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Abstract

Heart failure (HF) is a clinical syndrome arising from diverse causes leading to abnormalities in
cardiac structure and function and is characterized by typical symptoms, e.g., breathlessness, ankle
swelling and fatigue. Pathophysiological stimuli (e.g., pressure overload, cardiac injury) activate
several pathways and processes (e.g., neurohumoral mechanisms, inflammation, fibrosis, cell
death) leading to the cardiac hypertrophy and remodeling, and finally cardiac dysfunction.
Although improvements in treatments and their implementation have increased survival and
reduced the hospitalization rate in patients with HF, cardiovascular disease is still the most
common cause of death worldwide. Therefore, new approaches to improve outcomes in HF are
needed.

The aim of the present study was to identify novel small molecule modulators for the
transcriptional synergy of cardiac hypertrophy associated transcription factors GATA4 and
NKX2-5 by a phenotypic cell-based reporter assay. The most potent compound showed
antihypertrophic actions in various in vitro assays and experimental models of pressure overload
and myocardial ischemia in vivo. Micro- and nanoparticles (MNPs) are promising tools in
different diagnostic and therapeutic applications in medicine. In the present study, the biosafety of
the porous silicon MNPs for cardiac drug delivery was investigated and differences in
biocompatibility between different types of MNPs were found.

In summary, the results suggest that modulation of the key transcription factors involved in
cardiac hypertrophy may provide the possibility for novel therapeutic interventions for HF.
Moreover, porous silicon MNPs were shown to be applicable biomaterials for drug delivery into
the heart.

Keywords: cardiac hypertrophy, GATA4, heart failure, NKX2-5, phenotypic screening,
porous silicon
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Tiivistelmä

Sydämen vajaatoiminta on kliininen oireyhtymä, jonka tyypilliset oireet (mm. hengenahdistus,
lihasväsymys ja nilkkaturvotus) ovat seurausta alentuneeseen sydämen minuuttitilavuuteen joh-
tavista sydämen rakenteellisista ja/tai toiminnallisista muutoksista. Erilaiset patofysiologiset
ärsykkeet (esim. paineylikuormitus ja sydänlihasvaurio) aktivoivat useita mekanismeja (esim.
neurohumoraalinen aktivaatio, tulehdus, solukuolema, sidekudostuminen), jotka johtavat sydän-
lihaksen kasvuun ja uudelleen muovautumiseen, ja lopulta sydämen toimintahäiriöön. Vaikka
sydämen vajaatoimintapotilaiden ennuste on parantunut ja sairaalahoitojaksojen määrä vähenty-
nyt lääkehoitojen ansiosta, sydän- ja verenkiertoelinten sairaudet ovat edelleen yleisin kuolin-
syy maailmanlaajuisesti. Siksi tarvitaan uusia lähestymistapoja sydämen vajaatoiminnan lääke-
hoidon tehostamiseksi.

Tämän väitöstutkimuksen tavoitteena oli fenotyyppisen solupohjaisen reportterikokeen avul-
la tunnistaa uudenlaisia pienimolekyylisiä yhdisteitä muuntelemaan transkriptiotekijöiden
GATA4 ja NKX2-5 sydänlihaksen kasvuun liittyvää transkriptionaalista yhteisvaikutusta. Voi-
makkaimmalla yhteisvaikutuksen estäjäyhdisteellä oli sydänlihaksen kasvua estäviä vaikutuksia
useissa soluviljelymalleissa ja kokeellisissa paineylikuormituksen ja sydänlihaksen iskemian
koe-eläinmalleissa. Mikro- ja nanokokoiset partikkelit ovat lupaavia erilaisissa lääketieteen
diagnostisissa ja hoidollisissa sovelluksissa. Tässä väitöstutkimuksessa tutkittiin huokoisesta
piistä valmistettujen mikro- ja nanopartikkelien bioturvallisuutta annosteltaessa yhdisteitä
sydänkudokseen.

Väitöstutkimuksen tulosten perusteella voidaan päätellä, että sydämen hypertrofiassa kes-
keisten transkriptiotekijöiden toiminnan muuntelu tarjoaa mahdollisuuden uudenlaisille sydämen
vajaatoiminnan lääkehoidoille. Lisäksi havaittiin, että huokoinen pii soveltuu käytettäväksi
yhdisteiden annosteluun sydänkudokseen.

Asiasanat: fenotyyppinen seulonta, GATA4, huokoinen pii, NKX2-5, sydämen
hypertrofia, sydämen vajaatoiminta
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1 Introduction 
Heart failure (HF) is defined as a complex syndrome in which patients have 
typical symptoms such as breathlessness, ankle swelling, and fatigue, as well as 
clinical signs related to an abnormality of cardiac structure or function 
(Ponikowski et al., 2016). Heart failure is a global disease, affecting 1-2% of the 
adult population, and although the HF incidence in particular populations has 
shown signs of stabilization and possible reduction, the overall prevalence 
continues to rise over time with the aging population (Benjamin et al., 2019; 
Conrad et al., 2018; Ziaeian & Fonarow, 2016). In Finland, the prevalence of HF 
is in line with reports from other high-income, developed countries, and a strong 
increase according to age is observed in the prevalence and incidence of HF also 
in the Finnish population (Huusko et al., 2019). The main causes leading to HF 
are coronary artery disease, hypertension, degenerative valvular diseases, and 
cardiomyopathies (McMurray & Pfeffer, 2005). 

The major function of the heart is to contract and pump blood. When 
contractile performance is perturbed or reduced in response to diverse physiologic 
and pathophysiologic stimuli, the heart typically hypertrophies and remodels (van 
Berlo et al., 2013). Initially, compensatory mechanisms are activated, including 
the sympathetic nervous system and the renin-angiotensin aldosterone system 
(RAAS) (Grosman-Rimon et al., 2019). The hypertrophic growth of cardiac 
myocytes develops as an adaptive response to reduce ventricular wall stress and 
maintain cardiac function, but when prolonged, hypertrophy is a leading predictor 
for arrhythmias and sudden death as well as dilated cardiomyopathy and HF 
(Nakamura & Sadoshima, 2018). Cardiac remodeling includes alterations in 
cardiac structure, shape, and function, and is associated with increased fibrosis, 
inflammation and cellular dysfunction (e.g., oxidative stress, activation of 
pathologic signaling pathways) (Q.-Q. Wu et al., 2017). 

At the cellular level, several signal transduction cascades (e.g., various 
kinases and transcription factors) are activated, causing changes in gene 
transcription and protein synthesis, as well as leading to the hypertrophy of 
cardiomyocytes. (Agrawal, Agrawal, Koyani, & Singh, 2010). GATA binding 
protein 4 (GATA4) and NK2 homeobox 5 (NKX2-5) are among the key 
transcription factors regulating gene expression in cardiac hypertrophy and HF. 
These proteins interact physically and synergistically activate several cardiac 
genes (Akazawa & Komuro, 2003; Pikkarainen, Tokola, Kerkelä, & Ruskoaho, 
2004). 
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In recent years, micro- and nanoparticles (MNPs) have increasingly acquired 
practical applications in technology, research and medicine. The small particle 
size coupled to their unique chemical and physical properties are thought to 
underlie their capability in biomedical applications (Yildirimer, Thanh, Loizidou, 
& Seifalian, 2011). In the heart, micro- and nanotechnologies are used for tissue 
engineering and diagnostics, as well as delivery vehicles for drugs and 
biomolecules into the cardiac tissue (Bejarano et al., 2018; Y.-J. Wang et al., 
2016). 

The aim of the present study was to identify novel small molecule modulators 
for cardiac hypertrophy and HF. A cell-based phenotypic high-throughput screen 
was performed to identify small molecule compounds inhibiting or enhancing 
GATA4-NKX2-5 driven transcriptional synergy. Altogether, 800 compounds were 
screened in vitro, leading to identification of four compound families affecting 
GATA4-NKX2-5 synergy. The antihypertrophic actions of particular compounds 
were studied in various in vitro assays and experimental models of pressure 
overload and myocardial ischemia in vivo. Moreover, the biocompatibility of 
porous silicon MNPs for small molecule compound delivery into the myocardium 
was investigated. 
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2 Review of the literature  

2.1 Heart failure  

Heart failure is a condition where the heart is unable to pump a sufficient amount 
of blood into the circulation in response to systemic demand. HF is a clinical 
syndrome arising from diverse causes leading to abnormalities in cardiac structure 
and function and is characterized by typical symptoms, e.g., breathlessness, ankle 
swelling and fatigue (Ponikowski et al., 2016). HF may occur as a result of 
chronic cardiac stress (e.g., hypertension), injury (e.g., myocardial infarction 
(MI), ischemia), inherited diseases (e.g., congenital malformations, familial 
cardiomyopathies) or other cardiovascular causes (e.g., valvular heart diseases) 
(Ponikowski et al., 2016; Tham, Bernardo, Ooi, Weeks, & McMullen, 2015). HF 
is the most rapidly growing cardiovascular condition globally causing significant 
hospitalization and mortality (Ziaeian & Fonarow, 2016). 

Structural and functional cardiac abnormalities develop over time in response 
to the additional workload to maintain sufficient cardiac function (Shimizu & 
Minamino, 2016). The increase in left ventricle (LV) mass in HF is a result of the 
hypertrophic growth of cardiomyocytes. Physiological hypertrophy of the heart 
occurs in response to normal growth, during pregnancy or exercise, and develops 
through signals from growth hormones and mechanical forces. Pathological 
hypertrophy in a failing heart is induced, e.g., by hypertensive stress or 
myocardial injury and activation of mechanotransduction and neurohumoral 
mechanisms and is usually associated with increased rates of death of myocytes 
and fibrotic remodeling, promoting systolic and diastolic dysfunction. The initial 
steps of pressure overload hypertrophy are adaptive and compensatory and are 
thus beneficial in maintaining the proper cardiac function. However, prolonged 
compensatory mechanisms and stress-induced hypertrophy usually lead from 
adaptive to maladaptive hypertrophy and HF (Shimizu & Minamino, 2016; Tham 
et al., 2015). 

Neurohormonal activation has a central role in cardiac performance, and in 
the early phases of HF, neurohormonal activation is responsible for sufficient 
cardiac function. Activation of the sympathetic nervous system and the RAAS 
induces adaptive changes in the heart and the whole body that enable the 
maintenance of appropriate circulation through mechanisms including enhanced 
cardiac contractility, sodium and water retention and peripheral vasoconstriction 
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(Hartupee & Mann, 2017). When prolonged, these mechanisms develop from 
adaptive to maladaptive, and result in worsening cardiac and end-organ 
dysfunction by increasing fibroblast proliferation, oxidative stress and 
extracellular matrix deposition (Mentz & O’Connor, 2015). The pathophysiology 
of HF is shown in Fig. 1. 

Fig. 1. Heart failure pathophysiology. Modified from Dick & Epelman, 2016; Krum & 
Abraham, 2009. LV=left ventricular; RAAS=renin-angiotensin-aldosterone system. 

Heart failure can manifest itself with preserved (HFpEF), mid-range (HFmEF) or 
reduced (HFrEF) left ventricle (LV) ejection fraction. Patients with HFpEF 
typically have a normal volume of the LV cavity, but often have an increase in LV 
wall thickness and a decrease in diastolic function. In contrast, patients with 
HFrEF, typically have LV dilation and significant systolic dysfunction 
(Braunwald, 2013; Ponikowski et al., 2016). Clinically, these conditions are 
defined as diastolic and systolic dysfunction, respectively (Katz & Rolett, 2016). 
Acute HF refers to rapid onset or worsening of symptoms and/or signs of HF. 
Patients having prolonged HF (>12 months) after an acute event are suffering 
from chronic HF (Ponikowski et al., 2016). The survival of patients with heart 
failure with preserved ejection fraction has been shown to be similar to that of 
patients with reduced ejection fraction (Bhatia et al., 2006). 

Ischemic heart disease, including HF, is worldwide the most common cause 
of death (Roth et al., 2018). Presently, the goals of treatment in patients with HF 



23 

are to improve their clinical status, functional capacity and quality of life, prevent 
hospital admission and reduce mortality (Ponikowski et al., 2016). Current 
therapeutic approaches to treat heart failure include secondary prevention 
pharmacological therapy to decrease blood pressure, cardiac overload and risk of 
arrhythmia, as well as mechanical circulatory support for maintaining restoration 
of reperfusion and sufficient end-organ perfusion with pacemaker and ventricular 
assist devices. Non-pharmacological treatment of HF, e.g., salt restriction, 
physical activity, smoking cessation, and other self-care methods, also effectively 
promote the prevention and management of HF (Krum & Abraham, 2009; 
Ponikowski et al., 2016). 

Drug treatment guidelines for HF are based on robust evidence grounded on 
well-designed randomized outcome trials. Inhibitors of the RAAS (i.e., 
angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor (ATR) 
blockers, or mineralocorticoid-receptor antagonists), and β blockers are strongly 
recommended in international guidelines for improving survival, decreasing 
sudden death, and preventing heart failure hospitalizations (Ponikowski et al., 
2016). ACE inhibitors are recommended to be replaced with the angiotensin 
receptor–neprilysin inhibitors to further reduce the risk of heart failure 
hospitalization and death in patients who remain symptomatic despite optimal 
treatment (Ponikowski et al., 2016; Yancy et al., 2013). Treatment of chronic 
HFrEF has progressed remarkably over the past three decades. However, in acute 
heart failure or HFpEF, none of the treatments tested to date have been 
definitively proven to improve survival (Rossignol, Hernandez, Solomon, & 
Zannad, 2019). 

2.2 Cardiac remodeling 

Cardiac remodeling is a process of structural and functional changes by which the 
heart responds to certain physiologic (e.g. pregnancy, exercise) and pathologic 
(e.g., MI, hypertension) stimuli. Both physiological and pathological overload 
stimulate cardiomyocyte growth, while pathological remodeling is characterized 
by increased occurrence of extracellular matrix (ECM) proteins and loss of 
cardiomyocytes by cell death (Heusch et al., 2014). Physiological remodeling has 
been proposed as adaptive, beneficial or compensated remodeling, whereas 
pathological remodeling is defined as maladaptive or decompensated remodeling 
(Heusch et al., 2014; Sekaran, Crowley, Rodrigues De Souza, Santos Resende, & 
Rao, 2017). 
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Cardiac remodeling in the failing heart involves structural changes, such as 
myocyte loss, hypertrophy, fibrosis and cardiac dilatation, as well abnormalities 
in cardiac cellular, molecular and metabolic function (Fig. 2). During the 
remodeling process, the shape of the myocardium and LV mass and volume are 
altered consequent to myocardial injury and/or chronic changes in myocardial 
loading conditions. These changes in cardiac function and structure encompass 
both the acute events (minutes-hours) and the long-standing events (weeks-years) 
following the injury. Cardiac remodeling is mediated by cardiomyocytes, 
fibroblasts, myofibroblasts, immune cells and endothelial cells (Burchfield, Xie, 
& Hill, 2013; Haque & Wang, 2017). 

 

Fig. 2. Mechanisms of pathological ventricular remodeling. Modified from Burchfield 
et al., 2013. 

Pathological cardiac remodeling was originally considered an irreversible 
process. However, clinical studies during the past decades have shown that 
normalization of ventricular chamber dimension and LV function, i.e., reverse 
remodeling, may occur with the use of drug therapies, particularly inhibitors of 
the RAAS and β blockers, or mechanical unloading of the heart (Kass & 
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Koitabashi, 2012). Most recent data show that major abnormalities at the 
molecular level still remain unchanged (G. H. Kim, Uriel, & Burkhoff, 2018). 

2.2.1 Inflammation 

Inflammation has a central role in the pathophysiology of HF (Frantz et al., 2018). 
In the infarcted heart, the death of cardiomyocytes activates immune pathways 
that initiate an inflammatory reaction. Stimulation of inflammatory signaling 
instantly after the injury is important for clearance of dead cells from the infarcted 
area and for preparing the infarct for the proliferative phase of healing 
(Frangogiannis, 2014). Inflammation is mediated by various cytokines. 
Proinflammatory cytokines, such as tumor necrosis factor-α (TNF-α) and 
interleukins, e.g., interleukin-1 (IL-1) and interleukin-6 (IL-6) family members, 
are elevated in patients with HF and correlate with the severity of the disease and 
prognosis (Briasoulis, Androulakis, Christophides, & Tousoulis, 2016). 
Proinflammatory cytokines play an important role in stimulating the immune 
response and mediating inflammation, as well as in modulating tissue repair and 
adaptation after injury (Nian, Lee, Khaper, & Liu, 2004). 

Cytokines mediate cardiac repair and remodeling through activating matrix 
metalloproteinase and type I and III collagen formation, integrin regulation, 
angiogenesis and progenitor cell mobilization (Nian et al., 2004; Sutton & Sharpe, 
2000). Excessive early inflammation may result in matrix degradation and cardiac 
rupture. When the inflammatory reaction is prolonged, collagen deposition 
impaired, which leads to formation of a scar with reduced tensile strength, thus 
increasing chamber dilation. The prolonged inflammatory reaction may expand 
also into the non-infarcted myocardium enhancing fibrosis and worsening 
diastolic function (Frangogiannis, 2012). The inflammatory response has a dual 
role in HF; on the one hand, it is necessary to initiate the beneficial reparative 
process of the injured heart, but on the other hand, activation of inflammatory 
factors may lead to the death of cardiac myocytes, hypertrophy, fibrosis, 
pathological cardiac remodeling and HF progression (Briasoulis et al., 2016). 

Currently, HF management strategies do not commonly target inflammation 
(Ponikowski et al., 2016). Anti-inflammatory therapy blocking TNF-α and IL-1 
activity has shown a modest positive impact on the inflammatory response, albeit 
failing to show total clinical benefit in the treatment of HF (Grosman-Rimon et 
al., 2019). 
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2.2.2 Fibrosis 

Cardiac fibroblasts are a key source of components of the extracellular matrix 
(ECM) that regulates the structure of the heart and mediates mechanical, chemical 
and electrical signals between the cellular and non-cellular elements in the heart 
(Frangogiannis, 2019). Under physiological conditions fibroblasts are relatively 
inert cells maintaining ECM homeostasis, while in response to cardiac injury or 
stress fibroblasts undergo phenotypic alteration to myofibroblasts. Fibroblasts 
synthesize and secrete collagen types I and III, whereas myofibroblasts express 
contractile proteins like α-smooth muscle actin (αSMA). The collagen network of 
the myocardium has multiple functions, including preservation of tissue 
architecture and chamber geometry (Porter & Turner, 2009; Van Nieuwenhoven 
& Turner, 2013). Activated myofibroblasts are the main effector cells of cardiac 
fibrosis (Frangogiannis, 2019). 

Fibrosis is described as the excessive occurrence of ECM proteins, like 
collagens and fibronectin, resulting in the accumulation of fibrous connective 
tissue. The fibrotic process produces the formation of scar tissue to replace 
normal tissue lost through injury. There exist four major phases in the fibrogenic 
process including primary injury to the organ, activation of effector cells (e.g., 
fibroblasts, myofibroblasts), the elaboration of ECM and final progression to 
fibrosis and end-organ failure. Acute and chronic inflammation often induces the 
initiation of the fibrotic process (Rockey, Bell, & Hill, 2015). Fibrosis may 
initially have a cardiac preserving function, but a sustained fibrotic response may 
negatively affect cardiac function by causing myocardial stiffness, inducing 
arrhythmias and limiting oxygen and nutrient supply to the myocardium. These 
events promote cardiac hypertrophy and cell death, and all together they further 
the progression of cardiac disease to HF (Piek, de Boer, & Silljé, 2016). 

Myocardial fibrosis can be divided into interstitial fibrosis, perivascular 
fibrosis and replacement fibrosis, which all have their characteristics (de Boer et 
al., 2019). Interstitial reactive fibrosis is developed in the ECM surrounding 
cardiac cells as a response to increased wall stress generated by a cardiac stressor, 
like hypertension. Perivascular fibrosis is also associated with hypertension and 
characterized by the accumulation of fibrillar collagens in the adventitia of 
intramural coronary arteries. Replacement fibrosis replaces dead tissue in the 
myocardium and is an essential repair process, e.g., after MI (Piek et al., 2016). In 
a typical failing heart, all these forms of fibrosis may occur (de Boer et al., 2019). 
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2.2.3 Cell death 

Several types of cell death occur in cardiomyocytes and are essentially involved 
in the progression of HF. Apoptosis, necrosis and autophagy differ from each 
other in morphological and biochemical characteristics (Konstantinidis, Whelan, 
& Kitsis, 2012). Although the absolute percentage of apoptotic cardiac myocytes 
in the failing heart is low, still it is 10- to 100-fold higher than in control non-
failing hearts. The loss of functional cardiac cells has been suggested to be an 
underlying feature of ventricular remodeling and impaired cardiac pump 
performance after injury (Moe & Marín-García, 2016). 

Apoptosis is characterized by cell shrinkage, fragmentation into apoptotic 
bodies and phagocytosis of these by macrophages, whereas necrosis is 
characterized by loss of plasma membrane integrity, cellular and organellar 
swelling, as well as inflammation. Distinct, but highly overlapping signaling 
pathways control apoptosis and necrosis. Autophagy is considered a conserved 
process in which the cell breaks down its own proteins and lipids for bulk 
degradation and recycling of cytoplasmic components (Konstantinidis et al., 
2012; Marín-García, 2016). 

2.3 Post-infarction cardiac repair 

Repair of the infarcted myocardium can be divided into three phases: the 
inflammatory phase, the proliferative phase and the maturation phase 
(Frangogiannis, 2012). Early after MI, tissue injury and necrosis initiate the 
inflammatory phase, consisting of the dynamic recruitment of several immune 
cell subtypes including neutrophils, macrophages, dendritic cells and lymphocytes 
(Prabhu & Frangogiannis, 2016). Cardiac ischemia activates a nuclear factor-κB 
(NF-κB) protein complex that drives production of natural killer cell secreted 
proinflammatory cytokines IL-1, IL-6, IL-8 and TNF-α. Approximately three 
days after injury the transition from inflammatory to a reparative and proliferative 
phase begins, where endothelial cells and fibroblasts proliferate to form a 
vascularized granulation tissue, which then matures into a collagen-rich scar after 
endothelial cell and fibroblast apoptosis. Levels of transforming growth factor-β 
(TGF-β) and monocyte secreted IL-10 increase, thus inhibiting the expression of 
proinflammatory cytokines (Frangogiannis, 2014). 

During the proliferative phase, diverse growth factors activate myofibroblasts 
and vascular cells that are key factors for repair of the infarcted myocardium by 
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secreting matrix proteins and causing vascular regeneration (Prabhu & 
Frangogiannis, 2016). Apoptosis of the majority of reparative cells completes the 
proliferative phase, when the infarct has matured and a scar has formed. This 
whole process tends to create a supportive scar in the infarcted area and to 
distribute the physical load on the neighboring viable myocardium 
(Frangogiannis, 2012, 2014; Westman et al., 2016). 

2.4 Cardiac hypertrophy 

Mammalian cardiomyocytes become terminally differentiated early after birth, 
thus adult cardiomyocytes possess a highly limited capacity to differentiate or 
proliferate in physiological conditions (Hashimoto, Olson, & Bassel-Duby, 2018). 
Physiological growth of myocytes is normal postnatal growth or pregnancy- and 
exercise-induced growth and is a reversible process in the case of pregnancy and 
exercise (Maillet, van Berlo, & Molkentin, 2012). Physiological hypertrophy, 
unlike pathological cardiac growth, does not involve structural and functional 
cardiac abnormalities and is not a risk factor for heart failure. Pathological cardiac 
growth instead is associated with activation of neurohumoral factors, increased 
fibrosis and injury and loss of cardiomyocytes and is mainly an irreversible 
process (Bernardo, Weeks, Pretorius, & McMullen, 2010; Maillet et al., 2012). At 
the cellular level, cardiomyocyte hypertrophy is characterized by an increase in 
cell size, enhanced protein synthesis and organization of the sarcomeres, and 
reactivation of a fetal gene program (Frey & Olson, 2003). 

Cardiac hypertrophy can be divided into different classes depending on the 
changes in the geometries of the heart (Fig. 3). In eccentric hypertrophy, 
cardiomyocytes grow both in length and width and this condition usually 
develops with volume overload in cardiac diseases such as MI. Pathological 
eccentric hypertrophy generally leads to growth in cardiac mass and increased 
ventricular volume as well as to ventricular dilatation. In concentric hypertrophy 
cardiomyocytes typically increase in thickness more than in length and this 
condition usually develops under pressure overload conditions such as 
hypertension. An increase in free wall and septal thickness associated with 
reduced LV dimensions are characteristic for concentric hypertrophy (Bernardo et 
al., 2010; Shimizu & Minamino, 2016). 

Like other adaptive processes occurring during HF, cardiac hypertrophy is 
considered to initially be an adaptive response and beneficial for the heart. 
However, if the heart constantly is stressed with increased load, cardiac 
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hypertrophy may become maladaptive and finally lead to heart failure (Frey & 
Olson, 2003). 

 

Fig. 3. Overview of different types of cardiac hypertrophy. Modified from Nakamura & 
Sadoshima, 2018. HFpEF=heart failure with preserved left ventricle ejection fraction; 
HFrEF=heart failure with reduced left ventricle ejection fraction. 

2.5 Autocrine and paracrine factors in cardiac hypertrophy and HF 

2.5.1 Cardiac natriuretic peptides  

The mammalian heart is an endocrine organ regulating blood pressure and 
volume homeostasis in the body through the production of various hormones. The 
natriuretic peptide family includes atrial natriuretic peptide (ANP), B-type 
natriuretic peptide (BNP) and C-type natriuretic peptide (CNP). Both ANP and 
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BNP are expressed mainly in the atrial myocytes under physiological conditions, 
while CNP expression is mainly found in vascular endothelial cells, neurons, and 
Leydig cells in the testicles (Ogawa & de Bold, 2014; Zois et al., 2014). 

Cardiac natriuretic peptides ANP and BNP are synthesized in and secreted 
from atria and ventricles of the heart. In atrial myocytes, ANP and BNP are stored 
in atrial-specific granules. ANP occupies most of these granules, while BNP is 
present in a significantly lesser degree. ANP and BNP secretion into the 
circulation is increased in response to acute or chronic stretch or neuroendocrine 
stimuli. Regulation of ANP secretion occurs at the level of release from storage 
granules, whereas BNP regulation takes place mainly during gene expression (de 
Lemos, McGuire, & Drazner, 2003; Ogawa & de Bold, 2014; Ruskoaho, 1992). 

ANP and BNP exert diuretic, natriuretic, vasodilatory, antiproliferative and 
antifibrotic actions in the body (Kerkelä, Ulvila, & Magga, 2015; Pandey, 2008). 
The biological effects of ANP and BNP are mediated through the cell surface 
natriuretic peptide receptor, guanylyl cyclase A (GC-A), that is widely distributed 
throughout various tissues, including the kidneys, vascular smooth muscle, 
adrenals, brain and heart. Binding of ligands to GC-A induces the conversion of 
guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). 
cGMP acts as an intracellular second messenger and activates cGMP-dependent 
protein kinase (PKG), cGMP-regulated phosphodiesterases (PDEs) and cGMP-
gated channels to regulate various pathways within the cell, including ion 
channels, protein phosphorylation, nuclear translocation and gene expression 
(Kuhn, 2016). 

Regulation of ANP and BNP transcription in the heart 

ANP and BNP are expressed in the atrial and ventricular myocardium in the 
developing and adult heart. Ventricular expression of the genes for ANP and BNP 
is downregulated soon after birth but significantly induced in particular 
cardiovascular pathological conditions, such as myocardial ischemia and LV 
hypertrophy (Cameron & Ellmers, 2003). Mechanical stretch and multiple 
intracellular effectors, such as vasoconstrictors angiotensin II (Ang II) and 
endothelin-1 (ET-1), growth factors (e.g., TGF-β) and cytokines (e.g., TNF-α) as 
well as adrenergic agonists (e.g., phenylephrine) induce ANP and BNP 
transcription in the heart. Natriuretic peptide secretion has been detected in 
diverse cardiac cell types including myocytes and fibroblasts, although cardiac 
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myocytes are the main source of ANP and BNP (Kerkelä et al., 2015; Ogawa & 
de Bold, 2014). 

The binding sites for several transcription factors in natriuretic peptide 
promoters are important for activation of ANP and BNP genes in basal conditions 
and in response to specific stimuli. GATA elements are present in both promoters 
and GATA4 transcription factor is the key effector regulating transcription of ANP 
and BNP genes (Grépin et al., 1994; Kerkelä et al., 2015; Thuerauf, Hanfords, & 
Glembotski, 1994). GATA4 is essential for basal as well as isoprenaline and ET-1 
induced BNP transcription (He & LaPointe, 2001; He, Mendez, & LaPointe, 
2002). The M-CAT element, a binding site TEF-1 transcription factor, also is 
essential for basal and stretch induced BNP transcription in cardiomyocytes 
(Koivisto et al., 2011; Thuerauf & Glembotski, 1997). 

In addition to GATA4, various other transcriptional regulators participate in 
transcriptional regulation of ANP and BNP (Kerkelä et al., 2015; Sergeeva & 
Christoffels, 2013). GATA4 together with serum response factor (SRF) 
synergistically activate ANP transcription (Morin, Paradis, Aries, & Nemer, 
2001). GATA4 interacts with nuclear factor of activated T-cells 3 (NFAT3) and 
synergistically activates BNP transcription (Molkentin et al., 1998). GATA4 
interacts also with NK2 homeobox 5 (NKX2-5), heart- and neural crest 
derivatives-expressed protein 2 (HAND2) and myocyte enhancer factor 2 
(MEF2), and synergistically activates ANP and BNP genes (Dai, Cserjesi, 
Markham, & Molkentin, 2002; Durocher, Charron, Warren, Schwartz, & Nemer, 
1997; Morin, Charron, Robitaille, & Nemer, 2000; Shiojima et al., 1999). A 
GATA binding site is required for mechanical stretch induced expression of BNP 
(Pikkarainen, Tokola, Majalahti-Palviainen, et al., 2003). Other interaction 
partners of GATA4 in regulation of cardiac natriuretic peptide genes are activator 
protein 1 (AP-1), ETS-like protein-1 (Elk-1), GATA6, myocardin and p300 
(Kerkelä et al., 2015; Pikkarainen et al., 2004). 

2.5.2 Angiotensin II 

The renin-angiotensin-aldosterone system is one of the most potent 
cardiovascular regulators and plays a crucial role in cardiovascular physiology 
and pathophysiology, acting through auto-/paracrine regulation or via the 
circulation. RAAS maintains the plasma sodium concentration, arterial blood 
pressure and extracellular volume. A large number of factors can influence RAAS 
in the human body, including enzymes, hormones, diuretics, vasodilators, and 
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other signaling pathways (Patel, Rauf, Khan, & Abu-Izneid, 2017). RAAS is 
activated in HF as a compensatory response inducing a number of changes in the 
heart, kidneys, and vasculature, aiming to maintain cardiovascular homeostasis in 
disease conditions (Hartupee & Mann, 2017). 

Angiotensin II (Ang II), the main biologically active peptide of RAAS, 
consists of eight amino acids [Asp-Arg-Val-Tyr-Ile-His-Pro-Phe, Ang (1–8)]. Ang 
II is produced as a result of an enzymatic cascade where a renal protease, renin, in 
the systemic circulation first cleaves liver-derived angiotensinogen into 
angiotensin I (Ang I), a decapeptide, which is then in the pulmonary circulation 
further processed by ACE into the octapeptide, Ang II. Although Ang II is a 
vasoactive peptide, it regulates many aspects of cellular function unrelated to 
vasoconstriction in different tissues (Forrester et al., 2018). 

Ang II exerts its effects by acting on two distinct subtypes of G protein–
coupled receptors (GPCR), the angiotensin type 1 receptor (AT1R) and 
angiotensin type 2 receptor (AT2R). The downstream mediator of angiotensin 
receptors is phospholipase C, which generates inositol 1,4,5-triphosphate (IP3) 
and diacylglycerol (DAG), leading to intracellular Ca2+ elevation and protein 
kinase C (PKC) activation, respectively. AT1R plays a critical role in the Ang II -
mediated actions in the cardiovascular system including vasoconstriction, blood 
pressure elevation, water and sodium retention, growth promotion, fibrosis and 
inflammation. AT1R is widely expressed in various tissues such as heart, kidney, 
adrenal gland, brain and adipose tissues (Karnik et al., 2015; Kawai et al., 2017). 
The role of AT2R is less well understood. Several lines of evidence have indicated 
that AT2R may exert a protective function in the cardiovascular system, but the 
role of AT2R in physiological and pathological situations remains unclear 
(Kaschina, Namsolleck, & Unger, 2017; Savoia, DʼAgostino, Lauri, & Volpe, 
2011). 

Ang II has a direct action on cardiac myocytes and non-myocytes, mainly 
fibroblasts, causing hypertrophy and hyperplasia, indicated by increased protein 
synthesis and expression of fetal (e.g., ANP) and immediately early (e.g., c-fos, c-
jun, c-myc) genes, and increased cell size (Booz & Baker, 1996; Sadoshima & 
Izumo, 1993; K. Takahashi et al., 1997; Watkins, Borthwick, Oakenfull, Robson, 
& Arthur, 2012). Cardiomyocytes release Ang II in response to mechanical stretch 
(Leri et al., 1998; Sadoshima, Xu, Slayter, & Izumo, 1993). 

The RAAS is an important target for therapeutic drugs in HF. ACE inhibitors 
and ATR blockers are among the drug classes recommended for the initial 
treatment of hypertension. Mineralocorticoid receptor antagonists and direct renin 
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inhibitors may also be used as drug treatment for hypertension (Ponikowski et al., 
2016; Yancy et al., 2013). The angiotensin receptor–neprilysin inhibitors have the 
ability to counteract the effects of angiotensin II as well as to increase the activity 
of NPs (Volpe, Rubattu, & Battistoni, 2019). Although the exact role of AT2R in 
human pathophysiology is still under investigation, a growing body of evidence 
suggests that AT2R may be a potential therapeutic target in HF in the future 
(Hallberg, Sumners, Steckelings, & Hallberg, 2018). 

2.5.3 Endothelin-1 

Endothelin-1 is a peptide of 21 amino acids that is produced in endothelial and 
vascular smooth muscle cells. ET-1 is secreted mainly by a constitutive pathway, 
while in some cells ET-1 can be secreted by a regulated pathway via secretory 
granules. ET-1 is a vasoactive factor acting as an extremely potent vasoconstrictor 
in the human body. A variety of stimuli, such as hypoxia, ischemia, low shear 
stress, or several hormonal factors (e.g., cytokines, IL-1), induce the transcription 
of ET-1 mRNA and the synthesis and secretion of ET-1. The major vascular 
actions of ET-1 are to promote vasoconstriction, hypertension, hypertrophy, 
fibrosis and inflammatory changes, including atherosclerosis (Dhaun & Webb, 
2019; Naicker & Bhoola, 2001). 

The effects of ET-1 are mediated via two G-protein-coupled receptors, 
endothelin receptor type A (ETA) and endothelin receptor type B (ETB). 
Endothelin receptors are expressed by a wide variety of cells and tissues, such as 
vasculature, heart, lung and kidney. In vascular smooth muscle cells, 
phospholipase C activation, inositol triphosphate generation, and calcium (Ca2+) 
mobilization from intra- and extracellular sources are involved in ET-1 induced 
vasoconstriction, mediated mainly via ETA. Activation of ETB receptors located 
on the endothelium stimulates the production of nitric oxide and vasodilator 
cyclooxygenase metabolites, which exert vasorelaxant effects on the underlying 
smooth muscle. Another important function of the ETB receptor is its action as a 
clearance receptor to internalize the ligand-receptor complex and to remove ET-1 
from the circulation (Davenport et al., 2016; Schneider, Boesen, & Pollock, 
2007). 

ET-1 has a direct pro-hypertrophic effect on cardiac myocytes. In cultured 
cardiac myocytes, ET-1 induces activation of protein synthesis and sarcomeric 
protein assembly (Pikkarainen et al., 2002) as well as BNP transcription and 
secretion (Pikkarainen, Tokola, Kerkelä, et al., 2003). ET-1 is shown to be 
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involved also in mechanical stress-induced cardiomyocyte hypertrophy. 
Mechanical stretch induces ET-1 transcription and stimulates the release of ET-l 
from cardiomyocytes (Yamazaki et al., 1996). ET-1 increases GATA4 DNA 
binding to the BNP promoter (Pikkarainen et al., 2002), which is totally abolished 
by blockade of p38 mitogen activated protein kinase (MAPK) inhibitors (Kerkelä, 
Pikkarainen, Majalahti-Palviainen, Tokola, & Ruskoaho, 2002). 

In patients with chronic HF, circulating ET-1 levels are elevated (McMurray, 
Ray, Abdullah, Dargie, & Morton, 1992) and ET-1, ETA, and ETB receptor levels 
increased in the failing heart (Pieske et al., 1999; Zolk et al., 1999). Several trials 
using ET receptor antagonists have been carried out in patients with HF and show 
that ET receptor antagonist therapy could effectively enhance cardiac output and 
improve pulmonary and systemic hemodynamics. However, these compounds 
caused detrimental effects in clinical trials, by having a tendency to increase 
mortality and impair clinical status (Schneider et al., 2007; Xiong et al., 2017). 

2.5.4 Catecholamines 

Catecholamines exert excitatory and inhibitory actions on the heart and vascular 
smooth muscle as well as important metabolic, central nervous system, and 
autonomic nervous system effects. In the heart, catecholamines act as positive 
inotropic agents increasing myocardial contractility. Endogenous catecholamines, 
including adrenaline and noradrenaline, mediate their cardiovascular actions 
predominantly through adrenergic receptors α1, β1 and β2, all of which are 
GPCRs. Several synthetic catecholamines, e.g., dobutamine, are in clinical use for 
acute HF (Overgaard & Džavík, 2008). 

The density and proportion of receptors modulate the physiological responses 
of inotropes and vasopressors in individual tissues (Overgaard & Džavík, 2008). 
Inotropy is provided predominantly by β adrenergic receptors, although α1 
adrenoceptors can bring small increases in contractility. Both β1 and β2 
adrenoceptors are expressed in cardiomyocytes, with β1 adrenoceptors having 
more clinical significance. The signaling through cardiac β adrenoceptors 
primarily involves a pathway where receptor stimulation activates adenylate 
cyclase, resulting in elevated cyclic AMP (cAMP) levels and activation of protein 
kinase A (PKA). PKA activation is a critical step in the mediation of contractility 
through phosphorylation of L-type calcium channels and phospholamban to 
regulate calcium influx and reuptake (Barki-Harrington, Perrino, & Rockman, 
2004; Velmurugan, Baskaran, & Huang, 2019). 



35 

In the cardiovascular system, α-adrenergic receptors are the principal 
mediators of the hypertensive response (Barki-Harrington et al., 2004). Activation 
of α1-adrenergic receptors on arterial vascular smooth muscle cells through the 
phospholipase C system, IP3 and DAG, results in release of Ca2+ from the 
sarcoplasmic reticulum (SR), PKC activation and smooth muscle vasocontraction 
(Akinaga, García-Sáinz, & Pupo, 2019; Barki-Harrington et al., 2004; O’Connell, 
Jensen, Baker, & Simpson, 2014). Phenylephrine (PE) is a selective α1–
adrenergic agonist increasing blood pressure by constricting larger arterioles 
while having virtually no effects on terminal arterioles (Bangash, Kong, & Pearse, 
2012; Hollenberg, 2011). 

During HF, the sympathetic nervous system overdrive is characterized by 
elevated circulating catecholamines and RAAS hyperactivity in order to maintain 
cardiac output. Due to chronic stimulation by catecholamines, cardiac β-
adrenergic receptor responsiveness is altered in HF, and treatments (e.g., β-
blockers) that improve their signaling can ameliorate cardiac performance and 
outcomes during HF (Lucia, Eguchi, & Koch, 2018; Ponikowski et al., 2016). 
Short-term, intravenous infusion of inotropic agents, e.g., dobutamine and 
dopamine, may be considered in patients with acute HF and hypotension 
(Ponikowski et al., 2016; Yancy et al., 2013). 

2.6 Intracellular signaling pathways in cardiac hypertrophy and HF 

A variety of biochemical and mechanical factors play a central role in the 
progression of HF (Barry, Davidson, & Townsend, 2008). The signals from 
outside of the cell (e.g., mechanical forces, hormones, growth factors) act on 
membrane-bound receptors (e.g., G-protein coupled receptors, natriuretic peptide 
receptors) that activate intracellular signal transduction pathways (e.g., kinases, 
second messengers). These cascades coordinate hypertrophic growth by altering 
gene expression in the nucleus and by increasing the rates of protein translation. 
Important intracellular mediators of cardiac hypertrophy are MAPKs, PKA and 
PKC, as well calcineurin and NFAT, among others (Heineke & Molkentin, 2006). 

2.6.1 Mitogen activated protein kinase signaling  

Mitogen-activated protein kinase signal transduction pathways are ubiquitous and 
highly conserved mechanisms of eukaryotic cell regulation. MAPK pathways are 
present in all eukaryotic cells and they enable coordinated and integrated 
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responses to diverse stimuli, e.g., hormones, growth factors, cytokines, GPCR 
ligands, and environmental stresses. MAPKs are a family of proteins participating 
in signal transduction events involving gene transcription, protein biosynthesis, 
cell cycle control, apoptosis, and differentiation in diverse cells (Kyriakis & 
Avruch, 2012). 

The MAPK superfamily is divided into four pathways: extracellular signal-
regulated kinases 1 and 2 (ERK1 and ERK2), c-Jun N2-terminal kinases (JNK1, 
JNK2 and JNK3), p38 MAPK (α, β, γ and δ) and ERK5 (Fig. 4). The ERK1/2 
pathway is shown to mainly respond to growth factor signals (such as fibroblast 
growth factor), while JNK and p38 are collectively called stress-activated 
MAPKs due to their induction by physical, chemical and physiological 
extracellular stress signals (such as ultraviolet rays, osmotic shock, infection, and 
cytokines). The ERK5 pathway is involved both in growth and stress signaling. 
The activation of MAP kinases occurs through a canonical activation cascade 
(Fig. 4) in which a MAPK kinase kinase (MAPKKK, MAP3K, MEKK, or 
MKKK) activates a MAPK kinase (MAPKK, MAP2K, MEK, or MKK) which in 
turn activates the MAPK through serial phosphorylation. This cascade allows for 
signal amplification, modulation, and specificity in response to different stimuli 
(Rose, Force, & Wang, 2010). 

MAPK signaling pathways play an important role during cardiac 
development, function and diseases. All three major MAPK pathways, ERK1/2, 
JNK and p38, are activated in cardiac tissue in diverse pressure overload cell 
culture and animal models, and MAPK activities are shown to be elevated also in 
failing human hearts (Haq et al., 2001; Muslin, 2008). MAPKs modulate the 
hypertrophic response of the heart to pressure overload and also regulate the 
cardiac remodeling process after MI. MAPK members can either protect or injure 
the heart in these signaling events, although their roles are not fully understood 
(Muslin, 2008; Yibin Wang, 2007). 

Extracellular signal-regulated kinases 1 and 2 

ERK1 and ERK2 are protein-serine/threonine MAP kinases that participate in the 
Ras-Raf-MEK-ERK signal transduction cascade and possess parallel activation in 
all known cellular events. ERKs are activated through phosphorylation by 
upstream kinases MEK1 and MEK2 after stimulation of calcium channels, 
receptor tyrosine kinases (RTKs) and GPCRs. ERK1/2 catalyze the 
phosphorylation of hundreds of cytoplasmic and nuclear substrates including 
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regulatory molecules and transcription factors (e.g., Elk1, c-Fos and Activating 
Transcription Factor 2; ATF2). Growth factors (e.g., epidermal growth factor; 
EGF, platelet derived growth factor; PDGF, and fibroblast growth factor; FGF), 
mitogens and cytokines strongly activate ERK1/2, but it can also be activated by 
other stimuli, like insulin, serum, ET-1 and PE (Rose et al., 2010; Roskoski, 
2012). The downstream molecular mechanisms involved in ERK mediated 
hypertrophy include transcription factors such as NFAT and GATA4 (Q. Liang, 
Wiese, et al., 2001; Sanna, Bueno, Dai, Wilkins, & Molkentin, 2005). 

 

Fig. 4. Canonical MAPK signaling. Modified from Rose et al., 2010. ASK1=apoptosis 
signal-regulating kinase 1; ERK=extracellular signal-regulated kinase; JNK=c-Jun N2-
terminal kinase; MAPK=mitogen activated protein kinase; MEK=MAP kinase of ERK 
kinase; MKK=MAP kinase kinase; MLK=mixed lineage kinase; RAF=rapidly 
accelerated fibrosarcoma; RTK=tyrosine kinase receptor; TAK=transforming factor-β 
activating kinase. 
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ERK1/2 has been implicated as a regulator of cardiac hypertrophy due to its 
activation in response to stress stimuli known to induce hypertrophic growth. 
ERK activation is consistently observed in cell and animal models of hypertrophy 
and in human patients (Kehat & Molkentin, 2010; Mutlak & Kehat, 2015). 
Constitutive ERK1/2 activation in the heart through overexpression of an 
activated MEK1 mutant is sufficient to induce cardiac hypertrophy in vivo (Bueno 
et al., 2000), and ERK activation initiates a hypertrophic response also in vitro 
(Ueyama et al., 2000). In cardiomyocytes, the hypertrophic response and ERK1/2 
kinase activation is achieved by α- and β-adrenergic receptor stimulation and 
mechanical stretch (Bogoyevitch et al., 1996; Post, Goldstein, Thuerauf, 
Glembotski, & Brown, 1996; Yamazaki et al., 1996). ERK autophosphorylation at 
Thr188, which facilitates ERK1/2 activity towards nuclear targets, is a critical 
event in the induction of ERK-mediated cardiac hypertrophy in response to 
various stimuli (Lorenz, Schmitt, Schmitteckert, & Lohse, 2009). On the other 
hand, ERK activity has shown to protect the intact heart from 
ischemia/reperfusion injury and cardiomyocytes from apoptosis during pressure 
overload and oxidative stress, indicating an important cardioprotective role of 
ERK and demonstrating the complexity of ERK signaling (Bueno & Molkentin, 
2002; Gallo, Vitacolonna, Bonzano, Comoglio, & Crepaldi, 2019; Yibin Wang, 
2007). 

c-Jun N2-terminal kinases 

Three JNK genes (JNK1, JNK2 and JNK3) have been identified, in which JNK1 
and JNK2 are expressed in the heart. JNKs are activated by a variety of 
environmental stresses (heat shock, ionizing radiation, oxidants), ischemic 
reperfusion injury, mechanical shear stress, vasoactive peptides and 
proinflammatory cytokines. JNKs are activated through phosphorylation by 
MKK4 and MKK7 (Fig. 4). JNK activates several downstream kinases and 
transcription factors such as c-Jun, c-Myc and ATF2 (Z. Chen et al., 2001; Zeke, 
Misheva, Reményi, & Bogoyevitch, 2016). 

The JNK cascade has been implicated in both cardiac protection and injury 
(Q. Liang & Molkentin, 2003; Petrich & Wang, 2004). Overactivation of JNK by 
MKK7 leads to a hypertrophic phenotype (Yibin Wang, Su, et al., 1998), and 
inhibition of JNK activity attenuated ET-1 induced hypertrophy in cultured 
neonatal myocytes (Choukroun et al., 1998). Furthermore, inhibition of JNK 
activity prevented pressure overload–induced cardiac hypertrophy in vivo 
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(Choukroun et al., 1999). Liang et al. also demonstrated an antihypertrophic 
effect of the JNK pathway by investigating pressure-overload-induced 
hypertrophy in a series of animal models with either targeted inactivation of JNK 
isoforms or overexpressing dominant-negative mutants of JNKs (Q. Liang et al., 
2003). 

p38 MAPKs 

The p38 MAPK subfamily consists of four isoforms: p38α, p38β, p38γ and p38δ. 
p38α is the dominant p38 MAPK isoform found in the heart, while p38β levels 
are undetectable, and the levels of p38γ and p38δ are low. The p38 MAPKs are 
strongly activated in vivo by environmental stresses and inflammatory cytokines, 
and less by serum and growth factors. p38 MAPK activation occurs via 
phosphorylation by upstream kinases MKK3 and MKK6 (Fig. 4). p38 substrates 
are transcription factors, other protein kinases which in turn phosphorylate 
transcription factors, cytoskeletal proteins, and translational machinery 
components, and other proteins such as metabolic enzyme, glycogen synthase or 
cytosolic phospholipase A2 (Cuenda & Rousseau, 2007; Yokota & Wang, 2016). 

The p38 pathway, like JNKs, has been implicated in both cardiac protection 
and injury (Bassi, Heads, Marber, & Clark, 2008; Qiangrong Liang & Molkentin, 
2003; Petrich & Wang, 2004). p38 MAPK is rapidly activated within a few 
minutes of exposure to myocardial stretch or volume overload, increased aortic 
pressure, or ischemia/reperfusion in the heart (Ono & Han, 2000). Studies on 
cultured cardiomyocytes demonstrated that stimulation of p38α promoted 
apoptosis, and the p38β isoform promotes a hypertrophic phenotype (Nemoto, 
Sheng, & Lin, 1998; Yibin Wang, Huang, et al., 1998). In mice, p38α plays a role 
in cardiomyocyte apoptosis but has no effect on hypertrophic growth in response 
to pressure overload (Nishida et al., 2004). However, in rats p38α activation 
reduced infarct size and improved ejection fraction after MI (Tenhunen et al., 
2006). Thus, controversies exist regarding the role of p38 MAPK in 
cardiovascular signaling events, probably arising from different experimental 
models. 

Protein kinases as drug targets in cardiac hypertrophy and HF  

Several commercially available inhibitors exist for MAPK pathways and are 
commonly utilized in the field of biomolecular research. The inhibition of p38 has 
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been demonstrated to exert beneficial effects on cardiovascular function, although 
also some conflicting results exist (Rose et al., 2010). The p38 inhibitor 
SB203580 reduced hypoxia-induced apoptotic and necrotic cell death in neonatal 
rat ventricular myocytes (NRVM) and reduced ischemia/reperfusion (IR) injury in 
isolated, perfused hearts (Ma et al., 1999; Mackay & Mochly-Rosen, 1999). 
SB239063 prevented ischemia-induced p38 MAPK activation, thus resulting in a 
reduction of infarct size in mice but no cardioprotection in pig (Kaiser et al., 
2005). SD-282, another ATP-competitive inhibitor of p38 MAPK, improved 
cardiac function in rats indicated by increased stroke volume, cardiac output, 
ejection fraction, and stroke work (Z. Li et al., 2006). 

In a reconstituted rat heart tissue, treatment with a MEK-inhibitor, U0126, 
prevented ET-1 and isoprenaline induced contractile defects and ANP gene 
expression (Munzel et al., 2005). In the rat heart, pretreatment with PD98059 
enhanced myocyte apoptosis and pathological remodeling after IR injury (Yue, 
Wang, et al., 2000). U0126 and PD98059 are reported to inhibit MEK-1 and 
MEK-2, not by competing with ATP but by allosterically modulating these 
enzymes (Favata et al., 1998). MEK-1 is an upstream activator of ERK1/2, and 
thus MEK-inhibitors inhibit also the activation of ERK1/2 (Munzel et al., 2005). 
The MEK1-ERK1/2 inhibitor U0126 blocked both ET-1 and PE induced 
cardiomyocyte hypertrophy in vitro (Yue, Gu, et al., 2000). PD98059 was not able 
to block PE induced ANP promoter activity in cultured cardiomyocytes (Post et 
al., 1996). 

Treatment with a JNK inhibitor, SP600125, increased the number of TUNEL-
positive myocytes and the area of interstitial fibrosis associated with aggravation 
of LV chamber dilation and LV dysfunction in a hamster model of dilated 
cardiomyopathy (Kyoi et al., 2006). Treatment with p38 inhibitors SB203580 and 
FR167653 had the opposite effect and reduced the number of TUNEL-positive 
myocytes, the area of fibrosis and the heart weight-to-body weight ratio 
associated with a significant decrease of LV dimension and an increase in LV 
ejection fraction and LV contractility (Kyoi et al., 2006). It is noteworthy, 
however, that the p38 inhibitors SB203580 and SB202190 block also JNK 
activity at concentrations above those necessary to block p38 (C. Chen, Del 
Gatto-Konczak, Wu, & Karin, 1998; Clerk & Sugden, 1998). 
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2.6.2 Transcription factors in cardiac hypertrophy and HF 

The regulation of gene expression is fundamental to the function of a cell. Cardiac 
hypertrophy is characterized by a general increase in gene expression that is 
relative to the increase in myocyte size and mass, as well as by inducible gene 
expression (Frey & Olson, 2003). Transcriptional regulators such as MEF2, 
GATA4, NFAT, SRF, and NKX2-5 participate in a combinatorial regulation of 
differentiation-specific gene expression and growth of the developing 
myocardium (Bruneau, 2002). These transcription factors cooperate also to 
promote inducible pathological transcriptional programs in the heart, e.g., during 
stress regulation of the heart and hypertrophic cardiac growth (Akazawa & 
Komuro, 2003; Dirkx, Da Costa Martins, & De Windt, 2013). 

GATA4 

The GATA family of transcription factors consists of six proteins (GATA1-6) 
which are involved in a variety of physiological and pathological processes. 
During vertebrate development, GATA1/2/3 are required for differentiation of 
hematopoietic cell lineages, while GATA4/5/6 are implicated in development and 
differentiation of endoderm- and mesoderm derived tissues such as heart, liver, 
lung, gonad, and gut (Lentjes et al., 2016). GATA4/5/6 are central regulators of 
cardiac development and GATA4 is one of the earliest transcription factors 
expressed in developing cardiac cells (Tremblay, Sanchez-Ferras, & Bouchard, 
2018). GATA factors bind the consensus target sequence (A/T)GATA(A/G) via a 
DNA-binding domain consisting of two adjacent zinc fingers. Among the 
GATA4/5/6 proteins, the zinc finger domains are more than 80% conserved, while 
the sequences of the amino-terminal and carboxyl-terminal domains exhibit lower 
similarity. GATA4 zinc fingers are involved also in protein-protein interaction 
(PPI) with other transcriptional partners and/or cofactors (Pikkarainen et al., 
2004). 

In the adult heart GATA4 operates as a transcriptional regulator of numerous 
cardiac genes. GATA4 is able to induce the expression of ANP, BNP, NKX2-5, α-
myosin heavy chain (MHC), β-MHC, and many others (Lien et al., 1999; 
Molkentin, 2000; Oka, Xu, & Molkentin, 2007; Pikkarainen et al., 2004). 
Adenovirally delivered GATA-4 antisense treatment of neonatal rat cardiac 
myocytes results in an inhibition of ANP, BNP, α-MHC, β-MHC and cardiac 
troponin I gene expression (Charron, Paradis, Bronchain, Nemer, & Nemer, 
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1999). GATA4 mediates inducible gene expression in response to diverse 
hypertrophic stimuli, including pressure overload, isoprenaline, vasopressin, PE, 
and ET-1 (Hasegawa, Lee, Jobe, Markham, & Kitsis, 1997; Hautala et al., 2001; 
Herzig et al., 1997; Q. Liang, De Windt, et al., 2001; Morimoto et al., 2000). 
Mechanical stretch induced cardiomyocyte hypertrophy as well is mediated by 
GATA4 (Pikkarainen, Tokola, Majalahti-Palviainen, et al., 2003). 

Although overexpression of GATA4 alone is sufficient to cause cardiac 
hypertrophy (Q. Liang, De Windt, et al., 2001), GATA4 possesses also 
cardioprotective actions. Overexpression of GATA4 prevented cardiac myocyte 
apoptosis induced by anthracyclines such as daunorubicin and doxorubicin (Y. 
Kim et al., 2003). Cardiogenesis is enhanced in embryonic stem cells 
overexpressing GATA4, and the depletion of GATA4 results in apoptosis (Grépin, 
Nemer, & Nemer, 1997). In adult cardiac myocytes, a GATA4 dependent pathway 
was required for ET-1 mediated protection against cardiac myocyte apoptosis 
(Kakita et al., 2001). GATA4 acts also as an antifibrotic factor acting via 
downregulation of the profibrotic genes, including collagen type I α-1 (COL1A1), 
connective tissue growth factor (CTGF), fibronectin and Snail (Mathison et al., 
2017). 

Since GATA-4 controls gene expression in diverse cellular environments as 
well as in various physiological and pathological conditions, its activity is 
regulated by post-translational modifications such as phosphorylation and 
acetylation. The effect of these modifications most often involves enhanced 
transcriptional activity due to changes in GATA nuclear localization, DNA 
binding, and/or cofactor recruitment (Pikkarainen et al., 2004). MAPK family 
members, p38 MAPK and ERKSs, have been shown to phosphorylate GATA4 on 
serine 105, followed by both enhanced binding and transactivation activity of 
GATA4 (Charron et al., 2001; Q. Liang, Wiese, et al., 2001; Morimoto et al., 
2000). Stimulation of cardiac myocytes by PE induced GATA4 Ser105 
phosphorylation and increased its DNA binding to the GATA site on the ET-1 
promoter (Morimoto et al., 2000). The phosphorylation of GATA4 has been 
shown to be necessary for PE-induced ANP gene expression and cardiac 
hypertrophy (van Berlo, Elrod, Aronow, Pu, & Molkentin, 2011) as well as for 
ET-1 induced GATA-4 binding to the BNP promoter (Kerkelä et al., 2002). 

GATA4 interacts with various transcription factors in gene expression 
regulation. GATA4 in combination with NKX2-5, GATA6, dHAND, MEF2 and 
NFAT3 synergistically activates ANP, BNP, α-MHC and α-cardiac actin (αCA) 
genes (Charron, Paradis, Bronchain, Nemer, & Nemer, 1999; Dai et al., 2002; 
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Molkentin et al., 1998; Morin et al., 2000; Shiojima et al., 1999). GATA4 
interacts also with FOG-2 leading to down-regulation of the activity of cardiac 
specific genes ANP, BNP and α-MHC (Lu et al., 1999). 

NKX2-5 

Cardiac transcription factor NKX2-5 is a member of the NK homeobox gene 
family. These proteins commonly have a highly conserved structure composed of 
the N-terminal homeodomain, and the NK-2-specific domain located C-terminal 
to the homeodomain. The homeodomain of NKX2-5 has a helix-turn-helix motif 
that binds to the target DNA sequence T(C/T)AAGTG (Akazawa & Komuro, 
2005). NKX2-5 is highly expressed in the early heart progenitor cells in 
vertebrates and continues to be expressed at a high level in the heart through 
adulthood (Akazawa & Komuro, 2005; Harvey, 1996). 

NKX2-5 has been shown to regulate a critical set of genes to maintain proper 
cardiac formation and function, including ANP, BNP, GATA4 and MEF2 
(Durocher, Chen, Ardati, Schwartz, & Nemer, 1996; Molkentin et al., 2000; 
Takeda et al., 2009; Tanaka, Chen, Bartunkova, Yamasaki, & Izumo, 1999; Terada 
et al., 2011). In adult heart, NKX2-5 participates in the transcriptional regulation 
of hypertrophic remodeling. Cardiac hypertrophy as well as both NKX2-5 and 
GATA4 gene expression in cardiomyocytes are induced by α- and β-
adrenoreceptor agonists PE and isoprenaline, respectively, in mice (Saadane, 
Alpert, & Chalifour, 1999). NKX2-5 expression levels are elevated also in adult 
cat heart after pressure overload (Thompson, Rackley, & O’Brien, 1998). 

Transcriptional activity of NKX2-5 is modulated through physical interaction 
with other transcription factors such as GATA4 (Durocher et al., 1997), SRF (C. 
Y. Chen & Schwartz, 1996), T-box–containing transcription factors TBX2 and 
TBX5 (Habets et al., 2002; Hiroi et al., 2001), and HAND2 (Thattaliyath, Firulli, 
& Firulli, 2002). NKX2-5 is phosphorylated by casein kinase II at the serine 
residue within the homeodomain. The DNA binding affinity of NKX2-5 is 
increased by phosphorylation but it remains unclear whether the phosphorylation 
has some implications in a biological context (Kasahara & Izumo, 1999). 

Co-operation between GATA4 and NKX2-5 

GATA4 and NKX2-5 proteins interact physically (Durocher et al., 1997; Lee et 
al., 1998; Shiojima et al., 1999). Mutational analyses revealed specific residues 
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within the GATA4 second zinc finger domain and C-terminal extension that are 
required for NKX2-5 interaction (Durocher et al., 1997; Kinnunen et al., 2015). 
For NKX2-5, the C-terminus of the homeodomain which harbors the α3 helix and 
a short C-terminal extension of the homeodomain are needed to contact GATA4 
(Durocher et al., 1997; Lee et al., 1998). The structural arrangement of the zinc 
finger-homeodomain resembles the architecture of the conserved DNA binding 
domain of nuclear receptors (Kinnunen et al., 2015). 

GATA4 and NKX2-5 synergistically activate several cardiac genes such as 
ANP, BNP, cardiac α-actin, type 2 iodothyronine deiodinase and the A1 adenosine 
receptor (Dentice et al., 2003; Durocher et al., 1997; Lee et al., 1998; Rivkees, 
Chen, Kulkarni, Browne, & Zhao, 1999; Sepulveda et al., 1998; Shiojima et al., 
1999). The synergism on the ANP promoter is dependent on NKX2-5 binding but 
not on GATA4 binding to the ANP proximal promoter. Furthermore, GATA4 and 
NKX2-5 negatively cooperate on the promoters containing GATA4 binding sites, 
presumably through the NKX2-5 driven decrease in the DNA binding affinity of 
GATA4 (Shiojima et al., 1999). Another report suggests that GATA4-NKX2-5 
driven synergy in ANP gene activation requires binding of both factors to their 
binding sites on the ANP promoter (Lee et al., 1998). The significance of NKX2-5 
DNA binding in GATA4-NKX2-5 transcriptional synergy is shown also with the 
artificial NKX2-5 promoter containing multimerized NKX2-5 binding elements, 
NKEs. The homeobox of NKX2-5 and the C-terminal zinc finger of GATA-4 are 
required for transcriptional coactivation through NKX2-5 binding sites 
(Sepulveda et al., 1998). 

Transcription machinery as drug target in cardiac hypertrophy and HF 

The current therapeutic approach to prevent HF targets the outside-in signaling in 
the cell: i.e., they block hormones (catecholamines, Ang II and aldosterone), 
calcium signaling (Ca2+ channel blockers) and target pathophysiological load 
(vasodilators and diuretics) (Fig. 5) (Ponikowski et al., 2016; Yancy et al., 2013). 
The identification of transcription factors as the key regulatory molecules in the 
evolution of cardiac hypertrophy and HF and the analysis of their structure and 
function have revealed that these proteins are potential targets for therapeutic 
intervention. Developing drug molecules that will selectively affect HF associated 
transcription factors and enhance or suppress their activity can be of great 
therapeutic interest. Transcription factors have ligand binding, dimerization, DNA 
binding, nuclear localization, and regulatory domains, which may be targeted 
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directly by small molecule drugs (Kohli, Ahuja, & Rani, 2011; Minerath, Hall, & 
Grueter, 2019). 
 

Fig. 5. Myocyte signaling approaches for the treatment of HF. Current drug therapies 
commonly prescribed for HF and new therapies holding promise for the treatment of 
HF. Modified from Minerath et al., 2019; Pinilla-Vera, Hahn, & Kass, 2019; Shah & 
Mann, 2011; Tham et al., 2015. ACE-I=angiotensin converting enzyme inhibitor; 
Ang=angiotensin; ARB=angiotensin receptor blocker; BET=bromodomain and 
extraterminal proteins; Ca2+=calcium; cAMP=3’, 5’-cyclic adenosine monophosphate; 
cGMP=cyclic guanosine monophosphate; DAG=diacylglycerol; DRB=5,6-dichloro-1-β-
D-ribofuranosylbenzimi-dazole; GATA4=GATA binding protein 4; GC=guanylyl cyclase; 
HDAC=histone deacetylase; IL-1=interleukin-1; IP3=inositol 1,4,5-triphosphate; 
LTCC=L-type calcium channel; MAPK=mitogen-activated protein kinase; 
MEF2=myocyte enhancer factor 2; MR=mineralocorticoid receptor; 
MRA=mineralocorticoid receptor antagonist; NEP=neprilysin; NKX2-5=NK2 homeobox 
5; NP=natriuretic peptide; PKA=protein kinase A; PKC=protein kinase C; PKG=cGMP-
dependent protein kinase; PLC=phospholipase C; PLN=phospholamban; TNF-
α=tumor necrosis factor-α; RNA pol=RNA polymerase; ROS=reactive oxygen species; 
SERCA=sarco/endoplasmic reticulum Ca2+-ATPase; SR=sarcoplasmic reticulum. 

A number of small molecule inhibitors of transcriptional machinery usable in 
different models of cardiac hypertrophy and ischemic injury have been identified. 
JQ1 is a bromodomain inhibitor that acts by displacing bromodomain and 
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extraterminal (BET) proteins from chromatin resulting in suppression of 
downstream signaling events to RNA polymerase II and thus inhibiting 
transcription of target genes. BETs are required for induction of a pathologic gene 
expression program in cardiomyocytes. JQ1 attenuates cardiac hypertrophy in 
vitro and HF in vivo (Anand et al., 2013). The nucleoside analog 5,6-dichloro-1-
β-D-ribofuranosylbenzimidazole (DRB) inhibits transcript elongation by RNA 
polymerase II, and that compound as well inhibits both basal and ET-1-induced 
RNA synthesis and prevents increase in cell size in cardiac myocytes (Sano et al., 
2002). 

Histone deacetylases (HDACs) are chromatin-modifying enzymes that 
stabilize the histone-histone and histone-DNA interactions by catalyzing the 
removal of the acetyl groups from the lysine residues on histones. This causes 
chromatin condensation and thus access by transcription factors to their specific 
binding sites in the DNA becomes restricted, resulting in transcriptional 
repression or silencing of genes. The class I HDACs are located mainly in the 
nucleus, whereas class II HDACs undergo shuttling from the nucleus to the 
cytoplasm after phosphorylation. Both class I (HDAC1, 2, 3 and 8) and class IIa 
(HDAC4, 5, 7 and 9) histone deacetylases have been identified as important 
regulators of cardiac remodeling (Lehmann, Worst, Stanmore, & Backs, 2014). 
Class I HDACs are identified as pro-hypertrophic HDACs promoting the 
development of cardiac fibrosis, presumably by suppressing cardiac fibroblast 
proliferation (Williams et al., 2014). Class IIa HDACs, by repressing MEF2 
activity, have been designated as negative regulators of cardiac hypertrophy (C. 
Zhang et al., 2002). 

Small molecule inhibitors of class I and class IIa HDACs act by binding to 
the zinc-containing catalytic domain of the HDACs, acting as a zinc chelator and 
thus inhibiting deacetylation (McKinsey, 2012). Cardiac hypertrophy in rats and 
mice induced by Ang II or aortic constriction was blocked by concomitant 
administration of the nonselective HDAC inhibitor trichostatin A or the HDAC 
class I selective inhibitor SK-7041 (Kee et al., 2006). In another study treatment 
with tricostatin A and another non-selective HDAC inhibitor, scriptaid, blunted 
cardiac hypertrophy in a pressure-overload mouse model, reducing 
cardiomyocyte size and significantly improving ventricular performance (Kong et 
al., 2006). The class I HDAC inhibitor mocetinostat treatment improved cardiac 
function and reduced fibrosis in HF in vivo (Nural-Guvener et al., 2014). 

A small molecule compound inhibiting GATA4 activity by inhibiting its 
interaction with DNA and blocking the activation of the downstream target genes 
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of GATA4 has previously been identified (El-Hachem & Nemer, 2011). 
Curcumin, a bioactive compound derived from the active ingredient of turmeric 
(Curcuma longa), has been shown to attenuate cardiac hypertrophy through 
inhibiting p300-mediated histone acetylation and thus leading to downregulated 
expression of GATA4. Curcumin prevents the translocation of GATA4 to the 
nucleus and reduces its DNA-binding activity, thereby attenuating the expression 
of hypertrophic marker genes (Ahuja et al., 2011; Morimoto, Sunagawa, Fujita, & 
Hasegawa, 2010). 

Transcription factors, as well DNA-protein and protein-protein interactions 
are generally considered to be poor drug targets due to their lack of enzymatic 
activity and inaccessibility in the nucleus. Except for nuclear receptors, drugs 
specifically targeting a particular transcription factor are still lacking for clinical 
use. Small molecule inhibitors of transcription factors have shown promise in 
preclinical studies, particularly in the area of oncology, revealing the potency of 
transcription factor modulation in drug discovery (Koehler, 2010; Papavassiliou 
& Papavassiliou, 2016). 

2.7 Drug screening 

The drug discovery process is traditionally characterized by target identification 
and validation, lead discovery, lead optimization and clinical trials (Phatak, 
Stephan, & Cavasotto, 2009). Once a target has been chosen, drug screening is 
utilized to find the desired biological activity possessing compounds in a large set 
of compounds. Success in a screening project depends on the methods used and 
the compounds selected for the screen, while target identification and validation 
plays also a pivotal role (Hughes, Rees, Kalindjian, & Philpott, 2011; Janzen, 
2014). More than 80% of US Food and Drug Administration (FDA) approved 
drugs are small molecule drugs, while biological drugs, e.g., antibodies and other 
proteins, cover a distinct subgroup (R. Santos et al., 2017). 

A drug target is represented as a molecular structure that will undergo a 
specific interaction with chemicals that are called drugs because they are 
administered to treat a disease (Imming, Sinning, & Meyer, 2006). Most current 
drug targets are located on the cell-surface, e.g., GPCRs and various ion channels. 
More than 60% of drugs in clinical use target only four key gene families: 
GPCRs, nuclear receptors, ligand-gated ion channels and voltage-gated ion 
channels. Other examples of classical drug targets are enzymes, transport 
proteins, various other receptors and targets of monoclonal antibodies (Imming et 
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al., 2006; Overington, Al-Lazikani, & Hopkins, 2006). A suitable drug target 
needs to be efficacious, safe, meet clinical and commercial needs and, above all, 
be accessible to the putative drug molecule (Hughes et al., 2011). 

 
 

Fig. 6. Workflows of lead discovery for (A) phenotypic screening, (B) target-focused 
screening and (C) a combined approach. Modified from Heilker et al., 2019. 

The drug discovery process can be implemented by either phenotypic drug 
discovery or target-based approaches (Fig. 6) (Heilker, Lessel, & Bischoff, 2019). 
Phenotypic drug screening (Fig. 6A) is performed without knowledge of a 
specific target of a drug of interest or a hypothesis about its role in disease. By 
contrast, in target-focused screening (Fig. 6B) the starting point is a predefined 
molecular target that is hypothesized to have an important role in disease. 
Phenotypic screening is carried out in cells, isolated tissues or organs, or animals, 
to see whether a compound exerts the desired effects. Target-focused strategies 
enable a direct analysis of the interaction between the compound and disease-
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relevant protein or other target molecule (Heilker et al., 2019; Moffat, Vincent, 
Lee, Eder, & Prunotto, 2017). 

The choice of methods used in drug screening is dependent upon the drug 
target characteristics as well as the equipment infrastructure and expertise in the 
host laboratory. The methods used in lead discovery need to be reliable and 
reproducible, and screening results need to be biologically relevant. Multiple 
technologies and approaches are utilized during a hit discovery process: 
computational chemistry and other in silico methods, synthetic organic chemistry, 
genomics as well as various cell and molecular biology methods, among others 
(Hughes et al., 2011; Janzen, 2014). 

High-throughput screening (HTS) technologies play a considerable role in 
small molecule discovery. HTS typically refers to in vitro automated testing of 
large compound sets quickly and cost-effectively, usually in micro-scale 
environments (G. Wu & Doberstein, 2006). The goal of HTS is to identify hits, 
biologically active small molecules acting as candidates for further confirmation 
and validation. The hits identified by the primary screen are generated as leads by 
optimization and modification (Holenz & Stoy, 2019). In contrast to HTS, in 
virtual screening (VS), compounds are selected in silico by using computer 
programs to predict their binding to their targets. HTS and VS may be performed 
either distinctly or integrated and thus complement each other (Bajorath, 2002; 
Klebe, 2006). 

Over recent years, an industry has grown remarkably around the 
commercially available compound libraries and the feasibility of these compound 
libraries for drug development has increased (Volochnyuk et al., 2019). 
Physicochemical properties of lead molecules strongly influence their 
pharmaceutical applicability. Druglike properties, i.e., the probability of achieving 
good oral absorption, are most commonly defined using the rule of 5: molecular 
mass is smaller than 500, the calculated logarithm of the octanol/water partition 
coefficient (clogP) is less than 5, there are less than five hydrogen-bond donor 
atoms, and the sum of the number of nitrogen and oxygen atoms is less than 10 
(Lipinski, Lombardo, Dominy, & Feeney, 1997). 

2.7.1 Luciferase reporter gene assay as a drug screening method 

Cell-based assays are a crucial element of the drug discovery process. These 
techniques enable selection and characterization of compounds based on their 
functional effects in intact cells (Michelini, Cevenini, Mezzanotte, Coppa, & 
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Roda, 2010). The advantages of cell-based assays over biochemical assays 
include the possibility to assess targets in physiologically relevant environments, 
evaluate entire signaling pathways in a single assay format, and characterize 
compounds with unknown targets or targets that are not amenable to biochemical 
approaches. In addition, cell-based assays allow for the selection of compounds 
that can cross cellular membranes and may provide indications of acute 
cytotoxicity and metabolism of compounds (W. An & Tolliday, 2010; Berg, Hsu, 
& Lee, 2014). Examples of cell-based assays include functional assays (e.g., 
second messenger mobilization after GPCR activation), reporter gene assays, and 
phenotypic assays for cellular processes (e.g., cell migration, cytokinesis) 
(Naylor, 1999; Thomsen, Frazer, & Unett, 2005; Yarrow, Totsukawa, Charras, & 
Mitchison, 2005). 

Reporter gene technology is widely used to monitor the cellular events 
associated with signal transduction and gene expression (Naylor, 1999). A 
reporter gene is attached to a specific response element in the expression vector 
that is further transferred into appropriate cells (Fig. 7). Modulation of 
appropriate signal transduction pathways then alters the expression of the reporter 
gene, providing a straightforward method for monitoring the effects of changes in 
signaling pathways on gene expression (Naylor, 1999). Alkaline phosphatase 
(AP), chloramphenicol acetyltransferase (CAT), green fluorescent protein (GFP), 
luciferase (luc), and β-galactosidase (β-gal) are commonly used reporter genes 
(Arnone, Dmochowski, & Gache, 2004; Jiang, Xing, & Rao, 2008). 

Luciferase is a bioluminescent protein catalyzing the oxidation of its substrate 
to yield a product that is in an electronically excited state and emits light upon 
relaxation. Bioluminescence occurs in various terrestrial and marine organisms. 
Firefly (Photinus pyralis) and sea pansy (Renilla reniformis) luciferases are 
among the most studied and extensively utilized in biomedical research (Thorne, 
Inglese, & Auld, 2010). Firefly luciferase catalyzes the oxidation of D-luciferin to 
oxyluciferin producing maximum emission at wavelength 560 nm. Renilla 
luciferase uses coelentrazine as a substrate and the wavelength of the emission 
maxima is 480 nm. Renilla luciferase has been used primarily as a co-reporter and 
internal control in conjunction with firefly luciferase to normalize the values of 
experimental reporter gene for variations that are caused by variable transfection 
efficiency, cell viability, and sample handling (Fan & Wood, 2007; Scott, Dikici, 
Ensor, & Daunert, 2011). 
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Fig. 7. Schematic representation of a cell-based reporter gene assay. Extracellular 
signals acting on receptors, signal transduction proteins, or transcription factors 
activate response elements (RE) that modulate the expression of the reporter gene. 
Modified from Naylor, 1999. 

Bioluminescent enzyme activity assays are based either on the detection of the 
end products of the enzymatic reaction or the direct, real-time evaluation of the 
enzyme kinetics (Roda, Guardigli, Pasini, & Mirasoli, 2003). Bioluminescence is 
a suitable detection technique for HTS because it allows rapid, sensitive and wide 
range detection of the analytes and can be applied to small-volume samples. The 
dynamic linear range of these assays can be very wide because of low background 
signal (Fan & Wood, 2007; Roda et al., 2003). 

Reporter gene assays are used for phenotypic HTS, although they are 
somewhat artificial and have limitations (Eder, Sedrani, & Wiesmann, 2014). 
Cell-based screens tend to have higher hit rates than biochemical screens, 
presumably reflecting the existence of many potential targets in the intended 
biological pathway, or unexpected crosstalk from interconnected pathways and 
toxicity that give a signal of compound activity (Crisman et al., 2007). A decrease 
in the internal control Renilla luciferase signal is often associated with compound 
toxicity (Fan&Wood 2007). 
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A reporter assay has been utilized also for the identification of cardiac signal 
pathway modulators. Small molecule compounds inducing cardiac differentiation 
were identified in reporter screens utilizing the ANP promoter (X. Wu, Ding, 
Ding, Gray, & Schultz, 2004) and the NKX2-5 promoter (Sadek et al., 2008) in 
P19 cells. Positive hits increased luciferase reporter activity as a marker of 
cardiomyocyte differentiation. Ascorbic acid as well was discovered to enhance 
cardiac differentiation from a mouse embryonic stem cell-based screen using a 
cardiac-specific α-MHC promoter-driven GFP-reporter construct (T. Takahashi et 
al., 2003). A cell-based screen monitoring a luciferase reporter gene under the 
control of the myocyte-enriched calcineurin-interacting protein 1 (MCIP1) gene 
promoter identified compounds activating MCIP1 expression and inducing 
hypertrophy of cardiac muscle cells through calcineurin and histone deacetylase 
signaling (Bush et al., 2004). 

2.7.2 Quality control of drug screening assays 

Experimental HTSs are usually affected by bias that negatively impacts the hit 
selection process. Various technical, procedural or environmental factors, 
including reagent evaporation, cell decay, errors in liquid handling, pipette 
malfunctioning, variation in incubation time, time drift in measuring different 
wells of plates, and reader effects, can cause systematic errors or inequalities in 
the conditions in which the measurements are taken (Mazoure, Nadon, & 
Makarenkov, 2017). A high-quality HTS assay must be able to identify, with a 
high degree of confidence, compounds possessing significant biological activity 
(J.-H. Zhang, 1999). Although a systematic quality control procedure has not yet 
been established for HTS data, several error correction methods and software 
have been developed to address this issue in the context of experimental HTS 
(Dragiev, Nadon, & Makarenkov, 2011; Mazoure et al., 2017). 

The most widely accepted measurement of HTS assay quality is the Z’ factor. 
The Z’ factor measures the separation of a positive activity (positive control) and 
background control in the absence of intervention of test compounds. It is defined 
as follows: 

 𝑍′ = 1−   ∣   ∣,  

where SD is the standard deviation. The difference between the mean of the 
positive controls and the mean of the negative controls defines the dynamic range 
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of the assay signal. Z≥0.5 indicates an excellent assay with a large separation 
band. An assay with 0<Z<0.5 is considered marginal and may be suitable for HTS 
but often further optimization is required. Assays with Z<0 are not suitable for 
HTS. Other parameters measuring assay quality are signal to background (S/B) 
and signal to noise (S/N), although these parameters fail to consider the 
variability of the positive control and negative control as well as the dynamic 
range of the assay at the same time (J.-H. Zhang, 1999).  

2.8 Micro- and nanoparticles in drug delivery 

Micro- and nanotechnologies have been widely utilized in medicine in different 
diagnostic and therapeutic applications (G. Chen, Roy, Yang, & Prasad, 2016; 
Rizzo, Theek, Storm, Kiessling, & Lammers, 2013). Micro- and nanoparticles 
(MNPs) can efficiently carry and deliver imaging probes, therapeutic agents, or 
biological material to targeted sites such as a specific organ or tissue. These 
technologies are in use in tissue engineering or implant applications (Alvarez et 
al., 2017; Rizzo et al., 2013). Micro- and nanocarriers are typically based on 
liposomes, silicon, gelatin, metal oxides or polymer-based material such as 
poly(d-lactic acid), polyethylene glycol (PEG) and poly lactic-co-glycolic acid 
(PLGA). Micro- and nanoscale drug delivery systems are able to carry and release 
small molecule drugs, peptides, proteins, and nucleic acids (Majumder, Taratula, 
& Minko, 2019; Singh & Lillard, 2009). 

MNPs are solid, colloidal particles consisting of macromolecular substances 
varying in micro- and nanometer size, from 1 to 100 µm or 10 nm to 100 nm, 
respectively. MNPs used as drug delivery vehicles have notable advantages 
compared to traditional drug administration routes (Anselmo & Mitragotri, 2014). 
Most of the present drug molecules are limited by their poor solubility, high 
toxicity, high dosage needed, aggregation due to poor solubility, nonspecific 
delivery, in vivo degradation and short circulating half-lives in the human body. 
MNPs makes it possible to selectively deliver drugs to the site of action, either by 
local injections or by active targeting, e.g., by particle surface functionalization. 
An intracellular nanoparticle may act as a drug depot within the cell. MNP based 
drug delivery systems also improve the pharmacokinetics of easily degradable 
peptides and proteins (Faraji & Wipf, 2009; Florek et al., 2017; Parveen, Misra, & 
Sahoo, 2012). An interesting feature of the MNPs carriers is the ability to load 
and co-deliver high doses of different drugs simultaneously, co-loading, for 
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instance, for the release of both hydrophobic and hydrophilic drugs to target cells 
or tissues (Florek et al., 2017). 

The administration of MNPs may occur via oral ingestion, inhalation, dermal 
penetration and intramuscular or -vascular injection. Intravenous and oral MNP 
administrations have a more rapid systemic effect compared to transdermal 
administration. Once within the circulation, most substances are subject to first-
pass metabolism within the liver where they may accumulate or distribute via the 
vasculature to end organs (Yildirimer et al., 2011). Physical and chemical 
properties of MNPs such as size, shape, surface charge, surface characteristics, 
and ligand complexes can dictate the degree of cellular internalization of MNPs, 
as well as the selectivity of these factors for specific cell types (Q. Liu, Guan, 
Qin, Zhang, & Mao, 2019; Murugan et al., 2015). 

The size of a particle is an important parameter directing MNP distribution 
throughout the body. Large MPs (particle diameter > 10 µm) will typically persist 
at the sites of delivery, e.g., at the injection site. As such particles are too large to 
pass through most biological barriers in the body or travel through 
microvasculature, they would be suitable for local delivery, but not for systemic 
or targeted delivery. Small MPs (particle diameter 1–5 µm) may be administered 
intravenously and can accumulate in diverse tissues. Nanosize particles are able to 
penetrate physiological barriers, circulate through the microvasculature, and 
circulate throughout the body (Balmert & Little, 2012). Particle size drives also 
circulation half-lives. Nanoparticles averaging 100 nm generally prove long-
lasting in the circulation, while nanoparticles with diameters <5 nm rapidly 
undergo renal clearance upon intravenous administration (Blanco, Shen, & 
Ferrari, 2015). 

Currently, the toxicity of MNPs is assessed with a number of approaches. 
Physicochemical properties of MNPs including chemical composition, surface 
charge, and particle size are the main factors involved in the ability of MNPs to 
cause the increased production of reactive oxygen species (ROS) and therefore to 
lead to tissue oxidative damages. MNPs are capable of causing cell death and 
decreasing cellular metabolic activity, which is dose and time dependent (N. Liu 
& Tang, 2019; Mohammadpour, Dobrovolskaia, Cheney, Greish, & Ghandehari, 
2019). 
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2.8.1 Porous silicon in drug delivery applications 

Porous particles are low-density solids with open or closed pore structures. 
According to pore diameter, porous particles are classified into three categories: 
macroporous (pore diameter>50 nm), mesoporous (pore diameter between 2-50 
nm) and microporous (pore diameter<2 nm) (Rouquerol et al., 1994). Porous 
particles possess several distinct features, such as large surface area, high 
porosity, uniform as well as tuneable pore structure and inner and outer surface 
properties, which render them suitable for usage as drug carriers. Generally, drugs 
are loaded into the pores or on the surfaces of the particles to improve their 
dissolution and/or achieve controlled, sustained or targeted release of the drug 
(Zhou, Shen, Lin, Hong, & Feng, 2017). 

Recently, porous silicon (PSi) based materials have been extensively studied 
for different areas in biomedical applications, including drug delivery (Ying Wang 
et al., 2015). PSi shows significant advantages over conventional drug carriers, 
such as controllable geometry, large pore volume/high specific surface area, and 
variable porous structure, pore size and surface chemistry. Comparing PSi 
particles with liposomal and polymeric nanovectors, the latter are more fragile as 
drug carriers. Porous silicon particles are able to carrier much higher amounts of 
drugs than other inorganic or carbon nanomaterials (Croissant, Fatieiev, Almalik, 
& Khashab, 2018; W. Li et al., 2018). 

PSi material becomes slowly oxidized in ambient air, depending on the 
storage conditions (e.g. humidity, temperature). Different stabilizing methods are 
used for increasing the stability of PSi material. The main stabilization treatments 
are oxidation, hydrosilylation, and thermal carbonization (Salonen, Kaukonen, 
Hirvonen, & Lehto, 2008). PEGylation, i.e., grafting of PEG molecules onto the 
particles, also improves the stability of the MNPs in the human body, prolongs 
their half-lives and circulation time, minimizes protein adsorption and prevents 
phagocytosis by the cells of the immune system, such as macrophages (Näkki et 
al., 2015). 

Silicon is hydrolytically unstable and dissolves over time into water-soluble 
silicic acid. In vivo, silicic acid is excreted in the urine (Salonen et al., 2008). 
Silicon particles that are not biodegradable are renally cleared because of their 
small size, a particle diameter of 5.5 nm is a threshold for renal clearance. 
Particles with sizes above 10 nm accumulate mainly in the liver to become 
cleared over a longer period. Although the properties of the silicon material used 
(e.g., size, porosity, morphology and surface modifications) affect its degradation 



56 

and clearance, silicon has mainly been recognized as a biosafe and biocompatible 
substance (Croissant, Fatieiev, & Khashab, 2017). Silicon nanoparticles are 
promising platforms e.g., for oral delivery of biologics such as insulin and 
exenatide (Abeer et al., 2019; Wong, Al-Salami, & Dass, 2017). 

2.8.2 Targeting the heart with micro- and nanoparticles 

The use of MNPs for targeting the cardiac tissue has recently been an increasing 
subject of research (Cheraghi, Negahdari, Daraee, & Eatemadi, 2017; Y.-J. Wang 
et al., 2016). Nanostructured materials are used for tissue engineering and 
myocardial repair in ischemic cardiac diseases (Amezcua, Shirolkar, Fraze, & 
Stout, 2016). Nanoplatforms have shown potential for early detection and 
treatment of coronary atherosclerosis to prevent MI (Bejarano et al., 2018). In 
addition to therapeutic drugs, nanoparticles and nanostructured biomaterials can 
deliver stem cells into myocardium (Mahmoudi et al., 2017). Micro- and 
nanotechnologies are utilized as well in the production of synthetic vascular grafts 
and stents placed in cardiovascular tissue (Cicha, Singh, Garlichs, & Alexiou, 
2016). 

Heart targeted MNPs are generally delivered by intravenous or oral 
administration or by directly injecting into the heart (Dong, Ma, & Shang, 2018; 
Suarez, Almutairi, & Christman, 2015). Intravenous treatment with pivastatin 
loaded PLGA nanoparticles attenuated postinfarct ventricular remodeling by 
interfering with monocyte recruitment and reducing monocyte/macrophage 
accumulation, thus lowering inflammation in the mouse heart after MI (Katsuki et 
al., 2014). Injection of insulin-like growth factor-1 loaded PLGA nanoparticles 
into the myocardium of mice was effective to narrow infarct size, prevent 
cardiomyocyte apoptosis and improve left ventricle ejection fraction after MI 
(M.-Y. Chang et al., 2013). p38 MAPK inhibitor SB239063 in polyketal 
nanoparticles coated with N-acetyl-glucosamine (GlcNAc), a sugar molecule 
known to cause uptake in cardiomyocytes, reduced infarct size and increased 
fractional shortening when administered by injection into the myocardium in rats 
with IR injury (Gray et al., 2011). Curcumin nanoparticles exert better 
antioxidative effects on isoprenaline induced MI in rat compared to conventional 
curcumin, presumably due to higher bioavailability of the nanoformulation 
(Boarescu, Chirilă, et al., 2019). 

Inhalation offers great potential for rapid delivery of drugs in the treatment of 
lung diseases or systemic diseases (Q. Liu et al., 2019). Miragoli et al. (2018) 
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delivered biodegradable, negatively charged calcium phosphate nanoparticles 
carrying L-type calcium channel targeting peptides, previously demonstrated to 
improve myocardial contraction, into the heart by inhalation. The inhaled 
particles reached the heart faster than injected particles and were taken up by 
cardiomyocytes to improve cardiac contractility in a mouse model of diabetic 
cardiomyopathy. Inhalation was considered a viable delivery method because 
oxygenated blood from the lungs flows directly to the heart via the pulmonary 
veins. In healthy pigs, inhaled particles were also found in cardiac tissue, 
suggesting that this minimally invasive method of targeted cardiac delivery could 
potentially be translated to human (Miragoli et al., 2018). 

MNPs may be delivered to the heart tissue also by active targeting (Tan, Pan, 
Jeevanandam, & Danquah, 2019). Inflammation and vasoactive mediators alter 
vascular permeability in the infarct area, and reactive hyperemia may also play a 
role in increased delivery of nanocarriers into the infarcted heart. Active targeting 
of therapeutic agents diminishes the delivery to undesirable sites in the body and 
lowers the systemic adverse effects of the drugs. Active targeting of MNPs is 
based on the recognition of a ligand by its target (Passaro et al., 2017). 

Several strategies have thus far been utilized in active targeting of MNPs into 
the heart tissue. Higher levels of PEGylated liposomes conjugated with a ligand 
specific to AT1R, shown to be expressed in the infarcted heart, were found in the 
infarcted heart after in vivo intravenous injection (Dvir et al., 2011). The short 
linear peptide CRPPR, specifically binding to the heart endothelium, also directs 
liposome particles to the heart (H. Zhang et al., 2008). Liposomes modified with a 
cardiac troponin I antibody could, after intravenous administration, deliver 
oligonucleotides directly to the ischemic myocardium for arrhythmia therapy (M. 
Liu et al., 2014). Phosphatidylserine (PS)-presenting liposomes, mimicking the 
anti-inflammatory effects of apoptotic cells, can be targeted to the infarct after 
intravenous administration and be taken up by cardiac macrophages (Harel-Adar 
et al., 2011). ANP-functionalized silicon nanoparticles were shown to accumulate 
in the rat cardiac tissue after intravenous injection. The internalization of the 
nanoparticles is supposed to occur via the GC-A receptor (Ferreira, 
Balasubramanian, Hirvonen, Ruskoaho, & Santos, 2015; Ferreira et al., 2016). 
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3 Aims of the research 
Transcription factors GATA4 and NKX2-5 are key players in cardiac hypertrophy 
and HF associated signaling pathways. The aim of the present study was to 
identify and characterize small molecule compounds modulating transcriptional 
synergy between GATA4 and NKX2-5 for the regulation of cardiac hypertrophy. 
In addition, the biosafety of the porous silicon biomaterial for cardiac drug 
delivery was tested. Experiments were mainly performed in neonatal cardiac 
myocytes with and without various hypertrophic stimuli, as well as in intact 
animals. Specifically, the aims were: 

1. To develop a method for in vitro evaluation of small molecule compounds 
targeting the GATA4-NKX2-5 transcriptional synergy. 

2. To investigate the biocompatibility of porous silicon micro- and nanoparticles 
in the heart tissue. 

3. To study the effects of selected novel small molecule compounds in different 
experimental models of cardiac hypertrophy and HF in vitro and in vivo. 
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4 Materials and methods 
A summary of the experimental protocols used in this study is presented in Table 
1. 

Table 1. Summary of the experimental models and methods. 

Experimental model Used in 

Biochemical methods  

 Reporter assay I, III 

 Coimmunoprecipitation I 

 Protein extraction and Western blot I, III 

 Isolation of RNA and QPCR I, II, III 

 In vitro kinase profiling I 

 Detection of aggregation of study compound I 

 EMSA I 

 Histological analysis II, III 

Cell culture models  

 COS-1 cell culture I, III 

 Reporter assay I 

 Neonatal rat cardiomyocyte culture I, III 

 Mechanical stretch of cardiomyocytes I, III 

 ET-1 stimulation of cardiomyocytes I 

 PE stimulation of cardiomyocytes III 

 Chemical stability of study compound I 

 In vitro cytotoxicity I 

 GPCR profiling I 

Animal experiments  

 AMI in rats, mice II, III 

 Ang II induced hypertension in rats III 

 I/R injury in mice III 

 MNP injections II, III 

 Plasma concentration and metabolite profile of study compound III 

 Echocardiography II, III 

 Hematological analysis II, III 

AMI=acute myocardial infarction; Ang II=angiotensin II; GPCR=G-protein coupled receptor; 

EMSA=electrophoretic mobility shift assay; ET-1=endothelin-1; I/R=ischemia-reperfusion; MNP=micro- 

and nanoparticle; PE=phenylephrine; QPCR=quantitative polymerase chain reaction; RNA=ribonucleic 

acid 
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4.1 Cell culture methods (I, III) 

4.1.1 Plasmids 

A rat BNP minimal promoter containing a luciferase reporter vector and a 
minimal promoter together with the −90 tandem GATA-site have been described 
previously (Grépin et al., 1994). The plasmid expressing the mouse GATA4 
(pMT2-GATA4) and the empty pMT2 plasmid were gifts from D. B. Wilson (St. 
Louis Children’s Hospital, St. Louis, United States) (Arceci, King, Simon, Orkin, 
& Wilson, 1993), and the plasmid expressing the mouse NKX2-5 (pEF-FLAG-
NKX2-5) was provided by R. P. Harvey (the Victor Chang Cardiac Research 
Institute, Darlinghurst, Australia) (Ranganayakulu, Elliott, Harvey, & Olson, 
1998). The mouse NKX2-5 cDNA sequence was cloned from the pEF-plasmid to 
the pMT2-plasmid as previously described (Kinnunen et al., 2015). The p3xNKE-
luc plasmid was inserted into the pGL3 basic reporter vector containing a rat 
albumin minimal promoter with a TATA-box (−40 to +28), which was a kind gift 
from J. Hakkola (Department of Biomedicine, University of Oulu, Finland) 
(Hakkola, Hu, & Ingelman-Sundberg, 2003) as previously described (Kinnunen et 
al., 2015). The internal control vector pRL-TKd238 was a gift from J. F. Strauss 
III (University of Pennsylvania School of Medicine, Philadelphia, PA, USA) (Ho 
& Strauss, 2004). 

4.1.2 COS-1 cell culture (I, III) 

COS-1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin–
streptomycin (PS, 100 U/ml and 0.1 mg/ml, respectively, Sigma-Aldrich). All cell 
cultures were maintained at 37 °C in a humidified atmosphere with 5% CO2. For 
the nuclear protein extractions, the cells were plated in 25 cm2, 75 cm2 or 175 cm2 
cell culture flasks (Greiner Bio-One) 24 h before the transfection. After 48 h, the 
transfected cells were collected, and protein extraction was performed. For the 
reporter assays, cells were cultured on 48-well plates (Greiner Bio-One). Fugene 
6 transfection reagent (Roche Applied Science) was used for transfections. 



63 

4.1.3 In vitro screening (I) 

Small molecules for the primary screening and luciferase reporter gene assay-
based optimization were selected based on drug-like properties (Lipinski et al., 
1997) and purchased from established suppliers, including ChemBridge (San 
Diego, CA, USA), Enamine (Kiev, Ukraine), Sigma-Aldrich (St. Louis, MO, 
USA), and Specs (Zoetermeer, The Netherlands). All compounds purchased for 
the study were tested by HPLC–MS and 1H NMR by the vendors to confirm the 
sample identity and ensure a minimum purity of 90%. 

In total, 800 small molecules were analyzed in vitro using a 
coimmunoprecipitation assay or a luciferase reporter gene assay specifically 
developed for the GATA4–NKX2-5 transcriptional synergy. For the luciferase 
reporter assay, mammalian COS-1 cells were cultured on 48-well plates (Greiner 
Bio-One) in DMEM containing 10% FBS and 1% PS. In addition to co-
transfecting all wells with the firefly luciferase reporter vector p3xNKE-luc and 
the internal control Renilla luciferase vector pRL-TKd238, one set of cells was 
transfected with the protein expression vector pMT2-GATA4, one set of cells was 
transfected with pMT2-NKX2-5, one set of cells was transfected with both 
pMT2-GATA4 and pMT2-NKX2-5, and the final set of cells was transfected with 
the empty control vector pMT2. For the transfections, the ratio of 
DNA/transfection reagent Fugene 6 was 1:3. The total plasmid DNA 
concentration was normalized across all wells by adding the empty vector pMT2. 
The compounds in dimethyl sulfoxide (DMSO, Sigma-Aldrich) were added to the 
cells 6 h after the transfections, and each well contained 0.1% DMSO. The 
medium containing the compounds was changed to a fresh one 24 h after the 
transfection. Thirty hours after the transfection, the cells were lysed with passive 
lysis buffer (E194A, Promega). The samples were processed on a dual-luciferase 
assay system (E1960, Promega) according to the manufacturer’s protocol and 
measured with a luminometer (Luminoskan RS, Labsystems, Helsinki, Finland). 
Each compound was tested in two parallel samples. For the analysis of the results, 
the firefly values were divided by the Renilla values, and then normalized to the 
vehicle-treated control values. 
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Determination of statistical parameters for the quality of luciferase reporter 
assay 

Statistical parameters, including the Z’ factor, signal to noise ratio, and signal to 
background, were calculated by using quantified luminescence values for each 
reporter assay plate to determine the assay quality, in accordance with the 
standards of Zhang et al. (J.-H. Zhang, 1999). The Z’ factor was calculated by 
using values from GATA4-NKX2-5 positive control values and NKX2-5 alone 
samples as negative control samples: 

 𝑍′ = 1−   ∣   ∣.  

The S/N ratio was calculated as follows, values from GATA4-NKX2-5 samples as 
signal and values from NKX2-5 alone samples as background: 

 𝑆/𝑁 =    .  

Values from GATA4-NKX2-5 were used as signal values and values from NKX2-
5 alone samples were used as background values in the S/B ratio: 

 𝑆/𝐵 = .  

4.1.4 BNP reporter assay (I) 

All wells were transfected with the firefly luciferase reporter vector containing 
either the BNP minimal promoter or the -90 bp BNP promoter and the internal 
control Renilla luciferase vector pRL-TKd238. Additionally, one set of the cells 
was transfected with the protein expression vector pMT2-GATA4 and another set 
of the cells was transfected with the empty vector pMT2. The compounds were 
added to the cells 6 h after the transfections; each well contained 0.1% DMSO. 
The medium was changed to a fresh one 24 h after the transfection, and the fresh 
compounds were added to the cells. Thirty hours after the transfection, the cells 
were lysed with passive lysis buffer (E194A, Promega). The samples were 
processed on a dual-luciferase assay system (E1960, Promega) according to the 
manufacturer’s protocol and measured with a luminometer (Luminoskan RS, 
Labsystems, Helsinki, Finland). Each compound was tested in three parallel 
samples. For the analysis of the results, the firefly luciferase values were divided 
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by the Renilla luciferase values, and then normalized to the vehicle-treated 
control values. 

4.1.5 Technique for the detection of aggregation of the compounds (I) 

The compounds of interest were diluted in DMSO to obtain a stock of 100 mM, 
which was further diluted with DMSO to obtain four different concentrations 
(100, 30, 10 and 3 mM). From these concentrations 1 µl of solution was diluted to 
1 ml of DMEM containing FBS and PS referring the same conditions as in cell 
culture. Finally, 100 µl of this these solutions were transferred to a 96-well 
microplate (BRANDplates® pureGrade). The final concentrations (i.e., 100, 30, 
10 and 3 µM) were in 0.1% DMSO. For the measurements, DMEM with FBS and 
PS and 0.1% DMSO was used as a blank to account for any signals due to the 
assay conditions. The blank and all four concentrations of the samples were 
measured as triplicates at three different voltages (300, 400, and 500 V) using a 
Nepheloskan Ascent® by Labsystems (Helsinki, Finland). 

4.1.6 In vitro chemical stability of compound 3i-1000 (I) 

HPLC-MS CHROMASOLV® grade chloroform, acetonitrile, formic acid and 
sodium chloride were obtained from Sigma (Darmstadt, Germany). Water was 
freshly prepared in-house with a Milli-Q (Millipore Oy, Espoo, Finland) 
purification system and UP grade (ultrapure, 18.2 MW).  

Extraction method for the extracellular metabolites in cell culture media: 
Eight samples with no cells were thawed at room temperature, and compound 3i-
1000 was extracted from the cell culture media with 500 µl of chloroform. The 
samples were vortexed briefly and centrifuged at 16 000 rpm at 4˚C for 10 min. 
The bottom chloroform layer was transferred to a glass vial and analyzed by 
UPLC-ESI(+)-QTOF/MS in the sensitivity mode. 

Extraction method for the intracellular metabolites: Eight samples with cell 
culture media and mouse embryonic stem cells were thawed on ice and 
centrifuged at 16 000 rpm at 4˚C for 10 min. The supernatants were removed, and 
cells were washed twice with 200 µl of 0.9% saline, followed by centrifugation at 
16 000 rpm at 4˚C for 10 min. The washed cells were disrupted, and compound 
3i-1000 was extracted with 200 µl of chloroform in an ultrasonic bath for 10 min, 
followed by centrifugation at 16 000 rpm at 4˚C for 10 min. The bottom 
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chloroform phase was transferred to a glass vial and analyzed by UPLC-ESI(+)-
QTOF/MS in the sensitivity mode. 

Analytical method: A Waters Acquity ultra-performance liquid 
chromatographic system (Waters Corp., Milford, MA, USA) with an autosampler, 
vacuum degasser and column oven was used. The analytical column used was a 
Waters Acquity BEH C18, (2.1×50 mm, 1.7 µm, Waters Corp, Milford, MA, 
USA), together with an on-line filter. The used eluents were 0.1% formic acid in 
water (A) and 0.1% formic acid in acetonitrile (B). A linear gradient elution of 7% 
B –– 80% B was applied for 5 min, followed by 1 min of column equilibration. 
The flow rate was 0.6 ml/min, and the column oven temperature was set to 
+40 °C. The LC-MS data were acquired using a Waters Synapt G2 quadrupole-
time-of-flight high definition mass spectrometer (Waters Corp., Milford, MA, 
USA) equipped with a LockSpray electrospray ionization source. A positive 
ionization mode of electrospray was used with a cone voltage of 40 V and a mass 
range of m/z 100-600. The mass spectrometer and ultra-performance liquid 
chromatographic system were operated using MassLynx 4.1 software. Leucine 
enkephalin was used as a lock mass compound ([M+H]+: 556.2771). 

4.1.7 Neonatal cardiomyocyte culture (I, III) 

Primary cultures of neonatal rat ventricular cardiomyocytes were prepared from 
2- to 4-day-old Sprague-Dawley or Wistar rats as previously described 
(Pikkarainen, Tokola, Majalahti-Palviainen, et al., 2003). Briefly, the animals 
were sacrificed by decapitation, and the ventricles were excised and cut into small 
pieces. The ventricle pieces were incubated at 37 °C by shaking for 2 h in a 
solution containing 100 mM NaCl, 10 mM KCl, 1.2 mM KH2PO4, 4.0 mM 
MgSO4, 50 mM taurine, 20 mM glucose, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 2 mg/ml collagenase type 2 
(Worthington, Lakewood), 2 mg/ml pancreatin, and 1% PS. After the incubation, 
the cell suspension was collected into 15 ml tubes and centrifuged for 5 min at 
160 × g. The supernatant and the top layer of the pellet containing the damaged 
cells were discarded, and the isolated cardiomyocytes were suspended in 
DMEM/Ham’s nutrient mixture F12 (Gibco) containing 2.5 mM L-glutamine, 
supplemented with 1% PS and 10% FBS. The cells were preplated for 30-90 min 
on cell culture plates with a 10 cm diameter, and the unattached cardiomyocytes 
were collected with the medium. The number of viable cells was determined with 
trypan blue staining, and the cells were seeded onto six-well plates (Corning) at a 
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density of 1.5–2×105 cells/well according to the assay used. The following day, 
the medium was replaced with complete serum free medium (CSFM; 
DMEM/F12, 2.5 mg/ml bovine serum albumin, 1 μM insulin, 2.5 mM L-
glutamine, 32 nM selenium, 2.8 mM sodium pyruvate, 5.64 μg/ml transferrin, 1 
nM T3, and 1% PS). The cells were cultured for another 24 h before adding the 
compounds. For the electrophoretic mobility shift assay (EMSA), the cells were 
treated for 24 h with the compounds at a concentration of 50 μM. For the analysis 
of the hypertrophic gene expression, on the third day on culture cells were 
exposed to 50 μM PE or 100 μM ET-1 for 24 h, and the compounds were added 
to the cells 1 h prior to addition of hypertrophic stimulus. The temperature in the 
culture chamber was 37 °C with 5% CO2 and 95% air atmosphere. 

4.1.8 Mechanical stretching of cardiomyocytes (I, III) 

For the stretch experiments, primary cardiomyocytes were cultured on collagen I 
coated flexible-bottomed 6-well plates (BioFlex collagen I, Flexcell International 
Corp., Burlington, NC) in a density of 15×104/cm2 and cultured for 48 h before 
the treatments. Stretch was introduced to attached cardiomyocytes by a computer-
controlled vacuum suction with Flexercell Strain Unit FX-3000 (Flexcell), as 
described previously (Pikkarainen, Tokola, Kerkelä, et al., 2003). The frequency 
of cyclic stretch was 0.5 Hz with pulsation promoting 10–25% elongation of cells 
for 24 h. Small molecules 3i-1000 and 3i-0777 in supplemented CSFM media 
containing 0.1% DMSO were added into the cells 1 h before starting the 
mechanical stretching. For the control samples, the cells were plated and cultured 
similarly on collagen I flexible bottom culture plates without stretching. 

4.1.9 In vitro cytotoxicity (I) 

The release of adenylate kinase (AK) from the ruptured rat cardiac cells into the 
cell culture medium was analyzed using a ToxiLight bioassay kit (nondestructive 
cytotoxicity assay) from Lonza Rockland Inc. (Rockland, ME, USA) according to 
the manufacturer’s instructions. A luminometer (Luminoskan RS, Labsystems, 
Helsinki, Finland) was used to measure the bioluminescence of AK in the 
medium after 24 h of treatment with the compounds at a concentration of 50 μM. 
To detect the apoptotic myocytes, a terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling (TUNEL) assay was performed. For that, the 
rat cardiac myocytes were plated onto Nunc Lab-Tek chamber slide system 8-well 
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slides (Thermo Fisher Scientific Inc.). The cells were treated with the compounds 
at a concentration of 50 μM for 24 h. The apoptotic cells were detected using the 
ApopTag peroxidase in situ apoptosis detection kit (Millipore). 

4.2 Protein extraction from cell culture samples (I, III) 

After the appropriate treatments, the protein extracts were prepared as previously 
described (Kerkelä et al., 2002; Pikkarainen, Tokola, Majalahti-Palviainen, et al., 
2003). Briefly, for the total proteins, the cultured cells were lysed in a buffer 
containing 20 mM Tris-HCl, 150 mM NaCl, 1 mM ethylenediaminetetraacetic 
acid (EDTA), 1 mM ethylene glycol tetra-acetic acid EGTA, 1% (v/v) Triton-
X100, 2.5 mM sodium pyrophosphate (Na4P2O7), 1 mM β-glycerophosphate, and 
1 mM sodium orthovanadate (Na3VO4, pH 7.5), as well as protease and 
phosphatase inhibitors (20 μg/ml leupeptin, 2 μg/ml pepstatin, 20 μg/ml aprotinin, 
1 mM phenylmethanesulfonyl fluoride (PMSF), 50 mM sodium fluoride (NaF), 6 
μg/ml N-tosyl-l-phenylalaninyl-chloromethyl ketone (TPCK), 6 μg/ml N-α-tosyl-
l-lysinyl-chloromethyl ketone (TLCK)). Cells were scraped and lysates were 
vortexed for 15 seconds and centrifuged at 10 000 rpm (9 390 x g) 20 min at 
+4 °C. The protein concentration was determined with the Bio-Rad protein assay 
(Bio-Rad Laboratories, Hercules, CA, USA). 

For the nuclear and cytosolic proteins, the cultured cells were washed and 
scraped with ice-cold phosphate-buffered saline (PBS, Sigma), and after 
centrifugation at 12500 rpm (14 670 x g) for 15 min, the cell pellets were 
resuspended in a low salt buffer consisting of 10 mM HEPES, 10 mM KCl, 0.1 
mM EDTA and 0.1 mM EGTA supplemented with the protease and phosphatase 
inhibitors mentioned above. The suspensions were then allowed to swell on ice 
for 15 min. After that, the membrane proteins were solubilized and isolated by 
adding 10 μl of 10% IGEPAL® CA-630 detergent and vortexing vigorously for 
15 sec followed by a 30 sec centrifugation at 12500 rpm (14 670 x g). The 
supernatants were collected as the cytosolic fragments. The pellets (the nuclei) 
were resuspended in 30–35 μl of high salt buffer containing 20mM HEPES, 0.4 
M NaCl, 1 mM EDTA and 1 mM EGTA, with supplements similar to those in low 
salt buffer and then rocked for 15 min at +4°C. The samples were centrifuged at 
12500 rpm (14 670 x g) for 5 min and the supernatant was collected as the nuclear 
fragment. The entire procedure was carried out at +4°C. Protein concentrations 
were determined with the Bio-Rad protein assay. 
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4.3 Protein extraction from tissue samples (III) 

The LV tissue was ground in liquid nitrogen to a powder of which 1/3 was used 
for RNA extraction and 2/3 was used for protein extraction. For protein 
extraction, tissue powder was homogenized in 4 ml lysis buffer (1 M Tris, 3 M 
NaCl, 0.25 M EDTA, 0.1 M EGTA) containing protease and phosphatase 
inhibitors (1 mM β-glycerophosphate, 1 mM Na3VO4, 10 µg/ml leupeptin, 10 
µg/ml pepstatin, 10 µg/ml aprotinin, 2 mM benzamidine, 1 mM PMSF, 50 mM 
NaF, 1 mM dithiothreitol) of which 0.8 ml was used for the total protein 
extraction and the rest for the nuclear protein extraction. 0.2 ml of the lysis buffer 
(100 mM Tris HCl pH 7.5, 750 mM NaCl, 5 mM EDTA, 5 mM EGTA, 5% 
Triton-X100, 12.5 mM sodium pyrophosphate, 5 mM β-glycerophosphate, 5 mM 
Na3VO4) was added to the total protein homogenate and vortexed for 30 sec. 
After 20 min centrifugation at 12500 rpm (14 670 × g) at 4 °C the supernatant 
containing total proteins was collected. For nuclear protein extraction, the 
homogenate was divided into two sets, which were later combined. The 
homogenate was kept on ice for 15 min after which NP-40 was added at a 0.6% 
final concentration. The sample was vortexed vigorously for 15 sec and 
centrifuged for 30 sec at 12500 rpm (14 670 x g) at 4 °C. The pellet was 
suspended into buffer (1 M HEPES pH 8, 3 M NaCl, 0.25 M EDTA (pH 8), 0.1 M 
EGTA) including the inhibitors mentioned above and the parallel samples were 
combined. The samples were then kept under continuous vigorous shaking for 45 
min at 4 °C. After the final centrifugation at 12500 rpm (14 670 x g) 5 min at 4 °C 
the supernatant containing nuclear proteins was collected. 

4.4 Western blot (I, III) 

The protein concentrations were determined with the Bio-Rad Protein Assay. 
Protein extracts were boiled in 1×sodium dodecyl sulfate (SDS) loading buffer for 
5 min and either loaded directly on a SDS-PAGE gel or frozen in −20 °C for later 
use. The proteins were resolved on a 12% SPS-PAGE gel and transferred onto a 
nitrocellulose membrane by Mini Trans-Blot cell (Bio-Rad). After blocking the 
nonspecific background in 5% non-fat milk or a 1:1 mixture of Odyssey Blocking 
Buffer and Tris-buffered saline (TBS), the membranes were incubated at 4 °C 
overnight with a 1:1000 dilution of the appropriate primary antibodies in a 
solution of TBS-0.05% Tween-20 or in Odyssey Blocking Buffer-TBS, with the 
exception of anti-GAPDH which was used at a 1:100 000 dilution. After washing, 
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the membranes were incubated for 1 hour with an HRP-conjugated anti-rabbit or 
anti-mouse secondary antibody in 1:2000 dilution when using the enhanced 
chemiluminescence (ECL) Plus Western Blotting Detection System (RPN2132, 
Amersham Biosciences) and with fluorescent Alexa fluor antibodies (1:3000-
1:5000) when using the Odyssey Infrared Imaging System (LI-COR Biosciences). 
Digitalization of bands was done with a Luminescent Imager Analyzer LAS-3000 
(Fujifilm) or Odyssey Infrared Imaging System and analyzing with Quantity One 
software 4.6.6. Basic (Bio-Rad Laboratories) or Image Studio 5.2 (LI-COR 
Biosciences). For a second immunoblotting, the membrane was stripped for 30 
min at 60 °C in stripping buffer (0.16 M Tris-HCl, 6.5% SDS and 2.25% β–
mercaptoethanol). The antibodies used in Western blot analyses are presented in 
Table 2. 

Table 2. Summary of the primary and secondary antibodies used in Western blot. 

Antibody Manufacturer Type of antibody 

β-catenin BD Transduction Laboratories Primary antibody 

phospho-GATA4[Ser105] Biosource Primary antibody 

ERK1/2, p38 Cell Signalling Technology Primary antibody 

phospho-ERK1/2[Thr202/Tyr204] Cell Signalling Technology Primary antibody 

HRP-linked anti-rabbit IgG Cell Signalling Technology Secondary antibody 

HRP-linked anti-mouse IgG Cell Signalling Technology Secondary antibody 

Alexa Fluor 680, 800 goat anti-mouse Invitrogen Secondary antibody 

Alexa Fluor 680, 800 goat anti-rabbit Invitrogen Secondary antibody 

phospho-p38[Thr180/Tyr182] Millipore Primary antibody 

GADPH Millipore Primary antibody 

GATA4, NKX2-5, Lamin-B, Wnt-3 Santa Cruz Biotechnology Primary antibody 

GATA4=GATA binding protein 4; ERK=extracellular signal-regulated kinase, GADPH=glyceraldehyde 3-

phosphate dehydrogenase; HRP=horseradish peroxidase; IgG=immunoglobulin; NKX2-5=NK2 

homeobox 5; Ser=serine; Thr=threonine; Tyr=tyrosine 

4.5 Coimmunoprecipitation assay (I) 

GATA4 and NKX2-5 FLAG proteins as well the cell lysate without transfection 
were produced in COS-1 cells. Agarose bound anti-FLAG M2 antibody (Sigma) 
was incubated with proteins in lysis buffer (20 mM Tris, 150 mM NaCl, 1 mM 
EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate) 
supplemented with protease and phosphatase inhibitors (200 μM Na3VO4, 20 
μg/ml leupeptin, 2 μg/ml pepstatin, 20 μg/ml aprotinin, 1 mM PMSF, 50 mM 
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NaF, 6 μg/ml TPCK, 6 μg/ml TLCK) overnight at +4 °C with gentle end-over-end 
mixing. The beads were collected by a quick spin with a table top microcentrifuge 
and washed three times with lysis buffer. The immunoprecipitated proteins were 
eluted from the agarose beads by boiling the samples in SDS-loading buffer, 
resolved by SDS–PAGE, transferred onto an Optitran BA-S 85 reinforced 
nitrocellulose membrane (Schleicher & Schuell) and immunoblotted with anti-
GATA4 polyclonal antibody and anti-NKX2-5 polyclonal antibody. Horseradish 
peroxidase (HRP) conjugated anti-rabbit IgG or anti-goat IgG was used as the 
secondary antibody. The immune complex was visualized by using an ECL 
detection kit (Amersham Pharmacia Biotech) followed by exposure to film 
(Hyperfilm ECL, Amersham Biosciences) or digitalization of chemiluminescence 
with a luminescent imager analyzer LAS-3000 (Fujifilm). All results were 
quantitated by using Quantity One software (Bio-Rad). 

4.6 In vitro kinase profiling (I) 

The effect of the compounds 3i-1000 and 4 on the activity of 48 kinases was 
assessed by commercial Cerep’s ExpresS Diversity kinase profile service (Cerep, 
France) which utilizes time-resolved fluorescence energy transfer (TR-FRET) 
immunoassay for the detection of kinase activity. When the biotinylated or tagged 
substrate is phosphorylated by kinase, it can be recognized by the labelled 
antibody. FRET intensity depends on the amount of bounded antibody, which is 
proportional to the extent of substrate phosphorylation. The compounds were 
tested at a concentration 30 μM in duplicate. 

4.7 GPCR profiling (I) 

The effect of the compound 3i-1000 in terms of GPCR agonism and antagonism 
was tested by GPCRProfiler, a commercial service produced by Millipore 
(Millipore, Germany). GPCRProfiler comprises cell-based functional assays for 
165 GPCRs. The compound was used to test agonistic activities at a concentration 
of 12.5 μM and antagonistic activities at a concentration of 10 μM in duplicate. 

4.8 Isolation and analysis of RNA (I, II, III) 

Total RNA from the cultured cardiomyocytes was isolated with TRIzol reagent 
(Invitrogen) following the manufacturer’s protocol using the phase lock gel 
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system (Eppendorf AG). The total RNA from the heart tissue was isolated by the 
guanidine thiocyanate–CsCl method (Cathala et al., 1983). The LV tissue powder 
was homogenized in 3 ml lysis buffer containing 4 M guanidium thiocyanate, 0.1 
M Tris-HCl (pH 7.5), 7% β-mercaptoethanol and 1.0-2.0% Na-laurylsarcosine 
with Ultra-Turrax® (IKA®) and cell debris was pelleted for 10 min at 3000 rpm 
(1791 x g) at 4 °C. The supernatant containing RNA was stored at -80 °C for 
further treatment. RNA was isolated by ultracentrifugation overnight through a 
5.7 M CsCl cushion at 4 °C. The resulting pellet was resuspended in lysis buffer 
and RNA was precipitated with 3 M Na-acetate (pH 5.2) (1/10 vol) and ice-cold 
absolute ethanol (3 x vol) at least for 1 h at -20 °C. The precipitated RNA was 
pelleted by centrifugation for 15–20 min at 12000 rpm (13520 x g) at 4 °C and 
washed with 70% ethanol in diethylpyrocarbonate (DEPC)-treated water followed 
by another centrifugation for 5–10 min as described above. The washing was 
repeated, and the RNA pellet was air dried before dissolving in DEPC-H2O. For 
the quantitative polymerase chain reaction (qPCR) analyses, cDNA was 
synthesized from the total RNA using a first-strand cDNA synthesis kit (GE 
Healthcare Life Sciences) following the manufacturer’s protocol. The RNA was 
analyzed by qPCR on an ABI 7300 sequence detection system (Applied 
Biosystems) using TaqMan chemistry. The sequences of the forward and reverse 
primers and fluorogenic probes for the RNA detection are shown in Table 3. The 
results were normalized to 18S RNA quantified from the same samples. 

4.9 Electrophoretic mobility shift assay (I) 

The effect of the compounds on the DNA binding abilities of GATA4 and NKX2-
5 was studied by performing an electrophoretic mobility shift assay (EMSA) as 
previously described (Hautala, Tenhunen, Szokodi, & Ruskoaho, 2002). The 
GATA4 or NKX2-5 proteins used in the binding reactions were overexpressed 
proteins from the COS-1 cells or endogenous proteins from neonatal rat 
cardiomyocytes treated with the compounds for 24 h before the nuclear protein 
extraction. The nuclear protein extracts from the cells were incubated with a 
radioactively labeled double stranded oligonucleotide, which contained either the 
GATA4 or NKX2-5 specific binding site. For GATA4, the double-stranded 
oligonucleotide corresponded to the GATA binding region −90, i.e., Δ−68/–97 of 
the rat BNP promoter (GenBank code M60266) as follows: rBNP −90 tandem 
GATA: 5’-TGTGTCTGATAAATCAGAGATAACCCCACC-3’. For NKX2-5, the  
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Table 3. Sequences of primers and probes used for QPCR analyses (sequences 5’ to 
3’). 

Gene Primer/probe Sequence 

m, rANP   

 forward GAAAAGCAAACTGAGGGCTCTG 

 reverse CCTACCCCCGAAGCAGCT 

 fluorogenic probe TCGCTGGCCCTCGGAGCCT 

rBNP   

 forward TGGGCAGAAGATAGACCGGA 

 reverse ACAACCTCAGCCCGTCACAG 

 fluorogenic probe CGGCGCAGTCAGTCGCTTGG 

mBNP   

 forward AGGCGAGACAAGGGAGAACA 

 reverse GGAGATCCATGCCGCAGA 

 fluorogenic probe CATCATTGCCTGGCCCATCGC 

mCOL1A1   

 forward CCCTGGCCTTGGAGGAA 

 reverse CACGGAAACTCCAGCTGATTTT 

 fluorogenic probe CTTTGCTTCCCAGATGTCCTATGGCTATGATG 

rCOL1A1   

 forward CCCCTTGGTCTTGGAGGAA 

 reverse GCACGGAAACTCCAGCTGAT 

 fluorogenic probe CTTTGCTTCCCAGATGTCCTATGGCTATGATG 

m, rGATA4   

 forward AAGGCTATGCATCTCCTGTCACT 

 reverse CCAGGCTGTTCCAAGAGTCC 

 fluorogenic probe ACATCGCAGGCCAGCTCCAAGC 

rIL-6   

 forward CAGAATTGCCATTGCACAACTCTTTTCTCA 

 reverse ATATGTTCTCAGGGAGATCTTGGAA 

 fluorogenic probe TGCATCATCGCTGTTCATACAA 

mNKX2-5   

 forward CCTCGGGCGGATAAAAAAGA 

 reverse CGGCTTTGTCCAGCTCCA 

 fluorogenic probe CTGTGCGCGCTGCAGAAGGC 

rNKX2-5   

 forward CCTCGGGCGGATAAGAAAGA 

 reverse CGGCTTTGTCCAGCTCCA 

 fluorogenic probe CTGTGCGCGCTGCAGAAGGC 

rOPN   

 forward AATCGCCCCCACAGTCG 

 reverse CCTCAGTCCGTAAGCCAAGC 
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Gene Primer/probe Sequence 

 fluorogenic probe TGTCCCTGACGGCCGAGGTGA 

rTNF-α   

 forward GACAAGGCTGCCCCGACTA 

 reverse CTCCTGGTATGAAGTGGCAAATC 

 fluorogenic probe TGCTCCTCACCCACACCGTCAGC 

m, r18S   

 forward TGGTTGCAAAGCTGAAACTTAAAG 

 reverse AGTCAAATTAAGCCGCAGGC 

 fluorogenic probe CCTGGTGGTGCCCTTCCGTCA 

ANP=atrial natriuretic peptide; BNP=B-type natriuretic peptide; COL1A1=collagen type I α-1, 

GATA4=GATA binding protein 4; IL-6=interleukin-6; m=mouse; NKX2-5=NK2 homeobox 5; 

OPN=osteopontin; r=rat; TNF-α=tumor necrosis factor-α; 18S=ribosomal 18S 

double-stranded oligonucleotide corresponded to the NKX2-5 binding element in 
the ANP promoter region (GenBank code M27498) as follows: rANP −240 NKE-
like element: 5’-AGAGACCTTTGAAGTGGGGGCCTCTTGAGGCCCCG-3’. 
Oct-1 binding was used as a control sequence, the oligonucleotide for that was: 
5’-GATCTCAATCGCTTATGCAAATAAGGTGAAGCTCGGATC-3’. The 
probes were sticky-end-labeled with [α-32P]dCTP by Klenow enzyme. For each 
binding reaction mixture, the nuclear/total GATA4 or NKX2-5 protein was used 
in a final concentration of 16 mM HEPES, 120 mM NaCl, 0.67 mM EDTA, 0.3 
mM EGTA, 8% glycerol, 0.02% NP-40, 40 mM KCl, 1 mM MgCl2, 0.1 μg/μl 
poly(dI·dC)2, 0.5 mM Tris-HCl (pH 7.5), 1 mM PMSF, 40 μg/ml aprotinin, 40 
μg/ml leupeptin, and 4 μg/ml pepstatin. The final volume of the binding reaction 
was equalized to 20 μl with a high salt buffer. Reaction mixtures containing the 
nuclear proteins from the COS-1 cells were incubated with the compounds for 10 
min before adding the labeled probes. After 20 min of incubating the 
nuclearprotein with the probe, the protein–DNA mixtures were separated by non-
denaturing gel electrophoresis on a 5% polyacrylamide gel. To confirm that each 
reaction contained equal amounts of nuclear protein, the labeled Octamer-1 (Oct-
1) oligonucleotide probe was used. For the supershift assay, either the GATA4 
antibody (sc-1237X, Santa Cruz Biotechnology) or the NKX2-5 antibody (sc-
8697X, Santa Cruz Biotechnology) was incubated for 10 min with the protein 
sample before adding the compounds. Subsequently, the gels were dried and 
exposed to PhosphorImager screens (Molecular Dynamics, Sunnyvale, CA, 
USA). The screens were scanned using a Bio-Rad molecular imager FX Pro Plus 
and analyzed with Quantity One software (Bio-Rad Laboratories). 
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4.10 Animal experiments (II, III) 

4.10.1 Particle injections into the heart (II, III) 

About 8-week old male Sprague–Dawley rats weighing 250–300 g were 
anesthetized with medetomidine hydrochloride (Domitor, Orion Pharma, 250 
μg/kg administered intraperitoneally, i.p.) and ketamine hydrochloride 
(Ketaminol, Intervet International B.V., 50 mg/kg, i.p.). A left thoracotomy and 
pericardial incision was performed to expose the heart and single injections of a 
vehicle (100 μl PBS, for TOPSi and THCPSi microparticles; 100 μl PBS/EtOH 
3.6% for TOPSi nanoparticles) or micro/nanoparticles (TOPSi microparticles 500 
μg in 100 μl PBS; THCPSi microparticles 500 μg in 100 μl PBS/10% EtOH; and 
TOPSi nanoparticles 250 μg in 100 μl PBS/EtOH 3.6%) were injected directly 
into the anterior wall of the LV using a Hamilton precision syringe. The syringe 
was inserted into one site of the LV free wall (apex to base), and then slowly the 
solution was injected while withdrawing the syringe. The heart was repositioned, 
the rat was briefly hyperventilated, and the incision was closed. After the 
operation, anesthesia was partially antagonized with atipamezole hydrochloride 
(Antisedan, Orion Pharma, 1.5 mg/kg, administered i.p.). For post-operative 
analgesia, buprenorphine hydrochloride (Vetergesic, Orion Pharma, 0.05–0.2 
mg/kg administered subcutaneously, s.c.) twice daily and carprofen (Rimadyl, 
Pfizer, 5 mg/kg, s.c.) once daily for three days were used. At one week or 4 weeks 
post-injection the echocardiography was performed, the rats were decapitated, 
and particular tissues were collected for further analysis. 

4.10.2 Experimental model of MI (II, III) 

Acute myocardial infarction (AMI) was produced by ligation of the left anterior 
descending artery (LAD) during medetomidine hydrochloride and ketamine 
hydrochloride anesthesia as previously described (Pfeffer et al., 1979; Tenhunen 
et al., 2006). The rat was connected to the respirator through a tracheotomy and 
ventilated at a rate of 55–60 breaths/min. A left thoracotomy and pericardial 
incision were performed, and the LAD was ligated about 3 mm from its origin. 
After ligation of the LAD, the heart was repositioned in the chest and the incision 
was closed. The anesthetic effects were antagonized with atipamezole 
hydrochloride and the rats were hydrated with 5 ml physiological saline solution. 
Buprenorphine hydrochloride 0.1 mg/kg twice daily and carprofen 5 mg/kg once 
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daily were administered s.c. for 3 days as a post-operative analgesia. The sham-
operated rats underwent the same surgical procedure without the ligation of LAD 
(Pfeffer et al., 1979). TOPSi 7 μm or 110 nm particles were injected into the 
anterior wall of the LV before the ligation of LAD. The TOPSi particles delivery 
to the sham-operated hearts was performed using the same technique without the 
ligation of LAD. At one week post-infarction the echocardiography was 
performed, the rats were decapitated and particular tissues were collected for 
further analysis. 

4.10.3 Ischemia-reperfusion injury (III) 

The surgical procedure was performed as previously described (Gao et al., 2010). 
Briefly, 8-10 weeks old C57BL/6 male mice were anesthetized with 2% 
isoflurane inhalation. The heart was exposed and exteriorized through a left 
thoracotomy at the level of the fifth intercostal space. A slipknot was made around 
the LAD 1–2 mm from its origin with a 6–0 silk suture. Sham-operated animals 
were subjected to the same surgical procedures except that the suture was passed 
under the LAD but was not tied. Following 30 min of ischemia, the slipknot was 
released, and the myocardium was re-perfused for 24 h. A single dose of 
buprenorphine (0.3 mg/kg s.c.) was administered for pain treatment. The 
compound 3i-1000 was administered i.p. at a dose of 30 mg/kg/day for 1 week 
before the ischemia/reperfusion operation. At the end of the experiment, the 
animals were sedated with isoflurane and the echocardiography was performed. 

4.10.4 Angiotensin II-induced hypertension (III) 

Ang II (33.3 μg/kg/hour) was administered via s.c. implanted osmotic minipumps 
(Alzet model 2002, Scanbur) for 2 weeks to male Sprague-Dawley rats (weighing 
250–300 g). The minipumps were installed through a neck incision under 
isoflurane anaesthesia. The compound 3i-1000 was administered at the dose of 30 
mg/kg/day i.p. for 2 weeks. The echocardiography was performed before 
decapitation. 
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4.10.5 Plasma concentration and metabolite profile of compound 3i-
1000 (III) 

The plasma concentrations and metabolite profile of 3i-1000 were evaluated 
following a single i.p. administration of 10 mg/kg of compound into male 
Sprague-Dawley rats weighing 250–300 g. The blood samples were collected into 
lithium heparin Microvette tubes (Sarstedt) from the tail vein at 0.5 h, 2 h and 6 h 
after the dosing. The tubes were centrifuged 10 min at 1300 g at +4°C, and the 
plasma samples were further analyzed by Novamass, Finland, by acquiring data 
with a Waters LCT Premier XE time-of-flight (TOF) mass spectrometer (Waters 
Corp.). 

4.10.6 Echocardiographic measurements (II, III) 

Transthoracic echocardiography was performed using the Acuson Ultrasound 
System (Sequoia™ 512) and a 15-MHz linear transducer (15L8) (Acuson, 
Mountain View, CA, USA). Before examination, rats were sedated with ketamine 
(50 mg/kg i.p.) and xylazine (10 mg/kg i.p.). Using two-dimensional imaging, a 
short axis view of the LV at the level of the papillary muscles was obtained, and a 
two dimensionally guided M-mode recording through the anterior and posterior 
walls of the LV was obtained. LV end-systolic and end-diastolic dimensions as 
well as the thickness of the interventricular septum and posterior wall were 
measured from the M-mode tracings. LV fractional shortening and ejection 
fraction were calculated from the M-mode LV dimensions using equations (1), 
(2): 

 Fractional shortening (%) = (LVEDD-LVESD)
LVEDD

 × 100 (1) 

 Ejection fraction (%) = (LVEDD)3-(LVESD)3

(LVEDD)3  × 100, (2) 

where LVEDD is the left ventricular end-diastolic diameter and LVESD the left 
ventricular end-systolic diameter. An average of three measurements of each 
variable was used. All echocardiographic measurements were performed by a 
skilled sonographer blinded to the treatments. 

After echocardiography, the animals were euthanized by decapitation, blood 
samples were collected, and the hearts were removed and weighed. The injection 
area, the middle part of the heart, was used for histological analysis and the apex 
was immersed in liquid nitrogen and stored at -70 °C for further analysis. 
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4.10.7 Hematological analysis (II, III) 

Terminal blood samples were drawn during the decapitation of the animals. Blood 
was collected into sodium EDTA tubes, and the red and white blood cells were 
counted. The determination of the hemoglobin level, hematocrit, mean 
corpuscular hemoglobin, red cell distribution width, platelets, mean platelet 
volume, mean corpuscular hemoglobin concentration, mean cellular volume and 
white blood cell distribution (neutrophils, lymphocytes, monocytes, eosinophils, 
basophils) were performed with Cell-Dyn Sapphire (Abbott). 

4.10.8 Histological analysis (II, III) 

After sacrificing the animals, the hearts were removed and transverse sections of 
the middle part of the heart were fixed in 10% neutral buffered formalin for 1–2 
days, embedded in paraffin, cut into 5 μm-sections from the injection area and 
mounted on slides. To evaluate the presence of MNPs and inflammatory response, 
formalin-fixed, paraffin-embedded sections were deparaffinized in xylene and 
dehydrated in graded EtOH and stained with hematoxylin and eosin (H&E). 
Inflammation was scored from the H&E stained slides by evaluating the size of 
the inflamed granulation tissue area as either negative (−) or positive (+); no 
inflammation or very slight inflammation was scored as negative, substantial 
inflammation was scored as positive. Masson's trichrome technique was used to 
define the extent of fibrosis (fibrotic area/total LV area) in the LV by using Nikon 
NIS-Elements 3.2 software. Histological analysis was performed by using a light 
microscope (Nikon Eclipse 50i). 

4.10.9 Ethics 

All experimental protocols with animals were approved by the Animal Use and 
Care Committee of the University of Oulu and the Regional State Administrative 
Agency for Southern Finland and conform to the Guide for the Care and Use of 
Laboratory Animals published by the US National Institutes of Health. 

4.11 Statistics 

Results are expressed as mean±standard error of the mean (SEM) or 
mean±standard deviation (SD). Statistical analyses were performed using IBM 
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SPSS Statistics (IBM Corporation, Armonk, NY, USA). Graphs were created by 
using OriginPro (OriginLab Corporation, Northampton, MA, USA) and 
GraphPad Prism (GraphPad Software, San Diego, California, USA). To determine 
the significant difference between two groups, independent samples Student’s t-
tests were used. For multiple comparisons, the statistical significance was 
evaluated by one-way analysis of variance (ANOVA), followed by the least 
significant difference (LSD) or Bonferroni post hoc tests. For evaluation of the 
extent of inflammation and granulation tissue caused by the micro/nanoparticle 
injection, Fisher's exact test was used. The probability values of p<0.05 (∗), 
p<0.01 (∗∗, ##), and p<0.001 (∗∗∗, ###) were considered statistically significant. 
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5 Results 

5.1 Discovery of small molecules targeting the synergy of GATA4 
and NKX2-5 (I) 

The small molecule compounds for modulation of the functional interaction 
between GATA4 and NKX2-5 were selected from commercial chemical library of 
750 000 compounds by in silico virtual screening (Study I). For in vitro 
evaluation of the small molecule compounds, a luciferase reporter gene assay 
based on GATA4-NKX2-5 transcriptional synergy was developed. As shown in 
Figure 8, the NKX2-5 protein activates the construct containing three high 
affinity NKX2-5 binding sites alone and synergistically with GATA4, while the 
GATA4 protein alone has only a negligible effect. 

 

Fig. 8. Cell-based reporter gene assay was used for the screening of compound 
libraries targeting the GATA4–NKX2-5 transcriptional synergy. COS-1 cells were 
transfected with the 3xNKE-luciferase reporter construct and GATA4 and NKX2-5 
expression plasmids and treated with small molecules for 24 h. The cells were lysed, 
and the luciferase reporter gene activity was measured by a luminometer. (A) 
Compounds 3i-1000 and 4–6 had a significant inhibitory effect on the GATA4–NKX2-5 
transcriptional synergy, while compound 3i-0777 enhanced the GATA4–NKX2-5 
transcriptional synergy. (B) Compound 3i-1000 dose-dependently inhibited the 
GATA4–NKX2-5 transcriptional synergy in the COS-1 cells. The data are shown as the 
mean ± SD, n = 2–9: (∗∗, ##) p<0.01, (∗∗∗, ###) p<0.001 vs vehicle treatment (one-way 
ANOVA followed by Bonferroni post hoc test). Modified from Study I (Välimäki et al., 
2017). 
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Primary testing of compounds was performed by testing all compounds at a 
single concentration in duplicate, and then retesting all the hits in confirmation 
assays. During the primary screening, 800 small molecule compounds were 
experimentally tested. The most potent compound according to the luciferase 
reporter gene assay, at a concentration of 10 μM, was N-[4-
(diethylamino)phenyl]-5-methyl-3-phenylisoxazole-4-carboxamide (3i-1000; 
compound 3 in Study I), which dose-dependently inhibited the GATA4–NKX2-5 
transcriptional synergy (Fig. 8B). Interestingly, the reporter assay screening 
detected also several weak hit compounds with the potential to increase the 
GATA4–NKX2-5 transcriptional synergy. Compound 3i-0777 was the strongest 
compound augmenting transcriptional synergy (Fig. 8A). 

The Renilla reporter plasmid pRL-TK is reported to be activated by 
transcription factor GATA4 (Ho & Strauss, 2004). Therefore, in the present study 
the reporter plasmid pRL-TKd238, where a sequence containing a GATA binding 
site is deleted, was used as an internal control plasmid in the reporter assay. 

Aggregation of a compound may result in artificial activity in luciferase 
enzyme-based assays. To evaluate the potential aggregation of the compounds 3i-
1000, 4, and 7, the testing conditions were mimicked, and the light scattering of 
any particles/aggregates in the mixture was measured using the nephelometric 
method. Aggregation was observed in the samples at a concentration of 100 μM. 
At lower concentrations, the values were close to those observed in the blanks, 
indicating that there was no detectable aggregation, except for compound 3i-0777 
showing minor signs of aggregation at 30 μM (Study I, Fig. S1). 

In addition, the stability of compound 3i-1000 was studied for 5 and 10 days 
in mouse embryonic stem cells (mESCs) in vitro at two different concentrations 
(3 and 5 μM) with two blank treatments (DMSO and embryoid body 
differentiation medium (EBDM)) added to the cell culture media. The intra- and 
extracellular concentrations of compound 3i-1000 and its main metabolite, 
compound 31 (metabolite M1 in Study III, Fig. S2) were measured by HPLC/MS 
after performing specific sample pretreatment and extraction procedures. The 
results demonstrate that compound 3i-1000 is only modestly degraded during the 
10 days in the cellular assay (Study I, Table S1). Furthermore, the storage of 
compound 3i-1000 in DMSO at room temperature for 6 months did not result in 
degradation (data not shown). 
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5.1.1 Quality control of the luciferase reporter assay 

In the present study, the luciferase reporter assay quality was assessed by 
calculating the Z’ factor for every single assay plate. The Z’ factor values varied 
between -1.51 and 0.75. The exemplary statistical parameters of Z’ factor, S/N 
and S/B are shown in Fig. 9 (unpublished data). The experiments with low Z’ 
factors were performed repeatedly. Z’ factor was calculated by using the data 
presented in grey bars in Fig. 9 as positive control values and data in lined bars as 
negative control values. The same data was used as signal and background values 
for the calculation of S/N and S/B ratios. 

5.1.2 The effect of compounds on GATA4 DNA binding and 
transcriptional activity 

Compounds 3i-1000, 4, and 3i-0777 were evaluated at a concentration of 20 µM 
in a reporter assay in COS-1 cells by using BNP promoter reporter constructs 
containing either the first 60 bp in the BNP promoter including the proximal 
TATA-box (BNP minimal promoter) (Fig. 10A) or the first 90 bp that include also 
the tandem GATA site (Fig. 10B). The TATA-box in the BNP promoter acts as a 
functional GATA4 binding site (Pikkarainen et al., 2004). Compound 3i-1000 
significantly inhibited GATA4 driven transactivation of luciferase reporter 
constructs containing either the BNP minimal promoter (Fig. 10A) or the BNP 
promoter containing the minimal promoter and a tandem GATA site (Fig. 10B). 
Compound 4 showed a similar tendency, yet a statistically significant inhibition of 
gene transactivation was seen only with the construct containing both the minimal 
promoter and tandem GATA sites (Fig. 10B). 

To determine whether the active compounds identified in the present study 
influence GATA4 or NKX2-5 DNA binding, EMSA was performed using nuclear 
proteins from COS-1 cells and neonatal rat cardiomyocytes. The compounds at a 
concentration of 50 µM were incubated with the COS-1 nuclear proteins, and then 
a 32P-labeled oligonucleotide targeting GATA4 or NKX2-5 was added. Compound 
3i-1000 did not alter the GATA4 or NKX2-5 DNA binding. Compounds 4 and 5 
had a minor inhibitory effect on the NKX2-5 and GATA4 DNA binding, 
respectively; however, these changes were not statistically significant (Study I, 
Fig. 3A, B). Moreover, neonatal rat cardiomyocytes were treated with the 
compounds at a concentration of 50 µM for 24 h, the nuclear proteins were 
extracted, and EMSA was performed. In the cardiomyocytes, compound 3i-1000  
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Fig. 9. The exemplary assay quality parameters, Z’ factor, S/N and S/B, for the GATA4-
NKX2-5 transcriptional synergy reporter assay. The data are shown relative to the 
vehicle sample as the mean ± SEM. 
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inhibited the GATA4 DNA binding by 29%, while compound 4 inhibited the 
GATA4 DNA binding by 37% and the NKX2-5 DNA binding by 29% (Study I, 
Fig. 3C, D). However, these changes were not statistically significant, suggesting 
that the effects of the small molecules on the GATA4-NKX2-5 driven 
transcriptional synergy are not due to the inhibition or activation of the GATA4 or 
NKX2-5 DNA binding. 

In addition, we used a coimmunoprecipitation assay to further characterize 
the GATA4–NKX2-5 interaction. GATA4 and FLAG-NKX2-5 protein lysates 
were produced in COS-1 cells, and the FLAG-antibody bound agarose beads were 
used to pull down NKX2-5 together with interacting GATA4. Compound 3i-1000 
modestly decreased the intensity of GATA4–NKX2-5 interaction, although this 
change was not statistically significant (Study I, Fig. S3). 

 
 

Fig. 10. The effect of compounds 3i-1000, 4, and 3i-0777 on GATA4 transcriptional 
activity. Compounds were tested in COS-1 cells in a reporter assay by using BNP 
reporter constructs that are activated by GATA4. Compound 3i-1000 significantly 
inhibited GATA4 driven transactivation of both luciferase reporter constructs 
containing either a BNP minimal promoter (A) or a BNP promoter containing the 
minimal promoter and a tandem GATA site on -90 bp (B). Compound 4 showed a 
similar tendency, although the significant inhibition of gene transactivation was seen 
only with the construct containing both the minimal promoter and tandem GATA sites 
(B). The data are shown as the mean ± SD, n = 3. (∗∗) p<0.01, (∗∗∗) p<0.001 vs. vehicle 
treatment (one-way ANOVA followed by Bonferroni post hoc test). Reprinted with 
permission from Study I (Välimäki et al., 2017). 
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5.1.3 Biological activity of the compounds 

Since the significance of both GATA4 and NKX2-5 in the regulation of ANP and 
BNP is well known, we tested whether the active compounds could influence the 
gene expression of these genes in vitro. Neonatal rat ventricular myocytes were 
treated with ET-1, and the compounds were added to the cells 1 hour prior to ET-
1. The compounds either augmented or inhibited the ET-1 induced gene 
expression of ANP and BNP (Fig. 11). Consistent with the luciferase reporter 
gene assay finding in which compound 3i-1000 inhibited the GATA4 and NKX2-
5 transcriptional synergy, compound 3i-1000 also inhibited the ET-1 stimulated 
BNP gene expression (68%, p<0.05, Fig. 11D). There was also a tendency for 
compound 3i-1000 to decrease the basal mRNA levels of ANP (81%, Fig. 11A) 
and BNP (75%, Fig. 11C), and ET-1 stimulated gene expression of ANP (32%, 
Fig. 11B), but these changes were not statistically significant. Compounds 8, 9, 
10, and 62 inhibited the ET-1 induced increase in the mRNA levels of ANP (Fig. 
11B), and compound 8 also inhibited the stimulated mRNA level of BNP (Fig. 
11D). In contrast, compound 3i-0777, which is an activator of the GATA4-NKX2-
5 transcriptional synergy, enhanced the baseline mRNA levels of ANP (4.6-fold, 
p<0.001, Fig. 11A) and BNP (6.4-fold, p<0.001, Fig. 11C) and ET-1-stimulated 
gene expression of BNP (2.1-fold, p<0.001, Fig.11D) in the cardiomyocytes. 

The activity of the most potent compound, i.e., compound 3i-1000, was 
further validated in another cardiomyocyte hypertrophy model by utilizing 
cyclical stretching of ventricular myocytes. Myocytes were exposed to the 
compound at a concentration of 10 μM, and after 48 h of mechanical stretching, 
the myocyte area was measured. Compound 3i-1000 significantly inhibited the 
increase in the area of the myocytes in response to the stretching, indicating that 
the compound inhibits hypertrophic growth (Study I, Fig. 4E). Overall, the results 
show that the compounds can modulate the hypertrophic response in 
cardiomyocytes in vitro. 

5.1.4 Protein Kinase Profiling 

To characterize the effect of the active compounds on the diverse protein kinases, 
Cerep ExpresS Diversity kinase profiling was performed. Of the 48 kinases 
analyzed, compound 3i-1000, at a concentration of 30 μM, inhibited epidermal 
growth factor receptor kinase (EGFR) by 54% and vascular endothelial growth 
factor receptor 2 kinase/kinase insert domain receptor (VEGFR2/KDR) by 64%. 
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In addition, compound 4 inhibited fibroblast growth factor receptor 3 kinase 
(FGFR3) by 55% (Study I, Table S2). It is noteworthy that compound 3i-1000 
was inactive against p38α MAPK, glycogen synthase kinase-3β (GSK-3β), 
ERK2, PKA, and Rho kinase 1 (ROCK1), which all have been reported to be 
involved in the regulation of GATA4 phosphorylation (Pikkarainen et al., 2004). 

 
 

Fig. 11. Effect of different compounds in the bioassays. (A–D) Neonatal rat 
cardiomyocytes were treated with 100 nM ET-1 for 23 h. Compounds were added to 
the cells at concentrations of 10–100 μM 1 h prior to ET-1. 1000 denotes compound 3i-
1000 and 777 denotes compound 3i-0777. The data are shown relative to the vehicle 
sample as the mean ± SD: vehicle, n = 24; compounds, n = 3–6. (∗) p<0.05, (∗∗) p<0.01, (∗∗∗) p<0.001 vs vehicle treatment (one-way ANOVA followed by Bonferroni post hoc 
test). Modified from Study I (Välimäki et al., 2017). 
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5.1.5 Cell-Based G-Protein Coupled Receptor Profiling 

To test the effect of compound 3i-1000 on 165 different GPCRs, Millipore GPCR 
profiler, which monitors calcium flux in cells expressing specific GPCR and 
promiscuous GPCR-coupling Gα15/16 proteins, was used. Compound 3i-1000 at 
a concentration of 10 µM inhibited cannabinoid receptor type 2 (CB2), 
parathyroid hormone 2 receptor (PTH2), and niacin receptor 1/G-protein-coupled 
receptor 109A (GPR109A) with mean percentage inhibition values of 91.8, 59.5, 
and 58.5, respectively, while no significant agonistic effect at a concentration of 
12.5 µM was found (Study I, Table S4). In addition, the previously reported non-
cardiac inhibitory effect (65.2%) of compound 3i-1000 on the ghrelin receptor 
was identified also in the present study (Xin et al., 2005). 

5.2 In vivo biocompatibility of PSi biomaterial in the heart (II) 

5.2.1 Cardiac function after THCPSi and TOPSi injections into the 
normal myocardium 

To study the effects of thermally hydrocarbonized (THCPSi) and thermally 
oxidized porous silicon (TOPSi) MNPs on the function of the heart after particle 
injection into the myocardium, cardiac function was assessed using 
echocardiography at 7 days or 4 weeks post-injection, before decapitating the 
animals. THCPSi 7 µm and 19 μm, and TOPSi 7 µm and 17 μm microparticle 
injections had no effect on LV systolic function (ejection fraction or fractional 
shortening) at one week or at 4 weeks compared to control animals (Fig. 12A, B). 
LV ejection fraction (11%) and fractional shortening (13%) increased slightly at 
one week in response to TOPSi 110 nm particle injections (p<0.05, Fig. 12A, B). 
Cardiac output, stroke volume (Fig. 12C, D), as well heart rate, LV mass and the 
heart weight to body weight ratio (HW/BW) (Study II, Fig. 5) of the THCPSi or 
TOPSi particle-injected animals were similar to those of control treated animals. 
Body weight changes over the follow-up period were not observed. Overall, 
neither THCPSi nor TOPSi microparticles altered the cardiac function after direct 
injections into the myocardium of normal rat hearts, whereas TOPSi nanoparticles 
slightly increased the LV systolic function. 
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Fig. 12. Effect of intramyocardial delivery of THCPSi or TOPSi micro and nanoparticles 
on cardiac function in normal rat heart. THCPSi and TOPSi microparticles had no 
effect on the ejection fraction (A), fractional shortening (B), stroke volume (C) or 
cardiac output (D) at one week or 4 weeks post-injection. TOPSi 110 nm particles 
slightly increased the ejection fraction (A) and fractional shortening (B) at one week. 
The results are expressed as mean ± SEM (n = 3–4). (∗) p<0.05 vs. control (one-way 
ANOVA followed by a least significant difference post hoc test). Reprinted with 
permission from Study II (Tölli et al., 2014). 

5.2.2 Cardiac function after TOPSi injections into the myocardium of 
infarcted rat hearts 

In order to exclude both the beneficial or injurious effect of TOPSi particles to the 
cardiac function after AMI, as well as to evaluate whether the TOPSi particles 
may be a useful biomaterial in an experimental MI, LAD ligation was performed 
immediately after intramyocardial particle injections. Ligation of LAD caused a 
statistically significant decrease in the ejection fraction (Fig. 13A) and fractional 
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shortening (Fig. 13B) in conjunction with the injection of TOPSi 7 μm during the 
one week's follow-up. The same trend was observed with the TOPSi 110 nm 
particle injections, although the changes were not statistically significant (Fig. 
13A, B). 
 

Fig. 13. Effect of intramyocardial delivery of TOPSi micro and nanoparticles on cardiac 
function in the rat heart after MI at one week post-infarction and particle treatment. (A) 
Ejection fraction and (B) fractional shortening alterations were normal for an infarcted 
heart, as shown in Study III, Fig. 4E, F. TOPSi particles had no effect on heart rate (C) 
or HW/BW (D) after MI. The results are expressed as mean ± SEM (n = 5–6). (∗) p<0.05 
vs. SHAM (one-way ANOVA followed by a least significant difference post hoc test). 
Reprinted with permission from Study II (Tölli et al., 2014). 



91 

The heart rate was not altered as a consequence of any of the aforementioned 
treatments (Fig. 13C). As expected, the HW/BW increased slightly, when 
comparing infarcted hearts to the sham-operated hearts in both the TOPSi 7 μm 
and 110 nm particle-injected rats (Fig. 13D). Thus, myocardial treatment with the 
TOPSi particles did not attenuate functional alterations after MI in rats. 

5.2.3 Histological analysis after THCPSi and TOPSi injections 

Histological sections were made from the THCPSi and TOPSi MNP injected rat 
hearts and stained with H&E for inflammation and with Masson's trichrome for 
fibrosis. At the one-week time point, fibrosis in the THCPSi and TOPSi particle 
injected hearts did not differ significantly from the control hearts (Fig. 14A). On 
the other hand, increased inflammation in the myocardium after injection of 
THCPSi 7 μm microparticles was observed, while only a minor inflammatory 
reaction was seen in control or THCPSi 19 μm and TOPSi treated heart tissue 
sections (Fig. 14B). The injected particles were observed in the rat heart tissue 
sections one week and 4 weeks post-injections (Fig. 14B). THCPSi 7 μm and 19 
μm particles constituted distinct zones, while only a few separate undissolved 
particles could be observed in TOPSi 7 μm, 17 μm and 110 nm injected sections 
one week post-injections (Fig. 14B). THCPSi 19 μm particles made a distinct 
zone in the heart tissue section up to four weeks post-injection (unpublished 
results, Fig. 14B). 

5.2.4 Activation of inflammatory and fibrosis promoting genes in 
response to THCPSi and TOPSi injections 

To evaluate the inflammatory response on a gene level after particle injections, 
the mRNA levels of IL-6 and TNF-α genes in the THCPSi and TOPSi micro and 
nanoparticle-injected rat hearts were determined from the apical tissue samples 
one week or 4 weeks post-injections. THCPSi 19 μm treatment tends to increase 
the expression of both IL-6 and TNF-α genes at one week after injections, while 
the increase was almost or totally normalized at 4 weeks (Study II, Fig. 8A, B). 
THCPSi 7 μm only slightly increased the IL-6 expression at one week, but the 
expression of the TNF-α gene seems to increase to 4.7-fold compared to control 
(Study II, Fig. 8A, B). TOPSi 7 μm, 17 μm and 110 nm particles had no effect on 
IL-6 and TNF-α gene expression levels at one week post-injection (Study II, Fig. 
8A, B). Consistent with the histological findings (Fig. 14B), these results showed 
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a more pronounced inflammatory response in THCPSi 7 μm microparticle treated 
rat hearts compared to TOPSi particle or control treatments. 

 
 

Fig. 14. (A) Intramyocardial delivery of THCPSi or TOPSi micro and nanoparticles had 
no significant effect on myocardial fibrosis at one week or 4 weeks post-injection. The 
fibrotic area was assessed from Masson's trichrome-stained LV sections from the rat 
heart, and is expressed as mean ± SEM (n = 3–4). (B) Local THCPSi 7 μm but not 
THCPSi 19 μm, TOPSi 110 nm, TOPSi 7 μm and TOPSi 17 μm or control treatment 
increased myocardial inflamed granulation tissue (arrow) in the normal rat heart when 
injected into the LV myocardium. Paraffin-embedded histological sections were 
stained with H&E to define the area of inflammation at one week and 4 weeks post-
injection (scale bar 100 μm). Modified from Study II (Tölli et al., 2014). 
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Osteopontin (OPN) is a profibrogenic extracellular matrix protein and 
cytokine, which promotes postinfarction collagen synthesis and accumulation in 
the myocardium (Nian et al., 2004). The activation of fibrosis promoting 
COL1A1 and OPN in rat heart after THCPSi and TOPSi MNP injections were 
analyzed one week and 4 weeks after injections. THCPSi 7 μm and 19 μm 
particle injections into the rat myocardium increased COL1A1 gene levels to 2.4- 
and 2.6-fold, respectively, compared to control rat hearts at one week post-
injection, but not at 4 weeks. TOPSi 7 μm, 17 μm, and 110 nm particles did not 
alter the COL1A1 gene expression (Study II, Fig. 8C). THCPSi 7 μm 
microparticles increased the OPN gene level to 79-fold (OSP in Study II, Fig. 8D, 
p<0.05), while THCPSi 17 μm microparticles tend to slightly increase OPN gene 
(Study II, Fig. 8D), compared to the control injected rat hearts at one week post-
injections. At 4 weeks the OPN gene level was normalized. TOPSi 7 μm, 17 μm, 
and 110 nm particles tend to increase the OPN mRNA (8.1-, 3.2-, and 6.9-fold, 
respectively) compared to the control treatments at one week post-injection 
(Study II, Fig. 8D). 

To assess the effect of TOPSi 7 μm and 110 nm particles on the gene 
expression after MI, rats were subjected to MI, and after that PSi particles were 
injected into the myocardium. At one week after MI, changes in the ANP gene 
expression were typical for the infarcted heart (Study II, Fig. S2 compared to 
Study III, Fig. 4G). A 4.3-fold ANP mRNA increase was observed in infarcted 
hearts compared to sham-operated hearts (p<0.001) after injection of TOPSi 7 μm 
particles (Study II, Fig. S2). Furthermore, a significant increase in IL-6 (p<0.01), 
COL1A1 (p<0.01) and OPN (p<0.05) mRNA was observed in the TOPSi 7 μm 
injected rat hearts one week after MI. The expressions of these genes were 
slightly increased also in the TOPSi 110 nm-injected rat hearts at one week after 
MI, although these changes were not statistically significant (Study II, Fig. 9). 

5.3 In vitro and in vivo cardiac actions of a small molecule 
compound targeting GATA4-NKX2-5 synergy (III) 

5.3.1 The effect of 3i-1000 on inducible gene expression in the heart 

For further evaluation of the cardiac actions of compound 3i-1000, the effect of 
3i-1000 on natriuretic peptide gene expression was examined by employing an in 
vitro mechanical stretch model of cultured neonatal rat cardiomyocytes. 3i-1000 
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decreased mechanical stretch-activated ANP (Fig. 15A) and BNP (Fig. 15B) gene 
expression at micromolar concentrations without a significant influence on the 
baseline ANP and BNP levels. Furthermore, the effect of 3i-1000 on the inducible 
expression of ANP and BNP genes by the hypertrophic agonist PE was tested in 
neonatal rat cardiomyocytes. As shown in Fig. 15C and 15D, PE alone markedly 
increased ANP and BNP mRNA levels, and these increases in natriuretic peptide 
gene expression were significantly prevented with 3i-1000. Similarly, 3i-1000 
tends to prevent the increase in ET-1 stimulated ANP and BNP gene expression 
(Fig. 11B, D). 

In contrast to compound 3i-1000, the activator molecule 3i-0777 significantly 
enhanced the mechanical stretch-stimulated increase of the ANP mRNA levels 
(p<0.001, Fig. 15A). This is in line with the small molecule screening, where 
compound 3i-0777 strongly augmented the GATA4-NKX2-5 synergy in the 
reporter gene assay (Fig. 8A). Moreover, the small molecule activator of GATA4-
NKX2-5 transcriptional synergy increased significantly also the baseline ANP and 
BNP mRNA levels (p<0.001, Fig. 15C, D). However, when cardiomyocytes were 
stimulated by PE, 3i-0777 did not alter ANP or BNP gene expression (Fig. 15C, 
D). When ET-1 was used as a hypertrophic stimulant, 3i-0777 still enhanced BNP 
(Fig. 11D) but not ANP gene expression (Fig. 11B). 

5.3.2 The effect of 3i-1000 on GATA4 phosphorylation 

To further characterize the cardiac effects of 3i-1000, its actions on GATA4 
phosphorylation induced by PE in cardiac myocytes were investigated. As shown 
in Fig. 16F, the compound had no influence on the baseline level of GATA4 
proteins in neonatal rat cardiomyocytes, whereas the PE induced elevation in 
GATA4 Ser-105 phosphorylation was significantly inhibited by 3i-1000 (p<0.01, 
Fig. 16B, C). Interestingly, 3i-1000 inhibited also PE induced cytosolic β-catenin 
protein expression (unpublished results, p<0.05, Fig. 16E). Cytosolic Wnt-3 
protein expression had a tendency to be stimulated by PE (1.5 fold) but 3i-1000 
does not restore that alteration (unpublished results, data not shown). 
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Fig. 15. The effect of small molecules acting on inducible gene expression in neonatal 
cardiac myocytes. (A, B) The effects of 3i-1000 and 3i-0777 on stretch-induced 
increase in ANP (A) and BNP (B) mRNA levels. Neonatal rat cardiomyocytes were 
stretched cyclically up to 24 h. The compounds were added to the cells 1 h prior to 
stretching. (C, D) Effects of the compounds on PE induced increase in ANP (C) and 
BNP (D) gene expression. Cells were treated for 24 h with PE and the compounds were 
added 1 h prior to PE. The results are averages ± SD, n = 3. (∗) p<0.05, (∗∗) p<0.01, (∗∗∗) 
p<0.001 (one-way ANOVA followed by a least significant difference post hoc test). 
Reprinted with permission from Study III (Kinnunen et al., 2018). 
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Fig. 16. The effect of small molecule 3i-1000 on GATA4 protein levels and 
phosphorylation in neonatal rat cardiomyocytes. Compound 3i-1000 (50 µM) inhibited 
the elevation of GATA4 and phospho-GATA4 (A-C), as well as β-catenin (D, E) protein 
levels produced with PE. The experiment was repeated three times, and the results 
presented here are an average of three parallel samples ± SD. (F) Compound 3i-1000 at 
a concentration of 50 µM had no influence on baseline levels of nuclear GATA4 or Ser-
105 phosphorylation of GATA4 protein. (G) Protein levels in nuclear and cytosolic 
fraction as determined by Western blot. (∗) p<0.05, (∗∗) p<0.01 (one-way ANOVA 
followed by a least significant difference post hoc test). Modified from Study III 
(Kinnunen et al., 2018). 
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5.3.3 Cardiac actions of 3i-1000 in experimental models of 
myocardial infarction in mice and rats 

To investigate the in vivo cardiac effects of the compound 3i-1000, the 
pharmacokinetics and metabolic profile of 3i-1000 were evaluated in normal rats 
following a single intraperitoneal administration of 10 mg/kg of compound. The 
blood samples were collected at 0.5 h, 2 h and 6 h after injection. The 
concentration of 3i-1000 was highest at 0.5 h and decreased to about half within 
6 h, indicating rapid metabolism of the 3i-1000 in vivo in rats. Several 
degradation products were produced, with various stability properties (Study III, 
Fig. S2). M1, the main metabolite of 3i-1000 (Study I, compound 31), was shown 
to be inactive in our GATA4-NKX2-5 luciferase reporter assay (data not shown). 
Overall, the compound 3i-1000 was well tolerated, and no signs of toxicity were 
observed. Only minor changes in the blood cells were noted when the blood 
samples were analyzed after two weeks administration (30 mg/kg/day i.p.) (data 
not shown). 

AMI was induced by LAD coronary artery ligation both in mice and rats. The 
animals underwent either AMI or SHAM operation and were treated with vehicle 
(DMSO) or 3i-1000 (30 mg/kg/day i.p.). The mice were treated with 3i-1000 for 
four days after AMI and followed up to one week. Echocardiographic evaluation 
showed significant improvement in LV ejection fraction (p<0.05, Fig. 17A) and 
fractional shortening (p<0.05, Fig. 17B) with 3i-1000. In addition, a significant 
attenuation of myocardial structural changes (LV dilatation, wall hypertrophy) 
was observed, as reflected by the decrease in LV diameters, LV volumes and LV 
inner diameters in 3i-1000 treated animals (Study III, Table S1). LV mass and 
HW/BW were also lower in 3i-1000 treated mice. Furthermore, MI associated up-
regulation of ANP and BNP gene expression was significantly decreased with 3i-
1000 (p<0.05, Fig. 17C, D), and there was also a trend for the scar size to 
decrease  (Study III, Table S2, p = 0.052). Interestingly the treatment with 3i-1000 
had no influence on GATA4 or NKX2-5 gene expression in the LV (Study III, 
Table S2). 

In rats, the experimental design was otherwise similar to mice except that the 
rats were treated with 3i-1000 (30 mg/kg/day i.p.) for one week after AMI. As 
shown in Fig. 17E and 17F, ligation of LAD alone caused a modest decrease in 
left ventricular ejection fraction and fractional shortening. There was a tendency 
for improved cardiac function (Fig. 17E, F) and attenuation of ANP (Fig. 17G) 
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and BNP (Fig. 17H) gene expressions with treatment of 3i-1000. However, these 
changes were not statistically significant. 

 
 

Fig. 17. (A–D) The echocardiographic parameters and mRNA levels in the left 
ventricular tissue of mice that underwent AMI or sham-operation (SHAM) and were 
treated either with vehicle (veh) or compound 3i-1000 (30 mg/kg/day i.p.) for 4 days. 
The number of animals was 15 in SHAM + veh, 4 in AMI + veh and 3 in AMI + 3i-1000 
groups. (E–H) The echocardiographic parameters and the mRNA levels in the left 
ventricular tissue of rats that underwent AMI or sham-operation (SHAM) and were 
treated either with vehicle or compound 3i-1000 (30 mg/kg/day i.p.) for one week. The 
number of the animals was 6 in SHAM + veh, 7 in AMI + veh and 8 in AMI + 3i-1000 
groups. The results are averages ± SEM. (∗) p<0.05, (∗∗) p<0.01, (∗∗∗) p<0.001 (one-way 
ANOVA followed by a least significant difference post hoc test). Reprinted with 
permission from Study III (Kinnunen et al., 2018). 
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Furthermore, TOPSi 7µm microparticles were utilized for local delivery of 
compound 3i-1000 into the myocardium of rats after MI. Although 3i-1000 
loaded TOPSi was not able to preserve postinfarction cardiac function (Fig 18A, 
B), the compound attenuated inducible ANP and COL1A1 gene expression (Fig. 
18C, D). The loading degree of particles was relatively low, 3.5±1.3%. Finally, 
ANP functionalized nanoparticles (Ferreira et al., 2017) were used for intravenous 
administration of 3i-1000 into the rats with isoprenaline induced myocardial 
ischemic injury, and a similar trend in the gene expression alterations was 
observed since 3i-1000 significantly inhibited the elevated ANP, BNP, COL1A1, 
IL-6 and OPN gene expression levels (Study III, Fig. 8). 

 

Fig. 18. (A, B) The echocardiographic parameters and (C-F) mRNA levels in the left 
ventricular tissue of rats that underwent AMI or sham-operation (SHAM) and were 
treated either with vehicle or compound 3i-1000 loaded TOPSi 7 µm particles. The 
measurements were performed at one week postinfarction. The number of animals 
was 7 in SHAM + veh, 7 in SHAM + 3i-1000, 6 in AMI + veh and 7 in AMI + 3i-1000 
groups. The results are averages ± SEM. (∗) p<0.05, (∗∗) p<0.01, (∗∗∗) p<0.001 (one-way 
ANOVA followed by a least significant difference post hoc test). Reprinted with 
permission from Study III (Kinnunen et al., 2018). 
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6 Discussion 

6.1 Luciferase reporter assay as a screening tool for small 
molecule compounds (I) 

A large body of evidence suggests that cell-based and in vitro bioassays provide 
highly valuable information in drug discovery interventions, by providing reliable 
data on biological activity, side effects, toxicity, and metabolism of compounds. 
Moreover, cell-based assays provide an opportunity to implement the 3Rs 
principle, i.e., replacement, reduction, and refinement in the use of animals in 
scientific research (Michelini, Cevenini, Calabretta, Calabria, & Roda, 2014). In 
Study I, an in vitro tool for testing of small molecule compounds selected from 
commercial chemical libraries and targeting GATA4-NKX2-5 driven 
transcriptional synergy was presented. 

Typically, several limitations are associated with the use of luciferase reporter 
assays as a screening tool. The tested compounds may interfere with the 
luciferases and decrease the assay signal, resulting in false positives. In addition, 
the compounds may aggregate, have redox behavior, enzymatically inhibit the 
reporter, or form complexes that interfere with the luminescence. Most false 
positives are caused by the nonspecific interactions between colloidal aggregators 
by false hits and biological targets (Yang et al., 2019). The aggregation of 
compounds studied in the present study was observed in the samples at a 
concentration of 100 μM. At lower concentrations aggregation was not detected, 
except for compound 3i-0777, which shows minor signs of aggregation at 30 μM. 
A small molecule compound present in the cell lysate may be able to directly 
inhibit the activity of the reporter enzyme (Braeuning, 2015; Thorne et al., 2012). 
For example, the kinase inhibitor PD98059 and NFκB inhibitor (E)-2-fluoro-4’-
methoxystilbene are reported to inhibit firefly luciferase at millimolar 
concentrations (Auld et al., 2008; Braeuning & Vetter, 2012). 

Several types of systematic and random errors may affect the compound 
screening procedure (Caraus, Alsuwailem, Nadon, & Makarenkov, 2015). 
Random error accumulates as a collection of several minimal differences across 
assays, such as variation in assay conditions, liquid dispensing differences, as 
well as reagent or sample preparation and handling. Taking the mean of the 
replicate measurements yields lower variability than with single measurements 
only. Replicate measurements provide direct estimates of variability and are 
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useful for evaluating the probability of detecting true hits (Malo, Hanley, 
Cerquozzi, Pelletier, & Nadon, 2006). Reagent evaporation, decay of cells, time 
drift in measuring different wells or different plates, and reader effects are sources 
for systematic error that are recognized as smooth trends in plate means over a 
screen (Kevorkov & Makarenkov, 2005). The edge effect is a type of systematic 
error that consists in systematic under- or overestimation of the measurements 
located on the plate’s edges (Caraus et al., 2015). In the present study, control 
samples were placed throughout the plates, in order to detect potential edge 
effects and signal shifting over the plate. Systematic pipetting errors are more 
easily identifiable through statistical analysis than the smaller, more random 
errors that lead to false positives, but these nonhits are easily removed from 
consideration upon retest (Shun, Lazo, Sharlow, & Johnston, 2011). 

A common source of error during HTS is the liquid handling component, 
which must be optimized and carefully calibrated for each solution, aspiration and 
dispense volume, labware, and tip type (Shun et al., 2011). Automation of liquid 
handling operations and other steps in the assay protocol is one of the key 
requirements in HTS assays (Bhambure, Kumar, & Rathore, 2011). In the present 
study, in vitro testing of compounds was performed on 48 well cell culture plates, 
and liquid and chemical handling was performed manually. The reporter assay 
platform presented here is further adapted to a 96 well form, where liquid 
handling is based on multichannel pipetting (Jumppanen et al., 2019). Automation 
of the procedure, e.g., automated liquid handling and signal detection systems, is 
essential when scaling laboratory grade research up to a biopharmaceutical 
industry scale (Bhambure et al., 2011). 

Control samples are central to all biological testing to normalize responses 
compared to a standard treatment. Traditionally, in the in vitro plate-based 
screening, sample responses are normalized using controls within the same plate. 
Apart from normalizing responses, controls are applied to estimate assay 
variability through calculation of simple statistical parameters such as the Z’ 
factor, reflecting assay quality (Gribbon et al., 2005; J.-H. Zhang, 1999). In the 
present study, a Z’ factor was calculated for every reporter assay plate. A high 
variability in Z’ factors between single plates was noted, due to low S/N ratio or 
high deviation between replicate control samples. However, the statistical 
parameters obtained from the experiments under optimized conditions indicated 
that this type of reporter assay is robust enough to perform screening of a diverse 
compound library. 
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Chemical libraries are typically stored in organic solvents such as ethanol or 
DMSO. Thus, assays need to be configured that are not sensitive to the 
concentrations of solvents used in the assay. Typically, cell-based assays are 
intolerant to solvent concentrations of greater than 1% DMSO (Hughes et al., 
2011). Cells sensitive to DMSO treatments are leucocytes and HL-60 cells, 
among others (Timm, Saaby, Moesby, & Hansen, 2013). It has previously been 
shown that DMSO enhances differentiation of mouse embryonic stem cells into 
cardiac myocytes, presumably by activating cardiac transcription factors, such as 
GATA-4 and NKX2-5 (Skerjanc, 1999). COS-1 cells and cardiac myocytes from 
neonatal rat showed good tolerance to DMSO in the present study. The cell 
morphology and beating of myocytes on the cell culture plates were not altered 
due to DMSO treatments. Compound stock solutions were made in DMSO and 
diluted to a final concentration of 0.1% in cell culture media for experiments to 
avoid any DMSO-induced toxicity. Samples treated with DMSO alone at the 
same percentage were used as control/vehicle samples. 

Toxicity and lack of efficacy are the major causes of failure in drug 
development projects (Kola & Landis, 2004). 3i-1000 does not exhibit toxicity in 
primary cardiomyocytes at concentrations up to 50 μM (Study I). In another 
study, 3i-1000 and its derivatives were non-toxic towards cardiomyocytes, 
fibroblasts and H9c2 cardiac myoblasts, while significant compound toxicity was 
seen in mESCs, human induced pluripotent stem cells (hiPSC) and mESC 
derivatives from day 5 embryoid bodies (D5EB). Caspase-dependent apoptosis 
was clarified as a mechanism contributing to stem cell death caused by 3i-1000 
(Karhu et al., 2018). 

The most promising hit of our in vitro compound screening in Study I, 
compound 3i-1000, was further optimized by means of synthesis and biological 
investigation of structurally related compounds with modified or alternative parts. 
Several compounds with better GATA4-NKX2-5 synergy inhibiting potency were 
found (Jumppanen et al., 2019). In Study I, our screen identified also a potent 
enhancer of the GATA4–NKX2-5 transcriptional synergy, compound 3i-0777. As 
compound 3i-0777 was found to be a strong enhancer also in the GATA4 
transcriptional assay, but not in the NKX2-5 transcription assay, it was concluded 
that the enhancing properties of the compound largely result from an interaction 
with GATA4 (Jumppanen et al., 2019). 

Various limitations are associated with reporter assay based phenotypic drug 
discovery (Feng, Mitchison, Bender, Young, & Tallarico, 2009; Vincent et al., 
2015). The main concern in using reporter gene assays to report on phenotypic 
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effects is the use of artificially engineered reporters that may not reflect the real 
disease related regulation. Methods to improve physiological relevance, such as 
use of relevant primary cells, might help improve the specificity of reporter gene 
assays (Feng et al., 2009). The usage of a specific stimuli to induce a disease-like 
phenotype may often result in the identification of stimulus- rather than disease-
modifying compounds. Thus systems that do not require an exogenous stimulus to 
induce the given biological phenotype are preferred (Moffat et al., 2017; Vincent 
et al., 2015). Drug target identification after phenotypic screen may be 
complicated and time consuming. However, a phenotypic screen enables lead 
discovery for many diseases in which a drug target has not been identified or 
validated (Zheng, Thorne, & McKew, 2013). 

Physiologically more disease-relevant primary cells are preferred to be used 
as a platform in the phenotypic drug screening (Horvath et al., 2016; Vincent et 
al., 2015). However, primary cell culture is by far more work- and cost-intensive 
(Astashkina, Mann, & Grainger, 2012). The aim of the present study was to 
develop a simple, cost-effective cell-based assay for the in vitro testing of small 
molecule compounds targeting cardiac hypertrophy and HF. Therefore, although 
the continuous cell lines do not maintain all the characteristics of primary cells, 
immortalized, continuous cell lines were utilized for the primary screen, and for 
validation of hits and evaluation of mechanisms of action, primary 
cardiomyocytes were used.  

In addition to the luciferase reporter assay, other methods have been exploited 
for the discovery of novel small molecule inhibitors of cardiac hypertrophy. Reid 
et al. (2016) presented a high throughput, high content imaging method that was 
used to find compounds reducing PE and phorbol myristate acetate induced 
increase in cardiomyocyte cell size and ANP expression. One active compound, 
the anti-malarial drug artesunate, blocked left ventricular hypertrophy and 
improved cardiac function in adult mice subjected to transverse aortic constriction 
(Reid et al., 2016). A high throughput fluorometric in plate-based imaging method 
was used for measuring of PE induced hypertrophic growth in cardiomyocytes. 
The compatibility of the method for screening of anti-hypertrophic small 
molecules was demonstrated (Loonat et al., 2019). 

6.2 Biocompatibility of silicon micro- and nanoparticles (II) 

The uses of silicon MNPs have many advantages in drug delivery systems, 
especially silicon MNPs have been reported as easily functionalized drug carriers. 



105 

Previously, porous silicon was thought of as a highly biocompatible material in 
drug delivery systems, but according to recent reports, the in vitro and in vivo 
cytotoxicity of silicon MNPs is controversial (Murugadoss et al., 2017). Silicon 
nanoparticles cause the generation of ROS and subsequent oxidative stress in 
vitro and in vivo (Park & Park, 2009). When treating human bronchoalveolar 
carcinoma cells with silicon nanoparticles (15-46 nm), an increase in the levels of 
ROS, lactate dehydrogenase, and malondialdehyde was reported (Lin, Huang, 
Zhou, & Ma, 2006). Similarly, the induction of inflammatory biomarkers such as 
IL-1, IL-6, IL-8, TNF-α, and mitochondrial damage by silicon nanoparticles have 
been reported in various other studies (Cho et al., 2009; Sun et al., 2011). Silicon-
based nanoparticles (70 nm) have been found to alter biochemical parameters 
along with hepatotoxic effects in liver cells (Nishimori et al., 2009). Reactive 
stress, mitochondrial injury and apoptosis were detected after treatment of human 
hepatoma cells with silicon nanoparticles (43 nm) (Sun et al., 2011). Silicon 
nanoparticles induce cardiotoxicity interfering with energetic status and Ca2+ 
handling in adult rat cardiomyocytes (Guerrero-Beltrán et al., 2017). Moreover, 
silicon nanoparticles showed cytotoxicity in different types of cultured 
mammalian cell lines, including human fibroblast and lung epithelial cells as well 
diverse human cancer cells (J.-S. Chang, Chang, Hwang, & Kong, 2007; Jin, 
Kannan, Wu, & Zhao, 2007; Lin et al., 2006). 

In Study II the local injection of THCPSi and TOPSi micro- and 
nanoparticles into the rat myocardium has no effect on hematological parameters 
or cardiac function. Direct myocardial treatment with the TOPSi 7µm particles 
did not attenuate functional alterations after MI, suggesting that this type of 
biomaterial is useful in experimental MI models in rats. Although the histological 
analysis did not reveal a significant difference in fibrosis between the PSi particle 
treated hearts and the control treated hearts, the gene expression alterations 
demonstrated that THCPSi microparticles induced slightly greater expression of 
pro-fibrotic genes than the control treatment or TOPSi MNPs in the rat heart at 
one week after treatment, normalizing then at 4 weeks. These gene expression 
data are in agreement with the previously presented functional data achieved from 
infarcted rat hearts, indicating that TOPSi micro and nanoparticles can be 
considered as a useful biomaterial for the treatment of MI in rats. 

Surface modifications or the size of silicon MNPs are known to be crucial for 
their inert versus proinflammatory and immunomodulatory properties 
(Alessandrini et al., 2014; H. A. Santos et al., 2010). In Study II, TOPSi 
microparticles were shown to be less toxic towards the cultured cardiomyocytes 
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than THCPSi microparticles. TOPSi particles have hydrophilic surfaces, while 
THCPSi particles have hydrophobic surfaces. The hydrophilic/hydrophobic 
character of the silicon particles may change the way they interact with cells and 
cause cellular responses (Salonen, Laine, & Niinistö, 2002). Oxidized surfaces are 
previously reported to be less harmful to the Caco-2 cells than carbonized 
surfaces, due to the stronger cell–particle interactions with the carbonized 
surfaces (H. A. Santos et al., 2010). Moreover, thermal oxidation has been shown 
to stabilize the silicon surface and to reduce the amount of ROS produced by the 
untreated silicon (Low, Williams, Canham, & Voelcker, 2009). However, in 
RAW264.7 macrophages hydrophilic silicon nanoparticle (12 nm, Aerosil 200) 
induced MAPK activation and pro-inflammatory response (Fritsch-Decker, 
Marquardt, Stoeger, Diabaté, & Weiss, 2018). In general, the in vitro cytotoxicity 
results may be strongly cell type and assay dependent (Braun et al., 2018).  

Particle size and surface area play a major role in the interaction of particles 
with biological systems, as well as dictate how the system responds to, 
distributes, and eliminates these materials (Gatoo et al., 2014). It is supposed that 
the smaller the MNP size, the more efficiently they are delivered into cells, 
suggesting the potential mechanism for size dependent toxicity (Salatin, Maleki 
Dizaj, & Yari Khosroushahi, 2015). However, in cardiomyocytes TOPSi 
microparticles induced a higher toxic effect than TOPSi nanoparticles, as shown 
in Study II. These results are in line with the previous in vitro study with Caco-2 
and RAW264.7 cells, where the TOPSi particles of size fraction 1–25 μm were 
found to induce a more toxic effect compared to nanosized TOPSi particles 
(Bimbo et al., 2011). 

Toxicity of MNPs is also cell type and route of administration dependent 
(Murugadoss et al., 2017). Silicon nanoparticles (12 nm) cause the generation of 
ROS and pro-inflammatory cytokines IL-1β and TNF-α when intraperitoneally 
administered in mice (Park & Park, 2009). After subchronic oral administration of 
silicon MNPs (20, 30, 100 and 1100 nm), there were no deaths and no treatment-
related clinical signs of toxicity observed in rats (S. An et al., 2014; C. L. Liang et 
al., 2018). Intravenously injected 70 nm silicon-based nanoparticles alter 
inflammation parameters (IL-6, TNF-α) along with hepatotoxic effects, while 
nanoparticles with the diameter of 300 or 1000 nm had no cytotoxic effect in mice 
(Nishimori et al., 2009). Intraperitoneal or intravenous administration, but not 
subcutaneous delivery, of MNPs (150 nm, 800 nm, 4 µm) in mice resulted in 
death, while the same particles in rat did not exhibit any overt toxicity. A 
significant difference in dose/weight in mice and rats in combination with 
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pharmacokinetics of differentially administered particles may explain these 
findings (Hudson, Padera, Langer, & Kohane, 2008). Local intramyocardial 
delivery of TOPSi or THCPSi MNPs into the rat heart has no significant effect on 
myocardial fibrosis in Study I, while THCPSi microparticles induce the 
myocardial expression of inflammatory (IL-6, TNF-α) and pro-fibrotic (COL1A1, 
OPN) genes at one week post-injection. 

The data from Study II indicate that THCPSi particles remain longer in 
cardiac LV tissue than TOPSi particles. MNPs must be retained in the injected 
tissue in order to function as depots for therapeutics. To maximize retention times, 
several studies have evaluated the effect of injection volume and location, particle 
size, as well as the state of the injected heart (i.e., healthy, infarcted, or 
mechanically arrested) (Suarez et al., 2015). The present study shows that the 
surface chemistry of MNPs have a potent effect on retention of particles in the 
target tissue. Moreover, differences in therapeutic microsphere (10 µm) retention 
in contractile versus non-contractile heart tissue has been shown, which indicates 
that retention is maximized if particles are injected into infarcted myocardium 
(Teng, Luo, Chiu, & Shum-Tim, 2006). Larger particles tend to remain localized 
longer, smaller particles are better able to clear from the administration site 
(Faraji & Wipf, 2009). 

Recently, intraperitoneally administered mesoporous silicon nanoparticles 
were reported to cause cardiac toxicity arising as cardiac hypertrophy, excessive 
ROS production and histological findings (Hozayen et al., 2019). Intratracheally 
instilled silicon nanoparticles were also shown to cause dose and size dependent 
cardiovascular toxicity (Du et al., 2013). Discrepancies are observed among 
published studies concerning biocompatibility, biodistribution and clearance 
studies of silicon MNPs (Jaganathan & Godin, 2012). Differences achieved in 
these studies evidently arise from the complex interplay between particle 
characteristics (e.g. size, shape, surface chemistry and charge), administration 
route, administered dose and host immunological integrity. Therefore, the 
successful use of MNPs in the clinic requires exhaustive studies on the behavior 
of these particles in vivo (Yildirimer et al., 2011). 

6.3 Small molecule modulation of cardiac hypertrophy and HF (III) 

Compound 3i-1000 presented antihypertrophic actions in various experimental 
models of myocardial ischemia and pressure overload in vitro and in vivo (Study 
I, III). Several other antihypertrophic small molecule compounds have previously 
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been identified. Sulforaphane (SFN), a phytochemical found in Cruciferae 
vegetables, is shown to suppress cardiomyocyte hypertrophy induced by PE or 
ET-1. SFN was able to reduce ET-1 induced GATA4 protein levels, and PE 
induced GATA6 and MEF2C protein levels. SFN reduces ET-1 and PE induced 
phosphorylation of JNK1/2 and ERK1/2 MAPKs, while phosphorylation of p38 
MAPK is not altered. In mice SFN has a preventive effect against the 
development of isoprenaline induced cardiac hypertrophy, and the elevation in 
ANP and GATA6 protein levels are significantly suppressed by SFN (Kee, Kim, 
Kim, & Jeong, 2015). 

β-catenin protein levels are increased by a Wnt-independent mechanism as a 
result of hypertrophic stimulation by ET-1 and PE in cardiomyocytes, and after 
aortic banding in rats. Moreover, β-catenin induces hypertrophic growth of 
cardiomyocytes in vitro and in vivo (Haq et al., 2003). When β-catenin is knocked 
down in cultured cardiomyocytes, increase in protein synthesis and cell area, and 
upregulation of ANP after treatment with PE are attenuated (C.-G. Zhang et al., 
2009). In Study III, PE induced β-catenin protein expression was reversed by 3i-
1000 in cardiomyocytes. Specifically, the cytosolic β-catenin protein levels are 
restored to a basal expression level. Similarly, blockade of the β-catenin pathway 
by a small molecule inhibitor ICG-001 was shown to abolish Ang II induced 
cardiac hypertrophy in cardiomyocytes, as well as Ang II induced myocardial 
fibrosis and impaired cardiac function in rats (Zhao et al., 2018). Furthermore, 
ICG-001 prevented cardiac injury in mice after transverse aortic constriction 
(Zhao et al., 2019). 

MNPs are utilized in drug delivery to improve the pharmacokinetics of drugs 
with short half-lives (Parveen et al., 2012). MNP based improvement of drug 
pharmacokinetics has been exploited in a few previous studies related to cardiac 
hypertrophy and HF. Nanoparticle-mediated intravenous delivery of tanshinone 
IIA reduces adverse cardiac remodeling following MI in mice. The poor solubility 
and short half-life of tanshinone are improved by compound administration via 
nanoparticles (Mao et al., 2018). Curcumin delivered orally in polymer-based 
nanoparticles protects against isoprenaline induced MI by alleviating myocardial 
tissue oxidative stress, electrocardiogram, and biological changes in rats 
(Boarescu, Boarescu, et al., 2019). When encapsulated in nanocarriers, curcumin 
bioactivity is improved via increasing the antioxidant effect compared to that of 
conventional curcumin (Boarescu, Chirilă, et al., 2019). In Study III, 3i-1000 
shows rapid metabolism and a short half-live in rat, thus the MNP based 
administration would be applicable to this type of compound. 
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Active targeting of therapeutic agents via MNPs is exploited for drugs with 
limited solubility, poor distribution within the body, and unfavorable 
pharmacokinetics behavior, as well as for lowering systemic adverse effects of the 
drugs (Parveen et al., 2012; Passaro et al., 2017). The undecylenic acid modified 
pegylated THCPSi-DOTA nanoparticles functionalized with ANP peptide (Un-P-
D-ANP nanoparticles, 229 nm) have previously been shown to accumulate in 
different cardiac cells and in the ischemic rat heart, particularly into the 
endocardial layer of the left ventricle when administered intravenously (Ferreira 
et al., 2016, 2017). Intravenously administered Un-P-D-ANP nanoparticles are 
internalized into the cardiac cells via the GC-A, a receptor mediating the cellular 
effects of ANP (Ferreira et al., 2016). The administration of 3i-1000 loaded Un-P-
D-ANP nanoparticles significantly decreased ERK1/2 phosphorylation, 
particularly after repeated administration, in an isoprenaline induced myocardial 
ischemia model in rats, while the activity of p38 MAPK did not change 
significantly. Thus, because ERK1/2 is a key signaling pathway leading to cardiac 
hypertrophy, the attenuation of the ERK signaling cascade suggests a therapeutic 
cardioprotective effect for 3i-1000 loaded nanoparticles (Ferreira et al., 2017). 

6.4 General considerations and perspectives 

Clinical management of pathological left ventricular hypertrophy and HF, i.e., 
evidence-based therapies, currently focuses on the underlying growth signals 
related to, e.g., hypertension, myocardial infarction and valvular diseases. 
Pharmacological agents in the treatment of hypertrophy and HF are mostly 
directed against the crucial neurohormonal axes activated in response to chronic 
cardiac stress (Ponikowski et al., 2016; Yancy et al., 2013). Despite the generally 
high mortality rates for patients with HF, survival rates have increased remarkably 
with treatment advances in the developed world (Ziaeian & Fonarow, 2016). 

A large number of novel approaches for HF are under active clinical 
investigation (Pinilla-Vera et al., 2019). Efforts in cardiovascular drug 
development have recently focused on molecules that act inside the 
cardiomyocyte, targeting signaling cascades that alter disease-related gene 
expression and protein function. Inhibition of cardiac hypertrophy is a main 
therapeutic strategy in ventricular pressure overload. The main target is to inhibit 
detrimental and/or to enhance beneficial signaling pathways (Schiattarella & Hill, 
2015). The search for more effective and complementary therapy for HF is 
supposed to be focused on improving the function of the viable, but 
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dysfunctional, cardiac unit, the cardiomyocytes. For future management of HF, it 
is necessary to target the heart directly with the goal of restoring cardiac structure 
and function, improving microscopic and macroscopic abnormalities, as well as 
reversing the deleterious organ remodeling (Gheorghiade et al., 2016; Wilcox et 
al., 2015). 

The major challenge in designing potential therapies for cardiac hypertrophy 
and HF is to selectively target components of pathological signaling mechanisms 
without affecting mechanisms of physiological cardiac growth and function. The 
most precise approach for targeting pathological cardiac hypertrophy and HF is to 
modulate genes in the nucleus of the cardiomyocytes (McKinsey & Olson, 2005). 
Indirect targeting of transcription factors has already been utilized as a therapeutic 
strategy through the inhibition of upstream signaling effectors (e.g., kinases). 
Nevertheless, this method lacks specificity because kinases generally regulate a 
variety of proteins and also because there is extensive cross-talk between the 
signaling cascades upstream of transcription factors (Papavassiliou & 
Papavassiliou, 2016). 

The diversity and complexity of highly dynamic systems such as PPI present 
many challenges for the identification of drug-like molecules with the ability to 
modulate that interaction with the necessary selectivity and potency (Zinzalla & 
Thurston, 2009). To date, numerous PPI inhibitors in preclinical or clinical trials 
are developed for the treatment of cancer (Petta, Lievens, Libert, Tavernier, & De 
Bosscher, 2015). As shown in the present study, modulation of the key 
transcription factors involved in a disease provide a possibility for therapeutic 
interventions. So far, a great deal is known about the roles of GATA4 and NKX2-
5 in cardiac hypertrophy related events, but small molecules directly modulating 
these factors have not yet been identified. The results of the present study may 
prove useful for the development of a novel treatment for cardiac hypertrophy and 
HF. 

Herein, a screen of small molecule compounds where the primary filter for 
hit identification is specifically the compound’s ability to target the synergy 
driven by cardiac transcription factors GATA4 and NKX2-5, was performed. In 
conclusion, the present results show that the luciferase reporter gene assay is a 
suitable tool for in vitro testing of small molecule compounds. Optimization of 
the HTS workflow and its validation as a quality process, and the statistical 
evaluation of the HTS, focusing on the reproducibility of results and the ability to 
distinguish active from nonactive compounds in a vast collection of samples are 
the key components of HTS procedures (Coma et al., 2009). 



111 

MNP based drug delivery systems offer many advantages over conventional 
drug delivery. Nanoparticles currently in clinical trials are mainly aimed at the 
treatment of several cancers. These include mostly liposome-based formulations 
but also others based on polymers, micelles, and inorganic nanoparticles made 
primarily of gold, iron oxide, and silicon (Anselmo & Mitragotri, 2019). The 
present results suggest that porous silicon could be considered as a platform for 
the applications in the targeted therapy in cardiac diseases. The major limitation 
of nanotherapeutic delivery is its inability to reach therapeutic levels of drugs at 
disease sites owing to nonspecific uptake of nanoparticles in healthy organs 
(Blanco et al., 2015). Active targeting of MNP based drug carriers offers excellent 
opportunities for enhancement of drug efficacy and safety (Passaro et al., 2017). 
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7 Summary and conclusions 
The aim of the present study was to identify novel small molecule modulators for 
the transcriptional synergy of cardiac hypertrophy associated transcription factors 
GATA4 and NKX2-5. The cardiac actions of the most promising compounds were 
evaluated in vitro and in vivo. Moreover, the biocompatibility of porous silicon 
biomaterial for drug delivery to the heart was evaluated. The main findings of the 
study are summarized as follows: 

1. A novel phenotypic cell-based reporter assay was developed for identifying 
modulators of cardiac hypertrophy. By exploiting a luciferase reporter assay, 
several novel active compounds, both inhibiting and enhancing the GATA4-
NKX2-5 synergy, were identified. 

2. Porous silicon MNPs were applicable as drug delivery carriers into the heart 
tissue. Differences in biocompatibility between different type MNPs were 
found, revealing several particle characteristic parameters, which may impact 
the utilization of these systems in biomedical applications. 

3. The in vitro and in vivo effects of the most promising hit, compound 3i-1000, 
were studied. Compound 3i-1000 showed antihypertrophic actions in various 
in vitro assays and experimental models of pressure overload and myocardial 
ischemia in vivo. The results suggest that modulation of the key transcription 
factors involved in cardiac hypertrophy may provide possibilities for novel 
therapeutic interventions for HF. 
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