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The soluble guanylate cyclase stimulator riociguat reverses fully established cigarette smoke-induced
pulmonary emphysema and hypertension in mice, and may have beneficial effects on PH in patients
presenting with both PH and moderate COPD http://ow.ly/dGgL30oj7LC
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ABSTRACT Chronic obstructive pulmonary disease (COPD), which comprises the phenotypes of
chronic bronchitis and emphysema, is often associated with pulmonary hypertension (PH). However,
currently, no approved therapy exists for PH-COPD. Signalling of the nitric oxide (NO)–cyclic guanosine
monophosphate (cGMP) axis plays an important role in PH and COPD.

We investigated the treatment effect of riociguat, which promotes the NO–cGMP pathway, in the mouse
model of smoke-induced PH and emphysema in a curative approach, and retrospectively analysed the
effect of riociguat treatment on PH in single patients with PH-COPD.

In mice with established PH and emphysema (after 8 months of cigarette smoke exposure), riociguat
treatment for another 3 months fully reversed PH. Moreover, histological hallmarks of emphysema were
decreased. Microarray analysis revealed involvement of different signalling pathways, e.g. related to matrix
metalloproteinases (MMPs). MMP activity was decreased in vivo by riociguat. In PH-COPD patients
treated with riociguat (n=7), the pulmonary vascular resistance, airway resistance and circulating MMP
levels decreased, while oxygenation at rest was not significantly changed.

Riociguat may be beneficial for treatment of PH-COPD. Further long-term prospective studies are
necessary to investigate the tolerability, efficacy on functional parameters and effect specifically on
pulmonary emphysema in COPD patients.
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Introduction
Chronic obstructive pulmonary disease (COPD) is one of the five major causes of death worldwide [1]
and is largely caused by inhaled toxic agents, in Western countries mainly cigarette smoke. COPD is
characterised by chronic bronchitis, emphysema and frequently pulmonary hypertension (PH). Underlying
factors promoting PH in COPD (PH-COPD) are smoke-induced endothelial dysfunction, hypoxia and
inflammation, enhanced in later stages by loss of vessels due to alveolar destruction [2]. PH-COPD is
classified as group III of PH (PH due to lung diseases and/or hypoxia) according to the European Society
of Cardiology/European Respiratory Society classification [3]. Although PH defined by mean pulmonary
arterial pressure (mPAP) ⩾25 mmHg occurs in up to 70% of COPD patients and correlates with survival
in this disease [4], there are currently no approved pharmacological treatment options for the pulmonary
vascular disease. Only patients with suspected pulmonary arterial hypertension (PAH; group I of PH) and
concomitant mild COPD may be treated with specific vasoactive drugs [3]. Other forms of PH-COPD are
treated with oxygen supplementation and anti-obstructive regimens according the Global Initiative for
Chronic Obstructive Lung Disease guidelines, although patients with severe PH and moderate COPD
(defined by mPAP ⩾35 mmHg or mPAP ⩾25 mmHg and cardiac index <2.0 L·min−1·kg−1 and forced
expiratory volume in 1 s (FEV1) <60% predicted) might benefit from vasodilatory treatment and thus
should be considered in clinical trials of PH-COPD [5].

The lack of approved vasoactive therapy for PH-COPD is due to a controversy about the clinical efficacy of
pulmonary vasoactive drugs and potential disturbance of ventilation–perfusion matching in the lung by
vasodilatory agents, which may increase shunt flow through hypoventilated, hypoxic alveoli and thus
increase hypoxaemia. Clinical trials with sildenafil showed conflicting results, possibly due to varying
patient selection or COPD characterisation and different outcome parameters. While pulmonary vascular
resistance (PVR) was decreased in a recent randomised controlled trial, functional parameters did not
improve in most trials [6–8]. It has therefore been suggested that patients with circulatory but not
ventilatory limitation during exercise might profit most from vasoactive treatment of PH. However, large
clinical trials are missing to answer the question of which patients profit most from therapy. Moreover, an
approach addressing both vascular and alveolar remodelling as well as bronchial obstruction would be
desirable. In this regard, it has been shown recently in animal models of smoke-induced emphysema that
treatment with activators of the nitric oxide (NO)–cyclic guanosine monophosphate (cGMP) pathway can
reduce PH and emphysema when applied in a preventive approach [9–11]. NO activates the soluble
guanylate cyclase (sGC) to produce cGMP that activates cGMP-dependent protein kinases that can
modulate apoptosis, proliferation, migration and extracellular matrix protein expression [9]. In these
investigations tadalafil, an inhibitor of phosphodiesterase-5 (PDE5), which degrades cGMP, or riociguat or
BAY 41-2272, stimulators of sGC, were applied concomitantly with smoke exposure of mice or guinea
pigs, respectively. These compounds prevented the development of emphysema and PH [9, 10]. Riociguat
also prevented inflammatory cell infiltration into the lung parenchyma, adhesion of neutrophils as well as
peroxynitrite-induced apoptosis of alveolar and endothelial cells [9]. Moreover, the functionally essential
sGC β1-subunit was found to be downregulated in patients with COPD and in smoke-exposed mice [9].
These results suggest an important role of sGC signalling in the development of emphysema and PH.

We thus investigated the treatment effect of sGC stimulation by riociguat in a therapeutic approach in
smoke-exposed mice that develop emphysema and PH, and retrospectively analysed the effect of riociguat
treatment on PH in patients with severe PH and moderate COPD.

Methods
Animals
Adult male C57BL/6J mice, weight 20–22 g, age 3–4 months, were used for the experiments. For each
group, 18 animals were randomly allocated to tobacco smoke exposure, room air exposure and treatment
with riociguat or placebo (methylcellulose). All animals were analysed by haemodynamics, lung function
testing and right heart morphometry. Additionally, the animals of each group were randomly assigned to
be subjected to different analytical techniques: echocardiography was performed in n=6 animals per group,
fluorescence molecular tomography-computer tomography (FMT-CT) in n=5 animals per group,
histological analysis in n=10 animals per group (for stereology n=5 animals per group) and laser
microdissection in n=8 animals per group. The n-numbers were predicted before the study by statistical
analysis including dropout animals. The n-numbers of the results vary due to the dropout animals of the
study resulting from technical reasons, e.g. complications during catheter placement in the animal. All
animal experiments were approved by the governmental authorities (Regierungspräsidium Giessen).

Tobacco smoke exposure and riociguat treatment in mice
Mice were exposed to tobacco smoke and treated with riociguat as described previously [12]. Animals were
sacrificed at 8 months (control and smoke exposed) or 11 months (curative approach). In the curative
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approach, animals were exposed to tobacco smoke for 8 months and tobacco smoke exposure was
discontinued in the last 3 months of the treatment period. Riociguat was administered once per day over a
period of 3 months via gavage, dissolved in 0.2 mL 2% methylcellulose at a dosage of 3 or 10 mg·kg−1. In
the placebo-treated groups 0.2 mL 2% methylcellulose was administered as placebo. Treatment was started
after 8 months in control or smoke-exposed animals.

Echocardiography and FMT-CT
Echocardiography was performed 1 day prior to the final measurements under isoflurane inhalation
anaesthesia as described previously [13]. FMT-CT used the matrix metalloproteinase (MMP) probe
MMPSense 750 FAST (Perkin Elmer, Waltham, MA, USA) [14].

In vivo measurements of lung function and haemodynamics
Experiments were performed as described previously [12]. Lung function tests were performed using the
flexiVent system (SCIREQ Scientific Respiratory Equipment, Montreal, QC, Canada). For haemodynamic
measurements, a micro-tip catheter (SPR 671; Millar Instruments, Houston, TX, USA) was used.
Afterwards the lungs and hearts were prepared for further analysis.

Clinical analysis
All investigations were performed according to the rules of Good Clinical Practice and approved by the
University of Giessen Institutional Review Board (15/11 and 100/13). All patients gave their informed
consent. Patients from the Giessen PH registry [15] treated with riociguat and diagnosed with severe
PH-COPD by right heart catheterisation maximally 6 months prior to riociguat start and subsequent right
heart catheterisation maximally 7 months after start of riociguat were included in the retrospective
analysis. PH-COPD was defined and treated according to the current recommendations of the Cologne
Consensus Conference (moderate COPD defined as bronchial obstruction with a vital capacity/total lung
capacity <70% and FEV1 <60% predicted in combination with severe PH defined by mPAP ⩾35 mmHg or
mPAP ⩾25 mmHg and cardiac index <2.0 L·min−1·kg−1). COPD was diagnosed by two respiratory
medicine specialists evaluating positive smoking history and signs of emphysema, air trapping or chronic
bronchitis on chest CT. FEV1 was >30% predicted in all patients. All patients received riociguat based on
current European or German guidelines [3, 5].

Statistics
Statistical analyses were performed using Prism (GraphPad, La Jolla, CA, USA). All data are expressed as
mean with standard error of the mean. Comparison between multiple groups was performed by ANOVA
(one-way ANOVA, Dunett’s multiple comparison test for comparison between control and treatment
group, Tukey’s post hoc test for comparison between different groups or Sidak’s post hoc test for dependent
variables). Comparison between oxygen saturation values and the interaction between riociguat treatment
and exercise was performed by two-way ANOVA matching both factors with Tukey’s post hoc test. The
independent t-test was used for comparing equality of means between groups and the paired t-test for
comparing the equality of means at different moments of time. p-values <0.05 were considered statistically
significant. Normality and homoscedasticity were checked using residual diagnostics plots.

Results
Riociguat reverses PH in mice after 8 months of smoke exposure
Right ventricular systolic pressure (RVSP) was increased after 8 months of smoke exposure compared with
controls (figure 1a: “Smoke exposure 8 months”) and did not change upon subsequent exposure to room
air for 3 months (figure 1a: “Smoke exposure 8 months+3 months placebo”). Riociguat at either
concentration (3 or 10 mg·kg−1·day−1) decreased RVSP to the level of healthy lungs (figure 1a: “Smoke
exposure 8 months+3 months 3 or 10 mg riociguat”). Similarly, riociguat decreased systemic arterial
pressure as well as left ventricular systolic pressure (supplementary figure E1a) in a dose-dependent
manner and, at the high dose, even below levels of room air-exposed mice (figure 1b). As the mass of the
left ventricle increased after smoke exposure plus room air exposure (supplementary figure E1b), right heart
remodelling displayed as ratio of the weight of the right ventricle to the left ventricle plus septum was
unchanged after smoke plus subsequent room air exposure (figure 1c), but right ventricular mass itself
increased (supplementary figure E1c). Moreover, pulmonary vascular remodelling and mean vessel wall
thickness were increased after 8 months of smoke exposure and 3 months of re-exposure to room air; both
were reversed by treatment with the high dose of riociguat (figure 1d–f). Right ventricular internal diameter
was increased after smoke exposure, indicating dilatation of the right ventricle due to right ventricular
dysfunction, and decreased after riociguat treatment (figure 1g). Right heart function determined by
tricuspid annular plane excursion (TAPSE) and the Tei index, as well as the cardiac index, was impaired
after smoke plus room air exposure and could be restored by riociguat treatment (figure 1h–j).
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Riociguat attenuates pulmonary emphysema in mice after 8 months of smoke exposure
Lung function measurement revealed an increase of the dynamic compliance after 8 months of smoke
exposure (figure 2a: “Smoke exposure 8 months”), which was sustained even upon subsequent exposure to
room air for 3 months (figure 2a: “Smoke exposure 8 months+3 months placebo”), but was not
significantly affected by riociguat treatment (figure 2a: “Smoke exposure 8 months+3 months 3 or 10 mg
riociguat”). However, the pressure–volume loops indicate attenuation of emphysema development by
riociguat treatment (figure 2b). Along these lines 1) air space and septal wall thickness were restored to
values of room air-exposed mice by riociguat treatment (figure 2c–e), and 2) the number of alveoli
that decreased after smoke exposure showed a tendency to increase after riociguat treatment (p=0.0537 at
3 mg·kg−1·day−1) compared with placebo treatment (figure 2f and g).

Riociguat alters different signalling pathways in bronchi, pulmonary vessels and alveolar septa
Several intracellular signalling pathways were significantly altered in laser microdissected vessels and septa
after treatment with riociguat compared with placebo-treated smoke-exposed mice (figure 3a). In
particular, MMPs were highly downregulated in microdissected septa and vessels of riociguat-treated
animals compared with placebo (figure 3b–h). This regulation was confirmed in lung homogenate
(supplementary figure E3a and b). We thus next determined MMP activity in vivo by FMT-CT and found
that cigarette smoke increased MMP activity which was attenuated in the riociguat-treated animals
compared with placebo treatment (figure 3i). In line with this finding, upregulation of MMP activity was
attenuated in lung homogenate and a human epithelial lung cell line (A549) in the presence of riociguat
(supplementary figure E3c–e). Accordingly, reduction of proliferation of A549 cells, induced by cigarette
smoke, could be rescued by riociguat as well as the cGMP analogue 8-bromo-cGMP, which directly
activates protein kinase G (PKG) (supplementary figure E3f and g).

As the inducible NO synthase (iNOS) plays an important role in the pathogenesis of smoke-induced
emphysema, and iNOS inhibition was shown to reverse PH and emphysema in mice [12], we investigated
the regulation of mRNA expression of iNOS. As expected, iNOS was strongly upregulated by smoking;
riociguat was found to significantly downregulate iNOS mRNA in lung homogenate of mice exposed to
smoke and subsequently room air (figure 4a). In line with this finding, nitrotyrosine was increased after
smoke exposure and returned to previous levels by riociguat treatment (figure 4b and c).

Treatment with riociguat in PH patients with COPD improves pulmonary haemodynamics
Retrospective analysis of seven PH-COPD patients showed a significant decrease of PVR after treatment
with riociguat for 4–7 months, while blood gases and lung function parameters did not change
significantly (table 1). Oxygen saturation dropped after exercise compared with before exercise. However,
no significant difference was found in the magnitude of the drop when comparing values prior to with
those during riociguat treatment. Nevertheless, there was a tendency for lower oxygen saturation levels
after exercise during riociguat treatment compared with before riociguat treatment (supplementary figure E4).
Of note, pulmonary arterial wedge pressure (PAWP) did not increase during riociguat treatment. One patient
stopped riociguat treatment after 3 months. MMP9 levels were determined in six of the patients, which
decreased significantly during riociguat treatment (figure 5). Noninvasive long-term follow-up of these
patients showed a decrease of the airway resistance without change in oxygenation. Similar results were
obtained in three only noninvasively followed patients (supplementary table E1).

Discussion
Our study investigated for the first time the therapeutic potential of riociguat in PH-COPD in a
translational approach. We showed that riociguat can reverse PH and partially reverse established
emphysema in a mouse model of long-term tobacco smoke exposure. In agreement with these findings,
riociguat altered intracellular signalling pathways mainly related to inflammatory and proliferative

FIGURE 1 Reversal of cigarette smoke-induced pulmonary hypertension in mice treated with riociguat. RVSP: right ventricular systolic pressure;
SAP: systemic arterial pressure; RV: right ventricle; LV+S: left ventricle plus septum; RVID: right ventricular inner diameter; TAPSE: tricuspid
annular plane systolic excursion; CI: cardiac index; MPI: myocardial performance index. a) RVSP (n=15–18 per group), b) SAP (n=11–17 per group)
and c) right heart remodelling (n=14–18 per group). Data are given for mice exposed for 8 months to cigarette smoke compared with the
respective unexposed controls, as well as for mice exposed for 8 months to cigarette smoke and subsequently treated with either placebo or
riociguat (3 or 10 mg·kg−1) in room air conditions for 3 months (curative approach). d–f ) Remodelling of the small vessels (20–70 µm) expressed
as d) percentage of total vessel count, given for non-, partially and fully muscularised vessels (n=7–9 per group), and e) average muscularisation
of small vessels (n=7–9 per group) in mice in the curative approach. f ) Representative images of lung sections from mice in the curative approach,
co-stained against α-smooth muscle actin (purple) and von Willebrand factor (brown). Scale bar: 50 μm. g–j) Echocardiography (n=4–6 per group)
showing g) RVID, h) TAPSE, i) CI and j) MPI in mice in the curative approach. Data are presented as mean±SEM. p-values are indicated. The t-test
was used for comparison between room air and cigarette smoke-exposed groups (a–c). One-way ANOVA (Dunett’s multiple comparison post hoc
test) was used for the groups in the curative approach.
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signalling. Moreover, our data show that riociguat treatment improved PH in patients with COPD and PH
without worsening of oxygenation.

In line with our findings, previous studies showed that enhancement of the NO–cGMP signalling pathway
by preventive treatment with sGC stimulators or inhibitors of PDE5, which degrades cGMP, can inhibit
development of PH and emphysema in animal models of smoke-induced emphysema [9–11]. Going
beyond these studies, we now show for the first time in a curative approach that the sGC stimulator
riociguat could also attenuate PH and emphysema when treatment was started after full establishment of
the disease. In this model neither PH nor emphysema is spontaneously reversible after cessation of smoke
exposure, as shown previously [12] and confirmed again in our current study by showing that RVSP and
dynamic compliance were increased to a similar degree in mice exposed for 8 months to smoke or in mice
exposed for 8 months to smoke and subsequently for 3 months to room air. We show that the alterations
in RVSP and right heart function, as well as pulmonary vascular remodelling in the high-dose treatment
group, could be reversed by riociguat treatment. Of note, systemic arterial pressure also decreased by
treatment with riociguat. With regard to emphysema, we showed persistent alterations of the dynamic
compliance and lung structure 3 months after re-exposure to room air under placebo treatment. Treatment
with riociguat reversed alterations in air space and septal wall thickness, and tended to restore the number
of alveoli.

In a preventive approach, it was previously shown that sGC stimulators and PDE5 inhibition reduced
cigarette smoke-induced pulmonary inflammation [9, 10]. Moreover, sGC stimulators and cGMP
analogues inhibited the induction of apoptosis of alveolar and endothelial cells by peroxynitrite, which
plays an important role in the development of emphysema [10]. Such mechanisms may also contribute to
lung regeneration by enhancing the lung maintenance programme [12]. In line with this suggestion, we
now show in the curative approach that riociguat affected various signalling pathways related to
inflammatory responses and lung development such as fibroblast growth factor-10 [16] and MMPs [17].
In particular, loss of MMP12 can protect mice from smoke-induced lung disease [17]. In human COPD,
but also PH, MMP9 was found to be upregulated [18, 19]. Riociguat may attenuate smoke-induced PH
and emphysema by decreasing MMPs, as we found decreased MMP9 and MMP12 mRNA levels, as well
as attenuation of a smoke-induced increase of MMP activity in vivo (detected by FMT-CT) after riociguat
treatment in mice. Of course, one has to be generally cautious when transferring findings from mice to
humans. However, the fact that circulating MMP9 levels were decreased in PH patients with COPD after
4–7 months treatment with riociguat is very much in line with the findings in mice. This is, to the best of
our knowledge, the first report that provides strong evidence that riociguat decreases the expression and
activity of MMPs in the context of emphysema, while previous reports show both an upregulation and a
downregulation of MMPs by activation of NO–cGMP signalling depending on the investigated cell type
and pathological condition [20]. Increased cGMP can downregulate MMP9 expression by PKG-dependent
signalling and reduce the stability of MMP9 mRNA [20]. In support of this suggestion, we show here that
a direct stimulator of PKG, i.e. 8-bromo-cGMP, restored the smoke-driven downregulation of proliferation
in a human lung epithelial cell line.

Most interestingly, riociguat treatment also downregulated iNOS expression and nitrotyrosine levels in the
mouse model. This can be caused by the anti-inflammatory effects of riociguat [21] and explain the
regenerative effect, as iNOS inhibition has recently been shown to regenerate the lung after smoke-induced
PH and emphysema [12]. In this regard, it is well known that excessive NO production by iNOS has
deleterious effects on cellular survival, while low amounts of NO production by exogenous NOS, which
activates cGMP-dependent mechanisms, promotes cell survival [22]. The effect of riociguat on iNOS
expression observed here has, to the best of our knowledge, not been described for lung regeneration
before.

Despite the promising results of sGC stimulators and PDE5 inhibitors in animal models of PH and
emphysema, the treatment effect in human COPD remains unclear. Treatment of PH-COPD is limited by
the fact that pulmonary vasodilation may affect ventilation–perfusion matching and thus arterial

FIGURE 2 Partial reversal of cigarette smoke-induced pulmonary emphysema in mice treated with riociguat. MLI: mean linear intercept. a) Lung
function determined as dynamic compliance (n=14–18 per group) in mice exposed for 8 months to cigarette smoke compared with the respective
unexposed controls, as well as in mice exposed for 8 months to cigarette smoke and subsequently treated with either placebo or riociguat (3 or
10 mg·kg−1) in room air conditions for 3 months (curative approach). b) Respiratory pressure–volume loops (n=11–15 per group) in mice in the
curative approach. c–e) Alveolar morphometry (n=8–10) showing c) percentage airspace, d) septal wall thickness and e) MLI in mice in the curative
approach. f ) Number of alveoli determined by stereology (n=5 per group). g) Representative images (haematoxylin and eosin staining) of lungs
from mice in the curative approach. Scale bar: 200 µm. Data are presented as mean±SEM. p-values are indicated. The t-test was used for
comparison between room air and cigarette smoke-exposed groups (a). One-way ANOVA (Dunett’s multiple comparison post hoc test) was used for
the groups in the curative approach.
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oxygenation. Moreover, the ventilatory limitation due to bronchial obstruction and hyperinflation, as well
as decreased oxygen exchange capacity due to emphysema, may compromise the exercise capacity of
patients to a larger extent than the circulatory limitation caused by PH. Thus, current European guidelines
only recommend treatment in patients with severe PH and mild COPD [3]. However, the treatment effect
in patients with severe PH and moderate COPD defined according to the national recommendations of
the Cologne Consensus Conference remains unclear [5].
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FIGURE 3 Microarray gene expression analysis of laser microdissected vessels, bronchi and septa, and in vivo matrix metalloproteinase (MMP)
activity. MAPK: mitogen-activated protein kinase; HIF-1: hypoxia inducible factor-1; Mmp12: MMP12; Noxo1: nicotinamide adenine dinucleotide
phosphate oxidase organiser-1; Fgf10: fibroblast growth factor-10; Mmp9: MMP9; Tlr4: Toll-like receptor-4; Mme: membrane metallopeptidase;
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protein; Timp3: MMP inhibitor-3. a) Heat map showing significant alterations of different signalling pathways or b) expression changes (log2(fold
change)) of different genes in vessels, septa and bronchi of mice exposed to cigarette smoke for 8 months and subsequently treated with 3 or
10 mg·kg−1·day−1 riociguat for 3 months in room air conditions compared with mice exposed to cigarette smoke for 8 months and subsequently
treated with placebo for 3 months in room air conditions. The values given display the difference of verum (riociguat treated) versus control
(placebo treated). c–h) Volcano plots showing differences in expression levels of MMPs between c, e, g) riociguat 3 mg·kg−1·day−1 and d, f, h)
riociguat 10 mg·kg−1·day−1 versus placebo treatment animals in c, d) alveolar septa, e, f ) bronchi and g, h) vessels (red symbols show MMPs with
the most significant changes). i) In vivo assessment of MMP activity by the fluorescence molecular tomography imaging system, detected with the
MMPSense probe, representing activity of MMP2, 3, 7, 9, 12 and 13 (n=4–5). Data are presented as mean±SEM. p-values are indicated. One-way
ANOVA (Dunett’s multiple comparison test) was used for groups in the curative approach; comparison was done between the cigarette
smoke-exposed group treated with placebo and each other group.
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As peripheral airway obstruction is common in idiopathic PAH [23, 24] and has also been observed in
chronic thromboembolic PH (CTEPH) [25], bronchial obstruction in our patients may occur
independently from COPD. COPD was thus diagnosed according to smoking history and radiology
findings. The analysis of the haemodynamic data showed that after treatment with riociguat (up to
7 months) PVR decreased significantly in PH patients with COPD. The decrease was in the range of
previously reported changes in PVR during riociguat treatment in PAH and CTEPH [26–28]. These
findings are also in line with a recent randomised controlled trial with sildenafil in PH-COPD that showed
an improvement in haemodynamics but not functional capacity after treatment [6]. Of note, we could not
find any deterioration of oxygenation in COPD patients. These findings are consistent with a previous
study with a single application of riociguat, which showed improvement of haemodynamics and stable
oxygenation [29]. These observations can be explained by the fact that shunt flow is increased in chronic
bronchitis and thus may not be enhanced by vasodilatory treatment [30], so that patients with a COPD
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FIGURE 4 Effect of riociguat on inducible nitric oxide synthase (iNOS) expression and nitrotyrosine formation in mouse lungs. Ct: cycle threshold;
ntBSA: nitrated bovine serum albumin. a) Expression of iNOS in lung homogenate of animals in the curative approach (n=6), assessed using
quantitative PCR. b) Nitrotyrosine formation, quantified in lung homogenate (n=9–10) by ELISA, expressed as equivalent of ntBSA standard. Data
are presented as mean±SEM. p-values are indicated. One-way ANOVA (Dunett’s multiple comparison test) was used for groups in the curative
approach; comparison was done between the cigarette smoke-exposed group treated with placebo and each other group. c) Representative
images of immunohistochemistry staining against nitrotyrosine residues (blue). Scale bar: 50 μm.
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phenotype of chronic bronchitis may suffer less from deoxygenation during vasodilatory treatment than
patients with pulmonary emphysema and low shunt flow. Although emphysema-induced vessel loss has
been described as a pathomechanism in COPD-PH [31], PH has been shown to correlate with small
airway remodelling and thus potentially the extent of chronic bronchitis [32]. However, the situation may
be different under exercise, as oxygen saturation tended to decrease more after the 6-min walk test under
riociguat treatment than before riociguat treatment, reaching levels in some patients that require
adaptation of the oxygen supply. This aspect should be taken into account in further randomised trials
when investigating the effect of vasodilator treatment in emphysema.

We could not find a difference in increase of PAWP that could have been expected, as cardiac dysfunction
due to hyperinflation has been recently described in COPD patients [33] and pre-capillary vasodilation
may lead to pulmonary venous congestion in left heart dysfunction. However, left heart function may have
also been promoted by a decrease in systemic pressure, as systemic vascular resistance was also decreased
in our patients, similar to the animal model in which riociguat decreased the systemic vascular pressure. In
line with our findings, systemic arterial pressure was significantly decreased in two large clinical trials with
riociguat in PAH or systolic left ventricular dysfunction [28, 34], but PAWP was unchanged [34].

We observed a decrease in airway resistance after treatment with riociguat and a tendency for improved
FEV1/vital capacity ratios. Decreased bronchial obstruction may be related to improved pulmonary
haemodynamics as airway obstruction was described in idiopathic PAH patients and may be caused by a
lack of vasodilators that also cause bronchodilation, e.g. NO [23]. Moreover, riociguat may affect bronchial
hyperresponsiveness, as it was recently shown that PDE5 inhibition can decrease methacholine-induced
bronchial obstruction [35].

TABLE 1 Haemodynamics and lung function in pulmonary hypertension-associated chronic obstructive pulmonary disease in
the seven patients treated with riociguat

Pre-treatment Post-treatment
(4–7 months after start

of riociguat)

p-value Post-treatment
(9–24 months after start

of riociguat)

p-value

Haemodynamics
mPAP mmHg 46±4 38±3 1.000
PAWP mmHg 11±2 11±1 1.000
CI mL·min−1·kg−1 2.25±0.16 3.02±0.20 1.000
PVR dyn·cm−2·s−1 681±143 389±68 <0.001*
SVR dyn·cm−2·s−1 1511±186 931±116 <0.001*

Blood gases
pO2 mmHg 65±4 75±2 0.901 68±4 0.989
pCO2 mmHg 36±4 37±3 0.998 38±3 0.989
O2 supplementation L·min−1 2.14±1.16 2.00±0.79 1.000 2.00±0.79 1.000

Lung function parameters
Rtot % 209±53 198±51 0.886 148±10 0.029*
FEV1 % 46±3 48±5 0.998 48±2 0.996
FEV1/VC % 53±4 57±6 0.999 56±5 0.993
RV/TLC % 55±3 57±3 0.998 55±5 1.000
DLCO (single breath) % 44±5 43±5 0.999 41±5 0.989

Functional parameters
6MWD m# 269±28 269±56 1.000
SO2 pre %# 94±1 95±1 1.000
SO2 post %# 91±2 84±2 1.000
BNP pg·mL−1

¶

250±91 118±61 <0.001* 221±94 0.537 (<0.001**)
Echocardiographic parameters
sPAP mmHg¶ 79±3 75±9 0.989 82±7 0.993
TAPSE mm¶ 20±2 22±2 0.997 22±2 0.997

Data are presented as mean±SEM, unless otherwise stated. mPAP: mean pulmonary arterial pressure; PAWP: pulmonary arterial wedge
pressure; CI: cardiac index; PVR: pulmonary vascular resistance; SVR: systemic vascular resistance; pO2: partial oxygen pressure; pCO2: partial
carbon dioxide pressure; Rtot: total airway resistance; FEV1: forced expiratory volume in 1 s; VC: vital capacity; RV: residual volume; TLC: total
lung capacity; DLCO: diffusing capacity of the lung for carbon monoxide; 6MWD: 6-min walk distance; SO2 pre/post: oxygen saturation before/
after 6-min walk test; BNP: brain natriuretic peptide; sPAP: systolic pulmonary arterial pressure; TAPSE: tricuspid annular plane systolic
excursion. #: n=4; ¶: n=5 (time-points of BNP vary up to 3 months from the time-points of the other parameters). All p-values are provided for
comparison to pre-treatment groups unless otherwise indicated. *: significant difference compared with pre-treatment; **: significant
difference compared with first time-point post-treatment.
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Our study is limited by the low number of patients included. This is due to the fact that in the past only
few patients with PH-COPD were treated with riociguat as the adverse effects were unclear. However, the
effects of riociguat in COPD patients reported here were quite consistent, even in the low numbers. Thus,
this study allows at least preliminary insight into the effects of riociguat treatment in PH patients with
COPD. A further limitation of our study is the fact that changes in concomitant therapy of COPD were
not taken into account. However, COPD was treated according to current guidelines and therefore optimal
bronchodilatory therapy was given at any time in the retrospective analysis.

In conclusion, riociguat may be beneficial for treatment of PH in COPD patients. However, it remains to
be clarified which patients profit functionally from vasodilatory therapy in general and if additional effects
on progression of COPD can be observed.
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