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Abstract: For years, guanylate cyclase seemed to be homogenic and tissue nonspecific enzyme;
however, in the last few years, in light of preclinical and clinical trials, it became an interesting
target for pharmacological intervention. There are several possible options leading to an increase in
cyclic guanosine monophosphate concentrations. The first one is related to the uses of analogues of
natriuretic peptides. The second is related to increasing levels of natriuretic peptides by the inhibition
of degradation. The third leads to an increase in cyclic guanosine monophosphate concentration
by the inhibition of its degradation by the inhibition of phosphodiesterase type 5. The last option
involves increasing the concentration of cyclic guanosine monophosphate by the additional direct
activation of soluble guanylate cyclase. Treatment based on the modulation of guanylate cyclase
function is one of the most promising technologies in pharmacology. Pharmacological intervention is
stable, effective and safe. Especially interesting is the role of stimulators and activators of soluble
guanylate cyclase, which are able to increase the enzymatic activity to generate cyclic guanosine
monophosphate independently of nitric oxide. Moreover, most of these agents are effective in chronic
treatment in heart failure patients and pulmonary hypertension, and have potential to be a first line
option.

Keywords: guanylate cyclase (GC); chronic heart failure (CHF); pulmonary arterial hypertension (PAH)

1. Introduction

Since the beginning of the 21st century, the treatment of metabolic disturbances-
related diseases of the cardiovascular system has become deeper. Previously, the target
of treatment was rather clinical, whereas now, the clinical answer is important but the
tools have changed; now, they are generally metabolic. For years, GCs had seemed to be
an homogenic and tissue nonspecific enzyme, whereas within the last few years, in light
of preclinical and clinical trials, it became an interesting an target for pharmacological
intervention. This review will focus on the role of direct and indirect modulation of
guanylate cyclases in cardiovascular pharmacology.

2. Guanylate Cyclases

In mammals, there are two key types of guanylate cyclases (GC), classified according
to localization of enzymes in the cell. The first is called guanylate cyclase-coupled receptor
or membrane-bound guanylate cyclase (mGC). The second is completely intracellular,
soluble (sGC). Agonists for mGC are peptides, such as natriuretic peptides type A, B, C,
whereas for sGC, they are gaseous mediators, such as nitric oxide and carbon monoxide [1].

In detail, there are four soluble guanylate cyclase subunits, marked α1, α2, β1 and
β2, and transmembrane forms named with consecutive letters of the alphabet, from A to
G (Table 1). Dimer is a typical and minimal form of catalytic unit [2,3]. Transmembrane
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forms exist as homodimers, whereas soluble forms are heterodimers. One of the mGCs,
type C, seems to be different—homotrimer [2–5].

Table 1. Guanylyl cyclases: activators, tissue expression and physiological effects.

Guanylyl Cyclase Tissue Expression Physiological Activator Key Effects

Soluble α1 Cardiovascular system,
platelets, brain NO, CO Vasodilation, angiogenesis, inhibition of

platelet aggregation

Soluble α2 Cardiovascular system, brain NO, CO Vasodilation, angiogenesis

Soluble β1 Cardiovascular system,
platelets, brain NO, CO Vasodilation, angiogenesis inhibition of

platelet aggregation, intestinal motility

Soluble β2 Gastrointestinal tract, liver,
kidney NO, CO Apoptosis, inhibition of anti-apoptotic

endothelin pathway

GC-A

Cardiovascular system
(vascular smooth muscle,

heart), lung, kidney, adrenal,
adipose tissue

ANP, BNP Vasodilation, angiogenesis, regulation of
hypertrophy, remodeling processes

GC-B

Cardiovascular system
(vascular smooth muscle,
endothelium, heart), lung,
bone, brain, liver, uterus,

follicle

CNP

Vasodilation, angiogenesis. regulation of
hypertrophy, remodeling processes,

cartilage homeostasis and endochondral
bone formation, regulation of female

fertility

GC-C Intestinal epithelium
Guanylin, uroguanylin and

bacterial heat-stable
enterotoxin

Regulation of colonic epithelial cell
proliferation

GC-D Olfactory bulb Guanylin, uroguanylin,
CO2/HCO3

guanylin- and uroguanylin-dependent
olfactory signaling, food and odor

preference response (mices)

GC-E Retina, pineal gland guanylyl cyclase activator
proteins Vision process

GC-F Retina guanylyl cyclase activator
proteins Vision process

GC-G Olfactory bulb, lung, intestine,
skeletal muscle, testes Pheromones, CO2/HCO3

detection of the volatile alarm
pheromones,

kidney, ischemia/reperfusion
preconditioning

Soluble GCs (Figure 1, EC 4.6.1.2) were found in many different tissues, especially
brain, cardiovascular system, kidney and lungs [5]. All four units—α1, α2, β1 and β2—
were identified in humans. At the amino acid level, the α1 subunit found in humans is
about 34% identical to the β1 subunit, whereas the α2 subunit is 48% homologous to the
α1 subunit [6–8]. Experiments performed on mice suggest that α1 is the major subunit
in platelets and lungs. Meanwhile, α2 subunits are responsible for about 6% of activity
of sGCs in vasculature, but in response to NO in mice, lacking α1 is sufficient to achieve
maximal vascular smooth muscle relaxation [8]. Further, β1 contains several interesting
binding domains, such as about 200 residues in the aminoterminal heme prosthetic group
and about 250 residues of carboxyl-terminal GC domain. In this condition, compared to
the β1 isoform, β2 subunit has an additional 86 carboxyl-terminal amino acids sequence
for isoprenylation or carboxymethylation [9]. The relation between sCG and hemoglobin
is interesting. The β1 subunit is the axial ligand of the pentacoordinated reduced iron
center of heme. The binding place, His-105, is located at the amino terminus of the β1
subunit (Figure 1). This kind of binding is necessary for both NO- and CO-dependent
activation. NO binds to the heme ring at sixth position. It breaks the bond between the iron
and axial histidine to form a five-coordinated ring with NO in the fifth position. sGC can



Molecules 2021, 26, 3418 3 of 15

be activated by other gaseous mediator CO, but it binds heme to form a six-coordinated
complex [10]. This interaction can partially explain the hyperreactivity of vascular smooth
muscle after blood transfusions. Disruption of β1 subunit leads to significant reduction
in NO-dependent vascular relaxation and platelet aggregation, whereas disruption of α1
subunit leads to loss of platelet aggregation only. The male mice lacking β1 subunit are
infertile. Homozygous knockout animals presented gastrointestinal obstruction similar
to the cGMP dependent protein kinase G (PKG). Molecular studies suggest that sGC is
one of the most important enzymes in the cardiovascular system and targets for possible
pharmacological intervention. Increased vascular resistance in cases with reduced NO
bioavailability secondary to the endothelial damage can be effectively bypassed by direct
intervention at the sGC level. Mergia et al. [8] confirmed that GC activation is sufficient
to mediate vasorelaxation not only at higher NO concentrations, but by direct enzyme
stimulation. The results of study presented by Wedel et al. suggested that mutation of
six conserved histidine residues reduced—but did not abolish—nitric oxide stimulation,
whereas a change of His-105 to phenylalanine in the beta 1 subunit yielded a heterodimer
that retained basal cyclase activity but failed to respond to nitric oxide supporting thesis
that direct activation can be more effective option than heme-related intervention [10]. The
results presented by Friebe et al. confirmed the crucial role of sGC as a receptor for NO
in different smooth muscle reactivity related settings [11]. The loss of cGMP-dependent
protein kinase I abolishes nitric oxide dependent relaxation of smooth muscle, resulting in
severe vascular and intestinal dysfunctions confirming role of sGC pathway in relaxation
of smooth muscle [12], especially signalling pathway mediated by IP3 receptor associated
cGMP-dependent protein kinase type I substrate which is highly expressed in smooth mus-
cle of cardiovascular and gastrointestinal tissue is essential for smooth muscle relaxation
by NO/cGMP and ANP/cGMP [13]. The GC pathway, especially sGC, is crucial enzyme
mediating relaxation of different types of smooth muscles [14,15]; thus, it is a very interest-
ing target for achieving therapeutic goals, especially in diseases secondary to atherosclerosis
process with common endothelial dysfunction and decreased NO bioavailability.Molecules 2020, 25, x FOR PEER REVIEW  4  of  16 
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Figure 1. X-ray structure of soluble guanylate cyclase (sGC). Domain organization of the human α1β1GC heterodimer (PDB
ID: 6JT1, 3.9 Å) (a) [16], interaction side view between heme and histidine 105 (his 105) (b) and α1β1GC catalytic domains
that resembles the Chinese yin-yang symbol with both subunits arranged in a head-to-tail conformation (PDB ID: 4NI2, 1.9
Å) (c) [17].
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Guanylate cyclase-coupled receptors (mGC) are activated by peptides such as atrial
natriuretic peptides (NP). The first type of mGC is called GC-A and is activated by NP type
A (ANP) and B (BNP). The lack of ANP stimulation leads to cardiovascular hypertrophy
with hypertensive vessel response, whereas isolated BNP deficiency is a situation leading
to hypertrophy without hyperreactivity of vascular smooth muscle cells [18–21]. GC
type B (GC-B) is activated by NP type C (CNP). Structurally, it is similar to the GC-A,
but predominantly localized in bone and ovary tissue make the key actions in stimulation
of endochondral ossification required for long bone growth and oocyte maturation. Because
of its localization in the cardiovascular system, smooth muscle cells and fibroblasts GC-B
seem to be one of the most important mGCs in heart failure [18,22–28]. GC type C is
activated by different peptide agonists: guanylin and uroguanylin. GC-C present on apical
membrane of epithelial cells is a target for heat stable enterotoxins leading by elevation
of intracellular cGMP concentration and PKG-dependent phosphorylation of the cystic
fibrosis transmembrane regulator to increased Cl− secretion in gut [29]. An animal model
of mice lacking functional GC-C resistance to heat stable endotoxin (Salmonella enterica
serovar Typhimurium) was found [30]. Inhibition of guanylin stimulation increased colonic
epithelial cell proliferation with no influence on vessel smooth muscle cells contractility
and sodium excretion. In this condition, uroguanylin signaling inhibition decreased the
ability to excrete an enteral sodium and chlorides ions load and induced salt-independent
hypertension [31,32]. The influence on the process of epithelial cells proliferation seems
to be a possible therapeutic target, i.e., in the treatment of colon cancer [29,33,34]. Type
D of GC was found in the olfactory system. GC-D can be activated by peptides guanylin
and uroguanylin, but not heat stable enterotoxins and additionally by carbon dioxide
and bicarbonate. In mice, GC-D participates in food preference response [35–37]. GCs
type E and F are involved in the process of producing vision. Both types are expressed
in retina and GC-E additionally in pineal gland. Inactivation of enzymes leads to rod
and cone dystrophy and blindness [38,39]. GC-G was found in rat small intestine. The
structure is similar to NP receptors, but elevation of activity of GC was not dependent
on ANP, BNP, CNP and heat stable enterotoxins. Some authors suggest bicarbonate as an
activator [40]. In mice, GC-G serves as an unusual receptor in Grueneberg ganglion of the
anterior nasal region neurons mediating the detection of the volatile alarm pheromones
especially substance 2-sec-butyl-4,5-dihydrothiazole [41,42].

Animal studies suggested the significant role of modulation of GC function in patho-
genesis of diseases especially of the cardiovascular system, intestinal, skeletal, visual
system and fertility. There are some possibilities of pharmacological intervention. An
increase in the activity of GC may be achieved directly or indirectly. Direct pharmaco-
logical intervention is the simplest way to modify receptor or enzyme answers. sGCs
can be activated by NO or NO donors such as sodium nitroprusside; thus, modulation of
vascular smooth muscle reactivity was used in different clinical settings such as arterial
hypertension and pulmonary arterial hypertension (PAH) to achieve rapid blood pressure
stabilization in heart failure patients. This pathway of the modulation of vessel function
was effective for different contraction models [43–45] and different clinical settings [46–50].
In this condition, the source of NO can be nitric oxide produced by nitric oxide synthase or
drug and, thus, exogenous NO or NO-donor.

The key molecule in this system is cGMP. The produced cGMP is responsible for
numerous effects in cells. Most of them are guided by PKG pathway. Activation of PKG is
responsible for the activation of myosin phosphatase, which, in turn, leads to the release of
calcium from intracellular stores in smooth muscle cells, finally leading to vascular smooth
muscle relaxation. Phosphorylation by the PKG of vasodilator-stimulated phosphoprotein
(VASP) is responsible for the decrease in platelet activation level and the activation of
a number of transcription factors which can lead to changes in gene expression, which,
in turn, can alter the response of the cell to a variety of stimuli [12–15].
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3. NO Production

Nitric oxide synthase is an enzyme that catalyzes the synthesis of nitric oxide in two
different steps. The first one is the oxidation of L-arginine to Nω-hydroxy-L-arginine;
then, the substrate under the influence of NOS and oxygen is decomposed into L-citrulline,
accompanied by the release of nitric oxide from vascular endothelial cells. Three basic types
of nitric oxide synthase have been distinguished, now called NOS-1, NOS-2 and NOS-3.
In the recently used nomenclature, they were designated NOS-1: nNOS (neuronal NOS),
NOS-2: iNOS (inducible NOS) and NOS-3: eNOS (endothelial NOS), respectively. Type 1
synthase is localized primarily in the central and peripheral nervous system, skeletal mus-
cles, pancreatic islets, endometrium and nephron dense macula. The basic physiological
tasks of NOS-1 include modulating nerve transmission and regulating the function of the
nephron or regulating intestinal peristalsis. Nitric oxide produced by NOS-1 can also act
as a neurotransmitter, especially in the vegetative system known as non-adrenergic non-
cholinergic (NANC). Type 2 synthase is located mainly in macrophages, cardiac striated
muscle cells, liver, smooth muscle and vascular endothelium, and is synthesized as part
of the response to infection, inflammation or sepsis, under the influence of inflammatory
cytokines (mainly interleukin-1, interferon-γ or TNF-α). The activated enzyme remains
active for several hours, synthesizing significant amounts of nitric oxide [51]. Nitric oxide
produced by NOS-3 plays primarily a role as a regulator of muscle tone in the local vascular
endothelial-vascular muscular system. It is also a factor that inhibits the adhesion and
aggregation of platelets and angiogenesis. The role of NOS-3, as an element initiating
the activation of NOS-2 under the influence of lipopolysaccharides, is emphasized. In
experimental studies on the hyporeactivity of vessels treated with lipopolysaccharides,
it was suggested that synthase located in the vascular endothelium was involved as the
first link in the development of vascular hyporeactivity in sepsis [46]. In studies on isolated
animal tissues exposed to short exposure to lipopolysaccharides, a statistically significant
inhibition of NOS-2 expression was demonstrated in the case of a previous blockage of
NOS-3 activity. Such results suggest that nitric oxide synthesized by NOS-3 may be a
mediator of inflammation in sepsis [52] and confirmed results presented by Grześk in
2001 [46] and 2003 [48]. The results confirm the results of subsequent experiments, which
showed that the lack of NOS-3 prevents from full expression of NOS-2 in the presence of
lipopolysaccharides, which suggests that in the pathogenesis of sepsis there is primary acti-
vation of NOS-3, followed by the released nitric oxide being a pro-inflammatory stimulus
for expression NOS-2 [53].

4. Pharmacological Intervention

There are several possible options leading to increase in cGMP concentrations. The first
one is related to the use of analogues of ANP and BNP. The second is the increasing ANP
and BNP by inhibition of degradation of peptides. The third one leads to increase in cGMP
concentration by inhibition of its degradation by inhibition of phosphodiesterase type 5.
The last option is the increasing concentration of cGMP by additional direct activation of
sGC (Figure 2).

At the clinical level, pharmacological intervention seems to be dedicated for all clinical
settings with low bioavailability of nitric oxide. In clinical medicine, there is a huge family
of diseases with a vascular endothelium as one of the core symptoms. The depressed
GC-pathway signaling is common in a family of atherosclerosis related diseases such as
coronary artery disease, heart failure and hypertension, but also diabetes and hyperc-
holesterolemia. It explains why side effects are very rare during the stimulation of this
pathway, but, if are they present, are related to the overstimulation in non-target tissues.
The overproduction of NO is seen especially in acute diseases such as septic shock. The
common side effects are low blood pressure, blurred vision, confusion, dizziness, faintness
or lightheadedness when getting up suddenly from a lying or sitting position, pale skin,
sweating, trouble breathing, unusual bleeding or bruising, unusual tiredness or weakness.
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On the other hand, the predominant therapeutic effect for all studies and all therapeutic
pathways is the same: to decrease mortality, hospitalization rate and increase quality of life.
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cyclic guanosine monophosphate (cGMP); guanosine triphosphate (GTP); guanosine monophosphate (GMP); phosphodi-
esterase type x (PDEx).

4.1. Natriuretic Peptides Analogues

According to the current guidelines, pharmacological intervention with NO or NO-
donors as stimulators of sGC are considered only for short-time actions, whereas in chronic
treatment, these are not recommended [54–56]. What is interesting is the possibility of
activation of mGC, located in cells of the cardiovascular system; thus, types activated
by NPs type A, B and C GC-A and GC-B can be stimulated by physiological agonists,
ANP, BNP and CNP, but with the analogs too. The first attempt at this kind of intervention
was made after the discovery of analogues of NPs: carperitide, analogue of ANP and
nesiritide, an analogue of BNP. Carperitide is a recombinant α-human atrial natriuretic
peptide, leading to vasodilation. It is indicated for the treatment of patients with acute
heart failure (including acute exacerbation of chronic heart failure). Moreover, carperitide
was approved by the Pharmaceuticals and Medical Devices Agency of Japan (PMDA).
Nesiritide is the recombinant form of BNP. Nesiritide works to facilitate cardiovascular
fluid homeostasis through the counterregulation of the renin–angiotensin–aldosterone
system, stimulating cGMP, leading to smooth muscle cell relaxation. Both mechanisms
were important in the prevention of progression in the exacerbation of heart failure and
chronic kidney disease. Nesiritide was investigated as a pharmacological agent indicated in
acute decompensated congestive heart failure. It was registered in the United States Food
and Drug Administration (FDA) for this purpose in 2001 after initial non-approval. Mitaka
et al. [57] analyzed the risk of cardiovascular and renal effects of carperitide and nesiritide
for preventing and treating acute kidney injury in cardiovascular surgery patients. A meta-
analysis showed that carperitide infusion significantly decreased peak serum creatinine
levels, incidence of arrhythmia and renal replacement therapy. The meta-analysis also
showed that carperitide or nesiritide infusion significantly decreased the length of intensive
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care unit stay and hospital stay vs. controls. The authors concluded that NP treatment is
an interesting option to preserve postoperative renal function in cardiovascular surgery
patients [57]. Sezai et al. [58] investigated the efficacy of carperitide treatment for high-risk
patients undergoing coronary artery bypass grafting (CABG). In a randomized controlled
trial of 367 high-risk patients undergoing CABG, the primary endpoint was major adverse
cardiovascular and cerebrovascular events. There was no significant difference in survival
between the carpetide and placebo groups (p = 0.1651), but no patient from the carperitide
group started hemodialysis after operation, but 7 patients did in the placebo group and the
dialysis rate was significantly lower in the carperitide group (p = 0.0147). Serum creatinine
and BNP were also significantly lower in the carperitide group at 1 year postoperatively.
The authors concluded that in the early postoperative period, carperitide has a cardiorenal
protective effect that prevents postoperative cardiovascular and cerebrovascular events and
hemodialysis. Perioperative low-dose carperitide infusion was found useful in high-risk
patients undergoing on-pump CABG [58]. Zhao et al. [59] prepared a meta-analysis of
the efficacy and safety of nesiritide in patients with acute myocardial infarction and heart
failure. The results of trials involving 870 participants were included in the meta-analysis.
Nesiritide treatment significantly increased left ventricular ejection fraction, cardiac index
and 24 and 72 h urine volumes. Additionally, pulmonary capillary wedge pressure, right
atrial pressure and BNP and N-terminal brain natriuretic peptide (NT-proBNP) levels
were significantly decreased in patients treated with nesiritide, compared with those
treated with control drugs (“control drugs” were optimal pharmacotherapy according to
guidelines). The authors concluded that nesiritide appeared to improve cardiac function
and, moreover, was safe for patients [59]. The results of large clinical trials presented
by O’Conor et al. in 2011 failed to show a difference between nesiritide and placebo on
mortality or rehospitalization rate in this group of patients [60]. Other studies suggest that
protective effect is non-significant or borderline [61]; thus, large placebo-controlled studies
must be performed to clarify the role of these agents in clinical medicine.

Therapeutic stimulation with analogues of NP is interesting, but, unfortunately, in all
performed studies, populations were rather small and not homogenous. The multifactor
etiology of heart failure can explain why the presented results were different. All the
studies confirmed the safety of that therapeutic option and its efficacy in laboratory and
echocardiographic parameters describing disease progress, highly suggesting that this
therapeutic option must be considered. To clearly describe the parameters such as mortality
and hospitalizations rate, large placebo-controlled studies must be performed to describe
the role of NPs analogues in the treatment of heart failure.

4.2. Inhibition of Neprilysin

The second therapeutic option is the inhibition of degradation of NPs into inactive
metabolites; thus, real tissue concentration becomes higher. Neprilysin (NEP, EC 3.4.24.11)
is key enzyme responsible for degradation of vasoactive peptides, such as ANP, BNP and
CNP, but also adrenomedullin, angiotensin I and II, bradykinin and vasoactive intestinal
peptide. Some of these peptides, i.e., NPs or bradykinin, are responsible for vascular tone
regulation and modulation of remodeling in cardiovascular system, especially in heart fail-
ure. The spectrum of NEP actions is wider and includes peptides involved in neurodegen-
erative diseases (i.e., amyloid β, neurotensin), inflammation processes (i.e., neurokinin A,
calcitonin gene-related peptide), mitomitogenesis, angiogenesis and hypothalamic-pituary
axis. McMurray et al. [62] published results of the PARADIGM-HF trial. The study drug,
sacubitril/valsartan, was compared to the standard according to the current guidelines of
therapy, including enalapril and angiotensin converting enzyme inhibitor. The study was a
prospective, randomized, double-blind trial of 9,419 patients with NYHA class II-IV, heart
failure and reduced left ventricular ejection fraction, with confirmation by elevated NP
levels. The key exclusion criteria included symptomatic hypotension, SBP < 100 mm Hg,
serum potassium >5.2 mmol/L, eGFR < 30 mL/min or a history of angioedema. The trial
concluded early after meeting a pre-specified stopping point for compelling clinical benefit.
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After a median follow-up of 27 months, the sacubitril/valsartan group of patients had a
20% reduction in the combined endpoint of cardiovascular death or HF hospitalization.
All-cause mortality was also significantly lower in the valsartan/sacubitril group (17% vs.
19.8%) [62]. Clinical beneficial effect is predominantly dependent on ANP increase and par-
tially BNP, whereas there are no changes in CNP levels [63,64]. Meta-analysis from clinical
trials suggest the presence of a beneficial effect only in patients with reduced EF, whereas
in patients with EF > 45%, the effect is not significant [65,66]. Additional beneficial effects
were present during dual path treatment including NEP inhibition and angiotensin convert-
ing enzyme [67]. The benefits of the treatment are partially dose-dependent. Patients with
dose reduction effects were similar to the target dose group [68]. According to the current
guidelines of the European Society of Cardiology, the top target is the treatment of heart
failure with reduced ejection fraction patients. The spectrum of sacubitril action is much
wider and includes the possibility of arterial hypertension treatment [69] and treatment of
chronic kidney disease, especially in heart failure subjects [70]. Moreover, recently, a drug
was approved by the FDA for the treatment of heart failure with preserved ejection fraction.
In animal models, NEP plays a role in pathogenesis of several amyloid deposition diseases
such as age-related macular degeneration, cerebral amyloid angiopathy or sensorimotor
axonal polyneuropathy. As heart failure is a disease affecting elderly groups, neurological
benefits are valuable [71,72]. Studies performed with NEP inhibitors clearly presented the
relation between benefits and side effects. Pharmacological intervention was very effective
and safe; thus, NEP inhibitors became one of key groups in the treatment of heart failure
with a high possibility of an increase in their role in next guidelines.

Currently, NEP inhibition represents a powerful therapeutic tool in treating chronic
heart failure, but data suggest a potential role for the use of that pathway in a broader
spectrum of cardiovascular and non-cardiovascular disease.

4.3. Inhibition of Phosphodiesterases

In humans, three PDEs are selective and involved in cGMP actions. There are PDE5
located especially in cardiovascular system, PDE6 found in the retina and PDE9 present
in heart muscle and brain. In this condition, modulation of PDE5 and PDE9 function is
interesting as a cardiovascular therapeutic option [73–75].

The family of PDE5 inhibitors was discovered as a drug for heart failure treatment. The
key metabolic path was related to an increase in cGMP concentration, as PDE5 is responsible
for specific cGMP degradation. Currently, PDE5 inhibitors are an important therapeutic
option in the treatment of pulmonary hypertension and their concentration is the highest
in pulmonary circulation. PDE5 inhibitors are effective in the treatment of pulmonary
arterial hypertension, both primary and associated with systemic connective tissue disease,
in adults and children [76–79]. Pulmonary arterial hypertension is characterized by a
reduction in the production of NO in the endothelium with a simultaneous increase
in the expression and activity of PDE type 5 in smooth muscle cells of the pulmonary
arteries [76]. In the SUPER study (Sildenafil Use in Pulmonary Arterial Hypertension),
12 week treatment with sildenafil in 278 patients with pulmonary arterial hypertension
in WHO functional class II or III compared to placebo was associated with an extension
of 6 min walk distance and a decrease in pulmonary vascular resistance [80]. Similar
properties were also demonstrated by tadalafil, which was confirmed in the PHIRST
(Pulmonary Arterial Hypertension and Response to Tadalafil) study [81]. According
to the current guidelines of pharmacotherapy with PDE5 inhibitors is cornerstone of
pulmonary hypertension therapy [77,78]. In heart failure with reduced ejection fraction,
there are only some small clinical trials. A hemodynamic effect was confirmed. Sildenafil
decreased both resting and stress pulmonary pressure, pulmonary resistance, increased
cardiac index, right ventricle ejection fraction and improved peak oxygen consumption [82].
Unfortunately, PDE5 were not effective in the treatment of heart failure with preserved
ejection fraction [83]. Some studies and case reports describe the effectiveness of PDE5
before and after heart transplant in patients with pulmonary hypertension secondary
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to left ventricle heart failure [84]. PDE5 inhibitors, by stimulating the GCs pathways,
show a relatively selective vasodilator activity to the pulmonary arteries, and thus are
one of the basic groups used in pharmacotherapy of pulmonary hypertension. Moreover,
they can reverse their pathological remodeling and directly increase the contractility of
the overloaded right ventricle. Although data from clinical trials are limited, it appears
that these drugs may become an attractive and clinically beneficial therapeutic option for
patients with heart failure and secondary pulmonary hypertension.

PDE9 inhibition increases cGMP signaling and attenuates stress-induced hypertrophic
heart disease in preclinical studies. In the mouse transverse aortic constriction pressure
overload heart failure model, a PDE9 inhibitor, CRD-733 treatment reversed existing LV
hypertrophy, significantly improved left ventricle ejection fraction and attenuated left
atrial dilation. CRD-733 prevented elevations in left ventricle end diastolic pressures [85].
These findings support future investigation into the therapeutic potential of CRD-733 in
human heart failure [85–87]. Inhibition of brain PDE9 may improve synaptic plasticity,
behavior; thus, PDE9 inhibitors have been advanced into initial clinical studies to assess
the potential to improve cognitive function in patients with Alzheimer’s disease and
schizophrenia [75,88].

The inhibition of PDE5 is commonly used as an element in multi-compound ther-
apy of pulmonary hypertension and impotence, whereas historically, the primary target,
treatment of heart failure due to side effects, failed because of low tissue selectivity in
the cardiovascular system. In this condition, due to localization inside heart muscle cells
and the brain, pharmacotherapy with novel PDE9 inhibitors seems to be very promis-
ing not only in cardiology, but in geriatrics too. According to the results of first studies,
there is a huge chance for an effective and safe therapeutic option for both heart failure
and dementia patients.

4.4. Direct Activation of Soluble Guanylate Cyclase

Modulators of sGC have been developed to target this important signaling cascade in
the cardiovascular system. sGC stimulators display a dual directional action, synergistic
effect with endogenous NO and direct stimulation of the native form of the enzyme
independently of NO, resulting in increased cGMP production. sGC activators are able
to activate the dysfunctional heme-free sGC, resulting in increased cGMP production
even in reduced NO bioavailability [89,90]. In patients treated because of atherosclerosis
dependent diseases such as heart failure, coronary artery disease, arterial hypertension and
many others, the cornerstone of disease is endothelial dysfunction leading to depressed
NO production; thus, heme-dependent activation of sGC and production of cGMP will be
reduced. In that condition, there is only one possibility to stabilize cGMP levels; it is direct
stimulation of sGC by its activators.

Riociguat is the first sGC stimulator to have made a successful transition from ani-
mal experiments to controlled clinical studies in patients [91]. After clinical evaluation,
riociguat was accepted for the treatment of pulmonary arterial hypertension and chronic
thromboembolic pulmonary hypertension. In pulmonary arterial hypertension patients,
riociguat significantly improved exercise capacity and secondary efficacy endpoints in
patients with pulmonary arterial hypertension. The 6 min walk distance had significantly
increased by a mean of 30 m in the riociguat group and had decreased by a mean of 6 m in
the placebo group. Riociguat improved the 6 min walk distance both in patients who were
receiving no other treatment for the disease and in those who were receiving endothelin-
receptor antagonists or prostanoids. There were significant hemodynamic improvements
in pulmonary vascular resistance, NT-proBNP levels, WHO functional class, time to clinical
worsening and Borg dyspnea score [92]. Patients with chronic thromboembolic pulmonary
hypertension similar relations were observed in a riociguat group of patients: improve-
ment in 6 min walk test, decrease in pulmonary vascular resistance, NT-proBNP levels,
WHO functional class, quality of life [93]. Because of pharmacokinetic profile (short half
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lifetime) application of riociguat in other cardiovascular indications, such as heart failure,
is limited [94].

Heart failure as clinical indication for vericiguat treatment was evaluated in clinical
trials. One of the first of them was the SOCRATES-REDUCED study [95]. The key target
was to determine the dosage and safety of vericiguat, a soluble guanylate cyclase stimula-
tor, in patients with worsening chronic heart failure and reduced left ventricular ejection
fraction. A total of 456 patients, clinically stable with ejection fraction less than 45% and
a worsening chronic HF event. Vericiguat did not have a statistically significant effect on
change in NT-proBNP level at 12 weeks but was well-tolerated. In the VICTORIA study,
phase 3, randomized, double-blind, placebo-controlled trial, 5050 patients with chronic
heart failure and an ejection fraction of less than 45% were enrolled. Patients were ran-
domized to vericiguat or placebo, in addition to current guideline-based medical therapy.
Among patients with high-risk heart failure, the incidence of death from cardiovascular
causes or hospitalization for heart failure was lower among those who received vericiguat
than among those who received placebo [96]. Moreover, results of studies in patients with
chronic heart failure and preserved ejection fraction suggest that vericiguat treatment in
current regimen is not effective, but continuation of large clinical trials is necessary [97,98].
Among patients with CHF with recent decompensation, a novel strategy of sGC activation
was effective. Vericiguat compared with placebo was effective in reducing cardiovascular
death or hospitalization for heart failure, but with no reduction in all-cause mortality. In
this condition, vericiguat may represent a novel treatment option in heart failure patients
with recent decompensation.

Clinical trial confirmed efficacy of small molecule sGC activator vericiguat in patients
with heart failure with reduced ejection fraction. Due to the unequivocal results, it can
be expected that this therapeutic option will be included in the nearest guidelines for the
treatment of heart failure with reduced left ventricular systolic function. Unfortunately,
treatment of heart failure with preserved systolic function has been difficult to date, as there
is practically no therapeutic option with proven effectiveness. It is necessary to continue
clinical trials conducted in relatively large and homogeneous populations in order to obtain
conclusive results.

5. Conclusions and Perspective

Treatment based on modulation of GCs pathway function is one of the most promising
technologies in pharmacology. Pharmacological intervention is not only effective and
safe, but also provides a stable increase in the basal concentration of cGMP. The target for
all therapeutic options is similar: to increase in cGMP level. The effect can be achieved
by stimulation of guanylate cyclase-coupled receptors on cell surface with analogues of
NPs, inhibition of degradation of cGMP with blockade of dependent enzymes PDE5 and
PDE9 and inhibition of degradation of NPs into inactive metabolites by inhibition of
neprilysin or direct stimulation of sGC. For all therapeutic options, benefits in laboratory
and echocardiographic findings in cardiovascular diseases were confirmed.

Especially interesting is the role of sGC stimulators and sGC activators, able to increase
the enzymatic activity of sGC to generate cGMP independently of NO. Moreover, most
of these agents are effective in chronic treatment in heart failure patients and pulmonary
hypertension and have a potential to be a first line option especially in patients with
recurrent exacerbations. Additionally, the possibility to block PDE9 in heart failure and
dementia patients is very interesting. The confirmation of mortality and hospitalization
rate reduction was clearly presented for sGC activator, neprilysin inhibitor in heart failure
patients and PDE5 inhibitors in pulmonary hypertension patients. For all groups of patients,
it is necessary to continue clinical trials conducted in large and homogeneous populations
in order to obtain conclusive results to modify and extend indications for current and
novel agents.
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The modulation of the GC pathway presents the potential to be a key therapeutic
option in patients with atherosclerosis-related diseases, pulmonary hypertension and
diseases with reduced cognitive function in elderlies.
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Abbreviation

cAMP Cyclic Adenosine Monophosphate
CO carbon monoxide
FDA US Food and Drug Administration
GC guanylate cyclase
GC-A guanylate cyclase type A
GC-B guanylate cyclase type B
GC-C guanylate cyclase type C
GC-D guanylate cyclase type D
GC-E guanylate cyclase type E
GC-F guanylate cyclase type F
GC-G guanylate cyclase type G
sGC soluble guanylate cyclase
mGC guanylate cyclase-coupled receptor or membrane-bound guanylyl cyclase
GMP guanosine monophosphate
cGMP cyclic guanosine monophosphate
GTP guanosine triphosphate
LPS lipopolysaccharide/endotoxin
NP natriuretic peptide
ANP natriuretic peptide type A
BNP natriuretic peptide type B
CNP natriuretic peptide type C
NANC non-adrenergic, non-cholinergic
NEP neprilysin
NO nitric oxide
NOS nitric oxide synthase
NOS-1 neuronal nitric oxide synthase
NOS-2 cytokine-inducible nitric oxide synthase
NOS-3 endothelial nitric oxide synthase
PAH pulmonary arterial hypertension
PDE5 Phosphodiesterase type 5
PDE9 Phosphodiesterase type 9
PKG cGMP dependent protein kinase G
SNP sodium nitroprusside
TNFα tumor necrosis factor α
NT-proBNP N-terminal pro-brain natriuretic peptide
VASP vasodilator-stimulated phosphoprotein
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toxin on calcium influx in three contraction models. Biomed. Rep. 2014, 2, 584–588. [CrossRef] [PubMed]
44. Szadujkis-Szadurska, K.; Grzesk, G.; Szadujkis-Szadurski, L.; Gajdus, M.; Matusiak, G. Role of acetylcholine and calcium ions in

three vascular contraction models: Angiotensin II, phenylephrine and caffeine. Exp. Ther. Med. 2012, 4, 329–333. [CrossRef]
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50. Slupski, M.; Szadujkis-Szadurski, L.; Grześk, G.; Wlodarczyk, Z.; Masztalerz, M.; Piotrowiak, I.; Jasinski, M.; Szadujkis-Szadurski,
R.; Szadujkis-Szadurska, K. Guanylate Cyclase Activators Influence Reactivity of Human Mesenteric Superior Arteries Retrieved
and Preserved in the Same Conditions as Transplanted Kidneys. Transplant. Proc. 2007, 39, 1350–1353. [CrossRef]

51. Alderton, W.K.; Cooper, C.E.; Knowles, R.G. Nitric oxide synthases: Structure, function and inhibition. Biochem. J. 2001, 357,
593–615. [CrossRef]

52. Vo, P.A.; Lad, B.; Tomlinson, J.A.; Francis, S.; Ahluwalia, A. Autoregulatory Role of Endothelium-derived Nitric Oxide (NO)
on Lipopolysaccharide-induced Vascular Inducible NO Synthase Expression and Function. J. Biol. Chem. 2005, 280, 7236–7243.
[CrossRef]

53. Connelly, L.; Madhani, M.; Hobbs, A.J. Resistance to endotoxic shock in endothelial nitric-oxide synthase (eNOS) knock-out mice:
A pro-inflammatory role for eNOS-derived no in vivo. J. Biol. Chem. 2005, 280, 10040–10046. [CrossRef]

54. Piepoli, M.F.; Hoes, A.W.; Agewall, S.; Albus, C.; Brotons, C.; Catapano, A.L.; Cooney, M.T.; Corrà, U.; Cosyns, B.; Deaton,
C.; et al. 2016 European Guidelines on cardiovascular disease prevention in clinical practice: The Sixth Joint Task Force of the
European Society of Cardiology and Other Societies on Cardiovascular Disease Prevention in Clinical Practice (constituted by
representatives of 10 societies and by invited experts) Developed with the special contribution of the European Association for
Cardiovascular Prevention & Rehabilitation (EACPR). Eur. Heart J. 2016, 37, 2315–2381. [PubMed]

http://doi.org/10.1073/pnas.90.22.10464
http://doi.org/10.1038/s41598-018-19868-z
http://doi.org/10.1016/S0002-9440(10)64494-X
http://doi.org/10.1172/JCI200318743
http://www.ncbi.nlm.nih.gov/pubmed/14561709
http://doi.org/10.1080/17512433.2020.1826304
http://doi.org/10.1038/s41598-019-52049-0
http://doi.org/10.1093/chemse/bjt015
http://doi.org/10.1093/chemse/bjt044
http://www.ncbi.nlm.nih.gov/pubmed/24122319
http://doi.org/10.1007/s11010-009-0325-9
http://www.ncbi.nlm.nih.gov/pubmed/19941039
http://doi.org/10.1136/bjophthalmol-2018-313278
http://www.ncbi.nlm.nih.gov/pubmed/30679166
http://doi.org/10.1007/s00424-021-02551-0
http://doi.org/10.1042/BJ20100617
http://doi.org/10.15252/embj.201797155
http://doi.org/10.1007/s00441-020-03334-2
http://doi.org/10.3892/br.2014.274
http://www.ncbi.nlm.nih.gov/pubmed/24944813
http://doi.org/10.3892/etm.2012.573
http://doi.org/10.1016/j.mvr.2018.09.002
http://www.ncbi.nlm.nih.gov/pubmed/30218671
http://doi.org/10.3892/br.2014.396
http://www.ncbi.nlm.nih.gov/pubmed/14704472
http://doi.org/10.3892/etm.2012.846
http://www.ncbi.nlm.nih.gov/pubmed/23407814
http://doi.org/10.1016/j.transproceed.2007.02.079
http://doi.org/10.1042/bj3570593
http://doi.org/10.1074/jbc.M411317200
http://doi.org/10.1074/jbc.M411991200
http://www.ncbi.nlm.nih.gov/pubmed/27222591


Molecules 2021, 26, 3418 14 of 15

55. Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, J.G.F.; Coats, A.J.S.; Falk, V.; González-Juanatey, J.R.; Harjola, V.P.;
Jankowska, E.A.; et al. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for
the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC) Developed with the
special contribution of the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 2016, 37, 2129–2200.

56. Cuspidi, C.; Tadic, M.; Grassi, G.; Mancia, G. Treatment of hypertension: The ESH/ESC guidelines recommendations. Pharmacol.
Res. 2018, 128, 315–321. [CrossRef]

57. Mitaka, C.; Kudo, T.; Haraguchi, G.; Tomita, M. Cardiovascular and renal effects of carperitide and nesiritide in cardiovascular
surgery patients: A systematic review and meta-analysis. Crit. Care 2011, 15, R258. [CrossRef] [PubMed]

58. Sezai, A.; Nakata, K.-I.; Iida, M.; Yoshitake, I.; Wakui, S.; Hata, H.; Shiono, M. Results of Low-Dose Carperitide Infusion in
High-Risk Patients Undergoing Coronary Artery Bypass Grafting. Ann. Thorac. Surg. 2013, 96, 119–126. [CrossRef] [PubMed]

59. Zhao, X.; Zhang, D.Q.; Song, R.; Zhang, G. Nesiritide in patients with acute myocardial infarction and heart failure: A meta-
analysis. J. Int. Med. Res. 2020, 48, 300060519897194. [CrossRef]

60. O’Connor, C.; Starling, R.; Hernandez, A.; Armstrong, P.; Dickstein, K.; Hasselblad, V.; Heizer, G.; Komajda, M.; Massie, B.;
McMurray, J.; et al. Effect of Nesiritide in Patients with Acute Decompensated Heart Failure. N. Engl. J. Med. 2011, 365, 32–43.
[CrossRef] [PubMed]

61. Van Deursen, V.M.; Hernandez, A.F.; Stebbins, A.; Hasselblad, V.; Ezekowitz, J.A.; Califf, R.M.; Gottlieb, S.S.; O’Connor,
C.M.; Starling, R.C.; Tang, W.H.; et al. Nesiritide, renal function, and associated outcomes during hospitaliza-tion for acute
decompensated heart failure: Results from the Acute Study of Clinical Effectiveness of Nesiritide and Decompensated Heart
Failure (ASCEND-HF). Circulation 2014, 130, 958–965. [CrossRef] [PubMed]

62. McMurray, J.J.; Packer, M.; Desai, A.S.; Gong, J.; Lefkowitz, M.P.; Rizkala, A.R.; Rouleau, J.L.; Shi, V.C.; Solomon, S.D.; Swedberg,
K.; et al. Angiotensin–Neprilysin Inhibition versus Enalapril in Heart Failure. N. Engl. J. Med. 2014, 371, 993–1004. [CrossRef]

63. Grodin, J.L.; Liebo, M.J.; Butler, J.; Metra, M.; Felker, G.M.; Hernandez, A.F.; Voors, A.A.; McMurray, J.J.; Armstrong, P.W.;
O’Connor, C.; et al. Prognostic Implications of Changes in Amino-Terminal Pro–B-Type Natriuretic Peptide in Acute Decompen-
sated Heart Failure: Insights From ASCEND-HF. J. Card. Fail. 2019, 25, 703–711. [CrossRef]

64. Ibrahim, N.E.; McCarthy, C.P.; Shrestha, S.; Gaggin, H.K.; Mukai, R.; Szymonifka, J.; Apple, F.S.; Burnett, J.C.; Iyer, S.; Januzzi,
J.L. Effect of Neprilysin Inhibition on Various Natriuretic Peptide Assays. J. Am. Coll. Cardiol. 2019, 73, 1273–1284. [CrossRef]
[PubMed]

65. Solomon, S.D.; McMurray, J.J.; Anand, I.S.; Ge, J.; Lam, C.S.; Maggioni, A.P.; Martinez, F.; Packer, M.; Pfeffer, M.A.; Pieske, B.;
et al. Angiotensin–Neprilysin Inhibition in Heart Failure with Preserved Ejection Fraction. N. Engl. J. Med. 2019, 381, 1609–1620.
[CrossRef]

66. Solomon, S.D.; McMurray, J.J.V.; PARAGON-HF Steering Committee and Investigators. Angiotensin-Neprilysin Inhibition in
Heart Failure with Preserved Ejection Fraction: Reply. N. Engl. J. Med. 2020, 382, 1182–1183.

67. Solomon, S.D.; Claggett, B.; McMurray, J.J.; Hernandez, A.F.; Fonarow, G. Combined neprilysin and renin-angiotensin system
inhibition in heart failure with reduced ejection fraction: A meta-analysis. Eur. J. Heart Fail. 2016, 18, 1238–1243. [CrossRef]
[PubMed]

68. Vardeny, O.; Claggett, B.; Packer, M.; Zile, M.R.; Rouleau, J.; Swedberg, K.; Teerlink, J.R.; Desai, A.S.; Lefkowitz, M.; Shi, V.;
et al. Prospective Comparison of ARNI with ACEI to Determine Impact on Global Mortality and Morbidity in Heart Failure
(PARADIGM-HF) Investigators. Efficacy of sacubitril/valsartan vs. enalapril at lower than target doses in heart failure with
reduced ejection fraction: The PARADIGM-HF trial. Eur. J. Heart Fail. 2016, 18, 1228–1234. [PubMed]

69. Ruilope, L.M.; Dukat, A.; Böhm, M.; Lacourcière, Y.; Gong, J.; Lefkowitz, M.P. Blood-pressure reduction with LCZ696, a novel
du-al-acting inhibitor of the angiotensin II receptor and neprilysin: A randomised, double-blind, placebo-controlled, active
comparator study. Lancet 2010, 375, 1255–1266. [CrossRef]

70. Voors, A.A.; Gori, M.; Liu, L.C.Y.; Claggett, B.; Zile, M.; Pieske, B.; McMurray, J.J.V.; Packer, M.; Shi, V.; Lefkowitz, M.P.; et al.
Renal effects of the angiotensin receptor neprilysin inhibitor LCZ696 in patients with heart failure and preserved ejection fraction.
Eur. J. Heart Fail. 2015, 17, 510–517. [CrossRef]

71. Campbell, D.J. Long-term neprilysin inhibition—Implications for ARNIs. Nat. Rev. Cardiol. 2017, 14, 171–186. [CrossRef]
[PubMed]

72. Riddell, E.; Vader, J.M. Potential Expanded Indications for Neprilysin Inhibitors. Curr. Heart Fail. Rep. 2017, 14, 134–145.
[CrossRef]

73. Cote, R.H. Characteristics of Photoreceptor PDE (PDE6): Similarities and differences to PDE5. Int. J. Impot. Res. 2004, 16, S28–S33.
[CrossRef]

74. Maryam, A.; Vedithi, S.C.; Khalid, R.R.; Alsulami, A.F.; Torres, P.H.M.; Siddiqi, A.R.; Blundell, T.L. The Molecular Organization
of Human cGMP Specific Phosphodiesterase 6 (PDE6): Structural Implications of Somatic Mutations in Cancer and Retinitis
Pigmentosa. Comput. Struct. Biotechnol. J. 2019, 17, 378–389. [CrossRef]

75. Ribaudo, G.; Memo, M.; Gianoncelli, A. A Perspective on Natural and Nature-Inspired Small Molecules Targeting Phos-
phodiesterase 9 (PDE9): Chances and Challenges against Neurodegeneration. Pharmaceuticals 2021, 14, 58. [CrossRef]

76. Montani, D.; Günther, S.; Dorfmüller, P.; Perros, F.; Girerd, B.; Garcia, G.; Jaïs, X.; Savale, L.; Artaud-Macari, E.; Price, L.C.; et al.
Pulmonary arterial hypertension. Orphanet. J. Rare Dis. 2013, 8, 97. [CrossRef]

http://doi.org/10.1016/j.phrs.2017.10.003
http://doi.org/10.1186/cc10519
http://www.ncbi.nlm.nih.gov/pubmed/22032777
http://doi.org/10.1016/j.athoracsur.2013.03.090
http://www.ncbi.nlm.nih.gov/pubmed/23702231
http://doi.org/10.1177/0300060519897194
http://doi.org/10.1056/NEJMoa1100171
http://www.ncbi.nlm.nih.gov/pubmed/21732835
http://doi.org/10.1161/CIRCULATIONAHA.113.003046
http://www.ncbi.nlm.nih.gov/pubmed/25074507
http://doi.org/10.1056/NEJMoa1409077
http://doi.org/10.1016/j.cardfail.2019.04.002
http://doi.org/10.1016/j.jacc.2018.12.063
http://www.ncbi.nlm.nih.gov/pubmed/30898202
http://doi.org/10.1056/NEJMoa1908655
http://doi.org/10.1002/ejhf.603
http://www.ncbi.nlm.nih.gov/pubmed/27364182
http://www.ncbi.nlm.nih.gov/pubmed/27283779
http://doi.org/10.1016/S0140-6736(09)61966-8
http://doi.org/10.1002/ejhf.232
http://doi.org/10.1038/nrcardio.2016.200
http://www.ncbi.nlm.nih.gov/pubmed/27974807
http://doi.org/10.1007/s11897-017-0327-y
http://doi.org/10.1038/sj.ijir.3901212
http://doi.org/10.1016/j.csbj.2019.03.004
http://doi.org/10.3390/ph14010058
http://doi.org/10.1186/1750-1172-8-97


Molecules 2021, 26, 3418 15 of 15

77. Barnes, H.; Brown, Z.; Burns, A.; Williams, T. Phosphodiesterase 5 inhibitors for pulmonary hypertension. Cochrane Database Syst.
Rev. 2019, 1, CD012621. [CrossRef]

78. Mayeux, J.D.; Pan, I.Z.; Dechand, J.; Jacobs, J.A.; Jones, T.L.; McKellar, S.H.; Beck, E.; Hatton, N.D.; Ryan, J.J. Management of
Pulmonary Arterial Hypertension. Curr. Cardiovasc. Risk Rep. 2021, 15, 1–24. [CrossRef] [PubMed]

79. Frank, B.S.; Ivy, D.D. Diagnosis, Evaluation and Treatment of Pulmonary Arterial Hypertension in Children. Children 2018, 5, 44.
[CrossRef]

80. Galiè, N.; Ghofrani, A.; Torbicki, A.; Barst, R.J.; Rubin, L.J.; Badesch, D.; Fleming, T.; Parpia, T.; Burgess, G.; Branzi, A.; et al.
Sildenafil Citrate Therapy for Pulmonary Arterial Hypertension. N. Engl. J. Med. 2005, 353, 2148–2157. [CrossRef] [PubMed]

81. Galiè, N.; Brundage, B.H.; Ghofrani, H.A.; Oudiz, R.J.; Simonneau, G.; Safdar, Z.; Shapiro, S.; White, R.J.; Chan, M.; Beardsworth,
A.; et al. Tadalafil therapy for pulmonary arterial hypertension. Circulation 2009, 119, 2894–2903. [CrossRef]

82. Lewis, G.D.; Lachmann, J.; Camuso, J.; Lepore, J.J.; Shin, J.; Martinovic, M.E.; Systrom, D.M.; Bloch, K.D.; Semigran, M.J.
Sildenafil im-proves exercise hemodynamics and oxygen uptake in patients with systolic heart failure. Circulation 2007, 115,
59–66. [CrossRef] [PubMed]

83. Redfield, M.M.; Chen, H.H.; Borlaug, B.A.; Semigran, M.J.; Lee, K.L.; Lewis, G.; LeWinter, M.M.; Rouleau, J.L.; Bull, D.A.; Mann,
D.L.; et al. Effect of phosphodiesterase-5 inhibition on exercise capacity and clinical status in heart failure with preserved ejection
fraction: A randomized clinical trial. JAMA 2013, 309, 1268–1277. [CrossRef]

84. Pons, J.; Leblanc, M.-H.; Bernier, M.; Cantin, B.; Bourgault, C.; Bergeron, S.; Proulx, G.; Morin, J.; Nalli, C.; O’Connor, K.; et al.
Effects of chronic sildenafil use on pulmonary hemodynamics and clinical outcomes in heart transplantation. J. Heart Lung
Transplant. 2012, 31, 1281–1287. [CrossRef] [PubMed]

85. Richards, D.A.; Aronovitz, M.J.; Liu, P.; Martin, G.L.; Tam, K.; Pande, S.; Karas, R.H.; Bloomfield, D.M.; Mendelsohn, M.E.;
Blanton, R.M. CRD-733, a Novel PDE9 (Phosphodiesterase 9) Inhibitor, Reverses Pressure Overload-Induced Heart Failure. Circ.
Heart Fail. 2021, 14, e007300. [CrossRef]

86. Pinilla-Vera, M.; Hahn, V.S.; Kass, D.A. Leveraging Signaling Pathways to Treat Heart Failure with Reduced Ejection Fraction.
Circ. Res. 2019, 124, 1618–1632. [CrossRef]

87. Kokkonen-Simon, K.M.; Saberi, A.; Nakamura, T.; Ranek, M.J.; Zhu, G.; Bedja, D.; Kuhn, M.; Halushka, M.K.; Lee, D.I.; Kass, D.A.
Marked disparity of microRNA modulation by cGMP-selective PDE5 versus PDE9 inhibitors in heart disease. JCI Insight. 2018, 3,
e121739. [CrossRef] [PubMed]

88. Patel, N.S.; Klett, J.; Pilarzyk, K.; Lee, D.I.; Kass, D.; Menniti, F.S.; Kelly, M.P. Identification of new PDE9A isoforms and how their
expression and subcellular compartmentalization in the brain change across the life span. Neurobiol. Aging 2018, 65, 217–234.
[CrossRef]

89. Stasch, J.-P.; Hobbs, A. NO-Independent, Haem-Dependent Soluble Guanylate Cyclase Stimulators. Handb. Exp. Pharmacol. 2009,
191, 277–308.

90. Schmidt, H.H.H.W.; Schmidt, P.M.; Stasch, J.-P. NO- and Haem-Independent Soluble Guanylate Cyclase Activators. Handb. Exp.
Pharmacol. 2009, 191, 309–339.

91. Stasch, J.P.; Evgenov, O.V. Soluble guanylate cyclase stimulators in pulmonary hypertension. Handb. Exp. Pharmacol. 2013, 218,
279–313. [PubMed]

92. Ghofrani, H.-A.; Galiè, N.; Grimminger, F.; Grünig, E.; Humbert, M.; Jing, Z.-C.; Keogh, A.M.; Langleben, D.; Kilama, M.O.;
Fritsch, A.; et al. Riociguat for the Treatment of Pulmonary Arterial Hypertension. N. Engl. J. Med. 2013, 369, 330–340. [CrossRef]
[PubMed]

93. Ghofrani, H.-A.; D’Armini, A.M.; Grimminger, F.; Hoeper, M.; Jansa, P.; Kim, N.H.; Mayer, E.; Simonneau, G.; Wilkins, M.R.;
Fritsch, A.; et al. Riociguat for the Treatment of Chronic Thromboembolic Pulmonary Hypertension. N. Engl. J. Med. 2013, 369,
319–329. [CrossRef] [PubMed]

94. Frey, R.; Mück, W.; Unger, S.; Artmeier-Brandt, U.; Weimann, G.; Wensing, G. Single-Dose Pharmacokinetics, Pharmacodynamics,
Tolerability, and Safety of the Soluble Guanylate Cyclase Stimulator BAY 63-2521: An Ascending-Dose Study in Healthy Male
Volunteers. J. Clin. Pharmacol. 2008, 48, 926–934. [CrossRef] [PubMed]

95. Gheorghiade, M.; Greene, S.J.; Butler, J.; Filippatos, G.; Lam, C.S.; Maggioni, A.P.; Ponikowski, P.; Shah, S.J.; Solomon, S.D.;
Kraigher-Krainer, E.; et al. Effect of Vericiguat, a Soluble Guanylate Cyclase Stimulator, on Natriuretic Pep-tide Levels in Patients
with Worsening Chronic Heart Failure and Reduced Ejection Fraction: The Socrates-Reduced Randomized Trial. JAMA 2015, 314,
2251–2262. [CrossRef] [PubMed]

96. Armstrong, P.W.; Pieske, B.; Anstrom, K.J.; Ezekowitz, J.; Hernandez, A.F.; Butler, J.; Lam, C.S.; Ponikowski, P.; Voors, A.A.; Jia, G.;
et al. Vericiguat in Patients with Heart Failure and Reduced Ejection Fraction. N. Engl J. Med. 2020, 382, 1883–1893. [CrossRef]
[PubMed]

97. Filippatos, G.; Maggioni, A.P.; Lam, C.S.; Pieske-Kraigher, E.; Butler, J.; Spertus, J.; Ponikowski, P.; Shah, S.J.; Solomon, S.D.;
Scalise, A.V.; et al. Vericiguat in patients with worsening chronic heart failure and preserved ejection fraction: Results of the
Soluble Guanylate Cyclase Stimulator in Heart Failure Patients with Preserved EF (Socrates-Preserved) Study. Eur. Heart J. 2017,
38, 1119–1127.

98. Armstrong, P.W.; Lam, C.S.P.; Anstrom, K.J.; Ezekowitz, J.; Hernandez, A.F.; O’Connor, C.M.; Pieske, B.; Ponikowski, P.; Shah,
S.J.; Solomon, S.D.; et al. Effect of Vericiguat vs Placebo on Quality of Life in Patients with Heart Failure and Preserved Ejection
Fraction: The Vitality-HFpEF Randomized Clinical Trial. JAMA 2020, 324, 1512–1521. [CrossRef] [PubMed]

http://doi.org/10.1002/14651858.CD012621.pub2
http://doi.org/10.1007/s12170-020-00663-3
http://www.ncbi.nlm.nih.gov/pubmed/33224405
http://doi.org/10.3390/children5040044
http://doi.org/10.1056/NEJMoa050010
http://www.ncbi.nlm.nih.gov/pubmed/16291984
http://doi.org/10.1161/CIRCULATIONAHA.108.839274
http://doi.org/10.1161/CIRCULATIONAHA.106.626226
http://www.ncbi.nlm.nih.gov/pubmed/17179022
http://doi.org/10.1001/jama.2013.2024
http://doi.org/10.1016/j.healun.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/23127754
http://doi.org/10.1161/CIRCHEARTFAILURE.120.007300
http://doi.org/10.1161/CIRCRESAHA.119.313682
http://doi.org/10.1172/jci.insight.121739
http://www.ncbi.nlm.nih.gov/pubmed/30089721
http://doi.org/10.1016/j.neurobiolaging.2018.01.019
http://www.ncbi.nlm.nih.gov/pubmed/24092345
http://doi.org/10.1056/NEJMoa1209655
http://www.ncbi.nlm.nih.gov/pubmed/23883378
http://doi.org/10.1056/NEJMoa1209657
http://www.ncbi.nlm.nih.gov/pubmed/23883377
http://doi.org/10.1177/0091270008319793
http://www.ncbi.nlm.nih.gov/pubmed/18519919
http://doi.org/10.1001/jama.2015.15734
http://www.ncbi.nlm.nih.gov/pubmed/26547357
http://doi.org/10.1056/NEJMoa1915928
http://www.ncbi.nlm.nih.gov/pubmed/32222134
http://doi.org/10.1001/jama.2020.15922
http://www.ncbi.nlm.nih.gov/pubmed/33079152

	Introduction 
	Guanylate Cyclases 
	NO Production 
	Pharmacological Intervention 
	Natriuretic Peptides Analogues 
	Inhibition of Neprilysin 
	Inhibition of Phosphodiesterases 
	Direct Activation of Soluble Guanylate Cyclase 

	Conclusions and Perspective 
	References

