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Abstract

:

Regular exercise is one of the main non-pharmacological measures suggested by several guidelines to prevent and treat the development of hypertension and cardiovascular disease through its impact on the vascular system. Routine aerobic training exerts its beneficial effects by means of several mechanisms: decreasing the heart rate and arterial pressure as well as reducing the activation of the sympathetic system and inflammation process without ignoring the important role that it plays in the metabolic profile. Through all these actions, physical training counteracts the arterial stiffening and aging that underlie the development of future cardiovascular events. While the role of aerobic training is undoubted, the effects of resistance training or combined-training exercise on arterial distensibility are still questioned. Moreover, whether different levels of physical activity have a different impact on normotensive and hypertensive subjects is still debated.
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1. Introduction


Physical activity is universally recognized as one of the major non-pharmacological measures to reduce the risk of future cardiovascular events [1,2] and cardiovascular mortality [3]. The importance of physical activity was also confirmed in the latest guidelines released for the management and treatment of arterial hypertension [4], which recommended performing the equivalent of 10 metabolic task-hours per week of recreational physical activity, which corresponds to the suggested 150 min. per week of previous guidelines [5,6], in order to reduce the risk of future hypertension by 6%. The positive effects of exercise are not limited to a mere reduction in blood pressure (BP) values, but it also acts on the metabolic profile and weight reduction [7,8] and also at the microcirculation level, with an improvement in vascular function and structure [9]. However, it is still debated if the favorable effects of exercise are both for aerobic and resistance or combined training, if there are differences in acute and long-term effects and if the entity of the benefit is the same for hypertensive and normotensive patients.




2. Effects of Different Types of Exercise on Arterial Distensibility


Several published papers have highlighted the beneficial role of aerobic training on arterial hypertension [8,10,11] and endothelial function [12,13]. Palatini et al. [8] examined 796 young-to-middle-age untreated hypertensive subjects from the HARVEST study, divided into 153 exercisers and 493 sedentary subjects. As expected, the active subjects presented a lower 24 h BP (78.8 vs. 81.2 mmHg, p < 0.001 adjusted for body mass index (BMI), alcohol consumption and smoking habits), diurnal diastolic BP (80.4 vs. 83.3 mmHg, p < 0.0001 adjusted for BMI, alcohol consumption and smoking habits) and heart rate (24 h 68.2 ± 0.7 vs. 72.0 ± 0.4 bpm, p < 0.0001; diurnal 70.1 ± 0.7 vs. 74.5 ± 0.4 bpm, p < 0.0001; nocturnal 59.7 ± 0.7 vs. 62.0 ± 0.4 bpm, p = 0.004 adjusted for age, BMI, alcohol intake and smoking habits) in comparison to the sedentary ones. As mentioned above, the efficacy of aerobic exercise for these young patients was due to several components, such as weight loss (BMI among exercisers was 25.2 ± 0.3 vs. 26.2 ± 0.2 kg/m2, p = 0.002) and also the reduction in the activity of the sympathetic nerve system, as documented by the decrease in urinary norepinephrine at the 24 h urinary collection (norepinephrine/creatinine: 44.2 ± 2.6 μg/24 h vs. 8.9 ± 2.9 μg/24 h, respectively, p = 0.04, as also documented in the subsequent analysis) [14]. As mentioned above, aerobic training has a crucial role in the improvement in arterial function. Again, evidence from the HARVEST study [12] showed the positive impact of regular aerobic exercise during 6 years of follow-up among 366 young-to-middle-age subjects (n = 264 sedentary and n = 102 physically active), as examined through the use of radial applanation tonometry to detect large- and small-artery distensibility, peripheral resistances and the augmentation index. The authors observed that both at the enrolment (Figure 1) and at the final evaluation (Table 1), arterial distensibility parameters were higher for small- and large-artery compliance and lower for peripheral resistances and augmentation indexes among the physically active subjects compared to those who were not active in sports. However, these results only remained statistically significant at the final assessment for small-artery compliance after the inclusion of age and sex in the model [12], for the augmentation index when calculated with one-way repeated-measures ANOVA analysis (p for the interaction of active vs. sedentary × basal versus follow-up was 0.020) and for total peripheral resistance (p for interaction = 0.045) [12]. As documented for the positive effect of aerobic exercise on BP reduction, the mechanisms suggested to be underlying the positive effect of aerobic training on arterial distensibility were again the decreased heart rate of the active subjects (71.2 ± 8.9 bpm) compared to sedentary ones (76.6 ± 9.7 bpm; p < 0.001), which is a well-known, strong component of endothelial function according to previous published data [15,16,17], and the decrease in activity of the sympathetic nerve system [18], which may counteract the vasoconstriction phenomenon at peripheral sites and inhibit the chronic effect of sympathetic activation on the vascular tree. Also, Vriz et al. [13], in a recently published paper, confirmed the efficacy of aerobic exercise on endothelial function. The authors examined 120 leisure-time exercisers, 120 competitive athletes and 120 sedentary subjects who served as controls, who underwent an echo-tracking ultrasound system to assess carotid artery stiffness by means of the pressure–strain elastic modulus and one-point pulse wave velocity. The pressure–strain elastic modulus was reduced among those who were physically active (both groups) in comparison to those who were not active in sports (p < 0.03), as was the pulse wave velocity (p < 0.02). Moreover, in a multivariate regression analysis, physical activity was discovered to be a significant predictor of both the pressure–strain elastic modulus (p = 0.001) and pulse wave velocity (p < 0.001), even if both the associations were attenuated after the inclusion of heart rate in the model (p = 0.042 and 0.007, respectively). Again, this paper highlighted the important role of physical activity for heart rate as a mediator of the effects on vascular function [13], combined with receding microvascular remodeling, normalization of the capillary density, ameliorating the function of the vascular tree and, finally, counteracting the oxidative stress phenomenon [19,20,21,22]. All the evidence mentioned above refers to the efficacy of aerobic training, but what evidence do we have for different kinds of exercise? In the 2018 guidelines for arterial hypertension [5], isometric and resistance training were also recognized to be effective for the reduction in BP levels according to data reported in several randomized clinical trials [23,24,25], and it was also confirmed in the new guidelines [4]. For example, in the meta-analysis conducted by Cornelissen et al., a significant BP reduction of −3.9 (−6.4; −1.2)/−3.9 (−5.6; −2.2) mm Hg (p < 0.001) was clearly demonstrated, with a larger decrease among those who performed isometric handgrip training: −13.5 (−16.5; −10.5)/−6.1 (−8.3; −3.9) mmHg [23]. With regard to the effects of different exercise programs on vascular function, some evidence came from Ashor et al. [26]. In this meta-analysis involving 42 studies with an overall number of 1627 participants, the authors investigated the role that different types of physical training (aerobic, resistance or combined) had on vascular function, as detected by means of pulse wave velocity and the augmentation index. The authors observed that both parameters were significantly improved by aerobic training (−0.63 m/s, 95% CI: −0.90, −0.35, p < 0.01 for pulse wave velocity; −2.63%, 95% CI: −5.25 to −0.02, p = 0.05 for augmentation index), while they were unaffected by resistance training (−0.04 m/s, 95% CI: −0.42, to 0.34, p = 0.82 for pulse wave velocity; −1.69%, 95% CI: −4.11 to 0.72, p = 0.17 for augmentation index) or combined aerobic/resistance exercise programs (−0.35 m/s, 95% CI: −0.82, 0.12, p = 0.15, respectively). These results seem to be in contrast to what was previously observed by Miyachi et al. [27], who found an increase of 14.3% (95% CI 8.5% to 20.1%; 71%; heterogeneity, p < 0.001) in stiffness indexes (carotid arterial β stiffness and pulse wave velocity) in comparison with a group of controls, even if this increase seemed to be peculiar to young but not to middle-aged individuals, and of high-intensity resistance training, while resistance training did not affect changes in vascular function. On the opposite side, resistance training performed at a high-intensity level was significantly associated with an increase in stiffness of 11.6% [27]. Moreover, as shown in the meta-analysis conducted by Ashor et al. [26], some studies that investigated some peculiar types of resistance training were included, showing a favorable impact or at least no increase in arterial stiffness such as with lower intensity rather than high intensity training [28], as was also observed by Miyachi et al. [27] with lower-limb rather than upper-limb training [29], eccentric rather than concentric resistance training [30] and the combination of resistance with aerobic training [31]. However, despite the conflicting data regarding the role of combined aerobic and resistance training on vascular function, its proven beneficial effect on the cardio-metabolic system makes resistance training a fundamental adjunct to aerobic physical activity, especially for those individuals with metabolic syndrome [32,33].




3. Effect of Short-Term versus Long-Term Physical Activity on Arterial Distensibility


The positive long-term effect of physical activity on BP reduction and the prevention of target organ damage in hypertensive patients is not questionable. Vriz et al. [34] clearly demonstrated the efficacy of maintaining the same level of aerobic exercise for 3 months on BP levels. They compared 331 male non exercisers, 192 male mild exercisers and 49 male heavy exercisers and found an important reduction in diurnal systolic BP among the subjects who performed physical activity at a high-intensity level in comparison to inactive subjects (135.4 ± 0.6 mmHg among heavy exercisers, 134 ± 0.8 among mild exercisers, 132.2 ± 1.6 mmHg among sedentary subjects; p < 0.05 sedentary patients compared to heavy exercisers), demonstrating the beneficial effect of exercise training in reducing BP levels, which persisted through the three months of follow-up, during which the patients went on to perform the same level of exercise [34]. Similarly, in a review article, Cardoso et al. [35] concluded that both single episodes of aerobic training and chronic aerobic training were beneficial in terms of ambulatory BP reduction. In contrast, the beneficial effect of resistance training was demonstrated in the short term but not in the long term [35]. Moreover, long-term physical activity also showed a beneficial effect on hypertension mediated target organ damage [36,37,38,39,40]. Again, data from the HARVEST study [36] demonstrated among 454 untreated stage I hypertensives that regular aerobic physical activity over 8.3 years was associated with a lower left-ventricle mass among exercisers (39.0 ± 7.2 g/m2.7) in comparison to sedentary subjects (41.4 ± 9.0 g/m2.7; p = 0.02). Moreover, an increase in left-ventricular mass among sedentary subjects was detected during the follow-up (1.4 ± 6.5 g/m2.7), while no significant progression was observed among the active ones (0.6 ± 7.1 g/m2.7; p = 0.03). In a multivariate regression analysis, adjusted for several clinical confounders including age, sex, BMI, systolic and diastolic BP, hypertension duration, parental hypertension, follow-up length, smoking habits, coffee and alcohol intake, baseline left-ventricle mass, BP and weight changes during follow-up, aerobic physical training was a negative predictor of the increment in left-ventricular mass (O.R 0.26, 95 %CI 0.07–0.09, p = 0.033) [36]. According to the literature, several mechanisms have been proposed for the favorable effect of exercise on hypertensive-mediated organ damage. As mentioned above, one of the main determinants is the BP reduction induced by regular physical activity [41,42] followed by the reduction in body weight [43,44], improvement in vascular function and cardiac structure [37] as well as favorable modifications to metabolic parameters such as the increment of insulin sensitivity, a reduction in the activity of the renin–angiotensin–aldosterone system [40,45] and the sympathetic nerve system [7,14]. The efficacy of regular aerobic exercises in the long term was also described at the carotid artery level. Palatini et al. [39] demonstrated that patients who performed regular physical training at the end of a follow-up that lasted 6.5 years showed a reduction in the mean intima-media thickness (p = 0.01) at every single site, including the common carotid artery (p = 0.01), bulb (however, not significant p = 0.13) and internal carotid artery (p = 0.05), as well as in the maximum intima media thickness (p = 0.006), again at every single site, including the common carotid artery (however, not significant p = 0.09), bulb (again, not reaching the level of statistical significance p = 0.21), internal carotid artery (p = 0.01), in comparison to sedentary ones. In addition, the authors investigated the role that each single parameter has in the beneficial correlation between exercise and slowing the process of thickening of the intima-media at the carotid artery (Figure 2) and found that the main contributor was the reduction in total cholesterol, arterial pressure, heart rate and BMI [39]. This evidence confirmed the important role of regular physical training in counteracting the arterial stiffening of large vessels, such as the carotid artery, in young-to-middle-aged subjects with stage I hypertension through the important and beneficial modifications that act on the main components of the enhanced risk for cardiovascular disease [39]. The efficacy of long-term of physical activity was also demonstrated at the level of small vessels, confirming the fundamental role of exercise in contrasting the arterial aging phenomenon. This was shown by Saladini F et al. [12], not only at enrolment (Figure 1) but also after 6 years of follow-up (Table 1). Physically active (n = 102) subjects presented better distensibility parameters compared to subjects that did not regularly perform physical training (n = 264). However, the differences at the end of follow-up only reached statistical significance for small-vessel compliance after adjusting for age and gender [12]. The authors also investigated the longitudinal changes in the augmentation index and total peripheral resistances and found a significant time x group interaction (p for active vs. sedentary x baseline versus follow-up was 0.020 and 0.045, respectively [12]). One of the main determinants of the favorable effect of physical training on vascular function is the lower heart rate in trained individuals. According to the literature, the role of heart rate has been controversial for a long time, as previous findings seemed to advocate a cross sectional relationship between heart rate and arterial stiffness. In fact, according to a previous analysis, it was observed that the gradual increment in the heartbeat obtained through the stimulus of a cardiac pacemaker led to a consensual and gradual increment in the velocity of the pressure arterial wave [15,46]. A positive association between heart rate and pulse wave velocity was also found in a longitudinal study, as document by Tomiyama et al. [47] and by Benetos et al. [48], both in patients with normal or increased BP levels. Some clarifications on this issue came from Palatini et al. [49], who investigated the role of heart rate in determining changes in vascular function in the brief term and after several years of follow-up. The authors confirmed the negative cross-sectional correlation (r = −0.407, p = 0.001) between office heart rate and augmentation index. However, in the long term, a positive association was found between the ambulatory heart rate and the augmentation index (p = 0.0006), central BP (p = 0.014) and the amplification of BP from central to peripheral sites (p = 0.004) [49], indicating that the decrease in heart rate in the long term had a favorable impact on arterial stiffening, giving an important demonstration as to how regular exercise, through the reduction in the heartbeat in the long term, plays an important role in the decrease in the risk of cardiovascular morbidity and mortality among hypertensive subjects [50,51,52]. Important mechanisms in microcirculation may also account for the beneficial long-term effects of physical activity on endothelial function. As shown by De Ciuceis et al. [9] in a recent review, physical activity had a crucial role in counteracting vascular remodeling at the level of microcirculation sites among patients with elevated BP levels through the reduction in inflammation and fibrosis and neo angiogenesis, thereby promoting vasodilation and the restoration of the normal activity of the adipose tissue. Due to all these favorable mechanisms, aerobic exercise decreases vascular resistances at peripheral sites and enhances hematic flow in the vessels, preventing the impairment of arterial function.




4. Effect of Regular Exercise on Vascular Function in Hypertensive and Normotensive Patients


Another debated issue is the potential different effects of regular physical activity in normotensive and hypertensive subjects and the role played by exercise intensity. This topic was explored by Vriz and coworkers [13] in a multifactorial analysis by comparing sedentary subjects with subjects performing leisure physical activity and vigorous exercise who were hypertensive and normotensive. The authors observed a different effect of physical activity according to BP status. A progressive decrease in the pressure–strain elastic modulus (p = 0.009) and pulse wave velocity (p = 0.003) was found across the different levels of physical activity (sedentariness, leisure activity, competitive sport activity). In contrast, within subjects with high BP levels, reduced values of both the pressure–strain elastic modulus and pulse wave velocity were observed among those who performed leisure-time physical activity, while no beneficial effect was found among those who performed vigorous activity. Moreover, in a two-way ANOVA, a statistically significant association was observed between physical activity level and BP status for the elastic modulus (p = 0.03), while the association with the pulse wave velocity did not reach the level of statistical significance (p = 0.06). The apparent lack of any effect of strenuous physical activity was explained by an increase in oxidative stress induced by vigorous physical activity in hypertensive subjects, which was in agreement with previous findings [53,54,55,56]. This study was in line with previous ones that showed a non-beneficial effect of higher aerobic fitness on the carotid-to-femoral pulse wave velocity among middle-age and older treated hypertensives [57] and no differences for the aortic wave velocity among fit or unfit hypertensive subjects [58].




5. Role of Physical Activity in the Elderly


Another interesting and debated issue is the role of physical activity among elderly subjects. In particular, it is unclear whether regular training at this age may have beneficial effects on vascular function. In older subjects, physiological vascular stiffening due to aging is associated with several comorbidities, including cardiovascular disease, atrial fibrillation, aortic stenosis, ischemic stroke, chronic kidney disease, cognitive impairment, frailty [59,60] and sarcopenia [61]. Whether regular physical activity exerts a positive effect of counteracting the aging process of the vessel wall is poorly known. Some evidence was provided by Vizzi et al. [62], who examined 26 subjects aged from 66 to 92 years performing regular physical activity three times/week. After 8 months, the authors observed no changes in most participants. A mild improvement in their neurodegenerative diseases was found in only two subjects. Similarly, Park et al. [63] observed that a regular program of aquatic exercises, performed in elderly patients with peripheral artery diseases, was useful in reducing the pulse wave velocity and ameliorating exercise capacity, as documented by the improvement in the six-minutes walking test. A beneficial effect of exercise for contrasting vascular stiffening due to aging was also found on top of using pharmacological drugs [64]. Fung et al. [64] examined 478 subjects with a mean age 68.6 years who were non-demented and with a high vascular risk who underwent to two different strategies to preserve cognitive function: drug treatment and/or physical exercise that included mind–body training or strenuous training. Interestingly, both types of exercise, combined with medication (H.R. 2.9 (1.1–7.7) p = 0.029 for mind–body training, H.R. 2.4 (1.1–5.3) 0.036 for strenuous exercise), were superior to using medication alone (p = n.s.) in counteracting cognitive decline.



The above findings have important clinical implications suggesting that regular exercise also has a beneficial effect in elderly subjects, as stated in the Guidelines for international exercise recommendations in older adults [65]. These guidelines detail the intensity, frequency and types of exercises suitable for older people, including aerobic exercise as well as balance activities, in order to prevent cardiovascular disease, improve frailty and counteracting cognitive decline [65].




6. Conclusions


Regular exercise training, as suggested by several studies [1,2,4,5,6], is one of the main non-pharmacological measures to prevent the development of major adverse cardiovascular events due to its favorable impact on heart rate, BP and several components of metabolic syndrome.



Several mechanisms account for these beneficial effects, including the reduction in the activities of the sympathetic nerve system and the renin–angiotensin–aldosterone system and the inflammation process, leading to an improvement in endothelial function and vascular elasticity. The favorable effect of resistance training on endothelial function and large arteries remains somewhat controversial. However, there is evidence showing that this kind of exercise has a positive effect on the metabolic profile (for example, on insulin sensitivity and glucose control [33]), as well as on some measures of endothelial function, such as flow-mediated dilation [66]. These effects make the combination of both aerobic and resistance training the best method for achieving optimal cardiovascular fitness [32]. A clear example of how the different modalities of exercise should be combined in order to obtain the best beneficial effect in terms of cardiovascular protection comes from the meta-analysis conducted by Zhang and co-workers [67]. The authors examined 38 articles involving an overall number of 2089 subjects with cardiovascular disease who underwent aerobic, resistance or combined physical exercise. Each type of exercise led to an improvement in arterial and cardiac functions; aerobic function significantly reduced the aortic systolic pressure and augmentation index, improved pulse wave velocity, cardiac output and the ejection fraction, while resistance training had a beneficial effect on the aortic systolic and diastolic pressure, and combined exercise had a favorable effect on the pulse wave velocity and cardiac output. The authors concluded that a tailored program of different kinds of exercise should be prescribed in order to obtain the maximum beneficial effect on the cardiovascular system.



The favorable effect of intense physical activity seems to be greater among normotensives, while the effect among hypertensives is beneficial only at a lower intensity level. An exercise program should be implemented in all healthy subjects, in particular in those at higher risk of developing hypertension and cardiovascular disease, in order to counteract all micro- and macrovascular complications that may progress to manifesting disease. But exercise, in particular combined exercise [32], should not be denied even to people with overt cardiovascular disease [68], provided it is performed to a light-to-moderate intensity level. However, the major challenge for health care personnel is still to persuade patients to continue with their program of regular training, as the compliance to exercise is very poor [69,70]. Yet, even small repetitions of exercise may counteract the detrimental effects of sedentary behavior [71,72]. In an interesting randomized cross-sectional trial, Fryer and coworkers demonstrated that the simple repetition of a small movement of the leg, such as flexing and extending the feet, after a meal rich in fat, may have an important positive impact on vascular stiffness. Among those subjects who continued to be sedentary for three hours, there was a significant increase in the pulse wave velocity and other indexes of local arterial stiffness, while among those who interrupted the sedentary behavior with 5 min of interval exercises, there was a significant decrease in the augmentation index [71]. Similarly, Horiuchi et al. demonstrated that the interruption of the sitting position by means of leg exercises such as squats [72,73] and or calf raises [73] at twenty-minute intervals had a beneficial impact on arterial stiffness, as mediated by a decrease in blood glucose levels [72].



In conclusion, regular physical exercise, independently of the kind of exercise, has a fundament role in counteracting vascular aging and arterial dysfunction and must be encouraged in every subject in order to prevent future hypertension and cardiovascular events.







Funding


This research received no external funding.




Conflicts of Interest


The author declares no conflicts of interest.




References


	



Fihn, S.D.; Blankenship, J.C.; Alexander, K.P.; Bittl, J.A.; Byrne, J.G.; Fletcher, B.J.; Fonarow, G.C.; Lange, R.A.; Levine, G.N.; Maddox, T.M.; et al. 2014 ACC/AHA/AATS/PCNA/SCAI/STS focused update of the guideline for the diagnosis and management of patients with stable ischemic heart disease: A report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines, and the American Association for Thoracic Surgery, Preventive Cardiovascular Nurses Association, Society for Cardiovascular Angiography and Interventions, and Society of Thoracic Surgeons. Circulation 2014, 130, 1749–1767. [Google Scholar] [PubMed]

	



Visseren, F.L.; Mach, F.; Smulders, Y.M.; Carballo, D.; Koskinas, K.C.; Bäck, M.; Benetos, A.; Biffi, A.; Boavida, J.M.; Capodanno, D.; et al. 2021 ESC Guidelines on cardiovascular disease prevention in clinical practice. Eur. J. Prev. Cardiol. 2022, 29, 5–115. [Google Scholar] [CrossRef] [PubMed]

	



Joseph, G.; Marott, J.L.; Torp-Pedersen, C.; Biering-Sørensen, T.; Nielsen, G.; Christensen, A.-E.; Johansen, M.B.; Schnohr, P.; Sogaard, P.; Mogelvang, R. Dose-response association between level of physical activity and mortality in normal, elevated, and high blood pressure. Hypertension 2019, 74, 1307–1315. [Google Scholar] [CrossRef] [PubMed]

	



Mancia, G.; Kreutz, R.; Brunström, M.; Burnier, M.; Grassi, G.; Januszewicz, A.; Muiesan, M.L.; Tsioufis, K.; Agabiti-Rosei, E.; Algharably, E.A.E.; et al. 2023 ESH Guidelines for the management of arterial hypertension The Task Force for the management of arterial hypertension of the European Society of Hypertension Endorsed by the European Renal Association (ERA) and the International Society of Hypertension (ISH). J. Hypertens. 2023, 41, 1874–2071. [Google Scholar] [PubMed]

	



Mancia, G.; Fagard, R.; Narkiewicz, K.; Rosei, E.A.; Azizi, M.; Burnier, M.; Clement, D.L.; Coca, A.; De Simone, G.; Dominiczak, A.F.; et al. 2018 ESC/ESH Guidelines for the management of arterial hypertension. Eur. Heart J. 2018, 39, 3021–3104. [Google Scholar]

	



Whelton, P.K.; Carey, R.M.; Aronow, W.S.; Casey, D.E., Jr.; Collins, K.J.; Dennison Himmelfarb, C.; DePalma, S.M.; Gidding, S.; Jamerson, K.A.; Jones, D.W.; et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for the Prevention, Detection, Evaluation, and Management of High Blood Pressure in Adults: A Report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. Hypertension 2018, 71, 1269–1324. [Google Scholar] [PubMed]

	



Pekas, E.J.; Shin, J.; Son, W.M.; Headid III, R.J.; Park, S.Y. Habitual Combined Exercise Protects against age-associated decline in vascular function and lipid profiles in elderly postmenopausal women. Int. J. Environ. Res. Public Health 2020, 17, 3893. [Google Scholar] [CrossRef] [PubMed]

	



Palatini, P.; Graniero, G.R.; Mormino, P.; Nicolosi, L.; Mos, L.; Visentin, P.; Pessina, A.C. Relation between physical training and ambulatory blood pressure in stage I hypertensive subjects. Results of the HARVEST Trial. Hypertension and Ambulatory Recording Venetia Study. Circulation 1994, 90, 2870–2876. [Google Scholar] [CrossRef]

	



De Ciuceis, C.; Rizzoni, D.; Palatini, P. Microcirculation and physical exercise In hypertension. Hypertension 2023, 80, 730–739. [Google Scholar] [CrossRef]

	



Cornelissen, V.A.; Buys, R.; Smart, N.A. Endurance exercise beneficially affects ambulatory blood pressure: A systematic review and meta-analysis. J. Hypertens. 2013, 31, 639–648. [Google Scholar] [CrossRef]

	



Cornelissen, V.A.; Smart, N.A. Exercise training for blood pressure: A systematic review and meta-analysis. J. Am. Heart Assoc. 2013, 2, e004473. [Google Scholar] [CrossRef] [PubMed]

	



Saladini, F.; Benetti, E.; Mos, L.; Mazzer, A.; Casiglia, E.; Palatini, P. Regular physical activity is associated with improved small artery distensibility in young to middle-age stage 1 hypertensives. Vasc. Med. 2014, 19, 458–464. [Google Scholar] [CrossRef] [PubMed]

	



Vriz, O.; Mos, L.; Palatini, P. Leisure-time physical activity has a more favourable impact on carotid artery stiffness than vigorous physical activity in hypertensive human beings. J. Clin. Med. 2022, 11, 5303. [Google Scholar] [CrossRef] [PubMed]

	



Palatini, P.; Canali, C.; Graniero, G.R.; Rossi, G.; de Toni, R.; Santonastaso, M.; dal Follo, M.; Zanata, G.; Ferrarese, E.; Mormino, P.; et al. Relationship of plasma renin activity with caffeine intake and physical training in mild hypertensive men. HARVEST Study Group. Eur. J. Epidemiol. 1996, 12, 485–491. [Google Scholar] [CrossRef] [PubMed]

	



Lantelme, P.; Mestre, C.; Lievre, M.; Gressard, A.; Milon, H. Heart rate: An important confounder of pulse wave velocity assessment. Hypertension 2002, 39, 1083–1087. [Google Scholar] [CrossRef]

	



Cunha, R.S.; Pannier, B.; Benetos, A.; Siché, J.-P.; London, G.M.; Mallion, J.M.; Safar, M.E. Association between high heart rate and high arterial rigidity in normotensive and hypertensive subjects. J. Hypertens. 1997, 15, 1423–1430. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.-L.; Gatzka, C.D.; Du, X.-J.; Cameron, J.D.; Kingwell, B.A. Effects of heart rate on arterial compliance in men. Clin. Exp. Pharmacol. Physiol. 1999, 26, 342–346. [Google Scholar] [CrossRef] [PubMed]

	



Wilkinson, I.B.; McEniery, C.M. ARTERIAL Stiffness, endothelial function and novel pharmacological approaches. Clin. Exp. Pharmacol. Physiol. 2004, 31, 795–799. [Google Scholar] [CrossRef]

	



Pedralli, M.L.; Marschner, R.A.; Kollet, D.P.; Neto, S.G.; Eibel, B.; Tanaka, H.; Lehnen, A.M. Different exercise training modalities produce similar endothelial function improvements in individuals with prehypertension or hypertension: A randomized clinical trial Exercise, endothelium and blood pressure. Sci. Rep. 2020, 10, 7628. [Google Scholar] [CrossRef]

	



Huang, J.; Zhang, H.; Tan, X.; Hu, M.; Shen, B. Exercise restores impaired endothelium-derived hyperpolarizing factor–mediated vasodilation in aged rat aortic arteries via the TRPV4-KCa2.3 signaling complex. Clin. Interv. Aging 2019, 14, 1579–1587. [Google Scholar] [CrossRef]

	



Wang, S.; Li, J.; Zhang, C.; Xu, G.; Tang, Z.; Zhang, Z.; Liu, Y.; Wang, Z. Effects of aerobic exercise on the expressions and activities of nitric oxide synthases in the blood vessel endothelium in prediabetes mellitus. Exp. Ther. Med. 2019, 17, 4205–4212. [Google Scholar] [CrossRef] [PubMed]

	



Borges, J.P.; Nascimento, A.R.; Lopes, G.O.; Medeiros-Lima, D.J.M.; Coelho, M.P.; Nascimento, P.M.C.; Kopiler, D.A.; Matsuura, C.; Mediano, M.F.F.; Tibirica, E. The impact of exercise frequency upon microvascular endothelium function and oxidative stress among patients with coronary artery disease. Clin. Physiol. Funct. Imaging 2018, 38, 840–846. [Google Scholar] [CrossRef] [PubMed]

	



Cornelissen, V.A.; Fagard, R.H.; Coeckelberghs, E.; Vanhees, L. Impact of resistance training on blood pressure and other cardiovascular risk factors: A metaanalysis of randomized, controlled trials. Hypertension 2011, 58, 950–958. [Google Scholar] [CrossRef] [PubMed]

	



López-Valenciano, A.; Ruiz-Pérez, I.; Ayala, F.; Sánchez-Meca, J.; Vera-Garcia, F.J. Updated systematic review and meta-analysis on the role of isometric resistance training for resting blood pressure management in adults. J. Hypertens. 2019, 37, 1320–1333. [Google Scholar] [CrossRef]

	



Smart, N.A.; Way, D.; Carlson, D.; Millar, P.; McGowan, C.; Swaine, I.; Baross, A.; Howden, R.; Ritti-Dias, R.; Wiles, J.; et al. Effects of isometric resistance training on resting blood pressure: Individual participant data meta-analysis. J. Hypertens. 2019, 37, 1927–1938. [Google Scholar] [CrossRef] [PubMed]

	



Ashor, A.W.; Lara, J.; Siervo, M.; Celis-Morales, C.; Mathers, J.C. Effects of exercise modalities on arterial stiffness and wave reflection: A systematic review and meta-analysis of randomized controlled trials. PLoS ONE 2014, 9, e110034. [Google Scholar] [CrossRef]

	



Miyachi, M. Effects of resistance training on arterial stiffness: A meta-analysis. Br. J. Sports Med. 2013, 47, 393–396. [Google Scholar] [CrossRef]

	



Okamoto, T.; Masuhara, M.; Ikuta, K. Effect of low-intensity resistance training on arterial function. Eur. J. Appl. Physiol. 2011, 111, 743–748. [Google Scholar] [CrossRef]

	



Okamoto, T.; Masuhara, M.; Ikuta, K. Upper but not lower limb resistance training increases arterial stiffness in humans. Eur. J. Appl. Physiol. 2009, 107, 127–134. [Google Scholar] [CrossRef]

	



Okamoto, T.; Masuhara, M.; Ikuta, K. Effects of muscle contraction timing during resistance training on vascular function. J. Hum. Hypertens. 2009, 23, 470–478. [Google Scholar] [CrossRef]

	



Okamoto, T.; Masuhara, M.; Ikuta, K. Combined aerobic and resistance training and vascular function: Effect of aerobic exercise before and after resistance training. J. Appl. Physiol. 2007, 103, 1655–1661. [Google Scholar] [CrossRef] [PubMed]

	



Marzolini, S.; Oh, P.I.; Brooks, D. Effect of combined aerobic and resistance training versus aerobic training alone in individuals with coronary artery disease: A meta-analysis. Eur. J. Prev. Cardiol. 2012, 19, 81–94. [Google Scholar] [CrossRef]

	



Snowling, N.J.; Hopkins, W.G. Effects of different modes of exercise training on glucose control and risk factors for complications in type 2 diabetic patients: A meta-analysis. Diabetes Care 2006, 29, 2518–2527. [Google Scholar] [CrossRef] [PubMed]

	



Vriz, O.; Mos, L.; Frigo, G.; Sanigi, C.; Zanata, G.; Pegoraro, F.; Palatini, P. Effects of physical exercise on clinic and 24-hour ambulatory blood pressure in young subjects with mild hypertension. J. Sports Med. Phys. Fitness 2002, 42, 83–88. [Google Scholar] [PubMed]

	



Cardoso, C.G.; Gomides, R.S.; Queiroz, A.C.C.; Pinto, L.G.; Lobo, F.d.S.; Tinucci, T.; Mion, D.; Forjaz, C.L.d.M. Acute and chronic Effects of aerobic and resistance exercise on ambulatory blood pressure. Clinics 2010, 65, 317–325. [Google Scholar] [CrossRef] [PubMed]

	



Palatini, P.; Visentin, P.; Dorigatti, F.; Guarnieri, C.; Santonastaso, M.; Cozzio, S.; Pegoraro, F.; Bortolazzi, A.; Vriz, O.; Mos, L. Regular physical activity prevents development of left ventricular hypertrophy in hypertension. Eur. Heart J. 2009, 30, 225–232. [Google Scholar] [CrossRef]

	



Sasaki, N.; Matsuura, H.; Kajiyama, G.; Oshima, T. Regular aerobic exercise augments endothelium-dependent vascular relaxation in normotensive as well as hypertensive subjects: Role of endothelium-derived nitric oxide. Circulation 1999, 100, 1194–1202. [Google Scholar]

	



Stewart, K.J. Exercise training and the cardiovascular consequences of type 2 diabetes and hypertension: Plausible mechanisms for improving cardiovascular health. JAMA 2002, 288, 1622–1631. [Google Scholar] [CrossRef]

	



Palatini, P.; Puato, M.; Rattazzi, M.; Pauletto, P. Effect of regular physical activity on carotid intima-media thickness. Results from a 6-year prospective study in the early stage of hypertension. Blood Press. 2011, 20, 37–44. [Google Scholar] [CrossRef]

	



Meyer, A.A.; Kundt, G.; Lenschow, U.; Schuff-Werner, P.; Kienast, W. Improvement of early vascular changes and cardiovascular risk factors in obese children after a six-month exercise program. J. Am. Coll. Cardiol. 2006, 48, 1865–1870. [Google Scholar] [CrossRef]

	



Whelton, S.P.; Chin, A.; Xin, X.; He, J. Effect of aerobic exercise on blood pressure: A meta-analysis of randomized controlled trials. Ann. Intern. Med. 2002, 136, 493–503. [Google Scholar] [CrossRef] [PubMed]

	



Kelley, G.A.; Kelley, K.A.; Tran, Z.V. Aerobic exercise and resting blood pressure: A meta-analytic review of randomized, controlled trials. Prev. Cardiol. 2001, 4, 73–80. [Google Scholar] [CrossRef] [PubMed]

	



MacMahon, S.W.; Wilcken, D.E.; Macdonald, G.J. The effect of weight reduction on left ventricular mass. A randomized controlled trial in young, overweight hypertensive patients. N. Engl. J. Med. 1986, 314, 334–339. [Google Scholar] [CrossRef] [PubMed]

	



Himeno, E.; Nishino, K.; Nakashima, Y.; Kuroiwa, A.; Ikeda, M. Weight reduction regresses left ventricular mass regardless of blood pressure level in obese subjects. Am. Hearth J. 1996, 131, 313–319. [Google Scholar] [CrossRef] [PubMed]

	



Cornelissen, V.A.; Fagard, R.H. Effects of endurance training on blood pressure, blood pressure–Regulating mechanisms, and cardiovascular risk factors. Hypertension 2005, 46, 667–675. [Google Scholar] [CrossRef] [PubMed]

	



Tan, I.; Spronck, B.; Kiat, H.; Barin, E.; Reesink, K.D.; Delhaas, T.; Avolio, A.P.; Butlin, M. Heart rate dependency of large artery stiffness. Hypertension 2016, 68, 236–242. [Google Scholar] [CrossRef] [PubMed]

	



Tomiyama, H.; Hashimoto, H.; Tanaka, H.; Matsumoto, C.; Odaira, M.; Yamada, J.; Yoshida, M.; Shiina, K.; Nagata, M.; Yamashina, A. Synergistic relationship between changes in the pulse wave velocity and changes in the heart rate in middle-aged Japanese adults: A prospective study. J. Hypertens. 2010, 28, 687–694. [Google Scholar] [CrossRef] [PubMed]

	



Benetos, A.; Adamopoulos, C.; Bureau, J.M.; Temmar, M.; Labat, C.; Bean, K.; Thomas, F.; Pannier, B.; Asmar, R.; Zureik, M.; et al. Determinants of accelerated progression of arterial stiffness in normotensive subjects and in treated hypertensive subjects over a 6-year period. Circulation 2002, 105, 1202–1207. [Google Scholar] [CrossRef]

	



Palatini, P.; Saladini, F.; Mos, L.; Fania, C.; Mazzer, A.; Casiglia, E. Low night-time heart rate is longitudinally associated with lower augmentation index and central systolic blood pressure in hypertension. Eur. J. Appl. Physiol. 2018, 118, 543–550. [Google Scholar] [CrossRef]

	



Palatini, P.; Thijs, L.; Staessen, J.A.; Fagard, R.H.; Bulpitt, C.J.; Clement, D.L.; de Leeuw, P.W.; Jaaskivi, M.; Leonetti, G.; Nachev, C.; et al. Predictive value of clinic and ambulatory heart rate for mortality in elderly subjects with systolic hypertension. Arch. Intern. Med. 2002, 162, 2313–2321. [Google Scholar] [CrossRef]

	



Jouven, X.; Empana, J.-P.; Schwartz, P.J.; Desnos, M.; Courbon, D.; Ducimetière, P. Heart-rate profile during exercise as a predictor of sudden death. N. Engl. J. Med. 2005, 352, 1951–1958. [Google Scholar] [CrossRef] [PubMed]

	



Kolloch, R.; Legler, U.F.; Champion, A.; Cooper-DeHoff, R.M.; Handberg, E.; Zhou, Q.; Pepine, C.J. Impact of resting heart rate on outcomes in hypertensive patients with coronary artery disease: Findings from the INternational VErapamil-SR/trandolapril STudy (INVEST). Eur. Heart J. 2008, 29, 1327–1334. [Google Scholar] [CrossRef] [PubMed]

	



Dekleva, M.; Lazic, J.S.; Arandjelovic, A.; Mazic, S. Beneficial and harmful effects of exercise in hypertensive patients: The role of oxidative stress. Hypertens. Res. 2017, 40, 15–20. [Google Scholar] [CrossRef] [PubMed]

	



Völz, S.; Svedlund, S.; Andersson, B.; Li-Ming, G.; Rundqvist, B. Coronary flow reserve in patients with resistant hypertension. Clin. Res. Cardiol. 2017, 106, 151–157. [Google Scholar] [CrossRef] [PubMed]

	



Rizzoni, D.; De Ciuceis, C.; Porteri, E.; Paiardi, S.; Boari, G.E.; Mortini, P.; Cornali, C.; Cenzato, M.; Rodella, L.F.; Borsani, E.; et al. Altered structure of small cerebral arteries in patients with essential hypertension. J. Hypertens. 2009, 27, 838–845. [Google Scholar] [CrossRef] [PubMed]

	



Paiardi, S.; Rodella, L.F.; De Ciuceis, C.; Porteri, E.; Boari, G.E.; Rezzani, R.; Rizzardi, N.; Platto, C.; Tiberio, G.A.; Giulini, S.M.; et al. Immunohistochemical evaluation of microvascular rarefaction in hypertensive humans and in spontaneously hypertensive rats. Clin. Hemorheol. Microcirc. 2009, 42, 259–268. [Google Scholar] [CrossRef] [PubMed]

	



Pierce, G.L. Aortic Stiffness in Aging and Hypertension: Prevention and Treatment with Habitual Aerobic Exercise. Curr. Hypertens. Rep. 2017, 19, 90–99. [Google Scholar] [CrossRef]

	



Kraft, K.A.; Arena, R.; Arrowood, J.A.; Fei, D.-Y. High aerobic capacity does not attenuate aortic stiffness in hypertensive subjects. Am. Heart J. 2007, 154, 976–982. [Google Scholar] [CrossRef]

	



Triposkiadis, F.; Xanthopoulos, A.; Lampropoulos, K.; Briasoulis, A.; Sarafidis, P.; Skoularigis, J.; Boudoulas, H. Aortic Stiffness: A Major Risk Factor for Multimorbidity in the Elderly. J. Clin. Med. 2023, 12, 2321. [Google Scholar] [CrossRef]

	



Alvarez-Bueno, C.; Cunha, P.G.; Martinez-Vizcaino, V.; Pozuelo-Carrascosa, D.P.; Visier-Alfonso, M.E.; Jimenez-Lopez, E.; Cavero-Redondo, I. Arterial Stiffness and Cognition Among Adults: A Systematic Review and Meta-Analysis of Observational and Longitudinal Studies. J. Am. Heart Assoc. 2020, 9, e014621. [Google Scholar] [CrossRef]

	



Zhang, Y.; Miyai, N.; Abe, K.; Utsumi, M.; Uematsu, Y.; Terada, K.; Nakatani, T.; Takeshita, T.; Arita, M. Muscle mass reduction, low muscle strength, and their combination are associated with arterial stiffness in community-dwelling elderly population: The Wakayama Study. J. Hum. Hypertens. 2021, 35, 446–454. [Google Scholar] [CrossRef] [PubMed]

	



Vizzi, L.; Padua, E.; D’Amico, A.G.; Tancredi, V.; D’Arcangelo, G.; Cariati, I.; Scimeca, M.; Maugeri, G.; D’Agata, V.; Montorsi, M. Beneficial Effects of Physical Activity on Subjects with Neurodegenerative Disease. J. Funct. Morphol. Kinesiol. 2020, 5, 94. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.-Y.; Kwak, Y.-S.; Pekas, E.J. Impacts of aquatic walking on arterial stiffness, exercise tolerance, and physical function in patients with peripheral artery disease: A randomized clinical trial. J. Appl. Physiol. 2019, 127, 940–949. [Google Scholar] [CrossRef] [PubMed]

	



Fung, A.W. Effect of physical exercise and medication on enhancing cognitive function in older adults with vascular risk. Geriatr. Gerontol. Int. 2020, 20, 1067–1071. [Google Scholar] [CrossRef] [PubMed]

	



Izquierdo, M.; Merchant, R.A.; Morley, J.E.; Anker, S.D.; Aprahamian, I.; Arai, H.; Aubertin-Leheudre, M.; Bernabei, R.; Cadore, E.L.; Cesari, M.; et al. International Exercise Recommendations in Older Adults (ICFSR): Expert Consensus Guidelines. J. Nutr. Health Aging 2021, 25, 824–853. [Google Scholar] [CrossRef] [PubMed]

	



Silva, J.K.T.; Menêses, A.L.; Parmenter, B.J.; Ritti-Dias, R.M.; Farah, B.Q. Effects of resistance training on endothelial function: A systematic review and meta-analysis. Atherosclerosis 2021, 333, 91–99. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Qi, L.; Xu, L.; Sun, X.; Liu, W.; Zhou, S.; van de Vosse, F.; Greenwald, S.E. Effects of exercise modalities on central hemodynamics, arterial stiffness and cardiac function in cardiovascular disease: Systematic review and meta-analysis of randomized controlled trials. PLoS ONE 2018, 13, e0200829. [Google Scholar] [CrossRef]

	



Campos, H.O.; Rodrigues, Q.T.; Drummond, L.R.; Lima, P.M.A.; Monteiro, M.d.C.; Wanner, S.P.; Coimbra, C.C. Exercise-based cardiac rehabilitation after myocardial revascularization: A systematic review and meta-analysis. Rev. Cardiovasc. Med. 2022, 23, 74. [Google Scholar] [CrossRef]

	



Mora-Rodriguez, R.; Ramirez-Jimenez, M.; Fernandez-Elias, V.E.; de Prada, M.V.G.; Morales-Palomo, F.; Pallares, J.G.; Nelson, R.K.; Ortega, J.F. Effects of aerobic interval training on arterial stiffness and microvascular function in patients with metabolic syndrome. J. Clin. Hypertens. 2018, 20, 11–18. [Google Scholar] [CrossRef]

	



Koskinen, J.; Magnussen, C.G.; Taittonen, L.; Räsänen, L.; Mikkilä, V.; Laitinen, T.; Rönnemaa, T.; Kähönen, M.; Viikari, J.S.; Raitakari, O.T.; et al. Arterial structure and function after recovery from the metabolic syndrome: The cardiovascular risk in Young Finns Study. Circulation 2010, 121, 392–400. [Google Scholar] [CrossRef]

	



Fryer, S.; Paterson, C.; Turner, L.; Moinuddin, A.; Faulkner, J.; Stoner, L.; Daykin, A.; Stone, K. Localized activity attenuates the combined impact of a high fat meal and prolonged sitting on arterial stiffness: A randomized, controlled cross-over trial. Front. Physiol. 2023, 14, 1107456. [Google Scholar] [CrossRef] [PubMed]

	



Horiuchi, M.; Stoner, L. Blood glucose responses are associated with prolonged sitting-induced changes in arterial stiffness: A randomized crossover trial. Blood Press. Monit. 2022, 27, 345–348. [Google Scholar] [CrossRef] [PubMed]

	



Horiuchi, M.; Stoner, L. Macrovascular and microvascular responses to prolonged sitting with and without bodyweight exercise interruptions: A randomized cross-over trial. Vasc Med. 2022, 27, 127–135. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 13 00152 g001] 





Figure 1. Baseline small-artery compliance in sedentary (n = 264) and active (n = 102) stage I hypertensive subjects from the HARVEST study. Adapted from Saladini F et al. [12]. BMI, body mass index; lifestyle factors: smoking habits, alcohol and coffee consumption and physical activity; parental HT, parental hypertension; SBP, systolic blood pressure; DBP, diastolic blood pressure; CT, total cholesterol; Tg serum triglycerides; HR, heart rate. p * value adjusted for age and sex. 
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Figure 2. Contributing role that each single parameter exerts in mediating the relationship between thickening of the intima-media at the carotid level and aerobic training. Adapted from Palatini P et al. [39]. 
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Table 1. Follow-up evaluation of vascular function and hemodynamic indexes in the active verus stage 1 hypertensive participants from the HARVEST study. Adapted from Saladini F et al. [12].
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	Variables
	Sedentary Subjects (n = 110)
	Active Subjects (n = 42)
	p *





	C1, mL/mmHg × 10
	16.4 ± 4.5
	17.0 ± 4.8
	n.s.



	C2, mL/mmHg × 100
	6.2 ± 2.8
	7.9 