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Abstract 
 

Introduction: 

 A common background links ischaemic heart disease (IHD) with chronic 

obstructive pulmonary disease (COPD) with regards to systemic inflammation 

and underlying morbidity and mortality due to myocardial infarction (MI). The 

symptoms and clinical manifestations of both COPD and IHD are similar, 

however, compounds that are designed to target both diseases are yet to be fully 

evaluated. For patients with COPD and IHD who are treated, there is much 

evidence that muscarinic antagonists, such as ipratropium, whilst acting as 

effective bronchodilators also pose the risk of adverse cardiovascular events, 

such as myocardial infarction and stroke, due to underlying cardiotoxic effects of 

these bronchodilatory drugs.  According to the World Health Organization (WHO) 

2019 statistics, COPD is considered to be a disease which highly contributes to 

mortality as well as morbidity across a wide-range of socioeconomic economies 

with a considerable increase in the burden and impact on global health. 

Previous work in our laboratory has shown that Ipratropium Bromide (Ip), a non-

selective muscarinic receptor antagonist prescribed for the treatment of COPD, 

exacerbates myocardial injury. After administration during reperfusion in clinically 

relevant in vitro models of ischaemia/reperfusion (I/R) for the heart muscular (left 

ventricular) and hypoxia/reoxygenation (H/R) for isolated cardiac myocytes. The 

injury was via triggering both apoptosis, necrosis and increase the infarction of 

the heart tissue significantly, in a dose dependent mechanism. Ip’s mechanism 

of action in I/R and H/R was measured by determining the effect of the drug 

treatment during these conditions and to further gain an insight of its action. 
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Despite evidence to suggest that the cytotoxic effect of administrating Ip during 

reperfusion might involve mitochondrial fission and the opening of mitochondrial 

permeability transition pore (mPTP) as well as altered calcium signalling, the 

mechanism of this drug-induced toxicity is yet to be fully elucidated. 

Aims: 

The aim of this work was to try to further elucidate the mechanisms which lead to 

Ip induced myocardial injury, with a specific focus on the role of Ca2+ signalling 

and mitochondrial involvement. By investigating the cytotoxic effects of Ip in in 

vitro models, such as Langendorff perfused hearts as well as the cytotoxic effects 

in adult cardiac myocytes in stressed conditions which were clinically relevant to 

myocardial I/R. 

Methods: 

 Multiple methods were employed in order to identify of the mechanisms of toxicity 

for Ip and associated signalling pathways. Langendorff, Western Blotting, flow 

cytometry and PCR were all carried out under simulated conditions of I/R and 

H/R for the isolated rat hearts and cardiac myocytes in order to identify if there 

was a mitochondrial role in Ip induced cardiotoxicity. This was primarily by using 

mitochondrial division inhibitor (Mdivi-1), which has inhibition properties for cell 

death as well as providing protection against heart failure progression, the 

protective effects of mdivi-1 is thought to be by preventing mitochondrial 

fragmentation and blocking pro-apoptotic BAX-dependent cytochrome c release. 

And using KN-93 which can be defined as an inhibitor with a selectivity and a high 

potency against CaM kinase II, KN-93 works in the cardiomyocytes via 

maintaining the homeostasis of calcium, to confirm the involvement of calcium 
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overload as a calcium signalling indicator. As well as trying to identify whether Ip 

increases the expression of Dnm1l, which is Dynamin-1-like protein the gene 

encoded GTPase for Drp1. Drp1 is a member of the conserved dynamin large 

GTPase superfamily which regulates mitochondrial fission functions. As Ip 

significantly increases infarction, apoptosis, caspase-3 activity, the expression of 

Akt these have been preciously shown to be correlated with a reduction in the 

cell viability following I/R injury. 

Results: 

One of the main findings in this study is that the administration of Mdivi-1 provides 

cardio-protection when co-administered with Ip at both 15 and 30 minutes after 

reperfusion by the reduction in Dynamin related protein 1 (Drp-1), Akt and Erk1/2 

when compared with the untreated control. Moreover, this study also showed it 

can reduce myocardial injury exacerbated by Ip via reduction in the infarct size 

significantly by (82.7 ± 2.9% vs. 158.5 ± 6.2%) (p <0.001) and total apoptosis as 

shown through the flow cytometry caspase-3 activity and it also significantly 

increased cardiac myocyte viability. The effect that occurred on Akt and Erk1/2 

might be a result due to the action of Mdivi-1 on the mitochondria, indicating 

protection, although by a mechanism which has not previously been described 

and remains to be fully characterised. 

Similar results were found in the KN-93 studies with protective properties to 

cardiac myocytes in all cellular models used. KN-93 mainly reduced the infarction 

size by (74 ± 4.4% vs. 100 ± 0) (p <0.001). as well as caspase-3 activity, 

significantly. This is assumed to be mainly by inhibiting CaMKII which also inhibits 

calcium overload.  Since calcium overload resulted in the cell death as found by 
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the study, confirming the involvement of calcium signaling and, again, indicating 

involvement of the mitochondria which is linked to calcium overload. 

Combining the obtained results, the injury exacerbated by Ip was attenuated by 

both Mdivi-1 and KN-93 when co-administered with Ip, both agents have shown 

significant reduction in the injury when co-administered with Ip in infarction via 

the measurement of AAR% using Langendorff, TTC staining technique data were 

normalized to I/R control. caspase-3 activity usig flow cytometry for isolated 

cardiac myocyrtes stimulated H/R and addition of treatment stain to measure 

caspase-3 activity, data were normalized to H/R control. Mdivi-1 provided a 

higher level of protection since it decreased apoptosis and increased cell viability 

which, while there was attenuation, was not seen in KN-93 results. 

In conclusion: 

 The injury caused by Ip is potentially due to both calcium overload and 

phosphorylation of Drp1, although further studies are required to fully understand 

the mechanism of action and the full pathway. This work provides further 

elucidation into the mechanism by which ipratropium elicits its cardio-toxic effects 

and this holds promise for the development for future treatments for both COPD 

and IHD. 
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Chapter 1: Literature Review 

1.1 Introduction 
 

Chronic obstructive pulmonary disease (COPD) is the third most prevalent cause 

of mortality globally and is frequently considered to be an umbrella term for 

individuals suffering from chronic bronchitis, emphysema, or both (Whittaker 

2004). Ischaemic heart disease (IHD) is a cardiovascular condition which occurs 

due to limitation of blood flow to the myocardium. Both conditions frequently occur 

concomitantly due to their systemic influences on both the respiratory and 

pulmonary systems which can lead to systemic organ damage and, ultimately, 

death (Deshmukh and Khanna 2021).  

A common background that links IHD with COPD is underlying systemic 

inflammation, primarily located in the respiratory and pulmonary systems (Rabe, 

Hurst and Suissa 2018). Smoking a cigarette is likely to be a noxious 

environmental stimulant triggering inflammatory activity such as C-reactive 

protein and white blood cell count, by activating white blood cells which release 

inflammatory molecules which alert immune response (Griffo et al. 2017). That 

occurs due to following prolonged exposure is likely to damage the lungs 

epithelium and vascular endothelium induce pulmonary inflammation by 

damaging the respiratory epithelial barrier (Han et al. 2010). Tobacco smoking is 

the factor most correlated with COPD according to Olloquequ et al. (2018) study, 

however there are other shared risk factors as well, such as advanced age, 

pathophysiological mechanism, individuals with lower levels of physical activity 

as well as genetic factors such as α-1 anti-trypsin deficiency (Griffo et al. 2017).  
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All smokers experience a decline in lung function in a dose and duration-

dependent manner, which occurs in dose-duration dependent manner and lung 

inflammation also occurs during COPD leading to adverse effects that depend on 

the age and other risk factors (Onishi 2017). The management of COPD is 

important because of the production of systematic inflammation and oxidative 

stress, these significant factors have impacts COPD patients (Griffo et al. 2017). 

The symptoms and clinical manifestation of both COPD and IHD are similar which 

gives a strong evidence linking COPD and IHD, no compounds are designed or 

evaluated to target both diseases, with few pre-clinical studies, although for 

COPD and IHD patients, there has not yet been a clinical trial conducted (Roversi 

et al. 2014). COPD patients are suffering from atherosclerosis with abnormal 

decreased in the expiratory force volume at a period of one second vital capacity 

force (the ratio of FEV1/FVC) (Deshmukh and Khanna 2021). Since 2020 COPD 

has been considered the third largest killer in developing countries and 

uncontrolled COPD increases the morbidity and mortality in IHD patients and the 

diagnostic delay leading premature death (Deshmukh and Khanna 2021).    

Despite our current understanding of the association of COPD with IHD, there is 

much evidence to suggest that pharmacological agents, such as muscarinic 

receptor antagonists, for example ipratropium, may cause adverse 

cardiovascular outcomes. This was first recognised through a metanalysis by 

Sing el at in 2008 which indicated that the potential for premature death in 

patients suffering from both COPD and IHD was increased by up to 47% (Singh, 

Loke and Furberg 2008). Published literature had demonstrated that Ipratropium 

had the capacity to initiate both apoptosis and necrosis in myocardial cells 
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providing an indication inhaled anticholinergics could potentially provide a risk of 

adverse cardiovascular events in patients with COPD and underlying IHD 

(Harvey, Hussain and Maddock 2014). This work, for the first time, supported 

clinical observations of a study by Singh et al. in 2008 (meta-analysis) which 

indicated that premature death from adverse cardiovascular events could be 

increased COPD patients receiving ipratropium (Singh, Loke and Furberg 2008). 

Ipratropium causes the smooth muscle to relax which occurs due to intercellular 

cyclic guanosine monophosphate (cyclic GMP) degradation (Irvin-Sellers and 

White 2015). Acytalcoline release at the cholinergic nerve endings is inhibited 

due to its antagonist effect on mAChRS thus the feedback to the receptor is 

inhibited (Irvin-Sellers and White 2015). 

1.2    Chronic Obstructive Pulmonary Disease (COPD) 
 

According to the World Health Organization (WHO) statistics, chronic obstructive 

pulmonary disease is considered to be a disease which highly contributes to 

mortality as well as morbidity of a wide number of individuals with a considerable 

increase on the impact of global health (Siouta et al. 2016). COPD is most 

common in developed countries and in 2010 it was estimated that 384 million 

cases of COPD were reported with the equivalent prevalence of 11.7% in the 

United Kingdom (UK) it was estimated to be approximately 3% within the total 

adult population of the UK (Morgan, Zakeri and Quint 2018). In 2016 due to the 

251 million reported cases, the WHO ranked the global prevalence of COPD as 

the third leading cause of deaths especially in developed countries and it is 

expected to further increase due to poor awareness, aging population, tobacco 
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exposure and poor access to diagnosis (Alqahtani et al. 2020). It is characterised 

by inflammation in the pulmonary system and is mainly found in patients with a 

cigarette smoking history by 50% due to higher levels of inflammatory 

biomarkers, it is considered to be the basic cause of mortality related to chronic 

lower-respiratory diseases (Garcia-Lucio et al. 2016). COPD patients usually 

experience a reduction and limitation in the air flow (airflow limitation (AL)) that 

happens gradually due to inflammation, which can irritate cells lining airways, 

over time, they may become scarred, this airway scarring makes airways 

abnormally thick with no treatment for this in respiratory system which leads for 

the patients with either chronic bronchitis or Emphysema or both, as shown in 

Figure 1.1 (Forey, Thornton and Lee 2011, Harvey, Hussain and Maddock 2014). 

It is common, persistent and complex disease caused by dysfunction of the lungs 

with many triggering factors such as viral infection including coronavirus, not to 

mention the symptoms worsening, the end result is hospitalization, and given the 

irreversible nature of the condition ultimately death (Alqahtani et al. 2020). The 

triggers can be smoking, or air pollution and its symptoms are shortness of breath 

which gradually gets worse, coughing, wheezing and frequent infections of the 

lungs, the inflammatory cells and mediators and the effect and response to 

therapy vary however in COPD the predominant type of inflammatory cells is 

neutrophilic inflammation in the airway  (Forey, Thornton and Lee 2011). COPD 

is twice as common in patients with IHD and it is estimated approximately 33% 

of IHD patients also suffer from underlying COPD (Harvey, Hussain and 

Maddock 2014, Deshmukh and Khanna 2021). The comprehensive mechanisms 

of the inflammatory response in COPD is beyond the scope of this thesis, but 
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can found in the following two excellent reviews Saha and Brightling (2006) and 

He et al. (2010). The inflammatory response is complex and it involves many 

defense mechanisms against pathogens, in the lung pathogen or exposure to 

toxin or pollutants is one the main cause of inflammation during which many 

types of inflammatory cell are activated and they released cytokines and 

mediators to enhance the inflammatory cells in the presence of active chronic 

inflammation is present can such as asthma and COPD (Saha and Brightling 

2006). The involvement of immunity system to evoke rapid response especially 

since lung is a vital organ and excessive inflammation can be life threatening (He 

et al. 2010). Inflammation due to COPD is heterogeneous, but they key 

inflammatory cell types involve are macrophages, neutrophils and T cells 

inflammatory mediators are tumor necrosis factor alpha interleukin 1 and 

protases (Griffo et al. 2017).  It linked to systemic inflammation which increase 

of cardiovascular disease. Inflammation associated with manifestation as well as 

airflow obstruction. Accumulation of inflammatory mucous exudated in the lumen 

and ireverase in tissue volume of bronchial wall (Saha and Brightling 2006). 
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Figure 1.1 COPD conditions of chronic bronchitis and Emphysema. 

Figure 1. 1: COPD with the two conditions chronic bronchitis which is a long-term 

inflammation of the bronchi and Emphysema when the air sack is damaged, 

which are what COPD patients are suffering from (Garcia-Lucio et al. 2016). 

 

Many studies have linked COPD with other diseases such as cardiovascular 

disease (CVD), coronary artery disease (CAD) and lung cancer (Bhatt and 

Dransfield 2013, Roversi et al. 2014, Xia et al. 2020). Multiple therapeutic 

compounds have been prescribed for COPD such as β2-agonists and 

anticholinergics (also known as muscarinic receptor antagonists) (Roversi et al. 

2014). Some therapies, such as chemokine antagonists, are directed against the 

influx of inflammatory cells into the airways and lung parenchyma that occurs in 

COPD, whereas others target inflammatory cytokines such as tumour necrosis 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where material 
has been removed are clearly marked in the electronic version. The unabridged version of the thesis can 
be viewed at the Lanchester Library, Coventry University



 

 

35 
 

factor-α (Barnes and Stockley 2005).  However, adverse effects on the heart 

causing damage to cardiomyocytes was observed in COPD patients as a 

consequence of these treatments inducing toxicity associated with cardiovascular 

disease pathology (Finegold Asaria and Francis 2013). This correlates to the 

metaanlysis conducted by Singh et al. (2008) who specidically demonstrated that 

antimuscarinics may contribute to adverse cardiovascular outcomes (Singh, Loke 

and Furberg 2008). 

1.3     Cardiovascular Events (CVEs) 
 

Cardiovascular events occur due to the damage to the myocardium and 

symptoms of such events primarily included myocardial infarction or stroke, they 

are considered as pulmonary vascular disorders and include coronary heart 

disease (CHD) as a risk factor (Akyea et al. 2020). In the past decade, CVD 

treatment has significantly improved, however, an increased risk for age group of 

65 years patients with COPD to develop CVD, which is associated with a rise in 

risk of mortality, despite the fact that smoking is the main shared link between the 

two diseases, it is not the only reason (Morgan, Zakeri and Quint 2018). Due to 

potential higher levels of systemic pathologies in COPD patients, such as short 

of breath, weight loss, skeletal dysfunction, cardiovascular diseases, and 

depression (Morgan, Zakeri and Quint 2018). This is to develop cardiovascular 

diseases "cardiovascular events (CVEs)" IHD, heart failure (HF) and cardiac 

arrhythmias are the most common observed CVDs to occur in patients with 

COPD (Ogale et al. 2009, Finegold Asaria and Francis 2013). IHD prevalence 

with COPD patients in the study by Morgan, Zakeri and Quint (2018) it was 
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estimated that between 20% and 60% depends on the study population whereas 

the other disease found to be 10-30% in HF and 10-15% in cardiac arrhythmias 

(Morgan, Zakeri and Quint 2018). COPD patients have 28-70% chance to 

develop CVEs and if they have, they are susceptible to have exacerbation within 

3 months’ period (Acute exacerbation), therefore they need close attention and 

observation (Hu et al. 2020). With complexity of the mechanism CVDs is the 

leading cause for COPD patients to be hospitalized, COPD deaths are estimated 

to be between 12% and 60% depending on the population of the study and 

approximately a third of the deaths is a result of CVDs, not to mention people with 

hypertension and diabetes have high risk of mortality (Morgan, Zakeri and Quint 

2018) (Figure.1.2).  

Figure.1.2 ischaemic heart disease.

Figure 1. 2:  ischaemic heart disease in which the coronary artery is blocked, and 

the blood does not flow to the left ventricle muscle (Ogale et al. 2009). 
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1.3.1      Ischaemic Heart Disease (IHD)   
 

The remaining leading cause for mortality worldwide is ischaemic heart disease 

(IHD) with acute myocardial infarction (AMI) being the most serious fatal 

consequence of IHD (Finegold, Asaria and Francis 2013). AMI is the leading 

cause of death in the developed world as it is irreversible damage to the heart 

muscle and can lead to serious complications (Roversi et al. 2014). Although 

death from IHD is declining due to the decrease in incidence and increase in 

treatment effectiveness, IHD conditions are chronic, relapsing and the effect are 

not known (Koch et al. 2015). Strong association has been indicated by many 

studies linking AL and CAD, leading to the assumption that patients who suffer 

from COPD are highly at risk to develop IHD, and patients who have IHD have 

the same amount of risk of developing COPD (Roversi et al. 2014, Akyea et al. 

2020). Approximately a third of patients who developed IHD, are likely to have 

COPD, it is now established that the increased risk of COPD is mainly due to MI 

and stroke with COPD patients having double the risk due to MI (Morgan, Zakeri 

and Quint 2018). 

1.3.2      Cardiac Ischaemia (Myocardial Infarction, MI) 
 

Cardiac ischaemia (myocardial infarction, MI) which occurs in the myocardium 

after receiving insufficient supply of blood, the tissue will become dysfunction due 

to the shortages of elements required for cellular metabolism such as glucose 

and O2 (Zhao et al.  2003, Hausenloy and Yellon, 2013). This has a determinate 

effect on the cardiac tissue for the heart muscle prevented from receiving enough 

oxygen reducing its ability to pump the blood leading to heart attack and 
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developed complications and the damage is irreversible and the heart can not 

regenerated like other organs such as the liver (Zhao et al.  2003, Hausenloy and 

Yellon, 2013). Biochemical and metabolic changes after injury such as limited 

glucose uptake within the myocardium are likely to occur due to the deprivation 

of oxygen and nutrient supply, the cell will switch metabolism to anaerobic 

respiration since oxygen is absent, as a result of the lactate produced, 

intracellular pH is also drastically decreased (Hausenloy and Yellon, 2013). In 

cardiac tissue is necessary to maintenance of myocardial preservation during 

ishaemia or hypoxia via creation of energy through the combustion of 

carbohydrates in the absence of oxygen complication, glycolysis occurred, 

however, limited as by produce lactate protons inhibit glycolysis (Zhao et al.  

2003, Hausenloy and Yellon, 2013). This leads to the activation of the Na+/Ca2+ 

exchanger function which occurs due to intracellular Na+ overload as a result of 

extrude H+ by the Na+/H+ exchanger. Since the Na+/Ca2+ exchanger acts to 

reverse intracellular Na+ overload by the extruding of Na+ and replaces it with 

intercellular Ca2+, this eventually leads to calcium overload (Ottolia et al. 2013). 

During ischaemia, intracellular Na+ overload is exacerbated due to the function 

of the Na+/K+ ATPase, however, also during ischaemia the acidic pH prohibits the 

opening of mitochondrial permeability transition pore (mPTP) in cardiomyocytes 

and causes contractile dysfunction due to paralysis of cardiac myofibrils, 

simultaneously (Seidlmayer et al. 2015). Ultimately, there is a build-up of 

metabolic residues due to the cessation in ATP production and oxidative 

phosphorylation due to this reduction in pH; a mechanism which was first 

proposed in 2000 by Dhallla et al. (2000) and still remains as the primary 
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proposed series of events despite continued research in the past two decades 

(Dhalla et al. 2000, Halestrap and Richarsdon 2015) (Figure 1.3).  

Figure 1.3  myocardial injury caused by Ischaemia/ reperfusion injury. 

Figure 1. 3: Schematic to show myocardial injury caused by Ischaemia/ 

reperfusion pathway leading to calcium overload and oxidative stress which 

emerge from imbalance exists between free radical formation and the cells to bae 

able to clear them, via the use of antioxidants which are substances that 

neutralize or remove free radical by donating electron (Dhalla et al. 2000). 
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1.4   Reperfusion Injury (RI) 

Additional, irreversible, damage then occurs due to the restoration of the blood 

supply to the ischaemic tissue, this process is termed “reperfusion injury” and is 

due to the production of further free radicals, such as hydrogen peroxide, in the 

cell and the generation of reactive oxygen species (ROS) due to the sudden 

increase in O2 (Harvey, Hussain and Maddock 2014). The damage occurred via 

microvascular impairment, inducing contractile dysfunction and further myocytes 

death (Hausenloy and Yellon 2013). Since the cellular proteins are damaged by 

the restored O2 and there are still high levels of intracellular Ca2+ (due to the 

previously mentioned calcium overload), plasma membrane changes and DNA 

damage initiates and accelerates cellular self-destruction via both necrosis and 

apoptosis mediated pathways such as tumor necrosis factor-related, inducing 

ligand or caspase-3 dependent cell death (Kalogeris et al. 2012). However, the 

restored O2 also reinstates activation of the electron transport chain (ETC), 

generating further ROS such as peroxides, superoxide, and leading to further 

dysfunction of oxidative metabolism (Hausenloy and Yellon 2013).  

The culmination of these mechanisms, ultimately leading to cellular death during 

RI in cardio myocytes, due to the opening of the mPTP mediated by ROS and 

the contribution of the increased levels of intracellular Ca2+, as well as providing 

further damage by lipid peroxidation of the plasma membrane which lead to 

enzymes denaturing and provide direct oxidative damage to DNA (Hausenloy 

and Yellon 2013, Shah, Yellon and Davidson 2020). Lipid peroxidation alters the 

physiological function of cell membrane, the damage occurs via the increase in 

membrane permeability due to oxidized lipids believed to be involved in cardiac 
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ischaemia/reperfusion injury and inflammatory diseases, it can be disrupt ion 

gradients hence alerting metabolic process their cytotoxic role inhibiting gene 

expression and promoting cell death the lipids work as signalling molecules 

(Kalogeris et al. 2012).The main enzyme which generate lipids mediator such as 

lipoxygenase might activate receptors such as G-protein coupled receptors and 

nuclear receptors  some involved in signal transduction leading to  Ca2+ 

homeostasis (Yellon and Davidson 2020). At reperfusion the lactic acid 

(produced due to anaerobic metabolism during ischaemia) is discareded via the 

activation of the Na+/H+ exchanger, as a result the physiological level of the pH 

is readily restored, often accelerating to more than pH7, together with calcium 

overload, this potentially will lead to mPTP opening (Hausenloy and Yellon, 

2013). The induction in mPTP opening is based on Ca2+ driven into the 

mitochondrial membrane causing it to rupture, after which apoptosis is initiated 

upon the release of ROS and cytochrome c to the cytoplasm initiating an 

apoptotic dependent caspase cascade via activation of caspase-9 through the 

formation of the heptodimeric-apoptosome (Hausenloy et al. 2002, Singh, Loke 

and Furberg 2008). Irreversible damage to mitochondria is associated with the 

opening of mPTP by opening which lead to matrix swelling release of apoptotic 

molecules such as cytochrome c from intermembrane space (Chinnaswamy, 

Zameer and Muthuchelian 2020). During ishaemia factors such as intracellular 

Ca2+ accumulation and ROS progressively increase, during reperfusion the 

factors occurred during ischaemia cause the opening mPTP leading to apoptosis 

as mentiomned because the recovery of cardiac function depends on 

mitochondria recovery (Kalogeris et al. 2012). After reperfusion onset, as an 
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immunological response to ROS and the release of pro-inflammatory cytokines 

such as TNF-α, IL-1, IL-6, IL-8, accumulation of neutrophils by 80% occurs after 

several hours in the infarcted myocardial tissue (Chatelian et al. 1987, Kalogeris 

et al. 2012). Apoptotic bodies start to appear due to apoptosis (programmed cell 

death) in which no risk of inflammation occurs since these bodies maintain their 

integrity until phagocytes digest them (Chinnaswamy, Zameer and Muthuchelian 

2020).  

Figure 1.4 illustrate Anaerobic respiration during ischaemia as well as the 

restoration of oxygen at the onset of reperfusion in cardiac myocytes. 

Figure 1. 4:  The metabolic changes due to ischaemia into anaerobic metabolism 

in which the exchanger channel appears to cause calcium to overload in the low 

level of pH in which the mPTP is closed but once reperfusion take a please 

calcium overload and ROS causes the mPTP to be open leading to reperfusion 

injury explained above in detail (Hausenloy and Yellon, 2013). 
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1.4.1      Ischaemia /Reperfusion Cardiac Cell Death  
 

Cell death is considered to be a selective process of physiological cell deletion in 

normal tissue which plays an important role in shaping morphological and 

functional maturity in a number of systems and can occur in different forms such 

as apoptosis or necrosis (Tanaka et al. 1994). These processes are very 

important in normal condition for the body to develop, however it can be 

damaging if the cell death process was correlated with pathological conditions 

casing further damage to the tisse such as in ischaemia reperfusion injury (Wu et 

al. 2018). Ischaemia of the heart, causes the induction of fibrosis, replaced by 

cardiomyocyte death; despite the classic belief that the death of cardiomyocytes 

results from mechanisms of accidental cell death known as necrosis during 

ischaemia, its precise mechanism remains unclear (Kalogeris et al. 2012). After 

the restoration of the blood (reperfusion), local inflammation and potential 

increases in ROS production appear to result in secondary injury leading to cell 

death via processes which are from the traditionally defined apoptosis and 

necrosis mechanisms (Wu et al. 2018). It has been recently reported that 

ischaemia induces apoptotic death in the liver and in the brain (in vivo) (Luo et al 

2019). Thus, in addition to necrotic death, the mechanism of cardiomyocyte death 

during ischaemia may be involved in the apoptotic process (Chinnaswamy, 

Zameer and Muthuchelian 2020). There are currently treatments aimed to reduce 

cardiomyocyte death due to RI such as Melatonin, but this recent work implies 

more potential treatment and therapy significantly targeting both ischaemia and 

RI in myocardium should be developed especially since MI is a leading cause of 

premature death in the western world with the major factor contributing to 
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morbidity being the infarct size (Xu et al. 2018). Therefore, self-DNA targeted to 

inhibit inflammation during I/R as a complete process may help limit 

cardiomyocyte loss during both ischaemia and RI, since it is mentioned by Shah, 

Yellon and Davidson (2020). that self-DNA misplaced initiates the inner immune 

response resulting in chronic activation of inflammation which can occur due to 

necrotic cell death doting RI (Shah, Yellon and Davidson 2020). However, this 

poses a challenge for physicians since the end result is often organ dysfunction 

and no novel treatments to limit these adverse consequences (Wu et al. 2018). 

In apoptosis and necrosis death by ischaemia ending in releasing histones, which 

happened upon apoptotic execution weather the stimulus was extrinsic or 

intrinsic the core nucleosomal histones and their release from DNA correlated 

with the progression of apoptosis, the latter was shown to be able to trigger 

inflammation and subsequently cell death which occurred by activation of cell 

death pathway (Shah, Yellon and Davidson 2020). The injury can be caused by 

cascade of deleterious inflammatory response and cell death; however, these 

exact processes have not been fully elucidated (Xu et al. 2018). 

1.4.1.1      Apoptosis (Programmed Cell Death) 
 

Apoptosis (programmed cell death) usually occurs following stressful conditions 

to the cell such as ischaemia during which the cytoplasm condense, nucleus is 

segmented, loss of plasma membrane microvilli, and the chromosomes are 

extensively degraded into oligomers of about 180 bp caused by activation of 

endogenous endonuclease, however it is also an essential process in normal 

cellular turnover (Tanaka et al 1994).  It can be defined as an organised process 

that is regulated by transduction cascades and cellular proteins (primarily 
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caspases), many diseases occur due to imbalanced apoptosis such as cancer 

and AIDS, thus a profound understanding in apoptosis and its mechanistic 

pathway is essential in order to understand disease and how to treat them 

(Abotaleb, et al. 2019). Apoptosis is a very critical process in development and 

homeostasis by eliminating unwanted cells (Pfeffer and Singh 2018). It was 

suggested by many studies that various pathological conditions and chemical 

agents, cardiac ischaemia/reperfusion injury can cause the induction of apoptosis 

such as exposure to irradiation, ultraviolet and anticancer treatments (Tanaka et 

al 1994, Brentnall et al. 2013). During the stress conditions of ischaemia 

apoptosis cell damage is mediated by DNA cleavage or mitochondria dysfunction 

which activate caspases as a result, the loss of DNA lead to cell death 

consequently causing the cell to shrink, the chromatin will condense and fragment 

which occurs during reperfusion when the mitochondria release apoptotic 

proteins to initiate apoptosis, apoptotic bodies are produced as a result of budding 

from the plasma membrane, the apoptotic bodies will be phagocytosed, but, in 

contrast to phagocytosis following infection, this does not elicit an inflammatory 

response (Hausenloy and Yellon, 2013). Caspases and Bcl-2 family proteins are 

the main regulators for intrinsic apoptosis as pro-apoptotic proteins, after 

cytochrome c release from the intermembrane mitochondrial space, cell death is 

executed by a caspase cascade which is initiated by the formation of the 

apoptosome leading to activation of the initiator caspase, caspase-9 (Brentnall et 

al. 2013). There are two main routes for apoptosis shown in figure 1.5, the first 

one occurs due to extracellular signalling factors and is named extrinsic pathway 

apoptosis which can be initiated by extrinsic death receptor, such as FASL 
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binding to FAS, whereas the other pathway is intracellular signaling (intrinsic 

pathway) which occurs mainly by the release of cytochrome c from the stressed 

mitochondria, as is observed in cardiomyocytes following I/R (Abotaleb, et al. 

2019). Which is the first link to the area of study since Ipratropium bromide was 

found to exacerbate reperfusion injury by causing apoptosis in cardiac myocytes. 

For efficient execution of apoptosis, cell death programme, caspase-3 is required, 

caspase-9, which is activated post cytochrome c, activates effective caspases 

and Bid leading to cell death, however, the process is more efficient in the 

presence of casdpase-3 (Brentnall et al. 2013). Other important factors that play 

a crucial role in apoptosis induction are ROS and mitochondrial involvement in 

both physiologic and pathologic conditions (Zorov, Juhaszova and Sollott 2014). 

Interestingly, mitochondria is considered to be a target and source of ROS, since 

mitochondria releases cytochrome c to trigger caspase activation, which appears 

to be mediated by direct or indirect ROS action (Brentnall et al. 2013). Although, 

ROS have also anti-apoptotic effects (Simon, Haj-Yehia, and Levi-Schaffer 

2000). The rodox signalling is tightly regulated which is ensured via metabolism 

and ROS interplay with other messenger molecules, hence providing cellular 

function control form cell proliferation to apoptosis a balance in ROS level is 

essential and target of specific to proximity can be achived for the activation of 

cancer- growth-promoting pathways such as MAPK (Erk1/2, p38, and JNK 

PI3K/AKT) which is anti-apoptotic property (Simon, Haj-Yehia, and Levi-Schaffer 

2000). 
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Figure 1.5 illustrate the two main pathways of apoptosis: Extrinsic caused 

by extrinsic death receptor and Intrinsic occurs mainly by the release of 

cytochrome c from the mitochondria. 

Figure 1. 5: Presentation for apoptotic pathways. Extrinsic pathway characterised 

by the activation of the death receptors which cleave the initiator caspases such 

as caspase-8 which cleave both Bid and the executioner caspases as caspase-

3 leading to apoptosis. Intrinsic pathway involves BAX/BAK activation via tBid, 

Bcl-2 and other factors in mitochondria surface releasing cytochrome c which 

bind to APAF-1 making Apoptosome which cleave the initiator caspase-9 the later 

cleaved the executioner caspases such as caspase-3 leading to apoptosis (Ichim 

and Tait 2016). All abbreviations within the list of abbreviations. 
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1.4.1.2      Necrosis (Unprogrammed Cell Death) 
 

Necrosis (unprogrammed cell death) is considered as a passive form of cell 

death, the incompatible depletion of ATP level for the cell to survive leading the 

cell to enter the bioenergetic catastrophe known as necrosis cell death (Wu et al. 

2018). Cellular ‘accidents’ such as toxic insults or physical damage are mainly 

considered to be the initiator to ATP of bioenergetic deselection which lead to 

necrotic cell death this usually occurs during ischaemia due to the anaerobic 

metabolism when the cells produce lactic acids rather than ATP as well as the 

lack of oxygen, in contrast to apoptosis, it is irregular irreversible cell death often 

initiated by damage to the plasma membrane (Edinger and Thompson 2004, Wu 

et al. 2018). The morphological characteristics of necrosis are cytoplasm 

vacuolation and the resultant attributable inflammation induced around the 

necrotic cell causes the cellular contents and proinflammatory molecules to 

accumulate due to the breakdown of the plasma membrane (Edinger and 

Thompson 2004). Changes in nuclear morphology, which are frequently exhibited 

in cells that die by necrosis, are not organised chromatin condensation and 

fragmentation of DNA into 200 bp fragments that are shown in apoptotic cell 

death but appear to be almost random and sporadic abnormal cellular events 

(Edinger and Thompson 2004). Furthermore, cell death by necrosis as a 

consequence of cell swelling due to loss of plasma membrane integrity may be 

mediated via increased levels of Ca2+, and severe oxidative stress providing a 

further damage after the onset of reperfusion the link to the study is necrosis due 

to ATP depletion occur during ischaemia and during reperfusion calcium overload 

cause mitochondria damage leading to necrosis (Miller and Zachary 2017). 
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During necrosis, the cell rupture and release of enzymes, such as proteases, 

which can break down membrane protein pumps, indicate the activation of cell 

death for neighboring cells, this form of cell death was found during ischaemia 

due to the lack of oxygen which is one of the main causes of necrotic cell death 

in myocardium (Mao and Zhuang 2014). In addition, one of the events attributed 

to necrosis is the induction of the inflammatory response leading to additional 

damage in the tissue which during reperfusion injury will be more exaggerated in 

the heart tissue even after the restoration of oxygen (Mao and Zhuang 2014). 

Cells that become necrotic upon death, which is caused by irreversible changes 

occurring in the nucleus (karyolysis, pyknosis and karyorrhexis) (Miller and 

Zachary 2017), include signalling in necrosis as well as condensation intense 

eosinophilia, loss of structure, and fragmentation in the cytoplasm (Majno, and 

Joris, 1995). During ischaemia, when the cells become necrotic, they are called 

ischemic necrosis or massive necrosis, in which the mechanism is unknown 

(Wang et al. 2016). (Figure 1.6). 
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Figure 1.6 Necrotic cell death pathway in the cell due to external stress. 

Figure 1. 6: Present necrotic pathway caused by stress leading to the hyper 

activation of Poly (ADP-ribose) polymerase-1 (PARP1) by Ca2+ /Calpain, causing 

caspase-independent necrosis via the translocation of BAX to mPTP, which 

cause the release of ROS and apoptotic-inducing factor which translocate to the 

nucleus (Hou et al. 2013, Douglas and Baines 2014). 

 

1.4.1.3        Eryptosis 
 

Another type of cell death is known as eryptosis (also known as suicidal 

erythrocyte death) (Shaik et al. 2012). It is characterised by shrinkage of 

erythrocyte protease activation, membrane blebbing, asymmetrical 
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phosphatidylserine (PS) breakage accompanied by features that are found in 

apoptotic cell death in nucleated cells although the nucleus is absent in 

erythrocytes (Mahmud et al. 2013). The eryptotic cell death is thought to be 

utilised in preventing haemolysis of aged and defective erythrocytes that occur 

spontaneously (Mahmud et al. 2013). On the other hand, it has been suggested 

that anaemia might occur due to excessive eryptosis, moreover, many 

pathophysiological pathways are shared by eryptosis and heart failure (HF) 

(Bissinger et al. 2018). It has been demonstrated that these pathophysiological 

pathways presented in HF, which include oxidative stress, energy depletion, and 

a dysregulated osmotic balance, are the main reasons that trigger eryptosis 

(Mahmud et al. 2013). Furthermore, eryptotic events appear to affect organs for 

example eryptotic erythrocytes adhere to the endothelial cells which possibly 

contribute to impaired microcirculation and ultimately contribute to organ failure 

area where this have been observed in heart failure (HF)-associated anaemia 

(Mahmud et al. 2013). The link between eryptosis cell death and the study is 

ipratropium bromide stimulate eryptosis which is similar to apoptosis, via calcium 

overload the same manner Ip induced injury in cardiac cells via apoptosis. 

Calcium permeable cation channels are found to be triggered by eryptotic 

associated Ca2+ entry, which leads to cell shrinkage as a result to activate Ca2+ 

sensitive K+ channels (Ullrich and Apell 2021). In addition, Ca2+ entry causes 

phospholipid scrambling of the cell membrane subsequently phosphatidylserine 

(PS) will be exposed at the cell surface which can be measured as a mark of 

eryptosis (Rysavy et al. 2014). These are also important pathological 

consequences altered by intracellular Ca2+ handling in failing cardio myocytes 
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(Mahmud et al. 2013). Shaik et al. (2012) has also found erythrocyte death was 

triggered during Ipratropium bromide administration as shown in the flow 

cytometry data presented as caspase-3 increasing activity, indicating that cardiac 

toxicity due to muscarinic antagonist administration is not limited to 

cardiomyocytes (Shaik et al. 2012). The two main shared features are the 

erythrocyte death which is similar to apoptosis and the fact it was caused by Ip, 

suggest that Ip method of action require increase in calcium ions in the cell to 

produce the cell death (Figure 1.7). 
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Figure 1.7 Eryptosis cell death due to Ca2+ overload and the similarity 

shared with apoptosis.  

Figure 1. 7: Presents Eryptosis cell death with the deferent stages starting by 

Ca2+ overload, Eryptosis inducer is increased intracellular calcium which results 

in PS exposure into the other membrane leading in cell shrinkage as a result to 

activate calcium sensitive potassium channels then membrane blebbing as 

explained above (Boulet, Doerig and Carvalho 2018).     
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1.5     Signalling Mechanisms Involved In I/R       
 

Signalling mechanisms require many molecular components to be involved for 

the establishment of myocardial inflammation in the setting of diseases and I/R 

which promotes the upregulation of cytokines, chemokines and adhesion 

molecules, and are highly active in contributing to cardiovascular damage (Frati 

et al 2017). 

1.5.1        Reperfusion Injury Signalling Kinase (RISK) Signalling Pathway  
 

The RISK pathway was first proposed in 2003 (Hausenloy et al 2004) and refers 

to signal transduction pathways which confer cardio-protection and appears to be 

specifically activated during reperfusion (Rossello and Yellon 2018). 

Phosphoinositide 3-Kinase /Protein Kinase B (PI3K/Akt) phosphorylation, part of 

the pro-survival RISK signalling cascade, contributes to cell survival mechanisms 

by the inhibition of apoptosis (Li et al. 2013). The basic mechanism is through 

sending a signal from the cell membrane to activate AKT and Erk for cell surivival 

via the G-protein- coupled receptors ligands, that is protective to the cell from the 

cell surface to the mitochondria, this can occur via various mechanisms including 

agonism of G-protein coupled receptors, or, in the context of cardiovascular I/R, 

the signal can occur due to ischaemic preconditioning in which a non-lethal 

ischaemia and reperfusion confer cycle, which has been demonstrated to protect 

against I/R injury (Hausenloy and Yellon 2013). As a result, oxidative stress and 

I/R activate the RISK pathway PI3K/Akt /eNOS branch which indicate a higher 
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possibility for the cell to survive (Li et al. 2013) (Figure 1.8). Specific aspects of 

RISK signalling include PI3K-AKT, MAPKs, Erk1/2 and JNK. 

Figure 1.8 Ischeamic pre-conditions and the follow up activation of RISK 

pathway which promote cell survival via activating Akt and Erk. 

Figure 1. 8: Present the RISK pathway activation due to Ischaemia the MEK 

activate Erk and PI3K activate Akt both are the survival kinases which allow the 

cell to survive (Luna-Ortiz et al. 2011). 
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1.5.1.1       Phosphoinositide 3-Kinase (PI3K)/Protein Kinase B (Akt) 

Signalling Pathway 

 

Phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) pathway occurs through 

phosphorylation of Akt to P-Akt which then activates protein kinase C, a protein 

that is capable of providing protection to the heart against ischaemia via initiation 

of transcription of pro-survival proteins, resulting in reductions in apoptosis and 

necrosis (Winnay et al. 2013). Cardio-protection obtained from Akt is also thought 

to involve the inhibition of mitochondrial KATP
 channels, although these exact 

mechanisms are yet to be fully known (Li et al. 2013, Huang, Qin and Lu 2014). 

Moreover, the phosphorylation of the apoptotic proteins such BAD and BAX is 

highly affected by Akt, since apoptosis is due to the release of cytochrome-c 

which may otherwise occur because of the opening of mPTP, is a result of BAX, 

activation, this activation is prevented via Akt action which also suppresses BAK 

and activate anti-apoptotic proteins (Liang et al. 2014). From an evolutionary 

perspective and according to previous studies the mechanism of Akt action is that 

it provides an upstream regulator for apoptosis, since its phosphorylation appears 

to have a great role in caspase-independent apoptosis (Li et al. 2013, Winnay et 

al. 2013). In general, increases in the activity of Akt and Erk1/2 is considered to 

be protective to insults to the cell, such as ischaemia/reperfusion injury (Cai et al. 

2017). However, detrimental effects have been demonstrated in different animal 

models including rat, upon the over activation of Akt results in opposite action to 

survival pathway during ischaemia during which an acute activation of Akt is what 

the cell need to survive for RI, however chronic activation of Akt lead to 

complications and it was found in heart falling patients (Harvey, Hussain and 
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Maddock 2014, Mockridge 2002). According to previous studies, possibility of 

myocardial injury because of Akt over expression happening due to mutation in 

mammalian hearts or that constitutive activation interferes with the protective 

mechanisms (Harvey, Hussain and Maddock 2014, Cai et al. 2017). The 

pathological effects of this appeared to be worsened when Ip was administered 

under conditions of I/R as it occurred in (Harvey, Hussain and Maddock 2014). 

1.5.2    Mitogen-Activated Protein Kinases (MAPKs) 
 

Mitogen-activated protein kinase (MAPK) signalling pathways are also involved 

in the apoptotic processes and inflammatory response of ischaemia and 

reperfusion I/R injury (Lan et al. 2017). Suchal et al. (2016) found that Erk1/Erk2 

activation, a pro-survival kinase, inhibits JNK and p38 protein activities and 

decreases apoptosis by weakening the expression of pro-apoptotic proteins such 

as BAX and caspase-3 as was ascertained using terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL assay) positive cells, and increased 

level of anti-apoptotic proteins (Bcl-2) (Suchal et al. 2016). 

1.5.2.1       Extracellular Regulated Signalling Kinase (Erk1/2) Signalling 

Pathway 

 

Extracellular signal-regulated kinase 1/2 (Erk1/2) is a prototypic mitogen-

activated protein kinase (MAPK) signalling cascade protein (Tanimura and 

Takeda 2017). Erk1/2 regulates cell motility which is thought to be via the 

phosphorylation of many components that are involved in cell motility machinery 

as well as regulating many cellular functions including cell proliferation, survival 

and differentiation in response to extracellular cues. It was found that the 
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inhibition of Erk1/2 signalling is a promising strategy for cancer therapy as well 

as I/R injury due to its known involvement in RISK signalling, the latter provide 

cardio protection by the use of growth factor by reducing the infarct size 

(Tanimura and Takeda 2017). Erk1/2 is one of the majorly important signalling 

kinases in the RISK pathway. After I/R injury, the occurrence of Erk1/2’s 

phosphorylation appears to be at a various periods of time throughout I/R during 

which Erk1/2’s activation may lead to protection or damage in cardiac ischaemia, 

although its association remains to be determined unequivocally (Jiang et al. 

2014). The proposed theory are that Ip exacerbate injury due to calcium overload 

and mitochondria fission as well as chronic activation of Erk1/2 causes more 

damage however, if just acute activation at the onset of reperfusion it will have a 

positive effect. Similar to Akt, Erk1/2’s action is as an upstream regulator of 

apoptosis during reperfusion and Erk1/2’s activation involves caspase-dependent 

apoptosis with properties that inhibit apoptosis, which is the main action of the 

PI3K/Akt signalling pathway of cellular defense. This means that Erk1/2’s 

mechanism also results in a reduction in myocardial injury by inhibiting apoptosis 

and triggering cell proliferation (Yin et al. 2013). Erk1/2 was found to provide 

protective factors to I/R with an important key element in injury initiated after 

reperfusion through RISK signalling (Yin et al. 2013). By inhibiting Bcl-2 

dephosphorylation, which is a known associated death promoter (BAD), BAD 

causes the development of the apoptosome to be inhibited thus restricting 

executioner caspase activation (Yin et al. 2013). As Akt overexpression may 

damage the cell in a similar manner to the chronic activation of Erk1/2, similar 

pattern appeared in Harvey, Hussain and Maddock study (2014). Given that 
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Erk1/2 activation is up-stream of Akt and both signalling pathways converge, this 

is not an unsurprising observation, although the exact mechanism still needs to 

be elucidated (Harvey, Hussain and Maddock 2014). 

1.5.2.2        JNK Signalling Pathway 

 

One of the MAP kinases group members identified in mammals and insects is c-

Jun amino-terminal kinase, c-Jun N-terminal kinase (JNK) (Qu et al. 2020). It is 

activated by environmental stress and cell exposure to pro-inflammatory 

cytokines which implies a contribution to inflammatory responses by this pathway 

(Ip and Davis 1998). Studies based on genetic and biochemical aspects have 

demonstrated the potential of regulating cellular proliferation, apoptosis, and 

tissue morphogenesis by this pathway (Jiang et al. 2014, La Marca and 

Richardson 2020). Stress responses by the cell and physiological processes are 

both established by the functional role for JNK (Ip and Davis 1998). After 

ischaemia c-Jun NH2-terminal kinases (JNKs) are activated this has been 

demonstrated with enormous evidence from studies in which JNK inhibitors are 

used in gene knockout mice, and other transgenic animals, in which JNK was not 

produced, thus shows the crucial role of JNK in I/R induced apoptosis (Jiang et 

al. 2014).  

1.5.3        Drp1 Signalling Pathway 
 

Drp1 is a member of the conserved dynamin large GTPase superfamily 

encompassing diverse membrane tubulation and fission functions, dynamic large 

GTPase Drp1/Dnm1Dynamin related proteins (Ko et al. 2016). The mitochondria 
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balance fission and fusion, and the gene encoded GTPase. Fusion when two 

adjacent mitochondria join, whereas fission, which relates to DNA replication, is 

when one mitochondrion separates into two during mitosis; both processes 

require Drp1 activation, via phosphorylation, which plays an important role in 

mitosis, apoptosis and programmed necrosis (Roe and Qi 2018).  

Dephosphorylation of Drp1 at Serine (637) stimulates apoptosis and inhibits 

fission, however, Drp1 Serine (616) phosphorylation by B/cycl dependent kinase 

1 inhibits apoptotic cell death (Ko et al. 2016). The mitochondria have two main 

functions in metabolic and survival pathways via various signalling cascades thus 

it is a therapeutic target for cancer (Roe and Qi 2018). Production and 

phosphorylation of Drp1 at Serine (616) against the dephosphorylation of Drp1 at 

Serine (637) results in Drp1 increasing mitochondria fission via Drp1 recruitment 

onto the surface of mitochondria followed by fission of two lipids in the 

membranes of mammalian cells where the process of fission is mediated by Drp1 

with other proteins (Ko et al. 2016). However, the fission machinery is not fully 

known, despite knowing the balance between fission and fusion is crucial for a 

healthy cell. In cases of imbalance this will lead to pathological conditions (Liu et 

al. 2020). In the case of programmed cell death, Drp1 phosphorylation leads to 

its translocation onto the mitochondrial surface and activates voltage dependent 

anion channels (VDAC) (Helle et al. 2013). The latter is an important Ca2+ 

regulator in and out of mitochondrial membrane in pathological conditions it is 

modifying mPTP releasing apoptotic factors leading to the induction of free 

radicals from incomplete transfer of electron through the ETC resulting in swelling 

of mitochondria matrix and rupture 1.5 KDa from free radical (Managò, 2016, 
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Elnatan and Agard 2018). Drp1 also activate pro-apoptotic protein BAX leading 

to the release of cytochrome c leading apoptosis (Managò, 2016, Elnatan and 

Agard 2018). (Figure 1.9). 

Figure 1.9 Drp1 pathway of inducing cardiac myocytes death via 

activation of mitochondrial fission 

Figure 1. 9: The phosphorylation of Drp1 can lead to present the risk which 

produce mitochondria fission in pathological condition this leads to oxidative 

stress and the end result is apoptosis (Luna-Ortiz et al. 2011). 

 

1.6       Calcium Signalling  
 

Many essential cellular functions and processes required for intracellular 

signalling are performed by Ca2+, including cardiovascular muscle contraction 

(Santulli et al. 2015).  

With regards to cell cycle progression, the induction of resting cells (G0) to re-

enter the cell cycle is due to calcium signalling which helps activate the immediate 

early genes, it also plays an important role in promoting DNA synthesis initiation 
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(to move to S phase) and, also it stimulates events at mitosis contributing to the 

completion of the cell cycle (Berridhe 1995). An increasing number of anticancer 

therapies such as Fluorouracil (5FU), and immunosuppressant drugs are directed 

to the Ca2+ signalling pathway’s role in cell proliferation (Humeau et al. 2018). 

The intracellular concentration of calcium (calcium homeostasis) stimulates 

various processes, these processes such as mechanism of Ca2+ and both ‘on’ 

and ‘off’ switches, which for intracellular Ca2+ act to either increase or decrease 

the concentration (Yang et al. 2015). The plasma membrane has a channel which 

is included in the Ca2+ ‘on’ mechanisms, which is responsible for regulating Ca2+ 

supply in the extracellular space (Bootman et al. 2001). The switch ‘off’ 

mechanisms is based on the removal process of calcium ions from the cytoplasm 

(Yang et al. 2015). Ca2+ ATPases are also involved, as well as exchangers which 

require other ions (e.g. Na+/Ca2+ exchange) in order for Ca2+ to transporter out of 

the cell (Kohajda et al. 2020). Another important factor for cytosolic Ca2+ level 

regulation is mitochondria which despite its low affinity, it has high-capacity for 

the rapid Ca2+ uniporter that can significantly reduce cytosolic Ca2+ transients and 

diminish adverse cellular responses (Bootman et al. 2001). In addition, as for 

Ca2+ sequestration, the mitochondria are capable of activating and responding to 

cytosolic calcium signals if the mPTP is activated and small increases of 

intracellular Ca2+ levels are capable of initiating apoptosis via the mitochondria 

(Bootman et al. 2001). However, intercellular The Increase concentration of Ca2+ 

in myocardium following reperfusion injury increase the damage occurred to the 

heart muscles due to reperfusion injury, during ischaemia the calcium level 

increase intracellular and ATP is significantly reduced and the oxidative 
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phosphorylation is decreased as well  and  due to the increase in calcium level 

within the mitochondria following ischaemia which resulted in acidosis, as a 

consequence of reperfusion and  the change in the pH, mPTP openned and 

oxidative stress occur causing the mitochondria to swelling  and apoptosis or 

necrosis due to the depletion level of ATP, via the mPTP and initiation of 

apoptosis (Santulli et al. 2015). An important element for mitochondrial function 

is Ca2+ providing action to help the stimulation to ATP synthesis which is absent 

during I/R injury, as previously mentioned (Santulli et al. 2015). Therefore, there 

is a fine balance between there being sufficient Ca2+ levels to support oxidative 

phosphorylation and Ca2+ overload causing cardiomyocyte death. 

Many pathologies occur when mitochondrial Ca2+ homeostasis is dysregulated, 

this is in part due to the generation of ROS due to calcium overload in the 

mitochondrial matrix, which may trigger the mPTP resulting in 

cytochrome c release, leading to apoptosis and it is considered that mPTP 

opening is a pivotal event initiating irreversible cell-death pathways following I/R 

(Brookes et al. 2004) (Figure.1.10). 
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Figure.1.10 illustrate the calcium signalling in normal condition against 

the case of calcium overload within the mitochondria. 

Figure 1. 10: Calcium signaling in steady state and Calcium overload in the later 

the end result is apoptosis as prescribed in apoptosis cell death via the release 

of cytochrome c (Sterea and El Hiani 2020). 

 

1.7       Oxidative Stress 
 

Oxidative stress defention is imbalancelevel of ROS and antioxidants, it is the 

most common denominator of toxicity and many agents can lead to oxidative 

stress, such as chemical or physical factors such as exposure to UV, ionizing 
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radiations, pollutants, and heavy metals) and xenobiotics (i.e., antiblastic drugs) 

radiation, many fundamental aspects in cells are mediated by oxidative reactions 

such as cellular respiration and lipid synthesis (Srinivas et al. 2019). Patients who 

died from CHD and according to recent work carried out by Li et al. (2021) the 

reason for their death was AMI, I/R injury has also a detrimental effect on CHD 

patients. Given the restriction of blood as a result of the blockage is due to plaque 

accumulated in the coronary arteries, supply the left ventricular, the restricted 

blood flow results in a lack of oxygen to the heart muscle. This condition is known 

as coronary artery disease. Insufficient blood flow to the heart muscle can lead 

to symptoms of chest pain (Srinivas et al. 2019). Inadequate blood flow to the 

heart muscle is not being supplied, therefore there is a limitation of oxygen and 

nutrients leading to reduction in ATP and rising in Ca2+ which contributes to 

myocyte atrophy and necrosis. As previously described, the return of the blood, 

during reperfusion, results in exacerbation of the injury to the tissue, harm to 

cardiomyocytes, an inflammatory response and, depending on severity, 

irreversible myocardial damage and death (Srinivas et al. 2019). Ischaemic 

diseases are correlated with oxidative stress hence it is now, therapeutically, 

targeted to help improve ischaemic disease outcomes (Li et al. 2021). Oxidative 

stress usually can occur as a result of metabolism demand leading to free radical 

formation, during reperfusion, mitochondria dysfunction as a result of ROS 

production and calcium elevation as a well and changes in membrane potential 

leading to mitochondria swelling (Yu et al. 2018). A healthy amount of ROS is 

essential for cell survival whereas excess ROS could cause pathological 

conditions such as ROS can therefore be both essential and lethal, and the 
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various responses to ROS are important to normal physiology and in the 

development of many diseases, including cancer; it was also found that reactive 

nitrogen species (RNS) such as nitrogen dioxide (NO2) and Peroxynitrite (ONOO-

), are also associated with oxidative stress (Li et al. 2021). A recent study, Yu et 

al. (2018), suggested strong evidence that mPTP opening is enhanced due to 

oxidative stress and ROS targeted mitochondria during reperfusion causing lipid 

peroxidation and oxidative change in protein function and structure resulting in 

mitochondria dysfunction and loss in matrix metalloproteases (MMP) during I/R 

(Yu et al. 2018) (Figure 1.11). 
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Figure 1.11 Oxidative stress and its sources and its effects. 

Figure 1. 11: Sources of ROS and the general mechanisms by which oxidative 

stress can alter cellular function. Ataxia telangiectasia-mutated (ATM) is a 

member of the phosphoinositide 3-kinase-related protein kinase family that plays 

key role in DNA damage response (Wells et al. 2009). 
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1.8       Reactive Oxygen Species (ROS)  
 

Reactive oxygen species (ROS) can be defined as highly reactive chemical from 

O2 (Yang, Chen and Shi 2019). they act with a double function; they act as a 

second messenger for signalling in the cell this regulate many physiological 

functions (Li et al. 2021). However, ROS can be toxic products resulted from 

aerobic metabolism the latter can kill cells by oxidation (oxidative stress) (Yang, 

Chen and Shi 2019). ROS production can occurs as a consequence of a 

disequilibrium between detoxification, ROS and mitochondrial dysfunction (Li et 

al. 2021).  High demand for metabolism features in many pathologies, such as 

heart diseases, diabetes, and liver cancer, as ROS often triggers adverse 

physiological events or a programmed pathway for cell death (Yang, Chen and 

Shi 2019, Oddone et al. 2020). During oxidative stress ROS targets DNA, RNA, 

proteins and lipids, they must be maintained at basal non-toxic levels in order to 

avoid initiation of death-signalling pathways (Yang, Chen and Shi 2019). 

Inflammatory diseases are characterised by ROS overload; thus, many 

compounds, such as Twenty-seven benzylidenecyclohexenone-based PL 

analogues (2a-v and 15a-e), are synthesised to target ROS (Oddone et al. 2020, 

Qian et al. 2020). ROS can induce DNA damage as short-lived molecules they 

are the hazardous byproducts from mitochondrial respiration and this leads to 

downstream cell death signalling cascades (Yang, Chen and Shi 2019). Hydroxyl 

radical ·OH produced from the decomposition of hydroperoxides (ROOH) and/or 

superoxide anion (it breaks down to water) they are formed when molecules or 

atoms gain or lose electrons, is one of the main reasons for DNA damage as well 
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as ionizing radiation inducing double strand breaks (DSBs) via direct high energy 

damage to the sugar backbone of DNA preventing cell division and inhibiting DNA 

repair mechanisms (Srinivas et al. 2019). Both ROS and the mitochondria have 

crucial roles in mediating apoptosis in physiological and pathological conditions. 

The mitochondria is both the source and the target of ROS as increases in ROS 

production leads to the release of cytochrome c triggering caspase-cascade 

activation this action appears to be mediated by ROS, either directly or indirectly 

(Oddone et al. 2020). However, it is thought that ROS can be used as cancer 

prevention mechanism or to enhance the therapeutic response since they have 

anti-apoptotic properties (Srinivas et al. 2019). ROS level may result in different 

outcomes depending on their abundance and this property may be exploited for 

cardiovascular conditions, including salvage of cells following an ischaemic event 

in patients with IHD (Srinivas et al. 2019).  

1.9       Mitochondrial Permeability Transition Pore 
 

The mitochondria, sometimes termed “the powerhouse of the cell” have a crucial 

role in determining the fate of a cell (Brand, Perevoshchikova and Quinlan 2013). 

In healthy cardiac myocytes, the basic function performed by mitochondria is the 

ATP synthesis via oxidative phosphorylation in order to cater for the continuous 

demands of the beating heart (Doenst, Nguyen and Abel 2013). All of the 

demands for the cell cannot be met by only glycolysis especially in the case of 

ischaemia as the oxidative phosphorylation changes from aerobic to anaerobic, 

leading to failure or causing heart function to stop (Halestrap, Clarke and Javadov 

2004). However, the mitochondria have some mechanisms that means increases 
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in activation could change this organelle from a life supporter to a cause of cell 

death by inducing apoptosis or necrosis (Halestrap, Clarke and Javadov 2004). 

Since reperfusion injury correlate with nonspecific pore in the inner mitochondrial 

membrane (mPTP) opening, once opened, mPTP release apoptotic protein 

cytochrome c initiating apoptosis, which makes it essentially to become a target 

for the by preventing it to open (Halestrap, Clarke and Javadov 2004). In normal 

conditions of the cell mPTP remains closed, however, under stress cellular stress 

condition of calcium overload and oxidative stress which increases ROS 

production leading to mPTP opening as a consequence apoptotic cell death 

programme (Halestrap, Clarke and Javadov 2004, Mannella 2020). The opening 

of the mPTP can lead to the disruption with two major consequences; first any 

molecule less than 1.5 KDa can pass through to the mitochondrial membrane, 

despite the fact that in normal conditions small molecules are already moving 

across the membrane freely, but not proteins, therefore, in the case of mPTP 

opening intracellular fluid quickly enters the mitochondria leading to swelling, and 

eventual rupture, of the mitochondria (Halestrap, Clarke and Javadov 2004). The 

inner membrane of the mitochondria can be expanded because of the unfolding 

matrix without rupture (Mannella 2020). However, the outer membrane does not 

have this plasticity and will rupture which means the intermembrane space will 

be filled with proteins such as cytochrome c and APAF-1 in addition to other 

factors that indicate potential apoptotic cell death (Feldmann et al.  2000). The 

second outcome is that there becomes free accessibility to protons which are 

present in the inner membrane space (Zhao et al. 2019). This results in the 

uncoupling of oxidative phosphorylation leading to the activation of ATP 
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hydrolysation instead of synthesis due to the reverse action performed by proton-

translocating ATPase (Lippe et al. 2019). Under these conditions, the 

concentration of intracellular level of ATP decreases readily causing degradative 

enzymes such as nucleases, and proteases to be activated and thus metabolic 

and ionic homeostasis is disturbed (Halestrap, Clarke and Javadov 2004). Once 

the above-mentioned changes to the cell occur, the damage is irreversible 

leading to necrosis if the pore cannot close (Halestrap, Clarke and Javadov 

2004). Since the rupture of the outer membrane of the mitochondria results in 

ATP depletion due to the oxidative stress this leads to mitochondrial function 

collapsing (Halestrap, Clarke and Javadov 2004). High intercellular Ca2+ levels 

are a predominant key for the opening of mPTP when the pH is 7 or above, which 

explains why mPTP opening is not permitted during the acidic conditions of 

ischaemia (Feldmann et al.  2000) (Figure.1.12). 

 

 

 

 

 

 

 



 

 

72 
 

Figure.1.12 Mitochondrial Permeability Transition Pore in normal and 

diseased cells. 

Figure 1. 12: Mitochondrial Permeability Transition Pore in normal heathy cell 

when the pore is closed with no calcium overload nor depletion of ATP 

maintaining the mitochondrial integrity, and diseased cells due to ATP decreased 

level and increase concentration of calcium with in the mitochondria mPTP open 

and cytochrome c is to be released to initiate apoptosis, hypothetical model of 

mPTP (Feldmann et al.  2000).  

 

1.10     Muscarinic Receptors  

Muscarinic Acetylcholine receptors (mAChRs) are G-protein coupled receptors 

(GPCRs) called seven-transmembrane receoptors which share high sequence 

homology with other GPCRs whose endogenous agonists are hormones and 

neurotransmitters and, as such, have an important role in cellular survival, ATP 
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production and smooth muscle contraction, many processes are stimulated and 

regulated by acetylcholine binding and activating muscarinic receptors (mAChRs) 

(Irvin-Sellers and White, 2015). Their structer is distinct and is haas a sngal 

polypeptide within the plasma membrane the external propotien provide the clefts 

for the ligand to bind towhich resulted in conformational change the latter start a 

signalling pathway via the subunit dissociation (Yue et al. 2006, Patanè 2015).   

mAChRs can be broadly classified into five subtypes distributed throughout the 

body with neuronal and non-neuronal action responsibility named M1, M2, M3, 

M4 and M5 based (Irvin-Sellers and White, 2015). Primarily Ipratropium bromide 

(Ip), which is a non-specific muscarinic antagonist, which bind to mAChRs instead 

of Ach with antagonism effect, Ip works on the M2 and M3 subtype of mAChRS 

group found to be situated on the surface of the cells in the smooth muscles 

including the bronchi in the lungs (Irvin-Sellers and White, 2015).  mAChRS can 

mediate calcium influx, by which they can increase intracellular calcium (Irvin-

Sellers and White, 2015). This action leads to smooth muscle contraction, which 

was confirmed via the observation during bronchoconstriction (Yue et al. 2006, 

Patanè 2015).  A study, conducted by Yue et al. (2006) demonstrated that there 

are high levels of the expression of the M3-mAChR subtype located in 

ventricular myocytes, they also found that the expression of mAChRs was 

increased upon initiating ischaemia in myocytes especially the expression of 

M3-mAChR. Yue et al. (2006) showed that ischaemia, surprisingly, did not 

lead to that increase of M1, M2, M4 and M5- mAChR expression despite all 

five subtypes being present in the myocardium (Yue et al. 2006). The 

understanding that antagonist agents for mAChR receptors can cause smooth 
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muscle relaxation makes them a popular target for different pathophysiological 

conditions, especially respiratory conditions, such as COPD, in particular after 

being patented in 1966 (Yue et al. 2006). However, since 2008, morbidity and 

mortality has increased in (COPD) and asthma patients with underlying 

cardiovascular disease has been attributed to mAChR antagonists, due to the 

positive ionotropic and chronotropic effects they have on the mAChRs in the 

cardiovascular system, this has raised concern regarding the cardiovascular 

safety of these agents (Irvin-Sellers and White, 2015). Activation of mAChR 

provide both negative and positive inotropic and chronotropic effects in the heart, 

positive inotropic effects of cholinergic agonists are present only at high 

concentration of the agonist the dual effects of mAChR activation in heart may be 

a result of the presence of multiple subtypes of mAChRs (Yue et al. 2006). 

mAChR subtypes (M1–M5) have been identified, and each subtype is encoded 

by a different gene. Although M2 receptors have been considered to be the only 

functional mAChRs in the myocardium, new observations reveal that M3 

receptors are also present in the hearts of various species (Irvin-Sellers and 

White, 2015). In the setting of in vitro myocardial ischaemia I/R injury and 

oxidative stress models, Khan (2015) investigated the effects of individual 

mAChR antagonists such as atropine. As well as the potential for the inhibition of 

the mitochondrial permeability transition pore (mPTP), Khan’s study assessed 

individual mAChR antagonists using cyclosporine-A (CsA) which appeared to be 

protective and limited I/R injury (Khan 2015). Ca2+ ions create interactions 

between proteins myosin and actin by binding to c component of actin filament, 

the latter expose the binding site for myosin head to bind for stimulation of muscle 
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contraction binds to M3 muscarinic receptors on airway smooth muscle, a series 

of events is initiated which results in an increase in intracellular calcium (Ca2+) 

and smooth muscle contraction (Yue et al. 2006). Furthermore, Khan (2015) 

linked the association between intracellular signalling pathways and the mAChRs 

antagonists that were investigated; the results indicated that there was a link to 

cause myocardial injury mediation which occurred in stressful conditions (Khan 

2015).  Langendorff results presenting that -M3 mAChR antagonist, where the 

ratio size of infraction was increased significantly of the heart ischaemia and 

reperfusion conditions, was caused by ipratropium (Khan 2015). Indicating that 

the muscarinic signalling involvements was because of the competing blocking 

effect at the cardiac mAChRs by ipratropium which causes the injury (Khan 

2015). Acetylcholine (ACh) provided a mechanism of protection in which 

caspase-3 and Bcl-2 proteins were regulated preventing apoptosis (Khan 2015). 

In addition, the muscarinic activation induced by ACh also activate the Akt and 

Erk1/2 to protect the heart during reperfusion by inhibiting the opening of mPTP 

(Harvey, Hussain and Maddock 2014) (Figure.1.13).  
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Figure.1.13 Muscarinic Acetylcholine receptors mechanism of action upon 

the activation by ACh agonist. 

Figure 1. 13: Acetylcholine muscarinic receptors signalling pathway mechanism 

of action upon the activation by ACh agonist binding leading to dissociation of 

subunit leading to generating signal to provide either inhibition effect when 

potassium is out of the cell or excitation in the cell once sodium/ calcium enters 

the cell causing smooth muscles to contract as discussed above (Khan 2015).   

 

1.11      Ipratropium Bromide 
 

Ipratropium bromide (8-isopropyl-noratropine-methobromide) (Ip) was the first 

anticholinergic agent approved for use as a bronchodilator (Figure 1.14) and has 
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been widely prescribed for the treatment of COPD since 1987, with a duration of 

action that lasts for six to eight hours  Ipratropium bromide’s mechanism of action 

is by blocking muscarinic acetylcholine receptors mAChRS that are located in the 

lung and in airway via its antagonist properties, specifically those present on the 

bronchial smooth muscle (Irvin-Sellers and White 2015). Ipratropium causes the 

smooth muscle to relax which occurs due to intercellular cyclic guanosine 

monophosphate (cyclic GMP) degradation (Irvin-Sellers and White 2015). ACh 

release at the cholinergic nerve endings is inhibited due to its antagonist effect 

on mAChRS thus the feedback to the receptor is inhibited (Irvin-Sellers and White 

2015).  Published literature had demonstrated that Ipratropium had the capacity 

to initiate both apoptosis and necrosis in myocardial cells providing an indication 

inhaled anticholinergics could potentially provide an adverse cardiovascular 

events risk in patients with COPD and underlying IHD (Harvey, Hussain and 

Maddock 2014). This work, for the first time, supported clinical observations from 

a met-anaylsis in 2008 preforemed by Singh et al. (2008) which indicated that 

premature death from adverse cardiovascular events could be increased by up 

to as much as 47% in COPD patients receiving ipratropium (Singh, Loke and 

Furberg 2008) (Figure 1.14). 
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Figure.1.14 the chemical structure of Ipratropium bromide. 

Figure 1. 14: Ipratropium bromide chemical structure (Irvin-Sellers and White 

2015). 

 

1.12        Acetylcholine And Ipratropium Bromide Signalling  
 

Acetylcholine (ACh) is the natural transmitter and endogenous stimulator of 

muscarinic receptors providing protection against apoptosis by which Bcl-2 

proteins and caspase-3 are regulated through the RISK signalling pathway. It is 

well documented that acetylcholine is responsible for cytoprotective activities, 

including tissue salvage following I/R, the plasma level of Ach was not measured 

in the study however, in other study Acetylcholine assay for myocytes lysate 

under normoxia and Hypoxic conditions endogenous level of acetylcholine in 

normoxic control was 1.7 x10-9 M and in the hypoxic control was 1.3 x 10-9 M 

(Harvey, Hussain and Maddock 2014). The Kinases signalling pathways indicate 

that ipratropium bromide antagonist action could be the reason for RISK 

degradation via salvage kinase signalling involving Akt, (Erk1/2) and PI(3)K 
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(Hausenloy and Yellon 2007, XY et al. 2016). In the execution of apoptosis, the 

main element is mainly by increasing activity of caspase-3 which probably occurs 

because of phosphorylation of serine/threonine residues due to the activation of 

pro-survival kinase such as Akt which regulates caspase-3 activity thus apoptosis 

(Wu et al. 2013). Harvey, Hussain and Maddock (2014) result presents 

acetylcholine effect upon the administration at the start and trough out reperfusion 

was able to reduce the damage induced by ipratropium, however, the exact 

mechanisms have not been elucidated (Harvey, Hussain and Maddock 2014) 

(Figure.1.15). 

Figure.1.15 Acetylcholine chemical structure. 

Figure 1. 15: The chemical structure of Acetylcholine (Wu et al. 2013). 

 

1.13            KN-93 And CaM Kinase II 
 

Ca2+/calmodulin-dependent protein kinase II (CaMKII), is a protein kinase that is 

a potent transducer of Ca2+signalling (Zhang and Brown 2004, Hegyi et al. 2015). 

This protein kinase modulates cellular functions in response to high levels of 

intracellular Ca2+ which mediates a range of phosphorylation to substrates in 

order maintain survival of the cell and reduce the possibility of cell death (Zhang 
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and Brown 2004, Hegyi et al. 2015). Ca2+/calmodulin complex CaMKII regulates 

CaM kinase II providing a function in order to prevent myocyte apoptosis and 

regulates cardiac performance (Wang et al. 2004). 

KN-93 (2-[N-(2-hydroxyethyl)-N-(4-methoxybenzenesulfonyl)] Amino-N-(4-

chlorocinnamyl)-N-methylbenzylamine) can be defined as an inhibitor of CaM 

kinase II with a selectivity and a high potency (Zhang and Brown 2004).  Many 

signalling pathways are related to CaMKII, KN-93 works in the cardiomyocytes 

via maintaining the homeostasis of calcium (Hegyi et al. 2015). CaMKII mis-

regulation was demonstrated to cause heart arrhythmia related and contribute to 

cardiomyocyte loss during I/R (Erickson 2013, Hegyi et al. 2015). 

The basic mechanism for KN-93, as shown (in vitro) in rat myocardium, is by 

providing a significant inhibition to the activities of CaM kinase activity by blocking 

Ca2+ channels and, as a result, the calcium overload is prevented (Hegyi et al. 

2015). Previous studies have suggested that MI resulting from the antagonist 

action provided by Ipratropium bromide on myocardial mAChRS, is calcium 

signalling related due to calcium overload through a mechanism pathway that is 

unknown (Erickson 2013, Yang et al. 2021). However, Ca2+ homeostasis is 

known to play a crucial role in myocyte survival, therefore, investigations in 

nonclinical models (in vitro) were carried out for the determination of the 

relationship between the effects of Ipratropium bromide (CVEs) on myocytes in 

clinically relevant model of I/R, although the exact involvement of Ca2+ signalling 

was not fully determined (Figure.1.16).  
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Figure.1.16 KN-93 chemical structure. 

Figure 1. 16: The chemical structure CaMKII inhibitor of KN-93 (Cassambai et al. 

2019). 

 

 1.14    Mdivi-1 (Mitochondrial Division Inhibitor) 
 

Mdivi-1 (mitochondrial division inhibitor) is also known as 3-(2,4-Dichloro-5-

methoxyphenyl)-2,3-dihydro-2-thioxo-4(1H)-quinazolinone (Deng et al. 2021). 

Mdivi-1 has inhibition properties for cell death through myocardial ischaemia and 

reperfusion injury as well as providing protection against heart failure 

progression, it also prevents increase of apoptosis and abnormal mitophagy 

occurring following Ca2+ overload (Gharanei et al. 2013). Moreover, specific and 

non-specific actions of mdivi-1 is in reducing ischaemia reperfusion injury 

(Gharanei et al. 2013). The protective effects of mdivi-1 is thought to influence 

the mitochondrial fragmentation directly, which is found to occur simultaneously 

with the release of cytochrome c (Deng et al. 2021). The Gharanei et al. (2013) 
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study also showed that mdivi-1 is involved in delaying   depolarisation and 

hypercontraction, parameters measured to identify mPTP opening, providing 

extra protection against ROS induced mPTP opening (Gharanei et al. 2013). 

Mitochondrial division inhibitor 1 (mdivi-1) inhibits Drp1-dependent mitochondrial 

fission, Mdivi-1 also blocks pro-apoptotic BAX-dependent cytochrome c release 

from isolated mitochondria (Cassidy-Stone et al. 2008) and attenuates neural cell 

death (in vitro) and (in vivo) (Figure.1.17). 

Figure.1.17 the chemical structure of Mdivi-1. 

 

Figure 1. 17: Mdivi-1 chemical structure (Gharanei et al. 2013). 
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1.15    Aims, Objectives And Hypothesis 
 

1.15.1 Aims 
 

The ultimate aim of this work was to try to further elucidate the mechanisms which 

lead to Ip induced myocardial injury, with a specific focus on the role of Ca2+ 

signalling and mitochondrial involvement. The aim of this project was to 

investigate the cytotoxic effects of Ipratropium bromide in in vitro models, such 

as Langendorff perfused hearts as well as the cytotoxic effects in adult cardiac 

myocytes in stressed conditions which were clinically relevant to myocardial I/R. 

The role of apoptosis and necrosis in Ip induced myocardial injury, cell signalling 

pathways associated with Ipratropium induced cardiotoxicity via assessing the 

phosphorylation status of extracellular signal-regulated kinase (Erk), 

phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) and caspases was 

investigated to try to further identify the signalling pathways. The role of the 

mitochondrial permeability transition pore in Ipratropium induced cardiac injury 

was investigated with the use of adjunctive agents (e.g KN-93 CaMKII inhibitor 

and Mdivi-1 mitochondrial division inhibitor) to identify whether these influence 

Ipratropium induced cardiotoxicity. Investigating the role of dynamin related 

protein1 (Drp1)-triggered mitochondrial fission which contributed to apoptosis 

under pathological conditions which it has emerged as a promising therapeutic 

target. 
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1.15.2 Objectives 
 

Using clinically relevant, in vitro models of I/R, Adult Male Sprague Dawley rats 

were used to identify: 

1. Whether ipratropium exacerbates myocardial injury following I/R, this was 

carried out using Langendorff and flow cytometry techniques using 

isolated myocytes. 

2. Whether there was involvement of RISK signalling proteins in ipratropium 

mediated myocardial injury. 

3. The role of Ca2+ and mitochondrial involvement in ipratropium mediated 

myocardial injury with use of KN-93 and Mdivi-1 as well as looking at the 

Drp-1 associated protein. This was carried out by co-administration of KN-

93 and Mdivi-1 with ipratropium bromide and assessed via flow cytometry 

and Western Blotting. 

4. Whether these changes occur at a protein or molecular level by also using 

PCR, if possible, to look at the template of the proteins involved in the 

pathways identified. 

 

1.15.3   Hypothesis  
 

Ipratropium bromide has previously been shown to exacerbate myocardial injury 

in in vitro models of I/R, however, despite evidence that this mechanism has 

mitochondrial involvement, the pathways have not been elucidated. For this work, 

it was hypothesised that, given the available evidence, the co-administration of 

KN-93 and Mdivi-1 with Ipratropium will demonstrate protection against the 
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observed Ipratropium induced injury and help to clarify the signalling pathways 

involved in ipratropium induced injury, specifically by confirming mitochondrial 

involvement.  
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Chapter 2: Material, Methods And Validation Studies 
 

2.1    Materials And Reagents  
 

Mdivi-1 Mitochondria division inhibitor, Ipratropium bromide were bought from 

Tocris Cookson (Bristol, UK). KN-93 CaMKII inhibitor was bought from Sigma 

Aldrich (Poole, UK). Salts in normal and modified Krebs-Heinsleit (Krebs-

Ringer’s) buffer, restoration buffer and Esumi ischaemic buffer: Sodium chloride, 

Sodium bicarbonate, Potassium chloride, Magnesium sulphate, Potassium 

dihydrogen phosphate, Glucose, Calcium chloride dehydrate and Dimethyl 

sulphoxide (DMSO) were obtained from Fisher Scientific (Loughborough, UK). 

Apart from Deoxyglucose, taurine, bovine serum albumin (BSA), HEPES, sodium 

pyruvate, Lactate and Penicillin Streptomycin, Formaldehyde which were 

purchased from Sigma Aldrich (Poole, UK). The Type II collagenase was bought 

from Lorne Laboratories (Berkshire, UK).  

Red Active caspase-3 staining Kit, DRP1 Dynamin-related protein Antibody Bio 

Techne (Minneapolis, USA). Annexin V-FITC Apoptosis Staning / Detection Kit 

were purchased from Abcam (Cambridge, UK). CellROX TM Green Flow 

Cytometry Assay was bought from Fisher Scientific (Loughborough, UK). 

Samples were analysed using a FACS Calibur™ flow cytometer from BD systems 

(St. Edmunds, Suffolk, UK). 

For transfer of proteins onto PVDF membranes, Trans-Blot® Turbo™ transfer 

packs were used in conjunction with a Trans-Blot® Turbo™ transfer system as 

well as Mini-PROTEAN® TGX™ Precast Gels (4 - 20%) and a Mini PROTEAN® 

II system were used for electrophoretic protein separation and Precision Plus 
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Protein™ WesternC™ Standards were purchased from Bio-Rad (Hemel 

Hempstead, Hertfordshire, UK). Reagents required for the preparation of 

solutions used for Western Blotting Running Buffer, Restore TM PLUS Western 

Blot Stripping Buffer were purchased from Fisher Scientific (Loughborough, UK), 

Bio Rad (Hemel Hempstead, Hertfordshire, UK) and Sigma Aldrich (Poole, UK). 

For the Western blotting studies, antibodies used (phospho-Erk1/2 (Thr202/Thr204) 

were purchased from New England BioLabs (Ipswich, MA, USA). Cleaved 

Caspase-3 (Asp175) Rabbit anti-Human, Mouse, Clone: 269518, R&D Systems™, 

Phospho-AKT1 (Ser473), clone: 99H9L9, Invitrogen™ were purchased from 

Fisher Scientific (Loughborough, UK). Phospho-DRP1 (Ser616) (D9A1) Rabbit 

mAb brought from Cell Signailling Technology® (Massachusetts, USA). Western 

blotting buffers TBS, Tris Buffered Saline, 10X Solution, pH 7.4, PrieceTM BCA 

Protein Assay Kit and for detection of proteins on the PVDF membranes, 

SuperSignal® West Femto Chemiluminescent Substrate™ were bought from 

purchased from Fisher Scientific (Loughborough, UK) which was used in order to 

detect target proteins in ranges as small as femtograms, to ensure maximum 

visualisation of proteins. Tris base from Fisher Bio- Reagent (Loughborough, 

UK). 5X First strand buffer was brought from Invitrogen (Loughborough, UK). 

Gen5 2.07 all microplates’ reader software attached to Epoch™ 2 Microplate 

Spectrophotometer was bought from BioTek Instruments (Winooski, Vermont, 

USA). Tween 20 Fisher-bio reagent (Loughborough, UK). SDS, RNase Zap were 

bought from Ambion® (Loughborough, UK). PBS (10X), Trypan blue from Fisher 

Scientific (Loughborough, UK). Ethidium Bromide was purchased from Fisher 

Bio-Reagent (Loughborough, UK). Glycerol was bought from Fisher Scientific 
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(Loughborough, UK). EDTA, glycine, Methanol, NaOH, 20% SDS were brought 

from Fisher Chemical (Loughborough, UK). Bromophenol Blue, Isopropyl alcohol 

from Acros Organic (Loughborough, UK). NaHCO3, MOPS were bought from 

Sigma Aldrich (Poole, UK). Milk powder from (Marvel, UK), Ethanol, Sodium 

acetate were purchases from Fisher Bio-Reagent (Loughborough, UK). IKA T 25 

Digital ULTRA-TURRAX® Homogenizer Total pharmacy supply (Arlington, USA).   

DNA Ladder GeneRuler 100 bp Plus, BACT Fwd and Rvs Primers, HPRT1 Fwd 

and Rvs Primers and Nanodrop spectrophotometer were bought from Thermo 

Fisher Scientific (Loughborough, UK) PrimePCR™ SYBR® Green Assay: 

GAPDH Rat, PrimePCR™ SYBR® Green Assay Dnm1l, Rat, SsoAdvanced 

Universal SYBR Green Supermix and dNTP solution at 10 mM and Bio-Rad CFX 

Connect™ PCR machine were brought from Bio-Rad (Hemel Hempstead, 

Hertfordshire, UK). Tetro cDNA Synthesis Kit and TRIsureTM Bioline (London, 

UK). GAPDH primer (QuantiTect, Qiagen, Manchester, UK). (In DEPC-treated 

water), DEPC-treated water (Diethyl pyrocarbonate) was purchased from 

Ambion® (Loughborough, UK). RNALater® were purchased from Sigma Aldrich 

(Poole, UK). Oligo dT (20) primer kit from Invitrogen (Loughborough, UK), (MTT 

[3-(4, 5-dimethylthiazol-2, 5-diphenyl tetrazolium bromide)] was bought from 

Melford (Chelsworth, Suffolk, UK). GelRed® Nucleic Acid Gel Stain bought from 

Biotium (Cambridge, UK). 
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2.1.1    Drugs Concentration Preparation And Solubility   
 

Ipratropium bromide (diluted in RO water) Mdivi-1 and KN-93 (diluted in DMSO) 

to make (1 x 10-3 M) stock of each drug treatment, aliquoted into 1.5 ml microfuge 

tubes and kept at -20 °C, which were then added to Krebs-Heinsleit buffer (KHB) 

to give final experimental concentrations of Ipratropium bromide (1 x 10-9 M - 1 x 

10-7 M), Mdivi-1 (1 x 10-7 M) and KN-93 (4 x 10-7 M) the concentrations were 

chosen due to clinical relevance.  And they were added into restoration buffer to 

give the final concentration of (1 x 10-7 M) to all drug treatments. DMSO 

concentration in the working solution is <0.02%. 

 

2.1.2    Animals  
 

The animals used for all experiments were male Sprague-Dawley rats, which 

were adults 12-18 weeks old (340 g ± 30 g body weight) n=6 purchased from 

Charles River (Margate, Kent, UK). Animals were resided with the same 

conditions with free access to water and consistent, standard diet. Procedures 

were carried out following Home Office regulations and Animals (Scientific 

Procedure) Act 1986 complying with the Home Office / UK regulation, (which is 

accordance with a Schedule 1 Home Office Procedure). 
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2.2 Methods And Validation Studies 
 

2.2.1    Langendorff Model Of Isolated Perfused Rat Heart 
 

The technique used was established by Oscar Langendorff in 1897 for the 

isolation and perfusion of mammalian heart, this ex vivo method helped 

understand the heart physiology and the effect of important elements such as 

temperature, oxygenation as well as the importance of Ca2+ in myocardial 

contraction (Bell, Mocanu and Yellon 2011). The general principle is to maintain 

the heart for a couple of hours while it is receiving nutrition and oxygen to 

measure cardiac mechanical function, it is a cost-effective method and useful for 

pharmacological and cardiovascular research and has given crucial advances in 

ischaemia/reperfusion injury (Skrzypiec-Spring et al. 2007). 

ischaemia/reperfusion injury (Skrzypiec-Spring et al. 2007). The perfusion 

process occurs in reverse function in Langendorff apparatus via the cannulation 

of the aorta which is perfused with KHB (containing nutrition and oxygen 95%) 

(Skrzypiec-Spring et al. 2007). KHB, which is still used to mimic plasma, it 

contains the ions required for heart function.  the buffer is widely used as 

perfusion buffer for isolated hearts mounted on Langendorff apparatus in which 

the drug treatments are usually added in the perfusate this enables the 

observation of their effect on the isolated heart also the method enables the 

digestion process into individual cells to harvest the cells for further 

measurements (Powell and Wapnir 1994).The Langendorff protocol was followed 

to measure haemodynamic function of the left developed ventricular pressure, 

heart rate and coronary flow, infarct size (I/R%) and area at risk ratio (AAR%) 

were also measured. For the hearts that were treated with Ipratropium bromide 
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(1 x 10-9 M-1 x 10-7 M), Mdivi-1 (1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M), or 

KN-93 CaMKII inhibitor (4 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) which was 

compared with I/R controls. All pharmacological agents were added at the onset, 

and throughout, reperfusion. At the onset of reperfusion, KHB was exchanged for 

KHB containing the appropriate drug concentration. The heart was perfused with 

KHB + drug(s) throughout reperfusion.   

 

2.2.1.1    Rat Hearts Isolation And Perfusion   

 

Cervical dislocation was the method used to sacrifice the adult male Sprague-

Dawley rats (which was accordance with a Schedule 1 Home Office Procedure). 

The obtained heart was immediately put into ice cold Krebs-Heinsleit buffer (KHB) 

and transferred to Langendorff apparatus. Krebs-Heinsleit buffer (NaCl 1.18 x 10-

1 M, NaHCO3  2.5 x 10-2 M , KCl 4.8 x 10-3 M, MgSO4 1.2 x 10-3 M, KH2PO4 1.2 x 

10-3 M, C6H12O6 1.2 x 10-2 M) all of the salts mentioned were added in MilliQ water 

and dissolved before adding CaCl22H2O at (1.7 x 10-3 M). The buffer was 

oxygenated 95% for 30 minutes prior to reverse loading into Langendorff 

apparatus to prevent bubbles from forming in the setup, the heart was mounted 

via aortic cannulation the apparatus was maintained at a temperature of 37 °C, 

KHB was oxygenated prior and during perfusion with 95% O2 and 5% CO2 for 

175 minutes (Maddock, Mocanu and Yellon 2003) (as shown in Figure 2.1). 
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Figure 2. 1:  Schematic diagram of Langendorff apparatus that have been utilized 

for hearts isolation experiments in which KHB buffer was running through water 

bath of 37 °C for 30 minutes prior and throughout the buffer is oxygenated which 

is reverse perfusion from the aorta (Watanabe and Okada 2018). 

 

2.2.1.2    Inducing Ischaemia  

 

The obtained heart was mounted on the Langendorff apparatus and left to 

stabilise for 20 minutes, which is determined by measuring the haemodynamic 

every 5 minutes and make sure they are within the inclusion criteria, (perfusion 

with KHB with regular assessment of haemodynamic function as described in 

section 2.2.1.6.1 -  2.2.1.6.3). Ischaemia was performed by insertion of a surgical 

suture under the descending branch of the left coronary arteries in which the 

thread was tightened using a snare structure initiating regional ischaemia which 

lasted for 35 minutes (Maddock, Mocanu and Yellon 2002). In order for the 
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regional ischaemia protocol to be effective left ventricular develop pressure and 

coronary flow decreased by 30 % and this was same for each heart. 

 

2.2.1.3    Reperfusion  

 

The snare was loosened in order to induce reperfusion by allowing restoration of 

KHB flow (as shown in Figure 2.2), which lasted for 120 minutes. In the drug 

treatment groups, the drugs were added at the initiation of reperfusion via 

perfusion with KHB solution containing the drugs. The treatment groups 

administered are (described in section 2.2.1.5). During the 175 minutes protocol 

the haemodynamic readings were taken even 15 minutes. 

Figure 2. 2:  Representative image showing a surgical suture inserted around the 

left descending coronary arties. The thread passed through tow plastic tubes to 

form snare and tightened to initiate regional ischaemia, reperfusion initiation by 

releasing the snare and loosening the thread.  
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2.2.1.4    Drug Treatment Administration 

 

The period in which the drug reached the heart was calculated in relation to the 

overall volume with in the Langendorff apparatus (250 ml) and the average of the 

first and second coronary flow (CF) taken after inducing ischaemia by dividing the 

length of the system over the average CF obtained. This ensured that the 

administration of the drugs occurred at the onset of reperfusion. The complete 

protocol is shown in Figure 2.3. 

0 mins                     20 mins                               55mins 175 mins  

 

   Stabilisation         Ischaemia                                       Reperfusion  

 

Figure 2. 3: Protocol to show where ischaemia, reperfusion and drug induction 

occurred.  20 minutes stabilisation, 35 minutes regional ischaemia followed by 

120 minutes of reperfusion after which the heart was collected for AAR% 

assessments, the perfused buffer during reperfusion contains the appropriate 

drug concentration mentioned in table 2.1. 

 

2.2.1.5    Experimental Design For Langendorff Study. 

 

For the normoxic controls, hearts were perfused for 175 minutes with KHB with 

no I/R protocol, nor drugs were added to these hearts.  

For the Ischaemia/reperfusion controls (I/R), regional ischaemia was initiated 

after 20 minutes stabilisation and lasted for 35 minutes. This was followed by 

reperfusion (for 120 minutes) without any drug treatment, therefore, KHB was 

   

Drug 

induction  
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perfused to the heart for the total of 175 minutes protocol. For the drug treated 

groups, the Ischaemia/reperfusion protocol was carried out, and at reperfusion 

onset drugs were added. All drugs were dissolved in KHB and the treatment 

groups are shown in (table 2.1).  

All the drug treatments used for Langendorff study. Time  

Ipratropium bromide (1 x 10-7 M) + KHB. 120 mins 

Ipratropium bromide (1 x 10-8 M) + KHB 120 mins 

Ipratropium bromide (1 x 10-9 M) + KHB 120 mins 

Mdivi-1(1 x 10-7 M) + KHB 120 mins 

Mdivi-1(1 x 10-7 M) + Ipratropium bromide (1 x 10-7 M) + KHB 120 mins 

KN-93 (4 x 10-7 M) + KHB 120 mins 

KN-93 (4 x 10-7 M) + Ipratropium bromide (1 x 10-7 M) + KHB 120 mins 

Table 2. 1:  Representation of the experimental design, which explain the addition 

of the drug treatments, n=6 per treatment, as well as the different concentrations 

used, the experiments lasted for 120 minutes reperfusion for Langendorff study.  

 

After the last reading all the hearts were stained with Evans Blue and incubated 

at -20 °C overnight prior to infarct measurement (as described in section 2.2.1.7).  
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2.2.1.6    Assessment Of Haemodynamic Parameters (Normoxia, I/R 

Control) 

 

During all the Langendorff experiments, the parameters (left ventricular 

developed pressure (LVDP), heart rate (HR) and coronary flow (CF)) readings 

were taken during the 55 minutes period, every 5 minutes and for the rest of 120 

minutes every 15 minutes were recorded of the 175 minutes protocol, due to its 

relevancy, then the heart was taken out and frozen in the -20 °C freezer to 

calculate the infarct risk ratio (AAR%) (as described in section 2.2.1.7). 

 

2.2.1.6.1    The Left Ventricular Developed Pressure (LVDP) 
 

Left ventricular developed pressure (LVDP) was ascertained via use of a balloon 

made of latex filled with water that connected to pressure transducer, the balloon 

was placed in the left ventricular chamber. In order to validate the I/R method, it 

was necessary for there to be a significant reduction in haemodynamic function 

following initiation of ischaemia. Hearts where there was less than 50% decrease 

in LVDP were excluded as it indicates that the I/R protocol was not successful. 

Results are displayed as a percentage of the mean LVDP during the 175 minutes 

normoxic control, and stabilisation (first 20 minutes), ischaemia (for 35 minutes) 

and reperfusion (for 120 minutes) for I/R control. Figure 2.4 shows representative 

LVDP measurements comparing normoxia groups with I/R control groups with 

significant difference from the start of ischaemia until the last reading of the hearts 

used, thus validating the experimental technique.
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Figure 2. 4: Changes in left ventricular developed pressure % of (mmHg) in isolated perfused rat hearts group’s for nomoxia and 

I/R control, to validate the technique, n=6. * p<0.05 vs. I/R control, ** p<0.01 vs. I/R control, *** p<0.001 vs. I/R control.
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2.2.1.6.2    Heart Rate (HR) 
 

Heart rate (HR) was also measured via a latex balloon filled with water that 

connected to pressure transducer, the balloon was placed in the left ventricle. 

There should not have been a statistical difference in heart rate observed 

following the onset of ischaemia. As demonstrated in Figure 2.5. Hearts where 

there was a haemodynamically significant difference in HR following the initiation 

of ischaemia were excluded.  Results are displayed as a percentage of the means 

HR during the 175 minutes normoxic control, and stabilisation period (first 20 

minutes), ischaemia period (for 35 minutes) and reperfusion (for 120 minutes) for 

I/R control.
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Figure 2. 5: Changes in heart rate (bpm) in isolated perfused rat hearts to validate the technique. For normoxia and I/R control, 

n=6.  Overall, all there was no significant difference in terms of heart rate measurements.
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2.2.1.6.3    Coronary Flow (CF) 
 

Coronary flow (CF) readings and recordings were obtained via the collection of 

the volume of fluid dripping from the perfused hearts at a duration of one minute. 

In order to validate the I/R method, it was necessary for there to be a significant 

reduction in haemodynamic function following initiation of ischaemia. Hearts 

where there was less than 50% decrease in CF were excluded as it indicates that 

the I/R protocol was not successful. The obtained data were represented as 

percentage of the average of CF recordings throughout the period of the 175 

minutes normoxic control, and stabilisation period (first 20 minutes), ischaemia 

period (for 35 minutes) and reperfusion (for 120 minutes) for I/R control (Figure 

2.6). Shows representative CF measurements comparing normoxia groups with 

I/R control groups. During ischaemia there was a significant difference (p<0.01).
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Figure 2. 6: Changes in coronary flow (ml.min-1) in isolated perfused rat hearts. For nomoxia and I/R control, n= 6. ** p<0.01 

compared to I/R control.
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2.2.1.7   Assessment Of The Infarct To Risk Ratio (AAR%) 

 

During 175 minutes the isolated rat hearts were perfused with Krebs Heinsleit 

Buffer (KHB) for (normoxia and I/R controls), However, the other experiments 

perfusion with KHB lasted for 55 minutes 20 minutes stabilisation and 35 minutes 

regional ischaemia followed by KHB + drug treatments group for 120 minutes 

(described in table 2.1) (administered at the onset and throughout reperfusion). 

The determination of the infarct development was via the comparison between 

the percentage of tissue that is tetrazolium negative to tetrazolium positive 

(Infarct/Risk (%)). 0.25% Evans blue solution was injected after the last reading 

for reperfusion (at the last 175-minute time point) the thread used to cause 

regional ischaemia was tightened before perfusing the heart with Evans blue (1 

ml) when the heart colour changed to blue, then the heart was quickly weighed 

and placed at -20 °C until frozen. Phosphate buffer Solution (NaH2 PO4 1.06 x 10-

1 M, NaHPO4 2 x 10-2 M) in 10 ml volume was made then it was put into 37 °C 

water bath. TTC (2,3,5-Triphenyltetrazolium chloride) was added into the 

phosphate buffer, to produce a 1% TTC solution. The TTC solution was warmed 

to 37 °C in a 50 ml centrifuge tube. Frozen hearts were taken out of the freezer, 

and sliced carefully, using forceps to hold the heart and using a scalpel cut 

approximately five ~2 - 3 mm sections then the heart sections were added to the 

TTC solution ensuring all sections were fully immersed, before being left to 

incubate at 37 °C for 15 minutes. Following the 15 minutes of incubation, the 

buffer was drained, 15 ml of 10% formaldehyde was added, and the heart 

sections were left to fix in formaldehyde for a minimum of 4 hours before analysis. 

Following four hours, slices were drained, blotted dry, and heart sections were 
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transferred to a glass board. To determine the development of the infarct, the 

heart pieces were aligned onto one glass board then compressed by adding other 

glass board on top, the boards were held in place with clips. A clear acetate sheet 

was used to outline and trace the heart sections and highlight areas of infarct 

compared with viable tissue in the areas subjected to the regional I/R protocol 

(infarcted areas appeared pale due to cell death, meaning no reaction with the 

TTC, whereas tissue ‘at risk’ appeared red due to the presence of mitochondrial 

dehydrogenase reacting with the TTC). The glass board was used to trace the 

heart slice against light lamp which will help differentiate between pale areas of 

thin tissue (yellow) and areas ‘at risk’ (pink) the infarct areas (white), viable (blue).  

Using a Planimetry software tool (ImageJ) the traces can be quantified, by tracing 

the heart slice, excluding the left ventricular cavity, measuring full area then 

tracing the infraction area within the heart slice. Image J then generate a value 

which can be used to calculated in infraction within the heat slice. The infarct ratio 

and an infarct-risk ratio was determined preforming the TTC for infarct and area 

at risk ratio (AAR%) (Figure 2.7). This Figure identifies that the protocol was 

successful as there is a significant increase in the I/R group compared with 

normoxia. (16.91 ± 1.89 % vs. 100 ± 0%) with (p<0.001).  
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Figure 2. 7: Infarct development in normoxia and I/R control perfused isolated rat 

hearts. Results displayed as means + SEM, n=6. *** p<0.001 against I/R control.  

  

2.2.1.8     Exclusion Criteria 
 

The hearts that were not stabilised after 20 minutes for extraction and mounting 

into Langendorff apparatus were discarded based on the haemodynamic 

parameters displayed reading as well as the hearts that did not decreased after 

ischaemia and the ones that did not recover after inducing regional ischaemia 

these heart were not according to the criteria for the experiment used.  
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2.2.2    Flow Cytometry  
 

Flow cytometry is to identify information based on physical characteristics and/or 

markers called antigens on the cell surface or within cells that are unique to that 

cell type (Hegde et al. 2005). For example, this technique is useful to evaluate 

certain type of cells such as blood cells from bone marrow or tumours (McKinnon 

2018). An additional function of flow cytometry is the ability to sort cell types 

based on their characteristics (Rieseberg et al. 2001). Once a sample has passed 

through the laser light the detectors generate a photo based on the cell property 

(Rieseberg et al. 2001) (Figure 2.8). 
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Figure 2. 8: A diagram of flow cytometry technique works, , the technique utilised 

laser as a light source to produce scattered and fluorescent detectors to read the 

light signal (labtestsonline, 2021).  

 

Throughout this work, flow cytometry protocols were followed to measure 

apoptosis, necrosis, live cells and caspase-3 for the cardiomyocytes that were 

treated as described in table 2.2 in comparison with nomoxia and Hypoxia and 

Reoxygenation (H/R) controls. 

  

Some materials have been removed from this thesis due to Third Party Copyright. Pages where material 
has been removed are clearly marked in the electronic version. The unabridged version of the thesis can 
be viewed at the Lanchester Library, Coventry University
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2.2.2.1    Cardiomyocyte Isolation Protocol  

 

Following the same cervical dislocation method to sacrifice the rats, (as described 

in section 2.2.1.1) the obtained isolated heart was attached to a modified 

Langendorff apparatus in which Krebs-Ringer’s buffer (KRB) (modified) was 

perfused (NaCl 1.16 x 10-1 M, NaHCO₃ 2 x 10-2 M, KCl 5.4 x 10-3 M, MgSO4 4 x 

10-4 M, KH2PO4 1.2 x 10-3 M, C₆H₁₂O₆ 1.2 x 10-3 M ,  C2H7NO3S 2 x 10-2 M, 

C3H3NaO3 5 x 10-3 M, the buffer was warmed to 37 °C  for 30 minutes and 

oxygenated during that time with 5% CO2 and 95% O2, pH 7.4) The heart was 

perfused with this buffer  for 2 - 3 minutes until the heart stopped beating then 

the buffer was changed to KRB containing collagenase (0.05% collagenase type 

II and CaCl2 (4.4 × 10-6 M)) and perfused for 5 - 6 minutes, then the heart was cut 

into smaller pieces and added into a 50 ml centrifuge tube containing the KRB + 

collagenase using a Pasteur pipette enzymatic dissociation was carried out by 

agitating the heart pieces with the pipette. After ~ 2 - 3 minutes, 15 ml of the 

digestion buffer was collected in a 15 ml centrifuge tube and centrifuged at 500 

RPM for 2 minutes. Mechanical dissociation continued with the remaining heart 

pieces continued for a further 2 minutes before using nylon mesh to filter the cells 

into another 15 ml centrifuge tube and centrifuged for 2 minutes at 500 RPM. The 

supernatant was removed, and the two pellets combined and resuspended in 

restoration buffer (NaCl 1.16 x 10-1 M, NaHCO₃ 2.5 x 10-2 M, KCl 5.4 x 10-3 M, 

MgSO4 4 x 10-4 M, C6H12O6 1 x 10-2 M, C2H7NO3S 2 x 10-2 M, C3H3NaO3 5 x 10-

3 M, KH2PO4 9 x 10-4 M, 1% Bovine Serum Albumin in the fridge Pen-strep 1%, 

CaCl2 1.13 x 10-3 M at pH 7.4 and 37 °C). Cell viability of the myocytes was 

ascertained via microscope inspection, myocytes with a viability of less than 75% 
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were discarded. Myocytes which were to be used in experiments then had 3.4 µl 

of 1M of CaCl2 was added every 5 minutes for 20 minutes (Maddock, Mocanu 

and Yellon 2002). Cell viability measurements was again conducted via 

microscope and haemocytometer using Trypan blue exclusion and viability must 

exceed 65% or myocytes were excluded from further experiments. 

 

2.2.2.2    Hypoxia And Reoxygenation Protocol   

 

The cells obtained were divided, half were placed in the incubator with 5% CO2,  

20% O2 and 37 °C for 1 hour  in one of labelled 24 well plates  for the  normoxic 

controls, whereas the rest of the cardiac myocytes were centrifuged at 1,200 

RPM for 2 minutes, discarding the supernatant and hypoxic buffer was added  

(KCl  12 x 10-3 M, MgCl 2 0.49 x 10-3 M, CaCl2 0.9 x 10-3 M, HEPES 4 x 10-3 M)   

to make the ischemic buffer (10 x 10-3 M, C₆H₁₂O₅ and 20 x 10-3 M C3H6O3) were 

added to the ischaemic buffer (50 ml)  in order to make hypoxic buffer at 37 °C. 

Hypoxic chamber in which the cells were incubated for a period of 2 hours at 37 

°C in an air-tight with 0.2% O2 and 5% CO2 in 95% N2 atmosphere. After putting 

the cells into hypoxic condition, they were centrifuged for 2 minutes at 1,200 

RPM, and the hypoxic buffer was discarded. The myocytes were re-suspended 

in restoration buffer to initiate reoxygenation. Once drug treatments had been 

added at and during reoxygenation with final concentration of (1 x 10-7 M) as 

described in table 2.2, cells were incubated at 37 °C for two hours prior to 

experimental use (Figure 2.9). 
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0 mins                         1 hour                              2 hours  2 hours  

 

          Isolation                           Hypoxia                                              Reoxygenation                                      

 

Figure 2. 9: Protocol to show where Hypoxia, Reoxygenation and drug induction 

occurred. Isolation of cardiac myocytes for 1 hour, 2 hours Hypoxia followed by 

2 hours Reoxygenation with restoration buffer of KHB containing the appropriate 

drug concentration mentioned in table 2.2.  

 

All the drug treatment used for flow cytometry study. Time 

point 

Ipratropium bromide (1 x 10-7 M) + restoration buffer. 2 hours 

Mdivi-1(1 x 10-7 M) + restoration buffer. 2 hours 

Mdivi-1(1 x 10-7 M) + Ipratropium bromide (1 x 10-7 M) + restoration 

buffer. 

2 hours 

KN-93 (1 x 10-7 M) + restoration buffer. 2 hours 

KN-93 (1 x 10-7 M) + Ipratropium bromide (1 x 10-7 M) + restoration 

buffer. 

2 hours 

Table 2. 2:  Representation of the drug treatments used, which explain the 

addition of the drug treatments, n=6 per treatment, as well as the different 

concentrations used, the experiments lasted for 2 hours reoxygenation for flow 

cytometry study. 

 

 

   

Drug 

induction  
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2.2.2.3          Fixing Cardiomyocytes For Flow Cytometric Analysis  

 

After reoxygenation, cells went through centrifugation at 1,200 RPM for 2 minutes 

discarding the supernatant then adding 6% formaldehyde 250 µl and 250 µl PBS 

on ice (1 tablet of PBS in 200 ml RO water) for 10 minutes at 37 °C following 

centrifugation, the supernatant was replaced with 250 µl of 90% methanol to fix 

and the samples were kept in the -80 °C freezer until ready for experimental use 

for caspase-3 assay. 

 

2.2.2.4     Using The FACS (Flow Activated Cell Sorting) To Visualise The 

Cells 

 

FACS Calibur™ flow cytometer was used to analyse samples, the fixed cells for 

the measurement of caspase-3 activity were used with the caspase-3 template 

provided, whereas for live cells the template has a different setting for the 

samples in which the cells were alive. Due to different templates provided by the 

software to measure live cells Annexin V templated to Annexin V-FITC A and 

Propidium iodide specific channel. It is divided quadrants to measure specific 

emission wavelength with 3 distinct populations live, necrosis and apoptosis 

which were plotted with different population, used in the template, was gated to 

count 10,000 cells per sample.  
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2.2.2.4.1     Cell Death Assay 
 

Annexin V-FITC Apoptosis Staining / Detection Kit Stain. The same protocol for 

cell isolation and Hypoxia/Reoxygentaion induction was carried out (described in 

section 2.2.2.2), the cells were needed alive therefore, the cells were pipetted 

into 1.5 ml microfuge tubes after two-hour reoxygenation period had elapsed, 

centrifuged for 2 minutes at 1,200 RPM, discarding the supernatant. 200 µl 

Binding buffer was added and the myocytes were centrifuged again before adding 

500 µl Binding buffer with 5 µl of Annexin V-FITC A and 5 µl Propidium iodide. 

The cells were incubated for apoptosis and necrosis detection for a period of for 

5 minutes at 25 °C covered in foil prior to analysis by the flow cytometry. Figures 

2.10 - 2.12 show comparisons between normoxic and H/R controls which verify 

the experimental technique and confirm that the H/R protocol had been 

successful via the observed increase in apoptosis. 

The apoptosis was significantly less in the normoxic control compared with H/R. 

the stressed conditions led to cardiac myocytes to trigger programed cell death 

according to the results, this means that the technique been used is valid. (56.71 

± 11% vs. 100 ± 0%) with (p<0.01). 
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Figure 2. 10:  Total apoptosis percentage results stained by Annexin V shown in   

flow cytometry for normoxia and H/R controls, the data was analysed after 

changing it into arithmetic means by normalised to H/R control, ± SEM, the 

recorded number myocytes is 10,000, n = 6. ** p<0.01 against HR control. 

 

The results for necrotic cell death however, presented no significant difference 

with values (104.36 ± 6% vs. 100 ± 0%). Against H/R control. 
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Figure 2. 11:   Necrotic cells percentage results stained by Annexin V shown in   

flow cytometry for normoxia and H/R controls, the data was analysed after 

changing it into arithmetic means by normalised to H/R control, ± SEM, the 

recorded number myocytes is 10,000, n = 6. The results for necrotic cell death 

however, presented no significant difference with values (104.36 ± 6% vs. 100 ± 

0%). Against H/R control. The reason for the high variation is due to the data 

obtained in the flow cytometry software which generated the data, and the 

statistical analysis presented no significant difference. Other reason is the data 

was generated with cell viability and apoptosis that might affect the variation of 

necrotic death. 

 

The percentage of live cells detected   in normoxic control is significant compared 

with the H/R control. More live cells are to be in normoxic control since the 

stimulated H/R will eventually stress the cells and lead to cardiac myocytes death 

(168.74 ± 7.99% vs. 100 ± 0%) with (p<0.001). 
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Figure 2. 12: Cell viability level in normoxic and H/R control the data was analysed 

after changing it into arithmetic means by normalised to H/R control, ± SEM, the 

recorded number myocytes is 10,000, n = 6. *** p<0.001 vs.HR control. 

 

For all of the figures above, this forms part of methods flow cytometry validation. 

 

2.2.2.4.2     Caspase-3 Assay 

 

The fixed cells were taken out of the freezer, centrifuged for 3 minutes at 1,200 

RPM the supernatant removed and 300 µl incubation buffer (0.25 g BSA in 50 ml 

PBS) was added to the pellet. 1 µl of Red-DEVD-FMK was added to each group 

after that it was incubated for 1 hour at 37 °C and 5% CO2. Centrifuged for 5 
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minutes at 3,000 RPM, then washed with 500 µl wash buffer twice centrifuged 

after every wash at 12,000 RPM for 2 minutes and discarded the supernatant 

replacing it with 300 µl wash buffer. The cells were analysed by FACS Calibur™ 

flow cytometer (Al-Rajaibi, 2008) the channels used were FITC-A and PerCP-A 

which was according to the manufacture instructions for caspase-3 template. 

(Figure 2.13) demonstrates the difference between the normoxic and H/R control 

groups in change of caspase-3 activity, with a significant increase in the H/R 

control group compare to the normoxic control. The protocol used was to verify 

and validate the H/R protocol which was successful. (57.49 ± 14.27% vs. 100 ± 

0%) with (p<0.01). 
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Figure 2. 13: The level of caspase-3 activity for normoxia in comparison to H/R 

control the data was analysed after changing it into arithmetic means by 

normalised to H/R control, ± SEM, the recorded number myocytes is 10,000, n = 

6. ** p<0.01 against HR control. 
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2.2.2.4.3     Drp1 Dynamin-Related Protein Flow Cytometry Protocol 
 

Cardiac myocytes were isolated, and hypoxia was carried out (as previously 

described in section 2.2.2.2), then the cells were incubated with the additions of 

drugs treatment during re-oxygenation.  The cells were not fixed though instead 

the protocol was carried out while the cells are still alive, after the incubation 

period had passed the cells were put into the corresponding labelled microfuge 

tubes centrifuged for 2 minutes at 1,200 RPM discarding the supernatant before 

adding and 100 µl of staining buffer, incubation buffer (0.5% BSA in PBS) 

containing the Dynamin-related protein Antibody was added to the pellet.  The 

dilution for the Drp1 Dynamin-related protein Antibody was 1:200 in incubation 

buffer for the flow cytometry protocol. The cells were incubated in the dark for 1 

hour on ice 2 – 8 °C.  Once finished incubating the cells were washed twice with 

incubation buffer 200 µl per wash centrifuged at 1,200 RPM for 2 minutes then 

500 µl of staining buffer was added to the cells to be analysed by the flow 

cytometry.  

 

2.2.2.4.4     CellROX  
 

The negative and the positive controls for the CellROX assay were prepared 

according to the manufacturer’s instruction. The negative control N-

acetylcysteine (NAC) was prepared by resuspend 10 mg of NAC with 245 µl PBS 

to obtain (25 x 10-3 M). The positive control Tert-Butyl Hydro Peroxide Solution 

(TBHP) was prepared by adding 3.22 µl of TBHP with 496.8 µl of PBS to obtain 
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(5 x 10-2 M). The cells were incubated for a total of 4 hours in normoxic condition 

at 37 °C, 5% CO2. The negative control was added before the incubation period 

started 4 µl in 1 ml cells to obtain (1 x 10-3 M). After one hour of incubation the 

cells were treated with the positive control 4 µl in 1 ml of cells to obtain 200 µM. 

CellRox (2.5 x 10-3 M).  Component A was diluted 1:10 in DMSO. 11 µl CellROX 

in 9 µl DMSO to make (25 x 10-5 M). Then 2 µl of the diluted CellROX was added 

to the cells incubated for the last hour cells the final concentration was (5 x 10-7 

M).  During the last 15 minutes 1 µl of SYTOX green was added to the cells, to 

make the final concentration of (5 x 10-9 M).  

 

2.2.2.4.5     MTT Assay 
 

Colorimetric MTT [3-(4, 5-dimethylthiazol-2,5-diphenyl tetrazolium bromide)] is an 

assay that is utilised to the evaluate the viability of the cells. The MTT colour is 

yellow that was added to PBS buffer (5 mg/ml) placed in dark protector container; 

PBS was sterile; autoclaved the amount required before adding MTT. Ventricular 

myocytes were isolated (as described in section 2.2.2.1) and they were counted 

via haemocytometer. Using trypan blue exclusion which helps distinguish 

between cells that are alive (viable) and dead cells. If the viability exceeded 65% 

the experiment was continued otherwise the cells were discarded. The isolated 

cardiac myocytes were resuspended in hypoxic buffer and exposed to 2 hours 

hypoxia and 1 ml were kept and incubated in the normal incubator as a normoxic 

control (as described in section 2.2.2.2). To initiate reoxygenation, myocytes 

were placed into groups with the treatment drugs randomly assigned and 
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counting 1 x 106 cells.ml-1 to be resuspended in restoration buffer containing the 

drug treatments (described in table 2.2) treatment group. The number of cells 

were calculated via the use of haemocytometer and trypan blue exclusion so the 

number of cells per well it is equivalent to 1000,000 cells per ml (1000 µl) with 

restoration buffer.   

The cells were placed into 96 well plate at 1x103 cells /100 µl cell suspension of 

concentration (100 µl of the produced suspension per well) the calculation 

required is based on the cells number that were counted using the 

haemocytometer. 100 µl of restoration buffer were used as a control in replicates 

in the presence and absence of the drug treatments were used and aliquot into 

the 96 well plates. Re oxygenation lasted 2 hours at 37 °C in the cell culture 

incubator with the drug treatment, in well + replicates then take the restoration 

buffer and treatments out then place it with 50 µl MTT to each well and then 

incubate for overnight, in the next day spin the 96 well plate for 2 minutes at 1,000 

RPM using the centrifuge specific for the plates the supernatant was discarded 

of every well carefully without disturbing the cells. Add 50 µl per well DMSO place 

the plate platform that mix for a duration of 10 minutes place the plates on the 

plate reader before the analysis of colorimetric at OD 450 nm wavelength, using 

the microplate reader.  

In cardiac myocytes isolation if cell viability was less than 65% the cells were 

discarded for it will affect the number of cells in the wells thus effecting the results.  
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2.2.3       Western Blotting Protocol 
 

The Langendorff protocol was followed to isolate left ventricular tissue with 

haemodynamic measurements to make sure the tissue is within the inclusion 

criteria and that ischaemic protocol was successful (described in sections 2.2.1.1 

to 2.2.1.4). Figure 2.14 shows the overall principle of Western Blotting. 

Figure 2. 14: A western blot diagram of the technique used for isolated proteins 

from left ventricle tissue isolated from rat heart experiments. To measure the 

effect of the treatments on the proteins of interest (Western blot protocol - 

Creative BioMart 2002).  

 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where material has been 
removed are clearly marked in the electronic version. The unabridged version of the thesis can be viewed at the 
Lanchester Library, Coventry University
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Apart from the hearts were not stained with Evans blue at the end of the protocol. 

The tissues (left ventricle) were collected for normoxia, I/R and the treatments 

(mentioned in table 2.3) which was compared with normoxia and I/R controls, at 

different time points, either 15 minutes after reperfusion or 30 minutes (Figure 

2.15).  

0 mins                         20 mins                              55mins                       70 mins             

85mins 

 

     Stabilisation            Ischaemia                                       Reperfusion 

 

Figure 2. 15: Protocol to show where ischaemia, reperfusion and drug induction 

occurred.  20 minutes stabilisation, 35 minutes regional ischaemia followed by 

eighter 15 or 30 minutes of reperfusion when tissue was collected of KHB 

containing the appropriate drug concentration mentioned in table 2.3.  

 

2.2.3.1   Experimental Design For Western Blot Protocol 

 

Each group was n=6: normoxic controls, the heart was perfused with normal KHB 

buffer for 70 or 85 minutes. Ischaemia/reperfusion controls (I/R) regional 

ischaemia was initiated followed by reperfusion without any drug treatment for 15 

or 30 minutes. Ischaemia/reperfusion protocol for regional ischaemia was 

performed then at reperfusion onset; the drug treatment groups were added + 

KHB 15 or 30 minutes was perfused as described in table 2.2 (table 2.3). 

 

   

Drug 

induction  
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Experimental design of drug treatments used for 

western blot protocol 

Time 

point 1 

Time 

point 1 

Ipratropium bromide (1 x 10-7 M) + KHB. 15 mins 30 mins 

Ipratropium bromide (1 x 10-8 M) + KHB 15 mins 30 mins  

Ipratropium bromide (1 x 10-9 M) + KHB 15 mins  30 mins  

Mdivi-1(1 x 10-7 M) + KHB 15 mins 30 mins 

Mdivi-1(1 x 10-7 M) + Ipratropium bromide (1 x 10-7 

M) + KHB 

15 mins 30 mins  

KN-93 (4 x 10-7 M) + KHB 15 mins 30 mins  

KN-93 (4 x 10-7 M) + Ipratropium bromide (1 x 10-7 

M) + KHB 

15 mins 30 mins 

Table 2. 3 :  Representation of the drug treatments, explain the addition of the 

drug treatments at the onset and throughout reperfusion, n=6 per treatment, as 

well as the different concentrations used, the experiments lasted for 15 minutes 

or 30 minutes reperfusion for western blot study. 

 

The left ventricular tissue (area exposed to the I/R protocol) was then cut and 

snap frozen in liquid nitrogen then placed in -80 °C. 

 

2.2.3.2       Tissue Homogenising  

Approximately 75 mg was sliced from the frozen left ventricular tissue (area 

subjected to the I/R protocol) and put into 2 ml microfuge tubes that has rounded 

bottoms and 400 µl lysis buffer was added  (NaCl at 1 x 10-1 M, C4H11NO3 (pH 

7.6) 1 x 10-2 M, C10H16N2O8 (pH 8.0) 1 x 10-3 M, Na₄P₂O₇ 2  x 10-3 M, NaF 2 x10-
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3 M, β-glycerophosphate 2 x 10-3 M, C7H7FO2S 5.7 x 10-8 M, Aprotinin 1.5 x 10-10 

M, Leupeptin 23.4 x 10-10 M,  cocktail tablets protease inhibitor 1/1.5 2 x 10-3 M, 

C8H11ClFNO2S 4.1 x 10-8 M) the homogeniser IKA Labortechnik T25  was used 

at the power of 5 to homogenise the tissue into solution the tube then was placed 

on ice. The tubes were put into the centrifuge at the power of 11,000 RPM which 

lasted for 10 minutes at 4 °C.  The supernatant, which contains the proteins 

needed, was decanted into new labelled microfuge tubes that were placed on ice. 

The pellets were discarded (Maddock, Mocanu and Yellon 2002, Yue et al. 2006).   

 

2.2.3.3      Protein Concentration Measurements  

 

The measurement for protein concentration was carried out utilising the PierceTM 

BCA Protein Assay Kit, the standard in which the concentration of the protein was 

measured, were made by adding BSA standards into lysis buffer as the diluent, 

9 standards labelled A-I in which A was the most concentrated without dilution 

and I was lysis buffer with no BSA (Bovine Serum Albumin) reagent in it, the 

assay range of concentration was 2000- 0 µg/ml. The standards were replicated 

and 10 µl of each standard was added into 96 well plates, whereas 2 µl of each 

sample was added into the same 96 well plates which means they were 5 times 

less concentrated than the known standards   and the samples were triplicated  

18 samples were used 9 were normoxia, I/R and 7 treatment group (mentioned 

in table 2.3) at the time point 30 minutes after reperfusion and the other 9 samples 

were in the same order at the 15 minutes after the start of  reperfusion in total 54  

unknown samples . After preparing the BCA assay, the well plate was covered 
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with foil put into the well plate shaker then for 30 minutes it was incubated at 37 

°C. The well plate was left at room temperature before it was inserted into plate 

reader which was a Gen5 2.07 all microplates’ reader software attached to 

Epoch™ 2 Microplate Spectrophotometer, BCA assay in which the plate was read 

at a wavelength of 562 nm which provide numbers of the protein concentrations. 

The data was exported to an Excel sheet. The calculations for unknown protein 

concentration were based absorbance to concentration ratio for the standards to 

generate a standard curve (Figure 2.16).  

Figure 2. 16:  The generated standard curve from BCA assay generated using 

Gen.5 software. 
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The obtained values were used to calculate 60µg of protein per sample for the 

gel run, this concentration was chosen in order to depict a clear image of the 

proteins used as it was advised by the supervisory team for protein abundance 

quality and dilution of the antibody for the detection system for common protein 

kinases. With the right concentration, which was optimised and calculated using 

the BCA assay, the samples were diluted in sample buffer 1:1, sample buffer (2.5 

x 10-1 M C4H11NO3-HCl (pH 6.8), 10% C3H8O3, 0.006% Bromophenol blue, 4% 

C₁₂H₂₅NaSO₄, β- C2H6OS (pH 6.8)). After measuring their concentration, the 

samples were placed at 90 °C in a heating block in order to boil for 5 minutes 

followed by placing immediately on ice for electrophoresis measurement (Yue et 

al. 2006). 

 

2.2.3.4      Electrophoresis  

 

Bio-Rad PowerPac Basic Mini Electrophoresis System was used separate the 

samples utilising Mini PROTEAN® Tetra system and precast gels. The acrylamide 

gel was placed in the electrode assembly unit after removing the green strip at 

the bottom of the gel. The gel was put in the cast and the comb was removed 

gently. The inner chamber was filled with 125 ml running buffer, (C2H5NO2 1.9 x 

10-8 M, C₁₂H₂₅NaSO₄ 3.4 x 10-6 M, C4H11NO3 2.4 x 10-7 M) and poured to be filled 

up and the outer chamber above the wire. 5 µl of visible ladder Precision Plus 

Protein TM Western CTM Standards was pipetted into number 1 well of the gel well 

number 2 was left blank then a labelled microfuge tube containing 15 µl sample 

+ sample buffer was loaded after it was centrifuged at the power of 11,000 RPM, 
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and 4 °C for 2 minutes starting from well number 3 the samples loaded at 11 well 

the last well was loaded with sample buffer. At least 2 gels were run at a time one 

for n=1 at 15 minutes after the onset of reperfusion and the other gel for n=1 at 

30 minutes after reperfusion.  Power-Pac 3000 for 60 minutes the electrophoresis 

was run at 130V (Yue et al. 2006). 

 

2.2.3.5      Transferring Protein Samples From The Gels To The Membrane  

 

Transferring the loaded samples from the gel onto the membrane was carried out 

using the Trans-Blot® TurboTM Transfer system from Bio-Rad one membrane was 

used to transfer loaded samples from two gels where the end the gel was placed 

into the centre of the membrane using the Trans-Blot® TurboTM Transfer Pack 

Midi Format 0.2 um PVDF, the power was set for 2 mini gels for 7 minutes at 25 

V and 2.5 A after placing the cassette that has the transferred gels and membrane 

into the tank. After running the system for 7 minutes (transferring) the gels were 

discarded and the membrane was cut in half where the gels meet and placed into 

blocking buffer (15 ml (10X) TBST (0.1 x 10 M NaCl, 1.9 x 10-8 M C4H11NO3, 10% 

Tween 20) + 5% milk powder for signal  membrane  for one hour on orbital shaker 

at 25 °C to help  remove any non-specific binding proteins following by washing 

the membrane using 15 ml TBST 3 x 5 minutes then the membrane was 

incubated with primary antibodies for phospho-Akt, phospho-Drp1, phospho-

Erk1/2, cleaved caspase-3 and GAPDH (TBST 5 ml + primary antibody 5 µl + 

milk powder 5%) for each signal blot the primary anti body dilution was in the ratio 

1:10, as advised by the manufacturer. Membranes were placed in 50 ml 
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centrifuge tubes with 5 ml of the antibody solution and put on a roller at 4 °C 

overnight. The next day the membrane was once again placed on an orbital 

shaker plate washed with 15 ml TBST per membrane for 3 times that lasted 5 

minutes followed by 60 minutes period of incubation with anti-rabbit IgG, HRP-

linked the secondary antibody (TBST 15 ml, milk powder 5%, secondary 

antibody1.5 µl) the membrane was incubated at 25 °C washed with TBST 3 x 5 

minutes (Yue et al. 2006). The milk was substituted with BSA with the same 

amount in the making of primary antibody, blocking buffer or secondary antibody 

for caspase-3 and Drp1 experiments. 

 

2.2.3.6      Blot Visualising Using The ChemiDoc 

 

The blot analysis was carried out by using the SuperSignal West Femto® 

sensitive substrate and the Bio Rad software ChemiDoc™ Touch Imaging 

System. Once the blot was ready to be visualised SuperSignal West Femto® 

buffer was made by adding 500 µl of each component  into 15 ml centrifuge  tube 

that was wrapped with foil to form 1ml that was added into the blot, 500 µl 

peroxide buffer and 500 µl  of luminol/enhancer solution sensitive toward the light  

the  blot was put into clear acetate sheet placed then  visualised using the 

ChemiDoc system  the UV enable the proteins to be visible during which time the 

phospho form of the antibody was visible in the shape of bands as the machine 

was turned on signal channel was selected then application selection for blot then  

chemiluminesence then run  (Yue et al. 2006). The western blot ladder is visible 
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in the colorimetric image whereas the protein band can be seen via 

chemiluminescence, all in the transilluminator. 

 

2.2.3.7      Stripping The Membranes To Re-probe For Total Level Of 

Proteins  

 

In order to  measure of the total of phosphorylated antibodies, the membranes 

that were incubated with the primary antibodies were stripped for 5 minutes using 

RestoreTM PLUS Western Blot  Stripping Buffer on an orbital shaker to remove 

unwanted and strip the pervious used phosphorylated antibodies following by 

blocking the membranes for 60 minutes at 25 °C ((1X) TBST 15 ml  + milk powder 

5%) then  they were  washed  with TBST buffer 3 x 5 minutes  then the membrane 

were incubated overnight  at 4 °C on a roller with primary total form of the 

antibodies  Akt , Drp 1, Erk1/2  and caspase-3 or GAPDH. The next day 3 x 5 

minutes TBST buffer washing then 60 minutes incubation in 15 ml secondary 

antibody buffer anti-rabbit IgG HRP-linked (TBST 15 ml, milk powder 5% 

secondary antibody 1.5 µl) washing again with 3 x 5 minutes TBST buffer before 

utilising the West Femto® kit buffers were mixed 1 ml of each added 1 ml per blot 

and the ChemiDoc (BioRad) was used to visualise the membrane (Yue et al. 

2006). 
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2.2.3.8    Confirmation Of Successful Protocol: 15 Minute Post-reperfusion 

Studies   

 

 Adult male Sprague-Dawley rats (300 ± 50 g) were sacrificed via cervical 

dislocation (as previously described in sections 2.2.1.1 - 2.2.1.5) prior to 

extraction of the heart which was mounted on a modified Langendorff perfusion 

apparatus. Apart from the normoxia control groups, regional ischaemia was 

induced via ligation of the descending left coronary arteries for 35 minutes 

followed by 15 minutes’ reperfusion. Apart from normoxia, and I/R control, the 

drug treatments were added at the onset of, and throughout, reperfusion (as 

previously described). The tissues were collected after reperfusion when the 

hearts were removed and the left ventricle was cut from the heart, snap frozen in 

liquid nitrogen before being wrapped in foil and incubated at -80 °C for the 

preparation for execration proteins. Tissue was homogenised and prepared for 

Western blot analysis, as previously described. (Figures 2.17 - 2.20). These 

Figures demonstrate the difference between the normoxic and I/R control groups 

to verify the I/R protocol had been successful with a pattern of reduction in 

normoxic control. 

 

2.2.3.9    Confirmation Of Successful Protocol: 30 Minute Post-reperfusion 

Studies 

Protocol was carried out as for the 15 minutes of reperfusion experiments. 

However, reperfusion lasted for 30 minutes for this protocol I/R control 

significantly increase the phosphorylation of Akt. (28.16 ± 5.76% vs. 100 ± 0%) 

with (p<0.05) for Akt at 30 minutes reperfusion. The validation of the technique 

which showed that the protocol was successful (48.73 ± 10.64% vs. 100 ± 0%) 
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with (p<0.05) for Erk1/2 at 15 minutes. (36.58 ± 9.72% vs. 100 ± 0%) with 

(p<0.05) at 30 minutes. 
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Figure 2. 17: The levels of phospho and Total Akt Normoxia in I/R control. A is 

the control groups perfused for 15 minutes isolated rat hearts. B is the control 

groups perfused for 30 minutes isolated rat hearts. Results displayed as means 

+ SEM, n=6. I/R control significantly increase the phosphorylation of Akt. * p<0.05 

vs. I/R control.  I/R control significantly increase the phosphorylation of Akt 
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    A                                                       B 

                                                      

                                              

                                                           

   

Figure 2. 18: The levels of phospho and Total Erk1/2 Normoxia in I/R control. A 

is the control groups perfused for 15 minutes isolated rat hearts. B is the control 

groups perfused for 30 minutes isolated rat hearts. Results displayed as means 

+ SEM, n=6. * p<0.05 vs. I/R control. 

 

In the blots normalized data to measure the expression of Drp1 (figure 2.23) the 

values were (40.01 ± 11.88% vs. 100 ± 0%) at 15 minutes with a significant 

different of (p<0.01), for 30 minutes (37.31 ± 9.35% vs. 100 ± 0%) (p<0.05). This 

validation of the technique which showed that the protocol was successful. 
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Figure 2. 19: The levels of phospho and Total Drp1 normoxia in I/R control. A is 

the control groups perfused for 15 minutes isolated rat hearts. B is the control 

groups perfused for 30 minutes isolated rat hearts. Results displayed as means 

+ SEM, n=6. * p<0.05 vs. I/R control. **p<0.01 vs. I/R control.  
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Figure 2. 20: The levels of cleaved caspase-3 normoxia in I/R control, A is the 

control groups perfused for 15 minutes isolated rat hearts. B is the control groups 

perfused for 30 minutes isolated rat hearts. Results displayed as means + SEM, 

n=6. 

 

This validates the technique utilised. Since in the I/R control Akt, Erk1/2 and Drp1 

were significantly increased in comparison with normoxia, that indicated that the 

tissue is undergoing stressed conditions, as it was found that the overexpression 

of Akt has a detrimental effect on the tissue been used (O'Neill and Abel 2005, 

Nagoshi et al.  2005). And although caspase-3 results did not show significant 
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difference it clearly represents a pattern where I/R was expressing higher levels 

of cleaved-caspase 3 than in normoxia and according to the pattern the gap 

increases by adding extra 15 minutes of time, the reason for no significant 

difference as suggested by Harvey, Hussain and Maddock (2014) may be due to 

the concept that 30 minutes of reperfusion might not be enough. Not to mention 

the expression of Drp1 in I/R group indicates as well that the tissue was 

undergoing apoptosis cell death (Roe, and Qi, 2018).  Which was significantly 

reduce in normoxic control. These validations indicate that the tissue was under 

stress conditions and that the experimental protocol used was appropriate.  

 

                                                            

2.2.4        Real Time PCR Protocol (RNA Isolation And cDNA Synthesis) 
 

The tissues were collected for PCR from the left ventricle after reperfusion, (as 

previously prescribed in sections 2.2.1.1 to 2.2.1.4) at the same time points as 

western blot tissue collection. However, tissue was submerged in 1.5 ml 

microfuge tubes that contained 300 µl RNALater® where the tissue was fully 

immersed and little cuts were made then it was stored at -80 °C until ready for 

RNA extraction (Figure 2.21).  
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Figure 2. 21: Polymerase Chain Reaction principle which is a technique for DNA 

replication that allows a “target” DNA sequence to be selectively amplified. PCR 

can use the smallest sample of the DNA to be cloned and amplify it to millions of 

copies in just a few hours. (Pray, 2008). 

 

2.2.4.1      RNA Isolation 

 

The frozen adult male Sprague-Dawley rat’s heart tissue (left ventricle) in 

RNAlater® was defrosted while placed on ice before it was put into round bottom 

microfuge tube 2 ml, the tissue sample was homogenised in TRIsureTM, 1 ml 

reagent per 50 - 100 mg of tissue sample, the homogeniser IKA Labortechnik T25 

was used at the power of 5 to homogenise the tissue into solution and process 

was carried out in the hood (fume hood or cell culture cabinet). The homogenised 

samples (mentioned in table 2.3) were then incubated at room temperature for 5 

minutes for phase separation by adding 0.2 ml chloroform per sample of 1 ml 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where material has 
been removed are clearly marked in the electronic version. The unabridged version of the thesis can be 
viewed at the Lanchester Library, Coventry University
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TRIsureTM and mixed vigorously for 15 seconds by hand, then the tubes 

containing the tissue, TRIsureTM and chloroform were incubated at room 

temperature for 3 minutes. The homogenised tissue samples were then 

centrifuged at 12,000 RPM for 15 minutes at 4 °C to separate into the different 

phases which are pale green, organic phase, an interphase, and a colourless 

upper aqueous phase, the RNA is found in the aqueous layer. The aqueous layer 

was pipetted very carefully without disturbing the interphase to 1.5 ml microfuge 

tube which is further processed to RNA precipitation. In order to precipitate the 

RNA, cold isopropyl alcohol was mixed with the RNA. 0.5 ml of isopropyl alcohol 

per 1 ml of TRIsureTM was used per sample. The contents of the tube were then 

mixed at room temperature then incubated for 10 minutes followed by 10 minutes 

centrifugation at 12,000 RPM, 4 °C. For the RNA washing step, the supernatant 

was removed. The pellet was washed once by adding ethanol at 75% at a 

quantity of 1 ml per 1 ml of TRIsureTM used. The samples were vortexed 

subsequently centrifuged for 5 minutes at 7,500 RPM at a temperature of 4 °C. 

The re-dissolving of the RNA the obtained pellet from the previous step was to 

air-dry after discarding the supernatant and in diethyl pyrocarbonate (DEPC)-

treated water the pellet was dissolved using up and down pipetting technique, 

before analysis of RNA, the RNA was stored in the freezer at -80 °C. The 

experimental design is the same mentioned in (table 2.3 in section 2.2.3.1). 
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2.2.4.1.1      RNA Concentration  

 

The collected RNA using the TRIsureTM method was measured and calculated 

utilizing Nanodrop spectrophotometer set for RNA at a wavelength 260/280 and 

260/230 ratios. RNA will absorb and peak at 260 nm collected from normoxia, I/R 

and the treated group (mentioned in table 2.3) treatment group, 260/280 ratios of 

around 2.0 that gives the assumption that the measured RNA is pure (Kiefer, 

Heller and Ernst 2000). Lower ratio was considered less pure, and it indicates 

impurity samples with low ratio were discarded. 

 

2.2.4.1.2      Preparing Formaldehyde Agarose Gels (For RNA Analysis) 
 

The measurement of the intact RNA, if in an environment where RNase is 

present, the collected RNA could have degraded rapidly. Water treated with 

DEPC was used for optimal results. 1.2 g agarose (C24H38O19) was melted in 

treated water DEPC 87 ml, by heating the mix using a microwave until the 

suspension is clear and no agarose particles are present. The gel then was 

brought to the melting temperature of 60 °C. 10 ml 10X MOPS Buffer (0.2 x 10 M 

C7H15NO4S pH 7 with NaOH, 5x10-7 M, C2H3NaO2, 1 x 10-7 M C10H16N2O8) 

following by adding 37% CH2O of 3 ml then 3 µl Ethidium bromide was added. 

The DEPC treated water as well as reagents that are RNase free were used in 

the gel preparation. In the hood the gel was poured. The gel was allowed to set 

for 1 hour, the rubber stop, and the comb were removed, the gel was placed in 

the assembly unit and run in 1X MOPS Buffer. 
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2.2.4.1.3      The Preparation Of The Samples 
 

For this gel sample preparation sample buffer was used at 40 µl and it was mixed 

by adding 10 µl of the sample was vortexed then placed in heat blot the samples 

were heated to 55 °C for a duration of 15 minutes. The components of the sample 

buffer are 65% CH₃NO 22% CH2O (37% CH2O) and 13% 10X MOPS buffer. 10 

µl was also added from the following (50% C3H8O3, 1 x10-3 M C10H16N2O8, 0.3% 

each C19H10Br4O5S and 0.3% Xylene Cyanol FF). The sample was loaded into 

the well with a marker ladder GeneRuler 100 bp Plus DNA marker in the outer 

wells, the system was run for 75 minutes with the 120 voltage then it was carefully 

removed to be visualised in the ChemiDoc (Bio-Rad) for ethidium bromide where 

the band of the intact RNA should be visualised. 

 

2.2.4.1.4      Preparing TAE Agarose Gels (For DNA Analysis) 
 

The measurement of the presence of DNA in the isolated RNA is also necessary. 

2 g agarose (C24H38O19) was melted in 50 ml of 1X TAE buffer, TAE 10X 

(C4H11NO3 3.9 x10-8 M, C10H18N2Na2O10 1.9 x10-7, CH₃COOH 11 x10-6 M), the 

gel preparation was similar to the one (described in section 2.2.4.1.2) apart from 

the addition of the GelRed (2 µl) instead of ethidium bromide for each 50 ml gel 

and the gel was left to reach 55 °C before it was poured into the tray. 1X TAE 

buffer was poured into the unit containing the gel. 
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2.2.4.1.5      Sample Preparation 
 

The marker ladder GeneRuler 100 bp Plus DNA was loaded into the first well 

followed by the RNA samples. The RNA samples were measured for the 

concentration and 1000 ng was the concentration used, by adding the RNA 

samples at 1000 ng and 6 µl loading dye and up to 20 µl water. The samples 

were than vortexed and centrifuged prior to loading 10 µl into the wells 

corresponding with the correct samples. The gel was run on ice and the run lasted 

for 75 minutes, the power supply 120 voltage. DNA and RNA are negatively 

charged molecules; therefore, they migrate from the negative side to the positive 

side of the gel as a result the comb should be put at the black side of the unit. To 

be visualized in the ChemiDoc (Bio-Rad) for GelRed gel where the band of the 

DNA and RNA should be visualised (Figure 2.22). 

Figure 2. 22: The intact RNA showed in the TAE1% gel as the 2 bands showed 

the 18S band and the 28S band if the RNA sample did not show these bands, 

the sample was discarded.  

 

 

KN93 Ladde

r 

I/R 

Ip+KN93 Ip Ip+Mdivi-1 Mdivi-1 Ladder  I/R Kn93 Normoxia  



 

 

140 

 

2.2.4.2       cDNA Synthesis 

 

To synthesis cDNA from RNA obtained from the samples, Tetro cDNA Synthesis 

Kit was used, this is a one-step synthesis in microfuge tubes free from DNase 

and RNase, the solutions in the kit and the RNAs were vortexed and centrifuged 

gently before use after thawing. The premix,  was placed on ice, was prepared in 

RNase and DNase free tubes, master mix consisting of Tetro Reverse 

transcriptase (200 u/μl) (1 μl per reaction), 4 μl per reaction of 5x RT strand buffer 

1μl of the Oligo dT(18) primer kit 1 μl of premixed dNTP solution at (10 x 10-3 M), 

and 1 μl of RiboSafe RNase inhibitor (10 u/μl) (Tetro cDNA Synthesis Kit ~ 5000 

ng of RNA based on the amount as well as purity of the isolated RNA,  the final 

volume was made up to 20 μl for the reaction by adding DEPC treated water.  

This was following manufacture instructions. Synthesising cDNA for 9 samples 

which are normoxia, I/R, Ipratropium bromide, Mdivi-1 ± Ipratropium bromide or 

KN-93 ± Ipratropium bromide, negative and positive controls.  master mix was 

made for up to 10 samples just in case for pipetting error. 8 μl of the master mix 

from the kit reagents into 9 different 0.5 ml RNA, DNA free microfuge tubes 

labelled according to the RNA sample used. Then RNA samples at ~ 5000 ng 

then adding DEPC treated water.  The final volume is 20 μl for a signal reaction 

that was mixed by pipetting up and down.  Negative control (-cDNA) was 

prepared by replacing the RNA template with DEPC treated water (Tetro cDNA 

Synthesis Kit). Samples were vortexed, mixed gently (by pipetting) then 

centrifuged, the tubes containing cDNA reaction  were placed in the thermal 

cycler, according to the protocol in Tetro cDNA synthesis kit, the reaction was run 

for cDNA Oligo primer cdnaoligodt the programme sets  45 °C at a duration of  30 
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minutes, the second step was to terminate the reaction by an increase in the 

temperature to  85 °C for 5 minutes, once the run was finished the products were 

placed directly on ice, the quantity of the produced cDNA  was measured  utilising  

spectrophotometry on dsDNA (double standards)  in which the measurement 

allowed for quantification of the amount of the cDNA needed for the PCR, or Gene 

expression, reaction. The cDNA products were kept in the -20 °C freezer before 

use in PCR. Intact, high-quality RNA is crucial for the reaction reverse-

transcription occurrence.  

 

2.2.4.3       PCR in Qiagen Roto-Gene Absolute Quantification (Standard 

Curve Method) 

 

The cDNA was synthesised from 5 μg RNA, that was neat cDNA and standards 

were made from that cDNA samples. Standards were made for the dilution values 

of 1, 0.2, 0.04, 0.008 by pooling 5 μl of each cDNA samples to make standard 1 

then 1:5 dilution was performed by taken 4 μl of standard 1 into new tube then 16 

μl water, that is DNase and RNase free, added to make up 0.2 and 4 μl of 

standard 2 into new tube then adding 16 μl DNase / RNase free water to make 

for 0.04 and 4 μl of standard 3 into new tube then 16 μl DNase and RNase free 

water was added to make up 0.008 standard 4. This method is made from stock 

of cDNA and accurate pipetting is important, units to express this dilution are 

irrelevant. PCR reaction in small PCR tubes was prepared for the samples in the 

hood/cell culture cabinet. 2 μl of the GAPDH (Glyceraldehyde-3-phosphate 

dehydrogenase) prime assay, 10 μl of Ssoadvanced SYBR Green supermix were 

also added as well as the cDNA 3 μl the final volume was made to 20 μl by adding 
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5 μl DNase and RNase free water as well as no template control (NTC) in which 

instead of 3 μl cDNA was replaced with 3 μl DNase and RNase free water. In that 

case, 18 samples that were normoxia, I/R, and treatment groups (mentioned in 

table 2.3) negative control, positive control, NTC and 4 standards in duplicates. 

17 μl of the mix was pipette into small PCR tubes of 19 samples were also added 

cDNA 3 µl and the volume made up to 20 μl the tubes. The reaction was made 

first in one 1.5 ml microfuge tube by adding GAPDH prime assay, DNase and 

RNase free water and Ssoadvanced SYBR Green super mix. Then 17 μl was 

aliquotted by pipetting into the PCR tubes before adding the standard in 

duplicates, cDNA of the samples, -cDNA, positive control or DNase and RNase 

free water (NTC) negative PCR control and the PCR tubes were closed with the 

lids and labelled. All samples were briefly vortexed and centrifuged before loading 

into the PCR Qiagen Roto-Gene machine. A protocol which used the following 

settings was used, activation step at 95 °C for a 5 minutes cycle, denaturation at 

95 °C for 10 seconds for 40 cycles, annealing/extension at 60 °C for 15 seconds 

for 40 cycles, extension (acquiring) at 72 °C for 20 seconds for 40 cycles followed 

by a melt curve at 72-95 °C for a 5 second cycle in Qiagen Rotor-Gene Q Real 

time PCR System. cDNA for the PCR reaction was used at a concentration of 

100 ng. The GAPDH primers, for rats, were used as the prime assay 

from   QuantiTect, Qiagen. The same protocol was followed for Dnm1l (Dynamin-

1-like protein) prime assay, only the amount of the prime assay was less because 

the Dnm1l prime assay was 20x concentrated, therefor 10 µl Ssoadvanced SYBR 

Green, 1 µl Dnm1l prime assay and 6 µl DNA/RNA free water to make up 17 µl 

followed by 3 µl cDNA or DNA/RNA free water. 
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CCAGCTTTATTTGTGCCTGAAGTTTCATTTGAGTTACTGGTCAAACGTCAGA

TTAAGCGTCTAGAGGAGCCCAGCCTCCGCTGTGTGGAGCTGGTCCACGA

GGA 

The Dnm1l amplicon size is 74 bp. 

Whereas the primers that were bought from for HLRT1 (Housekeeping gene), 

were made into stock by pipetting 198 µl DNA/RNA free water and adding 1µl 

forward primers then add 1µl reverse primer to make 200 µl stock from there only 

2 µl was needed for a signal PCR reaction thus for 20 samples 40 µl was needed.  

These figures represent the amplification process of the amplicon resulted from 

using GAPDH and Dnm1l genes. The GAPDH product started amplification at the 

18th cycle whereas the Dnm1l gene is amplified at 22nd cycle, as mentioned in the 

manufacture protocol, which helped determine the Ct value for the amplicons as 

well as the difference appeared in the melt curve between the two products. The 

melt curve is an indicator for the correct process of PCR reaction. It shows the 

resulted product and can indicate for the accuracy of the product as well as the 

presence of primer dimer. The melt curve of the resulted amplicon must be 

identical to the one depicted in the product manufacture protocol.  The 

amplification for the melt curve of the product must peak then start decline as 

presented in (Figures: 2.23 - 2.28), thus validating the technique.   
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Figure 2. 23: GAPDH amplicons melt curve. The melt curve generated is as 

mentioned in the protocols given in section 2.2.4.3 with the product from Biorad 

the same height of peak with the same position. 

 

Other PrimePCR™ Template for SYBR® Green Assay: GAPDH, Rat was used 

from Bio-Rad  

TGATGGCAACAATGTCCACTTTGTCACAAGAGAAGGCAGCCCTGGTAACC

AGGCGTCCGATACGGCCAAATCCGTTCACACCGACCTTCACCATCTTGTCT

ATGAGAC GAGGCTGGCACTGCACAAGAAGATGCGGCTGTCTCTA 

Amplicon size 115bp. 
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Figure 2. 24: Dnm1l amplicons melt curve. The melt curve generated is as 

mentioned in the protocols given in section 2.2.4.3 with the product from Biorad 

the same height of peak with the same position 

 

 

Figure 2. 25: GAPDH amplicons and Dnm1l amplicons melt curves generated 

from Qiagen Roto-Gene. 
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Figure 2. 26: SYBR-Green real time PCR detection for GAPDH amplicons Auto-

Scale. generated by Qiagen Roto-Gene. Which showed the amplification which 

started at 18 cycles as mentioned in the product description. This showed the 

presence of the gene of interested in the isolated samples. 

   

 

 

Figure 2. 27: SYBR-Green real time PCR detection for Dnm1l amplicons Auto-

Scale generated by Qiagen Roto-Gene. Which showed the amplification which 

started at 22 cycles as mentioned in the product description. This showed the 

presence of the gene of interested in the isolated samples. 
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The normoxic control and I/R control fold induction after measuring the ΔΔ CT 

Value Dnm1l against GAPDH was (178.92 ± 90% vs. 100 ± 0%) respectively.  

 

Figure 2. 28: The level of Dnm1l expression/induction normalised to GAPDH 

housekeeping gene using Relative quantification method for normoxia in 

comparison to I/R control the data was analysed after changing it into arithmetic 

means by normalised to I/R control, ± SEM, n = 6. The error bar for the I/R is 0 

since the data were normalised to the I/R control. 

 

 

2.2.4.4       Gene Expression Relative Quantification  

 

The cDNA samples with no template controls (NTC), were prepared in individual 

microfuge tubes that were DNase and RNase free prior to being pipetted, in 

duplicates, into a microplate for PCR and standards which were from a diluted 

stock solution of the original cDNA. 2 μl of the GAPDH primer, 10 μl of SYBR 
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Green supermix also 3 µl cDNA or water total volume was made to 20 μl by 

DNA/RNA free water. All reactions were mixed well then briefly centrifuged to get 

the reaction at the bottom prior to plating, a seal was placed on the plate and the 

plate was then briefly centrifuged and set up in the Bio-Rad CFX Connect™ PCR 

machine. A protocol which used the following settings was used, activation at a 

temperature of 95 °C lasted for 2 minutes followed by 40 cycles of step lasted for 

5 seconds at 95 °C (denaturation) 40 cycles of (annealing/extension) that lasted 

for 30 seconds decreasing the temperature to 60 °C followed by a melt curve at 

65-95 °C for a 5 second cycle. The same protocol was made for Dnm1l prime 

assay, only the amount was less because the prime assay was 20x concentrated 

there for 10 µl Ssoadvanced SYBR Green, 1 µl Dnm1l prime assay and 6 µl 

DNA/RNA free water to make up 17 µl followed by 3 µl cDNA or DNA/RNA free 

water.  

 

2.2.4.4.1       Running TAE Gel For The Amplicon 
 

PCR product (amplicon) was run in TAE 1% gel, in which the ladder was loaded 

into the first well the second kept empty the third-sixth were standards from 1 to 

0.008 followed by the samples normoxia, I/R, and the treated group (mentioned 

in table 2.3), –cDNA negative control and lastly no template control (NTC). The 

ladder solution was made from 1 μl marker ladder, 1 μl loading dye and 3 μl 

DNA/RNA free water to make 5 μl that was loaded into the first well, the sample 

were made by adding 3 μl DNA/RNA free water, 2 μl loading dye and 5 μl of the 

amplicon. However, in one microfuge tube for the15 amplicons a stock of loading 



 

 

149 

 

dye and DNA/RNA free based on the number of the amplicons used and the mix 

was vortexed and centrifuged briefly prior to placing 5 μl into each new microfuge 

tubes followed by adding the correspondent amplicon to each microfuge tube 

vortexed then loaded into the gel (Figure.2.29).  

Figure 2. 29: Representative electrophoresis gel showing the PCR amplicon of 

GAPDH samples which were diluted with DNA/RNA free water, loading dye. 

Starting by the marker and standards 1 to 4 followed by the samples loaded as 

well as positive, negative and no template controls. Run for the measurements of 

the amplicon which helped confirm the protocol. 

 

2.2.6     Data Analysis  

IBM® SPSS® Statistics Version 24 statistical software was utilised to analyse raw 

data obtained from Langendorff (Haemodynamic parameters (LVDP, HR and 

CF)), (AAR%), apoptosis, cell viability, necrosis, Akt, Erk1/2, Drp1 and caspase-

3 data and Ct value from the PCR and the means value from the flow cytometry 

data the activity of caspase-3. For all data, SPSS was utilised for analysis via 

One-way ANOVA analysis and Fisher’s least significant difference test (LSD) post 

hoc test. All data presented as mean ± standard error of the mean (SEM) (n=6 

for all experiments) and statistical analysis conducted a p value <0.05 was 

considered statistically significant. The software utilized in regard to determine 

western blot bands was ImageJ. This chapter is validation of the techniques used. 
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Chapter 3: Assessment Of The Exacerbation Of Myocardial 

Reperfusion Injury Due To Ipratropium Bromide Administration 
 

Previous work in our laboratory has implied that in in vitro models of I/R, the non-

selective muscarinic receptor antagonist Ipratropium Bromide (Ip) was able to 

exacerbate mediated myocardial injury (Harvey, Hussain and Maddock 2014). 

However, the mechanism of induced injury has not been fully elucidated. The aim 

of this chapter was to identify whether, in the experimental models employed in 

this project, ipratropium bromide exacerbated myocardial injury in clinically 

relevant in vitro models of myocardial ischaemia and reperfusion to support 

previously reported experimental findings.  

 

3.1      Langendorff Model Of Perfused Rat Heart Results  
 

For the Langendorff model studies, (explained in detail in section 2.2.1.1 - 2.2.1.5 

in chapter 2). Adult male Sprague-Dawley rats were sacrificed, the heart was 

mounted onto Langendorff perfusion apparatus (constant perfusion rate of 9.8 ± 

0.5 ml.min-1 with Krebs-Heinsleit buffer), regional ischaemia was induced via 

ligation of the descending left coronary arteries followed by 120 minutes 

reperfusion. Ipratropium bromide (1 x 10-7 M - 1 x 10-9 M) were added at the start 

and during reperfusion, these concentrations were due to clinical relevancy. The 

Langendorff model was performed to measure haemodynamic parameters which 

were measured during and after reperfusion. Infarct sizes were assessed via 

Evans Blue staining and 2,3,5-triphenyl tetrazolium chloride exclusion treatment 

to delineate between live and infarcted tissue within the ischaemic area studies. 
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3.1.1     Haemodynamic Parameters (I/R And Ipratropium Bromide (1 x 10-9 
M - 1 x 10-7 M). 
 

The haemodynamic parameters measured were LVDP, HR and CF. Every 5 

minutes the measurements were recorded during the period of stabilisation and 

ischaemia and every 15 minutes after initiating reperfusion for 120 minutes. The 

perfusion protocol due to its clinical relevancy for dose response curve then the 

heart was taken out and frozen in the -20 °C freezer to take the infarct risk ratio 

(I/R%). 

 

3.1.1.1     The Left Ventricular Developed Pressure (LVDP) 

 

The method in which LVDP was determined was by using the left ventricular 

pressure changes effect on a latex balloon that was filled with water, inserted into 

the left ventricular chamber, (explained in detail in section 2.2.1.6.1 in chapter 2). 

I/R control, and Ipratropium bromide (1 x 10-9 M - 1 x 10-7 M) were used and the 

results show that Ip (1 x 10-7 M) significantly decreased compared to the I/R 

control at 160 minutes (65.5 ± 7.6% vs. 47.5 ± 6.2%) against Ip (1 x 10-7 M) and 

175 minutes (62.3 ± 7.8% vs. 45.4 ± 6.7%) and Ip (1 x 10-9 M) against Ip (1 x 10-

7 M) at 160 minutes of reperfusion (46.7 ± 5.2% vs. 47.5 ± 6.2%) (p<0.05). Left 

ventricular developed pressure measurements for I/R control, Ipratropium 

bromide (1 x 10-9 M - 1 x 10-7 M) (Figure 3.1).
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Figure 3. 1: Changes in left ventricular developed pressure % of (mmHg) in isolated perfused rat hearts group’s I/R control, n=6. 

Ipratropium bromide (1 x 10-9 M -1 x 10-7 M). * p<0.05 vs. I/R control against Ipratropium bromide (1 x 10-7 M). * p<0.05 vs. 

Ipratropium bromide (1 x 10-7 M) against Ipratropium bromide (1 x 10-9 M).
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3.1.1.2     Heart Rate (HR) 

 

The method in which HR was determined in similar principle to LVDP (explained 

in detail in section 2.2.1.6.2 in chapter 2). for I/R control, Ipratropium bromide (1 

x 10-9 M – 1 x 10-7 M) results show that Ip (1 x 10-7 M) significantly increased HR 

compare to I/R control at 70 minutes (109.2 ± 5.3% vs. 91.4 ± 4.7%), 100 minutes 

(113.8 ± 6.2% vs. 97.7 ± 6.9%) and 175 minutes of reperfusion (114.1 ± 5.2% vs. 

97.3 ± 6.5%) (p<0.05) and 115 minutes (116 ± 6.9% vs. 97.2 ± 6.4%) and 130 

minutes (118 ± 6.4% vs. 98.3 ± 6.1%) (p<0.01) and Ip (1 x 10-9 M) at 70 minutes 

(107.9 ± 6.5% vs. 91.4 ± 4.7%) all against I/R control, Ip (1 x 10-8 M) at 115 

minutes of reperfusion (100.5 ± 2.3% vs.116 ± 6.9%) (p<0.05) against Ip (1 x 10-

7 M).  Heart rate for I/R control, Ipratropium bromide (1 x 10-9 M- 1 x 10-7 M) (Figure 

3.2). 
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Figure 3. 2: Changes in heart rate (bpm) in isolated perfused rat hearts. All groups I/R control, Ipratropium bromide (1 x 10-9 M 

–1 x 10-7 M), n=6. ** p<0.01 compared to I/R control. * p<0.05 compared to I/R control all against Ipratropium bromide (1 x 10-7 

M). * p<0.05 compared to Ipratropium (1 x 10-7 M) against Ipratropium bromide (1 x 10-8 M).  & p<0.05 compared to Ipratropium 

(1 x 10-9 M) against I/R control.
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3.1.1.3     Coronary Flow (CF) 

 

Coronary flow (CF) was measured via the collection and recording the obtained 

amount of the coronary effluent (explained in detail in section 2.2.1.6.3 in chapter 

2) for I/R control, Ipratropium bromide (1 x 10-9 M – 1 x 10-7 M). The results for 

coronary flow shows no significant difference. With a significant difference once 

compared to the control. Coronary flow results for I/R control, Ipratropium 

bromide (1 x 10-9 M – 1 x 10-7 M) (Figure 3.3). 
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Figure 3. 3: Changes in coronary flow (ml.min-1) in isolated perfused rat hearts, n= 6. I/R control, Ipratropium bromide (1 x 10-9 

M – 1 x 10-7 M).
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3.1.2    The Infarct Risk Ratio (AAR %) 
 

Krebs Heinsleit Buffer (KHB) was perfused to the isolated rat hearts for 

stabilisation and regional ischeamia followed by perfusion with Ipratropium 

bromide (1 x 10-9 M – 1 x 10-7 M) + KHB for 120 minutes, the thread, used to 

cause regional ischaemia, was tightened before perfusing the heart with Evans 

blue prior to 1%TTC protocol staining to determine the AAR% (explained in 

detailed in section 2.2.1.7). Similar to the Haemodynamic parameters Ip was 

cardiotoxic since the infract size was increase at the highest concentration of Ip 

with a significant difference to the control Ipratropium bromide (1 x 10-7 M – 1 x 

10-9 M) (158.5 ± 6.2, 135.9 ± 5, 124.4 ± 14.5% vs. 100 ± 0%) against I/R control, 

with (p<0.001, 0.01, 0.05) respectively. Ip (1 x 10-8 M) against Ip (1 x1 0-7 M) 

(135.9 ± 5%, vs. 158.5 ± 6.2%) and Ip (1 x 10-9 M) against Ip (1 x 10-7 M) (124.4 

± 14.5% vs.158.5 ± 6.2%). Ip (1 x 10-7 M) p<0.05. These results showed the 

comparison between untreated I/R control, Ipratropium bromide (1 x 10-9 M – 1 x 

10-7 M) treatment groups (Figure3.4). 
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Figure 3. 4: Infarct development in I/R control, Ipratropium bromide (1 x 10-9 M – 

1 x 10-7 M) treatment groups perfused isolated rat hearts. Results displayed as 

means + SEM, n=6. *** p<0.001 against I/R control. ** p<0.01 against I/R control. 

* p<0.05 against I/R control. *p<0.05 against Ipratropium (1 x 10-7 M), ** p<0.01 

against Ipratropium (1 x 10-7 M).  

 

3.2     Flow Cytometry Results  
 

Flow cytometry protocol was followed to measure Apoptosis Necrosis, live cells 

and caspase-3 for the cardio myocytes. The template was gated for 10,000 cells 

count that were treated with Ipratropium bromide (1 x 10-7 M), in comparison with 

H/R control (explained in detailed in section 2.2.2.1 and 2.2.2.2).  
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3.2.1     Cell Death Assay Results 
 

Annexin V-FITC Apoptosis Staning / Detection Kit Stain. Same protocol for cell 

isolation and Hypoxia/Reoxygentaion induction was carried out, the cells were 

needed alive therefore, the cells were centrifuge discarding the supernatant 

followed by adding binding buffer twice adding Annexine V-FITC A and Propidium 

iodide and the cells incubated with the for apoptosis and necrosis detection for a 

period of 5 minutes at 25 °C in foil prior to analysis by the flow cytometry. 

 

3.2.2    Effects Of Ipratropium Bromide On Apoptosis  
 

For apoptosis Ip was able to increase the level of apoptotic cell (total apoptosis) 

measured by the flow cytometry. There was an increase in total apoptosis 

induced by Ipratropium during H/R. The percentages of apoptosis are presented 

in (Figure 3.5). H/R control against ipratropium (1 × 10-7 M) (100 ± 0 vs. 116.22 ± 

6.4%) with (p<0.05). 
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Figure 3. 5:  Total apoptosis percentage results stained by Annexin V shown in   

flow cytometry for H/R controls and Ip (1 × 10-7 M). the data was analysed after 

changing it into arithmetic means by normalised to H/R control, ± SEM, the 

recorded number myocytes is 10,000, n = 6, * = p<0.05 vs H/R control. 

 

3.2.3    Effects Of Ipratropium Bromide On Necrosis 
 

The percentages of necrosis are presented in (Figure 3.6). Despite the obtained 

pattern that suggest that Ip caused more necrotic cell death than H/R control, 

there was no significant difference overall, H/R control vs Ip (100 ± 0 vs. 119.3 ± 

14.22%). 
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Figure 3. 6:  Necrotic cells percentage results stained by Annexin V shown in   

flow cytometry for H/R controls and ipratropium (1 × 10-7 M). the data was 

analysed after changing it into arithmetic means by normalised to H/R control, ± 

SEM, the recorded number myocytes is 10,000, n = 6. 

 

3.2.3         Effects Of Ipratropium Bromide On Cell Viability    
 

The isolated myocytes were stain with cell death assay to determine cell viability 

to measure the effect of Ip (1 x 10-7 M), in comparison with H/R control (explained 

in detailed in section 2.2.2.1 - 2.2.2.2 and 2.2.2.4.1). 

 

3.2.4          Annexin V-FITC Apoptosis Kit 
 

The percentages of live cells are presented in (Figure 3.7). The cell viability 

results showed that Ip deceased the percentage of live cells indicating its toxicity 
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compared to the control. H/R control against ipratropium (1 × 10-7 M) (100 ± 0 vs. 

80.44 ± 9.4%) with (p<0.05). 

 

Figure 3. 7: Effect of ipratropium (1 × 10-7 M), Cell viability level in comparison to 

H/R control the data was analysed after changing it into arithmetic means by 

normalised to H/R control, ± SEM, the recorded number myocytes is 10,000, n = 

6. * = p<0.05 vs. H/R control. 

 

 
3.2.5          The Level Of Caspase-3 Activity  
 

The percentages of caspase-3 level is presented in (Figure 3.8). The activity of 

caspase-3 was significantly more than the control as the results obtained from 

apoptosis.  H/R control against ipratropium (1 × 10-7 M) (100 ± 0 vs. 116.83 ± 4%) 

with (p<0.01).  
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Figure 3. 8: Effect of ipratropium (1 × 10-7 M), caspase-3 activity in comparison 

to H/R control the data was analysed after changing it into arithmetic means by 

normalised to H/R control, ± SEM, the recorded number myocytes is 10,000, n = 

6. * *= p<0.01 vs. H/R control which showed Ip was able to significantly increase 

the % of activity of caspase-3. 

  

0

20

40

60

80

100

120

140

H/R control Ip(1x10⁻⁷ M)

(%
) 

ch
an

ge
 c

le
av

e
d

 c
as

p
as

e
-3

 c
o

m
p

ar
e

d
 w

it
h

 H
/R

 
co

n
tr

o
l

H/R control

Ip(1x10⁻⁷ M)

**



 

 

164 

 

3.3             Western Blot Results 
 

In Western blotting studies the rats were sacrificed prior to extraction of the heart 

which was mounted on a modified Langendorff perfusion apparatus. Regional 

ischeamia was induced in which the descending left coronary arteries was ligated 

for 35 minutes after that a period of 15 or 30 minutes’ reperfusion. I/R, Ipratropium 

bromide (1 x 10-7 M – 1 x 10-9 M), were administered at the onset, and throughout, 

reperfusion. Tissue was homogenised and prepared for Western blot analysis for 

Drp1, Akt, Erk1/2 and caspase-3 (Explained in detailed in section 2.2.3.1- 

2.2.3.7). 

 

3.3.1   Western Blot Results For The 15 And 30 Minutes Post Reperfusion 
 

These results were presented in the Figures 3.9 - 3.12 (explained in detailed in 

section 2.2.3.8 and 2.2.3.9). To determine the effect of time points in the 

expression of the proteins of interest, which were Akt, Erk1/2, Drp 1, Active 

caspase-3 and, after the addition of Ip (1 x 10-7 M – 1 x 10-9 M). 

 

3.3.1.1    The Measurements Of (I/R And Ipratropium Bromide (1 x 10-9 M – 

1 x 10-7 M)). 

 

The level (phosphorylation to total) of Akt, Erk 1/2, Drp1 and cleaved caspase-3 

show an increased in the isolated perfused hearts treated with Ip (1 x 10-7 M – 1 

x1 0-9 M) compared with I/R control with the highest concentration having the 

most phosphorylation of Akt, Erk 1/2, Drp1 and cleaved caspase-3 (Figures 3.9 -
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3.12). However, there was no significant difference against the untreated control 

apart from Akt at 15 minutes (1 x 10-7 M) against the untreated control (167.08 ± 

29.93% vs.100 ± 0 control).  No significant difference for other treatment group 

against the control at 15 minutes reperfusions nor against the treated group. Ip 

(1x10-7) significantly increase the phosphorylation of Akt after 30 minutes 

reperfusion vs. I/R control (208.49 ± 24.42% vs.100 ± 0 control).   

     A    B 

                                                      

                         

                                                                                                     

 
  

                             Ipratropium bromide (M)             Ipratropium bromide (M) 

 

Figure 3. 9: The levels of phospho and Total Akt in I/R control, Ipratropium 

bromide (1 x 10 -9 M – 1 x 10-7 M).  A is treatment groups perfused for 15 minutes 

isolated rat hearts. B is treatment groups perfused for 30 minutes isolated rat 

hearts. Results displayed as means + SEM, n=6. * p<0.05 vs. I/R control. 
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    A                                                                   B 

                                           

                                           

                                           

 

                             Ipratropium bromide (M)                                  Ipratropium bromide (M) 

                            

Figure 3. 10: The levels of phospho and Total Erk 1/2 in I/R control, Ipratropium 

bromide (1 x 10-9 M – 1 x 10-7 M).  A is treatment groups perfused for 15 minutes 

isolated rat hearts. B is treatment groups perfused for 30 minutes isolated rat 

hearts.  Results displayed as means + SEM, n=6. 
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                                 Ipratropium bromide (M)                              Ipratropium bromide (M) 

 

Figure 3. 11: The levels of phospho and Total Drp1 in I/R control, Ipratropium 

bromide (1 x 10-9 M – 1 x 10-7 M). A is treatment groups perfused for 15 minutes 

isolated rat hearts. B is treatment groups perfused for 30 minutes isolated rat 

hearts.  Results displayed as means + SEM, n=6. 
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    A                B 

                                                          

                             

                                                                                       

 

                                                                                            

  

                               Ipratropium bromide (M)                              Ipratropium bromide (M) 

Figure 3. 12: The levels of cleaved and active capsae-3   in I/R control, 

Ipratropium bromide (1 x 10-9 M – 1 x 10-7 M) A is treatment groups perfused for 

15 minutes isolated rat hearts. B is treatment groups perfused for 30 minutes 

isolated rat hearts.  Results displayed as means + SEM, n=6. 
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keeping gene as the baseline. The gene of interest used was Dnm1l against 

GAPDH primers for I/R control and Ipratropium bromide (1 x 10-7 M) (Explained 

in detailed in section 2.2.4.1- 2.2.4.3). No significant difference appeared 

between the control and Ip treated groups (1419 ± 900.45% vs. 100 ± 0) (Figure 

3.13). Despite the pattern shown which suggest that Ip was able to increase the 

expression of Dnm1l, the high variation seen in the figure is due to the data being 

inconclusive. As preforming the statistical analysis test provided that there was 

no significant difference (explain in detail in the limitations section. 

       

Figure 3. 13: The levels of fold change in Dnm1l    in I/R control, Ipratropium 

bromide (1 x 10-7 M) is treatment groups perfused for 15 minutes isolated rat 

hearts.  Results displayed as means + SEM, n=6. 
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3.5    Chapter Discussion 
 

This study’s findings support previous evidence suggested that Ip exacerbates 

myocardial injury via increases in infarct (Figure.3.4) and apoptosis (Figure.3.5) 

under stimulated I/R injury of myocardial. Since that in vitro models of stimulated 

I/R condition the myocardial injury was exacerbated by the administration of 

Ipratropium bromide, which occurred in this study as well, shown in the significant 

increase as seen in Figure.3.4 infarction in isolated perfused rat myocardial with 

the addtition of  Ip (1 x 10-9 M – 1 x 10-7 M) and decreasing the viability in isolated 

left ventricular myocytes, this work further supports previously reported 

experimental findings that suggested that Ip promote exacerbation of reperfusion 

injury, however, the mechanism of its exacerbation of injury was not established 

(Harvey, Hussain and Maddock 2014). 

The Langendorff results showed that haemodynamic parameters measured were 

decreased (LVDP and CF) with the exception of HR (Figure.3.1 - Figure.3.3), 

which was increased, with Ip (1 x 10-7 M) causing the most reduction followed by 

Ip (1 x 10-8 M) then Ip (1 x 10-9 M), in a concentration responsive manner. HR 

results showed increase when Ip (1 x 10-9 M – 1 x 10-7 M) were added, the highest 

concentration dependent manner. Findings showed a similar pattern to Harvey, 

Hussain and Maddock (2014) study with regards to the toxicity associated with 

the administration of Ip at the beginning and throughout reperfusion for 120 

minutes with a noticeable decrease in LVDP and CF and increase in HR and the 

infarct size. Interestingly, Ip did not show to provide haemodynamic effect, 

despite the observed exacerbation of infraction development. These results also 
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support previously published literature that muscarinic antagonism in the 

myocardium can act with positive ionotropic and chronotropic effects, since the 

activity is mediated by the muscarinic receptors M2 subtype it was found that 

agonist treatments such as carbachol have negative effect on ionotropic in mice 

artery, also there was a link found between ionotropic and chronotropic  and 

calcium influx as well as protein kinase C which have a positive ionotropic effect 

, since they effect may lead to contractility dysfunction as abnormal level of 

calcium influence contraction(Kitazawa et al. 2009, Sethi, Zakharyan and 

Muradyan 2019). It is postulated here that the gradual decrease in LVDP, which 

was ultimately significant from the control (p<0.05), identified in these studies is 

attributable to the exacerbation of damage caused by Ip following the insult of the 

I/R protocol to the experimental models used as highlighted in in sections 2.2.1.1 

- 2.2.1.5 in chapter 2. In the infarct studies AAR% the injury in the groups treated 

by Ip, was exacerbation; showing that the injury by with the highest concentration 

being the most toxic and caused most injury with a significant difference 

compared with the control and the other concentrations Ip (1 x 10-9 M, 1 x 10-8 M, 

1 x 10-7) (Figure.3.4) (p<0.05, p<0.01, p<0.001) respectively.  These studies were 

during for isolated heart with I/R stimulated conditons, and, again, support 

previously published literature that has demonstrated that Ip exacerbates RI in 

non-clinical models in vitro in a dose responsive manner (Harvey, Hussain and 

Maddock 2014). In the flow cytometry studies Ip (1 x 10-7 M) increased the level 

of total apoptosis significantly compared to the H/R control (Figures 3.5), and it 

decreased cell viability with a significant difference (Figures 3.7) (p<0.05) for both 

figures. In caspase-3 measurements Ip (1 x 10-7 M) was able to significantly 
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increase caspase-3 activity which suggest apoptosis (Figures 3.8) (p<0.01). The 

activity of caspase-3 was significantly more than the control as the results 

obtained from apoptosis.  This suggest that the main cause of the injury is 

apoptosis rather than necrosis since necrotic cell death was not significantly differ 

than the untreated control (Figures 3.6) (Cassambai et al. (2019). Caspase-3 is 

an important key factor in both intrinsic and extrinsic apoptosis pathway, the high 

level of cleaved caspase-3 indicates that the myocytes are undergoing apoptosis 

(Wu et al. 2013). 

The western blotting analysis for the isolated heart perfused with Ip (1 x 10-9 M – 

1 x 10-7 M) at the onset and throughout reperfusion that lasted for 15 or 30 

minutes for the measurements of Akt, Erk1/2, Drp1 and caspase-3, resulted in 

the expression of phospho-Akt, Erk1/2, Drp1 and caspase-3 as to be increased 

showed in Figures 3.9 - 3.12, A and B, for all concentration at both time points 

with an observed increase compared to untreated the control. Ip (1 x 10-7 M) was 

able to significantly increase the phosphorylation of Akt at 15 and 30 minutes post 

reperfusion (p<0.05) (Figures 3.9 A, B). With Erk1/2 and capase-3 there was no 

significant difference (Figures 3.10, 3.12 A, B). These findings agree with the 

finding of Harvey, Hussain and Maddock (2014) regarding the administration of 

Ip at the onset of reperfusion has shown that Akt and Erk1/2 phosphorylation 

levels increased in the deregulate Reperfusion Injury Salvage Kinase (RISK) 

pathway (Khan, 2015). Interestingly, these findings also agree with those of 

Gharanei et al. (2013), who also observed pathological increases in the levels of 

RISK pathway signalling proteins and this was associated with an increase in cell 

death his study investigating the mechanism of Doxorubicin. This could 
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potentially be due to a shared anti-muscarinic action by both Doxorubicin and Ip, 

although the exact mechanism is not yet fully understood (Gharanei et al. 2013). 

Increasing the phosphorylation of Akt excludes the possibility of ipratropium 

inducing Akt and Erk1/2 with down regulation at both time points of Langendorff 

experiments as shown in the results with relative increase in the phosphorylated 

Akt and Erk1/2 upon Ip administration treated group (Derek et al. 2004). The 

activation of Akt and Erk1/2 regulate apoptosis according to the published 

literature (Khan, 2015). The phosphorylation of Erk 1/2 was found to play a role 

in caspase-dependent apoptosis as well as Akt activation plays an even greater 

effect in caspase-independent apoptosis (Li et al. 2013). The activation of Bcl-2 

family members (BAD and BAX) pro-apoptotic proteins as a result to Akt chronic 

phosphorylation in this case that leads to the opening of mPTP releasing 

cytochrome-c leading to intrinsic apoptosis (Liang et al. 2014).  In general, the 

activation or increase in Akt and Erk1/2 levels are considered to be protective 

mechanisms against insults such as ischaemia/reperfusion injury inside the cell 

(Li et al. 2013). The active Akt and subsequently protein kinase C are considered 

as proteins with cardioprotective properties against ischaemic conditions via 

apoptosis and necrosis inhibition (Winnay et al. 2013). protect the heart against 

ischemia/reperfusion-induced injury by activating signal transduction pathways 

and sustaining mitochondrial functions reduced the ratio of myocardial infarct size 

to area at risk (Wang et al. 2011). cardioprotective effect by decreasing apoptosis 

of cardiomyocytes and inhibiting expression of inflammatory mediators after 

myocardial ischemia (Wang et al. 2011). PI3K/Akt activation is considered to 

maintain the inhibition of apoptosis and alerting the survival mechanism, by the 
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release of protection signal to the mitochondria from the surface of the cell 

(Winnay et al. 2013).  In ischaemic/ Reperfusion preconditioning setting which 

release non- lethal cycle of I/R to gain protection from lethal sustained episode of 

IRI (Li et al. 2013, Hausenloy and Yellon 2013). The continuous expression of 

Akt after reperfusion was associated with negative effect, leading to cell death 

actions, including apoptosis, to the cell survival pathway during I/R conditions 

(O'Neill and Abel 2005, Nagoshi et al. 2005, Harvey, Hussain and Maddock 

2014). A mutation occurrence in mammalian hearts resulting in Akt over 

expression can lead to the potential of injury in myocardium as a result of the 

constitutive activation of Akt (Harvey, Hussain and Maddock 2014). Injury 

observed with in the current study correlates with finding displayed in Harvey 

study (2014). It is therefore postulated that the constitutive over-expression of Akt 

via a still unknown mechanism is partially culpable for the observed increase in 

injury observed following Ip administration. Attribution to overstimulation of Akt 

signaling, the more Akt is phosphorylated the increase level of infraction and vis 

versa the decreased level of Akt phosphorylation resulted in reduction in 

infraction (Sussman et al. 2010). Ascertained Akt levels and its detrimental effect 

proposed Ip induce injury via the continuative over activation of Akt which is 

possible due to the overactivation of PI3K , the upstream regulate Akt and Erk1/2 

(Sussman et al. 2010).  The phosphorylation of Erk1/2 results were similar to Akt 

results with an observed increase at 15 minutes and 30 minutes of reperfusion 

for Ip treated group (1 x 10-9 M – 1 x 10-7 M) compared with I/R untreated group 

(Figures 3.10 A, B). These finding are similar to Harvey, Hussian and Maddock 

(2014) in terms of pattern. Despite the apparent pattern within Erk 1/2 results 
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there was no significant difference, as shown in the results section 3.3.1.1 

(Figures 3.10), Ip (1 x 10-7 M) was able to increase the phosphorylation of Erk1/2 

compared to untreated control, however, the statistical analysis did not present 

significant difference. Erk1/2 showed similar pattern to Akt both kinases have 

anti-apoptotic properties (Yin et al. 2013). This is thought to be due to not efficient 

time of reperfusion of 15 or 30 minutes, for Erk1/2 phosphorylation to increase 

significantly (Maddock, Mocanu and Yellon 2003). Erk1/2 phosphorylation 

provide similar action of Akt activation, both kinases have apoptotic inhibition 

properties maintaining cell survival (Yin et al. 2013). PI3K/Akt was one of the 

main kinases to inhibit cell death programme as well as evoking the proliferation 

of the cell providing mechanism of defense against apoptosis consequently 

reducing related injury (Yin et al. 2013). Erk1/2 is considered to provide cardio-

protection against I/R insults with an importance towards RISK (Yin et al. 2013). 

Erk1/2 mechanism of action is based on the inhibition of the dephosphorylation 

of the Bcl-2 the latter is associated with (BAD) the death promoter, the later 

inhibited apoptosome development which restrict executioner caspases 

activation (Yin et al. 2013). Harvey study (2014) suggested the detrimental effect 

of Erk1/2 overexpression in the cellular survival programme which is supported 

by the current studies and, as such, whilst the results are supported, the nature 

of this over-activation is still not fully understood. Erk1/2 activation restrict 

caspase activation in normal condition, and it prevent the formation of 

apoptosome (Derek et al. 2004). However, in stress condition Erk1/2 

overactivation can result in negative effect on the cell shown in Ip induced injury 
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with continuation of Erk1/2 activation (Sussman et al. 2010) further explained in 

relation to calcium overload in section 5.5. 

In contrast to previous studies by Disatnik et al. (2013) and Duan et al. (2020) 

identification for the involvement of Drp1 in Ip induced myocardial injury were 

carried out in this study in order to indicate whether there was mitochondria 

element in Ip injury induction (Figures 3.11 A, B). The obtained Drp1 results 

indicated a role for the mitochondria and a potential, currently unknown, 

mechanism leading to Ip induced apoptosis following I/R injury (Disatnik et al. 

2013, Duan et al. 2020). The main role of Drp1 is that it helps regulate vital 

processes within the cell such as apoptosis, necrosis and cell division (Hu, Huang 

and Li 2017). Drp1 is responsible for mitochondrial fission, and a result the 

phosphorylation of Drp1 causes mitochondria dysfunction (Ko et al. 2016). 

Dynamic large GTPase Drp1/Dnm1Dynamin related proteins with a very 

important role in mitochondria (Hu, Huang and Li 2017). The mitochondria 

balance fission and fusion and gene encoded GTPase fission relates to DNA 

replication fusion occurs when two adjacent mitochondria join whereas fission is 

when one mitochondrion separates into two (Liu, et al 2020). Dephosphorylation 

in Drp1 Serine (637) inhibits fission and promote fusion, Drp1 Serine (616) 

phosphorylation by B/cyclin dependent kinase 1 leading to apoptotic cell death 

via mitochondria fission (Roe, and Qi, 2018). By promoting mitochondrial fission, 

Drp1 activation leads to fragmentation of mitochondria and mPTP opening 

releasing pro-apoptotic protein cytochrome c resulting in apoptosis (Hu, Huang 

and Li 2017).  Therefore, the results (Figures 3.11 A, B).  from this current study 

indicate a role for the mitochondria in Ip mediated injury via a mechanism 
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involving B/cyclin dependent kinase 1 potentially contributing via the 

phsphorleation of Drp1 Serine (616), or initiating, the observed increases in 

apoptosis seen follow Ip administration (Ko et al. 2016). 

PCR results did not present a significant difference of Dnm1l expression between 

Ip treated group and the untreated control used (Figure 3.13). Despite the 

increase in expression in Ip treated group. This might be as a result of the period 

of reperfusion, as 15 minutes might not be adequate for the gene to be expressed 

because in Troncoso et al. (2014) study which measured the expression of Dnm1l 

after 6 hours of reperfusion. Not to mention the possibility that the n number of 

the samples might not be enough.  As well and not having the chance to preform 

PCR reaction on the tissue samples that are collected after 30 minutes of 

reperfusion because the Roto-Gene, PCR machine, that were used for the 

detection of PCR reaction were given from the university to the university hospital 

due to COVID 19 pandemics.  

Normoxic studies in the presence of the pharmacological agents were not 

conducted as they are not considered to be clinically relevant, because Ip was 

administered during normoxia in pervious study by Harvey, Hussain and 

Maddock (2014) and no injury was detected. The results showed that Ip 

presented no significant increase in infraction or apoptosis when compared to the 

normoxic control, previous preliminary studies demonstrated that Ip did not affect 

infarction or cellular viability in normoxic conditions, and this was established by 

Harvey et al. and other, unpublished work, from our laboratory (Harvey, Hussain 

and Maddock 2014). This study supports previous findings that Ip exacerbates 

myocardial injury via increase in infarct and apoptosis, but it is the first one to link 
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Drp1 phosphorylation with the induced injury. Therefore, the results from this 

experimental chapter helps to validate the experimental techniques that were 

employed in this project and also, for the first time, provide direct evidence to link 

that there may be specific mitochondrial involvement in the observed Ip mediated 

myocardial injury. 
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Chapter 4: Ipratropium Bromide Mediated Myocardial Injury Is 

Attenuated By the Mitochondrial Division Inhibitor Mdivi-1 
 

The previous chapter (chapter 3) indicated that the exacerbation of Ip induced 

injury occurred during the administration of Ip at the onset of reperfusion in 

models of stimulated I/R conditions and the main caused for exacerbated injury 

were mainly apoptosis and via an increase in infarction (AAR%). However, whilst 

Akt and Erk1/2 phosphrlyation involved in a manner previously reported, it is still 

not evident that the changes in these protein levels are required for Ip induced 

myocardial injury. Evidence from previous studies have suggested the 

mitochondria may have a role in exasperating the injury (Harvey, Hussain and 

Maddock 2014, Intachai et al. 2018), but this has never been characterised. In 

addition to this, the work in the previous chapter demonstrated (Figure 3.11), for 

the first time, that Drp-1 action may be a reason in Ip-induced myocardial injury, 

which, for the first time provides more definitive evidence of mitochondrial 

involvement. Therefore, to further investigate mitochondria role of action, Mdivi-

1 was used in the current study as Mdivi-1 is a well-reported mitochondrial 

involvement indicator (Ruiz, Alberdi and Matute 2018). Gharanei et al. (2013) 

study showed that Mdivi-1, which showed anti-cancer properties, was also 

cardio-protective against I/R against doxorubicin. The aim of the current study 

was to identify whether Mdivi-1 demonstrated the same protective properties as 

in previous studies such as Sharp et al. (2014) studies and Maneechote et al. 

(2018),  importantly, to assess whether this had an influence on Ip mediated injury 

as this would imply that there is mitochondrial involvement in Ip mediated injury 

and, importantly, if there was the ability for Mdivi-1 to abrogate Ip induced injury 
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as this could provide new information to help with the development of potential 

adjunctive therapies in clinical cases of Ip mediated myocardial injury.  

 

4.1      Langendorff Model Of Perfused Rat Heart Results  
 

Ipratropium bromide (1 x 10-7 M) and Mdivi-1(1 x 10-7 M) ± Ipratropium bromide 

(1 x 10-7 M) were added at the start and during the period of reperfusion in order 

to measure haemodynamic parameters during reperfusion as well as the infarct 

size (which was calculated as Area At Risk% (AAR %)), for the Langendorff 

model studies, (explained in detail in section 2.2.1.1-2.2.1.5).  

  

4.1.1     Haemodynamic Parameters (I/R And Ipratropium Bromide (1x10-7 

M) And Mdivi-1(1x10-7 M) ± Ipratropium Bromide (1x10-7 M)) 
 

The haemodynamic parameters measured were: LVDP, HR and CF. The period 

of the measurement that readings were taking was for stabilisation period, 

ischaemia and after initiating reperfusion for 120 minutes the recordings were 

taken every 15 minutes. Following the end of the experiment, the heart was taken 

out and frozen at -20 °C prior to assessment for infarct/risk ratio and Area At Risk 

(AAR %) analysis.  
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4.1.1.1 The Left Ventricular Developed Pressure (LVDP) 

 

LVDP was determined for I/R and Ip (1 x 10-7 M) and Mdivi-1 (1 x 10-7 M) ± Ip (1 

x 10-7 M) (explained in detail in section 2.2.1.6.1 in chapter 2). The results showed 

that LVDP was enhanced with the co-administration of Mdivi-1 (1 x 10-7 M) and 

Ip (1 x 10-7 M). At 160 and 175 minutes Mdivi-1(1 x 10-7 M) significantly increased 

the LVDP compared to the Ip (1 x 10-7 M) treated group (66.2 ± 5.9%, 62.3 ± 

7.1% vs. 47.5 ± 6.2%, 45.4 ± 6.7%) (p<0.05) (The significant difference between 

I/R control and Ip (1 x 10-7 M) in LVDP is mentioned in section 3.1.1.1).  Left 

ventricular developed pressure measurements for I/R control and Ipratropium 

bromide (1 x 10-7 M) and Mdivi-1 (1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) 

(Figure 4.1).  
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Figure 4. 1: Changes in left ventricular developed pressure % of (mmHg) in isolated perfused rat hearts group’s I/R and 

Ipratropium bromide (1 x 10-7 M) and Mdivi-1(1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M), n=6. * p<0.05 vs. I/R control against 

Ipratropium bromide (1 x 10-7 M). * p<0.05 for Mdivi-1 (1 x 10-7 M) treated group against Ipratropium (1 x 10-7 M).
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4.1.1.2 Heart Rate (HR) 

 

HR was measured for I/R control, Ipratropium bromide (1 x 10-7 M) and Mdivi-1(1 

x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) (explained in detail in section 

2.2.1.6.2 in chapter 2). The results show that hearts rate were significant for 

Mdivi-1 treated group vs. I/R control at 70 minutes (109.8 ± 6.1% vs. 91.4 ± 4.7%), 

100 minutes (115.4 ± 7.2% vs. 97.7 ± 6.9%), 145 minutes (121.1 ± 6.6% vs. 103.8 

± 7%) 160 minutes (119.9 ± 6.2% vs. 99.7 ± 6.9%) of reperfusion (p<0.05) and   

115 minutes (117.2 ± 5.3% vs. 97.2 ± 6.4%), 130 minutes (116.1 ± 5.2% vs. 98.3 

± 6.1%) 175 minutes (119.9 ± 11.4% vs. 97.3 ± 6.5%) (p<0.01). there was a 

significant difference between    Ip vs. Ip +Mdivi-1 (p<0.05) and for Mdivi-1 against 

Ip+Mdivi-1 at 100 minutes (113.8 ± 6.2% vs. 96.2 ± 3.6%), 115 minutes (117.2 ± 

5.3% vs. 99.2 ± 4.1%),130 minutes (116.1 ± 5.2% vs. 96.2 ± 3.4%), 145 minutes, 

(121.1 ± 6.6% vs. 98.7 ± 3.7%)  160 minutes (119.9 ± 6.2% vs. 96.8 ± 3.4%) and 

175 minutes of reperfusion (119.9 ± 11.4% vs. 98.1 ± 2.8%) (p<0.01, 0.05) 

respectively (The significant difference between I/R control and Ip (1 x 10-7 M) in 

HR is mentioned in section 3.1.1.2). Heart rate for I/R control and Ipratropium 

bromide (1x10-7 M) and Mdivi-1(1x10-7 M) ± Ipratropium bromide (1x10-7 M) 

(Figure 4.2).
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Figure 4. 2: Changes in heart rate (bpm) in isolated perfused rat hearts. All groups I/R control, Ipratropium bromide (1 x 10-7 M) 

and Mdivi-1(1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M), n=6. * p<0.05 for Mdivi-1 (1 x 10-7 M) treated group against I/R 

control. * p<0.05 for Ip + Mdivi-1(1 x 10-7 M) treated group against Ipratropium (1 x 10-7 M). ** p<0.01 Mdivi-1(1 x 10-7 M) treated 

group against I/R control.  ** p<0.01 Ip + Mdivi-1(1 x 10-7 M) treated group against Ipratropium (1 x 10-7 M).
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4.1.1.3 Coronary Flow (CF) 

 

Coronary flow (CF) was measured (explained in detail in section 2.2.1.6.3 in 

chapter 2). The results for coronary flow showed no significant differences 

between the different experimental groups compared with the I/R control. 

Coronary flow results for I/R control and Ipratropium bromide (1 x 10-7 M) and 

Mdivi-1(1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) (Figure 4.3).
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Figure 4. 3: Changes in coronary flow (ml.min-1) in isolated perfused rat hearts, n= 6. I/R control, Ipratropium bromide (1 x 10-7 

M) and Mdivi-1(1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M), n=6.
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4.1.2 The Infarct Risk Ratio Area At Risk (AAR %) 
 

Ipratropium bromide (1 x 10-7 M) or Mdivi-1 (1 x 10-7 M) ± Ipratropium bromide (1 

x 10-7 M) were added at the start and throughout reperfusion which lasted for 120 

minutes, Evans blued and TTC protocol was followed for the measurement of 

AAR% (explained in detail in section 2.2.1.7). There was a significant difference 

between the Ip treated group and the I/R control (158.5 ± 6.2% vs. 100 ± 0) (p 

<0.001). Mdivi-1 showed cardio-protection; importantly there was a significant 

reduction in infarction compared with the untreated control (65.5 ± 4.5% vs. 100 

± 0) (p <0.001), There was also significant difference between Ip and both Mdivi-

1 and Ip+ Mdivi-1 the co-administration of abrogates Ip mediated increases in 

infarction against Ip treated group (65.5 ± 4.5, 82.7 ± 2.9% vs. 158.5 ± 6.2%) (p 

<0.001 for both groups).  It is important to note, a reduction was also significant 

when Mdivi-1 with Ip (82.7 ± 2.9% vs. 100 ± 0) (p <0.01), thus abrogating the IP 

mediated increase in myocardial injury. I/R control, Ipratropium bromide (1 x 10-7 

M) or Mdivi-1 (1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) treatment groups, 

the Mdivi-1 treatment group demonstrated protection against both Ip mediated 

injury and I/R injury (Figure 4.4). 
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Figure 4. 4: Infarct development in I/R control, Ipratropium bromide (1 x 10-7 M) 

or Mdivi-1 (1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) treatment groups 

perfused isolated rat hearts. Results displayed as means + SEM, n=6. *** 

p<0.001 against I/R control. ** p<0.01 against I/R control. *** p<0.001 against 

Ipratropium (1 x 10-7 M). 

 

4.2 Flow Cytometry Results  
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x 10-7 M) or Mdivi-1(1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) in comparison 

with the H/R control.  

 

4.2.1     Cell Death Assay  
 

For the cell death assay cardiac myocyte isolation and Hypoxia/Reoxygenation 

protocols were carried out, described in sections 2.2.2.1, 2.2.2.2 and 2.2.2.4.1 

and while the cells were alive Annexin V-FITC A and Propidium iodide were 

added to the cells incubated with the reagents, covered by in foil prior to analysis 

by flow cytometry. The cell death assay results obtained for cardiomyocytes that 

were simulated by inducing hypoxia/reoxygenation (H/R), showed an 

exacerbation in the injury for the myocardial via the administration of Ip in 

compression with the controls normoxic and H/R (Explained in detail in section 

2.2.2.4.1).  

 

4.2.2    Effects Of Mdivi-1 On Apoptosis 
 

With regards to apoptosis, Ip was able to increase the level of apoptotic cells 

(total apoptosis) measured by the flow cytometry. There was an increase in total 

apoptosis induced by Ipratropium following the H/R protocol (table 4.1) which 

represents the normolised data values and the significant difference. The 

percentages of apoptosis are presented in (Figure 4.5). There was an observed 

increase which was significant in total apoptosis induced by Ipratropium during 

H/R, which was abrogated via the co-administration of Mdivi-1 with Ip. For the 
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necrosis assay, there was no significant difference. Overall Mdivi-1 increased 

myocyte viability with the co-administration of Ipratropium. 

Samples groups Means SEM 

H/R control 100 0% 

Ipratropium bromide (1 x 10-7 M) 116.22 6.40%* 

Mdivi-1(1 x 10-7 M) 80.36 5.77%* ** 

Mdivi-1 (1 x 10-7 M) ± Ipratropium bromide (1 x 10-

7 M) 86.35 9.09%* * 

Table 4. 1: Represents the values for apoptosis normalised to the control (H/R) 

(100%) following of the drug treatments administration at the start and troughout 

reoxygenation, results presented as means+ SEM. * p<0.05 against H/R control. 

** p<0.01 against Ipratropium (1 x 10-7 M). * p<0.05 against Ipratropium (1 x 10-7 

M). 

 



 

 

191 

 

Figure 4. 5:  Total apoptosis percentage results stained by Annexin V shown in   

flow cytometry for H/R control Ipratropium bromide (1 x1 0-7 M) or Mdivi-1(1 x 10-

7 M) ± Ipratropium bromide (1 x 10-7 M). The data was analysed after changing it 

into arithmetic means by normalised to H/R control, ± SEM, the recorded number 

myocytes is 10,000, n = 6. * p<0.05 against H/R control. ** p<0.01 against 

Ipratropium (1 x 10-7 M). * p<0.05 against Ipratropium (1 x 10-7 M). 

 

4.2.3    Effects Of Mdivi-1 On Necrosis 
 

The percentages of necrotic cell deaths are presented in, (table 4.2) (Figure 4.6). 

No overall significant difference although there is a clear pattern that suggest that 

Mdivi-1 was able to decrease the percentage of necrotic cell death. 
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Samples groups Means SEM 

H/R control 100 0% 

Ipratropium bromide (1 x 10-7 M) 119.37 14.22% 

Mdivi-1(1 x 10-7 M) 94.43 15.77% 

Mdivi-1 (1 x 10-7 M) ± Ipratropium bromide (1 x 10-

7 M) 98.64 16.33% 

Table 4. 2 : Represent the values for necrosis normalised to the control (H/R) 

(100%) of the drug treatments at the start and throughout reoxygenation, results 

presented as means+ SEM. This table showed analysed values after changing it 

into arithmetic means by normalised to H/R control. The statistical analysis 

resulted in no significant difference despite the pattern presented in Figure.4.6.  

 

Figure 4. 6:   Necrotic cells percentage results stained by Annexin V shown in   

flow cytometry for H/R control Ipratropium bromide (1 x 10-7 M) or Mdivi-1 (1 x 10-

7 M) ± Ipratropium bromide (1 x 10-7 M). The data was analysed after changing it 

into arithmetic means by normalised to H/R control, ± SEM, the recorded number 

myocytes is 10,000, n = 6. 
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4.2.4         Effects Of Mdivi-1 On Cell Viability    
 

Cell viability percentage for the drug treatment group is presented in (table 4.3) 

(Figure 4.7). There was a significant difference for Mdivi-1 treated group against 

the control as Ip treated group. Mdivi-1 was able to significantly increase cell 

viability. As well, it was able to abrogate the injury caused by Ip when co-

administered (P<0.05). 

 

Samples groups Means SEM 

H/R control 100 0% 

Ipratropium bromide (1 x 10-7 M) 80.42 9.4%* 

Mdivi-1(1 x 10-7 M) 128.56 8.22%** * 

Mdivi-1 (1 x 10-7 M) ± Ipratropium bromide (1 x 10-

7 M) 118.74 10.59%* 

Table 4. 3: Represent the values of the drug treatments for cell viability of the 

drug treatments at the start and troughout reoxygenation, results presented as 

means+ SEM. * p<0.05 against H/R control. ** p<0.01 against H/R control. * 

p<0.05 against Ipratropium (1 x 10-7 M). 
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Figure 4. 7: Effect of Ipratropium bromide (1 x 10-7 M) or Mdivi-1(1 x 10-7 M) ± 

Ipratropium bromide (1 x 10-7 M) in cell viability level in comparison to H/R control 

the data was analysed after changing it into arithmetic means by normalised to 

H/R control, ± SEM, the recorded number myocytes is 10,000, n = 6. * p<0.05 

against H/R control. ** p<0.01 against H/R control. * p<0.05 against Ipratropium 

(1 x 10-7 M). 
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4.2.5          The Level Of Caspase-3 Activity  
 

The activity of caspase-3 percentage is presented in (Figure 4.8). There was 

significant difference between Ip and H/R control1 (116.8 ± 4% vs. 100 ± 0) (p 

<0.01), as well as a reduction is significant when Mdivi-1 and the co administered 

treated group against the H/R control (43 ± 6.6, 51.8 ± 11.3% vs. 100 ± 0) (p 

<0.001), There was also significant difference between Ip and both Mdivi-1 and 

Ip+ Mdivi-1 the co-administration of abrogates Ip mediated increases in infarction 

against Ip treated group (43 ± 6.6, 51.8 ± 11.3% vs. 116.8 ± 4%) (p <0.001). 
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Figure 4. 8: Effect of Ipratropium bromide (1 x 10-7 M) or Mdivi-1 (1 x 10-7 M) ± 

Ipratropium bromide (1 x 10-7 M) in caspase-3 activity in comparison to H/R 

control the data was analysed after changing it into arithmetic means by 

normalised to H/R control, ± SEM, the recorded number myocytes is 10,000, n = 

6. *** p<0.001 against H/R control. ** p<0.01 against H/R control. *** p<0.001 

against Ipratropium (1 x 10-7 M). 
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4.3 Western Blot Results 
 

For Western blotting studies the Langendorff protocol (section 2.2.1.1-2.2.1.4) 

was followed to sacrifice the rat, extracted the heart and mounting it on a modified 

Langendorff perfusion apparatus. After stabilisation ischaemia was induced then 

reperfusion for 15 or 30 minutes. I/R control and Ipratropium bromide (1 x 10-7 M) 

and Mdivi-1(1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M), during reperfusion. 

Homogenising the tissue for the preparation of Western blot analysis for Drp1, 

Akt, Erk1/2 and caspase-3. The tissues were collected (in vitro) (Explained in 

detailed in section 2.2.3.1- 2.2.3.7). 

 

4.3.1 Western Blot Results For 15 And 30 Minutes Post Reperfusion 
Administration 
 

The study was divided into two different time points order to see the effect of the 

drug treatment in the proteins of interest following reperfusion as both 15 minutes 

and 30 minutes time points are considered to be clinically significant. explained 

in detailed in section 2.2.3.8 and 2.2.3.9) (Figure 4.9 - Figure 4.12). 

 

4.3.1.1 The Measurements Of (I/R Control And Ipratropium Bromide (1 

x 10-7 M) And Mdivi-1 (1 x 10-7 M) ± Ipratropium Bromide (1 x 10-

7 M). 

 

RISK pathway proteins Akt (Protein Kinase B (PKB)) Erk1/2, Drp1 and caspase-

3 were measured from the isolated left ventricular which was treated with the 

treatments group prior to extracting the proteins of interests, by running 
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electrophoresis and subsequent Western Blot, the samples were loaded to the 

gel and the primary antibody P-Akt, P-Erk 1/2, P- Drp1, cleaved caspase-3 were 

added (antibody buffer) to the membrane which was used after transferring the 

proteins from the loaded gel. The membrane was then incubated then washed 

prior to secondary antibody incubation, washed again before it was visualised 

using the ChemiDoc. The membrane then was stripped for the measurement of 

the total form of the proteins incubated overnight with the total antibodies Akt, 

Erk1/2, Drp 1, Active caspase-3 and GAPDH (housekeeping gene) for visualizing 

(Figures 4.9 - 4.12). The phosphorylation of the protein Akt, Erk 1/2, Drp1, 

cleaved to active caspase-3 resulted in activities in the isolated perfused hearts 

with Ip (1 x 10-7 M) or Mdivi-1(1 x 10-7 M) ± Ipratropium bromide (1 x10 -7 M) in 

comparison with I/R untreated control. Ip (1 x 10-7 M) are mentioned in (section 

3.3.1.1) (Figures 3.9). Importantly, the administration of Mdivi-1 demonstrates 

cardio-protection via a reduction in Dynamin related protein 1 (Drp-1), Akt, Erk1/2 

and caspase-3 compared with I/R control in all studies at both time points. Mdivi-

1compare to Ip (141 ± 15.4% vs. 51.7 ± 14.1%) p <0.01 (Figure 4.11). Co-

administration of Mdivi-1 treatment significantly reduce Ip effect in increasing 

Drp1 levels compare to the untreated control at 15 minutes reperfusion compared 

to Ip (141 ± 15.4% vs. 56.8 ± 29.1%) p <0.01(Figure 4.11, A). In the 30 minutes 

reperfusion results there was a significant decrease in Drp 1 level in Ip+Mdivi-1 

in comparison to Ip treated group (125.8 ± 23.1% vs. 27.8 ± 9.6%) p <0.01(Figure 

4.11, B), moreover, significant decrease in the phosphorylation of Drp 1 in 

Ip+Mdivi-1 in comparison to I/R treated group (100 ± 0 vs. 27.8 ± 9.6%) p <0.001. 

In addition, Mdivi-1 treated group has shown significant difference against 
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Ip+Mdivi-1 (85.8 ± 24% vs. 27.8 ± 9.6%) p <0.05. Also in Erk 1/2 results in co-

administration of Mdivi-1 treatment abrogated Ip at 15 minutes reperfusion but 

not significant (Figure 4.10, A). Akt level shows similar results at the same time 

point for Mdivi-1 against Ip (96.9 ± 24.2% vs. 208.4 ± 58.7%) p <0.05 (Figure 4.9, 

A, B). Mdivi-1administration in with Ip conjunction resulted in significant 

attenuation in protein levels compared with groups treated solely with Ip (122.2 ± 

22.1% vs. 208.4 ± 58.7%) p <0.05.  For caspase-3 group there was a significant 

decrease in the level of caspase-3 activity in the Mdivi-1 group compared to Ip 

treated group (70.2 ± 14.7% vs. 126.7 ± 10.6%) against Ip (p <0.01) at 15 minutes 

reperfusion (Figure 4.12, A). Moreover, the co-administration of Ip+Mdivi-1 

significantly decreases caspase-3 level (75.3 ± 19.4% vs. 126.7 ± 10.6%) against 

Ip (p <0.05) at 15 minutes’ reperfusion. Whereas after 30 minutes reperfusion the 

only significant difference was between Mdivi-1 and Ip treated group (70.9 ± 

12.1% vs. 113.7 ± 16.7%) against Ip (p <0.05) (Figure 4.12, B). The results above 

presented in the figure below and the figures which were not mentioned there 

was no significant difference compared with the treatment group against the 

control nor against other treated group. 
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Figure 4. 9: The levels of phospho and Total Akt in I/R control, Ipratropium 

bromide (1 x 10-7 M) or Mdivi-1 (1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M). A 

is treatment groups perfused for 15 minutes isolated rat hearts. B is treatment 

groups perfused for 30 minutes isolated rat hearts. Results displayed as means 

+ SEM, n=6. * p<0.05 vs. I/R control. * p<0.05 vs. Ipratropium bromide (1 x 10-7 

M). 
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Figure 4. 10: The levels of phospho and Total Erk 1/2 in I/R control, Ipratropium 

bromide (1 x 10-7 M) or Mdivi-1(1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M). A 

is treatment groups perfused for 15 minutes isolated rat hearts. B is treatment 

groups perfused for 30 minutes isolated rat hearts.  Results displayed as means 

+ SEM, n=6. * p<0.05 vs. Ipratropium bromide (1 x 10-7 M). 
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Figure 4. 11: The levels of phosphor and Total Drp1 in I/R control, Ipratropium 

bromide (1 x 10-7 M) or Mdivi-1(1x10-7 M) ± Ipratropium bromide (1 x 10-7 M). A is 

treatment groups perfused for 15 minutes isolated rat hearts. B is treatment 

groups perfused for 30 minutes isolated rat hearts.  Results displayed as means 

+ SEM, n=6. * p<0.05 vs. I/R control. * p<0.05 vs. Ipratropium bromide (1 x 10-7 

M), * *p<0.01 vs. Ipratropium bromide (1 x 10-7 M).* * *p<0.001 vs. Ipratropium 

bromide (1 x 10-7 M). 
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Figure 4. 12: The levels of cleaved and active caspase-3 in I/R control, 

Ipratropium bromide (1 x 10-7 M) or Mdivi-1(1 x 10-7 M) ± Ipratropium bromide (1 

x 10-7 M). A is treatment groups perfused for 15 minutes isolated rat hearts. B is 

treatment groups perfused for 30 minutes isolated rat hearts.  Results displayed 

as means + SEM, n=6. * p<0.05 vs. Ipratropium bromide (1 x 10-7 M), ** p<0.01 

vs. Ipratropium bromide (1 x 10-7 M). 

 

4.4     PCR Results  
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Tissue was at the same time points post reperfusion, however, tissue was 

submerged in RNAlater® and kept in the -80 °C freezer prior to the tissue being 

homogenised in TRIsureTM to extract RNA to synthesis cDNA in order to make 

PCR reaction and to measure the percentage change induced by the drug 

treatment against the control using the house keeping gene as the baseline. The 

gene of interest used was Dnm1l against GAPDH primers for I/R control and 

Ipratropium bromide (1 x 10-7 M) and Mdivi-1 (1 x 10-7 M) ± Ipratropium bromide 

(1 x 10-7 M). Overall there was no significant difference between the two groups 

(table 4.4) (Figure 4.13) (Explained in detail in section 2.2.4.1- 2.2.4.3). 

Sample groups Means SEM 

I/R control 100 0% 

Ipratropium bromide (1 x 10-7 M) 1419 900.45% 

Mdivi-1(1 x 10-7 M) 609.95 400.14% 

Mdivi-1 (1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 

M) 224.79 150.92% 

Table 4. 4 : Represent the values of the drug treatments for PCR. 
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Figure 4. 13: The levels of fold change in Dnm1l in I/R control, Ipratropium 

bromide (1 x 10-7 M) or Mdivi-1(1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) is 

treatment groups perfused for 15 minutes isolated rat hearts.  Results displayed 

as means + SEM, n=6. The large error bars are generated form the data obtained, 

the data was inconclusive further explain in the limitation section and the 

statistical analysis resulted in no significant difference. 

 

PCR data did not result in significant difference after the addition of drug 

treatments compared with the I/R control, due to the speculation that the 15 

minutes of reperfusion might not be enough to express the genes with in the left 

ventricle tissue, as in Troncoso et al. (2014) study which measured the 

expression of Dnm1l after 6 hours of reperfusion, And there was no data collected 

for 30 minutes of reperfusion due to unavailability of PCR machines following the 

start of the COVID-19 global pandemic.  
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4.4 Chapter Discussion 
 

The injury induced by Ipratropium bromide in non-clinical modles was reduced 

via the co-administration of Mdivi-1 under the Ischaemia/Reperfusion, as well as 

in Hypoxia/Re-oxygenation, stimulated conditions. This indicates that the 

signalling mechanism occurred during the stress condition (I/R) which caused the 

Ipratropium bromide toxicity, was to be prevented by Mdivi-1, indicating 

mitochondria involvement. As suggested by the results of the infarct size, as 

Mdivi-1 managed to reduce the increase in the infarction with a significant 

different when co-administered with Ipratropium bromide (Figure 4.4) in 

comparasion with untreated control. Not to mention the inhibition that was further 

identified by a reduction in caspase-3 activity and apoptosis in myocyte which 

was also significant compared with the Ip group alone (Figure 4.5 - 4.8), as well 

as increasing cell viability which was similar to Kim and Kang (2018) finding which 

is further explain in this chapter (Figure 4.7).    

In the previous chapter (chapter 3) it was established that in in vitro models of 

stimulated I/R conditions the myocardial injury was exacerbated by the 

administration of Ip, shown in the significant increase in infarction in isolated 

perfused rat hearts, decreasing the viability in isolated left ventricular myocytes 

and increasing levels of apoptosis. As mentioned in Chapter Discussion 3.4 this 

was due to the antagonism effect of Ip on mAChRs. The results of study 

demonstrate for the first time Mdivi-1 has the ability to reduce the observed 

exacerbation of injury when co-administered with Ip in both I/R and the H/R 

stimulated conditions. Other study showed Mdivi-1 protection to cardiac 
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myocytes was done by Gharanei et al. (2013) against anti-cancer drug 

Doxorobisin in stimulated I/R, H/R conditions. The findings of Mdivi-1 study 

experiments (langendorff, western blot and flow cytometry) showed Mdivi-1 was 

able to reduce the injury induced by reperfusion when compared to the untreated 

I/R control and H/R control. This study found that, via the Langendorff studies, 

Mdivi-1 administration during reperfusion maintained the heart haemodynamics 

in comparison with that of the I/R control and the Ip treated groups alone (Figure 

4.1 - 4.3), as shown in chapter 3. The haemodynamic parameters were closer to 

the nomoxic control.  Despite the speculation that haemodynamic can be due to 

cardiac dysfunction due to reperfusion injury, Mdivi-1 was able to enhance the 

parameter and limit the injury occurring at the onset of reperfusion. The 

administration of Mdivi-1 (1 x 10-7 M) showed cardio-protection via a reduction in 

infarct size compared with the untreated control (Figure 4.4) (p<0.001). 

Importantly, when Ip (1 x 10-7 M) was co-administered with Mdivi-1 (1 x 10-7 M) 

this provided a reduction in infarct which was significant in AAR% compared to 

the untreated control (Figure 4.4) (p<0.01), thus reducing the Ip mediated 

increase in myocardial injury in this model, completely, these results suggest that 

Mdivi-1 is able to maintain mitochondria integrity, irrespective of a further 

myocardial insult, during reperfusion hence it prevented reperfusion injury as has 

been supported in a previous study by Veeranki and Tyagi (2017) in female mice. 

The infarct size was reduced upon the administration of Mdivi-1. The results also 

represent for the first time that the co-administration of Ip (1 x 10-7 M), the highest 

concentration used in this study with Mdivi-1 abrogates the injury induced by Ip 

giving the potential that the cellular pathway involves the mitochondria. For the 
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first time, this gives a specific target for further investigation of induced toxicity as 

well as provide the chance for therapeutic solution as shown in the results.  Mdivi-

1 was able to increase the level of LVDP and CF as well as decrease HR and the 

infarct size once co-administered with Ip, this indicates that cardiac function, as 

well as cardio myocyte salvage may be therapeutically possible suggested by 

Maneechote et al. (2021). The significances is that not only Mdivi-1 alone was 

able to provide salvation to the heart, it also managed to degrase the excerrbated 

injury induced by Ip signifacntly. 

Mdivi-1 was also shown reduce the level of apoptosis in the flow cytometry 

studies by the measurement of apoptosis (Figure 4.5, table 4.1) which was 

decreased when co administered with Ip (p<0.05), necrosis (Figure 4.6, table 4.2) 

and live cells (Figure 4.7, table 4.3) Mdivi-1 alone increase cell viability (p<0.001) 

against H/R control. Caspase-3 activity (Figure 4.8). Since Mdivi-1 was able to 

significantly reduce the activity of the caspase-3 compared to the H/R control 

(p<0.001), it is due to maintaining mitochondrial integrity, since Mdivi-1 was 

design to inhibit Drp1 so mitochondria does not fragment the mitochinderia hence 

maintain its integrity and the pro-apoptotic proteins are not to be activated and 

mPTP will remain closed in the presence of Mdivi-1 (Wang and Youle 2009). 

Cytochrome c is not release and the caspases will remain inactive as shown in 

level of caspase activity which was significantly decreased upon the 

administration of Mdivi-1 (p<0.001) (Wang and Youle 2009).  This suggest which 

means that the initiation for apoptosis pathway was intrinsic linking Drp1 and 

caspase-3. Mdivi-1 was also able to reduce the apoptosis and necrosis that were 

increased upon the administration of Ip as well as increase cell viability in 
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myocytes that underline H/R condition. Which suggest that mitochondria is 

involved in the pathway in which the toxicity occurs. This further supports that 

there is mitochondrial involvement in Ip mediated myocardial injury. 

The study also found that Mdivi-1 has protective properties as shown in Western 

blot studies (Figure 4.9 - 4.12), it was able to decrease the phosphorylation of 

Drp1 (Figure 4.11 A) (p<0.05) (Figure 4.11 B) (p<0.01). Drp1 activation plays in 

important role in mitosis and apoptosis and programmed necrosis (Ko et al. 

2016). The activity of Drp1 changed due to the treatment of Mdivi-1, Drp 1 

phosphorylation resulted in mitochondrial fission stimulation (Kim et al. 2016). 

Western blot technique was used to assess the phosphorylation and expression 

level which was significant in Ip treated group. The results showed a reduction of 

Drp1 in the Ip + Mdivi-1 treated group indicating the possibility that the balance 

between activation and inhibition was impaired (Figure 4.11 A) (p<0.05) (Kim et 

al. 2016). The indication of the obtained data suggested that the mitochondrial 

division inhibitor was utilised to prevent the phosphorylation of Drp1 by blocking 

its activation site at Serine (616), (Khan 2015). In previous literature mitochondria 

fission was able to promote cell death programmes and the mechanism is, 

thought to be, via opening of mPTP by BAX/BAK pro-apoptotic proteins activation 

(Kim et al. 2016). BAX/BAK-dependent cytochrome c activation was blocked by 

Mdivi-1 provide protection against infarct size (Kim et al. 2016). These findings 

indicate that Mdivi-1’s protective properties to be by preventing mitochondrial 

fission which, subsequently, has a role in preventing Ip mediated myocardial 

injury (Rosdah et al. 2016). It is already known that Mdivi-1 inhibits complex 

I, which has a role in mitochondria receptor chain, this action prevents the 



 

 

210 

 

activation of GTPase of Drp1, no activation means that there is no localisation 

into the mitochondria (Gharanei et al. 2013). It also prevents caspase dependent 

cascade by stopping cytochrome c to escape into the cytoplasm via prevention 

of Drp1 activation of mitochondrial fission and fragmentation, which resulted in 

mPTP to remain close and cytochrome c is not released caspase-3 remain 

inactive hence no  intrinsic apoptosis pathway (Ko et al.  2016). The Western blot 

studies were designed using Mdivi-1 to determine the involvement of the 

mitochondria, thus levels of Drp1, caspase-3, Akt and Erk1/2 were measured 

(Figure 4.9 - 4.12). Importantly, the administration of Mdivi-1 demonstrates 

cardio-protection via a reduction in Drp-1, Akt, Erk1/2 and caspase-3 compared 

with the untreated control, in all studies at 15 or 30 minutes post reperfusion since 

the increase in thes protiens level was found to correlate with injury in the heart 

tissue showed results similar to previous studies (Harvey, Hussain and Maddock 

2014). Although a study by Rosdah et al. (2016) suggested that Mdivi-1 

phosphorylates Akt as its cardio-protective mechanism, which means that the. 

The results from the current study presented Mdivi-1 to reduce Akt expression. 

Mdivi-1 administration in this chapter present a cardio protection via the reduction 

of Akt and Erk1/2 as explained in section 3.5 the overactivation of both kinases 

had a detrimental effect on the organ, hence the reduction of their expression 

provides cell survival. However, further research are needed to identify exactly 

what cellular pathways are taking place, May be by design a template with all the 

gene of interests and run a PCR for gene expression after an sufficient period of 

reperfusion. This is the first study to specifically relate a mitochondrial pathway 

to Ip induced myocardial injury by using Mdivi-1 as potential marker for 
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mitochondrial involvement. It is suggested that the abrogation of Akt and Erk1/2 

are as a consequence of the action of Mdivi-1 on the mitochondria although the 

mechanism of which is not clear. This provides further evidence that the 

ipratropium-mediated myocardial injury mechanism has mitochondrial 

involvement. 
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Chapter 5: KN-93 (CaMKII inhibitor) Protects Against 

Ipratropium Bromide Exacerbation Of Injury In In Vitro Models 

Of Ischaemia/Reperfusion 
 

The non-selective muscarinic receptor antagonist Ipratropium Bromide (Ip) 

mechanism of induced injury is not fully elucidated. However, previous studies 

have suggested that there is evidence for calcium involvement, as the injury 

exasperated by the administration of Ip at the onset of reperfusion was thought 

to be mediated via calcium overload, or involve the mPTP, as a consequence of 

calcium overload (Harvey, Hussain and Maddock 2014, Cassambai et al. 2019). 

As a result, KN-93 was used in this current study, along with co-administration 

with Ip in order to identify if calcium overload, or at least calcium signalling, had 

a role in mediating the injury caused by Ip. It has been well documented that KN-

93 prevents calcium overload under I/R condition (Szobi et al. 2013, Wong et al. 

2019). Thus, if calcium overload is involved it should be decreased via the 

administration of KN-93 and, potentially, this could enhance the observed Ip 

induced injury. Previous work, in chapter 4, has provided further information that 

Ip induced myocardial damage provided a mitochondrial component. It is 

documented the opening of mPTP and induction of myocyte death is, in part, due 

to calcium overload as previously described. The rationale behind this study was 

to try to ascertain whether the previously identified mitochondrial involvement 

was also associated with calcium signalling involvement in an effort to further gian 

an insite to the action of Ip elicits its damaging exacerbation effects. 
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5.1      Langendorff Model Of Perfused Rat Heart Results 

  
Ipratropium bromide (1 x 10-7 M) and KN-93 (4 x 10-7 M) ± Ipratropium bromide 

(1 x 10-7 M) were added at the start and during the period of reperfusion. To 

measure haemodynamic parameters during reperfusion as well as the infarct size 

(which was calculated as Area At Risk% (AAR %)). (explained in detail in section 

2.2.1.1 - 2.2.1.5).  

 

5.1.1     Haemodynamic Parameters (I/R And Ipratropium Bromide (1x10-7 

M) And KN-93 (4 x10-7 M) ± Ipratropium Bromide (1x10-7 M)) 
 

Haemodynamics measured were: LVDP, HR and CF. The period of the 

measurement that readings were taking for ischaemia and after initiating 

reperfusion for 120 minutes the recording were taken every 15 minutes. Following 

the end of the experiment, the heart was taken out and frozen at -20 °C prior to 

assessment for infarct/risk ratio and Area At Risk (AAR %) analysis.  

 

5.1.1.1     The Left Ventricular Developed Pressure (LVDP) 

 

LVDP was determined for I/R and Ipratropium bromide (1 x 10-7 M) and KN-93 (4 

x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) (explained in detail in section 

2.2.1.6.1 in chapter 2). The results show that the left developed ventricular 

pressure (LVDP) was enhanced with the co-administration of KN-93 (4 x 10-7 M) 

and Ip (1 x 10-7 M) at 100, 130, 160 and 175 minutes of reperfusion (75.9 ± 4, 

72.2 ± 4.2, 65.6 ± 2.9 and 66.2 ± 1.4% vs. 54.5 ± 6.5, 52.8 ± 7.1, 47.5 ± 6.2, 45.4 

± 6.7%) Ip (1 x 10-7 M) (p<0.05) KN-93 (4 x 10-7 M) significantly increased the 
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LVDP compare to Ip treated group at 175 minutes (64.8 ± 5.2% vs. 45.4 ± 6.7%) 

Ip (1 x 10-7 M) (p<0.05). The significant difference between I/R control and Ip (1 

x 10-7 M) in LVDP is mentioned in section 3.1.1.1. Left ventricular developed 

pressure measurements for I/R control and Ipratropium bromide (1 x 10-7 M) and 

KN-93 (4 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) (Figure 5.1).
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Figure 5. 1: Changes in left ventricular developed pressure % of (mmHg) in isolated perfused rat hearts group’s I/R and 

Ipratropium bromide (1 x 10-7 M) and KN-93 (4 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M). * p<0.05 for I/R control treated group 

against Ipratropium (1 x 10-7 M). * p<0.05 for KN-93 (4 x 10-7 M) treated group against Ipratropium (1 x 10-7 M). # p<0.05 for KN-

93 (4 x10-7 M) + Ipratropium bromide (1 x 10-7 M) treated group against Ipratropium, n=6.
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5.1.1.2     Heart Rate (HR) 

 

The method by which HR was determined for I/R and Ipratropium bromide (1x10-

7 M) and KN-93 (4 x10-7 M) ± Ipratropium bromide (1x10-7 M) (explained in detail 

in section 2.2.1.6.2 in chapter 2). The results show that hearts rate (HR) at the 

Ipratropium bromide vs. Ip + KN-93 at 115, 160 and 175 minutes of reperfusion 

(100.5 ± 3.5, 96.2 ± 4, 95.6 ± 2.8% vs. 116 ± 6.9, 114.6 ± 5.5, 114.1 ± 5.2%) Ip 

(1x10-7 M) (p<0.05). As well as at 130 minutes (99.3 ± 3.2% vs. 118 ± 6.4%) 

(p<0.01).  For KN-93 (4 x 10-7 M) against Ip 115,130, 145 minutes (97.5 ± 2.6, 95 

± 2.4, 91.3 ± 1.5% vs. 116 ± 6.9, 118 ± 6.4, 114.3 ± 5.3%) (p<0.01). And at 160 

and 175 minutes (96.8 ± 2.4, 95.7 ± 2.1% vs. 114.6 ± 5.5, 114.1 ± 5.2%) (p<0.05). 

The significant difference between I/R control and Ip (1 x 10-7 M) in HR is 

mentioned in section 3.1.1.2. Heart rate for I/R control and Ipratropium bromide 

(1 x 10-7 M) and KN-93 (4 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) (Figure 

5.2).
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Figure 5. 2: Changes in heart rate (bpm) in isolated perfused rat hearts. All groups I/R control, Ipratropium bromide (1x10-7 M) 

and KN-93(4 x10-7 M) ± Ipratropium bromide (1 x 10-7 M). * p<0.05 for Ip + KN-93 (4 x 10-7 M) treated group against Ipratropium 

(1 x 10-7 M). ** p<0.01 Ip + KN-93 (4 x1 0-7 M) treated group against Ipratropium (1 x 10-7 M). * p<0.05 for KN-93 (4 x 10-7 M) 

treated group against Ipratropium (1 x 10-7 M). ** p<0.01 KN-93 (4 x 10-7 M) treated group against Ipratropium (1 x 10-7 M), n=6.
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5.1.1.3     Coronary Flow (CF) 

 

Coronary flow (CF) was for I/R and Ipratropium bromide (1 x 10-7 M) and KN-93 

(4 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) explained in detail in section 

2.2.1.6.3 in chapter 2). The results for coronary flow showed no significant 

difference between any group at any time point, compared to the control. 

Coronary flow results for I/R control and Ipratropium bromide (1 x 10-7 M) and KN-

93 (4 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) are shown in (Figure 5.3). 
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Figure 5. 3: Changes in coronary flow (ml.min-1) in isolated perfused rat hearts, n= 6. I/R control, Ipratropium bromide (1 x 10-7 

M) and KN-93 (4 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M), n=6.
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5.1.2    The Infarct Risk Ratio Area At Risk (AAR %) 
 

As explained in details in section 2.2.1.7, Ipratropium bromide (1x10-7 M) and KN-

93 (4 x10-7 M) ± Ipratropium bromide (1x10-7 M) were administered at the onset 

of reperfusion to preforming the TTC for Area At Risk ratio (AAR %) 

measurements.  There was a significant difference between the Ip treated group 

and the I/R control (158.5 ± 6.2% vs. 100 ± 0) (p <0.001). KN-93 shows cardio-

protection importantly this demonstrated a significant reduction in infarction 

compared with the untreated control (74 ± 4.4% vs. 100 ± 0) (p <0.001). There 

was also significant difference between Ip and both KN-93 and Ip+ KN-93 the co-

administration of abrogates Ip mediated increases in infarction against Ip treated 

group (74 ± 4.4, 97.2 ± 2.2% vs. 158.5 ± 6.2%) (p <0.001, p<0.01) respectively, 

thus abrogating the Ip mediated increase in myocardial injury. These obtained 

results present the comparison between the untreated I/R control, Ipratropium 

bromide (1 x 10-7 M) or KN-93 (4 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) 

treatment groups (Figure 5.4).
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Figure 5. 4: Infarct development in I/R control, Ipratropium bromide (1x10-7 M) or 

KN-93 (4 x10-7 M) ± Ipratropium bromide (1 x 10-7 M) treatment groups perfused 

isolated rat hearts. Results displayed as means + SEM, n=6. *** p<0.001 against 

I/R control. *** p<0.001 against Ipratropium (1x10-7 M). ** p<0.01 against 

Ipratropium (1x10-7 M). 
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5.2     Flow cytometry Data 

In flow cytometry studies the protocol was followed to measure Apoptosis 

Necrosis, live cells and the activity of caspase-3 for the cardio myocytes that were 

treated with Ipratropium bromide (1 x 10-7 M) or KN-93 (4 x 10-7 M) ± Ipratropium 

bromide (1 x 10-7 M). In comparison with H/R control (Explained in detailed in 

section 2.2.2.1 and 2.2.2.2). 

 

5.2.1     Cell Death Assay 
 

For cell death assay cardiac myocytes isolation and Hypoxia/Reoxygenation 

protocols were carried out (section, described in section while the cells were alive 

Annexin V-FITC A and Propidium iodide were added to the cells incubated with 

the reagents, covered by in foil prior to analysis by flow cytometry. The cell death 

assay obtained results for cardiomyocytes that were simulated by inducing 

hypoxia/reoxygenation (H/R), has showed an exacerbation in the injury for the 

myocardial via the administration of Ip in compression with the controls normoxic 

and H/R (Explained in detailed in section 2.2.2.4.1).     

 

 

5.2.2    Effects Of KN-93 On Apoptosis  
 

For apoptosis results there was an increased in total apoptosis induced by Ip 

during H/R (table 5.1). The percentages of apoptosis are presented in (Figure 

5.5). The increased in total apoptosis induced by Ipratropium during H/R was 

abrogated via the co administration of KN-93 with Ip both (1 x 10-7 M). In necrosis 
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there was no significant difference. Overall KN-93 increase myocyte viability with 

the co-administration of Ipratropium, although it was not significant. 

Table 5. 1 : Represent the values of the drug treatments for apoptosis. The data 

was analysed after changing it into arithmetic means by normalised to H/R 

control, ± SEM, the recorded number myocytes is 10,000, n = 6. *p<0.05 against 

H/R control. 

 

 

 

Sample groups Means  SEM 

H/R control 100 0% 

Ipratropium bromide (1 x 10-7 M) 116.22 6.4%* 

KN-93 (1 x 10-7 M) 85.21 13.81% 

KN-93 (1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 

M) 96.34 10.87% 
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Figure 5. 5:  Total apoptosis percentage results stained by Annexin V shown in   

flow cytometry for H/R control Ipratropium bromide (1x10-7 M) or KN-93 (1x10-7 

M) ± Ipratropium bromide (1x10-7 M). The data was analysed after changing it into 

arithmetic means by normalised to H/R control, ± SEM, the recorded number 

myocytes is 10,000, n = 6. *p<0.05 against H/R control. 

 

 

5.2.3    Effects Of KN-93 On Necrosis 
 

The percentages of necrotic cell death are presented in (table 5.2) (Figure 5.6). 

No significant difference was observed overall, despite the fact that, there is a 

pattern to suggest that Ip treated group had the most percentage of necrosis. 

Whereas KN-93 and Ip+ KN-93 treatment group necrotic cell deaths were less 

than the percentage of the control.  
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Sample groups Means SEM 

H/R control 100 0% 

Ipratropium bromide (1 x 10-7 M) 119.37 14.22% 

KN-93 (1 x 10-7 M) 72.3 20.89% 

KN-93 (1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 

M) 84.33 15.32% 

Table 5. 2 : Represent the values of the drug treatments for necrosis. This table 

present the obtained results normalised to the H/R control and the statistical test 

showed no significant difference.  

 

Figure 5. 6:   Necrotic cells percentage results stained by Annexin V shown in   

flow cytometry for H/R control Ipratropium bromide (1x10-7 M) or KN-93 (1x10-7 

M) ± Ipratropium bromide (1x10-7 M). The data was analysed after changing it into 

arithmetic means by normalised to H/R control, ± SEM, the recorded number 

myocytes is 10,000, n = 6. 
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5.2.4         Effects Of KN-93 On Cell Viability    
 

The percentages of live cells are presented in (table 5.3) (Figure 5.7). Although 

there is no significant difference between KN-93 and the H/R control, there is a 

clear pattern that suggest that KN-93 increases cell viability, and when co-

administered with Ip the percentage of live cells is approximately as the 

percentage of the control.  

Sample groups Means SEM 

H/R control 100 0% 

Ipratropium bromide (1 x 10-7 M) 80.42 9.4%* 

KN-93 (1 x 10-7 M) 109.93 15.74% 

KN-93 (1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 

M) 103.22 13.76% 

Table 5. 3 : Represent the values of the drug treatments for cell viability. The data 

was analysed after changing it into arithmetic means by normalised to H/R 

control, ± SEM, the recorded number myocytes is 10,000, n = 6. *p<0.05 against 

H/R control. 
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Figure 5. 7: Effect of Ipratropium bromide (1x10-7 M) or KN-93 (1x10-7 M) ± 

Ipratropium bromide (1x10-7 M) in cell viability level in comparison to H/R control 

the data was analysed after changing it into arithmetic means by normalised to 

H/R control, ± SEM, the recorded number myocytes is 10,000, n = 6. *p<0.05 

against H/R control. 
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5.2.5          The Level Of Caspase-3 Activity  
 

The percentages of caspase-3 activity level is presented in (Figure 5.8). There 

was significant increase caused by Ip compared with H/R control1 (116.8 ± 4% 

vs. 100 ± 0) (p <0.01), a significant reduction occurred when KN-93 was 

administered compared with the H/R control (57.7 ± 7, 59.9 ± 6.3% vs. 100 ± 0) 

(p <0.001), There was also significant difference between Ip and both KN-93 and 

Ip+ KN-93 the co-administration reduces the activity of caspase-3 which means 

it abrogates Ip mediated injury caused by apoptosis (57.7 ± 7, 59.9 ± 6.3% vs. 

116.8 ± 4%) (p <0.001). The images graph generated from the flow cytometry 

software, once the samples had been processed, they presented as the above 

images. For the measurements of caspase-3 the figure shift to the right if there 

was caspase-3 activity such as the IP3 image. Whereas Mdivi1 data shift to the 

left which suggest that the caspase-3 was not active as much as in Ip treated 

group. When analysed in the software the images, three images, overlap to show 

the graph in comparison and in the H/R compared with Ip , the latter was sifted 

to the right due to the increased activity of caspase-3 in Ip treated group as seen 

in the Figure 5.8. However, in Mdivi-1 treated group when compared with H/R 

control the blot shift to the left which sugguest that caspase-3 was inhibited in the 

Mdivi-1 treated group. 
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Figure 5. 8: Effect of Ipratropium bromide (1 x 10-7 M) or KN-93 (1x 10-7 M) ± 

Ipratropium bromide (1 x 10-7 M) in caspase-3 activity in comparison to H/R 

control the data was analysed after changing it into arithmetic means by 

normalised to H/R control, ± SEM, the recorded number myocytes is 10,000, n = 

6. *** p<0.001 against H/R control. ** p<0.01 against H/R control. *** p<0.001 

against Ipratropium (1 x 10-7 M). 
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5.3             Western Blot Results 
 

For Western blotting studies the Langendorff protocol (section 2.2.1.1- 2.2.1.4) 

was followed the experimental group were I/R control and Ipratropium bromide 

(1x10-7 M) and KN-93 (4x10-7 M) ± Ipratropium bromide (1x10-7 M), during 

reperfusion. The tissues were collected in vitro for the measurements of Drp1, 

Akt, Erk1/2 and caspase-3 (explained in detailed in section 2.2.3.1- 2.2.3.7). 

 

5.3.1   Western Blot Results For The 15 And 30 Minutes Perfused Left 
Ventricular 
 

The study was divided into two different time points (explained in detailed in 

section 2.2.3.8 - 2.2.3.9) (Figures 5.9 - 5.12). To see the effect of the drug 

treatment in the proteins of interest following reperfusion as both 15 minutes and 

30 minutes time points are considered to be clinically significant (Hausensloy et 

al 2013). 

 

5.3.1.1    The Measurements Of (I/R Control And Ipratropium Bromide 

(1x10-7 M) And KN-93 (4 x10-7 M) ± Ipratropium Bromide (1x10-7 M)). 

 

The percentage of the phosphorylation of Akt, Erk 1/2, Drp1 and cleaved caspae-

3 to total/active activity in the isolated perfused hearts treated with Ipratropium 

bromide (1 x10-7 M) or KN-93 (4 x10-7 M) ± Ipratropium bromide (1 x10-7 M) 

compared with I/R control. Ipratropium bromide (1 x 10-7 M) data are mentioned 

in (section 3.3.1.1) (Figures 5.9 - 5.12). 
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The administration of KN-93 demonstrates cardio-protection via a reduction in 

Dynamin related protein 1 (Drp-1), Akt, Erk1/2 and caspase-3 compared with the 

untreated control in all studies at both time points. In Figure 5.9, A, co-

administration of KN-93 treatment abrogated Ip induced decreases in Drp1 levels 

compared with the I/R and Ip at 15 minutes reperfusion groups (52.1 ± 21.3% 

vs.100 ± 0) p <0.05 (52.1 ± 21.3% vs.128.1 ± 14%) p <0.01 respectively and KN-

93 reduce the level of Drp1 compared with Ip (79.9 ± 19.1% vs.128.1 ± 14%) p 

<0.05. In the 30 minutes reperfusion results there was a significant decrease in 

Drp 1 level in Ip+KN-93 in comparison to Ip treated group (48.8 ± 15.2% vs. 125.8 

± 23.1%) p <0.01, moreover, significant decrease in the phosphorylation of Drp 1 

in KN-93 in comparison to Ip treated group (73.6 ± 20.1% vs. 125.8 ± 23.1%) p 

<0.5 (Figure 5.9, B). 

 For caspase-3 group there was a significant decrease in the level of caspase-3 

activity in the KN-93 group compared to the Ip treated group (78.9 ± 15.1% vs 

122.2 ± 12.7%) p <0.05. Co-administration of KN-93 treatment abrogated Ip 

induced decreases in caspase-3 levels compare the Ip at 15 minutes reperfusion 

(85.5 ± 12.6% vs 122.2 ± 12.7%) p <0.05 (Figure 5.12, A).  No significant 

difference for other treatment group against the control at 30 minutes 

reperfusions nor against the treated group (Figure 5.12, B). 

Figure 5.10 overall no significant difference appeared in the level of Akt despite 

the pattern compared to the untreated control or the treated group at both time 

points, the same for and Figure 5.10 which represent the expression of Erk1/2. 
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Figure 5. 9: The levels of phospho and Total Akt in I/R control, Ipratropium 

bromide (1 x 10-7 M) or KN-93 (4 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M). A 

is treatment groups perfused for 15 minutes isolated rat hearts. B is treatment 

groups perfused for 30 minutes isolated rat hearts. Results displayed as means 

+ SEM, n=6. 
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    A                                                                   B 

                                          

                                           

                                           

 

Figure 5. 10: The levels of phospho and Total Erk 1/2 in I/R control, Ipratropium 

bromide (1 x 10-7 M) or KN-93 (4 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M). A 

is treatment groups perfused for 15 minutes isolated rat hearts. B is treatment 

groups perfused for 30 minutes isolated rat hearts.  Results displayed as means 

+ SEM, n=6. No significant difference was observed between any groups at either 

time point. 
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Figure 5. 11: The levels of phospho and Total Drp1 in I/R control, Ipratropium 

bromide (1 x 10-7 M) or KN-93 (4 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M). A 

is treatment groups perfused for 15 minutes isolated rat hearts. B is treatment 

groups perfused for 30 minutes isolated rat hearts.  Results displayed as means 

+ SEM, n=6. * p<0.05 vs I/R control, * p<0.05 vs Ipratropium bromide (1 x 10-7 

M), * *p<0.01 vs Ipratropium bromide (1 x 10-7 M). 
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Figure 5. 12: The levels of cleaved and active capsae-3   in I/R control, 

Ipratropium bromide (1 x 10-7 M) or kn-93 (4 x 10-7 M) ± Ipratropium bromide (1 x 

10-7 M). A is treatment groups perfused for 15 minutes isolated rat hearts. B is 

treatment groups perfused for 30 minutes isolated rat hearts.  Results displayed 

as means + SEM, n=6. * p<0.05 vs Ipratropium bromide (1 x 10-7 M). 
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5.4     PCR Results  
 

For PCR experiments, (explained in detail in 2.2.11- 2.2.14) the left ventricle was 

taken out at the same time points as western blot. The gene of interest used was 

Dnm1l against GAPDH primers for I/R control and Ipratropium bromide (1 x 10-7 

M) and KN-93 (4 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M). The data presented 

no significant difference between the control and Ip treated group (table 5.4) 

(Figure 5.13) (Explained in detail in section 2.2.4.1- 2.2.4.3). 

Sample groups Means SEM 

I/R control 100 0% 

Ipratropium bromide (1 x 10-7 M) 1419 900.45 

KN-93 (1 x 10-7 M) 770.51 200.3% 

KN-93 (1 x 10-7 M) ± Ipratropium bromide (1 x 10-7 

M) 168.84 100.67% 

Table 5. 4 : Represents the values of the drug treatments for PCR reaction. 



 

 

237 
 

Figure 5. 13: The levels of fold change in Dnm1l in I/R control, Ipratropium 

bromide (1 x 10-7 M) or KN-93 (4 x 10-7 M) ± Ipratropium bromide (1 x 10-7 M) is 

treatment groups perfused for 15 minutes isolated rat hearts.  Results displayed 

as means + SEM, n=6. The large error bars are generated form the data obtained, 

the data was inconclusive further explain in the limitation section and the 

statistical analysis resulted in no significant difference. 
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5.5    Chapter Discussion 
 

The study aim was to further elucidate the signalling mechanisms which lead to 

Ip mediated myocardial injury. By identifying whether there is calcium overload 

involvement in Ipratropium induced toxicity in myocardial ischaemia/reperfusion. 

Co-administration KN-93 with Ip was utilised to ascertain the involvement of 

CaMK Kinase (CaMKII signalling) in Ip induced injury which was similar to the 

results demonstrated in chapter 4.5 with the clinically relevant concentration. The 

potential involvement of calcium overload was investigated a possible reason of 

Ip exacerbation of myocardial injury, since the calcium signalling was regulated 

was the activation of CaMKII, KN-93 was used as an indicator for Ca2+ signalling 

as KN93 inhibitor CaMKII activity which reduce Ca2+ overload (Xu et al. 2016).   

The key finding of this chapter is that the injury induced by Ipratropium bromide 

was attenuated via the co-administration of KN-93 in the Ischaemia/Reperfusion 

as well as in Hypoxia/Re-oxygenation stimulated conditions. This indicates Ca2+ 

involvement via the inhibition of CaMKII, which in normal condition maintain Ca2+ 

level, however, during stress conditions CaMKII can increase Ca2+ level in the 

cell leading to overload (Huang, Qin and Lu 2014). Since Ip induce injury was 

reduced by KN93 this suggest the induce injury is due to Ca2+ overload by the 

results of the infarct size (Figure 5.4) (p<0.001), as KN-93 protective properties 

managed to reduce the increase in the infarction with a significant difference 

when co administered with Ipratropium bromide. Not to mention the inhibition that 

was identified in caspase-3 activity in myocytes was also significant (Figure 5.8) 

(p<0.001). This study demonstrates for the first time KN-93’s ability to reduce the 
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exacerbation in myocardial injury when combined with Ip (at the highest 

concentration) Ip (1 x 10-7 M) in the I/R and the H/R stimulated condition. The 

administration of KN-93 (4 x 10-7 M) showed cardio-protection via a reduction in 

infarct size compared with the untreated control. When Ip (1 x 10-7 M) was added 

with KN-93 (4 x 10-7 M) the infarction percentage was significantly reduced 

compare with the untreated control I/R, thus abrogating the Ip mediated increase 

in myocardial injury in this model. Also the administration of KN-93 (1 x 10-7 M) 

for isolated cardiac myocytes resulted in reduction caspase-3 activity against 

untreated control. When Ip (1 x 10-7 M) was administered in the presene of KN-

93 (1 x 10-7 M) the caspase-3 activity was significantly reduced compare with the 

untreated control H/R. This supports the previous evidence by Cassambai et al. 

(2019) which indicated involvement of calcium overload, however these 

mechanisms need to be identified, which is why the results from this study may 

prove to be invaluable in identifying the cellular mechanisms. This study found 

that, in Langendorff data, KN-93 administration at the start and throughout 

reperfusion managed maintain the heart haemodynamics compared with that the 

untreated control. The haemodynamic parameters were closer to the levels 

observed results in the normoxic control, KN-93 was able to increase the level of 

LVDP and CF as well as decrease HR and the infarct size once co administered 

with Ip (Figure 5.1 - Figure 5.3). This demonstrates that KN-93 can actually 

abrogate I/R induced injury, even in the absence of Ip. The results obtained from 

measuring both the haemodynamic parameters and the infarct risk ratio for Ip 

(AAR%).  KN-93 abrogation of the injury induced by Ip.   
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The phosphorylation of Erk1/2 signalling pathway was analysed for the tissue 

treated with KN-93 + Ip demonstrated down-regulation of Erk1/2, as was the case 

for the KN-93 treated group whereas Erk1/2 activation expression was increased 

in the Ip treated group by 20 % after extra 15 minutes reperfusion (Figure 5.10 A, 

B). Erk 1/2 can be activated by depolarization and influx the increase in level 

leads to activation of CaMKII and erk1/2 via PI3K (53) (Cassambai et al. 2019). 

The indication provided by the study is that the administration at the onset and 

throughout reperfusion of CaMKII inhibitor (KN-93) is capable of eliciting 

protection from the injury Ip induced when co-administered with Ip. Akt, Erk1/2 

and caspase-3 activation, (Figure 5.09 - 5.12), was reduced by   KN-93 compared 

to the treated group with Ip alone at both time points (15 and 30 minutes post-

reperfusion). Akt and Erk1/2 western results in the study link CaMKII inhibitor KN-

93 in the ischaemic/reperfusion models, via the reduction in both kinase’s 

phosphorylation. Ip obtained results however, showed increase in Akt, Erk1/2 and 

caspase-3 (Fujiki, Inamura, and Matsuoka, 2013). A study by Fujiki, Inamura, and 

Matsuoka, (2013) conducted mange to linked Akt kinase protein C and KN-93 

CaMKII inhibitor, in his study KN93 was able to reduce Akt phosphorylation 

linking it to CaMKII and Ca2+ signalling (Fujiki, Inamura, and Matsuoka, 2013). 

Calcium signalling was connected to Erk1/2 due to the action provided by KN-93 

by blocking Erk1/2 activation, consequently CaMKII associated with the 

phosphorylation of Erk1/2 by inducing cAMP/PKA which causes the activation of 

ERK 1/2 (Banerjee et al. 2014, Huang, Qin and Lu 2014). This action leads to 

mediating caspase-3 dependent apoptosis (Banerjee et al. 2014, Huang, Qin and 

Lu 2014).  KN-93 causes a decrease in the activity of caspase-3 this might be 
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related the pathway of intrinsic apoptosis (Figure 5.08), These results are similar 

to Mdivi-1 data in chapter 4 section 4.5 regarding decreasing both Drp1 and 

caspase-3 suggesting intrinsic apoptosis (Cassambai et al. 2019). The lack in the 

published literature in regard to KN-93 and linking it to caspase-3 means that this 

conclusion cannot, currently, be definitively drawn since not much published 

literature written in this regard. CaMKII was found to phosphorylate Drp1 directly 

by bind to its activation site at Serine (616), the latter translocates to the 

mitochondria if it was activated by Ca2+ or via its phosphorylation (Xu et al. 2016). 

This action was suggested to promote mPTP opening which leads to initiation of 

intrinsic apoptosis as the end results (Xu et al. 2016). The same study has found 

that, the process of intrinsic apoptosis was inhibited by KN-93, as it was also 

found to inhibit the phosphorylation of Drp1 via its inhibitory action in CaMKII (Xu 

et al. 2016). This study found that KN-93 has protective properties as shown in 

western blot studies, it decreased the phosphorylation of Drp1 compared to 

untreated control. Importantly, the administration of KN-93 demonstrates cardio-

protection via a reduction in Drp-1, Akt, Erk1/2 and caspase-3 compared to I/R in 

all studies at both time points against Ip treated group.  

KN-93 was also able to reduce the level of apoptosis in the flow cytometry studies 

by the measurement of apoptosis (Figure 5.5, table 5.1), necrosis (Figure 5.6, 

table 5.2). Caspase-3 is an important key factor in both intrinsic and extrinsic 

apoptosis pathway, the high level of cleaved caspase-3 indicates that the 

myocytes are undergoing apoptosis (Elmore 2007). Since KN-93 was able to 

significantly reduce the activity of the caspase-3 in comparison with H/R control, 

this may be due to maintaining mitochondrial integrity which suggest that the 
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initiation for apoptosis pathway was intrinsic (Elmore 2007). KN-93 was also able 

to reduce the apoptosis and necrosis that were increased upon the administration 

of Ipratropium bromide. KN-93 increased myocyte viability when co-administrated 

with of Ipratropium in H/R condition (Cassambai et al. 2019). There have been 

studies conducted for KN-93 to CaMKII that result in both decrease calcium ions 

level as well as reduction in apoptosis as a result increase in the cell viability with 

the group treated with KN-93 (Szobi et al. 2013, Cassambai et al. 2019). Similarly, 

to the obtained results in regards to the increase in cell viability with no significant 

difference (Figure 5.7, table 5.3) might be related to the potency of KN-93 

capability of inhibiting CaMKII, or the level of concentrations used. However, due 

to limited studies, the most appropriate concentration of KN93 was used following 

dose response studies to try to identify the most therapeutic concentration. 

CaMKII activation is an important factor to mediate cell death programme 

apoptosis, therefore, CaMKII inhibitor administration little protect via effect on 

acid-induced endplate chondrocyte apoptosis, which is CaMKII independent 

manner, leading to CaMKII inhibitor preventing intrinsic apoptosis in a manner 

that is independent on CaMKII (Yuan et al. 2013). Overall, the conjunction 

between Ip and KN-93 had provided a reduction in the death of myocyte, the main 

finding of the results presented, in this chapter, suggest that the reduction 

occurring was mainly apoptosis rather than necrosis, although it was not 

significant. Szobi et al. (2013) has conducted a study in which CaMKII inhibitor 

data was normalised to I/R showed an increased the Bcl-2/BAX ratio and there 

was reduction in the level of caspase-3 concluding the possibility due to the 

reduction intrinsic apoptosis, cell loss was reduced as a consequence.  (Szobi et 
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al. 2013). Regarding PCR results (Figure 5.13, table 5.4), the data presented 

showed an overall insignificant difference when KN-93 was administered at the 

onset of reperfusion for 15 minutes in the results obtained compared to the control 

and the treated group. Although there is a pattern seen in the presented figure, 

KN-93 was not able to significantly decrease the expression of Dnm1l as 

hypothesised. It is thought to be the period of reperfusion is not adequate to 

present a clear image of the expression of the gene Dnm1l. Not to mention the 

tool in which the PCR reaction was measured was given to the university Hospital 

of Coventry and Warwickshire as well as more data such as longer period of 

reperfusion, currently unavailable given the current global COVID pandemic.  

CamKII inhibitor KN-93 presence and absence in the experiment indicate the 

association of calcium overload involvement utilizing Langendorff model, western 

blotting and flow cytometry to achieve data to help identify the involvement. The 

results yielded for the proteins of interest in a reduction in comparison to the 

untreated control, concluding the obtained results has presented indicating 

clearly for the possible effect of the induced myocardial injury induced by Ip is 

through an alteration in calcium signalling for apoptotic extrinsic pathway. 
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Chapter 6 General Discussion 
 

6.1       Summary Of The Findings 
 

Previous work in our laboratory has demonstrated in in vitro non-clinical models 

the myocardial injury mediated by I/R is exacerbated by the non-selective 

muscarinic receptor antagonist Ipratropium Bromide (Ip). This is due to the fact 

that patients with COPD are administered Ip as a treatment and there is a 

relationship that COPD patients are likely to develop IHD (Søyseth et al. 2007). 

In a non-clinical ex vivo model of stimulated conditions of I/R it was found that Ip 

was able to cause damage at the cellular level, by decreasing the percentage of 

viable cardiac myocytes and it increased the level of infarction (Harvey, Hussain 

and Maddock 2014). The nomoxic condition Ip administration appeared not to 

cause damage nor exacerbation of myocardial injury which was established by 

Harvey, Hussain and Maddock (2014). This means that Ip exacerbation on injury 

(Cassambai et al. 2019). These finding help determine the next stage in which 

this study comes in and the reason behind it. The mechanism of induced injury is 

not fully elucidated but appears to have mitochondrial involvement, the 

concentration of the drug treatments was chosen due to clinical relevancy. Hence 

mitochondria involvement was investigated to elucidate the signalling 

mechanisms, which lead to Ip exacerbation of RI in myocardial, in I/R stimulated 

conditions via the measurement of Drp1 (Abdallah et al. 2011). Drp1 was used to 

determine Mitochonderia fission the latter leads to apoptosis cell death (Ishikita 

et al. 2016). As well as investigating the potential involvement of calcium cellular 

overload as one of the reasons Ip exacerbated myocardial injury in 
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Ischaemia/Reperfusion hearts and Hypoxia/Reoxygenation cardiac myocytes 

using KN-93 CaMKII inhibitor to determine Ca2+ signalling (Xu et al. 2016). The 

Involvement of both respective pathways was to be identified via co-

administration of Mdivi-1 and KN-93 with Ip. 

Interstingly, Langendorff studies have shown that the muscarinic antagonist, 

Ipratropium bromide, has been shown to increase myocardial injury in in vitro 

non-clinical models of Ischaemia/Reperfusion. The results obtained in the 

isolated perfused hearts under stimulated I/R condition suggest that the 

presences of Ip at the onset of reperfusion causes damage to the hearts 

(Gharanei et al. 2013). From a clinical and physiological perspective this is 

important as for patients receiving Ip, irrespective of cardiovascular disease, 

there will be levels of the Ip present thorough the systemic circulation after 

inhalindthe drug (Irvin-Sellers and White, 2015). The measurements of 

haemodynamics and infarction showed that Ip at the highest concentration of (1 

x 10-7 M) is capable of causing significant damage compared to the I/R control, 

in the in vitro models assessed (Figure 3.1 - 3.3) in chapter 3. The infraction size 

was significant compared to haemodynamics it is thought to be due to the the 

dysfunction of myocar competitive action of Ip to bind to mAChRs against the 

endogenous Ach as Ach reduce the conduction reate from the SA node resulting 

in negative chronotropy which was canceled by Ip (Wang et al. 2004). This action 

may be the result of Ca2+ overload, since muscarinic antagonists may cause MI 

which leads to deregulation of calcium regulation and signaling, and Ca2+ influx 

cardiac dysfunction necrosis reduces ATP formation, impairment severity 

(Harvey, Hussain and Maddock 2014, Cassambai et al. 2019).  
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Muscarinic acetylcholine receptor antagonists are used to treat many 

pathophysiological conditions such as respiratory system diseases by binding to 

mAChR receptors and preventing acetylcholine signaling transportation to the 

synaptic cleft to generate the signal for muscle contraction, which results in 

smooth muscular relaxation (Wang et al. 2004). However, since mAChR 

antagonists postulated to have the potential to increase both morbidity and 

mortality of patients with respiratory diseases such as COPD asthma underlying 

CVEs, which lead to the concern of the safety of the agents used which what this 

study proven, the co-administration of agents which are protective can provide 

the potential of patient survival (Singh, et al, 2009, Harvey, Hussain and Maddock 

2014). Ip stimulates apoptosis during RI via calcium accumulation within the cell 

as well as mitochondria disfunction mainly by the opening of mPTP, previous 

studies suggested the protective properties of cyclosporine-A (CsA) (mPTP 

blocker) for myocardial Ischaemia reperfusion injury when administered with 

individual mAChR antagonists that set for myocardial Ischaemia reperfusion 

injury (Khan 2015). By preventing the release of free radical leading to 

cytochrome c, BcL-2 protein BAX/BAK mitochondrial fragmentation leading to 

cell death (Harvey 2015). This is similar to Mdivi-1 action which provided 

protection that is closest to the nomoxic control in the study giving the speculation 

that it can be utilized to prevent Ip exacerbation of injury thought more research 

are needed since Mdivi-1 is a synthesized agent. 
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6.1.1       Mdivi-1 Mechanism Of Protection  
 

The pathway for Ip induces injury in the myocardial following stimulated 

conditions of ischaemia and reperfusion was further characterised, studies for 

Mdivi-1 and KN93, in the presence and absence of Ip, were conducted due to 

their protective properties under circumstances which were clinically relevant.  

Mdivi-1 has a protective property by maintaining mitochondrial integrity, thus the 

inhibition of apoptosis and necrosis via preventing the release of cytochrome c 

(Gharanei et al. 2013). Mdivi-1 is the indicator used to determine mitochondrial 

involvement in induced damage by Ip due to inhibition of mitochondrial 

fragmentation, as Gharanei et al. (2013)’s study found that Mdivi-1 was able to 

reduce the level of ROS and they found that Mdivi-1 was able to reduce the 

cytosolic calcium overload thus maintaining the potential of mitochondrial 

membrane when co-administered with Doxorubincin, this is relavent to the study 

since Doxorubincin was found to have anticholinergic properties thought to be 

similar to Ip sugguesting that the exacerbation of the injury was due to 

anticholinergic properties  (Gharanei et al. 2013). mPTP opening is thought to 

occur during the start of reperfusion which causes further injury of infarction and 

it leads to loss of myocytes (Abdallah et al. 2011). These conditions, exacerbated 

by Ip, were attenuated via the administration of Mdivi-1 with results which were 

demonstrated to be protective in our experimental models by abrogating the 

infarction that occurred due to I/R untreated control alone. It decreases the Drp1 

level linked to maintaining mitochondria integrity thus preventing mitochondrial 

division (Bordt et al. 2017). Drp1 regulates vital processes in the cell such as 

programed cell death (apoptosis), necrosis and cell division (mitosis) (Kim et al. 
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2016). Mdivi-1 off target inhibits complex 1 of mitochondria respiratory chain this 

prevent GTPase activating of Drp1 via blocking self-assembly Drp1 which means 

no activation nor localisation from cytosol to mitochondrial surface preventing the 

activation of the caspase cascade via releasing of cytochrome c seen in the 

intrinsic apoptosis pathway (Bordt et al. 2017). 

The detrimental effects of the mPTP has been a target for treatment since it first 

appeared to be in various pathological conditions such as neurodegenerative 

disease or ischaemia injury in brain and heart (Feldmann et al. 2000). mPTP 

opening occurs as anti-apoptotic proteins Bcl-2, Bcl-X are deactivated or blocked 

which means pro-apoptotic proteins BAK and BAX are activated leading to 

opening a channel in the mitochondrial membrane, mPTP, (Halestrap, Clarke and 

Javadov 2004) releasing cytochrome c which binds to APAF-1 which cleaved 

caspase-9 (the initiator caspase) which activates the executioner caspases such 

as caspase-3 to start the breakdown of the cell leading to apoptotic cell death 

(Pellegrini and Strasser 2013). 

In this study Mdivi-1 was found to be protective due to the inhibition of Drp1 and 

prevention of its mechanism of action, so it may restrict the opening of mPTP. 

Since Drp1 activation triggers mitochondrial fragmentation resulted in 

mitochondrial depolarization leading to the activation of pro –apoptotic protein 

BAX which open mPTP (Filichia et al. 2016). Hence inhibiting Drp1 will have the 

opposite effect and prevent the opening of mPTP, however, this action appeared 

not to be direct indicating that there might be activation or inhibition processes 

involved in mPTP opening as a result of Drp1 activation (Ishikita et al. 2016, Kim 

et al. 2016). Ip potentially causes Drp1 phosphorylation to increase and this 
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action leads to mitochondrial fission, this supports the previous studies that the 

toxicity induced involves the mitochondria. However, despite this thesis, the 

mechanism of Ip phosphorylating/activating Drp1 is still not fully characterised.  

 

6.1.2       KN-93 Mechanism Of Protection  
 

According to the findings of this study, KN-93 showed cardio-protective abilities 

via the reduction of infarction size seen in Figure 5.4 in chapter 5 and caspase-3 

activity (Figure 5.8) with significant difference compared with the controls. The 

injury induced by Ip was attenuated via the co-administration of KN-93 in the 

Ischaemia/Reperfusion groups as well as in Hypoxia/Re-oxygenation stimulated 

conditions. KN-93 was chosen as an indicator for Ca2+ involvement, it was found 

that high levels of Ca2+ initiated opening of the mPTP (Navaneetha Krishnan, 

Rosales and Lee 2020). Since calcium overload is one of the determining events 

in the mPTP opening process (Halestrap 2006), apoptosis occurred due to mPTP 

opening as a result of high concentrations of Ca2+ signaling as well high levels of 

cytoplasmic Ca2+ signaling leading to apoptosis via Ca2+ /calmodulin-dependent 

calcineurin which deactivates Bcl-2 (Chen et al. 2005). During ischaemic 

conditions the level of Ca2+ accumulates and, in acidic conditions, the mPTP 

remains closed with high levels of ADP and ATP, with the change in the pH 

increasing at the onset of reperfusion therefore these more alkaline conditions 

lead to the mPTP opening resulting in mitochondrial swelling (Kim et al. 2016). 

This is followed by the outer mitochondrial membrane rupture promoting cell 
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death with apoptosis cell death program or necrosis (Tani and Neely 1989, Yu et 

al. 2020).   

Ip increased the injury in all I/R or H/R models and the injury occurred during and 

throughout reperfusion via apoptosis as it was established from the results 

conducted in this study.  Ca2+ overload simulates intrinsic apoptosis by collapse 

of the mitochondrial membrane and, specially, low affinity of calcium channels 

localisation in the outer membrane of mitochondria (White and Reynolds 1995, 

Palty et al. 2010). Therefore, the action of KN-93 decreases the injury via the 

inhibition of Ca2+ overload via inhibiting CaMKII activities (Chen et al. 2005). In 

addition, it was found that CaMKII has the ability to phosphorylate Drp1 (Xu et al. 

2016). 

 

 6.1.3        CaMKII And Drp1 Link  
 

One of the key factors of triggering/initiating intrinsic apoptosis is the 

phosphorylation of Drp1, leading to cardiomyocyte death in I/R injury (Roe and 

Qi 2018). Mdivi-1 provides protective mechanisms to cells via inhibiting the 

phosphorylation and maintaining mitochondria integrity during the stressed 

conditions. 

 It was found that CaMKII phosphorylates Drp1 initiatiating mitochondrial fission 

that results in releasing cytochrome c which triggered intrinsic apoptosis, as 

observed in this study (Figure 6.1) (Xu et al. 2016). Mitochondria fission also can 

influence calcium flux within the cells (Steffen and Koehler 2018). Phosphorylated 

Drp1 translocates to the mitochondria leading to couple GTPase activation to the 
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surface mitochondria inner membrane space opening voltage dependent anion 

channel (VDAC) which is a calcium binding site and activates matrix (Ko et al. 

2016). Ip was able to activate CaMKII resulting in Ca2+ overload and Ip was also 

able to phosphorylate Drp1 which promoted mitochondrial fission and both 

actions resulted in the release of cytochrome c and intrinsic apoptosis. Since KN-

93 inhibits the activity of CaMKII leading to inhibition of calcium overload as well 

as preventing the activation of Drp1 and Mdivi-1 inhibits the phosphorylation of 

Drp1 preventing the mitochondria fission thus stopping apoptosis. This Implies 

the involvement of calcium overload and mitochondria involvement together in 

the induced injury in myocardium due to ipratropium administration and, more 

importantly, the reduction was mainly by inhibiting apoptosis. This is in 

accordance with previous findings that the majority of injury involves apoptosis, 

rather than necrosis (Harvey, Hussain and Maddock 2014). 
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Figure 6.1 illustrate the link between CaMKii and Drp1 in inducing intrinsic 

apoptosis which is prevented by KN-93 and Mdivi-1 

Figure 6. 1: Represent the pathway in which CaMKII activates Drp1 at Serine (616) 

activation site which promote mitochondria fission resulting in mPTP opening 

releasing cytochrome c and initiating apoptosis (Xu et al. 2016).  

 

6.1.4       Proposed Signalling Pathway 
 

The signalling pathway results showed that the survival pathway of Akt and 

Erk1/2 levels were increased following the administration of Ip and they were both 

decreased as a consequence of the co-administration of Mdivi-1 and KN-93. 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where material has 
been removed are clearly marked in the electronic version. The unabridged version of the thesis can be viewed 
at the Lanchester Library, Coventry University
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Although activation of Akt and Erk1/2 is considered to be a protective mechanism 

against cellular assaults such as ischaemia (Noh et al. 2018). It was found by 

O'Neill and Abel (2005) and Nagoshi et al. (2005) that the continuation of 

activation can lead to detrimental effects and potential cellular death (O'Neill and 

Abel 2005, Nagoshi et al. 2005). 

However, Akt and Erk1/2 activation cannot be the determiner to the exacerbation 

of the injury as it has been previously shown that inhibition of both does not 

equate to a reduction in cellular death (Harvey, Hussain and Maddock 2014, 

KKah 2015). It might mean that the cell is trying to overcome the toxicity by 

keeping on a continuation of activation of the survival pathway. Because other 

study was made that suggest Akt and Erk1/2 are not the cause of injury (Harvey, 

Hussain and Maddock 2014). It might be clinically relevant at the human receptor 

level, as the dosage are made to mimic the drug dosage and concentration 

effective on human heart (Khan 2015). However, hormonal level takes a place in 

vivo model which was not used or take place in full body system which has an 

effect entire organism suffering from the diseased states described.  

The Erk1/2 delayed activation mechanism which was suggested was due to the 

idea that the mechanism of action for 15 minutes after reperfusion is not enough 

for Erk1/2 to be activated. Whereas 30 minutes demonstrated a pattern. The 

involvement of the Akt and Erk12 are a consequence of Ip administration but not 

injury related or cause. Again, this is where, although this thesis has 

demonstrated and provided further information to elucidate the mechanism of Ip 

mediated injury, there are still many unanswered questions. 
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6.2        Limitations  
 

The aim of this study was to identify whether mitochondria is involved in Ip 

causing injury and that KN-93 and Mdivi-1 were able to abrogate the injury that 

occurs during reperfusion. The study has been successful as it has been to 

identify that Mdivi-1 and KN93 protect against Ip exacerbated injury in simulation 

conditions. However, due to time limitation, further studies are to identify and 

further elucidate the exact mechanism of the caused injury, more experimental 

methods were needed such as COPD model, systematically the interaction 

between the drug treatment and the organ in the presence of the disease. One 

of the primary limitations is not have carried out any experiments in vivo models 

with COPD which was not conducted more experiments needed future, could be 

done in human tissue from patients with the respective illness as this will provide 

a clearer picture of the pathway involved without the possibility of differences of 

the model used. also not been able to do the cardiac work-loop, which is a mimic 

technique for an intrinsic in vivo measurements of heart muscle function in terms 

of its characteristics and movements as well, for cardiac contractility with reliable 

measures for the prediction and understanding the change in complex conditions, 

contractility can be measured in vitro via the use of a whole heart or individual 

cardiac myocytes. (Fletcher et al. 2020). 

One primary weakness for this thesis is that the PCR data are inconclusive, 

according to the data conducted, Dnm1l expression did not show significant 

difference despite the pattern with the mechanism of action, not to mention 15 

minutes after reperfusion might not be enough for the expression.  Therefore, we 
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have to draw the conclusion that it is not involved. We recognised that the data 

is not complete because PCR machine Q gene were given to the University 

Hospital of Coventry and Warwickshire during uncertain times. These data are 

inconclusive due to the COVID-19 pandemic and further exploration will be 

carried out in the future.  

COPD is the third cause of death worldwide as mentioned before (Morgan, Zakeri 

and Quint 2018). Therefore, more research is needed regarding the disease but 

given the co-morbidities, this is a broad topic, muscarinic antagonist to fully 

characterized in disease models especially when considering MI in COPD 

patients, and healthy individual. Not to mention the limitation of the models used 

in this study, despite the best effort to ensure they were of clinical relevance. 

Studies in vivo are necessary to see the effect of the rest of the body to the heart 

during the stimulated condition as the administration of the Ip, Mdivi-1 and KN-

93.  Monitoring patients with COPD and are suffering from IHD.  

 

6.3        Conclusion  

The results of the studies, for the first time, support and fully indicate mitochondria 

and Ca2+ involvement in Ip induced toxicity via Drp1 activation as well as calcium 

overload in stimulated conditions of I/R and H/R, Moreover, this pathway is 

related since Ca2+ overload is the reason for Drp1 activity, and the intrinsic 

apoptosis was the main reason for myocytes loss. This gives us clear and strong 

new evidence for the mechanism of Ip mediated myocardial injury. 
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In the future this study would help regarding new target drug identification in for 

new respiratory diseases other than targeting just β-adrenergic and mAChR 

receptor absence of target action to have therapy junction for COPD patients who 

are suffering from IHD without causing excercerbation of patients who are to 

develop an ischaemic event since the injury is exacerbated during reperfusion.  

The current study suggests in the future the possibility of developing a new 

beneficial treatment, which avoid the pathways that caused Ip to induce injury 

such as calcium overload and mitochondria fission. Or the adjunction of therapy 

to protect against mitochondrial fission e.g. cyclosporine.   

Whilst this thesis has provided evidence to help elucidate the pathway in which 

Ip mechanism of action elicits the damage occurred after I/R, clinically in those 

suffering from COPD and underlying IHD, it is still of paramount importance that 

Ip is prescribed with caution to any patient with COPD and that their 

cardiovascular function and stability is assessed prior to prescription.  
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