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Abstract: Reactive oxygen species (ROS) are known to be raised in skeletal muscle as a result of muscular 

contractions during exercise. These extremely reactive compounds have several harmful consequences, 

including decreased force production and higher muscular wasting. Numerous studies have shown that 

ROS generated during exercise also have beneficial benefits by altering cellular processes that result in 

enhanced expression of antioxidants, since the discovery of exercise-induced oxidative stress some decades 

ago. Evidence has mounted that the reactive oxygen species (ROS) generated during physical activity also 

yield benefits by modulating cellular mechanisms that result in elevated production of antioxidants. 

To neutralize free radicals and stop the harmful effects of reactive oxygen species (ROS), these molecules 

are specially raised in frequently exercising muscles. Furthermore, ROS appears to play a role in the 

adaptation of the muscle phenotypic brought on by exercise. An overview of the research to date on the 

effects of ROS during muscle exercise is given in this review. These elements include the origins of ROS, 

their cellular effects—both beneficial and detrimental—the function of antioxidants, and the current body of 

knowledge about the adaptations of muscle cells to exercise that are dependent on ROS 
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I. INTRODUCTION 

When it comes to responding to outside stimuli like exercise and training, skeletal muscle is a highly specialized tissue 

with exceptional adaptability. During endurance training, one's muscles contract repeatedly, causing a range of 

physiological and phenotypic reactions. These reactions include angiogenesis, fiber-type transformation, and 

mitochondrial biogenesis activation. When combined, they improve the muscle's resilience to exhaustion and its ability 

for aerobic metabolism. A significant rise in the generation of reactive oxygen species (ROS) is also associated with 

high muscular activity. Because of an unpaired electron, these unstable compounds and ions are highly reactive and 

include oxygen. The free radical’s superoxide, peroxide, and hydroxyl radicals as well as other extremely reactive 

oxidants such singlet oxygen and hypochlorous acid are examples of these oxygen intermediates. They can be 

extremely harmful because they encourage oxidation reactions with other molecules, including proteins, lipids, and 

DNA. Nevertheless, current studies have shown that ROS also have a positive effect in enhancing muscle's adaptive 

responses to exercise. 

It was determined more than thirty years ago that increased muscle activity raises the concentration of free radicals and 

the generation of ROS [1,2]. Subsequent studies conducted on both humans and rats have validated these preliminary 

findings. Therefore, it is widely acknowledged that both short bursts of aerobic or anaerobic exercise and prolonged 

exercise increase the production of reactive oxygen species (ROS); this has been detailed in reviews [3,4] and more 

recently, e.g., [5-7].  

Data demonstrating elevated ROS levels in people with cardiac reperfusion injuries, aging-related sarcopenia, or 

muscular illnesses, such as muscular dystrophies, are another reason for the high interest in this field. It was therefore 

believed that ROS produced by exercise may be harmful to muscular function and result in atrophy and weariness in the 
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muscles. Therefore, a lot of research was done to find strategies to stop the generation and build-up of ROS as well as 

the oxidative damage that happens after and during physical activity. 

 

II. SOURCES OF ROS IN MUSCLE 

Muscle activation has been repeatedly demonstrated to strongly increase the generation of ROS [8].  The sources and 

quantity of ROS that these sources emit, however, are hotly contested topics. Muscle cells have been found to have 

several putative ROS generators that are presumably activated by various stimuli. These include lipoxygenases, 

mitochondria, phospholipase A2 (PLA2), nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs), 

and xanthine oxidase (XO) . Below is a more detailed discussion of a few of these. 

It has been demonstrated that ROS can also be created by non-muscle sources in addition to these intracellular ones. 

Excessive physical activity may cause muscle strains, which in turn trigger the release of interferon (IFN-), interleukin-

1 (IL-1), and tumor necrosis factor (TNF), which activate neutrophils and macrophages (see to reviews [9,10] for 

additional information The primary element of the neutrophil defense system, ROS (oxidative burst), is produced 

abundantly by these immune cells. Furthermore, catecholamines (dopamine, adrenaline, and noradrenaline) increased 

by exercise also contribute to the production of reactive oxygen species (ROS) [11] and ROS originating from 

endothelium [12]. 

 

Mitochondria  

With an estimated superoxide generation rate of 1%–4% of total mitochondrial O2 consumption, mitochondria were 

long thought to be the primary source of cellular ROS (see reviews [8,13,14]). According to more recent research, the 

formation of ROS in mitochondria is only about 0.15%, which is an order of magnitude less than what was initially 

predicted [15]. It is believed that a single electron leak from the respiratory chain in the inner membrane of the 

contracting muscle cells' mitochondria causes reactive oxygen species (ROS). There are now ten distinct 

superoxide/H2O2 production sites identified in mammalian mitochondria [16, 17].Complexes I (NADH 

dehydrogenase) and III (coenzyme Q and cytochrome C oxidoreductase) in the electron transport chain are primarily 

responsible for the generation of superoxide [18, 19]. Succinate dehydrogenase, or complex II, is another recent 

discovery that points to a significant source of superoxide generation [16]. Recent measurements using isolated 

mitochondria have demonstrated that each site's contribution to the overall generation of H2O2 is highly dependent on 

the substrate being oxidized [20]. The quinol site (site IQ) in complex I and the flavin site (site IIF) in complex II were 

the main sources of H2O2 at rest, with sites IF and IIIQo coming in second and third. The low capacity site IF 

predominates and total output is significantly reduced in situations that resemble mild and vigorous cardiovascular 

activity [20]. 

 

NADPH Oxidases 

NADPH oxidases (NOXs) are flavoprotein enzymes that employ NADPH as an electron donor and are triggered by 

posttranslational modifications, free fatty acids, calcium, and protein-protein interactions [21, 22]. In order to decrease 

oxygen to superoxide or H2O2, these transmembrane proteins in the sarcoplasmic reticulum and transverse tubules 

move electrons across biological membranes [21, 22]. It has been demonstrated that NOX family members more than 

mitochondria contribute to the generation of cytosolic superoxide in skeletal muscle during contractile action and at rest 

[23,24,25].Ryanodine receptors (RyR) are activated by ROS produced by NOXs, and this results in the release of 

intracellular Ca2+ [26,27, 28]. More recently, it was discovered that insulin causes ROS production by activating NOX, 

and that this rise in ROS is necessary for the intracellular Ca2+ elevation that is mediated by IP3 receptors [29]. 

 

Xanthin  

As a crucial enzyme in purine catabolism, xanthine oxidase (XO) is a cytosolic molybdoflavoenzyme that catalyzes the 

conversion of hypoxanthine to xanthine and xanthine to uric acid [30]. XO is found in both the cytosol and the related 

endothelial cells in muscle [8]  Increased lipid peroxidation, protein oxidation, muscle injury, and edema are caused by 

contraction-induced increases in XO activity [31]. Hypoxanthine and xanthine levels rise during vigorous activity when 

a lot of ATP is used up, and they act as substrates for XO to produce ROS [32]. Remarkably, ROS produced by XO 
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seems to be regulated by peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) in the regulation of 

exercise-induced mitochondrial biogenesis [33]. 

  

Myostatin  

Myostatin, a muscle differentiation inhibitor, has been shown recently to be able to signal ROS generation in muscle 

cells through canonical Smad3, nuclear factor (NF)-κB, and TNF-α [34]. Myostatin causes ROS formation when 

Smad3 is not present by activating the p38 and ERK mitogen-activated protein kinase (MAPK) pathways, which are 

mediated by TNF-α, IL-6, NOX, and XO [35]. . 

 

Phospholipase A2   

The phospholipase A2 (PLA2) family of enzymes is also involved in the rise of intra- and extracellular ROS that occurs 

during muscle contraction. They break down phospholipids found in the mitochondrial, sarcoplasmic reticulum, and 

plasma membranes to produce arachidonic acid. An essential lipid-signaling molecule, arachidonic acid serves as a 

substrate for lipoxygenases, which produce reactive oxygen species (ROS). [36] 

 

Effects of ROS on Force Generation and Muscle Atrophy 

 Intracellular ROS seem to be necessary for proper force production in muscle that is not tired. Even force output is 

increased by low-level ROS supplementation [37]. Muscle cells undergo various adaptations as a result of a greater rise 

in ROS brought on by vigorous exercise. ROS can have both positive and negative effects, depending on the 

concentration, length of exposure, and training status of the individual (Figure 2). Because trained people are more 

resilient to oxidative stress, a single bout of intense exercise has been found to cause oxidative damage in untrained 

individuals but not in trained subjects. [38] 

 

Contractile Dysfunction 

Contractile dysfunction may additionally result from oxidative adjustments of an expansion of proteins in numerous 

intracellular components [39,40] However, our knowledge of the procedures concerned is still restricted and lots of 

records are equivocal. In the sarcoplasmic reticulum, the ryanodine receptor (RyR), that's the Ca2+ launch channel, 

turned into shown to be oxidized via ROS and it became hypothesized to make a contribution to muscle fatigue 

[26,27,28] 

 

Muscle Atrophy 

Besides their outcomes on the contractile kinetics, ROS also are capable of modulate various signaling pathways, 

including calcium, protein tyrosine kinases and phosphatases, serine/threonine kinases, and phospholipases [41]. This 

then leads to adjustments in gene expression, mobile characteristic, metabolism or cell harm. Chronic oxidative strain is 

related to an boom in protein loss and muscle atrophy. High ROS tiers purpose a sustained activation of NF-κB and of 

FoxO which then prompt  muscle-particular E3 ubiquitin ligases, atrogin-1 or muscle atrophy F-field (MAFbx) and 

muscle RING (Really Interesting New Gene)-finger protein 1 (MuRF-1) [42]. 

 

Antioxidants in Muscle 

Enzymatic and Nonenzymatic Antioxidants 

Muscle activity increases ROS but concurrently additionally the frame’s antioxidant protection machine. These 

molecules are able to neutralize loose radicals with the aid of accepting the unpaired electron and thereby inhibit the 

oxidation of different molecules. Depending at the oxygen intake rate, cells constitutively express special tiers of 

antioxidant enzymes, including mitochondrial antioxidant manganese superoxide dismutase (Mn-SOD, SOD2), 

cytosolic copper-zinc superoxide dismutase (Cu, Zn-SOD, SOD1), glutathione peroxidase (GPX) and catalase (CAT), 

and the nonenzymatic antioxidant glutathione (GSH)  [43] 

GSH is the maximum considerable nonprotein thiol in cells with intracellular concentrations of one–15 mM [44]. It 

plays a main function within the cleansing of electrophilic xenobiotics, which includes chemical cancer agents, 

environmental pollutants, and the inactivation of endogenous α,β-unsaturated aldehydes, quinones, epoxides, and 
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hydroperoxides, which can be fashioned as secondary metabolites at some point of oxidative stress thru contributors of 

the glutathione transferase circle of relatives. [45] It additionally protects from oxidative pressure with the aid of 

lowering hydrogen peroxide and organic peroxides degrees via a response catalyzed with the aid of GSH peroxidase for 

that reason preserving the intracellular environment inside the reduced state.[43,46]. In addition, GSH is a substrate for 

dehydroascorbate reductase permitting the recycling of ascorbic acid, and it's miles a scavenger of hydroxyl radicals 

and singlet oxygen [47] 

 The aforementioned enzymatic reactions lead to the oxidation of GSH to glutathione disulfide (GSSG). This molecule 

can inactivate some of enzymes by using reacting with protein thiols leading to the formation of combined disulfides 

(e.G., [48] To avoid damage to intracellular elements, GSSG is correctly decreased to GSH via glutathione reductase 

(GR) using NADPH. This movement of GR is also very essential all through and after exercising in which a massive 

amount of GSH is oxidized due to the elevated ROS levels to maintain the GSH/GSSG ratio consistent thereby 

maintaining homeostasis. Furthermore, workout skeletal muscle seems to growth GSH import from plasma  [49,50] and 

liver can synthesize GSH de novo and deliver it  [46]. But additionally accelerated muscle glutathione synthetase sports 

were observed after treadmill training  [51] These exercising responses are tissue- and fiber-unique .[52] 

The antioxidant enzymes SOD, CAT and GPX are the number one defense in opposition to ROS generated throughout 

exercise and boom in reaction to workout .[53,54] Recent work diagnosed thioredoxin reductase-2 (TxnRd2) as some 

other key player to lower the exercise-triggered content material of mitochondrial H2O2 in skeletal muscle .[55]. The 

same authors have shown that TxnRd2 is also able to manipulate mitochondrial H2O2 stages after a high-fat, high-

sucrose eating regimen inside the heart but now not in skeletal muscle. Antioxidant enzyme ranges vary extensively 

with admire to muscle fiber types, i.E., kind I muscle fibers possess better interest of all antioxidant enzymes than the 

kind IIA and type IIB fibers [56]. 

 

Adaptive Responses to Exercise 

In trendy, it become observed that there's an exercise-precipitated growth in antioxidant protein ranges and antioxidant 

pastime. Thus, endurance training in rats leads to an increase in Mn-SOD, GPX and CAT, while the statistics on Cu, 

Zn-SOD are quite less clear [57-61]. Note that from the above studies, it's far probably that upregulation of these 

antioxidants is muscle- and/or fiber type-particular. Many studies have shown that even an acute bout of exercising 

increases SOD activity in skeletal muscle [62-65] for review see [55]), and it has in addition been shown that Cu, Zn-

SOD and Mn-SOD contents are extended. While the Cu, Zn-SOD enzyme pastime regularly returns to resting ranges 

inside 3 days, Mn-SOD activity and protein content maintains to growth inside the submit-exercising duration [78]. 

GPX interest after acute exercise alternatively seems to rely upon the muscle type, i.E., GPX activity become multiplied 

an afternoon after an acute bout of treadmill jogging to exhaustion in rat soleus however no longer tibialis muscle [66] 

and CAT pastime seems no longer to be altered by acute exercising .[53]. 

ROS generated by means of acute workout can result in extended lipid peroxidation as measured via the formation of 

malondialdehyde .[67] Interestingly, this effect become best determined in liver and speedy skeletal muscle inside the 

sedentary organization, while the endurance-educated organization did not display will increase in lipid peroxidation 

after exercising. Lipid peroxidation generates a sizeable variety of oxidative lipid breakdown merchandise for which 

greater or much less precise exams are to be had (for evaluation see [47] Some investigators decided plasma isoprostane 

ranges in athletes acting either a 50 km ultramarathon  [68] or exercising for two.5 h on a treadmill .[69] Peak stages of 

isoprostanes have been located at once publish-workout, followed through a return to baseline within someday or one 

hour, respectively. Other investigators discovered extended degrees of pentane inside the breath after workout [54]. 

 

Training-Induced Muscular Adaptation, PGC-1α and ROS 

In addition to the above-defined results of exercising on contents and activities of antioxidant enzymes, regularly 

carried out exercise inside the form of persistence education ends in well defined diversifications of the cardiovascular 

and muscular device. Important responses at the intramyocellular stage include will increase in size and range of 

mitochondria as well as such in the sports of oxidative enzymes [70-72] In aid of the elevated oxidation of fatty acids, 

the content material of intramyocellular lipid is likewise increased .[73] Endurance exercising is also known to enhance 
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insulin sensitivity and muscular glucose uptake  [71,74]. Recent research has confirmed that ROS also have a beneficial 

role in promoting these adaptive responses of muscle to schooling. 

 

Role of PGC-1α in Exercise 

In rodents and people, it has been demonstrated that peroxisome proliferator-activated receptor gamma coactivator-1 

alpha (PGC-1α) is a key regulator of the exercise-caused adjustments of muscle fibers toward a slow phenotype, in 

addition to within the protection from muscle atrophy .[75-76] Several studies have proven that PGC-1α is upregulated 

after excessive-depth training  [77-81] Activation of PGC-1α is possibly to arise by way of phosphorylation of the 

PGC-1α protein by way of p38 MAPK together with NF-κB  [82] both of which are known to be activated with the aid 

of ROS  [83.84]. PGC-1α has been proven to alter lipid and carbohydrate metabolism, and to enhance the oxidative 

potential of the muscle fibers by way of growing the quantity and hobby of mitochondria thru upregulation of nuclear 

breathing factors (NRF-1, 2) and mitochondrial transcription aspect A (TFAM) [83,84] 

 

III. CONCLUSIONS 

There is swiftly growing evidence that ROS have each fine and bad consequences in contracting skeletal muscle cells. 

The deleterious outcomes together with a discount of force technology and elevated muscle atrophy seem to arise 

mainly after non-regular strenuous exercising, while normal education has positive outcomes by using influencing 

cellular approaches that result in expanded expression of antioxidants. These molecules then provide a better safety 

from ROS at some stage in subsequent trainings. However, a weight loss plan supplemented with exogenous 

antioxidants which includes nutrients seems to save you health-promoting consequences of physical exercising in 

human beings. The exercising-triggered production of ROS will also be an essential signal to prompt PGC-1α, a key 

player inside the adaption of muscle cells to exercising. 
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