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Pulmonary hypertension (PH) due to left ventricular heart failure (LV-HF) is a disabling and life-threatening disease
for which there is currently no single marketed pharmacological agent approved. Despite recent advances in the
pathophysiological understanding, there is as yet no prospect of cure, and themajority of patients continue to prog-
ress to right ventricular failure and die. There is, therefore an urgent unmet need to identify novel pharmacological
agents thatwill prevent or reverse the increase in pulmonary artery pressureswhile enhancing cardiac performance
in PH due to LV-HF. In the present article, we first focused on the Natriuretic Peptide Receptor type C (NPR-C) based
therapeutic strategies aimed at lowering pulmonary artery pressure. Second, we reviewed potential NPR-C
therapeutic strategies to reverse or least halt the detrimental effects of diastolic dysfunction and impaired nitic
oxide signalling pathways, as well as possibilities for neurohumoral modulation.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Pulmonary hypertension (PH) is a serious and deadly clinical entity,
which may be secondary to pulmonary vascular disease, chronic left
heart or lung diseases, pulmonary embolism, or other miscellaneous
conditions. Among the various groups of PH, PH due to left ventricular
heart failure (LV-HF) represents by far the most common form of PH
[1]. Although the exact prevalence of PH due to LV-HF is not well de-
fined, most echo-based series suggest that 70% of PH may be caused
by LV-HF [2]. Recognition of PH due to LV-HF is important because it
is clearly associated with increased morbidity and mortality compared
with LV-HF without PH [3]. In a large cohort of patients with LV systolic
dysfunction, the presence of PHwas associatedwith increased five-year
mortality, independent of the severity of diastolic and systolic dysfunc-
tion, mitral regurgitation, or cardiovascular comorbidities [4]. The ob-
served increased morbidity and mortality in patients with PH due to
LV-HF appears to be related to the development of right ventricular
(RV) dysfunction or failure. In a large cohort of HFwith reduced ejection
fraction patients, subjects with PH and reduced systolic function of the
RV had the worst prognosis [5]. Similarly, in a prospectively identified
community-based study of HFwith preserved ejection fraction patients,
m).
RV dysfunction was common and was independently associated with
all-cause mortality [6]. The combination of PH and RV dysfunction is
therefore associated with disease progression, decreased exercise toler-
ance, and represents the strongest predictor of death [1]. In spite of ad-
vances in the understanding of the pathobiology of PH due to LV-HF,
there is as yet no prospect of cure of this devastating disease and most
patients continue to progress to RV failure and die [2]. In addition,
there is no single medical treatment currently approved for PH due to
LV-HF. Whereas targeted treatments are available for pulmonary arte-
rial hypertension (PAH) [7], these therapies are not indicated and may
even be harmful in patients with PH due to LV-HF [8]. The failure of to
date therapeutic strategies suggests that important pathogenic cellular
and molecular mechanisms have neither been identified nor therapeu-
tically targeted [8].

2. Pathobiology of pulmonary hypertension due to left ventricular
heart failure

Left ventricular heart failure (LV-HF) remains themost common cause
of PH (henceforth described as PH due to LV-HF). PH due to LV-HF may
occur in patients with HF with reduced ejection fraction, HF with pre-
served ejection fraction, or HF caused by left-sided valvular heart disease.
The primary hemodynamic insult that results in isolated post-capillary PH
(Ipc-PH) in subjects affected by PH due to LV-HF is an elevation in intra-
cardiac or LVfilling pressures. In addition, a significant number of patients
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with LV-HFmay develop secondary (or functional)mitral regurgitation as
a result of LV systolic or diastolic dysfunction, which in turn may worsen
Ipc-PH. The overall increased LV filling pressures may reduce pulmonary
arterial compliance promoting “stiff” pulmonary vasculature, which in
turn may lead to enhanced pulmonary wave reflections during systole
as well as an elevated pulsatile load on the RV [9]. In this so-called
“passive” form of PH or Ipc-PH, pulmonary vascular resistance (PVR)
may not be increased.Worsening LV-HF is often associated with worsen-
ing PH, and presumably, one will often exacerbate the other [1]. The sub-
set of patients with PH due to LV-HF with combined post- and
precapillary PH (Cpc-PH) may develop pulmonary arterial disease sec-
ondary to vasoconstriction and pathologic remodelling of the pulmonary
vasculature (“reactive formof PH”). In patientswith Cpc-PH, the elevation
in the mean pulmonary artery pressure may be more excessive than that
generated by the transmission of increased LV filling pressures alone
(often referred to as “out-of-proportion” PH). Evidence suggests it may
be this chronic backward transmission of increased intracardiac pressures
which drives the whole process leading to maladaptive changes in pul-
monary vesselwall composition andpulmonary vascular tone [10]. Histo-
logically, some of these patients may have pulmonary vessels with
evidence of medial hypertrophy, intimal fibrosis, and in-situ thrombosis,
though plexiform lesions, a hallmark of idiopathic PAH are rarely seen
[11, 12]. It is during the transition from normal to remodelled pulmonary
vasculature that occur crucial pathophysiologic processes including
changes in key metabolic pathways, from which the nitric oxide (NO)
pathway is believed to be a major contributor to its homeostasis [10]. Re-
cent studies have, therefore, focused on targeting the NO pathway in pa-
tientswith PHdue to LV-HF, however they all failed to reach their primary
endpoints [1]. Thiswas an expected outcome as HF patients are known to
have endothelial dysfunction and thus reduced or loss of NO signalling
pathway [10, 13, 14]. Interestingly, evidence also suggests that in the
presence of a reduced or loss of NO signalling pathway, there may be an
enhanced natriuretic peptide (NP) clearance receptor (NPR-C)-mediated
vasorelaxant effect [10, 13, 14]. They may therefore be some synergistic
Fig. 1. The natriuretic peptides exert their effects through transmembrane receptors: NPR-A, N
cGMP fromGTP. In vascular and cardiac cells, the intracellular effects of these receptors aremedi
regulator of intracellular Ca2+ concentrations by mediating Ca2+ sequestration in the endoplas
the cell membrane. The NPR-C lacks guanylyl cyclase activity; instead, receptor activation
downstream from NPR-C occurs through activation of eNOS. Abbreviations: AC, adenylyl cycla
monophosphate; cGMP, cyclic guanosine monophosphate; CNP, C-type natriuretic peptide; eN
natriuretic peptide receptor; P, phosphorylation; PKG, cGMP-dependent protein kinase 1 (
sarcoplasmic/endoplasmic reticulum Ca2+-ATPase.
and complementary cardioprotective roles for NPR-C signalling and NO-
mediated signalling in the pulmonary vasculature [10, 13, 14]. The
inhibition of one signalling pathway may thus be compensated for by
the upregulation of the other [10, 13, 14]. These observations raise the in-
triguing question ofwhetherNPR-C signalling pathwaymay play a critical
role in PH due to LV-HF pathobiology, and thus representing an attractive
therapeutic target [10].
3. Natriuretic peptide receptor type-C (NPR-C) based strategy for PH
due to LV-HF

3.1. Background

3.1.1. Historical background
Most of the biological actions of Natriuretic Peptides (NPs), including

atrial (ANP), B-type (BNP), C-type (CNP) and dendroaspis (DNP) appear
to be mediated by attachment to three distinct receptors on the cell
membrane, denoted NP receptors A, B and C (NPR-A, NPR-B, and NPR-
C) [15, 16]. As illustrated in Fig. 1 [15], binding of NPR-A (which binds
ANP and BNP) and NPR-B (which only binds CNP) may result in activa-
tion of a membrane bound guanylyl cyclase (GC) enzyme and subse-
quent generation of intracellular cyclic guanosine monophosphate
(cGMP), which may mediate most of the biological actions of NPs [15].
NPR-C, which binds all natriuretic peptides with similar affinity, does
not contain a GC domain and was originally classified as a ‘clearance re-
ceptor’ with no signalling function. Although still commonly called a
clearance receptor (and thus largely ignored) [15] recent studies have
shown that NPR-C is coupled to a pertussis toxin sensitive [17] inhibi-
toryGprotein (Gi) andmediates a reduction in adenylyl cyclase (AC) ac-
tivity and intracellular cAMP levels [18]. In order to better understand
the functions carried out by NPR-C within the cardiovascular system,
the generation of a knockoutmouse is a powerful strategy to character-
ize its roles within the hearts. (See Fig. 2.)
PR-B, and NPR-C. NPR-A and NPR-B are guanylyl cyclases, which catalyze the synthesis of
ated throughPKGphosphorylating downstream targets such as PLN,which is an important
mic or sarcoplasmic reticulum and downregulation of the L-type Ca2+ channels located in
is coupled to inhibition of AC or activation of PLC. Moreover, indirect cGMP signalling
se; ANP, atrial natriuretic peptide; BNP, B-type natriuretic peptide; cAMP, cyclic adenosine
OS, endothelial nitric oxide synthase; GTP, guanosine triphosphate; NO, nitric oxide; NPR,
also known as protein kinase G); PLC, phospholipase C; PLN, phospholamban; SERCA,



Fig. 2. Phenotypes of NPR-C+/+ and NPR-C−/−mice. (a)Wild-type (right) and (b) knockoutmice (left and bottom) at 15weeks of age. NPR-C−/−mice are easily distinguished from their
wild-type counterparts NPR-C+/+ by a striking hunched back, an increase in body length despite a smaller thoracic cage and an elongated tail.
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3.1.2. Phenotype of mice lacking NPR-C
Evidence suggests that the NPR3 gene encoding for NPR-C receptor

may be a causative gene for skeletal abnormalities. In an elegant exper-
iment to investigate howNPR-C affects the cardiovascular and renal sys-
tems, Matsukawa and colleagues inactivated the Npr3 gene in mice by
homologous recombination in embryonic stem cells [19]. Unexpectedly,
the authors found that NPRC knockout mice (NPR-C−/−) exhibit strik-
ing skeletal deformities [19]. As illustrated in Fig. 1, NPR-C−/− mice
are easily distinguished from their wild-type counterparts (NPR-C+/+)
as early as 7 days of age by a dome-shaped skull, a striking hunched
back, an increase in body length despite a smaller thoracic cage and an
elongated tail [19]. Interestingly, these skeleton abnormalities are simi-
lar to the phenotype of mice with mutations in the gene encoding a
bone morphogenetic protein type 2 receptor (BMPR2) [20, 21], which
is themajor genetic factor that promotes the development of idiopathic
PAH (iPAH) [21]. In fact, compelling evidence does suggest that individ-
uals affected by iPAH may exhibit intrinsic morphological and func-
tional musculo-skeletal abnormalities, which may limit their exercise
capacity [22]. Although cardiac dysfunction is thought to be the main
cause of exercise intolerance in patients with PAH, recent studies sug-
gest that the contribution of peripheral muscle dysfunction to their ex-
ercise limitation may be quite significant [23].
3.1.3. Cardiac characterization of mice lacking NPR-C: A new animal model
for PAH

We recently characterized the cardiac structure and function of NPR-
C−/− mice by echocardiography [8, 24]. Mice lacking NPR-C exhibit
right atrial dilation, hypertrophy of the right ventricular free wall and
trabeculae, tricuspid regurgitation aswell as echocardiographic findings
suggestive of right ventricular pressure overload, including flattening
and paradoxical bulging of the septum into the left ventricle during sys-
tole, which are all findings typically seen in humans with PAH [8, 24].
Consistently, Doppler Echocardiography assessment revealed a signifi-
cantly higher right ventricular systolic pressure compared with wild-
type littermates [8, 24]. These findings were also confirmed by resting
right heart catheterization [8, 24]. Consistently, a down regulation of
NPR-C in hypoxia-induced PAH has been reported, however this obser-
vation was repeatedly described as part of a compensatory mechanism
of the lungs aimed at reducing NPs clearance from the circulation, thus
enhancing the biological actions of NPs and mitigating the severity of
hypoxia-induced PAH [8, 24, 25]. As illustrated in Fig. 3, the impaired
NPR-C signalling pathwaymay be the result of several factors, including
but not limited to an abnormal NPR3 gene, an inhibition of NPR3 gene
expression, or an inhibition or abnormal NPR-C protein [25]. Of critical
importance, evidence suggests that activation of NPR-C signalling path-
way may have anti-proliferative effects [8, 24, 26]. Impaired activation
of this signalling pathway may thus lead to failure of the antiprolifera-
tive effect of NPR-C in the pulmonary vasculature, which in turn results
in vascular pulmonary injury, including endothelial dysfunction, vascu-
lar smoothmuscle dysfunction, matrix changes, and platelets, aswell as
inflammatory cell activation [25]. The proliferation of smooth muscle in
pulmonary arterioles, secondary to remodelling, would then ultimately
lead to PAH [25]. As illustrated in Fig. 4, the imbalance between im-
paired activation and physiological activation may cause or prevent
the development of PAH [25]. While an impaired activation of NPR-C
signalling pathway may lead to PAH, the activators to NPR-C pathway
may initiate signalling that results in the inhibition of cell proliferation
in pulmonary artery smoothmuscle cells and therefore reverses the re-
modelling that is typical to PAH [25].

3.2. Treatment strategies

Strategically, the treatment of PH due to LV-HF should be directed at
optimising HF treatment as well as lowering the pulmonary artery pres-
sure as this is the cause of RV dysfunction and failure. The treatment of
HF has improved substantially in recent years [27]. However, Patients
with PH due to LV-HF continue to progress to RV failure and die. Ulti-
mately, RV dysfunction and function determine the prognosis of patients
with HF [28]. Therapeutic strategies aiming at lowering pulmonary ar-
tery pressure and thus preserving or improving RV function are, there-
fore, required.

3.2.1. Effect of NPR-C agonists on pulmonary artery pressure
The first andmost crucial step to preserve or improve RV function is

to normalise the RV effective arterial elastance. Evidence suggests that
the RVmay recover its normal shape and functionwith afterload reduc-
tion to about normal levels [29]. Interestingly, we recently reported, for
the first time, that a specific NPR-C's agonist, the ring-deleted atrial na-
triuretic peptide analogue, cANF4–23 (cANF) may reduce the right ven-
tricular systolic pressure and the pulmonary artery systolic pressure as
well as enhancing cardiac performance, including left ventricular
inotropy, in an experimental model [1]. Interestingly, the effect of
cANF on right ventricular systolic pressure and the pulmonary artery



Fig. 3. Illustrates a schematic representation of a cascade of events following an impairment of NPR-C signalling pathway. The impaired NPR-C signalling pathway may be the result of
several factors, including but not limited to an abnormal NPR3 gene, an inhibition of NPR3 gene expression, or an inhibition or abnormal NPR-C protein. Impaired activation of this
signalling pathway leads to failure of the antiproliferative effect of NPR-C in the pulmonary vasculature, which in turn results in vascular pulmonary injury, including endothelial
dysfunction, vascular smooth muscle dysfunction, matrix changes, and platelets, as well as inflammatory cell activation. The proliferation of smooth muscle in pulmonary arterioles,
secondary to remodelling, would then ultimately lead to PAH.
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systolic pressure was more striking in the age matched diabetic mice
[1]. The increase in the magnitude of the right ventricular systolic
pressure's reduction was attributed to the concomitant presence of en-
dothelial dysfunction in diabetic mice [1]. As already hinted, in the vas-
culature, the vaso-relaxant effect of NPR-C signal transduction may be
increased in the presence of NO synthase inhibition [1, 13, 14]. This
may be of particular clinical significance in patients with PH due to
Fig. 4. Illustrates the loss of homeostasiswithNPR-C signallingpathway. The imbalance between
PAH. Impaired activation of NPR-C signalling pathway leads to failure of the antiproliferative effe
pathway initiate signalling that results in the inhibition of cell proliferation in pulmonary arter
LV-HF who are known to have endothelial dysfunction and thus re-
duced or loss of NO pathway [1, 13, 14].

3.2.2. Diastolic dysfunction
The chronic backward transmission of increased intracardiac pres-

sures, which drives the whole process leading to the development of
PH, may occur via two major cardiac mechanisms including (i) systolic
impaired activation and physiological activationmay cause or prevent thedevelopment of
ct of NPR-C in thepulmonary vasculature,which in turn results in PAH. Activators toNPR-C
y smooth muscle cells and therefore reverses the remodelling that is typical to PAH.
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dysfunction, in which there is impaired contractile function of the myo-
cardium, and (ii) diastolic dysfunction, in which there is abnormal relax-
ation and increased stiffness of the myocardium. The majority of patients
with PH have, however, normal LV ejection fraction (EF), and LV function
may not be prognostic [30]. In fact, evidence suggests that PH develop-
ment may be associated with an increased mortality/morbidity beyond
that of LV dysfunction alone [31]. Consistently, Miller and colleagues
have elegantly demonstrated that the development of PH in LV-HF is
largely determined by the presence and the severity of diastolic dysfunc-
tion [32], which in turn appears to predict functional capacity and clinical
worsening in PH [33]. While specific therapies have proved to be benefi-
cial in systolic dysfunction, no such treatment strategies exist for diastolic
dysfunction. To date the optimal strategy for treating diastolic dysfunc-
tion, of any level of severity, remains to identify and therapeutically target
any underlying pathological conditions that contribute to it. Conceptually,
pharmacological agents that couldpromote the regressionof hypertrophy
and fibrosis, and thus facilitate myocardial relaxation and/or improve LV
compliance would be ideal for the treatment of diastolic dysfunction.
Based on what has already been discussed above, and as we will further
dissect in subsequent portions of this article, the NPR-C's agonists appear
to have all the desired pharmacological properties thatwouldmake them
the best drug candidates for the treatment of diastolic dysfunction.
Interestingly, genetic alterations in the gene coding for NPR-C have been
independently associated with the development of diastolic dysfunction
in a random large cohort of residents from Olmsted County (Minnesota,
USA), suggesting the potential and crucial role of NPR-C signal transduc-
tion in the pathophysiology of this capricious condition [34]. Most impor-
tant, the authors found that the development of diastolic dysfunctionwas
independent of age, sex, BMI and arterial hypertension in the homozy-
gotes for this NPR3 genotypewith an odds ratio of 1.9 similar to that of ar-
terial hypertension, a major risk factor for diastolic dysfunction [34]. The
mechanisms of the development of diastolic dysfunction in this cohort
may be due, at least partially, to some alterations in the NPR-C's cytoplas-
mic domain within cardiac cells contributing to myocardial fibrosis and
impaired diastolic function [1, 8, 34, 35]. NPR-C are well known to be
expressed in various cardiovascular cell types including but not limited
to cardiomyocytes, cardiac fibroblasts, vascular smooth muscle cells and
endothelial cells [1, 8, 15, 16, 35]. Of critical importance and as hinted
above, accumulating evidence does suggest that activation of NPR-C sig-
nal transduction may have anti-proliferative effects [1, 8, 26, 35].

3.2.3. Neurohumoral modulation
In patients with PH due to LV-HF, theremay be an overactivity of the

sympathetic nervous system. The sympathetic adrenergic stimulation
may be required as first response to keep the RV coupled to the in-
creased pulmonary artery pressure. In the long run, however, this may
exert unfavourable cardiovascular, renal and metabolic effects [36].
With chronic sympathetic activation, the beta-adrenergic receptors
may become downregulated, and this in turn may result in impaired
myocardial contractile performance of the ventricles [29]. Patients
with PH due to LV-HF may thus not get the full benefit of beta-
blocking therapies as the beta-adrenergic receptor density may be re-
duced. The beneficial effects of beta-blockers is well established in HF,
and may occur mainly via the dual actions of adrenergic receptor pro-
tection and heart rate (HR) reduction [15]. Evidence suggests that
under basal conditions, BNP and CNP may, comparably, increase HR
and electrical conduction via GC-linked NPR-A and NPR-B in experi-
mental hearts and sino-atrial node (SAN) myocytes [37]. Both, BNP
and CNP, may also increase action potential (AP) frequency in SAN
myocytes from NPR-C−/− mice, as effectively as in those of NPR-C+/+

mice, suggesting that BNP and CNP may function mainly through their
GC-linked receptors, at least under basal conditions [15, 37]. Interest-
ingly, the authors demonstrated that the increase of HR and SAN activ-
ities elicited by BNP and CNP may be blunted in the presence of a β-
adrenergic stimulation [15, 38]. Importantly, the magnitude of this
blunting effect was proportional to the degree of β-adrenergic
stimulations [15]. These findings suggest that the native NPs may func-
tion via multiple NPs receptors simultaneously and their overall effects
may vary in function of the degree of β-adrenergic stimulation [15].
These assumptions are supported by the evidence that with NPR-A
blocked, BNP may reduce HR and SAN activity as effectively as cANF
via NPR-C signalling but switched back to eliciting an increase in HR in
NPR-C−/− hearts [15, 37, 38]. While NPR-A and NPR-B related signal
transduction may mediate NPs effects under basal conditions and thus
also probably in healthy individuals, NPR-C signalling pathway may be
activated in conditions associated with high β-adrenergic stimulations
such as HF [15]. Most importantly, its overall contributory effects may
become progressively more prominent as the degree of β-adrenergic
stimulation increases [15, 38]. Since NPR-C signalling may be upregu-
lated in HF and its activation may act in a manner similar to β-
blockers actions, pharmacological agents that also target this specific
NPR-C may prove to be beneficial [15].

3.2.4. Coronary blood flow
Coronary vascular dysfunction may be highly prevalent among pa-

tients with PH due to LV-HF, which may be related to their functional
class, as well as being independently associated with adverse cardiovas-
cular events, including cardiovascular death, HF hospitalization, late re-
vascularization, and aborted sudden cardiac death [39]. Restoration of
coronary blood flow is therefore essential for limiting the damage caused
bymicrovascular dysfunction and salvaging organ function. Although the
mechanisms underlying coronary vascular dysfunction in patients with
PH due to LV-HF are not well understood, evidence suggests that alter-
ations in NO pathwaysmay play a pivotal role in this process [40]. Unfor-
tunately patients with PH due to LV-HF may have decreased NO
bioavailability and endothelial dysfunction, which may limit the efficacy
of therapeutic agents targeting NO signalling pathways [1, 8, 40]. Hence,
considerable research attention has focused on identifying novel endoge-
nous pathways and therapeutic interventions thatmayprevent or reverse
coronary vascular dysfunction by targeting differentmechanisms [41]. In-
terestingly, accumulating evidence suggest that NPR-C signal transduc-
tion may play a crucial role in the regulation of vessel tone and blood
flow in the coronary vasculature, especially in the presence of endothelial
dysfunction [1, 41]. Hobbs and others have demonstrated that not only
enhanced NPR-C signal transduction may have vasorelaxant activity, but
also its activation may protect against ischemia/reperfusion (I/R) injury
by reducing infarct size [41, 42]. Interestingly, the vasorelaxant activity
of NPR-C signal transduction may be significantly enhanced in the pres-
ence of a decreased or loss of NO bioavailability and endothelial dysfunc-
tion [41]. These observations suggest there may be complementary
cytoprotective roles for NPR-C and NO signalling pathways in the coro-
nary vasculature, whereby the loss of one signal transduction may be
compensated for by the upregulation of the alternative signalling path-
way [1, 41]. This is of particular clinical significance for patients with PH
due to LV-HF because they are characterized by a decreased or loss of
NO bioavailability and endothelial dysfunction [1]. As hinted above, accu-
mulating evidence also suggests that NPR-C's agonists may protect the
myocardium against the damaging effects of I/R injury by limiting the in-
farct size as well as the degree of the associated myocardial dysfunction
[1, 8, 41]. Consistently, this cardioprotective effect was enhanced in the
presence of a decreased or loss of NO bioavailability and endothelial dys-
function, indicating that the activation of NPR-C pathwaymay prove ben-
eficial in patients with PH due to LV-HF [1, 8, 41, 43, 44]. Although the
mechanisms for the NPR-C-mediated cardioprotective effects have not
fully been elucidated, evidence does suggest this may, at least partially,
be secondary to NPR-C induced Gi stimulation, which may in turn result
in activation of the (G protein–gated) inwardly rectifying K+ channels
(KIR), leading to hyperpolarization and relaxation of vascular smooth
muscle cells [1, 8, 41–44]. Evidence also suggests that a reduction in KIR

channel activitiesmay exacerbate I/R injury [45], and thus further provid-
ing indications that NPR-Cmediated-preservation of KIR channel function,
may prove to be beneficial in minimizing I/R injury [41].
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3.2.5. Erectile dysfunction
Erectile dysfunction (ED) is common in patients with HF, and some

studies have reported that more than 90% of HF patients may have re-
duced libido and erectile problems, which seems to be independent of
the New York Heart Association (NYHA) functional class [46]. These
proportions may even be higher in patients with PH due to LV-HF. It is
also well established that some of the standard HF medications includ-
ing but not limited to beta-receptor blockers, thiazide diuretics and di-
goxin may worsen sexual dysfunction, which may, in turn, lead to
medications non adherence in misguided efforts to maintain satisfac-
tory sexual activity, with secondary worsening of PH due to LV-HF
[46]. Hence, considerable research attention has also been focused on
identifying novel therapeutic interventions that may preserve or re-
verse ED in this patient's population. Although the mechanisms of the
development of ED in PH due to LV-HFmay bemulti-factorial, evidence
suggests there may be alterations specific to PH due to LV-HF, which
may be important contributors to ED. [46] For instance, inadequate vas-
cular smooth muscle relaxation may represent the common final path-
way leading to ED in PH due to LV-HF [46]. A dysregulation of vascular
smoothmuscle relaxation have been associatedwith impaired bioavail-
ability of NO and endothelial dysfunction, raising again the intriguing
question of whether the activation of the NPR-C signal transduction
may prove to be beneficial in this context [40]. Kun and colleagues
have demonstrated that the selective NPR-C agonist, cANF [4–23], may
induce vascular smoothmuscle relaxations in human penile small arter-
ies via the activation of the KIR channel [47]. Interestingly, the authors
found that this vasodilation effect was significantly more pronounced
in the presence of a decreased or loss of NO bioavailability and endothe-
lial dysfunction, further indicating that the activation of NPR-C pathway
may also prove beneficial for ED in patients with PH due to LV-HF [47].

4. Summary

We reviewed the potential NPR-C based strategies for the treatment
of PH due to LV-HF. The preservation of the RVmay play a crucial role in
the progression of the RV towards dysfunction and failure. Therefore,
we first focused on NPR-C based therapeutic strategies aimed at lower-
ing pulmonary artery pressure. As wall stress is a major determinant of
myocardial oxygen consumption, a reduction in RV afterload may also
have a positive impact on myocardial oxygen delivery (preservation of
RV wall thickness) and consumption for energy metabolism. Second,
we reviewed potential NPR-C therapeutic strategies to reverse or least
halt the detrimental effects of diastolic dysfunction and impaired NO
signalling pathways including coronary and erectile dysfunctions. The
role of NPR-C on neurohumoral modulation is challenging and requires
further investigations. Although evidence for NPR-C based strategies for
the treatment of PH due to LVF are attractive, further research is still
needed before clinical application can be pursuit. In conclusion, NPR-C
should now be considered as a critical protective receptor in the heart
rather than just being a clearance receptor.

Disclosures

None.

References

[1] E.E. Egom, T. Feridooni, R.B. Pharithi, et al., A natriuretic peptides clearance receptor's
agonist reduces pulmonary artery pressures and enhances cardiac performance in
preclinical models: new hope for patients with pulmonary hypertension due to
left ventricular heart failure, Biomedicine & pharmacotherapy = Biomedecine &
pharmacotherapie 93 (2017) 1144–1150.

[2] T. Weitsman, G. Weisz, R. Farkash, et al., Pulmonary hypertension with left heart
disease: prevalence, temporal shifts in etiologies and outcome, Am. J. Med. 130
(2017) 1272–1279.

[3] W.L. Miller, D.E. Grill, B.A. Borlaug, Clinical features, hemodynamics, and outcomes
of pulmonary hypertension due to chronic heart failure with reduced ejection
fraction: pulmonary hypertension and heart failure, JACC: Heart Failure 1 (2013)
290–299.

[4] W.L. Miller, D.W. Mahoney, M. Enriquez-Sarano, Quantitative Doppler-echocardio-
graphic imaging and clinical outcomes with left ventricular systolic dysfunction
clinical perspective: independent effect of pulmonary hypertension, Circulation:
Cardiovascular Imaging 7 (2014) 330–336.

[5] S. Ghio, A. Gavazzi, C. Campana, et al., Independent and additive prognostic value of
right ventricular systolic function and pulmonary artery pressure in patients with
chronic heart failure, J. Am. Coll. Cardiol. 37 (2001) 183–188.

[6] S.F. Mohammed, I. Hussain, AbouEzzeddine OF, et al., Right ventricular function in
heart failure with preserved ejection fraction: a community-based study, Circulation
130 (2014) 2310–2320.

[7] N. Galie, M. Humbert, J.L. Vachiery, et al., ESC/ERS guidelines for the diagnosis and
treatment of pulmonary hypertension: the joint task force for the diagnosis and
treatment of pulmonary hypertension of the European Society of Cardiology (ESC)
and the European Respiratory Society (ERS): endorsed by: Association for
European Paediatric and Congenital Cardiology (AEPC), International Society for
Heart and Lung Transplantation (ISHLT), Eur. Heart J. 37 (2015) 67–119.

[8] E.E. Egom, T. Feridooni, R.B. Pharithi, et al., Erratum: new insights and new hope for
pulmonary arterial hypertension: natriuretic peptides clearance receptor as a novel
therapeutic target for a complex disease, International journal of physiology, patho-
physiology and pharmacology 9 (2017) 164.

[9] R.J. Tedford, P.M. Hassoun, S.C. Mathai, et al., Pulmonary capillary wedge pressure
augments right ventricular pulsatile loadingclinical perspective, Circulation 125
(2012) 289–297.

[10] M. Dupont, W.W. Tang, Right ventricular afterload and the role of nitric oxide me-
tabolism in left-sided heart failure, J. Card. Fail. 19 (2013) 712–721.

[11] T.J. Kulik, Pulmonary hypertension caused by pulmonary venous hypertension, Pul-
monary circulation 4 (2014) 581–595.

[12] M. Gerges, C. Gerges, A.-M. Pistritto, et al., Pulmonary hypertension in heart failure.
Epidemiology, right ventricular function, and survival, Am. J. Respir. Crit. Care Med.
192 (2015) 1234–1246.

[13] Egom EE. BNP and heart failure: preclinical and clinical trial data. J. Cardiovasc.
Transl. Res.8:149–57.

[14] A. Hobbs, P. Foster, C. Prescott, R. Scotland, A. Ahluwalia, Natriuretic peptide
receptor-C regulates coronary blood flow and prevents myocardial ischemia/reper-
fusion injury: novel cardioprotective role for endothelium-derived C-type natri-
uretic peptide, Circulation 110 (2004) 1231–1235.

[15] E.E. Egom, BNP and heart failure: preclinical and clinical trial data, J. Cardiovasc.
Transl. Res. 8 (2015) 149–157.

[16] E.E. Egom, T. Feridooni, A. Hotchkiss, P. Kruzliak, K.B. Pasumarthi, Mechanisms of
renal hyporesponsiveness to BNP in heart failure, Can. J. Physiol. Pharmacol. 93
(2015) 399–403.

[17] T. Katada, M. Ui, Direct modification of the membrane adenylate cyclase system by
islet-activating protein due to ADP-ribosylation of a membrane protein, Proc. Natl.
Acad. Sci. U. S. A. 79 (1982) 3129–3133.

[18] H. Zhou, K.S. Murthy, Identification of the G protein-activating sequence of the
single-transmembrane natriuretic peptide receptor C (NPR-C), American journal
of physiology Cell physiology 284 (2003) C1255–C1261.

[19] N. Matsukawa,W.J. Grzesik, N. Takahashi, et al., The natriuretic peptide clearance re-
ceptor locally modulates the physiological effects of the natriuretic peptide system,
Proc. Natl. Acad. Sci. 96 (1999) 7403–7408.

[20] M.M. Matzuk, T.R. Kumar, A. Bradley, Different phenotypes for mice deficient in ei-
ther activins or activin receptor type II, Nature 374 (1995) 356–360.

[21] G. Pousada, V. Lupo, S. Cástro-Sánchez, et al., Molecular and functional characteriza-
tion of the BMPR2 gene in pulmonary arterial hypertension, Sci. Rep. 7 (2017) 1923.

[22] D.Moreira-Gonçalves, A.I. Padrão, R. Ferreira, et al., Signaling pathways underlying skel-
etal muscle wasting in experimental pulmonary arterial hypertension, Biochimica et
Biophysica Acta (BBA)-Molecular Basis of Disease 1852 (2015) 2722–2731.

[23] J. Batt, S.S. Ahmed, J. Correa, A. Bain, J. Granton, Skeletal muscle dysfunction in idio-
pathic pulmonary arterial hypertension, Am. J. Respir. Cell Mol. Biol. 50 (2014)
74–86.

[24] E.E.-A. Egom, T. Feridooni, R.B. Pharithi, et al., New insights and new hope for pul-
monary arterial hypertension: natriuretic peptides clearance receptor as a novel
therapeutic target for a complex disease, International journal of physiology, patho-
physiology and pharmacology 9 (2017) 112–118.

[25] Egom E. Method of treating pulmonary hypertension by administration of natri-
uretic peptide receptor c activators. Google Patents.

[26] W.R. Gower Jr., G.M. Carter, Q. Mcafee, S.M. Solivan, Identification, regulation and
anti-proliferative role of the NPR-C receptor in gastric epithelial cells, Mol. Cell.
Biochem. 293 (2006) 103–118.

[27] P.M. Seferović, ESC/HFA guidelines for the diagnosis and treatment of acute and
chronic heart failure 2016, J. Card. Fail. 23 (2017) S7.

[28] R.A. Bleasdale, M.P. Frenneaux, Prognostic importance of right ventricular dysfunc-
tion, Heart 88 (2002) 323–324.

[29] B.E. Westerhof, N. Saouti, W.J. van der Laarse, N. Westerhof, A. Vonk Noordegraaf,
Treatment strategies for the right heart in pulmonary hypertension, Cardiovasc.
Res. 113 (2017) 1465–1473.

[30] J.T. Marcus, A.V. Noordegraaf, R.J. Roeleveld, et al., Impaired left ventricular filling
due to right ventricular pressure overload in primary pulmonary hypertension:
noninvasive monitoring using MRI, Chest 119 (2001) 1761–1765.

[31] C.S. Lam, B.A. Borlaug, G.C. Kane, F.T. Enders, R.J. Rodeheffer, M.M. Redfield, Age-
associated increases in pulmonary artery systolic pressure in the general popula-
tion, Circulation 119 (2009) 2663–2670.

[32] W.L. Miller, D.W. Mahoney, H.I. Michelena, S.V. Pislaru, Y. Topilsky, M. Enriquez-
Sarano, Contribution of ventricular diastolic dysfunction to pulmonary hypertension

http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0005
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0005
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0005
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0005
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0005
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0010
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0010
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0010
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0015
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0015
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0015
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0015
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0020
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0020
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0020
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0020
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0025
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0025
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0025
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0030
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0030
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0030
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0035
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0035
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0035
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0035
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0035
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0035
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0040
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0040
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0040
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0040
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0045
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0045
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0045
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0050
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0050
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0055
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0055
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0060
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0060
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0060
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0065
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0065
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0065
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0065
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0070
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0070
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0075
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0075
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0075
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0080
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0080
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0080
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0085
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0085
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0085
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0090
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0090
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0090
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0095
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0095
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0100
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0100
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0105
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0105
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0105
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0110
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0110
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0110
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0115
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0115
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0115
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0115
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0120
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0120
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0120
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0125
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0125
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0130
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0130
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0135
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0135
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0135
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0140
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0140
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0140
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0145
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0145
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0145
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0150
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0150


178 E.E. Egom et al. / International Journal of Cardiology 281 (2019) 172–178
complicating chronic systolic heart failure, J. Am. Coll. Cardiol. Img. 4 (2011)
946–954.

[33] D.S. Knight, J.A. Steeden, S. Moledina, A. Jones, J.G. Coghlan, V. Muthurangu, Left ven-
tricular diastolic dysfunction in pulmonary hypertension predicts functional capac-
ity and clinical worsening: a tissue phasemapping study, J. Cardiovasc. Magn. Reson.
17 (2015) 116.

[34] N.L. Pereira, M.M. Redfield, C. Scott, et al., A functional genetic variant (N521D) in
natriuretic peptide receptor 3 is associated with diastolic dysfunction: the preva-
lence of asymptomatic ventricular dysfunction study, PLoS One 9 (2014), e85708.

[35] E.E. Egom, K. Vella, R. Hua, et al., Impaired sinoatrial node function and increased
susceptibility to atrial fibrillation in mice lacking natriuretic peptide receptor C, J.
Physiol. 593 (2015) 1127–1146.

[36] G. Grassi, G. Seravalle, G. Mancia, Sympathetic activation in cardiovascular disease:
evidence, clinical impact and therapeutic implications, Eur. J. Clin. Investig. 45
(2015) 1367–1375.

[37] J. Springer, J. Azer, R. Hua, et al., The natriuretic peptides BNP and CNP increase heart
rate and electrical conduction by stimulating ionic currents in the sinoatrial node
and atrial myocardium following activation of guanylyl cyclase-linked natriuretic
peptide receptors, J. Mol. Cell. Cardiol. 52 (2012) 1122–1134.

[38] J. Azer, R. Hua, K. Vella, R.A. Rose, Natriuretic peptides regulate heart rate and sino-
atrial node function by activating multiple natriuretic peptide receptors, J. Mol. Cell.
Cardiol. 53 (2012) 715–724.

[39] I. Coma-Canella, M.J. García-Velloso, A. Macías, et al., Impaired coronary flow reserve
in patients with non-ischemic heart failure, Revista espanola de cardiologia 56
(2003) 354–360.
[40] N. Toda, S. Tanabe, S. Nakanishi, Nitric oxide-mediated coronary flow regulation in
patients with coronary artery disease: recent advances. The international journal
of angiology: official publication of the International College of Angiology, Inc 20
(2011) 121.

[41] A. Hobbs, P. Foster, C. Prescott, R. Scotland, A. Ahluwalia, Natriuretic peptide receptor-C
regulates coronary blood flow and prevents myocardial ischemia/reperfusion injury:
novel cardioprotective role for endothelium-derived C-type natriuretic peptide, Circu-
lation 110 (2004) 1231–1235.

[42] I.C. Villar, C.M. Panayiotou, A. Sheraz, et al., Definitive role for natriuretic peptide
receptor-C in mediating the vasorelaxant activity of C-type natriuretic peptide and
endothelium-derived hyperpolarising factor, Cardiovasc. Res. 74 (2007) 515–525.

[43] R. Busse, G. Edwards, M. Félétou, I. Fleming, P.M. Vanhoutte, A.H. Weston, EDHF:
bringing the concepts together, Trends Pharmacol. Sci. 23 (2002) 374–380.

[44] R.S.Wright, C.-M.Wei, C.H. Kim, et al., C-type natriuretic peptide-mediated coronary
vasodilation: role of the coronary nitric oxide and particulate guanylate cyclase sys-
tems, J. Am. Coll. Cardiol. 28 (1996) 1031–1038.

[45] S.P. Marrelli, T.D. Johnson, A. Khorovets, W.F. Childres, R.M. Bryan, Altered function
of inward rectifier potassium channels in cerebrovascular smooth muscle after is-
chemia/reperfusion, Stroke 29 (1998) 1469–1474.

[46] E.R. Schwarz, S. Rastogi, V. Kapur, N. Sulemanjee, J.J. Rodriguez, Erectile dysfunction
in heart failure patients, J. Am. Coll. Cardiol. 48 (2006) 1111–1119.

[47] A. Kun, I. Kiraly, J. Pataricza, et al., C-type natriuretic peptide hyperpolarizes and re-
laxes human penile resistance arteries, J. Sex. Med. 5 (2005) 1114–1125.

http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0150
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0150
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0155
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0155
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0155
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0155
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0160
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0160
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0160
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0165
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0165
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0165
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0170
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0170
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0170
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0175
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0175
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0175
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0175
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0180
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0180
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0180
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0185
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0185
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0185
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0190
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0190
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0190
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0190
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0195
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0195
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0195
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0195
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0200
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0200
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0200
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0205
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0205
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0210
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0210
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0210
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0215
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0215
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0215
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0220
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0220
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0225
http://refhub.elsevier.com/S0167-5273(18)30187-6/rf0225

	Evolving use of natriuretic peptide receptor type-�C as part of strategies for the treatment of pulmonary hypertension due ...
	1. Introduction
	2. Pathobiology of pulmonary hypertension due to left ventricular heart failure
	3. Natriuretic peptide receptor type-C (NPR-C) based strategy for PH due to LV-HF
	3.1. Background
	3.1.1. Historical background
	3.1.2. Phenotype of mice lacking NPR-C
	3.1.3. Cardiac characterization of mice lacking NPR-C: A new animal model for PAH

	3.2. Treatment strategies
	3.2.1. Effect of NPR-C agonists on pulmonary artery pressure
	3.2.2. Diastolic dysfunction
	3.2.3. Neurohumoral modulation
	3.2.4. Coronary blood flow
	3.2.5. Erectile dysfunction


	4. Summary
	Disclosures
	References


