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Abstract

Every 34 seconds an American experiences a myocardial infarction or cardiac death. 

Approximately 80% of these coronary artery disease (CAD)-related deaths are attributable to 

modifiable behaviors, such as a lack of physical exercise training (ET). Regular ET decreases 

CAD morbidity and mortality through systemic and cardiac-specific adaptations. ET increases 

myocardial oxygen demand acting as a stimulus to increase coronary blood flow and thus 

myocardial oxygen supply, which reduces myocardial infarction and angina. ET augments 

coronary blood flow through direct actions on the vasculature that improve endothelial and 

coronary smooth muscle function, enhancing coronary vasodilation. Additionally, ET promotes 

collateralization, thereby, increasing blood flow to ischemic myocardium and also treats 

macrovascular CAD by attenuating the progression of coronary atherosclerosis and restenosis, 

potentially through stabilization of atherosclerotic lesions. In summary, ET can be used as a 

relatively safe and inexpensive way to prevent and treat CAD.
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Introduction

The main purpose of this review in the series is to provide an overview of the effects of 

chronic exercise training (ET) on the adaptations of the coronary circulation, primarily in the 

setting of coronary artery disease (CAD), and potential cellular and molecular mechanisms 

for the adaptations.

Globally, more people die from cardiovascular (CV) diseases (CVD) than any other cause 1, 

with approximately 40% of these deaths attributable to CAD 2. One of the main pathological 

processes leading to CAD-related morbidity is atherosclerosis, Which is a lifelong process, 

© 2014 Elsevier Inc. All rights reserved.

Corresponding Author: Michael Sturek, Ph.D., Department of Cellular and Integrative Physiology, Indiana University School of 
Medicine, 635 Barnhill Dr., MS, Indianapolis, IN 46202-5120, Phone: 317-274-7772, Fax: 317-274-3318, msturek@iupui.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Prog Cardiovasc Dis. Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
Prog Cardiovasc Dis. 2015 ; 57(5): 443–453. doi:10.1016/j.pcad.2014.10.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which begins in childhood as fatty lesions and can later progress into flow-limiting stenosis 

of large epicardial coronary arteries, ultimately manifesting as angina and/or myocardial 

infarction (MI) 2;3. About 80% of CAD and cerebrovascular disease-related morbidities and 

mortalities are caused by modifiable behaviors such as physical inactivity, unhealthy diets, 

tobacco use, and alcohol abuse 2. The large number of CAD-related morbidities and 

mortalities caused by modifiable behaviors suggests that the incidence of CAD can be 

significantly reduced through a number of interventions. In particular, increasing regular 

physical activity (PA) which is widely accessible and relatively inexpensive could 

significantly reduce the number of deaths related to CVD.

Current CAD therapies and recommended PA guidelines

The current goals of the guideline directed medical therapies for patients with CAD are 1) 

prevention of premature CVD death and complications from CAD, 2) maintaining or 

restoring a quality of life (QoL) that is acceptable for the patient by reducing angina and 

improving activities of daily living, and 3) minimizing adverse effects of treatments for 

CAD 4. In the United States, the current pharmacological therapies for CAD mainly include 

β-blockers, inhibitors of the renin-angiotensin-aldosterone system, lipid-lowering, 

antiplatelet agents, nitrates, and calcium channel blockers, which treat hypertension, 

hypercholesterolemia, and angina. ET has similar therapeutic effects, as will be discussed 

later in this review. Despite recent advances in these pharmacological agents, there still 

remains a large incidence of CAD in optimally treated patients, especially those with 

multiple comorbidities. In addition to pharmacotherapy, lifestyle modifications like 

increasing chronic PA, eating a healthy diet, maintaining a healthy weight, cessation of 

smoking, and stress management are part of the guideline directed medical therapy for 

patients with CAD. If the patient is at a high risk for a CAD event, revascularization 

procedures, such as percutaneous coronary intervention (PCI) or coronary artery bypass 

graft surgery, are also highly effective 5.

The current recommendation for PA in stable CAD patients is 30 to 60 minutes of moderate 

intensity aerobic PA at least 5 days of the week, to elicit a heart rate of 60–85% of 

maximum 4. The duration, frequency, and intensity of aerobic ET are the key variables in 

the “dose” of ET that is optimally therapeutic. Highly controlled modes of PA include brisk 

walking, running, cycling, or swimming that involves large muscle groups which can 

increase peak aerobic capacity and are inversely related to all-cause mortality in patients 

with CAD 6. The goal of the current review is to discuss how increasing chronic PA 

improves coronary blood flow (CBF) and, by implication, CAD morbidity and mortality.

Under-prescription of ET

Compliance and access to the necessary resources are often barriers to implementing healthy 

lifestyle changes in CAD patients. However, it is likely that lifestyle modifications like 

exercise are “under-prescribed” to CAD patients by physicians 7{34237}. It has been 

estimated that 20–30% of eligible patients receive referrals to cardiac rehabilitation (CR)/ET 

programs 7,8;9{34303}. Of the referred patients, only approximately 40% actually participate 

in the programs, with women less likely to be referred or participate in the programs, 

Bruning and Sturek Page 2

Prog Cardiovasc Dis. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



especially if they are elderly or non-white 7;10{34303}. This is alarming because the least 

fit, inactive individuals comprise the high risk cohort that receives the most benefit from 

improved cardiorespiratory fitness (CRF) 7{34301}{34302}{34237}.

Systemic benefits of ET

Habitual PA (ET) has been shown to reduce the risk of sudden cardiac death and acute 

MI 11. Increasing PA is a critically important modifiable behavior that can reduce the 

relative risk of CAD events because of its systemic benefits (Figure 1), which rival or 

exceed those achieved with pharmacological interventions and coronary revascularization 

for secondary treatment of CAD-related events 7. Other systemic benefits of regular 

endurance ET—including improving CRF, muscle strength, and mood—could enhance even 

a healthy individual’s QoL. Conversely, being physically inactive is an independent risk 

factor for CAD 12;13, and it recently has been reported that sitting for 6–7 hours per day 

negates the benefits of one hour of moderate-intensity ET per day 14. Being physically 

active also propagates other positive lifestyle modifications such as maintaining a healthy 

weight and stress management 15. In turn, these positive lifestyle modifications help reduce 

CAD risk factors such as high blood pressure, high cholesterol, diabetes, and obesity. To 

date, there has not been any type of pharmacological intervention, i.e. “polypill,” that has 

provided the benefits to as many organ systems as regular PA.

Cardiac-specific benefits of ET

One of the major CV-specific benefits (Figure 1) is reduction of angina through enhanced 

oxygen delivery to the myocardium. Macroscopic atherosclerosis is an obstructive CAD that 

attenuates myocardial oxygen delivery despite increased myocardial demand, in times when 

heart rate and/or systolic blood pressure are elevated, which often occurs during physical 

work and/or with disease progression. When myocardial oxygen delivery does not meet the 

needs of myocardial demand cellular anaerobic pathways are activated, evoking symptoms 

of angina 7. When CBF to the myocardium is enhanced through ET, the resulting reduction 

in angina can increase the patient’s ability to perform activities of daily living and thus 

improve their QoL.

Regulation of CBF

To fully understand the significance of augmented CBF after ET, it is important to 

understand how CBF is regulated. Regulation of CBF has been reviewed thoroughly in 

outstanding monographs 16–20, so we only briefly review regulation of left ventricular CBF 

in the healthy state here. Adequate CBF is essential because it maintains oxygen and 

substrate delivery to the myocardium, which in turn uses this energy for contraction to 

produce enough pressure to pump blood and nutrients to the rest of the body. The heart is 

unique in that it must generate enough pressure to supply its own blood, which increases 

myocardial metabolism and need for oxygen delivery 20. The heart continuously generates 

pressure to pump blood by precisely matching myocardial oxygen supply with myocardial 

demand through efficient oxygen delivery to the myocardium. The efficient delivery of 

oxygen is enabled by high myocardial capillary density of ~3,000–4,000 capillaries per mm2 

of myocardium 16;20. When metabolic demands are lowest in the myocardium (under 
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“resting” conditions with a heart rate about 60 beats per minute), oxygen consumption is 

about (~50–100·l O2/min/g) 16;21 with about ~70–80% of the delivered oxygen extracted 

from the blood 17;20;21. The limited myocardial oxygen extraction reserve renders the heart 

predominantly dependent on CBF for continuous oxygen and nutrient delivery 16;22, 

highlighting the significance of improved CBF after exercise training in CAD patients.

CBF is directly proportional to the arterial pressure gradient across the coronary vasculature 

and inversely proportional to coronary vascular resistance (Ohm’s Law). Poiseuille’s 

equation relates blood flow to vascular resistance, where: , flow (F) is 

determined by the arterial pressure gradient (ΔP), vessel radius (r4), vessel length (l), and 

blood viscosity (η). Out of this equation, the coronary artery radius is the main determinant 

of coronary vascular resistance. Coronary vascular resistance is tightly regulated to 

myocardial metabolism because the heart has a limited capacity for anaerobic metabolism. 

CBF is directly related to the underlying level of myocardial oxygen consumption over a 

wide range of perfusion pressures 5 as long as CBF is not limited, which occurs in CAD 

patients who have significant arterial stenosis or severe microvascular dysfunction.

The major determinant of myocardial oxygen supply is vascular resistance, which is 

influenced by 1) extravascular compressive forces (tissue pressure); 2) diastolic time 

fraction of the cardiac cycle; 3) coronary perfusion pressure; 4) myocardial metabolism 

(local metabolic factors); 5) endothelial-derived substances; and 6) neuro-humoral 

influences. Conversely, the factors driving myocardial demand are 1) heart rate, 2) 

contractility, 3) ventricular wall tension, and 4) cardiac muscle shortening 1716. 

Quantification of the relative contribution of these individual variables to myocardial 

demand is challenging in vivo because modulation of one of these variables often results in 

changes in one or more of the other variables 17. In addition, the regulation of CBF in vivo is 

complicated by mechanical and other factors that modify myocardial oxygen supply and 

demand. Precise coronary hemodynamic measures described by Hambrecht in this review 

series have enabled evaluations of the effects of exercise training on CBF and some of the 

underlying determinants of CBF adaptations.

ET as a stimulus to augment CBF

Certainly, ET is the most important physiological stimulus for increasing myocardial oxygen 

demand 17, which in turn requires a compensatory increase in myocardial oxygen supply 

(Figure 2). Regularly participating in ET programs results in adaptations that enhance 

myocardial oxygen supply, which makes ET a practical therapeutic intervention for primary 

and secondary treatment of CAD 17.

During exercise there are systemic hemodynamic adjustments that increase cardiac output to 

the exercising skeletal muscles. The magnitude of the hemodynamic adjustments depend on 

the ET 1) intensity, 2) type (resistance vs. endurance), and 3) amount of muscle mass 

recruited to perform work (whole body vs. limb ET). The higher the exercise intensity, the 

more the sympathetic nervous system will be activated. Sympathetic activation of the heart 

results in higher heart rate, greater contractility, and reduces the diastolic filling time, which 
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increases myocardial oxygen demand while altering myocardial oxygen supply. Further, 

using more muscle mass during ET requires greater hemodynamic adjustments than ET 

involving small muscle groups, and whole-body ET may produce the greatest systemic 

benefits for CAD patients. Resistance and high intensity ET programs have been gaining 

attention for their beneficial effects on musculoskeletal health and weight loss; however, this 

review will focus on moderate intensity endurance ET because this has been studied to a 

greater extent in CAD patients.

Despite the challenges to endocardial oxygen supply during ET due to extravascular 

compressive forces, the heart is able to adequately perfuse the myocardium because of the 

ability of the coronary microvasculature to dilate in response to metabolic vasodilators in 

healthy individuals. During ET aortic pressure only slightly exceeds intramyocardial tissue 

pressure, which increases effective tissue pressure only by 20–30%. Therefore, the large rise 

in CBF observed during ET is predominantly due to lowering microvascular resistance 17. 

This ability to vasodilate the resistance vessels allows for about 40–50% of the total blood 

flow to occur in systole during strenuous exercise 16. Overall, the extravascular compressive 

forces do not seem to limit CBF in healthy individuals because coronary vasodilator reserve 

has been observed even during maximal ET 17. However, during pathological changes from 

CAD such as severe coronary stenosis of greater than ~70%, this gradient is minimized 

because of chronic compensatory vasodilation that occurs in the resistance vessels to 

maintain adequate blood flow to the myocardium. This chronic vasodilation reduces the 

coronary vasodilator reserve, which could result in extravascular compressive forces causing 

functional impairments in CBF in CAD 16;17.

Mediators of vascular resistance during ET

Total coronary vascular resistance is the sum of both passive (structural) and active (smooth 

muscle tone) components 17. As discussed above, the structural and mechanical effects of 

the beating heart affect myocardial tissue perfusion. At the cellular level, active smooth 

muscle tone is regulated by a balance of local vasodilator and vasoconstrictor 

factors 16;17;23, arising from neurohumoral influences 2418;25, metabolic byproducts from the 

myocardium 26–31, and the endothelium 31–37. Determining which of the myriad of 

vasoactive substances are necessary for promoting CBF during exercise has been difficult 

because of the redundancies in vasomotor control and differences that occurs between 

animal species and throughout the aging spectrum 17. Hypothetically, any of the numerous 

molecular signals mediating vascular resistance may undergo adaptation to chronic exercise 

and provide a mechanistic explanation for the improved CBF in trained animals. We will 

return to some of these cellular and molecular signals after reviewing the overall coronary 

functional adaptations in humans and in animal models.

CV benefits of ET and implications for CAD

The “dose” of endurance exercise that will elicit the most benefits in CAD patients is not 

entirely clear, but it is likely to be specific to each individual based on their CRF level, 

response to ET, and disease progression. However, several studies suggest that the greatest 

functional adaptations take longer to occur (>1 year) and require frequent exercise bouts at 
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higher relative intensities 38. This ideal “dose” of endurance ET is debatable—since there is 

the possibility that too much ET may have ill effects 39. However, the problem in 

westernized nations is not that CAD patients are over-exercising—rather; they are sedentary 

and not engaged in any regular PA at all! Therefore, the overall push should be to get the 

majority of CAD patients to make PA part of their daily routine.

ET reduces mortality in CAD patients

Possibly the most compelling reasons for CAD patients to engage in ET is that exercise-

based CR programs have a 27% reduction in total mortality than patients receiving usual 

care 40;41. In addition, low levels of CRF are associated with an eightfold increase in CVD 

prevalence compared to their fit counterparts. Simply improving CRF reduces mortality risk 

by 44% 42 and there is a 52% lower age-adjusted risk of CVD-related mortality 42.

ET reduces multiple CVD risk factors

In addition to improving mortality, ET improves physical work capacity, QoL, and reduces 

CAD risk factors. Fiuza-Luces et al 43, performed meta-analyses of 1) randomized 

controlled trials of pharmacotherapies and 2) randomized controlled trials of exercise 

training alone on reduction of modifiable CAD risk factors. Overall, they found that ET is 

like a “polypill” in that it reduces more CVD risk factors than any single pharmacological 

agent alone, albeit probably more modestly. Specifically, ET had benefits on lipid profiles, 

blood pressure, diabetes, and body weight, making a strong argument that exercise benefits 

can overcome those of common drugs when one considers “that the ET polypill combines 

preventive, multi-systemic effects with little adverse consequences and at a lower cost” 43.

Putative mechanisms for these beneficial ET adaptations include increasing cardiac function, 

regression of coronary atherosclerosis, improving vasoreactivity, and collateralization. 

When discussing beneficial effects of ET it is important to know that some training 

adaptations take longer to manifest than others and some benefits may even be transient. The 

following chronic adaptations discussed below are adaptations that occur after >4 weeks of 

ET.

ET and coronary plaque burden

Several studies have examined the influence of ET on regression of atherosclerotic lesions 

(e.g. Figure 3) in combination with diet and lifestyle modifications. The Lifestyle Heart 

Trial demonstrated that CAD regression was possible and 5 years of an intensive diet and 

lifestyle change resulted in a 3.1% regression of relative coronary stenosis versus an 11.8% 

progression of the lesion in the standard care group, which equated to a 2.5-fold risk 

reduction in CVD events 44. In another study that examined 7 years of intense ET on 

patients with CAD, intense ET reduced electrocardiographic ST segment depression and 

increased rate pressure product during maximal exercise, suggesting improved myocardial 

oxygenation during ET45. Further, the latter participants had improved total cholesterol/

high-density lipoprotein cholesterol (HDL-C) ratio due to significant increases in HDL-C 33. 

In the Heidelberg Regression Studies, CAD patients either underwent ET and a low-fat diet 

or were given usual CAD therapy, and had follow up angiographic studies to assess 
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coronary stenosis progression with these interventions. 4647 ET attenuated coronary stenosis 

progression observed via angiography versus the usual therapy (pre-statin era) and 47 

improved work capacity, myocardial oxygen consumption, and psychological indexes of 

well-being, while reducing stress-induced myocardial ischemia 47. Hambrecht et al. further 

examined how leisure time energy expenditure, estimated from questionnaires, affected 

plaque progression. They found that luminal lesion size increased in the lowest level of 

leisure time calorie expenditure, while no change in CAD progression occurred in those who 

expended about 1400 kcal/week 46. Plaque regression only occurred in those participants 

who spent an average of 2,200 kcal/week (~5 to 6 hrs/week) in leisure time PA, suggesting 

that some of the macroscopic effects of ET may be dose-dependent. All of the latter long-

term ET studies have examined angiographically determined luminal CAD progression. 

These studies suggest different ET “doses” may explain differences in plaque progression/

regression between different training studies. Overall, these studies demonstrated only small 

changes in coronary lumen diameter over long periods of ET, suggesting that lesion 

regression may not be the mechanism responsible for improved mortality observed in 

exercising CAD patients.

Additional mechanisms that may improve mortality in exercising CAD patients are 

increased endothelial function and/or plaque stabilization. Long-term ET improved 

endothelial function in Type 2 diabetics with CAD, but failed to reduce plaque burden 

assessed by intravascular ultrasound (IVUS) 48. However, most acute coronary syndromes 

and sudden death have been hypothesized to stem from vulnerable lesions, which are 

characterized as a thin fibrous cap overlaying a large necrotic core 19. Madssen et al. 

examined plaque structure and morphology after two different 12 week aerobic ET protocols 

in CAD patients who were receiving optimal medical therapy (i.e. including statins) after 

intracoronary stent placement 49. Grayscale IVUS and radiofrequency IVUS (RF-IVUS) 

were used to assess plaque burden and estimate plaque composition, and ET significantly 

decreased the necrotic core volume of the plaques distal to stent placement, but only trended 

towards a reduction in plaque burden (p=0.06). The reduction in the necrotic core resulted in 

16 “vulnerable” lesions to be reclassified into a “less vulnerable” category, with only 6 

lesions progressing to a “more vulnerable” category 49, suggesting plaque stabilization. The 

impact of ET on plaque stabilization in vivo is limited by current technology because RF-

IVUS can only estimate lesion composition. Devices that enable in vivo chemical resolution 

of collagen and lipid within the atherosclerotic plaque are required to assess how plaque 

composition changes from CAD interventions, with longer duration studies needed to relate 

lesion composition to altered morbidity and mortality 50. In addition, it is unlikely that future 

studies will be able to isolate the effect of ET because ET- patients must also receive the 

standard of care (i.e. statins), which can drastically affect plaque burden and composition.

Studies of ET in humans have been supported by controlled, mechanistic studies in animal 

models that have been able to separate the effects of ET versus that of lifestyle modifications 

and pharmacological therapies. Animal models of CAD in mice, rabbits, pigs, and 

nonhuman primates have found that ET reduces the progression or causes regression of 

atherosclerotic lesions 19. These studies have provided mechanistic information on changes 

in atherosclerosis lesion morphology and composition that are not possible to perform in 
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humans. Kramsch et al 51 found that ET before the induction of atherosclerosis in primates 

improved lipid profiles by lowering trigylcerides and low-density lipoprotein cholesterol 

(LDL-C), while increasing HDL-C. Further, they found that ET suppressed lesion size 

(intimal thickening), lesion composition, and widened coronary artery luminal diameter 51. 

Conversely, Williams et al. found that wheel running in monkeys did not slow the 

progression of CAD lesion size as measured by angiography, but it still improved other 

markers of CV health and attenuated stress responses from the pituitary adrenocortical 

axis 52 Link et al. found that in swine the incidence of atherosclerotic regions was reduced 

with ET 53. In Ossabaw swine with metabolic syndrome, exercise improved LDL-C/HDL-C 

ratio and reduced the percent of atherosclerotic plaque wall coverage in non-stented regions 

of coronary arteries assessed by IVUS 54. This was also confirmed in Yucatan swine 55. In 

Yucatan swine with early stages of CAD development, ET does not seem to halt the 

progression of CAD 56, which was marked by an appearance of macrophage foam cells in 

large coronary arteries 56. Despite the lack of CAD regression in some swine models, ET 

has demonstrated improved vascular/endothelial function and an atheroprotective phenotype 

in a number of porcine models of CAD 19;57. Stabilization of atherosclerotic plaques may be 

more important than reducing luminal stenosis in predicting CAD mortality and future CVD 

events.

Interestingly, ET has a greater effect on atherosclerotic lesion progression/regression in 

CAD patients who have undergone PCI. The ETICA trial was a longitudinal study that 

examined the effects of supervised aerobic ET 3 times per week on functional capacity, 

QoL, and atherosclerotic plaque progression/regression in CAD patients who underwent 

PCI; 58 ET improved functional capacity and QoL versus the control group (patients who 

underwent PCI and only performed activities of daily living). In addition, ET attenuated 

plaque progression versus control (7.6% and 25% stenosis, respectively) which was 

measured by coronary angiography 58. In fact, ET was an independent predictor of CVD 

events and resulted in a lower hospital readmission rate than control, despite similar 

restenosis rates 58. However, the extent of restenosis was lower in the ET group versus 

control 58. This study was performed before lipid-lowering drugs like statins were routinely 

prescribed, making this study unique in that it could independently assess the effects of ET 

restenosis rate in CAD patients. A recent study that included patients on statin therapy 

examined the effects of ET on restenosis in patients with drug eluting stents who had a 

previous MI 59. They found that CR followed by 9 months of community based ET resulted 

in a reduction of stenosis assessed by angiography. Further, they found that ET resulted in 

fewer major adverse CVD events and death, but this was not significant which was likely 

due to the low number of participants enrolled in the study who experienced an event 59. 

These findings were also recapitulated in swine models of hyperlipidemia 60 and metabolic 

syndrome 54.

ET improves epicardial (conduit) vessel vasoreactivity

Endothelial function

Some of the most important ET-induced adaptations in the coronary epicardial arteries are 

increases in vessel diameter, improvements in endothelial function, and stabilization of 
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vascular smooth muscle phenotype. In ET individuals coronary artery tone is greater at rest, 

so they have a greater conduit artery vasodilator capacity. This is largely due to restoration 

of endothelial function in the conduit arteries which are responsible for vasodilation in 

response to shear stress. The endothelium has a major role in regulating vascular smooth 

muscle tone through release of factors that elicit relaxation and contraction of the underlying 

vascular smooth muscle cells. Endothelial dysfunction occurs in pathophysiological states 

such as CAD when the endothelium favors production of vasoconstrictors. In healthy 

individuals, acetylcholine (Ach) elicits modest vasodilation in coronary conduit arteries by 

stimulating the endothelium to produce vasodilatory substances, whereas in CAD patients, 

Ach elicits vasoconstriction due to endothelial dysfunction; 61 ET elicits improvements in 

flow-mediated and Ach-induced vasodilation of large coronary arteries prior to changes in 

ventricular remodeling or reduction in heart rate after 7 to 10 days of ET in dogs. The 

vasodilation was reversed after nitric oxide (NO) synthase (NOS) inhibition suggesting this 

is largely mediated by NO 62. However, longer periods of ET did not affect the proximal 

endothelium dependent vasodilation suggesting that progressive outward remodeling of the 

epicardial arteries occurs so that shear stress levels are normalized, which has a large effect 

on NO production 19. In CAD patients with endothelial dysfunction, short term ET (4 

weeks) on a cycle ergometer 6 times a day for at least 10 minutes attenuated Ach induced 

vasoconstriction. The landmark study of Hambrecht et al. showed that after 4 weeks of ET 

coronary vasoconstriction to Ach was attenuated, but was not restored to normal levels. 

Further, in these patients adenosine-induced vasodilation was restored. Taken together, they 

found that short term ET could begin to reverse endothelial dysfunction, but longer duration 

ET interventions may be necessary to fully restore endothelial function 63.

The NO contribution to endothelial function is significant because of its important 

vasodilatory and vasoprotective properties that help prevent pathological changes that occur 

during CAD. Specifically, NO protects the vascular wall by inhibiting platelet aggregation, 

expression of adhesion molecules and penetration of white blood cells in the intimal and 

medial layers of the artery, and oxidation of lipids. These effects of NO may attenuate 

atherosclerosis by protecting the vessel from injury and fatty lesion formation. 64 ET 

increases NO production and bioavailability by 1) increasing endothelial NOS (eNOS) 

enzyme quantity and activity, 2) increasing availability of eNOS substrate (L-arginine) and 

essential cofactors (tetrahydrobiopterin (BH4)), and 3) decreasing breakdown of NO by 

reactive oxygen species (ROS) 65. Shear stress is one of the main physiologic activators of 

eNOS mRNA and protein 65, providing a key link between NO production and ET that 

involves repeated bouts of increased shear stress. In coronary artery bypass graft surgery 

patients, ET resulted in a 2-fold higher eNOS expression and 4-fold higher eNOS 

phosphorylation, suggesting elevated eNOS protein content and activity 66 Twelve weeks of 

ET in CAD patients decreases the level of the eNOS substrate antagonist asymmetrical 

dimethylarginine (ADMA), thereby increasing L-arginine substrate availability for NO 

production 67. Finally, eNOS activity is dependent on its essential cofactor BH4 and ROS, 

and when BH4 levels are diminished or there is high ROS, the eNOS dimer is uncoupled and 

produces superoxide rather than functional NO. Shear stress promotes de novo BH4 

synthesis 68 and in hypercholesterolemic adults, infusion of BH4 nearly restored exercise-

induced reactive hyperemia 69 and CBF during Ach infusion; 70 ET has also been proposed 
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to be an effective antioxidant therapy 71, resulting in decreases in pro-oxidative enzyme 

mRNA expression and activity (i.e. NADPH oxidase, angiotensin II receptor type I) and 

upregulation of antioxidant enzyme proteins (i.e. angiotensin II receptor type II) in internal 

mammary arteries of CAD patients who underwent ET 72. ET mobilizes endothelial 

progenitor cells (EPCs) which promote endothelial function. The mechanism for how EPCs 

improve endothelial function or elicit new vessel development (i.e. vasculogenesis) is not 

completely understood, but putative mechanisms have been reviewed 73.

Vascular smooth muscle function and phenotype

As previously discussed, ET elicits modest plaque regression, which is unlikely to account 

for the reduction in CVD events. There is growing evidence that ET may stabilize existing 

atherosclerotic plaques through phenotypic switching of coronary smooth muscle cells 

(CSM) 50. Healthy conduit coronary arteries are characterized by medial CSM cells in a 

differentiated contractile state with a single layer of healthy endothelium comprising the 

intima. In contrast to many animal species, human intima also contains resident CSM 74. 

The presence of CAD risk factors, contribute to the development of endothelial dysfunction, 

macrophage infiltration of the intima and the entrance of lipids and other factors into the 

artery, forming foam cells within the early lesion. As the atherosclerotic lesion grows, 

neointimal thickening occurs as de-differentiated, proliferative CSM migrate into the intima, 

and synthesis of extracellular matrix macromolecules is heightened 50. During CAD 

progression, phenotypic modulation of CSM involves further differentiation to a more 

osteogenic phenotype that contributes to vascular calcification 50. As more severe lesions 

develop, macrophages and CSM become apoptotic and accumulate in the central region of 

the plaque forming a lipid-laden, necrotic core. In later stages of CAD, eccentric lesions 

develop into atheromas and form flow-limiting stenosis (Figure 3). The complexity of the 

atherosclerotic plaque development depends on the magnitude of dyslipidemia, the number 

of other risk factors present, and the duration of exposure to systemic risk factors 50. 

Unstable, vulnerable plaques that are prone to rupture and thrombosis are characterized by a 

large lipid-laden core with a thin, fibrous cap and often contain cholesterol crystals and 

microvessels.

In CAD patients ET may help promote a healthy, functional contractile phenotype in CSM 

by altering the regulation of intracellular calcium (Ca2+) handling as reviewed previously 50. 

Phenotypic switching of CSM to or stabilization in a healthy contractile state may have 

modest effects on the volume of the atherosclerotic lesion, but may result in more stable, 

fibrous plaque that has a structured, differentiated CSM and collagen content.

ET and resistance vessels

Following ET, CAD patients exhibited less electrocardiographic ST segment depression at 

similar myocardial oxygen demands, suggesting improved blood supply to the ischemic 

subendocardium 38 through improved resistance vessel function. This can occur through 

improved vasodilator reserve in the resistance vessels or from collateral formation.

Chronic ET and CAD risk factors have heterogeneous effects on coronary conduit and 

resistance vessel structure and function, which make it important to consider the size of the 
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vessels being examined. For example, Muller-Delp et al. examined the effect of aging and 

ET on resistance vessels structure and arterial stiffness in rats 75. They found that aging, a 

CAD risk factor, induced hypertrophic remodeling in the medial wall of coronary resistance 

arteries while simultaneously reducing arteriole stiffness versus younger controls 75, similar 

to what has been observed in porcine model of metabolic syndrome 76 and in isolated 

cutaneous resistance vessels from essential hypertensive humans 77. This change in arteriole 

stiffness is directionally opposite from reports in conduit vessels 75. Further, Muller-Delp et 

al. found that exercise training attenuated resistance vessel hypertrophic remodeling, 

increased vessel stiffness, and restored myogenic responsiveness to levels similar to young 

sedentary controls 75, suggesting that ET can improve distribution of coronary blood flow 

and oxygen delivery in the endocardial and epicardial microcirculation. These positive 

coronary resistance vessel adaptations to ET may induce more positive shear patterns, thus 

accounting for the positive effects that have been noted in coronary conduit vessel function 

after ET in humans.

Collateral Formation

A well-developed collateral circulation provides cardioprotective effects on myocardial 

perfusion, contractile function, reductions in infarct size, and electrocardiographic 

abnormalities of ischemic myocardium 78. Chronic ET can induce both arteriogenesis 

(enlargement and remodeling of pre-existing collateral arterioles) and ischemia-induced 

angiogenesis (growth and proliferation of capillaries), with arteriogenesis being more 

important for delivery of blood into collateral-dependent regions 78. Physical forces and 

ischemia are the two principle mechanisms that promote collateral vessel development 38 

and may play a role in eliciting collateral development in exercising CAD patients.

Humans have sparse innate collateral vessels, and it may take severe coronary artery 

stenosis (>90% of normal) to elicit collateral growth and formation 38. Postmortem 

observations revealed better collateral vessel development in patients with longer duration of 

ischemic symptoms or more severe coronary arterial narrowing 38. However, both human 

and animal studies suggest that ET does not enhance native collateral blood flow in healthy 

hearts 19.

Additionally, ET yields discrepant findings on collateralization development in humans and 

animals with coronary occlusions; ET did not induce collateralization in angiographic 

studies in humans 79;80, but this method for assessing collateralization is not sensitive 

enough to detect the small intramyocardial collateral vessels (20–200 μm) that are recruited 

by exercise 65. In addition, angiographic studies often use nitrovasodilators in their patients 

undergoing coronary angiography, which may affect the assessment of collateralization 78. 

Studies using thallium scintigraphy to assess ischemic myocardial regions in CAD patients 

after ET have shown improved functional performance of the compromised myocardial 

regions 38;81–83, which could either be a sign of collateralization or improved coronary 

resistance vessel function. When ET was combined with heparin in angina patients there 

was an increase in collateralization that was detectable on angiography 84. These findings 

suggest that ET in conjunction with pharmacological stimulators may promote 

collateralization 38. Further human studies are needed to investigate how ET enhances 
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coronary collateral development versus enhanced coronary collateral vasomotor 

responsiveness in CAD patients 78.

Conclusions

Aerobic ET elicits CV adaptations that can prevent or reverse the pathology of CAD without 

the use of pharmacological interventions. The enhanced CBF from ET helps prevent 

myocardial ischemia, reducing the incidence of MI and angina. These improvements in 

coronary blood flow are due to structural and functional changes in the conduit and 

resistance vessels of the coronary circulation, which promote vasodilation due to enhanced 

endothelial and smooth muscle function. Improvements in endothelial function are marked 

by increased NO-dependent vasodilation, a greater production of vasodilatory factors, and a 

reduction of ROS and pro-constrictor factors. CSM function is enhanced through improved 

Ca2+ handling, which may promote a stabilization of coronary atherosclerotic plaques. 

Similarly, macrovascular atherosclerotic lesion progression is attenuated and/or reversed. 

There is also evidence that ET promotes collateralization which can improve perfusion of 

ischemic myocardium. These significant cardiac improvements in CAD highlight the need 

for increased promotion of PA/ET in CAD patients. Further research is needed to fully 

understand the benefits of ET and to examine how optimal pharmacological treatment 

combined with aerobic ET affect CV health. The current evidence supports much more 

vigorous promotion of PA and ET throughout the health care system {34300}.

Abbreviation List

Ach Acetylcholine

ADMA Asymmetrical dimethylarginine

BH4 Tetrahydrobiopterin

CAD Coronary artery disease

CBF Coronary blood flow

CR Cardiac rehabilitation

CRF Cardiorespiratory fitness

CSM Coronary smooth muscle cells

CV Cardiovascular

CVD Cardiovascular disease

EPCs Endothelial progenitor cells

eNOS Endothelial nitric oxide synthase

ET Exercise training

HDL-C High-density lipoprotein cholesterol

IVUS Intravascular ultrasound

LDL-C Low-density lipoprotein cholesterol
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MI Myocardial infarction

NO Nitric oxide

NOS Nitric oxide synthase

PCI Percutaneous coronary intervention

PA Physical activity

QoL Quality of life

RF-IVUS Radiofrequency intravascular ultrasound

ROS Reactive oxygen species
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Figure 1. 
Long-term benefits of regular endurance exercise on systemic risk factors and the coronary 

circulation. HbA1c, glycated hemoglobin; BMI, body mass index; SBP/DBP, systolic/

diastolic blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; 

ROS, reactive oxygen species; CAD, coronary artery disease.
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Figure 2. 
Exercise training acts increases the determinants of myocardial oxygen supply due to large 

increases in myocardial oxygen demand during exercise.
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Figure 3. 
Porcine heart with advanced coronary artery disease (CAD), highlighting the differences in 

pathological changes that occur in conduit and resistance vessels. The photomicrographs on 

the left are Masson trichrome staining from a section of the left anterior descending (LAD) 

artery (top) and resistance arteries embedded within the left ventricle (bottom). Note the 

large atherosclerotic lesion that is encroaching the lumen (L) of the LAD (top) to form a 

flow-limiting stenosis. NC, necrotic core; Ca, calcification; I, neointima, M, media; A, 

adventitia; RA, right atrium; LA, left atrium; LV, left ventricle; RV, right ventricle.
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