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ABSTRACT

Cięszczyk, P, Kalinski, M, Ostanek, M, Jascaniene, N, Krupecki, K,

Ficek, K, Sawczuk, M, and Maciejewska, A. Variation in the HIF1A

gene in elite rowers. J Strength Cond Res 26(12): 3270–3274,

2012—The transcription factor hypoxia-inducible factor 1 (HIF1)

is one of the key regulators of cellular metabolism. The aim of this

study was to analyze the possible importance of the HIF1A

Pro582Ser polymorphisms in rowing. One hundred twenty-seven

male Polish rowers (both former and current competitors) were

recruited for this study. Genotyping was carried out by poly-

merase chain reaction. Significance was assessed by Chi-square

(x2) analysis. The results obtained revealed that frequency of the

HIF1A Pro/Ser genotype (32.28 vs. 18.91%; p = 0.006) and Ser

allele (16.93 vs. 10.00%; p = 0.01) were significantly higher in

the rowers compared with those in controls. The results obtained

confirm the significance of the HIF1A gene as a useful genetic

marker in rowing. This kind of information would presumably be

applicable in a program to search for the most predisposed

individuals and also in the planning of training programs.
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INTRODUCTION

T
he transcription factor hypoxia-inducible factor
1 (HIF1) is one of the key regulators of cellular
metabolism (5,21). In particular, HIF1 mediates
developmental and physiological pathways that

either deliver O2 to cells or allow cells to survive O2 depri-
vation by regulating the expression of hundreds of genes
involved in angiogenesis, glucose metabolism, glucose
transport, vasomotor control, erythropoiesis, and also many
which are implicated in either the delivery of oxygen and
nutrients to cells, or controlling cellular utilization of these
substrates (3,20,23–25,27).

The HIF1 is a heterodimer composed of an O2-regulated
HIF1a subunit and a constitutively expressed HIF1b subunit
(26). Under normoxic conditions, HIF1a undergoes hydrox-
ylation at specific prolyl residues, which leads to an imme-
diate ubiquitination and subsequent proteasomal degradation
of the a subunit. Additionally, hydroxylation of an aspara-
ginyl residue blocks the transcriptional activity of HIF1
because of inhibition of its interaction with coactivators.
In contrast, under hypoxic conditions, abolition of prolyl
hydroxylation results in HIF1a stabilization, whereas the
lack of asparaginyl hydroxylation allows transcriptional
activity (30). Inhibition of HIF1a degradation causes protein
accumulations, dimerization with HIF1b, binding with cis-
acting hypoxia response elements in target genes and
coactivator proteins recruitment, which leads to increased
transcription (22).

The Pro582Ser polymorphism (rs11549465) that was
detected in the HIF1A gene encodes the a subunit of
HIF1 protein, resulting in the replacement of proline (Pro)
with serine (Ser) at amino acid 582 (6).

Tanimoto et al. (24) previously indicated that the Ser582
allele rather than the wild-type (WT) Pro582 allele is
associated with increased transcription activity and stabil-
ity of HIF1a protein and hence increases the hypoxic
resistance of cells (high glycolytic potentialities, high
angiogenesis).

These data suggest that HIF1A Ser582 allele carriers are
more favorable to power-oriented athletics than are Pro582
allele carriers. On the other hand, Döring et al. (7) speculate
that the Pro582 variant is presumably associated with higher
induction level, which could influence endurance capacity.
This hypothesis seems to be supported by reports suggesting
induction of the HIF1a-mediated signaling pathway in
human skeletal muscle, thereby provoking a shift toward the
more efficient aerobic pathway and an increase in intrinsic
endurance performance (4,13). Thus, this allele might
represent a genetic factor that contributes to the develop-
ment of an elite endurance athlete.

Based on the role of HIF1A in cellular metabolism
regulation, we postulated that the HIF1a Pro582Ser poly-
morphism might represent a genetic factor that contributes
to the development of an elite endurance athlete.
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Precise identification of cellular metabolism regulation
mechanisms seems to be crucial not only for rowing and also
for other kinds of sports. Knowledge of the impact of genetics
on each organism’s functions will probably be a key factor in
effectively identifying athletic talent and also in optimizing
training programs (by matching the athlete to optimal exer-
cises, providing appropriate supplementation, reducing risk of
injury, etc.). That is why genetic investigations in professional
sport are increasingly frequent and widespread.

The purpose of this study was to examine the hypothesized
significance of the HIF1A Pro582Ser polymorphism in elite
rowers, by comparing with sedentary individuals. This study
was aimed to reveal the possible relationships between
genotype and endurance performance. If confirmed, our
hypothesis would be applicable in further exploration for the
most predisposed individuals and for the improvement of
endurance training programs.

METHODS

Experimental Approach to the Problem

This study was designed to investigate the correlation
between HIF1A gene and endurance performance. Previous
research by Ameln et al. has suggested that induction of the
HIF1a-mediated signaling pathway in human skeletal
muscle, thereby provoking a shift toward the more efficient
aerobic pathway and an increase in intrinsic endurance per-
formance. One hundred twenty-seven male rowers were
recruited for this study. Genomic DNA was extracted from
oral epithelial cells. Genotyping of the HIF1A Pro582Ser
polymorphism was performed using polymerase chain
reaction (PCR). The resulting PCR products were genotyped
by restriction fragment length polymorphism (RFLP).

Ethics Committee

The Pomeranian Medical University Ethics Committee
approved the details of this study and all related informational
and consent documentation before any data collection. In
accordance with the Pomeranian Medical University Ethics
Committee’s guidelines, the investigator informed all the
subjects as to the benefits and possible risks associated with
participation in the study, and all the subjects signed a written
informed consent document indicating their voluntary
participation.

Subjects

One hundred twenty-seven male Polish rowers (both former
and current competitors) were recruited for this study. The
first group comprised 44 elite rowers (aged 23–61 years), all
national representatives, with not ,10 years’ experience par-
ticipating in the sport. The second group of athletes com-
prised 83 nonelite rowers (aged 18–41 years) who competed
at a regional level. One of us (K.M.) reported previously
maximal oxygen consumption ( _VO2max) level in elite Polish
national rowing team on average of 69.8 6 1.1 ml�kg21�min21

(15). In this study, the aerobic capacity in our subjects was
not measured, as many of athletes were several years with-
drawn from competition at national and international levels.
Our data on _VO2max level from a previous study (15) dem-
onstrated that the aerobic capabilities of the subjects were in
the range, typical for those of rowing sports. This is cor-
roborative evidence that the subjects in this study had the
capabilities, comparable with the those of elite rowers.

Details of athletes’ achievements in Olympic Games and
World and European championships are given in Table 1.

For controls, the samples were prepared from 160
volunteers (male students from the University of Szczecin
aged 19–23 years). The athletes and controls were all whites
to avoid racial gene skew and to overcome any potential
problems of population stratification.

Genotyping

Genomic DNA was extracted from oral epithelial cells using
a GenElute Mammalian Genomic DNA Miniprep Kit (Sigma,
Germany) according to the producer’s protocol.

Genotyping of the HIF1A Pro582Ser (rs11549465) poly-
morphism was performed using PCR. The resulting PCR
products were genotyped by RFLP.

A 197-bp fragment of HIF1A Pro582Ser (C/T)
was amplified by PCR using forward primer 5#-
GACTTTGAGTTTCACTTGTTT-3# and reverse primer
5#-ACTTGCGCTTTCAGGGCTTGCGGAACTGCTT-
3# (19). The PCR mixture (total volume 20 ml) contained
0.2 mmol�L21 each primer (Genomed, Poland), 200 mM
each dNTPs (Novazym, Poland), 0.5 U Taq polymerase
(Novazym, Poland), and 100 ng of genomic DNA. The PCR
was performed by first denaturation at 94� C for 5 minutes,
34 cycles of denaturation at 94� C for 60 seconds, annealing

TABLE 1. Athletes’ achievements in competitions.

Group Type of competitions Gold medalists Silver medalists Bronze medalists

Elite rowers (n = 44) Olympic games 6 6 5
World championship 8 5 2

European championship 7 3 2
Nonelite rowers (n = 83) Polish championship 11 17 21
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at 55� C for 60 seconds, extension at 72� C for 1 minute, and
a final extension step of 10 minutes at 72� C (8). The
amplified fragment subsequently underwent digestion by
NmuCI enzyme (incubation—6 hours–37�C, denaturation—20
minutes—65�C) (Fermentas, Lithuania). The digested prod-
ucts were visualized by 3% agarose gel electrophoresis.

Statistical Analyses

Genotype distribution and allele frequencies between the
groups of athletes and controls were compared, and signifi-
cance was assessed by the x2 test using STATISTICA 9 sta-
tistical software. Because of the small number of athletes in
this genotype study, we used the ‘‘collapsing cells’’ methods.
A value of p # 0.05 was considered statistically significant.

RESULTS

HIF1A genotype distribution among athletes and controls
were in Hardy-Weinberg equilibrium, making selection bias
less likely. Genotype distribution results of the control group
(Pro/Pro-80.54%; Pro/Ser-18.91%%; Ser/Ser-0.54%) were
similar to those reported in previous studies on white
populations (1,6). The distribution of the HIF1A genotypes
and alleles is given in Table 2.

The genotype distribution among the whole group of
rowers (66.93% Pro/Pro, 32.28% Pro/Ser, 0.79% Ser/Ser)
was significantly different from that among sedentary controls
(p = 0.006). When comparing only the group of elite rowers
with controls, the genotype distribution difference was
statistically significant (p = 0.036).

In the case of nonelite rowers, the p value for genotype
distribution (67.47% Pro/Pro, 32.53% Pro/Ser, 0.00% Ser/
Ser) was 0.019.

The Ser582 allele frequency in the control group (10.00%)
was similar to that previously reported in large samples of
white population, that is, 13.73% of 303 subjects in the study
by Döring et al. (7). A significant deficiency of the Ser582
allele when compared with that in controls was noted in all
subgroups (elite rowers [18.18%, p = 0.020]; nonelite rowers

[16.26%, p = 0.023]), whereas this trend was even stronger in
the group of all rowers (16.93%, p = 0.007).

DISCUSSION

Performance-enhancing polymorphisms (PEPs) are the
critical gene variants that have a physiological impact on
human body composition and metabolism and are believed to
play a key role in athletic performance (17).

We decided to investigate the HIF1A gene as a genetic
marker of athletic ability because of its proposed role in
increasing transcription activity (6) and increasing hypoxic
resistance of cells (24). It is believed that HIF1A potentially
regulates several of the major physiological changes in the
skeletal muscle’s response to physical training, that is,
increased mitochondrial volume (14), increased reliance on
fatty acid metabolism for energy, decreased lactate pro-
duction (12), and increased hexokinase enzyme activity (25).

The investigations of mouse models with the skeletal-
muscle HIF1A gene knocked out (HIF1A KOs) showed
HIF1A KOs ran for significantly shorter durations than did
WT mice. Additionally, histological examination of recovered
gastrocnemius tissue revealed significantly greater amounts of
muscle damage in HIF1A KO tissue than in WT tissue (16).

Several polymorphic sites have been identified within the
HIF1A gene (i.e., rs1951795, rs11158358, rs2301113,
rs11549467, rs17099207). One of the last studied variants
of HIF1A gene is nonsynonymous coding, single-nucleotide
polymorphisms (Pro582Ser, rs11549465), resulting in the
replacement of Pro with Ser at amino acid 582 (6). As was
pointed out by Eynon et al. (8), reports regarding the
interaction between the HIF1A Pro582Ser polymorphism
and HIF1A transcriptional activity are limited and
inconsistent.

Tanimoto et al. (24) suggest that Ser582 allele is associated
with increased transcription activity and stability of HIF1a

protein and hence an increase in the hypoxic resistance of
cells. This hypothesis seems to be supported by a study in
cancer cells (10) and a promotor gene assay (28), which

TABLE 2. Frequency of the HIF1A alleles and genotypes.*†

Group n

Genotypes (%)

p‡ Ser allele, % pPro/Pro Pro/Ser Ser/Ser

All rowers 127 66.93 32.28 0.79 0.006 16.93 0.010
Elite rowers 44 65.91 31.82 2.27 0.036 18.18 0.031
Nonelite rowers 83 67.47 32.53 0.00 0.019 16.26 0.038

*Data are presented as relative values.
†Genotype distribution: all rowers vs. controls x2 = 7.44, df = 1; elite rowers vs. controls x2 = 4.39, df = 1; nonelite rowers vs.

controls x2 = 5.44, df = 1. Alleles frequency: all rowers vs. controls x2 = 8.25, df = 1; elite rowers vs. controls x2 = 5.07, df = 1; nonelite
rowers vs. controls x2 = 4.75, df = 1.

‡Pro/Pro vs. Pro/Ser+Ser/Ser.
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suggested a lower transcriptional activity of HIF1A Pro582
compared with the rare Ser582 variant.

Another study (11) suggested the opposite. An in vitro
reporter gene transfection experiment confirmed that those
homozygous for the Ser582 allele have lower transcriptional
activity than did WT alleles at comparable expression levels
(11). This finding is supported by Döring et al. (7) who
showed the higher prevalence of the HIF1A Pro582 variant
in white male elite endurance athletes. On this basis, Döring
et al. (7) speculated that homozygosity for Pro582 is related
to a higher and faster induction of HIF1a under hypoxic
conditions. Furthermore, Prior et al. (18) showed homozy-
gous subjects ($60 years) carrying the Pro variant of HIF1A
Pro582Ser exhibited significantly higher changes in _VO2max
after training than those carrying the minor allele.

It is worth mentioning that there have also been inves-
tigations concerning the influence of HIF1A Pro582Ser poly-
morphism on power-oriented athletes. Ahmetov et al. (1)
found a correlation between the HIF1A Pro582Ser poly-
morphism and the status of Russian sprinters and strength
athletes. The frequency of HIF1A Ser582 allele was sig-
nificantly higher in weightlifters than in controls (17.9 vs.
8.5%; p = 0.001) and increased according to their level of
achievement, from 14.7% in subelite athletes to 25.0% in high
elite athletes. On the other hand, this finding was in conflict
with a data reported by Eynon et al. (8) who had not found
any statistically significant differences in HIF1A genotype
distribution and Ser582 allele frequency between groups of
endurance athletes, sprinters, and controls. The percentage of
individuals with the HIF1A Ser582 allele was 14.8% among
controls vs. 17.4% among power-oriented athletes, p = 0.59.
Additionally, no statistical differences were found between
the subgroups of top-level endurance athletes and national-
level endurance athletes, or between top-level and national-
level sprinters (8).

In our study, we found a higher frequency of the Ser582
allele in rowers compared with the control group. One of
limitations of our study was the lack of clear confirmation that
those homozygous for the Ser582 allele had higher trans-
criptional activity than WT alleles. As a result, we were not
able to clearly determine the role of the Ser582 allele for
athletic performance in rowing.

Based on the result of this study, we feel that there is still not
enough evidence to confirm with certainty that the sig-
nificantly higher frequency of Ser582 in rowers compared
with controls is a beneficial factor for the finishing phase
components of competition, referring to sprinting and power,
as suggested by Ahmetov et al. (1). There is also not enough
evidence to the opposite view that higher frequency of
Ser582 may be a detrimental factor in performance as hypo-
thesized by Tanimoto et al. (24) and Fu et al. (10).

It should be noted that elite athletic performance is a
polygenic trait, with .20 polymorphisms suggested to influ-
ence endurance capabilities (9). The genetic marker analyzed
independently is likely to make a limited contribution to an

�elite� phenotype: It seems more likely that such a status
depends on the simultaneous presence of multiple such
variants (1,2). Additionally, our preliminary study was con-
ducted on a relatively small numbers of athletes, owing to
limitations imposed by the small number of rowers available
in Poland. To verify our findings, more experimental studies
on HIF1A polymorphisms using larger groups of elite
endurance athletes seem to be necessary.

Therefore, at the present, identification the HIF1A poly-
morphism as a definite genetic marker for athletic talent
should be used with caution.

Our findings indicate a higher frequency of the HIF1A
Ser582 allele and Pro/Ser genotype in both groups of rowers
than in the control group. These data suggest that the Ser
allele may be included in the group of PEPs as a factor
beneficial to athletic performance in rowing.

PRACTICAL APPLICATIONS

Identifying genetic polymorphisms which enhanced endur-
ance performance is helpful in understanding individual vari-
ations in health- and exercise-related phenotypes. In the case
of the presented article, the main assumption is the Ser allele
of the HIF1A gene might benefit endurance sport perfor-
mance. This kind of information (i.e., information concerning
the polymorphisms related to athletic performance) may be
used to develop genetic tests that identify athletic talent and
aid in preventing injury. Furthermore, it is likely that in the
near future, knowledge about specific genetic markers will
allow for specific steering of sport training programs and
determining the probable extent of adaptive response to
implemented training.
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