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Abstract: Accelerated biological vascular ageing is still a major driver of the increasing burden
of cardiovascular disease and mortality. Exercise training delays this process, known as early
vascular ageing, but often lacks effectiveness due to a lack of understanding of molecular and clinical
adaptations to specific stimuli. This narrative review summarizes the current knowledge about
the molecular and clinical vascular adaptations to acute and chronic exercise. It further addresses
how training characteristics (frequency, intensity, volume, and type) may influence these processes.
Finally, practical recommendations are given for exercise training to maintain and improve vascular
health. Exercise increases shear stress on the vascular wall and stimulates the endothelial release of
circulating growth factors and of exerkines from the skeletal muscle and other organs. As a result,
remodeling within the vascular walls leads to a better vasodilator and -constrictor responsiveness,
reduced arterial stiffness, arterio- and angiogenesis, higher antioxidative capacities, and reduced
oxidative stress. Although current evidence about specific aspects of exercise training, such as F-I-T-T,
is limited, and exact training recommendations cannot be given, some practical implications can be
extracted. As such, repeated stimuli 5-7 days per week might be necessary to use the full potential
of these favorable physiological alterations, and the cumulative volume of mechanical shear stress
seems more important than peak shear stress. Because of distinct short- and long-term effects of
resistance and aerobic exercise, including higher and moderate intensities, both types of exercise
should be implemented in a comprehensive training regimen. As vascular adaptability towards
exercise remains high at any age in both healthy individuals and patients with cardiovascular diseases,
individualized exercise-based vascular health prevention should be implemented in any age group
from children to centenarians.

Keywords: exercise; hypertension; blood pressure; cardiovascular disease; microvascular function;
exercise prescription

1. Background

Accelerated biological vascular ageing (early vascular ageing) leads to early target
organ damage and subsequently to diseases, such as atherosclerosis, chronic kidney disease,
degenerative brain disease, and retinopathy [1]. The prevalence of early vascular ageing in
a population, i.e., defined as aortic pulse wave velocity >90th percentile, can be as high as
37% [2], which is why the maintenance of optimal vascular health throughout the entire
lifespan is already accepted as a main goal of preventive health care [3]. Regular physical
activity and exercise can effectively attenuate the progression of early vascular ageing and
should therefore be part of any treatment efforts aiming to improve vascular and general
health [4,5]. However, the effectiveness of exercise interventions on biomarkers of vascular
health is often limited and not sustainable in the long-term after the discontinuation of
exercise training. Targeted exercise, based on objective and subjective individual criteria,
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carries the potential to overcome these limitations [6,7]. Accordingly, a better understanding
of the molecular mechanisms underlying the acute responses and long-term adaptations of
the vascular organ to exercise will lead to the design of more effective exercise programs,
with better adherence by participants to lifelong training, and potentially will result in
a better clinical outcome. Acute hemodynamic adaptations to exercise lead to changes
in both endothelial and vascular smooth muscle cell function. Regular exercise training
improves nitric oxide (NO) availability and reduces vascular oxidative stress [8]. As
a result, endothelial vasodilator and -constrictor responsiveness as well as pulse wave
velocity and arterial stiffness are improved [9]. In addition, exercise induces vascular
structural adaptations and stimulates angiogenesis and arteriogenesis. This narrative
review summarizes current knowledge about the acute molecular responses to exercise
within the endothelial and smooth muscle cells of the vascular wall and the associated
acute and chronic clinical vascular adaptations. It further addresses how training frequency,
intensity, volume, and type influence these processes. Finally, practical recommendations
are given for exercise training to maintain and improve vascular health.

2. Acute Molecular Effects of Exercise on Blood Vessels

During exercise, the increased blood flow stresses the vasculature and increases lu-
minal shear stress. In turn, shear stress causes the deformation of glycocalyx receptors
on the lumen of endothelial cells, activating calcium channels. Calcium signaling leads to
prostaglandin release and consequently induces cyclic adenosine monophosphate medi-
ated smooth muscle relaxation. Luminal shear stress activates protein kinase B, inducing
endothelial NO synthase phosphorylation and consequently NO release. NO interacts
with guanylate cyclase, activating a cascade of molecular signaling which leads to reduced
intracellular calcium and increased intracellular potassium, favoring cell membrane hyper-
polarization and smooth muscle relaxation. In addition, when NO diffuses to the luminal
side of the endothelial layer, it also exerts an antithrombotic action by inhibiting platelet
adhesion and aggregation [10] (Figure 1).

Acute vascular effects of exercise
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Figure 1. Acute molecular effects of exercise on blood vessels. During exercise, increased arterial
blood flow leads to an elevation of blood pressure (greater hydrostatic pressure), luminal shear stress,
and arterial wall stress. The consequence is a vasodilation predominantly in the resistance arteries
(mainly due to a greater release of nitric oxide (NO) and prostacyclin (PGI2) from the endothelial
cells and dilation of the smooth muscle cells). In addition, during exercise, changes in neural,
metabolic, and humoral factors take place in both the micro- and macrovascular circulation. All these
changes contribute to acute adaptations in arterial function, diameter, and wall thickness. NO: nitric
oxide, PGI2: prostacyclin 12, NPY: neuropeptide Y, GABA: Gamma-aminobutyric acid, ATP/ AMP:
Adenosine triphosphate/ Adenosine monophosphate; [Ca?*]: intracellular calcium.
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Acute bouts of exercise also enhance proangiogenic stimuli, such as the vascular
endothelial growth factor (VEGF), which in turn signals capillary development. Previous
studies have shown VEGF increases in response to a single exercise bout [11]. The level of
hypoxia seems to upregulate the VEGF response [12,13]. On the other hand, acute bouts of
exercise also increase the release of angiostatic factors (factors that prevent angiogenesis)
such as angiostatin and platelet factor 4 (PF-4). Although there is a concomitant increase
in opposing angiogenic and angiostatic factors during an acute bout of exercise, repeated
exercise stimuli lead to a decrease in the angiostatic factors, increasing the abundance of
angiogenic factors, promoting angiogenesis (Figure 1).

3. Chronic Adaptations of Blood Vessels to Exercise
3.1. Long-Term Structural and Functional Vascular Adaptations in Response to Regular
Exercise Training

It is well established that regular exercise training improves vascular function in both
health and disease. Chronic training-related adaptations of the cardiovascular system
improve tissue perfusion and nutrient exchange at rest and result in a greater capacity to
increase them during exercise. In this context, both structural and functional adaptations of
the blood vessels have been reported (Figure 2).

Chronic vascular adaptations to exercise
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Figure 2. Chronic adaptations of blood vessels to exercise. Repeated hemodynamic stimuli due to
regular exercise training can lead to better compliance and regulation of blood pressure in conduit
arteries as well as in the small vessels. In addition, the vascular adaptations lead to a better capacity
for oxygen delivery and diffusion from the capillaries to the skeletal muscle cells and possibly
contribute to improvements in exercise capacity. Regular exercise can prevent and/or reverse age-
related endothelial dysfunction in both the macro- and microvascular circulation by increasing Nitric
oxide (NO) bioavailability, improving intracellular redox balance and mitochondrial health, and
lowering systemic inflammation. Overall, these adaptations can reduce the atherosclerotic burden in
large vessels and favorably alter the microvascular function in healthy individuals and in individuals
with cardiovascular disease. GLUT4: Glucose transporter type 4.

Briefly, exercise stimulates angiogenesis, the formation of capillary networks, and
arteriogenesis, the growth of preexistent collateral arterioles. Early reports showed a greater
arteriolar and capillary density in trained individuals compared to untrained aged-matched
controls [14]. An increase in capillary density in response to exercise training has also been
reported in healthy individuals as well as in those with chronic disease [15]. Adaptations
seem to be dependent on the fiber type and the individual’s training status. Specifically,
although skeletal muscles containing mostly slow-twitch oxidative fibers have a greater
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capillary density [14], fast oxidative-glycolytic and fast-glycolytic muscle fibers appear to
exhibit a greater increase in arteriolar density in response to training [15]. Recent evidence
suggests that stimulating angiogenesis promotes healthy ageing and extends life span [16].
However, while in animal models angiogenesis can be evident after a few repeated bouts
of exercise, in humans, this process might take weeks to months of regular training [17].

Studies have also suggested that repeatedly elevated shear stress, as it may occur
during exercise training, induces increases in the arterial luminal diameter [18]. In de-
tail, larger conduit arteries (increased conduit artery size in epicardial arteries and those
supplying skeletal muscle) were reported in athletes compared to untrained healthy in-
dividuals [19]. Between-limb studies in athletes demonstrated higher arterial diameters
and lower arterial wall thickness in the predominantly used limbs (carotid, femoral, and
popliteal and brachial intima-media thickness) [18,20,21]. As a result, peak limb blood flow
responses were found to be enhanced also in comparison with nonathletes, suggesting
greater vasodilator reserves in athletes and trained individuals [19].

Functional vascular adaptations in response to exercise training are also evident in
healthy individuals and in individuals with chronic diseases [17,22]. Alterations in the
arterial tone and reductions in resting blood pressure are the results of a complex inter-
play of humoral, paracrine, and neural mechanisms, in which a higher bioavailability of
endothelial NO as well as transiently higher levels of vascular and interstitial cell adhesion
molecules, endothelin-1, and reactive oxygen species mediate the exercise stimulus. Fur-
thermore, some studies reported that in individuals with vascular dysfunction (older adults,
hypertensives), exercise training potentiate the release of NO-independent vasodilator sub-
stances such as prostacyclin 12 (in muscle and interstitial tissue) and adenosine (interstitial
tissue) and to reduces vasoconstrictors such as endothelin-1 and angiotensin II [23,24].
In addition, exercise improves endothelial function through enhancing endothelial cell
proliferation, inhibiting apoptosis, and mobilizing endothelial progenitor cells [25].

Collectively, all these adaptations improve constriction and dilatation responses of the
vascular smooth muscle cells to vasoactive factors, increase arterial compliance, and reduce
the probability of flow-limiting stenosis when cardiovascular and/or metabolic disease
are present. Exercise also increases the content of collagen and elastin of atherosclerotic
plaques stabilizing plaque lesions and attenuating vascular stiffening/calcification.

In addition to these macrovascular effects of exercise, exerkines (signaling molecules
such as proteins, metabolites, and extracellular vesicles) are released in response to acute
and/or chronic exercise from the working skeletal muscle and the cardiometabolic, nervous,
and immune systems and induce adaptations in the microvascular system [26]. For example,
skeletal muscular VEGF and angiopoietin 1 enhance neovascularization and angiogenesis.
Further exerkine-related vascular effects are improved blood flow, endothelial function,
and blood pressure.

3.2. The Role of Mitochondria in Exercise-Induced Vascular Benefits

An increasing amount of evidence suggests a critical role of mitochondria in the
exercise-induced benefits on the vascular smooth muscle cells. However, direct evidence
is sparse and most of the available evidence is extrapolated from observation in cardiac
and skeletal myocytes [27]. Mitochondria are sophisticated and dynamically responsive
organelles involved in energy production, redox balance, signal transduction, apoptosis
(programmed cell death), and many other biological processes. Interestingly, cardiac
mitochondria are different from vascular mitochondria in terms of morphology, function,
and regulation. In cardiomyocytes, mitochondria comprise ~35% of the cell volume due
to the high metabolic demand and oxidative capacity of the cardiac muscle. However,
mitochondria in the vascular wall, mainly smooth muscle cells, comprise only ~2-5% of the
tissue volume since these cells exhibit high glycolytic rates even under well-oxygenated
conditions [28].

Exercise-induced adaptations involve improved mitochondrial biogenesis, signaling
transduction, respiratory function, and reduced chronic oxidative stress [29]. Additionally,
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the de novo mitochondria combine their membranes with existing mitochondria (fusion), fa-
cilitating the distribution of metabolites, proteins, mtDNA, and other molecules to increase
the capacity of ATP synthesis and improve the oxidative processes. By the process of fission,
damaged areas of mitochondria are removed, and metabolic homeostasis is maintained.

Exercise promotes the degradation of damaged mitochondria via mitophagy [30,31].
Mitophagy is of great importance for the maintenance of vascular health since a growing
body of evidence suggests an involvement of impaired mitophagy to the pathogenesis of
vascular disease and the ageing process [29,32]. Specifically, an imbalance in the mitochon-
drial dynamics results in vascular dysfunction, as shown in perturbations that increase
fission or decrease fusion [33,34]. Furthermore, mitochondrial fragmentation and respi-
ratory chain dysfunction, driven by an altered activity of the GTPase dynamin-related
protein-1, might contribute to vascular dysfunction [34]. A previous study showed that
aerobic exercise training decreased dynamin-related protein-1 phosphorylation and in-
creased fat oxidation and insulin sensitivity in obese insulin-resistant adults, suggesting
that lifestyle-mediated improvements in substrate metabolism may be regulated through
the decreased activation of the dynamin-related protein-1 [35].

In summary, chronic exercise improves mitochondrial content and dynamics, resulting
in a better oxidative capacity. Although acute exercise bouts upregulate ROS generation,
chronic regular exercise results in lower chronic oxidative stress and less inflammation.

4. Clinical Vascular Effects of Exercise
4.1. Effects of Exercise on Vascular Health

Regular exercise reduces the risk of cardiovascular morbidity and mortality by up to
44% [36], delays all-cause mortality [37], and increases health span [38]. Surprisingly, less
than 50% of this effect is explained by reduced oxidative stress and subclinical inflammation
due to modifications in cardiovascular risk factors, such as blood pressure, insulin sensi-
tivity, blood lipids, and body composition [39]. The remaining gap in explaining vascular
benefits of exercise is likely to be filled by direct effects of exercise on the vascular wall
that translate into higher nitric oxide availability and favorable structural remodeling [18].
The result is a delayed progression of endothelial dysfunction and arterial stiffening with
ageing. This assumption is supported by a considerable body of evidence indicating a
positive association of cardiorespiratory fitness with endothelial function [40,41] and a
negative association of time spent exercising with arterial stiffness [42] as well as with wall
thickness [43]. Furthermore, longitudinal studies have shown an attenuated decline of
endothelial function with lifelong regular aerobic exercise until old age [5,44].

4.2. Clinical Vascular Effects of Short-Versus Long-Term Exercise

The extent and clinical relevance of vascular effects induced by single bouts of exercise
and short-term interventions are idiosyncratic in a way. Although endothelial function
appears to be modifiable within a few weeks of regular exercise [45], arterial stiffness and
structural integrity of the vascular wall improve either slowly or not at all [46,47]. This is
not in contrast to the consistent observations about beneficial vascular effects induced by
long-term exposure to regular exercise but rather indicates the complexity of the under-
lying mechanisms. Therefore, the prediction of exercise-related improvements of future
cardiovascular risk based on single biomarkers is limited, and therapeutic consequences
should be drawn with caution.

4.2.1. Influence of Age

Cardiovascular effects of chronic regular exercise are independent of sex and age [4,40]
and are already apparent in minors and young adults [48], as demonstrated by the European
Youth Heart Study [49] and the KiGGS study [50]. Considering the increasing prevalence
of obesity and inactivity among children and adolescents [51], preventive efforts involving
regular exercise should include the youngest individuals within a population. Additionally,
facing the lack of an extended health span along with an increasing life expectancy, it is
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noteworthy that vascular adaptability towards exercise remains high until old age [52].
Thus, even the oldest individuals will considerably benefit from regular exercise, even if
they have never exercised before.

4.2.2. Influence of Cardiovascular Risk Factors and Diseases

Similar observations regarding clinical vascular effects of exercise have been made for
both healthy individuals and patients with comorbidities, such as metabolic syndrome [40],
arterial hypertension [53], and heart failure [40,54]. In contrast, exercise studies in ani-
mals provided evidence indicating an impaired mechanical transduction of elevated shear
stress [55] and an attenuated increase in nitric oxide release [56] in the presence of cardio-
vascular risk factors such as arterial hypertension. As an example, the exercise-induced
release of VEGF was attenuated in individuals with arterial hypertension, suggesting a
blunted neocapillarization following exercise training [57]. Furthermore, microvascular
dysfunction and reduced skeletal muscle oxygenation were associated with an exaggerated
blood pressure response during exercise in newly diagnosed, untreated hypertensive indi-
viduals [58]. Nonetheless, vascular function in patients with cardiovascular risk factors or
diseases remains highly adaptive to exercise, whereas structural vascular adaptations in the
macrovascular system might be less likely to occur, compared to healthy individuals [59].

4.2.3. Influence of Training Status and Physical Fitness Level

It is an appealing thought that cardiorespiratory fitness or previous training level
influence the vascular adaptability to an exercise stimulus. It seems only logical that a
highly trained organism does not have much room for further optimizations. Studies about
endothelial adaptations to exercise in highly trained athletes support this in part, as some
of them report better endothelial function than in untrained individuals [60-62], whereas
many others report no differences or even lower function [63-65]. However, studies that
compare vascular adaptations to exercise between trained versus untrained individuals are
lacking. Furthermore, the interrelation of local structural and functional properties of the
vascular wall is likely to be highly dynamic and influenced by training volume, intensity,
or other factors [66]. Accordingly, endothelial adaptations to exercise in elite athletes may
be highly dynamic and related to periodic variations of intensity, volume, frequency, and
type of training during their season [40,65,67].

5. Exercise Training to Improve Vascular Fitness
5.1. General Aspects of Exercise Training to Improve Vascular Health

The World Health Organization recommends at least 75 min per week of vigorous
physical activity or 150 min of moderate intensity [68]. The relationship between exercise
and cardiovascular risk has been described in a curvilinear dose-response pattern [69],
and numerous studies have consistently reported beneficial vascular effects of exercise
training [5,42-44,59,70]. However, these effects depend on frequency, intensity, volume,
and modality of the training, and are subject to considerable individual variation [71]. The
F(requency)-I(ntensity)-T(ime)-T(ype) principle provides a practical approach to structure
and adapt the training program according to the individual’s vascular responses (Figure 3).
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F-1-T-T: Vascular effects of frequency, intensity, time and type of exercise
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-
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Variation of F-I-T-T in a patient-centered, flexible and individual approach, to improve
physical and mental training tolerance and long-term adherence.

Figure 3. Principles of exercise training to improve vascular fitness. The F-I-T-T principle (frequency,
intensity, time, type) provides a practical structure for individual tailoring of cardiovascular exercise
therapy in preventive health care settings. “* association: Positive association; ® association: No

association; ﬁ: Improvement.

5.2. F-I-T-T Principle: F(requency)

Longitudinal shear stress is a major stimulus for adaptive endothelial responses to
exercise. Therefore, the total load of shear stimulus rather than the peak itself seems to
be the critical determinant [72]. An animal study demonstrated that high frequencies
of repeatedly elevated shear stress induce adaptive mechanisms within the endothelial
cells [73]. Repeated elevations in shear stress could therefore explain some of the direct
vascular effects of exercise.

Aerobic exercise training: A meta-analysis of randomized controlled exercise interven-
tions in humans found no association between the frequency of sessions and improvement
of endothelial function with aerobic exercise training [71]. Frequently repeated shorter
bouts of exercise training might still be a considerable option, especially in individuals in
whom the risk of injuries limits the application of high intensities or loads.

Resistance exercise training: A positive association between the frequency of resistance
training sessions and improvement of endothelial function has been shown [71]. As with
aerobic exercise training, frequently repeated shorter bouts of exercise training might be
a considerable option in resistance training as well to minimize injury risk. However,
the optimal frequency of training stimuli is still unclear in both aerobic and resistance
exercise training.

5.3. F-I-T-T Principle: I(ntensity)

There are only a few studies, that compared intensity-dependent vascular functional
and structural effects of the same exercise modality.

Aerobic exercise training: One study conducted a 12-week aerobic, ergometer-based
training intervention at mild, moderate, and high exercise intensity [74]. Interestingly, only
moderate but not high intensity led to improvements of nitric oxide-dependent endothelial
function and less oxidative stress. The authors concluded that high intensities of aerobic
exercise might induce massive acute oxidative and inflammatory stress, potentially atten-
uating favorable effects of elevated shear stress. Consistently, the short-term decrease in
vascular function immediately after an exercise bout becomes larger with increasing exercise
intensities [75]. In contrast, very short bouts of near-maximal- or supramaximal-intensity
exercise have been demonstrated to induce similar [76] or even higher [77] vascular effects
compared with traditional moderate-intensity aerobic exercise. The underlying mecha-
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nisms of this observation are not clear, but some evidence points towards an overexpression
of mitochondrial enzymes and, thus, an increased time to fatigue during exercise [78], a
stronger reduction in proinflammatory metabolites (i.e., oxidized low-density lipoprotein)
in the long term [79], and a higher expression of antioxidant enzymes (i.e., glutathione
peroxidase) [80]. Considering that the total load of shear stimulus rather than the peak itself
seems to be the critical determinant of endothelial adaptation to exercise [72], a prolonged
moderate-intensity workout might be preferred over a shorter high-intensity session to
improve vascular function. Having in mind the greater injury risk associated with high-
intensity training, more research is necessary to understand its potential beneficial effects
in vascular structure and function.

Resistance exercise training: For resistance training, little evidence exists about the
relationship between intensity and vascular adaptations, and it does not suggest a dose—
response relationship between resistance exercise intensity and improvements in vascular
function [71].

5.4. F-I-T-T Principle: T(ime)

Aerobic exercise training: The relationship of aerobic exercise with functional and
structural vascular adaptations has been described in a dose-response pattern, with higher
volumes of at least moderate-intensity exercise inducing higher functional vascular im-
provements [81]. However, the nature of this relationship is unclear, and no data exist
about a minimum necessary time of training or a ceiling effect. To date, no conclusion can
be drawn on the appropriate duration of a single session and, therefore, the appropriate
volume of elevated shear stress that would provide the optimal stimulus for endothelial
adaptation. One study found a higher increase in nitric oxide and a decrease in endothelial
microparticles in the plasma after 40 min of moderate-intensity aerobic exercise compared
to 20 min [82]. In contrast, one meta-analysis including aerobic exercise interventions longer
than 4 weeks of duration found no influence of session duration (20-60 min) on changes of
endothelial function independent of the overall training load [71]. Whether single training
sessions should have a longer or shorter duration to attain the best possible stimulus for
vascular adaptations cannot be answered now. However, as long as an adequate total
training volume is guaranteed, the balance between session length and frequency may be
chosen according to individual preferences of the trainee or general aspects of the training
plan, such as subsequent time required for recovery.

Resistance training: Very limited data exist on the relationship of resistance exercise
duration with functional and structural vascular adaptations. Therefore, no conclusions
can be drawn to date.

5.5. F-I-T-T Principle: T(ype)

Continuous versus interval aerobic exercise training: High-intensity interval training
(HIIT) is a frequently used method of improving fitness. A meta-analysis examining
the effects of HIIT relative to moderate-intensity continuous training (MICT) on vascular
function reported that HIIT was more effective at improving macrovascular (brachial
artery) function than MICT. However, the authors reported that the variability in secondary
outcome measures and the small sample sizes in the studies included limits this finding.
Nevertheless, that review suggested that four intervals of 4 min (4 x 4 HIIT) at 85-95% of
maximum or peak heart rate (HRmax/peak) interspersed with 3 min of active recovery
at 60-70% HRmax/peak three times per week for 12-16 weeks is a type of exercise to
enhance vascular function [83]. Another study [17] showed that a 4-week HIIT program
was superior to MICT for improving macrovascular function (as assessed by brachial artery
flow-mediated dilation) but not arterial stiffness (as assessed by pulse wave velocity). Over
12 months, changes in vascular function and arterial stiffness were similar for HIIT and
MICT. In accordance, a meta-analysis including studies with exercise training interventions
>4 weeks did not show any significant difference in the improvement of central arterial
stiffness between HIIT and MICT [84]. It should be mentioned, however, that the results of
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studies comparing the two modes of aerobic exercise should be interpreted with caution,
as in many studies, the HIIT and MICT training was not performed with similar effort and
physiological strain. Controlling for the overall physiological stress exerted during the
training sessions is important when comparing the two exercise modes [85,86].

Aerobic, resistance (dynamic/isometric), and combined exercise training: Both aerobic
and resistance exercise seem to be associated with idiosyncratic patterns of blood flow
and shear stress, which lead to distinct effects on arterial function and remodeling [20].
One study found similar antegrade but different retrograde shear patterns in response to
aerobic and resistance exercise bouts [87], indicating different mechanisms of endothelial
stimulation. This observation may at least in part explain why both local and systemic
endothelial function show greater improvement after aerobic exercise compared to resis-
tance training [71]. In fact, repeatedly marked blood pressure elevations during resistance
training might reduce central arterial compliance [88,89]. As endothelial function was not
reduced in these studies, the clinical implications of this structural remodeling associated
with resistance training are unclear. However, it seems likely that they are independent of
an age-related decline in structural and functional vascular capacities. Although aerobic
exercise most likely is the stronger modifier of endothelial function, resistance training also
seems beneficial. For example, one recent study showed protective alterations of cerebral
blood flow after three months of resistance training [22].

Isometric exercise training has also been suggested as an effective intervention for
inducing favorable vascular adaptations. In detail, a recent cross-over study showed that
4 weeks of isometric training (wall squats) reduced arterial stiffness (as suggested by a
reduction in the augmentation index, derived from pulse-wave reflection) and total periph-
eral resistance [90]. In contrast, another study [91] found an improvement of microvascular
function (as assessed by peak blood flow during reactive hyperemia) with dynamic resis-
tance training (eight exercises, 50% of maximal repetition, three sets until moderate fatigue,
for 10 weeks, three times/week) and not isometric handgrip training (at 30% of maximum
voluntary contraction, four sets of 2 min). This later study did not find any additional
improvements of combined exercise training compared with dynamic resistance training in
vascular function. Differences between studies and exercise modes might be explained, at
least in part, by the different amount of muscle mass involved during the exercise sessions
and the type of blood vessels (micro- or macro-) examined.

All exercise modalities (aerobic, resistance, or combined) have been reported to in-
duce improvements in vascular function depending on the characteristics of the exercise
stimulus [71]. Because of distinct adaptations not only in the blood vessels but also in the
skeletal muscles and other body systems in response to both aerobic and resistance exercise,
training should involve both aerobic and resistance training modalities.

5.6. Individualization

Despite considerable scientific efforts, the mechanisms by which protective effects
of exercise contribute to the maintenance and improvement of vascular health are still
not fully understood. In consequence, evidence is lacking when it comes to the choice of
optimal training programs for the individual [20,92]. Furthermore, patients” adherence
to exercise-based therapies is often undermined by the high efforts regular exercise re-
quires [93,94]. Individuals with the poorest functional capacity who carry the highest risk
of early frailty and disability, especially, do not seem reachable in many multifactorial
risk-based studies [95]. By providing some variations to F-I-T-T in a patient-centered,
flexible, and individual approach, training may be better tolerated, physically and mentally,
than traditional linear training methods. Therefore, methods like nonlinear periodized
exercise may promote patients” adherence to exercise therapy while being equally effective
as high-intensity or moderate-intensity continuous training [6,7,96,97].

Furthermore, sex differences in the training adaptations of the vessels have been
reported [98,99]. Specifically, although in healthy, exercise-trained adults, large-elastic-
artery-stiffening progression was attenuated, and exercise interventions were shown to
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improve arterial stiffness in sedentary middle-aged and older men and postmenopausal
women; regular aerobic exercise was reported to improve endothelial function in men (by
reducing oxidative stress and preserving NO bioavailability) but not to do so consistently
in estrogen-deficient postmenopausal women. Thus, potential sex differences should also
be taken into account when designing an exercise program.

6. Conclusions and Practical Implications
6.1. Conclusions

Exercise-induced hemodynamic changes lead to mechanical stress of the vascular
wall, the release of circulating growth factors from the endothelium, and the release of
exerkines from the exercising skeletal muscle and other organs. These three main adaptive
stimuli lead to an increased activity of several molecular pathways within the vascular
endothelial and smooth muscle cells, culminating in a better vasodilator and -constrictor
responsiveness, reduced arterial stiffness, arterio- and angiogenesis, higher antioxidative
capacities, and reduced oxidative stress. Recent research revealed a potential role of
enhanced mitochondrial biogenesis and mitophagy, substrate metabolism, and insulin
sensitivity in the vascular smooth muscle cells for exercise-induced vascular adaptations.

Acute bouts of exercise induce different vascular responses than regular training. Also,
vascular adaptability towards exercise is high at any age in both healthy individuals and
patients with cardiovascular diseases. This emphasizes the usefulness of exercise-based
vascular health prevention from children to centenarians. Although athletes” arteries seem
to have higher functional capacities and less pathological structural remodeling than those
of nonathletes, clinical biomarkers often fail to demonstrate significant differences, at least
at a younger age. This puts the discussion on the table whether an already healthy vascular
organ can be improved by exercise to a superhealthy level or not.

6.2. Practical Implications

Current evidence about specific aspects of exercise training, such as F-I-T-T, is limited,
and exact training recommendations cannot be given. However, some practical implications
can be extracted:

e  Some vascular adaptations, such as a favorable balance of angiogenesis and angiostasis
as well as of vasodilator and vasoconstrictor responsiveness, require regular exercise,
ideally throughout the entire life span. Therefore, individualization of exercise accord-
ing to objective and subjective factors should be sought to achieve the best possible
long-term training adherence.

e  Repeated stimuli, at least every other day at initial stages and progressively increasing
to 5-7 days per week, might be necessary to use the full potential of favorable physio-
logical alterations, such as elevated blood pressure and improved glycemic control,
which last for about 24 h post exercise.

e  The cumulative volume of elevated shear stress seems more important than peak
shear stress in terms of stimulating vascular remodeling. Thus, prolonged moderate-
intensity workouts may be favored over shorter sessions with very high intensities,
especially if injury prevention and long-term training adherence are important.

e High-intensity interval training may have additional benefits in the long-term, such
as increased antioxidative and metabolic capacities, and thus should also be part of
vascular exercise training.

e  Resistance and aerobic exercise induce distinct macro- and microvascular adaptations;
thus, both types of exercise should be implemented in comprehensive training for
optimal vascular health.

Funding: This research received no external funding.
Acknowledgments: The collaboration between K.D. and K.K. developed within the VascAgeNet.

Conflicts of Interest: The authors declare no conflict of interest.



Cells 2023, 12, 2544 110f15

References

1.  Widlansky, M.E.; Gokce, N.; Keaney, ].E,; Vita, J.A., Jr. The clinical implications of endothelial dysfunction. . Am. Coll. Cardiol.
2003, 42, 1149-1160. [CrossRef]

2. Danninger, K.; Hafez, A.; Binder, R K.; Aichberger, M.; Hametner, B.; Wassertheurer, S.; Weber, T. High prevalence of hypertension
and early vascular aging: A screening program in pharmacies in Upper Austria. J. Hum. Hypertens. 2020, 34, 326-334. [CrossRef]

3. Nilsson, PM.; Boutouyrie, P.; Cunha, P.; Kotsis, V.; Narkiewicz, K.; Parati, G.; Rietzschel, E.; Scuteri, A.; Laurent, S. Early vascular
ageing in translation: From laboratory investigations to clinical applications in cardiovascular prevention. J. Hypertens. 2013, 31,
1517-1526. [CrossRef]

4. Vaitkevicius, P.V.; Fleg, ].L.; Engel, ].H.; O’Connor, F.C.; Wright, J.G.; Lakatta, L.E.; Yin, F.C.; Lakatta, E.G. Effects of age and
aerobic capacity on arterial stiffness in healthy adults. Circulation 1993, 88, 1456-1462. [CrossRef]

5. Konigstein, K.; Wagner, J.; Infanger, D.; Knaier, R.; Neve, G.; Klenk, C.; Carrard, J.; Hinrichs, T.; Schmidt-Truckséss, A. Cardiores-
piratory Fitness and Endothelial Function in Aging Healthy Subjects and Patients With Cardiovascular Disease. Front. Cardiovasc.
Med. 2022, 9, 870847. [CrossRef]

6.  Pinto, R.;; Melo, X.; Angarten, V.; Pires, M.L.; Borges, M.; Santos, V.; Abreu, A.; Santa-Clara, H. The effects of 12-months supervised
periodized training on health-related physical fitness in coronary artery disease: A randomized controlled trial. ]. Sports Sci. 2021,
39, 1893-1902. [CrossRef]

7.  Konigstein, K.; Meier, J.; Angst, T.; Maurer, D.J.; Kropfl, ].M.; Carrard, J.; Infanger, D.; Baumann, S.; Bischofsberger, I;
Harder, M.; et al. VascuFit: Vascular Effects of Non-linear Periodized Exercise Training in Sedentary Adults with Elevated
Cardiovascular Risk—Protocol for a Randomized Controlled Trial. BMC Cardiovasc. Disord. 2022, 27, 449. [CrossRef]

8.  Kojda, G.; Hambrecht, R. Molecular mechanisms of vascular adaptations to exercise. Physical activity as an effective antioxidant
therapy? Cardiovasc. Res. 2005, 67, 187-197. [CrossRef]

9. Vlachopoulos, C.; Xaplanteris, P.; Aboyans, V.; Brodmann, M.; Cifkova, R.; Cosentino, F.; De Carlo, M.; Gallino, A.; Landmesser,
U.; Laurent, S.; et al. The role of vascular biomarkers for primary and secondary prevention. A position paper from the European
Society of Cardiology Working Group on peripheral circulation: Endorsed by the Association for Research into Arterial Structure
and Physiology (ARTERY) Society. Atherosclerosis 2015, 241, 507-532. [CrossRef]

10. Harrison, D.G.; Cai, H. Endothelial control of vasomotion and nitric oxide production. Cardiol. Clin. 2003, 21, 289-302. [CrossRef]

11. Vasiliadis, A.V.; Zafeiridis, A.; Dipla, K.; Galanis, N.; Chatzidimitriou, D.; Kyparos, A.; Nikolaidis, M.G.; Vrabas, L.S. Circulating
angiogenic biomolecules at rest and in response to upper-limb exercise in individuals with spinal cord injury. J. Spinal Cord. Med.
2014, 37, 226-232. [CrossRef]

12.  Pugh, C.W.; Ratcliffe, PJ. Regulation of angiogenesis by hypoxia: Role of the HIF system. Nat. Med. 2003, 9, 677—-684. [CrossRef]

13.  Tomanek, RJ.; Schatteman, G.C. Angiogenesis: New insights and therapeutic potential. Anat. Rec. 2000, 261, 126-135. [CrossRef]

14. Brodal, P; Ingjer, F; Hermansen, L. Capillary supply of skeletal muscle fibers in untrained and endurance-trained men. Am. J.
Physiol. 1977, 232, H705-H712. [CrossRef]

15.  Gute, D.; Laughlin, M.H.; Amann, J.F. Regional changes in capillary supply in skeletal muscle of interval-sprint and low-intensity,
endurance-trained rats. Microcirculation 1994, 1, 183-193. [CrossRef]

16. Augustin, H.G.; Kipnis, ]. Vascular rejuvenation is geroprotective. Science 2021, 373, 490-491. [CrossRef]

17.  Taylor, J.L.; Keating, S.E.; Holland, D.J.; Green, D.].; Coombes, ].S.; Bailey, T.G. Comparison of high intensity interval training with
standard cardiac rehabilitation on vascular function. Scand. J. Med. Sci. Sports 2022, 32, 512-520. [CrossRef]

18.  Miyachi, M.; Tanaka, H.; Yamamoto, K.; Yoshioka, A.; Takahashi, K.; Onodera, S. Effects of one-legged endurance training on fem
oral arterial and venous size in healthy humans. J. Appl. Physiol. 2001, 90, 2439-2444. [CrossRef]

19. Green, D.J.; Spence, A.; Rowley, N.; Thijssen, D.H.; Naylor, L.H. Vascular adaptation in athletes: Is there an ‘athlete’s artery’? Exp.
Physiol. 2012, 97, 295-304. [CrossRef]

20. Rowley, N.J.; Dawson, E.A ; Birk, GK,; Cable, N.T.; George, K.; Whyte, G.; Thijssen, D.H.; Green, D.]. Exercise and arterial
adaptation in humans: Uncoupling localized and systemic effects. J. Appl. Physiol. 2011, 110, 1190-1195. [CrossRef]

21. Rowley, N.J.; Dawson, E.A.; Hopman, M.T.; George, K.P.; Whyte, G.P; Thijssen, D.H.; Green, D.]. Conduit diameter and wall
remodelling in elite athletes and spinal cord injury. Med. Sci. Sports Exerc. 2011. [CrossRef]

22. Thomas, H.J.; Marsh, C.E.; Naylor, L.H.; Ainslie, PN.; Smith, K.J.; Carter, H.H.; Green, D.]. Resistance, but not endurance exercise
training, induces changes in cerebrovascular function in healthy young subjects. Am. J. Physiol. Heart Circ. Physiol. 2021, 321,
HB881-H892. [CrossRef] [PubMed]

23. Adams, V,; Linke, A.; Krankel, N.; Erbs, S.; Gielen, S.; Mobius-Winkler, S.; Gummert, J.F.; Mohr, EW.; Schuler, G.;
Hambrecht, R.; et al. Impact of regular physical activity on the NAD(P)H oxidase and angiotensin receptor system in
patients with coronary artery disease. Circulation 2005, 111, 555-562. [CrossRef]

24. Groothuis, ]J.T.; Thijssen, D.H.; Rongen, G.A.; Deinum, J.; Danser, A.].; Geurts, A.C.; Smits, P.; Hopman, M.T. Angiotensin II
contributes to the increased baseline leg vascular resistance in spinal cord-injured individuals. J. Hypertens. 2010, 28, 2094-2101.
[CrossRef] [PubMed]

25.  Urbich, C.; Dimmeler, S. Endothelial progenitor cells: Characterization and role in vascular biology. Circ. Res. 2004, 95, 343-353.
[CrossRef] [PubMed]

26. Chow, L.S.; Gerszten, R.E.; Taylor, ].M.; Pedersen, B.K.; van Praag, H.; Trappe, S.; Febbraio, M.A.; Galis, Z.S.; Gao, Y.;

Haus, J.M.; et al. Exerkines in health, resilience and disease. Nat. Rev. Endocrinol. 2022, 18, 273-289. [CrossRef]


https://doi.org/10.1016/S0735-1097(03)00994-X
https://doi.org/10.1038/s41371-019-0222-y
https://doi.org/10.1097/HJH.0b013e328361e4bd
https://doi.org/10.1161/01.CIR.88.4.1456
https://doi.org/10.3389/fcvm.2022.870847
https://doi.org/10.1080/02640414.2021.1907062
https://doi.org/10.1186/s12872-022-02905-1
https://doi.org/10.1016/j.cardiores.2005.04.032
https://doi.org/10.1016/j.atherosclerosis.2015.05.007
https://doi.org/10.1016/S0733-8651(03)00073-0
https://doi.org/10.1179/2045772313Y.0000000141
https://doi.org/10.1038/nm0603-677
https://doi.org/10.1002/1097-0185(20000615)261:3%3C126::AID-AR7%3E3.0.CO;2-4
https://doi.org/10.1152/ajpheart.1977.232.6.H705
https://doi.org/10.3109/10739689409148273
https://doi.org/10.1126/science.abj8674
https://doi.org/10.1111/sms.14106
https://doi.org/10.1152/jappl.2001.90.6.2439
https://doi.org/10.1113/expphysiol.2011.058826
https://doi.org/10.1152/japplphysiol.01371.2010
https://doi.org/10.1249/MSS.0b013e31823f6887
https://doi.org/10.1152/ajpheart.00230.2021
https://www.ncbi.nlm.nih.gov/pubmed/34559581
https://doi.org/10.1161/01.CIR.0000154560.88933.7E
https://doi.org/10.1097/HJH.0b013e32833cd2f4
https://www.ncbi.nlm.nih.gov/pubmed/20577118
https://doi.org/10.1161/01.RES.0000137877.89448.78
https://www.ncbi.nlm.nih.gov/pubmed/15321944
https://doi.org/10.1038/s41574-022-00641-2

Cells 2023, 12, 2544 12 0f 15

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Hood, D.A.; Uguccioni, G.; Vainshtein, A.; D’Souza, D. Mechanisms of exercise-induced mitochondrial biogenesis in skeletal
muscle: Implications for health and disease. Compr. Physiol. 2011, 1, 1119-1134. [CrossRef]

Butler, T.M.; Siegman, M.]. High-energy phosphate metabolism in vascular smooth muscle. Annu. Rev. Physiol. 1985, 47, 629-643.
[CrossRef]

Zhang, Y.; Oliveira, A.N.; Hood, D.A. The intersection of exercise and aging on mitochondrial protein quality control. Exp.
Gerontol. 2020, 131, 110824. [CrossRef]

Guan, Y,; Drake, J.C.; Yan, Z. Exercise-Induced Mitophagy in Skeletal Muscle and Heart. Exerc. Sport. Sci. Rev. 2019, 47, 151-156.
[CrossRef]

Lundby, C.; Jacobs, R.A. Adaptations of skeletal muscle mitochondria to exercise training. Exp. Physiol. 2016, 101, 17-22.
[CrossRef] [PubMed]

Bravo-San Pedro, ].M.; Kroemer, G.; Galluzzi, L. Autophagy and Mitophagy in Cardiovascular Disease. Circ. Res. 2017, 120,
1812-1824. [CrossRef] [PubMed]

Liu, M.Y,; Jin, J.; Li, S.L; Yan, J.; Zhen, C.L.; Gao, ].L.; Zhang, Y.H.; Zhang, Y.Q.; Shen, X.; Zhang, L.S.; et al. Mitochondrial Fission
of Smooth Muscle Cells Is Involved in Artery Constriction. Hypertension 2016, 68, 1245-1254. [CrossRef]

Marsboom, G.; Toth, P.T,; Ryan, J.].; Hong, Z.; Wu, X.; Fang, Y.-H.; Thenappan, T.; Piao, L.; Zhang, H.J.; Pogoriler, J.; et al.
Dynamin-related protein 1-mediated mitochondrial mitotic fission permits hyperproliferation of vascular smooth muscle cells
and offers a novel therapeutic target in pulmonary hypertension. Circ. Res. 2012, 110, 1484-1497. [CrossRef] [PubMed]

Fealy, C.E.; Mulya, A.; Lai, N.; Kirwan, J.P. Exercise training decreases activation of the mitochondrial fission protein dynamin-
related protein-1 in insulin-resistant human skeletal muscle. J. Appl. Physiol. (1985) 2014, 117, 239-245. [CrossRef] [PubMed]
Lee, D.C.; Sui, X; Artero, E.G,; Lee, L.-M.; Church, T.S.; McAuley, P.A.; Stanford, FE.C.; Kohl, H.W.; Blair, S.N. Long-term effects of
changes in cardiorespiratory fitness and body mass index on all-cause and cardiovascular disease mortality in men: The Aerobics
Center Longitudinal Study. Circulation 2011, 124, 2483-2490. [CrossRef] [PubMed]

Paffenbarger, R.S.; Kampert, ].B., Jr.; Lee, LM.; Hyde, R.T.; Leung, RW.; Wing, A.L. Changes in physical activity and other lifeway
patterns influencing longevity. Med. Sci. Sports Exerc. 1994, 26, 857-865. [CrossRef] [PubMed]

Wagner, J.; Knaier, R.; Konigstein, K.; Klenk, C.; Carrard, J.; Lichtenstein, E.; Scharnagl, H.; Marz, W.; Hanssen, H;
Hinrichs, T.; et al. Composite Measures of Physical Fitness to Discriminate Between Healthy Aging and Heart Failure: The
COmPLETE Study. Front. Physiol. 2020, 11, 596240. [CrossRef]

Green, D.J.; O'Driscoll, G.; Joyner, M.].; Cable, N.T. Exercise and cardiovascular risk reduction: Time to update the rationale for
exercise? . Appl. Physiol. (1985) 2008, 105, 766-768. [CrossRef]

Montero, D. The association of cardiorespiratory fitness with endothelial or smooth muscle vasodilator function. Eur. . Prev.
Cardiol. 2015, 22, 1200-1211. [CrossRef]

Braun, G.; Hafner, B.; Konigstein, K.; Infanger, D.; Klenk, C.; Rossmeissl, A.; Schmidt-Truckséss, A.; Hanssen, H. Association of
cardiorespiratory fitness with retinal vessel diameters as a biomarker of cardiovascular risk. Microvasc. Res. 2018, 120, 36—40.
[CrossRef]

Germano-Soares, A.H.; Andrade-Lima, A.; Meneses, A.L.; Correia, M.A.; Parmenter, B.J.; Tassitano, R.M.; Cucato, G.G.;
Ritti-Dias, R.M. Association of time spent in physical activities and sedentary behaviors with carotid-femoral pulse wave
velocity: A systematic review and meta-analysis. Atheroscler 2018, 269, 211-218. [CrossRef]

Garcia-Hermoso, A.; Gonzalez-Ruiz, K.; Triana-Reina, H.R.; Olloquequi, J.; Ramirez-Velez, R. Effects of Exercise on Carotid
Arterial Wall Thickness in Obese Pediatric Populations: A Meta-Analysis of Randomized Controlled Trials. Child. Obes. 2017,
13,138-145. [CrossRef]

Campbell, A.; Grace, F; Ritchie, L.; Beaumont, A.; Sculthorpe, N. Long-Term Aerobic Exercise Improves Vascular Function into
Old Age: A Systematic Review, Meta-Analysis and Meta Regression of Observational and Interventional Studies. Front. Physiol.
2019, 10, 31. [CrossRef]

Dawson, E.A.; Cable, N.T.; Green, D.J.; Thijssen, D.H.]. Do acute effects of exercise on vascular function predict adaptation to
training? Eur. J. Appl. Physiol. 2018, 118, 523-530. [CrossRef]

Oudegeest-Sander, M.H.; Olde Rikkert, M.G.; Smits, P.; Thijssen, D.H.; van Dijk, A.P,; Levine, B.D.; Hopman, M.T. The effect of an
advanced glycation end-product crosslink breaker and exercise training on vascular function in older individuals: A randomized
factorial design trial. Exp. Gerontol. 2013, 48, 1509-1517. [CrossRef]

Rauramaa, R.; Halonen, P; Vaisanen, S.B.; Lakka, T.A.; Schmidt-Trucksass, A.; Berg, A ; Penttild, I.M.; Rankinen, T.; Bouchard, C.
Effects of aerobic physical exercise on inflammation and atherosclerosis in men: The DNASCO Study: A six-year randomized,
controlled trial. Ann. Intern. Med. 2004, 140, 1007-1014. [CrossRef]

Cayres, S.U.; Agostinete, R.R.; de Moura Mello Antunes, B.; Lira, ES.; Fernandes, R.A. Impact of physical exercise/activity
on vascular structure and inflammation in pediatric populations: A literature review. J. Spec. Pediatr. Nurs. 2016, 21, 99-108.
[CrossRef]

Ried-Larsen, M.; Grontved, A.; Kristensen, P.L.; Froberg, K.; Andersen, L.B. Moderate-and-vigorous physical activity from
adolescence to adulthood and subclinical atherosclerosis in adulthood: Prospective observations from the European Youth Heart
Study. Br. ]. Sports Med. 2015, 49, 107-112. [CrossRef]

Konigstein, K.; Buschges, J.C.; Sarganas, G.; Krug, S.; Neuhauser, H.; Schmidt-Trucksass, A. Exercise and Carotid Properties in the
Young-The KiGGS-2 Study. Front. Cardiovasc. Med. 2021, 8, 767025. [CrossRef]


https://doi.org/10.1002/cphy.c100074
https://doi.org/10.1146/annurev.ph.47.030185.003213
https://doi.org/10.1016/j.exger.2019.110824
https://doi.org/10.1249/JES.0000000000000192
https://doi.org/10.1113/EP085319
https://www.ncbi.nlm.nih.gov/pubmed/26440213
https://doi.org/10.1161/CIRCRESAHA.117.311082
https://www.ncbi.nlm.nih.gov/pubmed/28546358
https://doi.org/10.1161/HYPERTENSIONAHA.116.07974
https://doi.org/10.1161/CIRCRESAHA.111.263848
https://www.ncbi.nlm.nih.gov/pubmed/22511751
https://doi.org/10.1152/japplphysiol.01064.2013
https://www.ncbi.nlm.nih.gov/pubmed/24947026
https://doi.org/10.1161/CIRCULATIONAHA.111.038422
https://www.ncbi.nlm.nih.gov/pubmed/22144631
https://doi.org/10.1249/00005768-199407000-00008
https://www.ncbi.nlm.nih.gov/pubmed/7934759
https://doi.org/10.3389/fphys.2020.596240
https://doi.org/10.1152/japplphysiol.01028.2007
https://doi.org/10.1177/2047487314553780
https://doi.org/10.1016/j.mvr.2018.06.001
https://doi.org/10.1016/j.atherosclerosis.2018.01.009
https://doi.org/10.1089/chi.2016.0265
https://doi.org/10.3389/fphys.2019.00031
https://doi.org/10.1007/s00421-017-3724-8
https://doi.org/10.1016/j.exger.2013.10.009
https://doi.org/10.7326/0003-4819-140-12-200406150-00010
https://doi.org/10.1111/jspn.12149
https://doi.org/10.1136/bjsports-2013-092409
https://doi.org/10.3389/fcvm.2021.767025

Cells 2023, 12, 2544 13 of 15

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Spinelli, A.; Buoncristiano, M.; Nardone, P; Starc, G.; Hejgaard, T.; Juliusson, P.B.; Fismen, A.; Weghuber, D.; Milanovi¢, S.M.;
Garcia-Solano, M.; et al. Thinness, overweight, and obesity in 6- to 9-year-old children from 36 countries: The World Health
Organization European Childhood Obesity Surveillance Initiative-COSI 2015-2017. Obes. Rev. 2021, 22 (Suppl. S6), e13214.
[CrossRef] [PubMed]

DeSouza, C.A.; Shapiro, L.E; Clevenger, C.M.; Dinenno, F.A.; Monahan, K.D.; Tanaka, H.; Seals, D.R. Regular aerobic exercise
prevents and restores age-related declines in endothelium-dependent vasodilation in healthy men. Circulation 2000, 102, 1351-1357.
[CrossRef]

Collier, S.R.; Kanaley, J.A.; Carhart, R., Jr.; Frechette, V.; Tobin, M.M.; Hall, A.K.; Luckenbaugh, A.N.; Fernhall, B. Effect of 4 weeks
of aerobic or resistance exercise training on arterial stiffness, blood flow and blood pressure in pre- and stage-1 hypertensives.
J. Hum. Hypertens. 2008, 22, 678-686. [CrossRef]

Pearson, M.].; Smart, N.A. Effect of exercise training on endothelial function in heart failure patients: A systematic review
meta-analysis. Int. . Cardiol. 2017, 231, 234-243. [CrossRef] [PubMed]

Zhang, X.; Cheng, R.; Rowe, D.; Sethu, P.; Daugherty, A.; Yu, G.; Shin, H.Y. Shear-sensitive regulation of neutrophil flow behavior
and its potential impact on microvascular blood flow dysregulation in hypercholesterolemia. Arterioscler. Thromb. Vasc. Biol. 2014,
34, 587-593. [CrossRef]

Sun, D.; Huang, A.; Yan, E.H.; Wu, Z.; Yan, C.; Kaminski, PM.; Oury, T.D.; Wolin, M.S.; Kaley, G.; Csiszar, A.; et al. Reduced
release of nitric oxide to shear stress in mesenteric arteries of aged rats. Am. J. Physiol. Heart Circ. Physiol. 2004, 286, H2249-H2256.
[CrossRef]

Hansen, A.H.; Nielsen, J.J.; Saltin, B.; Hellsten, Y. Exercise training normalizes skeletal muscle vascular endothelial growth factor
levels in patients with essential hypertension. J. Hypertens. 2010, 28, 1176-1185. [CrossRef]

Dipla, K.; Triantafyllou, A.; Koletsos, N.; Papadopoulos, S.; Sachpekidis, V.; Vrabas, L.S.; Gkaliagkousi, E.; Zafeiridis, A.; Douma, S.
Impaired Muscle Oxygenation and Elevated Exercise Blood Pressure in Hypertensive Patients: Links With Vascular Stiffness.
Hypertension 2017, 70, 444-451. [CrossRef] [PubMed]

Montero, D.; Roberts, C.K.; Vinet, A. Effect of aerobic exercise training on arterial stiffness in obese populations: A systematic
review and meta-analysis. Sports Med. 2014, 44, 833-843. [CrossRef] [PubMed]

Kasikcioglu, E.; Oflaz, H.; Kasikcioglu, H.A.; Kayserilioglu, A.; Umnman, S.; Meric, M. Endothelial flow-mediated dilatation and
exercise capacity in highly trained endurance athletes. Tohoku J. Exp. Med. 2005, 205, 45-51. [CrossRef]

Tanriverdi, H.; Evrengul, H.; Tanriverdi, S.; Turgut, S.; Akdag, B.; Kaftan, H.A.; Semiz, E. Improved endothelium dependent
vasodilation in endurance athletes and its relation with ACE I/D polymorphism. Circ. J. 2005, 69, 1105-1110. [CrossRef] [PubMed]
Walther, G.; Nottin, S.; Karpoff, L.; Perez-Martin, A.; Dauzat, M.; Obert, P. Flow-mediated dilation and exercise-induced
hyperaemia in highly trained athletes: Comparison of the upper and lower limb vasculature. Acta Physiol. 2008, 193, 139-150.
[CrossRef] [PubMed]

Rognmo, O.; Bjornstad, T.H.; Kahrs, C.; Tjenna, A.E.; Bye, A.; Haram, PM,; Stelen, T.; Slerdahl, S.A.; Wisleff, U. Endothelial
function in highly endurance-trained men: Effects of acute exercise. J. Strength. Cond. Res. 2008, 22, 535-542. [CrossRef] [PubMed]
Petersen, S.E.; Wiesmann, F.; Hudsmith, L.E.; Robson, M.D.; Francis, ].M.; Selvanayagam, ].B.; Neubauer, S.; Channon, K.M.
Functional and structural vascular remodeling in elite rowers assessed by cardiovascular magnetic resonance. J. Am. Coll. Cardiol.
2006, 48, 790-797. [CrossRef]

Green, D.J.; Rowley, N.; Spence, A.; Carter, H.; Whyte, G.; George, K; Naylor, L.H.; Cable, N.T.; Dawson, E.A.; Thijssen, D.H.
Why isn’t flow-mediated dilation enhanced in athletes? Med. Sci. Sports Exerc. 2013, 45, 75-82. [CrossRef]

Thijssen, D.H.; Dawson, E.A.; Black, M.A.; Hopman, M.T.; Cable, N.T.; Green, D.J. Heterogeneity in conduit artery function in
humans: Impact of arterial size. Am. J. Physiol. Heart Circ. Physiol. 2008, 295, H1927-H1934. [CrossRef]

Green, D. Enhanced conduit artery flow-mediated dilation in elite athletes: False or reality? Author reply. Med. Sci. Sports Exerc.
2013, 45, 1220. [CrossRef]

WHO. WHO Global Recommendations on Physical Activity for Health. 2010. WHO Guidelines Approved by the Guidelines Review
Committee; WHO: Geneva, Switzerland, 2010.

Williams, P.T.; Thompson, P.D. Walking versus running for hypertension, cholesterol, and diabetes mellitus risk reduction.
Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1085-1091. [CrossRef]

Konigstein, K.; Infanger, D.; Klenk, C.; Carrard, J.; Hinrichs, T.; Schmidt-Trucksass, A. Physical activity is favorably associated
with arterial stiffness in patients with obesity and elevated metabolic risk. Int. J. Clin. Pract. 2020, 74, €13563. [CrossRef]

Ashor, AW,; Lara, ].; Siervo, M.; Celis-Morales, C.; Oggioni, C.; Jakovljevic, D.G.; Mathers, ].C. Exercise modalities and endothelial
function: A systematic review and dose-response meta-analysis of randomized controlled trials. Sports Med. 2015, 45, 279-296.
[CrossRef]

Pyke, K.E.; Tschakovsky, M.E. Peak vs. total reactive hyperemia: Which determines the magnitude of flow-mediated dilation?
J. Appl. Physiol. (1985) 2007, 102, 1510-1519. [CrossRef] [PubMed]

Zhang, J.; Friedman, M.H. Adaptive response of vascular endothelial cells to an acute increase in shear stress frequency. Am. J.
Physiol. Heart Circ. Physiol. 2013, 305, H894-H902. [CrossRef] [PubMed]

Goto, C.; Higashi, Y;; Kimura, M.; Noma, K.; Hara, K.; Nakagawa, K.; Kawamura, M.; Chayama, K.; Yoshizumi, M.; Nara, I. Effect
of different intensities of exercise on endothelium-dependent vasodilation in humans: Role of endothelium-dependent nitric
oxide and oxidative stress. Circulation 2003, 108, 530-535. [CrossRef] [PubMed]


https://doi.org/10.1111/obr.13214
https://www.ncbi.nlm.nih.gov/pubmed/34235850
https://doi.org/10.1161/01.CIR.102.12.1351
https://doi.org/10.1038/jhh.2008.36
https://doi.org/10.1016/j.ijcard.2016.12.145
https://www.ncbi.nlm.nih.gov/pubmed/28089145
https://doi.org/10.1161/ATVBAHA.113.302868
https://doi.org/10.1152/ajpheart.00854.2003
https://doi.org/10.1097/HJH.0b013e3283379120
https://doi.org/10.1161/HYPERTENSIONAHA.117.09558
https://www.ncbi.nlm.nih.gov/pubmed/28607132
https://doi.org/10.1007/s40279-014-0165-y
https://www.ncbi.nlm.nih.gov/pubmed/24585152
https://doi.org/10.1620/tjem.205.45
https://doi.org/10.1253/circj.69.1105
https://www.ncbi.nlm.nih.gov/pubmed/16127195
https://doi.org/10.1111/j.1748-1716.2008.01834.x
https://www.ncbi.nlm.nih.gov/pubmed/18294338
https://doi.org/10.1519/JSC.0b013e31816354b1
https://www.ncbi.nlm.nih.gov/pubmed/18550971
https://doi.org/10.1016/j.jacc.2006.04.078
https://doi.org/10.1249/MSS.0b013e318269affe
https://doi.org/10.1152/ajpheart.00405.2008
https://doi.org/10.1249/MSS.0b013e31828d6016
https://doi.org/10.1161/ATVBAHA.112.300878
https://doi.org/10.1111/ijcp.13563
https://doi.org/10.1007/s40279-014-0272-9
https://doi.org/10.1152/japplphysiol.01024.2006
https://www.ncbi.nlm.nih.gov/pubmed/17170205
https://doi.org/10.1152/ajpheart.00174.2013
https://www.ncbi.nlm.nih.gov/pubmed/23851277
https://doi.org/10.1161/01.CIR.0000080893.55729.28
https://www.ncbi.nlm.nih.gov/pubmed/12874192

Cells 2023, 12, 2544 14 0of 15

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Dawson, E.A.; Green, D.J.; Cable, N.T.; Thijssen, D.H. Effects of acute exercise on flow-mediated dilatation in healthy humans.
J. Appl. Physiol. (1985) 2013, 115, 1589-1598. [CrossRef] [PubMed]

Rakobowchuk, M.; Tanguay, S.; Burgomaster, K.A.; Howarth, K.R.; Gibala, M.].; MacDonald, M.]. Sprint interval and traditional
endurance training induce similar improvements in peripheral arterial stiffness and flow-mediated dilation in healthy humans.
Am. ]. Physiol. Regul. Integr. Comp. Physiol. 2008, 295, R236-R242. [CrossRef] [PubMed]

Gibala, M.].; McGee, S.L. Metabolic adaptations to short-term high-intensity interval training: A little pain for a lot of gain? Exerc.
Sport. Sci. Rev. 2008, 36, 58—-63. [CrossRef]

Lin, J.; Wu, H.; Tarr, PT.; Zhang, C.-Y.; Wu, Z.; Boss, O.; Michael, L.F; Puigserver, P; Isotani, E.; Olson, E.N.; et al. Transcriptional
co-activator PGC-1 alpha drives the formation of slow-twitch muscle fibres. Nature 2002, 418, 797-801. [CrossRef]

Tjonna, AE.; Lee, S.J.; Rognmo, O.; Stelen, T.O.; Bye, A.; Haram, PM.; Loennechen, J.P.; Al-Share, Q.Y.; Skogvoll, E.;
Slerdahl, S.A.; et al. Aerobic interval training versus continuous moderate exercise as a treatment for the metabolic syndrome: A
pilot study. Circulation 2008, 118, 346-354. [CrossRef]

Mitranun, W.; Deerochanawong, C.; Tanaka, H.; Suksom, D. Continuous vs interval training on glycemic control and macro- and
microvascular reactivity in type 2 diabetic patients. Scand. ]. Med. Sci. Sports 2014, 24, e69—-€76. [CrossRef]

Early, K.S.; Stewart, A.; Johannsen, N.; Lavie, C.J.; Thomas, J.R.; Welsch, M. The Effects of Exercise Training on Brachial Artery
Flow-Mediated Dilation: A Meta-analysis. |. Cardiopulm. Rehabil. Prev. 2017, 37, 77-89. [CrossRef]

Yan, Y.; Wang, Z.; Wang, Y.; Li, X. Effects of acute moderate-intensity exercise at different duration on blood pressure and
endothelial function in young male patients with stage 1 hypertension. Clin. Exp. Hypertens. 2021, 43, 691-698. [CrossRef]
[PubMed]

Ramos, ].S.; Dalleck, L.C.; Tjonna, A.E.; Beetham, K.S.; Coombes, J.S. The impact of high-intensity interval training versus moderate-
intensity continuous training on vascular function: A systematic review and meta-analysis. Sports Med. 2015, 45, 679-692. [CrossRef]
[PubMed]

Way, K.L.; Sultana, R.N.; Sabag, A.; Baker, M.K.; Johnson, N.A. The effect of high Intensity interval training versus moderate
intensity continuous training on arterial stiffness and 24 h blood pressure responses: A systematic review and meta-analysis.
J. Sci. Med. Sport. 2019, 22, 385-391. [CrossRef] [PubMed]

Zafeiridis, A.; Chatziioannou, A.C.; Sarivasiliou, H.; Kyparos, A.; Nikolaidis, M.G.; Vrabas, 1.S.; Pechlivanis, A.; Zoumpoulakis, P;
Baskakis, C.; Dipla, K.; et al. Global Metabolic Stress of Isoeffort Continuous and High Intensity Interval Aerobic Exercise: A
Comparative 1H NMR Metabonomic Study. ]. Proteome Res. 2016, 15, 4452-4463. [CrossRef] [PubMed]

Zafeiridis, A.; Kounoupis, A.; Dipla, K.; Kyparos, A.; Nikolaidis, M.G.; Smilios, I.; Vrabas, I.S. Oxygen Delivery and Muscle
Deoxygenation during Continuous, Long- and Short-Interval Exercise. Int. J. Sports Med. 2015, 36, 872-880. [CrossRef]
Thijssen, D.H.; Dawson, E.A.; Black, M.A.; Hopman, M.T.; Cable, N.T.; Green, D.]. Brachial artery blood flow responses to
different modalities of lower limb exercise. Med. Sci. Sports Exerc. 2009, 41, 1072-1079. [CrossRef]

Miyachi, M.; Kawano, H.; Sugawara, J.; Takahashi, K.; Hayashi, K.; Yamazaki, K.; Tabata, I.; Tanaka, H. Unfavorable effects of
resistance training on central arterial compliance: A randomized intervention study. Circulation 2004, 110, 2858-2863. [CrossRef]
Kawano, H.; Tanimoto, M.; Yamamoto, K.; Sanada, K.; Gando, Y.; Tabata, I.; Higuchi, M.; Miyachi, M. Resistance training in men
is associated with increased arterial stiffness and blood pressure but does not adversely affect endothelial function as measured
by arterial reactivity to the cold pressor test. Exp Physiol. 2008, 93, 296-302. [CrossRef]

Edwards, J.J.; Jalaludeen, N.; Beqiri, A.; Wiles, ].D.; Sharma, R.; O'Driscoll, ].M. The effect of isometric exercise training on arterial
stiffness: A randomized crossover-controlled study. Physiol. Rep. 2023, 11, €15690. [CrossRef]

Fecchio, R.Y.; de Sousa, J.C.S.; Oliveira-Silva, L.; Junior, N.D.d.S.; Pio-Abreu, A.; da Silva, G.V,; Drager, L.F; Low, D.A,;
Forjaz, C.L.M. Effects of dynamic, isometric and combined resistance training on blood pressure and its mechanisms in hyperten-
sive men. Hypertens. Res. 2023, 46, 1031-1043. [CrossRef]

Kozakova, M.; Palombo, C. Vascular Ageing and Aerobic Exercise. Int. J. Environ. Res. Public Health 2021, 18, 10666. [CrossRef]
[PubMed]

Conraads, V.M.; Deaton, C.; Piotrowicz, E.; Santaularia, N.; Tierney, S.; Piepoli, M.E; Pieske, B.; Schmid, J.-P.; Dickstein, K,;
Ponikowski, P; et al. Adherence of heart failure patients to exercise: Barriers and possible solutions: A position statement of the
Study Group on Exercise Training in Heart Failure of the Heart Failure Association of the European Society of Cardiology. Eur. J.
Heart Fail. 2012, 14, 451-458. [CrossRef] [PubMed]

Sallis, R.; Franklin, B.; Joy, L.; Ross, R.; Sabgir, D.; Stone, ]. Strategies for promoting physical activity in clinical practice. Prog.
Cardiovasc. Dis. 2015, 57, 375-386. [CrossRef] [PubMed]

Sjosten, N.M.; Salonoja, M.; Piirtola, M.; Vahlberg, T.].; Isoaho, R.; Hyttinen, H.K.; Aarnio, P.T.; Kiveld, S.-L. A multifactorial
fall prevention programme in the community-dwelling aged: Predictors of adherence. Eur. |. Public Health 2007, 17, 464-470.
[CrossRef]

Rodrigues, J.A.L.; Santos, B.C.; Medeiros, L.H.; Goncalves, T.C.P.; Junior, C.R.B. Effects of Different Periodization Strategies of
Combined Aerobic and Strength Training on Heart Rate Variability in Older Women. J. Strength Cond. Res. 2019, 35, 2033-2039.
[CrossRef]

Klijn, P; van Keimpema, A.; Legemaat, M.; Gosselink, R.; van Stel, H. Nonlinear exercise training in advanced chronic obstructive
pulmonary disease is superior to traditional exercise training. A randomized trial. Am. J. Respir. Crit. Care Med. 2013, 188, 193-200.
[CrossRef]


https://doi.org/10.1152/japplphysiol.00450.2013
https://www.ncbi.nlm.nih.gov/pubmed/24030665
https://doi.org/10.1152/ajpregu.00069.2008
https://www.ncbi.nlm.nih.gov/pubmed/18434437
https://doi.org/10.1097/JES.0b013e318168ec1f
https://doi.org/10.1038/nature00904
https://doi.org/10.1161/CIRCULATIONAHA.108.772822
https://doi.org/10.1111/sms.12112
https://doi.org/10.1097/HCR.0000000000000206
https://doi.org/10.1080/10641963.2021.1945074
https://www.ncbi.nlm.nih.gov/pubmed/34225535
https://doi.org/10.1007/s40279-015-0321-z
https://www.ncbi.nlm.nih.gov/pubmed/25771785
https://doi.org/10.1016/j.jsams.2018.09.228
https://www.ncbi.nlm.nih.gov/pubmed/30803498
https://doi.org/10.1021/acs.jproteome.6b00545
https://www.ncbi.nlm.nih.gov/pubmed/27633843
https://doi.org/10.1055/s-0035-1554634
https://doi.org/10.1249/MSS.0b013e3181923957
https://doi.org/10.1161/01.CIR.0000146380.08401.99
https://doi.org/10.1113/expphysiol.2007.039867
https://doi.org/10.14814/phy2.15690
https://doi.org/10.1038/s41440-023-01202-4
https://doi.org/10.3390/ijerph182010666
https://www.ncbi.nlm.nih.gov/pubmed/34682413
https://doi.org/10.1093/eurjhf/hfs048
https://www.ncbi.nlm.nih.gov/pubmed/22499542
https://doi.org/10.1016/j.pcad.2014.10.003
https://www.ncbi.nlm.nih.gov/pubmed/25459975
https://doi.org/10.1093/eurpub/ckl272
https://doi.org/10.1519/JSC.0000000000003013
https://doi.org/10.1164/rccm.201210-1829OC

Cells 2023, 12, 2544 150f 15

98. Santos-Parker, J.R.; Strahler, T.R.; Vorwald, V.M.; Pierce, G.L.; Seals, D.R. Habitual aerobic exercise does not protect against micro-
or macrovascular endothelial dysfunction in healthy estrogen-deficient postmenopausal women. J. Appl. Physiol. 2017, 122, 11-19.
[CrossRef]

99. Seals, D.R.; Nagy, E.E.; Moreau, K.L. Aerobic exercise training and vascular function with ageing in healthy men and women.
J. Physiol. 2019, 597, 4901-4914. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1152/japplphysiol.00732.2016
https://doi.org/10.1113/JP277764

	Background 
	Acute Molecular Effects of Exercise on Blood Vessels 
	Chronic Adaptations of Blood Vessels to Exercise 
	Long-Term Structural and Functional Vascular Adaptations in Response to Regular Exercise Training 
	The Role of Mitochondria in Exercise-Induced Vascular Benefits 

	Clinical Vascular Effects of Exercise 
	Effects of Exercise on Vascular Health 
	Clinical Vascular Effects of Short-Versus Long-Term Exercise 
	Influence of Age 
	Influence of Cardiovascular Risk Factors and Diseases 
	Influence of Training Status and Physical Fitness Level 


	Exercise Training to Improve Vascular Fitness 
	General Aspects of Exercise Training to Improve Vascular Health 
	F-I-T-T Principle: F(requency) 
	F-I-T-T Principle: I(ntensity) 
	F-I-T-T Principle: T(ime) 
	F-I-T-T Principle: T(ype) 
	Individualization 

	Conclusions and Practical Implications 
	Conclusions 
	Practical Implications 

	References

