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Natriuretic Peptides 6

Massimo Volpe and Speranza Rubattu

6.1 Introduction

The natriuretic peptide (NP) family includes three well-characterized hormones,
atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and C-type natri-
uretic peptide (CNP), which play a key role in the maintenance of cardiorenal and
body fluid homeostasis [1].

ANP is largely produced from cardiac atria [1], whereas BNP is predominantly
secreted from the heart ventricles [1]. NPs are produced to a lesser extent in other
organs, including the brain, kidney, and vessels [2]. Within the heart, they are mostly
synthetized in response to increased volume overload and myocyte stress [1]. In
addition, a neuroendocrine regulation of cardiac NPs involves angiotensin II, endo-
thelin-1, and phenylephrine that, by signaling through receptors coupled to Gq pro-
teins, increase ANP and BNP in a more gradual manner than stretch [3]. On the
other hand, CNP is mainly produced by endothelial cells and is considered a noncir-
culating hormone [1]. In addition, urodilatin, an amino-terminal 4-amino acid
extended form of ANP, is considered a renal ANP [4]. Additional components of the
family, dendroaspis natriuretic peptide (DNP) and vasonatrin peptide (VNP), have
been identified in the green mamba snake and in the eel [5].

ANP, BNP, and CNP derive from separate genes. ANP and BNP genes are
located in the distal arm of chromosome 1 (1p36.2). Their structure is similar and
includes three exons and two introns. The signal sequences are located in exon 1,
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whereas the coding sequences are located in exon 2; exon 3 encodes the terminal
tyrosine and the 3’ untranslated region [1]. The CNP gene is located on chromo-
some 5 (5p13.3) and includes 13 exons [1].

NPs are synthetized as pre-prohormones and are subsequently cleaved to obtain
a biologically active a-carboxy-terminal peptide along with the amino-terminal end
(Fig. 6.1). Human ANP is released as a 152-amino acid pre-prohormone. After
removal of the signal peptide, the proANP,_;, is released and stored into granules
within the atrial cardiomyocytes. Before secretion, proANP,_j,s is processed by
corin, a type II transmembrane serine protease, into the circulating forms of ANP;_
og) and of ANP g9 156. Of note, the active corin protease is obtained through the cleav-
age of procorin by proprotein convertase subtilisin/kexin type 6 (PCSK6) [6]. The
major form of biologically active ANP is the 28-amino acid carboxy-terminal pep-
tide, ANP«y 126 More recently, a biological functional relevance has been proven
also for ANP; o5, [7]. In addition, three peptides are cleaved from the ANP, g5): the
long-acting natriuretic peptide, LANP (1-30), the vessel dilator (31-67), and the
kaliuretic peptide (79-98) [8]. All of them appear to exert some diuretic and natri-
uretic effects.

BNP is synthetized as a 134-amino acid pre-prohormone. After processing by
furin, a subtilisin/Kex2p-like endoprotease, the biologically active peptide consist-
ing of a 32-amino acid peptide, BNP ;7 o), is released.

CNP is synthetized as a 103-amino acid prohormone which is processed by
furin. The active CNP form is a 22-amino acid peptide [1].

All mature bioactive peptides contain a 17-amino acid ring structure that is
essential for their biological activities [1]. Eleven of the 17 amino acids are identical
in ANP, BNP, and CNP. On the other hand, the amino- and carboxy-terminal
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Fig. 6.1 Schematic genes and proteins structure of ANP, BNP, and CNP
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sequences vary in length and composition among the three peptides. The primary
structure of NPs is conserved across species apart few variations. With regard to the
ANP sequence, an isoleucine is present at position 10 in rats, mice, and rabbits,
whereas humans, dogs, and bovines have a methionine at this position.

The half-life of ANP ranges from 2 to 2.5 min in humans. BNP has both a short
half-life (3—4 min) and a long half-life (20-23 min). Finally, CNP has a half-life of
2-3 min.

ANP, BNP, and CNP bind to specific cell membrane receptors which mediate the
biological functions [1]. In particular, soluble guanylyl cyclase (GC) receptors
mediate NP effects in target tissues [1]. GC-A receptor (or type A natriuretic peptide
receptor, NPR-A) is the main effector of both ANP and BNP actions, whereas GC-B
(or NPR-B) mediates CNP actions. GC-A and GC-B receptors contain three
domains: an extracellular ligand-binding domain that binds to NPs, a short trans-
membrane domain, and an intracellular domain that acts as a docking site for other
proteins. An increase in cyclic guanylate monophosphate (cGMP) levels reflects the
activation of both GC-A and B receptors (Fig. 6.2).

ANP
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Fig.6.2 Type A and type B natriuretic peptide receptors mediate the biological effects of the NPs
through the activation of guanylyl cyclase and release of cGMP, with consequent increase of pro-
tein kinase G (PKG) and of phosphodiesterase (PDE). On the other hand, type C natriuretic peptide
receptor is mainly responsible of NP clearance. In addition, NPR-C inhibits, through the Gi
proteins, the adenylate cyclase with consequent decrease of protein kinase A and production of
biological effects
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An additional natriuretic peptide receptor (type C natriuretic peptide receptor,
NPR-C) plays a fundamental role in NP clearance [9]. This receptor is mostly
expressed in the glomerular and vascular structures of the kidney and also in the
adrenals, lungs, brain, heart, and vascular wall. It recognizes an eight-amino acid
linear fragment of ANP molecule to perform the peptide clearance. This process
requires the ANP-NPR-C internalization and is followed by the ANP hydrolysis by
lysosomes. Of interest, different from GC-A and B receptors, NPR-C contains a
37-amino acid cytoplasmic domain with a Ga inhibitory protein-activating
sequence, and it is devoid of kinase and GC activities [9]. By activating NPR-C a
decrease in cyclic adenylate monophosphate levels follows (Fig. 6.3). It has been
shown that NPR-C mediates vasoprotective properties of CNP, and it has been also
involved in cellular signaling pathways leading to antiproliferative and pro-apop-
totic effects in specific circumstances [10]. In fact, a molecular variant of ANP
(T2238C) acts through NPR-C to exert vascular effects opposing those of the regu-
lar peptide [11].

In addition to NPR-C, the circulating NPs are cleared by proteolytic cleavage by
neutral endopeptidase (NEP) [1] (Fig. 6.3). NEP is a zinc-dependent type II integral
membrane metallopeptidase with ubiquitous distribution [12]. Among the NPs,
aANP is the main known target of NEP. Additional target peptides of NEP are
angiotensins I and II, endothelin 1, bradykinin, and substance P.
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Fig. 6.3 ANP degradation is achieved through the interaction with NPR-C on the cellular mem-
brane and subsequent internalization and through the action of NEP
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Through the activation of GC-A receptor, ANP and BNP produce natriuretic and
diuretic effects [13]. These effects are achieved mostly through an increase of glo-
merular filtration rate and filtration fraction by dilating afferent arterioles and con-
stricting efferent arterioles with an increase of glomerular capillary hydrostatic
pressure. They reduce sodium reabsorption at the level of collecting ducts, and this
effect is achieved also by a decrease of vasopressin secretion from the pituitary
gland. Moreover, by limiting renin production and release from the juxtaglomerular
cells and aldosterone secretion at the zona glomerulosa level [14], ANP interferes
with sodium reabsorption at the proximal tubular level and sodium transport at the
distal tubule.

In addition, ANP and BNP contribute to modulate systemic vascular resistance
mainly by inhibiting the contraction of vascular smooth muscle cells through
cGMP-dependent kinases [1]. At the heart level, ANP inhibits cardiac and pulmo-
nary chemo- and baroreceptor activity causing a suppression of sympathetic out-
flow to the heart [15]. The inhibition of sympathetic activity associated with an
increase of vagal afferent activity and the interference with SNS leads to reduction
of heart rate and of cardiac output [16]. Moreover, ANP and BNP reduce salt and
water appetite [1].

As a consequence of their multiple functions, the biological signature of NPs is
to reduce body fluid and maintain blood pressure and cardiovascular homeostasis.
On this basis, NPs become the physiological antagonist of both renin and angioten-
sin II.

They also modulate endothelial function [17]. Consistently with the latter effect,
ANP level showed the best correlation with endothelial function among several
tested biomarkers in the Framingham population [18].

Apart from the well-known hemodynamic functions, NPs are known to preserve
vascular health in both endothelial and vascular smooth muscle cells by interfering
with the key mechanisms of atherosclerosis, i.e., proliferation, angiogenesis, apop-
tosis, and inflammation [19]. In this regard, a low dose of ANP induced an increase
in endothelial cell numbers, DNA synthesis, and cell migration through an increased
expression of cGMP-regulated protein kinase (cGK) and, consequently, of protein
kinase B (Akt) and extracellular signal-regulated kinase (ERK)1/2 [(p44/42 mito-
gen-activated protein kinases (MAPK)] pathways [20]. Thus, physiological concen-
trations of ANP promote endothelial regeneration and could be useful in the
regeneration of endothelial cells after injury in atherosclerosis. On the other hand,
supraphysiological levels of ANP exert an opposite effect leading to reduced endo-
thelial cell regeneration, DNA synthesis, and cell migration [20]. In addition, NPs
exert anti-hypertrophic and anti-fibrotic effects within the heart [21] by activating
several signaling pathways including the calcineurin/nuclear factor of activated T
cells (NFAT), the sodium-hydrogen exchanger (NHE)-1, and the transforming
growth factor (TGF)B1/Smad [22]. Interestingly, a negative inotropic effect of ANP
has been described in normal left ventricular myocytes [19].

Finally, a role of NPs in the control of lipid metabolism [19], in the promotion of
mitochondria biogenesis in adipocytes, and in the process of “browning” of white
adipocytes to increase energy expenditure has been described [23]. The cardiac
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cachexia of HF patients has been partially attributed to the increased levels of NPs
that are present in HF.

As a proof of their fundamental cardiovascular properties, several dramatic
effects can be observed in the absence of either NPs or of their receptors. In fact,
lack of ANP leads to salt-sensitive hypertension [24]. Disruption of NPR-A causes
hypertension, cardiac hypertrophy, interstitial fibrosis, and sudden death [25].
Moreover, lack of BNP leads to cardiac fibrosis [26]. Finally, lack of CNP causes
bone deformation with skeletal overgrowth [27].

NPs are currently viewed as key players in the process of cardiovascular function
and remodeling as well as in the natural history of cardiovascular diseases including
heart failure (HF) [28].

6.2 Natriuretic Peptides in HF

ANP and BNP levels increase in HF, and their properties could at least partially bal-
ance the overactivation of the RAAS and of the SNS, hence contributing to cardiovas-
cular and fluid-electrolyte homeostasis [29, 30]. However, their increase is not
sufficient to preserve the cardiovascular hemodynamics, particularly with the progres-
sion of the disease. Thus, the physiological responses to NPs are blunted in HF
patients. As a consequence, HF is recognized as a disease state characterized by defec-
tive NP processing and synthesis and by a resistance to NPs. Consistently with these
observations, a decreased expression of corin gene and protein, with consequent
reduced conversion of proANP or proBNP into ANP and BNP, was reported in the left
atrium of experimental HF [31]. Moreover, serum corin levels decrease over time dur-
ing progression of HF [32]. Consistently, corin overexpression improves cardiac func-
tion and survival in a mouse model of dilated cardiomyopathy [33]. Moreover, low
levels of BNP(, 3,, were detected in HF patients by the use of mass spectrometry
immunoassay technology [34], raising the issue that commonly used BNP assays are
unable to distinguish between different peptide fragments and that relatively greater
abundance of immature BNP forms, that are less active biologically, are present in
HE. These experimental and clinical observations may contribute to explain the para-
doxical compromised natriuretic response in HE. The latter condition can also be
explained by a reduced responsiveness due to natriuretic peptide receptor downregu-
lation, with reduced guanylyl cyclase activity, in certain tissues including the heart
[35], by increased local degradation [36], and by increased degradation of cGMP [37].

Interestingly, ventricles express ANP in the developing embryo and fetus with a
rapid decline of gene expression during the prenatal period [38]. Ventricular ANP
expression is reinduced in adult life in cardiac disease states [39].

6.2.1 Diagnostic Implications

The diagnostic role of NPs in both acute and chronic HF is well established [28—30].
In fact, both ANP and BNP plasma levels increase in parallel with the degree of left
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ventricular dysfunction and hemodynamic stress, although they are not useful to
discriminate between reduced and preserved ejection fraction (EF) [28]. Both ANP
and BNP reduce preload and afterload of the heart. The increase of BNP is 10- to
100-fold greater than that of ANP, and it appears to perform better than
ANP. Furthermore, since the N-terminal prohormones are more stable and their
half-lives in the plasma are longer than that of the carboxy-terminal peptides, the
NT-proBNP and NT-proANP (particularly, the mid-regional NT-proANP,
MR-proANP) are currently considered suitable and informative biomarkers in car-
diovascular diseases [28].

The highest levels of NPs are expected in HF with reduced EF (HFrEF) com-
pared to HF with preserved EF (HFpEF). However, when considering the levels of
circulating NPs in both HFrEF and HFpEF, other factors, apart from the hemody-
namic stress and left ventricular function, should be taken into account. In fact, age,
sex, NP gene variants, BMI, renal function, sodium levels, and comorbidities such
as atrial fibrillation exert a significant impact on circulating BNP and NT-proBNP
levels. In particular, obesity is associated with reduced NP levels, whereas atrial
fibrillation and renal failure are associated with increased NP levels [28]. Carrier
status for the rs5068 ANP gene variant is associated with higher NP levels [19, 28].

At present, BNP and NT-proBNP are the established diagnostic biomarkers for
HE, as well as for ventricular remodeling after myocardial infarction, cardiomyopa-
thies, left ventricular hypertrophy, and pulmonary hypertension [28]. BNP and
MR-proANP provide similar and useful diagnostic information in HF, particularly
in the context of acutely destabilized HF (ADHF) [28]. This evidence suggests that
the combination of either BNP or NT-proBNP and MR-proANP can provide supe-
rior diagnostic accuracy than either NP alone, and they greatly contribute to exclude
noncardiac causes of acute dyspnea [40]. In fact, the current ESC guidelines recom-
mend measuring levels of BNP, NT-proBNP, or MR-proANP [41].

The important clinical diagnostic implications of NPs in HF indicate that NP
level measurement may represent a useful marker to monitor the course of the dis-
ease in relation to the benefits of therapeutic strategies [28]. In ADHF, BNP mea-
surement led to better accuracy in diagnosis and reduced rate of hospitalizations and
of admissions in intensive care units and had favorable effects on treatment costs
and mortality rates. In fact, a useful algorithm for BNP-guided treatment of ADHF
has been developed [28]. In patients with chronic HF due to systolic dysfunction, a
meta-analysis performed in the attempt to overcome existing controversies and
including 12 randomized clinical trials has shown that NP-guided therapy reduced
all-cause mortality and HF-related hospitalizations. It was observed that individuals
older than 75 years are those who benefit less, as a possible result of increased rate
of comorbidities in this age range [28]. However, the recently published GUIDE-IT
study has reported that a strategy of NT-proBNP-guided therapy was not more
effective than a usual care strategy in improving outcomes in high-risk patients with
HFrEF [42]. As a consequence of the uncertainties produced by the different stud-
ies, a low level of recommendation for NP-guided therapy in chronic HF has been
assigned by AHA-ACC-HF guidelines [43]. Future studies will add important
insights on this topic.
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6.2.2 Prognostic Implications

The value of NPs as reliable markers for the long-term prognostic stratification both
in acute and chronic HF conditions is well established. The prognostic value of NPs
has been shown in both HF with reduced and preserved EF [44].

In chronic HF, subsequent measurements of either BNP or NT-proBNP levels
provide independent information regarding the risk for disease progression across
a wide spectrum of adverse outcomes: ventricular remodeling, malignant ven-
tricular arrhythmias, hospitalization for HF, need for transplantation, and death.
Due to its longer half-life and higher circulating concentrations, NT-proBNP may
behave as a more accurate marker than BNP in disease prognosis. In fact, in the
Valsartan in Heart Failure Trial (Val-HeFT), NT-proBNP, compared to BNP, had
a greater predictive value for mortality, morbidity, and hospitalization for HF
[45]. In one of the longest available follow-up study of patients with chronic HF,
evaluating the prognostic power of multiple biomarkers (not including BNP),
plasma ANP levels turned out to be the strongest long-term predictor of death in
all disease stages [28].

In a study of patients presenting with acute HF, measurement of BNP, NT-proBNP,
and MR-proANP levels showed significant diagnostic performance, although only
MR-proANP had long-term prognostic value [46]. In a large collection of patients
hospitalized for acutely destabilized HF (ADHF), the prognostic performance of
both NT-proBNP and MR-proANP levels was confirmed by the evidence of an
incremental prognostic value with respect to clinical risk factors for predicting mor-
tality at 1 year [47].

6.2.3 NPs as Marker of Transition from Cardiac Diseases to HF
in the General Population

Based on the knowledge that NPs increase in the attempt to maintain cardiorenal
homeostasis, it has been postulated that higher circulating NP levels may anticipate
the development of a cardiovascular disease. Over the last decade, several efforts
have been performed in the attempt to establish the potential predictive role of NP
levels toward the risk of developing cardiovascular diseases including HF in the
general population.

A preventive role of NP-based screening toward HF development has been docu-
mented in different populations, being confirmed in both sexes, in older men and
even among individuals with obesity [28]. Among patients with CV risk factors, at
risk of HF, BNP assessment, associated with collaborative care, reduced the com-
bined rates of LV systolic dysfunction, diastolic dysfunction, and HF [48].

More recently, the Natriuretic Peptides Studies Collaboration demonstrated the
ability of NT-proBNP level to predict future HF development, as well as ischemic
heart disease and stroke occurrence, in subjects without baseline cardiovascular dis-
ease from a large cohort of the general population, obtained through the analysis of
40 different populations collected worldwide [49].
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Therefore, it appears that NP measurement predicts the risk of HF development
beyond current routine assessment, and it may be a useful, cost-effective screening
test for the identification of individuals at high risk of HF.

6.2.4 NPs for the Treatment of HF

It would be ideal to use oral NP in HF. However, this has not become a feasible
approach in the clinical setting. Moreover, the subcutaneous administration of NPs
did not reveal a complete absorption, and it was substantially ineffective [50].

Synthetic peptides for intravenous administration have been made available in
the recent past to overcome the abovementioned difficulties. Among them, anaritide
and carperitide are synthetic forms of ANP. Nesiritide is a synthetic form of BNP.
Ularitide and cenderitide are the synthetic forms of urodilatin and of CNP, respec-
tively. These synthetic peptides have shown some positive effects in the treatment of
HF, particularly in acute HF (AHF) [51-53]. Carperitide led to a satisfactory recov-
ery from AHF [53] and also to renal protection following infusion of contrast
medium. Only carperitide was approved for the treatment of AHF in Japan in 1995,
whereas there is not enough evidence to support the clinical use of the other pep-
tides. Among others, CD-NP is a chimeric natriuretic peptide in which the 15-amino
acid C-terminal tail of DNP is coupled to the 22-amino acid human C-type natri-
uretic peptide. CD-NP is able to bind to all three natriuretic peptide receptors (NPR-
A, NPR-B, and NPR-C). Animal and human studies demonstrated that CD-NP
improves cardiovascular and renal function without inducing significant levels of
hypotension [54]. Although preliminary data suggested improved renal function in
human HF patients, no indication has ever been obtained for the use of CD-NP in
the treatment of HF.

Notably, the ANP gene delivery was also tested as an alternative way of admin-
istration. However, its use in experimental models of hypertension did not lead to
conclusive results [50].

Interestingly, either stimulation of corin expression or of its activity should favor
the proANP processing to ANP. In fact, by increasing corin expression, a significant
improvement of cardiac function was observed in a mouse model of dilated cardio-
myopathy [33].

Degradation of ANP takes place by NPR-C and by NEP. Since NPR-C plays
pleiotropic functions other than NP clearance, its inhibition in order to increase
ANP levels does not appear feasible.

The inhibition of NEP, aimed at increasing ANP levels, was first attempted sev-
eral years ago through the introduction of the first inhibitor, omapatrilat. Its use in
HFrEF led to a greater improvement compared to enalapril [55]. However, omapa-
trilat was stopped because of the higher occurrence of angioedema due to the coin-
cident action on the substrates of angiotensin-converting enzyme (ACE) and NEP
(bradykinin and substance P). More recently, the combined inhibition of NEP and
AT1R (ARNI) was realized with the target to prevent a rise of Ang II and its effects
during NEP inhibition that may offset the advantages of the increased action of NPs.
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This was accomplished in a compound (LCZ696) formed by the NEP inhibitor
sacubitril and the AT1 receptor blocker valsartan. In the first proof-of-concept trial,
the PARADIGM-HF, the ARNi LCZ696, today commercialized as Entresto,
reduced the risk of death and of rehospitalization in HFrEF compared to enalapril,
and it did not promote angioedema [56]. The use of Entresto, the first drug of this
new class, has been indicated in patients affected by HFrEF, and it promises to be a
valid tool in the treatment of HF [57].

The relevance of NEP inhibition in order to reinforce the natriuretic peptide
actions led to the design of M-ANP, a synthetic peptide which consists of the 28
amino acids of native ANP and of a 12-amino acid terminus extension, which is
highly resistant to NEP degradation [58]. M-ANP lowers blood pressure, induces
natriuresis and glomerular filtration rate (GFR), and inhibits aldosterone [50]. In a
model of hypertensive HF, M-ANP exhibited significant renal enhancing and left
ventricular unloading properties that were greater than those of a conventional vaso-
dilator (nitroglycerin) [50] and make M-ANP an attractive candidate for the treat-
ment of HF.

As a key interesting issue, the knowledge that miR425 binds to a region of
the 3’ untranslated region (UTR) of the ANP gene to stimulate its expression
[59] underscores the potential usefulness of a miR425-based therapeutics to
modulate ANP expression in HF. Additional miRNAs, able to interfere with
ANP expression, may also provide future potential targets for the treatment of
HF [60].

6.3 Conclusions

Thirty-six years after the discovery of the first component of the family, we keep
reinforcing our knowledge on NPs as a class of cardiovascular hormones with
fundamental regulatory functions on hemodynamics, as well as on atrial, ven-
tricular, and vascular remodeling processes. Following the initial pioneering
physiological studies, the subsequent application of several molecular biology
and genetic approaches has allowed a full characterization of the multiple roles of
NPs in physiology and pathology within the cardiovascular system. In the context
of HF, NPs emerge as useful biomarkers with important diagnostic and prognostic
implications. More importantly, based on the notion that HF is a disease state
characterized by a deficient natriuretic peptide response, NPs merit full consider-
ation as a rational therapeutic target for the treatment of this disease. From the
latter point of view, several attempts have been made to define efficacious thera-
peutic strategies that, either by increasing NP levels through reduced degradation
or by mimicking the physiological peptides actions through synthetic molecules,
can restore the cardiovascular hemodynamics in both acute and chronic HF condi-
tions. Many other approaches deserve to be tested in the near future to establish
novel NP-based therapeutic drugs that can help to fight a dreadful common dis-
ease such as HF.
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