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The combined impact of metabolic gene polymorphisms on elite
endurance athlete status and related phenotypes

Ildus I. Ahmetov - Alun G. Williams + Daniil V. Popov - Ekaterina V. Lyubaeva -
Albina M. Hakimullina - Olga N. Fedotovskaya - Irina A. Mozhayskaya -
Olga L. Vinogradova - Irina V. Astratenkova - Hugh E. Montgomery - Viktor A. Rogozkin

Abstract Endurance performance is a complex pheno-
type subject to the influence of both environmental and
genetic factors. Although the last decade has seen a variety
of specific genetic factors proposed, many in metabolic
pathways, each is likely to make a limited contribution to
an ‘elite’ phenotype: it seems more likely that such status
depends on the simultaneous presence of multiple such
variants. The aim of the study was to investigate individu-
ally and in combination the association of common meta-
bolic gene polymorphisms with endurance athlete status,
the proportion of slow-twitch muscle fibers and maximal
oxygen consumption. A total of 1,423 Russian athletes and
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1,132 controls were genotyped for 15 gene polymorphisms,
of which most were previously reported to be associated
with athlete status or related intermediate phenotypes. Mus-
cle fiber composition of m. vastus lateralis in 45 healthy
men was determined by immunohistochemistry. Maximal
oxygen consumption of 50 male rowers of national compet-
itive standard was determined during an incremental test to
exhaustion on a rowing ergometer. Ten ‘endurance alleles’
(NFATC4 Glyl60, PPARA 154253778 G, PPARD
152016520 C, PPARGCIA Gly482, PPARGCIB 203Pro,
PPP3RI promoter 51, TFAM 12Thr, UCP2 55Val, UCP3
rs1800849 T and VEGFA rs2010963 C) were first identified
showing discrete associations with elite endurance athlete
status. Next, to assess the combined impact of all 10 gene
polymorphisms, all athletes were classified according to the
number of ‘endurance’ alleles they possessed. The propor-
tion of subjects with a high (>9) number of ‘endurance’
alleles was greater in the best endurance athletes compared
with controls (85.7 vs. 37.8%, P =7.6 x 10~%). The num-
ber of ‘endurance’ alleles was shown to be positively corre-
lated (r=0.50; P=4.0 x 10~*) with the proportion of
fatigue-resistant slow-twitch fibers, and with maximal oxy-
gen consumption (r=0.46; P=7.0 x 10~%). These data
suggest that the likelihood of becoming an elite endurance
athlete depends on the carriage of a high number of endur-
ance-related alleles.

Introduction

The capacity to perform endurance exercise is influenced
by a number of factors, many relating to cellular metabo-
lism and cardiovascular function (Moore 1998; Bassett and
Howley 2000; Fliick 2006). These include the proportion of
slow-twitch fibers in skeletal muscle (Abernethy et al.



1990) and factors such as maximal cardiac output that
underlie the maximal rate of oxygen consumption (VO,,,,)
(Bassett and Howley 2000). Such intermediate phenotypes
are under strong genetic influence. Indeed, some 40-50%
of the variance in the proportion of slow-twitch fibers in
human muscles seems genetically determined (Simoneau
and Bouchard 1995), while VO, also has high heritability
(h* ~ 0.5-0.6) (Bouchard et al. 1998, 1999). Athlete status
itself is also a heritable trait: one report has suggested that
around two-thirds of the variance in athlete status is
explained by additive genetic factors, with the remaining
variance attributed to non-shared environmental factors
(De Moor et al. 2007).

In the decade, since the ACE (angiotensin I-converting
enzyme) gene was first proposed to be a ‘human gene for
physical performance’ (Gayagay et al. 1998; Montgomery
et al. 1998), there have been numerous studies examining
the effects of ACE and other genes on athletic status
(Ahmetov and Rogozkin 2009; Bray et al. 2009). In several
cases, these gene variants have been associated with
aerobic capacity and muscle fiber composition as endurance-
related traits. We have previously reported seven gene variants
(PPARA 154253778, PPARD 152016520, PPARGCIA
rs8192678, and PPP3RI promoter 5I/5D, UCP2 rs660339,
UCP3 131800849 and VEGFA rs2010963) of inter-related
metabolic pathways to be associated with elite endurance
athlete status in Russians using a case—control study design
(Ahmetov et al. 2006, 2007a, b, 2008a, b, c). These find-
ings were in agreement with the data from several reports
where relevant intermediate phenotypes were studied
(Buemann et al. 2001; Halsall et al. 2001; Jamshidi et al.
2002; Poirier etal. 2003; Lucia et al. 2005; Tang et al.
2005; Vanttinen et al. 2005; Prior et al. 2006; Ahmetov
et al. 2006, 2007b, 2008a, b, c). Of the seven gene variants,
we have examined previously, the PPARA, PPARD,
PPARGCIA and PPP3RI genes code for transcription
factors and coactivators, while UCP2, UCP3 and VEGFA
represent their target genes (Table 1).

Despite the clear role of genetics in human athletic per-
formance, there is little unequivocal evidence in support of
a specific genetic variant with a major effect on a relevant
performance phenotype, at least across the normal range of
human trait distributions. This may be because complex
traits are fundamentally polygenic (many genes with small
effects) or because researchers have failed to take into con-

sideration the full range of environmental effects or both
(Brutsaert and Parra 2006). To date, the concept that endur-

ance performance is likely to be determined by the simulta-
neous presence of many advantageous genetic variants has
only been addressed in principle (Williams and Folland
2008): few studies have yet sought to define or quantify the
impact of multiple (i.e. more than 2) genotype combina-

tions that influence human physical performance and none

have attempted this for more than seven genetic variants
(Williams et al. 2004; Saunders et al. 2006; Gonzalez-Fre-
ire et al. 2008; Muniesa et al. 2008; Gémez-Gallego et al.
2009; Ruiz et al. 2009). We have thus addressed this issue
in a study focused on gene variants in metabolic pathways
(i.e. genes primarily involved in ATP, glucose, insulin and
lipid metabolism, mitochondrial biogenesis, thermogenesis,
regulation of muscle fiber type composition and angiogene-
sis). The aim of the present study was, therefore, to investi-
gate individually, and in combination, the associations of
multiple common metabolic gene polymorphisms with
endurance athlete status, the proportion of slow-twitch
muscle fibers and maximal oxygen consumption.

Materials and methods
Study participants

In total, 1,423 male (n = 998) and female (n = 425) Russian
athletes (age 24.4 &£ 0.3 years) of regional or national com-
petitive standard were recruited from the following sports:
alpine skiing (n = 13), artistic gymnastics (n = 55), basketball
(n =33), biathlon (n =29), bodybuilding (n =74), boxing
(n = 30), tennis (n = 29), cross-country skiing (n = 142), soccer
(n=42), ice hockey (n=17), jumping events (athletics)
(n=12), kayaking (n=33), power lifting (n=26), race
walking (n =23), road cycling (n = 108), rowing (n = 191),
running (n = 134), skating (n = 109), ski jumping (n = 14),
swimming (n=106), throwing events (n=17), triathlon
(n =29), weightlifting (n=61) and wrestling (n = 96). The
athletes were prospectively stratified into five groups accord-
ing to the event duration and distance, covering a spectrum
from the more endurance oriented to the more power ori-
ented. The first three groups included very long (n = 288;
race duration >30 min; 5-25 km swimmers (n=21),
15-50 km cross-country skiers (n = 78), biathletes, race walk-
ers, road cyclists, triathletes), long (n = 290; race duration
5-30 min; 3—10 km runners (n = 5), 5-10 km skaters (n = 4),
5-10 km cross-country skiers (n = 64), 800-1,500 m swim-
mers (n=26), rowers) and middle (n= 116; race duration
45 s to 5 min; 200400 m swimmers (n = 24), 800-1,500 m
runners (n=7), 1,500-3,000 m skaters (n=153), 500-
1,000 m kayakers) distance athletes (‘long-endurance group’,
‘middle-endurance group’ and ‘short-endurance group’,
respectively). The athletes of the long and middle-endurance
groups were also considered as ‘predominantly endurance-
oriented’ athletes. The fourth group (n=248; basketball
players, boxers, ice hockey players, soccer players, tennis
players and wrestlers) comprised athletes whose sports uti-
lized mixed anaerobic and aerobic energy production (‘mixed
group’). The fifth group (n=481; 50-100 m swimmers
(n=35), 100400 m runners (n = 122), 500-1,000 m skaters
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(n = 52), alpine skiers, artistic gymnasts, bodybuilders, jump-
ers, power lifters, ski jumpers, throwers and weightlifters)
included sprint and strength athletes with predominantly
anaerobic energy production (‘power group’). Age, height
and body mass of athletes from different groups are presented
in Table 2. There were 235 athletes classified as ‘elite’
(ranked in the top 10 nationally), of which 58 athletes were
‘top elite’ athletes (prize winners of the World and European
Championships, World Cups and Olympic Games). There
were 404 athletes classified as ‘sub-elite’ (participants in
international competitions). The others (n = 784) were classi-
fied as ‘non-elite’ athletes, being regional competitors with
not less than 4 years experience participating in their sports.

Controls were 1,132 healthy unrelated citizens of St
Petersburg, Moscow, Naberezhniye Chelny and Surgut
(537 males and 595 females; 17.2 + 0.2 years) without any
competitive sport experience. Geographic ancestry of the
athletes and control groups was self reported. The athletes
and control groups were all whites: 89.3% of athletes and
84.5% of controls were Russians, while other frequently
reported nationalities were Tatars and Ukrainians. The Uni-
versity of St Petersburg Ethics Committee approved the
study and written informed consent was obtained from each
participant.

In addition, 45 physically active healthy men (23.5 +
0.4 years; height 180.0 & 2.4 cm, mass 72.7 &= 1.4 kg) and
50 male rowers (20.6 £ 0.3 years; 191.8 £ 0.8 cm, 87.4 £+
1.3kg; VO, 55.7 £ 0.9 ml/min/kg) of the national competi-
tive standard gave their informed consent to participate in stud-
ies of muscle fiber proportion and aerobic power, respectively.
Both studies were approved by the Physiological Division
of the Russian National Bioethics Committee.

Genotyping
Molecular genetic analysis was performed with DNA sam-

ples obtained from epithelial mouth cells by alkaline
extraction or using a DNK-sorb-A sorbent kit according to

Table 2 Characteristics of athletes from different sporting groups

the manufacturer’s instruction (Central Research Institute
of Epidemiology, Moscow, Russia) depending on the
method of sample collection (buccal swab or scrape).
Genotyping for 15 gene polymorphisms was performed
by PCR on multicanal amplificator Tercyk (DNA Tech-
nology, Moscow, Russia) and restriction-enzyme diges-
tion (Supplementary Methods). All genotyping analyses
were conducted blind to subject identity. All polymor-
phisms were genotyped in duplicate with a further 10% of
samples for all polymorphisms genotyped in a separate
run as a quality assurance measure, with 100% agreement
between runs.

For our genotype combination analysis, we used the
genotypic data of our recent single-gene case—control and
cross-sectional studies (Ahmetov et al. 2006, 2007a, b,
2008a, b, c) but also supplemented those data sets with new
data due to the availability of increased sample sizes (by
~50%). In total, we genotyped 1,423 Russian athletes and
1,132 controls for the seven gene variants investigated
previously (PPARA 1s4253778, PPARD 152016520,
PPARGCIA 158192678 and PPP3RI promoter 51/5D,
UCP2 13660339, UCP3 rs1800849 and VEGFA 1s2010963).
We also genotyped the athletes and controls for eight addi-
tional candidate gene polymorphisms considered likely to
influence endurance performance, namely ACE Alu I/D,
AMPDI 1517602729, HIFIA 1511549465, NFATC4
1s2229309, PPARG 151801282, PPARGCIB 1s7732671,
TFAM rs1937 and VEGFA 15699947 (Table 1).

Immunohistochemistry

Samples of m. vastus lateralis of 45 physically active
healthy men were obtained with the Bergstrom needle
biopsy procedure under local anesthesia with 1% lidocaine
solution. Prior to analysis, samples were frozen in liquid
nitrogen and stored at less than —80°C. Serial sections
(10 pm) were prepared using a cryostat and microtome at
—20°C with sections then mounted on slides. The immun-

Characteristics Groups

Long endurance Middle endurance Short endurance Mixed Power
Males n=178 n =206 n=173 n=210 n =331
Age (years) 245£0.5 248 £0.3 242 £ 0.5 244 +03 26.0 £ 0.7
Height (cm) 176.9 £ 0.5 186.9 £ 0.7 178.5+£0.7 1743 +£0.8 177.1 £ 0.6
Body mass (kg) 65.9 £ 0.6 79.1 £ 1.0 719 £ 1.0 68.8 £ 1.0 75.8 £ 1.0
Females n=110 n=_84 n=43 n=238 n=150
Age (years) 23.8 £0.6 248 £0.7 239+ 1.1 242 +19 24.6 £ 0.6
Height (cm) 165.0 £ 0.6 177.3 £0.7 169.1 £0.9 163.5+£2.6 163.0+ 0.9
Body mass (kg) 54.6 £ 0.8 71.7+£ 1.0 58.1+£0.9 54.0£2.7 56.1 £ 1.1




operoxidase technique was employed for immunohisto-
chemical identification of myosin isoforms. Antibodies
against the slow (MHCs) and fast (MHCf) myosin isoforms
were used [clones NCL-MHCf (a+b) and NCL-MHCs
(Novocastra Laboratories, Newcastle, UK)]. Sections incu-
bated without primary antibodies were to detect non-spe-
cific staining. The antigen-antibody marking was
intensified with the Vectastain ABC kit (Vector Labs Inc.,
Burlingame, CA, USA) to visualize the diaminebenzidine
peroxidase reaction. Fiber distribution was expressed as a
ratio of the number of fibers of each type in a section to the
total number of fibers. All fibers (200-300) were measured
in each section. The cross-sectional area was determined
for at least 100 fibers of each type using an image analysis
system QUANTIMET-500 (Leica, Cambridge Ltd., Cam-
bridge, UK) and a color digital video camera JVC TK-
1280E (Tokyo, Japan; image resolution 720 x 512 pixels
with 8 bit/pixel). Sections used for analysis were prepared
and stained all together with Sigma (St Louis, MO, USA)
reagents. The proportion of the area (%) occupied by slow-
twitch- and fast-twitch fibers for each subject was also
determined.

Aerobic power measurement

Aerobic power was determined using an incremental test to
exhaustion on a rowing ergometer PM 3 (Concept II, Morr-
isville, VT, USA). The initial workload was 150 W. The
duration of exercise at each workload was 3 min, with a 30-
s rest period between increments of 50 W. Oxygen con-
sumption (VO,) was determined breath by breath using a
MetaMax 3B gas analysis system (Cortex, Leipzig, Ger-
many). Using the MetaMax system, O, and CO, contents
were measured using an electrochemical cell and non-dis-
persive infrared sensor, respectively, and air flow was mea-
sured using a turbine transducer (Triple V). Two-point gas
calibrations (first gas, 15% O,, 5% CO,; second gas, ambi-
ent air) were performed daily. A 1-point gas calibration
with ambient air was performed before each test as well as
a flow transducer calibration using a 3 L syringe (Hans
Rudolph, Kansas City, USA). The criteria used to confirm a
maximal test were a decrease in power of more than 30 W
from the target power despite the strong verbal encourage-
ment and a respiratory exchange ratio greater than 1.1
before the cessation of exercise. Maximal oxygen con-
sumption (VO,,,..) was recorded as the highest mean value
observed over a 30-s period.

Statistical analysis
Genotype distribution and allele frequencies between each

of the five groups of athletes (long endurance, middle
endurance, short endurance, mixed and power) and controls

were compared using y° tests. Within the four groups of
athletes differing from controls in genotype distribution and
allele frequencies (long endurance, middle endurance, short
endurance and mixed), the percentages of participants with
high numbers of ‘endurance’ alleles were analyzed for lin-
ear trend across achievement level (top elite, elite, sub-elite,
non-elite). Because the ‘endurance’ allele data were not dis-
tributed parametrically, Spearman’s (non-parametric) cor-
relations were used to assess the relationships between the
physiological phenotypes (muscle fiber characteristics and
maximal oxygen consumption) and the numbers of ‘endur-
ance’ alleles possessed. Differences in aerobic power and
muscle fiber composition between groups possessing high
and low numbers of ‘endurance’ alleles were analyzed
using unpaired ¢ tests. All values are expressed as
mean + SE (SEM). P values of <0.05 were considered sta-
tistically significant. Bonferroni’s correction for multiple
testing was performed by multiplying the P value with the
number of tests where appropriate. Statistical analyses
were conducted using GrathPad Instat and StatistiXL v. 1.8
software.

Results

Genotype distributions of 15 gene polymorphisms in the
control group and among all athletes were in Hardy—Wein-
berg equilibrium. There were no significant differences in
genotype and allele frequencies between males and females
among athletes and controls, nor between the different
white groups or citizens (controls) of different towns (data
not shown). Therefore for the main analyses, we used the
combined data (i.e. combined groups of male and female
Caucasians, independent of precise nationality).

We first compared genotype distribution and allele fre-
quencies of 15 gene variants between athletes (n = 287) of
long-endurance- and middle-endurance groups of national
competitive standard (elite and sub-elite) and controls, and
confirmed that seven ‘endurance’ alleles (i.e. the alleles
individually associated with endurance athlete status or
related phenotypes from previous published literature:
PPARA G, PPARD C, PPARGCIA Gly482, PPP3RI 5],
UCP2 55Val, UCP3 T and VEGFA 152010963 C) were sig-
nificantly over-represented in our cohort of endurance-ori-
ented athletes (Table 3). The frequencies of a further three
alleles (NFATC4 Gly160, PPARGCIB 203Pro and TFAM
12Thr) were also higher in endurance-oriented athletes
compared with controls, and as this was found for the first
time, they can be considered as novel ‘endurance’ alleles.
Thus, we had 10 statistically significant associations
between endurance athlete status and allele frequency, ini-
tially. The associations of six of those alleles (NFATC4
Gly160, PPARGCIA Gly482, TFAM 12Thr, UCP2 55Val,



Table 3 Minor allele frequencies of candidate genes in predominantly endurance-oriented athletes of national competitive standard and controls

Gene Polymorphism MA Athletes Controls P value

n MAF n MAF
ACE Alu I/D (intron 16) I 287 0.498 981 0.491 0.737
AMPDI rs17602729 (nonsense C34T) T 128 0.094 229 0.121 0.282
HIFIA rs11549465 (missense C/T) T 265 0.076 696 0.079 0.836
NFATC4 1s2229309 (missense G/C) C 287 0.441 1,132 0.561 2.5 x 1077
PPARA rs4253778 (intron 7 C/G) C 287 0.124 1,132 0.164 0.018
PPARD rs2016520 (5'UTR T/C) C 287 0.19 1,132 0.143 0.0060
PPARG rs1801282 (missense C/G) G 287 0.171 1,132 0.153 0.292
PPARGCIA rs8192678 (missense A/G) A 287 0.256 1,132 0.345 6.0 x 107
PPARGCIB rs7732671 (missense C/G) C 287 0.08 1,132 0.049 0.0040
PPP3RI 51/5D (promoter) 5D 287 0.054 1,132 0.087 0.0090
TFAM rs1937 (missense G/C) C 287 0.176 1,132 0.091 6.1 x 107°
UCP2 rs660339 (missense C/T) T 287 0.436 1,132 0.367 0.0025
UcCp3 rs1800849 (promoter C/T) T 287 0.338 1,132 0.242 3.0 x 107°
VEGFA 152010963 (promoter G/C) C 287 0.305 1,132 0.245 0.0030
VEGFA 18699947 (promoter C/A) C 287 0.481 1,132 0.479 0.961

MA minor allele, MAF minor allele frequency

MA for NFATC4 is C (Ala) and G (Gly) in predominantly endurance-oriented athletes (long and middle-endurance groups) of national competitive

standard and controls, respectively

‘Endurance’ alleles (alleles associated with endurance athlete status in the present case—control study) are bold and underlined

P values <0.05 indicate statistically significant differences between endurance athletes and controls by 2 test

UCP3 131800849 T and VEGFA rs2010963 C) with endur-
ance athlete status remained statistically significant after
Bonferroni’s correction for multiple testing, while the asso-
ciations between endurance athlete status and the other four
alleles (PPARA 1s4253778 G, PPARD 152016520 C,
PPARGCIB 203Pro and PPP3RI promoter 5I) became
non-significant. However, given that the latter four poly-
morphisms have recently been reported to be associated
with endurance athlete status and/or related phenotypes
(Jamshidi et al. 2002; Ahmetov et al. 2006, 2007a, b; Ling
et al. 2007; Ahmetov et al. 2008b; Eynon et al. 2009), we
felt justified in retaining all 10 alleles for further analysis.
The other five polymorphisms (showing no association
with endurance athlete status in our cohort; see Table 3)
were not included in any further analyses: ACE Alu I/D,
AMPDI  C34T  (rs17602729), HIFIA  Pro582Ser
(rs11549465), PPARG Prol2Ala (rs1801282) and VEGFA
C-2578A (1s699947).

Next, to assess the combined impact of all 10 gene poly-
morphisms that were retained for further analysis, we clas-
sified all athletes and controls according to the number
of ‘endurance’ polymorphic alleles (see Supplementary
Table 1) they possessed (e.g. carriers of NFATC4 Ala/Ala,
PPARA CC, PPARD TT, PPARGCIA Ser/Ser, PPARGCIB
Ala/Ala, PPP3RI1 5D/5D, TFAM Ser/Ser, UCP2 Ala/Ala,
UCP3 CC, VEGFA GG genotype had 0 ‘endurance’ alleles,
and subjects with NFATC4 Gly/Gly, PPARA GG, PPARD

CC, PPARGCIA Gly/Gly, PPARGCIB Pro/Pro, PPP3R1
51/51, TFAM Thr/Thr, UCP2 Val/Val, UCP3 TT, VEGFA
CC genotype had 20 ‘endurance’ alleles). However, neither
athletes nor controls in our study had the minimal (i.e. 0) or
maximal (i.e. 20) ‘endurance’ score (because of low minor
allele frequencies for some gene polymorphisms). Accord-
ingly, the ‘endurance’ score ranged from 3 to 13 for controls,
and from 5 to 14 for the predominantly endurance-oriented
athletes (athletes of long-endurance- and middle-endurance
groups; n = 578). The most frequently observed number
of ‘endurance’ alleles in controls and endurance-oriented
athletes was 8 (21.7%) and 9 (24.6%), respectively. Based
on this, we classified all subjects into two groups as
having a low (<8) or high (>9) number of ‘endurance’
alleles.

Figure 1 shows the distribution of athletes with high
numbers of ‘endurance’ alleles stratified by endurance/
power orientation and competitive standard in comparison
with controls. When compared with controls, a greater pro-
portion of international level athletes in the long endurance,
middle endurance, short endurance and mixed groups
exhibited a high (>9) number of ‘endurance’ alleles. Fur-
thermore, the largest difference was seen when the top
elite, predominantly, endurance-oriented athletes only
(n =21, not shown separately in Fig. 1) were compared
with controls (85.7 vs. 37.8%, P=7.6x 107°). As
expected, the proportion of ‘power’ athletes with a high
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Fig. 1 The combined impact of the 10 gene polymorphisms. The per-
centage of subjects with high (>9) number of ‘endurance’ alleles is
shown. Stratification of athletes was done by endurance/power orien-
tation and competitive standard. *Significant difference (P < 0.05)
from controls by y test. The proportion of subjects with a high number
of ‘endurance’ alleles was significantly larger in the mixed group (non-
elite: 45.6% (n = 193), P = 0.038; sub-elite: 62.9% (n = 35), P = 0.0026;
elite: 60.0% (n =20), P =0.042), in the short-endurance group [non-
elite: 46.2% (n = 39), P = 0.28; sub-elite: 60.0% (n = 60), P = 5.6 x 107
elite: 70.5% (n=17), P =0.0060], in the middle-endurance group
[non-elite: 44.1% (n=118), P=0.18; sub-elite: 62.4% (n=133),
P=4.0 x 1075 elite: 71.7% (n = 39), P = 1.8 x 10~°] and in the long-
endurance group (non-elite: 56.6% (n=173), P=2.3 x 10_6; sub-
elite: 75.0% (n=60), P=8.7 x 107%; elite: 76.4% (n=155),
P=1.0x 107% compared with controls [37.8% (n = 1,132)]. In con-
trast, the proportion of athletes with high number of ‘endurance’ alleles
from the power group was not significantly different from controls
[non-elite: 40.6% (n = 261); sub-elite: 41.4% (n = 116); elite: 40.4%
(n=104)]

number of ‘endurance’ alleles did not differ significantly
from controls.

The proportion of athletes with a high number of ‘endur-
ance’ alleles was also significantly associated with elite ath-
lete status within event groups. Accordingly, the
proportions of elite athletes with high numbers of ‘endur-
ance’ alleles in the long-endurance- (76.4 vs. 56.6%;
P=0.0100) and middle-endurance (71.7 vs. 44.1%;
P =0.003) groups were significantly higher in comparison
with non-elite athletes. Furthermore, linear trends [assessed
using y° tests and the achievement level (non-elite — sub-
elite — elite) as the categorical variable] were evident
within the long-endurance- (56.6% — 75.0% — 76.4%;
P =0.002) and middle-endurance- (44.1% — 62.4% —
71.7%; P =0.0004) groups, with tendencies for linear
trends within the short-endurance- (46.2% — 60.0% —
70.5%; P = 0.067) and mixed groups (45.6% — 62.9% —
60.0%; P = 0.058) (Fig. 1).

We also examined the combined impact of the 10 gene
polymorphisms on the two intermediate-endurance pheno-
types we assessed, namely the proportion of slow-twitch
muscle fibers in m. vastus lateralis of physically active
healthy men (n = 45) and maximal oxygen consumption in
rowers of the national competitive standard (VO
55.7 & 0.9 ml/min/kg; n = 50). The number of ‘endurance’
alleles positively correlated with the proportion of slow-
twitch fibers (r = 0.50; P = 4.0 x 10~ for Spearman’s cor-
relation). For men with high numbers of ‘endurance’ alleles
(n =26) compared with those with low numbers of ‘endur-
ance’ alleles (n = 19), there was a greater number of slow-
twitch fibers in the m. vastus lateralis (56.1 &= 1.8% vs.
4384+ 2.2%; P=1.0 x 107*) and a higher proportion of
area occupied by those fibers (50.0 vs. 41.8%; P = 0.033).

The maximal oxygen consumption of rowers was also
genotype-dependent. We observed a moderate correlation
(r=0.46; P=17.0 x 107 between VO,,,, values of ath-
letes and their carriage of ‘endurance’ alleles number.
Those rowers having high numbers of ‘endurance’ alleles
(n=25; VO, 58.6 £ 1.2 ml/min/kg) showed signifi-
cantly higher maximal oxygen consumption than their
counterparts with low numbers of ‘endurance’ alleles (n =
25; VO, 52.8 & 1.0 ml/min/kg; P = 6.0 x 107%).

Discussion

Ten common polymorphisms have been shown here to con-
tribute to a complex genetic profile of elite endurance ath-
lete status—both in a comparison between elite athletes and
non-athlete controls, and within the athlete cohort by level
of competitive achievement. Seven of the 10 polymor-
phisms utilized have already been associated with endur-
ance athlete status and/or endurance-related phenotypes in
discrete studies (Buemann et al. 2001; Halsall et al. 2001;
Lucia et al. 2005; Tang et al. 2005; Ahmetov et al. 2006;
Prior et al. 2006; Ahmetov et al. 2007a, b, 2008a, b, c;
Eynon et al. 2009); hence, our data are partially replicating
these previous findings. We have here identified three other
polymorphisms that include ‘endurance’ alleles that com-
bine with the other seven to collectively associate with
endurance phenotypes in humans. Collectively, we have
shown that the NFATC4 Glyl160, PPARA 14253778 G,
PPARD 152016520 C, PPARGCIA Gly482, PPARGCIB
203Pro, PPP3RI promoter 51, TFAM 12Thr, UCP2 55Val,
UCP3 151800849 T and VEGFA 152010963 C alleles are
likely to be advantageous for performance in endurance
sports, and having nine or more of these alleles increases
the likelihood of becoming an elite endurance athlete. This
conclusion is based on the differences in allelic frequencies
between endurance-oriented athletes and controls, and in
the proportions of subjects with high numbers of ‘endurance’



alleles between athletes of different competitive standard.
These differences between athletes within the same event

category, but with different levels of achievement may be
explained by selection pressure—i.e. those endurance-ori-

ented athletes who possess a higher number of ‘endurance’
alleles are more likely to become elite. Of those listed, five
alleles (NFATC4 Glyl60, PPARA 1s4253778 G,
PPARGCIA Gly482, PPP3RI promoter 51 and UCP2
55Val) are frequently observed in European populations
(frequency 37-91%), the others less frequently (5-25%).
Three alleles, namely NFATC4 Glyl60, PPARGCIB
203Pro and TFAM 12Thr are novel genetic markers associ-
ated with endurance athlete status. NFATC4 and TFAM
code for transcription factors, while PPARGCIB codes for
a transcription co-activator. These proteins interact with
PPARw, PPARGC1a and PPP3R1, and are involved in glu-
cose and lipid metabolism, mitochondrial biogenesis, for-
mation of muscle fibers and regulation of cardiac
hypertrophy (Allen et al. 2001; Poirier et al. 2003; Ekstrand
et al. 2004; Yang et al. 2006; Arany et al. 2007; Ling et al.
2007; Alvarez et al. 2008).

Independent of the case—control study regarding allele
frequencies of genes, we also investigated intermediate
phenotypes (maximal oxygen consumption and muscle
fiber composition) that are known to be related to endur-
ance performance to begin to create a chain of evidence
linking the polymorphisms we studied to success in endur-
ance-oriented sports. Indeed, the genes NFATC4, PPARA,
PPARD, PPARGCIA, PPARGCIB, PPP3RI, TFAM,
UCP2, UCP3 and VEGFA have been shown to influence

muscle fiber composition and/or skeletal muscle and myo-
cardium metabolism (see Table 1). Maximal rate of oxygen

consumption is dependent on a variety of factors such as
maximal cardiac output and the ability of cardiac and skele-
tal muscle to take up and use oxygen from the local capil-
lary bed. Accordingly, we found the number of ‘endurance’
alleles possessed by rowers of national competitive stan-
dard to be positively correlated with maximal oxygen con-
sumption values—a widely used laboratory parameter
related to proficiency in endurance-related activities.
Within the skeletal muscle itself, fiber type proportion is a
useful marker of skeletal muscle functional properties, and
a high proportion of slow-twitch fibers is related to high
mitochondrial volume, high oxidative capacity and high
fatigue resistance. Accordingly, we found that the number
of ‘endurance’ alleles possessed positively correlated with
the proportion of m. vastus lateralis slow-twitch fibers in
men.

To date, few studies have sought to define or quantify
the impact of genotype combinations that influence
human physical performance and have used only 2-7
genetic markers at one time (Williams etal. 2004;
Saunders et al. 2006; Gonzalez-Freire et al. 2008; Muniesa

et al. 2008; Gomez-Gallego et al. 2009; Ruiz et al. 2009).
For instance, Williams et al. (2004) have shown evidence
for an interaction between the BDKRB2 (bradykinin
receptor B2) —9/49 and ACE 1I/D polymorphisms in 115
British subjects, with individuals who were carriers of the
ACE 11 + BDRRB2 —9/—9 genotype combination having
the highest efficiency of muscular contraction. Further-
more, the ACE(I)/BDRRB2(—9) (“high kinin receptor
activity”) haplotype was significantly associated with the
distance of the preferred endurance event among elite
British athletes (P =0.003). Similarly, Saunders et al.
(2006) found that the NOS3 (nitric oxide synthase 3)
Glu298 allele combined with a BDKRB2 —9/—9 genotype
was over-represented in the fastest-finishing Ironman tri-
athletes (28.6%) when compared with controls (17.3%;
P =0.028). Gémez-Gallego et al. (2009) have shown that
professional road cyclists with the most strength/power ori-
ented genotype combination, namely ACE DD + ACTN3
(a-actininin-3) RR/RX, had higher respiratory compensa-
tion threshold values than those with the intermediate com-
binations (Il + RX/RR, P =0.036; and DD + XX,
P =0.0004), but similar to those with the II + XX genotype
combination.

Recently, Ruiz etal. (2009) analyzed seven genetic
polymorphisms (ACE, ACTN3, AMPDI, CKMM, HFE,
GDFS8 and PPARGCIA) in 46 world-class endurance ath-
letes and 123 controls. Using the model developed by
Williams and Folland (2008), they determined that the
mean ‘total genotype score’ (TGS, from the accumulated
combination of the seven polymorphisms, with a maximum
value of ‘100 for the theoretically optimal polygenic score)
was higher in athletes (70.2 & 15.6) than in controls
(62.4 £ 11.5) and also higher than predicted for the total
Spanish population (60.8 4 12.1), suggesting an overall
more ‘favorable’ polygenic profile in the athlete group. The
current study makes a further step forward with regards to a
polygenic approach.

Our findings confirm the polygenic nature of a complex
trait, such as elite endurance athlete status as proposed
recently (Williams and Folland 2008; Ruiz et al. 2009).
They also suggest that genetic science has advanced to the
point where diverse loci of influence can be identified. The
application of rapidly advancing technologies at steadily
reducing cost (Metzker 2005; Mardis 2006; Eid et al. 2009)
is likely to help the identification of many more such alleles
and, in due course, allow gene—gene interaction to be
studied. A strategy that directly considers gene—gene inter-
actions will provide an opportunity for modeling interaction
of differing biological systems; perhaps, especially when
applied to prospective training studies. Such findings also
have implications for the study of polygenic diseases,
where multiple genetic and environmental influences may
be at play.



Our findings may also have broader implications.
Although certain polymorphisms have been associated with
high levels of achievement in certain sporting disciplines,
none [with the possible exception of the ACTN3 null muta-
tion and its relationship to sprint ability (MacArthur and
North 2007)] has been of sufficient influence to be used in
the selection of athletes. Although our data remain short of
allowing this to happen with high confidence, they make
clear that large-scale screening may have potential to iden-
tify ‘rarer’ allelic combinations that are strongly associated
with specific training potential or ‘latent ability’. Currently,
‘performance tests’ (such as time to run a given distance) or
traditional laboratory tests (such as assessment of VO, ..,
muscle strength or anthropometry) are used to help identify
young athletes with appropriate physiological potential, and
to guide them into suitable training and competition. Such
tests may, in the future, be augmented (or, in selected cases,
superseded) by assessment of polygenic profile.

Our study does have limitations. Although the functional
properties of PPARD 152016520, PPARGCIA rs8192678,
PPARGCIB 157732671, PPP3RI promoter 51/5D, UCP2
rs660339, UCP3 rs1800849 and VEGFA rs2010963 have
been proposed (Schrauwen et al. 1999; Watson et al. 2000;
Buemann et al. 2001; Skogsberg etal. 2003; Ling et al.
2004; Tang et al. 2005; Ling et al. 2007), the paucity of
functional data relating to the PPARA rs4253778, NFATC4
rs2229309 and TFAM rs1937 alleles needs to be addressed
with further in vitro studies. Furthermore, extension to, and
replication within groups of differing geographic ancestry is
needed to translate these findings more broadly. Population
stratification is a potential concern, as the controls were
recruited from four specific regions, while the athletes
originated from a more widely distributed area, i.e. across
Russia. However, because there were no differences in
genotype and allele frequencies between the citizens of the
different regions (control group), it is unlikely that the asso-
ciations observed are the result of population stratification
in the current study. Nevertheless, recruiting the controls
from four major population centers of Russia (as opposed
to just one) ensured the control group was broadly compa-
rable to and, therefore, representative of the wide popula-
tion from which the athletes were also drawn.

In addition, our study is limited to 15 common polymor-
phisms that were primarily selected because of previously
reported associations with various aspects of metabolism,
and 10 of those were subsequently included in the main
analyses. There are already other genetic variants that have
been reported to show associations with aspects of endur-
ance (Bray et al. 2009), and we strongly suspect that many
additional common polymorphisms, and probably rare
mutations as well, will be shown to be associated with
endurance performance or an endurance phenotype in due
course. Thus, we suspect that the 10 polymorphisms we

have used constitute only a fraction of the genetic factors
that influence human endurance (Williams and Folland
2008). However, looking to the future, when a more com-
plete analysis can be conducted that does in fact include the
majority of polymorphisms that contribute to the variability
in human physical endurance, the power of such an
approach as a practical tool for sports coaches will be clear.
Interestingly, there may be other areas of activity outside of
the sporting world where highly competitive selection pro-
cedures routinely occur, such as military organizations,
which may be receptive to such a tool that could increase
the ability to predict physical performance potential.

In conclusion, our findings confirm the polygenic nature
of endurance performance, a classic complex trait, and
demonstrate that the likelihood of becoming an elite endur-
ance athlete depends on the number of endurance-related
alleles an individual possesses.
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