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REVIEWS

Redox homeostasis and physical activity
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Abstract
Physical activity/exercise is a non-pharmacological treatment with a sanogenetic, antiaging and therapeutic role, 

depending on exercise intensity, duration, frequency and type.
Physical activity/exercise determines biochemical changes in the redox homeostasis of the O/AO balance: either generation 

of OS in acute exhausting exercise, high intensity and endurance exercise, and overtraining syndrome, or decreased OS and 
AOC generation in appropriate exercise during moderate training.

Controlling the oxidant/antioxidant balance during physical exercise through proper training and nutritional and non-
nutritional supplementation of antioxidants can help reduce oxidative stress and increase performance.

Keywords: oxynitrosative stress, redox homeostasis, physical activity.

Copyright © 2010 by “Iuliu Haţieganu” University of Medicine and Pharmacy Publishing

Received: 2021, April 26; Accepted for publication: 2021, April 29         
Address for correspondence: Iuliu Haţieganu University of Medicine and Pharmacy, Faculty of Medicine, Dept. of Functional Sciences, 

Physiology, Cluj-Napoca, Romania, 1 Clinicilor Street, 400006, Cluj-Napoca, Romania
E-mail: camelia.mirza@umfcluj.ro
Corresponding author: Camelia Manuela Mîrza; e-mail: camelia.mirza@umfcluj.ro
https://doi.org/10.26659/pm3.2021.22.2.89

Physical inactivity
Physical inactivity is considered sedentariness, 

while sedentary people are those who have difficulties 
to leave their home, who do not exercise outside, whose 
professional activities are static and who perform minimal 
physical activity in general.   

Physical inactivity has negative consequences, even 
anti-sanogenetic effects of causing or aggravating certain 
conditions (Lee et al., 2012; Cai et al., 2019; Moreira et al., 
2014; Alberti et al., 2009; Lessiani et al., 2016):

- cardiovascular diseases (hypertension, coronary 
diseases, varices of the lower limbs, arteriosclerosis)

- respiratory diseases (chronic pulmonary diseases, 
infections of the airways)

- various digestive diseases, hemorrhoids, irritable 
bowel syndrome, colorectal cancer

- osteomuscular diseases, static disorders of the spine, 
arthroses, sarcopenia

- obesity, type 2 diabetes, metabolic syndrome
- psychic diseases (depression, anxiety)
- increase in the population risk of morbidity and 

mortality 

Physical activity / Physical exercise
Automation, mechanization and robotisation of the 

contemporary society have led to a gradual decrease in 
physical activity, alongside the professional stress of 
underload and overload. In industrialized countries, more 
than 60% of the population do not engage in sufficient 
physical exercise. 

WHO recommends 150 minutes of moderate intensity 
physical exercise a week. 

Physical exercise represents a complex strain of the body 
from a physiological (neuromuscular, cardiorespiratory, 
endocrine metabolic), immunological, psycho-emotional 
and biochemical point of view. Correctly carried out, 
moderate intensity physical effort, either continuous or 
intermittent, has beneficial effects on the body: preventive 
sanogenetic role, curative and recovery role, pro-longevity 
role and active longevity role, as well as therapeutic role.

a) The sanogenetic role, of maintaining the health of 
the body, is achieved through (Joseph et al., 2016; Simioni 
at al., 2018; Sallam & Laher, 2016; Rezende Freitas et al., 
2017; Daimiel et al., 2020; Dumitru, 1997):

- cardiovascular mechanisms, reducing the risk of 
cardiac diseases (ischemic cardiopathy), cerebrovascular 
accident, hypertension, increase of the good cholesterol 
(HDL)

- endocrine mechanisms of reducing increased 
hormone release (growth hormone, glucagon, testosterone, 
adrenaline)
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- digestive mechanisms (appetite control, improving 
digestion)

- respiratory mechanisms (reducing the decline of 
pulmonary activity, improving tissue oxygenation) 

- maintaining the health of the myo-arthro-kinetic 
system (muscle mass and strength, joint mobility, right 
posture, minimizing the risk of osteoporosis and fractures)

- protection effect against breast cancer or colorectal 
cancer 

- body weight control, through reducing the overall fat 
mass and obesity prevention 

- reducing the occurence of infections and improving 
immunity 

- maintaining and improving cognitive psychic 
functions (memory, attention, creativity, intellectual 
performance)

- metabolic mechanisms (reducing the glycemia 
level and increasing glucose use, prevention of diabetes, 
increasing lipid use and prevention of arteriosclerosis).

Other effects of physical exercise include:
- improvement of sleep 
- body detoxification through sweating 
- reducing the risk of premature birth and death by 

cardiovascular diseases 
- prevention of sedentary behavior 
- harmonious physical development.
b) The pro-longevity and active longevity role consists 

of:
- prolonging life expectancy and increasing survival 

through performing physical exercise and maintenance 
sports (30-40 minutes of jogging per day can delay aging 
by up to 9 years)

- reduction of the mortality rate.
c) The therapeutic role of physical activity consists of:
- increase in immunity 
- normalization of glycemia 
- stimulation of antioxidant defense mechanisms 
- post-traumatic physical therapy and physical therapy 

of locomotor diseases 
- treatment of cardiovascular diseases, coronary 

diseases and hypertension, as well as respiratory diseases 
by physical therapy 

- treatment of psychic diseases (depression, 
schizophrenia, anxiety)

- improving psychosocial behavior 

Oxidative stress
Oxygen (O2) consumption in aerobic organisms leads 

to the formation of reactive O2 species (ROS) or O2 
metabolites or catabolites, which according to Halliwel 
(2007) can be:

- radical species:
- inorganic: superoxide (hyperoxide) – O2

•  ̶; hydroxyl 
– OH•; hydroxyl radical – RO•; 

- organic: alkoxyl – RO; hydroperoxyl – HO2
•;

- non-radical species: perhydrol or oxygenated water 
– H2O2; hypochlorous acid – HOCl; singlet oxygen or 
molecular oxygen in activated state – 1O2 Δg; ozone – O3; 
dioxygen O2.

ROS formation is tightly connected to the formation of 
reactive nitrogen species (RNS), while either antagonistic 

or synergistic relationships occur between them. RNS can 
be:

- radical species: nitrogen monoxide or nitric oxide – 
NO; nitrogen dioxide – NO2; nitronium ion – NO2

 ̶;  
- non-radical species: nitrous acid – HNO2; 

peroxynitrous acid – ONOOH or HNO3; dinitrogen 
trioxide – N2O3; dinitrogen tetraoxide – N2O4; nitronium 
ion – NO2

+; alkyl-peroxynitrate – ROONO; nitroxyl – 
HNO; nitrite anions - NO2

 ̶ and nitrate NO3
 ̶.

The interaction of oxygen-dependent processes with 
ROS and RNS is involved in:

- acute inflammatory response and phagocytosis
- anticoagulant, antifibrinolytic action
- procoagulant, antifibrinolytic, prothrombotic 

proaction.
At cellular level, as well as at the level of the entire 

organism, ROS determines a series of paradoxical effects, 
which can be either harmful or beneficial.

a) Harmful effects of ROS occur in the case of 
production of large quantities and lead to the destruction/
deterioration of cellular structures, to malignant 
transformation, abnormal cell proliferation, cytotoxic cell 
aging, cell death (apoptosis). Major harmful prooxidant 
effects of ROS with OS production are due to the oxidative 
attack on nucleic acids, proteins, lipids and carbohydrates:

- DNA lesions, referring to thymine, cytosine, adenine, 
guanine and deoxyribose, followed by cellular injuries and 
mutations

- modifications of proteins and glycoproteins 
- alterations of membrane proteins and transport 

disturbances through the membrane 
- modification of enzyme activity and lipid metabolism 
- lipid peroxidation, modifications of the structure and 

function of membranes 
- carbohydrate damage, effects which can lead to 

apoptosis and necrosis (Evans et al., 2004; Bullone & 
Lavoie, 2017).  

Oxidative stress (OS) was described as the total 
oxidative lesions caused by O&NS or, in terms of 
accumulation, modification and depletion:

- accumulation – refers to lipofuscin, lipoprotein 
pigments from the brain and myocardium

- modification – refers to nucleic acids, glycoproteins, 
proteins and lipids 

- depletion – refers to the loss or reduction of the 
enzyme activity (Beckman & Ames, 1998).

Major intracellular sources of OS are: the mitochondrial 
transport chain, polymorphonuclears and xanthine oxidases 
(Sessa et al., 2020).

b) Beneficial effects of ROS occur in the case of 
production of small quantities: 

- anti-infective defense through bactericidal activity in 
the course of phagocytosis and stimulation of the activation 
of lymphocytes 

- control of normal vascular tone 
- modification of the hydrosolubility of certain 

substances 
- stimulation of cell growth, proliferation and 

transformation 
- cellular signaling and regulation of gene expression
- stimulation of erythropoietin secretion 
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- learning and memory (Janssen et al., 1993; Ivanov et 
al., 2016; Faienza et al., 2020).

Normal aerobic life is constantly subject to an 
attack from ROS-RNS, which take part in oxidative and 
nitrosative stress (O&NS). The sources of ROS-RNS can 
be:

- endogenous, intracellular – mitochondria, 
microsomes, endoplasmic reticulum in neutrophils, 
eosinophils, monocytes, endothelial cells, myocytes 

- exogenous – redox substances, UVR/IR radiation, 
pollution, lifestyle (for example physical activity and 
diet), alcohol and smoking (Riga & Riga, 2007; Rytz et al., 
2020).

Antioxidant capacity of the body (AOC)
Aerobic life is characterized by the balance between 

ROS and the capacity of the antioxidant systems 
(AOS), both at cell level and at the entire body level, to 
counterattack ROS actions. AOS comprise all antioxidants 
(AO) that operate within the intracellular and extracellular 
compartment. 

The body developed its own AOS, which can be 
classified according to different criteria as follows 
(Olinescu, 1994; Halliwell, 1990; Bonorden & Pariza, 
1994):

- according to the moment of intervention: 
- primary, preventive, classical or true AO, 

which operate from the initiation stage of ROS, 
forming: thiols, sulfides, catalase, peroxidase, 
transferase, diaphorase, SOD, urate, ascorbate, 
isomers of the linoleic acid, chelating agents 
(peptides) 

- secondary AO, which fragment the oxidation 
chain: α-tocopherol, β-carotene

- according to the place where they operate: 
- intracellular AO in the membrane, cytoplasm 

and nucleus: vitamin E, β-carotene, vitamin C, 
GSH, CuZnSOD, GSH-Px, GSH-S-T, ferritin, 
metallothionein, carnosine, anserine, CAT

- extracellular AO: CuZnSOD, transferrin, 
lactoferrin, haptoglobin, hemopexin, ceruloplasmin, 
albumin, vitamin C, uric acid, bilirubin, vitamin E

- according to the operating mechanism: 
- enzymatic AO: the SOD family (CuZnSOD, 

CuSOD), CAT, the glutathione redox cycle (GSH-
Px, GSH-S-T, GSH-r, G-6-PDH)

- non-enzymatic AO: GSH, vitamin E, vitamin 
C, carotenes and vitamin A, Se, uric acid, bilirubin, 
albumin, estrogens, metallothionein, polyamines, 
saturated fatty acids, quinones

- according to solubility: 
- hydrosoluble AO: vitamin C, uric acid, 

glucose, cysteine, GSH, Se, histidine, taurine, metal 
chelating proteins, heme fixation proteins

- liposoluble AO: vitamin E, β-carotene, 
bilirubin, estrone, estradiol.

The antioxidant systems of the body comprise all 
AO and they control physiological processes, as well as 
prooxidant pathological systems. 

The research of Olinescu et al. (1994) pointed out that 
the total AO status of the body shows variations according 

to gender, age and blood type. Cellular redox homeostasis 
is maintained and OS is prevented through: 

- genetic control of the AO: CAT, SOD, NOS
- vitamin control through vitamins C and E
- myokine intervention.
Genetic control is achieved by nuclear factor-kappa 

B (NF-kappa B) and mitogen-activated protein kinase 
(MAPK), which are the signal transduction pathways in 
ONS, activating the genetic expression of a number of 
enzymes in O/AO homeostasis: MnSOD, NOSi and NOSe 
(Ji, 2008).

Vitamin C (ascorbic acid) is a hydrosoluble AO, present 
in intra- and extracellular fluids (plasma, synovial fluid, 
CSF), with multiple AO properties: direct scrubber for 1O2, 
O2

•  ,̶ OH•; neutralizes the oxidants set free by neutrophils; 
helps regenerate vitamin E, a liposoluble AO; reduces the 
α-tocopheroxyl radical to α-tocopherol, has a synergistic 
action compared to vitamin E (α-tocopherol); reduces 
nitroxide radicals. When in excess it can have a prooxidant 
effect by Fe3+ in Fe2+.

Myokines are cytokines produced in the scheletal 
muscles during physical effort, influencing the formation 
of ROS, RNS and AOC. The myokine family comprises: 
brain-derived neurotrophic factor (BDNF), cathepsin 
B, decorin, growth factors of the fibroblasts-2 and 21, 
follistatin and  follistatin-like, growth factor insulin-
like-1, interleukins 6, 7 and 15, irisin, leukemia inhibitory 
factor, meteorin-like, myonectin, musclin, myostatin and 
osteoglycin (Szabó et al., 2020; Ost et al., 2016).

Effort/exercise capacity 
Exercise capacity is the ability of the active muscle 

system to release the energy required for mechanical 
work, in the highest possible amount and for as long as 
possible. Physical exercise is supported via two metabolic 
pathways: anaerobic and aerobic, the latter being 50 times 
more efficient than the former one. Predominantly aerobic 
exercises are characterized by:

- low, medium or submaximal intensity
- real or apparent balance between O2 demand and 

intake
- duration of more than 3 minutes, up to a few hours 

(i.e. 2-3 hours), depending on intensity, maximum VO2 
used

- mechanical efficiency 23-26%
- energy source: 30% carbohydrates during endurance 

exercise; 70% lipids
- final catabolites from univalent reduction of O2: 

ROS.
Aerobic training determines:
- central adaptive changes, which affect the 

cardiorespiratory activity (heart rate, beat volume, O2 
extraction and uptake, muscle blood flow and muscle 
metabolism)

- peripheral adaptive changes at the muscle level: 
number and size of mitochondria, capillary density, 
myoglobin content, oxidative enzyme activity (Tache & 
Staicu, 2010).

Skeletal muscles, which are the active organs of the 
locomotor system, are characterized by very large changes 
in O2 metabolism at rest and in exertion, which can be 



92

Simona Tache et al.

considered normal; no other tissue in the body has such 
characteristics. During physical exercise, blood flow was 
found to increase by about 10-20 times, with hyperemia 
limits between 10-50 times, depending on exercise intensity 
and the type of muscle fibers; the O2 influx in sarcosomes 
increased by about 100-200 and the O2 arteriovenous 
difference increased by 3-4 times.

The increased O2 consumption is determined by: 
particularities of the practiced exercise such as intensity, 
strength, endurance; aerobic, anaerobic or mixed nature; 
duration and speed of exercise; active muscle mass; body 
position; active and/or static components. In addition to 
these factors, the environmental circumstances in which 
exercise is carried out, such as atmospheric pressure, 
hypoxia, temperature, humidity, noise and adaptive or 
non-adaptive processes (training, acclimatization, fatigue, 
overtraining, emotions, etc.), also contribute to stress in 
sports, in its forms of eustress or distress (Tache et al., 
2009).

Redox homeostasis during physical exercise 
ROS and RNS production in muscle takes place 

continuously at a low level and increases during muscle 
activity. ROSs and RNSs have multiple direct and indirect 
effects on contractility, excitability, metabolism and 
calcium homeostasis.

a) Endogenous sources of ROSs and RNSs
Endogenous sources generating reactive species in the 

body can be: electron transport chains in mitochondria 
and microsomes; autoxidation reactions (ferrous ions, 
adrenaline); oxidative enzymes (oxidases - xanthine 
oxidase, galactosidase, monoamine oxidase, nitric oxide 
synthase - NOS, NADPH oxidase; oxygenases - tryptophan 
dioxygenase, indolamine dioxygenase, cyclooxygenase, 
lipoxygenase); blood phagocytic cells (neutrophils, 
eosinophils, monocytes, macrophages) and vascular 
(endothelial) cells (Riga & Riga, 2007).

The intracellular sources of ROS generation in striated 
muscle fiber are:

- sarcolemma (membrane), with the help of the 
NADPH-oxidase enzyme

- sarcosomes (mitochondria) (2-5%), with the 
participation of phospholipase A2 (PLA2) and the electron 
transfer respiratory chain, especially in stage 4

- microsomes (sarcoplasmic reticulum) in the electron 
transport chain

- sarcoplasm, with the help of oxidative enzymes 
(oxidases and oxygenases)

- interconversion of RNSs to ROSs
- transsarcolemmal diffusion of extracellular ROSs.
The major intracellular source of ROSs and RNSs is 

considered to be sarcosomes. NO in turn modulates the 
production of ROSs in sarcosomes, and the effects are 
reversible in the presence of oxymyoglobin (Sarkela et al., 
2001; Di Meo & Venditti, 2001).

The extracellular sources of ROSs at the musculoskeletal 
level are the transsarcolemmal efflux of intracellularly 
formed ROSs and the extracellular interconversion of 
RNSs to ROSs. The extracellular sources of RNSs at 
the musculoskeletal level are: transsarcolemmal efflux 
of RNSs formed intracellularly with the help of eNOS, 

subsarcolemmal nNOS, and extracellular interconversion 
of ROSs to RNSs (Murrant & Reid, 2001).

Oxidative stress (OS) and nitrosative stress (NS) are 
generated by excess production of ROSs and RNSs. OS 
and NS are caused by divergent disruption: demands/
resources, i.e. by the double imbalance between the 
increasing oxidizing aggression and the decreasing AO 
defense (Riga & Riga, 2007).

The term currently in use is oxynitrosative stress 
(ONS). The evaluation of ONS at the biological level, 
which is a process involved in the etiopathogenesis of 
over 100 human and animal diseases, is carried out in two 
opposite directions:

- measurement of aggressor factors (O2 and N2 
catabolites or ROSs and RNSs) and their effects

- quantification of the body’s AO defense and 
prooxidant enzyme activity.

ONS includes all oxidative chain damage caused 
by ROSs and RNSs in biological molecules of proteins, 
carbohydrates, DNA and lipids: oxidation, peroxidation, 
autoxidation, cooxidation. O2 activation - a process which 
is considered to be fundamental and characteristic of the 
living world - generates mainly free radicals (FR) of O2: 
singlet oxygen and free radicals - superoxide, perhydroxyl 
and hydroxyl. FRs are molecules or molecular fragments 
that contain an odd electron, have the property of being 
highly reactive and cause OS and NS (under conditions of 
imbalance with AO factors). They are themselves the main 
amplifying factor in the generation of “oxidative lesions”: 
peroxides, hyperoxides, endoperoxides and epoxides, in 
addition to a new amplification resulting from balance 
disruption: excess of oxidants, doubled by AO deficiency 
(Riga & Riga, 2007).

ROS and RNS generation occurs in: muscle vascular 
endothelial cells (Mitchell & Tyml, 1996), vascular smooth 
muscle fibers (Charpie & Webb, 1993), inflamed joint 
cells, motor neurons, astrocytes, neutrophil leukocytes and 
lymphocytes (Suzuki & Machida, 1996), and red blood 
cells (Slater, 1987; Murell et al., 1990).

b) Effects of ROSs and RNSs
The direct effects of ROSs and RNSs on skeletal muscles 

involve the modulation of normal contractile processes, by 
alteration of the excitation-contraction coupling; decreased 
muscle metabolism and, indirectly, decreased contractility; 
influencing cellular redox status, which may frequently 
precede OS and NS (Kehrer & Lund, 1994; Li et al., 2003).

Other effects are: mediation of intercellular interactions, 
control of vascular tone and blood flow in large and small 
vessels of resistance (NO• and OH• - vasoconstriction/
vasodilation and hyperemia) (Prior et al, 2003); 
neuromuscular transmission; fusion of myoblasts; satellite 
cell activation; invasion of neutrophils, depolarization of 
related nerve endings (Murrant & Reid, 2001).

NS is associated with OS and causes damage or 
destruction of lipids, proteins and nucleic acids; decreased 
physical performance, muscle fatigue, muscle injuries and 
overtraining (König et al., 2001).

c) AO defense during physical exercise
ROS generation has a dual effect: it causes OS and 

oxidative damage, and it stimulates adaptive responses for 
long-term AO protection and increased resistance to OS. 
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AO defense, effort-induced OS limitation and increased 
tolerance to effort-induced OS are the result of repeated 
moderate aerobic physical exercise, long low-intensity 
training, and detraining.

The AO defense mechanism at muscle level is supposed 
to be based on the hyperregulation of AO defense systems 
in muscle. Regular moderate physical exercise reduces 
OS. Moderate OS may produce a hormesis effect in non-
muscular tissues, thus representing a beneficial mechanism 
of physical exercise by hyperregulating various AO 
mechanisms, including AO enzymes and degraded 
molecular repair enzymes (Goto et al., 2007; Radak et al., 
2008).

ROSs play the role of signaling molecules that modulate 
both the contractile function in tired and non-tired skeletal 
muscles and the gene expression via redox-sensitive 
transcription pathways, which is an important mechanism 
in the adaptation to training and AO defense processes. In 
this context, the adaptation of endogenous AO systems 
to regular training reflects a potential mechanism for 
increasing the tolerance of skeletal muscles to exercise-
induced OS (Niess & Simon, 2007).

Changes in redox homeostasis during exercise depend 
on physical exercise frequency, duration, intensity, and 
type. Such changes consist of homeostasis alteration and 
homeostasis regulation. Some authors have recommended 
a practical investigation of the level of prooxidants-
antioxidants and their ratio (PO/AO) or the Loverro 
coefficient in order to determine the OS risk (level of 
lipid peroxidation products/SOD, CAT and erythrocyte 
GSHPx) (Zembron-Lacny et al., 2008). The PO/AO 
ratio is influenced by factors + processes + mechanisms / 
resources + protection + defense (Riga & Riga, 2007).

Redox homeostasis alteration consists of the generation 
of ONS in acute exhausting exercise, endurance training 
and high intensity training, or overtraining syndrome 
(Kruk et al., 2019; Sessa et al., 2020; Navarro-Ibarra et 
al., 2019; Neves et al., 2018; Thirupathi & Pinho, 2018; 
Powers et al., 2020).

ONS caused by intense physical exercise induces 
an increase of oxidative indicators in serum and muscle 
(peroxidated lipids, expired ethane, MDA, F2-isoprostanes, 
conjugated dienes, 8-hydroxy-2 deoxyguanosine), which 
recommends AO supplementation (Urso & Clarkson, 
2003).

Redox homeostasis regulation occurs in moderate, 
regular exercise, in long low-intensity training, in 
combined physical exercise (aerobic + strength training) 
and in fractional training (Tromm et al., 2016).

Adaptive changes consist of:
- lower ONS (limitation of ROS and RNS generation)
- increased AO defense capacity (Kruk et al., 2019; 

Alikhani & Sheikholeslami-Vatani, 2019; Lamarão-Vieira 
et al., 2019; Thirupathi et al., 2020; Radak et al., 2005; Lee 
et al., 2017; Mota et al., 2019; Rytz et al., 2020)

- lower prooxidant parameters (de Sousa et al., 2017)
- increased activity of AO enzymes (Tromm et al., 

2016).
Training causes similar changes in young people and 

the elderly (Alikhani & Sheikholeslami-Vatani, 2019), and 
also gender-dependent changes (Rytz et al., 2020).

ROS generation in moderate exercise and low-intensity 
training plays a role in:

- induction of AO defense, DNA repair and antioxidant 
enzyme repair (Angulo et al., 2020) and adaptation to 
exercise (Elejade et al., 2021; Ismaeel et al., 2019; Angulo 
et al., 2020)

- redox intracellular signaling, acting as a signaling 
molecule (Ismaeel et al., 2019; Thirupathi & Pinho, 2018)

- hyperrelation of AO gene expression involved in 
redox homeostasis (Ji et al., 2007). 

Muscular AO defense systems are hyper-regulated 
during exercise. Nuclear factor-kappaB (NF- kappaB) 
and mitogen-activated protein kinase (MAPK) are the 
signal transduction pathways in OS, which activate the 
gene expression of a number of enzymes and proteins 
that play an important role in maintaining intracellular 
O/AO homeostasis; this idea is supported by numerous 
recent studies (Ji, 2007; Ji, 2008). NF-KappaB and MAPK 
intervene in skeletal muscles in the changes occurring in 
gene expression hyperregulation of enzymes involved 
in O/AO homeostasis: MnSOD and iNOS and eNOS in 
mitochondria (Ji et al., 2007). MAPK and NF-kappaB 
are the two major regulators of gene transcription and 
metabolism in response to oxidative, energetic and 
mechanical stress in skeletal muscles. The activation 
of these factors is stimulated by exercise (Kramer & 
Goodyear, 2007).

Conclusions
1. Physical activity/exercise is a non-pharmacological 

treatment with a sanogenetic, antiaging and therapeutic 
role, depending on exercise intensity, duration, frequency 
and type.

2. Physical activity/exercise determines biochemical 
changes in the redox homeostasis of the O/AO balance: 
either generation of OS in acute exhausting exercise, 
high intensity and endurance exercise, and overtraining 
syndrome, or decreased OS and AOC generation in 
appropriate exercise during moderate training.

3. Controlling the oxidant/antioxidant balance during 
physical exercise through proper training and nutritional 
and non-nutritional supplementation of antioxidants can 
help reduce oxidative stress and increase performance.

4. Anti-stress measures taken during physical exercise 
aim to overcome the stress caused by physical exercise, 
reduce systemic physiological stress, reduce oxidative 
stress, overcome and reduce psycho-emotional stress. 
Controlling and overcoming the stress caused by physical 
exercise can contribute to athletic success.

Conflicts of interests
The authors declare no conflict of interest.

References
Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman 

JI, Donato KA, Fruchart J-C, James W PT, Loria CM, Smith 
Jr SC et al.  Harmonizing the metabolic syndrome. 
Circulation. 2009;120 (16):1640-1645. doi: 10.1161/
CIRCULATIONAHA.109.192644.



94

Simona Tache et al.

Alikhani S, Sheikholeslami-Vatani D. Oxidative stress and anti-
oxidant responses to regular resistance training in young and 
older adult women. Geriatr Gerontol Int. 2019;19(5):419-
422. doi: 10.1111/ggi.13636.

Angulo J, El Assar M, Alvarez-Bustos A, Rodríguez-Mañas 
L. Physical activity and exercise: strategies to manage 
frailty. Redox Biol. 2020; 35:101513. doi: 10.1016/j.
reodx.2020.101513.

Beckman KB, Ames BN. The free radical theory of aging 
matures. Physiol Rev. 1998;78(2):547-572. doi: 10.1152/
physrev.1998.78.2.547.

Bonorden WR, Pariza MW. Antioxidants, nutrients and protection 
from free radicals. In: Kotsonis FN, Mackey M, Hjelle J (eds) 
Nutritional toxicology. Raven Press. New York. 1994,19-47.

Bullone M, Lavoie J-P. The contribution of oxidative stress and 
inflamm-aging in human and equine asthma. Int J Mol Sci. 
2017;18(12):2612 doi: 10.3390/ijms18122612. 

Cai Z, Zhang J, Li H. Selenium, aging and aging-related diseases. 
Aging Clin. Exp. Res. 2019;31(8); 1035-1047. doi: 10.1007/
s40520-018-1086-7.

Charpie JR, Webb RC. Vascular myocyte-derived nitric oxide 
is an autocrine that limits vasoconstriction. Biochem 
Biophys Res Commun. 1993;194(2):763-768. doi:10.1152/
AJPHEART.1996.270.5. H1696.

Daimiel L, Martínez-González MA, Corella D, Salas-
Salvadó J, Schröder H, Vioque J, Romaguera D, Martínez 
JA, Wärnberg J, Lopez-Miranda J, Estruch R, Cano-
Ibáñez Alonso-Gómez A, Tur JA, Tinahones FJ, Serra-Majem 
L, Micó-Pérez RM, Lapetra J, Galdón A, Pintó X, Vidal 
J, Micó V, Colmenarejo G, Gaforio JJ, Matía P, Ros E, Buil-
Cosiales P, Vázquez-Ruiz Z, Sorlí JV, Graniel IP, Cuenca-
Royo A, Gisbert-Sellés C, Galmes-Panades AM, Zulet 
MA, García-Ríos A, Díaz-López A, de la Torre R, Galilea-
Zabalza I, Ordovás JM. Physical fitness and physical activity 
association with cognitive function and quality of life: 
baseline cross-sectional analysis of the PREDIMED-Plus 
trial. Sci Rep. 2020;10(1):3472. doi: 10.1038/s41598-020-
59458-6.

de Sousa CV, Sales MM, Rosa TS,  Lewis JE, de Andrade 
RV, Simões HG. The antioxidant effect of exercise: a 
systematic review and meta-analysis. J Sports Med. 
2017;47(2):277-293. doi: 10.1007/s40279-016-0566-1.

Di Meo S, Venditti P. Mitochondria in exercise-induced oxidative 
stress. Biol Signals Recept. 2001; 10(1-2):125-140. doi: 
10.1159/000046880.

Dumitru G. Sănătate prin sport pe înţelesul tuturor. Ed. FRST, 
Bucureşti, 1997.

Elejalde E, Villarán MC, Alonso  RM. Grape polyphenols 
supplementation for exercise-induced oxidative stress. J Int 
Soc Sports Nutr. 2021;18(1):3. doi: 10.1186/s12970-020-
00395-0.

Evans MD, Dizdaroglu M, Cooke MS. Oxidative DNA damage 
and disease: Induction, repair and significance. Mutat. Res. 
2004;567(1):1-61. doi: 10.1016/j.mrrev.2003.11.001.

Faienza MF, Lassandro G, Chiarito M,  Federica 
Valente , Loredana Ciaccia , Paola Giordano. How Physical 
Activity across the Lifespan Can Reduce the Impact of Bone 
Ageing: A Literature Review. Int J Environ Res Public Health. 
2020;17(6):1862. doi: 10.3390/ijerph17061862.

Goto S, Naito H, Kaneko T, Chung HY, Radák Z. Hormetic 
effects of regular exercise in aging: correlation with oxidative 
stress. Appl Physiol Nutr Metab. 2007;32(5):948-953. doi: 
10.1139/H07-092.

Halliwell B. How to characterize a biological antioxidant. 
Free Radic Res Comm. 1990;9(1):1-32. doi: 
10.3109/10715769009148569.

Halliwel B. Biochemistry of oxidative stress. Biochem Soc Trans. 

2007;35(Pt 5):1147-1150. doi: 10.1042/BST0351147.
Ismaeel A, Holmes M, Paputsi E, Panton L, Koutakis P. Resistance 

training, antioxidant status, and antioxidant supplementation. 
Int J Sport Nutr Exerc Metab. 2019;29(5):539-547. doi: 
10.1123/ijsnem.2018-0339.

Ivanov AV, Valuev-Elliston VT, Ivanova ON, Kochetkov 
SN, Starodubova ES, Bartosch B, Isaguliants MG. Oxidative 
stress during HIV infection: Mechanisms and consequences. 
Oxid Med Cell Longev. 2016;2016: 8910396. doi: 
10.1155/2016/8910396.

Janssen ZMW, van Houten B, Borm PJA, Mossman BT. Cell and 
tissue responses to oxidative damage. Lab Invest. 1993;69(3): 
261-273.

Ji LL, Gomez-Cabrera MC, Vina J. Role of nuclear factor kappaB 
and mitogen-activated protein kinase signaling in exercise-
induced antioxidant enzyme adaptation. Appl Physiol Nutr 
Metab. 2007;32(5):930-935. doi: 10.1139/H07-098.

Ji LL. Antioxidant signaling in skeletal muscle: a brief review. 
Exp Gerontol. 2007;42(7):582-593. doi: 10.1016/j.
exger.2007.03.002.

Ji LL. Modulation of skeletal muscle antioxidant defense 
by exercise. Role of redox signaling. Free Radic 
Biol Med. 2008;44(2):142-152. doi: 10.1016/j.
freeradbiomed.2007.02.031.

Joseph A-M, Adhihetty PJ, Leewenburgh C. Beneficial effects 
of exercise on age-related mitochondrial dysfunction 
and oxidative stress in skeletal muscle. J Physiol. 
2016;594(18):5105-5123. doi: 10.1113/JP270659.

Kehrer JP, Lung LG. Cellular reducing equivalents and oxidative 
stress. Free Radic Biol Med. 1994; 17(1):65-75.

König D, Wagner KH, Elmadfa I, Berg A. Exercise and oxidative 
stress: significance of antioxidants with reference to 
inflammatory, muscular and systemic stress. Exerc Immunol 
Rev. 2001;7:108-133.

Kramer HF, Goodyear LJ. Exercise, MAPK and NF-kappaB 
signaling in skeletal muscle. J Appl Physiol. 2007;103(1):388-
395. doi: 10.1152/japplphysiol.00085.2007.

Kruk J, Aboul-Enein HY, Kładna A, Bowser JE. Oxidative stress 
in biological systems and its relation with pathophysiological 
functions: the effect of physical activity on cellular redox 
homeostasis. Free Radic Res. 2019;53(5):497-521. doi: 
10.1080/10715762.2019.1612059.

Lamarão-Vieira K, Pamplona-Santos D, Nascimento PC, 
Corrêa MG, Bittencourt LO, Dos Santos SM, Cartágenes 
SC, Fernandes LMP, Monteiro MC, Maia CSF, Lima 
RR. Physical Exercise Attenuates Oxidative Stress and 
Morphofunctional Cerebellar Damages Induced by the Ethanol 
Binge Drinking Paradigm from Adolescence to Adulthood 
in Rats. Oxid Med Cell Longev. 2019;2019:6802424. doi: 
10.1155/2019/6802424.

Lee I-M, Shiroma EJ, Lobelo F, Puska P, Blair SN, Katzmarzyk 
PT, Lancet Physical Activity Series Working Group. Effect of 
physical inactivity on major. Lancet.  2012;380(9838):219-
229. doi: 10.1016/S0140-6736(12)61031-9.

Lee S, Hashimoto J, Suzuki T, Satoh A. The effects of exercise load 
during development on oxidative stress levels and antioxidant 
potential in adulthood. Free Radic Re. 2017;51(2):179-186. 
doi: 10.1080/10715762.2017.1291939.

Lessiani G, Santilli F, Boccatonda A, Iodice P, Liani R, Tripaldi R, 
Saggini R, Davì G. Arterial stiffness and sedentary lifestyle: 
Role of oxidative stress. Vascul Pharmacol. 2016;79:1-5. doi: 
10.1016/j.vph.2015.05.017.

Li YP, Chen Y, Li AS, Reid MB. Hydrogen peroxide stimulates 
ubiquitin-conjugating activity and expression of genes for 
specific E2 and E3 proteins in skeletal muscle myotubes. 
Am J Physiol Cell Physiol. 2003;285(4):C806-C812. doi: 
10.1152/ajpcell.00129.2003.



95

Redox homeostasis and physical activity

Mitchell D, Tyml K. Nitric oxide release in rat skeletal muscle 
capillary. Am J Physiol. 1996;270(5Pt 2):H1696-H1703. doi: 
10.1152/ajpheart.1996.270.5.H1696.

Moreira GC, Cipullo JP, Souza Ciorlia LA, Cesarino CB, Vilela-
Martin JF. Prevalence of metabolic syndrome: Association 
with risk factors and cardiovascular complications in an urban 
population. PLoS ONE 2014;9(9):e105056. doi: 10.1371/
journal.pone.0105056.

Mota MP, Dos Santos ZA, Soares JFP. Intervention with a 
combined physical exercise training to reduce oxidative stress 
of women over 40 years of age. Exp Gerontol. 2019;123:1-9. 
doi: 10.1016/j.exger.2019.05.002.

Murell GA, Francis MJ, Bromley L. Modulation of fibroblast 
proliferation by oxygen free radicals. Biochem J. 
1990;265(3):659-665. doi: 10.1042/bj2650659.

Murrant CL, Reid MB. Detection of reactive oxygen and reactive 
nitrogen species in skeletal muscle. Microsc Red Tech. 
2001;55(4):236-248. doi: 10.1002/jemt.1173.

Navarro-Ibarra MJ, Hernández J, Caire-Juvera G. Diet, 
physical activity and telomere length in adults. Nutr Hosp. 
2019;36(6):1403-1417. doi: 10.20960/nh.02673.

Neves MF, Cunha MR, de Paula T. Effects of nutrients 
and exercises to attenuate oxidative stress and prevent 
cardiovascular disease. Curr Pharm Des. 2018;24(40):4800-
4806. doi: 10.2174/1381612825666190116143824.

Niess AM, Simon P. Response and adaptation of skeletal muscle 
to exercise - the role of reactive oxygen species. Front Biosci. 
2007;12:4826-4838. doi: 10.2741/2431.

Olinescu R. Radicalii liberi în fiziopatologie. Ed. Tehnică. 
București, 1994.

Ost M, Coleman V, Kasch J, Klaus S. Regulation of 
myokine expression: Role of exercise and cellular stress. 
Free Radic Biol Med. 2016;98:78-89. doi: 10.1016/j.
freeradbiomed.2016.02.018

Powers SK, Deminice R, Ozdemir M, Toshinori Yoshihara, 
Matthew P Bomkamp , Hayden Hyatt. Exercise-induced 
oxidative stress: Friend or foe? J Sport Health Sci. 
2020;9(5):415-425. doi: 10.1016/j.jshs.2020.04.001.

Prior BM, Lloyd PG, Yang HT, Terjung RL. Exercise-induced 
vascular remodeling. Exerc Sport Sci Rev. 2003;31(1):26-33. 
doi: 10.1097/00003677-200301000-00006.

Radak Z, Chung HY, Goto S. Exercise and hormesis: oxidative 
stress-related adaptation for successful aging. Biogerontology. 
2005;6(1):71-75. doi: 10.1007/s10522-004-7386-7.

Radak Z, Chung HY, Goto S. Systemic adaptation to 
oxidative challenge induced by regular exercise. Free 
Radic Biol Med. 2008;44(2):153-159. doi: 10.1016/j.
freeradbiomed.2007.01.029.

Rezende Freitas H, da Costa Ferreira G, Trevenzoli IH, de Jesus 
Oliveira K, de Melo Reis RA. Fatty acids, antioxidants and 
physical activity in brain aging. Nutrients. 2017;9(11):1263. 
doi:10.3390/nu9111263.

Riga D, Riga S. Medicina anti-îmbătrânire şi ştiinţele longevităţii. 
Ed. Cartea Univ Bucureşti. 2007,124,129,135-137.

Rytz CL, Pialoux V, Mura M, Martin A, Hogan DB, Hill 
MD, Poulin MJ. Impact of aerobic exercise, sex, and 

metabolic syndrome on markers of oxidative stress: results 
from the Brain in Motion study. J Appl Physiol (1985). 
2020;128(4):748-756. doi: 10.1152/japplphysiol.00667.2019.

Sallam N, Laher I. Exercise modulates oxidative stress and 
inflammation in aging and cardiovascular diseases. 
Oxidative Med Cell Longev. 2016;2016:7239639. doi: 
10.1155/2016/7239639.

Sarkela TM, Berthiaume J, Elfering S,  Gybina AA, Giulivi C. 
The modulation of oxygen radical production by nitric oxide 
in mitochondria. J Biol Chem. 2001; 276(10):6945-6949. doi: 
10.1074/jbc.M007625200.

Sessa F, Messina G, Russo R,  Monica Salerno, Carlo Castruccio 
Castracani, Alfio Distefano, Giovanni Li Volti, Aldo E 
Calogero, Rossella Cannarella, Laura M Mongioi’, Rosita 
A Condorelli, Sandro La Vignera. Consequences on aging 
process and human wellness of generation of nitrogen and 
oxygen species during strenuous exercise. Aging Male. 
2020;23(1):14-22. doi: 10.1080/13685538.2018.1482866.

Simioni C, Zauli G, Martelli AM, Vitale M, Sachetti G, Gonelli 
A, Neri LM. Oxidative stress: role of physical exercise and 
antioxidant nutraceuticals in adulthood and aging. Oncotarget. 
2018;9(24): 17181-17198. doi: 10.18632/oncotarget.24729.

Slater TF. Free radicals and tissue injury: fact and fiction. Br J 
Cancer Suppl. 1987;8:5-10.

Suzuki M, Machida K. Sports and measurement of components 
in urine responses of renal blood flow, electrolytes and 
hormones and of excretion of proteins into urine to exercise. 
Rinsh Byori. 1996; 44(7):627-632.

Szabó MR, Pipicz M, Csont T, Csonka C. Modulatory effect of 
myokines on reactive oxygen species in ischemia/reperfusion. 
Int J Mol Sci. 2020;21(24):9382. doi: 10.3390/ijms21249382. 

Tache S, Bidian C, Ciocoi Pop DR, Popovici C, Martoma 
A. Paradoxul balanţei oxidanţi/antioxidanţi în efort fizic. 
Palestrica Mileniului III – Civilizaţie şi Sport. 2009;10(2):145-
152.

Tache S, Staicu ML. Adaptarea organismului la efort fizic. Vol. 1. 
Ed. Risoprint. Cluj-Napoca, 2010,11-33, 159-195.

Thirupathi A, Pinho RA, Chang YZ. Physical exercise: An 
inducer of positive oxidative stress in skeletal muscle aging. 
Life Sci. 2020;252:117630. doi: 10.1016/j.lfs.2020.117630.

Thirupathi A, Pinho RA. Effects of reactive oxygen species and 
interplay of antioxidants during physical exercise in skeletal 
muscles. J Physiol Biochem. 2018;74(3):359-367. doi: 
10.1007/s13105-018-0633-1.

Tromm CB, Pozzi BG, Paganini CS. The role of continuous 
versus fractionated physical training on muscle oxidative 
stress parameters and calcium-handling proteins in aged 
rats. Aging Clin Exp Res. 2016;28(5):833-841. doi: 10.1007/
s40520-015-0501-6.

Urso ML, Clarkson PM. Oxidative stress, exercise and antioxidant 
supplementation. Toxicology. 2003;189(1-2):41-54. doi: 
10.1016/s0300-483x(03)00151-3.

Zembron-Lacny A, Ostapiuk J, Slowinska-Lisowska M, 
Witkowski K, Szyszka K. Pro-antioxidant ratio in healthy men 
exposed to muscle-damaging resistance exercise. J Physiol 
Biochem. 2008; 64(1):27-35. doi: 10.1007/BF03168232.


