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Background and Purpose: Development and progression of heart failure involve

endothelial and myocardial dysfunction as well as a dysregulation of the NO-sGC-

cGMP signalling pathway. Recently, we reported that the sGC stimulator riociguat has

beneficial effects on cardiac remodelling and progression of heart failure in response

to chronic pressure overload. Here, we examined if these beneficial effects of riociguat

were also reflected in alterations of the myocardial proteome and microRNA profiles.

Experimental Approach: Male C57BL/6N mice underwent transverse aortic constric-

tion (TAC) and sham-operated mice served as controls. TAC and sham animals were

randomised and treated with either riociguat or vehicle for 5 weeks, starting 3 weeks

after surgery, when cardiac hypertrophy was established. Afterwards, we performed

mass spectrometric proteome analyses and microRNA sequencing of proteins and

RNAs, respectively, isolated from left ventricles (LVs).

Key Results: TAC-induced changes of the LV proteome were significantly reduced by

treatment with riociguat. Bioinformatics analyses revealed that riociguat improved

TAC-induced cardiovascular disease-related pathways, metabolism and energy pro-

duction, for example, reversed alterations in the levels of myosin heavy chain 7, car-

diac phospholamban and ankyrin repeat domain-containing protein 1. Riociguat also

attenuated TAC-induced changes of microRNA levels in the LV.

Conclusion and Implications: The sGC stimulator riociguat exerted beneficial effects

on cardiac structure and function during pressure overload, which was accompanied

by a reversal of TAC-induced changes of the cardiac proteome and microRNA profile.

Our data support the potential of riociguat as a novel therapeutic agent for heart

failure.

List of abbreviations: CVD, cardiovascular disease; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; LV, left ventricle;

NO, nitric oxide; RIO, riociguat; sGC, soluble guanylyl cyclase; TAC, transverse aortic constriction; VEH, vehicle.
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1 | INTRODUCTION

Heart failure (HF) is associated with high morbidity and mortality

despite the use of pharmacological and instrumental interventions

(Linden et al., 2020). Whereas no evidence-based treatment is avail-

able to improve the prognosis of HF with preserved ejection fraction

(HFpEF), drug treatment reduces the morbidity and mortality in HF

with reduced ejection fraction (HFrEF) (Ponikowski et al., 2016).

Despite considerable advances in therapy, the prognosis of HFrEF is

still poor (Murphy et al., 2020). Regardless of the underlying cause of

HFrEF, there are structural, metabolic and molecular changes in the

left ventricular myocardial tissue. To counteract these pathological

changes and to improve the progression of HF, new therapies are

needed (Bernardo et al., 2010). Myocardial and endothelial dysfunc-

tions are involved in the development and progression of HF and

dysregulation of several signalling pathways, including the nitric

oxide (NO)–soluble guanylyl cyclase (sGC)–cyclic guanosine

monophosphate (cGMP) signalling pathway (NO-sGC-cGMP), con-

tributes to these processes (Stasch et al., 2011). NO is produced by

the endothelial NO synthase (eNOS) and acts as an important signal-

ling molecule: In vascular smooth muscle cells (SMC), NO activates

sGC that catalyses the synthesis of the second messenger cGMP

thus regulating various physiological processes and tissue-protective

effects, including smooth muscle relaxation, inhibition of inflamma-

tion, SMC proliferation and platelet activation (Mitrovic et al., 2011).

In HF, reactive oxygen species (ROS) and inflammatory mediators

reduce NO bioavailability (Umar & van der Laarse, 2010). Reduction

of NO bioavailability and an altered redox state of sGC, which makes

the enzyme insensitive to NO, lead to an impairment of the NO-

sGC-cGMP pathway. A reduced sGC activity causes cGMP defi-

ciency that is associated with cardiac hypertrophy, interstitial fibrosis,

vasoconstriction and platelet aggregation (Shah et al., 2018; Umar &

van der Laarse, 2010). A restoration of the NO-sGC-cGMP pathway

may therefore have cardioprotective effects in HF patients. Promis-

ing substances in this regard are NO-independent but haem-

dependent sGC stimulators (Mittendorf et al., 2009). Those com-

pounds directly stimulate sGC in the absence of NO and sensitise

sGC to low levels of NO (Stasch & Hobbs, 2009). Agonists of sGC

could have beneficial effects in HFrEF by smooth muscle relaxation

and vasodilation, thereby decreasing right and left ventricular after-

load (Stasch et al., 2011). Previous studies focused on the use of

sGC stimulators in preclinical models of cardiovascular disease (CVD)

and suggested that sGC stimulators might prevent cardiac dysfunc-

tion and HF independently of their haemodynamic effects

(Sandner, 2018). One of these drugs is riociguat (BAY 63-2521).

Recently, we reported that riociguat reduced left ventricular contrac-

tile failure, remodelling, hypertrophy, fibrosis and inhibited the

expression of myocardial stress and remodelling genes in a mouse

model of increased afterload caused by transverse aortic constriction

(TAC) (Rüdebusch et al., 2020). Here, we extend our previous study

and provide new insights into the effects of riociguat on the prote-

ome and microRNA transcriptome of the left ventricle (LV) of TAC-

induced HF.

2 | METHODS

A more detailed description of methods is available in the Supporting

Information.

2.1 | Ethical statement

All animal care and experimental procedures were in accordance with

Directive 2010/63/EU of the European Parliament and of the Council

of 22 September 2010 on the protection of animals used for scientific

What is already known

• Heart failure is associated with impaired NO-sGC-cGMP

signalling.

• sGC stimulators may serve as novel therapeutic agents in

heart failure.

What does this study add

• Riociguat improves cardiac structure and function in a

mouse model of heart failure.

• These improvements were accompanied by attenuated

TAC-induced changes of the cardiac proteome and

microRNA profile.

What is the clinical significance

• Our data provides new insights into molecular changes

induced by sGC stimulation in heart failure.

• Our findings support the potential of riociguat as a novel

therapeutic agent for heart failure.
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purposes and were approved by the local animal care committee

(Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei

Mecklenburg-Vorpommern; LALLF MV, 7221.3–1–006/16). Animal

studies are reported in accordance with the ARRIVE guidelines (Percie

du Sert et al., 2020) and the British Journal of Pharmacology recom-

mendations (Lilley et al., 2020).

2.2 | Study design, experimental set-up and
sample generation

All animal experiments were performed as previously described and

samples from the same animals were used for analyses of the present

study (Rüdebusch et al., 2020). In brief, 8-week-old male C57BL/6N

wild-type mice (Charles River Laboratories, Sulzfeld, Germany, RRID:

MGI:5651595) underwent either TAC or sham surgery. Initial anaes-

thesia was performed with 3% isoflurane, followed by intubation and

ventilation (2% isoflurane in air at 50 ml�min�1) for surgery. Animals

were treated with buprenorphine (s.c., 0.02 mg�kg�1 body weight) as

analgesic medication before and for 3 days (every 12 h) after surgery

with daily monitoring until the end of the study. At Day 21, mice were

randomly assigned to be treated with riociguat (Adempas®: BAY

63-2521; 3 mg�kg�1 body weight per day) or vehicle (VEH, Transcu-

tol®/Cremophor®/water: 10/20/70%), resulting in four treatment

groups (n = 5–6 per group): sham + vehicle (Sham/VEH),

sham + riociguat (Sham/RIO), TAC + vehicle (TAC/VEH) and

TAC + riociguat (TAC/RIO). Riociguat or vehicle were administered by

daily oral gavage for five more weeks. During all animal procedures

and throughout the entire animal protocol, we assessed the health

status of the animals. A predefined scoring system that was approved

by the animal welfare authorities and our local veterinarian was used

to achieve humane endpoints. The scoring system included (1) appear-

ance, (2) respiration, (3) weight loss, (4) spontaneous behaviour,

(5) provoked behaviour and (6) abdominal palpation. Each parameter

was monitored daily for the entire duration of the study and was

scored from 0 (normal) to 3 (strongly deteriorated). A humane end-

point was reached if either one criterion scored 3 or a sum score of

≥9 was reached and such animals were killed by cervical dislocation.

At the end of the experiment, at Day 56, mice were given an overdose

of thiopental (i.p., 300 mg�kg�1 body weight) followed by retrograde

perfusion through the abdominal aorta with ice-cold PBS and removal

of hearts. The LV free walls were dissected, snap-frozen and stored at

�80�C until further use.

2.3 | Sample preparation for proteomics and
microRNA sequencing

The snap-frozen LV tissue was coarsely grounded into powder and

equally divided into two parts, one for protein and one for

RNA/microRNA extraction. The tissue powder was further disrupted

using a Mikro-Dismembrator (Sartorius, Göttingen, Germany) at

2600 rpm for 2 min. For protein extraction, samples were dissolved in

8 M urea/2 M thiourea (UT). Lysates were three times sonicated on

ice for 5 s with nine cycles at 80% energy using a Sonopuls (Bandelin,

Berlin, Germany). After centrifugation at 16,000 � g for 1 h, the

protein-containing supernatants were stored at �80�C until further

use. Protein concentrations were determined using Bradford reagent

(Bio-Rad, Munich, Germany). For RNA and microRNA preparation,

samples were dissolved in QIAzol® (QIAGEN, Hilden, Germany). RNA

was isolated using miRNeasy Mini Kit (QIAGEN), and RNA quality and

concentration were assessed using Agilent RNA 6000 Nano Kit

according to the manufacturer's instructions. Samples were allocated

blindly and randomly selected for sample preparation and processing.

2.4 | Proteome analysis

2.4.1 | Sample preparation

Proteome analysis was performed on proteins isolated from LV of five

to six mice from each experimental group. Proteins were reduced with

dithiothreitol (2.5 mM, 60�C, 1 h) and alkylated with iodoacetamide

(10 mM, 37�C, 30 min). Then, LysC digestion (10 ng per 1 μg protein)

at 37�C for 3 h was followed by trypsin digestion (100 ng per 1 μg

protein) at 37�C for 16–18 h. Acetic acid was added to a final concen-

tration of 1%, to stop the digestion. The resulting peptides were

cleaned using reversed-phase material (μ-C18 ZipTips, Millipore,

Billerica, MA, USA) and subjected to liquid chromatography (LC)–

electrospray ionisation (ESI)–tandem mass spectrometry (MS/MS).

The experimenter was blinded to sample allocation, and MS/MS mea-

surements of randomly assigned samples were conducted.

2.4.2 | LC-ESI-MS/MS

Separation of peptides was performed on a nanoAquity UPLC system

(Waters Corporation, Manchester, UK) on C18 reversed-phase material

in a non-linear 88 min gradient of 5% to 60% ACN in 0.1% acetic acid

(flow: 400 nl�min�1). The detection of eluting peptides was carried out

with a LTQ-Orbitrap-Velos mass spectrometer (Thermo Fisher

Scientific, Bremen, Germany) in data-dependent mode (Rüdebusch

et al., 2017). The mass spectrometry proteomics data have been depos-

ited to the ProteomeXchange (RRID:SCR_004055) Consortium via the

PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset

identifier PXD024156.

2.4.3 | Database search, identification and
quantification

Peptides and proteins were identified via a MaxQuant search (version

1.5.3.8, RRID:SCR_014485) in a murine UniProt/Swiss-Prot database

(rel. 02/22/2017, RRID:SCR_002380). For protein identification and

label free quantification, razor and unique peptides were included

(peptides ≥1). For quantification and further downstream analyses the

normalised protein intensities (LFQ values) calculated by MaxLFQ, a

completely into MaxQuant integrated software algorithm, were

BENKNER ET AL. 4577
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extracted (Cox et al., 2014). LFQ values were imported into the

Genedata® Analyst™ software (version 10.0.3, Genedata®, Basel,

Switzerland, RRID:SCR_021326) and only proteins with at least 50%

valid values per group were considered for quantification. In order to

also obtain information about the non-quantifiable proteins (<50% valid

values), an absent/present search within Genedata® was performed.

2.4.4 | Functional classification

Functional classification of significantly altered proteins was per-

formed using Ingenuity Pathway Analysis (IPA®, RRID:SCR_008653).

To evaluate and identify the direction of affected biological processes,

downstream effects analyses (DEA) were conducted. The correlation

between relationship and direction was predicted based on IPA's z-

score algorithm. A downstream effect z-score ≥2 or ≤�2 was consid-

ered significant, indicating activation (z ≥ 2) and inhibition (z ≤ �2) of

biological function, respectively (Kramer et al., 2014).

2.4.5 | Western blot analysis

For immunoblotting and according to manufacturer's protocol, TGX

Stain-Free™ FastCast™ acrylamide gels (Bio-Rad, Hercules, CA, USA)

were used for in-gel protein labelling and later normalisation to total

protein (Gürtler et al., 2013). Primary antibodies recognising ankyrin

repeat domain-containing protein 1 (Abcam, Cat# ab64963, RRID:AB_

1140785), myosin heavy chain 7 (Abcam, Cat# ab172967, RRID:AB_

2892244), phospholamban (Abcam, Cat# ab2865, RRID:AB_2167905)

and phosphorylated phospholamban (Ser16) (Abcam, Cat# ab15000,

RRID:AB_301562) were used (for details, see Supporting Information).

2.5 | MicroRNA sequencing analysis

2.5.1 | Sample preparation and sequencing

One microgram of total RNA per sample (n = 6 per group) was used

for microRNA library construction using the TruSeq® small RNA

Library Preparation Kit (Illumina, San Diego, CA, USA) according to

the manufacturer's protocol. Libraries were sequenced as 100 bp

paired-end runs on one lane, respectively, on an Illumina HiSeq® 4000

platform. Samples were handled in a blinded fashion during library

preparation and sequencing process.

2.5.2 | Bioinformatics pipeline

For bioinformatics data analysis, software packages available on R-

CRAN (RRID:SCR_001905) or Bioconductor (RRID:SCR_006442)

were used. Furthermore, Trimmomatic package (version 0.35,

RRID:SCR_011848) and FASTQC (version 0.11.9, RRID:SCR_014583)

was used for data quality assessment. Next, miRDeep2 (version 0.1.2,

RRID:SCR_010829) was used for identification of known microRNAs

with the bowtie package (version 1.2.3, RRID:SCR_005476) for align-

ment with the miRBase database (version 22.1, RRID:SCR_003152)

(An et al., 2013). DESeq2 (version 1.32.0, RRID:SCR_015687) was fur-

ther taken to compute differential expression (Love et al., 2014). In

addition to known microRNAs, miRDeep2 also identifies novel and

unknown microRNAs with high estimates. Based on their scores, the

novel microRNAs were selected (Bonnet et al., 2004). All microRNA-

Seq fastq data are available at the Sequence Read Archive (RRID:

SCR_004891) (BioSample accession: SAMN17674846 and BioProject:

PRJNA697862).

2.5.3 | Functional classification

Analysis of microRNA-pathway association was performed using the

Pathway Dictionary Database (miRPathDB v2.0, RRID:SCR_017356)

and was based on the Mus musculus reference genome ver 2020-07-

15 (Kehl et al., 2020). To perform microRNA-to-pathway enrichment

analysis, GeneTrail2 (RRID:SCR_006250) library was used (Stöckel

et al., 2016). Pathways were taken from the Kyoto Encyclopaedia of

Genes and Genomes (KEGG, RRID:SCR_012773), and microRNA

annotations were considered from miRBase. Further, IPA®'s micro-

RNA target filter was used to identify putative microRNA target

genes. To reveal the effects of microRNAs on the proteome profile,

proteomic and microRNA datasets were integrated and analysed to

identify inverse expression patterns. Here, targets filtered for CVD-

related associations and heart tissue specificity were taken into

account in particular.

2.5.4 | Validation of key microRNAs by qPCR

Using the miRCURY LNA RT Kit (QIAGEN) microRNAs were reverse

transcribed from total RNA, followed by quantitative real-time PCR

(qPCR) using the miRCURY LNA SYBR® Green PCR Kit (QIAGEN) and

individual miRCURY LNA miRNA PCR Assays (QIAGEN) for a subset

of 22 key microRNAs according to manufacturer's protocol. Detailed

primer information regarding the miRNA PCR Assays can be found in

the Supporting Information. The expression of microRNA was normal-

ised to the geometric mean of three stably expressed microRNAs

(i.e., mmu-let-7a-5p, mmu-miR-16-5p, mmu-miR-191-5p) identified

from the microRNA-Seq data as suitable reference genes and follow-

ing the manufacturer's instructions from QIAGEN's miRCURY LNA

miRNA SYBR® Green PCR Handbook. All qPCR-related experiments

were performed by experimenters who were blinded to samples'

information. For relative quantification of expression levels the 2�ΔΔCt

method was used (Livak & Schmittgen, 2001).

2.6 | Data and statistical analysis

The data and statistical analysis comply with the recommendations on

experimental design and analysis in pharmacology (Curtis et al., 2018).

All statistical tests of LC-ESI-MS/MS data were carried out in

4578 BENKNER ET AL.
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Genedata® Analyst™ (version 10.0.3, Genedata®, Basel, Switzerland,

RRID:SCR_021326) with log10-transformed LFQ values. Differentially

abundant proteins were identified by comparing corresponding groups

(TAC/VEH vs. Sham/VEH, TAC/RIO vs. Sham/RIO, TAC/RIO vs. TAC/VEH and

Sham/RIO vs. Sham/VEH) using a Welch's t-test. Proteins identified with

at least two peptides and with P < 0.05 were considered as significantly

different between treatment groups. Significance of the enrichment of

proteins among functional categories was assessed via Fisher's exact

test. Western blot and qPCR results were tested with a Student's t-test

using GraphPad Prism (version 8.3.0, RRID:SCR_002798). All P values

less than 0.05 were considered statistically significant. For statistical

analysis of microRNA-Seq data, the Wald statistics, that is included in

the DESeq2 package, was used for identification of significant differ-

ences between two conditions (Chen et al., 2011). Benjamini–Hochberg

correction was used in order to compute adjusted P values (q values).

For each pair of microRNA and functional category, a hypergeometric

test was applied to test the significance of the determined microRNA-

to-pathway association. The selection of significant associations was

carried out at a significance level of FDR < 0.05. One-tailed Pearson

correlation analyses among variables of log2-transformed microRNA-

Seq counts and corresponding MS protein intensities of putative mRNA

targets were performed on single sample level for TAC/VEH and TAC/RIO

using GraphPad Prism (version 8.3.0, RRID:SCR_002798).

2.7 | Materials

Riociguat and buprenorphine were supplied by Bayer (Leverkusen,

Germany); isoflurane was supplied by CP-Pharma (Burgdorf, Germany)

and transcutol and cremophor by Sigma-Aldrich (St. Louis, MO, USA).

2.8 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY

(http://www.guidetopharmacology.org) and are permanently archived

in the Concise Guide to PHARMACOLOGY 2021/22 (Alexander,

Fabbro, Kelly, Mathie, Peters, Veale, Armstrong, Faccenda, Harding,

Pawson, Southan, Davies, Beuve, et al., 2021; Alexander, Fabbro,

Kelly, Mathie, Peters, Veale, Armstrong, Faccenda, Harding, Pawson,

Southan, Davies, Boison, et al., 2021).

3 | RESULTS

3.1 | Effects of riociguat treatment on the murine
left ventricular proteome after TAC

3.1.1 | Proteomic profiling of LVs across all
treatment groups

MS/MS identified 1415 proteins with at least one peptide, and 1127

proteins with two or more peptides were quantified (Figure 1a and

Table S1). Principal component analysis (PCA) clearly distinguished

sham and TAC mice from each other. The PCA plot also revealed a

separate distinct clustering of VEH- and riociguat-treated TAC, but

not for both groups of sham mice (Figure S1). To investigate how the

LV protein profiles changed after TAC and under riociguat treatment,

comparisons of TAC-induced alterations (TAC vs. Sham) with VEH or

riociguat were performed. Additionally, riociguat treatment effects

(riociguat vs. VEH) in TAC or sham animals were investigated. These

analyses revealed that TAC caused strong changes in protein pattern

(TAC/VEH vs. Sham/VEH: 271 proteins). The TAC-induced changes in

protein pattern were less pronounced after riociguat treatment

(TAC/RIO vs. Sham/RIO: 218 proteins). Interestingly, treatment with

riociguat influenced the abundance of only 61 proteins in TAC

animals (TAC/RIO vs. TAC/VEH) and only 28 proteins in sham animals

(Sham/RIO vs. Sham/VEH) (Figure 1b). For further analyses, only

significantly altered proteins, which were identified with at least two

peptides and with a 1.3-fold change (FC) in abundance, were

considered unless otherwise stated (Figure 1b, light grey bars). We

observed similar proportions of proteins with increased or decreased

abundances after TAC in VEH-treated (52 up-regulated, 64 down-

regulated) and riociguat-treated animals (33 up-regulated, 26 down-

regulated), but a smaller impact of TAC on LV protein levels in

riociguat-treated animals (Figure 1b,c). Proteins that showed signifi-

cant differences in quantity after TAC surgery are mostly localised in

the cytoplasm and mitochondria in both VEH- and riociguat-treated

animals (Figure 1c and Table S1).

3.1.2 | Functional classification of altered proteins

To investigate the biological pathways and functions affected, a classi-

fication of all significantly altered proteins using Ingenuity Pathway

Analysis (IPA®) was conducted. Pathways and processes particularly

effected by TAC either in combination with or without riociguat treat-

ment are shown in Figure 2. Proteins altered upon TAC were prefer-

entially assigned to pathways related to energy production and

metabolism (e.g., fatty acid β-oxidation and oxidative phosphorylation)

and mitochondrial dysfunction (Figure 2a). Further, DEA of all signifi-

cantly altered proteins revealed activation of biological processes such

as degeneration of cells, quantity of ROS, organ degeneration, disorder of

lipid metabolism and abnormal metabolism (Figure 2b). Moreover, by

assigning these differentially abundant proteins to CVD-related func-

tions, cardiac dilation, fibrosis, necrosis/cell death and damage appeared

as the strongest affected categories (Figures 2c and S2). Overall, we

observed that riociguat attenuated TAC-induced changes of the LV

proteome, as indicated by a reduced significance of pathway, process

and function enrichment together with fewer altered proteins in

riociguat-treated animals.

3.1.3 | Markers of cardiovascular diseases

The attenuation of TAC-induced changes in protein levels by riociguat

treatment became even more obvious when significantly different

BENKNER ET AL. 4579

 14765381, 2022, 18, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.15910 by U

niversitätsbibliothek G
reifsw

ald, W
iley O

nline L
ibrary on [26/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://scicrunch.org/resolver/RRID:SCR_021326
https://scicrunch.org/resolver/RRID:SCR_002798
https://scicrunch.org/resolver/RRID:SCR_002798
http://www.guidetopharmacology.org/


proteins between TAC/VEH versus Sham/VEH assigned to the IPA

category of CVD were considered (Figures 3 and S2). This protein set

comprised 27 proteins with higher and 19 proteins with lower

abundance. Among these proteins, myosin heavy chain 7 (MYH7,

TAC/VEH vs. Sham/VEH: FC = 19.81) and cardiac phospholamban

(PLN, TAC/VEH vs. Sham/VEH: FC = �4.37) showed the strongest

difference in abundance. TAC-induced CVD-related alterations in the

myocardial proteome (e.g., cardiac damage, dilation and fibrosis) were

attenuated and partially reversed by riociguat as well (Figures 3a and

S2). Likewise, TAC-induced changes of proteins involved in fatty acid

β-oxidation and oxidative phosphorylation were attenuated by riociguat

treatment (Figure 3b). Furthermore, an absent/present analysis via

Genedata® identified some proteins as selectively present or absent

in individual groups (Figure 3c and Table S1). Interestingly, ankyrin

repeat domain-containing protein 1 (ANKRD1) was only found in

TAC/VEH, but not in Sham/VEH, Sham/RIO or TAC/RIO mice. To verify

these findings, MYH7, PLN and ANKRD1 as representative HF

markers were investigated by Western blot (WB) analyses. MS/MS

intensities of MYH7 were significantly higher in TAC animals

compared to their sham controls and this increase was reduced by rio-

ciguat treatment (TAC/RIO compared to TAC/VEH; Figure 4a). This find-

ing was confirmed by WB analysis and showed a significant difference

between TAC/RIO and TAC/VEH on protein level (Figure 4b). Whereas

MS/MS detected ANKRD1 in each sample of the TAC/VEH group, it

was not detected in both sham groups and only in two samples of the

TAC/RIO group (Figure 3c and Table S1). Again, the data of the WB

analysis support the MS/MS results. Significantly increased ANKRD1

levels were observed after TAC, and this increase was significantly

reduced by riociguat treatment (TAC/RIO compared to TAC/VEH;

Figure 4c). For PLN, both MS/MS and WB analyses revealed a

decrease of protein levels in TAC/VEH, which was attenuated in TAC/

RIO (Figure 4a,b). Moreover, because phosphorylation of PLN inhibits

its activity on the sarcoplasmic/endoplasmic reticulum (SR/ER) Ca2+-

ATPase (SERCA2a), we also investigated its phosphorylation status

and found an increased PLN phosphorylation in TAC hearts. We

observed a significantly increased ratio of phosphorylated to total

PLN (p-PLN/PLN) in TAC/VEH compared to Sham/VEH indicative for

additional inhibition of PLN along with reduced abundances of PLN

F IGURE 1 Protein identification and alteration in protein levels across all treatment groups. Marked changes in protein abundance in samples
of left ventricles (LVs) were observed after transverse aortic constriction (TAC), but less when TAC animals were treated with riociguat (RIO).
Changes due to riociguat treatment were comparatively mild. (a) Euler diagram illustrates protein identification in total (dark grey: identifications

with at least one peptide) and the protein subset analysed for differential abundance in the four treatment groups (light grey: identification with
two or more peptides). (b) Number of identified proteins with significant changes in abundance across the four treatment groups (dark grey:
P < 0.05 with any fold-change, light grey: P < 0.05 and fold-change ≥ j1.3j). (c) Number of altered proteins with at least 1.3-fold change in
abundance and their subcellular location is shown. Negative signs indicate numbers of proteins with decreased abundances (proteins identified
with ≥2 peptides; n = 6, except Sham/VEH = 5).
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(Figure 4b,c). This p-PLN/PLN ratio tended to be reduced after rioci-

guat treatment in TAC/RIO, however not reaching significance

(Figure 4c).

3.2 | Influence of riociguat treatment on
microRNA levels and regulation after TAC

3.2.1 | Identification of differentially expressed
microRNAs

Overall, we identified 585 known microRNAs (Table S2). PCA analy-

sis distinguished groups of sham and TAC mice from each other.

However, the PCA plot revealed no distinct clustering between

VEH- and riociguat-treated groups within the TAC or sham mice

(Figure S3). The same group comparisons as for proteomic profiling

were set to investigate how the microRNA profiles of LV changed

after TAC and under riociguat treatment. A general overview of dif-

ferentially expressed microRNAs together with their chromosomal

localisation in the murine genome is shown in Figure 5. This analysis

indicated a higher microRNA expression in both untreated and trea-

ted TAC animals compared to their sham controls (Figure 5, inner

and middle ring). However, both expression profiles appeared very

heterogeneous and differed from each other. Nonetheless, the com-

parison of TAC/RIO vs. TAC/VEH already showed reversal of changes

in microRNA expression, as a result of riociguat treatment after

TAC (Figure 5, outer ring). Chromosomes 1, 2, 7, 11, 12 and X

seemed to be the hot spots of differential microRNA expression

(Figure 5). For further analyses, differentially expressed microRNAs

(q < 0.05) were considered. Here, substantial differences appeared

only when TAC/VEH versus Sham/VEH (43 microRNAs) and TAC/RIO

versus Sham/RIO (62 microRNAs) were compared, and similar pro-

portions of up-regulated and down-regulated microRNAs after TAC

in VEH-treated (29 up-regulated, 14 down-regulated) and riociguat-

treated animals (31 up-regulated, 31 down-regulated) were observed

(Figure S4 and Table S3). A subset of relevant altered key micro-

RNAs identified from microRNA-Seq data was validated with qPCR

(Figures S5-I and S5-II). In addition, we identified five novel and

unknown microRNAs with predicted localisation on chromosomes 1,

2 and 10 (Table S4).

3.2.2 | MicroRNAs-to-pathway analyses

We next performed microRNA-to-pathway association analyses for all

43 microRNAs displaying significantly altered levels after TAC

F IGURE 2 Functional classification of left ventricular proteins from TAC vs. sham hearts. Bar graphs represent the significance of over-
representation of the functional categories and the number of associated proteins between vehicle (VEH)- and riociguat (RIO)-treated animals.
Negative log10-transformed significance values assessed using Fisher's exact test are displayed. (a) Top canonical pathways of significantly altered

proteins (≥2 peptides and fold-change ≥ j1.3j) of TAC/VEH and TAC/RIO mice compared to their sham control group are shown. (b) Activation z-
score analysis of downstream affected biological processes was performed for all differentially abundant proteins (≥2 peptides, P < 0.05). z-score
values represent the predicted direction of regulation where a z-score ≥2 indicates significant activation of the biological function. (c) Top 5 CVD-
related functional categories of significantly altered proteins (≥2 peptides, P < 0.05 and fold-change ≥ j1.3j) are displayed.
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(Figure 6). Among CVD-related pathways, the most differentially

expressed microRNAs were enriched in adrenergic signalling in cardio-

myocytes, ErbB signalling and cholinergic synapse (Figure 6). The micro-

RNA associated with most pathways was ‘mmu-miR-486a-3p’, but it
was found to be down-regulated in both riociguat-treated and

untreated TAC mice compared to sham controls to almost the same

extent and therefore independent of riociguat treatment. With signifi-

cant up-regulation after TAC, ‘mmu-miR-214-3p’, ‘mmu-miR-27b-3p’
and ‘mmu-miR-34c-5p’ appeared on top of the pathway enrichment

lists, suggesting their involvement in regulation of many KEGG path-

ways. Up-regulation of these three microRNAs was attenuated after

riociguat treatment (Figure 6). A variety of microRNAs showed

reversed expression patterns related to riociguat treatment, particu-

larly for ‘mmu-miR-199a-5p’ and ‘mmu-miR-208b-3p’ in addition to

those already mentioned. Interestingly, for almost two thirds

(25 microRNAs) of the microRNAs that were differentially regulated

by TAC, riociguat attenuated this regulation (Table S3). Additionally,

some recently discovered microRNAs that were affected by TAC were

reversed by riociguat treatment (e.g., ‘mmu-miR-7688-5p’, ‘mmu-

miR-6944-3p’ and ‘mmu-miR-9769-3p’). Interestingly, ‘mmu-miR-

122-5p’, ‘mmu-miR-24-3p’, ‘mmu-miR-547-3p’ and ‘mmu-miR-

582-3p’ showed an increased expression after TAC, and this increase

was even higher in riociguat-treated TAC mice. On the other hand,

TAC decreased ‘mmu-miR-9-5p’ and ‘mmu-miR-30’ expression,

which was even more strongly down-regulated in riociguat-treated

TAC mice (Figure 6 and Table S3).

3.2.3 | MicroRNA target filter analyses

IPA's microRNA target filter revealed 25 significantly regulated micro-

RNAs in TAC/VEH versus Sham/VEH that showed an inverse expression

pairing with 55 putative, CVD-related and heart tissue-specific mRNA

targets based on the proteomics dataset (Table S5-I). The same

F IGURE 3 Heat maps of proteins
significantly altered in abundance after
TAC and in response to riociguat (RIO)
treatment. Attenuated or partly reversed
effects due to riociguat treatment were
observed in the protein pattern after TAC
surgery. (a) Proteins assigned to the IPA
category ‘cardiovascular diseases’.
(b) Proteins assigned to the IPA categories

‘fatty acid β-oxidation’ and ‘oxidative
phosphorylation’. (a,b) The first column
displays the log2 ratio of all proteins with
significant changes in abundance due to
TAC with FC ≥ j1.3j in vehicle (VEH)-
treated animals. Regarding the category-
associated proteins, the other columns
indicate the respective log2 ratio from
riociguat-treated TAC mice (TAC/RIO)
compared to riociguat-treated sham mice
(Sham/RIO) as well as VEH-treated TAC
mice (TAC/VEH). Red shading denotes an
increase and blue shading a decrease
within the respective comparison groups.
(*P < 0.05, significant difference between
TAC/RIO and TAC/VEH). (c) Proteins were
identified regarding their presence
(green = present; grey = absent) in
treatment and control samples with
Genedata's absent/present search.
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F IGURE 4 Western blot analysis and validation of representative markers of heart failure (HF) found in MS analyses. (a) Normalised and log2-
transformed intensities of MYH7 and PLN from MS; shown with mean ± SD; n = 6, except Sham/VEH = 5. *P < 0.05, significantly different as
indicated; Welch's t-test. (b) Corresponding Western blot signals and normalised intensities from Western blots of MYH7 and PLN with mean

± SD; n = 6, except Sham/VEH = 5. *P < 0.05, significantly different as indicated; Student's t-test. (c) Western blot signals and normalised
intensities from Western blots of ANKRD1 and p-PLN (p PLN/PLN ratio); shown with mean ± SD; n = 6, except Sham/VEH = 5. *P < 0.05,
significantly different as indicated; Student's t-test. (ANKRD1, ankyrin repeat domain-containing protein 1; LC, loading control from pooled Sham/

VEH samples; MYH7, myosin heavy chain 7; MW, molecular weight; PLN, phospholamban; p-PLN, phosphorylated phospholamban (Ser16); SD,
standard deviation).
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technique revealed 31 microRNAs with 53 targets in TAC/RIO, com-

pared to Sham/RIO mice (Table S5-II). Based on the mode of action of

microRNAs, we next investigated whether or not up-regulated micro-

RNAs were associated with a down-regulation of their targets result-

ing in reduced protein levels. We identified ‘mmu-miR-21a-5p’,
‘mmu-miR-27b-3p’, ‘mmu-miR-199a-5p’ and ‘mmu-miR-208b-3p’ to
be up-regulated after TAC, which were associated with reduced pro-

tein levels mainly related to energy production and metabolism

(Figure 7). The up-regulation of these microRNAs was attenuated by

riociguat treatment in TAC, which coincided with attenuated down-

regulation of the associated negatively correlated proteins (Figure 7

and Table S6). Correlation analyses revealed that the abundance of

almost all of these microRNAs was inversely correlated with the pro-

tein levels of their putative targets (Figures 8 and S6 and Table S7).

4 | DISCUSSION

A restoration of the impaired NO-sGC-cGMP pathway is a promising

new approach in the treatment of HF, as this signalling pathway con-

trols various physiological processes, such as cardiovascular homeo-

stasis, cellular growth and contractility (Gheorghiade et al., 2013).

Interestingly, a recently published clinical trial from Armstrong et al.

(2020) showed that the sGC stimulator vericiguat reduced the inci-

dence of the composite of death from cardiovascular causes or

hospitalisation for HF in patients with high-risk HFrEF. In experimen-

tal animals, a stimulation of the sGC has beneficial effects in HF by

preventing or even reversing the progression of hypertrophy and

fibrosis (Sandner, 2018). Few preclinical animal HF studies investigat-

ing the effects of riociguat on molecular changes and prolonged cardi-

oprotective effects have been published (Pradhan et al., 2016; Rai

et al., 2018). Recently, we showed that riociguat had beneficial effects

on pathological cardiac remodelling, as it improved cardiac function,

reversed hypertrophy, decreased fibrosis and attenuated alterations

of gene expression patterns in the LV of mice exposed to TAC-

induced HF (Rüdebusch et al., 2020). This is in line with our results

that are presented here showing that riociguat attenuated CVD-

related pathways, biological processes and functions affected by TAC

up to a certain reversion in protein and microRNA expression

patterns.

4.1 | Riociguat treatment attenuated and reversed
TAC-induced LV proteome alterations

Progression to HF is associated with a progressive decrease in mito-

chondrial respiratory pathway activity (Huss & Kelly, 2005). Our previ-

ous data and our current analysis showed that energy metabolism is

particularly affected by TAC (Rüdebusch et al., 2017). A large propor-

tion of mitochondrial proteins involved in both fatty acid β-oxidation

F IGURE 5 Circular heat map for
differential expression of microRNAs.
General overview of analysed microRNAs
and their chromosomal localisation in the
murine genome. From inner to outer, the
rings display log2 ratios of microRNAs in
three conditions: (1) TAC/VEH versus
Sham/VEH (inner), (2) TAC/RIO versus
Sham/RIO (middle) and (3) TAC/RIO versus

TAC/VEH (outer). Red shading denotes an
increase and blue shading a decrease
within the respective comparison groups.
Reversed microRNA expression due to
riociguat (RIO) treatment after TAC was
observed (outer ring), despite the
heterogeneous expression patterns after
TAC compared to sham in RIO-treated
(middle ring) and untreated animals (inner
ring). Chromosomes 1, 2, 7, 11, 12 and X
appear to be the hot spots of microRNA
expression (n = 6 per group).
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and oxidative phosphorylation displayed reduced levels after TAC sug-

gestive for an impaired energy supply in the LV. These results are sup-

ported by several reports from patients with HF and by data from

animal studies (Bertero & Maack, 2018). Riociguat treatment reduced

the total number of proteins displaying significantly altered levels. This

effect became obvious in particular for mitochondrial proteins, and

related metabolic pathways, functions and processes were less

affected in riociguat-treated TAC mice. The global protein alterations

together with functional enrichment and activation analyses results

disclosed the attenuation of TAC-induced pathological cardiac pro-

cesses and cardiac organ damage by riociguat administration, suggest-

ing a beneficial influence on cardiac metabolism under HF conditions.

Thus, our proteomic data further support the cardioprotective effects

of riociguat treatment in HF and are in line with findings on sGC stim-

ulation in various models of cardiac dysfunction and HF progression

(Sandner, 2018). The corresponding detailed patterns of related pro-

teins, such as the dysregulated HF markers MYH7, PLN and ANKRD1,

that showed attenuation by riociguat treatment, thereby underline

these findings. In small mammals, such as mice, the predominant car-

diac myosin isoform during development is MYH7 and is replaced by

MYH6 in the adult heart (Lompre et al., 1984). Cardiac myosin can

shift to its foetal isoform in response to cardiovascular stress. This

foetal gene switch, triggered by stress signalling, is relevant in disease

progression (Dirkx et al., 2013). A similar cardiac-specific stress

response protein and foetal gene program marker is ANKRD1, which

is highly expressed in the embryonic heart, but at lower levels in the

F IGURE 6 Heat maps showing the
microRNA-to-pathway associations. All
microRNAs with significant expression
differences (q < 0.05) after TAC are
shown together with their associations to
important CVD-related pathways from
miRPathDB v2.0. Functions are ordered
based on their enrichment among the
microRNAs (upper panel, bar chart),

microRNAs based on their enrichment
among functions respectively (right panel,
bar chart). The right panel also shows the
log2 ratios for the different comparison
conditions.
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adult heart. ANKRD1 acts as a transcriptional regulator, as

mechano-sensor and assures structural integrity of sarcomeres (Ling

et al., 2017). Like MYH7, ANKRD1 was decreased in riociguat-treated

TAC mice, suggesting a reversal of the foetal gene program, which

underlines the beneficial and cardioprotective effects of riociguat in

HF. PLN, that regulates cardiac contractility, was strongly reduced in

hearts of TAC mice. Dephosphorylated PLN inhibits SERCA2a,

whereas PLN phosphorylation reverses this inhibition (Kranias &

Hajjar, 2012). Pln knockout mice exhibit a significant increase in

myocardial contractility (Luo et al., 1994). The reduced PLN levels

after TAC may therefore reflect a compensatory effect. Interestingly,

we observed an enhanced phosphorylation of PLN (p-PLN/PLN)

in TAC mice implicating an additional inhibition of PLN and

de-repression of SERCA2a. Because increased PLN levels and reduced

p-PLN/PLN ratios accompanied the beneficial effects of riociguat

treatment in TAC mice, we hypothesise that after improvement of

cardiac function this compensatory mechanism is no longer required.

4.2 | MicroRNA expression changes are involved
in attenuating and reversing effects of riociguat
treatment after TAC

MicroRNAs are responsible for the regulation of target gene expres-

sion and play a pivotal role in CVD. They bind to mRNA, leading to

mRNA degradation or inhibition of translation (Wojciechowska

et al., 2017). Several studies investigated the relation between micro-

RNAs and their targets, using mRNA and microRNA expression data

(Matkovich & Dorn, 2015; Xue et al., 2018). However, mRNA levels

do not necessarily represent the exact protein levels, because transla-

tion is regulated in various different ways (Schwanhäusser

et al., 2011). Nevertheless, protein profiling data and data on micro-

RNA expression have rarely been combined, even though the alter-

ation of microRNA expression is related to changes in the abundance

of the translated protein of its target mRNA (Baek et al., 2008). Our

expression and pathway analyses support the hypothesis that the

identified microRNAs participate in CVD (Colpaert & Calore, 2019),

and we showed that riociguat attenuated or reversed TAC-induced

changes in the LV microRNA expression profiles.

Several microRNAs, such as miR-27b, miR-199a and miR-208b

are known to be up-regulated in CVD (Callis et al., 2009; Pinti

et al., 2017; van Rooij et al., 2009; Wang, Song, et al., 2012; Zhou

et al., 2017). Among others, these three microRNAs were shown to be

up-regulated after TAC and riociguat treatment had attenuated their

expression in TAC animals. Overexpression of miR-27b caused left

ventricular hypertrophy in mice in vivo, and its inhibition attenuated

cardiac hypertrophy and dysfunction in a TAC mouse model (Wang,

Song, et al., 2012). miR-199a is associated with the impairment of

mitochondrial fatty acid oxidation in TAC enabling a metabolic shift

away from the predominant reliance on fatty acids (Pinti et al., 2017).

This is in line with our proteomics data indicating an impaired β-oxida-

tion, further supporting the importance of microRNAs in CVD. Fur-

thermore, miR-208b and MYH7 showed the highest alteration in

abundance due to TAC. Interestingly, the TAC-mediated increase of

miR-208b and MYH7 was strongly attenuated by riociguat indicative

of mutual co-regulation of both. Importantly, miR-208b is encoded

F IGURE 7 Negatively correlated
microRNA–target interactions based on
proteomics data. After TAC, significantly
up-regulated microRNAs (q < 0.05) that
show attenuation in expression after
riociguat (RIO) treatment are displayed,
together with their putative mRNA
interaction partners from IPA's microRNA
target filter based on the proteomics

dataset. The assignment of CVD-related
and heart tissue-specific targets is shown
as negative correlation between up-
regulation in microRNA and down-
regulation in protein after TAC.
Attenuated microRNA expression due to
riociguat was reflected by attenuation of
changes on protein level.
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within the Myh7 gene and thereby parallels its host gene expression

(Callis et al., 2009). As part of the so-called MyomiR regulatory net-

work of microRNAs located within and coexpressed with their corre-

sponding myosin genes, Myh7/miR-208b are only expressed upon

stress and thus appear to adapt cardiac gene expression to physiologi-

cal and pathological signalling (van Rooij et al., 2009). Moreover, Zhou

et al. (2017) showed that the inhibition of miR-208b in a mouse model

of dilated cardiomyopathy prevented the transition of adaptive to

maladaptive cardiac remodelling and improved cardiac function. miR-

208b also targets the repressors of Myh7 thereby promoting the

expression of Myh7 itself and contributing to the continuance of the

foetal gene switch (van Rooij et al., 2009). Another link exists between

ANKRD1 and miR-199a, which targets the Ankrd1 transcript. As dis-

cussed before, the abundance of ANKRD1 was increased in TAC mice,

which is in contrast to the increased miR-199a expression. Thus, up-

regulation of miR-199a might be part of a compensatory response to

counteract ANKRD1 induction in hypertrophic hearts (Ling

et al., 2017).

PLN seems to have an unusual microRNA antagonist. miR-21a

was highly up-regulated in TAC/VEH, but not in TAC/RIO hearts. Of

note, miR-21a contributes to the inhibition of PLN via an off-target

effect. Soller et al. (2016) showed that miR-21 (previous ID of miR-

21a) inhibits PLN by directly binding to it. For some of the identified

microRNAs with the strongest changes in expression like ‘mmu-miR-

7688-5p’, ‘mmu-miR-6944-3p’ and ‘mmu-miR-9769-3p’ almost

nothing is known. These microRNAs have only very recently been dis-

covered (Ambros et al., 2003). Due to their strong alteration by TAC

and their attenuation by riociguat treatment, they seem to be impor-

tant for CVD. However, further analyses are needed to support this

idea. Riociguat treatment also intensified expression of specific

F IGURE 8 Correlation analyses between microRNA and protein levels from IPA's predicted microRNA–target interactions based on
proteomics data. Pearson correlations between log2-transformed values of microRNA-Seq counts and protein intensities from MS are presented
as scatter plots for single samples of TAC/VEH together with TAC/RIO. The line drawn in every graph is for visualisation of direction. The displayed
levels of microRNAs in TAC/VEH and TAC/RIO were all inversely correlated with the protein intensities of their putative mRNA targets. (a) miR-
21a-5p. (b) miR-27b-3p. (c) miR-199a-5p. (d) miR-208b-3p. Detailed information on correlation and significance for the individual groups are
provided in Figure S6 and Table S7 (ACAT1, acetyl-CoA acetyltransferase; COQ9, ubiquinone biosynthesis protein COQ9; DLD, dihydrolipoyl
dehydrogenase; HSD17B4, peroxisomal multifunctional enzyme type 2; NDUFS4, NADH dehydrogenase [ubiquinone] iron–sulphur protein 4;
PHB, prohibitin; SRL, sarcalumenin; SUCLG1, succinyl-CoA ligase [ADP/GDP-forming] subunit alpha).
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microRNAs, such as miR-24 and miR-122, after TAC. These micro-

RNAs have shown anti-fibrotic properties in different rodent models,

suggesting an effect of riociguat on microRNA-related fibrotic remo-

delling (Sun et al., 2018; Wang, Huang, et al., 2012). In addition, these

FibromiRs in general hold promise for the development of anti-fibrotic

drugs (Pottier et al., 2014).

4.3 | Comparison of therapeutic effects of
riociguat with other cGMP augmenting therapies

In cardiovascular tissue, two enzymes are important for generating

cGMP: the membrane-bound guanylyl cyclase, which is activated by

natriuretic peptides (NP), and the sGC activated by NO (Richards

et al., 2021). As a therapeutic target, cGMP received much attention

in both basic and clinical research on HF treatment, as it transmits

NO- and NP-coupled signalling and has cardioprotective effects

(Blanton, 2020; Friebe et al., 2020). An increase in cGMP can be

achieved by enhanced cGMP synthesis or inhibition of its degradation

by phosphodiesterases (PDEs). However, an increase in cGMP levels

may be counteracted by an increased PDE activity (Lee et al., 2015).

Recently, we showed that direct sGC stimulation by riociguat treat-

ment that increases cGMP synthesis had beneficial effects in a HF

mouse model (Rüdebusch et al., 2020). In addition, several cGMP-

elevating therapies have proven their cardioprotective potential, as

discussed in our previous study (Rüdebusch et al., 2020). For example,

anti-fibrotic and anti-hypertrophic effects prevent cardiac remodelling

with deactivation or even reversal of multiple hypertrophy and fibro-

sis signalling pathways. This was accompanied by an improved cardiac

function and demonstrated in various models of hypertrophy and HF

in vivo and in vitro (Burke et al., 2019; Lee et al., 2015; Richards

et al., 2021; Zhang et al., 2010). Similar effects were also reported for

sGC activators. Several studies have shown that modulating the NO-

sGC-cGMP pathway has cardioprotective effects, either by pharmaco-

logical NO-GC modulators or by inhibitors of cGMP degrading PDEs

(Blanton, 2020). Recently, Mishra et al. showed that cGMP-selective

PDE 9A inhibition (PDE9-I) stimulates mitochondrial activity and

improves cardiometabolic syndrome in a mouse model of diet-induced

obesity after mild TAC in vivo. Such inhibition of PDE 9A reduced

hypertrophy, fibrosis and corresponding molecular signalling. Further,

this work also showed that inhibition of PDE 9A increased mitochon-

drial respiration and fatty acid oxidation also in cardiomyocytes

in vitro (Mishra et al., 2021). These findings are in line with our results

of improved metabolism and energy production after riociguat treat-

ment in TAC, which further supports the evidence of beneficial effects

from different strategies of cGMP augmentation in different settings

of CVD. In this context, CRD-733, acting as a novel inhibitor of the

cGMP-degrading PDE9, also reversed LV hypertrophy, attenuated

gene expression of HF markers and improved LV function in a mouse

model of pressure overload-induced HF (Richards et al., 2021). To the

best of our knowledge, there is no comparable study that has con-

ducted detailed global proteome or microRNA analyses in the way we

did. Current clinical and experimental data provide evidence that

cGMP-generating compounds have beneficial effects in HF and our

present work thus clearly expands the existing knowledge on cGMP-

enhancing therapies.

The beneficial effects of sGC stimulators, such as riociguat and

also other cGMP augmenting therapies in CVD may be mediated by an

activation of protein kinase G1 (PKG1) (Adler et al., 2020;

Blanton, 2020). Both cGMP and its main effector kinase PKG1 gener-

ally counteract molecular aberrations that contribute to HF

(Blanton, 2020). cGMP-PKG1 signalling is involved in the Ca2+ han-

dling in cardiomyocytes and regulates the influx of Ca2+ by interfering

with sarcomeric proteins and proteins located at the SR, such as by

phosphorylation of PLN at the serine residue at position 16 (Ser16)

(Adler et al., 2020). In line with these findings, we also observed an

increased Ser16 phosphorylation of PLN after riociguat treatment in

TAC, even though the p-PLN/PLN ratio seemed to be slightly

reversed, compared to untreated TAC mice. However, we did not

observe an increased PLN phosphorylation in Sham/RIO animals, sug-

gesting that compensatory mechanisms counteract elevations in

cGMP in healthy animals. Interestingly, the protein levels of total PLN

were significantly decreased in mice with cardiomyocyte-restricted

deletion of Prkg1 (encoding PKG1) in response to TAC, when com-

pared to wild-type littermate controls (Frantz et al., 2013). In addition,

the PDE5 inhibitor sildenafil improved the cGMP-PKG1 activity, which

was accompanied by an increased PLN gene expression and protein

abundance, improved calcium handling and attenuated molecular

remodelling in TAC-induced HF in mice (Nagayama et al., 2009). This

suggests that both the increased PLN phosphorylation and the

increased levels of total PLN after riociguat treatment in TAC mice are

PKG1-dependent. However, a recent in vivo study with genetically

modified mice with constitutive, cGMP-independent PKG1 activation

showed that long-term activation of PKG1 could even be detrimental

to the heart, especially after pressure overload or neurohumoral stress

(Schwaerzer et al., 2021). As clinical trials of cGMP-elevating agents

have yielded mixed results, this may explain some of the controversial

data (Blanton, 2020; Schwaerzer et al., 2021). Although the discussed

presumptions suggest a PKG1 dependency, PKG1-independent effects

may need to be considered, as well, and require further investigation.

Based on the marked effects of riociguat on cardiac structure and

function in our HF mouse model, we expected many and very marked

molecular differences between TAC animals treated with riociguat,

compared to those treated with VEH. However, the molecular alter-

ations detected were rather moderate. Nevertheless, riociguat treat-

ment did attenuate TAC-induced alterations of LV protein and

microRNA patterns and associated functional perturbations during

chronic pressure overload-induced HF. Our work shows that the sGC

stimulator riociguat has beneficial effects on pathological cardiac

remodelling. The results also imply that relatively small corrections in

the LV proteome and microRNAs by riociguat can have major conse-

quences for cardiac function in TAC-induced HF.
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