
cells

Review

Why Do We Not Assess Sympathetic Nervous System Activity
in Heart Failure Management: Might GRK2 Serve as a
New Biomarker?

Leonardo Bencivenga 1,2 , Maria Emiliana Palaia 1, Immacolata Sepe 1, Giuseppina Gambino 1, Klara Komici 3,
Alessandro Cannavo 1 , Grazia Daniela Femminella 1 and Giuseppe Rengo 1,4,*

����������
�������

Citation: Bencivenga, L.; Palaia,

M.E.; Sepe, I.; Gambino, G.; Komici,

K.; Cannavo, A.; Femminella, G.D.;

Rengo, G. Why Do We Not Assess

Sympathetic Nervous System Activity

in Heart Failure Management: Might

GRK2 Serve as a New Biomarker?

Cells 2021, 10, 457. https://doi.org/

10.3390/cells10020457

Academic Editors: Alexander

E. Kalyuzhny and Federico Mayor

Received: 18 December 2020

Accepted: 19 February 2021

Published: 21 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Translational Medical Sciences, University of Naples “Federico II”, 80131 Napoli, Italy;
leonardo.bencivenga@unina.it (L.B.); mariaemiliana.palaia@unina.it (M.E.P.); immacolata.sepe@unina.it (I.S.);
giuseppina.gambino@unina.it (G.G.); alessandro.cannavo@unina.it (A.C.);
graziadaniela.femminella@unina.it (G.D.F.)

2 Department of Advanced Biomedical Sciences, University of Naples “Federico II”, 80131 Napoli, Italy
3 Department of Medicine and Health Sciences, University of Molise, 8610 Campobasso, Italy;

klara.komici@unimol.it
4 Istituti Clinici Scientifici Maugeri SPA, Società Benefit, IRCCS, Istituto Scientifico di Telese Terme,

82037 Telese Terme, Italy
* Correspondence: giuseppe.rengo@unina.it; Tel.: +39-081-746-2339

Abstract: Heart failure (HF) represents the end-stage condition of several structural and functional
cardiovascular diseases, characterized by reduced myocardial pump function and increased pressure
load. The dysregulation of neurohormonal systems, especially the hyperactivity of the cardiac adren-
ergic nervous system (ANS), constitutes a hallmark of HF and exerts a pivotal role in its progression.
Indeed, it negatively affects patients’ prognosis, being associated with high morbidity and mortality
rates, with a tremendous burden on global healthcare systems. To date, all the techniques proposed
to assess the cardiac sympathetic nervous system are burdened by intrinsic limits that hinder their
implementation in clinical practice. Several biomarkers related to ANS activity, which may potentially
support the clinical management of such a complex syndrome, are slow to be implemented in the
routine practice for several limitations due to their assessment and clinical impact. Lymphocyte
G-protein-coupled Receptor Kinase 2 (GRK2) levels reflect myocardial β-adrenergic receptor function
in HF and have been shown to add independent prognostic information related to ANS overdrive. In
the present manuscript, we provide an overview of the techniques currently available to evaluate
cardiac ANS in HF and future perspectives in this field of relevant scientific and clinical interest.

Keywords: heart failure; cardiac adrenergic nervous system; biomarkers; GRK2; β-adrenergic
receptor signaling; Lymphocyte

1. Introduction

Heart failure (HF) represents a major cause of mortality and morbidity worldwide,
affecting about 1% to 2% of the global population, with a trend showing a further increase
in cases over the next decade [1,2]. The incidence rate is rapidly rising, especially in older
patients, so that, according to some authors, HF should be counted among the geriatric
syndromes, with a dramatic burden on national health systems [3,4].

HF constitutes a heterogeneous clinical syndrome, the end-stage condition of sev-
eral structural and functional cardiovascular diseases leading to a myocardial-enhanced
pressure load and/or reduced ventricular output. The current European Society of Cardi-
ology (ESC) guidelines establish three forms of HF according to left ventricular ejection
fraction (LVEF), echocardiographic features and diagnostic biomarkers: HF with reduced
LVEF (HFrEF), mid-range HF (HFmEF), and HF with preserved LVEF (HFpEF) [5]. HFpEF
and HFrEF are increasingly considered as two different physiopathological conditions,
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with wide discrepancies across their epidemiological and etiological profiles that are also
reflected in the distinct therapeutic approaches.

Dyspnea, fatigue, and swelling of the sloping areas are the typical symptoms and
signs of HFrEF, which are caused by peripheral hypoperfusion and fluid retention that
occur consequently to heart pump failure. The subsequent activation of the neurohormonal
system supports a short-term period of cardiac compensation but progressively turns out
to be deleterious, as it involves hyperactivity of the adrenergic nervous system (ANS) that
provides increasing levels of circulating catecholamines (CAs), and hyperactivation of the
renin–angiotensin–aldosterone system (RAAS). Such a dysregulation of the neurohormonal
systems exerts a pivotal role in HF progression and negatively affects patients’ prognosis,
determining higher morbidity and mortality rates [6]. Indeed, chronic ANS overdrive
and RAAS activation promote myocardial electrical and structural remodeling, cardiac
hypertrophy, and fibrosis [7]. Accordingly, β-blockers, angiotensin-converting enzyme
inhibitors (ACE-Is)/angiotensin II receptor antagonists (sartans), and mineralocorticoid
receptor antagonists (MRAs) have been shown to reduce the mortality in patients with
HFrEF across several evidence and represent the first therapeutic line for the management
of afflicted patients [5]. Enormous progress has been obtained in the previous decades in
the treatment of patients with HFrEF; nevertheless, the prognosis remains poor.

The determination of ANS hyperactivity may bring, in this context, relevant diagnostic
and prognostic information, but, to date, all the techniques proposed to assess the cardiac
sympathetic nervous system are burdened by intrinsic limits that hinder their implementa-
tion in routine clinical practice. The aim of this review is to analyze the current evidence
regarding the assessment of ANS hyperactivity in HF patients to point out the opportunity
of employing specific molecules involved in beta-receptor signaling as a specific biomarker
of adrenergic derangement.

2. Sympathetic Nervous System Hyperactivity in HF Pathophysiology

In physiological conditions, the sympathetic nervous system supports cardiac activity
through the modulation of dromotropy, cronotropy, inotropy, and lusitropy. Moreover,
the balance between the sympathetic and parasympathetic nervous systems regulates the
peripheral resistance and cardiac output [8].

The CA-mediated stimulation of β-adrenergic receptors (β-ARs) of the superfamily
of G-protein-coupled receptors (GPCRs), initially determines the exchange of guanosine
diphosphate (GDP) for guanosine triphosphate (GTP), allowing dissociation of the G-
protein and G-alpha subunit to activate adenylate cyclase (AC), which converts adenosine
triphosphate (ATP) into cyclic adenosine monophosphate (cAMP). This latter metabolite
allows the protein kinase A (PKA) to release free intracellular calcium through both L-type
calcium channels of the plasma membrane and ryanodine receptors of the sarcoplasmic
reticulum. Furthermore, PKA facilitates sarcoplasmic reticulum calcium reuptake and
cardiomyocyte repolarization through stimulation of the sodium pump. Besides producing
cardiac muscle contraction by the phosphorylation of many effector substrates, PKA
importantly contributes to the uncoupling and desensitization of β-ARs [9] (Figure 1).

Modulation of the adrenergic pathway is crucial for the proper functioning of the
cardiovascular system, as β-AR persistent activation causes detrimental dysfunction in
the signaling pathway and an inverse effect of depressed cardiac function [10]. Indeed,
enhanced stimulation of the ANS constitutes a hallmark of HF, characterized by the aug-
mented release of norepinephrine (NE) and epinephrine (EPI) from both the chromaffin
cells of the adrenal gland and heart sympathetic fibers [11].
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Figure 1. Graphical representation of β-AR signaling in the physiological condition (left) and heart failure (right). In the 
physiological condition (left panel), β-AR stimulation by CA results in the dissociation of the stimulatory G-protein α-
subunit (Gαs) from Gβγ. Gαs stimulates adenylate cyclase (AC) to produce cAMP, which leads to increased contractility 
by activating the protein kinase A (PKA). The G protein-coupled receptor kinase (GRK2) translocates to the membrane 
and phosphorylate agonist-bound β-AR, leading to the decoupling of the G protein. Finally, β-arrestins bind the complex, 
triggering receptor internalization and downregulation. In heart failure (right panel), the increase in CA levels determines 
the β-AR hyperactivation and consequent GRK2 upregulation, which, in the long term, results in β-AR dysfunction. (AC, 
adenylate cyclase, ATP, adenosine triphosphate, CAs, catecholamines, β-Ars, β-adrenergic receptors, cAMP, cyclic aden-
osine monophosphate, ER, endoplasmic reticulum, GRK2, G protein-coupled receptor kinase 2, and Gs, stimulatory G 
protein). Created with BioRender.com. 
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Three subtypes of β-ARs have been identified in the human heart: β1-AR is the pre-
dominant form; its density on the cardiomyocyte membrane is about fourfold more than 
β2-AR, while the expression of β3-AR is minimal [12]. Interestingly, while the expression 
of β1-AR is ubiquitous, β2-AR and β3-AR are only present in around 5% of cardiomyo-
cytes; this configuration is reversed in cardiac nonmyocyte cells [13]. Although the stim-
ulation of both β1-AR and β2-AR provides improved cardiac inotropy, lusitropy, and 
chronotropy, the chronic activity of β2-AR exerts an antiapoptotic effect as opposed to β1-
AR, whose persistent stimulation leads to cardiomyocytes apoptosis. Conversely, β3-AR 
probably counteracts ANS overdrive through the nitric oxide synthase pathway [14]. 

Activated β-ARs undergo desensitization and downregulation, two key regulatory 
processes aimed at counteracting damage from excessive CA-mediated stimulation in-
volving GPCR kinase 2 (GRK2) and 5 (GRK5). After being recruited by the Gβγ subunit, 

Figure 1. Graphical representation of β-AR signaling in the physiological condition (left) and heart failure (right). In
the physiological condition (left panel), β-AR stimulation by CA results in the dissociation of the stimulatory G-protein
α-subunit (Gαs) from Gβγ. Gαs stimulates adenylate cyclase (AC) to produce cAMP, which leads to increased contractility
by activating the protein kinase A (PKA). The G protein-coupled receptor kinase (GRK2) translocates to the membrane
and phosphorylate agonist-bound β-AR, leading to the decoupling of the G protein. Finally, β-arrestins bind the complex,
triggering receptor internalization and downregulation. In heart failure (right panel), the increase in CA levels determines
the β-AR hyperactivation and consequent GRK2 upregulation, which, in the long term, results in β-AR dysfunction. (AC,
adenylate cyclase, ATP, adenosine triphosphate, CAs, catecholamines, β-Ars, β-adrenergic receptors, cAMP, cyclic adenosine
monophosphate, ER, endoplasmic reticulum, GRK2, G protein-coupled receptor kinase 2, and Gs, stimulatory G protein).
Created with BioRender.com.

Three subtypes of β-ARs have been identified in the human heart: β1-AR is the
predominant form; its density on the cardiomyocyte membrane is about fourfold more than
β2-AR, while the expression of β3-AR is minimal [12]. Interestingly, while the expression of
β1-AR is ubiquitous, β2-AR and β3-AR are only present in around 5% of cardiomyocytes;
this configuration is reversed in cardiac nonmyocyte cells [13]. Although the stimulation of
both β1-AR and β2-AR provides improved cardiac inotropy, lusitropy, and chronotropy,
the chronic activity of β2-AR exerts an antiapoptotic effect as opposed to β1-AR, whose
persistent stimulation leads to cardiomyocytes apoptosis. Conversely, β3-AR probably
counteracts ANS overdrive through the nitric oxide synthase pathway [14].

Activated β-ARs undergo desensitization and downregulation, two key regulatory
processes aimed at counteracting damage from excessive CA-mediated stimulation in-
volving GPCR kinase 2 (GRK2) and 5 (GRK5). After being recruited by the Gβγ subunit,
these cytosolic serine/threonine enzymes move towards the plasma membrane and phos-
phorylate C-terminal tail of agonist-binding β-ARs. The phosphorylation of β-AR allows
the binding of β-arrestin proteins, which induce the uncoupling of G proteins and pre-
vent further activation of the complex. The phosphorylated and bound β-AR undergoes
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internalization and, in the case of sustained stimulation, degradation by the lysosome
system [15].

As mentioned above, in the failing heart, sympathetic overdrive leads to higher levels
of circulating CAs and increased NE spillover from the cardiac sympathetic endings [16].
These phenomena provide chronic hyperstimulation of β-ARs and maladaptive GRK2
upregulation, which, in turn, causes diminished β-AR density on cardiomyocytes through
massive desensitization/downregulation processes, with the loss of contractility and in-
otropic reserve [17]. Accordingly, several models have demonstrated a beneficial effect
of GRK2 antagonism in preserving and recovering heart function, and several pieces of
literature have focused on GRK2 as an alternative HF therapeutic target [9,18]. GRK2 has
also been detected to exert a pivotal role in several signaling pathways, such as interacting
in the aldosterone–mineralocorticoid receptor system and β-AR-mediated cardiac insulin
resistance [19]. Indeed, it has been involved in several pathophysiological conditions,
especially cardiovascular diseases such as hypertension and hypertrophic cardiomyopathy,
and metabolic disorders—in particular, metabolic syndrome, type 2 diabetes, and non-
alcoholic fatty liver disease [20]. Moreover, the intricate scenario is further complicated
by the apparent different mechanisms of action of the β-arrestin isoforms; indeed, the
persistent activation of β-arrestin 1 boosts proapoptotic and proinflammatory signaling,
thus concurring with HF progression. Indeed, post-myocardial infarction β-arrestin 1
knockout (KO) mice show reduced ischemic area, better cardiac function, and increased
survival compared to wild-type mice. Contrarywise, β-arrestin 2 counteracts cell death
signaling, thus promoting cell survival, through the regulation of cardiac contractility
via sarcoplasmic/endoplasmic reticulum Ca2+-ATPase2a (SERCA2a), modulation of the
inflammatory process, and myocyte apoptosis [6].

The hyperactivation of the ANS observed in HF is related to the increased risk of
arrhythmias and left ventricular dysfunction, and it represents a pathophysiological prereq-
uisite for therapy with β-blockers [21]. Moreover, higher CAs exposure increases the heart
peroxidative metabolism and cardiac oxygen demand, thus contributing to degenerative
effects such as necrosis and inflammation, the augmented deposition of collagen, and
interstitial fibrosis [8]. Besides, the adrenergic system is also involved in the regulation
of several metabolic pathways: ANS overdrive induces alterations in glucose and the
lipid metabolism, with the development of insulin resistance and mitochondrial dysfunc-
tion [22,23].

3. How to Assess Sympathetic Nervous Activity: Methods

Several tools are available to provide an estimation of ANS activity in HF, and
these include cardiovascular reflex tests, resting heart rate, heart rate variability (HRV)
measures, NE spillover, clinical microneurography, cardiac iodine-123 metaiodobenzyl-
guanidine (123I-MIBG), 11C-hydroxyephedrine (11C-HED) imaging, pupillometry, and
blood biomarkers.

The resting heart rate, regulated by the ANS, has been found to exert an independent
predictive role on the development of coronary artery disease, as well as on all-cause
and cardiovascular mortality. The prognostic value of an increased heart rate in patients
with HF has been shown in different clinical trials evaluating heart rate-lowering drugs,
such as beta-blockers [24]. More recently, in the BEAUTIFUL trial, a subgroup analysis
conducted in patients with resting heart rates higher than 70 bpm showed that heart
rate reduction obtained via ivabradine treatment was able to reduce hospitalizations and
revascularizations [25].

In physiological conditions, ANS exerts a fine regulation of cardiac and vascular func-
tions through the integration of complex reflex responses, tuned by a balance between the
parasympathetic and sympathetic functions. Those reflexes include the arterial barorecep-
tor reflex, peripheral and central chemoreceptor reflexes, cardiopulmonary mechanosen-
sitive reflex, and pulmonary stretch receptor reflex [26]. In the past decades, Ewing and
colleagues developed a battery of five noninvasive bedside tests to assess the ANS func-
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tion in diabetic patients [27]. The Ewing battery has since been used in different clinical
conditions aimed at the evaluation of autonomic function, including in HF [28]. It consists
in the assessment of blood pressure and the heart rate response to challenges such as
standing, deep breathing, hand grip, and Valsalva. Although easy to perform with minimal
equipment, the Ewing battery suffers from low specificity and limited reproducibility.

HRV is the beat-to-beat fluctuation in consecutive heartbeats, and it is regulated by
dynamic heart and brain interactions through the ANS branches. The estimation of HRV
parameter variations on ECG recordings provides indirect measures of ANS activation
in both the time and the frequency domains [29]. In particular, the power of the different
frequency bands in the HRV spectra are commonly used as surrogates for parasympathetic
and SNS functions. The high-frequency power (HFP) reflects parasympathetic activity,
while the low-frequency power (LFP) is modulated by both parasympathetic and sympa-
thetic systems. The LFP/HFP ratio is considered a measure of sympathetic/vagal balance,
and in several studies, its increase has been associated with a poor prognosis in both
cardiovascular and non-cardiovascular diseases [30,31].

Cardiac ANS causes the release of NE at nerve terminals, which binds to adrenergic
receptors and, for 80%, is reuptaken by the fiber endings. However, a smaller fraction of
the released NE spills over into the plasma. The regional NE spillover can be estimated and
used as a clinical indicator of SNS activity [32]. It has been demonstrated that, in HF, cardiac
NE spillover is much higher compared to that measured in other organs (i.e., kidneys and
lungs). Cardiac NE spillover is an independent and strong predictor of adverse outcomes
in patients with HF [33], and also renal NE spillover is a predictor of mortality in chronic
HF [34]. Moreover, cardiac NE spillover has been shown to correlate with the noninvasive
HRV measurement low-frequency/high-frequency ratio during sympathetic stimulation in
patients with HF [35].

A noninvasive means for measuring the SNS activity is obtained by recording the post-
ganglionic sympathetic nerve activity in skeletal muscle and skin areas (microneurographic
technique). Since its inception over 50 years ago, microneurography has been successfully
used in HF and other conditions, showing that muscle sympathetic nerve activity (MSNA)
is increased in patients with HF and correlates with circulating NE levels [36,37]. Other
studies have shown that MSNA is correlated with functional indicators in HF, such as
stroke volume [38], and that it might have an independent predictive value on mortality in
these patients [39].

A method to study in vivo cardiac SNS dysfunction is by using imaging techniques,
either with single-photon emission tomography (SPECT) radioligands such as 123I-MIBG
or with positron emission tomography (PET) tracers like 11C-HED. Both compounds are
NE analogs that bind to the NE transporter, with PET imaging having a higher spatial
resolution compared to SPECT imaging. Several studies in HF have demonstrated that
a reduced 123I-mIBG uptake, measured by the lower heart-to-mediastinum ratio (H/M)
or increased myocardial 123I-mIBG washout rate, is a marker of abnormal myocardial
sympathetic innervation [40,41]. Similarly, a reduced 11C-HED uptake during PET imaging
represents cardiac sympathetic denervation. In HF, imaging studies have shown that low
123I-mIBG H/M is an independent predictor of mortality in patients with HF [42,43].
Moreover, regional sympathetic denervation measured by a reduced 11C-HED uptake is a
marker of contractile dysfunction and fibrosis in HF patients [44].

Recently, other noninvasive tools have been employed to assess the ANS dysfunction
in HF, with one of them being the pupil light reflex (PLR). The pupil radius is controlled
by both the parasympathetic and the sympathetic nervous system in response to light
exposure, with a mechanism called PLR. The integrity of both ANS branches is essential for
a normal PLR response. In patients with HF, PLR is an independent predictor of mortality
and readmission due to HF, adding valuable prognostic information [45].

The techniques currently employed in the evaluation of the adrenergic derangement
of patients with HF are burdened by poor performance or intrinsic limits of the method that
hinders their diffusion and large-scale use, confining them to research protocols or a few
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specific clinical conditions. The main criticalities are the poor ability to discriminate against
the sinoatrial response of sympathetic/vagal stimulation, the nonspecificity for cardiac
sympathetic modulation, the costs of machinery and tracers, and the exposure of patients
to radionuclides. Accordingly, on top of the above-mentioned tools to noninvasively assess
SNS function in HF patients, an expanding field in this area is the one related to the
evaluation of blood biomarkers.

4. Biomarkers of HF

HF represents a complex clinical process which results in symptoms and signs that
can be misleading, as they may be potentially attributable to multiple concomitant con-
ditions, especially in specific populations such as the elderly. These peculiarities often
concur with a delayed diagnosis and postponement of appropriate treatment, thus leading
to poorer clinical outcomes with high hospitalization rates and costs [46]. In this context,
an integrated approach involving biochemical markers may also provide complementary
information to allow risk stratification [47]. Accordingly, concerning the symptomatol-
ogy and clinical objectivity, several biological molecules have the potential to forestall
the detection of morphological and functional alterations caused by pathophysiological
mechanisms [48]. Indeed, as mentioned above, neurohormonal signaling cascades and
pathological remodeling processes anticipate the occurrence of symptomatic ventricular
dysfunction [49].

Over the decades, several biomarkers have been proposed in the management of HF,
some of which fulfill the criteria for ideal markers to be accurately, quickly, and repro-
ducibly evaluated, not invasively measured, and cheap to assess, with high sensitivity and
specificity. They can be categorized into different classes according to the corresponding
physiopathology (myocardial wall stress, fibrosis pathway, ANS hyperactivation, and
comorbidities-related) or main clinical use (diagnosis and prognosis) [48] (Table 1).

Natriuretic peptides (NP) represent the most extensively employed HF biomarkers,
with an established gold standard role in diagnosis and risk stratification [5]. They represent
a group of molecules released in response to myocardial stretch, whit-relevant effects on
natriuresis, vasodilatation, and fibrosis inhibition [50], which have recently been exploited
for new therapeutic approaches [51]. Circulating levels of the brain natriuretic peptide
(BNP) and N-Terminal-pro-BNP (NT-pro-BNP), a fragment of the BNP precursor, reflect
the NYHA functional class and show an independent linear relationship with in-hospital
mortality in patients admitted for both decompensated HFrEF and HFpEF [49,52]. Notably,
from a literature review, a 35% augmented risk of death for every 100 pg/mL of BNP
increase emerged [53], with a worse prognosis in those experiencing a <50% reduction in
NT-pro-BNP levels [54]. Furthermore, NP levels were revealed to be useful in monitoring
the effects of treatments with β-blockers [55], ACE-Is/sartans [56], MRAs [57], and cardiac
resynchronization therapy [58]. Atrial NP (ANP), released following a stretch of the atrial
wall, exerts a similar role of BNP in natriuresis and reduction of the sympathetic tone, but
it is burdened by a rapid clearance that limits its routine use [46]. The precursor hormone
Mid-Regional pro-ANP (MR-pro-ANP) is more stable, and it has been shown, in the BACH
(Biomarkers in Acute Heart Failure) trial, to be comparable to BNP as a diagnostic marker
of HF, with an additive prognostic value [59]. It is worth mentioning that NPs are not
reliable in all patients, especially in those with multiple comorbidities. BNP concentrations
physiologically raise in the elderly [60], and NT-pro-BNP levels are relatively lower in
overweight patients [61]. Importantly, the BNP interpretation appears controversial in
patients undergoing medical therapy with sacubitril/valsartan, due to its therapeutic
mechanism of NP degradation inhibition [62].
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Table 1. Summary of the main HF biomarkers.

Biomarkers Cut Off
Values Production Increasing in Hf Phenotype Role

BNP >35 pg/mL released from myocytes
under stress

HF, Aging, LVH, CKD,
AS, MI, AF, Obesity HFrEF > HFpEF Diagnosis, Prognosis,

Follow up

NT PRO BNP >125 pg/mL fragment of BNP
precursor

HF, Aging, LVH, CKD,
AS, MI, AF HFrEF > HFpEF Diagnosis, Prognosis,

Follow up

MR PRO ANP >127 pmol/L atrial wall as result of
stretch

HF, AS, Sepsis, MI, AF,
Burns HFrEF > HFpEF Diagnosis, Prognosis,

Follow up

HS-CIN TROPONIN >34.2 pg/mL cardiomyocytes injury

HF, MI, Myocarditis,
CKD, Sepsis,

Hypothyroidism,
Trauma

HFrEF > HFpEF Diagnosis, Prognosis

GALECTIN 3 <17.8 ng/mL fibroblast proliferation
and activation

HF, Aging, DM, CKD,
IPF, Obesity, Cirrhosis,
Cancer, Inflammatory

states

HFpEF > HFrEF Prognosis

MR-PROADM 0.10–0.64
nmol/L

released in several
tissue as result of

increased pressure and
volume overload

HF, MI, CAD,
Hypertension, CKD,

Sepsis, Cancer
HFmrEF Prognosis

ST2 >30 ng/mL myocardial stretch HF, CAD, IS HFpEF > HFrEF Prognosis

NGAL 50 ng/mL

neutrophils and
endothelial cells,

involved in response
renal injury

HF, RI HFrEF > HFpEf Diagnosis, Prognosis

IRON DEFICIENCY Ferritin
<15 µg/L multifactorial condition HF, IDA, IM, Bleeding HFrEF > HFpEF Prognosis

NE >480 pg/dl
Neuroendocrine cells

as result of sympathetic
overdrive

HF, MI, Hypertension,
Pheochromocytoma,

Cushing, Stress
HFrEF>HFpEF Prognosis

NPY >130 pg/mL
Neuroendocrine cells

as result of sympathetic
overdrive

HF, Obesity, Stress HFrEF Prognosis

GALANIN To be
determined yet

Neuroendocrine and
gastrointestinal cells

HF, Hypertension, Pain,
SL, Cancer HFpEF To be further

elucidated
CHROMOGRANIN A

/CST >19.73 ng/mL Neuroendocrine and
myocardial cells HF, CAD, Sepsis Independent from

LVEF Prognosis

AF: atrial fibrillation, AS: aortic stenosis, BNP: brain natriuretic peptide, CAD: coronary artery disease, CKD: chronic kidney disease,
CST: catestatin, DM: diabetes mellitus, HF: heart failure, HFmrEF: Heart Failure with Mid-Range Ejection Fraction, HFpEF: Heart Failure
with Preserved Ejection Fraction, HFrEF: Heart Failure with Reduced Ejection Fraction, HS-CIN: High-Sensitivity Cardiac Troponin, IDA:
iron deficiency anemia, IM: intestinal malabsorption, IPF: idiopathic pulmonary fibrosis, IS: inflammatory states, LVEF: left ventricular
ejection fraction, LVH: left ventricular hypertrophy, MI: myocardial infarction, NE: norepinephrine, NGAL: neutrophil gelatinase-associated
lipocalin, NPY: neuropeptide Y, PAH: pulmonary arterial hypertension, RI: renal injury, SL: sleep regulation, and ST2: Soluble Suppression
of Tumorigenicity.

Cardiac troponin levels represent another stress/injury biomarker with relevant prog-
nostic implications in acute HF patients [63]. Accordingly, ESC guidelines recommend
their measurement in clinical practice to exclude myocardial infarction as a cause of acute
HF and for prognostic assessment [5], taking into account that the high-sensitivity cardiac
troponin (hs-cTn) peak and trend were associated with 180-day cardiovascular mortality in
an acute HF cohort from the RELAX-AHF study [64]. Hs-cTn has also been employed in a
stable chronic HF setting; the detectable levels were related to an increased risk of poor
clinical outcomes [65].

Galactin-3 is a macrophage-derived mediator related to fibroblast proliferation and
activation recently introduced as a biomarker of cardiac remodeling and inflammation [66].
It is related to left ventricle dysfunction and enhanced filling pressures [67,68], and its
involvement in HF seems to occur since the early stages of HF, anticipating the onset of
symptoms [69]. Otherwise, more than in the diagnostic algorithm, the assessment of the
galectin-3 concentration shows a strong prognostic value, as high levels are associated
with a worsening of the clinical condition and higher mortality, even in HFpEF [70].
In HFrEF elderly patients, circulating levels of galectin-3 have also been independently
associated with frailty [71]. The galectin-3 levels are correlated with inflammatory markers,
such as C-reactive protein, vascular endothelial growth factor, and interleukin 6, also
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being produced in relation to other inflammatory conditions such as obesity [72], which
make their interpretation in the perspective of HF insidious, thus limiting the ascertained
employment in the clinical routine [73].

Concerning neurohormonal hyperactivation biomarkers, higher circulating levels
of adrenomedullin and, specifically, of its mid-regional pro-peptide precursor (MR-pro-
ADM), have been detected in patients suffering from chronic HF, diastolic dysfunction,
and an increased volume overload [47]. MR-pro-ADM has been shown to represent an
independent predictor of HF diagnosis and one-four-year prognosis, independently from
NT-pro-BNP [74]. Although promising for prognostic power, adrenomedullin is burdened
by a rapid clearance and short half-life, and further data are needed to consider MR-pro-
ADM for clinical use, in terms of both the biological activity and cardiac specificity [49].

The Soluble Suppression of Tumorigenicity-2 (ST2) constitutes another inflammatory
marker deriving from the interleukin 1-receptor family, which is released in response to
the myocardial stretch [75]. ST2 levels are elevated in acute and chronic HF, thus reflecting
profibrotic structural heart changes, especially in patients with HFpEF, and correlating
to a worse prognosis and higher hospitalization and mortality risks [76,77]. Incremental
information regarding the one-year mortality risk derives from its clinical use when associ-
ated with the NT-pro-BNP assessment, due to the combination of two relevant different
pathways involved in HF pathophysiology [78]. Although being apparently less dependent
from other frequent HF comorbidities, such as chronic kidney disease [79], even in dialysis
patients [80], ST2 shares with galectin-3 the same limit to also being released in other
inflammatory states, so it has not yet been assigned a defined role in clinical practice [73].

Neutrophil gelatinase-associated lipocalin (NGAL) is an acute-phase protein produced
by neutrophils and endothelial cells, involved in the response to renal injury [47]. Its role in
cardiac function is still unknown, but NGAL values are also high in HF even in the presence
of a normal/minimal impaired renal function, and they have been shown to constitute
diagnostic and prognostic biomarkers of HF [46]. Among other comorbidities related to HF,
it is worth mentioning iron deficiency, a very frequent condition in patients with HFrEF
associated with high mortality and morbidity [81], as further confirmed by the evidence
of reduced hospitalization rates and improved symptoms after integrative intravenous
therapy [82]. Over the last decades, a great stir in the scientific community has focused
on the field of circulating microRNAs, which seem to exert a role in HF-related cardiac
hypertrophy, cardiomyocyte cell apoptosis, and myocardial fibrosis [83]. In particular,
miR423-5p is a potential HF biomarker, but further evidence will be attended to in the next
years to effectively validate their use in clinical practice [84].

Biomarkers of Sympathetic Nervous Activity

Alongside the biomarkers reflecting the pathophysiological processes of myocardial
stress, systemic inflammation, and cardiac fibrosis, other molecules are specifically im-
plicated in ANS activation and may potentially be employed in the management of HF
patients [26]. A wide array of molecules is implicated in the pathophysiology of HF-related
ANS derangement, and in the last decades, a relevant piece of scientific literature focused
on them. In the view of an integrated approach, combining the above-mentioned imag-
ing/instrumental tools with novel biomarkers into the management of HF patients, we
intend to offer, in this section, a specific focus on laboratory biomarkers of sympathetic
overdrive that may potentially support the clinical practice [26].

Circulating levels of plasma CAs, such as their urinary excretion, are higher in HF
patients as a consequence of sympathetic overdrive. As mentioned above, higher NE lev-
els determine the activation of α- and β-ARs, increased heart rate, enhanced myocardial
contraction, and augmented peripheral vasoconstriction, with pivotal effects on the cardio-
vascular metabolic demands and energy consumption. For several decades, it has been
clear that NE levels are independently related to the mortality of patients with HF [85].
Furthermore, their trends positively correlate with the HF severity, as emerged from the
Valsartan Heart Failure Trial (Val-HeFT) [86]. Otherwise, conflicting results emerged from
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the literature review in terms of the reduction of circulating NE levels through HF gold
standard therapies, questioning the actual clinical utility of introducing CA dosing in
monitoring patients with HF [87]. Definitely, given the complexity of the techniques for the
assay of NE, which require high-performance liquid chromatography [88], the perspective
of the routine use of circulating CAs as a HF biomarker is very limited.

Another sympathetic agent released from cardiac fibers, along with CAs, is neu-
ropeptide Y (NPY), a well-known transmitter stimulator of food intake, which also exerts
modulatory effects on the cardiovascular system and coronary microvasculature through
the strengthening of angiotensin II activity, arteries and veins constriction, attenuation of
the parasympathetic tone, promotion of angiogenesis, and cardiac remodeling [26]. The
levels of the peptide are elevated in HF patients, and notably, a shred of recent evidence
reported higher NPY concentrations in the coronary sinuses of patients undergoing car-
diac resynchronization therapy (CRT) to be associated with the composite cardiovascular
endpoint (mortality, heart transplant, and ventricular assist device), irrespective of the
CRT response [89]. The main criticality in the use of NPY derives from its non-cardiac
specificity, predominantly deriving from the hepatic circulation and resulting in becoming
less sensitive than NE in quantifying ANS [90].

In the context of the transmitters of the ANS, galanin is another potential biomarker im-
plicated in sympathovagal crosstalk, contributing to the paracrine attenuation of the cardiac
cholinergic tone following adrenergic hyperactivity: cardiac parasympathetic fibers express
galanin and NPY receptors, whose prolonged activation in HF reduces the acetylcholine
release, which, in turn, attenuates the cholinergic neurotransmission in the heart [91,92].
In addition to experimental models, in recent years, the relationship of galanin with other
biomarkers in populations of patients affected by HF has been highlighted, but to date, its
role has not yet been adequately defined [93].

Chromogranin A exerts a relevant role in modulating the adrenergic system, and its
blood levels are higher in HF patients, relating to negative outcomes [94]. It is the precursor
of catestatin (CST), produced by neuroendocrine tissues and nerve fibers, which exerts the
negative regulation of CA release through the neuronal nicotinic acetylcholine receptor
(nAchR) [95]. The pathophysiological role of CTS on the cardiovascular system is realized
through reduced arterial blood pressure, reduced release of NPY and ATP beyond CAs,
decreased inflammation and thrombogenicity, diminished ventricular remodeling. Further,
recent evidence allows to speculate on a plausible role as an indirect marker of ANS
activity [26]. Indeed, the analysis from the CATSTAT-HF study reported CTS values to be
higher in acute HF patients and to correlate with both the NYHA functional classes and
ischemic etiology, independently from the LVEF phenotypes [96]. However, the evidence
is still too limited, as the effect of therapeutic agents on the CTS levels should be clarified.

5. Lymphocyte GRK2 as Biomarkers of HF

More than three decades of investigations support the key pathogenic role of cardiac
GRK2 levels in HF onset and progression [9], and preclinical studies have shown that
cardiac GRK2 levels depend on the status of the cardiac β-AR system; indeed, they are
increased when the pathway is hyperactivated and reduced if the receptors are blocked [97].
However, studies in transgenic mice have shown that over a 200-fold cardiac overexpres-
sion of β1AR ultimately determines the myocardial dysfunction, following the short-term
improvement of the heart function [98]. Furthermore, the effect of β2AR overexpression
depends on the levels of the transgene. Indeed, up to 60-fold β2AR basal levels result in
enhanced cardiac function, whereas a higher expression is responsible for HF and dilated
cardiomyopathy development [99]. Sustained ANS hyperactivity determines the enhanced
cardiac GRK2 expression, which, in turn, results in β-AR downregulation/desensitization.
Besides the relevant therapeutic implications of GRK2 inhibition in HF, the cardiac GRK2
expression may provide relevant information regarding post-MI cardiac remodeling and
HF progression. Indeed, the GRK2 protein levels, more closely reflecting the sustained
hyperactivation of β-AR by CAs, may represent a more stable surrogate of ANS hyperac-
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tivity than the circulating NE levels, adding important information to the cardiac β-AR
function. Notably, a study by Iaccarino and collaborators demonstrated that the GRK2
levels, measured in HF patients’ peripheral lymphocytes, mirror the kinase expression in
the myocardium, reflecting the loss of β-AR responsiveness, the degree of cardiac dysfunc-
tion, and the severity of the syndrome. Moreover, the authors reported a direct correlation
between the lymphocyte GRK2 levels and peripheral NE circulating levels and an inverse
correlation with the cardiac β-AR function in patients with HF. This study paved the way
for a potential clinical application of lymphocyte GRK2 levels, allowing to speculate on
white blood cells as a surrogate of cardiac GRK2 in HF patients [100].

ANS hyperactivity is a systemic phenomenon, and an increased GRK2 expression has
been reported in several cell types and tissues, including the brain, vessels, and adrenal
glands, in experimental models of diseases characterized by adrenergic derangement.
Thus, both the failing heart and peripheral lymphocytes are exposed to a similar milieu
characterized by increased CAs, which can sustainably activate β-ARs of white blood cells,
thus triggering GRK2 upregulation. In patients with advanced end-stage HF undergoing
left ventricular unloading, a similar reduction in the cardiac and lymphocyte GRK2 levels
was observed, suggesting the potentiality of lymphocyte GRK2 at predicting the patient
responsiveness to specific therapies [101]. Moreover, this latter finding has been confirmed
and also extended to patients undergoing continuous-flow left ventricle unloading [102].
In HF patients undergoing structured rehabilitation programs, exercise-induced reduction
in the lymphocyte GRK2 expression was associated with a better prognosis, while a poor
outcome was reported in patients with no evidence of training-induced changes in the
blood GRK2 levels [103]. Further data have been obtained from patients undergoing cardiac
transplantation: a significant decrease in blood GRK2 has been observed consistently with
the improved contractility of the transplanted heart [104].

The prognostic potentialities of blood GRK2 levels have been also explored in a larger
HF population, showing lymphocyte kinase expression to significantly predict mortality
with additional independent prognostic information to those derived from well-established
predictors, such as the LVEF and NT-pro-BNP serum levels [105]. Taking together, the
above-mentioned studies support the role of white cell GRK2 to serve as a biomarker in
patients with chronic HF, to both guide specific therapies and predict outcomes. Moreover,
GRK2 has the potentiality to add information, over the currently available biomarkers,
on HF-related ANS hyperactivity and on its implication in the cardiac β-AR signaling
function, which owns a crucial role in HF pathophysiology. White cell GRK2 levels have
been reported to also increase in acute ST segment elevation in myocardial infarction (MI)
patients and to predict post-MI cardiac remodeling [106].

In clinical practice, blood biomarkers generally claim indisputable advantages in
terms of time and cost-effectiveness; furthermore, they favor the compliance of patients
who prefer to undergo a blood sample rather than instrumental/invasive techniques that
are sometimes laborious. It is worth mentioning that the application of blood GRK2 as
a HF biomarker in clinical practice is burdened by some limitations. First, the isolation
of mononuclear cells by the ficoll gradient on fresh blood is needed, since GRK2 cannot
be detected in circulating blood. Moreover, the methodology adopted to assess the GRK2
levels in most studies was Western blotting, a semiquantitative technique. This implies
that the results obtained from a diverse population and different laboratories are not
comparable. Thus, the development and validation of a high-throughput assay for GRK2
detection, such as ELISA, are needed to translate this proof-of-concept into clinical practice.

6. Future Perspectives

Despite the high prevalence of the syndrome and the non-negligible arsenal of phar-
macological strategies tested and approved in the recent years, HF is still burdened by the
lack of ideal biomarkers, able to represent all the pathophysiological pathways overcom-
ing the methodological limits that characterize the currently available molecules. In this
context, waiting for further evidence, a multi-markers approach appears indispensable,
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combining several pieces of information related to different aspects of HF pathophysiology
in order to improve the management and risk stratification of affected patients. This is
particularly true about the hyperactivity of ANS, for which integration with direct and
indirect instrumental tools assessing the sympathetic nervous system appears essential.
Aiming at identifying the best techniques and the most appropriate approaches for a com-
prehensive assessment of ANS function in HF, it would be desirable to combine the data
deriving from centers with greater experience in the study of the sympathetic derangement
in HF in order to integrate the results of several assessment tools and possibly propose a
holistic diagnostic algorithm that may overcome the limits of each single component.

Previous studies have indicated peripheral blood cells as a surrogate of the alterations
in cardiac β-AR signaling occurring in HF. Despite the advantages provided by the blood
molecule assay over more elaborate/invasive tools, and the evidence supporting lympho-
cytic GRK2 detection as an implemental informative technique for ANS assessment, the
above-mentioned methodological limitations have slowed down its introduction in clinical
practice as a potential biomarker of sympathetic nervous system activity. Further studies
will be needed to better define the potentiality and feasibility of blood GRK2 to serve
as a biomarker providing information not only on the ANS status but, also, on several
pathways frequently altered in HF patients (i.e., insulin signaling) [20].

Nonetheless, the exceptional technological advances applied to medicine in the last
decade allow us to envisage future scenarios for the development of HF biomarkers [47]. In
particular, metabolomics will allow the complete evaluation of the metabolic byproducts in
order to identify the metabolic signature profiles in particular populations, which may con-
stitute diagnostic and prognostic tools for the HF population. Similarly, the comprehensive
study of RNA transcripts produced in specific circumstances might enable the identification
of different gene expressions in particular cell types or as pharmacological effects. In the
perspective of the personalization of the care era, genetic testing may exert a pivotal role in
clarifying any genetic cause of disease or in monitoring treatment approaches.

7. Conclusive Remarks

HF is characterized by a decreased myocardial pump function and enhanced pressure
load, with a tremendous burden on global healthcare systems. Several biomarkers have
been identified in order to support clinical and instrumental testing in both the diagnostic
process and prognostic assessment of such a complex systemic syndrome. One of the pillars
of HF is represented by sympathetic nervous system hyperactivation, which importantly
impacts patients’ outcomes. To date, the assessment of ANS activity in HF is challenging
due to the intrinsic features of both the proposed instrumental tools and tested biomarkers,
that limit the exploration of this pathological mechanism in the affected patient. Given the
ability to reflect the myocardial β-AR signaling pathway, the evaluation of the lymphocyte
GRK2 levels has been shown to provide prognostic information related to sympathetic
overdrive additional and independent from other biomarkers. Further evidence will be
needed to ascertain the effectiveness of adrenergic biomarkers in HF prognostic stratifica-
tion and to develop other tools for the implementation of an ANS assessment in routine
clinical practice.
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