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Abstract
Purpose Alpha-actinin-3, encoded by the ACTN3 gene, is
an actin-binding protein with an important role in myofibril contraction and muscle force output. In humans, there
is a relatively common deficiency of the α-actinin-3 due
to homozygosity in a polymorphism of the ACTN3 gene
(R577X, rs1815739), that has been related to decreased
resistance to strain during voluntary muscle contractions.
The purpose of this study was to investigate the influence
of the ACTN3 genotype on the level of exercise-induced
muscle damage attained by 23 experienced triathletes during an official half-ironman competition.
Methods Before and after the race, a sample of venous
blood was obtained and jump height was measured during a countermovement jump. The changes in serum creatine kinase (CK-MM isoform) were measured in the blood
samples and muscle pain was measured with a visual analogue scale (0–10 cm). Data from RX heterozygotes and
XX mutant homozygotes were grouped as X-allele carriers
(n = 13) and compared to RR homozygotes (n = 10).
Results Race time was very similar between groups
(313 ± 31 vs. 313 ± 25 min; P = 0.45); however, pre-topost-competition reduction in jump height was greater in
X-allele carriers than RR homozygotes (−18.4 ± 11.4 vs.
−8.2 ± 6.9%; P = 0.04). At the end of the race, X-allele
carriers presented higher serum CK-MM concentrations
(682 ± 144 vs. 472 ± 269 U/L; P = 0.03), and there was
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also a tendency for higher self-reported values of lower
limb muscle pain (7.7 ± 1.1 vs. 6.3 ± 2.3 cm; P = 0.06).
Conclusions X-allele triathletes in the ACTN3 R577X
polymorphism presented greater signs of exercise-induced
muscle damage during a half-ironman race than RR
homozygotes.
Keywords Rhabdomyolysis · Muscle fatigue · Triathlon ·
Endurance performance · Single nucleotide polymorphism
Abbreviations
ACTN3	
α-Actinin-3
A.U.	Arbitrary units
CK	Creatine kinase
DNA	Deoxyribonucleic acid
ES	Effect size
PCR	Polymerase chain reaction
SD	Standard deviation
SNP	Single nucleotide polymorphism

Introduction
The α-actinins are a group of cytoskeletal proteins located
in the Z-disc of skeletal, cardiac and smooth muscle fibres.
Their main role is the anchoring of the myofibrillar actin
filaments to the Z-disc, and thus they aid the production of
force during sarcomere contraction (Venckunas et al. 2012;
Yang et al. 2003). Interestingly, some individuals lack one
specific protein from this family in their type II skeletal
muscle fibres, α-actinin-3, due to a polymorphism in the
gene that codifies this protein (i.e., ACTN3 gene). The presence of the X-allele in this single nucleotide polymorphism
(R577X, rs1815739) produces a premature stop codon
that leads to the production of non-functional α-actinin-3,
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ultimately affecting the functionality of skeletal muscle
to generate forceful contractions at high velocity (Ivarsson and Westerblad 2015; Vincent et al. 2010; Yang et al.
2003). Although it has been proposed that carriers of the
X null allele compensate the absence of α-actinin-3 with a
higher presence of α-actinin-2—another cytoskeletal protein with a similar function—, several investigations have
indicated that the absence of this protein can affect exercise
performance (Alfred et al. 2011; Eynon et al. 2011, 2013;
Ma et al. 2013; Orysiak et al. 2015; Santiago et al. 2010;
Yang et al. 2003).
Specifically, 577X allele carriers are found much less
frequently in elite power- and sprint-like sport disciplines
than RR homozygotes (Alfred et al. 2011; Eynon et al.
2013; Ma et al. 2013; Yang et al. 2003), although this is not
always the case (Ruiz et al. 2011). On the other hand, the
proportion of athletes with the X-allele in the ACTN3 gene
is higher in endurance-based sports than the proportion of
RR homozygotes (Orysiak et al. 2015), although the evidence for the benefits of the X-allele vs RR homozygosity
on endurance performance is less well supported in humans
(Alfred et al. 2011; Ma et al. 2013) than in animal models (North 2008). Apart from exercise performance, the
lack of functional α-actinin-3 due to the 577X allele has
also been related to the degree of muscle damage attained
during different exercise protocols (Baumert et al. 2016).
ACTN3 XX homozygotes presented higher serum creatine
kinase concentrations and self-reported pain scores than
RR homozygotes after 20 maximal eccentric knee extensions with both legs (Vincent et al. 2010). Similarly, XX
homozygous soccer players showed higher serum creatine
kinase concentrations than RX and RR counterparts after
an eccentric training practice that included jumps, changes
of direction, accelerations and decelerations (Pimenta et al.
2012). On the contrary, other investigations have failed to
find an association between the X-allele and higher levels of exercise induced muscle damage after an eccentric
elbow flexion exercise protocol (Clarkson et al. 2005) or
after the performance of 50 drop jumps (Venckunas et al.
2012).
These previous studies (Clarkson et al. 2005; Pimenta
et al. 2012; Venckunas et al. 2012; Vincent et al. 2010) have
investigated the importance of α-actinin-3 to prevent excessive damage to the skeletal muscle fibre using very diverse
exercise activities. However, the exercise protocols chosen are not representative of any sport or competitive situations, a fact that likely explains in part the contradictory
outcomes found in these investigations. On the contrary,
there is no information about the consequences of the lack
of α-actinin-3 due to the 577X allele in endurance competitions, despite the fact that this type of sport activities
predisposes individuals to high levels of exercise-induced
muscle damage (Del Coso et al. 2012, 2013a, b, 2014b).
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Thus, the aim of this investigation was to determine the
role of the 577X allele in the development of exerciseinduced muscle damage during a triathlon competition.
We hypothesized that, after a half-ironman, triathletes with
the null X allele would show greater reductions in countermovement jump height (Del Coso et al. 2012) as a sign of
greater muscle fatigue, and higher serum concentrations of
creatine kinase and myoglobin, together with higher levels
of self-perceived local muscle pain as signs of muscle damage, than RR counterparts.

Methods
Subjects
Twenty-three (19 men and 4 women) healthy and experienced triathletes volunteered to participate in this study.
We have analyzed all the data without considering the sex
of the individuals. Inclusion criteria were as follows: age
between 18 and 50 years, being free of any history of muscle, cardiac or kidney disorders, participating in the competition at maximal intensity, and having triathlon experience of at least 3 years and more than 5 days of training
per week in the previous 3 months. Exclusion criteria were
as follows: taking medications or supplements during the
two weeks prior to competing or having suffered a musculoskeletal injury in the previous 3 months, and not finishing the competition or all the experimental procedures.
Detailed information on the participants in this investigation is shown in Table 1. Each participant was informed
of the risks and discomforts associated with this study and
signed a written informed consent before the onset of the
experiments. The study was approved by the Camilo Jose
Cela University Ethics Committee in accordance with the
latest version of the declaration of Helsinki. Participants’
rights and confidentiality were protected during the whole
experiment and the genetic information was only used for
the purposes included in this investigation.
Experimental design
A prospective, case–control and ecological experimental design was used for this investigation. Initially, three
groups of individuals were established according to their
genetic profile for the ACTN3 R577X polymorphism as
follows: RR, RX and XX. However, participants with
X-allele carriage (e.g., RX and XX) were considered as a
single group and subsequently compared to RR homozygotes. This grouping was based on previous investigations
that found a higher proportion of sprint/power athletes with
RR homozygosity when compared to the percentage of
sprint/power athletes that carried the X-allele [RX + XX;
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Table 1  Sex, age, body mass,
triathlon experience and training
habits of participants according
to their ACTN3 genotype
(R577X, rs1815739)

Variable (units)

RR

X-allele

P value

n

10

13

–

Men/women
Age (years)
Body mass (kg)
Triathlon experience (years)
Completed half-ironman competitions (number)
Swimming training (km/week)
Cycling training (km/week)
Running training (km/week)

8/2
36.5 ± 7.3
67.6 ± 6.1
5.2 ± 0.3
3.6 ± 0.4
6.4 ± 3.6
157 ± 86
27.7 ± 11.9

11/2
36.4 ± 5.2
71.2 ± 8.8
3.7 ± 0.3
3.0 ± 0.7
5.4 ± 2.4
157 ± 38
32.5 ± 11.8

–
0.74
0.31
0.27
0.78
0.44
1.00
0.34

Training sessions/week (number)

5.5 ± 1.4

5.3 ± 1.0

0.76

Data are mean ± SD for each group of individuals

(Alfred et al. 2011; Ma et al. 2013)] or when compared to
the distribution of this polymorphism in control individuals
(Yang et al. 2003). These previous investigations suggest a
comparable phenotype, in terms of sports/muscle performance, for X-allele carriers (RX and XX) and opposed to
the phenotyping produced by the RR homozygosity. Thus,
the experimental design of the current investigation was
based on the assumption that X-allele carriage would not
produce α-actinin-3 or at least would produce less functional α-actinin-3 affecting the capacity of skeletal muscle
to resist muscle strain during the triathlon competition.
Experimental protocol
For this investigation, all the participants underwent the
same testing under the same experimental conditions.
Participants completed the 2015 edition of the Ecotrimad
triathlon with no indications about training (in the days
before the competition), pace or fluid and food strategies,
before and during the competition. The race started at
12:00 h and consisted of 1.9 km of swimming, 75 km of
cycling (1100 m net increase in altitude) and 21.1 km of
running. The triathlon race was held in June on a sunny day
with a mean ± SD dry temperature of 19.7 ± 1.0 °C and
a mean relative humidity of 68 ± 1%. During the cycling
section, all participants used aero-road bikes with carbon
frames. The swim section was performed in a watercourse
with water temperature at 16 ± 1 °C and all participants
wore a neoprene wetsuit during the swim section.
The day before the race, participants were instructed to
avoid pain-relieving strategies (e.g., analgesic medications
or massage), strenuous exercise and caffeine and alcohol
ingestion. Participants were also instructed to adopt a precompetition diet that included at least 7 g/kg/day of carbohydrate, freely choosing the sources of carbohydrates to
avoid interfering with their competition routines. Compliance with these standards was confirmed by self-reported
training and food/drink diaries.

The day of the race, participants were encouraged to
ingest 500 mL of plain water 4 h before the start of the race
to increase the likelihood of being euhydrated at the start
line. Participants arrived at an area close to the start line
3 h before the onset of the race and a 10-mL venous blood
sample was obtained from an antecubital vein after 5 min
of supine rest. Then, participants underwent a standardized
10-min warm-up including low-intensity running, and five
submaximal countermovement jumps. At that point, participants performed two maximal countermovement vertical
jumps on a force platform (Quattrojump, Kistler, Switzerland). For this measurement, participants began stationary
in an upright position with their weight evenly distributed
over both feet. Each participant placed their hands on their
waist to remove the influence of the arms on the jump. On
command, the participant flexed their knees and jumped as
high as possible while maintaining the hands on the waist
and landed with both feet. The pre-race jumps were performed in the competition clothes and running shoes and
the attempts were separated by 1 min of rest. In each jump,
maximal leg power output during the concentric phase of
the jump was determined from ground reaction forces. The
highest jump was used for statistical analysis (Del Coso
et al. 2014a). All participants had been previously familiarized with the jump test during the week prior to the competition. Just 15 min before the onset of the race (and after
their habitual warm-up but prior to wearing the wetsuit),
participants were weighed in their competition clothes
(±50 g scale; Radwag, Radom, Poland) and then headed
for the start line to initiate the competition.
During the race, participants wore an ankle strap with a
timing-chip to calculate race time and the time employed
in each triathlon sector and transitions. Participants completed the race at their own pace and drank ad libitum at
the hydration stations during the race. Just after the end of
the race, participants went to a finish area where they performed two countermovement vertical jumps, as described
above. At this time, the rating of perceived exertion at the
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end of the half-ironman competition was assessed using
the Borg scale [from 6 to 20 A.U.; (Borg 1982)]. Participants then rested for 5 min and a venous blood sample was
obtained. During this time, lower-limb muscle pain was
measured using a 10-cm visual analogue scale where participants self-rated the score from 0 to 10 cm [0 cm meant
no muscle pain and 10 cm meant unbearable muscle pain;
(Portenoy and Tanner 1996)]. Participants were also asked
about stoppages during the race to urinate or defecate. The
estimated time for these stoppages was subtracted from the
race time. Participants also filled out a detailed questionnaire about fluid and food intake during the race (Del Coso
et al. 2016). Data on this questionnaire was used to calculate fluid intake during the race using the nutritional facts
on the products consumed and nutrition software (PCN
software, Cesnid, Spain). Participants were then provided
with fluid (water and sports drinks) and finished their participation in the study.
Genetic testing
Genomic DNA from the whole blood sample obtained
before the race was isolated (QIAamp® DNA Blood Mini
Kit, QIAGEN, The Netherlands) according to the manufacturer’s protocol. ACTN3 R577X (c.1858C>T; p.R577X;
rs1815739) genotyping was performed using a TaqMan®
SNP genotyping assay (Life Technologies™, USA) that
employs the 5′ nuclease activity of Taq DNA polymerase to
detect a fluorescent reporter signal generated during RealTime PCR reactions. Amplification and detection were
performed using a real-time PCR system (Applied Biosystems® Steponeplus™ Real-time PCR system, Life Technologies™, USA).
Blood samples
A portion of each blood sample was introduced in situ into
a blood glucose analyzer (Accu-chek, Roche, Spain) to
determine glucose concentration. The remaining blood was
allowed to clot and serum was separated by centrifugation
(10 min at 5000g) and frozen at −80 °C until the day of
analysis. At a later date, the serum portion was analyzed for
creatine kinase and myoglobin concentrations by means of
an autoanalyzer (Access II, Beckman-Coulter Instruments,
USA). The three different types of creatine kinase isoenzymes (CK-MM, CK-MB and CK-BB) were measured in
each serum sample.
Calculations
Sweat loss volume (in L) was calculated as the pre-to-postrace change in body mass plus the amount of fluid and food
ingested during the race. Sweat rate (in L/h) was calculated
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from sweat loss volume and race time. Fluid intake rate (in
L/h) was calculated from fluid intake volume and race time.
Statistical analysis
The normality of each variable was initially tested with
the Kolmogorov–Smirnov test. All the variables presented
normal distributions, and thus were analyzed with parametric statistics. The comparison between groups (RR
homozygotes vs. X-allele carriers) was performed using
Student’s t test for independent samples. Moreover, for the
variables obtained twice during the experiment (e.g., before
and just after the race), a two-way analysis of variance
(time × group) was performed. The effect size was calculated in all pairwise comparisons and the magnitude of
the effect size was interpreted using Cohen’s scale (Cohen
1988): an effect size lower than 0.2 was considered as
small, an effect size around 0.5 was considered as medium
and an effect size over 0.8 was considered as large. The
data were analyzed with the statistical package SPSS version 20.0 (SPSS Inc., Chicago, IL). The significance level
was set at P < 0.05. Data are presented as mean ± SD for
each group.

Results
ACTN3 R577X gene variants
Ten triathletes (43.5% of the sample) were RR homozygotes for the ACTN3 R577X, nine were RX heterozygotes
(34.7% of the sample) and five were XX mutant homozygotes (21.7% of the sample, Table 1). Thus, 56.5% of the
triathletes in the sample were carriers of the null X-allele.
There were no between-group differences for age, body
mass, body height, experience or training habits (Table 1;
P > 0.27 in each case).
Race time, jump height, body mass and self‑reported
information
Total race time was very similar for RR homozygotes and
X-allele carriers (Table 2; P = 0.45). In addition, there
were no between-group differences for the swimming,
cycling and running sectors (P > 0.41 in each case). During the race, RR homozygotes had similar sweat rates
(0.9 ± 0.4 vs. 0.8 ± 0.3 L/h; ES = 0.1, P = 0.76) and
fluid intake rates (0.6 ± 0.5 vs. 0.5 ± 0.3 L/h; ES = 0.2,
P = 0.60) to X-allele carriers, and thus body mass loss after
the race was very similar (Table 2; P = 0.79). The amount
of energy (1693 ± 822 vs. 1663 ± 650 kcal; ES = 0.0,
P = 0.93) and carbohydrate (371 ± 198 vs. 376 ± 144 g;
ES = 0.0, P = 0.95) consumed was very similar between
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Table 2  Triathlon race time,
body mass change, jump height
change and ratings of perceived
exertion and muscle pain during
a competitive half-ironman
triathlon in RR homozygote
triathletes (n = 10) and X-allele
triathletes (n = 13) for the
R577X polymorphism of the
ACTN3 gene

Variable (units)

RR

X-allele

Δ (%)

ES

P value

Race time (min)
Swimming sector time (min)
Cycling sector time (min)
Running sector time (min)
Body mass change (%)
Jump height change (%)
Rating of perceived exertion (A.U.)

313 ± 31
37.9 ± 4.3
158 ± 16
110 ± 14
−2.5 ± 1.2
−8.2 ± 6.9
17 ± 2

313 ± 25
39.8 ± 4.7
159 ± 17
106 ± 12
−2.6 ± 1.0
−18.4 ± 11.4
17 ± 3

0.0
5.0
1.0
−3.5
5.3
124
1.9

0.0
0.4
0.1
0.3
0.1
1.5
0.2

0.45
0.77
0.42
0.49
0.79
0.04
0.75

21.2

0.6

0.06

Rating of perceived muscle pain (cm)

6.3 ± 2.3

7.7 ± 1.1

Data are mean ± SD for each group. The percentage of difference (Δ) and the effect size (ES) was calculated for each between-group pairwise comparison

groups. However, from similar pre-race values (28.8 ± 3.0
vs. 30.4 ± 4.4 cm; ES = 0.5, P = 0.46), X-allele carriers
showed a more pronounced reduction in jump height than
RR homozygotes at the end of the marathon with a very
large ES (Table 2; P = 0.04). X-allele carriers reported
similar levels of perceived exertion (P = 0.75) and a tendency for higher perceived muscle pain (P = 0.06) than RR
homozygotes.
Serum responses
There were no between-group differences in blood glucose
concentration before or after the race (Table 3; P > 0.52).
X-allele carriers presented a lower pre-race serum sodium
concentration than RR (P = 0.02) but this difference was
not present at the end of the race. The responses of serum
chloride and potassium concentrations during the race
were very similar between groups. From similar pre-race
values, X-allele carriers showed a tendency for a higher
post-race serum myoglobin concentration (P = 0.10) than
RR homozygotes. X-allele carriers showed a tendency
for a higher pre-race serum creatine kinase concentration
(P = 0.06) than RR counterparts and these differences
reached statistical significance at the end of the race, with
a large ES (Table 3; P = 0.02). This same pattern was followed by the MM isoform of the creatine kinase, while the
changes in the MB and MM isoforms in the race were very
similar between groups. Of note, changes from pre-race to
post-race were similar between the two groups in all the
serum variables.

Table 3  Blood responses during a competitive half-ironman triathlon in RR homozygote triathletes (n = 10) and X-allele triathletes
(n = 13) for the R577X polymorphism of the ACTN3 gene
Variable (units)

The aim of the current investigation was to determine
the function of α-actinin-3 during the development of

X-allele

Δ (%)

Glucose (mg/dL)
Pre
102 ± 19
100 ± 11
−2.7
Post
116 ± 35
108 ± 21
−6.8
Sodium (mEq/L)
Pre
141 ± 1
139 ± 1
−1.0
Post
142 ± 2*
142 ± 1*
0.0
Chloride (mEq/L)
Pre
105 ± 1
105 ± 1
−0.4
Post
104 ± 2
104 ± 1*
−0.3
Potassium (mEq/L)
Pre
4.3 ± 0.4
4.4 ± 0.3
0.9
Post
4.7 ± 0.5*
4.9 ± 0.3*
2.3
Myoglobin (µg/L)
Pre
17.9 ± 3.1
20.2 ± 5.8
12.7
Post
441 ± 248* 591 ± 275*
33.9
Creatine kinase (U/L)
Pre
115 ± 38
153 ± 49
33.1
Post
477 ± 268* 690 ± 145*
44.9
Creatine kinase MM (U/L)
Pre
115 ± 38
149 ± 44
29.8
Post
472 ± 269* 682 ± 144*
44.4
Creatine kinase MB (U/L)
Pre
0.2 ± 0.6
0.2 ± 0.5
−17.2
Post
2.5 ± 2.2*
2.4 ± 2.3*
−7.3
Creatine kinase BB (U/L)
Pre
0.0 ± 0.0
0.0 ± 0.0
0.0
Post

Discussion

RR

1.7 ± 1.9*

2.4 ± 0.5*

40.2

ES

P value

0.1
0.2

0.68
0.52

1.2
0.0

0.02
0.95

0.6
0.2

0.32
0.66

0.1
0.2

0.79
0.56

0.7
0.6

0.28
0.10

1.0
0.8

0.06
0.02

0.9
0.8

0.07
0.03

0.1
0.1

0.29
0.85

0.0

1.00

0.4

0.51

Data are mean ± SD for each group. The percentage of difference
(Δ) and the effect size (ES) were calculated for each between-group
pairwise comparison
* Different from pre values within the same group, at P < 0.05
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exercise-induced muscle damage in a triathlon competition. For this purpose, we compared the levels of muscle
damage attained during a competitive half-ironman race by
RR homozygotes for the ACTN3 R777X polymorphism—
with functional α-actinin-3 to triathletes carriers of the X
null allele—e.g., RX and XX, with less/non-functional
α-actinin-3. The main outcomes of this investigation were:
(a) although the anthropometric, physical and training characteristics of both groups of triathletes were very similar
and the total race time was almost identical, triathletes that
carried the X-allele for the ACTN3 gene presented higher
post-race serum concentrations of creatine kinase (total
and MM isoform) than the triathletes with RR homozygosity (Table 3). (b) X-allele carriers showed a greater muscle performance reduction after the race, as measured by
pre-to-post-race changes in countermovement jump height
(Table 2). (c) X-allele carriers also showed a tendency for
greater values of perceived lower limb muscle pain after
the race (Table 2). These results indicate that possessing the
577X allele, likely resulting in less functional α-actinin-3,
increased the concentration of blood markers of muscle
damage, self-reported muscle pain values and the reduction
in the capacity to generate muscle force in a jump, at least
when compared to RR counterparts.
It is well documented that strenuous exercise can cause
sarcomere disruption and muscle cell breakdown affecting
the capacity to generate force, increasing the appearance
of intramuscular proteins into the blood stream and producing delayed-onset muscle soreness (Baxter and Moore
2003; Clarkson and Hubal 2002). Although most investigations on this topic have been carried out in experimental
settings that included eccentric muscle activities different
from the ones produced in most sport situations (Clarkson
and Tremblay 1988; Sayers et al. 1999), recent investigations have reported that endurance sports can produced
moderate-to-high levels of muscle damage (Cordova Martinez et al. 2015; Del Coso et al. 2012, 2013a). Perhaps
one of the most representative features of exercise-induced
muscle damage is the great inter-individual differences in
the levels attained after a specific activity that cannot be
explained by age, training, experience or other individual
characteristics (Areces et al. 2015; Del Coso et al. 2013a,
b, 2014b). Specifically in long-distance triathlons, slower
triathletes presented higher levels of muscle damage and
showed greater impairments in muscle performance than
faster triathletes (Del Coso et al. 2014b). In addition, the
level of muscle damage has been identified as one of the
main causes of muscle and overall fatigue (Del Coso et al.
2012), and the use of compression stockings was ineffective to reduce it (Del Coso et al. 2014a). After the competition, exercise-induced muscle damage symptoms peak one
or two days after the race and then decrease afterwards,
although low-grade muscle damage persists until at least
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5 days post-race, possibly reflecting incomplete muscle
recovery (Neubauer et al. 2008; Prou et al. 1996).
Previously, the ACTN3 gene has been targeted as one of
the key genes responsible for the inter-individual variability
found in exercise situations that produce exercise-induced
muscle damage (Baumert et al. 2016). Specifically, it has
been speculated that X-allele carriers for R577X might be
more prone to exertional rhabdomyolysis because of a deficiency in the production of α-actinin-3 in type II muscle
fibres (Clarkson et al. 2005; Pimenta et al. 2012; Venckunas et al. 2012; Vincent et al. 2010). However, the influence
of the 577X allele on exercise-induced muscle damage is
unclear since XX homozygosity has been found to exert a
deleterious (Pimenta et al. 2012; Vincent et al. 2010), neutral (Clarkson et al. 2005) or even positive effect (Venckunas et al. 2012) on the levels of muscle damage after ad
hoc exercise protocols that included eccentric muscle
contractions.
In the present investigation, we used a more ecologically valid experimental setting because we assessed the
influence of the 577X allele during a real sports situation:
a competitive half-ironman race. Under this experimental
setting, triathletes that carried the X-allele showed higher
indexes of muscle damage when compared to RR homozygotes with similar ages, triathlon experience and training
routines. Jump height reduction and serum creatine kinase
concentration after the race were greater in X-allele carriers
while a tendency for statistical significance was found in
perceived muscle pain and serum myoglobin concentration.
In all the cases, the effect sizes of possessing the X-allele
were classified as medium-to-large and the between-group
percentage of change was very high (Tables 2, 3). Another
novelty of this investigation is that we measured the different isoforms of creatine kinase to identify the source
of the muscle damage between skeletal, cardiac and brain
tissues. Although MM, MB and BB isoforms significantly
increased after the race, the only isoform that was different between X-allele carriers and RR homozygotes was
MM, suggesting that the difference in the ACTN3 genotype
specifically affected the capacity of the skeletal muscle to
resist strain (Sorichter et al. 1999). Thus, triathletes with
the X-allele, and likely with less functional α-actinin-3
in their type II fibres (Ma et al. 2013; North 2008), might
be more prone to suffering exercise-induced muscle damage and its main symptoms, such as muscle pain, reduced
capacity to generate force, and leakage of intramuscular
proteins into the circulating blood.
The present investigation also presents some limitations
derived from the experimental design selected that have to
be discussed to improve the scope and applicability of the
outcomes. This study was carried out on a real competitive
half-ironman and thus factors, such as age, pre-competition
diet, training volume and running intensity, during the race
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were not controlled. We registered this individual information and based on the lack differences between X-allele and
RR triathletes (Table 1) we speculate that these factors had
a negligible influence on the outcomes of the investigation. It is well established that some of the symptoms of
exertional rhabdomyolysis are present 24–48 h after the
cessation of the exercise activity (Neubauer et al. 2008;
Prou et al. 1996) but our results only extended to the end
of the race. It would be interesting to investigate whether
the influence of the ACTN3 gene is also present during
the recovery phase of exercise-induced muscle damage.
Finally, the level of muscle damage attained during the race
was measured by indirect markers, such as self-reported
muscle pain, changes in jump height and changes in serum
concentrations of creatine kinase and myoglobin. Although
these variables are trustable markers for determining exercise-induced muscle damage in a wide range of exercise
activities (Banfi et al. 2012; Byrne et al. 2004), it would
be interesting to confirm whether X-allele carriers for the
ACTN3 gene are more prone to muscle damage using muscle biopsies.
The current investigation suggests that triathletes
with XX or RX genotypes (e.g., X-allele carriers) for the
R577X polymorphism showed higher levels of exerciseinduced muscle damage than RR counterparts, as measured
by greater values of muscle pain, jump height reductions
and blood concentrations of creatine kinase, specifically
the skeletal muscle isoform. Because the presence of the
X-allele in the R577X ACTN3 polymorphism is related
to the assembly of a non-functional α-actinin-3 in type II
muscle fibres, it is likely that the greater symptoms of muscle damage found in this investigation are related to a lower
capacity of skeletal muscle to satisfy the physiological
demands imposed by a half-ironman competition. Thus, the
determination of the ACTN3 genotype of amateur athletes
could be advisable to establish specific training and/or supplementation routines that prevent X-allele carriers from
developing clinical conditions associated with exertional
rhabdomyolysis in endurance competitions.
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