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Abstract: Nitric oxide (NO) signaling represents one of the 
major regulatory pathways for cardiovascular function. 
After the discovery of NO, awarded with the Nobel Prize 
in 1998, this signaling cascade was stepwise clarified. We 
now have a good understanding of NO production and NO 
downstream targets such as the soluble guanylyl cyclases 
(sGCs) which catalyze cGMP production. Based on the 
important role of NO-signaling in the cardiovascular sys-
tem, intense research and development efforts are cur-
rently ongoing to fully exploit the therapeutic potential of 
cGMP increase. Recently, NO-independent stimulators of 
sGC (sGC stimulators) were discovered and characterized. 
This new compound class has a unique mode of action, 
directly binding to sGC and triggering cGMP production. 
The first sGC stimulator made available to patients is 
riociguat, which was approved in 2013 for the treatment of 
different forms of pulmonary hypertension (PH). Besides 
riociguat, other sGC stimulators are in clinical develop-
ment, with vericiguat in phase 3 clinical development 
for the treatment of chronic heart failure (HF). Based on 
the broad impact of NO/cGMP signaling, sGC stimulators 
could have an even broader therapeutic potential beyond 
PH and HF. Within this review, the NO/sGC/cGMP/PKG/
PDE-signaling cascade and the major pharmacological 
intervention sites are described. In addition, the discov-
ery and mode of action of sGC stimulators and the clinical 
development in PH and HF is covered. Finally, the pre-
clinical and clinical evidence and treatment approaches 
for sGC stimulators beyond these indications and the 
cardiovascular disease space, like in fibrotic diseases as 
in systemic sclerosis (SSc), are reviewed.

Keywords: cGMP; heart failure; nitric oxide; pulmonary 
hypertension; sGC stimulators.

Introduction: the NO/sGC/cGMP 
signaling cascade and its major 
pharmacological intervention sites
Besides the discovery of andenylyl cyclases (ACs) and 
cAMP signal transduction first described by Sutherland 
and Rall in 1962  which was awarded the Nobel Prize in 
1971, the discovery of the NO/soluble guanylyl cyclase 
signaling by Ignarro, Murad and Furchott – awarded the 
Nobel Prize in 1998 – were landmarks in elucidating intra-
cellular signal transduction pathways regulated by cyclic 
nucleotides (Beavo and Brunton, 2002). After it was shown 
that the so-called endothelium relaxing factor (EDRF) 
was identical to NO and that NO binds and stimulates 
sGC (Furchgott and Zawadzki, 1980; Ignarro et  al., 1987, 
1988; Murad, 1998), a huge amount of research has pro-
duced compelling evidence for a pivotal role of NO/sGC/
cGMP signaling. NO-driven cGMP production regulates 
various functions of cells and tissues, and thereby plays a 
key role in maintaining physiological tissue homeostasis 
in mammals, especially in the cardiovascular system. In 
addition, it is well established that impairment of the NO/
sGC/cGMP signaling can cause cardiovascular, cardio-
pulmonary and cardiorenal diseases (Stasch et al., 2009; 
Umar and van der Laarse, 2010; Leineweber et al., 2017). 
Thus, NO has important roles beyond the cardiovascu-
lar system and was selected as one out of the “6 wonder 
molecules for a healthy living” (Leslie, 2016) and increas-
ing endogenous cGMP production developed into a fun-
damental principle of pharmacological intervention. The 
NO/cGMP pathway and its pharmacological modulation 
have been extensively reviewed in the literature and 
Figure 1 schematically summarizes this pathway and the 
major pharmacological intervention sites. NO is formed 
out of L-arginine via the activity of NO-synthases of which 
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three iso-enzymes have been identified. These are termed 
according to their expression, eNOS for endothelium-
derived NOS, nNOS for neuronal-dervied NOS and iNOS 
for the inducible form of NOS. When NO is liberated by 
nerve fibers or endothelial cells, it can easily diffuse due 
to its gaseous nature and activates the soluble guanylyl 
cyclase (sGC). sGC is a heterodimer which consists of an 
α subunit and a β subunit with α1/β1 or α2/β1 being the 
predominant and active isoforms. The β-subunit carries a 
heme-group with a central ferrous atom (Fe2+) which can 
bind NO with high affinity. After NO-binding, a conforma-
tional change of sGC activates the catalytic domain which 
triggers the formation of cGMP from GTP. Interestingly, in 
disease states which are associated with oxidative stress 
this NO-binding is at least partially impaired. However, 
under physiological conditions, NO-induced sGC stimula-
tion is leading to substantial cGMP production and cGMP 
regulates the activity of different downstream targets, 
mainly cGMP-regulated protein kinases (PKGs), cGMP-
regulated phosphodiesterases (PDEs), predominantly 
PDE2 and PDE3 (Bender and Beavo, 2006) and cGMP-
regulated ion channels (CNGCs), e.g. potassium channels 
(Fesenko et  al., 1985). These cGMP downstream targets, 
especially PKG1 (cGK-I) and PKG2 (cGK-II), phosphorylate 
a broad variety of further downstream molecules, e.g. the 
regulatory myosin phosphatase (MYPT1), the IP3R and IP3 
receptors associated PKC substrate (IRAG), the vasodilator 

specific protein (VASP) or the cystic fibrosis trans-mem-
brane transporter regulator (CFTR) (Schlossmann and 
Desch, 2009, 2011). Moreover, new downstream targets 
and phosphorylation sites for PKG are discovered, e.g. 
titin, expressed in cardiomyocytes important for systolic 
and diastolic heart function (Krüger et al., 2009; Kovács 
et  al., 2016). The most prominent physiological effect 
when intracellular cGMP is increased by NO, especially 
in vascular smooth muscle cells (VSMCs) and smooth 
muscle cells (SMCs), is tissue relaxation. Thus, cGMP 
increase leads to vasorelaxation and a decrease in blood 
pressure. On the molecular level this effect is mediated 
by the cGMP/PKG-dependent phosphorylation of potas-
sium channels, leading to hyperporlarization of the cell 
and closing of voltage gated calcium channels. In addi-
tion, cGMP/PKG phosphorylates the IP3 receptor and IP3-
receptor associated PKG substrate (IRAG), both causing 
a decrease in sarcoplasmatic- and endoplasmatic-free 
calcium. Moreover, cGMP/PKG-dependent regulation of 
the myosin light chain phosphatase (MLCP) decreases 
the sensitivity of contractile filaments in smooth muscle 
cells also leading to vasodilation (Tsai and Kass, 2009). 
However, due to the broad distribution of the NO/cGMP 
signaling cascade beyond VSMCs/SMCs, and due to the 
various different downstream targets, a variety of other 
effects are well described. Thus, cGMP has shown antipro-
liferative, antifibrotic, antiinflammatory, proapoptotic, 
angiogenic and neuroprotective effects. In addition, it 
was shown that cGMP might interact with ERK path-
ways rather than with Smad-signaling involved in TGF-
β-induced fibrotic remodeling (Matei et  al., 2018). In 
contrast to the vasorelaxation, these pathways are less 
understood and are intensively investigated as this could 
also broaden the impact of cGMP-increasing drugs. The 
NO/cGMP signaling is terminated by the cleavage of cGMP 
through highly effective PDEs, in particular through PDE5 
and PDE9 which are the major cGMP-degrading PDEs.

The discovery of sGC stimulators 
and their mode of action
Already in the 19th century, the beneficial effects of nitro-
glycerin (GTN) for the treatment of angina pectoris were 
known. There was no mechanistic idea how this com-
pound was acting, but angina pectoris patients described 
an immediate symptomatic relief (Murrell, 1879). Today, it 
is obvious that NO-donors and nitrates release NO, which 
leads to the pharmacological effect via sGC binding and 
cGMP/PKG signaling. We also know now, that NO released 

Figure 1: The NO/sGC/PKG/PDE signaling cascade and the major 
pharmacological intervention sites.
NO binds to the heme group of the sGC and triggers the formation 
of cGMP which activates PKG. Cleavage of cGMP by PDE5 terminates 
the signaling. The pathway can be pharmacologically targeted by 
NO-donors, sGC stimulators and PDE5 inhibitors. It is known to 
regulate PKG-dependent vasorelaxation, and in addition, it also 
has an impact on fibrosis, proliferation, inflammation and neuronal 
function.
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by nitrates binds to the heme group in the β subunit of 
sGC, triggering the formation of cGMP, leading to relaxa-
tion of blood vessels and coronary arteries. However, 
these drugs – which are still used today for the treat-
ment of angina pectoris – have significant limitations 
for chronic oral treatment regimens, e.g. a high first pass 
effect, short half-life time, and can cause tachypylaxis, 
known as nitrate tolerance. In addition, NO not only binds 
to sGC, but it also produces reactive oxygen species as 
superoxide anion (⋅O2−) or peroxynitrite (ONOO−) which is 
undesired and could even trigger endothelial dysfunction 
especially in cardiovascular diseases (Pacher et al., 2007). 
With the identification of selective PDE inhibitors, the 2nd 
class of drugs which impact on the NO/sGC cGMP signal-
ing, leading to cGMP increase, was introduced. In 1998, 
with sildenafil, the first selective inhibitor of PDE5  was 
approved for the treatment of erectile dysfunction (ED) 
and marketed under the trade name Viagra™, followed 
by vardenafil (Levitra™) and Tadalafil (Cialis™) in 2003 
(Sandner et al., 2009). In the meantime, PDE5 inhibitors 
are also approved for the treatment of pulmonary arterial 
hypertension (PAH) and treatment of signs and symptoms 
of benign prostatic hyperplasia (BPH), supporting the 
concept that cGMP increase might be a treatment strategy 
for a broad variety of diseases. However, PDE5 inhibitors 
are also limited in their efficacy under conditions with 
low NO production, e.g. in diabetic and obese patients, as 
cGMP levels are also decreased. Inhibiting the degrada-
tion of these low levels of cGMP did not reach the relevant 
cGMP threshold for treatment effects. Therefore, research-
ers aimed for identifying new treatment approaches to 
increase cGMP independently of NO.

The discovery of sGC stimulators started more than 
20 years ago, when in 1994, scientists at Bayer in Wupper-
tal, Germany were searching for compounds which would 

be able to increase NO synthesis by enhancing NOS activ-
ity. By chance compounds were identified which were able 
to stimulate sGC directly and enhance cGMP production 
in endothelial cells (Stasch and Hobbs, 2009). Simultane-
ously, researchers at the Taiwan University and Yung Shin 
Pharmaceuticals, Taipei, Taiwan reported that a benzyl 
indazole compound termed YC-1 (Figure  2, Formula 1) 
was able to inhibit platelet aggregation via stimulation of 
cGMP synthesis. YC-1  was later characterized as a direct 
NO-independent, but heme-dependent, sGC stimulator 
(Mülsch et al., 1997).

YC-1 and the initial compounds identified could not 
be followed further in clinical development due to low 
potency and/or selectivity – especially against PDEs – or 
increased in vitro potency by exposure to daylight (BAY 
F9317). However, the basic principle, that sGC could be 
stimulated independently of NO, by compounds directly 
binding to the sGC enzyme was demonstrated and broad 
structure-activity relationship (SAR) studies at Bayer 
were initiated. A first breakthrough in terms of improved 
potency was the identification of BAY 41-2272 (Figure  2, 
Formula 2), in which the benzyl indazole moiety of 
YC-1  was replaced by a (2-fluorobenzyl) pyrazolopyri-
dine moiety and the (hydroxymethyl)furan component 
was replaced by a 5-substituted 4-aminopyrimidine or 
4,6-diaminopyrimidine group. BAY 41-2272 was tested on 
the sGC overexpressing CHO cell on cGMP production and 
in the functional organ bath assay on relaxation of pre-
contracted blood vessels. BAY 41-2272 exhibited a greatly 
improved sGC stimulating potency and a minimum effec-
tive concentration (MEC) of 0.03 μm for cGMP formation 
in CHO cells with an IC50 of 0.3 μm for the contraction 
of pre-contracted rabbit aortic rings compared to YC-1 
(IC50 = 10  μm). Further studies led to the 4,6-diamino-
5-morpholino analog BAY 41-8543 (Figure 2, Formula 3), 

1 2 3 4 65

YC-1 (1) BAY 41-2272 (2) BAY 41-8543 (3) BAY 63-2521 (4)
Riociguat

Adempas™

BAY 102-1189 (5)
Vericiguat

IWP-051 (6)

Figure 2: Chemical structures of sGC stimulators.
YC-1, BAY 41-2272 and BAY 41-8543 are early sGC stimulator compounds still used as pharmacological tool compounds for preclinical experi-
ments to explore this pharmacological principle. The new generation sGC stimulator riociguat is approved under the tradename Adempas™ 
for the treatment of pulmonary hypertension (PAH/CTEPHP) and vericiguat is in phase 3 clinical development for the treatment of chronic 
heart failure (HFrEF).
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displaying 3-fold higher potency in the phenylephrine-
induced contraction of rabbit aorta (IC50 = 0.10 μm). Unfor-
tunately, both compounds, BAY 41-2272 and BAY 41-8543, 
had a low metabolic stability, low oral bioavailability, and 
were strong inducers and inhibitors of cytochrome P450 
(CYP) enzymes not allowing further development and 
use in humans. However, continuous efforts of medicinal 
chemistry lead to the identification of BAY 63-2521 which 
received the INN name riociguat (Figure 2, Formula 4). 
Riociguat stimulated purified, recombinant sGC up to 
73-fold, from 0.1 to 100 μm, and showed the typical profile 
of sGC stimulators. In addition, riociguat showed no rel-
evant CYP interaction and a superior pharmacokinetic 
profile, including good oral bioavailability. However, 
riociguat has a relatively short half-life in humans and 
needs a 3 times daily dosing (Frey et al., 2017). Therefore 
a further optimization strategy aimed for reduced blood 
clearance to achieve this longer half-life. In these studies, 
BAY 102-1189 was identified which later received the INN 
name vericiguat (Figure 2, Formula 5). Vericiguat demon-
strated a typical sGC stimulator profile as well, leading 
to NO-independent sGC stimulation and cGMP produc-
tion but also to an enhancement of NO-effects with syn-
ergistic efficacy. Vericiguat has a low clearance and long 
half-life in rats and dogs after intravenous dosing, as well 
as high oral bio-availability. Most importantly, the phar-
macokinetic profile of vericiguat in humans allows for a 

once-daily dosing in patients (Follmann et al., 2017). More 
recently, researchers at Ironwood Pharmaceuticals have 
discovered several novel sGC stimulators, however, the 
chemical structures of all compounds have not been dis-
closed yet. Anyway, these efforts led to the bis-heteroaryl 
pyrazole structure IWP-051 (Figure 2, Formula 6), a phar-
macodynamically active compound with low clearance 
and a long half-life in rats (Nakai et al., 2016). Ironwood 
has advanced additional sGC stimulators, IW-1973 and 
IW-1701, into human clinical development studies and 
IW-1973 is described as a sGC stimulator with a long half-
life in preclinical species and its pharmacokinetic half-life 
in humans is consistent with QD dosing (Hanrahan et al., 
2016).

Mode of action of sGC stimulators
Binding of NO to the heme-entity of sGC, the HNOX 
domain, induces a conformational change which activates 
the catalytic domain of sGC and triggers the formation of 
cGMP from GTP. The enzyme is known as the NO-sensitive 
soluble guanylyl cyclase and consists of a heterodimeric 
α/β-heme protein (for review see Derbyshire and Mar-
letta 2009, 2012). The aforementioned sGC stimulators 
are compounds which most likely bind to the α subunit 

Figure 3: The heterodimeric structure of sGC.
The molecule consists of an α subunit, a β subunit which contains the N-terminal H-NOX (heme-nitric oxide) binding domain, a central 
dimerization domain and a C-terminal catalytic domain (left). The H-NOX domain binds NO and represents the enzyme activation site. The 
catalytic domain represents the cGMP producing site. The sGC stimulators most likely bind to the α subunit of sGC and also stimulate 
cGMP production in the absence of NO (middle). Moreover, the sGC stimulators stimulate sGC activity further when NO is bound and show 
synergistic effects (right).
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of the sGC, increasing the catalytic activity and cGMP pro-
duction even in the absence of NO. Therefore, these mol-
ecules are described as NO-independent sGC stimulators. 
In addition, these sGC stimulators show a strong synergis-
tic effect with NO, when NO is already bound to the heme-
moiety stabilizing the NO-heme-sGC bond. In summary, 
sGC stimulators have a dual mode of action, leading to a 
substantial boost of the cGMP signal in the absence, but 
also, in the presence of NO. It is important to note that 
increased oxidative stress renders the sGC enzyme unre-
sponsive to NO but also reduced significantly the efficacy 
of sGC stimulators. Oxidative stress can cause an oxidation 
of the central ferrous atom of the sGC HNOX domain (Fe2+ 
to Fe3+) leading to an untightening of the heme-group and 
an ultimately heme-free sGC. In addition, NO-dependent 
thiol oxidation and nitrosylation of cysteins in the sGC, 
prevents NO-binding and cGMP formation (Beuve, 2017). 
The mode of action of sGC stimulators binding to the α 
subunit is covered in Figure 3.

Riociguat for the treatment 
of different forms of pulmonary 
hypertension
The NO/cGMP system plays an important role in the regu-
lation of the cardiopulmonary system and cGMP signifi-
cantly decreases pulmonary arterial pressure. Therefore, 
treatments based on cGMP-increase are beneficial in this 
disease. In fact, the PDE5 inhibitors sildenafil and tadala-
fil are approved for the treatment of PAH and distributed 
as Revatio™ and Adcirca™, respectively. However, in 
PAH, reduced levels of endogenous NO have been found 
(Stasch and Evgenov, 2013) which can potentially limit 
the efficacy of PDE5 inhibitors due to low endogenous 
cGMP production (Hoeper et al., 2017). Therefore, it was 
an intriguing concept that sGC stimulators could over-
come this limitation of PAH treatment. Broad preclinical 
profiling in various animal models in different species, 
reflecting different diseases etiologies were performed 
clearly demonstrating a beneficial effect of different sGC 
stimulators including riociguat. Already in 2004 it could 
be demonstrated that in lambs with acute pulmonary 
hypertension (PH), the sGC stimulator BAY 41-2272  sig-
nificantly decreased pulmonary vascular resistance but 
also prolonged the pulmonary vasodilator response of 
NO. These data nicely confirmed the mode of action of 
sGC stimulators in vivo but also suggested that these com-
pounds are effective for PAH-treatment (Evgenov et  al., 

2004). The reduction of pulmonary artery pressure in 
preclinical PAH-models was confirmed in other species 
and was seen in preclinical PAH models in rabbits (Wei-
denbach et al., 2005), rats (Dumitrascu et al., 2006; Sch-
ermuly et al., 2008), dogs (Freitas et al., 2007) and mice 
(Schermuly et  al., 2008). Later on, pig and guinea pig 
models were also added, consistently demonstrating that 
sGC stimulators and riociguat treatment leads to a signifi-
cant and relevant reduction of pulmonary artery pressure 
in PAH models. Interestingly, these compounds were also 
effective in a very broad range of PH-etiologies, ranging 
from solely vasoconstrictive agents like thromboxane 
A2 agonists (U-46619), over monocrotaline and bleomy-
cin treatment inducing concomitant lung injury, inflam-
mation and lung fibrosis, up to models with pulmonary 
microembolisms and angioproliferative PAH, caused, 
e.g. by the VEGF-antagonist SU5416 and hypoxia (Stasch 
and Evgenov, 2013; Lang et al., 2012). More recently, in a 
model of pressure overload and RV hypertrophy induced 
by pulmonary artery banding (PAB) in mice, treatment 
with riociguat prevented the deterioration of RV func-
tion and RV fibrosis (Rai et  al., 2018). In addition, also 
COPD-like phenotypes, induced by chronic smoke expo-
sure were improved when applying sGC stimulators 
(Weissmann et al., 2014; Paul et al., 2018). Therefore, sGC 
stimulators might even have a broader treatment potential 
for other types of PAH and for lung disorders. However, 
these have to be investigated in the future. Based on the 
initial preclinical findings, the development of riociguat 
in PH, started in 2008, when phase 1 clinical trials were 
initiated to profile riociguat (0.25–5  mg) which was well 
tolerated (Frey et al., 2008). These data were encouraging 
phase 2 studies in PAH patients in 2009. In an open label, 
single dose, phase 2a study, riociguat treatment led to an 
improvement in all major pulmonary hemodynamic para-
meters without adversely affecting gas exchange or venti-
lation/perfusion matching (Grimminger et al., 2009). This 
phase 2a study also included a few patients with chronic 
thromboembolic pulmonary hypertension (CTEPH) who 
demonstrated an increase in cardiac index from baseline 
after a single dose of riociguat leading to an additional 
phase 2a open label study of riociguat in patients with 
CTEPH in which the decrease of pulmonary pressure was 
confirmed (Ghofrani et al., 2010a,b). In addition, dyspnea 
and functional class were improved in the 6-min walking 
distance (6MWD) for both patient groups, PAH and CTEPH 
(Ghofrani et al., 2010a,b). Therefore, riociguat was tested 
in two pivotal phase 3 clinical trials, the PATENT-1 and 
CHEST-1 studies in patients with PAH and CTEPH, respec-
tively (Ghofrani et al., 2013a,b). Patients received placebo 
or riociguat individually dose-adjusted up to 2.5  mg 
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3 times daily. In both studies, riociguat was generally well 
tolerated and significantly improved a range of clinical 
endpoints, including the 6MWD. Based on these results 
riociguat was then approved by the Federal Drug Admin-
istration (FDA) and European Medicines Agency (EMA) 
in 2013 and is marketed as Adempas™. The good toler-
ability and clinical benefit was maintained after 2  years 
of riociguat treatment in open-label extension studies, 
the PATENT-2 and CHEST-2 studies (Ghofrani et al., 2016; 
Simonneau et al., 2016). Riociguat was also investigated 
in patients with PAH with insufficient response to PDE5 
inhibitors. The RESPITE study indicated that replacing 
PDE5i with riociguat may be a feasible and effective treat-
ment strategy in these patients (Hoeper et al., 2017). Cur-
rently, a clinical program is ongoing to confirm the results 
of the RESPITE study (REPLACE, NCT02891850).

sGC stimulators beyond pulmonary 
hypertension
As pointed out before, the NO/sGC/cGMP pathway is a 
key regulator of the cardiovascular system. Therefore sGC 
stimulators could also become treatment options beyond 
the cardiopulmonary circulation and could have potential 
in other indications as well. In addition, the expression 
of the pathway in other cells and tissues outside the car-
diovascular system is triggering preclinical and clinical 
studies for additional pathologies as fibrotic disorders, 
systemic sclerosis (SSc) or chronic kidney diseases (CKD) 
and dementia.

Heart failure (HF) with reduced and 
preserved ejection fraction (HFrEF 
and HFpEF)
The NO/cGMP pathway was discovered in the cardiovas-
cular system and still represents a pivotal pathway in 
the maintenance of cardiovascular and heart function. 
Chronic heart failure (HF) is one of the major health prob-
lems worldwide with high morbidity, poor prognosis and 
unmet medical need (Lewis et al., 2017). The current treat-
ment is based on the blockade of the renin-angiotensin 
system and the sympathetic system, but their clinical effi-
cacy is limited. The impact of sGC stimulation for treatment 
of chronic cardiovascular diseases was very much limited 
due to the pharmacokinetic and pharmacodynamics 

profiles of available sGC modulators (Breitenstein et  al., 
2017). In both respects, vericiguat is able to circumvent 
these limitations. Vericiguat has a once daily kinetic after 
oral dosing in patients and showed no significant effects 
on systemic blood pressure in dosages applied for the 
treatment of chronic HF in the patient. Due to the impact of 
the NO/sGC/cGMP system for cardiovascular diseases, sGC 
stimulators are intensively profiled in preclinical models of 
cardiovascular diseases and HF. The sGC stimulators were 
shown to limit the hypertrophy of cardiomyocytes, suggest-
ing a direct effect on the level of the failing heart (Irvine 
et al., 2012). Moreover, left ventricular and vascular fibro-
sis was reduced in sGC stimulator-treated rats in disease 
models caused by hypertension via angiotensin II infu-
sion (Masuyama et  al., 2006, 2009) or subtotal nephrec-
tomy (Sharkovska et al., 2010) which might be indicative 
especially of the HFpEF phenotype. Interestingly, these 
effects were observed in dosages with or without moderate 
blood pressure lowering efficacy. It was also shown that 
sGC stimulators could reduce infarct size in a myocardial 
infarction model but in addition preserved the ejection 
fraction after MI (Methner et  al., 2013; Bice et  al., 2014). 
When the sGC stimulator was given 30 min after onset of 
ischemia, the ejection fraction was still improved 1 month 
post event (Methner et al., 2013). HF still has a poor prog-
nosis and therefore, improvement of survival and reduc-
tion of cardiovascular and all-cause mortality is one of 
the major determinates of efficacy. Due to the very broad 
mode of action of cGMP, sGC stimulators might have ben-
eficial effects on the hearts, kidney and vasculature, and 
therefore impact on survival. In fact, in animal models of 
hypertensive-induced heart and kidney damage with con-
comitant endothelial dysfunction induced by NO-synthase 
blocking, vericiguat treatment caused a dose-depend-
ent improvement of survival of these rats and improved 
kidney and heart function (Follmann et  al., 2017). These 
effects were even more pronounced when vericiguat was 
combined with a mineralocorticoid-receptor antagonist 
which leads to almost complete survival of these animals 
(Mathar et al., 2017). Taken together, these preclinical data 
out of different in vivo models with different HF etiologies, 
suggested that sGC stimulators and vericiguat could be 
very beneficial for HF-treatment in patients. Clinically, the 
trial named SOCRATES (SOluble guanylate Cyclase stimu-
latoR in heArT failurE Studies) aimed for translation of 
these beneficial effects in HF patients (Pieske et al., 2014). 
This program consisted of two randomized, placebo-con-
trolled, double-blind phase 2b clinical studies, investi-
gated the effect of vericiguat in HF patients with reduced 
ejection fraction (HFrEF), SOCRATES reduced, and with 
preserved ejection fraction (HFpEF), SOCRATES preserved, 
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respectively. Roughly 500 patients were included in each 
study and the NT-proBNP levels served as a primary end-
point. In the REDUCED study, a dose-dependent reduc-
tion on NT-proBNP and a trend for reduction of CV deaths 
and HF hospitalizations was observed (Gheorghiade et al., 
2015), encouraging further phase 3 clinical investigations. 
In contrast to these results, the PRESERVED study showed 
no significant reduction of NT-proBNP (Pieske et al., 2017) 
but did show an improvement of quality of life scores in 
HFpEF patients (Filippatos et al., 2017). Currently, a phase 
3 confirmatory trial with vericiguat in HFrEF, the VICTO-
RIA trial (VerICiguaT Global Study in Subjects With Heart 
Failure With Reduced Ejection Fraction), is ongoing (Arm-
strong et  al., 2017). More recently, Ironwood initiated a 
phase 2 clinical trial, the CAPACITY trial, assessing exercise 
capacity with the sGC stimulator IW-1973 in HFpEF patients 
(NCT03254485). If these ongoing phase 2 and phase 3 trials 
turned out to be successful, HF might be the next indica-
tion in which sGC stimulators could get approval.

Hypertension (HTN)
Dilation and vasorelaxation is one of the best understood 
and most prominent effects of NO/cGMP. Therefore, it 
seems obvious that sGC stimulators could be used as 
antihypertensives. The dose-dependent blood pressure 
lowering effect of sGC stimulators is well established in 
preclinical models of various species, especially in higher 
dosages. However, there are no sGC stimulators approved 
for this indication or in late stage development. As there is 
a broad range of antihypertensive therapies available, the 
medical need in this indication might not feel as high as 
in PAH/CTEPH or HF. Therefore, the already established 
and mostly generic standard of care (SoC) for HTN might 
have prevented or delayed the development of sGC stimu-
lators in this indication. However, due to the unique mode 
of action, actively inducing a cGMP signal and thereby 
actively relaxing blood vessels, the sGC stimulators might 
show an even better efficacy compared to currently used 
antihypertensive therapies which work by mainly block-
ing vasoconstriction. Ironwood is currently doing clini-
cal studies in hypertensive patients and has very recently 
shown a relevant blood pressure reduction over placebo 
with the sGC stimulator IW-1973 in hypertensives. After 
2  weeks of IW-1973 treatment, a decrease in mean arte-
rial blood pressure of 6.3  mm Hg from baseline could 
be demonstrated (Ironwood Pharmaceuticals – press 
release). These data are suggesting that sGC stimulators 
could be used effective antihypertensive drugs. However, 

additional studies are needed to clarify how these effects 
compare with SoC and if there are situations in which sGC 
stimulators provide additional benefits, e.g. in resistant 
hypertension patients.

Fibrotic diseases and systemic 
sclerosis (SSc)
There is ample of evidence out of different organ systems 
that cGMP increased by sGC stimulators exhibit a strong 
antifibrotic effect. It has been shown in vitro, that cGMP 
could inhibit proliferation and collagen formation of 
fibroblast from hearts (Abdelaziz et  al., 2001), from 
kidneys (Hewitson et al., 2004) and from lungs (Dunkern 
et al., 2007). These in vitro observations, translated very 
well into in vivo, which demonstrate antifibrotic effects of 
cGMP-increase in hearts (Sharkovska et al., 2010), kidneys 
(Kalk et al., 2006; Geschka et al., 2011), in lungs (Evgenov 
et al., 2011) and in the livers (Knorr et al., 2008) of mice 
and rats (for review see Sandner and Stasch, 2017). Espe-
cially for liver fibrosis, comprehensive preclinical data 
sets are available demonstrating that the orally admin-
istered sGC stimulator BAY 41-2272 reduced liver fibrosis 
in a bile-duct ligation model as in serum-induced liver 
fibrosis (Nowatzky et al., 2011). Moreover, sGC stimulators 
also showed antifibrotic effects in animal models for non-
alcoholic steatohepatitis (NASH), which is characterized 
by liver fibrosis, inflammation and steatosis could result 
in liver cirrhosis. The sGC stimulator, IW-1973, was profiled 
in vitro and in vivo in animal models of liver fibrosis and 
NASH (Flores-Costa et al., 2017). Despite the very compel-
ling evidence for antifibrotic effects in liver fibrosis, there 
is currently no clinical development reported in which the 
antifibrotic efficacy of sGC stimulators is evaluated. More 
recently, profiling of antifibrotic efficacy of sGC stimula-
tors especially including BAY 41-2272 and riociguat were 
focused on skin fibrosis, and especially investigating if 
sGC stimulators could potentially represent a new treat-
ment option for SSc. SSc is an autoimmune disease affect-
ing the connective tissue and is characterized by excessive 
skin fibrosis and fibrosis of internal organs, leading to 
reduced life expectancy. In addition, vascular complica-
tions are evident as the development of digital ulcers is 
very bothersome in the daily lives of SSc patients. There 
is still a very high medical need with no approved therapy 
for this rare disease. In a broad spectrum of preclinical 
experiments, sGC stimulators were profiled in vitro and 
in vivo in skin fibrosis models. In vitro, sGC stimulators 
could reduce the collagen production and fibroblast to 
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myofibroblast differentiation of human dermal fibro-
blasts. Moreover, TGFβ-induced collagen production was 
also attenuated by sGC stimulators in the dermal fibro-
blasts of SSc patients (Beyer et al., 2012; Zenzmaier et al., 
2015). To further evaluate the treatment potential of rioc-
iguat for SSc, sGC stimulators and riociguat were tested in 
widely accepted mouse models of SSc with different etiol-
ogies, which develop significant skin fibrosis (Beyer et al., 
2010). This in vivo screening cascade comprised of the ble-
omycin-induced skin fibrosis model, which resembles an 
early, inflammatory-driven stage of SSc, the TSK-1 model 
which resembles a later, non-inflammatory, stage of SSc 
and finally the sclerodermatous chronic graft versus host 
disease (cGvHD) model with fibrosis of the intestinal 
tract and the skin. In the bleomycin-induced skin fibrosis 
model, a localized dermal fibrosis was induced in mice by 
intradermal injections of bleomycin every other day for 
21  days. To evaluate the potential effects on prevention 
of fibrosis, treatment was initiated simultaneously with 
the first bleomycin injection and the effects of riociguat 
were compared to a placebo. Reduction of dermal thick-
ness, dermal hydroxyproline content and the number of 
dermal myofibroblasts were measured on day 21. Rioc-
iguat showed a dose-dependent and significant reduction 
of dermal thickness, dermal hydroxyproline-content and 
the number of dermal myofibroblasts (Beyer et al., 2012; 
Dees et al., 2015). The TSK-1 mice have a tandem mutation 
in the fibrillin 1 gene (Fbn1) that leads to progressive 
skin fibrosis. For baseline measurements, skin fibrosis 
of untreated TSK-1 mice (5 weeks old) was characterized 
by quantitative analysis of hypodermal thickness. For the 
quantification of antifibrotic effects, TSK-1 mice (5 weeks 
old) were treated for 5 consecutive weeks with either 
placebo (vehicle) or the sGC stimulator riociguat. Similar 
to the bleomycin-model, sGC stimulators and riociguat 
exhibited a dose-dependent and significant prevention 
of progression of skin fibrosis with a significant reduc-
tion of hypodermal thickness, dermal hydroxyproline 
content and the number of dermal myofibroblasts (Beyer 
et al., 2012; Dees et al., 2015). Finally, the sclerodermatous 
cGvHD mouse model was used, inducing skin fibrosis 
by allogeneic transplantation of splenocytes and bone 
marrow cells from B10.D2 mice into BALB/c (H-2d) mice. 
Treatment started 10 days after transplantation, and the 
outcome was analyzed after 6 weeks. Riociguat showed a 
dose-dependent and significant prevention of progression 
of skin fibrosis in the cGVHD-induced skin fibrosis mice 
and reduced dermal thickness, dermal hydroxyproline 
content and the number of dermal myofibroblasts. Inter-
estingly, inhibition of the accompanied fibrosis in the gas-
trointestinal tract in the model was reduced, suggesting a 

systemic antifibrotic effect of riociguat in SSc (Beyer et al., 
2015; Sandner et al., 2017). Based on these preclinical pro-
filing data, a phase 2 trial has been initiated in patients 
with diffuse cutaneous SSc (RISE-SSc, NCT2283762) and 
results are expected in 2018.

Chronic kidney diseases (CKD), neu-
roprotection, dementia and beyond
It became obvious in the last International Conference on 
cGMP, held at Bamberg, Germany from 23 to 25 June 2017, 
that enhancement of the sGC signaling with sGC stimu-
lators could become a broad treatment potential even 
outside the cardiovascular system (Friebe et  al., 2017). 
There is ample of evidence that sGC stimulators improve 
kidney function. The NO/sGC/cGMP system which regu-
lates renal blood flow, can modify renin release but can 
also modulate fluid and electrolyte transport. In addition, 
depending on the animal models, this system can also 
have antifibrotic, antihypertrophic and anti-inflammatory 
effects. In summary, the mode of action of sGC stimula-
tors might be multifactorial leading to improved kidney 
function in CKD and diabetic kidney disease. Recently, 
the preclinical studies with sGC stimulators are summa-
rized suggesting therapeutic benefits in CKD (Stasch et al., 
2015). It could be shown that in a broad range of preclini-
cal models, sGC stimulators are effective, including differ-
ent etiologies of CKD, like diabetes, obesity, partial renal 
ablation or hypertension. In renin transgenic rats which 
are concomitantly treated with sGC stimulators, kidney 
function was improved significantly with sGC stimula-
tors like riociguat and vericiguat (Sharkovska et al., 2010; 
Follmann et al., 2017). In addition, also in diabetic kidney 
disease reflected in ZSF-1 rats which are diabetic, obese and 
have hypertension, sGC stimulators like IW-1973 improved 
kidney function. Currently IW-1973 is also being studied in 
patients with diabetic nephropathy (NCT03217591).

The impact of cGMP elevation for cognitive func-
tion has also become evident in recent years. Injection 
of stable cGMP analogs improved learning and memory 
of rats (Bernabeu et al., 1996). Later on, PDE5 inhibitors 
were used and improved learning and memory in various 
preclinical models in different species, including rat, 
mice and monkeys (Prickaerts et al., 2002; Rutten et al., 
2005, 2008). Besides PDE5 inhibitors, PDE9 inhibitors 
were shown to increase long-term potentiation and PDE9 
inhibitors are in clinical development for Alzheimer’s 
disease. Preclinical data demonstrating improved learn-
ing with sGC stimulators are currently missing and no 
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clinical development is reported. However, as this could 
be one future direction in which sGC stimulators could 
be beneficial, preclinical testing is warranted for these 
indications. The spectrum of diseases in which cGMP 
signaling plays a role and sGC stimulators could have a 
beneficial benefit is constantly increasing. There is con-
sistent evidence that sGC stimulators could be benefi-
cial in sickle cell disease (SCD) (Potoka et al., 2017) and 
IW-1701 and riociguat are currently in phase 2 trials in 
sickle cell disease patients.

Outlook
The substantial progress in whole genome sequencing and 
genome wide association studies revealed that the NO/
sGC/cGMP signaling is impaired in a variety of diseases 
and disorders not in the current scope of pharmacologi-
cal therapy with sGC stimulators (Leineweber et al., 2017; 
Emdin et  al., 2018). Therefore, in the future, these data 
sources could provide valuable hints for further applica-
tions of sGC stimulators, especially in rare diseases and 
could broaden the potential treatment applications. In 
parallel to sGC stimulators, the so-called sGC activa-
tors were discovered also almost 25  years ago (Stasch 
et al., 2002; Schmidt et al., 2009). These compounds like 
cinaciguat, bind to the HNOX domain of the sGC and stim-
ulate the oxidized and heme-free form of sGC. A variety of 
diseases are linked to increased oxidative stress, render-
ing the sGC unresponsive to NO but also sGC stimulators. 
Therefore, it will become very interesting in the future if 
and how these sGC activators and their treatment effects 
are differentiated within different pathologies. This will 
not only broaden our theoretical knowledge of NO/sGC/
cGMP signaling under oxidative stress, but could also 
help to improve and tailor therapies based on sGC stimu-
lation and sGC activation to the benefit of patients.
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