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Resumo	
  
Existe uma variabilidade considerável relativamente à expressão
fenotípica e apresentação de lesão muscular induzida pelo exercício, a qual
não pode ser apenas predita com base na idade, raça, composição corporal e
actividade ou inactividade física. Factores genéticos podem influenciar
igualmente o desenvolvimento e progressão da lesão muscular induzida pelo
exercício. Assim sendo, o objectivo da presente tese foi analisar a influência de
polimorfismos de nucleótideo único (SNPs) em genes associados com
mecanismos da lesão/reparação do músculo esquelético nos níveis sanguíneos
de creatine kinase (CK) após exercício excêntrico. Quatro SNPs foram
identificados como potenciais alvos: ACE (I/D), IL-6 (-174 G/C), CK-MM (Ncol)
e TNF-α (G-308A). Para a consecução destes objectivos, 3 estudos foram
desenvolvidos envolvendo 70 estudantes saudáveis (42 homens e 28
mulheres; idade 22–32 anos), fisicamente activos e que não recebiam qualquer
tratamento médico à altura. Os participantes eram caucasianos israelitas, com
um rácio equivalente de cidadãos descendentes de Ashkenazi and nãoAshkenazi. Os resultados demonstraram que 3 SNPs, nomeadamente ACE
(I/D), IL-6 (-174 G/C) e TNF-α G-308A, estão associados com a resposta da CK
ao exercício excêntrico. Com base nestes resultados, é possível concluir que a
magnitude de lesão muscular induzida pelo exercício é condicionada
igualmente por factores genéticos, em particular por SNPs presentes em genes
associados com mecanismos de lesão e reparação do musculo esquelético.
Estes resultados podem ajudar a identificar indivíduos que apresentam uma
predisposição acrescida de lesões muscular-esqueléticas induzidas pelo
exercício
Palavras-chave: Exercício excentrico, lesão muscular, creatina kinase
(CK), reparação muscular-esquelética
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Abstract	
  
There is a wide interindividual variability in the phenotypic expression and
presentation of exercise-induced skeletal muscle damage, which cannot be
predicted based on age, race, body composition, physical activity, or inactivity,
suggesting that genetic factors may also influence the development and
progression of exercise-induced skeletal muscle damage. In this sense, the
purpose of this thesis was to analyze the influence of candidate single
nucleotide polymorphisms (SNPs) in genes closely associated with the
mechanisms of skeletal muscle damage/repair on the blood levels of Creatinekinase after eccentric exercise. Four SNPs were identified as potential targets:
the ACE (I/D), IL-6 (-174 G/C), CK-MM (Ncol), and TNF-α (G-308A). To
accomplish our goals three studies were conducted involving 70 healthy
physical education students (42 males and 28 females; aged 22–32), physically
active and not receiving any medical treatment. Participants were all Israeli
Caucasians, with an equivalent ratio of Ashkenazi and non-Ashkenazi descent.
The results showed that three SNPs, namely ACE (I/D), IL-6 (-174 G/C), and
TNF-α G-308A are associated with CK (creatine kinase) response to eccentric
exercise, whereas CK-MM (Ncol) SNP is not associated with CK response to
eccentric exercise. Based on these results, it is possible to conclude that the
magnitude of exercise-induced muscle damage is also conditioned by genetic
factors, particularly by several SNPs in genes associated with the mechanisms
involved in skeletal muscle damage and repair. These results might help to
identify the individuals who are genetically predisposed to exercise-induced
muscle damage.

Keywords: Eccentric exercise, exertional muscle damage, creatine kinase
(CK), skeletal muscle repair.
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General Introduction
Exercise-induced muscle damage is characterized by the breakdown of
skeletal muscle cells accompanied by the leakage of muscle contents into the
circulatory system [e.g. creatine kinase (CK) and myoblobin (Mb), among
others] (Nosaka et al.,1992; Clarkson and Hubal, 2002; Lee and Clarkson,
2003). Clinical features are often nonspecific, and include loss of muscle
strength, reduced range of motion, swelling, and delayed onset muscle
soreness (Hojs et al., 1999). Disturbing complications, including acute renal
failure, severe hyperkalemia, and cardiac arrhythmia and arrest (Milne, 1988;
Beetham, 2000) may also occur.
Elevated levels of serum CK are commonly used to evaluate the severity
of muscle damage (Houmard et al., 1990; Brancaccio et al., 2007; Khan, 2009),
being the blood CK response considered a marker of muscle damage when its
levels rise fivefold from peak normal values, which are normally between 15167 U\L (Daher et al., 2005).
Markedly high blood levels of CK (between 300 – 10,174 U\L ) are often
seen following prolonged endurance activities (e.g., marathon running), and
particularly following short exercises that involve intense resistive eccentric
contractions (e.g., push-ups, squats, etc.) (Brancaccio et al. 2007; Devaney et
al. 2007).
It is known that the magnitude of muscle damage is influenced by several
conditioning factors such as type of exercise, gender, age, and level of training
(Brancaccio et al., 2007). For instance, muscle damage induced by overexertion
is frequently reported in healthy adolescent and adult athletes following habitual
and/or strenuous exercise, such as in military training, weight lifting, and
marathon running (Howatson and Someren, 2008; Proske and Allen, 2005;
Senert et al., 1994). A gender difference in CK serum levels is an important
factor that needs to be considered. In this regard, males often present higher
values of CK at rest than females. In fact, following muscular exercise, sexlinked differences are still present (Amelink et al., 1988) and estrogen may be
1

an important factor in maintaining post-exercise membrane stability, thus
limiting CK leakage from the muscle (Tiidus, 2009). An additional factor that
might influence the magnitude of muscle damage is age. During aging, skeletal
muscles become smaller and weaker, such that by the age of 70 years, the
cross-sectional area of a range of muscles is reduced by 25–30% and muscle
strength by 30–40% (Porter et al., 1995) as compared to young adults.
Therefore old people are more susceptible to contraction-induced damage and
take longer to recover from such damage than younger adults. (Close et al.,
2005). The blood CK response to exercise is also influenced by body mass
(Swaminathan et al., 1988) and physical activity status, with resting levels
higher in athletes than in sedentary subjects, which might be explained by the
regular training that athletes undergo (Brancaccio et al., 2007).
The inter-individual variability of muscle damage is huge and cannot be
solely explained by the above-mentioned factors (Salvadori et al., 1992;
Manfredi et al. 1993; Sherwood et al. 1996; Vincent and Vincent, 1997; Horská
et al., 2000; Schwane et al., 2000). Indeed, several studies have demonstrated
a large inter-subject variability in CK response to eccentric exercise (Newham et
al., 1983; Nosaka et al., 1992; Nosaka and Clarkson, 1996). One study
acknowledged a dramatically higher levels of CK (peak value ranged from 6,740
to 24,200 U\L) following eccentric exercise in six untrained female subjects
(Nosaka et al., 1992), whereas another study (Nosaka and Clarkson, 1996)
found a large variability among male subjects in peak CK response (236 25,244 U\L). Furthermore, following eccentric exercise, subjects who were high
responders on the first exercise were also high responders when repeating the
exercise one year later (Chen, 2006). The subjects who were high responders
to eccentric exercise (greater than 10,000 u·L-1) also presented profound
strength losses, swelling, and intense muscle pain (Sayers et al., 1999; Chen,
2006).
In recent years, it has been suggested that genetic factors might play an
important role in the development of exercise-induced muscle damage
(Clarkson et al., 2005; Devaney et al., 2007; Heled et al., 2007). Indeed, it is
2

recognized that several inherited genetic muscular disorders, such as McArdle’s
disease and Duchenne’s muscular dystrophy, predispose individuals to develop
exercise-induced muscle damage (Zager et al., 1996). Other more rare causes
of muscle damage include inherited diseases of glucose, lipids, proteins, or
nucleoside metabolism that lead to a reduced energy source for the working
muscles (Khan, 2009). In most cases, the primary common pathway for muscle
fiber disintegration is the imbalance between energy demand and energy
production/supply, leading to deficient delivery of adenosine triphosphate (ATP),
and compromising cell physiology and integrity (Howatson and Someren.,
2008). These disorders are usually expressed during childhood and should be
suspected if muscular weakness or myoglobinuria frequently recur, or appear in
association with events that are unlikely to precipitate muscle damage in
healthy subjects (Tonin et al., 1990).
Regarding apparently healthy people, comprehensive study in twins
demonstrated a positive relationship between the severity of exercise-induced
muscle damage and genetic polymorphisms, suggesting that genetic influence
should also be considered (Meltzer et al., 1978). In recent years, the previously
mentioned inter individual susceptibility to exertional muscle damage has
usually been detected by studies of genetic association. This kind of study is
commonly used to test the influence of variation at a given candidate locus on
specific performance traits. These genetic variations, also known as single
nucleotide polymorphisms (SNPs), might lead to different CK level responses
and to other muscle damage phenotypes with any type of exercise. Apart from
the relatively well identified genetic diseases, several gene polymorphisms
described in healthy people might be considered as potential candidates to
explain inter-subject variability, such as those encoding energy metabolic
enzymes or those involved in the control of muscle proteolysis, inflammatory
reaction or repair mechanisms (Stewart and Rittweger, 2006).
The muscle-specific isoenzyme of CK (CK-MM) is localized at the M line
and at the sarcoplasmic reticulum of myofibrils (Brancaccio et al., 2007;
Echegaray and Rivera, 2001). Heled et al. (2007) found that one genotype of
3

the CK-MM Ncol polymorphism was associated with a risk of exaggerated CK
response to exercise. Individuals with the AA genotype (normal homozygous)
had a six-fold higher risk compared to those who include the rare allele (G)
polymorphism (GG and AG) for exhibiting an exaggerated CK response to
exercise. Up to this point, this is the only study to suggest that this particular
polymorphism might be involved in the process of developing exercise-induced
muscle damage. However, because of several flaws identified in that study,
their conclusions might be questioned, raising doubts about the real influence of
CK-MM Ncol polymorphism on the magnitude of muscle damage induced by
exercise.
Besides its immune function, interleukin-6 (IL-6) seems to be involved in
muscle repair following exercise-induced damage (Cantini et al., 1995; Helge et
al., 2003; Weigert et al., 2007; McKay et al., 2008; Serrano et al., 2008). The IL6 exerts anti-inflammatory effects by inhibiting the production of the proinflammatory cytokine TNF-α (tumor necrosis factor α), and stimulating the
synthesis of other anti-inflammatory cytokines such as IL-1 receptor antagonist
(IL-1RA), IL-10 and soluble TNF-α receptor1 (TNF-α R1). Thus, during exercise
IL-6 indirectly restricts the inflammatory process. A functional-174G/C
polymorphism of IL-6 has been identified (Fishman et al., 1998), in which the G
allele rather than the C allele, has been associated with an increased
transcriptional response in vitro (Fishman et al., 1998; Terry et al., 2000) and in
vivo (Bennermo, 2004). The pro-inflammatory TNF-α was previously described
as a critical component for initiating the breakdown and subsequent removal of
damaged muscle fragments following eccentric exercise (Cannon and St Pierre,
1998). A single nucleotide exchange of a guanine by an adenine (G/A) at
promote region -308 of TNF-α has been associated with increased TNF-α
production and higher C-reactive protein circulating levels (Bayley et al., 2004;
Wilson et al., 1997). Due to the crucial role of IL-6 and TNF-α in muscle repair
and muscle damage, respectively, it could be hypothesized that SNPs in these
particular genes might be involved in the predisposition to exercise-induced
muscle damage.

4

The skeletal muscle expressed ACE (angiotensin-converting enzyme) has
a metabolic role through exercise (Jones and Woodes, 2003). ACE is a key
component

of

the

Renin-Angiotensin

system

(RAS),

generating

the

vasoconstrictor angiotensin (ANG) II and degrading kinins which have a
vasodilator effect (Coates, 2003). Within the muscle ANG II affects metabolism
(Brink et al., 1996) and seems to act as a growth factor during the skeletal
muscle hypertrophic response to mechanical load (Gordon et al., 2001). A
functional polymorphism of the human ACE gene was recognized in which the
presence of I allele (insertion) but not D allele (deletion) of a 287-bp Alu 2
repeat element in intron 16 was connected with lesser enzyme activity in
circulation and in tissues (Danser et al., 1995; Rigat et al., 1990). Because there
is considerable RAS activity in skeletal muscle involved in the regulation of
muscle metabolism, vascular tone and injury responses, it can be presumed
that the ACE ID genotype may also contribute to the development of exertional
muscle damage and, therefore, may affect CK blood response to strenuous
exercise.
Therefore, the aims of this thesis are the following:
1. To analyze the association between ACE (I/D) genotype and the CK
response following eccentric contractions. (paper I).
2. To analyze the association of IL6 G-174C and TNF-α G-308A SNPs
with systemic CK response to strenuous exercise, highlighting the role of
inflammatory response on the physiopathology of exercise-induced muscle
damage. (paper II).
3. To analyze the association of CK-MM NcoI polymorphisms with the
magnitude of CK response, focusing on the susceptibility of muscle cell to
exertional muscle damage (paper III).
Understanding the relationship between genetic variants and exerciseinduced muscle damage may eventually make it possible to identify subjects
who are more susceptible to develop this condition, and possibly prevent the
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co-morbidities and life-threatening complications (e.g., acute renal failure)
associated with this syndrome.
Based on the accumulated evidence, we hypothesize that four SNPs
[(ACE (I/D), IL-6 (-174 G/C), CK-MM (Ncol), and TNF-α (G-308A)] might
influence the development and the magnitude of exercise-induced muscle
damage.

6

Theoretical background
Eccentric contraction seems to be the main trigger for the development of
muscle damage (Lovering and De Deyne, 2004). Apart from the mechanical
overload imposed to the sarcolemma and to membranes of sarcoplasmic
reticulum, it is assumed that metabolic overload with its enhanced temperature
and oxidative stress might also contribute to explaining the injury imposed by
exercise on skeletal muscle, through the enhancement of structural and
functional degradation of lipids and proteins that might compromise the
selective permeability of cell membranes, as well as other cellular functions,
(Pattwell and Jackson, 2004). This situation leads to a focal Ca+2 overload
within muscle fiber due to cell inability to maintain its homeostasis. As a
consequence, a number of Ca+2 dependent proteolytic and phospholipolytic
pathways native to the muscle fiber will be activated, which respectively
degrade structural and contractile protein and membrane phospholipids
(Lovering and De Deyne, 2004). In addition, elevated intracellular Ca+2 can also
disrupt normal mitochondrial respiration and cause sarcomere contraction (Tee
and Bosch, 2007). These autogenic mechanisms will be followed by an
inflammatory response in order to remove injured tissue debris and to stimulate
regeneration of the damaged fibers (Miles et al., 2008). The inflammatory
response, controlled by pro and anti-inflammatory cytokines, results in the
muscle infiltration of activated leukocytes and in the release of proteases and
free radicals, which contributes to aggravating the degenerative condition of
skeletal muscle, in a process widely known as extrinsic degeneration (Malm,
2002; Suzuki et al., 2002). Pro-inflammatory cytokines include tumor necrosis
factor-alpha (TNF-α) and interleukin (IL)-1β, which are known to be associated
with inflammatory response after exercise-induced muscle damage (Ostrowski
et al., 2001; Pedersen et al., 2001). In contrast, anti-inflammatory cytokines
such as IL-4, IL-10, and IL-1 receptor antagonist (IL-1ra) inhibit inflammatory
responses by reducing the activity of pro-inflammatory cytokines (Malm, 2002;
Suzuki et al., 2002). Although not yet fully clarified, it is accepted that IL-6 can
act both as a pro- and/or anti-inflammatory cytokine, depending on
circumstances (Boneberg and Hartung, 2002; Malm, 2002; Pajkrt et al., 1997;
7

Pedersen et al., 2001).
Both pro- and anti-inflammatory cytokines increase dramatically following
different types of exercise. It is indicated that intense exercise is associated with
1) systemic release of leukocytes and cytokines, 2) alterations in muscular
leukocyte receptor expression, 3) muscle leukocyte infiltration and the
production of pro-inflammatory cytokines within the damaged muscle tissue,
and d) reduction in functional muscular activity (Peake et al., 2005).
Interestingly, IL-6 is also produced by the skeletal muscle following exercise,
and may act indirectly to restrict muscle inflammation by stimulating antiinflammatory cytokines production (IL-1ra and IL-10) (Petersen and Pedersen,
2005), and by inhibiting the production of pro-inflammatory mediators like TNFα and IL-1β (Aderka et al., 1989; Di Poi and Ferraccioli, 1999; Gabay et al.,
1997; Xing et al., 1998). Therefore, exercise is associated with a simultaneous
increase of both pro- and anti-inflammatory cytokines. This concomitant
increase of pro- and anti-inflammatory mediators is probably needed to limit the
level and extension of inflammatory process, in order to enhance muscle
recovery, maintain muscular capacity, and improve physical performance. The
process of inflammatory responses following muscle damage is illustrated in
Figure 1. Neutrophils, natural killer cells and lymphocytes are mobilized into
circulation after exercise, and soon invade the damaged muscle tissue (Peake
et al., 2005). Cytokines are also released into systemic circulation during and
immediately after eccentric exercise (Suzuki et al., 2002). Neutrophils are
progressively replaced in damaged muscle tissue by macrophages, and proinflammatory cytokines are produced in the muscle within one day after
eccentric exercise. These inflammatory responses remove cellular debris,
favoring the regeneration of muscle fibers after eccentric exercise (Peake et al.,
2005).
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Figure 1. Steps of inflammatory response following eccentric exerciseinduced muscle damage.
In response to muscle damage, myogenic satellite cells exit their
quiescent state, become "activated" and proliferate, with further migration to the
site of injury in order to replace damaged areas by fusion with adjacent muscle
fibers, or fusing together to produce new muscle fibers (Figure 2) (Karalaki et
al., 2009). Regulation of the myogenic satellite cell population is primarily
mediated by the production of inflammatory cytokines in the damaged muscle
and by growth factors that are produced and released locally in response to the
muscle injury (Zammit et al., 2002). Growth factors also play an important role
in cellular proliferation and differentiation in response to skeletal muscle
damage. For instance, Insulin-like growth factors (IGFs) are members of a
family of proteins involved in satellite cell differentiation and proliferation (Florini
et al., 1996; Haugk et al., 1995). In animal models, IGFs have been found to
increase in response to degeneration and regeneration, thereby influencing
satellite cell activation (Adams, 2002; Bamman et al., 2001; Florini et al., 1996;
Levinovitz et al., 1992). Indeed, Keller et al. (1999) demonstrated that after
contraction-induced damage of the soleus muscle, there was a significant
increase in IGF-I and IGF-II during the days following the injury. The expression
9

of developmental myosin heavy chain also increased and was co-expressed
with both IGFs. In addition to the IGFs, circulating cytokines such as IL-6 also
appear to increase myogenic satellite cell proliferation and play an integral role
in the repair process following muscle damage (Hibi et al., 1996). Another
mechanism involved in muscle tissue repair is related to the renin-angiotensin
system. RAS plays an important role in human body fluid homeostasis and in
cardiac left ventricular remodeling. Angiotensin-converting enzyme, a key
enzyme of this system, is widely expressed in human tissues, including skeletal
muscle, and may play a metabolic role during exercise (Jones and Woods,
2003). Angiotensin II, one of the RAS products, has known metabolic effects
(Brink et al., 1996), and is recognized as a necessary growth factor for skeletal
muscle hypertrophy in response to mechanical loading (Gordon et al., 2001).
Most of Angiotensin II (Ang II) physiological, metabolic, and pathophysiological
activities are mediated through the Angiotensin II type 1 receptor (AT1R), which
is also the only Ang II receptor present in human skeletal muscle (Jones and
Woods, 2003).
Other growth factors seem to play important roles in muscle tissue repair,
such as Hepatocyte growth factor (HGF), Fibroblast growth factor (FGF), and
Leukemia inhibitory factor (LIF). HGF was found to be an integral regulator of
multiple myogenic satellite cell function during skeletal muscle regeneration and
hypertrophy (Hawk et al. 2001) and FGF has a significant regulatory effect on
myogenic satellite cell activity. Currently, at least 10 isoforms of FGF have been
identified. Among these isoforms, FGF-6 exhibits high expression levels, which
appear to be limited to muscle lineage (Delapeyriere, 1993). LIF belongs to a
family of cytokines that play a critical role in the muscle tissue repair process. It
has been shown that release of LIF is significantly increased in response to
muscle damage, and that LIF increases myogenic satellite cell proliferation both
in vitro and in vivo (Kurek et al., 1997).
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Figure 2. Satellite cell response to exercise-induced muscle damage (IGF,
insulin-like growth factor; IL-6, interleukin-6; HGF, hepatocyte growth factor;
FGF, fibroblast growth factor; LIF, leukemia inhibitory factor).
Based on the above-mentioned mechanisms underlying exerciseinduced muscle damage, it is possible to point out several genes which are
directly or indirectly related to the daily maintenance of muscle tissue
homeostasis. Among all the potential candidates, several gene SNPs have
already been associated with the magnitude of markers of exertional muscle
damage, such as those evolving the Myosin light chain kinase [MLCK,
(C37885A and C49T)], CK-MM Ncol, IGF-II (C13790G ), IGF II (ApaI,
G17200A), IGF2AS (G11711T)], ACE (I/D) ], IL-6 (-174 G/C)] and TNF-α (G308A)]. Theoretically, many other genes and polymorphisms could be also
linked with the enhanced susceptibility to exertional muscle damage, however,
further studies are needed to demonstrate the association.
MLCK is a protein linked with muscle fiber-type that participates in the
phosphorilation of myosin’s regulatory light chain (RLC) (Sweeney et al., 1993).
11

Although the binding of Ca+2 to tropomyosin-troponin is the primary regulator of
skeletal muscle contraction, RLC plays an important regulatory role in muscle
force development (Sweeney and Stull, 1990; Szczesna et al., 2002). Clarkson
et al. (2005) found that individuals who have the MLCK C49T rare mutant
homozygous (TT) had a significantly greater increase in blood CK and
myoglobin levels compared to heterozygous individuals (CT) and normal
homozygous (CC), following eccentric exercise. In addition, those heterozygous
for MLCK C37885A (CA) had greater strength loss, and a significantly greater
increase in CK compared with the homozygous (CC) wild type. The given
explanation for the increased muscle damage is that MLCK C49T and C37885A
polymorphisms increase the ability of RLC phosphorilation in type 2 fibers,
thereby increasing the ability to generate more tension during the stretch of
eccentric muscle contraction. Since muscle damage is related to myofibrilar
strain (Clarkson et al., 2005), this would increase the magnitude of muscle
damage (Figure 3).
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Figure 3. Summary of early changes in eccentric contraction induced
muscle injury.
There are three different CK isoenzymes (CK-MM, CK-BB CK-MB)
differing in predominance according to tissues (Brancaccio et al., 2007). For
instance, CK-BB is located mainly in the brain, and has very little circulatory
significance. In contrast, skeletal muscle highly expresses CK-MM (98%) and
CK-MB at low levels (1-2%), and the myocardium (heart muscle) expresses CKMM at 70% and CK-MB at 30% (Echegaray and Rivera, 2001). Following
exercise, not only can an increase of CK-MM be seen, but also a significant
increase of CK-MB can be detected in the blood. Several possible mechanisms
can clarify why the CK-MM polymorphism may affect the CK response to
exercise. First, there is a linkage between the CK-MM Ncol polymorphism and
the gene encoding the Ryanodine receptor 1 (RYR1). The RYR1 gene is

13

located in the same chromosome region as the CK-MM gene (19q13.3), and
has been associated with susceptibility to exertional muscle damage (Wappler
et al., 2001). Second, inconsistent expression of CK-MM, and possibly altered
muscle cell function may originate in the 3’ untranslated region, which
influences intracellular localization of its mRNA (Zhou et al., 2006).
Insulin-like growth factors are a family of proteins involved in satellite cell
differentiation and proliferation (Florini et al., 1996; Haugk et al., 1995).
Devaney et al. (2007) found that in human males IGF-II (C13790G ), IGF-II ApaI
(G17200A), and IGF2AS (G11711T) gene polymorphisms were significantly
associated with indicators of muscle damage. They found that: 1) Homozygous
(GG) for the rare IGF-II C13790G polymorphisms and the rare genotype (AA)
for the ApaI (G17200A) SNP demonstrated the greatest strength loss
immediately after exercise, the greatest post-exercise muscle soreness, and the
highest post-exercise serum CK activity; and 2) Homozygous (TT) wild type for
IGF2AS (G11711T) had the greatest strength loss and muscle soreness and a
greater CK and myoglobin response to exercise. The main associations of IGFII SNPs with indicators of muscle damage could be due to the role of IGFs in
muscle repair. Sayer et al. (2002) and O’Dell et al. (1997) reported that mean
serum IGF-II concentration in homozygous individuals for the IGF-II ApaI rare
genotype (AA) was higher than concentrations found in homozygous wild type
individuals (GG). Gregorevic et al. (2002) suggested that IGF-I administration
alters membrane-bound receptors/channels that regulate voltage- and iondependent calcium release in muscle cells. Thus, skeletal muscles of the IGF-II
genotype groups may vary in their exposure to circulating and local muscle IGFII, which could alter their contractile abilities, enable them to generate more
force during contraction and place greater strain on the muscle, explaining the
significant associations between genotype and muscle damage.
ACE is expressed in human tissues, including skeletal muscle, and plays
a metabolic role during exercise (Jones and Woodes, 2003). Angiotensin II
affects metabolism (Brink et al. 1996) and serves as a growth factor during
skeletal muscle hypertrophic response to mechanical load (Gordon et al., 2001).
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A functional polymorphism of the human ACE gene was identified in which the
presence (insertion - I allele), and not of the absence (deletion - D allele) of a
287-bp Alu 2 repeat element in intron 16 was associated with lower circulation
and tissue enzyme activity (Danser et al., 1995; Rigat et al., 1990). This leads to
elevated levels of Ang II and aldosterone along with a decreased half-life of
bradykinin (Baudin, 2002; Williams et al., 2004). Several potential mechanisms
may explain how the ACE genotype influences individuals' CK response to
strenuous exercise. The increased ACE activity associated with the DD
genotype may lead to enhanced production of Ang II, which is the predominant
biological product of RAS mediating many of the local effects of ACE on
skeletal muscle. Ang II is a necessary factor for vascular smooth muscle growth
and capillary density in skeletal muscle (Jones and Woodes, 2003). Ang II has a
direct hypertrophic effect on skeletal muscle, and AT1R-mediated Ang II is
crucial for optimal overload-induced skeletal muscle hypertrophy (Figure 4)
(Gordon et al., 2001). Furthermore, Ang II has been shown to regulate oxygen
consumption and affect muscle energy expenditure (Cassis et al., 2002). Higher
VO2max levels have been associated with ACE D allele (Zhao et al., 2003),
indicating an improved oxidative capacity. Although most previous studies
demonstrated that the ACE I allele (lower ACE activity, high kinin ligand
generation, and increased half-life of bradykinin) is associated with increased
skeletal muscle metabolic efficiency and perhaps improved contractile function
(Boushel et al., 2002; Henriksen et al., 1999; Shen et al., 1995; Shiuchi et al.,
2001), local RAS activity in skeletal muscle is much more complex. ACE is not
only involved in Ang II production and bradykinin degradation, but also
regulates the levels of Ang (1-7) peptide, which is known to cause
vasodilatation (Jones and Woodes, 2003). Thus, it is possible that the protective
effects of the ACE D allele against exercise-induced skeletal muscle damage
are mediated through the fine-tuning that regulates the levels of both Ang II and
Ang (1-7). An additional explanation for our results may rely on the mechanisms
underlying the process of muscle damage. In exercise-induced muscle damage,
the initial inciting event (whether mechanical stretch or excitation-contraction
uncoupling) is accompanied by the uncontrolled movement of Ca+2 into the
15

sarcoplasm, triggering the intrinsic degeneration process (Proske and Allen,
2005). Bradykinin receptor B2 (BDKRB2) activation can lead to transient rises in
inositol 1,4,5-triposphate (Rabito et al., 1996), which is involved in excitationcontraction coupling through increases in cytoplasmic Ca+2 (Lopez and Parra,
1991). Bradykinin stimulates glucose uptake in the presence of insulin, a
process apparently related to alteration in intracellular Ca+2 concentrations
(Kudoh and Matsuki, 2000). Moreover, data suggest that this process is
enhanced by the inhibition of ACE (Kudoh and Matsuki, 2000). Interestingly,
there is evidence that Ang II can affect both sympathetic and neuromuscular
transmission (Jones and Woodes, 2003). Thus, it is conceivable that the ACE
genotype affects CK response induced by exercise through the regulation of the
excitation-contraction coupling process.

Figure 4. The possible mechanisms by which ANG II contributes to
overload-induced skeletal muscle hypertrophy.
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The IL-6 family of cytokines may act both as pro- and anti- inflammatory
cytokines (Boneberg and Hartung, 2002; Malm, 2002; Pajkrt et al., 1997;
Pedersen et al., 2001). IL-6 also acts as a myokine produced within skeletal
muscles following resistive eccentric exercise. Furthermore, IL-6 increases
myogenic satellite cell proliferation and plays an integral role in the exerciseinduced muscle damage repairing process (Hibi et al., 1996). The TNF-α and
IL-6 genotype can either directly affect CK synthesis, or influence the magnitude
of the reactive inflammatory process. The IL-6 response to exercise depends on
the type of polymorphism (-174 G/C) within the IL-6 promoter (G-allele or Callele). In healthy subjects, the IL-6 G-174C polymorphism has been shown to
influence IL-6 transcription and circulating IL-6 levels (Schotte et al., 2001). A
functional G/C polymorphism at position -174 of the IL-6 promotor in the 5’
flanking region was associated with a significantly higher expression of the
luciferase reporter vector assay (-174 G construct), compared to the -174C
construct. In addition, the G allele was associated with a higher level of plasma
IL-6 in healthy adults (Fishman et al., 1998). The indirect increase of IL-6
activity associated with the GG genotype reduces inflammation by stimulating
the production of anti-inflammatory cytokines including IL-1ra, IL-10, cortisol
and soluble TNF-α receptors (Petersen et al., 2005), and by inhibiting the
production of pro-inflammatory cytokines like TNF-α and IL-1 (Aderka et al.,
1989; Di Poi and Ferraccioli, 1999; Gabay et al., 1997; Xing et al., 1998).
Suppression of pro-inflammatory cytokines by anti-inflammatory cytokines
decreases circulating CK concentrations (Hirose et al., 2004). Increased
production of IL-6 by skeletal muscle following acute exercise (Petersen et al.,
2005) can also improve glucose utilization and sustain energy demand of the
muscle by enhancing the activity of adenosine monophosphate-activated
protein kinase (Carey et al., 2006). This effect may be related to IL-6 inhibition
of the exercise-induced TNF-α response, since TNF- α has been linked to
insulin resistance and inhibition of glucose uptake by the skeletal muscle
(Penkowa et al., 2003). Thus it is possible that the protective effects of the IL-6 174 G genotype against exercise-induced skeletal muscle damage are due
mainly to increased glucose uptake by the skeletal muscle, restricted
17

inflammation by stimulation of anti-inflammatory cytokines production, and
inhibition of inflammatory cytokines production all of which are known to play an
integral role in post-exercise muscle damage repair.
TNF-α is a pro-inflammatory cytokine, which is considered to promote
inflammatory responses associated with muscle damage (Ostrowski et al.,
2001; Pedersen et al., 2001). It has been found that the rare TNF-α-308A allele
is a stronger inducer of gene expression than TNF-α-308G allele (Wilson et al.,
1995). Figure 5 illustrates the hypothetical role of TNF-α and Il-6 in muscle
damage and repair.

Figure 5. Possible influence of TNF-α and Il-6 in exercise-induced muscle
damage.
In summary, severe exertional muscle damage may occur in susceptible
individuals following strenuous exercise such as military basic training, intense
weight lifting, and marathon running. Identification of individual predisposing
factors for the development of severe exercise-induced muscle damage may
prevent the development of potentially life-threatening renal complications. The
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wide variability of the phenotypic expression and presentation of exertional
muscle damage is not solely explained by age, race, body composition, and the
individual's fitness level, with accumulated literature evidence suggesting that
genetic factors may also influence its development.
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Overall Discussion
The major findings of our experimental work revealed an apparent
influence of genetic factors on exercise-induced muscle damage.
In the first study, we observed a positive association of the ACE ID
genotype with CK response to strenuous exercise. Accordingly, it has been
suggested that the II genotype imposes increased risk for developing muscle
damage, while the DD genotype may have protective effects.
Several potential mechanisms may explain how the ACE genotype
influences individuals' CK response to strenuous exercise. The increased ACE
activity associated with the DD genotype may lead to enhanced production of
Ang II, which is the predominant biological product of RAS mediating many of
the local effects of ACE on skeletal muscle. Ang II is a necessary factor in
mediating vascular smooth muscle growth and capillary density in skeletal
muscle (Jones et al. 2003). Ang II has a direct hypertrophic effect on skeletal
muscle, and AT1R-mediated Ang II is crucial for optimal overload-induced
skeletal muscle hypertrophy (Gordon et al., 2001). Moreover, Ang II has been
shown to regulate oxygen consumption and affect muscle energy expenditure
(Cassis et al., 2002). Indeed, higher VO2max levels have been associated with
the ACE D allele (Zhao et al., 2003), indicating an improved oxidative capacity,
although most of the previous studies have associated the ACE I allele (lower
ACE activity, high kinin ligand generation, and increased half-life of bradykinin)
with increased skeletal muscle metabolic efficiency and perhaps improved
contractile function (Shen et al., 1995; Henriksen et al., 1999; Shiuchi et al.,
2001; Boushel et al., 2002). Local RAS activity in skeletal muscle seems to be
much more complex. ACE is not only involved in Ang II production and
bradykinin degradation, but also regulates the levels of Ang (1-7) peptide, which
is known to cause vasodilatation (Jones et al., 2003). Thus it is possible that the
protective effects of the ACE D allele against exercise-induced skeletal muscle
damage are mainly mediated through the fine-tuning that regulates the levels of
Ang II and Ang (1-7). Another explanation for our findings may rely on the
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mechanisms underlying the process of muscle damage. In exertional muscle
damage, the initial inciting event is associated with an uncontrolled movement
of Ca+2 into the sarcoplasm, triggering the next stage in the damage process
(Proske and Allen, 2005). The activation of Bradykinin receptor B2 (BDKRB2)
might lead to transient rises in inositol 1,4,5-triposphate which is involved in
excitation-contraction coupling via increases in cytoplasmic Ca+2 (Lopez and
Parra, 1991). Bradykinin stimulates glucose uptake in the presence of insulin, a
process related to alteration in intracellular Ca+2 concentration (Kudoh and
Matsuki, 2000). Moreover, data suggest that this process is enhanced by the
inhibition of ACE (Kudoh et al., 2000). Interestingly, there is evidence that Ang II
can affect both sympathetic and neuromuscular transmission (Jones et al.
2003). Thus, it is conceivable that ACE genotype affects CK response through
involvement in the regulation of the excitation coupling process.
In the second study it was found that the IL6 G-174C genotype was
associated with CK activity in a dose-dependent fashion. Subjects with one or
more of the -174C alleles had a greater increase and higher peak of CK values
than subjects homozygous for the G allele and for GG + GC genotypes versus
CC genotype. The IL6-174CC genotype was associated with a greater than
threefold increased risk of massive CK response. A milder association was
noted between the TNF-α G-308A genotype and CK activity, which can be
explained by several mechanisms. The TNF-α and IL-6 genotype may
contribute to the obtained results either by directly affecting CK content or by
influencing the magnitude of the reactive inflammatory process.
The IL-6 response to exercise depends on the type of polymorphism (-174
G/C) within the IL-6 promoter (G-allele or C-allele). In healthy subjects,
polymorphism has been shown to influence IL-6 transcription and circulating IL6 levels (Schotte et al., 2001). A functional G/C polymorphism at position -174 of
the IL-6 promotor in the 5’ flanking region has been demonstrated in which the
luciferase reporter vector assay, a-174 G construct, showed significantly higher
expression than the corresponding -174C construct. In addition, the G allele
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was associated with a higher level of plasma IL-6 in healthy adults (Fishman et
al., 1998).
The indirect increase of IL-6 activity associated with the GG genotype
reduces inflammation, and may restrict inflammation by stimulating the
production of anti inflammatory cytokines including IL-1ra, IL-10, Cortisol, and
soluble TNF-α receptors (Petersen and Pedersen, 2005), and inhibiting the
production of pro- inflammatory cytokines including tumor necrosis factor α and
IL-1 (Aderka et al., 1989; Gabay et al., 1997; Xing et al., 1998; Di Poi and
Ferraccioli, 1999). Suppressed pro-inflammatory cytokines by the antiinflammatory cytokines would decrease plasma CK activity (Hirose et al., 2004).
The increased production of IL-6 by skeletal muscle after acute exercise
(Petersen and Pedersen, 2005) can improve glucose handling and sustain the
energy

demand

of

muscle

by

enhancing

the

activity

of

adenosine

monophosphate-activated protein kinase. Thus, it is thought that the improved
glucose dynamics seen after a bout of exercise might be mediated by the
exercise induced production of IL-6 (Carey et al., 2006).
The fact that IL-6 can inhibit TNF-α response demonstrates another
potential benefit of muscle-derived IL-6. TNF-α has been linked to insulin
resistance by inhibiting glucose uptake in skeletal muscle (Penkowa et al.,
2003). IL-6 appears to play an integral role in the repair process following
muscle damage (Hibi et al., 1996).
Thus, it is possible that the protective effects of the IL-6 -174 G genotype
against exercise-induced skeletal muscle damage are caused mainly by
increasing glucose uptake to the skeletal muscle and restricting inflammation,
by stimulating the production of anti-inflammatory cytokines, inhibiting the
production of pro-inflammatory cytokines, which directly or indirectly influence
the muscle’s ability to repair.
The rare TNF-α G-308A has been shown to be a stronger inducer of Creactive protein levels than the common allele (Wilson et al., 1995). Although
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the increased CK response to eccentric exercise associated with TNF-α G-308A
genotype did not reach significance, the direction of this association was similar
to the results obtained with the IL-6 G-174C genotype; the higher TNF-α
expression marked by the -308A allele was related to lower CK levels and to
milder CK responses to the exercise challenge. The lack of significance may be
related with the sample size used in this study.
The protective effect of TNF-α gene promoter polymorphisms implies
regulation of the transcriptional activity of the gene, which in turn affects the
expression of proteins, or the inflammatory response. A plausible mechanistic
explanation of the results with respect to their relevance for physiology may be
that TNF-α gene aberrations interfere with the synthesis of CK prior to its
release with cell damage. This could be supported by a fast (3 h) increase in
circulating CK in response to eccentric exercise (Brancaccio et al., 2007).
However, our findings, which show rather a slower (over several days) increase
in circulating CK, argue against this possibility, and suggest an eventual effect
on the inflammatory response.
Regarding the third study, although Heled et al. (2007) reported that the
CK-MM Ncol polymorphism is associated with a risk of exaggerated CK
response to exercise, we did not find any association between CK-MM NcoI
polymorphism and maximal eccentric exercise in our work.
The differences between our results and those of Heled et al. (2007) may
be due to different study designs. In the study by Heled et al. (2007) subjects
performed alternating sub maximal resistive concentric-eccentric exercise within
a given time, while we requested that our subjects perform 50 maximal
eccentric contractions. As a result, the average increase in serum CK in high
responders was almost 18 times higher in our study than in the study by Heled
et al. (2007) following the same criteria (90th percentile: 18656.6 ± 4390.9 U\L
and 1048 ± 421 U\L, respectively). In addition, Heled et al. (2007) has not
demonstrated any additive genetic effect of the CK-MM NcoI polymorphism on
CK response.
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This discrepancy may also lie in the linkage between CK-MM Ncol
polymorphism and the gene encoding the Ryanodine receptor 1 (Wappler et al.,
2001). The RYR1 gene is located in the same chromosome region as the CKMM gene (19q13.3). Mutations in RYR1 has been associated with susceptibility
to exertional muscle damage (Wappler et al., 2001). Therefore, the possible
association between CK-MM Ncol polymorphism to CK response to exercise in
the study of Heled et al. (2007) could be due to mutations in the RYR1 gene
which are related to exertional muscle damage and imply a possible functional
linkage that may influence muscle function during both mechanical work and
metabolic stress and not the CK-MM Ncol polymorphism.
Study limitations
The present work tried to associate SNPs with the magnitude of CK
response after exercise without testing any cause / effect relationship.
Therefore, in order to better understand these cause/effect relationships further
studies through gene and protein expression are needed. Another conceptual
problem is yet to be solved: is CK blood level a reliable marker of exerciseinduced muscle damage? Do CK blood levels really parallel the degree of
muscle damage? Although a favorable response to these questions has been
provided by several authors (Brancaccio et al., 2007; Cannon et al., 1990;
Houmard et al., 1990; Khan, 2009; Umegaki et al., 1998), others have
established that differences in CK release after exercise do not consistently
reproduce differences in the degree of histological muscle damage (Van der
Meulen et al., 1991). Consequently, in order to ascertain the real influence of
gene polymorphisms on exercise-induced muscle damage, future studies
should consider the use of more rigorous methodologies to assess the true
degree of muscle damage.
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Conclusions
Based on our experimental data, it is possible to conclude that at least
some SNPs are associated with the intensity of muscle damage evaluated by
the amount of blood CK response. This general conclusion is based on the
following observations:
1. A positive association was found between the ACE genotype and CK
response to repetitive eccentric contractions, which supports a hypothetical
influence of local RAS on the magnitude of exertional muscle injury.
2. A positive association was also observed between IL6 G-174C SNP
and systemic CK response to strenuous exercise, giving emphasis to the role of
inflammatory response in the physiopathology of exercise-induced muscle
damage.
3. No association was found between CK-MM NcoI polymorphisms and
the magnitude of CK response.
With the exception for the CK-MM NcoI polymorphisms, the remaining
hypotheses of our investigation were confirmed.
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Clinical implications and directions for future research
The above results have important implications for medicine, as the
presence of gene variants that are associated with exertional muscle damage
may help to identify healthy individuals who are at high risk for developing
dangerous complications.
Further mechanistic studies are needed to determine whether the gene
products regulated by IL6 G-174C and TNFA G-308A promoter polymorphisms
are involved in the pathways leading to exercise-induced muscle damage. Since
CK is not consensually accepted as a good and reliable marker of muscle
damage, other studies using muscle biopsies will be necessary to support our
results.
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