
2004

ACTN3 11q13-q14 RFLP binds and anchors 
actin fi laments

power and 
endurance 
athletes

infl uence 
on muscle 
function

Yang et al., 2003; 
Clarkson et al. , 
2005

CKM 19q13.2–
q13.3

RFLP catalyses the 
phosphorylation 
of creatine to 
phosphocreatine,

total and 
endurance 
athletes

infl uence on 
VO2max

Rivera et al., 1997 
a,b; Yong Kang et 
al., 2003

ADRA2A 10q24-q26 RFLP regulation of 
adipose tissue 
lipolysis

endurance 
athletes

infl uence on 
the number 
of receptors of 
adipocytes

Wolfarth et al., 
2000

Na+–K+-
ATPase α2

 RFLP infl uences the 
excitability of 
skeletal muscles

endurance 
athletes

regulation 
of  VO2max 
response to 
training

Rankinen et al., 
2000

PPARα 2p25 RFLP regulates 
lipid, glucose, 
and energy 
homeostasis

power and 
endurance 
athletes

 Almetov et al. , 
2006

PPARGC1A 4p15.1 SNP controls oxidative 
phosphorylation

total 
athletes

infl uence on 
VO2max

Lucia et al., 2005; 
Ling et al., 2004

EPAS1 2p16-p21 SNP involves in the 
hypoxia inducible 
factor  pathway

endurance 
athletes

aerobic and 
anaerobic 
contributions 
to endurance

Henderson et al., 
2005

MTDN5 12337-
14148

mtDNA RFLP increases VO2max sedentary 
subjects 

Infl uence 
endurance and 
trainability 
capacity

Dionne et al., 
1991

Tab. 1 -  Summary of candidate genes  for athletic performance
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and tissue ACE. Increased ACE activity might 
lead to elevated Ang II concentrations (Rigat et 
al., 1990). A local RAS exists in skeletal muscle 
and it may infl uence functional performance 
and the I allele has been associated with fatigue 
resistance in skeletal muscle (Montgomery et al., 
1999) and with endurance performance. � us, 
it is found at excess frequencies amongst elite 
long-distance runners (Myerson et al., 1999; 
Hruskovicova et al., 2006), rowers (Gayagay et 
al., 1998) and mountaineers able to climb peaks 
higher than 7000 meters without the help of 
oxygen(Montgomery et al., 1999). Among run-
ners, the I allele frequency increases with the 
preferred race distance (Myerson et al., 1999). 
Among Olympic athletes, long-distance runners 
(races >5000 m) were characterized by a higher 
frequency of I allele compared with medium-dis-
tance runners (400–3000 m) and sprinters (200 
m or less) with frequencies of 0.62, 0.53, and 
0.35, respectively (Myerson et al., 1999). Recent 
research also demonstrated a signifi cantly diff er-
ent distribution of ACE genotype between short-
distance elite swimmers (5–10 km) and long-dis-
tance elite swimmers (25 km), showing a higher 
frequency of ACE*II genotype and ACE*I allele 
among the latter (Tsianos et al., 2004). � e D 
allele, meanwhile, has been associated with sprint-
ing (Myerson et al., 1999) and with training-re-
lated gains in strength (Folland et al., 2000). In a 
study carried out on the 10 Italian male national 
artistic gymnasts, men with the ACE*ID and 
ACE*DD genotypes presented with values of 

relative strength (handgrip strength/body weight) 
signifi cantly higher than those with the ACE*II 
genotype (Vona, 2008). � is result is in agree-
ment with the study of Colakoglu et al. (2005), 
showing that the ACE*DD genotype gave an 
advantage in power performance, as it produced 
a major development of strength in response 
to training. � ese results were confi rmed by a 
recent study on female Caucasian Turkish ath-
letes that found a better improvement in medi-
um-duration aerobic endurance performance for 
athletes carrying genotype ACE*II, whereas the 
ACE*DD genotype seemed to be more advanta-
geous in performance enhancement for shorter 
duration and high-intensity endurance activities 
(Cam et al., 2007). � us, in general there is an 
association between ACE genotype and physical 
performance and results suggest that allele I car-
riers would have advantages in cardiorespiratory 
endurance. In fact, endurance athletes with the 
II genotype show some parameters of aortic elas-
ticity that are signifi cantly better than sedentary 
individuals and athletes with the ID or DD gen-
otype, as it was clearly shown in the research by 
Tanriverdi et al. (2005) that investigated the rela-
tionship between ACE genotype and endothelial 
function in athletes and sedentary subjects by 
measuring fl ow-mediated dilatation in the bra-
chial artery ultrasonographically (Tab. 2).

Another interesting study related ACE poly-
morphisms with the type and the effi  ciency of 
skeletal muscle fi bers (Zhang et al., 2003). � ere 
is an association between the ACE*II genotype 

  athletes   controls
 DD ID II  DD ID II

Cholesterol (mg/dl) 161.4 170.7 139.7  144.7 174.7 170.3*

HDL (mg/dl) 46.7 41.5 48.3  42.4 39.5 44.7

Flow-mediated dilatation (%) 7 8.4 10.5  4.9 5.5 5.5**

Glyceryl trinitrate-mediated dilatation (%) 14.6 14.2 14.5  14.2 14.6 14.2

* = p<0.05; **=p<0.01       

Tab. 2 - Lipid and endothelial parameters in athletes and controls according to ACE polymorphism 
(from Tanriverdi et al., 2005, modifi ed).
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and an increased percentage of type I skeletal 
muscle fi bers (slow-twitch fi bers), compared 
with the DD genotype. � is provides another 
possible mechanism for the reported associa-
tion of the ACE*I allele with greater endurance 
performance and with the enhanced mechanical 
(Williams et al., 2005) and metabolic effi  ciency 
of trained muscle (Montgomery et al., 1999), as 
type I fi bers are more effi  cient than type II in low-
velocity contraction. Moreover, the fi nding that 
individuals with the ACE*DD genotype have a 
greater percentage of type II fi bers may support 
the notion that the ACE*D allele is associated 
with power performance (Myerson et al., 1999; 
Wood et al., 2001). Unfortunately, it is not yet 
clear why the ACE genotype is related to muscle 
fi ber type or whether ACE polymorphisms may 
be in linkage disequilibrium with other genes 
that control this distribution.

Bradykinin receptor (BDKRB2)

We cannot exclude the possibility that the 
eff ects of ACE polymorphisms on endurance 
phenotype may be mediated through alterations 
in levels of either Ang II or bradykinin. In fact, 
levels of bradykinin are dependent on ACE gen-
otype (Murphey et al., 2000) and may infl uence 
skeletal muscle glucose uptake and muscle blood 
fl ow (Wicklmayr et al., 1983). Several polymor-
phisms have been identifi ed in the gene encod-
ing for the bradykinin β2 receptor (BDKRB2) 
(Braun et al., 1995) and one of these, character-
ized by the absence/presence of a 9 bp repeat in 
exon 1 seems to infl uence endurance phenotype. 
� e absence (–9) of the repeat seems to be asso-
ciated with higher gene transcriptional activity 
(Braun et al., 1996), higher receptor mRNA 
expression (Lung et al., 1997), and a reduced car-
diac trophic response to exercise training (Brull et 
al., 2001). Williams et al. (2004) demonstrated 
that bradykinin polymorphism was associated 
with skeletal muscle metabolic effi  ciency and 
with endurance performance. In fact, the fre-
quency of the –9 allele increased from 0.382 to 
0.412 to 0.569 in athletes specializing in running 

≤200 m, 400–3000 m and ≥5000 m respectively. 
In addition, the ACE and BDKRB2 haplotype 
analysis showed a signifi cant relationship with 
distance runners (≤5000 vs ≥5000 m), with a 
greater proportion of ‘low kinin receptor activ-
ity’ (ACE D and BDKRB2 + 9 alleles) in those 
choosing events <5000 m. In contrast, there was 
a higher proportion of ‘high kinin receptor activ-
ity’ haplotypes (ACE I and BDKRB2 –9 alleles) 
in athletes choosing events >5000 m. � us, 
some of the association between ACE genotype 
and performance seems to be mediated through 
alterations in BDKRB2 kinin activity; of course, 
this does not exclude a contribution by Ang II in 
mediating the eff ects of ACE.

 α-actinin-3 (ACTN3)

� e α-actinins comprise a family of actin-
binding proteins that are important in bind-
ing and anchoring actin fi laments (North & 
Beggs, 1996; Mills et al., 2001). In humans, 
two genes encoding skeletal muscle α-actinin 
are found: the ACTN2 and ACTN3 proteins 
are localized at the Z disk, whereas ACTN1 and 
ACTN4 are not found in muscle. � e ACTN2 
gene is expressed in all fi bers, whilst ACTN3 is 
restricted to fast myofi bers (type II)(North et 
al., 1996). A common human polymorphism 
of the ACTN3 gene was identifi ed as a loss-of-
function nonsense mutation replacing an argi-
nine codon 577 (577R) with a premature stop 
codon (577X). � is allele is unable to encode a 
detectable α-actinin-3 protein, but because the 
ACTN2 gene is expressed in both type I and II 
myofi bers, it can compensate for the loss of the 
ACTN3 protein in type II fi bers in individuals 
who are 577X homozygotes. � e nonsense allele 
is found in every human population, with a wide 
variation (from 1% in Bantu Africans to 25% in 
Asians), implying that balancing selection may 
have been involved in maintaining the polymor-
phism. � is suggests that the ACTN3 genotype 
may be one of the factors that infl uence normal 
variation in muscle function and, as a conse-
quence, human performance (Yang et al., 2003). 
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Several studies have investigated the relationship 
between ACTN3 gene polymorphisms and sport 
performance. Yang et al. (2003) found signifi cant 
diff erences in ACTN3 allele frequencies between 
sprint athletes from Australia and controls. 
From this research, it appears that the presence 
of the ACTN3 protein (577R) might be asso-
ciated with greater success in activities requir-
ing sprint or power performance. On the other 
hand, the ACTN3 577X allele was overrepre-
sented in endurance athletes (Fig. 2). Clarkson 
et al. (2005) reached the same conclusion and 
concluded that the ACTN3*577R allele appears 
to be advantageous in generating maximal force. 
� e authors demonstrated that women with 
the ACTN3*577XX genotype showed a greater 
increase in strength gain after training with 
respect to other genotypes, but these data were 
not confi rmed in men. � is diff erence seems be 
because women have signifi cantly lower base-
line strength and this leads to a greater relative 
increase in strength in women (about 64%) com-
pared with men (about 40%). Similar results were 
obtained by Delmonico et al. (2007) examining 
the baseline knee extensor concentric peak power 
(PP) and peak power change with knee exten-
sor strength training in older adults. From this 
research, it emerged that the 577XX genotype 
group had an absolute and relative peak power 
signifi cantly higher than the other two groups in 
women but not in men. However, for both sexes 
there was a signifi cantly higher increase of the PP 
with strength training in the 577RR genotype 
group than in the 577XX group. � us, ACTN3 
polymorphisms appear to infl uence the degree 
of response of the quadriceps muscle to strength 
training in older adults.

� e Italian National male artistic gymnasts 
were studied by us in collaboration with the 
University of Bologna to evaluate the interac-
tions between morphological, functional, and 
genetic aspects of elite athletes (Calò et al., 
2008). � e athletes were measured for weight, 
for several body dimensions and skinfold 
thickness. Standard anthropometric indices, 
somatotype, body composition, and strength 
parameters were calculated for each athlete. 

None of the 10 gymnasts examined carried the 
ACTN3*XX genotype. Moreover, the athletes 
carrying ACTN3*RR were characterized by sig-
nifi cant higher levels of muscle mass, expressed 
by the values of mesomorphy, arm muscular area 
(AMA), thigh muscular area (TMA), and calf 
muscular area (CMA) and arm, hip, thigh, and 
waist dimensions. � e results suggest a positive 
relation between RR genotype and development 
of muscular mass in elite gymnasts.

One study (Moran et al., 2007) showed that 
the ACTN3*577R allele was associated with a 
sprinting ability in an unselected population 
from Greece. � is result is consistent with pre-
vious studies that have reported a signifi cant 
higher frequency of 577R allele among elite 
sprinters (Yang et al. 2003; Niemi and Majamaa, 
2005). However, there was no evidence for any 
association with other power- or strength-related 
phenotypes involving muscle contraction events 
in this unselected population.

From these results, it has been hypothesized 
that the 577X allele has persisted as a metaboli-
cally ‘thrifty’ allele and that reduced levels or 
absence of α-actinin-3 from the muscle fi bers 
might result in more effi  cient energy storage or 
use of energy reserves (MacArthur et al., 2004; 
Moran et al., 2007). On the other hand, although 
the ACTN3*XX genotype may be detrimental 
for sprint performance, this polymorphism does 
not confer an advantage on the ability of male 
athletes to sustain extreme endurance perfor-
mance, because no diff erences between endur-
ance athletes and controls were found and no 
diff erence were revealed in indices of endurance 
performance (VO2max ventilatory thresholds)
(Lucia et al., 2006).

Creatine kinase (CKM)

� e creatine kinase gene is another locus 
potentially correlated with athletic perfor-
mance. Muscle-specifi c creatine kinase (CKM) 
is an important enzyme in energy metabolism 
as it catalyses the phosphorylation of creatine 
to phosphocreatine, which is an energy storage 
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molecule and an important source of ATP. � is 
enzyme is abundantly present in skeletal muscle 
and its activity level is twice as high in type II 
(fast-twitch) than in type I fi bers (Yamashita & 
Yoshioka, 1991). Its gene is located on chromo-
some 19 (19q13.2) and two restriction fragment 
length polymorphisms (RFLPs) have been iden-
tifi ed within it using NcoI and TaqI restriction 
endonucleases (Lavedan et al., 1990; Gennarelli 
et al., 1991). Rivera et al. (1997a) suggested that 
there was a signifi cant association between the 
NcoI RFLP and the VO2max response to endur-
ance in sedentary Caucasians, but other authors 
do not agree on this point; in fact, no signifi cant 
diff erence in genotype and allelic distribution 
has been found between athletes and controls 
(Rivera et al., 1997b). Another study carried out 
on a Korean population found no signifi cant dif-
ference between athletes and sedentary controls, 
but it revealed an excess of the N1 allele in the 
NcoI RFLP in a normal control group (Yong 
Kang et al., 2003). In conclusion, the genotype 
for CKM can infl uence VO2max but it explains 
only about 9% of variance and this is only in 
response to brief training, not for selected ath-
letes undertaking prolonged training.

Alpha2a-adrenoceptor (ADRA2A)

� e adrenergic receptors have been inves-
tigated for their possible correlation with 

endurance performance (Wolfarth et al., 2000), 
as it has been demonstrated that they play a role 
in the regulation of adipose tissue lipolysis, an 
important step in the energy demands of endur-
ance exercise. Catecholamines induce lipolysis 
during prolonged exercise by the regulation of 
the activity of hormone-sensitive lipases, medi-
ated through their binding to the beta-2-adre-
noceptor (ADRB2, stimulatory) and alpha-2-
adrenoceptor (ADRA2A, inhibitory)(Lafontan 
et al., 1993). Moreover, changes in the basal and 
catecholamine-stimulated lipolytic responses 
associated with training have proved to be more 
heterogeneous between pairs of twins than within 
individuals of the same pairs (Depres et al., 
1984). � is suggests a genetic infl uence on adi-
pocyte lipolysis associated with training (Kobilka 
et al., 1987). � e genes encoding for ADRA2A 
and ADRB2 are located on chromosomes 10 
(q24–q26) and 5 (q31–q32) respectively. RFLP 
has been identifi ed in each gene: the restriction 
enzyme DraI identifi es a RFLP in the ADRA2A 
gene (Hoehe et al., 1986), whereas BanI identi-
fi es the RFLP in the ADRB2 gene (Lentes et al., 
1988). Although no association has been found 
between ADRB2 and endurance performance, a 
signifi cant diff erence in genotype distribution of 
ADRA2A RFLP polymorphism between endur-
ance athletes and a sedentary group has been 
reported (Wolfhart et al., 2000). One possible 
explanation of this result is that the number of 
receptors on adipocytes is infl uenced by the DraI 

Fig. 2 - ACTN3 genotype frequencies in controls and sprint/power and endurance athletes (from 
Yang et al., 2003, modifi ed).
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polymorphism and that this favors a reduced 
inhibitory eff ect mediated by ADR2A. However, 
we cannot exclude the possibility of the action of 
another gene related to endurance performance 
in linkage disequilibrium with the DraI RFLP.

Sodium potassium adenosine 
triphosphate (Na+–K+-ATPase α2)

� e concentration gradient for Na+ and K+ 
across sarcolemma and tubular membranes is a 
crucial factor infl uencing the excitability of skel-
etal muscles.� eNa+–K+-ATPase enzyme plays 
an important role in the maintenance of con-
centration gradients across the cell membrane, 
by transporting Na+ out of the cell and K+ into 
the cell. During high-intensity exercise, the rate 
of cation fl uxes seems to exceed the capacity of 
this enzyme, which reduces membrane poten-
tial. Regular exercise training has been shown 
to increase Na+–K+-ATPase concentrations in 
the plasma membrane in sedentary subjects and 
moderately in endurance athletes. � e enzyme 
consists of two subunits, α and β and there are 
three isoforms for each subunit, codifi ed by three 
diff erent genes.

DNA variation at the Na+–K+-ATPase 
α2 locus is associated with the responsiveness 
of VO2max to endurance training in sedentary 
Caucasian subjects (Rankinen et al., 2000). � e 
gene codifying for subunit α2 is located on chro-
mosome 1 (1q21–q23) and its variants have been 
identifi ed through RFLP analysis using BglII. 
Individuals homozygous for the variant allele of 
the α2 exon 1 showed decreased VO2max response 
to regular endurance training, while the variant 
allele of the α2 exon 21–22 was associated with 
greater VO2max responsiveness. An association 
between the α2 exon 21–22 marker and VO2max 
was found in off spring but not in their parents. 
� e authors suggested that skeletal muscle cat-
ion balance is a less important determinant of 
endurance capacity in older individuals, in which 
other characteristics become more limiting for 
performance. In summary, this enzyme seems 
to play an important role in physical adaptation 

and could infl uence the increase of VO2max as a 
response to training.

Peroxisome proliferator-activated 
receptor alpha (PPARα)

Peroxisome proliferator-activated receptor 
alpha (PPARα) is a transcription factor that 
regulates lipid, glucose, and energy homeostasis. 
It is expressed in particular in tissues that catabo-
lize fatty acid and its expression in muscular 
tissue is higher in type I (slow-twitch) than in 
type II (fast-twitch) fi bers (Russell et al., 2003). 
Its action on fatty acid metabolism is indirect, 
as it regulates the expression of genes encoding 
several enzymes involved in fatty acid oxidation. 
Because the metabolism of carbohydrates and 
fatty acids provides the primary means for energy 
production in working skeletal muscle, it has 
been suggested that genetic polymorphisms for 
PPARα could infl uence human performance or 
responses to physical training. A polymorphism 
has been detected in intron 7 (G/C) and its vari-
ation has been determined through restriction 
enzyme analysis. Using this approach, Almetov 
et al. (2006) found no diff erence in the allele dis-
tribution between Russian athletes and controls. 
However, when the sample of athletes was strati-
fi ed according to their preferred event duration 
and distance, they found an increasing linear 
trend of the C allele with an increasing anaero-
bic component of physical performance. � us, 
the intron 7C allele seemed to be associated with 
power-oriented disciplines and the G-allele with 
endurance performance.

� e mechanism through which the PPARα 
polymorphism might infl uence physical perfor-
mance is unclear. Because the C allele is associated 
with reduced PPARα expression or function, its 
higher frequency among power-oriented athletes 
might relate to a propensity for skeletal muscle 
hypertrophy and to a facilitation of glucose uti-
lization rather than fatty acid oxidation. On the 
other hand, the association between GG genotype 
and endurance performance may be explained as a 
propensity for increased fatty acid oxidation.
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Peroxisome proliferator-activated 
receptor-γcoactivator 1α 
(PPARGC1A) 

� e peroxisome proliferator-activated 
receptor-γ coactivator 1α (PPARGC1A) is a 
coactivator of a subset of genes that control 
oxidative phosphorylation (OXPHOS) and it 
is expressed predominantly in tissues with high 
metabolic activity (e.g., heart, skeletal muscles, 
and brown fat). � rough coactivation of the 
OXPHOS genes, PPARGC1A controls glucose 
transportation and lipid and glucose oxida-
tion, and modulates muscle oxidative capacity. 
Because VO2max proved to be positively correlated 
with OXPHOS in human skeletal muscles, it has 
been investigated whether the Gly482Ser poly-
morphism in PPARGC1A might an important 
determinant in aerobic fi tness (Mootha et al., 
2003). Using a case-control study, the allelic fre-
quencies of Spanish athletes and a control group 
were analyzed (Lucia et al., 2005).� e Gly482 
allele was signifi cantly more frequent among 
athletes than in control group and the VO2max 
was lower among controls. � is result confi rms a 
study in a Danish population (Ling et al., 2004), 
that highlighted an inverse association between 
the Ser482 allele and PPARGC1A mRNA level 
and VO2max. � ese studies suggest that the pres-
ence of Ser482 allele in the PPARGC1A gene 
can predict aerobic capacity. However the mech-
anism that links exercise and PPARGC1A is 
more complex. In fact, it was demonstrated that 
exercise training increased PPARGC1A mRNA 
levels and that overexpression of PPARGC1A 
mRNA corresponded with an increased resis-
tance of contracting muscle to fatigue, indicating 
that PPARGC1A and exercise are part of a coreg-
ulatory feedback loop (Lin et al., 2002; Norrbom 
et al., 2004).

Endotelial PAS domain protein 1 
(EPAS1) 

Endothelial PAS domain protein 1 (EPAS1) 
is a very important gene involved in the hypoxia 

inducible factor (HIF) pathway. HIF represents 
a major signaling pathway responsible for acti-
vating gene expression in response to oxygen 
levels. As a transcription factor, HIF regulates 
a number of genes involved in the cellular and 
systemic response to hypoxia, including eryth-
ropoiesis, angiogenesis, vascular regulation, and 
anaerobic metabolism. It exists as a dimer con-
sisting of α and β subunits; the α-subunit is 
a helix protein that exists as two major forms: 
HIF-1α and EPAS1. � e gene for EPAS1 was 
analyzed using 12 intronic single nucleotide 
polymorphisms (SNPs) in a cohort of endurance 
athletes and normal controls (Henderson et al., 
2005). Moreover, using a power–time model 
of endurance performance, two athlete cohorts 
with diff erent phenotypes (maximum inten-
sity or steady-state intensity) were compared. 
� ere were diff erences between groups in allele 
frequency at two SNPs, which turned out to 
be dependent on preference for a maximum or 
steady state performance intensity. � e EPAS1 
haplotype was signifi cantly associated with elite 
endurance athletes, classifi ed according to the 
power–time model of endurance. � e authors 
concluded that the EPAS1 haplotype might pro-
vide a sensitive metabolic response in determin-
ing relative aerobic and anaerobic contributions 
to endurance sport.

Leukocyte antigens

Polymorphisms in the human leukocyte anti-
gen (HLA) and the leukocyte common antigen 
(CD45) have been investigated in relation to 
endurance performance. Rodas et al. (1997) con-
sidered the relationship between the A, B and C 
loci of the HLA system and VO2max, tested with 
progressive exercise on a treadmill. � ey found 
a high correlation between the presence of both 
HLA A2 and A11 and VO2max. In particular, 
subjects carrying the A2A11 genotype showed a 
signifi cantly higher VO2max than the other indi-
viduals. Gabriel et al. (1997) found that endur-
ance athletes showed a signifi cantly higher rela-
tive receptor expression for CD64, CD45, and 
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HLA-DR when compared with a control sed-
entary group. � ese studies suggest that, among 
endurance athletes undergoing training, mono-
cytes show an enhancement of functionally rel-
evant surface receptors, indicating activation.

Mitochondrial DNA (mtDNA)

Many studies have reported mitochondrial 
DNA (mtDNA) variants in association with per-
formance parameters. Aerobic ATP generation 
by OXPHOS in the mitochondrial respiratory 
chain is a prerequisite for prolonged muscle exer-
cise. mtDNA codifi es 13 out of the 83 polypep-
tides implied in the respiratory chain. It is note-
worthy that there is a signifi cant association for 
VO2max between children and their mothers, but 
not between children and their fathers (Lesage et 
al., 1985; Perusse et al., 2001). � is implies that 
genes on maternally inherited mtDNA encoding 
enzymes involved in OXPHOS could infl uence 
aerobic performance. Furthermore, patients with 
mutations in mtDNA generally show exercise 
intolerance, muscle weakness, and increased pro-
duction of lactic acid (Schmiedel et al., 2003). 
In 1991, Dionne et al. studied 25 polymorphic 
mtDNA sites and their possible association with 
VO2max. Only one site was signifi cantly associ-
ated with the level of minimum oxygen uptake 
but three sites were associated with VO2max. 
Moreover, individuals with a mutation in subunit 
5 of NADH dehydrogenase (MTDN5) showed 
a signifi cantly higher VO2max than subjects carry-
ing no mutation. Another recent study showed 
an association between some mtDNA control 
region polymorphisms and endurance and train-
ability capacity in sedentary men (Murakami et 
al., 2002). � e authors demonstrated that VO2max 
increased signifi cantly after an eight-week train-
ing program; moreover, they found associations 
for VO2max with sites 16298, 16325, and 199, 
and between sites 16223 and 16362 for ∆VO2max. 
� ese results suggest that certain mtDNA lineages 
might contribute to good aerobic performance.

Other studies have been carried out on 
mtDNA coding regions using restriction enzyme 

analysis, but with confl icting results. Niemi and 
Majamaa (2005) found a signifi cantly reduced 
frequency of haplogroups J and K among Finnish 
endurance athletes. � e authors concluded that 
some mtDNA lineages could produce less ATP 
and reduced levels of reactive oxygen species, 
thus being negative genetic markers for endur-
ance performance. In contrast, Scott et al. (2005) 
studying an Ethiopian population, found no sig-
nifi cant diff erence in the distribution of mtDNA 
haplotypes between endurance athletes and con-
trols, with both groups showing high and similar 
frequencies of African L haplogroups. Another 
study on Spanish endurance athletes did not fi nd 
a diff erent distribution of haplogroups K and 
J between athletes and controls, both of which 
showed very similar frequencies of the two haplo-
groups (Castro et al., 2007). Instead, the research 
highlighted a lower frequency of haplogroup T 
among athletes. Haplogroup T is defi ned by a 
silent change at the ND5 gene (G13368A) and 
it would not be directly responsible for less effi  -
cient physical capacity and trainability. However, 
the higher frequency of haplogroup T among 
Spanish patients with left ventricular hypertrophy 
(Castro et al., 2006), suggests some functional 
properties for this haplogroup. For elite athletes, 
this could have a negative eff ect on cardiac adap-
tation to endurance training. Despite these con-
troversial results, we should reject the old belief 
that polymorphisms in the nuclear genome seem 
more important determinants of athletic success 
than mtDNA. We can also hypothesize that the 
divergence in the results obtained could refl ect 
the diff erent genetic background of diff erent 
populations and that discovering mtDNA hap-
logroups favoring endurance performance could 
be diffi  cult because of the complex interactions 
between nuclear and mitochondrial genomes.

Anthropological and evolutionary 
aspects

One of the keys of human evolution is seen 
in bipedalism, that includes the ability of walk-
ing and running. � e capability of running and 
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of endurance running, that can have infl uenced 
the evolution of body shape and structure, could 
have had an important adaptative role in the 
scavenging and in the prolonged hunt, rendering 
the hunt more eff ective (Liebenberg, 2006), 

� e capability of long running, even under 
condition of high temperature, unique to 
humans among primates and uncommon among 
other mammals, appeared about 2 million years 
ago, allowing hominids to compete with other 
carnivores to get meat (Lieberman & Bramble, 
2007). It derives from several specializations that 
include, for example, thermoregulation, stabili-
zation of centre of gravidity, storage and release 
of elastic energy of lower limbs, increase of mus-
cular area for trunk stabilization, and so on. 
Some of the cited specializations are exclusive of 
running ability and not of simple walking.

Despite being nowadays linked particularly 
to sport and playful aspects, running capabilities 
originated in the human evolution in genus Homo, 
and it is believed one of the most important fac-
tor that contributed to evolution of human body 
shape (Bramble & Lieberman, 2004).

Gene copy-number variation, that for pri-
mate’s evolution dated back 60 million years ago, 
regards one third of all primate genes. In humans 
the appearance of some specifi c features, such as 
endurance running, may be correlated to lineage-
specifi c gene amplifi cation (Lupski, 2007).

� ese observations made researchers inves-
tigate on the relationship between endurance 
capabilities, that turn into physiological and 
anthropometric features, and genetic aspects.

It is clear that genetic variants interact with 
environmental stimuli to alter aspects of human 
physical performance, as well as related interme-
diate phenotype. But the researches wonder why 
during the course of human evolution, the seem-
ingly less advantageous alleles have been retained.

� e most studied case from this point of 
view is ACTN3 polymorphism. � e α-actinin-3 
is absent in about 18% of individuals in a range 
of human populations, but, as it has been previ-
ous observed, its absence is not associated with 
obvious disease, since α-actinin-2 expression 
in human skeletal muscle completely overlaps 

α-actinin-3, causing functional redundancy. 
Despite this apparent functional redundancy, 
sequence comparison of human and chicken 
skeletal muscle α-actinin genes suggests that 
human ACTN2 and ACTN3 have both evolved 
very slowly since their divergence more than 300 
million years ago, implying strong functional 
conservation (North et al., 1999). According 
to this model ACTN2 and ACTN3 perform 
the same role, but ACTN3 performs the role 
more eff ectively, and the presence or absence of 
α-actinin-3 in humans has functional (and fi t-
ness) implications only in some environments or 
under extreme conditions.

To determine the origin of null allele (577X) 
non-human primates (baboons and chimpan-
zees)  were genotyped (Mills et al., 2001). � e 
non human primates resulted homozygous for 
the wild type allele (577R), suggesting that the 
polymorphism originated after the separation 
of the human and chimpanzee lineage or they 
have a very low frequency in non-human pri-
mates.On the other hand, the presence of 577X 
in all African and non African populations sug-
gests that the polymorphism has existed for a 
considerable amount of evolutionary time and 
that balancing selection may have been involved 
in its maintenance. Under the hypothesis that 
577X was incorporated and has persisted in the 
human genome as a “thrifty” allele, it would be 
predicted that reduced levels or the absence of 
α-actinin-3 from a subset of muscle fi bers would 
result in more effi  cient energy storage or use of 
energy reserve (MacArthur & North, 2004). In 
fact, since actively contracting striated muscle is 
the most energy-demanding tissue in the body, 
effi  ciency of skeletal muscle contraction coupled 
with resistance to fatigue is crucial to survival in 
evolutionary terms.

� e results emerged from the study on ath-
letes suggest that 577X and 577R alleles may 
be maintained in the population because they 
both confer selective advantages under diff erent 
environment conditions (as 577XX genotype 
enhances endurance performance and 577RR 
seems to enhance sprint ability) and are thus kept 
at high frequencies by balancing selection.
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� e same conclusion could be done for other 
polymorphisms that confer distinct benefi cial 
eff ects on sprint and endurance athletes perfor-
mance, such as ACE. But even if a polymorphism 
is functional and can aff ect performance, it may 
be that this eff ect requires a gene-environment 
interaction to alter phenotype. In a population 
without an appropriate stimulus (whether, for 
instance, dietary or exercise-related), the impact 
of the polymorphic variant could be absent. 

Such an issue is clearly pertinent in the con-
text of population migration, where an allele 
may become advantageous only upon exposure 
to a new environment. Under this hypothesis, 
one allele might be advantageous in one environ-
ment and become disadvantageous in another. 
In the case of ACE polymorphism, the ACE*I 
allele may be associated with improved heat-
tolerance during exercise (Heled et al., 2004). 
If so, then the relative advantage associated with 
this phenotype will depend on the environmen-
tal temperature. In a cold climate, the increase 
of heat generation associated with the D allele 
might be advantageous, whereas the I allele may 
have advantages in hot climates (Montgomery & 
Safari, 2007).

Additionally, any one enzyme may play 
myriad roles in human physiology. � us, the 
ACE I/D polymorphism infl uences body mass 
and composition, insulin sensitivity, muscle 
growth, strength and endurance, and even 
hypoxic ventilatory responses, and the allele 
associated with the benefi cial eff ect on perfor-
mance may thus vary with the environment to 
which the population is exposed. Furthermore, 
each allele may respond by yielding an identi-
cal phenotype if exposed to diff erent stimuli. 
� us, the ACE*I allele seems to be associated 
with preservation of lean body mass (as well 
as fat) in conditions of high energy expendi-
ture (Montgomery et al., 1999), whereas the D 
allele is associated with gains in lean mass in 
response to endurance training.

� us, variations in environmental exposures 
will strongly infl uence phenotype, and selec-
tion of alleles over time may be compounded by 
changes in environment.

Conclusions

From the selected examples reported here it 
is possible to make some general observations. 
Although many studies have reported associations 
between genes and physical performance, it is 
important to remember that the simple presence 
of an allele associated with performance is not able 
to predict whether any athlete can achieve elite 
performance in their chosen discipline. Instead, 
in general, genetic characteristics do not seem to 
add strongly to the identifi cation of talent, or to 
the formulation of training programs that could 
maximize genetic potential and enable athletes 
to reach outstanding results. On the other hand, 
it is necessary to observe that the application 
of genetic studies in the fi eld of sport science is 
very recent and is constantly increasing. Genes 
are responsible for about 50% of the variability 
in physical performance and in the response to 
training (Hopkins, 2001). � erefore, they are very 
important in explaining diff erences in athletic 
performance. Obviously, not all individuals in any 
given training program will reach the same level 
of performance and results. � is is because of the 
diff ering abilities to respond to training that they 
have inherited from their parents. Genetic analysis 
can be considered a crucial predictive factor only 
when the gene under scrutiny has a strong infl u-
ence in a specifi c physiological pathway or when 
physiological tests are weakly predictive of adult 
performance. In several cases, appropriate genetic 
analysis can help guide the choices of young ath-
letes and their coaches in determining the dis-
cipline to which they would be best suited. For 
example, ACE and ACTN3 genotypes can be very 
important guide to deciding if an athlete has the 
possibility of becoming a sprinter or would be bet-
ter to aim at endurance sports. Genetic association 
studies must always be interpreted with caution, 
for several reasons (Romero et al., 2002). It is nec-
essary to verify if the association is attributable to 
chance or is a false positive result. � e association 
between gene and performance phenotype could 
even be a consequence of a lack of homogeneity in 
the genetic substrate of the samples under scrutiny, 
which could be from diff erent ethnic groups. 
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In fact, some researchers showed a diff erent 
allele distribution among diff erent populations 
(Yong Kang et al., 2003; Mills et al., 2001), that 
could refl ect diff erences in the genetic back-
grounds of population and indicate the presence 
of a polymorphism whose distribution exhibits 
clear diversity between diff erent ethnic groups.

Moreover, any given genotype polymorphism 
could be involved in signifi cant linkage disequilib-
rium with others polymorphic variants (MacArthur 
& North, 2004). It seems likely that these limita-
tions will be reduced gradually with a systematic 
and wide study of the genes that are proved to 
have evident links with anatomical, physiological 
and biochemical traits of performance. � e true 
benefi ts of genetic testing can only be evaluated 
by longitudinal studies of large cohorts of young 
athletes; these will involve interdisciplinary col-
laboration among geneticists, anthropologists, 
physiologists, and sports scientists.

In conclusion, we have just begun to rec-
ognize the genetic components involved in the 

determination of phenotypes correlated with 
effi  cient physical activity and with athletic per-
formance. � ere is still a long way to go. � e 
genotyping of athletes will undoubtedly become 
commonplace, although today there are strong 
- mainly ethical - concerns about this practice 
(Hopkins, 2001). In fact, the advance in genomic 
research developed several critics on the use and 
the monopolies of human genome. Despite not 
having reached an agreement on the future devel-
opment of bioscience, it is felt the necessity of a 
reorganization of scientifi c research, that achieves 
the involvement of citizens in the science based 
decisions having a direct eff ect on civil society 
(Rufo, 2007).
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http://www.pbrc.edu/Heritage/home.html

The site introduces the Heritage project, its main results and all the publications concerning the project.
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This site is dedicated to work surrounding the use of genetic technologies in sport and to develop an 
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References

Ahmetov I, Mozhayskaya I.A., Flavell D.M., As-
tratenkova I.V., Komkova A.I., Lyubaeva E.V., 
Tarakin P.P., Henkman B.S., Vdovina A.B., 
Netreba A.I., Popov D.V., Vinogradova O.L., 
Montgomery H.E. & Rogozin V.A. 2006. 
PPARα gene variation and physical perform-
ance in Russian athletes. Eur. J. Appl. Physiol., 
97: 103-108.

Booth F.W. & Narahara K.A. 1975. Vastus lat-
eralis cytochrome oxidase activity and its rela-
tionship to maximal oxygen consumption in 
man. Pflugers Arch., 349: 319-324.

Bouchard C., Lesage R., Lortie G., Simoneau 
J.A., Hamel P., Boulay M.R., Pérusse L., � éri-
ault G. & Leblanc C. 1986. Aerobic perform-
ance in brothers, dizygotic and monozygotic 
twins. Med. Sci. Sports Exerc., 18: 639-646.

Bramble D.M., Lieberman D.E. 2004. Endurance 



www.isita-org.com

127C. M. Calò & G. Vona

running and the evolution of Homo. Nature, 
432: 345-352.

Braun A., Kammerer S., Bohme E., Muller B. & 
Roscher A.A. 1995. Identifi cation of polymor-
phic sites of the human bradykinin B2 recep-
tor gene. Biochem. Biophys. Res. Comm., 211: 
234-240.

Braun A., Kammerer S., Maier E., Bohme E. 
& Roscher A.A. 1996. Polymorphisms in the 
gene for the human B2-bradykinin receptor. 
New tools in assessing a genetic risk for brady-
kinin-associated diseases. Immunopharmacol-
ogy, 33: 32-35.

Brull D., Dhamrait S., Myerson S., Erdmann J., 
Woods D., World M., Pennell D., Humphries 
S., Regitz-Zagrosek V. & Montgomery H. 
2001. Bradykinin B2BKR receptor polymor-
phism and left-ventricular growth response. 
Lancet, 358: 1155-1156.

Calò C.M., Vona G., Corona F., Massidda M. 
2008. Interazioni tra genotipo e fenotipo in gin-
nasti italiani d’elite. In Atti Convegno Scien-
tifi co Nazionale “La ginnastica artistica nel 
XXI secolo”. Aracne Ed., in press.

Cam S., Colakoglu M., Colakoglu S., Sehuri C. 
& Berdeli A. 2007. ACE I/D gene polymor-
phism and aerobic endurance development in 
response to training in a non-elite female co-
hort. J. Sports Med. Phys. Fitness, 47: 234-238.

Castro M.G., Huerta C., Reguero J.R., Soto 
M.I., Domenech E., Alvarez V., Gomez-Zaera 
M., Nunes V., Gonzalez P., Corao A. & Coto 
E. 2006. Mitochondrial haplogroups in Span-
ish patients with hypertrophic cardiomyopa-
thy. Int. J. Cardiol., 112: 202-206.

Castro M.G. Terrados N., Reguero J.R., Alvarez 
V. & Coto E. 2007. Mitochondrial haplo-
group T is negatively associated with the sta-
tus of elite endurance athletes. Mitochondrion, 
7: 354-357.

Clarkson P.M. Devaney J.M., Gordish-Dress-
man H., � ompson P.D., Hubal M.J., Urso 
M., Price T.B., Angelopoulos T.J., Gordon 
P.M., Moyna N.M., Pescatello L.S., Visich 
P.S., Zoeller R.F., Seip R.L. & Hoff man E.P. 
2005. ACTN3 genotype is associated with 
increases in muscle strength in response to 

resistance training in women. J. Appl. Physiol., 
99: 154-163.

Colakoglu M., Cam F.S., Kayitken B., Cetinoz F., 
Colakoglu S., Turkmen M. & Sayin M. 2005. 
ACE genotype may have an eff ect on single 
versus multiple set preferences in strength 
training. Eur. J. Appl. Physiol., 95: 20-26.

Costill D.L. 1967. � e relationship between 
selected physiological variables and distance 
running performance. J. Sports Med. Phys. Fit-
ness, 7: 61-63.

Delmonico M.J., Kostek M.C., Doldo N.A., 
Hand B.D., Walsh S., Conway J.M., Carignan 
C.R., Roth S.M. & Hurley B.F. 2007. Alpha-
actinin-3 (ACTN3) R577X polymorphism in-
fl uences knee extensor peak power response to 
strength training in older men and women. J. 
Gerontol. A. Biol. Sci. Med. Sci., 62: 206-212.

Depres J.P., Bouchard C., Savard R., Prud’homme 
D., Bukowiecki L. & � eriault G. 1984. 
Adaptive changes to training in adipose tissue 
lipolysis are genotype dependant. Int. J. Obes., 
8: 87-95.

Dionne F.T., Turcotte L., � ibault M.C., Bou-
lay M.R., Skinner J.S. & Bouchard C. 1991. 
Mitochondrial DNA sequence polymorphism, 
VO2max, and response to endurance training. 
Med. Sci. Sports Exerc., 23: 177-185.

Folland J., Leach B., Little T., Hawker K., Myer-
son S., Montgomery H. & Jones D. 2002. An-
giotensin-converting enzyme genotype aff ects 
the response of human skeletal muscle to func-
tional overload. Exp. Physiol., 85: 575-579.

Gabriel H., Rothe G., Korpys M., Schmitz G. & 
Kindermann W. 1997. Enhanced expression 
of HLA-DR, Fc gamma receptor1 (CD64) 
and leukocyte common antigen (CD45) in-
dicate activation of monocytes in regenerative 
training periods of endurance athletes. Int. J. 
Sports Med., 18: 136-141.

Gayagay G., Yu B., Hambly B., Boston T., Hahn 
A., Celermajer D.S. & Trent R.J. 1998. Elite 
endurance athletes and the ACE I allele--the 
role of genes in athletic performance. Hum. 
Genet., 103: 48-50.

Gennarelli M., Novelli G., Cobo A., Baiget M. 
& Dallapiccola B. 1991. 3 creatine kinase 



128 Genetics and athletic performance

(M-type) polymorphisms linked to myotonic 
dystrophy in Italian and Spanish populations. 
Hum. Genet., 87: 654-656.

Hawley J.A. 2002. Eff ect of increased fat avail-
ability on metabolism and exercise capacity. 
Med. Sci. Sports Exerc., 34: 1485-1491.

Hedrick P.W. 2000. Genetics of population. 
Jones and Bartlett Publisher, Boston, M.A.

Heled Y, Moran DS, Mendel L, Laor A, Pras E, 
Shapiro Y. 2004. Human ACE I/D polymor-
phism is associated with individual diff erences 
in exercise heat tolerance. J. Appl. Physiol. 97: 
72–76.

Henderson J., Withford-Cave J.M., Duff y D.L., 
Cole S.J., Sawyer N.A., Gulbin J.P., Hahn A., 
Trent R.J. & Yu B. 2005. � e EPAS1 gene 
infl uences the aerobic-anaerobic contribution 
in elite endurance athletes. Hum. Genet., 118: 
416-423.

Hoehe M.R., Berrettini W.H. & Lentes K.U. 1986. 
Dra I identifi es a two allele DNA polymorphism 
in the human alpha 2-adrenergic receptor gene 
(ADRAR), using a 5.5 kb probe (p ADRAR).
Nucleic Acids Res., 16: 9070.

Hopkins WG. 2001. Genes and training for ath-
letic performance. Sportscience, 5 : 1 sportsci.
org/jour/0101/wghgene.htm.

Hruskovicova H., Dzurenkova D., Selingerova 
M., Bohus B. Tikanicova B. & Kovacs L. 
2006. � e angiotensin converting enzyme 
I/D polymorphism in log distance runners. J. 
Sports Med. Phys. Fitness, 46: 509-513.

Kobilka B.K., Dixon R.A., Frielle T., Dohlman 
H.G., Bolanowski M.A., Sigal I.S., Yang-Feng 
T.L., Francke U., Caron M.G. & Lefkow-
itz R.J. 1987. cDNA for the human beta 
2-adrenergic receptor: a protein with multiple 
membrane-spanning domains and encoded by 
a gene whose chromosomal location is shared 
with that of the receptor for platelet-derived 
growth factor. Proc Natl Acad Sci U S A., 84: 
46-50.

Lafontan M. & Berlan M. 1993. Fat cell adren-
ergic receptors and the control of white and 
brown fat cell function. J. Lipid Res., 34: 1057-
1091.

Larsen H.B. 2003. Kenyan dominance in 

distance running. Comp. Biochem. Physiol. A 
Mol. Intergr. Physiol., 36: 161-170,

Lavedan C., Duros C., Savoy D., Leblond S., 
Baily J., Korneluk R. & Junien C. 1990. Di-
rect Haplotyping by double digestion of PCR 
amplifi ed creatine kinase (CKMM): amplifi ca-
tion to myotonic dystrophy diagnosis. Genom-
ics 8: 739-740.

Lentes K.U., Berrettini W.H., Hoehe M.R., 
Chung F.Z. & Gershon E.S. 1988. A biallelic 
DNA polymorphism of the human beta-2-
adrenergic receptor detected by Ban I-Adrbr-2.
Nucleic Acids Res., 16: 2359.

Lesage R., Simoneau J.A., Jobin J., Leblanc J. & 
Bouchard C. 1985. Familial resemblance in 
maximal hart rate, blood lactate and aerobic 
power. Hum. Hered., 35: 182-189.  

Lieberberg L. 2006. Persistence hunting by 
modern hunter-gatherers. Curr. Anthrop., 47: 
1017-1026.

Lieberman D.E., Bramble D.M. 2007. � e evo-
lution of marathon running: capabilities in 
humans. Sports Med., 37: 288-290.

Lin J., Wu., Tarr P.T., Zhang C.Y., Wu Z., Boss. 
O., Michael L.F., Puigserver P., Isotani E., 
OlsonE.N., Lowell B.B., Bassel-Duby R. & 
Spiegelman B.M. 2002. Transcriptional co-
activator PGC-1alpha drives the formation of 
slow-twitch muscle fi bres. Nature, 418: 797-
801.

Ling C., Poulsen P., Carlsson E., Ridderstrale 
M., Almgren P., Wojtaszewski J., Beck-Neilsen 
H., Groop H. & Vaag A. 2004. Multiple en-
vironmental and genetics factors infl uence 
skeletal muscle PGC-1alpha and PGC-1beta 
gene expression in twins. J. Clin. Invest., 114: 
1518-1526.

Lucia A., Gomez-Gallego F., Santiago C., Bandres 
F., Earnest C., Rabadan M., Alonso J.M., Hoy-
os J., Cordova A., Villa G. & Foster C. 2006. 
ACTN3 genotype in professional endurance 
cyclists. Int. J. Sports Med., 27: 880-884.

Lucia A., Gomez-Gallego F., Barroso I., Rabadan 
M., Bandres F., San Juan A.F., Chicharo J.L., 
Ukelund U. Brage S., Earnest C.P., Ware-
ham N.J. & Franks P.W. 2005. PPARGC1A 
genotype (Gly482Ser) predicts exceptional 



www.isita-org.com

129C. M. Calò & G. Vona

endurance capacity in European men. J. Appl. 
Physiol., 99: 344-348.

Lung C.C., Chan E.K. & Zuraw B.L. 1997. 
Analysis of an exon 1 polymorphism of the B2 
bradyinin receptor gene and its transcript in 
normal subjects and patients with C1 inhibi-
tor defi ciency. J. Allergy Clin. Immunol., 99: 
134-146.

Lupski J.R. 2007. An evolution revolution pro-
vides further revelation. Bioessays, 29: 1182-
1184.

Maldonado S., Mujika L. & Padilla S. 2002. In-
fl uence of body mass and weight on the energy 
cost of running in highly trained middle- and 
long distance runners. Int. J. Sports Med., 23: 
268-272.

McArthur D.G. & North K.N.2004. A gene 
for speed? � e evolution and function of 
α-actinin-3. BioEssays, 26: 786-795.

McArthur D.G. & North K.N.2005. Genes 
and human elite athletic performance. Hum. 
Genet., 116: 331-339.

Mills M., Yang N., Weinberger R., Vander 
Woude D.L., Beggs A.H., Easteal S. & North 
K. 2001. Diff erential expression of the actin-
binding proteins, alpha-actinin-2 and -3, in 
diff erent species: implications for the evolu-
tion of functional redundancy. Hum. Mol. 
Genet., 10: 1335-1346.

Montgomery H., Clarkson P., Barnard M., Bell 
J., Brynes A., Dollery C., Hajnal J., Heming-
way H., Mercer D., Jarman P., Marshall R., 
Prasad K., Rayson M., Saeed N., Talmud P., 
� omas L., Jubb M., World M. & Humphries 
S. 1999. Angiotensin-converting-enzyme gene 
insertion/deletion polymorphism and response 
to physical training. Lancet., 353: 541-545.

Montgomery H., Safari L. 2007. Genetic basis 
of physical fi tness. Annu. Rev. Anthropol., 36: 
391-405.

Mootha V.K., Lindgren C.M., Eriksson K.F., 
Subramanian A., Sihag S., Lehar J., Puigserver 
P., Carlsson E., Ridderstrale M., Laurila E., 
Houstis N., Delay M.J., Patterson N., Me-
sirov J.P., Golub T.R., Tamayo P., Spiegelman 
B., Lander E.S., Hirshborn J.N., Altshuler D. 
& Groop L.C. 2003. PGC-1alpha-responsive 

genes involved in oxidative phosphorylation 
are co-ordinately downregulated in human 
diabetes. Nat. Genet., 34: 267-273.

Moran C.N. Yang N., Bailey M.E.S., Tsiokanos 
A., Jamurtas A., MacArthur D.G., North K., 
Pitsiladis Y.P. & Wilson R.H. 2007. Associa-
tion analysis of the ACTN3 R577X polymor-
phism and complex quantitative body compo-
sition and performance phenotypes in adoles-
cent Greeks. Eur. J. Hum. Genet., 15: 88-93.

Murakami H., Ota A., Simojo H., Okada M., 
Ajisaka R. & Kuno S. 2002. Polymorphism in 
control region of mtDNA relates to individual 
diff erences in endurance capacity of trainabil-
ity. Jpn J. Physiol., 52: 247-256.

Murphey L.J., Gainer J.V., Vaughan D.E. & 
Brown N.J. 2000. Angiotensin-converting en-
zyme insertion/deletion polymorphism modu-
lates the human in vivo metabolism of brady-
kinin. Circulation, 102: 829-832.

Myerson S., Hemingway H., Budget R., Martin 
J., Humphries S. & Montgomery H. 1999. 
Human angiotensin I-converting enzyme gene 
and endurance performance. J. Appl. Physiol., 
87: 1313-1316.

Niemi A.K. & Majamaa K. 2005. Mitochondrial 
DNA and ACTN3 genotypes in Finnish elite 
endurance and sport athletes. Eur. J. Hum. 
Genet., 13: 965-969.

Norrbom J. Sundberg C.J., Ameln H. Kraus 
W.E., Jansson E. & Gustafsson T. 2004. PGC-
1alpha mRNA expression is infl uenced by 
metabolic perturbation in exercising human 
skeletal muscle. J. Appl. Phyiol., 96: 189-194.

North K.N. & Beggs A.H. 1996. Defi ciency of 
a skeletal muscle isoform of alpha-actinin (al-
pha-actinin-3) in merosin-positive congenital 
muscular dystrophy. Neuromuscul. Disord., 6: 
229-235.

Perusse L., Gagnon J., Province M.A., Rao 
D.C., Wilmore J.H., Leon A.S., Bouchard C. 
& Skinner J.S. 2001. Familial aggregation of 
submaximal aerobic performance in the HER-
ITAGE Family study. Med. Sci. Sports Exerc., 
33: 597-604.

Prud’homme D., Bouchard C., Leblanc C., 
Landry F. & Fontaine E. 1984. Sensitivity 



130 Genetics and athletic performance

of maximal aerobic power to training is gen-
otype-dependent. Med. Sci. Sports Exerc., 16: 
489-493.

Rankinen T., Bary M.S., Hagberg J.M., Perusse 
L., Roth S.M., Wolfarth B. & Bouchard C. 
2006. � e human gene map for performance 
and health-related fi tness phenotype: the 2005 
update. Med. Sci. Sports Exerc., 38: 1863-
1888.

Rankinen T., Perusse L., Boreski I., Chagnon 
Y.C., Gagnon J., Leon A.S., Skinner J.S., 
Wilmore J.H., Rao D.C. & Bouchard C. 
2000. � e Na+-K+-ATPase α2 gene and train-
ability of cardiorespiratory endurance: the 
HERITAGE Family Study. J. Appl. Physiol., 
88: 346-351.

Rico-Sanz J., Rankinen YT., Rice T. Leon A.S., 
Skinner J.S., Wilmore J.H., Rao D.C. & Bou-
chard C. 2004. Quantitative trait loci for max-
imal exercise capacity phenotypes and their re-
sponses to training in the HERITAGE Family 
Study. Physiol. Genomics, 16: 256-660.

Rodas G., Ercilla G., Javierre C., Garido E., Cal-
vo M., Segura R. & Ventura J.L. 1997. Could 
the A2A11 human leukocyte antigen locus 
correlate with maximal aerobic power? Clin. 
Sci. (Lond.), 92: 331-333.

Romero R., Kuivaniemi H., Tromp G. & Olson 
J. 2002. � e design execution, and interpreta-
tion of genetic association studies to decipher 
complex diseases. Am. J. Obstet. Gynecol., 187: 
1299-1312.

Rigat B., Hubert C., Ajhenc-Gelas F., Cambien 
F., Corvol P. &, Soubrier F. 1990. An inser-
tion/deletion polymorphism in the angiotensin 
I-converting enzyme gene accounting for half 
the variance of serum enzyme levels. J. Clin. 
Invest., 86: 1343-1346.

Rivera M.A., Dionne F.T., Simoneau J.A., Pe-
russe L., Chagnon M., Chagnon V., Gag-
non J., Leon A.S., Rao D.C., Skinner J.S., 
Wilmore J.H. & Bouchard C. 1997a. Muscle-
specifi c creatine kinase gene polymorphism 
and VO2max in the HERITAGE Family Study. 
Med. Sci. Sports Exerc., 29: 1311-1317.

Rivera M.A., Dionne F.T.,  Wolfarth B., Chagnon 
M., Simoneau J.A., Perusse L., Boulay M.R., 

Gagnon J., Song T.M., Keul J. & Bouchard 
C. 1997b. Muscle-specifi c creatine kinase gene 
polymorphisms in elite endurance athletes and 
sedentary controls. Med. Sci. Sports Exerc., 29: 
1444-1447.

Rufo F. 2007. � e genome and public choices: 
new questions for Anthropology. J. Anthropol. 
Sci., 85: 205-211.

Russell A.P., Feilchenfeldt J., Schreiber S., Praz 
M., Crettenand A., Gobelet C., Meier C.A., 
Bell D.R., Kralli A., Giacobino J.P. & Dériaz 
O. 2003. Endurance training in humans leads 
to fi ber type-specifi c increases in levels of per-
oxisome proliferator-activated receptor-gam-
ma coactivator-1 and peroxisome proliferator-
activated receptor-alpha in skeletal muscle. 
Diabetes, 52: 2874-2881.

Schmiedel J., Jackson S., Schafer J. & Reich-
mann H. 2003. Mitochondrial cytopathies. J. 
Neurol., 250: 267-277.

Scott R.A., Wilson R.H., Goodwin W.H., Mo-
ran C.N., Georgiades E., Wolde B. & Pitsiladis 
Y.P. 2005. Mitochondrial DNA lineage of elite 
Ethiopian athletes. Comp. Biochem. Physiol. B. 
Biochem. Mol. Biol., 14: 497-503.

Tanriverdi H., Evrengul H., Tanriverdi S., Turgut 
S., Akdag B., Kaftan H.A. & Semiz E. 2005. 
Improved endothelium dependent vasodila-
tation in endurance athletes and its relation 
with ACE I/D polymorphism. Cardiology,69: 
1105-1110.

Tsianos G., Sanders J., Dhamrait S., Humphries 
S., Grant S. & Montgomery H. 2004. � e 
ACE gene insertion/deletion polymorphism 
and elite endurance swimming. Eur. J. Appl. 
Physiol., 92: 360-362.

Vona G. 2008. Genetica e performance sportiva 
nella ginnastica artistica. In Atti del Convegno 
Scientifi co Nazionale “La Ginnastica Artistica 
nel XXI secolo“. Aracne Ed., in press.

Wicklmayr M., Dietze G., Brunnbauer H., Rett 
K. & Mehnert H. 1983. Dose-dependent ef-
fect of bradykinin on muscular blood fl ow 
and glucose uptake in man. Hoppe Seylers Z. 
Physiol. Chem., 364: 831-833.

Williams AG, Day SH, Folland JP, Gohlke P, 
Dhamrait S, Montgomery HE.Circulating 



www.isita-org.com

131C. M. Calò & G. Vona

angiotensin converting enzyme activity is cor-
related with muscle strength. Med. Sci. Sports 
Exerc.,  37:944-948, 2005.

Williams A.G., Dhamrait S.S., Wootton P.T., 
Day S.H., Hawe E., Payne J.R., Myerson 
S.G., World M., Budgett R., Humphries S.E. 
& Montgomery H.E. 2004. Bradykinin recep-
tor gene variant and human physical perform-
ance. J. Appl. Physiol., 96: 938-942.

Wolfarth B., Rivera M.A., Oppert J.M., Boulay 
M.R., Dionne F.T., Chagnon M., Gagnon J., 
Chagnon Y., Perusse L., Keul J. & Bouchard 
C. 2000. A polymorphism in the alpha2a-
adrenoceptor gene and endurance athletes sta-
tus. Med. Sci. Sports Exerc., 32: 1709-1712.

Woods D., Hickman M., Jamshidi Y., Brull D., 
Vassiliou V., Jones A., Humphries S. & Mont-
gomery H. 2001. Elite swimmers and the D 
allele of the ACE I/D polymorphism. Hum. 
Genet., 108:230-232.

Yamashita K. & Yoshioka T. 1991. Profi les of 

creatine kinase isoenzyme composition in sin-
gle muscle fi bers of diff erent types. J. Muscle 
Res. Cell. Motil., 12: 37-44.

Yang N., MacArthur D.G., Gulbin J.P., Hahn 
A.G., Beggs A.H., Easteal S. & North K. 
2003. ACTN3 genotype is associated with hu-
man elite athletic performance. Am. J. Hum. 
Genet., 73: 627-631.

Yong Kang B., Yang Kang C. & Oh Lee K. 2003. 
Muscle-specifi c creatine kinase gene polymor-
phisms in Korean elite athletes. J. Toxicol. Pub. 
Health, 19: 115-121.

Zhang B., Tanaka H., Shono N. Miura S., Kiyo-
naga A., Shindo M. & Saku K. 2003. � e I 
allele of the angiotensin-converting enzyme 
gene is associated with an increased percentage 
of slow-twitch type I fi bers in human skeletal 
muscle. Clin. Genet., 63: 139-144. 

Editor, Giovanni Destro-Bisol           


