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Abstract: The pathogenesis of complex diseases such as pulmonary arterial hypertension (PAH) is
entirely rooted in changes in the expression of some vasoactive factors. These play a significant
role in the onset and progression of the disease. Indeed, PAH has been associated with pathophys-
iologic alterations in vascular function. These are often dictated by increased oxidative stress and
impaired modulation of the nitric oxide (NO) pathway. NO reduces the uncontrolled proliferation
of vascular smooth muscle cells that leads to occlusion of vessels and an increase in pulmonary
vascular resistances, which is the mainstay of PAH development. To date, two classes of NO-pathway
modulating drugs are approved for the treatment of PAH: the phosphodiesterase-5 inhibitors (PD5i),
sildenafil and tadalafil, and the soluble guanylate cyclase activator (sGC), riociguat. Both drugs
provide considerable improvement in exercise capacity and pulmonary hemodynamics. PD5i are the
recommended drugs for first-line PAH treatment, whereas sGCs are also the only drug approved
for the treatment of resistant or inoperable chronic thromboembolic pulmonary hypertension. In
this review, we will focus on the current information regarding the nitric oxide pathway and its
modulation in PAH.

Keywords: pulmonary arterial hypertension; nitric oxide; riociguat; right ventricle

1. Introduction

Pulmonary hypertension (PH) is a clinical condition defined by the presence of a mean
pulmonary arterial pressure (mPAP) higher than 20 mmHg, assessed invasively by right
heart catheterization [1,2]. Several conditions can lead to its development and the most
common are left heart failure, pulmonary parenchymal diseases, and chronic pulmonary
thromboembolism. Regardless of its cause, PH commonly progresses to right heart failure
and death. A rare but well-characterized cause of PH is pulmonary arterial hypertension
(PAH), which is a chronic and progressive vascular disease of the lung microcirculation
whose hallmark is the presence of plexiform lesions [1]. Once considered an orphan disease
with an inexorable poor prognosis, PAH is a valuable prototype of a rare and severe disease
whose natural course has been transformed by research and clinical example. Indeed, since
the first trial of Barst and co-authors using epoprostenol in 1996 [3], nowadays, twelve
molecules belonging to three different classes have been approved for PAH treatment.
These drugs are able to modulate three different molecular pathways [1]. Chiefly, the
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nitric oxide (NO) pathway has been extensively investigated. To date, three molecules
modulating this pathway have been approved, two belonging to the category of PD5i
(sildenafil and tadalafil) for first-line therapy and one to the sGC category (riociguat) for
second-line treatment in case of lack of improvement with PD5i [1]. Clearly, the NO
pathway plays a pivotal role in PH; therefore, the aim of this narrative review is to elucidate
its function and the clinical implication of its modulation.

2. Overview of the NO Pathway

Nitric oxide (NO) is a critical component of vasculature and works by activating
soluble guanylate cyclase (sGC), which catalyzes the conversion of guanosine triphosphate
(GTP) to cyclic guanosine monophosphate (cGMP) [4,5]. As a potent vasodilator, NO is
a key signal regulator of numerous physiological functions. Indeed, NO is responsible
for blood vessels’ tone, perfusion, and function in all major organs. It demonstrates
ubiquitous effects such as modulating synaptic plasticity in the brain, platelet aggregation,
skin function, and numerous other physiological processes such as myocardial function.
NO fulfils its function by targeting and activating soluble guanylate cyclase (sGC) [6–8].
Several early studies played key roles in elucidating the mechanism of the NO–sGC–cGMP
signaling pathway. These reports elucidated that endogenous NO is synthetized from
arginine by a group of three calmodulin-dependent NO synthase (NOS) enzymes. Two
of these NOS enzymes are constitutively expressed, namely endothelial NOS (eNOS)
and neuronal NOS (nNOS), whose activities are stimulated by increases in intracellular
calcium [9]. The third class of NOS enzymes are those involved in immune reactions and are
induced (iNOS) by transcriptional activation mediated by specific cytokine combinations [9].
The reaction of NO synthesis is catalyzed in all cases by a five-electron oxidation of arginine
with the consequent formation of NO and citrulline (Figure 1).
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3. NOS Regulation under Physiological Conditions

eNOS is a 133 kDa protein encoded by the NOS3 gene and it is expressed in en-
dothelial cells (from vascular endothelium and endocardium) but also in cardiac myocytes
and platelets [10–12]. Arginine bioavailability is the limiting factor of its production. In
its absence, monomeric eNOS is unable to supply electrons to the heme center of other
eNOS monomers. Therefore, the electrons of the eNOS monomer are transferred to a posi-
tion where they interact with oxygen, thus facilitating the formation of superoxide [4,13].
Consequently, eNOS monomer dimerization is crucial for proper enzymatic activity and,
subsequently, NO production. eNOS regulation is a complex process mainly ruled by
phosphorylation and dephosphorylation and one of the principal regulators is heat shock
protein 90 (HSP90). Indeed, silencing of this protein seems to sensibly destabilize eNOS
dimers. Phosphorylation of the NH2-terminal oxygenase domain activates the ability of the
eNOS monomer to bind zinc, heme, and tetrahydrobiopterin (BH4) and coordinates eNOS
homodimer formation. G-protein coupled receptor (GPCR) kinase-interacting protein-1
(GIT1) tyrosine phosphorylation by Src is what activates eNOS; Akt regulates both Src’s
capacity to phosphorylate GIT1 and the interaction between GIT1 and eNOS [4]. Several
transcriptional activators have been identified and, among them, there are shear stress and
stretch and Krüppel-like factor 2 (KLF2) [14], but also reactive oxygen species (ROS, such as
hydrogen peroxide (H2O2)). Moreover, eNos can also be regulated epigenetically through
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DNA methylation, and several eNOS polymorphisms influencing gene expression have
been identified [15,16]. On the other hand, iNOS is a protein of 130 kDa that is encoded by
the NOS2 gene. As mentioned before, iNOS transcription is activated because of a specific
cytokine expression pattern that happens in pro-inflammatory conditions, for example,
and is expressed in various cell types as leukocytes, endothelial cells, vascular smooth
muscle cells (VSMCs), cardiac myocytes, nerve cells, and fibroblasts [17–19]. As stated
above, iNOS activity is calcium-independent and maintains, therefore, a high NO output
until exhaustion of the substrate and cofactors or enzyme degradation [19,20]. Finally,
nNOS is encoded by the NOS1 gene. nNOS is abundantly expressed in neurons and many
of its functions are associated with the control of neuronal homeostasis. Additionally, it
has been demonstrated that nNOS is also expressed in other cell types such as endothelial
and smooth muscle cells, thus associating nNOS with an important role in regulating
homeostasis in human vasculature [21].

4. NOS Downstream Signaling and Its Effects on Cardiovascular System

The principal intracellular target for NO is recognized to be soluble guanylate cyclase
(sGC), which converts GTP into the second messenger cyclic guanosine monophosphate
(cGMP) [22]. cGMP is responsible for a variety of downstream effects such as leucocyte ad-
hesion, relaxation of the vascular smooth muscle, and inhibition of platelet aggregation [23].
Downstream occurrences in this pathway seem to be highly dependent on the cell type, and
the expression of pathway components can also vary considerably depending on the tissue
or whether it is physiological or pathological. Briefly, the pathway can be summarized as
follows: the conversion of arginine to citrulline and NO activates sGC, whose enzymatic
activity converts GTP to cGMP, which is the second messenger [24].

cGMP downstream effects are mediated by several effectors that are commonly known
as cGMP-regulated protein kinases (abbreviated as cGKs or PKGs), which are responsible
for the phosphorylation of cGMP target protein. This signaling cascade can be disrupted
by cGMP hydrolysis via phosphodiesterases (PDEs) or cGMP export [24].

As aforementioned, all three isoforms of NOS have been detected in mammalian car-
diomyocytes, vascular endothelial cells, and vascular smooth muscle cells (VSMCs) [12,25].
Moreover, it has been demonstrated that eNOS-synthesized NO induces a slow increase
in sarcomere shortening and Ca2+ transient amplitude through the enhancement of Ca2+

release from the sarcoplasmic reticulum (SR) [26]. Conversely, nNOS seems to be involved
in spontaneous diastolic Ca2+ sparks in afterload-constrained cardiac myocytes. The NOS
enzymes also regulate cardiac myocyte basal contractility and β-adrenergic responsive-
ness [27]. However, the effects may differ according to the anatomical variations between
atria and ventricles, between whole hearts and isolated myocytes, and between species [28].
In the vessel wall, eNOS-mediated NO synthesis promotes relaxation and inhibits the pro-
liferation of VMSC, while, when diffusing in the lumen, it mediates angiogenesis, inhibits
platelet aggregation, and, in turn, prevents the occurrence of thrombosis. Synthesis of NO
by nNOS within VSMCs also contributes to the regulation of vascular tone [29].

Under physiological conditions, NOS–NO signaling has both autocrine and paracrine
effects and mediates cardiovascular function by activating several downstream pathways
involved in the regulation of vascular function, hemostasias, and cardiac myocyte func-
tion [29]. In particular, in the healthy myocardium, NO activates the sGC–cGMP protein
kinase (PKG) pathway and regulates intracellular Ca2+ levels in two main ways. The first
consists of direct phosphorylation of myosin-binding protein C (MYBPC) and troponin I
(TnI), which are responsible for the reduction in myofilament Ca2+ sensitivity (Figure 2).
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Figure 2. NO effects on the healthy myocardium. NOS–NO signaling effects on cardiovascular
function are mediated through direct phosphorylation of myosin-binding protein C (MYBPC) and
troponin I (TnI), which are responsible for the reduction in myofilament Ca2+ sensitivity.

The latter consists of the block of Ca2+ influx through the inhibition of the sarcolemma
L-type Ca2+ channel (LTCC) at the transverse-tubule–SR junction. The reduction in cy-
tosolic Ca2+ concentration is also supported and encouraged by NO produced by nNOS
through the activation of PKG that phosphorylates phospholamban (PLB), which uncou-
ples from the sarcoplasmic/endoplasmic reticulum calcium-ATPase (SERCA) pump and
is free to mediate the reuptake of Ca2+ from the cytoplasm to the sarcoplasmic reticulum
(SR). Inhibition by nNOS of xanthine oxidoreductase (XOR) also promotes the decrease
in sarcomeric protein Ca2+ sensitivity [30] (Figure 3). Conditions in which the normal
production and/or NO targeting are disrupted are potentially pathologic, and reduced
NO generation by NOS typically coexists with its increased synthesis of O2

−, which is a
condition referred to as NOS uncoupling [31].

Another aspect that needs to be considered is the expression of iNOS in the my-
ocardium. iNOS is expressed only in tissues stimulated by cytokines. In disease states,
the expression of iNOS has been clearly demonstrated in the heart, including cardiac my-
ocytes [32]. Interferon (IFN)-γ and IL-6 have also been shown to induce iNOS mRNA and
activity in cardiac myocytes [18,33].

So, the impairment of endothelium-dependent, NO-mediated vasodilator function is
a generalized phenomenon in heart failure. As in other pathologies in which endothelial
dysfunction has been observed, in heart failure, there is a clear loss in the end endothelial
production and/or bioavailability of NO. The reduction in eNOS expression or reduced
bioavailability of NO secondary to oxidative inactivation by superoxide (O−) are some of
the possible leading causes of endothelial dysfunction [34].
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Figure 3. The NO pathway in cardiac myocytes. A schematic illustration of Ca2+ fluxes during
excitation-contraction in ventricular cardiomyocytes. This diagram depicts the most representa-
tive protein complexes and intercellular organelles involved in the cardiac excitation-contraction
coupling. Efficient systolic contraction and diastolic relaxation is reliant on efficient Ca2+ handling
through several processes. Diffusion of Ca2+ into the cytosol through LTCC, L-type Ca2+ channel;
Ca2+-induced-Ca2+-release from the ryanodine receptors (RyRs); Sequestration of Ca2+ back in to
the sarcoplasmic reticulum via the important Ca2+ pump sarco/endoplasmic reticulum Ca2+ AT-
Pase (SERCA); and Expulsion of Ca2+ from the cell via sodium-calcium exchanger pumps (NCX);
PLB, phopholamban; Ca2+, calcium.

5. NO–GC Pathway in PAH

The role of NO regulation in PAH is particularly intriguing. All three NOS isoforms
are expressed by the pulmonary vasculature but not all are involved in the same way in
the pathogenesis of PAH. Fagan et al. demonstrated that only the ablation on eNOS is
crucial for the establishment of increased pulmonary pressure in mouse lung. Disruption of
iNOS signaling only has a few effects on the pulmonary pressure level, in particular, only
very mild elevated PAP, while nNOS disruption did not have any effect [35]. However, the
inflammatory state established in PAH may induce iNOS, so its role in pathogenesis cannot
be entirely excluded. Nevertheless, dysregulation of eNOS is not the exclusive cause of
PAH; indeed, Fagan et al. showed that eNOS knock-out rats had increased levels of iNOS
and consequent increased circulating NO, which suggests a compensatory effect [35,36].
The whole picture is complicated by the presence of concomitant factors that increase and
decrease eNOS expression in PAH. Furthermore, endothelial cell lesions and plexiform
regions tend to be topically located in the pulmonary arteries in PAH, contributing to focal
discrepancies in eNOS expression. The mechanisms involved in eNOS regulation in PAH
include growth factors, endothelin-1 and serotonin. In addition, pulmonary blood flow
is sped up in PAH and this leads to stress, which is a potent inducer for eNOS [37–40].
Vascular endothelial growth factor (VEGF) can also induce the production of NO, which is
mainly produced in PAH plexiform lesions and participates in vascular remodeling [37].
Indeed, the capability of NO to reduce the uncontrolled proliferation of vascular smooth
muscle cells that lead to the occlusion of vessels and an increase in pulmonary vascular
resistances (more than a mere vasodilation) is believed to be the main mechanism of action
of PD5i and sGC in PAH.
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6. Modulation of Pulmonary Vascular NO in PAH

Three major molecular pathways have been demonstrated to be involved in the develop-
ment of PAH and are the target for twelve molecules: the endothelin pathway, the prostacyclin
pathway, and the nitric oxide/cyclic guanosine monophosphate (cGMP) pathway.

To date, two classes of drugs modulating the NO/cGMP pathway have been approved
in pulmonary arterial hypertension treatment: phosphodiesterase type 5 (PDE5) inhibitors
and the soluble guanylate cyclase stimulator (sGC).

6.1. Phosphodiesterase Type 5 Inhibitors

Three PDE5 inhibitors have been mainly evaluated in patients with PAH: sildenafil,
tadalafil, and vardenafil. Several uncontrolled studies have reported the positive effects
of sildenafil in once so-called primary pulmonary hypertension [41–43]. In 2004, Sastry
et al. performed the first controlled trial of sildenafil and compared it with a placebo [43,44].
In this randomized double-blind study, 22 patients with idiopathic pulmonary arterial
hypertension, in class II–III of NYHA, were randomized, and 12 of them received placebo
and 10 sildenafil. Patients included were evaluated with Doppler echocardiography and
a treadmill exercise test after six weeks; at the end of this period, they crossed over to
alternate therapy for other six weeks. The authors considered a change in exercise time
on the treadmill using the Naughton protocol as the primary endpoint. The results of
the study showed a 44% increase in the mean from 475 ± 168 s at the end of the placebo
phase to 686 ± 224 s at the end of the sildenafil phase (p < 0.0001). Regarding the secondary
endpoints, the cardiac index was significantly improved from 2.80 ± 0.90 L/m2 at the
end of the placebo phase to 3.45 ± 1.16 L/m2 at the end of six weeks of sildenafil therapy
(p < 0.0001); similar beneficial results were observed in clinical outcomes regarding dyspnea
and fatigue. In contrast, a significant change in pulmonary artery systolic pressure was not
seen between both phases.

The effects of different dosages of sildenafil were evaluated in SUPER-I (Sildenafil Use
in Pulmonary Arterial Hypertension) [45]. This placebo-controlled clinical trial included
277 patients; all of the study population was randomized in four treatment groups: three
groups received sildenafil at different dosages of 20 mg (n = 69), 40 mg (n = 67), or 80 mg
(n = 71), and the last group was placebo (n = 70). After 12 weeks, exercise capacity was
assessed by the mean of six-minutes walking distance (6MWD) and the times improved in
all subgroups receiving sildenafil; specifically, the improvement was better in the group
with a higher dose of sildenafil (+13% in 20 mg group, +13.3% in 40 mg group and +14.7% in
80 mg group) (p < 0.001, for all comparisons). Furthermore, sildenafil significantly improved
the cardiopulmonary hemodynamics and World Health Organization (WHO) functional
class of the groups after 12 weeks, as compared with changes in the placebo group.

Further studies compared adding sildenafil to others classes of drugs indicated for
use in PAH treatment to evaluate a combination therapy. In particular, intravenous
epoprostenol, a prostacyclin analogue, was used before sildenafil in pulmonary arterial
hypertension. In this regard, the Pulmonary Arterial Hypertension Combination Study
of Epoprostenol and Sildenafil (PACES study) showed some favorable effects of adding
sildenafil to epoprostenol [46] in a study population with pulmonary arterial hyperten-
sion in long-term treatment with intravenous epoprostenol. All of the 264 patients were
randomly assigned to a placebo group (n = 133) or sildenafil group (n = 134). At the end
of 16 weeks, the authors analyzed the change in exercise capacity measured by 6MWD
and defined the primary outcome of the study between patients receiving sildenafil plus
epoprostenol and epoprostenol monotherapy. The increase in distance was about 30 m for
the sildenafil group (p < 0.001 vs. placebo). Furthermore, the addition of sildenafil had
positive effects on hemodynamic evaluation compared with epoprostenol alone. In fact,
the combination therapy improved mean pulmonary arterial pressure, systemic vascular
resistance, pulmonary vascular resistance, and cardiac output, as well as lengthening the
time to clinical worsening. A relevant result was that patients with higher walking capacity
at baseline had the most benefit in exercise capacity using combination therapy.
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Tadalafil is another treatment option as a phosphodiesterase type 5 inhibitor. The aim
of the PHIRST study (Pulmonary Arterial Hypertension and Response to Tadalafil) was
to evaluate the effects of tadalafil in 405 patients randomized in five groups: four groups
with different dosages of the drug (2.5, 10, 20, and 40 mg) and a placebo group [47]. The
study population included treatment-naïve or background therapy with bosentan (53%
of enrolled). After a duration of 16 weeks, the distance walked in 6MWD increased in a
dose-dependent way, but only the 40 mg tadalafil group reached the value of statistical
significance (p < 0.01). Specifically, the improvement in exercise capacity with the high-
est dosage of tadalafil was higher in naïve patients (44 m) than in the population with
background bosentan therapy (23 m), although this was not statistically significant. The
incidence of clinical worsening, a secondary endpoint, was decreased in the 40 mg tadalafil
group versus placebo.

Following the previous studies, the EVALUATION study (Efficacy and Safety of
Vardenafil in the Treatment of Pulmonary Arterial Hypertension) aimed to assess the
efficacy and safety of vardenafil in patients with pulmonary hypertension [48]. Sixty-
six invited patients were randomly divided in two groups in the ratio 2:1, vardenafil vs.
placebo, for a duration of 12 weeks. After 12 weeks, all of the study population was
administered 5 mg of vardenafil twice daily for a further 12 weeks. The mean 6MWD,
the primary outcome, was significant increased (69 m; p < 0.001), and this result was
confirmed at the end of the entire study (24 weeks). Concerning hemodynamic outcomes,
the administration of vardenafil caused a reduction in pulmonary vascular resistance
(24.7 Wood U, p < 0.003) and mean pulmonary arterial pressure (25.3 mm Hg, p < 0.047) and
was associated with an improvement in cardiac index (0.39 L min/m2; p = 0.005). However,
one of the main limitations of PD5i is its dependence on endogenous NO levels.

6.2. Soluble Guanylate Cyclase-Stimulator (sGC)

As already stated, soluble guanylate cyclase catalyzes the conversion of GTP into
cGMP and is made up of two subunits, one α and one β, that bind heme. Through a
dual mechanism of action, sGC stimulators directly target sGC and promote its complete
activation, increasing the synthesis of cGMP. Given that they have a unique binding location
on sGC, they activate sGC independently of NO. By stabilizing NO–sGC interaction, they
may additionally render sGC more sensitive to low levels of NO [49].

Riociguat (BAY 63-2521) is a soluble guanylate cyclase stimulator, and its activity
is not limited by low NO endogenous levels, which tends towards low levels as PAH
advances [50]. It enhances cGMP levels via two separate mechanisms: first, it stabilizes
NO binding to sGC, and second, it directly stimulates sGC independently of NO levels
(Figure 4). In the pulmonary circulation, this leads to vascular smooth muscle cell relax-
ation [51]. That is the reason why, in the past few years, there has been an increasing
interest in riociguat, which has been tested in PAH patients. Table 1 shows phase I, II, and
III studies with riociguat in pulmonary arterial hypertension and chronic thromboembolic
pulmonary hypertension. Both phase I [52] and phase II studies [53] have shown promising
results; hence, riociguat was tested in a multicenter, double-blind, randomized controlled
trial: the PATENT-1 study (Pulmonary Arterial hyperTENsion sGC-stimulator Trial) [54].
The aim of the study was to evaluate the efficacy of riociguat in the treatment of patients
with PAH who are treatment-naïve or on endothelin-receptor antagonists or prostanoids
(oral, inhalative, or subcutaneous). The primary endpoint was a difference in 6MWD from
baseline after 12 weeks of treatment. Secondary endpoints were pulmonary vascular resis-
tance (PVR), serum levels of NT-proBNP peptide, WHO functional class, time to clinical
worsening, Borg scale, quality of life, and safety. A total of 443 patients were randomized
in three different groups: placebo (P), riociguat up to 2.5 mg three times daily (R2.5), and ri-
ociguat up to 1.5 mg three times daily. The results show a statistically significant difference
between the 2.5 mg riociguat group vs. placebo in 6MWD (least-squares mean difference
36 m, 95% CI 20 to 52; p < 0.001). Furthermore, there were significant improvements in
all secondary endpoints: pulmonary vascular resistance (p < 0.001), NT-proBNP levels
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(p < 0.001), WHO functional class (p = 0.003), time to clinical worsening (p = 0.005), and
Borg dyspnea scale (p = 0.002). After 12 weeks of follow up, 398 patients were included in
the long-term extension study (PATENT-2). Rubin et al. conducted an exploratory analysis
of the first 12 weeks of PATENT-2 and found further improvement in the 6MWD of the
subgroup of 215 patients who received up to 2.5 mg of riociguat three times daily [55].
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Figure 4. Mode of action of riociguat and PDE5i. Riociguat acts on the nitric oxide (NO) receptor,
soluble guanylate cyclase (sGC), and stimulates the enzyme independently of NO. On the other
side, PDE5i bind to the catalytic site of the PDE5 enzyme to act as a competitive inhibitor of cGMP,
avoiding its conversion to GMP.

Table 1. Phase I, II, and III studies with riociguat in pulmonary arterial hypertension and chronic
thromboembolic pulmonary hypertension.

Studies Sample Drug Used Main Results

“First acute haemodynamic study of
soluble guanylate cyclase stimulator

riociguat in pulmonary hypertension”
Grimminger et al., 2009 [52]

PAH n =19 Riociguat 2.5 or 1 mg
Improving of pulmonary

hemodynamic parameters and cardiac
index in patients with PH

“Riociguat for chronic thromboembolic
pulmonary hypertension and

pulmonary arterial hypertension: a
phase II study”

Grophani et al., 2010 [53]

PAH n = 33;
CTEPH n = 42

Riociguat 1.0–2.5 mg
three times daily

Increasing of 6MWD in both CTEPH
and PAH; reduction in pulmonary
vascular resistance; asymptomatic

hypotension (SBP <90 mmHg)
normalized after dose reduction in
two patients. Dyspepsia, headache,

and hypotension
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Table 1. Cont.

Studies Sample Drug Used Main Results

“Riociguat for the treatment of
pulmonary arterial hypertension”

Grophani et al., 2013 [54]
PAH n = 443 Riociguat 2.5 mg

three times daily

Increasing of 6MWD (p < 0.001);
significant improvements in pulmonary

vascular resistance (p < 0.001);
NT-proBNP levels (p < 0.001); WHO
functional class (p = 0.003); time to

clinical worsening (p = 0.005); and Borg
dyspnea score (p = 0.002). Syncope in

four patients

“Riociguat for the treatment of chronic
thromboembolic pulmonary

hypertension: a long-term extension
study (CHEST-2)”

Ghofrani et al., 2013 [56]

PAH n = 261 Riociguat 0.5–2.5 mg
three times daily

Statistically significant (p < 0.001);
reduction in pulmonary vascular

resistance (p < 0.001); improvements in
the NT-proBNP level (p < 0.001); WHO

functional class (p = 0.003); right
ventricular failure (3% of patients) and

syncope (2% of patients)

“Riociguat for the treatment of chronic
thromboembolic pulmonary

hypertension: a long-term extension
study (CHEST-2)”

Simmoneau et al., 2015 [57]

PAH n = 243 Riociguat 2.5 mg three
times daily for 12 weeks

Further improvement in the 6MWD
after long-term riociguat administration

“Riociguat for the treatment of
pulmonary arterial hypertension: a

long-term extension study (PATENT-2)”
Rubin et al., 2015 [55]

PAH n = 324 Riociguat 1.0–2.5 mg
three times daily

Further improvement in the 6MWD
after long-term riociguat

administration of 2.5 mg t.i.d.

“Right ventricular size and function
under riociguat in pulmonary arterial

hypertension and chronic
thromboembolic pulmonary

hypertension (the RIVER study)”
Marra AM et al., 2018 [58]

PAH n = 32;
CTEPH n = 39

Riociguat 1.0–2.5 mg
three times daily

Significant reduction in RA and RV
area and RV thickness tricuspid
regurgitation velocity; TAPSE

improvement; RV thickness and RV
fractional area change

“Clinical Significance of Guanylate
Cyclase Stimulator, Riociguat, on Right
Ventricular Functional Improvement in
Patients with Pulmonary Hypertension”

Murata M et al., 2021 [59]
“Riociguat and the right ventricle in
pulmonary arterial hypertension and
chronic thromboembolic pulmonary

hypertension”
Benza et al., 2022 [51,59]

PAH n =14;
CTEPH n = 31

Riociguat mean final
daily dose of
7.2 ± 0.9 mg

administered for a mean
234 days

Improving RV global
longitudinal strain

“Right ventricular size and function
under riociguat in pulmonary arterial

hypertension and chronic
thromboembolic pulmonary

hypertension (the RIVER study)”
Marra AM, 2018 [58]

“Riociguat and the right ventricle in
pulmonary arterial hypertension and
chronic thromboembolic pulmonary

hypertension”
Benza et al., 2022 [51]

PAH n = 32;
CTEPH n = 39

Riociguat 1.0–2.5 mg
three times daily for

3–12 months
Improving RV systolic function
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Table 1. Cont.

Studies Sample Drug Used Main Results

“Riociguat, a soluble guanylate cyclase
stimulator, ameliorates right ventricular

contraction in pulmonary arterial
hypertension”

Murata et al., 2018 [60]
“Riociguat and the right ventricle in
pulmonary arterial hypertension and
chronic thromboembolic pulmonary

hypertension”
Benza et al., 2022 [51]

PAH n = 7;
CTEPH n = 20

Riociguat mean dose of
7.3 ± 0.7 mg

administered for a mean
220 days

Increased RV fractional area

“PATENT PLUS: a blinded, randomised
and extension study of riociguat plus

sildenafil in pulmonary arterial
hypertension”

N. Galiè et al., 2015 [61]

PAH n = 12

Sildenafil 20 mg t.i.d.
and randomization to

placebo or riociguat up
to 2.5 mg three times

daily for 12 weeks

Potentially unfavourable safety signals
with sildenafil plus riociguat and no

evidence of a positive benefit/risk ratio

“RESPITE: switching to riociguat in
pulmonary arterial hypertension

patients with inadequate response to
phosphodiesterase-5 inhibitors”

Hoeper et al., 2017 [62]

PAH n = 51

1–3 day PDE5i
treatment-free period

before receiving
riociguat adjusted up to
2.5 mg maximum three
times daily for 24 weeks

Improvement in 6MWD; reduction in
NT-proBNP; improvement in World

Health Organization (WHO) functional
class; 52% of patients experienced
study-drug-related adverse events

(none during the PDE5i treatment-free
period). Six patients experienced

clinical worsening, including death
in two

“Switching to riociguat versus
maintenance therapy with

phosphodiesterase-5 inhibitors in
patients with pulmonary arterial

hypertension (REPLACE): a
multicentre, open-label, randomised

controlled trial”
Hoeper et al., 2021 [63]

PAH n = 211

Oral PDF5-I
(sildenafil ≥60 mg or
tadafanil 20–40 mg) or

switching to oral
riociguat up to 2.5 mg

three times daily

Improvements in at least two of three
variables (6MWD, WHO functional

class, and NT-pro BNP) was met in 41%
of patients treated with riociguat and in

20% of patients treated with PDF5i

Another approved use of riociguat is in the treatment of chronic thromboembolic
pulmonary hypertension (CTEPH), a clinical condition characterized by the presence of
thrombi in the pulmonary artery. Riociguat was tested in this specific clinical condition
and the results were encouraging. First-line therapy in patients affected by CTEPH is
pulmonary endarterectomy (PEA), leading to an improvement in symptoms and survival
rates [64].

Unfortunately, PEA is not indicated for many patients because of the presence of dis-
tal/peripheral CTEPH or severe concomitant illness. Moreover, several patients suffer per-
sistent or recurrent pulmonary hypertension even after pulmonary endarterectomy [65,66].
To address this issue, a specific trial has been designed: the Chronic Thromboembolic
Pulmonary Hypertension Soluble Guanylate Cyclase–Stimulator Trial 1 (CHEST), a multi-
center phase III study that evaluated the efficacy and safety of riociguat in patients with
CTEPH. This was the first study that demonstrated the beneficial effect of pharmacological
therapy in CTEPH [56]. The study population was composed of 261 patients with inoper-
able CTEPH or patients with persistent or recurrent pulmonary hypertension after PEA.
They were randomized to a placebo or riociguat group. Patients of the riociguat group
demonstrated a statistically significant improvement in 6MWD (primary endpoint of the
study) and in PVR, NT-proBNP serum values, and WHO functional class (secondary end-
points) [56]. After 12 weeks, 237 patients entered the long-term extension study (CHEST-2),
where assignments were concealed for the first 8 weeks and treatment was open-label
thereafter. An exploratory analysis of the first 12 weeks of CHEST-2 showed further im-
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provement in the 6MWD of the group that was already receiving riociguat in the CHEST-1
study [57].

Riociguat benefits were also demonstrated by improvements in the echocardiography
parameters of patients with PAH and CTEPH. Importantly, right heart function and size
are prognostic factors in PAH and CTEPH, so any effective treatment for PAH or CTEPH
must improve the functional and structural parameters of RV function. In 2015, Marra
et al. [67] tested riociguat treatment with doses of 1.0–2.5 mg three times daily in 39 patients
who were previously enrolled in the trials PATENT, PATENTplus, EAS, and CHEST and
continued treatment for 3–12 months. Echocardiography and 6MWD were analyzed at
baseline and after 3, 6, and 12 months. Right heart catheterization was performed at baseline
and after 3 months. The mean right ventricular (RV) area and right atrial area significantly
decreased, respectively, after 3 and 12 months of treatment, while the tricuspid annular
plane systolic excursion (TAPSE) significantly improved after 6 months. Furthermore,
RV wall thickness and 6MWD significantly improved after 3 months (p < 0.05). Invasive
hemodynamics significantly improved after 3 months. These results were confirmed by
the RIVER study [58], an observational study with the aim of analyzing echocardiographic
changes in patients affected by PAH and CTEPH and treated with 1.0–2.5 mg of riociguat
three times daily for 3–12 months. The study demonstrated that patients with PAH and
CTEPH under long-term treatment with riociguat significantly show improvement in
TAPSE, fractional area change, tricuspid regurgitation velocity, and qualitatively assessed
RV systolic function. Moreover, the effect of riociguat on RV contractile function was
assessed using speckle-tracking echocardiography in 27 patients with PH (26% PAH, 74%
CTEPH). Riociguat significantly improved RV systolic function, including RV fractional
area change and RV global longitudinal strain [68].

Another class of molecule that plays a role in the NO pathway is the phosphodiesterase
type 5 inhibitor (PDE5i), which increase cGMP levels by inhibiting its breakdown.

Riociguat and PDE5i act on the same pathway, but they have an additive vasodilatory
effect when used in combination. This is supported by data from the PATENT PLUS
study, in which the combination of riociguat and sildenafil in patients with PAH was
associated with a reduction in standing systolic blood pressure compared with patients
treated with only riociguat [61]. For this reason, and for the lack of substantial benefits
from the combination of both riociguat and PDE5i, the combination is contraindicated.

The RESPITE trial [62] analyzed the safety, feasibility, and benefits of switching from
PDE5i to riociguat in patients with PAH that have experienced no benefits from PDE5i
treatment. RESPITE was a 24-week, open-label, multicenter, uncontrolled study including
61 patients. Exploratory endpoints included change in 6MWD, WHO FC, NT-proBNP, and
safety. At the end of observation, the 6MWD had increased by 31 ± 63 m, NT-proBNP
decreased by 347 ± 1235 pg·mL−1, and the WHO FC improved in 28 patients (54%). A
total of 50% of patients experienced side effects and 10% experienced clinical worsening,
including death in two patients.

Another important study is the REPLACE trial [63], which assessed the effects of
switching to riociguat from PDE5i therapy versus continued PDE5i therapy in patients with
PAH. The study included patients with symptomatic PAH at intermediate risk of 1-year
mortality, and they were randomized one-to-one to either remain on treatment with PDF5i
or switch to 2.5 mg of riociguat three times daily. The endpoint is a composite of absence of
clinical complications and predetermined improvements in at least two of three variables
(6MWD, WHO functional class, and NT-proBNP). The primary endpoint was met by 45 of
111 (41%) patients in the riociguat group and 23 of 113 (20%) patients in the PDE5i group
(odds ratio (OR) 2·78 (95% CI 1.53–5.06; p = 0.0007)). Clinical complications occurred in
one of 111 (1%) patients in the riociguat group (hospitalization due to aggravate PAH) and
10 of 114 (9%) patients in the PDE5i group (hospitalization due to aggravate PAH [n = 9];
disease progression [n = 1]; OR 0.10 [0.01–0.73]; p = 0.0047).

In summary, all these studies have demonstrated that riociguat significantly improved
exercise capacity and secondary efficacy endpoints in patients with pulmonary arterial hy-
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pertension. The combination of both riociguat and PDE5i is contraindicated and switching
to riociguat from PDE5i treatment could be a strategic option for treatment escalation.

7. Conclusions and Future Directions

The nitric oxide pathway has a ubiquitous and central role in the body, having various
organs and systems as its target organs. Being a fine regulator of both vascular tone and
cell proliferation in the endothelium, it plays a central role in the pathogenesis of PAH.
Nowadays, two classes of drugs acting on this pathway are approved for the treatment of
pulmonary arterial hypertension: the PDE5i (sildenafil and tadalafil) and the sGC activator
(riociguat). While in PAH the PDE5i are first-line drugs and riociguat is a therapy to be
implemented only in case of failure of the former, the latter drug turns out to be the only
oral medical therapy approved for CTEPH. Taking into consideration all the evidence
reported in the current article, drugs modulating the NO pathway play a central role in
PAH and CTEPH. However, before using these medications for pulmonary hypertension
resulting from other conditions, especially those caused by left heart disease, there are
extremes to take into account. An initial trial was conducted in 2012 [69] on 201 patients
with pulmonary hypertension caused by systolic left ventricular dysfunction. Although
no improvement in the chosen primary endpoint (mean pulmonary arterial pressure) was
found in this study, there was significant improvement in some secondary endpoints such
as pulmonary vascular resistances (−46.6 dynes-s−1·cm−5; 95% confidence interval, −89.4
to −3.8; p = 0.03) and systemic vascular resistance (−239.3 dynes-s−1·cm−5; 95% confidence
interval, −363.4 to −115.3; p = 0.0002) and a relevant improvement in the Minnesota Living
With Heart Failure score (p = 0.0002). Moreover, a recent study [70] evaluated the effects of
riociguat in patients with heart failure with preserved ejection fraction (DYNAMIC study).
In this study, there was a significant increase in the primary endpoint, cardiac output
(CO), which increased by 0.37 ± 1.263 L/min in the riociguat group and decreased by
−0.11 ± 0.921 L/min in the placebo group (p = 0.0142), in spite of a significative increase
in drop-out patients. Interestingly, a phase III study with a riociguat analog (vericiguat)
conducted in patients with heart failure with reduced ejection fraction (HFrEF) without
pulmonary hemodynamic characterization reported a significant improvement in the
vericiguat-treated group in the composite of heart failure hospitalizations and mortality
(primary endpoint) (hazard ratio, 0.90; 95% CI, 0.83 to 0.98; p = 0.02) [71].

In conclusion, it is reasonable to consider targeting the nitric oxide pathway, a mainstay
in the treatment of PAH and CTPEH with interesting prospects in the field of heart failure as
well. This leads to the suggestion to test the NO pathway as a target in other cardiovascular
conditions in the future. One of the major limitations in modulating the cGMP signal
perhaps lies in our limited understanding of the compartmentalization of cGMP and its
functional implications. Solving this limitation could lead to the development of novel
drugs that target not only a singular step of the cascade, as riociguat does, for example, but
also a particular subcellular compartment where cGMP acts.

Author Contributions: A.D. writing—original draft preparation- review and editing. L.G.L. writing—
original draft preparation. L.B. writing—original draft preparation. G.C. writing—original draft
preparation. R.D. writing—original draft preparation. I.L. writing—original draft preparation. L.D.V.
visualization. E.B. visualization-supervision. A.C. visualization-supervision. A.M.M. supervision-
project administration. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hassoun, P.M. Pulmonary Arterial Hypertension. N. Engl. J. Med. 2021, 385, 2361–2376. [CrossRef] [PubMed]
2. Humbert, M.; Kovacs, G.; Hoeper, M.M.; Badagliacca, R.; Berger, R.M.F.; Brida, M.; Carlsen, J.; Coats, A.J.S.; Escribano-Subias,

P.; Ferrari, P.; et al. 2022 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension. Eur. Respir. J. 2023,
62, 2200879. [CrossRef] [PubMed]

https://doi.org/10.1056/NEJMra2000348
https://www.ncbi.nlm.nih.gov/pubmed/34910865
https://doi.org/10.1183/13993003.00879-2022
https://www.ncbi.nlm.nih.gov/pubmed/36028254


Int. J. Mol. Sci. 2024, 25, 36 13 of 15

3. Barst, R.J.; Rubin, L.J.; Long, W.A.; McGoon, M.D.; Rich, S.; Badesch, D.B.; Groves, B.M.; Tapson, V.F.; Bourge, R.C.; Brundage, B.H.;
et al. A comparison of continuous intravenous epoprostenol (prostacyclin) with conventional therapy for primary pulmonary
hypertension. N. Engl. J. Med. 1996, 334, 296–301. [CrossRef] [PubMed]

4. Ghimire, K.; Altmann, H.M.; Straub, A.C.; Isenberg, J.S. Nitric oxide: What’s new to NO? Am. J. Physiol. Cell Physiol. 2017,
312, C254–C262. [CrossRef]

5. Mónica, F.Z.; Bian, K.; Murad, F. The Endothelium-Dependent Nitric Oxide-cGMP Pathway. Adv. Pharmacol. 2016, 77, 1–27.
[CrossRef]

6. Cary, S.P.; Winger, J.A.; Marletta, M.A. Tonic and acute nitric oxide signaling through soluble guanylate cyclase is mediated by
nonheme nitric oxide, ATP, and GTP. Proc. Natl. Acad. Sci. USA 2005, 102, 13064–13069. [CrossRef]

7. Connor, C.E.; Johnson, K.O. Neural coding of tactile texture: Comparison of spatial and temporal mechanisms for roughness
perception. J. Neurosci. 1992, 12, 3414–3426. [CrossRef]

8. Hare, J.M.; Colucci, W.S. Role of nitric oxide in the regulation of myocardial function. Prog. Cardiovasc. Dis. 1995, 38, 155–166.
[CrossRef]

9. Bredt, D.S. Endogenous nitric oxide synthesis: Biological functions and pathophysiology. Free Radic. Res. 1999, 31, 577–596.
[CrossRef]

10. Kwon, N.S.; Nathan, C.F.; Gilker, C.; Griffith, O.W.; Matthews, D.E.; Stuehr, D.J. L-citrulline production from L-arginine by
macrophage nitric oxide synthase. The ureido oxygen derives from dioxygen. J. Biol. Chem. 1990, 265, 13442–13445. [CrossRef]

11. Palmer, R.M.; Ashton, D.S.; Moncada, S. Vascular endothelial cells synthesize nitric oxide from L-arginine. Nature 1988, 333,
664–666. [CrossRef] [PubMed]

12. Balligand, J.L.; Kobzik, L.; Han, X.; Kaye, D.M.; Belhassen, L.; O’Hara, D.S.; Kelly, R.A.; Smith, T.W.; Michel, T. Nitric oxide-
dependent parasympathetic signaling is due to activation of constitutive endothelial (type III) nitric oxide synthase in cardiac
myocytes. J. Biol. Chem. 1995, 270, 14582–14586. [CrossRef] [PubMed]

13. Chen, W.; Xiao, H.; Rizzo, A.N.; Zhang, W.; Mai, Y.; Ye, M. Endothelial nitric oxide synthase dimerization is regulated by heat
shock protein 90 rather than by phosphorylation. PLoS ONE 2014, 9, e105479. [CrossRef] [PubMed]

14. Balligand, J.L.; Feron, O.; Dessy, C. eNOS activation by physical forces: From short-term regulation of contraction to chronic
remodeling of cardiovascular tissues. Physiol. Rev. 2009, 89, 481–534. [CrossRef] [PubMed]

15. Kao, W.H.; Arking, D.E.; Post, W.; Rea, T.D.; Sotoodehnia, N.; Prineas, R.J.; Bishe, B.; Doan, B.Q.; Boerwinkle, E.; Psaty, B.M.;
et al. Genetic variations in nitric oxide synthase 1 adaptor protein are associated with sudden cardiac death in US white
community-based populations. Circulation 2009, 119, 940–951. [CrossRef] [PubMed]

16. Eijgelsheim, M.; Newton-Cheh, C.; Aarnoudse, A.L.; van Noord, C.; Witteman, J.C.; Hofman, A.; Uitterlinden, A.G.; Stricker, B.H.
Genetic variation in NOS1AP is associated with sudden cardiac death: Evidence from the Rotterdam Study. Hum. Mol. Genet.
2009, 18, 4213–4218. [CrossRef] [PubMed]

17. Wilcox, J.N.; Subramanian, R.R.; Sundell, C.L.; Tracey, W.R.; Pollock, J.S.; Harrison, D.G.; Marsden, P.A. Expression of multiple
isoforms of nitric oxide synthase in normal and atherosclerotic vessels. Arter. Thromb. Vasc. Biol. 1997, 17, 2479–2488. [CrossRef]
[PubMed]

18. Balligand, J.L.; Ungureanu-Longrois, D.; Simmons, W.W.; Pimental, D.; Malinski, T.A.; Kapturczak, M.; Taha, Z.; Lowenstein, C.J.;
Davidoff, A.J.; Kelly, R.A. Cytokine-inducible nitric oxide synthase (iNOS) expression in cardiac myocytes. Characterization
and regulation of iNOS expression and detection of iNOS activity in single cardiac myocytes in vitro. J. Biol. Chem. 1994,
269, 27580–27588. [CrossRef]

19. de Vera, M.E.; Shapiro, R.A.; Nussler, A.K.; Mudgett, J.S.; Simmons, R.L.; Morris, S.M.; Billiar, T.R.; Geller, D.A. Transcriptional
regulation of human inducible nitric oxide synthase (NOS2) gene by cytokines: Initial analysis of the human NOS2 promoter.
Proc. Natl. Acad. Sci. USA 1996, 93, 1054–1059. [CrossRef]

20. Stuehr, D.J.; Cho, H.J.; Kwon, N.S.; Weise, M.F.; Nathan, C.F. Purification and characterization of the cytokine-induced macrophage
nitric oxide synthase: An FAD- and FMN-containing flavoprotein. Proc. Natl. Acad. Sci. USA 1991, 88, 7773–7777. [CrossRef]

21. Solanki, K.; Rajpoot, S.; Bezsonov, E.E.; Orekhov, A.N.; Saluja, R.; Wary, A.; Axen, C.; Wary, K.; Baig, M.S. The expanding roles of
neuronal nitric oxide synthase (NOS1). PeerJ 2022, 10, e13651. [CrossRef] [PubMed]

22. Zhang, N.; Beuve, A.; Townes-Anderson, E. The nitric oxide-cGMP signaling pathway differentially regulates presynaptic
structural plasticity in cone and rod cells. J. Neurosci. 2005, 25, 2761–2770. [CrossRef] [PubMed]

23. Das, S.; Chen, Y.; Yan, J.; Christensen, G.; Belhadj, S.; Tolone, A.; Paquet-Durand, F. The role of cGMP-signalling and calcium-
signalling in photoreceptor cell death: Perspectives for therapy development. Pflug. Arch. 2021, 473, 1411–1421. [CrossRef]
[PubMed]

24. Friebe, A.; Sandner, P.; Schmidtko, A. cGMP: A unique 2nd messenger molecule–recent developments in cGMP research and
development. Naunyn Schmiedebergs Arch. Pharmacol. 2020, 393, 287–302. [CrossRef] [PubMed]

25. Gyurko, R.; Kuhlencordt, P.; Fishman, M.C.; Huang, P.L. Modulation of mouse cardiac function in vivo by eNOS and ANP. Am. J.
Physiol. Heart Circ. Physiol. 2000, 278, H971–H981. [CrossRef]

26. Petroff, M.G.; Kim, S.H.; Pepe, S.; Dessy, C.; Marbán, E.; Balligand, J.L.; Sollott, S.J. Endogenous nitric oxide mechanisms mediate
the stretch dependence of Ca2+ release in cardiomyocytes. Nat. Cell Biol. 2001, 3, 867–873. [CrossRef] [PubMed]

27. Balligand, J.L.; Kelly, R.A.; Marsden, P.A.; Smith, T.W.; Michel, T. Control of cardiac muscle cell function by an endogenous nitric
oxide signaling system. Proc. Natl. Acad. Sci. USA 1993, 90, 347–351. [CrossRef] [PubMed]

https://doi.org/10.1056/NEJM199602013340504
https://www.ncbi.nlm.nih.gov/pubmed/8532025
https://doi.org/10.1152/ajpcell.00315.2016
https://doi.org/10.1016/bs.apha.2016.05.001
https://doi.org/10.1073/pnas.0506289102
https://doi.org/10.1523/JNEUROSCI.12-09-03414.1992
https://doi.org/10.1016/S0033-0620(05)80004-0
https://doi.org/10.1080/10715769900301161
https://doi.org/10.1016/S0021-9258(18)77366-3
https://doi.org/10.1038/333664a0
https://www.ncbi.nlm.nih.gov/pubmed/3131684
https://doi.org/10.1074/jbc.270.24.14582
https://www.ncbi.nlm.nih.gov/pubmed/7540173
https://doi.org/10.1371/journal.pone.0105479
https://www.ncbi.nlm.nih.gov/pubmed/25153129
https://doi.org/10.1152/physrev.00042.2007
https://www.ncbi.nlm.nih.gov/pubmed/19342613
https://doi.org/10.1161/CIRCULATIONAHA.108.791723
https://www.ncbi.nlm.nih.gov/pubmed/19204306
https://doi.org/10.1093/hmg/ddp356
https://www.ncbi.nlm.nih.gov/pubmed/19643915
https://doi.org/10.1161/01.ATV.17.11.2479
https://www.ncbi.nlm.nih.gov/pubmed/9409218
https://doi.org/10.1016/S0021-9258(18)47024-X
https://doi.org/10.1073/pnas.93.3.1054
https://doi.org/10.1073/pnas.88.17.7773
https://doi.org/10.7717/peerj.13651
https://www.ncbi.nlm.nih.gov/pubmed/35821897
https://doi.org/10.1523/JNEUROSCI.3195-04.2005
https://www.ncbi.nlm.nih.gov/pubmed/15758186
https://doi.org/10.1007/s00424-021-02556-9
https://www.ncbi.nlm.nih.gov/pubmed/33864120
https://doi.org/10.1007/s00210-019-01779-z
https://www.ncbi.nlm.nih.gov/pubmed/31853617
https://doi.org/10.1152/ajpheart.2000.278.3.H971
https://doi.org/10.1038/ncb1001-867
https://www.ncbi.nlm.nih.gov/pubmed/11584267
https://doi.org/10.1073/pnas.90.1.347
https://www.ncbi.nlm.nih.gov/pubmed/7678347


Int. J. Mol. Sci. 2024, 25, 36 14 of 15

28. Massion, P.B.; Balligand, J.L. Modulation of cardiac contraction, relaxation and rate by the endothelial nitric oxide synthase
(eNOS): Lessons from genetically modified mice. J. Physiol. 2003, 546, 63–75. [CrossRef]

29. Melikian, N.; Seddon, M.D.; Casadei, B.; Chowienczyk, P.J.; Shah, A.M. Neuronal nitric oxide synthase and human vascular
regulation. Trends Cardiovasc. Med. 2009, 19, 256–262. [CrossRef]

30. Currie, S.; Smith, G.L. Enhanced phosphorylation of phospholamban and downregulation of sarco/endoplasmic reticulum Ca2+

ATPase type 2 (SERCA 2) in cardiac sarcoplasmic reticulum from rabbits with heart failure. Cardiovasc. Res. 1999, 41, 135–146.
[CrossRef]

31. Carnicer, R.; Crabtree, M.J.; Sivakumaran, V.; Casadei, B.; Kass, D.A. Nitric oxide synthases in heart failure. Antioxid. Redox Signal
2013, 18, 1078–1099. [CrossRef] [PubMed]

32. Searles, C.D. The nitric oxide pathway and oxidative stress in heart failure. Congest. Heart Fail. 2002, 8, 142–147, 155. [CrossRef]
[PubMed]

33. Kinugawa, K.; Takahashi, T.; Kohmoto, O.; Yao, A.; Aoyagi, T.; Momomura, S.; Hirata, Y.; Serizawa, T. Nitric oxide-mediated
effects of interleukin-6 on [Ca2+]i and cell contraction in cultured chick ventricular myocytes. Circ. Res. 1994, 75, 285–295.
[CrossRef] [PubMed]

34. Birks, E.J.; Yacoub, M.H. The role of nitric oxide and cytokines in heart failure. Coron. Artery Dis. 1997, 8, 389–402. [CrossRef]
[PubMed]

35. Fagan, K.A.; Tyler, R.C.; Sato, K.; Fouty, B.W.; Morris, K.G.; Huang, P.L.; McMurtry, I.F.; Rodman, D.M. Relative contributions of
endothelial, inducible, and neuronal NOS to tone in the murine pulmonary circulation. Am. J. Physiol. 1999, 277, L472–L478.
[CrossRef] [PubMed]

36. Lázár, Z.; Mészáros, M.; Bikov, A. The Nitric Oxide Pathway in Pulmonary Arterial Hypertension: Pathomechanism, Biomarkers
and Drug Targets. Curr. Med. Chem. 2020, 27, 7168–7188. [CrossRef]

37. Schermuly, R.T.; Ghofrani, H.A.; Wilkins, M.R.; Grimminger, F. Mechanisms of disease: Pulmonary arterial hypertension. Nat.
Rev. Cardiol. 2011, 8, 443–455. [CrossRef]

38. Mata-Greenwood, E.; Liao, W.X.; Zheng, J.; Chen, D.B. Differential activation of multiple signalling pathways dictates eNOS
upregulation by FGF2 but not VEGF in placental artery endothelial cells. Placenta 2008, 29, 708–717. [CrossRef]

39. Iwabayashi, M.; Taniyama, Y.; Sanada, F.; Azuma, J.; Iekushi, K.; Kusunoki, H.; Chatterjee, A.; Okayama, K.; Rakugi, H.; Morishita,
R. Role of serotonin in angiogenesis: Induction of angiogenesis by sarpogrelate via endothelial 5-HT1B/Akt/eNOS pathway in
diabetic mice. Atherosclerosis 2012, 220, 337–342. [CrossRef]

40. Ye, Q.; Chen, S.; Gardner, D.G. Endothelin inhibits NPR-A and stimulates eNOS gene expression in rat IMCD cells. Hypertension
2003, 41, 675–681. [CrossRef]

41. Abrams, D.; Schulze-Neick, I.; Magee, A.G. Sildenafil as a selective pulmonary vasodilator in childhood primary pulmonary
hypertension. Heart 2000, 84, E4. [CrossRef]

42. Sastry, B.K.; Narasimhan, C.; Reddy, N.K.; Anand, B.; Prakash, G.S.; Raju, P.R.; Kumar, D.N. A study of clinical efficacy of
sildenafil in patients with primary pulmonary hypertension. Indian Heart J. 2002, 54, 410–414. [PubMed]

43. Sastry, B.K.; Narasimhan, C.; Reddy, N.K.; Raju, B.S. Clinical efficacy of sildenafil in primary pulmonary hypertension: A
randomized, placebo-controlled, double-blind, crossover study. J. Am. Coll. Cardiol. 2004, 43, 1149–1153. [CrossRef] [PubMed]

44. Kothari, S.S.; Duggal, B. Chronic oral sildenafil therapy in severe pulmonary artery hypertension. Indian Heart J. 2002, 54, 404–409.
[PubMed]

45. Galiè, N.; Ghofrani, H.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]

46. Simonneau, G.; Rubin, L.J.; Galiè, N.; Barst, R.J.; Fleming, T.R.; Frost, A.E.; Engel, P.J.; Kramer, M.R.; Burgess, G.; Collings, L.;
et al. Addition of sildenafil to long-term intravenous epoprostenol therapy in patients with pulmonary arterial hypertension: A
randomized trial. Ann. Intern. Med. 2008, 149, 521–530. [CrossRef]

47. 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]

48. Jing, Z.C.; Yu, Z.X.; Shen, J.Y.; Wu, B.X.; Xu, K.F.; Zhu, X.Y.; Pan, L.; Zhang, Z.L.; Liu, X.Q.; Zhang, Y.S.; et al. Vardenafil in
pulmonary arterial hypertension: A randomized, double-blind, placebo-controlled study. Am. J. Respir. Crit. Care Med. 2011,
183, 1723–1729. [CrossRef]

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

50. Ghofrani, H.A.; Voswinckel, R.; Reichenberger, F.; Grimminger, F.; Seeger, W. Emerging therapies for the treatment of pulmonary
arterial hypertension. Herz 2005, 30, 296–302. [CrossRef]

51. Benza, R.L.; Langleben, D.; Hemnes, A.R.; Vonk Noordegraaf, A.; Rosenkranz, S.; Thenappan, T.; Hassoun, P.M.; Preston, I.R.;
Ghio, S.; Badagliacca, R.; et al. Riociguat and the right ventricle in pulmonary arterial hypertension and chronic thromboembolic
pulmonary hypertension. Eur. Respir. Rev. 2022, 31, 220061. [CrossRef] [PubMed]

52. Grimminger, F.; Weimann, G.; Frey, R.; Voswinckel, R.; Thamm, M.; Bölkow, D.; Weissmann, N.; Mück, W.; Unger, S.; Wensing, G.;
et al. First acute haemodynamic study of soluble guanylate cyclase stimulator riociguat in pulmonary hypertension. Eur. Respir. J.
2009, 33, 785–792. [CrossRef] [PubMed]

https://doi.org/10.1113/jphysiol.2002.025973
https://doi.org/10.1016/j.tcm.2010.02.007
https://doi.org/10.1016/S0008-6363(98)00241-7
https://doi.org/10.1089/ars.2012.4824
https://www.ncbi.nlm.nih.gov/pubmed/22871241
https://doi.org/10.1111/j.1527-5299.2002.00715.x
https://www.ncbi.nlm.nih.gov/pubmed/12045382
https://doi.org/10.1161/01.RES.75.2.285
https://www.ncbi.nlm.nih.gov/pubmed/7518362
https://doi.org/10.1097/00019501-199706000-00007
https://www.ncbi.nlm.nih.gov/pubmed/9347218
https://doi.org/10.1152/ajplung.1999.277.3.L472
https://www.ncbi.nlm.nih.gov/pubmed/10484454
https://doi.org/10.2174/0929867327666200522215047
https://doi.org/10.1038/nrcardio.2011.87
https://doi.org/10.1016/j.placenta.2008.05.005
https://doi.org/10.1016/j.atherosclerosis.2011.10.042
https://doi.org/10.1161/01.HYP.0000047204.72286.34
https://doi.org/10.1136/heart.84.2.e4
https://www.ncbi.nlm.nih.gov/pubmed/12462670
https://doi.org/10.1016/j.jacc.2003.10.056
https://www.ncbi.nlm.nih.gov/pubmed/15063421
https://www.ncbi.nlm.nih.gov/pubmed/12462669
https://doi.org/10.1056/NEJMoa050010
https://www.ncbi.nlm.nih.gov/pubmed/16291984
https://doi.org/10.7326/0003-4819-149-8-200810210-00004
https://doi.org/10.1161/CIRCULATIONAHA.108.839274
https://doi.org/10.1164/rccm.201101-0093OC
https://doi.org/10.1007/978-3-642-38664-0_12
https://doi.org/10.1007/s00059-005-2695-4
https://doi.org/10.1183/16000617.0061-2022
https://www.ncbi.nlm.nih.gov/pubmed/36198418
https://doi.org/10.1183/09031936.00039808
https://www.ncbi.nlm.nih.gov/pubmed/19129292


Int. J. Mol. Sci. 2024, 25, 36 15 of 15

53. Ghofrani, H.A.; Hoeper, M.M.; Halank, M.; Meyer, F.J.; Staehler, G.; Behr, J.; Ewert, R.; Weimann, G.; Grimminger, F. Riociguat for
chronic thromboembolic pulmonary hypertension and pulmonary arterial hypertension: A phase II study. Eur. Respir. J. 2010,
36, 792–799. [CrossRef] [PubMed]

54. 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]

55. Rubin, L.J.; Galiè, N.; Grimminger, F.; Grünig, E.; Humbert, M.; Jing, Z.C.; Keogh, A.; Langleben, D.; Fritsch, A.; Menezes, F.; et al.
Riociguat for the treatment of pulmonary arterial hypertension: A long-term extension study (PATENT-2). Eur. Respir. J. 2015,
45, 1303–1313. [CrossRef] [PubMed]

56. Ghofrani, H.A.; D’Armini, A.M.; Grimminger, F.; Hoeper, M.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]

57. Simonneau, G.; D’Armini, A.M.; Ghofrani, H.A.; Grimminger, F.; Hoeper, M.M.; Jansa, P.; Kim, N.H.; Wang, C.; Wilkins, M.R.;
Fritsch, A.; et al. Riociguat for the treatment of chronic thromboembolic pulmonary hypertension: A long-term extension study
(CHEST-2). Eur. Respir. J. 2015, 45, 1293–1302. [CrossRef] [PubMed]

58. Marra, A.M.; Halank, M.; Benjamin, N.; Bossone, E.; Cittadini, A.; Eichstaedt, C.A.; Egenlauf, B.; Harutyunova, S.; Fischer, C.; Gall,
H.; et al. Right ventricular size and function under riociguat in pulmonary arterial hypertension and chronic thromboembolic
pulmonary hypertension (the RIVER study). Respir. Res. 2018, 19, 258. [CrossRef]

59. Murata, M.; Kawakami, T.; Kataoka, M.; Moriyama, H.; Hiraide, T.; Kimura, M.; Endo, J.; Kohno, T.; Itabashi, Y.; Fukuda, K.
Clinical Significance of Guanylate Cyclase Stimulator, Riociguat, on Right Ventricular Functional Improvement in Patients with
Pulmonary Hypertension. Cardiology 2021, 146, 130–136. [CrossRef]

60. Murata, M.; Kawakami, T.; Kataoka, M.; Kohno, T.; Itabashi, Y.; Fukuda, K. Riociguat, a soluble guanylate cyclase stimulator,
ameliorates right ventricular contraction in pulmonary arterial hypertension. Pulm. Circ. 2018, 8, 2045893217746111. [CrossRef]

61. Galiè, N.; Müller, K.; Scalise, A.V.; Grünig, E. PATENT PLUS: A blinded, randomised and extension study of riociguat plus
sildenafil in pulmonary arterial hypertension. Eur. Respir. J. 2015, 45, 1314–1322. [CrossRef] [PubMed]

62. Hoeper, M.M.; Simonneau, G.; Corris, P.A.; Ghofrani, H.A.; Klinger, J.R.; Langleben, D.; Naeije, R.; Jansa, P.; Rosenkranz, S.;
Scelsi, L.; et al. RESPITE: Switching to riociguat in pulmonary arterial hypertension patients with inadequate response to
phosphodiesterase-5 inhibitors. Eur. Respir. J. 2017, 50, 602425. [CrossRef]

63. Hoeper, M.M.; Al-Hiti, H.; Benza, R.L.; Chang, S.A.; Corris, P.A.; Gibbs, J.S.R.; Grünig, E.; Jansa, P.; Klinger, J.R.; Langleben, D.;
et al. Switching to riociguat versus maintenance therapy with phosphodiesterase-5 inhibitors in patients with pulmonary arterial
hypertension (REPLACE): A multicentre, open-label, randomised controlled trial. Lancet Respir. Med. 2021, 9, 573–584. [CrossRef]
[PubMed]

64. Condliffe, R.; Kiely, D.G.; Gibbs, J.S.; Corris, P.A.; Peacock, A.J.; Jenkins, D.P.; Hodgkins, D.; Goldsmith, K.; Hughes, R.J.; Sheares,
K.; et al. Improved outcomes in medically and surgically treated chronic thromboembolic pulmonary hypertension. Am. J. Respir.
Crit. Care Med. 2008, 177, 1122–1127. [CrossRef] [PubMed]

65. Reesink, H.J.; Meijer, R.C.; Lutter, R.; Boomsma, F.; Jansen, H.M.; Kloek, J.J.; Bresser, P. Hemodynamic and clinical correlates of
endothelin-1 in chronic thromboembolic pulmonary hypertension. Circ. J. 2006, 70, 1058–1063. [CrossRef]

66. Hoeper, M.M.; Mayer, E.; Simonneau, G.; Rubin, L.J. Chronic thromboembolic pulmonary hypertension. Circulation 2006,
113, 2011–2020. [CrossRef]

67. Marra, A.M.; Egenlauf, B.; Ehlken, N.; Fischer, C.; Eichstaedt, C.; Nagel, C.; Bossone, E.; Cittadini, A.; Halank, M.; Gall, H.; et al.
Change of right heart size and function by long-term therapy with riociguat in patients with pulmonary arterial hypertension
and chronic thromboembolic pulmonary hypertension. Int. J. Cardiol. 2015, 195, 19–26. [CrossRef]

68. Eckenhoff, R.G.; Dougherty, J.H.; Messier, A.A.; Osborne, S.F.; Parker, J.W. Progression of and recovery from pulmonary oxygen
toxicity in humans exposed to 5 ATA air. Aviat. Space Environ. Med. 1987, 58, 658–667.

69. Bonderman, D.; Ghio, S.; Felix, S.B.; Ghofrani, H.A.; Michelakis, E.; Mitrovic, V.; Oudiz, R.J.; Boateng, F.; Scalise, A.V.; Roessig,
L.; et al. Riociguat for patients with pulmonary hypertension caused by systolic left ventricular dysfunction: A phase IIb
double-blind, randomized, placebo-controlled, dose-ranging hemodynamic study. Circulation 2013, 128, 502–511. [CrossRef]

70. Dachs, T.M.; Duca, F.; Rettl, R.; Binder-Rodriguez, C.; Dalos, D.; Ligios, L.C.; Kammerlander, A.; Grünig, E.; Pretsch, I.;
Steringer-Mascherbauer, R.; et al. Riociguat in pulmonary hypertension and heart failure with preserved ejection fraction: The
haemoDYNAMIC trial. Eur. Heart J. 2022, 43, 3402–3413. [CrossRef]

71. Armstrong, P.W.; Pieske, B.; Anstrom, K.J.; Ezekowitz, J.; Hernandez, A.F.; Butler, J.; Lam, C.S.P.; 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]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1183/09031936.00182909
https://www.ncbi.nlm.nih.gov/pubmed/20530034
https://doi.org/10.1056/NEJMoa1209655
https://www.ncbi.nlm.nih.gov/pubmed/23883378
https://doi.org/10.1183/09031936.00090614
https://www.ncbi.nlm.nih.gov/pubmed/25614164
https://doi.org/10.1056/NEJMoa1209657
https://www.ncbi.nlm.nih.gov/pubmed/23883377
https://doi.org/10.1183/09031936.00087114
https://www.ncbi.nlm.nih.gov/pubmed/25395036
https://doi.org/10.1186/s12931-018-0957-y
https://doi.org/10.1159/000510860
https://doi.org/10.1177/2045893217746111
https://doi.org/10.1183/09031936.00105914
https://www.ncbi.nlm.nih.gov/pubmed/25657022
https://doi.org/10.1183/13993003.02425-2016
https://doi.org/10.1016/S2213-2600(20)30532-4
https://www.ncbi.nlm.nih.gov/pubmed/33773120
https://doi.org/10.1164/rccm.200712-1841OC
https://www.ncbi.nlm.nih.gov/pubmed/18292468
https://doi.org/10.1253/circj.70.1058
https://doi.org/10.1161/CIRCULATIONAHA.105.602565
https://doi.org/10.1016/j.ijcard.2015.05.105
https://doi.org/10.1161/CIRCULATIONAHA.113.001458
https://doi.org/10.1093/eurheartj/ehac389
https://doi.org/10.1056/NEJMoa1915928
https://www.ncbi.nlm.nih.gov/pubmed/32222134

	Introduction 
	Overview of the NO Pathway 
	NOS Regulation under Physiological Conditions 
	NOS Downstream Signaling and Its Effects on Cardiovascular System 
	NO–GC Pathway in PAH 
	Modulation of Pulmonary Vascular NO in PAH 
	Phosphodiesterase Type 5 Inhibitors 
	Soluble Guanylate Cyclase-Stimulator (sGC) 

	Conclusions and Future Directions 
	References

