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3.1 Cardiovascular disease 

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality 

worldwide (1). CVD is an umbrella term encompassing diseases of the vascula-

ture as well as the heart and includes, but is not limited to, coronary microvascular 

disease (CMD), arrythmias and left/right ventricular disease. The most severe 

form of CVD  is heart failure (HF), with an estimated mortality rate between 47% 

and 53% (2) and a prevalence of 1.7% of the European population, which is ex-

pected to rise in the following years (3). 

In HF the ability of the heart to supply oxygen-rich blood to the body is insufficient 

and patients experience dyspnea, exercise intolerance and swelling of the lower 

extremities (4). HF can have a genetic origin, or be caused by prolonged expo-

sure to risk factors, leading to progressive CVD, culminating in HF. In case of a 

genetic origin, variations in genes encoding for cardiac contractile proteins, pro-

teins involved in cardiac fiber organization, protein encoding for ion channels in-

volved in regulation of action potentials or proteins involved in metabolism can be 

affected. Specific genetic variations that are associated to the development of 

CVD and HF, are frequently seen in young patients with Down, Turner and 

Noonan syndrome. In our Western society, chronic exposure to diabetes mellitus, 

dyslipidemia, kidney disease and hypertension cause a systemic pro-inflamma-

tory milieu that contributes to the onset and development of CVD, which can cul-

minate in HF.  

HF is subdivided into heart failure with reduced, mildly reduced or preserved ejec-

tion fraction (HFrEF, HFmrEF and HFpEF respectively). In HFrEF and HFmrEF, 

the pumping capacity of the heart is insufficient due to impaired systolic function. 

According to the 2021 ESC guidelines on HF prevalence, HFrEF occurred in 

10.8% of all HF patients, while HFmrHF occurred in 13-24% (5). HFrEF is often 

caused by coronary artery disease, leading to chronic myocardial ischemia 

and/or acute myocardial infarction 

(https://www.ncbi.nlm.nih.gov/books/NBK553115/). Following myocardial infarc-

tion, the loss of viable myocardium impairs the contractile function of the heart, 

which results in neurohumoral activation, fluid retention, ventricular dilation and 

remodeling. Both the impaired contractile function and the ventricular dilation 

contribute to the reduction of ejection fraction characteristic for HFrEF. In HFpEF, 

inflammation of the myocardial tissue leads to remodeling of its contractile units, 

thereby thickening the ventricular wall and impairing effective filling of the ventri-

cle. This causes end-diastolic volume and stroke volume to decrease, preserving 

the ejection fraction. 45.3% Of all HF patients suffers from this form of HF (5), 

which is mostly associated with atrial arrythmias, hypertension and metabolic dis-

eases like diabetes (DM) and chronic kidney disease (CKD).  

https://www.ncbi.nlm.nih.gov/books/NBK553115/
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3.2 Acquired HF 

Acquired HF develops during the course of life and is associated with prolonged 

exposure to metabolic diseases commonly observed in Western society. Dysreg-

ulated glucose metabolism, seen in DM, is associated to the development of HF 

in 22% of the DM patients (6). DM promotes the formation of advanced glycation 

end-products (AGEs) and in DM-associated dyslipidemia, high levels of low-den-

sity lipoproteins (LDL) lead to the formation of atherosclerotic plaques and coro-

nary artery disease. Both AGEs and high LDL are proinflammatory (7, 8) and 

contribute to organ damage. The kidneys are susceptible to inflammatory injury 

and approximately one-third of all DM patients develops chronic kidney disease 

(9, 10).  

3.2.1 Renal fibrosis in CKD impairs filtration of uremic toxins 

In a response to renal inflammatory injuries, the kidneys release damage associ-

ated molecular patterns (DAMPs). This further promotes renal inflammation via 

the transcription of inflammation-associated cytokines (like TNF-α and interleu-

kins). An inflammatory renal milieu increases renal sympathetic nerve activity, 

which results in the production of angiotensin II (angII) by RAAS (11). Although 

the primary effect is the resorption of water and minerals, angII release also pro-

motes a pro-inflammatory renal environment and the formation of fibrosis around 

the renal endothelial cells (EC) lining of the glomeruli. This lowers the permeabil-

ity and therefore filtration function, resulting in the accumulation of so-called ure-

mic toxins in the circulation. Higher circulating levels of indoxyl sulphate (IS), 

FGF23 (12-14), TNF-α, AGEs and interleukins (15) promote the further release 

of toxins by the endothelial cells of the renal vasculature, like ROS. IS induced 

ROS formation, which increases the release of ET-1, results in glomerular hyper-

tension and dysfunction of the endothelial cells in relation to vascular tone (16). 

If the inflammatory and hypertensive environment of the glomeruli becomes 

chronic, fibrosis and dysfunction of a wider area of the kidney will occur. Prolon-

gation of this vicious cycle will lead to renal dysfunction that classifies as CKD.  

3.2.2 Cardiorenal syndrome 

CKD and CVD have a synergistical interaction (17-20). This interaction has been 

labeled as cardiorenal syndrome (CRS). Five types of CRS can be distinguished 

with the first four types focusing on the development from renal dysfunction to HF 

or vice versa, and a fifth type encompassing CRS as a consequence of comor-

bidities like DM (figure 1) (21). In CRS1, acute decompensation of the heart leads 

to acute kidney injury. CRS2 describes the negative effects of chronic cardio-

pulmonary congestion on the kidneys. CRS3 focusses on the negative effects of 

renal ischemia on the heart. In CRS5, a comorbidity like DM, causes chronic de-

rangement of both renal and cardiac function.  
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In CRS4, chronic kidney disease has an adverse effect on the heart, leading to 

cardiac dysfunction through a variety of mechanisms including hypertension, vol-

ume overload, iron deficiency, mineral disorders and the build-up of uremic tox-

ins. CKD induced neuro-humoral dysfunction, with renal overactivation of the 

sympathetic nervous system leading to the activation of RAAS and resulting in 

increased levels of circulating angII, is an important factor in CRS type 4. Approx-

imately 20% of the CRS patients suffers from this CRS type (22). As CKD has 

the ability to cause CVD and vice versa, a vicious cycle might occur in which 

deterioration of one organ enhances the deterioration of the other. Indeed, CVD 

is the main cause of mortality for CKD patients (23, 24).  

 

Figure 1: Different types of cardio renal syndrome (CRS). CKD: chronic kidney disease. AKI: 

acute kidney disease. HF: heart failure. CHF: congestive heart failure. 

3.2.3 Mechanisms underlying the detrimental effect of CKD on the heart 

in CRS4 

Chronic kidney disease and the accompanying renal inflammation induce RAAS 

activation in CRS4, which aggravates kidney fibrosis. RAAS activation and im-

paired kidney function leads to water and salt retention, systemic vasoconstriction 

and impaired clearance of so-called uremic toxins, contributing to systemic in-

flammation. Thus, CKD impacts the LV in a volume-dependent and -independent 

way. The increased blood volume, together with systemic hypertension, in-

creases pre- and afterload of the LV, contributing to increased myocardial work. 

RAAS overactivation and systemic inflammation also have a volume-independent 

effect on the cardiovascular system. Increased circulating levels of uremic toxins 

promote the transcription of pro-inflammatory and pro-fibrotic factors in cardiac 

resident fibroblasts via the MAPK and SMAD signaling pathways (figure 2) (25). 

These cascades upregulate the formation and crosslinking of collagen fibers by 

AGEs, which results in the alteration of extra cellular matrix (ECM) composition 

and increased stiffness of the LV. In addition to collagen, proteoglycans are an 

important component of the ECM. A primary function of the proteoglycans is to 

interact with and hold water. In remodeled myocardium an imbalance in proteo-

glycan presence and availability of matrix metalloproteinases (MMPs) is present 
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(26-28). MMPs are enzymes that break down proteoglycans, as well as collagen, 

and are regulated by RAAS. Furthermore, MMP activity is additionally regulated 

by TGF-β signaling and tissue inhibitors of metalloproteinases (TIMPs). Overac-

tivation of RAAS, as discussed before, leads to oxidative stress. Oxidative stress 

and TGF-β promote the activity of cardiac MMP-9 (29). An imbalance of proteo-

glycans, in combination with increased MMP-9 activity, will promote the myocar-

dial remodeling further contributing to stiffening of the heart and development of 

HF (30).  

 

Figure 2: Schematic overview of the molecular cascade leading to ventricular fibrosis. Reactive 

Oxygen Species, Angiotensin and PDGF bind to their respective receptors in the cell membrane. 

MAPK and JAK-STAT pathway phosphorylation lead to activation of pro-fibrotic transcription fac-

tors (TFs), which promote transcription of pro-fibrotic molecules PDGF and TGF-β. 

3.2.4 Cardiac hemodynamics 

Cyclic contraction of the heart propagates the blood through the cardiovascular 

system to supply organs and tissues with oxygen and nutrients. Each cardiac 

cycle consists of a filling phase (diastole) and a contraction phase (systole) (figure 

3-A). Oxygen-rich blood from the lungs, enters the left ventricle via the left atrium 

and mitral valve during diastole (figure 3-C). The atrium contracts towards the 

end of diastole for optimal filling of the LV, reaching its end-diastolic volume 

(EDV) (figure 3-B,1). In the healthy LV, volume can increase with only a minimal 

increase of end-diastolic pressure (EDP). At the start of systole, the myocardium 

starts to contract. The pressure increases and the mitral valve closes. The period 

during which both the mitral and aortic valves are closed, is referred to as the 

isovolumetric contraction (figure 3-B,2). When the LV pressure surpasses the 

pressure in the aorta, the aortic valve opens and blood is expelled into the as-

cending aorta. During the ejection phase, the aortic pressure increases commen-

surate with the increase in LV pressure, while LV volume declines as the ventricle 

empties (figure 3-B,3). At the end of systole, the ventricular myocardium relaxes 
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and the aortic valve closes, a period referred to as isovolumic relaxation (figure 

3-B,4). The heart does not completely empty during systole, the residual blood 

volume that stays behind in the ventricle is called the end-systolic volume (ESV). 

The mitral valve opens again after relaxation and the cardiac cycle starts again. 

In healthy humans this routine occurs 60-80 times per minute at rest, approxi-

mately 100800 times per day and 36 million times per year. 

 

Figure 3: Pressure and volume changes during one cardiac cycle. (A) Aortic, LV and atrial pres-

sure traces, combined with an LV volume trace, during one cardiac cycle. (B) LV pressure and 

volume traces combined into a pressure-volume loop, representing one cardiac cycle. In panels 

A and B: Blue (1), LV loading phase. Yellow (2), isovolumetric contraction phase. Orange (3), 

ejection phase. Green (4), isovolumetric relaxation phase. (C) Schematic overview of the heart. 

ESP, end-systolic pressure. EDP, end-diastolic pressure. ESV, end-systolic pressure. EDV, end-

diastolic pressure. SV, stroke volume. Adapted from: https://open.oregonstate.education/aandp/chapter/19-3-cardiac-cy-

cle/ 

A complete picture of the cardiac function requires knowledge of both pressures 

and volumes. Pressure-volume loops are used to visualize cardiac cycles and 

can be used to determine cardiac stiffness and contractility (figure 4-B, 4-E). Ma-

nipulation of preload and/or afterload allow determination of the end-systolic pres-

sure-volume relation (ESPVR) and the end-diastolic pressure-volume relation 

(EDPVR). The ESPVR is the linear relation of all end-systolic points at various 

preloads and its slope is a load-independent index of the contractility of the LV. 

The EDPVR is the exponential fit of all end-diastolic points and the coefficient of 

the exponent is a measure for the LV stiffness. An additional parameter to esti-

mate cardiac stiffness, is the preload-recruitable stroke work (PRSW), which is 

the slope of the correlation between EDV and stroke work (SW). A lower slope 

indicates a stiffer LV with contractile dysfunction. The SW is the surface of one 

pressure-volume loop. Both HFrEF and HFpEF lead to changes of PV loop form 

and position along each of the axes. The degree of movement and changes in 

EDPVR, ESPVR and PRSW correlate to the pathological severity.  

3.2.5 Hemodynamic changes in heart failure 

In HFpEF, the LV typically has a smaller end-diastolic volume, is hypertrophied 

and stiff. The PV loop therefore moves down the volume axis compared to the 

healthy condition and shows an increased EDP. As a result of decreased filling 
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volumes at higher filling pressures, the slope of the EDPVR becomes steeper 

(i.e., stiffer LV) (figure 4-A, 4-D). Therefore, HFpEF is also called HF with diastolic 

dysfunction. The dilated LV with an increased EDV and decreased PRSW, are 

characteristic for HFrEF and is shown in the PV loops as a positive movement 

along the volume axis (figure 4-C, 4-F). Here, the SV declines or stays constant, 

meaning the fraction of ejected volume declines (EF). This results in a decreased 

ESPRV slope. HFrEF is often labeled as HF with systolic dysfunction. 

 

Figure 4: (A-C) Schematic representation of pressure-volume loops recorded in the LV, in home-

ostasis (B), HFpEF (A) and HFrEF (C). (D-F) Schematic physiological visualization of homeosta-

sis (E), HFpEF (D) and HFrEF (F). ESP: end-systolic point. EDP: end-diastolic point. ESV: end-

systolic volume. EDV: end-diastolic volume. ESPVR: end-systolic pressure-volume relation. 

EDPVR: end-diastolic pressure-volume relation. SV: stroke volume. RV: right ventricle. LV: left 

ventricle. RA: right atrium. LA: left atrium. Blue labeled vessels carry oxygen depleted blood to 

the lungs. Red colored vessels transport oxygen rich blood from the lungs to the heart, followed 

by the aorta.  

3.3 Congenital heart disease 

In congenital heart disease (CHD), genetic variations of genes encoding for pro-

teins involved in contractile fiber organization or ion channel expression lead to 

derangement of proper cardiac function and result in cardiac remodeling. These 

variations of cardiac genes are often seen in Down, Turner and Noonan syn-

drome. 

3.3.1 NS-HCM 

Noonan syndrome (NS) has a prevalence of 1:1000 to 1:2500 children (31). NS 

is caused by a genetic variation of one of the proteins within the RAS-mitogen-

activated protein kinase (RAS-MAPK) pathway. Therefore, NS belongs to the 

spectrum of RASopathies and its disease pathology affects multiple organs (32). 

Children affected by NS often suffer from facial malformations, mental retardation 
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and congenital heart disease (33, 34). In the heart, NS can cause ventricular hy-

pertrophy and cardiac arrhythmias. Early onset hypertrophic cardiomyopathy oc-

curs in approximately 20% of the NS patients (35) and can affect both the LV and 

RV (36). Proteins that are often affected include PTPN11 (37), SOS1 (38), LZRT1 

(39) and RAF1 (40) (Figure 5). Particularly RAF1 variations can lead to NS-asso-

ciated HCM (NS-HCM), characterized by hypertrophy and thickening of the RV 

and/or LV wall. This form of congenital heart disease can develop extreme pres-

sure gradients over the pulmonary and aortic valves, due to outflow tract obstruc-

tions and valve stenoses, and cardiac arrhythmias.  

3.3.2 RAF1 interacts with intracellular Ca2+ homeostasis 

RAF1 is a serine-threonine protein kinase that plays an important role in the reg-

ulation of Ca2+- (calcium ion) handling channels in the membrane of the sarco-

plasmic reticulum (SR) (41). Quick and repetitive release and uptake of Ca2+ by 

the SR is needed for adequate contraction of the cardiac muscle. With every heart 

cycle, electrical pulses open voltage gated L-type calcium channels (LTCC). This 

starts the influx of Ca2+ into the cardiomyocyte. The increasing intracellular Ca2+ 

concentration promotes the release of Ca2+ by the SR (calcium-induced-calcium 

release) via binding/activation of the ryanodine receptors (RyR). Intracellularly 

released Ca2+ is then able to bind to actin/myosin filaments, allowing them to 

physically move along each other and resulting in contraction of the cardiomyo-

cyte. With all cardiomyocytes contracting in unison, this leads to an effective con-

traction of the heart. After contraction, the LTCC are closed and intracellular Ca2+ 

is pumped back into the SR via the sarcoplasmic/endoplasmic reticulum calcium 

ATPase pump (SERCA).  

RAF1 interacts with the expression and activity of RyR and SERCA in the SR 

membrane (figure 5) (41). In some NS-HCM patients, a RAF1 variation can lead 

to a gain-of-function phenotype of the protein (42). In this case RAF1 is overac-

tive, which increases the phosphorylation of its downstream targets, resulting in 

overactivation of RyR and inhibition of SERCA (figure 5). This reduces Ca2+ se-

questration in the SR and increases intracellular Ca2+ concentration. With the 

chronically increased intracellular Ca2+ concentration, Ca2+ will promote the re-

lease of mitochondrial ROS (43). This process mostly involves CaMKII (44). As 

previously mentioned and seen in CKD, increased local/systemic ROS produc-

tion can over time lead to cardiac hypertrophy and fibrosis. Increased intracellular 

Ca2+ due to RAF1 variants, further enhances this process (45). In NS-HCM this 

process is similar and so severe that the outflow tract of the ventricles can pro-

gressively become occluded, impeding proper ejection.   

3.3.3 Experimental treatment possibilities for NS-HCM 

Currently, guidelines on the treatment of NS-HCM associated ventricular obstruc-

tions include the use of calcium channel antagonists (verapamil) and β-blockers, 

potentially in combination with anti-arrhythmic agents (disopyramide) (46). Ca2+-
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channel antagonists block the LTCC, thereby reducing the amount of Ca2+ that 

enters the cardiomyocyte. Β-blockers similarly lower the intracellular Ca2+ con-

centration, by mitigating the transcription of LTCCs. A curative treatment for NS-

HCM is not yet available. Off-label use of small-molecule MAPK inhibitors (MEKi 

(Trametinib, Rapamycin and Dasatinib)), usually prescribed for metastatic carci-

nomas (47, 48), are showing promising results in mitigating HCM (49-51). As 

each MEKi interacts with a different component of the RAS-MAPK pathway, it is 

important to know which protein in the cascade is of a pathogenic variation and 

whether this leads to a gain- or loss-of-function phenotype. However, the desired 

treatment effects of MEKi currently remain incomplete and the exact biophysical 

effects remain elusive. Their use is therefore combined with surgical resection of 

the outflow tract obstruction, by removing hypertrophic myocardial tissue inside 

the heart.  

 

Figure 5: RAS-MAPK pathway involved in NS-HCM and Ca2+ handling. In homeostasis normal 

Ca2+ handling leads to proper cardiac contraction. In RAF1 pathogenic gain-of-function variants, 

RyR function is stimulated and SERCA is inhibited. This process leads to increased intracellular 

Ca2+ levels and depletion of Ca2+ SR content. Adapted from: Hamers et al. (2024). 

3.4 Experimental models for cardiovascular research 

Currently, a wide range of in vivo and in vitro experimental models are used to 

better understand the pathological mechanisms in acquired HF and congenital 

forms of HF. In vivo models include a variety of species, ranging from small ro-

dents to larger animals like swine. In these models, cardiovascular disease is 

induced genetically, surgically and/or by exposure to risk factors. All of the animal 

models have their own advantages and disadvantages, and can serve different 

purposes. Small rodents are used to identify disease mechanisms, rabbits for 

validation of drug targets and swine are ultimately used to bridge the translational 

gap to humans (52). Alternatively, in vitro techniques are emerging that allow for 

the identification of these mechanisms and targets without the use of animals. 



 25 

 

Living explanted human myocardial tissue is cultivated in a near-physiological 

environment, where the effects of novel drugs are tested in a personalized med-

icine approach.  

3.4.1 Swine models of CRS 

Although being a niche research (0.8% of all used research animals in the EU 

(53)), the number of publications reporting porcine data has been growing in the 

past decade (54). However, research on swine does come with its limitations. 

Example is the low availability of porcine antibodies for in vitro laboratory tech-

niques, because these have been more extensively developed for rodents. Gen-

eration of specific knock-in or knock-out models takes more time in swine com-

pared to rodents. Acquiring the laboratory skills to perform swine surgeries is 

more difficult, whereas learning rodent surgery procedures is less labor intensive. 

The above-mentioned disadvantages of swine do not outweigh the high translat-

ability and versatility of these research models. The porcine model has shown to 

be suitable for CVD research, because of their similarities to humans. The phys-

ical size of the heart and the vascular system as a whole, are the same. From a 

physiological perspective, the heart rate reference values of swine are identical 

to humans (60-70 BPM), whereas a mouse heart beats at 400 BPM in rest. Fur-

thermore, blood pressures and blood composition do not differentiate. Human 

biomarkers used to diagnose cardiac pathologies, are largely applicable to swine 

as well. The physical, physiological and pathological similarities to humans, out-

weigh the disadvantages of swine models compared to rodents.  

Currently, there are several swine models to investigate CRS. Initially, Lerman et 

al. (1999) induced renal artery stenosis by embedding a copper coil in the vascu-

lar wall of the renal artery (55). This created a pro-fibrotic environment which in-

stigated the progression of CKD towards end-stage renal disease (56, 57). Later, 

this group performed a follow-up experiment investigating cardiac dysfunction 

where they showed that renal revascularization ameliorates the renal-stenosis-

associated process of myocardial mitochondrial derangement after induced renal 

artery stenosis (58). Misra et al. (2006) developed and characterized a swine 

model where CKD was induced via renal artery embolization. Here, microspheres 

(150-250 um) were infused into the renal artery, which over time creates a pro-

inflammatory renal environment similar to CKD (59). However, they did not inves-

tigate cardiac alterations following the embolization procedure. Later, Sorop et al. 

(2018) modified this CKD procedure by combining it with DM and a high fat diet, 

after which they observed signs of LV diastolic dysfunction and microvascular 

dysfunction (60). Hemodynamically this was evidenced by the increase in end-

diastolic elastance and the mitigation of E/A. On a molecular level, it was found 

that NO production was reduced, while superoxide formation was increased. In 

this thesis, we further elucidated the hemodynamic and molecular implications of 

renal embolization in swine as a model of CKD (publication I).  



 26 

 

3.4.2 Ex vivo alternatives to animal models 

The reduction, refinement and replacement of the use of animals in medical re-

search are pillars of experimental design. A key development in the reduction of 

experimental animal usage is the ex vivo cultivation of cardiac tissue slices. A 

laboratory protocol developed by Fischer et al. (2019) and described in detail by 

Hamers et al. (2022) were the first to describe the ex vivo long-term cultivation of 

contracting cardiac tissue slices in biomimetic cultivation chambers (BMCC) (61, 

62). Cardiac tissue slices (300 μm thickness) are produced from a single trans-

mural sample from heart transplantation recipients or from smaller biopsies. After 

placement in the BMCCs, the adequate oxygenation and nutrition are ensured by 

continuous agitation of the cardiac slices and frequent electrical stimulation.  

Contraction forces are recorded 24/7 and dedicated stimulation protocols indi-

rectly assess L-type calcium channel (LTCC) function and calcium handling by 

the sarcoplasmic reticulum. This model can be used to assess the pharmacolog-

ical effects of clinical medications on cardiac function, signaling and calcium han-

dling, allowing the in-dept analysis of specific drugs on the biophysical parame-

ters of the heart. Until now, various studies have explored the usage of living 

myocardial tissue slice (LMS) culture in BMCCs, using human left (63) and right 

ventricular (64) (LV, RV) tissue, as well as atrial explants of patients with heart 

failure (65, 66). Recently, this technique has also been demonstrated using por-

cine wild-type and CKD LV tissue (publication I). Here, the effect of an inflamma-

tory environment caused by ROS on contractile function was investigated. Hy-

drogenperoxide exposure led to a decline in contractile function in slices of CKD 

affected swine, to a larger extent as compared to slices from healthy controls. 

The use of the LMS technique is not limited to basic research, as it can also be 

applied in the clinical setting (personalized medicine) or for pharmacological in-

teraction studies. Recently LMS were procured from a RV resection biopsy of a 

pediatric patient with Noonan syndrome associated hypertrophic cardiomyopathy 

(NS-HCM), after which a pharmacological effect study was performed (publica-

tion II) (67).   
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3.5 Summary and objectives of this thesis 

This thesis comprises 2 publications that describe the application of in vivo and 

ex vivo experimental models in order to elucidate the pathophysiology behind 

acquired and congenital heart disease.  

3.5.1 In vivo hemodynamic molecular implications of CRS in HF 

development 

In the first publication we assessed the impact of early CKD on cardiac function 

and perfusion using in vivo swine model for CRS, in which kidney disease was 

induced by a renal microembolization procedure. This acute renal injury induces 

focal ischemia in the kidney leading to chronic inflammation. Released signals 

and unfiltered uremic toxins remain in the circulation, activate cardiac pro-fibrotic 

pathways and promote the formation of collagen and cause an increase in MMP2. 

In a response the myocardial wall remodels, negatively influencing the heart’s 

pump function. In vivo hemodynamic and ultrasound measurements showed in-

creased end-systolic and -diastolic volumes in combination with a trend towards 

increased LV wall stress. Proteome analysis of the left ventricle indicated the 

downregulation of peroxide metabolism and mitochondrial derangement, con-

sistent with histology showing increased oxidative stress. Porcine LV slices were 

cultivated ex vivo in biomimetic cultivation chambers which showed that the anti-

oxidant capacity was significantly lower in the LMS from CKD affected swine. In 

short, we showed that CKD induces mitochondrial dysfunction and initiates the 

first stage of cardiac remodeling.  

3.5.2 Pediatric NS-HCM right-ventricular tissue slices  

In the second publication we investigated the effect of MEKi in a pediatric pa-

tient with NS-HCM (RAF1 variant). Cardiac ultrasound and MRI assessment of 

the RV outflow tract showed that in vivo off-label treatment with small molecule 

MEKi Trametinib reduced the hypertrophic pressure gradient and improved my-

ocardial strain. Yet, improvement was too little and surgery was performed to 

resect myocardial tissue from the RVOT to further reduce the pressure gradient. 

From this tissue, we obtained LMS and explored the biophysical effects of the 

application of small-molecule MEKi using BMCCs. After an initialization period 

of one week, small molecule MEK-inhibitors (Trametinib (MEK1/2 inhibitor), Ra-

pamycin (mTOR inhibitor) and Dasatinib (tyrosine kinase inhibitor)) were added 

to the cultivation for 8 days. Electrical stimulation protocols were used to assess 

contractile force improvement of LTCC and SR Ca2+ handling and their effect on 

the contraction force. Ex vivo data showed that treatment of LMS with Tramet-

inib reduced contraction force, improved LTCC function and SR Ca2+ loading. 

LMS treated with other MEKi (Rapamycin and Dasatinib) showed no or limited 

improvement of the same parameters. Our data therefore confirmed that Tra-

metinib remains a promising treatment option for NS-HCM with a gain-of-func-

tion RAF1 variant.   
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Abstract
Chronic kidney disease (CKD) predisposes to cardiac remodeling and coronary microvascular dysfunction. Studies in swine 
identified changes in microvascular structure and function, as well as changes in mitochondrial structure and oxidative stress. 
However, CKD was combined with metabolic derangement, thereby obscuring the contribution of CKD alone. Therefore, we 
studied the impact of CKD on the heart and combined proteome studies with measurement of cardiac function and perfusion 
to identify processes involved in cardiac remodeling in CKD. CKD was induced in swine at 10–12 weeks of age while sham-
operated swine served as controls. 5–6 months later, left ventricular (LV) function and coronary flow reserve were meas-
ured. LC–MS–MS-based proteomic analysis of LV tissue was performed. LV myocardium and kidneys were histologically 
examined for interstitial fibrosis and oxidative stress. Renal embolization resulted in mild chronic kidney injury (increased 
fibrosis and urinary NGAL). PV loops showed LV dilation and increased wall stress, while preload recruitable stroke work 
was impaired in CKD. Quantitative proteomic analysis of LV myocardium and STRING pre-ranked functional analysis 
showed enrichments in pathways related to contractile function, reactive oxygen species, and extracellular matrix (ECM) 
remodeling, which were confirmed histologically and associated with impaired total anti-oxidant capacity. H2O2 exposure 
of myocardial slices from CKD, but not normal swine, impaired contractile function. Furthermore, in CKD, mitochondrial 
proteins were downregulated suggesting mitochondrial dysfunction which was associated with higher basal coronary blood 
flow. Thus, mild CKD induces alterations in mitochondrial proteins along with contractile proteins, oxidative stress and 
ECM remodeling, that were associated with changes in cardiac function and perfusion.

Keywords  Chronic kidney disease · Cardiac remodeling · Proteomics · Coronary flow reserve · Oxidative stress

Introduction

Cardiovascular disease is highly prevalent in patients with 
chronic kidney disease (CKD) and responsible for approxi-
mately half of CKD-related deaths [49]. The mechanisms 
underlying the detrimental impact of CKD on the heart are 
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still incompletely understood, but CKD is associated with 
endocrine, inflammatory and hemodynamic changes that 
impact the heart and may contribute to the development 
of uremic cardiomyopathy [27, 52].

Several animal models have been established to induce 
primary renal failure to assess the initiation and develop-
ment of cardiac dysfunction. However, most of these mod-
els fail to elucidate the early impact of mild to moderate 
kidney injury, which goes often undetected in the general 
population. Moreover, most of the studies are performed 
in rodents, which do not reflect the full spectrum of the 
pathophysiology in human heart.

We [45, 53, 54] and others [6, 12, 13] have used swine 
as a model to assess the impact of CKD on the heart and 
found reductions in coronary flow reserve (CFR) and 
perturbations in myocardial perfusion and oxygen deliv-
ery [17, 53, 54]. In further support of a central role of 
coronary microvascular changes, Chade and co-workers 
found changes in microvascular structure and function as 
well as changes in expression of genes associated with 
vascular endothelial growth factor (VEGF) signaling 
post CKD[12, 13]. Yet, consistent with recent findings in 
human CKD patients [23, 37], the reduction in CFR was 
due to an increase in basal coronary blood flow (CBF) 
rather than a decrease in maximal CBF, suggesting altera-
tions in myocardial metabolism and/or efficiency. In other 
studies in swine, changes in gene expression associated 
with fatty acid oxidation were found that were accom-
panied by changes in mitochondrial structure [6] as well 
as oxidative stress [13]. More recently, we observed that 
this oxidative stress was actually beneficial for myocar-
dial perfusion, as alleviation of oxidative stress with the 
superoxide dismutase mimetic Tempol and the superoxide 
scavenger MPG resulted in a mild increase in myocardial 
oxygen extraction during exercise suggestive of coronary 
microvascular vasoconstriction [11]. However, these por-
cine studies all combined CKD with metabolic derange-
ment, induced by atherogenic diet and/or diabetes that may 
directly affect mitochondrial function, thereby confound-
ing the effect of CKD alone.

In the present study, we aimed to focus on the impact 
of early CKD on cardiac function and perfusion using a 
swine model of chronic kidney injury, in the absence of 
any metabolic derangement, to discern the effects of this 
insult on the heart. We employed our previously estab-
lished method of renal embolization to cause kidney injury 
[45, 53] but in the absence of metabolic alterations. We 
combined hemodynamic analyses of left ventricular func-
tion and perfusion with histopathological analysis and 
unbiased proteomic analysis of left ventricular tissue to 
assess underlying mechanisms followed by targeted molec-
ular analyses with a focus on markers for endothelial func-
tion and oxidative stress.

To further assess a relation between oxidative stress and 
contractile dysfunction, cultured myocardial slices from 
swine with and without CKD were exposed to H2O2 and 
contractility was measured every 24 h for three days. Since 
H2O2 induced a reduction in contractile force in slices 
from CKD swine consistent with an impaired anti-oxidant 
defense, further experiments were performed exposing 
slices form CKD swine to the superoxide dismutase mimetic 
TEMPOL.

Methods

All animal experiments were approved by the Regierung von 
Oberbayern (ROB-55.2–2532.Vet_02-19–163) at the Insti-
tute for Surgical Research at the Walter-Brendel-Centre of 
Experimental Medicine, Munich, Germany and were per-
formed in accordance with the guidelines from Directive 
2010/63/EU of the European Parliament on the protection 
of animals used for scientific purposes.

Induction of CKD

Sixteen German Landrace pigs of either sex were used in the 
experiment out of which 9 served as control (WT) and 7 of 
them underwent CKD induction.

At 12 weeks of age, swine underwent micro-emboliza-
tion of afferent glomerular arterioles in both kidneys. The 
animals were sedated (ketamine 10% (15 mg/kg) (WDT, 
Garbsen, Germany), azaperone (2 mg/kg) (Stresnil, Elanco, 
Bad Homburg, Germany) and atropine sulfate (0.02 mg/kg) 
(Eifelfango, Neuenahr, Germany) against salivation i.m.), 
followed by Midazolam 15 mg/kg i.v.) (Ratiopharm-Teva, 
Ulm, Germany), intubated and artificially ventilated (Pri-
mus, Dräger, Lübeck, Germany) with a mixture of O2 and 
N2 (1:2). Anesthesia and analgesia were maintained by 1–2% 
(vol/vol) sevoflurane (Sevorane, AbbVie GmbH, Ludwig-
shafen, Germany) to ventilation and fentanyl (0.005 mg/kg/h 
i.v.) (Fentadon, Dechra, Aulendorf, Germany) respectively. 
Arterial access was obtained via a 9F sheath (Cordis, 504-
609X) in the right carotid artery, allowing measurement 
of blood pressure and heart rate. A Swan-Ganz catheter 
(131F7, Edwards Lifesciences, Irvine, USA) was advanced 
sequentially  in both renal arteries, and the balloon was 
inflated and 75 mg of polyethylene microspheres (38–42 μm, 
Cospheric, Santa Barbara, CA, USA) was infused separately 
into each kidney. Thereafter, the carotid was ligated and the 
wound was closed. Carprofen (4 mg/kg) was given against 
post-operative pain (Rimadyl, Zoetis, Berlin, Germany). 
Amoxicillin antibiosis was administered (Duphamox LA, 
Zoetis, Berlin, Germany) perioperatively and animals were 
subsequently allowed to recover.
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Hemodynamic assessment

At 8 months of age, a terminal experiment was performed. 
Animals were sedated and pre-anesthetized as previously 
described. Anesthesia was maintained using propofol (7 mg/
kg/h) and fentanyl (0.005 mg/kg/h). An echocardiography 
was performed (Esaote, MyLabX8vet, Neufahrn, Germany) 
to assess left ventricular (LV), right ventricular (RV) and left 
atrial (LA) dimensions, at systole and diastole. For right and 
left sided heart catherization, an 11F venous sheath (Ter-
umo, RS*C11N10NR, Eschborn, Germany) and a 9F arterial 
sheath (Cordis, 504-609X, Miami Lakes, USA) were placed 
in the right external jugular vein and left internal carotid 
artery respectively. The latter was connected to a pressure 
transducer to continuously monitor arterial blood pressure 
and heart rate.

Under fluoroscopic guidance (Ziehm Vision, Nuremberg, 
Germany), a Swan-Ganz catheter (131F7, Edwards Lifes-
ciences, Irvine, USA) was introduced and progressed into 
the pulmonary artery via the venous sheath to measure the 
pressure in pulmonary artery (PA), right ventricle (RV), and 
right atrium (RA) and to measure the pulmonary capillary 
wedge pressure (PCWP). The cardiac output was assessed 
by thermodilution.

Using the arterial access sheath, a pressure–volume loop 
catheter (FDH-7018B-E245A, Transonic, Ithaca, USA) 
was placed in the LV and PV loops were recorded using 
LabChart Pro (ADInstruments, Oxford, United Kingdom). 
Ventilation was briefly halted to obtain baseline PV loops 
as well as PV loops during preload reduction with a 14F 
Fogarty balloon (62080814F, Edwards Lifesciences, Irvine, 
USA) positioned in the inferior vena cava just below the dia-
phragm. Approximately 10 cardiac cycles recorded from the 
start of the occlusion were analyzed to obtain end-systolic 
and end-diastolic LV volumes (ESV, EDV) and pressures 
(ESP and EDP), and to calculate the end-diastolic pres-
sure–volume relationship, end-systolic pressure–volume 
relationship, preload recruitable stroke work (slope of the 
relation between EDV and stroke work), arterial elastance 
(Ea, ratio of ESP and stroke volume (SV)), as well as cardiac 
efficiency (ratio of stroke work and pressure–volume area).

Subsequently, the thorax was opened, and a flow probe 
(3PSB, Transonic, Ithaca, USA) was placed around the 
proximal left anterior descending (LAD) coronary artery 
and connected to a computer using a perivascular flow mod-
ule (TS420, Transonic, Ithaca, USA) and amplifier (16/35, 
ADInstruments, Oxford, United Kingdom). Baseline coro-
nary blood flow was measured using LabChart Pro. An 6F 
angiocatheter (670–082-0E, Cordis, Miami Lakes, USA) 
was introduced into the LAD to infuse the vasodilator aden-
osine (50 μg/kg/min i.c., 01890, Merck, Taufkirchen, Ger-
many) until maximum coronary blood flow was achieved. 
Upon completion of the experiments, ventricular fibrillation 

was induced using a 9 V battery on the surface of the heart, 
and the heart was excised. Samples were obtained from RA, 
RV, LA and LV, snap-frozen in liquid nitrogen and stored at 
-80 °C until further processing. In addition, a tissue block 
of the LV was processed to culture myocardial tissue slices.

Myocardial tissue slice cultivation

To assess the ex vivo contractile function, 300 μm thick liv-
ing myocardial slices (LMS) were made and cultivated in 
biomimetic cultivation chambers (BMCCs) using the MyoD-
ish cultivation set-up (InVitroSys, Gräfelfing, Germany). A 
posterior transmural LV sample (4 cm × 4 cm) was obtained 
and directly placed into cold (4 °C) cardioplegic buffer 
according to the LMS protocol developed by Fisher et. al. 
(2019) [14] and described in detail by Hamers et al. (2022) 
[16]. According to this protocol, myocardial LV slices were 
cut, prepared and hung into BMCCs in M199 medium 
(31,150–022, Thermo Fisher, Waltham, USA) (supple-
mented with 10% Penicillin–Streptomycin (100x) (P0781, 
Merck, Taufkirchen, Germany), 10% insulin-transferrin-
selenium-X (100x) (51,500,056, Thermo Fisher, Waltham, 
USA), cort20 and β-mercaptoethanol (A1108.0100, Appli-
Chem GmbH, Darmstadt, Germany). The LMS containing 
BMCCs were placed onto the specific cultivation rocker 
(60 rpm) in an incubator (21% O2, 5% CO2, 80% humid-
ity) and electrically stimulated (30 bpm, 50 mA, 3 ms pulse 
duration) to contract. The twitch force of the LMS was con-
tinuously recorded. The cardiac slices equilibrated for 3 days 
in cultivation before experiments were started. Fresh cultiva-
tion medium was exchanged every other day, by removing 
the BMCCs from the rocker into a laminar flow hood, where 
medium was aspirated until approximately 0.8 mL remained. 
1.6 mL of fresh medium was added to each dish.

After three days of cultivation, LMS (Con or CKD) were 
treated with 25 µM hydrogen peroxide, 25 µM Tempol or 
vehicle in order to study the relative contribution of oxida-
tive stress to cardiac function. The treatment doses were 
chosen based on previous in vitro studies [8, 26]. Hydrogen 
peroxide/TEMPOL treatment was administered three times 
at 24 h intervals. The twitch force of all LMS was assessed 
at 60 min after each treatment, and normalized to the twitch 
force 24 h prior to the first treatment. After the third treat-
ment, normalized twitch force over the course of the cultiva-
tion was compared between groups.

Real‑time quantitative PCR

Subendocardial left ventricular tissue samples and LMS 
cultured for 7 days were snap-frozen in liquid N2. 30 mg of 
LV tissue or a single slice of 7 × 7 × 0.3 mm was homog-
enized and mRNA was extracted using the RNeasy Fibrous 
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Tissue Mini kit, Qiagen, Hilden, Germany). cDNA was syn-
thesized using 1000 ng of mRNA and a cDNA kit (M1661, 
Thermo Fisher, Waltham, USA). Target genes were normal-
ized against HPRT and GAPDH using the StepOne software 
(Applied Biosystem CA, USA). Relative gene expression 
was calculated using the delta–delta Ct method. The primers 
are listed in Supplementary Table 6.

Western blots

Subendocardial left ventricular tissue samples were homog-
enized in RIPA buffer supplemented with protease and 
phosphatase inhibitor cocktail. 30 µg of protein lysates was 
loaded in precast protein gels (4–20% gradient gel, Bio-Rad) 
and transferred to a PVDF membrane (Trans-Blot Turbo 
Mini 0.2 µm PVDF Transfer Pack, Bio Rad). Membrane 
was blocked in 5% milk in PBST and then incubated with 
primary antibody overnight (eNOS and VEGF 1:1000; 
GAPDH – 1:10,000) and secondary antibody (1:5000) in 5% 
milk in PBST. The images were captured in iBright CL750 
(Thermo Fisher Scientific, Waltham, USA) and quantifica-
tion of bands by densitometry analysis was conducted in 
Image J Studio software. The antibodies are listed in Sup-
plementary Table 6.

Enzyme‑linked immunosorbent assays

To study the degree of kidney damage caused by renal 
embolization, neutrophil gelatinase-associated lipocalin 
(NGAL) levels were determined in urine samples obtained 
after sacrifice using ELISA (ab207924, Abcam, Berlin, 
Germany) per the manufacturer’s instructions. Oxidative 
stress was determined by measuring the 8-Hydroxy-2′-
Deoxyguanosine (8-HDG) secreted in the urine samples 
using ELISA (ab201734 Abcam, Berlin, Germany) per the 
manufacturer’s instructions.

Colorimetric urine analysis

To determine the protein level in urine, urine samples 
obtained after sacrifice were tested using a colorimetric 
Coomassie protein assay kit according to the manufactur-
er’s instructions (23,200, Thermo Fisher, Waltham, USA). 
To assess total antioxidant capacity, 50 mg of LV sample 
(endocardium-anterior) was suspended in a lysing tube (845-
CS-1140250, Innuscreen GmbH, Berlin, Germany) with 750 
µL RIPA buffer (89,901, Thermo Fisher, Waltham, USA) 
and homogenized using a homogenizer (Speedmill Plus, 
Analytik Jena GmbH, Jena, Germany). Subsequently, a 
Trolox total antioxidant capacity (TAC) colorimetric assay 
(ab65329, Abcam, Berlin, Germany) was performed accord-
ing to the manufacturer’s instructions.

Proteomics

Sample Preparation for Proteome Analysis: Frozen left sub-
endocardial ventricular heart tissue samples were placed into 
precooled tubes and cryopulverized in a CP02 Automated 
Dry Pulverizer (Covaris, Woburn, MA, USA) with an impact 
level of 5 according to the manufacturer’s instructions. Tis-
sue lysis was performed in 8 M urea/0.5 M NH4HCO3 with 
ultrasonication (18 cycles of 10 s) using a Sonopuls HD3200 
(Bandelin, Berlin, Germany). Total protein concentration 
was quantified using a Pierce 660 nm Protein Assay (Thermo 
Fisher Scientific, Rockford, IL, USA). Fifty micrograms of 
protein was digested sequentially, first with Lys-C (FUJI-
FILM Wako Chemicals Europe GmbH, Neuss, Germany) 
for 4 h and, subsequently, with modified porcine trypsin 
(Promega, Madison, WI, USA) for 16 h at 37 °C.

Nano-Liquid Chromatography (LC)–Tandem Mass Spec-
trometry (MS) Analysis and Bioinformatics:

For LC–MS–MS analysis, an UltiMate 3000 nano-LC 
system connected online to a Q Exactive HF-X instrument 
(Thermo Fisher Scientific, Waltham, USA) was used. 1 μg 
of the digest was injected, transferred to a PepMap 100 
C18 trap column (100 µm × 2 cm, 5 µM particles, Thermo 
Fisher Scientific) and then separated on an analytical col-
umn (PepMap RSLC C18, 75 µm × 50 cm, 2 µm particles, 
Thermo Fisher Scientific) at a flow rate of 250 nL/min 
with a gradient of 5–20% of solvent B for 80 min, followed 
by a ramp of 9 min to 40%. 0.1% formic acid in water made 
up solvent A, and 0.1% formic acid in acetonitrile made up 
solvent B. MS spectra were acquired with data independent 
acquisition using 50 12 m/z-wide isolation windows in the 
range of 400–1000 m/z. Protein identification and peptide 
quantification were carried out using DIAN-NN (1.8.1) 
[10] and the NCBI RefSeq Sus scrofa database (v.7–5-
2020). All statistical analyses and data visualization were 
performed using R. Prior to statistical analysis, potential 
contaminants, only identified by site and reverse hits, were 
excluded. Proteins with at least two peptides detected in 
at least three samples of each condition were quantified 
using the MS-EmpiRe algorithm as previously described 
[2, 15]. The R script used for quantitative analysis is 
at https://​github.​com/​bshas​hikad​ze/​pepqu​antify. Proteins 
with a Benjamini–Hochberg-corrected p value ≤ 0.05 and 
fold change ≥ 1.3 were regarded as significantly altered for 
volcano plot and we used corrected p value ≤ 0.05 proteins 
for protein–protein interaction network. Preranked gene 
set enrichment analysis using STRING was employed to 
reveal biological processes related to differentially abun-
dant proteins [48]. Signed (based on fold change) and log-
transformed p values were used as ranking metrics and the 
false discovery rate was set to 1%. Raw mass spectrometry 
data and DIA-NN output data have been deposited to the 

https://github.com/bshashikadze/pepquantify
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ProteomeXchange Consortium via the PRIDE [38] partner 
repository with the dataset identifier PXD050994.

Histology and immunohistochemistry

LV anterior myocardial tissue and kidney samples were 
cut and fixated in Rotihistofix (Roth, P087.1) and trans-
ferred into 70% alcohol after 48 h. After that, the tissue 
was embedded in paraffin. 3 µm deparaffinized sections 
were stained with picrosirius red staining solution (Poly-
sciences, Picrosirius Red Stain Kit#24,901) or Gomori 
silver stain (Abcam, #ab236473). The picrosirius red 
(PR) staining was analyzed under polarized light, and the 
amount of birefringence was quantified in ten randomly 
chosen nonoverlapping fields (× 200 magnification) using 
QuPath software. Cross-sectional areas of cardiomyocytes 
with visible nuclei were measured in Gomori staining. For 
immunostaining, 3 µm deparaffinized LV sections were 
boiled in Citrate Buffer, pH 6.0, for antigen retrieval. 
The sections were incubated with primary antibodies 
for 8-hydroxy-de-guanosine (1:1000 dilution: Abcam, 
#ab48508) CD31 (1:100 dilution: Thermo-scientific MA5-
32,321) and WGA (1:1000 dilution: Thermo -scientific, 
W21404) overnight. On the following day, the sections 
were incubated in species specific secondary antibodies 
(1:500 dilution; Abcam—anti mouse or ab150113- anti 
rabbit-ab150080) for two hours and sections were mounted 
with DAPI for nuclear staining. The stained sections were 
quantified in ten randomly chosen nonoverlapping fields 
(× 400 magnification) using ImageJ software.

Statistical analysis

Statistical analysis was performed using a Student’s t-test or 
Analysis of Variance for Repeated Measurements as appro-
priate in Graphpad Prism (v10). All data passed the normal-
ity test using the Shapiro–Wilk test and data are shown as 
mean ± SEM.

Results

Immediately post renal embolization, renal blood flow was 
reduced as measured by angiography as well as ultrasound 
(Fig. 1a, b). Post renal embolization at eight months of age, 
renal blood flow was no longer impaired (Fig S1, a) and the 
kidney showed significant increase in fibrosis (amount of 
Picrosirius Red staining) in the areas surrounding the micro-
spheres (Fig. 1c–e) as well as a significant rise in urinary 
NGAL in the CKD animals (Fig. 1f). However, no proteinu-
ria or changes in urine creatinine levels were observed (Fig 
S1b, c).

Overall cardiac function appeared to be preserved, 
as blood pressure, heart rate (HR), cardiac output (CO) 
and stroke volume (SV) were unaltered (Supplementary 
Table S1). Echocardiography revealed increased LV dias-
tolic and systolic diameters (Fig. 2a, b) which was consist-
ent with increased end-diastolic (EDV) and systolic volume 
(ESV) as measured with PV loop (Fig. 2c, d). Furthermore, 
PV loop data showed a trend towards an increase in LV end-
diastolic pressure (EDP) and systolic pressure (ESP) in CKD 
swine (Fig. 2e, f). Arterial elastance (Ea) was increased in 
CKD swine along with significant reduction in the ejection 
fraction (EF) (Supplementary Table S1). Despite a trend 
toward left ventricular hypertrophy, this resulted in a trend 
toward increase in systolic, but not diastolic wall stress in 

Fig. 1   Induction of CKD through renal artery embolization. a Angio-
gram of swine kidney, taken before and after embolization with 
microspheres into the renal artery, using contrast at 10–12  weeks 
of age. b Representative renal artery flow using ultrasound before 
and after embolization at 10–12  weeks of age. c, d Representative 
images of Picro-sirius red (PR) staining in the kidneys from Con 
and CKD swine under bright field and polarizing light microscopy 

respectively post embolization at 8–9 months of age. The blue bub-
bles in the field indicate microspheres. Original magnification, × 200 
e Quantification of the percentage of area positive for PR staining 
under polarizing light microscopy. f Quantification of urinary NGAL 
5–6 months post embolization. N = 8 in Con, N = 7 in CKD. Values 
are mean + / − SEM. p value by Student’s t-test
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CKD vs. WT-swine (Fig. 2 g; Supplementary Table S1). In 
addition, contractile function was impaired as evidenced 
by a significant reduction in the ejection fraction (EF) 

(Supplementary Table S1) along with significant decrease 
in preload recruitable stroke work (PRSW), a preload inde-
pendent measure of contractile function, in the PV loop 
measurements (Fig. 2 h).

In order to investigate the underlying molecular pathways, 
which are differentially regulated in CKD swine, we per-
formed a label-free liquid chromatography–tandem mass 
spectrometry analysis (LC–MS/MS) of CKD vs. Control in 
LV heart samples. Using LC–MS/MS-based proteomics, we 
identified 3499 proteins with high confidence (false discov-
ery rate < 0.01) (Supplementary Data 1, Table S2). Differ-
ential abundance analysis identified 65 proteins significantly 
different between the two groups (Benjamini–Hochberg-
corrected p value < 0.05 and fold change ≥ 1.3) which were 
visualized via volcano plot (Fig. 3a, Table S3). We per-
formed STRING ranked network analysis using fold change 
for proteins with corrected p value < 0.05 and detected 3 
main clusters pertaining to contractile proteins, blood micro-
particles and mitochondrial proteins (Fig. 3b, Table S5). In 
line with our PV loop data, we observed downregulation of 
several contractile proteins (MYH7, MYL2, MYL1, MYL4, 
and TNNI3) as well as differential regulation of proteins 
involved in Ca2+ handling, with downregulation of RYR2 
and ATP2A2 (SERCA), and upregulation of Phospholamban 
(PLN). STRING pre-ranked functional enrichment analysis 
of proteome profiles from the Gene Ontology (GO) bio-
logical processes database revealed 7 downregulated and 1 
upregulated significantly enriched terms, respectively with 
enrichment factor > 1 (Fig. 3c, Table S4), including a down-
regulation of muscle contraction. Interestingly, the most 
enriched pathway was for regulation of the hydrogen perox-
ide (H2O2) signaling, which was downregulated. In addition, 
there was also enrichment of the pathways for proton trans-
port and tricarboxylic acid cycle (TCA). These pathways 
indicated mitochondrial dysfunction in the CKD animals.

Using a flow probe around the left anterior descending 
coronary artery, we detected an increase in basal coronary 
blood flow, while maximal coronary blood flow after intrac-
oronary adenosine administration was unaltered, resulting in 
a decreased coronary flow reserve (Fig. 4a–c). Interestingly, 
the increase in basal coronary blood flow was associated 
with a decrease in cardiac efficiency (Fig. 4d) as well as with 
a decrease in eNOS mRNA as well as protein expression 
(Fig. 4e–g). We detected similar downregulation in mRNA 
expression for VEGF but not in protein expression (Fig. 4 h, 
j).

The changes in coronary blood flow and mitochondrial 
proteins are likely also further connected to increased oxi-
dative stress and associated mitochondrial dysfunction as 
evidenced by our proteomic data. We confirmed this finding 
further by an increase in 8-HDG staining in the myocardium 
as well as the coronary microvasculature (Fig. 5a, d). In 
the proteomic data, most prominent changes were observed 

Fig. 2   Hemodynamic assessment of the heart post CKD. a, b LV 
diastolic diameter (LVDd) and LV systolic diameter (LVDs) respec-
tively, corrected for body weight measured via echocardiography. 
N = 7 animals in Con, N = 6 in CKD (c,d) End-diastolic (EDV) and 
systolic volume (ESV) corrected for body weight (e, f) end-diastolic 
(EDP) and end-systolic pressures (ESP) measured through PV loop. 
N = 9 animals in Con, N = 6 in CKD. g, h Systolic wall stress calcu-
lated by end-systolic PV loop measurements and post-mortem LV 
weight and Preload recruitable stroke work (PRSW). N = 8 animals in 
Con, N = 6 in CKD. Values are mean + / − SEM. p value by Student’s 
t-test
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in nicotinamide nucleotide transhydrogenase (NNT) which 
was downregulated. NNT is an integral component of the 
mitochondrial inner membrane, producing NADPH, which 
is subsequently involved in the mitochondrial anti-oxidant 
defense. Downregulation of NNT was confirmed at the 
transcriptional levels along with glutathione peroxidase 3 
(GPX3) and superoxide dismutase 2 (SOD2, while tran-
scription of other genes involved in anti-oxidant defense, 
glutathione peroxidase 1 (GPX1) and NADPH oxidase 4 
(NOX4) were unchanged (Fig. 5e–g) (Fig S2a, b). Further-
more, we detected lower levels of Trolox as it indicates 
the antioxidant capacity in the heart post CKD (Fig. 5 h). 
Finally, for a global measurement of oxidative stress in the 
animal, we measured the 8-HDG in the urine which was 
significantly higher post CKD (Fig. 5i).

Given the fact that regulation of H2O2 signaling was 
among the most differentially regulated pathways in 
CKD, and to further assess a causal relation between 
CKD, impaired anti-oxidant defense, oxidative stress 
and changes in cardiac function, living myocardial slices 
(LMS) obtained from the hearts of swine with CKD as 
well as control swine were incubated with H2O2. The 
contraction amplitude of the LMS was normalized to the 
contraction amplitude measured 24 h before the start of 
treatment. Since ROS are short-lived, we compared the 
contractile amplitude post 60 min of H2O2 treatment. After 
24 and 48 h of incubation with H2O2, contractile function 

was depressed in LMS (Fig. 6a, b) from CKD but not con-
trol swine. Similar to our findings in myocardial tissue of 
the swine, this was associated with a lower expression of 
NNT and GPX3, while the lower levels of SOD2 failed 
to reach statistical significance (Fig. 6d–f). To delineate 
a role for endogenous oxidative stress, LMS from CKD 
swine were incubated with the SOD mimetic Tempol and 
compared to H2O2 treatment and vehicle treatment (Veh). 
Interestingly, TEMPOL caused a reduction in contractile 
force in the LMS initially, but by the third treatment, the 
slice contractility started improving significantly com-
pared to the H2O2 treated LMS (Fig. 6c).

Finally, PR staining of myocardial tissue showed 
increased extracellular matrix (ECM) deposition in CKD 
swine as compared to control (Fig.  7a–f), which was 
accompanied by changes in collagen 1 (Col1) and met-
alloprotease 2 (MMP2) gene expression. Furthermore, 
the increased ECM deposition is in line with proteom-
ics data which also showed upregulation of ECM proteins 
like Fibrillin 1 (FN1) and the intermediate filament pro-
tein Nestin (NES), while FBN1, LAMA2, LAMB2 and 
LAMC1 were downregulated (red in string plot) in CKD 
swine (Fig. 2 a,b). Gömöri staining for cardiomyocyte size 
confirmed the absence of cardiac hypertrophy (Fig. 7g, h).

Fig. 3   Proteomic analysis of LV endocardial tissue post CKD. a 
Quantitative proteome changes are represented via volcano plots 
in CKD vs Con animals. Color-filled circles (blue- upregulated, red 
downregulated, see also color-coding bar) indicate differentially 
abundant proteins (Benjamini– Hochberg-corrected p value < 0.05 
and Fold change > 1.3). b Pre-ranked proteins according to the fold 
changes using differentially abundant proteins (p value < 0.05) are 
used to generate a Protein–Protein Interaction network using STRING 
software. String_kmeans _clustering presented three main clusters. 

The green-filled circles represent contractile proteins, yellow- mito-
chondrial, Red- Blood microparticles and ECM  proteins. c Over-
representation analysis using WebGestalt with gene sets according 
to Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene 
ontology (GO) biological process databases. Benjamini–Hochberg 
method was used for multiple testing adjustment. Size of the bubble 
indicates the corresponding number of differentially abundant pro-
teins (referred to as genes mapped in the figure) and color represents 
the significance of enrichment. n = 5 for Con and n = 4 for CKD pigs
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Discussion

Our study's key findings are that early CKD in our swine 
model increased systemic ROS, which was accompanied by 
oxidative stress in the myocardial tissue and coronary micro-
vasculature as well as more interstitial fibrosis. This, in turn, 
led to LV dilatation and contractile dysfunction, which were 
accompanied by an increase in basal coronary blood flow 
and a decrease in coronary flow reserve (Fig. 8). In-depth 
histological and molecular characterization of the LV tissue 
showed downregulation of contractile proteins, mitochon-
drial proteins and proteins involved in antioxidant defense 
that were associated with increased oxidative stress in the 
myocardium and the coronary microvasculature as well as 
increased interstitial fibrosis.

Basal ROS levels are necessary for homeostatic func-
tions in the heart, but a pathological increase in ROS level 
can wreak havoc on normal physiology [18, 35]. Previous 
work has shown that ROS play an active role in post-kidney 
damage and contribute to uremic cardiomyopathy [40]. Sub-
phenotyping of HFrEF patients revealed that patients with 
kidney disease and elevated oxidative stress had a worse 
prognosis than patients with HFrEF who did not have kid-
ney disease and low oxidative stress-signaling [39]. In our 
model, chronic kidney damage was evidenced by increased 
urinary NGAL but proteinuria, albuminuria and creatinu-
ria were absent, indicating preserved glomerular function 
consistent with mild chronic kidney damage. However, 
we observed significant changes in the cardiac contractile 
function and coronary flow even with modest damage post 

Fig. 4   Coronary flow and endothelial function in LV tissue post 
CKD. a Coronary blood flow during baseline, b during maximal 
vasodilation due to adenosine (i.c.)  and c ratio of maximal flow to 
baseline flow (Coronary flow reserve) in Con and CKD groups N = 8 
animals in Con, N = 6 in CKD. (d) Cardiac efficiency N = 8 animals in 
WT, N = 7 in CKD (e–g) Quantitative RT-PCR of eNOS, representa-

tive blot and quantification of eNOS protein respectively in the LV 
endocardial tissue in Con and CKD groups. h–j Quantitative RT-PCR 
of VEGF, representative blot and quantification of VEGF protein 
respectively in the LV endocardial tissue in Con and CKD groups. 
N = 7 animals in WT, N = 6 in CKD. Values are mean + / − SEM, 
p-value by Student’s t-test
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embolization. Given that routine screening for cardiovascu-
lar function in patients with even mild CKD is recommended 
in order to prevent CVD, this is noteworthy [36].

The changes that we observed in hemodynamics and 
the coronary flow in the heart were further investigated via 
histological and proteomic analyses. Histology showed an 
increase in 8HDG staining, consistent with oxidative DNA 
damage in the cardiomyocytes as well as the coronary 
microvasculature.

In the proteomic analyses, the most prominent changes in 
CKD pertained to regulation of the H2O2 signaling pathway 
and mitochondrial dysfunction, pointing toward a promi-
nent role of the mitochondria as a source for ROS in the 
heart tissue post CKD. This finding is in agreement with 
upregulation of the oxidative stress seen in bulk RNA-seq 
data performed in another swine model of cardiorenal syn-
drome, albeit with a more severe form of CKD [7]. STRING 
network as well as pathway analysis indicated downregula-
tion of proteins involved in H2O2 regulation, proton pump 
as well as TCA cycle. Interestingly, NNT was the common 
and most significantly downregulated protein among them 
(Supplementary data Table S3). NNT, a protein located in 
the mitochondrial inner membrane, is a key enzyme for 
the mitochondrial defense system against ROS by produc-
ing NADPH [19]. Along with this, we observed significant 
transcriptional downregulation of several components of 

mitochondrial redox defense viz. NNT, SOD2, and GPX3 
[25].

There are two opposing views when it comes to the role 
of NNT as an enzyme which regulates the oxidative stress in 
mitochondria and thereby impacts cellular function. There 
is ample evidence suggesting the pro-oxidative damage by 
NNT that is caused in the presence of pathophysiologi-
cal workload on the heart [32, 34]. Conversely, it has also 
been shown that loss of NNT makes the heart susceptible 
to Mn2+-dependent superoxide dismutase (Mn-SOD) dele-
tion, leading to cardiomyopathy, as well as to treatment for 
angiotensin II, which suggests an antioxidative role [21, 24, 
28]. Our data in a swine model also argue in favor of an anti-
oxidative role NNT in the heart in presence of mild CKD.

The proteomic data also revealed downregulation of pro-
teins related to contractility post CKD, including sarcomeric 
proteins (MYL1, MYL2, MYL4, MYH7, and TNNI3), pro-
teins linking the sarcomeres to the Z disks (MYOT, MYOZ2, 
NEBL, and PDLIM5) as well as proteins involved in cal-
cium handling (RYR2, ATP2A2 (SERCA)), while PLN was 
upregulated. Downregulation of these proteins post CKD 
likely contributed to the LV dilation and impaired contrac-
tile force observed in vivo. In addition, contractile proteins 
are susceptible to direct chemical oxidation due to oxida-
tive stress, which can alter their structural conformation and 
functional activity [4, 46].

Fig. 5   Oxidative stress in LV tissue post CKD. a Representative 
images of immunofluorescence staining for 8-Hydroxy-2'-Deox-
yguanosine (8HDG) in whole tissue in LV paraffin-embedded tis-
sue in Con and CKD groups and b Quantification of number of 
nuclei positive for staining of 8HDG. Original magnification, × 400. 
c Representative images of immunofluorescence staining for 8HDG 
in CD31 stained vessel in LV paraffin-embedded tissue in Con and 
CKD groups and d Quantification of number of nuclei positive for 

staining of 8-HDG in CD31 stained vessels. Original magnifica-
tion, × 400 N = 8 in Con, N = 7 in CKD Scale bar: 50 μm (25 μm for 
cropped image) e–g Quantitative RT-PCR of NNT, SOD2, GPX3, in 
the LV endocardial tissue in Con and CKD groups. h Quantification 
of Trolox for antioxidative capacity in the LV tissue homogenate i) 
Quantification of secreted 8HDG in the urine at sacrifice. N = 7 in 
Con, N = 6 in CKD. Values are mean + / − SEM. p-value by Student’s 
t-test
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To further demonstrate the link between oxidative stress 
and impaired contractility, we used a novel ex vivo setup for 
swine living myocardial slice culture with continuous elec-
trical stimulation to preserve the tissue's long-term physi-
ological milieu providing for a perfect setting to examine 
heart functional changes in response to pro- and anti-oxi-
dants [14, 16]. Indeed, the reduced mRNA levels of both 
NNT and GPX3, observed in fresh myocardium from CKD 
swine, persisted in the CKD slices during culture. Upon 
addition of a low H2O2 concentration, which reflects a physi-
ological increase in ROS without triggering apoptosis [26], 
a steady decline in contractility was observed in the CKD 
slices but not in the Con slices. These data are consistent 
with other studies that showed the oxidation of thin contrac-
tile filament proteins, including actin filament and tropomyo-
sin, in isolated rat hearts, leads to decreased contractility in 
response to H2O2 exposure [5]. Contrary to our expectations, 
adding the SOD mimetic TEMPOL to CKD slices resulted 
in an initial decline in contractile force. We deduced this is 
due to production of more endogenous H2O2 by TEMPOL 
when encountering superoxide anions in the tissue [3]. With 
prolonged treatment, the contractility for TEMPOL treated 

LMS became stronger than those treated with H2O2 support-
ing Tempol’s beneficial role in prevention of ROS mediated 
cardiac remodeling [51].

Mitochondrial dysfunction and oxidative stress in the 
heart not only influence the cardiac muscle, but the vascu-
lature as well. The present study, using bulk tissue proteom-
ics, cannot distinguish between different cell types, but the 
majority of protein is derived from cardiomyocytes. As the 
amount of vascular tissue in the heart is relatively small 
as compared to cardiac muscle, proteomics is unlikely to 
be sensitive enough to detect changes. Since nuclei RNA 
sequencing would be able to delineate changes in differ-
ent cell types as well as their interactions [29], but is very 
costly. Therefore, we used RT-PCR and detected a reduc-
tion in eNOS and VEGF, which is consistent with recent 
observations in another CKD swine model [12] and sug-
gestive of endothelial dysfunction. Furthermore, increased 
oxidative stress in endothelial cells associated with the loss 
of NNT has been shown to contribute toward eNOS uncou-
pling [42]. Functionally, coronary flow reserve was impaired 
albeit mostly due to an increase in basal CBF, rather than 
a reduction in maximal flow. The reduced flow reserve is 

Fig. 6   Ex vivo culture of swine Living myocardial slices (LMS). a 
Image of LMS in a biomimetic cultivation chamber (BMCC). b LMS 
from Con and CKD treated with H2O2 at 24 h intervals. N = 3 in Con 
and N = 6 in CKD group ** p < 0.01, ***p < 0.001 2- way ANOVA, 
c LMS from CKD treated with Vehicle (Veh), H2O2, and Tempol at 

24  h interval. **p < 0.01 for H2O2 vs Tempol, #p < 0.05 for Tempol 
vs Veh. 2-way ANOVA. N = 3 in Veh; N = 4 in TEMPOL and N = 6 
in H2O2 group (c–e) Quantitative RT-PCR of NNT, GPX3 and SOD2 
mRNA in LMS from Con and CKD swine. N = 3 slices in each group. 
Values are mean + / − SEM. p-value by Student’s t-test



Basic Research in Cardiology	

also found clinically, in patients with CKD [9, 33, 37, 41] 
although only one study associated the reduced flow reserve 
with an increase in basal CBF [33]. The mechanism behind 

the increase in basal flow is unclear, but may be associated 
with mitochondrial dysfunction and a switch from NO to 
H2O2, as metabolite responsible for vasodilation. Jugulion 

Fig. 7   Remodeling in LV tissue post CKD. (a) Representative images 
of picrosirius red (PR) of the heart under bright field and (b) polar-
izing light respectively and (c) quantification of the area positive for 
PR staining under polarizing light (d–e) Quantitative RT-PCR of 
COl1 and MMP2 mRNA in the LV endocardial tissue in Con and 

CKD groups. N = 7 animals in Con, N = 6 in CKD. (g) Representa-
tive images of Gömöri staining under bright light microscopy for Con 
and CKD and (h) quantification of the cardiomyocyte area. Original 
magnification, × 200. Values are mean + / − SEM. p value by Student’s 
t-test

Fig. 8   Early molecular and 
functional changes Post CKD in 
the heart
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et al. indeed show such switch from NO to H2O2 leading to 
coronary vasodilation in early phase of diabetic cardiomyo-
pathy [22]. Consistent with these data, we found an increase 
in 8-HDG staining in the coronary microvasculature, indicat-
ing increased microvascular oxidative stress. A limitation 
of the present study is that the impact of oxidative stress on 
coronary microvascular function was not measured directly. 
However, we have recently shown in our swine model with 
multiple comorbidities including CKD that a reduction in 
oxidative stress through administration of Tempol and MPG 
resulted in coronary vasoconstriction, suggesting that endog-
enous H2O2 acts as a coronary vasodilator in these models 
[11]. Indeed, previous studies show that H2O2 released from 
the endothelium can serve as a mediator for shear stress, ace-
tylcholine- and bradykinin-induced vasodilation in human 
coronary arterioles[43], rat mesenteric arterioles [55] and in 
cerebral circulation [50], respectively. Thus, we propose that 
reduced bioavailability of NO and increased H2O2 leading 
to increased basal flow in the coronaries might be an early 
indicator of endothelial dysfunction post CKD.

Finally, there is an increasing body of research that indi-
cates that changes in redox state affect the immune com-
plement cascade which can trigger systemic inflammation 
leading to cardiac fibrosis [20]. Our proteomic data showed 
alterations in expression of proteins from the basement mem-
brane and ECM proteins like Nestin, Fibrillin 1, Fibronectin, 
Col 6A, etc. [31]. Our mRNA and histological studies in the 
heart tissues corroborated these findings with significantly 
increased Col1 and MMP2, two important proteins for ECM 
remodeling along with increased PR staining [44, 47]. Inter-
estingly, there is recent evidence that the highly conserved 
cysteine in the propeptide domain of the MMP2 protein is a 
target for oxidative modifications by superoxide which dis-
rupts a feedback inhibition and provides a nonproteolytic 
mechanism to activate MMP2 [30]. This redox-activated 
MMP-2 has been shown to target sarcomeric proteins such 
as cTnI during ischemia/reperfusion injury, contributing to 
oxidative stress-dependent defects in cardiac contractility 
[1]. Altogether, impaired anti-oxidants post CKD can induce 
ECM remodeling leading to alterations in cardiac structure 
and function and thereby contributing to the hemodynamic 
changes observed in our study.

Future perspectives

Oxidative stress has been the focus for cardiovascular dam-
age post-kidney injury for quite some time, but clinical trials 
with anti-oxidants have failed so far to improve cardiac func-
tion. This is due, at least in part, to lack of systematic studies 
into the mechanisms underlying myocardial oxidative dam-
age associated with post-chronic kidney injury. Although a 
limitation of our study is that mitochondrial function was 
not measured directly, our data argue strongly in favor of 

mitochondrial alterations and oxidative damage being the 
primary drivers in causing contractile dysfunction, heart 
remodeling and changes in coronary flow post CKD. Recent 
work of Chade et al. in a model of cardiorenal syndrome 
showed upregulation of miR-374b-3p that can be modulated 
to alter mitochondrial ROS production [7]. Such direct inter-
ventions of the mitochondrial and oxidative stress signaling 
pathway may provide a more effective therapeutic approach.

Conclusion

Our study, combining hemodynamic measurements with 
histological and molecular assessment of the myocardium 
and coronary microvasculature, underscores the impact of 
CKD on myocardial mitochondrial pathways, which shifts 
the equilibrium between the pro- and antioxidant systems 
resulting in H2O2 production and oxidative damage leading 
to impaired cardiac and microvascular function. Pre-clinical 
research on a number of anti-oxidative medications did not 
translate into successful clinical trials, despite encouraging 
preclinical results. Our data suggest that interventions that 
can enhance and modulate mitochondrial function rather 
than block the ROS species, may have a beneficial effect 
on cardiac performance by decreasing the oxidative stress.
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Abstract

Aims No curative treatment is available for RASopathy-associated childhood-onset hypertrophic cardiomyopathy (RAS-CM).
Preclinical data and individual reports suggest a beneficial effect of small molecules targeting the RAS–mitogen-activated pro-
tein (MAP) kinase (MAPK) pathway in severely affected RAS-CM patients. The aim of this study was to evaluate the biophysical
effects of trametinib, rapamycin and dasatinib on cultivated myocardial tissue slices of a paediatric RAS-CM patient using bio-
mimetic cultivation chambers (BMCCs) and to correlate the findings with clinical data.
Methods Contracting right ventricular (RV) tissue slices were prepared from resected myocardium, cultivated in BMCCs and
treated with distinct molecules directly and indirectly targeting the RAS–MAPK pathway (trametinib, rapamycin and dasatinib)
or dimethyl sulfoxide (DMSO). Tissue biophysical properties were assessed using electrical stimulation protocols. Contractile
function, force–frequency relationship and post-pause potentiation were compared before and after treatment. These param-
eters correlated to L-type Ca2+ channel function and sarcoplasmic Ca2+ loading.
Results In vivo, off-label treatment with MAPK kinase (MEK) inhibitor trametinib of a child with severe RAS-CM resulted in a
modest reduction of RV outflow tract (RVOT) obstruction (RVOT 151 to 122 mmHg after 11 weeks) and improved diastolic
function (E/A 0.68 to 1.09 after 11 weeks) and myocardial strain [RV global radial strain (RV-GRS) 25.94 to 42.76; RV global
circumferential strain (RV-GCS) �15.26 to �18.61; and RV global longitudinal strain (RV-GLS) �10.31 to �16.78 at 11 weeks],
as determined by echocardiography and cardiac magnetic resonance tomography. In cultivated RV myocardial tissue slices,
contraction force decreased after addition of trametinib and rapamycin but not after addition of DMSO and dasatinib. Im-
provement of Ca2+ handling, as depicted by a more positive force–frequency relationship and enhanced post-pause potenti-
ation (31.2%), was noted in the trametinib-treated slice. The increase in post-pause potentiation was less pronounced in
rapamycin-treated (26%) and absent in dasatinib-treated (<1%) slices.
Conclusions Ex vivo analysis of cultivated and electrically stimulated RV myocardial tissue slices of a patient with RAS-CM
showed decreased contractility and improved sarcoplasmic reticulum function after addition of trametinib and in part after
addition of rapamycin, but not after addition of dasatinib.

Keywords cultivation; myocardial slices; Noonan; RAF1; trametinib
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Introduction

Paediatric hypertrophic cardiomyopathy (HCM) is often asso-
ciated with Noonan syndrome (NS), the most common dis-
ease within the RASopathy spectrum. NS is prevalent in
1:1000 to 1:2500 children.1 Children affected by NS often suf-
fer from developmental disorders and congenital heart dis-
ease (CHD). Early-onset HCM occurs in ~20% of NS patients
and is associated with significant morbidity and mortality.2,3

NS is caused by a wide range of autosomal-dominant variants
within genes in the RAS–mitogen-activated protein kinase
(MAPK) transduction cascade and therefore falls under the
umbrella term of RASopathies. Common mutated genes are
PTPN11, SOS1, KRAS, LZTR1 and RAF1.4,5 RAF1 pathogenic
variants are accountable for 3%–17% of the NS cases.6

NS-causing variants of the RAF1 gene are associated with a
gain of its in vitro phosphatase activity.7 Contrary to other
NS-inducing pathogenic variants, HCM is more characteristic
for patients with RAF1 variants than pulmonary valve
stenosis.8

In the past decade, inhibitors for the RAS–MAPK pathway
have been investigated as remedies for RASopathy-associ-
ated childhood-onset hypertrophic cardiomyopathy (RAS-
CM). Rapamycin9 and dasatinib10 reverted HCM in RAS-CM
mouse models. Results have not been conclusive for rapa-
mycin in the clinical setting. In two cases of the same
PTPN11 variant, rapamycin treatment did not lead to a re-
duction in myocardial fibrosis or hypertrophy and only led
to a reduction of N-terminal prohormone of brain natriuretic
peptide (NT-proBNP) levels in one case.11,12 Conversely,
in vitro,13 in vivo preclinical14 and clinical studies15 have
shown mitigating effects of the MAPK kinase (MEK) inhibitor
trametinib on RAS-CM (reviewed by Gelb et al. and ob-
served by others16–19). Trametinib is a reversible and highly
selective MEK1/2 inhibitor (MEKi), which has been Food and
Drug Administration (FDA) approved for the treatment of
metastatic melanomas20 and other carcinomas.21,22 How-
ever, the mechanisms underlying the beneficial effects of
trametinib on cardiomyocyte function are not yet fully
understood.

The aim of this study was therefore to evaluate the bio-
physical effects of small molecules directly or indirectly
targeting the RAS–MAPK signalling pathway (trametinib, rap-
amycin and dasatinib) on cultivated right ventricular (RV)
myocardial tissue slices of a paediatric RAS-CM patient using
biomimetic cultivation chambers (BMCCs) and to correlate
the findings with clinical data. Sarcoplasmic reticulum (SR)
function and calcium ion handling were assessed during culti-
vation by particular stimulation sequences. Contraction data
of sequential RV slices before and after treatment were
analysed, and trametinib treatment was compared with rap-
amycin and dasatinib treatment.

Methods

Tissue was obtained, and the study was performed according
to the Declaration of Helsinki guidelines. The patient or their
legal guardian provided their written informed consent prior
to tissue collection {384/15 and 732/20S by the Ethics Com-
mittee of the Technical University of Munich, Germany [NS-
HCM patient]; 063-12 by the LMU Clinic, Munich, Germany
[heart transplant (HTx) patient]}. Original data for these stud-
ies are available upon reasonable request.

Myocardial slice preparation

Hypertrophic RV tissue was obtained via a resection proce-
dure of the RV outflow tract (RVOT) in a 7-year-old male pa-
tient diagnosed with NS and severe RVOT obstruction
warranting resection. Tissue was immediately transferred
into a closed cardioplegia (4°C)-filled container and kept at
4°C. After transfer into a flow hood, four 0.5 × 0.5-cm-sized
and 300-μm-thick tissue slices were produced using a
vibratome according to the protocol developed by Fischer
et al.23 and described in detail by Hamers et al.24 Briefly, tis-
sue was embedded in 4% low-melt agarose and cut in 300-
μm-thick slices using a vibratome (VT1200s, Leica AG,
Wetzlar, Germany). Plastic laser-cut triangles (made in-house)
were attached to the slices and placed in a commercially
available BMCC on a rocker (60 r.p.m.) (InVitroSys GmbH,
Gräfelfing, Germany) in a CO2 incubator (5%; CB240, Binder
GmbH, Tuttlingen, Germany) at 37°C. BMCCs contained me-
dium M199 (31150-022, Thermo Fisher, Bremen, Germany)
[supplemented with 5% Insulin-Transferrin-Selenium 100×
(5150056, Thermo Fisher, Bremen, Germany), 5% Penicillin–
Streptomycin (P0781-100ML, Sigma, Taufkirchen, Germany)
and 50 mM β-mercaptoethanol (A1108.0100, AppliChem,
Darmstadt, Germany)]. The tissue slices were continuously
electrically stimulated to contract at 30 b.p.m. Additionally,
tissue slices were also prepared, cultivated and treated
(n = 2) from the RV of the explanted heart of an HTx
patient, following the same protocol as for the paediatric
tissue slices. The 51-year-old patient was diagnosed with
dilated cardiomyopathy after a viral myocarditis (diagnosed
in 2019) and transmural fibrosis.

Cultivation and treatment in BMCCs

Tissue slices were initially cultivated for 180 h to allow for the
original trametinib treatment of the patient to wash out and
to equilibrate to the ex vivo environment. After this period,
four slices were treated with trametinib (GSK1120212,
Selleckchem GmbH, Cologne, Germany), rapamycin (S1039,
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Selleckchem GmbH, Cologne, Germany), dasatinib (SML2589,
Merck KGaA, Darmstadt, Germany) (all 100 nM) or dimethyl
sulfoxide (DMSO) vehicle (0.1%) as control with medium
change (every 2 days). Contraction force was analysed using
LabChart Pro 8 (ADInstruments, Dunedin, New Zealand) and
measured by an in-house developed macro, which averaged
the contraction of the slice in a 5 min block for each hour
of the cultivation. The average contraction force of the slices
was normalized to the contraction force at the start of the
cultivation.

Electrical stimulation protocols

Before and during treatment cultivation, distinct stimulation
protocols were run to assess the contractile and electrophys-
iological status of the slices. Stimulation protocols consisted
of post-pause potentiation (PPP) and force–frequency rela-
tionship (FFR). During PPP, electrical stimulation was halted
for 120 s. This allows for Ca2+ loading of the SR. The contrac-
tion force induced by the first electrical stimulation after the
pause was calculated as a percentage of the average twitch
force of the five last cycles before the pause. This was done
before, at 4 days and at 8 days after treatment. During FFR
assessment, the electrical stimulation frequency is increased
in a stepwise fashion, while the duration of the respective
step is shortened to keep the number of induced contractions
constant (20–40 beats/step). After 380 h of cultivation, of
which 180 h with treatment, the slices were removed from
the BMCCs.

Statistics

To compare the contractility over time after treatment start
(Figures 4A and S2A), a two-way ANOVA with Dunnett correc-
tion for multiple comparisons was performed. For each con-
tractility comparison before and after medium change (Figure
4B), a Mann–Whitney U test was performed. To compare the
potentiation of the HTx slices (Figure S2B), an ordinary
one-way ANOVA with Dunnett correction for multiple com-
parisons was performed. All statistics were performed, and
graphs were made using GraphPad Prism (Version 9.3.1, Bos-
ton, USA).

Results

Clinical patient characteristics

At 8 weeks of age, a male patient presented for the first time
with hypertrophic obstructive cardiomyopathy, extensive left
ventricular outflow tract obstruction and pulmonary hyper-
tension resulting in heart failure with tachydyspnoea and

the need for high-flow oxygen therapy. Electrocardiogram
showed signs of ventricular hypertrophy without arrhythmias
(Figure S1). The patient’s mother and sister had previously
been diagnosed with NS prior to the current patient and also
showed HCM. NS was clinically diagnosed and confirmed by a
genetic panel showing a pathogenic variant in the RAF1 gene
[c.775T>A (p.Ser259Thr)]. Phosphorylation of residue Ser259
results in autoinhibition of RAF1, while the pathogenic vari-
ant Thr259 leads to a gain-of-function phenotype by facilitat-
ing binding of GTP-bound RAS.25 The prenatal and immediate
perinatal course of this patient had been uneventful. After
initial treatment with high-dose beta-blocker and
disopyramide (at the time of treatment, institution guidelines
contraindicated the use of calcium channel antagonists to
avoid hypotension and deteriorating outflow tract obstruc-
tion), the current patient underwent open heart surgery for
left ventricular outflow tract resection at the age of
14 months.

At 7.5 years of age, the patient (22.2 kg) was re-admitted
due to aggravation of hypertrophy and severe obstruction
in the RVOT in the absence of significant left ventricular out-
flow tract obstruction. An off-label treatment with the MEKi
trametinib (Novartis Germany AG, Nuremberg) was initiated
(0.011 mg/kg/day at start; increased to 0.023 mg/kg/day af-
ter 7 days), which resulted in a decrease of the peak RVOT
gradient from initial 151 to 124 mmHg (Table 1 and Figure
1A), a reduction of the cardiac insufficiency marker NT-
proBNP z-scores from 6.5 to 5.2 (Figure 1B), improvement
of diastolic dysfunction as depicted by reversal of the abnor-
mal mitral valve E to A ratio on echocardiography (Figure 2),
and an improvement of right and left ventricular strain
parameters on cardiac magnetic resonance (CMR). The left
ventricular ejection fraction remained unchanged and
hyperdynamic throughout the course of trametinib (Table
1). Representative echocardiographic and CMR images from
the time points prior and after initiation of MEKi treatment
are presented in Figures 2 and 3.

Despite an initial RVOT gradient reduction under
trametinib treatment, severe RVOT obstruction remained
with gradients between 110 and 120 mmHg after 5 months
of MEKi treatment (Figures 1B and 3K,L). This prompted car-
diac surgery for the resection of the RVOT obstruction. The
resected RV myocardial tissue was further processed in an
experimental setting, where four RV myectomy slices were
generated. Slices were cultured for 380 h in BMCCs on a me-
chanical rocker at 37°C (5% CO2).

Contraction force development during cultivation

After placement of the prepared myocardial tissue slices in
BMCCs on the rocking device, the contraction force of the
slices stabilized and was normalized to its value at 6 days (i.
e., 140 h) of culture (pre-treatment baseline) (Figure 4). In
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all slices, every medium change resulted in a temporary de-
pression of contraction force (▴, Figure 4), and therefore,
these data points are omitted from the timelines. After
190 h of cultivation, treatment with rapamycin, dasatinib or
trametinib was initiated. When comparing the contractile
force of each slice after treatment start (Figure 4), the
trametinib-treated (P = 0.023) and rapamycin-treated
(P ≤ 0.001) slices showed a significantly decreased contrac-
tion force compared with DMSO 0.1%-treated control. In-
triguingly, treatment with trametinib, but not any other com-
pound, tended to abrogate the temporary depression of
contraction force induced by the medium change
(P = 0.057; Figure 4B). In a separate RV myocardial slice prep-
aration and cultivation from a 51-year-old female HTx pa-

tient, a similar significant effect of trametinib (P < 0.001)
and rapamycin (P = 0.016) on contraction force was observed
after an identical ex vivo treatment regimen compared with
vehicle control (Figure S2A).

Assessment of SR function by PPP and FFR

PPP correlating to sarcoplasmic Ca2+ loading was assessed be-
fore and after treatment. Vehicle treatment (DMSO 0.1%) did
not affect PPP. Trametinib and rapamycin treatment resulted
in a respectively 31.2% (173.3% pre-treatment to 204.5%
post-treatment) and 26% (181% pre-treatment to 207.4%
post-treatment) increase of potentiation compared with

Table 1 Transthoracic echocardiographic (TTE) and cardiac magnetic resonance (CMR) parameters.

Prior to treatment with MEKi
trametinib

1 week after treatment with
MEKi trametinib

11 weeks after treatment with
MEKi trametinib

TTE
Peak dP LVOT (mmHg) 12 (no LVOTO) 9 (no LVOTO) 7 (no LVOTO)
Peak dP RVOT (mmHg) 151 124 122
IVSd max (mm) 27 26 27
IVSd max (z-score; Detroit) 7.4 7.2 7.4
LVPWd max (mm) 18 18 16
LVPWd max (z-score; Detroit) 6.7 6.7 6.0
LVEF (%) 91 94 94
E (m/s) 0.63 0.82 0.62
A (m/s) 0.92 0.86 0.57
E/A 0.68 0.95 1.09
e′ (cm/s) 0.04 0.08 0.06
Septal E/e′ 16 10 11
E deceleration time (ms) 304 289 181
IVRT (ms) (measured on

pulsed-wave Doppler)
143 110 72

IVCT (ms) (measured on
pulsed-wave Doppler)

63 49 82

E-wave duration (ms) 124 180 168
A-wave duration (ms) 121 131 164
Comment TR velocity not applicable given

severe RVOTO
TR velocity not applicable given

severe RVOTO
TR velocity not applicable given

severe RVOTO
Heart rate (min�1) 85 88 74

CMR
CI (L/min/m2) 3.2 3.5 3.0
RVEDV:LVEDV 1:1 1:1 0.8:1
RVEF (%) 66 69 73
RVEDV (mL) 49 53 45
RVEDVI (mL/m2) 64 70 58
LVEF (%) 74 72 72
LVEDV (mL) 51 51 58
LVEDVI (mL/m2) 67 67 74
LV mass (g/m2) 158 152 146
RV-GRS 25.94 22.84 42.76
RV-GCS �15.26 �11.84 �18.61
RV-GLS �10.31 �11.18 �16.78
LV-GRS 20.5 23.52 29.12
LV-GCS �13.56 �15.07 �17.57
LV-GLS �10.32 �9.46 �13.89

Abbreviations: CI, cardiac index; IVCT, isovolumic contraction time; IVRT, isovolumic relaxation time; IVSd, interventricular septal thick-
ness; LV, left ventricular; LVEDV, left ventricular end-diastolic volume; LVEDVI, left ventricular end-diastolic volume index; LVEF, left ven-
tricular ejection fraction; LV-GCS, left ventricular global circumferential strain; LV-GLS, left ventricular global longitudinal strain; LV-GRS,
left ventricular global radial strain; LVOT, left ventricular outflow tract; LVOTO, left ventricular outflow tract obstruction; LVPWd, left ven-
tricular posterior wall thickness; MEKi, MEK1/2 inhibitor; RVEDV, right ventricular end-diastolic volume; RVEDVI, right ventricular
end-diastolic volume index; RVEF, right ventricular ejection fraction; RV-GCS, right ventricular global circumferential strain; RV-GLS, right
ventricular global longitudinal strain; RV-GRS, right ventricular global radial strain; RVOT, right ventricular outflow tract; RVOTO, right
ventricular outflow tract obstruction; TR, tricuspid regurgitant.
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pre-treatment (Figure 5), reflecting increased sarcoplasmic
Ca2+ loading. Dasatinib treatment lowered the potentiation
by 9% (202.6% pre-treatment to 193.6% post-treatment). In
the separate RV HTx preparation, trametinib showed the
strongest potentiation increase (P = 0.195) (Figure S2B). The
FFRs of the four individual NS patient tissue slices [reflecting
L-type Ca2+ channel (LTCC) function] were slightly different in
shape prior to treatment (Figure 6). However, 4 and 8 days of
vehicle and dasatinib treatment did not alter the shape of the
FFR. Conversely, trametinib treatment lowered the contrac-
tion force at low frequencies and increased the contraction
force at higher frequencies after 8 days of treatment. Rapa-
mycin treatment increased the contraction force at both
lower and higher frequencies. The RV tissue slices from the
HTx patient did not show any noteworthy changes in FFR be-
fore and after treatment.

Discussion

This is the first report to describe the effect of trametinib on
myocardial properties both in vivo and ex vivo in a paediatric
patient with NS carrying a RAF1 pathogenic variant. The child
suffered from severe RAS-CM and received off-label treat-
ment with trametinib in the hope to avoid cardiac surgery
for severe RVOT obstruction. While improvement of echocar-
diographic diastolic function and CMR global strain parame-
ters suggested beneficial treatment effect, the decrease in
the RVOT gradient was not sufficient so that surgical resec-
tion was warranted. Resected RV myocardial tissue was ob-
tained for further ex vivo investigations. Using an established
myocardial slice cultivation technique, as described by Fi-
scher et al.,23 the direct effects of trametinib, rapamycin

and dasatinib were subsequently studied on electrically stim-
ulated, contracting slices. The most important findings in-
cluded a significant down-regulation of contractile function
observed in trametinib- and rapamycin-treated slices from
both the paediatric NS-HCM and HTx patients. SR function
improved as well, as indicated by the increased PPP effect af-
ter trametinib treatment. The FFR of the trametinib-treated
slice showed the strongest change towards an all-positive
slope in the NS-HCM slices, but not in the slices of the HTx
patient.

Downregulation of contractility by trametinib and
rapamycin

In vivo treatment of a paediatric NS-HCM patient led to a re-
duction in RVOT gradient and ameliorated radial strain, which
is suggestive of reduced contractility. Similarly, an ex vivo
down-regulation of contractile force was observed in the
trametinib- and rapamycin-treated slices of the same patient
but not in the dasatinib-treated slice. The difference in con-
tractile force regulation between these pharmacological
treatments is possibly caused by the difference in their treat-
ment targets. Here, we used compounds that modulate the
MAPK pathway at different levels, namely, PTPN11, MEK1/2
and the mammalian target of rapamycin (mTOR) (Figure 7).
It is important to note that dasatinib inhibits PTPN11, which
is located upstream of the pathogenic RAF1 variant. Such up-
stream inhibition might not impact SR function in a patient
with a gain-of-function RAF1 variant. Both trametinib and
rapamycin act downstream of the pathogenic RAF1 variant
at different levels. Trametinib is a highly selective MEKi. As
RAF1 forms a complex with MEK1/2 and extracellular
signal-regulated kinase 1/2 (ERK1/2),26 inhibition of MEK1/2

Figure 1 Peak dP right ventricular outflow tract (RVOT) and zlog N-terminal prohormone of brain natriuretic peptide (NT-proBNP) over time. (A) De-
crease of the peak RVOT gradient measured by continuous-wave Doppler on transthoracic echocardiographies. (B) NT-proBNP zlog (indicated with ‘•’)
and absolute levels (indicated with ‘▪’) at given time points prior to and after the introduction of treatment with the MEK1/2 inhibitor (MEKi)
trametinib (indicated with a vertical dotted line).
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prevents the formation of this complex. Rapamycin inhibits
mTOR, which is located further downstream of the patho-
genic RAF1 variant within the MAPK pathway. Because both

trametinib and rapamycin act downstream of the pathogenic
RAF1 variant, they may aid in restoring nominal Ca2+ handling
and SR loading. In the HTx slices from a patient with dilated

Figure 2 Cardiac echography before and after treatment with MEK1/2 inhibitor (MEKi) trametinib. (A–F) Echocardiogram prior to treatment with MEKi
trametinib. (A, B) Parasternal long-axis and parasternal short-axis mid-ventricle at the papillary muscles showed massive left ventricular hypertrophy
(*) with a maximum interventricular septal thickness (IVSd max) of 26 mm (z-score 7.26) and a maximum left ventricular posterior wall thickness
(LVPWd max) of 18 mm (z-score 6.70). The left ventricular ejection fraction (EF) was hyperdynamic (EF 91%). (C, D) Parasternal short-axis, base,
continuous-wave Doppler through right ventricular outflow tract (RVOT) depicted a Vmax of 6.14 m/s, corresponding to a peak gradient (dP) of
151 mmHg. (E, F) Four-chamber view, pulsed-wave Doppler through mitral valve (MV) (left) and septal tissue Doppler (right) showing diastolic dysfunc-
tion with MV E/A 0.68, MV E/e′ 9.5 and e′sept 0.07 m/s. (G–L) Echocardiogram of the same patient 4 months after introduction of treatment with MEKi
trametinib. (G, H) Parasternal long-axis and parasternal short-axis mid-ventricle at the papillary muscles showed unchanged massive left ventricular
hypertrophy with an IVSd max of 26 mm (z-score 7.26) and an LVPWd max of 18 mm (z-score 6.7). The left ventricular EF is hyperdynamic (EF
91%). (I, J) Parasternal short-axis, base, continuous-wave Doppler through RVOT depicting Vmax of 5.24 m/s, corresponding to a peak gradient (dP)
of 109 mmHg; 5.24 m/s = peak dP RVOT 109 mmHg. (K, L) Four-chamber view, pulsed-wave Doppler through MV (left) and septal tissue Doppler (right)
showing diastolic dysfunction with MV E/A 1.13, MV E/e′ 10.3 and e′sept 0.06 m/s.
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Figure 3 Cardiac magnetic resonance tomography before, 1 week after and 4 months after treatment with MEKi trametinib. (A–D) Cardiac magnetic
resonance tomography prior to treatment with MEKi trametinib. (A) Four-chamber view, end-diastolic frame. Interventricular septal hypertrophy in-
dicated with ‘*’. (B) Four-chamber view, end-systolic frame. Left ventricular hypertrophy indicated with ‘*’. (C) Short-axis view, end-diastolic frame.
Right ventricular outflow tract obstruction marked with an arrow (➔). (D) Short-axis view, end-systolic frame. Right ventricular outflow tract obstruc-
tion marked with an arrow (➔). (E–H) Cardiac magnetic resonance tomography after 1 week of treatment with MEKi trametinib. (E) Four-chamber
view, end-diastolic frame. Interventricular septal hypertrophy indicated with ‘*’. (F) Four-chamber view, end-systolic frame. Left ventricular hypertro-
phy indicated with ‘*’. (G) Short-axis view, end-diastolic frame. Right ventricular outflow tract obstruction marked with an arrow (➔). (H) Short-axis
view, end-systolic frame. Right ventricular outflow tract obstruction marked with an arrow (➔). (I–L) Cardiac magnetic resonance tomography after
11 weeks of treatment with MEKi trametinib. (I) Four-chamber view, end-diastolic frame. Interventricular septal hypertrophy indicated with ‘*’. (J)
Four-chamber view, end-systolic frame. Left ventricular hypertrophy indicated with ‘*’. (K) Short-axis view, end-diastolic frame. Right ventricular out-
flow tract obstruction marked with an arrow (➔). (L) Short-axis view, end-systolic frame. Right ventricular outflow tract obstruction marked with an
arrow (➔).

Trametinib alters contractility of paediatric Noonan syndrome-associated hypertrophic myocardial tissue slices 7

ESC Heart Failure (2024)
DOI: 10.1002/ehf2.15173

 20555822, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.15173 by Jules H

am
ers , W

iley O
nline L

ibrary on [22/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



cardiomyopathy, trametinib reduced contractile force more
than rapamycin. This supports our hypothesis that trametinib
influences Ca2+ handling.

Trametinib enhances PPP

To further elucidate Ca2+ handling of each treated slice, PPP
and FFR stimulation protocols were run and compared with
DMSO 0.1%-treated control slices. As part of a predesigned
electrical stimulation protocol, electrical stimulation was
temporarily halted for 120 s to assess the relative contribu-
tion of SR Ca2+ release via the ryanodine receptor (RyR) in en-
hancing contractility. Halting the electrical stimulation of the
slices leads to Ca2+ loading of the SR. With the first stimulated
contraction, the increased Ca2+ load of the SR is released
through the RyR, leading to a more powerful contraction
than observed during continuous electrical stimulation. The
PPP can therefore be used as a parameter to assess the rela-

tive contribution of Ca2+ released from the SR.24 Analysis of
the PPP revealed that trametinib and rapamycin increased
the relative contribution of Ca2+ release from the SR via the
RyR. Conversely, dasatinib had no effect on this parameter.
Similarly, in the HTx procured slices, trametinib showed the
strongest potentiation increase compared with the
control-treated slice.

The increase in potentiation observed in the
trametinib-treated slice could be an effect of the drug’s in-
hibitory effect on hyperphosphorylation of the RyR located
on the SR.27 The myocardial tissue in this study was
resected from a patient carrying a gain-of-function RAF1
variant. RAF1 activation leads to the reduced expression
of sarcoplasmic/endoplasmic reticulum Ca2+-ATPase
(SERCA),26,28 and variants of this gene in particular are asso-
ciated with the activation of the Ca2+/calcineurin.28 This
consequently will impair Ca2+ sequestration in the SR and
cause diastolic accumulation of cytosolic Ca2+ ([Ca2+]Cyt).
This hypothesis is in line with a study generating iPSC-CM

Figure 4 Contraction-force analysis. (A) Average cyclic height of the contraction force. The Y axis visualizes the normalized average contraction force of
the slices in %. The contraction was normalized to the contraction strength t = 140. The X axis indicates the cultivation time in hours. The vertical red
line indicates the start of the treatments (t = 190), which were continued until the end of cultivation (indicated by the red horizontal arrow). The red
triangles (▴) indicate medium changes of the biomimetic cultivation chambers (BMCCs). Because of the influence of the medium change on contrac-
tility, the corresponding points have been omitted. All slices were statistically compared to dimethyl sulfoxide (DMSO) 0.1%-treated control [trametinib
(P = 0.023), rapamycin (P < 0.001) and dasatinib (P = 0.066)] (two-way ANOVA, with Dunnett correction for multiple comparisons, α = 0.05). (B) Me-
dium change did not lead to a contractility depression under trametinib treatment. The Y axis displays the contractility change (%), comparing the
absolute contraction force 1 h before and 9 h after medium change. The X axis before and after treatment with the respective substance. Each data
point resembles one medium change. Trametinib treatment prevented the contractility depression due to medium change (P = 0.057). Statistical test:
Mann–Whitney U test (α = 0.05).
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Figure 5 Post-pause potentiation at a pause duration of 120 s. The Y axis visualizes the difference in potentiation (%) at a pause duration of 120 s of
each slice between before and after 8 day treatment. DMSO, dimethyl sulfoxide.

Figure 6 Force–frequency relationship comparison between baseline (i.e., pre-treatment), 4 days after treatment and 8 days after treatment. Contrac-
tion force data points were normalized to the contraction force at 30 b.p.m., as this is the base stimulation frequency of the biomimetic cultivation
chambers (BMCCs). Each data point is the average of two assessments performed in a 24 h time frame. Whiskers display the SEM. DMSO, dimethyl
sulfoxide.
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of an NS-HCM patient with a similar RAF1 variant
(Ser257Leu). Here, a reduction in SERCA/phospholamban
(PLN) ratios compared with non-affected iPSC-CM was ob-
served, in combination with significantly reduced Ca2+ tran-
sients between cytosol and SR.26 Furthermore, iPSC-CM
generated from an NS patient with an LZTR1 variant
showed a significant increased Ca2+ leak from the SR, which
was attenuated with the addition of calcium channel
blocker.5 An increased [Ca2+]Cyt promotes the binding of
Ca2+ to calmodulin, followed by the activation of Ca2+/cal-
modulin-dependent protein kinase II (CaMKII). CaMKII phos-
phorylates the RyR2,29 also located in the SR membrane,
stimulating the release of Ca2+ from the SR,30 thereby pos-
sibly further aiding in the increase of [Ca2+]Cyt. In addition,
CaMKII inhibits SERCA29 and therefore promotes Ca2+ leak-
age from the SR.

Trametinib increases contraction force at higher
beating frequencies

The FFR assesses the entry of Ca2+ into the myocardial cells as
a function of stimulation frequency and contractility and aids
in the assessment of excitation–contraction coupling.31 [Ca2
+]Cyt is maintained by SR Ca2+ loading, LTCC and Ca2+/Na+

exchanger.31 With an increasing stimulation frequency, the
[Ca2+]Cyt increases.

31 Hence, the contraction force increases

directly to the increase in stimulation frequency. Literature
suggests that healthy myocardial tissues show a positive
FFR.32 A flat or negative FFR is characteristic for a failing
heart.32 The FFRs of the four slices were already different at
baseline, which may reflect a difference in composition and
morphology as has previously been observed.32 However,
prior to initiation of the treatment, repeated measurements
of the FFR within one slice yielded highly similar results, as in-
dicated by the small error bars (SEM). Previous studies have
described increased intracellular Ca2+ levels and currents in
HCM patients.33 This is in line with the previously described
observation in NS patients that a pathogenic RAF1 variant is
associated with reduced SERCA expression and promoted ac-
tivation of Ca2+/calcineurin. Increased [Ca2+]Cyt is observed to
activate Ca2+/calmodulin, which subsequently facilitates the
phosphorylation of LTCCs. This leads to an increased flux of
Ca2+ into the cytosol, increasing the [Ca2+]Cyt further.

34 Dys-
regulation of Ca2+ handling leads to an altered contraction
of the myocardium.34

The baseline FFR of all four cultivated slices showed a neg-
ative or flat form. This observation was to be expected as the
patient was diagnosed with CHD, which resulted in heart fail-
ure. Similar FFR forms are typical for heart failure patients
and are associated with alterations in cardiac mineral
handling.35 Previous research using the identical scientific
set-up observed a positive FFR or negative FFR when human
diseased left ventricular tissue slices had been cultivated at

Figure 7 The RAS–mitogen-activated protein kinase (MAPK) pathway and the downstream effects in homeostasis and with a RAF1 variant. In homeo-
stasis, growth-factor receptor (GFR) activation follows the canonical RAS–MAPK pathway, maintaining nominal sarcoplasmic reticulum (SR) function. A
gain-of-function RAF1 variant, as seen in a portion of the Noonan syndrome associated RASopathy patients, leads to overactivation of RAF1 and Ca2+

leakage from the SR. Based on published literature in combination with our findings, trametinib is thought to mitigate the overactivation of the RAS–
MAPK pathway initiated by mutated RAF1. This leads to improved Ca2+ handling by the SR and L-type calcium channels. RyR, ryanodine receptor;
SERCA, sarcoplasmic/endoplasmic reticulum Ca

2+
-ATPase.
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lower [0.12 Hz (7 b.p.m.)] or higher [0.5 Hz (30 b.p.m.)] base-
line stimulation frequencies.23,24 The plateau phase of the
FFR diminished after long-term cultivation of 4–16 weeks.23

When increasing the [Ca2+]Cyt by adding Bay K8644, the FFR
transitioned into an exclusively negative FFR as well.24 In
the present study, trametinib treatment changed the FFR
from negative to mixed positive/negative FFR. The molecular
mechanism behind the observation seen after treatment of
trametinib is similar in the FFR as in the PPP. Trametinib in-
hibits MEK1/2, counteracting the gain-of-function RAF1 activ-
ity. This lowers the Ca2+ leak from the SR, decreasing the [Ca2
+]Cyt and partly restoring the function of RyR and SERCA. In
case there would be a full restoration of the SR-located cal-
cium channels, a positive FFR was expected. This might be a
first step towards an FFR resembling healthy myocardial tis-
sue. Dasatinib and rapamycin treatment did not change FFR.

The cardiomyocytes of the slices used in this study pre-
sumably have high [Ca2+]Cyt due to dysfunctioning Ca2+ han-
dling. It is speculated that at higher stimulation frequencies,
Ca2+ leaks out of the SR at higher rates, preventing the neces-
sary calcium spikes needed for proper myocardial contrac-
tion. Alternatively, another study hypothesized that LTCC
and RyR are located closely together to facilitate rapid intra-
cellular calcium release. In the failing myocardium, T-tubule
remodelling causes a greater distance between LTCC and
RyR, resulting in decreased cardiac contractility.36 However,
literature on T-tubule composition regarding LTCC in NS
hearts is lacking.

Limitations

The main limitation of our study is the limited number of
samples available and the use of an adult HTx patient with di-
lated cardiomyopathy as a control. NS-HCM is a rare disease,
and the amount of resection tissue is very limited (two
5 × 5 × 10 mm samples). With a typical tissue slice size in
our culture system of 7 × 7 mm with a thickness of 300 μm,
we were limited to four NS-HCM slices. As a control prepara-
tion, eight adult HTx slices were made. Compared with the
four NS-HCM slices, these differed in size, biopsy location,
and patient characteristics like age and gender. These slices
were treated with trametinib, rapamycin or dasatinib. There
is a limited availability of literature on the use of these drugs
in the NS setting, and we are the first to compare the effects
of these drugs on intact tissue from a patient with NS-HCM.
Our results point towards aberrant Ca2+ handling in the tissue
slices, but it is unfortunately not possible to perform Ca2+

measurements in our system. The study described here
would have benefited from calcium measurements, sup-
ported by measurements of the activity and expression levels
of the LTCC, RyR and/or SERCA. Performing those additional
experiments was not possible due to the limited size of the
tissue biopsy.

An alternative approach that has been used in literature is
the use of induced pluripotent stem cell-derived cardiomyo-
cytes (iPSC-CMs). Various studies have looked into the inter-
action between trametinib and RAF1 variations in iPSC-
CM.26,37 These predominantly focus on the RAF1 Ser257Leu
variation. Although this is a different genetic variant closely
located to the Ser259 phosphorylation docking site, it re-
sulted in a 44% reduction in phosphorylation.26 In this confor-
mation, RAF1 will remain in the open, activated conforma-
tion. Trametinib treatment in iPSC-CM was shown to
normalize MEK1/2 and ERK1/2.37 As discussed before, one
study generating iPSC-CM observed lower SERCA/PLN ratios
in RAF1 Ser257Leu variant-affected iPSC-CM in combination
with significantly reduced Ca2+ transients between cytosol
and SR.26 SERCA/PLN ratios were rescued with the applica-
tion of MEKi. This is in line with our finding that treatment
of paediatric NS-HCM myocardial tissue slices with MEKi
trametinib improves SR loading, as evidenced by the in-
creased potentiation.

As with iPSC-CM, the cultivation of myocardial tissue slices
in our set-up requires regular medium change. Medium
change of the BMCC tissue cultures led to changes in contrac-
tile force (Figure 4B). Here, loss of CO2 in the incubator in-
creased the culture medium pH causing an initially positive
inotropic effect.24 We hypothesize that the responses of car-
diomyocyte contractility to pH changes involve the Na+/H+-
exchanger 1 (NHE1), which increases Na+ influx under alkaline
conditions and may be inhibited by SRC-family tyrosine
kinases.38 Treatment with trametinib attenuated this effect,
suggesting that this treatment protects the myocardium from
adverse effects of temporarily increased pH. Even though
contraction force is partly influenced by the method itself,
the use of the BMCC to culture myocardial tissue slices allows
for the tissue to remain intact and exposed to preload and
afterload, mimicking the biophysical in vivo environment. Fu-
ture studies should aim to incorporate Ca2+ measurements in
cultivated myocardial tissue slices to further elucidate the
role of altered SR Ca2+ handling and evaluate the effects of
novel therapies on SR Ca2+ handling in NS-HCM.

Conclusions

The data presented here aid in filling the research gap be-
tween the ex vivo and in vivo use of trametinib for the treat-
ment of RAF1 variant-caused NS-HCM. In summary, the ex
vivo analysis of effects achieved by the addition of trametinib
to cultivated RV myocardial tissue slices of a patient with a
gain-of-function RAF1 variant is in line with the observed
beneficial effects of in vivo treatment with trametinib, as well
as with previous studies in iPSC-CM from patients with
NS-HCM caused by pathogenic RAF1 variants.26 Improvement
of diastolic and systolic function parameters was observed af-
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ter treatment start, as measured via echocardiography and
CMR tomography. Results of ex vivo experiments provided
evidence for decreased normalized contraction force, im-
proved SR Ca2+ loading and LTCC function resulting from
the addition of trametinib to cultivated myocardial tissue
slices from the same patient in BMCCs. It is unclear if the im-
provement in contractility seen in vivo and in vitro is a cause
or effect of myocardial hypertrophy attenuation during
trametinib treatment. However, given the similarity of the ef-
fect observed in myocardial slices from the HTx patient, it is
likely that there is a direct effect of trametinib on contractile
function. Future research should look into the question if
trametinib directly lowers hypertrophy, ameliorating the
RVOT gradient, which subsequently decreases contractility,
or if trametinib primarily lowers myocardial contractility,
leading to a lower RVOT gradient and radial strain, allowing
the RV to remodel and unload as a secondary effect. There-
fore, trametinib should be further investigated as a potential
pharmacological treatment for NS-associated HCM in pa-
tients with RAF1 gain-of-function variants.

Acknowledgements

The authors would like to thank Mei Ping Wu, Matthias
Semisch and Claudia Fahney for the preparation and mainte-
nance of the myocardial slice cultivation. Figure 7 was made
using BioRender.

Open Access funding enabled and organized by Projekt
DEAL.

Conflict of interest statement

AD is a shareholder of InVitroSys GmbH, which developed the
MyoDish cultivation system used for this study. CMW is a
consultant for Bristol Myers Squibb, Rocket Pharmaceuticals,
Day One Biopharmaceuticals, BioMarin Pharmaceutical,
Adrenomed AG and Pliant Therapeutics. CMW has an owner-
ship interest in Preventage Therapeutics.

Funding

The study was supported by the German Centre for
Cardiovascular Research [Deutsches Zentrum für
Herz-Kreislaufforschung (DZHK)] (81X2600253 to AD;
81Z0600207 to DM) and the Deutsche Herzstiftung e.V. (Gerd
Killian Award to CMW). CMW is a member of the European
Reference Network for Rare and Low Prevalence Complex
Diseases of the Heart (ERN GUARD-Heart).

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure S1. Electrocardiogram of the 7-year-old NS patient de-
scribed in this study. The ECG of the patient showed ectopic
atrial rhythm at a heart rate of 84 beats per minute, signs
of right ventricular hypertrophy, and incomplete right bundle
branch block. No arrhythmias were observed. (A) Lead trac-
ings I to III and aVR, aVL, aVF. (B) Lead tracings V1 through
V6.
Figure S2. Contraction force analysis of heart transplant ob-
tained right ventricular tissue slices. (A) Average cyclic height
of the contraction force. The Y axis visualizes the normalized
average contraction force of the slices in %. Contraction was
normalized to the contraction strength t = 140. The X axis in-
dicates the cultivation time in hours. The vertical red line in-
dicates the start of the treatments (t = 170), which were con-
tinued until the end of cultivation (indicated by the red
horizontal arrow). The experimental groups were statistically
compared to DMSO 0.1% treated control in a two-way
ANOVA, with Dunnett correction for multiple comparisons
(α = 0.05) (trametinib (p < 0.0001), rapamycin (p = 0.016)
and dasatinib (p = 0.057)). (B) Post-pause potentiation at a
pause duration of 120 seconds. The Y axis visualizes the dif-
ference in potentiation (%) at a pause duration of 120 seconds
of each slice between pre- and post 8-day treatment.
Trametinib (p = 0.195), rapamycin (p = 0.999) and dasatinib
(p = 0.999) treated slices were statistically compared to the
DMSO 0.1% treated controls, using an ordinary one-way
ANOVA with Dunnett correction for multiple comparisons.
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