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Abstract
Heart failure (HF) is a major public health issue affecting more than 26 million people worldwide. HF is the most common
cardiovascular disease in elder population; and it is associated with neurocognitive function decline, which represent underlying
brain pathology diminishing learning and memory faculties. Both HF and neurocognitive impairment are associated with
recurrent hospitalization episodes and increased mortality rate in older people, but particularly when they occur simultaneously.
Overall, the published studies seem to confirm that HF patients display functional impairments relating to attention, memory,
concentration, learning, and executive functioning compared with age-matched controls. However, little is known about the
molecular mechanisms underpinning neurocognitive decline in HF. The present review round step recent evidence related to the
possible molecular mechanism involved in the establishment of neurocognitive disorders during HF. We will make a special
focus on cerebral ischemia, neuroinflammation and oxidative stress, Wnt signaling, and mitochondrial DNA alterations as
possible mechanisms associated with cognitive decline in HF. Also, we provide an integrative mechanism linking pathophysi-
ological hallmarks of altered cardiorespiratory control and the development of cognitive dysfunction in HF patients.
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Introduction

Chronic heart failure (HF) is a recognized health care problem
affecting at least 26 million people worldwide with increasing
incidence and prevalence [1, 2]. It has been reported that 14.9
million people across the EU [3] and 5.7 million in the USA
[4] are HF afflicted. In the rest of the world, the numbers are
not well documented; however, it has been estimated that HF
prevalence would reach 1–2% of population, leading to in-
creased mortality and morbidity, frequent hospital admissions,

and reduced quality of life and functional status [5]. Notably,
HF is the most prevalent cardiovascular disease in aging with
a prevalence rising to ≥ 20% among men and women over
75 years of age [6]; this is no insignificant matter when one
considers that HF prevalence will increase by 46% by the year
2030 [2, 7].

In HF, longer-term outcome, poor quality of life, and health
care costs depend not only on cardiac function but also on the
severity of secondary impairment of other organ systems, in-
cluding the brain [8]. Given that cardiovascular diseases are
the most common chronic condition in older adults, there is a
high association between HF and cognitive impairments; a
condition that represents underlying brain pathology that re-
sults in a decline in neurological faculties in aging [9–11]. In
the last decades, an increasing body of evidence suggests that
decreased cardiac function is independently associated with
neurocognitive impairment, with HF proposed as the principal
cause of cognitive dysfunction [12–14], a term known as
Bcardiogenic dementia". Findings of several surveys indicate
that physical, social, work, and leisure activities are signifi-
cantly impaired among HF patients [15]. These cognitive al-
terations are likely to result in forgetfulness and poor learning
ability, which may impair treatment adherence and sub-
optimal self-care [14, 16, 17]. In addition, executive
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dysfunctions impair patient ability to make decisions in criti-
cal situations, such as early recognition and interpretation of
symptoms, increasing hospital admission and mortality rates
[18]. Despite the presence of cognitive impairments in HF
patients, very little is known about the molecular mechanism
underpinningmemory loss and learning impairment in cardiac
failure patients.

Currently, cognitive impairment is one of the most com-
mon co-occurring chronic conditions among elderly people
with HF [12–14]. Its incidence varies widely from 35 to about
80% depending on the studied population (age and diagnostic
criteria of patients), features of disease (severity, stage, and
subtypes of HF), instruments used to assess cognition and
study design [8, 19]. Overall, published studies seem to con-
firm that HF is associated with cognitive impairment that in-
cludes primarily memory, attention, mental flexibility, and
global cognitive deficits [14]. Importantly, the association be-
tween impairment cognitive function and HF in older persons
is multifactorial and includes shared risk factors for chronic
cognitive decline. Risk factors for HF, such as atherosclerosis,
hypertension, obesity, and diabetes mellitus, can also lead to
cognitive impairment [19]. Consequently, identifying the
pathophysiological mechanisms that contribute to cognitive
impairment in HF will help to develop future treatments
intended to improve quality of life in these patients.

In the present review, we have tried to compile the update
pathophysiological mechanism involved in the establishment
of neurocognitive alterations in HF. Based on the available
scientific literature, we will review the contribution of cardio-
vascular and respiratory alterations as a possible mechanism
associated with neurocognitive alterations in HF. Accordingly,
we will discuss the possible link between pathophysiological
mechanisms associated with cardiorespiratory control and the
mechanisms underlying cognitive impairment in HF patients,
with a special emphasis in the most important processes asso-
ciated with chronic disease in advanced age; brain hypoperfu-
sion, oxidative stress, and neuroinflammation, Wnt signaling,
and mitochondrial dysfunction [20, 21].

Heart Failure and Neurocognitive Function

Several studies published in the last years have sought to char-
acterize the phenotype of HF associated with cognitive dys-
function and brain changes. However, the molecular mecha-
nisms underlying pathophysiological alterations in
neurocognitive impairment following HF have not been fully
understood. Recent evidence shows that microRNA-1 (miR-1)
is released in exosomes by the failing heart and transported to
the brain where miR-1 downregulates SNAP-25 ultimately
leading to a reduced synaptic vesicle secretion and impaired
synaptic plasticity [22]. In addition, Li et al. [23] showed that
knock-down of the presenilin gene inDrosophila increased IP3

receptor expression and reduced SERCA expression in the
heart. Contrarily, overexpression of the presenilin gene reduced
ryanodine receptor expression, suggesting that mutations in the
presenilin gene which has been linked to the early-onset of
familial Alzheimer’s disease may also be involved in cardiac
tissue alterations through the regulation of calcium dynamics.
Mammalian studies are needed to validate this hypothesis.
These studies contribute to the understanding of the relationship
between cardiovascular damage and brain dysfunction.

HF is a chronic progressive disease that can be defined as
both an abnormality of cardiac structure, and/or function, in
which the heart muscle is unable to deliver enough blood to
peripheral tissues for meet their oxygen needs, despite normal
filling pressures [24]. HF is caused by cardiac dysfunction, as
a result from impairment or loss of cardiac muscle, character-
ized by left ventricular dilatation, hypertrophy, or both [25,
26]. Generally, HF is recognized as a myocardial disease caus-
ing systolic ventricular dysfunction, where HF patients pres-
ent a reduced ejection fraction (HFrEF) due to reduced con-
traction and emptying of the left ventricle [24]. However, ab-
normalities of ventricular diastolic function also cause HF and
it is diagnosed when symptoms and signs of HF are presented
with a preserved ejection fraction (HFpEF) at rest [27].

Alterations in neuronal structure, loss of synapses, and dys-
function of neuronal networks are processes related with nor-
mal aging [28]. However, age-related diseases accelerate the
rate of neuronal dysfunction and late-life cognitive decline
[29]. In HF patients, the occurrence of cognitive impairments
has often been viewed as coincidental events, because the
prevalence of both HF and cognitive impairments increases
with age. However, results of population-based studies on
elder patients have shown that HF patients show up to 2-fold
increase risk of developing cognitive impairments compared
with age-matched controls [30]. In fact, approximately 50% of
HF patients who underwent brain imaging studies displayed
global cortical thinning and hippocampal atrophy, suggesting
alterations in memory and cognitive processes [31].

Cognition is a superior cortical function involving multiple
brain processes that allows an individual to perform tasks that
require quick processes to decide and to execute functions
(i.e., perceiving, thinking, knowing, reasoning, remembering,
analyzing, planning, paying attention, generating and synthe-
sizing ideas, creating, judging, being aware, and having in-
sight) [29, 32]. Thus, cognitive function is among the most
pressing concerns of geriatric matters, as cognitive decline is
the primary determinant of disability in late life. Even more,
presence of cognitive impairment may interfere with self-care
in chronic diseases because both treatment and monitoring
require a high degree of comprehension, self-control, and ad-
herence to treatment recommendations (Fig. 1).

The neuropsychological deficits in older HF patients are
characterized by mild cognitive impairment, a general term
used to describe a subtle but measurable deficit in one or
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multiple cognitive domains (i.e., memory, attention, and ex-
ecutive functions). However, in patient with severe HF, cog-
nitive dysfunction, especially anxiety and depression, can also
affect their ability to comply with treatment regimens. It has
been described that up to 80% of patients with advanced HF
have severe memory deficits and other cognitive abilities [33].
Cline et al. [34] showed that about 60% of patients with severe
HF could not remember the name or the dose of the medica-
tion that they were receiving for the HF treatment. Mostly,
they do not follow prescribed medication, and in these cases,
it may increase hospitalization frequency due to decompensa-
tion, that could even be fatal.

Cognitive Impairment in HF Patients: Epidemiology

Cognitive deficit is one of the most common concurrent
chronic conditions among elderly people with HF [8, 10,

35, 36]. In HF patients, occurrence of cognitive impair-
ments has often been viewed as coincidental, because the
prevalence of both HF and cognitive impairments increase
with age [37, 38]. However, results of population-based
studies on elder patients have shown that HF patients
show up to 2-fold increased risk of impaired cognitive
function compared with age-matched controls [30, 39].
Significantly, assessment and documentation of cognitive
impairment seemed to be important to improve patient
care. In a study with HF patients, among those with cog-
nitive deficits, only 22.7% were reported as such by phy-
sicians [40]. Indeed, HF patients without documented cog-
nitive impairment had significantly greater 6-month mor-
tality or hospital re-admissions than patients without cog-
nitive impairment, while hospital re-admissions were not
significantly higher in patients whose cognitive impairment
was correctly reported [40].

Fig. 1 Neurocognitive disorders in heart failure. Alterations in the heart
and brain function normally occur with age. HF is the most common
cardiovascular disease in elderly persons. Although there is
epidemiological evidence showing cognitive impairment in HF patients,
little is known about the molecular mechanism underpinning
neurocognitive disorders in this condition. Oxidative stress, alterations

in Wnt signaling, and mitochondrial dysfunction are all well-known mo-
lecular scaffolds that participate in cognitive function impairment in neu-
rological diseases. Alterations in Wnt signaling within the brain in the
setting of HF and its contribution to cognitive decline remains to be
determined.
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In a study among 414 participants (249 patients with HF,
63 healthy participants, and 102 participants with major med-
ical conditions distinct than HF), patients with HF showed
more memory impairments (related to Hopkins verbal learn-
ing test), diminished psychomotor speed (trail making test A,
TMT-A), and less executive function (controlled oral word
association, COWA) compared with the other groups [41].
In other systematic studies made by Vogels et al. [14], HF
patients showed diminished performance in memory, psycho-
motor speed/attention (assessed by TMT-A), and global cog-
nition (tested by mini mental state examination, MMSE) com-
pared to healthy subjects. In a cross-sectional descriptive
study on HF patients, from 23 HFrEF patients with New
York Heart Association (NYHA) class III or IV (~76 years),
cognitive impairment, defined as a score on Montreal cogni-
tive assessment (MOCA) test < 26, was detected in over 70%
of the subjects [35].

In general, studies demonstrating long-termmemory impair-
ment or cognitive impairment in HF were performed in HFrEF
patients, and predominantly in men. Most of the studies
reviewed previously have focused on individuals with systolic
dysfunction; with previous myocardial infarction, with symp-
toms of HF in NYHA III-IV, with no previous history of neu-
rological or psychiatric disease and a left ventricular ejection
fraction (LVEF) < 40% (mean age 70 years) [14, 33, 42]. Few
studies have included both diastolic and systolic dysfunction
[43]; therefore, it is plausible to ask if there is any difference
in the incidence of cognitive impairments between HFrEF and
HFpEF. Data to address this issue are limited. However, and
despite that brain structures involved in neurocognitive impair-
ment are not completely known, individuals with different
types of cardiac dysfunction show differential patterns of per-
formance on neuropsychological tests, with faster cognitive de-
cline in HFrEF compared with HFpEF patients, but both with
statistical significance correlation for decline of executive func-
tion, attention, abstraction, and memory compared with healthy
people age-matched [43, 44]. It is important to note that previ-
ous data are cross-sectional, which limits the ability to assess
the degree of change that may occur across the disease progres-
sion in people with HF who had reduced versus preserved
ejection fraction. In fact, a recent longitudinal study confirmed
that the rate of cognitive decline after HF incident did not differ
significantly by whether ejection fraction was reduced or pre-
served [45]. Therefore, answering the previous question will
require further investigation.

On the other hand, it is important to note that cognitive
impairment in HF, like what happens in men, is a significant
health problem for women, particularly elderly women [33,
46, 47]. In a study on 282 patients hospitalized for HF, average
age 80 years, cognitive impairment was present in 46.8% of
the subjects, of which more than a half of them were females
[40]. Also, in 577 hospitalized patients with acute HF, mean
age 71 years, females about 50% of the sample, 33% showed

memory problems, 40% slower processing speed, and 56%
impairment in executive tasks [46].

Impairment of Cognitive Domains in Heart Failure

Cognitive functioning covers different specific aspects known
as cognitive domains that include both basic cognitive func-
tions: attention, working memory, long-term memory, percep-
tion, and psychomotor speed; and higher-level cognitive func-
tions: decision-making and executive control, speech and lan-
guage, and visuospatial and constructional function [32, 48].
Several cerebral areas can be involved in patients with HF
developing deficits in cognition [31]. Cognitive damage in
HF involves different domains that include learning memory
and delay recall, attention, executive function, and working
memory. Brain imaging studies comparing HF patients with
age-matched healthy participants showed the following: glob-
al cortical thinning in the frontal, parietal, temporal, and oc-
cipital lobes; hippocampal atrophy; and altered resting states
in neural networks which are areas related to short- and
medium-term memory and cognitive processes [49, 50]. In
addition, Frey et al. [31] showed that in 148 HF patients
(~65 years), subject to cardiological examination, laboratory
assessment, neurology examination, neuropsychological test
battery, and cerebral magnetic resonance imaging, displayed
cognitive deficits in the domains of attention (41%) and mem-
ory (47%), and advanced medial temporal lobe atrophy.
Nevertheless, this study does not separate the data by HF
types. Accordingly, future studies need to determine whether
any difference exist regarding the structure of the brain areas
associated to cognitive dysfunction among HFrEF and
HFpEF patients.

Cognitive Impairment in HF Patients: Clinical Impact

Cognitive impairment in HF patients is a source of disability
and functional impairment that represents a devastating med-
ical and financial problem for patients [46]. Impairment of
memory, attention, executive function, and psychomotor
speed can affect the ability of patients with HF to control their
disease, recognize the symptoms of worsening, make appro-
priate decisions about their health, and adhere to specific ther-
apeutic regimes, often complex [51]. The self-care heart fail-
ure index (SCHFI) was created to assess self-care mainte-
nance, self-care management, and self-care self-confidence
in people with HF [52]. In a sample of 93 hospitalized patients
with moderate to severe HF (average age of 70 years), 40–
60% of subjects had an inadequate self-care maintenance,
poor self-care management, and low self-care confidence,
compared with subjects with normal cognition [53]. The con-
sequences of cognitive decline are not clear, but it is conceiv-
able that HF patients with cognitive impairment show in-
creased risk for poor outcomes, such as hospitalization and
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mortality compared with age-matched community controls
[54, 55], even compared with HF patients without cognitive
impairment [56, 57]. In a study among 1092 hospitalized el-
derly (mean age 80 years), the 6-month mortality was 129 of
the total sample; of those, 5.7% corresponded to patients with-
out HF or cognitive impairment, 19% for patients with HF but
no cognitive impairment, 31% for patients without HF but
with cognitive impairment, and 35.6% for patients with both
HF and cognitive impairment [56]. In 1113 hospitalized HF
patients (mean age 78 years), mortality occurred in 18% of
subjects with cognitive impairment versus 3% of patients with
normal cognition [57]. Importantly, 1-year mortality was 27%
among patients with cognitive impairment and 15% in other
participants.

Pathophysiology of Impaired Cognitive
Function in Patients with Heart Failure

The link between cardiac diseases and cognitive deterioration
has been accepted from late 1970s.The precise molecular
mechanisms that underlie the development of cognitive im-
pairment in HF has not been elucidated. Different pathophys-
iological processes such as inadequate cerebral perfusion due
to altered cardiac output, chronic hypoxic brain damage, ce-
rebrovascular reactivity, arterial hypotension, and the produc-
tion of pro-inflammatory cytokines could be determining
structural or neurodegenerative changes which cannot be re-
versed and/or functional neuronal dysfunction which may
progress to neuronal cell damage [58, 59] (Fig. 1).

Heart Failure and Cerebral Perfusion

Cognitive decline in HF may result from a direct mechanism
related to cardiac failure but may also be associated with several
HF comorbidities. Indeed, vascular risk factors may contribute
to cognitive impairment by affecting the blood flow to the brain
[60, 61]. Reduction in cerebral blood flow triggered by a low
cardiac output and impaired vascular tone autoregulation may
promote cognitive deficits [62–65]. Particularly, reductions in
cerebral blood flow have been tightly associated with an inad-
equate O2 supply to subcortical regions which may progress
into white matter ischemia, lacunar strokes, and brain
microinfarcts [66, 67]. Likewise, other pathophysiological fac-
tors in HF that impact cardiac output regulation can also add
more stress to the brain which ultimately may contribute to
further loss of cognitive performance. Indeed, atrial fibrillation
is the most prevalent form of cardiac arrhythmia in HF and can
exacerbate cognitive deficits in HF by reducing systemic cardi-
ac output which may further reduce perfusion to cerebral terri-
tories with already precarious blood supply and/or arterial ter-
ritories already compromised by arterial stenosis [68, 69]. In
addition, cerebral blood vessel dysfunction (i.e. ,

hemorheological factors, increased resistance to flow, blood–
brain barrier impairment, and dilatation of perivascular spaces)
has also been linked to cognitive decline [70]. In heart diseases,
microvascular dysfunction in the brain trigger loss of
neurovascular coupling which results in inappropriate distribu-
tion of oxygen, glucose, and other nutrients to several areas
including but not limited to cognitive-related areas such as the
hippocampus [71, 72]. Then, neurons, endothelial cells, astro-
cytes, and pericytes may all contribute to brain perfusion alter-
ations in the setting of a cardiovascular disease.

On the other hand, hemodynamic alterations such as hypo-
tension may aggravate subcortical ischemia both in older pa-
tients and in patients with neurodegenerative diseases [60].
Indeed, it has been shown that low systolic blood pressure is
associated with cognitive impairment in patients with heart
failure [63, 65]. Resting blood pressure is lower in patients
with heart failure independent of its etiology (reduced versus
preserved ejection fraction heart failure) when compared with
age-matched controls. Importantly, systolic blood pressure
values below 130 mmHg in HF patients appear to predict
the development of cognitive impairment [63]. It is well
known that reductions in blood pressure alter the blood flow.
Then, lower blood pressure in HF patients could contribute to
decreases in blood flow to several territories. However, brain
blood flow autoregulatory mechanisms may partially mask
the real effect of blood pressure reductions on regional brain
blood perfusion. Indeed, it is important to note that the cere-
bral autoregulation maintained constant cerebral blood flows
across a wide range of cerebral perfusion pressures. Therefore,
the precise contribution of blood pressure, if any, on blood
flow regulation and endothelial function in HF and its overall
impact on cognitive function deserves future investigations.

Importantly, most of the current studies showing cerebral
hypoperfusion-related cognitive impairment in HF have been
done in patients with systolic heart failure, with left ventricular
ejection fractions less than 35% [64, 68, 73, 74]. Nevertheless,
it is worth noting that the incidence of impaired cognitive
function in HFrEF and HFpEF is not significantly different
[45]. Particularly, HFpEF patients did not display brain blood
flow reductions or decreases in oxygen supply to the brain.
Furthermore, concomitant cardiovascular events associated
with cognitive decline, such as strokes, are also not different
between HF etiologies. Indeed, the prevalence of stroke did
not differ between patients with HEpEF and those with HFrEF
and ranged between 2.4 and 5.8% in HFrEF and 3.8 and 7.4%
in HFpEF [75]. Therefore, other factors that come into play
contribute to cognitive dysfunction in HF besides blood flow
regulation. Then, it is plausible to speculate about the exis-
tence of a common pathophysiological mechanism present in
both HFrEF and HFpEF, independent of hemodynamic
changes that contribute to the development of cognitive im-
pairment in HF. Further research should focus on identifying
novel mechanisms that contribute to cognitive decline in HF.

Mol Neurobiol (2019) 56:8035–8051 8039



Autonomic Nervous System, Heart Failure,
and Cognitive Impairment

The sympathetic and parasympathetic nervous system regu-
lates several physiological functions, including cardiovascu-
lar and respiratory modulation. HFrEF and HFpEF share
common pathophysiological features such as the presence
of autonomic nervous system imbalance and breathing irreg-
ularities which are directly related to the progression of the
disease [76–78]. Autonomic imbalance, with a prevalence of
the sympathetic tone over vagal activity, is one of the most
important neuro-hormonal mechanisms underlying HF path-
ogenesis and progression and occurs as early as a compensa-
tory adjustment to preserve cardiac output [79]. However, this
early compensatory mechanism increases progressively over
time and becomes maladaptive, increasing sympathetic out-
flow to the heart which further stresses the failing heart [80].
In HF patients, it has been described that plasma norepineph-
rine levels are increased, reflecting activation of sympathetic
nervous system, which is associated with heightened mortal-
ity rate [81, 82]. HF patients exhibit enhanced sympathetic
tone and sleep-related breathing disorders suggesting alter-
ations on specific regions of the brain involved in chemore-
ception integrative mechanisms and/or autonomic control
[77] as well regions involved in cognitive functions [83–85]
(Fig. 1). In HF, hyperactivation of cardiorespiratory areas
within the brainstem occurs early in the progression of the
disease [78, 86, 87]. Indeed, HF rats show breathing distur-
bances 1 week after HF induction [86]. Interestingly, it has
been shown that pre-sympathetic neurons located in the ros-
tral ventrolateral medulla (RVLM), considered the most im-
portant nodal point of the cardiovascular sympathetic control
network, since RVLM neuron destruction causes sympathetic
activity to fall to zero [88], become hyperactivated in HF,
independent of its etiology [78, 86]. Considering that both
types of HF displayed different blood flow to the brain, but
with similar RVLM activation, it is plausible that RVLM
neurons may contribute, at least in part, in disturbing normal
cognitive function in HF.

Related to cardiorespiratory pathophysiological hallmarks
of HF and cognitive function, Woo et al. [84], analyzing
changes in regional gray matter volumes, showed a significant
gray matter loss in the hippocampal and frontal cortex, CO2

homeostasis, and sympathetic and parasympathetic control
areas in HF patients. Both cerebellar cortex and deep cerebel-
lar nuclei involved in the autonomic and respiratory control
were affected thus compromising response to CO2 and in-
creasing the risk of developing Cheyne–Stokes breathing pat-
tern [84]. This work highlights the association of cognitive
impairment, autonomic disturbances, and sleep-disordered
breathing in HF; therefore, a more detailed understanding
about these integrated pathophysiological mechanisms would
thrust better design, precise, and clean treatments. For the

moment, it is possible to hypothesize that cardiorespiratory
alterations may precede the development of cognitive impair-
ments in HF, but also altered cardiorespiratory neuron activity
may trigger alterations in cognitive-related areas (i.e.,
hippocampus).

The processes governing cognition are complex. Indeed,
only from a neurochemical point of view, it is possible to
appreciate the diversity in transmitters and receptors for the
correct synaptic processes. Several different neurotransmitters
have been implicated in attention, executive functioning, and
memory, including norepinephrine (NE), dopamine, seroto-
nin, histamine, glutamate, and gamma-aminobutyric acid
among others [89]. Accordingly, alterations of cognitive func-
tion in pathological conditions are also complex in terms of
their molecular basis. In HF condition, there are several path-
ophysiological mechanisms that may contribute to the gener-
ation of cognitive decline. However, there is a lack of studies
providing compelling evidence proposing a common patho-
physiological pathway to both cardiac failure progression and
cognitive decline in HF. Importantly, it has been shown that
patients with neurodegenerative diseases and patients with HF
exhibited marked abnormalities in cardiovascular autonomic
regulation evidenced by poor baroreflex gain [90] and
parasympathetic/sympathetic dysfunction [91]. Therefore, al-
tered neural control of autonomic regulation rises as a plausi-
ble common pathological footprint in both conditions (HF and
neurodegenerative diseases). Interestingly, Borson et al.
showed a blunted stress-related sympathetic response in pa-
tients with AD. Furthermore, the sympathetic response to pos-
tural stimulation of the baroreflex remains intact in AD pa-
tients suggests the presence of central nervous system alter-
ations above the brainstem vasomotor center that interacts
synaptically with brainstem cardioregulatory centers [32].

Recently, adrenergic system alterations have been implied
also in the pathogenesis of CI and dementia opening the win-
dow for new fascinating and promising therapeutic opportu-
nities [85]. Interestingly, it has been shown that pre-
sympathetic catecholaminergic neurons located in the
RVLM, one of the most important autonomic control regions
in the brainstem [88], become hyperactivated in HF [78, 86].
Then, it is plausible to hypothesize that RVLM-C1 neurons
may contribute, at least in part, in disturbing normal cognitive
function in HF.

Ongoing research on cognitive function during aging has
primarily focused on how the alterations in a subset of cortical
and forebrain limbic structures influence cognition. However,
there is evidence showing that both the rostral and the caudal
part of the ventral medulla and pons (i.e., locus coeruleus)
projected towards hippocampal areas [92, 93]. Indeed, NE,
an important neurotransmitter that can regulate cardiovascular
function in the brainstem, plays an important role in the reg-
ulation of synaptic plasticity, learning, and memory by mod-
ulating hippocampal neuron excitability [94, 95].
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The Locus Coeruleus and Adrenergic System
Modulation of Cognition in Heart Failure

The locus coeruleus (LC) provide the primary source of NE to
the forebrain [96, 97]. Importantly, the LC-norepinephrine
(LC-NE) system participates in cognitive and behavioral func-
tions, including enhanced arousal and attention [98]. In
healthy individuals, activation of LC neurons results in nor-
epinephrine (NE) release in LC projecting areas such as the
hippocampus, amygdala, and prefrontal cortex which in-
creases the activity of excitatory inputs and decreases inhibi-
tory inputs being the outcome an improved long-termmemory
consolidation [99]. Decreases in the number of noradrenergic
LC neurons negatively impact cognitive function, particularly
by disrupting hippocampus-related memory and learning pro-
cesses by inducing an impaired redox homeostasis and the
loss of neuronal plasticity in hippocampal neurons [100].
Intriguingly, in AD, a marked loss of noradrenergic LC pro-
jections to the hippocampus along with memory and arousal
alterations [95] has been shown. In addition, AD patients
showed autonomic nervous system impairment associated
but not limited to the loss of cortical perivascular cholinergic
nerve terminals. In addition, data obtained in experimental AD
showed that the loss of NE drive to the hippocampus triggers a
neurotoxic pro-inflammatory response and reduces amyloid-
beta clearance negatively impacting the overall condition
[100].

While adequate central nervous system noradrenergic ac-
tivity enhances cognition in healthy conditions, it has been
proposed that excessive noradrenergic drive may have oppo-
site effects. Raskind et al. [101] found chronic elevations in
plasma NE concentrations in patients with advanced AD.
Also, increases in plasma NE correlates with the degree of
cognitive function impairment in AD [102]. In addition, ani-
mal studies have shown that acute or chronic increases in
noradrenergic drive impair attention and working memory
[96, 103]. More importantly, higher cerebrospinal fluid NE
concentrations are associated with poorer performance on at-
tention and executive function tasks in humans [104].
Remarkably, elevated sympathetic outflow and higher NE cir-
culating levels are a hallmark in HF pathophysiology. In ad-
dition, pre-sympathetic neurons located in the rostral ventro-
lateral medulla (RVLM-C1), a pivotal region involved in the
control of sympathetic outflow that projects to the LC, be-
come hyperactivated in HF independent of the etiology [77,
78, 105, 106]. Therefore, disturbances in central nervous sys-
tem cognitive areas may occur as an independent pathological
process related to aging during the progression of HF or may
be linked to alterations in cardiorespiratory control areas in
HF. This hypothesis is highly innovative since there are no
current studies addressing the potential role of sympathetic
brainstem neurons in the modulation ofmemory and cognitive
processes, neither in health nor in disease conditions.

Consequently, further research investigating the relationship
between the noradrenergic system and its interactions with
cognition areas in the setting of HF is needed.

In the central nervous system (CNS), the primary source of
NE is the LC [107, 108]. Notably, the LC is essential for
maintaining cognitive function in the aging brain [109] and
RVLM-C1 neurons innervate LC neurons [105, 106]. The LC
is the largest cluster of CNS noradrenergic neurons. The ac-
tivity of this nucleus is state dependent and facilitates arousal
and attention [98]. The LC innervates the hippocampus, pro-
viding the sole source of NE to hippocampal neurons [96, 97].
Acute elevations of NE levels increase neuronal excitability in
the dentate gyrus and in the CA subfields, via activation of
adrenergic receptors exerting specific effects on synaptic in-
formation encoding [94].

In the brain, adrenergic receptors are widely distributed in
different regions, including the frontal cortex, midbrain, stria-
tum, hippocampus, and thalamic nuclei [110]. NE exerts its
effects in the CNS through three classes of adrenergic recep-
tors: α1AR, α2AR, and β-AR, the latter divided into the β1,
β2, and β3 subtypes. While the α1AR and β-AR are post-
synaptic receptors, the α2AR is presynaptic and, when stim-
ulated, it inhibits further NE release in the synaptic cleft [91].
β-ARs are G-protein-coupled receptors that exert an excitato-
ry effect on the post-synaptic neuron mainly through the acti-
vation of Gs-type G proteins. It has been shown that NE acting
through β-ARs contributes to long-lasting synaptic plasticity
by recruiting molecular elements of synaptic signaling such as
cAMP-dependent protein kinase (PKA) and CaMKII, regulat-
ing long-term potentiation (LTP), and modulating learning/
memory processes [95]. Importantly, p42–44 MAP kinase
(ERK1/2) cascade is also recruited in neurons for long-term
synaptic plasticity [111]. One interesting feature of cAMP
pathway is that it can recruit ERK activation in neurons to
contribute to synaptic plasticity establishment. Furthermore,
Winder et al. found that β1-AR-induced activation of ERK
play a critical role for LTP development in Schaffer collateral–
CA1 pyramidal cell synapse elicited by theta frequency (5 Hz)
stimulation. Moreover, this effect requires PKA but not mac-
romolecular synthesis suggesting a novel postsynaptic role for
ERK as a physiologically relevant signaling molecule by
which β-ARs and PKA regulate neuronal function [112].
Conversely, activation of β2-ARs impaired hippocampal neu-
rons excitability via activation of Gi-type G proteins [113].
Although most of the actions of the β2-ARs are mediated
through G proteins and the cyclic-AMP-dependent PKA sys-
tem, beta-adrenergic receptors can also couple with Gi pro-
teins [114]. The cAMP signaling cascade can facilitate the
activation of ERK by PKA-mediated phosphorylation of an
adaptor molecule, Rap1. Then, PKA-mediated phosphoryla-
tion of the β2-AR significantly decreased its ability to couple
with G, while dramatically increasing its ability to couple with
Gi [115]. Notably, studies indicate that NE is increased in the
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cerebrospinal fluid of AD patients [104] suggesting that en-
hancedNE spillover within the hippocampus may be involved
in the progression of cognitive impairment [115] (Fig. 2).
Importantly, increases in NE content in the synaptic space
induces β-ARs internalization [116]. Indeed, chronic activa-
tion of the β-ARs leads to receptor phosphorylation by G-
protein-coupled receptor kinases (GRKs) and subsequent
binding of the protein β-arrestin which ultimately lead to re-
ceptor internalization [117]. Accordingly, it has been proposed
that excessive β-AR activation in AD becomes maladaptive
over time blunting adrenergic receptor signaling pathways
[118]. Interestingly, it has been shown that RVLM-C1 neurons
are chronically active in HF and that RVLM-C1 neurons dis-
play neuroanatomical projections to the LC, the major source
of noradrenergic drive to the hippocampus. Then, it is plausi-
ble to hypothesize that in HF, the hyperactivation of RVLM-
C1 neurons triggers tonic increases in hippocampal NE release
through activation of hippocampus-projecting LC adrenergic
neurons. Lately, increases in NE spillover at the hippocampus
level may induce the loss of adrenergic signaling through
desensitization of β-ARs; internalization and impaired Wnt
signaling being the outcome of an impaired cognitive function
in HF. In conclusion, while acute NE release may be relevant
to induce neural plasticity in the hippocampus, chronic or
tonic release of NE may exert the opposite effects due to
desensitization/internalization of β-ARs and the subsequent
loss of adrenergic signaling.

Also, evidence indicates that high concentrations of NE im-
pair prefrontal cortex function through activation of α1 adren-
ergic receptors. Indeed, NE has higher affinity for α2A receptor
compared with α1 receptors [119]; therefore, it is likely that at
low NE levels (e.g., under basal or unstressed conditions), NE
preferentially engage α2 receptors and improve prefrontal cor-
tex function, while during conditions of high NE release, α1
receptors would become activated and override the effects of
α2 receptor stimulation [120]. In particular, NE decreases glu-
tamatergic excitatory postsynaptic potentials by the activation of
α1-adrenergic receptors [121]. In addition, it has been shown
that activation of the α2ARs decreases the excitability of hippo-
campal neurons by reductions in cAMP and inhibiting neuro-
transmitter release at pre-synaptic terminals [122]. Together,
strong compelling evidence support the role of NE as a
neuromodulator of neuronal activity in cognitive-related areas.
Consequently, identifying the effects of NE and adrenergic sig-
naling on cellular plasticity during HF may open new avenues
for understanding the cognitive decline in this population.

It is interesting to note that first-line treatments for HF,
regardless of its etiology, are based on: (a) the use of diuretics
to decrease cardiac preload, (b) pharmacological blockers of
the angiotensin-converting enzyme to decrease the vasoactive
peptide angiotensin II, (c) pharmacological blockade of angio-
tensin II receptor 1, and (d) β-adrenergic receptor blockers [1,
26]. β-blockers are classified into: (a) first generation, which
includes blockers that unselectively bind to both β1- and β2-

Fig. 2 Schematic representation showing the proposed physiological
mechanisms underpinning cogni t ive impairments in HF.
Hyperactivation of RVLM-C1 neurons in HF triggers tonic norepineph-
rine (NE) increase in the hippocampus through an excitatory synapsis

from RVLM-C1 neurons to LC adrenergic neurons. Lately, increases in
NE spillover in the hippocampus induce internalization of β-ARs and
impaired Wnt/β-catenin signaling activation
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AR subtypes (i.e., propanol and timolol); (b) second genera-
tion, includingβ-blockers with higher affinity forβ1-AR than
for β2-AR (i.e., metoprolol and bisoprolol); and (c) third gen-
eration, includes non-selective β-adrenergic receptor
blockers, that acts on both β1 and β2 receptors, but also
display additional α1 antagonistic activity (i.e., bucindolol).
β-blocker agents are widely recommended for the treatment
of mild-to-moderate HF. Current pharmacological treatments
for HF (i.e., diuretics, β-blockers, and ACE inhibitors) are
mostly targeted to relief cardiac workload and has omitted
the overall complexity of HF pathophysiology which includes
at least cognitive function impairment, excessive neural sym-
pathetic drive, breathing disorders, systemic inflammation,
and oxidative stress.

Importantly, β-AR stimulation has been known to play a
critical role in long-termmemory consolidation in the amygdala,
dentate gyrus, and hippocampus [123]. For example, blockade
ofβ-ARs with agents such as propranol attenuated the emotion-
al enhancement of memory in both rodents and human, whereas
infusion of a β-AR agonist improves memory consolidation
[124]. Thus, β-blockers are less often prescribed to older adults,
especially those with functional cognitive impairment or multi-
ple comorbidities [125]. Indeed, different lines of evidence have
shown a significant reduction in brain β-AR expression in neu-
rodegenerative disease characterized by working memory and
executive function impairment [126–128].

In HF, β-blocker treatment after acute myocardial infarc-
tion reduces mortality by 25 to 30%; however, β-blocker
treatment has also been associated with the occurrence of CI
in both normal and elderly HF patients [129]. Steinman et al.
showed that β-blocker treatment following myocardial infarc-
tion was associated with a functional decline in older nursing
home residents with substantial cognitive or functional im-
pairment, but not in those with relatively preserved mental
and functional abilities [130]. Unfortunately, less is known
about the effect of β-blockers on functional cognitive status
and evidences from pharmacological studies to activate or
inhibit β-AR signaling remain controversial. Gelinas et al.
found that isoproterenol, a β-AR agonist, improves memory
consolidation and long-term potentiation in mice hippocam-
pus [95]. Also, intra-amygdala injections of a selectiveβ2-AR
agonist, clenbuterol, enhance memory retention in mice [131].
Conversely, the non-selective β-AR antagonist, propranolol,
also improves performance during cognitive flexibility tasks
in rodent [132] while xamoterol, a partial β1-AR agonist,
impairs hippocampal-dependent emotional memory retrieval
in mice [133]. In addition, intracranial administration of β3-
AR antagonists induces amnesia in chicks [134]. Then, cur-
rent evidence suggests that β-AR may play a role in the reg-
ulation of cognitive functions. The exact and precise mecha-
nism by which β-AR signaling may contribute to maintain/
develop cognitive impairment in the setting of HF deserves
future investigations.

Pathophysiological Mechanisms Associated
with Cognitive Impairment in Heart Failure

In this section, we will discuss the contribution of the major
s i gna l t r a n sduc t i on s pa t hway s and mo l e cu l a r
pathological mechanism that has been implicated in the mainte-
nance and progression of HF and in the processes underlying
pathological brain aging.

Oxidative Stress and Inflammation

Inflammation triggered by oxidative stress has been implicat-
ed in both cardiovascular pathophysiology and neurodegener-
ation [135, 136]. Oxidative stress has also been proposed as a
fundamental trigger for aging, where increased production of
reactive oxygen species (ROS) and/or decreased antioxidant
defenses lead to detrimental effects on cellular and organ func-
tion, and to the development of non-transmissible diseases,
including cardiovascular diseases [137]. In addition, it has
been proposed that oxidative stress contributes to age-related
impairment in learning and memory. Indeed, there is a signif-
icant correlation between age, memory impairment, and the
decrease in brain and plasma antioxidant defense [138]. Long-
term potentiation (LTP), the major form of synaptic plasticity
for learning and memory processes, has been used to examine
age-related changes in hippocampal slices. Importantly, age-
related LTP impairments in CA1 pyramidal neurons or from
the dentate gyrus have been linked to increases in ROS levels
[138]. Indeed, carbonylated protein levels (a marker of oxida-
tive stress) are elevated in the hippocampus from aged brains
[139, 140]. In addition, intracellular glutathione (GSH) con-
centration, a major antioxidant molecule, as well as the ratio of
glutathione: glutathione disulfide (GSH:GSSG), were found
to be decreased in aged rat brain (cortex, striatum, midbrain,
cerebellum) of both genders [141]. Interestingly, this decrease
in GSH level and/or GSH:GSSG ratio was also found in AD
mouse models [142]. In a recent study performed by Hajjar
et al. [143], decreased levels of GSH level were closely asso-
ciated with a faster decline in cognitive function in an aged but
healthy cohort. Furthermore, decreased circulating levels of
glutathione predicted the age-related decline in executive
memory [143]. Importantly, Palomera-Avalos et al., [144]
showed that resveratrol treatment prevents cognitive impair-
ment in aging by improving mitochondrial dynamics in the
hippocampus by normalizing optic atrophy-1 protein (OPA1)
and mitofusin 2 (MFN2) expressions and by targeting the
Wnt-β-catenin pathways. Together, these evidences strongly
supported a role for oxidative stress in the development and/or
maintenance of cognitive impairment in pathological state.

Epidemiological and clinical studies indicate a causal rela-
tionship between heart disease and neurological diseases [145].
Indeed, cardiovascular diseases and AD share many pathologi-
cal mechanisms, such as the presence of amyloid oligomers,
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alterations in mitochondrial DNA, oxidative stress, and inflam-
mation [47, 135, 136, 144, 146–149]. Also, an increased sys-
temic inflammatory profile is observed in patients with cardio-
vascular pathology particularly with HF [146, 150]. Importantly,
in a murine experimental HF model, levels of mRNA and pro-
tein expression of AD-related protein markers (upregulation of
amyloid precursor protein and BACE1) were altered in the hip-
pocampus, triggering aberrant effect on amyloid-β (Aβ) metab-
olism [47]. Notably, authors found that inflammatory gene ex-
pressions such as TLR4, TNF-α, and IL-6 in the cortex and
hippocampus were significantly upregulated in HF mice.
Thus, a decreased heart function is able to alter the level of
inflammatory markers within the brain.

As discussed previously, impairments in brain endothelial
function in HF includes blood brain barrier permeability, blood
flow local regulation and inflammatory activation appears all to
be linked to the development of cognitive impairment in HF
patients. Adamski et al. 2018 [151], using a HF mouse model,
found that one of the key mechanisms of vascular-induced cog-
nitive impairment in early HF pathology requires E-selectin up-
regulation in the brain cortex, a protein expressed almost exclu-
sively on inflammatory-activated endothelium. Upregulation of
E-selectin in HF mice results in blood–brain barrier leakage,
cortical oxidative stress, and accumulation of β-amyloid in cor-
tical areas. Additionally, peripheral inflammation may also con-
tribute to cognitive decline since increases in circulating cyto-
kines have been associated with lower cognitive performance.
Indeed, it has been shown that pathogenic IL-1β plasma levels
alter blood–brain barrier permeability by inducing a sustained
disruption of the tight junction protein claudin-5. Furthermore,
IL-1β can disrupt collagen-IV fibers located at the cerebrovas-
cular basal lamina, then playing a critical role on the exacerbation
of ischemic brain injury after transient middle cerebral artery
occlusion [152]. Interestingly, it is well known that HF patients
displayed increased circulating and tissue levels of pro-
inflammatory cytokines [146, 150]. Indeed, pro-inflammatory
mediators has been shown to be specifically upregulated in key
sympathetic control areas within the brain, suggesting that a
neuroinflammatory condition during HF may serve as a potent
substrate for the development of autonomic imbalance in HF
patients characterized by chronic sympathoexcitation [146]. In
fact, inhibition of brain cytokine production improves cardiovas-
cular outcome and reduces sympathetic activity in experimental
HF [153, 154].

Mitochondrial Dysfunction, Cognitive Impairment,
and Heart Failure

Mitochondria are the main organelles that supply energy to cells.
This isextremelyrelevant tocellswithenergyexpenditure, suchas
neurons,whichareverysensitivetoalterations intheproductionof
mitochondrial ATP. Several studies have shown that dynamic
changes in mitochondrial architecture have a major impact on

the ability of the cell to survive stress and modify their energy
production [155]. Deficits in energy production generally result
indysfunctionofallenergy-dependentcell functions. Importantly,
a deregulated balance of mitochondrial dynamics in the function
of the nervous system has been described in cognitive dysfunc-
tions [156], mainly defined as imbalances between fusion and
fission events, which are exacerbated during the aging process
[157]. During aging, neurodegenerative diseases and extreme
stress conditions caused by increased levels of ROS affects the
replication and transcription of mitochondrial DNA resulting in
mitochondria fragmentation and mitochondrial metabolism de-
cline, leading to a progressive loss of function [158]. Thus, mito-
chondrialdysfunction increasinglyappears tobeacommonfactor
connectingseveralhallmarksofaging, includingcognitivedecline
and HF. Indeed, mitochondrial dysfunction plays a key role in
different neurodegenerative disorders including Alzheimer’s,
Parkinson’s, and Huntington’s disease and amyotrophic lateral
sclerosis, where cognitive functions are fundamentally impaired
by mechanisms mediated by neuroinflammation and ROS [155,
159]. In addition, it has been demonstrated in mice that intact
mitochondrial functions are required for proper regulation of syn-
aptic transmission, brain function, and cognition in aging [160].
Mitochondria removeCa2+ from the cytoplasmand accumulate it
in their matrix and participate inmany intracellular signaling pro-
cesses involvingCa2+-dependentmechanisms[161].Oneof these
processes is the NMDA receptor–mediated LTP, serving as the
cellular model for memory functions and higher-order cognitive
processes [162]. In summary, mitochondria-mediated oxidative
stress and perturbed Ca2+ homeostasis may also contribute to the
pathogenesis of neurocognitive diseases.

In HF, several components of cardiac muscle bioenergetics
are altered, such as oxygen availability, substrate oxidation,
and mitochondrial ATP production [147]. In general, it has
been proposed that decreases in mitochondrial energy produc-
tion may be a key player in the progression of HF. Indeed,
alterations in mitochondrial biogenesis have been linked to
cardiac muscle hypertrophy in HF due to altered signaling
by PGC1α, the master regulator of mitochondrial biogenesis
[163]. The mechanisms leading to changes in mitochondrial
biogenesis in pathological cardiac hypertrophy and heart fail-
ure appear to be associated with high ROS production. In a
study performed by Dai et al. [148], it was found that cardiac
hypertrophy elicit by angiotensin II infusions in mice is de-
pendent on higher mitochondrial ROS production and in-
creases deletions on mitochondrial DNA. In conclusion,
whereas these exact same alterations on mitochondrial func-
tion may serve as substrates for neuronal dysfunction in sev-
eral brain areas, in HF remains to be determined.

Targeting Wnt Signaling in HF: Friend or Foe?

Wnt signaling pathway has been implicated largely in the regu-
lation of synaptic assembly, as well as in neurotransmission and
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synaptic plasticity of adult nervous system [83]. Indeed, impair-
ments in synaptic plasticity by decrease in LTP have been attrib-
uted in part to the deregulation ofWnt signaling in hippocampal
neurons [164].

Wnt signaling has been proposed as a potential target for
therapeutic intervention in cardiovascular diseases [149]. The
Wnt signaling pathway is a group of signal transduction path-
ways formed by proteins that transfer signals from the outside
of a cell through the receptor surface to the cytoplasm [165].
The roles of the Wnt signaling pathway in several develop-
mental processes, including synaptic differentiation, are well
characterized. The expression of Wnt ligands and Wnt signal-
ing components in the central nervous system suggests that
this pathway play a role in synapticmaintenance and cognitive
function. Indeed, studies in humans indicate that Wnt signal-
ing is directly related to neurogenesis and is altered or in-
volved in the pathophysiology of AD and other CNS-related
diseases [83]. In HF, Wnt signaling has been shown to be
involved in mediating adverse cardiac remodeling, cardiac
hypertrophy, and arrhythmogenesis [139, 166, 167].
Unfortunately, the results are often ambiguous when it comes
to the question whether Wnt signaling in HF should be acti-
vated or inhibited.

The major mechanism proposed to recognize HF such as a
risk factor for AD involves neurohumoral activation, promot-
ing dysfunction of the neurovascular unit, causing an energy
crisis in neurons. This leads to impaired clearance of Aβ and
hyperphosphorylation of the tau protein, resulting in extracel-
lular deposits of the Aβ into senile plaques, intracellular de-
posits of the microtubule-associated protein tau into neurofi-
brillary tangles, and neuronal cell death responsible for a de-
crease in the cognitive function and progressive loss of mem-
ory [168, 169]. Interestingly, Aβ-dependent neurotoxicity in-
duces a loss of function of Wnt signaling [83, 165]. Li et al.
[23] showed that the molecular mechanism by which
presenilin mutations, a catalytic core of γ-secretase complex,
lead to either early-onset familial Alzheimer’s disease or car-
diac dysfunction is triggered by the aberrant calcium channel
receptor activities mediated by decreased expression of the
component of Wnt signaling transduction pathway.

The underlying signal transduction mechanisms of HF-
induced cognitive impairment are still unclear. However, it is
well known thatβ1- orβ2-AR activation increases cAMP and
PKA [142]. Interestingly, it has been described that PKA reg-
ulates the activity of the canonical Wnt pathway [170, 171].
Phosphorylation of S675 of β-catenin by PKA may enhance
transcriptional activity by promotingβ-catenin stability [172].
Furthermore, glycogen synthase kinase 3 (GSK-3), another
key enzyme involved in memory plasticity and cognitive
function, is inhibited through phosphorylation of serine 9 in
GSK-3 beta by PKA [173]. In addition, during aging-related
cognitive impairments, there is a loss of function of Wnt ac-
tivity, such as indicated by decreased β-catenin levels and

increased phosphorylation of GSK-3β [165]. Therefore, a loss
in adrenergic pathway (i.e., β-ARs internalization) could play
an important role in the control/regulation of Wnt signaling
function, affecting cognitive processes in HF (Fig. 2).

Conclusions

Considerable evidence exists that 15 to 70% of patients with
chronic HF experience cognitive dysfunction, which is asso-
ciated with difficulties in self-care and higher risks for hospi-
talization and mortality. Understanding age-related changes in
cognition is important given the continuous growing of the
elderly population and the importance of cognitive health for
maintaining functional independence and effective communi-
cation with others. In general, systematic reviews and meta-
analysis studies have confirmed a considerable proportion of
HF patients suffering for cognitive decline but leave in evi-
dence the urgent need of further and future research aimed to
determine the underlying pathophysiology mechanisms. The
mechanism of cognitive dysfunction in HF appears to be mul-
tifactorial, and several cardiac variables, laboratory parame-
ters, and demographic and clinical elements should be taken
into account during the evaluation process since all these ele-
ments can help in the identification of a potential risk profile
for the development of cognitive impairment in HF.
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