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Stimulation of soluble guanylate 
cyclase improves donor 
organ function in rat heart 
transplantation
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Heart transplantation remains the definitive therapy of end-stage heart failure. Ischemia-reperfusion 
injury occurring during transplantation is a primary determinant of long-term outcome of heart 
transplantation and primary graft insufficiency. Modification of the nitric oxide/soluble guanylate 
cyclase/cyclic guanosine monophosphate signaling pathway appears to be one of the most promising 
among the pharmacological interventional options. We aimed at characterizing the cardio-protective 
effects of the soluble guanylate cyclase stimulator riociguat in a rat model of heterotopic heart 
transplantation. Donor Lewis rats were treated orally with either riociguat or placebo for two days 
(n = 9) in each transplanted group and (n = 7) in donor groups. Following explantation, hearts were 
heterotopically transplanted. After one hour reperfusion, left ventricular pressure-volume relations and 
coronary blood flow were recorded. Molecular biological measurements and histological examination 
were also completed. Left ventricular contractility (systolic pressure: 117 ± 13 vs. 48 ± 5 mmHg, 
p < 0.001; dP/dtmax: 2963 ± 221 vs. 1653 ± 159 mmHg/s, p < 0.001), active relaxation (dP/dtmin: 
−2014 ± 305 vs. −1063 ± 177 mmHg/s, p = 0.02; all at 120 µl of left ventricular volume), and alteration 
of coronary blood flow standardized to heart weight (2.55 ± 0.32 vs. 1.67 ± 0.22 ml/min/g, p = 0.03) 
were markedly increased following preconditioning with riociguat. Myocardial apoptosis markers were 
also significantly reduced in the riociguat pretreated group as well as the antioxidant markers were 
elevated. Pharmacological preconditioning with riociguat decreases ischemia-reperfusion injury and 
improves donor organ function in our animal model of heart transplantation. Therefore, riociguat might 
be a potential cardioprotective agent.

Heart transplantation (HTX) is still the optimal procedure for patients with end-stage heart failure, when other 
medical or surgical interventions have failed. The primary graft failure (PGF) remains an important problem after 
heart transplantation; it is reported to have an incidence up to even 40%1. Ischemia/reperfusion (I/R) injury is a 
major determinant of PGF. The deleterious effects of I/R injury are mediated mainly by reactive oxygen (ROS) 
and nitrogen species (RNS) such as peroxynitrite2, production of which during ischemia is enhanced. This is 
followed by an extra burst of reactive species generation taking place at reperfusion. ROS and RNS tissue concen-
trations at any time are dependent on the balance of their production and elimination, the latter being actively 
regulated by antioxidant enzymes in the endogenous antioxidant system, such as superoxide dismutase (SOD) 
and catalase3. Therefore, in order to reduce I/R injury, reduction of the amount of ROS and RNS either by decreas-
ing production or enhancing elimination is essential. A feasible option to achieve this goal during transplantation 
is pharmacological preconditioning the heart before explantation.

Oxidative and nitrosative stress-mediated injury leads to dysfunction of the nitric oxide (NO)/soluble guany-
late cyclase (GC-1)/cyclic guanosine monophosphate (cGMP)/protein kinase G (PKG) pathway4. This pathway 
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has anti-apoptotic and anti-inflammatory effects via regulation of endogenous antioxidant mechanisms, as well 
as regulation of cell adhesion molecules important in leukocyte invasion, respectively. Experimental data shows 
that either increasing cGMP production by administration of a GC-1 activator (e.g. cinaciguat) or stimulator (e.g. 
riociguat), or inhibiting cGMP degradation by blocking phosphodiesterase-5 (PDE5) using sildenafil, vardenafil 
or tadalafil, resulted in beneficial effects in various models of I/R injury and myocardial infarction5. Therefore, 
agents that boost cGMP synthesis via stimulating GC-1 might become important therapeutic options for the 
prevention of I/R injury associated with heart transplantation.

Drugs that are capable of either activating or stimulating GC-1 have been developed in the last decades. After 
a promising pre-clinical stage6, however, GC-1 activators as cardiovascular drugs have failed to impress in the 
clinical setting. Cinaciguat, the most potent GC-1 activator to date, has been shown to cause severe hypotension 
in patients with acute decompensated heart failure (HF)7, resulting in early termination of both clinical trials 
utilizing the drug. A more recent, possibly valuable therapeutic option for the treatment of I/R injury might be, 
due to its less pronounced hypotensive effect, the stimulation of GC-1. As the NO/GC-1/cGMP pathway is an 
important determinant of blood pressure - in cardiomyocyte specific deletion of NO-GC-1 knockout mice – a 
significant elevation was observed in both systolic and diastolic blood pressure values8. GC-1 stimulators have a 
dual mode of action, as they sensitize GC-1 to endogenous NO as well as directly stimulating reduced GC-1 in 
the absence of NO9. On the other hand, Tsai and colleagues firstly identified differential NO/heme-dependent 
and -independent activation properties of GC-110. The first GC-1 stimulator agent to succeed in clinical trials 
was riociguat (Adempas, Bayer AG, Leverkusen, Germany)11. Although riociguat currently is accepted as a class 
II or III drug for the treatment of pulmonary arterial hypertension (PH) or chronic thromboembolic pulmonary 
hypertension, accumulating experimental and clinical data show its cardioprotective effect12,13. Therefore, our aim 
was to investigate the cardioprotective capabilities of stimulating the NO/GC-1/cGMP pathway using riociguat in 
a well-established rodent model of HTX14–16.

Results
Riociguat treatment increases tissue cGMP content, resulting in increased PKG signaling. I/R 
injury during cold ischemia resulted in a significant decrease in myocardial cGMP content of COHTX hearts 
(Fig. 1). In contrast, preconditioning with riociguat prior to transplantation significantly increased cGMP immu-
noreactivity in the RioHTX group compared with their controls, respectively (Fig. 1). The elevation in tissue 
cGMP content resulted in a trend (p = 0.16) towards increased phosphorylation ratio of vasodilator-stimu-
lated phosphoprotein (pVASP/VASP) in myocardial tissue homogenates of RioHTX hearts (Fig. 1), indicating 
increased PKG signaling in this group compared with COHTX.

Antioxidant defense was reinforced in riociguat-treated transplanted hearts, decreasing the 
deleterious effects of nitro-oxidative stress. 3-nitrotyrosine (3-NT) immunoreactivity of the LV myo-
cardium reflects the severity of nitro-oxidative stress occurring during ischemia and reperfusion, which was 
significantly increased in COHTX hearts compared with CO (Fig. 2). The decreased cardioprotective effects of 
cGMP-mediated signaling and the parallel increase in oxidative stress resulted in a significantly increased num-
ber of terminal d-UTP nick-end labeling (TUNEL) positive cell nuclei in the myocardium of COHTX hearts 
after transplantation, implying pronounced DNA fragmentation in this group. Protein density of cleaved caspase 
3, an indicator of apoptosis, was also increased in COHTX myocardial samples compared to RioHTX (Fig. 2). 
Neither nitrotyrosine content, nor the number of TUNEL positive cell nuclei differed significantly from CO in 
the RioHTX hearts, while both were significantly less in this group than in COHTX hearts (Fig. 2). Myocardial 
P-selectin immunoreactivity was also increased in COHTX samples reflecting enhanced platelet activation and 
leukocyte recruitment in the post-ischemic myocardium, while preconditioning with riociguat before transplan-
tation effectively prevented this elevation as well (Fig. 2). Of note, riociguat also decreased P-selectin immu-
noreactivity in Rio samples compared to CO. Quantitative real-time polymerase chain reaction (qRT-PCR) 
measurements from myocardial samples showed that mRNA-expression of the master regulator of myocardial 
energy metabolism and inducer of antioxidant enzymes, peroxisome proliferator-activated receptor gamma coac-
tivator 1-alpha (PGC1α) was significantly upregulated in the RioHTX group compared with COHTX (Fig. 2). 
Furthermore, significant changes in the expression of antioxidant enzymes superoxide dismutase (SOD-2) and 
catalase (Cat) was also observed, indicating reinforced antioxidant defense in RioHTX hearts (Fig. 2).

Cardiac and coronary vascular function in the graft post-transplant were better following rioc-
iguat treatment compared with control. Left ventricular systolic pressure (LVSP) and maximal slope of 
pressure increment (dP/dtmax) measurements at gradually increasing left ventricular (LV) balloon volumes, which 
modeled increasing preload after transplantation, showed improved systolic function in the RioHTX group com-
pared with COHTX (Fig. 3). Furthermore, preconditioning with riociguat resulted in an improvement in diastolic 
function at higher preload values, resulting in significantly increased maximal slope of pressure decrement (dP/
dtmin) compared with COHTX, suggesting improved myocardial relaxation (Fig. 3). Coronary blood flow was also 
significantly augmented after 1 hour of reperfusion in RioHTX hearts compared with COHTX group (Fig. 3), 
indicating significantly improved coronary endothelial function following riociguat preconditioning.

Preconditioning with riociguat resulted in decreased mean arterial blood pressure (MAP) and significantly 
improved active relaxation (tau-W) in Rio rats (Fig. 3), whereas the load-dependent contractile parameter dP/
dtmax and heart rate were not affected (Fig. 3, Table 1).
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Discussion
Our group presents evidence with the current findings that pharmacological preconditioning with the GC-1 
stimulator riociguat ameliorates I/R injury during heart transplantation. This cardioprotective effect of riociguat 
manifested in improved coronary blood flow, as well as improved functional capacity of the LV of hearts pre-
conditioned with the drug compared with placebo. Our results imply that the observed improvement in early 
post-transplant function following riociguat treatment is based on a significant increase in myocardial cGMP 
content and thus increased cGMP-dependent cardioprotective signaling, which results in decreased myocar-
dial oxidative, as well as nitrosative stress and apoptosis through reinforcement of antioxidant capacity. This I/R 
injury reducing effect of riociguat has been shown in a murine infarction model using LAD ligation as well2, in 
which smaller infarct size and better long term preservation of LV systolic function was found when the drug was 
administered at the onset of reperfusion. These findings also support that GC-1 stimulation might be a powerful 
therapeutic treatment strategy for preventing I/R injury2.

Stimulation of GC-1 with preconditioning with riociguat in our donor rats resulted in a significant increase 
in myocardial cGMP immunoreactivity following transplantation in RioHTX hearts compared with COHTX 
(Fig. 1a,b), confirming the efficacy of our treatment. More important is whether the excess cGMP produced in 
response to riociguat resulted in elevated activity of PKG, which might be confirmed by measuring phosphoryl-
ation ratio of its target VASP17. Indeed, a trend towards elevation of this ratio was found in the grafts precondi-
tioned with riociguat (Fig. 1d), which might suggest increased PKG activity in RioHTX animals.

PGC1α is a member of a family of transcription coactivators and a master regulator of myocardial energy 
metabolism. It plays a central role in the regulation of mitochondrial oxidative energy homeostasis18 and in 
endogenous antioxidant signaling19. It is highly likely that PGC-1α is intimately involved in disorders such as 
obesity, diabetes, and cardiomyopathy20 as well, which is further supported by a recent investigation concluding 
PGC1α deficiency accelerates the development of heart failure in mice challenged by transverse aortic constric-
tion21. PGC1α was also shown to increase the expression of mitochondrial antioxidant enzymes, which in turn 
reduce nitro-oxidative stress22. Importantly, augmented cGMP signaling and increased PGC1α expression has 
been shown to be linked in various cell types23,24, including vascular endothelial cells25,26, implying that GC-1 
stimulation might have additional beneficial effects via enhancing antioxidant defense. In line with these obser-
vations, significantly increased PGC1α expression was accompanied by a significant increase in the mRNA 

Figure 1. Riociguat increases cGMP content and thus cGMP-dependent signaling following transplantation. 
cGMP immunoreactivity (a,b) following transplantation was significantly decreased in COHTX myocardial 
samples, while riociguat treatment preceding transplantation significantly increased its amount. The elevation 
of myocardial cGMP led to increased protein kinase G activity, resulting in a trend towards elevation of 
VASP phosphorylation ratio (c). *p < 0.05 vs. CO, #p < 0.05 vs. COHTX; VASP: vasodilator-stimulated 
phosphoprotein; pVASP: phosphorylated VASP.
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expression of antioxidant enzymes catalase and SOD2 in hearts of RioHTX animals compared with COHTX 
(Fig. 2d). In case of oxidative stress, in oxidized state of GC-1 becomes desensitized to available NO, leading to 
a decrease in cGMP production necessary for activation of downstream proteins and pathways27. As a result, 
preconditioning with riociguat significantly ameliorated nitro-oxidative stress in the myocardium of RioHTX 
animals, as evidenced by a significant decrease in nitrotyrosine immunoreactivity (Fig. 2a) and TUNEL posi-
tive nuclei (Fig. 2b) in the myocardium of these animals compared with COHTX. Therefore, apoptosis within 
the myocardium following HTX was significantly ameliorated by riociguat. Furthermore, as the pro-apoptotic28 
cleaved caspase 3 was found to be significantly decreased in RioHTX hearts, apoptosis might have been amelio-
rated in these grafts compared with COHTX as well (Fig. 2b). Altogether, riociguat appears to have increased 
the capacity of endogenous antioxidant mechanisms, thereby protecting the myocardium from I/R mediated 
oxidative stress.

Microvascular obstruction is considered to be another major manifestation of myocardial reperfusion injury, 
and is associated with enhanced leukocyte invasion29. The cell adhesion molecule P-selectin expressed on acti-
vated endothelial cells plays a pivotal role during I/R injury by enhancing leukocyte adhesion across the intimal 
layer and causing thrombocyte aggregation30,31. These pathological pathways results in microvascular obstruc-
tion and myocardial damage. GC-1 has been shown to play a key anti-inflammatory role by inhibiting P-selectin 
expression on endothelial cells and thus leukocyte recruitment, which could ameliorate inflammation32,33. I/R 
injury during and after transplantation resulted in a significantly increased myocardial P-selectin immunore-
activity in COHTX grafts compared with CO (Fig. 2c). In contrast, preconditioning with riociguat significantly 
decreased P-selectin immunoreactivity to a level that was comparable with non-operated groups (Fig. 2c). This 
effect of riociguat might also have contributed to the decrease in oxidative stress in RioHTX hearts by decreasing 

Figure 2. Deleterious effects of I/R injury are diminished via an increase in antioxidant capacity following 
riociguat preconditioning. Nitrotyrosine (a), as well as P-selectin (b) immunoreactivity following 
transplantation was significantly elevated in COHTX myocardial samples, resulting in an increase in DNA 
strand-breaks, thus apoptosis, as confirmed by TUNEL staining (c). Apoptosis might also have been induced 
in these animals, as implied by a trend towards an increase in caspase 3 activation (c). All of these changes were 
normalized by riociguat (a–c), in the background of which reinforced antioxidant signaling might have been a 
significant component (d). *p < 0.05 vs. CO, #p < 0.05 vs. COHTX; Casp3: caspase 3; Cat: catalase; Ppargc1a: 
peroxisome proliferator-activated receptor gamma coactivator 1-alpha; Sod2: superoxide dismutase 2; TUNEL: 
terminal d-UTP nick-end labeling.
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the number of activated leukocytes in the myocardium and thus diminishing the amount of ROS generated by 
their oxidative burst.

The beneficial effects of riociguat on the molecular and microscopic level manifested in a significant improve-
ment in cardiac function in the RioHTX group compared with COHTX. Hearts of RioHTX animals generated 
significantly higher LV pressure than COHTX grafts (Fig. 3a), as well as showed improved contractility and active 
relaxation, especially at larger LV volumes (Fig. 3a) following transplantation. Furthermore, coronary blood flow 
was significantly higher in the RioHTX group compared with COHTX (Fig. 3a), which might have contributed 
to the improvement observed in both systolic and diastolic function in the early phase following reperfusion. As 
such, riociguat appears to preserve donor organs during, and facilitate recovery after ischemia, and its effects are 
present both in endothelial cells and cardiomyocytes.

As GC-1 activators failed in the clinical setting due to their significant effect on blood pressure, we decided to 
conduct hemodynamic measurements in the donor animals at the time of peak plasma concentration of riociguat 
(Fig. 3b). Preconditioning with riociguat resulted in significantly lower MAP and better active relaxation during 

Figure 3. Systolic and diastolic function of riociguat-treated left ventricles are significantly improved after 
transplantation. Riociguat significantly improved active relaxation before transplantation, while decreased 
mean arterial pressure (a). Systolic pressures and contractility (b) at certain preload volumes were both 
significantly improved in RioHTX animals compared with COHTX rats. Active relaxation during diastole (b) 
showed a similar trend. A significant improvement in coronary flow (b) might have contributed to this effect. 
*p < 0.05 vs. CO, #p < 0.05 vs. COHTX; dP/dtmax: maximal slope of pressure increment, dP/dtmin: maximal 
slope of pressure decrement, MAP: mean arterial pressure.

Co Rio p

Systolic blood pressure (mmHg) 140 ± 8 110 ± 3 0.0042

Diastolic blood pressure (mmHg) 106 ± 4 81 ± 3 0.0007

MAP (mmHg) 123 ± 5 94 ± 3 0.0007

BW (g) 312 ± 2 315 ± 3 0.4993

Heart rate (bpm) 408 ± 6 420 ± 11 0.3832

dP/dtmax (mmHg/s) 8759 ± 414 10258 ± 1027 0.2007

dP/dtmin (mmHg/s) −10069 ± 361 −10249 ± 940 0.8608

Table 1. MAP: mean arterial pressure, BW: body weight, dP/dtmax: maximal slope of pressure increment, dP/
dtmin: maximal slope of pressure decrement.
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diastole (Fig. 3b). The observed decrease in MAP, although statistically significant, might not result in a clinically 
significant alteration in the setting of heart transplantation, as donor blood pressure is pharmacologically main-
tained before explantation of the donor organ.

conclusions
Our results suggest that preconditioning with riociguat improves donor heart function following transplantation 
in an experimental model of heterotopic HTX. To the best of our knowledge, the experimental data herein is the 
first to date evaluating the cardioprotective effect of GC-1 stimulation during heterotopic rat heart transplan-
tation. Our findings show that stimulation of the GC-1 enzyme with riociguat could be a promising option to 
reduce I/R injury and to decrease the incidence of primary graft failure.

Limitations. Interpretation of the results presented herein has limitations. Firstly, I/R injury is a reversible 
phenomenon in this model due to the unloaded reperfusion of the graft, which results in a relatively fast recovery. 
This complicates showing differences between experimental groups after a certain time of reperfusion. Thus, it 
is accepted to measure hemodynamic relations after 60 minutes of reperfusion even though it is a shorter period 
than in clinical practice14,34–38. Secondly, dosing or the mode of administration of riociguat might be different in a 
clinical setup. Lastly, the change in VASP phosphorylation ratio in response to preconditioning with riociguat is 
only a trend in this study, which warrants further experimental investigation to validate the relationship between 
cGMP enhancement and cardioprotection in the I/R setting.

Materials and Methods
Parts of this section have been described in our recent publication14. We refer to each methodological aspect in 
the text accordingly.

Animals. All animals used in the experiments described herein received humane care in compliance with the 
“Principles of Laboratory Animal Care” formulated by the National Society for Medical Research and the “Guide 
for the Care and Use of Laboratory Animals” prepared by the Institute of Laboratory Animal Resources and used 
by the National Institutes of Health (NIH Publication No. 86–23, revised 1996). Furthermore, all procedures 
during the study were reviewed and approved by the Ethical Committee of Hungary for Animal Experimentation 
and all methods were performed in accordance with the relevant international guidelines and regulations. As 
described in our recent publication14, male Lewis rats (250–300 g; Charles River, Germany) were housed in a 
room at 22 ± 2 °C under 12-h light/dark cycles and were fed a standard laboratory rat diet and water ad libitum. 
The acclimatization of the rats took for at least 1 week before the experiments.

Experimental groups. Rats were randomly divided into four groups as follows. Control (CO, n = 7): donor 
rats receiving methylcellulose vehicle without consequential transplantation; (2) riociguat-control (Rio, n = 7): 
donor rats receiving riociguat without consequential transplantation; (3) transplant-control (COHTX): donor 
rats (n = 9) receiving methylcellulose vehicle followed by transplantation of the hearts into the recipients (n = 9); 
and (4) riociguat+transplant (RioHTX): donor rats (n = 9) receiving riociguat followed by transplantation of 
the hearts into the recipients (n = 9). Donor rats were treated orally with vehicle or riociguat as described below, 
while recipient rats received no treatment before the operations.

Drug application. Riociguat was purchased from Bayer HealthCare (Berlin, Germany). 10 mg/kg body 
weight (BW) riociguat suspended in 1% methylcellulose solution vehicle was administered via oral gavage for the 
treated groups 24 and 2 hours before explantation, altogether twice before the procedure. This dose and adminis-
tration method was chosen considering pharmacokinetic and –dynamic properties11 of riociguat as well as results 
of previous experiments12,13.

Rat model of heart transplantation. Heterotopic heart transplantation in our experiments was per-
formed in isogenic Lewis rats in order to avoid organ rejection, as described previously14. Briefly, donor rats 
were anaesthetized with isoflurane and were heparinized (25000 IU intravenously, iv.). Following exposure of the 
heart using bilateral thoracotomy, cardiac arrest was induced by infusion of 50 ml of cold cardioplegic solution 
(Custodiol, 4 °C, Dr. Franz Köhler Chemie GmbH, Bensheim, Germany) into the coronaries via the aorta. Then, 
the superior and inferior vena cava and the pulmonary veins were tied en masse with a suture and the heart was 
excised together with the aortic arch, which allowed for measurement of the coronary blood flow (CBF) later 
during the experiments. Hearts were stored in cold Custodiol at 4 °C following excision. Recipient rats were 
anaesthetized with isoflurane, heparinized (400 IU/kg iv.), and their body temperature was maintained at 37 °C 
using a heating pad. Occlusion of approximately two-centimeter segments of the infrarenal aorta and the inferior 
vena cava was followed by anastomosis of the aorta and the pulmonary artery of the donor heart end to side to 
the abdominal aorta and the inferior vena cava of the recipient rat, respectively. The duration of cold storage and 
implantation was standardized at 1 h (ischemic period) to minimize variability between experiments. Heparin 
was antagonized with protamine (400 IU/kg iv.) following completion of the anastomoses and the occlusion was 
released. Reperfusion of the donor organ with blood in situ was allowed for 60 minutes.

Functional measurements in the donor. We compared the effect of preconditioning with riociguat 
on the hemodynamic parameters of the donor heart before explantation as described earlier14. A 2 F microtip 
pressure microcatheter (SPR-838, Millar Instruments, Houston, TX, USA) was used to carry out invasive 
hemodynamic measurements39,40. Sampling rate for these measurements was set to 1000 samples/s using a 
pressure-volume (P-V) conductance system (MPVS-Ultra, Millar Instruments) and the PowerLab 16/30 data 
acquisition system (AD Instruments, Colorado Springs, CO, USA). Animals were anesthetized with 1–2% 
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isoflurane, and were placed on heating pads to maintain core temperature at 37 °C. The left external jugular vein 
was cannulated with a polyethylene catheter for fluid administration. At initiation of the measurements, mean 
arterial blood pressure (MAP) and heart rate (HR) were recorded, which was followed by advancement of the 
catheter into the left ventricle (LV) under pressure control. We used only the pressure signal of the microcatheter 
to calculate the maximal slope of systolic pressure increment (dP/dtmax) and diastolic pressure decrement (dP/
dtmin) with a special P-V analysis program (PVAN, Millar Instruments).

Functional measurements in the graft. Cardiac function and coronary flow of the graft were measured 
as described earlier14. Briefly, after one hour of reperfusion, a 3 F latex balloon catheter (Edwards Lifesciences 
Corporation, Irvine, CA, USA) and the Millar micromanometer were introduced into the left ventricle via the 
apex. LVSP, dP/dtmax and dP/dtmin were measured at LV volumes 20–160 µl provided by the balloon catheter. 
The acquired data was used to construct LV pressure-volume relationships. CBF of the graft was measured by 
an ultrasonic flow meter (Transonic Systems Inc., Ithaca, NY, USA) mounted on the donor ascending aorta, the 
only outlet of which was through the coronaries; therefore, global coronary flow could be indirectly measured14.

Tissue sampling from the donor. After completing P-V measurements in the recipient, donor hearts were 
excised and LV samples were taken. The samples were either snap frozen in liquid nitrogen and stored at −80 °C 
or were fixed in 4% buffered paraformaldehyde via immersion to perform the measurements described below.

Quantitative real-time polymerase chain-reaction (qRT-PCR). The myocardium samples were 
snap frozen after hemodynamic measurements and homogenized to extract total RNA as described previ-
ously39. Reverse transcription reaction (1 µg total RNA of each sample) was completed using the QuantiTect 
Reverse Transcription Kit (Qiagen), and the resulting cDNA samples were amplified on the StepOnePlus™ 
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using TaqMan® Universal PCR MasterMix 
and TaqMan® Gene Expression Assays (Applied Biosystems) for the following targets: endogenous antioxidant 
enzymes superoxide dismutase (SOD-2; Rn00690587_g1) and catalase (Rn00560930_m1), and the master reg-
ulator of myocardial energy metabolism, the mitochondrial transcriptional coactivator peroxisome proliferator 
activated receptor γ coactivator 1α (PGC1α; Rn00580241_m1). Ribosomal Protein L27 (RPL27; Rn00821099_
g1) was chosen as housekeeping for normalization of gene expression data14. The mRNA expression levels were 
calculated using the CT comparative method (2−ΔCT) and adjusted to a pool of CO group.

Western blot analysis. LV tissue samples were homogenized, and protein concentration was determined as 
described previously40,41. Equal amounts of protein were then separated via gel-electrophoresis, and proteins were 
transferred to polyvinylidene fluoride (PVDF) membranes40. After blocking in non-fat milk, membranes were 
incubated with primary antibodies against vasodilator-stimulated phosphoprotein (VASP) and phospho-VASP 
(1:2000, Cell Signaling Technology, Danvers, MA, USA, #3112 and #3114) cleaved caspase-3 (1:2000, Cell 
Signaling Technology, #9662), followed by incubation in a horseradish peroxidase-conjugated secondary anti-
body. Immunoblots were developed by enhanced chemiluminescence detection, as described previously40. 
Protein band densities normalized to α-tubulin (1:10000, sigma T5168, Sigma-Aldrich, Budapest, Hungary) were 
quantified using Image Lab software (Bio-Rad, Hercules, CA, USA).

Histology, immunhistochemistry. We fixed the left ventricular samples in buffered paraformaldehyde solu-
tion (4%), embedded in paraffin and 5-μm thick sections were cut. The nitro-oxidative stress marker nitrotyrosine was 
detected by immunohistochemical staining utilizing antibody #10189540 (Cayman Chemical, Ann Arbor, MI, USA) 
as previously described14 and nitrotyrosine positive area was analyzed with Image J software (NIH, Bethesda, MD, 
USA). For identification of P-selectin, immunostaining of paraffin-embedded sections was performed with the use of a 
mouse polyclonal antibody (#sc-8419, Santa Cruz Biotechnology, Dallas, TX, USA)42 and was analyzed also with Image 
J software (NIH, Bethesda, MD, USA). Intracellular cGMP content was visualized by immunohistochemistry utilizing 
#ab12416 (Abcam, Cambridge, UK), performed according to a previously described method40. For futher investiga-
tion of the myocardial cGMP content immunofluorescent labeling (Antibody: ab12416) was also performed. Terminal 
deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) reaction was performed (DeadEnd™ 
Colorimetric TUNEL System, Promega, Mannheim, Germany) to detect DNA strand breaks14,40.

Statistical analysis. Data is expressed as mean ± SEM. t-testing, one- or two-way ANOVA followed by the 
appropriate post-hoc test were performed as appropriate. A mixed-effect ANOVA model was applied with Sidak’s 
post hoc test (correcting for multiple comparisons) to analyze the hemodynamic data at different LV volumes. 
p < 0.05 was considered statistically significant.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 9 April 2019; Accepted: 6 March 2020;
Published: xx xx xxxx

References
 1. Dronavalli, V. B., Rogers, C. A. & Banner, N. R. Primary Cardiac Allograft Dysfunction-Validation of a Clinical Definition. 

Transplantation 99, 1919–1925, https://doi.org/10.1097/TP.0000000000000620 (2015).
 2. Methner, C. et al. Riociguat reduces infarct size and post-infarct heart failure in mouse hearts: insights from MRI/PET imaging. 

PLoS One 8, e83910, https://doi.org/10.1371/journal.pone.0083910 (2013).

https://doi.org/10.1038/s41598-020-62156-y
https://doi.org/10.1097/TP.0000000000000620
https://doi.org/10.1371/journal.pone.0083910


8Scientific RepoRtS |         (2020) 10:5358  | https://doi.org/10.1038/s41598-020-62156-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 3. Dhalla, N. S., Elmoselhi, A. B., Hata, T. & Makino, N. Status of myocardial antioxidants in ischemia-reperfusion injury. Cardiovasc 
Res 47, 446–456 (2000).

 4. Inserte, J. & Garcia-Dorado, D. The cGMP/PKG pathway as a common mediator of cardioprotection: translatability and mechanism. 
Br J Pharmacol 172, 1996–2009, https://doi.org/10.1111/bph.12959 (2015).

 5. Frankenreiter, S. et al. cGMP-Elevating Compounds and Ischemic Conditioning Provide Cardioprotection Against Ischemia and 
Reperfusion Injury via Cardiomyocyte-Specific BK Channels. Circulation 136, 2337–2355, https://doi.org/10.1161/
CIRCULATIONAHA.117.028723 (2017).

 6. Korkmaz, S. et al. Pharmacological activation of soluble guanylate cyclase protects the heart against ischemic injury. Circulation 120, 
677–686, https://doi.org/10.1161/CIRCULATIONAHA.109.870774 (2009).

 7. Erdmann, E. et al. Cinaciguat, a soluble guanylate cyclase activator, unloads the heart but also causes hypotension in acute 
decompensated heart failure. Eur Heart J 34, 57–67, https://doi.org/10.1093/eurheartj/ehs196 (2013).

 8. Frankenreiter, S. et al. Cardioprotection by ischemic postconditioning and cyclic guanosine monophosphate-elevating agents 
involves cardiomyocyte nitric oxide-sensitive guanylyl cyclase. Cardiovasc Res 114, 822–829, https://doi.org/10.1093/cvr/cvy039 
(2018).

 9. Grimminger, F. et al. First acute haemodynamic study of soluble guanylate cyclase stimulator riociguat in pulmonary hypertension. 
Eur Respir J 33, 785–792, https://doi.org/10.1183/09031936.00039808 (2009).

 10. Tsai, E. J. et al. Pressure-overload-induced subcellular relocalization/oxidation of soluble guanylyl cyclase in the heart modulates 
enzyme stimulation. Circ Res 110, 295–303, https://doi.org/10.1161/CIRCRESAHA.111.259242 (2012).

 11. Mittendorf, J. et al. Discovery of riociguat (BAY 63-2521): a potent, oral stimulator of soluble guanylate cyclase for the treatment of 
pulmonary hypertension. ChemMedChem 4, 853–865, https://doi.org/10.1002/cmdc.200900014 (2009).

 12. Pradhan, K. et al. Soluble guanylate cyclase stimulator riociguat and phosphodiesterase 5 inhibitor sildenafil ameliorate pulmonary 
hypertension due to left heart disease in mice. Int J Cardiol 216, 85–91, https://doi.org/10.1016/j.ijcard.2016.04.098 (2016).

 13. Bonderman, D. et al. Riociguat for patients with pulmonary hypertension caused by systolic left ventricular dysfunction: a phase IIb 
double-blind, randomized, placebo-controlled, dose-ranging hemodynamic study. Circulation 128, 502–511, https://doi.
org/10.1161/CIRCULATIONAHA.113.001458 (2013).

 14. Benke, K. et al. Pharmacological preconditioning with gemfibrozil preserves cardiac function after heart transplantation. Sci Rep 7, 
14232, https://doi.org/10.1038/s41598-017-14587-3 (2017).

 15. Ono, K. & Lindsey, E. S. Improved technique of heart transplantation in rats. J Thorac Cardiovasc Surg 57, 225–229 (1969).
 16. Benke, K. et al. Heterotopic Abdominal Rat Heart Transplantation as a Model to Investigate Volume Dependency of Myocardial 

Remodeling. Transplantation 101, 498–505, https://doi.org/10.1097/TP.0000000000001585 (2017).
 17. Sartoretto, J. L. et al. Regulation of VASP phosphorylation in cardiac myocytes: differential regulation by cyclic nucleotides and 

modulation of protein expression in diabetic and hypertrophic heart. Am J Physiol Heart Circ Physiol 297, H1697–1710, https://doi.
org/10.1152/ajpheart.00595.2009 (2009).

 18. Finck, B. N. & Kelly, D. P. Peroxisome proliferator-activated receptor gamma coactivator-1 (PGC-1) regulatory cascade in cardiac 
physiology and disease. Circulation 115, 2540–2548, https://doi.org/10.1161/CIRCULATIONAHA.107.670588 (2007).

 19. Lu, Z. et al. PGC-1 alpha regulates expression of myocardial mitochondrial antioxidants and myocardial oxidative stress after 
chronic systolic overload. Antioxid Redox Signal 13, 1011–1022, https://doi.org/10.1089/ars.2009.2940 (2010).

 20. Liang, H. & Ward, W. F. PGC-1alpha: a key regulator of energy metabolism. Adv Physiol Educ 30, 145–151, https://doi.org/10.1152/
advan.00052.2006 (2006).

 21. Arany, Z. et al. Transverse aortic constriction leads to accelerated heart failure in mice lacking PPAR-gamma coactivator 1alpha. 
Proc Natl Acad Sci USA 103, 10086–10091, https://doi.org/10.1073/pnas.0603615103 (2006).

 22. Valle, I., Alvarez-Barrientos, A., Arza, E., Lamas, S. & Monsalve, M. PGC-1alpha regulates the mitochondrial antioxidant defense 
system in vascular endothelial cells. Cardiovasc Res 66, 562–573, https://doi.org/10.1016/j.cardiores.2005.01.026 (2005).

 23. Aquilano, K. et al. p53 orchestrates the PGC-1alpha-mediated antioxidant response upon mild redox and metabolic imbalance. 
Antioxid Redox Signal 18, 386–399, https://doi.org/10.1089/ars.2012.4615 (2013).

 24. Guo, Y. X. et al. Effects of nitric oxide on steroidogenesis and apoptosis in goat luteinized granulosa cells. Theriogenology 126, 55–62, 
https://doi.org/10.1016/j.theriogenology.2018.12.007 (2019).

 25. Kalogeris, T. J., Baines, C. & Korthuis, R. J. Adenosine prevents TNFalpha-induced decrease in endothelial mitochondrial mass via 
activation of eNOS-PGC-1alpha regulatory axis. PLoS One 9, e98459, https://doi.org/10.1371/journal.pone.0098459 (2014).

 26. Borniquel, S., Valle, I., Cadenas, S., Lamas, S. & Monsalve, M. Nitric oxide regulates mitochondrial oxidative stress protection via the 
transcriptional coactivator PGC-1alpha. FASEB J 20, 1889–1891, https://doi.org/10.1096/fj.05-5189fje (2006).

 27. Shah, R. C., Sanker, S., Wood, K. C., Durgin, B. G. & Straub, A. C. Redox regulation of soluble guanylyl cyclase. Nitric Oxide 76, 
97–104, https://doi.org/10.1016/j.niox.2018.03.013 (2018).

 28. Agosto, M., Azrin, M., Singh, K., Jaffe, A. S. & Liang, B. T. Serum caspase-3 p17 fragment is elevated in patients with ST-segment 
elevation myocardial infarction: a novel observation. J Am Coll Cardiol 57, 220–221, https://doi.org/10.1016/j.jacc.2010.08.628 
(2011).

 29. Hausenloy, D. J. & Yellon, D. M. Ischaemic conditioning and reperfusion injury. Nat Rev Cardiol 13, 193–209, https://doi.
org/10.1038/nrcardio.2016.5 (2016).

 30. Cabrera-Fuentes, H. A. et al. RNase1 prevents the damaging interplay between extracellular RNA and tumour necrosis factor-alpha 
in cardiac ischaemia/reperfusion injury. Thromb Haemost 112, 1110–1119, https://doi.org/10.1160/TH14-08-0703 (2014).

 31. Stenberg, P. E., McEver, R. P., Shuman, M. A., Jacques, Y. V. & Bainton, D. F. A platelet alpha-granule membrane protein (GMP-140) 
is expressed on the plasma membrane after activation. J Cell Biol 101, 880–886, https://doi.org/10.1083/jcb.101.3.880 (1985).

 32. Ahluwalia, A. et al. Antiinflammatory activity of soluble guanylate cyclase: cGMP-dependent down-regulation of P-selectin 
expression and leukocyte recruitment. Proc Natl Acad Sci USA 101, 1386–1391, https://doi.org/10.1073/pnas.0304264101 (2004).

 33. Dore, M., Korthuis, R. J., Granger, D. N., Entman, M. L. & Smith, C. W. P-selectin mediates spontaneous leukocyte rolling in vivo. 
Blood 82, 1308–1316 (1993).

 34. Loganathan, S. et al. Effects of soluble guanylate cyclase activation on heart transplantation in a rat model. J Heart Lung Transplant 
34, 1346–1353, https://doi.org/10.1016/j.healun.2015.05.006 (2015).

 35. Korkmaz-Icoz, S. et al. Prolonging hypothermic ischaemic cardiac and vascular storage by inhibiting the activation of the nuclear 
enzyme poly(adenosine diphosphate-ribose) polymerase. Eur J Cardiothorac Surg 51, 829–835, https://doi.org/10.1093/ejcts/ezw426 
(2017).

 36. Li, S. et al. Donor Preconditioning After the Onset of Brain Death With Dopamine Derivate n-Octanoyl Dopamine Improves Early 
Posttransplant Graft Function in the Rat. Am J Transplant 17, 1802–1812, https://doi.org/10.1111/ajt.14207 (2017).

 37. Li, S. et al. Acute ethanol exposure increases the susceptibility of the donor hearts to ischemia/reperfusion injury after 
transplantation in rats. PLoS One 7, e49237, https://doi.org/10.1371/journal.pone.0049237 (2012).

 38. Li, S. et al. Transplantation of donor hearts after circulatory or brain death in a rat model. J Surg Res 195, 315–324, https://doi.
org/10.1016/j.jss.2014.12.038 (2015).

 39. Nemeth, B. T. et al. Cinaciguat prevents the development of pathologic hypertrophy in a rat model of left ventricular pressure 
overload. Sci Rep 6, 37166, https://doi.org/10.1038/srep37166 (2016).

 40. Matyas, C. et al. The soluble guanylate cyclase activator cinaciguat prevents cardiac dysfunction in a rat model of type-1 diabetes 
mellitus. Cardiovasc Diabetol 14, 145, https://doi.org/10.1186/s12933-015-0309-x (2015).

https://doi.org/10.1038/s41598-020-62156-y
https://doi.org/10.1111/bph.12959
https://doi.org/10.1161/CIRCULATIONAHA.117.028723
https://doi.org/10.1161/CIRCULATIONAHA.117.028723
https://doi.org/10.1161/CIRCULATIONAHA.109.870774
https://doi.org/10.1093/eurheartj/ehs196
https://doi.org/10.1093/cvr/cvy039
https://doi.org/10.1183/09031936.00039808
https://doi.org/10.1161/CIRCRESAHA.111.259242
https://doi.org/10.1002/cmdc.200900014
https://doi.org/10.1016/j.ijcard.2016.04.098
https://doi.org/10.1161/CIRCULATIONAHA.113.001458
https://doi.org/10.1161/CIRCULATIONAHA.113.001458
https://doi.org/10.1038/s41598-017-14587-3
https://doi.org/10.1097/TP.0000000000001585
https://doi.org/10.1152/ajpheart.00595.2009
https://doi.org/10.1152/ajpheart.00595.2009
https://doi.org/10.1161/CIRCULATIONAHA.107.670588
https://doi.org/10.1089/ars.2009.2940
https://doi.org/10.1152/advan.00052.2006
https://doi.org/10.1152/advan.00052.2006
https://doi.org/10.1073/pnas.0603615103
https://doi.org/10.1016/j.cardiores.2005.01.026
https://doi.org/10.1089/ars.2012.4615
https://doi.org/10.1016/j.theriogenology.2018.12.007
https://doi.org/10.1371/journal.pone.0098459
https://doi.org/10.1096/fj.05-5189fje
https://doi.org/10.1016/j.niox.2018.03.013
https://doi.org/10.1016/j.jacc.2010.08.628
https://doi.org/10.1038/nrcardio.2016.5
https://doi.org/10.1038/nrcardio.2016.5
https://doi.org/10.1160/TH14-08-0703
https://doi.org/10.1083/jcb.101.3.880
https://doi.org/10.1073/pnas.0304264101
https://doi.org/10.1016/j.healun.2015.05.006
https://doi.org/10.1093/ejcts/ezw426
https://doi.org/10.1111/ajt.14207
https://doi.org/10.1371/journal.pone.0049237
https://doi.org/10.1016/j.jss.2014.12.038
https://doi.org/10.1016/j.jss.2014.12.038
https://doi.org/10.1038/srep37166
https://doi.org/10.1186/s12933-015-0309-x


9Scientific RepoRtS |         (2020) 10:5358  | https://doi.org/10.1038/s41598-020-62156-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 41. Matyas, C. et al. Comparison of speckle-tracking echocardiography with invasive hemodynamics for the detection of characteristic 
cardiac dysfunction in type-1 and type-2 diabetic rat models. Cardiovasc Diabetol 17, 13, https://doi.org/10.1186/s12933-017-0645-
0 (2018).

 42. Xu, Y. et al. Activated platelets contribute importantly to myocardial reperfusion injury. Am J Physiol Heart Circ Physiol 290, 
H692–699, https://doi.org/10.1152/ajpheart.00634.2005 (2006).

Acknowledgements
The technical assistance of Henriett Biró*, Gábor Fritz*, Dóra Juhász*, Gabriella Molnár* and Edina Urbán* is 
greatly acknowledged. This study was supported by the National Research, Development and Innovation Office 
of Hungary (NKFIH; NVKP-16-1-2016-0017, „National Heart Program”); by the Higher Education Institutional 
Excellence Program of the Ministry of Human Capacities in Hungary, within the framework of the Therapeutic 
Development thematic program of the Semmelweis University; by the Human Resource Support Office (National 
Talent Program; NTP-NFTÖ−17-B-0027 to K.B.), and by the New National Excellence Program of the Ministry 
of Human Capacities (ÚNKP-17-3-III-SE-10 to B.T.N.).

Author contributions
K.B., B.T.N., Z.S., B.M. and T.R. designed the research. K.B., B.T.N., K.A.S., A.A.S., B.M. and T.R. participated 
in writing the paper. K.B., B.T.N., K.A.S., A.A.S., A.O., M.R., G.S., S.K., E.M.H., R.B. and I.H. performed 
measurements and analyzed data. All authors approved the final version of the manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-62156-y.
Correspondence and requests for materials should be addressed to K.B.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-62156-y
https://doi.org/10.1186/s12933-017-0645-0
https://doi.org/10.1186/s12933-017-0645-0
https://doi.org/10.1152/ajpheart.00634.2005
https://doi.org/10.1038/s41598-020-62156-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Stimulation of soluble guanylate cyclase improves donor organ function in rat heart transplantation
	Results
	Riociguat treatment increases tissue cGMP content, resulting in increased PKG signaling. 
	Antioxidant defense was reinforced in riociguat-treated transplanted hearts, decreasing the deleterious effects of nitro-ox ...
	Cardiac and coronary vascular function in the graft post-transplant were better following riociguat treatment compared with ...

	Discussion
	Conclusions
	Limitations. 

	Materials and Methods
	Animals. 
	Experimental groups. 
	Drug application. 
	Rat model of heart transplantation. 
	Functional measurements in the donor. 
	Functional measurements in the graft. 
	Tissue sampling from the donor. 
	Quantitative real-time polymerase chain-reaction (qRT-PCR). 
	Western blot analysis. 
	Histology, immunhistochemistry. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Riociguat increases cGMP content and thus cGMP-dependent signaling following transplantation.
	Figure 2 Deleterious effects of I/R injury are diminished via an increase in antioxidant capacity following riociguat preconditioning.
	Figure 3 Systolic and diastolic function of riociguat-treated left ventricles are significantly improved after transplantation.
	Table 1 MAP: mean arterial pressure, BW: body weight, dP/dtmax: maximal slope of pressure increment, dP/dtmin: maximal slope of pressure decrement.




