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Background and Purpose: Heart failure is associated with an impaired NO–soluble

guanylyl cyclase (sGC)–cGMP pathway and its augmentation is thought to be benefi-

cial for its therapy. We hypothesized that stimulation of sGC by the sGC stimulator

riociguat prevents pathological cardiac remodelling and heart failure in response to

chronic pressure overload.

Experimental Approach: Transverse aortic constriction or sham surgery was per-

formed in C57BL/6N mice. After 3 weeks of transverse aortic constriction when

heart failure was established, animals receive either riociguat or its vehicle for 5 addi-

tional weeks. Cardiac function was evaluated weekly by echocardiography. Eight

weeks after surgery, histological analyses were performed to evaluate remodelling

and the transcriptome of the left ventricles (LVs) was analysed by RNA sequencing.

Cell culture experiments were used for mechanistically studies.

Key Results: Transverse aortic constriction resulted in a continuous decrease of LV ejec-

tion fraction and an increase in LV mass until week 3. Five weeks of riociguat treatment

resulted in an improved LV ejection fraction and a decrease in the ratio of left ventricular

mass to total body weight (LVM/BW), myocardial fibrosis and myocyte cross-sectional

area. RNA sequencing revealed that riociguat reduced the expression of myocardial stress

and remodelling genes (e.g. Nppa, Nppb,Myh7 and collagen) and attenuated the activation

of biological pathways associated with cardiac hypertrophy and heart failure. Riociguat

reversed pathological stress response in cultivated myocytes and fibroblasts.

Conclusion and Implications: Stimulation of the sGC reverses transverse aortic

constriction-induced heart failure and remodelling, which is associated with improved

myocardial gene expression.

Abbreviations: DEGs, differentially expressed genes; HF, heart failure; LV, left ventricle; NCM, neonatal rat cardiomyocyte; Rio, riociguat; sGC, soluble guanylyl cyclase; Sol, solvent; TAC,

transverse aortic constriction.
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LINKED ARTICLES: This article is part of a themed issue on cGMP Signalling in Cell

Growth and Survival. To view the other articles in this section visit http://onlinelibrary.

wiley.com/doi/10.1111/bph.v179.11/issuetoc
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1 | INTRODUCTION

Heart failure (HF) is a pervasive cause of morbidity and mortality world-

wide and is the leading cause of hospitalization in Europe and the

United States (Ambrosy et al., 2014). The prevalence of heart failure is

increasing due to the aging population and the prolongation of life

expectancy (Ponikowski et al., 2016). In the last decades, heart failure

treatments have improved survival and have reduced hospitalization

rates, but outcome remains poor pointing towards the need of novel

treatments. The progression of heart failure is accompanied by numer-

ous structural and molecular changes in the myocardium such as

myocyte hypertrophy, interstitial and perivascular fibrosis, reorganiza-

tion of the cytoskeleton and activation of the fetal gene program (Barry,

Davidson, & Townsend, 2008). A better understanding of the molecular

pathways involved in heart failure is crucial to establish novel heart fail-

ure medications. Previously, the NO–soluble GC (sGC)–cGMP pathway

was shown to be impaired in heart failure and its restoration was

suggested as an attractive pharmacological target in heart failure

(Gheorghiade et al., 2013; Sandner, 2018). Specifically, NO is an impor-

tant regulator of vascular tone, capillary permeability and platelet adhe-

sion. It is generated by endothelial NOS (eNOS), which is activated by

hormonal and physical stimuli (Sandner, 2018). Once released, NO dif-

fuses into smooth muscle cells and stimulates the sGC that catalyses

the conversion of guanosine triphosphate (GTP) into cGMP. cGMP acts

as a second messenger to regulate numerous physiological actions, such

as smooth muscle relaxation via activation of PKG signalling. Heart fail-

ure is associated with endothelial dysfunction and reduced bioavailabil-

ity of NO with insufficient stimulation of sGC and reduced production

of cGMP (Gheorghiade et al., 2013; Ghofrani et al., 2017). The impair-

ment of the NO–sGC–cGMP pathway consequently results in vasocon-

striction, platelet aggregation, inflammation, fibrosis and, most

importantly, maladaptive cardiac hypertrophy (Ghofrani et al., 2017).

Accordingly, restoration of the NO–sGC–cGMP pathway is an attrac-

tive pharmacological target for heart failure therapy. Riociguat is an

NO-independent stimulator of the sGC that sensitizes the sGC to

endogenous NO and directly stimulates sGC to produce cGMP. We

hypothesized that riociguat reverses pathological effects that accom-

pany chronic pressure overload-induced cardiac hypertrophy, which

eventually leads to heart failure.

We tested the effects of the sGC stimulator riociguat on

myocardial contractile function, hypertrophy and remodelling in an

in vivo mouse model of chronic pressure overload caused by transverse

aortic constriction (TAC). To determine whether riociguat reverses the

molecular changes caused by TAC, the left ventricular (LV) gene expres-

sion profile of TAC-operated mice treated with and without riociguat

was analysed by RNA sequencing. Our data revealed that sGC stimula-

tion reverses the effect of TAC on cardiac hypertrophy, fibrosis and LV

function as well as on myocardial gene expression.

2 | METHODS

2.1 | Animals

All experiments were performed with 8-week-old male C57BL/6N

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

MGI:5651595). The mice were kept in a temperature-controlled

animal facility with a 12-h light/dark cycle and free access to food and

water. No more than five mice were housed in one cage. All

procedures were approved by the local animal committee (permit

number: LALLF 7221.3-1-00/16). Animal experiments were per-

formed in conformity with the Directive 2010/63/EU of the

European Parliament and of the Council of 22 September 2010 on

the protection of animals used for scientific purposes. Animal studies

What is already known

• Heart failure (HF) is associated with reduced bioavailabil-

ity of NO and insufficient stimulation of sGC.

• sGC stimulators are anti-inflammatory and anti-fibrotic

and may serve as novel heart failure therapies.

What this study adds

• Our experimental study shows that the sGC stimulator

riociguat improves myocardial function.

• sGC stimulation reverses remodelling in a mouse model

of pressure overload-induced HF.

What is the clinical significance

• sGC stimulation with vericiguat reduces cardiovascular

death and HF hospitalization in HFrEF patients (VICTO-

RIA trial).

• Our data show that the sGC stimulator riociguat

improves pressure overload-induced HF in mice.
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are reported in compliance with the ARRIVE guidelines (Percie du Sert

et al., 2020) and with the recommendations made by the British

Journal of Pharmacology (Lilley et al., 2020).

2.1.1 | Animal study design

Eight-week-old male C57BL/6N mice underwent either transverse

aortic constriction (TAC) or sham surgery. For surgery, mice were

initially anaesthetized with 3% isoflurane, intubated, ventilated (2%

isoflurane in air, 50 ml�min−1; rodent MiniVent, Harvard Apparatus,

Germany) and maintained under normothermic conditions with the

use of a heating pad. The thoracic cavity was opened by a median

sternotomy until the third rib and a blunted needle (26 G) was

placed on the aortic arch between the innominate artery and left

common carotid. A 7–0 suture was tied around the needle and the

aortic arch. Immediately afterwards, the needle was removed and

the thoracic cavity was closed. Similarly, the sham surgery was per-

formed except knotting the suture. Before and over a period of

3 days (every 12 h) after surgery, the animals were treated with

analgesic medication (buprenorphine 0.02 mg�kg−1 s.c.) and moni-

tored daily until the end of the study. All mice were subjected to

transthoracic echocardiography (Vevo® 2100, FUJIFILM

VisualSonics®, Inc.) to measure cardiac function before and weekly

after surgery until the end of the study (Figure 1a). Animals were

sedated using 3% isoflurane and maintained under normothermic

conditions with the use of a heating pad and low isoflurane

(�1.5%). M-mode tracings of the left ventricle (LV) were acquired

using the parasternal short-axis view, with the ultrasound beam

perpendicular to the LV at the midpapillary level. M-mode tracing

F IGURE 1 Riociguat reverses transverse aortic constriction (TAC)-induced heart failure. (a) Experimental design overview. (b) Representative
M-mode echocardiograms of short-axis views of hearts after 8 weeks of TAC treated with solvent (TAC + Sol, upper panel) and riociguat
(TAC + Rio, lower panel). (c) Echocardiographic analysis of solvent- and riociguat-treated TAC-operated mice and of solvent- and riociguat-treated

sham-operated mice. TAC surgery caused a reduction in left ventricular (LV) ejection fraction (LVEF) and LV fractional shortening (LVFS) and an
increase in LV mass to body weight ratio (LVM/BW), LV end-systolic volume (LVESV) and LV end-systolic internal dimension (LVIDs) compared to
sham-treated animals. Without affecting the heart rate, riociguat treatment attenuated these effects in TAC mice compared to solvent-treated
TAC animals. LV end-diastolic volume (LVEDV) and LV end-diastolic internal dimension (LVIDd) were not affected by riociguat. n = 6 per group.
All data are expressed as mean ± SD (TAC + Sol vs. Sham + Sol: *P < 0.05; TAC + Rio vs. TAC + Sol: #P < 0.05). (d) TAC led to an increased lung
weight after 8 weeks, which was significantly reduced when mice were treated with riociguat (*P < 0.05). n = 6 per group. All data are expressed
as mean ± SD
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(Vevo® LAB 3.0.0 software, Visual Sonics®) was used to determine

LV ejection fraction (LVEF), LV fractional shortening (LVFS), LV end-

diastolic volume (LVEDV), LV end-systolic volume (LVESV), LV inner

diameter in systole (LVIDs) and diastole (LVIDd), and LV mass

(LVM). Pulse wave Doppler was used to measure the peak aortic

velocity at the level of the banding. The aortic peak pressure gradi-

ent was calculated by using the peak aortic velocity according to

the following formula (Harris & Kuppurao, 2016),

4x Peak aortic velocity
1,000

� �2
. Only TAC mice were included that exhibited a

peak velocity ≥4,000 mm�s−1, in accordance with a pressure gradient

of ≥64 mmHg. The mean pressure gradient of all TAC mice, which

were included, was comparable between the groups (TAC + Rio

[mean ± SD]: 77.1 ± 3.5 mmHg vs. TAC + Sol 76.8 ± 5.5 mmHg,

P = 0.91; Figure S1).

To test the therapeutic potential of riociguat, we first induced

heart failure, cardiac hypertrophy and remodelling by 3 weeks of

chronic pressure overload. At day 21, mice were randomized to

riociguat or solvent/vehicle (Sol; Transcutol®/Cremaphor®/water:

10%/20%/70%) treatment, resulting in four treatment groups (n = 6

per group):- sham solvent (Sham + Sol), sham riociguat (Sham + Rio),

TAC solvent (TAC + Sol) and TAC riociguat (TAC + Rio). The dosage of

riociguat was set to 3 mg�kg−1, as used previously in other studies

(Dees et al., 2015; Geschka et al., 2011; Ott et al., 2012; Pichl

et al., 2019; Sharkovska et al., 2010). Riociguat (Adempas® purchased

from Bayer Healthcare, Germany) or Sol was administered daily by

oral gavage until the end of the study at day 56 (Figure 1a). After

8 weeks (day 56), the mice were killed, blood samples were taken and

the hearts were perfused with ice-cold PBS. The free wall of the LV

was snap-frozen and stored at −80�C until analysis and whole hearts

were fixed in 4% paraformaldehyde and paraffin embedded.

Echocardiographic acquisition (K.G.) and echocardiographic data

analysis (J.R.) were examined by an observer blinded to treatment.

2.1.2 | Mortality and randomization

Twenty-six mice underwent TAC surgery. Four mice died during sur-

gery resulting in 22 TAC mice included in the study. Until day 21, four

mice died, resulting in 18 mice that were 1:1 randomized to receive

either Rio or Sol. One mouse of the Rio group died after 5 weeks. At

the end, there were eight TAC mice in the Rio group and nine TAC

mice in the Sol group. One mouse in the Rio group and two mice in

the Sol group did not reach sufficient stenosis as indicated by a pres-

sure gradient below our cut-off of 64 mmHg. From seven mice in each

TAC group, six were randomly assigned for analysis. In the sham group,

18 mice were operated and no mouse died. From nine mice in each

sham group, six from each group were randomly assigned for analysis.

2.2 | Histological analysis

Three paraffin sections per heart (5 μm, six hearts per group) were sta-

ined with picrosirius red stain kit (Scy Tek Laboratories, Logan, Utah,

USA) according to the manufacturer's protocol to visualize collagen

fibres. Each heart section was captured entirely using single field

images, which were merged into a single macro image (BZ 9000

Microscope, Keyence, Germany). Percentage area of fibrosis was

analysed by an observer (K.G), blinded to treatment, using colour

determination software (BZ II Analyzer, Keyence, Germany).

To determine myocyte cross-sectional area, two cryosections per

heart (6 μm, six hearts per group) were prepared and fluorescence

staining using anti-dystrophin monoclonal antibody (clone D8043,

Sigma Aldrich; RRID:AB_259241) and secondary anti-mouse antibody

(Alexa 488, Invitrogen) was performed. Two images of each

section were analysed by an observer (K.G.) blinded to treatment,

tracing 80 cross-sectioned myocytes per heart (NIH ImageJ software,

RRID:SCR_003070, Rueden et al., 2017).

2.3 | RNA isolation and RNA sequencing

RNA was isolated from the free wall of the LV, using miRNeasy Mini

Kit (Qiagen) according to the manufacturer's protocol. Quality and

concentration of RNA were determined using Agilent Bioanalyzer

2100 with Agilent RNA 6000 Nano Kit according to the Eukaryote

Total RNA Nano Series II protocol.

For mRNA library preparation, 1 μg of total RNA per sample (n = 6

per group) was used. Library construction was performed as described

in the high-throughput protocol of the TruSeq stranded mRNA Sample

Prep Guide (Illumina®) in an automated manner using the Bravo Auto-

mated Liquid Handling Platform (Agilent). CDNA libraries were

assessed for quality and quantity with the Lab Chip GX (Perkin Elmer)

and the Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies).

RNA libraries were multiplexed and sequenced on seven lanes as

100-bp paired-end run on an Illumina HiSeq4000 platform. On aver-

age, we produced about 8 Gb of sequence per sample.

For bioinformatics data analysis, Trimmomatric (V 0.35) package

and FASTQC were used for data quality assessment. During the trim-

ming step, leading and trailing reads and PHRED score lower than

3 were removed by choosing parameters called LEADING:3 and

TRAILING:3 in the Trimmomatric package. TopHat was used for align-

ment against the mouse reference genome (10 mm). Differential

expression was computed with the DESeq2 package (RRID:

SCR_015687) and for annotation, we used the AnnotationDbi pack-

age, which are available in Bioconductor R (RRID:SCR_006442) pro-

gram. The Wald statistic (Chen et al., 2011) was used to perform

statistical analysis to observe whether the difference between two

conditions is significant. Benjamini–Hochberg correction was used to

compute adjusted P values. An adjusted P value (q value) of 0.05

implies that we are willing to accept that 5% of the tests found to be

statistically significant will be false positives. All RNA-Seq fastq data

are available at the Sequence Read Archive (BioSample accession

SAMN13337567). Further, we incorporated filtering steps in which

genes with no expression and less than three reads were removed.

Also, we removed genes with at least four biological replicates that

show expression with more than three reads.
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For validation of the RNA sequencing data and expression analysis

of neonatal myocytes, the expression of a subset of genes was analysed

using NanoString nCounter™ Analysis System (NanoString Technolo-

gies®, Seattle, USA; RRID:SCR_003407) according to the manufac-

turer's protocol (Supporting Information Material and Methods and

Figure S2). mRNA expression was normalized to a geometric mean of

five housekeeping genes (Rpl4, Polr2a, Rpl32, Hprt1 and Gapdh).

2.4 | Cell culture

Compositions of solutions and media are listed in the supporting informa-

tion. The neonatal cardiomyocytes (NCMs) and fibroblasts were isolated

from 1- to 3-day-old Wistar rats. Whole hearts were dissociated and

digested with collagenase–pancreatin suspension. The cells were

resuspended in neonatal cardiomyocytes culture medium (NCM-CM),

pre-plated on petri dishes and incubated for 1 h to separate the fibroblasts

from the NCM. NCMs were then cultured in NCM-CM on pre-coated

(0.1% gelatin) dishes. Fibroblasts were cultured in supplemented DMEM.

2.4.1 | Analysis of cardiomyocyte hypertrophy
in vitro

After 48 h of isolation, NCMs were treated in Panserin starvation

medium (PAN, Biotech), with either 10 nM of angiotensin II (Ang II),

100 nM of riociguat (Sigma-Aldrich) or the combination of both for

further 48 h (Dees et al., 2015; Reinke et al., 2015; Reiss et al., 2015).

After fixing with 2% paraformaldehyde, cells were stained with anti-

α-actinin (clone EA-53, 1:1,000; Sigma-Aldrich; RRID:AB_2221571)

and exposed to secondary antibody conjugated to Alexa Fluor

488 (1:200; Invitrogen, Karlsruhe, Germany; RRID:AB_2534069).

Nuclei were stained with DAPI (RRID:AB_2307445; 0.2 μg�ml−1, Roth,

Karlsruhe, Germany). Blinded to the observer (L.F.), five random

pictures per well (three wells per condition) were taken with the

Keyence BZ-9000 fluorescence microscope and analysed by BZ II

Analyzer Software. The total area was divided by the number of cells

to receive the mean size of the cells.

2.4.2 | Fibroblast proliferation assay

Fibroblasts were cultured in DMEM supplemented in 96-well plates

(2,500 cells per well) for 24 h and treated with 10-nM Ang II, 100-nM

riociguat (Sigma-Aldrich) or the combination of both for further 48 h.

Fibroblast proliferation was analysed by a CCK8 assay (Cell Counting

Kit-8, Sigma-Aldrich) according to the manufacturer's protocol.

2.5 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2018). In all analysis, the num-

ber of independent experiments was at least 6 (exact numbers are

provided in the figure legends), except in Figure 2b showing data from

experimental day 21, providing unpublished data of an earlier study

(Rüdebusch et al., 2017) and without exclusions for outlying data

points employed.

Transcripts were identified as differentially expressed in two

comparisons: (i) transcripts that are up-regulated or down-regulated by

20%, for a false discovery rate (FDR) of 5% or less (q < 0.05); (ii) for

Ingenuity® Pathway Z-Score Analysis (IPA®, QIAGEN Redwood City,

www.qiagen.com/ingenuity; RRID:SCR_008653), transcripts with an

up-regulation or down-regulation of at least 20% and FDR of 25% or

less were included. Canonical pathway expression analysis comprised all

differentially expressed genes (DEGs) with an FDR of less than 5%

(q < 0.05). All data are expressed as mean ± SD. For group comparisons

of echocardiographic parameters, fibrosis, myocyte cross-sectional area

and in vitro hypertrophy and proliferation, we employed a one-way

ANOVA with Newman–Keuls post hoc test. The post hoc tests were

conducted only if F in ANOVA achieved P < .05 and there was no signif-

icant variance inhomogeneity. For gene expression analysis in NCM, a

Student's t-test was used. The level of significance is provided in the fig-

ure legend. All analyses used GraphPad Prism (8.1.1; GraphPad Soft-

ware, RRID:SCR_002798, Inc., San Diego, CA). Where the data are

presented as bar charts, an examination of the individual data did not

reveal any unusual or interesting aspects of the data that are not made

obvious from the bar chart (George et al., 2017).

2.6 | Nomenclature of targets and ligands

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

corresponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY

http://www.guidetopharmacology.org and are permanently archived in

the Concise Guide to PHARMACOLOGY 20119/20 (Alexander

et al., 2019).

3 | RESULTS

3.1 | Riociguat improves cardiac function and
attenuates pathological cardiac remodelling and
hypertrophy

Three weeks of TAC resulted in a continuous decrease of LVEF (from

56.6 ± 2.2% to 32.0 ± 4.1%) and LVFS (from 29.3 ± 1.5% to

15.1 ± 2.2%). Riociguat treatment (TAC + Rio group) led to a signifi-

cant recovery of LVEF and LVFS, whereas the solvent-treated TAC

mice (TAC + Sol group) showed a further decline in both parameters

until week 8 (Figure 1c). The heart rate did not differ between all

experimental groups during follow-up. Concomitantly, LVESV

(82.0 ± 22.0 μl vs. 57.7 ± 16.9 μl) and LVIDs (4.2 ± 0.5 mm

vs. 3.7 ± 0.5 mm) were significantly reduced in riociguat-treated TAC

animals. LVEDV and LVIDs showed a trend towards a decrease, which

2434 RÜDEBUSCH ET AL.

info:x-wiley/rrid/RRID:SCR_003407
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2504
info:x-wiley/rrid/RRID:AB_2221571
info:x-wiley/rrid/RRID:AB_2534069
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5498
info:x-wiley/rrid/RRID:AB_2307445
https://www.qiagen.com/ingenuity
info:x-wiley/rrid/RRID:SCR_008653
info:x-wiley/rrid/RRID:SCR_002798
http://www.guidetopharmacology.org


did not reach statistical significance. The increase in the LVM to body

weight ratio (LVM/BW) after TAC was significantly attenuated by

riociguat treatment (Figure 1c). Furthermore, after 8 weeks of TAC,

the lung weight of TAC + Rio mice was significantly lower when com-

pared to the TAC + Sol group (Figure 1d).

LV pressure overload is associated with increased interstitial

fibrosis and accumulation of collagen (Fielitz et al., 2001, 2008). As

expected, picrosirius red staining showed a pronounced interstitial

fibrosis in the hearts of the TAC + Sol group, which was significantly

reduced in the TAC + Rio group (Figure 2a). In order to show that

pathological myocardial remodelling already occurred 3 weeks after

TAC and before commencement of the riociguat treatment (week 3),

we performed histological analyses on cross sections from hearts of

mice investigated in a previous study, in which we investigated

time-dependent effects of TAC on the myocardium (Rüdebusch

et al., 2017). We found a significant increase in interstitial fibrosis after

3 weeks of TAC. Five weeks of riociguat treatment of TAC mice

showed decreased fibrosis. Cardiomyocyte hypertrophy followed the

same route: 3 weeks of TAC caused an increase in myocyte

cross-sectional area, which further increased after 8 weeks of TAC.

Riociguat treatment prevented myocyte hypertrophy in response to

TAC (Figure 2b).

3.2 | Riociguat attenuates transverse aortic
constriction (TAC)-dependent changes in LV gene
expression

To understand the molecular basis of the beneficial effects of

riociguat, we performed next-generation sequencing on RNA

F IGURE 2 Riociguat reverses transverse aortic constriction (TAC)-induced myocyte hypertrophy and interstitial fibrosis. (a) Picrosirius red
staining of histological cross sections from hearts depicting interstitial fibrosis (red). Graph shows percentage of fibrotic area in hearts 3 weeks
after surgery (n = 4) and 8 weeks after surgery and drug treatment (n = 6 per group). Scale bar = 300 μm. (b) Dystrophin staining (green) of
histological cross sections from hearts depicting cardiomyocyte hypertrophy. Graph shows myocyte cross-sectional area 3 weeks after surgery
(n = 4) and 8 weeks after surgery and drug treatment (n = 6 per group). Scale bar = 100 μm. All data are shown as mean ± SD, *P < 0.05,
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isolated out of the LV free wall of all experimental groups (n = 6 per

condition) and quantified changes in myocardial gene expression. The

highest number of DEGs was found in the LV of TAC + Sol compared

to Sham + Sol mice. Specifically, the expression of 3,427 genes was

significantly changed due to LV pressure overload (Figure 3a), of

which 1,871 genes were up-regulated and 1,556 genes were down-

F IGURE 3 Riociguat reverses transverse aortic constriction (TAC)-induced expression of cardiac stress markers. (a) Venn diagram showing
the number of 1.2-fold up-regulated and down-regulated genes and their overlap in hearts of TAC- and sham-operated and solvent- and
riociguat-treated mice. The numbers of differentially expressed genes for each condition are shown. (b) Ingenuity® Pathway Analysis (IPA®)

based canonical pathway analysis of differentially expressed genes in each condition. A positive z score predicts activation (orange); a negative
score (purple) predicts inhibition of the pathway. (c) Gene expression of natriuretic peptide A (Nppa), natriuretic peptide B (Nppb), myosin heavy
chain 7 (Myh7) and collagens 1 and 3 (Col1a1, Col1a2 and Col3a1). Riociguat inhibited the expression of heart failure associated and remodelling
genes induced by TAC. n = 6 per group. Data are shown as mean ± SD. *P < 0.05
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regulated (Figure S3). In contrast, only 2,487 genes (1,001 up-

regulated and 1,486 down-regulated) were differentially regulated in

riociguat-treated TAC mice (Figure 3a). The comparison of TAC + Rio

versus TAC + Sol showed 54 DEGs (13 up-regulated and 41 down-

regulated) (Figures 3a and S3). To uncover the biological pathways

involved in the favourable effects of riociguat, we conducted an Inge-

nuity® Pathway Analysis (IPA) of the DEGs regarding their enrichment

and impact on the activation or inhibition of biological pathways

(Figure 3b). Pressure overload (TAC + Sol vs. Sham + Sol) was associ-

ated with the activation of pathways (positive IPA®-derived activity

z score), which are associated with tissue and cell structure such as

actin cytoskeleton signalling and integrin signalling, and cardiac stress

response such as cardiac hypertrophy signalling and renin-angiotensin

signalling. Riociguat treatment inhibited these pathways, resulting in

a negative z score (TAC + Rio vs. TAC + Sol). Interestingly, the TAC-

induced activation of further pathways was attenuated as well and

showed a lower z score when riociguat was administered (TAC + Rio

vs. Sham + Sol). In particular, expression of genes associated with

hypertrophy and heart failure such as natriuretic peptide A (Nppa),

natriuretic peptide B (Nppb), myosin heavy chain 7 (Myh7) and colla-

gens 1 and 3 (Colla1, Col1a2 and Col3a1) was increased in the

TAC + Sol group when compared to sham (Sham + Sol or Sham + Rio).

This up-regulation was significantly inhibited when TAC animals were

treated with riociguat (Figure 3c). Since we focused on the treatment

effects of riociguat at the experimental endpoint, we have not per-

formed analyses at the 21-day time point when heart failure was

detectable and riociguat treatment was started. However, in a former

study (Rüdebusch et al., 2017), we sequentially analysed the gene

expression after TAC by microarray (Supporting Information

Methods). Comparing analyses showed that many changes in gene

expression we saw after 56 days of TAC (TAC solvent group) were

also detectable after 21 days of TAC (our earlier study). This includes

the activation or inhibition of critical pathways as well as the gene

expression of heart failure marker genes (Figures S4 and S5). Although

these data were not obtained in the same experiment and used

different methods of gene expression analyses, they support our

F IGURE 4 Differentially expressed genes. (a) The heat map shows scaled expression values of the differentially expressed genes for
transverse aortic constriction (TAC) + Rio versus TAC + Sol in the individual samples. (b) Enrichment analysis (Ingenuity® Pathway Analysis) of
differentially expressed genes for TAC + Rio versus TAC + Sol. (c) Heat map of genes regulated in both TAC + Rio versus TAC + Sol and
TAC + Sol versus Sham + Sol condition
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observation that riociguat has beneficial effects on the heart failure-

associated gene expression signature.

To reveal the effect of sGC stimulation on gene expression

pattern in diseased hearts, we searched for genes in the individual

TAC samples and found 100 genes that were influenced by

riociguat (Figure 4a). Specifically, we observed an enrichment of

genes associated with oxidative phosphorylation, such as cyto-

chrome c oxidase subunit 5A (Cox5a), voltage-dependent anion

channel 3 (Vdac3) and various subunits of NADH–ubiquinone

oxidoreductase (Ndufa5, Ndufa 4 and Ndufa V2) (Figure 4b). Of

particular interest was the question whether riociguat had an

impact on the expression of those genes that exhibited a differen-

tial expression of at least 20% after TAC. We therefore compared

TAC + Sol versus Sham + Sol and TAC + Rio versus TAC + Sol

and found 43 genes (Figure 4b), regulated in both conditions. In

this subset, all genes showed a reverse regulation in the

TAC + Rio group, notably genes associated with actin cytoskeleton

signalling such as actinin α 1 and 4 (Actn1 and Actn4), myosin

heavy chain 9 (Myh 9) and talin1 (Tln1), which were down-

regulated in response to sGC stimulation (Figure 4c).

3.3 | Riociguat reduces fibroblast proliferation and
myocyte hypertrophy in vitro

To determine whether riociguat counteracts the effects of hyper-

trophic agents on a cellular level, we tested its effects on fibro-

blasts and myocytes in culture. Since IPA® analysis revealed an

F IGURE 5 Riociguat
prevents angiotensin II-induced
proliferation of fibroblasts and
cardiomyocyte hypertrophy
in vitro. (a) Riociguat (Rio)
attenuated angiotensin II (Ang II)-
induced proliferation of rat
ventricular fibroblasts. n = 8. (b)
Riociguat reduced Ang II-induced
hypertrophy in neonatal rat
cardiomyocytes (NCMs). n = 6. (c)
Riociguat inhibited Ang II-
induced expression of natriuretic
peptide A (Nppa), natriuretic

peptide B (Nppb), myosin heavy
chain 7 (Myh7) and TGF1 (Tgfb1)
in NCMs. Gene expression
analysis was performed by
NanoString Technologies®. n = 6.
All data are shown as mean ± SD.
*P < 0.05
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activation of the renin-angiotensin signalling by TAC, which was

inhibited by riociguat, we used Ang II for these experiments.

Proliferation of neonatal rat cardiac fibroblasts was increased after

treatment with Ang II (10 nM, 48 h) (Figure 5a). On the other

hand, riociguat (100 nM) treatment ameliorated the Ang II-induced

fibroblast proliferation, which was in accordance with its anti-

fibrotic effects seen in vivo. In addition, we examined whether

riociguat inhibits Ang II-induced cardiomyocyte hypertrophy

in vitro. As expected, Ang II (10 nM) treatment of NCM caused an

increase in cell size indicative for myocyte hypertrophy (Figure 5b).

Ang II-induced NCM hypertrophy was accompanied by a significant

increase of Nppa, Nppb, Myh7 and Tgfb1 expression (Figure 5c).

Riociguat (100 nM) inhibited Ang II-induced NCM hypertrophy

(Figure 5b) and Ang II-induced expression of Nppa, Myh7 and

Tgfb1, but not of Nppb (Figure 5c).

In addition, HL-1-cells (immortalized mouse atrial cardiomyocytes,

RRID:CVCL_0303) were tested to validate the anti-hypertrophic

effects. Here, like in NCM, riociguat attenuated the hypertrophic

response to Ang II stimulation (Figure S6).

4 | DISCUSSION

The NO–sGC–cGMP pathway presents a key regulator for cardiovas-

cular function and its impairment leads to vascular dysfunction and

pathological changes in the heart such as fibrosis and hypertrophy

(Sandner, 2018). This cascade is therefore of particular interest in the

treatment of heart failure (Gheorghiade et al., 2013). First randomized

controlled trials investigated the effects of sGC stimulators in patients

with heart failure with reduced ejection fraction (HRrEF) (Armstrong

et al., 2018; Bonderman et al., 2013; Gheorghiade et al., 2015; Pieske

et al., 2014). The Left Ventricular Systolic Dysfunction Associated

with Pulmonary Hypertension Riociguat Trial study showed that

riociguat improves cardiac index and quality of life in patients with

heart failure with reduced ejection fraction and secondary pulmonary

hypertension (Bonderman et al., 2013). Riociguat has a moderate half-

life in different species and this pharmacokinetic profile translated

into a three times daily dosing regimen in patients (Frey et al., 2018;

Sandner et al., 2018). As a result of an optimization approach to iden-

tify orally bioavailable sGC stimulators with a longer duration of action

than riociguat, vericiguat, a novel sGC stimulator with optimized phar-

macokinetic properties allowing once-daily dosing, was developed

(Sandner et al., 2018). The phase IIb study Soluble Guanylate Cyclase

Stimulator in Heart Failure with Reduced Ejection Fraction Study

(SOCRATES-REDUCED) investigated the effects of different doses of

the sGC stimulator vericiguat on N-terminal pro-B-type natriuretic

peptide (NT-proBNP) in patients with heart failure with reduced ejec-

tion fraction (Gheorghiade et al., 2015). Whereas in a pooled analysis

of the three highest doses of vericiguat, no significant change in

NT-proBNP levels was observed after 12 weeks of treatment, a

secondary analysis revealed a significant reduction of NT-proBNP

levels by the highest vericiguat dose (Gheorghiade et al., 2015). In

addition, exploratory analyses showed a numerical reduction in

cardiovascular death and heart failure hospitalization (Gheorghiade

et al., 2015). Based on these encouraging findings, the phase III

Vericiguat Global Study in Subjects with Heart Failure with Reduced

Ejection Fraction (VICTORIA) trial investigated the effects of veri-

ciguat on the primary outcome death from cardiovascular causes or

first hospitalization for heart failure hospitalization in heart failure

with reduced ejection fraction patients (Armstrong et al., 2018). In this

trial, the incidence of the primary outcome was significantly reduced

at a median of 10.8 months among those patients who received veri-

ciguat compared to those who received placebo (Armstrong

et al., 2020).

In our experimental study, we focused on the influence of sGC

stimulation on experimental heart failure and subsequently on the

changes in myocardial gene expression. We used the TAC model,

which ensured a permanent mechanical haemodynamic stress stimu-

lus to the heart eventually causing heart failure. Regarding the

riociguat treatment, we have chosen an experimental strategy that

parallels the clinical situation. Accordingly, we started the riociguat

treatment at a time point when LV function was already reduced and

pathological hypertrophy and interstitial fibrosis were established

(Rüdebusch et al., 2017). We found that riociguat prevented worsen-

ing of systolic LV function and reduced LV remodelling. During

riociguat treatment, the LVEF recovered and the ventricular enlarge-

ment in systole improved. A significant change of the diastolic vol-

ume could not be detected, which may be due to the short

observation period. LV pressure overload is associated with

increased collagen deposition, which leads to fibrosis and subse-

quently to increased wall stiffness and impairment of cardiac

function (Segura, Frazier, & Buja, 2014). Riociguat decreased TAC-

induced interstitial fibrosis and reduced collagen gene expression in

heart tissue in vivo and attenuated fibroblast proliferation in vitro.

These anti-fibrotic effects are in line with findings on sGC stimula-

tion in various models of hypertrophy and heart failure (Fraccarollo

et al., 2014; Geschka et al., 2011; Masuyama et al., 2009; Pradhan

et al., 2016; Sharkovska et al., 2010). Thus, in rat models of hyper-

tension and of chronic cardiac volume overload, riociguat increased

systolic heart function and survival and reduced hypertension and

cardiac fibrosis (Geschka et al., 2011; Sharkovska et al., 2010). Fur-

thermore, riociguat has been shown to attenuate LV remodelling

after myocardial infarction in mice (Methner et al., 2013), to improve

donor organ function in rat heart transplantation (Benke et al., 2020)

and showed positive effects on LVFS and interstitial fibrosis after

TAC (Pradhan et al., 2016). In addition to the former studies

(Pradhan et al., 2016), we showed that riociguat improved LVFS,

LVEF and LVESV and not only reduced fibrosis but also LV hypertro-

phy in response to TAC in vivo. Furthermore, it reduced car-

diomyocyte hypertrophy in response to Ang II in vitro. Similar effects

on cardiomyocytes were reported with other sGC activators and

were evident in the absence of confounding haemodynamic factors

(Irvine et al., 2012; Sandner, 2018). In our study, we found that the

beneficial effects of sGC stimulation were associated with favourable

changes in gene expression. In general, fewer genes were differen-

tially regulated in TAC hearts when the mice were treated with
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riociguat, which indicates that riociguat treatment resulted in

reduced cardiac stress response. This hypothesis is further supported

by our observation that riociguat attenuated activation of the fetal

gene program (Barry et al., 2008; Fraccarollo et al., 2014) in the LV

of TAC-operated mice and in Ang II-treated NCM. Furthermore, we

identified 43 genes that were differentially regulated by pressure

overload whose expression patterns were reversed by riociguat. In

particular, genes involved in cytoskeleton signalling and cell structure

showed a reverted regulation, suggesting a beneficial role of sGC

stimulation in restauration of LV function. Activation of additional

stress-activated pathways was reduced by sGC stimulation,

suggesting that riociguat inhibits heart failure-associated gene

expression and prevents pathological remodelling.

Targeting cGMP for treatment of heart failure is a major topic of

clinical research (Emdin et al., 2020). Experimental studies indicate

that cGMP and cGMP-dependent PK type I (cGKI/PKG) may amelio-

rate cardiac hypertrophy, fibrosis and heart failure (Hofmann, 2018).

Several studies showed cardioprotective effects of the modulation of

the NO–sGC–cGMP pathway, either by pharmacological modulators

of NO–GC (Kolijn et al., 2020; Methner, Buonincontri, et al., 2013;

Pradhan et al., 2016; Salloum et al., 2012) or inhibitors of cGMP

degrading PDEs (Blanton et al., 2012; Gong et al., 2014;

Hofmann, 2018; Methner et al., 2013; Nagayama et al., 2009). If these

effects arise from PKG activation or if other downstream effectors are

involved warrants further investigation (Bork, Molina, &

Nikolaev, 2019; Frankenreiter et al., 2017; Menges et al., 2019). In

this context, the role of cGKI in myocardial hypertrophy is under

debate. Interestingly, deletion of cGKIα in experimental animals did

not affect cardiac hypertrophy induced by isoprenaline or TAC

(Lukowski et al., 2010).

4.1 | Limitation

In order to detect cardiovascular side effects of riociguat, we mea-

sured heart rate (Figure 1c) and aortic peak pressure, which was calcu-

lated from pulse wave Doppler recorded peak aortic velocity (Harris &

Kuppurao, 2016). However, invasive haemodynamic monitoring was

not available to measure changes in BP in the animals. Nevertheless,

despite constant pressure overload by TAC and, consequently, con-

stantly increased LV afterload, one may argue that peripheral vascular

effects may have contributed in part to the beneficial effects of sGC

stimulation in our heart failure model. Interestingly, however, our

in vitro experiments with NCMs and fibroblasts indicate that sGC stim-

ulation directly counteracts myocyte hypertrophy and fibroblast pro-

liferation, independently of any haemodynamic changes.

In our experimental approach, we analysed the gene expression of

the whole LV, which includes various cell types. The differential effects

on a specific cell type were not investigated in vivo. Furthermore, it is

not possible to conclude which specific gene regulation in response to

sGC stimulation is causative for protection in heart failure. Relating

thereto, a complex interplay in the network of gene regulation takes

place and will need extension of in vitro and in vivo analyses.

5 | CONCLUSION

Our work shows that sGC stimulation with riociguat has beneficial

effects on pathological cardiac remodelling. Riociguat treatment

improved cardiac function, reversed hypertrophy, decreased fibrosis

and attenuated alterations of gene expression patterns in the LV of

mice during heart failure induced by chronic pressure overload.
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