
J Transl Med 2023, 21(Suppl 1):35 
https://doi.org/10.1186/s12967-022-03800-1

MEETING ABSTRACTS

Meeting abstracts from the 10th International 
Conference on cGMP: Generators, Effectors 
and Therapeutic Implications
 

Augsburg, Germany. 17–19 June 2022
Published: 31 January 2023 

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were 
made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative 
Commons Public Domain Dedication waiver (http://​creat​iveco​mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made 
available in this article, unless otherwise stated in a credit line to the data.

ORAL PRESENTATIONS

Session 1 | Pre‑Clinical Translation & Back‑Translation

O1  
Applying translational approaches for the nonclinical and clinical 
evaluation of the sGC stimulator CY6463 in CNS diseases
Christopher J. Winrow
Cyclerion Therapeutics, Cambridge Massachusetts, USA
Correspondence: Christopher J. Winrow (cwinrow@cyclerion.com) 
J Transl Med 2022, 21(1):O1

Introduction: The NO-sGC-cGMP pathway plays a critical role in cen-
tral nervous system (CNS) function and is impacted across a range of 
neurological and psychiatric diseases. NO is recognized as a key neu-
rotransmitter that is produced on-demand within the CNS and can act 
through sGC and cGMP to govern a range of downstream effects. We 
have identified CY6463, a CNS-penetrant sGC stimulator, with demon-
strated pharmacological effects in nonclinical and clinical studies. By 
acting as a selective positive allosteric modulator of sGC, CY6463 can 
amplify endogenous NO signaling while maintaining upstream spatial 
and temporal regulation. This enables the on-demand production of 
cGMP and propagation of downstream signals within the CNS.
Methods: A range of nonclinical studies were conducted to under-
stand the in  vitro and in  vivo properties of CY6463 and supported 
advancement into clinical development. Phase 1 clinical studies 
included single-ascending dose, multiple-ascending dose and food 
interaction studies along with a translational pharmacology study in 
healthy elderly participants.
Results: This presentation will describe the nonclinical pharmacology 
of CY6463, along with clinical data from Phase 1 studies including the 
pharmacokinetic, safety, and pharmacodynamic results of our clinical 
translational pharmacology study in elderly participants. Furthermore, 
we will discuss our translational biomarker strategy that has been car-
ried through into clinical studies in three separate patient populations 
and provide outlines of these clinical studies and updates on progress 
to date.

Conclusions: Applying a translational biomarker based approach 
to the development of CY6463 has enabled advancement of clinical 
studies in well-defined patient populations to help understand the 
potential opportunity for modulating sGC function in neuropsychiatric 
and neurodegenerative diseases.
Acknowledgements: CJW is an employee of Cyclerion Therapeutics 
and gratefully acknowledges the contributions of the Cyclerion team 
members and collaborators to this project.
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sGC modulators as cognitive enhancers: neuronal and/
or vascular?
Jos Prickaerts1, Ellis Nelissen1, Tim Vanmierlo1,2, Peter Sandner3,4

1Maastricht University, Psychiatry and Neuropsychology, Maastricht, 
Netherlands; Hasselt University, Biomedical Research Institute, Hasselt, 
Belgium; 3Bayer AG, Cardiovascular Research, Wuppertal, Germany; 
4Hannover Medical School, Hannover, Germany
Correspondence: Jos Prickaerts (jos.prickaerts@maastrichtuniversity.nl) 
J Transl Med 2022, 21(1):O2

Introduction: Cognitive impairment is one of the main symptoms of 
Alzheimer’s disease or Vascular dementia, which negatively impacts 
the quality of life of patients. Therefore, a pharmacological inter-
vention that has memory enhancing effects would be beneficial to 
patients. Vascular dementia is characterized by impairments in cer-
ebral blood flow, endothelial function and blood–brain barrier integ-
rity. These processes are all physiologically regulated by the soluble 
guanylate cyclase (sGC)-cGMP signaling pathway in blood vessel cells. 
Additionally, neuronal cGMP signaling plays an important role in long-
term potentiation underlying memory formation. Therefore, targeting 
the NO-sGC-cGMP pathway may be a therapeutic strategy for treating 
neuronal- and/or vascular-based dementias.
Methods: sGC stimulators acting on heme‐bound sGC and one sGC 
activator acting on heme‐free sGC were tested in the object loca-
tion task (OLT) on acquisition memory processes, in healthy rodents 
and in deficit models. Vascular function and neuroplasticity were 
assessed.
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Results: The non-brain penetrant sGC stimulators riociguat and veri-
ciguat improved memory acquisition in the OLT in rodents. Riociguat 
attenuated memory deficits in a cerebral vasoconstriction model for 
memory impairment induced by sumatriptan. The effective doses of 
vericiguat had no effect on mean arterial blood pressure and cerebral 
blood volume. This suggests that non-brain penetrant sGC stimula-
tors improve memory via an effect on the cerebral microvasculature. 
The brain penetrant sGC stimulator BAY-747 and activator runcaciguat 
both improved memory acquisition in the OLT in rats. Interestingly 
only BAY‐747 reversed the NOS inhibitor L‐NAME induced memory 
impairment. Both BAY‐747 and runcaciguat increased mBDNF levels 
in the hippocampus. Both drugs also enhanced GluA1‐containing 
AMPA receptors trafficking in a chemical LTP model for memory acqui-
sition using mouse hippocampal slices. Yet, only for runcaciguat this 
involved phosphorylation of the receptor on S845.
Conclusions: Both sGC stimulators and activators have potential as 
cognitive enhancers. sGC stimulators have effects on microvasculature 
as well as neuroplasticity. Effects on neuroplasticity are also exerted 
by sGC activators, yet with different underlying mechanisms than sGC 
stimulators. Further elucidating these properties will help in determin-
ing which type of sGC modulator can optimally improve cognition in a 
vascular and/or neuronal type of dementia.
Funding: Funding was in part supported by a restricted grant from 
Bayer AG and Merck Sharp & Dohme Corp.

O3  
Discovery and preclinical profiling of the oral sGC activator 
runcaciguat (BAY 1101042): a novel and effective treatment 
approach for chronic kidney disease?
Peter Sandner1,2

1Bayer AG, Research and Early Development, Wuppertal, Germany; 
2Hannover Medical School, Department of Pharmacology, Hannover, 
Germany
Correspondence: Peter Sandner (peter.sandner@bayer.com) 
J Transl Med 2022, 21(1):O3

Peter Sandner is presenting on behalf of the entire research and develop-
ment teams working on runcaciguat (BAY 1101042) in recent years, especially 
Michael G. Hahn [1], Thomas Lampe [1], Sherif El Sheikh 1], Niels Griebenow 
[1], Elisabeth Woltering [1], Karl-Heinz Schlemmer [1], Lisa Dietz [1], Michael 
Gerisch [1], Frank Wunder [1], Eva Maria Becker-Pelster [1], Thomas Mondritzki 
[1,2], Hanna Tinel [1], Andreas Knorr [1], Achim Kern [1], Dieter Lang [1],Tibor 
Schomber [1], Agnes Benardeau [2], Antje Kahnert [1], Laura Popp [1], Julia 
Vienenkoetter [1], Heidrun Ellinger-Ziegelbauer [1], Mira Pavkovic [1], Axel 
Kretschmer [1], Bettina Lawrenz [1], Elke Hartmann [1], Krystyna Siudak [1], 
Alexius Freyberger [1], Ina Hagelschuer [1], Jutta Meyer [1], Jan R. Kraehling [1], 
Ilka Mathar [1], Joachim Mittendorf [1], Hubert Truebel [2,4], Joerg Hueser [1], 
Volker Geiss [1], Frank Eitner [1,5], and Johannes-Peter Stasch [1,6];

1Bayer AG, Research and Early Development, Pharma Research 
Center, 42096 Wuppertal, Germany,
2University of Witten/Herdecke, 58455 Witten, Germany,
3Current employer: Novo Nordisk A/S, Cardio-Renal Biology, Måløv, 
Denmark Novo Nordisk,
4Current employer: AiCuris AG, Wuppertal, Germany,
5Division of Nephrology and Clinical Immunology, RWTH Aachen 
University, 52062 Aachen, Germany,
6Institute of Pharmacy, University Halle-Wittenberg, 06120 Halle, 
Germany,

7Department of Pharmacology, Hannover Medical School, 30625 
Hannover, Germany.

Introduction: The class of sGC activators has an unique mode of 
action by activating the oxidized and heme-free form of sGC which 
is not responsive to nitric oxide (NO). The sGC activators can restore 
cGMP signaling under oxidative stress conditions, which is present in a 
variety of diseases and which could potentially result in a broad thera-
peutic profile of the sGC activators. However, the first generation of 
sGC activators exhibits limitations and was discontinued. With the dis-
covery of the novel, oral sGC activator runcaciguat (BAY 1101042), the 
second generation of sGC activators is available with improved solubil-
ity, permeability, metabolism, and drug-drug interactions parameters. 
The discovery and preclinical profiling of runcaciguat in vitro, ex vivo, 
and in vivo, in both mechanistic and disease models, will be presented.
Methods: Runcaciguat was broadly profiled in  vitro, ex  vivo, and 
in  vivo. Runcaciguat was tested in mechanistic in  vitro, and ex  vivo 
assays and mechanistically studied in  vivo models. Moreover, run-
caciguat, was tested in different disease models, especially in models 
for CKD with different etiologies and comorbidities.
Results: Runcaciguat exhibits the profile of a potent and selective sGC 
activator, which independently of NO stimulates cGMP production 
in  vitro, on the isolated sGC enzyme as in cellular tests. Ex  vivo, run-
caciguat can relax vascular tissues in different vascular beds. In  vivo, 
runcaciguat leads to a dose-dependent decrease in blood pressure. 
In different rat CKD models, in renin transgenic (RenTG) and angio-
tensin-supplemented (ANG-SD) rats, but also in rats with diabetic and 
metabolic CKD, e.g. the Zucker diabetic fatty (ZDF) rat and ZSF-1 rat, 
runcaciguat significantly reduced proteinuria. In addition, biomarkers 
and histopathological markers of kidney damage were also signifi-
cantly reduced. These kidney-protective effects were also significant 
at doses that did not or only moderately decrease systemic blood 
pressure.
Conclusions: In summary, these data demonstrate that runcaciguat 
(BAY 1101042) exhibits a typical profile of an oral sGC activator in vitro, 
ex  vivo, and in  vivo. Moreover, runcaciguat treatment leads to sig-
nificant renal protection at doses that do not reduce blood pressure 
and is effective in hypertensive as well as diabetic and metabolic CKD 
models. Therefore, the sGC activator runcaciguat could represent an 
efficient treatment approach for CKD (Figure  1). Runcaciguat is cur-
rently developed in phase 2 in patients with chronic kidney disease 
(CONCORD trial, NCT04507061).
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O4  
From phenotype to endotype: preclinical validation 
of ROS‑cGMPopathies in the Estonian Biobank
Cristian Nogales1, Jaanika Kronberg2, Alexandra Petraina1, Mayra Pacheco 
Pachado1,3, Jerremy Weerts4, Arantxa Barandiaran Aizpurua4, Vanessa van 
Empel4, Mari Nelis2, Lili Milani2, Tōnu Esko2, Andres Metspalu2, Reedik 
Mägi2, Harald H. H. W. Schmidt1

1Maastricht University, Department of Pharmacology & Personalised 
Medicine, Maastricht, Netherlands; 2University of Tartu, Institute 
of Genomics, Tartu, Estonia; 3Maastricht University, Department 
of Psychiatry and Neuropsychology, Maastricht, Netherlands; 
4Department of Cardiology, Cardiovascular Research Institute Maastricht 
(CARIM), Maastricht University Medical Centre + (MUMC +), Maastricht, 
The Netherlands
Correspondence: Cristian Nogales (cnogales@ppmlab.net) 
J Transl Med 2022, 21(1):O4

Introduction: Most disease definitions are organ- or symptom- 
based and rarely reflect the causal mechanism of the disease, mean-
ing we hardly understand any disease mechanistically and low 
precision drug interventions are the norm in the clinics [1, 2]. Nam-
ing a disease after a symptom also runs the risk that different molec-
ular mechanisms that cause a similar symptom are subsumed under 
one umbrella term. They are thus converted into one common and 
complex disease entity, which is impossible to untangle based on 
the current diagnostic tools. Recent efforts have been made to rede-
fine diseases by moving from symptom and organ to mechanism 
and cause [3]. The ultimate aim is to endotype patients and reach 
precision medicine. cGMPopathies is a newly described term, which 
describes a dysfunctional cGMP signalling by (i) reduced synthesis, 
(ii) increased breakdown or (iii) defective downstream signalling, of 
cGMP [4]. We have previously identified a disease mechanism, involv-
ing genes related to reactive oxygen species (ROS) formation and 
cGMP signalling (ROCG) i.e., ROS-cGMPopathies. This disease mecha-
nism or disease module is causal for a heterogeneous diseasome 
cluster of metabolic-cerebro-cardiovascular disease phenotypes [5].
Methods: In collaboration with the Estonian biobank, we use a 
high-throughput screening plasma antibody-based assay to ana-
lyze over 1000 human samples from the 14 ROS-cGMPopathies of 
the ROCG cluster.
Results: Here, we investigate one of the best studied clusters of 
twelve heterogeneous cardiovascular, neuro-psychiatric, meta-
bolic and pulmonary comorbid disease phenotypes of unmet 
medical need, defined—at least in part—by reactive oxygen spe-
cies-induced dysfunction of and cGMP signalling. Hypertension 
and heart failure have been validated within the ROCG endotype 
in biobanked patient samples (1 out of 5 and 1 out of 3 patients, 
respectively). Next, in samples from the Estonian biobank, the prev-
alence of the ROCG endotype is described for each of the 14 ROS-
cGMPopathies of the ROCG disease cluster.
Conclusions: Stratifying patients according to both phenotype and 
endotype will enable high precision therapeutic interventions, i.e. 
low number needed to treat. These data show that even for sup-
posedly complex diseases, endotyping for precision medicine, and 
mechanistic disease re-definition is possible.
Funding: The research described in this review has been spon-
sored by the REPO-TRIAL project. The REPO-TRIAL project has 
received funding from the European Union’s Horizon 2020 research 
and innovation program under grant agreement No. 777111. This 
reflects only the author’s view, and the European Commission is 
not responsible for any use that may be made of the information 
it contains.
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Session 2 | Brain & Neurosensory System

O5  
Role of NO‑GC1 and NO‑GC2 in hippocampal cGMP responses 
induced by glutamatergic agonists
Jan Giesen, Evanthia Mergia, Doris Koesling, Michael Russwurm
Ruhr‑Universität Bochum, Pharmakologie, Bochum, Germany
Correspondence: Doris Koesling (doris.koesling@ruhr‑uni‑bochum.de) 
J Transl Med 2022, 21(1):O5

NO-sensitive guanylyl cyclases (NO-GC) catalyse the formation of the 
signalling molecule cGMP that is involved in the regulation of various 
physiological cardiovascular events. In the central nervous system, 
nitric oxide is known to play an important role in synaptic transmis-
sion. Most of the effects of NO are mediated by NO-GCs, the receptors 
for NO, whose cGMP-forming activity is stimulated up to 200-fold upon 
NO binding to the enzymes prosthetic heme group. Two isoforms of 
NO-GC, NO-GC1 and NO-GC2, exist that exhibit comparable regulatory 
and enzymatic properties. An impairment of long-term potentiation 
in isoform-specific knockout (KO) mice demonstrated the importance 
of either NO-GC isoform for synaptic plasticity. Electrophysiological 
experiments in brain slices indicated pre- and postsynaptic localisa-
tion of NO-GC1 and NO-GC2 in hippocampal glutamatergic neurons 
and facilitation of neurotransmitter release and increase of NMDA 
receptor-mediated currents as physiological responses, respectively. 
In live cell fluorescence resonance energy transfer (FRET) imaging, 
NMDA receptor agonist-induced cGMP increases were demonstrated 
in cultured hippocampal neurons. Unexpectedly, NO-dependent 
NMDA receptor-independent cGMP signals were also brought about 
by stimulation of AMPA receptors with the calcium being supplied via 
L-type voltage gated calcium channels. Here, we asked which of the 
NO-GC isoform is responsible for NMDA- and AMPA-induced cGMP 
signals in hippocampal neurons and therefore monitored the respec-
tive FRET responses in neurons of NO-GC1- and NO-GC2-deficient 
mice. In addition, information on the impact of PDEs on the cGMP 
response was gathered by monitoring shaping of the cGMP signals by 
PDE inhibitors.

O6  
A localized scaffold for cGMP increaseis required for apical 
dendrite development in embryonic principal neurons
Maya Shelly
Stony Brook University, Neurobiology and Behavior, New York New York, 
USA
Correspondence: Maya Shelly (maya.shelly@stonybrook.edu) 
J Transl Med 2022, 21(1):O6

Introduction: An essential early event in mammalian embryonic brain 
development is neuronal polarization, in which neurons form the dis-
tinct compartments of the axon and dendrite. Axons and dendrites 
inherently differ in the molecular composition of their cytoplasm, 
cytoskeleton, and plasma membrane. These differences underlie the 
unique morphology and function of these compartments and are 
responsible for directed information flow in the brain. How polarity 
arises from seemingly equivalent neurites remains an outstanding 
question. Specification of the axon has dominated studies on neu-
ron polarization, yielding an understanding of the molecular events 
underlying axonal identity, its specification and growth. However, 
the events in the polarizing neuron that lead to dendrite develop-
ment have remained elusive. Studies in cultured neurons have estab-
lished that axon specification instructs neuronal polarization and is 
necessary for dendrite development. However, dendrite formation 
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in vivo occurs when axon formation is prevented. We find that apical 
dendrite development in principal pyramidal neurons is directed by 
spatially organized extrinsic cues and mediated by a localized cGMP-
synthesizing complex. We show that the scaffolding protein Scribble 
associates with Plexin co-receptors for Semaphorin3A and the cGMP-
synthesizing enzyme soluble-Guanylate-Cyclase (sGC). We find that 
the critical associations within the complex are necessary for distinctly 
higher cGMP generation in dendrites and for apical dendrite develop-
ment in the CA1 region of the embryonic hippocampus. Local cGMP 
elevation or sGC expression rescued effects of Scribble knockdown on 
dendrite development indicating that Scribble is an upstream regula-
tor of cGMP-activity. Together, we show that during neuronal polariza-
tion, apical dendrite development is directed by a scaffold that links 
signals of extracellular cues to localized cGMP increase.
Methods: cGMP-FRET, In Utero genetic manipulations in embryonic 
hippocampus, Biochemistry, Material engineering.

Results

 	•  Dendrites have higher cGMP than the axon in a Scribble-depend-
ent manner

 	•  Scribble/sGC expression are enriched at apical dendrites
 	•  Genetic manipulations within the Scribble complex caused severe 

defects in apical dendrite development
 	•  Expressing sGC in developing CA1 neurons in vivo rescued effects 

of Scribble knockdown
 	•  Scribble also associates with PlexinA3 co-receptor for Semapho-

rin3A
	•  PlexinA3-Scribble association is necessary for Sema3A-mediated 

cGMP increase in dendrites and for apical dendrite development

Conclusions: A common scaffold mediates signals of extracellular 
cues to localized cGMP increase to direct apical dendrite development 
during embryonic neuronal polarization (Figure 1).

Acknowledgements: I thank the postdocs and students in my lab 
who have performed these studies: Joanna Szczurkowska, Seong Il 
Lee, Alan Guo, Jacqueline Martin, Chia Te Chien, Tamor Khan.

O7  
Structural basis of CNG channel function and channelopathy
Jian Yang
Columbia University, Biological Sciences, New York New York, USA
Correspondence: Jian Yang (jy160@columbia.edu) 
J Transl Med 2022, 21(1):O7

Introduction: Cyclic nucleotide-gated (CNG) channels convert light- 
and odorant-induced changes in intracellular cyclic nucleotides in 
into electrical signals and are essential for vision and smell. Numerous 
mutations in CNG channels cause visual disorders, including achro-
matopsia (ACHM) and retinitis pigmentosa. Native CNG channels are 
heterotetramers formed by CNGA and CNGB subunits.

Methods: To gain insights into the molecular mechanisms of CNG 
channel assembly, activation and permeation, we have solved the 
cryo-EM structures of a nematode CNG channel TAX-4 in apo and 
cGMP-bound states and the human cone photoreceptor CNG channel 
formed by CNGA3/CNGB3 in the apo state.
Results: These structures illustrate the conformational changes associ-
ated with cGMP gating and reveal a previously undescribed activation 
gate located in the central cavity (Fig. 1). The structure of the CNGA3/
CNGB3 channel shows that the channel contains three CNGA3 and 
one CNGB3 subunits and highlights a critical role of CNGB3 in shap-
ing cone CNG channel properties and responses. More than 150 and 
125 mutations in CNGA3 and CNGB3, respectively, are linked to ACHM. 
Using cryo-EM, liposome reconstitution, calcium imaging and a cell 
viability assay, we have investigated the structural, molecular and cel-
lular effects of R410W, an ACHM-associated mutation in CNGA3. The 
R410W mutation produces complete color blindness and is reportedly 
a loss-of-function (LOF) mutation. Cryo-EM structures of TAX-4 carry-
ing the analogous mutation R421W show that, paradoxically, R421W 
does not change the structure of cGMP-bound channel but opens 
the channel in the absence of cGMP. We also find that R421W/R410W 
increases the spontaneous activity of TAX-4 and CNGA3/CNGB3 chan-
nels reconstituted in liposomes and expressed in HEK293 cells, and 
that overexpression of R410W channels causes death of HEK293 and 
photoreceptor cells.
Conclusions: Our study sheds light on CNG channel allosteric gat-
ing, provides new frameworks for further mechanistic investigation 
of cone CNG channel physiology and channelopathy, and has implica-
tions for mutation-specific treatment of retinopathy.

Funding: This work was supported by the National Institutes of Health 
grants RO1EY027800 and RO1GM085234 (J.Y.). Some of this work 
was performed at the Columbia University Cryo-Electron Micros-
copy Center (CUCEC) and at the Simons Electron Microscopy Center 
and National Resource for Automated Molecular Microscopy located 
at NYSBC. We thank members of CUCEC and NYSBC for support and 
assistance in cryo-EM grid screening and data acquisition.

O8  
Stress affects central compensation of neural responses 
to cochlear synaptopathy in a cGMP‑dependent way
Daria Savitska1, Morgan Hess1, Dila Calis1, Philine Marchetta1, Csaba 
Harasztosi1, Stefan Fink1, Philipp Eckert1, Peter Ruth2, Lukas Rüttiger1, 
Marlies Knipper1, Wibke Singer1

1University of Tübingen, University ENT Clinic Tübingen, Molecular 
Physiology of Hearing, Tübingen Hearing Research Center, Tübingen, 
Germany; 2University of Tübingen, Department of Pharmacology, 
Toxicology and Clinical Pharmacy, Institute of Pharmacy, Tübingen, 
Germany
Correspondence: Daria Savitska (daria.savitska@uni‑tuebingen.de) 
J Transl Med 2022, 21(1):O8

Introduction: Increasing evidence supports a link between hearing 
loss and dementia. We previously demonstrated in a mouse model 
that an age-related cochlear synaptopathy (decoupling of inner 
hair cell synapses from auditory nerve fibers) leads to poorer tem-
poral auditory and memory-related processing. We could show that 
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cochlear synaptopathy can, in some individual cases, be centrally com-
pensated through enhanced input/output function of auditory brain-
stem responses (neural gain), preventing an age-dependent temporal 
discrimination loss [1].
Methods: Therefore, mice can be subdivided by their compensation 
capacity into a group of low compensators and another group of high 
compensators.
Results: Low compensators also displayed an associated decrease in 
memory-linked processes and recruitment of activity-dependent 
brain-derived neurotrophic factor (BDNF) in hippocampal regions in 
comparison to high compensators. We aimed to identify factors capable 
of modifying this compensation mechanism. Animals were injected 
with either a cGMP-stimulating drug—the “memory-enhancing” phos-
phodiesterase 9A inhibitor—or a placebo.
Conclusions: We surprisingly found that the successful central audi-
tory- and memory-dependent adjustment to cochlear synaptopathy is 
a cGMP- and glucocorticoid-dependent process.
Funding: This work was funded by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) Research Training Group 
GRK 2381 Projektnummer 335549539; FOR 2060 project RU 713/3-2, 
SPP 1608 RU 316/12-1, KN 316/12-1 and the Sigmund Kiener Stiftung.
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Lumpers and splitters: the legacy and future of heart failure 
management
Thomas F. Lüscher
Royal Bormpton Hospital, Department of Cardiology, Cardiology I, 
London, UK
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O10  
Travels with vericiguat: insights from a clinical scientist
Paul Armstrong
Department of Medicine (Cardiology), University of Alberta, Edmonton, 
Alberta, Canada
Correspondence: Paul Armstrong (parmstro@ualberta.ca) 
J Transl Med 2022, 21(1):O10

The phase 3 VICTORIA trial, in 5050 patients with heart failure and 
reduced ejection fraction (HFrEF) who had a recent worsening HF 
event, demonstrated a clinically relevant, statistically significant reduc-
tion in the primary composite endpoint of cardiovascular death and 
heart failure hospitalization. Given the unusually high clinical event 
rate -since learning of the principal results—our priority over the past 
2 years has been to establish a context for the trial with other recent 
heart failure studies and to understand potential heterogeneities in 
the response to vericiguat.
This presentation will provide further insights into the following:

 	•  The three clinical trial subsets—characterized by the relationship 
between their recency and nature of their heart failure event- and 
how this related to clinical outcomes and vericiguat’s efficacy

 	•  The prognostic significance of the NT-proBNP, troponin T levels 
and other biomarkers at randomization and what insights they 
provide to patient subgroups and treatment effect

 	•  The impact of vericiguat on sequential NT-proBNP levels and 
what relationship these changes have on the treatment effect

	•  The safety of vericiguat as measured by renal function, potassium 
and hemoglobin

These findings are met to broaden the understanding of vericiguat’s 
role in addressing the unmet needs of patients with heart failure and 
inform the path for future investigation of this novel pathway.

O11  
Genetic variation affecting cGMP signaling in atherosclerosis 
and myocardial infarction
Thorsten Kessler
Technical University of Munich, German Heart Centre Munich, Munich, 
Germany
Correspondence: Thorsten Kessler (thorsten.kessler@tum.de) 
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Introduction: Coronary atherosclerosis and myocardial infarction 
are leading causes of morbidity and mortality worldwide. In addition 
to so-called traditional risk factors, e.g. diabetes, hypertension, or 
smoking, a positive family history has been known to be associated 
with increased risk for decades. Large-scale genetic studies identified 
genetic variants in more than 200 genes to underlie this observation. 
Importantly, several variants are located in genes that are involved in 
cGMP signaling.
Methods: Our group used genetic analyses, in vitro and in vivo experi-
mentation to investigate the functional role of genetic variants in 
genes that are involved in cGMP signaling in atherosclerosis.
Results: We identified rare coding variants in the genes encoding the 
soluble guanylyl cyclase (sGC) and phosphodiesterase 5A (PDE5A) to 
be associated with coronary artery disease. Importantly, these genes 
furthermore habour common, non-coding variants which influence 
expression of the genes and thereby modulate cGMP signaling in 
atherosclerosis. Our findings particularly point to a functional role of 
genetic variation in sGC and PDE5A in platelets and vascular smooth 
muscle cells, respectively.
Conclusions: Clustering of genetic variants which are associated with 
coronary artery disease and myocardial infarction in genes that are 
crucially involved in cGMP signaling highlights the importance of this 
pathway in atherosclerosis and opens up new vistas for prevention 
and therapy of the disease.
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(J.R).
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Introduction: Impaired nitric oxide (NO)-sGC-cGMP signaling has 
been implicated in the pathogenesis of HFpEF. In females, the preva-
lence of HFpEF increases post menopause, and > 65% of HFpEF 
patients older than 75y are female. Compared to males, females with 
HFpEF have more diastolic dysfunction, are more symptomatic, and 
have a poorer quality of life. Previous clinical studies have shown that 
females with HFpEF are more responsive than males to spironolac-
tone and sacubitril/valsartan, treatments which can increase cGMP 
levels. Aging and reduced estrogen levels may act together to com-
promise NO-sGC-cGMP signaling in elderly, postmenopausal females. 
The CAPACITY HFpEF study (Udelson et  al., JAMA, 2020) evaluated 
the effect of the sGC stimulator praliciguat on exercise capacity in 
male and female HFpEF patients with left ventricular ejection fraction 
≥ 40%, reduced exercise tolerance, and 2 or more concomitant condi-
tions associated with decreased NO-cGMP signaling (hypertension, 
diabetes/pre-diabetes, obesity, or advanced age). In the full popula-
tion (N = 143), there was no significant effect on the primary efficacy 
endpoint, change from baseline in peak oxygen consumption (peak 
VO2) to week 12, measured using cardiopulmonary exercise testing.
Methods: We performed a post hoc analysis of the CAPACITY HFpEF 
data for the subgroup of females aged > 70 years (N = 34).
Results: In the subgroup of female participants > 70  years, prali-
ciguat treatment led to a clinically meaningful improvement in peak 
VO2 compared to placebo (least-squares mean difference 1.6  mL O2/
kg/min, nominal p = 0.007). Furthermore, in this elderly female sub-
group, a higher proportion of praliciguat than placebo recipients 
(50% vs. 11%) showed a clinically meaningful (> 1.0  mL O2/kg/min) 
improvement in peak VO2, independent of baseline exercise capacity. 
Directional improvements in other measures of functional capacity, 
including ventilatory efficiency, peak workload, and 6-min walk test 
distance were also observed in the elderly female subgroup. Consist-
ent with a greater pharmacological response, praliciguat treatment 
was associated with larger reduction in blood pressure in elderly 
females than in the full population. Praliciguat treatment was well tol-
erated in the elderly female subgroup and overall.
Conclusions: Elderly, postmenopausal females with HFpEF represent 
a HFpEF phenotype that may benefit from sGC stimulation. Prospec-
tive clinical trials in this population are warranted.

Session 4 | Cardiovascular Diseases and cGMP
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Hypertension is an important risk factor for cardiovascular complica-
tions. Effective pharmacological blood pressure lowering reduces 
end-organ damage and the risk of morbidity and mortality in patients. 
Nitroxyl released from donor molecules is in clinical development for 
the treatment of cardiovascular disease. Defining molecular mecha-
nisms that contribute to their beneficial effect, may help to optimise 
their use. We have previously demonstrated that nitroxyl-mediated 
vasodilation is at least in part caused by oxidation of cysteine 117 and 
195 in cGMP-dependent protein kinase I (PKGI). We aimed to deter-
mine whether nitroxyl donors lower blood pressure via this novel PKGI 
activation mechanism in vivo.
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in the regulation of left ventricular function
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Introduction: The cGMP-dependent protein kinase 1 alpha (cGK1a) is 
required for normal left ventricular functional compensation to pres-
sure overload1. These effects require an intact cGK1a leucine zipper 
domain1. We recently identified the Mixed Lineage Kinase 3 (MLK3) as 
co-interacting with cGK1a and as required for the therapeutic effects 
of cGMP augmentation in LV pressure overload2. MLK3 whole-body 
gene deletion also induces hypertension2. The cardiac myocyte (CM)-
specific, blood pressure independent contribution of MLK3 to LV func-
tion remains unknown.
Methods: We generated and examined the cardiac phenotype of mice 
with CM-specific MLK3 deletion. LoxP sites were inserted by homolo-
gous recombination around exons 4–10 of the map3k11 gene, result-
ing in MLK3 floxed (MLK3fl/fl) mice. We crossed the MLK3fl/fl mice with 
the aMHC-Cre transgenic strain to enable CM-restricted MLK3 dele-
tion. We studied MLK3fl/fl x aMHC Cre+ and MLK3fl/fl x aMHC Cre− lit-
termates (termed MLK3CM-KO and control, respectively).
Results: In isolated CMs, PCR confirmed MLK3 excision in MLK3CM-KO 
but not control mice. We observed no MLK3 gene excision in spleen 
tissue of the MLK3CM-KO, supporting specificity of deletion. Blood 
pressure did not differ between the MLK3CM-KO mice compared with 
control littermates. MLK3CM-KO mice of both sexes displayed basal 
reduction in LV function as assessed by invasive hemodynamics. Unex-
pectedly, only female MLK3CM-KO mice developed age-dependent LV 
dilation and overt dysfunction detected by echocardiography.
Conclusions: We interpret these findings to reveal a CM-specific role 
of the cGK1a effector MLK3 as a tonic regulator of LV structure and 
function in  vivo, which is independent of the MLK3 effect on blood 
pressure. Our findings also suggest sex-specific cardiovascular effects 
of MLK3. These findings support that investigating cGK1a substrates in 
the LV can reveal new mechanisms of relevance to heart failure.
Funding: This study was funded by the NIH R01HL131831.
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Introduction: Central obesity with cardiometabolic syndrome (CMS) 
is a global pandemic and major contributor to human disease. While 
exercise and diet are important, they are often insufficient to counter 
severe obesity, and new and effective therapies are sorely needed.
Methods: We studied the role of phosphodiesterase type 9—a highly 
selective regulator of cGMP—on severe obesity and cardiometabolic 
syndrome in mice. The model includes 4  months of high fat diet (or 
control diet) feeding in C57BL/6N males and females (latter ± ova-
riectomy); superimposition of mild pressure overload by aortic con-
striction at that time, and then randomization to placebo of the PDE9 
inhibitor PF-04447943. Cell and tissue analysis of fat metabolism, sign-
aling, and regulation by PDE9 are explored.
Results: We found that inhibiting the highly cyclic-GMP selective 
phosphodiesterase-type 9A (PDE9-I) in male and ovariectomized 
female mice suppresses pre-established severe diet-induced obesity/
CMS. This treatment was effective in mice with or without superim-
posed mild cardiac pressure-load. PDE9-I reduced total body, inguinal, 
hepatic, and myocardial fat, increased whole body metabolism, and 
improved CMS, all without significantly altering activity or food intake. 
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PDE9 localizes at mitochondria, and its inhibition in  vitro stimulates 
lipolysis and mitochondrial respiration in adipocytes and myocytes. 
This requires upregulation of multiple fatty acid uptake and metabo-
lism genes linked to PPARa, and PPARa upregulation was required 
in  vitro and in  vivo to achieve lipolytic, anti-obesity, and metabolic 
effects from PDE9-I. There was a striking sex-dimorphism, as these 
PDE9-I induced changes did not occur in obese/CMS but non-ovariect-
omized females. This may relate to altered PPARa chromatin binding in 
the presence of co-activated estrogen receptor-a.
Conclusions: Clinical PDE9-I have been tested in humans already for 
neurocognitive and sickle cell disease and is in ongoing trials for heart 
failure. If effective against obesity/CMS, this would greatly expand its 
therapeutic utility.
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Introduction: cGMP is a key second messenger with well-accepted 
cardioprotective functions. However, we are still far from understand-
ing the underlying mechanisms to tailor more specific therapeutics 
for severe cardiovascular diseases such as heart failure. In particular, 
comprehensive information on spatial and temporal patterns of cGMP 
signaling in functional subcellular nanodomains of cardiomyocytes 
and differences in compartmentation of signals originating from vari-
ous guanylyl cyclases such as different natriuretic peptide receptors 
and NO-sensitive cyclase (NO-GC) have been lacking.
Methods: We have developed and applied state-of-the-art live cell 
imaging techniques including new Förster resonance energy transfer 
(FRET) based biosensors and non-optical nanoscale imaging using 
scanning ion conductance microscopy (SICM) to better understand 
real time cGMP dynamics in heathy and diseased mouse, rat and 
human cardiomyocytes.
Results: Using a transgenic mouse model expressing a highly sensi-
tive cGMP biosensor red cGES-DE5 in the heart and real time SICM/
FRET microscopy we could show that natriuretic peptide receptors 
GC-A (also known as NPR1, receptor for atrial natriuretic peptide) and 
GC-B (also known as NPR2, receptor for the C-type natriuretic peptide) 
are differently localized on cardiomyocyte membrane. The former 
is exclusively found in T-tubules and the latter in both T-tubules and 
outer cell membrane domains called crests. These distinct localization 
patterns lead to different compartmentation of the respective cGMP 
signals which are either locally confined to T-tubular membranes not 
affecting cardiac contractility (GC-A) or are diffusible along larger dis-
tances leading to phophorylation of phospholamban and troponin I 
to enhance cardiac relaxation. Also, we could show that beta3-adren-
ergic receptors coupled to NO-GC signalosome can be found only in 
T-tubules of healthy myocytes, but they undergo redistribution to cell 
crests in failing cells. Finally, we studied cGMP signals under hypoxic 
and ischemic conditions in mouse und human myocytes and found 
that these conditions lead to an increase of cardiomyocyte cGMP 
levels due to partial autophagosomal degradation of the phosphodi-
esterase 3A. Interestingly, this mechanism leads to increased cardio-
protection, diminished apoptosis and enhanced responses to clinically 
relevant NO-GC activators.
Conclusions: Our live cell imaging approach could uncover new 
mechanisms of cardiomyocyte cGMP compartmentation which can be 
potentially targeted for heart failure therapy.

O18  
Long term delivery of CNP in a mouse model of heart failure 
with preserved ejection fraction
Dulasi Arunthavarajah1, Bernadin Dongmo Ndongson1, Gaia Calamera1, 
Jan M. Aronsen2, Finn Olav Levy1, Kjetil W. Andressen1

1University of Oslo and Oslo University Hospital, Department 
of Pharmacology, Institute of Clinical Medicine, Oslo, Norway; 2University 

of Oslo and Oslo University Hospital, Department of Molecular Medicine, 
Institute of Basic Medical Sciences, Oslo, Norway
Correspondence: Dulasi Arunthavarajah (dulasi.arunthavarajah@
medisin.uio.no) 
J Transl Med 2022, 21(1):O18

Introduction: Heart failure (HF) is a major health burden Worldwide. 
Approximately 50% of patients suffers from HF with preserved ejec-
tion fraction (HFpEF), where often hearts are stiff and not readily filled 
with blood. Although several advances have been made in the under-
standing and treatment of HF with reduced ejection fraction (HFrEF), 
there are few effective treatment options for HFpEF patients. We have 
previously shown that activation of the Guanylyl Cyclase B (GC-B) with 
C-type natriuretic peptide (CNP) increases cGMP in cardiomyocytes 
that lead to increased removal of Ca2+ into the sarcoplasmic reticu-
lum, faster relaxation and phosphorylation of titin that leads to more 
compliant cardiomyocytes and increased diastolic filling.
Methods: To induce HFpEF, C57BL/6N mice were fed a combination of 
high fat (HFD) provoking metabolic stress and administered an inhibi-
tor of nitric oxide synthase (L-NAME) in the drinking water to induce 
hypertensive stress. Mice receiving maintenance diet (MD) were 
included as control. For treatment, osmotic pumps containing either 
CNP or vehicle were subcutaneously implanted in mice prior to dietary 
manipulation and mice were treated for 6 weeks. We measured blood 
pressure, performed echocardiography and pressure–volume cath-
eterization and excised hearts and lungs after euthanasia.
Results: Osmotic pumps delivering CNP resulted in over fivefold 
increase in circulating plasma concentrations of CNP compared to 
vehicle-treated mice. In HFD+L-NAME mice, CNP reduced cardio-
myocyte area, indicative of reduced hypertrophy. CNP-treated mice 
had lower systolic blood pressure. A non-significant trend towards 
decreased lung weight was also noted in the group of mice receiving 
CNP-treatment, indicative of reduced lung congestion.
Conclusions: These preliminary results could indicate beneficial 
effects of CNP treatment in HFpEF mice.
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The role of the cardiac natriuretic peptides (NPs) and cGMP in adipo-
cyte metabolism serves as a mechanism to increase mobilization of 
stored energy by stimulating lipolysis as well as activating and expand-
ing the amount of energy-expending thermogenic brown adipocytes. 
Our earlier work showed that this pathway can be beneficial for lower-
ing blood glucose and fatty acid levels to mitigate type II diabetes and 
reduce adipose mass. In addition to raising cGMP by NPs, cGMP levels 
can be maintained by preventing their degradation by phosphodies-
terases (PDEs) such as PDE9. This presentation will discuss signaling 
mechanisms by NPs and PDE9, their regulation, and consequences on 
adipose tissue and metabolic health.

O20  
Retinopathy caused by dysfunction of cGMP effectors: 
pathobiology and treatment options
Stylianos Michalakis
LMU Munich, University Hospital, Department of Ophthalmology, 
Munich, Germany
Correspondence: Stylianos Michalakis (stylianos.michalakis@cup.
uni‑muenchen.de) 
J Transl Med 2022, 21(1):O20



Page 8 of 36J Transl Med 2023, 21(Suppl 1):35

Inherited retinal degenerations are eye diseases that lead to severe 
visual impairment and even blindness. They are caused by defects 
in genes encoding key proteins of the visual process, whose central 
second messenger is cyclic guanosine monophosphate (cGMP). Here, 
I will focus on two specific retinopathies caused by mutations in two 
cGMP effectors specifically expressed in rod photoreceptors: the cyclic 
nucleotide-gated channel beta 1 subunit (CNGB1) and the photore-
ceptor phosphodiesterase 6 alpha (PDE6A) subunit. Mutations in the 
CNGB1 and the PDE6A genes cause retinitis pigmentosa type 45 and 43, 
respectively. The evolution of powerful gene therapy vectors based on 
non-pathogenic recombinant adeno-associated viruses (AAV) has ena-
bled the development of potentially curative therapeutic approaches 
for these previously incurable ocular diseases.
In my presentation, I will provide an overview of the underlying patho-
biology, outline the preclinical and clinical development of current 
gene therapy approaches, and finally discuss remaining challenges 
and options for future improvements.
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Introduction: Androgens and estrogens are key regulators of sex dif-
ferences in bone, but androgen signaling in osteoblasts has received 
little attention. We previously showed that NO/cGMP/protein kinase 
G (PKG) signaling mediates anabolic effects in bone, in part by regu-
lating the Wnt/β-catenin pathway, which plays a key role in skeletal 
homeostasis (1).
Methods: We generated mice with osteoblast-specific (OB) knockout 
(KO) of type 2 protein kinase G (OB Prkg2-KO mice) by crossing mice 
carrying floxed Prkg2 alleles with transgenic mice expressing CRE 
recombinase under control of the osteoblast-specific 2.3  kb Col1a1 
promoter, which is active in mesenchymal stem cells committed to the 
osteoblast lineage, in osteoblasts, and mature osteocytes. The skeletal 
phenotype of these mice was characterized by micro-CT, static and 
dynamic histomorphometry, and gene expression profiling by qRT-
PCR, and was compared to control litter mates (genotype Prkg2 f/f) (2). 
Primary osteoblasts were isolated from the long bones of 12 week-old 
mice, and their growth, survival, and differentiation was examined as 
described (3). Cells were treated with dihydrotestosterone (DHT, which 
cannot be converted to estrogens) or 17β-estradiol in phenol red-free 
medium containing 0.1–1% charcoal-stripped fetal bovine medium.
Results: The skeletal phenotype of OB Prkg2-KO mice demonstrated 
a striking sexual dimorphism: male OB Prkg2-KO mice had fewer 
osteoblasts, reduced bone formation rates, and lower trabecular 
and cortical bone volumes compared to control littermates, whereas 
female OB Prkg2-KO mice showed no bone abnormalities. Osteoclast 
parameters were unaffected by genotype in both sexes. Expression of 
differentiation-related and Wnt/β-catenin-related genes was lower in 
osteoblasts and bones of male KO but not female KO mice compared 
to control mice. Dihydrotestosterone (DHT) increased expression of 
β-catenin and its target genes via PKG2 in male osteoblasts, whereas 
17β-estradiol increased expression of these genes independently of 
PKG2 in osteoblasts of both sexes, with larger effects in female cells. 
DHT stimulation of gene expression was initiated at the plasma mem-
brane where the androgen receptor, PKG2, and Src co-localized in 
caveolin-1-enriched membrane fractions. Maximal DHT induction of 
target genes required PKG2 activation of Src, ERK1/2, and Akt kinases 
and cooperation between membrane- and DNA-bound androgen 
receptors.
Conclusions: These data reveal a novel cross-talk between PKG2 and 
membrane-bound androgen receptor, and explain the skeletal sexual 
dimorphism of OB Prkg2-KO mice.

Funding: This work was supported by the National Institutes of Health 
grants R01-AR-068601 and R01-AG070778 (to RBP) and P30-NS047101 
(UCSD Microscopy Shared Facility).
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Introduction: The cyclic purine mononucleotides cGMP and cAMP 
have varied and critical functions as second messengers in many 
biological systems. By contrast, the cyclic pyrimidine mononucleo-
tides cCMP and cUMP have no known defined physiological roles. 
Bacteria are in a constant battle with bacteriophage, the viruses that 
infect them, and have thus evolved numerous mechanisms by which 
to defend themselves. We made the unexpected discovery that bac-
teria use cCMP and cUMP as signaling molecules mediating immunity 
against viruses and have provided the first biochemical and structural 
description of the pathways in which these compounds are involved.
Methods: We used a combination of approaches to characterize 
the function of these bacterial immune systems including: recom-
binant protein expression and purification, enzymatic assays, X-ray 
crystallography, phage infectivity assays, and high-resolution mass 
spectrometry.
Results: We found that many bacteria harbor enzymes that share 
structural homology with class III adenylate/guanylate cyclases and 
yet produce cCMP or cUMP in response to phage infection. Both cCMP 
and cUMP bind to specialized effector proteins encoded adjacent to 
the cyclase within immune defense operons we name Pycsar (Pyrimi-
dine cyclase system for antiphage resistance). One subset of Pycsar 
effectors rapidly form ordered filamentous structures upon selective 
recognition of the cyclic pyrimidine signal. Filament formation leads 
to enzymatic degradation of the metabolite NAD+ and this ultimately 
causes defects in cell growth and prevents phage replication.
Conclusions: Our results provide biological relevance for cCMP and 
cUMP as second messengers in bacterial immunity. Pycsar is just 
one of several recently identified immune pathways in prokaryotic 
genomes that use nucleotide and NAD+-derived signaling molecules 
to confer protection against viruses. It remains an open question if 
these particular signals mediate antiviral defense in other organisms 
or play roles outside of immunity.
Acknowledgements: We thank the members of the Kranzusch and 
Sorek labs for helpful discussions and the Molecular Electron Micros-
copy Suite at Harvard Medical School. R.S. was supported in part by 
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Dictyostelium is a eukaryotic unicellular organism that moves like neu-
trophils with pseudopodia. Cells of both organisms are guided to bac-
teria by chemoattractants. Despite their long evolutionary separation 
about one billion years ago, neutrophils and Dictyostelium move in 
a similar fashion with branched F-actin filled protrusions in the front; 
parallel F-actin and myosin II filaments in the cell body inhibit protru-
sions in the back of the cell. F-actin and myosin are regulated in Dicty-
ostelium by a unique cGMP pathway that evolved independently from 
the cGMP pathway of mammals. It consists of two G-protein-regulated 
guanylyl cyclases that are homologous to twelve-transmembrane ade-
nylyl cyclase and soluble adenylyl cyclase, respectively. There is only 
one cGMP-target: a very large protein consisting of many domains 
with a complex intramolecular activation mechanism: cGMP binding 
activates a GEF domain that induces the GDP/GTP exchange of a Ras 
domain which activates its adjacent kinase domain. cGMP is degraded 
by a cGMP-stimulated phosphodiesterase with a unique catalytic 
domain. The soluble guanylyl cyclase, the cGMP-binding protein and 
the cGMP-phosphodiesterase are all found in a protein complex with 
the G-protein subunit Gbeta in the front of the cell. The cGMP path-
way has two functions: the protein complex in the front of the cell pro-
motes the formation of branched F-actin, while the produced cGMP 
rapidly diffuses into the cell body where it promotes myosin filament 
formation and pseudopod inhibition in the rear of the cell. Together 
these two functions lead to persistent cell movement and efficient 
chemotaxis.
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Introduction: Nitric oxide (NO)-cGMP signaling relies on NO to acti-
vate the NO receptor protein soluble guanylyl cyclase (sGC). To mature 
to the functional state, the sGCβ subunit must first obtain cellular 
heme, which allows it to bind with a sGCα subunit to form the func-
tional heterodimer. Our studies shed light on how cellular heme is 
allocated and inserted into apo-sGCβ, how this drives the formation 
of the functional enzyme, the dynamics of these processes, how they 
are regulated by biological molecules and pharmacologic agents, their 
relation to the general cell heme allocation, and their relevance in 
determining the level of functional sGC in biology.

Methods: Our experiments typically involve cell cultures, purified 
recombinant proteins, and tissue samples. We employ a variety of bio-
chemical and biophysical approaches including UV–vis, fluorescence, 
and mass spectroscopies. We employ typical molecular and cell biol-
ogy methods and focus on making time-resolved measures whenever 
possible.
Results: Our studies with a variety of cells and tissues revealed that 
a major portion of their sGC (≥ 50%) naturally exists in its immature 
heme-free form, where the apo-sGCβ subunit is complexed with chap-
erone hsp90 and is separate from the sGCα subunit. This goes against 
the notion that sGC predominantly exists in its mature heterodimer 
form. In cells, heme delivery to apo-sGCβ depends on a GAPDH-heme 
complex, and heme insertion depends on the bound hsp90. After 
heme insertion takes place the hsp90 falls off and this exposes regions 
on sGCβ that can interact with sGCα to form the heterodimer. The 
heme delivery and insertion processes can be blocked by pharmaco-
logic hsp90 inhibitors and by relatively high levels of NO, but are actu-
ally enhanced by lower levels of NO. The NO effect on heme allocation 
to apo-sGCβ is rapid, occurs in response to signaling levels of NO, 
and results in the formation of functional sGC heterodimer. The NO-
driven heme allocation also depends on GAPDH and hsp90, the same 
machinery that cells utilize for their heme delivery during normal sGC 
maturation.
Conclusions: The natural existence of heme-deficient sGC provides 
an additional way that cells or tissues can control their level of func-
tional sGC by controlling heme allocation. Heme allocation to apo-
sGCβ involves GAPDH and hsp90 and causes a change in sGCβ protein 
partners that leads to the formation of the functional heterodimer. The 
ability of low biological levels of NO to quickly trigger heme alloca-
tion to apo-sGCβ identifies a new way that NO can regulate the sGC-
cGMP signaling pathway, namely by triggering the assembly of its own 
receptor.
Acknowledgements: I am grateful for the excellent work by our lab 
members and collaborators and for funding support from the NIH.
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Introduction: GUCY1A2 has been suggested as a candidate cancer 
gene as early as in 2006 [1]. The statistical methods used in this large 
scale study have been criticized and the role of genes like GUCY1A2 
with no prior established role in cancer pathogenesis have been met 
with skepticism [2]. We have established that NO-GC2, the complex 
of the α2-subunit and the β1-subunit of nitric oxide sensitive guanylyl 
cyclase is directed to cell–cell contacts in HEK293 cells [3] and other 
cell lines [unpublished data]. In addition, we have shown that the com-
plex of the α2-subunit and the β1-subunit interacts with the tumor-
suppressor protein scribble [3]. While we are also highly interested in 
the role of the scribble NO-GC2 complex for apical dendrite develop-
ment [4] and also tend to think of NO-GC2 as an enzyme complex with 
a primary functional role in the central nervous system, a more general 
role of the NO-GC2 complex in the regulation of cell cell contact medi-
ated growth inhibition seems an exciting possibility. In this context, 
we have been impressed by the tragic case of an only ten year old girl 
who died from the brain metastasis of a primary pulmonary adeno-
carcinoma [5]. Because of the unusual age of the patient and in an 
attempt to identify a targetable mutation, next generation sequenc-
ing was performed using a comprehensive cancer panel [5]. Due to 
the aforementioned work [1], this included an analysis of GUCY1A2 
and in fact this gene was shown to be mutated along with only four 
other genes. In the current study, we asked the question whether the 
specific mutation present in the tumor of the ten year old girl inter-
feres with NO-GC2 enzyme activity, and the ability of NO-GC2 to be 
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targeted to cell–cell contacts after overexpression in immortalized cell 
lines.
Methods: Methods are described in detail in reference [3].
Results: Overexpression of the mutated enzyme complex led to a loss 
of cell–cell contact localization after overexpression in HEK293 cells 
(Figure 1). While we have clearly found evidence for an interaction of 
the NO-GC2 complex with the third PDZ domain of scribble, we still 
have have to check whether the mutation abrogates the interaction 
with this tumor suppressor. These results and other current results 
from our laboratory will be shown.
Conclusions: While it cannot be ruled out that somatic mutations in 
GUCY1A2 are a chance byproduct of genomic instability in tumors 
leading to passenger mutations rather than driver mutations in 
GUCY1A2, we suggest that GUCY1A2 deserves further attention as a 
potential relevant disease gene in tumors given the loss of the ability 
of the NO-GC2 complex to be targeted to cell–cell contacts in the pre-
sented unusual case.
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Introduction: Despite advances in the genetics of thoracic aortic 
aneurysm and dissection (TAAD), the molecular mechanisms under-
lying these diseases remain elusive. Unfortunately, current pharma-
cological treatments do not effectively retard aortic expansion or 
prevent catastrophic failure in these diseases, including Marfan syn-
drome (MFS).
Methods: MFS established disease was studied in a genetic MFS 
mouse model and NO-donors were administered to assess their capac-
ity to induce aortopathy in wild-type mice. Primary cultures of vas-
cular smooth muscle cells (VSMCs) were isolated from mouse aortas 
for in vitro studies. Additionally, blood and aortic tissue samples from 
healthy donors, Marfan patients, and mouse models were examined 
by high throughput proteomics analysis.
Results: We have reported that Nos2 is a critical mediator in the devel-
opment of aneurysms whose expression is induced in MFS and have 
now further investigated how NOS2 contributes to TAAD. We now 
show that increased NOS2-derived NO levels stimulate the guanylate 
cyclase (sGC)–protein kinase G (PRKG) pathway in Marfan patients 
and mice, as evidenced by increased plasma cGMP and aortic stain-
ing of pVASP-S239. Our data also show that inhibitors of either sGC or 
PRKG, or lentiviral-mediated silencing of Prkg1 in the aorta, regress the 
aortopathy of MFS mice. The levels of nitrated proteins are higher in 
plasma from MFS patients and mice, and in aortic tissue from Marfan 
mice than in control samples, indicating elevated circulating and tis-
sue NO and suggesting that NO also mediates pathophysiological pro-
cesses in a cGMP-independent fashion through mechanisms involving 
protein nitration.
Conclusions: These results show that the NO-sGC-PRKG signaling 
pathway mediates aortopathy in a mouse model of MFS and is acti-
vated in MFS mice and MFS patients. Our findings also identify poten-
tial therapeutic targets for intervention in human MFS as well as 
circulating biomarkers for monitoring and clinical follow up of MFS 
disease.
Funding: The project leading to these results has received funding 
from “La Caixa” Banking Foundation HR18-00068 and HR17-00247; 
Spanish Ministerio de Ciencia e Innovación grants RTI2018-099246-
B-I00 (MICIU/AEI/FEDER, UE), SAF2015-636333R (MINECO/FEDER, UE), 
SAF2017- 88881R (MINECO/AEI/FEDER, UE), BIO2015-67580-P and 
PGC2018-097019-B-I00; Comunidad de Madrid through the Euro-
pean Social Fund (ESF)-financed program AORTASANA-CM (B2017/
BMD-3676); Instituto de Salud Carlos III (CIBER-CV CB16/11/00264 and 
CB16/11/00277; PRB3- IPT17/0019-ProteoRed; and PI17/00381, with 
cofinancing from the European Regional Development Fund); Funda-
cio La Marato TV3 (20151330, and 122/C/2015); The Marfan Founda-
tion USA Faculty grant 2017 MRF/1701.
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Soluble guanylyl cyclase (GC1) is an α/β heterodimer producing cGMP 
when stimulated by nitric oxide (NO). The NO-GC1-cGMP pathway is 
essential for cardiovascular homeostasis. Oxidative stress is known 
to disrupt the NO-GC1-cGMP pathway not only through endothe-
lial dysfunction via reduction of NO availability, but also via oxidative 
reactions involving the thiols and heme of GC1, which make it unre-
sponsive to NO stimulation. We discovered that under these condi-
tions, GC1-α subunit increases cellular S-nitrosation (addition of a NO 
moiety to a Cysteine) via specific transfer of some of its nitrosothiols 
(SNO) to other proteins (transnitrosation). One of the SNO-targets 
identified by Mass Spectrometry (MS) was the oxidized form of Thiore-
doxin1 (oTrx1), which is unidirectionally transnitrosated by GC1 with 
αC610 as a SNO-donor and C73 of Trx1 as the SNO-recipient. Because 
oTrx1 itself drives transnitrosation, we sought and MS-identified 
SNO-proteins targeted by both GC1 and Trx1. Among the targets 
was the small GTPase RhoA. We found that transnitrosation of RhoA 
by SNO-GC1 requires oTrx1 as a nitrosothiol relay, suggesting a SNO-
GC1 → oTrx1 → RhoA cascade. The RhoA signaling pathway is antag-
onized by the canonical NO-cGMP pathway and RhoA activity is also 
directly inhibited by S-nitrosation. In oxidized cells depleted for the 
GC1-α subunit, RhoA activity was significantly increased and SNO-
RhoA levels decreased, suggesting that transnitrosation of RhoA by 
GC1 is an alternative way to inhibit RhoA signaling. We propose that 
as an adaptive response to oxidative stress, which desensitizes and 
S-nitrosates GC1, SNO-GC1 transnitrosation’s role is to rescue the dis-
rupted function of the oxidized NO-GC1-cGMP pathway.
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Introduction: Obesity is characterized by an abnormal expansion in 
white adipose tissue (WAT) mass, the main energy storing organ of 
the body, which results in comorbidities such as metabolic syndrome, 
type 2 diabetes mellitus, cardiovascular disease, and certain types of 
cancer. Brown adipose tissue (BAT), on the other hand, is distinguished 
by its ability to dissipate energy in the form of heat through a pro-
cess called non-shivering thermogenesis (NST), making it a promis-
ing target to combat obesity. Previous research has shown that cyclic 
nucleotides, such as cyclic adenosine monophosphate (cAMP) and 
cyclic guanosine monophosphate (cGMP) play a major role in BAT 
function. They enhance brown adipocyte (BA) differentiation, lipoly-
sis, thermogenesis, mitochondrial biogenesis, energy expenditure and 
are able to induce browning of WAT. While the downstream effects of 
bulk cGMP on the differentiation of BA have been studied previously, 
differences between the function and characteristics of loco-regional 
pools of cGMP, derived from either the soluble guanylate cyclase (sGC) 
or the particulate GCs (natriuretic-peptide-receptor A and B; NPRA and 
NPRB), remain poorly understood.
Methods: Here, we utilize BA isolated from transgenic mice expressing 
the cytosolic cGMP Förster Resonance Energy Transfer biosensor cGi-
500 [1, 2] to probe the dynamics of cGMP production and degradation 
by the GCs and phosphodiesterases (PDEs), respectively, in real-time.
Results: Our results demonstrate that, depending on which GC pro-
duces cGMP, different subsets of PDEs are involved in its degradation, 
thereby locally confining the distinct cGMP pools. Furthermore, we 
show that upon BA maturation, both the primary GC responsible for 
cGMP production as well as the distinct subsets of PDEs involved in its 
degradation change. Interestingly, we find that PDE1 not only exclu-
sively degrades NPRB-cGMP, but also facilitates crosstalk between 
calcium and cGMP, thus providing a link for the modulatory effects of 
calcium on BA differentiation.

Conclusions: Loco-regional pools of cGMP associated with specific 
guanylate cyclases exist in BA and are confined by distinct subsets of 
PDEs. Upon BA maturation the characteristics of these cGMP pools are 
altered.
PDE1 is exclusively involved in degrading NPRB-cGMP and facilitates 
crosstalk between calcium and cGMP providing a possible explanation 
for the role of calcium in BA differentiation.
Funding: Funded by the Deutsche Forschungsgemeinschaft (DFG, 
German Research Foundation)—214362475/GRK 1873/2. We thank 
Prof. Robert Feil for generously providing us with the cGi-500 trans-
genic mice.
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Introduction: Uroguanylin (UGN) leads to browning after prolonged 
i.c.v. application and it is released from the gut after a meal when 
activation of brown adipose tissue (BAT) occurs in a gender- and 
age-dependent manner1,2. In this study, we determined the acute 
activation of BAT by intranasal (i.n.) UGN application and possible 
mechanism of postprandial BAT activation via UGN.
Methods: In this study, male animals and female mice in estrus I and 
diestrus (DE) C57Bl/6NCrl were used. The activity of BAT was deter-
mined by infrared thermography (FLIR T-1020). The expression of UGN 
in the hypothalamus upon i.n. insulin or GLP-1 stimulation was deter-
mined by ELISA. The expression of GC-C was determined by immu-
nohistochemistry. Membrane potential was measured by whole-cell 
patch-clamp and changes in intracellular ion concentrations by spe-
cific fluorescent dyes.
Results: In older animals, BAT activity is activated far more by a five-
time smaller amount of UGN applied i.n. compared to i.p. This activa-
tion was smaller in female animals in DE and not present during E. 
Even though the depolarisation of POMC neurons by UGN was similar 
in all tested animal groups, GC-C expression in POMC and dopamin-
ergic neurons in the Arcuate nucleus of the hypothalamus was differ-
ent in male animals and female mice in DE and E which could explain 
differences in BAT activation due to estrous cycle. Also, UGN increased 
intracellular concentration of K+ and Ca2+ but not Cl− in hypotha-
lamic cells which is consistent with cell depolarization. GLP-1, applied 
i.n., changed BAT activity differently depending on age, gender, and 
estrous cycle, as shown for BAT application after a meal. Furthermore, 
i.n. application of GLP-1 changed pro-UGN expression in male but not 
female hypothalamus which was not accompanied by similar changes 
in blood, suggesting the existence of brain UGN and involvement of 
UGN in BAT activation via GLP-1.
Conclusions: Metabolic studies, especially ones investigating the reg-
ulation of BAT activity, should pay special attention to age, gender and 
phase of estrous cycle. The interplay between UGN, GLP-1, and insulin 
is especially important when the activity of BAT is measured in dia-
betic patients. Since BAT activation leads to glucose expenditure2, this 
and similar studies could lead to the development of new approaches 
involving the activation of BAT for the treatment of hyperglycaemia in 
diabetic patients, which will improve glucose metabolism and post-
pone insulin application.
Funding: This study is financed by the Croatian science foundation 
research grant (IP-2018-01-7416) and co-financed by the European 
Union through the European Regional Development Fund, Opera-
tional Programme Competitiveness and Cohesion, Grant Agreement 
No. KK.01.1.1.01.0007, CoRE-Neuro.
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Introduction: Nitric oxide (NO) promotes vasodilation and cardiac 
relaxation, which are cGMP-dependent. Impaired responsiveness to 
NO in heart failure occurs largely due to dysregulated reactive oxygen 
species (ROS), which scavenge NO and oxidise its intracellular receptor 
soluble guanylate cyclase (sGC). HNO also promotes cGMP-depend-
ent vasodilation and cardiac relaxation but lacks reactivity with ROS, 
remaining effective during oxidative stress. As diabetes is associated 
with oxidative stress, we determined whether the cGMP-mediated 
cardioprotective actions of HNO are preserved in the insulin-resistant 
diabetic rat myocardium ex vivo, and contrast these to an NO donor.
Methods: Male Sprague–Dawley rats commenced a high-fat diet 
(HFD) for 14wks, with low-dose streptozotocin (STZ, 2 × 35 mg/kg i.p). 
Dose-dependent responsiveness to the HNO donor Angeli’s salt and 
the NO donor diethylamine NONOate (DEA/NO, both 10–10 to 10–5 mol) 
were determined in isolated perfused hearts. Vascular responsiveness 
to the HNO donor Angeli’s salt as well as the NO donors sodium nitro-
prusside (SNP) and DEA/NO were determined in isolated mesenteric 
arteries (all 0.1 nM–50 µM). The role of sGC/cGMP was elucidated using 
1H-[1,2,4]oxadiazolo[4,3-a]quinoxaline-1-one (ODQ; 10 µM).
Results: HFD + STZ induced type 2 diabetes in rats, confirmed on end-
point blood glucose (26.8 ± 1.0 vs 6.6 ± 0.2  mM*), HbA1c (5.3 ± 0.2% 
vs not detected*), impaired glucose tolerance, and plasma levels of 
insulin (1.2 ± 0.3 vs 0.5 ± 0.0  ng/ml*) and triglycerides (3.0 ± 0.7 vs 
0.9 ± 0.2  mM*). Myocardial insulin responsiveness was blunted in 
diabetic rats, with blunted responsiveness in LV-dP/dt, LVEDP, coro-
nary flow and hosphor-Akt. Oxidative stress was confirmed on car-
diac oxidized glutathione (GSSG) levels. Both Angeli’s salt and DEA/
NO elicited dose-dependent lusitropic (LV-dP/dt) and coronary vaso-
dilator responses to DEA/NO. Whilst vasodilator responses to Angeli’s 
salt were preserved and the lusitropic responses were enhanced in 
diabetic rat hearts, responses to DEA/NO were impaired. Similarly, 
vasorelaxation to Angeli’s salt was augmented in diabetic mesenteric 
arteries, which were hyporesponsive to the relaxant effects of SNP and 
DEA/NO. Cardioprotective actions were mediated by sGC/cGMP, as 
demonstrated by clear shifts in the dose/response curve to the right 
with ODQ.
Conclusions: This is the first evidence that the cGMP-mediated 
lusitropic responses are preserved by the HNO donor Angeli’s salt in 
diabetes, and also circumvents NO resistance in the vasculature, high-
lighting the cardiovascular therapeutic potential of HNO donors as a 
means of enhancing cGMP-mediated cardioprotection, especially in 
acute heart failure.
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Introduction: NO-sensitive guanylyl cyclase (NO-GC) regulates many 
different physiological functions through generation of cGMP and is 
also involved in the pathophysiology of cardiac diseases. Vericiguat, a 
NO-GC stimulator, was shown to exert positive effects in heart failure 
patients by reducing hospitalizations and overall mortality (VICTORIA 
trial). However, little is known on the individual cardiac cell types that 
express NO-GC and the role of the enzyme in cardiac fibrosis and heart 
failure.
Methods: Using immunohistochemistry and single-cell RNA sequenc-
ing, we investigated the expression of NO-GC in the murine heart. We 
also performed tdTomato-based lineage tracing using Cre recombi-
nase under the control of different promoters. With this system, we 
also generated a pericyte-specific NO-GC knockout (PDGFRß-GCKO). 
We used angiotensin II-releasing mini-pumps to induce cardiac hyper-
trophy. To determine the cardiac pump function, we carried out hemo-
dynamic measurements including a dobutamine stress test.
Results: In the healthy myocardium, NO-GC is strongly expressed in 
pericytes and smooth muscle cells, but neither in endothelial cells nor 
fibroblasts. Angiotensin II-induced cardiac hypertrophy was paralleled 
by the development of fibrotic lesions, which were positive for NO-GC 
and PDGFRß immunosignals as well as PDGFRß-tdTomato-expressing 
cells. PDGFRß is a marker for pericytes, smooth muscle cells and some 
subtypes of fibroblasts. NO-GC-positive cells in the fibrotic areas were 
also positive for THBS4, a marker for activated fibroblasts. As neither 
pericytes nor smooth muscle cells migrate into the fibrotic sites we 
conclude that the cells in the fibrotic areas originate from PDGFRß-
positive fibroblasts which acquire NO-GC under fibrotic conditions. 
Pericyte-specific deletion of NO-GC (PDGFRß-GCKO) led to elevated 
blood pressure determined with hemodynamic and tail-cuff measure-
ments. After angiotensin II treatment, cardiac contractility and cardiac 
output were reduced in PDGFRß-GCKO mice, despite having the same 
degree of fibrosis as WT animals.
Conclusions: Taken together, our preliminary experiments indicate 
that NO-GC in cardiac pericytes plays a role in the regulation of con-
tractility and fibrosis under pathophysiological conditions.
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Introduction: The phenotype change of cardiac fibroblasts (CF) into 
cardiac myofibroblasts (CMF) is a critical event that accelerates the 
maladaptive remodeling response of the heart in response to Angio-
tensin II (Ang II). CMFs are characterized by enhanced production of 
extracellular matrix and matricellular proteins like periostin (Postn), 
thereby contributing to ventricular stiffness, pump dysfunction, and 
eventually to heart failure [1, 2]. Preclinical studies have attributed 
antifibrotic effects to cardiac NO/NP-cGMP-cGKI pathway activation, 
although the role of this cascade in CMF in vivo remains elusive so far 
[3–5].
Methods: The putative role of cGKI in CMF on Ang II-mediated cardiac 
remodeling was investigated using tamoxifen-induced CMF-specific 
conditional cGKI knockout (PostnCre-cGKIfl/fl aka cKO) and control 
(PostnCre-cGKI+/+ aka CTR) mice. Cell-specific Cre-recombination was 
examined by employing a ROSATg/+-reporter mouse strain. For the 
induction of myocardial fibrosis (MF), osmotic minipumps releasing 
Ang II over 28 days were implanted. Cardiac hypertrophy, fibrosis, and 
cardiomyocyte (CM) cross sectional areas were evaluated in cardiac 
sections obtained from cKO and CTR mice. Cardiac function analysis 
was performed by echocardiography. Proliferative behaviors of CMF/
CF were assessed by ki67 staining in remodeled hearts and in a grid-
based in vitro assay with primary CMF/CF isolated from Ang II treated 
cKO and CTR.
Results: PostnCre-based recombination system enabled specific detec-
tion of CMF in the ROSATg/+ reporter model and provided evidence 
for cGKI depletion in the fibrotic area of cKO hearts following Ang II 
treatment. Although CTR and cKO mice exhibited comparable levels 
of cardiac hypertrophy in response to prolonged Ang II infusion, MF 
and CM cross-sectional area were significantly increased in cKO. Con-
sistent with this adverse remodeling phenotype, cKO mice revealed a 
significant structure-related distortion of global cardiac function and 
local muscle deformation in comparison to CTR mice. Accordingly, we 
observed a worsening of the ejection fraction, fractional shortening as 
well as reduced longitudinal peak strain and strain rate. In line with the 
in vivo results, CMF/CF derived from Ang II treated cKO mice displayed 
a significantly increased proliferation rate in comparison to cells iso-
lated from CTR hearts.
Conclusions: Our data indicate that the cGMP/cGKI pathway in CMF 
attenuates Ang II-induced cardiac pro-fibrotic responses in  vivo by 
reducing CMF proliferation rate. Our future aim is to evaluate whether 
the therapeutic potential of cGMP pathway activation would poten-
tially ameliorate, or even reverse organ fibrosis induced by Ang II 
through cGMP/cGKI in CMF in vivo.
Funding: This project is funded by the Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation – Projektnummer 
335549539/GRK2381). The authors thank F. Hofmann for providing 
cGKIfl/fl mice.
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Introduction: The Natriuretic peptides ANP, BNP and CNP activate 
transmembrane guanylyl cyclases (GC) that produce cGMP. Natriuretic 
peptides have beneficial effects in the cardiovascular system and have 
previously been shown to regulate energy metabolism. However, lit-
tle is known about the direct effect of natriuretic peptides in cardiac 
mitochondria and possible effects on cardiomyocyte apoptosis. Our 
aim is to determine whether natriuretic peptides increase cGMP in car-
diomyocytes around mitochondria and whether this alters apoptosis.
Methods: Primary rat adult cardiomyocytes were cultured and 
apoptosis was evaluated by TUNEL staining and PARP cleavage. The 
involvement of the intrinsic pathway of apoptosis was determined 
by cytochrome c release and caspase 9 activation. To measure cGMP, 
we constructed a novel FRET-based biosensor and targeted this to the 
outer mitochondrial membrane (OMM). We measured phosphoryla-
tion of Drp1, and used Mitotracker and confocal microscopy to evalu-
ate mitochondria elongation.
Results: Stimulating GC-A with ANP or GC-B with CNP reduced apop-
tosis and PARP cleavage, together with reduced caspase 9 activation 
and reduced cytochrome c release. This suggests that NPs decrease 
apoptosis through the intrinsic pathway that involves mitochondria. 
Moreover, we found that ANP and CNP could increase phosphoryla-
tion of the pro-apoptotic protein Drp1 and could induce mitochondria 
elongation, suggesting a protective effect. We have previously shown 
that GC-A-stimulation only produced modest cGMP increase using an 
untargeted cGMP biosensor. Here, we constructed a novel FRET-based 
biosensor selective for cGMP and targeted this biosensor to the OMM. 
Stimulation with either CNP or ANP increased cGMP locally around the 
mitochondria.
Conclusions: The natriuretic peptides ANP and CNP are protec-
tive against apoptosis. Our results suggests that cGMP targeting the 
mitochondrial outer membrane microdomain inhibits the pro-apop-
totic protein Drp1, leading to mitochondrial elongation that inhibits 
apoptosis.
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Measurement of natriuretic peptides in plasma has become a key ele-
ment in heart failure diagnostics. While measurement of the bioac-
tive hormones was initially the biomarkers of choice, quantification 
of N-terminal fragments from their molecular precursors have gained 
clinical use, as the fragments are less prone to degradation and pre-
analytical pitfalls. The post-translational processing of the biosynthetic 
precursors, however, have proven elaborate with variable O-glycosyla-
tion and endoproteolytic cleavage, which introduces analytical bias. 
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We have developed so-called processing-independent immunoassays 
(PIAs) for quantification of proANP, proBNP, and proCNP in plasma. This 
methodology allows for quantification of the total amount of secreted 
proforms irrespective of endoproteolysis and peptide modifications. In 
essence, a defined fragment is generated by trypsin cleavage prior to 
measurement, and the amount of measured fragment thus represents 
both the intact precursor and the endogenous fragments thereof. This 
methodology also allows for assessment of the degree of maturation, 
where the concentration of bioactive hormone can be related to the 
total amount of propeptide released.
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Introduction: Pulmonary Hypertension (PH) is caused by excessive 
pulmonary vascular contraction and remodelling, and leads to fatal 
right heart failure. A switch to a hyperproliferative and hypercontrac-
tile phenotype of pulmonary arterial smooth muscle cells (PASMCs) 
and microvascular pericytes in response to growth factors such as 
Platelet derived growth factor-BB (PDGF-BB) contributes to PH (1, 2). 
Endogenous factors opposing such alterations are barely known. 
C-type natriuretic peptide (CNP) is expressed in lung endothelium, but 
its local paracrine functions are unclear (3). Here we studied whether 
CNP, via Guanylyl Cyclase-B (GC-B) signalling, attenuates the pericyte 
dysfunction observed in PH and dissected the participating molecular 
mechanisms.
Methods: Please see below.
Results: Mice with systemic knockdown of the GC-B receptor (GC-B 
KD) were exposed to chronic hypoxia (21 days, 10% O2) to study the 
effect of GC-B downregulation on PH development. GC-B KD mice 
developed extremely severe PH under chronic hypoxia as evident 
from significantly increased right ventricular systolic pressure and 
hypertrophy as compared to controls. To delineate the vascular cells 
responsible for this phenotype, cGMP responses to CNP were com-
pared between cultured human pulmonary microvascular endothe-
lial cells, PASMCs and pericytes. While CNP barely increased cGMP 
production in endothelial cells, pericytes showed the highest cGMP 
responses. Interestingly, CNP attenuated PDGF-BB induced prolifera-
tion and migration of cultured pericytes from human control and PH 
specimens. Mechanistic studies revealed that CNP counter-regulates 
PDGF-BB-driven pro-proliferative molecular pathways in lung peri-
cytes, unravelling a novel pathway of cGMP signalling.
Conclusions: Taken together our observations reveal that CNP pre-
vents PDGF-BB induced lung pericyte proliferation and migration. 
The impairment of this effect might contribute to the exacerbated 
response of GC-B KD mice to hypoxia driven PH.
Funding: Supported by the Deutsche Forschungsgemeinschaft (DFG 
KU 1037/12-1 and DFG DA 2462/1-1).
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Introduction: In 1992, guanylyl cyclase-A (GC-A), the receptor for 
atrial and B-type natriuretic peptides, was shown to be inactivated by 
dephosphorylation (1). Six years later, phosphorylation was shown to 
be essential for hormone-dependent activation of GC-A, and GC-B, a 
homologous receptor for C-type natriuretic peptide, was shown be 
regulated similarly (2, 3).
Methods: The GC-B7E/7E mice were made by sequential homologous 
recombination. The GC-A8E/8E mice were made using CRISPR-Cas9 
technology.
Results: Over the past thirty years, the phosphorylation sites of 
GC-A and GC-B were identified, and glutamate-substituted-phos-
phomimetic mutants were engineered that are activated like the 
phosphorylated wild type receptors but cannot be inactivated by 
dephosphorylation. More recently, glutamates were substituted for 
the corresponding phosphorylated serine and threonine residues for 
both murine alleles of GC-A and GC-B to produce the GC-A8E/8E and 
GC-B7E/7E mice that exhibit elevated natriuretic peptide-stimulated 
guanylyl cyclase activity. Data from these genetic models has revealed 
how dephosphorylation of these sites allows unidentified pathways 
to inactivate GC-A and increase cardiac hypertrophy (4), as well as 
how luteinizing hormone and fibroblast growth factor-2 promote the 
dephosphorylation of GC-B to facilitate the resumption of meiosis in 
the oocyte and reductions in long bone length that results in dwarf-
ism, respectively (5).
Conclusions: Dephosphorylation is a mechanism that allows oppos-
ing signaling pathways to inactivate GC-A and GC-B and inhibit natriu-
retic peptide-stimulated physiologic responses.
Acknowledgements: I thank Brandon Wagner, Jerid Robinson, Debo-
rah Dickey, Tim O’Connell, John Osborn, Laurence Legeai-Mallet, Leia 
Shuhaibar, Siu-Pok Yee, Jeremy Egbert and Laurinda Jaffe for invalua-
ble contributions to our research on phosphorylation-dependent reg-
ulation of receptor guanylyl cyclases that was described in this report.
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Introduction: The human and economic costs of obesity remain 
unacceptably high despite extensive efforts to decipher the molecu-
lar mechanisms underpinning energy metabolism. C-type natriuretic 
peptide (CNP) plays a key role in the cardiovascular system, regulating 
blood flow, angiogenesis, cardiac function, and immune cell reactivity, 
but a definitive role for CNP in the regulation of energy homeostasis 
remains to be established. Herein, we use a novel transgenic mouse 
model with global inducible CNP deletion and in vitro analyses in pri-
mary adipocytes to elucidate the role of CNP in energy metabolism.
Methods: In vivo analyses of body weight, fat composition, metabolic 
phenotyping at or below thermoneutrality, and glucose sensitiv-
ity were explored in wild type (WT), global inducible CNP knockout 
(gbCNP−/−) mice and global constitutive natriuretic peptide recep-
tor (NPR)-C nullanimals (NPR-C−/−) fed standard or high-fat diet for 
6  weeks. Administration of CNP or the NPR-C agonist cANF4−23 via 
subcutaneous mini-pumps was used to explore the effects of recep-
tor-specific CNP signalling. Primary adipocytes were isolated from the 
stromal vascular fraction of WT, gbCNP−/− and NPR-C−/− and used to 
understand the pathways involved in CNP signalling affecting energy 
metabolism.
Results: Global CNPknockout mice and NPR-C−/− animals were char-
acterised by reduced body weight and lower white adipose tissue 
accumulation regardless of the fat content of the diet. gbCNP−/− ani-
mals exhibited higher body temperature and presented increased 
browning of white adipose tissue and upregulation of thermogenic 
markers (UCP-1 and PGC-1α) in the white and brown adipose tissue. 
In vitro studies in adipocytes revealed that forskolin-induced cAMP 
formation was attenuated by CNP, an effect that was lost in NPR-C−/− 
cells. The anti-thermogenic effect of CNP was confirmed to be NPR-
C-dependent following a reduction in body temperature in mice that 
received cANF4−23.In vitro cultured adipocytes from gbCNP−/− mice 
accumulated less triglycerides, while the addition of exogenous CNP 
to WT adipocytes potentiated the lipid accumulation and the expres-
sion of adipogenic markers (PPAR-γ and adiponectin). This adipogenic 
effect of CNP was further explored by administration of CNP via sub-
cutaneous mini-pump to NPR-C−/− mice, which gained more weight 
than control mice. NPR-B silencing in  vitro in adipocytes resulted 
in reduced triglyceride accumulation, confirming the role of CNP in 
adipogenesis.
Conclusions: In sum, these data reveal a new mechanism for CNP in 
energy metabolism, whereby the peptide reduces thermogenesis via 
NPR-C and stimulates adipogenesis via NPR-B (Figure 1).
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Introduction: cGMP is an important second massager in C. elegans 
sensory signal transduction. This is evidenced by the proliferation 
of receptor guanylyl cyclases: twenty seven are expressed in worms. 
Intriguingly, there is evidence that they can form both hetero and 
homo-dimers. The dimers would allow for a diversity of ligand bind-
ing. This may allow this animal that relies on chemosensory cues to 
better navigate its world. Navigation requires course correction over 
both short and long time scales. Rapid adaptation permits acute travel 
up a chemical gradient and longer adaptation can desensitize the 
response to an unprofitable cue for hours. We and others in the field 
of C. elegans sensory biology have found that cGMP is required across 
time scales.
Methods: In the sensory cilia of the olfactory neuron AWC, specific 
cGMP producing receptor GCs are localized sometimes in discreet 
domains. cGMP gated channels localized in these cilia along with the 
GCs allow transduction of odor signals by opening in response to 
changes in odor concentration. The cGMP-dependent protein kinase 
PKG-1/EGL-4 adapts the channels response at short time scales of tens 
of minutes. Odor signals that persist for an hour or more can direct the 
PKG to enter the nucleus to change chromatin and gene expression. 
Adaptation to one odor signal does not affect sensation of another 
and this is hard to understand if the kinase enters the nucleus where 
it may affect gene expression but the mechanism by which this is odor 
specific is unclear.
Results: We thought that we might get a clue as to how the odor spec-
ificity of adaptation is achieved by watching how the signal the signal 
is processed at each location in the cell. Thus, we adapted the FLINCG 
sensory from Bhargava et al. 2013 and we used this to look at cGMP 
levels in sensory neurons. We looked first at the salt sensing neurons 
as the reporter was most reliable in these. We found that when we 
stimulated the salt sensitive neurons (ASER/L) the cGMP flux in the cell 
body of was the opposite of the calcium flux in the same location. This 
is similar to what was reported in the olfactory AWC neuron. When we 
looked more closely at the cilia, we were intrigued to find that the sen-
sory cilia where salt is perceived and adapted to rapidly showed that 
cGMP and calcium fluxes rose and fell in the same direction. The sign 
of the change in cGMP was inverted once it left the cilia. This too is 
similar to what was reported in the olfactory AWC neuron.
Conclusions: What happens in the cilia, stays in the cilia. That way the 
sensory compartment may be able to adapt on its own timescale with 
rapid on rapid of adaptation leaving the sensory unit responsive while 
the nucleus can act like its own independent unit and adapt more 
slowly and integrate over longer time scales.
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Introduction: cGMP is a signaling molecule shared by many path-
ways. The highly controlled compartmentation of cGMP signals con-
tributes to the specific activation of each downstream pathway and 
cellular process downstream of this cyclic nucleotide. However most 
cGMP manipulating reagents lack subcellular specificity. We devel-
oped SponGee (Sponge inhibiting cGMP signaling), a genetically-
encoded cGMP scavenger that enables to prevent the modulation 
of cGMP downstream signaling and provides cellular and subcellular 
specificity to such a manipulation.
Methods: The affinity of SponGee for cGMP was evaluated using fluo-
rescence anisotropy measurements of Fluo-cGMP followed by a com-
petitive assay with unmodified cGMP. cGMP variations in living cells 
was monitored using the ThPDE5VV FRET biosensor, a variant of cGES-
DE5 in which the donor and acceptor fluorescent proteins have been 
replaced by mTurquoise and a tandem of mVenus respectively.
Results: SponGee was engineered as a PKG1α and PKG1β chimera 
[1] that lacks the catalytic domain of these enzymes. The dissociation 
constant of SponGee for cGMP is 0.97 ± 0.26  µM. This cGMP buffer 
prevents pharmacologically-induced elevation in cGMP concentra-
tion detected by a FRET biosensor in living cells, highlighting the 
reduced availability of free cGMP for its downstream effectors when 
SponGee is expressed. This observation was confirmed by the reduc-
tion of activated cGMP downstream effectors in SponGee-expressing 
cells. SponGee expression was sufficient to prevent the increase in 
cGMP concentration, even in the presence of high cAMP concentra-
tion, highlighting its specificity for cGMP over cAMP. The electropora-
tion of SponGee in developing cortical neurons alter their migration 
pattern confirming that SponGee is compatible with in  vivo experi-
mentation. To demonstrate the ability of SponGee to control cGMP 
concentration in chosen subcellular domains, SponGee was fused to 
targeting sequences restricting its expression either in the vicinity 
lipid rafts (Lyn-SponGee) or at the plasma membrane but outside lipid 
rafts (SponGee-Kras). Using this approaches we exemplify the ability of 
SponGee to buffer cGMP in subcellular compartments by investigating 
the cGMP signaling involved in the pathfinding of developing retinal 
axons.
Conclusions: SponGee is a genetically-encoded cGMP scavenger that 
enables to prevent the activation of downstream signaling with cellu-
lar and subcellular specificity [2].
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Introduction: Oxidative stress is associated with many cardiopulmonary 
diseases and leads to impairment in the nitric oxide (NO)/soluble gua-
nylate cyclase (sGC) signaling pathway, shifting the balance from native 
sGC towards heme-free apo-sGC. This shift of the redox equilibrium is asso-
ciated with unresponsiveness towards iNO and sGC stimulators. Therefore, 
it was our goal to develop a new high potent and selective inhaled sGC 
activator to specifically and lung-selectively target apo sGC- and to investi-
gate its therapeutic potential in pulmonary hypertension (PH).
Methods: Here we report the discovery and in vitro and in vivo char-
acterization of the sGC activator mosliciguat (BAY 1237592).
Results: Mosliciguat activates apo-sGC leading to improved cardio-
pulmonary circulation. Importantly, lung-selective effects, as reduced 
pulmonary artery pressure without reduced systemic blood pres-
sure, were seen after inhaled application in a thromboxane induced 
pulmonary arterial hypertension minipig model. These effects were 
observed over a broad dose range with a long duration of action and 
were further enhanced under experimental oxidative stress conditions. 
In a unilateral broncho-occlusion minipig model, inhaled mosliciguat 
decreased pulmonary arterial pressure without deterioration in venti-
lation/perfusion match. With respect to airway resistance, mosliciguat 
showed additional beneficial bronchodilatory effects in an acetylcho-
line induced rat model. In summary, the inhaled sGC activator mosli-
ciguat may overcome treatment limitations in patients with pulmonary 
hypertension by improving pulmonary circulation and airway resist-
ance without systemic overspill or ventilation/perfusion mismatch.
Conclusions: Thus, mosliciguat could become a new therapeutic par-
adigm, exhibiting a unique mode of action and route of application, 
and is currently under clinical development in phase 1b for pulmonary 
hypertension.
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Introduction: Activation of natriuretic peptide receptor A (NPR-A; 
GC-A) by endogenous atrial natriuretic peptide (ANP) and B-type 
natriuretic peptide (BNP) is associated with several beneficial cardio-
vascular and renal effects. Recombinant BNP peptides have shown 
such effects. However, they have poor bioavailability and short half-
life. In contrast to peptides, our novel approach is to use small molecu-
lar drugs to activate NPR‐A.
Methods: Cyclic GMP measurements were performed in QBI HEK293 
cells expressing NPR-A, NPR-B or chimerae of the two receptors using 
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Alpha Screen technology. Binding assays were performed in mem-
brane preparations or whole cells using 125I-ANP. Vasorelaxation was 
measured in aortic rings isolated from Wistar rats.
Results: We have identified small molecular allosteric enhancers of 
NPR-A, which increase the efficacy and potency of BNP and ANP in 
their ability to activate NPR‐A, in various in vitro and ex vivo systems. 
These small molecular drugs are selective to NPR-A and one unique 
amino acid residue in NPR-A is crucial for their activity.
Conclusions: We describe novel allosteric enhancers of NPR-A that 
do not mediate their actions through previously described allosteric 
binding sites or via known mechanisms of action.
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Introduction: Vascular ageing is a key driver of cardiovascular dis-
eases. Mice with partial deletion of the repair enzyme gene Ercc1 
(Ercc1∆/−) display accelerated vascular ageing, die prematurely 
between the age of 14 and 26 weeks, and can be used to test interven-
tions in ageing. Vascular ageing in humans and in Ercc1∆/− is associated 
with decreased nitric oxide-soluble guanylate cyclase-cyclic guano-
sine monophosphate (NO-sGC-cGMP) signaling, oxidative stress, 
inflammation, and cellular senescence. Restoring this pathway could 
be an effective treatment opportunity for vascular ageing. We there-
fore, investigated the therapeutic potential of the sGC activator BAY 
56-6544 in Ercc1∆/−mice.
Methods: Ercc1∆/−and wild-type (WT) mice received either vehicle or 
BAY 54-6544 chow for 8 weeks. Blood pressure (BP) and in-vivo vaso-
dilation (reactive hyperemia: RH) were measured at 15 and 16 weeks 
respectively. Mice were sacrificed at 17  weeks. Thoracic aorta (TA) 
endothelium-dependent (ED) and -independent (EI) relaxations were 
assessed (wire-myograph). Afterwards, we investigated the expression 
level of senescence markers p16 and p21 and inflammatory markers Il-6 
and Ccl2 in aorta by qPCR.
Results: BP was similar in all groups. RH was decreased in Ercc1∆/− vs. 
WT (P = 0.03) and was restored by BAY 54-6544 treatment to level of 
WT. In vehicle-treated Ercc1∆/− mice maximal NO-mediated relaxa-
tion in isolated TA to acetylcholine (ED) and sodium nitroprusside (EI) 
were decreased as compared to WT (ED: 46.97 ± 7.04 vs. 72.33 ± 3.03, 
P = 0.0001; EI: 75.47 ± 5.27 vs. 88.30 ± 3.64, P = 0.02). Although 
BAY 54-6544 treatment did not improve ED response significantly, 
it improved EI relaxation in Ercc1∆/− to the same level as in WT (EI 
88.54 ± 3.26). BAY 54-6544 did not change responses in WT. The mRNA 
expression of p16, p21 and Ccl2 were significantly higher in Ercc1∆/−, 
and was attenuated by BAY 54-6544. BAY 54-76544 also improved sur-
vival of Ercc1∆/−.
Conclusions: DNA repair deficiency in Ercc1∆/− mice causes a dis-
ruption of NO-sGC-cGMP signaling and a decrease of vasodilator 
response. Treatment with the BAY 54-6544 improved NO-mediated 
vasodilation and attenuated vascular senescence and inflammation 
markers. Thus, BAY 54-6544 could be a potential therapeutic treatment 
to attenuate vascular ageing.
Acknowledgements: We thank Bayer AG for in kind support, and 
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Introduction: Breast cancer is the most common cancer in women. 
Although new diagnostic tools and therapeutic strategies led to a signif-
icant reduction in breast cancer related mortality, more efficacious and 
less toxic drugs are needed. Recent studies suggested that the cGMP 
signaling pathway may be aberrantly regulated in breast cancer [1, 2], 
but cGMP’s functional relevance during tumorigenesis is not well under-
stood. The aim of the present study was to improve our understanding 
of cGMP signaling during breast cancer development and progression.
Methods: The expression of cGMP pathway proteins in the human 
breast cancer cell lines Hs578T, MDA-MB-157 and BT549 as well as in 
the murine 4T1 breast cancer cell line was analyzed by Western blot 
analysis. Furthermore, we used the Förster resonance energy trans-
fer (FRET)-based cGMP biosensor cGi500 [3] to monitor cGMP con-
centration changes in the tumor cell lines upon application of atrial 
natriuretic peptide (ANP), C-type natriuretic peptide (CNP), the NO 
donor DEA-NO, or the NO-sensitive guanylyl cyclase (NO‑GC) stimula-
tor Riociguat. Finally, we used a wound healing assay to analyze how 
tumor-conditioned medium (TCM) from breast cancer cells affected 
the migration of vascular smooth muscle cells (VSMCs).
Results: The different breast cancer cell lines showed a heterogenous 
pattern of cGMP signaling pathway activity. Whereas none of the tested 
breast cancer cell lines generated cGMP in response to ANP, some 
(Hs578T, 4T1) showed strong increases of the intracellular cGMP levels 
after CNP stimulation. NO-induced cGMP generation was detected in 
Hs578T, MDA-MB-157 and BT549 cells, and these signals were potenti-
ated by the NO‑GC stimulator Riociguat. Expression of NO‑GC in these 
cell lines could be validated by Western blot analysis. Interestingly, 
VSMCs treated with TCM from 4T1 breast cancer cells that have been 
stimulated with 8-Br-cGMP showed a decreased migration as com-
pared to VSMCs treated with TCM from unstimulated 4T1 cells.
Conclusions: Here, we showed that different cGMP signaling path-
way are functionally expressed in various breast cancer cell lines. Our 
results suggest that cGMP signaling in breast cancer cells decreases 
the migratory potential of VSMCs in the tumor stroma via a yet 
unknown paracrine factor, thereby, regulating the tumor vasculature. 
In the future, it must be tested in in vivo models, if the newly discov-
ered cGMP-dependent interaction between breast cancer cells and 
VSMCs provides a novel target to improve the efficacy of breast cancer 
therapies.
Acknowledgements: We thank the Deutsche Forschungsgemein-
schaft for the financial support of the Research Training Group “cGMP: 
From Bedside to Bench” (grant number 335549539/GRK 2381); Prof. A. 
Friebe for the NO-GC antibody; Prof. L. A. Jaffe for the PDE5 antibody; 
and Prof. S. Brucker, Dr. A. Koch, and Prof. H. Brauch for the human 
breast cancer cell lines.

References
[1]	 Fajardo, A. M., Piazza, G. A., & Tinsley, H. N., 2014, The role of cyclic nucleo-

tide signaling pathways in cancer: targets for prevention and treatment, 
Cancers (Basel), 6(1), 436–458, https://​doi.​org/​10.​3390/​cance​rs601​0436

[2]	 Lv, Y., Wang, X., Li, X., Xu, G., Bai, Y., Wu, J., Piao, Y., Shi, Y., Xiang, R., & Wang, 
L., 2020, Nucleotide de novo synthesis increases breast cancer stemness 
and metastasis via cGMP-PKG-MAPK signaling pathway. PLoS biology, 
18(11), e3000872, https://​doi.​org/​10.​1371/​journ​al.​pbio.​30008​72

[3]	 Russwurm, M., Mullershausen, F., Friebe, A., Jäger, R., Russwurm, C., & 
Koesling, D., 2007, Design of fluorescence resonance energy transfer 
(FRET)-based cGMP indicators: a systematic approach, Biochemical 
Journal, 407(1), 69–77, https://​doi.​org/​10.​1042/​BJ200​70348

P4  
Guanylyl cyclase‑A, not natriuretic peptide receptor C, mediates 
the endothelial actions of ANP regulating arterial blood pressure 
and angiogenesis
Rebecca Bosch1, Franziska Werner1, Tamara Potapenko1, Lisa Krebes1, 
Katharina Völker1, Berin Upcin2, Süleyman Ergün2, Fubiao Shi3, Sheila 
Collins3, Michaela Kuhn1

1University of Würzburg, Institute of Physiology I, Würzburg Bavaria, 
Germany; 2University of Würzburg, Institute of Anatomy and Cell Biology, 

https://doi.org/10.3390/cancers6010436
https://doi.org/10.1371/journal.pbio.3000872
https://doi.org/10.1042/BJ20070348


Page 18 of 36J Transl Med 2023, 21(Suppl 1):35

Würzburg Bavaria, Germany; 3Vanderbilt University Medical Center, 
Division of Cardiovascular Medicine, Nashville Tennessee, USA
Correspondence: Rebecca Bosch (rebecca.bosch@uni‑wuerzburg.de) 
J Transl Med 2022, 21(1):P4

Introduction: Endothelial effects of cardiac ANP are critically involved 
in the regulation of arterial blood pressure (ABP) and intravascular 
volume. These effects are mediated by the guanylyl cyclase-A (GC-A) 
receptor and cyclic GMP [1]. NPs also bind with high affinity to the NP 
receptor C (NPR-C), which lacks a cyclase domain. Its short intracellular 
region contains Gi/o coupling sequences. Studies showed that NPR-C 
internalizes and clears NPs, while others revealed G-protein signal-
ling [2]. Besides regulating ABP, ANP improves angiogenesis. Results 
in cultured endothelial cells indicated that NPR-C participates in this 
effect [3]. Here we studied human cardiac microvascular endothe-
lial cells (hCMEC) and genetic mouse models to differentiate the 
role of endothelial GC-A versus NPR-C in the regulation of ABP and 
angiogenesis.
Methods: Please see below.
Results: In vitro: ANP enhanced cGMP levels, ERK1/2 phosphorylation 
and proliferation of hCMEC. Such effects were significantly reduced by 
Rp-8-Br-PET-cGMPs, an inhibitor of cGMP-dependent protein kinase I. 
Intriguingly they were mimicked by 8-Br-cGMP, a cGMP analog, and 
by cANP-4-23, a NPR-C ligand, suggesting that GC-A and NPR-C par-
ticipate in the effects of ANP on endothelial proliferation. To study the 
relevance of these findings in native cells, we generated mice with 
endothelial (EC)-restricted deletions (KO) of either receptor using 
floxed Npr1 or floxed Npr3 mice interbred with Tie2-Cre [1, 4]. Ex vivo: 
ANP enhanced the sprouting of capillaries from cultured aortic rings 
prepared from floxed control mice. These effects were reduced in aor-
tae from EC GC-A KO but preserved in aortae from EC NPR-C KO mice. 
In vivo: Non-invasive recordings showed elevated ABP in EC GC-A KO 
but unaltered ABP in EC NPR-C KO mice. To study the role of endothe-
lial GC-A/cGMP versus NPR-C signalling in the effects of NPs on repara-
tive neoangiogenesis, we subjected mice to experimental hind limb 
ischemia. Non-invasive laser Doppler perfusion imaging showed sig-
nificant impairment of post-ischemic blood flow recovery during the 
phase of neoangiogenesis in EC GC-A KO but not in EC NPR-C KO mice. 
Histology confirmed that muscular capillary densities in the ischemic 
legs were reduced in EC GC-A KO but EC NPR-C KO mice in comparison 
to respective control littermates.
Conclusions: These data emphasize the central (patho)physiologi-
cal role of the endothelial actions of ANP in the regulation of ABP and 
regenerative angiogenesis. They support the concept of pharmaco-
logical activation of GC-A as an innovative approach to treat arterial 
hypertension, peripheral artery disease and ischemic cardiovascular 
disorders.
Funding: This study is supported by the Deutsche Forschungsgemein-
schaft (DFG KU 1037/13-1).
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Introduction: Developmental axon branching plays a critical role in 
the formation of neuronal circuitry. Neurons of dorsal root ganglia 
(DRG) are a useful tool to study these processes, as they exhibit axonal 
branching patterns in a highly stereotyped manner. Our group could 
dissect a cGMP-dependent signaling cascade controlling axon bifurca-
tion in these neurons: binding of C-type natriuretic peptide (CNP) to 
the receptor guanylyl cyclase B (GC-B) leads to production of cGMP 
and thus activation of the cGMP-dependent kinase type Iα (cGKIα) [1]. 
To further elucidate this pathway, we aimed for the characterization of 
phosphorylation substrates of cGKI that are involved in the process of 
growth cone splitting.
Methods: Phosphoproteomic analysis was performed on tissue 
lysates of embryonic DRGs under three conditions. Samples of wild 
type (WT) mice and cGKI knock-out (KO) mice were treated with CNP, 
and each compared to an unstimulated WT control. Several putative 
cGKI phosphorylation substrates were selected for further analysis. 
The interaction of candidate proteins with cGKIα was characterized in 
GST pull down assays using the following as bait: the leucine zipper 
(LZ)-binding domain of cGKIα (cGKIα1−59), an LZ mutant (cGKIαLZM) 
with disrupted substrate binding, and a larger N-terminal piece of the 
kinase (cGKIα1−236) [2]. The functional role of the cGKIα LZ domain in 
sensory axon bifurcation was analyzed by DiI-labeling of DRG neu-
rons in spinal cord whole mount preparations of a cGKIα-LZM mouse 
model [3].
Results: Mass spectrometric analysis of phospho-peptides derived 
from embryonic DRGs revealed 23 unique sites with significantly 
increased phosphorylation at the cGKIα consensus sequence after 
stimulation by CNP. Preliminary results from pull down assays using 
FLAG-tagged fusions of candidates indicate interaction to a higher 
degree with cGKIα1−59 and cGKIα1−236 than with cGKIαLZM. Labeling of 
embryonic DRG neurons of cGKIα-LZM mice with the lipophilic tracer 
DiI revealed a partially impaired bifurcation of sensory axons com-
pared to WT mice.
Conclusions: Discovering further elements of the cGMP-dependent 
signaling cascade controlling bifurcation in sensory neurons during 
embryonic development should facilitate a better mechanistic under-
standing of axonal branching. Our preliminary results suggest that the 
LZ-binding domain of cGKIα plays a role in facilitating the phospho-
rylation of substrates in this context.
Funding: This work was funded by the Deutsche Forschungsgemein-
schaft (DFG) with project 335549539/GRK2381. Additional financial 
support was granted by the Reinhard Frank-Stiftung.
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Introduction: We previously observed that the deletion of the miner-
alo- and glucocorticoid receptors (MR and GR) using a CaMKIIα-based 
tamoxifen-inducible CreERT2/loxP approach resulted in mice with nor-
mal hearing thresholds but differentially disturbed peripheral auditory 
processing upon central deletion of either MR and/or GR (Marchetta 
et al., iScience, 2022). The data also pointed to significant differences 
in adaptive responses: MR-deficient mice exhibited reduced audi-
tory nerve responses that, however, could be centrally compensated 
through neural gain (increased ABR wave IV/I ratio). On the other 
hand, the deletion of central GR resulted in deteriorated synchroniza-
tion of both peripheral and central auditory processing that generally 
reduced neural auditory output. Moreover, we observed that central 
neural auditory responses to age-related cochlear synaptopathy are 
dependent on proper hippocampal long-term potentiation (LTP) and 
short-term paired-pulse facilitation (PPF) responses, which are modu-
lated by stress and cGMP signaling (Savitska et al., Front Mol Neurosci, 
under revision). Herein, we ask to what extent the MR- or GR-depend-
ent feedback loops on cochlear processes are associated with altered 
hippocampal LTP and PPF levels and cGMP generator expression 
profiles.
Methods: Hippocampal LTP and PPF in double MRGRCaMKIIαCreERT2 
and single MRCaMKIIαCreERT2 or GRCaMKIIαCreERT2 mice were stud-
ied. In addition, the expression profile of nitric oxide-sensitive (NO-GC) 
and membrane-bound (GC-A) guanylyl cyclase isoforms were studied 
in parallel to excitatory (Arc) and inhibitory marker proteins (PV) in 
hippocampus.
Results: The data reveal a surprising discrepancy between the NO-GC 
and GC-A expression profile in the hippocampus relative to their con-
tribution to hippocampal LTP and PPF.
Conclusions: This may indicate a previously underestimated function 
of membrane-bound cGMP generators such as GC-A for central adap-
tation processes.
Funding: This work was funded by the Deutsche Forschungsgemein-
schaft FOR 2060 project RU 713/3-2 and the GRK 2381 Projektnummer 
335549539.
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Introduction: BAY58-2667 (BAY58) is a typical example of a NO and 
heme-independent soluble guanylyl cyclase (sGC) activator that tar-
gets the heme-oxidized and heme-free forms of sGC. We sought to 
understand precisely how BAY58 activates either sGC species, in order 
to understand the mechanisms and to determine which species is the 
primary target for BAY58 activation in living cells.

Methods: We performed cell culture experiments on HEK293 cell co-
transfected with wild-type sGCα and sGCβ, an hsp90-binding defec-
tive sGCβ del265-271, or a sGCα-binding defective sGCβ L269D/I272S/
V275D and studied BAY58 effects on the extent and relative kinetics of 
(1) hsp90 dissociation from heme-free (apo) sGCβ using fluorescence 
polarization, (2) heme loss from ferric sGC using a FlAsH fluorescence 
tag, (3) sGCβ and sGCα heterodimerization using FRET, and (4) cGMP 
production using a FRET PKG cGMP biosensor. These approaches 
allowed us to continuously follow changes in real time and thus obtain 
the kinetics of each process.
Results: We found: (i) BAY58 immediately initiated hsp90 dissocia-
tion from apo-sGCβ and then initiated sGCαβ heterodimerization in 
cells at a slightly slower rate than hsp90 dissociation. (ii) The kinetics 
of BAY58-triggered cGMP accumulation in this circumstance showed 
an initial 4  min delay and then accumulated according to kinetics 
similar to sGC heterodimer formation. (iii) When a pre-formed heme-
free sGC heterodimer was present in the cells (formed with sGCα 
and the sGCβ del265-271 variant), BAY58 initiated an immediate and 
faster cGMP accumulation. (iv) In contrast, BAY58 initiation of heme 
loss from ferric-sGC was very delayed (20 min) in cells and was then 
followed by a relatively slow cGMP accumulation.
Conclusions: The kinetics of BAY58 activation of the two different 
sGC species for cGMP synthesis indicate it overwhelmingly favors 
activation of the apo-sGCβ-hsp90 species over the ferric heme sGC 
species in living cells. The mechanism of BAY58 activation of apo-
sGCβ-hsp90 first involves it’s causing a near-coincident loss of hsp90 
and the binding of sGCα, followed by a relatively faster activation 
of the newly-formed heterodimer for cGMP synthesis. The BAY58-
triggered protein partner exchange in sGCβ (Hsp90 dissociation/
sGCα binding) is the slow step in the activation process. Our find-
ings define the mechanism of action for this important class of sGC 
agonists and better explain how they function in living cells to acti-
vate cGMP production.
Acknowledgements: We thank NIH for support and thank Dr. A. 
Papapetropoulos for the pCMV5-sGCα and pCMV5-sGCβ constructs 
and Dr. F.O. Levy for the cGMP sensor.
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Introduction: Pulmonary hypertension (PH) is a multi-faceted dis-
ease characterised by vascular remodelling and elevated pressure 
in the pulmonary arteries. Whilst targeted pharmacological and 
surgical treatments significantly improve outcomes in some PH 
subgroups, many patients still develop fatal right heart failure, even 
with optimal therapy. In the systemic circulation, C-type natriuretic 
peptide (CNP) modulates vascular tone, angiogenesis, inflammation, 
smooth muscle and endothelial cell proliferation, and cardiomyo-
cyte hypertrophy and fibrosis, yet a (patho)physiological function 
for CNP in the cardiopulmonary circulation has not been estab-
lished. Exploiting cell-specific transgenic mouse strains, we explored 
the role of CNP in the development of experimental PH and right 
ventricular hypertrophy (RVH).
Methods: Wildtype (WT), endothelial CNP knockout (ecCNP−/−), cardio-
mocyte CNP knockout (cmCNP−/−) and global natriuretic peptide recep-
tor (NPR)-C nullanimals (NPR-C−/−) were exposed to normoxia (21% 
O2; 5  weeks; ‘controls’) or hypoxia (10% O2; 5  weeks) plus the vascular 
endothelial growth factor (VEGF) receptor antagonist Sugen (3 × 20 mg/
kg; subcutaneous; days 0, 7 & 14). Pulmonary hypertension was quanti-
fied by right heart catherisation and determination of right ventricular 
systolic pressure (RVSP), and heart chamber weights were measured 
to evaluate RVH (right ventricle to left ventricle plus septum ratio; RV/
[LV + S]). In some studies, echocardiography was employed sequen-
tially to provide a structural and functional picture of the pulmonary 



Page 20 of 36J Transl Med 2023, 21(Suppl 1):35

circulation and right ventricle. Administration of CNP via subcutaneous 
mini-pumps was used to investigate the therapeutic potential of CNP in 
PH, and to examine the effects of receptor-specific CNP signaling.
Results: Endothelial CNP knockout mice exposed to hypoxia plus 
Sugen exhibited increased RVSP and RV/[LV + S] versus WT controls 
(Figure  1). NPR-C−/− animals did not develop increased RVSP (Fig-
ure  1), and administration of CNP via subcutaneous mini-pump to 
both WT and NPR-C−/− mice with established PH significantly reduced 
RVSP, suggesting that the effects of CNP on pulmonary vascular tone 
are primarily mediated by NPR-B. Despite the absence of a pressure 
phenotype, the development of RVH was exacerbated in NPR-C−/− 
animals. However, neither RVSP nor RVH was aggravated in cmCNP−/− 
mice, suggesting the cardiomyocyte is not an important source of CNP 
in the setting of PH.
Conclusions: In sum, these data elucidate the role of CNP in the regu-
lation of pulmonary vascular tone and identify NPR-C as a modulator 
of RVH. Targeting this signalling pathway may be of therapeutic ben-
efit in PH.
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Introduction: cGMP is a primary messenger in the visual signalling 
cascade. Different lines of evidence point at cGMP-dependent protein 
kinase (PKG) being involved in visual signalling as well. The presence 
of the kinase in the human retina has been established, though iso-
form specific detection is not possible with available antibodies. Sev-
eral forms of hereditary retinal degeneration (RD), a cluster of diseases 
that lead to photoreceptor degeneration and consequently, blindness 
of patients, display increased cGMP levels in photoreceptor cells. This 
renders PKG misregulation a plausible cause for rod photoreceptor 
cell death, which leads to a secondary loss of cone photoreceptors. In 
different RD mouse models, the cGMP analogue Rp-8-Br-PET-cGMPS, 
a known PKG antagonist, as well as the novel analogue Rp-8-Br-pMe-
PET-cGMPS were found to rescue photoreceptor morphology and 
function.

Methods: For the investigation of target-specificity of Rp-8-Br-PET-
cGMPS and Rp-8-Br-pMe-PET-cGMPS the three human PKG isoforms 
Iα, Iβ, and II were recombinantly expressed and purified. cGMP bind-
ing and kinase activity of the respective isoforms were quantified. 
RNAscope experiments were performed to determine which PKG iso-
form might be present in the murine retina and therefore which effect 
of the analogues might be desirable for potential drug development.
Results: In kinase assays both analogues displayed, to varying 
degrees, antagonistic effects on the activity of the three different PKG 
isoforms. This effect was seen most prominently for PKG Iβ, where 
an IC50-value of 250  nM was measured for Rp-8-Br-pMe-PET-cGMPS. 
Interestingly, Rp-8-Br-PET-cGMPS and even more so Rp-8-Br-pMe-PET-
cGMPS had a partial agonistic effect on PKG Iα that was not observed 
for PKG Iβ and II. Initial RNAscope experiments indicate the presence 
of PKG II mRNA throughout the retina. To screen for potential off-tar-
get effects, both analogues were tested for direct inhibition of a PKG II 
construct encompassing the catalytic subunit without the cyclic nucle-
otide binding domain. Furthermore, the cAMP-dependent protein 
kinase (PKA) was tested. The established cGMP analogue Rp-8-pCPT-
PET-cGMPS was able to inhibit both kinases, most likely by an ATP 
competitive mechanism. To a limited extent this effect was observed 
for Rp-8-Br-PET-cGMPS and Rp-8-Br-pMe-PET-cGMPS.
Conclusions: Kinase assay data strongly suggests that Rp-8-Br-PET-
cGMPS and Rp-8-Br-pMe-PET-cGMPS display isoform specific effects 
and act via the cyclic nucleotide binding domains. Moreover, the pres-
ence of PKG II mRNA throughout the murine retina may highlight the 
importance of PKG II targeting analogues for further research.
Funding: Grant BMBF TargetRD 16GW0270 to F.W.H and F.P-D. is 
acknowledged.
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Introduction: Idiopathic Pulmonary Fibrosis (IPF) is a progressive and 
fatal parenchymal lung disease characterized by pathologically altered 
lung fibroblasts (myofibroblasts) exhibiting increased proliferation, 
migration and collagen production. Fibrogenic factors such as Plate-
let derived growth factor-BB (PDGF-BB) contribute to the initiation 
and progression of these pathological changes. Endogenous counter-
regulating factors are barely known. Preclinical studies revealed that 
C-type Natriuretic Peptide (CNP), via guanylyl cyclase-B (GC-B)/cGMP 
signalling, attenuates pathological tissue remodelling, especially heart 
and lung fibrosis (1–3). To address the clinical relevance, here we com-
pared GC-B expression, signalling and functions in cultured human 
lung fibroblasts obtained from “healthy” controls and patients with IPF.
Methods: See below.
Results: Human lung fibroblasts were obtained from the UGMLC 
biobank. Notably, western blot analyses of enriched cell membranes 
demonstrated that GC-B expression levels were significantly increased 
in IPF fibroblasts. CNP (10 and 100 nM) markedly enhanced fibroblast 
cGMP levels. Intriguingly, despite increased GC-B expression, the 
cGMP responses of IPF fibroblasts were slightly diminished in com-
parison to controls, suggesting that GC-B was partly desensitized. 
To follow-up this possibility, we performed guanylyl cyclase activity 
assays with crude membranes. In accordance with enhanced GC-B 
expression, IPF fibroblasts showed higher maximal, detergent (Triton)-
stimulated guanylyl cyclase activity. We are now investigating CNP-
induced guanylyl cyclase activities in control and IPF fibroblasts as well 
as the impact of PDGF-BB. Importantly, CNP pretreatment markedly 
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and similarly reduced PDGF-BB-induced proliferation and migration of 
control and IPF lung fibroblasts as analyzed by BrdU incorporation and 
scratch assays, respectively. Furthermore, in both groups CNP strongly 
decreased PDGF-BB-induced collagen 1 and 3 expression as measured 
by immunocytochemistry and immunoblotting.
Conclusions: CNP moderates the PDGF-BB-induced activation and 
differentiation of human lung fibroblasts to myofibroblasts and this 
effect is preserved in IPF fibroblasts. Understanding the signalling 
pathways of CNP in fibroblasts may unravel novel targets for therapies 
of IPF.
Funding: This study was funded by the Deutsche Forschungsgemein-
schaft (DFG KU 1037/6-1, to MK) and the Else-Kröner-Fresenius Stif-
tung (2020 EKEA.131, to SD).
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Introduction: Heart failure with reduced ejection fraction (HFrEF) 
is considered to be one of the major epidemics of the twenty-first 
century. The prognosis and life expectancy is especially dreadful for 
patients that develop concurrent impairment of kidney function, so 
called “cardio-renal syndrome”. More recent treatment strategies for 
HFrEF target NO-sGC-cGMP pathway by sGC stimulators. These com-
pounds bind allosterically to the heme-moiety of the sGC and stimu-
late the sGC in the absence of NO (NO-independent action), but also 
they sensitize sGC to low levels of endogenous NO by stabilizing NO–
sGC binding.
Methods: In the present study we investigated the effectiveness of 
the sGC stimulator BAY 41-8543, in ren-2 transgenic hypertensive rats 
(TGR) with aorto-caval fistula (ACF)-induced HFrEF (due to volume 
overload) and renal dysfunction. The long-term effectiveness of the 
sGC stimulator administered alone (3 mg/kg/day in food) or combined 
with an ACE inhibitor (Trandolapril, 0.25 mg/kg/day in drinking water) 
on the survival rate of ACF-induced HFrEF in TGR was investigated in 
a 30  week treatment study. In separate series of experiments (short 
treatment regimen, 2 weeks of treatment) the impact of BAY 41-8543 
on blood pressure was measured by telemetry technique (Data Sci-
ences International, DSI, USA). In addition, urine, blood and tissue sam-
ples were collected to measure cGMP levels, albuminuria and nitric 
oxide metabolites exertion during two-week treatment.
Results: BAY 41-8543 significantly improved the survival rate of ACF 
TGR in comparison to untreated animals with HFrEF. However, BAY 
41-8543 administered together with ACEi decreased the beneficial 
activity of the ACEi. The overall survival in BAY 41-8543 + ACEi treated 
group was 50% by the end of 30 weeks, while in the group treated only 
with ACEi it was almost 90% (Figure 1). In addition, a minor and tran-
sient decrease in blood pressure (− 10 mmHg) was observed two days 
after BAY 41-8543 administration, but early on SBP started to rise again 
and by the end of the two week observation it was on the same level as 
in untreated ACF TGR (127 ± 3 vs 131 ± 6 mmHg, respectively; NS).

Conclusions: In summary, it seems that in this pilot-study, the NO-
independent stimulation of sGC is a promising strategy to treat HFrEF 
in humans resulting in an improved survival. However, the results in 
the combination group, need confirmation and additional analysis, 
since dose-selection of BAY 41-8543 might not be optimal for the com-
bination treatment (e.g. due to hypotension).
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Introduction: Increasing evidence indicates that cGMP signaling in 
the peripheral nervous system and the spinal cord contributes to the 
processing of pain. In addition to NO-dependent cGMP production, 
recent data suggest an involvement of particulate guanylate cyclases 
in nociceptive signaling. Here, we assessed the functional role of par-
ticulate guanylate cyclase B (Npr2; natriuretic peptide receptor 2) in 
pain processing using tissue-specific Npr2 knockout mice.
Methods: The expression pattern of Npr2 in dorsal root ganglia (DRG) 
and the spinal cord of mice was investigated by fluorescent in  situ 
hybridization, immunohistochemistry and qRT-PCR. The behavior of 
mice lacking Npr2 conditionally in DRG neurons was assessed in vari-
ous animal models of pain.
Results: We found Npr2 to be expressed in the majority of DRG neu-
rons and co-expressed with cGMP-dependent protein kinase I. Inter-
estingly, Npr2-deficient mice displayed altered responses in models of 
acute nociceptive pain and persistent inflammatory pain.
Conclusions: We here provide evidence for a so far unrecognized 
function of Npr2/cGMP signaling in DRG neurons during the process-
ing of pain.
Funding: This work is supported by grants from the Deutsche 
Forschungsgemeinschaft (DFG; German Research Foundation). The 
authors have no conflicts of interest to declare.
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Introduction: Human skin organoids derived from induced pluripo-
tent stem cells (iPSC) provide unique opportunities for the study of 
mechanisms of morphogenesis and diseases to complement animal 
studies. Our current in vitro skin model consists of the two main cell 
types of skin, i.e., epidermal keratinocytes and dermal fibroblasts, 
extracted from the foreskin of human donors. Both cell types are com-
bined with a collagen scaffold to mimic dermis and epidermis and 
cultivated in an air–liquid interface. These three-dimensional (3D) full-
thickness skin equivalents (FTSE) are suitable as simple pharmacologi-
cal test systems.
Methods: To improve our in  vitro skin model, we use self-organized 
skin organoids, which create complex tissue via cell–cell interaction. 
These organoids mimic complex structures like hair follicles, neuronal 
networks and other cell types (e.g., adipocytes, chondrocytes) which 
can improve our current skin model. However, iPSC-derived skin orga-
noids lack a functional vasculature. To address this drawback, we used 
a second iPSC-derived vascular organoid to introduce a vascular net-
work into the in vitro skin model.
Results: We could show that endothelial cells (CD31+) and smooth 
muscle cells (SMMHC+) form tube-like structures growing into the 
FTSE. Cells of the vascular organoid express NO-GC, the main target 
for NO which plays an important role during angiogenesis and arte-
riogenesis. Vascular organoids represent a perfect tool to study mor-
phogenesis of human vasculature and serve as in vitro test systems for 
disease modelling and drug screening. We already embedded vascu-
lar organoids into FTSE to generate vascularized FTSE. In parallel, skin 
organoids are generated to be embedded into the vascularised FTSE 
to form a vascularized complex human 3D in vitro skin.
Conclusions: In summary, human in  vitro 3D vascularized skin will 
shed light on the role of NO/cGMP signalling in angiogenesis and will 
help to develop cGMP-modulating drugs to treat skin defects and 
improve skin regeneration.
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Introduction: Chronic kidney disease (CKD) is the result of hyper-
tension-induced end organ damage. Despite blood-pressure control, 
CKD is progressing, since both pressure-dependent and -independent 
mechanisms can contribute to renal damage. Soluble guanylyl cyclase 
(sGC) stimulation addresses an important signalling pathway in the 
cardio, renal and vascular system. We hypothesize that sGC stimulation 
ameliorates CKD in an established rat model of hypertension.
Methods: We used double transgenic rats harboring both human 
renin and angiotensinogen genes (dTGRs). These rats develop 

moderately severe hypertension but die of end-organ cardiac and 
renal damage by week 7. We aimed to investigate the effect of the sGC 
stimulator vericiguat on renal damage in these hypertensive rats. To 
investigate blood pressure-dependent and -independent effects, we 
used different doses of vericiguat. We treated 4-week-old male double 
transgenic rats (dTGRs) with either 0.3 mg/kg/d, 1.0 mg/kg/d, 3.0 mg/
kg/d vericiguat or vehicle once daily for 3 weeks by oral gavage. Age-
matched vehicle-treated Sprague Dawley rats served as healthy wild-
type (WT) controls.
Results: Mean arterial pressure was dose dependently reduced after 
treatment with 1.0 or 3.0 mg/kg/d vericiguat compared to vehicle. The 
lowest dose of 0.3 mg/kg/d vericiguat had no effect on the blood pres-
sure, whereas 1.0 or 3.0  mg/kg lead to moderate decrease of mean 
arterial pressure of 20 and 40  mmHg, respectively. Treatment with 
1.0 or 3.0 mg/kg/d vericiguat resulted in less albuminuria throughout 
the experiment whereas the low dose reduced albuminuria only in 
weeks 5 to 6. Analysis of the renal microvasculature by μCT showed a 
reduced microvascular density in the vehicle treated dTGRs compared 
to wild-type. However, the treatment with vericiguat had no impact on 
these changes. Histological characterization of renal damage showed 
an improvement of the tubular and glomerular damage by the treat-
ment as well as an improvement of renal fibrosis and inflammation. 
Levels of renal biomarkers for kidney damage were also ameliorated 
under vericiguat treatment.
Conclusions: The sGC stimulator vericiguat dose-dependently amelio-
rated hypertensive induced renal damage.
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Introduction: Brain-derived neurotrophic factor (Bdnf)deletion by 
Pax2-driven Cre recombinase was previously shown to lead to the 
absence of BDNF in Pax2-derived GABAergic interneurons in the 
auditory periphery, while central BDNF expression levels remained 
unaltered [1–3]. These conditional BdnfPax2 knock-out (KO) mice have 
normal hearing thresholds but impaired (immature) fast auditory 
processing, which typically develops during a critical period of expe-
rience-dependent maturation occurring around hearing onset. The 
distinctly reduced auditory acuity in BdnfPax2KOs was correlated with a 
failed sharpening of the inhibitory strength of dorsal cochlear nucleus 
and inferior colliculus neurons. As a result, these regions maintained 
a delayed latency and narrow dynamic range, which would typically 
improve upon hearing onset. Such discrete alterations in auditory 
circuits were also correlated with impaired learning and social inter-
action and with deficits in the capacity to respond to auditory depriva-
tion through compensatory increases in central neural activity [3]. Our 
recent findings suggested that compensatory increases in central neu-
ral activity rely on proper cGMP signaling (unpublished work).
Methods: Here we assessed guanylyl cyclase A (GC-A) and nitric-
oxide-guanyl-cyclase (NO-GC) mRNA levels in the auditory cortex 
and hippocampus in BdnfPax2 KO mice and tested the effect of sound 
enrichment on both cGMP generator levels and on auditory and lim-
bic function.
Results: Sound enrichment differentially affected auditory and limbic 
functions in BdnfPax2 KO mice, correlating with altered transcript levels 
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of the cGMP generators GC-A and NO-GC in the auditory cortex and 
hippocampus.
Conclusions: Although our findings are preliminary, we conclude 
that the maturation and balance of cGMP generator levels may be a 
key step for proper development of memory-related neural adaptive 
responses during the critical period of development after hearing 
onset.
Funding: This work was funded by the Deutsche Forschungsgemein-
schaft FOR 2060 project RU 713/3-2 and the GRK 2381; Projektnummer 
335549539.
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Introduction: Nitric oxide (NO) is a gasotransmitter that stimulates soluble 
guanylate cyclase (sGC) to produce cyclic guanosine 3′,5′-monophos-
phate (cGMP). The NO-sGC-cGMP pathway has been reported to increase 
mitochondrial biogenesis and function, which are dysregulated in mito-
chondrial disease. We aimed to examine whether increasing cGMP via 
sGC stimulation alters energy reserves in cells from individuals with mito-
chondrial disease.
Methods: We studied CY6463, a clinical stage CNS-penetrant sGC stimu-
lator, in cells from individuals with a mitochondrial complex-1 disease 
(Leber hereditary optic neuropathy (LHON) or Leigh syndrome). In addi-
tion, we explored the effect of CY6463 on astrogliosis in a mouse model 
of mitochondrial complex-1 deficiency.
Results: Basal ATP levels were lower in cells from LHON and Leigh syn-
drome patients than in those from healthy controls. ATP levels were 
higher in LHON cells treated with 1  µM CY6463 alone or with CY6463 
(0.1  µM or 1  µM) and DETA-NO (10  µM) than in vehicle-treated LHON 
cells. Similarly, ATP levels were higher in Leigh syndrome cells treated 
with DETA-NO, CY6463 alone (0.1, 1, and 10  µM), or CY6463 at 0.1  µM 
with DETA-NO than in vehicle-treated Leigh syndrome cells. Expres-
sion levels of mitochondrial genes, such as TFAM, MT-CO2, MT-CO3, and 
MT-ND3, were lower in patient cells than in healthy cells. Expression lev-
els of these genes were higher in patient cells treated with CY6463 than 
with vehicle. In an in vivo model of mitochondrial complex-1 inhibition, 
protein staining of glial fibrillary acidic protein (GFAP), a marker of astro-
gliosis that results from tissue damage and inflammation, was higher 
in the retina of mice challenged with a single intravitreal (IVT) injection 
of the mitochondrial complex-1 inhibitor rotenone than in vehicle-
treated mice. Retinal astrogliosis was less pronounced in mice treated 
with CY6463 for 3 weeks prior to rotenone IVT injection than in vehicle-
treated mice.

Conclusions: Together, these data suggest that, in preclinical models of 
mitochondrial complex-1 deficiency, CY6463 may alleviate mitochon-
drial dysfunction through improving cellular energetics and reducing 
inflammation.
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Introduction: Arterial hypertension exacerbated with left ventricular 
hypertrophy is a major cause for chronic heart failure. The continu-
ously rising prevalence of HFpEF and HFrEF in humans is associated 
with a high rate of morbidity and mortality. Treatment strategies are 
still limited and improving the prognosis in heart failure remains chal-
lenging. The stimulator of the soluble guanylyl cyclase (sGC) vericiguat 
was approved for treatment of chronic heart failure (HFrEF) in 2021. In 
this study we aimed to characterize the mode of action of vericiguat 
on cardiovascular function and metabolism in an established rodent 
model of hypertension induced renal insufficiency and heart failure.
Methods: Four-week-old male double-transgenic rats (dTGRs) 
expressing human renin and angiotensinogen entered the study. We 
included vehicle-treated (10%/20%/70% transcutol/cremophore/
water) dTGRs and wild-type control rats and dTGRs receiving 0.3, 1.0 
or 3.0 mg/kg/d of vericiguat. We investigated the cardiac function with 
in  vivo echocardiography including speckle tracking (STE), telem-
etric blood pressure measurements and profiled the cardiac metabo-
lism in  vitro. The transcriptional profile and cardiac histology were 
analysed.
Results: Vericiguat treatment in dTGRs significantly reduced mortality 
compared to vehicle-treated dTGRs (61.5%), in the 0.3, 1.0 and 3.0 mg/
kg/d treatment groups 69.2%, 78.6% and 100% survived. Treatment 
with 3.0  mg/kg/d vericiguat reduced blood pressure moderately by 
40  mmHg compared to vehicle-treated dTGRs. Echocardiography 
revealed increased ejection fraction, cardiac output, stroke volume 
and fractional shortening under vericiguat treatment, while these 
parameters were not changed in vehicle-treated dTGRs. STE analysis 
indicated diminished global and spatial longitudinal strain in vehicle-
treated dTGRs and improvement by vericiguat in a dose-dependent 
manner. Vericiguat improved cardiac fibrosis, inflammation but car-
diac hypertrophy was not attenuated. Transcriptional analysis showed 
improved cardiac/hypertrophy (atrial and brain natriuretic peptide, 
beta-myosin heavy chain) and fibrosis marker (connective-tissue 
growth factor) in vericiguat-compared to vehicle-treated dTGRs. Inves-
tigations on cardiac metabolism highlighted that vericiguat seems to 
have a positive effect on the metabolic profile (oxidative phosphoryla-
tion and glycolysis) of cardiac cells in the heart failure model.
Conclusions: Our data demonstrated that sGC stimulation via veri-
ciguat effectively improved cardiac function and morphology, and 
improved survival in dTGR rat model. The results from the animal 
model underline the potential as a therapeutic for chronic heart 
failure.
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Introduction: Liver disease has increasingly become a health care 
problem affecting approx. 844 million individuals worldwide. Hepatic 
fibrosis is a highly dynamic process resulting in extracellular matrix 
accumulation and scarring of the liver; etiologies include viral infec-
tion, alcoholic liver disease, and non-alcoholic steatohepatitis (NASH). 
The central driver of hepatic fibrosis is the hepatic stellate cell (HSC) 
also known as the pericyte of the liver. HSC are the major liver cells 
that express NO-sensitive guanylyl cyclase (NO-GC) and NO-GC 
stimulators have been shown to prevent hepatic steatosis, inflamma-
tion, and fibrosis in experimental NASH in rodents. Contrary to the 
well-established functional zonation of hepatocytes across liver lob-
ule (hexagonal shaped anatomical unit), the zonal heterogeneity of 
hepatic stellate cells across the liver lobule is less defined; so far, HSC 
heterogeneity has only been reported using single cell transcriptomic 
profile analysis. In this in vivo study, we identify and characterize a NO-
GC-expressing HSC subtype specifically found in zone 1 of the healthy 
liver (zone 1-HSC).
Methods: For the lineage tracing of zone 1-HSC, tamoxifen was 
injected into reporter mice expressing the fluorescent dye tdTomato 
under the control of the smooth muscle myosin heavy chain (SMMHC) 
promoter (SMMHC-CreERT2). Mice were given CCl4 (i.p., thrice a week, 
1  µg/g BW) to induce primary parenchymal fibrosis. The behavior of 
zone 1-HSC was examined during fibrosis progression and reversal. For 
immunofluorescence staining and confocal microscopy, livers were 
perfused with PBS, fixed in PFA/sucrose, and cryopreserved.
Results: In the healthy liver, SMMHC/tdTomato-positive HSC local-
ize in zone 1 but not in other zones of the liver lobule. Liver zonation 
markers show that zone 1-HSC originate from progenitor cells found in 
proximity to the bile duct. However, upon CCl4 treatment, HSC zona-
tion is lost as SMMHC/tdTomato-positive HSCs disperse and move 
centrally into zones 2 and 3. Furthermore, immunofluorescent confo-
cal microscopy revealed that this HSC subtype—in contrast to regular 
HSC—do not transform into myofibroblasts under fibrotic conditions.
Conclusions: We have identified a subtype of HSC (tentatively called 
zone 1-HSC) in zone 1 of the liver lobule under non-fibrotic condi-
tions. Zonation is lost after fibrosis induction, but zone 1-HSC do not 
transform into myofibroblasts (the main effectors of fibrosis) and do 
not exhibit the phenotype of activated HSC. The specific function of 
this HSC subtype and the role of NO-GC in this cell is under current 
investigation.
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Introduction: The sGC is a heterodimeric protein complex composed 
of one alpha and one beta-subunit and is widely expressed in differ-
ent human and animal tissues. Complex formation is obligate for 

enzymatic activity. The aim of this project was to investigate if the 
assembly of soluble guanylate cyclase (sGC) occurs co-translationally.
Methods: In this project the primary Rat Aortic Smooth Muscle Cell 
line (RAOSMC) was used, which has high endogenous expression lev-
els of both sGC subunits (GCYC1A1 and GCYC1B1).

1.	 Disome-selective profiling (DiSP) to explore interactions between 
nascent subunit for co–co assembly (Bertolini et al. 2021). DiSP 
relies on the separation of single ribosomes (monosomes) from 
nascent chain coupled ribosomes (disomes) via sucrose gradi-
ent centrifugation post RNase digestion. Sequencing of the 30 nt 
RNA footprints from both populations allows the detection of 
co–co assembly, which is revealed by a shift of ribosomes trans-
lating individual open reading frames from the monosome to the 
disome fraction, caused by nascent chain interactions.

2.	 Selective ribosome profiling (SeRP) to explore interactions 
between one fully synthesized subunit with its nascent interac-
tion partner [co-post assembly (Shiber et  al. 2018; Shieh et  al. 
2015)]. SeRP compares the mRNA distribution of translating 
ribosomes determined in two ribosome profiling experiments. 
The first profiling determines the total translatome and reveals 
the mRNA position of all translating ribosomes. The second 
profiling determines the mRNA positions of the sub-population 
of translating ribosomes that interact with a fully synthesized 
subunit of the sGC complex, purified by co-affinity purification 
(termed AP translatome).

Results: DiSP of RAOSM cells reveals established co–co assembly of 
Lamin A/C and Vimentin but not of the sGC alpha- and beta-subunits 
(Figure  1). SeRP does not support any co-post assembly mechanism 
of the sGC complex. Selective Ribosome Profiling indicates poten-
tial interactions of fully synthesized sGC subunits with translating 
ribosomes.
Conclusions: The hypothesis that the hetero-dimeric sGC complex 
assembles co-translationally, either by co–co or co-post assembly, 
is not supported by these results. Further studies to investigate the 
nature of the sGC heterodimerization will be needed.
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Introduction: Mutations in sGC have been linked to diseases such 
as myocardial infarction (Erdmann et  al. 2013; Wobst et  al. 2016), 
pulmonary hypertension (Wilkins et  al. 2014; Wallace et  al. 2016), 
achalasia (Hervé et  al. 2014; Wallace et  al. 2016), and moyamoya 
(Hervé et al. 2014; Wallace et al. 2016). For this work 11 mutations in 
the alpha1-subunit identified in different human diseases (Figure 1) 
were selected from the literature and databases.
Methods: The wildtype and the selected 11 mutations have 
been cloned and expressed in HEK293-E6 cells. Purification of the 
enzymes was done by strep-affinity chromatography followed by 
size exclusion chromatography (SEC).
Results: The wildtype and all 11 mutations were cloned successfully 
into the pMC3025 vector. Initial expression test were done to evalu-
ate cell viability and potential yield for these 12 enzymes. Individual 
enzymes expressed in HEK293-E6 cells were successfully purified by 
StrepTag affinity chromatography and size exclusion chromatogra-
phy (SEC) in quantities varying between 20 and 500  µg per 3  l cell 
culture. Three enzyme mutations (G652*, T64A, and K53E) result in 
complete aggregation of the protein and could not be analyzed 
further. UV/Vis spectroscopy revealed significant heme-content 
(430 nm absorption/Soret band) not only for the wildtype, but also 
for the T229M, S478G, V587I, and the C517T mutation. Preliminary 
enzymatic activity data indicate remaining activity in this expression 
system for these four mutations: I571V, A680T, T229M, and C571T.
Conclusions: Overall, this works aims to systemically analyze 11 
sGC mutations linked to various diseases in humans. The cloning 
and expression revealed three mutations causing a complete aggre-
gation assuming a compete loss of enzymatic activity. A detailed 
analysis of the enzymatic activity for all soluble 8 enzyme mutations 
and the wildtype is currently underway and will help to understand 
the impact of these mutations for the NO-sGC-cGMP pathway in the 
affected patients and might unveil potential treatment options like 
NO-donors, sGC stimulators, or sGC activators.
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Introduction: Atherosclerosis and restenosis are vascular diseases 
that involve remodelling of the arterial vessel wall. Under these condi-
tions, vascular smooth muscle cells (VSMCs) undergo modulation from 
a contractile towards a synthetic or modulated phenotype. It is widely 
accepted that VSMCs can generate cGMP upon stimulation with NO, 
atrial natriuretic peptide (ANP), or C-type natriuretic peptide (CNP), 
but it is unknown how modulated VSMCs react to these stimuli under 
pathological conditions. Interestingly, analysis of global and condi-
tional mouse models revealed that cGMP signalling in VSMCs is more 
important during atherogenesis [1, 2] than restenosis [3]. We hypoth-
esised that cGMP signalling pathways in VSMCs differ between healthy 
and diseased arteries and that these alterations contribute to VSMC 
plasticity and thereby to vasculo-proliferative disorders.
Methods: We isolated primary VSMCs from mice expressing the cGMP 
indicator cGi500 [4] to characterise cGMP generation in real-time at 
the single-cell level in contractile and modulated VSMCs upon appli-
cation of NO, ANP, and CNP. Furthermore, we analysed the expression 
of cGMP signalling pathway components using genetic mouse mod-
els, single-cell RNA sequencing, and immunostaining. We compared 
cGMP signals in isolated healthy and pathologically remodelled rest-
enotic and atherosclerotic arteries of cGi500-expressing mice by cGMP 
imaging.
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Results: We observed different cGMP signalling pathways in con-
tractile and modulated VSMCs of the same cell culture. The expres-
sion of the CNP receptor, guanylyl cyclase-B (GC-B), in VSMCs 
increased during cell culture. This was accompanied by a shift from 
ANP/NO-dependent cGMP signalling in contractile VSMCs to CNP-
dependent cGMP signalling with attenuated NO responses in mod-
ulated VSMCs. These findings were supported by single-cell RNA 
sequencing data that demonstrated increased levels of GC-B and 
reduced levels of NO-sensitive guanylyl cyclase in modulated com-
pared to contractile VSMCs. Like in culture, we identified a shift from 
ANP/NO-dependent cGMP signalling in healthy arteries towards 
CNP-induced cGMP signalling in atherosclerotic arteries, whereas in 
restenotic arteries this shift in cGMP signalling was not observed.
Conclusions: These results suggest CNP/GC-B-dependent cGMP 
signalling as a new marker for phenotypically modulated VSMCs in 
culture and in atherosclerotic aorta, but not restenotic carotid arter-
ies. The “CNP switch” appears to depend on the vascular disease and 
could explain why mouse studies revealed a role of cGMP in ath-
erosclerosis but not restenosis. Future studies must uncover how 
CNP-induced cGMP signalling in VSMCs contributes to the patho-
physiology of atherosclerosis.
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Introduction: In immune cells, cAMP and cGMP signalling have been 
shown to exert diverse modulatory roles in processes involved in cel-
lular proliferation and in activation/inhibition of the cells. Phospho-
diesterase 2 (PDE2), an enzyme that hydrolysis cGMP and cAMP can 
connect these pathways. Moreover, PDE2 has the unique feature to be 
activated by cGMP thereby causing a decrease of cAMP concentration.
Methods: Here, we examined proliferation and inflammatory 
responses in splenic immune cells and how they are affected by induc-
ing cGMP (Bay 41 2272, 10 µM) or cAMP signalling (Forskolin 10 µM). 
Splenic immune cells consist mainly of B- and T-lymphocytes (approx. 
60%) and were stimulated with LPS (1  µg/ml, 48  h), an immunogen 
known to react with the Toll-like receptor 4 (TLR4), but also with the 
B-cell receptor (BCR) resulting in activation and polyclonal expansion 
of B-lymphocytes.
Results: The cells were found to possess a low cGMP-forming activity 
by NO-GCs paralleled by a high degradation by PDE2. Activation of 
NO-GCs resulted in decreased cAMP levels, indicating the existence of 
an inhibitory cGMP/cAMP crosstalk mechanism via PDE2 in these cells. 
It is unclear whether this mechanism can play a physiological role, 
as NO production is required for the crosstalk to be initiated. Under 
pathophysiological conditions, iNOS can serve as NO source. In splenic 
immune cells, LPS-stimulation evoked a 30-fold increase in iNOS 
expression resulting to production of large NO amounts. Further inves-
tigation revealed a 1.3-fold increase in cell number that was accom-
panied by changes in phosphorylation and expression of proteins 
regulating cell cycle entry and progression. Related to proliferation, 
enhanced secretion of IgM antibodies and Interleukin-6—needed for 
B cells maturation—were detected. Of note, cAMP levels were found 
to be higher in LPS-stimulated cells. Further increase of cAMP levels by 
Forskolin did not additionally influence the LPS-stimulated cells except 
of enhancing IL-6 production most likely through activation of the 
transcription factor CREB (cAMP response element-binding protein) 
located in IL-6 promoter region. On the other hand, co-administration 
of Bay 41 resulted in lower cAMP levels and suppressed proliferation 
and maturation of B cells. The Bay 41 effects were attenuated in cells 
of NO-GC1 KO mice and were mimicked by the PDE2 activator cBIMP 
(100 µM).
Conclusions: In sum, our results provide evidence that activation of 
PDE2 can weaken the responses of B-cells to LPS.
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Introduction: A majority of elderly men suffers from benign pros-
tatic hyperplasia (BPH). PDE5 inhibitors like sildenafil or tadalafil were 
recently approved to treat lower urinary tract symptoms associated 
with BPH. Their mechanism of action includes the cGMP-mediated 
relaxation of prostatic smooth muscle cells (SMCs). In contrast to 
established treatments with adrenergic blockers, PDE5 inhibitors show 
no interference with the function of ejaculatory tissues during emis-
sion and ejaculation. Thus, they are a valuable therapeutic option in 
the management of BPH. Specific inhibitors for PDE9, a high affin-
ity cGMP-specific PDE, are currently evaluated as drugs to treat heart 
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failure or neurological conditions and have reached preclinical studies. 
They may also have potential as drugs for BPH. Our aim was to inves-
tigate and localize PDE9 expression in the prostate as well as in the 
epididymis as an organ relevant to ejaculation.
Methods: Western blot and immunofluorescence (IF) used a mono-
clonal rabbit anti-PDE9 antibody. Comparison to PDE9 KO tissue 
confirmed the antibody could detect PDE9 in rodent and human tis-
sue. The more detailed cellular localization of PDE9 in prostate and 
epididymis could be determined by probing membrane and cytosolic 
protein fractions using Western blot. For IF, prostate and epididymis 
sections of mouse, rat and men were available. RT-PCR was used to 
detect PDE9 transcripts in human prostatic SMCs and qPCR served to 
quantify transcripts in different mouse epididymis regions.
Results: PDE9 was found in SMCs in human and rodent prostate, as 
evidenced by co-localization with the SMC marker smooth muscle 
actin (SMA) in IF, it was also detected in vascular SMCs. PDE9 could be 
assigned to the membrane fraction in rat prostate by Western blot. The 
SMC localization of PDE9 was confirmed by RT-PCR in isolated human 
prostatic SMCs. Epididymis tissue revealed a staining pattern for 
PDE9 comparable to the prostate with a signal in the smooth muscle 
layer surrounding the epididymal duct and vascular SMCs. qPCR data 
showed a higher expression of PDE9 in the cauda epididymis.
Conclusions: Besides its expression in the epididymis, the SMC locali-
zation of PDE9 in the prostate identifies this PDE as a potential ther-
apeutic target in the treatment of BPH. Its membrane localization in 
these organs supports the idea of interactions of PDE9 with distinct 
subcellular, e.g. natriuretic peptide-dependent, pools of cGMP.
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Introduction: Soluble guanylyl cyclase (sGC)-derived cGMP signaling 
plays a role in both neurons and the vasculature: neuronal cGMP sign-
aling is involved in memory formation, while endothelial cGMP signal-
ing plays a role in vascular health. Therefore, sGC may be a target to 
treat vascular cognitive impairment (VCI).
sGC can be targeted by stimulators acting on heme-bound sGC or by 
activators acting on oxidized/apo-sGC. However, first generations of 
sGC agonists do not cross the blood–brain barrier, potentially limiting 
the neuronal therapeutic effectiveness. Here, we compare novel brain-
penetrant sGC stimulator BAY-747 and sGC activator runcaciguat for 
their potential as cognitive enhancers.
Methods: BAY-747 and runcaciguat were tested in vivo in the object 
location task (OLT) in rodents to assess their potential as cognitive 
enhancers. In addition, a NOS-inhibitor L-NAME-induced memory defi-
cit model was used to elucidate the mechanistic differences. In  vivo 
effects on neuroplasticity were also measured.
Results: Both BAY-747 and runcaciguat enhanced long-term mem-
ory in a natural forgetting model of the OLT. Interestingly, only BAY-
747 attenuated the memory impairments induced by NOS-inhibitor 
L-NAME. This shows that sGC stimulators and activators may differ 
in efficacy depending on the underlying mechanism of memory 
impairment.
The neuroplastic effects underlying cognitive enhancement by BAY-
747 and runcaciguat were assessed in  vivo. While runcaciguat was 
more effective on the glutamatergic system, BAY-747 more strongly 
enhanced the neurotrophic system.
Conclusions: These data show that brain-penetrant sGC agonists act 
as cognitive enhancers via neuroplastic effects in  vivo. Based on the 
underlying memory deficit mechanism, sGC stimulators and activa-
tors may differ in efficacy. Additionally, while sGC stimulator BAY-747 

acts on the neurotrophic system, sGC activator runcaciguat more 
strongly enhances the glutamatergic system. This further indicates 
differential effects for sGC stimulators versus sGC activators. Interest-
ingly, BAY-747 and runcaciguat are effective in a similar dose–response 
window, while BAY-747 shows a larger brain penetration rate (38–60% 
vs 10–13%). This suggests that pharmacokinetics and enzyme binding 
kinetics differ between BAY-747 and runcaciguat, which may influence 
the specific neuroplastic and cognition enhancing effects. Therefore, 
conclusions on superiority of one sGC agonist over the other cannot 
be drawn. Nevertheless, brain-penetrant sGC agonists show promise 
as cognitive enhancers with clear neuronal effects.
Funding: Funding was provided by a restricted research grant from 
Bayer AG, Pharmaceuticals.
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Introduction: Pericytes are mural cells regulating the perfusion and 
barrier functions of the systemic and pulmonary microcirculation. 
A hyperproliferative phenotype and metabolic switch to higher gly-
colysis rates contribute to vascular pathologies such as pulmonary 
hypertension (PH) (1). Increased expression of growth factors such 
as platelet-derived growth factor-BB (PDGF-BB) has been implicated 
in the initiation and progression of these pathological alterations. 
We studied the effect of the endothelial hormone C-type natriuretic 
peptide (CNP), signalling through the cyclic GMP-producing guanylyl 
cyclase B (GC-B) receptor (2), on the PDGF-BB‑induced hyperprolifera-
tive and metabolic switch of cultured human lung pericytes from con-
trol donors and patients with PH (1).
Methods: See below.
Results: CNP (0.01–100  nM) markedly and similarly increased intra-
cellular cGMP levels in control and PH pericytes, demonstrating CNP/
GC-B/cGMP signalling. These cGMP responses were not altered by 
PDGF-BB pretreatment (30 ng/ml, 30 min). Upon PDGF-BB stimulation, 
PH pericytes exhibited higher proliferation coupled with enhanced 
rate of glycolysis in comparison to control pericytes. Notably, these 
effects were significantly attenuated by CNP. Mass spectrometry-based 
metabolomic analyses revealed an upregulation of glycolytic inter-
mediates in response to PDGF-BB, which was prevented by CNP. To 
dissect the underlying mechanisms, the expression levels of various 
components of the glycolytic pathway as well as of their well-known 
regulator hypoxia-inducible factor 1 alpha (HIF-1α) were analysed by 
immunoblotting. PDGF-BB markedly upregulated membrane glucose 
transporter 1 (GLUT1) and nuclear HIF-1α levels, and CNP prevented 
these alterations in both control and PH pericytes.
Conclusions: Taken together, our data show that CNP attenuates both 
the PDGF-BB-induced hyperproliferation and the increased glyco-
lysis rate of human PH lung pericytes. Mechanistically, the protective 
actions of CNP are partly mediated by inhibition of HIF-1α-dependent 
GLUT1 induction. This results in reduction of cellular glucose uptake 
and concomitant glycolytic flux. To further characterize these findings, 
we are studying the downstream signalling pathways involved in CNP/
GC-B mediated HIF-1α and GLUT1 regulation as well as glucose uptake 
of cultured lung pericytes. Understanding the effects and signalling 
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pathways of CNP in pericytes may unravel novel targets for therapies 
of PH.
Funding: Supported by the Deutsche Forschungsgemeinschaft (DFG 
KU 1037/12-1 and DFG DA 2462/1-1).
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Introduction: cGMP-dependent protein kinase Iα (PKGIα) is one of 
the main regulators of vascular relaxation. PKGIα activation occurs 
for example in response to nitric oxide (NO) and subsequent gen-
eration of cGMP by the soluble guanylyl cyclase (sGC). Clinically, NO 
donors lower blood pressure via this mechanism but often lead to the 
development of drug tolerance. Therefore, the one electron reduced 
and protonated sibling of NO, nitroxyl (HNO), represents a promising 
therapeutic alternative for vasodilation without inducing tolerance. 
Recently, we have shown that HNO induces oxidation-mediated intra-
disulfide bond formation between cysteines 117 and 195 in the high 
affinity cGMP-binding domain of PKGIα. However, the individual con-
tributions of these cysteines to the cGMP-independent vasorelaxation 
are still debated. Here, we aimed to address this question by measur-
ing HNO-mediated changes in a set of newly generated Förster reso-
nance energy transfer (FRET) based biosensors.
Methods: We performed automated real time monitoring of the 
HNO induced conformational changes in the cGMP binding domain 
of PKGIα using the wildtype (WT) cGi500 biosensor and the mutants 
C117S, C195S and C117/195S cGi500, which were stably expressed 
in HEK293 cells. In  vitro kinase assays were used to measure HNO 
induced PKGIα activity.
Results: HNO donor exposure (CXL-1020, 300 µM; 1-nitrosocyclohexyl 
acetate, NCA, 100 µM), similarly to the NO donor sodium nitroprusside 
(50 µM), led to a quick and robust change of the FRET response. Unex-
pectedly, these responses were similar for all constructs unless sGC 
was inhibited by ODQ, suggesting direct sGC activation by HNO. The 
HNO donor responses measured in the presence of the sGC inhibitor 
ODQ were reduced by ~ 15% in cGi500 C117S, ~ 47% in cGi500 C195S 
and by ~ 67% in the double sensor mutant cGi500 C117/195S, when 
compared to the WT sensor cGi500. In vitro kinase assays showed that 
WT PKG significantly increased substrate phosphorylation in response 
to HNO exposure. Substrate phosphorylation was significantly 
reduced when experiments were performed with C117S (by ~ 60%), 
C195S (by ~ 75%) or the double mutant C117/195S (by ~ 83%) PKGIα.
Conclusions: NCA and CXL-1020 are able to stimulate sGC, resulting 
in cGMP production and sensor activation. When sGC is inhibited, 
HNO donor exposure leads to FRET responses by inducing a confor-
mational change in the sensor that is mediated via oxidative modifica-
tion of C117 and C195 in the high affinity cGMP binding site of cGi500, 
similar to that induced by cGMP-binding. This correlates with HNO-
induced direct PKGIα activation as evidenced by increased substrate 
phosphorylation.
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Introduction: Mutations of the Ca2+- and voltage-activated channel 
BK are associated with cognitive decline emerging from impaired syn-
aptic plasticity in neurodegenerative diseases [1]. BK’s role in synaptic 
plasticity, however, is not fully understood yet. Interestingly, mouse 
models of cognitive impairments could be rescued by activation of 
the NO-GC/cGMP pathway. Since BK is an established cGMP/cGKI sub-
strate, it might mediate some of cGKI’s beneficial effects on cognitive 
function [2]. Due to cerebellar ataxia observed in globally BK-deficient 
mice [3] we used CA1 pyramidal neuron-specific knockout mice (CA1-
BK-KO) and littermate controls to examine the role of cGKI and BK in 
synaptic plasticity and cognitive function.
Methods: Fear behavior and locomotor activity were assessed in 
open-field and beam-walk tests, respectively. Memory acquisition and 
retrieval was evaluated in the Morris Water Maze (MWM). Long-term 
potentiation (LTP) was investigated in acute brain slices, as well as phos-
phorylation of the AMPA receptor (AMPAR) subunit GluA1, a surrogate 
parameter for physiological LTP, after chemically induced LTP (cLTP). 
Intracellular potassium levels ([K+]i) and Ca2+ dynamics were measured 
in primary hippocampal neuron cultures using a genetically encoded K+ 
indicator (GEPII) [4, 5] and a Ca2+-sensitive fluorescent dye (Fura-2AM).
Results: Immunoblot and -fluorescence demonstrated effective and 
specific BK depletion. Open-field and beam-walk tests verified CA1-
BK-KO’s suitability for behavior-based memory tasks as fear responses 
and locomotor activity did not differ between genotypes. In the MWM, 
CA1-BK-KO did not develop a target-oriented search strategy and 
failed during memory retrieval, indicating impaired hippocampus-
dependent memory acquisition. These findings were further corrobo-
rated in CA1-BK-KO brain slices by the lack of electrically inducible LTP 
and the absence of increased GluA1 Ser845 phosphorylation after 
cLTP. In primary hippocampal neurons, GEPII revealed a massive BK-
mediated reduction in [K+]i after cLTP induction. This decrease in [K+]i, 
was accompanied by elevated frequencies of neuronal Ca2+ oscilla-
tions. Both K+ efflux and sustained Ca2+ oscillations during cLTP induc-
tion were abrogated by AP5, a selective NMDA receptor antagonist, or 
Nifedipine while Cinaciguat augmented Ca2+ oscillations during cLTP.
Conclusions: We propose that BK-mediated K+ efflux substantially 
contributes to hippocampal synaptic plasticity by maintaining NMDA 
receptor and L-Type Ca2+ channel-dependent oscillatory Ca2+ influx 
during cLTP. This suggests BK modulation, possibly through cGMP/
cGKI, as a potential therapeutic option for the treatment of impaired 
cognition.
Funding: This project was funded by the Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation)—Project numbers 
335549539/GRK2381 and 445878942.
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Introduction: The natriuretic peptides (NPs) ANP and BNP, produced 
in the heart, induce vasodilation in arterial vessels. They bind to a 
specific receptor GC-A. CNP is associated with long-bone growth and 
oocyte maturation but also affects vascular function. CNP binds to the 
receptor GC-B. In addition, all NPs are bound by the clearance receptor 
(CR). Numerous data on vascular smooth muscle cells (SMCs) is based 
on experiments with cultured cells. Aim of this study was to investi-
gate whether culturing of primary vascular SMCs results in a subtype 
switching of the NP receptors compared to intact vascular tissue. 
Therefore, aorta with its thick SM layer (tunica media) was selected as 
model vessel.
Methods: Rodent aortae of both genders were prepared. Outer con-
nective tissue (tunica adventitia) and inner endothelium (tunica 
intima) were removed. One half of the tissue was directly used for 
experiments whereas the other half was used to isolate SMCs. There-
fore, an enzymatic digest was performed, and cells were separated 
through a cell strainer. Isolated SMCs were identified by SM actin 
and calponin expression using immunofluorescence, and contamina-
tion with endothelial cells could be excluded after negative staining 
for endothelial markers. NP receptors’ expression was determined via 
RT-qPCR in tissue and cells, the latter right after extraction and in the 
first passage after extraction (approx. 10 days of culturing). Moreover, 
functional activity of GC-A and GC-B was revealed by ANP and CNP 
induced cGMP production measured by ELISA again in intact tissue 
and cultured cells.
Results: Within the intact vessel wall GC-A was found to be expressed 
higher than GC-B, whereas in cultured SMCs it was vice versa for both 
genders. Also, the expression of other key players within the NP/cGMP 
system showed an altered expression pattern in cell culture. The CR for 
instance was expressed significantly higher in cultured SMCs of female 
rats in comparison to the intact tissue. The expression of the soluble 
guanylyl cyclase was significantly lower in the cultured SMCs of both 
genders. In addition, the switch in GC-A and GC-B expression was con-
firmed functionally by ELISA. Here the ANP-treatment of intact tissue 
resulted in a higher cGMP release, whereas in the corresponding pri-
mary cells treated with CNP the cGMP level was higher.
Conclusions: Our data shows that culturing affects the expres-
sion of NP receptors and cGMP related genes in cultured vascular 
SMCs. Hence, in  vivo or total tissue approaches might reflect NP 
related signalling more realistically. A reason for this could be a gen-
eral expression switch of all SMCs or the predominance of a SMC 
subpopulation.
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Introduction: Stroke is one of the leading causes of mortality and 
disability in industrialized countries. Guanylate cyclase (GC) A acti-
vation after ischemic stroke is neuroprotective [1]. The aim of this 
study is to investigate what effect GC-C activation by uroguanylin 
(UGN) has on ischemic stroke.
Methods: Middle cerebral artery occlusion (MCAO) was performed 
on GC-C knock out (GC-C KO), UGN KO mice and their WT litter-
mates. MR images were acquired before and 24 h after stroke induc-
tion. Ca2+ response was recorded in astrocytes of peri-ischemic and 
contralateral cortices 48  h after MCAO. Systolic (SP), diastolic (DP) 
and mean arterial blood pressure (MAP), heart rate, tail blood vol-
ume and flow were recorded with a non-invasive tail-cuff method.
Results: Animals lacking GC-C develop significantly smaller 
ischemic lesions compared to their WT littermates. Though GC-C 
KO mice have higher SP, DP and MAP, blood flow or the reduction of 
blood flow during MCAO did not differ between KO and WT animals. 
UGN KO and WT mice have a stronger Ca2+ response to UGN stimu-
lation in cortical peri-ischemic astrocytes compared to the healthy 
hemisphere while this stronger activation is absent in GC-C KO mice. 
The observed difference in response may result in smaller ischemic 
lesions observed in GC-C KO mice. This was explained when immu-
nohistochemical staining showed GC-C expression in peri-ischemic 
astrocytes, while under normoxic conditions GC-C expression is pre-
sent only in neurons [2].
Conclusions: Contrary to GC-A, GC-C activation is not neuroprotec-
tive but instead leads to the development of larger ischemic lesions. 
Its expression in peri-ischemic astrocytes causes a stronger activa-
tion of the Ca2+-dependent signalling pathway which could stimu-
late the Na+/H+ exchanger causing tissue acidification and neuronal 
death.
Funding: Research was funded by the Scientific Centre of Excel-
lence for Basic, Clinical and Translational Neuroscience (project 
“Experimental and clinical research of hypoxic-ischemic damage in 
perinatal and adult brain”; GA KK01.1.1.01.0007 funded by the Euro-
pean Union through the European Regional Development Fund). 
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Introduction: Cyclic guanosine monophosphate (cGMP) is a second 
messenger produced by the enzyme guanylyl cyclase (GC) in response 
to nitric oxide (NO). NO-sensitive GC (NO-GC) is expressed in a variety 
of cell types including smooth muscle cells and platelets. In platelets, 
the NO-GC/cGMP pathway is thought to inhibit platelet aggregation 
via changes of the cytoskeleton. However, the molecular mechanism 
underlying platelet inhibition and its correlation with cytoskeleton 
stiffness is poorly understood.
Methods: To study the role of NO-GC/cGMP in platelet stiffness and 
inhibition, we applied scanning ion conductance microscopy (SICM), 
a nanopipette-based noncontact imaging method, to resolve the 
morphology and stiffness of single platelets at high spatial resolution. 
We quantified morphological changes in platelets using a deep learn-
ing convolutional neural network. Actin polymerization and plate-
let activation were measured by F-actin and P-selectin co-staining, 
respectively.
Results: We found that stimulation of human and murine platelets 
with the NO-GC stimulator Riociguat (10  μM, ten minutes) or with 
the NO-GC activator Cinaciguat (10  μM, ten minutes) downregu-
lated P-selectin expression and decreased stiffness by fifty percent 
compared to vehicle (DMSO) treated control. Also, the platelet shape 
became more round, while the platelet area was unaffected. F-actin 
polymerization was inhibited by fifty percent by Riociguat and 
Cinaciguat.
Conclusions: These observations can be linked to the decreased stiff-
ness of the drug-treated platelets. Remarkably, none of these changes 
were observed in platelets isolated from platelet-specific NO-GC 
knockout mice,
demonstrating a functional role of the NO-GC/cGMP pathway and 
the feasibility of its pharmacological targeting to modulate platelet 
cytoskeleton biomechanics.
Funding: This project is funded by the Deutsche Forschungge-
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Introduction: Vascular smooth muscle cells (VSMCs) play a key role 
in atherosclerosis [1]. They may contribute to the formation of athero-
sclerotic plaques through migration, clonal expansion, and transdiffer-
entiation [1, 2]. The molecular mechanisms leading to the alteration of 
VSMC behavior in atherogenesis are not fully understood. It is known 
that activation of NO-sensitive guanylyl cyclase (NO-GC) in VSMCs 
leads to an intracellular increase in cyclic guanosine monophosphate 
(cGMP) and subsequent vascular relaxation [3]. Drugs modulating the 
NO-GC/cGMP pathway could influence the behavior and phenotype 
of VSMCs but have not been extensively studied in atherogenesis. We 
hypothesize that modulation of the NO/cGMP pathway alters transdif-
ferentiation of VSMCs in atherosclerosis.
Methods: cGMP signals were visualized in real-time in isolated pri-
mary VSMCs and aortic ex  vivo preparations from transgenic mice 
expressing the cGMP sensor cGi500 [4]. Effects of NO-GC modulating 
drugs on cGMP levels and on the growth of VSMCs were monitored in 

real-time. To determine NO-GC expression, immunofluorescence stain-
ing with a NO‑GC-specific antibody was performed on aortic sections 
of atherosclerotic mice. The smooth muscle origin of immunostained 
plaque cells was validated using sections from smooth muscle lineage 
tracing mice.
Results: In cultured primary VSMCs and in isolated aortic preparations 
measurements of cGMP showed a concentration-dependent increase 
in response to the NO donor DEA/NO as well as to NO-GC modulating 
drugs like NO-GC stimulators (Vericiguat, BAY NO-GC stimulator tool 
compound) or NO-GC activator (BAY NO-GC activator tool compound). 
The cGMP increases correlated with growth-promoting effects of the 
tested agents in primary VSMCs. The combination of NO-GC stimu-
lators with the NO donor potentiated the cGMP signals and VSMC 
growth in comparison to NO donor or drug alone. Potential target 
cells for NO-GC modulating drugs were determined via NO-GC immu-
nostaining. In atherosclerotic plaques NO-GC expression was detected 
in medial, fibrous cap and core region cells, which could be identified 
as SMCs or smooth muscle cell-derived cells.
Conclusions: Taken together, these results suggest that NO-GC 
modulating drugs enhance cGMP signaling and thereby promote 
the growth of VSMCs. Future in vivo studies are needed to investigate 
whether NO-GC modulators have pro- or anti-atherogenic effects.
Acknowledgements: We thank the Deutsche Forschungsgemein-
schaft for the financial support of the Research Training Group “cGMP: 
From Bedside to Bench” (grant number 335549539/GRK 2381), ERA-
CVD JTC2017-044 SCAN for funding and the BAYER AG, Pharmaceuti-
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Introduction: Whether NO can induce cGMP signals in cardiomyo-
cytes has been a matter of debate. In our hands, NO-induced cGMP 
signals are undetectable in isolated adult cardiac myocytes using a 
FRET-based cGMP indicator. In contrast, cardiac fibroblasts display 
substantial NO-induced cGMP increases. In a fibroblast/myocyte co-
culture model, we were able to demonstrate transfer of NO-induced 
cGMP from fibroblasts to cardiac myocytes via gap junctions.
Methods: Resident cardiac fibroblasts are characterised by expression 
of Tcf21. Cardiac Slices of mice expressing a FRET-based cGMP indica-
tor either specifically in Tcf21-positive fibroblasts or specifically in car-
diac myocytes were used to analyse cGMP signals in fibroblasts and 
cardiac myocytes, respectively.
Results: In cardiac slices of mice expressing a cGMP indicator specifi-
cally in fibroblasts, we demonstrate that resident fibroblasts in native 
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cardiac tissue indeed display cGMP signals brought about by stimula-
tion of NO-sensitive guanylyl cyclase. Furthermore, using mice with 
cardiac myocyte-specific expression of a FRET-based cGMP indicator, 
we demonstrate gap junction-mediated cGMP transfer from cardiac 
fibroblasts to myocytes in intact cardiac tissue. Because transferred 
NO-induced cGMP was mainly under control of PDE3, we specu-
lated about a cross talk between cGMP and cAMP via PDE3. Indeed, 
stimulation of NO-sensitive guanylyl cyclase enhanced Forskolin- and 
Isoproterenol-induced cAMP which was accompanied by enhanced 
phospholamban phosphorylation.
Conclusions: Thus, in native cardiac tissue, heterocellular coupling 
of fibroblasts and myocytes allows fibroblast-generated, NO-induced 
cGMP to enter cardiac myocytes. Here, the resulting reduction of 
PDE3-mediated cAMP degradation amplifies β receptor-induced cAMP 
and downstream events. Hence, enhancement of the β receptor-
induced contractile response appears as one of NO/cGMP’s functions 
in the non-failing heart.
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Introduction: The NO-sGC-cGMP axis regulates multiple functions in 
the cardiovascular system. Its dysfunction in humans contributes to 
the development of cardiorenal and cardiopulmonary disorders. For 
this reason, its pivotal component, sGC, is a prime therapeutic target 
for the development of novel sGC agonists.
Methods: New sGC stimulator molecules were designed by a rational 
design process involving analysis of the structural features of known 
sGC-stimulator scaffolds and their binding at the H-NOX of cyanobac-
terium Nostoc sp., synthesized and purified. BAY 41-2272, which exhib-
its the typical profile of a potent and selective sGC stimulator, was 
used as a reference tool, throughout these studies.
The ability to stimulate sGC and their mechanism of action were stud-
ied in vitro in A7r5 rat aortic smooth muscle cells by ELISA immunoas-
say (cGMP levels) and by Western blotting (detection of VASP protein 
phosphorylation at Ser239). Modulation of cell function was charac-
terized by assessing their effect on the proliferation of A7r5, using an 
MTT assay. Subsequently, the evaluation of selected compounds to 
mitigate the inflammatory effects of TNFα and IL-1β was tested in pri-
mary endothelial cells (HUVECs) by (a) the detection of ICAM-1 and 
P/E-Selectin surface adhesion molecules by ELISA and (b) by the meas-
urement of U-937 leukocyte adhesion.
Results: The novel molecules do not increase cGMP by themselves in 
A7r5 cells but are able to elicit cGMP increases comparable with those 
seen with the NO donor sodium nitroprusside (SNP) in HUVECs. In 
addition, they strongly synergize with SNP, inducing cGMP synthesis 
comparable to that observed by BAY 41-2272 in both cell types; these 
effects are inhibited by oxidation of the heme by ODQ, suggesting the 
typical mechanism of action of sGC “stimulators”. Moreover, these mol-
ecules are capable of inducing VASP phosphorylation at Ser239 in A7r5 
cells either alone or in synergy with SNP, indicating the engagement of 
the downstream cGMP-dependent protein kinase, PKG.
Furthermore, these compounds display functional responses char-
acteristic of similar sGC agonists: compound DPK-382 reduces the 
proliferation of A7r5 cells, whereas compound DPK-384 dampens 
the expression of ICAM-1 and P/E-Selectin on the surface of HUVECs 
as well as the adherence of U937 cells to their surface, in response to 
TNFα and IL-1β.
Conclusions: In summary, we describe the characterization novel 
1H-pyrazolo[3,4-c]pyridin-7(6H)-one derivatives as functional heme-
dependent, NO-independent and NO-synergizing sGC stimulators. 

These results pave the way for further investigation of their therapeu-
tic potential and optimization of this class of compounds.
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(Bayer AG, Wuppertal, Germany). We acknowledge support of this 
work by the project “INSPIRED-The National Research Infrastructures 
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get functional characterization” (MIS 5002550) which is implemented 
under the Action “Reinforcement of the Research and Innovation Infra-
structure”, funded by the Operational Programme “Competitiveness, 
Entrepreneurship and Innovation” (NSRF, 2014–2020) and co-financed 
by Greece and the European Union (European Regional Development 
Fund). We also acknowledge the Instrumental Analysis Laboratory of 
University of Patras for the use of AVANCE III, 600 MHz for the acquisi-
tion of the 19F 1D spectra.

P36  
Modulating enzymatic activity of the promiscuous nucleotidyl 
cyclase ExoY of Pseudomonas aeruginosa
Bastian Schirmer, Solveig Kälble, Jannik Boog, Roland Seifert
Hannover Medical School, Institute of Pharmacology, Hannover Lower 
Saxony, Germany
Correspondence: Bastian Schirmer (schirmer.bastian@mh‑hannover.de) 
J Transl Med 2022, 21(1):P36

Introduction: The effector protein Exotoxin Y (ExoY) of Pseudomonas 
aeruginosa is a promiscuous nucleotidyl cyclase activated by F-actin. 
Infected cells thus show significantly elevated concentrations of the 
3′,5′-cyclic nucleotides cAMP, cGMP, cCMP and cUMP. Currently, the 
role of cUMP and cCMP in P. aeruginosa infection remains unknown but 
there are first indications that the pyrimidine cyclic nucleotides serve 
distinct second messenger roles in the infected host and the bacteria 
themselves [1]. Although the structure of ExoY has been elucidated, 
detailed analyses of determinants of substrate selectivity are still miss-
ing [2].
Methods: Based on the X-ray structure and molecular dynamic simu-
lation, amino acids predicted to be crucial for base-specific enzyme 
catalysis were altered by site-directed mutagenesis and the result-
ing mutants were screened for altered substrate selectivity applying 
highly specific and sensitive HPLC–MS/MS-detection of cyclic nucleo-
tides. Furthermore, we screened for modulators of ExoY activity using 
a small molecule library including over 700 drugs that are already 
approved or have been tested in clinical trials. Selected hits of the 
screening were then subjected to computational docking analyses 
with AutoDock Vina software [3].
Results: All tested site-directed mutations led to an almost complete 
loss of function of ExoY as assessed by our enzymatic assay. Of the 
drugs tested, there were multiple modulators of ExoY activity. Some of 
these drugs were structurally similar and could be grouped according 
to this similarity. Interestingly, most of the tested substances increase 
the enzymatic activity of ExoY, although doing so without altering 
substrate selectivity. Molecular docking studies complemented these 
mechanistic studies by uncovering potential interaction sites on the 
enzyme, which can be investigated in future experiments.
Conclusions: Although we were not able to identify structural deter-
minants of substrate selectivity, we could show that alteration of 
amino acids predicted to contact the nucleobases led to a loss of func-
tion regarding all substrates. The small molecules we tested did not 
show to be tools for altering substrate selectivity, but for enhancing 
overall catalytic activity, which could add to the pharmacological tool-
box regarding ExoY research.
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Introduction: IRAG2 (synonym: Jaw1, LRMP) is a protein located in 
the endoplasmic reticulum and is associated with IP3R e.g. in exocrine 
acinar cells (Behrens et  al. 1994; Prüschenk et  al. 2021). IRAG2 is a 
homologue of IRAG1, a substrate protein of cGMP-dependent protein 
kinase I (PKGI) in platelets. Previously, it was reported that IRAG1 pre-
vents platelet function via NO/cGMP-signalling (Antl et al. 2007). Here, 
we studied whether IRAG2 is also located in platelets, might be a sub-
strate protein of PKGI and a modulator of platelet function.
Methods: Global Irag2 deficient mice (IRAG2-KO mice) were gener-
ated as described before (Chang et  al. 2021). Murine platelets were 
isolated as described previously (Antl et  al. 2007). Platelet aggrega-
tion was analyzed by optical aggregation analysis as described (Schin-
ner et  al. 2011). Co-immunoprecipitation with anti-IRAG2 antibody 
(Sigma‑Aldrich®) was studied as described (Prüschenk et  al. 2021). 
Proteins were analyzed by SDS-Page and Western Blot. Further pri-
mary antibodies for immunoblotting were: anti-IP3R1 (Novusbio), 
anti-IP3R2 (Santa Cruz), anti-IP3R3 (BD Transduction Laboratories™): 
anti-IRAG1 (in house production), anti-LRMP (IRAG2) (Sigma‑Aldrich®), 
anti-β-Galactosidase (Abcam), anti-PKGIβ (in house production), anti 
Phospho-(Ser/Thr) PKA substrate (Cell Signaling Technology). After 
secondary antibody treatment (anti‑mouse (Sigma‑Aldrich®), anti‑rab-
bit (Dianova GmbH) or anti-goat (Dianova GmbH, Hamburg, Germany) 
detection was carried out by ECL and ChemiDoc™ MP Imaging System 
(Bio‑Rad Laboratories).
Results: IRAG2 protein was detected by immunoblotting with IRAG2 
antibodies in wild type (WT) compared to IRAG2-KO-platelets. Co-
immunoprecipitation analysis revealed that IRAG2 interacts with 
IP3R1-3, but is not stably associated with PKGI or with IRAG1. Phospho-
rylation of IRAG2 in murine platelets was detected upon cGMP-stim-
ulation. Interestingly, platelet aggregation induced by thrombin or 
collagen was reduced in the absence of IRAG2. Pretreatment of WT or 
IRAG2-KO platelets with sodium nitroprusside (SNP) revealed a further 
reduction of platelet aggregation in the absence of IRAG2.
Conclusions: These results indicate that IRAG2 is a substrate of PKGI 
in murine platelets. Furthermore, IRAG2 might be involved in the 
induction of thrombin- or collagen-induced platelet aggregation and 
this effect is augmented by cGMP-dependent IRAG2 phosphoryla-
tion. Therefore, IRAG2 might exert an opposing function compared to 
IRAG1 in murine platelets.
Funding: The work was supported by the Bavarian state. Technical 
support by Astrid Seefeld and Simon Kerler is highly acknowledged.
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Introduction: The cardiac hormones natriuretic peptides (NPs) have 
a significant role in cardiac function, and are considered as poten-
tial candidates for heart failure treatment. NPs increase cGMP levels 
by activating the two NP receptors NPR-A (ANP and BNP) and NPR-B 
(CNP). Previously, our group has found that CNP causes a negative ino-
tropic response (NIR) through the activation of protein kinase G (PKG). 
The aim of our project is to study if effects of natriuretic peptides are 
regulated by cytohesins, a group of proteins we discovered to be asso-
ciated with NPRs.
Methods: The expression of cytohesins 1–4 was determined in rat 
and mouse ventricular cardiomyocytes by Western blotting and in rat 
left ventricle tissue by qPCR. Interaction of cytohesins 1–4 with NPR-A 
and NPR-B was assessed by co-immunoprecipitation in transfected 
HEK293 cells. Cyclic GMP levels were measured in rat ventricular cardi-
omyocytes in the presence of the cytohesin inhibitor SecinH3 using an 
ELISA cGMP assay. Functional responses to NP stimulation and cyto-
hesin inhibition were investigated as changes in contractility of the 
isolated rat left ventricular muscle strips.
Results: We found that cytohesins 1–4 were expressed in rat and 
mouse ventricular cardiomyocytes and tissue, and that cytohesin-2 
and -4 interacted with both NPR-A and NPR-B, with the strongest asso-
ciation found with cytohesin-4. SecinH3 increased NPR-A-mediated 
cGMP levels, but decreased NPR-B-mediated cGMP. In line with the 
decreased cGMP levels, SecinH3 reduced the CNP-induced NIR but 
enhanced its lusitropic effect.
Conclusions: Obtained results provide new evidence of the interac-
tion between NPs and cytohesins and support the hypothesis that 
cytohesins may act as regulators of the NP system in the heart.
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Introduction: Alzheimer’s Disease (AD), is believed to be a future 
epidemic in industrialized countries. Since no treatment options are 
available yet, AD will have an unsurpassed socio-economic impact 
on developed and developing countries, specifically in societies with 
an aging population. Therefore, novel therapeutic strategies beyond 
current concepts are in urgent need. Cyclic guanosine monophos-
phate (cGMP) is a second messenger, which is primarily produced in 
the brain upon stimulation of soluble guanylyl cyclase (sGC), regulates 
many physiological processes in the vasculature as well as in synap-
tic transmission and plasticity. A potential role of sGC-cGMP signaling 
in AD is further suggested by reduced levels of cGMP in CSF samples 
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from AD patients and an association of cGMP CSF levels and memory 
decline. Hence, cGMP may play a role in the pathogenesis of AD, and 
restoring cGMP levels may have a therapeutic potential in AD. In this 
study, we investigated whether stimulation of sGC improves out-
comes in an AD mouse model which expresses human APP and PSEN1 
transgenes with a total five AD-linked mutations (5xFAD).
Methods: 5xFAD mice were fed with sGC stimulator (Bay41-2272, 
45  ppm/kg p.o) or vehicle for up to one year. In addition, wild-type 
(WT) littermates were fed with normal pellets used as control mice. 
Memory function was assessed by the Barnes maze test periodi-
cally throughout the disease’s progress. At the end of the experiment 
plasma and brain were collected and drug levels, cGMP/pathway mol-
ecules, Aβ plaque load, neuronal survival, and microglia activation 
were assessed.
Results: Our results show that Bay41-2272 has a decent plasma half-
live and crosses the blood–brain barrier in sufficient amounts (cBrain/
cPlasma: 0.33) and 5xFAD mice show significantly decreased cerebral 
cGMP levels suggesting reduced sGC activity in our murine AD model. 
In addition to that, treatment increased mRNA levels of cGMP/path-
way molecules by 30% in comparison to vehicle. Bay41 significantly 
improved memory functions, decreased Aβ plaque load by 35%, and 
increased neuronal survival and as well as microglial activation by 22% 
and 23% respectively.
Conclusions: We show that sGC stimulation has beneficial effects on 
memory, plaque load, and neuronal survival in 5XFAD mice. Our results 
suggest that activation of microglia underpins how cGMP modulation 
promotes Aβ clearance and may thus represent a promising therapeu-
tic strategy for the treatment of Alzheimer’s disease.
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Introduction: Priapism is a urologic emergency and is an important 
clinical problem for patients with sickle cell disease (SCD). Priapism 
is defined as a prolonged and painful penile erection that can cause 
damage to penile tissue and progress to permanent erectile dysfunc-
tion. Clinical studies point to a strong and positive correlation between 
priapism and high levels of intravascular hemolysis in patients with 
SCD [1–2]. Intravascular hemolysis leads to the release of hemoglobin 
into the plasma that can consume nitric oxide and be oxidized. Dur-
ing these reactions, the heme group is released from hemoglobin and 
metabolized by heme oxygenase, generating carbon monoxide (CO). 
CO can promote smooth muscle relaxation via GCs-cGMP [3]. How-
ever, to date, no study has evaluated the role of heme group in the 
erectile function of mice. We hypothesized that CO production, as a 
byproduct of heme metabolism, may contribute to priapism through 
activation of the GCs-cGMP pathway in corpus cavernosum.
Methods: C57BL/6 mice (control) aging 3 to 4 month-old were used. 
Strips of CC were mounted in isolated organ baths, and the relaxing 
responses to acethylcholine (ACh; endothelium-dependent responses) 
and sodium nitroprusside (SNP; endothelium-independent responses), 
as well to electrical-field stimulation (EFS; nitrergic relaxations) were 
obtained in cavernosal strips precontracted with the α1-adrenergic 
receptor agonist phenylephrine (10  µM). Contracting responses to 
phenylephrine, KCl and EFS were also obtained in corpus cavernosum.
Results: Pre-incubation of corpus cavernosum with heme (100  µM) 
reduced (p < 0.05) the maximal response (Emax) induced by phenyle-
phrine and KCl (0.57 ± 0.11 and 0.37 ± 0.02  mN, respectively, n = 6) 
compared to the control group (0.9 ± 0.08 and 0.47 ± 0.04 mN, respec-
tively, n = 6), as well as by EFS. Pre-incubation of corpus cavernosum 
with heme (100 µM) increased (p < 0.05) the maximal response (Emax) 
induced by ACh and SNP (85 ± 5 and 105 ± 4%, respectively, n = 6) 
compared to the control group (66 ± 2 and 80 ± 4%, respectively, 

n = 6), as well as by EFS. Pre-incubation of corpus cavernosum with 
heme-oxygenase inhibitor (1 J, 100 µM) or GCs inhibitor (ODQ, 10 µM) 
inhibited (p < 0.05) the effects of heme (100  µM) on the contrac-
tile (phenylephrine, KCL and EFS) and relaxation (ACh, SNP and EFS) 
response, without changing in the control group.
Conclusions: The heme group reduced the smooth muscle contrac-
tion of the mice corpus cavernosum, as well as increased relaxation 
induced by the NO-cGMP pathway in erectile tissue. Therefore, it is 
likely that heme group may contribute to priapism in SCD.
Funding: This work was supported by São Paulo Research Foundation 
(Grant Number: 2017/08122-9).
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Introduction: Despite improvements through the development of 
targeted therapies and immune checkpoint blockade during the 
last decades, late-stage melanoma patients still suffer from high 
recurrence and suboptimal response rates. This urges the need for 
new therapeutic approaches. Several reports have linked the cGMP 
signaling pathway with melanoma. However, while some studies 
have indicated adverse effects of cGMP on melanoma [1, 2], others 
observed presumably beneficial effects of cGMP on tumor inflam-
mation [3] and perfusion [4]. We hypothesized that these discrepan-
cies of cGMP’s effects on melanoma development might by due to 
the involvement of different cell types that express different cGMP 
signaling pathways.
Methods: Here, we used an ex  vivo real-time cGMP imaging 
approach to assess spatiotemporal heterogeneities in cGMP gen-
eration in different cells of melanoma tumors. We assessed cGMP 
concentration changes induced by the guanylyl cyclase ligands NO, 
atrial natriuretic peptide (ANP) and C-type natriuretic peptide (CNP) 
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in tumors of transgenic mice expressing the cGMP sensor cGi500 in 
specific cell types [5]. Moreover, we combined a fluorescent reporter 
system with in situ immunofluorescence staining to analyze the cel-
lular identity of stromal cells and the expression of cGMP pathway 
proteins in melanoma tumors.
Results: We observed the presence of several distinct cGMP 
response patterns in melanoma tumors: (1) Melanoma cells gen-
erated cGMP in response to CNP. (2) Endothelial cells of tumor 
blood vessels generated cGMP in response to ANP. (3) Pericytes of 
tumor blood vessels generated cGMP in response to NO. These NO-
induced cGMP signals in the pericytes of tumor blood vessels were 
potentiated by the NO‑sensitive guanylyl cyclase (NO‑GC) stimula-
tor riociguat.
Conclusions: Taken together, we uncovered previously unknown 
cell type-specific cGMP signaling patterns in the stroma of mela-
noma tumors. These pathways can be utilized to increase cGMP in 
the tumor microenvironment without inducing cGMP’s deleterious 
effects in melanoma cells. Based on the previous work of Kashiwagi 
et al. [4] we suggest that increasing cGMP selectively in tumor peri-
cytes with NO‑GC stimulators might provide a strategy to normalize 
the defective tumor vasculature. Future studies will show whether 
NO‑GC modulators can be used as a co-therapy for anti-cancer 
treatments.
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Introduction: C-Type Natriuretic Peptide (CNP) participates in the 
paracrine communication of endothelial cells with neighbours like 
pericytes and perivascular mast cells (1, 2). Thereby CNP regulates 
microcirculatory flow and blood pressure and stabilizes the vascular 
barrier. In addition, its´ cyclic GMP-producing guanylyl cyclase-B (GC-
B) receptor is expressed in endothelial cells. To elucidate the role of 
endothelial CNP/cGMP signalling in vascular homeostasis, we studied 
mice with endothelial GC-B deletion (KO).
Methods: See below.
Results: Telemetric and tail cuff recordings revealed that female KO 
mice have increased systolic blood pressure. Doppler Ultrasound dem-
onstrated enhanced aortic pulse wave velocity, indicating stiffness. 
Indeed, stainings of aortic sections showed that the total, media and 
adventitial thickness and the number of elastin breaks were increased, 
whereas the collagen/elastin ratio was decreased in KO compared to 
controls. Concomitantly the levels of the endothelial adhesion pro-
teins E-Selectin and VCAM-1 were increased in the former. Notably, 
such genotype-dependent changes did not occur in male mice.
Aortic stiffness and hypertension are risk factors for atherosclerosis. 
To delineate a possible role of CNP, we studied its’ mRNA expression 
in aortic regions. CNP levels were greater in the root and arch as com-
pared to thoracic and abdominal segments. Feeding mice a western 
type diet (21% fat, 10  weeks) increased CNP expression in the aortic 
root. To dissect a possible protective endothelial role of CNP in athero-
sclerosis, we intercrossed the EC GC-B KO and control mice with low 
density lipoprotein receptor deficient (LDLR−/−) mice. Western diet 
provoked marked atherosclerosis, with accumulation of plaques in the 
aortic root and arch. Notably the plaque areas and heights in the aortic 
roots (aldehyde fuchsin stainings) were significantly increased in the 
double KO females. This was accompanied by enhanced macrophage 
infiltration (immunostainings with Mac-2) and a higher number and 
area of necrotic cores, indicating unstable plaques. Remarkably such 
genotype-dependent changes again were only observed in females.
Conclusions: Endothelial CNP/GC-B/cGMP signalling protects against 
aortic stiffness and atherosclerosis. Our own and published observa-
tions (3) indicate sex differences in vascular cGMP signalling, CNP 
outweighing in females and nitric oxide in males. Notably LCZ696, 
inhibiting neprilysin-mediated CNP degradation, reduced the risk of 
hospitalization more in women than in men with HFpEF (4). Our obser-
vations of increased protective effects of CNP in female mice provide 
possible mechanistic hints for this clinical finding.
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Introduction: Based on their studies with the mutant α1/β1Y112A, 
Rekowski et  al. suggested Y112 as important interaction site for 
cinaciguat-like activators with a long lipophilic tail [1]. In their EM and 
activity studies, Liu et al. also highlighted the importance of Y112 for 
the binding of cinaciguat [2]. Recently, we introduced the partial ago-
nist BAY‑543 and proposed that BAY‑543 with its rather short site chain 
might be unable to reach the activity enhancer Y112, contributing to 
its weaker activation [3]. To test our hypothesis, we performed activity 
measurements with the mutant α1/β1Y112A comparing the activators 
BAY60-2770 with a long lipophilic tail and BAY‑543 with a short lipo-
philic tail.
Methods: Enzyme overexpression in HEK 293 and Sf-9 cells. Purifica-
tion from Sf-9 cytosolic fraction. UV/VIS absorbance analyses. Activity 
measurements with [α-32P]-GTP.
Results: Activity measurements with purified α1/β1 and α1/β1Y112A 
revealed a decrease in the efficacy of BAY60-2770 in the mutant, 
whereas the efficacy of BAY‑543 was not affected by the mutation 
of Y112. Interestingly, in HEK 293 cells both BAY‑543 and BAY60-
2770 showed an increased efficacy in α1/β1Y112A compared to α1/
β1. The activity increase was more pronounced for BAY‑543, resulting 
in a higher Vmax of BAY‑543 than BAY60-2770 in the mutant. This is a 
reversion of the situation in wildtype, where the efficacy of the partial 
agonist BAY‑543 was lower than the efficacy of the full agonist BAY60-
2770.DEA/NO dose response curves and UV/VIS absorbance analy-
sis showed a lower heme content of α1/β1Y112A compared to α1/β1. 
Furthermore, comparison of dose response curves with BAY60-2770, 
BAY‑543 and DEA/NO in HEK 293 cells and purified protein indicated 
a higher sGC heme content in the HEK 293 cell system than in purified 
enzyme.
Conclusions: Activity measurements in purified enzyme supported 
our hypothesis of Y112 in the β1 H-NOX domain to enhance the acti-
vation by the full agonist BAY60-2770, but not by the partial agonist 
BAY‑543. Data from HEK 293 cells seemed to contradict these obser-
vations. However, we identified differences in heme content as con-
founding factor. The mutant α1/β1Y112A exhibited a lower heme 
level than α1/β1. As activators preferably activate heme free sGC, this 
explains the increased activator influence in α1/β1Y112A. This increase 
was not detected in purified protein. Again, differences in heme con-
tent serve as explanation: the heme content of α1/β1 overexpressed 
in HEK 293 cells appeared multifold higher than that of purified α1/β1. 
Accordingly, the heme loss introduced by the mutation of Y112 pre-
ponderates in the high heme content cell system HEK 293.
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Introduction: Cancer is the first or second leading cause of death 
before the age of 70 in many countries. In 2020, there were an esti-
mated 19.3 million new cancer cases and nearly 10.0 million cancer 
deaths worldwide. Female breast cancer has overtaken lung cancer as 
the most commonly diagnosed cancer, with an estimated 2.3 million 
new cases. Ovarian cancer is also a common cancer in women1. Previ-
ously, we demonstrated the apoptosis-inducing potential of cCMP and 
cUMP in S49 mouse lymphoma cells2 and in a human erythroleukemia 
cell line3.
Therefore, we analysed the anti-proliferative effect of the second mes-
sengers cGMP, cAMP, cCMP and cUMP in human breast and ovarian 
cancer cell lines.
Methods: We used the alamarBlue assay to analyse proliferation of 
the human estrogen receptor (ER) and progesterone receptor (PR)-
positive MCF-7, the ER- and PR-negative MDA-MB-231 breast cancer 
cell line and ovarian cancer cell lines PA-1, SK-OV-3 and SW626. Cells 
in a volume of 100 µl were plated in a 96-well plate in triplicates. After 
24 h, cells were treated with cNMP-AMs for 48 h, and alamarBlue (10 µl 
per well) was added 4 h before measurement. The second messenger 
functions of cNMPs were imitated by the membrane-permeable ace-
toxymethyl ester analogues, which release cNMP after intracellular 
hydrolysis. Expression of multidrug resistant proteins (MRPs) 4 and 5, 
some selected PDE isoforms were analysed by qRT-PCR analysis. The 
transporters were inhibited by probenecid and the PDEs by IBMX to 
alter anti-proliferative effects of cNMP-AMs.
Results: All cNMP-AMs showed a time- and concentration-dependent 
anti-proliferative effect in MCF-7 and MDA-MB-231 cells. Proliferation 
of PA-1 cells was reduced after treatment with all cNMP-AMs. cAMP-
AM inhibited proliferation of SK-OV-3 and SW626 cells were resistant 
(Figure  1). MRP4, MRP5 and the PDE isoforms (PDE3a, 3b, 5a, 7a and 
9a) are expressed at special levels in the different cell lines. Pre-incu-
bation with probenecid increased the activity of cUMP-AM in MCF-7 
cells and of cAMP-AM in MDA-MB-231 cells. It reduced proliferation of 
SW626 cells after cCMP-AM treatment and, surprisingly, increased pro-
liferation of SK-OV-3 cells. IBMX treatment showed only a small effect 
in breast cancer cells and no significant effect in ovarian cancer cell 
lines.
Conclusions: cNMP export is important in termination of cNMP activ-
ity only in specific cells. Expession of PDE isoforms may be crucial for 
the reaction after IBMX and cNMP treatment. Therefore, isoform-spe-
cific PDE inhibitors, also in combination with probenecid should be 
used in further experiments. In addition, comparative expression-stud-
ies could help to understand the different responses of cell lines to the 
treatment with cNMP-AMs.
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Introduction: First-generation sGC stimulators have shown significant 
clinical benefit in pulmonary arterial hypertension (riociguat), and 
chronic heart failure (vericiguat). However, given the very broad thera-
peutic opportunities for sGC stimulators, more tailored molecules for 
distinct indications with special pharmacokinetics, tissue distribution 
and physicochemical properties will be required in the future.
Methods: Here, we report the ultra-High-Throughput (uHTS)-
based discovery of a second-generation of sGC stimulators from the 
imidazo[1,2-a]pyridines lead series. The initial screening hit was inten-
sively optimized by a medicinal chemistry optimization program. The 
optimized sGC stimulator BAY-747 was broadly characterized in vitro, 
ex  vivo and in  vivo in pharmacological model systems relevant for 
vasodilatation and hypertension. In addition, the pharmacokinetic 
profile of BAY-747 was determined in different species.
Results: Through the broad, intensive and staggered optimization of 
the initial screening hit, potency, metabolic stability, permeation and 
solubility could substantially be improved and optimized in parallel. 
These efforts resulted, finally, in the discovery of the new sGC stimu-
lator BAY-747. With the differentiated and long-acting pharmacody-
namic effects, BAY-747 turned out to be optimal for indications and 
tailored uses where a very low peak/trough ratio is required. Thus, BAY-
747 could be an ideal treatment alternative for patients with hyperten-
sion, especially those not responding to standard therapy.
Conclusions: In summary, we discovered the novel imidazo[1,2-a]
pyridine BAY-747 as a potent, orally available sGC stimulator. Our ini-
tial uHTS screening hit served as the starting point for this research 
work. The intensive optimization of the initial screening hit led to the 
identification of BAY-747 with superior pharmacokinetic and pharma-
codynamic profiles. In addition, experiments in hypertensive animals 
suggest that BAY-747 might provide an effective therapy option for 
malignant and therapy resistant hypertension.
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