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   Foreword   

 During bouts of acute exercise, blood pressure rises. Paradoxically, high levels of 
chronic physical activity and aerobic exercise training can prevent some of the age- 
associated rise in blood pressure seen in many normal humans, and exercise training 
can also lower blood pressure in those with hypertension. The rise in blood pressure 
with acute exercise is driven via neural signals known as central command acting in 
concert with baroreceptor resetting and feedback from skeletal muscle afferents. 
Together, these signals reduce the activity of the parasympathetic nervous system 
and increase the activity of the sympathetic nervous system. These adjustments 
cause the increase in heart rate and ultimately cardiac output, and also vasoconstric-
tion in many vascular beds. The targets of these neural adjustments also offer clues 
about the long-protective effects of physical activity and exercise training on blood 
pressure. Likewise the vasodilation in active skeletal muscles and increases in blood 
fl ow might offer clues about long-term adaptations that favor vascular health and 
reductions in peripheral resistance. 

 With the overview above as a background, the various sites and mechanisms 
whereby physical activity and exercise training might infl uence blood pressure 
range from the molecular to a systems engineering approach that considers blood 
pressure regulation as a hydraulic system. Is it possible to integrate the mechanisms 
operating at so many levels into a coherent story that is consistent with the interven-
tional and epidemiological studies in humans on blood pressure, physical activity, 
and exercise? 

 As the fi rst primer on the effects of exercise on human hypertension,  Effects of 
Exercise on Hypertension :  From Cells to Physiological Systems  does integrate the 
mechanisms operating at so many levels into a coherent story. This volume describes 
the state-of-the-art effects of exercise on the many factors underlying essential 
hypertension in humans. It contains chapters by distinguished experts on the effects 
of exercise on physiological systems known to be involved in hypertension develop-
ment and maintenance as well as less well-known aspects of hypertension such as 
the blood pressure lowering effects of exercise under ambulatory conditions and the 
infl uence of oxidative stress. The emerging areas of the effects of resistance exercise 
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and concurrent (combined) aerobic and resistance exercise on blood pressure are 
also highlighted. A unique aspect of the book is that it will discuss the effects of 
exercise mimetics on vascular cell adaptations in order to begin to elucidate some of 
the cellular mechanisms that may underlie the blood pressure response to exercise 
training. In this context, the book is ideal for scholars and professionals in cardio-
vascular research and medicine, and allied health care professionals and students in 
cardiovascular exercise physiology and related fi elds. 

 The book begins with a section on the infl uence of modality on the blood pres-
sure response to exercise including public health guidelines related to the Frequency, 
Intensity, Type, and Time (or FITT) principle of exercise prescription as well as 
clinical implications of research in this area. The second section is unique and cov-
ers mechanisms associated with the blood pressure response to exercise including 
vascular and autonomic function, the effects of exercise mimetics on vascular cell 
adaptations, arterial stiffness, hemodynamic adaptations, genetic underpinnings, 
and animal models. The book concludes with Part III discussing the pleiotropic 
effects of exercise on other cardiovascular risk factors including dyslipidemia, the 
metabolic syndrome, infl ammation, and oxidative stress. Although the focus of 
the book is on human hypertension, several chapters include sections covering the 
effects of exercise on relevant animal models of hypertension. 

 In the series of chapters in this book, the blood pressure responses to short-term, 
acute exercise and more long-term, exercise training will be considered at multiple 
levels of integration. Based on the brief outline above, questions to be addressed 
within this book are as follows: (1) Does habitual physical activity and aerobic 
exercise training do something to vascular smooth muscle which makes it less prone 
to vasoconstriction?; (2) Could the balance between vasoconstricting and vasodilat-
ing factors in the vascular endothelium be shifted to favor vasodilation?; (3) Are the 
vasoconstricting actions of catecholamines released from the sympathetic nerves 
which are active during acute exercise blunted in the long term?; (4) Are there 
changes in tonic sympathetic vasoconstrictor nerve activity?; (5) Do the barorecep-
tors become more distensible and do a “better job” of modulating increases in blood 
pressure; and (6) How are changes in these mechanisms integrated by the central 
nervous system so that blood pressure remains in the normal range or even falls in 
patients with mild hypertension who exercise? 

 In addition to these fundamental questions that will be largely addressed in the 
chapters in Part II, other questions that will be discussed in Parts I and III include 
the following: (1) What is the current consensus on the infl uence of aerobic, resis-
tance, and concurrent exercise on blood pressure?; (2) What are new and emerging 
areas of research on the infl uence of exercise modality on blood pressure?; (3) How 
are current exercise prescription recommendations for hypertension evolving based 
on the new fi ndings?; (4) What is the infl uence of the pleiotropic effects of exercise 
on other cardiovascular disease risk factors?; and (5) In the post-human genome era 
what new information is available about the genetics of hypertension and the 
response to exercise training as therapy? 

 The many questions outlined above highlight the intellectual challenges, or per-
haps the intellectual playground, that involve blood pressure regulation in general 
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and the effects of exercise and physical activity more specifi cally. In view of the 
worldwide pandemic of physical activity, obesity, and high blood pressure, along 
with the vast social cost of this health condition something has to be done! This 
volume is a welcome addition to our knowledge and will hopefully frame new ques-
tions and new areas of investigation and integration as novel insights about the 
interactions between exercise and blood pressure. In the great scheme of things, the 
pressure is on to help the population as a whole to maintain a normal blood pressure 
and ward off the many negative health consequences of rising blood pressure. 
Physical activity and exercise training are likely to play a key role in this fi ght.  

  Rochester, MN, USA      Michael     J.     Joyner                  

Foreword
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  Pref ace   

 This book describes the state-of-the-art effects of exercise on blood pressure as well 
as the mechanisms underlying essential hypertension in humans. The chapters are 
written by distinguished experts in the fi eld on current and emerging research 
regarding the effects of exercise on blood pressure and the physiological systems 
known to be involved in hypertension development and maintenance from the cel-
lular to the organ to the whole organism level. Each chapter is organized to initially 
defi ne key terminology and basic concepts; discuss and critique the state of the lit-
erature on its given topic as well as the clinical implications and translation of this 
research into practice; and conclude with the take-home messages, new directions 
for future research, and a list of key resources for use in the clinic, laboratory, or 
classroom. The intended audience is academic settings and professional clinicians 
and scientists working in the areas of allied health, cardiovascular science, cardio-
vascular and preventive medicine, and exercise science as well as medical and grad-
uate students in the allied health, cardiovascular, and exercise sciences. 

 The book begins with  Part I Exercise and Hypertension  that contains systematic 
reviews of the infl uence of various exercise modalities and physical fi tness on blood 
pressure among those with hypertension framed by the recommended  F requency, 
 I ntensity,  T ype, and  T ime (FITT) principle of exercise prescription.  Part II 
Mechanisms for the Blood Pressure Lowering Effects of Exercise  discusses various 
mechanisms associated with the blood pressure response to exercise including vas-
cular function and structure, the effects of exercise mimetics on vascular cell adap-
tations, arterial stiffness, autonomic function and other hemodynamic adaptations, 
genetic underpinnings, and myocardial remodeling. The book concludes with 
 Part III The Pleiotropic Effects of Exercise on Other Cardiovascular Risk Factors 
and their Interactive Effects with Blood Pressure  that includes dyslipidemia, the 
metabolic syndrome, infl ammation, and oxidative stress. 
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 Although the focus of the book is on human hypertension, several chapters 
include a brief section covering the effects of exercise on animal models of hyper-
tension. In this book, we have invited leading international scientists in exercise and 
hypertension to provide up-to-date fi ndings and a vision for their translation into 
clinical practice. As the reader will see, the outstanding caliber of their contribu-
tions has made this project a pleasure to be involved with.  

  Storrs, CT, USA     Linda     S.     Pescatello     

Preface
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  VO 2max     Maximal oxygen consumption   
  VO 2peak     Peak oxygen consumption   
  VO 2reserve     Oxygen consumption reserve   

          Introduction 

       Hypertension Is a Major Public Health Problem 

 Hypertension is one of the most important cardiovascular disease risk factors due to 
its high prevalence and signifi cant medical costs [ 1 ,  2 ]. Approximately, 78 million 
Americans (33 %) have hypertension [systolic blood pressure (SBP) ≥ 140 mmHg 
and/or diastolic blood pressure (DBP) ≥ 90 mmHg] and another 71 million (30 %) 
have prehypertension (SBP ≥ 120 to < 140 mmHg and/or DBP ≥ 80 to < 90 mmHg), 
amounting to over 60 % of Americans with high blood pressure (BP) [ 1 ]. The resid-
ual lifetime risk for developing hypertension is 90 % [ 3 ]. Prehypertension pro-
gresses rapidly to hypertension such that one in 5 people with prehypertension will 
develop hypertension within 4 years [ 3 – 5 ]. 

 Individuals 50 years of age or younger with prehypertension have double the 
lifetime risk of stroke, heart failure, coronary heart disease, and intermittent claudi-
cation compared to individuals of the same age with normal BP [ 1 ]. Hypertension 
is the most common primary diagnosis in the United States (US), and the leading 
cause for medication prescriptions among adults over 50 years [ 6 ]. Yet, only 75 % 
of the individuals with hypertension receive pharmacological treatment. Of these, 
half are not adequately controlled [ 7 ]. From 2010 to 2030, the total direct costs 
attributed to hypertension are projected to triple from $130.7 to $389.9 billion; 
while the indirect costs due to lost productivity will nearly double from $25.4 to 
$42.8 billion [ 2 ]. These alarming trends illustrate the substantial economic burden 
hypertension places upon the US health care system. 

 The Eight Report of the Joint National Committee on Prevention, Detection, 
Evaluation, and Treatment of High Blood Pressure (JNC 8) recommends lifestyle 
modifi cations as initial therapy to prevent, treat, and control hypertension [ 8 ]. These 
lifestyle recommendations include smoking cessation, weight management, reduced 
sodium intake, moderation of alcohol consumption, an overall healthy dietary pattern 
consistent with the Dietary Approaches to Stop Hypertension diet, and being physi-
cally active. In 2004 the American College of Sports Medicine (ACSM) published an 
evidence-based position stand evaluating the current state of knowledge on exercise 
and hypertension, focusing specifi cally on human studies and essential hypertension 
[ 9 ]. Objectives outlined in the ACSM position stand relevant to this chapter include: 
(1) addressing the role of acute [immediate, short-term, or postexercise hypotension 
(PEH)] and chronic (long-term or training) aerobic exercise on BP among individu-
als with hypertension; and (2) presenting exercise prescription (Ex R x ) recommenda-
tions and special considerations for individuals with hypertension. 

 There were 25 evidence-based statements made in this position stand regarding 
the antihypertensive effects of exercise. The categories of evidence used were those 
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from the National Heart, Lung, and Blood Institute and included:  A , the highest 
level of evidence with a large number of randomized, controlled clinical trials 
 supporting these statements;  B , fewer randomized, controlled clinical trials with 
inconsistent fi ndings;  C , observational and nonrandomized studies; and  D , 
expert opinion [ 10 ]. Overall, only two (8 %) evidence-based statements were given 
a rating of  A , ten (40 %)  B , nine (36 %)  C , three (12 %)  D , and one (4 %)  none  
indicating the state of the knowledge on the antihypertensive effects of exercise was 
inconclusive at best [ 11 ]. The evidence-based statements made in the ACSM posi-
tion stand relating to the objectives of this chapter are displayed in Table  1.1 .

        Table 1.1    Evidence statements on the BP response to aerobic exercise adapted from the 2004 
ACSM exercise and hypertension position stand [ 9 ]   

 Section heading  Evidence statement 
 Evidence 
category a  

 Exercise BP 
benefi ts 

  •  Dynamic aerobic training reduces resting BP in individuals 
with normal BP and in those with hypertension 

 A 

  •  The decrease in BP with aerobic training appears to be 
more pronounced in those with hypertension 

 B 

  •  Aerobic training reduces ambulatory BP and BP measured 
at a fi xed submaximal work load 

 B 

  •  BP response differences among individual studies are 
incompletely explained by the characteristics of the training 
programs, that is, the weekly exercise frequency, time per 
session, exercise intensity and type of exercise 

 B 

  •  Dynamic exercise acutely reduces BP among people with 
hypertension for a major portion of the daytime hours 

 B 

  •  Resistance training performed according to the ACSM 
guidelines reduces BP in normotensive and hypertensive 
adults 

 B 

  •  Limited evidence suggests static exercise reduces BP in 
adults with elevated BP 

 C 

  •  Limited evidence suggests resistance exercise has little 
effect on BP for up to 24 h after the exercise session 

 C 

  •  There are currently no studies available to provide a 
recommendation regarding the acute effects of static 
exercise on BP in adults 

 None 

  •  Regular aerobic exercise reduces BP in older adults as it 
does in younger persons 

 B 

  •  Limited evidence suggests PEH occurs in older adults  C 
  •  Endurance exercise training reduces BP similarly in men 

and women 
 B 

  •  Limited evidence suggests acute endurance exercise 
reduces BP similarly in white men and women 

 C 

  •  Currently no convincing evidence exists to support the 
notion ethnic differences exist in the BP response to chronic 
exercise training 

 B 

  •  Currently no convincing evidence exists to support the 
notion ethnic differences exist in the BP response to acute 
exercise 

 C 

(continued)
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       Purposes of this Chapter 

 The purposes of this chapter are to: (1) overview the current consensus on the 
effects of acute (immediate, short-term, or PEH) and chronic (long-term or train-
ing) aerobic exercise on BP among individuals with hypertension; (2) discuss new 
and emerging research on the effects of acute and chronic aerobic exercise on BP 
that has the potential to alter the way in which aerobic exercise is prescribed to 
prevent, treat, and control hypertension since the publication of the ACSM position 
stand on exercise and hypertension; and (3) present Ex R x  recommendations and 
special considerations for individuals with hypertension that consider this new and 
emerging research.   

    Key Terminology and Basic Concepts 

    The Blood Pressure Response to Acute and Chronic 
Aerobic Exercise 

 The BP reductions following acute exercise are immediate but short-term persisting 
for up to 24 h after the exercise bout [ 12 ]. This response is termed PEH [ 9 ,  13 ,  14 ]. 
The BP reductions following chronic exercise or exercise training are the long-term 
BP adaptations that accrue over time. The relationship between the BP response to 
acute and chronic exercise is unclear, however, they do appear to be related as dis-
cussed later in this chapter [ 9 ,  15 – 20 ].  

Table 1.1 (continued)

 Section heading  Evidence statement 
 Evidence 
category a  

 Exercise 
recommendations 

  •  For persons with high BP, an exercise program that is 
primarily aerobic-based is recommended 

 A 

  •  Resistance training should serve as an adjunct to an 
aerobic-based program 

 B 

  •  The evidence is limited regarding frequency, intensity, and 
duration recommendations; nonetheless, the 
antihypertensive effects of exercise appear to occur at a 
relatively low total volume or dosage 

 C 

   a  A  the highest level of evidence with a large number of randomized, controlled clinical trials sup-
porting these statements,  B  fewer randomized, controlled clinical trials with inconsistent fi ndings, 
 C  observational and nonrandomized studies,  D  expert opinion [ 10 ]  
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    What Is an Exercise Prescription? 

 An Ex R x  is the process whereby the recommended physical activity program is 
designed in a systematic and individualized manner in terms of the  F requency (how 
often?),  I ntensity (how hard?),  T ime (how long?), and  T ype (what kind?) or FITT 
principle [ 9 ,  14 ].  

    The Law of Initial Values 

 The direction of the response of a body function to an agent depends to a large 
degree on the initial level of that function. Therefore, BP reductions should be the 
greatest for those with highest resting BP [ 19 ].  

    The Distinction Between a Systematic 
Review and Meta-Analysis 

 A systematic review summarizes empirical evidence from the many separate inves-
tigations that address a related outcome or hypothesis. A systematic review should 
disclose pre-established eligibility criteria and search methods to minimize bias and 
allow for replication [ 21 ]. This chapter is an example of a systematic review on 
exercise and hypertension. A meta-analysis encompasses a systematic review of the 
literature, however, it also uses quantitative methods to statistically combine and 
compare the results of independent studies that address a targeted outcome [ 22 ]. 
This chapter will include discussion of meta-analyses on aerobic exercise and 
hypertension.   

    Systematic Review Methods 

 We performed an updated systematic electronic search of the literature on the BP 
response to the acute and chronic aerobic exercise since the publication of the 
ACSM position on exercise and hypertension using PubMed including Medline. 
This search included human studies of adults 19 years and older that were published 
in English, had a control/comparison group, and were published between January 1, 
2004 and March 28, 2014 (see Fig.  1.1  for the complete search and trial selection 
details). Our search yielded 2,350 potential reports, of which 108 trials were eligible 
for inclusion. Of those 108 studies, the authors self-selected 47 studies that were 
most relevant to the purposes of this chapter.   
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    Relevant Research 

    Aerobic Exercise and Blood Pressure Effects 

    Acute, Immediate, or Short-Term Effects or  Postexercise Hypotension  

   Current Consensus 

 In 1981 William Fitzgerald, a non-Hispanic black doctoral student with high BP, 
took his BP before and after jogging and was one of the fi rst to notice [ 15 ]:

  “Jogging depressed my high labile pressure after completing the run. Sometimes my 
 pressure rose to pre-jogging levels within 4 to 10 h and sometimes it did not.” 
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  Fig. 1.1    Flow chart detailing the systematic search of potential reports and selection process of 
included aerobic exercise trials       
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   Fitzgerald labeled his serendipitous discovery PEH. More than 10 years later, 
Kenny and Seals [ 13 ] defi ned PEH as a sustained reduction in SBP and/or DBP 
below control levels after a single bout of exercise. PEH is now considered an 
expected physiological response to aerobic exercise. Indeed, a single, isolated ses-
sion of aerobic exercise of varying durations (10–50 min) and intensities [40–75 % 
of maximal oxygen consumption (VO 2max )] or heart rate (HR) reserve immediately 
reduces BP 5–7 mmHg among individuals with hypertension, and these reductions 
persist for up to 24 h after the exercise bout [ 12 ,  19 ,  20 ,  23 – 35 ]. More simply, for 
most people, BP is lower on the days people exercise than on the days they do not 
exercise. As Table  1.1  summarizes, the ACSM assigned the level of evidence per-
taining to the BP response to acute aerobic exercise or PEH a category  B  rating. The 
ACSM statement had no qualifi cations about factors that may moderate the BP 
response to acute aerobic exercise due to a paucity of evidence at that time. Growing 
research continues to substantiate this category  B  rating suggesting it should be 
elevated to  A  [ 36 – 41 ].    

    New and Emerging Research 

 Ciolac and colleagues [ 37 ] evaluated the BP response to an acute bout of moderate 
intensity aerobic exercise compared to a seated rest control among 50 middle-aged 
and overweight men and women on antihypertensive medications for an average of 
9 years. Ambulatory SBP and DBP were reduced by a mean of 2–4 mmHg for 24 h 
following aerobic exercise among the total sample; however, statistically signifi cant 
BP reductions, ranging from 3–7 mmHg, only occurred for subjects with a day-
time BP exceeding the control daytime median of 132/84 mmHg. Ciolac et al. [ 37 ] 
concluded their study was one of the fi rst demonstrating PEH is effective antihyper-
tensive therapy among patients on medication for their high BP, and the magnitude 
of PEH was greatest for those with higher resting BP. Their fi ndings provide addi-
tional support to the ACSM evidence-based statement in Table  1.1  that the decrease 
in BP with aerobic exercise appears to be more pronounced in those with hyperten-
sion that was assigned a category  B  rating. Furthermore, their fi ndings are consis-
tent with the conclusions of Pescatello and Kulikowich’s systematic review that the 
BP response to acute aerobic exercise is a function of initial values such that sub-
jects with the highest resting BP experience the largest BP reductions following 
exercise [ 19 ]. 

 In a more recent study, Ciolac and co-investigators [ 38 ] randomized 52 men and 
women on antihypertensive medication to either a continuous, 40 min session of 
acute aerobic exercise at 60 % HR reserve or an interval aerobic exercise session 
consisting of alternating 2 min at 50 % HR reserve with 1 min at 80 % HR reserve 
that totaled 40 min of exercise. Once again, the greatest BP reductions were observed 
among subjects with a resting BP above the control daytime median of 131/99 mmHg. 
In addition, BP was signifi cantly reduced 4–8 mmHg for SBP and DBP in the con-
tinuous exercise group and 5–6 mmHg for SBP only in the interval exercise group 
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over 24 h. The new fi ndings of Ciolac et al. [ 37 – 39 ] suggest that moderate to 
 vigorous intensity acute aerobic exercise that is conducted continuously or in inter-
vals elicits PEH. 

 Consistent with the fi ndings of Ciolac et al. [ 37 ,  38 ], Guidry et al. [ 40 ] compared 
the effects of a short (15 min) and long (30 min) acute aerobic exercise bout per-
formed at light (40 % of VO 2max ) or moderate (60 % VO 2max ) intensity on PEH 
among 45 white, middle-aged overweight men with high normal to Stage 1 hyper-
tension. They found short and long duration acute aerobic exercise reduced SBP an 
average of 4–6 mmHg compared to control for the remainder of the day, indepen-
dent of exercise intensity. Average DBP was not different between short and long 
duration, light intensity acute exercise versus control; but after moderate intensity, 
DBP was reduced an average of 3 mmHg for the daytime hours after long duration 
exercise versus control. Guidry et al. [ 40 ] concluded an acute bout of aerobic exer-
cise performed for as short as 15 min at light to moderate intensity resulted in PEH 
for the remainder of the day. 

 Additional investigation has been done to determine if short, intermittent bouts 
of aerobic exercise interspersed throughout the day can produce PEH as has been 
observed with a single bout of continuous aerobic exercise [ 36 ,  42 – 44 ]. Bhammar 
and colleagues [ 36 ] compared the effects of fractionized aerobic exercise (3, 10 min 
bouts) spread throughout the day (morning, midday, and afternoon) and one bout of 
continuous exercise (1, 30 min bout) performed at 60–65 % VO 2peak  on ambulatory 
BP among 11 young subjects with prehypertension. They found fractionized exer-
cise was as at least as effective as continuous exercise in eliciting PEH, reducing 
SBP 3–4 mmHg compared to control throughout the day until the following 
morning. 

 Less is known about the antihypertensive effects of very short (<10 min) bouts of 
aerobic exercise. Miyashita and colleagues [ 44 ] investigated the BP response to 
acute aerobic exercise using multiple, very short bouts (10, 3 min) and a single, 
continuous (1, 30 min) running bout performed at 70 % VO 2max  among young men 
with normal BP ( n  = 3) and prehypertension ( n  = 7). They found accumulated and 
continuous aerobic exercise signifi cantly reduced SBP compared to control by 
10 mmHg and 8 mmHg, respectively, which persisted up to 24 h following exercise. 
These fi ndings suggest that brief, 3 min bouts of vigorous intensity running inter-
spersed throughout the day result in PEH, and the antihypertensive effects of very 
short bouts of vigorous intensity aerobic exercise are similar in magnitude and dura-
tion to a bout of continuous vigorous intensity aerobic exercise. The fi ndings of 
Ciolac et al. [ 37 ,  38 ], Guidry et al. [ 40 ], Bhammar et al. [ 36 ], and Miyashita et al. 
[ 44 ] are part of a growing literature [ 42 ,  45 – 48 ] supporting the notion PEH is a low 
threshold phenomenon in terms of the duration of the exercise bout needed to pro-
duce the effect (i.e., durations as short as 3–10 min). More importantly, when these 
short bouts of exercise are interspersed throughout the day, PEH offers a viable 
therapeutic lifestyle option for BP control among individuals with high BP as 
Wilcox and colleagues originally postulated in 1982 [ 20 ]. 

 Although evidence was limited, it was the expert opinion of the authors of the 
ACSM position stand that PEH was also a low threshold phenomenon in terms of 
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the intensity of the exercise bout needed to induce PEH (i.e., intensities as low as 
40 % VO 2max ) and little additional BP benefi t would be achieved with higher intensi-
ties [ 9 ,  19 ,  32 ,  49 – 51 ]. It is important to note that when the ACSM position stand 
was written, there were few published studies involving vigorous intensity acute 
aerobic exercise among individuals with hypertension due to the potentially adverse 
cardiovascular and musculoskeletal side effects of vigorous intensity aerobic exer-
cise [ 52 ]. Of the few that existed, they may have been subject to Type 2 statistical 
errors because they lacked suffi cient power to detect statistical differences between 
bouts of varying intensity [ 19 ,  31 ,  32 ]. 

 There is a growing literature substantiating the cardiovascular health benefi ts of 
rigorous intensity exercise [ 39 ,  53 – 55 ]. Eicher et al. [ 41 ] examined the antihyper-
tensive effects of acute bouts of light (40 % VO 2peak ), moderate (60 % VO 2peak ), and 
vigorous (a graded maximal exercise stress test to exhaustion or 100 % VO 2peak ) 
intensity aerobic exercise. This study involved 45 middle aged, overweight men 
( n  = 45) of European-American descent with pre- to Stage 1 hypertension and bor-
derline dyslipidemia, with 40 % classifi ed as having the metabolic syndrome as 
defi ned by the Adult Treatment Panel III [ 56 ]. Subjects completed four randomly 
assigned experiments on different days: a non-exercise control session of seated 
rest, and 3 cycle exercise bouts, one each at light, moderate, and vigorous intensity, 
and left the laboratory wearing an ambulatory BP monitor for the remainder of 
the day. 

 SBP increased 2.8 ± 1.6 mmHg less after bouts of light, 5.4 ± 1.4 mmHg less after 
moderate, and 11.7 ± 1.5 mmHg less after vigorous intensity aerobic exercise than 
control over the daytime hours (Fig.  1.2 ). Similarly, DBP decreased 1.5 ± 1.2 mmHg 
more after bouts of light, 2.0 ± 1.0 mmHg more after moderate, and 4.9 ± 1.3 mmHg 
more after vigorous intensity aerobic exercise versus control over the same time 
period (Fig.  1.3 ). Eicher et al. [ 41 ] concluded the infl uence of exercise intensity on 
PEH occurred in dose response fashion such that for each 10 % increase in relative 
VO 2peak , SBP decreased 1.5 mmHg (y = − 14.9x + 14.0, R 2  = 0.998) and DBP 
0.6 mmHg (y    = − 5.9x + −0.3, R 2  = 0.969). These fi ndings suggest more vigorous lev-
els of physical exertion acutely lower BP to a greater extent than lower levels of 
physical exertion for individuals willing and able to tolerate more intense levels of 
exercise.   

 Furthermore, Eicher et al. [ 41 ] explored resting cardiometabolic biomarkers that 
may associate with PEH to gain insight into clinical characteristics of people likely 
and not likely to manifest PEH. Clinical correlates of the metabolic syndrome (i.e., 
fasting lipids-lipoproteins, and glucose) emerged as correlates of PEH, regardless of 
exercise intensity; whereas others were intensity-dependent (i.e., C-reactive protein, 
nitric oxide, fi brinogen, and VO 2peak ) [ 57 ]. These fi ndings suggest that components 
of the cardiometabolic profi le may be eventually used by health care and exercise 
professionals to identify individuals who are and are not likely to lower BP with 
exercise so that proper guidance regarding the use of exercise as lifestyle 
 antihypertensive therapy can be given. However, these preliminary fi ndings should 
be confi rmed in a larger, more diverse cohort of men and women. 
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 In summary, new and emerging research suggests that there are important patient/
sample characteristics such as resting BP and components of the cardiometabolic 
profi le in addition to aspects of the FITT of the exercise intervention that modulate 
PEH. PEH is a low threshold event regarding both the time (duration) and intensity 
of the acute bout of aerobic exercise. Nonetheless, higher levels of physical exertion 
produce greater BP reductions than lower levels if the individual is willing and able 
to tolerate them. Despite the plethora of literature on exercise and hypertension, 
there remains a critical need to identify patient/sample and aerobic exercise inter-
vention characteristics that infl uence PEH. This information will enable PEH to be 
prescribed more precisely as antihypertensive therapy for those that manifest PEH, 
while other therapeutic options can be recommended for those that do not [ 58 ]. This 
new knowledge would not obviate the need for regular aerobic exercise for indi-
viduals with hypertension unlikely to respond to PEH as antihypertensive therapy 
because of its many other health-related benefi ts, but would hasten the use of alter-
native therapeutic options for the control of BP in these individuals.  

  Fig. 1.2    Awake systolic blood pressure change from baseline (Mean ± SEM) at hourly intervals 
over 9 h after control and exercise compared with baseline values.  VO  2peak  peak oxygen consump-
tion,  CONTROL  non-exercise session of seated rest,  LOW  40 % VO 2peak ,  MODERATE  60 % 
VO 2peak ,  VIGOROUS  VO 2peak ; *p ≤ 0.001 exercise treatment versus non-exercise control. Reprinted 
from Eicher JD, Maresh CM, Tsongalis GJ, Thompson PD, Pescatello LS. The additive blood 
pressure lowering effects of exercise intensity on post-exercise hypotension. Am Heart J 2010 Sep; 
160(3): 513–520       
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    Chronic, Training, or Long-Term Effects 

    Current Consensus 

 The effect of aerobic exercise training on resting BP has been examined extensively 
with meta-analytic techniques among individuals with normal and high BP [ 11 , 
 59 – 63 ]. The participants in these meta-analyses were generally middle-aged, white 
men and women, and more often than not, little if any information was provided 
regarding the use of antihypertensive medications. The training programs averaged 
16 weeks and consisted of 3 weekly, 40 min sessions performed at 65 % VO 2max . 
The exercise modalities included walking, jogging, and running in two-thirds of the 
trials, while cycling was used in the remaining one-third. Cornelissen and Fagard 
[ 61 ] found both resting and ambulatory BP were reduced 2–4 mmHg, and these 

  Fig. 1.3    Awake diastolic blood pressure change from baseline (Mean ± SEM) at hourly intervals 
over 9 h after control and exercise compared with baseline values.  VO  2peak  peak oxygen consump-
tion,  CONTROL  non-exercise session of seated rest,  LOW  40 % VO 2peak ,  MODERATE  60 % 
VO 2peak ,  VIGOROUS  VO 2peak ; *p ≤ 0.001 exercise treatment versus non-exercise control. Reprinted 
from Eicher JD, Maresh CM, Tsongalis GJ, Thompson PD, Pescatello LS. The additive blood 
pressure lowering effects of exercise intensity on post-exercise hypotension. Am Heart J 2010 Sep; 
160(3): 513–520       
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reductions were greatest among samples with hypertension (5–7 mmHg) compared 
to those with prehypertension and normal BP (2 mmHg). For those with hyperten-
sion, BP was also reduced at a fi xed workload during submaximal exercise. Last, 
the BP reductions were positively associated with the gains in VO 2peak . In a recent 
meta-analysis, Cornelissen and Smart [ 63 ] confi rmed these earlier fi ndings that rest-
ing BP reductions were greater in adults with hypertension (5–8 mmHg) than those 
with prehypertension (2 mmHg) and normal BP (1 mmHg). They also found that the 
BP reductions were directly related to the improvements in VO 2peak . In another 
recent meta-analysis by Cornelissen and colleagues [ 62 ], they found ambulatory BP 
was reduced to lesser levels than previous reports that generally measured BP by 
auscultation. And in contrast to earlier fi ndings, there were no statistical differences 
in the magnitude of the reductions in ambulatory BP among samples with hyperten-
sion (3–4 mmHg) and normal BP (2–3 mmHg). 

 Surprisingly, the meta-analyses published to date on the effects of aerobic exer-
cise training and BP have contributed little to our understanding of how population 
characteristics and the FITT of the exercise intervention moderate the antihyperten-
sive effects of exercise [ 11 ]. Two exceptions are the meta-analyses conducted by 
Whelton et al. [ 64 ] and Cornelissen and Smart [ 63 ]. Whelton and colleagues [ 64 ] 
examined the effects of exercise training on resting BP among 2,419 individuals that 
included 1,935 Whites, 391 Asians, and 93 Blacks, and conducted subgroup analy-
ses on BP status, the FITT of the exercise intervention, and race/ethnicity. Similar 
to most meta-analyses on the effect of aerobic exercise training on BP [ 59 – 61 ,  63 ], 
they found the BP reductions were greater among samples with hypertension 
(4–5 mmHg) than samples with normal BP (2–4 mmHg), and the FITT of the exer-
cise intervention did not infl uence the BP response to aerobic exercise training. 
However, subgroup analysis revealed SBP and DBP were reduced by 3/3 mmHg for 
Whites, 6/7 mmHg for Asians, and 11/3 mmHg for Blacks, respectively. Contrary 
to the ACSM position stand evidence-based statement in Table  1.1  receiving a cat-
egory  B  rating that race/ethnicity does not modulate the BP response to aerobic 
exercise training, the fi ndings of Whelton et al. [ 64 ] suggest otherwise. 

 Cornelissen and Smart’s [ 63 ] meta-analysis investigated moderators of the BP 
response to aerobic exercise training. Their sample consisted of 105 aerobic exer-
cise training groups involving men and women with normal BP to Stage 1 hyperten-
sion. As previously discussed, the authors confi rmed BP reductions were greater 
among samples with hypertension (5–8 mmHg) than samples with prehypertension 
and normal BP (1–2 mmHg). In contrast to Whelton et al. [ 64 ], Cornelissen and 
Smart [ 63 ] did not fi nd that race/ethnicity infl uenced the BP response to exercise 
training. Instead they observed that the men reduced BP to a magnitude that was two 
times greater than the women, 3–5 versus 1 mmHg, respectively; this result does not 
support the ACSM evidence-based statement in Table  1.1  that received a category 
 B  rating that sex/gender does not infl uence the BP response to exercise training. 

 Cornelissen and Smart [ 63 ] also identifi ed several moderators related to the FITT 
of the aerobic exercise intervention. They found training programs <24 weeks 
reduced BP to a greater extent than training programs ≥24 weeks, 3–6 versus 
1–2 mmHg, respectively. They also documented that 30–45 min per session 
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 maximized the magnitude of the BP reductions that resulted from aerobic exercise 
training, and a weekly exercise volume of <210 min resulted in greater BP 
reductions than a weekly volume ≥210 min. Furthermore, this meta-analysis is the 
fi rst to report that exercise intensity altered the BP response to aerobic exercise 
training such that BP reductions were less after low intensity aerobic exercise train-
ing (~1 mmHg) compared to moderate to vigorous intensity aerobic exercise 
 training (SBP 4–5 mmHg and DBP 2–3 mmHg). 

 Collectively, the fi ndings of Whelton et al. [ 64 ] and Cornelissen and Smart [ 63 ] 
suggest that race/ethnicity, sex/gender, and aspects of the FITT of the aerobic exer-
cise intervention may play a role in identifying the exercise dose and for whom 
aerobic exercise training confers the greatest BP benefi t. Nonetheless, of the few 
meta-analyses that have identifi ed factors that appear to alter the BP response to 
exercise, the results often confl ict [ 11 ,  58 ,  65 ]. One possible explanation for the lack 
of consistency in reporting moderators of the BP response to aerobic exercise could 
be due to the large amount of variability among the individual studies with the stan-
dard deviation often exceeding the mean BP change [ 11 ,  58 ,  65 ]. Indeed, 20–25 % 
of the people with hypertension do not lower their BP after aerobic exercise training 
and some may even adversely increase BP [ 9 ,  19 ,  50 ,  51 ,  58 ,  65 ]. 

 Reasons for the variability in the BP response to aerobic exercise training are not 
clear, but may partially be attributed to study methodological limitations such as 
small sample sizes with insuffi cient power to detect differences, nondisclosure of 
the timing of the BP assessments regarding the proximity to the last exercise bout, 
the time of day the BP measurements were taken, among others [ 19 ,  57 ,  66 ]. Without 
disclosure of these details, it is possible PEH, diurnal variation, and/or detraining 
effects confounded fi ndings regarding the BP response to aerobic exercise training, 
thus contributing to this variability. The good news is that despite unknown sources 
of heterogeneity, almost all of the meta-analyses concluded that resting BP was 
lowered following aerobic exercise training. Future meta-analyses should be 
designed that adhere to contemporary high quality standards to improve our under-
standing of important moderators of the BP response to aerobic exercise training so 
that aerobic exercise can be more precisely and effectively prescribed as antihyper-
tensive lifestyle therapy [ 11 ].   

    New and Emerging Research 

 Physiological responses to acute or short-term exercise refer to functional adapta-
tions that occur during and for some time following an isolated exercise session, 
termed the  last bout effect  [ 16 ]. Haskell [ 16 ] hypothesized that frequent repetition 
of these individual exercise sessions produces more permanent functional and struc-
tural adaptations, termed the  exercise training response  (chronic or long-term 
effect). These “more permanent” alterations in structure and function remain for as 
long as the training regimen is continued and then dissipate quickly returning to 
pretraining values. We [ 19 ,  67 ] and others [ 2 ,  15 ,  20 ,  68 ] have postulated that some, 
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if not all, of the BP benefi t ascribed to aerobic exercise training may be an acute 
response related to recent exercise or PEH. Several lines of evidence support this 
hypothesis. 

 We [ 19 ] undertook a systematic review to address this question. The criteria for 
study inclusion were acute and chronic endurance exercise studies in which BP was 
measured by ambulatory BP monitoring. A total of 23 investigations met these cri-
teria: eight examined the BP response to acute exercise or PEH and 15 evaluated the 
BP response to chronic aerobic exercise or training. In all, there were 34 study 
groups involving middle age, non-Hispanic White men and women who were over-
weight to obese, mostly sedentary, and they had normal BP (12 groups) or hyperten-
sion (22 groups). The reduction in daytime ambulatory SBP was similar after the 
acute and chronic endurance exercise interventions, 2.0 versus 4.1 mmHg, respec-
tively. The reduction in daytime ambulatory DBP was also not different after the 
acute and chronic exercise interventions, 1.2 versus 1.9 mmHg. Our fi ndings are 
consistent with the more recent work of Maeda et al. [ 69 ] and Tabara et al. [ 70 ] who 
found the magnitude of the BP reduction following an acute bout of moderate inten-
sity aerobic exercise was of similar magnitude before and after exercise training 
among older adults with high BP. Thus, it appears BP is reduced to similar levels 
after acute and chronic exercise suggesting PEH makes a signifi cant contribution to 
the BP response to aerobic exercise training. 

 Liu and co-investigators [ 18 ] were the fi rst to conduct a study with the primary 
purpose of determining if PEH could be used to predict the BP response to exercise 
training among middle-aged men ( n  = 8) and women ( n  = 9) with prehypertension. 
Subjects completed a 30 min acute aerobic exercise session at 65 % VO 2max  before 
participating in a supervised, 8 week aerobic exercise training program, performed 
4 days per week for 30 min per session at 65 % VO 2max . The authors were careful to 
avoid the confounding infl uence of PEH on the BP response to exercise training by 
measuring resting BP 48 h after the last exercise bout at the conclusion of exercise 
training. SBP and DBP were similarly reduced after acute (7/4 mmHg) and chronic 
(7/5.2 mmHg) exercise, respectively. In addition, the BP response to acute exercise 
was strongly correlated with the BP response to exercise training, i.e., SBP ( r  = 0.89) 
and DBP ( r  = 0.75). 

 Subsequently, Hecksteden et al. [ 17 ] found the BP response to acute and chronic 
aerobic exercise correlated strongly among a small sample of overweight to obese 
middle-aged men and women with prehypertension. Their fi ndings and those of Liu 
et al. [ 18 ] support the long held notion that PEH may account for a signifi cant amount 
of the magnitude of the BP reduction attributed to exercise training. They also suggest 
that PEH could eventually be used as a tool to identify individuals with hypertension 
who respond to aerobic exercise as antihypertensive therapy; and when determined 
not to be responsive, alternative forms of treatment can be more rapidly recom-
mended for the treatment and control of their high BP. Further research is needed to 
confi rm the intriguing fi ndings of Liu et al. [ 18 ] and Hecksteden et al. [ 17 ] in a larger 
more diverse sample of adults with hypertension. Nonetheless, they illustrate the 
need to identify patient/sample and FITT aerobic exercise interventions characteris-
tics that infl uence the BP response to aerobic exercise training so that exercise can be 
more precisely and effectively prescribed as antihypertensive therapy [ 58 ]. 
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 Since the publication of the ACSM position stand on exercise and hypertension 
[ 9 ], there has been a growing body of literature examining the infl uence of vigorous 
intensity aerobic exercise training aimed at reducing cardiovascular disease risk 
among healthy and clinical populations [ 71 – 75 ]. High intensity interval training 
(HIIT) is characterized by brief periods of very high intensity aerobic exercise 
(>90 % VO 2max ) separated by recovery periods of lower intensity exercise or rest 
[ 74 ]. HIIT allows individuals to perform brief periods of vigorous intensity exercise 
that would not be tolerable for longer periods of time. HIIT can also yield an equal 
amount of work (i.e., energy expenditure) compared to continuous, moderate 
 intensity exercise in a shorter amount of time [ 72 ,  74 ] making it an attractive alter-
native to the current ACSM FITT Ex R x  recommendations for hypertension [ 9 ,  53 ]. 
In addition, several studies have found HIIT to be superior to continuous, moderate 
intensity aerobic exercise training regarding improvements in cardiovascular dis-
ease risk factors when the exercise interventions were matched for exercise volume 
among a variety of special populations including individuals with coronary artery 
disease, congestive heart failure, the metabolic syndrome, and overweight and obe-
sity [ 71 – 73 ,  75 ]. 

 Kessler and colleagues [ 74 ] systematically reviewed 24 trials investigating the 
effect of HIIT on cardiometabolic parameters of which 12 studies examined BP 
outcomes among subjects taking and not taking antihypertensive medications. 
Overall, they found BP was not reduced in the aerobic exercise training studies last-
ing <12 weeks, regardless of antihypertensive medication use. In contrast, there 
were similar BP reductions for the HIIT and continuous, moderate intensity training 
groups in the aerobic exercise training studies lasting ≥12 weeks among subjects 
not taking BP medications. In other recent studies, HIIT reduced BP to a greater 
extent among samples with higher resting BP, i.e., ~8 mmHg among samples with 
hypertension [ 75 ] and prehypertension [ 71 ] compared to ~3 mmHg with normal BP 
[ 73 ]. In summary, these fi ndings suggest that exercise intensity is an important mod-
erator of the BP response to aerobic exercise, and that HIIT could be a viable alter-
native to the current ACSM FITT Ex R x  recommendations for hypertension as 
outlined below. However, further investigation is warranted among individuals with 
hypertension to more defi nitively determine the benefi t-to-risk ratio of exercising at 
vigorous intensity to lower BP among this population that is predisposed to cardio-
vascular disease risk.   

    Clinical Implications and Importance 

    Exercise Prescription Recommendations 

    The FITT Exercise Prescription 

 The FITT Ex R x  recommendations that follow are based upon the current consensus 
of knowledge regarding the effects of acute and chronic aerobic exercise on hyper-
tension as summarized in this chapter. When appropriate, comment will also be 
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made on new and emerging research discussed within this chapter that may  infl uence 
the FITT Ex R x  recommendations for the prevention, treatment, and control of 
hypertension in the future. Last, although this Chapter only discusses aerobic exer-
cise, the FITT Ex R x  recommendations do include mention of resistance exercise. 
Chapter   2     provides detailed information on the effects of resistance exercise on 
hypertension. 

 For individuals with hypertension, the ACSM recommends the following FITT 
Ex R x  [ 9 ,  53 ]:

    Frequency  Aerobic exercise on most, preferably all days of the week supplemented 
by resistance exercise 2–3 days per week.    

 This recommendation is made due to the immediate and sustained BP lowering 
effects of acute aerobic exercise or PEH; or more simply, BP is lower on days when 
individuals with hypertension exercise than when they do not exercise. Also, indi-
viduals with hypertension are often overweight to obese so that large amounts of 
caloric expenditure should be emphasized [ 76 ].

    Intensity  Moderate intensity aerobic exercise [i.e., 40 % to <60 % oxygen con-
sumption reserve (VO 2reserve ) or HR reserve; 11–13 rating of perceived exertion 
(RPE) on the 6–20 Borg Scale] [ 77 – 79 ] supplemented by dynamic resistance 
training at 60–80 % one repetition maximum (1-RM).    

 Due to emerging evidence that greater BP reductions can be achieved with 
greater levels of physical exertion [ 39 ,  41 ,  54 ,  55 ,  71 – 75 ], the aerobic exercise 
intensity recommendation maybe expanded in the future to include vigorous inten-
sity if the patient or client is willing and able to tolerate higher levels of physical 
exertion.

    Time  30–60 min per day of continuous or intermittent aerobic exercise. If intermit-
tent, bouts should be at least 10 min in duration and be accumulated to total 
30–60 min per day of exercise. Resistance exercise should consist of at least 1 set 
of 8–12 repetitions for each of the major muscle groups.    

 This recommendation is consistent with the new and emerging evidence that 
PEH is a low threshold phenomenon regarding the time (duration) of the acute exer-
cise bout; and when several short bouts of exercise of at least 3–10 min are inter-
spersed throughout the day, PEH offers a viable therapeutic lifestyle option for BP 
control among individuals with high BP [ 36 – 38 ,  40 ,  42 – 48 ].

    Type  Emphasis should be placed on aerobic activities such as walking, jogging, 
cycling, and swimming. Resistance training using either machine weights or free 
weights may supplement aerobic training. Such training programs should consist 
of 8–10 different exercises targeting the major muscle groups.    

 This recommendation is made because aerobic exercise training has been consis-
tently shown to lower BP [ 11 ], and dynamic resistance training reduces resting BP 
but to lesser levels than aerobic exercise training (Table  1.1 ) [ 9 ]. See Chapter   2     for 
additional information on resistance training.
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    Progression  The FITT principle of Ex R x  relating to progression for healthy adults 
generally applies to those with hypertension [ 54 ].    

 Nonetheless, consideration should be given to the level of BP control, recent 
changes in antihypertensive drug therapy, medication related adverse effects, and 
the presence of target organ disease and/or other comorbidities, and adjustments 
should be made accordingly. Progression should be gradual, avoiding large increases 
in any of the FITT components of the Ex R x , especially regarding intensity for most 
people with hypertension [ 53 ].    

    Conclusion 

 Hypertension is one of the most important cardiovascular disease risk factors due to 
its high prevalence and signifi cant medical costs [ 1 ]. Indeed, over 60 % of Americans 
have high BP. Both the JNC8 [ 8 ] and ACSM [ 9 ] recommend aerobic exercise as 
initial lifestyle therapy for individuals with hypertension because it lowers BP 
5–7 mmHg among those with hypertension. BP reductions of this magnitude can 
decrease the risk of stroke by 14 %, coronary heart disease by 9 %, and total mortal-
ity by 7 % [ 3 ,  80 ]. Furthermore, BP reductions of this magnitude rival those obtained 
with fi rst line antihypertensive medications [ 81 ] as well as with other types of life-
style therapy [ 3 ].

  Key Points and Resources 

•   Hypertension is the most common, modifi able, and costly cardiovascular disease 
risk factor.  

•   ACSM recommends 30 min or more of moderate intensity aerobic exercise per-
formed most days of the week supplemented by moderate intensity, dynamic 
resistance training (see Chapter    2      Effects of Resistance Exercise on Hypertension ).  

•   The antihypertensive effects of acute aerobic exercise or PEH are a low thresh-
old event regarding the time (duration) and intensity, and they appear to account 
for a clinically meaningful proportion of the BP response to aerobic exercise 
training. Nonetheless, for both acute and chronic exercise, higher levels of physi-
cal exertion elicit greater BP reductions than lower levels if the individual is 
willing and able to tolerate them.  

•   Despite the volume of literature on exercise and hypertension, there remains a 
critical need to identify patient/sample and FITT aerobic exercise interventions 
characteristics that infl uence the BP response to acute and chronic exercise so 
that exercise can be more precisely prescribed for those that respond to exercise 
as antihypertensive therapy, while other therapeutic options can be more rapidly 
recommended for those that do not.  

•   American College of Sports Medicine:   http://www.acsm.org     to access the posi-
tion stand on exercise and hypertension.  
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•   American Heart Association:   http://www.americanheart.org    .  
•   Pescatello LS, Franklin BA, Fagard R, et al. (2004) American College of Sports 

Medicine position stand. Exercise and hypertension. Med Sci Sports Exerc 
36:533–553 [ 9 ].  

•   Pescatello LS, Riebe D, Arena R (2013). ACSM’s guidelines for exercise testing 
and prescription the 9th Edition. Lippincott Williams & Wilkins, Baltimore, MD, 
2013 [ 53 ].  

•   National Heart Lung and Blood Institute:   http://www.nhlbi.nih.gov/hbp    .         
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    Chapter 2   
 Can Resistance Training Play a Role 
in the Prevention or Treatment 
of Hypertension? 

             Ben     F.     Hurley       and     Alta     Rebekah     Gillin     

      Abbreviations 

   1-RM    One repetition maximum   
  ACSM    American College of Sports Medicine   
  AIT    Aerobic interval training   
  AT    Aerobic exercise training   
  BP    Blood pressure   
  CVD    Cardiovascular disease   
  DBP    Diastolic blood pressure   
  FITT-VP    Frequency, intensity, time, type, volume, and progression   
  GXT    Graded exercise testing   
  IHG    Isometric handgrip training   
  JNC 7    The Seventh Report of the Joint National Committee on Prevention, 

Detection, Evaluation, and Treatment of High Blood Pressure   
  JNC 8    The Eighth Report of the Joint National Committee on Prevention, 

Detection, Evaluation, and Treatment of High Blood Pressure   
  MAP    Mean arterial blood pressure   
  MVC    Maximum voluntary contraction   
  PEH    Postexercise hypotension   
  RCT    Randomized controlled trials   
  RT    Resistance training   
  SBP    Systolic blood pressure   
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          Introduction 

    The introduction to Chapter   1    ,  The Effects of Aerobic Exercise on Hypertension : 
 Current Consensus and Emerging Research,  described the prevalence and demo-
graphics of hypertension in detail. Therefore, the introduction of this chapter will 
only briefl y discuss background information on hypertension and focus more on the 
relationships among blood pressure (BP), mortality, morbidity, and resistance 
training (RT). 

 High BP is the leading preventable cause of disease-specifi c death in women, the 
leading preventable cause of death in men due to cardiovascular disease (CVD), and 
the second leading cause of disease-specifi c deaths among men and women com-
bined [ 1 ]. The Joint National Committee 7 (JNC 7) warned that CVD risk doubles 
with each increase of 20/10 mmHg starting at a BP of only 115/75 mmHg [ 2 ]. Thus, 
BP should be viewed on a continuum rather than having distinct categories of risk 
when considering prevention or treatment plans. In addition, BP reductions even in 
people with normal BP have important health implications because a large propor-
tion of CVD occurs in people with prehypertension [ 3 ], and overall cardiovascular 
morbidity and mortality is reduced in the general population with even modest 
reductions in resting BP [ 4 ]. Although the more recent Joint National Committee 8 
(JNC 8) report [ 5 ] recommends physical activity as one of the lifestyle modifi ca-
tions for the prevention and treatment of hypertension, it provides no information on 
the type and amount of physical activity that should be recommended. 

 The latest American College of Sports Medicine (ACSM) Position Stand on 
Exercise and Hypertension [ 4 ] concluded that small to moderate reductions in BP 
were reported with some forms of regular resistance exercise, but data from ambula-
tory measures of BP, acute effects of RT on BP, and randomized controlled trials 
(RCT) on isometric RT were limited at the time of that report. There have been at 
least three meta-analyses and dozens of data-based publications on RT and hyper-
tension since the ACSM report. Therefore, this review will provide an update on RT 
since the publication of the ACSM Position Stand on Exercise and Hypertension [ 4 ]. 

    Purposes of this Chapter 

 The purposes of this chapter are to determine: (1) the effects of acute (immediate, 
short-term, or postexercise hypotension [PEH]) and chronic (long-term or training) 
resistance exercise on resting BP and the BP response to exercise; (2) how the BP 
effects of dynamic RT compare to those of static (isometric) RT and to those of 
aerobic exercise training (AT), as a reference standard; (3) the effects of RT on com-
mon risk factors in those with hypertension; and (4) whether there is suffi cient evi-
dence to develop an exercise prescription for optimal reductions in BP using RT as 
the training modality. Please see Chapter   6     for additional information of the effects 
of resistance exercise on vascular function and BP.   
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    Key Terminology and Basic Concepts 

    Acute Exercise Versus Training 

 Acute exercise is operationally defi ned in this chapter as acute muscular activity and 
will be distinguished from “exercise training” (chronic muscular activity) or “training” 
because “acute exercise” tends to disrupt homeostasis of many physiological sys-
tems, whereas “training” raises the threshold at which exercise begins to disrupt 
homeostasis. Therefore, the physiological change produced during and in some 
cases following acute exercise may not be the same and is often in the opposite 
direction as that produced following training.  

    Endurance Versus Aerobic Exercise Training 

 There are now at least a dozen studies demonstrating signifi cant increases in time to 
exhaustion (endurance) in both aerobic and anaerobic activities as a result of RT, 
despite little to no improvements in aerobic capacity with RT. Therefore the term 
“aerobic exercise training” (AT) will be used instead of “endurance training” to 
refer to regular aerobic exercise when comparing physiological differences to RT.  

    Shortening Versus Concentric and Lengthening Versus 
Eccentric Phases of Muscle Contractions 

 The shortening and lengthening phase of muscular activity have commonly been 
referred to as concentric and eccentric phases, respectively, but these terms are 
misnomers originating from cardiac nomenclature, and not applicable to skeletal 
muscle actions. For this reason the terms shortening and lengthening phases will be 
used instead, as recommended by Faulkner [ 6 ].  

    Isometric Contraction 

 Some people have suggested that the term “contraction” be avoided when used in 
reference to “isometric” or the lengthening phase of muscle action because the term 
“contraction” implies shortening, which does not occur during isometric or in the 
lengthening phase of muscle action. However, the term “contraction” is appropriate 
in this context because it refers to the action and not the length of the muscle [ 6 ].  
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    Intensity Versus Level of Resistance or Load 

 The terms “level of resistance” or “load” will be used instead of the ambiguous term 
“intensity” for describing the work output or force production required in RT 
because the term “intensity” can also apply to velocity of repetitions, rest intervals, 
total training volume, etc., used in RT.  

    Percent (%) of One Repetition Maximum Versus Range 
of Repetition Maximum 

 It is common practice to prescribe the level of resistance (load) for RT programs as 
a percent (%) of one repetitions maximum (1-RM). At least three studies have 
reported large variations in the number of repetitions that can be completed at any 
given percent (%) of 1-RM from one exercise to another for the same people and for 
the same exercise among different people. Therefore, a range of RM, such as 8–12- 
RM, will be used instead of a given percent (%) of 1-RM for prescribing load.   

    Methods for Systematic Review 

 We searched PubMed database between 1985 and 2014, but papers between 1985 
and 1995 were excluded if similar information could be obtained from more recent 
papers. In a few cases, important information relevant to the focus of this review 
could only be found from published papers prior to 1985. Additional references 
were identifi ed by reviewing bibliographies from the most current and relevant 
articles located for this review. Our search included the terms “resistance training,” 
“resistance exercise,” “weight training,” “isometric exercise,” “isometric resistance 
training,” “circuit weight training,” “hypertension,” “BP,” “arterial stiffness” “vas-
cular conductance,” “vascular stiffness,” “aortic pressure,” “central pressure,” “car-
diometabolic disease risk,” “risk factors for metabolic syndrome”, and “risk factors 
for hypertension”. 

 Studies met the following criteria for inclusion and exclusion: (1) published in 
English; (2) used some form of RT or related outcome of RT, such as strength or 
muscle mass; (3) some outcome or component of BP or hypertension was assessed; 
and (4) both RCTs and non-RCTs were included, but only those non-RCT that had 
other indicators of good internal controls, such as the inclusion of a non-exercise 
control group were included. Studies were excluded or dismissed with comment if 
adjustments were not made for potential confounders, or if they had mixed interven-
tions with no attempt to assess the independent effects of RT. Investigations that 
included hospitalized patients or those whose outcomes were substantially infl u-
enced by disease, disability, or medications used by participants were also excluded .   
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    Relevant Research 

 The following sub-sections will be discussed in this section: (1) Overview of the BP 
responses to RT from meta-analyses; (2) Effects of acute resistance exercise on 
resting BP; (3) Effects of dynamic RT on resting BP; (4) Effects of dynamic RT on 
the BP response to exercise; (5) Effects of isometric RT on resting BP; (6) Dynamic 
RT vs. AT; (7) Effects of RT on risk factors common in those with hypertension; and 
(8) Is there suffi cient evidence to develop a clinically meaningful exercise prescrip-
tion for RT? Please see Chapter   6     for additional information of the effects of resis-
tance exercise on vascular function and BP. 

    Overview of the Blood Pressure Responses to Resistance 
Training from Meta-Analyses 

 Cornelissen et al. reported meta-analyses on the effects of RT on BP in 2005 [ 7 ], 
2011 [ 8 ], and 2013 [ 9 ]. In their 2005 report, they pooled data from nine RCTs [ 7 ] 
and concluded that RT reduced systolic BP (SBP) by 3.2 mmHg (borderline signifi -
cant) and diastolic BP (DBP) by 3.5 mmHg when weighted by number of subjects 
studied. When weighted by the inverse of the variance in the BP change to calculate 
the overall effect size of training on BP, the magnitude of the reductions was greater 
(6.0 mmHg for SBP and 4.7 mmHg for DBP). 

 The updated meta-analysis reported by Cornelissen et al. [ 8 ] in 2011 revealed 
signifi cant reductions in resting BP in 28 study groups with normal BP and prehy-
pertension, but no signifi cant reductions were observed for the fi ve study groups 
with hypertension. When study groups were compared according to type of RT, it 
was concluded that isometric handgrip training (IHG) may be more effective for 
reducing BP than dynamic RT, though the authors cautioned that fewer studies were 
available for comparison with IHG. 

 In their second follow-up meta analysis in 2013, Cornelissen and Smart [ 9 ] com-
pared the results of dynamic RT studies to those of isometric RT, AT, and concurrent 
AT and RT studies (Fig.  2.1 ). There were two rather surprising fi ndings from this 
comparison. First, AT, dynamic RT, and isometric RT reduced SBP, but concurrent 
AT and RT did not; and second, isometric RT was a more effective training modality 
than either dynamic RT or AT for reducing SBP. Similar fi ndings for the effective-
ness of isometric RT were reported in another meta-analysis by Kelley and Kelley 
[ 10 ] and is discussed in the section of this chapter on isometric RT. Both study 
groups [ 9 ,  10 ] acknowledged, however, that more RCTs are needed on isometric RT 
before a defi nitive conclusion can be made that isometric RT is the most effective 
training modality for reducing BP. Cornelissen and Smart [ 9 ] concluded that AT 
appears to be superior than either dynamic RT or concurrent AT and RT for lowering 
BP, but this conclusion does not appear to be supported by their data showing that 
the magnitude of reductions in SBP and DBP were similar among the three exercise 
modality groups overall. Further analysis revealed that AT showed the greatest BP 
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improvements in men and those who had hypertension; whereas RT showed the 
greatest BP improvements in those who had prehypertension. Please see Chapter   3     
for more detailed discussions regarding the effects of concurrent exercise on BP.  

 In conclusion, the results of these meta-analyses suggest that dynamic RT can 
result in small to moderate reductions in SBP and DBP, particularly among those 
with prehypertension; whereas reductions in BP with AT appear to occur in those 
with either prehypertension or hypertension. However, there is a substantially 
greater number of studies with AT than RT. The limited number of RCTs on the 
effects of isometric RT show greater reductions in BP than both dynamic RT and 
AT, but more RCTs are needed before public recommendations are warranted.  

    Effects of Acute Resistance Exercise on Blood Pressure 

 Some health care professionals have cautioned against RT for patients with hyper-
tension because it can lead to the Valsalva maneuver, a strenuous and prolonged 
expiratory effort when the glotus is closed, causing a decrease in venous return to the 
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  Fig. 2.1    A comparison of the BP responses of AT to DRT, Isometric RT, and concurrent training 
from a meta-analysis by Cornelissen and Smart [ 9 ]. Standard error bars represent 95 % confi dence 
intervals for each training modality. Reductions in SBP for isometric RT (Isometric RTSBP) were 
signifi cantly greater than those of all other training modalities (**p < 0.001). All other training 
modalities resulted in signifi cantly reduced SBP and DBP (all p < 0.5) except ConSBP.  BP  blood 
pressure,  ATSBP  systolic blood pressure response to aerobic training,  ATDBP  diastolic response to 
aerobic training,  DRTSBP  systolic blood pressure response to dynamic resistance training, 
 DRTDBP  diastolic response to dynamic resistance training,  isometric RTSBP  systolic blood pres-
sure response to isometric resistance training,  Isometric RTDBP  diastolic blood pressure response 
to isometric resistance training,  ConSBP  systolic blood pressure response to concurrent training, 
 ConDBP  diastolic blood pressure response to concurrent training       
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heart and an increase in peripheral venous pressures during the initial strain [ 11 ]. 
Venous return increases after the strain has been terminated, leading to increased 
arterial pressure. A major concern for this effect was highlighted back in 1985 by 
MacDougall et al. [ 12 ] who reported mean values of 320/250 mmHg during a leg 
press exercise, with one subject exceeding 480/350 mmHg, resulting in up to a four-
fold elevation in BP in bodybuilders, lifting weights at or above 80 % of their 
1-RM. However, these extremely high BP surges returned to normal within 10 s after 
the last repetition of each set, which raised the question of how long do high BP 
surges have to last to produce dangerous effects to the cardiovascular system. To this 
date, the answer to this question is still unknown to the best of our knowledge [ 13 ]. 

 Many studies have reported reductions in post exercise BP with acute resistance 
exercise [ 14 – 20 ]. For example, Brito et al. [ 19 ] observed PEH after one session of 
RT in patients with mild hypertension. Reductions were observed after resistance 
exercise was performed at both 50 and 80 % of 1-RM with signifi cantly greater 
reductions following 80 % (33/15 mmHg for SBP/DBP, respectively) versus 50 % 
(23/7 mmHg) at 90 min of recovery. In another study, Morais et al. [ 21 ] observed 
signifi cant reductions in mean ambulatory arterial BP (MAP) for up to 8 h after 
exercise (~8 mmHg below the no exercise control session), and throughout the 24 h 
monitoring period after circuit resistance exercise performed at a moderate load of 
70 % of 1-RM. However, there were no signifi cant reductions over the same time 
periods after aerobic exercise compared to the control condition in patients with 
type 2 diabetes mellitus, suggesting that acute resistance exercise has a greater PEH 
effect in type 2 diabetics than acute aerobic exercise [ 21 ]. Likewise, a single bout of 
resistance exercise lowered BP over a 24 h period, whereas acute aerobic exercise 
did not lower BP in type 2 diabetics. In this context, Scher et al. [ 14 ] also observed 
signifi cant reductions in SBP and DBP throughout 60 min of recovery after one set 
of 10 low level resistance exercises (performed at 40 % of 1-RM) compared to 
resting (8/6 mmHg for SBP/DBP, respectively) and for up to 24 h after two sets of 
10 resistance exercises (2 mmHg for SBP only). DBP during sleep was also lower 
after two sets than after one set of exercises, but neither was signifi cantly lower than 
the control condition during sleep [ 14 ]. 

 Taken together, this section indicates that BP can surge to levels substantially 
beyond baseline during acute resistance exercise, and is greatly infl uenced by exer-
cise load, but is reduced below baseline shortly after the exercise ends and can 
remain below baseline for up to 24 h postexercise. It is unclear if any of the compo-
nents of the frequency, intensity (load), time, type, volume, and progression 
(FITT-VP) principle of exercise prescription, have an effect on PEH, because the 
few studies that have addressed this connection have produced mixed results. For 
example, Brito et al. [ 19 ] showed that high load resistance exercise performed 
regularly (80 % of 1-RM) was more effective than moderate to low load resistance 
exercise (50 % of 1-RM) for eliciting PEH, but Scher et al. [ 14 ] reported even lower 
load resistance exercise (40 % of 1-RM) elicited PEH. Although these fi ndings may 
provide some support for the hypothesis that resistance exercise performed regu-
larly, as is the case with RT, may have a hypotensive effect, they do not provide 
evidence for BP adaptations resulting from RT.  
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    Effects of Dynamic Resistance Training on Resting 
Blood Pressure 

 Mota et al. [ 22 ] reported signifi cant reductions in both resting SBP (135 ± 15 to 
120 ± 12 mmHg) and DBP (76 ± 9 to 72 ± 9 mmHg) among 64 older women with 
controlled hypertension as a result of 16 weeks of a RT program that progressed 
from 60 to 80 % of 1-RM. In a similar study among participants with hypertension 
who were deprived of their BP medications, Moraes et al. [ 20 ] found that SBP fell 
by 16 mmHg and DBP by 12 mmHg following a 12 week RT program performed 
three times a week at 60 % of 1-RM. After 4 weeks of detraining, these reductions 
were still maintained signifi cantly below pre-training values. Similar fi ndings were 
observed by Nascimento et al. [ 23 ], who also compared the effects of a moderate 
load RT program (8–12 repetitions using a moderate to slightly heavy resistance 
level derived from a perceived rating scale) to those of detraining effects. Reductions 
in resting BP with RT were maintained for up to 14 weeks, as evidenced by signifi -
cantly lower SBP and MAP levels than the BP values before training, even after 14 
weeks of detraining [ 23 ]. This fi nding of such a prolonged maintenance of 
RT-induced BP reductions is quite remarkable and to the best of our knowledge has 
not been reported to occur for this long with any other training modality. 

 We studied the effects of a heavy resistance, high volume RT program, i.e., starting 
each set at a 5-RM load then progressing to a 15-RM within each set of exercise, on 
resting BP in older men and women in the higher range of prehypertension [ 3 ]. 
Signifi cant reductions in BP were observed in both SBP (131–126 mmHg) and DBP 
(79–75 mmHg) with RT; and these reductions were maintained for up to 48 h 
following the last bout of exercise in the RT program (SBP 131–127 mmHg) and 
were suffi cient to shift DBP in men from the prehypertensive or high normal cate-
gory to the normal range (81–76 mmHg). 

 The fi ndings of some studies appear to be in confl ict with others. For example, 
Gerage et al. [ 24 ] reported a signifi cant reduction in resting SBP (125 ± 8 to 
120 ± 7 mmHg), but not in DBP, with 12 weeks of moderate load RT in healthy older 
women with normal BP. In contrast, Taaffe et al. [ 25 ] observed a signifi cant reduction 
in DBP (77 ± 6 to 74 ± 9 mmHg), but not SBP, with 20 week of heavy RT in a similar 
age group of women with prehypertension. However, they did observe signifi cant 
reductions in central SBP (125 ± 10 to 119 ± 12 mmHg) and central DBP (78 ± 6 to 
75 ± 9 mmHg), without affecting arterial stiffness with RT. Likewise, Heffernan 
et al. [ 26 ] reported a 5 mmHg reduction in central SBP (134 ± 5 to 129 ± mmHg) and 
a 7 mmHg reduction in central DBP (84 ± 2 to 77 ± 2 mmHg), as well as reductions 
in brachial SBP (140 ± 4 mmHg vs. 134 ± 4 mmHg) and brachial DBP (83 ± 2 to 
77 ± 2 mmHg) in older men and women with prehypertension and untreated hyper-
tension as a result of moderate load RT (12–15 reps starting at 40 % of 1-RM then 
progressing to 60 % of 1-RM); whereas no signifi cant changes in any of these BP 
components were found in a non-exercise control group. Croymans et al. [ 27 ] also 
observed signifi cant decreases in SBP, DBP, and central BP with 12 weeks of a 
heavy RT program among overweight and obese men. Reductions in central BP 
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with RT were positively correlated with oxidized low density lipoprotein. The 
authors suggested that the cardioprotective effects of RT may be at least partially 
related to its effects on central BP, but offered no potential mechanism to explain 
this relationship. 

 There are many studies that show no signifi cant improvements in BP with 
dynamic RT [ 28 – 35 ]. For example, Conceicao et al. [ 34 ] observed no signifi cant 
change in resting SBP or DBP with 16 weeks of what appears to be moderate load 
RT in postmenopausal women. Likewise, Heffernan et al. [ 36 ] found no changes in 
brachial SBP, brachial DBP, aortic DBP, and carotid DBP with moderate load RT in 
African American and in White men. 

 It is unclear what factors might explain the differences in fi ndings between those 
studies that report reductions in resting BP and those reporting no reductions in BP 
with RT. However, dynamic RT programs that used low to moderate loads tended to 
be at least as effective and often more effective than those using heavy resistance 
loads. For example, Tsutsumi et al. [ 37 ] compared low load RT (55–65 % of 1-RM) 
to heavy load RT (75–85 % of 1-RM) in older adults with normal BP. Both training 
loads signifi cantly decreased SBP, but a greater reduction was reported in the low 
load (13.4 mmHg) than the heavy load RT program (6.1 mmHg). A signifi cant drop 
in DBP was also found in the low load training group, but not in the heavy load 
group. Similarly, Van Hoof et al. [ 38 ] reported no signifi cant reductions in BP with 
heavy load (70–90 % of 1-RM) RT. Other than training load and a few studies that 
have compared training frequencies, little information is known about various levels 
of the FITT-VP components to determine the optimal RT protocol for reducing BP. 

 Thus, in conclusion, some studies show signifi cant BP reductions with dynamic 
RT, whereas others do not, but we are not aware of any study that has identifi ed a 
component of the FITT-VP model of exercise prescription that is likely to explain 
this difference. However, the fi ndings are more consistent on the effects of dynamic 
RT training on the BP responses to exercise, as described in the next section.  

    Effects of Dynamic Resistance Training on the Blood Pressure 
Response to Exercise 

 There are many studies that have assessed the BP responses during graded exercise 
tests (GXT) before and after several week of RT. Here are three examples [ 20 ,  33 ,  39 ]. 
Lovell et al. [ 33 ] observed a reduced SBP response to a GXT after 16 weeks of RT 
compared to before training. Using the same comparisons, Vincent et al. [ 39 ] 
observed reductions in DBP and MAP during a GXT with 16 weeks of RT, but no 
signifi cant changes in exercise SBP or resting BP. The greatest reductions in DBP 
and MAP during a GXT in this study occurred with heavy RT (i.e., 80 % of 1-RM) 
[ 39 ]. Thus, RT may be benefi cial to some aspects of cardiovascular function during 
aerobic exercise, despite not always reducing resting BP or aerobic capacity. 

 Beck et al. [ 40 ] reported reductions in myocardial oxygen demand with RT in par-
ticipants with prehypertension, suggesting that RT may elicit other more generalized 
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cardiovascular adaptations. This fi nding has particular relevance and importance for 
those at high risk for atherosclerosis or older adults who participate in rigorous 
activities in which the myocardial oxygen demand could exceed the supply, placing 
them at risk for a myocardial infarction In this context, Parker and coworkers [ 41 ] 
demonstrated that 16 weeks of RT signifi cantly decreased heart rate, BP, and the 
rate pressure product, an index of myocardial oxygen demand, during a weight-
loaded submaximal treadmill walking test in 60–77 year old women, despite no 
changes in aerobic capacity. In another study, these same indicators of myocardial 
oxygen demand were reduced during a RT exercise session after training compared 
to before training [ 42 ]. A result that translates into improved cardiovascular func-
tion during physical performance as a result of RT. In addition, Ades et al. [ 43 ], 
observed a 38 % improvement in treadmill walking endurance in 65–79 year old 
women with RT, despite no signifi cant increase in their aerobic capacity. The specifi c 
mechanisms for these submaximal BP and other cardiovascular adaptations with RT 
are not well understood, but possible explanations include changes in fi ber type 
recruitment (i.e., greater rate of type I and a reduced rate of type II muscle fi ber 
recruitment, less occlusion of blood fl ow, and increased lactate threshold) [ 44 ]. 

 In an unpublished pilot study, we found signifi cant reductions in myocardial 
oxygen demand in response to activities designed to simulate walking up stairs 
while carrying heavy objects, such as groceries. These reductions were elicited by 
reductions in heart rate, BP, and blood catecholamine levels while performing these 
activities, suggesting that RT can improve the myocardial oxygen supply/demand 
ratio, while performing common activities of daily living. These fi ndings support 
the hypothesis that RT may raise the activity threshold for being at risk for a myo-
cardial infarction among high risk older sedentary individuals. 

 In summary, even when resting BP is unchanged with RT, BP during physical 
activity may be reduced, resulting in improved functional and health outcomes, 
particularly among older adults [ 33 ,  39 ,  41 ,  42 ]. Please see Chapter   4     for a detailed 
discussion of the clinical signifi cance of the BP response during submaximal 
exercise.  

    Effects of Isometric Resistance Training on Resting 
Blood Pressure 

    Overview from Meta-Analyses 

 The most current ACSM Guidelines for Exercise Testing and Prescription (ninth 
Edition) [ 45 ] did not address the issue of whether isometric RT is effective for 
reducing BP due to limited evidence, while the 2004 ACSM Position Stand on 
Exercise and Hypertension [ 4 ] concluded that limited data suggests isometric RT 
reduces BP in adults with elevated BP. However, since the ACSM position stand, 
there has been at least three RCTs and many more non-RCTs that are otherwise well 
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controlled studies on the effects of isometric RT on resting BP, supporting the use 
of this training modality for reducing BP. In addition, a 2010 meta-analysis [ 10 ] 
concludes that signifi cant isometric RT minus no-exercise control group reductions 
of 13 mmHg and 8 mmHg for SBP and DBP, respectively, were observed. Similar 
reductions were reported for SBP and even greater effects were observed for DBP 
with isometric RT. Please see Chapter   6     for additional information of the effects of 
isometric exercise on vascular function and BP. 

 In a 2013 meta-analysis by Cornelissen and Smart [ 9 ], greater BP reductions were 
found with isometric RT (11/6 mmHg for SBP/DBP, respectively) than dynamic RT 
(23 mmHg for SBP/DBP) and those from AT studies (4/3 mmHg for SBP/DBP). 
However, in this meta-analysis there were only fi ve study groups of isometric RT 
compared to 29 dynamic RT and 105 AT study groups and only one isometric RT 
investigation that studied participants with hypertension. Nevertheless, there are 
many other isometric RT studies not included in this meta-analysis, presumably 
because of not being RCTs, but otherwise well controlled, also showing greater 
reductions in BP [ 46 ,  47 ] than is typically reported for either dynamic RT or AT. 

 In a subgroup analysis of the dynamic RT groups in this meta-analysis [ 9 ], men 
and women were approximately equally represented, with about 45 % under the age 
of 50, 41 % with normal BP, 45 % with prehypertension, and 14 % with hyperten-
sion. The duration of the dynamic RT programs were variable, with ~ 17 % <12 
weeks, 62 % between 12 and 24 weeks, and 21 % >24 weeks. Of these, 7 % used a 
low load in their training program, 19 % used a moderate load, and 74 % used a 
heavy RT load. In the subgroup analysis of the AT study groups, 42 % were men, 
58 % were women, 54 % were <50 years, 28 % had normal BP, 48 % had prehyper-
tension, and 25 % had hypertension. Surprisingly, the AT programs that lasted <24 
weeks appeared to lower SBP and DBP to a greater extent than those that lasted >24 
weeks in duration. Likewise, weekly exercise durations of <150 min per week were 
more effective than those >210 min per week. However, these fi ndings may be 
related to intensity because moderate and high intensity training resulted in greater 
BP reductions than low intensity AT programs [ 9 ]. 

 Thus, a higher portion of the AT study groups consisted of participants who had 
hypertension and a low portion had normal BP compared to the dynamic RT study 
groups. It would be hard to make this comparison to the isometric RT study groups 
used in this meta-analysis because there were so few study groups and only one that 
studied participants with hypertension. Comparing other factors, such as intensity, 
duration, and frequency of training, among the three training modalities would not 
be very meaningful, even if it were possible to match the same level of each compo-
nent, because of the major physiological differences in response to these training 
modalities. Also, Cornelissen and Smart [ 9 ] did not provide a subgroup analysis of 
these characteristics for the isometric RT programs. However, the training protocols 
used in the isometric RT studies, particularly for IHG training, are also more homo-
geneous than those of RT or AT. Cornelissen and Smart [ 9 ] did not comment on the 
clinical utility of the training protocols used for each training modality in this 
meta-analysis.   
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    Effects of Isometric Handgrip and Leg Isometric Training 
on Blood Pressure 

 The previous section provided an overview of meta-analyses that compared the 
fi ndings of isometric RT to those of other studies using dynamic RT and AT. This 
section will attempt to distinguish the effects of IHG training from those of leg 
isometric training programs using primary sources, some of which were not included 
in the meta-analysis of the previous section. Most of the IHG studies used a training 
protocol of four sets of 2 min of IHG contractions at 30 % of maximal voluntary 
contraction (MVC) or minor variations of it, and observed signifi cant reductions in 
resting BP [ 46 – 61 ]. Not all of these studies were reviewed by Cornelissen and 
Smart [ 9 ] in their meta-analysis. Four additional studies followed an isometric leg 
training protocol [ 56 – 59 ]. At least four studies used participants who were diag-
nosed with hypertension [ 48 ,  50 ,  51 ,  54 ]. It was unclear in some other studies 
whether individuals with hypertension were included. 

 Taylor et al. [ 46 ] reported one of the largest improvements in SBP in the RT lit-
erature, fi nding a 19 mmHg decline in SBP with IHG in men and women with 
hypertension using a typical IHG protocol of four, 2 min handgrip contractions at 
30 % of MVC in the left arm. They also observed a 7 mmHg decrease in DBP and 
an 11 mmHg decrease in MAP with 10 weeks of IHG training. Wiley et al. [ 47 ] 
compared two IHG training protocols in young to middle-aged men and women 
with prehypertension. A moderate load training program of four, 2 min IHG con-
tractions with 3 min rest intervals between contractions at 30 % of MVC, performed 
three times per week for 8 weeks was compared to four, 45 s contractions at 50 % 
of MVC with 1 min rest intervals performed 5 days per week for 5 weeks. The mod-
erate load training program resulted in a 13 mmHg reduction in SBP and a 15 mmHg 
reduction in DBP, whereas the heavy load training resulted in a 10 mmHg reduction 
in SBP and a 9 mmHg reduction in DBP. These fi ndings suggest that both moderate 
and high load IHG training are highly effective in reducing BP, but no analysis was 
presented to determine whether the moderate load training was more effective than 
the heavy load protocol. 

 McGowan et al. studied the effects of unilateral IHG training on BP and related 
mechanisms in and in participants with normal [ 53 ] BP and hypertension [ 54 ]. The 
training program consisted of four, 2 min unilateral IHG contractions at 30 % of 
MVC, 3 days per week for 8 weeks and resulted in a signifi cant reduction in resting 
SBP (118.1 ± 2.4 to 113.2 ± 1.3 mmHg). In contrast, DBP remained unchanged from 
baseline. Using the same training protocol, but comparing unilateral to bilateral 
training in participants who had hypertension, McGowan et al. [ 54 ] found greater 
reductions in SBP in both bilateral (reduced by 15 mmHg) and unilateral IHG 
 training (reduced by 10 mmHg) in their participants with hypertension compared to 
their previous fi ndings in individuals with normal BP, but DBP did not change 
signifi cantly in either group. Garg et al. [ 61 ] used a similar training protocol, i.e., 
30 % of MVC in those with normal BP, but allowed participants who were capable 
to sustain contractions for up to 3 min since some people will reach muscular fatigue 
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prior to 3 min at this load. The rest of the protocol consisted of fi ve, 3 min bouts of 
IHG exercise with 5 min rest periods for 10 weeks. They observed a 10 mmHg 
decline in SBP and a 6 mmHg decline in DBP with training. 

 Though fewer isometric RT studies have used lower limb training protocols than 
IHG protocols, these training programs also elicit reductions in BP. For example, 
Howden et al. [ 56 ] investigated the effects of 5 weeks of isometric leg training and 
5 weeks of isometric arm training in 27 men and women with normal BP. The leg 
training consisted of four, 2 min bouts of isometric contractions at 20 % of MVC 
with 3 min of rest between contractions. Following 8 weeks of no exercise the same 
participants engaged in 5 weeks of isometric arm training using the same training 
duration and frequency used in the leg training. SBP dropped by 10 mmHg with leg 
isometric training and by 12 mmHg with arm training. 

 Three other studies have observed a decrease in BP after isometric leg training 
[ 57 – 59 ]. Baross et al. [ 57 ] studied 30 middle-aged men before and after an 8 week 
training program (four, 2 min bilateral leg isometric contractions, three times per 
week). Two groups trained at either 14 % or 8 % of MVC and a third group served 
as a no exercise control group. There was a signifi cant reduction in resting MAP 
(5 mmHg) and resting SBP (11 mmHg) after training in the 14 % of MVC group, 
but there were no signifi cant changes in MAP or SBP in the 8 % of MVC group; 
suggesting a threshold load of >8 % but ≤14 % of MVC is required for reducing BP 
with leg isometric RT. Likewise, Wiles et al. [ 59 ] compared exercise loads of 10 % 
(low load) and 20 % (high load) of MVC using isometric double leg extension in 
young men with normal BP and found signifi cant reductions in BP with both 
low and high load training. SBP was reduced by 4 mmHg and DBP was reduced by 
3 mmHg in the low load group, whereas SBP was reduced by 6 mmHg and DBP 
was reduced by 3 mmHg in the high load group with training. The training protocol 
of both groups consisted of four sets of 2 min exercise bouts 3 days per week for 8 
weeks. Using this same training protocol, the same group reported similar BP 
reductions with a load of 24 % of MVC (5/3 mmHg for SBP/DBP), but they also 
found signifi cant reductions in SBP (5 mmHg) and DBP (3 mmHg), with four, 
2 min isometric bilateral leg contractions at 24 % of MVC [ 58 ]. Taken together, 
these results suggest that signifi cant reductions in BP can result from leg isometric 
leg training with a load as little as 10 % of MVC. We were unable to fi nd any studies 
that investigated isometric leg training using participants with hypertension. In addi-
tion, no studies were found that compared isometric RT directly with dynamic RT. 

 In summary, it appears that isometric RT consistently reduces BP in those with 
normal BP and prehypertension (see Chapter   6     for additional information of the 
effects of resistance exercise on vascular function and BP). The few IHG studies that 
included participants with hypertension also reported a hypotensive response to IHG 
training. The magnitude of the BP reductions to both IHG training and isometric leg 
training tended to be greater than that reported from dynamic RT and at least as much 
as that previously reported from AT, but we were unable to locate studies that com-
pared these training modalities. However, unlike AT and to some extent dynamic RT, 
there are no data available, to the best of our knowledge, to support a reduction in 
other risk factors for cardiometabolic disease with isometric RT. For this reason, iso-
metric RT should not be recommended as a substitute for either dynamic RT or AT.  
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    Dynamic Resistance Training Versus Aerobic Training 
Effects on Resting Blood Pressure 

 Because AT often serves as a reference standard for training adaptations and has 
been so well studied, it is surprising how few studies have compared these two 
training modalities, especially when considering how many studies have been pub-
lished on each separately and on how easy it is to assess BP. What may be even more 
surprising to many readers are the results of the studies that have made this compari-
son (Table  2.1 ). The majority of studies we could fi nd that compared the effects of 
RT on resting BP to those of AT, show no signifi cant differences between these two 
training modalities in their effectiveness for reducing resting BP; and many showed 
that neither training modality was effective in lowering BP when compared in the 
same study. Yet there are many studies showing that both are effective when studied 
separately, though many more for AT than RT.

   Stensvold et al. [ 31 ] randomized 43 participants with the metabolic syndrome to 
either aerobic interval training (AIT), dynamic RT, or combined AIT and RT. AIT 
consisted of four intervals of treadmill walking or running at 90–95 % of peak heart 
rate with 3 min of active recovery between each exercise bout, three times per week. 
The RT program consisted of two sets of 15–20 repetitions beginning at 40–50 % of 
1RM with progressive increases to ~80 % of 1-RM, corresponding to 8–12- 
RM. Training was performed three times per week for 12 weeks. The concurrent 
training group performed AIT twice a week and RT once per week. No signifi cant 
differences in the BP response were observed for AIT, RT, or concurrent training, 
and none of the groups signifi cantly reduced resting BP with training. In another 
recent study, Ho et al. [ 62 ] compared 12 weeks of a moderate load (four sets of 8–12 
repetitions at 10-RM) RT program for 30 min three times per week (n = 16) to the 
same duration of AT consisting of treadmill exercise at 60 % of heart rate reserve 
three per week (n = 15), and to a concurrent training program of 15 min of each 
exercise modality (n = 17) in men and women with overweight and obesity. Only the 

   Table 2.1    Comparison of resistance training, aerobic training, and concurrent training on the 
blood pressure response to training   

 References  RT  AT  Concurrent  Blood pressure change 

 Stensvold et al. [ 31 ]  ↔  ↔  ↔  ND among groups 
 Ho et al. [ 62 ]  ↔  ↔  ↓  ND among groups 
 Sillanpaa et al. [ 63 ]  ↓  ↓  ↔  ND among groups 
 Smutok et al. [ 64 ]  ↔  ↔  ND among groups 
 Coconie et al. [ 65 ]  ↔  ↔  ND among groups 
 Rosenthal et al. [ 66 ]  ↓  ↓  ND among groups 
 Yoshizawa et al. [ 35 ]  ↔  ↔  ND among groups 
 Fett et al. [ 29 ]  ↓  ↔  AT > RT 
 Morais et al. [ 21 ]  ↓  ↓  RT > AT (acute only) 

  Symbol legend: ↔ = no change, ↓ = signifi cant decrease 
  ND  no differences  
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concurrent training group and the no exercise control group reduced resting 
BP. Neither the RT nor the AT groups reduced BP, and there were no signifi cant 
differences among the training groups. 

 Likewise, Sillanpaa et al. [ 63 ] reported no differences in the BP responses to RT 
compared to AT or to concurrent training in 62 middle-aged and older women with 
normal BP after 21 weeks of training [ 64 ]. Both SBP and DBP were reduced with 
RT and AT, but not with concurrent training. Smutok et al. [ 64 ] compared 20 weeks 
of moderate to heavy RT (8–12-RM) to AT 65–75 % of heart rate reserve and a non- 
exercise control group in 37 middle-aged and older adults with prehypertension and 
hypertension and found no signifi cant changes in resting BP in any of the groups. 
Similar fi ndings were reported by Coconie et al. [ 65 ] in 49 men and women 70–79 
years and by Blumenthal et al. [ 66 ], who studied 99 men and women with untreated 
hypertension (SBP/DBP 140–180/90–105 mmHg) randomly assigned to 4 months 
of either AT, RT, fl exibility training, or a non-exercise control group. Despite signifi -
cant within group reductions of 7–9 mmHg in resting SBP and 5–6 mmHg in resting 
DBP following RT, there were no signifi cant differences between any of the training 
groups [ 66 ]. There were also no signifi cant group differences when comparing 
ambulatory BP readings before and after the training period in this same study [ 66 ]. 
However, no training modality reduced resting BP signifi cantly. Finally, Fett et al. 
[ 29 ] reported a more favorable BP response to AT training compared to circuit RT, 
but their attrition rate was about 50 %, which raises the question of whether there 
was a preferential drop out bias in one group compared to the other, thereby threat-
ening the internal validity of the study. 

 Thus, the overall fi ndings in this section suggest that both training modalities 
(dynamic RT and AT) appear to be effective for lowering BP when studied 
separately, but not when compared in the same study. However, the same compara-
tive studies do show BP reductions when both training modalities are performed 
concurrently (see Chapter   3     for more detailed discussions of the effects of concur-
rent exercise on BP). There is evidence from a small portion of studies that both AT 
and RT can shift BP categories in some individuals from hypertension to prehyper-
tension or from prehypertension to normal BP. However, these fi ndings are a bit 
misleading because the BP reductions largely depend on how close individual par-
ticipants are to the cut off value for each category, and they tend to undermine the 
importance of the concept of BP as a risk continuum throughout all levels starting 
from ~115/75 mmHg.  

    Effects of Resistance Training on Other Cardiometabolic 
Risk Factors Among Those with Hypertension 

 Some of the studies reporting no effects on BP with RT discussed in the section, 
“Effects of Dynamic Resistance Training on Resting Blood Pressure”, observed 
reductions in other risk factors for cardiometabolic disease [ 34 ]. The vast majority 
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of people with hypertension have additional risk factors for cardiometabolic disease 
[ 67 ], resulting in over 47 million (~23 %) that have abdominal obesity, dyslipid-
emia, and elevated blood glucose levels. For example, essential hypertension is 
often an insulin-resistant state, which is directly correlated with the severity of 
hypertension [ 68 ] and is independently associated with sarcopenia (the loss of 
muscle mass with age), particularly sarcopenic obesity [ 69 ]. Moreover, insulin 
resistance is associated with both hypertension [ 70 ] and sarcopenia [ 71 ]. The exact 
prevalence of those with these particular combinations of risks is not well estab-
lished, but it is known that all three increase with advanced age and with physical 
inactivity [ 72 ,  73 ]. 

 These relationships have important implications for the use of RT in older adults 
with hypertension because RT is considered the exercise training modality of choice 
for preventing or delaying the adverse consequences of sarcopenia in older adults 
[ 74 ]. In this context, there is a large volume of literature on the effects of RT on risk 
for the components of the metabolic syndrome [ 74 ], including insulin resistance, 
abdominal obesity, and dyslipidemia as well as elevated BP, but a discussion of this 
literature is beyond the scope of this review. Nevertheless, it is important to consider 
these broader relationships when determining the effi cacy of an RT intervention for 
the prevention or treatment of hypertension, given that a major reason for the impor-
tance of reducing BP in patients with hypertension is to lower their risk for cardio-
metabolic diseases, such as the metabolic syndrome and atherosclerosis. For related 
information, please see Part III for a discussion of the pleiotropic effects of exercise 
on other CVD risk factors.   

    Clinical Implications and Importance 

    Is There Suffi cient Evidence to Develop an Exercise 
Prescription in a Clinically Meaningful Way for Optimal 
Reductions in Blood Pressure Using Resistance Training 
as the Exercise Modality? 

 There is a growing body of evidence supporting the use of RT as an exercise 
intervention for reducing the risk of hypertension, particularly for those with prehy-
pertension [ 9 ,  20 ,  22 ,  23 ,  27 ,  46 ,  47 ,  54 ]. This evidence becomes clearer when 
considering RT in a broader context of reducing the risk of cardiometabolic disease, 
such as the metabolic syndrome; or reducing overall risk of age-related diseases/
disabilities in those with hypertension, such as diabetes, osteoporosis, and sarcope-
nia. However, there is still a relatively small number of RCTs on the effects of RT 
on BP in participants with hypertension and the few studies available show inconsis-
tent results. In addition, there are even fewer studies that have compared the various 
components of the FITT-VP principle used in prescribing exercise for RT to serve 
as a basis for the most optimal exercise prescription plan for lowering BP. Developing 
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such an exercise prescription at this stage of the research literature would probably 
have to rely on mimicking the specifi c training protocols that have produced favor-
able effects on BP in previous studies without knowing what frequencies, loads, 
durations, etc., would produce optimal results among those with high BP. Even this 
is diffi cult because of confl icting results from studies using the same level of a 
component of FITT-VP yielding different results. The only component of FITT-VP 
that shows some level of consistency in the research literature for explaining results 
is “type” or exercise modality. In this regard, isometric RT appears to more consis-
tently lower BP than dynamic RT. 

 Moreover, there is some evidence though with mixed results for concern that RT, 
particularly heavy load RT, may increase arterial stiffness which could be detrimen-
tal for cardiovascular function. There is no such evidence for this concern with 
AT. Therefore, our conclusion at the present time is that there is not suffi cient evi-
dence to support a specifi c exercise prescription for reducing BP with RT.   

    Conclusion 

    The Effects of Acute Versus Chronic Resistance Exercise 

•     The results of at least four relatively recent meta-analyses and a large number of 
non-randomized, but otherwise well controlled studies, reveal that AT is more 
consistently effective for reducing resting BP than RT, particularly in those with 
hypertension. Studies that assess the effects of each training modality separately 
support this conclusion.  

•   Acute dynamic resistance exercise results in PEH, usually on the order of 
2–10 mmHg for SBP, starting within 30 min after exercise and lasting up to 
~24 h in those with hypertension. However, one study [ 19 ] reported a 33 mmHg 
reduction in SBP 90 min postexercise when training with a high load (80 % of 
1-RM) and 23 mmHg reduction at the same time point with low load RT (50 % 
of 1-RM). Other studies show that training loads as low as 40 % of 1-RM elicit 
PEH, but on the order of 8 and 6 mmHg for SBP and DBP, respectively, 60 min 
postexercise and 2 mmHg for SBP when assessed 24 h postexercise. At least one 
study shows a greater PEH with RT than AT (6 mmHg lower than AT) up to 8 h 
postexercise [ 21 ].  

•   Not all studies show improved BP responses with dynamic RT, but there are a 
few that show remarkable improvements with dynamic RT in a relatively short 
time period with long lasting effects. In one case, RT-induced BP reductions 
were maintained, i.e., they do not return to baseline for 14 weeks after the end of 
training.  

•   Results of studies that compare the effects of RT to AT in the same study, with 
only a few exceptions, either show that both training modalities are just as effec-
tive as the other or that neither is effective in reducing BP.     
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    Isometric Resistance Training Versus Dynamic Resistance 
Training Versus Aerobic Training 

•     The results of both IHG training and leg isometric RT studies show more consis-
tent reductions in resting BP and use a more consistent training regime than 
those of either dynamic RT or AT. However, there are fewer well controlled 
isometric RT investigations than there are for dynamic dynamic RT or AT, 
particularly among studies that include participants with hypertension.  

•   Despite the favorable effect that isometric RT (both IHG and leg isometric 
training) appears to have on BP, it would be hard to justify it as a replacement for 
either dynamic RT or AT because of the evidence for broader health benefi ts 
from both dynamic RT and AT, particularly in the areas of risk factors for cardio-
metabolic disease and other age-related diseases and disabilities of which no 
such evidence appears to exist for isometric RT (neither IHG nor leg isometric 
training).     

    Exercise Prescription Recommendations 

•     Because there are so many studies showing such a broad range of effectiveness 
for dynamic RT on BP, from no effect to a decline of 19 mmHg in SBP, and 
because few studies have compared different levels of the FITT- VP components 
in RT programs for their effectiveness in reducing BP, developing an individual-
ized exercise prescription for RT is premature, based on the current state of the 
existing literature.  

•   Given that isometric RT does not require much time and could easily be incorpo-
rated into a dynamic RT program, we recommend the use of dynamic RT that 
incorporates isometric RT exercises, such as IHG, for BP control, along with the 
recommendations provided in Chapter   1     for AT.     

    Exercise Exposure Time as a Preventive Strategy 
for Chronic Disease 

•     Exposure time may be an important factor that links aging, training, and risk fac-
tors to disease. According to Kannel and Vasan [ 75 ], aging serves as a risk factor 
for CVD more because it provides a longer exposure time for risk factors than 
because of primary aging effects. Likewise, interventions such as exercise train-
ing, may reduce the incidence of CVD because they reduce exposure time to risk 
factors. Applying this model to the content of this chapter and Chapter   1    , it is 
possible that exercise training programs, whether AT or RT, may delay or prevent 
chronic diseases, such as atherosclerosis, through reducing the exposure time of 
risk factors, such as high BP.

B.F. Hurley and A.R. Gillin

http://dx.doi.org/10.1007/978-3-319-17076-3_1
http://dx.doi.org/10.1007/978-3-319-17076-3_1


43

  Key Points and Resources 

  The information provided in Chapter   1     for this section will also apply to this chapter. 
Therefore, the below list only includes information not already stated in Chapter   1    .

•    American Council on Exercise:   www.acefi tness.org      
•   Centers for Disease Control and Prevention:   www.cdc.gov      
•   International Council on Active Aging:   www.icaa.cc      
•   National Heart, Lung, and Blood Institute Health Information Center:   www.

nhlbi.nih.gov      
•   National Institute on Aging Information Center:   www.nia.nih.gov     and   www.nia.

nih.gov/Go4Life      
•   National Strength and Conditioning Association (NSCA):   www.nsca.com      

  Offi ce of Disease Prevteention and Health Promotion:   www.odphp.osophs.
dhhs.gov                 
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  HR    Heart rate   
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  MetS    Metabolic syndrome   
  PEH    Postexercise hypotension   
  RCT    Randomized controlled trial   
  RPE    Rating of perceived exertion   
  RM    Repetition maximum   
  SBP    Systolic blood pressure   
  T2DM    Type 2 diabetes mellitus   
  VO 2max     Maximal oxygen consumption   
  VO 2peak     Peak oxygen consumption   
  VO 2reserve     Oxygen consumption reserve   

          Introduction 

 The many health benefi ts from participating in regular exercise are well docu-
mented, including lower resting blood pressure (BP) [ 1 ,  2 ]. The acute [immediate, 
short-term, or postexercise hypotension (PEH)] and chronic (long-term or training) 
BP response to dynamic aerobic (or endurance) and resistance exercise have been 
studied extensively. Based on these fi ndings, formal exercise prescription (Ex R x ) 
guidelines were established for each modality specifi c to their role in the preven-
tion, treatment, and management of hypertension [ 3 ]. (See Chap.   1     and   2     for an 
expanded discussion on the antihypertensive effects of aerobic and resistance 
exercise.) 

 Briefl y, the American College of Sports Medicine (ACSM) [ 3 ] and other pro-
fessional organizations and committees [ 4 – 7 ] recommend that individuals with 
hypertension perform moderate intensity aerobic exercise ≥3–5 days per week, 
preferably daily, for 30–60 min per day, supplemented by dynamic resistance 
exercise 2–3 days per week. However, from a practical perspective, exercise ses-
sions designed to lower BP or promote general health [ 1 ], rarely include aerobic 
or resistance exercises exclusively. Instead,  both  aerobic and resistance exercises 
are performed in a single session or within a couple hours of one another, which 
is referred to as  concurrent exercise  [ 8 ] or  combined  aerobic and resistance exer-
cise [ 9 ,  10 ]. A benefi t of performing concurrent rather than aerobic or dynamic 
resistance training alone is that cardiorespiratory fi tness, muscle strength, and 
other cardiometabolic health biomarkers can be improved simultaneously [ 10 – 15 ]. 
(See Chaps.   4    ,   5    ,   6    ,   8     and   13     for further discussion on the health benefi ts of 
c oncurrent exercise). Despite simultaneous improvements in multiple health out-
comes, the antihypertensive effects of concurrent exercise have yet to be well 
defi ned, and it is currently unclear whether  combined  aerobic and resistance exer-
cise offer similar BP benefi t to those resulting from aerobic or resistance exercise 
alone. Furthermore, a general census regarding the optimal  F requency,  I ntensity, 
 T ime, and  T ype (or FITT principle) of the concurrent Ex R x  for antihypertensive 
therapy has yet to be identifi ed. 
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    Purposes of this Chapter 

 The purposes of this chapter are: (1) to overview the literature about the effects of 
acute (i.e., PEH) and chronic (long-term or training) concurrent exercise on BP 
among individuals with hypertension; (2) to evaluate how the existing, new, and 
emerging research on acute and chronic concurrent exercise may alter the way in 
which exercise programs are designed to prevent, treat, and control hypertension in 
the future; and (3) to present formal recommendations and special considerations of 
the concurrent Ex R x  for individuals with hypertension that considers the current 
and emergent research for this exercise modality as antihypertensive therapy.   

    Key Terminology and Basic Concepts 

    What is Concurrent Exercise? 

  Concurrent exercise  most commonly refers to an Ex R x  that involves  both  aerobic 
and resistance exercises performed within the same exercise session on the same 
day or within a few hours of one another [ 8 – 10 ]. In some cases, a concurrent train-
ing program can also consist of aerobic and resistance exercises that are performed 
on  separate days  (i.e.,  combined  aerobic and resistance exercise). This type of Ex 
R x  allows for improvements in multiple health outcomes simultaneously, including 
cardiorespiratory fi tness (i.e., endurance), muscle strength, and cardiometabolic 
health biomarkers [ 10 – 15 ]. Please see Chaps.   4    ,   5    ,   6    ,   8     and   13     for further discussion 
on the health benefi ts of concurrent exercise.  

   Special Considerations for Concurrent Exercise Dose: Modality 
Order, Intensity, and Volume 

 The systematic and individualized process for developing an Ex R x  based on the 
FITT principle was defi ned in Chap.   1    . In addition to the FITT principle, the concur-
rent Ex R x  has several unique considerations including: (1) the order of performing 
aerobic and resistance exercise within a single concurrent session (i.e., exercise 
modality order); (2) the aerobic, resistance, and  overall  concurrent exercise intensity; 
and (3) the volume of aerobic, resistance, and concurrent exercise achieved during a 
single bout (i.e., acute) or over the long-term (i.e., chronic or training). For acute tri-
als, the volume of aerobic exercise is equal to  intensity  (metabolic equivalent [MET] 
units) ×  duration  (min per session) [ 16 ]; and for resistance exercise, is equal to the 
 total workload  achieved, which is a summation of the number of sets and repetitions 
performed during the workout (number of exercises per session × sets per exer-
cise × repetitions per set) [ 17 ,  18 ]. For the purposes of this Chapter, resistance 
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exercise volume will also be calculated based on the  load lifted  (i.e.,  intensity , MET 
units) ×  duration  (min per session). Therefore, the  total acute volume  achieved in a 
single concurrent bout will be equal to the sum of the exercise volume achieved for 
aerobic and resistance exercise (MET-min per session) [ 16 ]. For concurrent exercise 
training, aerobic and resistance exercise volume will be equal to  intensity  (MET 
units) ×  duration  (min per session) × weekly training  frequency  (days per week) [ 16 ]; 
therefore, the  total concurrent training volume  will be equal to the weekly volume 
achieved for aerobic  and  resistance exercise (MET-min per week).  

    The Blood Pressure Response to Acute and Chronic 
Concurrent Exercise 

 Aerobic and resistance exercise have been shown to lower BP after a single session 
(i.e., acute) and long-term training (i.e., chronic), but their combined effects on resting 
BP are less well known. The magnitude of the reported BP reductions among indi-
viduals with hypertension are greater for aerobic (5–7 mmHg) than resistance exer-
cise (2–3 mmHg), but have yet to be defi nitively quantifi ed for concurrent exercise 
[ 3 ]. Primary level evidence supports that concurrent exercise can acutely (3–8 mmHg) 
[ 19 ,  20 ] and chronically (4–35 mmHg) [ 19 ,  21 – 26 ] lower resting BP among adults 
with hypertension by a magnitude that rivals or exceeds those reported with aerobic 
and resistance exercise alone. However, a recent meta-analysis found that exercise 
training reduced resting BP by a similar magnitude following concurrent (1–2 mmHg), 
aerobic (3–4 mmHg), and dynamic resistance training (2–3 mmHg,  p  > 0.05) among 
apparently healthy adults with normal BP to established hypertension [ 27 ]. 

 Due to these confl icting results it is diffi cult to determine a general consensus on 
the acute and chronic antihypertensive benefi ts of concurrent exercise. To date, it 
remains speculative as to whether the  combined  effects of aerobic and resistance 
exercise elicit an  additive  BP response, meaning the magnitude of the BP reduction 
is greater than those reported with aerobic and resistance exercise alone; or, if the 
addition of resistance to aerobic exercise  attenuates  the BP response associated with 
aerobic exercise, meaning the magnitude of the BP reduction is  less  than those 
reported for aerobic but greater than for resistance exercise alone. See Chaps.   4     and 
  6     for further discussion on these areas of confl ict in the existing literature.   

    Systematic Review Methods 

 We systematically searched PubMed (including Medline) from its inception to 
December 10, 2014 to locate all human trials published in English that examined 
the BP response to the acute or chronic concurrent exercise compared to a 
 non-exercise, non-diet control/comparison group among adult participants 
(≥19 years). Our electronic literature search was supplemented by reviewing 
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reference lists of already included trials and any relevant meta-analyses or reviews 
(see Appendix  3.A.  for the full search strategy). We identifi ed 478 potentially qual-
ifying reports and 70 met our inclusion criteria. Of those studies, the authors self-
selected six acute and 22 chronic trials that were most relevant to the purposes of 
this chapter. Figure  3.1  summarizes the selection process of included concurrent 
exercise trials.   
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  Fig. 3.1    Flow chart detailing the systematic search of potential reports ( k ) and selection process 
of included aerobic exercise trials ( n )       
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    Relevant Research 

    Concurrent Exercise and Blood Pressure Effects 

    Acute, Immediate, or Short-Term Effects or  Postexercise Hypotension  

   Current Consensus 

 PEH is an expected physiologically response to aerobic exercise (see Chap.   1    ) even 
after low intensity exercise (i.e., 40 % of maximal oxygen consumption [VO 2max ]) 
and exercise of short duration (i.e., 10 min). Despite the strong and substantial body 
of research that currently exists, there were few randomized controlled trials (RCTs) 
at the time of the ACSM position stand; therefore, they assigned a category  B  rating 
[ 28 ] to the level of evidence pertaining to the acute BP lowering effects of aerobic 
exercise [ 3 ]. PEH has also been observed following dynamic resistance exercise 
(see Chap.   2    ), but by a smaller magnitude and less consistently than aerobic exercise 
[ 3 ,  29 ]. For this reason the ACSM assigned a category  C  rating [ 28 ] to the level of 
evidence for dynamic resistance exercise and PEH, which consisted of observa-
tional and non-RCTs (see Chap.   1    , Table   1.1     for the levels of evidence) [ 3 ]. Although 
the evidence regarding the BP lowering effects of acute aerobic and dynamic resis-
tance exercise had been rated independently, few trials had investigated the BP 
response to acute concurrent exercise (i.e.,  combined  aerobic and resistance exer-
cise). Due to the paucity of available evidence, the position stand did not rate or 
comment on the level of evidence pertaining to PEH and concurrent exercise.  

   New and Emerging Research 

 All of the acute concurrent exercise trials that qualifi ed for this systematic review 
observed PEH, but there was considerable variability in the reported magnitude 
(i.e., ~1–11 mmHg) and duration (i.e., 60–120 min) of PEH. These inconsistencies 
could be attributable to differences in baseline characteristics (i.e., resting BP, age, 
sex/gender, medication use, etc.) or features of the acute concurrent exercise inter-
vention. Readers are directed to Table  3.1  for a summary of the included acute 
concurrent exercise trials.

         Acute Concurrent Exercise and PEH: The Infl uence 
of Baseline Characteristics 

    Of the six qualifying acute trials, half involved physically active (i.e., trained), healthy, 
young men [ 8 ,  30 ,  31 ] with normal resting BP (systolic BP [SBP]/diastolic BP [DBP], 
~115/75 mmHg, respectively) and weight (body mass index [BMI] ~24 kg/m 2 ). On 
average, these trials found concurrent exercise induced PEH (~6/3 mmHg), an effect 
that persisted up to 120 min after exercise (see Table  3.1 ). An even greater magnitude of 
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PEH was reported by Teixeira and colleagues [ 32 ], who found that acute concurrent 
exercise signifi cantly reduced BP by 11/3 mmHg among 20 untrained adults (50 % 
women) also with normal BP (~111/74 mmHg); an SBP reduction that was nearly 
double the magnitude reported for trained young men [ 8 ,  30 ,  31 ]. 

 Only two qualifying acute trials included adults with established hypertension [ 19 , 
 20 ], and both examined PEH among sedentary, middle-aged to older women with 
hypertension and overweight to obesity (28–32 kg/m 2 ). Menêses and colleagues [ 20 ] 
observed signifi cant increases in resting BP following control (~9/6 mmHg) but not 
concurrent exercise (~2/3 mmHg,  p  > 0.05), a potential acute BP reduction of 
~3–8 mmHg for middle-aged women with hypertension (~130/68 mmHg) who were 
taking at least one antihypertensive medication to control their high BP. Similarly, dos 
Santos and colleagues [ 19 ] found concurrent exercise elicited PEH by a magnitude of 
~3–5 mmHg among 60 older women who were currently taking BP medication to 
manage their uncontrolled hypertension (~166/91 mmHg); a lesser magnitude than 
reported by Menêses et al. despite higher baseline values. 

 In summary, a single bout of concurrent exercise elicited PEH among young, 
healthy adults with normal BP [ 8 ,  31 ,  32 ] and middle-aged to older adults with 
established hypertension who were on antihypertensive drug therapy [ 19 ,  20 ]. 
Furthermore, the reported magnitude of PEH was similar for the groups with nor-
mal BP and hypertension (~3–9 mmHg). The BP response to acute concurrent exer-
cise may be modulated by sex/gender, age, BMI, or training status, however, based 
on this small, homogeneous sample, we were unable to explore the infl uence of 
these potential moderators. Therefore, we can conclude that acute concurrent exer-
cise elicits PEH, and based on the available evidence, the magnitude appears to be 
similar between populations with normal and high BP.  

    Exercise Modality and PEH: Aerobic  Versus  Resistance  
Versus  Concurrent Exercise 

 Three trials involving adults with normal BP compared PEH after concurrent, aerobic 
and resistance exercise [ 8 ,  31 ,  32 ] within the same group of subjects to determine 
whether the  combined  effects of aerobic and resistance exercise produced an  addi-
tive  BP response to either modality alone, or if the addition of resistance to aerobic 
exercise  attenuated  the BP reductions associated with aerobic exercise alone. 
Unfortunately, none of the trials involving adults with hypertension offered the 
same comparison across exercise modalities. 

 Ruiz and colleagues [ 31 ] investigated the BP response to acute aerobic (40 min at 
~65 % heart rate [HR] reserve), resistance (8 exercises at 12 repetition maximum 
[RM]), and concurrent exercise (~60 min of combined aerobic and resistance  exercise) 
among 11 trained, healthy young men with normal BP (see Table  3.1  for additional 
details). SBP was reduced compared to baseline values following aerobic, resistance, 
and concurrent exercise ( p  < 0.05), with no observable difference in the magnitude 
(~5–7 mmHg) or duration (60 min) of PEH among modalities ( p  > 0.05). In contrast, 
DBP was not reduced compared to baseline following any exercise modality ( p  > 0.05). 
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59

Ruiz et al. concluded that concurrent, aerobic, and resistance exercise elicited PEH 
among young men with normal BP, suggesting that a variety of training modalities can 
be used to achieve BP control among populations with high BP. 

 Keese and colleagues [ 8 ] also compared the effects of exercise modality on PEH 
among 21 trained, healthy young men with normal BP. These authors assigned bouts 
of aerobic (65 % peak oxygen consumption [VO 2peak ]), resistance (8 exercises at 80 % 
1-RM), and concurrent exercise (6 resistance exercises and 20 min of aerobic exer-
cise), but different from Ruiz et al. [ 31 ], they matched experimental sessions by dura-
tion (~60 min per session). SBP/DBP were signifi cantly reduced after aerobic 
(~6/2 mmHg), resistance (~4/2 mmHg), and concurrent exercise (~5/2 mmHg) com-
pared to control, and these reductions were similar across modalities ( ps  > 0.05). In 
contrast to Ruiz et al. [ 31 ], they found that PEH persisted longer following aerobic and 
concurrent (120 min) than resistance exercise (80 min) for SBP ( ps  < 0.05); and longer 
for DBP following aerobic (50 min) than concurrent and resistance exercise (40 and 
20 min) ( p  < 0.05). Keese et al. concluded that PEH was elicited by a similar magni-
tude following 60 min of concurrent, aerobic, and resistance exercise, but persisted for 
a longer period of time following the aerobic and concurrent than resistance sessions. 

 Consistent with prior investigations [ 8 ,  31 ], Teixeira and colleagues [ 32 ] observed 
PEH after aerobic (30 min at 75 % VO 2peak ), resistance (6 exercises at 50 % 1-RM), 
and concurrent exercise (~60 min,  combined  aerobic and resistance) compared to 
control ( ps  < 0.05) among 20 untrained, healthy young adults with normal BP; but 
for the fi rst time, they reported modality-specifi c patterns in the magnitude  and  
duration of PEH. They found SBP was reduced by the greatest magnitude and lon-
gest duration following aerobic and concurrent (13 and 11 mmHg for 120 min) 
compared to resistance exercise (8 mmHg for 60 min,  ps  < 0.05). Similar reductions 
were observed for DBP after all exercise modalities (~2 mmHg,  p  > 0.05), but PEH 
persisted longer following aerobic (90 min) than concurrent and resistance exercise 
(60 and 30 min,  p  < 0.05). Teixeira et al. concluded that aerobic, resistance, and 
concurrent exercise elicited PEH, but contrary to their hypothesis,  combined  aerobic 
and resistance exercise did not produce an  additive  BP response. Instead, PEH was 
greater after aerobic (13/2 mmHg) than concurrent (11/2 mmHg), which were both 
greater than resistance exercise (8/2 mmHg). These fi ndings suggested that concur-
rent exercise may  attenuate  PEH resulting from aerobic exercise, but may  augment  
PEH associated with resistance exercise alone. 

 Concurrent exercise seems to confer similar BP benefi t to those achieved with 
aerobic exercise alone, and exceed those associated with resistance exercise alone 
(~3–6 mmHg) when compared directly within the same group of young adults with 
normal BP [ 8 ,  31 ,  32 ]. But, the magnitude of PEH is larger than previously reported 
after isolated aerobic (~1–3 mmHg) [ 3 ] and resistance exercise (1–3 mmHg,  ns ) [ 3 , 
 27 ] for populations with normal BP, and are more similar to those observed among 
adults with hypertension [ 3 ]. Despite a lack of trials with a direct within comparison 
among the various exercise modalities, the limited literature involving participants 
with hypertension showed concurrent exercise elicited PEH by ~3–8 mmHg, which 
is consistent with the magnitude reported after aerobic exercise exclusively 
(5–8 mmHg) [ 3 ,  27 ], and greater than those reported with resistance exercise only 
(~1 mmHg,  ns ) [ 3 ,  27 ,  33 ] for populations with hypertension.  

3 Effects of Concurrent Exercise on Hypertension…
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    Concurrent Exercise and PEH: The Infl uence of Exercise 
Modality Order 

 Of the six PEH studies that qualifi ed for this review, two acute concurrent exer-
cise trials ordered aerobic  before  resistance exercise [ 31 ,  32 ], three ordered aero-
bic  after  resistance exercise [ 8 ,  19 ,  30 ], and one trial directly compared the 
infl uence of exercise modality order on PEH [ 20 ]. Collectively, these trials 
reported similar BP reductions following concurrent exercise that ordered aero-
bic  before  (~8/3 mmHg) versus  after  (~6/3 mmHg) resistance exercise; however, 
these trials did not directly compare exercise modality order on PEH among the 
same participants. 

 To address the specifi c question of exercise modality order, Menêses and col-
leagues [ 20 ] asked 19 middle-aged women with hypertension, who were currently 
taking BP medication, to perform a non-exercise session (i.e., control) and two con-
current exercise bouts consisting of moderate intensity aerobic exercise (30 min at 
50–60 % HR reserve) performed  before  and  after  low to moderate resistance exer-
cise loads (5 exercises at 50 % 1-RM, ~20 min) (see Table  3.1 ). They found SBP/
DBP increased signifi cantly after control (~9/6 mmHg), an effect that was abolished 
with concurrent exercise that ordered aerobic  before  (1/3 mmHg) and  after  
(3/3 mmHg) resistance exercise. Menêses et al. concluded that concurrent exercise 
was effective in eliciting PEH (3–8 mmHg) among women on antihypertensive 
medication, independent of the exercise modality order ( p  > 0.05). Furthermore, the 
magnitude of PEH elicited by low to moderate intensity concurrent exercise, regard-
less of order, rivaled those associated with acute aerobic exercise only among the 
same population (5–7 mmHg). 

 Although limited, the preliminary fi ndings from our review do not support that 
exercise modality order infl uences the occurrence, magnitude, or duration of PEH 
following concurrent exercise. Nonetheless, additional investigations on the infl u-
ence of exercise modality order on PEH are warranted, and should be assessed 
among more diverse samples involving adults with hypertension, and for longer 
durations following acute exercise, ideally under conditions of daily living using 
ambulatory BP monitoring.  

    Concurrent Exercise and PEH: The Infl uence of Exercise 
Volume (Intensity and Duration) 

 Chapter   1     discussed several lines of evidence supporting that higher intensity 
aerobic exercise resulted in greater BP reductions than lower intensities of exercise, 
even when performed in very short bouts (<10 min) (i.e., high intensity interval 
training or HIIT) [ 34 ,  35 ] (see Chap.   1     for an expanded discussion of HIIT). In 
support of this evidence, it has been reported that higher but not lower intensities 
of acute dynamic resistance exercise elicited PEH [ 36 – 38 ], although these fi nd-
ings are less consistent compared to aerobic exercise [ 29 ,  39 ] (see Chaps.   2    ,   5    ,   6    , 
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and   8     for additional discussion). Still, these observations suggest that the occur-
rence and magnitude of PEH may be modulated by exercise intensity, duration, 
and possibly, their interaction (i.e., exercise volume, MET-min per session). 
Furthermore, because concurrent exercise consists of separate aerobic  and  resis-
tance components, it is important to elucidate how exercise intensity and duration 
 independently  modulate PEH for aerobic and resistance exercise, in addition to 
their  combined  or  concurrent  effects. 

 Overall, trials involving participants with normal BP combined moderate to vig-
orous intensity aerobic exercise (~60–75 % VO 2peak ) [ 8 ,  31 ,  32 ], and low (50 % 
1-RM) [ 32 ] to moderately heavy resistance exercise loads (6–8 exercises at 65–80 % 
1-RM) for 2–3 sets of 6–20 repetitions with 2 min rest intervals between sets [ 8 ,  30 , 
 31 ]. Trials involving adults with hypertension also prescribed moderate intensity 
aerobic exercise (~55 % HR reserve  or  60 % maximal HR [HR max ]), and moderate 
resistance exercise loads (7 exercises at ~60–65 % 1-RM) for 3 sets of 10 repeti-
tions with 1–2 min rest intervals between sets [ 19 ,  20 ]. Half of the acute trials 
“matched” the exercise duration [ 32 ], volume (MET-min per session) [ 20 ], or both 
[ 31 ] for the aerobic and resistance components in the concurrent exercise bout (see 
Table  3.1 ). In contrast, Keese [ 8 ] and dos Santos et al. [ 19 ] prescribed shorter dura-
tion (20 min) and lower aerobic exercise volume (100–144 MET-min per session) 
with longer resistance exercise duration (40–60 min) and higher volume (~160–270 
MET-min per session) (Table  3.1 ). Overall, differences in exercise duration and 
concurrent exercise volume did not appear to signifi cantly modulate PEH, with the 
exception of Teixeira et al. [ 32 ] who prescribed a lower resistance exercise load. 
They found SBP was reduced by the greatest magnitude following combinations of 
vigorous intensity aerobic exercise (75 % VO 2peak ) and lower resistance exercise 
loads (50 % 1-RM) involving 3 sets of 20 repetitions with 45–90s rest intervals 
between sets (see Table  3.1 ). The new and emerging evidence from Teixeira and 
co-investigators suggest that combinations of moderate to vigorous intensity acute 
aerobic exercise and resistance  exercise consisting of low to moderate loads and 
higher repetitions (3–4 sets of ≥15 repetitions with 1 min rest intervals between 
sets) may be more effi cacious for reducing BP compared to combinations of high 
intensity acute aerobic  and  resistance exercises [ 8 ,  19 ,  30 ]. 

 To better elucidate the infl uence of aerobic exercise intensity on PEH, Keese 
and co-investigators [ 30 ] had 21 trained, healthy young men with normal BP com-
plete three concurrent exercise sessions consisting of heavy resistance exercise 
loads (6 exercises at 80 % 1-RM) and low repetitions (2 sets of 6–8 repetitions with 
2 min rest intervals between sets), immediately followed by 30 min of aerobic 
exercise performed at low (50 % VO 2peak ), moderate (65 % VO 2peak ), and high (80 % 
VO 2peak ) intensity. PEH was observed following all concurrent sessions compared 
to control ( p  < 0.05), and the magnitude of PEH was similar following aerobic exer-
cise performed at low, moderate, and high intensity (2–6 mmHg,  p  > 0.05) (see 
Table  3.1 ). SBP reductions persisted for longer periods of time after concurrent 
sessions involving higher (≥65 % VO 2peak ) than lower aerobic exercise intensity 
(120 versus 60 min,  p  < 0.01). The magnitude of PEH for DBP was also similar 
following aerobic exercise performed at low, moderate, and high intensity 

3 Effects of Concurrent Exercise on Hypertension…

http://dx.doi.org/10.1007/978-3-319-17076-3_8


62

(1–2 mmHg,  p  > 0.05), and DBP reductions persisted signifi cantly longer following 
concurrent exercise involving the highest intensity aerobic exercise (120 min; 
80 % VO 2peak ) compared to lower intensities (40–60 min; ≤65 % VO 2peak ). Keese 
et al. concluded that concurrent exercise involving heavy resistance exercise loads 
(80 % 1-RM) and low, moderate, or vigorous (i.e., high) intensity aerobic exercise 
elicited PEH to a similar magnitude (1–6 mmHg) among young men with normal 
BP. Although the magnitude of PEH was independent of aerobic exercise intensity, 
they found that PEH persisted longer following higher (≥65 % VO 2peak ) than lower 
intensity aerobic exercise (50 % VO 2peak ). 

 Overall, acute concurrent exercise consisting of moderate to vigorous intensity 
aerobic exercise and low to moderately heavy resistance exercise loads elicited PEH 
among adults with normal BP (3–11 mmHg) and established hypertension 
(3–8 mmHg), regardless of whether the aerobic and resistance components were 
matched for exercise duration (min per session) or volume (MET-min per session). 
However, new and emerging evidence from our review suggests that concurrent 
exercise may not be a low threshold PEH event as shown with aerobic exercise, in 
that it may require moderate to vigorous intensity aerobic exercise combined with 
low to moderately heavy resistance exercise loads [ 30 ,  32 ]; BP reductions were 
greatest when acute concurrent exercise consisted of vigorous intensity aerobic 
exercise and lower resistance exercise loads with higher repetitions [ 32 ]. 
Nonetheless, most of the available evidence is based on healthy, young, recreation-
ally active adults with normal BP, and PEH was only measured in the laboratory and 
not under ambulatory conditions. Additional PEH investigations are warranted to 
address these limitations and to determine the effectiveness of acute concurrent 
exercise as potential lifestyle therapy to prevent, treat, and control hypertension.  

    Chronic, Training, or Long-Term Effects 

    Current Consensus 

 The ACSM assigned a category  A  rating [ 28 ] to the level of evidence supporting that 
aerobic exercise training reduces BP 5–7 mmHg among individuals with hyperten-
sion, which is the highest level of evidence supported by the results from a large 
number of RCTs [ 3 ]. There was also evidence to support that dynamic resistance 
training produced reductions in resting BP of 2–3 mm Hg, but there were fewer 
RCTs involving adults with hypertension and with inconsistent fi ndings. Therefore, 
the ACSM assigned a category  B  rating [ 28 ] to the level of evidence supporting the 
BP response to dynamic resistance training among individuals with hypertension 
(see Chap.   1    , Table   1.1     for the levels of evidence) [ 3 ]. Consistent with the PEH 
literature, the antihypertensive effects of  concurrent  aerobic and resistance exercise 
were not reviewed in the position stand, and the level of evidence was not rated. 
Consequently, a general consensus on the effectiveness of concurrent exercise train-
ing to lower BP among adults with hypertension is lacking [ 3 ]. 
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 In contrast to the PEH literature, where no meta-analytic investigation of the BP 
response to acute concurrent exercise had been published, four meta-analyses have 
examined the antihypertensive effects of concurrent training for adults with type 2 
diabetes mellitus (T2DM) [ 40 ,  41 ], the metabolic syndrome (MetS) [ 42 ], and among 
“apparently” healthy adults, free from cardiovascular or other known diseases [ 27 ]. 
In general, these meta-analyses included middle-aged, overweight, white men and 
women with prehypertension who were sedentary at baseline. Concurrent training 
programs lasted ~34 weeks and consisted of 3 weekly, 50–60 min sessions per-
formed at 65–70 % VO 2max  and ~70 % 1-RM for the aerobic and resistance exercise 
components, respectively [ 40 ,  41 ]. Overall, this “dose” of concurrent training 
reduced resting BP ~2–4 mmHg among adults with prehypertension and T2DM 
[ 40 ,  41 ], but not among adults with prehypertension and the MetS [ 42 ]. For appar-
ently healthy adults with normal BP to established hypertension and no known 
 disease, Cornelissen and Smart [ 27 ] found concurrent training signifi cantly reduced 
DBP (2 mmHg) but not SBP, and these reductions were similar to those following 
aerobic (3–5 mmHg) and dynamic resistance training (2–3 mmHg,  p s > 0.05). 

 Overall, the BP response to concurrent exercise training among adults with normal 
BP to established hypertension (~2 mmHg) [ 27 ] is consistent with those reported by 
previously published meta-analyses examining the antihypertensive effects of isolated 
aerobic exercise training (3–4 mmHg) [ 27 ,  43 ,  44 ] and dynamic resistance training 
(~2–3 mmHg) [ 27 ,  33 ] for the same populations (see Chaps.   1     and   2     for an expanded 
discussion). When these meta-analyses focused on samples with hypertension only, the 
BP benefi t was greater following aerobic exercise training (5–8 mmHg) [ 27 ,  43 ,  44 ] 
than dynamic resistance training (1–2 mmHg,  ns ) [ 27 ,  33 ]; yet the infl uence of resting 
BP (i.e., the law of initial values) [ 45 ] as a potential moderator of the BP response to 
concurrent training has yet to be investigated. The meta-analyses conducted to date 
have contributed little to our understanding of how baseline sample and concurrent 
exercise characteristics modulate BP reductions with training. It remains unclear for 
who concurrent exercise may work best for as antihypertensive lifestyle therapy, and 
what “dose” of concurrent exercise confers the optimal therapeutic BP benefi t.  

    New and Emerging Research 

 To highlight new and emerging research, the authors self-selected 22 concurrent 
exercise training studies ( n ) that yielded 27 interventions ( k ), which are summarized 
in Table  3.2 . For the purposes of this chapter, only concurrent training studies 
involving apparently healthy adults with normal BP to established hypertension 
were included; trials involving adults with metabolic-related diseases (i.e., T2DM, 
the MetS, etc.) were identifi ed from our search but not reviewed here. Readers are 
directed to Chaps.   2     and   4     and Parts II and III of this Book for a more comprehen-
sive discussion regarding the pleiotropic effects of exercise on other cardiometa-
bolic risk factors, and their interactions with resting BP.

   Most concurrent training interventions involved adults with prehypertension 
(50 %,  k  = 14) or established hypertension (41 %,  k  = 10) at baseline; four interven-
tions (15 %) reported normal BP values at baseline [ 25 ,  46 ,  47 ], despite involving 

3 Effects of Concurrent Exercise on Hypertension…
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adults with BP ranging from normal to established hypertension [ 46 ]. On average, 
concurrent training programs lasted 16 weeks (8–32 weeks) and consisted of 
3 weekly, 60–70 min sessions (~30 min per exercise) performed at moderate to 
vigorous intensity aerobic exercise (~60–80 % VO 2peak ) and moderate resistance 
exercise loads (60 to ~75 % 1-RM) (see Table  3.2 ). This “dose” of concurrent exer-
cise signifi cantly reduced resting BP ~6/4 mmHg among trials involving partici-
pants with normal BP to established hypertension, although these reductions varied 
widely for SBP (i.e., 5–35 mmHg) and DBP (i.e., 2–12 mmHg) (see Table  3.2 ).   

    Concurrent Exercise Training and Blood Pressure: 
The Infl uence of Baseline Characteristics 

 Concurrent training conferred the greatest antihypertensive benefi t for participants 
with hypertension (~15/9 mmHg) [ 19 ,  21 – 26 ,  48 ] compared to prehypertension 
(~7/4 mmHg) [ 46 ,  49 – 51 ] and normal BP [ 25 ,  47 ], independent of concurrent train-
ing intervention characteristics. BP reductions were greater among older (≥60 years) 
(11/6 mmHg) compared to middle-aged and younger (18 to <60 years) samples 
(3/2 mmHg); trials involving older samples also reported the highest resting BP 
values (~144/83 mmHg). In addition, it seems that sex/gender may independently 
 or  interactively (with resting BP) modulate the magnitude of BP reductions that 
result from concurrent exercise training, although the results are mixed. For sam-
ples with prehypertension, BP was reduced to a greater extent among interventions 
involving all men (~6–10 mmHg) [ 49 ,  50 ,  52 ] than all women (~3–6 mmHg) [ 51 , 
 53 ] and samples involving both men and women (~2–5 mmHg) [ 46 ,  54 ]. In con-
trast, samples with hypertension reduced resting BP by a similar magnitude for 
interventions involving all women (~10–35 mmHg) [ 19 ,  26 ] and all men (~12–
24 mmHg) [ 23 ], and interestingly, trials involving men and women exclusively 
achieved greater BP benefi t than interventions involved mixed samples (~4–8 mmHg) 
[ 21 ,  24 ,  48 ]. Finally, our review found concurrent training conferred greater BP 
benefi t than previously reported by meta-analyses (~4–15 versus ~2 mmHg), and 
for the fi rst time, showed that baseline characteristics, such as resting BP and sex/
gender, may modulate BP reductions with concurrent training; patterns that were 
not observed for the PEH investigations (see Table  3.1 ). 

 In summary, concurrent exercise training has the potential to be a viable lifestyle 
therapy to lower BP, especially among those who need it the most (i.e., adults with 
the highest baseline values). Participants with normal BP received little or no anti-
hypertensive benefi t from concurrent training, while participants with pre-to- 
established hypertension achieved the greatest BP benefi t. Furthermore, our review 
suggests that BP reductions following concurrent exercise training may be sex/gen-
der dependent, an observation that has been reported for BP reductions following 
aerobic exercise training [ 27 ]. Future research should focus on identifying how 
patient characteristics, the FITT of the concurrent exercise intervention, and their 
interactions, modulate the BP response to training so that concurrent exercise can be 
more effectively used as antihypertensive therapy among adults with hypertension.  

H.V. MacDonald et al.
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    Exercise Modality and Blood Pressure: Aerobic  Versus  
Resistance  Versus  Concurrent Training 

 Several trials involving healthy adults with normal BP to established hypertension 
[ 23 ,  49 ,  55 – 58 ] compared the antihypertensive effects of concurrent, aerobic, and 
dynamic resistance training to determine whether the  combined  effects of aerobic 
and resistance training yielded BP reductions that were equivalent to or greater than 
the magnitude reported with aerobic or dynamic resistance training alone (i.e.,  addi-
tive  BP response). Specifi cally, fi ve studies compared all three training modalities 
[ 46 ,  50 ,  56 – 58 ] and three trials compared concurrent to aerobic training [ 23 ,  49 ,  55 ] 
with mixed results. Of these eight studies, half observed similar reductions in BP 
following concurrent training (~4–8 mmHg) [ 23 ,  46 ,  49 ,  50 ] compared to aerobic or 
dynamic resistance training alone, while the other half found no effect of concurrent 
exercise training on resting BP [ 55 – 58 ] (see Table  3.2 ). A closer examination of the 
baseline sample characteristics and the components of the concurrent Ex R x  may 
provide additional insight into these inconsistent fi ndings. 

 Tseng and co-investigators [ 50 ] had 40 young men with normal BP to prehyper-
tension and obesity (~30 kg/m 2 ) perform ~45 min of moderate to vigorous intensity 
aerobic, resistance, or  combined   exercise training (aerobic and resistance exercise 
performed on  separate days ), 5 days weekly for 12 weeks (see Table  3.2 ). Tseng 
et al. found that resting BP was reduced by ~4–8 mmHg compared to baseline 
( p  < 0.001), and these reductions were similar following aerobic (6–8 mmHg), resis-
tance (4–5 mmHg), and concurrent exercise training (6–7 mmHg,  p  > 0.05). Sousa 
and co-investigators [ 23 ] also found that 60 min of moderate to vigorous intensity 
 combined  aerobic (2 days per week) and resistance (1 days per week) exercise train-
ing performed 3 days weekly for 32 weeks reduced BP compared to pre-training 
among older men with hypertension (24/12 mmHg,  p  < 0.01), reductions that were 
similar to those achieved with aerobic training exclusively (15/6 mmHg,  p  > 0.05). 

 Both Tseng and Sousa et al. prescribed aerobic and resistance exercise on  sepa-
rate days , but in contrast, Shaw and colleagues [ 49 ] evaluated the BP response to 
45 min of moderate intensity aerobic or concurrent exercise (~22 min per session of 
aerobic  and  resistance exercise in the  same session ), 3 days weekly for 16 weeks 
among 37 sedentary young, African American men with prehypertension. Shaw 
et al. found SBP was reduced following aerobic and concurrent exercise training (4 
versus 10 mmHg,  ps  < 0.05), an effect that tended to be greater following concurrent 
than aerobic exercise ( p  = 0.097). 

 Finally, Ho and colleagues [ 46 ] compared the antihypertensive effects of moder-
ate to vigorous intensity aerobic, dynamic resistance, and concurrent exercise train-
ing (15 min per session of aerobic  and  resistance exercise) performed for 30 min, 5 
days per week among 64 middle-aged adults (84 % women) with normal BP to 
prehypertension and obesity (~33 kg/m 2 ), and 8 % ( n  = 5) of their sample were tak-
ing BP medications to control their high BP. Consistent with Shaw et al., they found 
SBP was reduced ~5 mmHg ( p  = 0.034) after 12 weeks of concurrent training, but 
different from previous studies, resting BP was not reduced with isolated aerobic or 
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dynamic resistance training. Ho and colleagues reported a similar, non-signifi cant 
trend for DBP (~2.9 mmHg,  p  = 0.055) (see Table  3.2 ). 

 Our review of the new and emerging research regarding the infl uence of exercise 
modality on the BP response to concurrent training shows mixed results. Four of the 
eight trials found concurrent exercise training conferred similar BP benefi ts to those 
achieved with aerobic and dynamic resistance training alone among young men 
with prehypertension [ 49 ] and obesity (6–10 mmHg) [ 50 ], older men with 
 hypertension (12–24 mmHg) [ 23 ], and middle-aged adults with prehypertension 
and obesity (3–5 mmHg) [ 46 ], despite widely varying concurrent exercise training 
programs. In contrast,  combined  aerobic and resistance exercise performed on  sepa-
rate days  did not reduce BP among middle-aged men [ 56 ] and women [ 57 ] with 
prehypertension; similar fi ndings were reported following  concurrent  exercise 
training (i.e., on the  same day ) among middle-aged women [ 55 ] and older adults 
with pre-to-established hypertension [ 58 ] (see Table  3.2 ). Differences in baseline 
characteristics, the concurrent Ex R x , and other unidentifi ed intervention features 
may have contributed to the mixed fi ndings we observed. Our review highlights the 
critical need to better understanding how baseline characteristics, concurrent exer-
cise intervention features, and their interactions moderate the BP response to con-
current training before it can be used as antihypertensive lifestyle therapy.  

    Concurrent Training and Blood Pressure: The Infl uence 
of Exercise Modality Order 

 Of the 22 concurrent exercise training trials that qualifi ed for this review, 11 
ordered aerobic  before  resistance exercise [ 24 ,  25 ,  46 – 49 ,  52 – 55 ,  58 ], four ordered 
aerobic  after  resistance exercise [ 19 ,  21 ,  26 ,  51 ], two prescribed concurrent exer-
cise using circuit-style training (i.e., alternating bouts of aerobic and resistance 
exercises) [ 22 ,  59 ], and fi ve prescribed aerobic and resistance exercises on  sepa-
rate days  (i.e.,  combined  exercise training) [ 23 ,  50 ,  56 ,  57 ,  60 ] (see Table  3.2 ). 
On average, BP was reduced by a larger magnitude among trials that ordered aero-
bic  after  (4–35 mmHg) than  before  (2–15 mmHg) or  during  (i.e., circuit) (DBP 
~10 mmHg) resistance exercise, and when compared to  combined  aerobic and 
resistance exercise training (4–6 mmHg). However, only one concurrent training 
intervention directly compared the infl uence of exercise modality order on resting 
BP within the same group of participants. Okamoto and colleagues [ 47 ] asked 33 
young, healthy adults (67 % women) with normal BP to perform no exercise (i.e., 
control) or 8 weeks of moderate intensity aerobic exercise (60 % HR max )  before  
versus  after  heavy dynamic resistance exercise (80 % 1-RM) twice weekly (see 
Table  3.2 ). There were no signifi cant changes in resting BP with concurrent train-
ing, regardless of exercise modality order. 

 Given that BP reductions appear to occur as a function of baseline values (i.e., 
the law of initial values as described in Chap.   1    ), the absence of BP benefi ts reported 
by Okamoto and colleagues are not unexpected as study participants had normal BP, 
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but most importantly, their results cannot be generalized to middle-aged and older 
adults with hypertension. Unfortunately, no concurrent training interventions 
directly compared the infl uence of exercise modality order among adults with pre-
to- established hypertension. Nonetheless, when we compared the magnitude of the 
BP reductions achieved with concurrent training by exercise modality order among 
adults with hypertension, there appeared to be similar DBP benefi t when aerobic 
was performed  after  (4–12 mmHg) [ 19 ,  21 ,  26 ],  before  (2–10 mmHg) [ 24 ,  25 ,  54 ], 
and  during  (~10 mmHg) dynamic resistance exercise [ 22 ]. A wider range was 
reported for SBP reductions among trials ordering aerobic  after  (5–35 mmHg) com-
pared to  before  (8–15 mmHg) dynamic resistance exercise. Only two trials involv-
ing adults with hypertension prescribed  combined  aerobic and resistance training on 
 separate days , and with mixed results. As discussed earlier, Sousa et al. [ 23 ] 
reported large BP reductions following 32 weeks of  combined  aerobic and resis-
tance training (24/12 mmHg). In contrast, Vianna and co-investigators [ 60 ] found 
16 weeks of  combined  aerobic (2 days per week) and dynamic RT (1 day per week) 
did not reduce resting BP among older adults (66 % women) with hypertension, 
despite using an Ex R x  similar to Sousa and colleagues (see Table  3.2 ). 

 In summary, the BP reductions associated with concurrent exercise training seem 
to be independent of exercise modality order, which is consistent with earlier obser-
vations regarding PEH and acute concurrent exercise. On the other hand, greater 
antihypertensive benefi ts may be achieved when aerobic and resistance exercises 
are executed  in a single exercise session  ( i.e .,  concurrently ) than on  separate days  
( i.e .,  combined ). Due to the paucity of trials directly comparing the infl uence of 
exercise modality order (i.e., aerobic is performed  before  versus  after  versus  during  
resistance exercise) and training program type (i.e.,  concurrent  versus  combined ) 
among adults with hypertension, it has yet to be determined if greater BP benefi ts 
can be achieved or optimized with a specifi c exercise order or training program, or 
if the antihypertensive effects of concurrent exercise training occur independently 
of these special FITT considerations.  

    Concurrent Training and Blood Pressure: The Infl uence 
of Exercise Intensity and Volume 

 New and emerging evidence discussed earlier in the chapter suggests that PEH fol-
lowing acute concurrent exercise may not be a low threshold event that is potenti-
ated by combinations of higher intensity aerobic exercise [ 30 ] and lower dynamic 
resistance exercise loads with higher repetitions [ 32 ]. On the other hand, these 
observations involved predominantly young samples with normal BP; therefore it is 
unclear whether these same BP lowering patterns will emerge for middle-aged and 
older adults with high BP following concurrent exercise training. 

 On average, trials involving participants with normal BP to prehypertension com-
bined moderate (~58 % HR reserve; 63 % HR max ) [ 46 ,  47 ,  49 – 55 ,  58 ,  59 ] to vigorous 
(~70 % VO 2peak ) intensity aerobic exercise [ 25 ,  56 ,  57 ] and moderately heavy resistance 

3 Effects of Concurrent Exercise on Hypertension…



78

training loads (8 exercises at 60–80 % 1-RM) for 3–4 sets of 6–12 repetitions with 
1–2 min rest intervals between sets. Trials involving adults with hypertension also 
prescribed moderate (43 % HR reserve; 66 % HR max ) to vigorous intensity aerobic 
exercise (~64 % VO 2peak ), but in combination with low (40–50 % 1-RM) [ 21 ,  22 ,  24 , 
 48 ] to moderately heavy resistance training loads (6 exercises at 60 to ~80 % 1-RM) 
[ 19 ,  23 ,  25 ,  26 ,  60 ] for 2 sets of ~15 repetitions with ≤1 min rest intervals between 
sets. Similar BP reductions were observed among adults with pre-to- established 
hypertension following concurrent exercise training that consisted of aerobic and 
resistance exercise performed at low to moderate (~7/7 mmHg) [ 22 ,  24 ,  26 ,  48 ] and 
moderate intensity (~8/3 mmHg) [ 19 ,  21 ,  49 ,  51 ]; while combinations of moderate to 
vigorous intensity aerobic exercise and moderate to heavy resistance training loads 
yielded the largest BP reductions (~10/7 mmHg) [ 19 ,  23 ,  25 ,  46 ,  50 ]. For trials involv-
ing adults with established hypertension, BP reductions occurred in a dose–response 
pattern as a function of concurrent exercise intensity, where moderate to vigorous 
intensity concurrent training provided the greatest BP reductions (~23/11 mmHg) [ 19 , 
 23 ,  25 ] compared to concurrent training performed at moderate (~14/5 mmHg) [ 19 , 
 21 ] and low to moderate intensity (~7/7 mmHg) [ 22 ,  24 ,  26 ,  48 ]. 

 All but one trial involving participants with hypertension found that concurrent 
exercise training reduced resting BP. As previously discussed, Vianna and col-
leagues [ 60 ] found resting BP was not lower among 70 older adults (66 % women) 
with hypertension after 16 weeks of  combined , moderate intensity aerobic (2 days 
per week) and resistance (1 day per week) exercise training, performed for 
60 min per session, 3 days per week. Despite a similar experimental design as Sousa 
et al. [ 23 ], the study participants trained for a shorter duration (16 versus 32 weeks), 
at lower exercise intensity (rating of perceived exertion [RPE] rating 12 versus 15), 
and achieved a lower volume of weekly exercise (540 versus 1,026 MET-min per 
week), comparatively. Several trials achieved similar weekly volume as Vianna 
et al., but they prescribed  concurrent  aerobic and resistance exercise (i.e., executed 
in the  same session ) [ 26 ] and implemented a longer training period (24–25 weeks) 
[ 24 ,  48 ], despite being performed at lower or equivalent exercise intensities (see 
Table  3.2 ). These examples not only highlight the important and infl uential role of 
concurrent exercise intensity independently, but also interactively with other FITT 
variables of the concurrent training intervention (i.e.,  frequency × duration = 
concurrent exercise volume , MET-min per week). 

 Consistent with the ACSM Ex R x  recommendations for apparently healthy adults 
[ 1 ], several trials have showed greater BP lowering effects with greater “doses”  or  
higher volumes of concurrent exercise (i.e., 500 to ≥1,000 MET-min per week), 
which is equal to the summation of weekly volume for the aerobic and resistance 
exercise components (defi ned earlier in Key Terminology and Basic Concepts). 
Adults with pre-to-established hypertension that exercised 3–4 days per week and 
achieved >800 MET-min per week (~1,140 MET-min per week) lowered resting BP 
by ~10/5 mmHg [ 19 ,  21 ,  23 ,  25 ,  46 ,  49 ,  50 ,  52 – 54 ,  56 ,  57 ], a greater magnitude than 
those (~3 mmHg) achieved with a lower training frequency (2–3 days per week) and 
exercise volume (~521 MET-min per week  ) [ 22 ,  24 ,  48 ,  51 ,  52 ,  55 ,  58 – 60 ]. These 
effects were more pronounced among participants with hypertension (~22/10 mmHg), 
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who achieved the greatest BP reductions with high volumes of concurrent exercise 
(~1,120 MET-min per week), performed 3 days weekly for ~80 min per session 
(aerobic and resistance exercises lasted ~37 and ~43 min per session) [ 19 ,  21 ,  25 ]. 

 Overall, concurrent exercise training performed at low to moderate intensity 
was effective at lowering resting BP by ~3–14 mmHg among adults with 
 pre-to- established hypertension. However, the greatest antihypertensive benefi ts 
were conferred with moderate to vigorous intensity aerobic exercise and moderate 
to heavy resistance training loads for adults with high BP (7–10 mmHg) and 
established hypertension (11–23 mmHg). Finally, high volumes of concurrent 
exercise (>800 MET-min per week) performed 3 days weekly elicited greater BP 
reductions (~5–10 mmHg) than lower concurrent exercise training volumes 
(>800 MET-min per week) achieved with twice weekly training (~3 mmHg) 
among adults with high BP.   

    Clinical Implications and Importance 

    Exercise Prescription Recommendations 

    The FITT-VP Exercise Prescription 

 In the absence of consensus regarding the acute and chronic effects of concurrent 
exercise on hypertension, the following FITT Ex R x  recommendations including 
 V olume and  P rogression (i.e., FITT-VP) will be based upon the information obtained 
and synthesized for this systematic review of the literature that is summarized in 
Tables  3.1  and  3.2 , along with new and emerging research that has been discussed 
within this Chapter. Although this Chapter discusses the  concurrent  or  combined  
effects of aerobic and resistance exercise, Chaps.   1     and   2     provide detailed informa-
tion on the FITT Ex R x  recommendations for aerobic and resistance exercise per-
formed alone among adults with hypertension. 

  Frequency .  Concurrent  and  combined  exercise training reduced BP among adults 
with high BP, but resting BP was reduced to greater levels when aerobic and 
resistance exercises were performed  concurrently , in the  same session , on 3 or 
more days per week (5–10 mmHg) [ 19 ,  21 ,  25 ,  26 ,  49 ,  51 – 55 ,  58 ] compared to 
twice weekly concurrent training (3–5 mmHg) [ 22 ,  24 ,  48 ,  52 ,  59 ] and  combined  
exercise training (3–6 mmHg) [ 23 ,  46 ,  50 ,  56 ,  57 ,  60 ]. Adults with hypertension 
achieved the greatest antihypertensive benefi t from concurrent training when it 
was performed 3 days weekly (~8–17 mmHg). 

Accordingly,  concurrent  exercise should be performed at least 3 days per week, 
and these recommendations are consistent with the ACSM Ex R x  recommendations 
for exercise and hypertension [ 3 ]. 

  Intensity . Combinations of low to moderate intensity aerobic exercise (i.e., 40–< 60 % 
oxygen consumption reserve [VO 2 R] or HR reserve; RPE of 11–13 on the 6–20 
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Borg Scale) and low to moderately heavy dynamic resistance exercise loads 
(~50–80 % 1-RM) were effective in lowering resting BP among adults with pre-
to- established hypertension (~3–14 mmHg), and again are consistent with the 
ACSM Ex R x  recommendations for exercise and hypertension [ 3 ]. 

New and emerging research involving adults with hypertension indicates that the 
BP reductions resulting from concurrent exercise occur in a dose–response pattern 
as a function of intensity; BP reductions were greatest following combinations of 
moderate to vigorous intensity aerobic exercise and moderate to heavy dynamic 
resistance exercise loads among adults with high BP (7–10 mmHg) and established 
hypertension (11–23 mmHg) [ 19 ,  23 ,  25 ]. 

  Time .  Concurrent exercise  training performed for ~45–80 min per session involv-
ing 20–40 min of aerobic and 15–40 min of resistance exercise reduced resting 
BP ~6–18 mmHg among adults with pre-to-established hypertension. Trials 
involving adults with hypertension prescribed 5–7 resistance exercises that tar-
geted the major muscle groups of the upper and lower body using low (40–50 % 
1-RM) to moderately heavy resistance training loads (60–80 % 1-RM) for 2–3 
sets of 10–20 repetitions with ~1 min rest intervals between sets. 

Accordingly, adults with hypertension should performed  concurrent  exercise for 
45–80 min per session, consisting of ~30 min of aerobic exercise and 15–40 min of 
dynamic resistance exercise. This “dose” of concurrent exercise aligns with the 
ACSM Ex R x  recommendations for exercise and hypertension [ 3 ] and incorporates 
the guidelines put forth by the ACSM for resistance training for healthy adults [ 18 ]. 

  Type . Concurrent exercise training conferred similar antihypertensive benefi t for 
adults with hypertension when aerobic exercise was performed  after  (~5–
35 mmHg) [ 19 ,  21 ,  26 ],  before  (2–15 mmHg) [ 24 ,  25 ,  54 ], and  during  (~10 mmHg) 
[ 22 ] dynamic resistance training. 

Therefore, emphasis should be placed on aerobic activities such as walking, jogging 
or cycling, and dynamic resistance exercise should involve machine weights, free 
weights, or circuit-style resistance training, regardless of exercise modality order. 

  Volume . Adults with high BP that exercised 3–4 days per week and achieved 
>800 MET-min per week lowered resting BP by ~10/5 mmHg [ 19 ,  21 ,  23 ,  25 , 
 46 ,  49 ,  50 ,  52 – 54 ,  56 ,  57 ], a greater magnitude than those (~3 mmHg) achieved 
with a lower training frequency (2–3 days per week) and exercise volume 
(~521 MET-min per week) [ 22 ,  24 ,  48 ,  51 ,  52 ,  55 ,  58 – 60 ]. These effects were 
more pronounced among participants with hypertension (~22/10 mmHg), who 
achieved the greatest BP reductions with high volumes of concurrent exercise 
(~1,120 MET-min per week). 

Therefore, concurrent exercise training programs designed to lower high BP should 
achieve a weekly volume of ~800–1,200 MET-min per week through combinations of 
low to moderate intensity aerobic exercise and moderate dynamic resistance exercise 
loads. These recommendations are consistent with those put forth by the ACSM for 
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developing and maintaining health and fi tness in apparently healthy adults (500–
≥1,000 MET-min per week) [ 1 ], and this “dose” conferred the greatest antihyperten-
sive benefi ts among adults with pre-to-established hypertension. 

  Progression . The FITT-VP principle of Ex R x  relating to progression for healthy 
adults generally applies to those with hypertension [ 1 ]. Modifi cations to the con-
current Ex R x  and training progression should be considered if there are changes 
in BP control, antihypertensive medications, and/or in the presence of target 
organ disease and/or other comorbidities [ 16 ]. 

The progression of concurrent exercise should be gradual for most people with 
hypertension, especially regarding increases in concurrent exercise intensity and 
volume [ 16 ]. The readers are directed to Chaps.   1     and   2     for additional information 
regarding special considerations for aerobic and resistance exercise alone.    

    Conclusion 

 Concurrent exercise training allows for improvements in cardiorespiratory fi tness, 
muscle strength, and other cardiometabolic health biomarkers to be achieved simul-
taneously [ 10 – 15 ]. In this Chapter we show that the BP reductions resulting from 
acute (3–8 mmHg) [ 19 ,  20 ] and chronic (9–15 mmHg) [ 19 ,  21 – 26 ,  48 ] concurrent 
exercise are similar to those achieved with isolated aerobic exercise (5–8 mmHg) 
[ 27 ,  43 ,  44 ] and exceed those reported with isolated dynamic resistance exercise 
(1–2 mmHg,  ns ) [ 27 ,  33 ] for populations with hypertension. BP reductions follow-
ing concurrent exercise seem to be independent of exercise modality order (i.e., 
aerobic is performed  before  versus  after  versus  during  resistance exercise), but 
greater antihypertensive benefi ts may be achieved when aerobic and resistance 
exercises are executed  in a single exercise session  ( i.e .,  concurrently ) than on  sepa-
rate days  ( i.e .,  combined ). Furthermore, our review showed that BP was reduced in 
a dose–response pattern as a function of concurrent training intensity among adults 
with hypertension, where combinations of moderate to vigorous intensity aerobic 
exercise and moderate dynamic resistance training loads conferred the greatest BP 
benefi t. Nonetheless, the literature upon which these conclusions were drawn is 
limited. Additional research is needed to establish the effi cacy of concurrent exer-
cise as antihypertensive therapy so that it can be prescribed optimally to those popu-
lations that stand to benefi t most from its BP lowering effects. Furthermore, the 
examination of the antihypertensive benefi ts of concurrent exercise should expand 
beyond the  confi nes of the laboratory into conditions of everyday living by integrat-
ing ambulatory BP monitoring.

  Key Points and Resources 

•   Limited available evidence shows that acute concurrent exercise elicits PEH by 
a similar magnitude (3–9 mmHg) among young, healthy adults with normal BP 
[ 8 ,  31 ,  32 ] and middle-aged to older adults with established hypertension [ 19 , 
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 20 ]. In contrast, concurrent exercise training conferred the greatest antihyperten-
sive benefi t for participants with hypertension (~15/9 mmHg) [ 14 ,  16 – 21 ,  43 ] 
compared to prehypertension (~7/4 mmHg) [ 41 ,  44 – 46 ] and normal BP [ 20 ,  42 ], 
independent of concurrent training intervention characteristics. New and emerg-
ing research from our review suggests that baseline characteristics (i.e., resting 
BP, sex/gender, age) may modulate BP reductions with training; patterns that 
were not observed for the PEH investigations.  

•   Acute concurrent exercise elicits PEH to a similar magnitude as reported after 
aerobic and resistance exercise alone when compared directly within the same 
group of young adults with normal BP (~3–6 mmHg) [ 8 ,  31 ,  32 ]; a larger mag-
nitude than previously reported after isolated aerobic and resistance exercise for 
populations with normal BP. For adults with hypertension, the magnitude of PEH 
was consistent with those associated with aerobic exercise exclusively but greater 
than those reported with resistance exercise alone. New and emerging research 
regarding the infl uence of exercise modality on the BP response to concurrent 
training is mixed, but several trials reported similar antihypertensive effects to 
those achieved with aerobic and dynamic resistance training alone among adults 
with high BP [ 23 ,  46 ,  49 ,  50 ]. These inconsistencies highlight the need to better 
understand how baseline characteristics and features of the exercise intervention 
moderate the BP response to concurrent training before it can be used as antihy-
pertensive lifestyle therapy.  

•   Acute concurrent exercise consisting of moderate to vigorous intensity aerobic 
exercise and low to moderately heavy resistance exercise loads elicited PEH 
among adults with normal BP (3–11 mmHg) and established hypertension 
(3–8 mmHg), independent of exercise modality order. Concurrent exercise train-
ing performed at low to moderate intensity reduced BP among adults with pre-
to-established hypertension (3–14 mmHg), however, moderate to vigorous 
intensity aerobic exercise and moderate dynamic resistance training loads per-
formed  concurrently  (i.e., on the  same day ) conferred the greatest antihyperten-
sive benefi t among adults with established hypertension (11–23 mmHg).  

•   Finally, adults with hypertension reduced BP to the greatest extent with higher 
volumes of concurrent exercise (>800 MET-min per week) performed 3 days 
weekly (~5–10 mmHg) than lower concurrent training volumes (<800 MET-
min per week) achieved with twice weekly training (~3 mmHg).  

•   Pescatello LS, Franklin BA, Fagard R, et al. (2004) American College of Sports 
Medicine position stand. Exercise and hypertension. Med Sci Sports Exerc 
36:533–553. [ 3 ]  

•   Pescatello LS, Riebe D, Arena R (2013). ACSM’s guidelines for exercise testing 
and prescription the 9th Edition. Lippincott Williams & Wilkins, Baltimore, MD, 
2013. [ 16 ]  

•   Garber CE, Blissmer B, Deschenes MR, et al. (2011) American College of Sports 
Medicine position stand. Quantity and quality of exercise for developing and 
maintaining cardiorespiratory, musculoskeletal, and neuromotor fi tness in appar-
ently healthy adults: Guidance for prescribing exercise. Med Sci Sports Exerc 
43:1334–1359. [ 1 ]  
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•   Ratamess NJ (2012) ACSM’s Foundations of Strength Training and Conditioning. 
Wolters Kluwer, Lippincott Williams & Wilkins, Philadelphia, PA. [ 17 ]  

•   Ratamess NA, Alvar BA, Evetoch TK, et al. (2009) American College of Sports 
Medicine position stand. Progression models in resistance training for healthy 
adults. Med Sci Sports Exerc 41:687–708. [ 18 ]       

       Appendix 3.A. Full Search Strategy for PubMed 
(Including Medline) 

  Search Dates for Randomized Controlled Trials :  From inception —
 December 10 ,  2014 . 

  Hits :  478  
 (“mean arterial” OR “blood pressure”[mesh] OR “blood pressure” OR “blood 

pressures” OR “arterial pressure” OR “arterial pressures” OR hypertension OR 
hypotension OR normotension OR hypertensive OR hypotensive OR normotensive 
OR “systolic pressure” OR “diastolic pressure” OR “pulse pressure” OR “venous 
pressure” OR “pressure monitor” OR hypotension OR PEH OR “postexercise 
hypotension” OR “pre hypertension” OR “bp response” OR “bp decrease” OR “bp 
reduction” OR “bp monitor” OR “bp monitors” OR “bp measurement”) 

 AND (“exercise”[mesh] OR exercise OR exercises OR “combination training” 
OR “combined exercise” OR “concurrent exercise” OR running OR bicycl* OR 
treadmill* OR “endurance training” OR “speed training” OR “interval training” OR 
plyometric* OR “HIIT” OR “training duration” OR “training frequency” OR “train-
ing intensity” OR “aerobic endurance”) 

 AND (“weight lifting” OR “weight training” OR “resistance training” OR 
“strength training” OR “circuit training” OR “training duration” OR “training fre-
quency” OR “training intensity” OR “combined training”) 

 AND (“randomized controlled trial”[pt] OR controlled clinical trial[pt] OR “ran-
domized controlled trial”[publication type] OR random allocation[mh] OR clinical 
trial[pt] OR clinical trials[mh] OR “clinical trial”[tw] OR “latin square”[tw] OR 
random*[tw] OR research design[mh:noexp] OR “comparative study”[publication 
type] OR “evaluation studies”[publication type] OR prospective studies[mh] OR 
cross-over studies[mh] OR control[tw] OR controlled[tw]) 

 NOT (“DASH”[tiab] OR cancer OR neoplasms OR review[pt] OR fi bromyal-
gia OR alzheimers OR alzheimer OR pregnant OR pregnancy OR “obesity/drug 
therapy”[mesh] OR “diet therapy”[mesh] OR “diet therapy”[subheading] OR  caffeine 
OR “eating change” OR “activities of daily living” “dehydration” OR “dehydrate” 
OR “dehydrated” OR “dietary salt” OR sodium OR epilepsy OR infl uenza OR fl u OR 
pneumonia OR septicemia OR arthritis OR hiv OR “Acquired Immunodefi ciency 
Syndrome” OR meningitis OR “substance abuse” OR alcoholism OR “drug abuse” OR 
“Cross-Sectional Studies”[MeSH Terms] OR “Prospective Studies”[MeSH Terms] 
OR “epidemiology”[Subheading]).  Filters activated :  Humans ,  Adult :  19 +  years  

  Filters activated : Humans, Adult: 19+ years   
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          Introduction 

    Clinical Signifi cance of Elevated Blood Pressure 

 Chronic hypertension, defi ned as systolic blood pressure (SBP) ≥140 mmHg and/or 
diastolic blood pressure (DBP) ≥90 mmHg, is a major and the most common risk 
factor for mortality and development of cardiovascular disease (CVD) [ 1 ,  2 ]. 
Approximately one third of the adult population in the United States (US) (78 mil-
lion) has hypertension [ 3 ] and about 1 billion worldwide with an estimated 60 % 
increase by the year 2025 [ 4 ]. 

 Recent evidence supports that a progressive increase in CVD risk extends below 
a blood pressure (BP) of 140/90 mmHg, traditionally defi ned as the threshold level 
for hypertension. Increased risk is evident beyond BP levels of 115/75 mmHg, and 
doubles for every 20 mmHg incremental increase in SBP or 10 mmHg in DBP [ 5 ]. 
Consequently, in 2003 The Seventh Report of the Joint National Committee on 
Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7) 
classifi ed BP levels of 120–139 mmHg for SBP and /or 80–89 mmHg for DBP as 
prehypertension [ 1 ]. 

 Prehypertension is associated with traditional CVD risk factors, increased CV 
events, and target organ damage [ 6 – 8 ]. Approximately 42 million men and 28 mil-
lion women (37 % of the adult US population) have prehypertension, a frequent 
precursor of hypertension [ 2 ,  9 ]. The rate of progression from prehypertension to 
hypertension is positively associated with age, baseline BP, and co-morbidities [ 10 – 12 ]. 
For individuals ≥65 years of age, the 4 year incidence rate of progression to hyper-
tension is estimated to be 26 % for those with BP between 120 and 129 or 
80–84 mmHg and 50 % for those with BP 130–139 or 85–89 mmHg [ 10 ]. In one’s 
lifetime, the risk for developing hypertension among middle-aged and older indi-
viduals is 90 % [ 10 ]. Recent evidence also suggests that hypertension is an outcome 
of lifestyle factors, including physical inactivity [ 11 – 14 ]. 

 Chronically elevated BP leads to structural changes of the left ventricle, consist-
ing of increased cardiac wall thickness and left ventricular mass (LVM) and reduced 
left ventricular chamber size, a condition known as concentric left ventricular 
hypertrophy (LVH) [ 15 ,  16 ]. Increased LVM, especially when characterized by con-
centric geometry, is considered an independent predictor of CV events and a risk 
factor for mortality [ 17 ,  18 ]. 

 Reductions in BP with most antihypertensive agents are associated with LVH 
regression and improvement in CV prognosis. The degree of LVH regression is 
directly related to the degree of BP reduction, suggesting at least in part, that the 
stimulus for LVH is pressure overload [ 19 – 22 ]. Exercise-related BP reductions in 
individuals with mild to moderate hypertension have been documented by a 
plethora of studies and fi ndings have been summarized by several reviews and 
meta- analysis [ 23 – 27 ]. In general, these studies support that structured aerobic 
exercise training programs of moderate intensity or increased physical activity of 
adequate volume and intensity result in an independent reduction of  approximately 
4–10 mmHg in SBP and 3–8 mmHg in DBP for individuals with Stage 1 
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 hypertension, regardless of age or gender. Relatively small reductions in BP 
achieved by antihypertensive therapy lead to substantial health benefi ts and mor-
tality risk reduction [ 3 ]. It is reasonable to assume that similar exercise-induced 
reductions in BP should lead to similar health benefi ts. See Chapter   1     for addi-
tional information on aerobic exercise training.  

    Purposes of this Chapter 

 The main objectives of this chapter are to present the current consensus on: (1) the 
preventive aspects of exercise and physical fi tness on the age-related progressive 
increase in BP and development of hypertension; (2) the interactions among exer-
cise, BP, and LVH; and (3) the association between exercise capacity and mortality 
risk in individuals with prehypertension and hypertension.   

    Key Terminology and Basic Concepts 

    Ambulatory Blood Pressure Monitoring 

 Ambulatory BP monitoring measures BP at regular intervals over a 24 h period 
under conditions of daily living. Ambulatory BP monitoring minimizes the “white 
coat effect” which can overestimate BP, especially in susceptible people.  

    Exaggerated Blood Pressure 

 An increase in SBP >200 mmHg or DBP >110 mmHg during sub-maximal and 
maximal exercise is considered an exaggerated BP response [ 28 – 31 ].  

    Prehypertension 

 SBP of 120–139 mmHg and/or DBP 70–89 mmHg is classifi ed as prehypertension.  

    Cardiac Hypertrophy and Left Ventricular Hypertrophy 

 Structural changes of the left ventricle, consisting of increased cardiac wall thick-
ness and LVM and reduced left ventricular chamber size are referred to as concen-
tric hypertrophy.  
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    Left Ventricular Mass and Left Ventricular Mass Index 

 The estimated weight of the heart in grams is referred to as LVM. The LVM is 
 generally adjusted for body size (body surface area) or height (m 2.7 ) and referred to 
as LVM Index.   

    Systematic Review Methods 

 A systematic electronic search of the literature was performed using PubMed on 
aerobic exercise and its impact on BP and cardiac hypertrophy. The search was an 
update of a previous review published in 2010 regarding exercise and clinical out-
comes [ 23 ]. The search included human studies of adults 19 years and older that 
were published in English, had a control/comparison group, and were published 
between January 1, 2000 and August 28, 2014. This search identifi ed a total of 
1,685 reports. Further review by title yielded 210 potentially qualifying studies. 
These 210 studies were then reviewed by title and abstract of which 121 potential 
studies remained. These 121 studies were reviewed by full-text, yielding 102 quali-
fying studies. Of these 92 studies, the author self-selected those most relevant to the 
purposes of this chapter.  

    Relevant Research 

    Preventive Aspects of Exercise and Physical Fitness 

 The progressive increase in BP and consequent development of hypertension do not 
appear to be a fundamental feature of human aging, but the outcome of lifestyle 
factors such as diets high in salt and fat, excess body weight, and physical inactivity 
[ 11 – 14 ]. Conversely, low salt and/or low fat diets, weight loss, and increased physi-
cal activity contribute signifi cantly to BP control [ 11 – 14 ,  32 – 35 ]. The preventive 
aspects of physical activity in particular have been summarized recently [ 36 ]. 
Recent evidence from a large epidemiologic study supports that the physical fi tness 
status of the individual is inversely related to the rate of progression from pre- 
hypertension to hypertension. Increased exercise capacity, as refl ected by peak 
metabolic energy equivalents (METs) achieved during a standardized exercise test, 
was inversely associated with the rate of progression to hypertension in 2,303 
middle- aged, male veterans with prehypertension followed for over 9.2 years. 
Compared to the individuals with the highest exercise capacity (>10 METs), the 
multivariate- adjusted risk for developing hypertension was 36 % higher for those 
with an exercise capacity of 8.6–10 METs; 66 % for those between 6.6–8.5 METs, 
and 72 % higher for individuals who achieved ≤6.5 METs [ 33 ]. An inverse, dose 
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response association between the risk for developing hypertension and recreational 
physical activity levels was also reported by a recent meta-analysis of 13 prospec-
tive cohort studies [ 27 ]. This is particularly important for individuals with prehyper-
tension, since antihypertensive medications are generally not prescribed to lower 
BP or prevent the progression to hypertension. Thus, the American College of 
Sports Medicine (ACSM) and the Eighth Joint National Committee on the manage-
ment of high BP (JNC 8) recommend lifestyle modifi cations as initial lifestyle ther-
apy to prevent, treat, and control hypertension [ 25 ,  37 ].  

    Exercise Effects on Blood Pressure and Cardiac Hypertrophy 

 Structural changes of the left ventricle, consisting of increased cardiac wall thick-
ness and LVM and reduced left ventricular chamber size (concentric hypertrophy) 
are often manifestations of cardiac injury or hypertension [ 15 ,  16 ]. Increased LVM 
especially when characterized by concentric geometry is considered an indepen-
dent predictor of CV events for mortality [ 17 ,  18 ]. Conversely, a reduction in BP by 
different antihypertensive agents is associated with LVH regression and improve-
ment in prognosis. The degree of LVH regression is directly related to the degree of 
BP reduction, suggesting, at least in part, that the stimulus for LVH is pressure 
overload [ 19 – 22 ]. 

 In this regard, it is reasonable to assume that exercise-related reductions in BP 
may have similar impact on LVH regression. Support for this premise is provided by 
several interventional studies [ 38 – 43 ]. In our study of individuals with Stage 2 
hypertension [ 38 ], there was a signifi cant reduction in cardiac wall thickness and 
LVM index (LVM adjusted for body surface area or height) after 16 weeks of aero-
bic training; reductions similar in magnitude to that observed with most antihyper-
tensive medications. Similar fi ndings were noted in a cohort of overweight women 
(n = 45) and men (n = 37) undergoing 6 months of exercise training or behavioral 
modifi cation for weight loss versus a control. Participants in both interventions 
(exercise and weight loss groups) exhibited signifi cant reductions in BP and cardiac 
wall thickness when compared to the control group [ 39 ]. Signifi cant reductions in 
cardiac wall thickness and LVM index with no signifi cant changes in chamber size 
were also reported in 16 patients with hypertension after 24 weeks of aerobic exer-
cise training [ 41 ]. Similar fi ndings were also observed in 11 middle aged subjects 
with hypertension who exercised with no changes in the control group [ 40 ]. A trend 
towards lower LVM was also noted in middle-aged men and women with hyperten-
sion after aerobic exercise training [ 43 ]. Finally, in the Ambulatory Recording 
Venetia Study (HARVEST) [ 42 ], BP decreased in physically active individuals 
(n = 173) and increased slightly in the sedentary group (n = 281), during a median 
follow-up of 8.3 years. In addition, physically active individuals were less likely to 
develop LVH compared to their sedentary counterparts. 

 In contrast, no exercise-related changes in left ventricular mass were observed 
in 23 individuals with obesity and a mean baseline BP 131/84 mmHg, despite 
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 signifi cant reductions in BP [ 44 ]. Similarly, no structural or functional cardiac 
changes were noted after 24 weeks of aerobic exercise and resistance training in 51 
individuals with overweight and obesity and an untreated baseline SBP of 
 130–150 mmHg or DBP 85–99 mmHg [ 45 ]. However, the fi ndings of these two 
studies should be interpreted with caution. In the one study [ 45 ], it is not clear as to 
how many of the participants were truly hypertensive, since the baseline BP range 
was 130–150 mmHg for SBP or 85–99 mmHg for DBP. The exercise intervention 
was also a mixture of both aerobic and resistance training. Moreover, based on 
baseline LVM index normal values (63.6 g m −2 ), cardiac remodeling was absent. 
Thus, exercise or any other intervention cannot “fi x” what is not broken. In the other 
study [ 44 ], a closer scrutiny of the fi ndings revealed that the LVM index decreased 
by approximately 8 % (baseline of 153 g m –2  at baseline versus 141 g m –2  after exercise) 
in the exercise group, and increased by approximately 10 % (baseline of 141g m –2  at 
baseline versus155 g m −2  after exercise) in the control group. Cardiac wall thickness 
also decreased after exercise, although statistical signifi cance was not achieved, per-
haps due to relatively small number of patients studied (n = 7). These authors also 
reported that the exercise group had signifi cantly greater wall thickness at baseline, 
and this was the only group to show a reduction in wall thickness after 12 weeks of 
exercise training. Collectively, the limited evidence regarding the effects of aerobic 
exercise on cardiac remodeling supports that LVH regression is likely to occur, if 
the proper exercise modality is used, in populations with LVH. However, more 
interventional studies are needed to confi rm these fi ndings.  

    Clinical Signifi cance of the Blood Pressure Response 
to Peak Exercise 

 Normally, during exercise, SBP rises progressively with increased workload (a 
dose–response association) and plateaus at approximately 180–200 mmHg, while 
DBP remains close to or even lower than resting levels [ 23 ]. However, in some 
individuals with prehypertension and established hypertension, SBP rises dispro-
portionately to the workload, achieving levels beyond 200 mmHg during sub- 
maximal and maximal exercise. Although a defi nitive threshold for an abnormal BP 
response to exercise has not been established, it is generally accepted that an 
increase in SBP >200 mmHg or DBP >110 mmHg at sub-maximal or peak exercise 
is considered an exaggerated BP response to exercise [ 28 – 31 ]. 

 The exaggerated rise in the SBP response at peak exercise has been associated 
with LVH [ 28 ,  29 ,  46 ], future hypertension [ 47 ,  48 ], and CVD morbidity and mor-
tality [ 30 ,  31 ]. However, others have found no relationship [ 49 ,  50 ], and in one 
study involving adults evaluated for coronary artery disease (CAD), an exaggerated 
SBP response at peak exercise (≥210 mmHg) was associated with lower likelihood 
of angiographically determined severity of CAD and lower mortality rates [ 51 ]. 
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 In some aspects, this fi nding may be misleading and further clarifi cation is 
 necessary. In individuals with relatively severe CAD, myocardial ischemia is likely 
to ensue, especially at maximal or near maximal workloads. This in turn will lead to 
an attenuated inotropic response or a lower SBP than expected, and often termina-
tion of exercise. Thus, under these conditions, a lower SBP achieved during peak 
exercise could be indicative of more severe CAD. However, under similar condi-
tions and similar populations without signifi cant CAD, myocardial perfusion is pre-
served even at peak exercise workload, myocardial contractility is sustained, and 
relatively higher workloads are achieved. Higher workloads are likely to yield a 
higher SBP response at peak exercise as shown when comparisons were made 
between endurance athletes and sedentary individuals [ 52 ]. Thus, in relatively 
healthy populations, the SBP response to peak exercise may not be an indicator of 
severity of CAD and related future events.  

    Clinical Signifi cance of the Blood Pressure 
Response to Submaximal Exercise 

 Myocardial ischemia among individuals without signifi cant CAD is not likely to 
occur at substantially lower workloads. Therefore, myocardial contractility and 
consequently the SBP response at a relatively low submaximal workload of approx-
imately 4–5 METs are preserved. Thus, an exaggerated BP response at this work-
load is likely to refl ect a compromised cardiovascular system, and therefore may 
have a greater potential to predict the presence of LVH or the risk for developing 
LVH. This hypothesis was tested in 790 middle aged, individuals with prehyperten-
sion [ 53 ]. Participants underwent echocardiographic studies to assess cardiac struc-
ture and function, 24 h ambulatory BP monitoring, and a standard exercise stress 
test (Bruce protocol) to assess peak exercise capacity and exercise BP. The investi-
gators reported a strong association between the BP response at the submaximal 
workload of approximately 4–5 METs and LVH. More specifi cally, individuals who 
achieved a SBP ≥150 mmHg at an exercise intensity of 4–5 METs had a signifi -
cantly higher LVM index (49.8 ± 10.2 g m −2.7  vs. 36.6 ± 6.3 g m −2.7 ; p < 0.001) and 
lower exercise capacity (7.7 ± 1.6 vs. 9.0 ± 1.1 METs; p < 0.001) compared to those 
with a SBP below this level. Furthermore, the risk of having LVH increased fourfold 
for every 10 mmHg rise in SBP beyond the threshold of 150 mmHg at approxi-
mately 5 METs. It is important to emphasize that resting BP in these two groups 
(i.e., SBP <150 mmHg and ≥150 mmHg) was similar. Lin et al. reported similar 
fi ndings among 49 individuals with hypertension at the exercise workload of 
approximately 7 METs. SBP at this workload was directly and independently asso-
ciated with cardiac wall thickness and LVM index. This association was stronger 
than with offi ce BP and 24 h ambulatory BP [ 54 ]. 

 The clinical signifi cance of the BP response to submaximal workloads of 
approximately 4–5 METs is that it refl ects BP during most daily activities. This is 
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supported by the similarity between the BP of individuals with prehypertension 
(n = 790) at the workload of 4–5 METs (148 ± 12 mmHg) and daytime ambulatory 
BP (144 ± 11 mmHg) [ 55 ]. Thus, the association between SBP during physical exer-
tion and LVM [ 53 ,  55 ] suggests that the daily exposure to relatively high BP 
(SBP ≥ 150 mmHg) provides the impetus for an increase in LVM even among those 
with prehypertension [ 36 ].  

    Physical Fitness and the Blood Pressure Response to Exercise 

 A noteworthy fi nding of the above studies [ 53 ,  55 ] was that the peak exercise capac-
ity of individuals with a SBP response ≥150 mmHg at the workload of approxi-
mately 4–5 METs was signifi cantly lower when compared to those with an exercise 
BP <150 mmHg (i.e., 7.7 ± 1.6 METs vs. 9.0 ± 1.1 METs, respectively). This fi nding 
suggests that the BP response to exercise may be modulated by the physical fi tness 
level of the individual. In this regard, the investigators reported an inverse associa-
tion between exercise capacity, the BP response to exercise, and LVM [ 53 ,  55 ]. 
Furthermore, the SBP of physically fi t individuals at an exercise intensity of approx-
imately 5 METs was signifi cantly higher for the High-Fit (155 ± 14 mmHg) com-
pared to Moderate-Fit (146 ± 10 mmHg) and Low-Fit (144 ± 10 mmHg) individuals. 
Similarly, Low-Fit individuals had signifi cantly higher LVM index (48 ± 12 g m −2.7 ) 
compared to Moderate-Fit (41 ± 10 g m −2.7 ) and High-Fit (41 ± 9 g m −2.7 ). In addition, 
for every 1-MET increase in the workload achieved, there was a 42 % reduction in 
the risk for LVH [ 53 ]. Finally, in a randomized controlled study, 16 weeks of aero-
bic training resulted in signifi cantly lower BP at approximately 3 and 5 METs [ 56 ] 
(Fig.  4.1 ) and a signifi cant regression in LVM index [ 38 ] (Fig.  4.2 ).   
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  Fig. 4.1    Systolic blood pressure (SBP) at approximately 3 and 5 metabolic energy equivalents 
(METs) at baseline and after 16 weeks of aerobic exercise (Adapted from ref. [ 56 ])       
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 Collectively, the aforementioned fi ndings suggest the following: (1) the BP 
response at the workloads of approximately 4–5 METs refl ects the BP during daily 
activities; (2) this daily exposure to an exaggerated BP response at relatively low 
workloads encountered by daily activities provides the impetus for increases in 
LVM and progression to LVH; and (3) increased physical fi tness achieved by regu-
larly performed exercises of moderate intensity modulates the exaggerated BP 
response. Consequently, lower daily BP leads to LVM regression [ 36 ].  

    Exercise Capacity and Mortality Risk Among Adults 
with Prehypertension and Hypertension 

 Relatively small reductions in BP achieved by antihypertensive therapy lead to sub-
stantial health benefi ts [ 3 ]. It is reasonable to assume that similar exercise-induced 
reductions in BP should lead to similar health benefi ts. In this regard, fi ndings from 
large and well-controlled epidemiologic studies support an independent, inverse, 
and graded association between exercise capacity and mortality risk in individuals 
with prehypertension and hypertension [ 57 – 61 ]. Specifi cally, Blair and co- 
investigators [ 57 ] reported signifi cantly lower death rates in physically fi t men with 
hypertension compared to those that were less physically fi t, regardless of age, risk 
factors, and length of follow up. 

 Kokkinos and co-investigators also assessed the mortality risk associated with 
physical fi tness status in a cohort of 4,631 veterans with hypertension and multiple 
CVD factors [ 58 ]. Physical fi tness was assessed with a graded exercise stress using 
the Bruce protocol and recorded as peak METs. The investigators established four 
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  Fig. 4.2    Left ventricular mass (LVM) index at baseline and after 16 weeks of aerobic exercise 
(Adapted from ref. [ 38 ])       
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fi tness categories based on the peak MET level achieved: Least-Fit (≤5 METs); 
Low-Fit (5.1–7 METs); Moderate-Fit (7.1–10 METs); and High-Fit (>10 METs). 
Overall, there was a 13 % decrease in mortality for every 1-MET increase in exer-
cise capacity. When compared to the individuals in the Least-Fit category, mortality 
risk was 34 % lower for those in the next fi tness category (Low-Fit) and declined 
progressively to over 70 % among individuals with the highest fi tness category. The 
risk, based on physical fi tness status (least fi t to most fi t) and the presence or absence 
of additional CVD risk factors were then compared. Among the least-fi t, individuals 
with additional CVD risk factors had a 47 % higher mortality rate compared to 
those without CVD risk factors. The increased risk imposed by a low fi tness level 
and additional CVD risk factors was eliminated by relatively small increases in 
exercise capacity (5.1–7 METs), and declined progressively with higher exercise 
capacity (Table  4.1 ).

   Similarly, in a relatively smaller cohort of middle aged veterans with hyperten-
sion, Myers and co-investigators reported that the relative risk of mortality for those 
with an exercise capacity of <5 METs was approximately double compared to those 
with an exercise capacity of >8 METs [ 59 ]. 

 Faselis and colleagues also examined the interaction between exercise capacity 
and mortality risk in veterans with hypertension according to body mass index 
(BMI). These authors observed progressively lower mortality rates with increased 
exercise capacity within each BMI category. The mortality risk reduction ranged 
from approximately 40 % in those with an exercise capacity of 5.1–7.5 METs to 
70 % in those with >7.5 METs [ 60 ]. A noteworthy fi nding in this study was that 
physical fi tness tended to have a greater impact in those with BMI <25 kg m −2  (nor-
mal weight) than those with BMI ≥30 kg m −2  (obese). For each 1 MET increase in 
exercise capacity, the adjusted risk was 20 % for individuals that were normal 
weight, 12 % for those that were overweight, and 25 % for those that were obese 
[ 60 ]. Similarly, the mortality risk observed in High-Fit individuals (exercise capac-
ity >7.5 METs) within each BMI category increased as BMI increased. Specifi cally, 
mortality risk was 66 %, 55 %, and 72 % for those with BMI < 25 kg m −2 ; 
25–29.9 kg m −2 , and ≥30 kg m −2 , respectively. 

   Table 4.1    Mortality risk (hazard ratios) according to physical fi tness status and risk factors 
(Adapted from ref. [ 58 ])   

 Group 

 Least-fi t  Low-fi t  Moderate-fi t  High-fi t 

 ≤5 METs  5.1–7 METs  7.1–10 METs  >10 METs 

 Entire cohort  1.0  0.66 
(0.58–0.76) 

 0.41 
(0.35–0.50) 

 0.29 
(0.21–0.40) 

 No cardiovascular disease 
risk factors 

 1.0  0.66 
(0.48–0.89) 

 0.48 
(0.32–0.71) 

 0.33 
(0.18–0.62) 

 ≥2 Cardiovascular disease 
risk factors 

 1.47 
(1.2–1.8) 

 0.97 
(0.78–1.21) 

 0.56 
(0.43–0.72) 

 0.37 
(0.24–0.56) 

   MET  metabolic energy equivalents  
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 To explore the fi tness-fatness debate and mortality risk relationship further, 
Faselis et al. examined whether being of normal weight but low fi t carries a more 
favorable risk than being overweight or obese but fi t. Compared to the normal 
weight but unfi t individuals, the mortality risk was 47 % and 60 % lower for the 
overweight-moderate-fi t and overweight-high-fi t individuals, respectively. 
Similarly, the risk was 55 % lower for the obese-moderate-fi t and 78 % lower for 
the obese-high-fi t individuals. These fi ndings suggest that it is more benefi cial to 
be fi t and overweight or obese rather than normal weight and unfi t. Furthermore, it 
appears that individuals with obesity and hypertension may benefi t at least as much 
from being physically fi t than their counterparts that are normal weight or 
 overweight with hypertension [ 60 ]. The favorable impact of physical fi tness status 
on the BMI-mortality risk association has also been shown recently in a large male 
cohort [ 61 ]. Collectively, these fi ndings suggest that improving physical fi tness has 
a greater impact on health than lowering body weight even in the presence of 
hypertension. 

 Finally, similar trends in fi tness-mortality risk associations were noted in 
4,478 individuals with prehypertension regardless of age [ 62 ], and those with BP 
in the high normal range [ 63 ]. Specifi cally, when assessing the mortality risk 
according to fi tness categories, the most pronounced reduction in risk (40 % 
lower) was observed when comparing the Low-Fit individuals (Peak MET level 
6.1–8.0) to the Least-Fit (peak MET level ≤6.0). Higher fi tness levels (Moderate 
and High-Fit categories) were accompanied by even greater reductions in risk 
(58 % and 73 %, respectively). The trends were similar but more pronounced 
among younger than older individuals. For every 1 MET increase in exercise 
capacity the adjusted risk was 18 % lower for those ≤60 years and 12 % for indi-
viduals >60 years.  

    Clinical Implications 

 The fi ndings presented in this chapter support that exercise can be implemented to 
modulate the age related increase in BP [ 27 ,  32 – 35 ], cardiac remodeling (LVH 
regression) [ 36 ,  38 – 43 ], lower BP in individuals with hypertension [ 23 – 27 ], and 
lower mortality risk [ 36 ,  57 – 60 ,  62 ,  63 ]. It is noteworthy that the aforementioned 
health benefi ts are achievable at a physical fi tness level represented by an exercise 
capacity >5 METs. This has a signifi cant clinical and public health impact because 
this level of physical fi tness is achievable by a brisk walk of 20–40 min, most days 
of the week, a physical activity level attainable by most middle aged and older 
individuals. Since walking requires virtually no instructions, has a relatively low 
cost, carries a low risk of injury, and can be easily implemented in large popula-
tions, it represents the ideal form of exercise for individuals with hypertension at 
any age.   
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    Conclusions 

 Suffi cient evidence form interventional and large epidemiologic studies support 
that aerobic exercise training of moderate intensity favorably infl uences BP, cardiac 
remodeling, and mortality risk in individuals with prehypertension and hyperten-
sion. The level of exercise necessary for the aforementioned health benefi ts is rela-
tively low (i.e., brisk walk of 20–40 min, most days of the week), and is achievable 
by most middle aged and older individuals. Surprisingly, physical activity is cur-
rently underutilized for the prevention, treatment, and control of hypertension. For 
these many reasons, increased physical activity should be an important component 
of the antihypertensive regimen and should be promoted as such by health care, 
exercise, and public health professionals alike.

  Key Points and Resources 

•   Hypertension is the most common, costly, and preventable CVD risk factor.  
•   Increased physical fi tness status favorably modulates the age related progressive 

increase in BP and development of hypertension, reduces elevated BP in indi-
viduals with hypertension, and reverses LVH.  

•   Increased exercise capacity lowers mortality risk in individuals with prehyper-
tension and hypertension.  

•   The SBP response at a relatively low submaximal workload of approximately 
4–5 METs may have a greater potential to predict the presence of LVH or the risk 
for developing LVH than an exaggerated BP response to peak exercise and better 
relates to activities of daily living.  

•   There is overwhelming support that increased physical activity favorably infl u-
ences BP and CVD risk in individuals with hypertension; yet it is surprisingly 
underutilized for the prevention, treatment, and control of hypertension.  

•   American College of Sports Medicine:   http://www.acsm.org     to access the posi-
tion stand on exercise and hypertension.  

•   American Heart Association:   http://www.american     heart.org.  
•   National Heart Lung and Blood Institute:   http://www.nhlbi.nih.gov/hbp    .  
•   Kokkinos P, Myers J (2010) Exercise and physical activity: clinical outcomes 

and applications. Circulation 122:1637–1648 [ 23 ].  
•   Pescatello LS, Franklin BA, Fagard R, et al. (2004) American College of Sports 

Medicine position stand. Exercise and hypertension. Med Sci Sports Exerc 
36:533–553 [ 25 ].         
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Chapter 5
Aerobic Exercise Training: Effects on Vascular 
Function and Structure
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ACE	 Angiotensin converting enzyme
ACh	 Acetylcholine
ANG II	 Angiotensin II
BP	 Blood pressure
eNOS	 Endothelial nitric oxide synthase
ET-1	 Endothelin-1
FITT	 The frequency, intensity, time, and type principle of exercise prescription
FMD	 Flow mediated dilation
HITT	 High intensity interval training
HR	 Heart rate
ICAM-1	 Intracellular adhesion molecule 1
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IMT	 Intima medial thickness
MAP	 Mean arterial pressure
MCP-1	 Monocyte chemotactic protein 1
MSNA	 Muscle sympathetic nerve activity
NO	 Nitric oxide
p22-phox	 Neutrophil cytochrome b light chain
p47-phox	 47-kDa cytosolic subunit of nicotinamide adenine dinucleotide phosphate
Q	 Cardiac output
ROS	 Reactive oxygen species
SNS	 Sympathetic nervous system
SVR	 Systemic vascular resistance
VO2max	 Maximum oxygen consumption

�Introduction

Contemporary Westerners have reached an historical pinnacle of physical inactivity 
and further technological change is likely to exacerbate this [1]. Physical inactivity 
is an independent risk factor for atherosclerosis and cardiovascular diseases [2–4] 
and low cardiorespiratory fitness is a strong independent predictor of all-cause mor-
tality [5]. Physical inactivity is a key factor in the etiology and progression of car-
diovascular diseases, including hypertension. Regular physical exercise is associated 
with reduction in primary [6–9] and secondary vascular events [10, 11]. Meta-
analyses, including those of exercise-based cardiac rehabilitation undertaken in the 
contemporary era, indicate that ~30 % exercise-related benefit is evident in terms of 
cardiac events relative to usual care [12]. This magnitude of benefit approximates or 
exceeds that associated with antihypertensive or lipid lowering medication interven-
tions in large multicenter trials [13, 14], with a recent analysis concluding that exer-
cise and drug interventions are similar in terms of their mortality benefits in 
secondary prevention [15]. These data indicate that exercise training and mainte-
nance of physical fitness have important impacts on the prevalence and progression 
of cardiovascular disease, at least partly through changes in cardiovascular risk fac-
tors such as hypertension.

�Purposes of this Chapter

This chapter discusses the impact of aerobic exercise training on the vasculature 
that may explain the blood pressure (BP) lowering effects of exercise training 
[16, 17]. We first provide an overview of the techniques use to assess 
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vasculature structure and function followed by relevant research regarding the 
influence of aerobic exercise training on vascular structure and function. The 
potential mechanisms that contribute to vascular adaptations to aerobic exercise 
are then discussed. Last, we integrate the available knowledge in this area to 
provide evidence-based guidelines for the benefits of exercise training on vas-
cular health among individuals with hypertension. Please see related discus-
sions to these topics in Chapters 1, 7–9.

�Key Terminology and Basic Concepts

�Aerobic Exercise

The term aerobic exercise training is typically used to refer to episodic whole-body 
exercise, characterised by use of the large muscle groups of the lower limbs (e.g., 
walking, running, cycling), sometimes combined with the upper extremities (e.g., 
rowing, swimming). It involves repeated dynamic muscular contractions that impact 
the cardiac and pulmonary systems, with marked increases in heart rate, ventilation 
and oxygen consumption. Most scientific literature has defined aerobic exercise as 
prolonged periods of exercise (>10  min) at moderate-to-high exercise intensity 
(60–80 % of the maximal heart rate). However, important differences exist between 
studies regarding the frequency (2–7 days per week), intensity (25–90  % of the 
maximal heart rate), time (30–60 min) and type (e.g. walking, running, cycling, 
rowing) of aerobic exercise training.

�Vascular Functional and Structural Adaptations  
to Aerobic Exercise Training

Mean arterial pressure (MAP) is determined by cardiac output (Q) (derived by mul-
tiplying stroke volume [SV] and heart rate [HR]) and systemic vascular resistance 
[SVR] (MAP = Q × [SV × HR] × SVR). Studies in healthy subjects and those with 
hypertension have reported that aerobic training induces a decrease in heart rate 
(~10 %), which is counterbalanced by an increase in SV (~15 %), consequently lead-
ing to an unchanged or even slightly increased Q at rest. Given this preserved Q, the 
BP lowering effect of aerobic exercise training must be related to decreases in periph-
eral vascular resistance [18]. These changes in peripheral vascular resistance are 
mediated by functional and/or structural adaptations in the vasculature in conduit, 
resistance, and microvessels. In addition to the decrease in BP, improved vascular 
function and structure may also be related to decreased cardiovascular risk [19].
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�Techniques Used to Examine Vascular Structure and Function

�How Is Artery Structure and Function Studied?

The in vivo assessment of arterial function and structure varies according to their 
size and functional classification. Conduit arteries have been defined as having a 
diameter: >1,000 μm, small arteries 300–1,000 μm, resistance arteries and arteri-
oles diameter: 10–300 μm, and capillaries diameter: <6 μm [20]. In these terms, 
arteries that contribute substantively to vascular resistance and the systemic control 
of BP include small arteries, and resistance arteries and arterioles; henceforth col-
lectively referred to in this ter as resistance vessels [20]. Below, we have discussed 
commonly adopted methods that are used to examine conduit and resistance artery 
vascular function and structure.

�How Is Resistance Artery Structure and Function Studied?

�Structure of Conduit Arteries (Diameter Assessment)

Echo-Doppler is used to assess the structure of conduit arteries. It allows for valid 
and reproducible assessment of resting diameters of nearly all superficial (<5 cm) 
conduit arteries in the upper and lower limbs, as well as the carotid arteries. Although 
resting diameter provides a surrogate measure of conduit artery structure in vivo, 
competing vasodilator and constrictor influences impact upon resting arterial tone. 
It has therefore been proposed that peak artery diameter, which represents a physi-
ological capacity, may serve as a more valid structural index because it diminishes 
the impact of functional differences between subjects [21].

�Structure of Conduit Arteries (Wall Thickness)

High-resolution ultrasound can also be used to assess conduit artery intima medial 
thickness (IMT) (Fig. 5.1), a surrogate measure of wall thickness. Atherosclerosis 
initially forms within these layers, and the assessment of IMT is therefore believed 
to reflect the presence of subclinical atherosclerosis. Nonetheless, it should be taken 
into consideration that the abundant presence of smooth muscle cells in the media 
layer of the arterial wall contributes to acute changes in IMT, under direct influence 
of vasodilator or vasoconstrictor substances [22]. Several studies have established 
that carotid IMT is associated with increased risk for adverse cerebral events (e.g., 
stroke) [23–27]. A larger carotid IMT is also associated with increased risk for car-
diac (e.g., angina pectoris, myocardial infarction) [23, 25, 28–30] and peripheral 
vascular events (e.g., peripheral artery disease, hypertension) [31, 32]. A meta-
analysis found that a 0.1 mm increase in carotid artery IMT is associated with an 
increase in age- and sex-adjusted relative risk of 18  % for stroke and 15  % for 
myocardial infarction [33], highlighting the clinical significance of IMT. Studies 
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proposed that the annual change in IMT, rather than the carotid IMT itself, could be 
a stronger predictor for future events. However, a recent meta-analyses found no 
predictive effect of the annual change in carotid artery IMT [34], which also high-
lights the technical difficulty of measuring small changes in arterial wall thickness 
with current ultrasound techniques.

�Function of Conduit Arteries (Endothelial Function)

In conduit arteries, endothelium-dependent vasodilator function is assessed by high 
resolution ultrasound following an increase in blood flow, which triggers shear 
stress-mediated vasodilation [35]. This technique is commonly referred to as the 

Fig. 5.1  Assessment of conduit artery structure and function. Ultrasound image of a carotid artery 
(a) from a healthy subject. Clearly demarked lines represent the lumen–intima interface (yellow 
line) and media–adventitia interface (red line, b), that are used to assess the intima-media thick-
ness of a conduit artery. These images are then used to examine the change in diameter (yellow line 
to yellow line) and intima-media thickness (yellow line far wall to red line far wall) across the 
cardiac cycle. (c) Ultrasound image of a brachial artery (d) of a healthy subject, combined with a 
Doppler tracing of the red blood cell velocity in the same vessel. Based on the clearly demarked 
lines on the artery wall and from the Doppler trace (both yellow lines) in figure d, changes in diam-
eter and blood velocity is presented across time (e). This allows for the identification of the peak 
diameter after cuff occlusion (i.e. red area) as a measure of vascular function
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flow mediated dilation (FMD). The dilation is at least partly mediated by nitric 
oxide (NO) [36–39], and serves as a valid index of conduit artery endothelium-
dependent NO function [40]. FMD is often performed in the brachial artery, where 
it is demonstrated to be correlated with coronary endothelial function [41, 42]. 
Moreover, the brachial artery FMD has independent predictive capacity for future 
cardiovascular events [43–45]. These studies found that a 1 % increase in brachial 
artery FMD is associated with a 13 % reduction in cardiovascular risk in subjects at 
increased cardiovascular risk [43], while a 1 % change in FMD is associated with a 
4 % change in cardiovascular risk in healthy, asymptomatic subjects [44].

�How Are Resistance Artery Structure and Function Studied?

�Structure of Resistance Arteries

Peripheral resistance vessel structure in humans has traditionally been assessed from 
measurement of the hyperemic (blood flow) response to a maximal vasodilator stimu-
lus [46–48]. The conceptual basis for this approach is that assessment of resting blood 
flow reveals little information regarding the collective cross-sectional area of the resis-
tance vessel bed, because of confounding and competitive influences of vasodilator 
and constrictor stimuli on basal tone. In contrast, measurement of blood flow in 
response to a vasodilator stimulus that elicits maximal or peak vasodilation provides 
insight into the capacity of the resistance vessel bed in question. In this context, peak 
reactive hyperemia after 10 min of limb ischemia induced by cuff inflation cannot be 
significantly increased by co-infusion of vasodilator agents [46]. Assessment of peak 
blood flow responses historically involved plethysmographic blood flow measure-
ment [49], however, Doppler ultrasound methodology has recently been applied [21].

�Function of Resistance Arteries

Vascular function of the resistance vessels can be examined by constructing dose–
response curves to intra-arterial infusion of vasoactive substances. Blood flow is 
assessed using plethysmographic approaches to detect changes in limb volume, or 
direct conduit artery imaging using duplex ultrasound. Evaluating the responses to 
endothelium-dependent and -independent vasodilators provides information about 
the impacts, in vivo, of exercise training on specific dilator pathways [50, 51].

�Methods

We summarized papers that examined the impact of aerobic exercise training on BP 
in healthy asymptomatic subjects and subjects with pre- and established hyperten-
sion. Using PubMed as our primary search engine, we searched for papers that 
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involved aerobic exercise training (‘exercise training OR aerobic training OR aerobic 
exercise training OR endurance training OR endurance exercise training’). We 
excluded papers that used alternative modes of exercise and/or combined aerobic 
exercise training with (high-intensity) resistance exercise training. To specifically 
discuss the effects of aerobic training in hypertension, we combined the search 
strategy as stated above with ‘hypert* OR pre-hypert* OR prehypert* OR high 
blood pressure’. The effects of aerobic training on BP are largely explained through 
changes in the vasculature. Therefore, to better understand the impact of aerobic 
exercise training on BP regulation, we expanded our search to studies that explored 
the impact of aerobic training on conduit and resistance arteries.

�Relevant Research

�Effect of Aerobic Exercise Training on Vascular Structure

�Conduit Artery Diameter

Several cross-sectional and longitudinal studies suggest that aerobic training is 
associated with enlargement of skeletal muscle conduit arteries in humans. In an 
early study, it was observed that (predominantly) aerobic-trained athletes have 
increased resting diameters in large arteries (i.e., aorta, carotid, subclavian arteries) 
relative to matched sedentary controls [52]. These differences persisted after correc-
tion for body surface area between groups. In contrast, wheelchair athletes demon-
strated enhanced dimensions in the aortic arch and subclavian artery, but lower 
values in the abdominal aorta and mesenteric artery [53]. These findings essentially 
extended previous reports of enlargement in conduit arteries of endurance-type ath-
letes compared to control subjects [54, 55].

Recently, conduit artery diameter was examined in dominant and non-dominant 
limbs of different types of athletes, including wheelchair athletes [56, 57]. This 
series of studies revealed the largest brachial artery diameter in athletic groups who 
were primarily engaged in upper limb dominant exercise (i.e., canoeists and kayak-
ers). More specifically, a within-subject comparison performed between the domi-
nant and non-dominant brachial arteries of elite squash players revealed a localized 
outward remodeling of the dominant brachial artery. These findings suggest the 
presence of localized adaptation of diameter in response to exercise training.

In studies of healthy, young men, significant increases in the dimensions of the 
ascending and abdominal aorta were observed following 8 weeks of cycle ergome-
ter training [58]; and of the femoral artery in the trained, but not untrained limb, 
after 6 weeks of one-legged cycle exercise [59]. These training effects were reversed 
following detraining [59]. More recently, Spence et al. performed a 6 month exer-
cise training study to assess the effect of aerobic exercise training in healthy male 
subjects on brachial, femoral, and carotid artery diameter [60]. While no improve-
ments were observed in brachial and carotid artery diameter, a significant and 
marked increase was observed in femoral artery resting diameter. These observations 
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strongly support the ability of aerobic training to result in outward remodeling of 
conduit arteries, leading to larger conduit artery diameters in healthy subjects [60]. 
Moreover, this process in healthy young subjects is rapid and depends on local, 
rather than systemic factors (Table 5.1).

�Conduit Artery Wall Thickness

Cross-sectional studies on the impact of aerobic exercise training on carotid artery IMT 
in healthy subjects have reported conflicting results. For example, several studies found 
no significant difference in carotid IMT between trained subjects and sedentary controls 
in young, middle aged, or older cohorts [61–63]. These findings are supported by stud-
ies involving aerobic training in sedentary subjects that found no effect of 8–12 weeks 
of aerobic exercise training on carotid IMT [61, 64, 65]. A more recent study, however, 
found a significantly lower carotid artery IMT in elite squash players compared with less 
active controls [56]. The difference in training intensity and/or load may explain these 
disparate results, as elite squash players exercised >22 h per week at high intensity [56], 
while others studies involved aerobic training (cross-sectional and longitudinal studies) 
exercising >3 h per week [62] or >5 days per week [61, 63].

A limited number of cross-sectional studies have examined the effect of aerobic 
exercise training on the wall thickness of the peripheral arteries. In contrast to find-
ings in the carotid artery, lower femoral artery IMT was observed in aerobic trained 
men and women compared with their sedentary peers [66, 67]. Also, when studying 
elite athletes (i.e., squash players), a lower peripheral artery IMT was found in the 
femoral and brachial arteries compared to their sedentary controls [56]. Studies that 
adopted longitudinal training designs also reported smaller IMT of peripheral con-
duit arteries after 12–24 weeks of aerobic training [66, 68]. Taken together, aerobic 
training studies performed in healthy, predominantly Caucasian subjects indicate 
that aerobic exercise training leads to a smaller IMT in peripheral arteries supplying 
the active skeletal muscle (Table 5.1).

Table 5.1  Summary of the initial (0–4 weeks) and long-term (>8 weeks) changes in conduit artery 
function (i.e. flow-mediated dilation (FMD)) and structure (i.e. diameter (D) and intima-media 
thickness (IMT)) and resistance artery function (i.e. intra-brachial infusion of endothelium-
dependent and independent vasoactive substances) and structure (i.e. peak blood flow (BFpeak)) in 
the active area and non-active area in response to endurance exercise training

Active area Non-active area

Initial 
change

Long-term 
change

Initial 
change

Long-term 
change

Conduit artery Function (FMD) ↑ ↑/↔a ↑ ↑/↔a

Structure (D) ↔ ↑ ↔ ↔
Structure (IMT) ↔ ↓ ↔ ↓

Resistance artery Function 
(invasive)

↑ ↑/↔a ↑ ↑/↔a

Structure (BFpeak) ↔ ↑ ↔ ↑
aThe size and direction of the effect size may differ between healthy subjects (↔) and subjects 
with cardiovascular disease/risk (↑)
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In subjects with cardiovascular risk factors, such as hypertension, an a priori 
increased IMT is typically found in the carotid and peripheral vessels. This find-
ing potentially allows for marked effects of aerobic exercise training in these 
subjects [69]. In individuals with hypertension, an inverse relationship was 
present between cardiorespiratory fitness and carotid artery atherosclerosis 
(defined as a wall thickness >1.2  mm) [70]. Another study in subjects with 
hypertension demonstrated that higher self-reported physical activity was asso-
ciated with a lower 6.5 year increase in carotid IMT [71]. Although these 
between-subject studies suggest that training is associated with a smaller IMT 
in subjects with hypertension, no study has directly examined the effect of aero-
bic training on carotid or peripheral artery IMT.

�Resistance Arteries

Sinoway et al. performed two of the earliest studies which specifically addressed 
the impact of aerobic training on resistance vessel “structure” in healthy sub-
jects. By using a stimulus that induced peak dilation, without inducing reflex 
changes in vasomotor control, they sought to assess the effect of aerobic exer-
cise training on structural resistance artery adaptation. Sinoway and colleagues 
demonstrated that the preferred limbs of tennis players exhibit higher peak 
vasodilator responses than the non-preferred limbs of these athletes or either 
limb of non-tennis playing control subjects [72]. This finding was later con-
firmed in elite tennis players [73]. Comparable effects of an enhanced maximal 
peak blood flow have been reported after different types of aerobic exercise 
training across a large age range [74–76]. In subjects with hypertension, who 
demonstrate lower a priori peak dilator responses, aerobic exercise training 
increases forearm peak blood flow [77].

The enhanced intrinsic vasodilator capacity of active muscle beds following train-
ing may conceivably result from the well-established increase in capillary density that 
occurs with training [78]. However, muscle blood flow is not dependent upon capil-
lary density [79]. While capillaries regulate transit time and oxygen extraction, they 
contribute much less resistance to flow than upstream arterioles [20, 80, 81]. Electrical 
stimulation studies suggest that the time-course of adaptation in capillary density (~4 
days) [82] is dissociated from adaptations in peak blood flows (14–28 days) [83]. 
Adaptations in peak blood flow with training, therefore reflect changes in the caliber 
or cross-sectional area of the “resistance arteries”, rather than increases in capillarity

�Summary of the Impacts of Aerobic Exercise Training 
on Arterial Structure

In summary, aerobic exercise training represents a potent stimulus for conduit 
and resistance arteries to adapt. More specifically, aerobic exercise training in 
healthy, predominantly Caucasian subjects leads to larger conduit artery diam-
eters and smaller conduit artery IMT. Conduit artery remodeling represents a 
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process that depends on a localized process in the active limbs; while the 
decrease in IMT is observed in the active and non-active limbs, suggesting the 
presence of a systemic effect of aerobic exercise training on IMT. Finally, aero-
bic exercise training also leads to enlargement of the resistance arterial vascular 
bed, a localized process that occurs in active limbs. These structural adaptations 
may contribute to the benefits of exercise training on BP. While a larger resis-
tance arterial bed can lower peripheral resistance, and therefore BP, it should be 
acknowledged that remodeling of conduit arteries unlikely play an important 
role in peripheral vascular tone.

�Effect of Aerobic Training on Vascular Function

The function of conduit and resistance vessels reflects the balance between compet-
ing effects of vasodilator and vasoconstrictor influences. Discussion of vascular 
function will primarily focus on the impact on NO bioavailability, given its impor-
tant role as a vasodilator as well as its anti-atherosclerotic and anti-thrombotic 
effects. Studies examining vasoconstrictor pathways have focussed on endothelin-1 
(ET-1) and angiotensin II (ANG II), arguably the most important vasoconstrictors, 
and the sympathetic nervous system (SNS).

�Vasodilator Function

�Conduit Arteries

A number of studies have examined the effects of aerobic training on conduit 
artery vascular function using FMD. In healthy subjects, improvement in con-
duit artery FMD is not a generalised finding [64, 84]. In contrast, aerobic train-
ing undertaken in subjects with a priori impairment in conduit artery endothelial 
function typically demonstrate enhanced FMD responses after aerobic exercise 
training [85, 86]. Indeed, studies undertaken in subjects with hypertension [87, 
88], who exhibit endothelial dysfunction, demonstrate enhanced FMD responses 
following different aerobic training programs. Given the conflicting results of 
aerobic exercise training on conduit artery FMD in subjects with normal BP, one 
may question whether individuals with prehypertension benefit from aerobic 
training. Interestingly, significant improvement in brachial artery FMD after 
prolonged (12 weeks) aerobic exercise training was found in subjects diagnosed 
with Stage I hypertension (or prehypertension), but not in subjects with normal 
BP [87]. Therefore, conduit artery function appears more amenable to enhance-
ment in subjects with pre to established hypertension, who exhibit impaired 
vasomotor and endothelial function a priori, than in healthy subjects with less 
impaired vascular function prior to training.
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�Resistance Arteries

The impact of aerobic exercise training in healthy control subjects has frequently 
been studied in resistance arteries using plethysmography. In young subjects who 
undertook aerobic cycle exercise training, improvement in basal NO function was 
observed, but no changes in endothelial function were apparent [89]. Despite the 
improvement in NO bioavailability in this study, no changes in basal limb blood 
flow were found after training, possibly because of a compensatory increase in sym-
pathetic vasoconstrictor tone [90].

Consistent with the case for conduit artery function (above), there is no apparent 
consensus regarding the impact of aerobic training on resistance vessel function in 
healthy (young) subjects; whereas the majority of studies performed in subjects 
with impaired endothelial function have documented improvement. For example, 
aerobic exercise training in middle aged subjects enhanced endothelial function [91, 
92] and improved NO bioavailability [90]. Furthermore, 12 weeks of aerobic exer-
cise training in subjects with hypertension improved peripheral resistance artery 
endothelial function [77, 92].

Several important studies have indicated a beneficial impact of aerobic train-
ing on coronary vasodilator function among patients with coronary artery disease 
[93–95] and heart failure [96]. For example, Hambrecht and colleagues studied 
19  patients with stable coronary artery disease that were randomised to aerobic 
training or control groups for a 4 week period [95]. Intra-coronary infusion of ace-
tylcholine (ACh) and adenosine were used to assess epicardial coronary artery vaso-
dilator function and resistance vessel function, respectively. Training improved 
coronary conduit and resistance artery vasodilator function. In a subsequent study, 
the authors found that home-based aerobic training sustained some of these effects 
[97]. These authors also completed a comprehensive study which concluded that 
aerobic training improves vasodilator function in vivo by upregulating NO synthase 
protein expression and by increasing phosphorylation of NO synthase, effects con-
sistent with a shear-stress mechanism for enhanced NO bioactivity with training 
[94]. Taken together, these findings strongly support the presence of an improve-
ment of resistance artery vascular function after aerobic exercise training in subjects 
with cardiovascular disease or risk (Table 5.1).

�Vasoconstrictor Function

When studying the contribution of ET-1 and Ang II to the regulation of baseline 
vascular tone, studies have found that these constrictors do not importantly con-
tribute to the regulation of baseline resting tone in healthy, young subjects [98–
100]. It is therefore unlikely that aerobic exercise training in healthy subjects 
importantly alters vasoconstrictor function. In contrast, older humans exhibit 
increased ET-1-mediated vascular tone in the leg [101] and forearm [102]. More 
importantly, aerobic training is able to reverse the contribution of ET-1 to baseline 
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vascular tone in older humans [101, 102]. Regarding Ang II, aerobic exercise 
training in patients with stable coronary artery disease induced a 49 % reduction 
in Ang II-induced vasoconstriction [103]. While the evidence relating to aerobic 
training effects on vasoconstrictor pathways is far less comprehensive than that for 
vasodilator mechanisms, aerobic exercise training seems to have a beneficial effect 
on vasoconstrictor pathways in those with an a priori increased contribution of 
vasoconstrictors to vascular tone.

The question of whether neurally-mediated vasoconstriction is modified by aero-
bic training is complex and various approaches to this question have produced con-
tradictory results. On the one hand, there is strong evidence that heart rate variability, 
a measure of autonomic balance, is improved by aerobic training [104–106] and is 
related to physical activity levels [107] (see Chapter 9 for a more detailed discus-
sion of the effects of exercise on autonomic function). Other studies suggest that 
noradrenaline levels diminish following training [108]. In keeping with these find-
ings, training ameliorates the effect of aging on baroreflex function [109], an effect 
which may be related to enhanced arterial vasodilator function, arterial distensibil-
ity, and signal transduction in barosensitive zones [110]. In addition, muscle sympa-
thetic nerve activity (MSNA) may decrease as a result of aerobic training [111] 
including subjects with elevated SNS activity a priori [112]. Finally, repeated bouts 
of exercise are associated cyclic activation of brainstem centres, such as the rostral 
ventrolateral medulla, may modulate central sympathetic output and SNS mediated 
vasoconstriction [113]. These studies suggest that sympathetic nerve mediated 
vasoconstrictor tone may decrease as a result of aerobic training in humans.

However, there is also evidence to the contrary. Studies performed in healthy 
subjects suggest that MSNA does not change with training [112] and noradrenaline 
spill-over may also be similar following training when expressed in relative terms 
[114]. In addition, ∝-adrenoceptor blockade (i.e., a direct measure to examine the 
role of the SNS), revealed an increased level of basal sympathetic vasoconstrictor 
tone following aerobic training in healthy volunteers [90], consistent with other 
evidence of elevated basal sympathetic tone following training [115]. Despite this 
apparent increase in resting sympathetic tone, basal blood flows are not decreased 
by training, a finding likely due to a compensatory increased vasodilator function or 
remodelling. Hence, increased vasodilator function or arterial remodelling follow-
ing training may be offset by elevated sympathetic tone, with the result that resting 
blood flows and arterial diameters remain unchanged. In keeping with this, there is 
evidence in coronary arteries consistent with elevated basal vasoconstriction tone in 
trained subjects who also possessed enlarged arteries [116].

Specifically for individuals with hypertension, relatively few studies have 
focused on the impact of aerobic training on the SNS. A previous report examined 
the impact of a 4 month, pre-dominant lower limb aerobic exercise training on baro-
reflex control of MSNA in (never-medicated) patients with hypertension [117]. The 
drop in BP after training was accompanied by a drop in MSNA level as well as a 
significant improvement in baroreflex control during BP manipulations in these 
subjects. Interestingly, the authors even reported a significant positive relation 
between the decrease in resting MSNA and the drop in MAP.
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In summary, evidence in humans suggests that aerobic training can improve the 
contribution of ET-1 and ANG II in the regulation of vascular tone in those with a 
priori elevated contribution of vasoconstrictors to regulate vascular tone. In addi-
tion, some evidence suggests that aerobic training has a direct effect on the SNS, 
most likely resulting in improvement in baroreflex sensitivity and attenuation of the 
contribution of the SNS to the regulation of vascular tone in those with an a priori 
elevation in SNS tone. A smaller contribution of vasoconstrictor pathways to regu-
late tone after periods of training may represent a key mechanism contributing to the 
BP lowering effect of exercise training.

�Time Course of Vascular Functional–Structural Adaptation

Although aerobic exercise training alters both conduit and resistance vessel func-
tion and structure, the time-course of these changes likely differs. In animals, short 
duration aerobic exercise training (2–4 weeks) improved vasodilator function in 
muscle arterioles [118, 119] and the aorta [120, 121]. Also in conduit vessels, 
improved vasodilator function has been observed after short duration aerobic exer-
cise training (i.e., 7 days) [122]. These findings suggest that improved vascular 
function, demonstrated by an increased production of endothelial NO, occurs rap-
idly in response to aerobic training, particularly in arteries supplying the exercising 
muscle beds [123].

Animal studies performed over a longer duration have not consistently shown 
augmented endothelial function in healthy animals. Endothelium-dependent vaso-
dilation was unaltered after 16–20 weeks of training in pigs [124] and 16 weeks in 
rats [125]. There is also evidence that endothelial nitric oxide synthase (eNOS) 
expression is time-dependent. Expression of eNOS protein and enhanced vasodila-
tor function [126] were evident after 1 week of training in pigs, whereas these 
changes were not present after 16 weeks [127]. Although these data suggest that 
long-term training is not consistently associated with enhanced vasodilator func-
tion, prolonged aerobic training enlarges arterial diameters in animals [128–131]. 
Laughlin proposed, on the basis of these animal data, that a distinct time-course for 
change in arterial function and structure may exist in response to exercise training 
[123]. These data in animals resulted in the hypothesis [86] that, in humans, vascu-
lar remodelling, an endothelium and NO-dependent phenomenon [132–137], may 
partly supplant the need for acutely responsive vasodilator mechanisms to normalise 
shear stress during exercise bouts [86].

Recently, Tinken et  al. completed a study in which measures of brachial and 
popliteal artery function and structure were collected every 2 weeks across an 8 
week aerobic training program in healthy, young male subjects [138]. The results 
indicated that functional adaptation preceded changes in artery peak vasodilator 
capacity. These findings support the notion that functional adaptations may be 
superseded by structural changes including artery remodelling that may normalise 
shear stress. They confirm previous reports that endothelial function rapidly adapts 
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to training and detraining [139, 140]. Moreover, others have now confirmed the 
time-dependent changes in conduit artery function in healthy subjects during aero-
bic exercise training [141].

In summary, animal studies suggest that short-term aerobic training enhances 
eNOS and NO production and bioactivity, producing a short-term buffer to the 
increased shear associated with exercise. With continued training, at least in the 
peripheral circulation, structural changes in the vessels occur, resulting in an increase 
in lumen diameter [20, 135]. Whether a similar time-course in vascular adaptations is 
present in subjects with pre and established hypertension is currently unknown. 
Furthermore, little is known whether the distinct time-course in functional and struc-
tural vascular adaptations lead to a time-course in adaptation of BP or BP control.

�Local Versus Systemic Adaptations

An important question for prescribing aerobic exercise training is whether such 
exercise leads to local or systemic adaptations in the vasculature. This question is of 
particular importance when exercise is prescribed with the aim of modulating BP, 
which requires systemic adaptation in vascular resistance. Studies that have investi-
gated the impact of lower limb aerobic exercise training on vascular function in 
humans typically found improvement in upper limb vascular function [89, 91, 92, 
142–144]. Hence, the vast majority of studies that examined the impact of aerobic 
exercise training reveal systemic improvements in vascular function in conduit and 
resistance vessels (Table 5.1).

In terms of generalized effects of training on vascular structure, results depend 
upon the vascular territory examined. It is well established that aerobic training 
leads to an outward remodeling of conduit artery diameter which supply the active 
muscle beds. For example, brachial diameters are significantly larger in elite canoe 
paddlers and wheelchair athletes, compared to control subjects, while superficial 
femoral artery diameters are significantly larger in runners and cyclists than controls 
and paraplegic subjects [57]. In addition, the dominant and non-dominant arms of 
elite tennis players differ in terms of conduit and resistance artery remodelling [53, 
73], a finding reinforced by observation of larger racquet arm brachial diameters in 
elite squash players [56]. Aerobic exercise training, despite its strong and systemic 
stimulus, therefore seems to result in a local impact on conduit artery diameter 
remodelling. There is little extant evidence for remodelling of artery size in vessel 
beds outside those involved directly in the exercise stimulus.

Information regarding the impact of aerobic exercise training on local or sys-
temic adaptations in wall thickness is scarce. Most studies that examined the impact 
of aerobic exercise training have adopted cross-sectional comparisons. Rowley 
et al. assessed carotid, brachial, and superficial femoral artery wall thickness in elite 
athletes engaged in predominantly lower limb (i.e., runners/cyclists) or upper limb 
(i.e., canoe paddlers) exercise and matched able bodied, recreationally active, con-
trols. In this study, wheelchair controls and athletes were also studied to further 
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examine the impact of aerobic training on arterial wall thickness. Diminished wall 
thickness was observed in all arteries of able bodied athletes compared to controls, 
including wheelchair athletes compared to wheelchair controls [57]. A further study 
of elite squash players also confirmed decreased brachial artery wall thickness, 
which in contrast to the effects on lumen diameter, was apparent in both limbs [56]. 
This finding suggests that aerobic exercise training results in changes in wall thick-
ness in athletes, which may be a systemic phenomenon. In support of this notion, 
longitudinal training studies suggest that peripheral arterial wall thickness decreases 
after lower limb aerobic exercise training in femoral [66], popliteal, and brachial 
[68, 145] arteries. Although limited in scope, these data support the presence of 
systemic changes in conduit artery wall thickness after aerobic exercise training.

In summary, aerobic exercise training represents a potent stimulus for systemic 
adaptations in conduit and resistance artery function, but also for systemic 
improvements in conduit artery wall thickness (but not diameter) and resistance 
artery structure (Table 5.1). These findings suggest that aerobic exercise training 
leads to beneficial changes in vascular function and structure beyond the active 
vascular bed, assuming a sufficiently large active muscle mass is activated. The 
presence of systemic vascular adaptation after large muscle activity is of special 
importance for BP lowering, as lowering of total peripheral vascular tone is an 
important pathway to explain the benefits of exercise training on BP.

�Mechanisms Responsible for Arterial Adaptation to Aerobic 
Exercise Training

�Shear Stress

Exercise produces large increases in blood flow to the heart and active skeletal mus-
cle [146]. These increases in blood flow during exercise generate shear forces that 
act on the endothelium that alter gene expression in endothelial and vascular smooth 
muscle cells [147–149]. The beneficial effects of exercise on vascular health have 
often been attributed to exercise-induced increases in mean shear stress [150–153]. 
This hypothesis is supported by data obtained from cell culture and isolated vessel 
preparations which demonstrate that increased shear stress positively modifies the 
expression of genes involved in the atherosclerotic process [154–159]. The impact 
that shear stress has on gene expression is highlighted by reports that increases in 
shear stress change the expression of approximately 3,000 cultured endothelial cell 
genes as assessed by microarray analysis [160].

The limited data obtained from in  vivo models also support the notion that 
increases in mean shear stress provide a stimulus that is anti-atherogenic. 
Specifically, increases in shear stress, produced by arteriovenous fistulas in rats and 
dogs, have been reported to increase messenger ribonucleic acid (mRNA), protein, 
and activity of eNOS and decrease bioavailability of ET-1 [151, 152]. In humans, 
unopposed increases in retrograde shear stress acutely impair endothelial function 
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[161, 162], while some evidence suggests that increases in antegrade shear are asso-
ciated with enhanced FMD [141, 163, 164]. See Chapter 7 for more detailed infor-
mation about the effects of the application of in vitro shear stress on endothelial cell 
gene expression.

Data linking increases in mean shear stress to atheroprotective changes in gene 
expression has focused attention on mean shear as a modulating stimulus. However, 
it is important to acknowledge that the pattern of the hemodynamic profile seems to 
play an import role. This notion is supported by observations regarding significant 
changes in the pattern of shear when transitioning from rest to exercise [165] 
(Fig. 5.2). During the initial phase of lower limb aerobic exercise (such as cycling), 
the pattern of brachial artery blood flow through the conduit arteries becomes more 
oscillatory in nature, resulting in both the antegrade (i.e., forward) and retrograde 
(i.e., backward) components of blood flow. It is believed that the increase in 
retrograde component of the blood flow pattern during the initial phase of exercise 
is mediated through an increase in peripheral artery resistance [166], perhaps as a 
consequence of the activation of the SNS.

The initial increase in retrograde flow and shear stress, and therefore, oscillatory 
shear does not necessarily indicate that exercise leads to potentially harmful effects 
on the endothelium. Recent data demonstrate that changes in the pattern of blood 
flow through conduit arteries are subject to change as exercise continues [167]. The 
favorable shear pattern of largely antegrade shear during prolonged exercise is asso-
ciated with beneficial adaptation in the vessels. Hambrecht and colleagues provided 

Fig. 5.2  Blood flow patterns during exercise. Echo-Doppler images from the brachial artery diam-
eter and blood flow pattern under resting conditions (a), leg cycling exercise (b), walking exercise 
(c), and leg kicking exercise (d). Note the marked differences in blood flow patterns between the 
four different conditions
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an insight into the mechanisms responsible for exercise-mediated improvements in 
endothelial function [94]. They studied the impact of 4 weeks of cycle exercise on the 
internal mammary artery of subjects with coronary artery disease awaiting coronary 
artery bypass surgery. Training increased peak endothelium-dependent flow and 
FMD responses in the arteries of trained subjects, but not sedentary controls. After 
the final training session and the repeat in vivo vascular function assessments, a sec-
tion of the internal mammary artery was harvested for in vitro vascular function 
assessment, immunohistochemistry, NO synthase mRNA isolation, and protein quan-
tification. Aerobic training was associated with significantly higher NO synthase 
mRNA and protein expression and higher shear stress related eNOS phosphorylation, 
which correlated with in vivo ACh mediated vasodilator capacity. Aerobic training 
therefore improves endothelial function in vivo by upregulating NO synthase protein 
expression and by increasing phosphorylation of this enzyme, effects consistent with 
a shear stress mechanism for enhanced NO bioactivity with training.

More recently, to examine the suggestion that shear is a key mechanism respon-
sible for changes in endothelium-mediated vasodilator function following aerobic 
training, subjects performed a single bout of cycle exercise [163]. During the exer-
cise session, a cuff was placed around one arm to unilaterally decrease the exercise-
induced elevation in blood flow and shear stress [163]. While vasodilator function 
improved immediately after exercise in the limb exposed to increases in shear stress, 
no changes were observed in the cuffed arm. To follow-up on this observation, we 
adopted the same model (i.e., unilateral cuff inflation to attenuate the exercise-
induced blood flow and shear stress response) and performed 8 weeks of cycle exer-
cise training [141]. We found significant, time-dependent changes in vasodilator 
function and structure of the brachial artery in the non-cuffed arm, while such adap-
tations were non-existing in the cuffed arm. Taken together, these data resulted in 
the conclusion that shear stress is a principal physiological stimulus to the vascular 
adaptation associated with aerobic training in vivo.

In order to confirm the importance of shear stress, independent of the complex 
stimulus of exercise, subsequent studies induced repeated episodic increases in 
shear stress at rest, using heating. As above, the experimental approach involved 
cuffing one arm during the heating bouts to provide a within subjects experimental 
manipulation of shear. Only the limb exposed to the greater change in blood flow 
and shear during heating bouts, that is, the forearm that was not exposed to cuffing, 
demonstrated improvement in NO-mediated vasodilator responses [168, 169]. We 
found that these adaptations occur in response to repeated exposure to direct (local) 
application of heat to the arm by submerging arms in a warm water [169], but also 
by repeated exposure to systemic heating by submerging the lower limbs in warm 
water which elevates upper limb shear rate through systemic thermoregulatory 
adjustments [170]. These findings suggest that increases in shear, independent on 
the method of inducing elevation in shear, can induce adaptation of vessels.

The majority of studies demonstrate an important role for the increase in shear 
stress in inducing structural vascular adaptation in response to aerobic exercise 
training. The classic study of Langille and O’Donnell established a link between 
changes in flow (or shear) and the endothelium to induce arterial remodelling [134]. 
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They examined rabbit carotid arteries after unilateral ligation-mediated chronic 
decreases in flow (70 % reduction for 2 weeks). The diameter of the ligated vessel 
was significantly smaller than the contralateral control vessel; and this change was 
dependent upon the endothelium, inferring that flow-mediated changes in vessel 
structure are dependent upon the release of a substance from endothelial cells.

Taken together, the above data are consistent with the evolving hypothesis that 
arterial shear stress is a homeostatically regulated variable and plays a pivotal role 
in adaptations of the vascular bed in response to aerobic exercise training [86, 171]. 
In this conceptual framework, shear stress mediated arterial enlargement, which 
acts to mitigate the increases in transmural pressure and wall stress brought about 
by repeated exercise bouts [135, 172–177], and is dependent on an intact endothelium 
[134]. The consequent “structural” normalization of shear may obviate the need for 
ongoing and acute functional adaptations [85, 86]. This hypothesis [86] clearly fits 
with the time-course of changes in vascular function and structure, as described in 
an earlier paragraph in this chapter.

�Cyclic Pressure

Increases in blood flow during aerobic exercise are also accompanied by significant 
increases in pulse pressure. This elevation in pressure across the cardiac cycle pro-
duces an increase in the rhythmic stretching (i.e., cyclic strain) of endothelial and 
vascular smooth muscle cells across the vasculature. The systemic nature of cyclic 
strain makes it an attractive mechanism for describing how aerobic exercise training 
positively impacts vascular adaptation, especially given the systemic nature of vas-
cular adaptations to this type of exercise.

Data initially obtained from in vitro cell culture preparations suggested that 
cyclic strain produced an anti-atherogenic endothelial cell phenotype through the 
upregulation of eNOS mRNA, protein, and enzyme activity [178, 179]. In contrast, 
other experiments reported that cyclic strain did not change eNOS mRNA expres-
sion in cultured endothelial cells [159, 180]. The lack of changes in eNOS expres-
sion in addition to reported increases in monocyte chemotactic protein 1 (MCP-1) 
[181], intracellular adhesion molecule 1 (ICAM-1) [182–184], ET-1 [159], 
E-selectin [182], and reactive oxygen species (ROS) production [181, 184] suggests 
that cyclic strain likely produces a pro-atherogenic phenotype in cultured endothe-
lial cells. More recent data obtained from isolated vessel preparations suggest that 
reducing the cyclic strain stimulus decreases the phosphorylation of serine 1177 on 
eNOS and increases ROS production through the upregulation of neutrophil cyto-
chrome b light chain (p22-phox) and 47-kDa cytosolic subunit (p47-phox) of nico-
tinamide adenine dinucleotide phosphate [185].

The discrepancy in results obtained from endothelial cell culture and isolated 
whole vessel preparations cannot be accounted for by the presence of vascular 
smooth muscle in the later experimental paradigm, given that cyclic strain increases 
ROS production and MCP-1 in smooth muscle cell culture [186, 187]. One might 
speculate that reported differences between data obtained in endothelial and smooth 

D.H.J. Thijssen et al.



123

muscle cell culture versus whole vessel preparations may reflect the necessary cross 
talk between endothelial and vascular smooth muscle cells in producing an anti-
atherogenic phenotype when exposed to a cyclic strain stimulus. Future research 
using cocultured endothelial and vascular smooth muscle cells will be required to 
determine if cross talk between endothelial and smooth muscle cells produces an 
anti-atherogenic cell phenotype in response to cyclic strain.

In humans, it is extremely difficult to selectively examine the impact of cyclic 
strain and repetitive increases in BP on the vasculature as each change in pressure 
will be associated with a change in blood flow and shear rate. This is probably an 
important reason why studies in humans have not attempted to specifically address 
the role of cyclic strain on the exercise-induced vascular adaptations. Although 
further studies are required, cyclic strain may be a potentially important stimulus for 
the arteries to adapt in response to aerobic exercise training.

�Clinical Implications and Importance

�Exercise Prescription Recommendations for Vascular Health 
Among Individuals with Hypertension

Prescribing exercise training to subjects with hypertension cannot be performed 
without specific suggestions regarding the frequency, intensity, time and type 
(FITT) of exercise; i.e., the ‘dose’ of the ‘medication’ of the FITT principle of exer-
cise prescription. Unfortunately, most of this area is currently unexplored and no 
well-designed studies have been performed for an evidence-based prescription of 
aerobic exercise training for vascular health among individuals with hypertension. 
The (limited) evidence currently available around these FITT of exercise prescrip-
tion for vascular health among individuals with hypertension that determine the 
‘dose of exercise’ is summarised below.

Frequency Studies that have examined the effects of aerobic exercise training 
on the vasculature have used training regimes that varied between 2 and 6 times 
per week [77, 87, 88, 92, 117, 188–191]. However, no direct comparisons have 
been made between exercise training strategies that differ in the frequency of 
exercise training.

Intensity Although not specifically examined in subjects with hypertension, 
some studies have studies the impact of different intensities of exercise upon the 
magnitude of vascular adaptation. A well-designed and controlled study by Goto 
et al. [192] examined the effects of low (25 % of maximum oxygen consumption 
[ VO2max ]), moderate (50 % VO2max ), and high (75 % VO2max ) intensity aerobic 
training in young men. Endothelium-dependent forearm vasodilation improved in 
the moderate intensity group, but not in other groups. The reason for the lack of 
vascular adaptation in the low intensity aerobic training group may relate to the 
stimulus falling below a given threshold to induce vascular remodelling. In contrast, 
the reason for the lack of changes in the high intensity aerobic training group is not 
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likely to relate to an insufficient stimulus. The authors provided evidence that 
increased oxidative stress may have counteracted the beneficial effects of shear 
stress and exercise on the vasculature among the high intensity group.

A previous study from Bergholm et al. provided further evidence for this hypoth-
esis. They reported that 3 months of high intensity running in physically fit male 
subjects reduced endothelium-dependent function [193]. The degree of endothelial 
dysfunction following training was greatest in subjects with the largest improve-
ments in VO2max . The authors postulated that the training-induced decrease in cir-
culating antioxidant levels may have adversely affected endothelial function in the 
highly trained or overtrained state. Alternatively, one should also consider the 
possibility of a distinct time-course in adaptations in vascular function and structure 
to different intensities of exercise.

Time Although very little is known about this topic, a recent pooled analysis 
revealed that a larger effect of aerobic exercise training on conduit artery endothelial 
function can be expected after a longer training intervention [194]. Whether a com-
parable relation is present for resistance artery adaptations is currently unknown.

Type A more detailed comparison between aerobic and resistance exercise train-
ing will follow in Chapter 6. When comparing different types of aerobic exercise, it 
should be notes that more recent studies have introduced high intensity interval 
training (HIIT). HIIT involves repeated exposure to short periods (1–4 min) of high 
intensity exercise (>90 % maximal workload) interspersed with similarly long peri-
ods of low intensity exercise (<40 % maximal workload). Studies that have directly 
examined the impact of HIIT found improved conduit artery vasodilator function in 
patients with heart failure [195], the metabolic syndrome [196], and patients with 
coronary artery disease [197, 198]. Some studies have even directly compared HIIT 
with aerobic exercise training have suggested the presence of a superior effect of 
HIIT to improve vasodilator function [195, 196, 199], although results are conflict-
ing [198]. While these studies highlight the presence of (potentially more) success-
ful training interventions to alter vascular function, future studies are necessary to 
identify the most appropriate type of training to improve the vasculature. Please see 
Chapter 1 for a detailed discussion of the FITT principle of exercise prescription 
targeting BP among individuals with hypertension, including comment on HITT.

�Conclusion

Aerobic exercise training has well-established BP lowering effects (see Chapter 1). 
The drop in BP is largely explained by the decline in peripheral vascular resistance, 
as Q does not change or even increases after training due to enlargement of the car-
diac dimensions and subsequent increases in SV among healthy individuals other 
than their high BP.  Exploring the mechanisms of the drop in BP, studies have 
revealed systemic improvement in vascular function as well as structural enlarge-
ment in conduit and resistance vessels. These beneficial adaptations in vascular 
function and structure should contribute, at least partly, to the drop in resting BP that 
result from aerobic exercise training among individuals with pre to established 
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hypertension; while this process may also occur during the development of prehy-
pertension and its progression to established hypertension.

Accordingly, BP appears to have a strong interplay with vascular function and 
structural characteristics, that both can be influenced in opposite directions (Fig. 5.3). 
While various stimuli such as cyclic pressure, endothelial progenitor cells and cir-
culating hormones may contribute to the benefits of exercise, repeated increases in 
shear stress (or blood flow) represents a key stimulus to mediate the vascular adapta-
tions to aerobic training. Shear stress directly acts upon the endothelium, leading to 
improvement in vascular function and enlargement of conduit and resistance arter-
ies in the active and non-active regions. Such adaptations seem to bi-directionally 
influence BP regulation, however, the interplay among vascular adaptations as they 
relate to the BP reductions that occur following aerobic exercise training should be 
explored further to better elucidate the relationships among the two.

Key Points and Resources

• Prolonged aerobic exercise training lowers BP, especially in those with elevated 
levels of BP, which is likely mediated through a decrease in peripheral vascular 
resistance.

Blood 
pressure

Vascular
resistance

Lumen size

Endothelial
function

wall 
thickness

Fig. 5.3  Conceptual framework how exercise training influences blood pressure. This figure rep-
resents a conceptual framework how exercise training influences vascular function and structure, 
including the various hemodynamic stimuli which are presented in the boxes, ultimately leading to 
a decrease in peripheral vascular resistance and mean arterial blood pressure (EDHF endothelium-
derived hyperpolarizing factor)
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• Aerobic exercise training leads to (rapid) systemic improvements in vascular 
function, which are both evident in conduit and resistance arteries. Adaptations 
in vascular structure, i.e., dimension and wall thickness, occur more slowly and 
are predominantly present locally in physically active areas.

• In healthy subjects, the initial improvements in vascular function return towards 
baseline once structural enlargement of the blood vessels occur, which highlight 
the strong and complex interplay between functional and structural adaptations 
to exercise training. Whether a similar interplay is present in subjects with (pre) 
hypertension is currently under debate.

• Repeated elevation in shear stress, or the dragging force of blood upon the vas-
cular wall, represents a key stimulus that mediates functional and structural vas-
cular adaptation. Cyclic pressure and the release of circulating factors may also 
contribute to the benefits of aerobic exercise training on the vasculature.

• Despite the volume of literature on aerobic exercise training and vascular adap-
tation, there remains a critical need for randomized controlled trials in patients 
with hypertension to identify the FITT aerobic exercise training interventions 
characteristics that optimally alter vascular function and structure. This new 
information will eventually contribute to evidence-based prescription of optimal 
(and personalized) guidelines for aerobic exercise training.

• Brook RD, Appel LJ, Rubenfire M, et al. (2013) Beyond medications and diet: 
alternative approaches to lowering blood pressure: a scientific statement from the 
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      Abbreviations 

   1-RM    One repetition maximum   
  ACh    Acetylcholine   
  BP    Blood pressure   
  CHF    Chronic heart failure   
  DBP    Diastolic blood pressure   
  FITT    Frequency, intensity, time, and type principle of exercise prescription   
  FMD    Flow mediated dilation   
  HR    Heart rate   
  IMT    Intimal medial thickness   
  MVC    Maximum voluntary contraction   
  NO    Nitric oxide   
  SBP    Systolic blood pressure   
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          Introduction 

 Regular physical activity and exercise are important lifestyle factors for maintaining 
good health and reducing the risk of development of a range of chronic diseases. 
Aerobic activities, such as walking, cycling and swimming, have traditionally been 
recommended in population health messages [ 1 ]. However, recent position state-
ments have highlighted the importance of including resistance exercise training to 
comprehensively address health and fi tness [ 2 – 5 ]. These statements acknowledge 
the role of resistance training in maintaining and improving skeletal muscle strength, 
an outcome which is not fully achieved through aerobic training. Indeed, muscle 
strength is essential to maintaining normal functioning and quality of life across the 
lifespan because it is fundamental to many routine tasks of daily life, from elevating 
the body from a seated position to carrying bags and performing essential activities 
of daily living. Reduction in muscle strength occurs with physical inactivity, ageing, 
and many chronic diseases, highlighting the potential benefi ts of resistance training. 
Compared to the well-established, benefi cial effects of resistance training on skel-
etal muscles, effects on the vasculature are less well defi ned. 

    Purposes of this Chapter 

 The primary purpose of this Chapter is to summarize the effects of resistance train-
ing on vascular structure and function to offer insight into its effects on vascular 
health; however, commentary on how these effects may translate to lower blood 
pressure (BP) is also included. Please see Chap.   2     for an in-depth discussion of the 
effects of resistance exercise on BP.   

    Key Terminology and Basic Concepts 

    Resistance Exercise 

 Physical activity spans a broad range of physical stimuli, ranging from low inten-
sity muscle contractions which only engage small body segments to actions that 
work against external loads and impart a signifi cant opposing force to muscular 
work. The latter type of exercise is commonly known as  resistance exercise , by 
virtue of the external force ‘resisting’ muscular contraction. The most common 
method of applying resistance to muscles is through the lifting of weights (e.g., 
using free weights or pin loaded machines). Other approaches can include elastic 
bands (e.g., therabands), the raising of limbs, and body segments against gravity 
and hydraulic resistance.  
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    Types of External Force Opposing Muscular Action 
and Their Distinctions 

 The mechanical properties of resistance exercise are largely characterised by the 
external force opposing muscular action [ 3 ]. If the opposing resistance is greater 
than the force generated by the muscular action, the muscle develops tension but 
does not shorten. This is described as an  isometric  contraction. When the muscular 
length changes in the setting of a constant external resistance, this is commonly 
called an  isotonic  contraction. While the term suggests equal muscular  tension  
throughout the action, this is not purely correct, because muscle tension may vary 
even though the external resistance remains constant. When the muscular force 
overcomes the resistive force to produce a dynamic movement, a  concentric  con-
traction has occurred. An  eccentric  contraction occurs when the muscle force gener-
ated is less than the force of the load (voluntarily or otherwise). 

 In the past, resistance exercise has sometimes been described synonymously 
with isometric exercise. This fails to acknowledge the complex nature of resistance 
exercise. Indeed, many muscular actions involve a combination of isometric and 
isotonic contractions. During a simple biceps curl for example, the muscles of the 
hand and forearm contract isometrically, while gripping the dumbbell and isotonic 
contraction occurs in the biceps brachii to vary the joint angle at the elbow as the 
weight is lifted and lowered. Furthermore, it should be recognised that contractions 
underpinning classic forms of “aerobic” and “resistance” exercise exist on a con-
tinuum which is modulated by the nature or magnitude of the external load. For 
example, cycling is typically considered an ‘aerobic’ exercise, however, cycling 
against a high resistance can achieve a strength training effect [ 6 ].  

    Rationale for Resistance Training for Health Management 

 Aerobic exercise has historically been the primary focus of physical activity for 
health benefi t. However, the intensity of muscular contraction typically employed 
during aerobic exercise induces relatively modest effects on muscular mass and 
strength. Skeletal muscle mass and function typically peak in the fourth decade of 
life and then start to decline at a rate of approximately 10 % per decade [ 7 ]. For 
many elderly people, sarcopenia (i.e., muscle wasting) and poor muscular strength 
signifi cantly impair the ability to undertake everyday tasks, increasing the risk of 
falls and adversely affecting quality of life. To maintain and improve muscular 
strength, even in the elderly, muscles require frequent exposure to stimuli that acti-
vate suffi cient force production to induce skeletal muscle fi bre hypertrophy and 
optimize the fi ring pattern of motor units. This exposure can be achieved effectively 
through well designed resistance exercise training programs, individualized accord-
ing to the age and clinical history of the patient [ 8 ]. 

6 Resistance Exercise and the Vasculature



140

 There has traditionally been some reticence expressed about applying resistance 
exercise training in individuals with or at risk for cardiovascular disease due to con-
cerns about an adverse effect on the vasculature or an inappropriate hemodynamic 
response [ 9 ,  10 ]. However, more recently, there has been a growing appreciation of 
the broad benefi ts of resistance exercise training for optimizing health and fi tness 
and the prevention and management of cardiovascular disease [ 3 ]. A recent meta- 
analysis by Cornelissen et al. identifi ed that resistance exercise training may have 
cardiovascular benefi ts, including reduced BP, and improved body composition and 
triglyceride levels [ 11 ]. The authors pooled interventions according to whether they 
involved dynamic resistance training ( k  = 25 trials) or isometric handgrip training 
( k  = 3 trials). Handgrip training was the only mode of exercise employed in the iso-
metric training trials. Both forms of exercise reduced BP, but a more pronounced 
reduction was observed with isometric handgrip training (11.8/5.8 mmHg) com-
pared with dynamic resistance training (2.6/-3.1 mmHg). Due to the small number 
of trials involving isometric handgrip exercise, these results warrant confi rmation 
from randomized controlled trials directly comparing dynamic and isometric exer-
cise, and evaluating other forms of isometric exercise. Nonetheless, the main mes-
sage remains that resistance exercise training, even when performed with a relatively 
small muscle mass, seems to have a BP lowering effect, however, the mechanisms 
remain undefi ned. See Chap.   2     for a detailed discussion on the role of resistance 
exercise in the prevention and treatment of hypertension.  

    The Infl uence of the Hemodynamic Response to Resistance 
Exercise on the Blood Vessels 

 In the context of the vasculature, it is pertinent to recognize that an important stimu-
lus to adaptation involves changes in blood fl ow through the arterial lumen and 
pressure differences across the vessel wall. The forces can be collectively referred 
to as  hemodynamic stimuli . For example, systemic changes in pulse pressure and 
heart rate (HR) and local release of vasoactive substances, which have been well 
documented during aerobic exercise, generate a recurrent hemodynamic (shear) 
stress that is associated with vascular function and structure adaptation following 
training [ 12 ,  13 ]. Less is known about how resistance exercise protocols infl uence 
vascular hemodynamics, although consistent with aerobic exercise, differences in 
upstream arterial driving pressure relative to downstream pressure in the resistance 
vessels is likely to be an important determinant. 

 Pure isometric exercise involves a modest increase in cardiac output in the set-
ting of restricted muscular blood fl ow as a result of the increased intramuscular 
tissue pressure and direct occlusive transmural pressure on the artery caused by the 
contraction. The intensity of contraction required to restrict and occlude muscle 
blood fl ow remains controversial. In an early study, Humphreys and Lind [ 14 ] 
noted progressively increased forearm blood fl ow during hand grip isometric exer-
cise at intensities up to 50 % of the maximum voluntary contraction (MVC). 
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However, others have found that forearm blood fl ow decreased from 20 to 25 % 
MVC [ 15 ,  16 ] and as low as 10 % MVC [ 17 ]. These fi ndings indicate that at some 
point in the intensity continuum, blood fl ow will be restricted as a direct result of 
the isometric contraction, which is in contrast to aerobic exercise which facilitates 
larger blood fl ow to the muscles at higher intensities. Vasoconstriction also occurs 
in vascular beds supplying inactive muscles during isometric exercise. The conse-
quent increase in vascular tone (from the inactive  and  active regions) in the setting 
of an increased cardiac output results in a disproportionate rise in systolic (SBP) 
and diastolic (DBP) BP compared with that during dynamic, aerobic exercise that 
imposes a ‘pressure load’ on the cardiovascular system. 

 Since the seminal work of Barcroft and Millen, it has been recognized that the 
periods of vascular occlusion during isometric contractions are followed by a 
period of reactive hyperaemia [ 15 ], creating rhythmic fl uctuations in blood fl ow 
depending on whether the muscle is contracted or relaxed. Resistance exercise, in 
practice, is rarely purely isometric. For example lifting weights, a common method 
of providing resistance exercise, typically has an isometric and dynamic compo-
nent and is characterized by frequent periods of rest. Accordingly, the hemody-
namic response during resistance exercise represents a hybrid of that observed 
during pure isometric or dynamic exercise, with sets of exercise punctuated by 
bouts of localized hyperemia during periods of recovery. Therefore, resistance 
exercise as applied in practice is likely to result in periods of (muscle contraction-
induced) restrictions in blood fl ow, post-contraction hyperemia, and dynamic exer-
cise-mediated increases in blood fl ow. However, defi nitive studies using 
contemporary technology to describe blood fl ow to different regions during resis-
tance exercise are currently lacking. 

 We have previously noted distinct patterns of blood fl ow in the brachial artery 
between aerobic (cycling) and resistance exercise (handgrip) [ 12 ]. During aerobic 
cycling exercise at low intensities, sympathetic vasoconstriction of the inactive fore-
arm vessels results in a resistance to forward fl ow leading to an oscillatory pattern 
of systolic antegrade movement, followed by retrograde fl ow during diastole. When 
the systolic driving force increases at higher exercise intensities, the resistance to 
fl ow is overcome [ 18 ]. In contrast, resistance (handgrip) exercise results in a largely 
antegrade brachial artery fl ow, possibly initiated by local metabolic by products 
[ 19 ] that leads to a decreased downstream resistance in the forearm, in combination 
with a small increase in the upstream driving force for fl ow, despite only modest 
increases in HR and SBP. The handgrip exercise model might also refl ect blood fl ow 
changes that occur locally with resistance exercise in other small muscle groups. 

 In contrast, dynamic resistance exercise involving large or multiple muscle groups 
may produce a systemic hemodynamic response, more characteristic of that occur-
ring during cycle ergometry. Indeed, systemic hemodynamic changes in HR and BP 
are well documented during resistance exercise of this nature [ 20 ]. The resulting 
hemodynamic stimulus may potentiate the upregulation of anti- atherogenic genes, 
contribute to improvements in endothelial function, and create an environment for 
better BP control, similar to that which occurs in response to aerobic exercise [ 21 , 
 22 ]. Resistance exercise can be modulated in a variety of ways [ 23 ] (Table  6.1 ), 
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all of which are likely to infl uence the acute hemodynamic response elicited as a 
result of the exercise. As such, the stimulus on the vasculature might be expected to 
vary. However, while determinants # 1–3 (and to a lesser extent 4 and 5) are often 
described, determinants # 6–10 have rarely been considered in the literature pertain-
ing to resistance training and vascular adaptation.

        Methods 

 Papers sourced for this review examined the impact of resistance exercise training 
on vascular structure and function, specifi cally endothelium dependent and inde-
pendent effects. Using PubMed as the primary search engine, we searched for 
papers that involved resistance exercise training (‘resistance training OR resistance 
exercise training OR strength training OR weightlifting OR handgrip training OR 
isometric handgrip training OR isometric exercise training’). We included papers 
that used combined aerobic and ‘resistance’ exercise (i.e., concurrent) training, but 
excluded modes of ‘resistance training’ in which training intensity was not accu-
rately quantifi ed, such as  therabands . To specifi cally discuss the effects of resis-
tance training on vascular function and structure, we combined the search strategy 

    Table 6.1    Determinants of resistance exercise stimuli that infl uence the acute hemodynamic 
response   

 Resistance exercise determinants  Impact on hemodynamic response 

  1. Magnitude of the load  ↑ BP  response , proportional to the %1-RM 
 ↑Vessel compression with ↑increased %1-RM 

  2. Number of repetitions  ↑HR and BP  response  with ↑ repetitions 
  3. Number of sets  ↑HR and BP  response  with subsequent sets 

(if recovery is incomplete between sets) 
  4. Rest in-between sets  ↑HR and BP  recovery  with prolonged rest 

between sets 
  5. Fractional and temporal distribution 

of the contraction modes per repetition 
and duration of one repetition 

 ↑ BP  response  with prolonged duration of 
contractions 
 ↑ HR  response  with more rapid contractions 

  6. Rest in between repetitions  ↑ Muscle hyperaemia between contraction with 
prolonged rests between reps 

  7. Time under tension  HR and BP  responses  ↑proportionally to the 
time under tension 

  8. Volitional muscular failure  ↑HR and BP  response  when volitional muscle 
fatigue is achieved, than not 

  9. Range of motion  ↑HR  response  with greater range of motion. 
Effects on BP unknown 

 10. Anatomical defi nition of the exercise 
(exercise form) 

 Variable effects on HR and BP dependent on 
body position (i.e., upright vs. supine) 

  Adapted from Toigo and Boutellier [ 23 ] 
  BP  blood pressure,  1-RM  one repetition maximum,  HR  heart rate  
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as stated above with ‘vascular OR blood fl ow OR dilat* OR endothel*’. Papers 
included in the review were limited to human studies published in English. There 
were no restrictions on the year of publication. The reference lists of articles identi-
fi ed were reviewed and articles that met the above criteria were included. A detailed 
description of the methods involved in the assessment of vascular function and 
structure is outlined in Chapter   5         Aerobic Exercise Training: Effects on Vascular 
Function and Structure . 

    Effects on Whole Body Resistance Exercise Training 

  Whole body  resistance exercise training in the context of this section relates to train-
ing protocols that involve dynamic resistance exercise of multiple muscle groups 
across the upper and lower body, consistent with the approach recommended in 
current guidelines to achieve health benefi ts.  

    Effects of Whole Body Resistance Training 
on Vascular Structure 

    Conduit Artery Diameter 

 Arterial diameter has the capacity to adapt in response to changes in body size and 
composition [ 24 – 26 ]. These observations suggest that artery size may be infl uenced 
by resistance training-induced changes in muscle bulk or associated blood fl ows. 
One potential mechanism for structural remodelling of the conduit arteries in 
response to resistance training is the hemodynamic effect of resistance exercise 
which may mediate changes in vascular structure to maintain peak shear rate. In 
support of this hypothesis, 6 months of high intensity resistance exercise training 
involving predominantly upper limb exercises increased the lumen diameter of the 
brachial artery in healthy young males [ 27 ]. These fi ndings suggest that resistance 
training increases arterial lumen size in conduit arteries feeding active muscle beds.  

    Conduit Artery Wall Thickness 

 Cross-sectional studies suggest that prolonged, high intensity resistance exercise 
training may lead to arterial “thickening” as expressed by increased arterial intimal 
medial thickness (IMT); resistance trained masters athletes had signifi cantly larger 
femoral IMT than age-matched sedentary controls [ 28 ]. However, the clinical rele-
vance of modest changes in IMT with long-term exposure to resistance exercise 
training is unclear and prospective trials of resistance training have not supported 
this assertion. For example, 12 months of whole body moderate intensity resistance 
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training (3 sets of 8–10 repetitions, twice weekly) had no effect on carotid IMT in 
healthy, but overweight women [ 29 ]. Similarly, carotid artery IMT was unchanged 
after either 3 months of whole body resistance training in young men [ 30 ], or 4 
months of whole body resistance training in young and middle aged men [ 9 ]. In 
contrast, 6 months of high intensity resistance exercise training in healthy young 
males signifi cantly decreased carotid artery IMT, with non-signifi cant reductions in 
brachial and femoral artery IMT [ 31 ]. The change in carotid IMT in this study, 
compared to interventions of a shorter duration, suggest that intensive longer term 
training may be required to reduce carotid arterial wall thickness, consistent with 
observations following aerobic exercise training [ 32 ]. 

 Decreased brachial artery IMT was recently observed following 12 weeks of 
aerobic or resistance exercise in patients with congestive heart failure (CHF) [ 33 ]. 
While structural adaptations occurred with both modes of exercise, the effect of 
whole body resistance exercise was more pronounced. In contrast to the study by 
Spence et al [ 27 ], these adaptations to the brachial artery occurred despite minimal 
involvement of the upper limbs in either mode of training, suggesting a systemic 
effect, possibly through endothelium dependent upregulation of nitric oxide (NO) 
production due to increased shear stress in vessels remote to the exercising limb. 

 In combination, these studies suggest that prolonged resistance exercise training 
may decrease, rather than increase carotid artery IMT in healthy individuals. While 
the effect of resistance training on artery wall thickness is less clear in patients with 
established cardiovascular disease, a preliminary study in patients with CHF found 
that peripheral conduit vessel function was decreased. In summary, there is little 
evidence to support that vascular structure is adversely affected by recreational 
resistance training, nor that the increased IMT observed in resistance trained ath-
letes in a cross sectional study [ 28 ] has clinical signifi cance. Instead, it may just be 
an innocuous adaptation, similar to the benign cardiac hypertrophy often observed 
with prolonged resistance training [ 34 ].   

    Effects on Whole Body Resistance Exercise 
on Vascular Function 

    Vascular Compliance 

 Historical concerns that prolonged resistance exercise training may be detrimental 
to vascular health largely stem from studies linking resistance training to increased 
arterial stiffness in otherwise healthy men [ 9 ,  35 ], although this has not been a uni-
versal fi nding [ 30 ,  36 ]. A recent meta-analysis may help clarify this issue. This 
meta-analysis revealed that increased arterial stiffness was only evident in young 
subjects who undertook high intensity exercise, with no effect observed in middle 
aged subjects who trained at moderate intensities [ 37 ]. While the clinical signifi -
cance of slightly elevated arterial stiffness in healthy, young individuals remains 
unclear, these fi ndings raise the intriguing hypothesis that the impact of resistance 
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exercise training on the vasculature may be dependent on age, training intensity, or 
both. It is feasible that reduced arterial compliance following resistance training is 
countered by positive endothelial adaptations. Kawano and colleagues found that 
men with at least a 10 year history of regular, vigorous intensity resistance training 
demonstrated lower carotid arterial compliance compared with age-matched control 
subjects [ 38 ]. However, this adaptation did not translate to impaired endothelial 
function of the carotid artery in response to the cold pressor test, an assessment of 
the balance between adrenergic vasoconstriction and vasodilation [ 39 ].  

    Conduit Artery Vasodilator Function 

 Several studies have examined the impact of whole body resistance exercise train-
ing on conduit artery fl ow mediated dilatation (FMD), an ultrasound technique used 
extensively to measure conduit artery endothelium dependent NO function (see 
Chap.   5     for a more detailed description of this technique). In adults with obesity, 12 
weeks of leg press exercise performed at 90 % one repetition maximum (1-RM), 
plus abdominal and back exercises, resulted in signifi cant improvement in brachial 
artery FMD; an outcome also observed in a parallel group performing moderate 
intensity (60–70 % maximum HR) continuous aerobic exercise [ 40 ]. The training- 
induced improvement in endothelial function occurred in association with reduced 
levels of antioxidants, suggesting that reductions in oxidative stress may contribute 
to the upregulation of endothelial function. Long term (1 year) whole body resis-
tance exercise training has also been shown to improve FMD, independent of any 
change in cardiovascular risk factors in overweight but healthy eumenorrheic 
women [ 29 ]. In patients with a history of myocardial infarction, only 4 weeks of 
whole body resistance training (at 60 % 1-RM) was suffi cient to improve FMD 
[ 41 ]; but the improvements in FMD disappeared after 1 month of detraining, high-
lighting the transient nature of training-induced vascular adaptations. 

 It must be emphasised that a positive effect of resistance training on vascular 
function is not a universal fi nding. Twelve weeks of progressive resistance training 
at up to 90 % 1-RM performed 5 times a week in healthy young males failed to 
improve FMD [ 42 ]. An important difference with other studies, which found 
improvement in vascular function is that this study included young healthy subjects, 
who likely had normal (or “optimized”) endothelial function  a priori . 

Resistance exercise training is often prescribed in combination with aerobic 
exercise termed  concurrent exercise training . An early study by Clarkson et al. in 
young army recruits found that daily 3 mile runs and upper body strength and endur-
ance exercises signifi cantly increased brachial artery FMD [ 43 ]. Several subsequent 
studies examining conduit artery endothelial function adopted a circuit of combined 
aerobic and resistance exercise performed in alternating bouts. In subjects with 
medical histories associated with impaired vascular function  a priori  (i.e., in the 
presence of cardiovascular conditions or risk factors known to adversely affect vas-
cular function), 8 weeks of concurrent exercise training improved FMD in subjects 
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with type 2 diabetes mellitus [ 44 ], coronary artery disease [ 45 ], and individuals on 
medication for hypercholesterolemia [ 46 ]. 

 These fi ndings confi rm that in chronic conditions associated with vasculopathy 
(i.e., disorders of the blood vessels), resistance training appears to complement the 
well documented benefi ts of aerobic training. In fact, combining resistance and 
aerobic training may have an additive benefi t on vascular function; for, 12 weeks 
of concurrent exercise training in patients with CHF produced greater improve-
ment in vascular function than aerobic interval training alone [ 47 ]. It was specu-
lated that the increased peripheral blood fl ow associated with a larger exercising 
muscle mass during resistance training mediated the more dramatic improvements 
in vascular function. It may also be the case that including a resistance training 
component in an exercise regimen may complement the BP lowering effects of 
aerobic exercise [ 11 ]. 

 In summary, consistent with the effects of aerobic exercise training, whole body 
resistance exercise induces positive adaptations in conduit artery vascular function, 
which are more readily expressed in subjects with an  a priori  lower conduit artery 
endothelial function (i.e., in the presence of cardiovascular conditions or risk factors 
known to adversely affect vascular function) than “normal” endothelial function. 
This concept has been termed the  law of initial values , and is discussed further in 
Chap.   1    . In cohorts with established cardiovascular disease or risk factors, improve-
ments appear to occur across a range of varying intensities and durations of resis-
tance training. In healthy individuals, resistance training performed in isolation has 
not been shown to improve vascular function. However, concurrent exercise train-
ing at high intensity may demonstrate benefi cial effects on vascular function in 
healthy volunteers. See Chap.   4     for more detailed discussions of the effects of con-
current exercise on BP.   

    Effects of Whole Body Resistance Exercise on Resistance 
Artery Vasodilator Function 

 An early, small ( n  = 9) and uncontrolled study of resistance training in patients with 
CHF increased basal forearm blood fl ow, but not vasodilator responses to exercise 
or limb ischemia [ 48 ]. However, in a follow up study by the same researchers 
involving a randomized controlled protocol, the forearm vasodilator response to 
exercise and limb ischemia was increased after whole body resistance training, 
highlighting the potential for positive adaptations to resistance vessels in response 
to predominantly resistance exercise in patients with CHF [ 49 ]. The effects of resis-
tance  versus  aerobic training on reactive hyperemic forearm blood fl ow was evalu-
ated in individuals with pre- or Stage 1 essential hypertension not taking medications 
for their high BP randomly assigned to 4 weeks of training [ 50 ]. The two modes of 
training were well matched for frequency and intensity. Peak forearm blood fl ow 
following a 5 minute occlusion increased in response to both training modes, but the 
magnitude of change was greater following resistance training. 
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 This fi nding raises the intriguing possibility that resistance training may 
 upregulate vascular function to a greater extent than aerobic exercise in resistance 
vessels of individuals with hypertension, an adaptation that occurs rapidly and may 
contribute to the effects of resistance exercise in improving BP [ 11 ]. In support of 
this premise among young, healthy individuals, moderate to high intensity resis-
tance training (8–12-RM) improved resistance vessel endothelial function, a fi nding 
which was similarly present in both young African American and Caucasian men 
[ 51 ]. This result may have specifi c clinical relevance to African American men, a 
group who experience a disproportionately high burden on hypertension and related 
disorders [ 52 ,  53 ]. 

 In a unique study of different training volumes on forearm vascular function 
[ 54 ], healthy young subjects were randomized to either a high volume group (3 sets 
per station) or a low volume group (1 set per station) of whole body resistance exer-
cise. For each station, participants performed 2 or 3 exercises at 8–12-RM. Training 
was conducted 3 days per week for 5 weeks. Vascular function did not change for 
either group following training. However, when the poorest pretraining vascular 
measures were pooled into one group, regardless of training volume, there was a 
signifi cant increase in forearm reactive hyperemic blood fl ow observed following 
training. This fi nding supports the hypothesis that subjects with poorer  a priori  
vascular function are more amenable to training-induced adaptation and this may be 
a more important determinant of training-induced adaptations than training load. 

 Combined or concurrent aerobic (70–85 % maximum HR) and resistance exer-
cise (50–65 % 1-RM) circuit training also improved forearm resistance vessel 
response to intrabrachial infusions of the endothelium dependent vasodilator acetyl-
choline (ACh) in patients with CHF [ 55 ], hypercholesterolemia [ 46 ] and type 2 
diabetes mellitus [ 44 ]; all groups with impaired vascular function  a priori . These 
studies deliberately avoided engagement of the forearm muscles during training, 
suggesting that the vascular adaptations observed were systemic in nature. However, 
a similar training protocol failed to enhance resistance vessel function in healthy, 
middle aged subjects [ 56 ]. In combination, these observations suggest that moder-
ate intensity training involving a resistance component provides a stimulus to upreg-
ulate endothelial function when it is suboptimal at baseline, but may be insuffi cient 
to improve endothelial function in subjects without impairment. Notably, the effects 
of concurrent exercise training improved endothelial function to near normal levels 
in participants with CHF and in just 8 weeks (Fig.  6.1 ).  

 In summary, adaptations to resistance vessel function in response to resistance 
training appear to occur rapidly (within 5 weeks) when vascular function is subopti-
mal at baseline. However, when pretraining vascular function is better (i.e., at a level 
observed in young, healthy individuals) the effect of resistance training is equivocal, 
although there is there is some evidence for a benefi cial effect of resistance training 
at higher intensities The presence of systemic vascular adaptations and associated 
reductions in total peripheral vascular tone in response to whole body resistance 
training may be a mechanism by which resistance training lowers BP [ 11 ]. This 
highlights the potential of resistance training in preventing age-related increases in 
BP and as a therapeutic modality for reducing BP in individuals with pre- and estab-
lished hypertension, although there is a scarcity of data from this latter group.  
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    Effects of Isolated, Small Muscle Group Resistance Training 

 Handgrip training has been a commonly employed model of exercise for evaluating 
vasomotor control of vessels supplying a small muscle group and represents resis-
tance training of the forearm musculature. Often termed  isometric handgrip train-
ing , the “isometric” description is somewhat misleading in that the action involved 
is rarely purely isometric because there is a period of dynamic contraction at the 
commencement of the gripping process. The relative contribution of isometric  ver-
sus  dynamic muscle contraction is dependent on the intensity of exercise and the 
duration that the ‘handgrip’ is maintained (i.e., the temporal distribution of the 
dynamic versus isometric contractions). This type of exercise which involves local-
ized contractions of the forearms without the involvement of other muscle groups 
provides insight into the impact of a localized stimulus in the absence of systemic 
changes in cardiovascular hemodynamics.  

    Effects on Isometric Handgrip Exercise on Vascular Structure 

 An early handgrip training study by Sinoway et al. in healthy individuals identifi ed 
localized resistance vessel remodeling, independent of skeletal muscle hypertrophy 
and sympathetic or circulatory infl uences [ 57 ]. These fi ndings which were later con-
fi rmed [ 58 ] indicated that resistance artery remodeling occurs in response to 
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resistance exercise as a result of localized and intrinsic vascular stimuli. More 
recently, Hunt et al. reported popliteal artery remodeling following 6 weeks of low 
load (30 % MVC) unilateral plantar fl exion resistance exercise with blood fl ow 
restriction [ 59 ]. This supplanted an early increase in FMD which returned to base-
line levels after 6 weeks. Training also resulted in increased post occlusion blood 
fl ow, a refl ection on resistance vessel structural adaptation (i.e., cross-sectional 
area). In combination, these fi ndings propose that resistance vessel structural adap-
tations and conduit vessel function precede changes in conduit artery structure. 
Changes were only evident in the trained limb indicating a localized effect. The 
rapid vascular adaptations observed may refl ect the ischemic stimulus during train-
ing or the effects of postocclusion reactive hyperemia.  

    Effects of Isometric Handgrip Exercise on Vascular Function 

    Conduit Vessel Vasodilator Function 

 The impact of isometric handgrip exercise on conduit artery function has been 
examined in subjects with CHF [ 60 ,  61 ] and hypertension [ 62 ]. Hornig and col-
leagues [ 60 ] performed an early study in which radial artery FMD was enhanced 
after 4 weeks of handgrip training, an improvement that was abolished using NO 
blockade. Hambrecht et al. [ 61 ] also demonstrated that handgrip exercise training, 
particularly with  L -arginine supplementation (a biological precursor of endogenous 
NO in situ), enhanced radial artery diameter change in response to ACh infusion. 
These fi ndings have important clinical relevance to patients with CHF because they 
indicate that vascular adaptations can occur with exercise involving isolated muscle 
groups such as with isometric handgrip exercise, a training approach that can be 
used in patients with advanced disease in whom exercise tolerance is severely 
impaired. Accordingly, targeted muscle training may reverse the peripheral abnor-
malities which limit functional capacity in individuals with CHF by decreasing 
peripheral resistance and enhancing oxygen delivery, without the hemodynamic 
burden associated with more systemic forms of training. Finally, McGowan 
observed enhanced brachial FMD responses after isometric handgrip exercise train-
ing in patients with primary hypertension [ 62 ,  63 ], highlighting the potential role of 
resistance exercise training in the management of elevated BP [ 11 ].   

    Effects of Isometric Handgrip Exercise on Resistance 
Vessel Vasodilator Function 

 In healthy young men, 4 weeks of low (approximately 30 % MVC) [ 58 ] or high 
(approximately 70 % of MVC) intensity [ 64 ] handgrip training failed to improve 
forearm blood fl ow responses to ACh. In contrast, low intensity handgrip training in 
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middle aged subjects signifi cantly improved endothelial function [ 65 ], suggesting 
that the decrease in endothelial function that occurs with ageing may be more 
responsive to training than in ‘younger’ vessels. In combination, these fi ndings pro-
vide further support for the hypothesis that vessels with suboptimal endothelial 
function  a priori  may be more responsive to the effects of resistance exercise train-
ing, and that this may be the case in response to both a localized as well as systemic 
training stimuli.  

    Local versus Systemic Adaptations to Resistance 
Exercise Training 

 There is convincing evidence across a range of clinical cohorts that resistance exer-
cise training can lead to adaptations in vascular structure and function. These adap-
tations appear to occur as both localized and systemic training effects. There are 
several possible mechanisms that may underlie these changes. Exercise-induced 
shear stress, a well-established mediator of vascular function and structure [ 32 ] may 
act on vessels locally [ 66 ], as well as vascular beds remote to the exercising muscle 
when multiple, large muscle groups are employed in the training intervention. These 
changes in blood fl ow in remote areas are likely due to systemic changes in vascular 
hemodynamics, including exercise-related arterial or transmural pressure changes 
[ 21 ]. Other potential mediators include circulating factors and reduced oxidative 
stress resulting from the exercise intervention. Further research is required to deter-
mine the relative contribution of these mechanisms in response to varying resistance 
exercise training regimens.   

    Clinical Implications and Importance 

 The body of literature describing the effects of resistance exercise training on vas-
cular function and structure is less extensive than that related to aerobic exercise 
training. Moreover, there is a lack of trials directly comparing different resistance 
training interventions so guidelines on the  F requency,  I ntensity,  T ime, and  T ype (or 
FITT) principle of exercise prescription need to be informed by the consensus from 
fi ndings across different studies that we have consolidated below for the effects of 
whole body resistance training on vascular function and structure. 

  Frequency  Studies that have examined the effects of whole body resistance 
training on vascular function and structure have most commonly employed 2–3 
days per week of training, consistent with resistance training guidelines. This fre-
quency of training has been associated with signifi cant improvements in muscular 
strength [ 3 ], as well as improvements in vascular function. Given the importance of 
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regular aerobic exercise for optimal health, and the challenge many people have in 
fi tting exercise into the competing demands of their life, the broadly recommended 
frequency of resistance exercise at least 2–3 times weekly would also appear appro-
priate to achieve good vascular health. However, it should be acknowledged that no 
previous study has directly compared the impact of different resistance training 
frequencies on BP. Concurrent exercise training performed 3 times a week offers a 
way of achieving the combined benefi ts of both modes of exercise in a time effi cient 
manner and has proven effective in improving vascular function in a variety of dif-
ferent cohorts [ 44 – 46 ,  55 ]. 

  Intensity  A wide range of intensities have been applied to studies investigating 
the effects of resistance training on vascular function. While high intensity  resistance 
training has been associated with increased arterial stiffness, there is no evidence 
that it adversely affects conduit or resistance vascular function. The majority of 
studies in cohorts with established pathology (including hypertension) that have 
reported positive adaptations prescribed exercise in the range of 40–70 % 1-RM 
commonly considered moderate intensity. Higher intensities (>80 % 1-RM) have 
been prescribed in healthy individuals. While these protocols have produced equiv-
ocal results in terms of vascular function, positive changes to arterial structure as 
refl ected by decreased IMT have been reported [ 31 ]. No evidence currently exists 
that these adaptations have adverse pathological implications. 

  Time  Exercise time in the context of resistance exercise can be expressed in 
a variety of ways. For the purpose of the recommendations being made, and 
consistent with the concept applied to aerobic exercise training, “time” is 
expressed as the total time of an individual exercise session. Most studies 
involving whole body resistance exercise that have been effective in improving 
vascular function and structure outcomes have prescribed exercise for approxi-
mately 45–60 min each training session. This allows 2–3 sets of 6–8 exercises 
to be performed addressing major functional muscle groups. Assuming 30–60 s 
per exercise and 30–90 s of rest between exercises, protocols are typically com-
pleted within an hour. 

  Type  Two types of resistance exercise have been considered in the literature and 
discussed in this Chapter pertaining to vascular function and structure; dynamic 
( isotonic ) exercise (i.e., whole body) and isometric handgrip training. Both have 
resulted in benefi cial vascular adaptations including lower BP. However, the broader 
range of benefi ts associated with dynamic exercise training that incorporates major 
muscle groups, and the potential for this modality to have systemic vascular effects, 
supports the widespread adoption of whole body dynamic exercise training for both 
healthy and clinical populations. Nonetheless, a meta-analysis by Cornelissen et al. 
that contains data from three isometric handgrip training studies suggests that this 
mode of exercise can produce a dramatic BP lowering effect, although the literature 
is small and the mechanisms are not clear [ 11 ]. Randomized controlled trials directly 
comparing the effects of dynamic and isometric exercise are required to gain insight 
into their BP lowering potential in healthy and clinical cohorts.  
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    Conclusion 

 While studies examining the effects of resistance exercise on vascular function have 
produced some confl icting results, the weight of evidence supports a benefi cial 
effect of resistance exercise training on the function and structure of the vascula-
ture. Positive adaptations appear to occur in both conduit and resistance vessels, 
suggesting they may contribute to the observed BP lowering effect of resistance 
exercise training (see Chap.   2     for an in-depth discussion on the effects of resistance 
exercise on BP). It is noteworthy that patient groups and older populations with 
impaired vascular function  a priori  appear to be most responsive to resistance train-
ing, and these positive adaptations are observed at a lower threshold of training in 
these individuals than those with normal vascular function. When equivocal fi nd-
ings exist, this is likely infl uenced by factors including different resistance training 
interventions, variability in assessment techniques, and subject characteristics (e.g., 
younger age and optimal vascular health at baseline). Despite these potential con-
founders, there is very little evidence from the literature that resistance training 
impairs vascular function, and less still that it contributes to clinically signifi cant 
vascular pathology. While traditional training parameters that include the FITT 
principle of exercise prescription are typically well described, other factors that 
have potential to infl uence the response of the vasculature to resistance training are 
very rarely reported (i.e., fractional and temporal distribution contractions, duration 
of repetitions, rest between repetitions, time under tension, etc). The  FITT  principle 
of exercise prescription as applied to aerobic exercise training is limited for describ-
ing the array of training variables that are likely to infl uence the acute hemodynamic 
response to resistance exercise as well as the training-induced adaptations to vascu-
lar structure and function. Examining a broader array of resistance exercise vari-
ables (see Table  6.1 ) by directly comparing training interventions with these 
variables manipulated is required to unravel the optimal resistance training pre-
scription for vascular outcomes and is an important area for future research. In 
practice, resistance training should be encouraged across a broad spectrum of age 
groups and clinical conditions, including patients with hypertension and established 
cardiovascular disease, for its well established effects on muscular strength and 
function and BP, but also for its potential to improve vascular health.

  Key Points and Resources 

•   Resistance training results in positive adaptations to vascular structure and 
function.  

•   Benefi cial changes in vascular function can occur as a localized adaptation as 
with isometric handgrip exercise, or systemically with whole body resistance 
training that involves a large muscle mass.  

•   Adaptations are most commonly observed when vascular function is impaired  a 
priori  (i.e., in the presence of cardiovascular conditions or risk factors known to 
adversely affect vascular function).  
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•   Comprehensive exercise programs should include a resistance exercise training 
component, not only for improving muscular strength but also its many other 
benefi ts that include BP management and vascular health.  

•   Fleck SJ, Kraemer W (2014) Designing Resistance Training Programs, 4th 
Edition. Human Kinetics, Champaign. 
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    Chapter 7   
 Effects of In Vitro Laminar Shear Stress 
as an Exercise Mimetic on Endothelial 
Cell Health 

             Michael     D.     Brown       and     Joon-Young     Park    

      Abbreviations 

   BAEC    Bovine aortic endothelial cell   
  BH 4     Tetrahydrobiopterin   
  cGMP    Cyclic guanosine monophosphate   
  COX    Cyclooxygenase   
  CVD    Cardiovascular disease   
  EC    Endothelial cell   
  ECE    Endothelin converting enzyme   
  eNOS    Endothelial nitric oxide synthase   
  ET-1    Endothelin-1   
  GPX    Glutathione peroxidase   
  HAEC    Human aortic endothelial cell   
  HCAEC    Human coronary artery endothelial cell   
  HMVEC    Human microvessel endothelial cell   
  HUAEC    Human umbilical artery endothelial cell   
  HUVEC    Human umbilical vein endothelial cell   
  ICAM-1    Intracellular adhesion molecule-1   
  IL-6    Interlukin-6   
  JAK-STAT    Janus kinase-signal transducer and activator of transcription   
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  KLF2    Krüppel-like factor 2   
  LSS    Laminar shear stress   
  MCP    Monocyte chemotactic protein 1   
  miRNA    Micro ribonucleic acid   
  mRNA    Messenger ribonucleic acid   
  mtDNA    Mitochondrial deoxribonucleic acid   
  NADPH    Nicotanimide adenine dinucleotide phosphate oxidase   
  NF-κB    Nuclear factor kappa B   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  Nox    Nicotanimide adenine dinucleotide phosphate oxidase   
  Nrf2    Nuclear factor erythroid 2-like-2   
  P13k/Akt    Phosphoinositide 3-kinase inhibitor/protein kinase B   
  PG    Prostaglandin   
  PGC-1α    Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha   
  PGHS    Prostaglandin G/H synthase   
  PGI 2     Prostaglandin-2   
  PKA    Protein Kinase A   
  PTEN    Phosphatase and tensin homolog   
  ROS    Reactive oxygen species   
  Ser    Serine   
  SIRT1    Sirtuin 1   
  SOD    Superoxide dismutase   
  TNF-α    Tumor necrosis factor-alpha   
  Trx    Thioredoxin   
  VCAM-1    Vascular cell adhesion molecule-1   

          Introduction 

 The vascular endothelium originates from the embryonic mesoderm and forms a 
monolayer of endothelial cells (EC) that line the intimal surface of all blood vessels. 
It was originally thought that the endothelium was only a passive barrier between 
the blood and tissues. We now know that the endothelium is a highly dynamic organ 
because it senses both chemical and mechanical stimuli, integrates the signals, and 
transduces the signals across the membrane and into the EC. The endothelium is the 
major regulator of vascular homeostasis as it regulates the balance between vasodi-
lation and vasoconstriction, smooth muscle proliferation and migration, thrombo-
genesis, and fi brinolysis. As with most organs, when the balance in the regulation 
point is disrupted, organ dysfunction ensues. 

 It is well known that the endothelium is an important determinant of resting vascu-
lar tone, and therefore, it is not surprising that endothelial dysfunction has been asso-
ciated with hypertension. The term  “endothelial dysfunction ” was created in the 
mid-1980s after the seminal experiments by Furchgott and Zawadzki [ 1 ] showing that 
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blood vessel relaxation in response to acetylcholine required the presence of ECs. 
Endothelial dysfunction was fi rst shown in human hypertension in 1990 [ 2 ]. Damage 
to the endothelium creates an arterial environment (i.e., pro-infl ammatory, pro-oxi-
dant) that supports the initiation and development of high blood pressure. This “acti-
vated” endothelium leads to the production of messenger molecules and the expression 
of pro-infl ammatory cytokines and adhesion molecules. Studies have implicated a 
dysfunctional endothelium as a risk factor for future cardiovascular events [ 3 ]. 

 The blood pressure-lowering effect of aerobic exercise training in people with 
hypertension has been well documented and ascribed, in part, to direct adaptations 
of ECs. It is now well accepted that aerobic exercise training is a nonpharmacologic 
therapy to improve endothelial function. It is generally agreed that the stimulus for 
exercise-induced adaptations of ECs is the intravascular shear stress associated with 
blood fl owing along the ECs. The studies of Jean Poiseuille resulted in theories 
describing the fl ow inside a cylindrical conduit, widely known as Poiseuille’s law 
(i.e., the rate of fl ow through a tube is directly proportional to the driving pressure 
and the fourth power of the radius) [ 4 ]. It is the nature and magnitude of the blood 
fl ow during exercise that leads to the benefi cial adaptations of ECs. 

    Purposes of this Chapter 

 There are several purposes of this chapter: (1) to review endothelial dysfunction at 
the cellular level, (2) to describe the different types of experimental shear stress to 
which endothelial cells are exposed and the methodology used to examine them; 
and (3) to specifi cally describe the effects of high physiological levels of laminar 
shear stress (LSS) on the expression of genes and proteins directly related to endo-
thelial health. The criteria by which we selected genes and/or proteins were that: (1) 
the effects of LSS had to be well documented and consistent, and (2) the genes and/
or proteins are candidates for hypertension. Please see Table  7.1  for a list of 

   Table 7.1    Biological systems in which genes that infl uence endothelial cell function are modulated 
by laminar shear stress   

 Biological system  Example 

 Adhesion  PGI 2  
 Coagulation and anti-coagulation  PGI 2 , NO 
 Infl ammation  TNF-α, IL-6 
 Metabolism  PGC-1α and SIRT1 
 Oxidants and anti-oxidants  NOx and SOD 
 Vasoregulation  NO and ET systems and PGI 2  

  In the left column are examples of genes/proteins that were discussed in the current chapter 
  PGI   2   Prostaglandin-2,  NO  nitric oxide,  TNF - α  tumor necrosis factor-alpha,  IL - 6  Interlukin-6, 
 PGC - 1α  peroxisome proliferator-activated receptor-gamma coactivator 1,  SIRT1  sirtuin 1,  NOx  
nicotinamide adenine dinucleotide phosphate,  SOD  superoxide dismutase,  ET  endothelin. Adapted 
from Chen et al. [ 163 ], Ohura et al. [ 17 ], and Wei et al. [ 164 ]  
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biological systems in which there is compelling evidence for EC genes that are 
modulated by LSS. For example, genes coding for proteins in nitric oxide (NO) and 
endothelin systems would fall under the “vasoregulation” category, and genes cod-
ing for superoxide dismutase (SOD) would fall into the “oxidants and antioxidants” 
category. Also please see Chap.   10     for detailed discussions on the genetics of the 
blood pressure response to exercise training.

        Key Terminology and Basic Concepts 

    What is Laminar Shear Stress (LSS)? 

 There are basically two types of shear stresses on ECs: (1) unidirectional/laminar, 
and (2) disturbed/oscillatory. Laminar blood fl ow is characteristic of steady, undis-
turbed blood fl ow that creates a constant shear stress along the EC surface. EC 
exposed to laminar fl ow typically exhibit an anti-atherogenic and vasoprotective 
phenotype. Bifurcations points in the arterial tree change the fl ow patterns such that 
there is a low and oscillatory shear stress fl ow pattern beyond the bifurcation [ 5 ]. 
This type of fl ow pattern co-localizes with atherosclerotic lesions [ 5 ]. 

 It is important to note that regions of low fl ow and high oscillatory shear stress 
observed during resting conditions are dramatically reduced during a session of 
aerobic exercise. These regions experience higher fl ow and the hemodynamics pro-
fi le is converted to one that is laminar [ 6 ].  

    What is Chronic Shear Stress Exposure In Vitro? 

 Any duration of the applied LSS >6 h is considered by most to be a chronic expo-
sure. The reason for this is that after 6 h is when protein expression (adaptive) 
changes can be detected. These changes in the protein expression profi le are consis-
tent with the known benefi cial endothelial adaptations that result from chronic aero-
bic exercise training. Most studies that chronically sheared ECs reported herein 
used durations between 12 and 48 h, with 24 h being the most common duration.  

    What are Low and High Levels of Shear Stress? 

 Malek et al. described the normal magnitudes of shear stress in veins and arteries, 
and in low-shear and high-shear pathologic states [ 5 ]. Normal arterial shear stress 
levels range from 10 to 70 dyn cm −2 . Lower levels (<4 dyn cm −2 ) stimulate an 
atherogenic phenotype, while levels ≥10 dyn cm −2  induce an atheroprotective 
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phenotype. Studies have shown that a prolonged (24 h) high physiological level 
of LSS  profoundly alters the EC phenotype by modifying the gene expression 
profi le creating an environment that is anti-infl ammatory, anti-oxidant, and anti-
apoptotic [ 7 ].  

    The Endothelium, Shear Stress, and Mechanotransduction 

 Due to the viscosity of the blood, the fl ow of blood exposes ECs to a tangential fric-
tion force called  hemodynamic shear stress . Hemodynamic shear stress is a major 
determinant of vessel diameter and vascular remodeling [ 8 ,  9 ]. Structurally, ECs 
alter their morphology depending on the nature of the shear stress. Unidirectional 
high levels of shear stress, or LSS, causes ECs to align in the direction of the shear 
stress and take on a longitudinal or fusiform shape compared to the typical cobble-
stone shape (Fig.  7.1 ). This reorientation streamlines the EC, decreasing the effec-
tive resistance and lowering shear stress [ 10 ].  

  Mechanotransduction  describes the interaction between biomechanical forces 
and EC function. Therefore, the mechanical forces acting on the luminal side of ECs 
cause deformation of the EC which is transmitted through the cytoskeleton to the 
nucleus [ 11 ]. There are various types of mechanosensors such as ion channels, and 
G-protein-coupled and tyrosine kinase receptors to name a few [ 12 ]. The endothe-
lium responds to a sudden increase in shear stress within milliseconds [ 13 ]. This 
immediate response is followed within a few hours by changes in the regulation of 
many genes (Fig.  7.2 ).   

  Fig. 7.1    The morphological change in endothelial cells after 24 h of laminar shear stress com-
pared to a static (no fl ow) condition       
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    Shear Stress-Induced Gene Expression 

 Shear stress dramatically alters the phenotype of the endothelium by regulating cer-
tain fl ow-responsive genes. Transcription factors provide the link between early 
membrane-proximal signaling events and changes in the expression of many genes. 
Two of the most important shear stress-induced transcription factors are Krüpple- 
like factor 2 (KLF2) and nuclear factor erythroid 2-like 2 (Nrf2). Together, these 
two transcription factors control approximately 70 % of shear stress-induced EC 
gene expression [ 14 ]. 

 Many genes known to be regulated by shear stress contain a shear stress respon-
sive element [ 15 ] in their promoter regions as well as other sequences that are sensi-
tive to shear stress [ 16 ]. DNA microarray technology has identifi ed EC shear stress 
responsive genes and their functional gene groups [ 17 ]. It appears that there are 
about 3,000 EC genes that are modifi ed by shear stress. Please see Chap.   10     for 
detailed discussions on the genetics of the blood pressure response to exercise 
training.   

    Systematic Review Methods 

 We performed a systematic comprehensive electronic PubMed search on key genes 
and/or proteins that are known to be responsive the LSS. Our goal was to focus on 
those genes that are well established in the hypertension literature, so called “hyper-
tension candidate genes.” For example, when searching for endothelial nitric oxide 
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ion channel,
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  Fig. 7.2    Key events in the endothelial cell response to fl uid shear stress. Adapted from Braddock 
et al. [ 13 ]       
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synthase (eNOS), we used the search terms “endothelial nitric oxide synthase AND 
endothelial cell OR endothelium AND laminar shear stress OR shear stress.” Since 
EC shear stress studies were not performed until the 1980s, we did not limit the 
search to a defi ned time of publication. 

 The criteria by which we selected genes and/or proteins were that: (1) the effects 
of LSS had to be consistently well documented, and (2) the genes and/or proteins 
are candidate genes for hypertension. Because the level of LSS (dyne cm −2 ) can be 
accurately adjusted, we considered any magnitude of LSS >10 dyn cm −2  to be a high 
physiological levels of LSS. 

 Activation of an EC is typically caused by direct injury, oxidative stress, and/or 
infl ammation. Oxidative stress is often a common denominator of many chronic 
diseases including hypertension [ 18 ,  19 ]. Ultimately, the net effect is a reduction 
in vasodilating capacity of the endothelium. Therefore, we also focused on genes 
and/or proteins related to oxidative stress and infl ammation. The genes/proteins 
are divided into categories: vasoactive mediators (eNOS, endothelin-1 [ET-1], and 
prostaglandin [PG]); oxidative stress (nicotanimide adenine dinucleotide phos-
phate [NADPH] oxidase [Nox]), catalase, glutathione peroxidase (GPX), and 
mitochondrial reactive oxygen species (ROS); and infl ammatory mediators (tumor 
necrosis factor-alpha [TNF-α], interlukin-6 [IL-6], and monocyte chemotactic 
protein 1 (MCP 1). 

    Types of Endothelial Cells Included in this Review 

 There are many different types of EC used in cell culture research. They can gener-
ally be divided between artery-derived and vein-derived and between human- 
derived and animal-derived. In addition, it should be taken into consideration what 
environment is being modeled in a particular experiment. For example, human aor-
tic EC (HAECs) may be best suited for atherosclerosis studies. The most commonly 
used EC type is human umbilical vein EC (HUVECs). HUVECs are easier to obtain 
and are highly proliferative. Also, obtained from umbilical cords are human umbili-
cal artery ECs (HUAECs). Another very common EC type used in research is 
bovine aortic EC (BAECs). In general, any tissue or organ in which ECs can be 
obtained and cultured could be used in cell culture studies. The use of microvessel 
ECs (human microvessel ECs, HMVECs) is becoming popular because they can be 
obtained and isolated via muscle or fat biopsy. In some cases, ECs can be obtained 
directly from donors (e.g., umbilical cords), but nearly all EC types can be pur-
chased in cryopreserved vials. 

 It has long been thought that functional differences between arterial and venous 
ECs were due only to the hemodynamic environmental cues. We now also know 
that differences between arterial and venous ECs are also caused by developmental 
expression of genes [ 20 ]. There are approximately 18 genes that are expressed in 
artery and not in vein endothelium [ 20 ]. There are approximately eight genes that 
are expressed in vein but not artery endothelium [ 20 ]. The roles of many of these 18 
genes remain unknown. 
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 In terms of EC type responsiveness to LSS, Ohura et al. compared the gene 
 expression profi le of 5,600 human genes in HUVECs and human coronary artery 
endothelial cells (HCAECs) [ 17 ]. In response to 15 dyn cm −2 , 3.2 % of the HUVECs 
and 3.0 % of the HCAECs changed their gene expression. In the HUVECs, 50 genes 
had a greater than twofold increase in expression and 131 genes showed reduced 
expression of more than 50 %. For the HCAECs, 50 genes also had a greater than 
twofold increase in expression and 120 genes showed reduced expression of more 
than 50 %.  

    Methods of Applying In Vitro Laminar Shear Stress 

    Cone and Plate 

 This system uses a rotating cone typically made of Tefl on positioned in the center of 
a cell culture dish. ECs are gown on the bottom of a culture dish and are adherent. 
The angle of the cone is typically 0.5°, and the tip of the cone is placed in the culture 
medium and rotated at a given velocity. This produces a steady laminar fl ow pattern 
across the EC. By knowing the cone rotation velocity ( ω ), the angle of the cone (Ө), 
and the viscosity ( μ ), shear stress (τ w ) can be calculated as τ w  =  ωμ /Ө [ 21 ].  

    Parallel Flow Chamber 

 The parallel fl ow system is quite different from the cone and plate system. It is a 
closed loop system confi guration. It is commercially available. A typical parallel- 
plate fl ow chamber consists of a fl ow control unit similar to a pump, a chamber 
which holds a coverslip, and a coverslip. The ECs are grown on the coverslip and 
then placed into the chamber. The chamber includes inlet and outlet ports, and a 
vacuum slot [ 22 ]. Cell culture media is circulated through the fl ow chamber creat-
ing a fl uid shear stress to the adherent cells. This produces a steady unidirectional 
fl ow pattern across the EC. In order to calculate shear stress, fl ow, viscosity, and the 
thickness and the width of the fl ow chamber must be known.    

    Relevant Research 

    Effects of High Physiological Levels of Laminar Shear 
Stress on Vasoactive Mediators 

    The Nitric Oxide System 

 An imbalance between vasodilators and vasoconstrictors could lead to an increase 
in vascular tone and elevated blood pressure. Furchgott and Zawadzki fi rst discov-
ered an endothelium-derived relaxing factor [ 1 ] which was later identifi ed as NO 
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[ 23 ,  24 ]. NO is known to be the most potent endogenous vasodilator which is 
 generated from an amino acid,  L -arginine [ 25 ], through a series of electron transfer 
reactions that is catalyzed by NO synthase (NOS) [ 26 ]. In response to shear stress, 
eNOS produces NO which rapidly diffuses into the underlying vascular smooth 
muscle where it activates soluble guanylate cyclase to increase the intracellular 
level 3′, 5′-cyclic guanosine monophosphate (cGMP). This second messenger 
induces vascular smooth muscle relaxation by reducing intracellular free calcium 
concentration, activating potassium channels leading to hyperpolarization, and 
impeding smooth muscle myosin-actin cross-bridge formation. 

 Early evidence showing impaired endothelium-dependent vasorelaxation in var-
ious small and large peripheral vessels was collected from different experimental 
animal models of hypertension [ 27 – 29 ]. Subsequently, Panza et al. and other groups 
independently showed that subjects with hypertension had reduced NO-mediated 
vascular relaxation compared to control subjects with normal blood pressure 
[ 30 – 32 ]. 

 The seminal experiments published by William Sessa in 1994 showed that 
chronic exercise (e.g., sustained bouts of high laminar blood fl ow) increased NO 
production and eNOS gene expression in coronary arteries and aortas of canines 
[ 33 ]. Since then, numerous studies have confi rmed these fi ndings [ 34 ,  35 ]. An 
increase in eNOS expression and NO production means a healthier endothelium 
and is conducive to an arterial wall environment favoring lower blood pressure. 
Shear stress increases eNOS expression and activity through transcriptional, post- 
transcriptional, and post-translational mechanisms. Since the early 1990s, shear 
stress-induced increase in eNOS messenger ribonucleic acid (mRNA) and eNOS 
protein expressions has been universally observed in cultured ECs [ 36 – 38 ] and in 
intact arteries [ 39 ,  40 ]. Nishida et al. demonstrated for the fi rst time that 24 h of LSS 
at 15 dyn cm −2  increased eNOS mRNA expression in BAECs [ 37 ]. 

 Transcriptional regulatory mechanisms of shear-induced eNOS gene expression 
involve nuclear factor kappa B (NF-kB). The eNOS gene promoter contains a shear 
stress response element with the core sequence GAGACC allowing the binding of 
NF-kB p50/p65 [ 41 ]. The exposure of ECs to shear results in nuclear translocaliza-
tion of p50/p65 suggests NF-kB-dependent eNOS transcription [ 42 ,  43 ]. Another 
transcriptional regulator of eNOS is KLF2. KLF2 is known as the master regulator 
of endothelial function inducing numerous genes associated with anti- infl ammatory, 
anti-thrombotic, and anti-oxidative phenotypes [ 44 ,  45 ]. Together, NF-kB and 
KLF2-mediated transcriptional mechanisms may act to coordinate optimal eNOS 
gene induction. 

 In addition, shear stress also modulates eNOS activity by post-translational pro-
tein modifi cations. eNOS protein has multiple serine/threonine phosphorylation resi-
dues, and differential phosphorylation of eNOS at various sites plays an important 
role in the regulation of enzyme activity. It is well documented that the phosphoryla-
tion sites where shear-sensitive phosphorylation occurs are Serine (Ser)-1177 and 
Ser-633 [ 46 ,  47 ]. Shear stress induces Ser-1177 phosphorylation and activation of 
eNOS through the phosphoinositide 3-kinase inhibitor/protein kinase B (PI3K/Akt) 
pathway [ 48 ]. Boo and co-workers demonstrated that shear stress stimulates eNOS 
by a Ser-633 phosphorylation protein kinase A (PKA)-dependent mechanism [ 46 ]. 
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 For normal eNOS activation, tetrahydrobiopterin (BH 4 ) [ 49 ], fl avin adenine 
nucleotide [ 50 ,  51 ], and NADPH [ 52 ] are required as cofactors. Under less than 
optimal concentrations of these co-factors, eNOS generates superoxide and hydro-
gen peroxide through a process referred to as “ eNOS uncoupling”  instead of NO 
[ 53 – 55 ]. This reduces NO bioavailability and leads to endothelial dysfunction. It 
has been documented that BH 4  preserves eNOS dimerization and improves endo-
thelial function [ 55 ]. LSS has been found to increase BH 4  generation [ 56 ]. 

 In summary, studies consistently show that high physiological levels of LSS 
increase the levels of components of the NO system. This leads to increased 
endothelial- dependent vasodilatory capacity and a vessel wall environment that 
supports low blood pressure. These in vitro changes are consistent with the endothe-
lial adaptive response to aerobic exercise training.  

    The Endothelin System 

 Another vasoactive mediator that is regulated by shear stress is ET-1. ET-1 is a 21 
amino acid peptide synthesized by ECs and is known as the most potent and long 
lasting endogenous vasoconstrictor [ 57 ,  58 ]. In ECs, ET-1 synthesis begins with 
preproET gene transcription that produces a long 203 amino acid (preproET-1). 
This peptide is cleaved to become Big ET1. Finally, Big ET1 is cleaved by endothe-
lin converting enzyme (ECE) to form the active ET-1 peptide. ET-1 acts in a para-
crine (i.e., stimulating nearby cells) and autocrine (i.e., self-stimulating) fashion on 
ET A  and ET B  receptors on adjacent ECs or vascular smooth muscle cells. ET-1 bind-
ing to ET A  receptors on vascular smooth muscle causes constriction, proliferation, 
and hypertrophy [ 59 ]. ET-1 binding to endothelial ET B  receptors on ECs produces 
NO and prostaglandin (PGI 2 ) production which cause vasorelaxation [ 60 ]. 

 Due to its long lasting vasoconstrictive effects, it has been thought that ET-1 and 
its receptors may play a role in hypertension. In addition, ET-1 stimulates vascular 
oxidative stress which may be an alternative pathway for ET-1 to contribute to 
hypertension. Most patients with hypertension exhibit normal to slightly elevated 
plasma levels of ET-1 [ 60 ]. However, African Americans with hypertension dem-
onstrate increased plasma ET-1 levels compared to African American controls with 
normal blood pressure [ 25 ,  61 ]. When individuals with similar levels of blood pres-
sure are compared, plasma ET-1 levels are not different between African American 
and Caucasians [ 62 ]. It has been observed that the endothelin system is upregulated 
in individuals with severe hypertension when associated with cardiovascular dis-
ease (CVD) [ 63 ]. It should be noted that plasma levels do not necessarily refl ect 
tissue levels, and differences in plasma concentrations could also be due to the 
rapid ET-1 clearance from the blood. In rat models of hypertension, nonselective 
ET A/B  receptor antagonism (i.e., with bosentan) reduced vascular hypertrophy and 
remodeling more than could be explained by the modest blood pressure lowering 
effect [ 60 ]. Clinical trials in humans have shown that non-selective ET receptor 
antagonists combined with ET A/B  receptor antagonists signifi cantly reduce blood 
pressure [ 64 ]. 
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 High physiological levels of LSS in ECs downregulate preproET-1 mRNA and 
ECE mRNA levels and reduce ET-1 synthesis. Sharefkin et al. [ 65 ] was the fi rst to 
show some of these effects. They determined the effects of LSS at a magnitude of 
25 dyn cm −2  for 24 h on preproET-1 mRNA expression and the rate of ET-1 secre-
tion into the cell culture media in HUVECs using a parallel fl ow system. After 24 h, 
preproET-1 mRNA expression was decreased to the point that it was nearly nonde-
tectable. ET-1 release into the cell culture media was decreased by 60–70 % which 
began at hour 4 of LSS and was sustained throughout the 24 h period. Masatsugu 
et al. examined the effects of 24 h of LSS (15 dyn cm −2 ) on ECE-1 and ET-1 mRNA 
levels in HUVECs and BAECs [ 66 ]. The investigators used a parallel fl ow system 
to induce LSS. ECE-1 mRNA expression was signifi cantly downregulated in both 
EC types. ET-1 mRNA expression was signifi cantly decreased in the BAECs. Malek 
et al. used a cone and plate system to apply LSS at 20 dyn cm −2  for 6 h in BAECs 
[ 67 ]. They showed a steady downregulation in ET-1 mRNA levels but also found 
that ET-1 mRNA downregulation was a least partly dependent on intracellular cal-
cium signaling and tyrosine kinase activity. A later study did not fi nd a role for 
tyrosine kinase in LSS-induced downregulation of ET-1 secretion [ 68 ]. 

 Lastly, Morawietz and colleagues investigated the effects of low (1 dyn cm −2 ), 
medium (15 dyn cm −2 ), and high (30 dyn cm −2 ) levels of LSS for 24 h on preproET-1 
and ECE mRNA levels as well as on ET-1 secretion [ 68 ]. They studied HUVECs 
and used a cone and plate system to apply the LSS. A dose-dependent downregula-
tion of preproET-1 and ECE mRNA expression was observed. This study was the 
fi rst to also measure ET B  receptor gene expression and found that ET B  receptor 
mRNA levels increased in a LSS dose-dependent manner. This is especially impor-
tant relative to blood pressure regulation because activation of ET B  receptors leads 
to an increase in NO production. 

 Taken together, these previous studies show exceptional consistency with respect 
to the effects of the application of chronic LSS at high physiological magnitudes on 
the endothelin system. It appears that there is a dose-dependency of the responses of 
components of the endothelin system to physiological levels of LSS. It could be 
argued that 15 and 30 dyn cm −2  of LSS are achieved during aerobic exercise. 
Interestingly, the effects of LSS decrease the release of ET-1 but enhance the release 
of NO from ECs. These observed changes are consistent with a healthy endothelium 
and an arterial wall environment that supports low blood pressure.  

    The Prostaglandin System 

 This pathway is commonly thought of as pro-infl ammatory in most cell types, but 
in ECs, the major product is PGI 2 , a vasodilator and potent inhibitor of platelet 
aggregation and leukocyte activation and adhesion. Prostanoids are a family of bio-
active lipids that are synthesized by cyclooxygenase (COX) from arachidonic acid. 
PGI 2  is produced in ECs by COX-2. COX-2 produces PGI 2  in response to stimula-
tion, whereas COX-1 is responsible for basal levels of PGI 2 . PGI 2  performs its func-
tion through a paracrine signaling cascade that involves G protein-coupled receptors. 
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PGI 2  is considered to be one of the most important prostanoids in regulating the 
homeostasis of the cardiovascular system because of its potent vasodilatory and 
anti-platelet aggregation effects, but also because of its ability to inhibit leukocyte 
adhesion and vascular smooth muscle proliferation [ 69 ]. PGI 2  has been used suc-
cessfully to treat clinical complications of peripheral vascular disease [ 70 ]. Because 
of these known effects, PGI 2  is known to be atheroprotective and vasoprotective. 

 The PGI 2  response to LSS was the fi rst documented response of ECs to shear 
stress [ 71 ]. Herschman investigated HUVECs and used a version of the cone and 
plate system to apply LSS at 10 dyn cm −2  for 1, 6, and 24 h and measured COX-1 
and COX-2 mRNA expression [ 72 ]. COX-2 was nearly undetectable in unstimu-
lated HUVECS. There was a signifi cant increase in COX-2 gene expression which 
was sustained for 24 h. COX-1 mRNA expression was unchanged. Grabowski et al. 
determined the effects of step increases in shear stress on the production of PGI 2  in 
BAECs [ 73 ]. Step increases in shear stress from 0 to 14 dyn cm −2  elicited a rapid rise 
in PGI 2  production from baseline to peak values within 2 min, after which levels 
decreased over several minutes. When LSS was increased again there was another 
burst of PGI 2  production. The authors concluded that ECs produce bursts of PGI 2  in 
response to suddenly imposed arterial-like shear stress, and the peak rate of produc-
tion increases with shear stress. 

 McCormick et al. assessed the response of prostaglandin H synthase isoforms 1 
and 2 (PGHS-1 and PGHS-2), key rate limiting enzymes in the synthesis of PGI 2,  to 
4, 15, and 25 dyn cm −2  using a parallel fl ow chamber [ 74 ]. In response to all three 
magnitudes of LSS, there was an initial decrease in both PGHS-1 and PGHS-2 pro-
tein expression followed by a sustained increase for PGHS-1, but only a transient 
increase for PGHS-2. In addition, changing LSS magnitude affected PGHS-2 but 
not PGHS-1. Increases in shear stress levels from 4 to 15 or 25 dyn cm −2  caused a 
decrease in PGHS-2. The authors concluded that the regulation of PGHS-2, but not 
PGHS-1, by LSS is dependent upon the magnitude of the LSS. Given the differen-
tial regulation of these two PGI 2  synthesizing enzymes by LSS in ECs suggests that 
they play important roles in vascular homeostasis. 

 In summary, key components of the prostaglandin system are clearly responsive 
to high physiological levels of LSS. In nearly all cases, the patterns of gene and 
protein expression in response to LSS are conducive to creating a healthier 
EC. Specifi cally, PGI 2  is a potent vasodilator with anticoagulant properties, and 
therefore, it is reasonable to assume that enhancements in this system are consistent 
with vasoprotection and lower blood pressure   

    Effects of High Physiological Levels of Laminar Shear 
Stress on the Oxidant/Antioxidant System 

 The redox state in the vascular wall contributes to impaired endothelium-dependent 
control of vasomotor tone. A major cause of endothelial dysfunction in essential 
hypertension is decreased availability of NO. Reduced NO bioavailability occurs 
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due to multiple mechanisms affecting NO synthesis and degradation. Superoxide 
anions (O 2  − ) produced by NADPH oxidase can scavenge NO to form peroxynitrite 
(ONOO − ), which can nitrosylate (i.e., the covalent incorporation of NO into another 
molecule) membrane proteins, oxidize lipids [ 75 ], and reduce NO bioavailability 
leading to endothelial dysfunction [ 76 ]. 

 In the vasculature, ROS contribute to controlling endothelial function and vas-
cular tone, but can have pathophysiological effects when pro-oxidant activity 
exceeds antioxidant capacity. In this case, conditions such as hypertension are more 
likely [ 77 ]. The problem occurs when ROS generation becomes uncontrolled 
because it damages proteins, lipids, and DNA which leads to cell injury and dys-
function. Experimental models of hypertension show some degree of oxidative 
stress [ 78 – 82 ]. When considering the totality of experimental data, it has been sug-
gested that oxidative stress is causally associated with hypertension, at least in ani-
mal models [ 83 ].  

    Nicotinamide Adenine Dinucleotide Phosphate 
(NADPH) Oxidase (Nox) 

 Nox is a transmembrane protein that has a core catalytic subunit and several regu-
latory subunits. When activated, Nox transfers electrons across membranes in 
which the fi nal electron acceptor is O 2  and O 2  −  is produced [ 84 ]. There are seven 
Nox isoforms many of which are present in vascular tissue [ 83 ]. Nox4 has been 
identifi ed as the major isoform in ECs [ 85 ,  86 ]. The classical Nox isoforms con-
sists of fi ve subunits: p47phox, p67phox, and p40phox, which are cytosolic regula-
tory proteins; p22phox is a membrane regulatory protein; and gp91phox is the 
catalytic subunit [ 87 ]. The responses of several of these Nox subunits to LSS have 
been studied. 

 Many, but not all studies show a direct link between Nox O 2  −  generation and 
blood pressure. Studies that used pharmacological inhibitors of Nox show reduced 
vascular O 2  −  production, and attenuated development of hypertension in Angiotensin 
II-dependent hypertension [ 88 ,  89 ]. Nox1-defi cient mice have reduced vascular O 2  −  
production, and the blood pressure elevation in response to Angiotensin II is blunted 
[ 90 ]. The overexpression of Nox1 in vascular smooth muscle cells of mice increases 
blood pressure [ 91 ]. Thus, at best, in animal models there appears to be direct effect 
of Nox generated O 2  −  on blood pressure. 

 In general, LSS applied at high physiological levels to ECs decreases Nox activ-
ity and reduces ROS generation which increases NO bioavailability, thus improving 
EC health [ 92 – 95 ]. White et al. compared LSS at 15 and 75 dyn cm −2  for 24 h in 
HUVECs using a parallel fl ow chamber [ 96 ]. Compared to 15 dyn cm −2 , LSS at 
75 dyn cm −2  decreased Nox subunits Nox2 and Nox4 mRNA expression which was 
accompanied by suppression of ROS. However, the mRNA expression of p67phox 
was increased after 75 dyn cm −2 . Goettsch et al. investigated Nox4 because it is 
highly expressed in ECs [ 97 ]. The investigators used a cone and plate system to 
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apply LSS to HUVECs from 1 to 30 dyn cm −2 . The authors found that LSS caused 
a time- and dose-dependent downregulation of Nox4 mRNA expression which was 
confi rmed by a concomitant downregulation in Nox4 protein expression, 

 De Keulenaer et al. determined the effects of 24 h of LSS on Nox activity and 
O 2  −  production in HUVECs [ 98 ]. The magnitude of LSS was 5 dyn cm −2  which is 
considered a low physiological level. They found that at the start of LSS, there was 
a transient increase in Nox activity that was time-dependent for up to 1 h followed 
by a decrease back down to basal (static) levels. This fi nding is consistent with other 
studies that show an initial acute negative response to shear stress followed by a 
lowering effect on Nox and ROS over the ensuing 24 h. In addition, most studies of 
LSS effects on ECs use a low magnitude of LSS of approximately 5 dyn cm −2  and 
compare it to high physiological levels typically greater than 10 dyn cm −2 . In nearly 
all cases, low levels of LSS induce a genetic program of protein expression that is 
atherogenic and high levels induce an EC phenotype that is atheroprotective and 
vasoprotective. Therefore, the fact that Nox activity was unchanged after 24 h of 
LSS at 5 dyn cm −2  is not surprising. 

 Duerrschmidt et al. determined O 2  −  production and Nox subunit expression in 
response to short-term (2 h) and long-term (24 h) LSS in HUVECs using a cone and 
plate system [ 95 ]. HUVECs were sheared at arterial levels of 15, 30, and 50 dyn cm −2 . 
At 2 h at 30 dyn cm −2 , there was an initial increase in O 2  −  production, but after 24 h 
at 30 dyn cm −2 , O 2  −  production was signifi cantly decreased. Short-term LSS 
(30 dyn cm −2 ) did not change Nox subunits (i.e., gp91phox, p67phox, p22phox, and 
p47phox) mRNA expression. However, after 24 h at 30 dyn cm −2 , mRNA expres-
sion of the subunits gp91phox and p47phox decreased in a time-dependent manner. 
In a separate experiment, HUVECs were exposed to LSS at 1, 5, 10, 15, 30, or 
50 dyn cm −2  for 24 h. Nox gp91phox and p47phox mRNA expression decreased in 
a dose-dependent manner. 

 The downregulation of gp91phox mRNA expression and protein levels is impor-
tant because it is the rate-limiting subunit of the Nox complex in human ECs [ 99 , 
 100 ]. The downregulation of p47phox is also noteworthy because it is the protein 
that carries the cytosolic proteins to the membrane proteins to assemble the active 
oxidase [ 87 ,  101 ]. Together, these changes caused by high physiological levels of 
LSS are consistent with lower EC oxidative stress which could potentially lead to 
greater NO bioavailability and potentially lower blood pressure. 

 We showed using HUVECs obtained for African American and Caucasian 
donors that 24 h of LSS at 20 dyn cm −2  decreased Nox4 protein expression in 
HUVECs from African Americans and Caucasians [ 101 ]. P47phox protein expres-
sion signifi cantly decreased only in the HUVECs from African Americans, while 
Nox 2 expression did not change in either group. It should be noted that under basal 
conditions, the HUVECs from African Americans exhibited signifi cantly greater 
levels of protein expression for p47phox, Nox2, and Nox4 than HUVECs from 
Caucasians which suggests that like most biologic and physiologic variables, the 
initial level often infl uences the magnitude of the change (see Chap.   1     for elabora-
tion on the law of initial values). These results also suggest a potential for greater 
oxidative stress in ECs of African Americans which may contribute to a propensity 
for greater endothelial dysfunction and hypertension among African Americans.  
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    Mitochondrial Reactive Oxygen Species 

 The major sites of O 2  −  generation under physiological conditions are mitochondrial 
respiratory complexes I, II, and III. It is a nonenzymatic reaction when oxygen 
interacts with semiquinone radical (QH − ) or fl avins that participate in a one electron 
reduction of oxygen. Superoxide is rapidly dismutated to H 2 O 2  by SOD (Cu-Zn- 
SOD and Mn-SOD). H 2 O 2  undergoes further reduction to water by the glutathione 
or thioredoxin (Trx) systems. The  complete mitochondrial detoxifi cation system  is 
composed of Mn- and Cu-Zn-SOD [ 102 ,  103 ], glutathion reductase [ 104 ] and glu-
taredoxin [ 105 ,  106 ], mitochondrial Trx [ 107 ,  108 ], mitochondrial Trx reductase 
[ 109 – 112 ] and mitochondrial peroxiredoxins [ 113 ,  114 ]. Importantly, these mito-
chondrial antioxidant systems are upregulated by peroxisomal proliferator activated 
receptor γ co-activator 1α (PGC-1α), a master regulator of mitochondrial biogene-
sis. This positive regulation increases the cellular capacity to detoxify mitochon-
drial ROS, preventing endothelial dysfunction in response to oxidative stress 
conditions [ 115 ]. Enhancing structural and functional integrity of mitochondria is 
an emerging therapeutic option against endothelial dysfunction. 

 Mitochondrial biogenesis is a complex process involving the replication of 
mitochondrial DNA (mtDNA), and the expression of mitochondrial proteins 
encoded by both nuclear and mitochondrial genomes. Mitochondria are considered 
to be a causative factor in the pathophysiology of most CVD, and thus, they repre-
sent a promising target for therapeutic interventions [ 116 ]. Recently, potential link 
between shear stress and mitochondrial biogenesis in ECs has been suggested 
[ 117 – 119 ]. During the past few years, several studies have highlighted the impor-
tance of mitochondria in cell signaling [ 120 ], suggesting that mitochondrial bio-
genesis is essential for endothelial homeostasis [ 121 ,  122 ], and that mitochondria 
play key roles in critical processes such as maintenance of vasomotor tone [ 123 ]. 
Chen et al. reported that LSS upregulates the key mitochondrial biogenesis regula-
tors including PGC-1α and sirtuin 1 (SIRT1) [ 117 ]. Bretón-Romero exposed 
BAECs and HUVECs to 12 dyn cm −2  and found that LSS decreased respiration 
rate, increased mitochondrial membrane potential, and promoted the mitochondrial 
generation of ROS with the subsequent oxidation and activation of the antioxidant 
enzyme, peroxiredoxin 3 [ 124 ]. 

 We recently reported that exposure of HUVECs to 20 dyn cm −2  of LSS for 48 h 
enhanced mitochondrial biogenesis, mitochondrial dynamics, and increased mtDNA 
copy number [ 125 ]. We also found that a long-term shear-exposure is suffi cient to 
improve mitochondrial respiration and alter substrates metabolism from anaerobic 
glycolysis to oxidative phosphorylation-dependent mechanisms in ECs [ 125 ]. 

 Given the emerging role for ECs in vascular homeostasis, these recent studies 
suggest that in addition to the well-known effects of aerobic exercise on skeletal 
muscle mitochondria, aerobic exercise may also improve EC mitochondrial func-
tion. The enhanced function of EC mitochondria may therefore be viewed as benefi -
cial in hypertension because of their role in the regulation of vasomotor tone.  
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    Superoxide Dismutase 

 Both enzymatic and nonenzymatic defense mechanisms against ROS reside in vascu-
lar tissue. There are three isoforms of SOD in mammals (i.e., CuZnSOD, MnSOD, 
ecSOD), and each has a different subcellular localization, but catalyzes the same reac-
tion. CuZnSOD is the major intracellular SOD. MnSOD is a mitochondrial manga-
nese containing enzyme (MnSOD), and ecSOD is a secretory extracellular Cu/
Zn-containing SOD. Extracellular SOD is primarily located in the extracellular matrix 
and on cell surfaces with a smaller fraction in the plasma and extracellular fl uids. 

 SOD is an oxidoreductase that catalyzes the dismutation of O 2  −  to H 2 O 2  and O 2 . 
Low antioxidant capacity leading to cellular oxidative stress has been implicated in 
cardiovascular and renal oxidative damage that is associated with hypertension [ 83 ]. 
In mice defi cient in ecSOD, blood pressure is elevated indicating that reduced anti-
oxidant capacity is associated with elevated blood pressure [ 126 ]. 

 Most studies show that the expression of each of the three SOD isoforms is 
upregulated when ECs are exposed to LSS [ 39 ,  127 ,  128 ]. In fact, Dimmler et al. 
showed that the upregulation of CuZnSOD by 15 dyn cm −2  of LSS played an impor-
tant role in improving cell survival [ 129 ]. However, Duerrschmidt et al. found that 
LSS application for 20 h at 30 dyn cm −2  did not change CuZnSOD protein expres-
sion in HUVECs [ 95 ]. Topper et al. applied LSS to HUVECs for 24 h at 10 dyn cm −2  
and found that MnSOD mRNA expression was upregulated at 1, 6 and 24 h. 
Supportive of the fi nding by Topper and colleagues, De Keulenaer et al. found that 
even a LSS magnitude of 5 dyn cm −2  as compared to a static no fl ow condition sig-
nifi cantly increased CuZnSOD mRNA expression after 24 h [ 98 ]. Inoue et al. exam-
ined the effect of LSS of 0.6–15 dyn cm −2  on the mRNA and protein expression of 
CuZnSOD in cultured human aortic ECs [ 130 ]. LSS increased CuZnSOD mRNA 
expression in a time- and dose-dependent manner and also increased CuZnSOD 
protein content and enzyme activity 

 Lastly, our group measured MnSOD protein expression and total SOD activity in 
the culture media of HUVECs obtained from African American and Caucasians 
before and after 24 h of LSS applied at 5 and 20 dyn cm −2  using a cone and plate 
system [ 101 ]. We found that both MnSOD protein expression and total SOD activ-
ity were signifi cantly greater after 5 and 20 dyn cm −2  only in the HUVECs from 
African American. Under basal conditions, the HUVECs from Caucasian had sig-
nifi cantly greater levels of MnSOD protein expression and total SOD activity. These 
results suggest that there may be race-dependency responses of ECs to high physi-
ological levels of LSS. However, the underlying mechanisms for the race-dependent 
differences in EC responses to LSS are unknown.  

    Glutathione Peroxidase 

 There are 8 glutathione peroxidase (GPX) isoenzymes identifi ed in different tissues. 
GPX-1 is ubiquitously expressed and plays a central role in cellular defense against 
H 2 O 2  and organic hydroperoxides. Glutathione peroxidase is essential for removing 
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H 2 O 2 , and subsequent products, hydroxyl radicals [ 131 ]. Indeed, GPX has been 
demonstrated to be much more effective than SOD in protecting human cells to 
oxidative stress [ 132 ]. Reduced GPX activity has been associated with development 
of vascular dysfunction. Chrissobolis et al. demonstrated, using arteries from Gpx1- 
defi cient and Gpx1 transgenic mice, that GPX 1 protects against angiotensin 
II-induced endothelial dysfunction [ 133 ]. LSS (5–20 dyn cm −2  for 4–24 h) upregu-
lates GPX mRNA expression in a time- and magnitude-dependent manner. 
Furthermore, shear stress increases GPX activity [ 134 ].  

    Effects of High Physiological Levels of Laminar Shear 
Stress on Infl ammation 

 Data from Epidemiologic studies support an association between different infl am-
matory markers and blood pressure [ 135 ]. Studies also suggest that chronic low- 
grade systemic infl ammation may contribute to the development of hypertension 
through endothelial dysfunction because many of the infl ammatory cytokines 
directly affect vasodilating factors [ 136 – 139 ]. Please see Chap.   14     for detailed dis-
cussions of the infl uence of infl ammation on EC function and hypertension. 

 Most infl ammatory cytokines activate the p38/NFκB transcription factor path-
way which regulates the expression of many genes involved in the infl ammation 
process. These genes initiate the transcription of proteins such as adhesion mole-
cules (e.g., Vascular cell adhesion molecule-1 [VCAM-1], Intracellular adhesion 
molecule-1 [ICAM-1]), chemokines (e.g., IL-8) and other pro-infl ammatory mole-
cules in EC [ 140 ]. 

 Endothelial cells are among the primary physiological targets of the pro- 
infl ammatory TNF-α. TNF-α causes a variety of biological effects including prolif-
eration, differentiation, and apoptosis [ 141 – 144 ]. In addition, TNF-α has been 
shown to directly downregulate eNOS and NO production in ECs by decreasing 
eNOS mRNA levels by increasing the rate of mRNA degradation [ 145 ]. TNF-α also 
increases ROS production [ 146 ]. These and other untoward effects can lead to endo-
thelial dysfunction. 

 High physiological levels of LSS are known to cause an anti-infl ammatory pat-
tern of gene expression in ECs, and LSS inhibits TNF-α-mediated downstream 
infl ammatory events through a reduction in the expression of infl ammatory pro-
teins. As mentioned above, NFκB transcription factor activation initiates the tran-
scription of numerous infl ammatory genes. Partridge et al. showed that LSS at 
12 dyn cm −2  for 16 h suppressed regulators of infl ammation by TNF-α through 
modulating NFκB transcriptional activity in HUVECs [ 147 ]. Compared to a low 
level (0.4 dyn cm −2 ) of LSS, a high physiological level (12 dyn cm −2 ) signifi cantly 
inhibited TNF-α-stimulated VCAM expression. Evidence for this effect was that 
there was reduced activation of key signaling proteins in the p38 pathway, including 
NFκB, and reduced association of TNF receptor-1 with TNF receptor-associated 
factor-2, a protein required for TNF-α-mediated activation of p38 pathway [ 148 ]. 
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 Surapisitchat et al. determined the effects of 12 dyn cm −2  on TNF-α and IL-1- 
stimulated signaling in HUVECs [ 149 ]. IL-1 is a cytokine that induces a complex 
network of pro-infl ammatory cytokines. IL-1α and IL-1β are the most studied mem-
bers because they were discovered fi rst, and they possess a robust pro-infl ammatory 
response. One study pre-sheared HUVECs and then stimulated them with TNF-α or 
IL-1 [ 150 ]. This would be a model of an exercise trained individual having their 
endothelium exposed to an infl ammatory insult. The authors found that pre- shearing 
the HUVECs at a high level of physiological LSS reduced activation of the c-Jun 
N-terminal kinases signaling pathway which is very responsive to cytokines and 
regulates apoptosis among other cellular functions. 

 IL-6 is a pro-infl ammatory cytokine that has been linked to many chronic dis-
eases and is a primary factor in inducing C-reactive protein, an acute phase reactant 
released from the liver. ECs can secrete IL-6 when stimulated by other cytokines. 
IL-6 can also stimulate ECs via the janus kinase-signal transducer and activator of 
transcription (JAK-STAT) pathways. When this pathway is activated, it can lead to 
apoptosis and infl ammation, both of which further degrade endothelial function. Ni 
et al. showed that LSS at 16 dyn cm −2  reduced IL-6 activation of JAK2-STAT2 path-
way, and that the suppression of this pathway was LSS magnitude-dependent, 
meaning that the ECs became more resistant to infl ammation with increasing mag-
nitudes of LSS [ 150 ]. Zeng et al. used lipopolysaccharide to induce an infl amma-
tory response and apoptosis in HUVECS [ 151 ]. They applied low (4 dyn cm −2 ) and 
high (15 dyn cm −2 ) magnitudes of LSS for 24 h. As expected, they found signifi cant 
apoptosis when stimulated with lipopolysaccharide. They also found that the high 
magnitude of LSS was more effective at attenuating IL-6 generation over the 24 h 
as compared to the low magnitude of LSS. Together, these studies demonstrate that 
LSS applied at a high physiological level reduces the deleterious effects of IL-6 on 
ECs and also reduces IL-6 generation by ECs creating an anti-infl ammatory envi-
ronment within ECs. An endothelium that is anti-infl ammatory is healthier which 
supports a healthy level of blood pressure.  

    New and Emerging Evidence 

 A limitation of in vitro experiments with ECs is that they are isolated from contact 
with vascular smooth muscle cells. Heterocellular interactions between vascular 
smooth muscle cells and ECs play important roles in the maintenance of normal 
vascular structure and function [ 152 ,  153 ]. Within the vessel wall, EC and vascular 
smooth muscle functions are achieved by intercellular signaling, including direct 
physical contact and paracrine interaction [ 153 ]. This has led scientists to develop 
co-culture systems in which they can induce fl ow. These systems allow them to 
assess the responses of ECs to shear stress when they have contact with vascular 
smooth muscle cells. 

 MicroRNAs (miRNAs) are a class of small non-coding RNAs (~22 nucleotides) 
that post-transcriptionally regulate the expression of genes. miRNAs are known to 
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play an important role in EC biology including proliferation, differentiation,  cellular 
redox state, activation, and apoptosis [ 154 – 156 ]. Studies have identifi ed several 
miRNAs that are distinctly regulated by LSS and oscillatory shear stress, that play 
important roles in eNOS expression (i.e., miR-221/222 and miRNA-214) and activ-
ity (i.e. miRNA-21, miRNA-33 and miRNA-217) [ 156 – 160 ]. Unidirectional LSS 
upregulates miRNA-21 expression which activates the PI3K/Akt/eNOS (p-S1177) 
pathway [ 160 ], where phosphatase and tensin homolog (PTEN) antagonizes the 
PI3K/Akt pathway. Holliday-Ankeny et al. reported that LSS-induced miR-148a 
indirectly activates eNOS [ 161 ]. LSS-induced miRNAs further regulate eNOS 
activity by targeting modulators of post-translational modifi cation of eNOS.   

    Clinical Implications and Importance 

 It should be kept in mind that the data largely described in this chapter were col-
lected from isolated EC culture experiments and may not necessarily refl ect the 
in vivo environment. Nonetheless, the changes in gene and protein expression 
brought about by high physiological levels of LSS are uniformly consistent with the 
improvements in in vivo endothelial function measurements with exercise training. 
Since there is convincing evidence that it is the repeated bouts of elevated intralu-
minal LSS occurring during exercise training that elicits endothelial adaptations, 
then in our opinion the in vitro LSS model provides valuable mechanistic insights 
into these adaptations (Please see Chap.   5     for a detailed discussion of this evidence). 
Furthermore, it is well documented that individuals with hypertension tend to have 
impaired endothelial function compared to individuals with normal blood pressure 
and that endothelial dysfunction predicts future CVD risk [ 2 ,  162 ]. Given these 
facts, the clinical implications are twofold. First, the pattern of the gene expression 
in response to high physiological levels of LSS is one that creates an anti- 
infl ammatory, anti-oxidant, and vasodilatory phenotype; effects that are consistent 
with low blood pressure. Second, by interrogating the underlying mechanistic path-
ways leading to healthy arteries could open the door for both nonpharmacologic and 
pharmacologic targets for improving vascular health.  

    Conclusion 

 To date, most if not all, studies of the effects of physiological levels of LSS on ECs 
are consistent with the effects of aerobic exercise training on endothelial function in 
humans (see Chap.   5     for the effects of aerobic exercise on vascular function). When 
exposed to high physiological levels of LSS, the gene expression profi le of ECs 
becomes anti-oxidative and anti-infl ammatory both of which lead to an increase in 
NO bioavailability. This LSS also directly increases vasodilatory factors and 
decreases vasoconstrictor factors. All of these changes create a vessel wall that is 
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more healthy and protective against hypertension. It must be kept in mind that the 
application of in vitro shear stress is experimental and cannot fully simulate in vivo 
blood fl ow. However, it can approximate physiological levels of shear stress expe-
rienced by ECs.

  Key Points and Resources 

•   The application of in vitro LSS has been used to better understand the effects of 
exercise on ECs.  

•   LSS profoundly alters the EC phenotype by modifying the gene expression 
 profi le creating an environment that is anti-infl ammatory, anti-oxidant, anti-
apoptotic, and vasoprotective.  

•   The EC adaptive response to LSS is consistent with the in vivo adaptive response 
of the endothelium to aerobic exercise training  

•   Malek AM, Alper SL, Izumo S (1999) Hemodynamic shear stress and its role in 
atherosclerosis. JAMA 282(21):2035–42 [ 5 ].  

•   Furchgott RF, Zawadzki JV (1980) The obligatory role of endothelial cells in 
the relaxation of arterial smooth muscle by acetylcholine. Nature. 288(5789):
373–6 [ 1 ].  

•   Braddock M, Schwachtgen JL, Houston P, Dickson MC, Lee MJ, Campbell CJ 
(1998). Fluid Shear Stress Modulation of Gene Expression in Endothelial Cells. 
News Physiol Sci. 13:241–246 [ 13 ].            

  References 

      1.    Furchgott RF, Zawadzki JV. The obligatory role of endothelial cells in the relaxation of arte-
rial smooth muscle by acetylcholine. Nature. 1980;288:373–6.  

     2.    Panza JA, Quyyumi AA, Brush JE, Epstein SE. Abnormal endothelium-dependent vascular 
relaxation in patients with essential hypertension. N Engl J Med. 1990;323:22–7.  

    3.    Yeboah J, Sutton-Tyrrell K, McBurnie MA, Burke GL, Herrington DM, Crouse JR. 
Association between brachial artery reactivity and cardiovascular disease status in an elderly 
cohort: the cardiovascular health study. Atherosclerosis. 2008;197:768–76.  

    4.    Smith JJ, Kampine JP, editors. Circulatory physiology-the essentials. Baltimore: Lippincott 
Williams & Wilkins; 1990.  

       5.    Malek AM, Alper SL, Izumo S. Hemodynamic shear stress and its role in atherosclerosis. 
JAMA. 1999;282:2035–42.  

    6.    Taylor CA, Hughes TJ, Zarins CK. Effect of exercise on hemodynamic conditions in the 
abdominal aorta. J Vasc Surg. 1999;29:1077–89.  

    7.    Wasserman SM, Topper JN. Adaptation of the endothelium to fl uid fl ow: in vitro analyses of 
gene expression and in vivo implications. Vasc Med. 2004;9:35–45.  

    8.    Gibbons GH, Dzau VJ. The emerging concept of vascular remodeling. N Engl J Med. 
1994;330:1431–8.  

    9.    Zarins CK, Zatina MA, Giddens DP, Ku DN, Glagov S. Shear stress regulation of artery 
lumen diameter in experimental atherogenesis. J Vasc Surg. 1987;5:413–20.  

    10.    Barbee KA. Changes in surface topography in endothelial monolayers with time at confl u-
ence: infl uence on subcellular shear stress distribution due to fl ow. Biochem Cell Biol. 
1995;73:501–5.  

M.D. Brown and J.-Y. Park



177

    11.    Reneman RS, Arts T, Hoeks AP. Wall shear stress—an important determinant of endothelial 
cell function and structure—in the arterial system in vivo. Discrepancies with theory. J Vasc 
Res. 2006;43:251–69.  

    12.    Barakat AI, Lieu DK, Gojova A. Secrets of the code: do vascular endothelial cells use ion 
channels to decipher complex fl ow signals? Biomaterials. 2006;27:671–8.  

      13.    Braddock M, Schwachtgen JL, Houston P, Dickson MC, Lee MJ, Campbell CJ. Fluid shear 
stress modulation of gene expression in endothelial cells. News Physiol Sci. 1998;13:241–6.  

    14.    Fledderus JO, van Thienen JV, Boon RA, et al. Prolonged shear stress and KLF2 suppress 
constitutive proinfl ammatory transcription through inhibition of ATF2. Blood. 2007;109:
4249–57.  

    15.    Resnick N, Collins T, Atkinson W, Bonthron DT, Dewey Jr CF, Gimbrone Jr MA. Platelet- 
derived growth factor B chain promoter contains a cis-acting fl uid shear-stress-responsive 
element. Proc Natl Acad Sci U S A. 1993;90:4591–5.  

    16.    Shyy JY, Li YS, Lin MC, et al. Multiple cis-elements mediate shear stress-induced gene 
expression. J Biomech. 1995;28:1451–7.  

      17.    Ohura N, Yamamoto K, Ichioka S, et al. Global analysis of shear stress-responsive genes in 
vascular endothelial cells. J Atheroscler Thromb. 2003;10:304–13.  

    18.    Griendling KK, FitzGerald GA. Oxidative stress and cardiovascular injury: part I: basic 
mechanisms and in vivo monitoring of ROS. Circulation. 2003;108:1912–6.  

    19.    Griendling KK, FitzGerald GA. Oxidative stress and cardiovascular injury: part II: animal 
and human studies. Circulation. 2003;108:2034–40.  

      20.    dela Paz NG, D’Amore PA. Arterial versus venous endothelial cells. Cell Tissue Res. 
2009;335:5–16.  

    21.    Reinhart-King CA, Fujiwara K, Berk BC. Physiologic stress-mediated signaling in the endo-
thelium. Methods Enzymol. 2008;443:25–44.  

    22.    Jenny NS, Mann KG. Coagulation cascade: an overview. In: Loscalzo J, Schafer AI, editors. 
Thrombosis and hemorrhage. 3rd ed. Philadelphia: Lippincott Williams & Wilkins; 2002. 
p. 1–21.  

    23.    Palmer R, Ferrige AG, Monacada S. Nitric oxide release accounts for the biological activity 
of endothelium-derived relaxing factor. Nature. 1987;327:524.  

    24.    Ignarro LJ, Buga GM, Wood KS, Byrns RE, Chaudhuri G. Endothelium-derived relaxing 
factor produced and released from artery and vein is nitric oxide. Proc Natl Acad Sci U S A. 
1987;84:9265–9.  

     25.    Grubbs AL, Ergul A. A review of endothelin and hypertension in African-American indi-
viduals. Ethn Dis. 2001;11:741–8.  

    26.    Balligand JL, Feron O, Dessy C. eNOS activation by physical forces: from short-term regula-
tion of contraction to chronic remodeling of cardiovascular tissues. Physiol Rev. 
2009;89:481–534.  

    27.    Konishi M, Su C. Role of endothelium in dilator responses of spontaneously hypertensive rat 
arteries. Hypertension. 1983;5:881–6.  

   28.    Lockette W, Otsuka Y, Carretero O. The loss of endothelium-dependent vascular relaxation 
in hypertension. Hypertension. 1986;8:II61–6.  

    29.    Luscher TF, Raij L, Vanhoutte PM. Endothelium-dependent vascular responses in normoten-
sive and hypertensive Dahl rats. Hypertension. 1987;9:157–63.  

    30.    Panza JA, Casino PR, Kilcoyne CM, Quyyumi AA. Role of endothelium-derived nitric oxide 
in the abnormal endothelium-dependent vascular relaxation of patients with essential hyper-
tension. Circulation. 1993;87:1468–74.  

   31.    Taddei S, Virdis A, Ghiadoni L, Magagna A, Salvetti A. Cyclooxygenase inhibition restores 
nitric oxide activity in essential hypertension. Hypertension. 1997;29:274–9.  

    32.    Calver A, Collier J, Moncada S, Vallance P. Effect of local intra-arterial NG-monomethyl-L- 
arginine in patients with hypertension: the nitric oxide dilator mechanism appears abnormal. 
J Hypertens. 1992;10:1025–31.  

    33.    Sessa WC, Pritchard K, Seyedi N, Wang J, Hintze TH. Chronic exercise in dogs increases 
coronary vascular nitric oxide production and endothelial cell nitric oxide synthase gene 
expression. Circ Res. 1994;74:349–53.  

7 Effects of In Vitro Laminar Shear Stress as an Exercise Mimetic…



178

    34.    Woodman CR, Muller JM, Laughlin MH, Price EM. Induction of nitric oxide synthase 
mRNA in coronary resistance arteries isolated from exercise-trained pigs. Am J Physiol. 
1997;273:H2575–9.  

    35.    Indolfi  C, Torella D, Coppola C, et al. Physical training increases eNOS vascular expression 
and activity and reduces restenosis after balloon angioplasty or arterial stenting in rats. Circ 
Res. 2002;91:1190–7.  

    36.    Uematsu M, Ohara Y, Navas JP, et al. Regulation of endothelial cell nitric oxide synthase 
mRNA expression by shear stress. Am J Physiol. 1995;269:C1371–8.  

    37.    Nishida K, Harrison DG, Navas JP, et al. Molecular cloning and characterization of the con-
stitutive bovine aortic endothelial cell nitric oxide synthase. J Clin Invest. 1992;90:2092–6.  

    38.    Ranjan V, Xiao Z, Diamond SL. Constitutive NOS expression in cultured endothelial cells is 
elevated by fl uid shear stress. Am J Physiol. 1995;269:H550–5.  

     39.    Woodman CR, Muller JM, Rush JW, Laughlin MH, Price EM. Flow regulation of ecNOS and 
Cu/Zn SOD mRNA expression in porcine coronary arterioles. Am J Physiol. 1999;276:
H1058–63.  

    40.    Woodman CR, Price EM, Laughlin MH. Shear stress induces eNOS mRNA expression and 
improves endothelium-dependent dilation in senescent soleus muscle feed arteries. J Appl 
Physiol. 2005;98:940–6.  

    41.    Davis ME, Grumbach IM, Fukai T, Cutchins A, Harrison DG. Shear stress regulates endothe-
lial nitric-oxide synthase promoter activity through nuclear factor kappaB binding. J Biol 
Chem. 2004;279:163–8.  

    42.    Hay DC, Beers C, Cameron V, Thomson L, Flitney FW, Hay RT. Activation of NF-kappaB 
nuclear transcription factor by fl ow in human endothelial cells. Biochim Biophys Acta. 
2003;1642:33–44.  

    43.    Park JY, Farrance IK, Fenty NM, et al. NFKB1 promoter variation implicates shear-induced 
NOS3 gene expression and endothelial function in prehypertensives and stage I hyperten-
sives. Am J Physiol Heart Circ Physiol. 2007;293:H2320–7.  

    44.    Lin Z, Kumar A, SenBanerjee S, et al. Kruppel-like factor 2 (KLF2) regulates endothelial 
thrombotic function. Circ Res. 2005;96:e48–57.  

    45.    SenBanerjee S, Lin Z, Atkins GB, et al. KLF2 Is a novel transcriptional regulator of endothe-
lial proinfl ammatory activation. J Exp Med. 2004;199:1305–15.  

     46.    Boo YC, Hwang J, Sykes M, et al. Shear stress stimulates phosphorylation of eNOS at 
Ser(635) by a protein kinase A-dependent mechanism. Am J Physiol Heart Circ Physiol. 
2002;283:H1819–28.  

    47.    Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R, Zeiher AM. Activation of nitric 
oxide synthase in endothelial cells by Akt-dependent phosphorylation. Nature. 1999;399:
601–5.  

    48.    Fleming I, Fisslthaler B, Dixit M, Busse R. Role of PECAM-1 in the shear-stress-induced 
activation of Akt and the endothelial nitric oxide synthase (eNOS) in endothelial cells. J Cell 
Sci. 2005;118:4103–11.  

    49.    Tayeh MA, Marletta MA. Macrophage oxidation of L-arginine to nitric oxide, nitrite, and 
nitrate. Tetrahydrobiopterin is required as a cofactor. J Biol Chem. 1989;264:19654–8.  

    50.    Stuehr DJ, Kwon NS, Nathan CF. FAD and GSH participate in macrophage synthesis of nitric 
oxide. Biochem Biophys Res Commun. 1990;168:558–65.  

    51.    Stuehr DJ, Cho HJ, Kwon NS, Weise MF, Nathan CF. Purifi cation and characterization of the 
cytokine-induced macrophage nitric oxide synthase: an FAD- and FMN-containing fl avopro-
tein. Proc Natl Acad Sci U S A. 1991;88:7773–7.  

    52.    Palmer RMJMS. A novel citrulline-forming enzyme implicated in the formation of nitric 
oxide by vascular endothelial cells. Biochem Biophys Res Commun. 1989;158:348–52.  

    53.    Landmesser U, Dikalov S, Price SR, et al. Oxidation of tetrahydrobiopterin leads to uncou-
pling of endothelial cell nitric oxide synthase in hypertension. J Clin Invest. 2003;111:
1201–9.  

   54.    Laursen JB, Somers M, Kurz S, et al. Endothelial regulation of vasomotion in apoE-defi cient 
mice: implications for interactions between peroxynitrite and tetrahydrobiopterin. Circulation. 
2001;103:1282–8.  

M.D. Brown and J.-Y. Park



179

     55.    Cai S, Khoo J, Mussa S, Alp NJ, Channon KM. Endothelial nitric oxide synthase dysfunction 
in diabetic mice: importance of tetrahydrobiopterin in eNOS dimerisation. Diabetologia. 
2005;48:1933–40.  

    56.    Widder JD, Chen W, Li L, et al. Regulation of tetrahydrobiopterin biosynthesis by shear 
stress. Circ Res. 2007;101:830–8.  

    57.    Yanagisawa M, Kurihara H, Kimura S, et al. A novel potent vasoconstrictor peptide produced 
by vascular endothelial cells. Nature. 1988;332:411–5.  

    58.    Cardillo C, Kilcoyne CM, Cannon 3rd RO, Panza JA. Interactions between nitric oxide and 
endothelin in the regulation of vascular tone of human resistance vessels in vivo. Hypertension. 
2000;35:1237–41.  

    59.    de Nucci G, Thomas R, D’Orleans-Juste P, et al. Pressor effects of circulating endothelin are 
limited by its removal in the pulmonary circulation and by the release of prostacyclin and 
endothelium-derived relaxing factor. Proc Natl Acad Sci U S A. 1988;85:9797–800.  

      60.    Schiffrin EL. Endothelin: potential role in hypertension and vascular hypertrophy. 
Hypertension. 1995;25:1135–43.  

    61.    Campia U, Cardillo C, Panza JA. Ethnic differences in the vasoconstrictor activity of endog-
enous endothelin-1 in hypertensive patients. Circulation. 2004;109:3191–5.  

    62.    Schiffrin EL. Role of endothelin-1 in hypertension and vascular disease. Am J Hypertens. 
2001;14:83S–9.  

    63.    Modesti PA, Cecioni I, Costoli A, Poggesi L, Galanti G, Serneri GG. Renal endothelin in 
heart failure and its relation to sodium excretion. Am Heart J. 2000;140:617–22.  

    64.    Krum H, Viskoper RJ, Lacourciere Y, Budde M, Charlon V. The effect of an endothelin- 
receptor antagonist, bosentan, on blood pressure in patients with essential hypertension. 
Bosentan Hypertension Investigators. N Engl J Med. 1998;338:784–90.  

    65.    Sharefkin JB, Diamond SL, Eskin SG, McIntire LV, Dieffenbach CW. Fluid fl ow decreases 
preproendothelin mRNA levels and suppresses endothelin-1 peptide release in cultured 
human endothelial cells. J Vasc Surg. 1991;14:1–9.  

    66.    Masatsugu K, Itoh H, Chun TH, et al. Shear stress attenuates endothelin and endothelin- 
converting enzyme expression through oxidative stress. Regul Pept. 2003;111:13–9.  

    67.    Malek AM, Zhang J, Jiang J, Alper SL, Izumo S. Endothelin-1 gene suppression by shear 
stress: pharmacological evaluation of the role of tyrosine kinase, intracellular calcium, cyto-
skeleton, and mechanosensitive channels. J Mol Cell Cardiol. 1999;31:387–99.  

     68.    Morawietz H, Talanow R, Szibor M, et al. Regulation of the endothelin system by shear stress 
in human endothelial cells. J Physiol. 2000;525(Pt 3):761–70.  

    69.    Hinz B, Brune K. Cyclooxygenase-2–10 years later. J Pharmacol Exp Ther. 2002;300:
367–75.  

    70.    Vane JR, Botting RM. Pharmacodynamic profi le of prostacyclin. Am J Cardiol. 1995;75:
3A–10.  

    71.    Herschman HR. Function and regulation of prostaglandin synthase 2. Adv Exp Med Biol. 
1999;469:3–8.  

    72.    Topper JN, Cai J, Falb D, Gimbrone Jr MA. Identifi cation of vascular endothelial genes dif-
ferentially responsive to fl uid mechanical stimuli: cyclooxygenase-2, manganese superoxide 
dismutase, and endothelial cell nitric oxide synthase are selectively up-regulated by steady 
laminar shear stress. Proc Natl Acad Sci U S A. 1996;93:10417–22.  

    73.    Grabowski EF, Jaffe EA, Weksler BB. Prostacyclin production by cultured endothelial cell 
monolayers exposed to step increases in shear stress. J Lab Clin Med. 1985;105:36–43.  

    74.    McCormick SM, Whitson PA, Wu KK, McIntire LV. Shear stress differentially regulates 
PGHS-1 and PGHS-2 protein levels in human endothelial cells. Ann Biomed Eng. 
2000;28:824–33.  

    75.    Huie RE, Padmaja S. The reaction of no with superoxide. Free Radic Res Commun. 1993;
18:195–9.  

    76.    Knowles RG, Moncada S. Nitric oxide synthases in mammals. Biochem J. 1994;298(Pt 2):
249–58.  

7 Effects of In Vitro Laminar Shear Stress as an Exercise Mimetic…



180

    77.    Ushio-Fukai M, Alexander RW, Akers M, Griendling KK. p38 Mitogen-activated protein 
kinase is a critical component of the redox-sensitive signaling pathways activated by angio-
tensin II. Role in vascular smooth muscle cell hypertrophy. J Biol Chem. 1998;273:
15022–9.  

    78.    Di Castro S, Scarpino S, Marchitti S, et al. Differential modulation of uncoupling protein 2 in 
kidneys of stroke-prone spontaneously hypertensive rats under high-salt/low-potassium diet. 
Hypertension. 2013;61:534–41.  

   79.    Glassman SJ. Vitiligo, reactive oxygen species and T-cells. Clin Sci (Lond). 2011;120:
99–120.  

   80.    Jung O, Schreiber JG, Geiger H, Pedrazzini T, Busse R, Brandes RP. gp91phox-containing 
NADPH oxidase mediates endothelial dysfunction in renovascular hypertension. Circulation. 
2004;109:1795–801.  

   81.    Kagota S, Tada Y, Kubota Y, et al. Peroxynitrite is Involved in the dysfunction of vasorelax-
ation in SHR/NDmcr-cp rats, spontaneously hypertensive obese rats. J Cardiovasc Pharmacol. 
2007;50:677–85.  

    82.    Zalba G, Beaumont FJ, San Jose G, et al. Vascular NADH/NADPH oxidase is involved in 
enhanced superoxide production in spontaneously hypertensive rats. Hypertension. 
2000;35:1055–61.  

      83.    Montezano AC, Touyz RM. Reactive oxygen species, vascular Noxs, and hypertension: focus 
on translational and clinical research. Antioxid Redox Signal. 2014;20:164–82.  

    84.    Lassègue B, San Martín A, Griendling KK. Biochemistry, physiology, and pathophysiology 
of NADPH oxidases in the cardiovascular system. Circ Res. 2012;110:1364–90.  

    85.    Ago T, Kitazono T, Ooboshi H, et al. Nox4 as the major catalytic component of an endothelial 
NAD(P)H oxidase. Circulation. 2004;109:227–33.  

    86.    Goettsch C, Goettsch W, Muller G, Seebach J, Schnittler HJ, Morawietz H. Nox4 overexpres-
sion activates reactive oxygen species and p38 MAPK in human endothelial cells. Biochem 
Biophys Res Commun. 2009;380:355–60.  

     87.    Babior BM. NADPH oxidase. Curr Opin Immunol. 2004;16:42–7.  
    88.    Rey FE, Cifuentes ME, Kiarash A, Quinn MT, Pagano PJ. Novel competitive inhibitor of 

NAD(P)H oxidase assembly attenuates vascular O(2)(-) and systolic blood pressure in mice. 
Circ Res. 2001;89:408–14.  

    89.    Guimaraes DD, Carvalho CC, Braga VA. Scavenging of NADPH oxidase-derived superoxide 
anions improves depressed barorefl ex sensitivity in spontaneously hypertensive rats. Clin 
Exp Pharmacol Physiol. 2012;39:373–8.  

    90.    Gavazzi G, Banfi  B, Deffert C, et al. Decreased blood pressure in NOX1-defi cient mice. 
FEBS Lett. 2006;580:497–504.  

    91.    Dikalov SI, Dikalova AE, Bikineyeva AT, Schmidt HH, Harrison DG, Griendling KK. Distinct 
roles of Nox1 and Nox4 in basal and angiotensin II-stimulated superoxide and hydrogen 
peroxide production. Free Radic Biol Med. 2008;45:1340–51.  

    92.    Mohan S, Mohan N, Sprague EA. Differential activation of NF-kappa B in human aortic 
endothelial cells conditioned to specifi c fl ow environments. Am J Physiol. 1997;273:
C572–8.  

   93.    Mohan S, Mohan N, Valente AJ, Sprague EA. Regulation of low shear fl ow-induced HAEC 
VCAM-1 expression and monocyte adhesion. Am J Physiol. 1999;276:C1100–7.  

   94.    Dai G, Kaazempur-Mofrad MR, Natarajan S, et al. Distinct endothelial phenotypes evoked 
by arterial waveforms derived from atherosclerosis-susceptible and -resistant regions of 
human vasculature. Proc Natl Acad Sci U S A. 2004;101:14871–6.  

      95.    Duerrschmidt N, Stielow C, Muller G, Pagano PJ, Morawietz H. NO-mediated regulation of 
NAD(P)H oxidase by laminar shear stress in human endothelial cells. J Physiol. 2006;576:
557–67.  

    96.    White SJ, Hayes EM, Lehoux S, Jeremy JY, Horrevoets AJ, Newby AC. Characterization of 
the differential response of endothelial cells exposed to normal and elevated laminar shear 
stress. J Cell Physiol. 2011;226:2841–8.  

M.D. Brown and J.-Y. Park



181

    97.    Goettsch C, Goettsch W, Brux M, et al. Arterial fl ow reduces oxidative stress via an 
 antioxidant response element and Oct-1 binding site within the NADPH oxidase 4 promoter 
in endothelial cells. Basic Res Cardiol. 2011;106:551–61.  

     98.    De Keulenaer GW, Chappell DC, Ishizaka N, Nerem RM, Alexander RW, Griendling 
KK. Oscillatory and steady laminar shear stress differentially affect human endothelial redox 
state: role of a superoxide-producing NADH oxidase. Circ Res. 1998;82:1094–101.  

    99.    Rueckschloss U, Galle J, Holtz J, Zerkowski HR, Morawietz H. Induction of NAD(P)H oxi-
dase by oxidized low-density lipoprotein in human endothelial cells: antioxidative potential 
of hydroxymethylglutaryl coenzyme A reductase inhibitor therapy. Circulation. 2001;
104:1767–72.  

    100.    Rueckschloss U, Duerrschmidt N, Morawietz H. NADPH oxidase in endothelial cells: impact 
on atherosclerosis. Antioxid Redox Signal. 2003;5:171–80.  

      101.    Feairheller DL, Park JY, Rizzo V, Kim B, Brown MD. Racial differences in the responses to 
shear stress in human umbilical vein endothelial cells. Vasc Health Risk Manag. 2011;7:
425–31.  

    102.    Macmillan-Crow LA, Cruthirds DL. Invited review: manganese superoxide dismutase in dis-
ease. Free Radic Res. 2001;34:325–36.  

    103.    Harrison DG, Widder J, Grumbach I, Chen W, Weber M, Searles C. Endothelial mechano-
transduction, nitric oxide and vascular infl ammation. J Intern Med. 2006;259:351–63.  

    104.    Kelner MJ, Montoya MA. Structural organization of the human glutathione reductase gene: 
determination of correct cDNA sequence and identifi cation of a mitochondrial leader 
sequence. Biochem Biophys Res Commun. 2000;269:366–8.  

    105.    Lundberg M, Johansson C, Chandra J, et al. Cloning and expression of a novel human glu-
taredoxin (Grx2) with mitochondrial and nuclear isoforms. J Biol Chem. 2001;276:
26269–75.  

    106.    Wang J, Pan S, Berk BC. Glutaredoxin mediates Akt and eNOS activation by fl ow in a gluta-
thione reductase-dependent manner. Arterioscler Thromb Vasc Biol. 2007;27:1283–8.  

    107.    Spyrou G, Enmark E, Miranda-Vizuete A, Gustafsson J. Cloning and expression of a novel 
mammalian thioredoxin. J Biol Chem. 1997;272:2936–41.  

    108.    Altschmied J, Haendeler J. Thioredoxin-1 and endothelial cell aging: role in cardiovascular 
diseases. Antioxid Redox Signal. 2009;11:1733–40.  

    109.    Gasdaska PY, Berggren MM, Berry MJ, Powis G. Cloning, sequencing and functional expres-
sion of a novel human thioredoxin reductase. FEBS Lett. 1999;442:105–11.  

   110.    Miranda-Vizuete A, Damdimopoulos AE, Pedrajas JR, Gustafsson JA, Spyrou G. Human 
mitochondrial thioredoxin reductase cDNA cloning, expression and genomic organization. 
Eur J Biochem. 1999;261:405–12.  

   111.    Koenig W, Sund M, Frohlich M, et al. C-Reactive protein, a sensitive marker of infl amma-
tion, predicts future risk of coronary heart disease in initially healthy middle-aged men: 
results from the MONICA (Monitoring Trends and Determinants in Cardiovascular Disease) 
Augsburg Cohort Study, 1984 to 1992. Circulation. 1999;99:237–42.  

    112.    Holmgren A, Bjornstedt M. Thioredoxin and thioredoxin reductase. Methods Enzymol. 
1995;252:199–208.  

    113.    Watabe S, Hiroi T, Yamamoto Y, et al. SP-22 is a thioredoxin-dependent peroxide reductase 
in mitochondria. Eur J Biochem. 1997;249:52–60.  

    114.    Knoops B, Clippe A, Bogard C, et al. Cloning and characterization of AOEB166, a novel 
mammalian antioxidant enzyme of the peroxiredoxin family. J Biol Chem. 1999;274:
30451–8.  

    115.    Valle I, Alvarez-Barrientos A, Arza E, Lamas S, Monsalve M. PGC-1alpha regulates the 
mitochondrial antioxidant defense system in vascular endothelial cells. Cardiovasc Res. 
2005;66:562–73.  

    116.    Groschner LN, Waldeck-Weiermair M, Malli R, Graier WF. Endothelial mitochondria—less 
respiration, more integration. Pfl ugers Arch. 2012;464:63–76.  

     117.    Chen Z, Peng IC, Cui X, Li YS, Chien S, Shyy JY. Shear stress, SIRT1, and vascular homeo-
stasis. Proc Natl Acad Sci U S A. 2010;107:10268–73.  

7 Effects of In Vitro Laminar Shear Stress as an Exercise Mimetic…



182

   118.    Miller MW, Knaub LA, Olivera-Fragoso LF, et al. Nitric oxide regulates vascular adaptive 
mitochondrial dynamics. Am J Physiol Heart Circ Physiol. 2013;304:H1624–33.  

    119.    Knaub LA, McCune S, Chicco AJ, et al. Impaired response to exercise intervention in the 
vasculature in metabolic syndrome. Diab Vasc Dis Res. 2013;10:222–38.  

    120.    Quintero M, Colombo SL, Godfrey A, Moncada S. Mitochondria as signaling organelles in 
the vascular endothelium. Proc Natl Acad Sci U S A. 2006;103:5379–84.  

    121.    Kluge MA, Fetterman JL, Vita JA. Mitochondria and endothelial function. Circ Res. 
2013;112:1171–88.  

    122.    Monsalve M, Borniquel S, Valle I, Lamas S. Mitochondrial dysfunction in human patholo-
gies. Front Biosci. 2007;12:1131–53.  

    123.    Liu Y, Zhao H, Li H, Kalyanaraman B, Nicolosi AC, Gutterman DD. Mitochondrial sources 
of H 2 O 2  generation play a key role in fl ow-mediated dilation in human coronary resistance 
arteries. Circ Res. 2003;93:573–80.  

    124.    Breton-Romero R, Acin-Perez R, Rodriguez-Pascual F, et al. Laminar shear stress regulates 
mitochondrial dynamics, bioenergetics responses and PRX3 activation in endothelial cells. 
Biochim Biophys Acta. 2014;1843:2403–13.  

     125.    Kim B, Lee H, Kawata K, Park JY. Exercise-mediated wall shear stress increases mitochon-
drial biogenesis in vascular endothelium. PLoS One. 2014;9:e111409.  

    126.    Collins AR, Lyon CJ, Xia X, et al. Age-accelerated atherosclerosis correlates with failure to 
upregulate antioxidant genes. Circ Res. 2009;104:e42–54.  

    127.    Ai L, Rouhanizadeh M, Wu JC, et al. Shear stress infl uences spatial variations in vascular 
Mn-SOD expression: implication for LDL nitration. Am J Physiol Cell Physiol. 2008;
294:C1576–85.  

    128.    Sun D, Huang A, Yan EH, et al. Reduced release of nitric oxide to shear stress in mesenteric 
arteries of aged rats. Am J Physiol Heart Circ Physiol. 2004;286:H2249–56.  

    129.    Dimmeler S, Hermann C, Galle J, Zeiher AM. Upregulation of superoxide dismutase and 
nitric oxide synthase mediates the apoptosis-suppressive effects of shear stress on endothelial 
cells. Arterioscler Thromb Vasc Biol. 1999;19:656–64.  

    130.    Inoue N, Ramasamy S, Fukai T, Nerem RM, Harrison DG. Shear stress modulates expression 
of Cu/Zn superoxide dismutase in human aortic endothelial cells. Circ Res. 1996;79:32–7.  

    131.    de Haan JB, Bladier C, Griffi ths P, et al. Mice with a homozygous null mutation for the most 
abundant glutathione peroxidase, Gpx1, show increased susceptibility to the oxidative stress- 
inducing agents paraquat and hydrogen peroxide. J Biol Chem. 1998;273:22528–36.  

    132.    Raes M, Michiels C, Remacle J. Comparative study of the enzymatic defense systems against 
oxygen-derived free radicals: the key role of glutathione peroxidase. Free Radic Biol Med. 
1987;3:3–7.  

    133.    Chrissobolis S, Didion SP, Kinzenbaw DA, et al. Glutathione peroxidase-1 plays a major role 
in protecting against angiotensin II-induced vascular dysfunction. Hypertension. 2008;51:
872–7.  

    134.    Takeshita S, Inoue N, Ueyama T, Kawashima S, Yokoyama M. Shear stress enhances gluta-
thione peroxidase expression in endothelial cells. Biochem Biophys Res Commun. 2000;
273:66–71.  

    135.    Bautista LE. Infl ammation, endothelial dysfunction, and the risk of high blood pressure: epi-
demiologic and biological evidence. J Hum Hypertens. 2003;17:223–30.  

    136.    Sinisalo J, Paronen J, Mattila KJ, et al. Relation of infl ammation to vascular function in 
patients with coronary heart disease. Atherosclerosis. 2000;149:403–11.  

   137.    Yoshizumi M, Perrella MA, Burnett Jr JC, Lee ME. Tumor necrosis factor downregulates an 
endothelial nitric oxide synthase mRNA by shortening its half-life. Circ Res. 1993;73:
205–9.  

   138.    Verma S, Wang CH, Li SH, et al. A self-fulfi lling prophecy: C-reactive protein attenuates 
nitric oxide production and inhibits angiogenesis. Circulation. 2002;106:913–9.  

    139.    Vallance P, Collier J, Bhagat K. Infection, infl ammation, and infarction: does acute endothe-
lial dysfunction provide a link? Lancet. 1997;349:1391–2.  

M.D. Brown and J.-Y. Park



183

    140.    Huo Y, Ley K. Adhesion molecules and atherogenesis. Acta Physiol Scand. 2001;173:
35–43.  

    141.    Loetscher H, Pan YC, Lahm HW, et al. Molecular cloning and expression of the human 55 kd 
tumor necrosis factor receptor. Cell. 1990;61:351–9.  

   142.    Schall TJ, Lewis M, Koller KJ, et al. Molecular cloning and expression of a receptor for 
human tumor necrosis factor. Cell. 1990;61:361–70.  

   143.    Smith CA, Davis T, Anderson D, et al. A receptor for tumor necrosis factor defi nes an unusual 
family of cellular and viral proteins. Science. 1990;248:1019–23.  

    144.    Madge LA, Pober JS. TNF signaling in vascular endothelial cells. Exp Mol Pathol. 2001;
70:317–25.  

    145.    De Palma C, Meacci E, Perrotta C, Bruni P, Clementi E. Endothelial nitric oxide synthase 
activation by tumor necrosis factor alpha through neutral sphingomyelinase 2, sphingosine 
kinase 1, and sphingosine 1 phosphate receptors: a novel pathway relevant to the pathophysi-
ology of endothelium. Arterioscler Thromb Vasc Biol. 2006;26:99–105.  

    146.    Zhang H, Park Y, Wu J, et al. Role of TNF-alpha in vascular dysfunction. Clin Sci (Lond). 
2009;116:219–30.  

    147.    Partridge J, Carlsen H, Enesa K, et al. Laminar shear stress acts as a switch to regulate diver-
gent functions of NF-kappaB in endothelial cells. FASEB J. 2007;21:3553–61.  

    148.    Yamawaki H, Lehoux S, Berk BC. Chronic physiological shear stress inhibits tumor necrosis 
factor-induced proinfl ammatory responses in rabbit aorta perfused ex vivo. Circulation. 
2003;108:1619–25.  

    149.    Surapisitchat J, Hoefen RJ, Pi X, Yoshizumi M, Yan C, Berk BC. Fluid shear stress inhibits 
TNF-alpha activation of JNK but not ERK1/2 or p38 in human umbilical vein endothelial 
cells: Inhibitory crosstalk among MAPK family members. Proc Natl Acad Sci U S A. 
2001;98:6476–81.  

     150.    Ni CW, Hsieh HJ, Chao YJ, Wang DL. Interleukin-6-induced JAK2/STAT3 signaling path-
way in endothelial cells is suppressed by hemodynamic fl ow. Am J Physiol Cell Physiol. 
2004;287:C771–80.  

    151.    Zeng Y, Qiao Y, Zhang Y, Liu X, Wang Y, Hu J. Effects of fl uid shear stress on apoptosis of 
cultured human umbilical vein endothelial cells induced by LPS. Cell Biol Int. 2005;29:
932–5.  

    152.    Segal SS, Duling BR. Conduction of vasomotor responses in arterioles: a role for cell-to-cell 
coupling? Am J Physiol. 1989;256:H838–45.  

     153.    Chiu JJ, Chien S. Effects of disturbed fl ow on vascular endothelium: pathophysiological basis 
and clinical perspectives. Physiol Rev. 2011;91:327–87.  

    154.    Poliseno L, Tuccoli A, Mariani L, et al. MicroRNAs modulate the angiogenic properties of 
HUVECs. Blood. 2006;108:3068–71.  

   155.    Kuehbacher A, Urbich C, Zeiher AM, Dimmeler S. Role of Dicer and Drosha for endothelial 
microRNA expression and angiogenesis. Circ Res. 2007;101:59–68.  

     156.    Suarez Y, Fernandez-Hernando C, Pober JS, Sessa WC. Dicer dependent microRNAs regu-
late gene expression and functions in human endothelial cells. Circ Res. 2007;100:1164–73.  

   157.    Chan LS, Yue PY, Mak NK, Wong RN. Role of microRNA-214 in ginsenoside-Rg1-induced 
angiogenesis. Eur J Pharm Sci. 2009;38:370–7.  

   158.    Davalos A, Goedeke L, Smibert P, et al. miR-33a/b contribute to the regulation of fatty acid 
metabolism and insulin signaling. Proc Natl Acad Sci U S A. 2011;108:9232–7.  

   159.    Menghini R, Casagrande V, Cardellini M, et al. MicroRNA 217 modulates endothelial cell 
senescence via silent information regulator 1. Circulation. 2009;120:1524–32.  

     160.    Weber M, Baker MB, Moore JP, Searles CD. MiR-21 is induced in endothelial cells by shear 
stress and modulates apoptosis and eNOS activity. Biochem Biophys Res Commun. 2010;
393:643–8.  

    161.    Holliday-Ankeny CJ, Ankeny RF, Ferdous Z, Nerem RMHJ, Shear- and side-dependent 
microRNAs and messenger RNAs in aortic valvular endothelium. QScience Proc. 2012;56:60.  

7 Effects of In Vitro Laminar Shear Stress as an Exercise Mimetic…



184

    162.    Yeboah J, Crouse JR, Hsu FC, Burke GL, Herrington DM. Brachial fl ow-mediated dilation 
predicts incident cardiovascular events in older adults: the Cardiovascular Health Study. 
Circulation. 2007;115:2390–7.  

    163.    Chen BP, Li YS, Zhao Y, et al. DNA microarray analysis of gene expression in endothelial 
cells in response to 24-h shear stress. Physiol Genomics. 2001;7:55–63.  

    164.    Wei P, Milbauer LC, Enenstein J, Nguyen J, Pan W, Hebbel RP. Differential endothelial cell 
gene expression by African Americans versus Caucasian Americans: a possible contribution 
to health disparity in vascular disease and cancer. BMC Med. 2011;9:2.    

M.D. Brown and J.-Y. Park



185© Springer International Publishing Switzerland 2015 
L.S. Pescatello (ed.), Effects of Exercise on Hypertension, 
Molecular and Translational Medicine, DOI 10.1007/978-3-319-17076-3_8

    Chapter 8   
 Effects of Regular Exercise 
on Arterial Stiffness 

             Hirofumi     Tanaka     

      Abbreviations 

   AHA    American Heart Association   
  AI    Augmentation index   
  CVD    Cardiovascular disease   
  NOS    Nitric oxide synthase   
  PWV    Pulse wave velocity   

          Introduction 

 It is well established that cardiovascular disease (CVD) is the number one cause of 
mortality in both men and women in most industrialized countries including the 
United States [ 1 ]. Over 80 % of CVD prevalence can be attributed to the disease of 
blood vessels as coronary artery disease, stroke, and hypertension are all arterial 
diseases. The most prominent change in the blood vessels that can contribute to the 
prevalence of CVD is the stiffening or hardening of arteries. Arterial stiffness is an 
independent predictor of adverse CVD mortality and morbidity [ 2 ,  3 ] and can 
induce a number of subsequent cardiovascular sequela including hypertension, left 
ventricular hypertrophy, coronary ischemia, and stroke [ 4 – 6 ]. 

 The exact cause of arterial stiffening is not well understood, but a number of struc-
tural and functional elements would likely contribute to this process (Fig.  8.1 ) [ 7 – 9 ]. 
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Although epidemiological studies demonstrated relations between arterial stiffening 
(i.e., arteriosclerosis) and arterial wall thickening (i.e., atherosclerosis) [ 10 ], arteries 
undergo stiffening or hardening independent of atherosclerosis. Marked arterial stiff-
ening with advancing age has been observed in rural Chinese populations where the 
incidence and prevalence of atherosclerosis are very low [ 11 ], in a rigorously screened 
population in the United States [ 12 – 14 ], and in beagle dogs that do not develop ath-
erosclerosis [ 15 ]. Arterial stiffening is not a universal change affecting the entire 
arterial tree and manifests much more clearly in central elastic or cardiothoracic 
arteries where the pulsation of pressure pulses must be effectively buffered before it 
reaches the capillary circulation that lacks defense mechanisms for arterial pulsations 
[ 12 ,  16 ]. It is thus likely that the mechanisms inducing arterial stiffening would 
include the interaction between mechanical distension and vasoactive factors.  

    Purposes of This Chapter 

 Since CVD has a very long asymptomatic or latent phase of development, primary 
and secondary prevention is the most effective means to contain the progression and 
manifestation of CVD [ 17 ]. The universal fi rst-line approach for the prevention of 
CVD is lifestyle modifi cations including regular exercise [ 17 ,  18 ]. For this reason, 
there has been increasing interest in evaluating the effects of regular exercise on 
arterial stiffening [ 19 ,  20 ]. Is habitual aerobic exercise capable of reducing arterial 
stiffness that is greatly infl uenced by structural elements in the arterial wall? If so, 
what physiological factors are responsible for such destiffening effects? What about 
the infl uence of resistance training on arterial stiffening? Accordingly, the primary 
objective of this Chapter is to review and synthesize previous research studies to 
address the impact of regular exercise on arterial stiffening as an early marker of 
subclinical CVD.   

Aging, Diet, Physical Inactivity, Lifestyles, Genetics

Quantitative 
Structural Elements

Qualitative 
Structural Elements

Functional 
Elements

∇∇ ∇

  Fig. 8.1    Causes of arterial stiffening       
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    Key Terminology and Basic Concepts 

 In this Chapter, aerobic (endurance) exercise and resistance (strength) exercise 
training studies are discussed separately as these exercise training modalities appear 
to exert distinct effects on the arterial elasticity. In each section below, cross- 
sectional fi ndings are discussed fi rst followed by interventional fi ndings. 

 Much of the confusion in the area of arterial stiffness arises from the different 
terminologies used to express the elastic properties of arteries. They include arterial 
stiffness, compliance, distensibility, elasticity, and elastic modulus. The terms 
“compliance” and “distensibility” are the inverse of “stiffness” in terms of the direc-
tions for rigidity. Even though there has been an attempt to standardize the termi-
nologies for arterial stiffness [ 21 ], these terms cannot be used interchangeably 
because each term has different meanings derived from different methodologies as 
shown below. 

    Arterial Compliance 

 The absolute vessel diameter change for a given pressure change.  

    Arterial Distensibility 

 The relative diameter vessel change for a given pressure change.  

    Elastic Modulus 

 The pressure change required for 100 % stretch from resting vessel diameter.   

    Methods 

 There are a number of techniques that have been used to estimate arterial stiffness. 
Historically, arterial stiffness has been measured in vitro using excised arteries [ 22 , 
 23 ]. However, results derived from in vitro measurements may not be applicable to 
intact vessels [ 24 ] because of the sympathetic vasoconstrictor tone and hormonal 
milieu that the arteries are exposed to in vivo. One of the most frequently used 
in vivo noninvasive techniques to estimate arterial stiffness is pulse wave velocity 
(PWV) [ 22 ,  25 ,  26 ]. PWV is measured from the “foot” of pressure waves recorded 
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at two points along the path of the arterial pulse wave. The more rapid the pulse 
wave, the more rigid the artery. PWV can be measured at a variety of arterial seg-
ments but the most popular and most established measure of PWV is aortic or 
carotid-femoral PWV. Another approach is to determine the augmentation index or 
AI related to the refl ected systolic blood pressure waveform obtained on arterial 
tonometry [ 27 ]. AI was used frequently in the past as an index of arterial stiffness, 
but more recently it is used as an index of arterial wave refl ection that is indirectly 
related to arterial stiffness. Technological advances in ultrasound imaging have sig-
nifi cantly improved the image resolution of arteries. When combined with 
computer- based image analyses and arterial tonometry on the contralateral artery, 
ultrasound imaging enables robust measurement of arterial distensibility and com-
pliance [ 13 ,  28 ]. 

 In order to review relevant research in this area, a systematic electronic search of 
the literature on the association between habitual exercise and arterial stiffness was 
conducted mainly using PubMed. Additionally, cross-referencing of the identifi ed 
articles was carefully conducted. Although arterial stiffening is clearly an age- 
associated disease, age-associated changes are diffi cult to assess in humans 
 especially in relation to the preventive effects of regular or life-long exercise. 
Accordingly, both cross-sectional and interventional studies were included.  

    Relevant Research 

    Aerobic Exercise Training 

 A number of investigators have reported that arterial stiffness increases during a 
acute single bout of aerobic exercise [ 29 ,  30 ]. The acute increase in arterial stiffness 
seems reasonable given the observation that during graded exercise, systolic blood 
pressure increases markedly while diastolic blood pressure remains unchanged or 
slightly decreases resulting in a large increase in pulse pressure [ 31 ] that is closely 
associated with arterial stiffness. Following exercise, however, arterial stiffness 
appears to fall below the baseline levels [ 32 ]. The acute effects of exercise on arte-
rial stiffness seem to disappear within a few hours following exercise [ 32 ]. Thus, it 
is reasonable to assume that the effects of regular exercise on arterial stiffness, if 
any, are not due to a residual effect of the last bout of exercise but rather due to 
chronic adaptation of cardiovascular system as the measurements are typically per-
formed >24 h after the last bout of aerobic exercise. 

 Middle aged and older men who performed endurance exercise on a regular basis 
demonstrate lower levels of aortic PWV and carotid AI than their sedentary peers 
[ 14 ]. We also reported that signifi cant age-related increases in central arterial stiff-
ness were absent in physically active women and that aerobic fi tness was strongly 
and favorably associated with arterial stiffness [ 12 ]. These cross-sectional fi ndings 
provide support for a role of regular aerobic exercise in the primary prevention of 
arterial stiffening that occurs with advancing age. 

H. Tanaka



189

 Unknown to most, the fi rst intervention study to determine the infl uence of 
 exercise training on arterial stiffness was conducted in Japan (This is in part because 
this paper was published only in Japanese) in 1983. A total of 80 healthy young 
men, who were new recruits for the Japanese self-defense or military school, were 
studied before and after 9 months of physical training incorporating a variety of 
exercise modes, including distance running, calisthenics, soccer, handball, judo, 
and swimming [ 33 ]. At the end of the training period, there was a small but signifi -
cant reduction in aortic PWV, indicating a small reduction in arterial stiffness. We 
have also reported that a relatively brief period (3 months) of aerobic exercise can 
increase central arterial compliance in apparently healthy, middle aged and older 
adults [ 13 ,  28 ]. This improvement was not associated with changes in body weight, 
adiposity, blood pressure, or plasma cholesterol, indicating a direct effect of habit-
ual exercise on arterial compliance. 

 Importantly, this small reduction in arterial stiffness was accomplished with an 
intensity (moderate) and type (walking) of physical activity that can be performed 
by most, if not all, healthy older adults [ 13 ,  28 ]. Interestingly, the benefi cial effect 
of aerobic training involves only central elastic arteries whose elastic properties 
dampen fl uctuations in pressure and fl ow [ 12 ,  13 ]. Additionally, the benefi cial 
effects of regular aerobic exercise on arterial compliance are associated with a 
favorable infl uence on arterial blood pressure and arterial barorefl ex sensitivity [ 20 , 
 34 ,  35 ], indicating that the benefi cial effect of regular exercise would extend to 
sequelae of arterial stiffening. Thus, the benefi cial effects of habitual exercise lead 
not only to arterial destiffening but also to the attenuation of the adverse outcomes 
caused by arterial stiffening. 

 Most of the exercise training studies to date have focused on land-based exer-
cises such as walking [ 13 ,  28 ] and cycling [ 32 ,  36 ]. Swimming is an attractive form 
of exercise as it is easily accessible, inexpensive, and isotonic [ 37 ]. Because of the 
buoyancy of water, compressive stress on joints is small, and orthopedic injury rate 
is low [ 38 ]. Due to cold temperature and increased thermoconductivity of surround-
ing water, heat-related illness is extremely low [ 39 ]. Thus, swimming can be an 
ideal form of exercise for those at elevated risks of vascular disease, including the 
elderly, and people with obesity and/or arthritis [ 37 ]. 

 In the fi rst cross-sectional study to address the effect of swim training on arterial 
elasticity [ 40 ], arterial compliance of middle-aged and older swimmers was com-
pared with those of runners and sedentary controls. Central artery compliance was 
greater in swimmers than in age-matched sedentary controls, and the level of arte-
rial compliance was not different between swimmers and runners, suggesting that 
high levels of regular swimming exercise may prevent arterial stiffening similar to 
land-based exercises. Subsequently, a swimming exercise intervention study involv-
ing previously sedentary middle aged and older adults was conducted. This follow-
 up intervention study allowed us to confi rm the cross-sectional observations by 
demonstrating that regular swimming exercise produced a 21 % increase in arterial 
compliance and a 12 % reduction in the β-stiffness index, a measure of arterial stiff-
ness that adjusts for the effect of alterations in distending pressure on arterial diam-
eter, after 3 months of regular swimming exercise [ 41 ]. In summary, evidence from 
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both cross-sectional and interventional studies collectively indicates that regular 
swimming is benefi cial in improving the elasticity of central arteries in middle-aged 
and older adults. 

 As discussed above, habitual aerobic exercise is an effective lifestyle interven-
tion for preventing and reversing arterial stiffening for healthy adults. When pre-
scribed to patients with essential hypertension, however, short-term (2–4 months) 
aerobic exercise interventions may not be as effective in reducing arterial stiffness 
as in healthy adults. For example, we reported that 3 months of aerobic exercise 
training composed of walking and jogging produced very small reductions in arte-
rial stiffness in postmenopausal women with elevated systolic blood pressure 
[ 35 ]. Similarly, short-term aerobic exercise training was unable to reduce arterial 
stiffness in patients with isolated systolic hypertension [ 42 ] or in older patients 
with Stage I hypertension who had been on antihypertensive medications [ 43 ]. 

 Currently, exercise intervention studies targeting patients with other diseases are 
very limited. In one of these studies, 8 weeks of aerobic exercise training did not 
change aortic PWV and carotid AI in patients with congestive heart failure [ 44 ]. 
Similarly, no changes in PWV were observed after 2 years of exercise training pro-
gram in patients with type 2 diabetes mellitus [ 45 ]. Interestingly, Ikegami et al. [ 33 ] 
observed a trend for the magnitude of reductions in PWV with exercise training to be 
reduced in direct proportion to initial body fat levels, suggesting that the degree of 
destiffening effect of exercise may diminish as the CVD risks of participants increase. 
Clearly, future studies are warranted to investigate the potential effi cacy of long-term 
(>1 year) aerobic exercise intervention on arterial stiffness in populations with 
CVD. For related discussions on the effects of aerobic exercise on other metabolic 
risk factors and vascular function, please see Chap.   5     and the Chapters in Part III.  

    Mechanisms Underlying Exercise-Induced Reductions 
in Arterial Stiffness 

 Considering these fi ndings, the question that emerges is,  If habitual aerobic exercise 
reduces arterial stiffness ,  then what are the physiological mechanisms underlying 
its effects ? There are three primary elements of the arterial wall that determine its 
stiffness (Fig.  8.1 ). They are: (1) quantitative structural elements (e.g., amount/pro-
portion of elastin and collagen); (2) qualitative structural elements (e.g., fracture/
fragmentation of elastic lamellae and the cross-linking of collagen and advanced 
glycation—   sometimes called nonenzymatic glycosylation end-products); and (3) 
functional elements (vasoconstrictor tone exerted by its smooth muscle cells). Any 
favorable infl uences of regular aerobic exercise should involve an attenuation or 
reversal of one or more of the physiological mechanisms contributing to arterial 
stiffening. 

 Structural elements, specifi cally decreased density of the arterial elastin with 
corresponding increases in collagen content in the arterial wall, play a major role in 
increases in arterial stiffness [ 7 ]. Because the elastin-collagen composition of the 
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arterial wall changes over a period of years, it is unlikely that this may be a physi-
ological mechanism underlying reductions in arterial stiffness induced by short- 
term exercise intervention. In fact, using an animal experiment, we have demonstrated 
that the infl uence of regular exercise on arterial stiffness does not appear to be medi-
ated by the quantitative changes in arterial wall elastin and collagen [ 9 ]. The results 
from gene microarray analyses are consistent with this fi nding since the gene 
expression of structural proteins (e.g., various types of collagens and procollagens) 
and enzymes that modulate structural proteins and the extracellular matrix (e.g., 
collagenase, matrix metalloproteinases) did not change signifi cantly with exercise 
training in the rat aorta [ 46 ]. A recent animal study, however, reported that although 
total collagen content did not change with exercise training, some isoforms of col-
lagen and calcifi cations were reduced [ 47 ]. Thus, we cannot exclude the possibility 
that qualitative structural elements, including the shift in collagen subtypes and 
alterations in collagen cross-linking, may play a role in the reductions in arterial 
stiffness resulting from regular exercise. 

 A more likely mechanism contributing to the improvements in the elastic proper-
ties of arteries with aerobic exercise is the reduction in vasoconstrictor tone exerted 
by the vascular smooth muscle cells. Because a number of different and interacting 
vasoactive molecules and peptides could respond to exercise training to infl uence 
the contractile states of the vascular smooth muscle cells, it is diffi cult to elucidate 
underlying mechanisms using traditional approaches (e.g., pharmacological block-
ade). In order to identify and confi ne relevant functional factors responsible for 
exercise training-induced decreases in arterial stiffness, we relied on the DNA 
microarray technique (i.e., multiplex lab-on-a-chip that assays large amounts of bio-
logical material suing high-throughput screening methods). Microarray provides a 
powerful and effi cient tool by which to compare the differential expression of a 
large number of genes in a single reaction and enables a systematic analysis of 
responses of various gene expressions to exercise training. We found that genes 
associated with nitric oxide synthase (NOS) (along with prostaglandins and C-type 
natriuretic peptide) were differentially expressed in the aorta of exercise-trained rats 
[ 46 ]. Because the incidence of false positive fi ndings is very high in the microarray 
analysis, the results were confi rmed subsequently using real-time quantitative poly-
merase chain reaction and protein expressions [ 46 ]. 

 Aside from the NO-mediated vasodilation, another important functional element 
that has been implicated in the pathogenesis of arterial stiffening is sympathetic 
adrenergic vasoconstrictor tone [ 48 ]. The sympathetic nervous system exerts a tonic 
restraint on the compliance of the common carotid artery, and removal of that 
restraint produces an immediate increase in its compliance [ 49 ]. We assessed the 
effects of systemic inhibition of α-adrenergic receptors and NOS on arterial compli-
ance before and after 3 months of aerobic exercise training in middle-aged and older 
adults. Systemic, rather than local, administration of drugs was used in order to 
target the compliance of “central” (cardiothoracic) arteries, which makes the 
 dominant contribution to the elastic reservoir function of the arterial system [ 50 ]. 
The effect of α-adrenergic receptor tone on the carotid artery signifi cantly decreased 
following the aerobic exercise training intervention, as evidenced by a diminished 
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increase in arterial compliance from baseline to phentolamine (i.e., non-specifi c 
α-receptor blocker) administration. The NO-dependent vascular tone, however, did 
not change signifi cantly after aerobic exercise training, as the magnitude of decrease 
in arterial compliance from the phentolamine administration to the combined phen-
tolamine and L-NMMA (i.e., NOS blocker) administration was similar before and 
after exercise training [ 50 ]. 

 We have also determined whether endothelin-1, a potent endothelium-derived 
vasoconstrictor peptide, is involved in the mechanisms underlying the increase in 
arterial compliance with aerobic exercise training [ 51 ]. Systemic endothelin-A/B 
receptor blockade was administered before and after 3 months of exercise training 
involving middle-aged and older adults. The increase in arterial compliance induced 
by regular exercise was associated with a corresponding reduction in plasma endo-
thelin- 1 concentration as well as the elimination of endothelin-1-mediated vascular 
tone [ 51 ]. These results suggest that aerobic exercise training-induced increases in 
arterial compliance are mediated, at least in part, through the removal of chronic 
restraint provided by vasoconstrictor tone and that multiple mechanisms are likely 
involved in the destiffening process.  

    Resistance Exercise Training 

 Prior to 1990, the resistance training modality was emphasized only as a means to 
develop muscular strength, power, and muscle mass [ 52 ,  53 ]. In recent years, how-
ever, statements on physical activity by various health organizations [ 54 – 58 ] have 
recommended resistance training as an essential part of physical activity preventive 
and rehabilitative programs. These recommendations are based primarily on the 
documented impact of resistance training on the attenuation of osteoporosis and 
sarcopenia (i.e., the age-related loss of muscle mass and strength) [ 59 ,  60 ] as well 
as on the evidence indicating associations between resistance training and meta-
bolic risk factors [ 18 ]. Information concerning the impact of resistance training on 
vascular function in general, and arterial stiffness in particular, is limited but is 
emerging. For related discussions on the effects of resistance exercise on other met-
abolic risk factors and vascular function, please see Chaps.   2     and   6     and the Chapters 
in Part III as well. 

 Plasma norepinephrine levels are elevated after a bout of acute resistance exer-
cise, giving rise to the possibility that sympathetic vasoconstrictor tone may also be 
elevated after resistance exercise [ 61 ]. In an attempt to tease out the chronic effects 
of resistance exercise from the acute effects, we determined the effect of one bout 
of acute resistance exercise on central arterial compliance [ 62 ]. We found that cen-
tral arterial compliance was decreased immediately and 30 min after acute resis-
tance exercise. These measures returned to baseline levels within 60 min following 
the bout of resistance exercise. These results suggest that changes in arterial 
 stiffness, if any, that are observed 24–48 h after an exercise bout (typical waiting 
period for most exercise intervention studies) can be attributed to the chronic effects 
of resistance exercise training. 
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 Based on a multitude of benefi ts that resistance training can elicit, it is reasonable 
to hypothesize that regular resistance exercise would be associated with reduced 
arterial stiffness. In the fi rst cross-sectional study to address this hypothesis, 
Bertovic et al. [ 63 ] found that young men who performed resistance training on a 
regular basis demonstrated  lower  levels of systemic arterial compliance than their 
sedentary peers. We also found in a cross-sectional study that strength-trained mid-
dle aged men exhibited  decreased  levels of arterial compliance and that the age- 
associated reduction in arterial compliance was  greater  in the resistance-trained 
groups than in sedentary controls [ 64 ]. These fi ndings from resistance training stud-
ies are in marked contrast to the benefi cial effects of regular aerobic exercise that 
have been observed in the literature    [ 20 ,  13 ,  28 ]. Given the well-known limitation 
of cross-sectional study designs and the confl icting results between aerobic and 
resistance training, interventional studies were needed to draw proper conclusions. 

 In the fi rst intervention study to address this question, we found that several 
months of strenuous resistance training in young men induced a 20 % reduction in 
carotid arterial compliance [ 65 ]. Moreover, in order to isolate the effects of resis-
tance training on arterial compliance as much as possible, a detraining program was 
implemented at the conclusion of the resistance training intervention. If the changes 
in arterial compliance were mediated by resistance training, such changes should 
return to the baseline level when the stimuli of daily resistance exercise were 
removed. Indeed during the detraining period, arterial compliance, which was 
reduced with resistance training, was reversed to the baseline values [ 65 ]. In support 
of these fi ndings, the arterial stiffening effects of strenuous resistance training have 
since been observed in young women [ 66 ] and have been confi rmed by a number of 
other studies [ 67 – 70 ].  

    Mechanisms Underlying the Strenuous Resistance 
Training- Induced Increases in Arterial Stiffness 

 Considering these fi ndings, the question that emerges is,  What are the physiological 
mechanisms underlying the increase in arterial stiffness with strenuous resistance exer-
cise training ? During resistance exercise bouts, arterial blood pressure increases to as 
high as 320/250 mmHg [ 71 ] and arterial walls are exposed to substantial amounts of 
distending pressures. There have been several case reports describing aortic dissection 
during heavy weight lifting exercises [ 72 ,  73 ]. It is possible that arterial stiffening may 
be caused by smooth muscle hypertrophy and synthesis of extracellular matrix stimu-
lated by repeated elevations in local distending pressure [ 74 ] in order to strengthen the 
arterial wall against the risk of aortic rupture. Indeed, central arterial compliance was 
associated with arterial wall thickness in a group of resistance-trained adults [ 64 ]. Other 
potential mechanisms include the formation of collagen cross-linking and advanced 
glycation end products [ 75 ] and the increase in vasoconstrictor tone exerted by vasoac-
tive molecules [ 8 ]. Although there are numerous vasoactive molecules that can affect 

8 Regular Exercise & Arterial Stiffness 



194

smooth muscle vasoconstrictor tone, endothelin- 1 does not appear to play a role in arte-
rial stiffening with resistance exercise training [ 76 ]. 

 The aforementioned studies were conducted using strenuous weight training 
regimens in relatively young healthy subjects with high baseline arterial compli-
ance. Whether or not moderate intensity strength training would further reduce the 
already low arterial compliance of middle-aged and older adults is a clinically 
important question. Older individuals are at greater risk for developing CVD as well 
as for experiencing functional disability associated with sarcopenia [ 59 ,  60 ], and 
resistance training is being strongly recommended as a preventive intervention for 
functional capacity with advancing age [ 54 ,  55 ,  57 ,  60 ,  77 ,  78 ]. As such, it is 
 important to understand the interaction between age and resistance training for the 
key cardiovascular function of arterial compliance. 

 To do so, we recruited previously sedentary middle aged and older adults and 
prescribed a resistance exercise program that was consistent with the recommended 
guidelines established by the American Heart Association (AHA) [ 54 ]. We found 
that there was no signifi cant decrease in central arterial compliance with strength 
training in middle-aged and older adults with low baseline arterial compliance [ 79 ]. 
In another study involving healthy postmenopausal women, 18 weeks of a moderate 
resistance training program did not change AI [ 80 ]. Moreover, 12 weeks of leg 
resistance training did not change aortic PWV in older men though maximal mus-
cular power was increased by 16 % [ 76 ]. Collectively, these results suggest that 
older adults can gain the benefi ts of moderate resistance training without experienc-
ing arterial stiffening.  

   Concurrent Training or Cross-Training 

 Arguably, one of the most effective way to maximize benefi ts from both aerobic exer-
cise and resistance exercise appears to be the simultaneous performance of both train-
ing (i.e., concurrent training or cross-training) [ 81 ,  82 ]. Theoretically, the opposing 
effects of aerobic and resistance training exercise on central arterial compliance 
should negate the adverse effects of resistance training on arterial compliance if aero-
bic exercise training effects equals or exceeds the resistance training effects. This 
hybrid approach is consistent with the latest exercise recommendation that more 
inclusive practices of aerobic, resistance, and fl exibility exercise training should be 
recommended as an approach to enhance both overall fi tness and health [ 58 ]. 

 As an initial approach to address this, we performed a cross-sectional study 
involving rowers. Rowing is unique because its training encompasses both endur-
ance and strength training components. Rowers require large muscle strength for 
the acceleration of the boat at the race start and a high endurance capacity to main-
tain this speed during the race [ 83 ]. Likewise, rowers perform a combination of 
endurance and strength training during their usual training regimen as demonstrated 
by their large maximal aerobic capacity and muscle strength [ 83 – 85 ]. In order to 
minimize the weaknesses of the cross-sectional study design and to isolate the 
 infl uence of rowing as much as possible, rowing and sedentary control groups were 
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carefully matched for age, body composition, blood lipids, plasma glucose, blood 
pressure, and dietary sodium intake [ 86 ]. Additionally, to isolate the effect of row-
ing, we excluded individuals for whom rowing was not their primary form of exer-
cise. We demonstrated that central arterial compliance was higher and ß-stiffness 
index was lower in habitual rowers than in age-matched sedentary controls [ 86 ]. 

 The results of subsequent interventional studies are consistent with this cross- 
sectional study. Concurrently-performed endurance training minimized arterial 
stiffening that was accompanied by high-intensity resistance training [ 67 ]. 
Additionally, there was a tendency for arterial compliance to increase with com-
bined endurance and resistance training. Other groups have since confi rmed these 
fi ndings [ 87 ]. In a study involving healthy postmenopausal women, 3 months of 
combined circuit weight training and endurance training reduced PWV [ 87 ]. From 
the standpoint of exercise adherence and compliance, this type of concurrent 
 training is highly benefi cial as it is more enjoyable and breaks the boredom that 
often results from long-term participation in a single exercise mode [ 81 ,  82 ]. Thus, 
stiffening of the large arteries may be avoided if endurance training is incorporated 
into an exercise program that has a strenuous strength training component. For 
related discussions on the benefi ts of concurrent training, please see Chaps.   3    ,   4    , 
  6    , and   13    .   

    Clinical Implications and Importance 

 There are a number of ways that arterial stiffening can contribute to the increased 
incidence of CVD (Fig.  8.2 ). Hypertension is one of the most prevalent risk factors 
for CVD, and the majority of patients with hypertension are classifi ed as having 
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  Fig. 8.2    Clinical and functional sequelae of arterial stiffening.  LV  left ventricle,  BP  blood 
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essential hypertension without known causes of elevated high blood pressure. Most 
of these patients develop this health condition as they age as blood pressure, more 
specifi cally systolic blood pressure, increases progressively with advancing age 
[ 88 ]. Arterial stiffness is now thought to be a primary factor mediating the age- 
related increases in blood pressure [ 5 ]. By absorbing a proportion of the energy in 
systole and releasing it in diastole, the aorta and large arteries maintain coronary 
blood fl ow and avoid an increase in left ventricular afterload. Stiffening of central 
elastic arteries would reduce the buffering or cushioning effects translating the pul-
satile effects of the arteries into arterioles and capillaries where there is very limited 
ability to cope with the pulsatile stress. Through the impairment of this buffering 
function, reductions in arterial compliance or increases in arterial stiffness contribute 
to elevations in systolic blood pressure, left ventricular hypertrophy, and coronary 
ischemia [ 4 – 6 ,  89 ]. Indeed, higher arterial stiffness is associated with a greater rate 
of mortality in patients with end-stage renal failure and essential hypertension [ 2 ,  3 ].  

 From a functional standpoint, arterial stiffness is signifi cantly and inversely 
associated with maximal oxygen consumption, one of the most important 
 determinants of exercise capacity as well as a CVD risk factor [ 12 ]. Associations 
between PWV and physical working capacity have also been reported [ 90 ]. 
Stiffening of central elastic arteries could increase aortic impedance and left ven-
tricular afterload, thereby reducing stroke volume and systemic cardiac output, a 
critical determinant of maximal oxygen consumption [ 30 ,  91 ]. Indeed, the adminis-
tration of calcium channel blockers that act to reduce arterial stiffness results in an 
improvement in aerobic exercise performance among older individuals [ 92 ]. 
Through this systemic hemodynamic mechanism, arterial stiffening can contribute 
to the exercise intolerance typically observed in older populations [ 93 ].  

    Conclusion 

 Regular aerobic exercise can reduce arterial stiffness in healthy middle aged and 
older adults and attenuate age-related increases in arterial stiffness. Importantly, 
this can be accomplished with an intensity (moderate) and type (e.g., walking and 
swimming) of physical activity that can be performed by most, if not all, adults. 
The benefi cial effects of regular aerobic exercise on arterial stiffness are associated 
with a favorable infl uence on arterial blood pressure and arterial barorefl ex sensi-
tivity. However, regular aerobic exercise may not be effective in reducing arterial 
stiffness in patients with existing clinical conditions. In contrast to the effects of 
aerobic exercise, an intervention incorporating strenuous resistance training 
increases, rather than decreases, arterial stiffness in young adults. However, the 
arterial stiffening effect appears to be absent when older adults with already 
increased arterial stiffness perform moderate intensity resistance exercise pro-
grams. Simultaneously performed endurance and resistance training or concurrent 
training can elicit benefi cial adaptations without inducing arterial stiffening effects. 
Thus, the effects of exercise training on the elastic properties of arteries depend on 
exercise modes and populations.
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  Key Points and Resources 

•   Regularly-performed aerobic exercise is effective in preventing and reversing 
arterial stiffening that occur with advancing age.  

•   Arterial stiffness increases after strenuous resistance training in young men but 
not in older adults with already increased levels of arterial stiffness.  

•   Concurrently-performed aerobic exercise effectively prevents the arterial stiffen-
ing effects of strenuous resistance training.  

•   Association for Research into Arterial Structure and Physiology 
   http://www.arterysociety.org/      

•   North America Artery Society 
   http://naartery.org/      

•   Seals DR, Desouza CA, Donato AJ, Tanaka H (2008) Habitual exercise and arte-
rial aging. J Appl Physiol 105: 1323–1332 [ 20 ].         
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    Chapter 9   
 Effects of Exercise on Blood Pressure 
and Autonomic Function and Other 
Hemodynamic Regulatory Factors 

             Daniel     W.     White      and     Bo     Fernhall    

      Abbreviations 

   ACh    Acetylcholine   
  ANGII    Angiotensin II   
  ANS    Autonomic nervous system   
  ATP    Adenosine triphosphate   
  BP    Blood pressure   
  BRS    Baroreceptor sensitivity   
  Epi    Epinephrine   
  HF    High frequency   
  HR    Heart rate   
  HRV    Heart rate variability   
  LBNP    Lower body negative pressure   
  LF    Low frequency   
  MAP    Mean arterial pressure   
  MSNA    Muscle sympathetic nerve activity   
  NE    Norepinephrine   
  NO    Nitric oxide   
  NP/NS    Neck pressure/neck suction   
  OTT    Orthostatic tolerance test   
  PSNS    Parasympathetic nervous system   
  RAAS    Renin-angiotensin-aldosterone system   
  SNA    Sympathetic nerve activity   
  SNS    Sympathetic nervous system   
  SSNA    Skin sympathetic nerve activity   
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          Introduction 

 During the course of daily activities, the autonomic nervous system (ANS) maintains 
hemodynamic homeostasis by actively modulating blood pressure (BP) and cardiac 
output to match physiologic demands. Most types of hypertension are linked to 
abnormal ANS activity and altered cardiovascular regulation [ 1 – 4 ]. Beyond the gen-
eral hypertensive effects, abnormal ANS activity negatively affects multiple physio-
logical systems (vascular, cardiac, renal, metabolic, and immune) thereby amplifying 
the dysfunction beyond high BP [ 5 ]. Exercise training has been shown to be benefi -
cial on ANS function [ 4 ,  6 ,  7 ]. The exact mechanisms which mediate the benefi cial 
effects of exercise on cardiovascular control are still not entirely understood. 

    Purpose of This Chapter 

 The purpose of this chapter is to discuss the effects of exercise on ANS control of 
the cardiovascular system and the benefi ts of exercise on maintaining autonomic 
balance. In this chapter, a brief tutorial of the anatomy and functional properties of 
the ANS will be presented followed by research that has led to current techniques 
and philosophies employed in the investigation of cardiovascular control during 
exercise.   

    Key Terminology and Basic Concepts 

 This section of Chap.   9     is a departure in format from previous chapters in that it is 
a tutorial of the anatomy and physiology of autonomic function defi ned as, the set 
of neurological control systems regulating and maintaining cardiovascular homeo-
stasis, that also includes discussion of key terminology and basic concepts. See 
Table  9.1  for a list and defi nition of common terms associated with the function of 
the ANS. The ANS is made up of three branches, the Parasympathetic Nervous 
System (PSNS), the Sympathetic Nervous System (SNS) and the Enteric Nervous 
System. This section will discuss the roles of the PSNS and SNS.

      Anatomy 

 The ANS controls involuntary physiologic functions such as heart rate, digestion, 
fi ne control of BP, etc. (Fig.  9.1 ). The cell bodies of the ANS are located in the 
intermediolateral column (PSNS: stem and sacral cord, SNS: thoracic cord) of the 
spine and project ventrally to autonomic ganglia (i.e., the point of separation 
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   Table 9.1    List and defi nition of common terms associated with the function of the autonomic 
nervous system   

  ACh   Acetylcholine  One of the primary neurotransmitters in the autonomic 
nervous system. Released by all pre-ganglionic neurons and 
post-ganglionic parasympathetic neurons. Causes 
cardio-deceleration 

  BRS   Barorefl ex 
sensitivity 

 The ratio of change in R–R interval to a change in blood 
pressure. When calculated without perturbation of the 
system, it is considered spontaneous barorefl ex sensitivity 
which represents sensitivity of the steady-state condition 

  Epi   Epinephrine  One of the primary neurotransmitters in the autonomic 
nervous system. Released by the adrenal medulla into the 
circulation in response to stress. Causes cardio-acceleration 
and increased vascular tone; “Fight or Flight” response 

  HF   High frequency  The frequency range from 0.15 to 0.4 Hz in which changes 
in the length of the cardiac cycle are related to respiration 
and are mediated by the parasympathetic nervous system 

  HRV   Heart rate variability  The measurement of changes in length of the cardiac cycle 
on a beat to beat basis which are representative of 
modulation by the autonomic nervous system 

  LBNP   Lower-body 
negative pressure 

 A technique used to decrease venous return to the heart and 
unload the cardiopulmonary baroreceptors by decreasing the 
ambient pressure within a sealed chamber surrounding a 
subject below the iliac crest. Decreasing venous return 
directly decreases stroke volume and cardiac output and 
activates autonomic refl exes. Unloading the 
cardiopulmonary baroreceptors increases the sensitivity of 
the system through feed forward and feedback mechanisms 

  LF   Low frequency  The frequency range from 0.04 to 0.15 Hz in which changes 
in the length of the cardiac cycle are related to blood 
pressure feedback from the barorefl exes and are mediated by 
both the sympathetic and parasympathetic nervous systems 

  MSNA   Muscle sympathetic 
nerve activity 

 The quantifi cation of the electrical nerve impulses of the 
sympathetic nervous system which innervate the skeletal 
muscle blood vessels 

  NE   Norepinephrine  One of the primary neurotransmitters in the autonomic 
nervous system. Released by post-ganglionic sympathetic 
neurons. Causes cardio-acceleration and increased vascular 
tone; “Fight or Flight” response 

  NP / NS   Neck pressure/neck 
suction 

 A technique used to manipulate the carotid baroreceptors to 
test barorefl ex function non-invasively 

  OTT   Orthostatic tolerance 
test 

 A technique used to passively test the ability of the 
autonomic nervous system to maintain arterial blood 
pressure and cerebral perfusion 

  PSNS   Parasympathetic 
nervous system 

 Branch of the autonomic nervous system associated with 
“Rest and Digest” functions. The cardiovascular actions of 
this branch are mainly limited to the heart and control the 
beat to beat modulations in heart rate 

  SNS   Sympathetic nervous 
system 

 Branch of the autonomic nervous system associated with 
“Fight or Flight” functions. The cardiovascular actions of 
this branch include increases and decreases in steady-state 
heart rate and modulation of vascular tone for blood pressure 
maintenance 
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between the central and peripheral nervous systems), then to post-ganglionic 
 effector neurons which synapse at target organs: smooth/cardiac muscle and glands. 
The synapses of the post-ganglionic neurons are diffusely spread in varicosities 
along the target organs as opposed to the somatic neurons which have discrete nerve 
endings at the neuromuscular junctions. Higher brain control comes from hypotha-
lamic projections to the medulla, integrating at the nucleus tractus solitarius, ventro-
lateral medulla (VLM), and the vagal motor nuclei. Peripheral afferent neurons also 
integrate at the nucleus tractus solitarius providing feedback information from vari-
ous receptor populations [ 8 ].  

 Efferent neurons of the PSNS originate in both the dorsal motor nucleus of the 
vagus and in the nucleus ambiguous, previously described as the cardio-inhibitory 
center of the brain. The efferent PSNS neurons descend via the vagus nerve. Most 
of the neurons descending from the dorsal motor nucleus of the vagus innervate the 
gut, controlling digestion, whereas the neurons originating in the nucleus  ambiguous 
innervate the heart allowing for fi ne control of HR. Parasympathetic ganglia are 
located near their target organs (Fig.  9.1 ) [ 8 ]. 

  Fig. 9.1    Relative orientations of the pre- and post-ganglionic autonomic neurons. Representation 
of the autonomic nervous system: Pre-ganglionic, post-ganglionic, and end-organ neurotransmis-
sion. Pre-ganglionic parasympathetic neurons are longer with a short post-ganglionic neuron to the 
end organ. Most pre-ganglionic sympathetic neurons are short and form chain ganglia along both 
sides of the spine from which the longer post-ganglionic neurons emerge and travel toward their 
target organs. The adrenal medulla is supplied by the splanchnic nerve and releases neurotransmit-
ter directly into the bloodstream.  ACh  acetylcholine,  NE  norepinephrine,  Epi  epinephrine       
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 Efferent neurons of the SNS originate in the rostral ventrolateral medulla (rVLM) 
and descend the intermediolateral column to the thoracic spinal cord where they exit 
the spine to form paravertebral sympathetic chain ganglia. Cardiac and upper 
extremity vascular presynaptic sympathetic neurons exit the spinal cord between 
thoracic vertebra 1 and 5 (T1–T5) and the lower extremity vascular sympathetic 
between thoracic vertebra T6 and lumbar vertebra 2 (T6–L2). Most SNS neurons 
controlling cardiovascular function synapse at the paravertebral ganglia with the 
effector neurons (post ganglionic) projecting to the target organ, whereas the SNS 
neurons innervating the gut and pelvic organs exit the chain ganglia and synapse 
within preaortic sympathetic ganglia. Lastly, the adrenal medulla is a specialized 
cluster of post ganglionic sympathetic effector neurons with no axons or projec-
tions. The neurons within the adrenal medulla are activated and release neurotrans-
mitters directly into the circulation (Fig.  9.1 ) [ 8 ]. 

 There are three classic peripheral autonomic neurotransmitters: acetylcholine 
(ACh), norepinephrine (NE), and epinephrine (Epi). All preganglionic and para-
sympathetic neurons use ACh as the neurotransmitter, whereas most of the sympa-
thetic nervous system uses NE and Epi with only a few exceptions using ACh [ 8 ]. 
The adrenal medulla releases Epi:NE at a ratio of 4:1. Aiding the classical neu-
rotransmitters, there are a multiple neuromodulators which act by various mecha-
nisms to enhance end organ effects: vasoactive intestinal peptide, neuropeptide Y, 
nitric oxide (NO), and adenosine triphosphate (ATP) [ 8 ].  

    Physiology 

 Historically the ANS has been generalized as opposing branches which control dis-
tinct reactions to stimuli: PSNS with “Rest and Digest” functions and SNS with 
“Fight or Flight” functions. However, the activity of the two branches of the ANS 
are functionally balanced to provide appropriate cardiac output and perfusion to the 
vital organs which are refl exively modulated to meet various demands including 
orthostatic changes, temperature regulation, and exercise. 

 The heart is innervated by both the PSNS and SNS. In general, the PSNS pro-
duces a negative chronotropic (i.e., HR) effect while the SNS produces a positive 
effect. Chronotropic and dromotropic (i.e., conduction speed) effects are associated 
with direct PSNS and SNS control, whereas inotropic (i.e., ability to produce a 
forceful contraction) and lusitropic (i.e., myocardial relaxation) effects are mainly 
due to alterations in SNS activity. The neural pathways of the ANS work in a coop-
erative antagonistic nature where PSNS release of ACh inhibits the SNS release of 
NE and vice versa, facilitating the positive actions of each branch of the ANS, thus 
preventing neurotransmitter competition at dually innervated organs [ 9 ]. 

 The different regions of the body are innervated for fi ne control of blood fl ow 
based on demand emanating from the different vascular beds. Most of the visceral 
organs used for digestion are dually innervated by both the enteric nervous system 
and the SNS. The peripheral vasculature supplying skeletal muscle is only  innervated 
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by the SNS and relies on the balance of sympathetic nerve activity (SNA) and 
 vasoactive substances to maintain fi ne control of blood fl ow especially during exer-
cise [ 10 ]. During exercise, this phenomenon is known as functional sympatholysis 
(i.e., vasoactive molecules released from the active skeletal muscle and/or endothe-
lium that inhibit sympathetic vasoconstriction) [ 11 – 14 ]. The exact mechanisms 
which control the inhibition of sympathetic infl uence at the vasculature remain 
unknown.  

    Essential Hypertension 

 There is no single cause of essential hypertension, but it is likely that all essential 
hypertension involves a neuronal component. Hypertension caused by increased 
cardiac output or increased systemic vascular resistance are a direct result of ANS 
dysfunction usually characterized by increased SNS activity and an inhibition of 
PSNS activity [ 15 ], along with increases in angiotensin II (ANGII) [ 5 ] termed  neu-
rogenic hypertension . Neurogenic hypertension is the most common type of hyper-
tension in humans [ 1 ] accounting for 40–65 % of cases [ 4 ] with a two- to threefold 
increase in SNS activity [ 2 ,  3 ]. Parallel increases in steady-state SNA and BP have 
been observed in humans with normal BP and those with pre- and established 
hypertension [ 16 ]. Chronic sympathetic neural activation has been implicated in the 
etiology and development of neurogenic hypertension [ 1 ,  5 ,  17 ]. For example in 
animal models such as the spontaneously hypertensive rat prior to onset of hyper-
tension [ 18 ] SNS activity is elevated which can be prevented by neonatal sympa-
thectomy [ 19 ,  20 ]. 

 Commonly associated with hypertension of a neural nature are the renal genetic 
hypertensions. The inability of the kidneys to effectively regulate blood volume 
resulting in essential hypertension is the target of many antihypertensive therapies. 
Renovascular hypertension occurs when blood fl ow through the renal afferent artery 
is decreased by some stenotic factor. This decreases glomerular fi ltration, thereby 
decreasing sodium delivery to the macula densa which activates the renin angioten-
sin aldosterone system (RAAS) [ 21 ]. The activation of the RAAS increases fl uid 
retention and promotes vasoconstriction which results in hypertension. It is likely 
that combined with general renal feedback malfunction, and an inability of the kid-
neys to respond to the neural signals of increased BP, even some types of renal 
hypertension could be classifi ed as neurogenic in nature (or a result of). 

 With the realization that pure neurogenic hypertension can be prevented by inhi-
bition of the SNS [ 20 ] and knowing that exercise training is implicated in reduced 
SNS activity and increased PSNS activity [ 22 ], it is logical to assume that exercise 
could be used to prevent the onset of essential hypertension characterized by neu-
rogenic dysfunction and to possibly reduce or reverse early onset neurogenic 
hypertension. It is within the heart and peripheral vasculature that the role of exer-
cise will now be explored regarding the autonomic adaptations to hypertension and 
exercise.  
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    Autonomic Nervous System Function and Exercise 

 In 1841 Volkman showed that HR and BP are modulated by normal respiration and 
muscle contraction [ 23 ]. Marey later reported an inverse relationship between BP 
and HR which would be come to known as the arterial barorefl ex [ 24 ]. Hering and 
Breuer [ 25 ] concluded that these responses were vagally modulated. 

 Krogh and Lindhard [ 26 ] observed that HR and BP were immediately elevated at 
the onset of exercise before any known circulating metabolite could provoke the 
changes suggesting a parallel activation of the autonomic centers of the brain gener-
ated by neural connections from the motor cortex at the onset of exercise. Alam and 
Smirk [ 27 ] later showed maintenance of elevated systemic BP even after cessation 
of physical work, when the circulation was still captured in the working muscle’s 
vascular bed indicating that there must be some metabolic mechanism from the 
muscle utilizing a neural pathway.  

    Studies in Animals to Map the Neural Pathways 

 Throughout the mid twentieth century, many studies were performed in animals to 
map the neural pathways of the ANS [ 28 – 30 ]. The techniques used for this work 
involved the discovery of neuroactive chemical compounds specifi c to autonomic 
function [ 28 ,  30 – 41 ]. It was in the 1960s and 1970s that the central pathways of the 
ANS were mapped [ 42 ,  43 ] along with peripheral receptor infl uence on the modula-
tion of the system [ 44 ]. Those studies led the way for the development of techniques 
which are now commonly used in the assessment of autonomic function.  

    Measurement of Autonomic Function in Humans 

 Measurement of autonomic function in humans can be characterized into fi ve com-
monly used techniques: (1) Pharmacologic blockade, where muscarinic and adren-
ergic antagonists are given separately and/or combined; (2) Direct recordings of 
sympathetic nerve activity using microneurography; (3) Biochemical measurements 
of NE across a vascular bed (NE spillover); (4) Measures of HR and BP variability 
where beat to beat fl uctuations in HR and/or BP are used as indices of parasympa-
thetic (HR) and sympathetic (BP) modulation; (5) Measures of beat to beat changes 
in HR and BP in response to stressors such as orthostasis, lower body negative pres-
sure (LBNP), neck pressure/neck suction (NP/NS) or pharmacological manipula-
tion of the vasculature and BP. 

 Pharmacological blockade is useful for isolating the infl uence of one or both 
branches of the ANS for the analysis of branch/system specifi c effects on cardiovas-
cular function. Study procedures are often repeated with each experimental 
 condition and differences are attributed to the action of the blocked branch of the 
ANS (Fig.  9.2 ). Using this technique in separate studies Bevegard et al. [ 45 ] and 
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  Fig. 9.2     Autonomic testing data examples . Typical data output from various methods of auto-
nomic assessment. ( Clockwise  from  top left )  Standard barorefl ex curve . The  curve  shows the 
relationship of HR to an acute change in carotid sinus pressure. The  open circle  in the middle 
indicates the operating point of the refl ex where steady-state HR and carotid sinus pressure exist. 
During exercise, this operating point moves up the curve toward the plateau.  Measurements of NE 
spillover . Typical data showing an increase in NE with exercise.  Double - blockade of the heart 
with metoprolol and atropine . The  arrows  show the change in HR with the addition of each drug. 
The fi nal point is the intrinsic HR.  Microneurography . This shows the standard positioning of the 
microelectrode within the peroneal nerve at the fi bular head. The  enlarged circle  shows that the tip 
of the micro electrode must rest within the nerve bundle in close proximity to the desired nerve 
fi ber.  LBNP . This is a representation of a standard stepped pressure reduction protocol and the 
corresponding changes in HR and SVR to the point of presyncope.  Heart Rate Variability . 
Electrocardiogram tracings and the corresponding frequency analysis of the R–R interval.  HR  
heart rate,  NE  norepinephrine,  LBNP  lower body negative pressure,  SVR  systemic vascular 
resistance       
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Robinson et al. [ 46 ] established the relative infl uences of the SNS and PSNS during 
exercise. In both studies it was determined that as the exercise stimulus increases, 
there is an increase in SNS activity and a decrease in PSNS activity as shown by 
changes in steady-state HR. Benefi ts of this technique are the ease of which phar-
macological agents can be administered, and there are no equipment or protocol 
limitations for using the technique. A limitation to the technique is the inability to 
study organ specifi c effects when using systemic dosages due to the infl uence of 
blockade on the entire system and the disruption of autonomic interactions within 
the ANS. To overcome this limitation, the use of specifi c receptor antagonists is 
recommended, and depending on the study, microdialysis (i.e., a sampling tech-
nique used for continuous measurement of extracellular concentrations of sub-
stances of virtually any tissue or infusion of very small volumes to a target location) 
can be implemented to limit systemic exposure to agonists/antagonists (i.e., drugs 
that work in counteractive directions).  

 The technique of microneurography is widely used to assess electrical activity in 
peripheral nerves (Fig.  9.2 ) [ 47 ]. The two common peripheral nerve recordings 
measure muscle sympathetic nerve activity (MSNA) [ 48 ] and skin sympathetic 
nerve activity (SSNA) [ 49 ]. Both measurements detect the fi ring frequency of effer-
ent sympathetic nerve fi bers and quantify the density of the frequency signal over 
time [ 50 ]. MSNA recordings are more prevalent when assessing cardiovascular 
control because it is a direct recording of the sympathetic nerve fi bers innervating 
the resistance vessels within skeletal muscle which are responsible for fi ne control 
of systemic vascular conductance (or resistance) [ 8 ]. Muscle sympathetic nerve 
fi bers are also baroresponsive, whereas skin sympathetic nerve fi bers are thermo- 
and startle-responsive and do not appear to signifi cantly infl uence steady state BP 
unless extreme thermal environmental factors are present [ 51 ]. The benefi ts of this 
technique are the direct quantifi cation of sympathetic outfl ow and the ability to real- 
time measure responses to multiple sympathoexcitatory stimuli. This technique can 
also be used during various types of exercise [ 52 – 58 ]. The technique is limited, 
however, to analysis of postganglionic sympathetic activity as there is no easily 
accessible parasympathetic neuron in humans. Another limitation to microneurog-
raphy is the delicate nature of the technique which takes years of training to become 
effi cient in, and requires the subject to remain motionless in the extremity which the 
measurement is being performed, which limits its success during dynamic exercise. 
It is also hard to interpret functional outcomes of microneurography recordings as 
variability between subjects is high; the interpretation of nerve traffi c also assumes 
a direct relation to neurotransmitter release and utilization that may vary between 
individuals. 

 The most complex of the invasive techniques is the direct analysis of NE release 
across an organ (Fig.  9.2 ). This technique has shown a direct correlation with nerve 
traffi c to the organ in which it is measured [ 2 ]. The measurement of catecholamines 
in the blood can go from very general (systemic venous sampling) to very specifi c 
(coronary vein sampling). There is an inverse relationship between the invasiveness 
of the technique and the functional outcome accuracy of the data [ 59 ] (i.e., antecu-
bital venous sampling during leg cycling will not be as accurate as femoral 
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 sampling). Benefi ts of this technique are a very accurate measure of catecholamine 
release in a specifi c vascular bed, and the ability to use it in most experimental 
conditions (i.e., exercise). A limitation to this technique is that systemic measure-
ments of catecholamines do not account for organ-specifi c neural activity [ 59 ]. The 
technique is also limited by the cost to collect and analyze samples, the expertise 
needed for the more invasive procedures, and the specialized equipment for per-
forming the experiments. 

 Rhythmic oscillatory fl uctuations in HR have led to the evaluation of HR vari-
ability (HRV) (Fig.  9.2 ). Both vagal and sympathetic efferent activity affects HRV, 
but in different frequency bands. Vagal stimulation causes high frequency (HF) 
modulations, up to 1 Hz; whereas sympathetic stimulation produces low frequency 
(LF) modulations, typically below 0.15 Hz [ 60 ,  61 ]. Pharmacologic blockade with 
atropine abolishes most of the HF fl uctuations in supporting this measure as an 
index of vagal modulation on HR. Conversely, propranolol diminishes the LF fl uc-
tuations, with relatively little effect on HF HR fl uctuations. However, stimulation of 
both vagal and sympathetic nerves affects LF, suggesting that LF is infl uenced by 
both efferent parasympathetic and sympathetic activity [ 60 ,  61 ]. 

 The European Society of Cardiology and the North American Society of Pacing 
Electrophysiology have produced guidelines for measurement of HRV [ 62 ]. 
Although both time domain and frequency domain analyses can be made, frequency 
domain analyses using Fourier analysis is common and has been frequently used in 
exercise studies. LF is defi ned as the spectral power between 0.04 and 0.14 Hz, with 
HF defi ned as spectral power between 0.15 and 0.4 Hz [ 62 ]. Although it has been 
suggested that LF HRV can be used as measure of sympathetic modulation, particu-
larly when expressed as a function total HRV [ 62 ], this is probably not appropriate 
given its dependence on both sympathetic and parasympathetic infl uences [ 63 ]. 
Similarly, using the ratio of LF/HF has also been suggested as a measure of sympa-
thetic modulation, or as a measure of sympathovagal balance, but neither of these 
interpretations of HRV appear to be an accurate refl ection of the underlying physiol-
ogy [ 63 ]. Consequently, HRV should be considered primarily as a measure of vagal 
modulation of heart rate. Because many factors infl uence HRV (e.g., age, body posi-
tion, hydration status, training status, sleep, exercise and physical activity, medica-
tions, etc.) it is important to control for as many of these factors as possible to obtain 
reliable HRV measurements. Due to the non-invasive nature and relative ease of 
measurement and analysis, HRV is an attractive tool for evaluation of autonomic 
function, but it must be carefully applied and interpreted in order to obtain reliable 
and valid measures. 

 Other assessments of autonomic function manipulate ANS afferent input and 
measure the responses using one of the above techniques. Orthostatic tolerance tests 
(OTT) are a useful way to perturb the system and elicit neurological responses. OTT 
can be as simple as asking a person to stand after a period of supine acclimatization 
and measuring HR and BP responses or as controlled as a 70° upright tilt after a 10° 
head down tilt [ 64 ]. NP/NS is used to deform the carotid baroreceptors in order to 
non-invasively simulate hypo- or hypertension (Fig.  9.2 ). The immediate HR 
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responses are a result of parasympathetic activation or withdrawal, whereas the BP 
changes are a result of changes in systemic vascular resistance [ 65 ,  66 ]. An advan-
tage to this technique is that it is non-invasive and allows for the temporal separation 
of sympathetic and parasympathetic effects. It can also be used during many differ-
ent experimental conditions including exercise. LBNP is used to reduce venous 
return and central blood volume which effectively reduces afferent traffi c from the 
cardiopulmonary baroreceptors to simulate orthostasis, dehydration, or hemorrhage 
(Fig.  9.2 ). An advantage to this technique is fi ne adjustment of central venous pres-
sure without invasive interventions. A disadvantage is the size of the equipment 
needed for the experiments and the limitations that the equipment puts on mobility. 
Infusions of vasoactive substances are used to elicit refl ex responses due to ANS 
control. One of the most common is the modifi ed Oxford technique where infusions 
of a vasodilator (commonly sodium nitroprusside) and then a vasoconstrictor (phen-
ylephrine) are used while HR on BP are measured to yield barorefl ex responsive-
ness [ 67 ]. All of these techniques have been used to modulate afferent nerve activity 
during exercise [ 52 ,  68 – 72 ] . 

 Combinations of afferent manipulation and efferent response measurements are 
useful for teasing out specifi c pathways and mechanisms. The combination of phar-
macologic blockade during exercise along with NP/NS demonstrated that barore-
fl ex changes in HR are parasympathetically mediated even during exercise [ 66 ], and 
that the PSNS continues to be active even up to high intensity exercise [ 73 ,  74 ]. 
Simultaneous measurements of MSNA or NE spillover during LBNP or tilt table 
testing have been used to determine the infl uence of cardiopulmonary baroreceptors 
on cardiovascular control [ 75 ].   

    Methods 

 A literature search using PubMed was performed to identify potential scientifi c 
articles relating to autonomic function, exercise, and hypertension. An initial search 
yielded 601 papers of which the full text was obtainable in 434. Of these, 343 papers 
focused on human research. Although the focus of the this Chapter is on human 
physiology, some selected papers using animal models were included where no 
papers using human research were available or if the papers using animal models 
were considered classic papers. From these 343 papers, fundamental articles were 
identifi ed by the authors. No limit was set on the date to include in the searches 
because much of the understanding of ANS and exercise comes from classic papers. 
The literature cited in this Chapter represents current views in autonomic control 
and exercise adaptations. Included are references to review articles and original 
research which have been fundamental in establishing, testing, and confi rming these 
concepts.  
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    Relevant Research 

    Effects of Acute Exercise on Autonomic Function 

 During an acute bout of exercise, there is a workload related shift in the infl uence of 
each branch of the ANS. This shift appears to move from a system of parasympa-
thetic dominance to a system of sympathetic dominance (Fig.  9.3a ) [ 45 ,  46 ,  73 ]. 
The reduction in parasympathetic infl uence with acute exercise is also supported by 
studies using HRV, showing a gradual reduction in HF with an increase in exercise 
intensity [ 76 ,  77 ]. The ratio of infl uence is dependent on mode of exercise, physical 
fi tness level, and loading of the cardiopulmonary baroreceptors. During dynamic 
leg cycling, the ratio of PSNS: SNS starts at 4:1 during rest and is shifted to 1:1 
during about 65 % of maximum effort and then quickly increased to a 1:4 PSNS:SNS 
at about 75 % maximum effort [ 73 ].  

 Physical fi tness level has a large infl uence on the recovery of the cardiovascular 
system after an acute bout of exercise. The more physical fi t an individual, the more 
quickly they return to preexercise cardiovascular conditions [ 78 ]. HR recovery has 
been used for many years as a means of assessing cardiovascular fi tness [ 79 ,  80 ] 
and autonomic function [ 81 – 85 ]. Generally, an aerobically fi t individual exhibits a 
faster rate of HR reduction upon cessation of exercise compared to an unfi t indi-
vidual, and is considered to have better autonomic function. Most of this recovery 
has been associated with an improved vagal reactivation especially with training 
[ 85 ]. This has also been shown using HRV, as Goldberger et al. showed time 
domain HRV indices of vagal modulation were measurable after the fi rst 60 s of 

  Fig. 9.3    ( a ,  b ). Autonomic balance during exercise and the result of exercise training. ( a ) The 
relative contributions of the ANS on HR during an acute bout of exercise. As exercise increases the 
parasympathetic contribution to HR decreases which agrees with HR variability data. (adapted 
from White & Raven [ 73 ]). ( b ) Results of the pre- and post- 4 month exercise intervention in never 
treated subjects with hypertension.  Large columns  are clinical blood pressure measurements and 
 inset bars  are MSNA. *Different from normotensive; †different from pre-; ‡different from HTN 
ExT (adapted from Laterza et al. [ 102 ]).  ANS  autonomic nervous system,  HR  heart rate,  MSNA  
muscle sympathetic nerve activity,  HTN  hypertension,  ExT  exercise trained,  PSNS  parasympa-
thetic nervous system,  SNS  sympathetic nervous system       
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recovery and then remained elevated [ 86 ]. These increases in vagal modulation 
during exercise recovery were completely abolished with parasympathetic block-
ade using atropine. Similar conclusions have been made about the decrease in BP 
postexercise assuming that there was an immediate decrease in SNA contributing 
to most of the BP decreases [ 87 ]; however, Halliwill and colleagues has recently 
proposed that the decrease in BP after cessation of exercise and the ensuing postex-
ercise hypotension are due to activation of histamine receptors (H1 and H2) in the 
vasculature [ 88 ]. Current research highlights the importance of sympathetic with-
drawal and a reduction in peripheral afferent input regarding autonomic modula-
tion following exercise [ 89 ].  

    Effects of Exercise Training on Autonomic Function 

 Exercise training is associated with benefi cial effects on autonomic function [ 90 ]. 
Cross-sectional studies show that exercise trained individuals have increased HRV, 
lower resting HR, and lower BP [ 4 ,  6 ,  91 ,  92 ]. They also generally have improved 
barorefl ex responsiveness [ 93 ,  94 ]. Defi cits in cardiovascular function from lack of 
exercise have been associated with SNS over activity resulting in decreased cardio-
vascular reserve [ 95 – 98 ]. Exercise training is associated with decreased baseline 
SNS activity [ 4 ,  94 ] which may be due to adaptations of the central nervous regions 
which control sympathetic outfl ow [ 6 ]. Animal models have shown that exercise 
training favors sympathoinhibition in the medullary nuclei controlling the cardio-
vascular system [ 99 ], and that there is a remodeling of the cardiorespiratory centers 
in the brain, resulting in lower resting sympathetic outfl ow and higher resting para-
sympathetic outfl ow after exercise training [ 100 ,  101 ]. 

 There has only been one human study that measured SNA in subjects with hyper-
tension before and after an exercise training program [ 102 ]. Laterza et al.showed a 
substantial reduction in MSNA and BP after the training in subjects with hyperten-
sion but no changes in MSNA or BP in subjects with normal BP (Fig.  9.3b ). They 
also showed that arterial barorefl ex function in individuals with hypertension 
returned to normal after 4 months of training [ 102 ]. While this is the only exercise 
training study measuring MSNA in individuals with hypertension, multiple studies 
have shown that exercise training reduces BP in those hypertension [ 103 ,  104 ] 
which is supported by the American College of Sports Medicine [ 105 ] and covered 
in Chap.   1    . However, the decrease in MSNA in individuals with hypertension is sup-
ported by fi ndings in subjects with heart failure, who also exhibit elevated baseline 
SNA. In patients with heart failure, MSNA signifi cantly decreased following 4 
months of endurance training, with a concomitant decrease in mean arterial BP 
(MAP) of 7 mmHg (although this decrease was not statistically signifi cant due to 
low subject numbers) [ 106 ]. Neither MSNA nor BP changed in the control group. 

 It is commonly accepted that exercise training lowers both HR and BP. The 
reduction in HR is thought to be a function of increased vagal tone, but data also 
suggest a possible structural adaptation of the sinoatrial node. Katona et al.[ 107 ] 
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used double blockade and mathematical models to estimate the infl uence of the 
SNS and PSNS on HR in athletes and non-athletes at rest and concluded that the 
lower HR in athletes was due to decreases in the intrinsic fi ring rate of the pace-
maker cells of the heart. Later Smith et al. [ 22 ] using similar methods concluded 
that along with the lower intrinsic HR, there was a greater parasympathetic domi-
nance over control of HR in the exercise trained individuals. 

 A number of studies have shown increased parasympathetic modulation using 
HRV analyses following exercise training. Typically, prolonged or intense (>85 % 
of maximum HR) exercise training increases HRV in generally healthy populations 
[ 108 – 110 ]. In fact, Okazaki et al. [ 110 ] showed a linear relationship between exer-
cise training load and improvements in HRV in older adults with pre- and Stage 1 
hypertension, concomitant with signifi cant decreases in BP. Lower intensity train-
ing (70–80 % of HR reserve) also improves HF HRV in individuals with hyperten-
sion following 15 weeks of exercise training [ 111 ], concomitant with a substantial 
decrease in MAP (~7 mmHg). Other studies have also shown improvements in total 
HRV and/or HF HRV with moderate intensity exercise in healthy populations, peo-
ple with disabilities, and patients with obesity and without type 2 diabetes mellitus, 
heart disease, and pre- and Stage 1 hypertension [ 112 – 115 ]. Furthermore, resistance 
exercise training can also improve HRV indices of vagal modulation in healthy 
young subjects [ 115 ,  116 ], but may decrease HF HRV in individuals with pre-and 
Stage 1 hypertension, even though BP signifi cantly decreased [ 112 ,  117 ]. 
Interestingly, recent data suggest that higher baseline vagal modulation may be 
required for attaining appropriate increases in aerobic capacity following exercise 
training in both healthy well trained and initially sedentary individuals with obesity 
[ 118 ,  119 ]. These fi ndings suggest that the autonomic nervous system may exhibit 
a greater infl uence on exercise training responses than previously recognized. 

 Due to the fact that PSNS activity is greater after exercise training, logical rea-
soning would assume that a central inhibition of sympathetic outfl ow would con-
tribute to lower BP. Recent fi ndings utilizing chronic electrical baroreceptor 
stimulation support this concept. Chronic electrical stimulation of baroreceptors in 
dogs decreases BP, circulating and NE spillover, and MSNA, while increasing HRV 
and decreasing BP variability [ 120 – 122 ]. Heusser et al. studied humans with resis-
tant hypertension and found similar results; where acute electrical baroreceptor 
stimulation from an implanted device produced a large decrease in BP (~32 mmHg 
in systolic BP) concomitant with a large reduction in HR and MSNA, and the reduc-
tion in BP was signifi cantly correlated with the reduction in MSNA. In addition, 
plasma NE concentrations were reduced and correlated with reductions in BP [ 123 ]. 
There was also a sustained decrease in 24 h ambulatory BP with continuous barore-
ceptor stimulation. 

 Barorefl ex resetting is a phenomenon that occurs as a result of acute exercise that 
allows for HR and BP to concomitantly increase without evoking the inhibitory 
responses that would be detrimental to the metabolic demand of exercise [ 70 ,  124 ]. 
Normally an increase in BP would cause a decrease in HR, but during exercise this 
response would reduce the ability to exercise by not allowing increases in cardiac 
output. The exact mechanisms of barorefl ex resetting are not fully understood, but 
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there seems to be a combination of peripheral and central components. In 
 hypertension, barorefl ex control of the cardiovascular system is diminished [ 125 , 
 126 ] such that there is an inability to functionally change HR, BP, and MSNA in 
response to increasing BP. But with exercise training, barorefl ex control is improved, 
approaching values of individuals with normal BP [ 102 ,  127 ]. These improvements 
in barorefl ex function are not totally understood; but it is hypothesized that increases 
in arterial compliance resulting from exercise, increase the sensitivity of the arterial 
baroreceptors, thereby increasing the sensitivity of the mechanical component of 
the barorefl ex (i.e., The ratio of change in R–R interval to a change in BP) [ 128 ]. 
However, more recent work has shown that while exercise training does indeed 
improve the mechanical component, most of the improvement in the integrated 
barorefl ex is due to improvements in the neural component [ 129 ]. Furthermore, the 
improvement in the neural component was linearly related to the amount of exercise 
performed over the 6 month study, whereas the improvement in the mechanical 
component was not associated with the amount of exercise performed. Last, 
improvements in systemic energy effi ciency may reduce metabolic demand signals 
from the periphery, reducing sympathetic drive, reducing BP, and restoring barore-
fl ex function [ 130 ]. 

 Functional sympatholysis refers to the mechanism by which exercising skeletal 
muscle counteracts the infl uence of the sympathetic nervous system in order to 
reduce local vasoconstriction. This mechanism is important for the maintenance of 
blood fl ow during exercise when sympathetic activity is elevated [ 13 ]. In men with 
hypertension, there was an attenuation of functional sympatholysis during exercise 
and an exaggerated sympathetic vasoconstriction [ 131 ]. Exercise training has been 
shown to improve functional sympatholysis in individuals with hypertension by 
reducing the sensitivity of the adrenergic receptors on the vascular smooth muscle 
[ 14 ]. Molecular adaptations caused by exercise training are implicated in the main-
tenance of functional sympatholysis throughout life and may help regain lost func-
tion [ 132 ,  133 ].   

    Clinical Implications and Importance 

 The mechanisms responsible for improved autonomic function as a result of exer-
cise in individuals with hypertension are not fully known; however, recommenda-
tions for improving health through aerobic exercise training in hypertension and 
other disease states where the autonomic nervous system is involved remains at the 
forefront of prevention and treatment [ 130 ]. Reductions in central oxidative stress 
have been implicated in the benefi ts of exercise in individuals with hypertension 
along with increases in NO [ 134 ] (see Section III for greater detail about the pleio-
tropic effects of exercise). Physical changes such as reductions in body weight and 
body fat percentage from exercise training can translate into benefi cial effects of 
exercise in individuals with hypertension, possibly by reducing infl ammatory cas-
cades associated with obesity which are also known to increase SNA and BP [ 135 ]. 
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Autonomic dysfunction is apparent in all forms of hypertension, so it is imperative 
that research continue to be done to determine the best treatment for the particular 
hypertension subtype, whether that treatment be exercise, pharmaceuticals, or 
surgery.  

    Conclusion 

 It is clear that autonomic dysfunction occurs in a large number of individuals with 
hypertension. This is further evidenced by the large number of people with hyper-
tension that have neurogenic hypertension. Autonomic dysfunction also contributes 
to inappropriate cardiovascular responses to stress, including the stress induced by 
acute exercises. However, long-term exercise training, especially endurance exer-
cise training, can concomitantly improve autonomic function and decrease 
BP. These responses are likely at least partly a function of reduced sympathetic and 
increased parasympathetic outfl ow, leading to lower cardiac output and peripheral 
resistance, coupled with increased baroreceptor function. Thus, exercise training, 
mainly endurance training, can be an effective treatment modality to concomitantly 
improve autonomic function and reduce BP. 

 Although a great deal of work has been conducted on the effect of exercise on 
autonomic function, there is still much to learn. Future work is needed to understand 
the interplay between exercise training and sympathetic overdrive in the prevention 
of hypertension. Little is known regarding potential sex differences, but there are 
documented sex differences in autonomic function [ 136 – 138 ]. Also, the impact of 
autonomic function on vascular function and how this relationship is infl uenced by 
exercise training is still relatively unexplored. There is a need to better understand 
the effect of different types of exercise (aerobic vs. resistance; land vs. water) and 
what the most effective exercise prescription would be to improve autonomic func-
tion and concomitantly prevent or treat hypertension. The interaction between exer-
cise and other lifestyle interventions, such as salt reducing diets, stress reduction, 
etc., also needs to be explored further. Most importantly, it is still unknown if altera-
tions in autonomic function as a result of exercise training or other lifestyle inter-
ventions will result in reduced mortality and morbidity in individuals with 
hypertension.

  Key Points and Resources 

•   Autonomic function has a direct impact on BP.  
•   Hypertension is often characterized by autonomic dysfunction.  
•   Sympathetic overdrive is a key characteristic among the majority of individuals 

with hypertension.  
•   Exercise training can improve autonomic function by decreasing sympathetic 

activity and increasing vagal modulation.  
•   Improving autonomic function may be an important pathway for prevention and 

treatment in hypertension.  
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•   American Academy of Neurology   https://www.aan.com/      
•   American Autonomic Society:   http://americanautonomicsociety.org/      
•   International Society for Autonomic Neuroscience   http://autonomicneuroscience.

info/ISAN/index.html      
•   Keystone Symposia on Molecular and Cellular Biology   http://keystonesymposia.

org             
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    Chapter 10   
 Genetics and the Blood Pressure Response 
to Exercise Training 

             Tuomo     Rankinen     

      Abbreviations 

   BP    Blood pressure   
  DBP    Diastolic blood pressure   
  DNA    Deoxyribonucleic acid   
   END1     Endothelin-1   
  HERITAGE    HEalth RIsk Factors, Exercise TRAining and GEnetics Family 

Study   
  GWAS    Genome-wide association studies   
  SBP    Systolic blood pressure   
  SD    Standard deviation   
  SNP    Single nucleotide polymorphism   

          Introduction 

 Since the classical studies on British civil servants by Morris et al. [ 1 ,  2 ], American 
railroad workers by Taylor et al. [ 3 ], and on San Francisco longshoremen and 
Harvard college alumni by Paffenbarger et al. [ 4 ,  5 ], the many positive health effects 
of a physically active lifestyle have been documented. Individuals engaged in regu-
lar physical activities and those with a reasonable level of physical fi tness have a 
lower risk for chronic health problems, such as cardiovascular disease, hyperten-
sion, stroke, type 2 diabetes mellitus, and obesity. This evidence is such that several 
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health organizations as well as the U.S. government have recognized the lack of 
physical activity as a major risk factor for several chronic diseases. 

 As summarized elsewhere in this Book, regular physical activity is an effective 
and safe way to prevent the development of hypertension and lower elevated blood 
pressure (BP) levels (see the chapters in Part I for more detailed information). That 
said, it is also clear that there are marked inter-individual differences in the adapta-
tion to exercise training. For example, in the  HE alth  RI sk Factors, Exercise 
 TRA ining and  GE netics Family Study (HERITAGE), over 700 healthy, sedentary 
subjects followed an identical, well controlled endurance training program for 20 
weeks [ 6 ]. As shown in Fig.  10.1 , systolic blood pressure (SBP) measured during 
steady-state submaximal (50 W) exercise decreased on average by 8 mmHg in 
response to exercise training. However, it is also evident that the responses varied 
from marked decreases to no changes, or in some cases, even increased. These data 
underline the notion that the effects of endurance training on cardiovascular traits 
should be evaluated not only in terms of mean changes but also in terms of response 
heterogeneity.  

    Purposes of This Chapter 

 The purpose of this chapter is to summarize current knowledge on genetics as a 
determinant of the inter-individual variation in the BP responses to regular exercise, 
to review progress made in uncovering the molecular genetic basis of genetic archi-
tecture of blood pressure responses, and to discuss the future research challenges in 
exercise BP genetics. Please see Chap.   7     for detailed discussions of the expression 
of genes and proteins directly related to endothelial health.   

  Fig. 10.1    Distribution of the 
exercise training-induced 
changes in submaximal 
exercise (50 W) SBP among 
participants of the 
HERITAGE ( HE alth  RI sk 
Factors, Exercise  TRA ining 
and  Ge netics) Family Study. 
 SBP  systolic blood pressure, 
 SD  standard deviation       
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    Key Terminology and Basic Concepts 

    Candidate Gene Association Studies 

 A research strategy where the target gene is selected based on existing knowledge 
of physiological and molecular pathways that regulate the trait of interest. Only 
deoxyribonucleic acid (DNA) sequence variants located in the candidate gene locus 
are examined for the association analyses.  

    Genome Wide Association Studies 

 A research strategy where hundreds of thousands (or even millions) of DNA 
sequence variants (usually single nucleotide polymorphisms [SNPs]) distributed 
evenly across the entire genome are tested for associations with the trait of interest 
in a large number of individuals.  

    Heritability 

 The proportion of observed phenotypic variance among individuals of a population 
that is due to genetic differences.  

    Segregation Analysis 

 An analytic technique widely used in genetic epidemiology (with pedigree data) to 
determine if the phenotype of interest is affected by a specifi c genetic model such as 
a major gene effect.   

    Review Methods 

 Research articles used for this chapter were identifi ed through PubMed literature 
searches. The majority of the searches were originally done as part of the annual 
Human Gene Map for Performance and Health-Related Fitness Phenotypes reviews, 
where all studies dealing with exercise, hemodynamic phenotypes, and DNA 
sequence variation were identifi ed and reviewed [ 7 – 18 ]. The positive studies (i.e., 
studies with at least one association with a nominal p-value less than 0.05) were 
reviewed in the text and incorporated in the summary tables of this chapter, while 
negative studies were simply listed in the text of this chapter.  
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    Relevant Research 

    Exercise and Blood Pressure: Evidence from Genetic 
Epidemiology Studies 

 Several lines of evidence indicate that there is a genetic component in the regulation 
of resting BP and the development of hypertension. Estimates of the resting BP heri-
tability have varied from about 20 %, as derived from family studies, up to about 70 % 
from twin studies [ 19 ]. The majority of the studies support a multifactorial model of 
inheritance with polygenic effects, although major gene effects contributing to BP 
variability have been reported [ 20 – 22 ]. Only a few studies have investigated the role 
of genetic factors in the regulation of the BP response to exercise. For the acute (i.e., 
immediate or short-term) exercise response, a segregation analysis of the diastolic 
blood pressure (DBP) response to a cycle ergometer exercise test in 864 subjects from 
81 pedigrees showed that the phenotypic variance explained by the major gene and 
polygenic effects were 33.6 % and 16.6 %, respectively [ 23 ]. In a large cohort of 
young monozygotic and dizygotic twins, signifi cant genetic effects were found for the 
SBP and DBP responses to an incremental cycle ergometer test [ 24 ]. These results 
suggested that the genetic effects found at rest on BP also infl uenced the exercise 
phenotypes, although the effects tended to decline with higher exercise intensities. 

 The only data available at the moment on the heritability of BP responses to 
aerobic training (i.e., chronic or long-tern exercise) come from HERITAGE. The 
evidence for familial effects on the resting BP training responses was weak [ 25 ], 
which is not surprising given that hypertension was one of the exclusion criteria of 
the study and the cohort is composed of individuals with optimal (67 %), normal 
(22 %), or high normal (8 %) BP. However, when the analyses were repeated in a 
subsample of families having at least one member with baseline BP above the 95th 
percentile of the cohort distribution, a putative major locus affecting resting SBP 
following training was detected [ 25 ]. On the other hand, BP measured during 
steady-state submaximal exercise at 50 W showed a signifi cant decrease with exer-
cise training in HERITAGE subjects (see Fig.  10.1 ). The strongest predictors of the 
BP response to training were the baseline BP phenotype level and familial aggrega-
tion, i.e., the baseline SBP value explained over 30 % of the variance in the training 
response, and the maximal heritability of the BP response to training (adjusted for 
age, sex, body mass index, and baseline trait value) reached 22 %, respectively [ 26 ].  

    Candidate Gene Association Studies and the Blood Pressure 
Response to Exercise 

 In addition to evidence from genetic epidemiology studies, successful identifi cation 
of genes contributing to rare forms of hypertension [ 27 ] as well as characterization 
of several components of well-known BP regulatory pathways (e.g., the renin- 
angiotensin system [ 28 – 30 ]), fueled early optimism that genes affecting both the BP 
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responses to acute and chronic exercise could be identifi ed relatively quickly. A host 
of candidate gene studies followed, targeting genes encoding classic BP and hyper-
tension regulating molecules, such as renin, angiotensinogen, angiotensin converting 
enzyme, nitric oxide synthases, and endothelins, and their receptors. These studies 
have been carefully cataloged and reported in a series of review articles entitled,  The 
Human Gene Map for Performance and Health Related Fitness Phenotypes , that 
were published from 2001 [ 11 ] to 2009 [ 7 ] and in  Advances in Exercise ,  Fitness and 
Performance Genomics  reviews that have been published since 2010 [ 14 ]. 

 As of 2009, a total of 34 studies had reported positive genetic associations for the 
hemodynamic responses to acute exercise with seven studies that have reported 
gene-physical activity or gene-physical fi tness interactions on BP and 24 reports for 
responses to exercise training [ 7 ]. The studies were listed as “positive” if the authors 
reported an association or an interaction with a nominal p value of 0.05 or less; also 
no attempt was made to evaluate the strengths and weaknesses of the studies in 
these reviews. As expected, classic hypertension candidate genes were the most 
popular targets (see Table  10.1  for the list of positive candidate genes associated 
with hemodynamic training response traits).

   Table 10.1    List of “positive” candidate genes for hemodynamic training responses as reported in the 
latest update of the Human Gene Map for Performance and Health-Related Fitness Phenotypes [ 7 ]   

 Gene  Full name  Training response traits 

  ACE   Angiotensin I converting enzyme  Left ventricular mass, septal thickness, 
end-diastolic diameter, DBP, heart rate at 
50 W 

  AGT   Angiotensinogen  DBP at 50 W, resting SBP and DBP 
  AGTR1   Angiotensin II receptor, type 1  Resting DBP 
  AMPD1   Adenosine monophosphate 

deaminase 1 
 DBPmax 

  APOE   Apolipoprotein E  Resting SBP 
  BDKRB2   Bradykinin receptor B2  Left ventricular mass 
  CHRM2   Cholinergic receptor, muscarinic 2  Heart rate recovery after max exercise 
  EDN1   Endothelin 1  SBP and PP at 50 W 
  FABP2   Fatty acid binding protein 2, 

intestinal 
 Resting SBP 

  GNB3   Guanine nucleotide binding protein 
(G protein), beta polypeptide 3 

 Resting SBP and DBP, heart rate and stroke 
volume at 50 W 

  HBB   Hemoglobin beta  Heart rate at submax exercise 
  KCNQ1   Potassium voltage-gated channel, 

KQT-like subfamily, member 
 QT interval dispersion on the 
electrocardiogram at rest 

  LPL   Lipoprotein lipase  Resting SBP and DBP, left ventricular mass 
  NFKB1   Nuclear factor of kappa light 

polypeptide gene enhancer in B-cells 1 
 Reactive hyperemic blood fl ow 

  NOS3   Nitric oxide synthase 3  DBP and heart rate at 50 W 
  PPARA   Peroxisome proliferator-activated 

receptor alpha 
 Left ventricular mass 

  TTN   Titin  Stroke volume and cardiac output at 50 W 

   DBP  diastolic blood pressure,  SBP  systolic blood pressure  
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   For example, the angiotensin converting enzyme ( ACE ) insertion/deletion (I/D) 
polymorphism was reported to be associated with the response of left ventricular 
mass to training in two studies from the same research group [ 31 ,  32 ], such that the 
DD genotype was associated with a greater increase in left ventricular mass that the 
II genotype after 10 weeks of basic training in military recruits. Likewise, endothe-
lin- 1 ( EDN1 ) genetic variants were associated with the SBP response to submaxi-
mal exercise after training and interacted with cardiorespiratory fi tness level on 
hypertension risk (i.e.,  EDN1  SNPs were associated with greater odds for hyperten-
sion only in low-fi t individuals) [ 33 ]. Other than these fi ndings, there was very little, 
if any true replication across different laboratories and research groups. Furthermore, 
the majority of the studies reporting “positive” results were derived from various 
post-hoc analyses, while the results of the tests addressing the primary hypothesis 
of the study were negative. However, it should be noted that even if the outcomes of 
the early candidate gene studies were negative, the scientists were following 
research strategies that were considered to be more or less state-of-the-art at the 
time. The limitations of candidate gene approach became obvious later on when 
empirical data from GWAS efforts started to emerge.  

    The Genetics of the Blood Pressure Response to Exercise 
in the Genome Wide Association Study Era 

 It should be noted that lack of replication and over-interpretation of marginal sta-
tistical evidence (i.e., false-positive fi ndings) was by no means problems that 
affected only exercise genetic research. The same phenomenon has been observed 
with candidate gene studies of all complex multi-factorial traits. By 2006 DNA 
microarray technology had reached a stage where genotyping hundreds of thou-
sands of DNA sequence variants (mainly single nucleotide polymorphisms, [SNPs]) 
in a single reaction was possible, making genome wide association studies (GWAS) 
in large number of subjects a reality. While the fi rst GWAS fi ndings for traits such 
as type 2 diabetes mellitus, plasma lipid-lipoprotein levels, and body mass index 
were very promising [ 34 ,  35 ], results for BP and hypertension phenotypes were 
disappointing. 

 The fi rst landmark GWAS study based on the Welcome Trust Case-Controls 
Consortium cohort did not fi nd any DNA markers to be associated with hyperten-
sion at genome-wide signifi cance levels (i.e., p < 5 × 10 −8 ) [ 34 ]. The fi rst GWAS 
meta-analysis for resting BP and hypertension published a few years later reported 
eight genome-wide signifi cant loci, three for SBP and fi ve for DBP [ 36 ]. However, 
even the most signifi cant SNPs explained less than 0.1 % of variance in BP levels. 
The most recent meta-analysis published in 2011 and based on about 200,000 sub-
jects of Caucasian descent, listed 29 genome-wide signifi cant loci for resting BP 
traits; 25 for SBP, 26 for DBP, and 11 for hypertension [ 37 ]. Of these, 22 were 
common for both SBP and DBP, and 10 SNPs showed genome-wide signifi cant 
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associations with all three traits. Although the number of signifi cant SNPs had 
increased, the effect size of the SNPs remained small. The most signifi cant SNP for 
SBP and DBP explained about 1 % and 0.7 % of the variance, respectively [ 37 ]. 
Although there are no GWAS reports available for the BP response to exercise 
phenotypes at the moment, several lessons can be learned from the existing GWAS 
meta-analyses for other complex traits. First, those analyses have consistently con-
fi rmed the suspicion that vast majority of the candidate gene studies published 
before the GWAS era were indeed false positives. For example, very few, if any of 
the candidate genes for obesity-related traits [ 38 ] were confi rmed in the GWAS 
analyses. Furthermore, the majority of the GWAS-derived and replicated SNPs and 
genes for complex traits were never even considered as candidate genes. 

 Second, the effect sizes of individual sequence variants are very small and the 
genetic architecture of complex traits at the population level consists of hundreds, if 
not thousands of sequence variants. For example, the latest GWAS meta-analysis 
estimated that the BP levels in Caucasians are affected by at least 116 SNPs with a 
95 % confi dence interval ranging from 57 to 174 SNPs [ 37 ]. Similarly, the most 
recent GWAS meta-analysis for adult height reported almost 700 unique autosomal 
sequence variants affecting human height, a trait that is characterized by very high 
heritability [ 39 ]. 

 Third, the GWAS meta-analyses have clearly demonstrated the need for large 
sample sizes to have adequate statistical power to detect the variants and conduct 
appropriate replication studies for those sequence variants that reached suffi cient 
level of statistical signifi cance in the discovery phase. This point is particularly 
challenging for exercise genetics studies. The average sample size of the candidate 
gene studies for hemodynamic training response phenotypes in the 2009 Human 
Fitness Gene map report was 148 (median 102) [ 7 ], which is hopelessly underpow-
ered even for candidate gene studies. Furthermore, since exercise intervention stud-
ies are considerably more expensive to do than observational cohort studies, it is 
extremely challenging to fi nd appropriate studies for replication purposes. These 
are problems that will seriously slow down the progress in exercise genetics and it 
is unlikely that the situation will improve in the near future.   

    Clinical Implications and Importance 

 After more than 20 years of research, the observation that exercise hemodynamic 
traits are heritable and aggregate in families is still valid. However, during the same 
time period our views and understanding of molecular genetics of the BP response 
to exercise have changed drastically. The initial optimism based on “positive” can-
didate gene studies changed quickly to confusion due to the fact that most of the 
observations could not be replicated and confi rmed. Over the last 5 years, large 
GWAS meta-analyses for complex multifactorial traits (including resting BP) have 
shown that at least hundreds, if not thousands of DNA sequence variants contribute 
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to the overall genetic architecture of these traits, and that it takes very large sample 
sizes to detect and replicate those associations. While direct empirical GWAS-based 
evidence is lacking, it is very likely that the same observations regarding the number 
of SNPs affecting the trait variance and sample size requirements would apply to 
exercise-related phenotypes as to other complex traits, including resting BP. 

 Therefore, after more than 20 years of research, we have not really made any 
meaningful progress in terms of identifying genes and DNA sequence variants 
affecting the BP responses to regular exercise. Furthermore, it seems that the 
progress will be minimal in the near future and hope that DNA-based personalized 
exercise medicine approach could be used to treat BP does not seem realistic at the 
moment. It is possible that alternative approaches based on other “omics” tech-
niques (e.g., transcriptomics, proteomics, metabolomics, epigenomics, and bioin-
formatics) will be more informative than traditional genomics alone in terms of 
understanding inter-individual variation in the BP response to exercise training 
(see Chap.   7     for information of the expression of genes and proteins directly 
related to endothelial health). Likewise, the other “omics” may be particularly 
useful in identifying functional candidate genes for DNA sequence variation stud-
ies, and thereby lessening the multiple testing burdens for association studies as 
compared to standard GWAS approach. However, such data are not available at 
the moment. 

 The real question we should address is whether there is a real need to pursue 
identifying DNA-based predictors of the BP response to exercise training. If it is 
true that dozens or even hundreds of sequence variants are needed to build a genetic 
risk score that would predict a few percent of variance in the BP response to exer-
cise training, it is reasonable to argue that an investment on such diagnostic tools 
does not make much clinical or economic sense. This is particularly true for hemo-
dynamic response to exercise training phenotypes, because unlike several other car-
diovascular and metabolic risk factors, hemodynamic responses are strongly 
affected by baseline trait values. Pre-exercise training BP or heart rate level has been 
shown to explain 30–45 % variance in the respective training responses, with sub-
jects having higher BP or heart rate at baseline showing greater reductions with 
training [ 40 – 42 ], i.e., the law of initial values (Please see Chap.   1     for additional 
information on the law of initial values). 

 Therefore, it seems that a quick and inexpensive BP measurement in a sedentary 
patient would provide much more reliable information about expected training 
responses than a complex and relatively expensive genetic test. Furthermore, the 
predictive power of baseline BP measurement applies to all races and ethnicities, 
while a specifi c genetic testing panel would be needed for each ethnicity. Genomics 
and other molecular approaches will remain as valuable tools to fi ne tune our under-
standing of the mechanisms for BP regulation and its response to exercise. However, 
the relatively slow progress in molecular research should not prevent us from pro-
moting regular physical activity as an effective and safe way to lower elevated BP 
and to maintain optimal BP levels, a major premise of this Book.  
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    Conclusion 

 While regular physical activity provides several cardiometabolic benefi ts at 
 population level, it should be remembered that within a population there are marked 
inter-individual differences in responsiveness of these traits to exercise, ranging 
from marked improvements to no changes to even adverse responses. A fairly con-
vincing body of evidence shows that hemodynamic responses to exercise aggregate 
in families and are moderately heritable. However, no genes or mutations have been 
identifi ed yet for exercise BP traits. The inherent requirement of large sample sizes 
and multiple studies to discover and replicate the genes and DNA sequence variants 
that affect the BP responses to exercise training in humans makes the progress in 
exercise genetics research very challenging and slow. The progress may be acceler-
ated if genetic methods are used wisely in combination with other “omics” technol-
ogy, such as transcriptomics, epigenomics, and metabolomics.

  Key Points and Resources 

•   Physiological responses to exercise show large inter-individual variation within 
a population, even if the mean population effect is benefi cial.  

•   Non-responsiveness (i.e., lack of expected improvements in outcome variable) 
to exercise training may take place even if an individual is fully compliant 
with the exercise program, indicating that non-responsiveness has a biological 
basis.  

•   The strongest determinants of the BP response to exercise training are baseline 
BP level (i.e., a higher baseline BP is associated with a greater BP decrease with 
training) and familial aggregation.  

•   Discovery and replication of genes and DNA sequence variants that affect the BP 
responses to exercise training in humans will require very large study cohorts, 
which makes the progress in exercise genetics research very slow. The progress 
may be faster if genetic methods are used together with other “omics” technol-
ogy such as transcriptomics, epigenomics, and metabolomics.  
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             Introduction 

 As is the case in humans, exercise has been shown to lower blood pressure (BP), 
heart rate, and rate-pressure product in animal models of hypertension [ 1 ]. However, 
despite the attenuation of hemodynamic load with exercise, several studies have 
shown that exercise superimposed on hypertension promotes cardiomyocyte growth 
[ 2 ,  3 ]. Despite further inducing hypertrophy, some reports have shown that exercise 
training protects against cardiomyocyte apoptosis [ 4 ,  5 ] and may increase cardio-
myocyte proliferation [ 5 ], both of which may potentially offset the progressive loss 
of functional cardiomyocytes associated with pathological hypertrophy. Training 
has also been long shown to correct contractile protein abnormalities associated 
with compensatory hypertrophy in rats [ 6 ]. Beyond eliciting structural adaptations 
in the heart, exercise superimposed on hypertension also alters humoral and intra-
cellular signaling [ 2 ,  7 – 9 ] which are central in the dysfunctional phenotype associ-
ated with pathological hypertrophy [ 10 ]. In this regard, some of the hallmark 
putative benefi ts of exercise in animal models of hypertension are: an improvement 
in myocardial β adrenergic responsiveness and (calcium) Ca 2+  signaling [ 2 ], a 
reduction in pacing induced contractile dysfunction [ 2 ], a decreased level of oxida-
tive stress [ 11 ], and an improvement in endothelial dependent vasorelaxation [ 12 ]. 

    Purposes of This Chapter 

 The general purpose of this chapter is to summarize the literature in how exer-
cise training impacts cardiac remodeling and function in animal models of pressure 
overload. Specifi cally, the purposes of this chapter are to: 1) discuss how exercise 
impacts cardiac remodeling in hypertension with specifi c reference to key cardiac 
remodeling signaling pathways; and 2) review myocardial functional adaptations 
with exercise in animal models of hypertension.   

    Key Terminology and Basic Concepts 

    Calcineurin 

 A Ca 2+  sensitive, intracellular phosphatase enzyme that is well documented to 
induce pathological hypertrophy in animal models of pressure overload.  

    Pathological Hypertrophy 

 A state of heart growth in which cardiomyocytes increase in cross sectional area 
primarily by getting thicker (i.e., concentric hypertrophy). Pathological, compensa-
tory hypertrophy is often induced with hypertension.  
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    Physiologic Hypertrophy 

 A state of heart growth in which cardiomyocytes increase in length (i.e., eccentric 
hypertrophy). Physiologic hypertrophy is often associated with aerobic exercise 
training.  

    Pressure Overload 

 A physical state in which the heart is exposed to elevated afterload secondary to 
either genetic, mechanical (transverse aortic banding), or lifestyle factors. Transverse 
aortic banding is frequently used as an experimental technique to study biological 
mechanisms associated with pathological cardiac hypertrophy, and increased cell 
death (i.e., apoptosis) and fi brosis (i.e., collagen deposition) in the heart.  

    Spontaneously Hypertensive Rat (SHR) 

 A polygenic animal model of systemic hypertension that well mimics the clinical 
course in human hypertensive heart disease.  

    Systolic Elastance 

 A physiologic slope parameter of the left ventricular pressure volume relationship, 
i.e., systolic function in relationship to preload.   

    Methods 

 An electronic search of the literature using PubMed was performed. In total, four 
separate searches were generated. In the fi rst, “pressure overload and cardiac hyper-
trophy in animals” was searched and revealed 2,301 manuscripts published between 
1969 to June 2014. A second search for “pathological cardiac hypertrophy and aero-
bic exercise training in animals” was likewise conducted and revealed 139 papers 
published between 1966 and June 2014. Third, a search for “hypertension and aero-
bic exercise training in animals” was conducted and revealed 308 manuscripts pub-
lished between 1976 and June 2014. Last, a search for the key words “SHR” and 
“Exercise” and “Heart” was performed and revealed 178 papers published between 
1975 and July 2014. Of the recovered papers, the author self-selected those most 
relevant to the present chapter, with particular attention paid to studies utilizing the 
SHR model. Results from one meta-analysis [ 1 ] on exercise and the SHR were 
included in the chapter.  
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    Relevant Research 

    Animal Models 

 Hypertension induces a pressure overload on the heart. When faced with persistent 
pressure overload, the heart hypertrophies in order to normalize the left ventricular 
(LV) wall stress. This adaptation may help regulate cardiac function during condi-
tions of elevated hemodynamic load and is referred to as “compensatory hypertro-
phy.” With compensated myocardial hypertrophy, there is a parallel addition of 
sarcomeres leading to increases in cardiomyocyte area and width, with an augmen-
tation in LV wall thickness and overall heart mass [ 13 ]. Various animal models 
including; the SHR, transverse aortic banding, nephrectomy, and genetic manipula-
tion have been used to study pressure-induced compensatory hypertrophy. While 
there are benefi ts and limitations to each of these models, it is important to recog-
nize differences for each model in recapitulating the complex and multifactorial 
nature of human hypertensive heart disease (HHD). For example, the persistent and 
proximal afterload transverse aortic banding induces on the heart greatly differs 
from the more distal, oscillatory afterload associated with increased total peripheral 
resistance in the SHR. 

 A recent American Heart Association (AHA) Scientifi c Statement on Animal 
Models of Heart Failure has recommended that; “ Animal models of HHD should 
have critical characteristics of the disease in humans, including arterial hyper-
tension, an increase in LV mass, and characteristic changes in LV geometry. 
Cardiac performance should initially be maintained, but eventually diastolic and/
or systolic dysfunction should be present. These changes may either be demon-
strated by use of echocardiography, magnetic resonance imaging or catheter-
based techniques as used in humans. Large-animal models with LV structural and 
functional impairment may develop a human-like condition of heart failure, 
including cough, exercise intolerance, and ascites. These features are more diffi -
cult to faithfully demonstrate in small animals. Peripheral biomarkers may com-
plement the assessment of animal models of HHD by identifying relevant 
pathophysiological processes and clarifying the stage and/or severity of disease. 
Changes in the structure and/or function of myocytes, the interstitium, and the 
vasculature should also be documented. At the myocyte level, pathological hyper-
trophy is associated with activation of calcineurin, nuclear factor of activated 
T-cell (NFAT) .” [ 13 ]. The statement goes on to suggest that longitudinal animal 
models should be utilized with close attention paid to the transition from compen-
sation toward heart failure. 

 While various animal models have been used to understand the infl uence of 
 exercise on the hypertensive heart, the greatest abundance of data has been derived 
from the SHR model [ 1 ]. This animal model well mimics the clinical course of 
untreated essential hypertension in humans and exhibits attributes that are consis-
tent with the AHA Scientifi c Statement quoted above. It is well documented that 
concentric hypertrophy occurs in the SHR within 6–12 months of age [ 10 ,  14 ]. 
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The SHR model has been shown to gradually decompensate into heart failure some-
time after 15 months of age, but this result is not always reliably observed. The 
majority of exercise- related effects outlined in this chapter are derived from the 
SHR model. It must be realized, however, that the mechanisms for hypertension in 
the SHR are polygenic and may not refl ect the genetic underpinnings of human 
HHD. Thus, other models of pressure-induced hypertrophy are also discussed with 
respect to exercise training, including work in the spontaneously hypertensive heart 
failure rat (SHHR) model, the porcine transverse aortic banding (TAC) model, and 
the Dahl salt sensitive model.  

    Exercise in Animal Models of Pressure Overload 

    Blood Pressure and Heart Rate 

 There are hosts of data showing that exercise training attenuates tail cuff BP in ani-
mal models of hypertension [ 15 ,  16 ]. A meta-analysis which surveyed 410 SHR’s 
from 18 reports in the literature showed that mean systolic blood pressure (SBP) 
increased from 133 mmHg at 1 month of age to 168 mmHg by 4 months of age; 
illustrating an age dependent effect on BP [ 1 ]. With exercise training, a BP lowering 
effect was found in young SHR relative to sedentary controls. This effect was dra-
matic in young SHR, as mean SBP declined by nearly 70 mmHg within 5 months of 
exercise training. However, exercise training did not signifi cantly lower BP in older 
SHR’s, despite those animals performing even greater volumes of exercise relative 
to younger animals. These data suggest that training can offset hypertension in ani-
mals with prehypertension but is less effi cacious in animal models of already estab-
lished hypertension [ 1 ]. Interestingly, resting heart rate was also attenuated with 
exercise training in SHR rats of all ages by 30–50 beats per minute. Shifts in sym-
pathetic and parasympathetic tone may underlie the BP reduction, relative bradycar-
dia, and lower rate pressure product observed with exercise training in SHR [ 2 ,  17 ]; 
responses that well recapitulates observations in human subjects.  

    Cardiac Remodeling 

 The effects of moderate treadmill training and swimming on the heart-to-body 
weight ratio across the lifespan were also described in a meta-analysis for SHR [ 1 ]. 
In young SHR’s, exercise resulted in a very slight reduction in the heart-to-body 
weight ratio relative to age matched, sedentary controls. However, older SHR’s 
(approximately 4 months of age at the onset of training) did not show different heart-
to-body weight ratios relative to sedentary controls. In contrast, the heart-to- body 
weight ratio increased with training in older rats from the SHHR strain (9–15 months 
of age) [ 1 ]. The overall number of months participating in the exercise program 
resulted in variable cardiac remodeling, as an increased heart-to-body weight ratio 
was observed after 2 or 6 months of training, but not after 3 months of training [ 1 ]. 
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 While forced treadmill exercise training has been the most widely used training 
model, studies have also been performed in swimming and free wheel running mod-
els. While it is diffi cult to accurately quantify swimming work in rodents, access to 
free running wheels results in signifi cantly greater distances accrued (35–47 km per 
week) compared to forced treadmill running (3–8 km per week) [ 1 ]. Even though 
forced treadmill running and free running wheel access were shown to attenuate BP 
similarly, the heart-to-body weight ratio increased to a greater extent in animals 
with exposure to free running wheels [ 1 ]. These data suggest that other factors 
beyond mechanical loading, i.e. BP, are important when considering the effects of 
exercise on myocardial remodeling in hypertension. 

 In this regard, activation of endocrine (i.e, hormones stimulating target cells via 
the bloodstream), paracrine (i.e, nearby cells), and autocrine (i.e., self stimulating) 
growth factors are integral in the development of both pathologic and physiologic 
hypertrophy. Growth factors largely signal cardiomyocytes through specifi c G 
 protein coupled mechanisms [ 18 ,  19 ] which increase intracellular Ca 2+  transients 
for maintenance of cardiac function during stress conditions. In chronic pressure 
overload and hypertension, persistent activation of humoral-induced elevations in 
intracellular Ca 2+  concentrations stimulates Ca 2+ -calmodulin-mediated cardiac 
hypertrophy [ 18 ,  19 ]. Calcineurin, Ca 2+ -calmodulin-activated protein phosphatase, is 
a central signaling molecule involved in the development pathological cardiac hyper-
trophy. It acts by dephosphorylating NFAT transcription factors, promoting NFAT 
nuclear translocation, and initiating a pro-growth fetal gene program [ 18 ,  19 ]. Genetic 
activation of calcineurin results in dramatic heart growth and can lead to heart fail-
ure; whereas calcineurin inhibition reverses these effects [ 20 ,  21 ]. By contrast, physi-
ologic hypertrophy associated with exercise training is not calcineurin- dependent. 
Instead physiologic hypertrophy appears to be more reliant on PI3 (phosphoinositide 
3)-kinase-AKT (protein kinase B) signaling in the heart [ 22 ,  23 ]. Moreover, AKT is 
an anti-apoptotic regulator that decreases mitochondrial membrane destabilization 
and caspase 9 activity which have essential roles in apoptosis [ 24 ,  25 ]. 

 Kolwicz et al., studied cardiac remodeling in SHR undergoing exercise training 
and reported whole heart enlargement with echocardiography and histomorphome-
try following exercise training [ 5 ]. The pattern of hypertrophy was homogeneously 
dispersed across several walls of the LV myocardium (i.e., anterior, posterior, and 
septal walls). Isolated cardiomyocytes from exercise trained SHR’s were both lon-
ger and wider relative to sedentary controls. This hypertrophic  pattern occurred 
even though training greatly mitigated calcineurin gene and protein expression in 
the SHR [ 5 ]. Interestingly, an increased AKT abundance was not observed in trained 
SHR hearts [ 5 ,  8 ], suggesting that exercise superimposed on hypertension induces 
cell growth through different mechanisms than animals with normal BP [ 22 ,  23 ]. 
Similar fi ndings in swim-trained animals have been reported, such that swim train-
ing increased LV weight and LV internal diastolic diameter in SHR [ 3 ]. Swimming 
also increased cardiomyocyte cross-sectional area and normalized calcineurin 
 without any signifi cant changes in AKT signaling. Apoptosis and fi brosis were 
attenuated in swim-trained animals, and swimming led to improved myocardial 
vascularization and enhanced fractional shortening on echocardiography [ 3 ]. 
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Thus, even though exercise potentiated cardiomyocyte growth, cardiac function was 
enhanced relative to sedentary controls in both running and swimming models. 

 Beyond cardiomyocyte hypertrophy, cardiac remodeling is also infl uenced by 
the total number of functional cardiomyocytes, with the progressive loss of cardio-
myocytes thought to play an important role in the decompensation toward heart 
failure. The number of functional cardiomyocytes is established by the balance 
between dying or apoptotic cardiomyocytes and new cardiomyocyte generation. 
Cardiomyocyte apoptosis is initiated by both internal and external signaling path-
ways that lead to cell shrinkage, membrane blebbing, deoxyribonucleic acid (DNA) 
fragmentation, and chromatin condensation [ 24 ]. While apoptotic cell death does 
not lead to a prolifi c infl ammatory response like necrosis, the loss of functional 
cardiomyocytes still serves as substrate for replacement fi brosis and is seminal in 
the transition from compensation to failure [ 10 ]. 

 The heart also contains resident cardiac stem cells that are capable of generating 
new cardiac tissue including cardiomyocytes, albeit at very low rates [ 26 ]. It has 
been shown that hypertension modestly increases Ki67+ cardiomyocytes (i.e., a 
marker of cardiomyocyte proliferation) as well as the number of endogenous stem 
cells (i.e., c-Kit+ cells) in the SHR model [ 5 ]. The potential for new cell develop-
ment was, however, outweighed by greater rates of apoptosis in SHR hearts versus 
Wistar Kyoto, normotensive controls. These data suggest that there are a lesser num-
ber of functional cardiomyocytes in the hypertensive heart even early in the time 
course of the disease, potentially explaining the altered functional phenotype 
observed in young animals [ 27 ]. Of signifi cance, exercise training decreased the 
rates of cell death with training and tended to augment the Ki67+ cardiomyocytes 
and c-Kit+ cells in the SHR heart [ 5 ]. Other studies have also shown a reduction in 
apoptosis with training in hypertensive hearts [ 4 ,  28 ,  29 ] despite some data showing 
that endurance training accelerates apoptosis in SHR [ 30 ]. Collectively, these studies 
suggest that training may benefi cially preserve overall cardiomyocyte number in the 
presence of hypertension. The hemodynamic and cardiac remodeling responses to 
exercise training in animal models of pressure overload are summarized in Table  11.1 .

       Cardiac Function 

 During compensatory hypertrophy in animals, the heart may exhibit normal cardiac 
function under resting or unstressed conditions. However, abnormal cardiac func-
tion in the hypertensive heart is often manifest with preload stress, sympathetic 
stress, or ischemia-reperfusion. During these stressful conditions, the heart often 
shows abnormal systolic and/or diastolic mechanical function. Despite the potential 
for exercise training to increase overall myocardial mass in hypertension or pres-
sure overload, most studies have reported an improved functional phenotype after 
training [ 2 – 4 ,  7 – 9 ,  27 – 29 ,  31 – 49 ] (see Fig.  11.1 ). For example, diminished systolic 
function in response to increasing preload, i.e. reduced systolic elastance, has been 
reported very early on in the lifespan of the SHR, far in advance of extensive car-
diac remodeling [ 27 ]. These fi ndings suggest that functional deterioration can be 
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present even in the absence of prominent remodeling. My laboratory group has also 
shown that exercise training in SHR improved systolic elastance in SHR toward 
normotensive control values [ 8 ]. Increased venous return and augmented preload 
occurs with acute exercise; hence the improvement of systolic elastance has trans-
lational  signifi cance as the abnormal cardiac phenotype is often unmasked during 
acute exercise stress in patients. Exercise training has also been shown to improve 
cardiac function in the SHR in response to experimental pacing stress [ 2 ,  33 ], an 
effect that might be related to the putative shifts in Ca 2+  handling protein activity 
such as phospholamban [ 2 ,  9 ,  40 ].  

 One of the most prolifi c benefi ts of exercise training in hypertension is its effects 
on β adrenergic signaling. The β adrenergic pathway is the main pathway for 
 regulating myocardial inotropy (i.e. strength of contraction), lusitropy (i.e, relax-
ation), and chronotropy (i.e., heart rate) during stress [ 50 ]. The β adrenergic path-
way signals through various isoforms of β adrenergic receptors in the heart. Both β1 
and β2 adrenergic receptors stimulate adenylyl cyclase and cyclic adenosine mono-
phosphate (cAMP) which lead to increased protein kinase A activation (PKA). 
PKA phosphorylates key Ca 2+  cycling proteins including troponin I, L-type Ca 2+  

  Table 11.1    Hemodynamic 
and cardiac remodeling 
responses to exercise training 
in animal models of pressure 
overload  

 Attribute  Training effect 

 Blood pressure 

           
 Heart rate 

           
 Rate pressure product 

           
 Height-to-body weight 
ratio 

           
 Cardiomyocyte size 

           
 Apoptosis and fi brosis 

           

   Lateral arrow  indicates little or no change,  upward arrow  indi-
cates an increase,  downward arrow  indicates a decrease in the 
selected attribute.  Solid fi lled arrows  indicate responses in young 
animals without established hypertension;  open arrows  indicate 
the responses in older animals with established hypertension  
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channels, phospholamban, and ryanodine channels [ 50 ], and is regulatory in cardio-
myocyte Ca 2+  balance. Activation of β adrenergic receptors also increases glycoge-
nolysis and cardiac metabolism in cardiomyocytes and can infl uence 
ischemia-reperfusion tolerance of the heart. 

 In  s ituations were sympathetic stress is high, such as hypertension or heart fail-
ure, β adrenergic receptors can quickly become desensitized [ 50 – 53 ] leading to a 
decreased β adrenergic receptor density and signaling in hypertension or heart 
 failure [ 50 – 53 ]. Downregulation of β adrenergic receptors involves the phosphory-
lation of serine on carboxy-terminal end of the β adrenergic receptors receptor by G 
protein receptor kinase 2 (GRK2) and/or PKA [ 53 ]. This can set the stage for β 
adrenergic receptors to be internalized by β arrestin, with the internalized β adren-
ergic receptors being either recycled or degraded, leading to impaired inotropic and 
lusitropic function [ 53 ]. The increased activity of calcineurin in pathological 
 hypertrophy is also involved in blunting β adrenergic receptors since calcineurin 
opposes protein kinase A (PKA) activity on target Ca 2+  handling proteins [ 54 ,  55 ]. 

 Studies indicate that exercise training can improve whole heart β adrenergic 
responsiveness [ 2 ,  56 ,  57 ] through several possible mechanisms including: 1) increas-
ing the abundance and activity of key Ca 2+  handling proteins which are targets of 
PKA [ 2 ,  7 ]; 2) attenuating the increases in GRK2 that occur in hypertension [ 2 ]; or 3) 

Improved b adrenergic signaling
-Increased abundance/activity of key Ca2+ proteins

-Decreased GRK2
-Decreased Calcineurin

Hypertensive Myocardium

Hypertension + Exercise

Improved Animal Survival ?

Improved Systolic Response to Preload

Improved resistance to pacing stress
-Increased abundance/activity of key Ca2+proteins

Improve Mitochondrial Functiond 
-Decreased time average Ca2+ and apoptosis

  Fig. 11.1    Functional benefi ts with exercise training in pressure overload. The fi gure illustrates 
that chronic training improves the systolic response to preload stress, β adrenergic signaling, the 
tolerance to pacing stress, and leads to enhanced mitochondrial function. All of these adaptations 
may lead to improved survival of exercise trained pressure overloaded hearts.  Ca   2+   calcium, 
 GRK2  G protein receptor kinase 2       
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reducing the transcription and protein abundance of calcineurin [ 5 ,  8 ]. We and others 
have shown that impaired adrenergic responsiveness in hypertensive hearts [ 54 ,  55 ] 
can be improved with calcineurin antagonism an effect which normalized cardio-
myocyte Ca 2+  handling [ 54 ]. Hence when coupled together, exercise training may 
improve the function of the SHR heart during stressful conditions like acute bouts of 
exercise by improving systolic elastance, improving the tolerance to pacing chal-
lenges, and augmentation normalization of β adrenergic signaling. Together, these 
mechanisms may normalize time average Ca 2+  homeostasis and may be seminal in 
protecting mitochondria from Ca 2+  mediated apoptosis [ 25 ]. 

 There are signifi cant metabolic adaptations that also occur with training in the 
pressure overloaded heart. In the porcine TAC model, Marshall et al. showed train-
ing dependent improvements in coronary blood fl ow for a given myocardial oxygen 
consumption and cardiac effi ciency [ 36 ]. These results built on work by the same 
group showing that preservation of LV function after exercise training was associ-
ated with lower fi brosis and collagen with improved LV mitochondrial function, i.e. 
a reduced Ca 2+ -activation of the mitochondrial permeability transition pore [ 58 ]. 
There are, however, only few data on how training mediates ischemia-reperfusion 
injury in pressure overload. Reger et al., reported no improvement in ischemia- 
reperfusion tolerance or heat shock protein 72 in trained versus sedentary SHR 
hearts [ 59 ], even though SHR hearts were reported to have a greater Ca 2+  respon-
siveness during acidosis [ 9 ]. In fact, Reger et al. reported that one bout of moderate 
intensity acute exercise temporally decreased myocardial tolerance to ischemia- 
reperfusion in SHR [ 60 ]. 

 While the metabolic adaptations to training are seemingly very important, more 
work is clearly needed to understand how training alters cardiac function during 
ischemia-reperfusion, particularly in light of two studies showing that exercise train-
ing was deleterious to the hypertensive heart [ 61 ,  62 ]. For example, da Costa Rebelo 
et al. reported that wheel running was deleterious to the SHR by increasing fi brosis. 
Wheel running was negatively correlated with the sarcoplasmic reticulum Ca 2+  
ATPase ( SERCA2A)-to-sodium (Na + )-Ca 2+  exchange ratio and many exercising 
SHR died either spontaneously or had to be killed during the study’s 6 month follow-
 up. These negative effects were, however, improved with captopril treatment [ 62 ]. 
While there are many methodological limitations of this study, the potential for 
high volumes of exercise to be harmful to the hypertensive heart must be further 
explored [ 63 ]. 

 Conversely, a number of studies in various heart failure models (e.g., SHHR, 
Dahl Salt, hypertrophic cardiomyopathy) have shown improved survival and/or a 
slower decompensation toward heart failure with exercise training [ 32 ,  34 ,  35 ,  41 ,  49 ]. 
For example, in Dahl salt sensitive animals which have a rapid transition toward 
failure, exercise training decreased mortality without dramatically altering SBP [ 35 ]. 
In the SHHR model, exercise training has repeatedly been shown to delay the onset 
of heart failure [ 32 ,  41 ]. Moreover, in murine model of hypertrophic cardiomyopa-
thy induced with a mutant myosin heavy chain, exercise prevented myocyte disar-
ray and NFAT activity even in older animals with established disease. Exercise also 
showed putative effects on glycogen synthase kinase signaling and reduced markers 

J.R. Libonati



249

of apoptosis, leading to improved survival [ 34 ]. These studies suggest that exercise 
training can offset the negative sequelae of already established disease, but more 
work is warranted to understand the underlying putative mechanisms.    

    Clinical Implications/Importance 

 When examining the exercise training responses of animal models of pressure over-
load, recapitulation of the human phenotype is imperative. Most animal models 
have used moderate clinically applicable doses of exercise, but there are limited 
data available across the dose response range for exercise. Clearly identifying puta-
tive mechanisms and the required dose of exercise associated with cardioprotection 
in animal models with pressure overload has direct preclinical signifi cance and can 
provide a paradigm for isolating protein targets for the development of new pharma-
cological agents.  

    Conclusions 

 In summary, exercise training in animal models with hypertension reduces BP sig-
nifi cantly in young animals but has a lesser antihypertensive effect in older animals 
with established hypertension. Exercise induces a bradycardia independent of age 
and reduces the rate pressure product. Exercise does not exhibit a clear anti-hyper-
trophic effect in animals with already established hypertension. Instead more promi-
nent cardiac hypertrophy has been shown in trained, already established hypertensive 
animal hearts. It remains unclear what the signaling mechanisms are that increase 
heart hypertrophy in hypertension, as calcineurin is reduced and training has not 
consistently shown to impact AKT signaling in pressure overloaded hearts. There is 
limited evidence that exercise increases cardiomyocyte proliferation and increases 
the abundance of endogenous progenitors. Several studies show that exercise atten-
uates apoptosis in pressure overload. How these remodeling effects translate into 
functional benefi ts remains unclear. Most studies have shown that exercise training 
improves the cardiac phenotype and animal survival, despite a few studies reporting 
that extreme levels of exercise can augment the transition toward heart failure. More 
work is needed in this area. In conclusion, the majority of data in preclinical animal 
models of pressure overload suggest that exercise training is benefi cial to the heart.

  Key Points and Resources 

•   Exercise training lowers heart rate, BP, and the rate pressure product in young 
animals with hypertension.  

•   Exercise training lowers heart rate and the rate pressure product in older animals 
with hypertension, with negligible effects on BP.  

•   Exercise training potentiates cardiomyocyte growth but reduces apoptosis and 
fi brosis in animals with hypertension.  

11 Cardiac Structure and Exercise
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•   Exercise training causes a reduction in calcineurin signaling; and cardiac growth 
with exercise training in hypertension may be linked to PI3 (phosphoinositide 
3)-kinase-AKT (protein kinase B) signaling.  

•   Most studies have shown improved cardiac function with exercise training in 
hypertension including: increased systolic elastance, improved whole heart β 
adrenergic responsiveness, and greater metabolic effi ciency.  

•   Schlüter K-D, Schreckenberg R, da Costa Rebelo RM (2010) Interaction between 
exercise and hypertension in spontaneously hypertensive rats: a meta-analysis of 
experimental studies. Hypertens Res 33:1155–1161 [ 1 ].  

•   Houser SR, Margulies KB, Murphy AM, et al. (2012) American Heart Association 
Council on Basic Cardiovascular Sciences, Council on Clinical Cardiology, and 
Council on Functional Genomics and Translational Biology. Animal models of 
heart failure: a scientifi c statement from the American Heart Association. Circ 
Res Jun 22;111:131-150 [ 13 ].            
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    Chapter 12   
 Exercise and Hypertension in the Framework 
of the Metabolic Syndrome 

             Alice     S.     Ryan    

      Abbreviations 

   ACSM    American College of Sports Medicine   
  AHA    American Heart Association   
  ATP III    Adult Treatment Panel III   
  BMI    Body mass index   
  BP    Blood pressure   
  CVD    Cardiovascular disease   
  DASH    Dietary approaches to stop hypertension   
  DBP    Diastolic blood pressure   
  EGIR    European Group for Study of Insulin Resistance   
  FITT    Frequency intensity, time, and type   
  FSIVGTT    Frequently sampled intravenous glucose tolerance test   
  GS    Glycogen synthase   
  HDL-C    High density lipoprotein cholesterol   
  HERITAGE     HE alth  RI sk Factors Exercise  TRA ining and  GE netics Family 

Study   
  HRmax    Maximal heart rate   
  HRR    Heart rate reserve   
  HSL    Hormone sensitive lipase   
  IDF    International Diabetes Federation   
  IVGTT    Intravenous glucose tolerance test   
  LDL-C    Low density lipoprotein cholesterol   
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  LPL    Lipoprotein lipase   
  M    Glucose utilization   
  M/I    Glucose utilization/insulin concentration   
  NCEP    National Cholesterol Education Program   
  NHANES    National Health and Nutrition Examination Survey   
  NHES    National Health Examination Survey   
  NHLBI    National Heart Lung, and Blood Institute   
  RM    Repetition maximum   
  SBP    Systolic blood pressure   
  TG    Triglycerides   
  VLDL    Very low density lipoprotein   
  VO 2max     Maximal oxygen consumption   
  VO 2peak     Peak oxygen consumption   
  VO 2reserve     Oxygen uptake reserve   
  WHO    World Health Organization   

          Introduction 

 The metabolic syndrome is a clustering of metabolic diseases and risk factors 
within an individual (Fig.  12.1 ) [ 1 ]. Reaven [ 2 ] was the fi rst to introduce Syndrome 
X which was characterized by impaired glucose tolerance, dyslipidemia, and 
hypertension. The clustering of these factors is associated with increased risk of 
type 2 diabetes mellitus and cardiovascular disease (CVD) [ 3 – 6 ] as well as non-
alcoholic fatty liver disease and chronic kidney disease [ 7 ,  8 ]. Diagnosis of meta-
bolic syndrome has approximately a two-fold relative risk for CVD over 5–10 
years and at least a fi ve-fold relative risk for type 2 diabetes mellitus [ 9 ]. 
Cardiometabolic risk factors tend to co-exist and as such lifestyle modifi cations of 
exercise and diet and pharmacologic therapy are the mainstay of treatment for the 
metabolic syndrome [ 1 ].  

    Purposes of This Chapter 

 This chapter will provide a brief history of the metabolic syndrome and detail the 
current defi nition(s) of the metabolic syndrome; convey the prevalence of the meta-
bolic syndrome and review the relation of the metabolic syndrome to mortality; 
discuss the role of exercise and hypertension in the framework of the components of 
the metabolic syndrome; and review studies of adults with the metabolic syndrome 
with specifi c emphasis on the effects of exercise training on the components of the 
metabolic syndrome. This chapter will conclude by presenting exercise prescription 
recommendations for individuals with the metabolic syndrome.   
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    Key Terminology and Basic Concepts 

    The Metabolic Syndrome: Defi nition 

 In 2001, the Third Report of the National Cholesterol Education Program (NCEP) 
Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in 
Adults (Adult Treatment Panel III) (ATP III) [ 10 ] called attention to the importance 
of the metabolic syndrome. The World Health Organization (WHO) [ 11 ] and the 
European Group for Study of Insulin Resistance (EGIR) have also selected criteria 
to defi ne the metabolic syndrome. The International Diabetes Federation (IDF) fol-
lowed with their defi nition of the metabolic syndrome [ 12 ], which refl ected the 
ATPIII and WHO defi nitions. Thus, the metabolic syndrome has evolved over the 
years with various defi nitions and emphasis on the importance of the various com-
ponents of the metabolic syndrome. 

 The criteria and defi nitions from NCEP, IDF and WHO of the metabolic syn-
drome are provided in Table  12.1 . Clinical measures named in the diagnosis of the 
metabolic syndrome include insulin resistance, body weight, lipid levels, blood 

Metabolic 
Syndrome 

Insulin Resistance Hypertension 

Abdominal 

Obesity Dyslipidemia 

Diabetes 

Atherosclerosis 

Cardiovascular Disease 

Chronic Kidney Disease 

Non-alcoholic Fatty Liver Disease 

  Fig. 12.1    Interactions of the metabolic syndrome       
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     Table 12.1    Various criteria for the metabolic syndrome   

 Component 

 Criteria 

 NCEP/ATP III  IDF  WHO 

 Any 3 of 5 constitute 
diagnosis of 
metabolic syndrome 

 Must have central 
obesity a  plus two of 
the other four factors 

 Insulin resistance plus 
any two of the other 
factors 

 Central obesity/
waist 
circumference 

 ≥102 cm in men  Europids, Sub-Saharan 
Africans, Eastern 
Mediterranean and 
Middle East: ≥94 cm 
in men, ≥80 cm in 
women 

 >0.90 waist-to-hip ratio 
in men 

 ≥88 cm in women  US: ≥102 cm in men, 
≥88 cm in women 

 >0.85 waist-to-hip ratio 
in women 

 South Asians, Chinese, 
Japanese, Ethnic South 
and Central 
Americans: ≥90 cm in 
men, ≥80 cm in 
women 

 And/or 

BMI > 30 kg/m –2  

 Triglyceride level  ≥150 mg·dL −1  or  ≥150 mg·dL −1  or  ≥150 mg·dL −1  
 On drug treatment for 
elevated triglycerides 

 Specifi c treatment for 
this lipid abnormality 

 HDL-cholesterol  <40 mg·dL −1  in men  <40 mg·dL −1  in men  <35 mg·dL −1  in men 
 <50 mg·dL −1  in 
women or 

 <50 mg·dL −1  in women 
or 

 <39 mg·dL −1  in women 

 On drug treatment for 
reduced 
HDL-cholesterol 

 Specifi c treatment for 
this lipid abnormality 

 Blood pressure  ≥130 mmHg systolic 
blood pressure or 

 ≥130 mmHg systolic 
blood pressure or 

 ≥140/90 mmHg 

 ≥85 mmHg diastolic 
blood pressure or 

 ≥85 mmHg diastolic 
blood pressure or 

 On antihypertensive 
drug treatment in a 
person with a history 
of hypertension 

 treatment of previously 
diagnosed 
hypertension 

 Insulin resistance/
glucose 

 ≥100 mg·dL −1  fasting 
glucose or 

 ≥100 mg/dL fasting 
glucose or previously 
diagnosed type 2 
diabetes 

 IGT, IFT, type 2 
diabetes or lowered 
insulin sensitivity 
measured under 
hyperinsulinemic- 
euglycemic conditions 
(glucose uptake below 
lowest quartile for 
population under study) 

 On drug treatment for 
elevated glucose 

 If fasting glucose 
above 100 mg·dL −1 , 
OGTT is strongly 
recommended but is 
not necessary to defi ne 
presence of the 
syndrome 

 Other  Microalbuminuria 

   NCEP/ATP  National Cholesterol Education Program/ Adult Treatment Panel,  IDF  International 
Diabetes Foundation,  WHO  World Health Organization 
  a If BMI > 30 kg·m −2 , obesity can be assumed and waist circumference does not need to be mea-
sured  
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pressure (BP), glucose levels, and other clinical outcomes noted in Table  12.1 . 
A statement from the American Heart Association (AHA) and National Heart, Lung, 
and Blood Institute (NHLBI) published in 2005, is a current guide to the diagnosis 
and management of persons with the metabolic syndrome [ 1 ]. In this scientifi c 
statement, underlying risk factors for the metabolic syndrome are described as pre-
dominately abdominal obesity and insulin resistance and include other factors such 
as physical inactivity, aging, and hormonal imbalance in the polycystic ovary syn-
drome [ 13 ]. Goals for the lifestyle therapy include the reduction of body weight by 
7–10 %, performance of regular moderate intensity physical activity of at least 
30 min of continuous or intermittent exercise 5 days per week, and reduced intake 
of saturated fat,  trans  fat, and cholesterol [ 1 ]. Treatments for modifying atherogenic 
dyslipidemia include drug therapy as well lifestyle modifi cations. Further recom-
mendations for the clinical management of the metabolic risk factors target lower-
ing elevated blood glucose by weight reduction, increasing physical activity in those 
with impaired fasting glucose, and instituting both lifestyle therapy and pharmaco-
therapy in those with type 2 diabetes mellitus.

   Management of elevated BP in the metabolic syndrome depends on the presence 
of diabetes mellitus and chronic kidney disease. Specifi cally, the AHA and NHLBI 
[ 1 ] recommend that if hypertension is present without these two conditions, then the 
goal is to target the BP to be <140/90 mmHg. However, in the presence of either 
diabetes mellitus or chronic kidney disease, then the goal for BP is further reduced 
to <130/80 mmHg. Table  12.2  includes specifi c recommendations from this report. 
Recommendations are made as ways to control the hypertension and in the clinical 
management of elevated BP including lifestyle therapies [ 1 ]. In addition, modifi ca-
tions to the diet include recommendations to follow the Dietary Approaches to Stop 
Hypertension (DASH) diet which includes a diet rich in fruits and vegetables (8–10 
servings per day) providing potassium (~4,700 mg·day −1 ) and magnesium 
(~500 mg·day −1 ) and high amounts of fi ber (~31 g·day −1 ) with reduced amount of 
saturated fat (~6 % of total kcal), total fat (~27 % of total kcal), and cholesterol 
(~150 mg·day −1 ) [ 14 ].

   Table 12.2    Clinical management recommendations for hypertension in the metabolic syndrome   

 Risk factor  Level  Recommendation 

 BP  ≥120/80 mmHg  Initiate or maintain lifestyle modifi cation 
 • Weight control 
 • Increase physical activity 
 • Alcohol moderation 
 • Increase consumption of fresh fruits, vegetables, 

low fat dairy products 
 BP  >140/90 mmHg or  Add BP medication to achieve BP goal 

 >130/80 mmHg if 
presence of chronic kidney 
disease or diabetes 

 • Angiotension-converting enzyme inhibitors 
 • Angiotensin receptor blockers Diuretics 

   BP  blood pressure  
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       The Metabolic Syndrome: Concordance and Prevalence 
by Defi nition in Table  12.1  

 Marchesini et al. reported that 78 % of patients with type 2 diabetes mellitus fulfi ll 
the NCEP ATPIII criteria and 81 % met the WHO criteria indicating good agree-
ment between the two defi nitions of the metabolic syndrome [ 15 ]. The 
Cardiovascular Health Study found an 80 % concordance in classifying the partici-
pants among these same criteria [ 16 ]. In a sample of approximately 400 adults with 
obesity, the prevalence of the metabolic syndrome was higher in those defi ned by 
WHO than the NCEP ATP III criteria [ 17 ]. Of approximately 2,800 participants in 
the San Antonio Heart Study, 25 % met both WHO and NCEP ATP III criteria for 
the metabolic syndrome with an additional 25 % of adults meeting only one of the 
criteria [ 18 ]. 

 The most current to date estimates for the prevalence of the metabolic syndrome 
by NCEP ATP III criteria in adults older than 20 years from National Health and 
Nutrition Examination Survey (NHANES) indicated that from 1999 and 2000 to 
2009 and 2010, age-adjusted prevalence decreased from 25.5 to 22.9 % with a 
decrease in the percent of those with elevated BP (32.3–24.0 %) [ 19 ]. The reduction 
in elevated BP, downward trend in elevated triglycerides, and decline in sub-optimal 
high density lipoprotein cholesterol (HDL-C) from 1999 to 2010 coincide with 
increases in antihypertensive and lipid modifying therapy. In terms of the preva-
lence of the individual metabolic syndrome components, black men and women 
who were non-Mexican-American consistently had a higher prevalence of elevated 
BP than other ethnic/racial groups, but they had the lowest prevalence of dyslipid-
emia. The decline in BP in the NHANES data from 2000 to 2009 and 2010 occurred 
only in white men who were non-Mexican-American and in women who were non- 
Mexican and Mexican Americans. Despite the slight decline in the prevalence of the 
metabolic syndrome, about 20 % of adults in the United States are classifi ed as 
having the metabolic syndrome [ 19 ].  

    Metabolic Syndrome: Associated Risks 

 The presence of the metabolic syndrome has been used to identify individuals at 
risk for incident stroke [ 20 ], congestive heart failure [ 21 ] and death from CVD [ 3 , 
 15 ,  18 ,  22 ,  23 ]. The Kuopio Ishcaemic Heart Disease Risk Factor Study of over 
1,200 Finnish men showed that men with the metabolic syndrome defi ned by the 
NCEP ATP III criteria were almost three-fold more likely to die of coronary heart 
disease after adjustment for conventional CVD risk factors [ 23 ]. Using the WHO 
criteria, they also reported higher CVD mortality and all-cause mortality in men 
with the metabolic syndrome. In patients with type 2 diabetes mellitus, the NCEP 
ATP III criteria were better in identifying the prevalence of previously detected 
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CVD than the WHO criteria [ 15 ]. In the San Antonio Heart Study, the metabolic 
syndrome as defi ned by WHO and NCEP ATPIII criteria predicted all-cause and 
cardiovascular mortality, but the NCEP ATP III criteria were slightly more  predictive 
in lower-risk adults [ 18 ]. 

 Mortality risk was assessed in the individuals comprising the third NHANES and 
utilized the NCEP ATP II 2001 and 2005 criteria (i.e. waist circumference >102 and 
88 cm in men and women, respectively; triglycerides (TG) >150 mg·dL −1 ; HDL-C 
<40 and 50 in men and women, respectively; systolic blood pressure (SBP) >130 or 
diastolic blood pressure (DBP) >85 mmHg; and fasting glucose >100 mg·dL −1 ) 
[ 24 ]. At the time of follow-up in 2000, the prevalence of the metabolic syndrome 
was similar between men and women over the age of 40 years, specifi cally 33 and 
29 %. The criteria used for the classifi cation of high TG, glucose, and BP was 
observed in greater proportions of men than women. The criterion of high waist 
circumference was more often represented in women than men. Furthermore, men 
and women with the metabolic syndrome were older, had higher body mass index 
(BMI), larger waist circumference, higher BP, TG levels, and glucose levels and 
lower HDL-C compared to men and women without the metabolic syndrome. 
Although there was no signifi cant association between the metabolic syndrome and 
mortality in men, the metabolic syndrome was an independent risk factor for all- 
cause, cardiovascular, cardiac, and noncardiovascular mortality in women. These 
results were more pronounced in postmenopausal women indicating the signifi -
cance of the metabolic syndrome in older women. In an Italian population of men 
and women between 25 and 74 years of age, increased risk of cardiovascular and 
all-cause mortality was greater in those with the metabolic syndrome [ 25 ]. The 
increased risk was related to an elevated BP and impaired fasting blood glucose. In 
summary, there is strong evidence from long-term prospective studies for an asso-
ciation of the metabolic syndrome with total mortality.  

    Systematic Review Methods 

 An electronic search of the literature on metabolic syndrome and exercise was 
conducted using PubMed. Key words utilized in the initial searches were the meta-
bolic syndrome in combination with exercise, aerobic exercise training, resistance 
exercise training, and the components of the metabolic syndrome. The search with 
‘metabolic syndrome and exercise’ yielded 3,112 citations. This was narrowed to 
794 reports for the key words of ‘exercise training and metabolic syndrome’. The 
author self-selected 89 studies, which included adults (>18 years of age with no 
upper age limit), were longitudinal investigations or a meta-analysis, included the 
components of the metabolic syndrome, and were deemed most relevant to this 
chapter. There were no specifi c inclusion criteria with regard to the date/year when 
the article was published up to June 2014. All studies were published in the English 
language.   
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    Relevant Research 

    The Components of the Metabolic Syndrome in Relationship 
to Exercise and Hypertension 

    Prevalence of Overweight and Obesity 

 Central adiposity, specifi cally estimated by waist circumference, is a key  component 
of the metabolic syndrome. Overweight and obesity increase the risk for hyperten-
sion. BMI, a measure of an individual’s weight in relation to height, is used to defi ne 
overweight and obesity with a BMI between 25 and 29 kg/m –2  defi ned as over-
weight and a BMI  > 30 kg/m –2  defi ned as obese. Obesity can be further classifi ed 
into Class I obesity (30.0–34.9 kg/m –2 ), Class II obesity (35.0–39.9 kg/m –2 ), and 
Class III or morbid obesity (>40 kg/m –2 ). 

 In 1960, the National Center for Health Statistics began tracking the prevalence 
and trends of overweight U.S. adults who then completed the National Health 
Examination Survey (NHES I), and NHANES I, II, and III continuous to the year 
2000 [ 26 ]. To illustrate the changing face of obesity in the United States, the preva-
lence of obesity increased signifi cantly from NHANES II (1976–1980) to NHANES 
III (1988–1994), specifi cally from 14.5 to 22.5 % [ 27 ]. The prevalence of over-
weight and obese from 1988 to 1994 was about 55 %. From 1999 to 2004 there was 
not an increase in prevalence of obesity in women but obesity increased in men. 

 In NHANES data (2007–2008) [ 28 ], there was a 68 % age-adjusted prevalence 
of overweight and obesity, with a prevalence of 72 % in men and slightly lower 
prevalence of 64 % among women. The likelihood of being obese was signifi cantly 
higher if men and women were between 40 and 59 years of age as well as over 60 
years compared to younger (20–39 years) men and women. The prevalence of obe-
sity varied by age and racial groups for men and women such that the likelihood of 
being obese was signifi cantly greater in men and women who were non-Hispanic 
black compared to non-Hispanic white men and women [ 28 ]. 

 Trends in obesity from the 2009–1010 NHANES survey did not differ signifi -
cantly from the previous data from years 2003 to 2008 with estimates of obesity as 
35.5 % in men and a similar 35.8 % in women [ 29 ]. Examination of the prevalence 
of combined overweight and obesity shows an overall prevalence of 68.8 % with 
slighter higher rates in men (73.9 %) than women (63.7 %) [ 29 ]. Approximately 
35 % of older (persons aged 65 and over) adults in the NHANES (2007–2010) sur-
vey were considered obese [ 30 ]. The prevalence of obesity was ~41 % among those 
65–74 years old and dropped to ~28 % in those over 75 years of age. Among men, 
obesity prevalence did not differ by race or ethnicity but among women, a higher 
percentage of non-Hispanic black women were obese than non-Hispanic white 
women with no differences between non-Hispanic black and Hispanic women [ 30 ]. 
National survey data can continue to provide a representative sample to assess over-
all trends and prevalence in overweight and obesity in the United States.  
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    Overweight and Obesity, Blood Pressure, and Exercise Training 

 Systematic reviews and meta-analyses have tested how effi cacious exercise 
 programs are in reducing obesity. In one early meta-analysis of 53 aerobic training 
studies published between 1950 and 1988, loss of body fat with exercise training 
averaged 1.5 kg, was greater in men than women, and the energy expended during 
exercise and initial body fat levels accounted for most of the variance in body weight 
loss [ 31 ]. A meta-analysis of 25 years of published works (1969–1994) including 
493 studies of individuals with moderate obesity, diet or diet plus aerobic exercise 
had an average weight loss of ~11 kg whereas exercise alone had a ~3 kg weight 
loss [ 32 ]. In 14 randomized controlled trials selected from 184 papers published 
from 1970 to 2010, 6 months of aerobic exercise training had a modest effect on 
reducing body weight (−1.6 to −2.5 kg) with reductions in both SBP and DBP [ 33 ]. 
In older adults with overweight, exercise was associated with a weight loss of 
1.1–6 kg from nine studies systematically reviewed and published between 2000 
and 2011 [ 34 ]. In summary, these reviews and meta-analysis studies would suggest 
a ~1.5 to 3 kg loss of body weight with exercise training alone. 

 Given that exercise training can reduce body weight and the focus of this chapter 
is exercise training and hypertension within the metabolic syndrome, it should be 
briefl y mentioned that weight loss alone is important in the reduction of risk for 
hypertension. For example, in adults with overweight in the Framingham study, a 
weight loss of 6.8 kg or more resulted in a 21–29 % reduction in long-term hyper-
tension risk even after adjustment for multiple factors including age, sex, education, 
BMI, physical activity, smoking, and alcohol intake [ 35 ]. When weight loss was 
maintained during a 4-year follow-up, there was also a substantial reduction (22–
26 %) in hypertension risk. Thus, interventions to reduce overweight and obesity, 
either through physical activity, diet, or a combination of these lifestyle modifi ca-
tions, are important to consider in obesity-related hypertension. 

 A meta-analysis of 54 randomized, controlled trials demonstrated that aerobic 
exercise training reduced BP in persons with normal BP and hypertension [ 36 ]; with 
a mean reduction in SBP of 4 and 2 mmHg in DBP for those with normal BP and 
~5 and ~4 mmHg reduction in SBP and DBP, respectively for those with hyperten-
sion. The reductions in BP occurred even in participants whose BMI fell into the 
normal weight range [ 36 ]. Furthermore, in this meta-analysis there was no associa-
tion between the change in body weight and change in BP so that even in trials 
where the participants did not lose weight, BP was signifi cantly reduced [ 36 ]. 
Furthermore, the reduction in BP was not signifi cantly different among clinical tri-
als even when the frequency, intensity, time, and type (FITT) of the aerobic exercise 
training varied [ 36 ]. Thus, those individuals with hypertension had the greatest BP 
benefi ts with aerobic training, independent of body weight change. For a complete 
review of how various modalities of exercise training infl uence BP, the reader is 
referred to section “Introduction”. 

 The  Obesity Society  and the  American Society of Hypertension  published a 
 position statement in reference to the interaction of obesity and hypertension [ 37 ]. 
This paper also provides clinicians and members of both societies a review of the 
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cardiovascular risk of obesity-related hypertension and the metabolic syndrome and 
insight into the lifestyle, pharmacological, and medical management of obesity and 
hypertension. In summary, a healthy lifestyle facilitates weight loss and is important 
in the prevention and treatment of obesity-related hypertension.  

    Insulin Resistance, Blood Pressure, and Exercise Training 

 An elevated fasting glucose is one component of the metabolic syndrome. When 
Syndrome X was fi rst established [ 2 ], skeletal muscle insulin resistance was cred-
ited as the primary underlying mechanism. Insulin resistance is defi ned as a reduc-
tion in glucose disposal rate elicited by a given insulin concentration [ 38 ]. 
Sophisticated methods are available that directly measure insulin sensitivity and are 
used in studies of insulin resistance include the hyperinsulinemic-euglycemic 
clamp, the hyperglycemic clamp [ 39 ,  40 ], and the intravenous glucose tolerance test 
(IVGTT) or frequently sampled intravenous glucose tolerance test (FSIVGTT) with 
minimal model of analysis of Bergman and colleagues [ 41 ]. 

 In the hyperinsulinemic-euglycemic clamp procedure, insulin is infused at phys-
iological rates (10 and 40 mU m −2  min −1 ), intermediate rates (100 mU m −2  min −1 ), 
and super-physiological rates (>100 mU m −2  min −1 ) to achieve steady-state insulin 
concentrations. Glucose is infused at a variable rate to maintain euglycemia and the 
rate of glucose infusion increases progressively until attainment of a steady state 
over several hours. The glucose infusion rate, equal to the glucose uptake in steady 
state, is used as an index of whole-body insulin sensitivity. Alternatively, the glu-
cose utilization (M) is divided by the prevailing degree of hyperinsulinemia (or M/I) 
to obtain an index of insulin sensitivity. In the hyperglycemic clamp technique, 
plasma glucose is acutely raised and subsequently maintained by adjustment of a 
variable glucose infusion and the plasma insulin response is measured. The 
 relationship of M to I (i.e., the slope of the curve indicating the amount of glucose 
infused to maintain hyperglycemia at the desired level and the mean plasma insulin 
concentration) is used to estimate insulin sensitivity during a hyperglycemic clamp. 
The IVGTT and FSIVGT approach rely on the pancreatic insulin response to an IV 
bolus/injection of glucose for the calculation of insulin sensitivity where blood sam-
ples are collected at specifi c time intervals. A computer analysis of the kinetics of 
glucose and insulin are modeled to derive a measurement of insulin sensitivity. 

 Of import of this chapter is that insulin resistance is associated with hypertension 
[ 42 ]. Mechanisms that may contribute to the link between insulin resistance and 
hypertension may include the vasodilatory effects of insulin [ 43 ], the effect of insulin 
on sodium reabsorption in the kidney [ 44 ], and the ability of insulin to increase sym-
pathetic nervous system activity [ 45 ]. Lifestyle interventions reduce the progression 
to diabetes mellitus in individuals with impaired glucose tolerance. In the Diabetes 
Prevention Trial [ 46 ], over 3,000 adults who had either high fasting or 2 h postpran-
dial glucose levels but were not diagnostic of diabetes mellitus were randomized to 
either standard lifestyle recommendations plus placebo, standard lifestyle 
 recommendations plus metformin, or an intensive lifestyle modifi cation program. 
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The goals of the intensive lifestyle program were to achieve weight reduction of 7 % 
by a low-calorie, low-fat diet, and perform moderate intensity physical activity such 
as brisk walking for at least 150 min per week. The program was taught one-to-one 
for the fi rst 24 weeks of the intervention, and subsequently followed by individual 
and group sessions (~monthly) for reinforcement. Both the metformin and lifestyle 
intervention groups experienced prevented or delayed progression to diabetes mel-
litus during the follow-up period (average of 2.8 years, range 1.8–4.6) compared to 
the placebo group. The incidence of diabetes mellitus was reduced by 58 % with the 
lifestyle intervention and by 31 % with metformin, and these reductions were inde-
pendent of sex/gender and race/ethnicity [ 47 ]. At study entry, 30 % of participants 
had hypertension, which did not change in the intensive lifestyle group [ 48 ]. This 
contrasts the increase in hypertension prevalence in the placebo and metformin 
groups. The intensive lifestyle modifi cation group reduced SBP (−3.4 mmHg) and 
DBP (−3.6 mmHg) at 1 year with similar reductions by year 3 (−3.3 and −3.8 mmHg, 
respectively) [ 48 ]. 

 In the Da Qing Diabetes Prevention Study [ 49 ], adults with impaired glucose 
tolerance were followed for 6 years after randomization to control or lifestyle inter-
vention groups (i.e., diet, exercise, or both). Results indicated that the diet plus 
exercise group reduced the incidence of diabetes mellitus, with the greatest effect in 
the less insulin resistant groups who had ~50 % decrease in the incidence of diabe-
tes mellitus. In addition, the lifestyle intervention was associated with a 47 % reduc-
tion in the incidence of severe, vision-threatening retinopathy over a 20 year interval 
which was primarily due to the reduced incidence of diabetes in this group [ 50 ]. 
Finally, the 23-year follow-up of the Da Qing study indicated that CVD mortality 
was ~12 % in the intervention group (diet, exercise, or both) compared to ~20 % in 
the control group [ 51 ], providing additional evidence for benefi ts of lifestyle 
modifi cations. 

 Aerobic exercise training generally results in an improvement in insulin sensitiv-
ity. Sedentary postmenopausal women completed a 5 day per week walking pro-
gram for 15 weeks at an intensity of 65 % of maximum oxygen consumption 
(VO 2max ) and expended a total of 300 kcal·day −1  in either one or two daily walking 
bouts [ 52 ]. Fasting glucose, 2 h glucose, and DBP (mean decrease of −3.0 mmHg) 
were reduced with no difference in the effect of one or two daily bouts of exercise 
and with little effect on SBP. Women randomized to walk at either 45 or 55 % of 
VO 2 max did not have a signifi cant change in BP; the authors suggest that a higher 
exercise intensity of 65 % VO 2 max is needed to induce minimal changes in CVD 
risk factors [ 52 ]. A relatively short aerobic exercise training program of 12 weeks 
(60 min 3 times/week at 85 % maximum heart rate [HRmax]) in ~70 year old men 
and women led to a 11–13 % increase in glucose disposal [ 53 ], without changes in 
body weight or fat mass. In young males, one-legged cycling training 30 min per 
day, 6 days per week for 10 weeks at 70 % VO 2 max increased glucose uptake in the 
trained leg at three different insulin levels [ 54 ]. Both moderate (30 min, 
300 kcal·day −1 ) and high (60 min, 600 kcal·day −1 ) caloric expenditure aerobic train-
ing 5–7 days per week for 11 weeks at an average exercise intensity of 67 % VO 2 max 
increased whole body insulin sensitivity by 28 and 36 % in the moderate and high 
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energy expenditure groups, respectively, but did not signifi cantly change either SBP 
or DBP [ 55 ]. Moreover, the insulin-stimulated glucose uptake measured by imaging 
occurred in femoral skeletal muscle but not in femoral subcutaneous or intra- or 
retroperitoneal visceral adipose tissue [ 56 ]. In as little as 6 weeks of aerobic exer-
cise training, glucose utilization increased and hepatic glucose production was more 
effectively suppressed in young women with obesity [ 57 ]. Thus, aerobic training 
programs from 10 to 15 weeks duration increased skeletal muscle and whole body 
glucose uptake. 

 Longer duration of exercise training of 6–9 months also improves insulin sensi-
tivity. Six months of aerobic exercise training (45 min, 5 days per week at 80–85 % 
of heart rate reserve [ HRR]) increased insulin sensitivity measured by the minimal 
model by 36 % in healthy older men (aged 61–82 years) [ 58 ]. In addition, 9 months 
of aerobic exercise training (45 min, 4 days per week at 80–85 % of HRmax) in 
60–70 year old men and women decreased plasma insulin levels by 23 % without 
changing glucose uptake during a hyperglycemic clamp such that insulin action 
(M/I) improved after the exercise program [ 59 ]. Houmard et al. [ 60 ] examined sub-
jects with overweight and obesity in three exercise groups for 6 months that 
included: 1) low-volume/moderate-intensity (115 min per week, ~12 miles walking/
week at 40–55 % VO 2peak , 2) low-volume/high-intensity group (~170 min per week, 
~20 miles jogging/week at 65–80 % VO 2peak ), and 3) high-volume/high intensity 
(~170 min per week, ~20 miles jogging per week at 65–80 % VO 2peak ). They found 
that insulin action increased as measured by the IVGTT between 38 and 88 % in 
these exercise groups compared with a ~4 % decrease observed in the non- exercising 
control group. Insulin sensitivity index increased more after 6 months of aerobic 
training that focused on greater exercise duration and frequency than an aerobic 
training program of lower duration and frequency (i.e., ~170 vs. ~115 min per 
week) in adults with overweight and obesity. Since these fi ndings occurred  regardless 
of exercise intensity and volume, the authors suggested that training duration be an 
important consideration if favorable changes in insulin sensitivity is a goal of the 
exercise prescription [ 60 ]. 

 Aerobic exercise has been combined with various forms of weight loss programs 
or diets to examine their effects on insulin sensitivity. A 16 week aerobic training 
program (4–6 exercise sessions per week) that progressed from 30 min per session 
at 60–70 % of HRmax to 40 min per session at 75 % HRmax resulted in a 8 % loss 
of weight and increased glucose utilization by 49 % in young men and women with 
obesity [ 61 ]. Both a high carbohydrate diet alone or combined with aerobic exercise 
training (4 days per week, 45 min per day at 80 % VO 2 peak) resulted in a loss of 
body weight and increased insulin stimulated glucose disposal in older participants 
[ 62 ]. A 6 month combined aerobic exercise training (three times per week, 45 min 
per session at >60 % VO 2 max) and weight loss program (6–8 % loss of body weight) 
effectively improved insulin sensitivity in postmenopausal women with overweight 
and obesity compared to weight loss alone [ 63 ]. The loss of visceral fat was the 
single independent predictor of the improvement in glucose metabolism. 

 We have also showed an overall 14 % increase in insulin sensitivity measured by 
the hyperinsulinemic-euglycemic clamp in postmenopausal women with normal or 
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impaired glucose tolerance after they completed a 6 month aerobic exercise training 
program (three times per week, 45 min per session at >85 % HRR) plus caloric 
restriction or caloric restriction alone [ 64 ]. About 40 % of the women were on an 
antihypertensive medication during the study. SBP signifi cantly decreased in 
women after either weight loss alone or combined exercise plus weight loss [ 65 ]. In 
testing potential skeletal muscle mechanisms, we reported that the increase in insu-
lin sensitivity was associated with the change in insulin-stimulated skeletal muscle 
glycogen synthase (GS) fractional activity [ 64 ]. In women with impaired glucose 
tolerance, insulin-stimulated GS independent activity improved, suggesting that the 
increase in insulin-stimulated GS activity contributed to the improvement in insulin 
sensitivity after aerobic exercise training plus caloric restriction. 

 In older, insulin-resistant men with overweight and obesity, a 6 month aerobic 
exercise training (three times per week, 45–50 min per session at 60–70 % VO 2 max) 
plus weight loss program increased basal citrate synthase activity by 46 % and insu-
lin activation of independent (2.9-fold) and fractional (2.3-fold) activities of GS 
[ 66 ]. Glucose utilization improved 25 %, and the change tended to be related to the 
increase in insulin activation of GS fractional activity suggesting that aerobic exer-
cise training plus weight loss had a robust effect on insulin activation of skeletal 
muscle GS activity that likely contributed to improved glucose utilization in these 
older men with insulin resistance [ 66 ]. In summary, aerobic training elicits increases 
in insulin sensitivity from ~15 to 50 % in a variety of populations including subjects 
who are healthy and overweight and obese and range in age from young to middle- 
aged to old. 

 Several studies [ 67 – 69 ], including some of our own [ 70 – 72 ], have reported an 
increase in insulin sensitivity using the glucose clamp or the FSIVGT after resis-
tance exercise training. Older men with hypertension who performed resistance 
training of two sets of 10–12 repetitions that increased the weight lifted by ~5 kg 
after achieving 12 repetitions at that weight, 3 days per week for 4 months had an 
approximate 15 % increase in glucose uptake during the glucose clamp [ 67 ]. Similar 
improvements (~24 %) in insulin-stimulated glucose uptake were reported in older 
men after a 3 times per week, 6 month resistance training program of 11 exercises 
of one to two sets at 12–15 repetition maximum (RM) [ 72 ]. An ~25 % increase in 
insulin sensitivity by the FSIVGT was reported in older sedentary men newly diag-
nosed with type 2 diabetes mellitus after a 16 week upper and lower body resistance 
training program performed twice-weekly for 45–60 min per session [ 68 ]. The 
training program began at 50–70 % of RM for three to four sets of 10–15 repetitions 
per et for the fi rst 8 weeks and then progressed to fi ve to six repetitions per set at 
higher loads (70–80 % RM) for the last 8 weeks [ 68 ]. Likewise, healthy older men 
who completed 16 weeks of resistance training at 70–95 % 1-RM 4 days per week 
had a ~33 % [ 69 ] increase in insulin sensitivity by the FSIVGT. 

 Furthermore, postmenopausal women completed 16 weeks of 14 upper and 
lower body resistance exercises which began at ~5-RM for the fi rst three to four 
repetitions with the resistance reduced to complete a total of 15 repetitions for maxi-
mal effort on every repetition [ 71 ]. Two sets of lower body exercises were per-
formed. Both resistance training with and without weight loss improved insulin 
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action during a hyperglycemic clamp [ 71 ]. A 6 month progressive resistance  training 
program (fi rst 12 weeks one set with 15 repetitions of upper body exercises and two 
sets of 15 repetitions of lower body exercises, and second 12 weeks one set of 8-RM 
of upper body exercises and two sets of 10-RM) only tended to improve insulin 
sensitivity in older (>65 years of age) men and women [ 70 ]. In older men with 
overweight and obesity, there are comparable improvements in insulin-stimulated 
glucose disposal after either aerobic or resistance exercise training [ 73 ], but an 
increase in insulin activation of skeletal muscle GS occurred only in the aerobic 
training group. Although little is known regarding the effects of resistance exercise 
training on insulin sensitivity in disabled populations, we showed a 16 % reduction 
in insulin area under the curve from an oral glucose tolerance test and a 31 % 
increase in insulin sensitivity measured during a hyperglycemic clamp in older men 
and women who were survivors of stroke [ 74 ]. In summary, resistance exercise 
training elicits increases in insulin sensitivity from ~15 to 35 % in a variety of popu-
lations including subjects who are healthy and overweight and obese, and range in 
age from young to middle-aged to old. Thus, both aerobic and resistance training 
improve insulin sensitivity with a comparable change between exercise modalities.  

    Lipids and Exercise Training 

 High fasting TG and low levels of HDL-C are two components of the lipid- 
lipoprotein profi le that also are components of the metabolic syndrome. There is 
substantial evidence to suggest that physical activity is a preventive for developing 
CVD by its favorable effect on circulating lipids and lipoproteins (see Chap.   14     for 
a detailed discussion of lipids and lipoproteins). The lipid triad or “atherogenic 
lipoprotein phenotype” includes increased plasma TG levels, decreased HDL-C, 
and the presence of small, dense low density lipoprotein cholesterol (LDL-C) par-
ticles [ 75 ]. This phenotype is clinically important because of its association with 
CVD risk [ 75 ]. 

 Endurance athletes have higher HDL-C levels and lower TG concentrations than 
sedentary individuals [ 76 ,  77 ]. Furthermore, endurance athletes who are women 
have been shown to have a less atherogenic lipoprotein subfraction distribution, as 
well as a more favorable total lipid profi le, than sedentary women of a similar age 
and BMI [ 77 ]. In general, aerobic exercise training increases HDL-C but has mar-
ginal effects on total and LDL-C. The increase in HDL-C is usually observed with 
aerobic exercise training and primarily involves an increase in the HDL 2  fraction 
and lipoprotein lipase (LPL) activity as well as a reduction in hormone sensitive 
lipase (HSL) activity [ 78 ]. Aerobic exercise training also has been shown to reduce 
the concentration of small, dense LDL-C particles, increases LDL-C particle diam-
eter, increases HDL 2  mass, and decreases very-low-density lipoprotein (VLDL) 
mass [ 76 ,  79 ]. Resistance exercise training exercise may have little effect [ 80 – 84 ] or 
has been shown to improve [ 4 ,  85 – 87 ] lipid-lipoprotein levels in adults. For a 
detailed discussion of how exercise training infl uences the lipids-lipoprotein profi le, 
the reader is referred to Chap.   13    .  
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    The Metabolic Syndrome, BP, and Exercise 

 Regular physical activity and increased physical fi tness may decrease the risk of 
the metabolic syndrome in various populations. In over 1,000 adults, aerobic fi t-
ness was inversely associated with metabolic syndrome risk [ 88 ]. Moreover, it 
appears that muscular strength additionally reduces the risk for the metabolic syn-
drome in women but not in men. The metabolic syndrome in Mexican adults was 
associated with low levels of physical activity [ 89 ]. Specifi cally, the risk of the 
metabolic syndrome was reduced among men and women whose leisure time activ-
ity was at least 30 min per day. In male fi refi ghters, greater cardiorespiratory fi tness 
was associated with less metabolic abnormalities [ 90 ]. In Korean young men, those 
with moderate to high cardiorespiratory fi tness had better metabolic risk profi les 
than men with low cardiorespiratory fi tness [ 91 ]. Further, men with low to moder-
ate fi tness had odds ratios of ~4.6 and 2.5 for having the metabolic syndrome com-
pared to the high cardiorespiratory fi tness group even after adjustment for age, 
smoking, and percent body fat [ 91 ]. In young and middle-aged adults, the benefi ts 
of moderate to high cardiorespiratory fi tness were only found in those with low 
waist circumference [ 92 ]. 

 Several retrospective analyses convey the importance of physical activity and 
fi tness in metabolic syndrome risk. Changes in metabolic syndrome status and aero-
bic capacity were studied in men and women participating in a health enhancement 
program over a 3 year period [ 93 ]. Those men and women who increased the time 
on the treadmill during an exercise test had a decline in the presence of the meta-
bolic syndrome, whereas those who had worse treadmill times, and thus reduced 
their fi tness, acquired the metabolic syndrome [ 93 ]. In a prospective ~6 year study 
of Caucasian middle-aged adults who initially did not have the metabolic syndrome, 
those individuals who progressed to metabolic syndrome status had lower levels of 
physical activity energy expenditure even after adjustment for age, smoking, socio-
economic status, and other factors [ 94 ]. They further determined that the effect of 
physical activity on the development of the metabolic syndrome was independent of 
aerobic fi tness and obesity [ 94 ]. 

 In a large (over 7,000) group of women who were divided into quintiles by aero-
bic fi tness, the prevalence of the metabolic syndrome was lower across quintiles of 
increasing fi tness after adjustment for age and smoking status [ 95 ]. In a 7 year lon-
gitudinal follow-up of almost 40,000 individuals who had either low, moderate, or 
high cardiorespiratory fi tness by a treadmill test, greater fi tness levels were inversely 
associated with metabolic syndrome (continuous score based on the average indi-
vidual component z-scores comprising the metabolic syndrome) in both men and 
women [ 96 ]. In this study, three different statistical models were tested including: 
model 1 which adjusted for age and examination year; model 2 which adjusted for 
age, examination year, BMI, smoking, alcohol intake, and family history of CVD; 
and model 3 which adjusted for age, examination year, BMI, physical activity, 
smoking, alcohol intake, hypercholesterolemia, hypertension, diabetes, and family 
history of CVD. Lower metabolic syndrome scores were associated with increased 
fi tness for men in all three models at the same level of signifi cance. In women, 
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lower metabolic syndrome scores were also observed across fi tness groups for models 
1 and 2, but model 3 did not show a signifi cant difference between the moderate and 
high fi tness groups. Furthermore, this association was also tested for the individual 
components so that waist circumference, TG, LDL-C, and DBP were inversely 
related to fi tness in both sexes. HDL-C was signifi cantly and positively related to 
fi tness level in both sexes. Thus, there is a signifi cant inverse relationship between 
fi tness level and the presence of the metabolic syndrome for both men and women. 

 The effi cacy of exercise training in treating the metabolic syndrome was reported 
in over 600 participants from the  HE alth  RI sk Factors, Exercise  TRA ining and 
 GE netics Family Study (HERITAGE) who underwent a 20 week moderate intensity 
aerobic exercise training program [ 97 ]. At baseline, the prevalence of the metabolic 
syndrome was ~17 %. Notably, ~30 % of the individuals with the metabolic syn-
drome at baseline were no longer classifi ed as having the metabolic syndrome after 
completing the training program. These improvements were evident by decreases in 
TG concentrations (43 % of individuals), BP (38 % of individuals), and waist cir-
cumference (28 % of individuals), and improvements in HDL-C (16 % of individu-
als) and fasting glucose levels (9 % of individuals). Importantly, there were no sex 
or race differences in the effi cacy of the exercise training in treating the metabolic 
syndrome [ 97 ]. 

 Risk factors associated with the metabolic syndrome were compared in women 
with and without estrogen replacement therapy in the HERITAGE Family Study 
[ 98 ]. These investigators found no difference in the percentage classifi ed as having 
the metabolic syndrome between the two groups. However, when the groups were 
classifi ed with respect to the number of components of the metabolic syndrome, 
there were a greater percentage of women not taking hormones who had two or 
more components of the metabolic syndrome [ 98 ]. Furthermore, the 20 week exer-
cise training intervention did not improve the overall metabolic syndrome status of 
either group. It is unclear why these results contrast those from their larger study as 
described above. 

 We studied the effects of a 6 month combined weight loss and low intensity 
walking exercise training program (1 day per week on a treadmill at 50–60 % HRR 
for 45 min and 2 days per week at the same intensity on their own) in postmeno-
pausal women with and without the metabolic syndrome [ 99 ]. There were signifi -
cant reductions in waist circumference, TG, and glucose levels in women with the 
metabolic syndrome. When the women with the metabolic syndrome were divided 
into two groups based on conversion to non-metabolic syndrome status after the 
weight loss and exercise intervention, those who responded favorably had greater 
changes in BP and fasting glucose than the non-converters. In women with the met-
abolic syndrome, the moderate weight loss and low intensity exercise training 
reduced the prevalence of the metabolic syndrome by 45 %. Furthermore, the results 
suggested that reductions in TG, glucose, and BP are the metabolic syndrome crite-
ria primarily associated with conversion from metabolic syndrome to non-metabolic 
syndrome status (Fig.  12.2 ) [ 99 ].  

 In older (mean age 65 years) men and women with the metabolic syndrome upon 
enrollment, 12 weeks of aerobic exercise training consisting of treadmill or cycle 
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exercise 50–60 min per day, 5 days/per week at 80–85 % HRmax or in combination 
with caloric restriction improved several components of the metabolic syndrome, 
including reductions in waist circumference, SBP, DBP, fasting glucose, and TG 
without a change in HDL-Cl [ 100 ]. The addition of the weight loss did not appear 
to have an added benefi t to exercise on reductions in these components of the meta-
bolic syndrome [ 100 ]. 

 There are a few studies examining the effects of weight regain or exercise detrain-
ing in the metabolic syndrome. Thomas et al. [ 101 ] studied young and middle-aged 
men and women with at least two characteristics of the metabolic syndrome who 
fi rst underwent a combined aerobic (walking or jogging which progressed to 60 % 
VO 2 max for 45 min per day, 5 days per week for 6 months) and diet program fol-
lowed by randomization to either an exercise group (continued exercise at 60 % 
VO 2 max, 5 days per week, three sessions per week for 4–6 months) or no exercise 
training group (discontinued exercise training). Energy intake was prescribed to 
cause regain of lost body weight in the second phase of this study. Changes in body 
weight were evaluated 4–6 months after the weight loss phase. Waist circumfer-
ence, TG, and total cholesterol decreased signifi cantly after the weight loss plus 
exercise program. However, in subjects with a weight regain of over 50 % of lost 
weight, waist circumference signifi cantly increased and total cholesterol and TG 
levels generally deteriorated in both groups. Both SBP and DBP decreased after the 
weight loss plus exercise, but these benefi cial effects were maintained only in the 
exercise group during weight regain [ 101 ]. Likewise, the increase in HDL-C was 
maintained during partial weight regain in the exercise group. The results of this 
study confi rm the benefi ts of aerobic exercise combined with weight loss on 
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  Fig. 12.2    Responses of metabolic syndrome (MetSyn) criteria to weight loss + low intensity exer-
cise (WL + LEX) in Nonresponders (NR) and Responders (R).  TG  triglyceride,  HDL-C  high- 
density lipoprotein cholesterol,  BP  blood pressure.  Asterisk  Indicates that the difference (pre- and 
post-WL + LEX) in the number of MetSyn participants with each MetSyn criteria is signifi cant 
(P < 0.05). Value of the response in NR versus R,  a P = 0.07, †P < 0.05, ‡P < 0.0001. Adapted from [ 99 ]       
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 components of the metabolic syndrome and further suggest that exercise is critical 
during partial weight regain for maintaining the improvements in some of the com-
ponents of the metabolic syndrome. 

 Another study tested the differences in the metabolic syndrome in a large sample 
of Japanese men who were untrained, those who trained and then detrained, and 
those who kept training [ 102 ]. Those men who detrained over several decades had 
more metabolic syndrome risk factors compared to those who had continued exer-
cising. Their results suggest that continuance of exercise is important to prevent the 
loss of the effects of habitual exercise in youth in terms of maintaining favorable 
improvements in the metabolic syndrome components. 

 Several studies have examined the effects of exercise training on the metabolic 
syndrome in middle-aged to older men or women. In subjects (mean age ~53 years) 
with overweight and obesity, a 9 month high intensity interval aerobic plus resis-
tance training program decreased the prevalence of the metabolic syndrome by 
32 % [ 103 ]. In the subgroup of individuals with the metabolic syndrome, the inter-
vention resulted in a signifi cant decrease in waist circumference, resting SBP, and 
TG and increased HDL-C; thus, modifying four components of the metabolic syn-
drome. Older women with the metabolic syndrome were randomized to either: 1) a 
12 month exercise program of two sessions per week that included 20 min of aero-
bic dance at 70–85 % HRmax, static and dynamic balance exercises, isometric fl oor 
exercises, and dynamic strength training of the trunk and legs with elastic belts; and 
two 20 min home training sessions of isometric exercises, belt and stretching exer-
cises; or 2) a wellness control group that alternated 60 min of low intensity physical 
activity 1 day per week for 10 weeks with 10 week intervals without training for 12 
months [ 104 ]. Exercise training decreased TG, SBP, and DBP and increased HDL-C 
but did not signifi cantly change fasting glucose resulting in a signifi cant decrease in 
the number of components of the metabolic syndrome criteria. The control group 
also had signifi cant improvements in BP (decreased SBP and DBP) but did not sig-
nifi cantly change TG or HDL-C [ 104 ]. Thus, a versatile exercise program is effec-
tive in reducing components of the metabolic syndrome in postmenopausal women 
with the metabolic syndrome. 

 In older men and women (aged 70–89 years), a 12 month randomized clinical 
trial of a physical activity intervention (walking 5 or more days per week at least 
150 min per week, lower extremity strength exercises performed at a Borg rating of 
perceived exertion of 15–16 on the 20 point scale of two sets of 10 repetitions, and 
balance and fl exibility exercises) compared to a health education intervention 
resulted in a decrease in the prevalence of the metabolic syndrome from baseline to 
6 months in both groups without a further reduction the last 6 months of the trial in 
both the physical activity and education groups [ 105 ]. Given that the physical activ-
ity group did not have a greater effect on the prevalence of the metabolic syndrome 
compared to the education group, the authors suggested that use of medications may 
have explained their fi ndings. 

 A 12 week aerobic exercise training program (5 sessions per week at 60–70 % 
HRR) compared to control resulted in decreased in waist circumference, BMI, and 
blood glucose but not BP in premenopausal or postmenopausal women with the 
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metabolic syndrome [ 106 ]. The aerobic training intervention also did not change 
the BP response to an acute bout of exercise measured at 10 min intervals for 1 h 
of recovery from exercise in women with the metabolic syndrome regardless of 
menopausal status [ 106 ]. Older (50–70 years) men and women with the metabolic 
syndrome were randomized to one of three exercise interventions (high-resistance-
moderate-aerobic, moderate-resistance-high aerobic, or moderate resistance-mod-
erate aerobic) and compared to a control group who did not have any of the defi ned 
criteria of the metabolic syndrome or chronic disease and no routine medications. 
There was a signifi cant reduction in waist circumference, SBP, DBP, fasting glu-
cose, and TG and an increase in HDL-C in all exercise groups [ 107 ]. Although 
outcomes of the metabolic syndrome improved in all exercise groups, they did not 
achieve the healthy values reported for the control group (non- metabolic 
syndrome). 

 In another study of sedentary patients with the metabolic syndrome that had 
hypertension and were overweight, weight reduction by diet alone and diet plus 
exercise (40 min of aerobic training 2 sessions per week at 60–80 % of HRR) 
resulted in improvements in components of the metabolic syndrome [ 108 ]. There 
were signifi cant reductions in BP, TG levels, hemoglobin A 1c  levels, and the waist- 
hip ratio, with signifi cant increases in HDL-C. However, the exercise training pro-
gram did not confer any added benefi t with respect to improvements in the metabolic 
syndrome components than diet alone. Yet, importantly this study was performed in 
a rural setting implicating the general applicability of these interventions to seden-
tary individuals with overweight and the metabolic syndrome. 

 Exercise training was compared to a control group given guidelines for exercise 
among older adults (55–75 years) with elevated SBP or DBP not taking medications 
for their high BP [ 109 ]. Those individuals randomized to 6 months of 3 days per 
week of exercise training performed two sets of 10–15 repetitions at 50 % of 1-RM 
resistance training as well as 45 min of aerobic exercise at 60–90 % HRmax. 
Exercise training reduced abdominal fat, SBP, and DBP, and increased HDL- 
C. Participants had a baseline prevalence of the metabolic syndrome of 42 %, and 
approximately 18 % of those who participated in a 6 month training program no 
longer had the metabolic syndrome after exercise training compared to a somewhat 
similar 15 % of controls. However, a small percentage (~8 %) of controls developed 
the metabolic syndrome after the control period [ 109 ]. Thus, exercise training 
reduced body fat and improved the number of components of the metabolic syn-
drome in older adults with mild hypertension. 

 Finucane et al. conducted a randomized controlled trial of 12 weeks aerobic 
exercise training (three, 1 h sessions per week of cycling exercise at 50–70 % of 
maximal watts) versus control (continuance of usual physical activity levels) among 
older men and women (mean age ~71 years). They found that the exercise group 
had a reduction in body weight and waist circumference but BP and lipid profi les 
did not change signifi cantly [ 110 ]. Although other metabolic outcomes changed 
favorably with the exercise training (i.e., insulin levels after glucose load, and intra-
hepatic lipid), there was only a trend toward a reduced composite metabolic risk 
score in the intervention group. Thus, not all studies completely agree on which 
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components of the metabolic syndrome favorably change with exercise training in 
subjects with the metabolic syndrome, and whether there is a signifi cantly greater 
response than a non-exercising control group.    

    Clinical Implications and Importance 

 The prevalence of the metabolic syndrome is likely to continue to rise given the 
increase in obesity around the world. Individuals with the metabolic syndrome are 
at heightened risk for future disease and are more likely to die from CVD. The meta-
bolic syndrome is characterized by abdominal obesity, atherogenic dyslipidemia, 
hypertension, and insulin resistance. The constellation of phenotypic and metabolic 
factors place individuals at risk for chronic disease. Hypertension is one component 
of the metabolic syndrome that is modifi able by medication, weight loss, and exer-
cise training as well as a combination of exercise, diet, and pharmacologic therapy. 

    Exercise Prescription for the Metabolic Syndrome 

 Evidence-based exercise prescription recommendations according to the FITT 
( F requency-how often,  I ntensity-how hard,  T ime-duration, and  T ype-mode) prin-
ciple are provided below according to the American College of Sports Medicine 
(ACSM) recommendations [ 111 ].

    Frequency  Most adults should accumulate 30–60 min per day (≥150 min per week) 
of moderate intensity aerobic exercise, 20–60 min per day (≥75 min per week) 
of vigorous intensity aerobic exercise, or a combination of moderate and vigor-
ous intensity aerobic exercise to attain the recommended targeted volumes of 
exercise. The recommended amount of exercise may be accumulated in one con-
tinuous exercise session or in bouts of ≥10 min over the course of a day.  

   Intensity  Moderate (40 to <60 % HRR or oxygen consumption reserve, VO 2reserve ) 
to vigorous (60 to <90 % HRR or VO 2reserve ) intensity aerobic exercise is recom-
mended for most adults, and light (30 to <40 % HRR or VO 2reserve ) to moderate 
intensity aerobic exercise for deconditioned individuals [ 111 ].  

   Time  Exercise duration recommendations are an accumulation of 30–60 min per 
day (≥150 min per week) of moderate intensity aerobic exercise, 20–60 min per 
day (≥75 min per week) of vigorous intensity aerobic exercise, or a combination 
of moderate and vigorous intensity aerobic exercise daily to attain the recom-
mended targeted volumes of exercise whether in one continuous exercise session 
or in bouts of ≥10 min over the course of a day [ 111 ].  

   Type  Recommendations for aerobic exercise include rhythmic moderate intensity 
exercise that involves large muscle groups and requires little skill to perform. 
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Resistance training should be for each of the major muscle groups performed 
2–3 days/week with at least 48 h separating exercises for the same muscle group.    

 For individuals with the metabolic syndrome, special considerations to the 
FITT principle should be paid according to the presence of associated CVD risk 
factors, chronic diseases and health conditions [ 111 ]. Additional special consider-
ations for individuals with the metabolic syndrome include the recommendation to 
begin exercise training at a moderate intensity (i.e. 40 to <60 % VO 2reserve  or HRR) 
and if appropriate, progress to a more vigorous intensity (i.e. ≥60 % VO 2reserve  or 
HRR) [ 111 ]. This totals a minimum of 150 min per week or 30 min per day most 
days of the week. Further recommendations are to reduce body weight by a grad-
ual increase in physical activity levels to ~300 min per week or 50–60 min on 5 
days per week [ 111 ]. This can be accomplished through multiple daily bouts of at 
least 10 min duration or through increases in other forms of moderate intensity 
physical activities [ 111 ]. To promote or maintain weight loss, exercise of longer 
duration (60–90 min per day) may be needed [ 111 ]. Please see detailed discussion 
in Chaps.   2    –  4    , and   6     of the new and emerging evidence for the cardiometabolic 
and vascular health improvements that result from resistance and concurrent (aer-
obic and resistance combined) exercise that would also favorably impact the meta-
bolic syndrome.   

    Conclusion 

 Exercise training and increased physical fi tness promote positive changes in BP, one 
of the components of the metabolic syndrome. Different modalities of exercise (i.e., 
aerobic and resistance exercise training) with and without weight loss have been 
shown to improve the components of the metabolic syndrome. Adopting a physi-
cally active lifestyle should be emphasized in individuals with the metabolic syn-
drome to reduce cardiovascular events in this population. 

 Future research could be directed at possible factors that contribute to why 
some individuals respond better to exercise training in terms of individual compo-
nents of the metabolic syndrome than others as well as reasons why some indi-
viduals can convert from having to not having the metabolic syndrome after 
exercise training. The optimal exercise prescription for individuals with the meta-
bolic syndrome in terms of the dose response and sustainability of exercise train-
ing should be a future research direction. In addition, studies that would help 
elucidate mechanisms at the whole body and tissue level as well as genetic factors 
are needed to further translate the benefi ts of exercise training on the metabolic 
syndrome. More research also needs to be conducted in well-designed exercise 
training studies to examine the health implications and long-term effects of exer-
cise training on individuals classifi ed as having the metabolic syndrome. Last, 
lifestyle strategies to prevent the metabolic syndrome and its components should 
be another primary area of investigation. 
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    Key Points and Resources 

•     Hypertension is a critical component of the metabolic syndrome, which includes 
other criteria, namely central obesity, insulin resistance, and dyslipidemia (high 
triglycerides and low HDL-C).  

•   The ACSM recommends exercise training in the management of the metabolic 
syndrome with special consideration of the presence of associated cardiovascu-
lar risk factors [ 111 ].    

•  Grundy SM, Cleeman JI, Daniels SR, et al. (2005) Diagnosis and management 
of the metabolic syndrome: an American Heart Association/National Heart, 
Lung, and Blood Institute Scientifi c Statement. Circulation 112: 2735–2752 [ 1 ].

•    Landsberg L, Aronne LJ, Beilin LJ, et al. (2013) Obesity-related hypertension: 
pathogenesis, cardiovascular risk, and treatment: a position paper of The Obesity 
Society and the American Society of Hypertension. J Clin Hypertens (Greenwich) 
15: 14–33 [ 31 ].  

•   Pescatello LS RD, Arena R (2013) ACSM’s guidelines for exercise testing and 
prescription. Lippincott Williams & Wilkins, Baltimore, MD [ 111 ].          
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  HDL-C    High density lipoprotein cholesterol   
  HMG CoA    Hydroxy-methylglutaryl coenzyme A   
  LDL-C    Low density lipoprotein cholesterol   
  NCEP ATP III    National Cholesterol Education Program Adult Treatment Panel III   
  PCSK9    Proprotein convertase subtilisin/kexin type 9   
  RAAS    Renin-angiotensin-aldosterone system   
  RCT    Randomized controlled trial   
  SBP    Systolic blood pressure   
  TC    Total cholesterol   
  TG    Triglycerides   

          Introduction 

 Hypercholesterolemia is defi ned as abnormally high levels of the atherogenic 
lipoproteins, of which there are three: very low density lipoprotein (VLDL), 
intermediate density lipoprotein (IDL), and low density lipoprotein cholesterol 
(LDL-C).The degree to which lipoproteins cause atherosclerosis depends in part on 
their size and subsequent ability to enter the arterial wall [ 1 ]. LDL-C is the major 
atherogenic protein and lipid risk marker, as it is strongly associated with athero-
genic events such that a 10 % increase in LDL-C leads to an approximate 20 % 
increase in coronary heart disease (CHD) risk [ 2 ,  3 ]. Triglycerides (TG) are also 
associated with an increase in CHD events, although their link to CHD is complex 
and may be related to the other risk factors such as LDL-C and high density lipopro-
tein cholesterol (HDL-C) subfractions, abdominal obesity, insulin resistance, and 
hypertension [ 4 ]. HDL-C, by contrast, reduces the risk of atherosclerosis and CHD; 
the lower the level of HDL-C, the higher the risk for CHD [ 4 ]. HDL-C is considered 
one of the most malleable lipoprotein risk markers to lifestyle and behavioral inter-
ventions, as it is strongly infl uenced by obesity, smoking, and physical activity [ 2 ]. 

 While the four major blood lipid-lipoprotein measurements (total cholesterol 
(TC), with components of HDL-C, LDL-C, TG) and their ratios in relationship to 
each other are the primary targets used to diagnose and treat cardiovascular disease 
(CVD), there are multiple other lipid-lipoprotein risk markers including VLDL, 
lipoprotein(a), apolipoproteins subtypes A, B and E, and serum proproteinconver-
tasesubtilisin/kexin type 9 (PCSK9). For example, lipoprotein(a) is associated with 
premature coronary disease and atherosclerosis risk [ 5 ], while higher levels of 
PCSK9 decrease the number of hepatic LDL receptors and can produce hypercho-
lesterolemia [ 6 ]. However, to date, strong epidemiological and clinical trial evi-
dence regarding the effi cacy of treating these other lipid-lipoprotein risk markers 
has not been established. 

 Treatment guidelines based primarily on serum LDL-C levels were established 
by the National Cholesterol Education Program (NCEP) Adult Treatment Panel III 
(ATP III) in May 2001 [ 4 ]. These guidelines suggest an LDL-C treatment goal, 
based on current and estimated CVD and CVD risk factors, ranging from 100 to 
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160 mg·dl −1 . In 2004, the NCEP released an update stating that an LDL-C goal of 
<70 mg·dl −1  is “a reasonable clinical strategy” for patients at very high risk of coro-
nary artery disease (CAD) [ 3 ]. Several major clinical trials supported even lower 
LDL-C goals for many patients (e.g., Heart Protection Study (HPS) [ 7 ] and The 
Pravastatin or Atorvastatin Evaluation and Infection Therapy trial (PROVE-IT/
TIMI-22) [ 8 ]). Thus increasing numbers of patients, including older adults and 
those with low initial LDL-C levels, have been advised to reduce cholesterol through 
either lifestyle or pharmacological interventions. Recently released guidelines 
by the American College of Cardiology/American Heart Association (ACC/AHA) 
dramatically revised the treatment guidelines for hyperlipidemia, focusing on risk 
of stroke and coronary disease rather than strictly defi ned target LDL-C levels as a 
rationale to treat an individual (   Table  13.1 ; [ 9 ]). Regardless, abnormal blood lipids 
remain one of the most common risk factors for cardiovascular and metabolic 
disease and as such are the emphasis of clinical intervention strategies.

   Hydroxy-methylglutaryl coenzyme A (HMG CoA) reductase inhibitors or 
statins are the most effective medications for reducing elevated concentrations of 
LDL-C and have been documented to reduce cardiac events in both patients with 
CAD (secondary prevention) and in otherwise healthy subjects (primary preven-
tion). In addition, there are four other classes of cholesterol-lowering drugs (i.e., 
bile acid sequestrants, fenofi brates, nicotinic acid, and cholesterol absorption 
inhibitors [ 10 ]) which are frequently used in combination with statin therapy. 
Lifestyle interventions such as diet and exercise are often underutilized in patients 
with hyperlipidemia, in part because the effectiveness of statin therapy marginal-
izes these more time- intensive, albeit effective, approaches. Consequently, statins 
are so effective that they are presently the most commonly prescribed drugs in the 
United States and the world. According to the Centers for Disease Control (CDC), 
from 2005 to 2008 approximately 25 % of U.S. adults >45 years reported using a 
prescription statin drug in the last 30 days, almost 10-fold higher than reported use 
from 1988 to 1994 [ 11 ]. 

 The purpose of the current chapter is to present the relevant research regarding 
the effectiveness of aerobic and resistance exercise on the lipid-lipoproteins LDL-C, 
HDL-C, and TG, with reference to the comparable effects evoked by common 
cholesterol- lowering drugs and interactions between lipid-lowering pharmaceutical 
therapy and exercise training. This approach is critically important because several 
recent studies have shown that exercise training may be as, if not more, effective than 
certain monotherapies for preventing CVD mortality. For example, a recent meta- 
analysis of major exercise and drug trials (assessing 309 clinical trials with 339,274 
participants) found no statistically detectable difference between exercise and drug 
interventions in mortality outcomes for CHD and prediabetes, and physical activity 
interventions were actually more effective for secondary prevention of stroke mor-
tality [ 12 ]. Consequently, treating exercise as a valuable prescription to prevent and 
treat CVD requires clinicians and researchers to be well trained in the benefi ts and 
effectiveness of exercise training for ameliorating hyperlipidemia. The fi nal section 
of this chapter will address the impact of cholesterol-lowering drugs and exercise 
for dyslipidemia on the concurrent treatment of hypertension, as approximately 20 % 
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of adults with high blood pressure commonly have the comorbidity of one or more 
abnormal lipid-lipoprotein biomarkers, and the prevalence of combined hyperten-
sion and hypercholesterolemia increases substantially with age [ 13 ].  

    Key Terminology and Basic Concepts 

    Coronary Heart Disease and Dyslipidemia 

 CHD is the single leading cause of death in the United States. For example, accord-
ing to the most recent data update [ 14 ], in 2010, CVD (heart disease and stroke) 
accounted for 31.9 % of all deaths, or about one of every three deaths in the United 
States. This equates to >2,150 American adults dying of CVD per day, or one death 
every 40 s. CHD alone accounted for one in six deaths in 2010, and an estimated 
31.9 million adults ≥20 year (or 13.8 % of the population) had hypercholesteremia. 
Resultantly, treating abnormal blood lipids is vital to reduce deaths related to CVD 
in the United States.  

   Table 13.1    Four major differences between National Cholesterol Education Program Adult 
Treatment Panel III (NCEP ATP III) [ 4 ] and American College of Cardiology (ACC)/American 
Heart Association (AHA) [ 9 ] guidelines   

 NCEP ATP III guidelines  ACC/AHA guidelines 

 Treat to target approach  Not enough evidence for targets 
 • Quantitative guidelines for 

LDL-C, HDL-C, and TG 
 • RCTs do not support evidence for numerical targets 

 • Based on number of CVD 
risk factors 

 • Rationale for treating four groups who may benefi t from 
statin therapy 

 No distinction between 
cholesterol-lowering drugs 

 Recommends statin therapy to reduce blood 
lipid-lipoproteins 

 • Emphasizes treatment with 
cholesterol-lowering drugs to 
achieve targets 

 • Identifi es high and moderate intensity statins (based on 
percent reduction in LDL-C) for use in secondary and 
primary prevention 

 • Non-statin therapies do not provide substantial risk 
reduction relative to potential adverse effects 

 CVD calculated from 
Framingham Score 

 Uses a new equation to estimate 10 year CVD risk 

 • Does not include stroke in 
calculation, only heart attacks 

 • Includes stroke and heart attack in calculation of risk 

 Treatment decisions based on 
guidelines 

 Clinician fl exibility in treatment decisions 

 • Clinicians make treatment 
decisions based on guidelines 

 • Suggests that treatment decisions in patients who fall 
outside of the four predefi ned groups may be infl uenced 
by other risk factor assessments at physician discretion 

   CVD  cardiovascular disease,  HDL-C  high density lipoprotein cholesterol,  LDL-C  low density lipo-
protein cholesterol,  RCT  randomized controlled trial,  TG  triglycerides  
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    Guidelines for Cholesterol Management 

 Current guidelines for the assessment and management of hypercholesterolemia 
include those provided by the NCEP ATP-III [ 4 ], ACC/AHA [ 9 ], and the European 
Society of Cardiology (ESC; [ 15 ]). These three sets of guidelines differ substan-
tially in terms of assessment of risk, designation of treatment targets, and resultant 
prescription of cholesterol-lowering drugs. For example, a recent analysis of appli-
cation of the guidelines to 4,854 patients from the Rotterdam Study found that 
statins would be recommended for 97 %, 52 %, and 66 % of men and 67 %, 36 %, 
and 39 % of women by the ACC/AHA, ATP-III, and ESC guidelines, respectively 
[ 16 ]. Regardless, when the effectiveness of interventions such as diet, weight loss, 
and pertinent to this chapter, exercise, are evaluated, they are often assessed with 
respect to treatment targets developed by these guidelines.  

    Cholesterol-Lowering Medications 

 There are fi ve major classes of cholesterol-lowering drugs, with effects of monother-
apy ranging from a 4–50 % reduction in LDL-C depending on dose and type [ 10 ].
These include HMG-CoA reductase inhibitors (statins), niacin, fi bric acid derivatives, 
bile acid binding resins, and cholesterol absorption inhibitors. Statins are the most 
effective medications for decreasing LDL-C, consequently reducing cardiac events in 
both patients with CAD [ 16 ] and in previously healthy subjects [ 17 ]. Statins are 
extremely well tolerated by most patients, but can produce muscle- related complaints 
in some individuals. While clinically important rhabdomyolysis with statins is rare 
with an overall reported incidence of fatal rhabdomyolysis of 1.5 deaths per 10 6  pre-
scriptions [ 18 ], statins are more frequently associated with “mild muscle complaints” 
including myalgia (i.e., pain), cramps, and weakness. The reported incidence of myal-
gia during therapy with the more powerful statins has varied from 1 % in pharmaceuti-
cal company reports [ 19 ] to 25 % [ 20 ] of patient reports, with several established 
clinical trials reporting an average of 5–10 % [ 21 ,  22 ]. As there are also reports of 
cognitive side effects associated with statins [ 23 ], and other classes of cholesterol-
lowering drugs also evoke side effects ranging from fl ushing to gastrointestinal dis-
comfort, utilizing lifestyle approaches to improving blood lipid-lipoproteins is the 
initial recommended treatment among adults at low to moderate CVD risk [ 4 ,  9 ].   

    Methods 

 Randomized controlled trials lasting ≥4 weeks investigating the effects of exercise on 
lipid-lipoproteins in adults (≥18 years), published in English in a peer-reviewed jour-
nal indexed in PubMed within the last 10 years and up to July 1, 2014 were included. 
This search was limited to human studies only and is described in Fig.  13.1 .   
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    Relevant Research 

    Effects of Aerobic and Resistance Exercise on LDL-C 

 The overall body of work investigating the impact of exercise training on LDL-C 
fi nds that aerobic exercise training alone (without concurrent weight loss) does not 
substantially reduce LDL-C [ 24 ]. For example, a recent meta-analysis of the effect 
of exercise training on lipids in older overweight and obese adults (≥60 years) 
assessed data from nine randomized controlled trial (RCT)s involving aerobic and/
or resistance training. While there was a modest effect of exercise on anthropomet-
ric measures such as body mass index and waist circumference, there was no effect 
on LDL-C [ 25 ].Moreover, a meta-analysis of six RCTs comparing diet to aerobic 
exercise training on blood lipid-lipoproteins reported a statistically insignifi cant 
change of only 1.5 % for LDL-C for pooled study data, and the authors concluded 
that diet was more effi cacious at treating high levels of LDL-C than aerobic exercise 
training [ 26 ]. The authors of that study conducted a similar meta-analysis in over-
weight and obese individuals and reported again no effect of aerobic exercise train-
ing on LDL-C beyond reductions achieved with weight loss alone [ 27 ]. Similarly, 
an evaluation of 60 healthy male sedentary controls and 142 professional endurance 
athletes showed that the professional athletes exhibited an improved TC/LDL-C 
ratio, but this improvement was largely driven by group differences in HDL-C 
rather than LDL-C [ 28 ]. 

 Cumulatively, these data are in agreement with the fi nding that aerobic exercise 
training does not uniformly infl uence LDL-C, either due to comorbidities, subject 
population, or differences in exercise prescription. To the latter, for example, a sys-
tematic review of aerobic exercise training effects on LDL-C found that only two of 
26 studies found a signifi cant decrease in LDL-C of 10–11 % with moderate inten-
sity exercise training, whereas seven of 35 studies reported decreases in LDL-C 
ranging from 6 to 21 % with high intensity endurance exercise training [ 29 ]. While 
this could indicate that more vigorous intensity aerobic exercise is needed to 
improve LDL-C, a recent review of 24 studies involving the impact of high inten-
sity interval training on cardiometabolic risk found that no training protocol involv-
ing high intensity interval training improved LDL-C [ 30 ]. Therefore, it is likely that 
the relationship between intensity of aerobic exercise and changes in LDL-C is 
confounded by concurrent changes in other parameters such as body weight and 
dietary intake, as both dietary restriction alone and the reduction in body weight 
associated with aerobic exercise do reduce LDL-C [ 31 ]. 

 Data from resistance training protocols, while again limited, are somewhat more 
promising with respect to reductions in LDL-C. In a systematic review of resistance 
training studies, nine of 23 studies showed signifi cant reductions in LDL-C ranging 
from 5 to 23 % with at least 12 weeks of resistance training in otherwise healthy 
adults [ 29 ]. Similarly, a meta-analysis of 29 studies with 1,329 men and women 
found an average and statistically signifi cant reduction of 6.1 mg·dl −1  in LDL-C 
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with at least 4 weeks of progressive resistance training [ 32 ]. It has been speculated 
that changes in body composition (e.g., reduced abdominal subcutaneous fat and 
visceral fat and increased lean body mass) could underlie the effi cacy of resistance 
training for treating high LDL-C [ 33 ]. It should be noted, though, that this magnitude 
of reduction is less than observed with pharmaceutical monotherapy, contributing 
to the continued clinical practice of addressing elevated LDL-C with diet and/or 
cholesterol-lowering drugs.  
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    Effects of Aerobic and Resistance Exercise on HDL-C 

 Unlike LDL-C, HDL-C is more malleable to aerobic exercise training, with a strong 
dose-response to exercise training and a seeming volume threshold below which 
minimal gains are observed. Reviews on the topic suggest that aerobic exercise 
training volumes of 15–20 miles per week of brisk walking or jogging (that elicit 
1,200–2,200 kcal expenditure per week) are associated with an 2–8 mg·dl −1  increase 
in HDL-C, and greater changes in HDL-C levels can be expected with additional 
increases in exercise training volume [ 24 ]. Similarly, a meta-analysis of 25 RCTs 
investigating the impact of aerobic exercise training on HDL-C reported a statisti-
cally signifi cant average 2.5 mg·dl −1  increase in HDL-C with training [ 34 ]. The 
minimal exercise volume needed to see these increases was estimated at 120 min or 
900 kcal per week, and every 10 min increase in exercise duration was associated 
with a 1.4 mg·dl −1  increase in HDL-C. Unfortunately, though, aerobic exercise 
training appears to have little effect of on HDL-C in men with low levels of HDL-C 
(<40 mg·dl −1 ) [ 35 ], suggesting that aerobic exercise is least effective for changing 
HDL-C in adults who stand to benefi t the most. 

 The intensity of exercise may also infl uence changes in HDL-C. In a systematic 
review of aerobic exercise training effects on HDL-C, the authors reported that only 
six of 28 (21 %) of moderate intensity aerobic exercise training studies found a 
statistically signifi cant increase in HDL-C, but 22 of 37 (59 %) of high intensity 
endurance trials showed benefi ts on HDL-C [ 29 ]. Moreover, in meta-analyses in 
which overall pooled data have not shown overall statistically signifi cant increases 
in HDL-C (in individuals with overweight and obesity, for example), the authors 
found that changes in HDL-C were directly related to changes in maximal oxygen 
uptake, again supporting the notion that a suffi cient volume and intensity of aerobic 
exercise is necessary to impact HDL-C [ 27 ]. Therefore, cumulative evidence 
supports a positive relationship between the intensity of aerobic exercise and the 
magnitude of the observed benefi t on raising HDL-C. 

 In contrast, resistance training seems to evoke minimal effects on HDL-C. 
The same meta-analysis of RCTs cited above to address the infl uence of progressive 
resistance training on LDL-C found no effect of resistance training on HDL-C, with 
an average change in HDL-C of 0.7 mg·dl −1  (1.4 %) that was not signifi cantly dif-
ferent than control [ 32 ]. Other meta-analyses have supported this fi nding [ 36 ], and 
a systematic review of 23 resistance training trials found that only four of 23 
improved HDL-C, and of those several involved an aerobic exercise training com-
ponent that biased results as well [ 29 ].  

    Effects of Aerobic and Resistance Exercise on Triglycerides 

 Since the link between TG and HDL-C/LDL-C is related and complex, and TG are 
also infl uenced by a myriad of physiological and behavioral factors such as insulin 
resistance, sex, smoking, alcohol use, obesity, and weight loss, it is diffi cult to 
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isolate the independent effects of exercise training on TG. As would be expected, 
then, data regarding aerobic and resistance training on TG are varied. For example, 
a systematic review of 84 trials found that moderate intensity aerobic exercise 
reduced TG in three of 27 studies, high intensity aerobic exercise reduced TG in 12 
of 35 studies, and resistance training reduced TG in three of 23 studies [ 29 ]. Several 
other meta-analyses have reported more substantial average reductions in TG of 
8–9 mg·dl −1  with resistance training [ 31 ,  36 ,  37 ] and 8–20 mg·dl −1  with aerobic 
training [ 24 ,  27 ]. Therefore, while evidence suggests a benefi cial role for both aero-
bic and resistance training in reducing TG, changes with exercise training are nei-
ther uniform nor systematic and are likely to be dose and intensity dependent.  

    Concurrent Aerobic and Resistance Training 

 Data presented previously in this chapter identify a trend regarding aerobic and 
resistance training on LDL-C and HDL-C whereby stronger effects of aerobic train-
ing are observed on HDL-C, yet stronger effects of resistance training are reported 
with LDL-C. Of note, emerging evidence suggests that concurrent aerobic and 
resistance training make evoke the most favorable alterations in lipid-lipoproteins 
by augmenting HDL-C and lowering LDL-C in the same individuals (Fig.  13.2 ). 

  Fig. 13.2    A schematic demonstrating a proposed hypothesis for the effects of resistance training 
alone, aerobic exercise training alone, and concurrent aerobic and resistance training on LDL-C 
(low density lipoprotein cholesterol), HDL-C (high density lipoprotein cholesterol), and TG 
(triglycerides)       
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For example, a randomized trial comparing 12 weeks of aerobic exercise training to 
high intensity circuit training ( a concurrent resistance and aerobic training protocol), 
reported almost a 20 mg·dl −1  decrease in LDL-C (versus approximately 4 mg·dl −1  
with aerobic exercise training) with a simultaneous 5 mg·dl −1  increase in HDL-C 
(versus. a non-signifi cant change with aerobic exercise training) [ 38 ]. Indeed, in a 
systematic review of eight studies examining the effects of aerobic, resistance and 
concurrent exercise training protocols on blood lipids, the authors noted a trend for 
concurrent aerobic and resistance training to improve both HDL-C (3.5–23 % 
increase) and LDL-C profi les (4–34 % decrease) [ 29 ]. However, given that the sys-
tematic review included 84 studies on exercise training (58 RCTs), only eight of 
which were concurrent training protocols, it is evident that more research is neces-
sary to establish the optimal dose of concurrent aerobic and resistance training for 
mitigating abnormal lipid-lipoprotein biomarkers.   

    The Impact of Cholesterol-Lowering Drugs and Their 
Interaction with Exercise 

 As has been previously noted, cholesterol-lowering drugs—particularly statins—
are extremely effi cacious for lowering LDL-C. The average reduction in LDL-C 
with routine statin monotherapy ranges from 25 to 50 % even at low doses [ 4 ]. 
Therefore, there is a strong clinical bias towards prescribing cholesterol-lowering 
drugs over exercise for treating hypercholesterolemia. However, data suggest that 
the combination of exercise training and cholesterol-lowering drugs may be most 
benefi cial for patients with elevated LDL-C. For example, after 12 weeks of resis-
tance training in older adults, LDL-C was reduced on average by 18 mg·dl −1 , and 
further lowered by 12 mg·dl −1  with the concurrent use of cholesterol-lowering 
drugs [ 39 ]. 

 Similarly, an analysis of over 10,000 veterans in the Veteran’s Affairs Medical 
system [ 40 ] found that while both high fi tness and statin drug use decreased mor-
tality risk, individuals who were both highly fi t and taking a statin had the lowest 
mortality risk of any study participants (see Chap.   4     for an expanded discussion 
of this study). The group at highest risk for premature mortality was the group not 
on statins and with low exercise capacity. Moreover, for the highest fi t individuals 
in this study, the protection against mortality garnered from being very fi t was 
greater than the mortality benefi t observed from less fi t individuals who were tak-
ing statins. Consequently, physicians should regard prescribing and encouraging 
routine exercise as critically important to health and CVD prevention as a statin 
prescription. 

 However, it should also be noted that there are negative associations between 
statin therapy and physical activity, as the most frequently experienced statin side 
effect is muscle complaints (cramping, myalgia, soreness and weakness), occurring 
in approximately 5–10 % of patients [ 21 ], and these statin-related muscle complaints 
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may be exacerbated by exercise. For example, several reports indicate that athletes 
and/or physically active individuals are less likely to tolerate statin therapy [ 41 ], and 
the muscle damage associated with downhill walking and marathon running is aug-
mented by concurrent statin therapy [ 42 ,  43 ]. Therefore, certain susceptible individu-
als may experience reduced benefi t from the interactions between exercise and statin 
therapy, and may need to tailor their doses accordingly.  

    Impact of Cholesterol-Lowering Drugs on Hypertension 
and Their Interaction with Exercise 

 A large body of evidence suggests that statin therapy also infl uences blood pressure 
(BP). For example, a recent review has shown that statins lower systolic blood pres-
sure (SBP) up to 8.0 mmHg in patients with dyslipidemia and normal BP; 6.0 mmHg 
in patients without dyslipidemia and with hypertension; and 13.7 mmHg in patients 
with dyslipidemia and hypertension [ 44 ]. However, other reports have found no 
effect of statins on resting BP, and thus results are inconsistent [ 45 ,  46 ]. Reductions 
in BP with statins are likely dependent on additional confounding factors such as 
baseline BP, use of antihypertensive drugs, sex differences, and comorbidities of the 
population studied. Recent evidence also suggests that statins interact with the 
renin-angiotensin-aldosterone system (RAAS) through a variety of mechanisms, 
such as reducing the expression of angiotensin II receptors, altering synthesis and/
or signaling of angiotensin II and aldosterone, and blunting systemic oxidative 
stress [ 47 ]. Therefore statins may act alone or in combination with antihypertensive 
drugs that target the RAAS to lower BP, and consequently the magnitude of reduc-
tion in BP observed with statin drugs is also likely dependent on the etiology of each 
individual’s hypertension. 

 An intriguing question is whether there are interactions between concurrent use 
of either lipid-lowering and/or BP lowering drugs and exercise training with respect 
to changes in blood lipids or BP. While there are few comprehensive studies on the 
topic, limited data suggest there may be overlapping effects. For example, an RCT 
of a 12 week aerobic dance training protocol on blood lipids in adults with hyper-
tension on BP lowering drugs showed that exercise training had no additional ben-
efi t for lipid lowering relative to the control, non-exercise group [ 48 ]. In addition, 
combined statin therapy and exercise training resulted in larger reductions in BP 
than statin therapy alone in ovariectomized rats [ 49 ]. A new RCT comparing time 
to stroke and other secondary cardiovascular outcomes with antihypertensive 
treatment to three different SBP targets at two different LDL-C targets will pro-
vide important rigorous evidence on the interaction between lipid-lowering and 
blood pressure-lowering interventions, potentially advancing the fi eld for future 
study [ 50 ]. The reader is also referred to    Part 1 for a more detailed discussion of 
the effects of aerobic (Chap.   1    ), resistance (Chap.   2    ), and concurrent (Chap.   3    ) 
exercise on BP.   

13 Effects of Exercise on Lipid-Lipoproteins

http://dx.doi.org/10.1007/978-3-319-17076-3_1
http://dx.doi.org/10.1007/978-3-319-17076-3_2
http://dx.doi.org/10.1007/978-3-319-17076-3_3


296

    Clinical Implications and Importance 

    Exercise Prescription Recommendations 

 According to the 9th edition of the American College of Sports Medicine (ACSM) 
Guidelines for Exercise Testing and Prescription [ 51 ], the exercise prescription for 
individuals with dyslipidemia is similar to that of healthy adults, with an added 
focus on healthy weight maintenance. Accordingly, aerobic exercise becomes piv-
otal to the exercise prescription, with resistance and fl exibility exercises adjunct to 
the aerobic training program due to their lesser impact on overall caloric expendi-
ture. This prescription thus entails:

•    Frequency: >5 days per week to maximize caloric expenditure  
•   Intensity: 40–75 % maximal oxygen uptake reserve or heart rate reserve  
•   Time: 30–60 min per day with 50–60 min·d −1  or more of daily exercise recom-

mended for maximum weight loss  
•   Type: The primary mode should be aerobic physical activities that involve the 

large muscle groups.    

 Whether this prescription should be altered based on specifi c evidence presented in 
this chapter regarding resistance training and/or concurrent aerobic and resistance 
training and their effects on LDL-C is not certain, as to date there have not been suf-
fi ciently rigorous RCTs investigating the effi cacy of various exercise prescriptions on 
blood lipid profi les. However, it does appear likely that a combined aerobic-resistance 
training program, entailing suffi cient aerobic volume and intensity and a focus on 
healthy weight maintenance in conjunction with an increased emphasis on weekly 
resistance training, may optimize changes in both LDL-C and HDL-C. For example, 
an otherwise healthy patient with hyperlipidemia and mild obesity (body mass index 
of 32 kg/m −2 ) could be counseled to follow the ACSM guidelines for aerobic exercise 
prescription but also add 2 days per week of resistance training, again according to 
ACSM guidelines, to augment the lipid- lipoprotein lowering effects of aerobic exer-
cise training. In addition, a patient who is taking cholesterol-lowering drugs and/or 
antihypertensive medication should be assessed periodically for both benefi cial 
(enhanced BP lowering) and negative (statin- associated myalgia) side effects of these 
drugs when combined with exercise training.  

    Future Directions 

 More adults than ever before are using statin therapy to treat hypercholesterolemia 
because these drugs are generally well tolerated with minimal side effects. 
Individuals who combine statin therapy with moderate intensity exercise training 
may potentiate the effects of either therapy alone, with the combined approach 
thereby proving an effective alternative to multi-drug cholesterol-lowering regi-
mens or monotherapy of a higher dose statin. Whether the latter approach could be 
effective for treating individuals who cannot tolerate high-dose statin use (due to 
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various side effects or contraindications to medicine use) has not, to the best of our 
knowledge, been established clinically. In addition, with newer lipid guidelines 
removing the emphasis from specifi c LDL-C targets, the use of exercise training to 
improve blood lipid profi les may become a more routine approach to treating mild-
to- moderate hyperlipidemia should clinicians stray from the standard dose-response 
hypercholesterolemia treatment protocol of titrating statin therapy to meet numeri-
cal LDL-C targets. And fi nally, given that statin drugs also appear to infl uence BP, 
clinicians may ultimately consider both BP and cholesterol targets in physically 
active individuals taking combined statin-antihypertensive therapy, as the interac-
tion between the two classes of drugs and routine physical activity can augment 
reductions in blood lipids and BP more than either alone.   

    Conclusion 

 Hypercholesterolemia is a major risk factor for CVD and CAD, and treating abnormal 
blood lipid-lipoproteins (elevated TC, LDL-C and TG as well as low HDL-C) is the 
focus of both lifestyle and pharmaceutical interventions. Although recent guidelines 
have questioned the traditional use of quantitative LDL-C, TG, and HDL-C targets, 
clinicians continue to prescribe diet, physical activity, weight loss, and cholesterol-
lowering drugs to improve blood lipid-lipoprotein levels. Although being physically 
fi t appears to augment the infl uence of statins on mortality risk, most patients with 
hyperlipidemia will ultimately require medication therapy in addition to diet and exer-
cise lifestyle therapy. Aerobic exercise training, if of moderate intensity with a volume 
of 15–20 miles per week or caloric expenditure of 1,200–2,200 kcal per week, can be 
effective for increasing HDL-C and reducing TG, while research suggests that resis-
tance exercise may have a greater impact on reducing LDL- C. To date the effect of 
statin therapy, particularly on LDL-C, has led to widespread use of these drugs to treat 
hypercholesterolemia, a trend which is unlikely to change given that these drugs are 
well-tolerated by the majority of users. However, more research is necessary to better 
understand the interactions between aerobic and resistance exercise with respect to 
treating blood lipid-lipoproteins as well as the combined use of exercise training and 
cholesterol- lowering drugs for improving dyslipidemia in various patient populations. 
In addition, with increasing numbers of patients treated for both hypertension and 
hypercholesterolemia, the paucity of data on combined antihypertensive/cholesterol-
lowering drugs AND exercise training for patient outcomes represents a large gap in 
the current knowledge base.

  Key Points and Resources 

  In summary, with respect to the effects of exercise training on blood lipid-
lipoproteins:

•    CVD accounts for almost 1/3 of deaths in the United States, with dyslipidemia a 
major risk factor for CVD  
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•   Cholesterol-lowering drugs, particularly statins, are highly effi cacious for treating 
dyslipidemia, particularly elevated LDL-C  

•   Aerobic exercise generally evokes favorable impacts on raising HDL-C and low-
ering TG  

•   Resistance exercise reduces LDL-C more so than aerobic exercise, although the 
magnitude of effect is smaller than observed with statin therapy  

•   The combined use of exercise training with statin therapy may be more benefi cial 
than either intervention alone, although further research is needed to support this 
hypothesis and susceptible individuals on statin therapy may experience new or 
exacerbated muscle side effects with acute and chronic exercise  

•   Interactions between aerobic/resistance training, cholesterol-lowering drugs, 
and/or antihypertensive medications appear to be synergistic; however, future 
research is needed to confi rm these favorable interactions among various patient 
populations  

•   Pescatello LS, Riebe D, Arena R. ACSM’s guidelines for exercise testing and 
prescription the 9th Edition. Lippincott Williams & Wilkins, Baltimore, MD, 
2013 [ 51 ].  

•   National Heart, Lung, and Blood Institute:   www.nhlbi.nih.gov/guidelines/ 
cholesterol/atp4/index.htm      

•   Overview of the New Cholesterol Treatment Guidelines: http://www.nejm.org/
doi/full/  10.1056/NEJMms1314569     [ 52 ] 
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    Chapter 14   
 Endothelial Cell Function and Hypertension: 
Interactions Among Infl ammation, Immune 
Function, and Exercise 

                Marc     D.     Cook     

      Abbreviations 

   AMPK    Adenosine monophosphate activated protein kinase   
  Ang II    Angiotensin II   
  CAM    Cellular adhesion molecules (intracellular—ICAM vascular—VCAM)   
  CRP    C-reactive protein   
  CVD    Cardiovascular disease   
  EC    Endothelial cells   
  EnDy    Endothelial dysfunction   
  eNOS    Endothelial nitric oxide synthase   
  IL-(1β,ra)    Interleukin-1βeta ra-receptor antagonist   
  IL-(6 10, 17)    Interleukin-6, 10, 17   
  Mφ    Macrophage   
  NADPH    Nicotinamide adenine dinucleotide phosphate   
  NF-κB    Nuclear factor-κB   
  NOX2    NADPH oxidase 2 subunit   
  oxLDL    Oxidized low-density lipoprotein   
  PPAR-γ    Peroxisome proliferator-activated receptor-gamma   
  ROS    Reactive oxygen species   
  Th (1,2,17)    T helper (1, 2, 17) cell   
  TLRs    Toll-like receptors   
  TNF-α    Tumor necrosis factor-alpha   
  Treg    Regulatory T cell   
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          Introduction 

 When endothelial cells (EC) become dysfunctional, they foster a non-compliant 
vasculature and accelerate the atherosclerotic process. Davies et al. [ 1 ] explains this 
phenomenon as an, “imbalance of expression in protective pathways and an 
increased pathological stressed state to which EC must adapt to maintain healthy 
vascular tissue”. If at any point the EC fails to regulate responses appropriately, this 
constitutes a state of endothelial dysfunction (EnDy) which is the hallmark of 
hypertension. 

 Monocytes, lymphocytes, and other differentiated immune cell types are pres-
ent in the adventitia of large and small blood vessels that affect and protect our 
organ systems [ 2 – 4 ]. While the EC layer functions as a primary barrier of protec-
tion in the vasculature, both innate and adaptive immune cells are important compo-
nents of the vasculature defense system in moderating tissue damage and pathogen 
invasion. The EC layer governs the infi ltration of immune cell types and controls 
vascular tissue homeostasis by modulating the expression of, and response to, a 
number of local and systemic immunologically active peptides, proteins, and 
receptors that sense signals from neighboring cells and invaders. These signals are 
important for the activation, migration, and extravasation of effector immune cell 
types (e.g., monocytes and lymphocytes) into the vasculature to effectively neutralize 
any foreign or native risk to tissue homeostasis. 

 There have been multiple studies uncovering the complex involvement of innate 
and adaptive immune activities in hypertension. Systemic low-grade infl ammation 
is an established mechanism that leads to the progression of vascular wall dysfunc-
tion, hypertension, and cardiovascular disease (CVD) [ 2 ]. However, both monocyte 
and lymphocyte cell populations have been probed to expose their potential roles in 
the pathogenesis and pathology of hypertension. Macrophages (Mφ) and T cells 
play a signifi cant role in the development and progression of hypertension as they 
are responsible for peripheral and local infl ammation that can modulate the activa-
tion of EC and are responsive to peptides specifi c to the renin-angiotensin system, 
such as angiotensin II (Ang II). 

 There are multiple etiologies of the pathogenesis of EnDy and hypertension, 
including infl ammatory, dietary, and genetic components (see Chap.   7     for related 
discussions of the effects of shear stress on infl ammation and gene and protein 
expression related to endothelial health). As pharmaceutical remedies are pre-
scribed for the management of high blood pressure, their effi cacy is not complete 
in managing or preventing the progression of hypertension [ 5 ,  6 ]. The goal of treat-
ment strategies are to reduce blood pressure and alleviate EnDy through approaches 
that restore nitric oxide (NO) bioavailability and prevent unwarranted reactive oxy-
gen species (ROS)-related activities [ 7 ]. As drug therapeutic strategies are ever 
increasing, exercise has its own powerful medicinal and anti-infl ammatory proper-
ties, which are vitally important in regards to rectifying dysregulated vascular 
function and hypertension. 

M.D. Cook

http://dx.doi.org/10.1007/978-3-319-17076-3_7


303

    Purpose of This Chapter 

 The focus of this chapter will be to highlight the role of immune activities (local to the 
vasculature, effector organs, and peripherally) in promoting EnDy and hyperten-
sion. Additionally, this chapter will provide evidence that habitual exercise benefi -
cially modulates systemic immune function, which will bolster the proposition that 
exercise should be a primary treatment strategy in the maintenance of healthy 
immune function and utilized as adjunct therapy in the resolution of infl ammation 
related to EnDy and hypertension.   

    Key Terminology and Basic Concepts 

    Pro- and Anti-infl ammation 

 Infl ammation is a physiological process that occurs when the body sustains an injury 
to tissues, recognition of abnormal cells, or infi ltration of foreign elements that upset 
systemic homeostasis. Stimuli that are responsible for this reaction include, but are 
not limited to, infection (bacteria and viral), damaged tissue and cells, and biological 
irritants. Infl ammation is a protective mechanism by which the body neutralizes and 
removes harmful material, also initiating healing processes. Pro-infl ammatory path-
ways activate immune (i.e., monocytes and lymphocytes) and neighboring cells (e.g., 
EC), through autocrine (i.e., self stimulating), paracrine (i.e., stimulating nearby 
cells), and endocrine (i.e., hormone stimulating target cells via bloodstream) signal-
ing that participate in the local immune response. The anti- infl ammatory response is 
essential in regulating the pro-infl ammatory response by moderating immune cell 
activities. Mainly, this response occurs through the production of anti-infl ammatory 
mediators that quiet aggressive immune activities and aid in the resolution of infl am-
mation and also promotes healing.  

    Acute and Chronic Infl ammation 

 Acute infl ammation is the initial physiological immune response to any threat to 
homeostasis. This process is normal, necessary, and transient. The acute response is 
good and indicative of neutralization of foreign prospects and tissue healing. However, 
chronic infl ammation, or the inability of the body to properly regulate the immune 
response, has been associated with an extensive array of degenerative disorders such 
as autoimmune diseases, obesity, diabetes mellitus, cancer, and CVD. This chronic 
phenomenon is responsible for alterations in the activities of immune cell types that 
become destructive to tissues and their function.  
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    Immune and Endothelial Cell Activation 

 All cells have the capacity to participate in the immune response by having the ability 
to produce cytokines and chemokines that act as distress signals when they have 
been damaged or invaded by pathogens. Immunologically activated cells utilize 
conserved pathways that ultimately lead to nuclear factor-κB (NF-κB) activation 
and gene transcription of biological markers of an activated state (i.e., cell surface 
molecules and cytokine release). NF-κB is a highly regulated transcription factor 
for multiple cell survival and infl ammatory pathway proteins. In this instance, 
tissues inform immune cells of their distress and activate them to resolve the stimuli. 
Please see Chap.   7     for related discussions of the effects of shear stress on infl ammation 
and gene and protein expression related to endothelial health.   

    Methods 

    Literature Search and Trial Selection Details 

 A comprehensive search was performed using PubMed in both animal (aerobic) and 
human (aerobic and resistance) exercise intervention studies that assessed the effect 
of exercise on systemic and cellular immune function, hypertension effector organ 
immune activities (i.e., vasculature and kidney), and mechanisms of action by which 
exercise affects endothelial and immunological health and hypertension. Search 
terms for systematic review articles in human, animal, and cell models included the 
combination of terms: acute exercise, exercise training, ROS, adenosine monophos-
phate activated protein kinase (AMPK), peroxisome proliferator activated receptor- 
gamma (PPAR-γ), immune function (pro-/anti-infl ammatory), chronic infl ammation, 
EnDy, and hypertension. Primary outcomes reported on the interactions among 
modulation of immune function and endothelial function and hypertension status 
were included. Topics and articles were excluded if they did not encompass mecha-
nistic perspectives (in vivo and in vitro) of immune activity and infl ammation in the 
endothelium, EnDy and exercise intervention, or outcomes of infl ammatory bio-
markers in individuals with hypertension (in vitro) after exercise intervention. 

 Article types searched for human research data encompassed randomized 
controlled trials, controlled clinical trials, comparative studies, data sets, reviews, 
and historical articles that focused on exercise and hypertension and infl ammation/
immune function. Human trials encompassing hypertension and reported on 
immune biomarkers with some physical activity or exercise intervention were 
extremely limited and consisted of less than ten primary research articles. Article types 
searched for animal and endothelial cell model research included journal articles, 
comparative studies, reviews, and systematic reviews on hypertension animal mod-
els (i.e., spontaneous hypertensive rat), exercise, and immune function in endothe-
lial cells. There were approximately 150 primary research articles in hypertension 
animal models that focused on immune function, and roughly 20 were reviewed 
for this Chapter, but less than ten included exercise interventions with reported 
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outcomes on immune function. Primary research papers that provided outcomes of 
immune function and activation (endothelial and immune) in endothelial cell models 
consisted of nearly 100 articles, with approximately 60 chosen that were mostly 
experimental studies and short reviews on the participation of the immune system 
and its effector molecules (i.e., cytokines and chemokines) in the pathophysiology 
of endothelial cell dysfunction and hypertension.   

    Relevant Research 

 The immune system has signifi cant infl uence in the vasculature, especially in chronic 
disease states such as the onset and progression of atherosclerosis and hypertension 
[ 8 ]. Thus, treatments limiting immune activities during the development of vascular 
dysfunction and hypertension are at the forefront of interventions for clinicians, 
pharmacologists, and physiologists. Infl ammation is directly linked to the develop-
ment and progression of hypertension [ 2 ,  3 ,  9 ] (Fig.  14.1 ). There is evidence that 

Immune Cell
Activation
Infection,
Vascular

Damage, oxLDL,
AngII (T cells)

Pro-
Inflammation 

& 

ROS

Endothelial
cell activation

Type I-II

Endothelial 
cell                 

↑ Cytokine 
production

↑ Adhesion 
molecule

EnDy & Vessel 
Inflammation

↓ 
Hypertension

Continuous
EnDy

↓

Sustained
Immune cell

infiltrate
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essential hypertension may be, for some, a phenomena of systemic infl ammation 
that drives ROS production and reduces bioavailability of NO promoting the chronic 
disruption of vascular compliance. Mediators of infl ammation, peptides such as 
cytokines and oxidized lipids (oxLDL) [ 10 ], have a profound impact on the vascula-
ture. For example, elevated interleukin-6 (IL-6) is a product of coronary artery dis-
ease [ 11 ], unstable angina [ 12 ], and is strongly associated with increased risk of heart 
attack [ 13 ], and systemic infl ammation (pro-infl ammatory cytokines) affecting 
C-reactive protein (CRP) production in the liver [ 11 ]. Also, IL-6 is thought to partici-
pate in promoting EnDy by enhancing chemokine and adhesion molecule expression 
[ 14 ]. OxLDL is also a profound pro-infl ammatory mediator that activates immune 
cells and EC and plays a substantial role in the infl ammatory responses in the vascu-
lature. It initiates the local production of pro- infl ammatory cytokines that promote 
EnDy and aggressive immune cell activities. With this, research begs to answer how 
immune cells and immune activators interact with the guardians of the vasculature, 
the EC, and affect their function.  

    Effects of Infl ammation on the Endothelium 

 Immune cell activation and cytokine release in acute infl ammation activates the 
endothelium, stimulating a normal and transient pro-infl ammatory endothelial 
response that consequently increases ROS. However, chronic infl ammation (i.e., low 
level basal infl ammation) ultimately leads to an endothelium that is persistently acti-
vated, becoming dysfunctional, and participating in a feed-forward cycle by promot-
ing vascular infl ammation and sustained EnDy [ 2 ,  3 ]. In this state, the endothelium 
is producing cytokines, chemokines, and ROS that chronically reduce NO availabil-
ity and promote vessel inelasticity. Elevated levels of pro-infl ammatory cytokines, 
such as interleukin-beta (IL-1β) and tumor necrosis factor-alpha (TNF- α), are potent 
activators of EC and are found to be heightened in individuals with essential hyper-
tension [ 9 ,  15 ]. The vasculature is a depot for immune cells where activities that 
perpetuate systemic infl ammation in healthy and disease populations occur. The kid-
ney and the brain are also primary locations of the accumulation of infl ammatory 
cells in individuals with hypertension [ 16 ]. 

 The kidney is an essential organ in which immune cells and their mediators play a 
signifi cant role in the pathogenesis of hypertension [ 17 ]. Ang II, the primary effector 
peptide of the renin-angiotensin system, has been well documented to increase EC 
activation and promote EnDy, which is characterized by increased pro- infl ammatory 
activities and ROS. Ang II has been shown to activate immune cells and infl ammatory 
processes, via nuclear factor-κB (NF-κB), and the powerful vasoconstrictive mediator 
endothelin-1 [ 18 ]. Further, Ang II infusion elicits an accumulation of effector immune 
cells in the vasculature [ 16 ], and mediates ROS production, vascular hypertrophy, 
and infi ltration of monocytes and Mφ into the tissues that heavily express cellular 
adhesion molecules [ 19 ]. Of note, it is unclear whether infl ammation directly stimu-
lates the production and secretion of peptides associated with the renin-angiotensin 
system, such as angiotensinogen from the liver or renin from kidneys.  
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    Endothelial Participation in Immunity 

 The vascular endothelium provides a protective barrier for associated organs by 
separating blood from the tissue compartments. EC perform this important function 
by acclimating to the needs of the specifi c tissues in which they reside and regulate 
the passage of solutes. Activated EC provide infl ammatory cues that lead to immune 
cell activation (i.e., innate and adaptive) and extravasation (i.e., movement of 
immune cells into tissues from blood vessels), vascular infl ammation, and ulti-
mately hypertension [ 20 ]. The endothelium participates in many immune-regulated 
disorders, including but not limited to, sepsis and infection, atherosclerosis, diabe-
tes, vasculitis, and systemic hypertension [ 21 ]. Pate et al. [ 21 ] has outlined the inter-
actions of the endothelial boundary with infectious, infl ammatory, and coagulation 
pathways. Chronic activation of NF-κB leads to EnDy that is characterized by 
increased immune cell adhesiveness, a procoagulant state, impairment of vasodila-
tion, and decreased production of NO [ 22 ]. These actions are characterized by 
increased cell adhesion molecule expression, ROS, and pro-infl ammatory cytokine 
production by EC that lead to diminished vascular compliance. NO, itself, has been 
shown to be a mediator of infl ammation through its inhibition of adhesion molecule 
interactions between EC, circulating leukocytes, and inhibition of platelet aggrega-
tion [ 23 ]. For example, NO donation in a severe EnDy atherosclerosis mouse model 
was shown to signifi cantly reduce ROS and vascular infl ammation [ 24 ].  

    Endothelial Cell Activation and Immune Cell Interactions 

 EC activation has been thoroughly described by Pober and Sessa [ 25 ]. They elegantly 
explain the mechanisms of type I and type II activation of EC in acute infl ammation, 
their participation in chronic infl ammation, and the endothelial intracellular events 
that lead to the migration and activation of effector immune cells. Under normal rest-
ing circumstances, EC do not interact with peripherally circulating immune cells 
because they store immune activating proteins within intracellular vesicles and sup-
press the transcription of adhesion molecules. However, they mediate essential inter-
actions between immune cell types and ligand receptor interactions at the endothelial 
barrier, as well as participate in and promote the resolution of immune activities. 
EC activation is mediated through similar pathways as primary immune cells that 
ultimately activate NF-κB and activating protein-1 transcription factors [ 22 ,  26 ]. 

 To offer a brief characterization of activation status, type 1 activation is facili-
tated by ligand stimulation of G-protein receptors, such as histamine-1 receptors 
that are activated in an allergic response, which causes increased Ca 2+  signaling and 
leads to recruitment and extravasation of effector immune cells (e.g., neutrophils, 
T cells, monocytes) to the vascular tissue. This occurrence is transient as G-coupled 
protein receptors lose their sensitivity and ability to be repeatedly stimulated. 
However, a more sustained EC activation (type II), is mediated by exogenous 
pro- infl ammatory cytokines (i.e., TNF-α and IL-1β) which activate the powerful 
pro- infl ammatory transcription factors NF-κB and activating protein-1 that initiate 
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the synthesis of pro-infl ammatory proteins (e.g., chemokines, cytokines, adhesion 
molecules) (Fig.  14.2 ). Activation of EC with TNF-α and IL-1β is also responsible 
for the induction of plasma protein leakage and rearrangement of tight junction 
proteins leading to gaps between adjacent EC [ 27 ].  

 EC express infl ammatory mediators upon stimulation with peripheral cytokines 
or interaction with immune cell types such as intracellular cell adhesion molecule-1 
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), platelet endothelial cell 
adhesion molecule-1, endothelial-leukocyte adhesion molecule (known as 
E-selectin), platelet adhesion molecule (known as P-selectin), cytokines (i.e., TNF- 
α, IL-1β, and IL-6), and chemokines [C-X-C Motif Chemokine 10 (L10), Receptor 
3 (R3)] [ 25 ]. These peptides, proteins, and receptors regulate the EC immune acti-
vation state and interaction with peripheral immune cells. They also lead to activa-
tion and polarization of the effector immune cell response. Direct interaction 
between EC and lymphocytes has been thoroughly outlined by Cook-Mills and 
Deem [ 20 ]. EC participate in the migration and extravasation of T cells and this 
activity further triggers EC infl ammatory actions. This process entails  receptor/
co- receptor interactions between immune cells and activated EC via cell adhesion 
molecules that facilitates immune cell migration across the endothelial barrier into 
the tissue. Extravasation of lymphocytes occurs through cytokine stimulation and 
VCAM-1 activation of endothelial cell nicotinamide adenine dinucleotide phosphate 
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  Fig. 14.2    Endothelial immune activation and outcomes. Adapted from Cook-Mills & Deem [ 20 ], 
Pate et al. [ 21 ], Frey et al. [ 29 ], and Pober and Sessa [ 25 ]. Endothelial activation as it is affected by 
peripheral infl ammatory stimuli (cytokines), immune cells and their products of activation 
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lular adhesion molecules (ICAM-1, VCAM-1, PECAM-1), chemokines (monocyte chemoattrac-
tant protein-1; MCP-1, C-X-C motif 10; CXCL10), c-reactive protein (CRP), endothelin-1 (ET-1), 
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(NADPH) oxidase. This then activates intracellular signals that modulate tight junction 
proteins, thereby causing substantial and prolonged gap formation to allow cellular 
passage [ 28 ,  29 ]. 

 Additionally, EC also express pattern recognition receptors (i.e., toll-like recep-
tors, TLR) that aid in the function of its mechanical barrier properties and immune 
activities. TLR are important conserved membrane proteins that mediate infl amma-
tion by sensing foreign antigens and stimulating downstream pro-infl ammatory 
responses (e.g., cytokine production, expression of co-stimulatory molecules) [ 30 ,  31 ]. 
The process of chronic infl ammation disrupts normal vascular functions, reduces 
vascular compliance, and ultimately leads to hypertension.  

    Reactive Oxygen Species and Immune Functions 

 ROS is important for the activation and facilitation of systemic immune activities, such 
as proliferation and differentiation of immune cells, activation of pro- infl ammatory 
gene transcripts (e.g., NF-κB, activating protein-1), cytokine production, and neu-
tralization of ingested pathogens by phagocytes (i.e., Mφ) [ 32 – 35 ]. Although neces-
sary for immune functions, infl ammation-associated ROS play a signifi cant role in 
the development of hypertension [ 34 ,  36 ]. ROS production stimulated by cytokines 
(i.e., TNF-α) is associated with compromised vascular repair, reduced endothelial 
nitric oxide synthase (eNOS) activity, increased vascular infl ammation and infl am-
matory cell infi ltration [ 37 ], and increased infl ammatory endothelial microparticle 
production [ 38 ]. These detrimental activities of ROS potentiate EnDy and hyperten-
sion [ 39 ], promote sympathetic outfl ow, induce vasoconstriction, and cause sodium 
and volume retention in the kidneys [ 5 ]. Blocking NADPH oxidase 2 submit unit 
(NOX2), a primary superoxide generating enzyme T cell (adaptive immune cell), 
prevents TNF-α production [ 16 ] and translates into an attenuation of hypertension. 
Further, studies report that scavenging ROS with mitochondrial superoxide dis-
mutase overexpression [ 40 ], mitochondrial superoxide dismutase mimetics [ 36 ], 
and blocking TNF-α [ 34 ] has been shown to mute elevated pressures in animal 
models of hypertension. Unfortunately, human clinical trials show mixed results 
where responses are limited [ 41 ,  42 ], show no effect of broad antioxidant supple-
mentation in lowering blood pressure [ 43 ,  44 ], and/or can not specify a mechanism 
of action, such as a reduction in immune cell or EC ROS.   

    Immune Cell Interactions and Hypertension 

    Macrophages and Hypertension 

 Innate immunity is a vitally important participant in vascular homeostasis and 
immune function. Research has establish that Mφ have a substantial role in the 
pathology of hypertension as these cells have been shown to accumulate in the 
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kidney and the endothelium during times of vascular distress and damage. This 
accumulation has been shown to be instigated by modulators of elevated pressures 
via Ang II and high salt concentrations [ 16 ]. Aside from their indispensable protec-
tive immune activities, Mφ serve an important function in vascular remodeling and 
repair. They are integral producers of matrix metalloproteinases (MMP, proteases 
that are involved in the breakdown of the extracellular matrix), such as MMP-9 also 
known as gelatinase B, that facilitate the migration of cells which are essential for 
tissue homeostasis (i.e., EC, smooth muscle cells, immune cells). Dysregulation of 
Mφ activities is prevalent in atherosclerotic plaques and leads to plaque instability 
through amplifi ed ROS driven activities, and the extent of vascular Mφ infi ltrate 
directly corresponds to the degree of EnDy [ 45 ]. 

 In animal models of hypertension, elegant studies have shown that diminishing 
Mφ migration to the kidney reduces vascular remodeling, EnDy, and ROS in 
response to Ang II-induced or salt sensitive hypertension [ 16 ]. Further, Wenzel 
et al. [ 46 ] showed that removing neutrophil and Mφ presence using genetic manipu-
lation via Cre-Lox technology (can delete, insert, or translocate targeted genes), 
lead to a blunted blood pressure response, reduced adhesion molecule expression, 
EnDy, and ROS in Ang II infused mice. Harrison et al. [ 16 ] speculates that activated 
Mφ may have a substantial impact on neighboring cells and stimulate their activa-
tion causing increased production of ROS, chemokine, and cytokine production, 
and cell adhesion molecule expression which translates into a reduction in endothe-
lium NO availability and vascular smooth muscle cell hypertrophy. Although the 
activities above may be deemed deleterious, Mφ have also been shown to provide 
protective actions during high salt diet induced hypertension. In this instance, Mφ 
accumulate in the subcutaneous space and regulate blood pressure by mediating the 
proliferation of the lymphatics which leads to a buffering of salt concentrations that 
augments fl uid retention and blood pressure [ 47 ].  

    T Cells and Hypertension 

 The participation of T cells in the pathogenesis of hypertension has been intensely 
studied. In regards to vascular health, T cell activation is a signifi cant contributor of 
infl ammatory cues that stimulates ROS production in EC, the kidneys, and other 
immune cells (innate and adaptive) that drive EC function or dysfunction. Harrison 
et al. [ 3 ] detailed the early studies that support the role of adaptive immunity in 
hypertension and expose the extent to which T cells participate. As early as the 
1960s, investigators found that suppressing the immune system attenuated blood 
pressure in rats [ 48 ]. It was also shown that anti-thymocyte serum [ 49 ] and immu-
nosuppressant drugs [ 50 ] lower blood pressure in the spontaneously hypertensive 
rat. Later, investigators revealed that depressed T cell function is apparent in the 
spontaneously hypertensive rat model and upon restoration of T cell function by 
engraftment of a normal thymus into the spontaneously hypertensive rat, blood 
pressure was signifi cantly lowered [ 51 ]. 
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 Quiroz et al. [ 52 ] provides a short review of the studies investigating the role of 
T cells in the pathogenesis of hypertension using genetically altered mouse models. 
In rodents with hypertension (i.e., salt sensitive, deoxycorticosterone acetate 
(DOCA), Dahl rats), studies have shown that suppression and/or deletion of certain 
populations of adaptive immune cells blunt blood pressure responses and vascular 
remodeling using Ang II infusion as a hypertensive stimulus. In a mouse model that 
is unable to generate mature and functional B and T lymphocytes, the rag1−/− 
knockout mouse, there is a diminished response to Ang II induced hypertension, 
less small artery remodeling and decreased ROS. In fact, the hypertensive response 
was restored after the adoptive transfer of T cells from control mice into rag1−/− 
mice [ 53 ], strengthening evidence for the role of T cell involvement in the onset of 
Ang II induced hypertension. 

 Crowley et al. [ 54 ] found that lymphocyte defi ciency also led to signifi cant 
reduction in kidney injury without affecting the expression of pro-infl ammatory 
cytokines and showing enhanced eNOS and cyclooxygenase-2 expression in the 
kidney. Ang II-induced hypertension in  scid  mice, a strain which also lacks lympho-
cyte responses, have blunted blood pressure responses as well [ 52 ]. Further, Ang II 
has been shown to directly activate T cells [ 55 ]. Surprisingly, Hoch et al. [ 56 ] found 
that T cells endogenously produce physiological levels of Ang II that stimulate 
T cell NADPH oxidase and may drive TNF-α production. Meanwhile, both inhibi-
tion of angiotensin I-converting enzyme and scavenging ROS lowers TNF-α pro-
duction from T cells [ 56 ]. 

 It is important to note that not all T cells are alike. Meaning, they do not all pro-
mote infl ammation and cause damage. T helper (Th) 1, 2, and 17 cells are the classic 
mediators of the pro-infl ammatory response and assist adaptive immunity by stimu-
lating B cells to produce stimuli-specifi c antibodies. Different subsets of T cells 
produce unique cytokines that regulate their protective roles and some have been 
implicated in vascular disease progression [ 2 ]. For instance, Ang II infused mice 
that lack IL-17 (i.e., IL-17 −/−  knock out), develop a blunted blood pressure response, 
attenuated ROS production, and preserved endothelium-dependent vasodilation 
[ 16 ]. Consequently, a key stimulus of IL-17 production is IL-6, which is chronically 
elevated in individuals with hypertension and is often shown to be excessively pro-
duced by dysfunctional EC in culture [ 38 ,  57 ]. 

 On the other hand, regulatory T cells (Treg) govern immune tolerance to self- 
antigens and homeostasis of both innate and adaptive immune responses by produc-
ing cytokines which regulate the activity of Th1 and Th17 cells by suppressing 
pro-infl ammatory cytokine production through secretion of the potent 
 anti- infl ammatory cytokine IL-10 [ 58 ]. Adoptive transfer of Treg into Ang II infused 
mice results in lowered systolic blood pressure, reduced small artery stiffness, 
reduced ROS, and depressed tissue CAM expression and immune cell infi ltration in 
blood vessels all while enhancing the production of anti-infl ammatory mediators 
(i.e., IL-10) of immune cells in the cortex of the kidney [ 2 ,  59 ,  60 ]. It has not been 
explicated whether IL-10 has additional functions in the vasculature, aside from 
moderating immune cell responses.   
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    Effects of Exercise on Systemic Infl ammation and Reactive 
Oxygen Species 

 Recently, Tousoulis et al. [ 61 ] provided a review on novel therapeutic strategies for 
the management of hypertension. While the authors briefl y explain the effects of 
specifi c drug treatments, many of their side effects show marked improvements in 
ROS and infl ammatory markers in addition to their blood pressure lowering effects. 
However, in lieu of the poor effective management of hypertension with multiple 
pharmacological interventions due to the in vivo variations of drug effi cacy, research 
has been geared toward investigating invasive procedures such as carotid barorecep-
tor stimulation, renal ablation of sympathetic nerve activity, and even vaccination 
against angiotensin I and II. With the increased risk that would be associated with 
invasive procedures, it is imperative to continue building upon the robust justifi ca-
tion for the implementation of exercise in the prevention and treatment of CVD and 
hypertension [ 62 ,  63 ]. 

    Exercise and Its Benefi ts: The Paradox 

 There are distinct differences when comparing the effects of different intensities of 
acute (short-term or immediate) and chronic (long-term or training) exercise on 
immune function. It has been well established that a strenuous bout of acute exercise 
suppresses immune function and is directly responsible for increased ROS, while 
chronic strenuous exercise is associated with an increase in one’s susceptibility to 
infection [ 64 ,  65 ]. Moderate intensity acute exercise elicits increases in circulating 
populations of immune cell subsets which has been suggested to increase immuno-
surveillance, while there is a decline in this same population of cells following strenu-
ous acute exercise, where their function is also inhibited. Acute exercise also provides 
a physiological stress that increase stress hormones (i.e., cortisol), which is known to 
be immune-suppressive. Further, the pleiotropic cytokine IL-6, where circulating 
levels are high during acute and chronic infl ammation, is also stimulated by exercise 
and is measurably responsible for the increase in circulating anti-infl ammatory medi-
ators [ 66 – 68 ]. However, the effects of moderate exercise have been shown to promote 
an anti-infl ammatory phenotype in multiple tissue depots including the vasculature 
[ 62 ], protect against chronic systemic ROS, provide a physiological stress that is ben-
efi cial, and moderate the anti-infl ammatory profi le of immune cells while mediating 
overall healthy immune function [ 17 ,  69 ,  70 ] (see Table  14.1 ).

       Exercise Training and Immune Function 

 Habitual exercise has been proven to benefi cially modify contributing factors to CVD 
and hypertension. Studies have shown that exercise training reduces local and circu-
lating infl ammatory cytokines (e.g., CRP, TNF-α, IL-1β), and oxLDL, increased 
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production and circulation of anti-infl ammatory markers (e.g., IL-10, soluble TNF 
receptor, and IL-1ra), boosts peripheral and cellular antioxidant capacity (e.g., cata-
lase and superoxide dismutase), and elicits a reduction in the expression of receptors 
and mediators of endothelial immune activation (e.g., ICAM-1 and VCAM-1) on EC 
and immune cells [ 62 ,  71 ,  72 ]. Further, the protective effects of exercise seem to 
be primarily mediated by reducing tissue specifi c infl ammation (i.e., endothelium, 
adipose tissue) which aids in the promotion of a systemic anti-infl ammatory pheno-
type of EC and immune cells associated with these tissues [ 64 ,  65 ]. 

 To appropriately relay some of the measurable benefi ts of exercise on immune 
function, it is important to briefl y review how regular physical activity is protective 
against the development of chronic infl ammatory diseases which as described previ-
ously includes hypertension. This involves exploration of the effects of exercise in 
tissues, which elicit these systemic anti-infl ammatory properties. Gleeson et al. [ 72 ] 
focused their review on a few mechanisms by which exercise is anti-infl ammatory 
that include: fat depot reduction, muscle synthesis and release of IL-6, local and 
peripheral alterations in the expression of proteins that regulate immune interactions 
and activation, and phenotype switching of immune cell populations within tissues 
and the circulation. 

    Table 14.1       Summary of immune factors and immune cell participation in hypertension and 
exercise   

 Immune activating 
factors & cells  Hypertension 

 Exercise 

 Acute  Chronic 

 ROS  ↑↑  ↑  ↓↓ 
 ↑ Antioxidant machinery 

 Cytokines 
 Pro-  ↑ (TNF-α, IL-1β, IL-6, 

CRP) 
 ↑ IL-6  ↑ IL-6; ↓ (TNF-α, IL-1β, 

IL-6, CRP) 
 Anti-  ↑ IL-10, IL-1ra, sTNFr 
 CAM’s  ↑ (ICAM, VCAM)  ?  ↓↓ 
 TLR’s  ??  ↔  ↓↓ 

 Sedentary/obese: ↑  ↑ Desensitization 
 PPAR-γ  ↓  ↑  ↑↑ 

 ↑ Atheroslerotic plaques 
 AMPK  ??  ↑  ↑ 

 ↓ Pulmonary hypertension 
 Immune cell types 
  Mφ  

  M1  ↑ Classically Activated Mφ  ?  ↓ Pro-infl ammatory 
  M2  ?? Alternatively Activated 

Mφ 
 ?  ↑ Anti-infl ammatory 

 T h 1, T h  17  ↑↑  ? 
 T reg   ↔  ↔  ↑↑ 

  ↑ is increased, ↓ is decreased, ↔ is no change, ? is not clear or unknown, cellular adhesion 
molecules (ICAM-1, VCAM-1), c-reactive protein (CRP), interleukins (IL-1β, IL-1 receptor 
antagonist (ra), 6, 10), tumor necrosis factor-α (TNF-α), soluble TNF receptor (sTNFr)  
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 In the context of EnDy, hypertension, and chronic systemic infl ammation, it is 
important to mention that: (1) exercise of suffi cient intensity and volume promotes 
a reduction in visceral fat mass. This adipose depot produces a substantial amount 
of pro-infl ammatory mediators [ 73 ] that drive the activation and migration of 
infl ammatory monocytes and lymphocytes to the tissue and prompt chronic sys-
temic infl ammation; ( 2 ) exercise elicits an increased production and release of anti- 
infl ammatory cytokines from contracting skeletal muscle (IL-6). A short-lived 
increase in peripheral IL-6 levels after exercise is a potent stimulant of the conse-
quent increase in circulating anti-infl ammatory cytokines (e.g., IL-10, IL-1ra, and 
soluble TNF receptor). These are products of both innate (i.e., Mφ) and adaptive 
(i.e., T cells, Treg) immune cells that subsequently down-regulate infl ammation 
[ 66 ,  67 ]; (3) exercise inhibits the expression of cell adhesion molecules in vascular 
tissue and immune cells, therefore mediating the capacity of effector monocytes and 
T cells to migrate to effector tissues and sustain infl ammatory responses [ 64 ]; (4) 
exercise modulates the release of glucocorticoids (e.g., cortisol and adrenaline) 
which are known to signifi cantly modify immune cell activities [ 74 ]. It is well 
known that chronic stress has deleterious health effects that exacerbate pro- 
infl ammatory diseases while suppressing normal immune function. Exercise train-
ing optimizes oscillations in glucocorticoid release which is predicted to be 
responsible for the adaptations that ameliorate chronically elevated hormonal 
stress levels; (5) exercise reduces the expression of TLR on Mφ as well as TLR 
ligand- stimulation of pro-infl ammatory cytokines [ 64 ]. There is evidence that TLR 
may be involved in chronic infl ammation associated with a sedentary lifestyle [ 31 ]; 
and (6) exercise also provokes phenotype switching of Mφ and T cells to an anti- 
infl ammatory phenotype [ 75 ]. For instance, this process initiates decreases in pro- 
infl ammatory cells (i.e., Th17 cells) and increases in circulating Treg [ 76 ,  77 ], 
therefore promoting a systemic anti-infl ammatory phenotype and supporting an 
antihypertensive environment. See Table  14.1  for a summary of the benefi cial 
effects of exercise on immune function. 

 Unfortunately, there is not a substantial body of literature that characterizes the 
responses mentioned above in individuals with hypertension. There is a need for 
a more complete picture describing the infl ammatory status, systemic and vascu-
lar, in individuals with hypertension. For instance, it would be clinically relevant 
and helpful to better understand simple phenomenon such as the activation state 
of circulating immune cell populations along with a characterization of the ratio 
of innate to adaptive immune cell populations at differing stages of hypertension 
to better characterize infl ammatory burden. For example, De la Fuente et al. [ 78 ] 
are one of the few that have reported on the interactions of hypertension, immune 
function, oxidative stress, and exercise in aged women. The reduction in vasoac-
tive peptides (e.g., endothelin-1) and overall systemic antioxidant effects of exer-
cise has been relayed by Beck et al. [ 79 ,  80 ] in young adults with prehypertension 
and the effects of exercise on circulating infl ammatory markers and vascular func-
tion in those highly predisposed to hypertension per Heffernan et al. [ 81 ] and 
Cook et al. [ 82 ].   
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    Distinct Mechanisms Involved in the Anti-infl ammatory 
Effects of Exercise 

    Reactive Oxygen Species and Exercise 

 As previously discussed, ROS has an integral role in infl ammatory processes. 
There are substantial differences in the immune response to acute and habitual exer-
cise behaviors in relation to ROS production. Sporadic acute exercise is known to 
promote ROS formation and cause cellular damage while habitual exercise is well 
documented to reduce ROS. Novel research has illuminated the positive role of the 
production of ROS during exercise as a key regulator in the advantageous adapta-
tions to exercise. Gomez-Cabrera et al. [ 83 ] and Scheele et al. [ 84 ] review evidence 
generated by themselves and others that regular exercise induces ROS which acti-
vates an infl ammatory response via NF-κB that increases gene expression of cyto-
kines (e.g., IL-6) and upregulates signaling cascades that lead to sustained endogenous 
expression of important antioxidant enzyme defense mechanisms (e.g., mitochon-
drial superoxide dismutase, catalase, and glutathione peroxidase). Consequently, 
blocking ROS during exercise in animals and humans reduces the protective role that 
exercise has in upregulating endogenous antioxidant capacity. Therefore, the stimu-
lation of ROS during exercise is an essential mechanism by which exercise training 
facilitates the boost of antioxidant defense.  

    Peroxisome Proliferator-Activated Receptor-gamma 

 A key mechanism by which exercise may directly infl uence vascular ROS production 
is through its effects on PPAR-γ expression. oxLDL stimulate ROS production in 
EC. Effective ways of clearing free-fatty acids from the blood stream are necessary 
to promote vascular homeostasis and reduce this source of ROS production by 
the endothelium. PPAR-γ is a receptor that mediates the uptake of circulating lipids 
[ 85 ,  86 ] which is a functional process that occurs in human EC [ 87 ] and has direct 
anti-infl ammatory effects on immune cells [ 88 ]. PPAR-γ expression has been shown 
to be increased in atherosclerotic plaques which has been suggested to be a compen-
satory mechanism to manage local lipid accumulation [ 89 ]. PPAR-γ activity reduces 
vascular and systemic infl ammation in vivo [ 90 ] and improves endothelial function 
by reducing apoptosis of endothelial progenitor cells [ 91 ]. Further, some angioten-
sin receptor blocking drugs such as telmisartan, have been shown to facilitate an 
increase in PPAR- γ expression [ 92 ]. Fortunately, exercise also (low to moderate 
intensity) has favorable effects on PPAR-γ expression that lead to decreased 
systemic infl ammation [ 93 ]. Exercise increases immune cell PPAR-γ activity [ 94 ] 
and prompts decreases in the infl ammatory response in EC [ 89 ], therefore bolstering 
the anti-infl ammatory benefi t of exercise within the vasculature and moderating 
ROS stimulated by oxLDL. Evidence does show that reduced PPAR-γ activity is a 
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phenotype in pulmonary hypertension [ 95 ,  96 ]. However, it has yet to be defi nitively 
proven that depressed PPAR-γ expression and activity in immune cells or EC is a 
phenotype involved in the pathogenesis of EnDy and peripheral hypertension.  

    Adenosine Monophosphate-Activated Protein Kinase 

 AMPK activation is another mechanism by which exercise stimulates and promotes 
systemic anti-infl ammatory effects [ 97 – 99 ]. AMPK is activated by signals that are 
sensitive to energy deprivation in the cell (↑ ratio of AMP/ATP). Thus, AMPK is 
important in addressing energy demands by altering cellular metabolism to con-
serve and replenish energy. Exercise has been shown to be the most powerful stimu-
lus in promoting AMPK upregulation along with its consequential anti-infl ammatory 
effects [ 100 ]. Pharmalogical stimulation of this pathway with 5-aminoimidazole- 4-
carboxamide ribonucleotide (known as AICAR), which is an analog of adenosine 
monophosphate that can activate AMPK and is considered an exercise mimetic, has 
both endothelium independent and dependent arterial vasodilatory effects as shown 
in animal models of hypertension [ 101 ], and is associated with drastic improve-
ments in EnDy [ 102 ]. The anti-infl ammatory mechanism of action of AMPK, in 
part, consists of its inhibitory effects on pro-infl ammatory pathways upstream of 
and reduced NF-κB activation. In immune cells, AMPK stimulation is associated 
with reduced TLR-4 induced activation of neutrophils [ 98 ] and Mφ [ 103 ]. Although 
AMPK activity is transiently increased following acute exercise [ 104 ,  105 ], exercise 
training is what maintains the benefi cial anti-infl ammatory phenotype in cells and 
tissues (i.e., cardiovascular, skeletal muscle, adipose, immune cells) [ 99 ,  100 ]. 

 Additionally, AMPK activation has also been shown to be initiated by glucocorti-
coid stimulation [ 106 ], and exercise elicits increases in circulating glucocorticoids, 
relative to intensity [ 107 ]. Importantly, glucocorticoids themselves utilize a multitude 
of pathways to promote an anti-infl ammatory phenotype in immune cells through the 
upregulation of anti-infl ammatory proteins and down-regulation of pro- infl ammatory 
proteins, all while being an important mediator in the development and homeostasis of 
immune cells [ 108 – 111 ]. Thus, the interconnected pathways by which exercise pro-
motes this systemic anti-infl ammatory phenotype (↑ AMPK) is, at best, complicated 
but necessary to continue to explore in the context of EnDy and hypertension.   

    Clinical Implications and Importance 

    Maintaining Immune Health 

 The position statement on exercise and maintenance of immune function has reviewed 
evidence for the importance of exercise in preserving healthy immune function 
[ 64 ,  65 ]. The benefi cial effects of moderate intensity exercise and detrimental effects 
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of strenuous exercise have on immunity have been intensely reviewed and outlined. 
Although there have been no specifi c exercise recommendations for maintaining 
healthy immunity in adults with hypertension, implementation of the physical activity 
guidelines that maintain healthy immune function in these position statements from 
Walsh et al. [ 64 ,  65 ], superimposed with the recommendations for adults with hyper-
tension mentioned throughout this book, would be highly effective in reducing the 
infl ammatory burden and cellular dysfunction that participates in the pathology of this 
chronic condition. However, patient populations with EnDy and hypertension are in 
dire need of systematic clinical and experimentally controlled investigations that will 
provide evidence-based physical activity guidelines that would substantially improve 
their immune health. Trials are also necessary because there is no consensus of the 
varying degrees of infl ammatory burden this population may have. In general, the 
consensus for exercise considerations in the maintenance of healthy immune function 
are to perform exercise at a low to moderate intensity and to avoid prolonged exercise 
sessions (>1.5 h) of moderate to high intensity, which may increase physiological 
stress and suppress immune function.   

    Conclusion 

 EnDy perpetuates a feed forward cycle of NF-κB activation and EC immune activation 
that is characterized by increased pro-infl ammatory cytokine production establishing 
the endothelium as a tissue depot that can promote systemic infl ammation. While the 
benefi cial systemic and cardio-protective effects of exercise are not fully understood, 
we do know the positive effects that exercise has on the immune system as being 
overall anti-infl ammatory, reducing ROS [ 83 ], and most importantly depressing mor-
bidity and all-cause mortality associated with CVD, including hypertension [ 62 ]. 
Cellular mechanisms that highlight the effect of exercise on anti-infl ammatory cas-
cades such as those briefl y mentioned above (PPAR-γ and AMPK activity) may only 
be the tip of the iceberg in regards to chronic infl ammatory diseases. 

 In relation to hypertension, there is a distinct gap in the research concerning the 
mechanistic interactions between exercise and immune activities related to the 
pathogenesis, and to some extent, the mitigation of hypertension. It is important that 
we effi ciently utilize what has been proven about the systemic and cellular effects 
of exercise in shaping treatment strategies to alleviate the burden of hypertension. 
For instance, there is still a substantial need to explore the role PPAR-γ and AMPK 
may have in the pathogenesis and progression of EnDy and hypertension. It is well 
know that altered activity of enzymes and proteins such as these are directly related 
to the onset and progression of multiple diseases in which exercise is effective in 
altering activity of these pathways and improving health status [ 7 ,  100 ]. Concerning 
endothelial dysfunction and hypertension, rigorous in vitro and in vivo investiga-
tions are essential to uncover hidden mechanisms by which exercise improves EnDy 
in the scope of immune activities within the vasculature and effector organs.
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  Key Points and Resources 

•   Chronic infl ammation potentiates vascular dysfunction at the level of the 
endothelium.  

•   Immune cell subsets (i.e., Mφ and T cells) have distinct roles in the pathogenesis 
and pathology of hypertension.  

•   The anti-infl ammatory effects of habitual low to moderate intensity exercise 
signifi cantly modifi es contributing factors of CVD and hypertension by reducing 
circulating pro-infl ammatory cytokines and oxLDL, while increasing circulating 
anti-infl ammatory mediators and systemic antioxidant capacity. Exercise also 
reduces pro-infl ammatory ligand (i.e., TLR) and adhesion molecules (i.e., ICAM-1, 
VCAM-1) on both immune cells and EC.  

•   Research addressing the effects of exercise in individuals with hypertension that 
characterize infl ammatory burden is severely limited and essential to provide 
effective therapeutic pharmacological and lifestyle treatment options such as 
exercise for the resolution of hypertension.  

•   The American College of Sports Medicine:   http://www.acsm.org/     for access to 
ACSM certifi ed news regarding exercise immunology   http://certifi cation.acsm.
org/fi les/fi le/CNews22_3pp4_webready.pdf      

•   International Society of Exercise Immunology:   http://www.isei.dk/index.
php?pageid=3     for access to the Exercise Immunology Review journal.  

•   Pober JS, Sessa WC (2007) Evolving functions of endothelial cells in infl ammation. 
Nat Rev Immunol 7: 803–815 [ 25 ]  

•   Walsh NP, Gleeson M, Pyne DB, et al. (2011) Position statement. Part two: 
Maintaining immune health. Exerc Immunol Rev 17: 64–103 [ 65 ]  

•   Walsh NP, Gleeson M, Shephard RJ, et al. (2011) Position statement. Part one: 
Immune function and exercise. Exerc Immunol Rev 17: 6–63 [ 64 ] 
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