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Abstract 

Cardiovascular diseases (CVDs) remain the leading cause of death globally, with an 

increasing burden driven by an aging population and the rise of metabolic disorders. Among 

CVDs, cardiac hypertrophy, a hallmark of heart failure progression, poses a significant clinical 

challenge. Current therapies often fail to reverse the underlying pathological remodelling, 

underscoring the need for innovative therapeutic strategies. 

This thesis presents a high-throughput, high-content phenotypic screening platform to 

address this gap in cardiac drug discovery. A mixed cardiac cell culture derived from neonatal 

rat hearts was established, allowing simultaneous investigation of cardiomyocytes and non-

cardiomyocytes within a shared microenvironment. This model better reflects native cardiac 

tissue than conventional purified cardiomyocyte monocultures. A custom CellProfiler-based 

image analysis pipeline was implemented to extract multi-parametric morphological data, 

merged in a robust ‘Hypertrophy Score’. An orthogonal qPCR assay was implemented to 

validate transcriptional changes linked to cardiac remodelling. 

The platform was first applied to investigate G protein-coupled receptor kinase 5 (GRK5), 

an emerging but underexplored target in cardiac hypertrophy. Using a GRK5-focused inhibitor 

library, the assay platform generated meaningful cellular structure-activity relationships (SAR) 

to correlate with biochemical IC50 values and physicochemical features. GRK5 inhibitor 4a 

emerged as a highly effective, non-toxic anti-hypertrophic agent, with its inactive optical 

antipode 4b serving as an ideal negative control. This data guides further lead optimisation for 

successful in vivo-translation. 

Secondly, building on evidence of metabolic rewiring, the role of L-2-hydroxyglutarate 

(L-2HG) as a novel pro-hypertrophic metabolite was investigated. L-2HG induced robust 

hypertrophy comparable to adrenergic stimuli. Given its metabolic link to glutamine, small-

molecule inhibitors targeting glutaminase (GLS1) and glutamine uptake were systematically 

profiled in the phenotypic assay platform. GLS1 inhibition effectively suppressed hypertrophy 

and non-cardiomyocyte proliferation, suggesting a potentially new pharmacological approach 

for anti-hypertrophic intervention. 

Lastly, the screening platform was leveraged to explore the tumour-heart axis by assessing 

cardiomyocyte responses to serum from colorectal cancer patients. Patient serum induced 

proliferative effects across cell populations but suppressed hypertrophic markers, suggesting 

circulating tumour-derived factors with cardiodepressive properties. Correlation analyses 

linked serum effects to tumour burden, age and sex, providing novel insight into systemic 

disease impacts on cardiac function. 

Collectively, this thesis introduces a novel multiparametric platform for cardiac drug 

discovery, demonstrating the power of combining high-content phenotyping, translational 

models and targeted interventions to address unmet clinical needs in cardiac hypertrophy. 
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Kurzzusammenfassung 

Kardiovaskuläre Erkrankungen (CVDs) sind die häufigste Todesursache weltweit, mit 

steigender Prävalenz durch Alterung der Bevölkerung und zunehmende Stoffwechsel-

störungen. Innerhalb der Krankheitsgruppe stellt die kardiale Hypertrophie als zentrales 

Merkmal der Herzinsuffizienz eine besondere Herausforderung dar. Aktuelle Therapien 

können die zugrunde liegende pathologische Umstrukturierung oft nicht rückgängig machen, 

was den Bedarf an neuen therapeutischen Ansätzen hervorhebt. 

Diese Arbeit beschreibt eine hochdurchsatzfähige, multiparametrische und phänotypische 

Screening-Plattform für das kardiovaskuläre Drug Discovery. Es wurde ein gemischtes 

kardiales Zellmodell aus neonatalen Rattenherzen etabliert, das die gleichzeitige 

Untersuchung von Kardiomyozyten und nicht-Kardiomyozyten im gemeinsamen Milieu erlaubt 

und nativen Gewebeverhältnissen näherkommt als konventionelle Monokulturen von 

Kardiomyozyten. Eine eigens entwickelte CellProfiler-Bildanalyse extrahiert morphologische 

Merkmale, die in einem robusten „Hypertrophie-Score“ zusammengefasst werden. Ergänzend 

dient ein orthogonaler qPCR-Assay zur Validierung transkriptioneller Veränderungen. 

Zunächst wurde die Plattform auf die G Protein-gekoppelte Rezeptor Kinase 5 (GRK5) an-

gewendet; ein wenig erforschtes Wirkstoffziel. Eine fokussierte Inhibitor Bibliothek ermöglichte 

die Korrelation zellulärer Struktur-Wirkungs-Beziehungen mit biochemischen IC₅₀-Werten und 

physikochemischen Parametern. Der GRK5-Inhibitor 4a zeigte starke anti-hypertrophe Effekte 

bei guter Verträglichkeit; das inaktive Enantiomer 4b diente als ideale Negativkontrolle. Diese 

Ergebnisse dienen der weiteren Leitstrukturoptimierung zur erfolgreichen in vivo Translation. 

Im zweiten Teil wurde auf Basis der metabolischen Reprogrammierung L-2-Hydroxyglutarat 

(L-2HG) als neuartiger pro-hypertropher Metabolit untersucht. Aufgrund der metabolischen 

Verbindung zu Glutamin wurden niedermolekulare Inhibitoren systematisch untersucht, die 

entweder die Glutaminase 1 (GLS1) oder die Glutaminaufnahme hemmen. Die Hemmung von 

GLS1 unterdrückte wirksam die Hypertrophie sowie die Proliferation von nicht-Kardiomyozyten 

und weist damit auf einen potenziell neuen pharmakologischen Ansatz zur anti-hypertrophen 

Therapie hin. 

Abschließend wurde die Plattform genutzt, um Serumeffekte kolorektaler Krebspatienten 

auf kardiale Zellen zu untersuchen. Das Patientenserum förderte die Zellproliferation, 

unterdrückte jedoch Hypertrophie-assoziierte Marker, was auf kardiodepressive, 

tumorderivierte Faktoren hinweist. Die Wirkung korrelierte mit Tumorlast, Alter und Geschlecht 

und liefert neue Einblicke in systemische Effekte auf die Herzfunktion. 

Zusammengefasst stellt diese Arbeit eine neuartige, multiparametrische Plattform für die 

kardiologische Wirkstoffforschung vor und zeigt, wie die Kombination aus hochinhaltsbasierter 

Phänotypisierung, translationalen Modellen und gezielten Interventionen helfen kann, 

therapeutische Lücken bei kardialer Hypertrophie zu schließen.
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1. Introduction 

1.1 Pathophysiology of Cardiac Hypertrophy 

Cardiovascular diseases (CVDs) encompass a broad spectrum of disorders affecting the 

heart and blood vessels, making them a leading cause of morbidity and mortality 

worldwide [1, 2]. Their multifactorial aetiology includes genetic predisposition, environmental 

influences and lifestyle-related risk factors such as hypertension, obesity and smoking. With 

an aging population and increasing prevalence of metabolic disorders, the incidence of CVDs 

continues to rise in many European countries [1]. Despite significant advances in therapeutic 

strategies, the persistently high mortality rates highlight the urgent need for more effective and 

targeted treatment options [3]. 

One key pathological adaptation in many CVDs is cardiac hypertrophy, a compensatory 

response of the heart characterised by an increase in cardiomyocyte size. During embryonic 

development, this is accompanied by cell proliferation [4]. However, soon after birth, 

cardiomyocytes exit the cell cycle and lose the ability to proliferate, leaving hypertrophic growth 

as the predominant mechanism of postnatal cardiac development [5]. When the heart is 

subjected to increased demands, for example during pregnancy or in athletes, physiological 

hypertrophic growth occurs. This type of growth is characterised by a reversible increase in 

cardiomyocyte size accompanied by the maintenance of physiological architecture and 

structure [6]. In contrast, chronic alterations in cardiovascular stress can lead to pathological 

cardiac hypertrophy, an adaptive response to increased wall tension [7]. To compensate for 

these demands, the ventricular wall thickens according to Laplace’s law, initially maintaining 

stroke volume and functionality [8, 9]. However, if the underlying cause of the increased workload 

persists, the heart undergoes irreversible remodelling, resulting in dysfunction and ultimately 

leading to heart failure [8, 9]. 

Pathological cardiac hypertrophy can arise from conditions that impose pressure overload 

on the heart, like hypertension or aortic stenosis. Additionally, diseases causing volume 

overload, like aortic or mitral regurgitation and septal defects, can also induce hypertrophic 

growth [10]. When hypertrophy arises from genetic mutations in sarcomere proteins or from non-

genetic factors unrelated to abnormal loading, such as inflammation or multisystem diseases, 

it is classified as hypertrophic cardiomyopathy (HCM) [11]. 

In addition to biomechanical stress, several neurohumoral systems contribute to the 

development of hypertrophy [10, 12]. Cardiovascular reflexes originating from various 

baroreceptors and chemoreceptors activate neurohumoral systems to compensate for 

impaired cardiac function by modifying heart rate, contractility and blood pressure. The latter 

is achieved through salt and water retention and the constriction of peripheral blood vessels [13]. 
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Figure 1: Pathology of cardiac hypertrophy. Multifactorial aetiology leads to the development of cardiac 

hypertrophy, characterised by distinct morphometric, molecular and metabolic changes. 

One of these activated systems is the sympathetic nervous system, which releases the 

catecholamines norepinephrine and epinephrine. These neurotransmitters bind to G protein-

coupled receptors (GPCRs) on cell surfaces, activating intracellular signalling pathways. In 

cardiac cells, this activation increases heart rate (positive chronotropy), contractility (positive 

inotropy), cardiac relaxation (positive lusitropy) and impulse conduction (positive dromotropy). 

In vascular cells, it promotes constriction of smooth muscle cells, further increasing blood 

pressure [14]. 

The renin-angiotensin-aldosterone system (RAAS) also plays a significant role by 

increasing salt and water retention as well as promoting vasoconstriction. Both the 

angiotensin II receptor (AT1) and aldosterone receptors are expressed in cardiomyocytes and 

cardiac fibroblasts, promoting hypertrophic and fibrotic responses, inflammation and oxidative 

stress [15, 16]. Renal adrenergic β-receptors stimulate the release of renin, thereby linking the 

sympathetic nervous system to RAAS [13]. 

Moreover, several cytokines, chemokines and inflammatory mediators have been identified 

as key players in hypertrophy and heart failure. Persistent low-grade inflammation, triggered 
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by continuous tissue damage or stress, attempts to restore homeostasis. Adrenergic and 

RAAS activation exacerbate cardiac inflammation, highlighting the multifactorial aetiology of 

cardiac hypertrophy, which involves distinct but interrelated origins [17, 18]. 

At the cellular level, the disease is characterised by an increase in cardiomyocyte size, an 

upregulation of protein synthesis and a regression to the fetal gene program [19]. This reversion 

includes a shift back to the fetal protein expression, affecting metabolism, sarcomere 

organisation and hormone production [20]. Increased oxygen consumption leads to hypoxia in 

cardiac tissue, prompting a shift to glucose consumption as a more efficient energy source 

compared to fatty acid oxidation [21]. To maintain adequate contractility, a decrease of 

sarcomere protein α-myosin heavy chain (MHC) expression occurs, while β-MHC production 

increases [22]. Concurrently, a dysregulation of Ca2+-handling proteins influences intracellular 

Ca2+-concentration and myofilament sensitivity, thereby further altering the hearts 

contractility [8, 23]. In response, the heart produces higher levels of cardioprotective hormones, 

namely atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP). These hormones 

regulate blood pressure through natriuresis, vasodilatation and RAAS inhibition. They also 

induce metabolic changes, like increased lipid oxidation and improved insulin sensitivity [24]. 

Thereby, they protect the heart against hypertrophy progression, fibrosis and heart failure [8, 9]. 

Other cardiac cell types also contribute to hypertrophic development. For example, cardiac 

fibroblasts proliferate in response to biochemical and neurohumoral stimulation, promoting 

fibrosis by accelerating extracellular matrix production [25]. On the other hand, crosstalk 

between endothelial cells and cardiomyocytes induces the expression of protective factors and 

cytokines by both cell types [26]. 

These alterations in cardiac tissue, combined with the systemic effects of multiple 

stimulatory pathways, lead to irreversible remodelling, ventricular chamber dilation and further 

impairment of cardiac function. If untreated, this deterioration ultimately results in  arrhythmias, 

heart failure and sudden death [8, 24]. 
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1.2 Therapeutic Strategies to Treat Cardiac Hypertrophy 

Heart failure has an estimated global prevalence of 17 per 1,000 individuals, with over 39 

per 1,000 affected in Germany during 2018-2019 [27]. Furthermore, cardiac hypertrophy 

represents the leading risk factor for cardiovascular morbidity and mortality, emphasising the 

urgent need for novel and effective treatment strategies to prevent its progression to heart 

failure [2]. 

The heterogeneous nature of cardiac hypertrophy presents a significant challenge for an 

effective therapy. For that reason, accurate diagnosis and identification of underlying causes 

are crucial for selecting the most appropriate treatment approach. Additionally, secondary 

complications, like arrhythmias or left ventricular outflow tract obstructions, further influence 

therapeutic decisions. The primary objectives of treatment are to reduce mortality, prevent 

hospitalisation and improve clinical outcomes, ultimately enhancing the quality of life [28]. 

Standard therapy for cardiac hypertrophy and heart failure comprises a three-pillar regimen: 

dual inhibition of RAAS and additional inhibition of the sympathetic nervous system. 

Angiotensin-converting enzyme (ACE) inhibitors as well as angiotensin II receptor (AT1) 

blockers (ARB) are pivotal in treating hypertension and heart failure [28]. These agents reduce 

fluid retention, blood pressure and left ventricular preload and afterload. In the heart, AT1 and 

aldosterone receptors are expressed on both cardiomyocytes and cardiac fibroblasts, where 

their activation promotes hypertrophic and fibrotic responses. By inhibiting these receptors, 

ACE-inhibitors, ARBs or mineralocorticoid receptor antagonists (MRA) alleviate cardiac wall 

stress, improve left ventricular filling and partially reverse cardiac remodelling [15, 16]. 

Novel combination therapy of ARBs with neprilysin inhibitor (ARNI) sacubitril has shown 

superior efficacy compared to monotherapy with ACE inhibitors or ARBs. This combination 

reduces hypertrophy and lowers plasma levels of hypertrophic biomarker pro-BNP [2]. 

Neprilysin, a metalloprotease, degrades numerous peptides including cardiac natriuretic 

peptides ANP and BNP. Inhibition of neprilysin increases circulating levels of ANP and BNP, 

enhancing their cardioprotective effects, which include natriuresis, vasodilatation and RAAS 

inhibition [29]. 

Dual inhibition of RAAS with ACE inhibitor, ARBs or ARNI combined with MRA have shown 

the most effect in treating cardiac hypertrophy and heart failure [16]. 

The third pillar of standard therapy involves β-blockers, which counteract chronic 

sympathetic nervous system activation. β-blockers protect the heart from overstimulation, 

restore downregulated receptor expression and improve contractility. By their negative 

chronotropic and negative inotropic effect, they improve left ventricular ejection fraction. While 

β-blocker therapy does not induce reverse remodelling, its combination with RAAS inhibitors 

enhances clinical outcomes [2, 14, 15]. 
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For patients intolerant to β-blockers, the European Society of Cardiology (ESC) guidelines 

recommend calcium channel blockers (CCBs) [28, 30]. Non-dihydropyridine CCBs, like verapamil 

and diltiazem, have similar negative ionotropic and chronotropic effects while also reducing 

atrioventricular node conduction speed (negative dromotropic). These agents block L-type 

calcium channels in the heart, restoring impaired calcium handling in cardiomyocytes. In 

contrast, dihydropyridine CCBs predominantly induce vasodilatation by targeting vascular 

calcium channels, which is contraindicated for obstructive disease forms of hypertrophy or 

heart failure [15]. CCBs demonstrate short-term efficacy but limited long-term benefits, 

restricting their use to add-on therapy with RAAS inhibitors or diuretics [2, 27, 31]. 

As antihypertensive treatment, low dose loop or thiazide diuretics may be used to alleviate 

dyspnoea. However, hypovolemia must be avoided to prevent exacerbation of obstructive 

disease forms, requiring regular disease progression evaluation [28, 30]. 

For non-responsive or insufficiently responsive patients, additional treatments may include 

the class IA antiarrhythmic agent disopyramide. By blocking cardiac sodium channels, 

disopyramide reduces sodium influx and decreases excitability (negative bathmotropy). It also 

inhibits the Ether-à-go-go-related gene (hERG) potassium channel, prolonging action potential 

duration. Hence, treatment with disopyramide is contraindicated in patients with prolonged QT 

interval [15]. Other anti-arrhythmic drugs, along with anticoagulation therapy, may be used to 

address secondary arrhythmias and reduce thromboembolic risks [28, 30]. 

Another emerging add-on therapy is the use of sodium-glucose co-transporter 2 (SGLT-2) 

inhibitors. Initially developed for diabetes mellitus by inhibiting glucose reabsorption in the renal 

proximal tubule, these agents have demonstrated efficacy in improving cardiac function in 

heart failure patients. The mechanisms remain unclear but may involve mild natriuresis, 

osmotic diuresis, reduced preload and afterload as well as improved myocardial 

bioenergetics [16]. 

In 2023, the European Medicines Agency (EMA) approved mavacamten, the first-in-class 

cardiac myosin adenosine triphosphatase (ATPase) inhibitor, for the treatment of inherited 

HCM. By inhibiting myosin ATPase activity, mavacamten reduces the number of myosin heads 

available for ATP-dependent interactions with actin, thereby lowering energy consumption, 

reducing maximal tension in cardiac muscle fibres and reversing impaired mechanical and 

energetic properties of cardiac hypertrophy [15]. The ESC guidelines recommend mavacamten 

as co-treatment with β-blockers or CCBs at the maximum tolerated dose, since the 

monotherapy lacks sufficient clinical evidence [28, 30]. 

In summary, significant advancements in recent years have expanded the therapeutic 

landscape for cardiac hypertrophy and heart failure. While combinational therapy with RAAS 

inhibitors and β-blockers can alleviate symptoms and slow disease progression in some 

patients, a substantial proportion fails to achieve meaningful clinical benefits with these long-
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established treatments. Complete regression of left ventricular mass remains rare and the risk 

of terminal heart failure or lethal arrhythmias persist [32]. Apart from mavacamten, few first-in-

class drugs have entered the market in recent years, highlighting the need for innovative 

approaches targeting novel signalling pathways. Consequently, many pathophysiological 

mechanisms remain unaddressed, emphasising the necessity for new drug discovery 

efforts [33]. 

For patients unresponsive to pharmacological therapy, mechanical support devices, like 

cardiac resynchronisation therapy (CRT) with dual-chamber pacemakers or left ventricular 

assist devices (LVADs), may be required. For refractory HCM patients, invasive septal 

reduction can alleviate disease symptoms. However, while these interventions offer additional 

management strategies, they also carry inherent risks, including infection and procedural 

complications. Ultimately, heart transplantation remains the final option for patients who 

respond to neither pharmacological nor invasive treatments, yet it is limited by a shortage of 

donor organs and is associated with a reduced life expectancy [2, 28, 30]. 
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1.3 Discovery Approaches for Novel Drug Candidates 

Despite significant progress in the treatment of cardiovascular diseases (CVDs) over recent 

years, the decline in global mortality rates has plateaued, and CVDs remain the leading cause 

of death worldwide [1, 2]. While advancements in pharmacological and interventional therapies 

have improved patient outcomes, they have not been sufficient to counteract the growing 

burden of CVDs, particularly in aging populations. Additionally, drug innovation in cardiology 

has lagged behind other medical fields, such as oncology, resulting in a weak pipeline for novel 

cardiovascular therapeutics [34]. Many existing treatments focus on symptom management 

rather than targeting the underlying disease mechanisms, leaving a substantial gap in effective 

and curative options [35]. 

To overcome these limitations, there is an urgent need to develop therapeutic agents that 

act on novel and previously unexplored pathways in cardiac hypertrophy and heart failure. 

Identifying innovative drug targets and modes of action (MoA) will be crucial in addressing the 

unmet medical needs in these conditions. Consequently, the exploration of new tools and 

approaches for drug discovery is essential to advance treatment strategies and improve clinical 

outcomes for affected patients. 

Uncovering new therapeutic modalities in drug discovery relies on two primary approaches: 

target-based drug discovery (TDD) and phenotypic drug discovery (PDD). When a well-defined 

molecular target is implicated and validated in a disease, TDD serves as a powerful tool for 

identifying potential drug candidates. These targets are typically proteins, such as enzymes, 

ion channels, receptors or transporters [36]. However, recent advances in the field have 

expanded the scope of druggable targets to include lipids, carbohydrates, DNA and RNA, 

broadening the spectrum of possible therapeutic interventions [37]. With a clearly identified 

target, TDD allows for the direct investigation of molecular hypotheses, facilitating rational drug 

design through methods such as molecular docking and computational modelling [38]. 

Furthermore, the approach is well-suited for mostly biochemical, high-throughput screening, 

increasing the likelihood of identifying active compounds from extensive chemical libraries. 

This makes TDD particularly effective for optimising and improving existing drug classes by 

discovering follow-up candidates with enhanced efficacy and safety profiles [39]. 

However, a key limitation of TDD is its reliance on prior knowledge of disease mechanisms 

and specific molecular targets. If a crucial target has not yet been identified, this approach may 

overlook potential therapeutic candidates. Additionally, focusing on a single molecular 

interaction might not be sufficient to achieve the desired clinical outcome, particularly for 

diseases with complex or multifactorial pathophysiology. TDD also carries the risk of missing 

drugs that act through unconventional or unknown mechanisms, as compounds that do not 

directly affect the chosen target are excluded from the screening process. As a result, issues 

such as poor translation from in vitro to in vivo efficacy and unforeseen off-target effects often 
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emerge at later stages of development, contributing to the high failure rates in drug 

discovery [39, 40, 41]. 

In contrast, PDD takes a broader, more holistic approach by identifying compounds that 

shift a disease phenotype toward a healthier state, without requiring prior knowledge of a 

specific molecular target. This makes it particularly advantageous for discovering first-in-class 

drugs that act on previously unknown pathways or through multi-target mechanisms [42]. 

Moreover, since phenotypic assays are typically designed to better replicate the complexity of 

disease biology, they offer a higher likelihood of translating in vitro findings into clinically 

relevant outcomes. 

Despite these advantages, PDD presents its own challenges. Developing robust, 

physiologically relevant assay systems that faithfully mimic disease conditions can be 

technically demanding, particularly when integrating high-throughput capabilities. Additionally, 

while PDD enables the identification of promising drug candidates, understanding their precise 

mechanism of action requires subsequent target deconvolution, a challenging and resource-

intensive process [39, 40, 42, 43]. 

To overcome the limitations of both TDD and PDD, mechanism-informed phenotypic drug 

discovery (MIPDD) has emerged as a promising hybrid approach. MIPDD aims to combine the 

unbiased, phenotypic screening of PDD with a mechanistic understanding of drug action 

typically associated with TDD. This approach enhances drug discovery success by integrating 

disease-relevant, physiologically complex assay systems while incorporating molecular 

insights that improve the identification of drug targets and pathways [44, 45]. 

However, the pharmaceutical industry still faces significant challenges, as a large proportion 

of drug candidates fail during the transition from preclinical development to clinical trials. This 

high attrition rate, often due to insufficient efficacy, unforeseen toxicity, poor pharmacokinetics 

or a lack of translatability from preclinical models to human physiology, coupled with the 

immense costs associated with drug development, underscores the urgent need for improved 

strategies to enhance efficiency and success rates. Given that the drug discovery and 

development process can take up to 12 years and cost approximately $1.8 billion [46], while 

only 10-20% of clinical trial candidates receive approval [47], it is essential to develop robust 

assays with high predictive and translatable value. A key factor in this effort is the selection of 

appropriate in vitro models, which must accurately mimic the pathophysiological features of 

the disease while remaining cost-effective and balancing simplicity with complexity to generate 

meaningful insights. 
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1.4 Current Models in Cardiovascular Drug Discovery 

For contemporary cardiovascular research, numerous assays have been established to 

study cardiac hypertrophy. In vivo models offer a superior physiological relevance in a 

systemic context compared to in vitro models [48, 49]. Rodents are commonly used due to their 

genetic tractability, cost effectiveness and well-established methodologies. However, larger 

animals, such as pigs and rabbits, have a higher translational value because their 

cardiovascular system more closely resembles that of humans [49, 50]. Cardiac hypertrophy is 

typically induced invasively through transverse aortic constriction (TAC), mimicking pressure 

overload hypertension [51]. In addition, genetically modified in vivo models are employed to 

investigate specific hypertrophic pathways, while spontaneously hypertensive rats are widely 

used to explore general effects without inter-individual genetic variation [50, 52, 53]. Lastly, 

pharmacological models involve the administration of biochemical hypertrophic agents like 

angiotensin II, phenylephrine or isoproterenol [53]. 

Experimental outcomes in these hypertrophic models include morphometric changes like 

heart weight to tibia length or body mass, cardiomyocyte size and fibrosis. Functional 

alterations are assessed using echocardiography to measure ventricular wall thickness, 

contractility, cardiac output and ejection fraction [54]. Additionally, molecular biomarkers like 

ANP and BNP are analysed in plasma [55]. 

In vivo models offer greater physiological relevance by enabling the study of organ-level 

and systemic interactions. However, ethical considerations and compliance with the 3Rs 

principles (reduction, refinement, replacement) necessitate minimising animal use [56]. 

Additionally, the high costs, demanding maintenance and complex experimental readouts 

make in vivo studies impractical for high-throughput screening in the early stages of drug 

discovery. 

Here, models with higher throughput and reduced complexity are required. Consequently, 

a variety of in vitro models have been developed to facilitate the drug development process, 

ranging from high-throughput screening to detailed investigations of molecular interactions in 

specific cell types [48]. Permanent cell lines like H9C2 or HL1 [57] are easy to culture and 

manipulate, but overall less frequently used as they do not exhibit the full functionality of bona 

fide cardiomyocytes [58]. More commonly, neonatal rats are used to isolate neonatal rat 

cardiomyocytes (NRCM) for primary cell culture. First described in 1960 [59], the dissociation of 

cardiac cells from neonatal rodent hearts has since been further refined [57, 60]. After tissue 

dissociation, the cardiomyocytes usually are purified from other cardiac cell types. Since 

cardiomyocytes attach slower to surfaces, they can be separated by differential attachment 

technique [61], however protocols and purification efficiency vary in the literature [62]. 

Alternatively, Percoll gradient centrifugation is performed to separate cardiomyocytes from 

other cell types. While this method enables the targeted analysis of cardiomyocyte biology 
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without interference from other cell types [63], it does not fully capture the complex composure 

of the in vivo heart. Crucial aspects of intercellular communication, such as direct cell-cell 

interactions and paracrine signalling, are not replicated [64]. Nevertheless, NRCMs remain the 

most widely used model due to their high availability and the reproducibility of dissociation and 

isolation. Unlike immortalised cell lines, NRCMs retain key functional properties, including 

contractility [58]. 

Hypertrophy can be induced in NRCMs via biochemical stimulation, most commonly using 

either angiotensin II, endothelin-1, phenylephrine [65], or by applying mechanical stress. For the 

latter, cardiomyocytes are cultured on silicone rubber slips, which can be stretched to a defined 

extent [66]. Hypertrophic effects are assessed by analysing morphological changes, the 

hallmark being an increase in cell size [57, 67], as well as alterations in the expression of 

hypertrophy markers like ANP, BNP or β-MHC [68, 69]. Functional assays, including the 

measurements of contractility [69] and calcium transients [70], are also commonly employed. 

Recent advancements in artificial intelligence (AI) and computational capabilities have allowed 

researchers to move beyond oversimplified, one-dimensional models, driving the evolution 

toward more comprehensive phenotypic systems. Few assays now encompass automated 

measurement of cell size [71] or even concurrent assessments of multiple phenotypic 

parameters, like size, perimeter, solidity and texture [68], ranging up to in-depth single-cell 

morphological analysis with extended data processing protocols [67]. 

Despite their advantages, NRCMs have notable limitations. These include their non-human 

origin and neonatal state, which differs from the mature cardiomyocytes in patients. 

Furthermore, the drive to reduce animal use in research has spurred the development of 

alternative systems for characterising hypertrophy in vitro. Induced pluripotent stem cell-

derived cardiomyocytes (iPSC-CMs) offer a means of studying drug candidates in a human 

context [57, 67], and even enable personalised approaches with patient-derived iPSCs [72]. 

However, iPSC-CMs remain immature and exhibit limited contractile functionality compared to 

adult cardiomyocytes [73]. The differentiation protocol varies in the literature, showing the lack 

of reproducibility and uniformity of the model. Furthermore, to overcome the constraints of two-

dimensional cell culture, engineered heart tissues (EHTs) have been developed. These three-

dimensional scaffolds support the culture of either neonatal rat cells [74] or iPSC-CMs [73] to 

create cardiac patches for sophisticated studies of contractility and remodelling. Recent 

breakthroughs in generating cardiac organoids with multiple chambers [75] herald a future 

where in vitro investigations might be conducted on highly advanced three-dimensional heart 

models, closely mimicking human cardiac physiology. 

NRCMs remain the most widely used model for screening novel drug candidates against 

cardiac hypertrophy. Their reproducibility, cost-effectiveness and relatively high physiological 

relevance make them particularly well-suited for phenotypic drug discovery and finding first-in-
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class drug candidates. Moreover, novel drug targets or mechanisms of action (MoA) typically 

require early in vivo efficacy studies for validation, studies that are predominantly conducted 

in rodent models. Therefore, improving the in vitro models based on rodent cells, like NRCMs, 

used for prior drug screening and functional assessment is crucial to enhance translational 

relevance and ultimately increase the success rate of preclinical drug development. Hence, 

further advancements in readouts and high-throughput capabilities are essential. Relying 

solely on manual cardiomyocyte size measurements provides only an incomplete and 

potentially biased assessment of drug effects. By leveraging modern computational tools, more 

comprehensive data can be extracted from cell images, enabling a deeper understanding of 

phenotypic changes. Additionally, enhancing the model’s high-throughput capacity will enable 

the screening of a greater number of potential drug candidates. This ultimately increases the 

likelihood of identifying effective treatments for cardiac hypertrophy and paving the way for 

improved patient outcomes. 
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2. Aims of the Thesis 

Traditional in vitro models in drug discovery often use monocultures or transformed cell 

lines that lack the cellular diversity and complex signalling of native cardiac tissue [57, 76], limiting 

their predictive value and contributing to high failure rates in later development stages [39, 40, 41]. 

Most assays focus solely on cardiomyocytes, overlooking key roles of non-cardiomyocytes like 

fibroblasts in cardiac remodelling. Additionally, standard hypertrophy assays often suffer from 

low throughput, reducing their suitability for large-scale screening [77, 78, 79]. Since novel drug 

targets or mechanisms of action (MoA) require early in vivo validation, typically in rodent 

models, optimising preceding in vitro systems based on rodent cells such as neonatal rat 

cardiomyocytes (NRCMs) is essential to enhance translational success. 

To address these limitations, this thesis aims to establish an improved in vitro model that 

more accurately reflects the cardiac cellular environment. A mixed cardiac cell culture system 

will be developed for quantitative assessment of hypertrophic responses. To enable high-

throughput screening, the assay will be scaled to a 384-well format, increasing efficiency and 

reproducibility. A custom image analysis pipeline using the CellProfiler software will support 

high-content morphological analysis, providing detailed phenotypic characterisation of 

hypertrophy. 

The model will be validated using different hypertrophic stimuli to assess sensitivity and 

define a reliable positive control. This high-content, high-throughput platform will serve as a 

versatile tool for investigating anti-hypertrophic compounds and studying cardiac pathological 

mechanisms, with proof-of-concept demonstrated in three subsequent research applications. 

Targeting GRK5: A Novel Therapeutic Avenue in Cardiac Hypertrophy 

In recent years, attention has increasingly focused on the molecular mechanisms underlying 

pathological hypertrophic signalling, with G protein-coupled receptor kinase 5 (GRK5) 

emerging as a critical regulator. Beyond its classical role in desensitising G protein-coupled 

receptors (GPCRs) at the membrane [80], GRK5 translocates to the nucleus, where it modulates 

transcriptional programs promoting maladaptive cardiac remodelling [81, 82]. These dual 

functions position GRK5 as a highly attractive therapeutic target for interventions aimed at 

preventing or reversing hypertrophic progression at an early disease stage. Despite evidence 

supporting the role of GRK5 in cardiac pathology, the development of specific pharmacological 

inhibitors remains at an early stage [83, 84, 85]. Therefore, there is a pressing need for chemical 

biology approaches to deliver small-molecule inhibitors suitable for translational research and 

potential therapeutic application. 

The aim of this project is to explore GRK5 inhibition as a therapeutic strategy for cardiac 

hypertrophy in the high-content assay system to provide a valid tool that guides GRK5-centric 
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lead optimisation programs for effective in vivo translation. The impact of GRK5 perturbation 

in the new assay setup will be evaluated by genetic methods and profiling of a collection of 

small-molecule GRK5 inhibitors, selected based on reported GRK5 inhibitory potency, drug-

likeness and pharmacological profiles. 

Figure 2: Aims of the thesis. A high-throughput, high-content screening assay for cardiac hypertrophy will be 

established (Aim 1) for three distinct applications (Aims 2-4). 

L-2HG as a Hypertrophy Driver and Potential Therapeutic Target

In the context of cardiac hypertrophy, altered cardiac metabolism has emerged as a

hallmark of disease progression, offering new opportunities for therapeutic intervention [20]. 

Recent metabolomics studies have identified elevated levels of L-2-hydroxyglutarate (L-2HG) 

as a significant metabolic alteration in hypertrophic hearts [86]. However, the functional 

contribution of L-2HG to the development of cardiac hypertrophy remains poorly understood. 

Since L-2HG biosynthesis is tightly linked to glutamine metabolism, the potential of targeting 

glutamine pathways to modulate hypertrophic remodelling represents a promising strategy [87]. 
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This project aims to evaluate whether the established high-content screening assay can 

reliably capture the L-2HG-induced hypertrophic phenotype within the novel mixed cell culture 

system. Building on this, a panel of small-molecule inhibitors targeting glutamine metabolism 

is tested for their ability to prevent or reverse L-2HG-driven hypertrophic growth. 

By investigating this metabolism-based mechanism, the study provides new insight into the 

contribution of L-2HG to pathological cardiac remodelling and supports the potential of 

glutamine metabolism inhibitors as a novel therapeutic strategy for cardiac hypertrophy. 

Cardiodepressive Effects of Colon Cancer Patients’ Blood Serum 

To improve patient outcomes in cardiac hypertrophy and heart failure, early identification of 

patients at risk of disease manifestation is essential. Accordingly, cardiovascular research 

increasingly focuses on biomarkers and risk factors that enable timely detection and 

intervention [88]. In this context, the interplay between different disease states, such as the 

emerging link between cancer and cardiovascular health, has gained growing interest. Recent 

studies suggest that malignancies may directly contribute to cardiac dysfunction. 

Epidemiological studies indicate that colon cancer patients have a higher incidence of CVDs, 

however, the mechanisms underlying this association remain poorly understood. One potential 

explanation is that tumour-derived circulating factors influence cardiac function by altering 

cardiomyocyte morphology and viability. However, direct experimental evidence remains 

limited [89, 90]. 

Therefore, this project aims to illuminate this relationship by investigating the effects of 

blood serum from colon cancer patients on cardiomyocytes. The herein established cardiac 

hypertrophy assay seeks to characterise morphological changes in cardiomyocytes after 

exposure to patient serum, focusing on potential cardiodepressive effects. To further 

strengthen the clinical relevance of these findings, patient-specific data will be correlated with 

cardiomyocyte responses. Identifying statistical associations between cancer progression and 

cardiac remodelling could provide further evidence for a tumour-induced impact on 

cardiovascular health and help identify subgroups of patients at higher risk for developing 

CVDs. 
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3. Materials and Instruments 

3.1 Chemicals 

All liquid and solid chemicals used in this study are listed below, divided by their function: 
Table 1: List of buffers with their composition. 

Buffers Composition 
Buffer A (10x) 34 g NaCl 

2 g KCl 

0.5 g MgSO4 

6.5 g NaH2PO4 

5 g glucose 

23.5 g HEPES, pH 7.4 

ECL reagent A 7.88 g TRIS HCl in 400 ml aqua bidest. 

125 mg luminol sodium salt 

Ad 500 ml aqua bidest. 

Adjusted to pH 8.6 with KOH 

ECL reagent B 27.5 mg p-coumaric acid 

25 ml DMSO 

Laemmli buffer (4x) 2.5 ml TRIS (1 M, pH 6.8) 

0.4 g SDS 

2 ml 2-mercaptoethanol 

6 ml glycerol (86%) 

2 mg bromophenol blue sodium salt 

Ad 10 ml aqua dem. 

Lysis buffer (pH 7.5) 59.6 mg HEPES 

18.6 mg KCl 

0.9 mg Na2-EDTA 

3.9 mg Dithiothreitol 

0.125 mg nonidet-P40 

ad 25 ml aqua bidest. 

Phosphatase inhibitor cocktail 

Protease inhibitor cocktail 

MTBST 2.5 g milk powder 

ad 50 ml TBST buffer 
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Buffers Composition 
Running buffer (10x) 30.28 g TRIS 

1144.1 g glycine 

10 g SDS 

Ad 1000 ml aqua bidest. 

Separating gel 2.4 ml aqua dem. 

1 ml separating gel buffer 

0.6 ml acrylamide 

6 µl TEMED 

25 µl APS (10%) 

Separating gel buffer (4x) 90.9 g TRIS 

2 g SDS 

Ad 500 ml aqua bidest. 

Adjusted to pH 8.8 with HCl 

Stacking gel 3.94 ml aqua dem. 

3 ml stacking gel buffer 

5 ml acrylamide (30%) 

10 µl TEMED 

80 µl APS (10%) 

60 µl TCE 

Stacking gel buffer 30.25 g TRIS 

2 g SDS 

Ad 500 ml aqua bidest. 

Adjusted to pH 6.8 with HCl 

Staining buffer 0.1 ml TritonX 

2.5 ml FBS 

Ad 50 ml PBS buffer 

TBS buffer (10x) 2.43 g TRIS 

8 g NaCl 

ad 1000 ml aqua bidest. 

Adjusted to pH 7.6 with HCl 

TBST buffer 900 ml aqua bidest. 

100 ml TBS buffer (10x) 

1 ml tween 20 



3. Materials and Instruments 

19 

Buffers Composition 
Transfer buffer 100 ml transfer buffer (10x) 

200 ml methanol 

700 ml aqua bidest. 

Transfer buffer (10x) 30,3 g TRIS 

144,1 g glycine 

ad 1000 ml aqua bidest. 

 
Table 2: Cell culture media and supplements. 

Media and Supplements Company 
DMEM, low glucose, pyruvate, no glutamine, 

no phenol red 

Gibco 

Fetal bovine serum (FBS) Gibco 

Opti-MEM, reduced serum Gibco 

Penicillin streptomycin 10,000 U/ml (P/S) Gibco 

 
Table 3: List of stimulants, inhibitors and other reagents. 

Chemical Company 
1,4-Dithiothreitol Carl Roth GmbH 

2,2,2-Trichloroethanol (TCE) Thermo Fisher Scientific Inc. 

2-Mercaptoethanol Gibco 

4',6-Diamidino-2-phenylindole (DAPI) Carl Roth GmbH 

Ammonium peroxydisulfate (APS) Carl Roth GmbH 

Angiotensin II (Ang. II) Sigma-Aldrich 

Bovine serum albumin (BSA) Carl Roth GmbH 

Bromphenole blue Carl Roth GmbH 

CB-839 Sigma-Aldrich 

Collagenase type II Sigma-Aldrich 

Complete, EDTA-free protease inhibitor cocktail Roche 

Compound 968 Sigma-Aldrich 

Dimehtylsulfoxide (DMSO) Fisher BioRegents 
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Chemical Company 
Dulbecco’s balanced salt solution (DPBS), no 

calcium, no magnesium 

Gibco 

Endothelin-1 (ET-1) Sigma-Aldrich 

Ethanol (DNase-free, RNase-free, protease-free) Carl Roth GmbH 

Ethylenediamine tetraacetic acid disodium salt 

dihydrate (Na2-EDTA) 

Carl Roth GmbH 

Formaldehyde solution 37% neoFroxx GmbH 

Gelatine 0.1%, DPBS PAN-Biotech 

Glycerol (86%) Carl Roth GmbH 

Glycine Carl-Roth GmbH 

GRL018-21 MedChemExpress 

Hydrocortisone Sigma-Aldrich 

IPN60090 Sigma-Aldrich 

Isopropanol Carl-Roth GmbH 

L- (-)-Norepinephrine (+)-bitartrate monohydrate (NE) Sigma-Aldrich 

Leukemia inhibitory factor (LIF) Dortmund Protein Chemestry 

Facility, Germany 

L-Glutamine 200 mM, 100X Gibco 

Lipofectamine RNAiMAX Transfection Reagent Invitrogen 

Luminol natrium Sigma-Aldrich 

Luminol sodium salt Sigma-Aldrich 

L-α-Hydroxyglutaric acid disodium salt Sigma-Aldrich 

Magnesium sulfate (MgSO4) Carl-Roth GmbH 

Methanol Carl-Roth GmbH 

N,N,N',N'-Tetramethyl ethylenediamine (TEMED) Carl Roth GmbH 

N-2-Hydroxyethylpiperazine-N'-2-ethane sulphonic 

acid (HEPES) 

Carl Roth GmbH 

No ROX SYBR 2X MasterMix blue dTTP Takyon 
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Chemical Company 
Nonidet-P40 BioChemica 

PageRuler plus prestained protein ladder (10-250 

kDa) 

Thermo Fisher Scientific Inc. 

Pancreatin from porcine pancreas Sigma-Aldrich 

p-coumaric acid Sigma-Aldrich 

Percoll density gradient media Cytiva 

Phosphatase inhibitor cocktail Sigma-Aldrich 

Pierce bovine serum albumin standard Thermo Fisher Scientific Inc. 

Potassium chloride (KCl) Carl Roth GmbH 

Powdered milk Carl Roth GmbH 

qScript cDNA SuperMix QuantaBio 

(R)-(-)-Phenyleprhine hydrochloride (PE) Sigma-Aldrich 

Rnase-free water VWR 

RotiFair PBS 7.4 powder Carl Roth GmbH 

Rotiphorese NF-acrylamid/bis-solution 40 (29:1) Carl Roth GmbH 

Sodium Choride (NaCl) Carl Roth GmbH 

Sodium dihydrogen phosphate (NaH2PO4) Carl-Roth GmbH 

Sodium dodecyl sulfate (SDS) Carl Roth GmbH 

TGFβ-1 Sigma-Aldrich 

Timolol (TML) Sigma-Aldrich 

Tris-(hydroxymethyl)-amino methane (TRIS) Carl Roth GmbH 

TritonX-100 Sigma-Aldrich 

Trypan blue solution Thermo Fisher Scientific Inc. 

Trypsin 0.25% / 1 mM EDTA PAN-Biotech GmbH 

Tween 20 Carl Roth GmbH 

V-9302 Sigma-Aldrich 

Water, sterile, pyrogen-free, hypotonic Carl Roth GmbH 

 



3. Materials and Instruments 

22 

Table 4: List of primary and secondary antibodies and their respective dilutions. 

Antibodies Company Dilution 
Goat anti-mouse IgG (H+L) cross-adsorbed 

secondary antibody, alexa fluor™ 568 

Invitrogen  

(A11004) 

1:1,000 

Goat anti-mouse IgG (H+L) cross-adsorbed 

secondary antibody, alexa fluor™ 488 

Invitrogen 

(A11001) 

1:1,000 

Goat anti-mouse IgG (H+L), HRP-

conjugated antibody 

Proteintech 

(SA00001-1) 

1:1,000 

Goat anti-rabbit IgG, HRP-conjugated 

antibody 

Abcam  

(ab79051) 

1:1,000 

Mouse anti-GRK5 antibody, monoclonal Santa Cruz 

Biotechnology  

(Sc-518005) 

1:500 

Mouse anti-α-cctinin (sarcomeric) antibody, 

monoclonal 

Sigma-Aldrich 

(A78119) 

1:800 

Rabbit anti-ANP antibody, polyclonal Invitrogen  

(PA5-29559) 

1:500 

 

Primers were purchased from Integrated DNA Technologies as custom DNA 

oligonucleotides (25 nmole) after sequences were generated using the National Library of 

Medicines Primer-BLAST: 
Table 5: List of primer sequences used for qPCR. 

Primer Sequence 
Nppa forward: 5’-CCTCGGAGCCTGCGAAGGTCA-3’ 

reverse: 5’-TGTGACACACCGCAAGGGCTTG-3’ 

Nppb forward: 5’- GACGGGCTGAGGTTGTTTTA-3’ 

reverse: 5’- ACTGTGGCAAGTTTGTGCTG-3’ 

RPL32 forward: 5’- GGGAGCAACAAGAAAACCAA-3’ 

reverse: 5’- ATTGTGGACCAGGAACTTGC-3’ 

 

Silencer Select siRNA for knockdown experiments were purchased from Thermo Fisher 

Scientific. 
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Table 6: siRNA sequences for knockdown experiments. 

siRNA Catalog Number 
GAPDH 4390849 

GRK5 s133076 

Scrambled 4390843 

 
Table 7: List of assay and reagent kits. 

Kits Company 
Clarity Max Western ECL Substrate Bio-Rad Laboratories, Inc. 

Neonatal Heart Dissociation Kit, mouse 

and rat 

Miltenyi Biotec 

Pierce Bicinchoninic Acid Protein Assay 

(BCA) 

Thermo Fisher Scientific Inc. 

RNase-Free DNase Set (250) Qiagen 

RNeasy Mini Kit (250) Qiagen 

 

3.2 Disposable Materials 

In the following, all consumables and general laboratory materials used in this study are 

listed. 
Table 8: List of disposable materials. 

Material Company 
Cell culture microplate, 384 well, PS, F-

bottom, µclear, black 

Greiner Bio-One GmbH 

Cell culture plate (6-well, 96-well) Sarstedt AG & Co. KG 

Cell strainer (100 µm) Corning Incorporated 

Cell strainer (70 µm) Sarstedt AG & Co. KG 

Countess 3 standard slide Thermo Fisher Scientific Inc. 

Deep well 96-well plate, 2 ml Starlab GmbH 

Falcon tube (15 ml, 50 ml) Sarstedt AG & Co. KG 

Hard-shell PCR paltes, 96-well Bio-Rad Laboratories, Inc. 
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Material Company 
Immuno blot PVDF membrane Bio-Rad Laboratories, Inc. 

Microseal ‘B’ adhesive seals for PCR Bio-Rad Laboratories, Inc. 

Parafilm M sealing film Heathrow Scientific LLC 

PCR single tube, 0.2 ml Sarstedt AG & Co. KG 

Pipette tips (1000, 300, 200, 10 µl) Sarstedt AG & Co. KG 

Pipette tips Biosphere plus  

(1000, 300, 200, 20 µl) 

Sarstedt AG & Co. KG 

Pipette tips for E1-ClipTip (2-125 µl) Thermo Fisher Scientific Inc. 

Pipette tips for Viaflo (125 µl) Integra Biosciences GmbH 

Pipette tips gel loader (200 µl) Sarstedt AG & Co. KG 

Precision wipes Kimberly-Clark Worldwide, Inc. 

Reaction tube (0.2, 0.5, 1.5, 2.0 ml) Sarstedt AG & Co. KG 

Reservoir Carl Roth GmbH 

Serological pipette (50 ml) Greiner Bio-One GmbH 

Serological pipettes (25, 10, 5 ml) Sarstedt AG & Co. KG 

Whatman blotting paper Cytiva 

 

3.3 Instruments 

This list includes all equipment and instruments from the laboratory that were required to 

perform the experiments. 
Table 9: List of instruments required for all experiments. 

Application Device Company 
Autoclave HST 4x6x6 Zirbus 

Centrifugation Fresco 21 Thermo Fisher Scientific 

Inc. 

 Mega Star 3.0R VWR 

 Sunlab mini centriguge SU1550 neoLab Migge GmbH 

Gel 

electrophoresis 

ChemoStar 21 TS Intas Science Imaging 

Instruments GmbH 
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Application Device Company 
 Mini Trans Blot Module Bio-Rad Laboratories, Inc. 

 Mini-PROTEAN Tetra System Bio-Rad Laboratories, Inc. 

 PeqPower power supply VWR Peqlab 

 PowerPac Universal power supply Bio-Rad Laboratories, Inc. 

Incubation Heracell Vios 160i CO2 Incubator Thermo Fisher Scientific 

Inc. 

Microscopy Echo Rebel Bio Convergence Company 

 Evos XL Core Thermo Fisher Scientific 

Inc. 

 ImageXpress Micro XL Widefield 

High Content Screening System 

Molecular Devices 

 Keyence BZ-X810 Fluorescence 

Microscope 

Keyence Corporation 

 Olympus CKX53 

Olympus DP74 (camera) 

Olympus HGLGPS (light source) 

Olympus K.K. 

 Olympus SZ61 

Olympus SC50 (camera) 

Olympus K.K. 

Miscellaneous Countess 3 Thermo Fisher Scientific 

Inc. 

 Digital heating shaking drybath Thermo Fisher Scientific 

Inc. 

 pH electrode 1100L VWR 

 Purelab Flex water purification 

system 

Veolia Water Technologies 

Deutschland GmbH 

 Tecan Spark Tecan Trading AG 

 WB2 water bath VWR 

Mixing Corning LSE Platform Rocker Corning 

 Sunlab mini vortex mixer SU1900 neoLab Migge GmbH 
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Application Device Company 
Pipettes E1-ClipTip electronic 16-channel 

pipette 

Thermo Fisher Scientific 

Inc. 

 Electronic Transferpette-8 (10-200 

µl) 

Brand GmbH+ Co KG 

 Electronic Viaflo 16- channel pipette 

(5-125 µL) 

Integra Biosciences GmbH 

 Electronic Viaflo single- channel 

pipette (5-125 µL) 

Integra Biosciences GmbH 

 Manual 8-channel pipette  

(1-10, 10-100, 30-300 µL) 

Thermo Fisher Scientific 

Inc. (Finnpipette F2) 

 Manual single-channel pipette 

(1000, 200, 100, 20, 10, 2.5 µl) 

Brand GmbH+ Co KG 

(Transferpette S) 

 Pipette controller accu-jet pro Brand GmbH+ Co KG 

 Sunlab digital pipette controler neoLab Migge GmbH 

Plate Washer Biotek 405 TS Plate Washer Biotek 

 Vacuum pump ME8 Vacuubrand GmbH + Co. 

KG 

Polymerase 

chain reaction 

(PCR) 

CFX Opus 96 Real-Time PCR 

System 

Bio-Rad Laboratories, Inc. 

 Nanodrop OneC Thermo Fisher Scientific 

Inc. 

 C1000 Touch Thermal Cycler Bio-Rad Laboratories, Inc. 

Scale Analytic balance CP225D Sartorius AG 

 Precision balance L2200P Sartorius AG 

Sterile working BVC professional fluid aspiration 

system 

Vacuubrand GmbH + Co. 

KG 

 Herasafe 2025 1.5 Thermo Fisher Scientific 

Inc. 
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Application Device Company 
 Herasafe KS 12 Thermo Fisher Scientific 

Inc. 

 Herasafe KS 15 Thermo Fisher Scientific 

Inc. 

 Stainless stell manifolds (16, 24 

pins) 

Drummond Scientific 

Company 

 

3.4 Software 

This section includes all software used in this study, including instrument-specific software 

for data acquisition and analysis software for processing and evaluation. 
Table 10: List of used software for data acquisition and analysis. 

Software Company 
BioRad CFX Maestro Bio-Rad Laboratories GmbH 

BioRender Science Suite 

BZ-X800 Analyzer 1.03.00.01 Keyence Corporation 

BZ-X800 Viewer 1.03.00.1 Keyence Corporation 

CellProfiler 4.2.1 Broad Institute, Inc. 

cellSens Software Olympus K.K. 

ChemoStarTS Intas Science Imaging Instruments GmbH 

ChemSketch 2023.2.4 Advanced Chemistry Development, Inc. 

Citavi 6 Swiss Academic Software GmbH 

Echo Pro 1.0.3-f4 Bio Convergence Company 

GraphPad Prism 8.4.2 Dotmatics 

ImageJ 1-52a National Institutes of Health, USA 

MetaXpress Molecular Devices 

NanoDrop 2000 Thermo Fisher Scientific 

Origin 2020 OriginLab Corporation 

Primer-BLAST National Center for Biotechnology Information 

SparkControl 2.3 Tecan Trading AG 
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4. Methods 

4.1 Cell Culture 

Isolation of Mixed Cardiac Cells 

Mixed cardiac cells were isolated from neonatal rat hearts as previously described by our 

group [91]. Five-day-old (P5, postnatal day 5) Wistar rats were sacrificed by decapitation and 

fixed at all extremities on a Styrofoam pad with needles. The rat’s body was sterilised by 

spraying it with 70% ethanol and the abdomen was opened between stomach and ribcage 

using scissors (see Figure 3). After cutting the diaphragm, the ribcage was opened by making 

a cut on each side. The heart was exposed, harvested by tweezers and immediately placed in 

sterile PBS buffer on ice. Residual tissue or blood was removed with tweezers under the 

microscope. 

 

 
Figure 3: Preparation of P5 rats. Rats were decapitated, abdomen was opened with a horizontal cut between 

ribcage and stomach and diaphragm was cut. Ribcage was then opened with two vertical cuts to expose the heart. 

 

Subsequently, enzymatic and mechanical digestion of the organ was performed using 

Miltenyi’s Neonatal Heart Dissociation Kit as described in the manufacturer’s protocol. Briefly, 

digestion mix A was prepared and incubated for 15 min at 37 °C, afterwards mix A and B were 

combined. Each heart was placed in 1 ml of combined digestion mix in a 1.5 ml microtube and 

thoroughly minced with scissors. The contents of two microtubes were pooled in one Falcon 

tube, followed by three steps of incubation (each 15 min, 37 °C) accompanied by intermittent 

dissociation by slowly pipetting up and down. Digestion was stopped by adding DMEM media 

with high serum (DMEM, 10% FBS, 1% penicillin/streptomycin (P/S)) and remaining cell and 

tissue clumps were removed by filtering the suspension through a 70 µm cell strainer. 

Changing to growth medium, cells were centrifuged at 500 rpm for 15 min and supernatant 

was aspirated and replaced with DMEM (DMEM, 2% FBS, 1% penicillin/streptomycin). 

Either black 384-well plates with µclear bottom or standard 6-well plates for cell culture were 

coated with 0.1% gelatine using 20 µl and 800 µl per well, respectively. Gelatine was aspirated 

after 30 min of incubation at 37 °C and cells were seeded on the plates. For 
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immunocytochemistry either 1,500 or 4,000 cells were suspended in 25 µl DMEM (DMEM, 2% 

FBS, 1% penicillin/streptomycin) and dispensed into 384-well plates. For siRNA knockdown 

and protein analysis 750,000 to 1,000,000 cells were suspended in 1.5 ml DMEM and seeded 

on 6-well plates. 

Isolation of Purified Cardiomyocytes 

One to three-day-old (P1-3, postnatal day 1-3) Wistar rats were sacrificed by decapitation. 

With one central cut at the sternum, the thorax was opened and hearts were uncovered by 

gently pushing on the stomach (see Figure 4). Similar to the isolation of mixed cardiac cells, 

hearts were removed using tweezers and placed in sterile buffer A. It is worth noting that this 

quicker extraction method of rat hearts was not feasible for P5 rats, as their ribcages were 

more developed. 

Figure 4: Preparation of P1-3 rats. Preparation of P1-3 neonatal rats was performed by decapitation and one 

vertical cut into the sternum. By gently pressing onto the rat’s stomach, the heart was uncovered. 

After mechanical dissociation with scissors, hearts were digested using a mix of pancreatin 

and collagenase type II in three cycles for 20 min at 37 °C while shaking. After each cycle, the 

dissociation solution was replaced and the isolated cells were pooled, strained with a 100 µm 

cell strainer and 10 ml FBS was added to halt the dissociation. Cells were centrifuged at 

1,000 rpm for 5 min and the pellet was resuspended in buffer A. 

To purify cardiomyocytes from stromal cells (fibroblasts, endothelia, smooth muscle cells 

and immune cells), Percoll gradient centrifugation was performed [76]. The top layer with 40.5% 

Percoll in buffer A and phenol red was added first, followed by the bottom layer with 58.5% 

Percoll in buffer A, which was carefully pipetted below the top layer in a 50 ml Falcon tube. 

Last, the cell suspension was added above the top layer and the tube was centrifuged at 

2,400 rpm at 4 °C for 30 min. The upper layer enriched with fibroblasts was aspirated and the 

interphase containing cardiomyocytes (see Figure 5) was washed twice with buffer A and 

resuspended in DMEM. Cells were seeded as described above for the isolation of mixed 

cardiac cells. 
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Figure 5: Percoll gradient. Percoll density gradient centrifugation is performed to purify cardiomyocytes from 

stromal cells. After centrifugation, fibroblasts are enriched in phase 1, cardiomyocytes in phase 2 and erythrocytes 

form a pellet at the bottom of phase 3. 

 

Hypertrophic Stimulation and Compound Treatment 

For immunocytochemistry experiments, either mixed cardiac cells or purified 

cardiomyocytes were treated one day after seeding, while siRNA knockdown plates were 

treated one day after the second knockdown step (see Figure 7). 

The cell treatment consisted of two steps: Firstly, a hypertrophic stimulant was added, 

typically using a combination of phenylephrine (PE) at 20 µM and leukemia inhibitory factor 

(LIF) at 50 ng/ml. Stimulation and DMSO control were prepared in DMEM. For qPCR, cells 

were stimulated with a higher concentration of 100 µM PE along with 50 ng/ml LIF to increase 

the dynamic range, as the stimulation period for qPCR experiments was limited to 24 h. 

Secondly, a 96-well source plate with anti-hypertrophic compounds at different 

concentrations with technical triplicates was prepared. After the addition of DMEM, the source 

plate was transferred to three 384-well plates containing NRCMs by an electronic 8-channel 

pipette (see Figure 6), yielding plate triplicates. Since all compound stocks were dissolved in 

DMSO, at least three DMSO control wells with a final DMSO concentration of 0.1% were 

included on each 384-well plate. For 384-well plates, both treatment steps were added with 

25 µl each, while 1.5 ml was used for 6-well plates. 

 

 
Figure 6: 96-well source plate. Preparation of anti-hypertrophic treatment was carried out in a 96-well source 

plate. Each well served as a reservoir for three technical replicates on the final 384-well plate. Treatment was 

transferred from 96-well plate using an electronic 8-channel pipette. 

 

Phase 1 

Phase 3 

Phase 2 
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siRNA Knockdown 

The knockdown protocol was newly implemented for this project, adapting a previously 

described protocol by Schlegel et al. using neonatal rat ventricular cardiomyocytes [92] 

according to the manufacturer’s protocol of Lipofectamine RNAiMAX Reagent by Invitrogen. 

 

 
Figure 7: Protocol timelines. Overview of the timeline for immunocytochemistry (below) and siRNA (above) 

protocols. 

 

In 6-well plates, mixed cardiac cells were cultured in 1.5 ml of DMEM (2% FBS, 1% P/S) 

the day after seeding to ensure viability, as the stress from knockdown and hypertrophic 

stimulation could lead to cell death in freshly isolated cells. Knockdown was performed twice, 

48 h and 96 h after seeding, by diluting siGRK5, siScrambled and Lipofectamine RNAiMAX, 

each in Opti-MEM-Media. siRNA (final amount of 25 pmol) and Lipofectamine were then mixed 

and incubated for 5 min at room temperature. Finally, the mix was added to the respective 

wells and plates were gently shaken to ensure quick distribution. 

One day after the last knockdown, cells were treated with either 1.5 ml PE-LIF or DMSO 

dissolved in DMEM, in this step P/S was omitted to reduce stress on the cells. 48 h later, cells 

were fixed for immunocytochemistry (see Chapter 4.4) or total protein was extracted (see 

Chapter 4.2) to confirm knockdown efficiency via Western blotting. 
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4.2 Protein Analysis 

Protein Extraction 

For protein analysis, mixed cardiac cells from 6-well plates were lysed 48 h after treatment. 

First, the media was aspirated and cells were washed twice with warm sterile PBS. Then, 

700 µl of trypsin was added to each well and incubated for 5 min at 37 °C. To detach remaining 

adherent cells, plates were gently tapped. To stop the activity of trypsin, 700 µl DMEM 

containing 2% FBS were added and mixed thoroughly. The content of each well was 

transferred to 1.5 ml microtubes and centrifuged for 3 min at 1,300 rpm at 4 °C. The 

supernatant was quickly aspirated and the cell pellet was resuspended in 30 µl of lysis buffer 

(10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 10 mM KCl, 0.1 mM 

ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol, 0.5% Nonidet-P40, pH 7.5, 

phosphatase inhibitor cocktail and complete protease inhibitor cocktail). During 20 min of 

incubation on ice, the suspension was mixed by pipetting up and down. The final centrifugation 

step was performed for 10 min at 4 °C and 12,000 g and the supernatant containing proteins 

was transferred to a new 1.5 ml microtubes. Protein samples were stored at -80 °C for no 

longer than one week before quantification and immunoblotting. 

Protein Quantification 

The total amount of protein was quantified using Thermo Scientific’s Pierce Bicinchoninic 

Acid (BCA) Protein Assay. Protein samples were thawed completely before being diluted to a 

suitable concentration with a final volume of 50 µl. Then, 500 µl of BCA-working reagent was 

added and mixed before incubation of 20 min in a 60 °C shaking water bath. Standard solution 

of bovine serum albumin for calibration was diluted and mixed with BCA-working reagent to 

final concentration in a range of 1.25-10.00 mg/ml. Samples and standards were distributed 

on a 96-well plate and absorbance was measured at 562 nm using a Tecan Spark plate reader. 

Calibration with R2 > 0.98 and all sample measurements within the calibration range were 

accepted. 

Immunoblotting 

Protein expression was evaluated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) followed by Western blotting, according to standard procedures. 

The discontinuous denaturing approach established by Laemmli [93] was used to separate 

proteins by molecular weight. All samples were diluted to the same concentration and mixed 

with 4x Laemmli buffer. Samples were then heated for 5 min at 95 °C and allowed to cool down 

before loading the polyacrylamide gel. For GRK5 expression analysis, separation gels with a 

concentration of 12% and 10-well comb were used to enable a protein loading amount of 
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150 µg in 60 µl. First, proteins were focused in a 4% stacking gel at 100 V for 10 min, 

afterwards proteins were separated for 1.5-2 h in a self-cast 12% separation gel at 120 V. For 

normalisation, 0.5% of 2,2,2-Trichloroethanol (TCE) was incorporated in all separation gels for 

fluorescent visualisation [94]. TCE binds under ultraviolet-light (UV) exposure to tryptophan 

resulting in a covalent modification in the indole ring. The shift of fluorescent emission into the 

visible spectrum can then be detected. For this purpose, gels were activated under UV-light 

for 5 min in a ChemoStar Touch ECL & Fluorescence Imager, afterwards fluorescence was 

imaged in the GFP-channel at 508 nm. 

For identification of specific proteins, Western blotting was subsequently performed. Here, 

separated proteins are transferred from polyacrylamide gel to a polyvinylidene difluoride 

(PVDF) membrane using wet electroblotting. Blotting was performed at 110 V for 2 h with 

cooling. The membrane was removed and TCE fluorescence was imaged in a ChemoStar 

Touch ECL & Fluorescence Imager to evaluate successful blotting. Afterwards, the membrane 

was blocked in 5% MTBST buffer for 1 h while shaking at room temperature. The membrane 

was incubated with primary antibody diluted in MTBST at 4 °C overnight with shaking. Primary 

antibody was washed off with 10 ml TBST buffer three times for 10 min each before the 

membrane was stained with secondary antibody conjugated with horseradish peroxidase 

(HRP) in MTBST for 1 h at room temperature. Secondary antibody was similarly washed off 

three times before detection. For this, enhanced chemiluminescence (ECL) substrate was 

mixed with 37% hydrogen peroxide and pipetted onto the membrane. The ECL-signal was 

imaged using a ChemoStar Touch ECL & Fluorescence Imager at 428 nm. 

Quantification of lane intensity was performed using ImageJ and ECL signal of specific 

proteins was normalised to total protein from TCE signal. 
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4.3 mRNA Analysis 

mRNA Extraction 

RNA was extracted from either mixed cardiac cells or purified cardiomyocytes cultured in 6-

well plates after 24 h of treatment. After aspirating the media, cells were washed twice with 

warm PBS, lysed and RNA was extracted using RNeasy Mini Kit with the RNase-Free DNase 

Set (Qiagen), following the manufacturer’s instructions. The purified RNA was eluted in 30 µl 

of RNase-free water and its concentration was measured using the NanoDrop OneC 

spectrophotometer. For quality control, the absorbance ratios at 260/280 nm (acceptable 

range of 1.9-2.1) and 260/230 nm (acceptable range of 1.8-2.2) were evaluated to confirm 

RNA purity. 

Reverse Transcription of mRNA 

Complementary DNA (cDNA) synthesis was carried out using the qScript cDNA Synthesis 

Kit on the C1000 Touch Thermal Cycler. RNA samples were first diluted to a concentration of 

25-50 ng/µl in RNase-free water and 8 µl were subsequently mixed with 2 µl of the qScript 

solution. The reverse transcription was conducted with 5 min at 25 °C, 30 min at 42 °C and 

5 min at 85 °C. Samples were then cooled and kept at 4 °C until further preparation for qPCR. 

Quantitative real-time PCR (qPCR) 

The qPCR reaction mix was prepared with a total volume of 15 µl per sample. This included 

7.5 µl of Takyon SYBR Master Mix, 1.5 µl of forward and reverse primer mix (final 

concentration of 500 nM) and 0.75 µl of cDNA diluted with 5.25 µl RNase-free water. Diluted 

cDNA was first added to a 96-well qPCR plate, then the Master Mix with the respective primers 

was added. The plate was sealed and briefly centrifuged. 

The qPCR was performed on the Bio-Rad CFX Opus 96 thermocycler using the following 

temperature program: 

 
Table 11: qPCR temperature program. 

Cycles Steps Time Temperature 

1x Heat-activation 3 min 95 °C 

44x 

Denaturation 3 s 95 °C 

Annealing 20 s 60 °C 

Elongation 20 s 72 °C 
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As a final step, a melting curve analysis was performed to verify the specificity of the 

amplified products. The plate was held at 65 °C for 1 min, followed by a continuous 

temperature increment of 1 °C per second up to 95 °C. The first derivative of the melting curve 

for each sample was analysed to confirm the presence of a single peak. Samples displaying 

multiple peaks were excluded from further analysis. Gene expression was calculated using the 

∆∆Cq method [95] with Rpl32 used as a housekeeping gene. Unstimulated DMSO-treated 

samples served as the control group for normalisation. 
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4.4 Immunocytochemistry and Image Analysis 

Staining 

For 384-well plates, the media was aspirated and washed automatically using a BioTek 405 

TS Plate Washer, while 6-well plates were handled manually. Firstly, cells were fixed for 10 min 

using 20 µl and 800 µl of 4% formaldehyde (FA) in PBS for 384-well and 6-well plates, 

respectively. Subsequently, plates were washed thrice with PBS to reduce noise caused by 

FA and stored at 4 °C. Cells were then permeabilised using 0.2% TritonX and blocked using 

5% FBS in sterile PBS (staining buffer, SB) for 20 min at room temperature. SB was aspirated 

and replaced by primary antibody diluted in SB for 1.5 h at room temperature or overnight at 

4 °C. Primary antibody was washed off three times with PBS before fluorescence-labelled 

secondary antibody and DAPI, both diluted in PBS, were added for 1 h at room temperature in 

the dark. Finally, plates were washed three times with PBS before imaging. 

Imaging 

All plates were imaged using an ImageXpress Micro XL Widefield High Content Screening 

System (Molecular Devices). Capture settings consisted of a 10x Plan Fluor objective, 25 °C 

and laser auto-focus. Each well was imaged at 4 sites in both DAPI and Texas red channel. 

For higher resolution and magnification, the Keyence B7-X810 Fluorescence Microscope 

was used with a Plan Apo 10x objective. Similarly, 4 sites per well in both channels were 

captured, however, a z-stack was compiled from 7 images to enhance image quality. 

CellProfiler Analysis 

The CellProfiler pipeline shown in Table 12 was specifically designed for this project. 

Images acquired with the ImageXpress or Keyence microscope were loaded into the pipeline 

and the correct extraction of metadata from file names was ensured. The first pipeline was built 

to calculate an illumination correction function for all images. The correction function was 

exported as “.npy” file and subsequently loaded along with images into the second pipeline. 

Module settings for nucleus and cell segmentation were adjusted for each experiment to 

account for changes in image quality. 

All measurements were finally exported to a “.csv” file as means per well. Data from “.csv” 

file was extracted and copied to the analysis template. Metadata concerning culture conditions 

(for example hypertrophic stimulation, anti-hypertrophic treatment, concentration, cell density) 

were assigned to each well. Every measurement was reviewed and outliers of technical 

triplicates were excluded from the analysis. The mean of technical triplicate for each condition 

and each measurement was automatically summarised for graphic representation or merged 

with experimental replicates.  
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Table 12: CellProfiler pipelines. The calculated illumination function from the first pipeline is afterwards applied in 

the second pipeline, followed by nucleus and cell segmentation and phenotypic measurements. 

Modules Description 

Images, Metadata, 

NamesAndTypes 

Upload of images; metadata extraction from file names, 

assigning images either to DAPI or α-actinin channel 

CorrectIlluminationCalculate Calculation of illumination function for α-actinin images 

SaveImages Saving illumination function as .npy file 

CorrectIlluminationApply Applying illumination function to all α-actinin images 

IdentifyPrimaryObjects Identification of nuclei in the DAPI channel 

MeasureObjectSizeShape Measuring equivalent diameter for nuclei 

FilterObjects Eliminating nuclear debris or identified nuclear clumps 

IdentifyPrimaryObjects Identification of cardiomyocytes in the α-actinin channel 

MeasureObjectSizeShape Measuring equivalent diameter for cardiomyocytes 

FilterObjects Eliminating cell debris or wrongly identified cell clumps 

MaskObjects 
Cardiomyocytes are masked with nuclei to identify whole 

cells and eliminate wrongly segmented cells. 

MaskObjects 
Nuclei are masked with cardiomyocytes to identify 

cardiomyocytes’ nuclei. 

MaskObjects 
Nuclei are invertedly masked with cardiomyocytes to 

identify stromal nuclei. 

RelateObjects Relate nuclei to the corresponding cardiomyocyte. 

FilterObjects Create a sub-population of mononucleated cardiomyocytes. 

MeasureObjectSizeShape Measurements for the area of nuclei and cardiomyocytes 

MeasureTexture Measurements for the texture of cardiomyocytes 

MeasureObjectIntensity Measurements for the intensity of cardiomyocytes 

ExportToDatabase Exporting measurements to an Excel file 
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4.5 Statistical Data Analysis 

All statistical analyses were calculated using GraphPad Prism 8.4.2 software. Comparisons 

of three or more groups were assessed using one-way ANOVA, followed by Dunnett’s multiple 

comparisons test for specific pairs of groups. An unpaired t-test was used for comparison of 

two groups. p-values ≤ 0.05 were considered significant (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 

**** p ≤ 0.0001). All experiments were tested in experimental triplicate, each consisting of plate 

triplicate and technical triplicate on each plate. Data are presented as mean ± SEM. 
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5. Results and Discussion 

5.1 Novel Phenotypic Assay for Cardiac Hypertrophy Characterisation 

5.1.1 Establishing a Custom Semi-Automated Image Analysis Pipeline 

The persistently high global mortality rate of cardiovascular diseases highlights the urgent 

need for novel and effective therapeutic options [1]. To increase the likelihood of drug 

candidates advancing through the stages of drug discovery and ultimately reaching clinical 

application, robust in vitro assays with high translatability are essential. This is particularly 

important for first-in-class drugs or novel molecular targets, which require early target 

validation in in vivo models. These validation studies are commonly conducted in mice or rats, 

making it crucial that preceding target-centric in vitro assays are based on rodent cells with a 

well-designed method and biologically meaningful readouts. Strong potency in such models 

increases the translational probability of success in subsequent in vivo studies and supports 

informed decision-making in early preclinical development. However, many current methods 

in cardiovascular research still rely on manual cardiomyocyte size measurement [77, 78, 79], which 

limits data collection to a subset of cells, provides only a single output parameter and 

introduces the risk of subjective bias. Advances in computational tools have enabled more 

comprehensive immunocytochemistry analyses, like the “C-MORE” (cellular morphology 

recognition) pipeline developed by Furkel et al [67]. However, the extensive data processing 

using a custom R package requires specialised computational expertise and resources, 

restricting the accessibility of this method. 

To address these limitations, the herein presented thesis aimed to establish a new 

phenotypic assay for cardiac hypertrophy with an enhanced and more comprehensive image 

analysis approach. The method was designed to be widely accessible, ensuring that research 

groups could implement it regardless of their computational resources and imaging equipment. 

To further increase its usability and scalability, the analysis process was intended to be as 

automated as possible. 

A fundamental image analysis protocol for neonatal rat cardiomyocytes had already been 

developed within our group [91], primarily focusing on nuclear count and cell area 

measurements. Building upon this foundation, the objective was to expand the range of 

extractable features from immunocytochemistry images, allowing for a more detailed 

characterisation of hypertrophic stimulation and potential anti-hypertrophic treatments beyond 

merely assessing cardiomyocyte size. 

The previously established method utilised Molecular Devices' MetaXpress software to 

quantify cardiomyocyte count and area. However, this software offers limited options for 

morphological measurements, lacks flexibility and accessibility for external research groups. 

To overcome these constraints, CellProfiler, an open-source image analysis software 
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developed by the Broad Institute, was selected [96, 97, 98]. CellProfiler operates on a modular 

framework, allowing high-throughput quantitative and morphological analysis of cell images. 

With a library of 89 customisable modules, it enables flexible pipeline design for various 

applications, including image correction, segmentation and feature extraction. A key 

advantage of CellProfiler is its ability to analyse each cell individually, providing a more robust 

and detailed assessment, particularly useful for addressing inhomogeneous cell responses. 

For the new image analysis protocol, additional hypertrophic features were incorporated to 

extend the phenotypic readout beyond cardiomyocyte area. To assess viability, cells were 

stained with DAPI, while cardiomyocytes were specifically labelled with an anti-α-actinin 

antibody, a structural protein enabling precise cellular measurements. To account for the 

cellular complexity of cardiac tissue, the analysis was designed to distinguish cardiomyocyte 

and stromal cell nuclei (including fibroblasts, smooth muscle and endothelial cells) by co-

localising DAPI and α-actinin signals. This approach enables a more precise evaluation of 

heterogeneous cell responses. Since cardiomyocytes frequently exhibit binucleation as part of 

their growth process, nuclearity (the number of nuclei per cardiomyocyte) was included as a 

parameter. Furthermore, while cell area is a commonly used parameter, this analysis also 

incorporated novel measurements of texture and intensity in the α-actinin channel, providing a 

more comprehensive assessment of hypertrophic changes. 

The complete analysis pipeline is outlined in Figure 8. Every CellProfiler pipeline begins 

with an image upload module, followed by metadata extraction and the assignment of images 

to groups, here the DAPI and α-actinin channels. This step ensures that images from the same 

well, site and acquired wavelengths are correctly associated. Metadata extraction is achieved 

by defining a regular expression (see Table 13), which only needs to be generated once, 

provided a consistent file-naming convention is maintained. 

Table 13: Exemplary Image Metadata Extraction. 

File Name 20220121 NRCM 9 Plt 1_B02_s1_w1 

Regular 

Expression 

^(?P<Date>[0-9]{1,8}) (?P<Experiment>[A-Z]{1,4} [0-9]{1,2}) Plt 

(?P<Plate>[0-9]{1})_(?P<Well>[A-P][0-9]{1,2})_s(?P<Site>[0-

9]{1})_w(?P<Wavelength>[0-2]{1}) 

To optimise efficiency, the analysis was divided into two separate pipelines. The first 

pipeline was dedicated to calculating an illumination function for all α-actinin images. This step 

needed to be handled separately because computing the illumination function across all 

images runs in a single-threaded mode, utilising only one CPU core. By performing this 

calculation beforehand and then importing the resulting illumination function into the second 

pipeline, the subsequent analysis could be executed in a multi-threaded mode, utilising up to 
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six CPU cores simultaneously. This approach significantly improved processing speed and 

reduced susceptibility to network errors. 

Figure 8: Illustration of CellProfiler pipeline. The illumination for images of cardiomyocytes stained with anti-α-

actinin antibody is corrected to facilitate object segmentation. DAPI-stained nuclei and cardiomyocytes are then 

identified separately, accounting for binucleated cardiomyocytes. After filtering for incorrectly identified clumped 

objects or cytoplasmic projections, nuclei and cardiomyocytes are masked to create subpopulations of 

cardiomyocytes and stromal objects. 
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The illumination function served two key purposes for α-actinin images. First, it corrected 

uneven lighting caused by the microscope, which typically results in images with a brighter 

centre and darker edges. Second, it minimised background noise, thereby enhancing the 

contrast between the cell signal and background, which improved both cell segmentation and 

thresholding accuracy. The module responsible for this function identified minimum pixel 

intensities in image sections of defined dimensions and then subtracted the background signal. 

It was crucial to appropriately adjust the image section size (set to 50-80 px in this study) to 

ensure optimal performance. If sections were entirely occupied by cell signals without 

background, the module could mistakenly subtract the weakest cell signal instead of the actual 

background, leading to a loss of cellular information. The computed illumination function for all 

images of the α-actinin channel was then saved as an “.npy”-file and later imported into the 

second pipeline. To apply the correction, this file was added as a third channel alongside DAPI 

and α-actinin in the “NamesAndTypes” module before processing. 

Following illumination correction, nuclear and cellular segmentation were performed. Given 

that cardiomyocytes frequently contain multiple nuclei, particularly in more mature P5 rat 

models, the standard propagation-based method was not suitable. Such an approach would 

incorrectly separate binucleated cardiomyocytes into two distinct cells. To avoid this, nuclei 

and cardiomyocyte segmentation were carried out individually. 

CellProfiler offers multiple configuration options for the "IdentifyPrimaryObjects" module, 

including various thresholding strategies, object distinction methods and size parameters. 

Since nuclei are relatively homogeneous in size and morphology and DAPI staining provides 

a strong signal with minimal background noise, segmentation was performed using the Otsu 

two-class method. This method effectively classifies pixels into foreground and background 

categories based on an optimal threshold. Additionally, given the consistent nuclear 

morphology, clumped nuclei could be accurately distinguished based on shape rather than 

intensity distribution. The size range was set narrowly (14-17 px) to improve the identification 

of clumped nuclei. Rather than excluding out-of-range objects immediately, all objects were 

measured, and those falling outside the acceptable diameter range (16-45 px) were filtered out 

to prevent misidentification of nuclear clusters or inaccurate segmentations. 

A similar approach was applied to segment cardiomyocytes from illumination-corrected 

α-actinin images. However, due to the more heterogeneous morphology of cardiomyocytes 

and the higher background noise from staining, segmentation posed a greater challenge. The 

"robust background" thresholding method was selected, as it assumes a Gaussian distribution 

for background signal and removes an adjustable fraction of the highest and lowest intensities. 

The threshold is then determined by calculating the mean and standard deviation of the 

remaining pixels and adding an adaptable number of standard deviations to the mean. To 

effectively distinguish clumped cells, identification based on shape, combined with division by 
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intensity, proved to be the most suitable approach. The initial size range was set to 40-200 px 

to ensure the differentiation of touching cardiomyocytes while minimising the misidentification 

of cytoplasmic projections as separate objects. After object measurement, a final accepted 

diameter range of 30-250 px was applied to further refine the segmentation. 

Then the "MaskObjects" module was applied three times to distinguish cardiomyocytes from 

stromal nuclei. This module overlays objects with images or other objects to exclude those 

outside the specified regions. First, cardiomyocytes were masked with nuclei to eliminate 

incorrectly identified cells, cell debris or cytoplasmic projections without nuclei. Next, nuclei 

were masked with the remaining cardiomyocytes to specifically identify nuclei within 

cardiomyocytes. Finally, for stromal nuclei, the same masking process was performed, but with 

an inverted mask, ensuring that only nuclei outside cardiomyocytes were retained. 

To determine cardiomyocyte nuclearity, the "RelateObjects" module was used to assign all 

nuclei within a single cardiomyocyte as child objects of that cell. This also enabled the creation 

of subpopulations, such as filtering for mononucleated cells. 

Once segmentation and object relationships were established, various measurements 

could be performed on either individual cells or entire images. Measurements could be 

calculated per cell or as mean values for all cells in an image along with the standard deviation. 

Data were then exported as a “.csv”-file. To optimise file size and facilitate downstream 

analysis, only relevant measurements and image means were selected for export. Additionally, 

metadata were included to ensure proper assignment of measurements to the correct location 

on the cell culture plates. 

Given the large volume of data generated (spanning multiple measurement types, a 384-

well format and four images per well across two wavelength channels, resulting in 

approximately 33,000 individual data points), a custom Excel analysis file was created. This 

file integrated CellProfiler data with metadata, automatically calculated means across technical 

triplicates, and provided a flexible template that could easily be adapted for future experiments 

with varying compounds, concentrations and conditions. 

On the first sheet of the designed template, raw data from CellProfiler’s “.csv”-file can be 

inserted. Metadata, such as hypertrophic stimulation, anti-hypertrophic compounds and their 

respective concentrations, is then automatically assigned to each well. The template organises 

the data for each measurement in a separate sheet, displaying it as a plate layout for easy 

visualisation. This allows for quick data review and the identification of outliers among technical 

replicates, which can be excluded from further analysis if necessary. The remaining data is 

then processed, calculating the mean and standard deviation for each replicate, and compiled 

into a final output sheet. From this sheet, data can easily be copied for graphical representation 

or merged with additional experimental replicates for further analysis. 
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In summary, the newly developed assay significantly expands the analytical capabilities and 

throughput of cardiac hypertrophy screening. By incorporating a broader set of phenotypic 

readouts, it enables a more comprehensive characterisation of cellular responses. The 

integration of automated image analysis with open-source software ensures high 

reproducibility and the unbiased measuring of compound effects while maintaining accessibility 

for various research groups. Additionally, the high-throughput approach allows for the efficient 

screening of large compound libraries, ultimately increasing the likelihood of identifying 

promising drug candidates for cardiac hypertrophy. 

5.1.2 Validation of a Mixed Cardiac Cell Culture System 

With the newly developed image analysis pipeline enabling a more comprehensive 

phenotypic characterisation, the next goal was to enhance the physiological relevance of the 

underlying assay system. In primary cell culture, NRCMs are typically purified to eliminate non-

cardiomyocyte populations, allowing for a focused analysis of cardiomyocyte-specific 

responses while preventing fibroblast overgrowth. However, this does not fully reflect the 

complex in vivo environment of the heart, which consists of various cell types, including 

fibroblasts, smooth muscle cells, endothelial cells and immune cells. These cellular 

interactions and paracrine signalling mechanisms play a crucial role in cardiac function but are 

not represented in a purified cardiomyocyte culture. Therefore, a mixed cardiac cell culture 

was used, following a protocol previously established in our group by Dr. Carmen Carrillo 

García [91]. This approach preserved the physiological cellular composition of the neonatal 

rodent heart while enabling a cardiomyocyte-focused analysis by selective 

immunocytochemistry. 

To validate the new CellProfiler pipeline and assess the impact of cell culture composition, 

a selection of well-characterised hypertrophic stimulants [65] targeting different signalling 

pathways was tested. This included the adrenergic agonists phenylephrine (PE) and 

norepinephrine (NE), given that excessive adrenergic stimulation is a key driver of pathological 

cardiac hypertrophy. Additionally, the endogenous peptides endothelin-1 (ET-1) and 

angiotensin-II (Ang II) were included, both of which are elevated in patients with cardiac 

hypertrophy and commonly used for in vitro stimulation. Furthermore, the cytokines leukemia 

inhibitory factor (LIF) and transforming growth factor beta 1 (TGFβ-1), along with cortisol, were 

tested for their hypertrophic effects. Each stimulant was applied at three different 

concentrations (see Table 14), except for timolol (TML), which was tested as a β-antagonist in 

combination with PE to evaluate whether α-adrenergic stimulation remains dominant when β-

adrenergic signalling is blocked. LIF was also tested individually and in combination with PE, 

a condition previously investigated by Dr. Carmen Carrillo García. 
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Figure 9: Established high-throughput and high-content assay platform for hypertrophic phenotype 
screening. Neonatal rat hearts are enzymatically dissociated, and cells are either purified via Percoll gradient 

centrifugation to isolate cardiomyocytes or used as a mixed cardiac cell population, retaining all cardiac cell types. 

Cells are seeded into 384-well plates and stimulated with pro-hypertrophic agents, followed by treatment with test 

compounds after 24 h. After 96 h, cells are fixed and stained for α-actinin and nuclei. High-content imaging 

(4 fields/well) and automated phenotypic analysis via a custom CellProfiler pipeline enable quantitative evaluation 

of cardiomyocyte hypertrophy and cell viability. 

 

For each condition, the new CellProfiler pipeline provided a wide range of phenotypic 

measurements. In addition to the custom cell area analysis, further morphological alterations 

associated with hypertrophy were examined. Given that cellular enlargement is a hallmark of 

hypertrophy, previous studies have shown that nuclear size typically increases in parallel with 

cell growth [99]. However, nuclear area is rarely utilised as a parameter for characterising 

hypertrophy in vitro. Accordingly, it was investigated whether this morphological feature could 

also be reliably captured using the herein established assay. Since hypertrophic 

cardiomyocytes undergo structural remodelling, changes in α-actinin staining intensity, 

indicative of sarcomere composition and density, were analysed along with alterations in 

cellular texture. Additionally, as cardiomyocytes tend to become binucleated during maturation, 

the relationship between hypertrophy and nuclearity was explored. Specifically, it was 

assessed whether hypertrophic stimulation promotes an increase in nuclearity and whether 

mononucleated and binucleated cells respond differently to hypertrophic stimulants. Lastly, to 

account for potential cardiotoxic effects, cell viability was assessed by measuring the total 

number of detected nuclei and cardiomyocytes. 
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Table 14: Overview of tested hypertrophic stimulants. 

 

Representative results for one concentration of each stimulant are shown in Figure 10, 

results from further concentrations are shown in the Appendix 7.1. All tested conditions induced 

measurable changes in the selected phenotypic parameters, although to varying extents. As 

expected, cardiomyocyte area increased significantly in response to most hypertrophic 

Stimulants Compound Structure Target Concentrations 

Phenylephrine 

(PE)  

Alpha-1 adrenergic 

agonist (GPCR) 

10; 20; 50 µM 

Norepinephrine 

(NE)  

Alpha- and beta-

adrenergic agonist 

(GPCR) 

1; 2; 5 µM 

Timolol 

(TML) 
 

Beta-adrenergic 

antagonist (GPCR) 

2 µM  

(+ PE 20 µM) 

Cortisol 

 

Cortisol receptor 

(nuclear receptor, 

transcription factor) 

1; 2; 5 µM 

Endothelin-1 

(ET-1) 

Cys-Ser-Cys-Ser-Ser-

Leu-Met-Asp-Lys-Glu-

Cys-Val-Tyr-Phe-Cys-

His-Leu-Asp-Ile-Ile-

Trp 

Endothelin-1 

receptor (GPCR) 

50; 100; 200 nM 

Angiotensin II 

(Ang. II) 

Asp-Arg-Val-Tyr-Ile-

His-Pro-Phe 

Angiotensin II 

receptor (GPCR) 

50; 100; 200 nM 

Leukemia 

inhibitor factor 

(LIF) 

[cytokine of IL-6 

family] 

Gp130 receptor 

associated to LIF 

receptor 

20; 50; 100 ng/ml 

TGFβ-1 [cytokine of TGFβ 

family] 

TGFβ receptor 

(transmembrane 

serine/threonine 

kinase) 

50; 100; 200 ng/ml 

HO

HO
OH

N
H

HO

HO
OH

NH2

OH
O
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N

O
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stimulants. Additionally, the nuclear area expanded slightly in cardiomyocytes but remained 

unchanged in stromal cells (non-cardiomyocytes), supporting the hypothesis that cellular 

growth is accompanied by nuclear enlargement. 

 

 
Figure 10: Overview of hypertrophy phenotypes induced by distinct stimuli. Phenylephrine (PE), 

norepinephrine (NE), timolol (TML), endothelin-1 (ET-1), angiotensin-II (Ang. II), leukemia inhibitory factor (LIF), 

transforming growth factor beta 1 (TGFβ-1) and cortisol are shown in one representative concentration. The total 

dataset is shown in Appendix 7.1. (n = 3, normalised to DMSO, axis range from 50-350%, mean ± SEM) 

 

Since α-actinin is a key structural protein of the sarcomere, its staining intensity and 

distribution reflect changes in sarcomere organisation during hypertrophy. As expected, 

hypertrophic remodelling led to alterations in α-actinin intensity, indicating structural 

reorganisation. In some conditions, a decrease in texture measurements was also observed, 



5. Results and Discussion 

50 

suggesting disruptions in sarcomere composition. However, this effect was not consistent 

across all hypertrophic phenotypes, such as those induced by PE and NE, and exhibited high 

variability, including susceptibility to outliers. 

Regarding cardiomyocyte nuclearity, only a slight yet consistent increase was detected 

across all stimulants. Interestingly, the response patterns of mononucleated cardiomyocytes 

closely mirrored those of the total cardiomyocyte population (including both mono- and 

binucleated cells), indicating that nuclearity did not provide additional discriminatory power in 

assessing hypertrophic stimulation. 

To assess potential cardiotoxic effects, total nuclear counts, as well as the individual 

subpopulations of cardiomyocytes and non-cardiomyocytes nuclei, were analysed alongside 

cardiomyocyte numbers. As expected, none of the hypertrophic stimulants led to a significant 

reduction in cell populations, indicating an absence of cytotoxicity. This aligns with previous 

reports, as all tested stimulants are physiological substances known to induce hypertrophy 

rather than exert toxic effects [65]. However, stimulation with NE, ET-1, Ang. II and Cortisol 

resulted in a slight increase in object counts. This increase can be attributed to the proliferative 

capacity of cardiac fibroblasts. In contrast, cardiomyocytes typically lose their proliferative 

ability shortly after birth, making their increased object count intriguing. Possible explanations 

include residual proliferative capacity at postnatal day 5, an increase in binucleation (although 

nuclearity was only marginally elevated) or potential segmentation inaccuracies. 

Among all measured parameters, three exhibited the most pronounced and consistent 

changes across all tested stimulants: cardiomyocyte area, nuclear area and α-actinin staining 

intensity. To facilitate direct comparisons between different hypertrophic stimulants and to 

evaluate subsequent pharmacological inhibition, these parameters were integrated into a 

single metric, the ‘Hypertrophy Score’, calculated as follows: 

 

Hypertrophy Score = (CM-Nuclear Area) ∗ (CM Area) ∗ (CM Intensity) ∗ 10−4 

 

The Hypertrophy Scores for all stimulants at various concentrations are presented in Figure 

11. Although adrenergic receptors are activated by the same catecholamines, differences in 

their expression patterns and downstream signalling cascades result in distinct cellular effects. 

Cardiac contractility is primarily regulated by β-adrenergic signalling, whereas chronic 

overstimulation of this pathway has been associated with cellular stress and maladaptive 

remodelling. In contrast, α-adrenergic receptors are more closely involved in the regulation of 

cardiomyocyte growth and play a comparatively minor role in modulating cardiac output [100]. 

The effect of α-adrenergic receptors is well reflected in the results of the Hypertrophy Score, 

where the α1-adrenergic agonist PE exhibited the strongest hypertrophic response, both when 

applied alone and in a previously reported combination with the β-antagonist TML, which was 
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used to isolate α-adrenergic stimulation, or the IL-6 family cytokine LIF  [99]. Across all tested 

conditions, PE significantly increased the Hypertrophy Score compared to the DMSO control. 

The combination of PE and LIF induced the most pronounced hypertrophic effect, establishing 

it as the positive control for subsequent experiments. 

Interestingly, NE, a non-selective adrenergic agonist activating both α- and β-adrenergic 

receptors, elicited a weaker hypertrophic response than PE. This observation, together with 

the potent effect of PE in combination with TML, highlights the dominant role of α-adrenergic 

signalling in driving hypertrophic growth in vitro, compared to β-adrenergic pathways. 

ET-1 and Ang. II also demonstrated robust hypertrophic effects, reinforcing their known 

roles in cardiac remodelling [65]. 

LIF, as previously mentioned, is a cytokine of the IL-6 family that has been shown to induce 

cardiac hypertrophy through activation of the gp130 receptor subunit [101]. In addition to 

activating JAK/STAT and MAPK signalling pathways [102] (both of which are closely associated 

with hypertrophic remodelling [103]) LIF also upregulates L-type Ca²⁺ channels, thereby 

increasing calcium influx. This rise in intracellular Ca²⁺ levels activates Ca²⁺-dependent kinases 

such as calcineurin and calmodulin, ultimately promoting the expression of hypertrophic 

genes [104]. 

Due to its engagement of multiple pro-hypertrophic pathways, the combination of LIF with 

adrenergic stimulation (PE) may lead to a broader and more robust induction of hypertrophy, 

enhancing the dynamic range of the assay. Furthermore, the activation of JAK/STAT signalling 

is closely linked to inflammatory processes [105], thereby LIF mimics another hallmark of 

pathological cardiac hypertrophy and increases the biological relevance and complexity of the 

in vitro disease model. In line with these expectations, LIF elicited a pronounced hypertrophic 

response in the assay, which was further amplified when administered in combination with PE. 

To assess the influence of cell density on hypertrophic responses, experiments were 

conducted at two different seeding densities: 1,500 or 4,000 cells per well in a 384-well plate. 

The phenotypic changes were comparable across both conditions; however, the dynamic 

range of hypertrophy was greater at lower cell densities (see Figure 11). This suggests that 

cardiomyocytes require sufficient space in 2D culture to exhibit hypertrophic growth. At the 

lower density of 1,500 cells per well, the cells were more isolated, while at the higher density 

of 4,000 cells per well, confluency increased, leading to a higher probability of cell-cell contacts. 

The confluency plays a crucial role, as reduced cell density likely enhances the drive for 

cardiomyocytes to grow toward neighbouring cells. From a technical perspective, a lower cell 

density also improves segmentation accuracy, as the reduced occurrence of cell clumping 

facilitates more precise segmentation of individual cardiomyocytes. 
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Figure 11: Characterisation of hypertrophy induction at two cell densities. Hypertrophic stimulants were 

incubated on mixed cardiac cells for four days, using two different cell densities: (A) 1,500 cells per well and (B) 
4,000 cells per well. Each stimulant was tested at three increasing concentrations (left to right), except for the 

combination of PE with LIF and TML, which was only tested in one fixed combination. Specific concentrations are 

provided in Table 14. Consequently, image analysis was performed and results for the Hypertrophy Score are 

shown. (n = 3, normalised to DMSO, mean ± SEM, one-way ANOVA, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 

**** p ≤ 0.0001) 

 

In this chapter, a high-throughput image analysis pipeline was applied to a mixed cardiac 

cell culture, allowing for a quantitative and unbiased assessment of hypertrophic responses. 

By evaluating multiple phenotypic parameters, including cellular and nuclear area as well as 

α-actinin intensity, a Hypertrophy Score was established to facilitate direct comparisons 

between stimulants and treatment effects. The analysis revealed that PE alone and in 

combination with LIF or TML induced the strongest hypertrophic response, confirming the 

importance of α-adrenergic signalling in vitro. Furthermore, testing at two different cell 

densities showed that a lower density increased the dynamic range of hypertrophic responses, 

likely due to enhanced space for cellular expansion. These findings highlight the robustness 

of the image-based phenotypic assay, providing a sensitive and scalable platform for studying 

hypertrophic mechanisms and potential therapeutic interventions. 

5.1.3 Mixed Cardiac Culture Compared to Purified Cardiomyocytes 

By culturing the physiological mix of cardiac cells, the newly established approach 

enhances the translational relevance of the assay by preserving intercellular signalling and 
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paracrine interactions. However, many standard protocols purify primary cardiomyocytes after 

dissociation to focus exclusively on cardiomyocyte biology and to prevent fibroblast 

overgrowth, which can complicate long-term analysis. To evaluate the advantages and 

limitations of the mixed cardiac cell approach, the next step involved directly comparing this 

model to a protocol that enriches cardiomyocytes through purification. The goal was to 

determine whether the mixed cardiac cell culture achieves a similar dynamic range and exhibits 

comparable phenotypic responses to hypertrophic stimulation. 

For this comparison, a well-established cardiomyocyte purification protocol from the group 

of Oliver Müller at the University Hospital Schleswig-Holstein was implemented [106]. This 

method employs Percoll gradient centrifugation following enzymatic heart dissociation to 

enrich cardiomyocytes based on their density. Stromal cells, which accumulate in the upper or 

lower gradient phases, are effectively removed. 

 

 
Figure 12: Comparison of mixed cardiac cells and purified cardiomyocytes protocols. (A) The cellular yield 

after dissociation shows that more cells are obtained by the mixed cardiac cell protocol, since stromal cells remain 

in culture. (B) Comparing the number of identified cardiomyocytes per well for both protocols revealed a higher 

number of cardiomyocytes for the purified protocol at the same seeding density. (C) The ratio of cardiomyocytes in 

culture shows the purification efficiency of the Percoll gradient centrifugation, resulting in roughly double the number 

of cardiomyocytes. Representative images are shown for (D) mixed cardiac cells and (E) purified cardiomyocytes 

treated with PE-LIF (20 µM / 50 ng/mL), stained with DAPI (nuclei, blue) and α-actinin (cardiomyocytes, red). (n≥5, 

mean ± SEM) 

 

One key distinction between the two protocols is the age of the neonatal rats. The 

purification protocol relies on one-day-old (P1) rats, whereas the mixed cardiac cell culture is 

derived from five-day-old (P5) rats. P1 cardiomyocytes exhibit a more immature protein 
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expression profile and a lower tendency for binucleation, potentially influencing hypertrophic 

responses. To ensure a robust comparison, the same panel of hypertrophic stimulants was 

tested in both models, allowing for a direct assessment of their respective phenotypic 

responses. 

Altering the cellular composition not only affects the cellular response to stimulation but also 

impacts the baseline characteristics of the assay. A direct comparison of both protocols is 

shown in Figure 12. Using P5 rats resulted in a yield of 8.4 × 10⁶ cells per heart after 

dissociation, whereas P1 rats, with their smaller and less developed hearts, produced only 

1.0 × 10⁶ cells per heart after dissociation and purification. From a high-throughput 

perspective, P5-derived cultures are advantageous as they generate a significantly higher 

cellular yield per animal, reducing the number of animals required for experiments.  

However, the purification step increases the cardiomyocyte ratio in culture. At a seeding 

density of 1,500 cells per well, the mixed cardiac cell culture contained approximately 132 

cardiomyocytes per well, while the purified protocol yielded 312 cardiomyocytes per well. This 

translates to a cardiomyocyte ratio of 44% in the mixed culture compared to 79% in the purified 

culture. By incorporating Percoll gradient centrifugation, the ratio of cardiomyocytes per well is 

roughly doubled, thereby enhancing the statistical power of the analysis, as the mean values 

per well are derived from a larger number of cardiomyocytes. Of note, flow cytometry is 

generally considered the method of choice for quantifying cell population compositions due to 

its high throughput and precision. However, in this study, the use of neonatal rat 

cardiomyocytes posed significant challenges for flow cytometric analysis. The elongated 

morphology of cardiomyocytes, combined with their sensitivity to mechanical stress, resulted 

in substantial cell loss during the multiple washing and centrifugation steps required for sample 

preparation. As an alternative, image-based quantification was employed to estimate 

purification efficiency. While this method is less precise due to the smaller sample size and 

limited statistical power compared to flow cytometry, it provided a practical solution given the 

technical difficulties associated with cardiomyocyte handling in suspension-based assays [107]. 

Comparing the effects of hypertrophic stimulants between mixed cardiac cell cultures and 

purified cardiomyocytes (see Figure 13) revealed that PE induced the highest Hypertrophy 

Score in both approaches. In both cases, combining PE with TML or LIF further enhanced its 

hypertrophic effect. 

A closer look at the dynamic range shows that purified cardiomyocytes exhibited a stronger 

hypertrophic response to PE, NE, ET-1 and Ang. II stimulation compared to mixed cardiac cell 

cultures. Interestingly, the tested cytokines LIF and TGFβ-1 had little to no effect in the mixed 

culture, whereas in purified cardiomyocytes, LIF significantly increased the Hypertrophy Score, 

reaching a level comparable to PE stimulation. 
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Figure 13: Hypertrophy Scores for mixed cardiac cells and purified cardiomyocytes. Hypertrophic stimulants 

were incubated for four days on (A) P5 mixed cardiac cells and (B) P1 purified cardiomyocytes. Each stimulant was 

tested at three different concentrations (see Table 14), except for the combination of PE with LIF and TML, which 

was only tested in one fixed combination. Specific concentrations are provided in Table 14. Consequently, image 

analysis was performed and results for the Hypertrophy Score are shown. (n = 3, normalised to DMSO, mean ± 

SEM, one-way ANOVA, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001) 

 

One possible explanation for this discrepancy is the lack of cell-cell communication in 

purified cardiomyocyte cultures. In the absence of paracrine signalling from non-cardiomyocyte 

populations, cytokines may exert a stronger direct effect on cardiomyocytes than in a co-

culture. This highlights the importance of assay selection, as it directly influences the 

experimental outcome. Evaluating treatment options that target cytokine signalling in mixed 

cardiac cultures could lead to false-negative results if the effect is masked by intercellular 

interactions. However, if a potential treatment only affects isolated cardiomyocytes but not co-

cultured, its in vivo relevance becomes questionable, given the complexity of the three-

dimensional cardiac environment and its diverse cellular composition. 

This comparative analysis demonstrates that both mixed cardiac cell cultures and purified 

cardiomyocytes offer distinct advantages and their selection should be guided by the specific 

research question. While purified cardiomyocytes provide a higher dynamic range and a 

stronger hypertrophic response, they lack the physiological complexity of intercellular 

communication present in mixed cultures. The latter, by maintaining the native cellular 

composition of the heart, better reflects in vivo conditions, making it particularly valuable for 

studying paracrine signalling and cell-cell interactions. Moreover, certain stimulants, such as 

cytokines, may have an exaggerated impact in purified cultures due to the absence of 
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competing signals. These findings emphasise the importance of assay design in determining 

experimental outcomes and highlight the necessity of carefully selecting the most suitable 

model system for drug screening, mechanistic studies and translational research. 

5.1.4 Comparison of Two Imaging Systems 

The characterisation of the hypertrophic phenotypes relies heavily on image analysis, 

making image quality a crucial factor in achieving accurate and reproducible results. Poor 

image quality should intuitively lead to a reduced dynamic range or even the loss of important 

phenotypic information. The group of B. A. Cimini previously validated the robustness of the 

Cell Painting assays using multiple imaging systems with a subsequent CellProfiler analysis, 

demonstrating that while certain imaging parameters were essential for optimal results, the 

assay remained broadly applicable across different devices [108]. 

To assess whether this phenotypic assay is similarly robust across different imaging 

systems, two representative plates from the hypertrophic stimulant experiment were analysed 

using two different microscopy platforms: the ImageXpress (the standard system for this study) 

and the Keyence BZ-X810 Fluorescence Microscope. While the Keyence system is not 

equipped with an automated plate handler or high-throughput imaging capabilities, it offers 

several advantages in terms of image quality. As a newer model, the BZ-X810 supports a 

higher interpolated pixel resolution (up to 12.5 MP) and employs an LED light source, allowing 

for sharper imaging and enhanced fluorescence signal detection. In contrast, the ImageXpress 

Micro XL uses a 4.66 MP scientific CMOS sensor and a solid-state light engine, prioritising 

speed and reproducibility for high-throughput workflows. Furthermore, the ImageXpress offers 

high stage precision and robust support for automated plate handling, making it the more 

suitable option for large-scale screening applications. In the Keyence-based imaging workflow, 

four images per well were acquired and stitched together, rather than capturing multiple 

individual sites as done with the ImageXpress, which resulted in fewer total images and a faster 

downstream analysis pipeline in this smaller-scale context. 

As shown in Figure 14, both imaging systems exhibited strong correlations for hypertrophic 

parameters. Cardiomyocyte area and intensity measurements correlated well, with R² values 

of 0.8527 and 0.9310, respectively. However, the correlation for nuclear area was 

unexpectedly lower (R² = 0.3741). This may be due to the fact that nuclei are relatively small 

objects, making their segmentation more sensitive to slight differences in image resolution, 

magnification or stitching. Even minor variations in how nuclear boundaries are detected can 

significantly affect area measurements. In contrast, larger structures like cardiomyocytes are 

less affected by these subtle discrepancies, resulting in more consistent measurements across 

imaging systems. Despite this, the Hypertrophy Score itself maintained a strong correlation 
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(R² = 0.8806), confirming that both imaging systems can effectively characterise hypertrophic 

phenotypes. 

 

 
Figure 14: Cross-platform comparison of hypertrophic phenotype analysis using two imaging systems. 
(A) Representative immunofluorescence images of PE-LIF (20 µM and 50 ng/mL) stimulated cells were acquired 

using the ImageXpress XL (Molecular Devices) and BZ-X800 (Keyence) imaging platforms. (B) Overview of 

Hypertrophy Score results from the previous hypertrophic stimulant screening, illustrating the range of phenotypic 

responses across different stimulants. These data form the basis for the correlation analyses shown in (C). 

(C) Images were taken from screening plates containing various hypertrophic stimulants to ensure analysis across 

a range of stimulation conditions. Cardiomyocyte area and intensity show strong correlations (R² = 0.85 and 0.93), 

while nuclear area correlates less robustly (R² = 0.37), likely due to sensitivity in nuclear segmentation. The overall 

Hypertrophy Score remained consistent between systems (R² = 0.88), supporting reliable phenotype assessment 

across platforms. (n = 2, normalised to DMSO, mean ± SEM) 

 

This comparison highlights the robustness and adaptability of the phenotypic hypertrophy 

assay across different imaging platforms. While image quality and segmentation differences 

can slightly affect certain parameters, the core phenotypic measurements and overall 

Hypertrophy Score remain consistent. This indicates that the assay can be successfully 

applied across different laboratory setups, making it a versatile tool for high-content screening 

and phenotypic analysis of cardiac hypertrophy. 
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5.1.5 Establishing a Confirmatory qPCR Assay 

Screening assays in drug discovery are designed to achieve high physiological relevance, 

strong translational power and a direct link to the pathophysiology of the investigated disease. 

By implementing a mixed cardiac cell culture, which retains the natural cellular composition of 

the heart, and by expanding the image analysis beyond simple cell area measurements, the 

original assay was significantly improved, increasing its robustness and predictive value. 

However, to ensure the reliability and reproducibility of observed effects, each screening assay 

requires an orthogonal confirmation assay. This validation step helps eliminate false positives, 

making the process more cost-effective, reducing unnecessary follow-up experiments and 

ultimately enhancing the translation of in vitro findings into clinically relevant outcomes. 

For this phenotypic hypertrophy assay, quantitative real-time PCR (qPCR) was established 

as an orthogonal confirmatory assay to analyse cardiac hypertrophy-related gene expression. 

qPCR is a powerful and widely accepted method for quantifying gene expression changes, 

offering high sensitivity and specificity. Additionally, to confirm the efficacy seen in the 

phenotypic assay, qPCR analysis provides molecular evidence of the induced phenotype, 

offering a more comprehensive understanding of the biological processes at play. Since the 

progression of cardiac hypertrophy is associated with a reversion to the fetal gene program, 

cardiomyocytes begin expressing immature isoforms and stress-response proteins to 

compensate for increased workload and maintain cardiac function [19, 20]. The most prominent 

markers of this fetal reprogramming are the natriuretic peptides ANP and BNP, encoded by 

the Nppa and Nppb genes, respectively. Their expression is strongly upregulated in 

hypertrophic and failing hearts, making them key molecular indicators of hypertrophy. 

Notably, this was the first time qPCR was implemented in our group for analysing gene 

expression in NRCMs. Establishing this protocol not only strengthens the assay pipeline but 

also broadens the analytical scope, allowing both phenotypic and molecular confirmation of 

hypertrophic responses. 

In a first step, the hypertrophic induction of Nppa and Nppb in the mixed cardiac cell culture 

was assessed to confirm whether the stimulation of gene expression could be detected. To 

achieve this, cells were stimulated with a combination of 100 µM PE and 50 ng/ml LIF, using 

a higher PE concentration than in the phenotypic assay. This adjustment was necessary 

because the stimulation period for qPCR analysis was limited to 24 h, requiring a stronger 

stimulus to increase the dynamic range of gene expression changes. 

One key limitation of the qPCR approach was the high number of cells required for sufficient 

mRNA extraction. For reliable quantification, at least 6 × 105 - 1 × 106 cells had to be lysed per 

sample, which corresponds to a 400-fold higher cell number compared to the phenotypic 

assay, significantly reducing the throughput of the qPCR assay. Given that only about 7 million 
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cells could be extracted on average from each P5 rat heart, this limitation meant that fewer 

conditions could be tested per experiment compared to the high-throughput phenotypic assay. 

 

 
Figure 15: Orthogonal assay readouts to validate PE-LIF-induced hypertrophy phenotypes. (A, B) Cells were 

stimulated three days after seeding with 100 µM PE and 50 ng/ml LF for 24 h and the gene expression levels of 

Nppa and Nppb were analysed by qPCR, using Rpl32 as housekeeping gene. In mixed cardiac cell culture, 

(A) stimulation showed no induction of Nppa and Nppb, suggesting an interference from non-cardiomyocyte cells. 

In contrast, purified cardiomyocytes (B) showed a significant upregulation of both genes following stimulation, 

confirming the expected hypertrophic response. (C) Immunostaining for ANP in mixed cardiac cultures revealed 

that non-cardiomyocytes also displayed ANP signals, indicating a potential source of background expression that 

may obscure cardiomyocyte-specific expression changes. (n = 3, normalised to DMSO, mean ± SEM, one-way 

ANOVA, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001) 

 

Interestingly, despite 24 h of PE and LIF stimulation, neither Nppa nor Nppb expression 

was elevated in the mixed cardiac cell culture, remaining at levels comparable to the DMSO 

control. To investigate whether this was due to the presence of non-cardiomyocyte cells, the 

same stimulation protocol was applied to purified cardiomyocytes. This resulted in a significant 

increase in both Nppa and Nppb expression. Since these genes are widely reported to be 
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exclusively expressed in cardiomyocytes [109, 110], this unexpected result raised questions about 

the influence of stromal cells on gene expression detection in the mixed culture. 

To clarify these observations, an immunostaining experiment for ANP was performed under 

the same stimulation conditions as the phenotypic assay. The results revealed that ANP 

expression varied greatly among cardiomyocytes: some cells were strongly stained, indicating 

high expression, while others showed only weak perinuclear staining. Surprisingly, stromal 

cells also displayed an ANP signal, with an intensity comparable to weakly stained 

cardiomyocytes. This suggested that in a mixed cardiac culture, the presence of ANP-positive 

stromal cells could interfere with the qPCR-based detection of hypertrophy-related gene 

expression, masking cardiomyocyte-specific changes. 

In conclusion, Nppa and Nppb expressions are not reliable markers in mixed cardiac 

cultures, as stromal cells overshadow cardiomyocyte-specific expression. To ensure accurate 

qPCR-based confirmation of hypertrophic responses, subsequent experiments were 

conducted exclusively on purified cardiomyocytes. 

5.1.6 A “Therapeutic Assay” Approach: Rescue of the Hypertrophy Phenotype 

In vitro models of cardiac hypertrophy typically follow a preventive treatment concept, in 

which disease phenotypes are induced simultaneously with the administration of a potential 

therapeutic compound. While this approach provides valuable insights into the 

pathophysiological mechanisms and potential cardioprotective interventions, it does not fully 

reflect the clinical reality. In patients, cardiac hypertrophy develops gradually over time and is 

often only diagnosed once pathological remodelling has progressed. Consequently, 

therapeutic interventions in a clinical setting primarily aim to reverse or at least delay disease 

progression rather than prevent its onset. To better mimic this therapeutic context, a 

phenotypic rescue model was developed, in which hypertrophy was established before 

administering potential treatments in order to assess whether pathological changes in 

cardiomyocytes can be reversed or rescued. 

A major challenge in designing such an assay is the intrinsic time constraints imposed by 

NRCMs. Over time, NRCMs undergo dedifferentiation in 2D culture, a process driven by the 

loss of native biochemical and mechanical stimuli. This leads to significant morphological and 

functional changes within approximately one week in culture [111]. 

This limited time window makes a carefully optimised protocol necessary, ensuring that 

cardiomyocytes develop a stable hypertrophic phenotype before treatment while still allowing 

sufficient time for potential therapeutic effects to manifest. 

To determine the optimal timing for treatment application, it was first necessary to establish 

a time profile over 96 h of hypertrophic development in NRCMs. Cells were seeded and 

allowed to adhere for 24 h, after which hypertrophic stimulation was applied. Subsequently, 
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cells were fixed and analysed at 24-hour intervals (i.e., at 24, 48, 72 and 96 h post-stimulation) 

to monitor the progression of morphological changes. Two well-characterised hypertrophic 

stimuli were selected based on previous experiments: PE in combination with LIF, which had 

demonstrated the strongest hypertrophic effects and was therefore chosen as a positive 

control, and ET-1, a widely used hypertrophic stimulant that had shown consistent results in 

this assay. By mapping the kinetics of hypertrophic response, this approach aimed to define a 

precise time point at which the pathological phenotype is established, thus enabling the 

subsequent assessment of potential therapeutic compounds for phenotypic rescue. 

 

 
Figure 16: Time profile of hypertrophic stimulation. Mixed cardiac cells were stimulated with either PE-LIF 

(20 µM and 50 ng/ml) or ET-1 (200 nM), and hypertrophic progression was monitored over a 96-hour period, with 

assessments every 24 h. While only a slight increase in the Hypertrophy Score was observed at 24 h, a distinct 

hypertrophic phenotype developed by 48 h, reaching its peak at 72 h, after which no further increase was detected. 

(n = 3, mean ± SEM) 

 
The results of the time profile analysis, as shown in Figure 16, confirm PE-LIF as a stronger 

stimulant of cardiac hypertrophy compared to ET-1, consistent with findings from the assay 

validation in Chapter 5.1.2. After 24 h of stimulation, only minor changes in the Hypertrophy 

Score were observed, suggesting the early onset of hypertrophic remodelling. By 48 h, the 

hypertrophic phenotype was clearly established, with further progression observed until 72 h, 

where hypertrophy reached its maximum. No additional increases were detected between 

72 and 96 h, indicating that in this assay, cardiomyocyte hypertrophy is fully developed after 

72 h. 

For the “therapeutic assay” approach, 48 h and 72 h after hypertrophic stimulation were 

identified as suitable time points for compound administration. However, given the 96-hour 

timeframe of the assay, this approach allows for only 48 or 24 h of exposure to the anti-

hypertrophic treatment, respectively. This limited duration may not be sufficient for the 

compounds to fully reverse the disease phenotype. 
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To evaluate whether the preventive activity of previously tested compounds could be 

translated into a therapeutic setting, three anti-hypertrophic agents were selected for further 

analysis: the GRK5 inhibitor 4a from Chapter 5.2.3 as well as the glutaminase inhibitor CB-839 

and the glutamine reuptake inhibitor V-9302, both discussed in Chapter 5.3.3. In this setup, 

hypertrophy was first induced with PE-LIF, followed by compound administration at 24 h, 48 h 

or 72 h post-stimulation. The compounds' ability to reverse the established hypertrophic 

phenotype was then evaluated. 

As shown in the results in Figure 17, the GRK5 inhibitor 4a demonstrated only a modest, 

dose-dependent reduction in hypertrophy when added 24 h post-stimulation, with Hypertrophy 

Scores not returning to baseline DMSO levels. At later treatment initiation points (48 h and 

72 h), 4a failed to elicit a therapeutic effect even at concentrations that were effective in the 

preventive setting. These findings suggest that GRK5 inhibition may be more effective in 

preventing, rather than reversing, hypertrophy. However, possible compound instability over 

the multi-day experiment may also have contributed to the diminished effect, warranting follow-

up experiments using freshly prepared solutions and stability profiling under assay conditions. 

CB-839, which had previously shown strong dose-dependent preventive effects against 

PE-LIF-induced hypertrophy, failed to achieve a full therapeutic response. Although early 

administration (24 h) resulted in a partial reduction of Hypertrophy Scores, a consistent dose-

response relationship was no longer observed and values remained between PE-LIF and 

DMSO controls across all concentrations and time points. Of note, early administration of 

CB-839 showed stronger effects than later ones. 

In contrast, V-9302 showed a clear dose-dependent reduction in hypertrophy across all 

treatment windows. However, its anti-hypertrophic effect at high concentrations coincided with 

pronounced cytotoxicity in both cardiomyocytes and non-cardiomyocytes, indicating that the 

observed phenotype was driven by toxicity rather than targeted reversal. At lower, non-toxic 

concentrations, V-9302 still produced a partial therapeutic effect, though efficacy declined with 

later treatment initiation, suggesting time-dependent sensitivity of the hypertrophic phenotype 

to metabolic interference. 

In summary, this study highlights the challenges of therapeutically reversing established 

cardiac hypertrophy and underscores the importance of early intervention. Among the tested 

compounds, V-9302 showed the strongest therapeutic activity, albeit with a narrow safety 

margin. CB-839 retained partial efficacy at early intervention points but was unable to fully 

reverse hypertrophy, and the GRK5 inhibitor 4a proved ineffective once hypertrophy was 

established. These findings illustrate that while GRK5 and glutamine metabolism remain 

promising targets, the timing, specificity and safety profile of candidate compounds are critical 

for therapeutic success. 
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Figure 17: Therapeutic approach to reverse the hypertrophy phenotype. Mixed cardiac cells were stimulated 

with PE-LIF (20 µM and 50 ng/ml) 24 h after seeding to induce cardiac hypertrophy. (A) The GRK5 inhibitor 4a 

(n = 2), (B) the glutaminase 1 inhibitor CB-839 (n = 3) and (C) the glutamine reuptake inhibitor V-9302 (n = 3) were 

added at 24, 48 and 72 h after hypertrophic stimulation to evaluate their potential to reverse the hypertrophic 

phenotype. All conditions were terminated by fixation and analysed at 96 h post-stimulation. (Mean ± SEM) 
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5.1.7 Summary 

In this chapter, a novel high-content image analysis pipeline was developed and applied to 

a mixed cardiac cell culture derived from neonatal rat cardiomyocytes, enabling an unbiased 

and quantitative assessment of hypertrophic responses in a model with high physiological 

relevance. By incorporating multiple cell types, this approach accounts for intercellular 

communication, enhancing both the sensitivity and translational value of the assay. Robust 

in vitro models are critical to improve the success of drug candidates advancing through 

preclinical stages and ultimately reaching clinical application. This is particularly important for 

first-in-class drugs or novel targets, which require early validation, usually in rodent, in vivo 

models. Using neonatal rat cardiomyocytes thus provides a biologically aligned platform for 

target-centric screening with increased translational probability, especially when paired with 

well-designed assays delivering robust, mechanistically meaningful outputs. 

Although the dynamic range was slightly lower compared to assays using purified 

cardiomyocytes, strong hypertrophic morphological changes were still detectable. While 

adrenergic stimulation, especially α-adrenergic stimulation with PE, resulted in comparable 

effects in both mixed cardiac cells and purified cardiomyocytes, only the latter responded to 

cytokine-induced hypertrophy by LIF and TGFβ-1. This raises the question of whether 

hypertrophic effects observed exclusively in purified cardiomyocytes truly reflect in vivo cardiac 

biology, given the heart’s complex cellular composition. Furthermore, hypertrophic responses 

were detectable at both tested cell densities, but lower density cultures exhibited a greater 

dynamic range, likely due to increased space for cellular expansion and improved 

segmentation accuracy. 

A custom and automated CellProfiler pipeline was established, significantly expanding the 

analytical capabilities and throughput of the assay. Unlike conventional assays which primarily 

focus on cardiomyocyte size, this approach also incorporates changes in nuclear area, cellular 

intensity and texture. A composite ‘Hypertrophy Score’ integrating the three most 

discriminative features enabled comprehensive phenotypic characterisation and facilitated 

direct condition comparisons. The automated nature of the image analysis ensures high 

reproducibility and unbiased measurement of compound effects, while the use of open-source 

software maintains accessibility for various research groups, regardless of laboratory 

equipment. Additionally, the assay demonstrated strong robustness across different imaging 

platforms. Despite differences in image quality between systems, the pipeline produced 

consistent Hypertrophy Scores, confirming robustness across platforms and suitability for 

diverse research environments. 

In contrast, qPCR analysis of Nppa and Nppb expression proved unreliable in mixed cardiac 

cultures due to non-cardiomyocyte interference, necessitating the use of purified 

cardiomyocytes for accurate gene expression analysis in subsequent validation experiments. 
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In addition to advancing the phenotypic screening assay, this study investigated a 

therapeutic intervention approach aimed at reversing an already established hypertrophic 

phenotype rather than merely preventing its onset. This shift toward a disease-reversal model 

better reflects clinical reality, where hypertrophy is typically well-advanced by the time of 

diagnosis. The results demonstrated that the timing of therapeutic intervention is a critical 

factor influencing efficacy. While the glutamine reuptake inhibitor V-9302 exhibited a dose-

dependent reduction in hypertrophy, although with accompanying cytotoxicity at higher 

concentrations, the GRK5 inhibitor 4a was ineffective once hypertrophy was fully developed. 

The glutaminase inhibitor CB-839 showed only partial efficacy when administered early but 

failed to induce a full therapeutic response across later intervention time points. However, 

given that only three compounds were tested, further studies are required to determine whether 

these findings reflect broader target-specific effects. Additionally, validating both positive and 

negative outcomes of this in vitro therapeutic approach in in vivo models will be essential to 

ensure translational relevance and confirm efficacy in a more complex physiological 

environment. These findings highlight the challenges of reversing established cardiac 

hypertrophy and reinforce the importance of early therapeutic intervention to improve patient 

outcomes. 

Moving forward, the image analysis pipeline can be adapted for other research questions 

or further improved by incorporating additional analysis modules. Unused features in the 

current pipeline may further refine hypertrophic fingerprints, aiding the detection of subtle 

phenotypic changes and refine the fingerprint. Additionally, incorporating quality control 

modules to exclude low-quality images or artifacts could further strengthen the results and 

reduce the likelihood of outliers in replicates. While expanding the analysis with additional 

measurements could enhance the depth of insights into cellular responses, it also increases 

processing time and necessitates efficient data handling. To address these challenges, custom 

R-based analysis pipelines, such as “C-MORE” [67], could serve as a model for refining the 

workflow. Furthermore, artificial intelligence-driven image analysis presents an opportunity to 

improve cell segmentation and enhance the extraction of morphological changes, increasing 

both precision and scalability. The companion software CellProfiler Analyst provides a basic 

tool for training an algorithm to recognise morphological patterns; however, its transferability 

across experiments with varying image quality remains questionable. Additionally, the 

requirement for manual classification of cells during training introduces subjectivity, which may 

introduce bias into the automated analysis. Future studies should assess the reproducibility 

and reliability of such AI-driven approaches to ensure robust and unbiased phenotypic 

characterisation in cardiac hypertrophy research. 
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5.2 Targeting GRK5: A Novel Therapeutic Avenue in Cardiac Hypertrophy 

5.2.1 Role of GRKs in Cardiac Hypertrophy and Drug Targeting 

The herein newly established hypertrophy assay, with its enhanced physiological relevance 

and extended imaging analysis, has demonstrated high sensitivity to adrenergic stimulation, 

one of the key drivers in the pathological development of cardiac hypertrophy. This makes it 

an ideal platform for drug discovery, particularly for evaluating novel compounds targeting the 

adrenergic signalling pathway. Among the key regulators of this pathway are G protein-coupled 

receptor kinases (GRK) 2 and 5, which play a crucial role in modulating β-adrenergic receptor 

signalling by promoting desensitisation and downstream regulation [80]. Dysregulation of these 

kinases, particularly in the context of chronic adrenergic overstimulation, has been strongly 

implicated in pathological cardiac remodelling. Hyperactivation of the sympathetic nervous 

system and sustained stimulation of β-adrenergic receptors drive maladaptive signalling 

cascades that promote hypertrophy and ultimately heart failure [14]. While current standard-of-

care therapies primarily aim to reduce cardiac workload and alleviate symptoms, they do not 

directly address the underlying cellular and molecular mechanisms responsible for structural 

remodelling of the myocardium [32]. In contrast, GRK inhibition targets a central regulatory node 

in this pathogenic signalling, offering the potential not only to halt progression but also to 

reverse established hypertrophic changes. Thus, modulating GRK activity represents a 

mechanism-driven and disease-modifying therapeutic approach, positioning GRKs as 

compelling targets in the ongoing search for more effective treatments in heart failure [83]. 

GRKs are key regulators of activated G protein-coupled receptors (GPCRs) on the cell 

surface. GPCRs are integral membrane proteins characterised by seven transmembrane 

domains, which undergo conformational changes upon agonist binding. This structural shift 

triggers the dissociation of heterotrimeric G proteins into their α and βγ subunits, initiating 

downstream signalling cascades [112]. Activated GPCRs also stimulate GRKs, which 

phosphorylate the receptor, thereby preventing further coupling to heterotrimeric G proteins 

and terminating downstream G protein signalling. Additionally, phosphorylated GPCRs attract 

cytosolic β-arrestin, which mediates receptor internalisation via endocytosis. The receptor is 

then either degraded or recycled, allowing the cell to fine-tune its response. This mechanism 

plays a critical role in maintaining cardiac homeostasis by preventing excessive β-adrenergic 

receptor stimulation, a process that is upregulated in heart failure to enhance cardiac output [80]. 

While GRKs are essential for normal cell function, dysregulation has been linked to the 

pathogenesis of various diseases, including heart failure [113], Alzheimer’s disease [114], 

Parkinson’s disease [115] and cancer [116, 117, 118]. Given their diverse roles, GRKs are being 

investigated as therapeutic targets, with a focus on selectively inhibiting individual isoforms to 

maximise efficacy while minimising adverse effects [119, 120]. 
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The GRK family consists of seven isoforms grouped into three subfamilies based on 

sequence homology: The rhodopsin kinase subfamily (GRK1/7, found in the retina), the β-

adrenergic receptor kinases subfamily (GRK2/3, with GRK3 expressed in nasal epithelium) 

and the GRK4-like subfamily (GRK4/5/6, with GRK4 predominantly expressed in the 

testes) [112, 121, 122]. As a member of the AGC protein kinase family (which includes PKA, PKG 

and PKC), GRKs share structural similarities, with 32% sequence identity to protein kinase A 

(PKA) [119]. Among them, GRK2 and GRK5 are the most abundantly expressed GRKs in cardiac 

muscle, where they play a pivotal role in β-adrenergic receptor regulation, making them of 

particular relevance to cardiac research [119]. 

 

 
Figure 18: Canonical and non-canonical signalling pathway of GRK5. In the canonical pathway, GRKs regulate 

GPCR signalling by phosphorylating activated receptors, leading to β-arrestin recruitment, receptor internalisation 

and either degradation or re-sensitisation, maintaining cellular homeostasis. Non-canonical pathways involve GRK5 

translocation to the nucleus in a Ca²⁺/calmodulin-dependent manner, regulating transcription via NFκB, NFAT and 

promoting nuclear export of phosphorylated HDAC, leading to MEF2 activation and hypertrophic gene expression. 

 



5. Results and Discussion 

68 

In the heart, GRK2 was first discovered in the 1980s [123, 124], with its potential as a 

therapeutic target proposed in 1995 [125]. GRK5 was later identified in the 1990s [126, 127]. While 

GRK2 primarily resides in the cytoplasm, it is recruited to the membrane upon GPCR 

activation [112]. Beyond its canonical role, GRK2 is also involved in non-canonical signalling 

pathways [82], including mitochondrial localisation, where it promotes apoptosis and alters 

bioenergetics [128, 129, 130]. Additionally, GRK2 phosphorylates IκB, leading to its degradation and 

subsequent NFκB-mediated hypertrophic responses [131]. Another critical role of GRK2 is the 

phosphorylation of AKT, which inhibits glycogen synthase kinase 3 beta (GSK3β). This 

prevents NFAT phosphorylation, allowing its nuclear translocation and activation of 

hypertrophic gene expression [92]. 

In contrast, GRK5 is primarily membrane-associated but is also involved in nuclear 

signalling. It translocates to the nucleus in a Ca²⁺/calmodulin-dependent mechanism [81, 132], 

where it influences hypertrophic gene transcription [82, 133]. The affected pathways include 

kinase-dependent nuclear export of histone deacetylases (HDACs), leading to de-repression 

of myocyte enhancer factor-2 (MEF2) [81, 132, 134]. Additionally, in a kinase-independent manner, 

GRK5 inhibits NFκB signalling [135] and NFAT activation [136]. Given these functions, specifically 

targeting the non-canonical nuclear activity of GRK5 could offer a more precise therapeutic 

approach, increasing potency while reducing adverse effects. 

Both GRK2 and 5 are upregulated in failing hearts [83, 84], with multiple animal studies 

highlighting their role in heart failure and pathological hypertrophy. Overexpression of GRK2 

in mice led to reduced myocardial contractility, whereas expression of the GRK2 inhibiting 

peptide β-ARKct restored contractility [125]. Similarly, GRK5 deletion in mice significantly 

reduced hypertrophic remodelling, demonstrating its crucial role in pathological cardiac 

growth [85]. 

Inhibiting GRK pharmacologically has also shown promise, both as monotherapy or as co-

treatment with a GPCR-agonist, facilitating a therapeutic effect in lower doses with fewer off-

target effects [137]. For example, paroxetine, a selective serotonin reuptake inhibitor, was 

identified as a GRK2 inhibitor, enhancing contraction amplitudes in hypertrophy-induced 

cardiomyocytes, though with a lower potency against GRK2 than serotonin transporters [138, 139]. 

Additionally, a drug screening identified amlexanox as an inhibitor of GRK5, able to block PE-

induced phosphorylation of HDAC5 and consequent activation of MEF2 in NRCMs [140]. One 

example of ongoing GRK5-targeted drug discovery efforts is KR-39038. With an IC50 value of 

0.02 µM, KR-39038 showed efficacy in Ang. II-induced NRCMs and in pressure-overloaded 

mice [141]. Furthermore, a compound designed by the Research Center for Medicinal Chemistry 

at the Korea Research Institute of Chemical Technology has demonstrated potent inhibition of 

both GRK2 and GRK5. However, it lacks selectivity for GRK5 over GRK2, highlighting the 

ongoing challenge in developing highly selective GRK5 inhibitors [142]. 
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For GRK inhibitors, the selectivity is of special importance due to the high sequence 

homology among GRKs and other kinases of the AGC protein family, leading to cross-reactivity 

and potential off-target toxicity. Achieving high selectivity is critical, as broad inhibition could 

disrupt normal cardiac function rather than specifically addressing pathological hypertrophy or 

heart failure [143]. 

The Tesmer research group has pioneered the design of multiple GRK5-specific inhibitors 

with covalent, reversible covalent and non-covalent binding mechanisms, using sunitinib as a 

foundational scaffold. Sunitinib, a receptor tyrosine kinase inhibitor approved for the treatment 

of renal cell carcinoma, gastrointestinal stromal tumours and pancreatic neuroendocrine 

tumours [144], demonstrated efficacy inhibiting GRK5, making it a promising starting point for 

further optimisation [120]. A selection of these promising inhibitors was kindly provided by the 

Tesmer group and subsequently tested in the high-content hypertrophy screening assay 

described in this study. 

5.2.2 Target Validation of GRK5 

While numerous GRK inhibitors have demonstrated activity in biochemical assays, only a 

few have been evaluated in cellular models [141, 145, 146]. Given that this study employs a novel, 

physiologically relevant mixed cardiac cell culture instead of the commonly used purified 

cardiomyocyte system, it was first necessary to validate GRK5 as a target in this assay system 

before implementing the high-content imaging analysis. Although GRK5 had previously been 

validated in purified cardiomyocyte cultures [147], this validation aimed to confirm its role in 

cardiac hypertrophy within the mixed-cell model and to ensure that the adrenergic signalling 

pathway, including GRK5, is authentically represented to enable the detection of 

pharmacological modulation thereof. 

To achieve this, GRK5 expression was reduced using small interfering RNA (siRNA) to 

determine whether GRK5 knockdown could prevent PE-LIF-induced hypertrophy. Cells 

transfected with GRK5-targeting siRNA were compared to those transfected with scrambled 

siRNA as a negative control. A change in the experiment from 384-well to a 6-well format was 

necessary to obtain sufficient protein for Western blot analysis, which was used to confirm the 

knockdown efficiency. Additionally, the cell density was increased (750,000 cells per well) to 

ensure adequate protein yield and to meet the siRNA transfection protocol requirements, which 

specify 80% cell confluency to reduce the toxic effect of transfection reagents. GRK5 protein 

levels analysed via Western blot under both DMSO control and PE-LIF stimulation conditions 

are shown in Figure 19. The results confirmed that the siRNA-mediated knockdown of GRK5 

resulted in a reduction of protein levels to 38.5% and 18.7% in DMSO and PE-LIF treated cells 

as determined by semi-quantitative immunoblotting (relative to total protein per lane). 
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Notably, despite the transition from a 384-well to a 6-well format and the associated 

increase in cell density, the established CellProfiler pipeline remained fully applicable. 

Subsequent analysis demonstrated that PE-LIF stimulation significantly increased the 

Hypertrophy Score to 141.5%, confirming that hypertrophic development was both occurring 

and reliably detectable under these modified conditions. This underscores the robustness of 

the image analysis workflow, even when key culture parameters are altered. 

 

 
Figure 19: Functional validation of GRK5 via siRNA knockdown. (A) Experimental protocol for siRNA 

knockdown experiments. (B) Representative immunoblot for GRK5 expression. (C) siRNA knockdown of GRK5 in 

mixed cardiac cells significantly reduces GRK5 expression in both PE-LIF (20 µM and 50 ng/ml) and DMSO-

stimulated cells (n = 2). (D) Image-based quantification of the Hypertrophy Score reveals a significant hypertrophic 

response in PE-LIF-stimulated cells transfected with scrambled siRNA, whereas GRK5 knockdown effectively 

prevents hypertrophic development (n = 3). (Mean ± SEM, unpaired t-test: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 

**** p ≤ 0.0001) 
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Crucially, GRK5 knockdown successfully prevented PE-LIF-induced hypertrophy, restoring 

the Hypertrophy Score to baseline DMSO levels (102.1%), thus validating GRK5 as a 

functional target within the mixed cardiac cell model. 

In summary, these findings further strengthen the role of GRK5 in hypertrophic development 

by demonstrating that its knockdown prevents key cellular changes associated with 

hypertrophy. Importantly, although some morphological variations occurred due to the modified 

assay conditions, the established CellProfiler pipeline successfully adapted to the new culture 

format and the Hypertrophy Score remained a robust and specific readout. This confirms the 

assay’s capability to detect GRK5-dependent signalling changes with high sensitivity, even 

under altered experimental parameters. Therefore, this system is well-suited for further 

investigations into GRK5 modulation and the development of targeted inhibitors. 

5.2.3 Assessment of Cellular Efficacy of GRK5 Inhibitors 

Developing selective GRK5 inhibitors is challenging due to the high structural homology 

within the GRK family, making selectivity a key issue [119]. Since GRK2 has been the main focus 

in cardiovascular research, only a few selective GRK5 inhibitors have been reported [143]. 

Ideally, candidate compounds should exhibit high potency in the low nanomolar range, non-

covalent binding properties, drug-like characteristics and high selectivity for the GRK5 isoform 

to minimise toxicity and adverse effects [143]. 

The Tesmer research group addressed this challenge by screening a collection of known 

kinase inhibitors for their effects on GRK2 and GRK5, using a differential scanning fluorimetry 

assay. By comparing the thermal stability of these proteins in the presence and absence of 

inhibitors, they aimed to identify scaffolds with strong binding affinity. This approach led to the 

discovery of three inhibitors featuring a common pyrrole-pyrimidine scaffold [143]. 

Structural studies have provided insights into potential selectivity mechanisms. Crystal 

structures of GRK2 and GRK5 revealed that GRK2 has a more spacious ATP-binding pocket, 

suggesting that steric clash-based approaches could be used to selectively target GRK5 [119]. 

Furthermore, co-crystallisation of selected inhibitors with GRK2 and GRK1 identified the active 

site tether (AST) loop as a potential selectivity determinant for individual GRKs [143]. The crystal 

structure of GRK6 (like GRK5 a member of the GRK4 subfamily) further revealed a cysteine 

residue (Cys474) in the AST loop, located near the ATP-binding site. This discovery provided 

an opportunity to selectively target GRK5 via covalent inhibition, as Cys474 is unique to the 

GRK4 subfamily (GRK4/5/6) [148]. Building on these findings, covalent warheads were attached 

to pyrrole-pyrimidine inhibitors to target Cys474. However, the resulting inhibitors displayed 

only low micromolar affinity for GRK5, limiting their effectiveness [148]. To enhance potency, the 

focus shifted toward scaffolds with higher intrinsic GRK5 affinity, allowing sufficient residence 

time in the protein-inhibitor complex for the covalent bond to form. 



5. Results and Discussion 

72 

 

 
Figure 20: Development of GRK5 inhibitor scaffold. Sunitinib showed a moderate potency to inhibit GRK5 and 

was selected as the basic structure. With the modification of the indolinone in Ulrich-57, the potency and selectivity 

for GRK5 could be improved. In newer campaigns, the pyrrole moiety is diversified to further enhance potency and 

selectivity. 

 

A breakthrough was the discovery of sunitinib’s activity against GRK5, with an IC50 of 

0.83 µM [120]. Sunitinib, an FDA-approved receptor tyrosine kinase inhibitor used in cancer 

treatment, provided a valuable scaffold. A closely-related derivative, Ulrich-57, featuring the 

same indolinone scaffold as sunitinib, exhibited even higher potency in the low nanomolar 

range, with improved selectivity for GRK5 over GRK2, outperforming earlier pyrrole-pyrimidine-

based inhibitors. Extensive structure-activity relationship (SAR) analysis confirmed that the 

indolinone scaffold, derived from sunitinib, forms two hydrogen bonds in the ATP-binding 

pocket, while the fluorophenyl group of Ulrich-57 interacts with the phosphate-binding loop [145]. 

Further structural analysis revealed that Ulrich-57’s diethylamine moiety faced the AST loop, 

suggesting that replacing this group with covalent warheads targeting Cys474 could further 

enhance GRK5 selectivity. Interestingly, only the (R)-enantiomer of Ulrich-57 exhibited potency 

in inhibiting GRK5, making the (S)-enantiomer a useful negative control [120]. 

To optimise selectivity and potency, Ulrich-57 was modified with a 2-haloacetylamido 

group [120], leading to increased affinity in some derivatives. However, the haloacetamide 

moiety is highly reactive, raising concerns about potential toxicity. To lower these risks, a next 

generation of inhibitors was developed, featuring keto-amide derivatives, which form a 

reversible covalent hemithioacetal intermediate through nucleophilic attack by the Cys474 

sulfur on the carbonyl group [149]. Simultaneously, 2-hydroxyamide derivatives were 

synthesised as a non-covalent control set, since the absence of a carbonyl moiety prevents 

covalent binding to Cys474. However, these modifications reduced selectivity over GRK2 [149]. 

Using the X-ray structure of hydroxyamide derivative 4a, further modifications led to 

heterocyclic carboxamides. By introducing strategically positioned heteroatoms, substituents 

and rotatable bonds, these compounds mimicked non-covalent interactions seen in earlier 

inhibitors while achieving higher potency and selectivity. The enhanced steric clash with the 

AST loop of GRK2 contributed to this selectivity [145]. Testing these compounds against GRK5, 

GRK2 and GRK6 led to the identification of 5d and 5k, which exhibited good selectivity for 
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GRK5 over GRK2 but with surprisingly high affinity for GRK6 [145]. Notably, GRK6 has recently 

emerged as a promising target for the treatment of multiple myeloma, making these 

compounds also of interest for oncological research. 

While comprehensive in vitro activity and SAR data have been published for this class of 

GRK5 inhibitors, their cellular efficacy remains largely unexplored. To bridge this gap, the 

Tesmer research group kindly provided the following compounds for testing in this study’s 

cardiac hypertrophy assay (see Figure 21): covalent binding inhibitor 3 (α-ketoamide derivate) 

and non-covalent binding inhibitor 4a (an α-hydroxyamide derivate) with its inactive (R)-

enantiomer 4b as well as five heterocyclic carboxamide derivates (5b, 5d, 5i, 5k, 5m). These 

compounds were evaluated for their cellular activity in the high-content imaging-based 

hypertrophy assay, providing valuable insights into their potential therapeutic application in 

cardiac disease. 

The GRK5 inhibitors were tested against PE-LIF, the most potent hypertrophic stimulus 

identified in Chapter 5.1.2. This setup is particularly relevant because PE acts as an adrenergic 

stimulus and GRK5 is a central regulator of adrenergic signalling pathways involved in cardiac 

hypertrophy. Therefore, evaluating the effects of GRK5 inhibition under adrenergic stimulation 

provides direct insight into its therapeutic potential in modulating maladaptive cardiac 

signalling. After co-incubation with PE-LIF and the respective inhibitors for 96 h, mixed cardiac 

cells were fixed and stained with DAPI and α-actinin to label nuclei and cardiomyocyte 

cytoplasm, respectively. Image-based analysis was performed using the previously developed 

CellProfiler pipeline. 

To assess potential cardiotoxic effects, cardiomyocyte and non-cardiomyocyte nuclei were 

quantified. Inhibitor 5d showed clear toxic effects, reducing non-cardiomyocyte numbers below 

DMSO baseline starting at 0.5 µM. Cardiomyocytes were less sensitive but still showed 

reduced viability at ≥ 2 µM. Of note, 5d had the lowest GRK5 potency in the biochemical assay 

(IC50 = 50 µM), suggesting that its toxic effects were likely due to off-target activity. This is 

particularly important for interpreting the cellular phenotype, since toxic or stressed cells often 

exhibit reduced size and may falsely appear to respond positively in hypertrophy assays. 
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Figure 21: Phenotypic characterisation and structure-activity relationships of GRK5-selective inhibitors. 
(A) GRK5 inhibitor scaffold optimised through three parallel medicinal chemistry campaigns targeting distinct 

binding modes: a covalent-binding series and two non-covalent series distinguished by different key moieties. Each 

campaign introduced specific structural modifications to refine potency, selectivity and pharmacological properties. 

(B) Mixed cardiac cells were stimulated with PE-LIF (20 µM, 50 ng/ml) and treated with GRK5 inhibitors, followed 

by 96 h incubation. Hypertrophic features of DAPI and α-actinin stained cardiac cells were quantified using the 

established CellProfiler pipeline. Only inhibitor 5d showed cardiotoxic effects, stronger for non-cardiomyocytes 

starting at 0.5 µM. Inhibitors 3, 4a (but not antipode 4b), 5i and 5m show an anti-proliferative effect for non-

cardiomyocytes at higher concentrations. While inhibitor 4a reduced the Hypertrophy Score to DMSO baseline, 

inhibitor 4b showed no effect, confirming 4b as the inactive optical antipode. The apparent anti-hypertrophic effect 

of 5d is based on its cardiotoxicity. (n = 3, mean ± SEM) 

 

All other inhibitors did not exhibit overt toxicity but did show reductions in non-cardiomyocyte 

numbers, which likely reflects anti-proliferative activity. This effect was most pronounced for 

inhibitors 3 and 4a, but absent for its (R)-enantiomer 4b, confirming the latter’s biochemical 

inactivity. Inhibitors 5i and 5m induced similar, though less pronounced, effects. Given the non-

proliferative nature of post-mitotic cardiomyocytes, these reductions are most likely due to 

effects on proliferating cardiac fibroblasts. Cardiac fibroblasts are key contributors to 

pathological remodelling through proliferation and extracellular matrix deposition in response 

to stress. Their expansion is closely associated with the progression of cardiac hypertrophy [25]. 

Therefore, the observation that GRK5 inhibitors may affect fibroblast proliferation, in addition 

to counteracting cardiomyocyte hypertrophy, adds an important and previously unrecognised 

aspect to their therapeutic potential. Notably, this effect would have been missed in 

conventional assays relying solely on purified cardiomyocytes, thus underscoring the value of 

using a physiologically relevant assay system and highlighting the strength of the mixed 

cardiac cell culture model established in this thesis. Future studies should investigate whether 

this anti-proliferative effect arises from direct action on cardiac fibroblasts or whether it is 

mediated indirectly via paracrine signalling from cardiomyocytes. Understanding the 

mechanism behind this dual effect could provide further insights into the role of GRK5 in 

cardiac remodelling and inform therapeutic strategies for more targeted intervention. 

The next step was the evaluation of the inhibitors' efficacy in preventing the PE-LIF-induced 

cardiac hypertrophy. In previous in vitro biochemical studies, 4a had demonstrated high GRK5 

potency (IC50 = 0.03 µM), while its (R)-enantiomer 4b was nearly inactive (IC50 = 4.1 µM). 

These results were reflected in the cellular assay: 4a significantly reduced the Hypertrophy 

Score from 3 µM upward, while 4b remained ineffective at all concentrations. Interestingly, 

both 4a (IC50 = 0.036 µM) and 4b (IC50 = 0.062 µM) also inhibited ubiquitously expressed 

GRK6 in vitro with comparable potency. Since 4b showed no activity in this hypertrophy assay, 

the observed phenotype was not likely mediated by GRK6 inhibition, which is consistent with 

the minor role of GRK6 in cardiovascular pathophysiology [150]. Furthermore, while 4a does 
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exhibit weak activity against GRK2 (IC50 = 2.2 µM), this potency is insufficient to translate into 

significant cellular effects at the tested concentrations. In contrast, the strong activity of 4a 

against GRK5 and the dose-dependent reduction in the Hypertrophy Score strongly suggest 

that the observed cellular effects are primarily due to selective GRK5 inhibition, rather than off-

target effects on GRK2. 

Inhibitor 5d also appeared to be effective in suppressing hypertrophy, however, this effect 

was attributed to toxicity and stress rather than on-target efficacy, given the compound’s low 

potency and toxic profile. 

Inhibitors 5b and 5k showed no anti-proliferative effect in the previous cardiotoxicity 

evaluation, which is consistent with the lower anti-hypertrophic efficacy. In contrast, inhibitors 

3, 5i and 5m reduced the Hypertrophy Score to intermediate levels but did not reach the DMSO 

baseline. These compounds produced a partial effect that plateaued between the PE-LIF and 

DMSO controls. Given that not all compounds exhibited a clear dose-dependence, IC50 values 

were not reliable indicators of efficacy. Therefore, the measured effect at 8 µM (I8 µM) was 

selected as a more robust comparison metric (see Figure 22A). Based on this analysis, 4a 

emerged as the most potent cellular inhibitor and was selected for further validation by an 

orthogonal method. 

To confirm the cellular efficacy of 4a at the transcriptional level, a qPCR-based assay was 

performed (see Figure 22B). Purified cardiomyocytes were treated for 24 h with PE-LIF 

(100 µM / 50 ng/ml) and 4a (5 µM / 10 µM) in 6-well plates. The use of purified cardiomyocytes 

was critical to avoid confounding signals from proliferative non-cardiomyocytes, as previously 

investigated in this thesis (see Chapter 5.1.5). Gene expression of the hypertrophy markers 

Nppa and Nppb (encoding ANP and BNP) was quantified and normalised to the housekeeping 

gene Rpl32 and the DMSO control. These markers are part of the fetal gene program that is 

upregulated in cardiac hypertrophy, where they exert cardioprotective effects such as 

natriuresis, vasodilatation and RAAS inhibition [29]. 

The results in Figure 22B show that PE-LIF stimulation significantly induces the gene 

expression of Nppa and Nppb. Treatment with inhibitor 4a significantly prevents the 

upregulation, keeping their expression at the DMSO control level. These results confirm the 

effectiveness of inhibitor 4a not only in biochemical and phenotypic assays but also at the level 

of gene expression. Its potency, GRK5 selectivity and ability to counteract hypertrophy in 

cardiomyocytes make it a promising candidate for further in vivo validation or lead optimisation. 
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Figure 22: Integrated evaluation of GRK5 inhibitor efficacy: biochemical potency, cellular activity and 
physicochemical properties. (A) To compare the performance of different inhibitors, anti-hypertrophic efficacy at 

8 µM is used (I8 µM), revealing that inhibitor 4a showed the highest cellular potency to prevent hypertrophic 

development. (B) Orthogonal qPCR assay confirms potency of inhibitor 4a. Purified cardiomyocytes were incubated 

in 6-well plates for three days before PE-LIF (20 µM, 50 ng/ml) stimulation and 4a (5 µM) treatment for 24 h. Gene 

expression levels of Nppa and Nppb were normalised to Rpl32 as a housekeeping gene (n = 4). (C) Correlation 

between biochemical GRK5 potency (pIC₅₀) and anti-hypertrophic efficacy in the cellular assay (I8 µM) reveals that 

compounds with low GRK5 activity show no cellular efficacy, while the potent inhibitor 4a exhibits strong anti-

hypertrophic effects. (D) Relationship between lipophilicity (cLogP) and cellular efficacy (I8 µM), exploring the impact 

of physicochemical properties on the translation from biochemical to cellular activity. cLogP values were calculated 

using Schrödinger’s Maestro 14.3.129. (E) Based on the biochemical IC50 value for GRK5 potency and the cLogP 

values, the lipophilic efficiency (LipE) value was calculated. (Mean ± SEM, one-way ANOVA: * p ≤ 0.05, ** p ≤ 0.01, 

*** p ≤ 0.001, **** p ≤ 0.0001) 

 

Despite similar biochemical potencies among most tested GRK5 inhibitors (except 5d), their 

cellular efficacy varied substantially (see Figure 21). This discrepancy between biochemical 

and cellular activity is a common challenge in drug discovery. While high potency in simplified 

in vitro assays is a necessary starting point, compounds often exhibit diminished efficacy in 
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more complex cellular or in vivo environments due to factors such as limited membrane 

permeability, reduced intracellular target engagement, nonspecific protein binding and off-

target interactions. If cellular potency is already insufficient, a compound’s in vivo performance 

is likely to be further compromised, potentially disqualifying it from further development. This 

underscores the need for robust in vitro assays that more accurately reflect in vivo biology. 

The phenotypic assay established in this thesis addresses this gap by incorporating neonatal 

rat cardiomyocytes, highly relevant for rodent in vivo studies, and applying a high-content, 

image-based readout. Such physiologically meaningful and analytically powerful platforms are 

essential for improving the predictive value of early-stage testing and increasing the likelihood 

of successful in vivo target validation, particularly for novel molecular targets or first-in-class 

compounds. 

To explore this discrepancy further, cellular efficacy (I8 µM) was plotted against biochemical 

efficacy (pIC50 for GRK5) in Figure 22C. Compounds with poor GRK5 potency (4b, 5k) lacked 

cellular efficacy, whereas those with high potency (4a) showed clear cellular effects. 

Interestingly, 5m and 5i had intermediate potencies and correspondingly moderate effects. 

However, inhibitors 3 and 5b showed surprisingly poor cellular efficacy despite good GRK5 

biochemical activity, prompting further analysis. 

To identify possible explanations, the lipophilicity (cLogP) of each compound was calculated 

using the Schrödinger Maestro software, providing an initial assessment in the absence of 

experimental data (see Figure 22D). While lipophilicity can enhance passive permeability, 

excessive values may lead to membrane trapping and increased nonspecific binding due to 

high unspecific hydrophobic interactions [151], which are also key considerations in the Lipinski 

Rule of 5. The Rule of 5, which predicts the drug-likeness of a compound intended for oral 

administration, states that a drug has favourable pharmacokinetic characteristics if it has: a 

molecular weight of less than 500 Da, no more than 5 hydrogen bond donors, no more than 

10 hydrogen bond acceptors and a logP (lipophilicity) value of less than 5 [152]. While lipophilicity 

within these limits can improve membrane permeability, excessive lipophilicity, beyond this 

threshold, can increase the risk of off-target binding, leading to potential toxicity and poor 

pharmacokinetic properties [153]. To account for both potency and lipophilicity, the lipophilic 

efficiency (LipE) metric is often used in drug discovery programs to balance potency and 

lipophilicity. The LipE metric is calculated by subtracting the cLogP value from the negative 

logarithm of the IC50 value. A favourable range is considered to be a LipE > 5. [153]. The results 

for the LipE values for the tested GRK5 inhibitors are shown in Figure 22E. 

Inhibitors 3 and 5b displayed particularly high cLogP values, which likely contributed to their 

low cellular efficacy despite good GRK5 inhibition in vitro. In contrast, 4a had a lower cLogP 

and one of the highest LipE values, suggesting that its superior performance in cells may be 

due to a better balance between lipophilicity and potency. These findings underscore the 
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importance of physicochemical optimisation, beyond in vitro potency alone, in the development 

of GRK5 inhibitors for therapeutic application. Furthermore, this highlights how implementing 

physiologically relevant cellular models in the early stages of drug discovery can enhance 

translation to in vivo efficacy. 

5.2.4 Summary 

Despite significant advances in cardiovascular medicine, effective treatments for cardiac 

hypertrophy, an early hallmark of heart failure, remain limited and current therapies often fail 

to reverse disease progression [32]. This underscores the urgent need for new therapeutic 

targets and strategies. GRK5 has emerged as a promising candidate due to its regulatory role 

in maladaptive cardiac signalling [83]. To support drug discovery in this area, physiologically 

relevant models are essential. The mixed cardiac cell assay established in this thesis 

addresses this need by capturing complex cell-cell interactions absent in purified 

cardiomyocyte cultures. Its robustness, scalability and sensitivity make it ideal for evaluating 

candidate compounds during lead optimisation and for improving the prediction of in vivo 

efficacy. 

In this study, the role of GRK5 as a therapeutic target for cardiac hypertrophy was 

systematically investigated by combining genetic target validation, cellular compound profiling 

and detailed physicochemical analysis of selected inhibitors. GRK5’s role in cardiac 

hypertrophy was reproducibly confirmed in the established assay using siRNA-mediated 

knockdown, which led to a reduction in hypertrophic markers. This result supported the assay’s 

validity and provided important genetic evidence to guide GRK5-targeted lead optimisation. 

Building on this, a panel of chemically diverse GRK5 inhibitors, previously characterised for 

their in vitro biochemical potency, was evaluated. 

Importantly, these data represent the first cellular efficacy results for this GRK5-selective 

inhibitor campaign in a physiologically relevant phenotypic model. To date, only CCG215022, 

a non-selective GRK2/GRK5 inhibitor, and KR-39038 have been tested in a cellular 

contexts [141, 154]. The present results provide critical proof-of-concept that selective GRK5 

inhibition yields measurable anti-hypertrophic effects at the cellular level, underscoring GRK5's 

therapeutic relevance and laying the groundwork for target-focused lead optimisation and 

in vivo validation. 

Several inhibitors showed potent anti-hypertrophic activity, most notably compound 4a, 

which effectively prevented cardiomyocyte hypertrophy without inducing toxicity. Its inactive 

enantiomer, 4b, served as a key control, confirming the stereospecificity of the effect and 

supporting the conclusion that GRK5 inhibition directly drives the observed phenotype. In 

contrast, the apparent efficacy of compound 5d was attributed to cardiotoxicity, highlighting 

the necessity of parallel toxicity assessment to avoid false positives in phenotypic screening. 
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Table 15: Summary of GRK5 inhibitor evaluation. 
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3 
  

0.010 >1000 0.022  89.78 66.70 245.58  4.615 3.385 

4a 
 

0.030 2.2 0.036  100.93 101.22 133.21  4.217 3.306 

4b 
  

4.100 7 0.062  91.31 153.81 332.08  4.238 1.149 

5b 
 

0.056 10 0.034  98.52 140.50 247.32  4.847 2.405 

5d 
 

50.000 300 0.100  48.41 52.48 129.78  5.368 -1.067 

5i 
 

2.000 20 0.033  89.56 101.77 189.50  4.779 0.920 

5k 
 

12.000 100 0.032  103.09 124.65 225.83  3.573 1.348 

5m 
  

0.300 >1000 0.110  90.27 100.86 184.70  5.322 1.201 

 

Beyond the primary aim of confirming anti-hypertrophic activity, a secondary, therapeutically 

relevant effect emerged: compounds 3, 4a, 5i and 5m exhibited anti-proliferative activity on 

non-cardiomyocytes, likely cardiac fibroblasts. Since fibroblast proliferation and extracellular 

matrix deposition are central to maladaptive remodelling in hypertrophy and heart failure [25], 

this finding suggests additional therapeutic potential. Such effects would likely be missed in 

purified cardiomyocyte assays, reinforcing the value of the mixed-cell model developed in this 

thesis. These results suggest that GRK5 inhibitors may exert pleiotropic effects on cardiac 

remodelling by targeting multiple pathogenic cell populations. Future studies should determine 

whether this anti-proliferative activity is due to direct GRK5 inhibition in fibroblasts or indirect 

effects mediated by paracrine cardiomyocyte signalling. 

Complementing the efficacy data, physicochemical characterisation using cLogP and LipE 

calculations, based on computational estimates, highlighted the importance of balanced 

lipophilicity for translating biochemical potency into cellular activity. For instance, compound 

4a, with favourable lipophilicity, exhibited strong cellular efficacy, whereas compounds 3 and 

5b, despite potent in vitro GRK5 inhibition, were less active in cells, likely due to high cLogP. 
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These findings underscore the need to optimise both biochemical potency and drug-like 

properties, as intracellular target engagement is influenced by multiple factors, including 

membrane permeability, intracellular availability, off-target interactions and nonspecific 

binding. 

Overall, this study advances the understanding of GRK5 as a therapeutic target in cardiac 

hypertrophy by providing robust genetic and pharmacological validation. It establishes a 

physiologically relevant assay that captures both therapeutic and adverse effects in a complex 

cellular context. The identification of potent, selective GRK5 inhibitors with favourable profiles, 

discovery of anti-proliferative effects on non-cardiomyocytes and incorporation of 

physicochemical analysis represents key contributions. Together, these findings lay a strong 

foundation for preclinical development and highlight the value of a multifaceted, validated 

screening approach in early drug discovery. 

As a next step, in vivo validation of the most promising candidate, compound 4a, would be 

highly desirable. Its potent anti-hypertrophic and anti-proliferative effects in the rodent-derived 

cell model, together with favourable physicochemical properties and a lack of cardiotoxicity, 

indicate a high probability of translational success in rodent models. The use of NRCMs further 

strengthens this likelihood, as species-specific differences are minimised. Moreover, selective 

in vivo characterisation of GRK5 is feasible based on these findings: 4a’s biochemical potency 

for GRK2 is too low to contribute to its cellular potency and 4b, despite high GRK6 activity 

in vitro, was inactive in the cellular assay, effectively devalidating GRK2 and GRK6 as relevant 

off-targets. A suitable model for in vivo testing is the TAC mouse, with mechanical hypertrophy 

induction. Demonstrating efficacy of 4a in this model would confirm its robustness against both 

neurohumoral (cellular assay) and mechanical (TAC model) hypertrophic stimuli. The inclusion 

of 4b as a control would further support the on-target mechanism of GRK5 inhibition. 

Despite extensive research, no GRK5 inhibitor has yet reached market approval. This work 

introduces valuable new candidates and mechanistic insights to an underexplored therapeutic 

area. Given GRK5’s key role in adrenergic signalling, maladaptive hypertrophy and fibrotic 

remodelling, its selective inhibition holds promise as a novel disease-modifying approach for 

heart failure, a condition still marked by high morbidity and mortality despite current 

therapies [2]. 

Furthermore, the broader biological role of GRK5, including nuclear roles in transcriptional 

regulation and epigenetic remodelling, suggests that inhibitors may affect additional disease-

relevant pathways beyond cardiomyocyte hypertrophy. Further investigation into fibrotic, 

inflammatory and metabolic processes could expand the therapeutic potential of GRK5 

targeting. In summary, this chapter provides a solid foundation for advancing GRK5 inhibitors 

and opens exciting new avenues for treating cardiac hypertrophy and heart failure.  
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5.3 L-2HG as a Hypertrophy Driver and Potential Therapeutic Target 

5.3.1 Interplay of L-2HG and Glutamine 

Cardiac hypertrophy is a complex adaptive response to increased workload, initially serving 

as a compensatory mechanism, but without relief of heightened demand progresses to heart 

failure [7, 8, 9]. Alongside structural and functional remodelling, metabolic alterations occur, 

reflecting the heart’s need to adapt its energy production to increased demands. A well-

documented change is the reactivation of the fetal gene program, which shifts metabolism from 

fatty acid oxidation to glucose utilisation [20]. In cardiac hypertrophy, oxygen supply often 

becomes insufficient due to inadequate vascularisation, resulting in local hypoxia. In this 

context, the preferential use of glucose is advantageous, as it generates ATP with lower 

oxygen requirements than fatty acid oxidation [21]. However, this is only one aspect of the 

metabolic remodelling that occurs in cardiac mitochondria. Studies have shown that 

mitochondrial dysfunction is a key hallmark of heart failure, characterised by increased reactive 

oxygen species (ROS) production, reduced adenosine triphosphate synthesis and disrupted 

mitochondrial fusion-fission dynamics [155, 156, 157]. Notably, these energetic changes also drive 

structural remodelling by activating pro-hypertrophic signalling pathways [86, 156, 157]. As a result, 

mitochondrial dysfunction represents a promising therapeutic target for both cardiac 

hypertrophy and heart failure. 

To identify key metabolic pathways altered in cardiac hypertrophy and heart failure, the 

group of Oliver Müller conducted extensive transcriptomic and metabolomic analyses on tissue 

samples from mice subjected to transverse aortic constriction (TAC). By sampling at different 

time points after the induction of pressure overload, they tracked progressive metabolic and 

gene expression changes from early compensatory hypertrophy to the transition into heart 

failure and, ultimately, end-stage heart failure. Their analysis of cardiac tissues revealed that 

143 out of 439 analysed metabolites were dysregulated as early as two weeks after TAC, 

coinciding with the onset of hypertrophy. Among the upregulated metabolites was L-2-

hydroxyglutarate (L-2HG), along with a decrease in its corresponding enzyme, L-2-

hydroxyglutarate dehydrogenase (L-2HGDH) [86]. 

2HG is a chiral metabolite produced in small quantities from α-ketoglutarate (α-KG) through 

poorly understood metabolic pathways [158, 159]. Within mitochondria, L-2HGDH catalyses its 

conversion back to α-KG. This key tricarboxylic acid (TCA) cycle intermediate can originate 

from glutamine via glutaminase-mediated deamidation to glutamate and subsequent 

deamination by glutamate dehydrogenase or through glucose-derived carbon entering the 

TCA cycle (see Figure 23) [87, 160, 161]. 2HGDH acts thereby as a metabolic damage-control 

mechanism, maintaining balanced 2HG levels [160, 162]. This is critical, since its accumulation 

leads to 2-hydroxyglutaric aciduria, a neurometabolic disorder characterised by elevated 
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plasma levels of 2HG, neurological impairments and developmental abnormalities [160, 163]. 

Under hypoxic conditions, L-2HG production increases due to promiscuous activity of enzymes 

such as lactate dehydrogenase (LDH) and malate dehydrogenase (MDH) [158, 159, 163]. Beyond 

its accumulation, L-2HG has been shown to couple the energy metabolism of mitochondria 

and cytoplasm by cellular redox regulation [159]. In parallel, D-2HG functions as a well-

established oncometabolite, building up in several cancers driven by mutations in isocitrate 

dehydrogenase 1 (IDH1), whereas L-2HG accumulates in clear cell renal carcinoma due to 

loss-of-function mutations in L-2HGDH [163]. Both stereoisomers share the ability to inhibit ATP 

synthase, thereby suppressing mitochondrial respiration and dampening mTOR signalling in a 

manner comparable to α-KG [161, 164, 165]. 

Higher levels of L-2HG have been shown to protect against oxidative stress following 

myocardial injury in low-flow ischemia and ischemia-reperfusion models [166]. In contrast, 

cellular α-KG levels are decreased, while circulating levels and its receptor are 

increased [157, 165]. In fact, supplementation of α-KG in mice subjected to TAC and Ang. II-

induced cardiomyocytes exerted an anti-hypertrophic and protective effect, improving 

mitophagy and reducing intracellular ROS levels [165]. Also, glutamate dehydrogenase was 

significantly upregulated in isoprenaline-induced neonatal rat cardiomyocytes and its 

overexpression was sufficient to induce hypertrophy [167]. 

These reports suggest an involvement of all three metabolites in cardiac hypertrophy, 

making the altered levels of L-2HG and L-2HGDH in the metabolomic analysis particularly 

interesting. In support of this hypothesis, the group of Oliver Müller showed that circulating 

L-2HG levels progressively increased with advancing heart failure in human patients, while 

L-2HGDH mRNA expression was significantly reduced in cardiac tissue from individuals with 

dilated cardiomyopathy (Ding et al., manuscript in preparation [168]). These clinical observations 

strengthen the relevance of L-2HG dysregulation in human cardiac disease and support its 

further investigation as a contributing factor in hypertrophic remodelling. Additionally, in an 

AAV-mediated overexpression study of L-2HGDH in neonatal rat cardiomyocytes, L-2HG 

levels were decreased as expected, since L-2HGDH is responsible for L-2HG clearance. 

L-2HGDH overexpression protected cardiomyocytes from L-2HG-induced hypertrophy, as 

shown by normalised fetal gene expression and cell area measurements. Additionally, L-2HG 

stimulation led to a time-dependent decrease in mitochondrial membrane potential, while AAV-

mediated overexpression of L-2HGDH improved mitochondrial function. These in vitro findings 

were also validated in the in vivo model of mice subjected to TAC, showing improvements in 

systolic function, left ventricular mass, heart weight-to-tibia length ratio, fibrosis and 

normalisation of the fetal gene program upon AAV-mediated overexpression of L-2HGDH. 

In summary, these results suggest that upregulation of L-2HGDH has a protective effect in 

cardiac hypertrophy and heart failure, presenting a novel therapeutic target. Either inhibiting 
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the pro-hypertrophic effects of L-2HG or upregulating L-2HGDH could represent a promising 

new strategy for cardiac hypertrophy management. 

 

 
Figure 23: Illustration of the metabolic interplay between α-KG, 2HG and glutamine. In cardiac hypertrophy, 

energy metabolism shifts towards glycolysis. Glucose degradation products enter the tricarboxylic acid (TCA) cycle, 

with α-ketoglutarate (α-KG) as a key metabolic intermediate. Promiscuous activity of malate dehydrogenase (MDH) 

and lactate dehydrogenase (LDH) leads to the conversion of α-KG to L-2-hydroxyglutarate (L-2HG), while L-2-

hydroxyglutarate dehydrogenase (L-2HGDH) converts it back to α-KG to maintain balanced L-2HG levels. The main 

carbon source of L-2HG was found to be glutamine, linking the three metabolites. After the intake of glutamine over 

the solute carrier family 1 neural amino acid transporter member 5 (SLC1A5), glutamine is first converted to 

glutamate through glutaminase (GLS) 1 or 2 and subsequently to α-KG by glutamate dehydrogenase (GDH). 

 

Here, the hypertrophic effect of L-2HG was confirmed by establishing its phenotypic profile 

within the assay platform developed in this thesis. Given that glutamine serves as the major 

carbon source for both α-KG and 2HG [169], its potential role in cardiac hypertrophy was also 

investigated to determine whether the pro-hypertrophic effects of 2HG are metabolite-specific 
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or part of a broader metabolic reprogramming. Notably, glutamine had not been included as a 

culture medium supplement in any of the previous experiments. Since α-KG is known to 

regulate mitochondrial function and energy metabolism, these findings could suggest that the 

balance between α-KG and L-2HG may contribute to mitochondrial dysfunction in cardiac 

hypertrophy. The observed effects could further support the notion that targeting metabolic 

dysregulation, either by modulating L-2HG levels, enhancing L-2HGDH activity or influencing 

glutamine metabolism, could represent a promising therapeutic strategy for preventing 

mitochondrial dysfunction and its downstream consequences in heart failure. 

5.3.2 Phenotypic Profiling of L-2HG and Glutamine 

L-2HG has recently emerged as a metabolite of interest in the cardiac hypertrophy 

pathophysiology. While its accumulation has been implicated in mitochondrial dysfunction and 

altered redox balance, its role as a therapeutic target in cardiac hypertrophy remains 

insufficiently characterised. In a previous study by our group, it was demonstrated that L-2HG 

induces cardiac hypertrophy in purified neonatal rat cardiomyocytes and mice subjected to 

TAC (Ding et al., manuscript in preparation [168]). This finding raised further questions about 

how the phenotypic fingerprint of L-2HG compares within the newly developed assay platform 

to the established positive control combination of PE and LIF. The assay’s ability to capture 

effects on cardiomyocytes in the presence of non-cardiomyocytes, or even direct effects on 

non-cardiomyocytes, offers additional insights into L-2HG’s role. Moreover, its capability to 

model L-2HG-induced hypertrophy provides a robust foundation for systematic analysis of 

pharmacological interventions targeting this metabolism-driven disease model. 

To address these questions, mixed cardiac cells were stimulated 24 h after seeding and 

incubated for an additional 96 h prior to fixation and phenotypic analysis. L-2HG was tested at 

three concentrations (1, 2 and 3 mM), selected based on reports of intracellular L-2HG levels 

reaching the low millimolar range under pathological conditions [159, 163]. In parallel, glutamine, 

commonly used as a cell culture supplement, was tested at the same concentrations to 

determine whether the hypertrophic effect observed for L-2HG is specific or potentially shared 

with upstream metabolic precursors. Notably, glutamine was absent from the culture media 

during the assay to minimise any hypertrophic effects arising from nutrient supplementation. 

Figure 24 presents the comparative analysis of L-2HG and glutamine in relation to the 

established hypertrophic stimulus, PE-LIF. As previously demonstrated (Chapter 5.1.2), the 

combination of phenylephrine and LIF induced a broad hypertrophic response across 

cardiomyocyte-specific parameters, including increased cell area, intensity and a decreased 

texture. L-2HG similarly elicited a robust hypertrophic phenotype, prominently affecting the 

same morphological features of cardiomyocytes. In addition, L-2HG influenced nuclear 

parameters: while the number of cardiomyocyte nuclei was only slightly elevated (113%), a 
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notable increase was observed in non-cardiomyocyte nuclear count (124%), resulting in a total 

nuclear count of 119% compared to DMSO control. 

In contrast, despite its structural similarity to L-2HG, glutamine did not replicate the 

hypertrophic profile. Only moderate increases in cell area and intensity were observed and 

cardiomyocyte texture remained unchanged. However, glutamine induced a strong 

proliferative effect in non-cardiomyocytes, with their nuclear count increasing to 561%, 

compared to a modest rise in cardiomyocyte nuclei (107%). Interestingly, the nuclear area 

showed similar trends: reduced in cardiomyocytes (89%) and slightly increased in non-

cardiomyocytes (104%). 

 

 
Figure 24: Phenotypic fingerprint of L-2HG and Glutamine. Mixed neonatal rat cardiac cells were stimulated 

24 h after seeding with either L-2HG or glutamine. DMSO and the combination of PE-LIF served as negative and 

positive controls, respectively. Cells were fixed and stained for image analysis 96 h post-stimulation. (A)  Radar 

plots illustrate the phenotypic profiles of each stimulation. L-2HG induced a hypertrophic phenotype comparable to 

PE-LIF, with pronounced effects on cardiomyocyte area, intensity and texture. In contrast, glutamine triggered a 

distinct response characterised by strong proliferation in non-cardiomyocytes and only moderate hypertrophic 

changes in cardiomyocytes. (B) Hypertrophy Scores calculated for both metabolites confirmed the superior 

hypertrophic effect of L-2HG compared to glutamine. (n = 3, normalised to DMSO, axis of radar plots ranges from 

60-600%, mean ± SEM) 

 

Comparison of the Hypertrophy Scores revealed that L-2HG induced a disease-like 

phenotype nearly as strongly as PE-LIF, while glutamine only caused moderate changes. A 

notable difference in the dynamic range of the PE-LIF response was also apparent between 

experiments. This variability can be attributed to seasonal fluctuations in primary cell cultures 
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and biological variability of the donor animals. Specifically, glutamine was tested in 

experiments conducted later than those for L-2HG, during a period when also the well-

established PE-LIF-induced Hypertrophy Score had dropped from 656% to 296%. These 

observations underline the importance of including positive controls in every experiment to 

account for shifts in cell responsiveness. It was also noted that primary cultures exhibited 

seasonal variation, with more moderate hypertrophic responses and smaller litter sizes 

commonly observed during winter and spring. 

In summary, these findings highlight distinct roles for L-2HG and glutamine in modulating 

cellular responses within mixed primary cardiac cultures. L-2HG acts as a potent inducer of 

cardiomyocyte hypertrophy, potentially through mechanisms that promote growth and 

biosynthetic activity. Glutamine, in contrast, exerts a dual effect: mildly enhancing 

cardiomyocyte hypertrophy while strongly stimulating proliferation in non-cardiomyocytes, 

likely through its central role in metabolic pathways supporting cell growth and extracellular 

matrix production. This differential behaviour underscores the complexity of intercellular 

signalling within the cardiac system and the importance of considering both hypertrophic and 

proliferative effects when evaluating treatment responses. Notably, the proliferative response 

to glutamine could only be seen in the co-culture of cardiomyocytes with non-cardiomyocytes, 

underlining the importance of using co-culture models to preserve the physiological relevance 

of in vitro studies. 

5.3.3 Targeting the Glutamine Metabolism 

Having established the hypertrophic and proliferative effects of L-2HG and glutamine in 

mixed cardiac cultures, attention was next directed toward the glutamine metabolic pathway 

as a potential therapeutic target. Glutamine serves as a central carbon source for the 

generation of both α-ketoglutarate and L-2HG [169], metabolites that have been implicated in 

hypertrophic signalling. Given the pathway’s metabolic relevance and its pharmacological 

tractability, a set of small-molecule inhibitors originally developed for oncological diseases was 

selected for repurposing in this context. These compounds target key enzymes involved in 

glutamine uptake and metabolism. The primary objective was to determine whether inhibition 

of glutamine metabolism could mitigate L-2HG-induced hypertrophy and whether these 

inhibitors would also be effective in the hypertrophic setting induced by PE-LIF stimulation. 

The following experiments explore the potential of these glutamine-targeting compounds to 

attenuate pathological cardiomyocyte remodelling. 

Glutamine has emerged as a central focus in oncological research due to its critical role in 

supporting the elevated bioenergetic and biosynthetic demands of rapidly proliferating tumour 

cells. As the most abundant amino acid in mammalian cells, glutamine serves as a versatile 

substrate, providing carbon and nitrogen for the synthesis of amino acids, lipids and 
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nucleotides. Additionally, it plays a key role in maintaining redox homeostasis. Cancer cells, in 

particular, exhibit an increased reliance on glutamine to fuel anabolic processes and sustain 

proliferation, a phenomenon often referred to as "glutamine addiction". This heightened 

consumption is frequently accompanied by upregulation of enzymes involved in glutaminolysis, 

especially glutaminase (GLS), which catalyses the conversion of glutamine to 

glutamate [170, 171]. 

Glutamine is processed by two isoforms of glutaminase: kidney-type glutaminase (GLS1) 

and liver-type glutaminase (GLS2). GLS1 itself includes two splice variants, kidney isoform of 

glutaminase (KGA) and glutaminase C (GAC), with distinct regulatory and functional 

properties [170]. The uptake of glutamine into the cell is primarily mediated by the solute carrier 

family 1 neutral amino transporter (SLC1A5) [170]. 

Several pharmacological inhibitors have been developed to target glutamine metabolism in 

cancer [172]. CB-839 (telaglenastat) is a first-in-class, reversible, allosteric inhibitor of GLS1 

that binds between homodimers of the enzyme, promoting the formation of an inactive 

tetrameric complex [169]. CB-839 is an optimised analogue of bis-2-(5-phenylacetamido-1,3,4-

thiadiazol-2-yl)ethyl sulfide (BPTES), a GLS1 inhibitor with poor potency [173] and poor 

solubility [170]. It exhibits high selectivity for GLS1, with a biochemical IC50 of 15 nM, though its 

solubility is limited to 0.4 µM [169, 174]. Despite this, CB-839 demonstrated efficacy in both in vitro 

and in vivo tumour models [169] and is currently undergoing clinical evaluation in phase 2 

trials [175]. 

Building on CB-839, IPN60090 was developed through structure-based optimisation, 

heralding the next-generation of GLS1 inhibitors with improved metabolic stability and solubility 

(40 µM) while maintaining potency (IC50 31 nM) [174]. Like its predecessor, it is also being tested 

in clinical trials, both as monotherapy and in combination regimens [174]. 

Compound 968 represents an alternative approach, acting as a reversible allosteric 

inhibitor that selectively targets the GAC splice variant of GLS1. It demonstrates moderate 

potency with a biochemical IC50 of 2.5 µM [176, 177, 178]. 

In addition to enzyme inhibition, targeting glutamine uptake itself has also gained interest. 

V-9302 is the first small-molecule antagonist of the glutamine transporter SLC1A5, with an IC50 

of 9.6 µM in human cells [170]. However, its specificity has been questioned, as it was also found 

to inhibit the uptake of isoleucine, suggesting potential off-target effects [179]. 

Together, these inhibitors provide a pharmacological toolbox for dissecting the role of 

glutamine metabolism in disease and offer promising candidates for therapeutic repurposing 

beyond oncology, including in cardiac pathologies such as hypertrophy. Importantly, this 

collection of compounds spans a range of selectivities for different glutaminase isoforms and 

splice variants, offering a valuable toolset to illuminate the specific contributions of individual 

GLS1 forms, such as KGA and GAC, to pathological processes. This distinction could prove 
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particularly informative in elucidating the precise role of specific glutaminase isoform activity in 

the development and progression of cardiac hypertrophy. 

 
Table 16: Glutamine metabolism-targeting inhibitors. 

 Structure Target IC50[µM] 

CB-839 
NO

NH
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O

O

FF
F

 

GLS1 

(both splice 

variants)  

0.015 

IPN60090 
O
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H

N N
F

N
N N HN

ON

O

F
F

 

GLS1 

(both splice 

variants) 

0.031 

Compound 
968 

O N

Br
NH

 

GLS1 

(GAC specific) 
2.5 

V-9302 
O

OH
NH2

N

O

O

 

SLC1A5 9.6 

 

To explore this therapeutic potential, the selected glutaminase and glutamine uptake 

inhibitors were evaluated in the established mixed cardiac cell model. Their effects on 

cardiomyocyte viability and hypertrophic growth were assessed following stimulation with 

either PE-LIF or L-2HG, representing two distinct hypertrophic stimuli. While L-2HG primarily 

drives hypertrophy through metabolic remodelling and glutamine pathway alterations, PE-LIF 

triggers hypertrophy via classical neurohumoral signalling pathways. Thus, it was of particular 

interest to investigate whether glutamine metabolism-targeting inhibitors could also modulate 

hypertrophic responses induced by PE-LIF, suggesting broader applicability beyond L-2HG-

driven models. Additionally, cardiotoxic effects were carefully monitored to ensure that 

reductions in hypertrophy were not secondary to impaired cell viability. 

Mixed cardiac cells were therefore stimulated (PE-LIF with 20 µM / 50 ng/ml or L-2HG with 

3 mM) and treated with respective inhibitors for 96 h. DAPI and α-actinin stained cells were 

analysed with the established CellProfiler pipeline, with the results for PE-LIF stimulation 

shown in Figure 25 and for L-2HG in Figure 26. 
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Figure 25: Phenotypic characterisation of glutamine metabolism-targeting inhibitors against PE-LIF. Mixed 

cardiac cells were stimulated with PE-LIF (20 µM / 50 ng/ml) and treated with inhibitors for 96 h. Hypertrophic 

features and nuclear counts of DAPI and α-actinin stained cardiac cells were quantified using the established 

CellProfiler pipeline. Image analysis results were normalised to DMSO control (= 100%). (n = 3, mean ± SEM) 
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Figure 26: Phenotypic characterisation of glutamine metabolism-targeting inhibitors against L-2HG. Mixed 

cardiac cells were stimulated with L-2HG (3 mM) and treated with inhibitors for 96 h. Hypertrophic features and 

nuclear counts of DAPI and α-actinin stained cardiac cells were quantified using the established CellProfiler pipeline. 

Image analysis results were normalised to DMSO control (= 100%). (n = 3, mean ± SEM) 
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In the phenotypic high-content assay, similar anti-proliferative effects to those observed in 

the GRK5 inhibitor experiments (Chapter 5.2.3) were seen with several glutaminase inhibitors. 

Specifically, CB-839, IPN60090 and Compound 968 all reduced non-cardiomyocyte 

proliferation under PE-LIF stimulation to DMSO control level, whereas V-9302 was poorly 

tolerated and exhibited toxicity in higher concentrations towards both cardiomyocytes and non-

cardiomyocytes, reducing counts below DMSO control level. Interestingly, these anti-

proliferative effects were less pronounced when the inhibitors were tested against L-2HG-

induced hypertrophy. Here, CB-839 and IPN60090 showed no anti-proliferative effect on non-

cardiomyocytes. IPN60090 even induced a slight increase in non-cardiomyocyte proliferation. 

Surprisingly, Compound 968 caused toxicity only against L-2HG in both cell populations, 

although not to the same extent as V-9302. 

Turning to the anti-hypertrophic efficacy of the inhibitors, CB-839 and IPN60090 would be 

expected to perform similarly, considering that IPN60090 was developed based on CB-839 
and both target the same isoform of glutaminase. However, under PE-LIF stimulation, only 

CB-839 exhibited a clear dose-dependent inhibition of hypertrophic growth, even reducing the 

Hypertrophy Score down to DMSO control levels at higher concentrations. In contrast, 

IPN60090 did not significantly prevent hypertrophy, with scores remaining similar to PE-LIF 

stimulated controls across all tested concentrations. Compound 968 demonstrated a robust, 

dose-dependent inhibition of hypertrophic development, combining both anti-proliferative and 

anti-hypertrophic effects. V-9302, while capable of reducing the Hypertrophy Score below 

DMSO control levels, did so at concentrations that were already toxic to the cells. At non-toxic 

concentrations, V-9302 only partially reduced hypertrophy, achieving scores between those of 

PE-LIF and DMSO controls. 

When comparing the results between PE-LIF and L-2HG stimulation, some unexpected 

differences became apparent. In the L-2HG model, IPN60090, despite its lack of efficacy 

against PE-LIF-induced hypertrophy, was able to prevent hypertrophy in a clear, dose-

dependent manner. CB-839 maintained the phenotype at DMSO control levels across all 

tested concentrations, displaying consistent activity independent of the stimulus. V-9302 

exhibited the same pattern as observed with PE-LIF: strong reduction of Hypertrophy Scores 

at toxic concentrations and only partial efficacy at non-toxic doses. Compound 968, although 

inducing cardiotoxicity at higher concentrations, was still able to significantly reduce the 

Hypertrophy Score below DMSO control levels, while lower, non-toxic concentrations 

normalised the Hypertrophy Scores to DMSO levels. 

Taken together, the screening of glutaminase and glutamine uptake inhibitors revealed 

distinct profiles with varying degrees of anti-proliferative, cardiotoxic and anti-hypertrophic 

effects. While some compounds, such as CB-839 and Compound 968, effectively reduced 

hypertrophic growth and non-cardiomyocyte proliferation, others showed limited efficacy or 
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induced cytotoxicity, particularly at higher concentrations. Notably, CB-839 and 

Compound 968 attenuated hypertrophic responses also when cells were stimulated with 

PE-LIF, a physiological inducer acting primarily through adrenergic pathways and thus 

independent of glutamine metabolism. This observation suggests a broader metabolic 

dependency in hypertrophic signalling, in which glutamine availability may serve as a general 

permissive factor for pathological remodelling. 

The anti-hypertrophic effects of the glutamine metabolism inhibitors observed in the 

phenotypic assay were further validated by qPCR analysis of hypertrophic gene expression 

(see Figure 27). To avoid signal interference from non-cardiomyocytes, purified 

cardiomyocytes were cultured and stimulated with 3 mM L-2HG. L-2HG stimulation 

significantly increased the expression levels of the hypertrophic markers Nppa and Nppb, both 

encoding for the cardioprotective natriuretic peptides ANP and BNP, respectively. Treatment 

with CB-839 (75 nM), IPN60090 (1 µM), Compound 968 (10 µM) and V-9302 (10 µM) 

effectively prevented the upregulation of these genes, further confirming the anti-hypertrophic 

potential of targeting glutamine metabolism. 

 

 
Figure 27: Confirmation of anti-hypertrophic effects of glutamine metabolism-targeting inhibitors via qPCR 
analysis. Purified cardiomyocytes were cultured in 6-well plates for three days prior to stimulation with 3 mM L-2HG 

(grey) or DMSO (white) and simultaneous treatment with selected inhibitors for 24 h. Tested concentrations were: 

CB-839 (75 nM), IPN60090 (1 µM), Compound 968 (10 µM) and V-9302 (10 µM). Gene expression levels were 

normalised to DMSO control and Rpl32 as housekeeping gene. (n = 3, mean ± SEM, one-way ANOVA: * p ≤ 0.05, 

** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001) 

 

In summary, these results suggest that selectively targeting the GAC splice variant of GLS1 

with Compound 968, showing toxic effects at higher concentrations against L-2HG 

stimulation, exerts different effects compared to broader inhibition of GLS1 splice variants by 

CB-839 and IPN60090. Given that the GAC isoform has been reported to exhibit the highest 
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enzymatic activity among GLS1 variants [180], targeting glutamine metabolism through GAC 

likely results in a more pronounced effect. 

Moreover, the divergence in inhibitor efficacy between PE-LIF and L-2HG stimulation 

highlights the complexity of hypertrophic signalling pathways and indicates that glutaminase 

dependency may vary depending on the upstream hypertrophic stimulus. Notably, inhibition of 

glutamine uptake at the transporter level with V-9302 resulted in generally stronger effects 

compared to direct glutaminase inhibition. However, these effects were accompanied by 

substantial toxicity towards both cardiomyocytes and non-cardiomyocytes. This observation 

suggests that the more broadly and upstream glutamine metabolism is disrupted, the stronger 

and potentially more destructive the cellular responses become. As a conditionally essential 

nutrient, glutamine plays a central role in cellular energy production, redox balance and 

biosynthesis. Thus, blocking its uptake represents a drastic intervention that can compromise 

fundamental metabolic processes. These findings underscore that both the degree and the 

point of interference within the glutamine metabolic pathway critically influence not only 

therapeutic efficacy but also the risk of cellular toxicity. A more targeted, downstream 

intervention may offer a more favourable approach to therapeutically modulate L-2HG 

regulation. The additional confirmation of anti-hypertrophic effects via qPCR strengthens the 

robustness of these findings and underscores the promise of glutamine metabolism as a 

therapeutic target for cardiac hypertrophy. 

5.3.4 Summary 

In this chapter, the role of L-2HG in cardiac hypertrophy was investigated in detail. With the 

known shift towards increased glucose consumption and mitochondrial dysfunction as key 

hallmarks of hypertrophic cardiomyocytes, targeting cardiac metabolism has emerged as a 

promising therapeutic strategy [20]. Building on previous findings that identified elevated levels 

of L-2HG as a characteristic metabolic alteration in cardiac hypertrophy [168], this study aimed 

to clarify the functional contribution of L-2HG to disease progression. Recognising the close 

metabolic relationship between L-2HG and glutamine, the primary carbon donor for 2HG 

biosynthesis [169], the investigation was extended to also examine glutamine metabolism as a 

therapeutic avenue. 

Initial experiments confirmed that both L-2HG and glutamine can independently promote 

hypertrophic changes in mixed cardiac cell cultures. Notably, L-2HG proved to be a particularly 

strong hypertrophic stimulus, reaching an effect size comparable to that of PE-LIF, which was 

selected as the physiological positive control for this assay. Since PE triggers adrenergic 

overstimulation, a highly relevant mechanism in human cardiac hypertrophy, this finding 

underscores the pathophysiological importance of L-2HG and highlights it as a promising 

target for therapeutic intervention. Interestingly, while L-2HG predominantly triggered direct 
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hypertrophic growth in cardiomyocytes, glutamine mainly stimulated the proliferation of non-

cardiomyocytes, suggesting that both metabolites may contribute to cardiac remodelling 

through distinct yet complementary mechanisms. 

Building on these findings, a selection of small-molecule inhibitors was assembled for 

targeting this metabolic dysfunction. As no drug candidates currently exist that directly target 

L-2HG or its metabolising enzyme L-2HGDH, this study turned to glutamine metabolism as an 

alternative therapeutic entry point. The chosen compounds, including GLS1 inhibitors CB-839, 

IPN60090, Compound 968 and the glutamine uptake inhibitor V-9302, represent a diverse set 

of pharmacological tools. They have already advanced into preclinical or early clinical testing 

for oncological indications, where glutamine metabolism plays a similarly crucial role. This 

repurposing approach aimed to evaluate whether modulation of glutamine pathways could also 

impact pathological cardiac remodelling. Importantly, the selected inhibitors covered a range 

of specificities for glutaminase isoforms (CB-839 and IPN60090 targeting GLS1) and splice 

variants (Compound 968 targeting the GAC splice variant of GLS1), offering the possibility to 

dissect the contributions of different branches of glutamine metabolism to hypertrophy and 

proliferation [172]. 

When tested in mixed cardiac cell culture, these compounds revealed distinct profiles: 

CB-839 and Compound 968 demonstrated both anti-proliferative effects on non-

cardiomyocytes and inhibition of hypertrophic growth. In contrast, IPN60090, though based on 

the same scaffold and also inhibiting GLS1 like CB-839, showed only moderate anti-

proliferative effects and failed to prevent hypertrophic development after PE-LIF stimulation. 

These differences in cellular efficacy may be attributed to variations in physicochemical 

properties between the compounds. V-9302, a glutamine uptake inhibitor targeting a step even 

further upstream, induced pronounced toxicity across both cardiomyocyte and non-

cardiomyocyte populations, highlighting the central role of glutamine metabolism for cellular 

viability. Interestingly, the inhibitory effects were not uniform across different hypertrophic 

stimuli: when hypertrophy was induced by L-2HG instead of PE-LIF, some compounds 

displayed altered efficacy, suggesting stimulus-specific differences in metabolic vulnerability. 

IPN60090 showed dose-dependent efficacy in preventing L-2HG-induced hypertrophy, while 

Compound 968 exhibited toxicity at higher concentrations, possibly due to higher enzymatic 

activity of targeted GAC-splice isoform. 

At the molecular level, qPCR analysis confirmed that all selected inhibitors successfully 

prevented the L-2HG-induced upregulation of the hypertrophic marker genes Nppa and Nppb 

in purified cardiomyocytes, providing robust evidence that pharmacological targeting of 

glutamine metabolism can counteract hypertrophic signalling pathways. 

Together, these results underscore that while targeting glutamine metabolism offers a 

promising strategy to counteract pathological cardiac remodelling, the essential role of 
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glutamine in fundamental cellular processes imposes a narrow therapeutic window where 

efficacy and toxicity must be carefully balanced. Notably, Yoshikawa et al. reported in 2022 

that glutamine metabolism is altered in Angiotensin II-infused mice and demonstrated that 

pharmacological inhibition of GLS1 with BPTES could attenuate hypertrophic development 

both in vivo and in vitro [77]. However, BPTES possesses relatively low potency and poor 

solubility compared to more advanced glutaminase inhibitors such as CB-839, making it less 

suitable for clinical translation and limiting its utility for characterising GLS1 inhibition as a 

therapeutic strategy for cardiac hypertrophy [169, 181]. Furthermore, Yoshikawa et al. relied on 

manual quantification of cardiomyocyte size, a method that is less precise and reproducible 

than the automated image-based phenotypic screening approaches employed in this study. 

Thus, while their findings further support the concept of targeting glutamine metabolism in 

cardiac hypertrophy, the present work provides a more detailed and translationally relevant 

analysis of this therapeutic avenue. Importantly, their successful demonstration of efficacy in 

an in vivo animal model highlights the translational potential of glutamine-targeted therapies 

and reinforces the relevance of the in vitro findings presented in this study. 

Overall, this work illustrates both the promise and the complexity of repurposing glutamine 

metabolism inhibitors for the treatment of cardiac hypertrophy. Targeting glutaminase activity 

or glutamine uptake introduces a novel class of potential therapeutic agents distinct from 

current standard treatments. However, significant challenges remain, as the essential function 

of glutamine in cellular energy production and redox balance across many tissues presents a 

major barrier to systemic application. This likely explains why, despite encouraging preclinical 

data, no glutamine metabolism-targeting drug has yet achieved full market approval. 

Nonetheless, clinical interest remains high, as highlighted by the FDA Fast Track designation 

granted to CB-839 (telaglenastat) in 2023 for the treatment of metastatic renal cell carcinoma 

in combination with cabozantinib [182]. 

Future research will need to prioritise the validation of these findings in in vivo models of 

cardiac hypertrophy, both to confirm therapeutic efficacy and to better characterise potential 

systemic toxicities. Moreover, combination therapies, such as the simultaneous targeting of 

glutamine metabolism and adrenergic overstimulation pathways, may offer synergistic 

benefits, enhancing therapeutic outcomes while mitigating adverse effects. By refining 

targeting strategies and optimising therapeutic regimens, the glutamine metabolism axis could 

become an important new frontier in the fight against cardiac hypertrophy. 
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5.4 Cardiodepressive Effects of Colon Cancer Patients’ Blood Serum 

5.4.1 Translational Research: The Tumour-Heart Axis 

Translational research bridges the gap between basic scientific discoveries and their clinical 

applications, ensuring that findings from laboratory studies lead to substantial improvements 

in patient care. It plays a crucial role in refining diagnostic and therapeutic strategies while 

considering the cost-effectiveness and accessibility. The phrase "bench to bedside" is often 

used in this context, highlighting the process of applying experimental findings to clinical 

practice. Although definitions of translational research vary, its core objective remains the 

enhancement and acceleration of public health and addressing unmet clinical needs [88, 183]. 

Unlike basic research, which primarily seeks to expand fundamental knowledge without an 

immediate clinical application, translational research is problem-driven. It focuses on 

developing new diagnostic tools, treatment strategies and preventive measures [88]. This 

approach is particularly relevant for complex, multifactorial diseases such as CVDs, where 

early detection and intervention can significantly alter disease progression and improve patient 

outcomes. 

CVDs remain the leading cause of morbidity and mortality worldwide [2]. Despite advances 

in therapeutic strategies, many patients are diagnosed at late stages when irreversible cardiac 

damage has already occurred. Moreover, reversing pathological cardiac remodelling, 

particularly hypertrophy, remains challenging with current therapeutic options [32]. This 

highlights the urgent need to identify novel risk factors and early biomarkers that facilitate 

timely diagnosis and disease prevention, ideally before irreversible structural changes develop. 

While well-established causes, such as conditions that impose volume or pressure overload 

on the heart, are known to induce mechanically driven cardiac hypertrophy, other pathological 

conditions and comorbidities also contribute to disease development. 

One emerging area of interest is the connection between malignancies and cardiac 

dysfunction. While the cardiotoxic effects of oncological treatments, such as chemotherapy, 

are well documented [184], an increasing number of studies suggest that tumours themselves 

may exert direct cardiodepressive effects. Both cancer and CVDs share common risk factors, 

including unhealthy lifestyle habits such as smoking, excessive alcohol consumption, obesity 

and physical inactivity [185, 186]. Additionally, genetics, ethnicity, age and family history are 

significant contributors to the development of both diseases [187]. Beyond these shared risk 

factors, several overlapping pathological mechanisms have been identified, including chronic 

inflammation, dysregulated metabolism and hyperactivation of neurohumoral regulatory 

systems, like the sympathetic nervous system and RAAS [186, 188]. Furthermore, cancer 

cachexia, a severe syndrome of loss of weight and muscle mass associated with 

malignancies [189], has been linked to cardiac dysfunction and heart failure. Interestingly, this 
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effect appears to be bidirectional, as heart failure itself has been shown to induce 

cachexia [186, 189, 190]. 

Although shared risk factors and common pathological mechanisms may explain part of the 

correlation between cancer and CVDs, it is also possible that currently unidentified circulating 

tumour-derived factors play a key role in linking both diseases. Several proteins known to be 

elevated in heart failure have been shown to promote proliferation in colon cancer cells [191]. 

This concept, often referred to as the “tumour-heart axis”, describes the potential interplay 

between tumour-derived factors and cardiac function. In particular, colorectal carcinoma has 

been implicated in promoting cardiodepressive effects through mechanisms that remain largely 

unexplored. Epidemiological studies have highlighted a striking association between colorectal 

cancer and cardiovascular disease. Patients with colorectal cancer have a two- to fourfold 

increased risk of developing CVDs compared to the general population [89]. This correlation is 

particularly pronounced in older patients, where the incidence of newly developed CVDs 

reaches 57%, compared to just 22% in age-matched controls [192]. 

Investigating the tumour-heart-axis is essential for understanding the broader impact of 

malignancies on cardiovascular health and for identifying potential biomarkers or therapeutic 

targets to influence tumour-induced cardiac dysfunction. Additionally, a better understanding 

of this correlation can increase the awareness among healthcare professionals, encouraging 

a more integrated approach to patient care that bridges the fields of oncology and cardiology. 

It also supports clinical management, enhances risk stratification and can inform oncological 

treatment decisions based on the cardiovascular side effect profile of a given therapy. 

Ultimately, a deeper understanding of tumour-induced cardiac dysfunction and the 

identification of prognostic factors may contribute to reducing mortality rates associated with 

these two leading causes of death worldwide [90, 185]. 

5.4.2 Screening Results of Serum Samples 

This project aimed to explore the tumour-heart axis using the in vitro assay platform 

established in the herein presented thesis. To investigate whether tumours located in the colon 

secrete circulating factors into the bloodstream that may influence cardiac function, serum 

samples obtained from colon cancer patients were tested on both mixed cardiac cell cultures 

and purified cardiomyocytes. The objective was to assess their potential cardiodepressive 

effects and determine whether these effects correlate with patient characteristics such as age 

and sex, as well as tumour-specific factors including localisation, size and lymph node 

involvement. Identifying a direct link between colon cancer and cardiac dysfunction could pave 

the way for analysing blood samples from cancer patients for tumour-derived circulating factors 

as a diagnostic tool. Additionally, this study evaluates the sensitivity of the developed assay in 

detecting biological samples with cardiodepressive properties, further validating its potential 
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as a tool for translational research beyond hypertrophy-related outcomes. Notably, this 

application shifts the assay’s output from an increase in nuclear and cellular parameters, as 

seen in hypertrophy, to a decrease indicative of a cardiodepressive effect. This suggests that 

the assay may serve as a versatile phenotypic platform for assessing cardiomyopathy, 

irrespective of whether the outcome is hypertrophic or atrophic. 

Testing biological samples such as blood serum in cell culture experiments introduces 

unique challenges. Small molecules are typically dissolved in DMSO, a common and 

chemically-defined vehicle, where assay noise and toxicity becomes a concern only beyond 

concentrations of 0.5-1%. In contrast, biological samples exhibit inherent variability. For 

example, fetal bovine serum (FBS), a common supplement in cell culture media, contains a 

complex mixture of growth factors, proteins, vitamins and hormones. However, its composition 

varies between batches, introducing potential experimental inconsistencies [193]. In addition to 

this variability, biological samples pose a risk of contaminating the cell culture and, particularly 

in the case of patient-derived material, may carry infectious diseases. Although clinical 

evaluations are performed prior to biobank inclusion to rule out known diseases, a residual 

infection risk for researchers remains and must be considered when handling such samples. 

A crucial consideration for this assay, which was developed to detect cardiac hypertrophy, is 

that FBS has a well-documented hypertrophic effect on primary cardiomyocytes in a dose-

dependent manner. This can either amplify hypertrophic stimulants or obscure the effects of 

weaker stimulants [60]. Consequently, the use of FBS in hypertrophy assays must be carefully 

controlled. 

When testing human blood serum for its potential cardiotoxic effects, the challenge lies in 

distinguishing between general serum-induced, hypertrophic changes and patient-specific 

cardiodepressive responses. To address this, an initial experiment was conducted using both 

FBS and human blood serum from healthy donors across a wide concentration range. Serum 

from eight healthy volunteers was collected and blinded to ensure anonymity. The goal was to 

identify a concentration window where serum could be tested on primary cardiomyocytes 

without inducing pronounced baseline effects, thereby allowing the detection of patient-specific 

responses in subsequent experiments. 

The results, presented in Figure 28, show the phenotypic analysis of both mixed cardiac 

cells and purified cardiomyocytes treated with FBS or serum from healthy control donors at 

concentrations ranging from 0.1% to 20%. Serum was diluted in culture medium without the 

usual FBS supplementation and treated cells were incubated for 96 h. 

The image analysis revealed that total nuclear counts, including cardiomyocyte and non-

cardiomyocyte cells, remained unchanged at lower concentrations. At higher serum 

concentrations, nuclear counts of cardiomyocytes increased, though with high variability, while 

non-cardiomyocyte nuclear numbers slightly decreased below media control levels. 
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Additionally, cardiomyocyte nuclearity increased from 5% onwards. This suggests two possible 

explanations: either the growing cardiomyocyte area led to an inaccurate distinction between 

nuclear subpopulations, resulting in the misassignment of stromal nuclei to cardiomyocytes, or 

serum treatment selectively promoted cardiomyocyte maturation with development of 

binucleation. 

 

 
Figure 28: Dose-finding for serum sample screening. FBS and human blood serum from healthy donors were 

tested at a wide concentration range on both mixed cardiac cells and purified cardiomyocytes over four days. 

Morphological characteristics were analysed using the CellProfiler pipeline established in this study. While 

proliferative effects were observed only in cardiomyocytes, hypertrophic parameters increased in a dose-dependent 

manner. Notably, cardiomyocyte nuclear area was only increased in mixed cardiac cells, emphasising the need to 

test patient samples in both culture approaches. The concentration ranges from 0.5% to 5% (marked in green) was 

selected for subsequent patient sample screening. (n = 2-3, normalised to DMSO, mean ± SEM) 

 

A notable difference between the two culture approaches was observed in nuclear area 

measurements. While the nuclear area increased in mixed cardiac cells, no such effect was 

seen in purified cardiomyocytes. This highlights a previously observed trend (see Chapter 

5.1.2) where cardiomyocytes in co-culture responded differently to external stimulants, such 

as cytokine exposure. The crucial role of intercellular signalling in modulating cardiomyocyte 
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responses further underscores the necessity of including both culture approaches in the 

subsequent screening of patient samples. 

Of note, the analysis of the non-cardiomyocyte population in purified cardiomyocyte cultures 

is included for completeness. However, due to the Percoll gradient centrifugation yielding an 

average cardiomyocyte purity of 79%, the remaining non-cardiomyocyte fraction is relatively 

small and susceptible to variability. 

Since FBS is known to induce hypertrophy, all hypertrophic parameters, including cellular 

area, intensity and the combined Hypertrophy Score, increased as expected in a dose-

dependent manner, starting at 2%. Interestingly, human serum from healthy adult donors 

induced stronger effects than FBS, possibly due to compositional differences related to donor 

maturity, as FBS is derived from fetal calves. This may also explain the higher Hypertrophy 

Scores observed with human serum compared to the PE-LIF positive control. The complex 

and mature composition of adult human serum appears to exert a more pronounced 

phenotypic effect in both mixed cardiac cells and purified cardiomyocytes compared to the 

chemically defined PE-LIF combination. 

Overall, pronounced serum-induced effects were observed starting at 5%, while the lowest 

tested concentration (0.1%) showed no significant effects compared to the media baseline. 

Based on these findings, the concentration range for subsequent patient sample screening 

was set between 0.5% and 5% (marked green in Figure 28). Higher concentrations (above 

5%) were expected to overstimulate cells, potentially masking tumour-derived 

cardiodepressive effects. Conversely, the absence of effects at 0.1% suggests that this 

concentration was too low to cause a measurable response. The chosen range of 0.5% to 5% 

ensures that both weak hypertrophic responses at lower concentrations and more pronounced 

effects at higher concentrations are captured. A cardiodepressive effect could manifest either 

as a reduction in hypertrophic responses below media control levels or as a shift in moderate 

hypertrophy towards baseline values. 

In the next step, blood serum samples from 30 colon cancer patients were kindly provided 

by the biomaterial bank (BMB) of the Comprehensive Cancer Center (CCC) within the popgen 

2.0 network (P2N). The popgen 2.0 network is supported by the Medical Faculty of the 

University of Kiel. The BMB-CCC provides researchers with biomaterial from cancer patients 

as well as control cohorts from patients with other diseases to advance cancer research, 

including its prevention, diagnosis and treatment. All patients were informed about the storage 

and use of their biomaterial samples and the associated pseudonymised clinical data for 

research purposes. Informed consent was obtained prior to sample collection, with the 

declaration of consent provided in Appendix 7.2. Before the release of materials, the ethics 

committee of the Medical Faculty of the Christian-Albrechts-University Kiel reviewed the 

intended use of the samples and approved this study. 
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Figure 29: Demographic and tumour-specific information of the patient cohort. Serum samples from 30 

patients were provided by the biomaterial bank and the corresponding anonymised clinical data are summarised. 

(p=pathological examination, T=tumour stage, N=lymph node) 

 

The anonymised patient data provided by the biomaterial bank is summarised in Figure 29. 

The cohort consists of an equal number of male and female donors, with an average age of 

70 years. Tumour characteristics, including localisation, size and lymph node involvement, 

were available for each sample. Based on the TNM staging system, tumour size (T), evaluated 

by pathological (p) examination, is classified from pT1 to pT4. The majority of samples (n = 15) 

are classified as pT3, indicating more extensive tumour growth with potential infiltration into 

surrounding tissues. Lymph node involvement (N) is classified from N0 to N3, depending on 

the number and distance of affected nodes. In this cohort, 17 patients were classified as N0, 

indicating no detectable lymph node metastases. Information of lymph node involvement was 

not available for one patient. 

Regarding tumour localisation, the distribution was as follows: coecum (n = 8), ascending 

colon (n = 7), transverse colon (n = 7) and descending colon (n = 3). For five patients, only the 

general localisation within the colon was provided. Information regarding the presence of 

distant metastases (M) was not available. Overall, this cohort represents a broad spectrum of 

colon cancer cases. However, the limited sample size (n = 30) may reduce the statistical power 

of this screening. As the BMB-CCC is still in the process of collecting samples, the available 

serum was restricted to the current cohort at the time of this study. 

To assess potential cardiodepressive effects, serum samples from colon cancer patients 

were incubated with both mixed cardiac cell cultures and purified cardiomyocytes for 96 h and 

the effects were compared to ones from serum of healthy donors. Due to the limited volume of 

each patient sample, testing was conducted in technical triplicate and experimental duplicates 

for mixed cardiac cells, while purified cardiomyocytes were tested in a single experiment. 
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Figure 30: Morphological response to serum from colon cancer patients. Analysis of mixed cardiac cells and 

purified cardiomyocytes treated with serum from colon cancer patients and healthy donors. Hypertrophic and 

proliferative parameters were assessed to evaluate the potential cardiodepressive effects of patient serum. (n = 1-2, 

normalised to DMSO, mean ± SEM) 

 

Image analysis (results are presented in Figure 30) revealed a notably higher nuclear count 

across all three cell subpopulations in samples treated with patient serum, demonstrating a 

dose-dependent increase. This was surprising, since a proliferative effect after treatment with 

serum from healthy donors was only observed at higher concentrations and exclusively in 

cardiomyocytes. This suggests that tumour-associated factors present in the serum may 

induce a proliferative response. However, in contrast to this increase in cell number, the 

nuclear area of both cardiomyocyte and non-cardiomyocyte cells was reduced following 

treatment with patient serum. In particular, cardiomyocyte nuclear area significantly decreased 

below medium control, indicating a stressed cellular state despite enhanced proliferation. This 

suggests a cardiodepressive effect in which cardiomyocyte growth is impaired, potentially as 

a response to circulating tumour-derived factors. These trends were consistently observed in 

both mixed cardiac cells and purified cardiomyocytes. The only exception was the nuclear area 

of stromal cells in purified cardiomyocyte cultures, which did not show a significant difference 

between patient and control serum. A possible explanation might be the reduced presence of 
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stromal cells (approx. 21%) following cardiomyocyte purification. While the remaining stromal 

cells still exhibited a proliferative response, their lower abundance may have prevented the 

detection of significant changes in nuclear area. 

Further analysis of hypertrophic parameters revealed that cardiomyocyte area, intensity and 

the overall Hypertrophy Score were decreased in response to patient serum, showing an 

atrophy-related effect. However, despite this reduction, values remained above medium 

control, indicating that while hypertrophic effects were reduced, they were not eliminated. 

Notably, patient serum did not induce the same increase in these parameters at 2% and 5% 

concentrations, which was typically observed with serum from healthy donors. This suggests 

that circulating tumour-derived factors may interfere with or counteract the hypertrophic effect 

of blood serum. The observed effects were particularly pronounced in purified cardiomyocytes, 

suggesting that non-cardiomyocyte cells may play a buffering role, either modifying the 

cardiodepressive effect or providing a protective response that partially compensates for the 

tumour-induced changes. These findings align with previous observations in cancer cachexia, 

where systemic factors contribute to muscle atrophy, including in the heart [190]. 

If tumour-derived factors are indeed responsible for the impaired morphology of 

cardiomyocytes seen in this study, identifying these circulating biomarkers could provide 

valuable insights into cancer-induced cardiac dysfunction. Additionally, they may enable early 

risk assessment for cardiovascular complications in colon cancer patients and could serve as 

potential therapeutic targets to prevent or treat tumour-associated cardiac dysfunction. 

5.4.3 Correlation of Patient Data with Cardiac Response 

The previous findings confirm the hypothesised link between malignancies and 

cardiovascular health, supporting the notion that tumour-derived factors influence 

cardiomyocyte morphology. To further characterise this connection, a correlation analysis was 

performed, linking the assay results to patient-specific data, including tumour size, localisation, 

lymph node involvement, age and sex. Identifying statistical associations between these 

parameters could strengthen the evidence for a tumour-heart axis and provide deeper insights 

into how colon cancer may contribute to cardiac dysfunction. Furthermore, understanding 

these associations may help identify vulnerable patients who are at higher risk of developing 

CVDs alongside colon cancer and adapt their treatment according to the cardiovascular side 

effect profile. 

To achieve this, patient-specific data were correlated with the phenotypic parameters most 

affected by patient serum treatment: total nuclei numbers, nuclear area of cardiomyocytes, 

cardiomyocyte area and intensity, as well as the composite Hypertrophy Score. The Pearson 

correlation coefficient (r) for each combination is presented in Figure 31. A correlation 

coefficient close to 1 represents a strong positive correlation, whereas a coefficient near 0 
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indicates no correlation. A negative correlation suggests that as one variable increases, the 

other decreases. In this context, a negative correlation was expected, as a more severe 

disease state, like larger tumour size or lymph node involvement, would likely result in a 

stronger cardiodepressive effect. Similarly, an age-related decline in cardiac function was 

anticipated. Female patients were assigned the value 1 and male patients the value 2, meaning 

a negative correlation would indicate a stronger cardiodepressive effect in males and vice 

versa. Tumour localisation was arranged from the colon coecum to the descending colon to 

investigate whether tumours in the posterior colon were associated with worse cardiac 

outcomes. 

The correlation analysis provided further insight into the relationship between tumour 

characteristics and the cardiodepressive effects observed in the assay. In mixed cardiac cell 

cultures, age exhibited the strongest and most significant negative correlation with cardiac 

function, suggesting that older patients may be at a higher risk for tumour-associated CVDs. 

This finding aligns with epidemiological studies that report a higher incidence of CVDs in older 

colorectal cancer patients [192]. Additionally, male patients showed a tendency for greater 

cardiovascular impairment compared to female patients, particularly at 1% serum 

concentration, as indicated by a decrease in cardiomyocyte area and nuclear count. However, 

this effect was not consistently observed across all serum concentrations. 

Interestingly, at 0.5% serum concentration, both total nuclei count and Hypertrophy Score 

correlated positively with tumour localisation, while nuclear area showed a negative 

correlation. This suggests that tumour location may influence different aspects of 

cardiomyocyte morphology, though this trend weakened at higher serum concentrations. 

Tumour size did not show a consistent effect on cardiomyocyte parameters across different 

serum concentrations, indicating that its impact might be more complex or dependent on 

additional factors. A weak negative correlation with lymph node involvement was detected at 

5% serum concentration, accompanied by a proliferative response. However, at lower 

concentrations, this effect was less pronounced or inconsistent. 

In purified cardiomyocyte cultures, tumour size demonstrated a notable negative correlation 

with cardiomyocyte parameters, an effect not observed in mixed cardiac cells. This suggests 

that stromal cells in mixed cultures may buffer or mitigate tumour-induced cardiodepressive 

effects. Interestingly, at 5% serum concentration, tumour size appeared to have a positive 

effect on cardiomyocyte nuclear area, despite all other hypertrophic parameters being 

negatively correlated. Lymph node involvement was associated with a general negative impact 

on cardiac function at 0.5% serum concentration, whereas in mixed cardiac cells, this effect 

was only observed at 5% serum concentration. Here, at higher concentrations, the influence 

of lymph node involvement became less pronounced, with the exception of a possible toxic 

effect on total nuclear count. 
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Figure 31: Heatmap of correlation coefficients between patient data and morphological parameters. Pearson 

correlation coefficients (r) representing the relationship between demographic and tumour-specific patient data and 

the most influential phenotypic parameters by patients’ serum are shown. Shown are results for mixed cardiac cells 

(n = 2) and purified cardiomyocytes (n = 1). (Mean, two-tailed test: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 

**** p ≤ 0.0001). 

 

The negative impact of age on cardiac function became more apparent at higher serum 

concentrations (2% and 5%) in purified cardiomyocytes, suggesting that age-related cardiac 

decline may become more pronounced under stronger external stimulation. Similar to mixed 

cardiac cells, there was a trend indicating that male patients were at higher risk for tumour-

associated cardiac dysfunction. However, this trend was not consistently observed across all 

tested concentrations and parameters. 

Representative correlation plots are displayed in Figure 32, illustrating key relationships 

between patient-specific data and morphological changes at selected serum concentrations. 

However, it is important to note that the lack of biological replicates (i.e., only technical 

replicates) in purified cardiomyocyte experiments weakened the statistical power of this 

analysis. Additionally, certain cohort characteristics, such as pT3 tumours, were 

overrepresented, potentially introducing a bias in the dataset. 
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Despite these limitations, several significant correlations were identified, suggesting 

preliminary trends. While no single demographic or tumour-associated factor showed a 

consistent correlation across both cell culture approaches or all serum concentrations, a 

general negative association of patient age, tumour size and lymph node involvement with 

cardiac function was observed. Moreover, serum from male patients tended to induce stronger 

cardiodepressive effects, indicating that male colon cancer patients might be at greater risk for 

cardiac dysfunction. In contrast, tumour localisation along the colon tract did not show a 

uniform trend, suggesting that factors beyond anatomical positioning might be more influential 

in driving cardiac changes. These findings highlight the need for larger patient cohorts and 

more detailed serum biomarker analyses to further elucidate the relationship between colon 

cancer and cardiac function. 
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Figure 32: Representative correlations plots for patients’ data to morphological changes. Representative 

correlation plots are shown, illustrating the relationship between patient-specific data and morphological parameters 

at selected serum concentrations. The full dataset for mixed cardiac cells is available in Appendix 7.3.1 and for 

purified cardiomyocytes in Appendix 7.3.2. Pearson correlation coefficients (r) and p-values were calculated for 

each correlation. (Mean, two-tailed test: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001) 
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5.4.4 Summary 

In this study, the established cardiac hypertrophy assay was utilised to characterise the 

cardiomyocyte phenotype following treatment with blood serum from colon cancer patients, 

thereby investigating the tumour-heart axis. Epidemiological studies have reported an 

increased risk of CVDs in colon cancer patients [89]. Thus, this assay aimed to detect potential 

cardiodepressive effects of patient serum. Demonstrating a resulting cardiac dysfunction after 

exposure to patient serum would support the hypothesis that tumour-derived factors in 

circulation mediate adverse effects on the heart. 

As an initial step, an assay baseline was established by testing blood serum from healthy 

donors and FBS to assess the general influence of biological samples on cardiomyocyte 

phenotype. Since both exhibited significant hypertrophic effects at concentrations of 5% and 

above, a concentration range between 0.5% and 5% was selected for the subsequent 

screening of 30 patient samples. 

Comparison of patient and healthy donor samples revealed a dose-dependent proliferative 

effect across all cellular subpopulations in response to patient serum. However, all previously 

established hypertrophic parameters showed a decrease in response to patient serum, 

suggesting that colon cancer influences cardiomyocyte morphology in a cardiodepressive 

manner. The pronounced hypertrophic response observed with healthy donor serum at 2% 

and 5% was distinctly diminished following treatment with patient serum, suggesting that 

tumour-derived factors in circulation may exert anti-hypertrophic or atrophic effects. The 

analysis of both mixed cardiac cells and purified cardiomyocytes revealed a stronger 

cardiodepressive effect in the purified cardiomyocyte cultures, indicating that stromal cells play 

a crucial role in cardiomyocyte health, potentially buffering the effects of circulating tumour-

derived factors or mediating protective pathways. 

To further strengthen the suggested tumour-heart-axis, patient-specific data were 

correlated with cardiomyocyte morphology. This analysis indicated that tumour size and lymph 

node involvement were associated with a stronger cardiodepressive effect. Additionally, serum 

from male and older patients showed a greater tendency to induce adverse cardiac effects. 

While some correlations reached statistical significance, the small cohort size (n = 30) and 

limited number of replicates represent a constraint, potentially leading to an over- or 

underestimation of specific associations. Unequal representation of patient characteristics may 

introduce additional bias, emphasising the need for larger, well-balanced cohorts in future 

studies to validate these findings. 

While this study supports the hypothesised tumour-heart axis, it leaves open the question 

of which tumour-derived factors mediate cardiac dysfunction and the observed atrophic 

cardiomyocyte phenotype. Identifying such circulating biomarkers could offer valuable tools for 

early risk assessment and targeted interventions in colon cancer patients. A promising 



5. Results and Discussion 

110 

approach involves proteomic or metabolomic profiling to compare molecular signatures 

between patients and healthy controls. Candidate factors could then be prioritised by 

referencing known mediators of cardiac atrophy, such as inflammatory cytokines, 

oncometabolites and markers of metabolic or oxidative stress [194]. Consequently, these 

prioritised candidates could be tested in functional assays like the established hypertrophy 

assay of this work. 

A successful example for biomarker identification in cardiovascular research is the brain 

natriuretic peptide (BNP), a well-established marker for heart failure. Initially identified through 

differential screening of heart tissue [195], BNP was later validated as a circulating biomarker, 

reflecting cardiac stress and ventricular dysfunction. A similar strategy, screening for proteins, 

RNAs or metabolic factors uniquely elevated in colon cancer patients with pronounced cardiac 

effects, could lead to the discovery of novel tumour-associated cardiotoxic markers. Such 

findings might not only improve cardiovascular risk management in cancer patients but also 

provide new therapeutic targets to counteract tumour-induced cardiac dysfunction. 

Future studies should focus on expanding patient cohorts, integrating multi-omics 

approaches and refining in vitro models to better mimic the complex interactions between 

tumour-derived factors and cardiac tissue. Advancing the understanding of the tumour-heart 

axis may pave the way for earlier detection, risk stratification and improved management of 

cardiovascular complications in cancer patients. 
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6. Conclusion and Outlook 

Cardiovascular diseases remain the leading cause of mortality worldwide [1, 2], with cardiac 

hypertrophy representing a critical pathological process contributing to heart failure. Drug 

innovation in cardiology has lagged behind other medical fields, such as oncology, resulting in 

a weak pipeline for novel therapeutics [34, 35]. To revitalise drug discovery towards new targets 

and modalities for treating cardiac hypertrophy, currently established preclinical assays require 

improvement to enhance the probability of identifying or optimising high-quality drug 

candidates. Notably, a meaningful in vitro assay based on rodent cells is vital for successful 

in vivo translation of early lead structures along with pharmacological target and mode-of-

action validation in rodent disease models, as typically employed in the first place. 

Within the herein presented thesis, a hypertrophy assay platform was established that 

recapitulates the complex, physiologically more relevant mix of cardiac cells from neonatal rat 

hearts in culture and in high-throughput-compatible formats. This in vitro model maintains 

intercellular and paracrine signalling, thereby more closely mimicking the complex composition 

of the organ. Different hypertrophy-inducing stimuli were systematically assessed in the new 

system, resulting in distinct, well-defined disease phenotypes. To do this, a custom automated 

CellProfiler pipeline was developed for high-content image analysis that expanded the 

morphological scope of the phenotypic assay beyond simple cell area measurement. By 

integrating multiple phenotypic parameters into a ‘Hypertrophy Score’ metric, the assay 

enabled direct and robust comparisons of different tested conditions. This open-source 

software pipeline is not only widely applicable, regardless of available equipment or 

computational power, but can also be easily adapted or further expanded for individual aims 

and applications. 

In a first application, this assay platform was employed to enable the very first reported 

cellular efficacy profiling of a small-molecular GRK5-selective inhibitor set. Regulating the 

maladaptive signalling of adrenergic stimulation in the heart, GRK5 has emerged as a 

promising therapeutic target due to its role in promoting pro-hypertrophic gene expression [80]. 

Its involvement in phenylephrine- (PE-) driven cardiac hypertrophy development was 

successfully confirmed in the new assay system via siRNA-mediated knockdown, providing 

genetic evidence to support pharmacological targeting of GRK5. A chemotype-specific 

collection of GRK5 inhibitors [145] was chosen based on their in vitro biochemical potencies and 

isoform selectivities to investigate cellular efficacy translation. Inhibitor 4a emerged as the most 

promising candidate, demonstrating strong anti-hypertrophic effects (IC50 = 4.7 µM) that were 

confirmed in an orthogonal biomarker assay (qPCR). Importantly, the optical antipode 4b, 

which exhibited similar biochemical potency for GRK2 and GRK6 but no GRK5 activity, showed 

no cellular effect, thus ruling out GRK2 and GRK6 as off-targets and confirming that GRK5 

inhibition alone is sufficient to treat cardiac hypertrophy. Interestingly, several of the tested 
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inhibitors, including 4a, also exhibited anti-proliferative effects in the non-cardiomyocyte 

population, suggesting a potential benefit against fibrotic remodelling. Notably, this effect 

would have been missed in a conventional assay setup using purified cardiomyocytes, 

underlining the biological strength and added value of the established mixed cell culture model. 

By linking biochemical potency, calculated lipophilicity and cellular efficacy, this work 

contributes important insights and offers a proof-of-concept for the therapeutic relevance of 

GRK5. It provides relevant cellular data for further lead optimisation, which is now possible via 

profiling hundreds of lead derivatives from GRK5-centric medicinal chemistry campaigns. 

Hence, the assay platform is a powerful tool to accelerate in vivo validation of GRK5 and 

distinct inhibitor chemotypes. The successful development of a clinical GRK5 inhibitor holds 

promise as a novel approach for treating cardiac hypertrophy at the level of tissue remodelling. 

The second application of the new assay platform investigated the contribution of 

L-2-hydroxyglutamate (L-2HG) to cardiac hypertrophy, providing novel insights into the 

metabolic vulnerabilities of hypertrophic cardiomyocytes. Previous findings of upregulated 

L-2HG levels in cardiac hypertrophy patients and its stimulatory capacity in purified 

cardiomyocytes were successfully confirmed in this mixed cardiac cell model [86]. L-2HG 

stimulation resulted in a profound hypertrophic phenotype, comparable to the positive controls 

using adrenergic (i.e., PE) and cytokine (i.e., LIF) stimulation. Pharmacological targeting of 

L-2HG is challenging due to the lack of small-molecule modulators that directly affect L-2HG 

formation or turnover. Therefore, the focus was shifted to glutamine, a closely linked 

metabolite. While glutamine stimulation induced a rather minor hypertrophic response, it 

caused strong proliferation in the non-cardiomyocyte population, suggesting a more 

pronounced role in cardiac fibrosis. These findings indicated that both metabolites contribute 

to pathological cardiac remodelling through distinct yet complementary mechanisms. A panel 

of glutamine metabolism inhibitors, originally developed for oncological therapy, was 

repurposed to target L-2HG-driven hypertrophy. The GLS1 inhibitors CB-839 (telaglenastat), 
its next-generation analogue IPN90060 and Compound 968 showed robust anti-hypertrophic 

effects, confirmed by orthogonal biomarker analysis (qPCR), and additional anti-proliferative 

activity, similar to GRK5 inhibitor 4a. In contrast, upstream intervention by targeting glutamine 

uptake with V-9302 induced broad toxicity, highlighting the importance of selecting an optimal 

intervention point when perturbing essential metabolic pathways. Differences in toxicity at 

higher concentrations and variable efficacy against L-2HG or PE-LIF stimulation identified 

CB-839 as the most promising candidate for in vivo validation. Since CB-839 is already being 

evaluated in clinical trials for various cancers, its known safety profile, combined with these 

encouraging cellular efficacy data, lays the groundwork for further exploration of metabolic 

intervention as a therapeutic strategy for cardiac hypertrophy. 
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Lastly, the translational scope of the developed assay platform was further expanded by a 

screening approach to investigate the tumour-heart axis. Blood serum from a cohort of 

colorectal cancer patients was evaluated for its cardiodepressive effects, shifting the original 

assay readout from a hypertrophic to an atrophic phenotype. While serum from healthy donors 

induced an expected hypertrophic response, attributed to the nutrient content, serum from 

cancer patients reduced hallmark hypertrophic growth features, suggesting the presence of 

tumour-derived circulating factors that negatively affect cardiomyocytes. Comparative analysis 

between the purified cardiomyocyte model and the newly established mixed cardiac cell culture 

revealed that cardiomyocytes were particularly vulnerable to these effects in the absence of 

non-cardiomyocytes, highlighting the protective or buffering role of stromal cells within the 

cardiac microenvironment. Notably, tumour size, lymph node involvement and male sex 

correlated with stronger cardiodepressive effects, pointing to a potential stratification of colon 

cancer patients at higher risk for developing CVDs. Although the low availability of patient 

serum (n = 30) limits the statistical power of these results, the presented study highlights the 

assay’s adaptability to diverse cardiovascular research questions. Future efforts to identify the 

responsible circulating factors could enable the discovery of novel biomarkers for early 

diagnosis or risk stratification, as well as guide the selection of oncological therapies with 

reduced cardiotoxic side effects. Candidate factors could subsequently be re-tested on this 

assay platform to confirm their involvement in tumour-induced cardiac dysfunction. 

 

This thesis established a novel and versatile high-throughput screening platform that 

combines physiologically relevant mixed cardiac cell cultures with a high-content image 

analysis pipeline, substantially advancing both biological relevance and analytical depth. Its 

robust phenotypic characterisation makes it a powerful tool for both hypothesis-driven 

investigation and exploratory drug discovery. Key achievements include the identification of 

GRK5 inhibitor 4a as a promising candidate for in vivo validation, new insights into targeting 

metabolic remodelling as a strategy for cardiac hypertrophy and the strong cellular evidence 

linking colorectal cancer to cardiodepressive effects. Together, these contributions advance 

our understanding of cardiovascular disease mechanisms and therapeutic opportunities. By 

integrating disease modelling, targeted pathway intervention and translational insights, this 

work paves the way for more effective, mechanism-based drug discovery, ultimately aiming to 

improve the lives of patients affected by cardiovascular diseases. 
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7. Appendix 

7.1 Radar Plots Hypertrophy stimulants 
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7.2 Declaration of Consent for Blood Serum Biobank 
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7.3 Full Data set: Correlation of Patient Data with Cardiac Response 

7.3.1 Mixed Cardiac Cells 

 
Figure 33: Correlation for serum concentration of 0.5%. Correlations plots for patients’ data to morphological 

changes. Mixed cardiac cells were treated with 0.5% patients’ blood serum for four days. Pearson correlation 

coefficients (r) and p-values were calculated for each correlation. (Mean, two-tailed test: * p ≤ 0.05, ** p ≤ 0.01, *** 

p ≤ 0.001, **** p ≤ 0.0001) 
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Figure 34: Correlation for serum concentration of 1%. Correlations plots for patients’ data to morphological 

changes. Mixed cardiac cells were treated with 1% patients’ blood serum for four days. Pearson correlation 

coefficients (r) and p-values were calculated for each correlation. (Mean, two-tailed test: * p ≤ 0.05, ** p ≤ 0.01, *** 

p ≤ 0.001, **** p ≤ 0.0001) 
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Figure 35: Correlation for serum concentration of 2%. Correlations plots for patients’ data to morphological 

changes. Mixed cardiac cells were treated with 2% patients’ blood serum for four days. Pearson correlation 

coefficients (r) and p-values were calculated for each correlation. (Mean, two-tailed test: * p ≤ 0.05, ** p ≤ 0.01, *** 

p ≤ 0.001, **** p ≤ 0.0001) 
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Figure 36: Correlation for serum concentration of 5%. Correlations plots for patients’ data to morphological 

changes. Mixed cardiac cells were treated with 5% patients’ blood serum for four days. Pearson correlation 

coefficients (r) and p-values were calculated for each correlation. (Mean, two-tailed test: * p ≤ 0.05, ** p ≤ 0.01, *** 

p ≤ 0.001, **** p ≤ 0.0001) 

  



7. Appendix 

122 

7.3.2 Purified Cardiomyocytes 

 
Figure 37: Correlation for serum concentration of 0.5%. Correlations plots for patients’ data to morphological 

changes. Purified cardiomyocytes were treated with 0.5% patients’ blood serum for four days. Pearson correlation 

coefficients (r) and p-values were calculated for each correlation. (Mean, two-tailed test: * p ≤ 0.05, ** p ≤ 0.01, *** 

p ≤ 0.001, **** p ≤ 0.0001) 
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Figure 38: Correlation for serum concentration of 1%. Correlations plots for patients’ data to morphological 

changes. Purified cardiomyocytes were treated with 1% patients’ blood serum for four days. Pearson correlation 

coefficients (r) and p-values were calculated for each correlation. (Mean, two-tailed test: * p ≤ 0.05, ** p ≤ 0.01, *** 

p ≤ 0.001, **** p ≤ 0.0001) 
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Figure 39: Correlation for serum concentration of 2%. Correlations plots for patients’ data to morphological 

changes. Purified cardiomyocytes were treated with 2% patients’ blood serum for four days. Pearson correlation 

coefficients (r) and p-values were calculated for each correlation. (Mean, two-tailed test: * p ≤ 0.05, ** p ≤ 0.01, *** 

p ≤ 0.001, **** p ≤ 0.0001) 
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Figure 40: Correlation for serum concentration of 5%. Correlations plots for patients’ data to morphological 

changes. Purified cardiomyocytes were treated with 5% patients’ blood serum for four days. Pearson correlation 

coefficients (r) and p-values were calculated for each correlation. (Mean, two-tailed test: * p ≤ 0.05, ** p ≤ 0.01, *** 

p ≤ 0.001, **** p ≤ 0.0001) 
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