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Akt Protein kinase B

EC Excitation—contraction

GRK2  G-protein-coupled kinase-2

HCN4  Hyperpolarization-activated cyclic nucleotide-gated channel 4
HF Heart failure

I, L-type Ca?*channels

NCX Sarcolemmal Na*/Ca?*exchanger

NFAT Calcineurin/nuclear factor of activated T cell
PI3K Phosphatidylinositide-3-kinase

PKA Protein kinase A

PLB Phospholamban

RyR Ryanodine receptors

SERCA SR Ca’*ATPase

SR Sarcoplasmic reticulum

T-tubule Transverse tubule

B-AR B-Adrenergic receptor
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Introduction

The relationship between physical inactivity and disease is known since antiquity.
In ancient Greece, Hippocrates has stated that diet deficiency or reduced physical
activity would lead to body sickness [1]. This statement still holds true in contem-
porary period, especially considering the exponential growth of physical inactiv-
ity after the industrial revolution. Indeed, physical inactivity was identified as the
fourth leading risk factor for all-cause global death and prevalence of chronic dis-
eases, such as heart and renal failure, cancer, diabetes, and hypertension [2, 3]. Of
interest, the prevalence of physical inactivity is also high in adolescents (80.3 % of
13—15-years-olds do not achieve 60 min of moderate-to-vigorous physical activity
per day by combining information of 105 countries) [4], which calls for a better
surveillance of physical activity levels in both adult and adolescent populations, as
well as, the implementation of effective exercise programs for the prevention and
treatment of chronic diseases. In fact, physical exercise has been considered an ef-
fective therapy to chronic diseases [5, 6]. For this reason, scientific societies have
included in their guidelines, recommendations for daily physical activity and proper
prescription of exercise [7].

The beneficial effects of chronic physical exercise are due to training adapta-
tions that occur in several organ systems. In fact, these adaptations occur to reduce
the homeostatic disturbance caused by chronic physical exercise. Consequently, the
organism develops resistance to homeostasis imbalance, reducing both fatigue and
installation of diseases [8]. The autonomic nervous system plays a crucial role in
integrating chronic physical exercise adjustments by modulating the sympathetic
and parasympathetic outflows [9].

In this chapter, the contribution of adrenergic system for the cardiovascular ad-
aptations to acute (a single bout of exercise) and chronic (training) physical exercis-
es is reviewed. Considering that aerobic exercises (endurance) are the main exercise
type with sufficient scientific evidence to improve cardiovascular health [10, 11],
we will focus on this type of exercise throughout this chapter.

Cardiac Responses to Aerobic Exercise in Health
and Disease: Role of Autonomic Nervous System

The autonomic nervous system is known to modulate the cardiovascular function to
aerobic exercise by increasing heart rate and cardiac contractility, accelerating car-
diac relaxation and atrioventricular conduction, and controlling the vascular tonus
[12]. Altogether, these responses increase cardiac performance to exercise, prepar-
ing the body for the “fight or flight response” by activating the sympathetic nerve
activity and reducing parasympathetic outflow via neural responses influenced by
both central and peripheral mechanisms [13].
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Centrally mediated cardiovascular adjustments, known as central command, are
regulated by the motor cortex, the same brain region responsible for motor unit
recruitment. Motor cortex stimulates muscle contraction at the same time it sends
signals to cardiovascular control areas at the medulla oblongata [ 14, 15], thus medi-
ating the autonomic responses required to modify cardiac parameters during aerobic
exercise. Additionally, it is proposed that the central command regulates sympa-
thetic nerve activity in an exercise intensity-dependent manner [12, 16].

Early experiments demonstrated that heart rate and ventilation rapidly increase
upon involuntary skeletal muscle contraction induced by electrical stimulation [17].
Additionally, seminal works by Alam and Smirk [18, 19] have shown that blood
pressure and heart rate were maintained after exercise if blood flow to working
muscles was occluded, and that these variables fell promptly when occlusion was
removed. Once these responses did not involve cortical stimuli, it was suggested
that reflexes within the muscles were able to mediate the cardiorespiratory response
to exercise, in a mechanism referred to as exercise pressor reflex [12, 15, 20-22].
In fact, different types of sensory neurons (I-IV) innervate skeletal muscles, and
afferent fiber types III and IV are specially related to exercise pressor reflex [21,
22]. Afferent type III fibers are highly excitable upon mechanical stress, acting as
mechanoreceptors and the first to contribute to exercise pressor reflex. In turn, af-
ferent type IV fibers increase their firing rate in a linear relationship with the accu-
mulation of metabolic products of muscle contraction, making them metaborecep-
tors [12, 23-25].

Cardiac Responses to Aerobic Exercise in Health

Heart Rate Responses to Aerobic Exercise

At the onset of exercise, integrated responses of central command and mechanore-
ceptors in skeletal muscle lead to a vagal withdrawal, which accelerates heart rate
[26-29]. After this initial stage, skeletal muscle metabolites’ accumulation activates
metaboreceptors promoting further increase in heart rate by sympathetic activa-
tion during exercise [12, 26-29]. Indeed, increased sympathetic outflow and car-
diac B-adrenergic receptor (B-AR) activation are the main mechanisms involved in
aerobic exercise tachycardia when the heart rate is more than 100 beats/min [30].
Moreover, during vigorous exercise, parasympathetic activity further declines and
sympathetic outflow increases, resulting in a modest or virtually nonexistent vagal
modulation of heart rate [31].

One of the main effects of aerobic exercise training is the reduced exercise
tachycardia to the same absolute workload during a submaximal exercise. The main
mechanism underlying reduced exercise tachycardia in trained individuals is the
reduction in both vagal withdrawal and sympathetic intensification to the same
absolute workload, as compared with untrained individuals [27, 29, 32-35]. Ac-
cordingly, aerobic exercise-trained individuals display reduced sympathetic activity
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for any given submaximal workload, compared with sedentary controls [30]. This
autonomic adaptation is of particular interest taking into consideration that maxi-
mal exercise tachycardia is achieved in a higher exercise workload, which further
leads to higher maximal cardiac output and oxygen uptake in trained than untrained
individuals.

Another striking adaptation to aerobic exercise training is the resting bradycardia
reaching levels as low as 30 beats/min in endurance athletes [36—38]. Accumulated
evidences suggest that resting bradycardia after aerobic exercise training is induced
by both autonomic and nonautonomic mechanisms [28, 30, 35, 36, 39—41]. The
main nonautonomic mechanism involved in resting bradycardia is a reduction in
intrinsic heart rate after aerobic exercise training, which has been shown in both
animal [28, 40, 42] and human [36, 39, 41, 43] studies. Recently, D’Souza and co-
workers [42] have demonstrated a widespread remodeling of pacemaker ion chan-
nels with a reduction in hyperpolarization-activated cyclic nucleotide-gated channel
4 (HCN4) expression and its corresponding current, /;, in isolated sinus node of
exercise-trained mice.

The main methods used to study autonomic control of heart rate include the
evaluation of heart rate variability (time and frequency domain) and the cardiac
autonomic blockade of B-AR (sympathetic) and muscarinic (vagal) receptors. Stud-
ies conducted with both methods have suggested an increased vagal-mediated rest-
ing bradycardia induced by aerobic exercise training of proper duration and in-
tensity [30, 44, 45]. However, a reduced cardiac adrenergic tonus leads to resting
bradycardia in exercise-trained hypertensive and heart failure (HF) animals, which
display cardiac dysautonomia associated with sympathetic hyperactivity [46—48].
These findings highlight the homeostatic role of aerobic exercise training in reduc-
ing cardiac sympathetic hyperactivity. It is worth mentioning that sport modality
influences the resting bradycardia level and its mechanisms of control in profes-
sional athletes. In fact, Azevedo and coworkers [36] have demonstrated that rest-
ing bradycardia (evaluated by both cardiac autonomic blockades as heart rate vari-
ability) is mainly dependent on an increased cardiac vagal tonus in runners, while
cyclists’ display of resting bradycardia is associated with a reduced intrinsic heart
rate combined with eccentric and concentric hypertrophy. Indeed, the cardiac auto-
nomic control of resting heart rate in athletes may change according to the training
season. In fact, Iellamo and coworkers [49] have demonstrated a cardiac conver-
sion from vagal to sympathetic predominance in professional rowers preceding the
World Championship.

Cardiac Contractility and Relaxation Responses to Aerobic Exercise

Even though heart rate response to exercise is modulated by sympathetic/vagal bal-
ance, cardiac contractility and relaxation response to aerobic exercise are controlled
solely by the sympathetic nervous system. This occurs since cardiac ventricles, re-
sponsible for contraction, receive almost exclusively adrenergic fiber innervations,
whereas the cholinergic system fibers run with the vagus nerve subendocardially,
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reaching mainly the atrial myocardium with minimal connections to the ventricular
myocardium [13].

Regarding cellular mechanisms underlying the modulation of cardiac function
during aerobic exercise, B-AR activation by norepinephrine and epinephrine plays a
key role in increased cardiac contractility during an acute bout of aerobic exercise.
The increased cardiac contractility is due to f-AR modulation of major Ca?*cycling
proteins involved in excitation—contraction coupling, such as L-type Ca?*channels,
ryanodine receptors (RyR), and the sarcoplasmic reticulum Ca’*-ATPase regula-
tor, phospholamban (Fig. 5.1a). During a single bout of exercise, the sympathetic
activation mediated by B-AR-adenylyl cyclase-cyclic adenosine monophosphate
(cAMP)-protein kinase A (PKA) signaling pathway leads to the phosphorylation
of Ca’*cycling proteins, increasing the intracellular Ca?*transient and contrac-
tion amplitudes, which accelerates their kinetics during exercise [50]. Likewise,
Ca®*reuptake by sarcoplasmic reticulum Ca>*-ATPase is accelerated by increased
B-AR-mediated PKA phosphorylation of phospholamban, which results in a faster
cardiac relaxation time during aerobic exercise [51].

Besides the autonomic balance of the cardiovascular system during a single bout
of exercise, the aerobic exercise training is also able to modulate the density and re-
sponsiveness of B-AR in the heart. In general, cardiac f-AR density has been shown
to decline with aerobic exercise training. However, data on such effects of exercise
training are controversial in the literature [52, 53]. Taking into consideration the
B-AR subtypes, studies have proposed a downregulation in either 3,-AR or ,-AR
subtypes after training [54—57]. This was suggested to be a compensatory adapta-
tion in a tissue exposed to high concentrations of catecholamines during exercise
training sessions [58]. Despite this response, compelling evidences from the litera-
ture suggest that aerobic exercise training increases cardiac contractility in animal
models [59, 60] and humans [61]. In fact, increased adenylyl cyclase activity and
myocardium responsiveness to B-AR agonists have been observed in trained rats
regardless of training-induced alterations in cardiac structure [59]. Indeed, aerobic
exercise training increases cardiac inotropy by phosphorylating key Ca?*handling
proteins, such as the RyR and phospholamban [62, 63] (Fig. 5.1a). In addition, an
increased myofilament Ca" sensitivity and enhanced pH regulation are observed in
isolated cardiac myocytes from exercise-trained rats [59, 60].

Cardiac Responses to Aerobic Exercise in HF

HF is a common endpoint of cardiovascular diseases, and the development of end-
stage HF involves a continuous interaction between myocardial dysfunction and
hyperactivation of neurohumoral systems, including adrenergic system. At first, this
response is compensatory and may cause myocardium hypertrophy in response to
increased cardiac work. However, sustained neurohumoral hyperactivity is toxic
and deleterious as cardiac dysfunction persists [64]. Indeed, adrenergic system hy-
peractivation leads to worsening of HF, which is associated with altered cardiac
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Fig. 5.1 Excitation—contraction (EC) coupling in nonfailing a and failing b hearts. Adapted from
Brum, PC et al. 2006, “Neurohumoral activation in heart failure: the role of adrenergic recep-
tors”, Annals of the Brazilian Academy of Sciences 78(3): 485-503. a In nonfailing hearts during
systole, EC coupling involves depolarization of the transverse tubule (T-tubule), which activates
voltage-gated L-type Ca”*channels (I.,) in the plasma membrane. Ca**influx via I, triggers
Ca’*release from the sarcoplasmic reticulum (SR) via ryanodine receptors (RYR). During dias-
tole, intracellular Ca*is pumped out of the cytoplasm by the SR Ca?*ATPase (SERCA), which is
regulated by phospholamban (PLB). In addition, Ca?*is extruded from the cell by the sarcolemmal
Na*/Ca’>*exchanger (NCX). The B-adrenergic receptor (B-AR) activation increases EC-coupling
gain during systole and diastole through protein kinase A (PKA) phosphorylation of I, RYR,
and PLB. The filled black arrows indicate the effects of aerobic exercise training. b In failing
hearts, EC coupling is altered. RYR are hyperphosphorylated by PKA, which leads to greater
sensitivity to Ca>*-induced Ca®*release at low and moderate cytoplasmic Ca>*concentrations. The
long-term effect of PKA hyperphosphorylation of RYR is an increased open probability at low
intracellular Ca?* concentrations, consistent with Ca?*leakage during diastole. In addition, SERCA
is downregulated, while NCX is upregulated in failing hearts, which contributes to depletion of
SR Ca**stores. Aerobic exercise training attenuates abnormal Ca**handling, rescuing cardiac f -
AR to normal control levels and reducing B,-AR uncoupling. It also improves Ca**reuptake by
SERCA, reduces sarcolemmal Ca?"extrusion by NCX, and decreases Ca®*leakage in diastole

adrenergic system components [65, 66], impaired Ca?"handling [46, 48, 67, 68],
and pathological cardiac remodeling [69, 70].

In failing hearts, there are abnormalities at multiple levels in the cardiac adren-
ergic signaling (Fig. 5.1b). B,-AR, the most expressed AR in the heart, is down-
regulated in HF with reduced responsiveness regardless of cardiomyopathy etiol-
ogy [65, 71, 72]. In contrast, B,-AR levels remain unchanged in most studies [71,
72]. Additionally, the remaining cardiac ;- and ,-AR are desensitized mostly due
to G-protein-coupled kinase-2 (GRK2) [72, 73], a kinase that phosphorylates and
uncouples B-ARs. Increased GRK2-induced B-AR desensitization is supported by
findings demonstrating that its inhibition reverses the pathological cardiac remodel-
ing and improves cardiac function [72, 73]. The role of B,-AR in HF has not been
elucidated yet, but it has been demonstrated that ,-AR signaling is increased in
failing hearts [71].

Considering that adrenergic signaling in cardiac myocytes is tightly coupled to
regulation of Ca®"transients [74], desensitization of cardiac B-AR signaling path-
way will lead to an abnormal Ca?*homeostasis [46, 48]. In fact, altered expression
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and function of major Ca?"-regulating proteins have been described in severe HF
models [75]. Reduced expression of sarcoplasmic reticulum Ca?*-ATPase and L-
type Ca?*channel paralleled by increased Ca’*leaking by RyR and sarcolemmal
Ca?*extrusion by Na/Ca?*exchanger (NCX) is accounted for the reduced Ca?*tran-
sient and depletion of sarcoplasmic reticulum Ca?*content in HF [67] (Fig. 5.1b).

Cardiac remodeling associated with fibrosis and cardiac myocyte death is also
a landmark of adrenergic system hyperactivity in HF, and the use of drugs that
block neurohumoral hyperactivation, such as B-blockers and losartan (angiotensin
IT receptor antagonist), leads to an anticardiac remodeling associated with reduced
mortality and improved cardiac function [68, 69, 76, 77].

Accumulated evidences have shown that aerobic exercise training is an efficient
nonpharmacological strategy for HF therapy. Aerobic exercise training in HF pa-
tients improves quality of life, which is paralleled by an improved clinical symp-
tom and a reduced hospitalization rate [78—80]. Additionally, beneficial effects of
aerobic exercise training in HF are associated with a better autonomic control of the
cardiovascular system [81, 82].

One of the first studies showing an improved autonomic balance after aerobic
exercise training in HF individuals was published in 1992 by Coats and coworkers
[83]. In fact, a landmark of aerobic exercise training in HF is a reduction in sympa-
thetic hyperactivity [72, 84], which is paralleled by an improved cardiac Ca®>"han-
dling [46, 48, 82, 85] and anticardiac remodeling [69, 82].

One of the mechanisms underlying the improved cardiac function by aerobic
exercise training is related to attenuation of adrenergic signaling dysfunction in
failing hearts associated with a rescue of cardiac ,-AR to a normal control level
accompanied by increased cAMP and reduced GRK2 levels [86, 87]. The improved
cardiac adrenergic signaling by aerobic exercise training in HF improves, at least
in part, Ca>*homeostasis. In fact, in a model of sympathetic hyperactivity-induced
HF model in mice, Rolim and coworkers [46] have demonstrated that aerobic exer-
cise training improved the net balance of cardiac Ca?*-handling protein expression
represented by improved Ca?*reuptake by sarcoplasmic reticulum Ca**-ATPase and
reduced sarcolemmal Ca®*extrusion by NCX. These results have been corroborated
by other studies in different models of HF [59, 88]. The main effects of aerobic exer-
cise training on intracellular Ca?*handling proteins in HF are depicted in Fig. 5.1b.

Besides being an efficient therapy for HF, aerobic exercise training is considered
an important strategy for the prevention of cardiovascular disease. Aerobic exercise
training prior to HF development confers an important cardioprotector effect, at-
tenuating cardiac dysfunction and abnormal Ca?>*handling [48, 89].

Regarding the impact of aerobic exercise training on cardiac remodeling induced
by HF, reverse cardiac remodeling with a shift from pathological to physiological
cardiac remodeling has been observed in exercise-trained animal models of HF [69,
90].

Despite structural similarities between physiological and pathological cardiac
remodeling [90], studies have demonstrated that distinct molecular pathways are in-
volved in each form of cardiac hypertrophy [60, 91-93]. While calcineurin/nuclear
factor of activated T cell (NFAT) signaling pathway is one of the major players
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in pathological cardiac remodeling [60, 93], physiological cardiac remodeling is
mainly associated with phosphatidylinositide-3-kinase/protein kinase B (PI3K/Akt)
signaling cascade [91, 92]. In this sense, aerobic exercise training in animal mod-
els of HF has been implicated in both deactivation of pathological and activation
of physiological pathways involved in cardiac remodeling. Thus, deactivaction of
cardiac calcineurin/NFAT signaling pathway by aerobic exercise training has been
observed in both sympathetic hyperactivity- and hypertrophic cardiomyopathy-
induced HF in mice [69, 94]. Even though disruption of the AKT1 gene abrogates
exercise training-induced physiological cardiac hypertrophy, PI3K/Akt pathways
seem to play a subtle role in the cardiac antiremodeling effect induced by aerobic
exercise training in HF [69, 95].

In summary, aerobic exercise training effectively attenuates the impaired cardiac
adrenergic signaling and Ca?*handling, and has a cardiac antiremodeling effect in
failing hearts, which ultimately leads to an improved cardiac function in HF.

Circulatory Adjustments to Aerobic Exercise in Health
and Disease: Role of Autonomic Nervous System

During exercise, circulatory adjustments are necessary to meet the metabolic de-
mand of active skeletal muscle, and neural control of sympathetic nerve activity
plays a major role in ensuring the efficacy of these adjustments [96], since para-
sympathetic vascular innervation is scarce [97]. In this sense, several neural mecha-
nisms, working in concert, regulate sympathetic nerve activity to active (exercising
muscle) and inactive (nonexercising muscle) vascular beds through complex inter-
actions [98, 99]. Local mediators are also involved in this regulation [100].

It is worth to highlight that proper sympathetic nerve regulation to active and
inactive vascular beds is of critical importance, since impaired vascular response to
aerobic exercise in cardiovascular diseases (e.g., HF) is considered a main mecha-
nism involved in exercise intolerance [101]. Moreover, reduced skeletal muscle
blood flow is considered an independent predictor of mortality in patients with HF
[102] (Fig. 5.2). In the following section, we will discuss the mechanisms (central
and reflexes) that control the sympathetic activity and vascular conductance during
exercise in normal subjects and in patients with HF.

Mechanisms Involved in Circulatory Responses to Aerobic
Exercise

During exercise, a redistribution of cardiac output occurs to match the high meta-
bolic need imposed by contracting muscle. In this sense, the regulation of sympa-
thetic nervous system to different vascular beds during exercise is crucial to main-
tain and reset vascular conductance according to blood flow necessity, as well as,



5 The Cardiovascular Adrenergic System and Physical Exercise 85

1.00
035
030
085
080

FBF 21.87 ml/min/100ml

0.75
070
065
060 FBF <1.87 ml/min/100ml
0.55

Cumulative Survival (%)

050

o 50 100 150 200 250 300 350 400
Follow-up (days)

Fig. 5.2 Kaplan—Meier analysis of the cumulative rates of survival in patients with heart fail-
ure stratified in two groups on the basis of forearm blood flow (FBF, ml/min/100 ml). Survival
rate was significantly lower in patients with forearm blood flow < 1.87 ml/min/100 ml (p=0.002).
Adapted from Barreto, ACP et al., 2009, “Increased muscle sympathetic nerve activity predicts
mortality in heart failure patients,” International Journal of Cardiology 135(3): 302-307

to preserve blood pressure and the perfusion of vital organs (e.g., brain and heart).
The net result of this response is the increased vascular conductance and blood flow
to active vascular beds while it decreases to inactive ones (e.g., liver, stomach, and
skin) [103].

Activation of sympathetic nerve system during exercise is regulated by central
command and reflex arising from skeletal muscle (exercise pressor reflex elicited
by mechanoreceptors and metaboreceptors) or from aortic arch/carotid arteries
(baroreceptors) [97, 103, 104].

At the onset of exercise, sympathoexcitation by central command increases its
activity and induces the constriction of visceral and nonexercising muscle arterioles,
metarterioles, and small and large veins. Besides its role in redirecting blood flow in
favor of exercising muscles and central organs, sympathetic-mediated visceral vaso-
constriction plays an important role in sustaining arterial pressure and maintaining
an appropriate perfusion of vital organs [97, 103, 105]. Therefore, vasoconstriction
of peripheral vessels is essential to the practice of exercise and it seems to be related
to exercise intensity [106]. In exercising muscles, central command contributes to
sympathoactivation only near maximal effort, which occurs mainly to counteract an
exaggerated vasodilation, preventing blood pressure reduction and hypoperfusion,
and consequently, a drop in muscle oxygen supply [22, 97, 107, 108].
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Both central command and exercise pressor reflex exert an important role in
resetting arterial baroreflex to higher blood pressure levels during exercise, which
may further contribute to sympathoexcitation and simultaneous increase in heart
rate and blood pressure during exercise [96, 104, 109, 110]. The resetting of arterial
baroreflex operating point is paralleled by preserved baroreflex sensitivity during
exercise [110—113], which seems to be very important to prevent excessive increase
in blood pressure during exercise.

Concerning the cardiovascular response to exercise pressor reflex, metaboreflex
elicited by afferent fiber type IV seems to have an important role in regulating
sympathetic outflow to exercising and nonexercising vascular beds [97, 114-116].
Sympathoexcitation induced by metaboreflex was primarily thought to operate in
moderate-to-high-intensity aerobic exercise when metabolites accumulate in a mus-
cle undergoing contraction. However, metaboreflex is also elicited by a reduction
in intracellular pH, which provides evidence for its activation even in mild exercise
with minimal accumulation of muscle metabolites [24, 117—119]. Of interest, both
sympathoexcitation [24, 117, 119] and increase in arterial blood pressure [118] dis-
play a significant inverse correlation with intracellular pH drop during exercise.
Therefore, these findings give support for metaboreflex activation under inadequate
blood flow to assure an appropriated blood supply to muscles’ and metabolites’
washout. Accordingly, metaboreflex seems to correct any mismatch between mus-
cle blood flow and metabolism overriding central command.

As aforementioned, the main role of mechanoreflex elicited by afferent fibers
type III is related to a cardiac vagal withdrawal contributing to exercise tachycardia
at the onset of exercise [12]. Even though mechanoreflex contribution for sympa-
thetic activation during muscle contraction has been demonstrated in animals [25,
1201, it is difficult to isolate its contribution for sympathoexcitation in humans [12].
This is mainly due to the fact that subpopulations of afferent type III fibers are
polymodal, being sensitized by either metabolites or mechanical stimulus [23, 121].
Indeed, it has been demonstrated that muscle mechanoreceptor is sensitized by me-
tabolites [122].

Even though central and reflex activation of sympathetic nerves leads to va-
soconstrictor stimulus in active and inactive vascular beds, an increased vascular
conductance is observed in exercising muscles. This is due to local vasodilator
mechanisms (metabolic vasodilation, shear-stress induced vasodilation, muscular
pump, etc), which surpass the vasoconstrictor stimulus matching the high metabolic
demand in exercising muscles. Indeed, a reduced responsiveness of active vascular
beds to vasoconstrictor stimulus has long been reported [107, 123, 124]. In fact,
Remensnyder and coworkers [123] coined the term “functional sympatholysis” to
describe this phenomenon. The mechanisms proposed to explain functional sympa-
tholysis include either prejunctional inhibition of noradrenaline release or postjuc-
tional inhibition of noradrenaline binding to adrenergic receptors, which is medi-
ated by metabolites produced in contracting muscles [97]. However, the precise
mechanism underlying functional sympatholysis, or even its existence, is currently
under debate [125, 126].
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Circulatory Adjustments to Acute and Chronic Exercise
in Heart Failure

Sympathoexcitation is a well-documented feature of chronic HF, leading to an in-
creased vasoconstrictor tone and reduced blood flow to muscles and other organs.
For instance, a consequence of reduced renal blood supply is an increased renin se-
cretion and inappropriate salt and water retention. In fact, HF patients display lower
renal cortical and skeletal muscle vascular conductance than healthy individuals
[127]. These responses are of clinical importance since impaired exercise-mediat-
ed vasodilation by increased circulating noradrenaline is considered independent
predictors of mortality in HF patients [102, 128]. Indeed, reduced skeletal muscle
blood flow is a main mechanism involved in exercise intolerance in HF [101, 129].

As aforementioned, increased sympathetic activity to exercising vascular beds
is offset by local mechanisms, such as increased vasodilation induced by metabolic
byproducts. However, sympathetic hyperactivity observed in HF patients changes
the balance between vasodilation and vasoconstriction in favor of the former. In
fact, the reflex forearm vasodilatory response to handgrip contraction is restored
under intra-arterial a-adrenergic receptor blockade by phentolamine in HF patients
without affecting arterial pressure [130]. In contrast, reflex vasodilatory forearm
blood flow in response to mental stress is not affected by either intra-arterial infu-
sion of acetylcholine or L-arginine [131].

The beneficial effects of aerobic exercise training in HF include a significant
reduction in sympathetic hyperactivity [48, 76, 84, 132], as illustrated in Fig. 5.3.

Before AET
MSNA= 63 bursts/min
15 sec
After AET
MSNA= 40 bursts/min
15 sec

Fig. 5.3 Muscle sympathetic nerve activity (MSNA) of a 58-year-old female heart failure patient
(hypertensive cardiomyopathy) with a 36 % ejection fraction before and after 4 months of aero-
bic exercise training (AET). MSNA was obtained by direct recording of muscle sympathetic dis-
charge by microneurography. Note that AET dramatically reduced sympathetic discharge. Data are
from Cardiovascular Rehabilitation and Exercise Physiology Laboratory, Heart Institute, Medical
School, Universidad de Sao Paulo
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In fact, Coats and coworkers [83] were the first to demonstrate that acrobic exer-
cise training reduced by 16% whole-body radiolabeled norepinephrine spillover
in HF patients parallel by an improved cardiac autonomic balance. This is particu-
larly interesting since one of the main pharmacological therapies for HF is the use
of B-AR blockade. Therefore, HF therapies that decrease adrenergic hyperactivity
should combine aerobic exercise training to optimize the benefits on the cardio-
vascular system. In this context, we have demonstrated an additional reduction in
muscular sympathetic nerve activity by aerobic exercise training in HF patients op-
timized with carvedilol, a third-generation B-blocker (B,- and B,-blockade) with an
a-blockade and vasodilatory effect [133]. Additionally, while B-blocker therapy has
no impact on exercise capacity in humans or animals with HF [77, 134], a B-blocker
combined with exercise training improves exercise capacity [48, 68, 133]. Indeed,
it is important to highlight that reduction in sympathetic hyperactivity by exercise
training in HF patients is associated with a better clinical outcome [84, 133], which
occurs independently of HF patient age [135] or gender [136].

Potential mechanisms underlying reduced sympathetic nerve activity by aerobic
exercise training involve the afferent autonomic control of sympathetic nerve activ-
ity coordinated by arterial baroreceptors, mechanoreceptors, and metaboreceptors
[112, 113,132, 137, 138].

Exaggerated sympathetic activation by central command is observed in HF. In
fact, Koba and coworkers [129] demonstrated that renal and lumbar sympathetic
nerve responses to mesencephalic locomotor region stimulation were exaggerated
in myocardial infarcted animals. Likewise, increased exercise pressor reflex has
been observed in HF [20, 138]. Mechanoreflex overactivity is involved in exag-
gerated exercise pressor reflex in HF, while the role played by metaboreceptor is
still under debate, since some studies suggest a blunted metaboreflex function in
HF [139-143] and others demonstrate a metaboreflex overactivation in HF [138,
144, 145]. Of interest, aerobic exercise training attenuates the overactive exercise
pressor reflex in HF related mainly through reduced mechanoreflex evidenced by
studies conducted in either animals or humans [138, 139].

Increased sympathetic nerve activity in HF is also associated with reduced baro-
reflex sensitivity in animals [146, 147] and humans [148, 149]. This is of particular
interest since impaired baroreflex sensitivity is associated with a poor prognosis in
HF patients [150—152]. Regarding the effect of aerobic exercise training on barore-
flex function, our group demonstrated that aerobic exercise training reduced renal
sympathetic nerve activity associated with an increased arterial baroreceptor af-
ferent sensitivity in control rats [113, 137, 153]. Interestingly, this knowledge was
extended to HF by Liu and coworkers [132] who observed reestablished arterial
baroreflex control to renal sympathetic nerve activity by aerobic exercise training
in a rabbit model of pacing-induced HF. In addition, Rondon and coworkers [154]
also demonstrated that improved baroreflex control of renal sympathetic nerve ac-
tivity in myocardial infarcted rats was associated with increased aortic depressor
nerve sensitivity. Importantly, aerobic exercise training improved arterial baroreflex
sensitivity in HF patients [155, 156]. The clinical relevance of these findings was
firstly demonstrated by La Rovere and coworkers [ 152], who observed that exercise
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training-induced increase in baroreflex sensitivity was able to predict improved
prognosis in myocardial infarction patients.

In summary, aerobic exercise training reduces sympathetic hyperactivity in HF,

which is associated with an improved outcome. The mechanisms underlying this
response involve central and reflex adjustments of adrenergic system that regulate
cardiovascular function.
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