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Abstract
Exercise exerts direct effects on the vasculature via the impact of hemodynamic 
forces on the endothelium, thereby leading to functional and structural 
adaptations that lower cardiovascular risk. The patterns of blood flow and 
endothelial shear stress during exercise lead to atheroprotective hemodynamic 
stimuli on the endothelium and contribute to adaptations in vascular function and 
structure. The structural adaptations observed in arterial lumen dimensions after 
prolonged exercise supplant the need for acute functional vasodilatation in case of 
an increase in endothelial shear stress due to repeated exercise bouts. In contrast, 
wall thickness is affected by rather systemic factors, such as transmural pressure 
modulated during exercise by generalized changes in blood pressure. Several 
mechanisms have been proposed to explain the exercise-induced benefits in 
patients with coronary artery disease (CAD). They include decreased progression 
of coronary plaques in CAD, recruitment of collaterals, enhanced blood rheo-
logical properties, improvement of vascular smooth muscle cell and endothelial 
function, and coronary blood flow. This review describes how exercise via 
alterations in hemodynamic factors influences vascular function and structure 
which contributes to cardiovascular risk reduction, and highlights which 
mechanisms are involved in the positive effects of exercise on CAD.

Key Words: Exercise; Endothelium; Flow-mediated dilation; Endothelial shear stress; 
Coronary artery disease; Hemodynamics
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Core Tip: Exercise has beneficial effects on the function and structure of the 
vasculature, thereby leading to a reduction of the cardiovascular risk. Hemodynamic 
forces, in particular endothelial shear stress, play a critical role in modulating the 
endothelial cell phenotype towards atherogenesis or atheroprotection. Exercise 
improves clinical outcomes in patients with coronary artery disease (CAD). We herein 
discuss the alterations induced by exercise on vascular function and structure, and the 
mechanisms involved in the benefits of exercise regarding patients with CAD.

Citation: Sakellariou XM, Papafaklis MI, Domouzoglou EM, Katsouras CS, Michalis LK, Naka 
KK. Exercise-mediated adaptations in vascular function and structure: Beneficial effects in 
coronary artery disease. World J Cardiol 2021; 13(9): 399-415
URL: https://www.wjgnet.com/1949-8462/full/v13/i9/399.htm
DOI: https://dx.doi.org/10.4330/wjc.v13.i9.399

INTRODUCTION
Cardiovascular disease is the main cause of morbidity and mortality in western 
societies. Although traditional risk factors (hypertension, dyslipidemia, diabetes 
mellitus, smoking) have a systemic atherogenic effect on the entire vasculature, local 
hemodynamic factors determine the distribution of atherosclerotic lesions. Endothelial 
shear stress (ESS), the frictional force acting on the endothelium as the result of blood 
flow, represents a continuous stimulus eliciting structural and functional effects on the 
endothelium and plays a critical role in the development of atherosclerosis. Athero-
sclerotic lesions develop preferentially at areas with disturbed local hemodynamic 
factors, mainly in regions with low ESS, such as the inner curvature of coronary 
arteries or in the outer waist of a coronary bifurcation and downstream from a luminal 
obstruction where ESS is oscillatory. In contrast, arterial regions with physiologic/ 
increased local flow and ESS are thought to be protected from atherosclerosis[1-3].

Multiple studies suggest that exercise decreases the risk of coronary artery disease 
(CAD) with the positive impact on both primary and secondary prevention being 
greater than 30%[4,5]. Exercise-based cardiac rehabilitation has been associated with 
reduced both all-cause and cardiac mortality as well as hospital admissions[6,7]. 
Exercise also decreases the risk of cardiovascular events and, in patients with CAD, 
increases exercise capacity, decreases myocardial ischemia, and delays the onset or 
inhibits angina pectoris[8,9].

The effects of exercise on traditional risk factors do not fully explain the tremendous 
impact of exercise on cardiovascular risk: differences in known traditional and novel 
risk factors explain approximately 60% of exercise-mediated cardiovascular disease 
risk reduction and only 35% of the heart disease risk reduction[10]. Exercise exerts 
direct effects on the vasculature through the impact of ESS on the endothelium, which 
leads to functional and structural adaptations that decrease atherosclerotic risk[9,11]. 
In addition, exercise-induced changes in flow-mediated dilation (FMD), an index of 
vascular function, do not correlate well with changes in traditional cardiovascular risk 
factors[12]. Therefore, it is possible that the cardioprotective effect of exercise is, at 
least in part, independent of changes in traditional risk factors and is mediated by 
functional and structural adaptations.

The purpose of this review is to describe how exercise via alterations in 
hemodynamic factors influences vascular function and structure contributing to 
cardiovascular risk reduction, and to highlight which mechanisms are involved in the 
positive effects of exercise on CAD.

EXERCISE AND MECHANISMS OF ACTION: ROLE OF HEMODYNAMIC 
FACTORS
Exercise-induced hemodynamic alterations have been reported to play a major role in 
cardiovascular disease risk reduction, leading to direct effects on the vasculature that 
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are atheroprotective. These vascular adaptations concern mainly the endothelium and 
the cross-talk between the endothelium and smooth muscle cells (Figure 1)[11,13,14].

The normal endothelial phenotype is of utmost importance in artery health, and 
thus, changes in endothelial cell phenotype are related to the development and 
progression of atherosclerosis. Endothelial dysfunction precedes and is present during 
the evolution of atherosclerosis, indicating that a proatherogenic endothelial 
phenotype plays an important role in both the initiation and progression of athero-
sclerosis[13,15,16]. Furthermore, latest evidence suggests that physical activity exerts 
beneficial effects by maintaining a normal phenotype of arterial endothelial cells[17-
19].

Exercise has beneficial effects in the primary and secondary prevention of CAD, 
which are closely related to changes in the endothelial cell phenotype[17,20,21]. 
Exercise augments nitric oxide (NO) bioavailability through a variety of mechanisms; 
data from cell-culture and animal experiments suggest that NO bioavailability can be 
affected by many different alterations in the following steps of the NO pathway. 
Exercise acts as a stimulus for the endothelium to (1) increase the availability of L-
arginine (the precursor molecule for NO); (2) promote NO synthase (NOS) activity and 
expression; and (3) augment the production of extracellular superoxide dismutase, 
which prevents premature breakdown of NO. These effects likely contribute to 
amplified exercise capacity and, ultimately, cardiovascular protection. Cardiovascular 
risk factors, as well as established atherosclerotic disease, are associated with profound 
impairment of the NO pathway and systems, which may lead to limitations in exercise 
capacity. Exercise in populations with coronary artery disease can increase NO 
bioavailability and contribute to secondary prevention[17,22,23]. In addition, the 
beneficial effects of exercise on preventing atherosclerosis progression and the 
improvement of endothelial function and phenotype are associated with decreased 
expression of adhesion molecules as well as inflammatory cell infiltration[24].

The beneficial effects of physical activity on vascular health result from exercise-
induced changes in hemodynamic factors. Exercise produces increases in blood flow to 
the heart and active skeletal muscle, generating shear forces that have been suggested 
to differentiate gene expression in endothelial and vascular smooth muscle cells[13,
25]. Increases in mean ESS positively modify the expression of atheroprotective genes; 
the beneficial effect of exercise also extends to arteries that do not directly present 
increased mean ESS during exercise (Figure 1)[14,26]. Accumulating data suggest that 
elevated ESS is a signal for increased endothelial NOS, decreased endothelin-1 and 
decreased vascular cell adhesion molecule 1 (VCAM-1) expression. Several 
intracellular signaling mechanisms have been identified, including G proteins, 
calcium, and proto-oncogene tyrosine-protein kinase Src (c-Src)[27-30]. Investigation of 
gene expression patterns of cultured endothelium exposed to different flow 
waveforms has shown that mean ESS significantly influences the expression of 
approximately 3000 genes[31]. Data from in vivo models provide a correlation between 
increases in mean ESS and antiatherogenic effects. Chronic increases in blood flow are 
associated with upregulation of endothelial NOS mRNA, protein and activity, as well 
as with decreased endothelin-1 bioavailability[13]. Furthermore, during chronic 
exercise training, improvement of endothelial and mitochondrial function is found to 
be mediated by adenosine monophosphate-activated protein kinase alpha-2 (AMPKα
2) in studies with AMPKα2 knockout mice[32-34].

Elevated blood flow during exercise is also related to increases in pulse pressure 
leading to an increase in cyclic strain across the vasculature. However, data obtained 
from cell culture demonstrated controversial results regarding the effect of cyclic 
strain. Although some studies reported that cyclic strain produced an antiatherogenic 
endothelial cell phenotype, other experiments suggested that cyclic strain had the 
opposite effect leading to a proatherogenic phenotype in cultured endothelial cells[35-
38]. A more recent experiment using a whole vessel preparation reported that the 
decrease of cyclic strain stimulus leads to lower levels of phosphorylation of the 
endothelial NOS while it increases the production of reactive oxygen species[39].

EFFECTS OF EXERCISE ON VASCULAR FUNCTION AND STRUCTURE
Exercise and vascular function
Exercise has well-documented positive effects on endothelium-dependent vasodilator 
capacity, and ESS plays a major role in transducing these changes since enhancement 
in endothelial function is induced by increased endothelium-derived NOS shear-
related protein expression[17]. Many studies have been conducted to investigate not 
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Figure 1 Schematic and hypothetical representation of how hemodynamics during exercise may impact vascular phenotype. The middle 
panel (Control) represents an artery being exposed to a “typical” hemodynamic stimulus [i.e. shear stress pattern (upper signal) and blood pressure (lower signal)]. 
No abnormalities are observed in artery structure [i.e. diameter (arrow) or wall thickness (bracket) or gene expression in the endothelial or smooth muscle cells. The 
left panel represents hemodynamic stimuli that may be associated with antiatherogenic effects, which include a predominant antegrade shear pattern and cyclic, 
intermittent elevations in arterial blood pressure (or pulse pressure). These hemodynamic stimuli are related to outward remodeling and a smaller arterial wall 
thickness, while some observed (in TextTitleface) antiatherogenic genes have been shown to be upregulated, and proatherogenic genes are hypothesized (in italics) 
to be downregulated under these conditions. On the right panel, proatherogenic shear (dominant retrograde shear component) and pressure (chronic elevation in 
systolic and diastolic pressure) hemodynamic stimuli are presented. These stimuli are believed to contribute to inward remodeling, thickening of the artery wall and 
increased expression of proatherogenic genes and downregulation of genes involved on the NO pathway. Adapted from Newcomer et al[14] with permission from the 
American Physiological Society. Citation: Newcomer SC, Thijssen DH, Green DJ. Effects of exercise on endothelium and endothelium/smooth muscle cross talk: role 
of exercise-induced hemodynamics. J Appl Physiol (1985) 2011; 111: 311-320. Copyright ©The American Physiological Society (APS).

only the impact of different patterns of exercise-related ESS on NO-mediated 
endothelial function, but also the manipulation of the shear stress stimulus during 
exercise. The modality by which vascular response to exercise training can be 
influenced in hypertensive individuals has been studied by the SEFRET study, while 
in spontaneous hypertensive mice the lack of a positive effect of high intensity exercise 
on endothelial function was found to be related to NO availability imbalance[40,41]. 
Kim et al[42] enrolled middle-aged marathoners with exercise-induced hypertension 
and reported increased angiotensin II with a reduction in NO levels. These findings 
may explain the deterioration of arteries vasodilator capacity and elevated blood 
pressure during exercise in this group of long-distance runners, as well as the 
therapeutic effect of angiotensin II inhibitors in patients with exercise-induced 
hypertension. Experimental data also support the hypothesis that physical exercise 
combined with the administration of renin-angiotensin-aldosterone system blockers 
could have beneficial effects in order to prevent hypertensive cardiac alterations (e.g., 
left ventricular hypertrophy)[43].

Exercise effect on the vasculature has also been investigated in respect to other 
conditions, considering a load of high fat meal in healthy subjects, or in a different 
study considering glucose ingestion in adults with pre-diabetes. Both studies 
concluded via FMD measurements that exercise produces beneficial effects by 
attenuating the susceptibility to oxidative damage[44,45]. In patients with type 2 
diabetes, acute (2 h after exercise) improvement of endothelial function was observed 
by FMD measurements after a bout of seven 1-minute cycling intervals using leg 
resistance exercises, while without leg resistance the beneficial effects were observed at 
1 h post exercise[46]. No long-term study on patients with diabetes is available yet.

The acute impact of different exercise modalities, and as a consequence different 
patterns of blood velocity and flow on the upper limb vasculature function, has also 
been investigated. FMD, a largely NO-mediated vasodilator response, has been 
simultaneously studied in both brachial arteries of healthy young men before and after 
30-min interventions consisting of bilateral forearm heating, recumbent leg cycling, 
and bilateral handgrip exercise. During each intervention, a cuff was inflated on 1 arm 
to unilaterally manipulate the shear rate stimulus. These studies revealed a significant 
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difference in the pattern of ESS between the 3 interventions. Post-intervention FMD 
was significantly increased compared with pre-intervention in response to each 
intervention[47,48]. Beneficial effects have also been reported in women[49]. Taken 
these results into account, we speculate that increases in anterograde blood flow and 
ESS lead to enhanced endothelial function.

Observations that predominantly lower limb exercise induces upper limb vascular 
adaptation have indicated that a generalized or systemic impact of exercise on 
endothelial function occurs in vascular beds other than those where the exercise 
stimulus is focused[50-52]. Therefore, exercise induces both localized improvements in 
vascular function in the active regions through repetitive increases in ESS and systemic 
vascular adaptations in case of large muscle group exercise.

Based on the above studies one can speculate that different patterns of blood flow 
and ESS during exercise lead to different hemodynamic and ESS stimuli to which the 
endothelium is exposed and as a consequence to different vascular adaptations, 
including the production and bioavailability of NO (Figure 1)[14].

Flow-mediated dilation in response to reactive hyperemia is, surprisingly, 
manifested only after blood flow drops back to baseline levels. It remains a puzzle 
whether this discrepancy (i.e. dissociation of flow and diameter) could be explained by 
a reduction in transmural pressure produced by high flow. Dedicated studies have 
shown that blood pressure and transmural pressure fall after cuff release at the time of 
peak hyperemic flow. Flow interruption 20 s after cuff release (during high flow but no 
dilation) leads to an immediate increase in artery diameter. These observations suggest 
that flow-dependent dilation may be offset by a flow-induced fall in local arterial 
pressure, and thus, in transmural pressure. This observation indicates that the 
combination of systemic pressure and local ESS may determine the ultimate vasoactive 
arterial response following acute exercise[53]. The critical role of these parameters is 
further confirmed by showing that during a single handgrip exercise, the response 
(measured by FMD 15 minutes after exercise) was blunted by the addition of an 
inflated pneumatic cuff to the exercising arm, clearly by abruptly influencing the local 
ESS[54]. Finally, improvement of the endothelial function was the conclusion of a 
recent systematic review meta-analysis, where the overall effect of exercise training on 
the endothelial function in heart failure patients was assessed by FMD in a total of 16 
studies[55].

Adaptations that occur in human vasculature following acute exercise, as 
mentioned above, are useful to understand the impact of repeated episodic exposure 
to exercise. Previous studies conducted in healthy, asymptomatic subjects have 
reported that there was no adaptation in endothelial function following exercise and, 
interestingly, this observation was independent of whether exercise involved localized 
or large muscle systemic exercise[4]. Therefore, it may be difficult to enhance normal 
endothelial function in healthy subjects. However, there is evidence suggesting that a 
moderate-to-higher load (intensity, frequency, duration) of exercise may be necessary 
for improving endothelial function in healthy asymptomatic humans[56]. Campbell et 
al[57] examined the impact of long-term aerobic exercise during advancing age. They 
highlighted the importance of remaining active throughout a lifetime, since 
enhancement of endothelial vascular function is apparent only in athletic older 
persons, and not in otherwise healthy sedentary individuals following only a period of 
exercise training. Despite this beneficial effect, it is not clear which exercise load is 
most appropriate since exercise of high intensity may also cause oxidative stress[58,
59]. Qiu et al[60] revealed that chronic aerobic and combined aerobic and resistance 
exercise training programs improved endothelial function even in patients with type 2 
diabetes, whose endothelium is characterized by impaired nitric oxide bioavailability 
following exercise training. Limited data are available regarding the endothelial 
function of coronary microcirculation, which suggest that coronary microvascular 
vasodilator response is enhanced following high-intensity exercise in humans[23]. 
Finally, we should consider that exercise may induce a transient increase in vascular 
function in healthy humans, which also influences conduit coronary arteries. FMD 
may be initially enhanced, but subsequently declined to pre-training levels, as exercise 
induces changes in arterial structure[52,61,62].

Exercise and vascular structure
Remodeling of luminal dimension: Exercise induces adaptations in the cross-
sectional size of arteries, and athletes are characterized by augmented peak vasodilator 
capacity, which is associated with luminal expansion of resistance arteries[63,64]. Peak 
vasodilator capacity is significantly greater in the dominant limb of athletes compared 
to both their non-dominant limb and non-athletic control subjects[65,66]. These data 
suggest that resistance artery luminal adaptation is apparent in athletes and can occur 
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as a result of localized and intrinsic vascular stimuli. However, there are some studies 
in which lower limb exercise induced enhanced peak vasodilator capacity of the upper 
limb, thereby suggesting a generalized effect of exercise on arterial lumen adaptations
[67].

As far as structural adaptations of resistance vessels in the normal heart are 
concerned, exercise increases arteriolar densities and diameters as suggested by 
experimental studies in animals[68]. An increase of total cross-sectional area of 
arterioles in the diameter range of 20-120 μm has been reported, with a higher increase 
in arterioles of 20-40 μm than in arterioles of 40-120 μm[69]. The impact of aerobic 
training on the growth of the capillaries of the coronary circulation is also well 
established. Capillary proliferation is a fundamental response to exercise but is 
accompanied by concurrent transformation of capillaries into arterioles[70]. Although 
some experimental studies suggested that exercise causes an increase in myocardial 
capillary density in prepubescent rats, it seems to have no effect on capillary density in 
postpubescent ones[71,72]. Exercise-induced angiogenesis may temporarily exceed the 
increase in left ventricular mass, but with prolonged exercise, angiogenesis matches 
the left ventricular hypertrophic response[69].

Various methodological approaches suggest that exercise induces growth of 
epicardial arteries which is in proportion to exercise-induced cardiac hypertrophy (left 
ventricular mass)[73-75]. Angiographic studies suggest that exercise significantly 
induces enhanced coronary artery dilating capacity in more active subjects, whereas 
there is no difference at rest between runners and control subjects[76,77]. For this 
reason, it is important to elicit dilator responses in order to uncover differences 
between athletes and control subjects; of note, basal arterial tone in athletes may be 
enhanced because of alpha-adrenergic and NOS inhibition-induced vasoconstriction, 
as well as increased resting plasma norepinephrine concentration[78]. Finally, 
transthoracic echocardiographic assessment has shown similar results since coronary 
flow reserve, an index of conduit artery vasodilator capacity, is greater in humans 
undergoing regular exercise[79].

Remodeling of arterial wall: Arterial wall thickness may have implications for 
cardiovascular risk since common carotid and femoral artery intima-media thickness 
have been found to be independent predictors of future clinical cardiovascular adverse 
events[80,81]. Furthermore, arterial wall remodeling may differentiate vascular 
functional responses since a larger wall-to-lumen ratio is correlated with greater 
responses to vasoactive stimuli[82].

Studies on the exercise-mediated responses of brachial, carotid, and superficial 
femoral arteries have shown that arterial wall thickness may be influenced by systemic 
factors, such as arterial pressure in contrast to shear-mediated impacts on arterial 
lumen size, which are more localized[64]. A decreased wall thickness is observed in all 
arteries (carotid, brachial and superficial femoral) of able-bodied athletes compared 
with control subjects. In contrast to the effects on lumen diameter, a decreased wall 
thickness was found in both limbs and was not related to exercise type[64,83]. Another 
study examined bilateral brachial artery wall thickness across an 8-wk period of 
bilateral handgrip training. ESS was attenuated by cuff inflation around one forearm, 
but brachial artery pressure responses during exercise were not affected. Handgrip 
exercise had no effect on baseline brachial artery diameter, blood flow, or shear rate, 
but significantly decreased brachial artery wall thickness after 6 and 8 wk (similar in 
cuffed and non-cuffed arm) and wall-to-lumen ratio after 8 wk (also similar in cuffed 
and non-cuffed arm)[84].

These findings suggest that in contrast to exercise-induced adaptations of arterial 
luminal dimensions, which are modified by more local mechanisms and mainly by 
ESS, wall thickness is affected by rather systemic factors, such as transmural pressure, 
which is modulated during exercise as a result of generalized changes in blood 
pressure. The interest in wall remodeling has been due to its use as an index of pre-
clinical atherosclerosis and estimation of cardiovascular risk. Regarding the time 
period required for these adaptations, studies have reported that the effects of exercise 
on atherosclerosis of the carotid artery may require intensive or prolonged exercise, 
whereas aerobic exercise decreases femoral, popliteal, and brachial artery intima-
media thickness in a relatively shorter period[85]. Therefore, a decrease in arterial wall 
thickness in athletes and healthy young subjects should not necessarily be considered 
synonymous with a decrease in cardiovascular risk, but as a physiological impact on 
wall remodeling with yet unknown long-term health implications (Figure 1)[14,86].
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EXERCISE AND CORONARY ARTERY DISEASE
Exercise is well known to have a major role in both primary and secondary prevention 
of CAD, while regular physical activity of 150 min/wk reduces the risk of numerous 
chronic diseases and decreases cardiovascular mortality[4,9,10,22,87]. In patients with 
symptomatic CAD, exercise augments physical performance and raises the angina 
threshold. Endurance exercise has also been shown to attenuate the extent of ischemic 
ST-segment depression during exercise and decrease perfusion defects on scinti-
graphy, indicating a possible enhancement in myocardial perfusion[88,89]. The great 
benefits of exercise are also demonstrated by the fact that physical exercise in selected 
patients with CAD leads to higher event-free survival and exercise capacity at lower 
costs compared with percutaneous coronary angioplasty, reflecting the impact of 
exercise on the whole arterial tree and not only a single location[90].

Several mechanisms have been proposed to explain the exercise-induced benefits in 
patients with CAD. These include decreased progression (or regression) of coronary 
plaques/lesions in CAD, recruitment of collaterals, enhanced blood rheological 
properties, and improvement of endothelial function and coronary blood flow, as well 
as enhancement of vascular smooth muscle cell function[22,23,91].

Decreased progression or regression of atherosclerotic lesions
Early investigations indicated that the extent of myocardial perfusion was associated 
with the magnitude of coronary stenosis depicted by angiography. There is evidence 
that exercise induces enlargement of conduit coronary arteries in normal subjects, and 
reduces the development or even causes regression of atherosclerotic lesions in 
coronary arteries in animal CAD models[74,76,77]. Many studies have been conducted 
to document the regression or decreased progression of atherosclerotic lesions[92,93].

Experimental studies provided controversial results regarding the effect of exercise 
on reducing the development of coronary artery atherosclerosis or decreasing lesion 
progression. However, more recent experiments suggest that although exercise has 
cardio-protective effects and reduces the risk for cardiovascular disease, it may not 
inhibit progression or reverse coronary artery disease according to angiographic 
measures of lesion area[91,94,95]. In addition, Kim et al[96] studied veteran marathon 
runners and reported increased prevalence of coronary artery plaques among those 
with exercise-induced hypertension, thereby suggesting that exercise-induced 
hypertension could be a novel risk factor for coronary artery plaque formation.

Several randomized trials in humans evaluated angiographically the impact of 
exercise and investigated whether exercise has a direct effect on the extent of CAD[97-
99]. However, findings derived from these studies need to be carefully interpreted 
since exercise is only one component of lifestyle and medical interventions.

In the Stanford Coronary Risk Intervention Project, the main angiographic outcome 
was the rate of change in the minimal diameter of diseased segment. Multifactor risk 
reduction slowed down the progression of CAD; the rate of narrowing of coronary 
lesion was 47% less than for subjects in the usual-care group[98]. Studies on the impact 
of exercise and low-fat diet on coronary morphology and myocardial perfusion found 
that despite the progression of CAD, patients participating in physical exercise and 
low-fat diet were characterized by lower stress-induced myocardial ischemia and 
improvement of myocardial perfusion[100]. In the long-term, when patients were 
reevaluated 6 years later, in the intervention group, the progression of coronary 
stenoses had a significantly slower rate than in the control group, and that effect was 
mediated by chronic physical exercise[97].

The Lifestyle Heart Trial demonstrated that lifestyle changes may induce regression 
of coronary artery atherosclerosis after only 1 year according to the average percentage 
diameter stenosis, whereas in the control group there was progression of coronary 
lesions[101]. After 5 years, these lifestyle changes continued to have impacts on CAD 
in the experimental group, since further regression of coronary lesions was 
documented, whereas progression of coronary atherosclerosis continued in the control 
group[99]. In addition, it appears that physical inactivity is considered as a significant 
atherosclerotic risk factor and accelerates atherosclerosis development[102]. 
Additionally, there have also been reports on the potential of different levels of 
regular–leisure time–exercise to enhance cardio-respiratory fitness and retard 
progression of (or reverse) CAD. Patients in the exercise intervention group have 
exhibited an increase in oxygen uptake and in peak exercise while a decrease in the 
respective parameters was observed in the control group. Decreased progression or 
regression of CAD lesions was observed, only when CAD patients could sustain a high 
level of leisure time physical activity for 1 year[103]. Nytrøen et al[104] investigated the 
effect of high-intensity interval training on cardiac allograft vasculopathy in heart 
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transplant recipients. They demonstrated that 1 year of exercise training resulted in 
significantly lower atheroma volume (assessed by intravascular ultrasound) compared 
with the control group. A recent review provides recommendations to physicians 
regarding high-intensity interval training (i.e. short bouts of high-intensity 
submaximal exercise interspersed with rest periods) which has become very popular 
among patients following cardiac rehabilitation programs[105]. In addition, low-
volume high-intensity interval training (typically involving less than 15 minutes of 
high-intensity exercise per session) is a time and energy efficient way of exercise and 
leads to similar or even greater cardiorespiratory fitness and cardiac function 
enhancement when compared to traditional ways of aerobic exercise[106].

Exercise may have a greater impact on CAD progression or regression following 
treatment with percutaneous coronary intervention (PCI) and stent implantation. 
Diameter restenosis after PCI was significantly higher in untrained compared with 
trained patients. In addition, myocardial perfusion of patients with angiographic 
restenosis was enhanced only in the exercise group[107]. Studies in a porcine PCI 
model suggest that exercise significantly decreases the extent of neointimal 
hyperplasia lesion and restenosis[108]. A recent meta-analysis demonstrated that 
rehabilitation exercise programs (including cycle ergometer, jogging, climbing, 
swimming and treadmill) reduced the incidence of coronary artery restenosis 
following PCI in patients with CAD[109]. A possible explanation for this beneficial 
impact of exercise is that coronary hemodynamics are altered by interventional 
procedures and exercise bouts generate more beneficial “mechanical” signals in the 
walls of these arteries[91].

Atherosclerotic lesion composition
Experimental studies have shown that moderate physical exercise reduces the bulk of 
coronary lesions and spontaneous atherosclerotic plaque rupture leading to prolonged 
survival[110]. Exercise alters the extracellular matrix composition of the neointima in 
animal PCI models and decreases neointimal proliferation, which may have a 
significant impact on preventing restenosis following coronary angioplasty[108]. 
Differences in the intima/media ratio were observed after exercise, as well as higher 
collagen and elastin contents of atherosclerotic plaques were detected in exercise 
groups. Lower macrophage concentration in the atherosclerotic plaques has also been 
found in the exercise group. Furthermore, a significant decrease in MMP-9/TIMP-1 
(matrix metalloproteinases to tissue inhibitor of matrix metalloproteinases) ratio, 
which has an important role in the atherosclerotic plaque vulnerability, has been 
reported after exercise[111]. The latest studies support the idea that physical exercise 
may convert a vulnerable thin-cap atheroma to a more stable lesion, less prone to 
rupture, which can reduce cardiac mortality[91].

Collaterals recruitment
Studies in animals suggest that exercise stimulates coronary collateral development
[112-114]. Endothelial progenitor cells are considered to initiate neovascularization in 
response to ischemia after myocardial infarction; a significant increase of endothelial 
progenitor cell proliferation and function has been observed in mice both with and 
without myocardial infarction in the exercise group[111,115]. However, there are some 
contradictory data that report no development of coronary collaterals in dogs with 
normal coronary arteries[116,117]. The effect of physical exercise on collateral vessel 
growth in humans is also disputable. Patients with ischemic heart disease and left 
ventricular systolic dysfunction who have been randomized to exercise and control 
groups demonstrated that there is enhanced perfusion and contractile response to 
dobutamine, which were correlated with an increase in coronary collateralization in 
the exercise group[118]. Zbinden et al[119] demonstrated that a 3-month endurance 
exercise training program enhanced coronary collateral supply to normal vessels, as 
well as to previously stenotic arteries with percutaneous intervention in patients 
referred for diagnostic coronary angiography due to chest pain or positive treadmill 
exercise test. However, there are many angiographic studies conducted at rest in 
patients with CAD that did not confirm this hypothesis[120,121]. A randomized trial 
including patients with CAD did not show any significant effect of exercise on 
collateral formation after 1 year, although progression of CAD was significantly 
slowed in the intervention group[122].

Blood rheological properties
Abnormalities of blood rheological properties are an independent risk factor for 
cardiovascular disease, and may contribute to athero-thrombogenesis. However, there 
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are limited literature data about the effect of exercise on blood rheological properties. 
Recent studies suggest that blood becomes more dilute because of expansion of blood 
volume as a result of exercise training. It has been reported that this hypervolemia and 
blood dilutional effect may contribute to enhanced cardiac stroke volume during 
exercise[123]. Blood rheology may be enhanced after regular physical exercise since 
different experimental approaches, including regular exercise, demonstrate a decrease 
of blood viscosity[124]. However, blood rheology may also remain unaffected in 
patients with CAD and heart failure[125]. Further studies are necessary to determine 
the possible association between exercise and blood rheological profiles, especially 
since the improvement of blood viscosity remains an interesting therapeutic option for 
symptoms relief in patients with CAD; enhanced fluidity may facilitate oxygen 
delivery to the exercising muscles because of a reduced resistance to blood flow within 
the microcirculation.

Enhancement of endothelial function and coronary blood flow
None of the above-mentioned mechanisms fully explain the beneficial effect of exercise 
on cardiovascular mortality and myocardial perfusion, as well as the major role that 
exercise has gained in cardiac rehabilitation. During the last two decades, endothelial 
dysfunction has been correlated with major risk factors for CAD, and identified even 
before coronary stenoses are visible. Endothelial dysfunction is considered a 
significant predictor of coronary adverse events and has a great role in myocardial 
ischemia. Coronary endothelial function depends on NO bioavailability, the balance of 
which is disrupted in CAD. The impairment of NO production, in addition with an 
increase in oxidative stress, induces the loss of endothelial cells by apoptosis and the 
deterioration of endothelial function, leading to paradoxical vasoconstriction and 
myocardial ischemia[18,22,126]. Exercise attenuates paradoxical vasoconstriction in 
patients with CAD and leads to improvement of endothelial function as it restores the 
disrupted NO balance.

Patients with CAD are characterized by functional alteration of circulating 
progenitor cells, which maintain the integrity of the vasculature. Exercise restores the 
regenerative capacity of circulating progenitor cells in cardiovascular disease and 
prevents further impairment of vessels vasomotion. A recent meta-analysis demon-
strated increased levels of endothelial progenitor cells into the peripheral blood of 
patients with cardiovascular disease following exercise training protocols[127]. As a 
consequence, exercise enhances vasodilator capacity in different vascular beds and 
improves myocardial perfusion in the absence of changes in baseline coronary artery 
diameter[18,126,128].

Exercise in patients with CAD may enhance coronary endothelial function. To 
investigate this hypothesis, patients with coronary endothelial dysfunction (according 
to abnormal acetylcholine-induced vasoconstriction) were randomized to an exercise 
or a control group. Coronary vasoconstriction in response to acetylcholine was 
significantly attenuated and adenosine-induced flow-dependent vasodilation was 
improved after physical exercise, which indicates that exercise had beneficial impacts 
on the endothelium of epicardial conduit vessels[23]. In addition, exercise induces 
increases in coronary blood flow reserve, as assessed by adenosine infusion, indicating 
augmentation in vasodilator capacity of resistance coronary vessels. A recent meta-
analysis studied the long-term effects of aerobic exercise in patients with coronary 
artery disease, suggesting a significant enhancement of vascular vasomotor function 
and coronary flow velocity reserve[129]. Patients with CAD following a 6-month 
aerobic exercise training program had higher peak response to acetylcholine when 
they performed high-frequency exercise compared with low frequency cardiac rehabil-
itation programs[130]. In addition, a 2-wk twice daily aquatic endurance plus 
calisthenics exercise training program in patients with a recent myocardial infarction 
or revascularization intervention improved both aerobic exercise capacity and vascular 
endothelial function[131]. Kollet et al[132] conducted a randomized pilot study and 
enrolled post-myocardial infarction patients undergoing PCI who performed a 30-min 
moderate-intensity aerobic training program. This group of patients demonstrated 
enhanced endothelial function as determined by improved FMD of the brachial artery 
after each exercise period. On the contrary, prolonged sitting leads to significant 
deterioration of vascular function in the lower limbs. However, this deleterious effect 
on FMD may be reversed by “sitting interruption” strategies including simple 
resistance and aerobic activities[133]. All these observations suggest that exercise 
reduces stress-induced myocardial ischemia and improves endothelium-dependent 
coronary vasodilation in patients with CAD[23]. Patients with newly diagnosed CAD 
and improved FMD after 6 mo of optimized therapy for reducing cardiovascular risk 
factors had a lower rate of adverse cardiac events (10% vs 26%, P < 0.01) during 3 years 
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of follow-up, while persistent impairment of endothelial vasomotor function was an 
independent predictor of adverse outcomes[134].

Exercise does not quickly restore endothelial function to normal levels; restoration 
of normal endothelial function may require more extended exercise[23]. Improvement 
of vascular endothelial function of conduit and resistance coronary vessels may occur 
shortly after the beginning of exercise in patients with CAD; however, augmentation 
of the capillary bed needs a period of few weeks and collateral formation and 
regression of coronary lesions requires a much more extended exercise period[22].

The vasodilator response of epicardial arteries to nitroglycerine-induced 
endothelium-independent coronary vasodilation is not significantly affected following 
exercise. However, there is evidence that epicardial coronary arteries of highly trained 
middle-aged endurance runners demonstrate greater dilating capacity to nitroglycerin 
compared with inactive individuals. Thus, it is possible that high intensity endurance 
training over a long period may be necessary to enhance endothelium-independent 
dilation capacity of coronary vessels in patients with CAD[76].

In the majority of cases, the positive impact of exercise is limited to the function of 
the endothelium, whereas smooth muscle function stays unaltered. However, some 
studies report that enhancement of smooth muscle function is possible to occur but in 
more severe disease. Thus, one can speculate that there is a stepwise process of 
dysfunction and amelioration which begins with the endothelium and migrates to the 
remaining layers of the vessel wall[135].

CONCLUSION
Cardiovascular disease is closely related to local hemodynamic factors. Exercise has 
direct effects on the vasculature via the impact of ESS on the endothelium, leading to 
decreased atherosclerotic risk. Exercise contributes to maintaining a normal phenotype 
of arterial endothelial cells which is the result of changes in hemodynamic factors, 
ultimately leading to beneficial effects. Different patterns of blood flow and ESS exert 
variable stimuli on the endothelium and result in improved NO bioavailability and 
adaptations in vascular function and structure. Regarding arterial structure, wall 
thickness may also be influenced by systemic factors. In patients with CAD, exercise 
has multiple beneficial effects beyond endothelial function since it contributes to the 
conversion of vulnerable atherosclerotic plaques to a more stable phenotype, may 
enhance the recruitment of collaterals, and improves the blood rheological properties. 
These effects translate to reduced cardiac mortality indicating the value of exercise in 
cardiac rehabilitation programs. Further research is required to investigate and clarify 
the molecular mechanisms underlying the structural and vascular adaptations. Finally, 
it is a great challenge to study the different vascular adaptations which are induced by 
each type of exercise as well as which training program is most effective for each 
population group.
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