	
	
	



Physiological adaptations to exercise; physical activity and health.
Chronic physiological adaptations to exercise refer to the improvements that occur over time within the variety of different physiological systems such as cardiovascular, respiratory or muscular systems as well as refer to positive effects on the metabolism resulted from the response to regular physical activity (Miles, 2007; Rivera-Brown and Frontera, 2012; Heinonen et al, 2014; Gibala, Bostad and McCarthy, 2019; Acar, 2023). 
Cardiovascular system
Moreover, regular exercise induces several long-term physiological adaptations in the cardiovascular system such as alterations in the heart muscle also known as ‘exercise-induced cardiac hypertrophy’ which usually results from endurance or dynamic exercise such as long-distance running, or swimming (Babette et al., 2000; Maron and Pelliccia, 2006; Lee and Oh, 2016). Moreover, those adaptations include increased left ventricular mass from endurance/aerobic training (eccentric hypertrophy) such us long distance running or cycling where the chamber size increases allowing higher stroke volumes and more blood to be pumped at each beat (Pluim et al., 2000). Conversely, strength trained athletes or anaerobic training such as wrestling or weightlifting may indirectly develop slight thickening of the left ventricular wall (concentric hypertrophy) which as a result maintains cardiac contractility and wall tension, however eccentric hypotrophy predominates in athletes' heart resulting in thicker muscles, bigger hearts and bigger left ventricles (Maron and Pelliccia, 2006). Interestingly, cyclists and rowing athletes will show eccentric-concentric left ventricle hypertrophy as those sports include mixed exercise characteristics (Pluim et al., 2000). Additionally, highly active individuals often present larger left ventricular cavity however, the size varies between different sports and lean body mass (Hellsten and Nyberg, 2016; Lee and Oh, 2016). 

Another adaptation that occurs post training is increased stroke volume at rest, submaximal and maximal exercise, however, this change is rarely detectable in people who does not participate in much regular physical activity (Cordero, Masiá and Galve, 2014). Thus, regular dynamic endurance exercise such contributes to better heart efficiency, leading to an increase in the amount of blood pumped out of the heart per beat (stroke volume) (Lavie et al., 2015; Hellsten and Nyberg, 2016; Lee and Oh, 2016). Additionally, even as much as double the amount of blood can be pumped with highly trained individuals compared to trained or untrained individuals resulting in twice as much oxygen carried around the body and effectively to the muscles (Cordero, Masiá and Galve, 2014). It is known that stroke volume rises during exercise primarily due to increase in left ventricle end-diastolic volume and increase in the plasma volume affecting the preload (volume of blood returning to the heart) which stretches the heart and therefore leads to stronger and more forceful contraction/ejection during the systole (Hellsten and Nyberg, 2016).

Moreover, with consistent training, a change in heart rate can be observed as a consequence of more efficient and stronger heart which requires fewer beats to maintain the same amount of blood flow due to regular aerobic exercise and increased stroke volume (Borresen and Lambert, 2008). Therefore, lower resting heart rate and a slower rise in heart rate during exercise appears (Borresen and Lambert, 2008). In addition, the significant decrease in resting heart rate of around 1 beat per minute per week of training is an outcome of the autonomic nervous system modulatory which results in increase in parasympathetic system, decrease in sympathetic activity and greater vagal modulation (Borresen and Lambert, 2008; Koller et al., 2022). Moreover, studies report that as submaximal intensity increases, cardiovascular endurance and efficiency improves and therefore better outcomes in heart rate appears (Carter, Banister and Blaber, 2003; Borresen and Lambert, 2008). Additionally, cardiac output is a crucial determinant of overall cardiovascular function and refers to the volume of blood pumped by the heart in a minute and is achieved from a combination of heart rate and stroke volume adaptations (Q = HR × SV) (Hellsten and Nyberg, 2016). Moreover, as exercise intensity goes up, the cardiac output goes up due to higher stroke volume and it is evaluated that cardiac output can vary between 20 L/min in untrained individuals to 40 L/min in athletes at maximal aerobic exercise (Lavie et al., 2015).
Another adaptation that occurs in cardiovascular system is the improved blood flow to active muscles by increased capillarization, which means that through regular aerobic training the capillaries increase in number and density which enhances the delivery of oxygen to the fibres (Laughlin, 1999). Additionally, Sawka et al. (2000) explain that through regular endurance exercise the body can increase blood volume and can stimulate production of red blood cells (erythrocytes), summarizing that total blood volume expansion can occur in the first two weeks of exercise training contributing to improved cardiovascular function and exercise performance. Lastly, another component of cardiovascular long-term adaptation is lowered blood pressure, and it is suggested that exercising at moderate exercise intensity is as effective in the reduction as exercising at hard intensity (Fagard, 2001; Gronek et al., 2020). In addition, lower diastolic blood pressure is associated with dynamic resistance training, endurance, isometric and combined training and similarly, except for combined training, all above types of exercise affect reduction in systolic blood pressure (Cornelissen and Smart, 2013).
Respiratory system
Moreover, respiratory adaptation is another crucial component of regular sport participation which over time can lead to more efficient exercise performance with less effort and fatigue because of the improved ventilation (Hackett, 2020), enhanced oxygen delivery to the tissues (Calbet and Lundby, 2009), improved gas exchange efficiency (McKenzie, 2012) and increased respiratory muscle strength and endurance (Brown et al., 2013; Hackett, 2020). Moreover, high levels/maximal intensity endurance training which relies on aerobic metabolism with a maximum oxygen uptake (VO2max), shows greater ventilatory response compared to resistance exercise due to higher tidal volumes and respiratory rates (Lazovic et al., 2012; Hackett, 2020). Moreover, aerobic training improves oxygen-carrying capacity which stimulates a greater delivery of oxygen from the lungs to the muscles and tissues (Calbet and Lundby, 2009). Additionally, maximal intensity training allows the lungs to efficiently exchange oxygen and carbon dioxide between the alveoli and the blood due to enhanced lung perfusion (McKenzie, 2012; Przybyla et al., 2016).
Muscular system
Furthermore, over time, regular aerobic training can enhance muscle fibre type distribution, favouring the development of type 1 fibres which are better suited for endurance activities due to high oxidative capacity, high capillary density and more efficient use of oxygen (Thayer et al., 2000; Russell et al., 2003; Qaisar, Bhaskaran and Remmen, 2016). On the other hand, routinely performed heavy resistance training stimulates type II fibres which are responsible for explosive movements and power (Fry, 2004). Additionally, endurance and aerobic training stimulates the increase in size and number of new mitochondria (mitochondrial biogenesis) within the muscle cells as well as improves the mitochondrial function including increased oxidative enzyme activity and consequently greater production of ATP (adenosine triphosphate) (Philip et al., 2021). Moreover, efficient function of mitochondria is essential in maintaining normal blood glucose levels and insulin sensitivity due to cellular energy metabolism and signalling trail which relates to lipid and glucose homeostasis (Short et al., 2003; Ruegsegger et al., 2018). Interestingly, a randomized controlled trial evaluated by De Strijcker at al. (2018) concluded that individuals with a risk of insulin resistance or type 2 diabetes who regularly participated in high intensity interval training (HIIT) showed stronger beneficial effects on insulin sensitivity and muscle mitochondria compared to those participating in continuous aerobic training. 
Physical Activity and Health 
Physical activity is well studied in terms of positive impact on health across the lifespan (Beck and Snow, 2003; Warburton, Nicol and Bredin, 2006; Santos, Elliott-Sale and Sale, 2017). Moreover, the link between physical activity and health outcomes is supported by various physiological mechanisms which collectively underscore the importance of regular exercise for overall health, well-being and lower prevalence of many chronic diseases such as high blood pressure, cancer, heart disease, osteoporosis, sarcopenia and diabetes (Warburton, Nicol and Bredin, 2006; Miles, 2007; Colberg and Grieco, 2009; Bowles and Laughlin, 2011; Silverman and Deuster, 2014; Vega et al., 2017).
Regular exercise during childhood and adolescence period can have a significant influence on maintaining bone health throughout life, potentially delaying the onset of osteoporosis known for bone weakening and bone mineralization (Beck and Snow, 2003; Yuan et al., 2016; Santos, Elliott-Sale and Sale, 2017; Faienza et al., 2020). Therefore, regular exercise can reduce the risk of fragility fractures commonly associated with vertebral fractures, hip or wrist fractures (Yuan et al., 2016; Santos, Elliott-Sale and Sale, 2017). Additionally, during adolescence when the period for bone development is most critical, participating in regular weight-bearing and muscle-strengthening exercise has an ability to maximize peak bone mass (the highest amount of bone tissue that an individual can attain), contributing to greater strength and bone density resulting in a better foundation for bone health in later years (Beck and Snow, 2003; Hind and Burrows, 2007). Moreover, according to Santos, Elliott-Sale and Sale (2017) increasing peak bone mass by 10 % through regular exercise could delay development of osteoporosis by 13 years, while also reducing risk of fractures by 50% during adulthood. Furthermore, mechanical loading from resistance and weight-bearing exercises affects bone formation by stimulating cells called osteoblasts to produce new bone tissue (Meléndez-Ortega, 2007; Yuan et al., 2016). Therefore, through the process also knows as remodelling, the bone mass, bone mineral density and bone strength increases making the bones more resistant to fractures (Meléndez-Ortega, 2007; Yuan et al., 2016). Interestingly, research suggests that greatest long-term benefits from bone-loading exercises are shown when initiated in adolescents' years, compared to when interventions start during adulthood (Beck and Snow, 2003; Santos, Elliott-Sale and Sale, 2017; Benedetti et al., 2018).
Moreover, sarcopenia known as an age-related loss of muscle mass and weak muscle function can be counteracted by adequate metabolic interventions including involvement in exercise training (Boirie, 2009). Furthermore, resistance exercise is known to be the most effective way to prevent muscle loss as it stimulates muscle growth and helps maintain muscle mass and strength through various mechanisms (Pillard et al., 2011; Zembroń-Łacny et al., 2014; Supriya et al., 2022). In addition, resistance exercise induces a cascade of events consisting of muscle hypertrophy, which stimulates muscle growth by causing damage to muscle fibres which consequently repair and grow stronger while increasing muscle mass (Zembroń-Łacny et al., 2014). Additionally, strength training regulates hormones such as growth hormone, testosterone and insulin-like growth factor 1 and enhances muscle protein synthesis which all contribute to muscle growth, repair and maintenance (Marzetti et al., 2017). Importantly, preventative measures must be maintained throughout whole life and consist of not only adequate training regimes but also well-balanced nutrition (Beas-Jiménez et al., 2011).
Furthermore, research demonstrates that moderate to vigorous training can reduce the development of type 2 diabetes by 64% (Colberg and Grieco, 2009), as well as engaging in walking for at least 30 minutes per day is needed for management and prevention of the disease (Hamasaki, 2016). However, research also suggests that regardless of intensity, the total increase in weekly activities shows to be extremely important (Colberg and Grieco, 2009), and incorporation of approximately 170 minutes per week shows greater results in insulin sensitivity compared to shorted durations (Miles, 2007). Moreover, regular combination of different physical activities especially throughout childhood and adolescence period but also during adulthood increases insulin sensitivity, improves glucose metabolism and glycaemic control through contracting muscles (Miles, 2007). As a result, muscles have an increased demand for energy allowing the cells to more effectively respond to insulin and leads to an uptake of glucose from the bloodstream into muscle cells which consequently reduces blood sugar level and regulates glycaemic control (Miles, 2007). Additionally, insulin sensitivity and glucose uptake are improved by increased translocation of glucose transporter (GLUT4) stimulated by muscle contraction (Burr et al., 2010). 
Moreover, by incorporating regular exercise into daily routines, individuals can significantly reduce the risk of developing cardiovascular disease (Gronek et al., 2020; Murray et al., 2023). With age, cardiac output decreases, and this decline is primarily attributed to many age-related changes in the heart and blood vessels (increased stiffness), as well as alterations in physiological functions (North and Sinclair, 2012; Murray et al., 2023). Moreover, regular exercise prevents loss in endothelium-dependant vasodilation which plays a crucial role in regulating vascular tone and blood flow by promoting the release of nitric oxide which helps dilate blood vessels and prevents formation of blood clots (Gronek et al., 2020). Furthermore, hypertension is known as a significant risk factor of heart failure, stroke and other cardiovascular events, and participating in regular exercise can reduce the strain on the heart by lowering blood pressure (Cornelissen and Smart, 2013) through various mechanisms including reduced peripheral resistance and improved regulation of renin-angiotensin-aldosterone which initiates vasodilation and cardio-protection (Baffour-Awuah et al., 2024). 

Conclusion
Regular exercise is important for improvement of physiological functions such as increased stroke volume, decreased heart rate and enhanced cardiac output which results in better oxygen delivery. In addition, exercise affects muscular adaptations leading to increased muscle fibre, enhanced mitochondrial density and oxidative capacity which improves efficiency and decreases fatigue. Also, regular training, improves lung function by increased lung capacity, tidal volume and oxygen uptake enhancing the efficiency of gas exchange. Furthermore, exercise impacts musculoskeletal health by improving bone density through stimulation of osteoblasts and prevents loss of muscle mass through muscle hypertrophy and regulation of hormones. Consequently, those mechanisms prevent development of osteoporosis and sarcopenia and reduce risk of falls and fractures. Moreover, regular exercise promotes insulin sensitivity and improves glucose metabolism resulting in uptake of glucose by muscle cells through improved translocation of glucose transporter (GLUT4), effectively reducing chances of developing type 2 diabetes. Moreover, cardiovascular health depends on normal blood pressure which is an outcome of regular exercise and is influenced by regulation of renin-angiotensin-aldosterone system and vascular endothelial function.
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