
 
 
PHYSIOLOGICAL RESEARCH • ISSN 1802-9973 (online) - an open access article under the CC BY license 
 2023 by the authors. Published by the Institute of Physiology of the Czech Academy of Sciences, Prague, Czech Republic 
Fax +420 241 062 164, e-mail: physres@fgu.cas.cz, www.biomed.cas.cz/physiolres 
 

Physiol. Res. 72 (Suppl. 5): S429-S444, 2023 https://doi.org/10.33549/physiolres.935238 

 
REVIEW 

 
Sports Activities and Cardiovascular System Change 
 
 
Petra ŠTURSOVÁ1, Xenie BUDINSKÁ1, Zuzana NOVÁKOVÁ1, Petr DOBŠÁK2, 
Petr BABULA1 
 
1Department of Physiology, Faculty of Medicine, Masaryk University, Brno, Czech Republic, 
2Department of Sports Medicine and Rehabilitation, Faculty of Medicine and St. Anne´s Faculty 
Hospital, Masaryk University, Brno, Czech Republic 
 

Received March 31, 2023 
Accepted September 24, 2023 
 
 
Summary 
Sports activity is generally considered to be beneficial to health. 
The World Health Organization (WHO) recommends physical 
activity as part of a healthy lifestyle. Sports activities significantly 
affect the cardiovascular system. A number of studies show that 
they significantly reduce the risk of cardiovascular disease as well 
as decrease cardiovascular mortality. This review discusses 
changes in various cardiovascular parameters in athletes – 
vagotonia/bradycardia, hypertrophy of heart, ECG changes, blood 
pressure, and variability of cardiovascular parameters. Because of 
its relationship to the cardiovascular system, VO2max, which is 
widely used as an indicator of cardiorespiratory fitness, is also 
discussed. The review concludes with a discussion of reactive 
oxygen species (ROS) and oxidative stress, particularly in relation 
to changes in the cardiovascular system in athletes. The review 
appropriately summarizes the above issues and points out some 
new implications. 
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Introduction 
 

Sports activity is generally considered beneficial 
to health. The World Health Organization (WHO) 

recommends physical activity as a part of the healthy 
lifestyle. The result of long-term repeated exercise is 
adaptation, which can be defined as a purposeful change 
in the organism that leads to an improved level of 
homeostasis. From a medical point of view the benefits 
that accompany sports activities include increased 
resistance to exercise, weight loss, reduction of blood 
pressure, reduction of low density lipoprotein (LDL), and 
increase of high density lipoprotein (HDL) cholesterol 
and increase of insulin sensitivity [1]. The major changes 
during long-term exercise are in the cardiovascular 
system, or in the heart itself. 

Resting heart rate (HR) values in the normal 
middle-aged population are around 70 beats per minute. 
This number decreases with age with minimal gender 
differences [2]. As exercise intensity increases, HR also 
increases. This is due to the fact that every exercise is 
perceived by our organism as a stress and in the basic 
regulatory patterns we have in this case an increase in 
sympathetic activity, which by its action accelerates the 
formation of excitations in the Sinoatrial node. Maximum 
exercise intensity is performed at maximal HR, which is 
the same in athletes and non-athletes [3]. This can be 
estimated from the formula HRmax = 220 - age. This 
would mean that HRmax reaches 200 beats/minute in  
a 20-year-old male. More recent studies have shown that 
this formula is not accurate and measurements usually 
yield higher values [4,5]. After exercise, HR returns to 
baseline values in a few minutes. This time depends on 
the individual's training and the size/type of the load. 
With repetitive endurance exercise, adaptive changes 
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occur, which have been described as the “sports heart” 
syndrome. These changes are reversible. They are 
primarily manifested by a decrease in resting HR 
(bradycardia) and enlarging of the heart by the 
mechanism of hypertrophy [6]. 

There are many different kinds of sports. It can 
be generally separated into three groups: endurance, 
strength and combined exercise. Endurance sports, also 
called aerobic sports, are performed at low loads for long 
period of time. This includes running, swimming or 
cycling. Strength or resistance sports are characterized by 
short, intensive muscle contractions that are repetitive, 
e.g. weightlifting. It is an anaerobic type of activity. We 
have to take into account that most sports are not 
strength- or endurance-oriented. Combined sports include 
both types of actives – aerobic and anaerobic,  
e.g. cycling, rowing [7]. 
 
Vagotonia/Bradycardia 
 

Cardiac vagotonia has previously been reported 
to be due to the predominance of the parasympathetic 
nerve (whose fibers are part of the vagus nerve) over the 
sympathetic nerve and is manifested by a reduction in 
resting HR. Hence the term “vagotonia”. Currently, it is 
rather considered that the main changes leading to 
a reduction in resting HR take place in the sinoatrial node 
[8]. The increase of vagal tone on the heart comes as part 
of the adaptation processes to exertion, the decrease in 
HR at rest is considered a physiological adaptation of the 
body to episodes of strong sympathetic stimulation by 
intense muscle work during sports. A comparative study 
showed lower resting HR in athletes (around 
58 beats/minute) compared to healthy non-athletes, with 
values reaching around 76 beats/minute [9]. Values of 
around 35 beats/minute have been measured in the best 
endurance runners [10]. On the other hand, reduced 
resting HR was not found in strength sports [11]. 
Combined sports may result in a greater reduction in 
resting heart rate, for example cricketers showed lower 
resting heart rate (57 beats per minute) than other athletes 
and non-athletes in one study [12]. 
 
Hypertrophy 
 

Cardiac growth is another manifestation of the 
“athletic heart” syndrome. Hypertrophy can be divided 
into concentric and eccentric depending on the type of 
stimulus. Eccentric hypertrophy occurs in endurance 

sports in which isotonic exercise occurs. This type of 
sports is characterized by volumetric loading that 
primarily leads to an increase in the end-diastolic 
dimension of the left ventricle [13]. At the cellular level, 
cardiomyocyte elongation occurs; sarcomeres are 
arranged in series [14,15]. In some athletes, an increase in 
left ventricular wall thickness above 13 to 15 mm has 
been observed, which is considered normal [7]. 

Concentric hypertrophy is observed in strength 
sports during isometric exercise. Increased pressure load 
is observed when the heart has to pump blood against 
greater resistance. Primarily, there is hypertrophy of the 
cardiac free wall and interventricular septum, 
accompanied by growth of the cardiac mass. The increase 
in wall thickness is disproportionate to the size of the 
ventricle, but the wall thickness is still within normal 
limits [7]. At the cellular level, sarcomeres are arranged 
in parallel, leading to thickening of cardiomyocytes 
[14,15]. In combined sports, both forms of these 
adaptations occur. 

The role of the right ventricle during exercise is 
often overlooked. It may be essential for proper left 
ventricular function [16]. The right ventricle responds to 
endurance training with a balanced increase of volume 
and mass [17]. The increase in heart rate volume is 
achieved by different mechanisms in the two ventricles. 
In the right ventricle, there is an increased contractility 
and a decrease in end-systolic volume to 10-20 ml with 
a concomitant increase in ejection fraction. The heart has 
to accept a larger volume of blood at diastole, hence the 
left ventricle responds with an increased end-diastolic 
volume to 150-180 ml. This is responsible for an increase 
in venous return leading to increased contractility by the 
so-called Starling effect, increasing the amount of blood 
ejected. Due to its enlargement, the “athletic heart” can 
pump the same blood volumes into the bloodstream at 
lower HR as the heart of an untrained individual. As 
a result, the energy cost of left ventricular contraction is 
optimized and the overall cost is reduced [16]. In 
contrast, strength training leads to an extreme increase in 
blood pressure. 

As a result of ventricular enlargement, systolic 
volume increases. Resting values of about 86 ml have 
been measured in swimmers compared to controls with 
resting values of about 59 ml [18]. Stress values in non-
athletes reach about 100 ml, while in trained athletes of 
about 180 ml [19]. 

During exercise, cardiac output must increase, 
despite the shorter filling time due to increased HR. It is 
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logical that the increase in reservoirs will play an 
important role in the accelerated filling of the left 
ventricle. The physiological response during exercise is 
a reduction of minimal volume in the atria accompanied 
by increased emptying function [20]. Athletes have larger 
atrial volumes than non-athletes. Resting values of minute 
cardiac output are about 5 l/min in men. In women, it is 
slightly less. At maximal load, the output increases up to 
25 l/min. If we take into account the increased heart 
volume, increased HR and the adaptive changes caused by 
cardiac hypertrophy, the resulting minute cardiac output 
may be greater than 35 l/min [21]. 

Previously, hypertrophy was divided into 
physiological and pathological hypertrophy, but the term 
“hypertrophy” means abnormal growth, so hypertrophy 
cannot be physiological [22]. Pathological hypertrophy is 
associated with cardiomyocyte loss, cardiac dysfunction, 
and increased risk of heart failure and sudden death 
[23,24]. The growth of the heart after birth, in women 
during pregnancy, and growth caused by regular physical 
activity was considered physiological. Today, all types of 
hypertrophy are considered pathological. The structure of 
the heart is preserved, and functionality is normal or 
increased. These changes are due to enlargement of 
cardiomyocytes, not their proliferation. During early 
postnatal development, cardiomyocytes lose the ability to 
proliferate and become terminally differentiated. 
However, there are studies that support the theory of the 
ability of adult cardiomyocytes to proliferate as a result of 
regular sports activity [25-27]. 

Hypertrophy, resulting from sports activity, is 
accompanied by the formation of new blood vessels in 
the process of angiogenesis due to hypoxia [28,29]. 
Sufficient nutrition of the hypertrophied left ventricular 
musculature is ensured, unlike pathological hypertrophy, 
in which new blood vessels do not form [30]. In general, 
these adaptations are considered to be physiological due 
to the demands of the sport. Unlike hypertension, these 
changes are not associated with diastolic dysfunction, 
arrhythmias, or adverse prognosis. After a long-term 
termination of sports activity, the indicators return to their 
original values [31]. 

Heart growth as a result of increased exercise is 
dependent on many factors including activation of 
signaling pathways, changes in gene expression, and 
increases in protein synthesis, including the organization 
of contractile proteins in sarcomeres [32]. It is also 
accompanied by an increased capacity of energy 
production, primarily in the mitochondria. 

In animal models, phenotypes associated with 
hypertrophy have been shown to arise from different 
stimuli under the activation of different signaling 
pathways [33]. Genetically engineered mouse models 
(transgenic, knockout) together with models with 
different types of hypertrophy (pathological, concentric, 
eccentric) are powerful tools in such studies [34,35]. 
Cardiac hypertrophy results from activation of signaling 
pathways that are triggered through membrane-bound 
receptors [36-38]. The most used animal models are small 
rodents like mice and rats, but other models have also 
been established, for example swine, rabbit and dog 
models [39]. Larger animals have more similar hearts to 
humans, but they are more demanding in terms of space 
and diet, it is very difficult to manipulate them and 
exercise protocols more complex to implement. The 
advantages of rodent models are their rapid reaching of 
adult age (about 2 months), short gestation periods and 
many offsprings, which leads to cheaper mass production. 
Although some contractile aspects are different from the 
human myocardium, structure and grow patterns are well 
known and are similar to human hearts [40]. To induce 
cardiac hypertrophy in rodent models, various training 
schedules are used. Endurance training includes for 
example treadmill running, voluntary wheel running and 
swim training. Treadmill running allows for well-
controlled and uniform training units [41]. In addition, 
selected cardiovascular parameters can be reliably 
monitored. On the other hand, treadmill running requires 
technical skills and specialized equipment. Experimental 
animals may experience psychological and physical stress 
during long-term exercise. It is necessary to mention, that 
even voluntary exercise induces stress, which seems to be 
necessary during exercise [42]. The advantages of 
voluntary wheel training are the minimal technical 
requirements and activity in a “home environment”. On 
the other hand, the disadvantage is the different length 
and intensity of the exercise, which can lead to different 
exercise results [43]. Swim training does not require a lot 
of space and it can be done with several experimental 
subjects at once. The question of voluntary training is 
irrelevant here – if the animal does not swim, it will 
drown. This is related to the increased stress level due to 
hypoxia caused by diving and fear of drowning [39]. 

Resistance training is mainly intended to induce 
skeletal muscle growth. Various methods have been used 
for this purpose, for example a model of chronic muscle 
stretching, compensatory overload and electric 
stimulation in unconscious rats [44]. More suitable are 
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models of conscious exercise, where the animal is 
motivated by a food reward or the movement is 
stimulated by an electric shock to the tail or leg, but not 
directly in the muscle tissue [45,46]. A model that 
mimics squad-training was also created [46]. Today it is 
the most common used model by many laboratories also 
in cardiovascular research [47,48]. 

Usually, two different groups of animals are 
used in experiments – trained and sedentary. However, 
these are two extremes, the majority of people are 
between them and do some sport activity. Other factors 
that affect the results of experiments are age, sex and 
strain. It is well known, that younger rats have a higher 
capacity for cardiomyocyte proliferation [49]. Sex plays 
an essential role in cardiac growth. Significant 
differences were observed between males and females 
mice, with significantly greater gain of heart mass in 
females [50]. Similarly, differences have been described 
between strains [51-54]. The final evaluation of the 
training also has its limitations. Heart growth is assessed in 
relation to the weight of the individual, but male rats show 
greater weight loss than females after intensive training 
[55]. Ultrasound echocardiography has a lower sensitivity 
and therefore post mortem evaluation is preferable. 
 
ECG changes 
 

Electrocardiogram (ECG) is used as a basic 
diagnostic method in cardiology recording the electrical 
activity of the heart and excitement conduction, typically 
used is a modified 12-lead ECG [56]. 

As mentioned before, athletes have a lower 
resting HR. This will show up in resting conditions as an 
extension of the time intervals of each section described 
on the ECG-RR intervals, QRS complex, QT interval or 
PQ segment [57]. Even so, in sports medicine there is 
a diagnosis of sudden cardiac death. Sudden cardiac 
arrest is the most common cause of death in sports 
activities [58]. Death can occur as a result of hypertrophic 
cardiomyopathy (HCM), forms of arrhythmogenic (right 
ventricular) cardiomyopathy (AVC), ion channel diseases 
(e.g. Brugada syndrome, long or short QT syndrome), 
and accessory pathways (e.g. Wolf-Parkinson-White 
[WPW] syndrome [59-61]. The abnormalities can be 
hereditary, structural and electrical. This results in  
an ECG waveform that can be non-standard in up to 50 % 
of athletes [62]. In general, the greatest abnormalities 
occur in athletes with the greatest increase in left 
ventricular cavity size, wall thickness and left atrial 

dimension [13]. Other indicators are younger age and 
endurance sport. Changes are also more common in men 
than in women [10,62]. This may be due to the lower rate 
of left ventricular remodeling, and also to the lesser 
involvement of women in sports in which abnormalities 
are more common. 

Sports activity is recommended for the 
prevention of cardiovascular disease, but atherosclerosis 
is more common in elite athletes. High-volume and high-
intensity training may increase the probability of disease 
[63-65]. Atherosclerosis is characterized by the formation 
of plaques: calcified, noncalcified, or mixed (containing 
both calcified and noncalcified material) with different 
prognosis. Calcified plaques are associated with best 
prognosis, mixed plaques are associated with worst 
prognosis. For endurance sports some studies suggest  
an increased prevalence of cardiovascular arterial 
calcification for athletes with the highest weekly 
workload (more than 2000 min per week vs. less than 
1000 min per week) [64]. Another study identifies older 
age as a risk factor (40 years) [63]. A major risk of 
strength training is the usage of anabolic steroids, which 
increase the risk of atherosclerosis [66]. The problem of 
these studies is the different parameter settings and 
selection of athletes. Most of them focus on white male 
athletes. We lack data for female athletes and the race of 
the athletes needs to be taken into account. In general, 
sports activity reduces the risk of atherosclerosis. 
Athletes with a higher workload have a lower biological 
age of blood vessels of about 30 years [67]. Coronary 
atherosclerotic plaques are more stable, athletes have 
a lower incidence of mixed plaques compared to the 
general population and thus a lower risk of cardiovascular 
events [64,68]. 

We must remember that athletes are monitored 
much more frequently and this may be one reason for the 
more frequent detection of changes on ECG. We also 
need to consider which changes are related to the athlete's 
heart syndrome and are completely physiological, and 
which changes are classified as pathological. Most 
diseases remain undetected until a fatal event occurs [69]. 
For this reason, preventive ECG examinations are 
recommended. Correct interpretation of the results under 
the supervision of an experienced specialist is important. 
The currently valid “International Recommendations for 
ECG Interpretation in Athletes” date from 2017 [70]. It 
includes a traffic light that classifies ECG changes into 
physiological (green), borderline (yellow) and 
pathological (red). 
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Blood pressure 
 

When we talk about blood pressure, we are 
referring to the pressure of blood on the wall of the 
arteries. Normal systolic/diastolic blood pressure 
(S/DBP) is 120/80 mm Hg at rest, with the higher number 
indicating the systolic SBP, i.e. the highest pressure 
during the ejection phase of the systole of the cardiac 
cycle. The lowest, diastolic pressure is in the filling phase 
of the diastole. We speak of hypertension, i.e. high 
pressure, at values above 140/90 mm Hg, while 
hypotension (low pressure) is considered to be below 
100/65 mm Hg [71,72]. 

SBP logically depends on the heart rate, which is 
influenced by the sympathetic system [73-75]. 
DBP depends on peripheral resistance and does not have 
a clear answer – the type of load and the person's training 
play an important role here. Autonomic nervous system 
(ANS) evaluates the situation and tunes the ratio between 
sympathetic and parasympathetic activity on the vascular 
system. If sympathetic tone is increased, peripheral 
resistance and DBP increase, if sympathetic activity is 
decreased, peripheral resistance and DBP are lower, or 
the ratio does not change and DBP remains the same. 

Adrenergic receptors (ARs) play a role in blood 
pressure control. They belong to superfamily of 
G protein-coupled receptors (GPCR) [76,77]. Nine 
subtypes of these receptors have been found in humans – 
three α1ARs (α1A, α1B, α1D), three α2ARs (α2A, α2B, α2C) 
and three βARs (β1, β2 and β3). ARs are expressed in the 
central nervous system (CNS), in peripheral sympathetic 
nerves and also in sympathetically innervated tissues 
throughout the body [78]. Receptors respond to 
substances from the catecholamine group, specifically 
norepinephrine (or noradrenaline) and epinephrine  
(or adrenaline) [79]. Activation of α1ARs and β2ARs has 
the greatest influence on blood pressure control [80]. 
α1ARs are located in the smooth muscle cells of blood 
vessels and their activation leads to smooth muscle 
contraction and vasoconstriction of peripheral veins and 
arteries, thereby increasing blood pressure. On the other 
hand, activation of β2ARs leads to dilation of blood 
vessels and blood pressure decreases. 

The acute response to exercise is a change in 
blood pressure depending on the type and intensity of 
exercise. Systolic pressure which depends on cardiac 
output increases during dynamic movements [81]. At 
submaximal intensity, systolic pressure values of over 
200 mm Hg can be measured [82]. However, there may 

be a decrease in diastolic pressure depending on total 
peripheral resistance. During static exercise, both 
pressures rise. In terms of short-term effects, decreases in 
both systolic and diastolic blood pressure have been 
reported for 8-12 h, independently of exercise intensity 
[83]. In terms of adaptive changes, endurance athletes 
show lower systolic blood pressure at rest (110) 
compared to non-athletes (120) [84]. Exercise 3-5 times 
per week with exercise intensity between 40-50 % of 
VO2max was most effective in reducing blood pressure 
[81]. During extreme strength training (concentric 
contraction, double-leg press), pressures of 480/350 have 
been measured in one athlete, and 320/250 mm Hg on 
average [85]. 
 
Variability 
 

Sports activity changes not only cardiovascular 
parameters (HR, BP) but also their variability. Generally, 
there are 3 parameters described: heart rate variability 
(HRV), blood pressure variability (BPV), and baroreflex 
sensitivity (BRS). HRV, BPV and BRS parameters can 
be estimated with ECG (heart rate) and blood pressure 
measurements. Variability of these parameters could be 
studied in time and frequency domains (power spectrum). 
These parameters can help us for studying reflex 
mechanisms of cardiovascular regulation during and after 
exercise, during training and overtraining, sex differences 
and effects of aging [86].  

In the frequency domain we can find three 
frequency bands: high frequency band (HF, >0.15 Hz), 
low frequency band (LF, 0.040.15 Hz), and very low 
frequency band (VLF, <0.04 Hz). Variability in each 
frequency band has different origin. HF band is 
influenced by parasympathetic nervous system [87,89]. 
Variability of cardiovascular parameters in this band 
could be given by the respiratory sinus arrhythmia [90]. 
LF variability is given mainly by sympathetic nervous 
system (sympatho-sympathetic reflexes) [91]. However, 
at the same time there could be modulations from another 
factors or systems: activity of the parasympathetic 
nervous system (inhibition effect), vasomotor effect, and 
sensitivity of the effectors. LF aim is to maintain stability 
of the blood pressure via baroreflex regulation [92]. 
VLF origin is given by changes of the peripheral 
vasomotor tonus; it could be given by middle/long term 
changes influencing vascular tonus, i.e. changes in 
hormonal systems (renin-angiotensin system, cortisol 
fluctuations), thermoregulatory mechanisms [56,57]. 
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Heart rate variability is measured by the 
variation in the beat-to-beat interval. Parameters of HRV 
can be used to determine cardiac sympatho-vagal 
balance, the relation of sympathetic and parasympathetic 
nerve activity [95]. Increased sympatho-vagal balance 
leads to a decrease in HRV, which is associated with 
higher risks of cardiovascular morbidity and mortality 
[96,97]. 

Various studies that evaluated the effect of 
intense resistance exertion on autonomic modulation 
shows decrease in HF and increase in LF components of 
HRV [98-100]. Moreover, HF variability returns to 
initial/baseline values in 48-72 h [11]. The regular 
resistant workload does not show the significant changes 
in HRV [101-103], but despite of that, the post-exercise 
HR recovery is improved [11]. More complicated HRV 
changes are given by aerobic exercise. HRV is increased 
in LF and HF bands in young respondents. It could be 
explained by higher parasympathetic (vagal) or 
baroreflex modulation [87]. Nevertheless, for HRV in 
older respondents (60 years old and older) there are still 
controversial results: regular aerobic activity causes the 
increase of the parasympathetic tone [104,105], but at the 
same time others reported only limited or non-significant 
improvement of vagal activity [105,106]. Which is why 
we can suggest that adaptation of the parasympathetic 
nervous system, and HRV are age-dependent, and they 
decrease with age. 

Blood pressure variability is a phenomenon 
that characterizes continuous and dynamic fluctuations in 
blood pressure levels. These fluctuations could be short-
term (seconds, minutes), mid‐term (24 h or day-to-day), 
and long‐term (months). Some studies have reported 
associations between BPV and end-organ damage, 
cardiovascular events or mortality, and it is a strong 
predictor of stroke, independent of mean BP [107,108]. 
The most frequently analyzed BPV is mid-term or long-
term variability. The studies usually compare two types 
of the exercises – resistance and aerobic, both in acute 
and chronical application. Separately chronic resistance 
workload does not change significantly the BPV, but 
there is a trend to decrease the SBP [108]. Long-term 
regular aerobic training leads to decrease the BPV 
[108,109]. Mixed acute workload causes decrease of BPV 
with non-changed BP [110], whereas chronic mixed 
workload leads to opposite results: decreased BP, and 
non-changed BPV [110,111]. SBP and BP variability are 
two independent cardiovascular risk factors, where we 
can see a positive correlation between these parameters 

and cardiovascular incidences and mortality. 
Baroreflex sensitivity is defined as the change 

in inter-beat interval in milliseconds per unit change in 
BP. Assessment of baroreflex sensitivity is an established 
tool to assess autonomic control of the cardiovascular 
system. Changes in the BRS contribute to the changes in 
the ratio between parasympathetic and sympathetic 
activity on behalf of sympathetic activity that leads to the 
development and progression of cardiovascular disease. 
Therefore, the estimation/analysis of BRS is a source of 
valuable information in the clinical management of 
cardiac disease patients, particularly in risk stratification 
[112]. In all types of the exercises (acute and chronic, 
aerobic and resistant) the improvement of BRS were 
registered [113-116]. 
 
VO2max 
 

Transport of oxygen to tissues is one of the main 
tasks of the cardiovascular system, its consumption 
increases with exertion. It is important for athletes to use 
as much of the inspired oxygen as possible. This is 
referred as VO2max, the maximum volume of oxygen the 
body is able to use. In simple terms, it tells us how fit the 
athlete is. The resulting number is given in absolute 
values – i.e. ml/min or converted to kg of body weight – 
i.e. ml/kg/min. Many fitness watches present a VO2max 
measurement function, but the most accurate readings are 
obtained in laboratory conditions using a spiroergometric 
test. Resting oxygen consumption values are around 
3.5 ml/kg/min. Maximum values for average women are 
about 35 ml/kg/min and for men about 45 ml/kg/min. In 
athletes we find another of the adaptive changes, where 
the average athlete can consume 60 ml/kg/min [9]. This is 
obviously related to the size and filling of the left 
ventricle. 
 
Oxidative stress 
 

In the following section, we will focus on 
general characteristics and mainly on endurance sports. 
The heart needs a constant supply of energy to contract 
and distribute oxygen and nutrients throughout the body. 
In a healthy heart, fatty acid oxidation is responsible for  
60-70 % of ATP production [117]. Glucose and lactate 
metabolism is responsible for the remaining 30 % of 
ATP synthesis. The heart is able to switch between 
substrates depending on the type of activity performed 
and the concentration of source molecules in the 
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bloodstream. This mechanism ensures a constant energy 
supply under different physiological conditions. During 
exercise, fatty acid oxidation increases, the ratio of 
glucose oxidation versus glycolysis increases, and 
ATP production increases. In the diseased heart, the 
opposite is the case; in addition, proton production 
increases and overall efficiency decreases [118]. 

Mitochondria have an irreplaceable role in cells. 
They cover energy requirements, provide energy 
metabolism of the cell along with cellular respiration, 
calcium homeostasis, contractility of cardiac cells, 
produce and scavenge reactive oxygen species (ROS), 
participate in nuclear gene expression and regulate cell 
death [32]. Unlike normal cells, mitochondria in 
cardiomyocytes are uniform in size and are nested 
between contractile elements [119]. The number and size 
of mitochondria is determined by their fusion and fission. 
If the balance between fusion and fission is disrupted, 
cardiovascular and other diseases can arise [120]. Regular 
aerobic training in rats after myocardial infarction alters 
the ratios of proteins associated with fusion – mitofusin 2 
(mfn2) and optic athrophy 1 (OPA1) or fission – 
dynamin-related protein 1 (DRP1), preventing a decrease 
in mfn2+OPA1 and an increase in DRP1 [121]. 
Mitochondrial fragmentation is not only associated with 
pathological conditions, it is essential in the physiological 
regulation of mitochondrial function during stressful 
conditions such as exercise at submaximal intensity 
[122]. Physiological mitochondrial fission improves 
mitochondrial functionality, deactivates mitophagy 
(mitochondrial autophagy) and is essential for maximal 
performance. However, autophagy of mitochondria is 
also essential to maintain their quality [123]. ROS are 
generated as a product of mitochondrial activity, 
specifically oxidative phosphorylation. They can also be 
produced by interaction with external sources such as 
xenobiotic compounds. These include the superoxide 
anion (O2

●-), hydrogen peroxide (H2O2) and the hydroxyl 
radical (HO●). When the production of ROS overwhelms 
the antioxidant capacity of the cell, oxidative stress 
occurs, which can lead to many diseases such as 
atherosclerosis, diabetes, cancer, neurodegenerative 
diseases, and to aging [124-127]. When ROS are 
overproduced, their potentially harmful effects are 
removed by sophisticated mechanisms such as their 
neutralization by antioxidant substances (e.g. reduced 
thiols, vitamins A and E, catecholamines) or enzymes 
(e.g. superoxide dismutase, peroxidase, catalase, 
glutathione reductase) that are synthesized in the body 

[128]. Paradoxically, ROS serve as essential signaling 
molecules in cell proliferation and survival. They are 
involved in the regulation of essential signaling pathways 
[129]. 

During exercise, muscles experience increased 
metabolic demands, which are compensated by an 
increase in oxygen uptake, increasing blood flow to the 
muscles. Oxidative stress markers are elevated after 
aerobic exercise [130,131]. With faster metabolism, more 
ROS are produced in skeletal muscle and other tissues 
and organs [132]. ROS production after exercise has been 
found to be lower in the heart than in the liver and 
skeletal muscle [133]. Indeed, the concentration of ROS 
in ventricular cardiomyocytes is tightly regulated. The 
increase is compensated by an increase in 
ROS degradation. This may have beneficial effects on the 
heart [134]. Indeed, in the recovery phase, upregulation 
of antioxidant defense mechanisms and other adaptive 
changes occur. It has been found that 10-day treadmill 
training in rats reduces ROS production, specifically 
H2O2, the potential on mitochondrial membranes is better 
maintained and redox homeostasis is preserved [135]. 
These changes protect the heart of trained individuals 
from arrhythmias. For strength training, the results of 
studies are inconsistent. Some studies show measurable 
increased oxidative stress, others have seen no effect after 
exercise [136,137,130,131]. Oxidative stress in this case 
is probably dependent on training intensity [138]. After 
long-term exercise, oxidative capacity is unchanged after 
strength training [139]. 

In combined sports, there is an increase in 
oxidative stress after exercise and after long-term 
exercise, oxidative capacity is increased [140,141]. 
 
Conclusions 
 

A sedentary lifestyle brings many disadvantages, 
the most common of which are the risk of high blood 
pressure, skeletal muscle wasting, obesity, atherosclerosis 
or myocardial infarction, which can lead to premature 
death. Through regular sports activity, we can reduce 
many of these risks. However, it also depends on the type 
of sport and the amount of time the sport is performed. 
Although the classic division into endurance training and 
strength training is generally accepted, it is far more 
common to combine both types of sporting activity in 
different proportions. Long-term and regular sports 
activity leads to changes in the cardiovascular system 
primarily manifested by bradycardia (mainly in the case 
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of endurance training) and hypertrophy. Reduced resting 
HR may be related to improved VO2max in athletes. 
A direct relationship between these two variables has 
been found [142,143]. In addition to the aforementioned, 
bradycardia may be considered in relation to the type of 
cardiac hypertrophy [144]. Other factors may also be 
involved in cardiac remodeling. Among genetic factors, 
attention has been drawn to polymorphisms in 
angiotensinogen and angiotensin-converting enzyme 
(ACE) [145]. In addition, polymorphisms in the IGF-1 
(insulin-like growth factor), IGF-1 receptor and myostatin 
genes have been implicated [146]. Exercise is a known 
strategy to cope with oxidative stress, however the 
relationships between them are very complicated 
depending on the mode, intensity and duration of exercise 
[147]. Aerobic training is the most widely used type of 
exercise across studies [148]. It appears to be a suitable 
activity for improving redox balance, increasing the 
efficiency of antioxidant defensive mechanisms, leading 

to an increased capacity for ROS scavenging in the 
mitochondria [149]. In terms of strength training, there 
are no consistent results, however, across studies, 
moderate improvements in redox balance or no changes 
have been observed [148]. This happens as a result of 
differently chosen training methods, be it the number of 
repetitions of a given exercise, the number of sets or rest 
intervals. In the future, it would be necessary to 
standardize the training protocols to obtain relevant data. 
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