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It is generally acknowledged that regularly performed endur-
ance exercise has many health benefits including improve-

ment of skeletal and cardiac muscle function in normal and 
diseased states. The underlying mechanisms include increased 
protein synthesis leading to muscle hypertrophy, altered isoen-
zyme profile of contractile proteins, and stimulation of biogen-
esis and functional parameters of mitochondria (1-12). 
However, exercising is not always favourable; it can also dam-
age muscle cells. According to the contemporary concept, any 
successful training program aimed at increasing physical perfor-
mance should achieve supercompensation, ie, development of 
increased muscle function following a single exercise stimulus 
(bout). For this purpose, the intensity of the exercise bout must 
increase stepwise and the periods of rest between the bouts 
must be sufficiently long to ensure regeneration of the muscle 
functions but short enough not to cause regression of super-
compensation (13). Thus, every advantageous training pro-
gram comprises a component of repetitive overloading, which 
in the case of lack of recovery may produce undesired effects 
such as the absence of performance improvement, chronic 
fatigue and muscle damage due to the destruction of myofibrils 
and atrophy of muscle fibres – all of which result in overtrain-
ing syndrome (14). In fact, these unfavourable changes take 
place rather frequently and explain why many athletes, 
although undergoing high-volume training, do not improve 
their performance. It has been suggested that training volume, 
rather than intensity, may be the major factor contributing to 
the development of overtraining syndrome (15). Thus, the 
main challenge is to select the optimal regime for exercising in 
terms of volume, intensity and periods between exercise to 
avoid damaging effects in muscle.

Studies in skeletal muscles have suggested a potential role of 
mitochondrial impairment in outcomes of overtraining. Acute 
exhaustive exercise (EE) stimulates generation of reactive 

oxygen species (ROS), which damage muscle cells, being side 
products of oxidative phosphorylation (OXPHOS) due to uni-
valent reduction of molecular oxygen by electrons leaking from 
the respiratory chain (16-19). Mitochondria are the source and 
targets of ROS because complexes I and III of the electron 
transport chain are the main sites of mitochondrial superoxide 
production (20,21); ROS, in turn, induce damage of the res-
piratory chain (22). The magnitude of changes in exercise- 
induced ROS likely depends on the muscle type (23). 
Mitochondrial impairment is strongly linked to the develop-
ment of cellular Ca2+ overload, which, besides increased ROS, 
is another condition underlying exercise-induced muscle fibre 
injury. Suppressed function of Ca2+ ATPase of the sarcoplasmic 
reticulum (SR) or sarcolemma compromises the removal of 
Ca2+ and thereby elevates the cytosolic Ca2+ concentration. 
This process eventually activates degradation of structural and 
contractile proteins and membrane phospholipids via Ca2+-
dependent proteolytic and phospholipolytic pathways (24). At 
the same time, because Ca2+ overload results in uptake of Ca2+

into mitochondria (25), excessive accumulation of that ion in 
the matrix reduces mitochondrial capacity to synthesize ATP 
and causes direct damage of mitochondrial membranes.

The data regarding the effects of exercise on myocardial per-
formance and mitochondrial structure and function are scarce 
and controversial. Early studies have revealed that a single bout 
of rigorous exercise leads to mitochondrial swelling and cristae 
disruption in cardiomyocytes (26). However, Ji and Mitchell 
(27) reported an increase in state 3 respiration in cardiac mito-
chondria after an acute (single) bout of maximal exercise. 
Repeated bouts of rigorous exercise (training) are known to 
depress state 3 and 4 respiration rates and increase mitochon-
drial susceptibility to oxidative stress (28). Terblanche et al (29) 
found that endurance training combined with an EE bout led to 
reduction in palmitoylcarnitine oxidation in rat heart tissue. In 
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The present study was undertaken to characterize and review the changes in 
energy metabolism in rat myocardium in response to chronic exhaustive 
exercise. It was shown that a treadmill exercise program applied for six weeks 
led the rats into a state characterized by decreased performance, loss of body 
weight and enhanced muscle catabolism, indicating development of over-
training syndrome. Electron microscopy revealed disintegration of the car-
diomyocyte structure, cellular swelling and appearance of peroxisomes. 
Respirometric assessment of mitochondria in saponin-permeabilized cells 

in situ revealed a decreased rate of oxidative phosphorylation (OXPHOS) 
due to diminished control over it by ADP and impaired functional cou-
pling of adenylate kinase to OXPHOS. In parallel, reduced tissue content 
of cytochrome c was observed, which could limit the maximal rate of 
OXPHOS. The results are discussed with respect to relationships between 
the volume of work and corresponding energy metabolism. It is concluded 
that overtraining syndrome is not restricted to skeletal muscle but can 
affect cardiac muscle as well.
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contrast, according to Kemi et al (30), aerobic exercise training 
exerted no effect on mitochondrial biogenesis and mitochon-
drial enzyme activities in normal rat heart tissue. Yet another 
group of studies documented positive effects of training on mito-
chondria. Among those studies, Sun et al (31) reported that 
adaptation of rat heart tissue to high-intensity swimming train-
ing is associated with upregulation of proteins participating in 
mitochondrial OXPHOS. Bo et al (32) reported increases in 
mitochondrial ATP synthase activity, P/O ratio (the ratio of 
added ADP to the amount of oxygen used in the process of com-
plete phosphorylation of ADP), respiratory control ratio and 
manganese superoxide dismutase activity after treadmill train-
ing. The latter results concurred with data reported by Ascensão 
et al (33), which showed increased state 3 respiration in trained 
heart mitochondria. Furthermore, a concept has been put for-
ward that training through regular exercise can induce a specific 
cardioprotective phenotype that enables mitochondria to resist 
anoxia/reoxygenization impairment (33) and apoptotic stimuli 
(34,35), or restore the aerobic capacity and energy transfer sys-
tem in failing heart tissue (30). However, these data of beneficial 
effects of training are opposed by reports of repeated exhaustive 
training suppressing the mitochondrial capacity to accumulate 
Ca2+ (36) and exercise training accelerating EE-induced apopto-
sis in the left ventricle (37).

The reasons for conflicting data regarding the effects of exer-
cise on cardiac mitochondria are unclear. Differences in type 
(eg, swimming versus treadmill running), volume and regularity 
of training (single exercise bout versus repeated exercises) may 
play a role. Unfortunately, the exercise protocols published so 
far seldom report the volume of work performed, which makes 
comparison of training programs difficult in terms of their influ-
ence on muscle and the organism as a whole. An important 
limitation of many studies is also that the function of mitochon-
dria was assessed after their isolation from the muscle. The iso-
lation procedure disrupts normal intracellular interactions of 
mitochondria with surrounding structures and may disintegrate 
the outer membrane. Another problem is that the mitochon-
drial preparation isolated is not representive of the whole cel-
lular pool of organelles. Last but not least, assessment of isolated 
mitochondria provides no cue regarding the functional inter-
action of mitochondria and ATPases via specialized energy 
transfer pathways. These problems can be avoided by applying 
techniques that enable assessment of relationships of mitochon-
dria with other structures in situ in permeabilized cells. By using 
this approach, it was established that in correspondence with 
muscle type-specific localization of mitochondria, regulation of 
mitochondrial function by ADP also differs strongly in vitro 
and in situ, depending on muscle type-specific peculiarities. It 
has been shown that, in cardiac cells, the sarcomeric and SR 
ATPases form functional complexes with adjacent mitochon-
dria termed intracellular energy units (ICEUs) (38,39). Within 
the ICEUs, the energy produced by mitochondria is transferred 
to CaMgATPases mainly by creatine kinase (CK) and adenylate 
kinase (AK) (38,39). It has been shown that the function of 
ICEUs is strongly influenced by myocardial contraction, prob-
ably because the structural changes of myofibrils are transmitted 
to mitochondria, thereby modifying localized restrictions of the 
diffusion of adenine nucleotides at the outer membrane level 
(40). Also, it has been suggested that the ICEUs may serve as 
targets in many disorders (41-45), with a major conclusion that 

all conditions that affect the structure of cardiac cells may be 
associated with impairment of ICEUs.

The present study was undertaken to characterize and 
review energy metabolism in the cardiac cells of rats, under the 
conditions of a precisely defined overtraining exercise program, 
with special attention paid to in situ changes in mitochondrial 
localization, parameters of OXPHOS, function of the respira-
tory chain, coupling of mitochondrial kinases to OXPHOS and 
activities of enzymes participating in the intracellular energy 
transfer.

MEthods
Chemicals
The reduced forms of NADH, pyruvate and saponin were pur-
chased from SERVA Electrophoresis GMBH (Germany); 
potassium phosphate (K2HPO4 and KH2PO4) was purchased 
from Calbiochem (USA); and all other reagents were pur-
chased from Sigma-Aldrich (USA).

Animal model of exercise training
Animal experiments were in accordance with the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals (National Institutes of Health Publications No. 80-23, 
revised 1978). The experiments were approved by the Ethical 
Committee for the Use of Animals in Research of the University 
of Tartu (Tartu, Estonia).

Male Wistar rats from the National Laboratory Animal 
Centre of Kuopio (Finland) were used in the present experi-
ment. All the animals were housed under identical environ-
mental conditions in polycarbonate type III cages at 21°C, 
two rats per cage, on a 12 h light/dark cycle. They received food 
(SDS-RM1 [C] 3/8, Witham, UK) and water ad libitum. Rats 
were weighed at the beginning and end of the experimental 
period. The rats (initial group) were randomly distributed 
between two groups – control rats and overtrained rats. For the 
latter group, a single animal model was applied to induce 
chronic physical exhaustion (overtraining) by treadmill run-
ning for six weeks. After a brief five-day acclimatization period 
that consisted of treadmill running for 5 min to 10 min, rats 
were subjected to running on a horizontal treadmill at a speed of 
35 m/min seven days per week. The training volume was step-
wise increased, so that the overall exercise time reached 2 h 
20 min per day in the fourth week. When animals were unable 
to maintain the running speed, the mean exercise time was 
reduced to 1 h 50 min per day in the fifth week and to 1 h 
10 min per day in the sixth week. Work per week and physical 
working capacity (PWC) were estimated and expressed in kJ. 
PWC was estimated 24 h after the last training session (recov-
ery period), in which the rats were subjected to running on the 
horizontal treadmill at 35 m/min until exhaustion. The volume 
of work done was calculated according to Kaasik et al (46). Of 
all the animals entering the training program, 33% were unable 
to maintain the exercise activity within the given workload; 
therefore, only 67% of animals finished the training program. 
The 24-week-old rats were anesthetized with ethyl ether and 
sacrificed 24 h after completion of the last exercise bout.

Estimation of 3-methylhistidine in urine
The urine 3-methylhistidine (3-MeHis) level was determined 
(according to reference 47) to monitor protein degradation 



Kadaja et al

Exp Clin Cardiol Vol 15 No 4 2010e118

(see Calculations). Minced muscle samples were homogenized 
in a buffer solution (pH 7.0) containing 50 mM KCl, 10 mM 
K2HPO4, 1 mM EGTA, 1 mM MgCl2 and 1 mM dithiothreitol 
(DTT). Total muscle protein was hydrolyzed in 6 M HCl for 
20 h at 110°C in vacuum-sealed flasks. HCl was removed by 
evaporation, and the hydrolysate was dissolved in 0.2 M pyrid-
ine to achieve a concentration of 10 mg/mL to 20 mg/mL. The 
urine 3-MeHis level was estimated with high-performance 
liquid chromatography.

Measurements of mitochondrial respiration
Mitochondrial respiration was investigated in skinned muscle 
fibres in which the sarcolemma was made permeable by pretreat-
ment with saponin according to a method described earlier (48). 
Rat hearts were cooled in solution A containing 1.9 mM 
CaK2EGTA, 8.1 mM K2EGTA (free Ca2+ concentration 0.1 µM), 
9.5 mM MgCl2, 0.5 mM DTT, 50 mM K-2-(N-morpholino)-
ethanesulfonate (K-MES), 20 mM imidazole, 20 mM taurine, 
2.5 mM Na2ATP and 15 mM phosphocreatine at a pH of 7.1 
adjusted to 4°C before they were cut into halves; muscle strips 
3 mm to 4 mm long and 1 mm in diameter were then prepared 
from the endocardium of the left ventricle. Using needles, the 
fibres were separated from each other, leaving only small areas of 
contact, and transferred into vessels containing ice-cold solu-
tion A supplemented with 50 µg/mL saponin. These vessels with 
muscle fibres from the myocardium in saponin-containing solu-
tion A were incubated at a mild temperature while stirring for 
30 min to permeabilize the sarcolemma. Saponin-permeabilized 
(skinned) fibres were then washed three times in solution B con-
taining 2.77 mM CaK2EGTA, 7.23 mM K2EGTA, 1.38 mM 
MgCl2, 0.5 mM DTT, 100 mM K-MES, 20 mM imidazole, 20 mM 
taurine and 3 mM K2HPO4 at a pH of 7.1 at 25°C, supplemented 
with 5 mg/mL bovine serum albumin (BSA) and 5 mM pyruvate 
for 10 min to completely remove all metabolites, especially trace 
amounts of ADP. The rates of oxygen uptake were recorded by 
using a high-resolution respirometer (Oroboros Oxygraph, Paar 
KG, Austria) or oxygraph (Rank Brothers Ltd, UK) in solution B 
(pH 7.1) at 25°C containing respiratory substrates and 2 mg/mL of 
BSA.

A multiple substrate/inhibitor titration protocol was applied 
to study the substrate specificity and function of the mitochon-
drial respiratory chain (49). After the registration of mitochon-
drial respiration under nonphosphorylating conditions (basal 
respiration rate [V0]) in the presence of 10 mM pyruvate and 
2 mM malate in the oxygraph chamber (volume 2.5 mL), 
2 mM ADP was added to monitor the maximum rate of 
NADH-linked ADP-dependent respiration; subsequently, 
complex I was inhibited by 10 µM of rotenone. Next, the fol-
lowing additions were made: 10 mM succinate to activate 
FADH2-linked ADP-dependent respiration, 0.1 mM atractylo-
side to assess respiratory control by adenine nucleotide trans-
locase (ANT), 10 µM antimycin A to inhibit the electron flow 
from the complex II to cytochrome c, 0.5 mM tetramethyl-
phenylene diamine (TMPD) with 2 mM ascorbate to activate 
cytochrome oxidase (COX), and 5 mM sodium azide (NaN3) 
to quantify COX activity as the NaN3-sensitive portion of res-
piration. Antimycin-sensitive respiration in the presence of 
atractyloside was considered to measure the excess respiration 
compensating the back flow of protons into the matrix (proton 
leak).

Coupling between OXPHOS and mitochondrial CK was 
estimated as follows. After the registration of basal respiration 
rate in skinned muscle fibres in the oxygraph chamber in 
2.0 mL solution B supplemented with 10 mM pyruvate and 
2 mM malate, activation of respiration by 0.1 mM ADP was 
recorded. Then, 20 mM creatine was added to couple the mito-
chondrial CK to ANT; the efficiency of coupling was expressed 
as the CK index (ICK) (see Calculations). Finally, 2 mM ADP 
was added to maximally stimulate OXPHOS. To assess coup-
ling between OXPHOS and mitochondrial AK, after registra-
tion of basal respiration, 50 µM ATP was added to achieve the 
limited stimulation of mitochondria with endogenously pro-
duced ADP. The coupled reaction between mitochondrial AK 
(ie, AK2 isoform) and ANT was activated by 2 mM of AMP; 
coupling of mitochondrial AK to respiration was quantified as 
the AK index (IAK) (see Calculations). Finally, 2 mM ADP 
was added to maximally stimulate OXPHOS.

Measurement of cytochrome content
Cardiac tissues frozen at −70°C were thawed at 4°C and rapidly 
disrupted in 0.4 mL ice-cold 100 mM KH2PO4 buffer (pH 7.2) 
by an Ultra-Turrax T25 homogenizer (Janke and Kunkel, 
Germany) at medium speed for 30 s. Insoluble material was 
removed by centrifugation at 2500 g for 10 min. The super-
natants obtained were centrifuged at 15,000 g for 30 min to 
remove myoglobin; supernatants were discarded and the sedi-
ments were rehomogenized in 0.5 mL of 100 mM KH2PO4 
buffer (pH 7.2). To record the cytochrome spectra, the mito-
chondria in homogenate were solubilized by the addition of 5% 
sodium deoxycholate into the cuvette (0.3% volume/volume), 
then oxidized with potassium ferricyanide followed by reduc-
tion with sodium dithionite in the same cuvette (50,51). The 
absorbance spectra of cytochromes were recorded by scanning 
the samples at 535 nm to 630 nm using a dual-beam spectro-
photometer (Lambda 900, ultraviolet/visible/near-infrared 
spectrum, PerkinElmer, USA). The cytochrome aa3 content 
was calculated from the difference spectrum (reduced spectrum 
minus oxidized spectrum) at the maximum absorption value in 
the range of 605 nm normalized by the absorbance of the isos-
bestic point at 630 nm. The cytochrome c content was deter-
mined at the maximum absorption value of 550 nm normalized 
by the absorbance of the isosbestic point at 540 nm. The cyto-
chrome b content was calculated at the maximum absorption 
value of 562 nm normalized by the absorbance of the isosbestic 
point at 577 nm using the relevant extinction coefficient val-
ues (50,51).

determination of total activities of AtPase, AK and CK
The cardiac tissue stored at −70°C was thawed at 0°C and 
homogenized in a solution containing 1 mM EGTA, 1 mM 
DTT, 5 mM MgCl2, 5 mM HEPES and 1% Triton X-100 (1:20 
weight/volume) at a pH of 8.7 by an Ultra-Turrax T25 hom-
ogenizer (13,500 rpm) on ice for 30 s, followed by a 1 min 
period of standing on ice. This cycle of homogenization and 
standing was repeated twice and the homogenates were left on 
ice for 1 h for complete extraction of the enzymes. Activities of 
ATPases and AK in homogenates were measured with a 
Lambda 900 ultraviolet/visible/near-infrared spectrophotometer 
in stirring conditions in a cuvette, thermostated by a Peltier-
type control unit using the coupled enzyme system of pyruvate 
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kinase and lactate dehydrogenase. NADH oxidation was meas-
ured at 340 nm in a medium containing 20 mM Tris (pH 8.0, 
adjusted by 5 M HCl at 30°C), KCl 15 mM KCl, 0.3 mM DTT, 
0.24 mM NADH, 0.8 mM phosphoenolpyruvate, 6 IU/mL 
pyruvate kinase and 3 IU/mL lactate dehydrogenase. After 
registration of ATPase activity in the presence of 1 mM ATP 
(supplemented with 0.8 mM MgCl2), 1.3 mM AMP was added 
to determine the AK activity as the change in NADH oxida-
tion rate at 340 nm. Total CK activity was assayed using the 
coupled enzyme system of glucose-6-phosphate dehydrogenase 
and hexokinase by measuring NADPH production at 340 nm in 
a Tris-buffered medium containing 20 mM glucose, 20 mM 
AMP, 0.3 mM DTT, 3 mM Mg-acetate, 1 mM NADP+, 1 mM 
ADP, 50 mM Tris (pH 7.4), adjusted by 5 M HCl at 25°C in the 
presence of 2 IU/mL hexokinase and 2 IU/mL glucose-6- 
phosphate dehydrogenase. After addition of the aliquot (3 µL of 
diluted homogenate [2 µg to 3 µg protein]) and registration of 
the baseline activity, the CK reaction was started with 20 mM 
phosphocreatine and monitored as the increase in NADPH 
formation at 340 nm. Care was taken that the reactions meas-
ured occurred linearly in time and that the coupled enzyme 
systems were not limiting the overall reaction rate.

Electron microscopy
Myocardial specimens were fixed in 0.25% glutaraldehyde in 
0.1 M cacodylate buffer (pH 7.4) and postfixed in 2% OsO4 in 
the same buffer. After dehydration with ethanol and acetone, 
the specimens were embedded in Epon 812 resin. Ultrathin 
sections were stained with uranyl acetate and lead citrate, and 
examined using a Tecnai 10 electron microscope (Philips, FEI 
Company, The Netherlands) at 100 kV.

Protein assay
The protein concentration was assayed according to Bradford 
(52) using BSA as a standard.

Calculations
1. The degradation rate of muscle protein was calculated as 

follows: 3-MeHis excretion (µmol/day × 0.75 × 100) divided 
by the total muscle protein (g) and expressed as percentage 
per day.

2. To estimate coupling of phosphorylation to oxidation, the 
respiratory control index (RCI) was calculated as the ratio 
of maximal ADP-activated respiration rate (VADP 2 mM) to 
the basal respiration rate (V0).

3. To assess the tightness of functional coupling between 
mitochondrial AK and ANT, the relative index of activation 
of respiration by 2 mM AMP (IAK) was calculated as IAK = 
(VAMP − VATP 0.05 mM)/VATP 0.05 mM, where VAMP is the 
AMP-activated respiration rate and VATP 0.05 mM is the 
ATP-activated respiration rate.

4. To assess the tightness of functional coupling between 
mitochondrial AK and ANT, the relative index of activation 
of respiration by 20 mM of creatine (ICK) was calculated as 
ICK = (VCr − VADP 0.1 mM)/VADP 0.1 mM, where VCr is the 
creatine-activated respiration rate and VADP 0.1 mM is the 
ADP-activated respiration rate.

5. Training volume (A) was calculated as A = m(V/t × 60 + 
9.81)s, where m is body weight (kg), V is running speed  
(m/min), t is running time and s is running distance (m).

statistical analysis
The data were expressed as arithmetic means with SEMs. 
Differences between groups were determined using Student’s 
t test or ANOVA where appropriate.

REsuLts And dIsCussIon
Figure 1A shows that, during the first four weeks, the training 
volume was stepwise increased from 26 kJ to 97 KJ. However, 
the rats were unable to maintain that training volume for a 
longer period. Therefore, during the fifth and sixth weeks, it 
was gradually decreased by reducing the running duration (see 
Methods). The PWC was found to be the highest on the 
third week, but decreased markedly by the sixth week 
(Figure 1B). This change indicated that the applied exercise 
protocol caused overtraining because it resulted in decreased 
performance ability due to fatigue and exhaustion. In a previ-
ous study (13), a similar exercise protocol elicited a marked 
decrease in the weight of slow-twitch oxidative (m soleus) and 
fast-twitch glycolytic (m plantaris and m extensor digitorum 
longus) muscles, parallel with decreased body weight, increased 
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Figure 1) A Dynamics of weekly training volume expressed in kJ per 
week (n=8 rats). *P<0.001 compared with week 1; †P<0.001 
compared with week 4. B Physical working capacity measured at a 
speed of 35 m/min on a horizontal treadmill and expressed in kJ 
(n=8 rats). ‡P<0.05 compared with control group
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proportion of pooled excreted urinary 3-MeHis and reduced 
rate of myosin heavy chain (MHC) synthesis. It was concluded 
that overtraining led to muscle atrophy due to a prevalence of 
muscle catabolism over synthesis of contractile proteins, caus-
ing underlying loss of body mass of rats (13). In the present 
study, a marked decrease in body weight of overtrained rats was 
also observed, along with increased excreted 3-MeHis levels in 
the overtrained group compared with the control group at six-
week follow-up (Table 1 and Figure 2).

However, the heart weight of overtrained rats did not 
change compared with the control group, although it increased  
compared with rats initially assigned to the experiments, giving 
rise to an increased heart-to-body weight ratio. This finding 
indicates that, in contrast to skeletal muscles, the anabolic 
response prevails in cardiac muscle under conditions of over-
training exercise.

In normal heart tissue, morphological studies (53-56) 
revealed the remarkably precise intracellular organization of 
mitochondria in cardiac cells. In particular, the intermyofibril-
lar mitochondria are precisely positioned so they are close to 
the adjacent sarcomere (54-56). In the present study, electron 
microscopy showed that mitochondria are tightly packed 
between the myofibrils and exhibit intact outer and inner 
membranes, with distinct cristae in the control myocardium 
(Figure 3A). In contrast, the cardiomyocytes in the overtrained 
heart tissue (Figure 3B) were swollen, as indicated by wavy 
myofibrils and enlarged space between the cells. In some cases, 
the myofibrils seemed to be disrupted as well. The mitochon-
dria appeared intact but had moved apart from the myofibrils 
(Figures 3B and 3C). This implied that the cytoskeletal system 
organizing the mitochondria relative to the myofibrils (55,57) 
may have disintegrated. Interestingly, among the mitochon-
dria, rounded electron-dense dark bodies (Figure 3C) were 
revealed, which were not detected in the control preparations 
(Figure 3A). Based on several arguments, it is likely that these 
structures represent peroxisomes (microbodies). First, peroxi-
somes are rare in normal cardiomyocytes, but proliferate in 
response to various chemical and physical stresses including 
chronic alcohol consumption, high-fat diet and exercise 
(58-62). Second, peroxisomes contain catalase in high activ-
ities, which indicates upregulation of that enzyme in response 
to superoxide production, a typical process in stressed cardio-
myocytes. The relationship between catalase and peroxisomes 
is confirmed by the observation that transgenic overexpression 
of catalase in mice results in a markedly increased number of 
peroxisomes containing immunolocalized catalase compared 
with wild-type cardiomyocytes (63). The observation that the 
peroxisomes frequently localized in the vicinity of the 

mitochondria suggests that these structures may interact with 
mitochondria to control the levels of ROS in the cytoplasm 
(64,65). Third, the peroxisomes are smaller in size (0.2 µm to 
0.5 µm in diameter) than mitochondria (62,65), which is also 
relevant to structures shown in Figure 3B.

The structural alterations observed (Figure 3) point to the 
possibility that overtraining affects OXPHOS and interaction 
of mitochondria with ATPases in overtrained cardiac cells. To 
test this, the total activities of ATPases, CK and AK were 
assessed in homogenates of the control and overtrained cardiac 
muscles. However, no differences between these groups were 
seen; the total activities of myocardial ATPases were 
261±55 µmol/min and 229±21 µmol/min per g wet weight of 
tissue in the control and overtrained groups, respectively. In 
the experimental settings, the total ATPase represented the 
sum of many ATPase activities, predominantly those of the 
MHC, SR and sarcolemmal (Na+/K+) ATPases. Because the 
status of each specific ATPase activity in cardiac muscle was 
not analyzed, it is difficult to explain why the total ATPase 
remained unaltered in overtraining conditions. However, some 
literature data helped to answer this question. In a previous 
study (13), the relative content of MHC-I activity decreased in 
fast-twitch glycolytic muscles but not in slow-twitch oxidative 
muscles (m soleus) in overtraining conditions. Because the 
heart muscle belongs to the oxidative muscle class, its myosin 
could be insensitive to the influences of overtraining; this 
would explain the unaltered total ATPase activity. In support 
of this assumption, heavy training exerted no effect on acto-
myosin ATPase in mouse cardiac muscle (66). Regarding other 
ATPases, a logical assumption is that increased workload is 
supported by enhanced ion handling in cell membranes, eg, 
through the changes in Na+/K+ ATPase and SR Ca2+ ATPase. 
Indeed, training induced expression of Na+/K+ ATPase iso-
forms (67). However, this process depends on the type of exer-
cise (67) and, considering the relatively low proportion of  
Na+/K+ ATPase, its contribution to overall ATPase activity in 
cell homogenate could be negligible, thus leaving total ATPase 
activity unaltered. In overtrained rats, it cannot be excluded 
that any of the ATPases could have transiently increased and 

Table 1
The effect of overtraining on heart weight (HW) and body 
weight (bW) of rats (n=4)

HW, mg bW, g HW/bW
Initial 917±51 356±3 2.6±0.2
Control 1014±61 431±10‡ 2.3±0.1
Overtraining 1115±20* 309±13*¶ 3.6±0.2†§

Data are presented as mean ± SEM. *P<0.05; †P<0.01; ‡P<0.001, statistically 
significant difference compared with the corresponding initial group before the 
training program (see the Methods section); §P<0.01; ¶P<0.001, statistically 
significant difference between controls and overtrained rats 24 h after the last 
exercise bout
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decreased to the control level by the end of training when the 
recordings were taken.

It is well known that vigorous endurance exercise or regular 
training causes increased levels of CK in athlete’s blood, indi-
cating muscle cell injury (68). Increased CK-MB activity or 
mass has also been frequently documented (69-75). The latter 
change has been attributed to adaptation of skeletal muscle to 
continuous cycles of degeneration and regeneration (76), 
which is supported by the findings that endurance training 
leads to increased CK-MB levels in m vastus lateralis, in cor-
relation with enhanced citrate synthase activity (increased 
capacity of OXPHOS) (77), activated expression of CK-MB in 
rat gastrocnemius muscle (72), and increased CK activity and 
CK-MB content in canine ventricle tissue (78). In contrast, 
Chen et al (79) reported that swimming exercise induced a loss 
of myocardial CK-MB into the circulation in rats due to myo-
cardial injury, whereas Miller et al (80) found no change in 
CK-MB in the myocardium of dogs undergoing exercise train-
ing. The latter authors concluded that “chronic exercise train-
ing does not induce physiologically important degenerative 
changes in myocardium”. Considering the morphological signs 
of impairment in the heart (Figure 3), this conclusion seemed 
not to be relevant to the present study. Therefore, the CK 
activities and isoenzyme profile were assessed in rat hearts. The 
results show that the total activities of CK were similar: 
796±288 µmol/min and 725±97 µmol/min per g wet weight of 
tissue in the control and overtrained groups, respectively. In 
control hearts, the isoenzyme profile (percentage of total activ-
ity) was 2.4%, 12.7%, 50.7% and 34.2% for CK-BB, CK-MB, 
CK-MM and mitochondrial CK, respectively, whereas in over-
trained hearts the distribution was 2.8%, 11.9%, 51.6% and 
33.8%, respectively. Thus, the data agree with those reported 
by Miller et al (80) in that exercise overtraining exerted no 
effect on the CK isoenzyme profile. No change was found in 
the myocardial activities of AK (228±16 µmol/min and 
217±15 µmol/min per g wet weight of tissue in the control and 
overtrained groups, respectively) after overtraining.

Next, the function of OXPHOS was studied in mitochon-
dria in skinned cardiac fibres. At first, the function of different 
respiratory chain complexes was assessed by using a substrate/
inhibitor titration protocol. The results (Figure 4) showed that 
the basal respiration rate (V0, in the presence of pyruvate plus 
malate but in the absence of ADP) was similar in the control 
and overtrained groups. Addition of ADP to the medium 
markedly stimulated the mitochondrial respiration in both 
groups. ADP-sensitive respiration (OXPHOS I), calculated as 
the difference between the respiration rates with and without 
ADP, was significantly lower in the overtrained group than in 
the control group. In addition, the RCI (ratio of respiration 
rates after and before ADP addition) was lower in the over-
trained group (Figure 4). Thus, overtraining resulted in a 
reduced OXPHOS rate and attenuated control of that process 
by ADP in conditions of fueling of the respiratory chain 
through complex I. The activity of complex II-dependent res-
piration (state 3) was measured after successive additions of 
rotenone and succinate; it tended to be reduced in overtrained 
myocardium. The ratio of complex I- to complex II-dependent 
respiration was similar in both groups (ie, 1.21±0.12 and 
1.36±0.29 in the control and overtrained groups, respectively), 
which suggests that the decreased OXPHOS rate in 

Figure 3) Electron micrographs of control (A) and overtrained (B 
and C) rat myocardium. Magnification: A, ×8900; B, ×3700; and 
C, ×15,000. White arrows indicate the presence of peroxisomes
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the overtrained group was not due to specific inhibition of 
complex I of the respiratory chain. The subsequent dosage of 
atractyloside effectively inhibited respiration by blocking 
ANT, thus indicating preservation of the inner mitochondrial 
membrane in both groups. In the next phase, COX was max-
imally activated by combined additions of TMPD and ascorb-
ate. Inhibition of respiration with NaN3 in these conditions 
enabled the calculation of COX activity, which tended to be 
lower in overtrained myocardium than in control myocardium. 
Parallel measurements of the cytochrome contents in the myo-
cardial homogenates revealed decreased values for all cyto-
chromes tested, with the decrease in the content of cytochrome c 
reaching statistical significance (Figure 5). The basal respira-
tion values (V0) in Figures 4 and 6 did not decrease, and res-
piratory suppression became evident only in the presence of 
ADP, ie, in state 3 conditions. Moreover, it was found that 
overtraining resulted in a marked decrease in cytochrome c/aa3 
ratio (from 1.26 in controls to 0.79 in overtrained hearts, 
P=0.004), which indicates the relative deficit of cytochrome c. 
One reason for that may be the mitochondrial loss of cyto-
chrome c that occurs due to disruption of the outer membrane, 
a typical process in pathologically impaired cardiomyocytes, 
which also represents an initial step in the cascade of apoptotic 

reactions (81). Indeed, the observation that endurance train-
ing, although enhancing running performance, accelerated 
mitochondrial DNA deletion and apoptosis induced by super-
imposed EE (37), points to that mechanism. The leakiness of 
the outer mitochondrial membrane was tested by monitoring 
the effect of exogenously added cytochrome c on TMPD-
dependent respiration. The results showed that cytochrome c 
caused variable but small increases in that parameter, without a 
significant difference between the control and overtrained 
groups. This observation could be taken to indicate that there 
was no overtraining-specific membrane leak and that detected 
permeability of the outer membrane for exogenous cyto-
chrome c stemmed from alterations due to the preparation of 
the skinned fibres. However, King and Gollnick (26) observed 
the transitory nature of changes in mitochondrial structures 
(swelling with loss of cristae) because they were evident 
immediately after an EE bout but were reversed during the fol-
lowing 24 h of rest. Because the mitochondria were assessed 
24 h after the last exercise bout, the absence of overtraining-
specific leakiness can be attributed to restoration of the mito-
chondrial structure by the time of measurement. Another 
mechanism potentially changing the quantitative balance 
between the individual cytochromes may be altered mitochon-
drial biogenesis (see below). Whatever the reason for the rela-
tive deficit in cytochrome c, several arguments exist in favour 
of the assumption that it could play a specific role in control-
ling mitochondrial response to ADP. First, by titrating the res-
piratory flux with specific inhibitors in the same muscle 
specimen, it was frequently observed that the complex I- 
dependent respiration rate markedly exceeded (by 20%) the 
complex II-dependent rate (shown in the present study and 
reference 43). Second, Rossignol et al (82) showed that in 
heart tissue, complex I is the most important step controlling 
the oxygen consumption flux. This means that, in heart cells, 
OXPHOS is mainly controlled at the level of electron flux 
along the respiratory chain, makes the function of OXPHOS 
very sensitive to defects in the respiratory chain. Finally, 
Rasmussen and Rasmussen (83) showed that the values of the 
state 3 and respiratory control ratio (ratio of state 3 to state 4 
respiration) in isolated muscle mitochondria linearly depended 
on the relative amount of cytochrome conservation, whereas 
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Figure 5) Tissue content of cytochromes in the myocardium of con-
trol and overtrained rats (n=4). *P<0.01, significantly different 
compared with the control group

Figure 4) Effect of overtraining on mitochondrial respiration in situ 
in saponin-permeabilized fibres from rat myocardium in the presence 
of substrates and inhibitors specific to different complexes of the 
respiratory chain. V0 (Pyr+Mal) Basal respiration rate in the presence 
of 10 mM pyruvate and 2 mM malate; VAtr Atractyloside (Atr; 
100 μM)-insensitive respiration rate; VCOX Sodium azide-sensitive 
portion of the respiration rate in the presence of tetramethylphenu-
lene diamine and ascorbate; VOXPHOS I Rate of oxidative phos-
phorylation induced by the addition of 2 mM ADP (V0 subtracted); 
VOXPHOS II Rate of oxidative phosphorylation in the presence of suc-
cinate and 2 mM ADP (VOXPHOS II = VSucc − VAtr); VProton leak 
The difference between VAtr and respiration rate in the presence of 
10 μM antimycin A; VRot Rate of complex I-dependent respiration 
after additon of 10 μM rotenone; VSucc Rate of complex II-dependent 
respiration induced by addition of 10 mM succinate (in the presence 
of ADP). Right ordinate: Respiratory control index (RCI) is the 
ratio of respiration rates after and before ADP addition, in the pres-
ence of 10 mM pyruvate and 2 mM malate. *P<0.05; †P<0.001, 
significantly different compared with the corresponding value in the 
control group (n=4)
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such a relationship was not observed for state 4 respiration. 
Considering these data in the context of overtraining, it seems 
appropriate to assume that relative deficiency of cytochrome c 
could restrict the compensatory increase in the respiratory 
chain activity (respiration) in response to the consumption of 
proton motive force by ATP synthase that resulted in sup-
pressed respiratory control by ADP (Figure 4). However, the 
reduced cytochrome c was still sufficient to maintain the low 
rate of state 2 respiration (V0) at equal levels in the control and 
overtrained groups (Figures 4 and 6).

The energy transfer between mitochondria and ATPase 
depends not only on the total activity of cellular CK or AK and 
their isoform distribution, but also on efficiency of coupling of 
kinases to OXPHOS and ATPases. Therefore, although the 
overall capacities of the CK- or AK-mediated energy transfer 
systems were not influenced by overtraining (as described 
above), the coupling of mitochondrial isoforms of CK and AK 
to ANT was tested. Figure 6A shows that for assessment of CK 
coupling, mitochondrial respiration was first submaximally 
stimulated by a small amount of ADP (0.1 mM). Thereafter, 
20 mM of creatine was added. This resulted in a rapid increase 
in respiration because creatine switched on the functional 
coupling between mitochondrial CK and ANT, with local pro-
duction of ADP in the CK reaction. The relative extent of that 
process (measured as ICK; Figure 6C) corresponded in control 
preparations to the extent of the process in normal rat heart 
tissue (48). Compared with controls, the ICK tended to decrease 
in overtrained cardiac specimens, but the change was insignifi-
cant. Further addition of saturating ADP stimulated the res-
piration maximally, due to increased diffusion of ADP from the 
medium (cytoplasm) to the mitochondrial intermembrane 
space. The extent of stimulatory effect of ADP was not statis-
tically different between the two groups, although it again 
tended to be decreased in the overtrained group. To test the 
coupling of mitochondrial AK to ANT, the respiration was 
initially stimulated by the addition of a small amount of ATP 
(0.05 mM), which through activation of ATPases produced 
cytosolic ADP to stimulate OXPHOS (Figure 6B). (ADP addi-
tion was avoided in the present experiment to suppress its 
transformation to ATP and AMP via AK reactions.) The fol-
lowing addition of 2 mM AMP strongly stimulated respiration 
in both groups, indicating functional coupling of mitochon-
drial AK2 isoform with ANT, which provides local concentra-
tions of ADP to stimulate OXPHOS (43). Interestingly, the 
overtrained group exhibited less stimulation of respiration 
(smaller IAK) than the control group, which points to decreased 
efficiency of functional coupling in the overtrained group. 
Also, the combined stimulatory effect of excess AMP and ADP 
was markedly lower in overtrained muscles than in control 
muscles. Altogether, these experiments suggested that over-
training impairs functional coupling between mitochondrial 
AK2 and ANT, and causes a decrease in the overall capacity of 
ADP-dependent OXPHOS, the latter finding confirming the 
results of the experiments shown in Figure 4.

Obviously, the results of the present study do not reconcile 
with the general concept that exercise stimulates mitochon-
drial biogenesis and improves their functional parameters 
(11,84). However, this controversy can be solved by consid-
ering that the mitochondrial adaptation to exercise highly 
depends on the exercise load – the latter, in turn, being a 

function of duration, intensity and frequency of the exercise 
bouts. Thus, based on current evidence, two entirely different 
mitochondrial responses can be outlined in relation to low/
moderate exercise volume compared with EE volume. Regarding 
low/moderate exercise volume, it is remarkable that the mito-
chondrial mass in cardiac muscle increased very rapidly during 
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(B) and oxidative phosphorylation. Efficiency of coupling between 
CK or AK and the oxidative phosphorylation system was expressed 
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a single exercise bout, so that 90 min to 120 min of exercise 
already led to a significant increase in individual mitochondrial 
area and the percentage of cytoplasm occupied by the mito-
chondria (54). Interestingly, the large mitochondria showed no 
structural impairments; no swelling or disruption of cristae was 
evident (54). King and Gollnick (26) suggested that if the 
volume of exercise increased until it caused exhaustion, mito-
chondrial impairment would follow. More systematically, the 
effect of exercise intensity was addressed recently by Pan (85), 
who assessed the effect of moderate-intensity exercise (ME), 
high-intensity exercise (HE) and EE (running on a treadmill) 
on volume density and numerical density of mitochondria in 
rat atrial myocardium. The results showed that while both ME 
and HE increased the volume density and numerical density of 
mitochondria above the control sedentary values, EE had no 
such effect. In parallel, the exercise volume dependency of 
expression of atrial natriuretic peptide, which plays an import-
ant role in regulating cardiac output, was clearly outlined: 
expression of atrial natriuretic peptide increased with ME and 
HE, but did not change after EE. These changes correlated 
with the morphological properties of the cells and mitochon-
dria. Whereas in ME and HE conditions the mitochondria and 
other cellular structures appeared normal, in the EE condition 
damage of the cells became visible as shown by irregular sar-
comeres, incomplete myofibrils, and swelling and flocculent 
mitochondria. Besides these data, Kavazis et al (34) reported 
that treadmill training resulted in increased levels of mito-
chondrial superoxide dismutases, catalase and glutathione per-
oxidase, along with increased levels of cytosolic heat shock 
protein 70 and apoptosis repressor with caspase recruitment 
domain and protection of mitochondria against apoptotic stim-
uli. The study by Sun et al (31), aimed at proteomic analysis, 
showed that eight-week swimming training resulted in marked 
upregulation of enzymes participating in OXPHOS. The 
endurance training load applied in the study by Kavazis et al 
(34) was markedly lower than the EE load used in the present 
study or in Pan’s study (85). In the study by Sun et al (31), the 
endurance training load was likely also lower because their 
training protocol caused absolute cardiac hypertrophy (heart 
weight increased in the training group over that in the seden-
tary control group). Altogether, these data show that, in car-
diac cells, moderate-volume exercise causes increased biogenesis 
of mitochondria that leads to increased cellular capacity to 
produce ATP. This response represents an important adaptive 
change in cardiac muscle because it enables the cardiomyo-
cytes to cope with increased workload and protect them from 
damaging effects of ROS and other death stimuli. The novel 
and interesting finding is that moderate-volume chronic exer-
cise is capable of inducing a specific mitochondrial pathway of 
supercompensation (32). These authors showed that rats that 
trained according to the six-week endurance exercise protocol 
that induced cardiac hypertrophy and improved cardiac per-
formance also exhibited increased ATPase synthase activity, 
indicating the enhanced capacity of OXPHOS to provide ATP 
for ATPases. More importantly, it was demonstrated that train-
ing induced a specific subset of changes that strongly modified 
the mitochondrial response to superimposed acute exercise 
bouts (AEBs) with increased intensity. The training-dependent 
altered response to AEBs was expressed in decreased state 4 
respiration, increased ADP control over respiration, increased 

P/O ratio and decreased uncoupling protein-mediated respira-
tion. Altogether, these alterations accentuate the increase in 
the mitochondrial efficiency in the biosynthesis of ATP. It was 
suggested that the underlying mechanism is likely based on 
modulation of the balance between mitochondrial production 
of ATP and ROS. It is known that ATP synthesis depends on 
mitochondrial membrane potential and that ROS formation 
depends on redox pressure, which can also be modulated via 
the mitochondrial membrane potential (86,87). In conditions 
of high ADP levels, the transmembrane proton gradient is 
mainly consumed for ATP synthesis, which strongly reduces 
ROS generation. Increased ROS levels, in turn, are known to 
activate uncoupling proteins, which are considered one of the 
powerful mechanisms for protection of mitochondria from 
harmful effects of superoxides (88). However, this mechanism 
is uneconomical because it requires decreasing the capacity of 
mitochondria to synthesize ATP – a high price to pay. Data 
reported by Bo et al (32) are important to understand how 
moderate-load endurance training helps to overcome this 
problem – it induces a more favourable pathway of protection 
because it stimulates expression of mitochondrial manganese 
superoxide dismutase and attenuates the expression of uncoup-
ling protein 2, which enables, on one hand, better limiting of 
ROS production but, on the other hand, preserves the proton 
gradient for ATP synthesis during AEBs. Further support for 
the effectiveness of these mechanisms is provided by the obser-
vation that chronic ME indeed attenuates the indexes of ROS-
induced stresses, as indicated by reduced ROS production, 
diminished thiobarbituric acid-reactive substances and protein 
carbonyls in cardiac mitochondria, and a negative correlation 
between the mitochondria protein carbonyls and COX activity 
(7,12,89). Thus, by virtue of the mechanisms described, the 
mitochondria acquire the capacity to cope with the potentially 
injuring stresses, but support the stresses that induce signalling 
systems aimed at promoting adaptation to and increased per-
formance during the next exercise bout.

Apparently, all the beneficial mechanisms of training are 
lost in conditions of exhaustive high-volume exercise, which 
results in chronic fatigue, decreased exercise performance and 
disintegration of the muscle structure – all these being com-
ponents of the overtraining syndrome (13,14,65,89-93). The 
observations that exhaustive endurance exercise applied in the 
present study led to altered cardiomyocyte structure and sup-
pressed OXPHOS, in association with declining performance, 
strongly suggested that overtraining syndrome is not restricted 
to skeletal muscle but can also take place in cardiac muscle. 
Further studies are required to understand which mechanism is 
responsible for the transition from beneficial to harmful effects 
of exercise. One possible mechanism may be based on exercise 
volume-dependent alterations in the balance between fusion 
and fission of mitochondria. This is supported by the earlier 
observations that increased duration of swimming load led not 
only to increased mitochondrial mass but also to the appear-
ance of a novel phenotype of mitochondria characterized by 
numerous invaginations, suggesting a replication phenomenon 
(54). Exercise was very recently shown to activate specific 
mechanisms of fragmentation of mitochondria by Ding et al 
(94), who demonstrated that an acute bout of treadmill exer-
cise caused decreased expression of mitofusins 1 and 2 but 
increased expression of fission protein Fis1 genes in rat hind 



Impaired energy metabolism in overtrained myocardium

Exp Clin Cardiol Vol 15 No 4 2010 e125

limb muscles. In parallel, the mitochondria functionally dif-
fered from their counterparts in control (resting) muscles 
because the former exhibited decreased RCI and increased 
state 4 respiration, not only immediately after exercise but also 
24 h later (93). It would be interesting to address the role of 
alterations in the balance between fission/fusion in cardiac 
muscle in conditions of chronic exhaustive training similar to 
those applied in the present study. From a practical point of 
view, it is important to diagnose approaching physical over-
training in time to avoid excessive damage but improve per-
formance. In this regard, Margonis et al (95) have proposed 
that correct and timely detection of oxidative stress may be 
valuable. They reported that an increase in exercise volume 

from high to very high strongly correlated with increases in 
F2-isoprostane levels in urine and reduced/oxidized glutathione 
ratio in blood.
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