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ABSTRACT

The last two centuries have witnessed countless discoveries in the field of medicine that found their roots in the
up growing development of technology as well as in the visionary ideas of brilliant scientists and research groups.
One of the most important discoveries in the field of cardiovascular medicine allowed to break the paradigm
identifying the heart with mere mechanical pump and to characterize its intriguing endocrine properties. Indeed,
the discovery of hormones produced by the cardiac chambers, the natriuretic peptides, represents one of the
milestones of the current conception of complexity of integrated human physiology. In the last four decades,
the role of these hormones in the regulation of the cardiovascular system, in physiology and diseases, has been
defined piece after piece. From diagnostic and prognostic markers, natriuretic peptides have become one of
the most relevant clinical biomarker and a reliable target for establishing the efficacy of therapies. Recently
and successfully, natriuretic peptide-based strategies are proposed as therapeutic weapons to improve outcome
in heart failure.

The future will witness potential further therapeutic application of natriuretic peptides that are currently being

actively investigated.

© 2018 Elsevier B.V. All rights reserved.

1. The evolving role of natriuretic peptides in cardiovascular
medicine

The discovery of natriuretic peptides (NPs) and of the hormonal
function of the heart is a cornerstone of modern cardiovascular (CV)
medicine and represents one of the future frontiers in this field. The ex-
istence of endogenous natriuretic substances has been early postulated
from an observation by Harthshorne in 1847. Then, a seminal experi-
ment by De Wardener and Knock in 1961 showed that a small amount
of plasma from a volume-expanded animal when injected into another
animal caused prolonged natriuresis. The role of a “third factor”, of hor-
monal nature, beside glomerular filtration rate and aldosterone to de-
termine sodium filtration rate, was hypothesized [1]. Only in 1979, de
Bold made the astute observation that microscopy of granule found in
cardiac atrial resembled the ones seen in secretory tissue and that
their number varied according to the animal's sodium and water bal-
ance [2]. He subsequently showed a considerable increase in diuresis,
natriuresis, hemoconcentration and blood pressure (BP) reduction in
rats given an intravenous injection of atrial extracts [3]. At last, the
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complete amino acidic sequence of the atrial natriuretic peptide (ANP)
was identified [4]. Later, a second polypeptide, the brain natriuretic pep-
tide (BNP), was described by Sudoh et al. [5]

This discovery has greatly influenced research and clinical practice
over the last two decades mostly in heart failure (HF).

2. Organization of the NP system

The NPs family includes three well characterized hormones: ANP,
BNP, and C-type natriuretic peptide (CNP) that play a key role in the
maintenance of cardio-renal and body fluid homeostasis. ANP is largely
produced from cardiac atria, whereas BNP is predominantly secreted
from heart ventricles in response to volume overload and myocytes
stress [6,7,8,9]. The neuroendocrine regulation of cardiac NPs involves
angiotensin II, endothelin-1 and catecholamines. NPs are synthetized
as pre-prohormones and are subsequently cleaved to obtain a biological
active a-carboxy-terminal peptide along with the amino-terminal end
[5,6]. ANP and BNP produce their biological effects through the interac-
tion with GC-coupled receptors (NPR-A, NPR-B) (Fig. 1) [10]. Natriuresis
is mainly achieved through an increase of GFR and filtration fraction,
and by a decrease in sodium reabsorption at the level of collecting
ducts, distal and proximal tubules. NPs modulate systemic vascular re-
sistance mainly by inhibiting the contraction of vascular smooth muscle
cells [11]. At the heart level, ANP inhibits the sympathetic activity
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Fig. 1. Legend: Natriuretic peptides metabolism and ARNI mechanism of action (in red).
NP: natriuretic peptide; ANP: atrial natriuretic peptide; BNP: brain natriuretic peptide; C
GMP: cyclic guanosine monophosphate; NPR A: natriuretic peptide receptor type A; NPR
B: natriuretic peptide receptor type B; NPR C: natriuretic peptide receptor type C; ARNI:
angiotensin receptor neprilysin inhibitors; AT1R: angiotensin II receptor 1 type. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

associated with an increase of vagal afferent activity, leading to reduc-
tion of heart rate and cardiac output [12]. The degradation of NPs is
achieved through the type C natriuretic peptide receptor (NPR-C) and
the NEP, also known as neprilysin [13,14].

3. NPs as biomarker in heart failure

ANP and BNP plasma levels increase in parallel with the degree of
left ventricular dysfunction and haemodynamic stress. Due to their lon-
ger half-lives, the N-terminal pro-hormones NT-proBNP and NT-
proANP (particularly, the mid regional NT-proANP, MR-proANP) are
considered suitable biomarkers in cardiovascular diseases (CVD) [15].

Current ESC guidelines recommend measurements of levels of BNP,
NT-proBNP or MR-proANP for the diagnosis of HF [16].

A predictive role of NPs-based screening to predict HF development
has been documented in different populations [17-23]. Interestingly, in
2014 Canadian Cardiovascular Guidelines recommended the use of NPs
in at-risk individuals to implement strategies to prevent HF [24].

With the progression of HF, the rise of NPs presumably attempts to
balance the overwhelming activation of the RAAS and the SNS [25].
However, the highest NPs levels are detected in patients with more se-
vere HF who have a worse prognosis and thus NPs have insightful prog-
nostic value [26-30]. Different reasons may explain the NP paradox.
First, commonly used BNP assays are unable to distinguish between dif-
ferent BNP peptide fragments, so that even if BNP levels are high, a rel-
atively greater abundance of immature less active BNP forms are
present in HF [31]. Additional explanations of the NP paradox in HF
may be a reduced processing of proANP or proBNP into ANP and BNP,
respectively, due to reduced corin levels [32,33], the glycosylation status

of proBNP(1_10s) [34], an increased degradation of cGMP [35] and an in-
creased local degradation of NPs [36,37].

The value of NPs as reliable markers for the long-term prognostic
stratification, both in acute and CHF, is well established, both in HFpEF
and HF'EF [28]. Higher baseline NP level at hospital admission and a fail-
ure of NPs to decrease with hospitalization are associated with in-
creased event rates [38]. In CHF, subsequent measurements of either
BNP or NT-proBNP levels provide independent information regarding
the risk for disease progression across a wide spectrum of adverse out-
comes [29].

NPs level may also represent a useful marker to monitor benefits de-
rived from therapies [39,40], although, a low level of recommendation
for NP-guided therapy in chronic HF has been assigned by AHA-ACC-
HF guidelines [41].

3.1. NP-based therapeutic strategies in HF

In view of the biological properties of NPs, therapeutic strategies
aiming to manipulate their levels have been attractive. The design of
synthetic NPs was first attempted. Anaritide and carperitide are syn-
thetic forms of ANP. Nesiritide is a synthetic form of BNP. These syn-
thetic peptides have shown some positive effects in the treatment of
HF, particularly in AHF [42], but there is not enough evidence to support
their clinical use.

Inhibition of endogenous NPs degradation has been also proposed.
Since NPR-C plays pleiotropic functions, its inhibition to increase NP
levels does not appear suitable. The initial development of neprilysin in-
hibitors (NEPi) focused on the use of an inhibitor, Candoxatril, and a
dual NEP/Angiotensin Converting Enzyme inhibitor (ACEi), omapatrilat,
though they were both dismissed due to insufficient efficacy and side ef-
fects [43-45]. The first compound formed by the NEP inhibitor sacubitril
and the ARB valsartan (LCZ696) ina 1:1 M ratio led to an approximately
20% relative reduction in the risk of CV death or HF hospitalization ver-
sus enalapril in patients with stable HFrEF receiving optimal therapy
[46]. Therefore, the regulatory agencies in Europe and United States ap-
proved sacubitril/valsartan and both North American and European
guidelines were updated [15,47]. This is extensively discussed in other
contributions to this issue.

Thereafter, many trials have been proposed to further investigate
possible clinical application of LCZ696. The ongoing HFN-LIFE study
(ClinicalTrials.gov NCT02816736) is investigating the effects of a lower
dose of sacubitril/valsartan (i.e. 24/26 mg) in patients with HFrEF in
NYHA class IV. This will help assessing its safety and tolerability and
the specific role of NEP inhibition in the most symptomatic patients.

A PIONEER-HF study (ClinicalTrials.gov NCT02554890) will address
the role of ARNI in in-patients with AHF, with a glance to the “real
world” outcomes, such as urgent care and emergency department visits.

Ongoing trials are investigating the benefits of ARNI on different
endpoints in HF: biomarker changes and ventricular remodelling
among patients with NYHA Class I1I-IV HFrEF (PROVE-HF,
ClinicalTrials.gov NCT02887183), changes in aortic impedance among
patients with NYHA Class I-1Il HF and hypertension (EVALUATE-HF,
ClinicalTrials.gov NCT02874794), changes in functional mitral regurgi-
tation (PRIME, ClinicalTrials.gov NCT02687932) in patients with
HFrEF, and changes in mean pulmonary artery pressure in patients
with LVEF <35% (PARENT, ClinicalTrials.gov NCT02788656). Finally,
the potential for sacubitril/valsartan to attenuate atrial remodelling in
patients with risk for future HF will be addressed by the PARABLE study.

As an alternative to NEP inhibition, a novel synthetic peptide, M-
ANP, with a 12-amino acid terminal extension, highly resistant to NEP
degradation, may represent a new candidate for the treatment of HF
[48,49]. The evidence that a significant improvement of cardiac function
was observed in a mouse model of dilated cardiomyopathy by increas-
ing corin expression highlights this approach as a promising one to de-
velop treatments of HF as well [50].
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3.2. New perspectives for the clinical applications of NP-based therapies

Based on the known effects of NPs on the infarcted myocardium,
ARNI might also represent a plausible therapy in post-MI [51,52]. Ani-
mal data show that LCZ696 attenuates LV remodelling and preserves
LV systolic function [53]. The PARADISE-MI trial will test the benefits
of ARNi in MI patients (ClinicalTrials.gov NCT02924727).

There is also evidence that ARNI therapy, when compared to
conventional RAS inhibitors as an anti-hypertensive agent, confers
significantly advantages [54,55]. A recent study from our group has
underscored the superiority of sacubitril/valsartan vs valsartan in
lowering BP and preventing stroke and renal injury development in
the stroke-prone spontaneously hypertensive rat [56]. Therefore,
sacubitril/valsartan may be an attractive therapeutic agent to treat hy-
pertension and prevent HFpEF.

Moreover, since NPs inhibit RAAS, reduce SNS and promote natriure-
sis and diuresis, ARNI may be useful in patients with renal impairment.
The UK Heart and Renal Protection (HARP)-III (ISRCTN 11958993), will
compare the effectiveness of sacubitril/valsartan vs. irbesartan in pre-
serving GFR among diabetic and nondiabetic patients with an initial
GFR between 20 and 60 ml/m2/1.73 m2. Preliminary data suggest that
sacubitril/valsartan might also enhance glycaemic control in patients
with diabetes and HFrEF [57,58]. Finally, the role of ARNI in disorders
of sleep is an emerging area of interest [59]. (ENTRESTO-SAS,
Clinicaltrials.gov identifier: NCT02916160) (AWAKE-HF, Clinicaltrials.
gov NCT02970669).

4. Conclusions

Following the discovery of a family of natriuretic hormones, of their
predictive, diagnostic and prognostic implications, the last piece of the
puzzle is the therapeutic relevance of NPs. Testing the clinical benefits
of NEP inhibition has evolved from single agents to ARNi. The area of
pertinence of NEP inhibition is identified with HF, but other clinical
areas are explored.

Current knowledge on the NP cascade underscores the concept that
NP concentrations depend on myocardial wall stretch (i.e., NP produc-
tion), the capacity to increase the biologically active NPs (i.e., NP pro-
cessing) and on NPs metabolism (Fig. 1). The patient's capacity to
increase and maintain active “the active NP availability”, is important
for determining the effects of medications targeting the NP cascade.
Therefore, a more holistic approach when looking at NP in clinical set-
ting should be now adopted, starting from the HF clinical setting.

Declarations of interests

MV has received compensation for participating in the Advisory
Board of Novartis Pharma and SR has received a research contribution
from Novartis Pharma.

Funding

This work was supported by a grant from the Italian Ministry of
Health and the 5%, grant.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2018.04.045.

References

[1] H.E. de Wardener, E.M. Clarkson, Concept of natriuretic hormone, Physiol. Rev. 65
(1985) 658-759.

[2] AlJ. deBold, Heart atria granularity effects of changes in water electrolyte balance,
Proc. Soc. Exp. Biol. Med. 161 (1979) 508-511.

[3] AJ.deBold, T.G. Flynn, Cardionatrin - a novel heart peptide with potent diuretic and
natriuretic properties, Life Sci. 33 (1983) 297-302.

[4] S.A.Atlas, H.D. Kleinert, M.J. Camargo, A. Januszewicz, J.E. Sealey, ].H. Laragh, J.W.
Schilling, J.A. Lewicki, L.K. Johnson, T. Maack, Purification, sequencing and syn-
thesis of natriuretic and vasoactive rat atrial peptide, Nature 309 (1984)
717-719.

[5] T.Sudoh, K. Kangawa, N. Minamino, H. Matsuo, A new natriuretic peptide in porcine

brain, Nature 32 (1988) 78-81.

E.R. Levin, D.G. Gardner, W.K. Samson, Natriuretic peptides, N. Engl. J. Med. 339

(1998) 321-328.

LR. Potter, AR. Yoder, D.R. Flora, LK. Antos, D.M. Dickey, Natriuretic peptides: their

structures, receptors, physiologic functions and therapeutic applications, Handb.

Exp. Pharmacol. 191 (2009) 341-366.

AJ. de Bold, H.B. Borenstein, A.T. Veress, H. Sonnenberg, A rapid and potent natri-

uretic response to intravenous injection of atrial myocardial extract in rats, Life

Sci. 28 (1981) 89-94.

K. Kangawa, A. Fukuda, N. Minamino, H. Matsuo, Purification and complete amino

acid sequence of beta-rat atrial natriuretic polypeptide (beta-rANP) of 5,000 dal-

tons, Biochem. Biophys. Res. Commun. 119 (1984) 933-940.

[10] L.G. Melo, M.E. Steinhelper, S.C. Pang, Y. Tse, U. Ackermann, ANP in regulation of ar-
terial pressure and fluid-electrolyte balance: lessons from genetic mouse models,
Physiol. Genomics 3 (2000) 45-58.

[11] Y. Hirata, S. Takata, Y. Kawahara, Y. Takai, N. Chino, T. Kimura, S. Sakakibara, Molec-
ular mechanism of action by atrial natriuretic peptide in rat vascular smooth muscle
cells, Jpn. Circ. J. 52 (1988) 1430-1435.

[12] M. Volpe, A. Cuocolo, F. Vecchione, A.F. Mele, M. Condorelli, B. Trimarco, Vagal me-
diation of the effects of atrial natriuretic factor on blood pressure and arterial
baroreflexes in the rabbit, Circ. Res. 60 (1987) 747-755.

[13] LR. Potter, Natriuretic peptide metabolism, clearance and degradation, FEBS ]J. 278
(2011) 1808-1817.

[14] AJ. Turner, C.D.C.D. Brown, J.A. Carson, K. Barnes, The neprilysin family in health and
disease, Adv. Exp. Med. Biol. 477 (2000) 229-240.

[15] M. Volpe, S. Rubattu, ]J. Burnett, Natriuretic peptides in cardiovascular diseases: cur-
rent use and perspectives, Eur. Heart J. 35 (2014) 419-425.

[16] P. Ponikowski, A.A. Voors, S.D. Anker, H. Bueno, ].G. Cleland, AJ. Coats, V. Falk, et al.,
ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure:
the task force for the diagnosis and treatment of acute and chronic heart failure of
the European Society of Cardiology (ESC). Developed with the special contribution
of the Heart Failure Association (HFA) of the ESC, Eur. J. Heart Fail. 18 (2016)
(2016) 891-975.

[17] TJ. Wang, M.G. Larson, D. Levy, et al., Plasma natriuretic peptide levels and the risk
of cardiovascular events and death, N. Engl. J. Med. 350 (2004) 655-663.

[18] J.H. Rutten, F.U. Mattace-Raso, E.W. Steyerberg, J. Lindemans, A. Hofman, R.G.
Wieberdink, M.M. Breteler, J.C. Witteman, A.H. van den Meiracker, Amino-terminal
pro-B-type natriuretic peptide improves cardiovascular and cerebrovascular risk
prediction in the population: the Rotterdam study, Hypertension 55 (2010)
785-791.

[19] S.Tzikas, T. Keller, P.S. Wild, A. Schulz, I. Zwiener, T. Zeller, R.B. Schnabel, C. Sinning,
E. Lubos, J. Kunde, T. Miinzel, KJ. Lackner, S. Blankenberg, Midregional pro-atrial na-
triuretic peptide in the general population/insights from the Gutenberg Health
Study, Clin. Chem. Lab. Med. 51 (2013) 1125-1133.

[20] S.G. Wannamethee, P. Welsh, P.H. Whincup, L. Lennon, O. Papacosta, N. Sattar, N-
terminal pro brain natriuretic peptide but not copeptin improves prediction of
heart failure over other routine clinical risk parameters in older men with and with-
out cardiovascular disease: population-based study, Eur. ]. Heart Fail. 16 (2014)
25-32.

[21] C.E.Ndumele, K. Matsushita, Y. Sang, M. Lazo, S.K. Agarwal, V. Nambi, A. Deswal,
R.S. Blumenthal, C.M. Ballantyne, J. Coresh, E. Selvin, N-terminal pro-brain natri-
uretic peptide and heart failure risk among individuals with and without
obesity: the atherosclerosis risk in communities (ARIC) Study, Circulation 133
(2016) 631-638.

[22] M. Ledwidge, ]. Gallagher, C. Conlon, E. Tallon, E. O'Connell, I. Dawkins, C. Watson, R.
O'Hanlon, M. Bermingham, A. Patle, M.R. Badabhagni, G. Murtagh, V. Voon, L. Tilson,
M. Barry, L. McDonald, B. Maurer, K. McDonald, Natriuretic peptide-based screening
and collaborative care for heart failure: the STOP-HF randomized trial, JAMA 310
(2013) 66-74.

[23] S.Masson, R. Latini, E. Carbonieri, L. Moretti, M.G. Rossi, S. Ciricugno, V. Milani, et al.,
The predictive value of stable precursor fragments of vasoactive peptides in patients
with chronic heart failure: data from the GISSI-heart failure (GISSI-HF) trial, Eur. J.
Heart Fail. 12 (2010) 338-347.

[24] G.W. Moe, ].A. Ezekowitz, E. O'Meara, et al., The 2014 Canadian cardiovascular soci-
ety heart failure management guidelines focus update: Anemia, biomarkers, and re-
cent therapeutic trial implications, Can. ]. Cardiol. 31 (2014) 3-16.

[25] R.W. Schrier, W.T. Abraham, Hormones and hemodynamics in heart failure, N. Engl.

J- Med. 341 (1999) 577-585.

S.S. Gottlieb, M.L. Kukin, D. Ahern, M. Packer, Prognostic importance of atrial natri-

uretic peptide in patients with chronic heart failure, J. Am. Coll. Cardiol. 13 (1989)

1534-1539.

[27] M.E. Seronde, E. Gayat, D. Logeart, ]. Lassus, S. Laribi, R. Boukef, F. Sibellas, Compari-
son of the diagnostic and prognostic values of B-type and atrial-type natriuretic pep-
tides in acute heart failure, Int. J. Cardiol. 168 (2013) 3404-3411.

[28] A.S.Maisel, ].M. Duran, N. Wettersten, Natriuretic peptides in heart failure. Atrial and
B-type natriuretic peptides, Heart Fail. Clin. 14 (2018) 13-25.

[29] S.Masson, R. Latini, [.S. Anand, S. Barlera, L. Angelici, T. Vago, G. Tognoni, ].N. Cohn,
Prognostic value of changes in N-terminal pro-brain natriuretic peptide in Val-HeFT
(valsartan heart failure trial), J. Am. Coll. Cardiol. 52 (2008) 997-1003.

6

[7

8

[9

126


http://ClinicalTrials.gov
http://Clinicaltrials.gov
http://Clinicaltrials.gov
http://Clinicaltrials.gov
https://doi.org/10.1016/j.ijcard.2018.04.045
https://doi.org/10.1016/j.ijcard.2018.04.045
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0005
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0005
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0010
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0010
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0015
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0015
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0020
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0020
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0020
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0020
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0025
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0025
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0030
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0030
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0035
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0035
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0035
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0040
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0040
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0040
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0045
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0045
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0045
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0050
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0050
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0050
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0055
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0055
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0055
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0060
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0060
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0060
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0065
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0065
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0070
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0070
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0075
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0075
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0080
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0080
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0080
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0080
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0080
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0080
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0085
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0085
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0090
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0090
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0090
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0090
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0090
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0095
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0095
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0095
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0095
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0100
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0100
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0100
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0100
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0100
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0105
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0105
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0105
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0105
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0105
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0110
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0110
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0110
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0110
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0110
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0115
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0115
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0115
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0115
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0120
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0120
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0120
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0125
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0125
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0130
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0130
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0130
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0135
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0135
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0135
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0140
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0140
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0145
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0145
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0145

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

(44

[45]

M. Volpe et al. / International Journal of Cardiology 281 (2019) 186-189

J.P. Goetze, J. Kastrup, ].F. Rehfeld, The paradox of increased natriuretic hormones in
congestive heart failure patients: does the endocrine heart also fail in heart failure?
Eur. Heart J. 24 (2003) 1471-1472.

W.L. Miller, M.A. Phelps, CM. Wood, U. Schellenberger, A. Van Le, R. Perichon, A.S.
Jaffe, Comparison of mass spectrometry and clinical assay measurements of
circulatin fragments of B type natriuretic peptide in heart failure, Circ. Heart. Fail.
4 (2011) 355-360.

U.N. Ibebuogu, I.P. Gladysheva, AK. Houng, G.L. Reed, Decompensated heart failure
is associated with reduced corin levels and decreased cleavage of pro-atrial natri-
uretic peptide, Circ. Heart. Fail. 4 (2011) 114-120.

R. Tripathi, D. Wang, R. Sullivan, T.H. Fan, L.P. Gladysheva, G.L. Reed, Depressed Corin
levels indicate early systolic dysfunction before increases of atrial natriuretic pep-
tide/B-type natriuretic peptide and heart failure development, Hypertension 67
(2016) 362-367.

A.G. Semenov, A.B. Postnikov, N.N. Tamm, K.R. Seferian, N.S. Karpova, M.N.
Bloshchitsyna, et al., Processing of pro-brain natriuretic peptide is suppressed by
O-glycosylation in the region close to the cleavage site, Clin. Chem. 55 (2009)
489-498.

K.B. Margulies, J.C. Jr Burnett, Inhibition of cyclic GMP phosphodiesterases augments
renal responses to atrial natriuretic factor in congestive heart failure, J. Card. Fail. 1
(1994) 71-80.

M. Knecht, I. Pagel, T. Langenickel, S. Philipp, M. Scheuermann-Freestone, T.
Willnow, et al., Increased expression of renal neutral endopeptidase in severe
heart failure, Life Sci. 71 (2002) 2701-2712.

B.K. Huntley, S.M. Sandberg, D.M. Heublein, S.J. Sangaralingham, ].C. Burnett, T. Ichiki
JC, Pro-B-type natriuretic peptide-1-108 processing and degradation in human
heart failure, Circ. Heart. Fail. 8 (2015) 89-97.

M. Volpe, P. Francia, G. Tocci, S. Rubattu, S. Cangianiello, M.A.E. Rao, B. Trimarco, M.
Condorelli, Prediction of long term survival in chronic heart failure by multiple bio-
marker assessment. A 15-year prospective follow-up study, Clin. Cardiol. 33 (2010)
700-707.

S.R. Motiwala, ].L. Januzzi, The role of natriuretic peptides as biomarkers for guiding
the management of chronic heart failure, Clin. Pharm. Therap. 93 (2013) 57-67.
N.E. Ibrahim, J.L. Jr Jannuzzi, The future of biomarker-guided therapy for heart fail-
ure after guiding evidence-based therapy using biomarker intensified treatment in
heart failure (GUIDE-IT) study, Curr. Heart Fail. Rep. 15 (2018) 37-42.

C.W. Yancy, M. Jessup, B. Bozkurt, J. Butler, D.E. jr Casey, M.H. Drazner, C.C. Fonarow,
et al., 2013 ACCF/AHA guideline for the management of heart failure: executive
summary: a report of the American College of Cardiology Foundation/American
Heart Association Task Force on practice guidelines, Circulation 128 (2013)
1810-1852.

S. Rubattu, C. Calvieri, B. Pagliaro, M. Volpe, Atrial natriuretic peptide and regulation
of vascular function in hypertension and heart failure: implications for novel thera-
peutic strategies, ]. Hypertens. 31 (2013) 1061-1072.

J.E. O'Connell, A.G. Jardine, G. Davidson, .M. Connell, Candoxatril, an orally active
neutral endopeptidase inhibitor, raises plasma atrial natriuretic factor and is natri-
uretic in essential hypertension, J. Hypertens. 12 (1992) 271-277.

G. McDowell, D.P. Nicholls, The therapeutic potential of candoxatril, a neutral endo-
peptidase inhibitor, in humans, Cardiovasc. Drug Rev. 18 (2006) 259-270.

M. Packer, R.M. Califf, M.A. Konstam, H. Krum, J.J. McMurray, ].L. Rouleau, et al., Com-
parison of omapatrilat and enalapril in patients with chronic heart failure: the
Omapatrilat Versus Enalapril Randomized Trial of Utility in Reducing Events (OVER-
TURE), Circulation 106 (2002) 920-926.

189

[46] ]J. McMurray, M. Packer, AS. Desai, ]. Gong, M.P. Lefkowitz, A.R. Rizkala, J.L. Rouleau,

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

et al., Angiotensin-neprilysin inhibition versus enalapril in heart failure, N. Engl. J.
Med. 371 (2014) 993-1004.

C.W. Yancy, M. Jessup, B. Bozkurt, J. Butler, D.E. Jr Casey, M.H. Colvin MM, C.C.
Drazner, et al., 2016 ACC/AHA/HFSA focused update on new pharmacological ther-
apy for heart failure: an update of the 2013 ACCF/AHA guideline for the manage-
ment of heart failure: a report of the American College of Cardiology/American
Heart Association task force on clinical practice guidelines and the Heart Failure So-
ciety of America, J. Am. Coll. Cardiol. 68 (2016) 1476-1488.

P.M. McKie, A. Cataliotti, B.K. Huntley, F.L. Martin, T.M. Olson, ].C. jr Burnett, A
human atrial natriuretic peptide gene mutation reveals a novel peptide with en-
hanced blood pressure-lowering, renal-enhancing, and aldosterone-suppressing ac-
tions, J. Am. Coll. Cardiol. 54 (2009) 1024-1032.

P.M. McKie, A. Cataliotti, T. Ichiki, S.J. Sangaralingham, H.H. Chen, ].C. Burnett, M-
atrial natriuretic peptide and nitroglycerin in a canine model of experimental
acute hypertensive heart failure: differential actions of 2 cGMP activating therapeu-
tics, J. Am. Heart Assoc. 3 (2014), e000206. .

L.P. Gladysheva, D. Wang, R.A. McNamee, AK. Houng, A.A. Mohamad, T.M. Fan, G.L.
Reed, Corin overexpression improves cardiac function, heart failure, and survival
in mice with dilated cardiomyopathy, Hypertension 61 (2013) 327-332.

T. Nishikimi, N. Maeda, H. Matsuoka, The role of natriuretic peptides in
cardioprotection, Cardiovasc. Res. 69 (2006) 318-328.

S. Kasama, T. Toyama, T. Hatori, H. Sumino, H. Kumakura, Y. Takayama, et al., Effects
of intravenous atrial natriuretic peptide on cardiac sympathetic nerve activity and
left ventricular remodeling in patients with first anterior acute myocardial infarc-
tion, J. Am. Coll. Cardiol. 49 (2007) 667-674.

T.G. von Lueder, D. Atar, H. Krum, Current role of neprilysin inhibitors in hyperten-
sion and heart failure, Pharmacol. Ther. 144 (2014) 41-49.

L.M. Ruilope, A. Dukat, M. Boh, Y. Lacourciere, J. Gong, M.P. Lefkowitz, Blood-pres-
sure reduction with LCZ696, a novel dual-acting inhibitor of the angiotensin II re-
ceptor and neprilysin: a randomised, double-blind, placebo-controlled, active
comparator study, Lancet 375 (2010) 1255-1266.

K. Kario, N. Sun, E.T. Chiang, O. Supasyndh, S.H. Baek, A. llnubushi-Molessa, et al., Ef-
ficacy and safety of LCZ696, a first-in-class angiotensin receptor neprilysin inhibitor,
in Asian patients with hypertension: a randomized, double-blind, placebo-con-
trolled study, Hypertension 63 (2014) 698-705.

S. Rubattu, M. Cotugno, M. Forte, R. Stanzione, F. Bianchi, M. Madonna, S. Marchitti,
M. Volpe, Effects of dual Angiotensin type 1 receptor/neprilysin inhibition versus
Angiotensin type 1 receptor inhibition on target organ injury in the stroke-prone
spontaneously hypertensive rat, J. Hypertens. (2018) (in press).

J.P. Seferovic JP, B. Claggett, S.B. Seidelmann, E.W. Seely, M. Packer, M.R. Zile, J.L.
Rouleau, et al., Effect of sacubitril/valsartan versus enalapril on glycaemic control
in patients with heart failure and diabetes: a post-hoc analysis from the PARA-
DIGM-HF trial, Lancet Diabetes Endocrinol. 5 (2017) 333-340.

S.L. Kristensen, D. Preiss, P.S. Jhund, . Squire, ].S. Cardoso, B. Merkely, F. Martinez, R.
C, et al,, Risk related to Pre-diabetes mellitus and diabetes mellitus in heart failure
with reduced ejection fraction insights from prospective comparison of ARNI with
ACEI to determine impact on global mortality and morbidity in heart failure trial,
Circ. Heart Fail. 9 (2016).

H. Kraiczi, J. Hedner, Y. Peker, L. Grote, Comparison of atenolol, amlodipine, enala-
pril, hydrochlorothiazide, and losartan for anti- hypertensive treatment in patients
with obstructive sleep apnea, Am. J. Respir. Crit. Care Med. 161 (2000) 1423-1428.


http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0150
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0150
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0150
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0155
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0155
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0155
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0155
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0160
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0160
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0160
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0165
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0165
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0165
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0165
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0170
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0170
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0170
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0170
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0175
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0175
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0175
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0180
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0180
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0180
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0185
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0185
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0185
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0190
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0190
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0190
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0190
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0195
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0195
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0200
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0200
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0200
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0205
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0205
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0205
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0205
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0205
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0210
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0210
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0210
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0215
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0215
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0215
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0220
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0220
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0225
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0225
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0225
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0225
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0230
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0230
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0230
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0235
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0235
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0235
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0235
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0235
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0235
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0240
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0240
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0240
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0240
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0245
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0245
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0245
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0245
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0250
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0250
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0250
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0505
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0505
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0510
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0510
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0510
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0510
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0515
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0515
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0520
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0520
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0520
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0520
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0525
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0525
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0525
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0525
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0530
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0530
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0530
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0530
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0535
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0535
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0535
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0535
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0540
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0540
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0540
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0540
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0540
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0545
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0545
http://refhub.elsevier.com/S0167-5273(18)30168-2/rf0545

	Natriuretic peptides in heart failure: Current achievements and future perspectives
	1. The evolving role of natriuretic peptides in cardiovascular medicine
	2. Organization of the NP system
	3. NPs as biomarker in heart failure
	3.1. NP-based therapeutic strategies in HF
	3.2. New perspectives for the clinical applications of NP-based therapies

	4. Conclusions
	Declarations of interests
	Funding
	Appendix A. Supplementary data
	References


