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Abstract
Nitric oxide (NO)-soluble guanylate cyclase(sGC)-cGMP signalling is impaired in HF syndromes, which could predispose to
vascular oxidative stress. Nitrates directly stimulate cGMP, but are limited by tolerance. Therapeutic targets that aim at increasing
cGMP concentrations have therefore been explored. Recently, two classes of drugs have been discovered, the sGC activators and
the sGC stimulators, which target two different redox states of sGC: the NO-sensitive reduced (ferrous) sGC and NO-insensitive
oxidized (ferric) sGC, respectively. Cinaciguat is an activator and riociguat and vericiguat are sGC stimulators. Vericiguat is the
most advanced agent in its clinical trial programme with two completed phase IIb studies, SOCRATES -REDUCED in HFrEF and
SOCRATES-PRESERVED in HFpEF, with mixed results on NT-proBNP. The ongoing VICTORIA trial in HFrEF will study 4,872
participants with a mortality/morbidity end-point and VITALITY HFpEF trial will study 735 participants, with a quality of life endpoint.
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Introduction

The nitric oxide (NO)-soluble guanylate cyclase(sGC)-cGMP
cascade is one of the key regulatory pathways in cardiovascular
physiology. In heart failure (HF), the NO-sGC-cGMP signaling
is impaired mainly due to reduced NO bioavailability and the
altered redox state of sGC, making it unresponsive to NO. These
changes might be a major source of vascular oxidative stress in
the course of HF.
Nitrates, which have traditionally been used to treat acute and
chronic HF, and angina, act through this cascade by increasing
free NO by directly stimulating cGMP. However, this upstream
stimulation of available NO is limited by tolerance, and it causes
reactive oxygen species production and endothelial dysfunction.
Therapeutic targets that aim at increasing cGMP concentrations
have therefore been explored (Figure 1). Recently, two classes
of drugs have been discovered, the sGC activators and sGC
stimulators, which target two different redox states of sGC: the
NO-sensitive reduced (ferrous) sGC and NO-insensitive oxidized
(ferric) sGC, respectively (Table 1).[1] Phosphodiesterase type 5
inhibitors (PDE5, such as sildenafil) also act in the same regulatory
pathway, but downstream of adenylate cyclase by inhibiting the
degradation of cGMP. Cinaciguat, riociguat and vericiguat are
direct sGC activators that act independently of nitric oxide.

Physiology of cGMP and the NO-sGC-cGMP signaling cascade
NO-sGC-cGMP signalling starts in the intact endothelium
of blood vessels and the myocardium by hormonal and
physical stimuli causing endothelial nitric oxide synthase
(eNOS) to generate NO.   NOS-derived NO diffuses to the
neighbouring tissues, such as vascular smooth muscle cells or
cardiomyocytes, where it binds to the cytosolic enzyme sGC.
This NO-sGC binding catalyzes the conversion of guanosine
triphosphate (GTP) to cGMP.
cGMP activates protein
kinase G (PKG), and these together lead to the decrease in
intracellular free calcium resulting in the relaxation of vascular
smooth muscle cells as one major physiological effect in the
cardiovascular system.[2-4]
The best established role of GCs is within the vessel wall
and the myocardium, as the receptors of NO signalling are in
vascular smooth muscle and in the myocardium, where the
sGC expression is at its highest. In vascular smooth muscle
cells and cardiac myocytes with sGC-derived cGMP production
NO generation from vascular, endocardial, and intramyocardial
capillary endothelial cells stimulates sGC in coronary vessel
walls as well as directly in cardiomyocytes.[1,5,6] Experiments
performed in animal models have shown cGMP deficiency to
play a crucial role in the development of diastolic dysfunction,
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Table 1. Characteristics of sGC stimulators and sGC
activators
sGC Stimulator

sGC activator

Defect

Upstream of sGC: insufficient
sGC stimulation

sGC itself defective:
sGC heme
dissociation

Causative
mechanism

Endothelial dysfunction =
eNOS insufficiency

Oxidative injury to
the heme group of
sGC

e.g.; owing to oxidative
stress, ADMA, inflammatory
activation
Role of NO

NO deficiency:

NO resistance:

Reduced eNOS-derived

Dysfunctional NO
receptor: sGC low
despite bioavailable
NO

No bioavailability
Molecular
principle

NO-independent sGC
stimulation by mimicking NO

NO-independent
sGC activation by
mimicking reduced
heme + prolongation
of sGC protein halflife under oxidative
stress

Reproduced from (1) with permission

reduced cardiac output and increased afterload.[4] In addition
to the lusitropic effects of cGMP, it reveals also important antiinflammatory and antifibrotic effects.[7]
The cGMP activity within the cell is regulated by both NOdependent and by NO-independent pathways.
The NOdependent cGMP pool is regulated by NO availability and the
activity of sGC.   PDE5 inhibition (e.g. sildenafil) increases the
cytoplasmic levels of cGMP by inhibiting its degradation. This
process is limited to tissues, in which the PDE5 is up-regulated,
such as the corpus cavernosum and pulmonary vasculature,
and may be under-expressed in myocardium.
The NOindependent regulatory pathways include natriuretic peptides,
beta-adrenergic stimulation, prostacyclin-cAMP pathway and
endothelial pathways.

Role of the NO-sGC-cGMP cascade in heart failure

The NO-sGC-cGMP signaling pathway plays a major role in
protection against myocardial injury, ventricular remodeling, and
the cardio-renal syndrome.[1] HF may be viewed as a syndrome
in which NO deficiency results in an insufficient stimulation of
sGC in the systemic, coronary, pulmonary, and renal vasculature,
leading to the impaired protection against ischaemia/reperfusion
injury, myocardial dysfunction, adverse left ventricular
remodeling, and the cardio-renal syndrome.[1,8]
NO availability and functionality of sGC depends on the redox
status. In HF the endogenous levels of NO are decreased due
to various derangements in NO-sGC-cGMP signalling, such
as a down-regulation of the endothelial NO synthase (eNOS),
inactivation of NO by superoxide anions, increased plasma
concentrations of an endogenous eNOS inhibitor, and an
altered redox state of sGC due to oxidative stress.[1] All these

Figure 1. sGC-derived cGMP generation in various cell
types couples endothelial NO synthesis to function of
organs including the heart and kidneys. cGMP is a second
messenger of crucial importance to organ function. Reduced
cGMP  availability  caused  by  NO  deficiency  due  to  endothelial
dysfunction can be actively restored by sGC stimulation
in   smooth   muscle cells,   cardiomyocytes   or   fibroblasts,  
whereas PDE5 inhibition can only inhibit cGMP degradation.
Restoration  of  cGMP  signaling  has  beneficial  effects in hearts,
blood vessels, and kidneys and could also impact on adipose
tissue. Legend: L-Arg = L-Arginine, O2 = peroxide, ONOO– =
peroxynitrite, TRPC = transient receptor potential channels

abnormalities result in reduced levels of the NO-sensitive form
of sGC.  Neurohormonal activation and release of inflammatory
mediators in HF may further reduce NO bioavailability, ultimately
leading to an insufficient stimulation of the NO receptor, sGC,
and subsequently the diminished production of its second
messenger cGMP.[9,10] Reduced cGMP availability leads to
endothelial dysfunction, vasoconstriction, vascular stiffness
and adverse remodeling, and decreased renal and coronary
blood flow with increasing impairment of respective organ
function.[1,4,11]
Dysregulation of the NO-cGMP-pathway
by inflammation and oxidative stress resulting in endothelial
dysfunction also negatively affects coronary perfusion[2,12] and
promotes myocardial damage.[12]
In HFrEF, cGMP deficiency leads to impaired endotheliumdependent regulation of vessel tone, resulting in an increased
afterload and impaired myocardial microcirculation. cGMP
dependent PKG modulates pathological Ca2+ signalling
involved in myocardial hypertrophy.[13] HFpEF, in particular, is
an inflammatory condition accompanied in many patients by
metabolic syndrome, obesity, diabetes mellitus (DM), arterial
hypertension, and chronic obstructive pulmonary disease
(COPD). The NO-sGC-cGMP axis plays a major role in the
relaxation abnormalities that occur in HFpEF. Titin is a large
cardiomyocyte cytoskeletal protein that modulates passive
tension and stiffness of myocardial fibres.   When titin is
phosphorylated by cGMP-dependent protein kinase G (PKG),
myocardial fibres stretch appropriately and allow ventricular
relaxation and diastolic filling as well as recoil.[14,15]  Indeed,
hypophosphorylation of titin results in increased myocardial
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stiffness that leads to suboptimal ventricular filling and
decreased cardiac output. Since dysfunction of the NOsGC-cGMP axis also leads to vasoconstriction and vascular
stiffness, the combination of impaired ventricular relaxation and
increased afterload renders HF patients symptomatic during
an increased demand, such as during exercise.[12] Indeed,
impaired exercise-induced NO release may also contribute
to reduced exercise capacity.[16] The increased myocardial
stiffness in HFpEF patients was shown to be decreased
after administration of PKG.[17] However, the results with
the administration of PDE5 inhibitor (sildenafil) have been
disappointing in this context in HFpEF patients.[18,19]

[1]   By contrast, sGC activators specifically activate the NOunresponsive, heme-free form of the enzyme irrespective of NO
bioavailability.[25]

Secondary pulmonary hypertension (PH) in patients with left
heart disease is an indicator of persistently increased LV filling
pressures. As many as 33 to 48% of HFrEF and up to 83% of
HFpEF patients may have secondary PH, and PH is associated
with poor outcomes in these patients.[20,21] In addition to
passive backward failure, a vasoreactive component may, in
certain cases, aggravate the resulting PH.[22]   The effects
of riociguat and sildenafil were studied in an animal model
with transverse aortic constriction-induced left ventricular
hypertrophy and dysfunction, and secondary PH. Riociguat had
a more pronounced effect on vascular remodeling compared to
sildenafil.  Treatment with riociguat and sildenafil maintained LV
and RV function and decreased PVR and RV pressure, while in
placebo treated animals LV and RV function deteriorated.[23]
However, the clinical results for the PDE5 inhibitors came out
negative, possibly due to lack of PDE5 overexpression and/or
insufficient proximal sGC stimulation.   In contrast, high sGC
expression in the cardiac muscle and enhanced sGC-derived
cGMP levels even in the absence of NO indicate a promising
potential for sGC stimulators. In patients with PH associated
with systolic left ventricular dysfunction, reduced PVR and SVR,
improved stroke volume and cardiac index as well as improved
quality of life (QoL) were seen when the treatment with riociguat
was administered.[24]

The first clinical trial with cinaciguat confirmed haemodynamic
efficacy, with a reduction in post- and preload and a secondary
increase in cardiac output, while preserving renal function.
The COMPOSE trial compared multiple doses of cinaciguat
in patients with acute HF with LVEF <40% and an elevated
pulmonary capillary wedge pressure (PCWP) >18 mmHg.
[27] High doses (50, 100 and 150 mcg / h) were associated
with an excessive reduction in blood pressure, leading to
premature discontinuation of the study. A parallel study
included patients with chronic HF with elevated PCWP ≥18
mmHg, and the effects of cinaciguat were evaluated using
invasive haemodynamic measurements.[28] In patients treated
with cinaciguat, significant decreases in PCWP and right atrial
pressure, systemic and pulmonary vascular resistance, and a
significant increase in cardiac index were observed.   A high
rate of hypotension also led to the premature termination of this
study. Subsequently, the study was criticized, as with other
studies with vasodilators, because the baseline blood pressure
was not high enough, ultimately biasing the estimate of the
clinical potential of the molecule.[29]

Action of sGC stimulators and sGC activators

sGC consists of an α/β-heterodimeric protein with a prosthetic
ferrous heme group.   The heme group can exist in different
redox states, which, in addition to its NO-sensing capability,
may enable sGC to modulate intracellular redox homeostasis.
The presence of a reduced Fe2+ (ferrous) heme group is crucial
for NO-sensing and NO-dependent sGC stimulation. Oxidative
stress favours heme-free sGC, which is unable to respond
to NO, and can be regarded as a dysfunctional form of the
enzyme. Oxidative stress may make sGC unresponsive to
endogenous and exogenous NO either through reducing NO
bioavailability or by altering the redox state of sGC.[25] In
HF, endothelial dysfunction and an inflammatory state lead to
increased formation of reactive oxygen species, reduced NO
bioavailability, and shifts in sGC toward the oxidized and NOunresponsive, heme-free form of sGC.[26] sGC stimulators
target the heme-containing non-oxidized form of sGC by binding
on the regulatory domain and triggering cGMP production. The
sGC stimulators have a dual mode of action; they sensitize
sGC to low levels of NO and can stimulate sGC directly in
the absence of any endogenous NO. The sGC stimulators
work NO-independently but their efficacy is further enhanced
when endogenous NO is present, even at low concentrations.

sGC activators: cinaciguat

Cinaciguat is a potent and selective sGC activator, which acts
on sGC in its oxidized (Fe3+) state and even the heme free
form, independently of NO. The oxidation or absence of the
heme moiety increases the effect of cinaciguat on the sGC
causing a significant cGMP increase.[25,26] Animal studies with
cinaciguat have shown arterial and venous vasodilatation and
antihypertrophic and antifibrotic effects.

Riociguat (sGS stimulator)

Riociguat is a novel potent sGC stimulator, which was mainly
developed for primary pulmonary artery hypertension (PAH), but
also for PAH caused by left-heart disease. Its use is currently
approved in the treatment of primary PAH and inoperable chronic
thromboembolic pulmonary hypertension (CTEPH).
Two trials have been published in patients with HF. The small
phase IIa DILATE-1a study showed in 39 patients with HFpEF
and PAH, that a single oral dose of riociguat decreased systolic
blood pressure, increased systolic volume, but did not alter
filling pressures or mean pulmonary arterial pressure.[29]   The
LEPHT trial then included approximately 200 patients with
chronic HF with LVEF <45% with mean pulmonary arterial
pressure ≥25 mmHg (confirmed by right heart catheterization).
[30] Patients were randomized into four groups: placebo and
three riociguat doses for 16 weeks. The primary outcome of
decrease in mean pulmonary artery pressure was not significant,
whereas significant improvements were observed in secondary
end-points of increased cardiac index, and decreased systemic
and pulmonary vascular resistance (invasive haemodynamic
measurements).

Vericiguat (sGC stimulator)

The first experiences with an sGC stimulator in patients with HF
and secondary PH encouraged the continued investigation of this
novel drug class in HF at low doses. For further studies in HF, the
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once daily compound vericiguat was chosen due to its optimized
pharmacokinetic profile.   Vericiguat was investigated in two
phase IIb studies in HFrEF (SOCRATES -REDUCED) and HFpEF
(SOCRATES-PRESERVED), in which patients were included
during a hospitalization for acute HF, and the end-point was a
decrease in circulating natriuretic peptides. The SOCRATESPRESERVED randomized HFpEF patients (LVEF≥ 45%) into 5
parallel dose arms or placebo for 12 weeks to characterize safety,
tolerability, and pharmacologic effects.  The study was negative in
its primary outcomes of decreasing levels of natriuretic peptides
or reducing left atrial volume.[31] The SOCRATES-REDUCED
showed a statistically positive effect on NT-proBNP only with the
highest doses in secondary analysis[32], and the agent is currently
being tested in a phase III study for HFrEF, the ongoing VICTORIA
trial[33], with the primary hypothesis that vericiguat is superior to
placebo in increasing the time to first occurrence of the composite
of cardiovascular death or HF hospitalization in a planned 4,872
participants with HFrEF with results expected in 2020. The
VITALITY-HFpEF trial plans to assess whether treatment with
vericiguat 10 mg or 15 mg in patients with HFpEF improves the
KCCQ PLS (Kansas City Cardiomyopathy Questionnaire Physical
limitation score) compared to placebo after 24 weeks of treatment
in a planned 735 participants, with results also expected in
2020.[34]

Conclusions

Experimental and preliminary clinical data suggest that sGC
stimulators are promising molecules to be studied for a potential
role in the future HF treatment strategy. The results of ongoing
morbidity and mortality trial with vericiguat in patients HFrEF are
expected.
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