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Introduction 

The vast majority of adult mammalian cardiomyocytes are terminally 

differentiated and therefore do not proliferate under physiological 

conditions. The heart still retains its capability to respond to environmental 

demands, and cardiomyocytes can grow in reaction to various physiological 

or pathological stimuli. Primary triggering events for cardiac hypertrophy 

are mechanical stress and neurohumoral stimulation, which induce various 

cellular responses including changes in gene expression, protein synthesis 

and cell metabolism, leading to the development and progression of cardiac 

hypertrophy. Growth of the body, pregnancy or physical exercise induces 

physiological enlargement of the heart, which occurs through hypertrophy 

of the individual cardiomyocytes, and is characterized by normal or 

enhanced contractility coupled with normal architecture and organization of 

cardiac structure. In contrast, pathological cardiac hypertrophy is associated 

with hemodynamic overload, injury and loss of cardiomyocytes resulting in 

cardiac remodeling. The occurring pathophysiological changes include, but 

are not limited to metabolic derangement, altered calcium handling, 

inflammation, cell death and fibrosis. Although pathological and 

physiological myocardial hypertrophy might appear to be similar 

phenotypically, it has long been known that they differ fundamentally in the 

signaling pathways that drive their development. 

The mortality share of cardiovascular diseases has continuously been 

increasing for decades, now accounting for approximately 40% of deaths 

caused by non-communicable diseases worldwide. Long standing 

pathological hypertrophy is a major underlying cause of heart failure (HF), 

treatment of which is still a major healthcare problem. Therefore, new 
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therapeutic approaches might be feasible in addressing the growing public 

health burden of HF. 

A feasible option to improve outcomes of HF patients might be to target and 

alter molecular pathways currently not involved in pharmacological 

therapies. Such an interesting target is the second messenger cyclic GMP 

(cGMP) and its downstream signaling in cardiomyocytes. cGMP generated 

in response to nitric oxide (NO) production is an important intracellular 

regulator of many physiological and pathophysiological processes in the 

cardiovascular system, including cardiac remodeling. It has previously been 

shown that elevated cytosolic levels of cGMP originated either from 

blockade of its degrading enzyme, phosphodiesterase type 5 (PDE-5) or 

from increasing its production by stimulating or activating its producing 

enzyme, soluble guanylate cyclase (sGC) preserved myocardial structure 

and function in experimental ischemia-reperfusion models. Therefore, 

elevating myocardial cGMP levels might prove to be an effective new 

method of preventing the development of pathological myocardial 

hypertrophy. 

A new group of drugs named sGC activators has been developed in order to 

counteract the impairment of the NO-cGMP pathway. Cinaciguat (BAY 58-

2667) is the most potent member of the sGC activators developed to this 

date, which is capable of activating even inactive forms of sGC, thereby 

increasing production of cGMP. As such, cinaciguat might become a useful 

novel drug in the treatment of pathological myocardial hypertrophy.  
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Objectives 

Although both physiological and pathological myocardial hypertrophy have 

been extensively studied from molecular viewpoints, functional data 

regarding the differences between these hypertrophic phenotypes is limited 

in terms of reliability, given the non-invasive and thus less accurate 

modalities used to describe them. Therefore, there is a need to provide a 

deeper insight into the functional alterations characterizing these distinct 

forms of cardiac hypertrophy. Furthermore, since the incidence of heart 

failure is continuously rising, largely because of the growing incidence of 

its preceding conditions such as longstanding hypertension, investigation of 

novel pharmacological therapeutic options is of prime importance. 

Our aims for the experimental investigations discussed in this thesis were as 

follows: 

(1) Compare the functional characteristics of physiological and 

pathological myocardial hypertrophy utilizing pressure-volume (P-V) 

analysis, the current gold standard method for in vivo cardiac functional 

measurements 

(2) Explore the morphological and molecular background of the 

functional differences observed in physiological and pathological 

myocardial hypertrophy 

(3) Characterize the effect of the sGC activator cinaciguat in 

pathological myocardial hypertrophy from morphological, functional and 

molecular points of view as well.  
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Materials and methods 

Model of physiological hypertrophy – exercise training 

Young, male Wistar rats were randomly divided to either swim-trained (Ex) 

or sedentary (Sed) groups. Exercised rats performed gradually increasing 

training sessions until achieving 200 minutes/day for 12 weeks. Sedentary 

rats swam 5 minutes every day. 

Model of pathological hypertrophy – pressure overload 

Rats underwent either banding of the abdominal aorta (AAB) between the 

renal arteries and the superior mesenteric artery using a 20G needle to 

standardize the aortic diameter left behind, or sham procedure (Sham). 

Functional measurements were performed 6 weeks after the operations. 

Experimental protocols 

Investigation of differences between physiological and pathological 

myocardial hypertrophy was conducted utilizing both models. Rats (Ex, 

n=12; Sed, n=11; AAB, n=10; Sham, n=8) underwent the training program 

or the banding procedure and observation, at the end of which 

echocardiographic and invasive hemodynamic measurements were 

performed. 

For the investigation of the effect of cinaciguat on pathological myocardial 

hypertrophy, AAB and Sham animals were randomly assigned to either 

receiving cinaciguat (Cin, 10mg/kg) or placebo (Co, 0.5% methylcellulose 

solution) in the following numbers: ShamCo n=8, ShamCin n=8, AABCo 

n=10, AABCin n=9. Echocardiographic images were taken at midterm (3rd 

week) as well as at the end of the study before invasive hemodynamic 

measurements. 
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Echocardiography 

Short- and long axis images of the left ventricle (LV) were stored and 

analyzed to compare anterior and posterior wall dimensions as well as 

chamber diameters in both systole and diastole. Stroke volume (SV), 

fractional shortening (FS), ejection fraction (EF) and estimated LV mass 

index (LVMi, LV mass normalized to the tibia length of the animal) were 

calculated utilizing the recordings. 

In vivo hemodynamic measurements 

Rats were anesthetized with pentobarbital sodium to carry out invasive 

hemodynamic measurements with a pressure-conductance microcatheter 

inserted into the LV after measuring mean arterial pressure (MAP). Data 

recorded during these measurements was used to perform P-V analysis, 

during which the following parameters were calculated: EF, LV end-

systolic pressure (LVESP), LV end-systolic volume (LVESV), stroke work 

(SW), ventriculo-arterial coupling (VAC), mechanical efficiency (Eff), 

slope of end-systolic pressure-volume relationship (ESPVR), end-systolic 

elastance (Ees), preload recruitable stroke work (PRSW) and time constant 

of LV pressure decay (τW, Weiss method). Afterwards, hearts were weighed 

on a scale and LV samples collected. 

Histology 

Heart samples placed in 4% buffered paraformaldehyde were sectioned 

5µm thick and stained with hematoxylin and eosin or Picrosirius red to 

determine average LV cardiomyocyte diameter and myocardial collagen 

content, respectively. Furthermore, cGMP immunostaining as well as 

terminal deoxynucleotidil transferase dUTP nick-end labeling (TUNEL) 

were performed to assess LV myocardial cGMP content and DNA 

fragmentation, respectively. 
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Biochemical measurement 

Plasma cGMP level was determined from blood samples of ShamCo, 

ShamCin, AABCo and AABCin animals. 

Myocardial mRNA and protein analysis 

mRNA and proteins were extracted from LV samples for polymerase chain 

reaction and Western blotting studies. Expression of the following genes 

was investigated: atrial natriuretic peptide (ANP), myosin heavy chain 

isoform α and β (MHCα/β), peroxisome proliferator-activated receptor γ 

coactivator-1α (PGC1α), phospholamban (Pln) and sarcoplasmic and 

endoplasmic reticulum Ca2+-ATPase isoform 2a (SERCA2a). On the protein 

level, protein kinase G (PKG) and phosphorylation ratio of vasodilator-

stimulated phosphoprotein (VASP) were investigated. Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used to normalize data in both 

types of analysis. 

Statistical analysis 

Student’s t-testing or two-factorial analysis of variance (ANOVA, with 

’aortic banding’ and ’cinaciguat treatment’ as factors) was carried out as 

appropriate. The two-factorial ANOVA was used to detect independent 

effects of the factors (pband, ptreat) and significant banding×treatment 

interactions (pint). Tukey’s post hoc testing was performed to evaluate 

differences between the groups. Paired Student’s t-test was performed for 

comparing data of the echocardiographic measurements at 2 time points 

within a group. Furthermore, to test for the effect of the different 

hypertrophic stimuli in the models used (pdif f), a two-tailed Student’s t-test 

was performed using Ex and AAB values that were normalized to their 

respective controls.  
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Results 

Differences between physiological and pathological myocardial 
hypertrophy 

Heart weight 

Heart weight in both Ex and AAB animals increased significantly compared 

with their respective controls. 

Echocardiography 

Anterior and posterior wall thickness was increased in both hypertrophy 

models both in systole and diastole. Estimated LVM and LVMi was also 

increased in Ex and AAB rats compared with their respective controls. A 

differential effect of the hypertrophic stimulus on phenotypic changes was 

observed in LV end-systolic diameter (LVESD), FS and EF; while LVESD 

decreased and FS and EF increased in Ex animals, AAB rats expressed an 

inverse change in these parameters compared with the Ex group (Table 1.). 

Table 1. Exercise and pathological stimuli result in similar degree of hypertrophy 
– echocardiographic measurements 

 Sed Ex Sham AAB pdiff 

LVESD (mm) 4.06±0.08 3.45±0.09* 3.99±0.17 4.22±0.11 <0.0001 
AWTd (mm) 1.96±0.02 2.17±0.02* 1.95±0.02 2.19±0.03# 0.452 
PWTd (mm) 1.82±0.03 1.93±0.02* 1.78±0.01 2.06±0.04# 0.002 
LVM (mg) 872±14 976±11* 849±17 1031±23# 0.012 
LVMi (mg/mm) 20.2±0.4 24.6±0.3* 20.2±0.3 26.0±0.7# 0.264 
FS (%) 41.4±0.7 50.0±1.1* 41.3±2.3 40.5±1.3 <0.0001 
EF (%) 65.5±1.3 73.0±1.3* 65.1±1.5 62.4±1.3 <0.0001 
LVESD: LV end-systolic diameter; AWTd: anterior wall thickness in diastole; PWTd: posterior 
wall thickness in diastole; LVM: left ventricular mass; LVMi: LVM index (LVM normalized to 
tibia length); FS: fractional shortening; EF: ejection fraction; pdiff: p value of the difference 
between the models 
*: p<0.05 vs. Sed; #: p<0.05 vs. Sham 
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Hemodynamic measurements 

Ex rats displayed decreased LVESV compared with Sed animals, which 

accompanied by unchanged heart rate and LV end diastolic volume, 

resulted in increased SV, EF and SW (Figure 1 A). LV pressures were 

unaltered in our exercised rats. In contrast, LV volumes and thus SV and EF 

did not change significantly in the AAB animals compared with Sham rats. 

In this model, however, LVESP and, consequently, MAP significantly 

increased in the AAB group (Figure 1 A), leading to increased values of 

SW. Load-independent indices of systolic cardiac function Ees and PRSW 

showed increased contractility in both hypertrophy models (Figure 1 B). 

Figure 1. Pressure-volume relations and contractility following exercise or 
pressure overload 
Panel A represents baseline P-V loops in all groups. Note the difference in pressure and 
volume values among the groups. 
Panel B shows both Ees and PRSW are significantly elevated in Ex and AAB animals 
compared with their respective controls. Eff and VAC are significantly improved in Ex rats, 
while are unchanged in AAB animals. 
*: p<0.05 vs. Sed; #: p<0.05 vs. Sham  
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With respect to diastolic function, τW was significantly decreased in the Ex 

group compared with Sed animals, while it was significantly increased in 

the AAB rats compared with the Sham group. Furthermore, Eff was 

significantly better following exercise, while it remained unchanged after 

AAB. Compared with their respective controls, VAC was also improved in 

the Ex group, while it was mitigated in the AAB animals. 

Histology 

Average cardiomyocyte diameter was increased in both hypertrophy models 

confirming the presence of hypertrophy on the microscopic level. In 

contrast, while myocardial collagen content did not increase in 

physiological hypertrophy, pathological hypertrophy was characterized by a 

significant increase of subendocardial collagen deposition. 

Myocardial mRNA analysis 

Physical exercise did not result in significant changes regarding cardiac 

gene expression. In contrast, mRNA expression of genes involved in 

reactivation of the fetal gene program, such as ANP, MHCα and MHCβ, or 

expression of effectors important in mitochondrial function, such as PGC1α 

was altered following pressure overload of the LV. 

Effects of cinaciguat in pathological myocardial hypertrophy 

Heart weight 

Heart weight normalized to tibia length (HW/TL) was significantly higher 

in the AABCo rats than in the ShamCo or ShamCin animals. HW/TL was 

significantly reduced in the AABCin animals compared with the AABCo 

rats. 
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Echocardiography 

The echocardiographic measurement performed on the 3rd postoperative 

week verified significantly elevated LV wall thickness values and LVMi in 

the AABCo group compared with ShamCo without significant changes in 

chamber dimensions. LV hypertrophy increased over the second half of the 

treatment period in the AABCo group. Treatment with cinaciguat in aortic 

banded rats resulted in significantly decreased LV diastolic wall thicknesses 

and LVMi compared with AABCo at both time points. EF and FS remained 

unchanged during the whole study. 

Hemodynamic measurements 

LVESP and MAP proximal to the site of stenosis were significantly higher 

in both AAB groups than in the Sham groups, and neither of these 

parameters was affected by cinaciguat. ESPVR was much steeper in 

AABCo rats than in ShamCo animals (Figure 2 A). Ees and PRSW also 

showed that contractility was significantly elevated in the AABCo group 

compared with ShamCo (Figure 2 B). These parameters, however, indicated 

a significant decrease of contractility in AABCin compared with AABCo 

rats. Active relaxation was impaired in the AABCo rats compared with 

ShamCo, as evidenced by τ, while it was similar to ShamCo in the AABCin 

animals (Figure 2 B). 

Histology 

Average cardiomyocyte width, collagen area of subendocardial LV 

myocardium and the number of apoptotic cell nuclei were significantly 

increased in the AABCo group compared with ShamCo, and were all 

significantly lower in AABCin rats than in AABCo animals. Analyzing 

immunohistochemical staining on myocardial sections for cGMP resulted in 
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significantly higher score in AABCin rats than either in ShamCo or AABCo 

animals. 

Myocardial mRNA and protein analysis 

Pressure overload of the LV resulted in elevated myocardial expression of 

ANP as well as decreased ratio of MHCα/MHCβ expression, indicating the 

reactivation of the fetal gene program in the AABCo animals (Figure 3 A). 

Treatment with cinaciguat normalized the ratio of MHCα/MHCβ 

expression, while ANP expression was unaltered by the treatment. 

Figure 2. Pressure-volume relations and contractility following cinaciguat 
treatment in pressure overload 
Panel A represents loops recorded during vena cava occlusion. Note the difference between 
ESPVR steepness. 
Panel B shows both Ees and PRSW are significantly elevated in AABCo animals whilst both 
are significantly decreased in AABCin compared with AABCo. τW is only elevated in AABCo 
animals. 
*: p<0.05 vs. ShamCo; #: p<0.05 vs. AABCo; pint: interaction p value 
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Expression ratio of SERCA2a and Pln was significantly elevated in the 

AABCin rats (Figure 3 A). Protein density of PKG was significantly 

elevated in myocardial homogenates of AABCo rats, while it was 

comparable to ShamCo in the AABCin group (Figure 3 B). Phosphorylation 

ratio of VASP is a widely used indicator of PKG activity. The ratio was 

elevated following cinaciguat treatment in AABCin animals (Figure 3 B). 

Plasma cGMP 

Plasma level of cGMP was significantly elevated in the AABCin animals 

compared with both ShamCo and AABCo groups (Figure 3 B). 

  
Figure 3. Gene expression changes and cGMP signaling after cinaciguat 
treatment in pressure overload 
Panel A displays key gene expression alterations following cinaciguat treatment in pressure 
overload. 
Panel B summarizes cGMP-related changes. Plasma level of cGMP reflects significantly 
higher intracellular cGMP in AABCin animals, resulting in increased PKG activity. Thus, 
phosphorylation ratio of VASP is increased despite the unchanged amount of the enzyme. 
*: p<0.05 vs. ShamCo; #: p<0.05 vs. AABCo; pint: interaction p value 
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Conclusions 

We provided the first detailed hemodynamic comparison of physiological 

and compensated pathological hypertrophy in relevant rodent models in our 

first set of experiments. Although the investigated types of myocardial 

hypertrophies were phenotypically similar, distinctive functional and 

molecular differences were present. Active relaxation during diastole was 

differentially affected: physiological hypertrophy was associated with a 

significant improvement, while pathological hypertrophy resulted in a 

significant deterioration. Furthermore, efficiency of the work of the LV and 

coupling to the arterial system was improved only in physiological 

hypertrophy. Altered myocardial expression of markers related to 

mitochondrial function and biogenesis might explain the described energy-

dependent functional differences. 

We showed for the first time in our second set of experiments that chronic 

activation of sGC potently prevents the development of excessive 

myocardial hypertrophy induced by pressure overload in vivo. We observed 

this beneficial effect of sGC activation on morphological, functional and 

molecular levels as well.   
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