
1

Motriz, Rio Claro, v.24, Issue 4, 2018, e101804 DOI: http://dx.doi.org/10.1590/S1980-6574201800040008
1

Original Article (short paper)

Effects of different frequencies of physical training on electron 
transport chain and oxidative damage in healthy mice

Luciano A. Silva1,2,3 , Camila B. Tromm1 , Ramiro Doyenart1 , Anand Thirupathi4 ,  

Paulo Cesar Loock Silveira1 , Ricardo Aurinho Pinho4 

1Universidade do Extremo Sul Catarinense, UNESC, Laboratory of Exercise Psychophysiology, Advanced Aquatic Exercise 
Research Group, Criciúma, SC, Brazil; 2Faculdades Esucri, Escola superiror de Criciúma, ESUCRI; 3Centro Universitario 

Barriga Verde, UNIBAVE; 4Pontifícia Universidade Católica do Paraná, PUCPR, Laboratory of Exercise Biochemistry 
and Physiology, School of Medicine, Graduate Program in Health Science Head, Curitiba, PR, Brazil

Abstract –– Aims: The present study investigated the effect of different frequencies (three and five times a week) 
on electron transport chain and oxidative stress after 8 weeks of run training. Methods: Eighteen male mice (CF1, 
30-35g) were distributed into the following groups (n=6): untrained (UT); trained three-time per week (T3) and trained 
five- time per week (T5). All training sessions were at the same intensity and duration (45min/day) in a treadmill for 
small animals. Forty-eight hours after the last training session, the animals were killed by decapitation and quadriceps 
(red portion) was removed and stored at –70ºC. Succinate dehydrogenase (SDH), complexes I, II, II–III, IV and 
hydroperoxides were measured. Results: Training sessions for five times per week were more effective in increasing 
the mitochondrial respiratory chain enzyme activities (SDH, complexes I, II, II–III, IV) as well as in decreasing the 
formation hydroperoxides than sessions performed for three times training per week (p<0.05). Conclusion: Our findings 
clearly showed that a higher the frequency of training session promotes a greater activity of the electron transport chain 
and consequently reduces the oxidative stress in healthy animals.
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Introduction

Mitochondrial oxygen flux enhances the ATP production in the 
skeletal muscle during physical exercise.1,2,3 It is well known that 
muscle adaptation to regular exercise involves mitochondrial 
biogenesis and regulate respiratory chain activities to compensate 
for energy demands.4

The beneficial effects of regular moderate exercise have been 
consistently reported in human and animal studies. Several studies 
have been carried out in the skeletal muscles of rats to determine the 
influence of exercise on the mitochondrial enzyme adaptation.2,3,5,6

In addition, contradictory concepts exist about the rate of 
electron transfer in the mitochondrial complexes (I, II, III, and 
IV) during muscle adaptations induced by exercise. Regular 
moderate exercise exhibited a beneficial effect in preventing 
the age-associated decline by a maintenance of the activities 
of mitochondrial complexes IV and I.7 Exhaustive exercise 
decreases mitochondrial respiratory control, causing an increase 
in free radicals.8 Venditti and colleagues 9 were the first group 
to report that chronic endurance training of Wistar rats could 
reduce mitochondrial reactive oxygen species (ROS) production. 

Numerous observational studies and well-designed exercise 
protocol intervene the outcome of clinical relevance particularly, 
different frequency of exercise is required to produce more 
benefit, which means identifying a new target in each individual 
in clinical practice must be prescribed by the different exercise 
frequencies.6,7,8,9 Also, determination of electron transport chain 

complexes activity and oxidative damages has a good clinical 
relevance. Different oxidative damages due to disturbances in the 
electron transport chain complexes lead a number of pathological 
conditions. Hence, it is important to develop a research to 
detecting if a different frequency of exercise sessions would 
reduce the oxidative damages due to electron transport chain. 
Also, the outcome of this aspect can help to understand the clinical 
importance of exercise frequency in relation to oxidative stress and 
its possible deleterious effects. Indeed, previous studies have shown 
that treadmill exercise modulates the oxidative stress parameters 
at a different frequency (five or seven times a week)2,3,5.  However, 
no studies examined the effects of different frequencies (three- 
or five- time a week) on electron transport chain and oxidative 
stress. Thus, the present study investigated the effect of different 
frequencies of run training (three or five times a week) on electron 
transport chain activity and oxidative damages in healthy mice. 

We hypothesized that physical training induces changes in muscle 
oxidative metabolism in a frequency-dependent manner in rats.

Materials and Methods 

Animal preparation

The study protocol was reviewed  and approved (protocol 
number 249/2013) by the Ethics Committee of the Universidade 
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do Extremo Sul Catarinense, Criciúma, SC, Brazil, according to 
the Guidelines for Animal Care and Experimentation (Olert et al.  
1993). A total of 18 male mice (CF1), a mean age of 3 months, 
weighing 30 to 35g, were housed in cages with a maximum of 
six animals per cage and with water and food ad libitum. The 
animals were kept on a 12-h light and 12-h dark cycle and were 
maintained at 23 oC.

Training protocol

The animals were divided into the following groups (n=6): 
untrained (UT); trained three times per week (T3) and trained five 
times per week (T5). All animals were accustomed to treadmill 
running for one week (0.6 Km/h without inclination for 10 min). 
After the adaptation period, the trained groups were submitted 
to running training for 8 weeks. All training sessions were 
the same intensity and duration (approximately 75% and 81% 
VO2max - 45min/day of running continuously).10 

Sacrifice protocol

Forty-eight hours after the last training session, the animals 
were killed by decapitation. The quadriceps (red portion) was 
surgically removed and immediately stored at -70ºC for later 
analysis.

Biochemical Analyses

Homogenate preparation

The quadriceps muscle was homogenized (1:10, w/v) in SETH 
buffer (250 mM sucrose, 2 mM EDTA, 10 mM Trizma base, 50 
IU/mL heparin, pH 7.4). The homogenates were centrifuged at 
800g for 10 min and the supernatants were kept at −70°C until 
use for determination of succinate dehydrogenase (SDH) and 
mitochondrial respiratory chain enzyme activities (complexes 
I, II, II–III and IV). The maximal period between homogenate 
preparation and enzyme analysis was always less than 5 days.

Succinate Dehydrogenase (SDH)

Phenazine oxireductase (soluble succinate dehydrogenase 
- SDH) was measured by the decrease in absorbance due to the 
reduction of 2, 6-dichloroindophenol (DCIP) at 600 nm with 700 
nm as the reference wavelength in the presence of phenazine 
methasulphate.11

Mitochondrial respiratory chain enzyme activities

Mitochondrial respiratory chain enzyme activities: On 
the day of the assays, the samples were frozen and defrosted 

(1:20) in SETH buffer (0.32 M sucrose, 1 mM EDTA, 10 mM 
Tris-HCL, pH 7.4) three times to fully expose the enzymes to 
substrates and achieve maximal activities. NADH dehydrogenase 
(complex I) was evaluated, according to the method described 
by Cassina & Radi12, by measuring the rate of NADH-dependent 
ferricyanide reduction at 420 nm. The activities of succinate: 
DCIP oxidoreductase (complex II) and succinate: cytochrome c 
oxidoreductase (complex II–III) were determined according to 
the method of Fischer et al.11 Complex II activity was measured 
by following the decrease in absorbance, due to the reduction 
in 2,6-DCIP at 600 nm. Complex II-III activity was measured 
by cytochrome c reduction from succinate. The activity of 
cytochrome c oxidase (complex IV) was assayed, according 
to the method described by Rustin et al.13, and measured by 
following the decrease in absorbance due to the oxidation of 
previously reduced cytochrome c at 550 nm. The activities of 
the mitochondrial respiratory chain complexes were expressed 
as nmol/min mg protein.

Oxidative damage 

The development of TBARS during the acid-heating reaction 
was used as an index of lipid peroxidation14 BrieXy, the samples 
were homogenate with 1 ml 10% trichloroacetic acid and 1 ml 
0.67% thiobarbituric acid and then heated in a boiling water for 
30 minutes. TBARS were determined by the absorbance at 535 
nm using 1,1,3,3-tetramethoxypropane (Sigma Chemical) as an 
external standard. Results were expressed as malondialdehyde 
(MDA) equivalents per mg of protein.

Protein Determination

 The amounts of proteins in the samples tested for respiratory 
chain enzymes activities and oxidative damage markers were 
determined using the Lowry method.15

Statistical Analysis

The data were expressed as means and standard errors 
of a mean (mean ± SEM), and analyzed statistically by two-
way analysis of variance (ANOVA), followed by the Tukey’s 
HSD post-hoc test. The level of significance was set at 95% 
(p<0.05). The software used for analysis of the data was the 
Statistical Package for the Social Sciences (SPSS), version 
17.0 for Windows.

Results 

Succinate Dehydrogenase (SDH): Figure 1 shows a significant 
increase in SDH in both trained groups (T3: 69.6 ± 6 and T5: 
116.4± 16 nmol/min/mg protein) when compared with UT 
group (27.3±4.6 nmol/min/mg protein) that was dependent of 
the training frequency.(p<0.05)
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Mitochondrial respiratory chain enzyme activities: Regarding 
Complex I, our findings show an increase in the NADH 
dehydrogenase activities in both trained groups (T3: 255 ± 19 
and T5: 444±55 nmol/min/mg protein) when compared with 
UT group (104± 19 nmol/min/mg protein). In a similar manner, 
increased activity in the complex II was found  (T3: 87±3 and T5: 
159±35 nmol/min/mg protein) when compared with UT group 
(34±4 nmol/min/mg protein). The oxidoreductase cytochrome 
c (Complex III) activity was also increased in both trained 
groups (T3: 54±2 and T5: 154±15 nmol/min/mg protein) when 

compared with UT group (21± 1.8 nmol/min/mg protein). The 
cytochrome c oxidase activity (complex IV) was also augmented 
in T3 and T5 groups, 421± 66 and 1455 ± 110 nmol/min/mg 
protein, respectively) when compared with UT group (159 ± 
110 nmol/min/mg protein). Data are summarized in Table 1.

Oxidative damage: Both training programs, T3 and T5 
promoted a decrease in the TBARS levels, 0.07 ± 0.016 and 
0.02 ± 0.013 nmol/mg protein, respectively) when compared with 
NT group (0.14± 0.008 nmol/mg protein) that was dependent of 
the training frequency. Figure 2 illustrates the data. 

 Figure 1 : Succinate Dehydrogenase (SDH) levels measure in the 
quadríceps in healthy mice trained in a treadmill for three-time (T3) 
or five-time (T5) per week. 
The values are presented as Means±SEM and the results expressed in nmol/min 
mg protein. (*) Significant difference in relation to the UT, T5# and T3 p<0.05.

Figure 2: TBARS measurement in the quadriceps muscle from 
healthy mice trained in a treadmill for three-time (T3) or five-time 
(T5) per week
The values are presented as Means±SEM and the results expressed in nmol/min 
mg protein. Significant difference in relation to the UT, and (T5#) T3 p<0.05.

Table 1: Mitochondrial respiratory chain enzyme activities in the quadriceps muscle from healthy mice trained in a treadmill for three-time (T3) 
or five-time (T5) per week. 

NT T3 T5

Complex I (nmol/min/mg protein) 104± 19 255 ± 19* 444 ± 55*#

Complex II (nmol/min/mg protein) 34± 4 87 ± 3* 159± 35*#

Complex III (nmol/min/mg protein) 21± 1.8 54 ± 2* 154 ± 15*#

Complex IV (nmol/min/mg protein) 159 ± 110 421± 66* 1455 ± 110*#

The values are presented as Means±SEM and the results expressed in nmol/min mg protein. Significant difference in relation to the UT, and 
(T5#) T3 p<0.05

Discussion 

The findings of the present study demonstrate that; (1) Run 
training at a frequency of three- and five-time per week 
increases significantly the mitochondrial function and decreases 
the oxidative damage in healthy mice; (2) Run training at a 
frequency of five-time per week was more effective in increasing 
mitochondrial function as well as in reducing oxidative stress 
measured by TBARS than those performed for three-times 
per week.

Several studies have determined the influence of exercise 
training on mitochondrial enzyme adaptation in the skeletal 
muscle of rats.3,16,17 Endurance training is known to induce 

several skeletal muscle adaptations such as glycolysis18, 
alterations in the Krebs cycle19, fatty acid β-oxidation20 and 
electron transport chain.3,21 The SDH activity is widely used as 
a metabolic marker for muscle oxidative capacity.22,23 Our data 
show that run exercising for five times per week promoted a 
greater increase in the SDH activity than exercising for three 
times a week. Indeed, previous studies observed increase in 
SDH activity after endurance training (3 times per week)24 
and four times per week25. Confirming and extending thoses 
findings, our results show that weekly frequency interferes 
with the activity of SDH enzyme. 

Previous studies in our laboratory have demonstrated 
that 8 weeks of running is necessary to achieve complete 
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mitochondrial respiratory chain enzyme activities.6 We found 
that training frequency of five times per week increased the 
activity of enzymes of skeletal muscle from mice (Complex I, 
II,III,IV) as compared with three-time per week or at rest. In 
agreement, Boveris and Navarro26 demonstrated that 24 weeks of 
training increased the complex IV activity for 12–32% whereas 
Menshikova, Ritov, Toledo, Ferrell, Goodpaster, Kelley22 showed 
that increases in enzymatic activity of the ETC I and IV following 
a 16-week exercise training program. This increase in respiratory 
chain enzyme activities might be explained by mitochondrial 
biogenesis that occurs in response to the increased cellular ATP 
demand27 induced by physical exercise. Molecular cellular 
aspects such as PGC-1α expression may be robustly induced by 
exercise training28 resulting in mitochondrial biogenesis with an 
increased oxidative phosphorylation capacity and a consequently 
greater capacity for endurance training.27  

Several studies have shown that exercise training reduces 
the oxidative stress.3,5,6 We observed that a higher training 
frequency reduced the oxidative stress biomarker. Likely, this 
can be due to an adaptation of the enzymatic antioxidant defense 
systems and the resistance of  tissue to the oxidative damages 
induced by physical training2,3,6. Animals frequently exposed 
to exercise training have shown less oxidative damage.30 Thus, 
run training at frequency of five times per week was more 
effective in reducing oxidative stress than three times. Previous 
studies from our laboratory have shown a reduction in lipid 
peroxidation after 8 weeks of aerobic exercise training (five times 
per week) in muscle6 and liver from mice.3 Regular exercise 
lead to an adaptation of a specific organs or tissues associated 
with decreased oxidative damage and improvements in aerobic 
metabolism. This is largely due to the upregulation of endogenous 
antioxidant enzymes such superoxide dismutase and glutathione 
peroxidase that are activated by training.30-33	

In summary, our findings show that a higher frequency of 
run training is more effective in increasing the electron transport 
chain activity as well as in reducing the oxidative stress. 
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