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RESUMO 

 

Góes, M.E.A. Receptor B2 de cininas na diferenciação de iPSC humanas em cardiomiócitos 

2018. (91P). Dissertação de Mestrado - Programa de Pós-Graduação em Ciência Biológicas 

(Bioquímica). Instituto de Química, Universidade de São Paulo, São Paulo. 

Doenças cardiovasculares são responsáveis por quase um terço de todas as mortes 

globais anualmente, e por isto o sistema cardiovascular é amplamente estudado. 

Cardiomiócitos derivados a partir de células-tronco pluripotentes induzidas humanas (hiPSC-

CM) emergiram como uma promissora tecnologia para modelagem de doenças cardíacas e 

terapia personalizada. No entanto, desafios acerca de sua maturação funcional e molecular 

ainda são enfrentados. Além disso, protocolos de diferenciação geralmente levam à obtenção 

de populações heterogêneas contendo células com fenótipos similares aos de cardiomiócitos 

nodais, atriais e ventriculares sendo, portanto, inapropriadas para fins terapêuticos. A 

bradicinina (BK) é um peptídio vasoativo que exerce importantes papeis fisiológicos no 

sistema cardiovascular, além de ter sido previamente descrita como importante para a 

diferenciação neuronal, de queratinócitos e de músculo esquelético. Este projeto foi realizado 

em colaboração com a empresa PluriCell Biotech, uma startup especializada na produção e 

diferenciação de hiPSC-CM, e buscou (1) caracterizar a expressão gênica e proteíca de 

marcadores moleculares de maturação e de especificação de subtipos cardíacos durante a 

diferenciação; (2) avaliar a funcionalidade elétrica de hiPSC-CM por meio da caracterização 

de seus potenciais de ação (PAs) e (3) Investigar se o progresso da diferenciação de hiPSC-

CM é regulado por bradicinina por meio do receptor B2 (B2R). Nossos resultados validaram 

o modelo que propõe um switch na expressão das isoformas funcionais de troponina I 

esquelética (ssTnI) e cardíaca (cTnI), durante o desenvolvimento e diferenciação celular, pelo 

menos parcialmente. Além disso, tempo prolongado em cultura resultou em maiores níveis de 

expressão do marcador ventricular MLC2v, assim como maiores frequências de PAs com 

morfologias similares a de cardiomiócitos ventriculares. Análise eletrofisiológica de hiPSC-

CM revelam a existência de uma população mista contendo PAs correspondentes aos subtipos 

nodais, atriais e ventriculares, assim como pronunciada automaticidade e outros atributos 

típicos de cardiomiócitos imaturos, como baixa amplitude e devagar velocidade de 

despolarização. Estes resultados são coerentes com os de outros grupos que ainda não foram 

totalmente bem-sucedidos em diferenciar células cardíacas maduras similares a 



cardiomiócitos nativos a partir de células-troncos pluripotentes. Após mostrar que as hiPSC-

CM expressam receptores B2 funcionais e responsivos, submetemos o receptor a uma 

ativação crônica com BK 10µM e BK 1µM ou inibição crônica com Firazyr 5µM + BK. 

Apesar da modulação do B2R não ter interferido de forma negativa no rendimento da 

diferenciação ou na morfologia celular, análise de expressão gênica e proteica de ssTnI e cTnI 

e do marcador ventricular MLC2v não revelou resultados significativos em comparação aos 

controles não-tratados. Isto sugere que a BK não interfere na maturação e especificação de 

subtipos cardíacos em hiPSC-CM, apesar de não podermos ignorar o fato de que ela poderia 

estar desencadeando outros efeitos inexplorados. Nós recomendamos um estudo mais 

aprofundado acerca de quais vias de sinalização se tornam ativas após estimulação do receptor 

B2 em hiPSC-CM, com o objetivo de afunilar quais processos celulares poderiam ser 

investigados em uma próxima etapa deste estudo.  

Palavras-chave: hiPSC, cardiomiócitos, maturação, bradicinina, receptor B2, eletrofisiologia   



ABSTRACT 

 

Góes, M.E.A. Kinin B2-Receptor in human iPSC differentiation into cardiomyocytes. 

(91P). Masters Thesis – Graduate Program in Biochemistry. Instituto de Química, 

Universidade de São Paulo, São Paulo. 

Cardiovascular diseases are responsible for almost one third of all global deaths yearly, and 

therefore are largely studied. Cardiomyocytes derived from human induced pluripotent stem 

cells (hiPSC-CM) have emerged as an exciting technology for cardiac disease modelling and 

personalised therapy. Nevertheless, issues concerning functional and molecular maturation are 

still faced. In addition to this, differentiation protocols generally yield a heterogeneous mixed 

population comprised of nodal, atrial and ventricular-like subtypes, being unsuitable for 

therapeutic purposes. Bradykinin (BK) is a vasoactive peptide which exerts important 

physiological roles in the cardiovascular system, having been previously described as 

important for cellular, keratinocyte and skeletal muscle differentiation. This project performed 

in cooperation with PluriCell Biotech, a startup specialized in the production and 

differentiation of hiPSC-CM, has sought (1) characterizing gene and protein expression of 

molecular markers of maturation and of subtype specification throughout of differentiation; 

(2) Assessing the electrical functionality of hiPSC-CM through the characterization of 

subtype-specific action potentials (APs) and (3) Investigating whether the progress of hiPSC-

CM maturation is regulated by BK through kinin-B2 receptors (B2R). Our results have 

validated the model that proposes a developmental-dependent switch between skeletal (ssTnI) 

and cardiac (cTnI) isoforms of troponin I as differentiation progresses, at least to some extent. 

Furthermore, prolonged time in culture has resulted in higher levels of expression of the 

ventricular marker MLC2v and in increased rates of ventricular-like action APs. 

Electrophysiological analysis of hiPSC-CM reveals a mixed population with AP 

morphologies correspondent to nodal, atrial and ventricular subtypes, all showing pronounced 

automaticity as well as other features of immature cardiomyocytes, such as low amplitude and 

depolarization velocity. Such findings are coherent with those from other groups who have 

attempted to differentiate mature native-like cardiac cells from pluripotent stem cells sources, 

without fully succeeding. After showing that differentiating hiPSC-CM express a functional 

and responsive B2R, the receptor was subjected to chronic activation with 10µM BK and 

1µM BK or inhibition with 5µM Firazyr+BK. Even though B2R modulation has not 

interfered negatively with differentiation yields nor cell morphology, analysis of gene and 



protein expression of ssTnI or cTnI and of the ventricular marker MLC2v, have revealed no 

significant results in comparison to untreated controls. This suggests that BK does not 

interfere on hiPSC-CM maturation nor subtype specification, although we cannot rule out that 

it could be leading to other unexplored effects. We recommend a closer look into which 

intracellular signalling pathways become active upon B2R stimulation in hiPSC-CM, in order 

to narrow down cellular processes for further investigation. 

Keywords: hiPSC, cardiomyocytes, maturation, bradykinin, kinin B2 receptor, 

electrophysiology   
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1. INTRODUCTION 

1.1.  Cardiovascular diseases, in vivo models and the cardiac action 

potential  

Cardiovascular diseases (CVDs) are, according to the World Health Organization, the 

most frequent cause of death globally, representing almost one third of all deaths. CVDs 

comprise a group of heart and blood vessels’ disorders, including congenital diseases , but are 

also related to chronic diseases, nutrition, environmental stressors and lifestyle (1). For these 

reasons, lots of effort and investment is put on the study of CVD physiology, prevention, 

surgery, therapy and drug development.  

Animal models are often employed in the study of the pathophysiology of CVDs. 

Myocardium infarction, heart fibrillation, hypertrophy and failure can be modelled in small 

animals subjected to surgical interventions (2). In addition to this, genetically engineered mice 

are frequently employed in arrhythmia studies (2,3). Further, animals have repeatedly been 

recipients of cell grafts in studies that seek optimizing the technology of cell therapy (4–7). 

Still, despite their historical contribution for drug development and for the understanding of 

the heart physiology, one must be careful when extrapolating data from small animal studies 

to better understand the physiology of the human heart (2). This is due to important 

interspecific differences in the electrophysiological properties of heart cells (8). 

The heart is composed of different cellular types, comprising not only contractile cells 

(cardiomyocytes) but also noncontractile cells, such as cardiac fibroblasts, endothelial cells 

and perivascular cells (9). Structurally, the mammalian heart can be subdivided into four 

independent chambers, two atriums and two ventricles, which contain, respectively, atrial and 

ventricular cardiomyocytes (among other cell types). Another relevant cardiomyocyte subtype 

that can be found in the myocardium are pacemaker cells – a cluster of cells located on the 
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right atrium, which generates electrical impulses - action potentials - and therefore “dictate” 

the contraction rhythm of the heart (10). 

Cardiomyocytes are highly specialized cells which are physically and electrically 

coupled to each other, responding to rhythmic stimuli (11). One of the most prominent 

phenotypic characteristics of cardiomyocytes is their electrical activity and consequent 

generation of action potentials (APs). The cardiac AP is tightly regulated by at least six ionic 

currents coordinated in time, as shown in Fig.1. APs are triggered by an electric excitatory 

stimulus and initiated by a rapid upstroke depolarization phase (phase 0), due to the brief 

opening of Na
+
 channels and Na

+
 influx. Ca

2+
 channels open in sequence, and the inward Ca

2+
 

current (ICa) is responsible for the plateau observed in phase 2 of the ventricular AP, also 

triggering myocardium contraction. Finally, four major K
+
 currents contribute to cardiac 

repolarization during phases 3 and 4: the K
+
 transient outward current (ITo) causes the notch 

observed in phase 1; IKs and IKr bring the membrane potential back to resting membrane 

potential of -90mV in phase 3 and are called, respectively, slow and rapid delayed rectifying 

currents. Finally, IK1 (inward rectifier current) maintains the resting state in phase 4 (2,11).  

 

 

Figure 1. Phases and kinetics of a ventricular cardiomyocyte. a) Numbers indicate the 

phases of the action potentials, while the major ionic currents for each phase are represented 

in grey. b) Kinetic parameters that describe a cardiac action potential. RMP: Resting 

Membrane Potential; dV/dTmax: maximum rate of depolarization; APD50: Action potential 
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duration at 50% of repolarization and APD90: Action potential duration at 90% of 

repolarization. Modified from Sigg et al, 2010 (2). 

 

The complexity of cardiomyocyte AP underlies many physiological aspects of the 

healthy heart, as well as of pathological conditions, once mutations in genes that encode for 

ion channels can result in arrhythmias (12,13). According to Sinnecker (8), not only are action 

potentials shapes and frequencies different from species to species, but also the repolarization 

phase of the AP will be governed by different ion currents depending on the model studied, 

which makes them unsuitable for the accurate modelling of cardiac diseases (12,14–17).  

For instance, the most relevant repolarizing currents in the human heart are delayed 

rectifier Ikr and Iks. Meanwhile, the Ito as well as currents not displayed in human ventricles 

are quite relevant for the repolarization of mouse ventricular cardiomyocytes (2,15). 

Consequently, some clinically relevant cardiac phenotypes caused by genetic syndromes 

cannot be accurately modelled in mice. This is the case of long-QT syndrome type 1, a 

familial arrythmogenic syndrome initiated by a mutation in the Potassium Voltage-Gated 

Channel Subfamily Q Member 1 gene (KCNQ1), which encodes for a mutant hERG K
+
 ion 

channel, leading to abnormal channel function and delayed cell repolarization, ultimately 

causing death (16,17). Still, the phenotype observed in humans is not faithfully reproduced in 

Kcnq1 knockout mice (12,14), raising the need of the development of more appropriate 

alternatives for modelling genetic cardiac diseases.   

1.2.  In vitro models for CVDs studies 

Human adult cardiomyocytes are the ideal in vitro model to study CVDs, but have a 

remarkably limited source, being mostly derived from either biopsies of elderly patients with 

already remodelled organs, or from hearts of patients who suffered brain death. Besides, the 

isolation process itself is rather challenging due to the strong connections between cells and 
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the extracellular matrix (2,18). In addition to this, adult cardiomyocytes are mostly 

postmitotic nondividing cells, being thus unsuitable for long-term in vitro experiments, not to 

mention large scale studies (2). Nevertheless, no immortalized cell line which consistently 

mimics APs and other important features of native cardiomyocytes has so far been established 

(8).  

In 1998, Thomson et al. (19) derived the first human embryonic pluripotent stem cells 

(hESC) from human blastocysts. hESC are able to differentiate into tissues derived from the 

three germ layers, thus having a potential to generate any tissue of the human body. The 

number of works exploring hESC rose exponentially in the subsequent years, including hESC 

differentiation into cardiomyocytes (20–22). However, hESC research raised not only 

abundant volume of data, but also ethical concerns, due to the use of human embryos in the 

process.  

The need of seeking alternatives to hESC led Takahashi and Yamanaka (23) to 

develop the so-called induced pluripotent stem cells (iPSC) using a method that involved the 

retroviral delivery of four specific transcription factors (Oct3/4, Sox2, c-Myc, Klf4) to 

fibroblasts, resulting in genetic reprogramming towards an embryonic-like state. The 

reprogrammed cells presented, then, the ability to be further differentiated into a variety of 

tissues of all three germ layers. iPSC are therefore a potent technology with promising 

application for diverse fields of cell biology, among them, CVDs (8).  

In fact, human iPSC-derived cardiomyocytes (hiPSC-CM) have been demonstrated as 

phenotypically and functionally equivalent to hESC-CM (24) and have, therefore, been 

explored regarding their multiple applications: first, hiPSC-CM constitute a potentially 

unlimited source of cardiomyocytes for downstream applications, such as screening of drugs 

that can be beneficial for CVDs (25). Second, they can be employed for cardiotoxicity 
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screening in the pharmaceutical industry, reducing unnecessary use of animals while 

augmenting the specificity of the employed model (26). Third, the possibility of deriving 

cardiomyocytes from patients with varied genetically-caused diseases goes along with the 

worldwide tendency of developing personalised therapy. This is important because although 

some cardiac genetic diseases display similar clinical manifestations, slight variations in their 

phenotypes can be observed and account for the diagnostics and outcomes of the treatments 

(13,27). Ultimately, the use of hiPSC-CM in autologous cell therapy would avoid the need of 

concomitant immunosuppression (6). 

1.3.  Cardiac in vitro differentiation   

In order to obtain high quality cardiomyocytes it is fundamental to comprehend the 

process of cardiac differentiation, which has so far been perceived as complex and tightly 

regulated by epigenetic factors, extracellular signals and diverse molecular pathways (28,29). 

In vitro differentiation methods have advanced considerably in the last decade, over which a 

series of protocols have been derived and progressively improved regarding purity and yield 

(30). In general, differentiation protocols seek mimicking the key in vivo developmental 

stages that occur during cardiogenesis, by inducing the differentiation of the original 

pluripotent stem cell (PSC) population into an intermediary mesodermal stage, and then 

further introducing biochemical signals that lead these cells to commit with a cardiomyogenic 

fate (31). 

Nevertheless, most available protocols still generate a heterogeneous mix of 

cardiomyocytes containing at least three cardiomyocytes subtypes: ventricular-like, atrial-like 

and nodal-like cardiomyocytes, with specific AP properties (32). However, in order to fully 

make use of hiPSC-CM potential in regenerative medicine, it is imperative that homogeneous 

populations of each cardiomyocyte subtype can be generated, thus avoiding the 
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arrhythmogenic potential of performing cell therapy with a mixed cardiomyocyte population 

(32).       

Some molecular markers have been proposed as appropriate indicators of 

cardiomyocyte subtypes. This is the case of Iroquois homeobox 4 (Irx-4), a ventricular-

specific transcription regulator which has been proposed as a possible driver of ventricle 

development (33). The sarcomeric myosin light chain proteins MLC2v (encoded by the gene 

MYL2) and MLC2a (MYL7) are, respectively, commonly used markers to discriminate 

ventricular and atrial cells from mixed populations. In fact, although MCL2v is exclusively 

expressed in the ventricle, since the onset of cardiomyogenesis, MLC2a is initially expressed 

as a pan-cardiac gene (34). Then, as heart development progresses, MLC2a expression 

becomes restricted to the atrial chambers (33).  

Sarcolipin (SLN) is an atrium-specific Ca
2+

-binding protein being expressed at the 

embryonic day E.11.5 of mouse development (33). A proof-of-concept study was successful 

in demonstrating that hiPSC-CM express sarcolipin and sorted differentiating cardiomyocytes 

that expressed a fluorescent SLN gene construct, further showing that these cells displayed a 

molecular and functional atrial phenotype (35).  

The definition of an appropriate marker for the discrimination of nodal cells is still 

under debate. HCN4 (Hyperpolarization Activated Cyclic Nucleotide Gated Potassium 

Channel 4) is a protein coding gene that encodes for a membrane channel which opens on 

hyperpolarized cell membrane states (10). This channel generates the pacemaker current, also 

known as If, or funny current, and whose activity is responsible for the spontaneous 

contractility of the heart (10,36). While in the native heart, the expression of HCN4 is 

restricted to nodal cells (37), immature cardiomyocytes derived from pluripotent stem cell 
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sources (PSC-CM) have been shown to persistently express HCN4 and spontaneous beating 

(35) (see section 1.3.1), limiting its usefulness as a nodal marker.  

Because specific and stable subtype markers are still being sought, the gold standard 

for the classification of cardiomyocytes is still the electrophysiological analysis of single cell 

APs (38,39). This is possible due to the fact that each cardiomyocyte subtype displays 

different AP kinetic parameters (Fig. 1b) (37). Human ventricular myocytes are known to 

display a resting membrane potential (RMP) of approximately -90mV and an amplitude of 

more than 100mV (2). The maximum rate of depolarization (dV/dTmax) of the human 

ventricle is extremely fast and can reach 300V/s (37,40,41). Because of the characteristic ICa 

existing in the phase 2 of the ventricular AP, it is possible to remark a long plateau existing 

after depolarization. Consequently, the ventricular action potential duration at 50 and 90% of 

repolarization (APD50 and APD90) is also larger, with reports ranging from 270ms to 550ms 

(42). Atrial myocytes, on the other hand, have an intermediate RMP, which usually varies 

between -60mV and -80mV, a dV/dTmax of 200V/s and a less pronounced Ica plateau (which 

consequently lowers APD90 to around 170ms) (37,43). Finally, nodal myocytes have a more 

depolarized RMP (-60mV) and APs of lower amplitude (80mV) and remarkably slowlier 

dV/dTmax (approximately 5V/s) (37). 

Recently, advances have been made towards orientating PSC differentiation towards 

each specific cardiac cell type. Inhibition of Wnt/β-catenin signalling with a small synthetic 

molecule called IWR-1 has been suggested as a good strategy to induce a commitment with 

the ventricular phenotype (44). Weng and collaborators (45) developed a cost-effective 

protocol that yields more than 85% MLC2v
+
 cells and more than 90% cardiomyocytes with a 

ventricular-like AP signature from five different pluripotent stem cell lines. Alternating 

retinoid signals following bone morphogenic protein inhibition with Noggin has also been 

reported to specify either atrial or ventricular fate: according to Zhang et al. (46), while 
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addition of retinoic acid to noggin-treated cells resulted in low IRX-4, low MLC2v expression 

and 94% of atrial-like APs, inhibition of retinoic acid signalling results in increased IRX-4 

and MLC2v expression, as well as 83% ventricular-like APs. Fewer studies have explored the 

orientation of PSC-CM into pacemaker cells, despite the potential usefulness of engineering a 

biological pacemaker (47–49). For instance, one relatively successful approach towards the 

generation of a predominantly nodal cardiomyocyte population include conditioning 

immature hiPSC-CM colonies with visceral endoderm-like factor, rendering myocytes that 

display regular spontaneous electrical activity and that are responsive to 

adrenergic/cholinergic stimulation (48).    

1.3.1. hiPSC-CM maturation status  

One of the greatest challenges that still hamper the use of hiPSC-CM in therapy 

regards their maturity. Cardiomyocytes derived from pluripotent stem cells present some 

features of fetal myocytes rather than showing a fully adult phenotype (50). This is observed 

concerning not only gene and protein expression, but also hiPSC-CM functionality (51). 

Heart contraction is a highly organized process that involves the sliding of actin and 

myosin filaments, with expenditure of energy. The molecular mechanism of muscle 

contraction has been thoroughly studied and is reviewed in (52). Basically, this process is 

regulated by the heterotrimeric troponin complex, which is present in skeletal and cardiac 

muscles, consisting of three regulatory proteins filaments called troponin C, troponin T and 

troponin I (TnC, TnT and TnI, respectively). Altogether, they are responsible for controlling 

the Ca
2+

-dependent interaction between actin and myosin filaments.  

The TnI subfamily comprises three genes: TnI-skeletal-slow-twitch (TNNI1) TnI-

skeletal-fast-twitch (TNNI2), and TnI-cardiac (TNNI3). The in silico analysis of each gene 

sequence shows that, phylogenetically, it is likely that a TNNI2 ancestral gene was duplicated 
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and diverged, originating a TNNI1-like sequence, which would have gone through a second 

round of duplication and diverged into the current TNNI1 and TNNI3 genes (53). While 

TNNI2 is only expressed in skeletal-fast-twitch muscle fibers, both TNNI1 and TNNI3 are 

expressed in the mammalian heart (54). 

Physiologically, TnT positions tropomyosin molecules on the actin filament, 

preventing the interaction between myosin and actin; TnI binds to actin and to the troponin-

tropomyosin complex, holding them in place. When Ca
2+

 ions are released, they bind to TnC 

causing a conformational change in the complex. The tropomyosin complex is withdrawn 

from the actin filament, uncovering the myosin-binding sites and triggering contraction (11). 

The general mechanism for muscle contraction is quite similar on the cardiac and 

skeletal muscles, but some important differences can be noticed, such as the fact that the N-

terminal extension of TnI-cardiac (cTnI) can be phosphorylated in multiple sites, resulting in 

myofibrils’ desensitization to Ca
2+ 

(55) among other physiological alterations (53). TnI-

skeletal-slow-twitch (ssTnI), on the other hand, is not subjected to such regulatory 

mechanisms and shows higher cooperativity and affinity to Ca
2+

, especially under acidic 

environments, making the muscle more resistant to hypoxic events that may occur during the 

gestational period (53,55,56). It seems, then, that the different TnI isoforms during 

cardiogenesis may have the role of fine tuning myofilament adaptation to the 

microenvironment and contractile performance (53). 

One remarkable developmental feature of troponin I expression, is that, in vivo, ssTnI 

is only expressed in the fetal/neonatal heart. During heart development there is a switch in TnI 

proteic isoform expression: ssTnI expression is slowly reduced, while cTnI isoform is 

progressively more expressed, being the only isoform expressed in the adult heart (54,57). 

Previous studies have reported that PSC-derived cardiomyocytes express a mix of ssTnI and 
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cTnI proteins, having thus not yet reached a fully mature molecular phenotype. The 

ssTnI/cTnI conversion is proposed to occur in a 1:1 stoichiometric conversion which is not 

reversible following stress situations, such as ischemic heart diseases and heart failure. For 

these reasons, the expression troponin I isoforms can be used as markers of cardiac maturation 

status (53,57). 

PSC-CM often display immature functional phenotypes regarding electrophysiology,  

Ca
2+

 homeostasis and contraction force (51). Their action potential shapes reveal a slower rise 

slope (dV/dtmax), shorter duration, a more depolarized resting membrane potential and marked 

auto-excitation activity – in resemblance to embryonic hearts’ (24). The Ca
2+

 homeostasis of 

PSC-CMs also reveals the existence of an immature sarcoplasmic reticulum (SR), an 

organelle which plays an important role in excitation-contraction coupling during each cardiac 

cycle. Briefly, a small Ca
2+ 

influx through L-type Ca
2+ 

channels activates ryanodine receptors 

(RyR2) located in transverse tubules, triggering a rapid release of great amounts of Ca
2+

 

stored in the SR. This process is known as Ca
2+

-induced Ca
2+

 release, and accounts for the 

plateau observed in the ventricular AP and the systolic contraction of myofibrils (58). During 

diastole, SR Ca
2+

 ATPase (SERCA) actively reuptakes cytoplasmic Ca
2+

, allowing fibrils 

relaxation (59–61).  It has been shown that iPSC-derived cardiomyocytes display an 

underdeveloped SR, with a smaller storage volume and poorer responsivity to RyR2 and 

SERCA ATPase pharmacological modulation (62). Finally, sarcomere contraction force of 

the most advanced engineered heart tissues display, still, only half the peak twitch tension of 

the native human myocardium (44 ± 11.7mN/mm2) (32,63). 

Because PSC-CM immaturity still represents an unsolved issue towards the 

application potential of this technology, it is highly important that differentiation and 

maturation protocols are performed in a rational and controlled manner. Some of the 

attempted strategies to perfect these include enhancing time in culture (64–66) and mimicking 
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in vivo maturation (32), by employing biomaterials, chemical and electrical cues, co-culturing 

with other cell types, among others (28,30,66,67). In addition to this, modulation of 

biochemical signalling has also contributed towards a more mature phenotype in hiPSC-CM. 

The most commonly modulated pathways are molecules that induce IGF/Akt signaling (68), 

such as insulin growth factor, fibroblast growth factor and vascular endothelium growth factor 

(32). Furthermore, β-adrenergic stimulation has been reported to improve contractile function 

of the heart (32), and the triiodothyronine hormone can induce maturation of the SR in later 

phases of differentiation (51,62).  

Although the knowledge regarding cardiomyocyte differentiation is being 

exponentially built up, modulation of in vitro cell differentiation has so far not accomplished 

state-of-art PSC-CM. There is, therefore, a vast field of research regarding molecules and 

biological pathways intricately involved in this process. In this way, this project proposed to 

study the process of cardiac differentiation and maturation by exploring the kinin-kallikrein 

system (KKS), a multienzymatic system which has been extensively described as important 

for heart physiology and disease (69–73). Morover, the KKS has been implicated in cell 

differentiation of at least three other cell types: neurons, keratinocytes and skeletal muscle 

cells. (74–80). 

1.4. The kinin-kallikrein system and the cardiovascular system 

The KKS is a multienzymatic system and has been first described by Abelous and 

Bardier (81) as responsible for the lowering of blood pressure after intravenous urine 

injection. Kinins are generated from the breakdown of high and low molecular weight (HMW 

and LMW, respectively) kininogens by serine proteases called kallikreins (82), releasing the 

oligopeptides bradykinin (BK) and kallidin (Lys-BK or KD) (Fig.2). Typically, HMW-

kininogens circulate in the plasma and give rise to BK, which is composed of 9 amino acids 
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residues (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg) and participates in the regulation of blood 

coagulation, inflammation and blood pressure control (70,83,84). LMW-kininogens, for 

instance, can be found in the tissues and their cleavage continuously releases kallidin (Lys-

Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg), believed to have a physiological regulatory role 

(72). 

Kinins are, in general, short-lived peptides with an in vivo half-life of 30 seconds (85), 

being subsequently degraded by kininases, rendering inactive peptides of 7 or 5 amino acids. 

The most relevant kininase involved in kinins degradation are kininase II, or angiotensin 

converting enzyme (ACE) and the neutral endopeptidase (NEP). 

Cleavage of BK and KD by kininase I (carboxypeptidase M/N) leads to loss of C-

terminal arginine residue, resulting in the formation of desArg
9
-BK and desArg

10
-KD, which 

stimulate B1 receptors. B1 receptors (B1R) are not constitutively expressed, being normally 

expressed prior to the induction of an inflammatory response to bacterial endotoxins or 

cytokines (72). 

Both bradykinin and kallidin mediate their effects through B2 receptors (B2R), which 

are constitutively expressed in various tissues, among them the cardiovascular system, 

including blood vessels (86) and heart cells (87). B1R and B2R are metabotropic 

transmembrane G-protein-coupled receptors (84). 
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Figure 2. Schematic representation of the kinin-kallikrein system. Kinin B2 receptor is 

stimulated by BK and KD, which result from the kallikrein-mediated breakdown of LMW and 

HMW. Further enzymatic degradation of KD and BK by kininase I result in the removal of C-

terminal arginine residue, rendering desArg
10

-KD and desArg
9
-BK, agonists of the Kinin B1 

receptor. Degradation by ACE results in shorter inactive peptides.  

Activation of Gq-coupled receptors by kinins triggers phospholipase C (PLC)-

catalysed hydrolysis of PIP2 (phosphatidylinositol 4,5-bisphosphate), a minor phospholipid 

component of cellular membranes, into inositol triphosphate (IP3) and diacylglycerol (DAG), 

as represented in Fig.3 (88). IP3 acts on IP3-receptors on the sarcoplasmic reticulum, 

triggering the release of Ca
2+

 ions, which, on their turn, act as second messengers on 

downstream signalling cascades (89–91). DAG, on the other hand, is an allosteric activator of 

protein kinase C (PKC), which elicits numerous biological effects, such as inflammation, 

cellular proliferation, differentiation, transformation and cell death (92). 

 For instance, PKC has been shown to control cellular proliferation, upon inducing 

phosphorylation-dependent internalization of epidermal growth factor receptors (93) and of 

the proto-oncogene receptor tyrosine kinase HER-2 (88). In addition to this, PKC is also 

involved in regulation of the mitogen-activated protein kinases (MAPK) cascade, once it 

phosphorylates and inactivates K-Ras (88). On the other hand, PKC can activate the MAPK 

cascade by phosphorylating more downstream components, Raf-1 and MEK (92,94). 
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Physiologically, kinins are generally recognised as vasodilator oligopeptides with 

diuretic effects, playing a role in blood pressure control (69,95). For example, they exert such 

effects by stimulating production of nitric oxide synthase and nitric oxide in endothelial cells 

following release of Ca
2+

 from intracellular stocks (83). Besides, they are involved in both 

physiological and pathological conditions, mediating inflammation (70), pain (96), diabetes 

(71), cardiovascular diseases (72,73), renal and cardiac function(73,97), being essential for 

the proper electrophysiological functioning of the heart (98,99). Further, kinins have been 

long described as involved with protein synthesis (100) and cell division stimulation (70). 

More recently, Sheng et al. (101) reported anti-apoptotic effects exerted by B2R over 

endothelial cells subjected to hypoxia.     

 

Figure 3. Schematic representation of signalling cascade triggered in response to B2R 

activation by bradykinin (BK). BK activates the membrane G-protein-coupled kinin B2 

receptor, triggering activation of PLC, which catalyses the hydrolysis of PIP2 into DAG and 

IP3. IP3 diffuses to the cytoplasm and binds to IP3 receptors on the sarcoplasmic reticulum, 

triggering the release of Ca
2+

. DAG remains in the plasma membrane and, together with Ca
2+

, 

potentiates the activation of PKC. PKC phosphorylates various substrates, among them RAF-

1, activating the MAPK/ERK signalling. Activation of B2R triggers a variety of downstream 

cellular processes, such as inflammation, blood pressure control, cell proliferation and 

differentiation.  



31 

 

 In addition to being related to cell proliferation and survival, our group has 

thoroughly studied the role of kinin receptors in in vitro cell differentiation: studies using  

human and mice embryonic cells show that, following retinoic acid induction, embryonic 

bodies undergo neuronal differentiation, expressing augmented levels of both BK and 

functional B2R towards the end of the differentiation stimulus (74,75,77,79). Moreover, B2R 

has been linked to embryonic stem cells differentiation to keratinocytes (78).  

A recent study from members of our group shows that BK and B2R possibly play a 

role in the in vitro differentiation of myoblasts towards skeletal muscle (80). In this work, 

Alves and collaborators report impaired skeletal muscle regeneration of B2R knockout mice 

that underwent induced lesion. In addition to this, they observe a reduction in the 

differentiation potential of the myoblast cell line C2C12 following B2R inhibition with HOE-

140. Conversely, inhibition of angiotensin converting enzyme by captopril results in increased 

expression of markers of differentiated skeletal muscle cells. – possibly by augmenting the 

availability of BK. Moreover, converging results from the literature also support the notion 

that BK mediates myogenic differentiation from myoblasts (102). 

The addition of BK to cardiac progenitor cells isolated from human heart biopsies 

regulates cell proliferation by promoting a transition into G2/M and S phase of the cell cycle 

(103). Moreover, differentiation of mouse ESC into cardiomyocytes can be attained following 

activation of IP3 receptors by nitric oxide (104), which, on its turn, is acutely produced in 

response to BK treatment (105).       

Regarding cardiomyocytes electrophysiological properties, B2R has been implicated 

in controlling basic cardiac function by acting as modulator of membrane currents in guinea-

pig atrial cells (106) and mice ventricular cells (98). Patch-clamp experiments conducted in 

these studies reveal that either addition of BK to the cells or knockout of the B2R promote 
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changes in AP profile, Ca
2+

 and K
+
 currents. Taken into the context of cardiomyocyte 

differentiation, B2R seems to be intricately involved in the physiology of cardiomyocytes, 

and could possibly also be involved in cardiac cells differentiation.  
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2. JUSTIFICATIVE  

 This work characterized the expression of maturation markers and functional 

properties of hiPSC-CM and investigated the role played by the kinin B2 receptor in hiPSC in 

vitro differentiation into cardiomyocytes. Based on this, this study sought attaining a bigger 

comprehension of differentiation and maturation processes and protocols. Ultimately, bona 

fide CM could be considered accurate in vitro models and contribute to multiple fields among 

cardiovascular diseases, such as cardiac disease modelling and ex vivo organ regeneration. In 

the clinic, a more rational drug design would promptly detect arrhythmogenic drugs. In 

addition to this, personalised therapies using patient-specific hiPSC-CM could potentially 

emerge from properly differentiated and characterized cells. 
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3. OBJECTIVES 

The main objective of this work was to evaluate the role played by kinin B2 receptor 

during the hiPSC differentiation into cardiomyocytes, regarding molecular and functional 

maturation.  

3.1.  Specific Objectives 

3.1.1 Characterize, by RT-qPCR, the expression of TNNI1, TNNI3 and MYL2 

throughout hiPSC-CM differentiation; 

3.1.2 Characterize, by flow cytometry, the expression of skeletal (ssTnI) and 

cardiac (cTnI) protein isoforms of troponin I and MLC2v throughout 

hiPSC-CM differentiation. 

3.1.3 Characterize the action potential of hiPSC-CM atrial, ventricular and 

nodal subtypes by whole-cell current clamp; 

3.1.4 Verify the expression of B2R in differentiating hiPSC-CM and perform 

a dose-response curve of B2R activity by Ca
2+

 imaging and, based on 

that, define the treatment dose; 

3.1.5 Evaluate, following B2R activation or inhibition during hiPSC-CM 

differentiation; 

3.1.5.1 The ratio of TNNI1 and TNNI3 expression throughout hiPSC-

CM differentiation, by RT-qPCR; 

3.1.5.2 The expression levels of cTnI, ssTnI and MLC2v in obtained 

hiPSC-CM, by flow cytometry; 
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4. MATERIALS AND METHODS 

4.1. iPSC generation, differentiation and culturing  

iPSC were derived from erythroblasts and fibroblasts and differentiated towards 

cardiomyocyte by the startup company PluriCell Biotech, in a 29-days protocol that 

consistently generates cardiomyocytes with over 90% purity. Differentiation was modulated 

by daily additions of 10µM or 1µM BK (Tocris Bioscience, United Kingdom), after the 5th 

day of differentiation (Fig.4). Alternatively, cells were treated for 5 or 15 minutes with 5µM 

of the B2R inhibitor Firazyr (Shire Pharmaceuticals, Ireland) - also known as HOE-140. After 

this time, cells received either 10µM or 1µM BK. The effect of B2R modulation on 

cardiomyocyte differentiation was compared to cardiomyocytes derived using the standard 

differentiation protocol established by PluriCell Biotech.  

For electrophysiological analysis, 1x10
5
 viable cells were seeded on 35mm dishes 

coated with Geltrex® (Thermo Fisher, USA), using RPMI 1640 medium (Gibco, Ireland) 

supplemented with 1x B-27 (Thermo Fisher, USA) and maintained in an incubator at 37
o
C, 

5% CO2. For flow cytometry and RNA extraction, hiPSC-CM were cultured at high 

confluence on 12-well plates coated with Geltrex®. 

Fig. 4 illustrates the timeline of hiPS-CM differentiation from hiPSC, as well as the 

timepoints on which each experimental analysis and drug treatments were conducted.   

hiPSC-CM were harvested on days 0, 5, 7, 15 and 30 of differentiation for gene expression 

analysis, on days 0, 5, 15 and 30 for analysis of protein markers by flow cytometry and on 

days 5 and 30 for protein analysis by western blot. In addition to this, electrophysiological 

analysis of cardiac APs were performed between days 32 and 47.   
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4.2. RNA extraction and cDNA conversion 

Total RNA was isolated from three biological replicates throughout cardiomyocytes 

differentiation (days 0, 5, 7, 15, 30) using Trizol reagent (Invitrogen Limited Paisley, 

Scotland, UK), according to manufacturer’s instructions. In order to assess RNA 

concentration and purity, RNA was quantified in a spectrophotometer (NanoDrop ND-100 

Spectrophotometer, Thermo Fisher, USA). RNA integrity was evaluated by an integrity 1% 

agarose gel. 2µg of total RNA were treated with DNAse (Thermo Fisher, USA) for 

elimination of genomic DNA contamination (30 min at 37ºC with further addition of 5mM 

EDTA for 10min at 75ºC). 1µg of total RNA was converted into cDNA using RevertAid 

reverse transcriptase (Thermo Fisher, USA). For that, the mRNA template was annealed with 

0.5mM Oligo dT (5min at 65ºC) and, in sequence, 1x Revertaid Buffer, 0.5mM dTNPs, 2U/µl 

Ribolock (Thermo Fisher, USA) and H2O DEPC-treated water were added to the reaction. 

Samples were incubated on an Applied Biosystems (Thermo Fisher, USA) thermocycler at 

42ºC for 60min and 70ºC for 10min. 

4.3.  Conventional polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR) was employed in order to verify the specificity 

of primers designed for this study. Table I contains primer sequences used in this work and 

their respective amplicon sizes. All primers were designed on the NCBI Primer-Blast online 

tool, spanning different exons, in order to avoid amplification of genomic DNA. Sequence 

design was based on the consensus cDNA sequences available on GenBank 

(http://www.ncbi.nlm.nih.gov).      

All samples received 1x Taq Polymerase Buffer+NH4SO4-MgCl, 1mM MgCl2, 

0.4mM dNTPs, 50-100ng of cDNA and 400nM of each primer. The PCR reactions were 

carried on the thermocycler according to the following protocol: 3min at 95ºC for initial 
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double strand separation and 35 cycles of: 0:40min at 95ºC, 0:50 min at 60ºC for primer 

annealing, 2 min at 72ºC for primer extension, with final 2 min at 72ºC. The PCR products 

ran, for 60 minutes, on a 1.5% agarose gel. The gel was stained with 1x Sybr Green Nucleic 

Acid Gel Stain (Thermo Fisher, USA) and photographed under ultraviolet light. 

4.4.  Semi-quantitative reverse transcription real time PCR (RT-qPCR)    

The efficiency of each primer pair on RT-qPCR was assessed by a standard curve with 

cDNA concentrations ranging from 50 - 3.25ng/μL on 1:1 dilutions. Primer concentration was 

kept constant at 160nM and 1x Power Sybr Green Master Mix (Thermo Fisher, USA) was 

added to the reaction. Relative gene expression quantification was performed in duplicates 

using a final volume of 10 μL per well, 160nM primer concentration, 0.62nmoles cDNA and 

1x Power Sybr Green Master Mix. Non-template controls (NTC) were included for each 

primer par. Only primers with efficiencies between 90 – 110% were used in this study. 

RT-qPCR reactions were carried on a StepOne™ Plus Real-Time PCR System 

(Thermo Fisher, USA) and consisted of 40 cycles of 0:20min at 95ºC and 0:20 min at 60ºC. 

Data was acquired and analysed on StepOne™ Plus Real-Time PCR software (Thermo 

Fisher, USA). Arbitrary units of each gene expression were obtained by the 2
-ΔΔCt

 formula. 

RPLP0, PPIA and SRP14 endogenous genes were used for the normalization of target genes 

expression. Data is expressed as “fold change” in relation to experimental controls.  

Table I: Primer sequences for each gene analysed, respective primer sizes and amplicon 

sizes. 

Gene 

(Accession 

Number) 

Sequence 
Primer 

size 

Amplicon 

Size 

TNNI1 

(NM_003281.3) 

F: TGCCGGAAGTCGAGAGAAAA 20 
245 

R: GTCGTATCGCTCCTCATCCA 20 

TNNI3 F: CCTTCGAGGCAAGTTTAAGCG 21 155 
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(NM_000363.4) R: GGTTTTCCTTCTCGGTGTCCT 21 

MYL2 

(NM_000432.3) 

F: TTGGGCGAGTGAACGTGAAAA 21 
194 

R:CCGAACGTAATCAGCCTTCAG 21 

SRP14 

(NM_003134.5) 

F: CGTCGGGCAGCGTCTATATC 20 
160 

R: TCCTTGGAGCTCACCACAGT 20 

PPIA 

(NM_021130) 

F: GGGGCCGAACGTGGTATAAA 20 
170 

R: GTCTGCAAACAGCTCAAAGGAG 22 

 

4.5. Saline Solutions  

4.5.1. Patch clamp saline solutions 

Saline solutions were prepared using ultrapure deionized water. Extracellular saline 

solutions consists in 1.8mM CaCl2, 15mM Glucose, 15mM HEPES, 5.4mM KCl, 1mM 

MgCl2, 150mM NaCl, 1mM Na-Pyruvate and adjusted to pH 7.4 with NaOH. Intracellular 

solutions were prepared using 2mM CaCl2, 5mM EGTA, 10mM HEPES, 150mM KCl, 5mM 

MgATP and 5mM NaCl. pH was adjusted to 7.2 using KOH. Solutions were filtered with 0.2 

µM filter and aliquots stored at -20oC. 

4.5.2. Ca2+ imaging 

Saline solutions were prepared using ultrapure deionized water. Extracellular saline 

“Tyrode’s” solution consists in 1.8mM CaCl2, 10mM Glucose, 5mM HEPES, 5mM KCl, 

1mM MgCl2, 0.4mM KH2PO4 and 140mM NaCl. pH was adjusted to 7.4 with NaOH. 

Solutions were filtered with 0.2 µM filter and aliquots stored at -20
o
C. An alternative version 

of Ca
2+

-free Tyrode’s solution was prepared with substitution of 1.8mM CaCl2 by 1.8mM 

extra MgCl2.  
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4.6.  Whole-cell patch-clamp 

Medium from dishes containing cardiomyocytes were exchanged for extracellular 

saline patch-clamp solution. Recording pipettes with resistance of 2-4MΩ were pulled on the 

day of each experiment and backfilled with intracellular solution. A gigaseal (resistance 

≥1GΩ) between the pipette and the cells was created, and any holding voltages or currents 

removed. The amplifier mode was switched from voltage-clamp to current-clamp and 

spontaneous action potential (AP) activities were recorded continuously on gap-free mode. 

AP kinetics parameters illustrated in Fig.1 were analysed, and include: resting membrane 

potential (RMP), peak, action potential duration at 50% and 90% of the initial resting 

potential (APD50 and APD90), maximum rate of depolarization (dV/dtmax) and action 

potential amplitude. The aforementioned parameters were used to support the classification of 

each cell into ventricular, atrial and nodal types. Recordings were performed at room 

temperature using a Axopatch 200B amplifier (Molecular Devices, CA, USA), digitized, 

stored and analysed using a Digidata 1440a and pCLAMP software (Molecular Devices, CA, 

USA). AP parameters are presented as mean ± standard error (SE). 

4.7.  Measurement of changes in free intracellular Ca2+ ([Ca2+]i) 

concentration 

iPSC-CM were stained, for 40 minutes, at 37ºC, with 5µM Fluo 4-AM (Thermo 

Fisher, USA) and 0.02% pluronic acid (Thermo Fisher, USA in RMPI-1640 medium (Thermo 

Fisher, USA). Cells were washed three times in Tyrode’s solution and at least 15 minutes 

were allowed for complete de-esterification of Fluo 4-AM. Measurements of BK-induced 

oscillations in free intracellular Ca
2+

 concentration analysis were performed in experimental 

and biological triplicates on Ca
2+

-free Tyrode’s solution, using an inverted fluorescence 

microscope (Nikon Instruments, Japan), under an argon 488nm laser. Each cellular 

preparation was imaged for 5min at a rate of 1 frame per second. Relative fluorescence is 
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expressed as ΔF/F0, which is the ratio between fluorescence in the presence of agonist or 

antagonist (ΔF) and basal fluorescence (F0), as described by Nascimento et al. (77). Data was 

acquired and analysed on NIS-Elements Software (Nikon Instruments, Japan). At least 110 

cells were used for each analysis. 

4.8.  Protein isolation and Western Blot 

Cells on days 5
th

 day of differentiation were collected following enzymatic harvesting 

and the cell pellet was frozen at -80
o
C until further processing. Cell pellets were dissociated 

with cold 1X RIPA buffer (Thermo Fisher, USA) supplemented with 1%  serine-threonine 

proteases and tyrosine phosphatases inhibitors cocktail (Sigma-Aldrich, USA). All samples 

were centrifuged at 12.000 g, 10 min at 4ºC. Protein samples were quantified by the 

bicinchoninic acid assay (BCA) method (Thermo Fisher, USA) and 20μg of total proteins 

were separated on 8-12% SDS-polyacrylamide gel, an then transferred to a nitrocellulose 

membrane. The membrane was blocked at least 1h at 4ºC in 5% fat milk or 5% BSA in TBS-

T and probed with primary antibodies overnight at 4ºC. 

On the next day, the membrane was washed 3 times with TBS-T (50 mM Tris-Cl, pH 

7.6; 150 mM NaCl) followed by 1h incubation at room temperature with horseradish-

peroxidase-conjugated secondary antibody (Millipore, USA). The membranes were exposed 

to Clarity Western ECL substrate (Bio-rad, USA) for 5 minutes and the signal was recorded 

on Uvitec (Cleaver Scientific, UK). Please refer to Table II for titrations and catalogue 

numbers of primary and secondary antibodies. 
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Table II: List and of antibodies employed in western blot experiments 

Antibody Host Dilution Company 
Catalogue 

Number 
Secondary Antibody Exposure Time 

B2R Rabbit 1:500 Bioss BS-2422R 

Horseradish-

peroxidase anti-rabbit 

(1:10.000) - Millipore 

1:00 min 

Gapdh Mouse 1:5.000 Abcam Ab8245 
Horseradish-

peroxidase anti-mouse 

(1:10.000) - Millipore 

0:05min 

 

Band intensities were measured and quantified by the Uvitech Cambridge software  

(Cleaver Scientific, UK) . For semiquantitative analysis, all antibodies signal intensity were 

analyzed and corrected in relation to GAPDH. 

4.9.  Flow cytometry 

Expression levels of ssTnI, cTnI, MLC2v, and ACTN2 were assessed by flow 

cytometry. Differentiated cardiomyocytes were enzymatically detached from flasks, and 

mechanically dissociated to a single cell suspension. Cells were fixed using 1ml of fixative 

solution (1.25% PFA, 1% methanol) for 30 min, at 4ºC and permeabilized with blocking 

solution consisting of 0.1% saponin (Sigma Aldrich, USA) and 10% FBS. Blocking solution 

was also used to dilute all antibodies in flow cytometric experiments.  

Cells were co-stained, for 30 minutes, at 4
o
C, with rabbit anti-ssTnI primary antibody 

(Thermo Fisher, USA) and mouse anti-cTnI primary antibody conjugated with Alexa Fluor 

647 (BD Biosciences, USA). Alternatively, cells were co-stained with rabbit anti-MLC2v 

primary antibody (Abcam, United Kingdom) and mouse anti-ACTN2 primary antibody. All 

secondary antibodies had Alexa Fluor fluorophores (Thermo Fisher, USA). Donkey anti-

rabbit Alexa Fluor 488 secondary antibody (1:2000) was used against rabbit anti-ssTnI and 

against rabbit anti-MLC2v. Donkey anti-mouse Alexa Fluor 647 secondary antibody (1:3000) 

was used against mouse anti-ACTN2. Please refer to Table III for antibody titrations and 
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respective catalogue numbers. Cells were washed with 0.1% saponin 2% FBS two times 

following primary antibody incubation and one time after secondary antibody incubation. 

Cells were re-suspended in PBS 5% bovine serum albumin for analysis on flow cytometer.    

Primary and secondary antibodies were titrated using hiPSC as negative controls. 

Flow cytometry measurements were performed using Attune (Life Technologies, USA). 

638nm helium-neon and 488 nm argon lasers were used for fluorochromes excitation. At least 

thirty-five thousand events were acquired per sample and data was analysed using Flow Jo 

software (Tree Star, 2013). Forward and side light-scatter gates were used to exclude doublets 

cells and debris. Expression of ssTnI, cTnI, MLC2v and ACTN2 were estimated based on 

fluorescence signals in comparison to the background fluorescence of respective unstained 

controls. Data is presented as mean ± standard error (SE) of at least three biological replicates. 

Table III: List of antibodies employed in flow cytometry experiments 

Antibody Host Dilution Company Catalogue 

Number 

Secondary Antibody 

ssTnI Rabbit 1:1000 Sigma Aldrich 701585 Donkey Anti-Rabbit 488 

1:2000 

cTnI Mouse 1:500 BD Biosciences 564409 Conjugated in 647 

MLC2v Rabbit 1:1000 Abcam ab79935 Donkey Anti-Rabbit 488 

1:2000 

α-Actinin Mouse 1:1000 Abcam ab9465 Donkey Anti-Mouse 647 

1:3000 
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STATISTICAL ANALYSIS  
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5. STATISTICAL ANALYSIS 

The results of all experiments are presented as mean ± standard error of at least three 

independent replicates. GraphPad Prism 5.0 software (GraphPad Software, USA) was used 

for statistical analysis. Data normality was evaluated by quantile-quantile plots. Normal data 

were analysed by Student’s T-Test (if only between two groups) or Analysis of Variance 

(ANOVA) (if three or more groups), followed by Tukey’s multiple comparison test. Non-

normal data was analysed by non-parametric Kruskall Wallis test and Dunn’s Multiple 

Comparison test. An alpha level of 0.05 was set as the significance level for this study.  
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6. RESULTS 

6.1. Characterization of TNNI1 and TNNI3 expression throughout hiPSC-

CM differentiation. 

It is known that the genes that encode for the inhibitory subunit of the troponin 

complex are differentially expressed during development: while TNNI1 accounts for the 

expression of the skeletal TnI isoform in fetal cardiomyocytes, TNNI3 is only expressed on 

mature myocytes, resulting in the predominance of the cardiac TnI protein isoform (54,57).   

In order to characterize the time-dependent shift on the expression of TNNI1 and 

TNNI3 on the hiPSC-CM used in this work, the relative expression of these genes was 

quantified on days 0, 5, 7, 15 and 30 of cardiac in vitro differentiation, by RT-qPCR (Fig.5). 

 

Figure 5. Relative expression of TNNI1 and TNNI3 genes by RT-qPCR throughout 

cardiac in vitro differentiation. (a) Relative expression of TNNI1 gene normalized by PPIA 

on days 0, 5, 7, 15 and 30 of differentiation. (b) Relative expression of TNNI3 gene 

normalized by PPIA on days 0, 5, 7, 15 and 30 of differentiation. N = 3 independent 

differentiations, each with experimental duplicates. Statistical Analysis: 1-WAY ANOVA and 

Tukey’s multiple comparison test. **p<0.01; ***p<0.001 

It is possible to observe that neither TNNI1 nor TNNI3 are highly expressed up to the 

5
th

 day of differentiation, as these cells still likely present a pluripotent or cardiac precursor 

phenotype, and do not yet present sarcomere contractions (data not shown). TNNI1 expression 

increases 1000-fold between the 5
th

 and 7
th

 days of differentiation, reaching its peak after two 
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weeks of differentiation, after which it remains constant or slowly starts decreasing (Fig.5a). 

TNNI3 expression, on the other hand, increases steeply from the 7
th

 day on (Fig.5b). As 

TNNI3 expression was only assessed until the 30
th

 day of differentiation, it is not possible to 

know whether it would keep increasing or whether it would soon stabilize. This suggests that 

the hiPSC-CM model employed throughout this work presents the time-dependent shift 

between TNNI1 and TNNI3 gene expression described by Bedada et al. (57).   

6.2. Characterization of ssTnI, cTnI, ACTN2 and MLC2v protein 

expression throughout hiPSC-CM differentiation. 

ssTnI and cTnI co-expression throughout differentiation was assessed on days 0 

(undifferentiated hiPSC), 5, 15 and 47, by flow cytometry (Fig.6a,c). It is possible to notice 

that neither isoforms of troponin I are expressed on undifferentiated iPSC, which confirms the 

antibody specificity to cardiomyocytes (Fig.6a). On the 5
th

 day of differentiation, only 27% of 

cardiomyocytes express, on average, at least one troponin isoform, which mostly results from 

a co-expression of both isoforms. Analysis of alpha-actinin (ACTN2), another muscle 

sarcomeric protein revealed that, indeed, only 63% ±9.3% of the cells were committed to a 

muscle phenotype at this point (Fig.7b,d).  

hiPSC-CM on the 15
th

 day of in vitro differentiation are marked by 91.2% ± 1.3% 

ssTnI and cTnI co-expression (Fig.6c) and ACTN2 levels superior of 95% (Fig.6d). This 

indicates that, at this point, the almost totality of cells have fully committed to a cardiac 

muscle phenotype, representing a more mature phenotype in comparison to hiPSC-CM on day 

5 (p<0.01). Nevertheless, 30 more days in culture have not resulted in any significant shift 

towards the direction of cTnI single expression in detriment of ssTnI expression (p=0.51) 

(Fig.6 a,c). This suggests that these cells can still be considered immature and could benefit 

from strategies that seek inducing their in vitro maturation.  
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Figure 6. Co-expression of ssTnI and cTnI or MLC2v and ACTN2 in different 

timepoints of hiPSC differentiation by flow cytometry. hiPSC were induced to differentiate 

into cardiomyocytes and analysed on days 0 (undifferentiated hiPSC), 5, 15 and 47 regarding 

ssTnI and cTnI co-expression or MLC2v and ACTN2 co-expression. (a) Representative flow 

cytometric plots of ssTnI and cTnI co-expression on days 0, 5, 15 and 47 of differentiation. 

(b) Representative flow cytometric plots of MLC2v and ACTN2 co-expression on days 0, 5, 
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15 and 47 of differentiation. c) Quantification of hiPSC-CM single stained for ssTnI or cTnI 

or double stained for both troponin I isoforms.  d) Quantification of hiPSC-CM single stained 

for ACTN2 or (e) for MLC2v. (f) Relative expression of MYL2 gene (which encodes for 

MLC2v) normalized by expression rates of SRP14 on days 0,5,7,15 and 30 of differentiation. 

N = 3. Results are expressed as mean ± SE. Statistical analysis: 1-WAY ANOVA and 

Tukey’s multiple comparison test. *p<0.05, ** p<0.01 and ***p<0.001. 

The analysis of the ventricular marker MLC2v throughout differentiation was also 

performed (Fig.6b,e,f). It is possible to verify that the expression of MLC2v increases linearly 

as differentiation progresses (p<0.001). While less than 5% of the cells express MLC2v on the 

5
th

 day of differentiation (around the onset of beating), the expression of such marker reaches 

86.8% ± 5.0% of the population on day 47, with intermediate stages of MLC2v expression of 

32.3% ± 7.0% on day 15 and 60.5% ± 7.8% on day 29. Additionally, these results are 

corroborated by the consistent increase in the expression of MYL2, the gene that encodes for 

this protein (Fig.6f) (p<0.001).   

6.3.  Characterization of the action potential of hiPSC-CM  

6.3.1. Classification of the proportions of atrial, ventricular and nodal 

subtypes 

The electrophysiological classification of APs is considered the most reliable way to 

determine the fraction of each cardiomyocyte subtype in the population (38). In order to 

characterize the cardiomyocyte subtypes differentiated from hiPSC in this study as well as 

their electrical activity, single-cell spontaneous APs were recorded in gap free mode, for up to 

5 minutes, using the whole-cell current-clamp technique. Mean AP curves were derived and 

analyzed regarding amplitude (mV), RMP (mV), dV/dTmax(V/s), APD50(s), APD90(s) and 

frequency (Fig.1b). These parameters supported the single-cell AP classification between 

each cardiac subtype (ventricular, atrial and nodal). Representative APs from chamber-

specific cardiac subtypes are depicted in Fig.7, in extended time scale (Fig.7 a,c,e) and in a 5-

seconds interval (Fig.7 b,d,f). 
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Figure 7. Representative subtype-specific AP traces in the hiPSC-CM population. Left: 

average APs in extended time scale. Right: subsequential APs in a 5 seconds interval. Traced 

lines indicate 0mV. It is possible to remark APs typical from nodal (a,b), atrial (c,d) and 

ventricular cells (e,f). N = 80 cells. 

 

APs showing a blunt depolarization phase, a less negative and unstable RMP, slower 

upstroke velocity (dV/dtmax) and shorter amplitude were classified as nodal (Fig.7 a,b). This is 

consistent with the properties of such cells, once, although they are marked by poor 

contractility system, their relatively depolarized and unstable RPM result in the firing of 

repetitive action potentials (37).  
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CM presenting a deeper RMP and more pronounced dV/dtmax were considered either 

atrial (if showing a shorter APD, Fig.7c,d) or ventricular (if displaying a marked plateau, 

Fig.7e,f).  

As with molecular markers, it has been suggested that enhanced time in culture could 

induce maturation of the APs, in a sense that the expression of certain ion channels on the 

membrane could change, leading to variation in the kinetics of the action potential (66). 

Aiming to characterize if the proportions of the subtypes could change with enhanced time in 

culture, APs from hiPSC-CM were analysed in 4 different time windows spanning from the 

33
rd

 to the 48
th

 day of differentiation (Fig.8). It is possible to remark that the proportions 

between nodal, atrial and ventricular-like cells changes with time in culture, being the 

variables “time” and “subtype” correlated (p=0.02). Still, as this observation per se was not 

sufficient to attest that time in culture was inducing maturation of hiPSC-CM electrical 

properties, the kinetic of APs on the aforementioned time window were also analysed.   

 

Figure 8. Distribution of cardiac subtypes in a hiPSC-CM population. Cardiomyocytes in 

different timepoints since the onset of differentiation were classified as ventricular, atrial or 

nodal-like. Single-cell subtype classification was performed based on AP kinetic parameters. 

N=80 cells. Statistical analysis: Pearson chi-square test, p=0.02 
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6.3.2. Analysis of time-dependent changes in the AP kinetics 

 The analysis of AP frequency (Fig.9a) revealed that nodal-like hiPSC-CM oscillate on 

a rather constant average rate of 26 APs/min, throughout the analysed timepoints. On the 

other hand, atrial-like and ventricular-like cells exhibit a tendency to progressively increase 

the AP firing rate, with more time in culture (p=0.15, N=81). 

 Another analysed feature was the maximum depolarization rate of the APs (dV/dTmax), 

in the different subtypes and timepoints (Fig. 9b). Again, a tendency of dV/dTmax increasing 

with time in culture can be observed in atrial-like cells (p=0.10, N=81), but not among nodal 

cells, nor among ventricular-like cells up to the 45
th

 day of differentiation. 

 The average amplitude of nodal-like APs are significantly lower than atrial and 

ventricular-like APs (p<0.01 and p<0.001, respectively) (Fig.9c). In addition to this, atrial-

like APs show amplitudes on average 20mV smaller than ventricular-like APs (p<0.01). 

Similar considerations can be made regarding the duration of the generated APs 

(APD50 and APD90, figs. 9e,f): the AP from both nodal and atrial-like cardiomyocytes are 

significantly lower (p<0.05) than ventricular-like APs, although no clear correlation between 

differentiation age and APD can be made. In general, the longer APD in ventricular cells is 

attributed to a pronounced Ca
2+

 current component (ICa) in this cell type (Fig.1), as well as a 

more developed sarcoplasmic reticulum, where Ca
2+

 ions are stored during cardiac diastole 

(37). 

Finally, the hiPSC-CM obtained in this study seem to present a stable RMP on the 

evaluated timepoints, with averages ranging between -77 mV and -92 mV. Although such 

parameters are rather close to the -85 mV RPM observed in the native myocardium (41), this 

does not explain the automaticity observed in these cells (normally associated with a more 

depolarized RMP, close to the threshold for AP firing (65)).       
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Figure 9. AP kinetic parameters from hiPSC nodal, atrial and ventricular subtypes in 

time intervals between the 33
rd

 and 48
th

 day of differentiation.  (a) Frequency of 

spontaneous APs per minute (b) dV/dTmax (V/s) ; (c) AP Amplitude (mV); (d) RMP (mV); (e) 

APD50(ms); (f) APD90 (ms); (g) Membrane Capacitance (pF). Results are expressed as 

mean±SE. Statistical analysis: One-WAY ANOVA plus Tukey’s Multiple Comparison Test 

(a,c-f) and Kruskall-Wallis test plus Dunn’s Multiple Comparison Test (b). *p<0.05; 

**p<0.01; ***p<0.001. N=3 independent differentiations, 81 cells. 

 

 

a b 

c 
d 

e f 
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6.4.  Expression of B2R in differentiating hiPSC-CM, and verification of its 

responsivity to BK 

In order to confirm that B2R was expressed in hiPSC-CM, its expression was verified 

by Western Blot. For this, total protein was extracted from hiPSC-CM samples on the 5
th

 day 

of differentiation, quantified and subjected to a SDS-PAGE electrophoresis (Fig.10a). The 

analysis of the western blot membrane revealed protein bands with sizes correspondent to B2 

receptor (44kDa).  

 

Figure 10. Analysis of B2R expression and activity in hiPSC on the 5
th

 day of 

differentiation. (a) Representative western blot bands of B2R (44kDa) and the endogenous 

normalizer GAPDH. Total protein extracts from hiPSC-CM on the 5
th

 day of differentiation 

were subjected to western blot analysis in order to verify the expression B2R. N=3 (b) 

Representative traces of relative variation in hiPSC-CM intracellular Ca
2+

 concentration in 

response to the addition of 1µM BK, 10µM BK or vehicle. hiPSC-CM on the 5
th

 day of 

differentiation were stained with Fluo4-AM and imaged on a fluorescence microscope. (c) 

Relative oscillations in fluorescence following the addition of 10-fold decreasing BK doses 

(0.001µM - 10 µM) were quantified and compared to the addition of vehicle (injection water). 

Statistical Analysis: 1-WAY ANOVA and Tukey’s multiple comparison test. N=1091 cells 

from 3 independent experiments. 

The sole expression of the B2 receptor by the cell is not enough to indicate that the 

receptor stands active on the membrane, thus being liable to modulation by its ligand BK. 

Therefore, in order to verify this, a dose-response curve of BK on hiPSC-CM was performed. 

As the pharmacological activation of the B2R triggers a metabotropic Ca
2+

-dependent 

response, the activity of this receptor on the cellular membrane can be verified by Ca
2+

 

imaging. Aiming to confirm that the B2R is present and active on the cellular membrane, a 
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dose-response relationship of BK on B2R activity was performed by Ca
2+

 imaging 

(Fig.10b,c). For that, iPSC were induced to cardiac differentiation, being stained with Fluo-4 

AM and imaged on the 5
th

 day of differentiation. The cell preparations received 10-fold 

increasing doses of BK (0.001µM - 10 µM) or vehicle (Tyrode’s solution) and the consequent 

variation in the cell fluorescence relative to the basal fluorescence (Δ[Ca
2+

i]F/F0) was 

quantified (Fig.10c). As the Ca
2+

 signalling response triggered by B2R activation does not 

rely on Ca
2+

 present in the extracellular solution, but rather on the sarcoplasmic Ca
2+

 stocks, 

cells were imaged in a Ca
2+

-free Tyrode’s solution. This avoided spontaneous Ca
2+

 

oscillations triggered by the Ca
2+

 induced Ca
2+ 

release mechanism and potentially made the 

response more specific to B2R activation.  

Figure 10b reveals that the addition of BK triggers a rapid Ca
2+

 oscillation which 

decreases over the following 60 seconds, while the addition of vehicle does not induce Ca
2+

 

release from intracellular stocks. It is possible to observe that the B2R-induced mean variation 

in the cell fluorescence relative to the basal fluorescence (Δ[Ca
2+

i]F/F0) is dose dependent 

(Fig.10c), and that BK doses as low as 1nM can lead to a 14-fold increase in the cellular 

fluorescence (p<0.001). Previous works from our laboratory groups have used 1µM BK to 

induce neural differentiation (75,77,79). As this peptide is not very stable in solution (half-life 

= 30s (85)) and aiming to induce the greatest possible response, we decided to first test the 

effect of 10µM BK on TNNI1 and TNNI3 gene expression and ssTnI/cTnI protein expression.   

6.5.  Evaluation of hiPSC-CM phenotypes following B2R activation or 

inhibition during differentiation. 

6.5.1. TNNI1 and TNNI3 expression following B2R activation with 

10µM BK or inhibition with Firazyr 

hiPSC were induced to differentiate into cardiomyocytes using the conventional 

protocol standardized by PluriCell Biotech. Differentiating cells received daily additions of 
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10µM BK from the 5
th

 day to the 15
th

 day of differentiation. Alternatively, in order to 

establish if any biological variation was really being undertaken through the B2R and not 

through other means (such as activation of B1R), kinin B2 receptor activity was 

pharmacologically blocked with 5µM Firazyr for 5 minutes, followed by stimulation with 

10µM BK.  

Total RNA from each sample was collected and reverse transcribed into cDNA. 

TNNI1 and TNNI3 gene expression in BK and Firazyr + BK groups was compared to 

untreated controls. The results are depicted as fold change in relation to untreated controls (n 

= 2 independent in vitro differentiations) (Fig.11).  

 

Figure 11. Relative TNNI1 and TNNI3 gene expression of hiPSC-CM differentiated in 

the presence of 10µM BK or subjected to B2R inactivation with 5µM Firazyr followed 

by stimulation with 10µM BK, in relation to control. (a) Relative TNNI1 and (b) TNNI3 

expression in relation to unstimulated controls. Samples were collected on the 15
th

 day of 

differentiation and SRP14 was used as endogenous gene for normalizing expression rates. 

N=2 independent differentiations. Statistical Analysis: 1-WAY ANOVA and Tukey’s 

multiple comparison test. P>0.05 

 

The addition of 10µM BK following, or not, the pharmacological inhibition of B2R 

with 5µM Firazyr did not result in any significant change in TNNI1 (Fig.11a, p=0.87) or 

TNNI3 (Fig.11b, p=0.18) gene expression. 
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6.5.2. Expression of cTnI, ssTnI, MLC2v in hiPSC-CM following B2R 

activation with 10µM BK or inhibition with 5µM Firazyr 

 Protein expression levels of troponin I isoforms in hiPSC-CM differentiated until day 

15 in the presence of 10µM BK or after B2R inhibition was assessed by flow cytometry. It 

can be observed that, on average, 90% of cells co-express the skeletal and cardiac isoforms in 

all conditions (Fig.12a,b), with no significant alteration in TnI expression in response to B2R 

activation nor inhibition (p=0.81). 

The expression of MLC2v, a molecular marker of ventricular subtype, was assessed in 

hiPSC-CM after activation or inactivation of the B2R receptor. It is possible to remark, from 

fig.12c, a big variance in the percentage of MLC2v
+
 cells, among the two independent in vitro 

differentiation assays. Although the two performed independent differentiations yielded 

variable percentages of MLC2v
+
 cells (18% and 60%), the percentages of MLC2v

+
 cells in 

each treatment group, within each differentiation, remained constant (p=0.99). 

 

Figure 12. ssTnI/cTnI and MLC2v protein expression in hiPSC-CM differentiated in the 

presence of 10µM BK or subjected to B2R inactivation with 5µM Firazyr followed by 

stimulation with 10µM BK, on day 15 of differentiation. (a) Representative flow cytometry 

plots for cardiac and skeletal troponin I isoforms co-staining. Each treatment condition is 

depicted in one color and graphics are superposed. (b) Quantification of ssTnI
+
/cTnI

+
 cells in 

each treatment. (c) Quantification of MLC2v
+
 cells in each treatment condition. N=2. 

Statistical Analysis: 1-WAY ANOVA and Tukey’s multiple comparison test. NS. 
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The lack of apparent effect of modulation of B2R activity on the maturation of hiPSC-

CM led us to hypothesise that the B2 receptor could be undergoing 

desensitization/inactivation following stimulation with 10µM BK (refer to topic 7.3 on 

Discussion section for more details). Therefore, aiming to confirm the absence of biological 

effects on the expression of maturation markers or on the determination of the ventricular 

phenotype following activation or inhibition of B2R, we repeated the differentiation of hiPSC 

using a 10-fold lower dose of BK (1µM), increased the treatment with Firazyr to 15 minutes 

as well as prolonged the overall treatment duration until the 29
th

 day of differentiation.   

6.5.3. Gene and protein expression of troponin I isoforms and MLC2v 

following B2R activation with 1µM BK or inhibition with 5µM 

Firazyr 

Cardiomyocytes were again differentiated from hiPSC, and this time, BK and Firazyr 

were daily added to the cells from the 5
th

 until the 29
th

 day of differentiation. A qualitative 

analysis of the three conditions under the microscope shows that the addition of BK or Firazyr 

has little or no effect over cellular morphology (Fig.13a). In addition to this, we verified that 

the different groups expressed ACTN2 in similar levels (Fig.13b,c p=0.71), consistently 

superior than 92%, suggesting that the drug treatments were not interfering with the efficiency 

of differentiation.  
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Figure 13. Effect of B2R activation or inhibition on the efficiency of cardiac 

differentiation from hiPSC. (a) Microscopy of untreated hiPSC-CM or cultured with 1µM 

BK or 5µM Firazyr+1µM BK. Cells were imaged during different stages of differentiation 

and a qualitative analysis showed no clear effect of BK or Firazyr treatment over the 

morphology of the hiPSC-CM or on their survival and ability to progress in differentiation. 

Scale bar = 400µm. (b) % of muscle cells (ACTN2
+
) in the population by the end of each 

treatment. (c) Representative flow cytometry plots of the expression of ACTN2 in each group. 

N=3. Statistical Analysis: 1-WAY ANOVA and Tukey’s multiple comparison test. NS. 

 

RNA was collected from untreated cells on day 5 and from the three treatment groups 

on day 29 (n=3). Analysis of TNNI1 and TNNI3 gene expression (Fig. 14a,b) reveals no 

significant variation in response to B2R activation or inhibition (p=0.43 and 0.93). Similarly, 

analysis of the protein levels of ssTnI and cTnI co-expression by flow cytometry (Fig.c,e) 

disclosed no variation in each treatment group (p=0.83). 
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Finally, expression of the ventricular marker MLC2v was also analysed by flow 

cytometry, under the described conditions. It is possible to remark that, on average, the 

performed treatments do not result in statistically relevant variations on the expression of 

MLC2v (Fig.14d, p=0.92). 

 

Figure 14. Gene and protein expression of troponin I isoforms and MLC2v following 

pharmacological activation of B2R with 1µM BK or blockade with 5µM Firazyr during 
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cardiac in vitro differentiation from hiPSC. (a) Relative TNNI1 and (b) TNNI3 expression 

in relation to unstimulated controls. Samples were collected on the 29
th

 day of differentiation 

and SRP14 was used as endogenous gene normalizer. N=4 (c) Quantification of hiPSC-CM 

double stained for both cardiac and skeletal troponin I isoforms or (d) single stained for 

MLC2v in each treatment group. (e) Representative flow cytometry plots for hiPSC-CM 

double stained with cTnI and ssTnI or (f) single stained with MLC2v. Each treatment 

condition is depicted in one color and graphics are superposed. N=3. Results are expressed as 

mean ± SE. Statistical analysis: 1-WAY ANOVA and Tukey’s multiple comparison test. NS. 

 

We have been successful in characterizing the effect of time on the molecular and 

functional maturation of hiPSC-CM, as well as on the determination of the ventricular 

subtype. However, the involvement of B2R in cardiac maturation and subtype specification 

could, so far, not be evidenced.  
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7. DISCUSSION 

7.1. Characterization of Troponin I gene and protein expression throughout 

hiPSC-CM differentiation. 

Striking changes in the transcriptome of differentiating cells can be remarked during 

cardiogenesis (107). DeLaughter and collaborators (107) have performed a temporal analysis 

of gene expression during murine cardiogenesis with single-cell resolution, characterizing 

chamber-specific markers, and importantly, unravelling the temporal regulation of 

developmental gene expression programs. Among other important findings, they reiterated 

TNNI3 as a gene with increasing expression as development progresses.   

TNNI1 is first expressed in the cardiac tube, being co-expressed with TNNI3 in late 

fetal/neonatal hearts (57). In the end of gestation, TNNI3 transcripts start becoming more 

abundant than TNNI1, and the expression of the latter ceases completely only postnatally (54–

57). In fact, it seems that the molecular regulation of this process occurs in both 

transcriptional and translational levels (56). 

The analysis of TNNI1 and TNNI3 gene expression in this study revealed that these 

genes are concomitantly expressed throughout the in vitro differentiation of hiPSC-CM, being 

mostly expressed after the 7
th

 day of differentiation (Fig.5). It is possible to remark that the 

time-dependent variation shift on TNNI3 expression is more prominent, in a way that the 

relative abundance TNNI1 in relation to TNNI3 becomes smaller with time, corroborating the 

model that predicts the troponin isoform switch as differentiation progresses (57). 

In the protein levels, the results obtained by our flow cytometry experiments confirm 

that neither TnI isoforms were expressed in undifferentiated hiPSC (Fig.6). Considering that 

under the present differentiation protocol cardiac contractions start between the 5
th

 and 6
th

 

days of differentiation (data not shown), it seems reasonable to state that if sarcomeres are 

functional enough to contract, at least one TnI isoform must be present. Flow cytometry 
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results show that 5 days after induction to differentiation, an average of 22.8% of these cells 

already co-express both troponin I isoforms (Fig.6c). This observation is supported by the 

very low levels of TNNI1 and TNNI3 transcripts on 5-day old cardiomyocytes (Fig.5). 

Additionally, the onset of cTnI expression on 5-day old hiPSC shows that, from the first week 

of differentiation, hiPSC-CM are already transitioning from fetal to neonatal-like state – at 

least regarding these maturation markers.  

Moving forward in the in vitro differentiation, hiPSC-CM go through a stage, in which 

over 90% of the cells co-express both troponin I isoforms, perduring from day 15 to at least 

day 47 (Fig.6c). It seems, thus, that prolonged time in culture is an insufficient approach to 

generate relevant amounts of cTnI
+
/ssTnI

-
 subpopulations. 

In the literature, the expression of TNNI3 is reported to increase following in vitro 

attempts to induce maturation of PSC-CM, such as by employing electrical stimulation (4), 

biomaterials (67), biophysical (108) and biochemical cues (109). Upregulated cTnI protein 

expression has also been reported following experimental approaches to induce PSC-CM 

maturity, for instance, by means of co-culturing with endothelial cells (110), by blocking Wnt 

signalling with small molecules (109), employing biomaterials (67) and even by transplanting 

these cells into the heart of infarcted mice, in a way to induce in vivo maturation (111). 

In fact, although the observed increase in TNNI3/cTnI levels goes in line with the 

improvement of other maturation markers (e.g. cardiomyocyte sarcomere ultrastructure, Ca
2+

 

handling and electrophysiological properties), studies show that TNNI3 remains about 23 

times less expressed in 2 months-old hiPSC-CM than in the native human heart (34). 

Considering this information and our results, extending in vitro culture into even longer 

periods of time could be prohibitive in terms of costs, and maybe still insufficient to reach 

fully mature hiPSC-CM which can be used for cell therapy or other clinical applications. Still, 
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the analysis of the differential expression of troponin I isoforms seemed like a valid approach 

to assess hiPSC-CM maturation throughout the next steps of the present work. 

7.2. Characterization of the electrophysiology of hiPSC-CM 

7.2.1. Analysis of the proportions of atrial, ventricular and nodal 

subtypes 

The electrophysiological analysis of PSC-CM action potentials is the gold standard to 

identify the different cellular subtypes that are generated by the currently developed 

differentiation protocols (38,39). The results from this study suggest a time-dependent 

variation in the proportions of each cardiac subtype that comprise the total hiPSC-CM 

population. Following the end of the 30-day differentiation protocol balanced proportions of 

the three cardiac subtypes can be observed (Fig.8). However, it is possible to notice that two 

more weeks in culture culminate in a shift in the population composition, towards the 

predominance of the ventricular phenotype and an almost absence of nodal-like APs.  

It is interesting to see that these results are corroborated by the analysis of the 

expression of MLC2v (Fig.6e) and of its correspondent gene (MYL2, Fig.6f). In fact, the time-

dependent increase in the expression of this marker occurs in similar rates to that observed in 

the electrophysiological experiments. Unfortunately, due to our inability to standardize 

working antibodies for atrial and nodal subtypes during this project, it was not possible to 

report whether such shift can also be verified in the molecular level.  

A similar observation had been previously performed by Ben-Ari and collaborators 

(64), who reported the decrease in the expression of the proposed nodal marker HCN4 and 

concomitant increase in the expression of  atrial and ventricular MLC2a and MLC2v markers 

on day 60 of differentiation in comparison to day 30. Regarding electrophysiological 

properties, the same authors report a time-dependent increase in dV/dTmax, amplitude and AP 
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duration on older hiPSC-CM, which are hallmarks of the ventricular AP. The authors also 

show that such shift from nodal to atrial/ventricular phenotypes includes intermediate 

transitional populations, and conclude that the electrophysiological signature of a cell is not 

fixed throughout development – that means, it is not genetically predetermined in the cardiac 

precursors. Instead, they suggest that cells could potentially interconvert between phenotypes 

in response to unknown environmental cues.       

However, it could be argued that the parameters that support AP classification into 

different subtypes would only be valid during a limited period of development, rather than 

throughout the entire cardiogenesis, with eventual (and confounding) overlapping of AP 

properties (112). Moreover, it has been proposed that the AP kinetic parameters fail in 

efficiently clustering differentiated hiPSC-CM into discrete subpopulations (64).  

Ideally, we propose that a more robust subtype classification could be attained by 

performing electrophysiological analysis of APs in hiPSC-CM engineered to express 

fluorescent constructs for subtype-specific markers. Another (rather laborious) way to 

combine molecular and functional data would be to perform single-cell qRT-PCR of cells 

patched immediately after current-clamp characterization of APs. Both methods would allow 

verifying whether the expression of subtype-specific molecular markers matches AP profiles, 

or, vice versa ‒ if cells displaying a specific AP profile simultaneously express molecular 

markers of a second (or third) cellular subtype. Ultimately, such experiments would provide 

bigger insights into the mechanisms of subtype fate specification as differentiation progresses. 

7.2.2 Analysis of time-dependent variations in AP kinetics 

The existence of spontaneous contractions on in vitro differentiated cardiomyocytes is 

an indicator that these cells present a relatively functional contractile apparatus, that relies on 

the time-coordinated functioning of voltage-gated ion channels and of a sarcoplasmic 
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reticulum which not only bears massive Ca
2+

 stocks but also can respond to intrinsic 

mechanisms that coordinate the release and reuptake of these ions
 
(113).  

The functionality of ion channel matures as in vivo cardiogenesis progresses (113–

115) and this culminates in electrophysiological alterations on AP kinetic parameters (112). 

Peinkofer and co-workers (112) performed a systematic analysis of the action potentials of 

atrial and ventricular heart slices obtained from a spectrum of seven developmental ages 

encompassing embryonic, newborn and adult hearts. They used this data to classify the 

murine iPSC-CM APs into more defined developmental stages and verified time-dependent 

alterations in most AP kinetic parameters (RMP, APD, Amplitude, dV/dTmax). 

The morphology of APs is the result of a net balance of all ion currents that enter and 

leave the cell (116). Because of this, several studies have characterized the expression and 

activity of ion channels in in vitro differentiated cardiomyocytes and reported all inward and 

outward currents depicted in Fig.1a, except from the Ik1 current, which is often absent or 

present on very low densities on PSC-CM (65,113,117–120). Although the study of ion 

currents is important to assess the functionality of hiPSC-CM and validate their use as 

platform for in vitro drug testing, such characterization was beyond the scope of this project. 

Nevertheless, as the AP shape and kinetic parameters are consistent with those observed in the 

literature (42,117,118,121,122), it seems reasonable to assume that it is properly regulated by 

the ion channels that most commonly coordinate the cardiac AP.  

The hiPSC-CM differentiated in this study fire APs in a rate ranging from 16-38 

AP/min, on average (Fig.9a). This rate is comparable to that observed in other studies, which 

report 21-130 beats per minute (118,123). Variations on the average AP firing rate as a 

consequence of more prolonged time in culture have been reported, although the magnitude 

and direction of these observations are not necessarily consistent among studies (123). For 
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instance, Sheng and collaborators (118) compared the electrophysiological properties of PSC-

CM  on day 20 and 60 of differentiation and report an increased firing AP rate on day 60 in 

comparison to day 20. In the present study, atrial and ventricular-like hiPSC-CM have 

demonstrated a tendency (p=0.15) to increase average firing rate throughout 2 weeks in 

culture.  

It should not be left unnoticed that, on the native myocardium, the only cells that fire 

spontaneous APs are the pacemaker cells located in the sinoatrial node, thus being responsible 

for the rhythm of each heartbeat. The RMP in non-pacemaker cardiomyocytes is kept stable 

by the IK1 current, a K
+
 inward rectifier current that runs through the Kir2.1 channel encoded 

by the gene KCNJ2 (Potassium Voltage-Gated Channel Subfamily J Member 2) (65,113). 

Pacemaker cells are traditionally known for lacking Kir2.1 channels, and thus displaying no 

Ik1, besides expressing the HCN4 channel, which produces the depolarizing pacemaker If 

current (113,124).   

The persistence of spontaneous AP firing could be due to a low expression of Kir2.1 

(not assessed by us). In fact, Kir 2.1 expression has hardly been detected in in vitro 

differentiated cardiomyocytes throughout the literature, being often held accountable for the 

rather unstable RMP of hPSC-CM (110,113,117). In addition to this, a persistent expression 

of the HCN4 channel and of the If has largely been reported in hPSC-CM, and could possibly 

explain the high automaticity observed in these cells (37). 

The average RMP observed in this study are consistently more hyperpolarized than -

77mV, with many observations averaging around -85mV (Fig.9d). This is an interesting 

achievement, considering that although the native cardiac RMP is -85mV (41), most 

ventricular-like hiPSC-CM in the literature display way more depolarized RMP, ranging from 

68mV to -50mV (115,117,121,122,125). In spite of their more hyperpolarized RMP, the AP 
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amplitudes of the hiPSC-CM analysed in this study (Fig.9c) still fall short of that seen in 

native APs (>100mV) (2), being coherent with what was verified by other authors (24,103). 

Zhao and collaborators (119) analysed the kinetic properties of APs on day 30 and 60 

of differentiation and reported no significant variation on RMP, APA, dV/dTmax, or APD50/90. 

They also confirmed the activity of ion currents that mostly contribute to the cardiac AP. 

Most ion currents tested did not exhibit any time-dependent significant changes. On the other 

hand, Sheng (118) report no changes in RPM, but an increased dV/dTmax and a generally 

reduced APD50/90 on day 60 compared to day 20. Such increase in depolarization velocity can 

be explained by the time-dependent increase in Na
+
 currents observed in that study. Because a 

~100% average increase in total L-type Ca
2+

 currents on day 60 in comparison to day 20 was 

observed on this work, this cannot explain the general decrease on AP duration of these cells. 

Our results reveal only a tendency to increase dV/dTmax (Fig.9b) in older hiPSC-CM, but an 

analysis of each ion current that could confirm or refute this observed tendency has not been 

performed. The magnitude of dV/dTmax found in the present study is smaller than that 

reported by a series of studies which observe upstroke velocities ranging from 11-15V/s on 

hiPSC-CM (42,117,118,121), but is in line with that reported by Burridge (2015) (122).  

In summary, we have characterized APs from hiPSC-CM in different timepoints and 

verified that these cells fire APs spontaneously and possess kinetic properties which are 

compatible with others verified in the literature (42,117,118,121,122,125) and which do not 

significantly vary with time. 

7.3 Effect of modulation of B2R on the molecular maturation of hiPSC-

CM 

Although the liver is the greatest site of kininogen and kallikrein synthesis, HMWK, 

LMWK and prekallikrein have been identified in other sites of the human body, such as the 

kidney, brain, pancreas, lungs and heart (127). In addition to this, it is known that the B2R is 
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constitutively expressed outside the cardiovascular system as well (74,128), which likely 

means it exerts other physiological functions in other tissues of the body beyond the control 

of vasodilation.   

Indeed, bradykinin control of blood pressure through eicosanoids and nitric oxide-

mediated vasodilation has been long described over the last decades (81,129–131). Further 

evidences suggest that BK acts not only on endothelial cells but also on the heart itself. For 

instance, high affinity B2 receptors have been reported in rat cardiomyocytes and cardiac 

fibroblasts (132). Examples of BK action on the heart are its protective effect over the 

development of left ventricular hypertrophy, myocardial ischemia and heart remodelling 

following infarction (129,132–134). 

Our group has studied, over the years, the mechanisms through which KKS (kinin-

kallikrein system and its receptors) modulates key cellular processes in neurons, such as cell 

proliferation (83) and differentiation (74,76,77,79,135). Moreover, additional unpublished 

data from our group (80) and by others (102) suggests that BK aids skeletal muscle 

regeneration and differentiation. Considering these data and the preponderant effects that BK 

has on cardiovascular homeostasis, this study has sought understanding a possible impact of 

BK over the maturation of cardiomyocytes differentiated from hiPSC sources.  

hiPSC are an ingenious technology which revolutionized medical research in the last 

decade. (136). It has been largely used to model genetic diseases and developmental 

processes, as well as in drug toxicity screenings (8,29). Ultimately, properly differentiated and 

mature hiPSC could be used in regenerative medicine. 

 Throughout the literature the onset of spontaneous contractions in hiPSC-CM has been 

reported to occur between the 5
th

 and 10
th

 day after hiPSC are induced to differentiate into 

cardiomyocytes (45,48). Using the differentiation protocol established by PluriCell Biotech, 
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cells consistently start contracting on the 5
th

 or 6
th

 day of differentiation (data not shown), and 

on the 5
th

 day at least two thirds of the population already present a muscle phenotype, 

expressing cardiac sarcomeric proteins (Fig.6). Considering that the 5
th

 day of differentiation 

seems like a key day for the commitment of differentiated cells with a cardiac muscle 

phenotype, preceding functional and molecular maturation, we chose this moment as the 

initial day to start stimulating or inhibiting the B2R (with BK or Firazyr, respectively).   

In order to confirm that components of the KKS are expressed on hiPSC-CM 

employed in this study, total protein extracts were recovered from cardiomyocytes on the 5
th

 

day of differentiation. The qualitative analysis of the western blots (Fig.10) revealed the 

expression of the B2 receptor, meaning that the KKS signalling could be active at 

endogenous/basal levels in these cells.  

Aiming to assess whether B2R was active on the cellular membrane, we performed a 

dose-response assays of BK stimulation of 5 days-old hiPSC-CM, using the technique of Ca
2+

 

imaging (Fig.11). It was possible to confirm that the activation of B2R led to release of 

intracellular Ca
2+

 from sarcoplasmic stocks, probably through an IP3-mediated mechanism (as 

described in the introduction).  

Although, for technical reasons, we have not performed the imaging of the cells 

following the pharmacological inhibition of the receptor, we have reasons to believe that the 

response is really coming from B2R stimulation and not from B1R: first, it is known that BK 

has an approximate 20.000-fold bigger affinity for B2R than for B1R (83). Second, B2R 

stimulation leads to transient Ca
2+

 release from intracellular stocks, regardless of extracellular 

Ca
2+

 availability. B1R, on the other hand, elicits a sustained release of intracellular Ca
2+

 but in 

a way that is dependent on Ca
2+

 influx from the extracellular environment (127). Considering 

that the Ca
2+ 

imaging experiments were performed in a Ca
2+

 free buffer solution and that free 
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Ca
2+ 

concentration returns to basal levels after only 60 seconds of stimulation (Fig.11a), we 

concluded that the observed response is very likely due to B2R stimulation. 

We then decided to treat the cells with 10µM BK from the 5
th

-15
th

 day of 

differentiation (during 10 days of the maturation period, therefore) and analyse if the 

treatments had induced any change in the expression of molecular markers of maturation. 

Gene expression analysis of this material revealed no significant alterations on TNNI1 nor 

TNNI3 expression in relation to the control differentiation (Fig.11), and again, no changes 

were perceived on the protein expression of neither ssTnI, cTnI nor MLC2v (Fig.12).  

The analysis of these results led us to question whether the treatment was really 

leading to the activation of pathways downstream of the B2R. In fact, a more careful look in 

the literature revealed that, unlike B1R, B2R can undergo phosphorylation upon repeated or 

prolonged receptor stimulation, resulting in receptor desensitization and disruption of 

downstream signalling pathways (127,137). Another mechanism of desensitization would be 

an association with invaginations of the plasma membrane, with transient receptor 

internalization (83).  

In fact, the EC50 of bradykinin is 3nM on human umbilical veins (138) and 12nM in 

human fibroblasts (139), which means that the employed dose of 10µM is approximately 

1000-thousand fold bigger than the receptor EC50. Based on this, and on the fact that the dose 

of 1µM BK has been shown to improve neuronal differentiation (74,77,79), we decided to test 

the effect of a 1µM BK on hiPSC-CM maturation.  

After a 25-day long treatment with either 1µM BK or 5µM Firazyr + 1µM BK it was 

not possible to discern any significant effect of B2R modulation on the gene and protein 

expression levels of skeletal and cardiac troponin I (Fig.14). Although unlikely, it could be 

possible that a ratiometric technique like western blot could reveal variations in the net 
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quantities of total cTnI or ssTnI expression, as this cannot be verified by the flow cytometry 

technique. Finally, the proportion of ventricular cells in the differentiated population seems to 

remain stable following B2R activation or inhibition.  

However, the possibility that B2R modulation exerts other effects which have not 

been assessed in the study cannot be ruled out. We suggest that screening experiments be used 

to verify which intracellular signalling pathways become active in response to BK 

stimulation. For instance, activation of MAPK/ERK pathway has been reported following BK 

modulation of neuronal differentiation (79). Further results from our group show Akt 

phosphorylation upon BK stimulation, suggesting activation of the PI3K-Akt pathway (135). 

Moreover, a l0nM dose of BK has been reported to regulate cell cycle progression and 

migration in cardiac precursors through activation of both MAPK/ERK and PI3K-Akt 

pathways (103). Based on this, we could hypothesise that modulation of B2R activity could 

have effects on hiPSC-CM proliferation, which has not been assessed by us. Alternatively, it 

could be that, on cardiomyocytes, 1µM BK still leads to receptor desensitization, hampering 

its effects over cardiomyogenic differentiation and maturation.  

More information about which signalling pathways transduce bradykinin’s effects on 

hiPSC-CM could, ultimately, allow more insights about what cellular processes should be 

further investigated. 
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CONCLUSIONS  
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8. CONCLUSIONS 

We have observed a significant effect of culture time on the maturation of hiPSC-CM 

regarding the expression of TNNI1 and TNNI3 genes, with an increasing prevalence of TNNI3 

expression of TNNI1. Such observations could not be fully confirmed from the analysis of the 

protein levels of the troponin isoforms, although this could reflect a limitation of the 

technique employed. Still, we conclude that the shift in troponin I expression is a reasonable 

maturation marker in the employed model. 

In addition to this, we have also verified a consistent time-dependent increase in the 

ventricular phenotype as differentiation and maturation progress, owing to the increase in the 

frequency of ventricular-like APs, as well as of the expression of the ventricular marker 

MLC2v. 

 The electrophysiological properties of the cells are coherent with that reported by 

other studies that differentiate cardiomyocytes from PSCs, showing APs morphologies that 

are overall similar to native APs, but that still fall behind regarding automaticity and some 

kinetic parameters such as depolarization velocity and amplitude.  

 Regarding the effect of B2R activation or inhibition in hiPSC-CM, we could perceive 

no clear effect of BK or Firazyr on the expression of maturation markers, nor any shift on the 

expression of the subtype marker MLC2v. It appears that the KKS is not acting on the in vitro 

maturation of hiPSC-CM, nor on the specification of subtype fate. We do not discard the 

possibility that BK could be leading to other unexplored effects and recommend a closer look 

at which intracellular signalling pathways become active following BK stimulation, in order 

to narrow down, which cellular processes should be further investigated.   
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