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Exercise and mitochondrial mechanisms in patients with sarcopenia
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Sarcopenia is a severe loss of muscle mass and functional decline during aging that can lead to reduced quality of life, limited patient independence, and increased risk of falls. The causes of sarcopenia include inactivity, oxidant production, reduction of antioxidant defense, disruption of mitochondrial activity, disruption of mitophagy, and change in mitochondrial biogenesis. There is evidence that mitochondrial dysfunction is an important cause of sarcopenia. Oxidative stress and reduction of antioxidant defenses in mitochondria form a vicious cycle that leads to the intensification of mitochondrial separation, suppression of mitochondrial fusion/fission, inhibition of electron transport chain, reduction of ATP production, an increase of mitochondrial DNA damage, and mitochondrial biogenesis disorder. On the other hand, exercise adds to the healthy mitochondrial network by increasing markers of mitochondrial fusion and fission, and transforms defective mitochondria into efficient mitochondria. Sarcopenia also leads to a decrease in mitochondrial dynamics, mitophagy markers, and mitochondrial network efficiency by increasing the level of ROS and apoptosis. In contrast, exercise increases mitochondrial biogenesis by activating genes affected by PGC1-ɑ (such as CaMK, AMPK, MAPKs) and altering cellular calcium, ATP-AMP ratio, and cellular stress. Activation of PGC1-ɑ also regulates transcription factors (such as TFAM, MEFs, and NRFs) and leads to the formation of new mitochondrial networks. Hence, moderate-intensity exercise can be used as a non-invasive treatment for sarcopenia by activating pathways that regulate the mitochondrial network in skeletal muscle.
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INTRODUCTION
Sarcopenia refers to a loss of muscle mass associated with aging that decreases mobility, independence, and the quality of life in the elderly (Liu et al., 2021). Sarcopenia ranks second to osteoporosis for degenerative diseases afflicting the elderly according to the World Health Organization (WHO) international classification of diseases in 2016 (Organization, 2020). Decreased muscle mass starts in the fifth decade of life (∼1% reduction per year) and accelerates in the seventh decade of life, eventually reducing muscle mass by about 30%–50%. Muscle weakness in sarcopenia increases the risk of age-related diseases such as cardiovascular disease, obesity, cancer, diabetes, and mortality (Romanello, 2021).
Sarcopenia occurs in 5%–13% of people over 60 years and in 50% of people over 80 years (Romanello, 2021). Skeletal muscle mass loss is greater in 60-year-old men than in women of the same age, while sarcopenia is present in approximately 53% of men compared with 47% of women. The prevalence of sarcopenia is 31% in women and 53% in men in people aged 80 years or more (Cesare et al., 2020). Sarcopenia is a disease related to aging and inactivity and is a strong predictor of disability, disease, and mortality in the elderly (Phu et al., 2015). The causes of sarcopenia include a sedentary lifestyle (Liu et al., 2021), reduced energy intake, reduced protein consumption, myocellular changes (ATP and glycogen reduction) (Dozio et al., 2021), mitochondrial dysfunction, mitochondrial biogenesis disorder, inappropriate mitochondrial dynamics, defects in mitochondrial turnover, mitochondrial depletion, excessive oxidative stress, increased inflammatory cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-6 and -1α (Liang et al., 2021; Romanello, 2021). There is also much evidence to support a key role for mitochondrial dysfunction (Ferri et al., 2020).
Treatment options for sarcopenia include gene therapy, nutritional supplements, physical activity, anabolic hormones, endurance and resistance training, anti-inflammatory medications, and antioxidants (Jensen, 2008). Among these options, exercise is a low-cost and non-invasive (gene therapy) method. Exercise stimulates mitochondrial function, improves muscle metabolism, and regulates redox imbalance, muscle mitochondrial dysfunction, mitophagy, mitochondrial biogenesis, and apoptosis of muscle cells (Picca and Calvani, 2021). Hence, we review the effects of exercise on sarcopenia and discuss the changes in mitochondrial adaptations due to changes in oxidative stress, mitochondrial DNA (mtDNA) damage, antioxidant defense mechanisms, mitochondrial dynamics, mitophagy process, and mitochondrial biogenesis in skeletal muscle.
MITOCHONDRIAL PLASTICITY AND OXIDATIVE STRESS IN SARCOPENIA
Oxidative phosphorylation (OXPHOS) in mitochondria generates the ATP needed for various cellular processes whereby nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) transfer electrons to the electron transport chain (ETC). The ETC is a four-complex enzyme system for sequential oxidation and transfer of electrons, so that as electrons move from complex I to IV, protons are actively transported to the mitochondrial intermembrane space by complexes I, III, and IV. This movement of ions forms an electrochemical gradient between the intermembrane space and the matrix, where the matrix is negatively charged while the intermembrane space is positively charged. Adenosine diphosphate (ADP) is phosphorylated to adenosine triphosphate (ATP) when protons flow into the matrix via ATP synthase (V complex). The amount of ATP synthesized depends on the ETC flux as well as the amount of oxygen absorbed (Harper et al., 2021). In resting skeletal muscle, the concentration of intracellular ADP is lower than that of ATP, which suppresses OXPHOS activity in mitochondria and increases the NADH/NAD + ratio. This reduction in pressure can increase the leakage of unpaired electrons from the ETC (due to the flow of surplus electrons) into the ubiquinone (Q) complex. The reduction of cellular oxygen by electrons forms superoxide anions ([image: image]), which are then spontaneously by SOD converted to H2O2 (Mason et al., 2020) (Figure 1). The main sites for the in vitro production of [image: image] include the I-ubiquinone reducing site (∼23% of total [image: image]), the flavin site (∼20%), the flavin in complex II (24%), the complex III-ubiquinol oxidizing site (∼15%), and the fatty acid beta-oxidation pathway (EF ∼ 13%) (Figure 1) (Mason et al., 2020). With the onset of muscle contraction, ATP hydrolysis increases 100-fold relative to rest, and mitochondrial OXPHOS is readjusted due to changes in the ADP/ATP ratio. A rapid decrease in the flux of the mitochondrial ETC leads to a decrease in [image: image] production. Furthermore, when ADP is used to stimulate OXPHOS, mitochondrial [image: image]/H2O2 emission is dramatically reduced (Mason et al., 2020).
[image: Figure 1]FIGURE 1 | Electron transfer chain system and antioxidant defense during exercise and sarcopenia. Exercise increases the activity of complexes I, II, III, IV, and V, ATP production, enzymatic activity, oxidative capacity, and mtDNA repair, and reduces electron leakage, electron transfer chain separation, and ROS production. Exercise also stimulates antioxidant defenses by increasing antioxidants such as catalase, superoxide dismutase, and peroxiredoxin. Exercise opposes the effects of sarcopenia on mitochondrial activity and antioxidant defense.
Resting and active muscles produce ROS such as [image: image], H2O2, and hydroxyl radicals (•OH) (Cesare et al., 2020). Furthermore, other ROS produced in mitochondria are generated primarily at complexes I, II, and III during normal respiration. Complex IV, as the final acceptor of ETC electrons, plays a significant role in reducing electron leakage and ROS production by increasing its activity (Lo et al., 2020). Increased ROS production during aging disrupts the components of the mitochondrial respiratory chain (MRC), which in turn further increases the production of free radicals, mitochondrial damage, and inactive mitochondria (Guescini et al., 2017). The defective performance of MRC enzyme complexes reduces the bioenergetic storage capacity and increases electron leakage from complexes I, II, and III (Guescini et al., 2017). Skeletal muscle mitochondria produce 50%–80% more H2O2 in older mice (28–29 months) than in younger mice (6–8 months), and moreover, muscle fibers from older mice have fewer copies of mtDNA than younger mice (Harper et al., 2021; Harper et al., 2021). In addition, increased ROS levels cause a further reduction in function and muscle mass due to inactivity (Waltz et al., 2018), and high levels of oxidative stress exacerbate ROS-induced sarcopenia (Sullivan-Gunn and Lewandowski, 2013; Corsetto et al., 2019). The respiratory chain is the main site for ROS production, and the proximity of the mitochondrial genome to the membrane facilitates ROS-induced mutations of mtDNA (Lo et al., 2020) (Figure 1). Aging causes oxidative damage to proteins, fats, and mtDNA. These injuries disrupt the normal functioning of ATP-producing mitochondria and lead to low energy production, increased mtDNA deletion, decreased enzyme activity, and increased oxidative stress. In sarcopenic aging, mtDNA mutations reduce the activity of citrate synthase (CS), COX, and succinate dehydrogenase (SDH) enzymes, which in turn reduces the activities of complexes I, II, III, V, and IV (44%–51%). There is a 30% reduction in ATP production in older mice (Marzetti et al., 2008; Migliavacca et al., 2019; Harper et al., 2021), and ETS abnormalities in sarcopenic muscle are also affected by decreases in muscle fibers (Marzetti et al., 2008). The production of mitochondrial free radicals in type IIB fibers is two to three times higher than in type I fibers; this inherent difference causes a rapid decrease in type II fibers, especially type IIB, with age (Phu et al., 2015; Musumeci, 2017). Differences in mitochondrial function between type I and II fibers support a role for ROS in mitochondrial dysfunction (Harper et al., 2021).
Effects of exercise on mitochondrial efficiency
High levels of ROS damage macromolecular structures, while low levels of ROS create greater resistance to stress and can even improve both longevity through adaptive defense responses and tolerance to subsequent stressors by activating mtDNA repair mechanisms (Corsetto et al., 2019). Acute production of exercise-induced ROS improves mitochondrial efficiency, while chronic increases in ROS are largely pathologic, indicating that exercise can increase the coupling efficiency of the ETC and reduce electron leakage and mitochondrial ROS overproduction, and restore homeostasis to optimal levels (Corsetto et al., 2019). Endurance training (ET) increases oxidative capacity, stimulates mitochondrial efficiency, and prevents age-related decreases in oxidative capacity. Endurance training in the elderly improves mtDNA integrity, mitochondrial density, SDH enzyme activity, ETC activity (such as complexes I, II, III, IV, and V) (Votion et al., 2010; Seo and Hwang, 2020; Harper et al., 2021). Moderate levels of exercise increase proteins of the ETC complex (III, IV, and V), the enzymatic activity of peroxisome proliferator-activated receptor-γ coactivator (PGC1-ɑ and PGC1-β), and TFAM gene expression in skeletal muscle (Parry et al., 2020). These findings support the notion that decreases in mitochondrial efficiency are likely the result of decreased activity levels, not due to the process of aging (Harper et al., 2021).
Muscle strength decreases faster than muscle mass does with age, which is primarily attributed to decreases in type II muscle fibers during sarcopenia. Resistance training (RT) increases the size and number of type II muscle fibers and is a good candidate for intervention against sarcopenia (Harper et al., 2021). In particular, RT increases the ratio of complexes IV/I + III, which in turn reduces electron leakage and ROS production from complexes I and III (the main sources of superoxide). In addition, RT in sedentary elderly increases ETC coupling by stimulating the activities of complex I, II, III, and IV, total MRC, NAD + synthesis, and mitochondrial respiration (Parise et al., 2005; Parry et al., 2020; Harper et al., 2021). These findings suggest that RT reduces oxidative stress by reducing ETC electron leakage and by increasing the ETC electron flux, rather than by regulating antioxidant activity. These results indicate that RT can, in some cases, stimulate mitochondrial function, increase the ratio of oxidative capacity to mitochondrial volume, and improve coupling efficiency (Harper et al., 2021). RT and ET have unique benefits in sarcopenia and aging, as simultaneous training improves ETC electron flux and mitochondrial coupling by increasing the expression and activity of complexes I, III, IV, and V (Balan et al., 2019; Harper et al., 2021). These exercises reduce oxidative damage to mtDNA, limits mtDNA mutations, preserves type II muscle fibers, and prevents sarcopenia. In addition, a combination of RT and ET increases the amount of mtDNA, stimulates mitochondrial protein synthesis, and increases mitochondrial biogenesis. A combination of strength-endurance (SE) training or endurance-strength (ES) training increases complexes I, II, III, IV, and V in ETC as well as CS and COX enzyme levels (Harper et al., 2021). The increase of complex II in the SE group is higher than that of the ES group, and SE is superior to ES because SE and ES stimulate mitochondria equally, while SE activates mTOR signaling in addition to stimulating mitochondria. These findings suggest that RT is preferred to ET in anti-aging exercise protocols (Harper et al., 2021).
Effects of sarcopenia and exercise on antioxidant defenses
Oxidative stress is caused by an imbalance between the physiological production of free radicals and the potential of cells to neutralize them (Cesare et al., 2020). Age-related defects in MRC, together with superoxide generation by complex I, are important in the generation of oxidative stress (Guescini et al., 2017). Increases in the generation of ROS, reactive nitrogen species (RNS), and oxidative stress appear to be important causes of sarcopenia (Ji, 2002). Despite increased ROS production, aging appears to decrease the expression of antioxidant genes through increased lipid peroxidation, protein oxidation, and mtDNA damage, leading to mtDNA deletion, impaired redox signaling, increased apoptosis, and energy deficiency in conditions associated with sarcopenia (Ji, 2002). Age-related imbalances in ROS generation and antioxidant defense mechanisms are important causes of chronic inflammation in human skeletal muscle in sarcopenia. Redox signaling also alters enzymatic activity, induction of transcription factors, DNA binding, and gene expression (Guescini et al., 2017). Mammalian cells activate several signaling pathways following oxidative stress, including kappa B nuclear factor (NF-κB), PGC1-ɑ, mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinases (PI3Ks)/protein kinase B (PKB, also known as Akt and P53 pathways) (Ji, 2002; Guescini et al., 2017). These pathways are also activated by exercise which increases H2O2 levels (Guescini et al., 2017). For example, [image: image]/H2O2 formed in the mitochondrial matrix activates mitogen-activated protein p38 kinase (p38 MAPK). In addition, NF-κB-responsive elements are present in the promoter regions of genes encoding antioxidants such as catalase (CAT), glutathione peroxidase (GPx), and Mn- and Cu-Zn-superoxide dismutase (SOD) (Guescini et al., 2017). These antioxidants stabilize ROS levels by eliminating free radicals, regulating ROS/RNS-producing enzymes, and/or through other adaptive mechanisms (Cesare et al., 2020). In addition, muscle fibers have antioxidant defense mechanisms that reduce the risk of oxidative damage. Hence, enzymatic and non-enzymatic (i.e., vitamin A, vitamin C, vitamin E, β-carotene) antioxidant systems regulate the redox status of myocytes. However, antioxidants such as CAT, SOD, peroxiredoxins (PRDXs), GPx, and glutathione transferase (GSH) are enzymatic antioxidants that are reduced in muscles during aging (Cesare et al., 2020).
Catalase (CAT), a high molecular weight tetrameric enzyme, reduces oxidative stress by degrading cellular H2O2 to produce water (H20) and oxygen (Cesare et al., 2020). Levels of catalase mRNA expression in muscle decrease with age (Lambertucci et al., 2007; Cho et al., 2008), and increases in H2O2 and decreases in CAT levels are associated with sarcopenic aging (Sánchez-Castellano et al., 2020). Hence, appears that H2O2 is a major cause of sarcopenia and that decreases in CAT and GPx indicate that antioxidant dysfunction may mark the onset of sarcopenia (Sánchez-Castellano et al., 2020). There is evidence that lower levels of CAT characterize the primary inflammatory response during sarcopenia (Cruz-Jentoft et al., 2021). In contrast, delivering CAT to mitochondria increases CAT activity by 2 to 10-fold in skeletal and cardiac muscle. Targeted expression of CAT in mitochondria increases cardiac function, athletic performance, and longevity (20%), and counteracts oxidative muscle damage (Li et al., 2009). Increased expression of mitochondrial CAT in muscle prevents muscle atrophy in a mouse model of sarcopenia (Li et al., 2009). Mice with augmented muscle mitochondrial CAT expression have altered mitochondrial function such as decreased ROS production and increased maximum life spans (Xu et al., 2021) and attenuated dystrophin deficiency and muscle atrophy (Selsby, 2011). Levels of CAT activity are reduced in sedentary rats, while exercise increases CAT activity and CAT mRNA expression (Cho et al., 2008; Teixeira et al., 2012). Moderate physical activity such as treadmill and aerobic training increases antioxidant enzymes such as CAT, SOD, and GPx in animals and humans (De Castro et al., 2009; Vilela et al., 2018; Parry et al., 2020; Matta et al., 2021). Two hours of training also increased CAT enzyme activity in both type 1 and 2 muscle fibers in rats (Mendes et al., 2021). Increased CAT expression inhibits mitochondrial dysfunction, maintains muscle mass and energy production, improves exercise capacity, and prevents reductions in muscle fiber diameter, suggesting that expression of muscular mitochondrial CAT can prevent sarcopenia-related phenotypes (Xu et al., 2021).
Mammalian cells express three coding genes for SOD, an antioxidant enzyme that uses copper/zinc or manganese ions as active sites (Cesare et al., 2020). The abundance of mRNA for Cu/ZnSOD, MnSOD, and GPX in muscle types remains unchanged or decreases with increasing age (Ji, 2002). Although SOD1 is present both in the cytosol and in the mitochondrial intermembrane space, SOD2 is located in the mitochondrial matrix (Mason et al., 2020). Cytoplasmic and mitochondrial SOD (Cu/ZnSOD and MnSOD, respectively) convert [image: image] to oxygen and H2O2, which is subsequently converted to water by CAT or GPx (Cesare et al., 2020). A lack of Cu/Zn SOD is associated with aging, premature muscle atrophy and weakness (sarcopenia), increased mitochondrial H2O2, stunted muscle growth, decreased muscle mass, decreased lifespan, increased mitochondrial ROS, and increased oxidative damage (Homma et al., 2018; Corsetto et al., 2019; Kadoguchi et al., 2020; Sataranatarajan et al., 2020). However, exercise-induced increases in CAT and SOD coincide with elevations in H2O2 and [image: image] levels, respectively (Pascual-Fernández et al., 2020). In addition, endurance and resistance exercise also increase SOD activity, MnSOD protein levels, mRNA abundance for MnSOD, SOD2, and CAT activity (Ji, 2002; Lambertucci et al., 2007; Shahar et al., 2013; Ceci et al., 2020; Cesare et al., 2020; Mason et al., 2020; Serra et al., 2020). On the other hand, levels of Mn-SOD protein negatively correlate with caspase-3 (a marker of apoptosis), while positively correlating with BCL-2 and HSP70 (anti-apoptosis markers) (Siu et al., 2004). These studies suggest the positive effects of exercise on the expression of antioxidants to counter the effects of sarcopenia.
Peroxiredoxins (PRDXs) are a family of antioxidant enzymes that reduce hydroperoxides to water in the presence of electron donors (Jackson, 2016). There are six types of peroxiredoxin antioxidant enzymes in mammals that are located in the cytosol (PRDX1, PRDX2, PRDX6), mitochondria (PRDX3, PRDX5), and endoplasmic reticulum (PRDX4) (Gruber et al., 2015). PRDXs are responsible for disposing of 90% of ubiquitous cellular peroxides, and act as local H2O2 regulators (Galli et al., 2021). PRDX3-null mice have reduced physical strength and mtDNA levels compared to wild ten-month-old mice, indicating that PRDX3 deficiency increases oxidative stress, mitochondrial dysfunction, and aging (Galli et al., 2021). Suppression of mitochondrial PRDX leads to decreases in ATP levels, reduced strength, lowered mtDNA content, and shortened lifespans, while it increases mitochondrial uncoupling, ROS levels, and oxidative damage of DNA and proteins (Lee et al., 2014; Gruber et al., 2015). In addition, the absence of PRDX3 increases peroxide concentrations and diminishes regulation of the mitochondrial membrane potential, causing further muscle fatigue in mice (Wadley et al., 2016). Levels of mitofusin 1 and 2 protein levels decrease in muscles of older PRDX3-deficient mice, likely due to abnormalities in mitochondrial fusion (Lee et al., 2014). In addition, muscle atrophy occurs in PRDX6−/−mice with an increase in muscle RING-finger protein-1 (MuRF1) levels, suggesting that PRDX6 deficiency causes premature aging as deletion of PRDX6 creates a sarcopenic phenotype via the IGF-1/Akt-1/FOXO1 pathway, coupled with reduced muscle differentiation and protein synthesis (Pacifici et al., 2020). The removal of both SOD1 and PRDX4 increases the sensitivity of muscle to ROS that exacerbates muscle damage, augments oxidative stress and lipid peroxidation, leading to the release of cytochrome c, which then disrupts ETC function and increases apoptosis (Homma et al., 2018). In contrast, overexpression of PRDX3 leads to repair of sarcopenic atrophy, decreased ROS production, increased oxygen consumption in mitochondrial complex II (Ahn et al., 2018), and improved contractile force by muscles (Van Remmen et al., 2019). In addition, high-intensity exercise and moderate exercise increases the expression of PRDX1, PRDX3, PRDX4, PRDX5, CuZnSOD, SOD2, and SOD3 (Brinkmann et al., 2012; Trewin et al., 2018; Brown et al., 2019; Mason et al., 2020; Borges et al., 2021; Galli et al., 2021). Increased PRDX expression levels following exercise suggests an important role of PRDX in cell regeneration, likely via NF-κB oxidation-sensitive transcription factors (Wadley et al., 2016). In summary, PRDXs modulate mitochondrial production of ROS induced by exercise (Lightfoot and Cooper, 2016), as shown by the adaptive role of PRDX3 in modulating H2O2 in response to exercise training (Lightfoot and Cooper, 2016; Wadley et al., 2016). However, mitochondrial ROS neutralization alone is not sufficient to inhibit reduced skeletal muscle mass and contractile function with age (Eshima et al., 2020), as exercise creates mild oxidative stress, which in turn stimulates the expression of antioxidant enzymes (Ji, 2002).
Effects of sarcopenia and exercise on mitochondrial dynamics
Mitochondria produce ATP and are essential for the regulation of various cell functions (Memme et al., 2021), also undergo fission and fusion to maintain a healthy mitochondrial network (Romanello, 2021). Mitochondrial fission isolates dysfunctional mitochondria from healthy mitochondria, while mitochondrial fusion reduces mitochondrial dysfunction by increasing network coupling and facilitating the redistribution of metabolites, proteins, and mtDNA (Yoo et al., 2018). The balance between mitochondrial fusion and fission is altered in sarcopenic muscles. Impaired mitochondrial fission leads to reduced mitophagy, leading to an accumulation of dysfunctional organelles (Romanello, 2021). Mitochondrial fission requires the joint action of proteins such as dynamin-related protein 1 (DRP1), fission protein 1 (FIS1), and mitochondrial fission factor (MFF) (Memme et al., 2021). Decreases in DRP1 activity in sarcopenia lead to muscle atrophy, systemic metabolic disorders, abnormal mitochondrial function, and disorders of autophagy and mitophagy (Romanello, 2021). Expression levels of FIS1 also decrease in old age (Picca et al., 2017), and older animals have lower levels of FIS1 and autophagy than younger animals, resulting in impaired autophagy in older muscles (Joseph et al., 2013), while knockdown of FIS1 activates muscle atrophy in sarcopenia (Calvani et al., 2013). Hence, reductions of mitochondrial fission proteins (such as DRP1, MFF, and FIS1) in patients with sarcopenia inhibit mitophagy and leads to the accumulation of dysfunctional organs and muscle atrophy (Chen et al., 2018). In contrast, removal of the MFF inhibitor in aging muscle leads to increased mitochondrial fission and mitophagy and improves mitochondrial function and longevity (Romanello, 2021). In addition, exercise appears to facilitate the removal of damaged mitochondria, improve the formation of new mitochondria, and increase the capacity of the mitochondrial network (Chen et al., 2018). Hence, levels of DRP1 protein are higher in trained old mice than in young mice (Gusdon et al., 2017). Exercise in elderly patients increases DRP1 phosphorylation at ser637, indicating the presence of highly efficient mitochondria (Casuso and Huertas, 2020). These findings suggest that mitochondrial fission proteins such as DRP1, MFF, and FIS1 are likely to be reduced in people with sarcopenia, while exercise increases mitochondrial fission markers including DRP1, FIS1, and MFF (Hoffman et al., 2015; Yoo et al., 2018; Guan et al., 2019; Di Liu et al., 2021).
Fusion elongates the mitochondrial network and is mediated by proteins such as mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), and optic atrophy (OPA1). The simultaneous ablation of Mfn1 and Mfn2 in skeletal muscle in mice leads to mitochondrial dysfunction, mitochondrial damage, muscle atrophy, growth retardation, and premature death. In particular, deletion of Mfn2 in young animals causes muscle atrophy due to extensive mitochondrial fragmentation, ROS production, endoplasmic reticulum stress, inhibition of autophagy, and exacerbation of sarcopenia (Harper et al., 2021; Romanello, 2021). Expression levels of Mfn2, Fis1, Drp1, and Opa1 in sarcopenic muscle are down-regulated, suggesting a role for mitochondrial dysfunction in the pathogenesis of sarcopenia and skeletal muscle atrophy (Di Liu et al., 2021). Deletion and inhibition of OPA1 also causes mitochondrial dysfunction, increased levels of IL6, IL1, ROS, mitochondrial DNA damage, and subsequent stimulation of transcription factors such as FoxO3 and NF-κB which are associated with sarcopenia and premature death (Romanello, 2021). In addition, suppression of Mfn2 and OPA1 in skeletal muscles of elderly mice exacerbates metabolic changes and sarcopenia due to impaired mitochondrial quality and autophagy (Chang et al., 2019). A deficiency of OPA1 can disrupt mitochondrial fusion during biogenesis and cause defective mitochondria (Caffin et al., 2013). Levels of the mitochondrial fusion protein OPA1 decrease with age and inactivity (Romanello, 2021). However, overexpression of OPA1 has a protective effect on myopathy (Romanello, 2021). In contrast, acute bouts of endurance exercise increase mRNA levels of Mfn1, Mfn2, and Drp1 in humans and rats, and elevations in Mfn1 and Mfn2 protein levels persist after long-term resistance training or endurance exercise in rat skeletal muscles (Chen et al., 2018; Liu et al., 2021). The increased ratio of Mfn2/Drp1 in older mice is attenuated by exercise (Liu et al., 2021). Endurance exercise increases OPA1 gene expression in insulin-resistant obese elderly people (Chen et al., 2018), while aerobic exercise increases OPA1 mRNA content in the skeletal muscle of the elderly (Moreira et al., 2017). In summary, the balance between fusion and fission required for mitochondrial function in skeletal muscle is often compromised during aging. Exercise increases the ratio of fusion to fission proteins in the elderly, allowing the formation of tubular mitochondrial networks as an adaptation to changes in the cellular environment (Harper et al., 2021; Liang et al., 2021).
Roles of autophagy and mitophagy
Autophagy is a programmed and genetic catabolic process that removes cellular proteins and excessive organelles through the formation of autophagosomes, which combines with lysosomes to form autolysosomes where the enveloped contents are destroyed. Autophagosomes mediate non-selective or selective autophagy. Non-selective autophagy, which is activated in response to starvation or nutrient deprivation, supplies essential amino acids and nutrients for cell survival. In contrast, selective autophagy describes the specific removal of damaged or excessive organelles; mitophagy is a form of selective autophagy for the removal of damaged or dysfunctional mitochondria (Ding and Yin, 2012) to maintain mitochondrial quality under both physiological and conditions of cellular stress (Romanello, 2021). The regulation of autophagy and mitophagy maintains muscle mass, while excessive autophagy/reduced mitophagy contributes to muscle atrophy (Romanello, 2021). When damaged mitochondria are not removed, apoptosis signaling is activated to destroy the nucleus, which simultaneously or independently activates the autophagy pathway and ubiquitin ligase (that mediates protein degradation). In addition, necrosis is initiated to remove muscle proteins, mitochondria, and nuclei in dysfunctional mitochondria (Alway et al., 2017). Mitophagy in mammals is regulated by PTEN-induced kinase 1 (PINK1), parkin, Bcl2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNI3), and NIP3-like-protein X (NIX), prohibitin 2 (PHB2), FUN14 domain containing 1 (FUNDC1), activating molecule in BECN1-regulated autophagy protein 1) AMBRA1 (Figure 2).
[image: Figure 2]FIGURE 2 | Effects of exercise and sarcopenia on mitophagy markers. Sarcopenia decreases mitophagy markers, while exercise appears to increase mitophagy markers such as PINK1, PARKIN, BNIP3, NIX, PHB2, FUNDC1, AMBRA1, and BECLIN1.
Effects of sarcopenia and exercise on PINK1 and parkin mitophagy markers
PINK1 and parkin are attractive candidates for targeting dysfunctional mitochondria as the accumulation of PINK1 on the outer mitochondria membrane (OMM) provides an important mechanism for identifying damaged mitochondria (Alway et al., 2017). When the membrane potential of damaged mitochondria is depolarized, the entry of PINK1 into the inner mitochondria membrane (IMM) is inhibited, allowing the protein to accumulate on the OMM and absorb parkin from the cytosol to the OMM. Parkin is a ubiquitin ligase E3 and its activity is induced by PINK1-dependent phosphorylation (Di Liu et al., 2021) (Figure 2). Activated parkin then ubiquitinates OMM proteins such as voltage-dependent anion channel 1 (VDAC1) and produces ubiquitin (Ub) and poly-ubiquitin (poly-Ub) chains. Poly-Ub chains are subsequently phosphorylated by PINK1 and mediates autophagy. Ubiquitin-binding adapter proteins, such as p62, optineurin (OPTN), and nuclear dot protein 52 (NDP52), identify phosphorylated poly-Ub chains on mitochondrial proteins and absorb damaged mitochondria through interaction with microtubule-associated protein light chain 3 (LC3) (Di Liu et al., 2021) (Figure 2). Parkin connects simultaneously to LC3 in the newly formed phagophore (Moreira et al., 2017). Deletion of parkin reduces muscle mass and leads to poor physical function in older mice, while overexpression of parkin improves skeletal muscle function in older mice (Di Liu et al., 2021). Parkin causes proteasomal degradation of mitofusins, favoring increased fission and suppressing mitochondrial fusion, and allows for the separation of defective mitochondria from healthy mitochondrial networks (Di Liu et al., 2021). PINK1 can indirectly activate Drp1 to promote the degradation of defective mitochondria (Di Liu et al., 2021). The absence of PINK1 or parkin leads to the accumulation of dysfunctional and fragmented mitochondria, indicating that PINK1 and parkin may be an important targets that regulate damaged mitochondria (Drake et al., 2016). Similarly, decreased bioavailability of PINK1 and parkin1 may indicate mitochondrial dysfunction in old age (Moreira et al., 2017). Genetic deletion of PINK1 and parkin leads to dysfunction of mitophagy and mitochondria, muscle destruction, and reduced longevity, while increased mitophagy with overexpression of PINK1, parkin, and DRP1 in drosophila reduces age-related muscle dysfunction and increases longevity (Romanello, 2021). Exercise increases PINK1 and parkin mRNA expression in skeletal muscle of mice (Drake et al., 2016; Zhao et al., 2018a), and improves mitochondrial function through mitochondrial fusion/fission signaling (Zhao et al., 2018b). In addition, exercise combined with dietary restriction leads to mitochondrial abnormalities and myofibrillar injuries, with increased levels of PINK1 and Drp1 likely related to the activation of mitophagy (Zhao et al., 2018a). Since parkin and PINK1 regulate mitophagy and mediate sarcopenia-related muscle weakness, exercise-induced increases in the expression of these proteins may likely be a useful strategy to form a healthy mitochondrial network in skeletal muscles Table 1.
TABLE 1 | A summary of exercise studies on the factors affecting autophagy and mitophagy.
[image: Table 1]Effects of sarcopenia and exercise on BNIP3 and NIX mitophagy markers
BNIP3 and NIX are mitophagy receptors on mitochondria that bind to LC3 and link mitochondria to the autophagosome (Romanello, 2021). BNIP3 and NIX are located on the mitochondrial surface, and both can cause mitochondrial depolarization that leads to mitophagy (Zhang and Ney, 2009). BNIP3 and NIX also increase the amount of Drp1 in mitochondria during the early stages of mitophagy, which causes parkin cleavage and recruitment (Triolo and Hood, 2021). On the other hand, BNIP3 and NIX bind to Bcl-2 and resolve the beclin1/Bcl-2 interaction, so that beclin1 can initiate mitophagy. In addition, BNIP3 and NIX are phosphorylated to form homodimers on the OMM and then bind to LC3 (Moreira et al., 2017). The quantitative and qualitative maintenance of mitochondria depends on maintaining adequate concentrations of several proteins such as BNIP3, NIX, PGC-1α, TFAM, OPA1, Drp1, Mfn1, Mfn2, PINK1, and parkin, which are involved in the mitochondrial biogenesis, mitochondrial dynamics and mitophagy process. There are changes in the concentration and function of these proteins during aging (Moreira et al., 2017). Genetic deletion of NIX in mice leads to pathological cardiac hypertrophy and reduced contractility with age; on the other hand, lack of NIX and BNIP3 causes age-related mitochondrial cardiomyopathy (Dorn, 2010; Zhao et al., 2018a).
The expression of some mitophagy regulators such as LC3, BNIP3, beclin1, Atg7, p62, and parkin decreases with age, indicating that sarcopenia is associated with dysfunctional or deficient mitophagy (Zhao et al., 2018a; Yoo et al., 2018; Liang et al., 2020). In contrast, intense endurance training increases autophagy in skeletal muscle, as shown by the increased conversion of LC3-I to LC3-II (Grumati et al., 2011; Ogura et al., 2011; Liang et al., 2020). Aerobic exercise increases mitophagy, accelerates the removal of metabolic wastes and damaged proteins in cells, and ultimately improves the functional and structural regeneration of the skeletal system (Liang et al., 2021). In addition, mitophagy receptors such as BNIP3 or NIX can bind directly to LC3 to absorb autophagosomes and facilitate mitochondrial removal (Di Liu et al., 2021). In this regard, endurance training increases the expression of BNIP3 and parkin in the skeletal muscles of the elderly and eliminates oxidative damage and damaged mitochondria by autophagy-lysosomal interactions (Zhang and Ney, 2009; Jamart et al., 2013; Balan et al., 2019). Exercise increases BNIP3 and NIX expression in skeletal muscle, where this targets damaged mitochondria for degradation through mitophagy (Drake et al., 2016). Skeletal muscle contraction during exercise improves mitochondrial quality by upregulating OPA1, PINK1, parkin, BNIP3, and NIX (Drummond et al., 2014; Moreira et al., 2017). Slow-twitch muscle has more mitophagy flux than fast-twitch muscle due to increased levels of BNIP3 (Zhao et al., 2018a); increased mitophagy and BNIP3 levels can protect cells against ROS due to hypoxia or exercise (Zhao et al., 2018a).
Effects of sarcopenia and exercise on prohibitin
Prohibitins are located in the IMM and are receptors for parkin-mediated mitophagy in mammalian cells (Strappazzon et al., 2020). Prohibitin 1 and 2 (PHB1 and PHB2) assemble in a ring-like prohibitin complex at the IMM. PHB2 enhances PINK1-PRKN-mediated mitophagy by stabilizing PINK1 and increasing PRKN recruitment to mitochondria. PHB2 regulates the PINK1-PRKN pathway, but negatively regulates PARL (presenilin-associated rhomboid-like) activity (Yan et al., 2020). Moreover, the PARL-PGAM5 axis is required for the PHB2-mediated PINK1 stabilization in depolarized mitochondria, because PHB2 binds to PGAM5 to protect against processing by PARL. In contrast, PHB2 tends to bind to PARL after mitochondrial depolarization, and the release of PGAM5 retains PINK1 on the OMM and subsequently initiates mitophagy. PINK1 recruits PRKN to the mitochondria and then allows for ubiquitination and degradation of some OMM proteins, leading to mitophagy (Yan et al., 2020) (Figure 2). Rupture of the OMM rupture makes PHB2 to interact with LC3 in the IMM (Signorile et al., 2019). The accumulation of unfolded proteins in the mitochondrial matrix also stimulates the uptake of PRKN into the mitochondria (in addition to changes in the mitochondrial membrane potential) (Yan et al., 2020). PHB1 and PHB2 stimulate a wide range of cellular functions, including mitophagy, cellular signaling, mitochondrial biogenesis, aging, and apoptosis (Blottner et al., 2021).
Overexpression of PHB2 increases PRKN-dependent mitophagy (Yan et al., 2020). Mitophagy mediated by PHB1 and PHB2 is protective improves longevity by maintaining mitochondrial function, while a deficiency of PHBs shortens the lifespan (Blottner et al., 2021). PHB proteins are expressed in high-energy cells, which are more prone to mitochondrial dysfunction because PHBs complexes stimulate the ATP synthase complex. The upregulation of PHB1 increases complex I activity. However, PHB2 acts as a chaperone for the stabilization of the subunits of the mitochondrial respiratory complex. Silencing of the PHB complex reduces the activity of other complexes in the respiratory chain, and dysfunction of PHBs proteins is associated with aging. Reduced expression of PHB2 decreases the activity of mitochondrial HCLS1-associated protein X-1 (HAX1), an anti-apoptotic protein, which reduces mitochondrial integrity and increases in caspase 9/3 activity and apoptosis (Signorile et al., 2019). Hence, decreased PHB impairs mitochondrial biogenesis and structural integrity, leading to a decrease in complex I efficiency and an increase in ROS formation (López-Lluch, 2017). Parkin-mediated mitochondrial damage increases the binding of the PHB2 complex to LC3-II protein, indicating that PHB2 is required for mitochondrial elimination and may contribute to its role in aging (Wei et al., 2017).
Overexpression of PHB1 increases the number of copies of mtDNA and several mitochondrial proteins such as PGC-1α, complex IV, NRF2, OPA1, DRP1, and TFAM (Signorile et al., 2019). Exercise increases PHB1 levels and attenuates age-related mitochondrial dysfunction. For example, swimming for 8 weeks increases PHB1, PHB2, malate dehydrogenase, triosephosphate isomerase, ATP synthase (complex IV), and isocitrate dehydrogenase (Sun et al., 2008; Hussey et al., 2013). Chronic aerobic exercise increases PHB, ATP formation, mtDNA content, and complex I, II, and III activity in older mice while reducing ROS and mitochondrial swelling (Gu et al., 2014a). Increases in PHB1 expression after 8 weeks of moderate-intensity exercise positively correlates with ATP content and V-complex activity and negatively with ROS levels (Fang et al., 2020). Thus, PHBs-mediated mitophagy reduces age-related mitochondrial dysfunction while increasing the coupling of energy-producing complexes, suggesting that physical activity can be used to increase the quality of life during sarcopenia.
Effects of sarcopenia and exercise on FUNDC1
FUNDC1 is a protein located on the OMM and acts as a mitophagy receptor that regulates mitochondrial removal in mammals by binding to LC3 under hypoxic conditions (Figure 2). FUNDC1 is the molecular link that integrates mitochondrial fission and mitophagy at the interface of the endoplasmic reticulum (ER)–mitochondrial contact site (MAM). For example, the FUNDC1 mitophagy receptor is dephosphorylated under hypoxic conditions to increase its interaction with LC3 and induce mitophagy (Gan et al., 2018). FUNDC1 can also participate in mitophagy by activating the AMPK-ULK1 pathway. Increases in AMPK expression stimulate autophagy-related FUNDC1 and LC3 protein levels (Gao et al., 2020) (Figure 2). Exercise alters energy metabolism by increasing AMP levels and decreasing ATP levels, and activating the AMPK energy sensor. AMPK phosphorylates ULK1 to induce autophagy under hypoxic conditions (Gao et al., 2020). ULK1 is upregulated and absorbs fragmented mitochondria under hypoxic conditions. In addition, phosphorylation of p-ULK1 correlates with increased levels of FUNDC1, suggesting an interaction of these two pathways in mitophagy (Gao et al., 2020).
The loss of FUNDC1 in muscle reduces mitochondrial energy and athletic performance and leads to defects in mitophagy (Fu et al., 2018; Gan et al., 2018) and reduced exercise capacity (Fu et al., 2018; Triolo and Hood, 2021). Aging is associated with an accumulation of mtDNA damage and disruption of the mitophagy program induced by BNIP3L, FUNDC1, and NIX (Hepple, 2014; Lampert et al., 2019), suggesting that these factors do not mediate the removal of damaged mitochondria and do not improve the effects of aging (Lampert et al., 2019). A study of 18- to 20-month-old mice reported that one session of treadmill running and 9 weeks of resistance training activated AMPK/Ulk1-dependent autophagy in skeletal muscle, and reduced myocyte apoptosis (Laker et al., 2017; Harper et al., 2021). FUNDC1 is also involved in fat utilization, increased exercise capacity, mitochondrial quality control, and maintenance of metabolic homeostasis (Fu et al., 2018).
Irisin, a myokine secreted during exercise, increases FUNDC1 and mitophagy. Irisin reduces oxidative stress, mitochondrial dysfunction, and apoptosis through FUNDC1-dependent mitophagy while increasing ATP generation. However, the beneficial effects of irisin on complex I/III activities are eliminated by silencing FUNDC1. Thus, FUNDC1-associated mitophagy may be a protective pathway involving the destruction of damaged mitochondria by lysosomes. Irisin also increases antioxidant capacity by stimulating GSH, SOD, and GPX, but these benefits are eliminated after silencing FUNDC1. In addition, the activation of caspase-3 and apoptosis by irisin is reduced by FUNDC1, while the removal of FUNDC1 increases the activation of caspase-3 and apoptosis (Jiang et al., 2021). Thus, exercise-induced secretion of irisin has several roles in FUNDC1-mediated mitophagy, including degradation of injured mitochondria, increased ATP production, increased complex I/III, reduced oxidative stress, increased antioxidant capacity, reduced caspase-3 activity, and reduced mitochondria-dependent apoptosis. While these changes are negatively regulated in sarcopenia. Hence, there is strong evidence that exercise can be a non-pharmacological intervention to increase mitophagy in people with sarcopenia.
Effects of sarcopenia and exercise on AMBRA1
AMBRA1 is a mitophagy receptor able to remove inefficient mitochondria in mammalian cells (Strappazzon et al., 2020). AMBRA1 and FUNDC1 are OMM proteins that can identify damaged mitochondria and regulate mitophagy (Yao et al., 2021). AMBRA1 prevents Beclin1-dependent autophagy (Gu et al., 2014b), and improves Beclin 1 interaction with its target, VPS34, thus regulating autophagosome formation (Di Bartolomeo et al., 2010). The AMBRA1–Beclin1–Vps34 complex is bound to the dynein motor complex via a specific interaction with dynein light chains (DLCs) 1 and 2 in the absence of autophagy. ULK1 phosphorylates AMBRA1 when autophagy is activated, and then releases AMBRA1 from the dynein complex (Schoenherr et al., 2020) (Figure 2). The ULK1-mediated phosphorylation of AMBRA1 drives its translocation to the endoplasmic reticulum (ER) and activates autophagy. These findings indicate an important role for AMBRA1 in the membrane scrambling activity of organelles (mitochondria and endoplasmic reticulum) leading to autophagosome formation (Manganelli et al., 2020) (Figure 2).
AMBRA1 interacts with parkin after translocation to depolarized mitochondria. Prolonged mitochondrial depolarization enhances the interaction of AMBRA1 and parkin, where it activates the PtdIns3K complex of damaged mitochondria and participates in autophagy (Fimia et al., 2013). Deletion of AMBRA1 is not as effective in transporting parkin to depolarized mitochondria but inhibits the deletion of damaged mitochondria. Conversely, overexpression of AMBRA1 enhances the removal of depolarized mitochondria by interacting with parkin (Fimia et al., 2013). DRP1 and parkin are not as well absorbed in the mitochondria, and are associated with lysosomal abnormalities, abnormal mitochondrial accumulation, and decreased I-III complex activity (Rędowicz, 2021). On the other hand, levels of AMBRA1 decrease in gastrocnemius muscles of older mice (Lenhare et al., 2017), and functional deficiency of AMBRA1 in mice causes growth retardation, autophagy dysfunction, accumulation of ubiquitin proteins, unbalanced cell proliferation, and increased apoptosis (Fimia et al., 2007; Fimia et al., 2013).
Exercise increases autophagy-related proteins such as Beclin-1 and parkin that are associated with AMBRA1, and these factors increase mitochondrial density caused by endurance training and physical activity (Santos-Alves et al., 2015). Levels of Beclin-1, AMBRA1, autophagosome formation, and autophagy reduce in aging but recover by exercise (Kim et al., 2013; Lenhare et al., 2017). In addition, key autophagy regulators such as Beclin-1, p62, LC3-II, and Ulk1 in the gastrocnemius muscle of 24-month-old mice increase after 8 weeks of running on a treadmill (Harper et al., 2021). In general, decreased levels of mitophagy markers such as PINK1, parkin BNIP3, NIX, PHB2, FUNDC1, and AMBRA1 are associated with a reduced quality of life in sarcopenia associated with aging. Thus exercise improves mitochondrial dynamics, increases mitochondrial biogenesis, and maintains a healthy mitochondrial network, leading to exercise induced improvements in mitochondrial quality by stimulating mitophagy.
Effects of sarcopenia and exercise on mitochondrial biogenesis
Mitochondrial biogenesis allows for the efficient transcription, translation, and importation of new proteins into existing organs in response to stimuli such as exercise, muscle contractions, and aging (Romanello, 2021). Sarcopenia is associated with a decrease in mitochondrial biogenesis. Nuclear and mitochondrial genomes regulate the expression of transcription factors for mitochondrial biogenesis, the most important of which is PGC-1α (Dozio et al., 2021). PGC-1α and its family members [PGC-1β and PGC-1-associated activator (PRC)] initiate gene transcription by binding to transcription factors (Memme et al., 2021). The coactivators PGC-1α and PGC-1β, which are the master regulators of mitochondrial biogenesis, are activated by stimuli that alter cellular energy demands such as exercise, fasting, and cold exposure. PGC-1α and PGC-1β, which lack DNA binding domains, activate transcription factors such as transcriptional factor A mitochondrial (TFAM), myocyte enhancing factors (MEFs), nuclear respiratory factors (NRFs), estrogen-related receptor (ERR), forkhead box (FoxOs) and peroxisome proliferator-activated receptors (PPARs) (Romanello, 2021).
The expression levels of PGC-1α, PGC-1β, and TFAM in muscles decrease during aging (Romanello, 2021). There are also decreases in mitochondrial biogenesis (PGC-1α, Nrf-1, TFAM) and mitochondrial fission markers (Mfn2 and Opa1) in older mice, indicating impaired mitochondrial quality control with age (Huang et al., 2019; Liu et al., 2020). The specific deletion of PGC1-α causes premature aging in mice is characterized by fiber damage that also increases inflammatory markers and decreases mitochondrial function (Dozio et al., 2021; Romanello, 2021). The release of H2O2 and NO into the cytosol in older animals reduces mitochondrial biogenesis through PGC1-ɑ (López-Lluch et al., 2008), while delayed aging occurs in muscle-specific PGC1-α overexpressed mice (Romanello, 2021). The decreased levels of TFAM, NRF1, and PGC-1α activity during aging are reversed by aerobic exercise in aged mice (Harper et al., 2021) and older men and women (Harper et al., 2021) (Figure 3). Exercise also increases PGC-1α, NRF1, and NRF2 mRNA (Baar et al., 2002; Ping et al., 2015), and is associated with NRF-1 genotypes and increased human aerobic capacity (He et al., 2008) (Figure 3). Thus, activation of PGC-1α stimulates mitochondrial synthesis, followed by activation of NRF-1 and increases in TFAM synthesis and replication of mtDNA, leading to increases in the number of DNA copies and mitochondrial replication (Viña et al., 2009) (Figure 3). Mitochondrial synthesis is stimulated by the PGC-1α-NRF1-TFAM pathway, which is disrupted in aging; hence exercise, particularly aerobic exercise, activates mitochondrial synthesis in young and older animals (Viña et al., 2009).
[image: Figure 3]FIGURE 3 | Role of PGC-1ɑ in mitochondrial regulation by exercise.
Exercise intensity and mitochondrial biogenesis
Intense exercise causes a faster and greater improvement in the mitochondrial respiratory capacity because high intensity (80% of VO2max) cycling engendered a 10.2-fold increase in PGC-1α mRNA, while low intensity (40% of VO2max) cycling produced only a 3.8-fold increase in PGC-1α mRNA (Harper et al., 2021). Training at 80% of VO2max recruits primarily type II fibers, while training at 40% of VO2max recruits primarily type I fibers (Harper et al., 2021). Training causes a greater upregulation of PGC-1α transcription in type II muscle fibers (Russell et al., 2003), because 6 weeks of interval training at 70%–80% of VO2max produced a 2.8-fold increase in PGC-1α protein content in type IIa fibers and a 1.5-fold increase in type I (slow twitch) and type IIX (fast twitch) fibers (Harper et al., 2021). These findings suggest that more intense exercise protocols lead to greater increases in mitochondrial biogenesis genes in people with sarcopenia.
Effects of exercise and sarcopenia on PGC-1α regulators
An important feature of aging-related sarcopenia is low metabolism and dysfunctional metabolism in skeletal muscle that accelerates aging (Liang et al., 2021). Age related decreases in muscle mass, muscle strength, and coordination are associated with reduced AMPK/PGC-1α signaling, while activation of AMPK/PGC-1α prevents skeletal muscle atrophy (Ko and Ko, 2021). Lifelong aerobic exercise can reduce protein degradation and improve mitochondrial quality control through AMPK/PGC-1α signaling pathways, and so delay sarcopenia (Liang et al., 2021). Acute exercise activates signals that converge on PGC-1α, leading to 1) activation of calcium-dependent protein kinase/calmodulin (CaMK) 2) activation of p38 MAPK, which is sensitive to multiple stressors such as ROS, and 3) phosphorylation of AMPK (Liang et al., 2021). Regular lifelong aerobic exercise promotes mitochondrial biogenesis by activating the AMPK/PGC-1α signaling pathway (Liao et al., 2017; Liang et al., 2021). Exercise increases intracellular calcium levels and creates an energy imbalance, stimulating mitochondrial biogenesis by activation of AMPK, CaMK, and MAPKs (Memme and Hood, 2021). Three kinases (AMPK, CaMKII, and MAPK) are upstream mediators of the activation of PGC-1α by physical activity for the positive regulation of PGC-1α (Wang et al., 2011; Margolis and Pasiakos, 2013; Pahlavani, 2022). These findings indicate that exercise increases intracellular energy metabolism, activates multiple intracellular stressors, and elevates intracellular calcium concentrations through PGC-1α signaling to induce mitochondrial biogenesis, proliferation, and differentiation of muscle cells by increasing the NRF1/2/TFAM and AKT/mTOR pathways.
CONCLUSION
Sarcopenia describes decreases in skeletal muscle mass and functional decline that lead to a decrease in quality of life in the elderly (Liu et al., 2021) and which has several causes including such as inactivity, large decreases in antioxidant defenses, impaired mitochondrial mitophagy, and reduced mitochondrial biogenesis (Romanello, 2021). There is also poor coupling of ETC complexes and increased electron leakage during sarcopenia, causing oxidative stress (increases [image: image] and H2O2), reduced mitochondrial function, increased deletion of mtDNA, and decreased mitochondrial enzyme activity (Harper et al., 2021). On the other hand, levels of antioxidants such as CAT, SOD, PRDXs, GPx, and GSH are reduced in aging muscles (Cesare et al., 2020).
The balance between fusion and fission, which is essential for maintaining effective mitochondrial function in skeletal muscle, is often compromised with age (Romanello, 2021) due to decreases in mitochondrial fission factors (Drp1, Fis1, and Mff) and mitochondrial fusion factors (Mfn1, Mfn2, and OPA1) in people with sarcopenia (Di Liu et al., 2021). In addition, reduced levels of mitophagy markers such as PINK1, Parkin, BNIP3, NIX, PHB2, FUNDC1, and AMBRA1 negatively impact sarcopenia-related muscle weakness and the quality of life in the elderly. Possible interventions for sarcopenia include exercise, gene therapy, dietary supplements, anabolic hormones, and increasing antioxidant capacity (Liang et al., 2021). Of this, exercise improves the number and function of mitochondria (Ferri et al., 2020) and the coupling of ETC complexes, reduces electron leakage, reduces oxidative stress, repairs mtDNA, increases mitochondrial enzyme activity, and improves mitochondrial efficiency (Cesare et al., 2020). Sarcopenia is also accompanied by impaired mitochondrial-related signals such as oxidative stress, antioxidant enzymes, and inflammatory factors leading to impaired mitochondrial dynamics, mitophagy, and mitochondria biogenesis. In addition, muscle aging decreases expression levels of PGC-1α, PGC-1β, TFAM, and Nrf-1 (Romanello, 2021), indicating impaired mitochondrial quality control during aging (Liu et al., 2020). Exercise activates upstream PGC-1α signals such as AMPK, CaMK, and MAPKs (p38 MAPK, ERK, JNK) that converge on PGC-1α, leading to increases in PGC-1β, TFAM, and Nrf-1 expression and mitochondrial biogenesis. Thus, exercise can be used as a therapeutic option to improve the quality and quantity of mitochondria.
FUTURE PERSPECTIVES
Moderate-intensity exercise is a promising therapy to prevent sarcopenia due to its multitudinous effects (mitophagy effects, antioxidant defenses, mitochondrial biogenesis, mitochondrial dynamics, and PGC-1α regulators) on mitochondrial adaptations. While the benefits of exercise therapy along with nutritional supplements and gene therapy have not been investigated in large-scale clinical trials in people with sarcopenia. Moreover, only studies focusing on the effects of exercises affecting cardio-respiratory functions were explored and there is nothing or not much out about how weightlifting could affect mitochondrial mechanisms. In addition, it seems necessary to study the effect of exercise on other diseases. Hence, the study of the effect of exercise on the gender difference of mitochondria in the muscles of people with sarcopenia seems interesting to be conducted. Therefore, it seems that future research should be focused on these field.
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GLOSSARY
ADP Adenosine diphosphate
ATP Adenosine triphosphate
AMPK AMP-activated protein kinase
AMBRA1 activating molecule in BECN1 regulated autophagy protein 1
BNI3 Bcl2/adenovirus E1B 19 kDa protein-interacting protein 3
CaMK calcium-dependent protein kinase/calmodulin
CAT catalase
COX Cytochrome-c oxidase
complex V ATP synthase
CS citrate synthase
DLCs dynein light chains
Drp1 dynamin-related protein 1
ER endoplasmic reticulum
ERR estrogen-related receptor
ETC electron transport chain
FADH2 flavin adenine dinucleotide
Fis1 fission protein 1
FoxOs forkhead box
GPx glutathione peroxidase
GSH glutathione transferase
H2O2 hydrogen peroxide
IMM inner mitochondrial membrane
FUNDC1 FUN14 domain containing 1
LC3 light chain 3
ER endoplasmic reticulum
MAM mitochondrial contact site
Mff mitochondrial fission factor
Mfn1 mitofusin 1
Mfn2 mitofusin 2
MRC mitochondrial respiratory chain
mtDNA mitochondria DNA
NADH nicotinamide adenine dinucleotide
NF-κB kappa B nuclear factor
NIX NIP3-like-protein X
NRFs nuclear respiratory factors
[image: image] superoxide anion
•OH hydroxyl radicals
OMM outer mitochondria membrane
OPA1 optic atrophy 1
PGC-1α peroxisome proliferator-activated receptor-γ coactivator
PKB or AKT Protein kinase B
PHB2 prohibitin 2
PINK1 PTEN-induced kinase 1
PI3Ks Phosphoinositide 3-kinases
poly-Ub poly-ubiquitin
PPARs peroxisome proliferator-activated receptors
PRDX Peroxiredoxin
p38 MAPK mitogen-activated protein p38 kinase
RNS reactive nitrogen species
ROS reactive oxygen species
SDH succinate dehydrogenase
SOD superoxide dismutase
TFAM transcriptional factor A mitochondrial
TNF-ɑ tumor necrosis factor-α
WHO World Health Organization
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