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Abstract  
Elevated plasma creatine kinase (CK) activity is often used as an 
indicator of exercise-induced muscle damage. Our aim was to 
study effects of contraction type, sex and age on CK efflux from 
isolated skeletal muscles of mice. The soleus muscle (SOL) of 
adult (7.5-month old) female C57BL/6J mice was subjected to 
either 100 passive stretches, isometric contractions or eccentric 
contractions, and muscle CK efflux was assessed after two-hour 
incubation in vitro. SOL of young (3-month old) male and fe-
male mice was studied after 100 eccentric contractions. For 
adult females, muscle CK efflux was larger (p < 0.05) after 
eccentric contractions than after incubation without exercise 
(698 ± 344 vs. 268 ± 184 mU∙h-1, respectively), but smaller (p < 
0.05) than for young females after the same type of exercise 
(1069 ± 341 mU∙h-1). Eccentric exercise-induced CK efflux was 
larger in muscles of young males compared to young females 
(2046 ± 317 vs 1069 ± 341 mU ∙ h-1, respectively, p < 0.001). 
Our results show that eccentric contractions induce a significant 
increase in muscle CK efflux immediately after exercise. Isolat-
ed muscle resistance to exercise-induced CK efflux depends on 
age and sex of mice. 
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Introduction 
 
Elevated plasma creatine kinase (CK) activity is often 
used as a marker of muscle injury in myopathies, cardio-
myopathies and encephalopathies (Brancaccio et al., 
2007). Muscle exercise can also trigger an efflux of vari-
ous molecules, including CK, from skeletal muscles (Rei-
hmane et al., 2013). Muscle CK efflux occurs after vari-
ous types of exercise, but is particularly large after eccen-
tric contractions (Newham et al., 1986). However, the 
relationship between muscle CK efflux and exercise char-
acteristics is often complicated by the inflammatory re-
sponse which can lead to secondary muscle damage after 
exercise (McHugh, 2003: Tidball, 1995). Indeed, plasma 
CK activity shows no or only a small increase after exer-
cise and peaks after 1-5 days of recovery which often 
coincides with the time of peak muscle soreness (Ahmadi 
et al., 2007; Armstrong et al., 1984). Interestingly, no 
evidence of damage was detected in skeletal muscle fibres 
showing significant swelling after eccentric exercise (Yu 
et al. 2013). It appears that plasma CK activity is influ-
enced by the interplay between muscle damage, osmotic 
factors and CK clearance from the body fluids after exer-

cise (McHugh, 2003; Tidball, 1995). It would be benefi-
cial to separate these factors in order to gain a better un-
derstanding of the physiological mechanisms responsible 
for muscle CK efflux. Isolated muscles might provide a 
good model for such studies as the effects of secondary 
muscle damage and CK clearance can be minimized. CK 
efflux from the isolated muscles increases after muscle 
injury induced by chemical agents, such as calcium iono-
phore A23187 and dinitrophenol, supporting the feasibil-
ity of this experimental approach (Jackson et al., 1987). 

Sex and age might affect susceptibility to muscle 
damage and loss of muscle proteins after exercise (Ame-
link et al., 1990; Lynch et al., 2008). However, the find-
ings from the human studies are conflicting. When com-
pared to women, men showed higher plasma CK activity 
after marathon running (Rogers et al., 1985), but the op-
posite was true for 50 maximal eccentric arm flexions 
(Miles et al., 1994). It appears that susceptibility to exer-
cise-induced muscle damage increases from the pre-
adolescent age to adulthood (Chen et al., 2014). However, 
children show greater impairment in muscle voluntary 
activation and this could affect comparison of muscle 
damage indicators in children and adult after exercise 
(Streckis et al. 2007). Most of the mouse studies of mus-
cle damage focused on the very old animals (Brooks et 
al., 2001; Lynch et al., 2008). Old age is associated with 
impairments in motor coordination, reduced levels of 
physical activity and significant loss of muscle mass 
(Brooks et al., 2001; Wolfe et al., 2006). It is unclear if 
muscle susceptibility to damage changes from young age 
to adulthood when animals reach high levels of muscle 
strength. 

The first aim of the present study was to examine 
if CK efflux from skeletal muscles is indeed affected by 
the type of muscle exercise. Thus we assessed CK efflux 
from the isolated soleus muscle (SOL) of adult female 
mice after either passive stretching, isometric contractions 
or eccentric contractions in vitro. The second aim of the 
study was to investigate if muscle CK efflux is dependent 
on age and sex of animals. We compared muscle CK 
efflux in young animals of both sexes and female adults at 
rest and after eccentric exercise. 

 
Methods 
 
Animals and experiments 
All procedures involving mice were approved by the 
Lithuanian Republic Alimentary and Veterinary Public 
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Office (Nr. 0223). As in our previous studies (Baltusnikas 
et al., 2015; Kilikevicius et al., 2013; Ratkevicius et al., 
2010), C57BL/6J mice were housed in standard cages, 
one to three mice per cage at a temperature of 22-24º C 
and 40-60 % humidity with the normal 12/12-h light/dark 
cycle. Animals were fed standard chow diet and received 
tap water ad libitum. We assessed CK efflux from SOL in 
adult (7.5 month old) females after 100 non-stimulated 
stretches (n = 8), 100 isometric contractions (n = 9), 100 
lengthening contractions (n = 10) and after passive incu-
bation (n = 10). We have also studied CK efflux from 
SOL of young (3-month old) females and males after 100 
eccentric contractions (n = 11 and n = 8, respectively) and 
without any exercise (n = 9 and n = 6, respectively). 
 
Experimental procedures 
Mice were euthanized by cervical dislocation. Assessment 
of contractile properties and CK efflux from SOL was 
performed using similar methods as in our recent study 
(Baltusnikas et al., 2015). Silk sutures were attached to 
the proximal and distal tendons of SOL from left leg. The 
muscle was then excised and fixed between two platinum 
plate electrodes in 50 ml Radnotti tissue bath filled with 
Tyrode solution (121 mM NaCl, 5 mM KCl, 0.5 mM 
MgCl2, 1.8 mM CaCl2, 0.4 mM NaH2PO4, 0.1 mM 
NaEDTA, 24 mM NaHCO3, 5.5 mM glucose, pH adjusted 
to 7.4) bubbled with 95% O2 and 5% CO2 at room (~25 
°C) temperature. The distal tendon of the muscle was 
attached to a hook and the proximal end was tied directly 
to the lever of muscle test system (1200A-LR Muscle 
Test System, Aurora Scientific Inc., Aurora, Canada). The 
muscle was then left to equilibrate in the Tyrode solution 
at a slight pre-tension (~20 – 30 mN) for 7 min in order to 
minimize heterogeneity of sarcomere lengths that might 
have occurred as a result of muscle manipulations during 
the dissection. Afterwards, muscle length was increased 
in steps every 2 min and the muscle was stimulated su-
pramaximally at 150 Hz for 3 s. This procedure was con-
tinued until no further increase in muscle force was seen 
with the increase in muscle length. Our measurements 
showed that SOL reaches its peak isometric force at 150 
Hz of electrical stimulation. Therefore we used this stimu-
lation frequency to set optimal muscle length (L0), and 
muscles were kept at this length during the subsequent 
procedures. 

Afterwards, tetanus contraction time was assessed 
as the time from the beginning of the force development 
to 90% of the peak force. Then SOL was subjected to one 
of the three protocols of muscle manipulations which 
were repeated every 10 s. The typical force recordings 
from these experiments are presented in Figure 1. For the 
protocol of passive stretches, the muscle was subjected to 
a ramp 3.5-mm stretch corresponding to approximately 
30% of muscle length over 200 ms followed by return to 
L0 in 200 ms. For isometric contraction protocol, SOL 
was stimulated at 150 Hz for 700 ms. For the eccentric 
exercise, SOL was also stimulated at 150 Hz for 700 ms, 
but subjected to 3.5 mm ramp stretch during the last 200 
ms of this stimulation which was followed by return to 
the optimal length in another 200 ms. In less than 10 s 
after completion of all three protocols, SOL was removed 

from the tissue bath and incubated in 2 ml of Tyrode 
solution for 2 h at room temperature. In control experi-
ment, muscle was stretched to optimal length and left 
intact (no electrical stimulation) in Tyrode solution bub-
bled with aforementioned gas mixture for 20 min after 
which it was incubated in Tyrode solution for 2 h. Our 
pilot experiments have shown that peak tetanic force of 
SOL decreases by less than 5% during such incubation 
(unpublished observation). In all experiments, muscle CK 
efflux was assessed by measuring CK activity in 250 µl of 
the Tyrode solution using biochemical analyzer 
(SpotchemTM EZ SP-4430, Menarini Diagnostics, Win-
nersh-Wokingham, UK) with the reagent strips (Arkray 
Factory, Inc., Shiga, Japan). Coefficient of variation for 
CK assay was less than 8 % as calculated from the ratio of 
standard deviation (S.D.) to the mean in repeated meas-
urements (n = 8) of the same sample. 
 

 
 

 
 

 
 

Figure 1. The typical recording of soleus muscle force gener-
ated during passive stretching, isometric contraction and 
eccentric contraction, respectively. 
 
Statistical analysis 
All data analysis was performed using Prism 5.0 software 
software. One factor analysis of variance (ANOVA) was 
used to assess effects of different muscle manipulations 
on muscle CK efflux in adult female mice. The two factor 
ANOVA was applied when analyzing effects of eccentric 
exercise and sex or age, respectively. Repeated measures 
ANOVA was used for data on muscle force during exer-
cise. The post hoc testing was carried out using t-tests 
with a Bonferroni correction for multiple comparisons. 
The unpaired t-tests were also performed to assess differ-
ences in body massand muscle contractile properties. Data 
are shown as mean with S.D. Significance level was set at 
p < 0.05. 
 
Results 
 
Body  mass  and  muscle  contractile  properties   vary  
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Table 1. Body mass and contractile properties of soleus muscle (SOL) in young (3 month old) mice of both sex-
es and adult (7.5 month old) female mice. Data are shown as means (±SD).  

 Male mice Female mice 
3-month old 3-month old 7.5-month old 

Body mass (g) 24.6 (1.9) 
[n = 14] 

20.0 ± 0.7 *** 
[n = 20] 

23.4 ± 1.3 * ### 
[n = 37] 

Peak tetanic force (mN)  140 (11) 
[n = 8] 

144 ± 12 
[n = 11] 

165 ± 18 *** ### 
 [n = 19] 

Tetanus contraction time (ms) 356 (45) 
[n = 14] 

494 ± 69 *** 
[n = 19] 

542 ± 82 *** 
[n = 8] 

                                 * p < 0.05, ** p < 0.01, *** p < 0.001 compared to young males. ### p < 0.001 compared to young females. 
 
depending on the age and sex 
The data on body mass and contractile properties of SOL 
in the studied mice are presented in Table 1. Young males 
were heavier than young females (p < 0.001), and 
weighed more (p < 0.05) than adult females. Peak tetanic 
force of young mice did not differ between sexes, but was 
lower than in the adult females (p < 0.01). Tetanus con-
traction time of female mice did not differ between the 
age groups and was longer than in the young male mice (p 
< 0.001).  
 

 

 
 
 

Figure 2. A. Creatine kinase (CK) efflux from soleus muscle 
in the control experiment without any muscle manipulation 
(control), after 100 passive stretches (PS), after isometric 
exercise (IE) and eccentric exercise (EE) consisting of 100 
contractions each, respectively. B. Peak isometric force 
during isometric exercise (IE) and eccentric exercise (EE). 
Data are shown as means and SD. * p < 0.05 EE compared to control; ** 
p < 0.01 EE compared to IE; *** p < 0.001 EE compared to IE. 
 
Muscle CK efflux depends on the type of exercise 
We used SOL of adult female mice to study the effects of 
different exercises on muscle CK efflux. Data from these 
experiments are presented in Figure 2. ANOVA showed 
that muscle CK efflux depended (p < 0.05) on the type of 

muscle manipulation, but only the eccentric exercise 
induced a significantly greater (p < 0.05) muscle CK 
efflux than the control experiment. The repeated measures 
ANOVA was used to assess effects of the contraction 
type on the peak isometric force during the two experi-
mental protocols involving muscle contractions, i.e. iso-
metric and eccentric exercise. Peak isometric force de-
creased (p < 0.001) during these exercises and was greater 
for the isometric exercise compared to the eccentric exer-
cise (p < 0.001). There was also a significant interaction 
between the type of exercise and extent of force loss (p < 
0.001) as peak isometric force did not differ between the 
exercise protocols after ten contractions, but decreased to 
the lower level by the end of the eccentric exercise com-
pared to the isometric exercise (41.0 ± 4.9 versus 72.7 ± 
4.2 % of initial force, respectively, p < 0.001). 
 

 

 
 
 

Figure 3. A. Peak isometric force during eccentric exercise of 
soleus muscle from young mice of both sexes and adult fe-
male mice. B. Creatine kinase (CK) efflux from soleus mus-
cle in young mice of both sexes and adult females in the 
control experiment and after eccentric exercise. Data are 
shown as means and SD. * p < 0.05, ** p < 0.01, *** p < 0.001 young 
males compared to young females; # p < 0.05, ### p < 0.001 young 
males and young females compared to adult females. 
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Muscle CK efflux after eccentric exercise depends on 
sex and age 
Data on peak isometric force during the eccentric exercise 
and muscle CK efflux are presented in Figure 3. The two-
factor repeated measures ANOVA showed that peak iso-
metric force decreased during the exercise (p < 0.001) and 
depended on the sex of the young mice (p < 0.001). There 
was also an interaction between these factors (p < 0.001) 
as muscles of young females showed greater (p < 0.01) 
force drop after performing more than forty contractions 
and experienced force loss to lower levels by the end of 
the exercise compared to young males (23.9 ± 5.2 versus 
35.5 ± 6.0 % of initial, respectively, p < 0.01). By the end 
of exercise, muscles of young females showed force de-
crease to the lower also when compared to adult mice as 
well (23.9 ± 5.2 % versus 41.0 ± 4.9 % of initial force, p 
< 0.001, respectively).  

The two-factor ANOVA showed that muscle CK 
efflux depended on the sex of young mice (p < 0.001) and 
was larger after eccentric exercise compared to the control 
experiment (p < 0.001). There was an interaction between 
these two factors (p < 0.01) as young males did not differ 
from young females in the control experiment, but eccen-
tric exercise triggered larger muscle CK efflux in the 
males compared to females (p < 0.001). ANOVA also 
showed that muscle CK efflux was lower for adult fe-
males compared to young females (p < 0.05). Adult fe-
males also showed lower muscle CK efflux than young 
males (p < 0.001) after eccentric exercise (p < 0.05), but 
not in the control experiment. 
 
Discussion 
 
The aim of our study was twofold. Firstly, we tested the 
hypothesis that muscle CK efflux depends on the type of 
muscle exercise. Secondly, we investigated effects of age 
and sex on muscle CK efflux after eccentric exercise. The 
results of the study confirm that muscle CK efflux does 
depend on the type of exercise, but only eccentric contrac-
tions induce a larger CK efflux than the control experi-
ment without exercise. After eccentric exercise muscles of 
adult females showed smaller CK efflux compared to 
young animals of both sexes while young females had 
reduced muscle CK efflux compared to young males. 
These results show that muscle resistance to exercise-
induced CK efflux depends on age and sex of mice even 
when studying isolated muscles. 

Muscle mass could be one of the factors affecting 
amount of CK released from the muscles in vitro. We did 
not assess muscle mass, but young male and female mice 
did not differ in peak isometric force. This suggests that 
muscle mass did not differ significantly between sexes 
and could not account for two fold higher CK efflux from 
muscles of young males compared to young females. It is 
even less likely that muscle mass played any role in de-
termining age effects on muscle CK efflux as peak iso-
metric force was higher while CK efflux was lower in 
adult mice compared to young mice.  

We assessed efflux of CK from skeletal muscles of 
mice. Molecular weight of CK (~80 kDa) is larger than 
molecular weight of many other myocellular proteins, 

such as ~18 kDa myoglobin, ~35 kDa lactate dehydro-
genase etc., and CK efflux is likely to reflect loss of vari-
ous proteins from the skeletal muscles (Brancaccio et al., 
2007). There was some CK efflux from skeletal muscles 
even in the control experiment when no exercise was 
performed. It is likely that this protein efflux was at least 
partially due to increased membrane permeability associ-
ated with osmotic stress which occurs when muscles are 
incubated in solutions without proteins and other mole-
cules binding ions under in vivo conditions of blood 
plasma (Skrzypiec-Spring et al., 2007). Muscle CK efflux 
can be reduced by application of agents modifying mem-
brane lipids (Jackson et al., 1987). However, the negligi-
ble decline in muscle force suggests that muscle fibres 
maintain their structural integrity during in vitro experi-
ments (Plant et al., 2001). Indeed, skeletal muscles can 
withstand significant osmotic stress since exercise often 
leads to an increase in muscle intracellular and extracellu-
lar water content even under in vivo conditions (Sjøgaard 
et al., 1985).  

Human studies show that unaccustomed exercise 
leads to efflux of muscle proteins coupled with prolonged 
depression of force generating capacity and muscle sore-
ness (Armstrong, 1984). We studied CK efflux from the 
isolated mouse soleus muscle. Human soleus muscle is 
predominated by type I fibers (Ochs et al., 1977). Mouse 
soleus muscle, however, contains approximately equal 
proportions of type I and IIX fibers and very few IIB 
fibres (DeNies et al., 2014; Kilikevicius et al., 2013) and 
thus resembles human quadriceps muscle which has often 
been used in studies of exercise-induced muscle damage 
(Newham et al., 1983; Harrison et al., 2011; Snieckus et 
al., 2013). Our experiments (unpublished observation) 
and other studies (Plant et al. 2001) showed little decline 
in contractile response of soleus muscle during two-hour 
incubation in vitro. It appears that soleus muscle is well 
suited for experiments involving repetitive exercise. Our 
results demonstrate that differences between exercise 
protocols in muscle CK efflux were relatively small and 
only eccentric exercise induced a significant increase in 
muscle CK efflux during the period immediately after 
exercise. Interestingly, human in vivo studies show that 
the largest increase in plasma CK activity is usually ob-
served several days after exercise (Newham et al., 1986) 
when there are signs of secondary muscle damage due to 
tissue inflammation (Pizza et al., 2002) or muscle fibre 
swelling (Yu et al. 2013). Thus, plasma CK activity is 
influenced by both local muscular and systemic factors 
and is unlikely to be an accurate indicator of exercise 
effects on skeletal muscles. 

We studied soleus muscle of adult female which 
showed smaller eccentric exercise-induced muscle CK 
efflux compared to young mice. Muscles of adult female 
mice generated larger forces than muscles of young mice. 
Thus, the relatively low muscle CK efflux from skeletal 
muscles of adult female mice cannot be due to smaller 
mechanical load generated by muscle during exercise. 
Hormonal changes and variations in physical activity 
might play a role here, but the associated mechanisms are 
unclear (Guo et al., 2012; Messier et al., 2011; Velders 
and Diel, 2013). Structural proteins, such as titin, modu-
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late muscle resistance to stretching, but it is unclear if 
concentration and/or properties of these proteins change 
in the adulthood (Monroy et al., 2012). Human studies 
suggest that muscle aging leads to slowing of skeletal 
muscle contractions which increases force output in ec-
centric exercise (Vandervoort, 2002). However, tetanus 
contraction time did not differ between young and adult 
female mice. Thus modification of the contractile proper-
ties is unlikely to be of major significance in our study. 
Our findings about age effects apply to female mice, but it 
is unlikely that these effects would be qualitatively differ-
ent between the sexes. Extensor digitorum longus muscle 
(EDL) of both female B6D2F1 mice (Brooks et al., 2001) 
and male rats (Lynch et al., 2008) show an increased 
susceptibility to exercise-induced muscle damage at very 
old age compared to the respective adult muscles. It ap-
pears that skeletal muscles of rodents undergo changes in 
resistance to exercise-induced muscle damage during the 
entire life span and have the highest resistance around the 
adult as compared to young and old age. These findings 
disagree with data from human studies which suggest that 
adults have lower resistance to exercise-induced muscle 
damage than children (Chen et al., 2014; Marginson et al., 
2005). The data from studies of old volunteers is contra-
dictory showing both reduced and similar susceptibility to 
exercise-induced muscle damage in old volunteers com-
pared to young adults (Clarkson and Dedrick, 1988; Go-
rianovas et al., 2013). However, these human studies have 
been conducted using repetitive voluntary contractions 
where older volunteers and children show reduced power 
output and thus experience smaller muscle overloading 
compared to adults. Human studies with electrical stimu-
lation of skeletal muscles are needed to attest if the age-
related changes in susceptibility to muscle damage are 
qualitatively different between humans and rodents. 

Muscle CK efflux depended on sex of mice as fe-
male mice showed smaller eccentric exercise-induced 
muscle CK efflux compared to male mice. Similar find-
ings have been reported for rat soleus muscle in vivo 
(Amelink et al., 1990). It is thought that high levels of 
oestradiol might act to improve resistance to exercise-
induced damage of skeletal muscles in females (Amelink 
et al., 1990). However, differences in fiber type composi-
tion between male and female muscles might also be of 
importance. Muscles of male mice had faster twitch con-
traction time compared to female mice. Indeed, soleus 
muscle of female C57BL/6J mice as well as other mouse 
strains has higher content of slow type I fibers compared 
to male mice (Carroll et al., 2012; DeNies et al., 2014). 
Studies of human muscles show that high intensity eccen-
tric contractions induce protein efflux primarily from type 
II fibers (Chapman et al., 2013). Thus lower content of 
damage-sensitive type II fibers might be reflected in re-
duced muscle CK efflux after eccentric exercise in fe-
males. Interestingly, female mice showed greater decrease 
in muscle force during the exercise than male mice. Ec-
centric muscle contractions were separated by 10 s peri-
ods to minimize metabolic inhibition which is often asso-
ciated with accumulation of inorganic phosphate in mus-
cle fibres (Allen et al., 1995). However, eccentric contrac-
tions induce impairment in excitation-contraction cou-

pling as well (Allen, 2001; Warren et al., 1993). This 
might result in inactivation of muscles fibres. It appears 
that muscles of female mice experienced greater inactiva-
tion of muscle fibres which might have contributed to less 
pronounced muscle damage during exercise compared to 
male mice. 

 
Conclusion 
 
Our results show that muscle CK efflux tends to increase 
with increase in forces generated during muscle exercise 
and eccentric exercise is particularly effective in inducing 
muscle CK efflux. Muscle resistance to eccentric exer-
cise-induced CK efflux is partially determined by the 
intrinsic muscular factors which are dependent on age and 
sex of mice. Studies of male mice are needed to attest if 
effects of age are sex specific. Variations in muscle mass 
also need to be assessed as a possible factor modifying 
protein efflux after exercise. 
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Key points 
 
• Muscle lengthening contractions induce the highest 

CK efflux in vitro compared with similar protocol of 
isometric contractions or passive stretches. 

• Muscle CK efflux in vitro is applicable in studying 
changes of sarcolemma permeability/integrity, a 
proxy of muscle damage, in response to muscle con-
tractile activity. 

• Isolated muscle resistance to exercise-induced CK 
efflux is greater in female compared to male mice of 
young age and is further increased in adult female 
mice. 
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