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Abstract: Besides pumping, the heart participates in hydro-sodium homeostasis and systemic blood
pressure regulation through its endocrine function mainly represented by the large family of natriuretic
peptides (NPs), including essentially atrial natriuretic (ANP) and brain natriuretic peptides (BNP).
Under normal conditions, these peptides are synthesized in response to atrial cardiomyocyte stretch,
increase natriuresis, diuresis, and vascular permeability through binding of the second intracellular
messenger’s guanosine 3′,5′-cyclic monophosphate (cGMP) to specific receptors. During heart failure
(HF), the beneficial effects of the enhanced cardiac hormones secretion are reduced, in connection with
renal resistance to NP. In addition, there is a BNP paradox characterized by a physiological inefficiency
of the BNP forms assayed by current methods. In this context, it appears interesting to improve
the efficiency of the cardiac natriuretic system by inhibiting cyclic nucleotide phosphodiesterases,
responsible for the degradation of cGMP. Recent data support such a therapeutic approach which can
improve the quality of life and the prognosis of patients with HF.

Keywords: heart failure; cyclic nucleotide phosphodiesterase; natriuretic peptides; ANP; BNP;
biomarkers; clinical management

1. Introduction

Over the past decades, much work supported the hypothesis that the heart not only has a
mechanical but also an endocrine function. The existence of hormonal systems in the heart tissue
(i.e., the biochemical components necessary for hormone synthesis) provides the heart with the ability
of participating in cardiovascular homeostasis and metabolism in addition to its pumping function.
These cardiac hormones may affect remote tissues (endocrine function of the heart) and/or have local
effects (paracrine and autocrine actions) [1,2], which may influence the action of cyclic nucleotide
phosphodiesterases (PDEs).

Proteins secreted from cardiomyocytes, cardiac fibroblasts, endothelial cells, and smooth muscle
cells in response to changes in the cardiac environment are called “cardiokine”, and specific
cardiomyocytes-derived peptides are referred to as “cardiomyokines” [3]. Although other cardiac
hormones have been described, such as adrenomedullin, endothelin 1, secreted phospholipase A2,
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follistatin-like 1, chromogranin A, fibroblast growth factors, osteocrin and cardiomyocytes proteins using
extra-cellular vesicles able to modulate the adrenergic system (for review, see References [3,4]). Here, we
describe mainly natriuretic peptides (NPs) and, more specifically, atrial natriuretic peptide (ANP) and
brain natriuretic peptide (BNP). Indeed, these NPs play a major role in cardiac endocrine function
through the second messenger, guanosine 3′,5′-cyclic monophosphate (cGMP), and interactions
with PDEs. We will review both natriuretic peptides physiology and pathology, focusing on
their roles in cardiac failure and on the implications of the PDEs family, which might open new
therapeutic approaches.

2. Physiology

2.1. The Family of Natriuretic Peptides

In 1981, De Bold [5] demonstrated the synthesis by atrial myocytes of the atrial natriuretic
factor (ANF), which was then called atrial natriuretic peptide (ANP). The brain natriuretic peptide
or type B natriuretic peptide (BNP), initially discovered in 1988 in pig brain [6], is in fact mainly
located in atrial cardiomyocytes. A third peptide belonging to this family, the C-type natriuretic
peptide (CNP), is located at a relatively low level in healthy individuals in the central nervous system,
chondrocytes, and in the cardiovascular system (endothelial cells, cardiomyocytes, and fibroblasts).
Cardiac gene expression and plasma levels of CNP are increased in patients with heart failure (HF)
and associated with a high-risk phenotype. Endogenous roles of CNP include the control of vascular
tone, angiogenesis, coronary blood flow modulation, smooth muscle and endothelial cell proliferation,
cardiac fibrosis and hypertrophy, and leukocyte activation (for review see Reference [7]). Urodilatin,
the fourth member of this family, is synthesized and secreted by the distal tubule of the nephrons and
is detected only in the urine. Urodilatin interacts in a paracrine way with sensitive amiloride sodium
channels to promote diuresis and natriuresis and, thus, participates in hydro-sodium regulation [8].

Within the NP family, we describe the biochemical, physiological, and pathophysiological
characteristics of ANP and BNP.

2.2. Structure, Synthesis, and Secretion

These peptides are all synthesized in the form of pro-hormones, mainly produced by cardiovascular,
cerebral, and renal tissues. They are characterized by a common 17 amino acid ring structure closed by
a disulfide bond between two cysteines essential for their biological activity. The ANP and BNP are
encoded by distinct genes, Nppa and Nppb, respectively, but located on the same chromosome 1. Their
expressions in cardiomyocytes has been mainly identified at the atrial level [9,10]. Other cells also
synthetize and secrete A- and BNP, such as fibroblasts, endothelial cells, immune cells (neutrophils,
T cells, and macrophages), embryonic progenitor hematopoietic stem cells, satellite muscle cells,
and heart precursors [11].

Human pre-proANP is composed of 151 amino acids (aa), then cleaved into 126 aa proANP,
the main form of storage in atrial granules. Rapidly, proANP is cleaved upon secretion by corin,
a trans-membrane serine endoprotease, to form the biologically active ANP (28 aa) and the biologically
inactive N-terminal fragment (NT-proANP, 98 aa). ANP is also present in other tissues such as the
heart ventricles and kidney but at lower concentrations. Urodilatin results from an alternative cleavage
process of the 32 aa ANP by an unknown protease and plays a role in regulating hydro-sodium renal
excretion by a paracrine effect [8]. In response to variations in atrial volume (thus inducing tissue
stretching), rather than a change in atrial pressure [12], ANP, with a plasma half-life of 3 to 5 min,
is mainly secreted from a pool of peptides previously synthesized and stored in granules in mainly
atrial cardiomyocytes.

Human BNP is initially synthesized as 134 aa pre-prohormone, cleaved into 108 aa proBNP
cardiomyocytes, which in turn will be cleaved by corin or furin into 32 aa biologically active BNP,
and 76 aa biologically inactive NT-proBNP. ProBNP, BNP, and NT-proBNP are secreted and can be
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measured in plasma. Although BNP is mainly co-stored with ANP in atrial granules in healthy
individuals, it can also be synthesized in ventricular cardiomyocytes at significant levels in HF
conditions, but will not be stored in granules in the latter case. The regulation of BNP gene transcription
and excretion is essentially based on the degree of stretching of the myocardial wall resulting from
volume overload and/or increased transmural gradient [10]. The half-lives of BNP and NT-proBNP are
approximately 20 min and 120 min, respectively.

2.3. Receptors and Clearance

There are three types of NP receptors: natriuretic peptide receptors of types A (NPR-A) and B
(NPR-B), also known as particulate and biologically active guanylyl cyclases, and the type C receptor
(NPR-C) acting as a clearance receptor. The NPs exert their physiological effects essentially by binding
to the high-affinity receptors, NPR-A for ANP and BNP, NPR-B for CNP. The binding potential of
NPs to their receptors is as follow: NPR-A = ANP ≥ BNP > CNP; NPR-B = CNP ≥ ANP > BNP;
NPR-C = ANP ≥ CNP > BNP [13].

These receptors, coupled with guanylyl cyclase, are widely distributed throughout the body,
including the heart, brain, kidneys, adrenals, lungs, terminal ileum, aorta, fibroblasts, and adipocytes.
The NPR-A and NPR-B are composed of three domains: an extracellular segment of approximately
450 aa recognizing and fixing the NP, a short trans-membrane segment, and an intracellular region
of about 570 aa composed of a pseudokinase or kinase homology domain, a dimer domain and the
domain of guanylyl cyclase activity responsible for the synthesis of cGMP, the second messenger of
the NPs.

NPR-C is strongly present in the kidneys at the glomerular and vascular levels, in the vascular
wall, adrenals, heart, mesentery, placenta, lungs, and brain. Its extracellular domain is approximately
30% identical to that of NPR-A and NPR-B, but this receptor contains only 37 intracellular aa without a
guanylyl cyclase activity domain, but with a potential signaling function [14].

Two main mechanisms participate in the clearance of cardiac peptides: a cellular mechanism
through membrane internalization of the ligand-NPR-C complex, followed by a lysosomal hydrolysis
of NP and a recycling of the NPR-C on the cell surface [15], and an enzymatic mechanism through the
action of a cleavage proteolytic enzyme, the neprilysin (NEP). However, growing evidence supports
that other proteases play a role in the clearance of NPs. Meprin A is shown to be involved in the initial
N-terminal cleavage of BNP, and meprin A and NEP are thought to work together in the clearance
of BNP. In addition, NPs are also inactivated by the action of dipeptidyl peptidase-4 (DPP IV) and
insulin degrading enzyme (IDE), belonging to the metalloproteinase family [16]. In addition to these
two clearance mechanisms, there is also urinary excretion of NP [17].

2.4. Signaling Pathways

The binding of agonists to NPR-A and NPR-B induces a conformational change that removes
the inhibition exerted by the pseudokinase domain at the enzyme site, allowing intracellular cGMP
synthesis from guanosine triphosphate with, consequently, an increase in circulating and urinary
cGMP levels. The intracellular targets of cGMP are cGMP-dependent protein kinases G of types I and
II (PKG-I and II), cyclic nucleotide-gated channels (CNGC), and certain specific PDEs that directly
control the level of cyclic nucleotides and, more particularly, that of cGMP [18,19].

2.4.1. Protein Kinase G of Types I and II

The vasorelaxing effect of NPs on vascular smooth muscles is partly mediated by PKG-I, abundant
in particular in cardiomyocytes and the vascular system. It reduces the presence of intracellular Ca2+

by several synergistic actions: increase in Ca2+ membrane output, decrease in Ca2+ membrane input,
sequestration of Ca2+ in the sarcoplasmic reticulum, and decrease in Ca2+ mobilization. All actions
decrease the sensitivity of the contractile elements to Ca2+ and promote muscle relaxation. These
synergistic actions of PKG-I are carried out via the phosphorylation of the voltage-dependent Ca2+



J. Clin. Med. 2019, 8, 1746 4 of 20

channels, K+/Ca2+-dependent channels (BK and KATP channels), the transmembrane Ca2+-ATPase
pump, the inositol triphosphate receptor, and phospholambans located on the sarcoplasmic reticulum
membrane [20].

Protein Kinase G of type II is a membrane enzyme absent from the cardiovascular system but
present in the kidney, where it exerts a proximal tubular action by inhibiting the reabsorption of Na+

by the Na+/H+ exchanger (NHE3) and an action on juxta-glomerular cells by inhibiting renin secretion
and, thus, angiotensin II and aldosterone synthesis, resulting in a distal decrease in water and sodium
reabsorptions [21].

More than a clearance receptor, and although lacking guanylyl cyclase and kinase activities, NPR-C
is now considered biologically active. Indeed, combined with an intracellular domain of activation of
theα subunit of the Gi protein, activated NPR-C would inhibit adenylyl cyclase activity and decrease the
level of intracellular adenosine 3′,5′-cyclic monophosphate (cAMP), which modulates phospholipase
C (PLC), extracellular signal-related kinase (ERK) 1/2, and protein kinase B (Akt). Thus, its stimulation
would inhibit the proliferation of vascular smooth muscle cells through the mitogen-activated protein
kinase (MAPK) pathway and phospho-inositol 3 kinase (PI3-kinase) pathway [7]. More generally, it
was suggested that the effects attributed to ANP, BNP or CNP, but not explained by an increase in cGMP,
could ultimately be attributed to the stimulation of NPR-C by these NPs. These effects would concern
the inhibition of aldosterone, renin, and vasopressin secretions by ANP, as well as the anti-proliferative
effect of ANP and BNP. The biological activation of NPR-C is thought to be involved in many diseases
such as high blood pressure, obesity, coronary heart disease or HF [22]. In this context, it is clearly
established that different dysfunctions of the PDEs are also involved in these pathologies [19].

2.4.2. Cyclic Nucleotide Phosphodiesterases (PDEs)

Natriuretic peptides act at the heart level by stimulating the synthesis of cyclic nucleotides such
as cGMP. PDEs, responsible for their hydrolysis govern physiological and hormonal responses under
normal and pathological conditions by controlling the signalosome at the phosphorylation cascades
and the expression of genes dependent on cyclic nucleotides. It is therefore important not to neglect
this important path of cGMP regulation mediated by the NPs (Figure 1).
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Figure 1. Interactions between natriuretic peptides and cyclic nucleotide pathways. By stimulating
the NPR-A receptor, the natriuretic peptides ANP and BNP increase cGMP formation from guanosine
triphosphate (GTP). This increase in cGMP, in addition to cGMP-protein kinase activation (PKG), might
also activate PDE2 (which hydrolyses both cAMP and cGMP), inhibits PDE3 (which hydrolyses mainly
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cAMP, but also cGMP with a higher affinity), whereas it increases the activity cyclic nucleotide gated
channels (CNGC). Below, receptor regulation modulating intracellular cyclic nucleotide levels and cyclic
nucleotide phosphodiesterases (PDEs) very quickly hydrolyze cAMP and/or cGMP, controlling therefore
the protein-kinase dependent phosphorylations (PKA and PKG), as well as CNGC in normal and
physio-pathologic conditions. Reciprocally, PDE activity might be regulated by phosphorylation and by
gene expression. In some physiopathologies, some PDE subtypes might be specifically altered, notably
in cardiovascular diseases, opening new therapeutic approaches (see Section 2.4. and Reference [12]).
5′ AMP, 5′ adenosine monophosphate; cAMP, adenosine 3′,5′-cyclic monophosphate; ANP, atrial
natriuretic peptide; BNP, brain natriuretic peptide; CNGC, cyclic nucleotide-gated channels; 5′ GMP,
5′ guanosine monophosphate; cGMP, guanosine 3′,5′-cyclic monophosphate; NPR-A, natriuretic
peptide receptor of type A; PDE, cyclic nucleotide phosphodiesterase; PKA, protein kinase A; PKG,
protein kinase G.

Cyclic nucleotide phosphodiesterases represent an enzymatic superfamily consisting of 11 gene
families (PDE1 to PDE11). Each family includes 1 to 4 distinct genes, representing a set of more than
20 genes in mammals that code for more than 100 different proteins or iso-enzymes (for reviews, see
References [19,23–25]. Cyclic nucleotide phosphodiesterases generally exist in the form of dimers.
Their monomeric structures have a common structure of three distinct domains. The N-terminal
regulatory domain characterizes each family and its variants. The catalytic domain, consisting of about
350 aa, is relatively preserved.

The multiplicity of biochemical and structural properties of PDEs, their tissue specificities,
subcellular distributions, transcriptional and post-transcriptional regulations allow target-altered
PDE iso-enzymes during a pathology, in order to avoid or reduce adverse effects induced by
non-specific treatments.

With regard to cardiovascular pathologies, the intracellular signaling alterations induced by the
deregulation of mainly cardiac PDEs could explain some therapeutic difficulties encountered. The main
cardiac PDEs are as follows (Table 1):

PDE1: Mainly cytosoluble, this enzyme is present in the heart [26] and vascular smooth muscle
where it was purified and characterized for the first time [27]. Both PDE1A and PDE1B preferentially
hydrolyze cGMP, while PDE1C hydrolyzes cAMP and cGMP. Due to the fact of its properties, it
participates in the regulation of cyclic nucleotides and calcium response at the cardiovascular level [28].

PDE2: Hydrolyzes both cAMP and cGMP, it plays a major role in the feedback of basal cGMP and
cAMP in response to an increase in cGMP, particularly following the production of NO, ANP, and BNP.
PDE2 is present in the heart [26], endothelial cells [29], and absent in the vascular smooth muscle [27].

PDE3: Has a higher affinity for cGMP than for cAMP. Due to the fact of its enzymatic properties in
the heart, PDE3 participates differently from PDE2 in the interaction between the regulatory pathways
of cAMP and cGMP [26], and vascular muscle [30]. PDE3A is mainly present in the heart and vascular
muscle and at the level of endothelial cells. Its specific inhibition increases cardiac strength while
inducing vascular relaxation. Milrinone is the first PDE3 inhibitor used in HF (Corotrope®, [31]).

PDE4: The family of PDE4, represents the largest family. It specifically hydrolyzes cAMP.
Its insensitivity to cGMP differentiates PDE4 from PDE3 [32]. PDE4 is present in the heart, vascular
smooth muscle, endothelial cells, and immunocytes.

PDE5: This was characterized and discovered as cGMP-PDE in 1986 from vascular smooth muscle.
PDE5 is present in the heart, vascular smooth muscle, and endothelium. A specific inhibitor of PDE5,
sildenafil (Viagra®, [33]) was used in the treatment of erectile dysfunction [34]. This use in humans has
demonstrated the beneficial effect of PDE5 inhibitors in HF [35,36] and in the treatment of pulmonary
arterial hypertension (PAH) [37].

PDE8: Hydrolyses specifically cAMP and participates in the control of cardiac function at the
excitation–contraction coupling of cardiomyocytes in the ventricle [38].

PDE9: Hydrolyses specifically cGMP, and it has been characterized at the cardiac level where its
regulation is increased in dilated cardiomyopathies [39].
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Table 1. Cyclic nucleotide phosphodiesterases family.

Cardiac PDEs Family Localization Substrate Action Inhibition References

PDE1 Heart, vascular SMC 1A and B: cGMP
1C: cAMP/cGMP Regulation of cyclic nucleotides and calcium [26–28]

PDE2 Heart, endothelial cells cAMP/cGMP
Feedback of basal cGMP and cAMP in response
to an increase in cGMP (production of NO, ANP

and BNP)
[26,27,29]

PDE3 Heart, endothelial cells,
vascular SMC cGMP > cAMP Interaction between the regulatory pathways of

cAMP and cGMP
Increases cardiac strength while inducing

vascular relaxation [26,30,31]

PDE4
Heart, vascular SMC,
endothelial cells and

immunocytes
cAMP Insensitivity to cGMP differentiates from PDE3 [32]

PDE5 Heart, vascular SMC and
endothelium cGMP Treatment of erectile dysfunction,

beneficial effect in HF, treatment of PAH [33–37]

PDE8 Cardiomyocytes in the
ventricle cAMP Control of cardiac function at the

excitation-contraction coupling [38]

PDE9 Dilated cardiomyopathies cGMP [39]

cAMP, adenosine 3′,5′-cyclic monophosphate; cGMP, guanosine 3′,5′-cyclic monophosphate; HF, heart failure; PAH, pulmonary artery hypertension; PDEs, cyclic nucleotide
phosphodiesterases; SMC, smooth muscle cell.
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2.5. Physiological Effects of ANP and BNP

Due to the wide distribution of NPR-A, biological effects of NPs are numerous and mainly promote
a decrease in blood volume and blood pressure (Figure 2).
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Figure 2. The main physiological effects of cardiac natriuretic peptides (NPs) and mechanisms reducing
their activities. ANP, atrial natriuretic peptide; AVP, arginine vasopressin; BNP, brain natriuretic peptide;
cGMP, guanosine 3′,5′-cyclic monophosphate; NaCl, sodium chloride; NEP, neutral endopeptidase;
NPR-A, natriuretic peptide receptor of type A; NPR-C, natriuretic peptide receptor of type C; PKG-I/II,
protein kinase G of types I/II; mPTP, mitochondrial permeability transition pore; SNS, sympathetic
autonomous nervous system.

2.5.1. Renal Effects

The potent natriuretic and diuretic effects of ANP and BNP are mediated mainly by PKG-II present
in the epithelial cells of the different segments of the nephron. These effects are related to an increased
glomerular ultrafiltration rate and filtration fraction, inhibition of the amiloride-sensitive sodium apical
channel, and basal-lateral Na+/K+ adenosine triphosphatase pump, promoting a decrease in sodium
reabsorption at the collection tube (main mechanism) therefore increasing urinary sodium excretion [40].
The increase in glomerular filtration rate and filtration fraction results from the dilation of the afferent
arterioles associated with the constriction of efferent arterioles (mediated by PKG-I), leading to an
increase in the glomerular capillary hydrostatic pressure. These effects promote ultrafiltration and also
contribute to reduced sodium gradient and water reabsorption [41]. In addition, ANP inhibits the
renin–angiotensin–aldosterone system (RAAS) and, thus, reduces the transport of sodium and water
induced by angiotensin II in the proximal tubule, renin secretion by juxtaglomerular granular cells,
and aldosterone synthesis by the adrenal glands [14,42].



J. Clin. Med. 2019, 8, 1746 8 of 20

2.5.2. Cardiovascular Effects

Although this effect does not strictly reflect an endocrine action but rather an autocrine one, BNP
has a positive lusitropic effect by promoting myocardial relaxation and, thus, ventricular filling [43].

At the vascular level, two main mechanisms account for the action of ANP and BNP—the relaxation
of vascular smooth muscle tone and, therefore, peripheral resistance by stimulating nitrogen monoxide
(NO) synthesis and inhibition of RAAS on the one hand, and the increase in capillary permeability
leading to an increase in hematocrit, on the other hand [44]. Increased capillary permeability appears
to be the main effect of NPs under physiological conditions.

2.5.3. Effects on Neuro-Hormonal Systems

The ANP modulates the activity of the autonomic nervous system. It reduces the activity of
baroreceptors and cardiac and pulmonary chemoreceptors, thus inhibiting the sympathetic effector
pathways to the heart. This reduction in sympathetic activity and increased vagal activity leads to
a decrease in heart rate and output [3,45]. In addition, the inhibition of renal sympathetic activity
by ANP and BNP also promotes decreased renin release and sodium reabsorption. Both ANP and
BNP contribute to the reduction of blood volume by inhibiting thirst, salt intake [45], and angiotensin
II-induced secretion of arginine vasopressin in the pituitary gland, thereby inhibiting water reabsorption
through type 2 aquaporins in the renal main collector [46].

2.5.4. Cellular Effects

ANP inhibits the proliferation of vascular smooth muscle cells and angiotensin II-induced
hypertrophy under cell culture conditions [47]. BNP also inhibits cardiac remodeling by antifibrotic
effects [48].

In addition, NPs regulate the processes of differentiation and cardiomyocyte proliferation during
embryonic life, leading to high levels of BNP during gestation in the embryonic heart, together
with a high plasma BNP level at birth which then gradually decreases to stabilize around the age of
10 years [49–51].

NPs also have cytoprotective properties. They limit the size of an infarction caused by coronary
ligation-reperfusion in a heart model of isolated rats. This preconditioning phenomenon would
be associated with an increase in cGMP and would involve the opening of mitochondrial KATP

channels [52]. Anti-apoptotic [53] and anti-oxidant [54] properties of BNP have also been identified
but remain controversial [55,56].

In skeletal muscle, recombinant BNP prevents the deleterious effects of ischemia-reperfusion
by reducing mitochondrial respiratory chain dysfunction, reactive oxygen species (ROS) production,
and apoptosis, possibly involving the opening of mitochondrial KATP channels [57].

2.5.5. Effects on Adipose Tissue

Through actions on perilipin A and HSL (hormone sensitive lipase) secondary to the activation
of the cGMP/PKG-I pathway, NPs regulate the expansion of visceral adipose tissue by lipolysis,
and participate in the cachectic state of the advanced stages of HF. They are involved in lipid
metabolism by promoting mitochondrial biogenesis and adipocyte energy expenditure via the p38
MAPK pathway. Further, it has been proposed that NPs may also play a role in the pathogenesis of the
metabolic syndrome where a lower than expected circulating NP concentration is observed [58,59].
Interestingly, the strength of the relationships between NP (MR-proANP) and body mass index, waist
circumference, and diastolic blood pressure were significantly stronger among the young adults
compared with the adolescents [60]. These lower circulating concentrations of NPs could play a role in
the early stages of hypertension development.
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3. Pathophysiology of Cardiac Natriuretic Peptides

3.1. Mechanisms Stimulating the Cardiac Natriuretic System in Pathological Situations

3.1.1. Hemodynamics

In the early stages of HF, the sympathetic nervous system (SNS) and the RAAS response play a
compensatory role, supporting cardiac output and increasing peripheral vasoconstriction in order to
maintain circulatory homeostasis. However, prolonged activation of both systems becomes detrimental
and contributes to the progression and aggravation of HF, ultimately leading to congestion. In addition
to the classical components of neuroendocrine activation, other regulatory systems are involved,
namely, kinins, NPs, endothelin, erythropoietin, prostaglandins, and adrenomedullin [61,62]. If the
compensatory activation of the SNS and RAAS becomes harmful over time and ultimately affects
the prognosis, the activation of kinins and the NP system plays a favorable and protective role in HF.
The increase in the production of ANP and BNP by the heart in response to myocardial stretch due
to the hemodynamic variations is related not only to the stimulation of gene expression (especially
by the p38MAPK/NF-KB pathway) but also to the activation of ion channels sensitive to mechanical
stimuli [63,64].

The mechanisms of cardiac response are different depending on the duration of acute (in hours)
or chronic (greater than 1 week) hemodynamic variation [65]. Acute atrial stretching is a mechanism
of stretch–secretion coupling from a pool of NPs previously synthesized and stored in atrial
cardiomyocytes, thus allowing secretion in bursts [66]. The chronic hemodynamic overload observed,
particularly in cases of HF, stimulates the synthesis and secretion of ANP and BNP in cardiomyocytes
not only atrial but also ventricular, by reactivating the fetal genetic program [67].

Interestingly, Gulati et al. [68] observed in the PRADA study that metoprolol, a β-adrenergic
antagonist therapy, was associated with higher concentrations of BNP and NT-proBNP. One potential
mechanism is the reduction in heart rate which induced higher end-diastolic volume and therefore an
increased cardiomyocyte stretch.

3.1.2. Heart Transplantation

Chronic Inflammation

It seems that diastolic dysfunction, commonly accepted as the main cause of an increase
in circulating BNP [69], is not always the primum movens. In heart transplant patients, TNF-α
(tumor necrosis factor-α) levels are chronically elevated in the graft in the absence of any obvious
histopathological or clinical rejection episodes and in the presence of normal left ventricular function [70].
In vitro, TNF-α and IL-1β (interleukin-1β) selectively enhance BNP gene transcription via the p38
MAPK signaling pathway [71]. Lipopolysaccharide (LPS), an inflammation mediator, is also able to
directly stimulate BNP gene expression in rats by specifically targeting the GATA enhancer located in
the proximal part of the BNP promoter. In humans, other cytokines such as RANTES (Regulated on
activation, normal T expressed and secreted), NAP-2 (neutrophil-activating protein-2), and IGFBP-1
(insulin growth factor binding protein-1) present in biopsies of rejected heart transplants, are selectively
correlated to patients’ BNP plasma and not to plasma ANP [72]. This inflammatory process therefore
seems to be linked to a specific regulation of BNP dissociated from that of ANP and, therefore,
highlights that BNP regulation can be dissociated from any hemodynamic variation [73].

Chronic Hypoxia

Ventricular hypertrophy often occurs after heart transplantation, and Gramley et al. [74] report
a progressive increase in myocardial fibrosis from 12.6% ± 6.5% in the first post-transplant period
to 28.8% ± 7.8% at 10 years of transplantation. Several causal factors are mentioned in the genesis
of this graft fibrosis: ciclosporin A treatment, ischemic time between harvesting and transplantation



J. Clin. Med. 2019, 8, 1746 10 of 20

of the graft, and graft vasculopathy. This cardiac fibrosis would increase the distance of oxygen
diffusion from capillaries to cardiomyocytes by accumulating collagen in the interstitium around the
cardiomyocytes. This would promote acute/chronic local hypoxia that would trigger cellular adaptation
to these conditions. Immunohistochemical analysis of hypoxia-induced myocardial protein expression
showed an increase in early and late expression of factor 1α (HIF1α), a progressive increase in prolyl
hydroxylase 3 (PHD3) and vascular endothelial growth factor (VEGF). Interestingly, hypoxia-sensitive
elements were found in the BNP and ANP gene promoter sequences [75,76]. In relation to this process,
Stockmann et al. [77] studied the effects of oxygenation on enlarged cardiac ventricles and showed in
rats that, when normoxia conditions are restored, the ANP content decreases towards control rat levels
despite persistent hypertrophy. Arjamaa suggests that the role of NPs in hypoxia conditions is probably
not to counterbalance pressure changes in the circulation, but to regulate oxygen transport causing a
contraction of blood volume (diuresis, natriuresis, vascular permeability) leading to hemoconcentration
and increased oxygen transport capacity per unit volume of blood [78]. In addition, Anttila et al. [79]
showed in a Langendorff rat beating-heart device that the BNP level of the infusate increases when the
oxygen pressure of the infused solution decreases. The effect of oxygen was independent of the degree
of mechanical stretching of the myocardium, even after the heart rate decreased while the pressure
conditions remained constant. From a therapeutic perspective of muscle ischemia, it is interesting to
note that pre-treatment of recombinant BNP prevented cardiac and skeletal muscle damage under
ischemia-reperfusion conditions [52,57].

3.1.3. Neuroendocrine Factors

Several other neuroendocrine factors can modulate cardiac NPs’ secretion by targeting a GATA
enhancer; adrenergic agonists, endothelin-1, glucocorticoids, acetylcholine, prostaglandins, thyroid
hormones, and angiotensin II can activate the production of ANP and BNP [16]. The involvement of
glucagon-like peptide-1 in regulating the cardiac secretion of ANP and reducing blood pressure has
been highlighted by Kim [80].

3.2. Mechanisms of Resistance to Natriuretic Peptides (Figure 2)

3.2.1. Renal Resistance

Natriuretic peptides play an important role in chronic HF, protecting the patient from hydro-sodium
overload and, thus, delaying progression to cardiac decompensation. Nevertheless, despite their
increasing secretion during disease evolution, these NPs gradually lose their natriuretic effect and a
fall in natriuresis is observed, suggesting the appearance of renal resistance to these NPs. In animals
with HF, a decrease in urinary cGMP concentration is observed [81]. Several hypotheses concerning
the mechanisms of renal resistance to NP have been put forward: a local increase in NP degradation,
dephosphorylation of NPR-A [82–84], and/or a decrease in renal concentration of NPR-A [85].
Nevertheless, an alteration of the intracellular signaling pathway of NPR-A, an increase in the
activity of PDEs or a predominant action of anti-natriuretic and vasoconstrictor systems such as RAAS
(inducing “desensitization” of receptors and opposing the tubular activity of ANP), the sympathetic
system, endothelin, and/or arginine vasopressin also seem to play an important role [86].

3.2.2. The BNP Paradox

Beyond mechanisms of renal resistance to NPs, the BNP paradox in HF is defined as alterations in
physiological responses (e.g., increased vasoconstriction, decreases in diuresis, natriuresis, urinary
cGMP excretion) resulting in clinical aggravation, despite a significant increase in BNP plasma levels
using standard immunoreactive assay kits [87]. This phenomenon might be linked to the presence of
altered and biologically inactive circulating molecular forms of BNP, which are not distinguishable from
biologically active BNP1-32 by the assay kits marketed nowadays [88]. Indeed, standard marketed
BNP and NT-proBNP assay kits might not be able to differentiate between the circulating forms of
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BNP, NT-proBNP and proBNP. Further, kits also overestimate the BNP1-32 levels, because they also
recognize less active BNP forms. Accordingly, Liang et al. [89] using Western blot analysis observed in
the plasma of HF patients the presence of circulating plasma forms of BNP of low and high molecular
weights, the latter being the most frequent and producing 6 to 8 times less cGMP in endothelial cells
than BNP.

A BNP precursor, pre-proBNP (134 aa), is stored in the cardiomyocyte and secreted almost
exclusively by ventricular myocytes. It splits into a pro-hormone called pro-BNP (108 aa) and the
signal peptide (26 aa). In response to the stretching of the cardiomyocyte secondary to an increase
in intra-cardiac pressure and/or volume overload, proBNP1-108 would remain classically in the
intracellular compartment where it would be divided into two fragments released into the blood:
BNP 32 aa (active form) and NT-proBNP 76 aa (inactive form). However, studies have shown more
recently that proBNP1-108, although synthesized in atrial and ventricular myocytes, is also present in
plasma before being separated in NT-proBNP1-76 and BNP1-32 active by the two natriuretic convertase
propeptides: corin and furin [90–93].

The different forms of low molecular weight BNP are related to the presence of BNP1-32, mainly
degraded to BNP3-32 or to BNP8-32 by DPP IV [94,95], and to BNP5-32 by neutral endopeptidase
(neprilysin) [96]. Rather than BNP1-32, BNP3-32 may be the predominant form of BNP. In addition,
proBNP1-108 can also be proteolyzed by DPP IV as circulating proBNP3-108, as well as NT-proBNP in
essentially truncated circulating forms [89,97,98]. By mass spectral analysis, some authors observed
a rapid degradation of BNP1-32 with the presence of different degraded forms in the plasma of
HF patients. This spectral analysis detected not only a low level of BNP1-32 but also the presence
of degraded and/or no functional forms of BNP, while the plasma level of BNP determined by the
Triage Biosite® method was very high in the same patient samples, suggesting an acceleration of
BNP degradation in HF. The presence of altered BNP and circulating proBNP1-108 is predominant,
at higher levels than in normal subjects [89,99,100]. Moreover, proBNP1-108 would even be the major
immunoreactive form of BNP in HF patients, whereas it appears to be 6 to 8 times less active than
BNP [101].

Several explanations of this heterogeneity of circulating forms of BNP in HF are put forward.
The proNP convertases corin and furin, by their action of converting proBNP1-108 into active BNP,
could play an important role in HF conditions. Semenov et al. reported that the corin transformation
process of proBNP1-108 into active BNP could be suppressed by glycosylation of proBNP1-108 near
the cleavage site of this enzyme. Thus, O-glycosylation could play a key role in inhibiting the cleavage
process of proBNP1-108 by pro-peptide convertases [102]. About 70% of proBNP molecules circulating
in HF patients are glycosylated, making the molecule resistant to the proteolytic action of corin and furin
to produce BNP and NT-proBNP [103,104]. Considering that the circulating form of proBNP1-108 can
be predominantly glycosylated and, thus, become resistant to the corin action, this would imply that the
glycosylation state may be a key point to be taken into account, as it could lead to an underestimation
of the circulation levels of BNP, NT-proBNP1-76 or proBNP1-108 (for review, see References [93,105]).
Moreover, the serum of HF patients involves a delayed conversion process from proBNP to mature
BNP, probably secondary to reduced levels of soluble corin [92].

In addition, the activity of DPP IV is increased in the serum of HF patients, and not only promotes
the degradation of BNP 1-32 into degraded and biologically inactive circulating forms, but also increases
the transformation of proBNP1-108 into a truncated form 3-108 [95,105,106]. Interestingly, inhibition of
DPP IV would improve heart and kidney functions in a porcine HF model [107].

In summary, not only the HF patients would be deficient in biologically active BNP, but the
currently available BNP and NT-proBNP assay kits do not effectively distinguish between circulating
forms of BNP, NT-proBNP, and proBNP1-108.

This lack of specificity of BNP assay kits described in HF might partly explain the persistent
high plasma levels of BNP in the heart transplant population despite a recovery in hemodynamic
conditions [108]. Moreover, even if ESC and ACC/AHA guidelines confirm the clinical utility of serum
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BNP or NT-proBNP for establishing disease and prognostic in chronic and acute HF, biomarker-“guided”
therapy has produced inconsistent results in randomized controlled trials for the purpose of reducing
hospitalizations or mortality [109]. In addition to NPs, other plasmatic biomarkers dosages as GDF-15
(growth differentiation factor 15) in ischemic HF, a heart-derived hormone that regulates pediatric body
growth and would coordinate cardiac function with NPs [110], might be an interesting complementary
tool in HF diagnosis and clinical follow-up [111].

3.3. Involvement of PDEs in Cardiac Pathologies

A typical characteristic of cardiac failure is abnormal second messenger signaling due to the
impaired synthesis and catabolism of cAMP and cGMP. A renewed interest has emerged recently in
the literature on the participation of NPs [112] and PDEs [113] in different cardiac diseases, since actors
which modulate the intracellular rate of cGMP might play a key role. Particularly, research on HF
has shown that PDEs could represent new therapeutic targets. PDEs 1–5, 8, and 9 are dysregulated
in HF, but only preclinical studies have established a role in cardiac regulation for all of these PDEs,
while clinical data related to heart disease only exists for PDE3 and PDE5. Nevertheless, no inhibitors
of PDEs are actually approved for chronic HF, neither with a reduced ejection fraction nor with a
preserved ejection fraction (Figure 3).
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Figure 3. Cyclic nucleotide phosphodiesterases family implications and therapeutic targets in
cardiovascular diseases. Cardiovascular diseases alter specific PDE(s) either by increasing or decreasing
PDE activity in a compartmentalized manner in conjunction with receptor responses. Not only might
the cGMP pathway be impacted by natriuretic peptides, but also the cAMP pathway. Since PDE2 and
PDE3, which are oppositely modulated by cGMP level, are both present in cardiomyocytes, dependently
of their relative activities, they might also participate in the regulation of cardiac cGMP (see Figure 2).
In that way, the alterations in natriuretic peptides might impact not only cGMP signaling, but also
cAMP signaling. Thus, by overcoming specific characterized PDE alterations, it should be possible
to restore a physiologic status by conceiving new PDE modulators, notably PDE inhibitors (PDEi).
5′ AMP, 5′ adenosine monophosphate; cAMP, adenosine 3′,5′-cyclic monophosphate; ANP, atrial
natriuretic peptide; ATP, adenosine triphosphate; BNP, brain natriuretic peptide; 5′ GMP, 5′ guanosine
monophosphate; cGMP, guanosine 3′,5′-cyclic monophosphate; GTP, guanosine triphosphate; PDE,
cyclic nucleotide phosphodiesterase; PDEi, PDE inhibitors; PKA, protein kinase A; PKG, protein kinase
G; SMC, smooth muscle cell.
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PDE3 inhibitors, such as milrinone, have been characterized for the first time as new non-glycosidic
and non-sympathomimetic cardiotonic agents capable of increasing the contractile strength of the
myocardium [31]. Currently, milrinone use is limited to short-term treatment of acute congestive HF
in intensive care, due to the induction of some unexplained deaths during chronic treatment [114].
Further, milrinone can induce arrhythmias and also inhibits PDE4 and PDE5 on the one hand, and acts
at the same concentrations on the PDE3 of the sinus node responsible for the heartbeat, on the other
hand [26].

Characterization of PDE3A and PDE3B and study of KO mouse models allow for focus on PDE3A,
mainly expressed at the heart level and responsible for inotropic and chronotropic functions. NPs,
by increasing intracellular cGMP, inhibit PDE3 [112] and, consequently, increase cAMP. However,
their actions on the NPR-C oppose the synthesis of cAMP. Thus, below the NP receptors, cyclic
nucleotide-dependent intracellular signaling regulated by PDEs is involved in a complex way in
cellular responses, depending on pathophysiological alterations.

Interestingly, the inhibition of cardiac PDE4 by rolipram potentiates the positive inotropic effect
induced by forskolin or a PDE3 inhibitor, characterizing the involvement of PDE4 in the regulation of
cardiac contraction [115].

In addition to the involvement of PDE3 in cardiac hypertrophy, a decrease in cAMP hydrolysis
was shown during rat-induced HF by thoracic aorta ligation (5 weeks). This was associated with
decreases in the expression of PDE3A, PDE4A, and PDE4B, which reduces the β-adrenergic signal [116].
When angiotensin II induces HF in rats (2 weeks), there is an increase in PDE 4 activity associated with
an increase in PDE 4A expression, with no change in PDE3 [117].

In human atrial myocyte, it has been shown that increased PDE4 activity may be associated with
a protection against atrial fibrillation [118]. Studies in the right ventricle of the enlarged human heart
have shown overexpression of PDE5 and improved cardiac contraction with sildenafil, which is related
to inhibition of PDE3 by cGMP [119]. In accordance with this work, an increase in the activity and
expression (mRNA and protein) of PDE5 in angiotensin II-induced HF in rats is also observed [117].
A recent study conducted on ventricular cardiomyocytes from enlarged HF human hearts showed the
presence and activity of PDE1, PDE3, PDE5 and variability of PDE4 in the failing human heart, while
PDE2 and PDE7 are present, without being able to determine their enzymatic activities.

In the rat ventricle following an aortic ligation, PDE2 is over-regulated [120]. It has recently been
shown that the activity and expression of PDE2 are increased in HF in humans and rats, and would
have a cardio-protective effect by decreasing the adrenergic response [121], while inhibition of PDE2
would be anti-hypertrophic [122]. This apparent contradiction has been noted and may result from
different techniques for overexpression of PDE2, leading the authors to suggest the use of PDE2
activator to resolve this contradiction [123].

There is an increase in the expression of PDE1A in the aorta associated with the development
of tolerance to nitrated derivatives [124], while PDE1 promotes the proliferation of arterial smooth
muscle [125]. In rat heart, during angiotensin II-induced HF, there is an increase in the hydrolytic
activity of PDE1 with respect to cGMP (+130%), mRNA of PDE1A (+140%), and PDE1C (+54%) and
protein expression of PDE1A (+30%) and PDE1C (+32%; +41%) associated with an increase in BNP
mRNA expression (+254%) [109]. A study shows that mRNAs of PDE1A and PDE1C are also present
in the human heart and that PDE1A plays a critical role in PKG-dependent cardiac hypertrophy, while
the use of a PDE1 inhibitor would decrease protein synthesis [126].

All these data highlight the role of PDE regulation in the HF, and when NPs can no longer
effectively regulate cGMP levels at the heart level, it is possible to act below them by modulating the
activity of altered PDEs during the pathology.
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4. Conclusions

The heart has an endocrine function that is ensured, among others, by cardiac NPs. Through
their natriuretic and vasodilator effects, these cardiac NPs play a fundamental role in hydro-sodium
regulation. Modulating blood volume, they help to regulate the blood pressure over the long term.

On the physio-pathological level, the increase in the production of ANP and BNP by the heart
is stimulated not only by myocardial stretching secondary to hemodynamic variations but also by
inflammation with the particularity that it specifically stimulates BNP synthesis, underlining a mode
of BNP regulation that can be dissociated from any hemodynamic variation.

During HF, stimulation of the cardiac NP system is firstly beneficial. But, thereafter, its efficacy
decreases leading to the “BNP paradox”, which resides in the fact that despite a significant increase in
BNP plasma levels, as demonstrated by standard immunoreactive assay kits, the HF patients would
ultimately be deficient in biologically active BNP.

In these pathological conditions, where the production of ANP and BNP is no longer effective
in normalizing cardiac function, it is possible to act downstream by modulating the activity of PDEs,
intervening in the intracellular signaling cascade, and taking over the control of the phosphorylation
cascade. Differential control over cAMP and cGMP signaling in cardiomyocytes, provides potential
therapeutic opportunities to counter HF.
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