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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
Mitochondria play a key role in energy production in various organs of the human body via the process of oxidative phosphorylation (OXPHOS) (Lima et al., 2022; Vercellino and Sazanov, 2022). Some organs, such as the brain, heart, and skeletal muscle, are highly dependent on energy supplies in the form of ATP produced via OXPHOS at rest and during moderate-intensity exercise (Dunker et al., 2019; Hargreaves and Spriet, 2020). It is well documented that physical training increases mitochondrial protein biogenesis in rat limb skeletal muscle (Holloszy, 1967) as well as in human leg skeletal muscle (Morgan et al., 1971; Wibom et al., 1992; Zoladz et al., 2022), but its effects on mitochondrial biogenesis and function in other tissues, such as the heart, brain, lungs, or liver, are much less known. It has long been known that mitochondria produce two main oxidants (Loschen et al., 1971; Boveris and Chance, 1973): superoxide anion radicals (O2•−) and hydrogen peroxide (H2O2) (Brand et al., 2004; Kowaltowski et al., 2009; Jarmuszkiewicz et al., 2015). Davies et al. were the first to demonstrate that intense physical exercise increases the production of reactive oxygen species (ROS) in skeletal muscle and liver (Davies et al., 1982), which has since been confirmed by others (Powers and Jackson, 2008; Powers et al., 2024b). It is widely accepted that excessive ROS production leads to oxidative stress (Zhou et al., 2024), resulting in the dysfunction of many body organs (Nathan and Cunningham-Bussel, 2013; Ma et al., 2017; Chen et al., 2018).
Opposite to inactivity, physical activity improves the functioning of many body organs and significantly reduces the risk of many chronic medical conditions (Pedersen and Saltin, 2015; Warburton and Bredin, 2017; 2019). Increasing evidence suggests that exercise-induced increases in ROS (especially H2O2) can trigger a range of adaptive responses via redox signaling that beneficially affect the function of various organs (Shadel and Horvath, 2015; Sies and Jones, 2020; Powers et al., 2024b; Sies, 2024; Zhou et al., 2024). Therefore, exercise-induced ROS production is believed to be essential to achieve the full benefits of exercise-induced skeletal muscle adaptation (Powers et al., 2024b). Nonetheless, little is still known about the effect of endurance training on mitochondrial H2O2 production in different organs, such as the lung, brain, liver, heart, and skeletal muscle, as well as on the antioxidant defense status in these organs after physical training.
It is well-documented that muscles have a potent antioxidant system (Powers et al., 2024a; Zhou et al., 2024), which effectively protects them from oxidative stress in many conditions. Indeed, exercise increases the levels of several antioxidant enzymes, such as superoxide dismutase 1 (SOD1), glutathione peroxidase, glutathione reductase, and catalase (Powers et al., 2024a). In recent years, the primary focus of antioxidant defense research has been nuclear factor erythroid 2-related factor 2 (NRF2), considered the master regulator of antioxidant responses (He et al., 2020; Gao et al., 2021; Esteras and Abramov, 2022; Powers et al., 2024a; Zhou et al., 2024). It should be noted, however, that most studies to date on the effects of physical activity or training on redox control have focused primarily on skeletal muscle (Powers and Jackson, 2008; Powers et al., 2024a; Zhou et al., 2024). In recent years, knowledge about the effects of physical exercise on ROS production in some vital body organs such as the brain, heart and liver has also increased (Davies et al., 1982; Radak et al., 2016; German et al., 2017; Quan et al., 2020; Dominiak et al., 2022), but knowledge about the effects of exercise on redox regulation and the functioning of these organs is still very limited. Surprisingly, little is known about the effects of physical training on mitochondrial H2O2 production in the lung, brain, liver, heart, and hind limb skeletal muscle in studies using the same animals. Furthermore, no data have been published on the effects of physical training on NRF2 expression in these organs.
Therefore, this study primarily aimed to determine − for the first time, to the best of our knowledge − the effect of forced endurance training (performed on a treadmill) on NRF2 expression in the lung, brain, liver, heart, and hind limb skeletal muscle in rats. It also aimed to determine the impact of physical training on (i) mitochondrial H2O2 production under phosphorylating and non-phosphorylating conditions, (iii) the level of malondialdehyde (MDA, a marker of lipid peroxidation), SOD1 and glutathione reductase (markers of antioxidant defense), (iv) mitochondrial biogenesis, and (v) the maximal activity of cytochrome c oxidase (COX) and citrate synthase (CS, markers of mitochondrial oxidative capacity) in the homogenates of the studied tissues.
2 MATERIALS AND METHODS
2.1 Rat endurance training
Sixteen 4-month-old male Wistar rats were randomly assigned to an endurance training group (n = 8) or a sedentary control group (n = 8). During this study, the rats were kept in standard laboratory cages (two per cage) under controlled conditions of temperature (22 °C ± 2 °C), humidity (55% ± 10%), 12/12-h light/dark cycle, and free access to a standard rat food, providing a balanced diet, and tap water. The experimental protocols regarding training, surgical procedures, and animal care were approved by the Local Ethics Committee for Animal Experiments in Poznan, Poland (Permit Number: 15/2013) and consistent with the guidelines of Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the protection of animals used for scientific purposes. Every effort was made to minimize the suffering of the experimental rats.
The 8-week training program consisted of five training sessions per week on a small rodent treadmill (Exer 3/6 M treadmill; Columbus Instruments, Columbus, OH, United States), as previously described (Zoladz et al., 2016). The running belt was set horizontally with an inclination of 0°. In the first week, the training sessions lasted 20–30 min and were intended to familiarize the rats with running on a treadmill at different speeds (20–30 m/min). Then, the training sessions were extended to 40 min, and the basic running speed was set at 30 m/min until the end of the training program. During the first 2 weeks, the basic running speed was increased transiently to 40 m/min for 20 s every 10 min. From the fifth week, the running training on the treadmill lasted 60 min, and the running speed was increased to 40 m/min every 10 min. The duration of higher running speed was gradually increased from 20 s in the sixth week to 40 s in the eighth week.
The rats were sacrificed by decapitation 22–24 h after the last training session. The hind limb skeletal muscle and the lungs used in this study were from rats used in our earlier studies (Zoladz et al., 2016; Jarmuszkiewicz et al., 2020), which analyzed the effects of the same endurance training procedure on other aspects of muscle and lung energetics in young rats. The western blots and tissue functional measurements (H2O2 production and enzyme activities) presented in this article were, for the purpose of this study, performed for the first time simultaneously in all tissues studied, as described below.
2.2 Tissue preparation
All homogenate preparation procedures were performed at 4 °C. The hearts, livers, brains (cortex), lungs, and hind limb muscles were harvested from control and exercised rats immediately after decapitation and placed in isolation medium A (50 mM Tris-hydrochloride [HCl; pH 7.2], 100 mM sucrose, and 0.5 mM ethylenediaminetetraacetic acid [EDTA]) and washed several times. After the organs were cleansed of larger blood vessels and surrounding tissue, they were shredded, and the remaining blood was removed by decantation. The tissues were homogenized in isolation medium B (50 mM Tris-HCl [pH 7.2], 100 mM sucrose, 1 mM monopotassium phosphate [KH2PO4], 100 mM potassium chloride [KCl], 0.5 mM EDTA, and 0.1 mM ethylene glycol-bis[β-aminoethyl ether]-N,N,N′,N′-tetraacetic acid using a polytron homogenizer (T18 basic; IKA-Werke GmbH & Co. KG, Staufen, Germany) for skeletal muscles (thrice for 2 s at 80% power) and a Teflon or glass pestle for the other organs. The homogenates were centrifuged at 900 g for 10 min. Protein concentration in the supernatants was measured using the Bradford method with bovine serum albumin as a standard.
2.3 Measurements of CS, COX, and lactate dehydrogenase activities
CS, COX, and lactate dehydrogenase (LDH) activities were all measured at 34 °C with constant stirring. CS activity was assessed by spectrophotometrically measuring the formation of 5,5′-dithiobis(2-nitrobenzoic)-coenzyme A (DTNB-CoA) from DTNB at 412 nm using a UV spectrophotometer (1620; Shimadzu Corp., Kyoto, Japan) in a reaction mixture (1 mL) containing 100 μg of protein homogenate, 100 mM Tris-HCl (pH 8.0), 0.1% Triton X-100, 100 μM oxaloacetate, 100 μM acetyl-CoA, and 100 μM DTNB.
LDH activity was measured by spectrophotometrically monitoring NADH oxidation (150 µM) at 340 nm in a reaction mixture containing 50–70 µg of protein homogenate, 20 mM pyruvate, and 50 mM Tris-HCl (pH 7.3).
The maximum COX activity was determined polarographically using a Clark-type oxygen electrode (Hansatech, King’s Lynn, United Kingdom)) in 0.7 mL of a standard incubation medium (225 mM mannitol, 75 mM sucrose, 10 mM KCl, 5 mM KH2PO4, 0.5 mM EDTA, 0.05% BSA, and 10 mM Tris-HCl [pH 7.2]) containing 5 mM ascorbate, 0.05% cytochrome c, and 40–70 µg of protein homogenate. Up to 1.5 mM N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) was added sequentially to determine the maximum O2 uptake by COX.
2.4 Measurement of H2O2 production
The rate of H2O2 production was determined in 0.5 mL of standard incubation medium containing 50–100 µg of protein homogenate, 5 µM Amplex Red, 0.14 U/mL horseradish peroxidase (HRP), and 5 U/mL superoxide dismutase (SOD). Measurements were performed with 5 mM succinate, 5 mM malate, and 5 mM glutamate as respiratory substrates, in the presence of 0.5 mM ADP (phosphorylating conditions) and after its depletion (non-phosphorylating conditions). Fluorescence kinetics were monitored for 40 min at 34 °C, an excitation wavelength of 545 nm, and an emission wavelength of 590 nm using a microplate reader (Infinite M200 PRO; Tecan Group Ltd., Männedorf, Switzerland) and 24-well plates. H2O2 levels were quantified using a standard curve created with known amounts of H2O2.
2.5 Measurement of MDA levels
Lipid peroxidation was assessed by measuring MDA levels using the Amplite® Colorimetric Malondialdehyde (MDA) Quantitation Kit (AAT Bioquest, Pleasanton, CA, United States) according to the manufacturer’s protocol. Briefly, rat homogenates (150 µg of total protein adjusted to 50 µL) were incubated with 10 µL of MDA Blue™ in a clear-bottom 96-well microplate for 30 min. Then, 40 µL of the reaction solution was added. After a 30-min incubation, absorbance was measured at 695 nm using a microplate reader (Spark, Tecan Group Ltd., Männedorf, Switzerland). MDA levels were calculated using a standard curve created with known amounts of MDA.
2.6 Immunodetection of protein levels
Total proteins from rat organ homogenates were separated on 6%–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels, with the PageRuler Prestained™ Protein Ladder or Spectra™ Multicolor Broad Range Protein Ladder (Thermo Fisher Scientific) used as a marker of molecular weights. The following primary antibodies were used for immunodetection of target proteins: CS (46 kDa, ab96600), glutathione reductase (GR, 55 kDa) (ab128933), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 38 kDa, ab9485), transcription factor A, mitochondrial (TFAM, 28 kDa, ab131607), NRF2 (68 kDa, ab137550), SOD1 (18 kDa, ab13498), voltage-dependent anion channel 1 (VDAC1, 35 kDa, ab14734) (Abcam, Cambridge, United Kingdom), LDH (35 kDa, PA5-27406, Thermo Fisher Scientific, Waltham, MA, United States), hexokinase 1 (HK1, 120 kDa, sc80978, Santa Cruz Biotechnology, Dallas, TX, United States), and COX subunit 2 (COXII, 24 kDa, orb411834, Biorbyt, Cambridge, United Kingdom). GAPDH or actin (42 kDa, CP01; Merck, Darmstadt, Germany) was used for data normalization. Original, uncropped images with corresponding protein loading controls are shown in Supplementary Figures S1–S3. The protein bands were densitometrically analyzed using ImageJ software (US National Institutes of Health, Bethesda, MD, United States).
2.7 Statistical analysis
The data were statistically analyzed using Statistica (version 14.0; TIBCO Software, Santa Clara, CA, United States). The variables are presented as the mean ± standard deviation (SD) across 4–8 independent homogenate preparations. Normally distributed variables were compared between groups using an unpaired t-test or analysis of variance (ANOVA) followed by post hoc Tukey’s tests. Non-normally distributed variables were compared between groups using Kruskal–Wallis ANOVA (KW ANOVA) followed by Dunn’s post hoc comparisons. A p < 0.05 was considered statistically significant.
3 RESULTS
3.1 Endurance training increases mitochondrial biogenesis in the lungs, brain, liver, skeletal muscle, and heart
We examined the effects of 8 weeks of endurance training on the levels of markers of mitochondrial biogenesis: TFAM, a key regulator of mitochondrial DNA transcription and replication (Kozhukhar and Alexeyev, 2023), and VDAC1, an outer mitochondrial membrane protein that regulates the exchange of metabolites between mitochondria and the cytoplasm (Camara et al., 2017). Endurance training increased TFAM and VDAC1 levels in all studied tissues (Figure 1); only the increase in TFAM in the heart was not statistically significant (Figure 1B).
[image: Panel A shows Western blot images of TFAM and VDAC1 protein expression in lung, brain, liver, skeletal muscle, and heart tissues, with actin as a loading control. Panel B presents bar graphs depicting relative protein expression levels of TFAM and VDAC1 across these tissues, comparing trained (T) with control (C) groups. Error bars indicate variability, and significance levels are marked.]FIGURE 1 | Mitochondrial biogenesis markers in tissues from control (C) and trained (T) rats. Representative western blots (cropped) (A) The μg 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).3.2 Endurance training increases the oxidative capacity of mitochondria in the lungs, brain, liver, and skeletal muscles but not in the heart
The levels of COX and CS, two other mitochondrial biogenesis markers, were also higher in the studied tissues in the endurance training group than in the sedentary control group, except in the heart, where COX levels were not significantly higher (Figure 2). Therefore, we examined the oxidative capacity of mitochondria by measuring the maximal activities of CS, an enzyme that regulates the rate of the Krebs cycle, and COX, which represents complex IV of the respiratory chain, in tissue homogenates obtained from both the sedentary control and endurance training groups (Figures 2A,B). Overall, maximal COX and CS activity in the studied tissues was higher in the endurance training group than in the sedentary control group, except for the heart, where only CS activity was higher. In the sedentary control group, COX and CS activity were at least 2.3-fold higher in the heart than in the other tissues. Notably, COX activity did not differ in the heart between the sedentary control and endurance training groups. Regarding COX activity, the difference between the sedentary control and endurance training groups was largest for skeletal muscle (∼70%), followed by the liver and lungs (∼50%), and smallest for the brain (∼8%; Figure 2A). Regarding CS activity, the difference was largest for skeletal muscle (∼60%), followed by the lung (∼43%), with smaller increases observed in the heart, liver, and brain (∼9%–19%), not differing significantly between these three tissues (Figure 2B).
[image: Bar graphs and Western blot panels explore enzyme activities and protein expression in various tissues. Panels A-C show bar graphs comparing COX, CS, and LDH activities in lung, brain, liver, skeletal muscle, and heart under control and training conditions. Panel D presents Western blots of COXII, CS, LDH, HK1, and actin proteins. Panel E displays bar graphs of COXII, CS, LDH, and HK1 protein expression levels. Visual comparisons highlight differences between control and treatment across tissues.]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 μg 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.The levels of HK1, the rate-limiting enzyme of glycolysis, were higher in the endurance training group than the sedentary control group in all tissues except the lung (Figures 2D,E). The difference in HK1 levels was greatest in the skeletal muscle (∼50%). We also investigated changes in the activity and expression of LDH, an enzyme responsible for converting pyruvate (the final product of glycolysis) into lactate, which can be reconverted into pyruvate and used as an oxidative fuel. In both the sedentary control and endurance training groups, LDH activity was highest in the skeletal muscles and lowest in the lungs (35-fold lower than in the muscles; Figure 2C). LDH activity and expression were higher in the endurance training group than in the sedentary control group in skeletal muscles but lower in the lungs, liver, and heart, and did not differ in the brain (Figures 2C–E). LDH activity was higher in the endurance training group than in the sedentary control group in the skeletal muscles (∼16%), lower in the heart and lungs (∼9%–16%), but much higher in the liver (∼33%).
These results indicate that endurance training increases the oxidative capacity of mitochondria in the lungs, brain, liver, and skeletal muscles but not in the heart. The upregulation in key respiratory enzymes is greater in skeletal muscle than in other tissues.
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
We assessed the rate of H2O2 production in tissue homogenates under conditions of activation of the mitochondrial respiratory chain using a mixture of respiratory substrates (malate, glutamate, and succinate), providing electrons to complexes I and II. Measurements were performed with or without ADP, corresponding to the activation or deactivation of mitochondrial OXPHOS (Figures 3A,B). Comparing the examined tissues of untrained rats, the level of H2O2 production under OXPHOS activation conditions was highest in the liver and heart, slightly lower in the brain and lungs, and lowest in the skeletal muscles (at least 4 times lower) (Figure 3A). For all tissues, in the absence of ADP, H2O2 production was significantly higher compared to OXPHOS activation conditions (Figures 3A,B). Comparing the examined tissues of untrained rats, the level of H2O2 production in the absence of ADP was highest in the liver and heart and lowest in the skeletal muscles (Figure 3B). Namely, H2O2 production was ∼3.5 times higher in the brain and lungs, ∼5 times higher in the heart, and ∼7 times higher in the liver compared to skeletal muscle. In trained animals, a statistically significant increase in H2O2 production was observed in heart homogenates regardless of OXPHOS activation and in the liver under ADP-free conditions compared to untrained animals (Figures 3A,B).
[image: Bar graphs labeled A, B, and C depict ROS production and MDA levels in different tissues (lung, brain, liver, skeletal muscle, heart). Graph A shows ROS with ADP, B without ADP, and C MDA levels. Bars represent two conditions, C and T, with varying measurements across tissues. Significant differences are marked with asterisks.]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.We also measured the level of MDA, a marker of lipid peroxidation that indirectly indicates oxidative stress and antioxidant status. In the sedentary control group, MDA levels were lowest in skeletal muscles, ∼3.5-fold higher in the heart, and the highest in the brain, heart, and liver (∼5–7-fold higher than in skeletal muscle; Figure 3C). MDA levels did not differ significantly between the endurance training and sedentary control groups in all studied tissues except the lungs, where they decreased. Therefore, MDA levels did not change in tissues where ROS production was high without training (liver and heart), despite the increase in ROS caused by endurance training.
These results indicate that endurance training does not induce oxidative stress in the studied tissues, resulting in increased lipid peroxidation, but does increase ROS production in the heart and liver. Interestingly, endurance training reduces lipid peroxidation in the lungs, likely reducing oxidative stress.
3.4 Endurance training increases NRF2 and glutathione reductase levels in all studied tissues, with differential effects on SOD1
The levels of NRF2, which regulates the expression of genes involved in mitochondrial biogenesis, OXPHOS, and cellular antioxidant defense (Gureev et al., 2019), were higher in the endurance training group than in the sedentary control group in all studied tissues (Figure 4). Similarly, levels of the antioxidant enzyme glutathione reductase increased in all tissues of trained animals. Interestingly, in tissues where ROS production was higher in the endurance training group than in the sedentary control group (Figures 3A,B), SOD1 levels did not change (liver) or even decreased (heart), indicating no increased need for this antioxidant enzyme (Figure 4). In tissues where ROS production was lower than in the liver and heart in the sedentary control group, SOD1 levels were higher in the endurance training group, especially in the skeletal muscle (∼80%), where ROS production was the lowest among the studied tissues.
[image: Panel A shows Western blot analysis of protein expression in lung, brain, liver, skeletal muscle, and heart tissues, comparing control (C) and trained (T) groups for proteins SOD1, GR, NRF2, and Actin. Panel B presents bar graphs of protein expression ratios versus control for SOD1, GR, and NRF2, indicating changes across different tissues with significance levels marked by asterisks.]FIGURE 4 | Antioxidant response markers in tissues from control (C) and trained (T) rats. Representative western blots (cropped blots) (A). The μg 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).These results indicate that endurance training increased the activity of antioxidant defense in the studied tissues, as evidenced by NRF2 and glutathione reductase upregulation, to a level sufficient to avoid oxidative damage (lipid peroxidation).
4 DISCUSSION
Our study showed that 8 weeks of endurance training elicited numerous adaptive responses in vital organs, including the brain, heart, lungs, liver, and skeletal muscle. This finding is consistent with recent reports indicating that the beneficial effects of physical activity/endurance training are not limited to skeletal muscle but extend to almost all body organs (Chow et al., 2022).
The applied endurance training increased the expression of factors that promote mitochondrial biogenesis, including TFAM and NRF2 (Figures 1, 4). Interestingly, endurance training did not increase TFAM levels only in the heart. Similarly, among the organs studied, only the heart did not show any increase in COX levels and activity after training (Figures 2A,E). The increase in VDAC1 expression in the heart without a corresponding increase in TFAM levels (Figure 1) may reflect adaptations related to increased metabolic activity and mitochondrial membrane transport induced by endurance training rather than a direct stimulation of TFAM-mediated mitochondrial biogenesis. These results indicate that the applied endurance training affected mitochondrial biogenesis differently in different organs. Specifically, the results indicate that mitochondrial biogenesis in the heart was more resistant to endurance training than in the other studied organs (skeletal muscle, lung, liver, and brain). Our results are consistent with recent studies by Khetarpal et al. (2025), who indicated that the mechanism of cardiac muscle adaptation to physical training appears to be different from that of skeletal muscle adaptation (Khetarpal et al., 2025). The authors demonstrated that cardiac adaptation to endurance training requires inhibition of growth differentiation factor 15 (GDF15), the expression of which is regulated by peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC-1α). They highlighted the fact that, according to their studies, the adaptation of cardiomyocytes to physical training depends to a greater extent on PGC-1α than the adaptation of skeletal muscle (Khetarpal et al., 2025). These observations clearly indicate that the mechanisms of mitochondrial biogenesis during endurance training in different body organs may differ from those occurring in skeletal muscle. This may at least partially explain the differences in the regulation of mitochondrial biogenesis in skeletal muscle and heart that we observed in our study.
Among the organs studied, only the heart did not show any increase in COX levels and activity after training (Figures 2A,E). Regarding markers of tissue oxidative capacity, it has been argued that COX activity is the most reliable indirect marker of OXPHOS activity in tissues (Larsen et al., 2012; Zoladz et al., 2014). In our study, the maximal COX activity was similar in the lung, brain, and liver in the sedentary control group. Notably, that COX activity was significantly higher in the skeletal muscle and especially in the heart than in the other studied organs in the sedentary control group (Figure 2A). The applied endurance training significantly increased oxidative capacity in the hind limb muscles, as evidenced by the increase in maximal COX activity (∼70%; Figure 2A). This result is consistent with the previously described effects of endurance training on COX activity in hind limb skeletal muscles in rats (Holloszy, 1967) and in leg muscles in humans (Morgan et al., 1971; Wibom et al., 1992; Zoladz et al., 2022). Interestingly, in our study, we also observed that the applied endurance training significantly increased oxidative capacity in most studied organs (lungs, liver and brain) except, surprisingly, the heart (Figure 2A). Notably, the endurance training-induced increase in COX activity was considerable and similar in the liver and lung (∼50%) but much smaller in the brain (∼8%; Figure 2A). Our results indicate that in young animals, organs in which endurance training has no or minimal effect on oxidative capacity (brain and heart) have sufficient reserves of oxidative capacity to withstand the load of endurance training without the need to increase its level, unlike the other studied organs (lungs, liver and skeletal muscle).
In our study, we observed systematically lower ROS production in all tissues (lung, brain, liver, skeletal muscle, and heart) under phosphorylating conditions (in the presence of ADP) than under non-phosphorylating conditions (in the absence of ADP; Figures 3A,B). These findings are consistent with previous studies that showed that H2O2 production in isolated skeletal muscle mitochondria was several times higher in the non-phosphorylating state (state 4) than in the phosphorylating state (state 3) (Jarmuszkiewicz et al., 2015; Zoladz et al., 2016). Another study also addressed this issue (Korshunov et al., 1997), postulating that the high proton force in state 4 is potentially dangerous for the cell due to the increased probability of superoxide formation. Assuming, as a rough approximation, that state 3 respiration is closer to the functioning of muscle mitochondria during muscular activity and state 4 respiration is closer to the functioning of mitochondria at rest (Kavazis et al., 2009; Goncalves et al., 2015), this observation suggests that tissues such as skeletal muscle and heart, which dramatically increase their metabolism during exercise (Zoladz et al., 2016), are exposed to lower ROS production by mitochondria during exercise than at rest. Based on our results (Figures 3A,B), it appears that mitochondrial ROS production is much lower under phosphorylating conditions than under non-phosphorylating conditions also in other tissues, including the lung, brain, and liver. They are consistent with the view that mitochondria are not the primary sources of H2O2 in working muscles (Powers et al., 2024b; 2024a). Therefore, NADPH oxidase 2 (NOX2) is considered the primary source of ROS during physical exercise (Henríquez-Olguin et al., 2019).
It is also worth noting that in our study, mitochondrial H2O2 production in the heart, measured under both phosphorylating and non-phosphorylating conditions, was several times higher than in skeletal muscle, regardless of training status (sedentary vs. endurance training group) (Figures 3A,B). Similarly, the MDA level in the heart was also several times higher than in skeletal muscle (Figure 3C). These findings are consistent with our previous report, which showed that glutathione disulfide content in the heart at basal state was significantly higher than in skeletal muscle (Majerczak et al., 2022). Together, these results suggest that the heart, even at rest, is exposed to greater oxidative stress than resting skeletal muscle. This may be explained by the fact that the metabolic rate of the heart at rest, when expressed per unit of tissue mass, is several times higher than that of resting skeletal muscle (Zoladz et al., 2015).
Endurance training has previously been shown to significantly increase H2O2 production in isolated rat skeletal muscle mitochondria under non-phosphorylating conditions and to decrease their H2O2 production under phosphorylating conditions (Zoladz et al., 2016). In our study, we found that the applied endurance training had almost no effect on ROS production under phosphorylating conditions in the studied tissues, except in the heart, where H2O2 production was higher after training (Figure 3A). Interestingly, H2O2 production under non-phosphorylating conditions in the heart and liver was higher in the endurance-trained group than in the sedentary control group (Figure 3B). The observed endurance training-induced increases in H2O2 production in the heart (both under phosphorylating and non-phosphorylating conditions) and liver (only under non-phosphorylating conditions) could be traditionally interpreted as a potentially harmful effect of endurance training on these tissues (Davies et al., 1982). However, given the increasing evidence, this response (training-induced increase in mitochondrial H2O2 emission) should instead be interpreted as training-induced activation of redox signaling pathways, which seem to play a key role in tissue adaptation to endurance training (Powers et al., 2024b; Powers et al., 2024a).
It is well established that SODs are the first line of defense against free oxygen radicals, and most organisms living in the presence of oxygen express at least one SOD isoform (Wang et al., 2018). Since SODs are the only enzymes that interact specifically with superoxide anion and thus control ROS and reactive nitrogen species levels, they also act as key regulators of cell signaling. Mammals possess three SOD isoforms (SOD1, SOD2, and SOD3), of which SOD1, acting in the largest compartment of the cell, including the cytoplasm and the intermembrane space of mitochondria, appears to play a key role in the antioxidant system. In our study, we found that the applied endurance training had different effects on SOD1 expression in the studied tissues. Specifically, we observed increased SOD1 levels in the lung, brain, and skeletal muscle, where the increase was greatest (Figure 4). However, no changes in the liver, and even a reduction in SOD1 levels in the heart, were observed after endurance training. These results indicate that endurance training differentially affects the SOD1-related antioxidant defense mechanism in different organs. Notably, both the heart and liver displayed higher ROS production than the other organs studied, both before and after training. This observation suggests that these organs are under greater oxidative load and may therefore rely on organ-specific regulatory strategies to maintain redox balance. In the heart, the reduction in SOD1 levels may be offset by increased activity of other antioxidant enzymes, such as glutathione reductase (Figure 4), while the liver may sustain its defenses without altering SOD1. Therefore, the observed decrease in SOD1 levels in the heart does not necessarily indicate reduced protection but may reflect compensatory adjustments tailored to ROS management in this organ. Interestingly, the applied endurance training did not increase lipid peroxidation in the studied tissues, as assessed by MDA levels in their homogenates (Figure 3C). In the heart and liver, the increase in H2O2 production was not accompanied by elevated MDA levels, which may indicate the involvement of compensatory antioxidant pathways such as catalase, peroxiredoxins, or the glutathione antioxidant system (as shown by glutathione reductase, Figure 4). Another possibility is that ROS production occurred in specific subcellular compartments, where localized increases in H2O2 did not translate into detectable systemic oxidative damage. However, our results indicate that endurance training sufficiently increased antioxidant defense activity in all studied tissues (lung, brain, liver, skeletal muscle, and heart), as assessed by the observed increases in NRF2 levels in all studied tissues (Figure 4). The intensification of systemic or organ antioxidant activity after training is a well-document physiological response (Powers and Jackson, 2008; Powers et al., 2024b; Powers et al., 2024a). Indeed, numerous studies have shown an upregulation of antioxidant activity in various organs, including skeletal muscle, brain, liver, and heart (for reviews see (Goto and Radák, 2009; Powers et al., 2024b; Powers et al., 2024a). This physiological adaptive response is considered to be beneficial to the body because it attenuates the potentially harmful effects of exercise-induced ROS production. On the other hand, supplementation with antioxidants (e.g., vitamins C and E) has been shown to attenuate the beneficial effects of training, including preventing exercise-induced antioxidant expression and attenuating/preventing enhanced mitochondrial biogenesis in the time course of training (for reviews see (Hamilton et al., 2003; Gomez-Cabrera et al., 2008; Goto and Radák, 2009; Ristow et al., 2009; Powers et al., 2024b; Powers et al., 2024a). These studies have led to the conclusion that mild oxidative stress induced by exercise is actually beneficial to the body because it stimulates a number of adaptive responses, including upregulation of the antioxidant system, resulting in reduced muscle damage and increased mitochondrial biogenesis. This concept (the hormetic effect of ROS) revealed the other side of exercise-induced ROS production (Goto and Radák, 2009; Powers et al., 2024b; Powers et al.,2024a). However, the effect of exercise on redox balance in various organs is still poorly understood.
There are convincing reports that NRF2 plays a key role as a transcription factor that regulates cellular defense against toxic and oxidative attacks by modulating the expression of genes involved in oxidative stress response and drug detoxification (He et al., 2020; Gao et al., 2021; Esteras and Abramov, 2022; Powers et al., 2024a; Zhou et al., 2024). Therefore, through its involvement in metabolic reprogramming, unfolded protein response, proteostasis, autophagy, mitochondrial biogenesis, inflammation, and immunity (He et al., 2020; Gao et al., 2021; Esteras and Abramov, 2022; Powers et al., 2024a), NRF2 seems to play a key role in adaptation to physical exercise. Our study is the first to our knowledge to demonstrate that endurance training increases NRF2 expression in the lung, brain, liver, skeletal muscle, and heart (Figure 4). It is intriguing that, as demonstrated in the present study, physical training effectively increased NRF2 expression simultaneously in multiple organs, including the lungs, brain, liver, skeletal muscle, and heart. It is not clear whether and how the signal informing about oxidative stress occurring in a specific organ of the body, e.g., in skeletal muscles during exercise, is transmitted to another organ in order to build an adaptive stress response (Sies, 2024). We cannot exclude the possibility that the multi-organ upregulation of NRF2 expression in response to physical training, as observed in our study, is the result of intercellular or inter-organ communication, a mechanism recently postulated by Sies et al. (Sies, 2024; Sies et al., 2024). We postulate that the endurance training-induced increase in NRF2 levels in various organs may play a key role in the observed beneficial effects of physical activity on the functioning of various organs in the human body (Pedersen and Saltin, 2015; Warburton and Bredin, 2017; Warburton and Bredin, 2019).
In this study, we examined for the first time the effects of endurance training on mitochondrial H2O2 production under phosphorylating and non-phosphorylating conditions, as well as on NRF2 levels in multiple vital organs (lungs, brain, liver, heart, and hind limb skeletal muscle) within the same animals. A major strength of this work lies in its comparative approach, which revealed tissue-specific differences in ROS production and antioxidant responses to endurance training. By integrating measurements of ROS generation, oxidative damage, and antioxidant enzyme expression, the study provides an organ-level overview of redox regulation under physiological stress. Nevertheless, several limitations should be acknowledged. The study was conducted exclusively on young adult male rats, limiting extrapolation to females or older animals. Further studies are needed to assess sex-dependent differences and to explore the impact of aging on mitochondrial ROS production and NRF2-modulated antioxidant defenses in different organs. Although five key tissues were analyzed, other organs with high oxidative susceptibility, such as the kidneys and intestine, were not included. NRF2 activation was assessed indirectly, based on protein levels of selected downstream enzymes (SOD1, glutathione reductase), without assessment of NRF2 nuclear translocation or a broader set of NRF2 signaling targets, which are central to the antioxidant response (e.g., heme oxygenase 1 (HO1), NAD(P)H quinone dehydrogenase 1 (NQO1), catalase, or peroxiredoxins). Moreover, compartment-specific ROS production and direct measurements of mitochondrial oxidative capacity or OXPHOS protein expression were not included. Future studies should expand the range of tissues, include both sexes and older animals, and apply more detailed analyses of NRF2 signaling, compartmental ROS dynamics, mitochondrial function, and total antioxidant capacity. Such work would provide deeper mechanistic insight into organ-specific redox responses to endurance training.
5 CONCLUSION
Our study showed that endurance training increased oxidative potential in skeletal muscle and in all studied organs (lung, liver, and brain) except the heart. These results indicate that, compared to other studied tissues, the heart of a young animal, which is already characterized by the highest oxidative activity before training, has sufficient ATP production capacity to maintain endurance without upregulating the oxidative ATP supply system. However, endurance training significantly increased mitochondrial H2O2 production in the heart (both under phosphorylating and non-phosphorylating conditions) but not in the other studied tissues, except for the liver, where it was increased under non-phosphorylating conditions after endurance training. This observation indicates that physical exercise induced greater activation of H2O2-related cell signaling in the heart than in the other studied tissues. The most interesting and, to our knowledge, original finding of our study was the observed endurance training-induced increase in NRF2 levels in all studied tissues (brain, heart, lung, liver, and hind limb skeletal muscle). Given the cytoprotective properties of NRF2 discussed above, we believe that this multi-organ adaptive response plays a key role in the widely described beneficial effects of physical activity on various body organs and organismal health.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was approved by The Local Ethics Committee for Animal Experiments in Poznan, Poland (Permit Number: 15/2013). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
LG: Conceptualization, Writing – review and editing, Validation, Visualization, Investigation, Resources, Formal Analysis, Writing – original draft, Methodology, Data curation. KW: Investigation, Writing – original draft. WJ: Writing – original draft, Funding acquisition, Formal Analysis, Conceptualization, Validation, Writing – review and editing, Project administration, Data curation, Supervision. JZ: Writing – review and editing, Writing – original draft, Formal Analysis, Conceptualization.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This research was funded by National Science Centre, Poland, grant OPUS 2020/37/B/NZ1/01188. The manuscript was partly created with the use of equipment co-financed by the qLIFE Priority Research Area under the program ‘Excellence Initiative—Research University’ at Jagiellonian University (06/IDUB/2019/94).
ACKNOWLEDGMENTS
The authors thank Prof. Jan Celichowski and Prof. Joanna Majerczak, for help with organ dissection.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2025.1653162/full#supplementary-material
REFERENCES
	Boveris, A., and Chance, B. (1973). The mitochondrial generation of hydrogen peroxide. General properties and effect of hyperbaric oxygen. Biochem. J. 134, 707–716. doi:10.1042/bj1340707

	Brand, M. D., Affourtit, C., Esteves, T. C., Green, K., Lambert, A. J., Miwa, S., et al. (2004). Mitochondrial superoxide: production, biological effects, and activation of uncoupling proteins. Free Radic. Biol. Med. 37, 755–767. doi:10.1016/j.freeradbiomed.2004.05.034

	Camara, A. K. S., Zhou, Y., Wen, P.-C., Tajkhorshid, E., and Kwok, W.-M. (2017). Mitochondrial VDAC1: a key gatekeeper as potential therapeutic target. Front. Physiol. 8, 460. doi:10.3389/fphys.2017.00460

	Chen, Q., Wang, Q., Zhu, J., Xiao, Q., and Zhang, L. (2018). Reactive oxygen species: key regulators in vascular health and diseases. Br. J. Pharmacol. 175, 1279–1292. doi:10.1111/bph.13828

	Chow, L. S., Gerszten, R. E., Taylor, J. M., Pedersen, B. K., van Praag, H., Trappe, S., et al. (2022). Exerkines in health, resilience and disease. Nat. Rev. Endocrinol. 18, 273–289. doi:10.1038/s41574-022-00641-2

	Davies, K. J. A., Quintanilha, A. T., Brooks, G. A., and Packer, L. (1982). Free radicals and tissue damage produced by exercise. Biochem. Biophys. Res. Commun. 107, 1198–1205. doi:10.1016/S0006-291X(82)80124-1

	Dominiak, K., Galganski, L., Budzinska, A., Woyda-Ploszczyca, A., Zoladz, J. A., and Jarmuszkiewicz, W. (2022). Effects of endurance training on the coenzyme Q redox state in rat heart, liver, and brain at the tissue and mitochondrial levels: implications for reactive oxygen species formation and respiratory chain remodeling. Int. J. Mol. Sci. 23, 896. doi:10.3390/ijms23020896

	Dunker, D., Bacher, R., Merkus, D., and Lauhalin, M. (2019). in Exercise and the coronary circulation ed . Editor P. J. A. ZoladzMuscle Exerc (London: Elsevier Inc. Acad. Press), 467–503. doi:10.1016/B978-0-12-814593-7.00022-0

	Esteras, N., and Abramov, A. Y. (2022). Nrf2 as a regulator of mitochondrial function: energy metabolism and beyond. Free Radic. Biol. Med. 189, 136–153. doi:10.1016/j.freeradbiomed.2022.07.013

	Gao, L., Wang, H.-J., Tian, C., and Zucker, I. H. (2021). Skeletal muscle Nrf2 contributes to exercise-evoked systemic antioxidant defense via extracellular vesicular communication. Exerc. Sport Sci. Rev. 49, 213–222. doi:10.1249/JES.0000000000000257

	German, P., Saenz, D., Szaniszlo, P., Aguilera-Aguirre, L., Pan, L., Hegde, M. L., et al. (2017). 8-Oxoguanine DNA glycosylase1-driven DNA repair-A paradoxical role in lung aging. Mech. Ageing Dev. 161, 51–65. doi:10.1016/j.mad.2016.06.009

	Gomez-Cabrera, M.-C., Domenech, E., Romagnoli, M., Arduini, A., Borras, C., Pallardo, F. V., et al. (2008). Oral administration of vitamin C decreases muscle mitochondrial biogenesis and hampers training-induced adaptations in endurance performance. Am. J. Clin. Nutr. 87, 142–149. doi:10.1093/ajcn/87.1.142

	Goncalves, R. L. S., Quinlan, C. L., Perevoshchikova, I. V., Hey-Mogensen, M., and Brand, M. D. (2015). Sites of superoxide and hydrogen peroxide production by muscle mitochondria assessed ex vivo under conditions mimicking rest and exercise. J. Biol. Chem. 290, 209–227. doi:10.1074/jbc.M114.619072

	Goto, S., and Radák, Z. (2009). Hormetic effects of reactive oxygen species by exercise: a view from animal studies for successful aging in human. Dose. Response 8, 68–72. doi:10.2203/dose-response.09-044.Goto

	Gureev, A. P., Shaforostova, E. A., and Popov, V. N. (2019). Regulation of mitochondrial biogenesis as a way for active longevity: interaction between the Nrf2 and PGC-1α signaling pathways. Front. Genet. 10, 435. doi:10.3389/fgene.2019.00435

	Hamilton, K. L., Staib, J. L., Phillips, T., Hess, A., Lennon, S. L., and Powers, S. K. (2003). Exercise, antioxidants, and HSP72: protection against myocardial ischemia/reperfusion. Free Radic. Biol. Med. 34, 800–809. doi:10.1016/s0891-5849(02)01431-4

	Hargreaves, M., and Spriet, L. L. (2020). Skeletal muscle energy metabolism during exercise. Nat. Metab. 2, 817–828. doi:10.1038/s42255-020-0251-4

	He, F., Ru, X., and Wen, T. (2020). NRF2, a transcription factor for stress response and beyond. Int. J. Mol. Sci. 21, 4777. doi:10.3390/ijms21134777

	Henríquez-Olguin, C., Knudsen, J. R., Raun, S. H., Li, Z., Dalbram, E., Treebak, J. T., et al. (2019). Cytosolic ROS production by NADPH oxidase 2 regulates muscle glucose uptake during exercise. Nat. Commun. 10, 4623. doi:10.1038/s41467-019-12523-9

	Holloszy, J. O. (1967). Biochemical adaptations in muscle. J. Biol. Chem. 242, 2278–2282. doi:10.1016/s0021-9258(18)96046-1

	Jarmuszkiewicz, W., Woyda-Ploszczyca, A., Koziel, A., Majerczak, J., and Zoladz, J. A. (2015). Temperature controls oxidative phosphorylation and reactive oxygen species production through uncoupling in rat skeletal muscle mitochondria. Free Radic. Biol. Med. 83, 12–20. doi:10.1016/j.freeradbiomed.2015.02.012

	Jarmuszkiewicz, W., Dominiak, K., Galganski, L., Galganska, H., Kicinska, A., Majerczak, J., et al. (2020). Lung mitochondria adaptation to endurance training in rats. Free Radic. Biol. Med. 161, 163–174. doi:10.1016/j.freeradbiomed.2020.10.011

	Kavazis, A. N., Talbert, E. E., Smuder, A. J., Hudson, M. B., Nelson, W. B., and Powers, S. K. (2009). Mechanical ventilation induces diaphragmatic mitochondrial dysfunction and increased oxidant production. Free Radic. Biol. Med. 46, 842–850. doi:10.1016/j.freeradbiomed.2009.01.002

	Khetarpal, S. A., Li, H., Vitale, T., Rhee, J., Challa, S., Castro, C., et al. (2025). Cardiac adaptation to endurance exercise training requires suppression of GDF15 via PGC-1α. Nat. Cardiovasc. Res. doi:10.1038/s44161-025-00712-3

	Korshunov, S. S., Skulachev, V. P., and Starkov, A. A. (1997). High protonic potential actuates a mechanism of production of reactive oxygen species in mitochondria. FEBS Lett. 416, 15–18. doi:10.1016/s0014-5793(97)01159-9

	Kowaltowski, A. J., de Souza-Pinto, N. C., Castilho, R. F., and Vercesi, A. E. (2009). Mitochondria and reactive oxygen species. Free Radic. Biol. Med. 47, 333–343. doi:10.1016/j.freeradbiomed.2009.05.004

	Kozhukhar, N., and Alexeyev, M. F. (2023). 35 years of TFAM research: old protein, new puzzles. Biol. (Basel). 12, 823. doi:10.3390/biology12060823

	Larsen, S., Nielsen, J., Hansen, C. N., Nielsen, L. B., Wibrand, F., Stride, N., et al. (2012). Biomarkers of mitochondrial content in skeletal muscle of healthy young human subjects. J. Physiol. 590, 3349–3360. doi:10.1113/jphysiol.2012.230185

	Lima, T., Li, T. Y., Mottis, A., and Auwerx, J. (2022). Pleiotropic effects of mitochondria in aging. Nat. aging 2, 199–213. doi:10.1038/s43587-022-00191-2

	Loschen, G., Flohé, L., and Chance, B. (1971). Respiratory chain linked H2O2 production in pigeon heart mitochondria. FEBS Lett. 18, 261–264. doi:10.1016/0014-5793(71)80459-3

	Ma, M. W., Wang, J., Zhang, Q., Wang, R., Dhandapani, K. M., Vadlamudi, R. K., et al. (2017). NADPH oxidase in brain injury and neurodegenerative disorders. Mol. Neurodegener. 12, 7. doi:10.1186/s13024-017-0150-7

	Majerczak, J., Kij, A., Drzymala-Celichowska, H., Kus, K., Karasinski, J., Nieckarz, Z., et al. (2022). Nitrite concentration in the striated muscles is reversely related to myoglobin and mitochondrial proteins content in rats. Int. J. Mol. Sci. 23, 2686. doi:10.3390/ijms23052686

	Morgan, T. E., Cobb, L. A., Short, F. A., Ross, R., and Gunn, D. R. (1971). “Effects of long-term exercise on human muscle mitochondria,” in Muscle metab. Dur. Exerc ed . Editors B. Pernow, and B. Saltin (New York, NY: Plenum), 87–95.

	Nathan, C., and Cunningham-Bussel, A. (2013). Beyond oxidative stress: an immunologist’s guide to reactive oxygen species. Nat. Rev. Immunol. 13, 349–361. doi:10.1038/nri3423

	Pedersen, B. K., and Saltin, B. (2015). Exercise as medicine - evidence for prescribing exercise as therapy in 26 different chronic diseases. Scand. J. Med. Sci. Sports 25 (Suppl. 3), 1–72. doi:10.1111/sms.12581

	Powers, S. K., and Jackson, M. J. (2008). Exercise-induced oxidative stress: cellular mechanisms and impact on muscle force production. Physiol. Rev. 88, 1243–1276. doi:10.1152/physrev.00031.2007

	Powers, S. K., Lategan-Potgieter, R., and Goldstein, E. (2024a). Exercise-induced Nrf2 activation increases antioxidant defenses in skeletal muscles. Free Radic. Biol. Med. 224, 470–478. doi:10.1016/j.freeradbiomed.2024.07.041

	Powers, S. K., Radak, Z., Ji, L. L., and Jackson, M. (2024b). Reactive oxygen species promote endurance exercise-induced adaptations in skeletal muscles. J. Sport Heal. Sci. 13, 780–792. doi:10.1016/j.jshs.2024.05.001

	Quan, H., Koltai, E., Suzuki, K., Aguiar, A. S. J., Pinho, R., Boldogh, I., et al. (2020). Exercise, redox system and neurodegenerative diseases. Biochim. Biophys. acta. Mol. basis Dis. 1866, 165778. doi:10.1016/j.bbadis.2020.165778

	Radak, Z., Suzuki, K., Higuchi, M., Balogh, L., Boldogh, I., and Koltai, E. (2016). Physical exercise, reactive oxygen species and neuroprotection. Free Radic. Biol. Med. 98, 187–196. doi:10.1016/j.freeradbiomed.2016.01.024

	Ristow, M., Zarse, K., Oberbach, A., Klöting, N., Birringer, M., Kiehntopf, M., et al. (2009). Antioxidants prevent health-promoting effects of physical exercise in humans. Proc. Natl. Acad. Sci. U. S. A. 106, 8665–8670. doi:10.1073/pnas.0903485106

	Shadel, G. S., and Horvath, T. L. (2015). Mitochondrial ROS signaling in organismal homeostasis. Cell 163, 560–569. doi:10.1016/j.cell.2015.10.001

	Sies, H. (2024). Dynamics of intracellular and intercellular redox communication. Free Radic. Biol. Med. 225, 933–939. doi:10.1016/j.freeradbiomed.2024.11.002

	Sies, H., and Jones, D. P. (2020). Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 21, 363–383. doi:10.1038/s41580-020-0230-3

	Sies, H., Mailloux, R. J., and Jakob, U. (2024). Author correction: fundamentals of redox regulation in biology. Nat. Rev. Mol. Cell Biol. 25, 758. doi:10.1038/s41580-024-00754-8

	Vercellino, I., and Sazanov, L. A. (2022). The assembly, regulation and function of the mitochondrial respiratory chain. Nat. Rev. Mol. Cell Biol. 23, 141–161. doi:10.1038/s41580-021-00415-0

	Wang, Y., Branicky, R., Noë, A., and Hekimi, S. (2018). Superoxide dismutases: dual roles in controlling ROS damage and regulating ROS signaling. J. Cell Biol. 217, 1915–1928. doi:10.1083/jcb.201708007

	Warburton, D. E. R., and Bredin, S. S. D. (2017). Health benefits of physical activity: a systematic review of current systematic reviews. Curr. Opin. Cardiol. 32, 541–556. doi:10.1097/HCO.0000000000000437

	Warburton, D. E. R., and Bredin, S. S. D. (2019). Health benefits of physical activity: a strengths-based approach. J. Clin. Med. 8, 2044. doi:10.3390/jcm8122044

	Wibom, R., Hultman, E., Johansson, M., Matherei, K., Constantin-Teodosiu, D., and Schantz, P. G. (1992). Adaptation of mitochondrial ATP production in human skeletal muscle to endurance training and detraining. J. Appl. Physiol. 73, 2004–2010. doi:10.1152/jappl.1992.73.5.2004

	Zhou, Y., Zhang, X., Baker, J. S., Davison, G. W., and Yan, X. (2024). Redox signaling and skeletal muscle adaptation during aerobic exercise. iScience 27, 109643. doi:10.1016/j.isci.2024.109643

	Zoladz, J. A., Grassi, B., Majerczak, J., Szkutnik, Z., Korostyński, M., Grandys, M., et al. (2014). Mechanisms responsible for the acceleration of pulmonary V̇O2 on-kinetics in humans after prolonged endurance training. Am. J. Physiol. Regul. Integr. Comp. Physiol. 307, R1101–R1114. doi:10.1152/ajpregu.00046.2014

	Zoladz, J. A., Majerczak, J., Duda, K., and Chlopicki, S. (2015). Coronary and muscle blood flow during physical exercise in humans; heterogenic alliance. Pharmacol. Rep. 67, 719–727. doi:10.1016/j.pharep.2015.06.002

	Zoladz, J. A., Koziel, A., Woyda-Ploszczyca, A., Celichowski, J., and Jarmuszkiewicz, W. (2016). Endurance training increases the efficiency of rat skeletal muscle mitochondria. Pflugers Arch. 468, 1709–1724. doi:10.1007/s00424-016-1867-9

	Zoladz, J. A., Majerczak, J., Galganski, L., Grandys, M., Zapart-Bukowska, J., Kuczek, P., et al. (2022). Endurance training increases the running performance of untrained men without changing the mitochondrial volume density in the gastrocnemius muscle. Int. J. Mol. Sci. 23, 10843. doi:10.3390/ijms231810843


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Galganski, Wojcicki, Jarmuszkiewicz and Zoladz. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-12-1653162-g003.jpg
>

-1

(pmol H,0, x min_ x mg protein )

o

ROS production

¢
=] T

Lung Brain

+ADP

Liver Skeletal Heart
Muscle

99)

ROS production
- ADP

1

x mg protein )

¢
400 DT

1

(pmol H,0, x min

o

Lung Brain Liver Skeletal Heart
Muscle

@

N
o

1

(nmol MDA x mg protein )

=)

o

0

MDA level

Jc
T

Lung Brain

Liver Skeletal Heart
Muscle





OPS/images/fmolb-12-1653162-g004.jpg
Heart

cC T
20

T

Muscle
10

Skeletal

Cc
10

Brain Liver

Lung

18 kDa
55 kDa
68 kDa
42 kDa

20 20

20

10

HEL
Ml
MR

20

10 20 20

10

o
] = z
] I
~N
=) -
® i
o c
(=]
~N
o
~ -
(a]
= 3
=
g C
2 g n 3 g
1) S < ~
m

< ] < v

o~ - - =
0 "sA uoissalidxs uiejold

=4
o





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Impact of endurance training on mitochondrial H2O2 production and NRF2 levels in different rat organs		Background

		Methods

		Results

		Conclusion

		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 Rat endurance training

		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

		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

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





		4 DISCUSSION

		5 CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		REFERENCES









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-12-1653162-g001.jpg
A Lung Brain Liver Skeletal Muscle Heart

cC T C T cC T C T c T C T c T C T c T C T
ug 10 10 20 20 10 10 20 20 10 10 20 20 10 10 20 20 10 10 20 20

=
>
=

- -

protein expression vs. C
o






OPS/images/fmolb-12-1653162-g002.jpg
20 ~25 -
— T ¢ A=
£ COX g | EmT cs $is
o - S 20 g 2 L

S 15 activity 5 activity Q. activity
i 3 4

% S8 F: .
=10 =
£ £ S

£ x Ix

bod [2a]

~ Qs
005 E <
5 a” z

£ ]
200 e g,

Lung Brain Liver Skeletal Heart Lung Brain Liver Skeletal Heart Lung Brain Liver Skeletal Heart
Muscle Muscle Muscle
D Lung Brain Liver Skeletal Muscle Heart
T C T cC T C T cC T C T c T C T cC T cC T
ug 1 10 20 20 10 10 20 20 10 10 20 20 10 10 20 20 10 20 20 20

BMH
AL

N
o

2.

o
o
<

(LA

o

1.

o

protein expression vs. C
2 :

o










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





