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Introduction
Heart failure (HF) is a syndrome developed chronically. This 

disorder represents one of the leading causes of mortality worldwide.1 
HF condition referred to cardiac muscle impossibility to give cardiac 
output properly according to body tissues metabolism. Thus, some 
organs, such as the brain, receive less than necessary to work. The 
consequence of this situation is a bad functioning or lower cells 
activity. Talking globally, the patient will suffer of congestion and 
dyspnea. Thinking more specifically about the brain, the patient might 
show impaired executive functions.2 In sum, HF is manifested as a 
restriction of body energy, implying in lower activity levels for the 
patient who will barely execute the daily routine.2 Into this context, 
physical exercise (PE) has been pointed out as an important auxiliary 
tool in the treatment of patients with HF and previous articles 
discussed the role played from PE on the brain of HF individuals.

Physiopathology of heart failure
The HF scenario is established according to neurohumoral 

mechanisms,3 which leads, in a first moment, to a benefic and adaptive 
situation for the heart pump enough blood to the body. However, 
looking in a long-term the scenario is an unregulated adaptation. 
Therefore, we can set 2 points to evaluate the development of heart 
failure:

a. Renin-Angiotensin system: activation of angiotensin type 1 
receptor (AT1) by angiotensin II (Ang II) is a strong stimulus to 
vasoconstriction, cell growth and secretion of both aldosteron and 
catecholamines.

When the body is under an Ang II chronic secretion, such as in 
HF condition, it leads to raised blood pressure, heart muscle cell 
and fibroblasts hypertrophy, as well as collagen accumulation on 
interstitial tissues.4 This scenario leads to extracellular matrix protein 
synthesis,5 remodeling and replace of functional to scarring tissue 
within the heart. Furthermore, the increased vasoconstriction causes 
an ischemia area, thereby provoking more cell death and scar tissue.6,7

In addition, AngII is closely linked to inflammatory response. It is 
expressed and activated by macrophages and cardiac myofibroblasts.4 

Cardiac myofibroblasts emerge as an answer of cardiac fibroblasts 
under stress.8 They express increased levels of pro-inflammatory 
and pro-fibrotic factors and, also, raise the enzymes levels, such as 
matrix metalloproteinases that degrade extracellular matrix and favors 
fibroblasts migration.4,9  It is believed that Ang II activation is involved 
with the via of growth factor β1 (TGF- β1) and, together, they are 
involved with cardiac fibroblasts transformation in myofibroblasts 
and are mediators of collagen deposition, fibrosis and cardiac 
hypertrophy.1,4 Moreover, the heart effect of high levels of aldosteron, 
which happens in HF pathology, is cardiac muscle hypertrophy, 
fibrosis, and collagen accumulation. If not interrupted, this process 
can lead to enlargement of left ventricular cavity and systolic 
dysfunction.6

b. Catecholamines: raised blood catecholamine levels in HF 
patients is a consequence of higher sympathetic nerve activity.10 

Catecholamines are neuroendocrine hormones that activate 
adenylylcyclase to increase cyclic adenosine monophosphate 
(cAMP) levels. cAMP activates protein kinase A (PKA), which 
promotes an increase in cytosolic Ca2+ levels and contractile 
proteins. Taken together, cAMP, PKA and high Ca2+ intracellular 
content provoke cell growth, fibrosis, arrhythmia and contractile 
dysfunction.10 It is important to know that catecholamine levels 
are inversely correlated with patient survival, once hyperactive 
autonomic nervous system (raised catecholamine levels) will be an 
over stimuli to heart muscle pump under a unbalanced condition. 
And, the heart is not able to handle too much pressure, suffering 
remodeling. Then, catecholamine effects become toxic for the 
heart and markedly increase its morbidity and mortality.3

A studied demonstrated that under norepinephrine effects, 
the heart suffers hypertrophy, especially on the left ventricle. 
In addition, there is a raised levels of atrial natriuretic peptide, 
higher expression of collagen I and III and interstitial fibrosis.11 

Characteristically, catecholamines enhance the stimulus to oxidative 
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Abstract

Physical activity is an important tool to interfere on the natural course of cardiac 
hypertrophy to heart failure and also to manage this condition once it is established. 
Aerobic physical activity increases parasympathetic tone while decreases sympathetic 
activity. This scenario decreases peripheral vascular resistance, alters autonomic 
nervous system and affect cardiac effort and output. Moreover, exercise increases 
concentrations of Vascular Endothelial Growth Factor (VEGF) and Brain-derived 
Neurotrophic Factor (BDNF) on the brain, leading to cerebral vasculature changes, 
increased neuronal density and enhanced synapses strengthen. In addition, it promotes 
structural and functional changes on the cardiovascular system and brain. Exercise 
is widely shown to act on the prefrontal cortex and amygdala functions, which are 
related to autonomic nervous system, building a feedback system, linking central and 
peripheral tissues.
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pentose phosphate pathway, which can be certificated by glucose-6-
phosphate dehydrogenase levels.11 After an interval of 4 to 12 hour of 
a noradrenalin injection in animal model, it was also observed higher 
levels of interleukin (IL)-6 and IL-1β, molecules involved on the 
development of cardiac hypertrophy and fibrosis.11

Mechanisms of hypertrophy on heart failure
The hypertrophy is the initial heart reaction against to progressive 

stress. Actually, depending of the situation, the remodeling mechanism 
can occur following a physiological way or a pathological one, being 
associated to higher risk of decompensation, ventricular dilatation, 
systolic dysfunction, and electrophysiologic and arrhythmia,12 and we 
will discussed about this last one. Nowadays, it is established that 
changes in cardiac extracellular matrix and the remodeling process 
play a major role in the development and evolution of cardiac fibrosis, 
leading to HF.13,14 Biochemical mechanisms and signaling pathways 
are being studied, but some points still remain unclear. Below we 
discussed about what is known on the hypertrophic mechanisms:

Trying to supply the body with properly blood flow and avoid the lack 
of tissue nutrition, the heart muscle adapts itself through a remodeling 
process by muscle growth, inflammation, and angiogenesis,1 looking 
to be stronger and be able to pump appropriately. Initially, cardiac 
muscle cells increase contractility. This process occurs through the 
parallel addition of sarcomere units and raised left ventricular wall 
thickness.10 Taken together, these alterations decrease left ventricular 
wall stress according to Laplace’s law.10 The Laplace’s law shows 
that a wall stress (WS) of a sphere is proportional to the intracavity 
pressure (P) and the radio value of this sphere (R), and inversely 
proportional to the wall thickness (T), given by the formula WS = 
P*R/2T. Applying into the heart scenario, the ventricle corresponds 
to the sphere, in means that the cardiac hypertrophy increases “T” 
value while decreases “R” value. Hence, at least initially, the heart 
maintains cardiac efficiency. However, after sustained stress, cardiac 
remodeling leads to a progressive and irreversible dysfunction of the 
heart,12 raised by interstitial fibrosis and cellular apoptosis.15 

Molecular and ultrastructural analysis

The molecular environment of remodeling found on HF 
is a mechanical stress in addition to not balanced of pro- and 
antifibroticfactors, where should be found cytokines and chemokines, 
growth factors, proteases, hormones, and reactive oxygen species.14 

Among the molecules that are secreted and regulate the 
extracellular matrix remodeling process, we can mention:

a. TGF-β1: induces collagen deposition; transform fibroblasts to 
myofibroblasts; increases extracellular matrix proteins synthesis 
and reduces their degradation.16

b. Renin-Angiotensin system: contributes to hypertrophy and 
fibrosis; up regulates TGF-β1 expression; stimulates fibroblasts 
proliferation, collagen, fibronectin and laninin expression.16

c. Matrix metalloproteinases: degradates extracellular matrix 
components and modulate collagen synthesis.16

d. Tumor necrosis factor-α: induces matrix metalloproteinases gene 
activation and upregulates its expression.16

Beginning with smaller structures, analyzing cardiomyocytes from 
a failed heart, these cells have a low number of myofibrils, compared 

with enhanced cytoplasm and nuclei, small-sized mitochondria 
grouped, and proliferation of T tubules.17,18 A study which use 
electron microscopy and immunocy to chemistry to analyzed the 
failed heart showed that the vinculin (a protein closely associated 
with the cytoskeleton), occurred not only at the sarcolemma and the 
intercalated disc, its normal place to be founded, but also within the 
myocardial cells, evidencing cytoskeleton changes, that were found 
also with molecules of desmin, tubulin, and vimentin.18

Extracellular matrix analysis

Going through a bigger scale, the organization of extracellular 
matrix, compositions and structure, are crucial to maintain the heart 
functionality, micro and macroscopically, once it is responsible to 
keeps molecular signaling and mediates cells communication.19 All 
of these factors cited above (TGF-β1, Renin-Angiotensin system, 
Matrix metalloproteinases and Tumor necrosis factor-α) lead to 
extracellular matrix reorganization, especially on collagen turnover 
and the transformation of fibroblasts in myofibroblasts. Not only 
fibroblasts are able to suffer differenciation on myofibroblasts, but 
also circulating macrophages, smooth muscle cells, endothelial 
and fibrocytes.20–22 The myofibroblasts express contractile protein α 
smooth muscle actin that contributes to pathological remodeling.4,14 
Also produce procollagen molecules, that will be convert in collagen 
fibers on the extracellular matrix.19 A lot of molecules can be cites as 
components of collagen production mediator or cross-linked process, 
such as lysyl-oxide, secreted protein acidic and rich in cysteine, tissue 
transglutaminase and tenascin C.23,24 Taking to higher collagen cross-
linked, inducing higher myocardial tensile strength.14 Regardless of 
the etiology, fibrosis leads to myocardial stiffness, and this scenario 
provokes contractile dysfunction, and HF.15

Pathological hypertrophy leads to cardiomyocytes lengthening 
and ventricular dilatation (eccentrichypertrophy) with impaired 
contractile function. It often results in heart failure with either 
preserved or reduced ejection fraction.10 Hypertrophy process is raised 
as a consequence of inflammation and apoptosis, which are basis for 
fibrosis, both interstitial and perivascular. Analyzing deeply, all the 
remodeling process leads to lower expression of vascular endothelial 
growth factor (VEGF). In this way, at the same time that fibrosis 
happens, the capillary density is not able to follow the same progress, 
promoting ischemia and infracted myocardium. At this time, we have 
a heart hemodynamically overloaded.1,16 Importantly, the remodeling 
process occurs not only at a restricted site, but also it is spread around.4 

There is a mechanism known as reactive fibrosis,25,26 which means 
that myofibroblasts cells activate on the scar tissue keep releasing 
proinflammatory and prohypertrophic signals, that cause necrosis and 
fibrosis, remodeling the extracellular matrix.4,26,27 

Chronic stage

On the chronic fibrosis, an important tool is the inflammation. 
There is a higher monocyte infiltration that increases the macrophage 
quantity on the local. These cells are responsible to release amount 
of cytokine that incites and inflammatory response and activate 
more macrophages and lymphocytes.28 Moreover, another strongly 
contributor to inflammation are endothelial cells, which turn on 
a proinflammatory secretory phenotype, creating a profibrotic 
inflammatory environment.29 In addition, the endothelial cells 
participate directly of the myofibroblasts transdifferentiation, as 
previously mentioned.1
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Lastly, calcium dysregulation, beyond early macroscopic effects 
of systolic dysfunction and arrhythmias, can interfere with processes 
such as hypertrophic growth, energy metabolism, mitochondrial 
function, and cell survival.1,30 In a bigger scale, we have that fibrosis 
impairs contractility and disturbs the chemo electrical conductance 
of the heart, leading to arrhythmias, local micro fibrillations, and 
inefficient contraction.1,31 

Brain and heart failure

The brain is one of the major organs that suffers from the heart 
muscle failure.2 It is common we find an association between HF 
and cerebral dysfunction. Approximately 75% of this population 
suffer from cognitive impairment, especially on executive functions 
domain.32 For executive functions we can understand the memory 
task, planning and execute actions, solve problems, processing speed 
and inhibitory control.33 For a daily routine of patients, this disability 
is considerably harmful, which means less ability to perform daily 
activities such as shopping, feeding, establishing relationships, as well 
as increased morbidity and mortality in this pathology.2 For instance, 
a study analyzed 246 HF patients with whom they measured cognitive 
ability through Montreal Cognitive Assessment and also estimate 
cardiovascular risk. They made a follow up of 180 days and, at the 
end of this half year, they established a link between worse cognitive 
outcome and higher cardiovascular risk into this sample. They 
also gave a new utility for brain measurements, showing cognitive 
dysfunction as a predictor of negative cardiovascular outcomes.34

Hypoperfusion and white matter changes

A recent review analyzed different studies of imaging and 
summarizes some patterns of alterations that happen on the brain of 
HF individuals. They noticed that these individuals have higher areas 
of white matter hyper intensities. These areas are already linked to 
decline in global cognition and to higher risk for developing depression, 
anxiety, cerebrovascular events and dementia.35 In addition to the 
hyper intensities, the studies found that more damages on the white 
matter, such as myelin pallor, as well as loss of myelin and axons 
(meaning tissue rarefaction) and mild gliosis. Moreover, the sustained 
white matter hypo perfusion harms the blood-brain-barrier (BBB) and 
create a possibility for the plasma spread among the white matter.35 It 
has been discussed that some of the most important factors that lead to 
brain changes are cerebral hypoperfusion, as a consequence of lower 
cardiac output and cerebral microemboli development. Comparing 
imaging exams of HF patients with a control group matched by 
aged, areas such as hippocampus, occipital and temporal lobes 
showed atrophy and alterations on neural networks at resting-state.36 

The hypoxia environment activates the hypoxia inducible factor-1, 
which migrates from the cytoplasm to the nucleus and activates a 
bond of genes linked to hypoxia adaptation. These responses include 
expression of glucose transporter-1, that alters the neuronal metabolism 
source, erythropoietin, a pro-survival factor, and activates prodeath 
genes, such as p53.35,37 At the end, the hypoxia causes aggression on 
the tight junctions and break the BBB.35 Furthermore, the hypoxia 
inducible factor-1 acts above the astrocytes cells, increasing the 
VEGF production, which enhance the BBB permeability, changing 
the composition of interstitial and cerebrospinal fluids.37–39 As a 
consequence of fluid composition changed, there is also an alteration 
on the aquaporin-4 receptor (aquaporin-4 receptors are pumps that 
regulate molecule crossing, regulating the composition of interstitial 
and cerebral fluid).38 These changes activate astrocytes and microglia 
that, on the last instance, lead to neuroinflammation, edema, oxidative 

impairments, neuronal dysfunction and raised production of amyloid 
precursor protein.40 Curiously, higher levels of amyloid precursor 
protein and amyloid beta protein are associated with lower memory 
and Alzheimer development.41,42

Inflammation

A recent studied added some other possible mechanisms in order to 
explain the cognitive impairment into this population, once subclinical 
dysfunction on left ventricle also developing with neuropsychological 
harms and subtle vascular brain injury.43 It points for possible 
underlying mechanisms that contributes to brain aggression, such 
as systemic inflammation, oxidative damage, homocysteinemia, 
elevated B-type natriuretic peptide, neurohormonal dysfunction, 
altered cellular metabolism, and impaired cerebrovascular reactivity.35

Regarding the inflammatory process, cytokines can provoke 
the central nervous system for indirect or direct ways. An indirect 
path occurs through stimuli on peripheral vagal afferents that have 
projections for amygdala, and a directly path is via hippocampus.35 

Both of them raise the cytokines derived from astrocytes and glia into 
the nervous system. Coming from peripheral tissues, interleukin-1 can 
cross the BBB and acts on the cognitive process.44. Lastly, cytokines 
decrease VEGF and BDNF production, implying negative effects on 
the neurogenesis and brain plasticity.45

Autonomic nervous system

Different mechanisms can explain the cognitive dysfunctions 
in HF patients, such as cerebral hypoperfusion, atrophy and loss 
of gray matter of the brain, as well as autonomic nervous system 
(ANS) dysfunctions.46 An important pillar of HF physiopathology 
that has been previously discussed is the ANS over activation. This 
means that there is a huge sympathetic activity at the same time that 
parasympathetic tone is decrease on the organism.47 As a systemic 
result, the body is exposed to higher vasoconstriction and it difficulty 
the blood to arrive diverse body systems, such as the brain, thus 
implying cognitive deficits.48,49 A study with image exams has already 
shown that patients classified as functional class II (which means that 
they are comfortable at rest and have slight limitation for physical 
activity, because of fatigue, palpitation, or dyspnea) had lower function 
in some important brain regions for cognitive process and autonomic 
control. As example can be cited hippocampus (short-term memory 
conversion in long-term memory), caudate nucleus (modulation of 
body movements), PFC (executive functions) and hypothalamus.46

Physical exercise

Physical exercise (PE) has been suggested as an important 
auxiliary tool for improve general health and for rehabilitation several 
pathologies.50 It has also been pointed as an adjuvant treatment for HF 
patients.2 Previous researches have discussed the role of PE on the 
brain of HF individuals. The positive effects promoted by PE could 
be attributed as a consequence of improvements on cardiac muscle 
contractile activity, in addition to cause lower peripheral vascular 
resistance (as a result of a mechanism that decreases sympathetic 
activation).51

Autonomic nervous system

Studies already had discussed that HF pathology is a condition in 
which is seen a sympathetic hyperactivity. Enhancement of excitatory 
inputs including changes in peripheral baroreceptor and chemoreceptor 
reflexes, chemical mediators that control sympathetic outflow and the 
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reduction of sympatho inhibitory reflex.52 following this line, some 
studies have shown that PE has the ability to reduce sympathetic tone, 
being important for the development of HF pathology. A research 
team spent more than 10 years studying the link between ANS and 
HF and they demonstrated that regularly-performed exercise training 
could normalize the hyper activation of sympathetic nerve analyzed 
by microneurography.53 Moreover, it has been observed that HF 
individuals, functional class II and III, by New York Heart Association 
(NYHA), found that exercise training promotes a dramatic reduction 
on directly recorded resting sympathetic nerve activity.54 These 
data are important to elucidate how PE is important as part of the 
management of this chronic syndrome, once lower sympathetic 
activation might means lower peripheral vascular resistance, which 
is a strongly harmful topic on the physiopathology of the disease. 
Lowering vascular resistance can be a way to enhance blood perfusion 
and avoid ischemia damages.

Neurotrophins and angiogenesis

As previously said, PE plays a major role on HF rehabilitation, 
since it modulates some brain regions of fundamental importance 
in cognitive processes. It is been hypothesized that aerobic physical 
activity has the ability to increase brain-derived neurotrophic factor 
(BDNF)55 and that is a possible way that PE benefits cognition. This 
molecule is known to participate on neurogenesis, neuronal survival 
and synapses strengthening. It has also been proved that BDNF gene 
and its protein expression are sustained on the hippocampus after 
exercise even 2 weeks later.56 In addition to BDNF, vascular endothelial 
growth factor (VEGF) has shown to increase as a consequence of PE. 
As a result of VEGF action, vascular endothelial cells proliferate 
and migrate, thus raising angiogenesis.56 Together these molecules 
participate on the cognitive improvement process. BDNF acts on 
neuronal plasticity strengthening of synaptic connections and VEGF 
raises the angiogenesis process. There are also studies showing 
the prefrontal cortex as a target of higher perfusion under exercise 
condition. Interestingly, increased prefrontal cortex activity has been 
associated with improved ANS control and increased vagal outflow. 
The frontal lobe region projects its axons to the amygdala, thus 
promoting an inhibitory function over this sub cortical area. Hence, 
the inhibited amygdala stops inhibiting parasympathetic neurons and 
starts to inhibit adrenergic ones, favoring lower peripheral resistance 
and better blood flow.57 

Cerebral blood flow

There is evidence to demonstrate that HF patients have lower 
cerebral blood flow. For instance, it has been reported that HF patients 
have this condition when they go from the sitting to upright position. It 
is discussed that on sitting position, the individuals have poor cardiac 
output. As a consequence, simple activities, such as change positions 
can be accompanied of considerable hypo perfusion.49 Interestingly, 
this scenario evidence the lower oxygen supply to the brain and might 
explain, for example, the cognitive impairment seen in this pathology 
because of cerebral hypo perfusion. In this context, an interesting 
review showed that aerobic exercise can improve cardiovascular 
function and raise cerebral blood flow, which is an important tool to 
avoid cognitive impairment because increase nutrient and oxygen 
delivery to the neurons.58 To corroborate with the above-mentioned, 
researchers evaluated the blood oxygen levels of HF patients and 
verified that in resting-state, the fluctuations of blood oxygen 

was associated with the oscillations of the arterial blood pressure 
and cerebral blood flow.58 This strengthens the relation between 
cardiovascular system, heart and cerebral blood flow and corroborates 
with the hypo perfusion being a cause of cognitive dysfunction. A 
neuron image study used in animal model observed that those mice 
that exercised for 2 weeks increased the total blood volume on the 
brain, especially on dentate gyrus (a hippocampus’ area). In addition, 
the same work showed spread on new blood vessels created because 
of angiogenesis-induced by PE.59

Neurogenesis

Another point to be raised is the PE ability to promote neurogenesis. 
It is well-documented that, in healthy individuals, aerobic exercise 
promotes the proliferation of new neurons on the hippocampus. 
For instance, it has been demonstrated that individuals with higher 
aerobic fitness have greater bilateral hippocampus volume.60 In the 
context of HF, researchers submitted patients with congestive HF, 
classified as Functional Class III (NYHA) to an exercise training 
program during 18 weeks, twice a week. In addition, they conducted 
a cognitive test battery to assess cognitive functions. It was noted, 
after the intervention, that patients improved general attention and 
psychomotor speed compared to the baseline.61 In order to show 
different ways that physical activity can improve cognition not 
only by cerebral blood flow, a study demonstrated that exercise up 
regulates neuronal proliferation, strengths length, complexity, density 
of granule cell dendrites and reinforces neuronal plasticity.56 One of 
the studied areas of neurogenesis process as a consequence of exercise 
was the hippocampus, whereas PE increases neurogenesis, boosting 
memory and learning capacity.62

Peripheral Effects

It is worth mentioning that PE also has antihypertensive effects. 
This phenomena is described as post-exercise hypotension and it 
is observed both acutely and chronically as a body physiological 
consequence of exercise.63 

Acutely, it has been reported reductions of BP in both aerobic 
and resistance training.64,65 Chronically, previous studies found that 
regularly-performed PE is associated with reductions of 8.3 and 5.2 
mmHg in resting systolic and diastolic BP, respectively.66 Corroborating 
with this data, evidence that summarizes the effects exercise training, 
showing that the effects of PE reach a reduction greater than 5 mmHg 
on systolic blood pressure.67 A possible explanation for this lower 
blood pressure effect of exercise is the decrease of systemic vascular 
resistance.68 Considering that the systemic levels of arterial pressure 
means the after load, which is the force of opposition that the cardiac 
muscle needs to pump to offer properly blood flow for the body and 
that it is already established an inverse relation between after load and 
systolic performance.69 Thus, a reduction in this value means a relief 
or a lower “load” against which the heart ejects blood. Therefore, PE 
can be useful to avoid the progression of HF, once it reduces one of 
the factors that overload the heart making it strain each time more.

Conclusion
The main point of this article was create a link between molecular 

harms of HF pathology, its implications to the brain and the way that 
possibility physical exercise improve HF condition and its cognitive 
outcomes. Here, it were highlighted the biggest paths - autonomic 
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nervous system, hemodynamic and molecular patterns - to explain HF 
and physical exercise effects to the brain.
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