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Abstract Pulmonary arterial hypertension (PAH) is a pro-
gressively worsening disorder characterized by increased pul-
monary vascular resistance leading to increased afterload,
right ventricular hypertrophy, and ultimately right heart failure
and death. Current pharmacologic treatments primarily act to
reduce pulmonary vascular resistance (PVR) and provide
some benefit but do not cure PAH. Canonical vasodilator ther-
apy involving the nitric oxide (NO)-soluble guanylate cyclase
(sGC)-cGMP pathway has demonstrated efficacy, but in path-
ologic states, endothelial dysfunction within the pulmonary
vasculature leads to the reduced synthesis and bioavailability
of NO. Acting downstream of NO, sGC stimulators and acti-
vators restore the endogenous functions of NO and exploit the
positive effects of sGC stimulation on various organ systems,
including the heart. Riociguat (BAY 63-2521) is the first agent
in a class of sGC stimulators to receive FDA approval for the
treatment of PAH and chronic thromboembolic hypertension
(CTEPH). Riociguat has demonstrated significant benefit as
assessed by 6MWD, PVR, N-terminal pro-brain natriuretic
peptide (NT-proBNP) levels, time to clinical worsening,
World Health Organization (WHO) functional class, and other
quality of life measures in clinical trials as a monotherapy and
in combination with endothelin receptor antagonists or non-
intravenous prostanoids. Riociguat is the first FDA-approved
treatment option for inoperable or persistent CTEPH and adds
a new effective drug to available treatment options for

pulmonary hypertension (PH). The question of whether
riociguat is superior to other available treatment options is
unanswered at the present time and requires further study.
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Introduction

Pulmonary hypertension is a disorder characterized by pro-
gressive degeneration and remodeling of the pulmonary vas-
culature, leading to a progressive rise in pulmonary vascular
resistance, right heart failure, and death [1, 2]. The World
Health Organization (WHO) classifies pulmonary hyperten-
sion (PH) into five groups (Table 1). In this review, we will
primarily focus on the treatment of pulmonary arterial hyper-
tension (PAH) and chronic thromboembolic hypertension
(CTEPH), groups one and four respectively, and discuss the
role of soluble guanylate cyclase modulators such as the sol-
uble guanylate cyclase (sGC) stimulator riociguat and the sGC
activator cinaciguat for PH therapy.

PAH is a debilitating chronic disease with 1- and 3-year
mortalities at 15–17 and 32–42%, respectively [4, 5]. CTEPH
is also associated with increased risk of mortality, 1- and 3-
year mortality is 18 and 30 % for those with inoperable dis-
ease, and 1- and 3-year mortality is 1 and 6 % for those with
residual PH after pulmonary thromboendarterectomy (PTE)
undergoing medical treatment [6]. Treatment goals in PAH
and CTEPH are to improve quality and length of life, and
clinical benefit is assessed by improvements in functional
class (WHOFC), exercise capacity (6MWD), right ventricular
(RV) size and function, cardiopulmonary exercise parameters,
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plasma brain natriuretic peptide (BNP) or N-terminal of the
prohormone BNP (NT-proBNP) levels, and survival [7].

The various subgroups of PAH at the molecular level share
similar pathology: endothelial dysfunction, inflammation, in-
creased cell proliferation, impaired apoptosis, and disordered
metabolism in the pulmonary vasculature and right ventricle
[8–15]. This results in a loss of arterial vascular volume, in-
creased vasoconstriction, and impaired vascular compliance,
leading to increased pulmonary vascular resistance (PVR) and
RVafterload [1, 16•]. Increases in afterload are associatedwith
remodeling and phenotypic changes of the RV, ultimately cul-
minating in RV failure and death [9].

PAH patients frequently exhibit dysregulation of prosta-
glandin levels favoring constrictors over vasodilators, attenu-
ation of the nitric oxide (NO) signaling pathway, and elevation
of endothelin-1 [8, 17–19]. Prostacyclin analogues or
prostanoids, endothelin receptor antagonists (ERAs), and
phosphodiesterase-5 (PDE-5) inhibitors effectively target
these imbalances, but vasodilatory agents alone have not prov-
en to reverse pulmonary arterial vasculature dysfunction or
normalize right ventricular function [20, 21]. The apparent
mechanisms underlying disease pathophysiology and ap-
proved therapeutics do not seem to match [2, 22].

Soluble guanylate cyclase is a heterodimer composed of one
α-subunit and one heme-binding β-subunit that catalyzes the
formation of cyclic guanosine monophosphate (cGMP) from
guanosine triphosphate [23]. Nitric oxide normally stimulates
sGC, but NO production may be reduced in the occlusive vas-
culopathy present in PH [8]. The NO-sGC-cGMP signaling
pathway may be further attenuated by the inactivation of NO
by reactive oxygen species and oxidation of the sGC heme
moiety, reducing NO sensitivity [24, 25]. Inhaled NO or drugs
releasing NO and organic nitrates are associated with notewor-
thy therapeutic shortcomings such as the development of toler-
ance and a lack of efficacy in certain disease states [26–32].

Soluble guanylate cyclase stimulators such as riociguat
(BAY 63-2521) require the presence of a reduced heme

moiety and both sensitize sGC to NO by stabilizing NO-
sGC binding and directly stimulate sGC independently of
NO [24]. Soluble guanylate cyclase activators such as
cinaciguat (BAY 58-2667) are heme mimetics that bind and
replace the endogenous heme in sGC catalyzing the produc-
tion of cGMP in a NO- and heme-independent manner
[33–35]. These novel sGC modulators maintain efficacy in
conditions inwhich endogenousNO production, NO bioavail-
ability, and sGC redox status are compromised, providing a
potential theoretical advantage over existing PDE-5 inhibitor
therapy in certain patient populations. Unfortunately, current
sGC modulators lack specificity for the pulmonary vascula-
ture and cause dose-dependent reductions in systemic blood
pressure [36]. Significant systemic hypotension is poorly tol-
erated in many PAH patients due to an inability to increase
cardiac output owing to reduced right ventricular reserve as a
result of intrinsic right ventricular disease, reduced pulmonary
arterial cross-sectional area, and reduced compliance of the
pulmonary arterial vasculature [22].

In animal models, sGC modulators have demonstrated pos-
itive effects on the pulmonary vasculature and hemodynamics
[37–46]. These agents have other notable effects on the heart
and vasculature mediated by sGC including anti-fibrotic
[47–51], antiproliferative [52], and anti-inflammatory effects
[47]. Direct pharmacological stimulation of sGC demonstrated
a cardioprotective effect on several preclinical studies in differ-
ent animal models of pulmonary hypertension [47, 48, 53, 54].

Clinical Trials

Riociguat for PAH

The Pulmonary Arterial Hypertension sGC Stimulator Trial 1
(PATENT-1) was a multicenter, randomized, placebo-
controlled trial (n=443, primarily WHO FC II or III) evaluat-
ing the safety and efficacy of riociguat to treat group 1 PAH in
therapy-naïve patients (50 %) and patients receiving ERAs

Table 1 WHO pulmonary
hypertension taxonomy WHO group Description

Group 1

PAH

- Idiopathic, heritable, toxin-, and drug-induced or associated with conditions
such as connective tissue disease, congenital heart disease, liver disease,
HIV infection, schistosomiasis, or portal hypertension

- Common obstruction and adverse remodeling of the small pulmonary arteries

Group 2

Left heart related

- Common elevation of left atrial pressure

- Due to systolic or diastolic left ventricular dysfunction or left-sided valvular disease

Group 3

Lung related

- Secondary to chronic lung diseases (e.g., chronic obstructive pulmonary disease,
interstitial lung disease), chronic hypoxia, or sleep disordered breathing

Group 4 CTEPH - Due to unresolved thromboemboli in the pulmonary arterial circulation

Group 5

Other

- Unclear multifactorial mechanisms

Pulmonary hypertension groups exhibiting similar pathophysiology as defined by theWorldHealth Organization [3]
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(44 %) or non-intravenous prostanoids (6 %) as background
therapy [55•]. At week 12, the placebo-adjusted 6MWDwith-
in the experimental group increased 36 m with a baseline
6MWD of 363 m. Improvements in secondary endpoints such
as PVR, improvement of NT-proBNP levels, WHO FC, time
to clinical worsening, and Borg dyspnoea score were signifi-
cant in the riociguat individual titration group (to maximum
dose of 2.5 mg tid) vs. placebo. Drug-related serious adverse
events (SAEs) included syncope (1 %) and single cases of
increased hepatic enzyme levels, dizziness, presyncope, acute
renal failure, and hypotension (0.4 %). Drug-related adverse
events (AEs) that led to discontinuation included esophageal
pain and esophageal swelling, supraventricular tachycardia,
hypotension, generalized edema, and neck pain.

Riociguat for PAH Long-Term Extension Trial

Pulmonary Arterial Hypertension sGC Stimulator Trial
(PATENT-2) is an ongoing long-term, open-label extension
trial (n= 396, 97 % WHO Functional Class II or III) of
PATENT-1 evaluating the safety and efficacy of riociguat as
monotherapy (50 %), and as a combination therapy for pa-
tients receiving ERAs (43 %), non-intravenous prostanoids
(6 %), and ERAs with non-intravenous prostanoids (1 %)
[56•]. Improvements were noted in mean 6MWD (+51 m
compared with the PATENT-1 study baseline), and benefits
observed in WHO FC (94 % improved or stable), NT-
proBNP levels, and Borg dyspnoea scores were maintained
at 1 year with an estimated survival rate of 97 % [56•]. Two-
year data was released in an abstract with mean 6MWD in-
creasing by 47 m compared with the PATENT-1 study base-
line, and 91 % of patients had improved or stable WHO FC
and 93 % survival [57].

Drug-related AEs were reported in 54 % of patients; the
most common were dizziness (9 %), headache (8 %), and
dyspepsia (8 %). Drug-related SAEs were reported in 7 % of
patients. The most common drug-related SAEs included syn-
cope (2 %) and worsening PAH (1 %). Two cases of
hemoptysis/pulmonary hemorrhage were considered study-
drug related by the investigators though the exposure-
adjusted rate of hemoptysis/pulmonary hemorrhage was lower
in the PATENT-2 study compared with PATENT-1 [56•].

The subgroup of patients in the PATENTstudies with PAH-
associated corrected congenital heart disease (n=35, a sub-
group with limited existing clinical data) was determined to
exhibit similar safety and efficacy to the composite study pop-
ulation in a retrospective study [58].

Combination Therapy with Riociguat and PDE-5 Inhibitors

PATENTplus was a blinded, placebo-controlled, randomized
extension study (n=18) to study the safety and efficacy of
adding riociguat to background sildenafil (20 mg tid) therapy

in PAH patients [59•]. No significant benefits were observed
with combination therapy in exploratory efficacy variables,
and high rates of adverse events and discontinuation resulted
in study termination [59•]. As a result, riociguat should not be
used in combination with phosphodiesterase type-5 inhibitors.

Riociguat for CTEPH

The Chronic Thromboembolic Pulmonary Hypertension
Soluble Guanylate Cyclase-Stimulator Trial 1 (CHEST-1)
was a multicenter, randomized, double-blind, placebo-
controlled trial (n=261, primarily WHO FC II or III) evaluat-
ing the efficacy and safety of riociguat in patients with inop-
erable group 4 CTEPH (72 %) or persistent or recurrent PH
after pulmonary thromboendarterectomy (28 %) [60•]. After
16 weeks, treatment was associated with a significant increase
in placebo-adjusted mean 6MWD (+46 m), decreases in PVR
(−249 dyn · sec/cm5), decreases in mPAP (−5 mmHg), and
improvements in cardiac output, NT-proBNP levels, and
WHO FC when compared to placebo. Drug-related SAEs in
the riociguat group included syncope (2%) and gastritis, acute
renal failure, and hypotension (1 % for each). Four (2 %) AEs
and three (2 %) SAEs of hemoptysis were reported in the
riociguat group during CHEST-1 [61•].

Riociguat for CTEPH Long-term Extension Trial

CHEST-2 is a long-term, open-label extension trial (n=237)
which included patients from CHEST-1 [61•]. At 1 year,
6MWD increased 51 m in the total patient population com-
pared with baseline and NT-proBNP significantly decreased.
WHO FC improved or remained stable in 96 % of patients,
and the estimated survival rate was 97 %. Riociguat was well
tolerated, and 6 % of patients withdrew due to AE and SAE.
The most common drug-related AEs were dizziness (10 %),
dyspepsia (8 %), and hypotension (5 %), while drug-related
SAEs were reported in 5 % of patients. The most common
drug-related SAEs were syncope (2 %) and hypotension
(1 %). During CHEST-2, eight (3 %) AEs and four (2 %)
SAEs of hemoptysis were reported.

Riociguat for Group 2 PH with Left Ventricular Dysfunction

Left Ventricular Systolic Dysfunction Associated With
Pulmonary Hypertension Riociguat Trial (LEPHT) was a
phase IIb double-blind, randomized, placebo-controlled,
dose-ranging hemodynamic study (n=201) evaluating the
clinical utility of riociguat in patients with heart failure
resulting from PH caused by systolic left ventricular dysfunc-
tion [62]. The primary endpoint was not met as the drop in
mPAP was not statistically different from placebo. Cardiac
index, stroke volume index, pulmonary, and systemic vascular
resistance were significantly improved without significant
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changes in heart rate or systemic blood pressure. Riociguat
also reduced the Minnesota Living with Heart Failure score.
Treatment-emergent drug-related AEs were reported in 43 and
22 % of patients in the riociguat 2 mg and placebo groups,
respectively. Treatment-emergent drug-related SAEs in the
riociguat 2 mg group included cardiac failure, ventricular
tachycardia, syncope, and hypotension (6 % in total).

Riociguat in Patients with Group 2 PH Associated
with Diastolic Heart Failure

Acute Hemodynamic Effects of Riociguat in Patients With
Pulmonary Hypertension Associated With Diastolic Heart
Failure (DILATE-1) was a double-blind, randomized, place-
bo-controlled, parallel-group study (n=36) examining the ef-
fects of single-dose riociguat in clinically stable patients re-
ceiving standard HF therapy with heart failure with preserved
LV ejection fraction (HFpEF) and PH [63]. There was no
significant change in peak decrease in mPAP up to 6 h after
treatment with riociguat. Stroke volume and cardiac index
significantly increased, and systolic BP and right ventricular
end-diastolic area significantly decreased without significant
changes in heart rate, pulmonary arterial wedge pressure,
transpulmonary pressure gradient, or PVR. The majority of
AEs were of mild or moderate intensity. Drug-related SAEs
(30 %) were one case of decreased cardiac output and three
cases of decreased MAP.

Effect of Riociguat on Right Heart Size and Function

In a study (n= 39) of patients drawn from the PATENT,
PATENTplus, CHEST, and the Expanded Access Program
(EAS) trials, the long-term effects of riociguat on right heart
size and function were evaluated [16•]. Echocardiography,
6MWD, and further clinical parameters were analyzed at base-
line and after 3, 6, and 12months. Mean right ventricular (RV)
area significantly decreased after 3, 6, and 12 months com-
pared to baseline with 30.7 % of patients going into normal
ranges after 1 year. Right atrial area significantly decreased
after 12 months with 26 % of patients going into normal
ranges after 1 year, and tricuspid annular plane systolic excur-
sion (TAPSE) significantly improved after 6 and 12 months.
RV wall thickness and 6MWD significantly improved after 3,
6, and 12 months. Invasive hemodynamics also significantly
improved after 3 months.

Riociguat for Group 3 PH with Associated Lung Disease

An exploratory, non-randomized, non-blinded, non-controlled
pilot study (n=22) by Ghofrani et al. examined the acute
single-dose effects of riociguat (1 and 2.5 mg) in borderline
or manifest PH associated with chronic obstructive pulmonary
disease (COPD) [64]. Acute riociguat treatment in the 2.5 mg

group led to significant dose-dependent improvements in
mPAP (−4.83 mmHg), PVR (−123.8 dyn · sec/cm5), and car-
diac output (+1.61 L/min) without relevant changes in lung
function or gas exchange with minor drug-related AEs [64].
These effects are generally more pronounced than those ob-
served after the administration of inhaled NO [2, 65].

In an open-label, uncontrolled pilot trial (n=22), patients
received oral riociguat for the treatment of interstitial lung
disease (ILD) associated with PH [66]. PH can arise as a
significant problem in ILD patients with approximately 30–
40 % of patients with ILD developing PH [67–72]. Riociguat
appeared to be well tolerated by the majority of patients with
PH-ILD, and after 12 weeks of therapy, mean cardiac output
and 6MWD increased, PVR decreased, and mPAP remained
unchanged compared with baseline. Frequently reported drug-
related AEs were dyspnoea (27.3 %), peripheral edema
(27.3 %), dyspepsia (13.6 %), headache (13.6 %), and feeling
hot (13.6 %). Reported drug-related SAEs included syncope
(4.5 %), dyspnoea (13.6 %), pancytopenia (9.1 %), respiratory
disorder (4.5 %), and respiratory failure (4.5 %).

Cinaciguat Clinical Trials

In the first non-randomized, uncontrolled study of cinaciguat
in patients with acute decompensated heart failure, cinaciguat
had formidable preload- and afterload-reducing effects, in-
creasing cardiac output and preservation of renal function.
The drug was reportedly well tolerated, with hypotension re-
ported in 10 % of patients [73]. A subsequent unpublished
study (NCT00559650) was terminated, and the COMPOSE
series of trials (COMPOSE 1, COMPOSE 2, and COMPOSE
EARLY) were terminated early due to systemic hypotension
and difficulty enrolling patients [74].

Discussion

Riociguat is administered orally tid, requires dose titration to
lessen the risk of systemic hypotension, and does not alter
prothrombin time when combined with warfarin. Riociguat
is contraindicated in patients receiving PDE-5 inhibitors, ni-
trates, or nitric oxide donors and is listed as pregnancy cate-
gory: X [75].

It is our opinion that riociguat is a useful addition to the
available treatment options for PH in the current time partic-
ularly for patients who may not respond to existing therapies
or have issues with their respective side effects. The question
of whether riociguat is superior to other treatment options is
unanswered and requires further study. We concur with the
conclusions reached byDasgupta et al. that the sGC stimulator
riociguat is similar in safety, tolerability, and efficacy to
existing oral medicines for the treatment of PAH [22].
Sufficient evidence is not present in the literature to determine
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the preferred initial therapy for therapy-naïve patients, or pre-
ferred combination therapy for more advanced patients. The
results, to date, from the PATENT-2 study indicate that
Riociguat serves as an acceptable choice for monotherapy
and in combination with ERAs and non-intravenous
prostanoids for PAH [56•]. Given that CTEPH does not self-
resolve and the excellent results of PTE, eligibility for surgical
management should be assessed as soon as possible. Medical
management of CTEPH appears to be of benefit to inoperable
patients, those with recurrent or persistent PH following PTE,
and may be beneficial as a bridge to surgery. The sGC activa-
tor cinaciguat has shown to be limited in its utility in the
clinical setting due to a lack of specificity for the pulmonary
vascular bed and systemic hypotension, to a greater extent as
compared to riociguat [74].

Most PH patients present with a severely enlarged right
heart with increased right ventricular (RV) and right atrial
(RA) areas and impaired cardiac output at diagnosis.
Previous studies have shown that right heart function is the
key determinant of outcome in PAH and CTEPH patients [7,
76]. More specifically, RA area has been shown to be one of
the most important independent prognostic factors in PAH
patients [77–79]. Direct sGC pharmacological stimulation by
riociguat has demonstrated to reverse right heart dilatation and
hypertrophy and to improve systolic function in several pre-
clinical studies [48, 53, 54]. In PAH and CTEPH patients,
Marra et al. demonstrated a decrease in right heart size after
riociguat therapy [16•]. These data are tremendously promis-
ing for this high-risk patient population.

The role of vasodilators in the treatment of WHO groups 2
and 3 PH is controversial, with present treatments primarily
targeted towards the underlying causes. Initial studies of
riociguat in group 2 PH failed to meet the primary endpoint
of a reduction in mPAP, but produced benefits in some sec-
ondary measures and appeared to be well tolerated [62, 63].

Deficient NO-sGC-cGMP signaling results from endothe-
lial dysfunction and may underlie impaired cardiac relaxation/
distensibility in HF-PH patients. In preclinical and small clin-
ical studies, NO-sGC-cGMP signaling was demonstrated to
be involved in impaired cardiac relaxation/distensibility,
though a study by Reinke et al. showed that neither riociguat
nor cinaciguat at clinically relevant levels exerted any positive
inotropic effects on isolated cardiac myocytes despite an in-
crease in cGMP levels [80–82]. It must be noted that cardiac
myocytes and smooth muscle cells differ markedly in the reg-
ulation of contraction and relaxation as well as in the compo-
sition of regulatory and structural proteins [83]. This may
explain a lack of significant change in ventricular filling pres-
sure in DILATE-1 patients. Riociguat may however provide a
benefit by unloading the heart and improving stroke volume
and cardiac output in group 2 PH patients.

Riociguat appears to be well tolerated in both completed
single-dose studies in group 3 PH patients [64, 66]. The

estimated prevalence of PH-associated COPD is wide ranging
(30–70 %), depending on the PH definition used [84–87].
Risk of worsening gas exchange associated with COPD is a
problem with many available vasodilators, but riociguat was
well tolerated [88]. Riociguat may be useful in combination
with other established therapies in the treatment of group 3
PH, but further studies are needed to determine if it can im-
prove function or survival in this patient population.

The future of sGC modulator research for PH should focus
on the mechanisms that underlie their effect on right heart size
and function. As stated above, the right atria and ventricle are
integral to patient outcomes. The non-vasodilatory effects of
sGC modulators, such as the anti-fibrotic, antiproliferative, and
anti-inflammatory effects, open up new possibilities in treating
the overall picture of PH. Recent research has identified the
increasingly important role of cell proliferation in PH and its
similarities to neoplasia [89]. Although, the first trial of the an-
tineoplastic agent, imatinib, in the treatment of PH failed to meet
expectation due to a lack of efficacy and increased side effects
[90], it is possible that other approaches to inhibiting cellular
proliferation, such as stimulation of sGC, may prove helpful.

Conclusion

Riociguat is the first sGC stimulator approved for the treat-
ment of PAH and CTEPH. Current evidence suggests that
riociguat is suitable as a monotherapy and in combination
treatments with ERAs and non-intravenous prostanoids. The
question of whether riociguat is superior to other available
treatment options is unresolved at this time. It is our opinion
that riociguat is a useful addition to the medical armamentar-
ium, and further studies and development of this novel class of
drugs is a worthwhile pursuit.

Compliance with Ethical Standards

Conflict of Interest Drs. Koress, Swan, and Kadowitz declare no con-
flicts of interest.

Human and Animal Rights and Informed Consent This article does
not contain any studies with human or animal subjects performed by any
of the authors.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance

1. Shimoda LA, Laurie SS. Vascular remodeling in pulmonary hyper-
tension. J Mol Med. 2013;91:297–309.

Curr Hypertens Rep (2016) 18: 42 Page 5 of 8 42



2. Writing Committee Members, McLaughlin VV, Archer SL,
Badesch DB, Barst RJ, Farber HW, et al. ACCF/AHA 2009 expert
consensus document on pulmonary hypertension: a report of the
American College of Cardiology Foundation Task Force on expert
consensus documents and the American Heart Association devel-
oped in collaboration with the American College of Chest
Physicians; American Thoracic Society, Inc.; and the Pulmonary
Hypertension Association. Circulation. 2009;119:2250–94.

3. Simonneau G, Gatzoulis MA, Adatia I, Celermajer D, Denton C,
Ghofrani A, et al. Updated clinical classification of pulmonary hy-
pertension. J Am Coll Cardiol. 2013;62:D34–41.

4. Benza RL, Miller DP, Barst RJ, Badesch DB, Frost AE, McGoon
MD. An evaluation of long-term survival from time of diagnosis in
pulmonary arterial hypertension from the REVEAL Registry.
Chest. 2012;142:448–56.

5. Humbert M, Sitbon O, Chaouat A, Bertocchi M, Habib G, Gressin
V, et al. Survival in patients with idiopathic, familial, and
anorexigen-associated pulmonary arterial hypertension in the mod-
ern management era. Circulation. 2010;122:156–63.

6. Condliffe R, Kiely DG, Gibbs JSR, Corris PA, Peacock AJ, Jenkins
DP, et al. Improved outcomes in medically and surgically treated
chronic thromboembolic pulmonary hypertension. Am J Respir
Crit Care Med. 2008;177:1122–7.

7. McLaughlin VV, Gaine SP, Howard LS, Leuchte HH,Mathier MA,
Mehta S, et al. Treatment goals of pulmonary hypertension. J Am
Coll Cardiol. 2013;62:D73–81.

8. Giaid A, Saleh D. Reduced expression of endothelial nitric oxide
synthase in the lungs of patients with pulmonary hypertension. N
Engl J Med. 1995;333:214–21.

9. Ryan JJ, Archer SL. The right ventricle in pulmonary arterial hy-
pertension: disorders of metabolism, angiogenesis and adrenergic
signaling in right ventricular failure. Circ Res. 2014;115:176–88.

10. White K, Dempsie Y, Caruso P, Wallace E, McDonald RA, Stevens
H, et al. Endothelial apoptosis in pulmonary hypertension is con-
trolled by a microRNA/programmed cell death 4/caspase-3 axis.
Hypertension. 2014;64:185–94.

11. Sakao S, Tatsumi K, Voelkel NF. Endothelial cells and pulmonary
arterial hypertension: apoptosis, proliferation, interaction and
transdifferentiation. Respir Res. 2009;10:95.

12. Archer SL, Weir EK, Wilkins MR. Basic science of pulmonary
arterial hypertension for clinicians: new concepts and experimental
therapies. Circulation. 2010;121:2045–66.

13. Talati M, Hemnes A. Fatty acid metabolism in pulmonary arterial
hypertension: role in right ventricular dysfunction and hypertrophy.
Pulm Circ. 2015;5:269–78.

14. Humbert M,Morrell NW, Archer SL, Stenmark KR,MacLeanMR,
Lang IM, et al. Cellular and molecular pathobiology of pulmonary
arterial hypertension. J Am Coll Cardiol. 2004;43:13S–24S.

15. Savai R, Al-Tamari HM, Sedding D, Kojonazarov B, Muecke C,
Teske R, et al. Pro-proliferative and inflammatory signaling con-
verge on FoxO1 transcription factor in pulmonary hypertension.
Nat Med Nature Publishing Group. 2014;20:1289–300.

16.• Marra AM, Egenlauf B, Ehlken N, Fischer C, Eichstaedt C, Nagel
C, et al. Change of right heart size and function by long-term ther-
apy with riociguat in patients with pulmonary arterial hypertension
and chronic thromboembolic pulmonary hypertension. Int J
Cardiol. 2015;195:19–26. In patients from the PATENT,
PATENTplus, EAS, and CHEST trials, long-term treatment
with riociguat significantly reduced and even normalized right
heart size and improved RV function. Riociguat treatment also
improved RV pump function and reduced hypertrophy. The
improvement of right heart size and function was associated
with an improvement of exercise capacity, WHO-FC, and renal
function.

17. Christman BW, McPherson CD, Newman JH, King GA, Bernard
GR, Groves BM, et al. An imbalance between the excretion of

thromboxane and prostacyclin metabolites in pulmonary hyperten-
sion. N Engl J Med Mass Med Soc. 1992;327:70–5.

18. Humbert M, Sitbon O, Simonneau G. Treatment of pulmonary
arterial hypertension. N Engl J Med. 2004;351:1425–36.

19. Giaid A, Yanagisawa M, Langleben D, Michel RP, Levy R,
Shennib H, et al. Expression of endothelin-1 in the lungs of patients
with pulmonary hypertension. N Engl J Med Eur. 1993;328:1732–
9.

20. Nagendran J, Sutendra G, Paterson I, Champion HC, Webster L,
Chiu B, et al. Endothelin axis is upregulated in human and rat right
ventricular hypertrophy. Circ Res. 2013;112:347–54.

21. Archer SL, Michelakis ED. Phosphodiesterase type 5 inhibitors for
pulmonary arterial hypertension. N Engl J Med. 2009;361:1864–
71.

22. Dasgupta A, Bowman L, D’Arsigny CL, Archer SL. Soluble
guanylate cyclase: a new therapeutic target for pulmonary arterial
hypertension and chronic thromboembolic pulmonary hyperten-
sion. Clin Pharmacol Ther. 2015;97:88–102.

23. Hardman JG, Sutherland EW. Guanyl cyclase, an enzyme catalyz-
ing the formation of guanosine 3', 5'-monophosphate from guano-
sine triphosphate. J. Biol. Chem. [Internet]. ASBMB; 1969;
Available from: http://www.jbc.org/content/244/23/6363.short

24. Evgenov OV, Pacher P, Schmidt PM, Haskó G, Schmidt HHHW,
Stasch J-P. NO-independent stimulators and activators of soluble
guanylate cyclase: discovery and therapeutic potential. Nat Rev
Drug Discov. 2006;5:755–68.

25. Lasker GF, Pankey EA, Kadowitz PJ. Modulation of soluble
guanylate cyclase for the treatment of erectile dysfunction.
Physiology. 2013;28:262–9.

26. Münzel T, Sayegh H, Freeman BA, Tarpey MM, Harrison DG.
Evidence for enhanced vascular superoxide anion production in
nitrate tolerance. A novel mechanism underlying tolerance and
cross-tolerance. J Clin Invest. 1995;95:187–94.

27. Münzel T, Daiber A, Mülsch A. Explaining the phenomenon of
nitrate tolerance. Circ Res. 2005;97:618–28.

28. Münzel T, Li H,Mollnau H, Hink U,Matheis E, HartmannM, et al.
Effects of long-term nitroglycerin treatment on endothelial nitric
oxide synthase (NOS III) gene expression, NOS III–mediated su-
peroxide production, and vascular NO bioavailability. Circ Res Am
Heart Assoc. 2000;86:e7–12.

29. Sage PR, de la Lande IS, Stafford I, Bennett CL, Phillipov G,
Stubberfield J, et al. Nitroglycerin tolerance in human vessels: ev-
idence for impaired nitroglycerin bioconversion. Circulation.
2000;102:2810–5.

30. Henry PJ, Drummer OH, Horowitz JD. S-nitrosothiols as vasodila-
tors: implications regarding tolerance to nitric oxide-containing va-
sodilators. Br J Pharmacol Wiley Online Library. 1989;98:757–66.

31. Henry PJ, Horowitz JD, Louis WJ. Nitroglycerin-induced tolerance
affects multiple sites in the organic nitrate bioconversion cascade. J
Pharmacol Exp Ther. 1989;248:762–8.

32. Dupuis J, Lalonde G, Lemieux R, Rouleau JL. Tolerance to intra-
venous nitroglycerin in patients with congestive heart failure: role
of increased intravascular volume, neurohumoral activation and
lack of prevention with N-acetylcysteine. J Am Coll Cardiol.
1990;16:923–31.

33. Stasch J-P, Schmidt P, Alonso-Alija C, Apeler H, Dembowsky K,
Haerter M, et al. NO- and haem-independent activation of soluble
guanylyl cyclase: molecular basis and cardiovascular implications
of a new pharmacological principle. Br J Pharmacol. 2002;136:
773–83.

34. Roy B, Mo E, Vernon J, Garthwaite J. Probing the presence of the
ligand-binding haem in cellular nitric oxide receptors. Br J
Pharmacol. 2008;153:1495–504.

35. Schmidt PM, Schramm M, Schröder H, Wunder F, Stasch J-P.
Identification of residues crucially involved in the binding of the

42 Page 6 of 8 Curr Hypertens Rep (2016) 18: 42

http://www.jbc.org/content/244/23/6363.short


heme moiety of soluble guanylate cyclase. J Biol Chem. 2004;279:
3025–32.

36. Grimminger F, Weimann G, Frey R, Voswinckel R, Thamm M,
Bölkow D, et al. First acute haemodynamic study of soluble
guanylate cyclase stimulator riociguat in pulmonary hypertension.
Eur Respir J. 2009;33:785–92.

37. Egemnazarov B, Amirjanians V, Kojonazarov B, Sydykov A,
Stasch J-P, Weissmann N, et al. Inhalative application of soluble
guanylyl cyclase stimulator BAY 41-8543 for treatement of pulmo-
nary arterial hypertension. American Journal of Respiratory and
Critical Care Medicine. AMER Thoracic Soc 61 Broadway, FL 4,
New York, NY 10006 USA; 2010.

38. Dumitrascu R, Weissmann N, Ghofrani HA, Dony E, Beuerlein K,
Schmidt H, et al. Activation of soluble guanylate cyclase reverses
experimental pulmonary hypertension and vascular remodeling.
Circulation. 2006;113:286–95.

39. Deruelle P, Grover TR, Abman SH. Pulmonary vascular effects of
nitric oxide-cGMP augmentation in a model of chronic pulmonary
hypertension in fetal and neonatal sheep. Am J Physiol Lung Cell
Mol Physiol. 2005;289:L798–806.

40. Deruelle P, Grover TR, Storme L, Abman SH. Effects of BAY 41–
2272, a soluble guanylate cyclase activator, on pulmonary vascular
reactivity in the ovine fetus. American Journal of Physiology - Lung
Cellular andMolecular Physiology. AmPhys Soc. 2005;288:L727–
33.

41. Evgenov OV, Ichinose F, Evgenov NV, Gnoth MJ, Falkowski GE,
Chang Y, et al. Soluble guanylate cyclase activator reverses acute
pulmonary hypertension and augments the pulmonary vasodilator
response to inhaled nitric oxide in awake lambs. Circulation.
2004;110:2253–9.

42. Evgenov OV, Kohane DS, Bloch KD, Stasch J-P, Volpato GP,
Bellas E, et al. Inhaled agonists of soluble guanylate cyclase induce
selective pulmonary vasodilation. Am J Respir Crit Care Med.
2007;176:1138–45.

43. Freitas CF, Morganti RP, Annichino-Bizzacchi JM, De Nucci G,
Antunes E. Effect of BAY 41-2272 in the pulmonary hypertension
induced by heparin-protamine complex in anaesthetized dogs. Clin
Exp Pharmacol Physiol. 2007;34:10–4.

44. Cau SBA, Dias-Junior CA, Montenegro MF, de Nucci G, Antunes
E, Tanus-Santos JE. Dose-dependent beneficial hemodynamic ef-
fects of BAY 41-2272 in a canine model of acute pulmonary throm-
boembolism. Eur J Pharmacol. 2008;581:132–7.

45. Badejo Jr AM, Nossaman VE, Pankey EA, Bhartiya M, Kannadka
CB, Murthy SN, et al. Pulmonary and systemic vasodilator re-
sponses to the soluble guanylyl cyclase stimulator, BAY 41-8543,
are modulated by nitric oxide. Am J Physiol Heart Circ Physiol.
2010;299:H1153–9.

46. Thorsen LB, Eskildsen-Helmond Y, Zibrandtsen H, Stasch J-P,
Simonsen U, Laursen BE. BAY 41-2272 inhibits the development
of chronic hypoxic pulmonary hypertension in rats. Eur J
Pharmacol. 2010;647:147–54.

47. Geschka S, Kretschmer A, SharkovskaY, EvgenovOV, Lawrenz B,
Hucke A, et al. Soluble guanylate cyclase stimulation prevents fi-
brotic tissue remodeling and improves survival in salt-sensitive
Dahl rats. PLoS One. 2011;6:e21853.

48. Lang M, Kojonazarov B, Tian X, Kalymbetov A, Weissmann N,
Grimminger F, et al. The soluble guanylate cyclase stimulator
riociguat ameliorates pulmonary hypertension induced by hypoxia
and SU5416 in rats. PLoS One. 2012;7:e43433.

49. Sharkovska Y, Kalk P, Lawrenz B, Godes M, Hoffmann LS,
Wellkisch K, et al. Nitric oxide-independent stimulation of soluble
guanylate cyclase reduces organ damage in experimental low-renin
and high-renin models. J Hypertens. 2010;28:1666–75.

50. Beyer C, Zenzmaier C, Palumbo-Zerr K, Mancuso R, Distler A,
Dees C, et al. Stimulation of the soluble guanylate cyclase (sGC)

inhibits fibrosis by blocking non-canonical TGFβ signalling. Ann
Rheum Dis. 2015;74:1408–16.

51. Dunkern TR, Feurstein D, Rossi GA, Sabatini F, Hatzelmann A.
Inhibition of TGF-beta induced lung fibroblast to myofibroblast
conversion by phosphodiesterase inhibiting drugs and activators
of soluble guanylyl cyclase. Eur J Pharmacol. 2007;572:12–22.

52. Zhang S, Zou L, Yang T, Yang Y, Zhai Z, Xiao F, et al. The sGC
activator inhibits the proliferation and migration, promotes the ap-
optosis of human pulmonary arterial smooth muscle cells via the up
regulation of plasminogen activator inhibitor-2. Exp Cell Res.
2015;332:278–87.

53. Deruelle P, Balasubramaniam V, Kunig AM, Seedorf GJ, Markham
NE, Abman SH. BAY 41-2272, a direct activator of soluble
guanylate cyclase, reduces right ventricular hypertrophy and pre-
vents pulmonary vascular remodeling during chronic hypoxia in
neonatal rats. Biol Neonate. 2006;90:135–44.

54. Schermuly RT, Stasch J-P, Pullamsetti SS, Middendorff R, Müller
D, Schlüter K-D, et al. Expression and function of soluble guanylate
cyclase in pulmonary arterial hypertension. Eur Respir J. 2008;32:
881–91.

55.• Ghofrani H-A, Galiè N, Grimminger F, Grünig E, Humbert M, Jing
Z-C, et al. Riociguat for the treatment of pulmonary arterial hyper-
tension. N Engl J Med. 2013;369:330–40. Riociguat significantly
improved exercise capacity and showed a favorable benefit–risk
profile in patients with pulmonary arterial hypertension in this
randomized, double-blind, placebo-controlled study. Riociguat
also significantly improved multiple secondary efficacy end-
points over the 12 week period (ClinicalTrials.gov Identifier:
NCT00810693).

56.• Rubin LJ, Galiè N, Grimminger F, Grünig E, Humbert M, Jing Z-C,
et al. Riociguat for the treatment of pulmonary arterial hypertension:
a long-term extension study (PATENT-2). Eur Respir J. 2015;45:
1303–13. In the long-term extension study of patients from
PATENT-1, riociguat therapy demonstrated positive safety sig-
nals and an increase in 6MWDat one and two years after initial
treatment. Patients in PATENT-2 also experienced a notable
increase in WHO FC and a high rate of survival
(ClinicalTrials.gov Identifier: NCT00863681).

57. Rubin LJ, Galiè N, Grimminger F, Grünig E, Humbert M, Jing Z-C,
et al. Late-breaking abstract: riociguat for the treatment of pulmo-
nary arterial hypertension (PAH): 2-year results from the PATENT-
2 long-term extension. Eur Respir J European Respiratory Soc.
2014;44:P1803.

58. Rosenkranz S, Ghofrani H-A, Beghetti M, Ivy D, Frey R, Fritsch A,
et al. Riociguat for pulmonary arterial hypertension associated with
congenital heart disease. Heart [Internet]. 2015. doi:10.1136/
heartjnl-2015-307832.

59.• 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;45:1314–22.
In the PATENT-PLUS trial, the addition of riociguat to stable
sildenafil treatment in a small (n = 18) randomized, double-
blind, placebo-controlled study found no evidence of a positive
benefit-risk ratio, and potentially unfavorable safety signals. As
a result, the use of phosphodiesterase type-5 inhibitors with
riociguat is contraindicated (ClinicalTrials.gov Identifier:
NCT01179334).

60.• Ghofrani H-A, D’Armini AM, Grimminger F, HoeperMM, Jansa P,
Kim NH, et al. Riociguat for the treatment of chronic thromboem-
bolic pulmonary hypertension. N Engl JMed. 2013;369:319–29. In
this large, randomized, double-blind, placebo-controlled study,
riociguat significantly improved 6MWD and pulmonary vascu-
lar resistance in patients with chronic thromboembolic pulmo-
nary hypertension. Riociguat also showed a favorable benefit–
risk profile over the 16 week period (ClinicalTrials.gov
Identifier: NCT00855465).

Curr Hypertens Rep (2016) 18: 42 Page 7 of 8 42

http://dx.doi.org/10.1136/heartjnl-2015-307832
http://dx.doi.org/10.1136/heartjnl-2015-307832


61.• Simonneau G, D’Armini AM, Ghofrani H-A, Grimminger F,
Hoeper MM, Jansa P, et al. Riociguat for the treatment of chronic
thromboembolic pulmonary hypertension: a long-term extension
study (CHEST-2). Eur Respir J Eur Respiratory Soc. 2015;45:
1293–302. In the long-term extension study of patients from
CHEST-1, improvements in 6MWD and WHO FC persisted
for up to 1 year. The safety profile of riociguat in CHEST-2
was favorable and similar to that seen in CHEST-1
(ClinicalTrials.gov Identifier: NCT00910429).

62. Bonderman D, Ghio S, Felix SB, Ghofrani H-A, Michelakis E,
Mitrovic V, et al. Riociguat for patients with pulmonary hyperten-
sion caused by systolic left ventricular dysfunction: a phase IIb
double-blind, randomized, placebo-controlled, dose-ranging hemo-
dynamic study. Circulation. 2013;128:502–11.

63. Bonderman D, Pretsch I, Steringer-Mascherbauer R, Jansa P,
Rosenkranz S, Tufaro C, et al. Acute hemodynamic effects of
riociguat in patients with pulmonary hypertension associated with
diastolic heart failure (DILATE-1): a randomized, double-blind,
placebo-controlled, single-dose study. CHEST J Am College
Chest Phys. 2014;146:1274–85.

64. Ghofrani HA, Staehler G, Grünig E, Halank M, Mitrovic V, Unger
S, et al. Acute effects of riociguat in borderline or manifest pulmo-
nary hypertension associated with chronic obstructive pulmonary
disease. Pulm Circ. 2015;5:296–304.

65. Klinger JR, Thaker S, Houtchens J, Preston IR, Hill NS, Farber
HW. Pulmonary hemodynamic responses to brain natriuretic pep-
tide and sildenafil in patients with pulmonary arterial hypertension.
Chest. 2006;129:417–25.

66. Hoeper MM, Halank M, Wilkens H, Günther A, Weimann G,
Gebert I, et al. Riociguat for interstitial lung disease and pulmonary
hypertension: a pilot trial. Eur Respir J. 2013;41:853–60.

67. Behr J, Ryu JH. Pulmonary hypertension in interstitial lung disease.
Eur Respir J. 2008;31:1357–67.

68. Shorr AF, Helman DL, Davies DB, Nathan SD. Pulmonary hyper-
tension in advanced sarcoidosis: epidemiology and clinical charac-
teristics. Eur Respir J. 2005;25:783–8.

69. Shorr AF, Wainright JL, Cors CS, Lettieri CJ, Nathan SD.
Pulmonary hypertension in patients with pulmonary fibrosis
awaiting lung transplant. Eur Respir J. 2007;30:715–21.

70. Nathan SD, Shlobin OA, Ahmad S, Urbanek S, Barnett SD.
Pulmonary hypertension and pulmonary function testing in idio-
pathic pulmonary fibrosis. Chest. 2007;131:657–63.

71. Lettieri CJ, Nathan SD, Barnett SD, Ahmad S, Shorr AF.
Prevalence and outcomes of pulmonary arterial hypertension in
advanced idiopathic pulmonary fibrosis. Chest. 2006;129:746–52.

72. Hamada K, Nagai S, Tanaka S, Handa T, Shigematsu M, Nagao T,
et al. Significance of pulmonary arterial pressure and diffusion ca-
pacity of the lung as prognosticator in patients with idiopathic pul-
monary fibrosis. Chest. 2007;131:650–6.

73. Lapp H, Mitrovic V, Franz N, Heuer H, Buerke M,Wolfertz J, et al.
Cinaciguat (BAY 58-2667) improves cardiopulmonary hemody-
namics in patients with acute decompensated heart failure.
Circulation. 2009;119:2781–8.

74. Gheorghiade M, Greene SJ, Filippatos G, Erdmann E, Ferrari R,
Levy PD, et al. Cinaciguat, a soluble guanylate cyclase activator:
results from the randomized, controlled, phase IIb COMPOSE

programme in acute heart failure syndromes. Eur J Heart Fail.
2012;14:1056–66.

75. Highlights of prescribing information Adempas (riociguat) tablets,
for oral use Initial U.S. Approval: 2013 [Internet]. FDA; april 24
2014. Report No.: 3501667 . Available from: http://www.
accessdata.fda.gov/drugsatfda_docs/label/2014/204819s002lbl.pdf

76. Bossone E, D’Andrea A, D’Alto M, Citro R, Argiento P, Ferrara F,
et al. Echocardiography in pulmonary arterial hypertension: from
diagnosis to prognosis. J Am Soc Echocardiogr. 2013;26:1–14.

77. Bustamante-Labarta M, Perrone S, De La Fuente RL, Stutzbach P,
De La Hoz RP, Torino A, et al. Right atrial size and tricuspid re-
gurgitation severity predict mortality or transplantation in primary
pulmonary hypertension. J AmSoc Echocardiogr. 2002;15:1160–4.

78. Raymond RJ, Hinderliter AL, Willis PW, Ralph D, Caldwell EJ,
Williams W, et al. Echocardiographic predictors of adverse out-
comes in primary pulmonary hypertension. J Am Coll Cardiol.
2002;39:1214–9.

79. Grapsa J, Gibbs JSR, Cabrita IZ, Watson GF, Pavlopoulos H,
Dawson D, et al. The association of clinical outcome with right
atrial and ventricular remodelling in patients with pulmonary arte-
rial hypertension: study with real-time three-dimensional echocar-
diography. European Heart Journal-Cardiovascular Imaging. The
Oxford University Press; 2012;jes003

80. Reinke Y, Gross S, Eckerle LG, Hertrich I, BuschM, Busch R, et al.
The soluble guanylate cyclase stimulator riociguat and the soluble
guanylate cyclase activator cinaciguat exert no direct effects on
contractility and relaxation of cardiac myocytes from normal rats.
Eur J Pharmacol. 2015;767:1–9.

81. Stasch J-P, Pacher P, Evgenov OV. Soluble guanylate cyclase as an
emerging therapeutic target in cardiopulmonary disease.
Circulation. 2011;123:2263–73.

82. Mitrovic V, Hernandez AF, Meyer M, Gheorghiade M. Role of
guanylate cyclase modulators in decompensated heart failure.
Heart Fail Rev. 2009;14:309–19.

83. Schaub MC, Kunz B. Regulation of contraction in cardiac and
smooth muscles. J Cardiovasc Pharmacol. 1986;8 Suppl 8:S117–
23.

84. Chaouat A, Naeije R, Weitzenblum E. Pulmonary hypertension in
COPD. Eur Respir J. 2008;32:1371–85.

85. Chatila WM, Thomashow BM, Minai OA, Criner GJ, Make BJ.
Comorbidities in chronic obstructive pulmonary disease. Proc Am
Thorac Soc. 2008;5:549–55.

86. Falk JA, Kadiev S, Criner GJ, Scharf SM, Minai OA, Diaz P.
Cardiac disease in chronic obstructive pulmonary disease. Proc
Am Thorac Soc. 2008;5:543–8.

87. Minai OA, Chaouat A, Adnot S. Pulmonary hypertension in
COPD: epidemiology, significance, and management: pulmonary
vascular disease: the global perspective. Chest. 2010;137:39S–51S.

88. ShinoMY, Lynch JP 3rd, Saggar R, Abtin F, Belperio JA, Saggar R.
Pulmonary hypertension complicating interstitial lung disease and
COPD. Semin. Respir. Crit. Care Med. 2013;34:600–19

89. Rabinovitch M. Molecular pathogenesis of pulmonary arterial hy-
pertension. J Clin Invest. 2012;122:4306–13.

90. Frost AE, Barst RJ, Hoeper MM, Chang H-J, Frantz RP, Fukumoto
Y, et al. Long-term safety and efficacy of imatinib in pulmonary
arterial hypertension. J Heart Lung Transplant. 2015;34:1366–75.

42 Page 8 of 8 Curr Hypertens Rep (2016) 18: 42

http://www.accessdata.fda.gov/drugsatfda_docs/label/2014/204819s002lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2014/204819s002lbl.pdf

	Soluble...
	Abstract
	Introduction
	Clinical Trials
	Riociguat for PAH
	Riociguat for PAH Long-Term Extension Trial
	Combination Therapy with Riociguat and PDE-5 Inhibitors
	Riociguat for CTEPH
	Riociguat for CTEPH Long-term Extension Trial
	Riociguat for Group 2 PH with Left Ventricular Dysfunction
	Riociguat in Patients with Group 2 PH Associated with Diastolic Heart Failure
	Effect of Riociguat on Right Heart Size and Function
	Riociguat for Group 3 PH with Associated Lung Disease
	Cinaciguat Clinical Trials


	Discussion
	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance



