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Abstract 

Background: Diabetes mellitus with uncontrolled hyperglycaemia is a major cause 

of cardiovascular complications and mortality. The developing foetal heart in-utero is 

particularly susceptible to hyperglycaemia through pathological remodelling, which 

results in life-long structural abnormalities such as cardiomyopathy and electrical 

defects like arrhythmias. However, the underlying mechanisms and potential 

therapeutic drug targets remain unclear. In this study, a cardiac developmental 

cellular model was used to study hyperglycaemia-induced remodelling.  

Methods: Mouse embryonic stem cells (mESCs) were differentiated into pulsatile, 

cardiac-like cells via embryoid body (EB) formation and cultured under baseline- or 

high glucose conditions. A Ca2+-sensitive fluorescent dye Fluo-4 was used to 

measure calcium transients and a voltage-sensitive dye di-4-ANEPPS was used to 

record action potentials. Cellular biomarkers were detected using 

immunocytochemistry, confocal microscopy, and Western blotting as well as terminal 

deoxynucleotidyl transferase dUTP nick-end labelling (TUNEL) and 5-ethynyl-2-

deoxyuridine (EdU) assay.  

Results: Undifferentiated mESCs were positive for pluripotent transcription factors 

Nanog and Oct3/4, whereas the cardiac differentiated mESCs were positive for 

cardiac proteins troponin T, α-actinin 2, connexin 43, sarco-endoplasmic reticulum 

calcium ATPase 2 (SERCA 2) and α- and β-myosin heavy chain. Hyperglycaemia 

decreased the number of beating EBs, their beating rate, and their amplitude of 

contraction. It also decreased the calcium transient amplitude and the contractile 

response to ryanodine receptor stimulation by caffeine but did not alter the SERCA 2 

expression. The amplitude and duration of action potentials in beating EBs were not 

altered by hyperglycaemia. However, structural changes included a decrease in EB 

size and expression of myofilament proteins, α-actinin and α- and β-myosin heavy 

chain and a disruption of the striated organization of the myofilaments. 

Hyperglycaemia increased the proportion of TUNEL-positive cells and the expression 

of the pro-apoptotic marker cytochrome c and decreased the anti-apoptotic protein B-

cell lymphoma 2 but did not alter the mitochondrial staining with Mitotracker. It also 

increased the oxidative stress marker nitrotyrosine but did not alter the extent of EdU 
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nuclear staining nor the expression of the receptor of advanced glycation end-

product. The antioxidant n-acetyl cysteine decreased the fraction of hyperglycaemia-

induced TUNEL-positive cells and improved the α-actinin striated pattern. 

Conclusion: Hyperglycaemia suppressed the cardiac differentiation and contractile 

activity of mESCs as well as disrupted the cardiac myofilament organisation and 

expression. These effects of hyperglycaemia were likely mediated by mitochondrial-

dependent apoptosis triggered by oxidative stress as well as by the abnormalities in 

calcium signalling. These results have potential clinical implications in foetal diabetic 

cardiac disease and add novel insights into the mechanistic factors that represent 

new therapeutic drug targets in the developing foetal heart. 
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Chapter 1: Introduction 
 

1.1 Diabetes mellitus, a growing metabolic disease 

Diabetes mellitus is a leading cause of death, and has overtaken other common 

conditions such as infectious diseases, which include human immunodeficiency virus 

and tuberculosis (Roglic et al. 2005). As such, diabetes is one of the major global 

causes of morbidity and mortality, increased health expenditure, and economic loss. 

Lately, diabetes has also been associated with an increase in the morbidity of 

infectious diseases such as severe acute respiratory syndrome (SARS-2) (Gregg, 

Sophiea, and Weldegiorgis 2021). Diabetes has been reported to have caused 1.5 

million deaths world-wide in 2019 (WHO 2021), and its global prevalence in 2019 

was estimated to be 136 million people, and is projected to increase to 195 million by 

the year 2030 and 276 million by the year 2045 (Sinclair et al. 2020). The global 

increase in the prevalence of diabetes has been attributed to factors such as 

urbanization, aging populations, and changes in lifestyle factors such as smoking, 

unhealthy diet, and sedentary life (Mayosi et al. 2009, Ramachandran et al. 1999). 

Furthermore, the prevalence of diabetes is higher in developing countries, where it is 

estimated to increase to 69% by the year 2030 compared to 20% in developed 

countries (Shaw, Sicree, and Zimmet 2010). In Sub-Saharan Africa, the projected 

prevalence of diabetes is 98% and is expected to increase from 12 million in 2010 to 

23 million in 2030 (Hall et al. 2011). Specifically, in South Africa, the burden of 

diabetes mellitus was 5.5% in 2000 (Bradshaw et al. 2007), but increased to 9% in 

2013 (Bertram et al. 2013). Therefore, South Africa has a huge burden of diseases 

due to high rates of infectious diseases, non-communicable diseases, maternal and 

child mortality (Mayosi et al. 2009). The economic burden is further worsened by the 

disease generally affecting working-age people in Africa, thereby causing a decrease 

in economic productivity (Peer et al. 2014). 

Diabetes mellitus is a metabolic disease with various subtypes, all having the 

common feature of hyperglycaemia, which is a major cause of diabetic complications 
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and a key parameter monitored during diabetes treatment. Type 1 or insulin-

dependent diabetes constitutes about 5-10% of diagnosed diabetic patients (Maahs 

et al. 2010). Type 1 diabetes is due to autoimmune destruction of pancreatic β-cells 

through cell-mediated inflammatory responses and occurs mainly in children and 

adolescents (Devendra, Liu, and Eisenbarth 2004). The presence of autoantibodies 

against pancreatic islet cells is a characteristic of immune destruction of pancreatic 

β-cells in type 1 diabetes mellitus and include islet cell autoantibodies to insulin, 

protein tyrosine phosphatase, and zinc transporter protein (Vermeulen et al. 2011). 

Autoimmune destruction of pancreatic β-cells has various genetic predispositions 

such as human leukocyte antigen associations (Noble et al. 1996) and is also linked 

to environmental factors. Type 2 or non-insulin dependent diabetes mellitus affects 

about 90% of diagnosed adult diabetic patients. It is characterized by insulin 

resistance and is associated with a sedentary lifestyle and obesity (Ramachandran et 

al. 1999). Over time, the disease increases the requirements for insulin in 

insulin-sensitive tissues and decreases insulin secretion, thereby transforming type 2 

diabetes from being insulin independent to insulin dependent (Druet et al. 2006). 

Another less-recognised subtype of diabetes is gestational diabetes (GDM), which 

occurs during pregnancy. The uniqueness of GDM is in its effect on both the mother 

and the foetus, thereby inducing life-long health problems for both. Diabetes in 

pregnant mothers with poorly monitored hyperglycaemia is linked with foetal birth 

defects in 5–10% of pregnancies and spontaneous abortion in 15–20% of 

pregnancies (Reece 2012). GDM occurs in 2% of pregnancies (Pauliks 2015), and 

according to the International Diabetes Federation (2017), it affects approximately 

14% of pregnancies world-wide, corresponding to around 18 million births. The risk 

factors for GDM include obesity, a previous history of gestational diabetes, maternal 

age, polycystic ovary syndrome, and exposure to toxic factors (Galtier 2010). 

However, there is incomplete evidence in the existing literature about the 

mechanisms through which GDM affects the foetus. 
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1.2 Diabetes mellitus as a cardiovascular disease 

The main causes of diabetic morbidity and mortality are systemic complications, 

which include acute metabolic conditions such as hyperglycaemia with ketoacidosis 

and hypoglycaemia. Other causes include chronic complications in various body 

systems such as cardiovascular, renal, visual, neurological, and gastrointestinal 

systems. Among the chronic diabetic complications, cardiovascular diseases 

constitute about half of them, and are the main cause of diabetic morbidity and 

mortality (Rao Kondapally Seshasai et al. 2011, Soedamah-Muthu et al. 2006). This 

contribution of cardiovascular complications is more so in African countries where the 

complications account for over 60% of diabetic deaths (Bos and Agyemang 2013). 

Apart from affecting the heart through conditions such as myocardial infarction, 

diabetes also presents as vasculopathy in the retina, kidneys, brain, and peripheral 

arterial disease (Krentz, Clough, and Byrne 2007). Because of these various 

cardiovascular manifestations and the effects in either adults or in the foetus of a 

diabetic mother, diabetes mellitus is primarily considered as a cardiovascular disease 

(Grundy et al. 1999).  

Maternal complications in GDM include hypertension, preeclampsia, and an 

increased risk of caesarean section delivery (Rosenn 1998). The condition is 

associated with long-term complications to the offspring including high risk of glucose 

intolerance, diabetes mellitus, and obesity (Dabelea and Pettitt 2001). Poor maternal 

glycaemic control, especially in the case of pre-existing diabetes, increases the risk 

of foetal malformations. The foetuses of diabetic mothers are at a high risk of 

perinatal morbidity and mortality due to congenital anomalies, also known as 

congenital malformations, that occur for the duration of intrauterine life (Evers, de 

Valk, and Visser 2004). Congenital malformations are the second predisposing 

reason of infant death after prematurity, causing about 20% of infant deaths (Almli et 

al. 2017). The congenital malformations include cardiac anomalies such as 

transposition of great arteries, ventricular and atrial septal defects, central nervous 

system defects such as neural tube defects, and gastrointestinal malformations such 

as duodenal atresia, and skeletal and genitourinary tract anomalies (McLeod and 
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Ray 2002). Of these malformations, congenital heart diseases (Alyousif et al. 2021, 

Wren, Birrell, and Hawthorne 2003) and abnormalities of the nervous system are 

more common (Li et al. 2012), since both start developing in the early embryonic 

developmental stage. The prevalence of foetal cardiac malformations reportedly 

increases to 8.5% in diabetic mothers with poor glycaemic control (Starikov et al. 

2013). Moreover, GDM suppresses the expression of transcription factors, which are 

critical for cardiac lineage specification, suggesting that GDM negatively influences 

cardiogenesis during early embryonic development (Kumar, Dheen, and Tay 2007).  

 

1.3 Diabetic adult- and foetal cardiac complications 
 

1.3.1 Adult heart complications 

The main consequence of diabetic-induced structural changes is diabetic 

cardiomyopathy, a condition that occurs independently of other cardiac factors such 

as coronary heart disease and valvular heart diseases (Hayat et al. 2004). Diabetes-

induced cardiomyopathy affects cardiac tissue structural components such as 

cardiomyocytes and the interstitium, thereby imposing a substantial risk factor for left 

ventricle (LV) hypertrophy (Galderisi et al. 1991). The cardiac structural changes in 

diabetes mellitus result in changes in cardiac cell size and interstitial deposition of 

collagen fibres leading to changes in the ventricular mass and ultimately hypertrophy 

of the LV, which is more frequently affected than the right ventricle (Devereux et al. 

2000). Cardiomyocyte alterations involve cellular hypertrophy and death; hypertrophy 

may be linked to increased fat and protein synthesis within the cardiac cells (Veille et 

al. 1993). Cardiac fibrosis is an important structural derangement in a diabetic heart 

since it is associated with cardiac dysfunction and poor prognosis. As such, 

interstitial fibrosis is one of the important causes of increased ventricular stiffness 

and diastolic dysfunction in diabetes mellitus (van Heerebeek et al. 2008). In adult 

diabetic cardiac dysfunction, the diastolic impairment occurs early in diabetes 

mellitus, and precedes the systolic dysfunction (Karamitsos et al. 2007).  
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Diabetes mellitus is also linked with changes in the electrical function of the heart 

that cause cardiac arrhythmias. The abnormalities include defects in cardiac action 

potential (AP) conduction or repolarization phases, due to a complex interaction of 

ion channel and electrophysiological alterations. The arrhythmogenesis can be due 

to irregularities in conduction, which could be mediated by myocardial ischaemia 

(Desouza et al. 2003), ion channel dysfunction, increased adrenergic drive, and 

calcium (Ca2+) overload (Tse et al. 2016). In addition, the alteration in the neuronal 

pathway of the cardiac autonomic innervation of the heart can further promote 

arrhythmogenesis (Coumel 1993). Diabetes mellitus is also associated with 

disturbances in the sinoatrial node function (Howarth, Al-Sharhan, et al. 2007) and 

vascular responses, which increases the incidence of silent cardiac ischemia (Fava 

et al. 1993). Therefore, alterations in the electrophysiological characteristics of the 

heart are some of the main underlying causes of cardiac arrhythmias (Soltysinska et 

al. 2014, Wang and Hill 2010).  

  

1.3.2 Foetal cardiac complications 

Several factors predispose to foetal cardiac structural damage including metabolic 

derangements, disturbances in structural proteins, autonomic dysfunction, 

impairment in ion homeostasis, and interstitial fibrosis (Tziakas, Chalikias, and Kaski 

2005). Common cardiac structural anomalies in infants of mothers with GDM involve 

ventricular septal defects, transposition of great arteries, tetralogy of Fallot, and 

aortic stenosis (Moazzen et al. 2014). The defects in great arteries that are more 

common in infants of diabetic mothers include truncus arteriosus and double outlet 

right ventricle (Ferencz et al. 1990). Notably, hypertrophic cardiomyopathy has been 

diagnosed in up to 50% of new-born infants of diabetic mothers (Kulkarni et al. 

2017). Foetal hypertrophic cardiomyopathy involves heart enlargement and 

disproportionate septal hypertrophy. In severe conditions, foetal myocardial 

hypertrophy causes ventricular stiffness which could influence diastolic filling and 

systolic function of the heart (Ullmo et al. 2007). Foetal cardiac hypertrophy and 

myocardial remodelling are triggered primarily by cardiomyocyte hyperplasia, and 
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disorganization of the normal pattern of cardiac myofibrils, changes that are similar to 

those seen in cardiomyopathy in adults (Dowling et al. 2014, Lehtoranta et al. 2013). 

Moreover, the infants who survive the intrauterine diabetic condition have a 

possibility of developing congenital malformation and cardiomyopathies that 

predispose to cardiac dysfunction later in life (Depla et al. 2021, Hoodbhoy et al. 

2019).  

GDM causes cardiac foetal functional impairments even in the absence of detectable 

structural changes. These functional alterations include changes in heart rate and 

impaired ventricular filling, which predispose the foetal cardiac dysfunction. Cardiac 

foetal diastolic dysfunction has been detected in the earliest days of foetal doppler 

ultrasound in mothers with GDM (Hatém et al. 2008). As such, alterations in foetal 

cardiac function are correlated with neonatal morbidity (Bhorat, Pillay, and Reddy 

2018). The alterations in foetal cardiac function have been observed previously in the 

first trimester of pregnancy in foetuses of diabetic mothers in comparison with non-

diabetic controls (Russell et al. 2008).  

An initial marker of foetal cardiac dysfunction in mothers with GDM could be the 

foetal heart rate, which observed to be higher in foetuses from diabetic mothers with 

poor glycaemic control (Costa et al. 2009). In addition, foetal cardiac arrhythmias 

have been diagnosed in 1–3% of pregnancies (Aggarwal, Czaplicki, and Chintala 

2009). The disturbances in the electrical conduction system of the heart also include 

alterations in the gap junction proteins, which play a key part in intercellular impulse 

transmission within the myocardium. Gap junctions in the heart consist of proteins 

called connexins (Cxs), which are expressed in the adult myocardium (van Kempen 

et al. 1991) and have been linked to electrophysiological defects in adult diabetic 

hearts (Howarth, Nowotny, et al. 2007). The remodelling of the gap junction proteins 

is likely to occur in Cx 43 (Lin et al. 2006) since it has been demonstrated in previous 

studies in an adult diabetic model that there is an association between structural 

remodelling of such Cxs and development of cardiac arrhythmias in the adult diabetic 

heart (Howarth et al. 2008, Howarth, Nowotny, et al. 2007). However, whether the 
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developing heart exposed to diabetic conditions could show changes in the gap 

junction protein is still unknown.  

The basis for cardiac complications in diabetes mellitus either in adult or in foetal 

hearts occur through a maladaptation process called cardiac remodelling. 

Pathological cardiac remodelling is a group of cardiac cellular, and interstitial 

changes that leads to modifications in cardiac structure and function. The 

pathological cardiac remodelling occurs in response to a pathological stimulus such 

as diabetes (Sekaran et al. 2017). Cardiac remodelling changes can occur in various 

cardiac tissue such as cardiomyocytes, ventricular myocardium, intestinal matrix, 

vascular and smooth muscle cells. Cardiomyocytes are the functional component of 

the heart, and are the key elements of cardiac health and disease (Fountoulaki, 

Dagres, and Iliodromitis 2015). 

 

1.3.3 Foetal cardiac remodelling 

Although cardiac remodelling is often diagnosed in adults, the foetal heart is more 

susceptible to damage when exposed to a pathological factor such as diabetes 

mellitus (Rizzo et al. 2020). In addition, babies of mothers with GDM are at a higher 

risk for cardiovascular disease and death in later life because of cardiac remodelling 

that disturbs the myocardium affecting cardiac structure and ventricular function 

(Garg et al. 2014).  

During the development of the heart, several cardiac progenitor cells contribute to 

the different cardiac cell types (Schleich et al. 2013). GDM is correlated with 

alterations in the expression of the genes controlling normal cardiac development, 

which cause disturbances in the differentiation of tissue such as the cardiac ganglia 

(Kumar, Dheen, and Tay 2007). Cardiac development occurs from mesoderm layer, 

which is identified as the first heart fields, second heart fields lineages, the migrating 

neural crest cells and epicardial cells for heart morphogenesis (Brade et al. 2013). 

Cardiogenesis begins from specification of cardiac progenitor cells, which promote 

the major portions of heart development. Subsequently, after cardiomyocyte lineage 
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specification, the developed cardiomyocytes undertake proliferation and terminal 

differentiation to generate fully differentiated functional cardiomyocytes (Kelly, 

Buckingham, and Moorman 2014). The neural crest originating from the neural plate 

border, is a group of pluripotent cells that go through induction, maintenance, 

differentiation, migration, and can contribute to almost every organ system in 

vertebrates including the heart (Hall 2008).  

Cardiomyocytes proliferate rapidly during foetal life, but the proliferation ends after 

birth (Lopaschuk, Spafford, and Marsh 1991) when the cardiomyocytes exit the cell 

cycle and become terminally differentiated cells, thereby being unable to divide. 

These cells therefore respond to pathological stimuli by increasing in size rather than 

increasing in number (Anversa, Ricci, and Olivetti 1986). The developing 

cardiomyocytes also respond to pathological stimuli by altering their gene expression 

through the reactivation of foetal genes programme. Such foetal genes include the 

production of defective cellular elements that result in ineffective tissue proliferation 

and differentiation (Gidh-Jain et al. 1998). The reactivation of the foetal genes 

programme is indicated by the induction of mRNA for genes such as the glucose 

transporter isoform and α-myosin heavy chain (Depre et al. 2000). The re-activation 

of foetal genes induces abnormal cell growth through alteration in protein synthesis 

resulting in cardiomyocyte hypertrophy (Lauriol et al. 2014). These maladaptive 

changes eventually lead to adverse ventricular remodelling via increased mechanical 

stress, initiation of aberrant signalling and impaired contractility function, which all 

finally cause heart failure (Yung et al. 2004). Therefore, understanding the cellular 

remodelling changes in diabetes, especially in developing cardiac cells may facilitate 

preventative treatment of heart failure.  

 

1.3.4 Mechanisms underlying foetal cardiac remodelling in GDM 

GDM is associated with several disturbances that lead to cellular remodelling 

especially in the developing cardiac cell. Such factors include general metabolic 

disturbances like lipid disorders, insulin insufficiency and hyperglycaemia. Among 
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these factors, hyperglycaemia causes significant alteration especially at the cellular 

level. Although high maternal glucose concentration is linked with foetal heart 

problems, the cellular and subcellular consequences of GDM on embryonic heart 

development is still unknown. Therefore, investigation of the mechanisms leading to 

diabetic developmental cardiac pathology might be a starting point for establishing 

preventative and treatment protocols. The mechanisms connecting compromised 

molecular signalling to congenital heart diseases in babies of diabetic mothers are 

becoming of increasing interest.  

 

1.3.4.1 Role of insulin resistance  

Insulin resistance in diabetes is one of the pathological factors that precipitates 

pathological cardiac cellular remodelling either in the adult or in the foetal heart. 

Foetal hyperinsulinemia has been observed in infants of a diabetic mothers 

intrauterine (Weiss et al. 2000), and after birth by sampling of umbilical cord blood 

(Dornhorst et al. 1994). Foetal insulin production seems to be linked to the level of 

metabolic irregularity in the foetus and is prognostic of compromised glucose 

tolerance and obesity in later life (Lindsay et al. 2003). Insulin resistance is expected 

to allow the foetus to get a sufficient supply of glucose by shifting the maternal 

energy metabolism from carbohydrates to lipids (Di Cianni et al. 2003). 

Hyperglycaemia in the blood returning from mother to foetus through the placenta 

activates insulin secretion in the foetus, which enhances cardiac foetal septal 

hypertrophy (El-Ganzoury et al. 2012). Foetal hyperinsulinaemia increases glucose 

transport from diabetic mother across the placenta (Paauw et al. 2020) and triggers 

the increased expression of insulin receptors and foetal organomegaly in the heart 

and other insulin-sensitive tissues (Boucher, Kleinridders, and Kahn 2014). Foetal 

hypertrophic cardiomyopathy is also triggered by foetal hyperinsulinemia and insulin-

like growth factors that enhance hypertrophy in cardiomyocytes (Hagemann and 

Zielinsky 1996), thereby predisposing to proliferation and hypertrophy of cardiac cells 

(Buchanan and Kitzmiller 1994). 
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1.3.4.2 Role of lipid disorders 

The alterations in the lipid metabolism of new-born babies of diabetic mothers could 

predispose to development of coronary heart diseases later in life (Eslamian et al. 

2013). Hyperglycaemia is linked to reduced free fatty acid oxidation and increased 

glucose oxidation, which enhances accumulation of triglycerides, thus inducing lipid 

toxicity. Aberrant metabolic pathways have been recognized as the main mediators 

of teratogenesis in mouse embryos, involving modified metabolism of inositol, 

arachidonic acid, and prostaglandins (Baker et al. 1990). In addition, hyperglycaemia 

enhances low density lipoprotein oxidation in the adult heart through the superoxide-

dependent pathway, which leads to free radical production (Kawamura, Heinecke, 

and Chait 1994). Compared to the adult heart, the foetal heart utilizes mostly glucose 

and lactate as source of energy, instead of fatty acids. GDM with poor glycaemic 

control triggers transport of lipids from mother to foetus, leading to hyperlipidaemia 

(Merzouk et al. 2000). Postnatally, the infant heart shows increased expression of 

some genes implicated in triglyceride and fatty acid metabolism (Lehman and Kelly 

2002). Furthermore, it has been proposed that maternal obesity could be a risk factor 

for foetal congenital heart disease, independent of diabetes mellitus (Madsen et al. 

2013). Incidentally, it has been shown in a previous study that the increased lipid and 

glucose indicators in diabetic mother are closely connected to impaired cardiac 

ventricular function in neonates of diabetic mothers (Cade et al. 2017). 

 

1.3.4.3 Role of hyperglycaemia 

Hyperglycaemia has been shown to induce pathological cardiac remodelling during 

early embryological heart developmental stages through factors such as oxidative 

stress, modulation of gene expression, cellular apoptosis, and protein modifications 

(Floris et al. 2015, Han et al. 2015). The foetal response to maternal hyperglycaemia 

is dependent on several factors such as the period of cardiac development, severity 

of hyperglycaemia, metabolic disorders, and genetic susceptibility. In GDM, glucose 

is transported through the placenta by a facilitated glucose transporter protein, which 

induces an increase in foetal blood glucose levels (Ericsson et al. 2007). The 
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interpretation of the molecular mechanisms of hyperglycaemia-induced cardiac 

embryopathy is still being explored. Several previous studies have reported that 

hyperglycaemia is the main risk factor for GDM-induced foetal cardiac damage 

(Devereux et al. 2000, Rubler et al. 1972). Exposure of cardiac neural crest cells to 

high glucose caused congenital heart defects in 82% of chick embryos. The 

malformations identified in chick embryo were in the outflow tracts and pharyngeal 

arch arteries that develop from neural crest cells (Roest et al. 2007). It has been 

reported that even mild increases in maternal serum glucose are linked with 

congenital heart defect in infants from diabetic mothers (Priest et al. 2015). Maternal 

hyperglycaemia causes an enhanced glucose metabolism in the developing foetus 

that could modify several molecular chain reactions including changed cell lipid 

metabolism and increased production of reactive oxygen species (ROS), which 

induces oxidative stress and subsequently increases the risk of foetal malformations 

(Chang et al. 2003). In addition, high glucose causes activation of various proteins 

engaged in cell death and alternative metabolic signalling pathways (Zhao et al. 

2009). 

Induction of oxidative stress  

Oxidative stress is a condition of enhanced production of ROS or the impairment of 

the antioxidant system. The increased ROS causes significant cardiovascular tissue 

damage, as it causes cellular alterations via multiple mechanisms such as oxidation 

and modulation of intracellular signalling pathways (Kwon et al. 2003). The rise in 

ROS levels in hyperglycaemia could be a consequence of a decrease in destruction 

or/and rise in the production of catalase (enzymatic/non-enzymatic). The difference 

in the levels of these enzymes leads to increased vulnerability of the tissue to 

oxidative stress damage leading to development of cardiac impairment (Lipinski 

2001). In particular, maternal hyperglycaemia also causes suppression of the 

endogenous antioxidant activity in the developing foetus (Li et al. 2011). In 

hyperglycaemia, ROS formation occurs by non-enzymatic glycation of proteins, 

glucose oxidation and enhanced lipid peroxidation causing the impairment of 

enzymes, cellular activities, and increased insulin resistance due to oxidative stress 

(Maritim, Sanders, and Watkins 2003). In a hyperglycaemic environment, the foetus 
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increases its oxidative metabolism, causing foetal hypoxaemia (Teramo 2010). In 

blood vessels, enhanced oxidative stress can lead to harmful vessel hyper-reactivity, 

vascular smooth muscle cell proliferation, platelet activation, and lipid peroxidation, 

which all eventually cause vascular complications (Maytin, Leopold, and Loscalzo 

1999). Maternal hyperglycaemia associated with reduced levels of an essential 

intracellular antioxidant, glutathione (El-Bassiouni et al. 2005), which could 

predispose the developing foetus to oxidative stress damage. The efficiency of using 

antioxidant treatment to prevent GDM-induced neural tube and heart defects has 

been demonstrated previously (Al Ghafli et al. 2004, Yang and Li 2010). However, 

information concerning the role of antioxidants in diabetes-induced changes in early 

cardiac cellular development is limited. 

The principal factor leading to enhanced mitochondrial ROS production is the redox 

state of the respiratory chain. The mitochondrial dysfunction in diabetes mellitus 

occurs due to disturbances in the mitochondrial proteins involved in fission and 

fusion, which are essential active processes that regulate normal morphology of 

mitochondria in the cell (Sesaki and Jensen 1999). Irregularities in fission and fusion 

predispose to cardiac cellular apoptosis (Cassidy-Stone et al. 2008). These 

processes involve several proteins, involving mechanical enzymes which alter 

mitochondrial membranes, and regulatory proteins that regulate the communication 

of these mechanical proteins together with organelles. Among these proteins, the 

mitochondrial GTPase, optic atrophy1 (OPA1) plays an important part in normal 

mitochondrial fusion, structure, and function. The dynamin related OPA1, situated on 

the inner mitochondrial membrane, protects the cell from apoptosis by inhibiting the 

release of cytochrome c from the mitochondria (Frezza et al. 2006). It has been 

shown that the condition of heart failure is linked to decreased OPA1 in the adult 

heart and with increased cardiac cell apoptosis, contributing to the progression of 

heart failure (Chen et al. 2009). A previous study done by Ding et al (Ding et al. 

2020) suggested that OPA1 plays a part in modifying the progression of adult 

diabetic cardiomyopathy. However, the role of OPA1 in developing cardiac cells 

exposed to hyperglycaemia is still unknown. 
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The enhanced production of mitochondrial ROS also disturbs endogenous 

antioxidant activities, activate caspase3/8-dependent apoptosis and decreases cell 

proliferation in embryonic hearts exposed to maternal diabetes (Sivan et al. 1997, 

Wang, Reece, and Yang 2015). Previous studies have reported that, GDM triggers 

oxidative stress and stimulates pro-apoptotic kinase signalling pathways, leading to 

disturbances in cell proliferation and apoptosis and resulting in defective 

cardiogenesis (Wang, Reece, and Yang 2015, Yang et al. 2015). The Wnt signalling 

pathway is one of the most important developmental signalling pathways and has 

been shown to play an essential role for embryogenesis. Alterations in the Wnt 

signalling pathway could lead to congenital heart diseases similar to those detected 

in human diabetic pregnancies (Lin et al. 2007, Schleiffarth et al. 2007). Eriksson and 

colleagues observed that the supplementation of the free oxygen radical scavenging 

enzyme, superoxide dismutase in cultured rat embryos protected against the 

teratogenic effects of hyperglycaemia (Eriksson and Borg 1993).  

Oxidative stress also leads to several changes in cardiac tissue such as 

modifications in gene expression (Cheng et al. 1999), modulation of extracellular 

matrix (Siwik, Pagano, and Colucci 2001), activation of different cellular hypertrophy 

kinases and transcription factors such as protein kinase C (Cheng et al. 2005), and 

cellular apoptosis (von Harsdorf, Li, and Dietz 1999). In addition, oxidative stress 

causes endothelial dysfunction and impaired production of nitric oxide (Hink et al. 

2001). The excess ROS also triggers matrix metalloproteinases, which are 

proteolytic enzymes that enhance the production and deposition of collagen by 

cardiac fibroblasts, thereby promoting the development of myocardial fibrosis (Siwik, 

Pagano, and Colucci 2001). ROS also impairs the contractile function of the heart 

through alteration of proteins included in excitation–contraction coupling processes. 

ROS can also modulate Ca2+ handling via the stimulation of L-type Ca2+ channels 

and the inhibition of Ca2+ uptake by the Ca2+ ATPase in the sarcoplasmic reticulum 

(Zima and Blatter 2006). However, whether oxidative stress could be implicated in 

early developing cardiac cells disturbances as a result of hyperglycaemia still needs 

to be clarified. 
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Disturbances in cellular metabolism 

Hyperglycaemia-induced disturbances in cardiac metabolism and mitochondrial 

dysfunction are mechanisms proposed to underlie diabetic cardiomyopathy (Lee et 

al. 2015). Mitochondrial dysfunction and reduced adenosine triphosphate are 

associated with increased oxidative damage through elevated hydrogen peroxide 

production and decreased glutathione levels (Ghosh et al. 2005). In addition, 

mitochondrial dysfunction causes the release of pro-death factors such as 

cytochrome c and, apoptosis-inducing factor (Cai et al. 2002). Defects in the energy 

metabolism of the heart leads to a decrease in the energy consuming processes and 

consequently disturbs cardiac contractile activity. In normal conditions, fatty acids 

and carbohydrates are the main sources used by mitochondria for energy production 

(Stanley, Recchia, and Lopaschuk 2005), but hyperglycaemia is linked to alterations 

in the metabolism of glucose due to decreased glucose transporters such as GLUT1 

and 4, both of which are regulated by insulin (Russell et al. 1998). The modifications 

in cardiac mitochondrial oxidative metabolism can also be mediated through changes 

in the level of gene transcription by peroxisome proliferator activated receptor 

(PPAR). PPARs are a family of ligand activated transcription nuclear factors, which 

play a role in controlling glucose and lipid homeostasis (Barger and Kelly 2000). 

PPAR expression is enhanced in hyperglycaemic conditions, which suggest that it 

may have a role in diabetic cardiomyopathy (Lee, Kao, et al. 2011).  

Hyperglycaemia causes the activation of various metabolic signalling pathways 

involved in the pathogenesis of diabetic cardiovascular diseases. Such pathways 

involve the polyol pathway, which contributes to 3% of glucose flux in cells under 

normal conditions. However, in hyperglycaemia about 30% of glucose enters through 

the polyol pathway causing tissue destruction via enhancement of ROS production 

and reduced levels of nitric oxide production (Obrosova et al. 2005, Tang, Martin, 

and Hwa 2012). The pentose phosphate pathway inhibits cardiomyocyte maturation 

both in in-vitro models of embryonic stem cell-derived cardiomyocytes and in in-vivo 

models of murine diabetic hearts (Nakano et al. 2017). Hyperglycaemia also 

increases the activation of the protein kinase pathways that control intracellular 

signalling transduction such as growth factor signalling and endothelial activation. 
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The increased activation of the protein kinases leads to an alteration in the 

expression of specific cytokines such as TGF-β and connective tissue growth factor, 

both of which are involved in the progression of cardiac fibrosis (Way et al. 2002). 

Moreover, the impairment of the protein kinase pathway incudes the Akt signalling 

pathway, a signal transduction pathway promoting survival of the cardiac cells 

through regulation of cellular metabolism, protein synthesis, and glucose uptake 

(Yao, Han, and Han 2014). The impaired activation of Akt pathway leads to 

increased signalling activity and the modulation of several factors such as GSK-β, 

which enhances hypertrophic growth of the heart (Aoyagi and Matsui 2011).  

Hyperglycaemia causes shifting of glucose into the hexosamine biosynthetic pathway 

(HBP), which is responsible for many of the manifestations of hyperglycaemia-

induced cardiomyopathy (Kolm-Litty et al. 1998). The HBP pathway is a glycolytic 

pathway, incorporating 3% of total glucose utilized (Marshall, Bacote, and Traxinger 

1991). The major by-product of the HBP pathway is UDP-N-acetylglucosamine, a 

substrate for O-GlcNAc transferase that catalyses the reversible O-GlcNAcylation of 

serine and threonine residues of various cytosolic and nuclear proteins. The 

activation of the HBP pathway by hyperglycaemia causes changes in both gene 

expression and protein function, which together predispose to the pathogenesis of 

diabetic complications such as diabetic nephropathy (Schleicher and Weigert 2000). 

The HBP pathway also has a significant role in hyperglycaemia- induced insulin 

resistance (Buse 2006) and is linked to diabetic complications as it causes inhibition 

of eNOS activity by hyperglycaemia-produced O-acetyl glucosaminylation at the Akt 

site of the eNOS protein (Du et al. 2001). However, there is limited evidence in 

previous literature regarding the role of these pathways in the pathogenesis of 

hyperglycaemia-induced developing cardiac cell alterations. 

 

Degenerative and proliferative changes 

Hyperglycaemia is associated with several degenerative or proliferative changes that 

lead to cardiac cellular alterations. Such changes include post-translational 

modifications of several intracellular and extracellular proteins/molecules such as 
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formation of advanced glycation end products (AGEs), matrix deposition and 

interstitial fibrosis, which all predispose to cardiac cellular hypertrophy and cell death. 

In addition, hyperglycaemia causes mitochondrial dysfunction and energy deficit, 

which all leads to cardiac dysfunction. 

Post-translational modifications 

Hyperglycaemia is associated with post-translational modifications such as the 

formation of AGEs, which are important contributors to hyperglycaemia-induced 

cardiac cellular injury. The AGEs are a heterogeneous group of molecules formed 

through a process known as glycation and occurs due to a non-enzymatic series of 

irreversible reactions between glucose and plasma proteins (Basta, Schmidt, and De 

Caterina 2004). The accumulation of AGEs inside the cell causes an alteration in the 

function of intracellular proteins as well as activation of intracellular signalling 

pathways such as enhanced production of free radicals leading to cellular damage 

(Yan et al. 1994). Furthermore, the AGE-induced cardiomyocyte dysfunction in a 

diabetic heart is coupled with disturbances in the mitochondrial membrane 

depolarization and decreased inactivation of GSK-β factor, which together enhance 

the hypertrophic growth of the heart and impaired cardiac contractility (Ma et al. 

2009). The deposition of AGEs causes the upregulation of transforming growth factor 

(TGF), which leads to induction of fibrosis (Striker and Striker 1996), as well as to 

derangements in enzymatic function of sarcoplasmic reticulum (Bidasee et al. 2004). 

Furthermore, the AGE products cause cellular damage through reaction with their 

specific receptors called receptors of AGE (RAGE), which are expressed in several 

cell types such as cardiomyocytes and vascular cells (Brett et al. 1993). RAGE 

stimulate intracellular oxidative stress through activation of NADPH oxidase and 

inhibition of nitric oxide is well defined in a diabetic condition where both receptor 

expression and AGE ligand availability are highly expressed (Jandeleit-Dahm and 

Cooper 2008). The AGE-RAGE interactions have an important role in cardiac 

dysfunction and pathogenesis of several cardiac structural and electrical alterations. 

These interactions have been shown to depress sarcoplasmic/endoplasmic reticulum 

Ca2+-ATPase (SERCA) activity and participate in pathogenesis of diabetic 
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cardiomyopathy (Arai 2002). In addition, the accumulation of AGEs in the 

extracellular matrix causes myocardial stiffness and impaired cardiac performance 

(Deluyker, Evens, and Bito 2017). The AGE-RAGE interactions also cause the 

release of pro-inflammatory cytokines and free radicals and activation of pleiotropic 

transcription nuclear factors, which all induce an isoform shift of the normal 

contractile protein myosin heavy chain (α-MHC) to the impaired β-MHC isoform 

(Aragno et al. 2006). 

Interstitial fibrosis is one of the underlying causes of cardiac cellular derangements. It 

occurs due to activation of cardiac fibroblasts, which increases production and 

accumulation of types I and III collagen fibres in the myocardium (Weber 1997). The 

extracellular collagen composition is controlled through the equilibrium between 

collagen synthesis and degradation, which are mediated by matrix 

metalloproteinases and their inhibitors. In addition, the accumulation of AGEs in the 

extracellular matrix leads to the modification of extracellular proteins leading to 

cardiac fibrosis, which causes myocardial stiffness and impaired cardiac 

performance (Deluyker, Evens, and Bito 2017). There is an increase in the activity of 

matrix metalloproteinases in diabetic cardiac tissue and in the cardiac tissue culture 

model exposed to high glucose that was reported to be due to ROS formation 

(Uemura et al. 2001). In addition, transforming growth factor beta1 (TGF-β1) 

performs an essential role in the modulation of fibroblasts and alterations of gene 

expression that induces interstitial fibrosis (Rosenkranz et al. 2002). The TGF-β over-

expression has been observed in cardiac hypertrophy associated with interstitial 

fibrosis and in hyperglycaemia (Way et al. 2002, Westermann et al. 2007). Interstitial 

fibrosis leads to abnormal electrical conduction in the heart causing reduced 

conduction velocity (Miragoli, Gaudesius, and Rohr 2006). 

 

Cardiac cellular hypertrophy 

Cardiac cellular hypertrophy is one of the consequences of proliferative changes due 

to hyperglycaemia. The increased activation of the calcineurin and nuclear factor of 

activated T-cell (NFAT) signalling pathway has been implicated in the pathological 
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hypertrophic growth of the myocardium. The activation of this pathway within the 

cardiomyocyte depends on the intracellular Ca2+ concentration (Wilkins et al. 2004),  

the Ca2+-dependent calcineurin dephosphorylates NFAT and cause it translocate 

into the nucleus to stimulate gene expression (Heineke and Molkentin 2006). This 

pathway is associated with stimulation of the foetal gene program and the induction 

of cardiac hypertrophy and cardiac arrhythmias (Zhao et al. 2016). Furthermore, the 

Ca2+/calcineurin-NFAT signalling regulates the cardiac hypertrophic response in 

coordination with another pathway, such as protein kinase C or mitogen-activated 

protein kinases (Molkentin 2004).  

TGF-β is known to play a crucial role in the early stages of embryonic cardiac 

development (Bartram et al. 2001). Maternal hyperglycaemia has been reported to 

suppress TGF-β signalling in the exposed embryonic hearts by downregulating the 

expression of its receptors such as TGF-β receptor. In addition, maternal 

hyperglycaemia is also associated with phosphorylation of downstream effectors 

such as mothers against decapentaplegic (Smad2/3), which may contribute to 

hyperglycaemia-induced cardiac defects (Wang, Reece, and Yang 2015). The 

induction of TGF-β expression in diabetic hearts could be mediated via activation of 

angiotensin II (Toblli et al. 2005), or through the direct actions of hyperglycaemia on 

the activation and secretion of TGF-β transcription factor (Ziyadeh et al. 1994). The 

AGE-RAGE interactions are also known to induce fibrosis through upregulation of 

TGF-β (Striker and Striker 1996). However, the role of post-translational modification 

in the pathogenesis of hyperglycaemia-induced cardiac cell development changes 

are still unclear. 

Cardiac cell death 

Cardiomyocyte death triggers a reduction in myocardium performance and 

ventricular dilation (Frustaci et al. 2000) and plays a significant role in the 

development of diabetic cardiomyopathy (Cai et al. 2006). The cardiac tissue of 

diabetic patients has been shown to have greater numbers of apoptotic 

cardiomyocytes, endothelial cells, and fibroblasts, in comparison to that in non-

diabetic subjects (Frustaci et al. 2000). However, whether cell death could occur in 
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early development of cardiac cells is still unknown. Myocardial cell death is a 

significant determinant of cardiac pathogenesis during hyperglycaemia as it leads to 

damage of contractile units, conduction disturbances, hypertrophy of cardiac cells, 

and fibrosis (Kang 2001). 

Types of cell death 

Based on cellular morphological changes three main forms of cell death have been 

distinguished including apoptosis, autophagy, and necrosis (Dyntar et al. 2006, 

Frustaci et al. 2000). Autophagy is a self-degradative process characterized by 

accumulation of vacuoles in the cytoplasm and encapsulated cytoplasmic material 

and consequent lysosomal degradation (Axe et al. 2008). Necrosis is unprogrammed 

cell death (caused by factors external to the cells), and characterized by cytoplasmic 

swelling, dilation of organelles, rupture of cell membranes and leakage of 

cytoplasmic content (Proskuryakov, Konoplyannikov, and Gabai 2003). Apoptosis is 

a process of programmed cell death (cell death mediated by intracellular program) 

characterized by alterations in cellular morphology. Because of its link with diabetes, 

for the purposes of this project, apoptosis will be further discussed in depth.  

The cellular apoptosis features include shrinkage of the cell, cell membrane blebbing, 

formation of apoptotic bodies and nuclear changes such as chromatin condensation 

and DNA fragmentation (Trump et al. 1997). Furthermore, hyperglycaemia-induced 

cardiac cell apoptosis has been also reported in several in-vitro studies using 

cultured endothelial cells (Baumgartner-Parzer et al. 1995) and smooth muscle cells 

(Peiró et al. 2001), as well as cardiomyocytes (Shizukuda, Reyland, and Buttrick 

2002). Generally, apoptosis is initiated by the activation of family of proteases known 

as cysteine aspartyl-specific proteases (caspases), included in the proteolysis of 

proteins, which cause biochemical and morphological alterations, which are 

characteristic of cellular apoptosis. There are two main pathways of cellular 

apoptosis: the extrinsic and intrinsic apoptotic pathways. The intrinsic pathway also 

identified as mitochondrial-dependent pathway of apoptosis is triggered by 

intracellular stimuli that act on several targets within the cell result in release of 

proteins from mitochondria. The mitochondria-dependent pathways include 
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generation of ROS and oxidative stress damage (von Harsdorf, Li, and Dietz 1999). 

Mitochondrial proteins such as cytochrome c, which is associated in the inner 

membrane of the mitochondria, is a component of the electron transport chain in the 

mitochondria. In addition, cytochrome c is implicated in the initiation of apoptosis 

when released into the cytoplasm. It binds apoptotic protease triggering factor-1 to 

create a complex, which works as a platform for the cleavage and activation of 

downstream caspases caspase-9 and -3 pathways (Henderson et al. 2005).  

Previous studies have been shown that the hyperglycaemia-increased release of 

mitochondrial protein cytochrome c into the cytoplasm and enhanced activity of 

cleaved caspase-3 in cell culture condition under high glucose level (Feng et al. 

2018) and in an adult diabetic animal model (Cai et al. 2002). The caspases are a 

family of protease enzymes that plays an essential function in programmed cell death 

and inflammation. These enzymes are produced as zymogens that are activated 

after cleavage of their prodomains (Nicholson and Thornberry 1997). The activation 

of caspases occurs through different pathways and includes the involvement of 

mitochondria, which release caspase activating proteins into the cytoplasm, thereby 

triggering apoptosis (Green and Reed 1998). There are two sets of caspases, the 

initiator and the executioner caspases (Elmore 2007). After cell injury occurs, the 

initiator caspases (caspases 8 and 9) are activated from inactive procaspases and 

activate the executioner caspases (caspases 3, 6 and 7). The stimulation of 

executioner caspases initiates a cascade of events that cause DNA fragmentation, 

damage of the nuclear proteins and cytoskeleton and development of apoptotic 

bodies (Martinvalet, Zhu, and Lieberman 2005, Poon et al. 2014).  

B-cell lymphoma 2 (Bcl-2) is a family of regulatory proteins that regulate the intrinsic 

pathway of cellular apoptosis through preventing (anti-apoptotic) proteins such as 

Bcl-2 and Bcl-XL or inducing (pro-apoptotic) proteins such as Bax, Bak and Bad. The 

relationship between the apoptotic and anti-apoptotic proteins regulates the cell cycle 

through mitochondrial regulation. In addition, the stability between pre-apoptotic and 

anti-apoptotic factors controls the survival of the cells and the process of apoptosis 

(Hengartner 2000). Bcl‑2 is in the outer membrane of mitochondria, where it has a 

https://en.wikipedia.org/wiki/Apoptosis
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significant role in helping cellular survival and preventing the actions of pro-apoptotic 

proteins. The pro-apoptotic proteins induce apoptosis through their action on the 

mitochondrial membrane to promote permeabilization and release of cytochrome 

c and ROS (Oltvai, Milliman, and Korsmeyer 1993). The Bcl‑2 -associated X protein 

(BAX) was recognized by its homologous binding to Bcl‑2 that enhances apoptosis in 

response to stress stimuli (Oltvai, Milliman, and Korsmeyer 1993). The balance 

between the apoptotic and anti-apoptotic proteins regulates the cellular life cycle 

through mitochondrial function. The ratio of Bcl‑2 to Bax known as “death switch” is 

frequently recognized as an indicator of apoptosis. A rise in this ratio is used to 

indicate reduction of the apoptotic process, while a decrease in the ratio implies 

exacerbation of the apoptotic process. However, whether there is increased cardiac 

cellular apoptosis in developing cardiac cells exposed to hyperglycaemia requires 

further exploration. 

The extrinsic pathway of cellular apoptosis, also recognized as the death receptor 

pathway, is stimulated by extracellular receptors binding to the cell-surface called 

death receptors. Death receptors such as Fas are members of the tumour-necrosis 

factor receptor family which activate apoptosis upon ligand binding (Tartaglia et al. 

1993). Once ligands bind to their particular death receptors, the death domains 

attract the intracellular adaptor protein, which subsequently activates the signalling 

cascade of the caspase protease family (Salvesen and Dixit 1997). The caspases 

that are involved in the formation of this death-inducing signalling complex include 

caspase-8 and caspase-10, which are both cleaved and produce active initiator 

caspases (Kischkel et al. 2001, Sprick et al. 2000). 

The association between cellular proliferation and cell death might correspondingly 

reveal the fact that cells require survival signals. Deficiency of these indicators 

causes apoptosis, a phenomenon named ‘death by neglect’. Survival signals consist 

of hormones, growth factors, cytokines, and additional stimuli, such as the signal 

induced by adhesion molecules. The survival signals are facilitated via 

phosphatidylinositol 3-kinase (PI3K)/AKT pathway (Yao and Cooper 1996). The PI3K 

plays critical roles in many biological cellular activities such as cytoskeletal 

https://en.wikipedia.org/wiki/Cytochrome_c
https://en.wikipedia.org/wiki/Cytochrome_c
https://en.wikipedia.org/wiki/Reactive_oxygen_species
https://www.abcam.com/index.html?pageconfig=datasheet&intAbID=2440
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organization, cell survival, and apoptosis (Toker and Cantley 1997), with Akt being its 

most well-known downstream target (Chan, Rittenhouse, and Tsichlis 1999). In 

addition, AKT has an anti-apoptotic role by inhibiting the release of cytochrome c and 

apoptosis enhancing factors from mitochondria (Kim et al. 2004). Meng and 

collaborators (Meng et al. 2017) have proposed that diabetes mellitus could induce 

neuronal apoptosis in the cerebral cortex through downregulating AKT 

phosphorylation. In the diabetic heart, the blockage of the PI3K/Akt pathway reduced 

the expression of eNOS and mTOR, which are both proteins that may regulate the 

level of apoptosis (Chen et al. 2014). These findings were corroborated by Wang et 

al (Wang et al. 2019) who showed that the PI3K/Akt signalling affects the anti-

apoptotic pathway in a cardiac cell line exposed to high glucose in cell culture 

conditions.  

Excitation- contraction coupling alterations  

The coupling between excitation and contraction in cardiomyocytes is mediated 

through a Ca2+ induced Ca2+ release mechanism. In cardiac cells, the arrival of 

electric signals at the sarcolemma causes Ca2+ from the extracellular space to enter 

cardiac cell through voltage-gated L-type Ca2+ channels. The entry of Ca2+ induces 

Ca2+ release from the sarcoplasmic reticulum through ryanodine receptor type (RyR), 

and this action is overall referred to as Ca2+ induced Ca2+ release. The resulting 

transient increase in intracellular Ca2+ concentration can be recorded as Ca2+ 

transient, a vital event in the regulation of the contraction and relaxation of 

cardiomyocytes. The intracellular Ca2+ binds to the myofilament protein troponin C, a 

molecule of the thin filament of the sarcomere, triggering myocardial contraction. To 

activate myocardial relaxation, Ca2+ is then withdrawn from the sarcoplasm via Ca2+ 

reuptake into the sarcoplasmic reticulum, which is intermediated by SERCA and Na+/ 

Ca2+ exchanger, both being the main Ca2+ re-uptake pathways (Bassani, Bassani, 

and Bers 1994).  

It has been shown that the cardiac contractile dysfunction is underlined by Ca2+ 

transient prolongation and changed intracellular Ca2+ handling. In addition, the 

expression of the RyR is decreased, which is closely linked with the development of 
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hypertrophic remodelling in adult heart (Engelhardt et al. 2001). Changes in the 

concentration of extracellular Ca2+ causes weakening of cell junctions that reserve 

myocardium tissue integrity leading to arrhythmogenic cardiomyopathy (Moccia et al. 

2019). In adult diabetic cardiomyocytes reduced SERCA action and Ca2+ 

sequestration, as well as impaired Na+/Ca2+ exchange function was observed 

(Hattori et al. 2000). In early stages of heart development, it has been shown in the 

model stem cell derived-cardiomyocytes, the early use of RyR-sensitive stores, and 

they show rhythmic internal Ca2+ transients (Viatchenko-Karpinski et al. 1999). Later 

developmental stages of the heart require RyR for spontaneous beating (Yang et al. 

2002). In addition, a developmental study in stem cell derived cardiomyocytes 

confirmed the presence of a functional sarcoplasmic reticulum by showing 

spontaneous local Ca2+ events and raised Ca2+ release in response to caffeine 

stimulation as a function of RyR response to in-vitro differentiation (Sauer et al. 

2001). However, these changes are unknown in developing cardiac cells exposed to 

hyperglycaemia. 

Ca2+ overload has been implicated as one of the main causes of cardiomyocyte 

alterations and cardiac contractile dysfunction (Luo and Anderson 2013). The 

condition of abnormal depolarization in an adult diabetic heart has been presumed to 

occur under conditions of Ca2+ overload and leads to cardiac arrhythmias (Nordin, 

Gilat, and Aronson 1985). In addition, Ca2+ overload activates Ca2+ dependent 

pathways that mediate maladaptive cardiac remodelling, such pathways include 

calcineurin-NFAT translocation and activation of other hypertrophic cascade 

pathways within the cardiomyocytes (Wilkins et al. 2004). Furthermore, Ca2+ overload 

activates the process of cellular cytotoxicity and apoptosis (Kumar, Kain, and 

Sitasawad 2012). However, the role of Ca2+ in hyperglycaemia-induced changes in 

the developing cardiac cell is still unknown. 

It has been shown in previous studies that diabetes mellitus is accompanied by a 

reduction in the activities of Ca2+ ATPase of cardiac myofibrils and myosin isozymes 

in adult heart (Rupp, Elimban, and Dhalla 1989). The reduced activity of the ATPase 

of cardiac myofibrils plays a significant role in the development of cardiac contractile 
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dysfunction and occurs secondary to down-regulation of myosin isoforms and 

phosphorylation of the contractile proteins leading to cardiac hypertrophy and 

atrophy in a diabetic heart (Dillmann 1980, Liu, Takeda, and Dhalla 1997). 

Furthermore, diabetes mellitus is linked with increased phosphorylation of cardiac 

myofilaments troponin I, without alterations in its gene expression in the adult 

diabetic heart (Liu, Takeda, and Dhalla 1996). Diabetes mellitus is also connected 

with decreased activity of SERCA, which results in decreased relaxation in the adult 

diabetic heart (Ganguly et al. 1983). It has been shown that the Ca2+ could control 

the process of cardiac cell differentiation and heart development (Porter, Makuck, 

and Rivkees 2003). However, the role of Ca2+ in cardiogenesis, especially in 

pathological conditions such as hyperglycaemia is a complicated process to study 

especially at the molecular level. It would therefore be invaluable to use the 

appropriate study model to evaluate early developmental cardiac cellular changes. 

 

1.4 Mouse embryonic stem cells as a tool for cardiac 

developmental remodelling studies 

A main limitation in understanding the cellular mechanisms underlying foetal cardiac 

remodelling in GDM is the lack of an experimental model that recapitulates the 

developmental- and pathological changes occurring during the primary stages of 

cardiac cellular development. Fully differentiated adult cardiomyocytes have a low 

regenerative capacity (Steinhauser and Lee 2011), and therefore they do not allow 

the investigation of intermediate cellular developmental processes. In addition, adult 

cardiomyocytes do not survive for long period in-vitro such as cell culture conditions 

where they undergo spontaneous remodelling (Nag, Lee, and Sarkar 1996). On the 

contrary, stem cells such as mouse embryonic stem cells (mESC) proliferate 

physiologically and can differentiate into specific cell types such as cardiomyocytes. 

In addition, stem cells that undergo cardiac differentiation remain stable under cell 

culture conditions (Wobus et al. 2002). Furthermore, in-vitro mESC-derived 

cardiomyocytes have been confirmed as one of the cardiac cellular models that help 
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to evaluate the mechanisms of the cardiotoxicity (Shi et al. 2020) and therefore could 

be a useful model for studying cardiac glucotoxicity.  

The emergence of stem cell differentiation models provides a good tool to study 

changes during early tissue development (Robbins et al. 1990). Embryonic stem 

cells (ESC) originate from the inner cell mass of blastocysts and can differentiate into 

all three primary embryonic germ layers including the mesoderm from which the 

heart development occurs (Thomson et al. 1998). ESCs are pluripotent, which 

indicate that they can proliferate indefinitely and have the capacity to differentiate into 

different cell lineages including cardiomyocytes (Guasch and Fuchs 2005). ESC-

derived cardiomyocytes not only provide an ex-vivo basis of cardiomyocytes for cell-

based heart therapies, but also are a useful model for studying cardiac development. 

In addition, stem cells form a good model for studying early normal and pathological 

cardiac developmental processes. The stem cells differentiation culture system into 

cardiomyocytes has been commonly used as a model to study the early stages of 

cardiogenesis (Robbins et al. 1990). Moreover, the in-vitro stem cell differentiation 

into cardiac cells could provide a valuable model to analyse the differentiation 

process in order to understand the mechanisms of cellular remodelling via the 

creation “Disease-in-a-dish” models (Ballo, Greenberg, and Kidson 2012). During the 

early developmental stage, cardiomyocytes are difficult to isolate from the embryo 

because the heart is very tiny, too small to be subjected to single cell preparations 

(Davies et al. 1996). As such, the stem cell differentiation through embryoid body 

(EB) formation has been broadly used as a model for the analysis of early cardiac 

cellular development. Several previous studies have described the utility of EB-

derived models for cardiomyogenesis (Hescheler et al. 1997, Wobus, Wallukat, and 

Hescheler 1991) at ultrastructural (Hescheler et al. 1997), molecular biological 

(Miller-Hance et al. 1993), and electrophysiological (Ji et al. 1999, Maltsev et al. 

1994) levels, which all show a similarity to that observed in murine heart 

development. Therefore, stem cells derived cardiac-like cells represent a potentially 

suitable experimental model in understanding the developmental cellular 

mechanisms underlying foetal cardiac remodelling in a pathological condition such as 

diabetes. 



 
 
 
 
 
 

26 
 

1.5 Hypothesis and aims 

 

1.5.1 Hypothesis 

The hypothesis of this study is that hyperglycaemia causes structural and electrical 

remodelling in early development of cardiac cells. These alterations are mediated by 

degenerative changes, oxidative stress, and abnormalities in components of 

excitation-contraction coupling.  

 

1.5.2 Aims and specific objectives  

Aim 1- To establish and validate the model of spontaneous differentiation of stem 

cells into cardiac-like cells. 

Specific objective (a) To validate the pluripotency nature of the mouse embryonic 

stem cells (mESC). 

Specific objective (b) To differentiate mESC into cardiac-like cells and confirm the 

functional and structural cardiac-like nature. 

Specific objective (c) To determine the optimal glucose concentration for 

differentiation of stem cells into cardiac-like cells. 

 

Aim 2- To evaluate the effect of hyperglycaemia on the differentiation and maturation 

of mESC into cardiac-like cells. 

Specific objective (a) To establish the hyperglycaemia model of stem cell 

differentiation into cardiac-like cells. 
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Specific objective (b) To evaluate the effect of hyperglycaemia on the morphological, 

functional, and electrophysiological characteristics of stem cell differentiation into 

cardiac-like cells.  

 

Aim 3- To explore the possible underlying mechanisms of hyperglycaemia-induced 

cardiac cellular remodelling.  

Specific objective (a) To investigate the role of degenerative and proliferative 

changes in hyperglycaemia -induced structural and electrical alterations in stem cell 

derived cardiac-like cells.  

Specific objective (b) To explore the role of changes in excitation-contraction 

coupling in hyperglycaemia -induced structural and electrical alterations in stem cell 

derived cardiac-like cells. 
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Chapter 2: Materials and methods 

 

2.1 Mouse embryonic stem cell (mESC) propagation and in-

vitro differentiation  

Pluripotent mESCs of the OLA 129 (ES-E14) mouse cell line (provided by Prof. F. 

Brombacher, Department of Immunology, University of Cape Town, SA) were used in 

the study for differentiation into cardiac-like cells. All cell culture work was performed 

under aseptic conditions wearing laboratory coats and sterile gloves. Cells were 

grown at 37 ⁰C in a water-jacketed incubator (Thermo Scientific, USA) with 95% 

humidity and 5% CO2. Cells in culture were regularly checked and imaged on the 

EVOS XL Core microscope (Life Technologies, USA). The microscope was housed 

inside the Bio-Flow hood and used to monitor cell growth and to detect any signs of 

infection. All cell culture chemicals were purchased from Thermofisher Scientific, 

unless stated otherwise. 

The other cell lines used in this study included feeder layers of inactivated primary 

mouse embryonic fibroblast (iMEFs; ATCC, USA), which were prepared following a 

standardised technique (for process of MEFs culture and inactivation see 

Appendix 2.3). The iMEFs were tested for quality and stability before use by 

checking seeding capacity and how well mESCs could be propagated on them. 

Inactivated PA6 cells (provided by Professor S. Kidson, A-Star, Singapore) originally 

derived from new-born mouse calvaria were used to validate the differentiation 

potential of this mESCs source. All cells were regularly tested to exclude 

mycoplasma infection using nuclear staining (Appendix 2.4). 

 

2.1.1 mESCs culture and passage  

Before plating the iMEF feeder layers, the tissue culture dishes were coated with a 

0.1% gelatine and incubated at 37 °C for one hour. Frozen iMEF stocks were thawed 
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into DMEM/ foetal bovine serum (FBS) medium and plated on the gelatine-coated 

dishes at a density of 0.15 x106 cells/ 35 mm dish.  

After 24-48 hours, the mESC were plated on the feeder layers using stem cell culture 

medium. The culture medium on the iMEFs was replaced at least 2 hours before 

plating the mESC with ES culture medium containing DMEM 4.5 g/L glucose 

supplemented by FBS (15%), glutamax (1%), penicillin/ streptomycin (1%), beta-

mercaptoethanol (0.1%), and 5 ng/ml leukaemia inhibitory factor (LIF) (Catalog 

Number A35933, Thermofisher Scientific, SA). The addition of LIF helps to maintain 

the pluripotency state of the stem cells through activation of intercellular signalling 

pathways that target key pluripotency transcription factors (Smith et al. 1988). The 

mESC were retrieved from liquid nitrogen, thawed rapidly at 37 °C and added 

dropwise to 4 ml ES medium and centrifuged at 1500 rcf for 5 minutes. The 

supernatant was aspirated, and the cell pellet triturated with 1 ml ES culture medium 

then plated onto the feeder layer in 2 ml of medium. Dishes were placed at the back 

of the incubator for 48 hours. Medium was changed every second day. The growth of 

stem cells was monitored under the microscope daily for the emergence of stem cell 

colonies which were identified by their morphology, amorphous structure with well-

defined borders comprising hundreds of small, rounded cells with high nucleus 

cytoplasmic ratio. The mESC colonies were allowed to reach 70-80% confluency 

(confluency is an estimation of the percentage area covered by the cells in the 

culture dish) for 4-5 days before passaging them into one or more new dishes coated 

with feeder layers. Care was taken to avoid the colonies being either too sparse or 

too close to each other which could result in spontaneous differentiation. 

 

Passaging mESC colonies 

Colonies were enzymatically dissociated from feeder layers using dispase II solution 

(Sigma-Aldrich, USA). The dispase solution allows for a gentle dissociation in 

comparison to other enzymatic solutions. At first, the ES culture medium was 

aspirated and the dispase solution (5 mg/ml) was added, and the colonies incubated 

at 37oC for 15-20 minutes. Once the mESC colonies were dissociated from the 
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feeder layer, the dispase solution was neutralized with an equal amount of ES culture 

media and the suspension transferred to a 15 ml tube and centrifuged at 1500 rcf for 

5 minutes. The supernatant was aspirated, and the cell pellet triturated into a single 

cell suspension with ES medium and plated in a split of 1:2 onto new feeder layers. 

The mESC were passaged 1- 2 times, over 10-15 days, to expand the cell line and 

freeze down cells before induction of differentiation. 

 

2.1.2 mESCs differentiation  
 

2.1.2.1 Differentiation into the 3 germ layers 

To validate the pluripotency of undifferentiated mESCs, the cells were differentiated 

into the three germ layers ectoderm, mesoderm, and endoderm. Undifferentiated 

mESC colonies were dissociated from feeder layers with dispase solution. After 

neutralization, the mESC colonies were transferred to a 15 ml conical tube using a 

wide bore pipette and allowed to settle by sedimentation for 10-15 minutes. The 

supernatant was aspirated, and the settled colonies were gently triturated about 4 -5 

times into small clumps with iMEF medium. The cell suspension was transferred to 

10 cm non-adherent bacteriological dishes and incubated at 37°C for 24 hours to 

allow aggregation and formation of embryoid bodies (EB) in a suspension culture in 

bacterial-grade non-adherent dishes. The EB is a three-dimensional multicellular 

aggregate that facilitates intercellular interaction, in which cell-cell contact exists. The 

EB consists of ectodermal, mesodermal, and endodermal precursors, which 

resemble the characteristics of cell differentiation during early mammalian 

embryogenesis and differentiate into derivatives of the three germ layers (Itskovitz-

Eldor et al. 2000). After 24 hours, about 50 EBs were transferred using a wide-bore 

pipette to each of three non-adherent dishes containing differentiation media specific 

for each of the germ layers as follows. For each of the differentiation processes 

coverslips were coated with 0.1% gelatine and inserted into 12-well culture dishes. 3-

4 EBs plated per coverslip.  
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Differentiation into endoderm: after 24 hours of EB formation, the iMEF culture 

medium was changed to EB medium containing KO-DMEM (Catalog number 10829-

018, Thermofisher Scientific, SA) supplemented with FBS (10%), glutamax (1%), 

penicillin/ streptomycin (1%), B-mercaptoethanol (0.1%), and non-essential amino 

acid (1%), and incubated a further 2-3 days in suspension culture. The EBs were 

then transferred onto the coverslips in EB medium. The culture medium was 

changed every second day for a period of 15-20 days.  

Differentiation to mesoderm: after 24 hours of EB formation, the iMEF culture 

medium was changed to EB medium supplemented with 0.5 mM ascorbic acid and 

cultured in suspension for 2-3 days more in bacteriological dishes. EBs were then 

transferred onto the coverslips in EB medium containing 0.5 mM ascorbic acid. 

Medium was changed every 2 days for 15-20 days.  

Differentiation to ectoderm: after 24 hours of EB formation, the culture medium was 

changed to N2/B27 culture medium containing 50% neuronal basal medium with 

50% DMEM F12 supplemented with N2 (0.5%), B27 (1%), glutamax (1%), and 

penicillin/ streptomycin (1%) and cultured in suspension for 2-3 days in 

bacteriological dishes. A feeder layer of inactivated PA6 cell were plated on gelatine-

coated coverslips in multi-well tissue culture plates using DMEM culture medium 

supplemented with FBS (10%), glutamax (1%) and penicillin/ streptomycin (1%). The 

EBs were then transferred onto the PA6 feeder layer using N2/B27 culture medium. 

The culture medium was changed every second day for 15-20 days. 

 

2.1.2.2 Differentiation into cardiomyocytes and interventions 

mESC were differentiated into cardiac-like cells through the formation of EBs which 

have been widely used as a trigger of an in-vitro differentiation of stem cells 

(Kurosawa 2007). There are different methods of EB formation in cell culture such as 

liquid suspension culture in bacterial-grade dishes and culture in hanging drops 

(Kurosawa 2007). In our laboratory, we optimized the method of EB formation for 

mESC differentiation into cardiac-like cells using the hanging drop method to 

standardise the size of the EBs and minimise the heterogeneity of the formed EB 
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beating characteristics by using a specific number of cells (1000) suspended in a 

hanging drop as further described below.  

 

Hanging drop method 

The mESC colonies were lifted from the feeder layer with dispase solution as 

described in section 2.1.1. The cells were counted using a counting chamber 

haemocytometer (Lasec, SA) (Appendix 2). ). In preliminary studies we found that 

1000 cells/drop forms a more robust and well-formed EB than 500, and 2000 cells/ 

drop. For all subsequent experiments the seeding cell suspension was therefore 

adjusted to 1000 cells /20 µl drop using differentiation culture media.  

About 40-50 drops of 20 µl each were placed onto the under surface of the lids of 10-

cm culture dishes (Appendix 2.6). The lids were then inverted and placed onto 

culture dishes filled with 10 ml of phosphate-buffered saline (PBS) to keep the drops 

from evaporating. The first day in which the hanging drops were formed was called 

day 1 of differentiation. The drops were incubated at 37oC and left undisturbed for 72 

hours to allow the EBs to form. On day 3 of differentiation, the EBs were visible as 

small white dots in the drops. The EBs were transferred into a bacteriological dish by 

washing the hanging drops off the lid using differentiation medium, then cultured for a 

further 4-5 days. Medium was changed a day later by swirling the plates to allow the 

EBs to collect in the centre. The medium was removed by aspirating from the 

periphery of the dish using a 1 ml pipette tip, and fresh medium added slowly down 

the wall of the dish. 

On day 7 of differentiation the EBs were transferred individually, with a wide-bore 

pipette tip to avoid damaging the EBs, onto 0.1% gelatine-coated coverslip at a 

density of 2-3 EBs/well of a 12-well culture plate or 1-2 EBs/ well of a 24-well culture 

plate. The EBs were cultured for a further 13 days using the differentiation culture 

media. The medium was changed on day 3 after the EBs were adhered, and 

thereafter every second or third day. The EBs were monitored every second day 

from day 8 of differentiation onward under the EVOS light microscope for 
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spontaneous beating characteristics (onset of spontaneous beating, number of 

beating EBs and beating rate) and for morphological changes. Images were taken 

daily for measuring EB diameter on day 3 of differentiation (day of EB transfer from 

hanging drop to suspension) and on day 7 of differentiation (day of EB transfer from 

suspension onto coverslips for attachment).  

 

2.1.2.2.1 Experimental design  

Pluripotent mESCs were differentiated under either 25-, or 50-mM glucose 

concentration for 20 days starting on day 1 (first day of hanging drop formation) 

which is the point of stem cell differentiation induction (Figure 1). Although 25 mM 

glucose is high, it was used in this study as the standard condition because it is the 

default standard glucose concentration used in mESC in-vitro cardiac differentiation 

(Ali et al. 2004, Guan, Fürst, and Wobus 1999). In addition, 25 mM glucose has been 

shown to enhance mESC cardiac differentiation (Crespo et al. 2010). During the 

differentiation period, different analyses and treatment interventions were performed 

at specific time points. 

To evaluate the effect of the glucose concentration compared to the corresponding 

in-vivo physiological glucose level, a subgroup of mESCs was differentiated under 

culture medium with 5.5 mM glucose. In this study we started with 5.5-and 25 mM 

glucose to evaluate the optimal glucose level for stem cell differentiation into cardiac-

like cells, before proceeding to a hyperglycaemia model using 50 mM glucose which 

has been used previously in a hyperglycaemia model of cardiac-like H9C2 cells (Han 

et al. 2015, Xu et al. 2020). We note here that the addition of glucose in the 

preparation of high glucose culture medium would introduce osmolarity changes. 

However, hyperglycaemia in diabetic patients is characteristically associated with 

changes in osmolarity, and for this reason in our study we did not correct for the 

osmolarity changes due to glucose addition. 
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Antioxidant treatments: 

To test the role of antioxidant treatments, a subgroup of differentiated EBs were 

treated with N-acetyl cysteine (NAC, 100 µM, dissolved in DMSO; Sigma, SA) for 72 

hours. According to our preliminary experiments to optimize the NAC dose, we found 

the dose greater than 1 mM was harmful to mESCs since the EBs stopped beating 

and detached from the culture dishes.   

 

          

          

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Summary diagram of the experimental protocol. mESC were differentiated under 

either 25- or 50-mM glucose. Drug treatment and different assays and analysis were done 

during the time of mESC differentiation.  

 

8 -10 days 

Induction of mESC differentiation: 

25 mM glucose or 50 mM glucose  
Day 1 of differentiation 

Treatment intervention and assay analysis:  

-Antioxidant treatment (day 12-15) for 72 hours. 

-Live cells: confocal imaging (day 12-15). 

-Tissue fixation for Immunostaining (day 12-15). 

-Frozen tissue for western blot analysis (day 19-

20). 

 

Day 12 -20 of differentiation  

mESC culture on feeder layers  
 

Day 20 
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2.2 Immunocytochemistry  
 

Undifferentiated mESC were immunostained for the expression of stem cell 

pluripotency nuclear markers: Octamer-binding transcription factor 4 (Oct4) (Nichols 

et al. 1998) and Nanog (Chambers et al. 2003). Differentiated mESC were 

immunostained for the markers of three germ layers: alpha smooth muscle actin, B-

III tubulin, and alpha-1 fetoprotein. The stem cell derived cardiomyocyte-like cells 

were immunostained for characteristic cardiomyocyte proteins: cardiac myosin heavy 

chain (alpha and beta heavy chain specific), alpha actinin 2, cardiac troponin T, and 

connexin 43. The stem cell derived cardiac-like cells were also immunostained for 

nitrotyrosine, a marker of oxidative stress. 

The undifferentiated mESCs or differentiated EBs (day 12‒15) were adhered on 

glass coverslips, washed with 1x PBS 3 times 3 minutes each then fixed with 4% 

paraformaldehyde (PFA) (Appendix 1.6), for 15 minutes at room temperature 

followed by permeabilization with ice-cold methanol for 15 minutes. Samples were 

blocked with 3% bovine serum albumin (BSA), 0.01% triton -X 100 in 1x PBS for one 

hour at room temperature. The EBs were then incubated with primary antibodies 

(Table1) diluted in 1% BSA in 1x PBS at 4oC overnight in a humidifying chamber. 

The next day, the EBs were washed three times, 10 minutes each with 1x PBS and 

incubated with the secondary antibodies: Alexa Fluor 488 (1:500 dilution in 1x PBS) 

or Cy3 (1:1000 dilution in 1x PBS) at room temperature in dark for 2 hours. For nuclei 

counterstaining, the cells were washed 3 times, 10 minutes each with 1x PBS, then 

stained with 0.5 μg/ml Hoechst 33258 for 10 minutes at room temperature in the 

dark. The cells were washed 3 times with 1x PBS 5 minutes each and mounted onto 

glass slides using mowial mounting medium containing n-Propyl gallate (anti-fade) 

(Sigma Aldrich, SA). In negative control samples, the primary antibodies were 

omitted.  

The EBs were visualized with the confocal microscope (Carl Zeiss LSM880 and 

Zeiss LSM 510 Germany) using ZEN software. The confocal setting includes (scan 

mode: frame, frame size: xy 512, speed:9, bit depth:8bit, number of averging:1, 
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pinhole is set to one airy unit). To standardize the confocal microscopy image-

acquisition, the settings throughout the different slides were kept by use the “Reuse” 

configuration feature in the ZEN image-acquisition software. This feature applies the 

setting of the previous imaging onto new experiment. Therefore, it keeps the 

acquisition parameters constant on different slides and at different magnifications. 

For confocal microscopy image acquisition, each EB was arbitrarily divided into four 

quadrants and five images were taken (four from each quadrant and one from the 

centre). The average data from the five images was taken as a single EB parameter 

measurement. The confocal images were analysed with image J software (NIH, 

USA). 

 

Table 1: Antibodies used in immunocytochemistry and western blot. 

Type Antibody class/host 

species  

Catalogue number / 

Source 

Dilution Short name 

Primary 

antibodies 

Rabbit polyclonal 

anti-Oct4 

 Ab19857 / Abcam 1:200 

for ICC 

Oct3/4 

Rabbit polyclonal 

anti-Nanog  

 Ab80892 / Abcam 1:200 

for ICC 

Nanog 

Mouse monoclonal 

anti- alpha smooth 

muscle actin  

 Ab7817 / Abcam 1:100 

for ICC 

α-SMA 

Mouse monoclonal 

anti-B-III tubulin  

Ab78078 / Abcam 1:300 

for ICC 

βIII-tubulin 

Mouse monoclonal 

anti- Alpha-1 

fetoprotein  

AB45745 / Abcam 1:100 

for ICC 

α1-

fetoprotein 

Rabbit monoclonal 

anti- alpha actinin 2  

701914 / 

Thermofisher 

Scientific 

1:250 

for ICC 

α-actinin 2 

Mouse monoclonal 

anti-cardiac myosin 

heavy chain (alpha 

and beta heavy chain 

specific.) 

MA1-26180 / 

Thermofisher 

Scientific 

1:200 

for ICC 

MHC 

Mouse monoclonal 

anti-cardiac troponin 

T  

MA5-12960 

/Thermofisher 

Scientific 

1:400 

for ICC 

1:200 

cTnT 
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for WB 

Mouse monoclonal 

ant- connexin 43  

35-5000 

/Thermofisher 

Scientific 

1:200 

for ICC 

Cx43 

Mouse monoclonal 

anti- Cytochrome c  

MA5-

11674Thermofisher 

Scientific 

1:500 

for WB 

Cytochrome c 

Mouse monoclonal 

anti- B cell lymphoma 

2 

MA5-11757/ 

Thermofisher 

Scientific, SA 

1:100 

for WB  

BCL2 

Mouse monoclonal 

anti- Nitrotyrosine 

32-1900/ 

Thermofisher 

Scientific 

1:200 

for ICC 

Nitrotyrosine 

Mouse monoclonal 

anti-OPA1 

MA5-16149 

Thermofisher 

Scientific 

1:1000 

for WB 

OPA1 

Mouse ployclonal anti 

RAGE  

PA1-075/ 

Thermofisher 

Scientific 

1:500 

for WB 

RAGE 

Mouse monoclonal 

anti- sarco-

endoplasmic 

reticulum calcium 

transport ATPase 2  

MA3-919/ 

Thermofisher 

Scientific 

1:250 

for ICC 

1:500 

for WB 

SERCA2 

ATPase 

Mouse monoclonal 

anti-TGF beta 1 

MA5-16949/ 

Thermofisher 

Scientific 

1:300 

for WB 

TGF-β 

Mouse monoclonal 

anti-Bax 

MA5-14003/ 

Thermofisher 

Scientific 

1:500 

for WB 

Bax 

Mouse monoclonal 

anti-β-actin 

MA515739/ 

Thermofisher 

Scientific 

1:5000 

for WB 

β-actin 

Secondary 

antibodies 

1-HRP-conjugated 

goat anti-mouse 

G21040/ 

Thermofisher 

Scientific 

1:8000 

for WB 

 

2- HRP-conjugated 

goat anti-rabbit 

ab6721/ABCAM 1:8000 

for WB 

 

3-Alexa Fluor 488 715-546-150 1:500 Alexa Fluor 
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donkey anti-mouse /Amersham for ICC 488 

4-Alexa Fluor 488 

donkey anti-rabbit 

711-546-152 

/Amersham 

1:500 

for ICC 

Alexa Fluor 

488 

5-Cyanine3 donkey 

anti-rabbit 

711-166-152 

/Amersham 

1:1000 

for ICC 

Cy3 

6- Cyanine3 donkey 

anti-mouse 

 1:1000 

for ICC 

Cy3 

ICC: immunocytochemistry, WB: western blot, HRP: horseradish peroxidase. 

 

 
 

2.3 Calcium transient measurements 

Calcium imaging is a microscopy technique to measure Ca2+ condition of the cells or 

tissue. This technique has allowed studies of Ca2+ signalling in varied cell types such 

as neurons and cardiac cells (Bootman and Berridge 1995). Calcium indicators are 

fluorescent molecules that respond to the binding of Ca2+ ions by changing their 

fluorescence properties.  

The EBs were cultured on 0.1% gelatine coated coverslips or in the imaging dishes 

(glass bottom culture dishes) for Ca2+ imaging experiments. The Fluo-4 

Ca2+ indicator (Fluo-4, AM, cell permeant, Catalogue number: F14201, Thermofisher, 

SA) were used for Ca2+ transient imaging in this study. The stock solution of Fluo-4 

was prepared in DMSO by adding 50 µl DMSO to 50 µg Fluo- 4 vial, vortexed to 

dissolve then were aliquoted and kept at -20oC protected from light. On day 12-15 of 

EB differentiation, the Fluo-4 working solution (10 µm) was prepared on the day of 

the experiments by adding 10 µl from the stock solution of fluo4-AM with 0.02% 

Pluronic F-127 (to promotes loading of Fluo‑4 AM into cells) to the culture media. For 

Fluo-4 loading, the culture medium was removed, and the medium mixed with fluo 4-

AM and Pluronic. The culture dishes were wrapped with foil to protect from light and 

incubated in the incubator at 37⁰C and 5% CO2 for 20-30 minutes undisturbed. After 

loading, the culture dishes were transferred to the incubation chamber at 37⁰C and 

5% CO2 at the stage of the confocal microscope LSM880 for Ca2+ transient imaging 

using the ZEN software, x20 objective (EC Plan-neofluar 20x /0.50 M27). The EBs 

were visualized to find the beating area under low illumination to avoid fluorophore 
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bleaching. Fluo-4 was excited at 488 nm and emitted fluorescence was captured at 

490–540 nm. The setting for Ca2+ transient imaging includes (dimension: x: 344, y: 

256, time: 200, 16-bit, scan mode: plane, time series, camera exposure time: 5.0 ms, 

scaling x: 2.048 µm, y: 2.048 µm, average: 1, and beam splitters: FW1: FSet38 wf). 

The recording was done for 200 cycles at 30 frames/second.  

Ca2+ transient imaging data was analysed with image J (NIH) software using LC_Pro, 

plugin (Francis et al. 2012). At first the image sequences were exported from ZEN 

software as a series of images, which was then opened with image j software and 

saved as tiff files to be analysed with LC_Pro plugin and the output data was 

analysed with Origin software. 

 

2.4 Recording of action potential  
 
The cardiac action potential was recorded in using a voltage-sensitive dye 

aminonaphthylethenylpyridinium (ANEP) dye (Di-4-ANEPPS, catalogue number 

D1199, Thermofisher, SA), which fluoresce in response to the change in the 

electrical potential in their environment. The Di-4-ANEPPS stock solution was 

prepared by dissolving the dye powder in DMSO, aliquoted and kept at 4 oC 

protected from light. The EBs were cultured on 0.1% gelatine coated coverslips or in 

the imaging dishes for voltage sensitive dye imaging. On day 12-15 of EB 

differentiation, the working solution of Di-4-ANEPPS dye (10 µm) was prepared on 

the day of the experiments in the culture media. For dye loading, the culture medium 

was removed, and the prepared dye solution was added to the EBs. The culture 

dishes were wrapped with foil and incubated in the incubator at 37⁰C and 5% CO2 for 

15-20 minutes undisturbed. After loading, the EBs were imaged with confocal 

microscope LSM880. Di-4-ANEPPS dye was excited at 488 nm and emitted 

fluorescence was captured at 490–540 nm. The setting of the confocal imaging 

includes (objective: EC Plan-Neofluar 20x/0.50 M27, dimension: x: 344, y: 256, time: 

200, 16-bit, scan mode: plane, time series, camera exposure time: 5.0 ms, scaling x: 

2.048 µm, y: 2.048 µm, average: 1, and beam splitters: FW1: FSet38 wf). The 

recording was done for 200 cycles for 6-8 seconds at a frame rate of 30 
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frames/second. The imaging process and the settings were as for the Ca2+ transient 

imaging in section 2.3. The di-4-ANEPPS imaging data were analysed with image J 

(NIH) software using LC_Pro, plugin. The output data was analysed with Origin 

software. 

 

2.5 Measurement of cellular contractility 

To evaluate the contractile function of the stem cell derived cardiac-like cells under 

different glucose concentration, the beating EBs were imaged with the confocal 

microscope. The EBs (day 12‒15 of differentiation) plated on gelatine-coated, glass-

bottom imaging dishes were mounted in an incubation chamber (5% CO2 at 37°C) on 

the stage of the confocal microscope LSM880 using the ZEN software. At first, the 

EBs were visualized to find the beating areas and, then transmitted- light microscopy 

images were captured using the settings 30 frames/s for 200 cycles; exposure time 5 

ms; magnification 20x (EC Plan-neofluar 20x /0.50 M27). 

To test the effect of caffeine stimulation, caffeine (1 mM; dissolved in water; Sigma, 

SA) was applied during time-lapse imaging. The time-lapse images were analysed 

with ImageJ (NIH, USA) using the Myocyter macro, an analytical software tool for the 

image processing software ImageJ (v. 1.52b) (Grune et al. 2019) (Appendix 4). 

Amplitude of contraction was derived. The rate of change of amplitude over time 

[d(Amplitude)/dt], which corresponds to the contractility parameter dP/dt (where P is 

pressure and t is the time), was calculated as the first derivative of the amplitude-

time data. 

The chronotropic response of spontaneously beating EBs to β-adrenergic stimulation 

was evaluated using β-adrenergic receptor agonist isoprenaline (1 µM dissolved in 

distilled water; Sigma, SA,) for 5 minutes at 37°C. The beating rate was counted 

before and after application of the drug.  
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 2.6 Mitochondrial staining 

The mitochondria were stained using Mitotracker Green (M7514, Thermo-Fisher 

Scientific). The EBs were cultured on 0.1% gelatine coated coverslips for 

mitochondrial staining. On days 12-15 of EB differentiation, EBs were incubated with 

Mitotracker Green (1 μM) in cell culture medium (5% CO2 at 37°C) for 45 minutes. 

The samples were then washed and counterstained with Hoechst 33,258 (0.5 μg/mL) 

and covered with foil to protect from light. The imaging dishes were then mounted in 

an incubation chamber (5% CO2 at 37°C) on the stage of the Zeiss LSM880 confocal 

microscope (magnification 20x) for imaging the beating areas of EBs. The EBs were 

excited at 488 nm and fluorescence signals were captured using ZEN software. 

Images were analysed using ImageJ, and the uptake of Mitotracker Green was 

expressed as the fluorescent intensity in the beating EBs. 

 

2.7 TUNEL assay 

DNA damage was identified using the terminal deoxynucleotidyl transferase-

mediated biotinylated dUTP ([14- biotin] dUTP) nicked end labelling (TUNEL) assay.  

The Click-iT Plus TUNEL assays (Thermofisher, SA, Catalog No:C10617) were used 

in this study. For TUNEL assay, the culture medium was removed, and the samples 

washed once with 1x PBS. The cells were fixed with 4% PFA for 15 minutes at room 

temperature followed by permeabilization with 0.25% triton -X 100 in 1x PBS for 20 

minutes at room temperature then washed twice with 1x PBS. To perform the TdT 

reaction the cells were incubated with TdT reaction buffer for 10 minutes at 37°C, 

thereafter the TdT reaction buffer removed, and the cells incubated with TdT reaction 

mixture for 60 minutes at 37°C. The reaction mixture was removed, and the cells 

washed twice for 5 minutes each with 3% BSA in PBS at room temperature. The 

cells were then incubated with Click-iT Plus TUNEL reaction cocktail for 30 minutes 

at 37°C protected from light, the samples washed with 3% BSA in1x PBS for 5 

minutes at room temperature (details of solution preparation in Appendix 5). The 

samples were then blocked with 3% BSA in 1x PBS for one hour protected from light 

at room temperature. The blocking solution was removed and the EBs incubated with 



 
 
 
 
 
 

42 
 

α-actinin 2 antibody (dilution 1: 250 in 1% BSA in 1x PBS) at 4oC overnight in a 

humidifying chamber. 

The following day, samples were washed three times, 10 minutes each, with 1x PBS 

and incubated with the secondary antibodies: Alexa Fluor 488 (1:500 dilution in PBS) 

at room temperature in dark for 2 hours. For nuclei counterstaining, the samples 

were washed 3 times, 10 minutes each, with 1x PBS, then stained with 0.5 μg/ml 

Hoechst 33258 for 10 minutes at room temperature in the dark. The cells were 

washed 3 times with 1x PBS, 5 minutes each, and mounted onto glass slides using 

mowial mounting medium containing anti-fade powder. The cells were visualized with 

confocal microscope Carl Zeiss LSM880 using ZEN software. The samples were 

imaged at x40 and x63 objectives where the TUNEL positive cells are co-stained with 

α-actinin 2. For confocal microscopy image acquisition, the EBs were randomly 

divided into quadrants and 5 images were taken per EB. The TUNEL positive cells 

were quantified with Image J software and the results were presented as the 

percentage of TUNEL positive cells to the total cells (were the nuclear stain also 

counted in each slide).  

 

2.8 EdU assay 

Cell proliferation was assessed using Click-iT EdU (5-ethynyl-2-deoxyuridine) Cell 

Proliferation Kit (Click-iT EdU Cell Proliferation Kit, Catalog number: C10337, 

Thermofisher, SA), according to the manufacturer’s instructions. The EBs at day 

12-15 of differentiation were incubated with 10 µM EdU solution (prepared in DMSO) 

mixed in cell culture medium for 5 hours in culture conditions. After 5 hours 

incubation, the culture media was removed and the EBs were fixed with 4% PFA in 

1x PBS for 15 minutes at room temperature then the cells were washed twice for 5 

minutes each with 3% BSA in 1x PBS. The EBs were then permeabilized with 0.5% 

triton X-100 in 1x PBS for 20 minutes at room temperature. After permeabilization, 

the EBs incubated with Click-iT reaction cocktail (used within 15 minutes of the 

preparation) for 30 minutes at room temperature, protected from light (Appendix 6). 

The EBs were then washed once with 3% BSA in 1x PBS for 5 minutes. For co-
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staining with cardiac specific protein MHC (α and β isoforms), the EBs were then 

blocked with 3% BSA, 0.01% triton-X 100 in 1x PBS for one hour at room 

temperature. The EBs were then incubated with MHC antibody (dilution 1:200 in 1% 

BSA in 1x PBS) at 4oC overnight in a humidifying chamber. 

On the next day, the EBs were washed three times, 10 minutes each, with 1x PBS 

and incubated with the secondary antibodies: Cy3 (1:1000 dilution in PBS) at room 

temperature in dark for 2 hours. For nuclei counterstaining, the cells were washed 3 

times, 10 minutes each, with 1x PBS, then stained with 0.5 μg/ml Hoechst 33258 for 

10 minutes at room temperature protected from light. The EBs were washed 3 times 

with 1x PBS for 5 minutes each and mounted onto glass slides using mowial 

mounting medium containing n-Propyl gallate (anti-fade). 

The EBs were visualized with confocal microscope (Carl Zeiss LSM880) with x40 

and x63 objectives and ZEN imaging software. The EdU staining were excited at 

Alexa Fluor 488 and emitted fluorescence was captured at 490–540 nm, whereas the 

MHC staining were excited at 530 nm and emitted fluorescence was captured at 560 

nm. The images were taken 4-5 areas /EB in the areas were co-stained with MHC 

and the EdU. The cells were quantified manually with Image J software. The number 

of EdU-stained nuclei was expressed relative to the total number of the nuclei in 

MHC-stained cellular areas. 

 

2.9 Western blot analysis 

The western blot was performed for mESC derived cardiac-like cells for SERCA2, 

TGF-β, RAGE, Bcl-2, Bax, OPA1, and cytochrome c. The mESC derived 

cardiomyocyte was washed twice with ice cold 1x PBS, scraped down with cold 

rubber tip of a sterile plastic 1 ml syringe using cold radioimmunoprecipitation (RIPA) 

lysis buffer containing 50 mM Tris-HCl (pH 8), 1% triton x-100, 150 mM NaCl, 0.1% 

sodium dodecyl sulphate, 0.5% sodium deoxycholate with a protease and 

phosphatase cocktail inhibitor (Halt protease and phosphatase inhibitor, Thermo 

Scientific, USA). The cellular lysates were vortexed then transferred into tubes and 

mixed on a roller at 4°C for 30 minutes. The cell lysate was centrifuged at 15000 rcf 
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for 30 minutes at 4°C (Labnet International, NJ07095, USA). The supernatant 

collected, and the protein concentration of supernatant measured using the Pierce 

protein assay kit (Thermo Scientific, Rockford, USA.) (Appendix 7).  

The gels were placed in an electrophoresis tank (Bio-Rad mini protean tetra system) 

which was filled with running buffer. The loading samples were prepared with 40 µg 

of the proteins lysate were loaded (the loading concentration of the protein were 

optimized in this study) and electrophoresed on 8-12% SDS-polyacrylamide gel 

using mini-protein tetra cell system (Bio-Rad, SA) at 150 V for 90 minutes. The 

proteins were transferred from the gel onto polyvinylidene fluoride (PVDF) transfer 

membrane (Immuno-Blot PVDF Membrane for Protein Blotting, Bio-Rad, SA), using 

a semi-dry transfer unit (Trans-Blot Turbo Transfer system, Bio-Rad, SA). After 

transfer, the membranes were blocked with 5% non-fat milk in 1x PBS with 0.1% 

tween-20 (PBS-T) for 1hour at room temperature. The membranes were incubated 

with primary antibodies against proteins of interest (Table). The membranes were 

washed with PBS-T and incubated with horseradish peroxidase (HRP) conjugated 

secondary antibody (Goat Anti-Mouse IgG HRP conjugate) (1:5000-1:8000) in 5% 

non-fat milk in PBS-T for 2 hours at room temperature. The membranes were then 

incubated with enhanced chemiluminescence (ECL) detection solution (Clarity 

Western ECL Substrate, Cat.170-5060, Bio-Rad, SA) then exposed to x-ray film 

(Agfar Healthcare, SA) in dark room.  

The membranes were then stripped for housekeeping protein incubation. The 

membranes washed with distilled water, stripped with 8% NaOH, and blocked with 

5% non-fat milk in PBS-T for 1 hour. The membranes were incubated with 

housekeeping protein primary antibody (Monoclonal anti-beat actin antibody 

produced in mouse) at dilution of 1:5000 in 5% non-fat milk in PBS-T overnight at 

4°C. The membranes were then washed with distilled water and incubated with 

horseradish peroxidase (HRP) conjugated secondary antibody (Goat Anti-Mouse IgG 

(H+L)-HRP), at dilution of 1:10000 in 5% non-fat milk in PBS-T for 2 hours at room 

temperature. The membranes were then washed, incubated with ECL, and detected 

as above. The x-ray films were scanned and analysed using Image J software 
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(Image J, NIH, USA). The density of each band was expressed as a percentage of 

the mean density of all the bands. The percentage of each band was then 

normalised to the percentage density of it is respective housekeeping protein bands 

(Appendix 8). 

 

2.10 Statistical analysis  

In this study, data were presented as either the mean and standard error of the mean 

or as box and whisker plots. The statistical analysis was performed by using 

Statistica (version 13, USA) and Microcal Origin Lab programmes (Microcal 

Software, USA). Shapiro–Wilk test for normality test was used to test the distribution 

of variables. The comparison between the two glucose groups were done using an 

unpaired t-test for parametric data or Mann-Whitney U test for non-parametric data 

from multiple groups with normal distribution were compared using one-way analysis 

of variance (ANOVA) followed by appropriate Tukey’s post-hoc test. A p-value 

of < 0.05 was regarded as statistically significant, n: represents the number of 

replicates.  
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Chapter 3: Results 

 

3.1 Validation of stem cell culture model  

3.1.1 Pluripotency of undifferentiated mESCs 

3.1.1.1 Growth pattern and expression of master transcription factors 

 

For growth pattern characteristics, Figure 2 shows typical mESCs seeded onto 

feeder layers of iMEFs. Generally, colonies of mESCs used in this study had well-

defined borders and a high nuclei-to-cytoplasm volume ratios, thereby making them 

distinguishable from the underlying feeder layer of iMEFs, which consists of spindle-

shaped fibroblasts (Figure 2). The colonies were formed within 24 hours of cell 

seeding. This pattern of growth was taken to be a sign of healthy proliferation of 

undifferentiated mESCs.  

      iMEFs feeder layer                                mESCs colonies  

Figure 2: Mouse embryonic stem cell culture. A: Feeder layer of iMEFs. B: a co-culture of 

mESCs colonies on a feeder layer. iMEFs: inactivated primary mouse embryonic fibroblast. 

A) B) 
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Undifferentiated mESCs immunostained positively for Nanog (Figure 3.A) and Oct3/4 

(Figure 3.B) nuclear transcription factors. The staining was observed in the mESC 

colonies but not in the nuclei of the iMEFs as indicated by arrowheads in Figure 3.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Expression of pluripotent biomarkers of mESCs. A- B: Representative fluorescence 

microscope images of Nanog (A), Oct3/4 (B), Hoechst, and merged images. Scale 

bar = 50 µm. Magnification x 40. n = 3 replicates. Arrowheads indicate nuclei of iMEFs. 

Scale bar = 50 µm. 

 

3.1.1.2 In-vitro stem cell differentiation into three germ layers 

The capacity of mESC to differentiate into multipotent cells was estimated using 

protocols of in-vitro differentiation into each of the three primary germ layers. mESCs 

induced into ectoderm were positive for βIII-tubulin (Figure 4.A), those induced into 

mesoderm were positive for α-SMA (Figure 4.B), whereas those induced into 

endoderm were positive for α1-fetoprotein (Figure 4.C).  
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Figure 4: Expression of markers of mESC differentiation into the three germ layers. A: 

Ectoderm layer marker (βIII-tubulin), Hoechst, and merged images. B: Mesoderm marker 

(alpha smooth muscle actin), Hoechst, and merged images. C: Endoderm marker (alpha-1 

fetoprotein), Hoechst, and merged images. Scale bar = 10μm. Magnification x 40. n = 3 

replicates for each germ layer. 
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3.1.2 mESC differentiation into pulsatile cardiac-like cells via 

embryoid bodies 
 

EBs were formed using the hanging drop method for 3 days then cultured in 

suspension for 3 days before attachment. Figure 5 shows the typical microscopic 

images of EB growth pattern over time. In the early stages (day 3), the EBs looked 

like bright spherical balls (simple EBs) with sharp distinct outlines (Figure 5.A). After 

a further 2-4 days in suspension, the EBs increased in size and most of them had 

formed darkened, cystic, centres (Figure 5.B and C). After 7 days in suspension 

culture, EBs were adhered onto gelatine-coated coverslips in tissue culture dishes. 

At that point, outgrowths started emerging from the EB 2 days later and the EBs 

started losing their regular spherical shape over the next week (Figure 5.D-F).  

    

Figure 5: Embryoid body growth: A: Day 3 of differentiation. B: Day 5 of differentiation. C: 

Day 7 of differentiation. D: Day 9 of differentiation. E: Day 13 of differentiation. F: Day 15 of 

differentiation. Magnification of the microscope: x20 (B, C), x10 (D), X4 (E) and x2 (F). n = 5 

replicates. 

The onset of spontaneous beating of the EBs started at around day 9 post-induction 

of differentiation which was the second day after the EBs were adhered onto 

coverslips. The EBs continued to grow and differentiate into a heterogeneous mass 

x20 x20 
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of cells including beating cells. Foci of beating cells appeared as clusters of cells of 

variable sizes. 

3.1.2.1 Pulsatile characteristics of cardiac-like cells derived from stem cells 

To determine the beating pattern of the pulsatile EB, an analysis of the contractile 

waveform was performed using the Myocyter software. Figure 6 shows one example 

of several tracings of the beating pattern of EBs, for which the analysis of the 

amplitudes and kinetics is shown in Figure 13 below. The beating patterns generally 

showed regular contractions of uniform amplitudes (Figure 6.A). The acute 

application of isoprenaline (1 µM) induced a significant increase in the EB beating 

rate of almost double the baseline value (P ˂ 0.05 vs baseline for each condition, 

Figure 6.B).  

 

 

 

 

 

 

 

 

Figure 6: Cellular contractile activity. A: Representative tracings of the contractile activity of 

spontaneously beating EB derived from the Myocyter programme, with the amplitude 

expressed as arbitrary units (a.u.). The detailed analysis of contractile parameters is shown 

in figure 13 below. B: Response of EB beating rate to isoprenaline (* P < 0.05; n = 4). EBs: 

embryoid bodies. 
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3.1.2.2 Molecular biomarkers of stem cells derived cardiac-like cells 

The beating EBs stained positive for cardiac troponin T (Figure 7.A), α-actinin 2 

(Figure 7.B), which showed up as striated bands, MHC (α and β isoforms; Figure 

7.C), which showed up in the cytoplasmic area around the nucleus, and connexin 43 

(Figure 7.D), which showed up at the edges of the cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Detection of cardiac specific proteins. A-D: Representative confocal microscopy 

images of cardiac troponin T (cTnT) (A), α-actinin 2 (B), myosin heavy chain (MHC) (α and β 

isoforms). (C), connexin 43 (D), Hoechst, and merged images. Scale bar = 10 µm (A, B and 

D) and 20 µm (C). Magnification x 40. n = ≥ 3 replicates for each protein. 
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3.1.2.3 Optimal glucose concentration for differentiation of stem cells into 

cardiac-like cells 

The glucose concentration of 25 mM has been used as the default optimal level in in-

vitro mESCs culture and differentiation into functional, catecholamine-sensitive 

cardiomyocytes (Ali et al. 2004). In addition, 25 mM glucose has been shown to 

enhance mESC differentiation into cardiomyocytes (Crespo et al. 2010). Given that 

the normal plasma glucose concentration is about 5.5 mM, we evaluated whether the 

glucose of 5.5 mM would provide a superior cardiac phenotype compared the default 

condition of 25 mM glucose. 

The EB size was measured to evaluate EB growth and maturation under both 

glucose concentration 5.5- and 25-mM glucose. The mean EB diameter on day 3 for 

5.5 mM glucose was 304 ±13 µm, and for 25 mM glucose was 278 ± 11 µm (P > 0.05 

and for 25-mM glucose versus 5.5-mM glucose) (Figure 8.A). The mean EB diameter 

on day 7 for 5.5 mM glucose was 453 ± 20 µm, and for 25 mM glucose 492 ±16 µm 

(P > 0.05 for 25 mM glucose versus 5.5-mM glucose) (Figure 8.B). Therefore, under 

the two glucose concentrations (25 mM and 5.5 mM), the EB diameter on day 3 and 

on day 7 was not significantly different. 

 

  

 

 

 

 

 

Figure 8: Effects of glucose levels on EBs diameter. A: Quantitative analysis of EBs diameter 

on day 3 of differentiation. B: Quantitative analysis of EBs diameter on day 7 of 

differentiation. n ≥ 11 EBs per group. Data are shown as box plot and the mean (■). EBs: 

embryoid body. 
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Overall, the 25 mM glucose group showed a higher percentage of beating EBs 

among the total number of EBs. However, there were no statistically significant 

differences between the two glucose groups (P > 0.05 for 25 mM glucose versus 5.5 

mM glucose), except for day 13 of differentiation when the percentage of beating 

EBs was significantly higher for 25 mM glucose compared to 5.5 mM glucose ( 39% 

for 5.5 mM and 55% for 25 mM glucose group, P < 0.05 for 25 mM glucose versus 

5.5 mM glucose) (Figure 9).  

 

 

Figure 9: Percentage of beating EBs under 25 mM glucose and 5.5 mM glucose 

concentrations. Beating EBs expressed relative to total EBs in 25 mM glucose or 5.5 mM 

glucose, n = 6-7 experiments. * P < 0.05 for 5.5 mM glucose group versus 25 mM glucose 

group. 
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The beating rate on day 9 of differentiation was 34±6 beats /minute for the 25 mM 

glucose group, and 32±7 beats /minute for the 5.5 mM glucose group. The beating 

rate was increased with time to steady-state levels, and then started to decrease 

from approximately day 19. There was no significant difference in the average 

beating rate between the two groups (P > 0.05 for 25 mM glucose versus 5.5 mM 

glucose, Figure 10).  

 

Figure 10: Beating rate of EBs under 25 mM glucose and 5.5 mM glucose concentrations. 

Beating rate calculated as beat per minute. n = 6-7 experiments.  
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3.2 Effects of hyperglycaemia on the differentiation of 

mESC into a cardiac-like model 

3.2.1 Effect of hyperglycaemia on the percentage of beating 

embryoid bodies 

The mESCs were differentiated under high glucose (50 mM) or baseline (25 mM) 

glucose levels. The percentage of beating EBs among total number of EBs formed 

was significantly lower in 50 mM glucose from day 9 to day 17 of differentiation 

(P = 0.01 for 50 mM glucose group versus 25 mM glucose group on day 9; P < 0.01 

for days up to day 15 of differentiation, and P = 0.02 on day 17 of differentiation), 

while there were no statistically significant differences on day 19 of differentiation 

(P > 0.05 for 50 mM glucose group versus 25 mM glucose group) (Figure 11). 

 

Figure 11: Effect of hyperglycaemia on the percentage of beating EBs. Quantitative analyses 

of the percentage of beating EBs (expressed relative to the total number of EBs) in the 25- 

and 50-mM glucose groups. n = 6‒9 independent cell-culture batches for each glucose 

group and ≥ 14 EBs for each group. Data are shown as mean ± SEM. * P ˂ 0.05 and 

** P ˂ 0.01 for 50 mM glucose group versus 25 mM glucose group. 
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3.2.2 Effect of hyperglycaemia on the beating rate of embryoid 

bodies 

The EB beating rate was statistically significantly lower in the 50 mM glucose group 

in comparison to the 25 mM glucose group from day 9 to day 17 of differentiation, 

(P < 0.05 for 50 mM glucose group versus 25 mM glucose group) (Figure 12). 

 

Figure 12: Effect of hyperglycaemia on the beating rate of pulsatile EBs. Quantitative 

analyses of the beating rate of EBs during differentiation. n = 6‒9 independent cell-culture 

batches for each glucose concentration and ≥ 14 EBs for each time point. Data are shown as 

mean ± SEM; *P ˂ 0.05 and **P ˂ 0.01 for 50 mM glucose versus 25 mM glucose group. 
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3.3 Effects of hyperglycaemia on excitation-contraction 

coupling of mESC derived cardiac-like cells 

3.3.1 Effects of hyperglycaemia on the EB contractile features  

To evaluate the effect of hyperglycaemia on the contractile parameters of mESCs 

derived cardiac-like cells, the Myocyter analysis was performed. The 25 mM glucose 

group showed strong amplitudes of contraction at about 15 ± 1 a.u (Figure 13.A), 

whereas the 50 mM glucose group showed decreased amplitudes of contraction at 

about 10 ± 1 a.u (Figure 13.B). Therefore, hyperglycaemia (50 mM glucose)-induced 

a 30% reduction in the contraction amplitude that was statistically significant 

(P < 0.00 for 50 mM glucose group versus 25 mM glucose; Figure 13.C). In addition, 

high glucose 50 mM glucose decreased the maximal rate of change of amplitude 

upstroke [+d(Amplitude/dt); P < 0.001 for 50 mM glucose group versus 25 mM 

glucose; Figure 13.D] and the maximal rate of change of amplitude downstroke 

[-d(Amplitude/dt); P = 0.001 for 50 mM glucose group versus 25 mM glucose; Figure 

13.E]. 
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Figure 13: Effects of hyperglycaemia on the cellular contractile activity. A-B: Representative 

contraction tracing of beating embryoid bodies (EBs). Upper panel: the amplitude expressed 

as arbitrary units (a.u.). Lower panels show the corresponding tracings of the rate of change 

of amplitude over time [d(Amplitude/dt)]. C-E: Quantitative analysis of the cardiac contractility 

parameters. C: Contraction amplitude. D: The maximal rate of change of amplitude upstroke 

(+d (amplitude/dt). E: The maximal rate of change of amplitude downstroke 

(-d(Amplitude/dt). (n = 12 EBs per group). Data are shown as box plot and the mean (■). 

* P ˂ 0.05 and ** P ˂ 0.001 for 50 mM glucose versus 25 mM glucose group. 
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recorded for both groups; high glucose significantly decreased the Ca2+ transient 

amplitude (P = 0.004 for 50 mM glucose group versus 25 mM glucose) (Figure 

14.A-C). There were no statistically significant differences between the two groups in 

the Ca2+ transient duration (P = 0.69 for 50 mM glucose group versus 25 mM 

glucose, Figure 14.D), attack time (P = 0.22 for 50 mM glucose group versus 25 mM 

glucose, Figure 14.E), or decay time (P = 0.26 for 50 mM glucose group versus 

25 mM glucose, Figure 14.F). 
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Figure 14: Effects of hyperglycaemia on the Ca2+ transient tracing. A‒B: Representative 

tracings of Ca2+ transients recorded using Fluo-4 for 25 mM glucose (A) and 50 mM glucose 

(B) groups. C-F: Quantitative analysis of Ca2+ transient amplitude (C), duration (D), attack (E) 

and decay (F) under both glucose conditions. n = 4‒6 EBs per group. Data are shown as box 

plot and the mean (■). 
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caffeine application. The amplitude of the contraction was increased by about 50% 

for the 25 mM glucose group in relation to the baseline amplitude while the 

contraction amplitude for 50 mM glucose group was increased by only about 10% for 

caffeine stimulation relative to baseline amplitude. Therefore, high glucose 

significantly decreased the caffeine-induced change in the amplitude of cellular 

contraction (P = 0.02 for 50 mM glucose versus 25 mM glucose group, Figure 15). 

 

 

Figure 15: Effects of caffeine on contractile activity of pulsatile embryoid bodies in both 

glucose groups. A: Tracings of the contractile activity of pulsatile EBs before and during 

caffeine application, with the amplitude expressed as arbitrary units (a.u.) for 25 mM glucose 

(upper panel) and 50 mM glucose (lower panel). B: Quantitative analysis of the percentage 

of the changes in the amplitude of contraction in response to caffeine (n = 7 EBs per group). 

Data are shown as box plot and the mean.  

 

The expression of SERCA 2 was evaluated via immunostaining and western blot 

analysis. Immunostaining showed the expression of SERCA 2 in both glucose 

groups. Both groups stained positive for SERCA 2, and it is well localized with 

α-actinin 2 (Figure 16.A). In addition, western blot analysis showed the expression of 

SERCA 2 in both groups. There was no significant difference in the expression of 

SERCA 2 (normalised to that of β-actin) between the two glucose groups (P =0.89, 

50 mM glucose versus 25 mM glucose group, Figure 16.B).  
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Figure 16: Effects of hyperglycaemia on sarcoplasmic reticulum Ca2+ handling proteins. A: 

Representative confocal microscopy images of SERCA 2, α-actinin 2, Hoechst, and merged 

images for both 25 mM and 50 mM glucose conditions. Scale bar = 5 μm. Magnification x 40. 

n = 3 replicates. B: Western blot images of SERCA2 and β-actin. C: Quantitative analysis of 

the SERCA 2 expression (normalised to that of β-actin) between the two glucose groups 

actin. n = 4 replicates. Data are shown as box plot and the mean. SERCA, sarco-

endoplasmic reticulum calcium transport ATPase. 

 

3.3.3 Effects of hyperglycaemia on the action potential parameters 
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rapid depolarisation without a detectable plateau phase (Figure 17.A and B). There 

were no statistically significant differences in the action potential amplitude between 

the groups (Figure 17.C) for action potential durations at 50% and 90% 

repolarisation, nor in the ratio of ADP50/ADP90 (Figure 17.D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Effects of hyperglycaemia on action potential parameters of pulsatile EBs. A-B: 

Representative tracing of action potential amplitude for 25 mM glucose (A) and 50 mM 

glucose (B) groups. C and D: Quantitative analysis of action potential amplitude (C), 

APD90/ADP50 under different glucose conditions (n = 6 EBs per group). Data are shown as 

box plot and the mean (■). AP: action potential. The AP data were obtained using the output 

of the LC_Pro programme. The LC_Pro software computed an average of several APs over 

6 seconds for each AP parameter value.  
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3.4 Effects of hyperglycaemia on structural changes of 

mESCs into cardiac-like cells 

3.4.1 Effects of hyperglycaemia on embryoid body growth 

To access the effect of high glucose on EB growth, the EB diameter was measured 

on day 3 and day 7 of differentiation. On day 3, the EB diameter in the 50 mM 

glucose group was 223 ± 13 µm compared to the 25 mM glucose group 278 ± 11 µm 

(P=0.01, 50 mM glucose group versus 25 mM glucose group) (Figure 18.C). The EB 

diameter on day 7 was 492 ± 16 µm for the 25 mM glucose group and 489 ± 20 µm 

for the 50 mM (P < 0.05, 50 mM glucose group versus 25 mM glucose group, Figure 

18.D).  
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Figure 18: Effects of hyperglycaemia on the embryoid body diameter. A, B: Representative 

transmitted-light microscopy images of individual EBs on day 3 (A) and day 7 (B) of 

differentiation cultured under the two different glucose conditions, microscope objective x10. 

C, D: Quantitative analysis of EB diameter Day 3 (C), Day 7 (D) of differentiation. *P ˂ 0.05 

for 50 mM glucose versus 25 mM glucose group. n = 5 independent cell culture batches for 

both glucose groups and ≥ 16 EBs for each group. Data are shown as box plot and the mean 

(■). 
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3.4.2 Effects of hyperglycaemia on the expression of cardiac 

specific proteins                                  

To evaluate effects of the 50 mM glucose on the expression of cardiac contractile 

proteins, beating EBs (day 12‒15) co-stained positive for α-actinin 2 and cTnT. Both 

glucose groups showed cardiac myofilament proteins with spatial distribution 

appearing as alternating striations of myofibrillar assembles. The high 50 mM 

glucose significantly reduced the fluorescence intensity of both α-actinin 2 and cTnT 

relative to that of the Hoechst-stained nuclei (P < 0.05 for 50 mM glucose versus 25 

mM glucose group for each protein, Figure 19). 
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Figure 19: Effects of hyperglycaemia on the expression of cardiac contractile proteins. A: 

Low-magnification (10x) confocal microscopy images of EBs showing α-actinin 2, cTnT, 

Hoechst, and merged images for 25 mM glucose (upper panel), and 50 mM glucose (lower 

panel). Scale bar = 200 μm. Magnification x 10. B-C: Quantitative analysis of the 

fluorescence intensity of α-actinin 2 (B) or cTnT(C), comparative to that of the Hoechst 

(n = 4-6 EBs per group). Data are shown as box plot and the mean (■). cTnT: cardiac 

troponin T. 
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3.4.3 Effects of hyperglycaemia on cardiac sarcomeric organization 

To evaluate the effect of high glucose on sarcomeric organization, beating EBs were 

immunostained with α-actinin 2 and MHC (α and β isoforms), which are the most 

abundant contractile sarcomeric proteins. High glucose (50 mM) substantially 

disrupted the α-actinin 2 striated organization pattern and generated a more mottled 

appearance (P = 0.04 for 50 mM glucose versus 25 mM glucose group, Figure 20.A 

and C). In addition, high glucose transformed the bands of MHC and induced an 

amorphous sarcomeric distribution (Figure 20.B). Qualitatively, high glucose reduced 

the number of fluorescence-stained MHC cells. 
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Figure 20: Effects of hyperglycaemia on the sarcomeric organization of cardiac contractile 

proteins. A: Representative confocal microscopy images of α-actinin 2, Hoechst, and merged 

images of 25 mM glucose (upper panel), and 50 mM glucose (lower panel). B: 

Representative confocal microscopy images of MHC, Hoechst, and merged images of 25 

mM glucose (upper panel), and 50 mM glucose (lower panel). Scale bar = 5 μm. 

Magnification x 40. C: Quantitative analysis of the fraction of α-actinin-disrupted cells, 

relative to total cells. (n = 5‒6 EBs per group). Data are shown as box plot and the mean (■). 

MHC: myosin heavy chain (α and β isoforms). 
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3.4.4 Effect of hyperglycaemia on cell proliferation 

To determine the effects of hyperglycaemia on cell proliferation, adhered EBs were 

stained with Click-iT EdU. Both glucose groups stained positive for EdU (Figure 

21.A). Quantitative analysis of the EdU stained nuclei relative to the total nuclei in the 

α-actinin stained area showed no significant differences between the 2 groups 

(P > 0.05 for 50 mM glucose versus 25 mM glucose group, Figure 21.B).  
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Figure 21: Effect of hyperglycaemia on cell proliferation. A: Confocal microscopy images of 

5-ethynyl-2-deoxyuridine (EdU), Hoechst, and merged images for 25 mM glucose (upper 

panel) and 50 mM glucose (lower panel) groups. Scale bar =5 μm. Magnification x 40. B: 

Quantitative analysis of % EdU-positive nuclei relative to total (n = 4‒6 EBs per group). Data 

are shown as box plot and the mean (■). 
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significant difference in the RAGE expression between 25 mM and 50 mM glucose 

groups (P > 0.05 for 50 mM glucose versus 25 mM glucose group, Figure 22.B). 

Furthermore, we tested whether there is a change in the TGF-β1, which is known to 

induce interstitial fibrosis (Rosenkranz et al. 2002). The western blot images showed 

a positive baseline expression of TGF-β1 in both glucose conditions (Figure 22.C), 

but there was no statistically significant difference in the TGF-β1 expression between 

the baseline- and high glucose groups (P > 0.05 for 50 mM glucose versus 25 mM 

glucose group, Figure 22.C).    

Figure 22: Effect of hyperglycaemia on the expression of fibrotic markers. A: Western blot 

images of the receptor of advanced glycation end-product (RAGE) and β-actin. B: 

Quantitative analysis of RAGE expression, relative to that of β-actin (n = 3 replicates). C: 

Western blot images of transforming growth factor-β (TGF-β1) and β-actin. D: Quantitative 

analysis of TGF-β1expression, relative to that of β-actin (n = 3 replicates). Data are shown 

as box plot and the mean (■). 
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3.4.5 Effects of hyperglycaemia on cardiac cellular degenerative 

changes  

3.4.5.1 TUNEL assay analysis 

Since hyperglycaemia induced changes in morphological and functional 

characteristics of the beating EBs, we investigated the role of apoptosis as the 

underlying factor causing such effects. The TUNEL assay was performed to detect 

the apoptotic cells. In cells co-stained with TUNEL and α-actinin 2, the TUNEL-

positive nuclei and Hoechst-stained nuclei within the regions positive for α-actinin 

were counted in both 50 mM glucose and 25 mM glucose. The fraction of TUNEL-

positive nuclei in α-actinin-positive cells was statistically significantly higher in 50 mM 

glucose (P = 0.03 for 50 mM glucose versus 25 mM glucose, Figure 23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 

74 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Hyperglycaemia-induced cellular apoptosis in mESCs derived cardiac-like cells. 

A: Representative confocal microscopy images of α-actinin 2, TUNEL, Hoechst and merged 

images for 25 mM glucose (upper panel) and 50 mM glucose (lower panel) groups. TUNEL-

positive nuclei in α-actinin-positive areas are indicated by white arrowheads. Scale 

bar = 10 μm. Magnification x 40. B: Quantitative analysis of TUNEL-positive nuclei in 

α-actinin-positive cells, n = 5 replicates per group. TUNEL: terminal deoxynucleotidyl 

transferase dUTP nick-end labelling. Data are shown as box plot and the mean (■). 

 

3.4.5.2 Effects of hyperglycaemia on mitochondrial components 

Since mitochondria play a vital role in the process of cell death, we next evaluated 

the mitochondrial status and mitochondrial specific proteins, which could mediate the 
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using Mitotracker Green staining. The images were taken from beating areas of EBs. 

There was uptake of Mitotracker Green in the areas around the Hoechst-positive 

nuclei (equivalent to cytoplasmic regions) of beating EBs in both glucose groups 

(Figure 24.A). There were no statistically significant differences in the Mitotracker 

Green fluorescent intensity between 50 mM- and 25 mM glucose groups (P = 0.76 

for 50 mM glucose versus 25 mM glucose, Figure 24.B). 
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Figure 24: Effect of hyperglycaemia on the mitochondrial mass of mESCs derived cardiac-

like cells. A: Representative confocal microscopy images of Mitotracker Green and merged 

images of Mitotracker Green and Hoechst for 25 mM glucose (upper panel) and 50 mM 

glucose (lower panel) groups. Magnification 20x. Scale bar = 5 μm. B: Quantitative analysis 

of the cellular Mitotracker Green fluorescence intensity. n = 4‒6 replicates per group. Data 

are shown as box plot and the mean (■). 

 

 

In order to test whether the mitochondria specific proteins were implicated in 

apoptosis, we performed immunoblotting for cytochrome c, which is the main 

component of the electron transport chain within the mitochondria. The result showed 

that the expression of cytochrome c in the 50 mM glucose group was significantly 

increased compared to that in 25 mM glucose group (P = 0.02 for 50 mM glucose 

group versus 25 mM glucose group, Figure 25). 
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Figure 25: Effect of hyperglycaemia on mitochondrial proteins of mESCs derived cardiac-like 

cells. A: Western blot images of cytochrome c and β-actin. B: Quantitative analysis of 

cytochrome c expression (relative to that of β-actin). n = 3 replicates. Data are shown as box 

plot and the mean (■). 

 

 

We further evaluated whether there was mitochondrial dysregulation via OPA1, 

which plays a key role in normal mitochondrial fusion structure and function and 

implicated in cardiac apoptosis (Chen et al. 2009). There was no statistically 

significant difference in the expression of OPA1 in the 50 mM glucose group 

compared to that in the 25 mM glucose group (P = 0.8 for 50 mM glucose group 

versus 25 mM glucose group, Figure 26). 
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Figure 26: Effect of hyperglycaemia on the expression of mitochondria fusion protein of 

mESCs derived cardiac-like cells. A: Western blot images of OPA1 and β-actin. B: 

Quantitative analysis of the protein expression (relative to that of β-actin) of OPA1. n = 4 

replicates. Data are shown as box plot and the mean (■). OPA1: the optic atrophy protein 1.  

 

In addition, the anti-apoptotic protein Bcl-2, and pro-apoptotic Bax proteins were also 

immunoblotted. The expression of Bcl-2 was decreased (P= 0.014, 50 mM glucose 

versus 25 mM glucose group, Figure 27.A and B), whereas there were no significant 

differences in Bax expression between the two glucose groups (P > 0.05 for 50 mM 

glucose versus 25 mM glucose group, Figure 27.C, and D). 
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Figure 27: Effects of hyperglycaemia on the expression of the anti/pro-apoptotic proteins of 

mESCs derived cardiac-like cells. A: Western blot images of Bcl-2 and β-actin. B: 

Quantitative analysis of the Bcl-2 protein expression (relative to that of β-actin). n = 4 

replicates. C: Western blot images of Bax and β-actin. D: Quantitative analysis of the Bax 

protein expression (relative to that of β-actin). n = 3 replicates. Data are shown as box plot 

and the mean (■).  
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3.4.5.3 Contributions of oxidative stress 

To evaluate for the possible contribution of hyperglycaemia-induced oxidative stress, 

we assessed the presence of the oxidative stress marker nitrotyrosine (Ceriello et al. 

2001). The beating EBs in 25 mM and 50 mM glucose groups were co-stained for 

α-actinin 2 and nitrotyrosine. The confocal microscope images showed relatively 

higher fluorescence signals of nitrotyrosine in high glucose compared to baseline 

glucose conditions (Figure 28.A). High glucose induced a statistically significant 

increase in the expression of nitrotyrosine in α-actinin 2 positive cardiac-like cells 

(P = 0.044 for 50 mM glucose versus 25 mM group, Figure 28.B). 
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Figure 28: Hyperglycaemia-induced oxidative stress of mESCs derived cardiac-like cells. A: 

Confocal microscopy images of nitrotyrosine, α-actinin 2, Hoechst, and merged images for 

25 mM glucose (upper panel) and 50 mM glucose (lower panel) groups. Scale bar = 10 μm. 

Magnification 40x. B: Quantitative analysis of the nitrotyrosine fluorescence intensity, relative 

to the number of nuclei in α-actinin 2 positive cells (n = 3 EBs per group). Data are shown as 

box plot and the mean (■).                            

 

We further evaluated the effect of the treatment with the antioxidant NAC. In EBs 

cultured under 25 mM glucose conditions, there was a minimal number of TUNEL-

stained nuclei in α-actinin 2 positive cells, while those cultured in 50 mM glucose had 

numerous TUNEL-stained nuclei (Figure 29.A). Therefore, high glucose statistically 

significantly augmented the number of TUNEL-stained nuclei (P < 0.05, 50 mM 

glucose versus 25 mM glucose group). Treatment with NAC significantly reduced the 
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number of TUNEL-stained nuclei in EBs cultured under high glucose conditions (P 

< 0.05 for 50 mM glucose versus 25 mM glucose group, Figure 29.B). In addition, 

NAC treatment significantly decreased the number of cells with a disrupted striated 

pattern of α-actinin 2 compared to those cultured under high glucose alone (P < 0.05 

for 50 mM glucose with NAC treatment versus 50 mM glucose group without NAC 

treatment, Figure 29.C). 
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Figure 29: Effects of antioxidant treatment. A: Confocal microscopy images of actinin 2, 

TUNEL, Hoechst, and merged images for 25 mM glucose (upper panel) and 50 mM glucose 

(middle panel) and 50 mM treated with NAC groups. Scale bar = 10 μm. Magnification 40x. 

B: Quantitative analysis of the fraction of TUNEL-positive nuclei relative to total nuclei. C: 

Quantitative analysis of the fraction of α-actinin-disrupted cells, relative to total (n ≥ 6 EBs 

per group). Data are shown as box plot and the mean (■). TUNEL, terminal deoxynucleotidyl 

transferase dUTP nick-end labelling, NAC: N-acetyl cysteine. 
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Chapter 4: Discussion 
 

This study showed that hyperglycaemia suppressed mESC differentiation into 

cardiac-like cells and induced contractile dysfunction of spontaneously-pulsatile cells. 

In addition, hyperglycaemia impaired the myofibrillar organization and decreased the 

expression of the cardiac myofilament proteins. These suppressive effects of 

hyperglycaemia on mESC cardiac differentiation were likely mediated by 

mitochondrial-dependent apoptosis and triggered by oxidative stress as well as by 

abnormal Ca2+ signalling.  

 

4.1 Mouse embryonic stem cell differentiation into cardiac-

like cells 

In this study, mESCs were successfully differentiated into cardiac-like cells as was 

indicated by the presence of spontaneous, cardiac-like pulsatile characteristics and 

the expression of cardiac-specific biomarkers. The use of pluripotent mESCs was 

essential in the present study for establishing the basis of in-vitro differentiation. The 

evidence for the pluripotency was supported by the expression of the master 

transcription factors such as Nanog and Oct3/4 in mESC, which are important 

regulators of early development and stem cell identity (Boyer et al. 2005). In addition, 

the ability of mESC to differentiate into each of the three primary germ layers is taken 

as evidence of pluripotency (Wobus et al 2002). Maintaining the pluripotency of the 

stem cells is essential to ensure the ability of the stem cells to self-renew and to 

differentiate into specific cell types. The mESCs can maintain their ability to self-

renew continuously for years if they are cultured in conditions that prevent their 

differentiation such as the presence of a feeder layer and growth factors like LIF 

(Burdon et al. 1999). In fundamental research, stem cells represent an effective 

system to investigate gene function and the physiological activities arising for the 

duration of development. In addition, a stem cell model will help to discover new 

diagnostic and prognostic biomarkers and to assess drugs discovery (Shi et al. 
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2020). However, although the mESC derived cardiac-like cells has been shown to 

recapitulate early cardiogenesis (Fijnvandraat et al. 2003), the resultant EB colonies 

include a variety of other non-cardiac cell types that interact via cell-cell contact and 

gap junctions (Lee, Cagavi Bozkulak, et al. 2011, Wobus et al. 2002). In this study, to 

overcome the alterations in cell proliferation and discrepancy in the composition of 

cells in EBs and the heterogeneity EB beating characteristics, the starting number of 

mESC seeded into hanging drops were fixed (Kowalski et al. 2012). 

The mESC derived cardiac-like cells were characterized functionally and structurally. 

In the current study, the results showed that the spontaneous contraction of cell 

clusters started on day 9 of differentiation and increased gradually displaying 

functional properties consistent with early-stage cardiomyocytes (Zhang et al. 2012). 

In addition, the beating cell clusters showed spontaneous action potentials and Ca2+ 

transient signals. Furthermore, the beating cells showed a chronotropic response of 

to β-adrenergic stimulation using isoprenaline through the acute application of 

isoprenaline (1 µM), which induced a significant increase in the beating rate (Figure 

6), thereby indicating physiological responses to catecholamine stimulation as 

expected in normal cardiac cells. For cardiac structural characteristics, the 

differentiated pulsatile mESCs expressed specific cardiac myofilament proteins such 

as α–actinin 2, cTnT, and cardiac MHC as well as gap junction protein Cx43. These 

findings confirm the cardiac like, functional and structural characteristics of the 

differentiated pulsatile cells.  

There has been a lack of clarity in the literature regarding the optimal glucose 

concentration appropriate for mouse stem cell cardiac differentiation. Although in-

vivo physiological glucose concentration is maintained at approximately 5.5 mM 

glucose, it has been shown that this glucose level does not promote embryonic stem 

cell differentiation into cardiac-like cells (Guan, Fürst, and Wobus 1999). In another 

study, Yang and colleagues showed that 5.5 mM glucose could produce superior 

cardiac differentiation of stem cells compared to 25 mM glucose levels (Yang et al. 

2016). However, the results of the present study showed that the 5.5 mM did not 

generate a superior cardiac functional phenotype compared to 25 mM glucose. 
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Therefore, in this study, 25 mM glucose was used as the control glucose level and 

there was effective in-vitro differentiation of mESC into cardiac-like cells under such 

conditions. These findings were consistent with previous studies that reported 

enhanced in-vitro cardiac differentiation of stem cells in 25 mM glucose levels. A 

study by Crespo et al. (Crespo et al. 2010) observed that the 25 mM glucose 

concentration promotes mESC cardiac differentiation attributed to the production of 

stimulatory ROS. In addition, a study by Guan et al. (Guan, Fürst, and Wobus 1999) 

showed that the cardiac differentiation of mouse embryonic stem cells in medium 

with 25 mM glucose was significantly enhanced compared to 5.5 mM glucose 

conditions.  

In the present study, the percentage of beating EBs was generally lower in 5.5 mM 

glucose than in 25 mM glucose conditions throughout the observation period (Figure 

9). These results are consistent with those in a previous study by Mochizuki et al. 

(Mochizuki, Ohnuki, and Kurosawa 2011) who showed that the efficiency of mESC 

differentiation into cardiac-like cells was significantly higher in the 25 mM glucose 

than in the 5.5 mM glucose condition. Furthermore, the findings of the present study 

were consistent with those from a study by Crespo et al. (Crespo et al. 2010) in 

which the supraphysiological 25 mM glucose level was vital for cardiomyocyte 

generation. Consequently, it is likely that the optimal baseline glucose condition 

depends on the specific stem cell line studied and on the type of protocol used for 

the differentiation. In the present study, the mESC were spontaneously differentiated 

into pulsatile cardiac-like cells without additional modification such as glucose-

adaptive protocols used in other studies (Yang et al. 2016).  
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4.2 Hyperglycaemia-induced structural and electrical 

alterations in stem cell derived cardiac like cells 

The standard baseline glucose of 25 mM used in the present study was in 

accordance with that used in other mESC studies (Ali et al. 2004, Crespo et al. 2010, 

Guan, Fürst, and Wobus 1999). The model of hyperglycaemia of 50 mM glucose 

used in the present study has also been used by others in a hyperglycaemia model 

of a cardiac-like cell line, H9C2 (Du et al. 2018, Han et al. 2015, Xu et al. 2020), and 

in non-cardiac cells such as neuronal cells (Mohammadi-Farani, Ghazi-Khansari, and 

Sahebgharani 2014, Russell et al. 1999). This high glucose deviates substantially 

from clinical conditions, but in the present study, 50 mM glucose represents a 

doubling of baseline levels (25 mM), which is the same magnitude of change that 

takes place between physiological levels (5.5 mM) and the diabetic threshold 

(11 mM).  

The present study showed that of 50 mM glucose impaired the EB development and 

maturation. The EB size on day 3 of differentiation was significantly lower in high 

glucose compared to standard glucose conditions, indicating that hyperglycaemia 

inhibited the EB growth. However, by day 7 of differentiation, the EB diameter was no 

different between the two glucose groups, possibly suggesting a greater sensitivity of 

mESC to glucotoxicity during the early stage of cellular growth (Kolwicz and Tian 

2011). The results of the present study showed that hyperglycaemia reduced the 

total number of beating EBs and reduced their beating rate. Taken together, these 

findings suggest that the functionality of cardiomyocytes derived from mESC was 

impaired by hyperglycaemia. For the beating pattern, there was a decrease in 

beating rate with time, towards day 19 of differentiation creating a dome-shaped 

trend. This subsequent decrease in beating rate could be due to the maturation of 

the cardiac-like cells, with more cells becoming ventricular-like and therefore losing 

their intrinsic pacemaking ability (Guan, Fürst, and Wobus 1999). An alternative 

explanation could be that as the microtubular content of cells increases with 

maturation, the beating capacity is down-regulated, since a greater content of 

microtubules has been shown to suppress beating in cultured neonatal cardiac cells 
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(Webster and Patrick 2000). Another observation in this study is that the EBs in the 

high 50 mM glucose condition were less adherent on coverslips than those in 25 mM 

glucose conditions, suggesting that the cardiac-like cells were losing their property of 

adherence in hyperglycaemic conditions.  

Hyperglycaemia significantly reduced the amplitude of cellular contraction, and the 

contractility parameters including decreasing the maximal rate of change of 

amplitude upstroke and downstroke (Figure 13). These results are consistent with 

our previous study where we observed a cardiac contractile dysfunction in a diabetic 

adult rat model (Aboalgasm, Petersen, and Gwanyanya 2021). In the developing 

heart cells, these results are consistent with those in another study where there was 

a cardiac dysfunction in foetal heart due to maternal hyperglycaemia (Han et al. 

2015). The maximal rate of change of amplitude upstroke (+dP/dt) has been used 

generally as an index of cardiac contractility, while the maximum rate of change of 

amplitude downstroke (-dP/dt) is indicative of diastolic relaxation (Kass et al. 1987). 

In this study, hyperglycaemia decreased +dP/dt and elevated the -dP/dt, which both 

indicate contractile dysfunction.  

 

The contractile dysfunction observed in the current study could be explained in part 

by abnormal changes in the cellular Ca2+ signalling. Hyperglycaemia significantly 

decreased Ca2+ transient amplitude without changes in Ca2+ transient decay time. It 

has also been shown that exposing cardiomyocytes to elevated extracellular glucose 

resulted in impaired cardiomyocyte contractility and Ca2+ flux (Ren et al. 1997). In 

addition, Belke et al. (Belke, Swanson, and Dillmann 2004) studied contractile 

performance and Ca2+ transients in Langendorff-perfused hearts and isolated cardiac 

myocytes. They demonstrated that in diabetic mouse hearts there was a reduction in 

the rate of contraction and relaxation. They further showed that the Ca2+ transients 

decay rate was significantly decreased in diabetic cardiomyocytes, indicating a 

reduced capacity for cytosolic Ca2+ removal not associated with a change in Na-Ca2+ 

exchange activity. In contrast, a study by Salem et al. (Salem et al. 2013) showed no 

substantial changes in Ca2+ transients and L-type Ca2+ current in diabetic 

cardiomyocyte. However, it is possible that the reduced Ca2+ transients detected in 
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this study might be due to the occurrence of cytosolic Ca2+ overload (Kumar, Kain, 

and Sitasawad 2012), an aspect that was not evaluated in the present study. 

 

The implication of abnormalities in Ca2+ homeostasis in the present study led to the 

investigation of the integrity of the Ca2+ handling proteins SERCA and RyR, given 

that impaired Ca2+ handling proteins account for a compromised cardiac function (Hu 

et al. 2011). In some diabetic models, the SERCA expression is reduced (Choi et al. 

2002, Zhang et al. 2008), whereas others studies reported a slight effect of SERCA 

on the sarcoplasmic Ca2+ content (Bode et al. 2011). The impairment of SERCA 

activity leads to contractile dysfunction as shown in a  study in which the polyol 

pathway causes impairment of SERCA activity in hyperglycaemic conditions (Tang et 

al. 2010). The polyol pathway has been shown to be a main promoter of 

hyperglycaemia-induced oxidative stress in different tissues sensitive to 

hyperglycaemia-induced lesions (Chung and Chung 2005). In the present study, 

SERCA 2 expression was not changed suggesting that further evaluation of diastolic 

factors such as the Na+/ Ca2+ exchange (Choi et al. 2002) could possibly play a role. 

In addition, Ca2+ overload results in the impairment of the Ca2+ transport system 

including the L-type Ca2+ channels, RyR, sarcoplasmic sodium-Ca2+ exchange, and 

the SERCA pump (Dhalla et al. 1985, Heyliger, Prakash, and McNeill 1987). 

However, in this study, the SERCA activity and Ca2+ level was not evaluated.   

 

In addition, the peak of Ca2+ transients generated by caffeine stimulation may be 

utilized as an indirect indicator of sarcoplasmic releasable Ca2+ (Cheek et al. 1994, 

Dettbarn, Györke, and Palade 1994). The result of the present study showed that 

hyperglycaemia reduced the response to caffeine stimulation was evidenced by 

decreased the caffeine-induced change in the contraction amplitude in comparison to 

baseline glucose condition. The decrease in amplitude of Ca2+ transient due to 

hyperglycaemia could be due to a decrease in SR Ca2+ content or a defect in RyR -

mediated Ca2+ release (Trafford et al. 2002). Since SERCA was normal 

and -d(Amplitude)/dt was elevated, it is likely that SR Ca2+ was normal and a defect 

in RyR-mediated Ca2+ release more likely. Support of this view is the decrease in 
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+d(Amplitude)/dt seen with hyperglycaemia (Figure13.D) and the observation that 

hyperglycaemia increased oxidative stress (Figure 28) since RyR is a redox sensitive 

ion channel (Turan and Vassort 2011). Therefore, the contractile dysfunction 

observed in the present study could be explained by the attenuation of both Ca2+ 

transient and RyR mediated Ca2+ release. The result of this study adds new 

knowledge in this research field, given that most of the findings reported in the 

literature are from adult cardiac cells compared to developing cardiac cells. 

 

In the present study, hyperglycaemia decreased the expression of cardiac 

myofilament proteins α-actinin and cTnT. These results are consistent with a 

previous study in which adult rat cardiomyocytes exposed to high glucose showed 

decreased myofibril formation (Dyntar et al. 2006). The disruption of cardiac 

myofilament protein organization in the present study is also similar to that of a 

previous study which showed that the sarcomeric structure of the cells cultured under 

25 mM glucose conditions were stable and had a well-organized pattern in 

comparison to other glucose concentrations (Guan, Fürst, and Wobus 1999). In 

addition, it has been shown in a study by Dyntar and colleagues (Dyntar et al. 2001) 

that the exposure of adult rat cardiomyocytes to high glucose concentration in the 

culture condition caused loss of myofibril organization and sarcomeric disarray. The 

loss of myofibrils is a common structural change in dilated cardiomyopathy (Mann et 

al. 1991), with sarcomeric disorganization being a specific feature of heart failure 

(Schaper et al. 1991). Furthermore, there is evidence that diabetes mellitus is 

associated with decreased cardiac myofilament function as evidenced by the altered 

Ca2+ induced contraction in human diabetes (Jweied et al. 2005). However, the 

finding in the present study cannot be attributed to alterations in the cell proliferation 

rate because there is no change in the pattern of cellular proliferation as indicated by 

nuclear EdU uptake. These findings are consistent with a previous study by Han et 

al. (Han et al. 2015) who showed that there was no difference in cell proliferation 

between cells cultured in 25- and 50-mM glucose conditions in cardiac-like H9C2 

cells. 
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Moreover, in the current study, there was no change in the expression of RAGE, an 

important mediator of myocardial inflammation and fibrosis (Bangert et al. 2016). In 

contrast, a previous study showed that the intrauterine hyperglycaemia induced 

inflammatory signalling through RAGE in the cardiomyocytes of the infants 

of diabetic mother rats (Kawaharada et al. 2018). The increased RAGE expression 

occurs mainly under chronic hyperglycaemia conditions (Chandna et al. 2015). 

However, the result of the present study is specific to early cardiac cell development 

and to the duration of cells exposed to hyperglycaemia. In addition, the results of the 

present study showed no change in the expression of TGF-β1 expression between 

control and hyperglycaemia groups. In contrast to the present study, another study 

showed that maternal diabetes significantly decreased expression of TGF-β1 in the 

foetal heart (Wang, Reece, and Yang 2015). The findings of the current study 

therefore do not rule out the effect of hyperglycaemia on TGF-β since there are three 

isoforms of TGF-β, each of which all could play a role in cardiac remodelling due to 

hyperglycaemia.  

 

4.3 Cellular apoptosis and oxidative stress as underlying 

mechanisms of hyperglycaemia-induced cellular 

alterations 

The present study showed that hyperglycaemia induced cellular apoptosis as was 

evidenced by the presence of TUNEL-positive nuclei in cardiac-like cells, which is an 

indicator of DNA damage and cell death (Figure 23). These results were consistent 

with that of another study which showed increased apoptotic cells in the developing 

heart of embryos of diabetic mice (Kumar, Dheen, and Tay 2007). In addition, the 

increase in apoptotic cells have been reported in the hearts of the offspring of a 

diabetic mouse (Reinking et al. 2009). However, these studies did not indicate 

whether the apoptosis was linked to hyperglycaemia or not. Hyperglycaemia induced 

cardiac cell apoptosis has been also documented in H9C2 cell line (Han et al. 2015, 

Zhao et al. 2013), and in vascular endothelial cells (Hou et al. 2015). The present 
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study showed that cardiac cellular apoptosis could be implicated through 

mitochondrial-dependent pathway. The findings of this study indicates that there is 

an increase in the expression of cytochrome c in the cytoplasm of the cells cultured 

under hyperglycaemia conditions (50 mM glucose), and a decrease in the anti-

apoptotic protein Bcl-2, without changes in the expression of the anti-apoptotic Bax 

protein. These results were consistent with a study by Cai et al. (Cai et al. 2002), 

which demonstrated that hyperglycaemia is directly linked with cardiac cellular 

apoptosis in a mouse model and in the H2C9 cardiac cell line. They also found that 

cellular apoptosis was mitochondrial dependent as evident by cytochrome c release 

and caspase-3 activation. The activation of caspase 3 can be stimulated by the pro-

apoptotic Bax protein and inhibited by the antiapoptotic Bcl-2. Bax can counteract 

Bcl-2 actions through producing heterodimers with Bcl-2 (Reed et al. 1996). In 

addition, homodimers of Bax may separately activate additional downstream 

apoptotic signalling (Oltvai, Milliman, and Korsmeyer 1993). Thus, the effects of Bcl-2 

and Bax on caspase 3 could be established by the comparative abundance of these 

two proteins. It has been described that the increased expression of Bcl‑2 in the 

heart tissue without alterations in the expression of Bax, a condition that specifies 

protection from apoptosis (Raisova et al. 2001). So, it is consistent with the findings 

of this study as there is an increase in the expression of Bcl-2 in the control group in 

comparison to the hyperglycaemic group. The change in mitochondrial membrane 

potential could cause the mitochondria permeability transition pore to open. This may 

lead to swelling in the mitochondria, rupturing the outer membrane, and releasing 

cytochrome c into the cytoplasm (Vander Heiden et al. 1997). However, other studies 

showed that there is no change in the mitochondrial membrane potential with the 

release of cytochrome c into the cytoplasm (Green and Reed 1998). Indeed, cardiac 

cell death, as a comprehensive outcome of irregular cellular metabolism and gene 

expression at primary phase in response to hyperglycaemia, has been considered as 

a significant trigger of diabetic cardiomyopathy (Feuerstein and Young 2000). High 

glucose concentration in culture condition was also shown to induce cellular 

apoptosis in endothelial cells (Baumgartner-Parzer et al. 1995).  
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In the present study, the causes of mitochondria pathology were not obvious, given 

that there were no changes in one of the mitochondrial fusion regulatory proteins 

OPA1 which has been implicated in cellular apoptosis (Chen et al. 2009). OPA1 

facilitates fusion of the inner mitochondrial membrane and is included in controlling 

mitochondrial membrane potential and regulating apoptosis. Downregulation of 

OPA1 leads to remodelling changes and to release of cytochrome c (Olichon et al. 

2003). It has been shown in a previous study that OPA1 deficiency is associated with 

increased mitochondrial fragmentation which could be a primary cause of cardiac 

dysfunction in the streptozotocin-induced diabetic rat model (Ding et al. 2020). Also, 

there is evidence showing that hyperglycaemia causes dysfunction in cardiac 

progenitor cells through an increase in mitochondrial fission related proteins (Choi et 

al. 2016). However, the lack of changes in OPA1 observed in the present study do 

not rule out the changes in the mitochondrial fusion or fission process as there are 

several proteins responsible for this process. Apart from OPA1, the fusion process 

also depends on GTPase family members mitofusin 1, mitofusin 2. The present 

study, however, showed no change in the mitochondrial state as evidenced by 

unaltered Mitotracker cellular uptake.  

This study also considered that oxidative stress is a trigger mechanism for cellular 

apoptosis. The results showed increased expression of the oxidative stress marker 

nitrotyrosine in the hyperglycaemia group, indicating the existence of oxidative stress 

(Figure 28). Nitrotyrosine is one of the oxidative stress markers that has been 

detected previously in a diabetic patient (Ceriello et al. 2001). The result of the 

present study is similar to findings in another study where there was an increase in 

the expression of nitrotyrosine in the diabetic rat heart model which was closely 

related to cardiomyocyte apoptosis (Zhang and Wei 2013). In addition, a study by Ho 

et al. (Ho et al. 2006) showed that exposure of vascular endothelial cells to high 

glucose levels induced significant ROS formation and apoptosis. Furthermore, 

oxidative stress induced apoptosis has been implicated in a study of diabetic induced 

embryopathy (Li et al. 2012). Therefore, the finding of the present study is novel 

regarding the link between hyperglycaemia with oxidative stress induced apoptosis in 

the early developing cardiac cell.  
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In the current study, the effect of treatment with NAC reduced the proportion of 

TUNEL-positive cells and improved α–actinin 2 organization in hyperglycaemia. NAC 

is recognised to act generally by neutralizing free radical-produced cellular injury and 

preventing excess ROS production (Sun 2010). The results of the present study were 

consistent with a previous study which showed that NAC treatments attenuate 

hyperglycaemia toxicity in H9C2 cardiac cell line (Dludla et al. 2019). In addition, 

NAC could also improve myocardial apoptosis by preventing excess mitochondrial 

ROS production in cultured neonatal rat cardiomyocytes (He et al. 2018). Moreover, 

NAC treatment has been shown to prevent congenital heart disease induced by 

pregestational diabetes in a diabetic model (Moazzen et al. 2014). Qualitatively, in 

this study the EBs cultured under hyperglycaemia conditions were less adherent on 

gelatine-coated coverslips. However, after NAC treatment the extent of EB 

adherence on the coverslips was improved. Overall, the results of the present study 

showed a role of oxidative stress in triggering cardiac cell apoptosis.  

 

4.4 Study limitations and future prospective  

Limitations of this study include the fact that in-vitro experiments, irrespective of 

mESCs being a good model to study cardiotoxicity (Shi et al. 2020), are not readily 

translatable to in-vivo conditions. This is because the standard baseline glucose of 

25 mM used in mESC culture is a supraphysiological glucose level (Ali et al. 2004, 

Guan, Fürst, and Wobus 1999), therefore the hyperglycaemia model requires a 

higher glucose level such as 50 mM, therefore deviating significantly from clinical 

conditions. The 50 mM glucose level represents a doubling of the baseline glucose 

level (25 mM glucose), corresponding to the estimated doubling of normo-glycaemic 

blood levels at the clinical diabetes threshold. Interestingly, a previous study used 

100 mM glucose in cell culture condition to mimic a diabetic condition (Chen et al. 

2012). However, the high glucose concentrations (50 mM) used in the present study 

may hamper the direct clinical translation of the results, which making the clinical 

relevance of such levels of glucose remain unclear. In addition, the level of 

hyperglycaemia in GDM is comparable to that in ordinary diabetes mellitus, which is 
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outside the range used this study, so the findings of the present study still need to be 

validated in an in-vivo model. 

Another limitation in the present study is the use of the EB model as a cardiac model 

because of the heterogeneity of cell types in the EB structure (Kowalski et al. 2012). 

Cardiomyocytes represent only 30-40% of the cells among the other types of cardiac 

cells (Zhou and Pu 2016). However, in this study, the heterogeneity of the EBs was 

reduced by using the hanging drop method, through which the defining number of 

mESC was seeded (Lee, Cagavi Bozkulak, et al. 2011, Wobus et al. 2002). In 

addition, in this study, the cardiac-like cells among the EBs were identified through 

co-staining with cardiac specific marker to evaluate the changes occurring among 

cardiac-like cells within the EB structure. However, further investigation is required to 

evaluate the other type of cells among the EB structure. The other limitation in this 

study is that the mechanisms through which antioxidant treatment reverse the 

occurrence of apoptosis is still unknown. Also, the effect of antioxidant treatment on 

functional alterations caused by hyperglycaemia has not been evaluated. Therefore, 

further investigation is required to evaluate the possible functional recovery with 

antioxidant treatments. In addition, the molecular changes associated with oxidative 

stress needs further evaluation. 

 

4.5 Conclusion  

In conclusion, the results of this study showed that hyperglycaemia suppressed the 

in-vitro differentiation of pluripotent mESC into cardiomyocyte-like cells and altered 

their contractile characteristics. Hyperglycaemia caused structural alterations in the 

growth and maturation of mESC derived cardiomyocyte-like cells and affected the 

expression and cellular organisation of cardiac myofilament proteins in mESC-

derived cardiomyocytes, without inducing changes in the cellular proliferation rate, 

nor in the mediator for fibrosis. Hyperglycaemia also caused contractile dysfunction 

of mESC-derived cardiomyocytes, without altering cellular action potential 

parameters. These hyperglycaemic effects were possibly mediated by mitochondrial-
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dependent cellular apoptosis and abnormalities in Ca2+ signalling, triggered by 

oxidative stress.  

 

Clinical implications 

The present study addressed the difficulty of studying the diabetic foetal cardiac 

disease in utero by establishing and validating an in-vitro stem cell cardiac 

hyperglycaemia model as a suitable- and stable disease model. The findings 

demonstrated the unique susceptibility of immature hearts to hyperglycaemia and 

identified molecular mechanistic pathways that could act as pharmacological targets 

for novel therapeutic approaches in the prevention- and management of the foetal 

heart disease in diabetic mothers. Therefore, the results of the present study create a 

platform for further translational studies on the often-overlooked but detrimental 

foetal diabetic cardiac disease. 
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Appendices 
 

Appendix 1: Cell culture recipes and reagents 
 

1- Preparation of culture media  

To keep the condition of sterility, bottles, measuring cylinders were autoclaved before 

used for culture medium preparation. The bottle culture medium was used in this 

study.   

MEF media (Recipe for 50 ml media): 

Content Amount  

DMEM (25mM) 43.95 ml 

FBS 5 ml 

Glutamax 0.5 ml 

Pen/Step 0.5 ml 

Mercaptoethanol 50 ul 

 

mES media (Recipe for 50 ml media): 

Content Amount  

DMEM (25mM) 41.45 ml 

FBS 7.5 ml 

Glutamax 0.5 ml 

Pen/Step 0.5 ml 

Mercaptoethanol  50 µl 

LIF 50 µl  

 

After preparation, the culture medium was filtered through 0.22 µm filter and kept at 

4oC. 
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2- Preparation of 0.1% gelatine 

Add 0.1g of type A gelatine to100 ml double distilled water and autoclave it. Store at 

room temperature.  

3- Preparation of dispase II solution 

To prepare 5 mg/ml, weigh 100 mg in of dispase lyophilized form and add it to 20ml 

basal DMEM, mix well and vortex to dissolve filter with through 0.22 µm filter syringe 

filter and aliquoted in well labelled eppendorf 1ml each and store at -20oC. 

4- Preparation of foetal bovine serum (FBS)  

FBS was heat inactivation at 60C for 20 minutes in a water bath well balanced. The 

FBS allowed to cool down to room temperature were then aliquoted and stored at -

20oC in 50 ml aliquots.  

5- Preparation of penicillin G and streptomycin sulphate 

Penicillin G (Sigma, SA, P- 3032), Streptomycin sulphate (Sigma, SA, S-91370). 

Final concentration required Penicillin 100 U/ml, Streptomycin 100 µg/ml.     To 

prepare 500 ml, weigh 3 g Penicillin, and 5 g Streptomycin, then dissolve them in 500 

ml autoclaved double distilled water. Sterile filter through 0.22 µm filter, aliquot and 

store at -20oC.  

6- Preparation of 4% PFA solution 

Work in the fume-hood, wear gloves and face mask. 

For preparation of 100ml 4% PFA solution, the requirements include: 

100 ml 1 x PBS         4g PFA powder 

Weighing boat         Spatula/spoon 

250 ml Beaker         100 ml Measuring cylinder 

pH strips           filter paper 

Funnel            100 ml Schott bottle 

50 ml labelled tubes for storage in the freezer. 
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Protocol: 

1- Measure 80 ml 1x PBS and add to a beaker. 

2- Weigh 4 g PFA and add that to the PBS.  

3- Cover the beaker with foil. 

4- Place onto magnetic stirrer and stir for about 20 min. 

5- Turn on heat in the stirrer to dissolve the PFA powder. The temperature should 

never exceed 60°C using a thermometer to check the temperature  

6- Wait for the PFA to be completely dissolved. 

7- Leave to cool to room temperature for about 2-3 hours. 

8- Adjust pH to 7.4 

9- Pour the PFA solution into a 100 ml measuring cylinder and top it up to a 100 ml 

with 1x PBS. 

10- Filter it into a 100 ml Schott bottle. 

11- Store in the fridge short term or aliquot in 50 ml tubes and freeze at -20°C for long 

term use.  

 

Appendix 2: Cell culture methods 
 

1- Thawing cells  

Switch on water bath to 37oC. Pipette 5 ml of medium into a 15 ml tube. Transfer the 

vial of the cells from liquid nitrogen tank to water bath wrapped with tissue paper 

sprayed with 70% alcohol. Thaw cell vial in the water bath (2-4 minutes), transfer 

cells to the warmed medium in tube. Spin cells at 1000 rpm for 5 minutes. The 

supernatant removed and the cell pellet re-suspended in 1ml of medium and triturate 

into a single cell suspension. After titration of cell pellet transferred to a gelatinized 

cell culture dish and distribute the cells all-over the dish. Incubate the cells at 37 oC 

with 5% CO2 and 95% humidity.  
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2- Freezing down cells 

Cells were lifted with Dispase II centrifuged, and the cell pellet re-suspended in 

filtered ice-cold freeze down medium consisting of DMEM supplemented with 20% 

FBS and 10% dimethyl sulfoxide and transferred to cold cryogenic tubes, which kept 

on ice until transferred to -80°C overnight. The cells were then placed in liquid 

nitrogen store for long term storage. 

3- Preparation of feeder layer 

Culture and passage: Mouse embryonic fibroblast (MEFs) were originally from 

ATCC. MEFs were seeded and maintained in MEF medium containing DMEM 4.5 

g/L glucose supplemented with FBS (10%), glutamax (1%), penicillin/ streptomycin 

(1%), and B-mercaptoethanol (0.1%). The medium was changed every 3-4 days. The 

cells were passaged at confluency of 80-90%, the medium aspirated and the cells 

washed with 1x PBS then trypsin/EDTA was added, and the cells incubated for 5 

minutes at 37 oC to lift the cells. Trypsin/ EDTA was then inactivated with equal 

volume of MEF medium. The cells were transferred into 15 ml tubes and centrifuged 

at 1500 rcf for 5 minutes. The cell pellets were triturated with MEF medium and 

plated at 1:4 splits into new culture dishes. The MEFs were mycoplasma tested with 

every passage to exclude mycoplasma infection. The MEFs were passaged to 

passage 6 were the mitotic inactivation done. 

Mitotic inactivation: Mitotic inactivation was done to prevent growth of the cells to 

become stable as a feeder layer for embryonic cell culture. Mitomycin C (Sigma-

Aldrich, USA) was used for mitotic inactivation, which based on the principle that 

Mitomycin C breaks the cell cycle by cross linking with MEFs DNA thus preventing 

cell mitosis but permitting cell metabolism to continue (Ishii 1981). For MEFs 

inactivation, the medium removed, and the cells washed with1x PBS. Fresh MEF 

medium added containing with mitomycin C (10 µg/ml sterilize by filtration) and the 

cells were incubated at 37oC in incubator for 2.5-3 hours. Thereafter, the MEF media 

with Mitomycin C removed and the cells were washed 3 times with 1XPBS. The cells 

were then lifted with trypsin/EDTA, centrifuged, and then frozen down at a specific 

concentration 0.3 x106, 0.6 x106, 1x106 cells/vial. 
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4- Mycoplasma test  

The cells were regularly (with every new vial used from MESCs stocks in liquid 

nitrogen) it was tested for mycoplasma infection to ensure that uninfected cells were 

used in experiments. Mycoplasma is a gram-negative bacterium that have no cell 

membrane and is more resistant to common antibiotics. These microorganisms 

depend on their host cells for survival and have harmful effects on their host cells. 

Mycoplasma infections induce disturbances in cell metabolism, alteration in cell 

morphology, causes disorders in cell growth and promote apoptosis (Gong et al. 

1999). Therefore, testing the cells for mycoplasma infection is an important step in 

cell culture model. Mycoplasma infection is a subtle infection difficult to detect in cell 

culture and can be detected through nuclear staining, which stains both mycoplasma 

and nuclei of the cell (Nikfarjam and Farzaneh 2012).  

The cells were cultured on sterile coverslips in in 35mm dishes in antibiotic-free 

culture medium consisting of Dulbecco,s Modified Eagles Medium (DMEM) 4.5 g/L 

glucose (Catalog Numbers 31966047, Thermofisher Scientific, SA) supplemented 

with foetal bovine serum (FBS) (10%), glutamax (1%), penicillin/ streptomycin (1%), 

and B-mercaptoethanol (0.1%) for 5 days. For mycoplasma staining, the medium 

was discarded, and the cells washed in 1XPBS then the cells were fixed using 

mixture 1:3 of glacial acetic acid and methanol at room temperature for 10 seconds, 

washed with distilled water for 3 minutes. The cells were stained with Hoechst 33258 

(0.5 μg/ml) for 30 seconds, washed with distilled water 3 times and mounted on a 

glass slide using mounting fluid. The slides were allowed to dry 1-2 hours before 

viewing under a fluorescent microscope (Zeiss Axiovert 200M) using the DAPI filter. 

Hoechst stain binds to all nuclear components and consequently a positive 

mycoplasma result is detected as fluorescent dots on the cellular membrane and in 

the cytoplasm of the cells. Mycoplasma negative cells stained positive with Hoechst 

only in the nucleus. None of the cell batch staining were positive for mycoplasma.  
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5- Cell counting on a haemocytometer  

A hemocytometer was cleaned with 70% ethanol. Resuspended cells were vortexed 

and 10 μL of cell suspension was transferred on the hemocytometer chamber.  

4 Blocks (A-D) containing cells were counted under the microscope and cell number 

was determined as follows:  

Total cell number=number of total cells in all 4 blocks x 1000/4. 
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6- Hanging drop  

Following image shows how the drops placed onto the under surface of the lids of 

10-cm culture dishes. The lids were then inverted and placed onto culture dishes 

filled PBS. 

 
Hanging drop 

 

 

Appendix 3: Calcium transient imaging optimization 

Calcium transient imaging has been optimized throughout the period of the study. At 

first, the imaging was tried using LED light source, mightex camera using imaging 

software micromanager. The issue we had is the limitation of the camera frame rate 

it is just 5 frame/second which was the big limitation to use for calcium imaging or 

voltage sensitive dye imaging. Therefore, we optimized confocal calcium imaging. As 

all our experiments were conducted overall EBs, therefore also the calcium imaging 

needs to be overall EBs without dissociation of the cells which may disturb the cell 
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connection and impair the conduction and the contractile functionality. We used the 

confocal imaging and we found the signal were weak and also with the focus as the 

EBs the cells were in multilayers as there is difficulty in the focus which were later 

improved by using the imaging dishes which has a glass bottom and the EBs were 

platted early in these dishes for imaging, as in previous the EBs were plated on the 

glass coverslips and the coverslips were in the culture dishes so it is difficult to focus 

through two layers.  

 

Appendix 4: Myocyter analysis of cellular contraction 

Steps for analysis: 

- Download Myocyter-Macroas.txt file. 

- Create a folder with avi file for the confocal recorded cellular contraction. 

- Open image J software and drag the myocyter txt file to open in the image j, it will 

open as following:  
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- Select run Macro from list under Macro list as follow: 

 

 

 

 

 

 

-  

 

 

From run macro menu select pretest as follow: 

 

 

 

 

 

 

 

In the pretest window, use the default setting then click ok, then select folder 

containing avi video, without opening the folder. Once the pretest done, a new folder 

called pretest with created in the folder containing avi video.  

- The next step is to create batch list, from macro list chose to create batchlist and 

from the widow select the folder containing pretest image without opening the folder 

and click ok.  

- The next select manual ROI selection from macro list. This feature help for manual 

selecting the area of cellular beating to avoid analysing any artefact. Then select 

folder containing avi of cellular beating without opening the folder.  
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- The next is evaluation, from this window tick batching and ok as follow: 

 

 

 

 

 

 

 

After evaluation done, new folders are created. The folder diffMove contain subfolder 

called data plots, which contains plots of amplitude of cellular contraction, and text 

file named results. 

 

Appendix 5: TUNEL assay  

 
We used in this study Click-it

 

Plus TUNEL Assay for apoptosis detection with Alexa 

Fluor
 

dyes Catalog No. C10617. 

 

Following table shows the contents of the assays:  

Material Amount Concentration 

TdT Reaction Buffer 
(Component A)  

8.0 mL  1X Solution  

EdUTP nucleotide mixture 
(Component B)  

55 μL     50X Solution  

TdT (terminal deoxynucleotidyl 
transferase) *recombinant* 
(Component C)  

 3 vials (34 μL per vial)    15 U/μL in glycerol  

Click-iT Plus TUNEL Reaction 
Buffer, 10X (Component D)  

500 μL  10X Solution in 
Tris-buffered saline  

Click-iT Plus TUNEL Reaction 
Buffer Additive (Component E)  

400 mg  NA  

Copper protectant (Component 
F)  

100 μL  NA  

Alexa Fluor picolyl azide dye 1 vial of Alexa Fluor  DMSO Solution  



 
 
 
 
 
 

138 
 

(Component G)  488 picolyl azide (25 
μL)  

 

Preparations of working solutions  

1- Allow assay contents to warm to room temperature before opening.  

2- Prepare a working solution of 1X Click-iT Plus TUNEL Reaction buffer 

(Component D): Transfer all the solution in the Component D vial to 4.5 mL of 

deionized water.  

To create smaller amounts of 1X Click-I-It Plus TUNEL Reaction buffer, dilute 

volumes from the Component D bottle 1:10 with deionized water.  

3- Prepare a working solution of 1X Click-iT Plus TUNEL super mix according to 

following table: 

Super mix components Picolyl azide 
Alexa Fluor 
488 

Picolyl azide 
Alexa Fluor 594 

Picolyl azide Alexa Fluor 
647 

1X Click-iT Plus TUNEL 
Reaction Buffer  

2630 μL 2625 μL 2625 μL 

Copper Protectant 
(Component F) 

67 μL 67 μL 67 μL 

Alexa Fluor picolyl azide 
(Component G) 

3.7 μL 8.3 μL 8.3 μL 

Total volume 2.7 mL 2.7 mL 2.7 mL 

4- To prepare a 100X stock solution of the Click-iT Plus TUNEL Reaction Buffer 

Additive (Component E): Transfer 2 mL of deionized water to the vial (400 mg), then 

mix to dissolve the contents.  

5- Following table preparation of TdT reaction mixtures. 

 Reaction 
components 

Number of coverslips 

1 2 5 10 25 50 

TdT reaction buffer 
(Component A) 

47 μL 94 
μL 

235 μL 470 μL 1,175 
μL 

2,350 μL 

EdUTP 
(Component B) 

1 μL 2 μL 5 μL 10 μL 25 μL 50 μL 

TdT enzyme 
(Component C) 

2 μL 4 μL 10 μL 20 μL 50 μL 100 μL 
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Total volume 50 μL 100 
μL 

250 μL 500 μL 1,250 
μL 

2,500 μL 

 

6- Following table for the preparation of Click-iT Plus TUNEL reaction cocktails: 

. Reaction 
components 

Number of coverslips 

1 2 5 10 25 50 

Click-iT Plus TUNEL 
Supermix  

45 μL 90 μL 225 μL 450 μL 1,125 μL 2,250 μL 

10X Click-iT Plus 
TUNEL Reaction 
buffer additive  

5 μL 10 μL 25 μL 50 μL 125 μL 250 μL 

Total volume 50 μL 100 μL 250 μL 500 μL 1,250 μL 2,500 μL 

 

 

Appendix 6: EdU cell proliferation assay 

Table: Click-iT reaction cocktails. 

Click-iT reaction cocktail Number of coverslips 

Reaction components 1 2 5 

1X Click-iT reaction buffer (prepared in step 1.4) 
 

430 μL 860 μL 2.2 μL 

CuSO4 (Component E) 

 

20 μL 40 μL 100 μL 

Alexa Fluor azide  
 

1.2 μL 2.5 μL 6 μL 

Reaction buffer additive  
 

50 ul 100ul 250ul 

Total volume 500 μL 1ml 2.5 ml 
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Appendix 7: Western blot protocol 

Process of western blot analysis 

1- Preparation of buffers     2- Protein extraction  

3- Protein Quantification     4- Sodium-dodecyl-sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) 

5- Protein transfer       6- Blocking of the membrane and antibody probing   

7- Western blot detection   

8- Stripling and re-probing    9- Western blot analysis 

 

1-Prepartion of the buffers:  

A- Radioimmunoprecipitation assay buffer (RIPA buffer).  

recipe for 50 ml include: NaCl (5 molar) 1.5 ml, Triton X -100 (100%) 500 ul, SDS 

(10%) 500 ul, Tris (1molar, Ph 7.5), Deoxycholate sodium 0.5 g and distilled water 

46.5 ml. 

 

B- Phosphate Buffered Saline-Tween (PBS-T). 

(PBS-T×1): 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4, 2 ml Tween 20 

and up to1000 ml distilled water, stir for 20 minutes and adjust the pH to 7.4. 

C- Running (tank) buffer. 

Using a Bio- Rad buffer (10× Tris/Glycine/SDS TGS Buffer, Bio Rad Laboratories. 

Inc. U.S). Mix 100 ml of TGS with 900 ml of distilled water. 
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D-Transfer buffer  

Using Bio Rad buffer (Trans -BlotTurbo x5 Transfer buffer, Bio Rad Laboratories. Inc. 

U.S). Mix 200 ml of 5× transfer buffer with 600 ml of distilled water and 200 ml of 

ethanol. 

E-Stripling buffer 

8 g NaOH in 1 liter distilled water. 

 

2-Protein extraction 

The culture media were aspirated, and the cells were washed two times with ice-cold 

PBS. Add 70-100 ul/ 12 well culture plates RIPA buffer with protease and 

phosphatase inhibitor cocktail (Halt protease &phosphatase inhibitor, 

ThermoScientific, USA) 10 µl of inhibitor per 1 ml of RIPA buffer. The cells were 

scraped with cold rubber tip of 1ml syringe and transferred to eppendorf tubes on the 

ice. The samples were then vortexed then putted in the tubes on the roller in 4C for 

30 minutes to complete the homogenization. The samples were then centrifuged at 

15 000 RCF at 4 °C for 30 minutes (Labnet International, NJ07095 USA), then the 

supernatant transferred into well labelled Eppendorf tube and make aliquot of 20 µl 

for protein assay and store at -80°C. 

 

3- Protein quantification 

The bicinchoninic acid (BCA) components were used to determine the protein 

concentrations, using the Pierce BCA Assay kit (Thermo Scientific, US) (Thermo 

Scientific, Rockford, U.S.A.). This assay applies a sensitive and selective colorimetric 

recognition where a specific reagent containing BCA detects the reduction of Cu2+ to 

Cu1+ in an alkaline medium. A standard curve is generated using bovine serum 

albumin (BSA) at a range of concentrations (2000 μg/ml, 1000 μg/ml, 500 μg/ml, 125 

μg/ml and 0 μg/ml).  
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A- Preparation of diluted bovine serum Albumin (BSA) standards using RIPA buffer 

as diluent and standard Bovine serum solution as follows: 

Vial          volume of Diluent(ul)     volume of BSA(ul) 

A             0             300 of stock 

B            125            375 of stock 

C            325            325 of stock 

D            175            175 of vial B dilution  

E            325            325 of vial C dilution  

F            325            325 of vial E dilution  

G            325            325 of vial F dilution 

H            400            100 of vial G dilution 

I             400              0 

 

B- Preparation of BCA working reagent 

To calculate the amount of working reagent required use the following formula: 

Number of standards used + number of samples ×2 (for duplicate) +1 for pipetting 

error ×200 (amount required per well). To prepare WR mix 50 parts of reagent A and 

one part of reagent B giving a clear green solution. 

C- For a microplate procedure using 96 wells plate, add 25 µl of standards in 

duplicate,10 µl of samples in duplicate. Add 50 µl of RIPA buffer to the samples and 

200 µl of working reagent to both standards and samples. Cover with parafilm and 

incubate in the oven at 37°C for 30 minutes. 

D- Measure the absorbance in plate reader (RT-2100C, Microplate Reader, 

Germany) at 562 nm, and prepare the samples according to the result in excel 

datasheet as follow: 
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4- Sodium-dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

Prepare 12% SDS -PAGE gels prepared solution for gel casting (TGX Fast Cast 

Acrylamide Kit,10% Cat.161-0173, Bio Rad Laboratories. Inc. U.S). Prepare 

resolving and stacking gel. Add 10% Ammonium persulphate (ASP) and 

Tetramethylethylendiamine (TEMED) just before use. Clean glass plates with 70% 

alcohol and fix them well in the casting stand. Load the resolving gel and add layer of 

20% SDS or 100% isopropanol to allow polymerization without oxygen for 10 

minutes. Load the stacking gel after drain the SDS or isopropanol and insert the 

comb. Allow the gel to set for 30 minutes at room temperature. The hand casted gel 

can be stored at 4°C for later use. 

Samples were denatured at 95 °C for 5 minutes, vortexed and centrifuged briefly 

prior to loading. The gels placed in the electrophoresis chamber, which filled with 

tank buffer. Load 40 µg/20ul of samples and 2.5 µl molecular weight marker (Figure 

below) into wells and record the order of loading. Using Mini-PROTEN Tetra Cell 

System (Bio Rad. SA), the electrodes connected red to red and black to black and 

run consonant voltage at 150 V for 90 minutes. 
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PageRuler Pre-stained Protein Marker 

 

 

5- Transfer process:  

The protein transfer process was performed using semidry transfer unit (Trans-Blot 

Turbo Transfer system, Bio Rad, SA)). The Polyvinylidene fluoride (PVDF) transfer 

membranes (Immuno-Blot PVDF Membrane for Protein Blotting, Bio-Rad 

Laboratories, inc. U.S) were activated in 100% methanol for 30 seconds then in 

transfer buffer. The transfer sandwiches were prepared and consists of pre-wet set of 

filters paper / PVDF membrane / gel / pre-wet set of filters paper and the bubbles 

were removed using a roller. The sandwiches then placed carefully into transfer 

cassette then placed in transfer unit and switch on. Choose List / Bio-Rad / low 

molecular weight protein 5 minutes / run. Once the transfer done remove the 

membrane from transfer unit and rinse briefly with PBST. The protein transfer was 

confirmed by staining the membrane for 5 minutes with ponceau stain (light sensitive, 

mix 2.5 ml of stain with 22.5 ml distilled water). The membrane then washed to 

remove stain three times with distilled water before membrane blocking. 
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PVDF membrane stained with poceau stain 

 

6- Blocking and antibody probing 

The membranes were blocked for one hour at room temperature on the shaker with 

either 5% bovine serum albumin (BSA) (2,5 g in 50ml PBS-T) or with 5% non-fat milk 

in PBST (dissolve 25 g milk powder in 500 ml PBST and filter it with filter paper 

(Whatman, Germany)). After blocking, the membranes with primary antibody (mouse 

monoclonal anti-troponin T) at a dilution of 1:5000 in 5% non-fat milk overnight at 4 

°C on shaker. Next day, the membranes were washed in PSBST 3 times 10 minutes 

each, then incubated with secondary antibody (Goat Anti-Mouse IgG(H+L)-HRP 

conjugate, 170-6516, Bio-Rad, GAM) at dilution 1:10000 in 5% non-fat milk solution. 

Incubate with secondary antibody for two hours at room temperature with gentile 

agitation on shaker. Afterthought wash in PBST three times. 

 

7- Western blot detection  

Prepare a detection reagent (Clarity Western ECL Substrate, Cat. 70-5060, Bio- Rad 

Laboratories. Inc. U.S) mix 1ml of each one, first white bottle which is super signal 

stable peroxide then brown bottle which is super signal west Pico Luminal / 

Enhancer. Use forceps to remove membrane from PBST and place it in a clean dry 

transparency. After one minute, close the transparency and remove excess fluid. 

Stick a fleshy sticker on the protein marker where expect the protein band signal to 

appear then keep it detection cassette. In a dark room cut x-ray film (Agfar 
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Healthcare, RSA), and lay it on the membrane (without removing the transparency) 

for 1-3 minutes. Take the x-ray film and immerse it in the developer solution and 

remove it once the band signal coming up Rinse briefly in water then immerse it in 

the fixer solution for 2 minutes then rinse in water and hang up to dry. 

 

8- Stripling and re-probing of the membrane 

The purpose of stripling of the membrane is to incubate it with other antibody to 

detect other protein or for loading control. Immediately after ECL detection process 

wash the membrane shortly with PBST then with distilled water 2 times for 10 

minutes each. Wash with stripling buffer for 5 minutes then in distilled water two 

times for 10 minutes each finally wash briefly with PBST.  

Block the membrane with 5% non-fat milk for 1 hour at room temperature then 

incubate with housekeeping primary antibody (Monoclonal Anti-alpha actin antibody 

produced in mouse) at dilution of 1:5000 in 5% non-fat milk in PBS-T overnight at 

4°C. Wash with PBST 3 times 10 minutes each. Incubate with horseradish 

peroxidase (HRP) conjugated secondary antibody (Goat Anti-Mouse IgG (H+L)-HRP 

conjugate, 170-6516, Bio-Rad, GAM) at room temperature on the shaker. Wash 

three times with PBST 10 minutes each and proceed to ECL detection as that for 

protein of interest. 

 

9- Scanning and analysis 

Scan the x-ray film with scanner and analyse with image J software (NIH, USA) as 

following steps: 

1- Open scanned image in image J software. Change the image to 8-bit mode, go to 

image / type / 8bit.  

2-Using rectangular tool from the image J toolbar draw rectangle shape around the 

first band, then go analyse / gel / select first lane, then drag the rectangle over the 

next band, go analyse / gel / select next lane, repeat this step until all bands selected 
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4- Once all the bands selected go analyse / gel / plot lanes to give a profile plot for 

each lane. The profile plot represents the mean density of each lane; higher peak 

represents dark band while wider peak represents large band size. Choose the 

straight-line tool from image J toolbar and draw a line at the base of the peak to 

enclose the peak. Select wand tool from image J toolbar and click inside the peak 

and highlight all the peaks.  

5- Choose analyse / gel / label peaks, the results are expressed as a percentage of 

the mean density of all the bands representing the protein of interest. Copy the result 

to excel datasheet. 

6- Same steps (1-6) needed for the housekeeping protein.  

7- Calculate the relative density of each band by dividing the percentage value of the 

mean density of the protein of interest over the percentage value of the mean density 

of the protein of housekeeping protein beta actin. 

 

 




