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Chronic obstructive pulmonary disease (COPD) can cause extrapulmonary injury such as diaphragm dysfunction. Oxidative stress is one of the main factors causing diaphragm dysfunction in COPD. Exercise plays a positive role in the prevention and treatment of diaphragm dysfunction in COPD, and the changes in diaphragm structure and function induced by exercise are closely related to the regulation of oxidative stress. Therefore, on the basis of the review of oxidative stress and the changes in diaphragm structure and function in COPD, this article analyzed the effects of exercise on oxidative stress and diaphragm dysfunction in COPD and explored the possible mechanism by which exercise improves oxidative stress. Studies have found that diaphragm dysfunction in COPD includes the decline of muscle strength, endurance, and activity. Oxidative stress mainly affects the structure and function of the diaphragm in COPD through protein oxidation, protease activation and calcium sensitivity reduction. The effects of exercise on oxidative stress level and diaphragm dysfunction may differ depending on the intensity, duration, and style of exercise. The mechanism of exercise on oxidative stress in the diaphragm of COPD may include improving antioxidant capacity, reducing oxidase activity and improving mitochondrial function.
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a chronic respiratory disease that progresses slowly. It is characterized by irreversible obstructive breathing. It is often related to smoking and can lead to chronic respiratory failure. With the aging of the world population and the high rates of smoking in Asia, COPD has become an increasingly serious problem in the twenty-first century (Raherison and Girodet, 2009; López-Campos et al., 2016). Respiratory muscle dysfunction is the main feature of acute and chronic respiratory failure in COPD. Dysfunction of the diaphragm, the main respiratory muscle, exists in all stages of COPD (Donaldson et al., 2012). Studies have shown that diaphragm dysfunction is associated with increased risk of hospitalization due to acute exacerbation of COPD, and inspiratory myasthenia due to diaphragm dysfunction is associated with dyspnea, hypercapnia, respiratory failure, and premature death (Caron et al., 2009; Vilaró et al., 2010).

Diaphragm dysfunction in COPD is mainly manifested in the structure and function, including sarcomere disruption, a loss of strength, and an increased susceptibility to failure in the face of a particular load (Orozco-Levi et al., 2001; Orozco-Levi, 2003). It is caused by different local and systemic factors. Pulmonary hyperinflation and increased work of breathing that occur in COPD are the main contributing factors to diaphragm dysfunction. In addition, systemic factors include inflammation, oxidative stress, hypoxia, and exacerbation. These factors can also influence the function of the diaphragm by inducing modifications in its local microenvironment. Oxidative stress affects the contractility and fatigability of the diaphragm and is one of the important mechanisms of diaphragm dysfunction in COPD (Langen et al., 2003; Gayan-Ramirez and Decramer, 2013; Gea et al., 2013). The structural changes caused by oxidative stress can weaken the strength of the diaphragm and promote muscle injury, and the increased production of free radicals in the diaphragm is related to respiratory failure caused by resistance breathing (Borzone et al., 1994; Klimathianaki et al., 2011). Therefore, studying the effects of oxidative stress on diaphragm function in COPD patients is beneficial to reduce the dysfunction and improve the quality of life and survival rate of these patients.

Exercise training can improve the function of the diaphragm possibly by improving the oxidative ability and efficiency of the skeletal muscle after exercise training, which decreases alveolar ventilation and dynamic hyperinflation, thus reducing diaphragm load (Nici et al., 2006). COPD is a systemic disease (Singh et al., 2019). Previous studies have found that inspiratory muscle training as a supplement to pulmonary function rehabilitation therapy can improve inspiratory muscle strength, but it does not provide additional benefits in exercise ability, quality of life, or dyspnea (Schultz et al., 2018). Therefore, compared with respiratory training, exercise training may have a better effect on the symptoms and function of COPD (Emtner and Wadell, 2016). Exercise training is undoubtedly the best choice to improve the muscle quality, function, and quality of life of patients with COPD (Emtner and Wadell, 2016; Paneroni et al., 2017). Previous studies have found that exercise training exerts a certain regulatory effect on the oxidative stress level of COPD diaphragm (Bowen et al., 2017a). However, the regulatory mechanism of exercise intervention on diaphragm dysfunction and oxidative stress in COPD patients remains unclear. Therefore, this study explored the relationship between oxidative stress and diaphragm dysfunction in COPD and reviewed the effects of exercise on oxidative stress in COPD diaphragm and its possible mechanism, so as to provide theoretical guidance and new ideas for exercise rehabilitation of diaphragm dysfunction in COPD.



DIAPHRAGM DYSFUNCTION IN COPD

In COPD, many different factors have beneficial or harmful effects on the structure and function of the diaphragm, and the positive adaptive changes of the diaphragm at least offset the influence of the latter to a certain extent (Gea et al., 2013). The following will discuss the performance of the diaphragm in COPD from two aspects of structure and function.


Structural Changes of the Diaphragm in COPD

Among the positive adaptive changes of the diaphragm in COPD, the fiber type shifts toward type I fiber with higher oxidation degree. In previous studies, the proportion of slow-twitch fibers in the diaphragm was significantly higher than that in the control group, especially in moderate to severe patients (Levine et al., 1997; Ottenheijm et al., 2008; Barreiro et al., 2019). Endurance training increases the mitochondrial capacity of the diaphragm in COPD, and capillary proliferation is a late process in the adaptation (Ribera et al., 2003; Doucet et al., 2004). A shortening in the length of sarcomeres is another part of the positive adaptive change of the muscle (Orozco-Levi et al., 1999). Some of these adaptations appear to be proportional to the severity of airway obstruction, pulmonary hyperinflation, or air trapping in COPD. Thus, with increasing severity of COPD, these alterations may help the diaphragm cope with a higher workload associated with increased airflow limitation (Orozco-Levi et al., 1999; Wijnhoven et al., 2006).

Among the harmful effects of COPD on the diaphragm, muscle atrophy is one of the causes of diaphragm dysfunction. Studies have shown that in patients with severe COPD, the cross-sectional area of all types of muscle fibers is reduced by 40–60% compared with non-COPD controls and that apoptosis and atrophy of the diaphragm induced by myostatin overexpression can lead to diaphragm weakness and respiratory muscle dysfunction (Levine et al., 1997; Zhou et al., 2018). In addition, changes in lung morphology in COPD patients lead to diaphragm dysfunction. Chronic and dynamic hyperinflation forces the respiratory muscles to contract, leading to the shortening of the diaphragm far from its optimum length, which significantly affects its ability to produce force (Klimathianaki et al., 2011; Gayan-Ramirez and Decramer, 2013). The dome-like shape of the diaphragm is also crucial to its function. However, in patients with acute exacerbation of COPD, the lung is significantly affected by biomechanics, so it bears an increased load, lowering the diaphragm until it is almost flat between the chest and the abdomen (Bruells and Marx, 2018), which may change its shape. Finally, type I muscle fibers produce less force than type II muscle fibers, which may result in lower diaphragm muscle strength in mild to severe COPD patients than in healthy controls (Levine et al., 2003; Ottenheijm et al., 2005).



Functional Changes of the Diaphragm in COPD

In terms of function, the increase of type I fibers, mitochondrial volume, and capillary number changes the energy metabolism of the diaphragm from glycolysis to oxidation (Gosker et al., 2000), resulting in the increase of aerobic capacity. Changes in the length of sarcomeres would partially counterbalance the negative effects induced by the displacement of the diaphragm length–tension curve on diaphragmatic force in patients with COPD (Gea et al., 2013). The adaptive mechanism mainly involves long-term exposure of the diaphragm to inspiratory load, making it necessary to remain active throughout the patient’s life, which will imitate muscle training (Barreiro and Gea, 2015). Therefore, the adaptive change of the diaphragm positively changes its strength and endurance. However, in COPD patients, the strength and endurance of the diaphragm often decrease despite experiencing positive adaptive changes that make it more resistant to fatigue. Atrophy, length, and shape changes decrease the strength and endurance of the diaphragm. In addition, diaphragm dysfunction in COPD also includes a lower diaphragmatic mobility (Gonçalves et al., 2018). Studies have shown that diaphragmatic mobility seems to be associated with airway obstruction, pulmonary hyperinflation, ventilatory capacity, and feeling of breathlessness (Rocha et al., 2017). Another study found that the reduction in diaphragmatic mobility in COPD patients was not influenced by respiratory muscle strength or pulmonary hyperinflation (Dos Santos Yamaguti et al., 2008). This may be caused by different sample sizes and different patient positions during testing. The loss of diaphragmatic mobility appears to be a decisive factor of decreased exercise tolerance and increased dyspnea in COPD patients (Paulin et al., 2007).

In stable COPD, diaphragmatic injury and adaptation achieve a special balance (Barreiro and Gea, 2015). From a clinical point of view, this special balance seems to provide sufficient lung ventilation for the survival of patients. However, the positive adaptive changes of the diaphragm are not sufficient to restore normal muscle strength and endurance; thus, this special balance leads to reduced diaphragm function, loss of muscle mass, and increased susceptibility to fatigue and injury (Orozco-Levi, 2003). Similowski et al. (1991) found that at the same lung volume, the diaphragm function of patients with stable COPD was equivalent to that of normal individuals, which may be because the compensatory phenomenon seems to counterbalance the harmful effects of hyperinflation on diaphragm contractility and inspiratory function. The predominance of factors such as exacerbations, nutritional abnormalities, and aging would make the balance tend to damage the diaphragm. For example, in advanced COPD, the harmful effects caused by injury, oxidative stress, and enhanced proteolysis will prevail over the beneficial effects, thus leading to respiratory failure and eventual death of the patients (Barreiro and Gea, 2015). During the period of acute-on-chronic hyperinflation in COPD, the ability of the diaphragm to generate transdiaphragmatic pressure is reduced, and these changes are exaggerated (Polkey et al., 1996).

In conclusion, there is a special balance between the damage and adaptive changes of diaphragm structure and function in COPD. Although the positive adaptive changes of the diaphragm in COPD can partially offset its dysfunction, the muscle strength, endurance, and activity of the diaphragm still show a downward trend. The mechanism of diaphragm injury is very complex, and oxidative stress is one of the important mechanisms.



OXIDATIVE STRESS PROMOTES DIAPHRAGM DYSFUNCTION IN COPD

The production of reactive oxygen species (ROS) is critical to diaphragm function. However, oxidative stress occurs when antioxidants are insufficient to resist the formation of free radicals (Heunks and Dekhuijzen, 2000). The mechanism of oxidative stress on diaphragm structure and function in COPD is very complex. Oxidative stress can activate diaphragmatic proteinase, increase protein oxidation, and decrease calcium sensitivity in COPD.


Oxidative Stress Activates Diaphragmatic Protease in COPD

Oxidative stress is one of the factors that activate the protease pathway. The ubiquitin–proteasome system (UPS) is the main pathway of intracellular protein degradation. UPS plays a crucial role in the cascade that leads to the degradation of contractile proteins, thereby promoting the development of muscle atrophy, which constitutes the first step in the pathogenesis of diaphragmatic myasthenia (Ottenheijm et al., 2007; Debigaré et al., 2010). The activity of UPS in COPD diaphragm is enhanced (Ottenheijm et al., 2006), and oxidative stress may promote the activation of this pathway. Pomiès et al. (2016) showed that oxidative stress was involved in the in vitro atrophy of COPD skeletal muscle cells through the UPS signaling pathway. Mild oxidative stress can also increase protein degradation in the diaphragm by increasing the expression of the major components of UPS (Gomes-Marcondes and Tisdale, 2002). However, this pathway can only hydrolyze the peptide chain, not the complete myofibril. The calpain system can hydrolyze the skeletal protein in the myofibril, release the myofilament, and then activate UPS to play the role of protein hydrolysis (Liu et al., 2017). In COPD diaphragm, the expression of the calpain system is increased. Oxidative stress may increase the expression of calpain in the diaphragm, induce calpain activation, and then lead to atrophy of diaphragm fiber and dysfunction of contraction (Whidden et al., 2010). In conclusion, oxidative stress activates diaphragmatic proteinase in COPD, resulting in increased protein degradation, diaphragmatic atrophy, and dysfunction.



Oxidative Stress Increases Diaphragmatic Protein Oxidation in COPD

Oxidative damaged proteins may misfold, and these misfolded proteins may form insoluble aggregates, posing a serious threat to cells (Kriegenburg et al., 2011). Barreiro et al. provided the first evidence of ROS and reactive nitrogen on oxidative modification of diaphragmatic protein in smokers and animals exposed to cigarette smoke for a long time. Oxidative damage of diaphragmatic protein may lead to muscle loss and dysfunction in smokers and COPD patients, and the level of diaphragmatic protein oxidation is significantly negatively correlated with muscle strength (Ottenheijm et al., 2008; Barreiro et al., 2010). In severe COPD patients, diaphragmatic protein oxidation, which is involved in energy production [creatine kinase (CK)] and contractile function [myosin heavy chain (MyHC)], may be part of the reasons for the decrease of diaphragmatic strength and diaphragm dysfunction (Marin-Corral et al., 2009). CK has been proved to be the main target of ROS exposure in vitro and in vivo. Oxidative modification of the muscle protein may have a negative impact on CK activity, leading to enzyme inactivation, and the oxidized protein is easier to be degraded, which may lead to muscle loss and dysfunction in smokers and COPD patients (Marin-Corral et al., 2009; Barreiro et al., 2010). MyHC is the basic unit of myosin, which plays an important role in ensuring the normal work of muscle cells. Carbonylation is the key to trigger the activation of the oxidation pathway (Carlos et al., 2014). A previous study found that the carbonylation degree of MyHC in the diaphragm of severe COPD was five times that of the healthy group, and the carbonylated MyHC experienced rapid degradation. The decrease of non-carbonylated MyHC could explain the decrease of the maximum transdiaphragmatic pressure and maximum inspiratory pressure in patients with severe COPD (Levine et al., 2013). In conclusion, oxidative stress in COPD diaphragm causes protein oxidation, the activity of the protein modified by oxidation is decreased, and the oxidized proteins can be easily degraded by protease, especially proteins with energy production and contraction functions, which leads to the dysfunction of COPD diaphragm.



Oxidative Stress Reduces Diaphragmatic Calcium Sensitivity in COPD

In COPD patients, a single fiber is less sensitive to calcium produced by force and slows down the cross-bridge cycling kinetics, which may lead to muscle weakness during submaximal activation (Ottenheijm et al., 2005). Studies have found that excessive production of free radicals is related to impaired contractility. Long-term oxidative stress can increase the level of cytoplasmic calcium ions and reduce the production of diaphragmatic muscle strength, which indicates that oxidative stress reduces the sensitivity of diaphragmatic muscle fibers to Ca2+ (Heunks and Dekhuijzen, 2000). As a kind of reactive nitrogen, nitric oxide can reduce Ca2+ sensitivity by reducing the number of cross bridges in the strongly bound state and weaken cross-bridge cycling kinetics during submaximal activation (Heunks et al., 2001). Ca2+ binding with troponin induces a series of protein structural changes and ATP hydrolysis to release energy, which plays a key role in the process of muscle contraction. Therefore, the decrease of Ca2+ sensitivity will affect the contraction process of the diaphragm. In addition, decreased Ca2+ sensitivity requires higher cytosolic calcium to maintain equivalent force generation, resulting in increased consumption of ATP by Ca2+-ATPase. At the set submaximal activation, decreased Ca2+ sensitivity may affect the production of diaphragmatic force in vivo (Ottenheijm et al., 2007). These results suggest that oxidative stress may affect diaphragmatic muscle strength in COPD by reducing Ca2+ sensitivity.

In conclusion, oxidative stress can make diaphragm protein more easily degraded by activating proteases and oxidizing proteins, and the damage to oxidized proteins will also impair its function. In addition, oxidative stress can reduce the sensitivity of diaphragm fiber to Ca2+, which has an important impact on the structure and function of the diaphragm in COPD patients. Therefore, the regulation of the oxidative stress level in COPD diaphragm may be an important target to improve the structure and function of COPD diaphragm and prevent the further development of the disease.



EFFECT AND MECHANISM OF EXERCISE ON OXIDATIVE STRESS OF THE DIAPHRAGM IN COPD


Effect of Exercise on Oxidative Stress of the Diaphragm in COPD

Exercise training is an important part of pulmonary rehabilitation (Spruit et al., 2013; Gimeno-Santos et al., 2014) and can regulate the oxidative stress level of the diaphragm in COPD; however, the effects of exercise may differ depending on the intensity, duration, and style of exercise.


Effect of Different Exercise Intensities on Oxidative Stress of the Diaphragm in COPD

Exercise intensity is the core component of exercise prescription, and appropriate exercise intensity is very important for the recovery of COPD patients. Vieira Ramos et al. (2018) conducted moderate-intensity (50% of maximal speed) aerobic training on mice with COPD for 24 weeks and found that it upregulated the antioxidant gene of the diaphragm, controlled the decrease in diaphragm muscle mass in mice with COPD, and improved diaphragm atrophy caused by cigarette smoke exposure. However, the 2007 American Pulmonary Rehabilitation Guidelines indicated that high-intensity training may produce better physiological training effects, including reduced ventilation per minute and heart rate, thereby reducing dyspnea during submaximal exercise (Ries et al., 2007). The high-intensity training here refers to the intensity close to the individual’s peak level, which is a kind of relatively high intensity and is operationally defined as achieving at least 60–80% peak working speed during incremental maximum exercise test, as opposed to absolute high-intensity exercise. On the contrary, a single session of strenuous exercise may increase the oxidative stress level of the diaphragm in COPD patients, leading to diaphragm injury, dysfunction, or fatigue. This is because COPD patients may be in a state of calcium deficiency, and strenuous exercise enhances the calcium-restricted induced oxidative stress (Itoh et al., 2004). Studies have found that moderate-intensity (50–80% VO2max) rather than high-intensity training has a beneficial effect on oxidative stress in elderly patients (Bouzid et al., 2015). This result may be due to reduced ventilatory capacity, abnormal gas exchange, and skeletal muscle dysfunction in elderly patients with COPD, which affect their performance in exercise and reduce their exercise ability and maximum work rate (Lopes et al., 2018). Moreover, strenuous exercise depleted muscle antioxidant vitamin levels, which may impair overall antioxidant protection (Ji et al., 1998). Therefore, in the exercise training of COPD, high-intensity aerobic exercise within the maximum peak exercise level may be more conducive to the regulation of oxidative stress level and functional recovery of the diaphragm in COPD than moderate-intensity exercise; however, elderly patients may be more suitable for moderate-intensity exercise than high-intensity exercise, and strenuous exercise should be avoided.



Effects of Different Exercise Durations on Oxidative Stress of the Diaphragm in COPD

A previous study found that 24 weeks of treadmill aerobic training improved the oxidative stress level of the diaphragm in mice with COPD (Vieira Ramos et al., 2018). Six weeks of high-intensity intermittent exercise (HIIT) attenuated oxidative stress in the diaphragm of smoke-exposed mice (Bowen et al., 2017a). In addition, many studies have found that long-term (≥4 weeks) aerobic training can improve the activity of antioxidant enzymes and the resistance of the diaphragm to intracellular ROS, reduce the oxidative modification of key proteins and enzymes, improve oxidative stress level of the diaphragm, and prevent diaphragm dysfunction (Oh-ishi et al., 1997; Mangner et al., 2013, 2016). However, other studies have found that short-term exercise training can also improve oxidative stress of the diaphragm. Vincent et al. (2000) found that 5 days of 65% VO2max short-term endurance exercise training can protect rat diaphragm from oxidative stress induced by contraction and reduce lipid damage induced by oxidation after long-term contraction. Smuder et al. (2012) found that 10 days of endurance exercise with 70% maximal oxygen consumption can protect rat diaphragm from mitochondrial oxidative damage induced by mechanical ventilation. In addition, Bowen et al. (2017b) found that 2-week HIIT reduced oxidative stress in the diaphragm and directly prevented oxidant-mediated diaphragm dysfunction in hypertensive mice. In conclusion, long-term aerobic exercise (≥ 4 weeks) seems to have a better regulatory effect on oxidative stress level of the diaphragm in COPD. As a more time-saving option, short-term exercise training can improve the oxidative stress level of the diaphragm, and its effect on oxidative stress level and function of the diaphragm in COPD is worthy of further study. Future studies should investigate the effects of different exercise durations on oxidative stress and function of the diaphragm in COPD, so as to determine the best exercise prescription with the best effect and the least cost.



Effects of Different Exercise Styles on Oxidative Stress of the Diaphragm in COPD

Many studies have found that aerobic exercise can improve the oxidative stress level of the diaphragm in COPD. Vieira Ramos et al. (2018) conducted treadmill aerobic training on mice with COPD and found that it improved the antioxidant capacity of the diaphragm. Li et al. (2020) found that after aerobic exercise in water, the nicotinic acid metabolism level in the diaphragm of COPD rats was upregulated, thus protecting the diaphragm and ventilatory muscle from oxidative damage and improving diaphragm muscle strength and ventilatory function. However, this experiment did not directly detect oxidative stress indicators. HIIT is a kind of aerobic exercise. Bowen et al. (2017a) found that HIIT attenuated oxidative stress of the diaphragm in smoke-exposed mice and increased diaphragm muscle strength. In addition, some studies found that resistance exercise (a kind of anaerobic exercise) can reduce serum lipid peroxidation and provide protection against oxidants (Vincent et al., 2002). Alcazar et al. (2019) found that the combination of HIIT and strength training can improve blood protein carbonylation and systemic oxidative stress in elderly COPD patients. In conclusion, different forms of aerobic exercise (water, land, and HIIT) have a good regulatory effect on the oxidative stress level of COPD diaphragm. Resistance exercise and combined exercise (resistance exercise and endurance exercise) can also affect systemic oxidative stress in COPD, but their effects on diaphragm function and oxidative stress level are still unknown and need to be further studied. The related literature of exercise intervention on oxidative stress of the diaphragm is shown in Table 1.


TABLE 1. Literature study on the effect of exercise on oxidative stress of diaphragm.
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Mechanism of Exercise on Oxidative Stress of the Diaphragm in COPD


Exercise Improves Antioxidant Capacity

Exercise training can accelerate the clearance of free radicals, reduce oxidative modification and injury, regulate the level of oxidative stress, and improve diaphragm function through the activation of antioxidants in the diaphragm. Antioxidants in the body include enzymatic and non-enzymatic substances. The antioxidant enzymes, including heme oxygenase-1 (HO-1), quinone oxidoreductase 1, catalase (CAT), glutathione peroxidase (GPX), and superoxide dismutase (SOD), are regulated by the nuclear factor-erythroid 2-related factor 2 (NRF2) pathway (Li and Duan, 2011). Studies have shown that exercise can upregulate the expression of HO-1 by upregulating the NRF2/HO-1 antioxidant pathway (Vieira Ramos et al., 2018), which can regulate the balance of oxidation and antioxidants, protect the diaphragm from atrophy caused by cigarette smoke exposure, and improve diaphragm dysfunction. SOD, GPX, and CAT are considered to be the first line of defense against oxidative stress in vivo (Powers and Jackson, 2008). Studies have found that exercise can lead to exercise-induced oxidative stress, but endurance training can improve the activities of antioxidant enzymes (Mn-SOD, Cu, Zn-SOD, GPX, and CAT), which may improve the resistance of rats to intracellular ROS, so as to protect the diaphragm from oxidative damage (Oh-ishi et al., 1997). However, the effect of exercise on the antioxidant capacity of the diaphragm remains to be fully elucidated. Nakatani et al. (2005) found that habitual exercise increased SOD activity in the rat diaphragm, but no evidence showed that it increased the activity of CAT or GPX. On the contrary, acute exercise can improve the activities of GPX and CAT in the diaphragm of untrained rats, but has no significant effect on the activities of Mn-SOD and Cu, Zn-SOD (Oh-ishi et al., 1997). Another study showed that exercise training increased the protein abundance of SOD1, GPX1, and CAT in the cytosol of rat diaphragm fiber, whereas only SOD2 and GPX1 were increased in the mitochondria of the diaphragm (Smuder et al., 2012). The differences in the test results may be caused by different exercise interventions, different diseases and physiological states of rats, or different diaphragm test sites. In addition, glutathione has an antioxidant effect; however, endurance training had no significant effect on the diaphragmatic glutathione in hamsters with emphysema (Heunks et al., 2000). In conclusion, exercise training may reduce oxidative damage by improving the antioxidant capacity of the diaphragm and improve the atrophy and dysfunction of the diaphragm in COPD, but the specific mechanism still needs to be further studied.



Exercise Reduces Oxidase Activity

Exercise can regulate the oxidative stress level of the diaphragm in COPD by reducing the activity of oxidase. NADPH oxidase (NOX) is the main oxidase. NOX, a membrane-bound complex, is a complex enzyme system found in phagocytes and epithelial cells. At the same time, NOX is the main enzyme generating reactive oxygen. Compared with non-smokers, the number of neutrophils and macrophages migrating to smokers’ lungs is increased, and ROS can be produced through the NOX system (Macnee, 2001), leading to oxidative stress of the diaphragm in COPD patients. Bowen et al. (2017a) found that exercise training can reduce the activity of NOX in the diaphragm of mice with COPD, regulate the oxidative stress level, weaken protein degradation, reverse the extrapulmonary damage to the diaphragm caused by smoking, enhance the muscle strength of the diaphragm, and restore the diaphragm function. In addition, the study found that the oxidative stress produced by NOX may be closely related to the expression level of pro-inflammatory factors such as tumor necrosis factor (TNF), and the antioxidant effect was partly responsible for the decrease of the expression level of pro-inflammatory factors (Wieczfinska et al., 2019). Blockage of TNF-α can significantly reduce the number of inflammatory cells and the production of superoxide anion in the diaphragm and improve the structure and function of the diaphragm (Domínguez-Álvarez et al., 2014). Therefore, exercise can not only reduce the production of ROS directly, but also reduce the production of ROS by reducing the expression level of pro-inflammatory factors, so as to regulate the oxidative stress level and improve the diaphragm structure and dysfunction in COPD.



Exercise Improves Mitochondrial Function

Exercise can regulate the oxidative stress level of the diaphragm in COPD by improving mitochondrial function. Mitochondrial dysfunction is a trigger factor of COPD and other diseases related to respiratory aging. Mitochondrion is one of the main endogenous sources of ROS, and its damage may increase the electron leakage of the electron transport chain and the formation of ROS, causing oxidative stress (Białas et al., 2016; Fang et al., 2019). Mitochondria of the diaphragm of rats exposed to cigarette smoke for a long time are damaged, showing fuzzy Z disk, unclear structure and focal myofilament rupture and dissolution (Sheng et al., 2020), which lead to the increased production of ROS. AMP-activated protein kinase (AMPK) has specific regulation on all aspects of mitochondrial biology and homeostasis, and exercise training can improve mitochondrial function by activating the AMPK pathway (Herzig and Shaw, 2018). Recent studies have found that the production of mitochondrial ROS is closely related to the AMPK pathway, which can limit the production of ROS, participate in the clearance of mitochondrial ROS, and increase the quality and function of the mitochondria by upregulating the expression of mitochondrial uncoupling protein (UCP) (Xie et al., 2008; Rubattu et al., 2016; Hasan-Olive et al., 2019). Peroxisome proliferator-activated receptor γ coactivator 1 (PGC1) is the downstream effector of AMPK, and most genes involved in mitochondrial metabolism are controlled by the PGC1 family (Herzig and Shaw, 2018). UCP2 is a cationic carrier protein on mitochondrial inner membrane, which can inhibit the production of ROS and protect mitochondrial function. It is also considered to be a direct target of PGC-1α transcriptional regulation (Jia, 2011; Gu et al., 2014). Studies have found that exercise training can upregulate the expression level of AMPK in skeletal muscle and reduce the production of mitochondrial ROS by upregulating the AMPK/PGC-1α/UCP2 pathway (Gu et al., 2014; Lin et al., 2020). Therefore, exercise may improve mitochondrial function and reduce ROS production by upregulating the AMPK/PGC-1α/UCP2 pathway, thereby regulating oxidative stress and improving dysfunction in the diaphragm of COPD. The mechanism of exercise on oxidative stress of the diaphragm in COPD is shown in Figure 1.
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FIGURE 1. The mechanism of exercise on oxidative stress of the diaphragm in COPD. Exercise may reduce ROS production, regulate diaphragm oxidative stress level, and improve diaphragm structure and dysfunction in COPD through: (1) activating the NRF2 signaling pathway and upregulating HO-1 and other antioxidant enzymes; (2) inhibiting the activity of NOX and reducing the expression of TNF; and (3) activating the mitochondrial-related AMPK/PGC-1α/UCP2 pathway. HO-1, heme oxygenase-1; NOX, NADPH oxidase; TNF, tumor necrosis factor; ROS, reactive oxygen species; AMPK, AMP-activated protein kinase; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator-1α; UCP2, uncoupling protein 2.




CONCLUSION

The structure and function of the diaphragm in COPD are impaired and adaptive. In the stable period, the positive adaptive changes of the diaphragm can partially offset its dysfunction and achieve a special balance to meet the patient’s ventilation needs. The deterioration and acute exacerbation of the disease will disrupt the balance, thus damaging and further increasing the dysfunction of the diaphragm, which in severe cases may lead to respiratory failure and death. Diaphragm dysfunction mainly includes limitation of muscle strength, endurance, and mobility caused by many factors. Oxidative stress may affect diaphragm function in COPD through protein oxidation, protease activation, and decreased Ca2+ sensitivity. Exercise training can improve diaphragm dysfunction by regulating oxidative stress in COPD. Long-term (≥4 weeks) relatively high-intensity aerobic exercise seems to have a good effect on improving oxidative stress and dysfunction of the diaphragm in COPD. Compared with high-intensity exercise training, moderate-intensity (50–80% VO2max) exercise training is more suitable for elderly patients. The mechanisms by which exercise influences oxidative stress in the diaphragm of patients with COPD may include increasing antioxidant activity, decreasing oxidase activity, and improving mitochondrial function. However, few studies have investigated the effect and mechanism of exercise on the oxidative stress level of COPD diaphragm. Thus, future studies should explore the effect and mechanism of different exercise prescriptions, including exercise style, intensity, and duration, on the oxidative stress level in the diaphragm of COPD. Furthermore, because the ultimate function of the COPD diaphragm depends on a special balance between injury and adaptation, more research related to the effects of exercise on this special balance should be conducted in the future.
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the 7th week
Mangner HF mice HF group 10/10 Treadmill 15%incline, 15 9 weeks, 5 X0OJ, SOD, GPX, Muscle
et al. (2016) HF + AET group training m/min days/week, 1 h/day CATY, strengtht
Carbonylated
Action],
Carbonylated CK{
Smuder MV rats MV + Sedentary 8/8/8 Treadmill 0rincline, 30 10 days, 60 Ho0o, Contractile
etal. (2012) control group training m/min (70% min/day, 2 days off 4-HNE/protein dysfunction]
MV + Endurance VOomax) adducts|, GPX11, Atrophy |

training group

Anesthetized sedentary

control group

SOD11, SOD21

/:There is no relevant expression in this paper |:The data of the experimental group was significantly lower than that of the control group *+:The data of the experimental group was significantly higher than that of the

control group.

NRF2, nuclear factor E2-related factor 2; Hmox1, heme oxygenase 1; Keap1, kelch-like ECH-associated protein 1; NOX, NADPH oxidase; SOD, superoxide dismutase; CAT, catalase; GSH, glutathione; GSSG, oxidizea
glutathione; HoO», hydrogen peroxide; GPX, glutathione peroxidase; MyHC, myosin heavy chain; XO, xanthine oxidase, CK, creatine kinase; CS, citrate synthase; VOsmax, maximal oxygen uptake; RWpeak, peak power

load; Wmax, maximum exercise load; DOCA, deoxycorticosterone acetate; HF, heart failure; AET, aerobic training; MV, mechanical ventilation.
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