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The energy supply for muscle activity is one of the
factors that determine human physical performance.
Therefore, identification of genetic markers determin�
ing the efficiency of the adenosine triphosphate (ATP)
resynthesis pathway is one of the priority trends in phys�
iology and genetics. For reaching the elite status, an
athlete must have certain physical qualities greatly
depending on genetic characteristics.

During physical exercise, adenosine diphosphate
(ADP) accumulates in contracting muscles triggering
the creatine kinase mechanism of anaerobic ATP
resynthesis, which provides rephosphorylation
between creatine phosphate (CrP) and ADP (CrP +
ADP–  H++ Cr + ATP2–, where Cr is creatine).
The reaction is catalyzed by the muscle isoform of cre�
atine kinase (M�CK), one of the key enzymes of
energy supply for muscle performance.

Within a cell, M�CK is localized in the places of
energy consumption: it is included in the M�band of
striated muscles and, together with myomesin, forms M
bridges connecting myosin filaments with one another
[1]. The protein is at the surface of myosin filaments in
immediate proximity to actomyosin ATPase and is
involved in the provision of the energy for the working
myosin heads, supplying them with newly synthesized
ATP in the course of muscle contraction [2]. M�CK
localized at the surface of the endoplasmic reticulum

influences the power of muscle contraction by regulat�
ing the calcium ion flux during the tension and relax�
ation phases [3]. In addition, M�CK, together with the
mitochondrial creatine phosphokinase isoform, is
involved in the transport of energy generated by oxida�
tive phosphorylation to muscular contraction proteins
(the creatine phosphate shuttle) [4, 5].

Several studies have demonstrated that the inhibi�
tion of the M�CK activity immediately reduces the
intensity and power of muscle contractions [6–9] and
results in enhanced oxygen uptake by the contracting
muscles [10].

The protein M�CK is encoded by the CKMM gene
localized in chromosome 19 (19q13.2–13.3). Ckmm�
knockout mice show an enhanced aerobic perfor�
mance and lower fatigability after long�term physical
activity [11].

It may be supposed that M�CK activity plays the key
role in limitation of the possibility of performing long�
term physical exercise.

The 3'�untranslated region of the CKMM (OMIM:
123310) gene has been shown to have an A/G polymor�
phism (the substitution of guanine for adenine;
rs8111989) [12], which may have an influence on the
mRNA stability and change the gene expression [13]. It
is believed that the A/G polymorphism is also associated
with different M�CK activities in myocytes [14, 15].
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The frequency of the minor G allele varies in the range
from 15% in the Chinese population [16] to 29–35% in
Caucasoids [17] and 32% in white Americans [18].

Interdependence between the CKMM A/G poly�
morphism and individual differences in the expression
of the physical qualities of a person has been shown in
several works [19–21]. Association of the CKMM A/G
polymorphism with the increment in aerobic power
after aerobic physical training of subjects not engaged in
sports has been demonstrated [15, 18]. However, the
results of these studies are ambiguous [22].

In view of the physiological role of M�CK, it would
be particularly interesting to reveal the interrelation
between the CKMM gene A/G polymorphism and the
physical performance of athletes. Since M�CK is
important for the energy supply for highly intense
short�term muscle activity and is involved in phosphate
transport from mitochondria by the creatine phosphate
shuttle, it may be supposed that the allele frequencies of
the CKMM gene may vary in different groups of ath�
letes. For verification of this hypothesis, we have identi�
fied CKMM genotypes in athletes of different special�
izations and qualifications. The association of CKMM
polymorphism with physical performance was investi�
gated in competitive rowers.

The goal of the present work was to study the distri�
bution of the CKMM gene allele frequencies in athletes
and control subjects and to reveal the interrelation
between CKMM genotypes and aerobic performance in
competitive rowers.

METHODS

The investigation was carried out on 384 athletes
(women 18.7 ± 5.5 years of age, n = 105; men 22.2 ±
4.3 years of age, n = 279) engaged in weightlifting, boat
racing, soccer, cross�country skiing, biathlon, jumping
race, and skating (table). At the moment of examina�
tion, 5 athletes were honorary masters of sports (HMS),
10 athletes were international masters of sports (IMS),
112 athletes were masters of sports (MS), 93 athletes

were candidates for masters of sports (CMS), and 164
athletes had lower adult�category sports ranks.

The aerobic performance indices were determined
during physiological examination in 85 competitive
rowers. The subjects were familiarized with the experi�
mental conditions and gave their written consent to
participate in the experiment. The experiment was
approved by the Bioethics Commission of the Institute
of Biomedical Problems of the Russian Academy of
Sciences.

The control group consisted of 1116 subjects resid�
ing in St. Petersburg and Kazan (women 17 ± 2.3 years
of age, n = 503; men 18.6 ± 2.1 years of age, n = 613).
The main condition for including subjects in the control
group was the absence of previous experience in any
sport on a regular basis.

Molecular genetic analysis of DNA samples isolated
by alkaline extraction [23] or the sorption method was
performed in accordance with the manufacturer’s man�
ual for the DNA�sorb�A kit (Central Research Institute
of Epidemiology, Ministry of Health of the Russian
Federation), depending on the method of biological
material sampling (washout or scrape of the epithelial
cells of mouth cavity).

Restriction fragment length polymorphism (RFLP)
analysis. The CKMM gene A/G polymorphism was
determined using a two�primer system (the forward
primer, 5'�GGG ATG CTC AGA CTC ACA GA�3''; the
reverse primer, 5'�AAC TTG AAT TTA GCC CAA CG�3').
Amplicons 359 bp in length were treated with the
restriction endonuclease Bsp19I (SibEnzyme). A 359�
bp fragment corresponded to the G allele, and 206� and
153�bp fragments corresponded to the A allele. The
restriction fragment lengths of the products were ana�
lyzed by electrophoretic separation in 6 or 8% polyacry�
lamide gel followed by staining with ethidium bromide
and visualization in transmitted ultraviolet light with an
ETS Vilber–Lourmat transilluminator (France).

Determination of aerobic performance indices in a test
with a stepwise increasing load until exhaustion. The aer�
obic capacities were determined in the incremental test

Distributions of absolute and relative CKMM genotype and allele frequencies in athletes of different groups and control sub�
jects

Sport n
Genotypes G allele

A/A A/G G/G p % p

Boat racing 95 43 34 18 0.2410 36.84 0.5930
Biathlon 51 26 21 4 0.4311 28.43 0.2368
Skating (5–10 km) 13 10 3 0 0.0504 11.54 0.0240*
Jumping race 68 42 20 6 0.0182* 23.53 0.0104*
Cross�country skiing (5–15 km) 44 27 15 2 0.0489* 21.59 0.0157*
Weightlifting 74 29 22 23 0.0001* 45.95 0.0069*
Soccer 39 19 16 4 0.7873 30.77 0.5590
All athletes 384 196 131 57 0.0166* 31.90 0.1819
Control 1116 493 473 150 1.00 34.63 1.00
* p < 0.05, statistically significant differences between the groups of athletes and the control.
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until exhaustion using a PM 3 mechanical rowing ergo�
meter (Concept II, United States). The initial load was
150 W for men and 100 W for women; the step length
was 3 min; the period of rest between the steps was 30 s.
The work was performed until exhaustion (a paddling
power decrease > 30 W of the set power; a respiratory
quotient > 1.1). Since athletes could not always work for
the full 3 min at the last step, the following calculated
value was taken as the maximum power (Wmax):

where Wn is the mean power of the last step (W);
Wn – 1 is the mean power of the last but one step (W);
and tn is the time of work at the last step (s).

The gas exchange index and heart rate (HR,
beats/min) were recorded continuously during the test
(each breathing cycle) (MetaMax 3B gas analyzer, Cor�
tex, Germany, and Vmax 229, SensorMedics, United
States). The maximum oxygen consumption (MOC,
l/min) was determined from the values of gas exchange
indices averaged for the last 30 s of each step.

Statistical data were processed with the GraphPad
InStat software. The following indices were deter�
mined: mean values (M), standard error (±SEM), and
root mean square deviation (s). The significance of dif�
ferences in allele frequencies between the compared
samples was estimated by the χ2 test (for large samples)
or by Fisher’ exact test (for small samples). The groups
were compared with respect to quantitative characters
(physiological indices) using the unpaired t test. The
differences were considered statistically significant at
p < 0.05.

RESULTS AND DISCUSSION

Analysis of the distributions of genotype and allele fre�
quencies for the CKMM gene in athletes and control sub�
jects. The analysis of the distributions of genotype and
allele frequencies by the CKMM gene A/G polymor�
phism in the control subjects and athletes have yielded
the following results. The minor CKMM G allele fre�
quency in the control group is 34.6%, being similar to
the values in the European population (29–35% [17,
18]). The distribution of the AA (44.2%), AG (42.4%),
and GG (13.4%) genotypes observed in the control
groups fits the Hardy–Weinberg equilibrium (χ2 = 2.31;
d.f. = 2; p = 0.31) (table).

The CKMM G allele frequency in the total group of
athletes does not differ from the frequency in the con�
trol group (31.9% vs. 34.6%; p = 0.1819). The ratio of
the genotype frequencies in the total group of athletes
significantly differs from the distribution in the control
group (χ2 = 8.19; d.f. = 2; p = 0.0166).

The table presents the data on the distributions of
the CKMM genotypes and alleles in athletes engaged in
different sports. One can see that most representatives
of the sports predominantly developing endurance

Wmax Wn 1–
Wn Wn 1––( ) tn×

180
����������������������������������,+=

(biathlon, cross�country skiing, jumping race, skating;
the “long�distance runner group”; n = 176) are carriers
of the CKMM A allele (the CKMM A allele frequency is
78.7% in long�distance runners vs. 65.4% in the control
group; p < 0.0001), and the AA genotype frequency is
significantly higher in them (59.7% vs. 44.2% in the
control; χ2 = 16.09; d.f. = 2, p = 0.0003). In addition,
the female athletes engaged in boat racing showed a ten�
dency to have a higher A allele frequency as their quali�
fication increased (athletes of lower sport ranks/CMS,
45.8%; MS/IMS, 66.7%).

On the other hand, more of the weightlifters are car�
riers of the G allele (45.9% vs. 34.6%; p = 0.069) and GG
genotype (31.1% vs. 13.4%; χ2 = 17.92; d.f. = 2; p =
0.0001) compared to the control group.

The analysis of the sex�related distribution of
CKMM genotypes and alleles showed no differences in
the pooled group of athletes (χ2 = 0.0631; d.f. = 2; p =
0.9689). Estimation of the genotype frequency distribu�
tion depending on sporting qualification showed that
elite long�distance runners (MS, IMS, and HMS) had
a significantly higher AA genotype frequency than CMS
and athletes of lower ranks (70.6% vs. 50.9%; p =
0.0265).

The revealed higher frequency of the CKMM A allele
in long�distance runners (n = 176) compared to the
control group and its further increase with increasing
qualification seems to be evidence that the CKMM A
allele carriage is favorable for endurance development
and expression. On the other hand, the increase in the
GG genotype and G allele frequencies in weightlifters
suggests that the G allele contributed to a greater expres�
sion of strength qualities.

Detection of interdependence between physiological
indices and CKMM genotypes in athletes. The men
engaged in boat racing were shown to exhibit an associ�
ation between the CKMM A allele and high MOC values
(AA, 58.98 (3.44) ml/(kg min); GA, 56.99 (4.36)
ml/(kg min); GG, 52.87 (4.32) ml/(kg min); p =
0.0097). At the same time, the MOC indices in the
group of elite male rowers (MS/IMS) were significantly
higher in the subjects with the AA genotype compared to
the G allele carriers (AA, 59.21 (3.41) ml/(kg min);
GA + GG, 55.93 (4.53) ml/(kg min); p = 0.0176). In
the group of female rowers (n = 33), an association
between the CKMM A allele and high MOC values
was shown at the level of a tendency (AA, 49.48 (7.71)
ml/(kg min); GA, 47.01 (2.46) ml/(kg min); GG,
45.06 (3.57) ml/(kg min); p = 0.2909).

The mean Wmax values in the total group of male
rowers increased along with the number of А alleles in
the genotype (AA, 344.63 (57.03) W; AG, 337.16
(61.29) W; GG, 320.94 (75.70) W).

The results of twin studies have shown that the con�
tribution of the hereditary component to the formation
of aerobic performance (as exemplified by MOC) is
about 50% [25]. Later, after decoding the human
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genome, several tens of DNA polymorphisms associ�
ated with endurance indices were revealed [25–27].

The present work has become the first to determine
the distribution of alleles and genotypes for the CKMM
gene A/G polymorphism in Russian athletes and show
an association between the CKMM A allele and predis�
position to the kinds of sports aimed at endurance
development. The revealed interrelation between the
CKMM A allele and a high aerobic performance in boat
race rowers explains to some extent this association. It
should be noted that the results obtained are in agree�
ment with the data showing the association of the
CKMM AA genotype with a greater increase in aerobic
capacities as a result of aerobic training in subjects with
a sedentary lifestyle [18, 22]. Hence, the CKMM AA
genotype can be regarded as one of the genetic markers
associated with predisposition to the kinds of sports
mainly aimed at endurance development. It is believed
that M�CK is associated with expression of muscle
fatigue since, as a result of the reaction catalyzed by M�
CK, the phosphate concentration in local cell compart�
ments increases [21]. The CKMM A allele carriage
probably influences gene expression and may result in a
decrease in the M�CK activity in myocytes, leading to a
more intense activation of oxidative phosphorylation
and, thereby, giving priority to endurance development.

The revealed association between the CKMM GG
genotype and predisposition to weightlifting needs fur�
ther studies using dynamometry.

CONCLUSIONS

Thus, the CKMM gene A/G polymorphism is associ�
ated with the physical performance of athletes and plays
a role in selection for professional sports. The results of
this research may be of practical importance for choos�
ing the optimal sporting specialization and training ath�
letes.
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