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Background: In recent years, increasing attention has focused on the effect of 
exercise on redox balance and the expression of nuclear factor erythroid 2-
related factor 2 (NRF2), widely recognized as the master regulator of antioxidant 
defense mechanisms. However, surprisingly little is known about how physical 
training influences H2O2 production and NRF2 expression across various 
vital organs.
Methods: We investigated the effects of endurance training on the oxidative 
capacity, reactive oxygen species production, and antioxidant defense of various 
body organs in rats. Sixteen 4-month-old male Wistar rats were randomly 
assigned to either an endurance training group (8 weeks of treadmill running,
n = 8) or a sedentary control group (n = 8).
Results: In the endurance training group, maximal oxidative activity increased 
in all examined tissues (lung, brain, liver, and hind limb skeletal muscle) 
except the heart. Under phosphorylating conditions, H2O2 production remained 
unchanged in all tissues except the heart, where it increased. Under 
non-phosphorylating conditions, H2O2 production increased only in the 
liver and heart. In all tissues, H2O2 production was consistently lower 
under phosphorylating than non-phosphorylating conditions. The level of 
malondialdehyde, a marker of oxidative damage, did not increase in the 
examined tissues, except the lungs, where it even decreased. Superoxide 
dismutase 1 levels increased in the lung, brain, and skeletal muscle, but 
decreased in the heart and remained unchanged in the liver. NRF2 protein levels 
were significantly elevated in all examined tissues, accompanied by an increase 
in glutathione reductase levels.
Conclusion: Given the cytoprotective capacity of NRF2, we postulate that the 
NRF2-regulated adaptive multi-organ response may play a key role in the widely 
described beneficial effects of physical activity on various body organs and 
body health.
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1 Introduction

  

  

  
    

  
  

    

  
  

  

       

    

   

 

    

  

    
    

    

      
      

 

  

2 Materials and methods

2.1 Rat endurance training
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2.2 Tissue preparation

  

2.3 Measurements of CS, COX, and lactate 
dehydrogenase activities

 

  

   

2.4 Measurement of H2O2 production

 

2.5 Measurement of MDA levels

   
  

2.6 Immunodetection of protein levels
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2.7 Statistical analysis

 

3 Results

3.1 Endurance training increases 
mitochondrial biogenesis in the lungs, 
brain, liver, skeletal muscle, and heart

  

 

3.2 Endurance training increases the 
oxidative capacity of mitochondria in the 
lungs, brain, liver, and skeletal muscles but 
not in the heart

  

  

 

  

3.3 Endurance training increases ROS 
production in the heart and liver rather 
than in the skeletal muscles, lungs and 
brain, without leading to increased lipid 
peroxidation in any tissue. Even reduced 
lipid peroxidation in the lungs is observed 
after training
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FIGURE 1
Mitochondrial biogenesis markers in tissues from control (C) and trained (T) rats. Representative western blots (cropped) (A) The g values given refer to 
the amount of protein loaded into each lane. Mean ± SD of protein levels (n = 5) normalized to actin (B) Abbreviations: TFAM, transcription factor A, 
mitochondrial; VDAC1, voltage-dependent anion channel 1. Significance:  , p < 0.05;  , p < 0.01;  , p < 0.001 vs. control (KW ANOVA).

  

 

  

3.4 Endurance training increases NRF2 and 
glutathione reductase levels in all studied 
tissues, with differential effects on SOD1

  

  

 

 

4 Discussion
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FIGURE 2
Maximal activities of key enzymes of aerobic respiration (A,B) and LDH (C), representative western blots (cropped blots) (D), and analysis of protein 
expression (E) in tissues from control (C) and trained (T) rats. The g values given refer to the amount of protein loaded into each lane (D). 
Abbreviations: DTNB, 5,5 -dithiobis(2-nitrobenzoic acid); CS, citrate synthase; COX, cytochrome c oxidase; COXII, COX subunit II; LDH, lactate 
dehydrogenase; HKI, hexokinase I. Protein expression levels were normalized to actin. (A–C) Mean ± SD, n = 8; statistics: one-way ANOVA. (E) Mean ± 
SD, n = 5; statistics: KW ANOVA. Significance:  , p < 0.05;  , p < 0.01;  , p < 0.001 vs. control.
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FIGURE 3
H2O2 production (A,B) and MDA levels (C) in tissues from control (C) and trained (T) rats. (A,B) measurements were performed in the absence or 
presence of ADP with malate, glutamate, and succinate as mitochondrial respiratory substrates. Mean ± SD, n = 6 (A,B), n = 5 (C); statistics: one-way 
ANOVA. Significance: p < 0.05 ( ), p < 0.01 ( ), comparison vs. control values for a given tissue.

FIGURE 4
Antioxidant response markers in tissues from control (C) and trained (T) rats. Representative western blots (cropped blots) (A). The g values given refer 
to the amount of protein loaded into each lane. Mean ± SD of protein levels (n = 5) normalized to actin (B). Abbreviations: SOD1, superoxide dismutase 
1; GR, glutathione reductase; NRF2, nuclear factor erythroid 2-related factor 2. Significance:  , p < 0.05;  , p < 0.01;  , p < 0.001 vs. control 
(KW ANOVA).
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5 Conclusion
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