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Abstract
Heart failure (HF) has been declared as global pandemic and current therapies are still ineffective, especially in patients that 
develop concurrent cardio-renal syndrome. Considerable attention has been focused on the nitric oxide (NO)/soluble guanylyl 
cyclase (sGC)/cyclic guanosine monophosphate (cGMP) pathway. In the current study, we aimed to investigate the effective-
ness of sGC stimulator (BAY41-8543) with the same mode of action as vericiguat, for the treatment of heart failure (HF) 
with cardio-renal syndrome. As a model, we chose heterozygous Ren-2 transgenic rats (TGR), with high-output heart failure, 
induced by aorto-caval fistula (ACF). The rats were subjected into three experimental protocols to evaluate short-term effects 
of the treatment, impact on blood pressure, and finally the long-term survival lasting 210 days. As control groups, we used 
hypertensive sham TGR and normotensive sham HanSD rats. We have shown that the sGC stimulator effectively increased 
the survival of rats with HF in comparison to untreated animals. After 60 days of sGC stimulator treatment, the survival was 
still 50% compared to 8% in the untreated rats. One-week treatment with sGC stimulator increased the excretion of cGMP 
in ACF TGR (109 ± 28 nnmol/12 h), but the ACE inhibitor decreased it (-63 ± 21 nnmol/12 h). Moreover, sGC stimulator 
caused a decrease in SBP, but this effect was only temporary (day 0: 117 ± 3; day 2: 108 ± 1; day 14: 124 ± 2 mmHg). These 
results support the concept that sGC stimulators might represent a valuable class of drugs to battle heart failure especially 
with cardio-renal syndrome, but further studies are necessary.
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Introduction

Heart failure (HF) represents a major health and socioeco-
nomic burden with considerable morbidity and mortality. It 
is estimated that it affects around 23 million people globally 

(Murphy et al. 2020). HF can be categorised into three main 
groups based on the ejection fraction (EF), i.e., heart failure 
with reduced EF (HFrEF), heart failure with mid-range or 
mildly reduced EF (HFmrEF), and heart failure with pre-
served ejection fraction (HFpEF) (Simmonds et al. 2020). 
Over the recent decades a significant improvement has 
been made in the management and treatment of HF. Cur-
rent guideline-directed medical therapy (GDMT) includes 
combination of β-blockers, angiotensin-converting enzyme 
inhibitors (ACEi), angiotensin receptor–neprilysin inhibitors 
(ARNI), angiotensin receptor blocker (ARB) with an addi-
tion of a mineralocorticoid receptor antagonists, diuretics 
and more recently sodium-glucose cotransporter 2 (SGLT2) 
inhibitors (McDonagh et al. 2021; Heidenreich et al. 2022). 
The prognosis and life expectancy is especially dreadful for 
patients that develop concurrent impairment of renal hemo-
dynamic and sodium excretory function, so called cardio-
renal syndrome (Rangaswami et al. 2019; McCullough et al. 
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2022). It is now commonly acknowledged that the reciprocal 
interaction between cardiac and renal function plays critical 
role in the progression of HF (Mullens et al. 2017; Cicca-
relli et al. 2021; McCullough et al. 2022). Current GDMT 
are still ineffective in the treatment of HF, especially with 
cardio-renal syndrome, and the morbidity and mortality 
still remain very high, with a 5-year survival rate of 25% 
after first hospitalization (Berliner et al. 2020; Murphy et al. 
2020). Hence new treatment strategies are still urgently 
needed to improve the morbidity and mortality.

Lately particular attention has been focused on the nitric 
oxide (NO)/soluble guanylyl cyclase (sGC)/cyclic guanosine 
monophosphate (cGMP) pathway. In the classical cascade 
NO binds to sGC, which leads to a conversion of guanosine 
triphosphate (GTP) into cGMP (Singh et al. 2018). In turn, 
this secondary messenger, cGMP, acts on various effector 
molecules including protein kinases (PK) or phosphodiester-
ases (PDE), initiating a number of downstream effects, such 
as vasodilation and myocardial relaxation. It was proved to 
exhibit anti-inflammatory, anti-proliferatory, anti-fibrosis 
and renal protective properties, making this pathway one of 
the most essential signalling cascades within the cardiovas-
cular and renal systems. Its disruption can lead to develop-
ment of serious disorders or progression of already existing 
diseases, such as heart failure, pulmonary hypertension or 
chronic kidney disease (Farah et al. 2018; Sandner et al. 
2021a; Xia et al. 2022).

So far several drug classes targeting NO-sGC-cGMP 
pathway have been developed, such as NO donors (e.g. nitro-
glycerine) or PDE5 inhibitors (e.g., sildenafil) (Roberto et al. 
2012) and more recently sGC stimulators and sGC activators 
were introduced (Cordwin et al. 2021). The sGC activators 
(e.g. cinaciguat) activate both the oxidized and heme-free 
sGC, while sGC stimulators increase cGMP production 
independently of NO by activating the reduced heme moi-
ety (Cordwin et al. 2021). sGC stimulators, such as riociguat 
and vericiguat, exhibit also synergistic activity with NO, 
because they sensitize sGC to low levels of endogenous NO 
by stabilizing NO–sGC binding (Stasch et al. 2001; Liu et al. 
2021). Vericiguat was recently approved for the treatment of 
heart failure with reduced ejection fraction based on posi-
tive outcome of a large clinical trial in patients with HFrEF 
(Armstrong et al. 2020). However, the exact mode of action 
of sGC stimulators and how these beneficial effects in HF 
are mediated are not fully understood yet and particularly it 
is unknown if it will be effective in cardio-renal syndrome.

In the current work, we therefore, treated hypertensive, 
heterozygous Ren-2 transgenic rats (TGR), with high-out-
put heart failure, induced by creating an aorto-caval fistula 
(ACF) with the sGC stimulator (BAY41-8543), which 
exhibits the same mode of action as riociguat and veri-
ciguat (Sandner et al. 2021b). ACF TGR model is a well-
established model of volume-overload heart failure and it 

is routinely used in our laboratory for many years (Abassi 
et al. 2011; Honetschlägerová et al. 2021; Kala et al. 2021, 
2023), because it represents a model of HF accompanied 
with development of cardio-renal syndrome. In addition, 
we also investigated an optimized dose of an ACE inhibi-
tor (trandolapril) as the standard therapy for HF as positive 
control.

Methods

Animals

The studies were performed in accordance with guidelines 
and practices established by the Animal Care and Use Com-
mittee of the Institute for Clinical and Experimental Med-
icine (Prague) approved by the Ministry of Health of the 
Czech Republic (decision number MZDR 12482/2021–5/
OVZ), which accords with the European Union Directive 
63/2010 and ARRIVE guidelines (Animal Research: Report-
ing of In Vivo Experiments).

All animals used in the present study were bred at the 
Center of Experimental Medicine of this Institute (IKEM), 
from stock animals supplied by the Max Delbrück Center for 
Molecular Medicine (Berlin, Germany), which is accredited 
by the Czech Association for Accreditation of Laboratory 
Animal Care. Heterozygous TGR [transgenic rats, strain 
name TGR(mRen2)27] harboring the mouse Ren-2 renin 
gene have been recently generated as a model for the study 
of primary hypertension. They were generated by breeding 
male homozygous TGR with female homozygous Hanno-
ver-Sprague Dawley (HanSD) rats. Age-matched HanSD 
rats served as transgene-negative normotensive controls. 
The animals were kept on a 12-h/12-h light/dark cycle and 
had free access to tap water throughout the whole observa-
tion. Male TGR rats at the initial age of 8 weeks were used 
for experiments. At this age TGR are already in the sus-
tained phase of hypertension with systolic blood pressure 
(SBP) comparable with hypertensive patients (SBP around 
180 mmHg) and with substantial activation of endogenous 
renin angiotensin system (RAAS), as demonstrated in pre-
vious studies including ours. HanSD and TGR rats were 
randomly assigned to experimental groups to make sure that 
the animals from a single litter does not prevail in any group.

Heart failure model and exclusion criteria

Eight-weeks-old male TGR rats were anesthetized with 
an intraperitoneal injection of ketamine/midazolam mix-
ture (Calypsol, Gedeon Richter, Hungary, 160 mg/kg and 
Dormicum, Roche, France, 160 mg/kg). Chronic HF due 
to volume overload was then induced by creating an aorto-
caval fistula (ACF) using a needle technique. This procedure 
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is routinely performed in our laboratory and detailed 
description was reported repeatedly in our previous stud-
ies (Honetschlägerová et al. 2021; Kala et al. 2021, 2023). 
Sham-operated rats underwent an identical procedure, but 
without creating ACF. The animals in which the ACF proce-
dure was not successful (based on visual verification of vena 
cava inferior in the end of each observation) were excluded 
from the experiment.

Detailed experimental design

Detailed experimental design of all 3 series is presented on 
Fig. 1.

Series 1: Dose selection and target engagement. 
Effect of the short‑term treatment with sGC stimulator 
and ACEi

Two weeks before the start of the treatment rats underwent 
sham-operation or ACF creation procedure. After two weeks 
(week labelled 0) and after exclusion of acute death cases, the 
rats were randomly divided into the following experimental 
groups and selected treatment regimens were applied for one 
week. On days -1, 2, 4, and 7 rats were placed in metabolic 
cages for 12 h urine collection. Also, blood was collected on 
days -5 and 8. After a week of the treatment, all rats were 
decapitated and organs were weighted and collected for fur-
ther biochemical evaluation.cGMP was measured in the urine 
and in the renal tissue. Noradrenaline and angiotensin II were 
measured in the plasma and the kidneys (collected after decap-
itation). Albuminuria, natriuresis, and daily excretion rate of 
nitric oxide (NO) metabolites (NOx: nitrate and nitrite; indi-
rect marker of NO production) were evaluated. Additionally, to 

confirm that the selected dose was effective we have measured 
the concentration of BAY41-8543 in plasma.

Series 2: Effect of the treatment with sGC stimulator 
and ACEi on blood pressure (BP)

Ten days before the ACF creation, telemetry probes were 
implanted into femoral artery of TGR rats (HanSD rats were 
omitted in this part of the study) under ketamine/midazolam 
anaesthesia (as above). HD-S10 radiotelemetric probes 
(Data Science International, St. Paul, Minnesota, USA) were 
used for direct BP measurements as described previously 
(Sporková et al. 2014; Husková et al. 2016).

After 10-day period of recovery, rats underwent either 
sham operation or ACF creation as described above. A week 
after the appropriate treatment was initiated and rats were 
monitored for two weeks.

Series 3: Effects of the long‑term treatment with sGC 
stimulator and ACEi on the survival rate, morphometric 
and histopathological scores

After confirmation that the selected dose of sGC stimulator is 
effective, the long-term protocol was performed. All rats under-
went the same ACF creation or sham operation as described 
above in Series 1. After 2 weeks (week labelled 0), after exclu-
sion of acute death cases, the rats were randomly divided into 
the following experimental groups and the follow-up period of 
210 days was performed. Because of the severity of the ACF 
procedure and high mortality (especially in TGR rats) high ini-
tial n values were used in these groups (n = 30). In sham oper-
ated animals and HanSD rats the initial number of animals was 
10 (calculated by statistical power analysis method).

Fig. 1  The experimental design 
of the whole study depicting the 
time sequence and experimental 
manoeuvres; MC – metabolic 
cage with 12 h urine collection; 
B – blood collection from the 
tail vein
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After 210 days of the observation, the surviving animals 
were decapitated and organs were weighted and collected for 
morphometric and histopathological analysis (left and right 
ventricle of the heart, kidney).

Experimental groups

1. Sham-operated HanSD rats treated with placebo (sham 
HanSD)

2. Sham-operated HanSD rats treated with BAY41-8543 
(sham HanSD + sGCstim)

3. Sham-operated TGR treated with placebo (sham TGR)
4. Sham-operated TGR treated with BAY41-8543 (sham 

TGR + sGCstim)
5. ACF TGR treated with placebo (ACF TGR)
6. ACF TGR treated with BAY41-8543 (ACF TGR + sGC-

stim)
7. ACF TGR treated with trandolapril (ACF TGR + ACEi)
8. ACF TGR treated with trandolapril and BAY41-8543 

(ACF TGR + ACEi + sGCstim)

The numbers of rats used in each series is described in 
the appropriate result section.

Analytical procedures and chemicals

The sGC stimulator BAY41-8543 (2-[1-[(2-fluorophenyl)
methyl]-1H-pyrazolo[3,4-b]pyridin-3-yl]-5(4-morpholinyl) 
-4,6-pyrimidinediamine) was kindly provided by Bayer AG, 
Pharmaceuticals and is a typical member of the sGC stimu-
lator drug class (Stasch et al. 2002a, b). Standard pellet diet 
containing BAY41-8543 in the dose of 3 mg  kg−1  day−1 was 
prepared (Albert Weber, Prague, Czech Republic). Nutrients 
(content in 1 kg): NL 200 g; Fiber 48 g; Fat 30 g; Vitamin A 
24.000 IU; Vitamin D3 2.000 IU; Copper (Cu) 30 mg; NaCl 
content in the final mix 0.4%. The dose of BAY41-8543 was 
selected based on the previous study (Stasch et al. 2002b; 
Sandner et al. 2021b) and current research.

As an ACE inhibitor (ACEi) we used trandolapril 
(Gopten; Abbott, Prague, Czech Republic), which was 

administered in drinking water. For the best effectiveness 
and safety, we implemented a titration protocol, which was 
previously developed and validated in our laboratory. Dur-
ing the first week of administration, the animals received 
an increasing dose (changed every two days) starting from 
0.5 mg/L up to 2 mg/L, which corresponds to a final dose 
of 0.25 mg  kg−1  day−1. In our previous studies and here we 
demonstrated that this titration regimen and selected doses 
of trandolapril, provided maximal blockade of the renin 
angiotensin system (RAAS) and were well tolerated both by 
rats with ACF-induced heart failure and by sham-operated 
animals.

SDS‑PAGE and Western blotting

According to our previous studies (Szeiffová Bačova et al. 
2016; Sykora et al. 2023), approximately 100 mg of frozen 
left ventricular heart tissue was homogenized in lysis buffer 
[50 mmol/L Tris–HCl, 250 sucrose, 1.0 mmol/L EGTA, 
1.0 mmol/L dithiothreitol, 1.0 mmol/L phenylmethylsulfo-
nyl fluoride and 0.5 sodium orthovanadate (pH 7.4)] and 
mixed with Laemmli sample buffer. Loading samples were 
separated in 10% SDS-PAGE (Mini-Protean TetraCell, Bio-
Rad, Hercules, CA, USA) and transferred to a nitrocellu-
lose membrane (0.2 µm pore size, Advantec, Tokyo, Japan). 
Membranes were subsequently incubated for 4 h with 5% 
low-fat milk, overnight with primary antibodies and for 1 h 
with a horseradish peroxidase-linked secondary antibody 
(Table 1). Between individual steps were membranes washed 
in TBS-T. Protein were visualized by enhanced chemilumi-
nescence method and quantitated by densitometric analysis 
using Carestream Molecular Imaging Software (version 5.0, 
Carestream Health, New Haven, CT, USA).

Immunofluorescence detection of Cx43 
and quantitative image analysis

Immunodetection of Cx43 distribution was performed as 
described previously (Benova et al. 2013). Briefly, 10 µm 
thick left ventricular cryosections were washed in phosphate 

Table 1  Antibodies used for Western blot analysis and for immunofluorescence methods

Antibody Dilution Host Type Supplier/# Catalogue

anti-Cx43 1:5000 Rabbit Polyclonal Sigma-Aldrich, St.Louis, MO, USA, #C6219
anti-phospho-ser368-Cx43 1:1000 Rabbit Polyclonal Santa Cruz Biotechnology, Dallas, TX, USA, #sc-101660
anti-PKC-epsilon 1:2000 Rabbit Polyclonal Santa Cruz Biotechnology, Dallas, TX, USA, #sc-214
anti-GAPDH 1:1000 Rabbit Polyclonal Santa Cruz Biotechnology, Dallas, TX, USA#sc-25778
Anti-Rabbit 1:2000 - - Cell Signaling Technology, Danvers, MA, USA, #7074S
anti-Cx43 1:500 Mouse Monoclonal CHEMICON International,CA, USA, #MAB 3068
Anti-Mouse, FITC 1:500 Goat Polyclonal Jackson Immuno Research Labs, West Grove, Pennsylva-

nia, USA, #115–095-062
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buffer saline (PBS), fixed in ice-cold methanol, permeabi-
lized in 0.3% Triton X-100 in PBS, and blocked with the 
solution of 1% bovine serum albumin in PBS. Tissue sec-
tions were incubated overnight with primary antibody fol-
lowed by 2-h incubation with secondary antibody (Table 1). 
Between individual steps were membranes washed in PBS. 
Finally, tissues sections were mounted in the Fluoromount-
G™ Mounting Medium (00–4958-02, Invitrogen™, Mas-
sachusetts, USA) and analysed by Zeiss Apotome 2 micro-
scope (Carl Zeiss, Jena, Germany). Approximately ten 
randomly acquired images from every tissue were captured 
and analyzed. Immunofluorescence signals were analysed 
and defined as a number of pixels with the protein signal 
intensity exceeding a threshold of 30 on the 0–255 Gy scale. 
The total number of Cx43 positive pixels was expressed as 
a total integral optical density per area (IOD) (Image-Pro 
Plus) (Sykora et al. 2019).

Evaluation of hydroxyproline content

Measurement of hydroxyproline is a useful method to deter-
mine collagen content in the samples. Briefly, left ventricle 
tissue was dried, hydrolyzed in 6 M HCl and oxidated by 
chloramine T in the acetate-citrate buffer (pH 6.0). This 
reaction was stopped by pipetting Ehrlich’s reagent solution. 
Final concentration of hydroxyproline was subsequently 
measured spectrophotometrically at 550 nm and expressed 
in mg per total weight of the left ventricle (Pelouch et al. 
1993; Reddy and Enwemeka 1996).

Histology and enzyme histochemistry of myocardial 
tissue

According to Lojda (Lojda and Gutmann 1976) with modi-
fications (Andelova et al. 2022), 10 µm thick left ventricular 
myocardial tissue cryosections were used for histological 
and histochemical techniques.

For myocardial structural changes characterization, a 
conventional histological haematoxylin–eosin staining was 
used. Briefly, dried cryosection were fixed in 4% buffered 
formaldehyde, stained with hematoxylin–eosin solutions, 
poured with Canada balsam and covered with a coverslip. 
To stain collagen deposition, Van Gieson technique was 
performed. Heart tissue sections were also fixed within 4% 
buffered formaldehyde, incubated in a mixture of saturated 
picric acid and 1% aqueous acid fuchsine, and subsequently 
covered by Canada balsam and coverslips.

For measurement of capillary endothelium-related alka-
line phosphatase AP (E.C.3.1.3.1), cryosections were incu-
bated in the mixture of solution (2,7 mM Naphthol AS-MX 
phosphate; 4,8 mM Fast blue BB; 5% dimethylformamide; 
0,1 M Tris(hydroxymethyl)aminomethane). Subsequently, 
the slices were rinsed in distilled water and placed in a 2% 

copper sulfate solution and finally covered by gelatine and 
coverslips. To detect functional arteriolar and venular capil-
lary network, dipeptidyl peptidase-4 (DPP4, E.C.3.4.15.4) 
was examined. Cryosections were incubated in solution 
(1.2 mM L-Leucine 4-methoxy-β-naptylamide hydrochlo-
ride; 5% dimethylformamide; 2.4 mM Fast blue BB; 0.1 M 
Na2 HPO4 × 2H2O; 1 M KH2PO4), poured with gelatine 
and covered with a coverslip.

Staining areas were observed and captured by light micro-
scope (Zeiss Apotome 2 microscope Carl Zeiss, Jena, Ger-
many). For quantitative analysis, randomly selected areas of 
positive signal from every tissue were analysed. A positive 
signal was expressed as a proportion of the total tissue area 
(Andelova et al. 2022).

Evaluation of glomerulosclerosis index (GSI) 
and tubulointerstitial injury (TSI)

The kidneys were fixed in 4% formaldehyde, dehydrated 
and embedded in paraffin. The sections stained with hema-
toxylin–eosin and PAS (periodic acid, for Schiff reaction) 
were examined and evaluated in a blind-test fashion. The 
calculation of glomerulosclerosis index (GSI) and kidney 
cortical tubulointerstitial injury (TSI) was described in detail 
in previous studies (Nakano et al. 2008; Gawrys et al. 2018; 
Honetschlagerová et al. 2021; Kala et al. 2023). The maxi-
mum score for GSI is 4 and for TSI is 3. Described methods 
are commonly employed in our laboratory for many years 
and standardly used for evaluating the degree of kidney dam-
age in almost all our studies (Kujal et al. 2014; Sedláková 
et al. 2017; Honetschlagerová et al. 2021).

Plasma and tissue angiotensin II (ANG II) concentrations 
were measured by a competitive radioimmunoassay, using 
the commercially available RIA kit (ED29051, IBL Int., 
Hamburg, Germany). Plasma creatinine was measured by 
FUJI DRI-CHEM analyzer using appropriate slides for cre-
atinine CRE-P III (FUJIFILM Corp., Tokyo, Japan). Urine 
creatinine was determined using Liquick Cor-CREATININE 
kit that is based on modified Jaffe’s method, without depro-
teinization (PZ CORMAY S.A., Poland). Nitrate/nitrite lev-
els were measured by a colorimetric assay (780,001, Cay-
man Chemical, Ann Arbor, MI, USA).

Commercially available ELISA kits were used to 
measure: renal nitrotyrosine (ab113848; Abcam, Cambridge, 
UK); renal cGMP (ADI-900–013; Enzo, Farmingdale, NY, 
USA) and plasma cGMP (581,021; Cayman Chem., Ann 
Arbor, MI, USA); plasma and renal noradrenalin (RE59261; 
IBL Int., Hamburg, Germany); urine 8-isoprostane (516,351; 
Cayman Chem., Ann Arbor, MI, USA). Sodium and 
potassium in plasma and urine were measured by BWB-XP 
flame photometer (BWB Technologies Ltd., Berkshire, UK). 
Detailed protocols of plasma and tissue preparation are 
described in our previous studies (Husková et al. 2006, 2007, 
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2016; Červenka et al. 2015a; Kratky et al. 2018; Gawrys 
et al. 2020).

Data and statistical analysis

All values are expressed as means ± SEM. Graph-Pad Prism 
software (Graph Pad Software, San Diego, California, USA) 
was used for statistical analysis of the data. Comparison of 
survival curves was performed by log-rank (Mantel-Cox) 
test. Multiple-group comparisons were performed by mul-
tiple t test, Wilcoxon´s signed-rank test, one-way or two-
way analysis of variance followed by recommended post hoc 
test as appropriate. Values exceeding the 95% probability 
limits (P < 0.05) were considered statistically significant. 
The significance levels are indicated on figures with aster-
isks: P > 0.05 (NS); *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; 
****P ≤ 0.0001. The data and statistical analysis comply 
with the recommendations on experimental design and 
analysis in pharmacology (Curtis et al. 2018).

Results

Series 1: Dose selection and target engagement. 
Effect of the short‑term treatment with sGC 
stimulator and ACEi (Figs. 2 and 3; Table 2)

The first series of experiments was aimed to evaluate the 
short-term effects of treatment with sGC stimulator to 
support dose selection and demonstrate target engagement. 
As a marker of target engagement for the sGC stimulator 
treatment, cGMP excretion in urine was measured. As 
depicted in Fig.  2 the excretion of cGMP increased in 
all groups treated with sGC stimulator (BAY41-8543). 
The treatment with ACEi decreased the cGMP levels in 
urine which could not be compensated by sGC stimulator 
treatment. Interestingly, before the treatment the basal values 
of urinary cGMP were significantly higher in all groups 
with heart failure after ACF creation (148.5 ± 7.6 versus 
49.6 ± 4.2 nmol/12 h in sham operated TGR, # P < 0.0001 
unpaired T-Test; Fig. 2A).

Body weight, plasma (sodium, potassium, creatinine, 
noradrenaline), urine parameters (sodium, potassium, nitric 
oxide metabolites and 8-isoprostane excretion) and renal 
levels of noradrenaline and nitrotyrosine collected after one 
week treatment are presented in Table 2. Urinary excre-
tion of nitric oxide metabolites (NOx: nitrate and nitrite) 
was measured as an indirect marker of NO production. In 
all the groups which received sGC stimulator, there was 
a significant or tendency to decrease the NOx excretion, 
especially pronounced in sham TGR and sham HanSD 

rats. The treatment with ACEi increased the excretion of 
NOx, but after combined therapy with sGC stimulator it was 
diminished.

Plasma and renal levels of ANG II are presented on Fig. 3 
(panel A and B, respectively). Renal ANG II were signifi-
cantly higher in both sham TGR and ACF TGR in compari-
son to control sham HanSD rats (81.6 ± 6.2 and 71.0 ± 7.6 
versus 38.5 ± 2.4 fmol/g, respectively; # p < 0.05 one way 
ANOVA; Fig. 3). The treatment with sGC stimulator signifi-
cantly increased ANG II in sham HanSD rats, both plasma 
(17.7 ± 2.6 versus 11.3 ± 0.6 fmol/ml in untreated sham 
HanSD; p < 0.05 one way ANOVA) and kidney (81.8 ± 6.6 

Fig. 2  Urinary excretion of cGMP A: throughout the whole observa-
tion and B: the difference (Δ) between basal values (day -1) and 
the end (day 7) in heterozygous Ren-2 transgenic rats (TGR) rats 
with aorto-caval fistula (ACF) or without (sham) and normotensive 
sham HanSD rats treated with sGC stimulator (BAY41-8543), or 
with angiotensin-converting enzyme inhibitor (ACEi), alone or 
combined; P > 0.05 (NS); * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; 
**** P ≤ 0.0001; by 2-way ANOVA with Dunnett's (within each 
group) and Tukey’s (between groups) multiple comparisons tests; # 
P ≤ 0.0001 basal values after ACF versus sham operation (day-1) by 
unpaired T-test
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versus 38.5 ± 2.4 fmol/g in untreated sham HanSD; p < 0.05 
one way ANOVA); and in ACF TGR rats in the kidney 
(115.9 ± 18.1 versus 71.0 ± 7.6 fmol/g in untreated TGR 
rats; p < 0.05 one way ANOVA). Also some increasing ten-
dency was observed in plasma ANG II after sGC stimulator 
administration to sham TGR (21.8 ± 3.9 versus 16.4 ± 3.6 
fmol/ml in untreated sham TGR; NS) and to ACF TGR 
(21.6 ± 2.3 versus 13.3 ± 1.7 fmol/ml in untreated ACF TGR; 
p < 0.05 by unpaired T-test). Treatment with ACEi inhibitor 
decreased the renal level of ANG II, alone and also when 
combined with sGC stimulator.

To confirm that the selected dose is effective and the 
rats eat the proper amount of the food mixed with the sGC 

stimulator, we monitored the food intake and we measured 
the concentration of BAY41-8543 in plasma in the end of 
the experiment. There were no differences between groups 
in the food intake and the plasma levels of sGC stimulator 
were appropriately elevated in all treated groups (Table 2).

Series 2: Effect of the treatment with sGC stimulator 
and ACEi on blood pressure (Figs. 4 and 5)

Blood pressure (BP) was measured by telemetry starting 
four days before ACF creation. The creation of ACF per se 
caused a significant decrease in mean arterial blood pressure 
(MBP, Fig. 4), which is a common phenomenon observed 
in this model (-52 ± 2 mmHg in all ACF operated groups) 
(Červenka et al. 2015b). In sham operated animals, the tem-
porary decrease in blood pressure was also observed, probably 
as a result of anaesthesia and fluid loss during the operation.

The treatment with sGC stimulator in sham operated TGR 
animals caused a significant MBP decrease in comparison to 
untreated sham TGR (day 0: 140 ± 7 versus 130 ± 2 mmHg 
after 14 days of treatment). In addition, all applied treat-
ment regimens decreased blood pressure in comparison to 
untreated ACF TGR (Fig. 4) including the treatment with 
sGC stimulator; however, the decrease in this groups was 
only transient (day 0: 94 ± 4 versus 86 ± 2 mmHg after 
2 days of treatment; p = 0.03 paired T-test). The course of 
MBP changes was different between sGC stimulator group 
and ACEi treated groups, but there were no significant differ-
ences between both ACEi treated groups (ACF TGR + ACEi 
versus ACF TGR + sGCstim + ACEi, NS).

In order to better illustrate and evaluate the magnitude 
of antihypertensive potency of each administered drug, 
only ACF groups are presented on Fig. 5 (without sham-
operated animals) and the values before the treatment are 
omitted (before and after ACF creation). The compari-
son of BP changes within each treated group (compared 
to baseline values obtained before the implementation 
of treatments) revealed that the most potent in lowering 
systolic blood pressure was the combined treatment with 
ACEi and sGC stimulator (SBP on day 0: 118 ± 5 versus 
98 ± 3 mmHg on day 14). In addition, ACEi given alone 
was clearly antihypertensive, however the statistical analy-
sis did not reveal such strong effect on SBP (SBP on day 
0: 119 ± 4 versus 106 ± 2 mmHg on day 14). However, 
when DBP values were analyzed both ACEi treated groups 
(alone and combined with sGC stimulator) were similarly 
effective.sGC stimulator caused a decrease in BP (both 
SBP and DBP) especially pronounced in the beginning, 
but this effect was only transient and less significant than 
for other treatment regimens (SBP day 0: 117 ± 3; day 2: 
108 ± 1; day 14: 124 ± 2 mmHg). The detailed post hoc 
analysis of changes in each day revealed that already on 

Fig. 3  Angiotensin II (ANG II) A: in plasma and B: in renal tissue 
in heterozygous Ren-2 transgenic rats (TGR) rats with aorto-caval 
fistula (ACF) or without (sham) and normotensive sham HanSD rats 
after 7  day treatment with sGC stimulator (BAY41-8543), or with 
angiotensin-converting enzyme inhibitor (ACEi), alone or com-
bined. P > 0.05 (NS); * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; **** 
P ≤ 0.0001 by one-way ANOVA with Tukey’s multiple comparisons 
tests; # p < 0.05 versus sham HanSD by one way ANOVA with Tuk-
ey’s multiple comparisons tests
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the  14th day the values of BP (both systolic and diastolic) 
between untreated ACF TGR and ACF TGR treated with 
sGC stimulator were no different.

Series 3: Effects of the long‑term treatment 
with sGC stimulator and ACEi on survival the rate, 
morphometric and histopathological scores 
(Figs. 6‑7, Table 3,  SUPPLEMENTARY FIGURES S1‑S5)

The model of ACF-induced HF in TGR is characterized by 
high mortality rates due to very early onset of decompensation 
of HF as compared with the course of ACF-induced HF in 
HanSD rats, as reported in previous studies including ours 
(Melenovsky et  al. 2012; Červenka et  al. 2015b; Kratky 
et al. 2021; Kala et al. 2023).

The survival rates are presented on Fig. 6. All normoten-
sive HanSD rats survived until the end of 210 days observa-
tion (100% survival in placebo and in the sGC stimulator 
treated group); in sham-operated TGR rats (both placebo 
and sGCstim) the survival was 90% in the end (1 rat died in 

each group). The sham-operated groups (HanSD and TGR) 
were omitted for clarity from Fig. 4.

The untreated TGR rats with heart failure (ACF TGR) 
rapidly started to die in the first few weeks of the observa-
tion. This was not attenuated in the initial phase by the sGC 
stimulator treatment, whereas it was almost stopped from the 
beginning by the optimized dose of the ACEi. However, in 
the further progression of the disease phenotype, the stand-
alone treatment with sGC stimulator significantly improved 
survival in comparison to untreated rats (ACF TGR). After 
60 days of sGC stimulator treatment the survival was still 
50% compared to 8% in the untreated rats. After day 140, the 
effectiveness of the treatment with the sGC stimulator was 
then fading out also, however being still significantly better 
compared to placebo. The best effectiveness on mortality in 
this experiment was achieved with the optimized ACE inhibi-
tor administered alone (ACF TGR + ACEi); the survival in 
this group was 90% at the end of the experiment. Surpris-
ingly, the effectiveness of the combined therapy with ACEi 
and sGC stimulator (ACF TGR + sGCstim) was lower than 
stand-alone ACEi treatment with 44% at the end of the study.

Table 2  Body weight (BW), plasma and urine parameters collected 
from heterozygous Ren-2 transgenic rats (TGR) rats with aorto-caval 
fistula (ACF) or without (sham) and normotensive sham HanSD rats 

treated for one week with sGC stimulator (BAY41-8543), or with 
angiotensin-converting enzyme inhibitor (ACEi), alone or combined 
(n = 8–13 in each group);

BW body weight; UNa V urinary sodium excretion; UK V urinary potassium excretion; UNOx urinary excretion of nitric oxide metabolites 
(nitrate/nitrite); Cr creatinine; NE noradrenaline; Superscript letter given next to the value (a–g) indicate statistically significant difference versus 
group indicated in the second row of the table (under the group’s name) by one way ANOVA with Tukey's multiple comparisons test
*  p < 0.05 sham TGR + sGCstim. vs untreated sham TGR by unpaired t test; # p < 0.05 ACF TGR + sGCstim. vs untreated ACF TGR by unpaired 
t test

sham TGR sham 
TGR + sGCstim

ACF TGR ACF 
TGR + sGCstim

ACF 
TGR + ACEi

ACF 
TGR + sGC-
stim + ACEi

sham HanSD sham 
HanSD + sGCstim

a b c d e f g h

BW (g) 449 ± 13 441 ± 6 408 ± 5 429 ± 10 415 ± 9 425 ± 16 455 ± 9 470 ± 10
UNa V (mmol/12 h) 1.7 ± 0.1 2.0 ± 0.2 0.7 ± 0.1 0.6 ± 0.1 1.0 ± 0.1 1.2 ± 0.1 c,d 1.0 ± 0.1 0.6 ± 0.1
UK V (mmol/12 h) 2.4 ± 0.2 2.0 ± 0.1 1.8 ± 0.1 1.7 ± 0.1 1.9 ± 0.1 2.1 ± 0.1 1.6 ± 0.1 1.6 ± 0.1
UNOx (μmol/12 h) 5.2 ± 0.1 4.2 ± 0.4 e,g,* 5.2 ± 0.5 4.3 ± 0.4 e,g, # 7.4 ± 0.6 h 4.6 ± 0.6 e,g 7.3 ± 0.4 3.4 ± 0.4 c,g

U 8-isoprostane 
(ng/12 h)

8.5 ± 1.2 12.7 ± 1.1 15.8 ± 1.8 a 15.3 ± 1.3 12.5 ± 1.7 12.0 ± 1.8 7.8 ± 0.6 c,d 9.9 ± 1.2

Plasma Na 
(mmol/L)

137 ± 4 143 ± 5 139 ± 3 137 ± 4 136 ± 2 131 ± 2 134 ± 3 132 ± 2

Plasma K (mmol/L) 4.4 ± 0.2 4.3 ± 0.1 4.8 ± 0.1 4.5 ± 0.1 5.1 ± 0.2 4.6 ± 0.1 4.4 ± 0.1 4.0 ± 0.1
Plasma Cr (µmol/L) 15 ± 1 14 ± 1 18 ± 1 16 ± 1 17 ± 1 21 ± 2 18 ± 2 13 ± 1
Plasma NE (ng/ml) 2005 ± 420 3586 ± 856 2989 ± 192 2095 ± 478 3174 ± 1110 2899 ± 740 1560 ± 579 631 ± 93
Renal NE (ng/g 

prot.)
211 ± 21 161 ± 12 d 278 ± 20 264 ± 39 286 ± 59 338 ± 51 293 ± 22 239 ± 17

Renal Nitrotyrosine 
(ng/mg prot.)

26.5 ± 2.3 18.5 ± 1.1 19.7 ± 1.6 17.1 ± 2.4 18.5 ± 2.7 15.1 ± 2.0 a 20.7 ± 3.5 16.3 ± 2.0

Plasma BAY41-
8543 (µg/L)

- 29.7 ± 4.5 - 30.8 ± 5.6 - 19.7 ± 2.0 - 26.7 ± 3.4
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Organ weights and renal histopathology scores 
(Table 3)

At the end of the study (after 210 days), the surviving ani-
mals were decapitated and organs were weighted and col-
lected for further analysis. Noteworthy the placebo treated 
rats with heart failure and the sGC stimulator-treated rats were 
excluded from the statistical analysis due to the low animal 
numbers; therefore, this analysis was conducted mainly to 
compare the effects of the treatments in sham operated ani-
mals (both TGR and HanSD) and between ACEi administered 
alone and combined treatment with ACEi and BAY41-8543.

Out of all ACF rats the lowest heart weight (expressed as 
a ratio to tibia length) as indicator for heart hypertrophy was 
in the group treated with the combined treatment with sGC-
stim and ACEi (58.0 ± 3.5 mg/mm) which was not signifi-
cantly different from untreated sham TGR (45.6 ± 1.2 mg/
mm). Interestingly, the heart hypertrophy in ACF-TGR 
treated with the combined therapy tended to be lower com-
pared to the ACEi inhibitor treatment alone (58.0 ± 3.5 mg/
mm versus 65.6 ± 2.4 mg/mm, respectively; P = 0.0777 by 
unpaired T-test; NS). Treatment with sGC stimulator also 
decreased heart weight in sham TGR (41.7 ± 1.2 mg/mm 
versus 45.6 ± 1.2 mg/mm in untreated animals; P < 0.05 by 
unpaired T-test; Table 3).

The lung weight in sham TGR rats treated with sGC 
stimulator was slightly higher than in untreated sham 
TGR (53.1 ± 2.6 vs 46.8 ± 1.3, respectively; Table 3), but 
the difference was not statistically significant. There was 

no difference in lung weight between applied treatments 
in ACF TGR groups and all values were lower than in 
untreated ACF TGR rats at this stage of the disease (due 
to lack of the data for untreated animals, we can only 
compare the results to our previous studies). The lung 
weight to tibia length ratio two weeks after the induc-
tion of ACF was 78.79 ± 1.14 mg/mm (Kala et al. 2021) 
and after four weeks was 74.89 ± 1.43 (Kala et al. 2023), 
which is significantly higher than in the current study 
(Table 3).

Except the obvious differences between sham-operated 
animals versus rats with ACF and differences between 
healthy HanSD rats and hypertensive TGR, there were no 

Fig. 4  Time course of mean arterial blood pressure (MBP) through-
out the whole observation in heterozygous Ren-2 transgenic rats 
(TGR) rats with aorto-caval fistula (ACF) or without (sham) treated 
with sGC stimulator (BAY41-8543), or with angiotensin-converting 
enzyme inhibitor (ACEi), alone or combined. * P < 0.05 by 2-way 
ANOVA with Bonferroni's multiple comparisons test; # P < 0.05 ver-
sus all other groups 2-way ANOVA with Tukey’s multiple compari-
sons tests

Fig. 5  Time course of (A) systolic (SBP) and (B) diastolic (DBP) 
blood pressure throughout 2-week observation in heterozygous Ren-2 
transgenic rats (TGR) rats with aorto-caval fistula (ACF) treated 
with sGC stimulator (BAY41-8543), or with angiotensin-converting 
enzyme inhibitor (ACEi), alone or combined. * P < 0.05 versus base-
line values on day 0 within each group; # values different between 
all other groups; $ P < 0.05 values different between BAY41-8543 
and both ACEi treated groups of ACF TGR by 2-way ANOVA with 
Dunnet’s (within each group) and Tukey’s (between groups) multiple 
comparisons tests. The BP values before the treatment and sham-
operated groups are omitted for clarity
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major changes in lung, liver and kidney weights between 
applied treatment regimens. However, in normotensive 
HanSD rats the treatment with sGC stimulator significantly 
increased almost all of the measured parameters, when 
compared to untreated HanSD rats (Table 3, # by T-test). 
Since in this group the increase in body weight (BW) was 
also the highest we calculated the ratio of organ weights’ 
to BW which was however, not statistically significant, 
with the exception of liver weight (sham HanSD + sGC-
stim: 33.0 ± 0.06 versus 30.3 ± 0.05 mg/g in untreated sham 
HanSD; P = 0.003 by unpaired t-Test).

To evaluate the degree of the kidney damage the glo-
merulosclerosis index (GSI) and kidney cortical tubu-
lointerstitial injury (TSI) were measured (Table 3). The 
inflammatory cell infiltration, interstitial fibrosis and 
tubular dilatation were evaluated. Noteworthy all val-
ues for GSI and TSI were relatively low, indicating no 
severe renal damage in all groups (it did not exceed the 

value of 0.5 in any group, which is considered as a bor-
derline between healthy and renal damage), irrespective 
of the treatment. However, some subtle changes and sig-
nificant differences were observed. ACEi administered 
alone and combined with sGC stimulator decreased GSI 
(0.10 ± 0.01 and 0.07 ± 0.01, respectively) to the greatest 
extend and to similar level as in untreated sham HanSD 
rats (0.11 ± 0.02). Also ACEi (alone and combined 
with sGC stimulator) decreased TSI when compared to 
untreated sham TGR and sham TGR treated with sGC 
stimulator (Table 3). The treatment with sGC stimulator 
tended to decrease GSI in sham TGR (0.23 ± 0.01 versus 
0.43 ± 0.13 in untreated sham TGR; NS), but significantly 
increased it in HanSD rats (0.29 ± 0.06 versus 0.11 ± 0.02 
in untreated sham HanSD; P = 0.017 by unpaired T-test). 
These changes were not reflected in tubulointerstitial 
injury score, since TSI was not changed in both sham TGR 
and sham HanSD (Table 3).

Fig. 6  The survival rate in heterozygous Ren-2 transgenic rats (TGR) 
with aorto-caval fistula (ACF) treated with sGC stimulator (BAY41-
8543), or with angiotensin-converting enzyme inhibitor (ACEi), alone 
or combined. All groups significantly differ between each other (by 

log-rank Mantel-Cox test); P > 0.05 (NS); * P ≤ 0.05; ** P ≤ 0.01; *** 
P ≤ 0.001; **** P ≤ 0.0001; Control normotensive and sham operated 
TGR groups were omitted for clarity (the survival in these groups was 
90–100% in the end)
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Protein levels of Cx43 and PKCε assessed by western 
blot method in left ventricle (Fig. 7)

To evaluate the intercellular communication, the pro-
tein levels of Cx43 and PKCε were assessed. Structural 
remodelling, such as hypertrophy, excessive accumulation 
of extracellular matrix (ECM) and myocardial fibrosis 
perturb Cx43 channels mediated intercellular commu-
nication in addition to down-regulation of Cx43 due to 
disease aetiology. The protein levels of the Cx43 phos-
phorylated at serine 368 characterized by reduced chan-
nel conductivity, were significantly supressed in the left 
ventricle of hypertensive sham TGR and normotensive 
sham HanSD + sGCstim (63 ± 6 and 60 ± 3 respectively 
versus 100 ± 5% in untreated sham HanSD; P < 0.0001 
by one way ANOVA).

The protein levels of total Cx43 were significantly 
decreased in sham HanSD + sGCstim rats (76 ± 4 versus 
98 ± 3% in untreated sham HanSD; p = 0.02 by one way 
ANOVA). On the contrary, protein abundance of total Cx43 
and PKCε, which directly phosphorylate Cx43, was signifi-
cantly increased in hypertensive sham TGR treated with 
sGC stimulator (total Cx43: 133 ± 5 versus 86 ± 7 and PKCε: 
195 ± 10 versus 87 ± 6% in untreated sham TGR, respec-
tively; P < 0.0001 by one way ANOVA).

Myocardial topology and quantification of Cx43 
(Supplementary FIGURE S1)

In healthy normotensive rats (sham HanSD), Cx43 was 
detected mainly at the gap junction plaques of the inter-
calated discs into end-to-end pattern. However, in the 

Fig. 7  Myocardial protein levels of total Cx43 (A), phosphorylated 
Cx43 at serine 368 (B), protein kinase C Epsilon (C), and representa-
tive western blot images (D) measured in left ventricle collected from 
heterozygous Ren-2 transgenic rats (TGR) rats with aorto-caval fis-
tula (ACF) or without (sham) and normotensive sham HanSD rats 
that survived until the end of 7  months treatment with sGC stimu-
lator (BAY41-8543), or with angiotensin-converting enzyme inhibi-
tor (ACEi), alone or combined. Values are normalized to GAPDH 

and presented as mean ± SEM; Cx43 – connexin 43; PKCε – pro-
tein kinase C Epsilon; GAPDH- glyceraldehyde-3-phosphate dehy-
drogenase; P > 0.05 (NS); * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; 
**** P ≤ 0.0001; by one-way ANOVA and Tukey’s test multiple 
comparison test; # versus all other groups by one-way ANOVA and 
Tukey’s test multiple comparison test; (n = 5 in all groups except ACF 
TGR + BAY41-8543 where only 2 rats survived; note that no rats sur-
vived in untreated ACF TGR group)
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hypertensive sham TGR the lateral distribution of Cx43 
(side-to-side pattern) was more pronounced. A quantitative 
image analysis of Cx43 showed a significant decrease of 
Cx43 in hypertensive sham TGR and normotensive sham 
HanSD treated with sGC stimulator, compared to normo-
tensive sham HanSD rats.

Haematoxylin and eosin (HE) histological staining 
of left ventricle, hydroxyproline assay, and collagen 
deposition (Supplementary FIGURE S2 and S3)

To evaluate the myocardial remodelling and the level of fibro-
sis HE staining of left ventricle and hydroxyproline assay was 
performed. HE staining of left ventricle showed that, com-
pared to sham HanSD rats, the left ventricular tissue of sham 
TGR and ACF TGR rats exhibited enlarged cardiomyocytes 
and focal areas infiltrated with polymorphonuclears, mainly 
in sham TGR (Supplementary FIGURE S2A). Hydroxypro-
line content (Supplementary FIGURE S2B) in the left ven-
tricular tissue was the highest in untreated sham TGR rats 
(33.5 ± 2.4 mg/g versus 26.9 ± 3.3 in untreated sham HanSD; 
p < 0.05 by one way ANOVA). It seems that all applied treat-
ments diminished the hydroxyproline content, since the val-
ues were not different than in healthy normotensive HanSD 
rats (Supplementary FIGURE S2B). Collagen deposition 
demonstrated by Van Gieson staining (Supplementary FIG-
URE S3) showed increased collagen incidence in untreated 
sham TGR rats compared to healthy normotensive HanSD 

rats. sGC stimulator treatment slightly normalized this ele-
vated collagen deposition in the left ventricular tissue.

Myocardial capillary density (Supplementary 
FIGURE S3 and S4)

Activity of alkaline phosphatase (AP) reflects function 
and myocardial density of the arterial part of capillaries. 
AP activity was significantly normalized in sham TGR rats 
after sGC stimulator treatment (73 ± 6 versus 117 ± 11% 
in untreated sham TGR; P < 0.001 by one way ANOVA). 
No other differences were detected between other groups 
(Supplementary FIGURE S3). Unlike AP representing the 
arterial part of capillaries, dipeptidyl peptidase-4 (DPP4) 
demonstrate a function and density of the venous part of 
capillaries (Supplementary FIGURE S4). Enhanced DPP4 
activity is associated with pathophysiology. Image analysis 
revealed that the DPP4 activity was significantly increased 
in heterozygous TGR rats with aorto-caval fistula (ACF) or 
without it (sham). Treatment did not reveal any significant 
changes.

Discussion

The main objective of the present study was to evalu-
ate the effectiveness of sGC stimulator for the treatment 
of HF in ACF TGR, which is a model of high-output 

Table 3   Morphometric and histological parameters measured in 
material collected from rats that survived until the end of the observa-
tion. Heterozygous Ren-2 transgenic rats (TGR) rats with aorto-caval 
fistula (ACF) or without (sham) and normotensive sham HanSD rats 

were treated with sGC stimulator (BAY41-8543), or with angioten-
sin-converting enzyme inhibitor (ACEi), alone or combined for 7 
months

BW – body weight; W – weight; GSI – glomerulosclerosis index; TSI – tubulointerstitial injury; 
Superscript letter given next to the value (a-g) indicate statistically significant difference versus group indicated in the second row of the table 
(under the group’s name) by one way ANOVA with Tukey's multiple comparisons test; * sham TGR + sGCstim vs sham TGR; # sham HanSD 
+ sGCstim vs sham HanSD by unpaired t test. Please note that in ACF TGR+ sGCstim group only 2 rats survived until the end, hence this group 
was excluded from the statistical analysis, but the values are presented

sham TGR 
(n=8)

sham TGR + 
sGCstim (n=9)

ACF TGR + 
sGCstim (n=2)

ACF TGR + 
ACEi (n=20)

ACF TGR + 
sGCstim + ACEi 
(n=12)

sham HanSD 
(n=9)

sham HanSD + 
sGCstim (n=10)

a b c d e f g

BW (g) 765±13 f, g 770±19 f, g 695±43 723±13 f, g 746±25 549±10 592±13 #
Heart W/tibia (mg/mm) 45.6±1.2 f, g 41.7±1.2 f, * 67.4±0.3 65.6±2.4 a, b, f, g 58.0±3.5b, f, g 33.7±0.7 37.1±0.5 #
Lung W /tibia (mg/mm) 46.8±1.3 53.1±2.6 56.0±2.7 57.1±2.1a, f 59.1±2.9 a, f, g 44.1±1.2 48.6±0.8 #
Liver W/tibia (g/cm) 5.6±0.2 f, g 5.5±0.2 f, g 4.9±0.6 4.7±0.2 b, f 4.8±0.2 f 3.8±0.1 4.5±0.1 #
Right kidney W/tibia 

(mg/mm)
49.8±2.1 f, g 47.6±2.0 41.0±8.6 37.5±0.6 a, g 41.9±1.0 a, b 39.1±1.1 44.4±1.7 #

Left kidney W/tibia 
(mg/mm)

53.1±2.6f, g 50.6±2.4 40.0±3.9 37.6±0.8a, b, g 42.8±1.7 a, b 39.5±1.0 45.3±2.0 #

GSI 0.43±0.13f 0.23±0.01 0.09±0.04 0.10±0.01a, g 0.07±0.01a, g 0.11±0.02 0.29±0.06 #
TSI 0.26±0.06 0.23±0.06 0.20±0.00 0.06±0.01 a, b 0.08±0.02 a, b 0.13±0.03 0.14±0.02
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HF associated with development of cardio-renal syn-
drome. We have shown that BAY41-8543, which exhib-
its the same mode of action as the sGC stimulator veri-
ciguat, effectively increased the survival of rats with HF 
with cardio-renal syndrome in comparison to untreated 
animals.

The discovery of orally active sGC stimulators and 
sGC activators was a breakthrough in the pharmacology 
of NO/sGC/cGMP field and seems to have an extensive 
therapeutic potential. Hence, there is still a great need 
for pre-clinical and clinical research to fully understand 
the mode of action and to explore their beneficial activ-
ity in cardiovascular and cardio-renal diseases in special 
patient populations (Cordwin et al. 2021; Sandner et al. 
2021b).

In our current study, we employed the rat model of vol-
ume overload induced by creation of the aorto-caval fistula, 
which mimics human HF and t is recommended for pre-clin-
ical research (Riehle and Bauersachs 2019; Kala et al. 2023). 
The ACF was created in ren-2 transgenic rats, in which the 
hypertension and endogenous activation of the renin angi-
otensin system (RAAS) are combined, consequently pro-
gressing the development of HF with cardio-renal syndrome 
(Sobieraj et al. 2021).

The first task in our study was to determine if the selected 
dose of BAY41-8543 (3 mg  kg−1  day−1) is effective in our 
model of HF, specifically if it increases the production of 
secondary messenger cGMP. Therefore, we measured cGMP 
excretion in urine which was increased after sGC stimulator 
administration already after one week of treatment. Since the 
sGC stimulator was administered in the food, we measured 
the food intake and the concentration of BAY41-8543 in 
plasma in the end of the short-term experiment. We did not 
record any differences in the food intake between groups 
and the plasma levels of sGC stimulator were in accordance 
to previous studies (Stasch et al. 2015). These data imply 
that we were able to reach sufficient exposure and target 
engagement with our sGC stimulator dose. In the next step 
we verified that our sGC stimulator does not significantly 
impact blood pressure. Indeed, the treatment with only sGC 
stimulator proved to have only transient and minor impact 
on blood pressure in ACF TGR rats.

After having identified the optimal dose, that lead to 
target engagement but not to significant BP reduction, we 
conducted a long-term study to evaluate potential benefi-
cial effects of the sGC stimulator BAY 41–8543 in our rat 
HF model. We have shown that sGC stimulator significantly 
improved the survival of ACF TGR rats in comparison to 
untreated animals. This is in line with recent clinical data 
from the VICTORIA phase 3 pivotal clinical trial which 
demonstrated that the vericiguat significantly reduced the 
incidence of the primary outcome of death from cardio-
vascular causes or first hospitalization for heart failure in 

comparison to placebo group. The beneficial activity of 
vericiguat over placebo in the clinical trial appeared after 
3 months of treatment and was sustained until the end of 
10.8 months follow-up period (Armstrong et al. 2020). In 
our study the considerable improvement was already visible 
after three weeks of the treatment (the mortality in untreated 
rats was already 75% by the  23rd day versus only 34% in sGC 
stimulator-treated group). The beneficial activity of sGC 
stimulator persisted for another 2 months (by the  59th day 
of treatment 48% of the rats were still alive), however after 
that period the effectiveness of the treatment started slowly 
to fade out. Currently we cannot exclude that this is related 
to the ACF-procedure and volume overload since preclinical 
studies in other chronic diseases models have shown long-
term prevention (Follmann et al. 2013; Stasch et al. 2015).

Interestingly, we have observed that the optimized dose 
of the ACEi completely prevented the mortality of the rats, 
but the efficacy of the ACEi in the combination with the sGC 
stimulator was substantially reduced. This unanticipated out-
come raises some difficulties in interpretation and we cannot 
provide a plausible explanation. One of the possible hypoth-
eses includes the excessive antihypertensive potency of both 
drugs in this particular model of HF. As already previously 
mentioned, the ACF creation causes a significant decrease in 
blood pressure (around 50 mmHg), therefore our first concept 
was that the combined treatment causes adverse hypotension, 
where the values of BP decrease below autoregulatory lev-
els. Low BP is a common symptom in subjects with HFrEF 
(around 10–15%) and it has been repeatedly demonstrated 
that blood pressure lower than 90 mmHg is a marker of poor 
outcome in acute HF (Cautela et al. 2020). Considering 
the high risk of negative outcomes in patients with HFrEF, 
current guideline-directed medical therapy recommends 
the titration of ACEi up to the maximally tolerated dosage 
(Ouwerkerk et al. 2017; Sharma et al. 2022).sGC stimulators 
(including BAY41-8543, vericiguat and riociguat) may cause 
symptomatic hypotension, but it is modest and dose-depend-
ent (Stasch et al. 2002b; Sharkovska et al. 2010; Lam et al. 
2021). Moreover, it was shown that even among the popula-
tion of patients predisposed to hypotension, the efficiency of 
vericiguat persisted regardless of baseline SBP (Lam et al. 
2021). However, we cannot exclude that in this particular 
model of HF (ACF TGR rats), the effects of the combined 
treatment (ACEi + sGCstim) depend on the used sGC stimu-
lator dose and/or the sensitivity of this model per se (model 
specific effect). This is supported by recent findings in ACF 
TGR model in which the ACEi effects were also blunted by 
adding an ETA antagonist (Kala et al. 2023).

The clinical importance of NO/sGC/cGMP signalling in 
cardiovascular and cardio-renal diseases including HF is 
very obvious; however, a better understanding of the under-
lying mechanisms is necessary for the optimal HF treatment 
and prevention and selection of patients profiting best from 
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sGC stimulator therapies (Numata and Takimoto 2022). 
Hence, the second goal of our study was to further investi-
gate the NO/sGC/cGMP pathway in pathological as well as 
in physiological states and to further elucidate the possible 
mechanisms of sGC stimulators. We therefore, have meas-
ured a variety of cardiovascular and renal biomarkers and 
found several interesting findings.

The basal urinary levels of cGMP (before treatment) were 
significantly higher in all groups in which HF was induced 
by ACF creation (Fig. 2A). This seems in contrast to data 
showing impaired cGMP signalling in heart failure (Blan-
ton 2020). However, it seems that NO/sGC/cGMP pathway 
could be initially activated to counteract the development of 
HF after ACF creation.

Furthermore, we found that the treatment with sGC stim-
ulator increased or tended to increase the ANG II levels, 
which also might be in compliance with increased activa-
tion of NO/sGC/cGMP signalling pathway mentioned above 
(both by NO-independent stimulation of sGC stimulator 
and by endogenous NO). The reciprocal interplay between 
RAAS and NO/sGC/cGMP is complex and still not fully 
understood (Persson 2003; Krishnan et al. 2018). cGMP, 
a secondary messenger in NO/sGC/cGMP cascade, was 
shown to exhibit both stimulatory and inhibitory action on 
renin secretion and the results of many studies are contradic-
tory (Kurtz and Wagner 1998; Persson 2003; Curnow et al. 
2020). Based on the results of our studies, i.e., increased 
activity of RAAS after sGC stimulator treatment, we could 
hypothesise rather stimulatory activity on renin secretion 
after short term treatment. The increase in cGMP resulting 
in beneficial effects, such as vasodilation or anti-inflamma-
tory activity, could be counterbalanced by the succeeding 
activation of RAAS. Noteworthy, this phenomenon was only 
observed in ACF TGR and sham HanSD rats treated with 
sGC stimulator, but not in sham TGR, in which the treat-
ment with BAY41-8543 did not affect ANG II levels to such 
extend (only tendency).

In fact, we have found a number of beneficial effects of 
sGC stimulator treatment in hypertensive sham TGR group 
(without ACF creation) exerted both on the renal and car-
diovascular systems. The glomerulosclerosis index (GSI) 
tended to be lower after the sGC stimulator treatment. Fur-
thermore, the analysis of the heart collected after the sur-
vival experiment (after 210 days) revealed a great deal of 
positive activity of sGC stimulator in sham TGR in com-
parison to untreated hypertensive animals.

Hypertension is linked with an increased occurrence of 
severe arrhythmias and development and progression of 
heart failure (Egan Benova et al. 2016). The key factors facil-
itating such life-threatening events are myocardial structural 
remodelling, fibrosis and altered topology and disorders of 
connexin-43 (Cx43) channels. It has been established that 
down-regulation of Cx43 as well as its abnormal topology 

contribute to the arrhythmic substrate in failing human heart 
promoting occurrence of life-threatening arrhythmias, hence 
the increase in Cx43 appears to be a mechanism to avoid 
lethal arrhythmia (Danik et al. 2004). We observed a number 
of positive effects resulted from the long-term treatment with 
sGC stimulator of hypertensive sham TGR, i.e., decreased 
heart hypertrophy, significantly up-regulated Cx43 and 
PKCε in the left ventricle. Moreover, the long term treat-
ment with sGC stimulator tended to decrease hydroxyproline 
(marker of fibrosis) (Díez 2007) and significantly decreased 
the activity of alkaline phosphatase (marker of myocardial 
capillary density) (Schultz-Hector et al. 1993). Certainly, 
observed beneficial effects of BAY41-8543 treatment can 
be partially escribed to antihypertensive effectiveness of the 
sGC stimulator, however the magnitude of the BP decrease, 
which was only modest suggests also blood-pressure inde-
pendent beneficial mechanisms.

Taken together, the number of positive effects of the treat-
ment with sGC stimulator in hypertensive TGR rats (without 
ACF), exerted on the kidney (lower GSI) and heart (dimin-
ished hypertrophy, up-regulated Cx43 and PKCε, decreased 
fibrosis) suggest a great potential of this class of the drug in 
prevention and/or treatment of persistent hypertension and 
related disorders.

Summary and conclusions

The main goal of the current study was to evaluate the effec-
tiveness of sGC stimulator (BAY 41–8543) for the treatment 
of HF due to volume overload combined with cardio-renal 
syndrome (ACF TGR). We have shown that the sGC stimu-
lator effectively increased the survival of ACF TGR in com-
parison to untreated animals. Taken together, we believe that 
sGC stimulators could represent a valuable tool to treat heart 
failure and renal dysfunction, but more studies are necessary 
to elucidate the exact mechanisms of action and interactions 
with other classes of drugs.

Limitations of the study

The first limitation of the study is the low numbers of ani-
mals, which survived until the end of the survival protocol 
and the lack of control (untreated) animals for histopatho-
logical analysis. The main objective of this part of the study 
was to evaluate the long-term effectiveness of sGC stimula-
tor and ACEi on the survival of rats with heart failure and 
cardio-renal syndrome. The initial n numbers of animals 
used in this study were relatively high (n = 30) due to our 
calculation by statistical power analysis method. During the 
study, we excluded acute deaths after surgical preparations 
(ACF creation). Also some of the rats were excluded from 
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the whole analysis due to ACF atrophy, which could be veri-
fied only in the end of the observation. Therefore, it was not 
possible to predict exactly how many samples will be avail-
able in the end. Nevertheless, this analysis was conducted 
mainly to compare the effects of the treatments in sham 
operated animals (both TGR and HanSD) and between ACEi 
administered alone and combined treatment with ACEi and 
BAY41-8543. In the future, we will perform next series of 
experiments in which the end point will be planned more 
carefully to avoid this setback.

The second drawback regards the lack of a proper analysis 
of cardiac function, employing either echocardiography and/
or pressure volume analysis. However, that would require 
repeated usage of anaesthetics, which could impact the 
results of survival protocol, which was the main goal of this 
part of the study. Hence, we decided to conduct separate 
experiments aimed to explore this issue in more detail (in all 
experimental groups at crucial therapeutic points). This part 
is still ongoing, due to time-consuming and complex char-
acter of the study; therefore, these results will be presented 
in the future separate studies.

Moreover, we are aware that the analysis of the natriuretic 
peptide axis is missing. Due to technical reasons, it was not 
possible in the current study, but it will be included in the 
next series of experiments in the future.
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