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Soluble guanylate cyclase stimulation: an
emerging option in pulmonary hypertension
therapy
H.A. Ghofrani and F. Grimminger

ABSTRACT: The prognosis for patients with pulmonary hypertension remains poor despite recent
treatment advances, and there is a need for therapies with new modes of action. Nitric oxide (NO)
is an endogenous vasodilator, the levels of which are regulated throughout the lung to ensure
preferential perfusion of well-ventilated regions. Drugs that act in synergy with endogenous NO
would therefore promote pulmonary vasodilation while maintaining optimal gas exchange.
Riociguat is an oral stimulator of the NO receptor soluble guanylate cyclase. It synergises with
NO and has demonstrated vasodilatory and antiremodelling properties in preclinical studies.
Riociguat has been shown to have a favourable safety profile in healthy volunteers and in patients
with pulmonary hypertension. Pharmacokinetic analyses have revealed substantial interindividual
variation, suggesting that individual dose titration will be required.
In a proof-of-concept study of patients with pulmonary arterial hypertension or chronic
thromboembolic pulmonary hypertension, riociguat improved cardiopulmonary haemodynamics
from baseline. It also caused systemic vasodilation, which was well tolerated but should be
monitored in future studies. Dose titration of riociguat should promote pulmonary vasodilation
while maintaining control of systemic effects, and has been investigated in a phase-II study of
patients with pulmonary arterial hypertension or chronic thromboembolic pulmonary hypertension. Preliminary results indicate that phase-III trials are warranted.
KEYWORDS: Haemodynamics, pulmonary hypertension, riociguat

ndothelial cell-derived nitric oxide (NO)
acts on vascular smooth muscle cells in
healthy subjects to induce vasodilation by
increasing production of the secondary messenger cyclic guanosine monophosphate (cGMP) via
the activation of soluble guanylate cyclase (sGC)
[1, 2]. Expression of the enzyme responsible for
the production of endothelial cell-derived NO,
endothelial NO synthase, is reduced in the lungs
of patients with pulmonary arterial hypertension
(PAH) compared with those of controls [3, 4].

E

intravenous prostacyclin analogues and oral endothelin receptor antagonists, can worsen V9/Q9
mismatch and hypoxaemia under certain circumstances, for example in pulmonary hypertension
associated with lung disease [5–7].

In the healthy lung, NO plays a key role in the
maintenance of ventilation/perfusion (V9/Q9)
matching. Levels of NO are low in regions of
low ventilation (resulting in vasoconstriction) and
high in regions of high ventilation (resulting in
vasodilation), causing blood flow to be directed
preferentially towards well-ventilated regions of
the lung, ensuring efficient oxygenation (fig. 1).
Drugs that synergise with NO will, therefore,
cause vasodilation preferentially in well-ventilated
regions of the lung, maintaining V9/Q9 matching.
By contrast, nonselective vasodilators, such as

Therefore, there are strong grounds for the
development of pharmacotherapies targeting the
NO signalling pathway in pulmonary hypertension. Inhaled NO is a useful short-term vasodilator screening agent for the identification of those
patients with pulmonary arterial hypertension
(PAH) who will respond to treatment with calcium
channel blockers [8–10]. However, inhaled NO and
nitrates are unsuitable as long-term treatments for
pulmonary hypertension, owing to the significant
numbers of nonresponding patients [11, 12], the
development of tolerance [13] and/or the serious
problem of rebound pulmonary hypertension
following discontinuation of treatment [14, 15].
Targeting of a downstream component of the NO
signalling pathway has met with more success;
sildenafil prevents the degradation of cGMP by
inhibiting phosphodiesterase (PDE)5, and has
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FIGURE 1.

The role of nitric oxide (NO) in ventilation/perfusion matching in the

lung. cGMP: cyclic guanosine monophosphate.

been approved for the treatment of PAH [16–18]. However, the
activity of sildenafil depends on the presence of an intact NO–
sGC–cGMP axis, and its efficacy may be limited in the presence
of low NO levels [16, 19].
In general, survival rates of patients with PAH have improved
coincidentally with the introduction of a range of specific
therapies, but prognosis still remains poor [20], indicating that
new approaches are still needed. Investigation of alternative
targets within the NO signalling pathway has centred on the
direct stimulation of sGC, leading to a new class of potential
agents for pulmonary hypertension treatment: direct sGC
stimulators that are not limited by low endogenous NO levels.
Riociguat (BAY 63-2521) is the first of these drugs to enter
clinical study.

sGC was similarly detected in the structurally remodelled
smooth muscle layer in chronic hypoxic mouse lungs and
lungs from rats with monocrotaline (MCT)-induced pulmonary hypertension [27]. Furthermore, analysis of lung biopsy
tissue samples from patients with idiopathic PAH revealed a
strong up-regulation of sGC in pulmonary arterial vessels
compared with samples from healthy subjects [27].
YC-1, a synthetic benzylindazole derivative, was first described
in 1978 [28] and characterised as an NO-independent, haemdependent sGC stimulator almost two decades later [29]. As
well as increasing sGC activity in the absence of NO, YC-1 acted
in synergy with NO to stimulate sGC [30–32], yet it proved to be
a relatively weak vasodilator and inhibited PDEs [33]; therefore,
the search began for a new generation of indazoles that were
more potent and more specific with respect to sGC. This
resulted in the identification of BAY 41-2272 and BAY 41-8543
[34–36], two predecessors of riociguat that proved to be more
potent direct stimulators of sGC than YC-1 in vitro and ex vivo,
and produced no clinically relevant PDE inhibition (this has
been previously reviewed elsewhere [37]).
BAY 41-2272 was investigated in numerous preclinical studies,
and was shown to be effective in treating various animal
models of pulmonary hypertension, as well as inhibiting
cardiovascular remodelling [38–41]. BAY 41-8543 caused
pulmonary vasodilation and improved systemic arterial
oxygenation in a sheep model of pulmonary hypertension
[42]. Although the preclinical data showed promise, further
pharmacokinetic optimisation was required to yield a compound suitable for clinical development.
The optimised sGC stimulator riociguat was identified following pharmacological and pharmacokinetic profiling of around
1,000 additional compounds [37]. Its mode of action is shown
in figure 2 [43]. Riociguat (0.1–100 mM) dose-dependently
stimulated sGC activity up to 73-fold in vitro and synergised
with the NO donor complex diethylamine/NO (0.1 mM) to
increase sGC activity up to 112-fold [27]. Riociguat was found
to activate sGC by an NO-independent but haem-dependent
mechanism, and it had no effect on a broad range of cyclic
nucleotide metabolising enzymes, including PDEs [27].
Riociguat effectively reduced pulmonary hypertension and
reversed the associated right heart hypertrophy and vascular
remodelling in mouse and rat models of the disease (hypoxiaand MCT-induced pulmonary hypertension, respectively), compared with untreated controls [27]. Figure 3 exemplifies the
effects of riociguat on right heart hypertrophy and degree of
muscularisation of small pulmonary arteries in MCT-treated rats.

DIRECT STIMULATION OF sGC
sGC is a heterodimer of a larger a-subunit and a smaller haembinding b-subunit [21]. The binding of NO to sGC causes the
activation of sGC and synthesis of the second messenger cGMP
[22]. In turn, cGMP binds to and activates cGMP-dependent
protein kinase (protein kinase G) to regulate cytosolic calcium
ion concentration, which desensitises actin–myosin contractility and induces vasodilation [23, 24].

RIOCIGUAT IN HEALTHY SUBJECTS: PHASE-I STUDY
The safety profile, pharmacokinetics and pharmacodynamics
of single oral doses of riociguat (0.25–5 mg as a solution and a
2.5 mg immediate-release tablet formulation) were determined
under fasting conditions in 58 healthy male subjects in a singlecentre, randomised, placebo-controlled, single-blinded,
parallel-group phase-I study [44]. Study cohorts received
increasing doses of riociguat stepwise, dependent on safety
evaluation of the preceding dose.

Increased sGC expression occurs in experimental hypoxiainduced pulmonary hypertension [25, 26]. Upregulation of

The plasma concentration–time profiles for riociguat are
shown in figure 4. Riociguat was rapidly absorbed, with a
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FIGURE 2.

Mode of action of riociguat. Riociguat acts directly on the nitric oxide (NO) receptor soluble guanylate cyclase (sGC), and is able to stimulate the enzyme

independently and in synergy with NO. AC: adenylate cyclase; cAMP: cyclic adenosine monophosphate; cGMP: cyclic guanosine monophosphate; COX: cyclo-oxygenase;
ECE: endothelin converting enzyme; ET: endothelin; GMP: guanosine monophosphate; NOS: NO synthase; PDE: phosphodiesterase; PH: pulmonary hypertension.
Reproduced from [43] with permission from the publisher.

mean time from administration to maximum plasma concentration of 0.5–1.5 h. Mean maximum plasma concentration and
mean area under the plasma concentration–time curve for
riociguat were approximately linearly related to dose. Mean
elimination half-life was 5–9 h. Bioavailability of the tablet
formulation was similar to that of the oral solution. There was
a high degree of interindividual variation in plasma riociguat
concentrations, which will necessitate individual titration in
the clinical situation.
Riociguat was well tolerated up to 2.5 mg, with the 5 mg dose
being less well tolerated and associated with more adverse
events including headache, nasal congestion, flushing, feeling
hot, orthostatic hypotension and palpitation. Heart rate
increased in proportion to dose over the range of 1 to 5 mg.
Heart rate is considered a very sensitive noninvasive parameter for indirect estimation of the effect of a vasodilating
agent on the cardiovascular system in healthy young subjects,
with changes in heart rate compensating for changes in blood
pressure. There was a slight decrease in diastolic blood
pressure but no significant decrease in systolic blood pressure.
With respect to vasoactive hormones, plasma norepinephrine
EUROPEAN RESPIRATORY REVIEW

increased significantly with the 5 mg dose, renin with 1–5 mg
doses, and cGMP with 2.5 mg and 5 mg doses.
RIOCIGUAT IN PULMONARY HYPERTENSION: PROOFOF-CONCEPT STUDY
A two-part proof-of-concept study of riociguat was undertaken
at a single German clinical centre to determine the safety,
tolerability, pharmacodynamics and pharmacokinetics of
riociguat administered as an oral solution in patients with
pulmonary hypertension [45, 46]. The study population
included male and female patients aged 18–80 yrs with mean
pulmonary vascular resistance (PVR) .300 dyn?s?cm-5, and a
diagnosis of PAH, pulmonary hypertension associated with
mild-to-moderate interstitial lung disease, or chronic thromboembolic pulmonary hypertension (CTEPH), corresponding to
Venice protocol groups 1, 3 and 4, respectively [47].
Haemodynamic parameters and gas exchange variables were
first measured before, during and after NO inhalation (10–
20 ppm NO for 10 min), and riociguat was administered after
haemodynamic parameters had returned to baseline values. In
the initial part of the study, the optimal tolerated dose of riociguat
VOLUME 18 NUMBER 111
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arterial pressure (Ppa) and cardiac index (CI) in a concentrationdependent manner. A subanalysis of patients with CTEPH and
patients with PAH revealed significant increases in CI in both
patient groups (fig. 5). Riociguat-induced changes in haemodynamic parameters were also clinically and statistically significant
compared with those induced by inhaled NO.
Riociguat caused systemic vasodilation as well as pulmonary
vasodilation, significantly reducing systolic blood pressure
and systemic vascular resistance. Although mean systolic
blood pressure remained .110 mmHg in this small proof-ofconcept study, these results again suggest that individual dose
titration will be required in order to control systemic effects.

(MCT)-induced pulmonary hypertension. Rats received MCT or saline by

80

subcutaneous injection and were investigated on day 21 or 35. Oral riociguat
-1

70

Degree of muscularisation is given as percentage of non- (&), partially- (&) or fully(&) muscularised pulmonary arteries from total vessel count (vessels sized 20–
#

70 mm) in MCT-treated animals. *: p,0.05 versus control; : p,0.05 versus MCT at
day 35. Modified and reproduced from [27] with permission from the publisher.

was identified by incrementally increasing the dose at hourly
intervals in four patients: 0.5+1+152.5 mg (n52) and
1+2+255 mg (n52). The 5 mg total dose caused asymptomatic
hypotension in one patient, so doses of 1 mg and 2.5 mg were
chosen for the second part of the study. Riociguat 1 mg (n55) and
2.5 mg (n510) doses were administered in the second part of the
study and measurements were compared with peak intervention
values for inhaled NO and post-NO intervention baseline values.
Riociguat was well tolerated in this proof-of-concept study.
Three patients experienced mild, possibly treatment-related
adverse events (dizziness, nasal congestion and hot flush).
There were no clinically meaningful effects on vital signs,
ECGs or routine laboratory test values. Neither dose produced
deterioration in gas exchange or V9/Q9 matching despite
strong pulmonary vasodilation.
Riociguat doses of 1 mg or 2.5 mg produced clinically and
statistically significant improvements in PVR, mean pulmonary
38
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Reproduced from [45] with permission from the publisher.
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The pharmacokinetic properties of riociguat were determined
in patients with pulmonary hypertension in the second part of
the proof-of-concept study [45, 46]. Riociguat was rapidly
absorbed and there was a high degree of interindividual
variation in plasma riociguat concentrations, consistent with
pharmacokinetic data from the phase-I study [44].
RIOCIGUAT IN PAH AND CTEPH: PHASE-II STUDY
On the basis of the promising results shown in the proof-ofconcept study, an open-label uncontrolled phase-II trial of
riociguat administered by dose titration has been initiated at 15
German clinical centres.
As the proof-of-concept study showed promising results in a
small number of patients with CTEPH, it was decided to
investigate this population further as part of the phase-II
study. There is a clear unmet need for pharmacotherapy in
patients with CTEPH, notably those with inoperable CTEPH or
persistent post-pulmonary endarterectomy pulmonary hypertension (a review of treatment options for patients with CTEPH
can be found in the article by LANG [48] in the present issue of
the European Respiratory Review).

SOLUBLE GUANYLATE CYCLASE STIMULATION

patients with chronic thromboembolic pulmonary hypertension, for whom no medical therapy has yet been approved.
The safety and efficacy of riociguat as a monotherapy and in
combination with established treatments will also be determined in patients with pulmonary arterial hypertension.
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A multicentre phase-II trial of riociguat has been initiated in
order to determine the safety profile, tolerability, pharmacodynamics and therapeutic potential of riociguat in patients with
pulmonary arterial hypertension or chronic thromboembolic
pulmonary hypertension when oral doses are individually
titrated according to target systolic blood pressure. The results
of this uncontrolled open-label trial will require verification in a
randomised, controlled phase-III study. In planned phase-III
trials, riociguat will be investigated in the first-line setting in
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