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Abstract 
 

Cardiac contractility is often defined as the ability of the cardiac muscle to generate power 

and results from a number of mechanisms. Contractile work is also the trigger that causes 

an increase or decrease in ATP generation, via one of two main processes: fatty acid (FA) 

oxidation or carbon substrate metabolism. These two mechanisms are crucial in contraction 

and any changes can lead to cardiac dysfunction. To this effect, both age and obesity have 

been previously shown to play a significant role in cardiac dysfunction, primarily via 

changes to contractility and ATP generation and in pathways involving the citric acid cycle 

and uncoupling proteins. The primary aim of this thesis was to investigate cardiac 

contractility in rodent models of aging and high fat diet-induced obesity (HFD) in the 

presence and absence of inotropic drugs. 

The first part of this project was a physiological investigation into the effects of ageing (3, 

6 and 18-month murine models) and high fat diet-induced obesity (6 and 18-month lean and 

obese murine models) on cardiac function. The second part of the project was a 

pharmacological investigation into the effects of inotrope-induced changes on cardiac 

contractility in ageing and high-fat diet-induced obesity (using the same models). To achieve 

this, three techniques were used: the Langendorff isolated heart model, the papillary muscle 

work-loop assay used to assess power output and western blotting protein analysis of 

Pyruvate dehydrogenase E1-α subunit (PDH) and Uncoupling protein 3 (UCP3). 

Cardiac function of the whole heart diminished with age, showing significant differences for 

the Rare pressure product (RPP) on the 18-month models when compared to the 3 and 6-

month models (p<0.05), but the cardiac muscles also suffer time and age-dependant 

decreases in performance, when comparing the 6-month models to the 3-month models. 



Page 17 of 359 

This translated to reductions in power output (p<0.05) and total net-work done. In addition 

to this, and in agreement with previous literature, the results from the western blots on PDH 

have shown decreased phosphorylation in an age-dependant fashion and indicate that there 

is, in fact, a decrease in FA oxidation (p<0.0001 when comparing between the 6 and 18-

month models with the 3-month model). The UCP3 results corroborate these findings and 

suggest that there is a decrease in the rate of FA oxidation, in an age-dependant fashion 

(p<0.0001 when comparing between the 6 and 18-month models with the 3-month model). 

HFD functional changes were also recorded, as the 6-month lean heart showed significant 

decreases in the absolute values for the haemodynamic parameters when compared to the 6-

month HFD model (p<0.0001); the 18-month model showed a significant increase compared 

to the 6-month lean model, but not when compared to the 6-month HFD model, which aligns 

with previous literature which associated these changes with hypertrophic changes to the 

heart. On the muscle assay, significant decreases in power output, fatigue and total net-work 

done were recorded when comparing between lean and HFD muscles (p<0.01). Finally, the 

pPDH and UCP3 were shown to be effective biomarkers of obesity, as the formers levels 

decreased in the presence of the high-fat diet (p<0.0001), while the latter increased 

significantly. The measured increase in UCP3, specifically, is indicative of increased FA 

availability and its consequent usage. 

On the ageing pharmacological chapter, a phenomenon known as β-receptor desensitization 

was present, as the LVDP, HR and RPP for the 18-month dobutamine-treated hearts were 

shown to have age-dependant impairments, when compared to the 3 and 6-month models 

(p<0.0001). As for the western blot assay, it was found that PDH was reduced in an age-

dependant fashion for all three drug-treated hearts, with seemingly no changes in expression 

between them (p<0.0001 when comparing between the 6 and 18-month models with the 3-

month model). 



Page 18 of 359 

This seems to indicate that FA oxidation and ATP production are being affected, but not 

detected in the isolated heart models (other than on the Dobutamine-treated hearts). As for 

UCP3, interestingly no change was recorded for atenolol or itraconazole across different 

ages, but a significant decrease was recorded for the 6 and 18-month dobutamine treated 

hearts when compared to the 3-month heart (p<0.0001). It is therefore possible that there is 

a correlation between the observed β-receptor desensitization and the UCP3 levels, even 

though the exact link between the two is unclear. 

On the isolated heart model, between the lean and HFD atenolol-treated hearts, but both the 

Dobutamine and Itraconazole data showed severe impairment and exacerbation 

(respectively) in their inotropic effects on LVDP, HR and RPP, when treating the HFD 

models and comparing them to the lean models (p<0.01 for each  parameter for Dobutamine 

and p<0.0001 for each parameter for Itraconazole). PDH was significantly changed for the 

HFD hearts treated with Dobutamine (p<0.0001) and Itraconazole (p<0.0001), with little to 

no change in our atenolol treated hearts. UCP3 on the other hand showed no significance 

between the dobutamine and atenolol treated HFD and lean hearts but showed a significant 

decrease for the itraconazole HFD treated hearts when compared to the lean hearts 

(p<0.001). 

In conclusion, these results showed that both age and HFD cause functional changes in the 

heart in both absence and presence of drug treatments and their combined synergistic effect 

can cause further detrimental changes on different haemodynamic parameters. In addition, 

PDH activity, specifically, seems to be heavily linked to the inotropic effect of both 

Dobutamine and Itraconazole in the presence of obesity, but further work will still be 

necessary in order to confirm this observation. 

  



Page 19 of 359 

List of Figures 

 

Figure 1.2.1 Cardiac signalling pathways. 

 

Figure 1.2.2 Calcium influx in cardiomyocytes. 

 

Figure 1.2.3 Cardiac output calculations. 

 

Figure 1.2.1.1 Action potential of cardiac muscles in humans (left) and rodents 

(right). 

 

Figure 1.2.1.2 Calcium influx in the cardiomyocyte. 

 

Figure 1.3.1.1 Wiggers Diagram. 

 

Figure 1.3.2.1 Isolated heart apparatus. 

 

Figure 1.3.3.1 Cardiac papillary muscle. 

 

Figure 1.3.4.1 Mechanisms leadings to the contraction and relaxation of the heart. 

 

Figure 1.4.1 The old heart. 

 

Figure 1.4.2 Risk factors of cardiovascular disease. 

 

Figure 1.4.3 Cardiac dysfunctions associated with age. 

 

Figure 1.4.4 Risk factors and structural changes in the heart. 

 

Figure 1.4.5 Changes in cardiac pressure as a result of age. 

 

Figure 1.4.1.1 Impact factors of frailty in age. 

 

Figure 1.5.1 BMI Formula. 

 

Figure 1.5.1.1 Different types of adipose tissue. 

 

Figure 1.5.1.2 Pathophysiology of obesity cardiomyopathy. 

 

Figure 1.5.2.1 Mechanisms leading to cardiac lipotoxicity. 

 

Figure 1.5.2.2 Effect of insulin on adipose storage. 

 

Figure 1.5.2.3 Effects of HFD on cardiac gene expression. 

 

Figure 1.5.2.4 Mechanisms involved in cardiac dysfunction as a result of obesity. 

 



Page 20 of 359 

Figure 1.6.1 ROS effect within the cells. 

 

Figure 1.6.1.1 Intracellular PPAR pathways. 

 

Figure 1.6.2.1 PDC regulatory processes. 

 

Figure 1.6.2.2 ATP production diagram. 

 

Figure 1.6.3.1 Intracellular role of UCPs. 

 

Figure 1.6.3.2 UCP list. 

 

Figure 1.7.1.1 Isoprenaline mode of action. 

 

Figure 1.7.2.1 Dobutamine mode of action and signalling pathways. 

 

Figure 1.7.2.2 β-AR effects on different heart models. 

 

Figure 1.7.3.1 Atenolol mode of action. 

 

Figure 1.7.4.1 Angiogenesis and CVD. 

 

Figure 1.7.4.2 Intracellular effects of CYPs. 

 

Figure 3.1.1.1 Kaplan Meier survival curve for the aging rats over time. 

 

Figure 3.1.1.2 Graph showcasing heart weight variations across all aged models. 

 

Figure 3.1.2.1 Comparison of animal body mass in both the 6 and the 18-month aged 

models, measured bi-weekly, for a total of 16 weeks. 

 

Figure 3.1.2.2 Graph showcasing heart weight variation across all obese and lean 

models. 

 

Figure 3.2.2.1 Langendorff isolated heart. 

 

Figure 3.2.2.2 A print screen is shown above representing the software used to 

analyse the different haemodynamic parameters (LVDP, heart rate, + 

dP/dtmax and – dP/dTmax). 

 

Figure 3.2.2.3 Langendorff trace further explained. 

 

Figure 3.2.3.1 Langendorff protocol. 

 

Figure 3.3.2.1 Work-loop protocol. 

 

Figure 3.4.5.1 Representative western blot gel run. 

 

Figure 4.2.2.1 Langendorff protocol. 

 



Page 21 of 359 

Figure 4.2.3.1 Work-loop protocol. 

 

Figure 4.3.1.1 Maximum ventricular pressure rise difference amongst rats of age 3-

months, 6-months and 18-months (n = 4). 

 

Figure 4.3.1.2 Maximum ventricular pressure drop difference amongst rats of age 3-

months, 6-months and 18-months (n = 4). 

 

Figure 4.3.1.3 Rate Pressure Product difference amongst rats of age 3-months, 6-

months and 18-months (n = 4) – Normalised (top) vs raw data 

(bottom). 

 

Figure 4.3.1.4 LVDP and HR difference amongst rats of age 3-months, 6-months and 

18-months (n = 4) 

 

Figure 4.3.2.1 Power Output in 3-month (n = 7) and 6-month (n = 6) age models. 

 

Figure 4.3.2.2 Age comparison at 45 minutes. 

 

Figure 4.3.2.3 Age comparison at 100 minutes. 

 

Figure 4.3.2.4 Age comparison at 120 minutes. 

 

Figure 4.3.3.1 Phosphorylated PDH expression in differently aged models (n = 4 for 

all). 

 

Figure 4.3.3.2 UCP3 expression in differently aged models (n = 4 for all). 

 

Figure 5.2.1.1 Comparison of animal body mass in both the 6 and the 18-month aged 

models, measured bi-weekly, for a total of 16 weeks. 

 

Figure 5.2.2.1 Langendorff protocol. 

 

Figure 5.2.3.1 Work-loop protocol. 

 

Figure 5.3.1.1 +dP/dTmax for the 6-month models as seen in graph A and for the 18-

month models as seen in graph B (n = 4 for both models). 

 

Figure 5.3.1.2 -dP/dTmax for the lean and HFD 6-month models (n = 4 for both 

models). 

 

Figure 5.3.1.3 -dP/dTmax for the lean and HFD 6-month models (n = 4 for both 

models). 

 

Figure 5.3.1.4 RPP for the 6 (A) and 18-month (B) lean and HFD models (n = 4 for 

both models). 

 

Figure 5.3.1.5 CF for the 6 (A) and 18-month (B) lean and HFD models (n = 4 for 

both models). 

 



Page 22 of 359 

Figure 5.3.1.6 MPR for the 6- and 18-month HFD models (n = 4 for both models). 

 

Figure 5.3.1.7 MPD for the 6- and 18-month HFD models (n = 4 for both models). 

 

Figure 5.3.1.8 RPP for the 6- and 18-month HFD models (n = 4 for both models). 

 

Figure 5.3.2.1 Power output for the lean and HFD 6-month models (n = 6 and 5, 

respectively). 

 

Figure 5.3.2.2 Comparison between a lean and an HFD model at the 45-minute mark. 

 

Figure 5.3.2.3 Comparison between a lean and an HFD model at the 100-minute 

mark. 

 

Figure 5.3.2.4 Comparison between a lean and an HFD model at the 120-minute 

mark. 

Figure 5.3.3.1 Phosphorylated PDH expression in 6- and 18-month-old HFD and lean 

animal models (n = 4 for all). 

 

Figure 5.3.3.2 UCP3 expression in 6- and 18-month-old HFD and lean animal models 

(n =4 for all). 

 

Figure 6.2.2.1 Langendorff protocol. 

 

Figure 6.2.3.1 Work-loop protocol. 

 

Figure 6.3.1.1 LVDP for Atenolol across the different aged models (n = 4 for all). 

 

Figure 6.3.1.2 HR for Atenolol across the different aged models (n = 4 for all). 

 

Figure 6.3.1.3 RPP for Atenolol across the different aged models (n = 4 for all). 

 

Figure 6.3.1.4 +dP/dTmax (A) and – dP/dTmax (B) for Atenolol across the different 

aged models (n = 4 for all). 

 

Figure 6.3.1.5 LVDP for Itraconazole across the different aged models (n = 4 for all). 

 

Figure 6.3.1.6 HR for Itraconazole across the different aged models (n = 4 for all). 

 

Figure 6.3.1.7 RPP for Itraconazole across the different aged models (n = 4 for all). 

 

Figure 6.3.1.8 +dP/dTmax (A) and – dP/dTmax (B) for Itraconazole across the 

different aged models (n = 4 for all). 

 

Figure 6.3.1.9 LVDP for Dobutamine across the different aged models (n = 4 for all). 

 

Figure 6.3.1.10 HR for Dobutamine across the different aged models (n = 4 for all). 

 

Figure 6.3.1.11 RPP for Dobutamine across the different aged models (n = 4 for all). 

 



Page 23 of 359 

Figure 6.3.1.12 +dP/dTmax for Dobutamine across the different aged models (n = 4 

for all). 

 

Figure 6.3.1.13 -dP/dTmax for Dobutamine across the different aged models (n = 4 for 

all). 

 

Figure 6.3.2.1 Power output for each drug group. 

 

Figure 6.3.2.2 Comparison between control and Dobutamine treated muscles. 

 

Figure 6.3.2.3 Comparison between control and Isoprenaline treated muscles. 

 

Figure 6.3.2.4 Comparison between control and Atenolol treated muscles. 

 

Figure 6.3.2.5 Comparison between control and Itraconazole treated muscles. 

 

Figure 6.3.3.1.1 Phosphorylated PDH expression in different dobutamine-treated aged 

models (n = 4 for all). 

 

Figure 6.3.3.1.2 Phosphorylated PDH expression in different atenolol-treated aged 

models (n = 4 for all). 

 

Figure 6.3.3.1.3 Phosphorylated PDH expression in different itraconazole-treated aged 

models (n = 4 for all) 

. 

Figure 6.3.3.2.1 UCP3 expression in different dobutamine-treated aged models (n = 4 

for all). 

 

Figure 6.3.3.2.2 UCP3 expression in different atenolol-treated aged models (n = 4 for 

all). 

 

Figure 6.3.3.2.3 UCP3 expression in different itraconazole-treated aged models (n = 4 

for all). 

 

Figure 7.2.1.1 Comparison of animal weight in both the 6 and the 18-month aged 

models, measured bi-weekly, for a total of 16 weeks. 

 

Figure 7.2.2.1 Langendorff protocol. 

 

Figure 7.3.1.1 + and -dP/dTmax for the 6-month atenolol-treated lean and HFD 

models (n = 4 for both). 

 

Figure 7.3.1.2 RPP for the 6-month atenolol-treated lean and HFD models (n = 4 for 

both). 

 

Figure 7.3.1.3 + and -dP/dTmax for the 18-month atenolol-treated lean and HFD 

models (n = 4 for both). 

 

Figure 7.3.1.4 RPP for the 18-month atenolol-treated lean and HFD models (n = 4 for 

both). 



Page 24 of 359 

Figure 7.3.1.5 LVDP for the 6-month itraconazole-treated lean and HFD models (n 

= 4 for both). 

 

Figure 7.3.1.6 HR for the 6-month itraconazole-treated lean and HFD models (n = 4 

for both). 

 

Figure 7.3.1.7 +dP/dTmax for the 6-month itraconazole-treated lean and HFD 

models (n = 4 for both). 

 

Figure 7.3.1.8 -dP/dTmax for the 6-month itraconazole-treated lean and HFD models 

(n = 4 for both). 

 

Figure 7.3.1.9 RPP for the 6-month itraconazole-treated lean and HFD models (n = 4 

for both). 

 

Figure 7.3.1.10 LVDP for the 18-month itraconazole-treated lean and HFD models (n 

= 4 for both). 

 

Figure 7.3.1.11 HR for the 18-month itraconazole-treated lean and HFD models (n = 

4 for both). 

 

Figure 7.3.1.12 + and – dP/dTmax for the 18-month itraconazole-treated lean and HFD 

models (n = 4 for both). 

 

Figure 7.3.1.13 RPP for the 18-month itraconazole-treated lean and HFD models (n = 

4 for both). 

 

Figure 7.3.1.14 LVDP for the 6-month dobutamine-treated lean and HFD models (n = 

4 for both). 

 

Figure 7.3.1.15 HR for the 6-month dobutamine-treated lean and HFD models (n = 4 

for both). 

 

Figure 7.3.1.16 + and -dP/dTmax for the 6-month dobutamine-treated lean and HFD 

models (n = 4 for both). 

 

Figure 7.3.1.17 RPP for the 6-month dobutamine-treated lean and HFD models (n = 4 

for both). 

 

Figure 7.3.1.18 LVDP for the 18-month dobutamine-treated lean and HFD models (n 

= 4 for both). 

 

Figure 7.3.1.19 HR for the 18-month dobutamine-treated lean and HFD models (n = 4 

for both). 

 

Figure 7.3.1.20 + and – dP/dTmax for the 18-month dobutamine-treated lean and HFD 

models (n = 4 for both). 

 

Figure 7.3.1.21 RPP for the 18-month dobutamine-treated lean and HFD models (n = 

4 for both). 



Page 25 of 359 

Figure 7.3.1.22 MPR for the 6- and 18-month HFD hearts treated with Atenolol (n = 

4 for both). 

 

Figure 7.3.1.23 MPD for the 6- and 18-month HFD hearts treated with Atenolol (n = 

4 for both). 

 

Figure 7.3.1.24 RPP for the 6- and 18-month HFD hearts treated with Atenolol (n = 4 

for both). 

 

Figure 7.3.1.25 MPR for the 6- and 18-month HFD hearts treated with Itraconazole (n 

= 4 for both). 

 

Figure 7.3.1.26 MPD for the 6- and 18-month HFD hearts treated with Itraconazole (n 

= 4 for both). 

 

Figure 7.3.1.27 RPP for the 6- and 18-month HFD hearts treated with Itraconazole (n 

= 4 for both). 

 

Figure 7.3.1.28 MPR for the 6- and 18-month HFD hearts treated with Dobutamine (n 

= 4 for both). 

 

Figure 7.3.1.29 MPD for the 6- and 18-month HFD hearts treated with Dobutamine (n 

= 4 for both). 

 

Figure 7.3.1.30 RPP for the 6- and 18-month HFD hearts treated with Dobutamine (n 

= 4 for both). 

 

Figure 7.3.2.1.1 Phosphorylated PDH expression in 6- and 18-month-old HFD and lean 

Dobutamine treated animal models (n = 4 for all). 

 

Figure 7.3.2.1.2 Phosphorylated PDH expression in 6- and 18-month-old HFD and lean 

Atenolol treated animal models (n = 4 for all). 

 

Figure 7.3.2.1.3 Phosphorylated PDH expression in 6- and 18-month-old HFD and lean 

Itraconazole treated animal models (n = 4 for all). 

 

Figure 7.3.2.2.1 UCP3 expression in 6- and 18-month-old HFD and lean Dobutamine 

treated animal models (n = 4 for all). 

 

Figure 7.3.2.2.2 UCP3 expression in 6- and 18-month-old HFD and lean Atenolol 

treated animal models (n = 4 for all). 

 

Figure 7.3.2.2.3 UCP3 expression in 6- and 18-month-old HFD and lean Itraconazole 

treated animal models (n = 4 for all). 

 
 

  



Page 26 of 359 

List of Tables 

 

Table 3.1.2.1 Table with the comparison of parameters between lean models and 

HFD models, in 6-month and 18-month aged animals. 

Table 3.1.2.2 Table with the layout of each chapter presented.  

Table 4.3.1.1 Performance assessment of the three age models in the first 20-

minutes of the experimental protocol.  

Table 5.2.1.1 Table with the comparison of parameters between lean models and 

HFD models, in 6-month and 18-month aged animals. 

Table 5.3.1.1 Performance assessment of the four HFD models in the first 20-

minutes of the experimental protocol.  

Table 6.3.1.1 Table with the minimum and maximum drug response on the 

isolated heart, and respective EC50 value. 

Table 7.2.1.1 Table with the comparison of parameters between lean models and 

HFD models, in 6-month and 18-month aged animals. 

Table 7.3.1.1 Table with the minimum and maximum drug response on the 6-

month lean and HFD isolated hearts, and respective EC50 value. 

Table 7.3.1.2 Table with the minimum and maximum drug response on the 18-

month lean and HFD isolated hearts, and respective EC50 value. 

 

  



Page 27 of 359 

List of Abbreviations 

AC-5 or AC Type 5 adenylyl cyclase 

ACC Acetyl-CoA carboxylase 

AD or MUSC Muscarinic receptor 

AKAP A-kinase-anchoring protein 

AMPK 5' Amp-activated protein kinase 

ANOVA Analysis of variance 

ANP Atrial natriuretic peptide 

ATP Adenosine triphosphate 

AV Atrioventricular node 

α/β MHC Alpha/beta myosin heavy chain 

β1/2 AR Beta-adrenergic receptor 1 and 2 

BAT Brown adipose tissue 

BCA Bicinchoninic acid assay 

BMAT Bone marrow adipose tissue 

BMI Body mass index 

BPM beats per minute 

BSA Bovine serum albumin 

Ca2+ Calcium 

CAC Citric acid cycle 

CamkII Ca2+/calmodulin-dependent protein kinase 

cAMP Cyclic adenosine monophosphate 

Cas Catecholamines 

CAT Carnitine acyl translocase 

CATf Carnitine acyl translocase transferase 

CD36 Platelet glycoprotein 4 

CF Coronary flow 

CPT1 Carnitine palmitoyl transferase 1 

CPT2 Carnitine palmitoyl transferase 2 

CS Citrate Synthase 

CT Carboxyltransferase 

cTnT Cardiac troponin T 

CVD Cardiovascular disease 

CYP Cytochromes P450 enzyme superfamily 

DAG Diglyceride 

DCA Dichloroacetate 

DHPR Dihydropyridine receptor 

+dP/dTmax Maximum ventricular pressure increase/rise 

-dP/dTmax Maximum ventricular pressure decrease/drop 

EC Cardiac excitation coupling 

ECG Electrocardiogram 

EET Epoxyeicosatrienoic acid 

ELISA Enzyme-linked immunosorbent assay 

eNOS Endothelial nitric oxide synthetase 



Page 28 of 359 

ER Endoplasmic Reticulum 

ERK Extracellular signal-regulated kinase 

ETC Electron transport chain 

FA Fatty acid 

FACS Long chain fatty acyl-CoA synthetase 

FATP Long chain fatty acid transport protein 

FFA Free-fatty acid 

FAO Fatty acid oxidation 

FI Frailty index 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GLUT4 Glucose transporter type 4 

GRK2 G-protein coupled receptor kinase 2 

Gq α/β/γ G alpha/beta/gamma protein complex 

H+ Hydrogen 

HDAC Histone deacetylase 

HETE Hydroxyeicosatetraenoic acid 

HFD High-fat diet OR high-fat diet models 

HR Heart rate 

HRP Horseradish peroxidase 

ICa L-type calcium current 

IMM Inner mitochondrial membrane 

ISO Isoprenaline 

K+ Potassium 

KACH Potassium Channel 

KGDC Ketoglutarate dehydrogenase complex 

KHB Krebs-Henseleit buffer 

L95% Percentage of the original maximum muscle length 

LSD Least significant difference 

LVDP Left ventricular developed pressure 

LPL Lipoprotein lipase 

LysoPC Lysophosphatidylcholine 

MAPK Mitogen-activated protein kinase 

MCD Malonyl-CoA decarboxylase 

mRNA Messenger RNA 

MPD Maximum ventricular pressure decrease/drop 

MPR Maximum ventricular pressure increase/rise 

MPVD Maximum ventricular pressure decrease/drop 

MPVR Maximum ventricular pressure increase/rise 

mtDNA Mitochondrial DNA 

MVO2 Myocardial volume oxygen 

Na+ Sodium 

NA-HX Sodium-Hydrogen exchanger 

NADH Nicotinamide adenine dinucleotide + hydrogen 

NCX/Na-CaX Sodium-calcium exchanger 

NO Nitric oxide 

Ob/ob Obese mutant mouse model 



Page 29 of 359 

OMM Outer mitochondrial membrane 

PC Pyruvate carboxylase 

PCG Phonocardiogram 

PCr Pyruvate carrier 

PDC or PDHc Pyruvate dehydrogenase complex 

PDEIII Phosphodiesterase 3 

PDH Pyruvate dehydrogenase 

PDK Pyruvate dehydrogenase kinase 

PDP Pyruvate dehydrogenase phosphatase 

PDP2 Pyruvate dehydrogenase phosphatase catalytic subunit 2 

PGH2 Prostaglandin H2 

PI3K Phosphoinositide 3-kinase 

PK Pharmacokinetics 

PKA/C Protein kinase A/C 

PLD Phospholipase D 

PLN/PLB Phospholamban 

PMCA Plasma membrane Ca2+ ATPase 

PP1 Protein phosphatase 1 

PPAR α/γ/δ Peroxisome proliferator-activated receptor alpha/gamma/delta 

pPDH Phosphorylated pyruvate dehydrogenase E1-alpha subunit (S293) 

PVDF Polyvinylidene fluoride 

RAAS Renin angiotensin aldosterone system 

Rgl Protein Phosphatase 1 Subunit GL 

ROS Reactive oxygen species 

RPP Rate pressure product 

RT-PCR Reverse transcription polymerase chain reaction 

RyR2 Ryanodine receptor 

SA Sinoatrial node 

SEM Standard error of the mean 

SERCA Sarco/endoplasmic reticulum Ca2+ ATPase 

SIRT1 Sirtuin 1 

SR Sarcoplasmic reticulum 

SV Stroke Volume 

TAG or TG Triglyceride 

TBST Tris-buffered saline with tween 20 

TCA Tricarboxylic acid cycle 

TMP Transmembrane potential 

TNFα Tumour-necrosis factor alpha 

TSA Trichostatin A 

TxA2 Thromboxane A2 

UCP 1/2/3 Uncoupling protein 1/2/3 

uORF Upstream open reading frame 

UPR Unfolded protein response 

VEGF Vascular endothelial growth factor 

VLDL Very low-density lipoprotein 

WAT White adipose tissue 



Page 30 of 359 

Chapter One: Introduction 

 General overview 

 

The investigation into muscle contractility is of vital importance to understand how the heart 

adapts to both external and internal changes. The experimental work collected and presented 

in this thesis entails a novel investigation into the effects of various drug treatments on diet-

induced obesity models and aging models with an aim of investigating how the contractile 

function of the heart changes and find the intracellular pathways associated with said 

changes. It was hypothesized that some of the commonly used inotropic drugs in the market 

have a reduced effect in obese patients. To explain these mechanisms, the introductory 

chapter gives a general overview on obesity and ageing and their effects on heart 

contractility, the drug treatments used and their potential molecular pathway changes, with 

an added importance to the mitochondrial pathways and proteins that were investigated. In 

addition, there are comparisons of different in vitro muscle biomechanics techniques with 

special emphasis on the use of the Langendorff isolated heart model and the work-loop 

technique for a more complete assessment of inotropic effects on both the whole organ and 

on the contractile function of the papillary muscle. Finally, a comparison into different 

mitochondrial metabolism regulators will also be done between diet induced, lean, aged and 

non-aged models, to further investigate potential changes in energy regulation. To the best 

of our knowledge, this is the first project to focus on these pathways in conjunction with the 

inotropic drugs used (Atenolol, Dobutamine, Isoprenaline and Itraconazole). 
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  Parameters of cardiac contractility 

 

Myocardial contractility represents the heart muscle’s ability to contract due to increasingly 

high degrees of binding between myosin and actin filaments and it is regulated by calcium 

ions within the cells (Kobayashi and Solaro 2005; Kranias and Hajjar 2012; MacLennan and 

Kranias 2003; Rodriguez and Kranias 2005). The increase or decrease of the hearts’ 

contractile strength is done through a variety of mechanisms, usually involving high or low 

calcium level mediation in the cytosol of cardiac myocytes during action potentials (Kass 

and Tsien 1976; Noble et al. 1991). The following list depicts the most important 

mechanisms to take into consideration when talking about muscle contractility: 

a) Sympathetic activation and phospholamban phosphorylation - Activation of the 

sympathetic nervous system through an increase of circulating catecholamines and 

sympathetic nerve stimulation leads to an increase in cyclic AMP (cAMP) level due 

to the action of adenylate cyclase; this process is possible due to the activation of the 

β-adrenergic receptors in the cell membrane; this then leads to the activation of 

several secondary messengers within the protein channels (Triposkiadis et al. 2009), 

among them the phosphorylation process of phospholamban (Meyer et al. 2010; 

Zhang et al. 2019). When not phosphorylated, phospholamban (PLN) inhibits the 

action of the Sarco/endoplasmic reticulum Ca2+ ATPase (SERCA), which affects the 

contraction and relaxation of the muscles (Lipskaia et al. 2010). 

When phosphorylated, PLN increases the calcium levels within the muscles and 

enhances the rate of relaxation. It also triggers an inotropic effect as a result 

(MacLennan and Kranias 2003; Marks 2013; Rodriguez and Kranias 2005). Figure 

1.2.1 depicts the general pathways involved in contractility. 
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b) L-type Calcium channels and binding of calcium by Troponin-C - L-type 

calcium channels are regulated by the adrenergic nervous system and very important 

in the cardiac excitation-contraction coupling of the heart, or EC (explained in detail 

in section 1.2.1). This coupling causes an increase in the intracellular sodium ions of 

the cells (see figure 1.2.2), which causes the opening of the L-type channels; this in 

turn leads to the movement of Ca2+ in and out of the sarcoplasmic reticulum (SR) via 

the ryanodine receptors (RyR2), which triggers a steep increase in the intracellular 

Ca2+ concentration up to the required level (between 100nM and 1µM) for optimal 

Troponin-C binding (Bodi et al. 2005; Yamakage and Namiki 2002). In cardiac 

muscle, Troponin C binds to cardiac troponin T (cTnT) and anchors itself to 

Troponin I and T, which then regulates diastolic and systolic heart function. 

Figure 1.2.1 - Cardiac signalling pathways. This image showcases the mechanisms and interactions between different 
signalling pathways involved in cardiac contractility, mainly via elevations in the levels of two very important cardiac 
intracellular messengers: cAMP and Ca2+ (MacLennan and Kranias 2003). The highlighted areas represent the points of 
interest for this project: the β-adrenergic receptors and the mitochondria ATP production. NCX – Sodium-calcium 
exchanger, DHPR – Dihydropyridine receptor, PMCA - Plasma membrane Ca2+ ATPase, PLN – Phospholamban, AKAP – A-
kinase anchoring protein, PP1 – Protein phosphatase 1, Rgl – Protein phosphatase 1 subunit GL. 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where material has 
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These processes can be exacerbated or impaired by heart disease and drug effects. 

(Davis and Tikunova 2008; van Eerd and Takahashi 1975). It is also important to 

mention that oxidative stress can play a major role in the impairment of calcium 

handling due to its effect on reducing Ca2+ activity via changes in the SERCA protein 

expression (Balderas-Villalobos et al. 2013; Steinberg 2013). 

c) Cardiac output – The cardiac output of the heart is defined as the blood pumped 

per minute; in other words, it is defined as the work being done by ventricles of the 

heart (Hamilton 1953; Vincent 2008). It has four very important determinants: heart 

rate, contractility, preload and afterload (see figure 1.2.3). Both the preload and 

afterload of the heart are calculated based on the Law of LaPlace (Basford 2002). 

The preload of the heart is defined as the initial cardiomyocyte stretch prior to 

contraction and represents the factors that are involved in the ventricular stress and 

the end of diastole (Norton 2001). On the other hand, the afterload represents the 

factors involved in the myocardial stress during systolic ejection (Norton 2001). 

Figure 1.2.2 – Calcium influx in cardiomyocytes. The image represents the Ca2+ regulation within the cardiac 
myocyte; this is of particular importance, as it is one of the main processes behind the initiation of cardiac 
contraction and changes to this process can lead to significant contractile dysfunction (Wang, K. et al. 2018). Na-
CaX – Sodium-calcium exchanger, Na-HX – Sodium-Hydrogen exchanger, Ica – L-type calcium current, PLB – 
Phospholamban. 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where material 
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Effects that cause a change in ventricular output and require an increased pressure 

during systole will therefore always influence afterload (Norton 2001). An increase 

in afterload is directly correlated with a decreased cardiac output (Naito et al. 1996; 

Ratshin, Rackley and Russell Jr 1974). 

 

As seen above, a variety of mechanisms must be considered when talking about and studying 

contractility. In the next few sections, we will go through an in-depth explanation of what 

happens during the contraction of the heart muscles. 

 

 

 

 

 

 

Figure 1.2.3 - Cardiac output calculations. Diagram representing the major influencing factors of heart rate 
(HR) and stroke volume (SV) on cardiac output (Betts et al. 2014). 
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 Cardiac excitation-contraction coupling and action potential 

 

Cardiomyocytes comprise approximately 80% of the total ventricular mass and are usually 

measured at 60-140µM (Wiener et al. 2012; Woodcock and Matkovich 2005). It is within 

these cells that the process of contraction is initiated, and it is divided into four phases: Phase 

4, Phase 0, Phase 1, Phase 2 and Phase 3 (see figure 1.2.1.1). 

Phase 4 is the resting potential, in which the Na+ and Ca2+ channels are closed and the 

transmembrane potential (TMP) is at -90 mV (Antzelevitch 2005; Nerbonne and Kass 2005). 

Phase 0 is the depolarization phase in which the Na+ channels open and sodium leaks into 

the cells. The L-type Ca2+ channels also open during this phase, once the TMP is greater 

than -40 mV (Antzelevitch 2005; Nerbonne and Kass 2005); the normal threshold potential 

for phase 0 in cardiomyocytes is -70 mV, although 0 mV is reached for a short period of 

time known as overshoot (Eisner et al. 2017; Santana, Cheng and Lederer 2010; Vornanen 

1996). Phase 1, also known as the early repolarization phase, is the phase at which the TMP 

hits positive numbers and the K+ channels start to slowly open (Vornanen 1996); Phase 2 is 

called the plateau phase, when the mV value is just below 0, and it is the phase in which the 

K+ channels leak against the concentration gradient to the outside of the cell and the L-type 

calcium channels open fully to allow Ca2+ ions to move into the cell and bind to the RyR to 

increase intracellular Ca levels, which increases overall muscle contraction (Santana, Cheng 

and Lederer 2010; Vornanen 1996). Finally, phase 3 is the repolarization phase, where the 

Ca2+ channels are inhibited and the circulating K+ brings the TMP down to -90 mV; the ionic 

gradient is also restored by the passage of Na+ and Ca2+ ions from an intracellular to an 

extracellular environment via a variety of pumps such as the NCX, the Ca2+ ATPase and the 

Na+-K+ ATPase (Eisner et al. 2017; Feridooni, Dibb and Howlett 2015; Santana, Cheng and 

Lederer 2010). 
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Figure 1.2.1.1 displays a diagram with the different ventricular action potential phases and 

a comparison between a human and a rodent cycle (Capasso et al. 1986; Luo and Rudy 1991; 

Nerbonne and Kass 2005; Watanabe et al. 1983). Contrary to the human heart, the rodent 

heart does not have a plateau in phase 2 due to rapidly increasing K+ outward currents 

(Nerbonne and Kass 2005). A very low plateau can be observed during repolarization, after 

the extrusion of Ca2+ from the cellular cytosol and the current generated by the Na+/Ca2+. 

The combination of the mechanisms outlined in sections 1.2 and 1.2.1 trigger what is known 

as the inotropic state of the heart; this state is described as the necessary conditions to modify 

muscle contractile strength, more specifically the myocardium (Hasenfuss, Gerd and 

Teerlink 2011). The heart possesses three main endogenous inotropic mechanisms: a length-

dependant cross-bridge activation, a heart rate dependant activation of contractile force and 

a catecholamine-mediated inotropy (Bers 2008). The most important of the three is the 

length-dependant activation, which occurs without an increase in intracellular calcium and 

is a result of the Frank-Sterling mechanism (Holubarsch et al. 1996). 

 

Figure 1.2.1.1 – Action potential of cardiac muscles in humans (left) and rodents (right). The cardiac action 

potential is generated as a result of changes in voltage due to ion movements within the cells and it starts within 

a group of cells with automatic action potential generation capabilities known as the sinoatrial node; the action 

potential then passes along the cells and initiates the contraction process, as explained above. As we can see 

by the figure, rodent models lack a plateau during phase 2 because of a faster repolarization as a consequence 

of a higher base heart rate when compared to humans (Nerbonne and Kass 2005). 
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The Frank Sterling mechanism is based on the principle that the stroke volume of the left 

ventricular increases as a response to the end diastolic volume (Jacob, Dierberger and 

Kissling 1992); as the ventricles get filled the cardiac muscle fibres are stretched, with a 

consequential contraction force increase. This mechanism allows for cardiac output to be 

maintained without external regulation and it is vital in maintaining ventricular output and 

is based on the principle that the stroke volume of the left ventricle increases due to an 

increase in the total left ventricular volume as a result of myocyte stretching (Ochsner et al. 

2017). The heart rate dependant activation is calcium dependant, as an increase in heart rate 

implicates an increase in calcium levels and overall availability within the cardiomyocytes, 

which leads to an increase in contractility. The catecholamine-mediated inotropy is based 

on the usage of the β-adrenoceptor-adenylyl cyclase system to phosphorylate L-type calcium 

channels, via protein kinase A, in order to increase calcium influx and RyRs; 

phospholamban is also activated in order to accelerate calcium accumulation within the 

sarcoplasmic reticulum (Farrell and Howlett 2008; Grossman and Messerli 1998; Vallet, 

Dupuis and Chopin 1991). 

 

 Contractility measurements and muscle mechanics 

 

There are a few different methods to measure the contractility of the heart, according to the 

parameters of section 1.2. This section will review the ones used for this project. 
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 The heart machinery: pressure-volume relationship 

 

To understand the techniques used in this project, it is important to first understand the 

cardiac pressure-volume relationship cycle. It represents a means to characterize left 

ventricular performance (Green et al. 2011). This cardiac cycle is a sequence of events that 

repeats with each heartbeat and it includes both the relaxation and the contraction phases of 

a single heartbeat (Krug et al. 2013). The points of maximal volume and minimal pressure 

are directly linked to the mitral valve opening and closure, explained further down (Green 

et al. 2011). 

Pictured in figure 1.3.1.1 is a Wiggers diagram, with the different components of cardiac 

physiology (Krug et al. 2013; Lee and Smith 2012). The first and fourth stages represent the 

ventricular diastole, which begins with the relaxation and closing of the ventricular 

chambers (Mitchell and Wang 2014); this phase is often called isovolumetric relaxation 

phase. After that, the mitral and tricuspid valve open and blood rapidly rushes in from the 

atria and fills the chambers; this is known as the isovolumic contraction, where the volume 

remains but the pressure rises (Mitchell and Wang 2014). Final ejection occurs when the 

pressure in the ventricles is higher than the pressure in the aorta (Krug et al. 2013). 

Diastolic and systolic function are two very important phases in the cardiac cycle and heavily 

linked to the contractility of the heart. The diastolic phase is composed of the isovolumic 

relaxation and ventricular filling (as mentioned above) and it is done via intracellular 

calcium uptake; relaxation of the left ventricle can be impaired by energy metabolism 

changes and this can have a severe influence on cardiac flow dynamics; as a result of this, 

cardiac output is severely reduced due to a reduction in the necessary energy to maintain it 

(García et al. 2006). 

 

 



Page 39 of 359 

Diastolic pressure refers to the filling of the heart with blood in-between contractions. 

Systolic function refers to the cardiac cycle responsible for the contraction of the heart 

muscles after the diastolic phase finishes and is a commonly used left ventricular ejection 

fraction quantifier; in addition to this, systolic function is directly linked to an increase in 

intracellular calcium, which in turn uses ATP to generate mechanical force in the form of 

muscle contractions (Bers 2008; García et al. 2006). 

 

 

 

 

 

Figure 1.3.1.1 – Wiggers Diagram. Different events of the cardiac cycle in the left ventricle (Krug et al. 2013). 
This cycle is crucial for cardiac physiology and clearly illustrates what occurs within a single contraction and 
relaxation loop, including the changes in aortic pressure, left ventricular pressure, left atrial pressure and left 
ventricular volume. These parameters are then analysed in relation to both an electrocardiogram (ECG) and a 
phonocardiogram (PCG). 
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 The Langendorff Heart model as a measure for contractility 

 

The origin of isolated perfused heart preparations can be traced from the work of Carl 

Ludwig in the late 19th century (Bell, Mocanu and Yellon 2011; Zimmer 1999), to the frog 

heart isolations by Elias Cyon in 1866 (Zimmer 1998) and finally to the mammalian heart 

perfusion developed by Oskar Langendorff in 1895 (Sutherland and Hearse 2000). 

It starts with the perfusion of the heart, with perfusion buffer (see figure 1.3.2.1), by means 

of cannulating the aorta, in a retrograde fashion, forcing the closing of the aortic valve as a 

result of a change in pressure. The buffer then passes through a vascular bed before being 

drawn to the coronary sinus in the right atria. This allows the preparation to be maintained 

without any fluid filling the ventricular chambers (Skrzypiec-Spring et al. 2007). 

The advantages of this technique lie in the fact that it is quite simple and cheap to reproduce 

and allows for whole organ studies in an isolated system, which is beneficial for 

physiological and pharmacological research without the triggering of other responses and 

compensatory mechanisms. This is useful in contractile studies, as it allows us to measure 

the left ventricular pressure and, from that, calculate the total myocardial workload of the 

heart, by multiplying this pressure by the heart rate; simply put, it gives us the measurements 

to analyse the amount of stress that the myocardium is subjected to per heart rate cycle. This 

is incredibly useful, as it allows for the recording of parameters that indicate how different 

stressors (obesity, age and pharmacological compounds for this project) cause changes in 

the heart. The main limitation of the technique is that it is much less clinically relevant since 

it does not take the compensatory mechanisms of a whole organism into account (Bell, 

Mocanu and Yellon 2011). A detailed methodology used for this project will be presented 

in section 2.2. 
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 The Work-loop technique and isometric contractions 

 

The papillary muscle of the left ventricle is a proven method to investigate ventricular 

contractile changes in the heart (Haycraft and Paterson 1896; Marzilli et al. 1980). Based on 

previous studies, it is therefore known that the work-loop is a reliable tool to study changes 

in muscle performance (Layland, Young and Altringham 1995; Layland, J. and Kentish 

2000). To add to this, previous studies have also shown how not only is it possible to carry 

out age studies on it (Kiriazis and Gibbs 2000), but compound effects on the muscle capacity 

to generate instantaneous power as well (Gharanei et al. 2014). The advantage of the work-

loop technique is that it allows the study of a cyclical muscle length change, during both 

contraction and relaxation, in order to measure the total net-work and power output being 

generated by the muscle. 

Container with oxygenated 

Krebs-Henseleit buffer (95% O2 

and 5% CO2) 

 

Heated 

exchanger 

coil 

 

Organ Bath 

and 
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Heated water 
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temperature 
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Figure 1.3.2.1 – Isolated heart apparatus. Simplified schematic of the constant 
pressure Langendorff heart perfusion system used for this project. 
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Applying this to the models used for this project (aged and High-fat diet-induced obesity) 

allows us to see how power generated is affected by physiological factors. As previously 

stated, the mitral valve plays quite an important role in cardiac contraction and the papillary 

muscle is a vital component of the mitral valve complex, due to its role in the lengthening 

and shortening of the valve (Marzilli, Sabbah and Stein 1980; Marzilli et al. 1980; Voci et 

al. 1995). This muscle is located on the left ventricle is one of the last portions of the heart 

to be perfused with coronary arterial blood and, because of this, is one of the most sensitive 

anatomic markers available in the heart. Dysfunction can occur in these muscles, usually 

because of acute myocardial infarction (Voci et al. 1995). As seen in figure 1.3.3.1, the 

positioning of the papillary muscle is between the mitral valve and the walls of the 

ventricular chamber (Gharanei et al. 2014b; Marzilli et al. 1980). 

It is important to notice that although the muscles are generally the same thickness as the 

wall of the sputum, differences in size can be observed between them, with larger muscles 

being preferred for use with the work-loop assay. The work-loop assay uses the papillary 

muscle as an in-vitro method to assess force changes during contraction (Roberts, W. and 

Cohen 1972). The method previously used has been reviewed and tested with great success 

(Gharanei et al. 2014b). However, slight modifications were made to the method used for 

the study presented here (please refer to section 2.3 for a detailed review of these changes). 

Figure 1.3.3.1 – Cardiac papillary muscle. 
Subvalvular apparatus of the mitral valve 
and how the papillary muscle plays a role 
in its opening and closing (Cooley 2010). 
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The next four sub-sections will now be comprised of reviews on the effects of aging and 

obesity on the heart and cardiovascular disease, on mitochondrial regulation in the heart and 

on the previous literature that mentions the inotropic drugs used for this project. 

 

 The old heart 

 

As the average lifespan of humans increases, there is a growing need to understand how to 

maintain a high quality of life for the elder population (Ben-Haim et al. 2017; Crimmins 

2015). The current population demographic worldwide is changing, with projected numbers 

of the elderly population being doubled compared to the number of children between 2010 

and 2040 (Heidenreich et al. 2011). As ageing is inevitable, so are the risks and costs 

associated with it (Fleg, Aronow and Frishman 2011). It is known that there are genetic 

pathways involved in the regulation of age in organisms, but further research is still required 

when it comes to the exact mechanisms behind this (Bitto et al. 2015; Guarente and Kenyon 

2000; North and Sinclair 2012). Aging is a very important factor when it comes to muscle 

effects and it can range from decreased muscle fibre size to loss of type 2 fibres within the 

muscle, among others (figure 1.4.1), but all causes lead to muscle strength loss (Wilson, D. 

et al. 2017). The mechanisms behind the effects of ageing in the cardiac muscle will be 

further explored in sub-sections 1.4.1 and 1.4.2. 
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Amongst the main complications of age, cardiovascular diseases are the more relevant and 

the more heavily studied ones, partially due to their cost in most developed countries 

(Camici et al. 2015; Kovacic et al. 2011; Kuller et al. 2016; Newman et al. 2008). Statistics 

collected by the British Heart Foundation show that over half of the population within the 

UK is at risk or dying of a variety of cardiovascular diseases (CVDs), ranging from 

myocardial infarcts to atrial fibrillation, as seen in figure 1.4.2 (Biernacka and Frangogiannis 

2011; Hacker et al. 2006; Heller and Whitehorn 1972; Nair and Nair 2001). It is very costly 

to treat CVDs and over £11 billion are invested every year in healthcare due to cardiac 

complications (BHF 2020). Due to the high mortality numbers related to CVDs, there is a 

consensus for the need of an investigation to find the mechanisms behind it, especially 

within the aging population. 

 

 

Figure 1.4.1 – The old heart. Age related structural changes within the muscles of the body (Wilson, D. et 
al. 2017). 
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Aging is associated with a variety of physiological processes linked to high risk factors of 

CVD, as previously shown and mentioned. Aged cardiac tissue alterations can be due to a 

variety of factors such as arterial thickening and stiffness, impaired endothelial function, 

limited systolic capacity, hypertrophy, damaged tissue, fibrosis, among other factors (Chen, 

M. A. 2015; North and Sinclair 2012; Paneni et al. 2017). Most of these risk-factors are not 

present in younger hearts, although exceptions exist (see figure 1.4.3). 

 

 

 

Figure 1.4.2 – Risk factors of cardiovascular disease. Major age-associated dysfunctions associated with 
cardiovascular disease in the aging population (Chen, M. A. 2015). 
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Some of the mentioned risk factors are responsible for massive structural changes in the 

heart, especially heart rate and left ventricular contractility, although other risk factors can 

play a role in this (see figure 1.4.4). 

 

 

 

Figure 1.4.3 –Cardiac dysfunctions associated with age. Top: Comparison between a young and an aged human heart 
(North and Sinclair 2012) and bottom: the pathophysiology of an aging cardiovascular system (Paneni et al. 2017). SA – 
Sinoatrial, AV – atrioventricular, MVO2 – Myocardial volume oxygen. 
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In early ages the diastolic rate declines but is quickly compensated by an increase in arterial 

contraction. However, in aged models, there is a decrease in sympathetic heart modulation, 

as well as a decrease in response to β-adrenergic receptor activation (Dhingra and Vasan 

2012; Lakatta and Levy 2003). This is of particular importance for this project because some 

of the inotropes used have a direct agonistic (Dobutamine) or antagonistic (Atenolol) effect 

on the β1-receptors of the heart and it is therefore likely that the recorded changes in heart 

function will be as a direct, or at least partial, result of this. Please refer to the beginning of 

section 1.4 for a detailed review on this effect. 

 

 

 

 

Figure 1.4.4 – Risk factors and structural changes in the heart. Overview of the main cardiovascular pathophysiology 
developments that occur in the heart (Kim, Park and O'Rourke 2015). 
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As mentioned before, vascular thickening and stiffness are some of the structural effects of 

ageing on the heart (Guarente and Kenyon 2000; Leblanc et al. 1998; Nair and Nair 2001). 

These changes can lead to various effects upon the heart, such as systolic and diastolic 

changes, as well as arterial fibrillation (see figure 1.4.5). Alongside the previously 

mentioned changes, this thickening of the vascular walls can also lead to a decline in 

endothelial cell function, as well as a loss of proliferation and movement, partially due to a 

reduction in eNOS (endothelial nitric oxide synthetase) activity (Izzo Jr and Shykoff 2001). 

At a cellular level, cardiomyocytes also suffer changes, mainly in their numbers. Age causes 

a decrease in heart cells due to apoptosis and necrosis linked to reactive oxygen species 

(ROS) production.; in addition to this, there is also cardiomyocyte senescence, which is 

observed at a higher rate within the elder population and has been previously suggested as a 

potential biomarker to assess cardiac tissue viability in aged models (North and Sinclair 

2012). 

 

Figure 1.4.5 – Changes in cardiac pressure as a result of age. Main structural changes in the heart and vessels 
measured from both old and young patients (Izzo Jr and Shykoff 2001). 
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 Frailty in cardiovascular disease 

 

Frailty is a biological process defined as a geriatric syndrome prevalent amongst the elder 

population and it is defined as a state of life decline, vulnerability to stressors and general 

physical weakness (Chen, M. A. 2015; Feridooni, H. A. et al. 2014; Fried et al. 2001). It has 

become a high-priority focus in cardiovascular research due to the increasingly complex 

nature of older patients and their stressors, as highlighted in figure 1.4.1.1 (Afilalo et al. 

2009; Bergman et al. 2007; Shamliyan et al. 2013). 

 

The link between frailty and CVDs is complex but can both be traced to low grade chronic 

inflammation; amongst the causes of these inflammations are things such as obesity, insulin 

resistance and redox imbalance (Csiszar et al. 2008; Rockwood et al. 2017). Inflammation 

in CVDs is known to cause lipoprotein oxidation and atherosclerotic plaque activation and 

it is known that most patients considered “frail” have similar traits to the ones present in 

CVD. 

 

Figure 1.4.1.1 - Impact factors of frailty in age. Pathophysiology of frailty and its links to cardiovascular dysfunction 
(Chen, M. A. 2015). 
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Therefore, it is a natural assumption that there are common biological pathways at play that 

either link the two or facilitate the damage one causes to the other (Chen, M. A. 2015). Past 

research has identified a variety of approaches to quantify frailty known as the frailty index 

(FI) and is based upon behavioural and physiological assessments of patients (Feridooni, H. 

A. et al. 2014; Kleipool et al. 2018; Rockwood et al. 2017). Evaluations of the different 

biological systems within the body as well as external factors are always taken into 

consideration when developing an FI score; this can, however, result in some problems due 

to its variable parameters and aspects, which can be detrimental when looking for 

consistency (Feridooni, H. A. et al. 2014; Rockwood et al. 2017). Nonetheless, it has been 

shown to provide useful insights into pre-clinical models and there is still research ongoing 

in an attempt to translate these results into human trials (Feridooni, H. A. et al. 2014; 

Rockwood et al. 2017). This study took the FI into consideration when talking about body 

mass, fat pad mass and length of the animal models used, as well as a controlled diet and 

environment (Kane et al. 2016). 

 

 Impact of age on cardiac contractility 

 

Age is a dominant factor for cardiovascular disease, with senescence playing a major role in 

the vascular dysfunction of aged models (Heidenreich et al. 2011; North and Sinclair 2012); 

it is also known that adult hearts have a progressive size increase (hypertrophy) (Barton et 

al. 2016; Hacker et al. 2006). Cardiac performance is, as previously mentioned in section 

1.2, carried out via an interaction of various factors (Abel, Litwin and Sweeney 2008). 
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Age associated myocardial changes have been documented and preload has been shown to 

have a direct effect in decreasing the velocity and extent of muscle shortening, in an age 

dependant manner, mainly due to its influence on enzymatic properties of the heart (myosin 

B being a prime example of this); this change has not been recorded in younger rat models 

(Feridooni et al. 2017; Heller and Whitehorn 1972; Leblanc et al. 1998). While talking about 

molecular pathways, Akt and autophagy (important biological process by which there is 

degradation of unwanted or dysfunctional cellular components) have been linked to 

contractile dysfunction via unsuppressed autophagy of aged cardiomyocytes; these effects 

were manifested by severe hypertrophy, prolonged re-lengthening and limited intracellular 

Ca2+ release (Camici et al. 2015; Hua et al. 2011). Although still under research, preliminary 

data suggests a direct involvement of Akt in the deteriorating effects of aging on 

contractility. 

Another important component of contractility, β-adrenoreceptors, has also been shown to 

have limited functionality in aged models, with a clear indication that aged hearts have 

reduces responsiveness to adrenergic stimulation and this has been linked to the adenosine 

receptor signal transduction mechanism, since limited myocardial adenosine can be partially 

responsible for a reduction in β-adrenergic responses in older models (Dobson, Fenton and 

Romano 1990; Nair and Nair 2001). Finally, it is important to reinforce the effect of Ca2+ in 

heart contractility (a further explanation of action potential and calcium channels in the heart 

can be seen in section 1.2.1) and how it changes with age. Ventricular papillary muscles 

have been used to show a change in shortening velocity when immersing the muscle in a 

water bath containing Ca2+ via alterations in biomechanical parameters and a reduction in 

the velocity-load relation, alongside a dysfunction in contractile protein activity (Nair and 

Nair 2001). 
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Discrepancies were observed but there was a clear significant difference when comparing 

the between the 5, 10, 15 and 20-month year old rat models (Capasso et al. 1986; Nair and 

Nair 2001). A more recent study looked at the exact impact of age and frailty on the 

ventricular structure of older mice models and used a Langendorff heart study as well as 

cardiac myocyte isolations and western blotting, making it very relevant for the work being 

presented for this project (Feridooni et al. 2017). Feridooni et al recorded an age-dependant 

decline in the left ventricular developed pressure (LVDP), with a clear slowdown in heart 

contractions, as measured via the maximum ventricular pressure rise and drop (+dP/dTmax 

and -dP/dTmax, respectively); in the study, this was attributed mainly to L-type Ca2+ channel 

changes, but the exact mechanism was not explored; due to the important role of the 

mitochondria in Ca2+ channel regulation, it is possible that there is an involvement of energy 

regulatory agents and that they might be the cause of the dysfunction (Nagatsu 2006). 

The myocytes in aged models have been shown to have not only a decrease in peak Ca2+ 

currents, which causes changes in contractions, but also changes to the L-type Ca2+ channels, 

which were shown to be directly influenced by the age of the animals (Albarwani et al. 

2016). This study also validated the previously documented presence of cardiac hypertrophy 

in aged models (Feridooni, Dibb and Howlett 2015; Keller and Howlett 2016). Calcium 

channel voltage-dependent L type alpha 1C subunit, a known subunit of the L-type Calcium 

channels was also measured and was found to have its expression lowered when comparing 

between the aged and the young mice models, which supports the previously observed claim 

that there is a direct involvement of the L-type channels and the reduction of cardiac 

contractility (Feridooni, Dibb and Howlett 2015). The next section will be a review on the 

cardiac remodelling observed in obesity and how it affects heart contractility. 
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 Obesity and the heart 

 

Obesity is a disorder in which there is an imbalance in the homeostasis of a living organism; 

it is also a growing pandemic, with the numbers posing a high worldwide public health 

threat, as over 39% of adults aged 18 and over are obese (WHO 2020), and a costly global 

investment, with obesity-related illness costing over $2 trillion annually, or 2.8% of the 

global GDP (Gregg and Shaw 2017; Tremmel et al. 2017). In the UK, one in every four 

adults is diagnosed with obesity, while half of the world population is estimated to be either 

overweight  or obese (Baker 2018; Waumsley et al. 2011). The cost to maintain effective 

treatments against obesity are enormous due to the associated health risks such as 

cardiovascular diseases, type 2 diabetes, obstructive sleep apnoea and certain types of 

cancer, among others (Haslam 2007; Waumsley et al. 2011). The term “obesity” stems from 

the Latin ob-esum, which means “on account of having been eaten” and it is defined as 

excess of body fat accumulated on the body, leading to negative effects on health (Haslam 

2007). The most common method to determine obesity levels is the body mass index (BMI), 

which is obtained by dividing weight by the square of a person’s height (see figure 1.5.1). 

The waist-hip ratio can also be used as a viable method to confirm obesity, when supported 

by the BMI. (Ho-Pham et al. 2015; Lean 2000). 

 

𝐁𝐌𝐈 =
𝐖𝐞𝐢𝐠𝐡𝐭 (𝐤𝐢𝐥𝐨𝐠𝐫𝐚𝐦𝐬)

𝐇𝐞𝐢𝐠𝐡𝐭 (𝐦𝐞𝐭𝐞𝐫𝐬)𝟐
 

 

 

 

Figure 1.5.1 – BMI formula. General formula commonly used worldwide to 
calculate the BMI of patients. 
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As mentioned before, obesity is one of the leading preventable causes of death, alongside 

hypertension, smoking and sexually transmitted diseases (Barness, Opitz and Gilbert‐

Barness 2007). Causes for obesity include excessive food energy intake and a sedentary 

lifestyle, although genetics and other medical reasons have been reported to play a role in a 

pre-disposition to overweight and obesity (Baker 2018; Selthofer-Relatić, Bošnjak and Kibel 

2016). 

 Pathophysiology of obesity 

 

Adipocytes are cells that exist primarily in the adipose tissue and play a major role in the 

storage of energy as fat (Birbrair et al. 2013). There are three functionally different types of 

adipose tissue described in mammals: bone marrow adipose tissue (BMAT), white adipose 

tissue (WAT) and brown adipose tissue (BAT); brown and white adipose tissue are 

fundamentally different when it comes to their anatomical location, morphology, function 

and regulation (Coelho, Oliveira and Fernandes 2013) White fat cells, also known as 

monovacuolar cells, are the primary site for storage of energy as lipids within organisms, 

while brown fat cells, also known as plurivacuolar cells, are so named due to its 

characteristic colour, originated from its vascularization and large mitochondrial numbers 

(Elsen, Raschke and Eckel 2014; Moisan et al. 2015). Although both tissues store energy in 

the form of triglycerides, the release of this energy is done in different ways (figure 1.5.1.1); 

white adipose cells store and release this energy to comply with the organisms needs while 

brown adipose cells convert it to heat and plays a major role in thermogenesis regulation 

(Hildebrand, Stümer and Pfeifer 2018; Rosell et al. 2014). An important note here that the 

developmental process of adipose tissue has been previously shown to be species-dependant 

(Redinger 2007). 
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The impact of obesity on the body (see figure 1.5.1.2) has been heavily investigated and has 

been found to be at the centre of the development of a wide array of cardiovascular 

complications, ranging from cardiac failure to coronary artery disease, as well as 

hypertension (Avelar et al. 2007; Carbone et al. 2020; Park et al. 2011). It is noteworthy to 

mention that obesity is characterized by an uncontrolled expansion of fat mass via adipocyte 

hypertrophy and hyperplasia, with an accompanying increase in metabolism regulators (e.g., 

glycerol, hormones and pro-inflammatory cytokines) which lead to the mentioned negative 

cardiac effects (Kahn, S. E., Hull and Utzschneider 2006). 

 

 

 

 

Figure 1.5.1.1 – Different types of adipose tissue. Main characteristics of white (WAT) and brown (BAT) adipose 
tissues and their response to HFD (Hildebrand, Stümer and Pfeifer 2018). 
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Figure 1.5.1.2 - Pathophysiology of obesity cardiomyopathy. This diagram showcases the haemodynamic 

alterations that come from adipose deposits in the body (Alpert et al. 2018). 
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 Cardiac remodelling in obesity 

 

Adipocytes have an additional function within the organism: they protect nonadipocytes, 

which have a limited triacylglycerol storage capacity, from excessive lipid accumulation and 

their entry into nonoxidative metabolic pathways (Coelho, Oliveira and Fernandes 2013). 

Lipotoxicity refers to a condition in which the stored fatty acids (FA) spill over into 

nonadipocytes and cause cellular dysfunction and apoptosis, as seen in figure 1.5.2.1 

(Drosatos 2016; Marín-Royo et al. 2019; Unger and Zhou 2001; Wende and Abel 2010). 

The full range of the effects of lipotoxicity is not yet fully understood, but it is known that 

saturated fatty acid exposure exacerbates apoptosis (Drosatos and Schulze 2013). Studies 

have shown that increases in stimuli associated with obesity and lipid delivery cause a 

protein influx within the endoplasmic reticulum (ER); the regulation of this process is 

usually carried out by chaperone proteins, a process known as the unfolded protein response, 

or UPR (Eizirik, Cardozo and Cnop 2008). 

 

 

Figure 1.5.2.1 - Mechanisms leading to cardiac lipotoxicity. This figure shows that an increased dietary fat intake 
leads to increased free fatty acid circulation, which leads to an increased fatty acid uptake, decreased oxidation and 
increased lipid intermediates in the heart. These sudden changes lead to contractile dysfunction and apoptosis, 
amongst other negative effects (Wende and Abel, 2010). FFA – Free fatty acids, TG – Triglycerides. 
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Disturbances in the UPR causes ER stress, which increases β-cell dysfunction and triggers 

apoptosis; the described chain of reactions is the suggested mechanism that links obesity 

and the development of diabetes (Cnop, Foufelle and Velloso 2012). The exact mechanism 

by which obesity leads to ER stress is not fully understood, but it is known that ER stress 

induces Ca2+ release and signalling to the mitochondria, which activates two proapoptotic 

proteins, BAK and BAX (Cnop, Foufelle and Velloso 2012; Scorrano et al. 2003). A wide 

array of studies has been carried out to decipher the molecular mechanism of lipid-induced 

apoptosis in β-cell; while some papers describe the interaction as directly linked to ceramide 

synthesis and insulin resistance (Turpin et al. 2006), other papers mention the involvement 

of reactive oxygen species (Finck et al. 2003). More work is therefore still needed to 

understand the depth of how obesity triggers lipotoxic events in the heart. A paper by 

Drosatos and Schulze discussed the molecular pathways and signalling effects of lipids in 

cardiac lipotoxicity and dysfunction (Drosatos and Schulze 2013). The first discussed 

pathway was the apoptosis pathway, a pathway that has been previously shown to be 

involved in AMPK activation within cardiomyocytes of high fat diet induced obesity models 

(HFD), as one of the main causes of apoptosis (Drosatos and Schulze 2013). Palmitic acid 

also plays a major role in apoptosis and has been shown to alter mitochondrial physiology 

and triggering cell death (Sparagna et al. 2000). To explain the second pathway, it is 

important to give a brief introduction to insulin and insulin resistance. Insulin is an important 

regulator of adipocytes due to its effect in the differentiation of pre-adipocytes into 

adipocytes. It is also important in the stimulation of glucose transport, triglyceride synthesis 

and lipolysis inhibition in mature adipocytes, as seen in figure 1.5.2.2 (Kahn, B. B. and Flier 

2000). Added to this, insulin also exerts an effect on intracellular Ca2+ handling and can 

have a cardioprotective effect. All these functions are possible due to downstream regulation 

of the Insulin/IRS1/PI3K/Akt pathway. 
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Insulin signalling defects develop early in obesity (Park et al. 2005). They can be cause by 

a variety of factors, but lipid accumulation in the heart is the most common one. This leads 

to an extensive utilization of fatty acids for cardiac energy, as well as defective contractile 

response to insulin and decreased cardiovascular efficiency due to a waste of oxygen for 

noncontractile purposes (Mazumder et al. 2004; Young, Guthrie, Razeghi, Leighton, 

Abbasi, Patil, Youker and Taegtmeyer 2002). ROS also play a major role in the development 

of insulin resistance, as suggested by a paper that reported an observable decrease in insulin 

resistance following ROS attenuation in obese rat models (Kim et al. 2000). Protein kinase 

C (PKC) activation is the third reviewed pathway associated with cardiac dysfunction and 

obesity (Drosatos et al. 2011). PKCs are implicated in the regulation of contractility gene 

expression and growth; overexpression of PKCβ has been linked to cardiomyopathy 

associated with myocardial necrosis, impaired Ca2+ handling and thickened ventricular walls 

(Wakasaki et al. 1997). A follow-up study showed that high-fat diet rat models had increased 

PKCβ and developed cardiac hypertrophy (Jalili, Manning and Kim 2003). 

Figure 1.5.2.2 - Effect of insulin on adipose storage. Insulin stimulates differentiation and inhibits lipolysis. It also breaks 
down triglyceride (Kahn and Flier, 2000). GLUT4 – Glucose transporter type 4, PI3K – Phosphoinositide 3-kinase, VLDL – 
Very low-density lipoprotein, LPL – Lipoprotein lipase. 
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PKC isoforms have been linked to a variety of heart conditions. PKCα and PKCε have both 

been shown to affect the contractility of the heart due to their negative inotropic effect in 

cardiomyocytes (Belin et al. 2007; Narayan et al. 1998). Finally, the PKC pathway has also 

been associated with compromised β-adrenergic receptor responsiveness in lipotoxic animal 

models (Drosatos et al. 2011). 

When talking about the concept of cardiac remodelling, it is commonly defined as any 

changes in size, shape or structure within the heart, normally associated with the left 

ventricle (Abel, Litwin and Sweeney 2008; Aurigemma, de Simone and Fitzgibbons 2013). 

In this regard, hypertension with left ventricular hypertrophy is one, if not the major, factor 

in cardiovascular related mortality, especially in the aged and aging population, as the co-

existence of both conditions has been shown to be associated with an increase in metabolic 

and mitochondrial heart dysfunction (the latter will be further clarified in section 1.5) and it 

is hypothesized that HFD can accelerate cardiac remodelling and ventricular dysfunction 

(Katholi and Couri 2011; Shiou et al. 2018; Wang, X. et al. 2015). Recent studies have 

shown the effects of a high-fat diet on the ventricular remodelling in aged rats (Drosatos 

2016; Shiou et al. 2018; Taylor 2014). In the aforementioned studies, researchers used HFD 

models and concluded that the high fat diet was causing significant hypertrophy in their 44-

week-old animals, as well as an overexpression of PPARα (explained in-depth in section 

1.5.1, with a brief mention in figure 1.5.2.3), which has been previously linked to contractile 

dysfunctions (Luptak, Balschi et al. 2005; Shiou et al. 2018; Young, M. et al. 2001). The 

study concluded that the dietary fat was inducing cardiac changes, including lipotoxicity. It 

is therefore likely that HFD models can and should be linked to lipotoxicity, and that this 

should be taken into consideration when researching different obesity models. 
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All the previously mentioned pathways and mechanisms are important when talking about 

the heart and how obesity can influence its structure and function (see figure 1.5.2.4). They 

are also relevant from a pharmacologic angle due to the impact that they have not only while 

under the influence of a disease like obesity, but also while under the influence of commonly 

used drugs to treat heart conditions. It is necessary to understand, in-depth, the mechanism 

behind these pathways in order to understand the exact interactions that occur when obese 

patients are subjected to treatment with inotropic drugs that exacerbate their condition or 

cause cardiac complications. 

 

Figure 1.5.2.3 – Effects of HFD on cardiac gene expression. Notable changes include α-MHC, TNF- α and 
left atrial dimensions (Shiou et al. 2018). α-MHC -  Alpha Myosin heavy chain, PPARα – Peroxisome 
proliferator receptor alpha, TNFα – Tumour necrosis factor alpha, ANP – Atrial natriuretic peptide. 
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For this project, the focus was mainly on the potential changes in the mitochondrial 

processes within the heart; more specifically on targets potentially involved in the contractile 

function of the heart. The following section will go into detail regarding the specific targets 

that were chosen for this thesis. 

 

 

 

 

 

Figure 1.5.2.4 – Mechanisms involved in cardiac dysfunction as a result of obesity. Factors involved in structural and 
functional cardiac changes in obesity include both metabolic and haemodynamic changes such as lipotoxicity and 
hypertension (Abel, E., Litwin and Sweeney 2008). 
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 Cardiovascular mitochondrial regulation 

 

In cardiomyocytes, mitochondria occupy between 30 to 50% of the total cell volume (Wang, 

K. et al. 2018). Mitochondria are known as the core of the cellular energy metabolism and 

the main source of adenosine triphosphate (ATP), which is used to fuel a variety of different 

cell functions (Taegtmeyer et al. 2005; Wang, K. et al. 2018).These functions include force 

generation (like the ones generated during a muscle contraction), the folding and degradation 

of proteins, and the generation and maintenance of different membrane potentials 

(Kühlbrandt 2015). As mentioned before, the contractility of the heart is very important and 

mechanical dysfunctions of the myocardium lead to various complications (Ross Jr and 

Sobel 1972). It is therefore important to keep the contractility of the heart well regulated, 

especially when it comes to the contractile proteins such as myosin, troponin and 

tropomyosin (for more details, please refer to the introduction in section 1.2). 

Contraction occurs when a thin muscle filament (fibrillary actin) and a thick muscle filament 

(myosin filament) slide along each other, translating hydrolysed ATP into mechanical force. 

During contraction, Troponin acts as a Ca2+ sensor. Alteration of local Ca2+ concentration 

changes the conformation of troponin, which in turn leads to the displacement/association 

of tropomyosin from/with actin filaments. It is the attachment and detachment of myosin to 

actin filaments that drives myocyte contraction (for a full review on heart contractility and 

the contraction phases, please refer to section 1.2). As mentioned before, contraction occurs 

at the expense of an immense energy demand that the cardiomyocytes cannot store within 

them. To keep up with this high demand, a cardiac metabolic coupling is in place to ensure 

that a constant and efficient energy production takes place, via continuous synthesis of ATP 

(Kolwicz Jr, Purohit and Tian 2013). 
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It is therefore crucial to maintain a balance in the cardiac cellular bioenergetics, via 

modulation of specific metabolic substrates known to influence heart contraction, such as 

fatty acids, glucose and pyruvate, among others (Huss and Kelly 2005; Ingwall 2008; 

Neubauer 2007). The peroxisome-proliferator activated receptor (PPAR) family members 

play a major role in the regulation and activation of these substrates, due to their role in the 

expression of the genes required for fatty acid uptake and oxidative phosphorylation, with 

both being heavily responsible for a greater percentage of ATP production within 

cardiomyocytes, at around 95% (Arany et al. 2005; Finck et al. 2003; Prosdocimo et al. 

2015). 

In the heart, the mitochondria play a vital role in cardiac energy production, with 70% of its 

production coming from fatty acid oxidation and the remaining 30% from carbon substrate 

metabolism via the pyruvate complex and lactate (Korvald, Elvenes and Myrmel 2000; 

Kühlbrandt 2015). Wang et al did a full profile of how cardiac metabolism works under the 

effect of a regular diet vs a high fat diet (Wang, X. et al. 2015). These researchers found the 

expected increase in PPAR under HFD conditions, but also found that there was only a 

severe observable mitochondrial dysfunction at the 14-month-old mark. In addition to this, 

Wang et al also recorded that the increase in fatty acid oxidation (FAO) was accompanied 

by an increase in ROS production, which in turn activated uncoupling proteins as a 

mechanism to potentially reduce oxidative damage, which has been established in previous 

literature (Boudina et al. 2007; Dong et al. 2006; Echtay et al. 2002; Kienesberger et al. 

2012; Russell et al. 2004; Son et al. 2010). To this effect, age also plays a major negative 

role in mitochondrial activity. In younger cells, mitochondrial fusion allows for an equal 

distribution of mitochondria among cells during mitosis and also allows for the selective 

degradation of damaged ones; however, studies have shown that this process is impaired 

with age due to a loss of protective mechanisms (Seo et al. 2006; Seo et al. 2008). 
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Some studies have proposed theories as to why this happens, with the currently most 

accepted one being that mitochondria experience a loss of plasticity with age and that this 

can be, to an extent, instigated by an age-related ROS production increase and subsequent 

oxidative stress in the cells, as seen in figure 1.6.1 (Qiang et al. 2007; Reznick et al. 2007); 

this and other studies have also shown that there is a reduced capacity for biogenesis due to 

a decline in peroxisome proliferator-activated receptor gamma coactivator a-alpha (PGC-

1α), although this has been mostly researched in skeletal muscle (Crane et al. 2010; Sandri 

et al. 2006). The activation of pro-apoptotic pathways has also been proposed as a link to 

this mitochondrial dynamic dysfunction but has mainly been studied on skeletal muscles 

(Elmore et al. 2001; Wohlgemuth et al. 2010). It is therefore likely that these recorded 

dysfunctions in mitochondrial regulation might be one of the intrinsic causes which 

contributes to oxidative stress and cell death during the aging process. 

 Figure 1.6.1 – ROS effect within the cells. Proposed mechanism of mitochondrial dysfunction in 
aging (Seo et al. 2010). ETC – Electron transport chain, mtDNA – Mitochondrial DNA. 
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Because of the mitochondrial role in energy production, any changes or disruption can cause 

a variety of disorders, among them cardiac contractility dysfunction (Neubauer 2007; 

Taegtmeyer et al. 2005). This decrease in contractility has been previously investigated and 

linked to the inactivation and expression change of specific elements involved in the citric 

acid cycle (CAC or TCA), oxidative phosphorylation, and energy (ATP) transportation, such 

as pyruvate, uncoupling proteins (1-5) and the PPAR family (Boudina et al. 2012; Crewe, 

Kinter and Szweda 2013; Finck 2007; Moreau et al. 2004; Pohl et al. 2019). There are certain 

conditions that cause changes in the mitochondrial function of the heart, but the mechanism 

behind this is not fully understood, nor is it understood how pharmacological compounds 

can affect these molecular pathways (see figure 1.6.1). The next few sections will review 

the main mitochondrial targets investigated in this study, with an emphasis on energy 

regulatory mechanism and agents and how they change in the presence of obesity and age. 

 

 Peroxisome proliferator-activated receptor alpha (PPARα) 

 

PPARs are members of a hormone receptor superfamily, comprised of three major isoforms: 

PPARα, PPARγ and PPARδ. Any of these isoforms has a regulatory job in several lipid 

metabolism aspects of one or more systems, as seen in figure 1.6.1.1 (la Cour Poulsen, 

Siersbæk and Mandrup 2012; Pol, Lieu and Drosatos 2015). It has been previously noted 

that cardiac PPARα levels are markedly reduced in the presence of certain conditions, like 

myocardial infarctions, heart failure and reactive oxygen species, among others (Karbowska, 

Kochan and Smolenski 2003; Masamura et al. 2003). As for its activity, PPARα has been 

shown to be modulated by phosphorylation of specific serine residues, primarily via kinases 

such as protein kinase A (PKA), protein kinase C (PKC) and AMP-activated protein kinase 

(AMPK) (Burns and Heuvel 2007). 
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Studies have also shown how PPARs regulate gene expression in cardiomyocytes and how 

changes in these genes can cause either a reduction in fatty-acid oxidation with an 

accompanying glucose oxidation increase, which can cause cardiac dysfunctions 

(Haemmerle et al. 2011; Leone, Weinheimer and Kelly 1999) or an increase in oxidation 

rate and associated ventricular hypertrophy and systolic dysfunction (Finck et al. 2002). It 

is therefore possible to conclude that PPARs play a major role in regulating key genes in 

cardiac function, such as cardiac fatty acid oxidation and glucose inhibition. 

 

 

 

Figure 1.6.1.1 – Intracellular PPAR pathways. Metabolic regulation by PPARs in different tissues, with the 
proteins of interest and their respective pathways highlighted (Kersten 2014). PDK4 – Pyruvate dehydrogenase 
kinase 4. The remaining pathways represented in the image were not investigated for this project. 
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As mentioned before, PPARs have been investigated in the path due to their importance in 

the heart. With PPARα specifically, it has been established while using both PPARα-

knockout mice and transgenic mice models of cardiac specific PPARα (tg-PPARα), that 

there is an observable decrease in fatty acid metabolism and an increase in oxidative stress 

(Guellich et al. 2013; Young, Guthrie, Razeghi, Leighton, Abbasi, Patil, Youker and 

Taegtmeyer 2002), as well as an associated cardiac hypertrophy and lipotoxicity (Oka et al. 

2015; Young, M. et al. 2001) and, while there is some controversy regarding the exact 

interaction between PPARs and to the contractility of the heart, it is clearly established that 

PPARs can positively or negatively impact the cardiac function due to their effect on ATP 

production (Campbell et al. 2002; Loichot et al. 2006; Luptak, Balschi et al. 2005). It is also 

important to note that these effects have been shown to be exacerbated during aging, 

especially in adult and senescent animal models (Iemitsu et al. 2002; Sung, B. et al. 2004). 

Based on these papers, it is established that PPARs play a major role in cardiac metabolism 

and are therefore crucial to explore how different types of stressors can affect their 

expression or the expression of agents directly involved with PPAR in the heart, not only in 

physiological models like age or obesity, but also in how these models react to the 

administration of inotropic medication, since these compounds can cause major changes in 

the heart. 

 

 

 

 

 



Page 69 of 359 

 Pyruvate Dehydrogenase (PDH) 

 

Many factors are involved in mammalian myocardial metabolism ranging from hormone 

levels to the inotropic state of the heart, all of which have a central role to play (Sun et al. 

2015). The pyruvate dehydrogenase complex (PDC) is a multienzyme complex located in 

the mitochondria that plays a key role in the regulation of the energy homeostasis in the 

heart due to its direct effect on the citric acid cycle, as it is responsible for catalysing and 

converting pyruvate into Acetyl-CoA, which is then used to deliver the acetyl group for 

further oxidation to produce ATP, as depicted in figure 1.6.2.1. 

The PDC has two forms: its active, when it is dephosphorylated and its inactive form, when 

it is phosphorylated (Linn, Pettit and Reed 1969). Dephosphorylation occurs either via PDP 

(pyruvate dehydrogenase phosphatase), which is stimulated by calcium ions (Huang et al. 

1998) or via PDP2 (pyruvate dehydrogenase phosphatase catalytic subunit 2), which 

indirectly regulates the activation of the PDH kinase family, consisting of PDK 1-4 (Sugden 

and Holness 2003). Under physiological conditions, the heart utilizes fatty acid oxidation as 

the primary source of energy (60-90%), with glucose and lactate oxidation making up the 

remaining 10-40% (Sharma et al. 2005). 

Figure 1.6.2.1 – Pyruvate regulatory processes. Mechanisms involved in PDC regulation and its relationship 
with different mitochondrial processes (Sun et al. 2015). Not depicted are the various enzymes that make up 
the PDC, such as the PDH E1 alpha subunit enzyme. PDHc – Pyruvate dehydrogenase complex, PDP – Pyruvate 
dehydrogenase phosphatase, DCA – Dichloroacetate. 

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



Page 70 of 359 

Furthermore, it has been demonstrated that a high-fat diet can induce increases in mRNA 

PDK expression, as well as a reduction in the active fraction of PDH (Crewe, Kinter and 

Szweda 2013; Holness et al. 2000; Rinnankoski-Tuikka et al. 2012; Wilson, C. et al. 2007). 

Mitochondrial decay occurs with age and to maintain a normal function, the heart is required 

to sustain a constant supply of different high-energy phosphates, which depends on the 

conversion of FA to energy (Katz 1988; Nakai et al. 1997). Interestingly, recent studies have 

shown that aged hearts catalyse pyruvate decarboxylation with greater efficiency when 

compared to younger hearts (Lloyd, Brocks and Chatham 2003; Moreau et al. 2004). This 

seems to be a compensatory mechanism to maintain NADH levels and indicates that there 

is a definite shift from FA oxidation to a more glucose-heavy energy production mechanism 

(see figure 1.6.2.2). 

 

 

Figure 1.6.2.2 – ATP production diagram. NAPDH has been shown to be linked to age-related changes to cardiac 
bioenergetics, via changes to the citric acid cycle (Moreau et al. 2004). PC – Pyruvate carboxylase, PDC – Pyruvate 
dehydrogenase complex, PCr – Pyruvate carrier, ACC – Acetyl-CoA carboxylase, CAT – Carnitine acyl translocase, CATf 
– Carnitine acyl transferase, CS – Citrate synthase, CPT1 – Carnitine palmitoyl transferase 1, CPT2 – Carnitine palmitoyl 
transferase 2, IMM – Inner mitochondrial membrane, KGDC – Ketoglutarate dehydrogenase complex, OMM – Outer 
mitochondrial membrane. 
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 Uncoupling Protein 3 (UCP3) 

 

Uncoupling proteins (UCPs) are mitochondrial proteins involved in the regulation of proton 

channels and/or transporters (Nedergaard, Ricquier and Kozak 2005). Their function is to 

dissipate the proton gradient over the inner mitochondrial membrane to generate heart; in 

other words, they separate the oxidative phosphorylation from ATP synthesis with the 

energy being dissipated as heat (figure 1.6.3.1) – also known as mitochondrial proton leak 

(Nedergaard and Cannon 2003; Nedergaard, Ricquier and Kozak 2005). Both UCP2 and 

UCP3 have been identified as incredibly important agents in different aging and diabetes 

studies, with a recent focus on obesity as well (Boudina et al. 2012; Brand and Esteves 2005; 

Goshovska et al. 2010; Pohl et al. 2019). 

 

 

 

 

 

 

 

 

 

Figure 1.6.3.1 – Intracellular role of UCPs. Uncoupling proteins and their importance as both proton and fatty acid 
anion transporters to the outside of the mitochondrial matrix. Once moved to the outside of the mitochondrial matrix, 
the fatty acid anion associates with a proton and returns to the mitochondrial matrix to release it, causing a proton 
leak and driving ATP generation (Lopaschuk et al. 2010). VLDL – Very low-density lipoprotein, LPL – Lipoprotein lipase, 
FACS – Long-chain fatty acyl-CoA synthetase, MCD – Malonyl-CoA decarboxylase, TAG – Triglycerides, ACC – Acetyl-
CoA carboxylase, UCP – Uncoupling protein, CT – Carboxyltransferase, FATP – Long-chain fatty acid transport protein, 
CD36 – Platelet glycoprotein 4. 
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As aforementioned, aging has been associated with whole body reductions in metabolic rate 

and energy expenditure (Choksi and Papaconstantinou 2008; Goshovska et al. 2010; 

Poehlman et al. 1990). This same study found that UCP3 mRNA expression increased with 

aging, albeit to a lesser degree when compared to UCP2, in ischaemic hearts. They found 

that this increase in mRNA expression actually had a protective effect on the heart, by 

inhibiting the production of free radicals and reducing the oxidative stress in the heart; this 

was also accompanied by a smaller decrease in contractile function of the aged hearts, but 

whether this was an effect of UCP3 or not is still under discussion and has not been clearly 

established (Brand and Esteves 2005; Goshovska et al. 2010; Kühlbrandt 2015). 

UCP3 also has a very important role in fatty acid oxidation and has been shown to be directly 

linked to fatty acid metabolism mechanisms (see figure 1.6.3.2). In fact, studies have shown 

that there is a direct mediation in both obese and diabetic heart models by UCPs, independent 

of expression levels (Boudina et al. 2007; Hilse et al. 2018; Holloway et al. 2009). An 

important note here is that both UCP2 and UCP3 have been labelled as having an important 

role in regulating mitochondrial properties in the presence of FAs, due to their similarities 

(not to be confused with both having the same role) in expression and function (Barazzoni 

and Nair 2001; Bellanti et al. 2013; Boudina et al. 2012; Holloway et al. 2009); therefore, 

many of the published literature makes mention of them together when discussion their 

function in different tissues. 
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To support these studies, a recently published study was conducted on the exact mechanisms 

behind how UCP3 regulates cardiac efficiency and whether it is different when comparing 

between normal animal models and high-fat diet induced obesity models with a knockout 

UCP3 gene (Boudina et al. 2012). The group found that UCP3 expression was increased in 

the presence of FA, as well as in the hearts of ob/ob mice, and that deletion of the UCP3 

gene caused a reduction in FA oxidation, which correlates with previous research that 

showed how fatty acid oxidation is regulated in the heart (Wilson, C. et al. 2007; Wright et 

al. 2009). It is therefore clear that UCP3 has a direct effect on the heart, but the exact 

mechanisms behind it are not yet clear. 

 

 

Figure 1.6.3.2 – UCP list. Different uncoupling proteins and their associated function (Pohl et al. 2019). 
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While the above studies are very important in the understanding of UCP3 expression, there 

are some concerns amongst the scientific community regarding the mRNA expression of 

UCP3 vs its protein expression. Previous studies have found some discrepancies between 

the two techniques (Pecqueur et al. 2001; Rupprecht et al. 2012; Rupprecht et al. 2019), 

which stem from the fact that both UCP2 and UCP3 have an upstream open reading frame, 

or uORF (Hurtaud et al. 2006). UORFs are mRNA elements that can, in certain conditions, 

cause a reduction in protein expression by up to 80% (Calvo, Pagliarini and Mootha 2009). 

Due to this, the investigation of these protein levels is still in its infancy and there is a lot of 

work still left to understand their exact functions. In this study, the aim was to use the protein 

form of UCP3, but the previously mentioned concerns will be taken into consideration when 

carrying out the project and when analysing the data. 
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 Inotropic drugs and their modes of action 

 

The drugs used in this project will be discussed in detail in the following sections 

(Isoprenaline, Dobutamine, Atenolol and Itraconazole). These drugs were chosen based on 

their known clinical usage and inotropic effects. The plasma half-life of each drug will also 

be mentioned, as an explanation for the slower effects observed throughout the investigation; 

this plasma half-life is a parameter used to determine the time it takes for a substance to lose 

half of its pharmacological activity (Roberts, F. and Freshwater-Turner 2007). 

 

 Isoprenaline 

 

Catecholamines are amines that are derived from tyrosine and function as 

neurotransmissions in the central nervous system and as hormones in the endocrine system 

(Nagatsu 2006). Isoprenaline, sometimes known as Isoproterenol, is a commonly used β1- 

and β2-adrenoreceptor agonist (β1AR and β2AR, respectively) in the treatment of 

bradycardia (slow heart rate) and heart block. Its mode of action is predominantly involved 

with the activation of beta-1 and beta-2 adrenergic receptors, which are G-protein coupled 

receptors predominantly expressed in cardiac tissue and involved in observable increases in 

contractility and cardiac automaticity or action potential generation (Hoffman 2001; 

Hoffmann et al. 2004). These receptors are tissue mediators and regulate the cardiac rate and 

force of contraction of the heart. The adrenoreceptors are stimulated by the intracellular 

adenyl cyclase, known as the enzyme responsible for the conversion of ATP into cyclic 

AMP, which leads to an increased systolic blood pressure and consequent increased heart 

activity (Averin et al. 2010). Please refer to section 1.3 for an in-depth review on myocardial 

contractility. 
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Isoprenaline induced tachycardia is a common side effect of the drug usage; it has also been 

shown to cause severe damage in septic patients by myocardial weight induced changes that 

can lead to hypertrophy (Brooks and Conrad 2009). It is a commonly used drug in infarct-

like lesions, mainly in areas prone to ischaemia. A paper published in 2013 investigated the 

effects of tyrosine kinase inhibitors using Isoprenaline as a positive inotropic control for 

cardiac damage (Henderson et al. 2013) and the result detailed that the levels of cardiac 

toxicity obtained were not the expected one from the preclinical trials and it was 

hypothesized that the results acquired were due to the usage of higher, non-standardized 

concentrations of the drugs. The authors conclude the paper mentioning the need for more 

tests with the drugs used (isoprenaline and sunitinib amongst others) and mention the use of 

some of the techniques utilized for this project and described in sections 2.3 and 2.4. Another 

study also conducted in 2013 investigated the link between isoprenaline and the metabolic 

disturbances in myocardial infarction in rat cardiac tissue (Liu et al. 2013). The study 

showed that the cardiac pump was unable to meet the energy requirements while under 

isoprenaline induced myocardial infarction and this was found to be linked to changes in the 

fatty acid β-oxidation pathway and glycolysis (see figure 1.7.1.1), as these pathways have 

been shown in the past to be adaptive in order to satisfy the energy requirements of the 

organism (Lu, Y. et al. 2011). There are conflicting studies regarding beta-adrenoreceptors 

(βAR) and their link to dysfunction in obesity, with some showing no cardiac dysfunction-

related changes to the βAR system (Ferron et al. 2015; Vileigas et al. 2016) and others 

reporting a reduction in cardiac contractile function due, in part, to a βAR decreased 

responsiveness to stimulation in obesity (Carillion et al. 2015; Carroll et al. 1997; Jiang, C. 

et al. 2015). 
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Studies have also found that there is a catecholamine related preference for the α-receptors 

in senescent rat hearts (Ferrara et al. 2014; Jiang, M., Moffat and Narayanan 1993). This 

was tested using phenylephrine and the results obtained showed a shift in mediation from 

both receptors to the α-receptor, in 7-month-old rats. There is also a phenomenon that is very  

well documented and is known as a “β-adrenoreceptor desensitization” and it is commonly 

observed during physical stress (Abrass, Davis and Scarpace 1982; Ferrara et al. 2014; 

Hashimoto, Nakashima and Sugino 1983). 

 

 

Figure 1.7.1.1 – Isoprenaline mode of action. Effects of Isoprenaline on the metabolic system of myocardial infarction 
in rats (Liu et al. 2013). ISO – Isoprenaline. 
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 Dobutamine 

 

Dobutamine is an example of a synthetic amine, as it was a result of structural modifications 

to Isoprenaline in an attempt to reduce its chronotropic and vascular side effects (Driscoll et 

al. 1979; Tuttle 1958). Its mode of action is predominantly involved in the binding to beta-

1 adrenergic receptors (see figure 1.7.2.1), which are G-protein coupled receptors 

predominantly expressed in cardiac tissue and involved in observable increases in 

contractility and cardiac automaticity or action potential generation (Hoffman 2001; Ruffolo 

1987) - please refer to section 1.3 for an in-depth review on myocardial contractility. Due to 

these properties, Dobutamine is one of the most commonly used positive inotropic agents in 

the treatment of congestive heart failure and cardiogenic shock worldwide (Gheorghiade, 

Filippatos and Felker 2012). Its exact effect works by augmenting the stroke volume and 

heart rate, reducing the afterload and generally increasing cardiac output (Ruffolo 1987). 

 

Figure 1.7.2.1 - Dobutamine mode of action and signalling pathways. Dobutamine binds to the β-receptors 
and triggers the production of adenylyl cyclase, which leads to an increase in Ca2+ production and an overall 
increase in contractility (Teerlink 2009). KACH – Potassium channel, PDEIII – Phosphodiesterase 3, AD/MUSC 
– Muscarinic receptor, Gq α/β/γ – G alpha/beta/gamma protein complex. 
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At high doses, it causes arterial and venous constriction due to the activation of the α1 

receptor and it has been frequently associated with cases of severe tachycardia, mild 

arrhythmias and hypertension symptoms (Vallet, Dupuis and Chopin 1991; Wang, Zhu and 

Shan 2015). Apart from heart failure, it is also commonly used to treat cardiogenic shock. 

Dobutamine has been documented to have a high mortality rate when used at elevated 

concentrations, independent of intermittent or continuous treatments (Amin and Maleki 

2012; Krell et al. 1986). Dobutamine has also been linked to eosinophilic myocarditis, which 

is a rare and fatal disease that causes necrosis and endomyocardial fibrosis (Al Ali et al. 

2006; Sohn et al. 2015), peripheral eosinophilia and in-hospital deaths caused by heart 

failure exacerbation. In high doses, it has been shown to cause an increased onset of negative 

effect on patients with myocardial ischaemia. However, due to its very short half-life, it can 

be advantageous over other inotropes (Wang, XC, Zhu and Shan 2015). Due to the dosage-

related complications associated with the drug, conducting a dose response study is very 

important and vital to the understanding of the drug mechanism in order to avoid the 

aforementioned negative effects and improve patient care (Follath et al. 2002; Sindone et al. 

1997). Similar to isoprenaline, dobutamine has been linked to ineffective energy production 

in HFD model via changes to the fatty acid β-oxidation pathway and glycolysis (Haggerty 

et al. 2015; Liu, X. et al. 2016). As mentioned before (see section 1.4.2.1), there is conflicting 

data regarding beta-adrenoreceptors (βAR) and their link to dysfunction in obesity, with 

studies reporting inconsistencies between them (Carillion et al. 2015; Carroll et al. 1997; 

Ferron et al. 2015; Jiang, C. et al. 2015; Vileigas et al. 2016). It therefore possible that a link 

exists between Dobutamine and obesity-connected dysfunction, but this is still up for debate 

and no conclusion is, as of right now, fully accepted. 
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As mentioned in section 1.7.1, catecholamine related preference for the α-receptors in 

senescent rat hearts has been heavily reported in the past (Ferrara et al. 2014; Jiang, M., 

Moffat and Narayanan 1993), alongside a phenomenon known as “β-adrenoreceptor 

desensitization”, both previously documented (Abrass, Davis and Scarpace 1982; Ferrara et 

al. 2014; Hashimoto, Nakashima and Sugino 1983). Most of these studies are fairly old due 

to the extensive work that has been done with the aid of the aforementioned compounds. In 

addition to this, a more recent study found that the positive inotropic effect of β-receptor 

agonist is altered and reduced due to dysfunctions in the β1 and β3-adrenoreceptors and in 

ATP production within the cells, as seen in figure 1.7.2.2 (Carillion et al. 2015). This 

hypothesis is fairly new and there is, therefore, a lot of work still necessary in order to prove 

or disprove it. 

Figure 1.7.2.2 – β-AR effects on different heart models. 
Three models are shown: (A) physiological conditions in a 
normal heart, (B) during a heart failure event and (C) while 
under the effects of aging (Lucia, Eguchi and Koch 2018). 
Both aging and heart failure have similar effects on the 
heart, manifested in the form of increased catecholamine 
circulation and downregulation of β-Ars, leading to an 
overall reduction in contractility. Cas – Catecholamines, AC 
– Adenylyl cyclase, GRK2 – G Protein-coupled receptor 
kinase 2. 
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 Atenolol 

 

Beta blockers are a heterogeneous class of drugs mainly used in the treatment of 

hypertension and cardiac arrhythmias (Bristow et al. 1986; Koshman et al. 2018). Their use 

as cardioprotective agents against repeated myocardial infarctions has also been suggested 

in previous studies (Freemantle et al. 1999). This class of drugs act as competitive 

antagonists by blocking receptor sites of the sympathetic nervous system either selectively, 

for each individual receptor (β1, β2 and β3) or globally, for all three (DiNicolantonio et al. 

2015; Triposkiadis et al. 2009). 

Each receptor is located in different areas of the body and control different pathways and 

mechanisms: β1 receptors are located in the heart and kidneys, β2 receptors encompass a 

wider group that includes the lungs, skeletal and vascular smooth muscles, liver and a few 

other organs and β3 receptors are mainly located in a wide variety of fat cells (Cohen et al. 

1999; Engelhardt et al. 1999; Mysliveček et al. 2003). The inhibition of the β-adrenergic 

receptors causes a decrease in the work output of the heart, and essentially decreases the 

heart rate of the heart and, although they have a similar structure to catecholamines, their 

effect is the exact opposite (Bristow et al. 1986). They also combat the fatty acid 

catecholamine-induced release on the adipose tissue, which leads to a decrease in the 

myocardial oxidative stress (Gorré and Vandekerckhove 2010). To this effect, Atenolol is a 

cardio-selective β1 receptor antagonist with both negative inotropic and chronotropic 

properties and one of the most commonly used beta-blockers worldwide in the treatment of 

hypertension (Carlberg, Samuelsson and Lindholm 2004). However, recent studies have 

shown that equally effective drugs are being recommended as alternatives to atenolol, such 

as calcium channel blockers and drugs designed to inhibit the renin-angiotensin system 

(Chen, N. et al. 2010; Xue et al. 2015). 
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Atenolol is also used as an effective treatment for angina, acute myocardial infarction 

ventricular tachycardia, supraventricular tachycardia and long QT syndrome (Morita, Wu 

and Zipes 2008). Atenolol has also been shown in recent studies, to increase the risk of 

mortality in the elder population, especially in patients suffering from high pulse arterial 

pressure. (Testa et al. 2014). In another study using 18-month mice models, it was found 

that Atenolol not only reduced the membrane fatty acid unsaturation of the heart, but also 

decreased the various markers of oxidative stress within the animals (Gómez et al. 2014; 

Sanchez-Roman et al. 2010; Sanchez-Roman et al. 2014). The Gómez study also recorded 

changes in the heart rate, systolic pressure and diastolic pressure in the hearts treated with 

atenolol, when compared to the control groups; added to this, the atenolol treated groups 

also showed a lower metabolic rate when compared to the young models, albeit non-

significant; in addition, phosphorylated ERK activity was significantly increased in the heart 

muscles of atenolol treated hearts (Gómez et al. 2014). This is of particular importance 

because ERK activity has been directly linked, in both cancer and regular physiological 

processes, to the activation of pyruvate dehydrogenase kinases, which supress pyruvate 

consumption and induce lactate production; in other words, ERK causes an impairment in 

the TCA cycle and the overall mitochondrial energy production via disruptions in pyruvate 

production (Chung et al. 2010; Hom et al. 2011). 

Previous studies have looked at the effect of Atenolol and its mechanism on diet-induced 

obesity (see figure 1.7.3.1) and found that there is a blunting in the bradycardic response of 

atenolol and variability in heart rate measures, alongside a reduced sympathetic sensitivity 

(Williams et al. 2003; Xu et al. 2015). An older study used isolated papillary and atrial 

muscles taken from diabetic rats and showed that, while there a beta-adrenoreceptor 

blocking effect, this was seen for both the control and the diabetic models and no 

significance was recorded (Nagamine et al. 1989). 
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Whilst the exact remodelling between diabetes and high-fat diet induced obesity differs, 

enough parameters are similar and can still provide us with some useful information on how 

drugs cause metabolic changes. 

Atenolol has also shown to cause changes in different metabolic effects, in overweight 

hypertensive patients, such as hyperinsulinaemia and hyperglycaemia (Konrady et al. 2006). 

This study was conducted with a limited number of patients, but what the researchers suggest 

is that atenolol might cause an exacerbation of the negative aspects of obesity on the 

metabolic system, although the exact mechanism behind this is not yet understood. Another 

study was conducted on obese patients treated with atenolol (Wofford et al. 2001); in this 

study, patients were given atenolol for a month, before tests were performed on their 

systolic, diastolic and mean arterial pressures. It was noted that, on the obese patients treated 

with atenolol, there was a significant decrease in all of the mentioned parameters. This result 

suggests that blood pressure in obesity is susceptible to changes under the effect of beta-

blockers. 

Figure 1.7.3.1 – Atenolol mode of action. Proposed atenolol mode of action and its potential effect on circulating 
free fatty acids (Wikoff et al. 2013). PLD – Phospholipase D, TAG – Triglyceride, DAG – Diglyceride, LysoPC – 
Lysophosphatidylcholine. 
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 Itraconazole 

 

Itraconazole (commonly known as Sporanox) is one of the most commonly used synthetic 

triazole antifungal agent and it acts by inhibiting the effects of key members of the CYP 450 

enzyme superfamily. It has been outlined by the WHO as one of its essential medications 

(WHO 2019) . but recent studies have found a worrying trend regarding its effects on 

cardiovascular function. Amongst the severe adverse effects of the drug, the most commonly 

observed is heart failure and a severe drop in left ventricular pressure (Fung, Chau and Yew 

2008). Before elaborating on the drug effects in the context of cardiac function, it is first 

important to provide some background on the function of triazole antifungals, due to the 

limited information available for Itraconazole, specifically. 

Triazole antifungals are drugs used in the treatment of fungal diseases in patients undergoing 

stem cell transplants and intensive chemotherapy treatments (Ceesay et al. 2016; Maertens 

et al. 2011) that work by inhibiting both the angiogenesis cascade and the cytochrome P450 

enzyme superfamily (Borgers and Ven 1989; Ghannoum and Rice 1999; Meletiadis et al. 

2012). Angiogenesis is a vital and complex process that is particularly important in 

cardiovascular disease; it is the process by which new blood vessels are formed, via a variety 

of synergetic vascular endothelial growth factor (VEGF) effects (Durand, Ait-Aissa and 

Gutterman 2017; Liao, Y. et al. 2014; Zachary and Morgan 2011). Angiogenesis has been 

linked to increases in the development of atherosclerotic plaques in newly formed vessels, 

but the information and tests currently available are not very conclusive; however, inhibition 

of angiogenesis has been considered as a potential path to target atherosclerosis and other 

ischaemic heart conditions (Gogiraju, Bochenek and Schäfer 2019; Henry et al. 2003; 

Khurana et al. 2005). Figure 1.7.4.1 shows the link between angiogenesis and CVDs.  
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The cytochrome P450 enzyme superfamily (CYPs) is a group of enzymes with a very 

important role in the metabolism of lipophilic compounds within the organism, as well as 

endogenous compounds such as vitamins and arachidonic fatty acids (Bieche et al. 2007). 

CYPs are localized in the endoplasmic reticulum and, whilst mainly expressed in the liver, 

can also be measured in heart tissue (Pavek and Dvorak 2008; Stegeman et al. 1982; Wu et 

al. 1997). Each CYP subfamily has specific functions in heart physiology and have been 

previously linked to both cardioprotective (Katragadda et al. 2009; Lu, T. et al. 2001) and 

cardiotoxic effects (Chehal and Granville 2006; Fleming et al. 2001) in the heart, such as 

ROS dysfunctions and mitochondrial changes (see figure 1.7.4.2). 

 

 

 

Figure 1.7.4.1 – Angiogenesis and CVD. Effect of angiogenesis and its links to cardiovascular diseases (Moraga, Lao 
and Zeng 2017). HDAC – Histone deacetylase, TSA – Trichostatin A, SIRT1 – Sirtuin 1. 

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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Other studies have been done on HFD and diabetic models and have shown that, in hearts 

overexpressing CYPs, the cardiac contractility of the heart is maintained and the cardiac 

glucose uptake is improved, alongside an increase in pyruvate dehydrogenase complex 

expression, which has been linked to important mitochondrial metabolic regulations in 

diabetes and obesity (Dewey et al. 2013; Ma et al. 2013; Roche et al. 2015). 

Age also plays an effect in CYP expression and a recent study has shown that younger mice 

overexpress CYPs and that this effect is lost with age, due partially to oxidative stress 

(Chaudhary et al. 2013). Another study showed that the decline in cardiac function that is 

observed with age is linked to a reduction in CYPs, when compared to younger models 

(Jamieson et al. 2017). These studies, while limited, suggest that age has a significant effect 

in heart function and that, to an extent, this is linked to changes to CYP expression. 

 

Figure 1.7.4.2 – Intracellular effects of CYPs. Overview of the positive and negative effects of CYPs on the heart and 
how they can cause beneficial or harmful changes (Chaudhary, Batchu and Seubert 2009). EET – Epoxyeicosatrienoic 
acid, HETE – Hydroxyeicosatetraenoic acid. 
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Whilst this was not explored for this project, it is a hypothesis proposed to explain the 

potential changes that we expect to record on the hearts treated with Itraconazole, due to its 

effect on the CYP2C enzyme protein complex (see hypotheses and aims in chapter 2, as well 

as the future studies in chapter 9). 

Regarding the effects of the drug on cardiovascular function, studies have shown that 

patients were more likely to develop congestive heart failure when under treatments with 

Itraconazole, even when different protocols were used to measure the negative inotropic 

effect of the drug (Guth et al. 2015; Okuyan and Altin 2013; Tucker et al. 1990). Other 

studies have shown that, on animal models, Itraconazole heavily decreases the contractility 

of the heart and has a direct negative inotropic effect on cardiomyocytes, with no 

involvement of the mitochondria or calcium channels (Cleary et al. 2013; Qu et al. 2013). 

The exact mechanism behind the effect of antifungal drugs and the negative inotropy 

documented up to this point is not yet understood, even though some mechanisms have been 

proposed (Ahmad, Singer and Leissa 2001). Itraconazole has also been shown to be 

cytotoxic to cells, with studies showing that this negative effect is directly linked to both 

ATP level reduction in hepatocytes and to cytochrome P450 inhibition (Somchit et al. 2009). 

In the mentioned study, the researchers used ATP assay kits to determine ATP levels and 

found that, in cells incubated with Itraconazole, the ATP levels dropped significantly. The 

drug has shown to induce congestive heart failure in aged patients, between the ages of 58 

and 60 years (Cleary and Stover 2015; Jia et al. 2010; Okuyan and Altin 2013). 
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As mentioned above, there is very limited research on azole antifungals and their effect on 

the cardiac function of obese patients and most of this data comes from patient data. Studies 

have been conducted but used a similar azole known as Fluconazole and it was found that 

the drug was less effective in obese and morbidly obese patients, when compared to 

nonobese patients (Alobaid et al. 2016; Lopez and Phillips 2014; Sinnollareddy et al. 2015), 

but the exact reason for this and any associated pathways affected were not investigated. 

While the target of these studies was not to look at the cardiovascular function of the heart, 

it is likely that there are similar effects in place that cause severe changes in the hearts of 

obese models, as cytochrome P450 seems to be directly linked to obese cardiac dysfunction. 
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Chapter Two: Aims and hypotheses 
 

The primary aims for this thesis were focused on investigating the following: 

(1) To investigate the effects of age, high-fat diet induced obesity (HFD) and the 

synergistic effect of both on cardiac contractility using the Langendorff Isolated 

heart and the work-loop muscle assay (Chapters 4 and 5). 

(2) To investigate the effects of Dobutamine, Isoprenaline, Atenolol and Itraconazole 

on the contractile function of ageing and HFD cardiac models (Chapters 6 and 7). 

(3) To understand the inotropic effects of Dobutamine, Atenolol and Itraconazole on 

the aforementioned models, with regards to shifts in cardiac energy metabolism 

pathways looking at pyruvate dehydrogenase E1-α subunit (PDH) and uncoupling 

protein 3 (UCP3) (Chapters 6 and 7). 

Based on reviews of past literature, the hypotheses for this thesis were the following: 

(1) Increasing age will cause a decrease in haemodynamic and metabolic function of 

the heart, especially on the left ventricular pressure and heart rate and in the 

phosphorylation levels of PDH and UCP3. Muscle power output will be decreased 

on the work-loop muscle assay, due to the effect of ageing on muscle fatigue. 

(2) HFD will cause a decrease in haemodynamic and metabolic cardiac function, and 

this effect will be exacerbated on the 18-month aged models. The combined effect 

of age and obesity, when compared to their lean counterparts, will also cause 

significant impairment in muscular power output and a decrease in the 

phosphorylation levels of PDH, due to its vital function in glucose metabolism, and 

an increase in UCP3, due to its function as an obesity marker. 
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(3) Due to β-receptor desensitization in ageing, Dobutamine and Atenolol 

measurements will show significant impaired effects on the haemodynamic function 

of the heart. Itraconazole will cause a significant decrease in the haemodynamic 

function of the heart, in an age-dependant fashion, due to changes in CYP expression. 

(4) PDH and UCP3 Phosphorylation levels will be reduced in the presence of 

Dobutamine but will not change significantly in the presence of Atenolol and 

Itraconazole. 

(5) HFD will cause a blunted effect of Dobutamine and will exacerbate the negative 

inotropic effects of Atenolol and Itraconazole, across all age groups. 

(6) PDH phosphorylation levels will be significantly decreased in the combined 

presence of HFD and age for Dobutamine, Atenolol and Itraconazole. Due to the 

presence of HFD, UCP3 levels will not show significant differences between the 

three drugs. 
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Chapter Three: Materials and Methods 

 Model Characterisation 

 

Following ethics approval from the host institute, one hundred and thirty-two 3-month 

Sprague-Dawley male rats with an average body mass of 350g ± 3.2 (standard error of the 

mean, or SEM) were purchased from Charles River UK Limited (Margate, UK) and received 

human care in accordance with the guidelines on the British Home Office Animals 

(Scientific Procedures) Act 1986 (Hollands 1986). Animals were aged in cages of 3 to 5 

individuals, in 12h light and dark cycles, at around 50% relative humidity. 

 

 Aged models 

 

For this project, 3, 6 and 18-month models were used due to these ages being representative 

of a young, middle-aged and adult rat. For the purposes of this study, 3-month rats have been 

equated, in age, to a human child between 10-18 years, 6-month rats have been equated to a 

young adult between 20-30 years and 18-month rats have been equated to an older adult 

between 54-69 years (Andreollo et al. 2012; Capitanio et al. 2016; Jackson et al. 2017; 

Sengupta 2013). Previous results have varied from research group to research group and 

since there is no exact formula to calculate the age comparison between rats and humans, it 

was decided that the entirety of the previous published literature would be utilised to define 

the age groups for this thesis. 
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Figure 3.1.1.1 represents a plotted Kaplan-Meier curve showcasing the animal deaths 

throughout the project, although the numbers do not account for heart issues and losses post 

animal sacrifice. 30% of the animals were used for the 6-month project (40 animals) and the 

remaining 70% were aged up to 18-months (92 animals). Out of this, 22% (20 animals) died 

between month 6 and month 18; The exact causes of death were not determined, but it is 

possible that the effects of ageing and obesity might have played a role in this. 

In addition, measurements for the heart weight of each animal were taken post-experimental 

procedures to confirm morphometric changes to the organ; figure 3.1.1.2 highlights the 

differences in weight across the three models, showcasing the hypertrophy commonly 

associated with older hearts. Body measurements were also taken, to confirm physical 

changes across all ages, as seen in table 3.1.2.1. 
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Figure 3.1.1.1 – Kaplan-Meier survival curve for aging rats over time. The graph illustrates the number of animals 
that survived by the end of the studies; the causes of death are not known but it is believed that the high-fat diet in 
combination with age caused an exacerbation of pathways which ultimately resulted in death. * - 6-month data 
collection start, # - 18-month data collection start, $ - Drop in animal numbers due to usage of animals for the 6-month 
data collection. 
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 High-fat diet-induced obesity models (HFD) 

 

For this project, “obesity” was defined as a significant increase in body mass, fat pad mass 

and body circumference as a result of a high-fat diet, when compared to a control lean group; 

the term used to refer to these physiological changes on the models will be “HFD”, to 

provide consistency to the discussion. Statistics published by the Health Survey for England 

have shown a worrying increase in the numbers of overweight and obese populations within 

the UK (HSE 2019). For the current study, 6 and 18-month lean and HFD models were used, 

similar to what was mentioned in section 3.1.1, with their human age equivalents being 20-

30 years and 53-69 years, respectively. Obesity or overweight numbers for these populations 

are between the 15-34% for the former and 33-43% for the latter, making them among the 

most afflicted by this pandemic and the present research is therefore of paramount 

importance to looks at how cardiac function changes within these specific populations. 
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Figure 3.1.1.2 – Graph showcasing heart weight variations across all aged models. Significant changes were observed 
between the younger 3-month models and the aged 6 and 18-month models (****and #### = p < 0.0001; * = 6-month 
model; # = 18-month model). 
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The diets used for this project (both the standard diet and the high-fat diet) were similar to 

the ones seen in a study recently published by Messa et al (Messa et al. 2020), and their 

caloric compositions were as follows: 

• STANDARD CHOW: protein 17.5%, fat 7.4%, carbohydrate, 75.1%; gross energy 

3.52 kcal.g-1; metabolizable energy 2.57 kcal.g-1 (CRM(P) SDS/Dietex International 

Ltd, Whitham, UK). 

 

• HIGH-FAT DIET: protein 18.0%, fat 63.7%, carbohydrate, 18.4%; gross energy 

5.2 kcal.g-1; metabolizable energy 3.8 kcal.g-1 (Advance protocol PicoLab, Fort 

Worth, USA). 

All the animal groups were given ad libitum access to their respective diet and water and 

feeding began 16 weeks prior to starting the experiments. For the 6 and 18-month lean and 

high-fat diet groups, the animals were divided into two groups each containing a randomized 

sample size of 60 and 80 Sprague-Dawley male rats, respectively, and a minimum of 4 n 

numbers were used per technique. 

For the 6-month group, 30 were given standard chow ad libitum (average body mass of 539g 

± 15.5 (SEM)) and the other 30 were given the high fat diet ad libitum (average body mass 

of 638g ± 7.2 (SEM)). For the 18-month group, 40 were given standard chow ad libitum 

(average body mass of 794g ± 8.4 (SEM)) and the other 40 were given the high fat diet ad 

libitum (average body mass of 929g ± 10.5 (SEM)). 

Body mass for the 6 and 18-month animals was measured bi-weekly (see figure 2.1.1 and 

table 2.1.1) and both the mesenteric and epididymal pads (left and right) were weighed (see 

table 2.1.1) after the sacrifice of the animals to provide a two-step verification in their body 

mass difference, as seen in previous studies (Woods et al. 2003). 
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Age group 
 

6M Lean 
Mean ± SEM 

6M HFD 
Mean ± SEM 

18M Lean 
Mean ± SEM 

18M HFD 
Mean ± SEM 

Body mass (g) 539 ± 15.5 638 ± 7.2 
**** 

794 ± 8.4 929 ± 10.5 
#### 

Body length (cm) 43 ± 0.5 44 ± 0.4 49.5 ± 0.4 48.5 ± 0.4 

Left epididymal fat pad mass 
(g) 

7.01 ± 0.6 8.65 ± 0.5 
*** 

6.93 ± 0.4 12.05 ± 0.6 
#### 

Right epididymal fat pad 
mass (g) 

 
6.64 ± 0.6 

 
8.72 ± 0.5 ** 

 
6.97 ± 0.3 

 
12.50 ± 0.6 

#### 

Mesenteric fat pad mass (g) 6.50 ± 0.6 10.63 ± 0.8 
**** 

8.70 ± 0.3 11.42 ± 0.4 
### 

Body circumference (cm)  
21.75 ± 0.2 

 
25.75 ± 0.2 

**** 

 
26.25 ± 0.2 

 
33.75 ± 0.3 

#### 

Figure 3.1.2.1 – Comparison of animal body mass in both the 6 and the 18-month aged models, measured bi-weekly 
for a total of 16 weeks. Significance was shown after the first month of feeding between the lean and the HFD models 
within each aged model (****and #### = p < 0.0001; * = 6-month model; # = 18-month model). 
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Table 3.1.2.1 - Table with the comparison of parameters between lean models and HFD 
models, in 6-month and 18-month aged animals. The mean values are a representation of the 
parameters at the start of the experimental protocols (** = p< 0.01, *** = p <0.001 and **** = 
p < 0.0001, compared to the 6-month lean group and ### = p < 0.001 and #### = p < 0.0001, 
compared to the 18-month lean group). 
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In addition to the parameters measured and similar to the aged models, the heart weight of 

each animal was also taken post-experimental procedures to confirm morphometric changes 

to the organ. Figure 3.1.2.2 highlights the heart weights across the used obese models. 

 

 

 

 

 

 

Both genetic and diet-induced murine models exist as established models of obesity, such 

as AKR mice (Kless et al. 2017), C57BL/6J mice (Fleury Curado et al. 2018), ob/ob rats 

(Minhas et al. 2005), Zucker rat models of obesity (Bussey et al. 2018), Wistar rat models 

of obesity (Marques et al. 2016) and Sprague-Dawley rat models of obesity (Marques et al. 

2016). All of these models have been used in the past to try and understand all the pathways 

involved in the obesity pathogenesis, due to their similarity to humans, particularly in the 

control of energy homeostasis (Barrett, Mercer and Morgan 2016). Murine models (and 

especially Sprague-Dawley rats) have also proven to be effective in detecting markers of 

obesity and cardiovascular diseases without being affected by other factors, making them 

excellent models for pre-clinical obesity-related projects (Marques et al. 2016; Rojas et al. 

2018). 
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Figure 3.1.2.2 – Graph showcasing heart weight variations across all obese and lean models. Significant changes were 
observed between the younger 3-month models and the aged 6 and 18-month models. 
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The animal models described above were divided according to each chapter and to each 

associated project, as seen in table 3.1.2.2: 

 

 

 Langendorff Isolated Heart Model 

 

It starts with the perfusion of the heart with perfusion buffer, via cannulation of the aorta, in 

a retrograde fashion, forcing the closing of the aortic valve as a result of a change in pressure. 

The buffer then passes through a vascular bed before being drawn to the coronary sinus in 

the right atria. This allows the preparation to be maintained without any fluid filling the 

ventricular chambers (Skrzypiec-Spring et al. 2007). For a full background review on the 

technique, please refer to section 1.3.2. 

 

 Drugs and chemicals utilised 

 

The drugs Itraconazole, Isoprenaline, Dobutamine and Atenolol were used throughout this 

project, all purchased from Abcam (UK), and diluted in Milli-Q® water to achieve the 

relevant concentrations used for the project (1nM, 3nM, 10nM, 100nM, 1µM, 10µM and 

30µM). Please refer to section 1.7 for a full review on each of these compounds. 

 

Chapter 4 – Physiology age study 3, 6 and 18-month animals 

Chapter 5 – Physiology HFD Study 6 and 18-month animals (HFD vs Lean) 

Chapter 6 – Inotropic age study 3, 6 and 18-month animals 

Chapter 7 – Inotropic HFD study 6 and 18-month animals (HFD vs Lean) 

Table 3.1.2.2 - Table with the layout of each chapter presented. A minimum of n=4 was 
produced per chapter, for each of the mentioned animal groups. 
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Krebs-Henseleit buffer (KHB) was also used and prepared daily, containing NaCl (118.5 

mM), NaHCO3 (25.0 mM), KCl (4.8 mM), MgSO4 (1.2 mM), CaCl2 (1.7 mM), KH2PO4 

(1.2 mM) and glucose (12 mM), with a pH of 7.4. The buffer was always gassed using 95% 

O2 and 5% CO2 and maintained at 37ºC. 

 

 Haemodynamics Data Collection 

 

Rats were sacrificed by means of cervical dislocation, in accordance with the British Home 

Office Animals (Scientific Procedures) Act 1986, Schedule 1 (Hollands 1986). 

The diaphragm was cut to expose the thoracic cavity and the thorax was subsequently 

opened to expose the heart. The excised hearts were immediately placed in ice cold KHB 

before being mounted securely onto the Langendorff apparatus (figure 3.2.2.1). The 

preparation was subsequently retrogradely perfused for 20 minutes with KH buffer 

(maintained at a constant temperature of 37oC ± 0.5 at a pH of 7.4) and gassed with 95% O2 

and 5% CO2. 

 

 

 

 

 

 

 

 

 

Figure 3.2.2.1 – Langendorff isolated heart. An image showing a heart mounted on the Langendorff 
apparatus, with a latex balloon inflated in the left ventricle, through the excised left atrium. 
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A latex balloon was inserted into the left ventricle through the excised left atrium and 

inflated at a constant pressure of 5-10 mmHg. Left Ventricular Developed Pressure (LVDP), 

heart rate (beats per minute – BPM), Maximum ventricular pressure increase (+dP/dTmax) 

and Maximum ventricular pressure decrease (-dP/dTmax) were recorded using a 

physiological pressure transducer connected to the latex balloon and to a PowerLab 

(ADInstruments, UK) linked to a PC with LabChart® software v7 (figures 3.2.2.2 and 

3.2.2.3). The coronary flow, or CF, (ml.min-1) was also recorded by collecting the coronary 

perfusate at regular time intervals (once every 5-minutes). 

The rate pressure product of the heart, or RPP (mmHg/min) was calculated by multiplying 

the LVDP by the HR (LVDP*HR), at the end of the experimental protocol, as seen in 

previous papers (Dodd et al. 2018; Zuurbier and Van Beek 1997). The duration of the 

experimental protocol was 160 minutes for all hearts throughout the project. At the end of 

the protocol, the left ventricle was excised from each heart and divided into two; tissues 

were then rapidly frozen in liquid nitrogen before being stored at -80oC for future use. 

 

 

Figure 3.2.2.2 - A print screen is shown above representing the software used to analyse the different haemodynamic 
parameters (LVDP, heart rate, + dP/dtmax and – dP/dTmax). The parameters were recorded at timed intervals as 
mentioned, by stopping the trace and highlighting 6 seconds of data. 
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 Dose response protocol 

 

To record the haemodynamic parameters, the following protocol was developed and carried 

out, in order to accurately plot a dose response for the hearts: 

• 20-minute administration dose response: The hearts were perfused for 20 minutes 

with KH buffer, to serve as the stabilisation period for each model. The experimental 

protocol for each of the inotropes used was then split into a 20-minute cumulative 

administration, for a total of 140 minutes of increasingly high drug concentrations 

for all hearts (ranging from 1nM to 30µM, for a total of seven different 

concentrations); a 20-minute cumulative protocol was chosen based on preliminary 

data that indicated that it was the adequate time to achieve a steady contractile 

response with each of the selected inotropic drugs (see figure 3.2.3.1). 

 

 

 

 

 

 

 

 

 

 

 

Left ventricular 
developed 
pressure 
(mmHg) 

Heart rate (bpm) Rate of left ventricular pressure 
(±dP/dTmax) – Rise and drop 

Figure 3.2.2.3 - Langendorff trace further explained. Each parameter measured by the software is shown on the 
trace above. 
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  Work-Loop and Muscle mechanic studies 

 

The assessment of power output of the papillary muscle of the left ventricle is a proven 

method to investigate ventricular contractile changes in the heart (Haycraft and Paterson 

1896; Marzilli et al. 1980). Based on previous studies, it is therefore known that it is possible 

to study changes in muscle performance with the use with the work-loop (Layland, Young 

and Altringham 1995; Layland, J., Young and Altringham 1995; Layland, J. and Kentish 

2000). To add to this, previous studies have also shown how it is possible to not only carry 

out age studies on it (Kiriazis and Gibbs 2000), but compound effects on the muscle capacity 

to generate instantaneous power as well (Gharanei et al. 2014). Applying this to the models 

used (aged and HFD) allowed for the assessment of how power generated is affected by 

physiological factors. For a full background review, please refer to section 1.3.3. 

 

 Muscle preparation 

 

Rats were sacrificed by means of cervical dislocation, in accordance with the British Home 

Office Animals (Scientific Procedures) Act 1986, Schedule 1. The diaphragm was cut to 

expose the thoracic cavity and the thorax was subsequently opened to expose the heart. 

Figure 3.2.3.1 - Langendorff protocol. These were the protocols used for the isolated heart models, under base 
physiological conditions (top) and with our drug treatments (bottom). The hearts were perfused with KHB for a 
total of 160 minutes. For the inotrope protocol, we administered an increasingly higher dosage every 20-
minutes, for a total of 140-minutes of drug perfusion. 

 

Figure 2.2.4.1 - Langendorff Protocol. These were the protocols used for the isolated heart models, under base 
physiological conditions (top) and with our drug treatments (bottom). The hearts were perfused with KHB for a 
total of 160 minutes. For the inotrope protocol, we administered an increasingly higher dosage every 20-
minutes, for a total of 140-minutes of drug perfusion. 

 

Figure 2.2.4.1 - Langendorff protocol. These were the protocols used for the isolated heart models, under base 
physiological conditions (top) and with our drug treatments (bottom). The hearts were perfused with KHB for a 
total of 160 minutes. For the inotrope protocol, we administered an increasingly higher dosage every 20-
minutes, for a total of 140-minutes of drug perfusion. 

 

Figure 2.2.4.1 - Langendorff Protocol. These were the protocols used for the isolated heart models, under base 
physiological conditions (top) and with our drug treatments (bottom). The hearts were perfused with KHB for a 
total of 160 minutes. For the inotrope protocol, we administered an increasingly higher dosage every 20-
minutes, for a total of 140-minutes of drug perfusion. 
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140-minute Krebs Henseleit buffer perfusion 20-minute 

stabilisation 
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The excised hearts were immediately placed in ice cold modified Ringers buffer (NaCl, 

144mM; sodium pyruvate, 10mM; KCl, 6mM; MgCl2, 1mM; CaCl2, 2mM; NaH2PO4, 1mM; 

MgSO4, 1mM; Hepes, 10mM; with a pH of 7.4 at room temperature and oxygenated with 

100% O2) and held in place on a silicone petri dish. This preparation was then placed under 

a microscope, to dissect the muscle as quickly as possible. 

To start, a small incision was made from the apex and around the heart tissue, to expose the 

papillary muscles. The selection of the papillary muscles was based on structure of the 

chordae tendinaea (see figure 1.2.3.2 in section 1.2) and its attachment to the walls of the 

ventricular chamber. Muscles containing branches or smaller muscles attached to them were 

excluded due to the potential to disturb forces production and recording. The chosen muscles 

were carefully trimmed and dissected and were then clamped at both the tendon and the 

ventricular chamber wall by small aluminium foil T-shaped clips. The muscle was left 

untouched to avoid potential damage. The dissected muscle was then placed on a horizontal 

chamber in an organ bath with circulating modified Ringers buffer and maintained at 37°C. 

 

 Contraction studies 

 

For the actual work-loop protocol, the muscles were set to 95% of their original maximum 

length (L95%) and allowed a 30-minute stabilisation period. This number was based on a 

previous paper that optimised the length at which the muscle produces maximum power 

during length changes (Layland, J., Young and Altringham 1995). Once the L95% was 

calculated, the work-loop protocol (see figure 2.3.3.1) was carried out at a frequency of 6Hz 

and a strain amplitude of ±6% which, again, has been shown to produce the maximum power 

output in the cardiac muscle (Layland, Young and Altringham 1995). 
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This protocol was repeated every 5 minutes for a total of 120 minutes (for a total of 24 loops 

produced per protocol). For the drug treatments, the muscles were allowed a 30-minute 

stabilisation period before being subjected to 90 minutes of circulating drugs (20µM 

Atenolol, 10µM Itraconazole, 5µM Dobutamine and 100nM Isoproterenol). Concentrations 

used for this study were derived from previous publications (Fletcher et al. 2020) and then 

optimised for this specific study. 

At the end of the 120 minutes, the muscle was weighed to the nearest 0.00001g using an 

electronic balance. Instantaneous power output was calculated for every data point by 

multiplying instantaneous force generated by instantaneous velocity. This was done for each 

loop (1863 total data points per loop) and then averaged to generate a net-work value for 

each instance of a completed loop (Gharanei et al. 2014). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.2.1 – Work-loop protocol. These were the protocols used for the work-loop technique, under base 
physiological conditions (top) and with drug treatments (bottom). The isolated papillary muscles were perfused 
with modified Ringers buffer for a total of 120 minutes. For the inotrope protocol, we administered the selected 
drug treatment for a total of 90-minutes. 

 

Figure 2.3.4.1 – Work-loop Protocol. These were the protocols used for the work-loop technique, under base 
physiological conditions (top) and with drug treatments (bottom). The isolated papillary muscles were perfused 
with modified Ringers buffer for a total of 120 minutes. For the inotrope protocol, we administered the selected 
drug treatment for a total of 90-minutes. 
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physiological conditions (top) and with drug treatments (bottom). The isolated papillary muscles were perfused 
with modified Ringers buffer for a total of 120 minutes. For the inotrope protocol, we administered the selected 
drug treatment for a total of 90-minutes. 
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 Muscle length optimisation 

 

The muscles were also connected to a 50nM force transducer and a high-speed length 

controller that were later used to stimulate the muscles at a 60-mA amplitude. (Layland, 

Young and Altringham 1995). The resulting developed force was calculated by subtracting 

the maximum produced force from the minimum produced force. The optimal muscle length 

was obtained by gradually increasing the muscle length using a micromanipulator (all 

products were purchased from Aurora Scientific, Canada) until the maximum developed 

force was reached (Lmax). Once reached the muscle length was measured with an eyepiece. 

 

 Western Blotting 

 

The concept of protein transfers was first developed in 1979 (Towbin, Staehelin and Gordon 

1979), were researchers used autoradiography to visualise and quantify protein contents; 

however, the term “western blot” did not gain traction until its inception in 1981, as a play 

on the Southern blot technique (Burnette 1981). Western blotting as we know it today, also 

known as protein immunoblotting, is a technique based on the principle of electrophoresis, 

whereby proteins are separated according to molecular weight, and then probed using 

specific antibodies raised to bind to the protein of interest (Bass et al. 2017; Mahmood and 

Yang 2012). Membranes probed with antibodies can be visualised using a conjugated 

secondary antibody, such as HRP-linked, the resultant protein bands can then be quantified 

using densitometry software. This method provides quantitative means of assessing the 

molecular mechanisms in various pathological conditions, through the identification of key 

protein mediators (Mahmood and Yang 2012). 
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 Antibodies and reagents used for Western Blotting 

 

The following antibodies were used: anti-UCP3 antibody and phosphorylated and total 

Pyruvate Dehydrogenase E1-alpha subunit (S293) purchased from Abcam (UK). 

Biotinylated protein ladder detection pack, secondary antibodies for anti-biotin and HRP-

linked anti-rabbit IgG and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were all 

purchased from Cell Signalling, UK. Any KDa and 4-12% Mini-PROTEAN® TGXTM pre-

cast gels, Mini-PROTEAN tetra cell, Trans-blot® TurboTM, PVDF membranes and Precision 

Plus ProteinTM KaleidoscopeTM Prestained ladder were all purchased from Bio-Rad Ltd 

(UK). 

 Tissue Collection for Western Blot Analysis 

 

Cardiac tissue was collected from each treatment group, as mentioned in section 2.2.3. 

Approximately half of the left ventricle (50 mg) was homogenized with lysis buffer (100 

mM NaCl, 10 mM Tris base - pH 8.0, 1 mM EDTA - pH 8.0, 2 mM sodium pyrophosphate, 

2 mM NaF, 2 mM β-glycerophosphate, SigmaFAST™ protease inhibitor cocktail tablets – 

1 tablet/100ml and PhosStop™ - 1 tablet/10ml) on a IKA Ultra-Turrax® T 25 basic disperser, 

set to a speed of 21,500 RPM. This tissue was then centrifuged for 10 minutes at 11,000 

RPM at 4oC to obtain the desired supernatant, which was then transferred into clean 1.5ml 

microcentrifuge tubes. Samples were diluted using Laemmli buffer (250 mM Tris-HCl – pH 

6.8, 10% glycerol, 0.006% bromophenol blue, 4% SDS, β-mercaptoethanol – pH 6.8) and 

incubated at 100oC for 5 minutes before being stored at –20oC. Prior to using the samples, 

they were defrosted on ice and diluted further using Laemmli buffer to obtain a protein 

concentration of 50μg, following a concentration response. 
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 Protein Quantification using Bicinchoninic Acid Assay (BCA) 

 

To calculate the protein content of homogenised sample we used a colorimetric PierceTM 

BCA Protein assay kit (Thermo Fisher Scientific, UK). Concentrated albumin standards 

were serially diluted using lysis buffer to obtain a concentration range of 0 - 2000μg/ml. 

BCA working reagent was prepared following a 50:1 ratio of reagent A and reagent B, 

respectively. Standards and samples were pipetted at a volume of 10μl, in triplicate, onto a 

96-well plate. Following this we added 200μl of working reagent to each well. Plates were 

then covered to protect from light and incubated for 30 minutes at 37oC, before being left to 

cool to room temperature. The plate reader was set to 562 nm and the measured absorbance 

values were then used to calculate the total protein content per unknown sample. 

 Gel Electrophoresis, protein transfer and antibody probing 

 

The previously collected samples were further diluted using laemmli buffer to obtain a 

concentration of 50μg/μl. These samples were then centrifuged at 1200 RPM for 2 minutes, 

at 4oC, before being loaded onto Precast TGX™ (Tris/glycine) gradient gels (Bio-Rad, UK). 

The gels were then placed inside of a Mini-PROTEAN™ vertical electrophoresis assembly 

unit before filling the chamber and outer tank with running buffer (14.42g/L Glycine, 1.0g/L 

SDS, 3.03g/L Tris base). The samples were then loaded into the wells, with at least one well 

loaded with a molecular protein marker acquired from Cell Signalling UK. Gels were run at 

110V for 60 minutes using a Power-PAC 3000 (Bio-Rad, UK). Following electrophoretic 

separation, the gels were removed from their compartments and placed onto Trans-Blot® 

Turbo™ transfer packs, consisting of filter paper, buffer and a polyvinylidene fluoride 

(PVDF) membrane. The assembled cassettes were loaded into the Trans-Blot system (Bio-

Rad, UK) and ran for the mixed molecular weight transfer protocol for a total of 7 minutes. 
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Following transfer, the membranes were cut into two using a scalpel blade. Blots were then 

incubated at room temperature in blocking buffer (5% w/v milk powder in Tris-buffered 

saline with Tween 20 (TBST) for 60 minutes on an orbital shaker (Cassambai et al. 2019). 

Following blocking, membranes were washed three times with TBST, for a total of 15 

minutes, before being incubated with primary antibody (5% w/v bovine serum albumin 

(BSA) in TBST, at a concentration of 1/1000, on a roller shaker at 4oC overnight. The 

following day, membranes were once again washed three times with TBST to remove any 

unbound antibody. Blots were then incubated with secondary antibody (anti-rabbit HRP IgG 

– 1/1000, Cell Signalling, UK) in blocking solution (5% w/v milk powder in TBST) and 

incubated for 1 hour at room temperature, on an orbital shaker. The membranes were then 

washed one last time with TBST before being visualised. 

 Visualisation, Densitometry and Quantification 

 

To visualise the membranes, they were first placed onto an acetate sheet and coated with 

approximately 1 mL of SuperSignal West Femto kit (Thermo-Scientific), in a 1:1 dilution, 

to amplify the signals from the membranes. Images were then captured and visualised using 

a ChemiDoc with the ImageLab™ Touch software (Bio-Rad, UK). Membranes were 

exposed for 3 to 5 seconds (see representative blot in figure 3.4.5.1) in order to detect the 

bands corresponding to the proteins of interest. Images were subsequently analysed using 

the java-based software ImageJ (National Institutes of Health, USA). After visualising the 

membranes, they were stripped using RestoreTM Western Blot Stripping Buffer (Thermo 

Fisher Scientific, UK) and re-probed for the total form of their respective primary antibody, 

to be used for normalisation during analysis. GAPDH (Cell Signalling, UK) was used as a 

loading control for all of the samples used in this project; to this effect, blots were only used 

if GAPDH stayed the same across the full extension of the blot. 



Page 108 of 359 

 

 

 

 

 

 

 Compliance with the 3Rs 

 

Animal research is a controversial topic, with ethical and moral concerns raised often; in an 

attempt to reassure the population, the principle of the Three Rs was developed: Replace, 

Reduce and Refine (NC3Rs 2019). For this project, these principles were considered and the 

models and protocols were adjusted to reflect that; by optimising a cumulative dose control 

response, a reduction of over 50% in animal usage was achieved, whilst still maintaining the 

expected levels of scientific integrity and reproducibility. 

 

 Statistical Analysis 

 

Animal body mass and fat pad weight was plotted as average mass/weight ± standard error 

of the mean (SEM) and statistically analysed using One-Way analysis of variance (ANOVA) 

with Tukey’s post hoc test, on IBM SPSS® Statistics 25 (IBM Corporation USA). A p value 

of p<0.05 was considered statistically significant. 

The haemodynamics data was plotted as a percentage of the average stabilisation (first 20 

minutes of the run - mean ± standard error of the mean (SEM)). Coronary flow was first 

corrected to reflect the heart weight and then calculated as a percentage of average 

stabilisation. 

 

Figure 3.4.5.1 - Representative western blot gel run. The first eleven wells contain various samples, 
while the twelfth well contains a protein ladder. 
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For chapters 4 and 5, the Langendorff data was plotted using Microsoft® Excel and 

statistically analysed using a Two-Way analysis of variance (ANOVA) in order to firstly 

understand whether there was any interaction between the independent variables (age or 

HFD and time) and whether they affected the dependant variables (haemodynamic 

parameters). This was useful for this project, as it showed the degree of tissue viability across 

the different models. A Tukey’s post hoc test was then ran for each time point as a function 

of each age and HFD group, as it was vital to use a reliable test with a reduced risk of false 

discovery rate alongside the Two-Way ANOVA, in order to better interpret the data 

collected. This analysis was done using IBM SPSS® Statistics 25 (IBM Corporation USA). 

A p value of p<0.05 was considered statistically significant. For chapters 6 and 7, the 

Langendorff data was plotted on Origin Pro 2015 (Origin Lab Corporation, USA), as the 

main focus was on producing the best fit concentration response curve for each of the 

inotropes used (Dobutamine, Itraconazole, Atenolol and Isoprenaline). 

The work-loop data was plotted as a percentage of the average stabilisation (first 30 minutes 

of the run - mean ± SEM). The instantaneous power output was calculated for each loop 

(1863 total data points per loop) and averaged to generate a net-work value for each instance 

of a completed loop. Peak forces and power output data were assessed for statistical 

difference using Two-way ANOVA with Tukey’s post hoc test for each time point as a 

function of each age group and each HFD group, when applicable, on IBM SPSS® Statistics 

25. A p value of p<0.05 was considered statistically significant. The same process was used 

to analyse the data from the different drug treatments used. 

Western blot images were, once captured, analysed using One-Way ANOVA with Fisher’s 

Least Significant Difference (LSD) post-hoc test for each blot (as we were interested in 

finding the minimum difference between protein expressions), on IBM SPSS® Statistics 25 

(IBM Corporation USA). A p value of p<0.05 was considered statistically significant. 
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In order to establish high confidence levels, the groups sizes for this thesis were determined 

based on pilot data (data not shown) and as described in previous studies (Cassambai et al. 

2019; Fletcher et al. 2020; Gharanei et al. 2013). The groups were designed to be equal and 

any loss in sample sizes were from experimental deviations and natural causes of death 

(please refer back to figure 3.1.1.1 for the Kaplan-Meier survival curve). 

 

 Optimised and attempted techniques 

 

This section will list any techniques attempted but not carried forward due to time and 

animal limitations. Future studies using these techniques will be discussed in-depth in 

section 8.2. 

 

 Langendorff short administration dose response protocol 

 

Prior to choosing the mentioned dose response protocol (refer to section 3.2.4), optimisation 

was necessary to guarantee that an appropriate drug response on the hearts was obtained. 

To do that, a short administration dose response was developed alongside the 20-minute 

dose response used: 

Short administration dose response - The hearts were perfused for 20 minutes with 

KH buffer, to serve as the stabilisation period for each model, using the same reagents and 

parameters as the ones highlighted in sections 3.2.2 and 3.2.3. The experimental protocol 

for each of the selected inotropes used was then split into a short administration protocol, 

using an infusion of 100uL of increasing concentrations (ranging from 1nM to 30µM, for a 

total of seven different concentrations) directly into the heart, with a very short exposure 

time of 2 to 5 seconds. Wash-out periods were carried out in-between each dose to allow the 

heart to return to baseline values. 
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The data obtained from this technique was then plotted as a concentration response curve, 

with the baseline values of the heart prior to administration used to plot a % change of the 

drug response on the measured parameters. Due to time constrains and animal number 

concerns (as stated in section3.5), this particular protocol was put aside and the 20-minute 

administration protocol was given priority. More information on the use of this protocol will 

be given in section 8.2. 

 

 Langendorff ECG measurements 

 

Hearts were perfused for 20 minutes with KH buffer, to serve as the stabilisation period for 

each model, using the same reagents and parameters as the ones highlighted in sections 3.2.2 

and 3.2.3. Following stabilisation, a pair of monophasic action potential micro-hook 

electrode recorders connected to a Bio Amp (ADInstruments, UK) were placed in both the 

right atrium and the apex of the heart, in order to record the action potential changes of the 

heart, in an attempt to investigate the effects of our drugs on the cardiac conduction system. 

Unfortunately, due to budget and animal number concerns (as stated in section 3.5), this 

particular protocol had to be put aside but has been added to the future work section (section 

8.2), as it is something worth exploring in future studies. 

 

 Enzyme-linked immunosorbent assay (ELISA) 

 

Background 

ELISAs came as a necessity due to a lack of options to conduct immunoassays, as the only 

alternative before them was the use of radioimmunoassay, which carried a severe health risk 

due to their use of radioactivity (Engvall, Jonsson and Perlmann 1971; Van Weemen and 

Schuurs 1971). 
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To this effect, ELISAs use chromogenic substrates that cause observable changes in 

colouring when in the presence of proteins of interest. This is achieved via the use of specific 

antibodies designed to bind to said protein of interest. There are many types of ELISA, such 

as direct ELISA, sandwich ELISA, competitive ELISA and reverse ELISA. The attempted 

technique for this project was a sandwich ELISA, as we were looking to quantify the activity 

of PDH and its related phosphatases. 

 

Sample preparation and protein assessment 

Following tissue collection and homogenisation (section 3.4.2), the protein content for each 

sample was determined using the BCA assay (section 3.4.1). A concentration response for 

Pyruvate Dehydrogenase was determined using the Pyruvate Dehydrogenase (PDH) 

Profiling ELISA kit (Abcam, UK). A standard curve was prepared as instructed by the assay 

manufacturer and used to determine the PDH concentrations (pmol b/ml) in protein 

concentrations of 0.5 mg/ml, 1 mg/ml, 1.5 mg/ml and 2 mg/ml, all groups were run in 

replicates. A protein concentration of 1.5 mg/ml was then used for subsequent assays. 

 

Pyruvate Dehydrogenase ELISA Assay 

Several concentrations of each inotrope (1nM, 3nM, 10nM, 100nM, 1μM, 10μM and 30μM) 

were assessed in this assay, to determine the effect of each inotrope on the aged and obese 

models. All samples were prepared as described above and diluted to a final protein 

concentration of 1.5 mg/ml using Calibrator diluent RD5-55 to a volume of 100 μl. The 

standard curve sample was also serially diluted with Calibrator diluent according to the 

manufacturer’s instructions. 
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Microplate strips were washed with wash buffer three time, ensuring that there was no liquid 

remaining in each well following each wash; following the final wash, the microplate was 

inverted and blotted on clean paper towels to ensure that the wash buffer had drained from 

the wells. Primary antibody at 50 μl was then added to each well, except for the non-specific 

binding (NSB) well, the plate was then sealed and left to incubate at room temperate for 1 

hour on an orbital shaker (500 ± 50 RPM).  

Following the incubation period, wells were aspirated and then washed with wash buffer for 

a total of four times, without allowing the wells to dry before the addition of 50 μl of the 

PDH conjugate to each well. Standards, unknown samples and control samples were then 

added at 100 μl per well, both the NSB and zero standard well had 100 μl of the calibrator 

diluent. The microplate was then sealed once again and incubated at room temperature for 

2 hours on an orbital shaker. The wells were once again aspirated and washed four time with 

wash buffer, before the addition of 100 μl of substrate solution to each well, and a final 

incubation of 30 minutes at room temperature on an orbital shaker, protected from light. A 

100 μl Stop solution was then added to each well to suspend the reaction occurring, observed 

by a colour change of blue to yellow (figure 2.6.2.1.), the plate was gently agitated to ensure 

mixing before quantifying. 

 

Quantification using a plate reader 

Following cessation of the reaction, the plates were assessed quantitatively using a Bio-Tek 

plate reader, set to read values at both 450 nm and 540 nm, to account for any corrections, 

absorbance values from the 540 nm wavelength were compared to the 570 nm wavelength 

and showed no difference, therefore the 540 nm wavelength was subtracted from the 450 

nm absorbance values. The NSB absorbance value was subtracted from all the other values. 



Page 114 of 359 

A standard curve was then plotted and a line of best fit was determined to enable the 

calculation of the unknown samples. Samples were duplicated and assayed as an n of 4, 

where absorbance values did not lie within the range of the individual sample groups, these 

were discounted in the final determination of the average therefore representing an n of 3/4. 

 

 Reverse transcription PCR (RT-PCR) 

 

Background 

Reverse transcription PCR, or RT-PCR, allows the use of RNA as a template. An additional 

step allows the detection and amplification of RNA. The RNA is reverse transcribed into 

complementary DNA (cDNA), using reverse transcriptase. The quality and purity of the 

RNA template is essential for the success of RT-PCR. The first step of RT-PCR is the 

synthesis of a DNA/RNA hybrid. Reverse transcriptase also has an RNase H function, which 

degrades the RNA portion of the hybrid. The single stranded DNA molecule is then 

completed by the DNA-dependent DNA polymerase activity of the reverse transcriptase into 

cDNA. The efficiency of the first-strand reaction can affect the amplification process. From 

here on, the standard PCR procedure is used to amplify the cDNA. The possibility to revert 

RNA into cDNA by RT-PCR has many advantages. RNA is single-stranded and very 

unstable, which makes it difficult to work with. Most commonly, it serves as a first step in 

qPCR, which quantifies RNA transcripts in a biological sample. 

 

Reagents utilised 

Reagents for sample preparation, including RNase Zap® and RNA Later® were purchased 

from Ambion®, ThermoFisher, UK. SYBR Green, dNTPs, PrimePCR pathway plates, 

GAPDH, PPAR-α, UCP3 and PDH primers were all purchased from Bio-Rad Ltd. (UK). 
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Tissue collection 

Myocardial tissue from the treatment groups (section 3.1) were collected. RNaseZap® was 

used to decontaminate all surfaces before tissue excision. The left ventricle was excised from 

each heart and divided into two; all tissues were rapidly frozen in liquid nitrogen before 

storage at -80oC. Tissue was then homogenised in TRIsure reagent (Bioline, UK) for RNA 

extraction, followed by 5-minute incubation at room temperature for phase separation. 

Chloroform was added to homogenised tissue (0.2ml/ml of TRIsure) and vigorously shaken 

for 15 seconds, incubated for 3 minutes at room temperature, then centrifuged (12000 x g, 

15 minutes) at 4oC to separate into the different phases; organic phase, interphase and 

aqueous layer containing RNA. The aqueous layer was used to precipitate RNA, by addition 

of ice-cold isopropyl alcohol (0.5ml/ml of TRIsure) and incubated at room temperature for 

10 minutes. Samples were centrifuged (12000 x g, 10 minutes) at 4oC. The pellet obtained 

was washed with 75% ethanol (1ml/ml of TRIsure) mixed, and centrifuged (7500 x g, 5 

minutes) at 4oC. Pellets were airdried and dissolved in diethyl pyrocarbonate (DEPC)-

treated water (10 μl) before analysis of RNA content. The RNA content of each sample was 

calculated using a Nanodrop One spectrophotometer. 260/280 ratios of 2.0 were assumed to 

be pure RNA; samples which had low ratios indicative of impurity were discarded and re-

done. 

 

cDNA synthesis and optimisation 

cDNA was synthesised using 1 μl of the Oligo dT (20) primer kit, 1 μl of premixed dNTP 

solution (10 mM), 1000 ng or a maximum volume of 8 μl of RNA, with a volume made to 

10 μl using DEPC water, following the protocol from Invitrogen. The reaction mix was 

prepared in RNase and DNase free tubes and denatured at 65oC for 5 mins in a thermal 

cycler and immediately placed on ice before brief centrifuging (quick spin setting). 
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Once on ice, mastermix consisting of SuperScript Reverse transcriptase (1 μl per reaction), 

0.1 M DTT (1 μl per reaction) and 5x First strand buffer (4 μl per reaction) were used. 

Samples were vortexed, centrifuged (quick spin setting), and incubated at 50oC for 50 

minutes, followed by 85oC for 5 minutes to terminate the reaction, before placing the 

samples on ice. The cDNA was quantified using a NanoDrop One. Following this, a 

concentration response was determined for glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). cDNA at 1, 3, 10, 30, 50, 80 and 100 ng as well as no template controls (NTC) 

were prepared in DNase- and RNase-free tubes before being plated into a PCR microplate 

in triplicate. GAPDH primer (2 μl) and SYBR Green (10 μl) were added to the cDNA and 

the volume made up to 20 μl using DEPC treated water. Samples were vortexed and 

centrifuged (quick spin setting) before plating, plates were sealed then briefly centrifuged 

(quick spin setting) and set up in the PCR machine with: activation at 95oC (2 minute cycle), 

denaturation at 95oC (5 seconds, 40 cycles), annealing/extension at 60oC (30 seconds, 40 

cycles), followed by a melt curve at 65-95oC (5 second cycle). Ct values were analysed and 

a concentration response curve (not shown) determined 80 ng as optimal. DNA was prepared 

with SYBR green and DEPC treated water and added to wells pre-prepared with each of the 

desired primers, with a total volume of 20 μl per well. PrimePCR™ pathway plates were 

used for gene expression analysis. Run files for the plates were obtained from Bio-Rad, 

which provided the run instructions for the CFX Connect PCR machine (Bio-Rad, UK). 
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Chapter Four: The effects of age on the 

contractile function of the heart 

 

Some of the data in this chapter was presented as following: 

 

• Coventry University PGR Symposium 2016 – Poster presentation 

• “Working Across Boundaries” HLS Conference 2016 – Poster presentation 

• Midlands Cardiovascular Research Network Conference 2018 - Abstract 

 

 

Manuscripts in preparation which will include part of the data presented in this chapter: 

 

• The impact of a high-fat diet on rat heart contractility, in different aged models 

– RA Ribeiro, Maddock, H, Tallis, J, Dodd, M, Gharanei, AM – The Journal of 

Experimental Biology. 
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 Introduction 

 

Aging is associated with a variety of physiological processes linked to high risk factors of 

CVD and aged cardiac tissue alterations can occur through a variety of factors such as 

vascular thickening and stiffness, impaired endothelial function, limited systolic capacity, 

hypertrophy and fibrosis, among other factors (Cheng et al. 2009; North and Sinclair 2012; 

Paneni et al. 2017). These changes can lead to negative effects upon the heart, such as 

systolic and diastolic changes, which cause severe decreases in inotropic and chronotropic 

cardiac function and eventual heart failure (Hamlin et al. 2004; Norton 2001). A study by 

Feridooni et al (Feridooni et al. 2017) looked at the exact impact of age and frailty on the 

ventricular structure of older mice models and used a Langendorff heart study as well as 

cardiac myocyte isolations and western blotting; Feridooni et al observed that the LVDP 

was shown to have a sharp decline directly linked to age, with a clear slowdown in heart 

contractions, as indicated by the +dP/dTmax and -dP/dTmax, as a result of calcium changes; 

however, the exact mechanisms were not explored. It is possible that these changes also 

occurred, partially, as a result of energy metabolism changes. This study is particularly 

relevant as it measured the same parameters as the ones presented in this project. 

Several studies have demonstrated that severe changes can occur in the papillary muscle of 

the heart that are age-dependant. These include changes in shortening velocity in addition to 

contractile protein activity when comparing different ages of rats from 5, 10, 15 and 20-

month year old rat models (Capasso et al. 1986; Nair and Nair 2001). Other studies have 

observed a potential decrease in muscle shortening and maximal force produced using 6-, 

15-, 27- and 32-month-old rats (Kiriazis and Gibbs 2000); in their study, the researchers 

found that there were significant reductions, in isotonic experiments, on the total work 

output of the muscles on the 27 and 32-month models. 
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This reduction was explained to be due to a decrease in muscle shortening and maximal 

force produced. It is, therefore, obvious that there are severe changes in the heart papillary 

muscle that are age-dependant. In addition to this, mitral valve insufficiency is another factor 

that has been proposed to cause alterations in diastolic function in the dysfunctions seen with 

age, in both human and animal models (Avierinos et al. 2013; Klein et al. 1990; Marzilli, 

Sabbah and Stein 1980); this is of particular importance due to the role diastolic pressure 

plays in cardiac flow dynamics and, consequently, on cardiac output (García et al. 2006). 

As mentioned in section 1.6, mitochondrial decay is a consequence of age; a fact that makes 

the conversion of fatty acids (FA) to energy all the more important in aged models (Katz 

1988; Nakai et al. 1997). Research has shown that aged hearts catalyses certain 

mitochondrial reactions, mainly pyruvate decarboxylation, with great efficiency when 

compared to their younger counterparts (Lloyd, Brocks and Chatham 2003; Moreau et al. 

2004). In addition to this, Moreau et al found that the phosphorylation of pyruvate 

dehydrogenase (PDH) and the pyruvate dehydrogenase complex (PDC) is significantly 

reduced in old hearts, when compared to young ones (Moreau et al. 2004); this seems to 

point to a compensatory mechanism to maintain NADH levels, as a result of a switch from 

FA oxidation to a more glucose-heavy energy production mechanism in the aged heart. 

Furthermore, aging has been associated with whole body reductions in metabolic rate and 

energy expenditure (Choksi and Papaconstantinou 2008; Goshovska et al. 2010; Poehlman 

et al. 1990). These studies also found that uncoupling protein 3 (UCP3) messenger RNA 

expression not only increased with aging, but also conferred a protective effect to the heart; 

however, this seemed to be accompanied by decreases in heart contractility (Brand and 

Esteves 2005; Goshovska et al. 2010; Kühlbrandt 2015). 
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Younger cells mitochondrial fusion allows for an equal distribution of mitochondria among 

cells during mitosis and also allows for the selective degradation of damaged ones; however, 

studies have shown that this process is impaired with age due to a loss of protective 

mechanisms (Seo et al. 2006; Seo et al. 2008). Some studies have proposed theories as to 

why this happens, with the currently most accepted one being that mitochondria experience 

a loss of plasticity with age and that this can be, to an extent, instigated by an age-related 

ROS production increase and subsequent oxidative stress in the cells (Qiang et al. 2007; 

Reznick et al. 2007). However, limited research has been undertaken which links ageing, 

function and intracellular mechanisms which makes these projects all the more important. 

The aim of the present study was to examine how the effects of ageing (3, 6 and 18-months) 

can affect whole heart cardiac functions, isolated muscle contractions and intracellular 

proteins associated with mitochondrial energetic metabolism. The main hypotheses for this 

chapter were that (a) increasing age will cause a decrease in haemodynamic and metabolic 

function of the heart, especially on the left ventricular pressure and heart rate and in the 

phosphorylation levels of PDH and UCP3 and (b) a similar effect will also be recorded on 

the work-loop muscle assay, due to the effect of ageing on muscle fatigue. 

The main objectives for this study were: (a) to elucidate how age-dependant tissue viability 

changes can affect the energy metabolism of the heart and how this can impact cardiac 

contractility and (b) to investigate whether there are changes to key mitochondrial energy 

metabolic agents such as pyruvate dehydrogenase E1-α subunit (PDH) and uncoupling 

protein 3 (UCP3) as a consequence of ageing. 
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 Materials and Methods 

 

 Animal Models 

 

Following ethics approval from the host institute, 3-month animals were purchased from 

Charles River UK Limited (Margate, UK) and received human care in accordance with the 

guidelines of the British Home Office Animals (Scientific Procedures) Act 1986 (Hollands 

1986). For this project, 3, 6 and 18-month models were used due to these ages being 

representative of a young middle-aged and adult rat; the 3-month animals were used as 

controls for the studies to compare with the 6 and 18-month groups. The body mass 

measurements for the animals were as follows: 3-month group (n=11) with an average body 

mass of 350g ± 3.2 (SEM), 6-month group (n=10) with an average body mass of 539g ± 

15.5 (SEM) and 18-month group (n=4) with an average body mass of 794g ± 8.4(SEM). All 

animals were sacrificed by means of cervical dislocation, in accordance with the British 

Home Office Animals (Scientific Procedures) Act 1986, Schedule 1 (Hollands 1986). For 

more information on the animal models used, please refer to section 2.1. 

As mentioned before in section 3.1, for the purposes of this study 3-month rats have been 

equated, in age, to a human child between 10-18 years, 6-month rats have been equated to a 

young adult between 20-30 years and 18-month rats have been equated to an older adult 

between 54-69 years (Andreollo et al. 2012; Capitanio et al. 2016; Jackson et al. 2017; 

Sengupta 2013). For this study, it was decided that the entirety of the previous published 

literature would be utilised to define the age groups for this thesis. 
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 Langendorff Isolated Heart Model (full review in section 3.2) 

 

The technique starts with the perfusion of the heart with Krebs-Henseleit buffer (maintained 

at a constant temperature of 37oC ± 0.5 at a pH of 7.4) and gassed with 95% O2 and 5% CO2, 

by means of cannulating the aorta, in a retrograde fashion, forcing the closing of the aortic 

valve as a result of a change in pressure. The buffer then passes through a vascular bed 

before being drawn to the coronary sinus in the right atria. This allows the preparation to be 

maintained without any fluid filling the ventricular chambers (Skrzypiec-Spring et al. 2007). 

The Langendorff preparations were run as described in section 3.2.2 and as seen in figure 

4.2.2.1, under normal physiological conditions. Measurements for the coronary flow (CF), 

left ventricular developed pressure (LVDP), heart rate (HR) and the Maximum ventricular 

pressure increase (+dP/dtmax or MPR) and decrease (-dP/dTmax or MPD) were recorded 

using a physiological pressure transducer connected to the latex balloon and to a PowerLab 

(ADInstruments, UK) linked to a PC with LabChart® software v7 and the rate pressure 

product (RPP) was calculated using the function mentioned in section 3.2.2. At the end of 

the protocol, the left ventricle was excised from each heart and divided into two; tissues 

were then rapidly frozen in liquid nitrogen before being stored at -80oC for future use. For a 

full background review, please refer to section 3.2. 

 

 

 

 

 

 

 

 

Figure 4.2.2.1 - Langendorff Protocol. This was the protocol used for this chapter. The hearts were perfused with KHB 
for a total run time of 160 minutes.  

140-minute Krebs Henseleit buffer perfusion 20-minute 

Stabilisation 

Krebs Henseleit 
Buffer (KHB)  KHB perfusion Experimental 

protocol 
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 Work-loop Assay (full review in section 3.3) 

 

Following the sacrifice of the animal, the diaphragm was cut to expose the thoracic cavity 

and the thorax was subsequently opened to expose the heart. The excised hearts were 

immediately placed in ice cold modified Ringers buffer (NaCl, 144mM; sodium pyruvate, 

10mM; KCl, 6mM; MgCl2, 1mM; CaCl2, 2mM; NaH2PO4, 1mM; MgSO4, 1mM; Hepes, 

10mM; with a pH of 7.4 at room temperature and oxygenated with 100% O2) and held in 

place on a silicone petri dish. 

This preparation was then placed under a microscope, to dissect the muscle as quickly as 

possible Muscles containing branches or smaller muscles attached to them were excluded 

due to the potential to disturb forces production and recording. The chosen muscles were 

carefully trimmed and dissected and were then clamped at both the tendon and the 

ventricular chamber wall by small aluminium foil T-shaped clips. The muscle was left 

untouched to avoid potential damage. The dissected muscle was then placed on a horizontal 

chamber in an organ bath with circulating modified Ringers buffer and maintained at 37°C. 

The muscles were also connected to a 50nM force transducer and a high-speed length 

controller that were later used to stimulate the muscles at a 60-mA amplitude. (Layland, 

Young and Altringham 1995). The resulting developed force was calculated by subtracting 

the maximum produced force from the minimum produced force. The optimal muscle length 

was obtained by gradually increasing the muscle length using a micromanipulator (all 

products were purchased from Aurora Scientific, Canada) until the maximum developed 

force was reached (Lmax). Once reached the muscle length was measured with an eyepiece. 

For the actual work-loop protocol, the muscles were calibrated to 95% of their original 

maximum length (L95%) and allowed a 30-minute stabilisation period. 
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Once the L95% was calculated, the work-loop protocol (see figure 4.2.3.1) was carried out 

at a frequency of 6Hz and a strain amplitude of ±6% which, again, has been shown to 

produce the maximum power output in the cardiac muscle (Layland, Young and Altringham 

1995). This protocol was repeated every 5 minutes for a total of 120 minutes (for a total of 

24 loops produced per protocol). At the end of the 120 minutes, the muscle was weighed to 

the nearest 0.00001g using an electronic balance. Instantaneous power output was calculated 

for every data point by multiplying instantaneous force generated by instantaneous velocity. 

This was done for each loop (1863 total data points per loop) and then averaged to generate 

a net-work value for each instance of a completed loop (Gharanei et al. 2014). 

Final data was plotted as total power output and force, and ages were compared as described 

in section 3.2.1. 

 

 

 

 

 

 Western Blotting (full review in section 3.4) 

 

Cardiac tissue was collected from each treatment group, as mentioned in table 3.1.2.2. 

Approximately half of the left ventricle (50 mg) was then homogenized with lysis buffer 

(100 mM NaCl, 10 mM Tris base - pH 8.0, 1 mM EDTA - pH 8.0, 2 mM sodium 

pyrophosphate, 2 mM NaF, 2 mM β-glycerophosphate, SigmaFAST™ protease inhibitor 

cocktail tablets – 1 tablet/100ml and PhosStop™ - 1 tablet/10ml) on a IKA Ultra-Turrax® T 

25 basic disperser, set to a speed of 21,500 RPM. 

Figure 4.2.3.1 – Work-loop protocol. This was the protocol used for this chapter. The hearts were perfused with 
modified Ringers buffer for a total run time of 120-minutes. 

90-minute modified Ringers buffer perfusion 

 Modified Ringers perfusion 

Modified Ringers 
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15-minute 

muscle 

stabilisation 

15-minute 
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This tissue was then centrifuged for 10 minutes at 11,000 RPM at 4oC to obtain the desired 

supernatant, which was then transferred into clean 1.5ml microcentrifuge tubes. Samples 

were diluted using Laemmli buffer (250 mM Tris-HCl – pH 6.8, 10% glycerol, 0.006% 

bromophenol blue, 4% SDS, β-mercaptoethanol – pH 6.8) and incubated at 100oC for 5 

minutes before being stored at –20oC. Prior to using the samples, they were defrosted on ice 

and diluted further using Laemmli buffer to obtain a protein concentration of 50μg. To 

calculate the protein content of homogenised samples, a colorimetric PierceTM BCA Protein 

assay kit (Thermo Fisher Scientific, UK) was used. Concentrated albumin standards were 

serially diluted using lysis buffer to obtain a concentration range of 0 - 2000μg/ml. 

BCA working reagent was prepared following a 50:1 ratio of reagent A and reagent B, 

respectively. Standards and samples were pipetted at a volume of 10μl, in triplicate, onto a 

96-well plate. Following this, 200μl of working reagent was added to each well. Plates were 

then covered to protect from light and incubated for 30 minutes at 37oC, before being left to 

cool to room temperature. The plate reader was set to 562 nm and the measured absorbance 

values were then used to calculate the total protein content per unknown sample. 

The previously collected samples were further diluted using laemmli buffer to obtain a 

concentration of 50μg/μl. These samples were then centrifuged at 1200 RPM for 2 minutes, 

at 4oC, before being loaded onto Precast TGX™ (Tris/glycine) gradient gels (Bio-Rad, UK). 

The gels were then placed inside of a Mini-PROTEAN™ vertical electrophoresis assembly 

unit before filling the chamber and outer tank with running buffer (14.42g/L Glycine, 1.0g/L 

SDS, 3.03g/L Tris base). The samples were then loaded into the wells, with at least one well 

loaded with a molecular protein marker acquired from Cell Signalling UK. Gels were run at 

110V for 60 minutes using a Power-PAC 3000 (Bio-Rad, UK). 
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Following electrophoretic separation, the gels were removed from their compartments and 

placed onto Trans-Blot® Turbo™ transfer packs, consisting of filter paper, buffer and a 

polyvinylidene fluoride (PVDF) membrane. The assembled cassettes were loaded into the 

Trans-Blot system (Bio-Rad, UK) and ran for the mixed molecular weight transfer protocol 

for a total of 7 minutes. Following transfer, the membranes were cut into two using a scalpel 

blade. Blots were then incubated at room temperature in blocking buffer (5% w/v milk 

powder in Tris-buffered saline with Tween 20 (TBST) for 60 minutes on an orbital shaker 

(Cassambai et al. 2019). Blots were then incubated overnight in 5% w/v bovine serum 

albumin (BSA) in TBST - 1/1000, at 4oC, with anti-UCP3 antibody and phosphorylated 

Pyruvate Dehydrogenase E1-alpha subunit purchased from Abcam (UK). 

The following day, blots were then incubated with secondary antibody (anti-rabbit HRP IgG 

– 1/1000, Cell Signalling, UK) in blocking solution (5% w/v milk powder in TBST) and 

incubated for 1 hour at room temperature on an orbital shaker. 

To visualise the membranes, they were first placed onto an acetate sheet and coated with 

approximately 1 mL of SuperSignal West Femto kit (Thermo-Scientific), in a 1:1 dilution, 

to amplify the signals from the membranes. Images were then captured and visualised using 

a ChemiDoc with the ImageLab™ Touch software (Bio-Rad, UK). Membranes were 

exposed for 3 to 5 seconds (see representative blot in figure 2.4.6.1) in order to detect the 

bands corresponding to the proteins of interest. Images were subsequently analysed using 

the java-based software ImageJ (National Institutes of Health, USA). After visualising the 

membranes, they were stripped using RestoreTM Western Blot Stripping Buffer (Thermo 

Fisher Scientific, UK) and re-probed for the total form of Pyruvate Dehydrogenase E1-alpha 

subunit and GAPDH, to be used as controls for the data. 
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 Statistical Analysis (full review in section 3.6) 

 

The haemodynamics and work-loop data were plotted as a percentage of the average 

stabilisation (mean ± standard error of the mean (SEM)). Two-Way analysis of variance 

(ANOVA) was used with Tukey’s LSD (least significant difference) for each time point as 

a function of each age group, for both the Langendorff and the work-loop data. Fisher’s LSD 

was used for the western blot data, as the main interest was in finding the minimum 

difference between protein expression. A p-value of p<0.05 was considered statistically 

significant. 

 

 Results 

 

 Langendorff Isolated Heart Model 

 

As explained in section 3.6, a two-way ANOVA was done to confirm the interaction 

between age and time on the three haemodynamic parameters: maximum pressure rise, 

maximum pressure drop and rate pressure product. No statistically significant interaction 

was recorded (p values of 0.69, 0.82 and 0.99, respectively). However, the post hoc tests 

showed significances in the independent variables of time and age (p values of 0.000 for 

both MPR and RPP). Following this, analyses was done on performance based on the 

absolute values for the 6 and 18-month groups when compared to the 3-month group, during 

the first 20-minutes of the protocol (table 4.3.1.1). This showed significant changes in 

performance, as the 18-month group generally presented itself with higher average values 

for the 20-minute stabilisation time, in the calculated rate pressure product – p<0.05, when 

compared to the younger models. Finally, the results were plotted and analysed after 

normalising them to stabilisation values, as seen in the graphs below. 
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Figure 4.3.1.1 represents the rate at which the pressure on the left ventricle of the heart 

develops, plotted as both a % of the stabilisation time. When looking at the % of stabilisation, 

the Two-Way ANOVA and the post hoc tests showed a significant effect of ageing on the 

18-month tissue viability and performance on the Langendorff isolated heart (-6.4% ± 1.1 

(SEM), p<0.0001 when compared to the 3-month controls data and -4.8% ± 1.1 (SEM), 

p<0.0001 when compared to the 6-month hearts. However, no time-dependant significant 

effect was recorded between the three age models. 

 

 

 

 

 

 

Age group 3-month 6-month 18-month 18-month 
significance 

MPR 
Mean ± SEM 

 
5316.5 ± 260.7 

 
4757.5 ± 55.2 

 
6022.7 ± 636.4 

 
#### 

MPD 
Mean ± SEM 

 
-4757.7 ± 457.3 

 
-4686.5 ± 310.1 

 
-5169.5 ± 425.6 

 
## 

RPP 
Mean ± SEM 

 
36874.1 ± 2621.4 

 
37188.5 ± 3960.9 

 
51477.9 ± 5847.6 

*** 
#### 

Table 4.3.1.1 – Performance assessment of the three age models in the first 20-minutes of the 
experimental protocol. The table shows the absolute values of each of the haemodynamic 
parameters for each age group. The 18-month group shows higher initial numbers for all 
parameters, but only showed significance on the RPP measurements, when compared to both the 
3 and 6-month models (n = 4 for all). No significance was recorded between the 3 and 6-month 
models (18-month model: *** = p < 0.001 in relation to the 3-month control; ## < 0.01 and #### < 
0.0001 in relation to the 6-month control). 



Page 129 of 359 

 

Figure 4.3.1.2 represents the rate at which the pressure on the left ventricle of the heart 

decays plotted as a % of the stabilisation time. When looking at the % of stabilisation, the 

post-hoc test showed no significant effects of age nor time on tissue viability, when 

compared between the different aged models. 
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Figure 4.3.1.1 – Maximum ventricular pressure rise difference amongst rats of age 3-months, 6-months and 18-months 
(n = 4). Hearts were allowed a 20-minute stabilisation period and were then subsequently perfused with KH buffer for 
another 140 minutes. Measurements for maximum ventricular pressure rise are displayed above (18-month model: **** 
= p<0.0001 in relation to the 3-month model and #### = p <0.0001, in relation to the 6-month model). 
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Figure 4.3.1.3 represents a calculation for the total myocardial workload of the heart, 

obtained by multiplying the LVDP by the HR, plotted as a % of the stabilisation time. In 

other words, it represents the stress put on the myocardium per heart rate cycle. plotted as a 

% of the stabilisation time. When looking at the % of stabilisation, the post-hoc test showed 

a significant effect of age on the 18-month tissue viability and performance (-6.6% ± 1.2 

(SEM), p<0.0001 when compared to the 3-month controls data and -6.0% ± 1.2 (SEM), 

p<0.0001 when compared to the 6-month hearts). As for the post hoc test for time, it showed 

no significant effect recorded between the three age models but it did record a similar trend 

between the three models. As seen by the raw data graph, the 18-month models show a 

significant difference in the first 15 minutes (+14603 ± 2639.7 (SEM), p<0.0001), when 

compared to the 3 and 6-month models; however, a sharper decrease in function was also 

recorded, which seems to be directly linked to an ageing effect upon the heart. 

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140 160

C
h

an
ge

 in
 M

V
P

D
 a

s 
a 

%
 o

f 
st

ab
ili

sa
ti

o
n

Time (min)

3 Month

6 Month

18 Month

Figure 4.3.1.2 – Maximum ventricular pressure drop difference amongst rats of age 3-months, 6-months and 18-
months (n = 4). Hearts were allowed a 20-minute stabilisation period and were then subsequently perfused with KH 
buffer for another 140 minutes. 
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Figure 4.3.1.3 – Rate Pressure Product difference amongst rats of age 3-months, 6-months and 18-months (n = 4) – 

Normalised (top) vs raw data (bottom). To calculate the RPP, the LVDP was multiplied by the HR and a measurement of 

myocardial workload over-time was obtained for each model. Measurements for the rate pressure product are displayed 

above (18-month model: **** = p<0.0001 in relation to the 3-month model and #### = p <0.0001, in relation to the 6-

month model). 
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To calculate the RPP (figure 4.3.1.3), both the LVDP and the HR (figure 4.3.1.4)  were taken 

into consideration, as previously explained. As seen by the graphs, no significance was 

found for the HR. The LVDP for the 18-month model, however, showed a significant 

decrease (-40% ± 2.04 (SEM), p<0.01) when compared to the 3-month model. 
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Figure 4.3.1.4 – LVDP and HR difference amongst rats of age 3-months, 6-months and 18-months (n = 4) – LVDP (top) 

and HR (bottom). Hearts were allowed a 20-minute stabilisation period and were then subsequently perfused with KH 

buffer for another 140 minutes. Measurements for LVDP and HR are displayed above (18-month model: * = p<0.05 and 

**** = p<0.0001 in relation to the 3-month model and 6-month model: #### = p<0.05 in relation to the 3-month model). 
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 Work-Loop Assay 

 

For this assay, only 3 and 6-month animals were compared. The two-way anova showed a 

non-significant interaction between AGE*TIME (p value = 0.46) but the independent 

variables were significant, as seen in figure 4.3.2.1, indicated by both a significant 

interaction between the two ages (Y axis = p<0.05) and on aged tissue viability and 

performance over-time (X axis = p<0.05). The figure shows the average plots for the power 

output of the muscles throughout the experimental protocol. A decrease of up to 40% was 

considered normal and within the pre-defined parameters for the assay, according to 

previous literature (Layland, Young and Altringham 1995). When comparing between the 

two models, an initial significant decrease in power output (PO) was recorded for the 6-

month model at the 35-minute mark (-14% ± 1.6 (SEM), p<0.05). A further significant 

decrease was observed, at the 60-minute mark of -15% ± 3.7 (SEM), p<0.05. The peak 

significant decrease recorded between the two models occurred at the 105-minute mark, at 

-18% ± 4.5 (SEM), p<0.05. A significant over-time effect was also recorded, starting at the 

35-minute mark and lasting until the end of the protocol (-14% ± 2.2 (SEM), p<0.05). 
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Figure 4.3.2.1 – Power Output in 3-month (n = 7) and 6-month (n = 6) age models. This graph represents the power output 
produced by the muscle under similar conditions but in two age models. The 3-month model was used as a control (* and # = p 
< 0.05, for direct age comparison and tissue viability over-time comparison, respectively). 
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 The next three graphs (figures 4.3.2.2 to 4.3.2.4) represent the difference in loop shape when 

comparing between the two age groups, at the 45, 100 and 120-minute marks. They are 

presented as a plot of force against % length change (or strain). The loops shown are all 

averages of the work produced by the muscles at certain time points and do not represent 

the full extent of the experimental protocol, although a pattern was clearly recorded. No 

change was documented in peak force measurements, based on visual inspection alone (A), 

indicated by the lack of change in the ascending limb of the loop. An increase was recorded 

for the passive re-lengthening of the muscles (C) and a consistent decrease in muscle work 

during shortening (B) and muscle activation rate (D) was also documented, when comparing 

the 6-month to the 3-month muscle. Finally, a decrease in the total net work done during the 

loop was recorded throughout the protocol, as indicated by the decreasing total area inside 

the loop. 

 

 

Figure 4.3.2.2 – Age comparison at 45 minutes. This graph represents the changes in muscle power at the 45-minute mark 
of the experimental protocol, when comparing between the two aged models (representative graph only). A = Peak force; 
B = Muscle shortening. C = Passive re-lengthening; and D = Activation rate. 
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Figure 4.3.2.3 - Age comparison at 100 minutes. This graph represents the changes in muscle power at the 100-minute 
mark of the experimental protocol, when comparing between the two aged models (representative graph only). A = 
Peak force; B = Muscle shortening. C = Passive re-lengthening; and D = Activation rate. 

Figure 4.3.2.4 - Age comparison at 120 minutes. This graph represents the changes in muscle power at the 120-minute 
mark of the experimental protocol, when comparing between the two aged models (representative graph only). A = 
Peak force; B = Muscle shortening. C = Passive re-lengthening; and D = Activation rate. 
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4.3.3 Western Blot 

 

Pyruvate dehydrogenase (PDH) and Uncoupling protein 3 (UCP3) were assessed using 

western blotting in order to assess the impact of key mitochondrial regulators in cardiac 

function. All of the represented graphs were plotted after correcting for protein loading and 

the 3-month controls were normalised. 

Figure 4.3.3.1 shows the percentage of phosphorylated PDH in untreated heart tissue as a % 

of the control and in differently aged rat models, respectively. The 3-month model was used 

as a control, while the 6 and 18-month models were used as the aged models. As seen by the 

figure, both the 6 and the 18-month models showed significant decreases in expression when 

compared to the control, with the 6-month model showing a -67% ± 4.4 (SEM) decrease in 

phosphorylated protein loading (p<0.0001) and the 18-month model showing a decrease of 

-53% ± 4.0 (SEM) in phosphorylated protein loading (p<0.0001). 

Figure 4.3.3.1 – Phosphorylated PDH expression in differently aged models (n = 4 for all). This graph represents the 

effects of age on the levels of phosphorylated PDH, as a percentage of total PDH (6-month model: **** in relation to the 

3-month model; 18-month model: **** = p<0.0001 in relation to the 3-month model and ## = p <0.01, in relation to the 

6-month model). The top blot is a representative image of phospho-PDH, while the bottom blot represents total-PDH. 

The presented results are all corrected for GAPDH. 
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Figure 4.3.3.2 shows the percentage of UCP3 in heart tissue as a % of the control and in 

differently aged rat models. The 3-month model was used as a control and normalised, while 

the 6 and 18-month models were used as the aged models. As seen by the figure , Both the 

6 and the 18-month models were significant decreased when compared to the control, with 

the 6-month model showing a -68% ± 2.5 (SEM) decrease in UCP3 protein loading 

(p<0.0001) and the 18-month model showing a decrease of -54% ± 6.5 (SEM) in UCP3 

protein loading (p<0.0001). 

 

 

 

 

 

 

Figure 4.3.3.2 – UCP3 expression in differently aged models (n = 4 for all). This graph represents the effects of age on 

the levels of UCP3, as a percentage of GAPDH (6-month model: **** in relation to the 3-month model; 18-month model: 

**** = p<0.0001 in relation to the 3-month model and # = p <0.05, in relation to the 6-month model) ). The top blot is a 

representative image of UCP3, while the bottom blot is a representative image of GAPDH. The presented results are all 

corrected for GAPDH. 
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 Discussion and Conclusion 

 

The primary aim of this chapter was to investigate how cardiac function changes in 3, 6 and 

18-months animal and how this can alter the mitochondrial energetic metabolism. In this 

study it was established that the aged models mimicked the old heart (via measures of CF, 

LVDP, HR, MPR and MPD) and its muscle function (via measures of total work produced 

by the papillary muscle), as well as key metabolic agents, analysed via western blotting and 

the hypotheses proposed were confirmed: on the isolated heart model, changes in 

performance were analysed, based on the absolute values, for the 6 and 18-month groups in 

comparison to the 3-month group, during the first 15-minutes of the protocol, with 

significant changes being recorded for both MPR and RPP. When running the papillary 

muscle performance assay, significant decreases in muscle performance and overall power 

output between the 3 and 6-month models were observed. Furthermore, the PDH and UCP3 

analysis pointed towards a reduced effectiveness in ATP production and synthesis in older 

models, which has been seen before in previous literature. 

Absolute values (figure 3.3.1.1) showed us that while no changes were seen on the MPR and 

MPD, the 18-month model starting values for RPP were observed to be higher than the 3 

and 6-month models; however, it was also observed that a higher rate of decrease in 

performance when compared to the younger models, a pattern that was also seen when 

looking at the % of stabilisation, as the aged models (6 and 18-months) showed significant 

differences, displaying changes in both the cardiac function of the heart (via the RPP 

calculations) and its power production and regulation. Previous literature has shown that the 

performance of the heart is diminished with age, especially regarding power output and 

overall muscle performance. 
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The most common causes for this include arterial stiffness, changes in calcium modulation, 

increased wall thickness (Csiszar et al. 2008) and ventricular vascular interactions, such as 

prolonged myocardial contractions, as a consequence of left ventricular hypertrophy 

(Csiszar et al. 2008; Lakatta and Levy 2003). This LV hypertrophy is of particular 

performance and has been linked to an increase in the LV mass because of aging, derived 

from an increase in myocyte cell volumes, starting at an increase of 53% on the left ventricle 

of rats aged 3-10 months and increasing to up to 90% in rats between 18-20-month-old. 

Aging also shows an 18% cell number loss in 12- and 20-month-old rats, followed by 

subsequent myocardial fibrosis (Anversa et al. 1986; Yin et al. 1982). This decrease in 

myocyte count has been previously linked to a decrease in left ventricular function, but that 

was once again not documented in this project. Nonetheless, the RPP traces on both the 6-

month and the 18-month models showed a clear decrease in cardiac function when compared 

to the 3-month model. The addition of more n numbers would have been helpful in 

confirming this, but with the current data it is possible to extrapolate that a decrease in 

contractility is definitely present in the aged models. Another important factor in decreased 

vascular loading of the heart is the decreased effect of β-adrenergic stimulation on the 

vasculature of the heart. This decrease is commonly associated with a decrease in heart rate 

but has been mainly tested when comparing between resting heart rate and heart rate during 

exercise (Lakatta 1993). While a significant decrease in the heart rate of the aged models 

was not observed throughout the protocol presented in this project, both the LVDP and the 

RPP (which is calculated using the HR and the LVDP) showed an exacerbated decrease in 

both the 6-month and 18-month models. 
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It is therefore proposed that the HR might be the less impactful of the two parameters, when 

assessing age dysfunction in the heart. Calcium changes have also been documented and 

aged hearts have shown to not only have limited β-adrenergic stimulation, but also an 

intrinsic decline in their abilities to increase transient Ca2+ (Feridooni, Dibb and Howlett 

2015; Orchard and Lakatta 1985; Xiao et al. 1994a). This decline has been shown by both 

Leblanc et al and Nair and Nair in more than one occasion, in both male and female rats of 

different age groups, which highlighted a clear relation between age and a dysfunction in 

the L-type calcium channels (Leblanc et al. 1998; Nair and Nair 2001). Based on these 

results, it is proposed that there may be a potential explanation as to why a decline was 

recorded in this project, in addition to potential tissue fatigue. Two of the age groups used 

in most of the old and current studies were rats aged between 6 and 15-months (Capasso et 

al. 1983; Feridooni et al. 2017); between these two age groups, there was little to no change 

in mechanical and energetic muscle characteristics. However, in 27- and 32-month-old 

models, which presented themselves with age related decreases in muscle shortening and 

contractile protein activity, reductions in peak tension rise and fall, decreases in the resting 

length-tension relationship (between Lmax and 98% Lmax) and reductions in ATPase levels 

(Kiriazis and Gibbs 2000; Wong et al. 2010). 

To this effect, the work-loop assay was used as a 2-point verification, showing a clear 

difference in the performance of the cardiac muscles of the aged model, with a clear decrease 

in performance after the first 40 minutes of the experimental protocol. The 45-minute mark 

comparison of the two aged models showed an initial decrease in muscle activation rate, as 

well as the total work done by the 6-month muscle. This change was consistent throughout 

the experimental protocol and was applicable to both the 6-month and the 18-month models. 
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In the study on the papillary muscles, a significant decrease on the 6 and 18-month model 

was recorded and compared to the 3-month model, which has previously demonstrated in 

studies that showed significant differences  between the work produced by a 6-month animal 

and the work produced by a 27-month animal (Capasso et al. 1983; Capasso et al. 1986; 

Kiriazis and Gibbs 2000), a change that has its proposed origin on a significant decrease in 

muscle shortening as a function of load between each age group, which was not confirmed 

in the presented work-loops but recorded in the isolated hearts, via changes to dP/dtmax. 

To follow up on this, Capitanio et al investigated the proteomics and protein expression in 

young and aged rat models (Capitanio et al. 2016) and found that certain contractile and 

structural proteins are altered older rats when compared to younger ones, such as an isoform 

of myosin binding protein C (Mybpc3), which when lowered have been shown to have a 

negative effect on the contractility of the heart (Cheng et al. 2013). In addition to this, 

Capitanio et al also found that the Acyl-CoA synthetase family was significantly reduced in 

aged rats; this metabolic protein is linked to fatty acid oxidation and its reduced expression 

has been previously proposed to be linked to a reduction in ATP production, with a 

consequent reduction in available energy for cardiac contraction (Chakravarti et al. 2008). 

This study was incredibly useful, as it established that there is a decrease in ATP productions 

mechanism in the hearts of aged models, which was originally proposed in the aims section 

and will now be further discussed. 

There is a lot of work published on the mechanical and energetic effect of cardiac overload 

in aged models; however, there is very limited work on the energetic consequences of aging 

on the myocardium. It is commonly known that old age is directly associated with not only 

a prolongation of the contractile duration of the heart, but also a reduction in force generation 

by the heart muscles (Capasso et al. 1983; Froehlich et al. 1978). 
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It is suggested that pyruvate and fatty acid uptake declines in aged models, which causes a 

shortage of the fuel necessary for ATP production (Lesnefsky, Chen and Hoppel 2016; 

McMillin et al. 1993); however, the ATP levels in the heart have not always been reported 

to decrease as expected of the aged models, with an increase in glucose oxidation being the 

most suggested explanation behind this (Barton et al. 2016; McMillin et al. 1993). As the 

pyruvate dehydrogenase complex (PDC) is known to be involved in this process, it is 

theorised that it plays a role in the compensatory mechanism of the aged heart (Moreau et 

al. 2004). Researchers found that the PDC was heavily related to a compensatory mechanism 

involving an increase in NADH levels and the enzymes responsible for producing it and that 

this accounted for the marked increase in glucose-derived pyruvate measured in both young 

and aged hearts (Moreau et al. 2003; Moreau et al. 2004; Nakai et al. 1997). These studies 

found that adaptive changes in the PDC kinetics had an effect on PDH and this is the core 

of the adaptive mechanism often observed in aged heart models. A study conducted by 

Chuffa et al found that PDH expression was significantly reduced in older rats when 

compared to younger ones, alongside other biomarkers of the glycolytic pathway, which led 

to a measurable reduction in energy generation and myocardial contractility in aged rats 

(Chuffa, Luiz Gustavo de Almeida and Seiva 2013). In addition to this, Hyyeti et al have 

shown that age reduces fatty acid oxidation and favours glucose oxidation. Due to effects of 

PDH on glucose regulation, it is likely that this is the reason for an increase in its expression 

in aged rat hearts (Hyyti et al. 2010). 

Research shows, to this day, conflicting evidence in regard to PDH expression and its effects 

in the aged heart, as seen in the discussion above. In this study, PDH did change with age, 

but a decrease in active PDH on the 6-month models was recorded, followed by its increase 

in the 18-month models, albeit still lower than the 3-month controls. 
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UCPs are known to mediate proton leaks and can change the mitochondrial membrane 

potential (Bellanti et al. 2013). Studies have shown that depressed heart function in aged 

hearts is associated with increased oxygen costs and decreased membrane potential, as well 

as increased proton leaks; it is also known that UCP3 mRNA levels tend to increase in aged 

models (Goshovska et al. 2010). All of this combined leads to a  reduction in mitochondrial 

efficiency in aged tissue, and a shift to glycolysis as a source of ATP production, which 

directly correlates with what was shown in this thesis (Bellanti et al. 2013; Edwards et al. 

2003). Studies have also shown that UCP3 decreases in abundance in the mitochondria of 

aged hearts, due to the mentioned shift from fatty acid oxidation to a more carbohydrate-

based metabolism (Hilse et al. 2016; Hilse et al. 2018). This study has shown that UCP3 is 

decreased in an age-dependant fashion, which carries significant impact in fatty acid 

oxidation rates due to its role as a fatty acid anion transporter. 

It is therefore proposed that there is a dependence of glucose oxidation in younger and older 

rats, while in middle aged rats that is not the case and there is a preference for fatty acid 

oxidation, which also explains the observed increase in phosphorylated PDH levels, as was 

mentioned before. The UCP3 levels are also align with this hypothesis, but based on the 

results collected, it is likely that they are less impactful in the overall fatty acid oxidation 

process in age and other metabolic agents might take precedence in facilitating this process. 

There are, however, some concerns amongst the scientific community regarding the mRNA 

expression of UCP3 vs its protein expression (Pecqueur et al. 2001; Rupprecht et al. 2012; 

Rupprecht et al. 2019), due to the fact that UCP3 has an upstream open reading frame, or 

UORF (Hurtaud et al. 2006). UORFs are mRNA elements that can, in certain conditions, 

cause a reduction in protein expression by up to 80% (Calvo, Pagliarini and Mootha 2009), 

which makes UCP3 a very difficult protein to reliably investigate. 
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It is therefore important to continue the investigation on this mitochondrial agent as much 

as possible, in order to widen the understanding of its pathways and regulators and how age 

can impact its expression. 

 

 Summary, limitations and final comments 

 

This project established the aged data for cardiac function and added important contributions 

to the current literature on the subject. It has been established that the cardiac function of the 

heart is diminished with age, showing severe decreases in the 6 and 18-month aged models; 

in addition to this, it was also shown that the muscles of the heart suffer severe drops in 

performance as an effect of ageing and that this translates to reductions in power output and 

total net-work done by the muscles of the 6 and 18-month models. Finally, alongside 

previous literature and the original hypothesis for this study, it was shown that ATP 

production is impaired with age and that both PDH and UCP3 are key agents in this effect 

and that their changes in expression are, to an extent, behind the overall decreases in overall 

contractile performance. 

Limitations for this project include the limited n numbers due to animal housing issues and 

due to the fact that many of the 18-month animals did not survive until they were ready to 

be sacrificed. In addition to this, female rats were not tested and previous research has shown 

that male and female rats express different genes and female rats have actually shown 

significant decreases in overall cardiac function and structure in an age-dependant fashion, 

which is a phenomenon that has not always been observed in male rats (Fannin et al. 2014). 

No investigation was done on the main cardiac contractility related proteins, like the α and 

β-myosin heavy chains, cardiac troponin T, C and myosin binding protein C, as it was 

decided from the beginning to focus on the energy metabolism of the heart. 
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In addition, for the study on the contractile function of the heart to be more comprehensive, 

the mentioned proteins should be considered for future studies. In addition to this, 

investigating the mRNA levels of PDH, PPARα and UCP3 would have been useful to 

complement the western blot results, as it would show whether there are gene expression 

changes directly or indirectly tied to the protein levels; for UCP3 this would be of particular 

importance due to previously published discrepancies between protein and mRNA levels. 

The next chapter will focus on investigating how obesity induces changes in the contractile 

function of the heart, in differently aged models, and how it can cause changes in the 

expression of both PDH and UCP3. 
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Chapter Five: The effects of high fat -diet-

induced obesity on the contractile 

function of the heart 

 

Some of the data in this chapter was presented as following: 

 

 

• Coventry University Symposium 2016 – Poster presentation 

• “Working Across Boundaries” HLS Conference 2016 – Poster presentation 

 

Manuscripts in preparation which will include part of the data presented in this chapter: 

 

• The impact of a high-fat diet on rat heart contractility, in different aged models 

– RA Ribeiro, Maddock, H, Tallis, J, Dodd, M, Gharanei, AM – The Journal of 

Experimental Biology. 
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 Introduction 

 

The cardiovascular dysfunction often associated with obesity results from a remodelling that 

occurs via different cardiac and metabolic mechanistic alterations (Alpert et al. 1995; Eckel, 

Grundy and Zimmet 2005; Lavie et al. 2013; Trayhurn and Wood 2004), as mentioned in 

section 1.2.2; however, it can be linked to three main factors: the first one is cardiac 

lipotoxicity (Drosatos and Schulze 2013; Ren et al. 2010), nitric oxide (NO) changes, which 

play an active role in cardiac contractility and have been shown to cause reduced contractile 

responses to β-receptor stimulation (Dawson et al. 2005) and inflammation, which can 

influence left ventricular function through adipokines and inflammatory markers, to name a 

few (Csiszar et al. 2008; Trayhurn and Wood 2005). This dysfunction can manifest as 

various morphological and, consequently, haemodynamic alterations, with the most 

impactful one being translated as an increase in ventricular mass and wall thickness (Avelar 

et al. 2007). This is of particular importance due to its impact on the cardiac contractile 

function of obese hearts via changes to the LV preload and afterload, increases in LV stroke 

work and abnormal changes to the LV end-diastolic pressure (Berkalp et al. 1995; Haggerty 

et al. 2015; Liu, X. et al. 2016; Messerli et al. 1982). It is therefore clear that obesity can 

cause severe functional and mechanistic changes to the heart; thus, it is paramount to 

understand how this happens, in order to potentially develop therapies to counter it. 

The combined effects of obesity and age have been studied in the past (Alpert et al. 2018; 

Hyyti et al. 2010; Qiang et al. 2007); in addition, obesity in the elderly is a very serious 

concern due to its increasing prevalence in the general population (Gregg and Shaw 2017; 

Tremmel et al. 2017; WHO 2020). Previous studies have shown that obesity shares 

similarities with ageing due to its effects on metabolic dysfunction as a direct result of 

measurable increases in oxidative stress and consequent apoptosis and telomere shortening 

(Niemann et al. 2011). 
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It is known that ATP dysfunction in obesity comes as a result of increased fat mass and 

studies have identified common functional genes and biomarkers in both obesity and ageing, 

such as the p53 protein (Edwards et al. 2007; Yokoyama et al. 2014); in addition to this, 

studies have also shown that white adipose tissue in obese patients shows hypoxic traits 

which can exacerbate the already decreased O2 supply in aged tissues (Dodd et al. 2018; 

Valli, Harris and Kessler 2015; Ye et al. 2007). As seen in previous literature, cardiac 

function changes at both a cellular and molecular level; these changes have been observed 

in cardiac myocytes of both obese and lean animals in different age models, by first 

stimulating the cells with a frequency of 0.5 Hz and measuring the changes in cell length, 

peak shortening, velocity of shortening and relengthening, time to peak shortening and time 

to 90% relengthening and then measuring intracellular Ca2+ and the levels of active AKT; it 

was concluded that there was a significant reduction in the velocity of the lengthening and 

shortening of the cardiomyocytes, as well as a reduction in their peak shortening and an 

increase in time to 90% relengthening, which together caused an overall reduction in 

contractile function via changes in the levels of phosphorylated AKT and changes to the 

handling of intracellular Ca2+ (Ren et al. 2010). 

Studies have also shown that there are several associations between cardiac dysfunction and 

mitochondrial functional changes, mostly in ATP production, respiration and biogenesis and 

signalling pathway alterations (Boudina et al. 2005; Boudina and Abel 2006; Boudina et al. 

2007). Finally, in the previous chapter it was established that there was an age-dependant 

decrease in contractility linked to changes in the expression of key elements (pyruvate 

dehydrogenase and uncoupling protein 3) involved in mitochondrial regulation, which aligns 

with all of the previously mentioned literature (Boudina et al. 2012; Crewe, Kinter and 

Szweda 2013; Finck 2007; Moreau et al. 2004; Pohl et al. 2019). 
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Previous studies have proposed that there is a relation between cardiac contractile 

dysfunction, FA uptake and FA oxidation in obesity, with a common link in myocardial lipid 

accumulation (Christoffersen et al. 2003; Drosatos et al. 2011; Drosatos 2016; Szczepaniak 

et al. 2003). This FA oxidation change is, to an extent, known to be regulated my 

mitochondrial uncoupling, as well as the pyruvate complex (please see sections 1.6.2 and 

1.6.3, respectively, for an in-depth review of these two mitochondria agents). A study 

showed the effects of pyruvate on the heart and it was concluded that there was an 

impairment in the PDHc, as well as reduced oxidative mitochondrial capacity, which led the 

researchers to conclude that FAs induce uncoupling in obese hearts, usually accompanied 

by a severe reduction in ATP production (Boudina et al. 2005).Studies have also recently 

risen to support these findings. In one case, a team of researchers found that deleting specific 

PDH genes and restricting glucose oxidation led to cardiac complications mimicking those 

of a cardiomyopathy, in the form of diastolic dysfunction and cardiac hypertrophy (Gopal 

et al. 2018). These conclusions agree with other studies that have shown how PDH activity 

is directly linked to glucose oxidation rates and how changes to any of these pathways leads 

to cardiac defects (Lydell et al. 2002; Sheeran et al. 2019; Sun et al. 2015). 

UCP3 is known to be regulated by PPARα in aged hearts and to be expressed in the presence 

of increased free FA conditions (Stavinoha et al. 2004; Young, M., Patil et al. 2001). Studies 

have proposed that increases in FA mitochondrial fluxes can lead to the activation of UCP3 

(Boudina et al. 2005), a hypothesis that has been linked to increased generations of 

superoxides, compounds directly linked to UCP activation (Echtay et al. 2002). Studies have 

also shown a reduction in the cardiac function of obesity-related diabetic hearts, usually 

accompanied by a mitochondrial ROS increase (Boudina and Abel 2006; Boudina et al. 

2007). 
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In these studies, researchers established that UCP3 seemed to play a protective role, 

suggesting that UCPs can, under certain conditions, work as protective mediators against 

ROS production and against triglyceride accumulation within the mitochondria, further 

showing an antioxidant protection against FAs (Goglia and Skulachev 2003; Schrauwen et 

al. 2002). Other researchers, however, have disproved this hypothesis, by claiming that no 

correlation exists between the UCP3 levels and ROS production (Goglia and Skulachev 

2003; Hilse et al. 2018; Shabalina and Nedergaard 2011). Regardless of this, it has been 

clearly established that UCP3s function as markers of FA oxidation and it can, therefore, be 

used as a criterion for heart dysfunction and cardiomyocyte changes (Hilse et al. 2016). It is 

also clear that the mechanism behind UCP3 is not fully understood and it is therefore 

imperative that more work is done to better understand how it affects FA metabolism. 

The aim here was to investigate the independent effects of HFD and the synergistic effects 

of age (6- and 18-months) and HFD on whole heart cardiac functions, isolated muscle 

contractions and intracellular proteins associated with mitochondrial energetic metabolism. 

The main hypotheses for this chapter were (a) that HFD will cause a decrease in overall 

cardiac and muscular functions, and this effect will be aggravated at 18-months and (b) that 

the combined effect of age and obesity will also cause significant impairment in muscular 

power output and a decrease in the phosphorylation levels of PDH, due to its vital function 

in glucose metabolism, and an increase in UCP3, due to its function as an obesity marker. 

The main objectives for this study were: (a) to assess whether the isolated heart and the 

work-loop models can be used to evaluate cardiac contractile function in the presence of 

high-fat diet-induced obesity (b) to determine the synergistic effect of ageing and HFD in 

order to investigate how it can affect the energy metabolism of the heart and (c) to investigate 

whether these changes occur as a result of metabolic changes to the pathways involving 

pyruvate dehydrogenase E1-α subunit (PDH) and uncoupling protein 3 (UCP3). 
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 Materials and Methods 

 

 Animal Models 

 

Following ethics approval from the host institute, 3-month animals were purchased from 

Charles River UK Limited (Margate, UK) and received human care in accordance with the 

guidelines of the British Home Office Animals (Scientific Procedures) Act 1986 (Hollands 

1986). Animals were aged in cages of 3 to 5 individuals, in 12h light and dark cycles at 

around 50% relative humidity. The diets used in this project were the same as the ones seen 

in a recent study published by Messa et al (Messa et al. 2020) and their caloric composition 

were as follows: (STANDARD CHOW): protein 17.5%, fat 7.4%, carbohydrate, 75.1%; 

gross energy 3.52 kcal.g-1; metabolizable energy 2.57 kcal.g-1 (CRM(P) SDS/Dietex 

International Ltd, Whitham, UK) and (HIGH FAT DIET): protein 18.0%, fat 63.7%, 

carbohydrate, 18.4%; gross energy 5.2 kcal.g-1; metabolizable energy 3.8 kcal.g-1 (Advance 

protocol PicoLab, Fort Worth, USA). All of the animal groups were given ad libitum access 

to their respective diet and water and feeding began 16 weeks prior to starting the 

experiments. For the 6 and 18-month lean and high-fat diet groups, animals were divided 

into randomized sample sizes of 60 and 80 Sprague-Dawley male rats, respectively. For the 

6-month group, 30 were given standard chow ad libitum (average body mass of 539g ± 15.5 

(SEM)) and the other 30 were given the high fat diet ad libitum (average body mass of 638g 

± 7.2 (SEM)). For the 18-month group, 40 were given standard chow ad libitum (average 

body mass of 793g ± 8.4 (SEM)) and the other 40 were given the high fat diet ad libitum 

(average body mass of 930g ± 10.5 (SEM)). The body mass measurements of the animals 

were measured bi-weekly (see figure 5.2.1.1 and table 5.2.1.1) and both the mesenteric and 

epididymal pads were weighed (see table 5.2.1.1) after the sacrifice of the animals to provide 

a two-step verification in their body mass difference (Woods et al. 2003). 
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Age group 
 

6M Lean 
Mean ± SEM 

6M HFD 
Mean ± SEM 

18M Lean 
Mean ± SEM 

18M HFD 
Mean ± SEM 

Body mass (g) 539 ± 15.5 638 ± 7.2 **** 794 ± 8.4 929 ± 10.5 #### 

Body length 
(cm) 

43 ± 0.5 44 ± 0.4 49.5 ± 0.4 48.5 ± 0.4 

Left epididymal 
fat pad mass (g) 

7.01 ± 0.6 8.65 ± 0.5 *** 6.93 ± 0.4 12.05 ± 0.6 #### 

Right 
epididymal fat 
pad mass (g) 

 
6.64 ± 0.6 

 
8.72 ± 0.5 ** 

 
6.97 ± 0.3 

 
12.50 ± 0.6 #### 

Mesenteric fat 
pad mass (g) 

6.50 ± 0.6 10.63 ± 0.8 **** 8.70 ± 0.3 11.42 ± 0.4 ### 

Body 
circumference 

(cm) 

 
21.75 ± 0.2 

 
25.75 ± 0.2 **** 

 
26.25 ± 0.2 

 
33.75 ± 0.3 #### 

Table 5.2.1.1 – Table with the comparison of parameters between lean models and HFD models, 
in 6-month and 18-month aged animals. The mean values are a representation of the parameters 
at the start of the experimental protocols (** = p < 0.01; *** = p < 0.001 and **** = p < 0.0001, 
compared to the 6-month lean group and ### = p < 0.001 and #### = p < 0.0001, compared to the 
18-month lean group). 

Figure 5.2.1.1 – Comparison of animal body mass in both the 6 and the 18-month aged models, measured bi-weekly, 
for a total of 16 weeks. Significance was shown after the first month of feeding between the lean and the HFD models 
within each aged model (****and #### = p < 0.0001; * = 6-month model; # = 18-month model). 
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Regarding the animals in the obesity projects, previous rodent models have been used for 

similar studies (with slight modifications in feeding time and diet supplements) in order to 

induce obesity, as their neuroanatomy and energy homeostasis control resembles that of a 

human being (Barrett, Mercer and Morgan 2016; Marques et al. 2016; Wilson, C. et al. 2007; 

Woods et al. 2003). A more detailed explanation of the animal model and how it compares 

to previous research can be found in section 3.1. As it was also mentioned before in section 

3.1, for the purposes of this study 3-month rats have been equated, in age, to a human child 

between 10-18 years, 6-month rats have been equated to a young adult between 20-30 years 

and 18-month rats have been equated to an older adult between 54-69 years (Andreollo et 

al. 2012; Capitanio et al. 2016; Jackson et al. 2017; Sengupta 2013). it was decided that the 

entirety of the previous published literature would be utilised to define the age groups for 

this thesis. 

 

 Langendorff Isolated Heart Model (full review in section 3.2) 

 

The technique starts with the perfusion of the heart with Krebs-Henseleit buffer (maintained 

at a constant temperature of 37oC ± 0.5 at a pH of 7.4) and gassed with 95% O2 and 5% CO2, 

by means of cannulating the aorta, in a retrograde fashion, forcing the closing of the aortic 

valve as a result of a change in pressure. The buffer then passes through a vascular bed 

before being drawn to the coronary sinus in the right atria. This allows the preparation to be 

maintained without any fluid filling the ventricular chambers (Skrzypiec-Spring et al. 2007). 

The Langendorff preparations were run as described in section 3.2.2 and as seen in figure 

5.2.2.1, under normal physiological conditions. 
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Measurements for the coronary flow (CF), left ventricular developed pressure (LVDP), heart 

rate (HR) and the Maximum ventricular pressure increase (+dP/dtmax) and decrease (-

dP/dTmax) were recorded using a physiological pressure transducer connected to the latex 

balloon and to a PowerLab (ADInstruments, UK) linked to a PC with LabChart® software 

v7 and the rate pressure product (RPP) was calculated using the function mentioned in 

section 3.2.2. At the end of the protocol, the left ventricle was excised from each heart and 

divided into two; tissues were then rapidly frozen in liquid nitrogen before being stored at -

80oC for future use. For a full background review, please refer to section 3.2. 

 

 

 

 

 

 

 

 Work-loop Assay (full review in section 3.3) 

 

This technique was only carried out for the 6-month animals. Following the sacrifice of the 

animal, the diaphragm was cut to expose the thoracic cavity and the thorax was subsequently 

opened to expose the heart. The excised hearts were immediately placed in ice cold modified 

Ringers buffer (NaCl, 144mM; sodium pyruvate, 10mM; KCl, 6mM; MgCl2, 1mM; CaCl2, 

2mM; NaH2PO4, 1mM; MgSO4, 1mM; Hepes, 10mM; with a pH of 7.4 at room temperature 

and oxygenated with 100% O2) and held in place on a silicone petri dish. This preparation 

was then placed under a microscope, to dissect the muscle as quickly as possible. 

 

Figure 5.2.2.1 - Langendorff Protocol. This was the protocol used for this chapter. The hearts were perfused with KHB 
for a total run time of 160 minutes. 

140-minute Krebs Henseleit buffer perfusion 20-minute 

Stabilisation 

Krebs Henseleit 
Buffer (KHB)  KHB perfusion Experimental 

protocol 
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Muscles containing branches or smaller muscles attached to them were excluded due to the 

potential to disturb forces production and recording. The chosen muscles were carefully 

trimmed and dissected and were then clamped at both the tendon and the ventricular chamber 

wall by small aluminium foil T-shaped clips. The muscle was left untouched to avoid 

potential damage. The dissected muscle was then placed on a horizontal chamber in an organ 

bath with circulating modified Ringers buffer and maintained at 37°C. 

The muscles were also connected to a 50nM force transducer and a high-speed length 

controller that were later used to stimulate the muscles at a 60-mA amplitude. (Layland, 

Young and Altringham 1995). The resulting developed force was calculated by subtracting 

the maximum produced force from the minimum produced force. 

The optimal muscle length was obtained by gradually increasing the muscle length using a 

micromanipulator (all products were purchased from Aurora Scientific, Canada) until the 

maximum developed force was reached (Lmax). Once reached the muscle length was 

measured with an eyepiece. For the actual work-loop protocol, the muscles were set to 95% 

of their original maximum length (L95%) and allowed a 30-minute stabilisation period. 

Once the L95% was calculated, the work-loop protocol (see figure 5.2.3.1) was carried out 

at a frequency of 6Hz and a strain amplitude of ±6% which, again, has been shown to 

produce the maximum power output in the cardiac muscle (Layland, Young and Altringham 

1995). This protocol was repeated every 5 minutes for a total of 120 minutes (for a total of 

24 loops produced per protocol). 

At the end of the 120 minutes, the muscle was weighed to the nearest 0.00001g using an 

electronic balance. Instantaneous power output was calculated for every data point by 

multiplying instantaneous force generated by instantaneous velocity. This was done for each 

loop (1863 total data points per loop) and then averaged to generate a net-work value for 

each instance of a completed loop (Gharanei et al. 2014). 
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 Western Blotting (full review in section 3.4) 

 

Cardiac tissue was collected from each treatment group, as mentioned in table 3.1.2.2. 

Approximately half of the left ventricle (50 mg) was then homogenized with lysis buffer 

(100 mM NaCl, 10 mM Tris base - pH 8.0, 1 mM EDTA - pH 8.0, 2 mM sodium 

pyrophosphate, 2 mM NaF, 2 mM β-glycerophosphate, SigmaFAST™ protease inhibitor 

cocktail tablets – 1 tablet/100ml and PhosStop™ - 1 tablet/10ml) on a IKA Ultra-Turrax® T 

25 basic disperser, set to a speed of 21,500 RPM. 

This tissue was then centrifuged for 10 minutes at 11,000 RPM at 4oC to obtain the desired 

supernatant, which was then transferred into clean 1.5ml microcentrifuge tubes. Samples 

were diluted using Laemmli buffer (250 mM Tris-HCl – pH 6.8, 10% glycerol, 0.006% 

bromophenol blue, 4% SDS, β-mercaptoethanol – pH 6.8) and incubated at 100oC for 5 

minutes before being stored at –20oC. Prior to using the samples, they were defrosted on ice 

and diluted further using Laemmli buffer to obtain a protein concentration of 50μg. To 

calculate the protein content of homogenised samples, a colorimetric PierceTM BCA Protein 

assay kit (Thermo Fisher Scientific, UK) was used. Concentrated albumin standards were 

serially diluted using lysis buffer to obtain a concentration range of 0 - 2000μg/ml. 

 

Figure 5.2.3.1 – Work-loop protocol. This was the protocol used for this chapter. The hearts were perfused with 
modified Ringers buffer for a total run time of 120-minutes. 

90-minute modified Ringers buffer perfusion 

 Modified Ringers perfusion 
Modified Ringers 

buffer 

15-minute 

muscle 

stabilisation 

15-minute 

stabilisation 
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BCA working reagent was prepared following a 50:1 ratio of reagent A and reagent B, 

respectively. Standards and samples were pipetted at a volume of 10μl, in triplicate, onto a 

96-well plate. Following this, 200μl of working reagent was added to each well. Plates were 

then covered to protect from light and incubated for 30 minutes at 37oC, before being left to 

cool to room temperature. The plate reader was set to 562 nm and the measured absorbance 

values were then used to calculate the total protein content per unknown sample. 

The previously collected samples were further diluted using laemmli buffer to obtain a 

concentration of 50μg/μl. These samples were then centrifuged at 1200 RPM for 2 minutes, 

at 4oC, before being loaded onto Precast TGX™ (Tris/glycine) gradient gels (Bio-Rad, UK). 

The gels were then placed inside of a Mini-PROTEAN™ vertical electrophoresis assembly 

unit before filling the chamber and outer tank with running buffer (14.42g/L Glycine, 1.0g/L 

SDS, 3.03g/L Tris base). The samples were then loaded into the wells, with at least one well 

loaded with a molecular protein marker acquired from Cell Signalling UK. Gels were run at 

110V for 60 minutes using a Power-PAC 3000 (Bio-Rad, UK). 

Following electrophoretic separation, the gels were removed from their compartments and 

placed onto Trans-Blot® Turbo™ transfer packs, consisting of filter paper, buffer and a 

polyvinylidene fluoride (PVDF) membrane. The assembled cassettes were loaded into the 

Trans-Blot system (Bio-Rad, UK) and ran for the mixed molecular weight transfer protocol 

for a total of 7 minutes. Following transfer, the membranes were cut into two using a scalpel 

blade. Blots were then incubated at room temperature in blocking buffer (5% w/v milk 

powder in Tris-buffered saline with Tween 20 (TBST) for 60 minutes on an orbital shaker 

(Cassambai et al. 2019). Blots were then incubated overnight in 5% w/v bovine serum 

albumin (BSA) in TBST - 1/1000, at 4oC, with anti-UCP3 antibody and phosphorylated 

Pyruvate Dehydrogenase E1-alpha subunit purchased from Abcam (UK). 
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The following day, blots were then incubated with secondary antibody (anti-rabbit HRP IgG 

– 1/1000, Cell Signalling, UK) in blocking solution (5% w/v milk powder in TBST) and 

incubated for 1 hour at room temperature on an orbital shaker. To visualise the membranes, 

they were first placed onto an acetate sheet and coated with approximately 1 mL of 

SuperSignal West Femto kit (Thermo-Scientific), in a 1:1 dilution, to amplify the signals 

from the membranes. Images were then captured and visualised using a ChemiDoc with the 

ImageLab™ Touch software (Bio-Rad, UK). Membranes were exposed for 3 to 5 seconds 

(see representative blot in figure 2.4.6.1) in order to detect the bands corresponding to the 

proteins of interest. Images were subsequently analysed using the java-based software 

ImageJ (National Institutes of Health, USA). After visualising the membranes, they were 

stripped using RestoreTM Western Blot Stripping Buffer (Thermo Fisher Scientific, UK) and 

re-probed for the total form of Pyruvate Dehydrogenase E1-alpha subunit and GAPDH, to 

be used as controls for the data. 

 

 Statistical Analysis (full review in section 3.6) 

 

Animal body mass and fat pad weight was plotted as average mass/weight ± standard error 

of the mean (SEM) and statistically analysed using One-Way analysis of variance (ANOVA) 

with Tukey’s post hoc test, on IBM SPSS® Statistics 25 (IBM Corporation USA). A p value 

of p<0.05 was considered statistically significant. The haemodynamics and work-loop data 

were plotted as a percentage of the average stabilisation (mean ± standard error of the mean 

(SEM)). Two-Way analysis of variance (ANOVA) was used with Tukey’s LSD (least 

significant difference) for each time point as a function of each age group, for both the 

Langendorff and the work-loop data. Fisher’s LSD was used for the western blot data, as the 

main interest was in finding the minimum difference between protein expression. A p-value 

of p<0.05 was considered statistically significant. 
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 Results 

 

 Langendorff Isolated Heart Model 

 

As explained in section 3.6, a two-way ANOVA was done to examine the effect of age and 

time on the maximum pressure rise, maximum pressure drop and rate pressure product. No 

statistically significant interaction was recorded (p values of 1.0, 0.94 and 1.0, respectively), 

but the post hoc tests showed significances in the independent variables (p values of 0.000 

for both MPR and RPP). Performance variation was also analysed, based on the average 

absolute values, for the 6 and 18-month groups, and their respective HFD model, during the 

first 20-minutes of the protocol, which shows that there are significant changes in 

performance between HFD and lean hearts (table 5.3.1.1). For the 6-month group, the HFD 

starting numbers were significant when compared to the 6-month lean model for MPR 

(+1389 ± 212.5 (SEM), p<0.0001), MPD (+1513 ± 344.3 (SEM), p<0.0001) and RPP 

(+20676 ± 3652 (SEM), p<0.0001). For the 18-month group, no significant differences were 

recorded. Finally, the results were plotted and analysed after normalising them to 

stabilisation values, as seen in the graphs below. 

 

Diet models 6-month Lean 6-month HFD 6-month 
significance 

18-month 
Lean 

18-month 
HFD 

MPR 
Mean ± SEM 

 
4757.5 ± 55.2 

 
6146 ± 212.5  

 
**** 

 
6022.7 ± 636.4 

 
5278.2 ± 

521.4 

MPD 
Mean ± SEM 

 
-4686.5 ± 

310.1 

 
-6199 ± 344.3  

 
**** 

 
-5169.5 ± 425.7 

 
-4951 ± 
443.3 

RPP 
Mean ± SEM 

 
35524.6 ± 

2619 

 
56200.5 ± 

3652 

 
**** 

 
51477.9 ± 

5847.6 

 
37703.6 
±9281.6 

Table 5.3.1.1 – Performance assessment of the four HFD models in the first 20-minutes of the 
experimental protocol. The table shows the absolute values of each of the haemodynamic 
parameters for each HFD group. The 6-month lean group showed lover values when compared to 
its respective HFD group. The 18-month group shows higher initial numbers for all parameters, 
when compared to the 6-month models, but no significance was found between the HFD and lean 
models. (6-month model: **** = p < 0.0001 in relation to the 6-month lean control). 
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Figure 5.3.1.1 represents the rate at which the pressure on the left ventricle of the heart 

develops. The HFD models showed no difference between the two age groups, when 

compared to their respective lean control (A: 6-month: p = 0.96 and B: 18=month: p= 0.99). 
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Figure 5.3.1.1 - +dP/dTmax for the 6-month models as seen in graph A and for the 18-month models as seen in graph 
B (n = 4 for both models). Hearts were allowed a 20-minute stabilisation period and were then subsequently perfused 
with KH buffer for another 140 minutes. 
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Both figures (5.3.1.2 and 5.3.1.3) represent the rate at which the pressure on the left ventricle 

of the heart decays. The HFD models showed no differences as a function of age or time, 

when compared to their respective lean control (6-month: p = 0.43 and 18=month: p= 0.90). 

Figure 5.3.1.2 - -dP/dTmax for the lean and HFD 6-month models (n = 4 for both models). Hearts were allowed a 20-
minute stabilisation period and were then subsequently perfused with KH buffer for another 140 minutes. Measurements 
for maximum ventricular pressure drop are displayed above. 
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Figure 5.3.1.3 - -dP/dTmax for the lean and HFD 18-month models (n = 4 for both models). Hearts were allowed a 20-
minute stabilisation period and were then subsequently perfused with KH buffer for another 140 minutes. Measurements 
for maximum ventricular pressure drop are displayed above. 
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Figure 5.3.1.4 represents a calculation for the total myocardial workload of the heart, by 

multiplying the LVDP by the HR. No significance was recorded for the 6-month group  nor 

the 18-month group, apart from an anomaly between the 45 and the 60-minute mark. 

However, while this may have occurred as a result of a compensatory effect of the heart, it 

is also likely that it occurred due to spontaneous contractions and was deemed to be of no 

statistical significance. 
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Figure 5.3.1.4 - RPP for the 6 (A) and 18-month (B) lean and HFD models (n = 4 for both models). Hearts were allowed 
a 20-minute stabilisation period and were then subsequently perfused with KH buffer for another 140 minutes. 
Measurements for maximum ventricular pressure drop are displayed above. 
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Figure 5.3.1.5 represents the rate of cardiac tissue perfusion in 6-month (A) and 18-month 

animals (B). Both the 6 (A) and the 18-month (B) model showed a similar patter, with both 

post hoc tests showing a significant decrease of -15%, p<0.05 in relation to the lean control, 

starting at the 110-minute mark and lasting until the end of the protocol. 
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Figure 5.3.1.5 - CF for the 6 (A) and 18-month (B) lean and HFD models (n = 4 for both models). Hearts were allowed a 
20-minute stabilisation period and were then subsequently perfused with KH buffer for another 140 minutes. 
Measurements for coronary flow are displayed above (* = p < 0.05 in relation to the lean control model). 
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The next three graphs represent the comparison between the haemodynamic parameters of 

the 6-month HFD model when compared to the 18-month HFD model. Figure 5.3.1.6 

represents the MPR comparison between the two models. When looking at the % of 

stabilisation, the Two-Way ANOVA and the post hoc tests showed a significant effect of 

HFD on the 18-month tissue viability and performance on the Langendorff isolated heart (-

4.9% ± 1.3 (SEM), p<0.001 when compared to the 6-month HFD data. However, no time-

dependant significant effect was recorded between the three age models. 

As seen by figure 5.3.1.7, no significance was found when looking at the MPD of the hearts 

in the 6- and 18-month HFD models. 
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Figure 5.3.1.6 - MPR for the 6- and 18-month HFD models (n = 4 for both models). Hearts were allowed a 20-minute 
stabilisation period and were then subsequently perfused with KH buffer for another 140 minutes. Measurements for 
MPR are displayed above (*** = p < 0.001 in relation to the 6-month HFD model). 
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Figure 5.3.1.8 represents the RPP comparison between the two models. When looking at the 

% of stabilisation, the Two-Way ANOVA and the post hoc tests showed a significant effect 

of ageing on the 18-month tissue viability and performance on the Langendorff isolated heart 

(-6.03% ± 1.4 (SEM), p<0.0001 when compared to the 6-month HFD data. However, no 

time-dependant significant effect was recorded between the three age models. 
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Figure 5.3.1.7 - MPD for the 6- and 18-month HFD models (n = 4 for both models). Hearts were allowed a 20-minute 
stabilisation period and were then subsequently perfused with KH buffer for another 140 minutes. Measurements for 
MPD are displayed above. 
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Figure 5.3.1.8 - RPP for the 6- and 18-month HFD models (n = 4 for both models). Hearts were allowed a 20-minute 
stabilisation period and were then subsequently perfused with KH buffer for another 140 minutes. Measurements for 
RPP are displayed above (*** = p < 0.0001 in relation to the 6-month HFD model). 
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 Work-Loop Assay 

 

The data presented in this section represents the 6-month set of lean and HFD data for the 

cardiac muscle assay. The two-way anova showed a significant interaction between 

HFD*TIME, with a p value of 0.01. The independent variables were also investigated, as 

seen in figure 5.3.2.1. Figure 5.3.2.1 shows the power output over time and there was a clear 

significant difference when comparing the power outputs between the two models, with the 

HFD model showing an initial significant decrease at the 45-minute mark (-8% ± 3.3 (SEM), 

p<0.01). At the 100-minute mark, a further significant decrease was recorded (-24% ± 6.6 

(SEM), p < 0.01) that lasted until finally showing maximal significant decrease of -28% ± 

11.4 (SEM), p<0.01 in power output, at the 120-minute mark. 

 

 

Figure 5.3.2.1 – Power output for the lean and HFD 6-month models (n = 6 and 5, respectively). Work produced by the 
muscle under similar conditions but in two different diet models. A significant change was observed after the 35-minute 
mark (** = p < 0.01). 
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The next three graphs (figures 5.3.2.2 to 5.3.2.4) represent the force of the muscles plotted 

against the % in length change, at three different time points (45, 100 and 120 minutes). 

They are presented as a plot of force against % length change (or strain). The loops presented 

are all averages of the work produced by the muscles. No change was documented in peak 

force measurements, based on visual inspection (A), but the work required by the muscle 

during shortening was reduced (B), at the 120-minute mark, for both models. The lean model 

showed no changes in activation rate throughout the experimental protocol. The HFD 

muscle, on the other hand, showed a higher demand in the muscle activation rate across all 

time points (C), including the non-presented ones. Finally, the total net-work done by the 

muscle was significantly reduced on the HFD model, which can be seen by a reduction in 

the total area of the loop, with its lowest value seen at the 120-minute mark. An important 

note here that the HFD muscles performed significantly worse on the work-loop assay and 

did not withstand the full 120-minute protocol before being unable to be stimulated into 

further contractions. It is therefore clear that HFD causes significant impairment in overall 

muscle contractions. 

Figure 5.3.2.2 - Comparison between a lean and an HFD model at the 45-minute mark. This graph represents the changes 
in muscle power at the 45-minute mark of the experimental protocol, when comparing between the diet models 
(representative graph only). A = Peak force; B = Muscle Shortening; C  = Activation rate. 
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Figure 5.3.2.3 - Comparison between a lean and an HFD model at the 100-minute mark. This graph represents the 
changes in muscle power at the 100-minute mark of the experimental protocol, when comparing between the diet 
models (representative graph only). A = Peak force; B = Muscle Shortening; C  = Activation rate. 

Figure 5.3.2.4 - Comparison between a lean and an HFD model at the 120-minute mark. This graph represents the 
changes in muscle power at the 120-minute mark of the experimental protocol, when comparing between the diet models 
(representative graph only). A = Peak force; B = Muscle Shortening; C  = Activation rate. 
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  Western Blot 

 

Pyruvate dehydrogenase (PDH) and Uncoupling protein 3 (UCP3) were assessed using 

western blotting in order to assess the impact of key mitochondrial regulators in cardiac 

function. All of the represented graphs were plotted after correcting for protein loading and 

the lean controls were normalised. 

Figure 5.3.3.1 shows the percentage of phosphorylated PDH in 6 and 18-month HFD heart 

tissue as a % of the 6 and 18-month lean controls. As seen by figure 5.3.3.1, the effect of the 

HFD on the 6-month animals caused a decrease in the active portion of PDH, with a decrease 

of -43% ± 7.3 (SEM) observed when compared to the total (p<0.001). As for the 18-month 

models, the effect of the HFD on the animals caused a decrease in the active portion of PDH, 

with a decrease of -17% ± 2.3 (SEM) observed when compared to the total (p<0.01). 

 

Figure 5.3.3.1 – Phosphorylated PDH expression in 6- and 18-month-old HFD and lean animal models (n = 4 for all). This 

graph represents the effects of HFD on the levels of phosphorylated PDH, as a percentage of total PDH (*** = p < 0.001 

compared to the 6-month lean group and ## = p < 0.01 compared to the 18-month lean group). The top blot is a 

representative image of phospho-PDH, while the bottom blot represents total-PDH. The presented results are all 

corrected for GAPDH. 
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Figure 5.3.3.2 shows the percentage of active UCP3 in 6 and 18-month HFD heart tissue as 

a % of the 6 and 18-month lean control. As seen by figure 5.3.3.2, the presence of HFD on 

the animals caused a significant increase of +83% ± 14.6 (SEM) in UCP3 expression when 

compared to the total form of the protein (p<0.0001). As for the 18-month model, the 

presence of HFD on the animals caused a significant increase of +29% ± 11.7 (SEM) in 

UCP3 expression when compared to the total form of the protein (p<0.01).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.3.2 – Active UCP3 expression in 6- and 18-month-old HFD and lean animal models (n = 4 for all). This graph 

represents the effects of HFD on the levels of UCP3, as a percentage of GAPDH (**** = p < 0.0001 compared to the 6-

month lean group and ## = p < 0.01 compared to the 18-month lean group). The top blot is a representative image of 

UCP3, while the bottom blot represents GAPDH. The presented results are all corrected for GAPDH. 
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 Discussion and Conclusion 

 

The primary aim of this chapter was to investigate how cardiac function changes in lean and 

HFD animal models (aged 6 and 18-months) and how this can alter the mitochondrial 

energetic metabolism. In this study, aged models were established as reproducible models 

of heart (via measures of CF, LVDP, HR, MPR and MPD) and muscle function (via 

measures of total work produced by the papillary muscle), as well as key metabolic agents, 

analysed via western blotting. The proposed hypotheses were confirmed on the isolated heart 

model, as changes in variation in performance were analysed, based on the absolute values, 

for the 6-month lean group, when compared to the 6-month HFD group, during the first 15-

minutes of the protocol, with significant changes being recorded for MPR, MPD and RPP. 

The papillary muscle assay also showed a significant change in power output and muscle 

performance on the 6-month HFD data and based on the data reported in chapter 4, it is 

possible to extrapolate that a steeper decline in performance would have been recorded for 

the 18-month model as well. In addition to this, the CF results suggest the presence of 

vascular remodelling in both the 6-month and the 18-month HFD models, with a significant 

decrease being documented throughout the protocol for both age models, which is in 

accordance with both the age and the stress levels of the HFD models, as previously 

documented (Abel, Litwin and Sweeney 2008; Stapleton et al. 2008). In addition to this, 

PDH and UCP3 were shown to be good biomarkers of obesity, as the formers levels 

decreased in the presence of the high-fat diet, while the latter increased significantly. PDH, 

specifically, seemed to show an age-dependant change, as it was shown to be less decreased 

in the 18-month HFD model, which indicates a reduction in fatty acid usage, even though 

HFD was present. 

 



Page 172 of 359 

Vasoconstriction in obesity has been attributed to a variety of factors, from an increase in 

proinflammatory adipokines and cytokines to a dysfunction in the levels of endothelin-1 

(ET-1), as obesity has been shown to change the endothelial vasoconstrictor responses (Ferri 

et al. 1997). A link to the Prostaglandin H2/Thromboxane A2 (PGH2/TxA2) receptor, an 

important mediator of the chronic basal vasoconstriction system, has also been suggested as 

a result of both an increase in TP-mediated vasoconstriction and a decrease in PGI2-induced 

vasodilation (Abel, Litwin and Sweeney 2008; Xiang et al. 2006). The work done in this 

chapter does not confirm these changes, but it does seem to indicate that the vasoconstriction 

previously reported in obesity (commonly linked to hypertrophy, which will be further 

explained) was, to an extent, a factor in the changes seen in the HFD hearts shown here.  

As mentioned in the previous paragraph, hypertrophy is very important when looking at 

obese models, as increased cardiac myocyte volume and diameter has also been vastly 

documented as the one of the main causes of hypertrophy and heart failure in both animals 

and patients (Wong et al. 2010). Consequently, a decrease in contractility on obese models 

is linked to a decrease in cardiomyocyte number of the left ventricle, but with an increase in 

their total volume, when compared to normal diet models (Schipke et al. 2014). Published 

work has also linked a reduced effectiveness of isolated papillary muscles to myocardial and 

cytoskeletal stiffness in obese rats, with significant differences observed in most cases 

(Leopoldo et al. 2010). Previous researchers have also hypothesised that the lower efficiency 

of the muscles in hypertrophy can be due to changes to the myosin heavy chain (MHC). The 

proposed idea is that the shift from the α-MHC isoform to the β-MHC is somehow causing 

the observed decreased efficiency. This shift has been replicated in hypoxia and it has been 

proposed that a similar event occurs during myocardial hypertrophy and this is the cause of 

a reduction in contractile efficiency of hypertrophic muscles (Razeghi et al. 2003). 
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Whilst hypertrophy levels for this project were not directly measured, a significant increase 

in the measured absolute values for the 6-month HFD models was recorded; the same 

difference was not seen on the 18-month animals potentially due to the fact that hypertrophy 

is an established characteristic of the ageing heart (Feridooni et al. 2017). These results seem 

to indicate that a degree of hypertrophy was present (as previously mentioned); it was 

therefore important to mention it in order to explain the results shown in table 4.3.1.1. 

The Langendorff heart technique is one of the most reliable contractility assessment tools 

available to researchers; however, it is lacking in assessing biomechanical function and 

cardiac output. To this effect, the work-loop assay is a reliable contractile assessment tool 

because it allows researchers to directly investigate the mechanical work done by the heart. 

since it is a technique designed to measure changes in force, velocity, activation rate, 

frequency and total cardiac work. When analysing the results from the papillary muscle 

assay, the HFD model performed substantially worse than the lean models, showing 

deterioration in the power output over time, as well as a decreased total net-work and muscle 

activation rate, a change that has been previously associated with another consequence of 

obesity, the hypertrophy of the heart (Correia et al. 2013). This is of particular relevance, as 

it shows that there is an exacerbation in muscle performance decline in an HFD-dependant 

fashion, which can have very serious implications for the contractile function of the heart. 

In addition to this, papillary muscles have also been shown to have a significant impairment 

in O2 consumption during contraction, which has been linked to decreases in both total work 

output and mechanical efficiency (Wong et al. 2010). Wong et al therefore concluded that 

hypertrophy played a major role in the reduction in contraction on isolated papillary muscles, 

which is the proposed cause for both the absolute values shown in table 5.3.1.1 and the 

results from the work-loop assay (section 5.3.2). 
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Mitochondrial metabolism is a crucial component of cardiac function due to its role in ATP 

production, which is done either by fatty acid oxidation or from carbon substrate metabolism 

(Korvald, Elvenes and Myrmel 2000; Kühlbrandt 2015). It is of particular importance in 

both obesity and ageing due to the previously discussed mitochondrial dysfunction normally 

associated with both conditions (for a full review on this, please refer to section 1.6). To this 

effect, for this project the investigation was done to two primary agents involved in 

mitochondrial function: pyruvate dehydrogenase and uncoupling protein 3. 

PDH activity in obesity has been previously reported in three key papers (Crewe, Kinter and 

Szweda 2013; Gopal et al. 2018; Lydell et al. 2002). Lydell et al confirmed that there are 

significant limitations in glucose oxidation in hypertrophied rat hearts which, have we 

mentioned before, is a well-documented heart dysfunction that occurs in both obesity and 

ageing (Avelar et al. 2007; Feridooni et al. 2017; Jalili, Manning and Kim 2003). Crewe et 

al followed this up with a more detailed study on mice models of high-fat diet and observed 

that, after just 1 day of feeding, there was already a significant decrease in pyruvate 

utilisation (Crewe, Kinter and Szweda 2013). Finally, Gopal et al, recorded a significant 

reduction in glucose oxidation as an effect of PDH deletion, in addition to an associated 

diastolic dysfunction (Gopal et al. 2018). In this study, the 6-month showed a significant 

decrease in PDH activity on the HFD models, with a decrease when compared to the lean 

controls, as seen in the previous research mentioned above. However, the 18-month models 

did not show a significant change between the models. As we saw in the previous chapter, 

age seems to have an effect on the expression of PDH, with a slight increase being observed 

when comparing between the 6 and the 18-month, albeit non-significant; in addition to this, 

it is known that there is a shift to glycolysis as a source of ATP in aged tissue (Bellanti et al. 

2013; Edwards et al. 2003). 
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Therefore, it is likely that the increase in PDH levels in the HFD models comes from a shift 

to a glucose-reliant ATP production; while it was mentioned that there is a decrease in 

glucose oxidation with HFD, ageing seems to be a more significant factor in affecting the 

activity of PDH. 

UCP3 plays a major role in FA oxidation and has been shown to be linked to fatty acid 

metabolism mechanisms via direct mediation in obese and diabetic hearts, independent of 

expression levels (Boudina et al. 2007; Hilse et al. 2018; Holloway et al. 2009) and, while 

not clear, it is safe to say that UCP3 has a direct effect in cardiac efficiency, as deletion of 

the UCP3 expression gene has been shown to induce a reduction in FA oxidation and a 

consequent reduction in ATP production as a result (Wilson, C. et al. 2007; Wright et al. 

2009). In addition to this, studies have also shown that UCP3 decreases in abundance in the 

mitochondria of aged hearts, due to the mentioned shift from fatty acid oxidation to a more 

carbohydrate-based metabolism (Hilse et al. 2016; Hilse et al. 2018). In this study, the 6-

month showed a significant increase in UCP3 expression, in an HFD-dependant manner, as 

seen in previous literature, likely due to an increase in FAs present on the tissue. The 18-

month model, however, showed a non-significant HDF-dependant increase in UCP3, but the 

statistical analysis showed a p value of 0.058; these results correlate with the previously 

mentioned studies that have shown a reduction in UCP3 with age, something that the chapter 

3 observations confirmed. However, these results have shown that there is a blunting in 

UCP3 expression in an age-dependant fashion. It was proposed that this effect is a 

consequence of PPARα modulation, as it has been shown to be affected in aged models; 

furthermore, PPARs regulate gene expression in cardiomyocytes and changes in these genes 

cause a reduction in fatty-acid availability and oxidation with an accompanying glucose 

oxidation increase, which can cause cardiac dysfunctions (Haemmerle et al. 2011; Leone, 

Weinheimer and Kelly 1999). 
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Due to their vital role in UCP regulation, it is likely that there may be changes in PPAR 

expression that are causing the observed changes in UCP3 expression; however, further 

studies assessing PPARα modulation are required to confirm this hypothesis. 

 

 Summary, limitations and final comments 

 

Similar to what was done in chapter 3, HFD models have been established for future research 

and, in addition to this, important contributions to the current literature on the subject have 

been made. It has been established that the presence of HFD causes non-significant changes 

on cardiac function in the isolated heart model, despite showing indications of hypertrophy, 

but does so in both the work-loop and protein expression studies. For the latter, specifically, 

it was found that the combination of HFD and age was causing increases in both 

phosphorylated PDH and available UCP3 expression (figures 4.3.3.1 and 4.3.3.2), but it is 

possible that this is most likely due to the presence of HFD as opposed to being an age-

dependant change, as seen in previous literature. 

The main limitations for this project, similarly to what was found in chapter 3, was the 

limited number of animals used due to animal housing issues and due to the fact that many 

of the 18-month animals did not survive until they were ready to be sacrificed. In addition 

to this, the use of female rats was also a potential direction to take the study, as previous 

research has shown that male and female rats express different genes and female rats have 

actually shown significant decreases in overall cardiac function and, which has not always 

been observed in male rats (Fannin et al. 2014). Another limitation was that only 

performance level changes of the papillary muscle in the presence of HFD was assessed, as 

none of the data supports the existence of contractile functional changes. 
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Finally, a lot of potential mitochondrial targets were not investigated due to the immense 

scope of the field. For this particular investigation, it would have been important to look at 

PPARα activity to better understand the UCP3 and PDH results. Further research should, 

therefore, take this into account when investigating these particular mitochondrial agents. 

There is still a lot of work that can be done on this, but it has now been established that 

energy generation changes should be considered when investigating heart contractility and 

that there are significant variations on the energy production of both diet-induced obese 

animals and aged animals. In addition to this, investigating the mRNA levels of PDH, 

PPARα and UCP3 would have been useful to complement the western blot results, as it 

would show whether there are gene expression changes directly or indirectly tied to the 

protein levels; for UCP3 this would be of particular importance due to previously published 

discrepancies between protein and mRNA levels. 

The next chapter will focus on investigating how ageing induces changes in the contractile 

function of the heart change in when in the presence of different inotropic drugs, and how 

these drugs cause changes the expression of the active forms of both PDH and UCP3. 
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Chapter Six: Inotropic drug effects on the 

contractile function of the heart in an 

age-dependant study 

 

Some of the data in this chapter was presented as following: 

 

 

• Coventry University Symposium 2017 – Poster presentation 

 

 

Manuscripts in preparation which will include part of the data presented in this chapter: 

 

• Inotropic functional changes of the heart in the presence of a high-fat diet, in 

differently aged models – RA Ribeiro, Maddock, H, Tallis, J, Dodd, M, 

Gharanei, AM – Toxicology and Applied Pharmacology. 
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 Introduction 

 

As it was mentioned in chapters 3 and 4, various functional, structural, cellular and 

molecular effects are involved in the aged heart, leading to age associated cardiac 

pathologies such as vascular thickening and arterial stiffness, impaired endothelial function, 

hypertrophy and fibrosis (Cheng et al. 2009; North and Sinclair 2012; Paneni et al. 2017). 

These changes can lead to various effects upon cardiac function, such as elevated systolic 

pressure and decreased diastolic pressure dysfunctions as a result of the aforementioned 

vascular stiffness ; in addition, the thickening of the vascular walls can also lead to a decline 

in endothelial cell function, as well as a loss of proliferation and movement, partially due to 

a reduction in endothelial nitric oxide synthetase activity (Izzo Jr and Shykoff 2001). 

Studies have also looked at different molecular systems directly impacted by age, with three 

main regulation mechanisms being at the centre of it: the Renin Angiotensin Aldosterone 

System (RAAS), and cardiomyocyte relaxation impairment via the excitation-contraction 

coupling in the myocardium (Domenighetti et al. 2005), the adrenergic signalling level, most 

notably adenylyl cyclase type 5 (AC-5) on the extracellular signal-regulated kinase pathway, 

which has been previously shown to provide a degree of protection against oxidative stress 

(Yan et al. 2007) and the triggering of apoptotic events via mitochondrial ROS changes (Di 

Lisa and Bernardi 2006). Previous papers have also proven the existence of an impairment 

in certain mitochondrial proteins, as well as the existence of damaged mitochondria, in 

senescent rat hearts, that contribute to this link between mitochondrial dysfunctions and aged 

heart vulnerabilities. (Nitta et al. 1994; Tani et al. 2001). For an in-depth review on the 

effects of aging on cardiac function, please refer back to sections 1.4 and 1.6, as well as 

chapter 3 for a full physiological investigation. b 
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Due to this, studying the importance of the inotropic function of the heart is of particular 

importance. The inotropy of the heart is described as any force that increases myocardial 

contractile strength (Hasenfuss, Gerd and Teerlink 2011). The heart possesses three main 

endogenous inotropic mechanisms: a length-dependant cross-bridge activation, a heart rate 

dependant activation of contractile force and a catecholamine-mediated inotropy (Bers 

2008). The most important of the three is the length-dependant activation (refer to section 

1.3.4 for a detailed review), which occurs when the stroke volume of the left ventricle 

increases due to an increase in the total left ventricular volume (Ochsner et al. 2017); the 

heart rate dependant activation is calcium dependant, as an increase in heart rate implicates 

an increase in calcium levels and overall availability within the cardiomyocytes, which leads 

to an increase in contractility and the catecholamine-mediated inotropy is based on the usage 

of the β-adrenoceptor-adenylyl cyclase system to phosphorylate L-type calcium channels, 

via protein kinase A, in order to increase calcium influx and RyRs; phospholamban is also 

activated in order to accelerate calcium accumulation within the sarcoplasmic reticulum 

(Farrell and Howlett 2008; Grossman and Messerli 1998; Vallet, Dupuis and Chopin 1991). 

Isoprenaline, dobutamine, atenolol and itraconazole were the chosen drugs for this study due 

to their widespread usage worldwide (a full review on the mechanisms of each one can be 

found in chapters 1.7.1 to 1.7.4). 

Guarnieri et al have previously shown that isoprenaline (5µM) has an age-dependant effect 

in 7- and 22-month-old rats rat hearts (Guarnieri et al. 1980); in their study, the researchers 

used Wistar rats and mounted their hearts on a Langendorff apparatus before administrating 

increasingly high concentrations of isoprenaline (500 nM) in 15-minute intervals. In 

addition to this, Guarnieri et al also ran protein assays to test for cAMP levels and myocardial 

membrane assays to test for cardiac β -adrenergic receptor activity. 
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The group found that the aged hearts respond with up to 40% less efficiency to β-receptor 

stimulation, with an associated increase in cyclic adenosine monophosphate (cAMP) levels; 

Guarnieri et al attributed this to a decrease in calcium handling within the myocytes but also 

suggest that there may be other factors in place. Lakatta et al did a study where they mounted 

the trabecular muscle of the heart on a stimulator and measured their power output; in 

addition, the group used increasing concentrations of both norepinephrine and isoprenaline 

to see how their effects changed in 6, 12 and 25-month rat models (Lakatta et al. 1975). The 

group found that both drugs caused a significant decrease in the maximal rate of tension 

development (dT/dt) of the aged hearts, which the researchers proposed to be linked to a 

decrease in available intracellular calcium and due to an intrinsic decrease in inotropic 

response in aged hearts. 

Cardiac ageing is characterized by β-adrenoreceptor desensitization, with previous studies 

linking the phenomenon to changes in phosphorylation of the receptor structures (Abrass, 

Davis and Scarpace 1982; Hashimoto, Nakashima and Sugino 1983; Jiang, M., Moffat and 

Narayanan 1993); in addition, previous studies have also shown that, in terms of 

hemodynamic profiling, younger β-blocked patients and healthy elderly patients, without 

heart failure, have shown significant similarities in their impaired function, which provided 

researchers with further proof of this desensitization (Abrass, Davis and Scarpace 1982; 

Fleg, Aronow and Frishman 2011; Xiao et al. 1994b). Another study by Leineweber et al 

proposed that catecholamine levels play an important role in this desensitization of the aging 

heart, as the level of circulating catecholamines rises with the age associated plasma spill 

over from the tissues, which consequently causes a reduction of the catecholamines re-

uptake transporter localized in the sympathetic nerve terminals (Leineweber et al. 2002). 
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The researchers further suggested that the β-adrenoceptor desensitization and down-

regulation was one of the most important mechanisms to explain age-related decrease in β-

adrenoceptor response to agonists. In addition to this, a more recent study found that the 

positive inotropic effect of β-receptor agonist is altered and reduced due to dysfunctions in 

the β1 and β3-adrenoreceptors and in ATP production within the cells (Carillion et al. 2015). 

Atenolol is a second-generation cardio-selective β1 receptor antagonist with both negative 

inotropic and chronotropic properties (see 1.7.3 for a full review on Atenolol). Atenolol has 

been previously used on cardiac research and has been shown to not only severely decrease 

the myocardial contractile force, but also the transmural flow and vascular resistance of the 

heart, in normal conditions (Berdeaux and Giudicelli 1982; Guth et al. 2015). On the isolated 

heart model, Atenolol has been shown to cause impaired coronary resistance during 

ischaemia, as well as a reduction in LVDP, HR, +dP/dt and -dP/dt when compared to control 

hearts (Allibardi et al. 1999; Lavanchy, Martin and Rossi 1988).It has also been shown to 

increase the risk of mortality in the elder population, especially in patients suffering from 

high pulse arterial pressure (Testa et al. 2014). In another study using 18-month mice 

models, it was found that Atenolol not only reduced the membrane fatty acid unsaturation 

of the heart, but also decreased the various markers of oxidative stress within the animals 

(Gómez et al. 2014; Sanchez-Roman et al. 2010; Sanchez-Roman et al. 2014). The Gómez 

study also recorded changes in the heart rate, systolic pressure and diastolic pressure in the 

hearts treated with atenolol, when compared to the control groups. 

Itraconazole is a triazole antifungal agent (refer to section 1.7.4 for a full review on 

Itraconazole) that carries severe adverse effects, the most common ones being heart failure 

and a severe drop in left ventricular pressure (Fung, Chau and Yew 2008; Qu et al. 2013). 
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Studies have shown that patients are more likely to develop congestive heart failure when 

under treatments with Itraconazole, even when different protocols were used to measure the 

negative inotropic effect of the drug (Guth et al. 2015; Okuyan and Altin 2013). It has also 

been investigated in the isolated heart model and showed severe decreases in the heart rate, 

coronary flow, LVDP and the ventricular pressure rise and drop, starting at concentrations 

as low as 0.3 µM (Qu et al. 2013). There is a very limited amount of information on 

Itraconazole but it is known that it is involved in CYP expression and a recent study used 

CYP2J2 cardiac expression models to show that, while younger mice retained their 

contractile function, the effect of CYP caused severe impairment in contractile function with 

age, due partially to a loss of cardioprotective mechanism against oxidative stress and 

decreased protein phosphatase 2A (Chaudhary et al. 2013). A study by Jamieson et al used 

echocardiography on 3- and 16-month-old soluble epoxide hydrolase (or sHE, a metabolite 

commonly linked to CYP function) mice to assess cardiac function and showed that there 

was a significant decline in cardiac function observed with age when compared to younger 

models (Jamieson et al. 2017). 

The primary aims of this chapter were to investigate how different ages (3, 6 and 18-months) 

can affect whole heart cardiac functions, isolated muscle contractions and intracellular 

proteins associated with mitochondrial energetic metabolism, when under the effect of 

isoprenaline, dobutamine, atenolol and itraconazole. The main hypotheses for this chapter 

were (a) that due to β-receptor desensitization in ageing, Dobutamine and Atenolol 

measurements will show significant impaired effects on the haemodynamic function of the 

heart, (b) that Itraconazole will cause a significant decrease in the haemodynamic function 

of the heart, in an age-dependant fashion, due to changes in CYP expression and (c) that 

PDH and UCP3 Phosphorylation levels will be reduced in the presence of Dobutamine but 

will not change significantly in the presence of Atenolol and Itraconazole. 
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The main objectives of this study were: (a) to elucidate how Dobutamine, Itraconazole, 

Atenolol and Isoprenaline change the contractile function of a 3, 6 and 18-month heart using 

the Langendorff isolated heart model and the work-loop assay and (b) to investigate whether 

these changes occur partially as a result of mitochondrial energy metabolism changes, 

notably on the pathways involving pyruvate dehydrogenase E1-α subunit (PDH) and 

uncoupling protein 3 (UCP3). 

 

 Materials and Methods 

 

 Animal Models 

 

Following ethics approval from the host institute, 3-month animals were purchased from 

Charles River UK Limited (Margate, UK) and received human care in accordance with the 

guidelines of the British Home Office Animals (Scientific Procedures) Act 1986 (Hollands 

1986). 3, 6 and 18-month models were used due to these ages being representative of a 

young middle-aged and adult rat (as mentioned before in section 3.1, 3-month rats have been 

equated to a human child between 10-18 years, 6-month rats have been equated to a young 

adult between 20-30 years and 18-month rats have been equated to an older adult between 

54-69 years (Andreollo et al. 2012; Capitanio et al. 2016; Jackson et al. 2017; Sengupta 

2013)). The 3-month animals were used as controls for the studies. The body mass 

measurements for the animals were as follows: 3-month group (n=11) with an average body 

mass of 350g ± 3.2 (SEM), 6-month group (n=10) with an average body mass of 539g ± 

15.5 (SEM) and 18-month group (n=4) with an average body mass of 794g ± 8.4(SEM). All 

animals were sacrificed by means of cervical dislocation, in accordance with the British 

Home Office Animals (Scientific Procedures) Act 1986, Schedule 1 (Hollands 1986). 
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 Langendorff Isolated Heart Model (full review in section 3.2) 

 

The technique starts with the perfusion of the heart with Krebs-Henseleit buffer (maintained 

at a constant temperature of 37oC ± 0.5 at a pH of 7.4) and gassed with 95% O2 and 5% CO2, 

by means of cannulating the aorta, in a retrograde fashion, forcing the closing of the aortic 

valve as a result of a change in pressure. The buffer then passes through a vascular bed 

before being drawn to the coronary sinus in the right atria. This allows the preparation to be 

maintained without any fluid filling the ventricular chambers (Skrzypiec-Spring et al. 2007). 

Measurements for the coronary flow (CF), left ventricular developed pressure (LVDP), heart 

rate (HR) and the Maximum ventricular pressure increase (+dP/dtmax) and decrease (-

dP/dTmax) were recorded using a physiological pressure transducer connected to the latex 

balloon and to a PowerLab (ADInstruments, UK) linked to a PC with LabChart® software 

v7 and the rate pressure product (RPP) was calculated using the function mentioned in 

section 3.2.2. At the end of the protocol, the left ventricle was excised from each heart and 

divided into two; tissues were then rapidly frozen in liquid nitrogen before being stored at -

80oC for future use. For a full background review, please refer to section 3.2. The 

experimental protocol for each of the inotropes used (Dobutamine, Itraconazole and 

Atenolol) was split into a 20-minute stabilisation period and 140 minutes of increasingly 

high drug concentrations for all hearts (ranging from 1nM to 30µM, for a total of seven 

different concentrations); a 20-minute cumulative protocol was chosen based on preliminary 

data that indicated that it was the adequate time to achieve a steady contractile response with 

the used inotropic drugs (see figure 6.2.2.1). 
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 Work-loop assay (full review in section 3.3) 

 

Following the sacrifice of the animal, the diaphragm was cut to expose the thoracic cavity 

and the thorax was subsequently opened to expose the heart. The excised hearts were 

immediately placed in ice cold modified Ringers buffer (NaCl, 144mM; sodium pyruvate, 

10mM; KCl, 6mM; MgCl2, 1mM; CaCl2, 2mM; NaH2PO4, 1mM; MgSO4, 1mM; Hepes, 

10mM; with a pH of 7.4 at room temperature and oxygenated with 100% O2) and held in 

place on a silicone petri dish. 

This preparation was then placed under a microscope, to dissect the muscle as quickly as 

possible Muscles containing branches or smaller muscles attached to them were excluded 

due to the potential to disturb forces production and recording. The chosen muscles were 

carefully trimmed and dissected and were then clamped at both the tendon and the 

ventricular chamber wall by small aluminium foil T-shaped clips. The muscle was left 

untouched to avoid potential damage. The dissected muscle was then placed on a horizontal 

chamber in an organ bath with circulating modified Ringers buffer and maintained at 37°C. 

The muscles were also connected to a 50nM force transducer and a high-speed length 

controller that were later used to stimulate the muscles at a 60-mA amplitude. (Layland, 

Young and Altringham 1995). The resulting developed force was calculated by subtracting 

the maximum produced force from the minimum produced force. 

 

Figure 6.2.2.1 - Langendorff protocol. Diagram for the cumulative dose-controlled protocol for the 

Langendorff isolated heart model used in this project, per drug. 

20-minute drug perfusion with cumulative concentrations 20-minute 

stabilisation 

Krebs Henseleit 
Buffer (KHB) 

1nM        3nM           10nM             100nM             1µM           10µM       30µM 
 

KHB Perfusion Experimental 
protocol 
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The optimal muscle length was obtained by gradually increasing the muscle length using a 

micromanipulator (all products were purchased from Aurora Scientific, Canada) until the 

maximum developed force was reached (Lmax). Once reached the muscle length was 

measured with an eyepiece. For the actual work-loop protocol, the muscles were set to 95% 

of their original maximum length (L95%) and allowed a 30-minute stabilisation period. 

Once the L95% was calculated, the work-loop protocol (see figure 4.2.3.1) was carried out 

at a frequency of 6Hz and a strain amplitude of ±6% which, again, has been shown to 

produce the maximum power output in the cardiac muscle (Layland, Young and Altringham 

1995). the heart muscles were allowed to stabilise for the first 30 minutes of the protocol 

before being perfused with one of the selected inotropes for 90 minutes (concentrations used 

for each drug were based on the current clinically relevant concentrations: Dobutamine – 

5µM; Isoprenaline – 100nM; Atenolol – 20µM and Itraconazole – 10µM. The loops were 

repeated every 5 minutes, for a total of 120 minutes (24 loops per muscle run). At the end 

of the protocol (see figure 6.2.3.1 for a simplified diagram), the muscles were then weighed 

using an electronic balance. Instantaneous power was calculated for every data point in each 

loop (1864 total data points per loop) and was then averaged to generate a net-work value 

for each loop. At the end of the 120 minutes, the muscle was weighed to the nearest 0.00001g 

using an electronic balance. Instantaneous power output was calculated for every data point 

by multiplying instantaneous force generated by instantaneous velocity. This was done for 

each loop (1863 total data points per loop) and then averaged to generate a net-work value 

for each instance of a completed loop (Gharanei et al. 2014). 
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 Western Blotting (full review in section 3.4) 

 

Cardiac tissue was collected from each treatment group, as mentioned in table 3.1.2.2. 

Approximately half of the left ventricle (50 mg) was then homogenized with lysis buffer 

(100 mM NaCl, 10 mM Tris base - pH 8.0, 1 mM EDTA - pH 8.0, 2 mM sodium 

pyrophosphate, 2 mM NaF, 2 mM β-glycerophosphate, SigmaFAST™ protease inhibitor 

cocktail tablets – 1 tablet/100ml and PhosStop™ - 1 tablet/10ml) on a IKA Ultra-Turrax® T 

25 basic disperser, set to a speed of 21,500 RPM. 

This tissue was then centrifuged for 10 minutes at 11,000 RPM at 4oC to obtain the desired 

supernatant, which was then transferred into clean 1.5ml microcentrifuge tubes. Samples 

were diluted using Laemmli buffer (250 mM Tris-HCl – pH 6.8, 10% glycerol, 0.006% 

bromophenol blue, 4% SDS, β-mercaptoethanol – pH 6.8) and incubated at 100oC for 5 

minutes before being stored at –20oC. Prior to using the samples, they were defrosted on ice 

and diluted further using Laemmli buffer to obtain a protein concentration of 50μg. To 

calculate the protein content of homogenised samples, a colorimetric PierceTM BCA Protein 

assay kit (Thermo Fisher Scientific, UK) was used. Concentrated albumin standards were 

serially diluted using lysis buffer to obtain a concentration range of 0 - 2000μg/ml. 

BCA working reagent was prepared following a 50:1 ratio of reagent A and reagent B, 

respectively. Standards and samples were pipetted at a volume of 10μl, in triplicate, onto a 

96-well plate. Following this, 200μl of working reagent was added to each well. 

Figure 5.2.3.1 – Work-loop protocol. Diagram of the work-loop protocol used for this project. 

 Modified Ringers perfusion 

Modified Ringers 
buffer 

90-minute drug perfusion 
15-minute 

muscle 

stabilisation 

 Drug treatment 

15-minute 

stabilisation 
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Plates were then covered to protect from light and incubated for 30 minutes at 37oC, before 

being left to cool to room temperature. The plate reader was set to 562 nm and the measured 

absorbance values were then used to calculate the total protein content per unknown sample. 

The previously collected samples were further diluted using laemmli buffer to obtain a 

concentration of 50μg/μl. These samples were then centrifuged at 1200 RPM for 2 minutes, 

at 4oC, before being loaded onto Precast TGX™ (Tris/glycine) gradient gels (Bio-Rad, UK). 

The gels were then placed inside of a Mini-PROTEAN™ vertical electrophoresis assembly 

unit before filling the chamber and outer tank with running buffer (14.42g/L Glycine, 1.0g/L 

SDS, 3.03g/L Tris base). The samples were then loaded into the wells, with at least one well 

loaded with a molecular protein marker acquired from Cell Signalling UK. Gels were run at 

110V for 60 minutes using a Power-PAC 3000 (Bio-Rad, UK). 

Following electrophoretic separation, the gels were removed from their compartments and 

placed onto Trans-Blot® Turbo™ transfer packs, consisting of filter paper, buffer and a 

polyvinylidene fluoride (PVDF) membrane. The assembled cassettes were loaded into the 

Trans-Blot system (Bio-Rad, UK) and ran for the mixed molecular weight transfer protocol 

for a total of 7 minutes. Following transfer, the membranes were cut into two using a scalpel 

blade. Blots were then incubated at room temperature in blocking buffer (5% w/v milk 

powder in Tris-buffered saline with Tween 20 (TBST) for 60 minutes on an orbital shaker 

(Cassambai et al. 2019). Blots were then incubated overnight in 5% w/v bovine serum 

albumin (BSA) in TBST - 1/1000, at 4oC, with anti-UCP3 antibody and phosphorylated 

Pyruvate Dehydrogenase E1-alpha subunit purchased from Abcam (UK). 

The following day, blots were then incubated with secondary antibody (anti-rabbit HRP IgG 

– 1/1000, Cell Signalling, UK) in blocking solution (5% w/v milk powder in TBST) and 

incubated for 1 hour at room temperature on an orbital shaker. 
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To visualise the membranes, they were first placed onto an acetate sheet and coated with 

approximately 1 mL of SuperSignal West Femto kit (Thermo-Scientific), in a 1:1 dilution, 

to amplify the signals from the membranes. Images were then captured and visualised using 

a ChemiDoc with the ImageLab™ Touch software (Bio-Rad, UK). Membranes were 

exposed for 3 to 5 seconds (see representative blot in figure 2.4.6.1) in order to detect the 

bands corresponding to the proteins of interest. Images were subsequently analysed using 

the java-based software ImageJ (National Institutes of Health, USA). After visualising the 

membranes, they were stripped using RestoreTM Western Blot Stripping Buffer (Thermo 

Fisher Scientific, UK) and re-probed for the total form of Pyruvate Dehydrogenase E1-alpha 

subunit and GAPDH, to be used as controls for the data. 

 

 Statistical Analysis (full review in section 3.6) 

 

The haemodynamics and work-loop data were plotted as a percentage of the average 

stabilisation (mean ± standard error of the mean (SEM)). Two-Way analysis of variance 

(ANOVA) was used with Tukey’s LSD (least significant difference) for each time point as 

a function of each age group and each treatment, for both the Langendorff and the work-

loop data. Fisher’s LSD was used for the western blot data, as the main interest was in 

finding the minimum difference between protein expression. A p-value of p<0.05 was 

considered statistically significant. Origin Pro 2015 (Origin Lab Corporation, USA) was 

used to plot all of the dose response graphs for each of the inotrope. 
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 Results 
 

 Langendorff Isolated Heart Model 

In order to present the Langendorff data, a table was necessary in addition to the 

concentration response curves, in order to highlight the changes in response occurring on 

the isolated heart. Table 6.3.1.1 contains the maximum and minimum responses for the 

relevant haemodynamic parameters, per inotropic drugs, in addition to their EC50 values. 

Significances for these parameters have been depicted in figures 6.3.1.1 to 6.3.1.13. 

 

 Minimum response 
(% of stabilisation) 

Maximum response 
(% of stabilisation) 

EC50 (M) 

Age (months) 3 6 18 3 6 18 3 6 18 

 
LVDP 

(mmHg) 

Atenolol -11 -5 -5 -45 -33 -39 1x10-8 2.4x10-8 1.4x10-7 

Itraconazole -3 1 -8 -50 -55 -60 5x10-8 5.3x10-7 2.7x10-7 

Dobutamine 0 18 25 13 45 51 2.4x10-5 3.9x10-8 1.5x10-6 

 

 
HR 

(bpm) 

Atenolol 2 1 0 9 8 7 3.2x10-6 1.8x10-9 5.6x10-6 

Itraconazole 2 -5 0 14 -16 20 1.5x10-5 2.2x10-6 1x10-7 

Dobutamine 1 3 -10 17 49 21 1.5x10-7 5.8x10-8 1.1x10-6 

 

 
MPR 

(mmHg/s) 

Atenolol 9 1 -2 -10 -14 -17 2.7x10-8 1.2x10-6 1.8x10-8 

Itraconazole 5 1 8 -26 -34 -17 1.3x10-8 2.5x10-6 6.8x10-8 

Dobutamine 8 10 0 45 51 16 5x10-8 1.3x10-7 2.3x10-7 

 

 
MPD 

(mmHg/s) 

Atenolol 6 -2 -1 -7 -15 -14 4.5x10-6 3.2x10-7 5.6x10-8 

Itraconazole 6 1 2 -12 -22 -14 3.2x10-9 6.2x10-7 3.2x10-8 

Dobutamine -1 -3 -6 31 50 22 1.5x10-6 5.3x10-7 1x10-9 

 

 
RPP 

(mmHg/min) 

Atenolol -3 -3 -7 -45 -26 -39 1x10-8 4.8x10-8 2.2x10-7 

Itraconazole 2 -3 -6 -44 -62 -52 1x10-8 7.5x10-7 3.5x10-7 

Dobutamine 8 21 13 29 104 63 2.4x10-7 4.1x10-8 1.7x10-9 

Table 6.3.1.1 – Table with the minimum and maximum drug response on the isolated heart, and 
respective EC50 value. The values shown on the table represent the minimum and maximum 
response of the heart after being exposed to increasingly higher drug concentrations. The EC50 is 
also presented, showing the half maximal concentration required to induce a response. 
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Figure 6.3.1.1 represents the LVDP, or the difference between the systolic and diastolic 

pressure, plotted as both a % of the stabilisation time. When looking at the % of stabilisation, 

the post-hoc tests carried out showed no significance among the different for the atenolol-

treated aged hearts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.1.1 – LVDP for Atenolol across the different aged models (n = 4 for all). Hearts were allowed a 20-
minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 
40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM 
= 140-160 mins. 
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Figure 6.3.1.2 represents the HR, or the number of heart beats per minute, plotted as both a 

% of the stabilisation time. When looking at the % of stabilisation, the post-hoc test showed 

no significance for the atenolol-treated hearts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.1.2 – HR for Atenolol across the different aged models (n = 4 for all). Hearts were allowed a 20-minute 
stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-60 mins; 10 
nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 mins. 
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The RPP (figure 6.3.1.3) represents a calculation for the total myocardial workload of the 

heart, by multiplying the LVDP by the HR, plotted as a % of the stabilisation time. The RPP 

showed no significant changes when comparing between any of the three aged models. 

 

 

 

 

 

 

 

 

 

 

The MPR (graph A) and MPD (graph B) showed (6.3.1.4), yet again, no significant changes 

throughout the protocol. 

 

 

 

Figure 6.3.1.3 – RPP for Atenolol across the different aged models (n = 4). Hearts were allowed a 20-minute stabilisation 
period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-60 mins; 10 nM = 60-80 mins; 
100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 mins. 
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Figure 6.3.1.4 – +dP/dTmax (A) and – dP/dTmax (B) for Atenolol across the different aged models (n = 4 for all). Hearts 
were allowed a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 
mins;3 nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 
30 μM = 140-160 mins. 
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The LVDP (figure 6.3.1.5) for the itraconazole-treated hearts showed no significance 

between the three different models, but a negative inotropic was recorded. 

 

 

 

 

 

 

 

 

 

As for the HR (figure 6.3.1.6), significance was observed for both the 10 and 30µM 

concentrations (-29% and -30% ± 6.0 and 8.2 (SEM), p<0.0001, respectively), for the 6-

month hearts, when compared to the 3-month control. No significance was observed for the 

18-month models. 

 

 

 

Figure 6.3.1.5 – LVDP for Itraconazole across the different aged models (n = 4 for all). Hearts were allowed a 20-minute 
stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-60 mins; 10 
nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 mins. 
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For the RPP (see figure 6.3.1.7), the three models followed a similar pattern, as seen by the 

concentration response curves, but without any significant changes when comparing them 

to each other up until the highest concentration (30µM), with a decrease of -20% (p<0.0001) 

on the 6-month model and -15% (p<0.01) on the 18-month model, when compared to the 3-

month control. 

 

 

 

 

Figure 6.3.1.6 – HR for Itraconazole across the different aged models (n = 4 for all). Hearts were allowed a 20-minute 
stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-60 mins; 10 
nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 mins. 
Measurements for HR when treated with Itraconazole are displayed above (6-month model: **** = p<0.0001 in relation 
to the 3-month model and #### = p <0.0001, in relation to the 18-month model).  
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The ventricular pressure rise (graph A) and ventricular pressure drop (graph B) showed 

(5.3.1.8) no significant changes throughout the protocol, while having a very similar pattern 

between the two of them. 

 

 

 

Both the MPR and MPD (Figure 6.3.1.8, graphs A and B, showed no significance across the 

three aged models, although the expected decline in response seen in chapter 4 was still 

recorded. 

 

 

 

 

Figure 6.3.1.7 – RPP for Itraconazole across the different aged models (n = 4 for all). Hearts were allowed a 20-minute 
stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-60 mins; 10 
nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 mins (6-
month model: **** = p<0.0001 in relation to the 3-month model and #### = p <0.0001, in relation to the 18-month 
model). 
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Figure 6.3.1.8 – +dP/dTmax (A) and -dP/dTmax (B) for Itraconazole across the different aged models (n = 4 for all). 
Hearts were allowed a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 
20-40 mins;3 nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins 
and 30 μM = 140-160 mins. 
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Figure 6.3.1.9 represents the LVDP, or the difference between the systolic and diastolic 

pressure, plotted as both a % of the stabilisation time. When looking at the % of stabilisation, 

the 18-month model showed a very strong significant response to Dobutamine, with an 

increase of +41% ± 7.5 (SEM) at the 1nM concentration, when compared to the 3-month 

control (p<0.0001). The 6-month model showed no initial significance, but that changed at 

the 100nM concentration (+25% ± 2.5 (SEM), p<0.0001), reaching its peak significant 

increase at the 10µM concentration (+43% ± 8.6 (SEM), p<0.0001), in relation to the 3-

month control. In addition, the 3-month model seems to show little to no significant increase 

when comparing between doses. 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.1.9 – LVDP for Dobutamine across the different aged models (n = 4 for all). Hearts were allowed a 20-minute 
stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-60 mins; 10 
nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 mins. 
Measurements for LVDP when treated with Dobutamine are displayed above (6-month model: $$$$ = p<0.0001 in 
relation to the 3-month model; 18-month model: **** = p<0.0001 in relation to the 3-month model and #### = p 
<0.0001, in relation to the 6-month model). 
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Figure 6.3.1.10 represents the HR, or the number of heart beats per minute, plotted as both 

a % of the stabilisation time. When looking at the % of stabilisation, the 6-month model 

mimics the 3-month control group for the first 4 concentrations, before showing a significant 

increase at the 1µM (+23% ± 8.0 (SEM), p<0.0001), an increase that is maintained until the 

end of the protocol. The 18-month model, on the other hand, showed a significant decrease 

at the 10 and 100nM concentrations (-17% ± 3.2 (SEM) and -27% ± 7.6 (SEM), respectively, 

p<0.0001), before equalising with the 3-month control. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.1.10 – HR for Dobutamine across the different aged models (n = 4 for all). Hearts were allowed a 20-minute 
stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-60 mins; 
10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 mins. 
Measurements for HR when treated with Dobutamine are displayed above (6-month model: $$$$ = p<0.0001 in 
relation to the 3-month model; 18-month model: **** = p<0.0001 in relation to the 3-month model and #### = p 
<0.0001, in relation to the 6-month model). 
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For RPP (figure 6.3.1.11), Dobutamine showed a significant change for both 6 and 18-month 

models, when compared to the 3-month model. The 6-month model showed a significant 

increase of +30% ± 10.3 (SEM), p<0.0001, at the 10nM concentration before peaking at 

+73% ± 8.1 (SEM), p<0.0001, at the 1µM concentration. The 18-month model showed an 

initial significant increase of +29% ± 8.3 (SEM), p<0.0001, at the 1nM concentration, before 

equalising the values on the 3-month model throughout the 3nM, 10nM and 100nM 

concentration; it then increased significantly by +24% ±  8.1 (SEM), p<0.0001, before 

finally reaching its peak increase of +41% ± 15.6 (SEM), p<0.0001, at the 30µM 

concentration. 
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Figure 6.3.1.11 – RPP for Dobutamine across the different aged models (n = 4 for all). Hearts were allowed a 20-minute 
stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-60 mins; 10 nM 
= 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 mins. Measurements 
for RPP when treated with Dobutamine are displayed above (6-month model: $$$$ = p<0.0001 in relation to the 3-month 
model; 18-month model: **** = p<0.0001 in relation to the 3-month model and #### = p <0.0001, in relation to the 6-month 
model).  
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The MPR (figure 6.3.1.12) showed a clear change when comparing between the age groups. 

Both the 3 and 6-month models mimic each other throughout the protocol. However, the 18-

month model showed am impairment in drug effect when compared to both the 3 and 6-

month models, with a reduction in response starting at -13% ± 2.8 (SEM), p<0.0001, at the 

1nM concentration, going up to -29% ± 4.8 (SEM), p<0.0001, at the 30µM concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.1.12 – +dP/dTmax for Dobutamine across the different aged models (n = 4 for all). Hearts were allowed a 
20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. Measurements for MPR when treated with Dobutamine are displayed above (18-month model: **** = p<0.0001 
in relation to the 3-month model and #### = p <0.0001, in relation to the 6-month model). 
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The MPD (figure 6.3.1.13) showed no significance between the 3 and 6-month models, but 

it did show an impairment in drug effect on the 18-month model, starting at the 10µM 

concentration, with a decrease in response of -20% ±  (p<0.05) that stayed consistent until 

the end of the protocol. 

 

 

 

 

Figure 6.3.1.13 – -dP/dTmax for Dobutamine across the different aged models (n = 4 for all). Hearts were allowed a 20-
minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-60 
mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. Measurements for MPD when treated with Dobutamine are displayed above (18-month model: # = p <0.05, in 
relation to the 6-month model). 
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 Work-loop Assay 

 

The next section will cover the results obtained from the work-loop muscle assay; unlike the 

isolated heart, this data pertains only to the 3-month animals. This data will be crucial in 

understanding how the papillary muscle of the heart undergoes mechanistic changes when 

under the effects of Dobutamine, Atenolol, Itraconazole and Isoprenaline. The first results 

shown are for the power outputs per drug treatment (figure 6.3.2.1), followed by 

representative loops obtained from each treatment.  

Dobutamine showed a significant increase when compared to the control, especially at the 

45-minute mark (+64% ± 13.7 (SEM) increase in power output, p<0.0001). After 90-

minutes, the muscle resumed a function similar to the control muscle. Atenolol showed a 

pronounced and significant decrease in muscle performance, starting at the 55-minute mark 

(-18% ± 3.5 (SEM) decrease in performance, p<0.05, before plateauing at the 100-minute 

mark (-53% ± 8.7 (SEM) decrease in performance, p<0.0001). Itraconazole showed a 

pronounced and significant decrease in muscle performance, starting at the 55-minute mark 

(-10% ± 3.6 (SEM) decrease in performance, p<0.05) and continuing to decrease until the 

end of the experimental protocol (-34% ± 5.6 (SEM) decrease in performance, p<0.001 at 

the 100-minute mark and -36% ± 7.3 (SEM) at the 120-minute mark). Isoprenaline showed 

a very interesting result, as it showed a significant increase when compared to the control, 

starting at the 40-minute mark (+13% ± 6.1 (SEM) increase in muscle performance, p<0.01), 

with a peak at the 45-minute mark (+21% ± 8.8 (SEM) increase in muscle performance, 

p<0.01). However, after the 75-minute mark (-18% ± 7.4 (SEM), p<0.01), the muscles 

showed a pronounced and significant decrease in performance that reached a maximal 

decrease of -33% ± 10.9 (SEM, p<0.01), at the 120-minute mark. 
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Figure 6.3.2.1 – Power output for Dobutamine, Isoprenaline, Atenolol and Itraconazole (n = 7, 5, 5 and 5, respectively). Work 
produced by the muscle in control conditions and under the effects of a 5µM Dobutamine concentration (**** = p<0.0001); a 
20µM Atenolol concentration (#### = p<0.0001); a 10µM Itraconazole concentration ($$$$ = p<0.0001) and a 100nM 
Isoprenaline concentration (£ = p<0.05). All of the treatments were grouped together in the same graph to provide context on 
how each one affects the papillary muscle, when compared to the control. 
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Figure 6.3.2.2 contains a representation of the change in the loop shape of a muscle under 

normal conditions and a muscle under the effect of Dobutamine, at the 45-minute mark. The 

loops are plotted as force against % length change and are averages of the work produced 

by the muscles. As also seen in the figure, the loop shape is very different between the two 

presented groups. While peak force measurements remained the same between the two 

models (A), Dobutamine decreased the force produced during shortening (B), slightly 

increased the passive re-lengthening of the muscle (C) and increased the activation rate of 

the muscle (D), while also increasing the total net-work done by the muscle (total area inside 

the loop), when compared to the control data. 

 

 

Figure 6.3.2.2 – Comparison between control and Dobutamine treated muscles. Effects of Dobutamine on the 
loop shape of a representative 3-month muscle at the 45-minute mark. A = Peak force; B = Muscle shortening. C = 
Passive re-lengthening; and D = Activation rate. 
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Figure 6.3.2.3 contains a representation of the change in the loop shape of a muscle under 

normal conditions and a muscle under the effect of Isoprenaline, at the 45-minute mark. The 

loops are plotted as force against % length change and are averages of the work produced 

by the muscles. As with Dobutamine, no changes were recorded regarding peak force 

measurements (A). a decrease in the passive re-lightning (B) and shortening force (C) of the 

muscle was recorded, as well as a slight increase in activation rate (D). The total net-work 

produced by the muscle (total area inside the loop) was increased as well. 

 

 

 

Figure 6.3.2.3 - Comparison between control and Isoprenaline treated muscles. Effects of Isoprenaline on the loop 
shape of a representatitve3-month muscle at the 100-minute mark. A = Peak force; B = Muscle shortening. C = 
Passive re-lengthening; and D = Activation rate. 
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Figure 6.3.2.4 (representative graph) contains a representation of the change in the loop 

shape of a muscle under normal conditions and a muscle under the effect of Atenolol, at the 

100-minute mark. The loops are plotted as force against % length change and are averages 

of the work produced by the muscles. No changes were recorded regarding peak force 

measurements (A) or activation rate (D). However, atenolol caused a severe impairment in 

the force produced by the muscle during shortening (B) and decreased its passive re-

lengthening (C). In addition, it also decreased the total net-work produced by the muscle 

(total area inside the loop). 

 

 

 

Figure 6.3.2.4 - Comparison between control and Atenolol treated muscles. Effects of Atenolol on the loop shape 
of a representative 3-month muscle at the 100-minute mark. A = Peak force; B = Muscle shortening. C = Passive re-
lengthening; and D = Activation rate. 
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Figure 6.3.2.5 contains a representation of the change in the loop shape of a muscle under 

normal conditions and a muscle under the effect of Itraconazole, at the 100-minute mark. 

The loops are plotted as force against % length change and are averages of the work 

produced by the muscles. No changes were recorded regarding peak force measurements 

(A) or activation rate of the muscle (D). Not unlike Atenolol, Itraconazole caused a severe 

impairment in the force shortening of the muscle (B) and its passive re-lightning (C), as well 

as a reduction in the total net-work produced by the muscle (total area inside the loop). 

 

 

 

 

 

Figure 6.3.2.5 - Comparison between control and Itraconazole treated muscles. Effects of Itraconazole on the loop 
shape of a representative 3-month muscle at the 100-minute mark. A = Peak force; B = Muscle shortening. C = Passive 
re-lengthening; and D = Activation rate. 

A 

B 

C 

D 



Page 211 of 359 

0

20

40

60

80

100

120

3 Months 6 Months 18 Months%
 o

f 
p

P
D

H
 e

xp
re

ss
io

n
 w

it
h

 r
e

sp
e

ct
 t

o
 %

 o
f 

th
e

 n
o

rm
al

is
e

d
 c

o
n

tr
o

l

Animal Models

Dobutamine

Vehicle Control

****
****

####££££

££££

$$

 Western Blots 

 

Pyruvate dehydrogenase (PDH) and Uncoupling protein 3 (UCP3) were assessed using 

western blotting in order to assess the impact of key mitochondrial regulators in cardiac 

function. All of the represented graphs were plotted after correcting for protein loading and 

the 3-month controls were normalised.  

 Pyruvate Dehydrogenase 

 

Figure 6.3.3.1.1 shows the percentage of phosphorylated PDH in dobutamine-treated heart 

tissue as a % of the 3-month control, in differently aged rat models. The 6-month treated 

hearts showed a significant decrease in phospho-PDH (-27% ± 5.5 (SEM), p<0.0001) when 

compared to the 3-month treated control and the 18-month treated hearts showed a 

significant reduction (-62% ± 2.3 (SEM), p<0.0001) in phospho-PDH when compared to the 

3-month control. 

 

 

 

 

 

 

Figure 6.3.3.1.1 – Phosphorylated PDH expression in different dobutamine-treated aged models (n = 4 for all). This 

graph represents the effects of age on the levels of phosphorylated PDH in dobutamine-treated heart tissue, as a 

percentage of total PDH (6-month model: **** in relation to the 3-month model; 18-month model: **** = p<0.0001 in 

relation to the 3-month model and #### = p <0.01, in relation to the 6-month model). The top blot is a representative 

image of phospho-PDH, while the bottom blot represents total-PDH. The presented results are all corrected for GAPDH. 

The vehicle control values from chapter 4 are also present, with their significance indicated by the “£” and “$” symbols 

(££££ = p<0.0001 and $$ = p<0.01, in relation to the 3 and 6-month model, respectively). 

42 KDa - pPDH 

 

42 KDa - Total PDH 
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Figure 6.3.3.1.2 shows the percentage of phosphorylated PDH in atenolol-treated heart 

tissue as a % of the control and in differently aged rat models. The 3-month model was used 

as a control, while the 6 and 18-month models were used as the aged models. The 6-month 

treated hearts showed a significant decrease in phospho-PDH (-25% ± 8.5 (SEM), p<0.0001) 

when compared to the 3-month treated control and the 18-month treated hearts showed a 

significant reduction (-40% ± 3.0 (SEM), p<0.0001) in phospho-PDH when compared to the 

3-month control. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.3.1.2 – Phosphorylated PDH expression in different atenolol-treated aged models (n = 4 for all). This graph 

represents the effects of age on the levels of phosphorylated PDH in atenolol-treated heart tissue, as a percentage of 

total PDH (6-month model: **** in relation to the 3-month model; 18-month model: **** = p<0.0001 in relation to the 

3-month model and ## = p <0.01, in relation to the 6-month model). The top blot is a representative image of phospho-

PDH, while the bottom blot represents total-PDH. The presented results are all corrected for GAPDH. The vehicle control 

values from chapter 4 are also present, with their significance indicated by the “£” and “$” symbols (££££ = p<0.0001 

and $$ = p<0.01, in relation to the 3 and 6-month model, respectively). 

 

42 KDa - pPDH 

 

42 KDa - Total PDH 



Page 213 of 359 

0

20

40

60

80

100

120

3 Months 6 Months 18 Months

%
 o

f 
p

P
D

H
 e

xp
re

ss
io

n
 w

it
h

 r
e

sp
e

ct
 t

o
 %

 o
f 

th
e

 n
o

rm
al

is
e

d
 

co
n

tr
o

l

Animal Models

Itraconazole

Vehicle Control

****

#

****

££££

££££

$$

Figure 6.3.3.1.3 shows the percentage of phosphorylated PDH in itraconazole-treated heart 

tissue as a % of the control and in differently aged rat models. The 3-month model was used 

as a control, while the 6 and 18-month models were used as the aged models. The 6-month 

treated hearts showed a significant decrease in phospho-PDH (-28% ± 4.3 (SEM), p<0.001) 

when compared to the 3-month treated control and the 18-month treated hearts showed a 

significant reduction (-40% ± 3.5 (SEM), p<0.0001) in phospho-PDH when compared to the 

3-month control. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.3.1.3 – Phosphorylated PDH expression in different itraconazole-treated aged models (n = 4 for all). This 

graph represents the effects of age on the levels of phosphorylated PDH in itraconazole-treated heart tissue, as a 

percentage of total PDH (6-month model: **** in relation to the 3-month model; 18-month model: **** = p<0.0001 in 

relation to the 3-month model and # = p <0.05, in relation to the 6-month model). The top blot is a representative image 

of phospho-PDH, while the bottom blot represents total-PDH. The presented results are all corrected for GAPDH. The 

vehicle control values from chapter 4 are also present, with their significance indicated by the “£” and “$” symbols (££££ 

= p<0.0001 and $$ = p<0.01, in relation to the 3 and 6-month model, respectively). 

 

42 KDa - pPDH 

 

42 KDa - Total PDH 
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  UCP3 

 

Figure 6.3.3.2.1 shows the percentage of UCP3 in dobutamine-treated heart tissue as a % of 

the control and in differently aged rat models. The 3-month model was used as a control, 

while the 6 and 18-month models were used as the aged models. The 6-month treated hearts 

showed a significant decrease in UCP3 (-39% ± 3.0 (SEM), p<0.0001) when compared to 

the 3-month treated control and the 18-month treated hearts showed a significant reduction 

(-48% ± 3.2 (SEM), p<0.0001) in UCP3 when compared to the 3-month control. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.3.2.1 – UCP3 expression in different dobutamine-treated aged models (n = 4 for all). This graph represents 

the effects of age on the levels of UCP3 in dobutamine-treated heart tissue, as a percentage of the 3-month controls (* 

= p < 0.05; ** = p < 0.01, *** = p<0.001, **** = p<0.0001). The top blot is a representative image of UCP3, while the 

bottom blot represents GAPDH. The presented results are all corrected for GAPDH. The vehicle control values from 

chapter 4 are also present, with their significance indicated by the “£” and “$” symbols (££££ = p<0.0001 and $ = p<0.05, 

in relation to the 3 and 6-month model, respectively). 

34 KDa - UCP3 
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Figure 6.3.3.2.2 shows the percentage of UCP3 in atenolol-treated heart tissue as a % of the 

control and in differently aged rat models. The 3-month model was used as a control, while 

the 6 and 18-month models were used as the aged models. The 6-month treated hearts 

showed a significant decrease in UCP3 (-15% ± 9.4 (SEM), p<0.01) when compared to the 

3-month treated control and the 18-month treated hearts showed no significance in UCP3 

when compared to the 3-month control. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.3.2.2 – UCP3 expression in different atenolol-treated aged models (n = 4 for all). This graph represents the effects 

of age on the levels of UCP3 in atenolol-treated heart tissue, as a percentage of the 3-month controls (6-month model: * in 

relation to the 3-month model). The top blot is a representative image of UCP3, while the bottom blot represents GAPDH. The 

presented results are all corrected for GAPDH. The vehicle control values from chapter 4 are also present, with their 

significance indicated by the “£” and “$” symbols (££££ = p<0.0001 and $$ = p<0.01, in relation to the 3 and 6-month model, 

respectively). 

34 KDa - UCP3 
 

37 KDa - GAPDH 
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Figure 6.3.3.2.3 shows the percentage of UCP3 in itraconazole-treated heart tissue as a % of 

the control and in differently aged rat models. The 3-month model was used as a control, 

while the 6 and 18-month models were used as the aged models. The 6-month treated hearts 

showed a significant increase in UCP3 (+39% ± 10.3 (SEM), p<0.0001) when compared to 

the 3-month treated control and the 18-month treated hearts showed a significant increase 

(+56% ± 7.1 (SEM), p<0.0001) in UCP3 when compared to the 3-month control. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.3.2.3 – UCP3 expression in different itraconazole-treated aged models (n = 4 for all). This graph represents the 

effects of age on the levels of UCP3 in itraconazole-treated heart tissue, as a percentage of the 3-month controls (6-month 

model: **** in relation to the 3-month model; 18-month model: **** = p<0.0001 in relation to the 3-month model and # 

= p <0.05, in relation to the 6-month model) . The top blot is a representative image of UCP3, while the bottom blot 

represents GAPDH. The presented results are all corrected for GAPDH. The vehicle control values from chapter 4 are also 

present, with their significance indicated by the “£” and “$” symbols (££££ = p<0.0001 and $$ = p<0.01, in relation to the 

3 and 6-month model, respectively). 
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 Discussion and Conclusion 

 

In chapters 3 it was shown how age can change the function of the heart and found that, 

whilst no changes were recorded in the isolated heart, the molecular assays revealed protein 

expression changes directly linked to an aging effect. For this chapter, a similar investigation 

was conducted but it was hypothesised that age would cause changes in the effects of 

dobutamine, atenolol and itraconazole. Dobutamine was shown to have an effect directly 

tied to age, as the haemodynamic parameters measured were lower when compared to the 

younger models, which were proposed to be an effect known as β-receptor desensitization 

(this can be further seen in Table 6.3.1.1, where the EC50 for the HR, MPD and RPP seems 

to indicate a significant increase in the dobutamine effect on the 6-month models when 

compared to the 18-month models); atenolol, on the other hand, did not seem to have an 

effect directly linked to age, as no significant changes were recorded for any of the 

parameters. As for itraconazole, the expected negative inotropic effect was recorded but 

little to no change was seen between the different aged models. In regard to the results from 

the work-loop assay when using catecholamine, dobutamine showed the expected increases 

in net-work and power output associated with β-stimulation (Gharanei, Wallis and Maddock 

2015; Layland, J. and Kentish 2000). However, significant change in muscle performance 

over-time were recorded, when under the effect of Isoprenaline, which might have occurred 

due to the drugs extreme chronotropic properties (Fletcher et al. 2020). The work produced 

by the muscles under the effect of Atenolol and Itraconazole was significantly impaired and 

the total net-work of the muscles was also significantly impaired, as expected from negative 

inotropes; however, atenolol was shown to cause more significant changes, as the decrease 

in power output was more exacerbated when comparing between atenolol and itraconazole 

(Fletcher et al. 2020). 
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As for the protein results, the following was observed: PDH protein expression showed a 

decrease across all models, potentially due to the effect of age on the hearts treated with each 

inotrope; interestingly, dobutamine seemed to have the sharpest decrease in PDH 

phosphorylation, which may indicate an exacerbated increase in glucose metabolism to keep 

up with the energy demands triggered by β-receptor stimulation. It is clear from the data that 

the expression of pPDH varies amongst the different aged groups due to drug administration; 

this effect is independent of the aged models used as the drug administered show differences 

compared to the vehicle controls. As for the UCP3 protein expression, it did not change in 

atenolol or itraconazole across the different aged models, but increased in relation to the 

controls; dobutamine, on the other hand, showed a decrease in UCP3 levels on the 18-month 

model, and an overall increase when compared to the controls. Based on the present results 

it appears that there may be a minimal impact of UCP3 on the contractility of the heart, when 

treated with these drugs. However, the increases measured may indicate that other negative 

mechanisms and pathways are being activated within the heart when treated with these 

inotropes, across all ages. It is therefore clear that more work is still necessary to understand 

the exact effect of UCP3 in cardiac functions. Similar to what was observed with pPDH, it 

is clear from the data that the expression of UCP3 varies amongst the different aged groups 

due to drug administration; this effect is independent of the aged models used as the drug 

administered show differences compared to the vehicle controls. 

The left ventricular wall thickens with age due to collagen deposition and fibrous tissues 

(Rossi et al. 2008). This change causes an increased vulnerability of the elder population to 

cardiovascular diseases (Cheng et al. 2009) and is, at least partially, the reason why there is 

an observable decrease in contractile forces of the heart in elder patients. 
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The use of catecholamines in aged models, as mentioned in sections 1.7.1 and 1.7.2, has 

been extensively researched in the past and Lakatta et al recorded a reduction in the maximal 

rate of tension development (dt/dt) of the trabecular muscle, in aged models, as a direct effect 

of not only a thickening of the ventricular wall, but also what the research group said was 

an age-related intrinsic loss of inotropic responses (Lakatta et al. 1975). A further study by 

Guarnieri et al used the isolated septa of the heart to test for the maximum rate of force 

development (dF/dt) and cAMP levels under the effect of isoprenaline and confirmed the 

findings of Lakatta et al that there is an age-dependant catecholamine response change, with 

the aged heart tissue showing up to 40% less dF/dt response to β-receptor stimulation, with 

an associated increase in cyclic adenosine monophosphate (cAMP) levels; the researchers 

proposed that, based on their observation, the diminished response to receptor stimulation 

stemmed not from a reduced contractile response to Ca2+, but as a result of protein kinase-

mediated Ca2+ (Guarnieri et al. 1980). A study by Dobson et al on both rat and guinea pig 

isolated hearts was carried out to measure the levels of myocardial adenosine and to confirm 

whether it did or did not mediate the responsiveness of β-receptor stimulation in aged tissue 

(Dobson, Fenton and Romano 1990); the researchers found that not only was there a 

decrease in catecholamine contractile stimulation from 113% in young hearts to 69% in aged 

ones, but isoprenaline was also causing an increase in adenosine release in both groups. 

Dobson et al then ran the same experimental protocol but with an adenosine antagonist 

(Theophylline) being co-administrated with Isoprenaline on the isolated hearts and found 

that the previously observed difference between the young and aged hearts was prevented 

and stimulation of the β-receptors was restored in the aged hearts; the researchers concluded 

that, based on these results, the reduced contractile response of older hearts to β-receptor 

stimulation may occur partially due to enhanced adenosine levels in the aged myocardium. 



Page 220 of 359 

In addition to this, previous studies have also shown a catecholamine-related preference for 

the α-receptors in senescent rat hearts, as well as a β-adrenoreceptor desensitization (Ferrara 

et al. 2014; Jiang, M., Moffat and Narayanan 1993). This was tested using phenylephrine 

and the results obtained showed a shift in mediation from both receptors to the α-receptor, 

in 7-month-old rats. 

A similar study used Isoprenaline and documented a clear decrease in myocardial β-receptor 

affinity, which was linked to a decrease in catecholamine responsiveness (Abrass, Davis and 

Scarpace 1982; Dobson, Fenton and Romano 1990; Ferrara et al. 2014; Hashimoto, 

Nakashima and Sugino 1983). Another study has also conducted experiments on 

Dobutamine in young (4-month-old) and aged (20-month-old) mice and it was found that 

the drug had a much lower response rate on the haemodynamic parameters of the older rats, 

with reduced heart rate, ventricular end-diastolic volume and overall systolic function 

(Hirleman, Yu and Larson 2008). Based on the previous literature, the most important 

observation to be made in this chapter, in regard to the results, is how different drugs seemed 

to interact on different aged models. Regarding the positive inotropes used, it was previously 

mentioned that Isoprenaline can have limited effects on the aged myocardium (Hacker et al. 

2006; Lakatta et al. 1975) derived from the previously mentioned β-adrenoreceptor 

desensitization. The effect of Dobutamine on the HR, MPR and RPP of the 18-month hearts 

was shown to be significantly reduced, when comparing to the two younger models (figures 

5.3.2.6, 7 and 8). This has been similarly shown before, in models of myocardial infarction 

and, because the aged hearts mimic the signs of an MI, which would trigger a differential 

effect of β-receptor stimulation on the systolic activities of the heart and would explain the 

changes in +dP/dtmax expression in the different models (Abrass, Davis and Scarpace 1982; 

Cove et al. 1995; Dobson, Fenton and Romano 1990; Hacker et al. 2006). 
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This β-adrenoreceptor desensitization has also been previously linked to a deficit in Cai2+ 

modulation and to a diminished response in contraction, especially in rats aged 20-months 

or more (Xiao et al. 1994a). This calcium dysfunction was then further investigated in two 

papers published by Farrell and Howlett. 

The first study was an investigation on whether the age-related decrease in catecholamine 

sensitivity was being induced by changes in Ca2+ homeostasis (Farrell and Howlett 2007); 

for this paper, the researchers used isoprenaline treated male rats aged 3 and 24-months and 

isolated cardiac myocytes from the animals, before doing voltage clamp and calcium 

measurements. The group found that there was an age-dependant reduction in cell 

contraction, with an associated reduction in diastolic Ca2+ and a lower occurrence of 

electrical and contractile cardiac activity; the diastolic Ca2+ changes are of particular 

importance and Farrell and Howlett then propose that the decreased inotropic response to β-

adrenoreceptor stimulation occurs, partially, due to this Ca2+ decrease. The second study 

then followed, using the same animal models but treated with dobutamine, where the 

researchers investigated the effects of age on the β-adrenergic receptor signalling pathway 

by measuring intracellular Ca2+ and cAMP (Farrell and Howlett 2008). In this study, the 

researchers found that, first and foremost, aged cells required a higher concentration of 

dobutamine in order to increase the contraction amplitude of the cells. In addition to this, 

Farrell and Howlett also recorded an age-dependant decrease in cAMP production as a 

response to β-receptor stimulation. However, the researchers also found that this was only 

the case for β1-receptor stimulation and proposed that the age-related decrease in 

catecholamine sensitivity, or β-desensitization, may be linked to upstream elements of both 

the cAMP and the β-adrenoreceptor signalling pathways. Results seem to suggest that the 

data collected by Farrell and Howlett may indeed be the cause for the β-desensitization, but 

for the present project this is not conclusive without measuring  Ca2+ levels. 
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Despite this potential presence of β-desensitization, a reduction on the RPP of the heart was 

measured when using Atenolol, but that effect was only seen at the higher concentrations of 

the compound (figures 5.3.1.1 and 5.3.1.3), which seems to support the idea that the 

aforementioned desensitization only occurs in the presence of stimulation and not inhibition. 

Although this effect shows a decrease in % response at higher concentrations for the dose 

response curve, it is clear from the individual concentrations on the graph that there is a 

deviation from the data point and the fitted curve, which overshadows the actual relationship 

of the response to the concentration point. The results on the isolated heart seem to suggest 

that, while the lower concentrations of Atenolol do not trigger a change in response in an 

age-dependant fashion, the cumulative administration of Atenolol still causes severe 

negative inotropic effects. It is also important to note that aging seemed to have an effect 

similar to the negative inotropic effect caused by Atenolol. The relaxation time for 

contractions has been shown to be prolonged in myocytes from aged mice. This is 

attributable to, not unlike what was reviewed for β-receptor agonists, changes in the 

underlying Ca2+ transients. In a study by Lim et al, the researchers used left ventricular 

myocytes to measure Ca2+ levels; the researchers obtained results that suggested that Ca2+ 

transients are much smaller and the rates of decay are slower in aged myocytes when 

compared to myocytes from younger mice (Lim et al. 2000). This study, alongside the 

studies conducted by Farrell and Howlett (see above), seem to point towards a calcium 

related β-receptor aging-dependant desensitization and seem to indicate that, in order to 

accurately measure contractile parameters in aged models, future research should focus on 

the calcium pathway alongside the β-receptor signalling pathway. 
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Itraconazole has been tested in both animal and human models and it has been mostly 

associated with congestive heart failure and QRS and PR interval prolongation, especially 

in middle-aged and elder patients (Ahmad, Singer and Leissa 2001; Fung, Chau and Yew 

2008; Okuyan and Altin 2013). The isolated heart models using itraconazole have shown a 

decrease in the baseline values of all measured parameters, in a concentration dependent 

manner (Markert et al. 2012; Qu et al. 2013). This effect has been linked to an inhibition in 

the Na+ channel function, which has been previously linked to depressed cardiac 

contractility (Gottlieb 1989; Guth et al. 2015). 

This occurs due to a dysfunction in the voltage-gated Na+ channel but it has only been 

observed at high concentrations of itraconazole (3µM or higher). Itraconazole has also been 

reported to have little to no effect on the adenosine receptors of the heart but has been linked 

to an inhibition of the MEK5 kinase (Cleary and Stover 2015; Qu et al. 2013). Although this 

exact interaction is not heavily documented, the published work indicates that there the 

mechanism being the inotropy of Itraconazole might be directly related to this. For this study 

Itraconazole showed similar effects to the ones seen in previous literature that looked at its 

effect on the heart, with significant reductions in the RPP and ventricular pressure of the 

hearts tested. While the negative effect on Itraconazole was observed in the study, it was 

also found that age does not seem to play a major part in either a blunting or exacerbation 

of the drug effect. The concentration response curves produced showed that there are little 

to no changes in the negative inotropy of Itraconazole in the presence or absence of age. 

In regard to the results from the work-loop assay when using catecholamine, dobutamine 

showed the expected increases in net-work and power output associated with β-stimulation 

(Fletcher et al. 2020; Gharanei, Wallis and Maddock 2015; Layland, J. and Kentish 2000). 
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However, with Isoprenaline it was found that even though it has a similar mechanism to 

Dobutamine, there is a reduced inotropic effect on this particular muscle setup; in addition 

to this, the muscles suffered a significant drop in performance after the 50-minute mark and 

after perfusion with Isoprenaline for 30-minutes. Previous to this drop the muscles exhibited 

abnormally high twitches, visible on the work-loop setup, which was proposed to be due to 

the chronotropic effect associated with the drug, as well as the high frequencies used, as 

Layland et al have found that 4Hz seems to be a more adequate frequency when compared 

to the 6Hz used for the studies, as it provides a more reliable power and net-work assessment 

(Layland, J. and Kentish 2000). The drop in performance may therefore be independent of 

a reduced drug effect and linked to the reported fasciculation. 

In regard to the Atenolol work-loop, previous studies have used this drug in papillary 

muscles to study its effects on different rat models (Ban et al. 1985; Manley et al. 1986; 

Nagamine et al. 1989). The results documented have shown on more than one occasion that 

Atenolol reduces the overall contraction force of the muscles and causes a shift in the 

concentration-response curve of plotted muscles even in the presence of certain positive 

inotropic compounds (Hasenfuss, G. et al. 1992; Mügge et al. 1985). In the results presented 

here, a similar pattern was documented. The work produced by the muscles under the effect 

of Atenolol were significantly impaired and the total net-work of the muscles was also 

significantly impaired. Due to its effect as a β-receptor antagonist, it is expected for the drug 

to cause a significant reduction in total muscle performance, especially when exposing the 

muscle to a constant prefusion with the compound. The results obtained, in the younger 

animals, match the previously proposed hypothesis as well as the documented work done 

and set the ground for the next portion of this study: the use of this drug in aged isolated 

papillary muscles. 
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It has been previously mentioned how itraconazole causes heart failure and interval 

prolongations in heart contractility. The investigation on this drug is incredibly limited, in 

the context of cardiac contractile function, but not only was a negative inotropic effect on 

the whole heat model recorded, but also on the work-loop, as the isolated muscles showed a 

significant drop in power output when compared to the control muscles. It is hypothesized 

that itraconazole plays a role in the Na+ channels of the heart and can cause depolarizing 

shifts (Guth et al. 2015; Qu et al. 2013); it is therefore possible that the negative inotropic 

effect recorded for the wok-loop has, to an extent, a link to this. However, more work is still 

needed to improve the understanding of how itraconazole decreases the inotropy of the heart. 

In chapter 3 it was established that levels of phospho-PDH under physiological conditions 

are reduced in an age-dependant fashion. Previous papers have suggested that PDH increases 

in response to an increase in Ca2+ cytosolic transient (Spriet and Heigenhauser 2002), which 

has been justified to be potentially linked to the β-receptor desensitization in cardiac aging. 

A supporting study was then published by Sharma et al that measured cardiac tissue ATP 

with an assay kit and PDH levels with gas chromatography mass spectrometer (Sharma et 

al. 2005b). In their study, Sharma et al found that PDH was significantly increased in 

Dobutamine treated myocardial biopsies, with an associated increase in glucose oxidation; 

the researchers proposed that this PDH activity increase was associated with an increase in 

mitochondrial Ca2+, as it has been shown to occur in the presence of β-receptor stimulation. 

As seen in figure 5.3.3.1.1, the dobutamine treated tissue showed no changes between the 3 

and 6-month aged models but showed a significant decrease on the 18-month model. 

Interestingly, when compared to the control data, it was found that the dobutamine-treated 

3-month phospho-PDH levels was actually lower when compared to the control, an effect 

that was not seen on the 6-month treated tissue, where an increase in active PDH was 

observed instead. 
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These levels then significantly dropped on the 18-month treated hearts. As it was mentioned 

above, Sharma et al showed that PDH significantly increased in the presence of β-receptor 

stimulation, an effect that was also detected (data not shown) in this study (Sharma et al. 

2005b). The significant drop in levels with age confirms that there is a β-receptor 

desensitization that is age-dependant and that it can affect cardiac energy production and the 

contractility of the heart (as seen in figure 5.3.2.3), even in the presence of β-agonists; in 

addition to this, reduced intracellular calcium levels and mitochondrial dysfunction are also 

common effects of ageing (Domeier et al. 2014; Guo et al. 2014; Zhu et al. 2005) . For this 

study it was proposed that the mentioned age-dependant cardiac changes in contractility in 

the presence of dobutamine are, to an extent, linked to the PDH levels of the heart. 

It is also important here to talk about Atenolol, as it mimicked the controls when comparing 

between the PDH levels across the three different age models, similar to what was seen in 

the isolated heart data, with the work-loop model being the only data set that showed changes 

in atenolol effects across ages; however, due to the fact that the 6 and 18-month muscles 

were not tested, this is just a potential extrapolation and more work would be required to 

confirm it. 

The PDH levels on itraconazole-treated hearts were surprisingly similar to dobutamine, with 

the exception of the 18-month models, where the levels were shown to be on par with the 

untreated controls. In the review on itraconazole (section 1.7.4), it was mentioned that there 

is a limited amount of information on the drug, so this data is mostly speculative. It is known 

from a previous paper the drug has been shown to reduce the ATP levels in hepatocytes 

(Somchit et al. 2009); however, the difference between the PDH levels in different aged 

models seemed to play a lesser role in the overall contractility of the heart, as there was no 

significance between the three ages, as seen by figure 6.3.2.6. 
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It is therefore concluded, based on these observations, that the negative inotropy associated 

with itraconazole is not PDH dependant and other mitochondrial mechanisms may be active 

instead. 

Cardiac energy deficits have been shown to occur in heart failure as a result of reductions in 

ATP production, as well as increases in cardiac work (Neubauer et al. 1997; Neubauer 2007; 

Stanley and Chandler 2002). This production depends on the energy of the proton gradient 

across the membrane, which is regulated by the uncoupling protein family, as it allows for 

the movement of protons from the outside of the mitochondrial matrix to its inside (Goglia 

and Skulachev 2003). Papers have shown that the presence of free circulating fatty acids can 

cause an increase in mitochondrial UCP expression and a subsequent lowering of the proton 

gradient, without ATP generation, which leads to reduced myocardial energy availability 

and contractility (Scheuermann-Freestone et al. 2003; Van Bilsen et al. 2002). 

In other words, an increase in mitochondrial UCPs leads to a less efficient ATP synthesis. 

This is not an independent mechanism, as an increase in free fatty acids also causes a 

reduction in the GLUT4 protein, responsible for glucose uptake in the heart; this reduction 

reduces cardiac glycolytic ATP and the combination of the two mechanisms has been 

proposed as a potential explanation for the energy deficit observed in the heart; in addition 

to this, β-receptor stimulation has also been linked to an increase in free fatty acids into the 

plasma (Hoeks et al. 2003; Murray et al. 2004). Due to this, it is possible that the increase 

recorded for UCP3 levels on the itraconazole tissue may be behind the decrease seen in the 

ventricular relaxation rate of the isolated heart model, as there is an inefficient energy 

production due to the effects of age; in addition, Itraconazole may also be triggering 

additional molecular pathways that were not investigated in this chapter. 
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It is clear that work is still needed to understand the exact impact of these drugs on 

mitochondrial efficiency, but these results are vital in order to understand how cardiac 

remodelling as a consequence of age can cause shifts in protein expression when in the 

presence of specific compounds. 

 

 Summary, limitations and final comments 

 

To the best of our knowledge, this study was the first of its kind to investigate the effects of 

a range of both positive and negative inotropes (Dobutamine, Atenolol, Itraconazole and 

Isoprenaline) (Amin and Maleki 2012; Berry and McKenzie 2010; Opasich et al. 2000; 

Stangl et al. 2002) in a whole heart Langendorff model and on the work-loop assay, in order 

to compare their mechanistic differences in age-dependant animal models. Significant 

differences in the contractile properties of differently aged hearts were found and a 

potentially link was established between these changes and the previously reported β-

desensitization in aged cardiac models, but more work is still necessary in order to confirm 

this. 

In addition to this, significant changes in the active and total protein expressions of PDH 

when treated with Dobutamine and Itraconazole were measured, with no major changes in 

the hearts treated with atenolol. UCP3 showed increases when compared to the controls, but 

the results suggest that it does not impact cardiac contractility but may still impact other 

areas of cardiac function. There is therefore still a lot of work that can be done, but the work 

presented here proposes that energy generation molecular pathways changes should be 

considered when investigating these particular inotropic compounds. 
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The main limitations for this project, similarly to what was found in chapter 3, was the 

limited number of animals used due to animal housing issues and due to the fact that many 

of the 18-month animals did not survive until they were ready to be sacrificed. 

Other limitations for this project rest on the fact that no investigation was done on various 

potential molecular targets due to the immense scope of the field and limited time; however, 

a link was confirmed, based on previously published literature, that connects calcium 

signalling and energy metabolism dysfunctions to the β-receptor desensitization recorded in 

aged hearts. In addition to this, and as it was mentioned previously, investigating the mRNA 

levels of PDH, PPARα and UCP3 would have been useful to complement the western blot 

results, as it would show if there were gene expression changes directly or indirectly tied to 

the protein levels; for UCP3 this would be of particular importance due to previously 

published discrepancies between protein and mRNA levels. 

The next chapter will focus on investigating obesity-induced changes in the contractile 

function of the heart under, the effect of the aforementioned inotropes, in an age-dependant 

fashion. It is now known that there are changes in ATP production due to age and will now 

focus on how they vary in HFD models. 
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Chapter Seven: Inotropic drug effects on 

the contractile function of the heart in 

High-fat diet-induced obesity, in 

differently aged animals 

 

Some of the data in this chapter was presented as following: 

 

 

• Coventry University Symposium 2017 – Poster presentation 

• Sports, Exercise and Life Sciences Seminar Series 2018 – Oral presentation 

 

Manuscripts in preparation which will include part of the data presented in this chapter: 

 

• Inotropic functional changes of the heart in the presence of a high-fat diet, in 

differently aged models – RA Ribeiro, Maddock, H, Tallis, J, Dodd, M, 

Gharanei, AM – Toxicology and Applied Pharmacology. 
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 Introduction 

 

As it has been recorded in the last three experimental chapters, both age and high-fat diet 

induced obesity play a major focus in cardiac dysfunction, with left ventricular hypertrophy 

being one of the major concerns (Lakatta and Levy 2003; Selthofer-Relatić, Bošnjak and 

Kibel 2016; Stapleton et al. 2008). This has been heavily supported by papers that have 

shown an age-dependant increase in cardiac stiffness, which causes the contractility of the 

heart to be significantly impaired (Biernacka and Frangogiannis 2011; Csiszar et al. 2008; 

Lakatta and Levy 2003). Studies have also looked at different molecular systems directly 

impacted by age, with three main mechanisms being at the centre of it: cardiomyocyte 

relaxation impairment via the excitation-contraction coupling in the myocardium 

(Domenighetti et al. 2005), the adrenergic signalling pathway (Yan et al. 2007) and the 

mitochondrial ROS involvement, as it is known that the aged myocardium has a lower 

threshold for ROS associated changes and dysfunctions associated with it can trigger 

apoptotic responses in cells (Crow et al. 2004; Sparagna et al. 2000). Previous papers have 

proven the existence of an impairment in certain mitochondrial proteins, as well as the 

existence of damaged mitochondria, in senescent rat hearts, that contribute to this link 

between mitochondrial dysfunctions and aged heart vulnerabilities. (Nitta et al. 1994; Tani 

et al. 2001). As it was also reviewed, the cardiovascular dysfunction often associated with 

obesity results from a remodelling that occurs via three main mechanistic alterations (Alpert 

et al. 1995; Eckel, Grundy and Zimmet 2005; Lavie et al. 2013; Trayhurn and Wood 2004): 

cardiac lipotoxicity (Drosatos and Schulze 2013; Ren et al. 2010), nitric oxide changes 

(Rastaldo et al. 2007) and inflammation (Csiszar et al. 2008; Trayhurn and Wood 2005). For 

an in-depth review on the effects of aging and obesity on cardiac function, please refer back 

to sections 1.4, 1.5 and 1.6, as well as chapters 3 and 4 for a full physiological investigation. 
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For this chapter, the effects of obesity on inotropic drug changes were studied with the aid 

of three inotropic drugs: dobutamine, atenolol and itraconazole (their mechanisms can be 

found between sections 1.7.1 and 1.7.4). Dobutamine is a catecholamine and one of the most 

commonly used positive inotropic agents worldwide (Machen and Sleeper 2015). There is a 

week documented phenomenon known as a “β-adrenoreceptor desensitization” and it is 

commonly observed during physical stress (Abrass, Davis and Scarpace 1982; Ferrara et al. 

2014; Hashimoto, Nakashima and Sugino 1983). A different study by Bussey et al found 

that there is also a decrease in β1-adrenoreceptor responsiveness in obese and high-fat diet 

induced obesity rat models, when they tested the AMPK signalling changes in the presence 

of obesity (Bussey et al. 2018). In this study, the researchers found that the β-adrenergic 

signalling was impaired in obese hearts and found that there was an equally reduced AMPK 

phosphorylation; Bussey et al proposed that AMPK downstream signalling may be a 

potential target in the restoration of the reduced responsiveness in the adrenoreceptors. 

AMPK has also been previously linked to PDH regulation and Klein et al showed that this 

was not so much a direct effect, but an indirect one likely due to the role of AMPK on energy 

homeostasis (Klein et al. 2007). Chambers et al conducted a follow-up study and found that 

in cardiac pyruvate dehydrogenase overexpressed mice, AMPK was overexpressed as an 

adaptive mechanism in order to maintain adequate levels of mitochondrial oxidation, but 

also to promote re-entry of FAs into the mitochondrion via an increase in PGC-1α levels 

(Chambers et al. 2011). 

Atenolol is a second-generation cardio-selective β1 receptor antagonist with both negative 

inotropic and chronotropic properties (see 1.4.4 for a full review on Atenolol). On the 

isolated heart model, Atenolol has been shown to cause impaired coronary resistance during 

ischaemia, as well as a reduction in LVDP, HR, +dP/dt and -dP/dt when compared to control 

hearts (Allibardi et al. 1999; Lavanchy, Martin and Rossi 1988). 
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It has also been shown to increase the risk of mortality in the elder population, especially in 

patients suffering from high pulse arterial pressure (Testa et al. 2014). In another study using 

18-month mice models, it was found that Atenolol not only reduced the membrane fatty acid 

unsaturation of the heart, but also decreased the various markers of oxidative stress within 

the animals (Gómez et al. 2014; Sanchez-Roman et al. 2010; Sanchez-Roman et al. 2014); 

in addition, Gómez et al also recorded changes in the heart rate, systolic pressure and 

diastolic pressure in the hearts treated with atenolol, when compared to the control groups. 

In obesity, atenolol was shown by Wójcicki et al to have minimal and non-significant 

changes in both systolic and diastolic pressure and heart rate, when comparing them between 

lean and obese models (Wojcicki et al. 2003); however, this study was conducted on a very 

limited number of subjects and researchers only measured the plasma concentrations of the 

volunteers. A different study was carried out by Williams et al, which aimed to investigate 

the effects of a diet-induced obesity on cardiac regulation in mice, while under the effect of 

an atenolol treatment regime, under standard laboratory temperatures (22°C) and 

thermoneutral temperatures (30°C) conditions (Williams et al. 2003); in their study, the 

researchers found that there was a non-significant effect of atenolol on the mean arterial 

pressure (also known as average blood pressure) of obesity, but a significant decrease in 

heart rate which seemed to be attenuated or exacerbated under certain dark and light periods. 

Williams et al concluded that the β1‐adrenoceptor‐blockade effects are, for the most part, 

unchanged in the presence or absence of obesity. These results, alongside the ones published 

by Klein et al, seem to indicate that there is a reduced effectiveness of beta-signalling 

stimulation (Klein et al. 2007), but not beta-signalling blocking, in obese models. 
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Parikh et al conducted a more recent study to investigate this, as researchers measured 

various haemodynamic parameters like systolic (SBP) and diastolic blood pressures (DBP) 

on a group of human participants split into three categories: normal weight, overweight and 

obese, under both normal conditions and under high blood pressure medication treatments 

(Parikh et al. 2018). Parikh et al found that between the three categories, there were no 

significant changes in any of the parameters measured for the three patient categories being 

treated with beta-blockers and calcium channel blockers. A pattern seems to emerge from 

these studies, as beta-blockers seem to be unaffected by obesity and retain the same 

effectiveness regardless of its presence. 

Finally, Itraconazole is a synthetic triazole antifungal agent commonly used in the treatment 

of most systemic fungal infections (please refer to section 1.7.4 for a full review on 

Itraconazole). Amongst the most severe adverse effects of the drug, the most commonly 

observed is heart failure and a severe drop in left ventricular pressure (Fung, Chau and Yew 

2008; Qu et al. 2013). Studies have shown that patients are more likely to develop congestive 

heart failure when under treatments with Itraconazole, even when different protocols were 

used to measure the negative inotropic effect of the drug (Guth et al. 2015; Okuyan and Altin 

2013). It has also been investigated in the isolated heart model and showed severe decreases 

in the heart rate, coronary flow, LVDP and the ventricular pressure rise and drop, starting at 

concentrations as low as 0.3 µM (Qu et al. 2013). Chaudhary et al showed, on the isolated 

heart model, that age also plays an effect in CYP expression and a recent study has shown 

that younger mice overexpress CYPs and that this effect is lost with age, due partially to 

oxidative stress (Chaudhary et al. 2013). These studies, while limited, suggest that age has 

a significant effect in heart function and that this is linked to changes to the CYP superfamily 

expression, which itraconazole inhibits. 
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In obesity, Fluconazole is the only one of the triazole antifungals that has been investigated 

and a very limited amount of data exists on the pharmacokinetics (PK) of most of them in 

both lean and obese patients, with no data available in murine models (Neofytos, Avdic and 

Magiorakos 2010). It is known that both fluconazole and itraconazole share very similar 

mechanism of action and, therefore, a brief review will be made on these drugs in the context 

of obesity. Fluconazole has been shown to have different PKs, depending on who it is used 

on; in healthy patients, it has shown a favourable safety profile (Lewis 2011), while in 

critically ill patients it has shown to have a change in its PKs to a less effective safety profile 

(Sinnollareddy et al. 2015). The exact reasons behind this are not fully understood. Alobaid 

et al conducted a study on participants divided into three groups: normal weight, obese and 

morbidly obese (Alobaid et al. 2016); plasma samples were taken and the research team 

found that the dosage required to achieve the same effect was significant different between 

the three groups, which Alobaid et al then concluded to be directly linked to the effects of 

obesity on the organism. 

In addition to this, studies have been done on the changes in CYP450 enzymes as a result of 

obesity and a recent study by Drolet et al found that there was a significant reduction in CYP 

family enzyme protein expression in cardiac tissue of type 2 diabetes mice models (Drolet 

et al. 2017); the researchers concluded that this change was a potential exacerbator of risk 

factors of cardiovascular disease via a disruption in the equilibrium between 

cardioprotective and cardiotoxic metabolites of arachidonic acid. In this study it was 

proposed that these changes are also occurring on the carbon metabolic pathway, and it is 

suggested that these potential changes are happening via changes in ATP production and 

synthesis, potentially through pathways involving pyruvate dehydrogenase and UCP3. 
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Due to the lack of data on obese patients or models with itraconazole, this study crucial as a 

pioneering pre-clinical investigation to predict how itraconazole pharmacokinetics change 

in the presence of high-fat diet induced obesity, and whether it is heavily impacted by 

mitochondrial energy metabolic protein changes. In addition, the effect of different β-

receptor agonists and antagonists are of particular importance due to the limited information 

on the combined effects of age and HFD, as it is likely that the β-receptor desensitization 

mentioned in previous chapters may occur in the presence of HFD. 

The primary aims of this chapter were a) to investigate the effects of obesity on whole heart 

cardiac function when under the effect of isoprenaline, dobutamine, atenolol and 

itraconazole on an isolated heart model, b) to investigate the synergistic effects of age and 

high-fat diet-induced obesity on an isolated heart model and c) investigate how 

mitochondrial metabolism changes in the combined presence of obesity and the 

aforementioned inotropic drugs. The main hypotheses for this chapter were (a) HFD will 

cause a blunted effect of Dobutamine and will exacerbate the negative inotropic effects of 

Atenolol and Itraconazole, across all age groups and (b) PDH phosphorylation levels will 

be significantly decreased in the combined presence of HFD and age for Dobutamine, 

Atenolol and Itraconazole. Due to the presence of HFD, UCP3 levels will not show 

significant differences between the three drugs. 

The main objectives of this study were: (a) to elucidate how Dobutamine, Itraconazole, 

Atenolol and Isoprenaline change the contractile function of the heart under naïve, HFD and 

HFD and ageing conditions, using the Langendorff isolated heart model and (b) to 

investigate whether these changes occur partially as a result of mitochondrial energy 

metabolism changes, notably on the pathways involving pyruvate dehydrogenase E1-α 

subunit (PDH) and uncoupling protein 3 (UCP3). 
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 Materials and Methods 

 

 Animal Models 

 

Following ethics approval from the host institute, 3-month animals were purchased from 

Charles River UK Limited (Margate, UK) and received human care in accordance with the 

guidelines of the British Home Office Animals (Scientific Procedures) Act 1986 (Hollands 

1986). Animals were aged in cages of 3 to 5 individuals, in 12h light and dark cycles at 

around 50% relative humidity. The diets used for this project were the same as the ones seen 

in a recent study published by Messa et al (Messa et al. 2020) and their caloric composition 

were as follows: (STANDARD CHOW): protein 17.5%, fat 7.4%, carbohydrate, 75.1%; 

gross energy 3.52 kcal.g-1; metabolizable energy 2.57 kcal.g-1 (CRM(P) SDS/Dietex 

International Ltd, Whitham, UK) and (HIGH FAT DIET): protein 18.0%, fat 63.7%, 

carbohydrate, 18.4%; gross energy 5.2 kcal.g-1; metabolizable energy 3.8 kcal.g-1 (Advance 

protocol PicoLab, Fort Worth, USA). All of the animal groups were given ad libitum access 

to their respective diet and water and feeding began 16 weeks prior to starting the 

experiments. For the 6 and 18-month lean and high-fat diet groups, animals were divided 

into randomized sample sizes of 60 and 80 Sprague-Dawley male rats, respectively. For the 

6-month group, 30 were given standard chow ad libitum (average body mass of 539g ± 15.5 

(SEM)) and the other 30 were given the high fat diet ad libitum (average body mass of 638g 

± 7.2 (SEM)). For the 18-month group, 40 were given standard chow ad libitum (average 

body mass of 793g ± 8.4 (SEM)) and the other 40 were given the high fat diet ad libitum 

(average body mass of 930g ± 10.5 (SEM)). The body mass measurements of the animals 

were measured bi-weekly (see figures 7.2.1.1 and table 7.2.1.1) and both the mesenteric and 

epididymal pads were weighed (see figure 7.2.1.1) after the sacrifice of the animals to 

provide a two-step verification in their body mass difference (Woods et al. 2003). 
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Age group 
 

6M Lean 
Mean ± SEM 

6M HFD 
Mean ± SEM 

18M Lean 
Mean ± SEM 

18M HFD 
Mean ± SEM 

Body mass (g) 539 ± 15.5 638 ± 7.2 **** 794 ± 8.4 929 ± 10.5 #### 

Body length 
(cm) 

43 ± 0.5 44 ± 0.4 49.5 ± 0.4 48.5 ± 0.4 

Left epididymal 
fat pad mass (g) 

7.01 ± 0.6 8.65 ± 0.5 *** 6.93 ± 0.4 12.05 ± 0.6 #### 

Right 
epididymal fat 
pad mass (g) 

 
6.64 ± 0.6 

 
8.72 ± 0.5 ** 

 
6.97 ± 0.3 

 
12.50 ± 0.6 #### 

Mesenteric fat 
pad mass (g) 

6.50 ± 0.6 10.63 ± 0.8 **** 8.70 ± 0.3 11.42 ± 0.4 ### 

Body 
circumference 

(cm) 

 
21.75 ± 0.2 

 
25.75 ± 0.2 **** 

 
26.25 ± 0.2 

 
33.75 ± 0.3 #### 

 

Figure 7.2.1.1 – Comparison of animal body mass in both the 6 and the 18-month aged models, measured bi-weekly, for 
a total of 16 weeks. Significance was shown after the first month of feeding between the lean and the HFD models within 
each aged model (****and #### = p < 0.0001; * = 6-month model; # = 18-month model). 

Table 7.2.1.1 – Table with the comparison of parameters between lean models and HFD models, 
in 6-month and 18-month aged animals. The mean values are a representation of the parameters 
at the start of the experimental protocols (** = p < 0.01; *** = p < 0.001 and **** = p < 0.0001, 
compared to the 6-month lean group and ### = p < 0.001 and #### = p < 0.0001, compared to the 
18-month lean group). 
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Regarding the animals in the obesity projects, previous rodent models have been used for 

similar studies (with slight modifications in feeding time and diet supplements) in order to 

induce obesity, as their neuroanatomy and energy homeostasis control resembles that of a 

human being (Barrett, Mercer and Morgan 2016; Marques et al. 2016; Wilson, C. et al. 2007; 

Woods et al. 2003). A more detailed explanation of the animal model and how it compares 

to previous research can be found in section 3.1. 

 

 Langendorff Isolated Heart Model (full review in section 3.2) 

 

The technique starts with the perfusion of the heart with Krebs-Henseleit buffer (maintained 

at a constant temperature of 37oC ± 0.5 at a pH of 7.4) and gassed with 95% O2 and 5% CO2, 

by means of cannulating the aorta, in a retrograde fashion, forcing the closing of the aortic 

valve as a result of a change in pressure. The buffer then passes through a vascular bed 

before being drawn to the coronary sinus in the right atria. This allows the preparation to be 

maintained without any fluid filling the ventricular chambers (Skrzypiec-Spring et al. 2007). 

Measurements for the coronary flow (CF), left ventricular developed pressure (LVDP), heart 

rate (HR) and the Maximum ventricular pressure increase (+dP/dtmax) and decrease (-

dP/dTmax) were recorded using a physiological pressure transducer connected to the latex 

balloon and to a PowerLab (ADInstruments, UK) linked to a PC with LabChart® software 

v7 and the rate pressure product (RPP) was calculated using the function mentioned in 

section 3.2.2. At the end of the protocol, the left ventricle was excised from each heart and 

divided into two; tissues were then rapidly frozen in liquid nitrogen before being stored at -

80oC for future use. For a full background review, please refer to section 3.2. 
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The experimental protocol for each of the inotropes used (Dobutamine, Itraconazole and 

Atenolol) was split into a 20-minute stabilisation period and 140 minutes of increasingly 

high drug concentrations for all hearts (ranging from 1nM to 30µM, for a total of seven 

different concentrations); a 20-minute cumulative protocol was chosen based on preliminary 

data that indicated that it was the adequate time to achieve a steady contractile response with 

the used inotropic drugs (see figure 7.2.2.1). 

 

 

 

 

 Western Blotting (full review in section 3.4) 

 

Cardiac tissue was collected from each treatment group, as mentioned in table 3.1.2.2. 

Approximately half of the left ventricle (50 mg) was then homogenized with lysis buffer 

(100 mM NaCl, 10 mM Tris base - pH 8.0, 1 mM EDTA - pH 8.0, 2 mM sodium 

pyrophosphate, 2 mM NaF, 2 mM β-glycerophosphate, SigmaFAST™ protease inhibitor 

cocktail tablets – 1 tablet/100ml and PhosStop™ - 1 tablet/10ml) on a IKA Ultra-Turrax® T 

25 basic disperser, set to a speed of 21,500 RPM. 

This tissue was then centrifuged for 10 minutes at 11,000 RPM at 4oC to obtain the desired 

supernatant, which was then transferred into clean 1.5ml microcentrifuge tubes. Samples 

were diluted using Laemmli buffer (250 mM Tris-HCl – pH 6.8, 10% glycerol, 0.006% 

bromophenol blue, 4% SDS, β-mercaptoethanol – pH 6.8) and incubated at 100oC for 5 

minutes before being stored at –20oC. Prior to using the samples, they were defrosted on ice 

and diluted further using Laemmli buffer to obtain a protein concentration of 50μg. 

Figure 7.2.2.1 – Langendorff protocol - Diagram for the cumulative dose-controlled protocol for the Langendorff isolated 

heart model used in this project, per drug. 

20-minute drug perfusion with cumulative concentrations 
20-minute 

Stabilisation 

Krebs Henseleit 
Buffer (KHB) 

1nM        3nM           10nM             100nM             1µM           10µM       30µM 

KHB Perfusion Experimental 
protocol 
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To calculate the protein content of homogenised samples, a colorimetric PierceTM BCA 

Protein assay kit (Thermo Fisher Scientific, UK) was used. Concentrated albumin standards 

were serially diluted using lysis buffer to obtain a concentration range of 0 - 2000μg/ml. 

BCA working reagent was prepared following a 50:1 ratio of reagent A and reagent B, 

respectively. Standards and samples were pipetted at a volume of 10μl, in triplicate, onto a 

96-well plate. Following this, 200μl of working reagent was added to each well. Plates were 

then covered to protect from light and incubated for 30 minutes at 37oC, before being left to 

cool to room temperature. The plate reader was set to 562 nm and the measured absorbance 

values were then used to calculate the total protein content per unknown sample. 

The previously collected samples were further diluted using laemmli buffer to obtain a 

concentration of 50μg/μl. These samples were then centrifuged at 1200 RPM for 2 minutes, 

at 4oC, before being loaded onto Precast TGX™ (Tris/glycine) gradient gels (Bio-Rad, UK). 

The gels were then placed inside of a Mini-PROTEAN™ vertical electrophoresis assembly 

unit before filling the chamber and outer tank with running buffer (14.42g/L Glycine, 1.0g/L 

SDS, 3.03g/L Tris base). The samples were then loaded into the wells, with at least one well 

loaded with a molecular protein marker acquired from Cell Signalling UK. Gels were run at 

110V for 60 minutes using a Power-PAC 3000 (Bio-Rad, UK). 

Following electrophoretic separation, the gels were removed from their compartments and 

placed onto Trans-Blot® Turbo™ transfer packs, consisting of filter paper, buffer and a 

polyvinylidene fluoride (PVDF) membrane. The assembled cassettes were loaded into the 

Trans-Blot system (Bio-Rad, UK) and ran for the mixed molecular weight transfer protocol 

for a total of 7 minutes. Following transfer, the membranes were cut into two using a scalpel 

blade. Blots were then incubated at room temperature in blocking buffer (5% w/v milk 

powder in Tris-buffered saline with Tween 20 (TBST) for 60 minutes on an orbital shaker 

(Cassambai et al. 2019). 
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Blots were then incubated overnight in 5% w/v bovine serum albumin (BSA) in TBST - 

1/1000, at 4oC, with anti-UCP3 antibody and phosphorylated Pyruvate Dehydrogenase E1-

alpha subunit purchased from Abcam (UK). The following day, blots were then incubated 

with secondary antibody (anti-rabbit HRP IgG – 1/1000, Cell Signalling, UK) in blocking 

solution (5% w/v milk powder in TBST) and incubated for 1 hour at room temperature on 

an orbital shaker. 

To visualise the membranes, they were first placed onto an acetate sheet and coated with 

approximately 1 mL of SuperSignal West Femto kit (Thermo-Scientific), in a 1:1 dilution, 

to amplify the signals from the membranes. Images were then captured and visualised using 

a ChemiDoc with the ImageLab™ Touch software (Bio-Rad, UK). Membranes were 

exposed for 3 to 5 seconds (see representative blot in figure 2.4.6.1) in order to detect the 

bands corresponding to the proteins of interest. Images were subsequently analysed using 

the java-based software ImageJ (National Institutes of Health, USA). After visualising the 

membranes, they were stripped using RestoreTM Western Blot Stripping Buffer (Thermo 

Fisher Scientific, UK) and re-probed for the total form of Pyruvate Dehydrogenase E1-alpha 

subunit and GAPDH, to be used as controls for the data. 

 

 Statistical Analysis (full review in section 3.6) 

 

Animal body mass and fat pad weight was plotted as average mass/weight ± standard error 

of the mean (SEM) and statistically analysed using One-Way analysis of variance (ANOVA) 

with Tukey’s post hoc test, on IBM SPSS® Statistics 25 (IBM Corporation USA). A p value 

of p<0.05 was considered statistically significant. The haemodynamics and work-loop data 

were plotted as a percentage of the average stabilisation (mean ± standard error of the mean 

(SEM)). 
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Two-Way analysis of variance (ANOVA) was used with Tukey’s LSD (least significant 

difference) for each time point as a function of each age group and each treatment, for both 

the Langendorff and the work-loop data. Fisher’s LSD was used for the western blot data, 

as the main interest was in finding the minimum difference between protein expression. A 

p-value of p<0.05 was considered statistically significant. Origin Pro 2015 (Origin Lab 

Corporation, USA) was used to plot all of the dose response graphs for each of the inotrope. 

 

 Results 

 

The data will be presented for the Langendorff isolated heart model, similarly to the previous 

chapter. Measurements for the different haemodynamic parameters will be presented, as 

well as the comparison between muscle mechanics when comparing a high-fat diet model 

to a lean model. Two different age group models were used for the isolated heart project: a 

6-month model and an 18-month model. Data collection was divided into these two age 

groups. Parameters documented remained unchanged. 

 

 Langendorff Isolated Heart Model 

 

The following section contains the recorded data for the Langendorff isolated heart model, 

showing a comparison between the drugs tested on lean models and the same drug 

administered to the HFD models. Stabilisation parameters were very similar, with no 

significance between the models. In order to present the Langendorff data, a table was 

necessary in addition to the concentration response curves, in order to highlight the changes 

in response occurring on the isolated heart. Table 7.3.1.1 contains the maximum and 

minimum responses for the relevant haemodynamic parameters on the 6-month lean and 

HFD models, per inotropic drugs, in addition to their EC50 values. Significances for these 

parameters have been depicted in figures 7.3.1.1 to 7.3.1.21. 
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Table 7.3.1.2 contains the maximum and minimum responses for the relevant 

haemodynamic parameters on the 18-month lean and HFD models, per inotropic drugs, in 

addition to their EC50 values. Significances for these parameters have been depicted in 

figures 7.3.1.1 to 7.3.1.21. 

 

 

 

 Minimum response 
(% of stabilisation) 

Maximum response 
(% of stabilisation) 

EC50 (M) 

Age (months) 6 Lean 6 HFD 6 Lean 6 HFD 6 Lean 6 HFD 

 
 

LVDP 
(mmHg) 

Atenolol -5 2 -33 -26 2.4x10-8 2.7x10-7 

Itraconazole 1 -9 -55 -60 5.3x10-7 2x10-7 

Dobutamine 18 18 45 32 3.9x10-8 1.8x10-6 

 

 
 

HR 
(bpm) 

Atenolol 1 2 8 9 1.8x10-9 1.8x10-8 

Itraconazole -5 1 -16 13 2.2x10-6 1.4x10-8 

Dobutamine 3 -2 49 17 5.8x10-8 5.2x10-8 

 

 
 

MPR 
(mmHg/s) 

Atenolol 1 1 -14 -14 1.2x10-6 2.4x10-7 

Itraconazole 1 -6 -34 -35 2.5x10-6 1.5x10-7 

Dobutamine 10 19 51 55 1.3x10-7 7.9x10-8 

 

 
 

MPD 
(mmHg/s) 

Atenolol -2 11 -15 -15 3.2x10-7 1.6x10-7 

Itraconazole 1 -6 -22 -23 6.2x10-7 2x10-8 

Dobutamine -3 4 50 37 5.3x10-7 7.9x10-6 

 

 
 

RPP 
(mmHg/min) 

Atenolol -3 4 -26 -24 4.8x10-8 2.5x10-7 

Itraconazole -3 -6 -62 -56 7.5x10-7 1x10-8 

Dobutamine 21 15 104 43 4.1x10-8 5.6x10-6 

Table 7.3.1.1 – Table with the minimum and maximum drug response on the 6-month lean and 
HFD isolated hearts, and respective EC50 value. The values shown on the table represent the 
minimum and maximum response of the heart after being exposed to increasingly higher drug 
concentrations. The EC50 is also presented, showing the half maximal concentration required to 
induce a response. 
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 Minimum response 
(% of stabilisation) 

Maximum response 
(% of stabilisation) 

EC50 (M) 

Age (months) 18 Lean 18 HFD 18 Lean 18 HFD 18 Lean 18 HFD 

 
LVDP 

(mmHg) 

Atenolol -5 -9 -39 -41 1.4x10-7 4x10-7 

Itraconazole -8 -13 -60 -68 2.7x10-7 1.5x10-7 

Dobutamine 25 4 51 23 1.5x10-6 1.5x10-6 

 

 
HR 

(bpm) 

Atenolol 0 4 7 -6 5.6x10-6 4.6x10-7 

Itraconazole 0 -6 20 -27 1x10-7 7.2x10-9 

Dobutamine -10 5 21 24 1.1x10-6 3.5x10-7 

 

 
MPR 

(mmHg/s) 

Atenolol -2 -7 -17 -21 1.8x10-8 1.2x10-8 

Itraconazole 8 -5 -17 -39 6.8x10-8 4.6x10-7 

Dobutamine 0 1 16 21 2.3x10-7 5.6x10-8 

 

 
MPD 

(mmHg/s) 

Atenolol -1 -1 -14 -22 5.6x10-8 1x10-8 

Itraconazole 2 -2 -14 -37 3.2x10-8 2.4x10-8 

Dobutamine -6 -1 22 18 1x10-9 1x10-7 

 

 
RPP 

(mmHg/min) 

Atenolol -7 -6 -39 -45 2.2x10-7 2.7x10-7 

Itraconazole -6 -26 -52 -77 3.5x10-7 3.2x10-7 

Dobutamine 13 10 63 51 1.7x10-9 2.9x10-8 

Table 7.3.1.2 – Table with the minimum and maximum drug response on the 18-month lean and 
HFD isolated hearts, and respective EC50 value. The values shown on the table represent the 
minimum and maximum response of the heart after being exposed to increasingly higher drug 
concentrations. The EC50 is also presented, showing the half maximal concentration required to 
induce a response. 
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Atenolol (6-month data) 

No significant changes were recorded for either model (HFD and lean) for both LVDP and 

HR (data not presented here). In addition, no significant changes were seen on either the 

MPR (A) nor the MPD (B) of the hearts (figure 7.3.1.1) treated with Atenolol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3.1.1 - + dP/dTmax (A) and -dP/dTmax (B) for the 6-month atenolol-treated lean and HFD models (n = 4 for 
both). Hearts were allowed a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 
nM = 20-40 mins;3 nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-
140 mins and 30 μM = 140-160 mins. 
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The RPP (figure 7.3.1.2) showed significance at the 100nM and 1μM concentrations, where 

the HDF hearts showed a significant increase of +20% ± 10.2 (SEM), in relation to the lean 

hearts (p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atenolol (18-month data) 

Similar to what was seen before, the LVDP and HR showed no significance between the 

two models (data not shown). In addition, the MPR (A) and MPD (B) also did not 

significantly change between the two models, when treated with Atenolol (figure 7.3.1.3). 

In addition, no significant changes were observed for the RPP of the hearts (figure 7.3.1.4). 

 

 

Figure 7.3.1.2 – RPP for the 6-month atenolol-treated lean and HFD models (n = 4 for both). Hearts were allowed a 20-
minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-60 
mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. Measurements for RPP when treated with Atenolol are displayed above (* = p < 0.05, in relation to the lean control). 
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Figure 7.3.1.3 - + dP/dTmax (A) and -dP/dTmax (B) for the 18-month atenolol-treated lean and HFD models (n = 4 for 
both). Hearts were allowed a 20-minute stabilisation period followed by increasing concentrations of each compound: 
1 nM = 20-40 mins;3 nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-
140 mins and 30 μM = 140-160 mins. 
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Itraconazole (6-month data) 

The LVDP (figure 7.3.1.5) for the itraconazole-treated hearts showed an exacerbated 

negative inotropic effect of the drug upon the HFD model, with a significant decrease 

between the 1nM concentration (+12% ± 5.2 (SEM), p<0.05) and the 100nM concentration 

(-15% ± 4.1 (SEM), p<0.05), before equalising with the lean model. 

As for the HR (figure 7.3.1.6), the two models were even up until the last two concentrations 

(-14% and -29% ± 6.0 and 8.2 (SEM), respectively, p<0.01), where the HFD model 

displayed a significant increase, when compared to the lean model. 

 

 

Figure 7.3.1.4 – RPP for the 18-month atenolol-treated lean and HFD models (n = 4 for both). Hearts were allowed a 
20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. 
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Figure 7.3.1.5 – LVDP for the 6-month itraconazole-treated lean and HFD models (n = 4 for both). Hearts were 
allowed a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 
mins;3 nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins 
and 30 μM = 140-160 mins. Measurements for LVDP when treated with Itraconazole are displayed above (* = p < 0.05, 
in relation to the lean control). 

 

Figure 7.3.1.6 – HR for the 6-month itraconazole-treated lean and HFD models (n = 4 for both). Hearts were allowed 
a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 
40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 
140-160 mins. Measurements for HR when treated with Itraconazole are displayed above (* = p < 0.05; ** = p < 0.01;   
in relation to the lean control). 
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The ventricular pressure rise (figure 7.3.1.7) differences were immediate for the hearts 

treated with Itraconazole. The compound seemed to have an exacerbated negative effect on 

the HFD models when compared to the lean models, starting at the 1nM concentration (-8% 

± 7.2 (SEM), p<0.05) until the 1µM concentration (-21% ± 9.6 (SEM), p<0.05). The last 

two concentrations showed a similar effect in both models. 

 

 

 

 

 

 

 

 

 

 

 

As for the MPD (figure 7.3.1.8), we observed a significant decrease at the 3nM (-8%-± 6.3 

(SEM), p<0.05) and 10nM (-13% ± 7.0 (SEM), p<0.05) concentrations, when compared to 

the lean model. 

 

 

 

 

Figure 7.3.1.7 – +dP/dTmax for the 6-month itraconazole-treated lean and HFD models (n = 4 for both). Hearts were 
allowed a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 
mins;3 nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins 
and 30 μM = 140-160 mins. Measurements for +dP/dTmax when treated with Itraconazole are displayed above (* = p 
< 0.05, in relation to the lean control). 
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The RPP (figure 7.3.1.9) showed a significant exacerbation of the effect of the drug for the 

3, 10 and 100 nM (-18, -15 and -13% ± 7.2, 5.5 and 7.6 (SEM), respectively, p<0.05). 

 

 

 

 

 

 

 

 

 

Figure 7.3.1.8 – –dP/dTmax for the 6-month itraconazole-treated lean and HFD models (n = 4 for both). Hearts were 
allowed a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 
nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 
140-160 mins. Measurements for -dP/dTmax when treated with Itraconazole are displayed above (* = p < 0.05, in relation 
to the lean control). 
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Itraconazole (18-month data) 

The LVDP (figure 7.3.1.10) showed no significance between the two models but did show 

the expected negative inotropic effect of the drug. 

The HR (figure 7.3.1.11), on the other hand, showed a significant decrease for the HFD 

model, when compared to the lean model, across all concentrations, starting with a 

significant decrease at the 1nM concentration (-15% ± 6.2 (SEM), p<0.05). This decrease 

was then increased at the 100nM concentration (-23% ± 6.5 (SEM), p<0.05), before reaching 

its maximum difference at the 30µM concentration (-47% ± 7.4 (SEM), p<0.001). 

 

Figure 7.3.1.9 – Rate Pressure Product for the 6-month itraconazole-treated lean and HFD models (n = 4 for both). 
Hearts were allowed a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 
20-40 mins;3 nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins 
and 30 μM = 140-160 mins. Measurements for RPP when treated with Itraconazole are displayed above (* = p < 0.05, in 
relation to the lean control). 
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Figure 7.3.1.10 –LVDP for the 18-month itraconazole-treated lean and HFD models (n = 4 for both). Hearts were allowed 
a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. 

Figure 7.3.1.11 – HR for the 18-month itraconazole-treated lean and HFD models (n = 4 for both). Hearts were allowed 
a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. Measurements for HR when treated with Itraconazole are displayed above (* = p < 0.05 and *** = p < 0.001, in 
relation to the lean control). 
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The ventricular pressure rise (A) and drop (B) showed very similar patterns throughout the 

protocol (figure 7.3.1.12). Itraconazole was shown to have a clear exacerbation of the 

negative inotropic effect on the HFD models, as shown by its effect on the MPR starting at 

the 10nM concentration (-10% ± 8.3 (SEM), p<0.05), followed by a reduction at the 100nM 

concentration (-14% ± 6.7 (SEM), p<0.05). A peak significant decrease was then recorded 

at the 1µM concentration (-26% ± 8.8 (SEM), p<0.01), which stayed consistent until the end 

of the protocol. A similar pattern was recorded for the MPD, starting at the 3nM 

concentration (-13% ± 7.0 (SEM), p<0.05) and reaching peak significant decrease at the 

30µM concentration (-23% ± 5.5 (SEM), p<0.01). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3.1.12 – + dP/dTmax (A) and – dP/dTmax (B) for the 18-month itraconazole-treated lean and HFD models (n = 
4 for both). Hearts were allowed a 20-minute stabilisation period followed by increasing concentrations of each 
compound: 1 nM = 20-40 mins;3 nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 
μM = 120-140 mins and 30 μM = 140-160 mins. Measurements for + and – dP/dTmax when treated with Itraconazole are 
displayed above (** = p < 0.01; in relation to the lean control). 
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The RPP for Itraconazole showed (figure 7.3.1.13), yet again, a clear exacerbation of the 

negative inotropic effect of the drug on the heart. From the 1nM concentration to the 30μM, 

the significant difference is within the range of -18 to -25% ± 6.7 to 3.8 (SEM), respectively, 

(p<0.01) in RPP measurements between the models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3.1.13 – Rate Pressure Product for the 18-month itraconazole-treated lean and HFD models (n = 4 for both). 
Hearts were allowed a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-
40 mins;3 nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 
30 μM = 140-160 mins. Measurements for RPP when treated with Itraconazole are displayed above (** = p < 0.01; in relation 
to the lean control). 
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Dobutamine (6-month data) 

An initial significant difference was documented on the LVDP when treating the HFD hearts 

with Dobutamine (figure 7.3.1.14), as we saw a significant decrease in the inotropic effect 

of the drug, starting at the 1µM concentration (-26% ± 7.4 (SEM), p<0.001) and persisting 

up until the 30µM concentration (-10% ± 9.1 (SEM), p<0.01). 

As for the HR (figure 7.3.1.15), we observed a significantly decreased chronotropic effect 

of Dobutamine on the HFD model, starting at the 10µM concentration (-12% ± 8.7 (SEM), 

p<0.01) and lasting until the 30µM concentration (-14% ± 10.5 (SEM), p<0.05). Both 

parameters were shown to be significantly decreased in the HFD model, when compared to 

the lean one. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3.1.14 - LVDP for the 6-month dobutamine-treated lean and HFD models (n = 4 for both). Hearts were 
allowed a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 
mins;3 nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins 
and 30 μM = 140-160 mins. Measurements for LVDP when treated with Dobutamine are displayed above (* = p<0.05 
and ** = p < 0.01; in relation to the lean control).  
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An initial significant difference was documented on the MPR (A) when treating the HFD 

hearts with Dobutamine (figure 7.3.1.16), as they displayed a stronger response to the drug 

(up to +20% ± 7.2 (SEM), in relation to the lean heart, between the 3nM and the 100nM 

concentrations, (p<0.05), before equalizing at the 30µM concentration. The MPD (B) for 

the HFD hearts only showed a significant decrease at the 10µM concentration (-19% ± 8.5 

(SEM), p<0.05). 

 

 

 

 

 

 

Figure 7.3.1.15 – HR for the 6-month dobutamine-treated lean and HFD models (n = 4 for both). Hearts were allowed a 
20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. Measurements for HR when treated with Dobutamine are displayed above (*** = p < 0.001; in relation to the lean 
control). 
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The major results for this set of data came from the RPP of the hearts treated with 

Dobutamine (figure 7.3.1.17). The initial response showed a significant decrease at the 

100nM concentration (-45% ± 15.8 (SEM) for the HFD hearts (p<0.01) that was exacerbated 

to -62% ± 8.5 after the 1μM concentration (p<0.01), when compared to the lean hearts. 

 

Figure 7.3.1.16 - + dP/dTmax (A) and -dP/dTmax (B) for the 6-month dobutamine-treated lean and HFD models (n = 4 
for both). Hearts were allowed a 20-minute stabilisation period followed by increasing concentrations of each 
compound: 1 nM = 20-40 mins;3 nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 
10 μM = 120-140 mins and 30 μM = 140-160 mins. Measurements for MPR and MPD when treated with Dobutamine 
are displayed above (* = p < 0.05; in relation to the lean control).  
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Dobutamine (18-month data) 

The LVDP for the 18-month dobutamine treated hearts is shown in figure 7.3.1.18. Unlike 

the LVDP for the 6-month groups (figure 7.3.1.14), the 18-month lean group showed an 

initial response to the drug that decreased in effectiveness as we administered higher 

concentrations of the drug. On the other hand, the HFD animal group showed a significantly 

impaired drug effect, starting at the 1nM concentration (-34% ± 7.6 (SEM), p<0.01) and 

lasting until the 1µM concentration (-19% ± 8.6 (SEM), p<0.05), before equalizing its effect 

to the lean group. The patterns displayed seem to mirror each other for the duration of the 

drug administration. 

 

 

Figure 7.3.1.17 – RPP for the 6-month dobutamine-treated lean and HFD models (n = 4 for both). Hearts were allowed 
a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. Measurements for RPP when treated with Dobutamine are displayed above (** = p < 0.01; in relation to the lean 
control).  
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No significance was found for the HR (figure 7.3.1.19) when comparing between the 18-

month HFD and lean dobutamine treated hearts. 

 

 

 

 

 

 

 

 

Figure 7.3.1.18 – LVDP for the 18-month dobutamine-treated lean and HFD models (n = 4 for both). Hearts were allowed 
a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. Measurements for LVDP when treated with Dobutamine are displayed above (* = p < 0.05 and  ** = p < 0.01; in 
relation to the lean control). 
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The ventricular pressure rise (A) and drop (B) for the 18-month data (figure 7.3.1.20) 

showed no significance at any point of the experimental protocol, with both models 

mimicking each other. 

 

 

 

 

 

 

 

 

Figure 7.3.1.19 – HR for the 18-month dobutamine-treated lean and HFD models (n = 4 for both). Hearts were allowed 
a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. 
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Figure 7.3.1.20 – + dP/dTmax (A) and – dP/dTmax (B) for the 18-month dobutamine-treated lean and HFD models (n = 
4 for both). Hearts were allowed a 20-minute stabilisation period followed by increasing concentrations of each 
compound: 1 nM = 20-40 mins;3 nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 
μM = 120-140 mins and 30 μM = 140-160 mins. 
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The RPP for Dobutamine (figure 7.3.1.21) showed an initial impairment in drug effect on 

the HFD heart, when compared to the lean heart, at the 1nM concentration (-26% ± 12.6 

(SEM), p<0.05). A further decrease in drug effect is then seen again at the 1µM (-16% ± 

13.9 (SEM), p<0.05), with an exacerbation of this effect seen at the 30µM concentration (-

21% ± 6.4 (SEM), p<0.05). The pattern for the RPP showed a decreased drug effectiveness 

throughout the protocol, for the HFD model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3.1.21 – RPP for the 18-month dobutamine-treated lean and HFD models (n = 4 for both). Hearts were allowed 
a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. Measurements for RPP when treated with Dobutamine are displayed above (* = p < 0.05; in relation to the lean 
control). 
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Atenolol (6 vs 18-month HFD data) 

Figures 7.3.1.22 to 7.3.1.24 show the comparison for MPR, MPD and RPP on the 6- and 18-

month HFD models treated with Atenolol. As seen by the graphs, no significance was 

recorded when comparing between the two models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3.1.22 – MPR for the 6- and 18-month HFD hearts treated with Atenolol (n = 4 for both). Hearts were allowed 
a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. 

Figure 7.3.1.23 – MPD for the 6- and 18-month HFD hearts treated with Atenolol (n = 4 for both). Hearts were allowed 
a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. 
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Itraconazole (6 vs 18-month HFD data) 

Figures 7.3.1.25 to 7.3.1.27 show the comparison for MPR, MPD and RPP on the 6- and 18-

month HFD models treated with Itraconazole. No significance was recorded on the MPR, 

as seen in figure 7.3.1.25. 

 

 

 

 

 

 

 

Figure 7.3.1.24 – RPP for the 6- and 18-month HFD hearts treated with Atenolol (n = 4 for both). Hearts were allowed a 
20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. 

Figure 7.3.1.25 – MPR for the 6- and 18-month HFD hearts treated with Itraconazole (n = 4 for both). Hearts were allowed 
a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. 
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As seen by figure 7.3.1.26, significance was recorded for the last two concentrations of 

itraconazole on the 18-month models, with peak difference being seen for the 30µM 

concentration (-14% ± 3.7 (SEM), p<0.05). 

 

 

 

 

 

 

 

 

As seen by figure 7.3.1.27, the RPP showed significant changes for the last 3 concentrations, 

starting at the 1µM concentration (-17% ± 7.1 (SEM), p<0.05) and with peak significance 

being seen for the 30µM concentration (-21% ± 3.8 (SEM), p<0.05). 

 

 

 

 

 

 

 

* 
* 

Figure 7.3.1.26 – MPD for the 6- and 18-month HFD hearts treated with Itraconazole (n = 4 for both). Hearts were 
allowed a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 
nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 
140-160 mins. Measurements for MPD when treated with Itraconazole are displayed above (* = p < 0.05; in relation to 
the 6-month HFD heart). 

Figure 7.3.1.27 – RPP for the 6- and 18-month HFD hearts treated with Itraconazole (n = 4 for both). Hearts were allowed 
a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. Measurements for RPP when treated with Itraconazole are displayed above (* = p < 0.05; in relation to the 6-month 
HFD heart). 
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Dobutamine (6 vs 18-month HFD data) 

Figures 7.3.1.28 to 7.3.1.30 show the comparison for MPR, MPD and RPP on the 6- and 18-

month HFD models treated with Dobutamine. As seen by figure 7.3.1.28, the MPR showed 

significant changes between the two aged models, starting at the 3nM concentration (-16% 

± 5.8 (SEM), p<0.05) and achieving peak response difference at the 30µM concentration (-

37% ± 9.8 (SEM), p<0.01). 

 

 

 

 

 

 

 

 

 

 

 

 

 

No significance was recorded when comparing between the 6- and 18-month HFD models 

for the MPD and RPP, as seen in figures 7.3.1.29 and 7.3.1.30. 

 

 

Figure 7.3.1.28 – MPR for the 6- and 18-month HFD hearts treated with Dobutamine (n = 4 for both). Hearts were 
allowed a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 
nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 
140-160 mins. Measurements for MPR when treated with Dobutamine are displayed above (* = p < 0.05 and ** = p < 0.01; 
in relation to the 6-month HFD heart). 
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Figure 7.3.1.29 – MPD for the 6- and 18-month HFD hearts treated with Dobutamine (n = 4 for both). Hearts were 
allowed a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 
nM = 40-60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 
140-160 mins. 

Figure 7.3.1.30 – RPP for the 6- and 18-month HFD hearts treated with Dobutamine (n = 4 for both). Hearts were allowed 
a 20-minute stabilisation period followed by increasing concentrations of each compound: 1 nM = 20-40 mins;3 nM = 40-
60 mins; 10 nM = 60-80 mins; 100 nM = 80-100 mins; 1 μM = 100-120 mins; 10 μM = 120-140 mins and 30 μM = 140-160 
mins. 
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 Western Blots 

 

Pyruvate dehydrogenase (PDH) and Uncoupling protein 3 (UCP3) were assessed using 

western blotting in order to assess the impact of key mitochondrial regulators in cardiac 

function. All of the represented graphs were plotted after correcting for protein loading and 

the lean controls were normalised. 

 

 Pyruvate Dehydrogenase 

 

Figure 7.3.2.1.1 shows the percentage of phosphorylated PDH in dobutamine-treated heart 

tissue as a % of the control in 6 and 18-month lean and HFD rat models. The drug-treated 

lean models were used as controls for their respective age drug-treated HFD counterpart. 

The 6-month treated HFD hearts showed a significant decrease in phosphorylated-PDH (-

27% ± 8.5 (SEM), p<0.0001) when compared to the 6-month treated lean control. The 18-

month HFD treated hearts showed a significant decrease in phospho-PDH (-77% ± 3.7 

(SEM), p<0.0001) when compared to the 18-month treated lean control. 
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Figure 7.3.2.1.1 – Phosphorylated PDH expression in 6- and 18-month-old HFD and lean Dobutamine treated animal models 

(n = 4 for all). This graph represents the effects of HFD on the levels of phosphorylated PDH in dobutamine-treated heart tissue, 

as a percentage of total PDH (**** = p<0.0001). The top blot is a representative image of phospho-PDH, while the bottom blot 

represents total-PDH. The presented results are all corrected for GAPDH. The vehicle control values from chapter 5 are also 

present, with their significance indicated by the “£” and “$” symbols (££££ = p<0.0001 and $$ = p<0.01, in relation to the 6 and 

18-month lean controls respectively). 
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Figure 7.3.2.1.2 shows the percentage of phosphorylated PDH in atenolol-treated heart 

tissue as a % of the control in 6 and 18-month lean and HFD rat models. The lean models 

were used as controls for their respective age HFD counterpart. The 6-month treated hearts 

showed a significant increase in phospho-PDH (+17% ± 8.0 (SEM), p<0.001) when 

compared to the 6-month treated lean control. The 18-month HFD treated hearts showed no 

significance in phospho-PDH when compared to the 18-month treated lean control. The 

vehicle control results from chapter 4 are also represented, to show the changes between the 

untreated hearts and the treated ones. 

 

 

 

 

 

 

 

 

 

 

 

42 KDa - pPDH 

 

42 KDa - Total PDH 

Figure 7.3.2.1.2 – Phosphorylated PDH expression in 6- and 18-month-old HFD and lean Atenolol treated animal models 

(n = 4 for all). This graph represents the effects of HFD on the levels of phosphorylated PDH in atenolol-treated heart 

tissue, as a percentage of total PDH (*** = p<0.001). The top blot is a representative image of phospho-PDH, while the 

bottom blot represents total-PDH. The presented results are all corrected for GAPDH. The presented results are all 

corrected for GAPDH. The vehicle control values from chapter 5 are also present, with their significance indicated by the 

“£” and “$” symbols (££££ = p<0.0001 and $$ = p<0.01, in relation to the 6 and 18-month lean controls respectively). 
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Figure 7.3.2.1.3 shows the percentage of phosphorylated PDH in itraconazole-treated heart 

tissue as a % of the control in 6 and 18-month lean and HFD rat models. The lean models 

were used as controls for their respective age HFD counterpart. The lean models were used 

as a control. The 6-month HFD treated hearts showed a significant decrease in phospho-

PDH (-22% ± 1.7 (SEM), p<0.0001) when compared to the 6-month treated lean control. 

The 18-month HFD treated hearts showed a significant decrease in phospho-PDH (-22% ± 

5.7 (SEM), p<0.0001) when compared to the 18-month treated lean control. The vehicle 

control results from chapter 4 are also represented, to show the changes between the 

untreated hearts and the treated ones. 

 

 

 

 

 

 

 

 

 

 

Figure 7.3.2.1.3 – Phosphorylated PDH expression 6- and 18-month-old HFD old HFD and lean Itraconazole treated 

animal models (n = 4 for all). This graph represents the effects of HFD on the levels of phosphorylated PDH in 

itraconazole-treated heart tissue, as a percentage of total PDH (**** = p<0.0001). The top blot is a representative image 

of phospho-PDH, while the bottom blot represents total-PDH. The presented results are all corrected for GAPDH. The 

presented results are all corrected for GAPDH. The vehicle control values from chapter 5 are also present, with their 

significance indicated by the “£” and “$” symbols (££££ = p<0.0001 and $$ = p<0.01, in relation to the 6 and 18-month 

lean controls respectively). 
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 UCP3 

 

Figure 7.3.2.2.1 shows the percentage of UCP3 in dobutamine-treated heart tissue as a % of 

the control in lean and HFD 6-month rat models. The lean models were used as a control. 

The 6-month HFD treated hearts showed no significant changes in UCP3 when compared 

to the 6-month treated lean control. The 18-month HFD treated hearts showed no 

significance in phospho-PDH when compared to the 18-month treated lean control. The 

vehicle control results from chapter 4 are also represented, to show the changes between the 

untreated hearts and the treated ones. 

 

 

 

 

 

 

 

 

 

 

34 KDa - UCP3 

  

37 KDa - GAPDH 

Figure 7.3.2.2.1 – UCP3 expression in 6- and 18-month-old HFD and lean Dobutamine treated animal models (n = 4 for 

all). This graph represents the effects of HFD on the levels of UCP3 in dobutamine-treated heart tissue, as a percentage of 

GAPDH. The top blot is a representative image of UCP3, while the bottom blot represents GAPDH. The presented results 

are all corrected for GAPDH. The presented results are all corrected for GAPDH. The vehicle control values from chapter 5 

are also present, with their significance indicated by the “£” and “$” symbols (££££ = p<0.0001 and $$ = p<0.01, in relation 

to the 6 and 18-month lean controls respectively). 
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Figure 7.3.2.2.2 shows the percentage of UCP3 in atenolol-treated heart tissue as a % of the 

control in lean and HFD 6-month rat models. The lean models were used as a control. The 

6-month HFD treated hearts showed a significant increase in UCP3 (+12% ± 7.5 (SEM), 

p<0.05), when compared to the 6-month treated lean control. The 18-month HFD treated 

hearts showed no significance when compared to the 18-month treated lean control. The 

vehicle control results from chapter 4 are also represented, to show the changes between the 

untreated hearts and the treated ones. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3.2.2.2 – UCP3 expression in 6- and 18-month-old HFD and lean Atenolol treated animal models (n = 4 for all). 

This graph represents the effects of HFD on the levels of UCP3 in atenolol-treated heart tissue, as a percentage of GAPDH 

(* = p < 0.05). The top blot is a representative image of UCP3, while the bottom blot represents GAPDH. The presented 

results are all corrected for GAPDH. The presented results are all corrected for GAPDH. The vehicle control values from 

chapter 5 are also present, with their significance indicated by the “£” and “$” symbols (££££ = p<0.0001 and $$ = p<0.01, 

in relation to the 6 and 18-month lean controls respectively). 
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Figure 7.3.2.2.3 shows the percentage of UCP3 in itraconazole-treated heart tissue as a % of 

the control in lean and HFD 6-month rat models. The lean models were used as a control. 

The 6-month HFD treated hearts showed a significant decrease in UCP3 (-18% ± 8.1 (SEM), 

p<0.001), when compared to the 6-month treated lean control. The 18-month HFD treated 

hearts showed a significant decrease in UCP3 (-16% ± 3.4 (SEM), p<0.01), when compared 

to the 18-month treated lean control. The vehicle control results from chapter 4 are also 

represented, to show the changes between the untreated hearts and the treated ones. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3.2.2.3 – UCP3 expression in 6- and 18-month-old HFD and lean Itraconazole treated animal models (n = 4 

for all). This graph represents the effects of HFD on the levels of UCP3 in itraconazole-treated heart tissue, as a 

percentage of GAPDH (** = p < 0.01, *** = p<0.001). The top blot is a representative image of UCP3, while the bottom 

blot represents GAPDH. The presented results are all corrected for GAPDH. The presented results are all corrected for 

GAPDH. The vehicle control values from chapter 5 are also present, with their significance indicated by the “£” and “$” 

symbols (££££ = p<0.0001 and $$ = p<0.01, in relation to the 6 and 18-month lean controls respectively). 
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 Discussion and Conclusion 

 

In chapters 3 and 4 significant functional changes between lean and the HFD heart models 

were shown. This chapter aimed to investigate whether these changes could have an effect 

on the haemodynamic parameters of HFD rat models when treated with inotropic drugs. It 

was found that, on the Langendorff model, Atenolol showed no significant changes between 

the two models; however, Dobutamine was shown to have reduced effectiveness on the HFD 

models (as seen by the significantly reduced positive inotropic effect of the drug) and 

Itraconazole was shown to have an exacerbated effect on the HFD models (seen by a 

significant reduction in ventricular parameters of the heart). In addition, it was found that 

PDH seemed to affect the inotropic effect of dobutamine (via changes in its expression), 

whilst having limited or no effect on both atenolol and itraconazole. UCP3 was shown to be 

unchanged in dobutamine-treated hearts but showed an increase in atenolol-treated hearts 

and a decrease in itraconazole treated hearts. Overall, UCP3 does not seem to have a 

measurable effect on the contractile function of the heart while under the effect of these 

drugs. Contrary to the original hypotheses, Atenolol showed no significant changes in the 

presence and absence of HFD; this will be explored and discussed further below. 

Previous research has shown that cardiac remodelling in obesity occurs via recorded changes 

to ventricular walls, depressed systolic function, hypertrophy and impaired vascular function 

(Selthofer-Relatić, Bošnjak and Kibel 2016; Stapleton et al. 2008). Lipotoxicity is also a 

common problem in obesity models, with some studies showing a development of a 

lipotoxic cardiomyopathy associated with increased FAO, decreased glucose oxidation, and 

increased peroxisomal production of ROS via an overexpression of Peroxisome proliferator-

activated receptor-α, or PPAR-α, which controls the expression of fatty acid utilization genes 

and the cardiac energy metabolism (Finck et al. 2002). 
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In both diabetic and high-fat fed models, cardiomyopathic remodelling occurs as a partial 

result of reactive oxygen species being accumulated in the myocardium (Finck 2007). 

Research has shown that PPAR expression and activation is induced by the presence of fatty 

acids as a result of obesity, insulin-deficiency or diabetes type 2 (Buchanan et al. 2005; 

Finck et al. 2002; Finck et al. 2003). Studies have also shown that, in both high fat fed and 

diabetic isolated hearts, PPAR expression is reduced even though there is an increase in fatty 

acid availability (Young, Guthrie, Razeghi, Leighton, Abbasi, Patil, Youker and Taegtmeyer 

2002; Zhou et al. 2000).This has been linked to both a decrease in contractility and a general 

reduction in haemodynamic function (Luptak, Balschi et al. 2005). Due to the role of PPAR-

α and other fatty acid metabolites in the expression of PDH and UCP3, it was hypothesised 

that changes to their expression were causing the recorded shift in haemodynamic 

parameters, mainly in the rate of contraction and the RPP. Previous studies have shown that 

obesity and aging can impair cardiac contractility via changes to the phosphorylation of Akt 

and eNOS, as well as ERK and AMPK (Ren et al. 2010). However, in this paper the 

researchers claimed that their data was insufficient to fully understand the role of either of 

these pathways on the recorded contractile impairment. It is also important to note that they 

associated leptin to these changes, as opposed to any changes in mitochondrial regulation, 

even though both ERK and MAPK can have an effect on the modulation of PPARs (Burns 

and Heuvel 2007; Liao, P. et al. 2002). Papers have found a connection between aging and 

a reduction in PPAR expression, although these changes were not apparent on the 

echocardiograms of the test subjects (Barton et al. 2016; Kar and Bandyopadhyay 2018; 

Lesnefsky, Chen and Hoppel 2016; Sung et al. 2004); however, when tested on a molecular 

level this changed, with PPAR-α showing a significant reduced expression on the aged 

group. 
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Other studies related to this have also highlighted that not only is age a major factor in 

blunted PPAR-α expression (Francis, Annicotte and Auwerx 2003; Toth and Tchernof 

2000), but also of other cardiac factors such as reductions in cardiac electrical activity and a 

desensitisation of the cardiac β1-adrenergic receptors (Loichot et al. 2006; Sung, B. et al. 

2004). 

Atenolol is an adrenergic antagonist used in the treatment of high blood pressure (Carlberg, 

Samuelsson and Lindholm 2004; Wilkinson, McEniery and Cockcroft 2006). Atenolol has 

been previously shown to have a very limited effect on the heart at lower concentrations, 

and it has been reported to have, to an extent, a repairing effect on the RyR, SERCA2a and 

PLN protein contents of ischaemic hearts via its effect on the proteolysis of said proteins 

(Temsah et al. 2000). Even though this effect is not heavily researched, it is important for 

this study to understand that there is a limitation to the negative inotropic effect of Atenolol, 

alongside a potential cardioprotective effect, which might explain why there was a lack of 

significance amongst the recorded results. In addition to this, it is important to refer to a 

secondary effect of Atenolol that has been recently reported, which is its ability to decrease 

membrane fatty acid unsaturation (Sanchez-Roman et al. 2010; Sanchez-Roman et al. 2014) 

and lowering the oxidative damage to cardiac tissue in animal models of most age groups, 

apart from 35-month animal models (Gómez et al. 2014); however, the lack of significance 

amongst the recorded parameters can be explained by the findings made by Gómez et al, as 

atenolol-induced changes are not a factor in younger aged models. Wójcicki et al conducted 

a study using lean, high BMI and obese patients to investigate the pharmacokinetics and 

pharmacodynamics of atenolol in obesity (Wojcicki et al. 2003) and found that there were 

minimal and non-significant changes in the systolic and diastolic pressures and heart rate of 

obese patients, when compared to the lean control group; the researchers therefore 

concluded that the effect of atenolol is independent of the presence of absence of obesity. 
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In addition to this, a study by Williams et al which aimed to investigate the effects of a diet-

induced obesity on cardiac regulation in mice, while under the effect of an atenolol treatment 

regime (Williams et al. 2003), also found that there was a non-significant effect of atenolol 

on the mean arterial pressure in obesity, but a significant decrease in heart rate. Observations 

made in this chapter provide no evidence to counteract the previously recorded data. 

Dobutamine is heavily prescribed worldwide for treatment of heart failure and cardiogenic 

shock (DeWitt et al. 2016; Tariq and Aronow 2015). It can, in some reported cases, increase 

the myocardial oxygen demand when used in high doses, which can lead to tachycardic 

episodes (DeWitt et al. 2016; Wang, XC, Zhu and Shan 2015). Previous studies have shown 

that there is a correlation between β-adrenergic receptors and age, with the former being a 

direct function of the latter, which opposes the earlier papers that found no significance 

between the two factors (Abrass, Davis and Scarpace 1982; Ferrara et al. 2014; Xiao et al. 

1994b). This phenomenon, aptly named β-adrenergic desensitization, stems from an 

understanding that ageing is associated with decreases in systolic cardiac function and an 

overall reduction in left ventricle inotropic reserves (Heller and Whitehorn 1972; Jiang, M., 

Moffat and Narayanan 1993; Xiao et al. 1994b). A more recent study used Dobutamine as a 

stress factor on a high fat diet-induced model and recorded significant blunting of contractile 

reserve functions, which the researchers hypothesized and was then further confirmed 

(Haggerty et al. 2015). The presented study showed a change in the effect of Dobutamine 

on the rate of contraction and on the RPP of the heart, with a clear blunting in the drug effect 

when comparing between the two models; in addition to this, age seemed to exacerbate this 

blunted effect, as the lean model on the 18-month data set seemed to match the HFD model 

on the 6-month data. This clearly shows that there are severe changes occurring within the 

heart to cause this effect. 
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The β-adrenergic desensitization seems to be a likely reasoning behind it, but other options 

have also been raised, mainly involving changes in mitochondrial components (e.g.: PPAR-

alpha and PDH). To note that some research has also involved mitochondrial processes as 

the cause of the aforementioned β-adrenergic desensitization (Corbi et al. 2013; De Lucia, 

Eguchi and Koch 2018; Kontogiannis et al. 2018). 

To add to this, lipid accumulation in obesity has also been directly linked to various factors 

heavily involved in contractile changes, mostly via the aforementioned ones, as they are sub-

components of cardiac lipotoxicity (Drosatos et al. 2011; Drosatos 2016). However, in this 

study there were no means to directly confirm this event, but evidence was found to support 

the existence of factors involved with it, in the form of a blunted response of Dobutamine 

and a reduced PPAR-α expression in the heart tissues of high fat diet-induced rats. 

Itraconazole is a commonly prescribed antifungal that has, on more than one occasion, been 

linked to a negative inotropic effect on the heart and severe cases of heart failure (Ahmad, 

Singer and Leissa 2001). Researchers have found that Itraconazole decreases the left 

ventricular contractility of the heart and, while the exact mechanism is not known, the results 

indicated that it was not related to any inhibition of the Na+ and Ca2+ channels, kinase 

inhibition or mitochondrial dysfunctions (Qu et al. 2013). However, a different study 

focused on the cardiac toxicity of Itraconazole found that the drug decreased, in a dose 

dependant manner, the mitochondrial oxidative phosphorylation and consequent oxygen 

consumption of myocardial tissue, by 20% (Cleary et al. 2013). The scientific community is 

split with the mechanisms behind the negative inotropy of Itraconazole, but the focus keeps 

turning towards mitochondrial dysfunction as the most likely cause, due to its involvement 

in mechanism of inotropy in the heart (Paul and Rawal 2017). 
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In this study, the MPD was significantly reduced in both 6 and 18-month HFD models, while 

the MPR was only significant towards the end of the protocol and only for the 18-month 

HFD model, indicating that a dose-response effect is present and exacerbated in the presence 

of both age and high-fat. The RPP on the 18-month model showed a clear exacerbation of 

the drug effect, starting at the lowest concentration and continuing all the way to the highest 

concentration used. 

Previous studies have shown how itraconazole can be cytotoxic to cells, with studies 

showing a direct correlation between ATP level reductions and cytochrome P450 inhibition, 

which itraconazole inhibits (Somchit et al. 2009). However, as mentioned in the 

introduction, there is very limited research on azole antifungals and their effect on the 

cardiac function of obese patients and most of this data comes from patient data, as 

highlighted above; therefore, most of these conclusions will be extrapolations and 

hypothesis of this data. Studies have been conducted using Fluconazole and it was found 

that the drug was less effective in obese and morbidly obese patients, when compared to 

nonobese patients (Alobaid et al. 2016; Lopez and Phillips 2014; Sinnollareddy et al. 2015). 

While the negative effect on Itraconazole was observed in the present study, it was also 

found that age seems to play a lesser part on the drug effect, when compared to the effect of 

high-fat diet induced obesity. Therefore, it is proposed that Itraconazole must, to an extent, 

have a secondary interaction with an HFD-related agent, thus causing the recorded 

exacerbated negative inotropy on the hearts. 

In chapter 5, significant differences were measured in the contractile properties of differently 

aged hearts, as well as in the active and total protein expressions of PDH when treated with 

Dobutamine and Itraconazole, with no major changes in the hearts treated with atenolol. 
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UCP3 showed increases when compared to the controls, but these results suggest that it does 

not impact cardiac contractility when treated with the drugs used for this project but may 

still impact other areas of cardiac function. PDH is a common target for metabolic studies 

due to its role as a key enzyme in the regulation of the balance between carbohydrate and 

fat metabolism in the heart (Hall et al. 1996; Le Page et al. 2015). In the previous studies it 

was confirmed that a decrease in PDH phosphorylation correlated with an increase in FA 

usage, as previously reported (Lloyd, Brocks and Chatham 2003; Moreau et al. 2004; 

Rinnankoski-Tuikka et al. 2012). 

This is particularly true for aged models, as there is a previously recorded shift to a more 

glucose oxidation dependant mechanism for ATP production (Moreau et al. 2004). In the 

present study a decrease in the expression of phosphorylated PDH in our Dobutamine-

treated hearts was observed, with a severe significant reduction in our 18-month treated 

hearts, specifically. β-receptor desensitization was mentioned in the introduction to this 

chapter and it is likely that this is the case with the data collected here, based on the changes 

in PDH expression, as it is likely that the extreme change in PDH expression for the 18-

month model is age-dependant, with HFD having less of an effect upon it; this also goes in 

agreement with the observations in chapter 5, where an age-dependant reduction in PDH 

levels in Dobutamine-treated whole hearts was observed. 

Interestingly, Atenolol showed a significant increase in the expression on the 6-month HDF 

model but no significance between the two diet models for the 18-month group. In chapter 

5, a progressive decline in PDH activity in an age-dependant fashion for the Atenolol treated 

hearts was recorded. the data indicates that, although some changes in PDH expression were 

observed, Atenolol does not seem to cause significant changes to ATP production in HFD 

hearts. 
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Finally, Itraconazole showed a significant decrease for both models, which aligns with the 

observations in chapter 5 that there may not be a direct effect of PDH on the negative 

inotropic effect of Itraconazole on the heart. In addition to this, studies have been done on 

the changes in CYP450 enzymes as a result of obesity and a recent study by Drolet et al 

found that there was a significant reduction in CYP family enzyme protein expression in 

cardiac tissue of type 2 diabetes mice models (Drolet et al. 2017); the researchers concluded 

that this change was a potential exacerbator of risk factors of cardiovascular disease via a 

disruption in the equilibrium between cardioprotective and cardiotoxic metabolites of 

arachidonic acid. 

Based on these observations, it is likely that these changes are also occurring on the carbon 

metabolic pathway, via pyruvate dehydrogenase and UCP3 expression changes, which were 

previously confirmed in chapters 3, 4 and 5. It is therefore likely that, while not directly, the 

potential changes in ATP production and synthesis via pyruvate dehydrogenase are 

compromised in hearts under the effect of Itraconazole; however more work is still needed 

to confirm this observation. In the present studies, UCP3 protein expression did not change 

in Dobutamine between the two models but was shown to be reduced when compared to the 

controls. Atenolol showed an increase in UCP3 levels on the 6-month HFD model when 

compared to the lean model but showed no changes in the 18-month models. Similar to what 

was seen for Dobutamine, Atenolol showed a reduction in UCP3 expression when compared 

to the controls. Finally, Itraconazole showed a significant decrease in both HFD models, 

when compared to their respective lean models, and an overall significant decrease when 

compared to the controls, as seen with the previous two drug treatments. Based on this data, 

it is likely that the conclusion from chapter 5 applies here as well and UCP3 does not have 

a particular effect upon the contractile function of the hears treated with the aforementioned 

inotropic agents. 
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 Summary, limitations and final comments 

 

To the best of our knowledge, this study was the first of its kind to investigate the effects of 

a range of both positive and negative inotropes - Dobutamine, Atenolol, Itraconazole in a 

whole heart Langendorff model, in order to compare their mechanistic differences when 

applied to hearts from HFD animal models. Many studies have conducted work based on 

obese and type 2 diabetes models, but this is the first study to investigate the effects of 

inotropic drugs on obese models, with the added variable of age. 

Significant differences were found in the contractile properties of differently aged hearts, as 

well as in the active and total protein expressions of PDH when treated with Dobutamine 

and Itraconazole, with no major changes in the hearts treated with atenolol. To confirm this 

effect, it is proposed that future studies run activity assays on the heart tissues to confirm the 

exact level of activity of PDH on the heart. UCP3 showed increases when compared to the 

controls, but the results suggest that it does not impact cardiac contractility but may still 

impact other areas of cardiac function. 

The main limitations for this project, similarly to what was found in chapter 3, was the 

limited number of animals used due to animal housing issues and due to the fact that many 

of the 18-month animals did not survive until they were ready to be sacrificed. The other 

limitation of this project rests on the fact, that gender was not considered, as previous 

research has shown that male and female rats express different genes. While a potential link 

was investigated between mitochondrial energy regulation, a lot of other potential 

mitochondrial targets were not looked at due to the immense scope of the field. 
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In addition to this, and as it was mentioned previously, investigating the mRNA levels of 

PDH, PPARα and UCP3 would have been useful to complement the western blot results, as 

it would show if there were gene expression changes directly or indirectly tied to the protein 

levels; for UCP3 this would be of particular importance due to previously published 

discrepancies between protein and mRNA levels. 

There is still a lot of work to do, but it has been established that energy generation changes 

should be considered when investigating these particular inotropes, but not necessarily at 

the mitochondrial transporter level (UCP3). 
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Chapter Eight: General conclusions 

 

This study investigated the effect of age and HFD on cardiac contractile function in the 

presence and absence of inotropic drugs. Both can have negative effects on the contractility 

of the heart but the investigation into their combined effects is limited in published literature. 

Dobutamine and Atenolol have been shown to have different effects on haemodynamic 

function in the presence and absence of age and obesity, separately, but the synergistic effect 

is not clear. In contrast, Itraconazole has been shown to have a severe negative inotropic 

effect leading to heart failure but there is limited research exploring the mechanisms behind 

this effect. The main motivations behind this project were to assess how age, obesity and a 

synergistic effect of both affect the heart and whether the function of widely used inotropes, 

part of the WHO list of essential medications, is affected as a result (WHO 2019). 

 

 Summary of key findings 

 

The first aim of this thesis was to investigate the effect of age and HFD on cardiac 

contractility. The physiological effects of ageing and HFD, independently and 

synergistically, were found to negatively impact the cardiac papillary muscle power output 

via significant decrease in muscle work during shortening and muscle activation rates, both 

of which resulted from muscle fatigue; the total power output of the muscle was also reduced 

as a result. In addition, significant decreases in metabolic pathways involving both PDH and 

UCP3 were also recorded. Curiously, no significant changes were observed on the 

Langendorff isolated heart model (chapters 4 and 5). While the aforementioned effects were 

observed in both models independently, they were significantly exacerbated when both age 

and HFD were combined. 
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The second and third aims of this thesis were to investigate how Dobutamine, Itraconazole 

and Atenolol affect the contractile function of the heart under the effect of ageing, HFD and 

a combined effect of both and whether this relates to changes in metabolic pathways 

involving PDH and UCP3, which will be explored in detail in the next few paragraphs. 

In the inotropic age study (chapter 6), significant age-dependant decreases in the 

haemodynamic parameters of 3, 6 and 18-month hearts were recorded to suggest a potential 

link between them and the previously reported β-receptor desensitization in aged cardiac 

models (Farrell and Howlett 2007; Farrell and Howlett 2008; Ferrara et al. 2014; Lim et al. 

2000). In addition, significant age-dependant reductions were also measured for the active 

and total protein expressions of PDH when treated with dobutamine, atenolol and 

itraconazole. UCP3 showed an age-dependant decrease for dobutamine, no change across 

atenolol and a significant age-dependant increases in itraconazole-treated hearts; this was 

observed for the 6 and 18-month models when compared to the 3-month ones. 

The effect of Dobutamine on phosphorylated PDH and UCP3 suggests that there may be an 

impairment in mitochondrial cardiac energy production, as the reduction in their levels was 

accompanied by decreased ventricular relaxation and the rate pressure product of the isolated 

heart. This effect was profound in aged models (as seen by the results for the 6 and 18-month 

models). An age-dependant decrease in phosphorylation of PDH and increased UCP3 in the 

itraconazole-treated hearts seem to suggest a link between the negative inotropic effect of 

the drug and an increase in cardiac fatty acid oxidation, as ATP production derived from 

fatty acids has been previously linked, in untreated hearts, to decreases in cardiac efficiency. 
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In the inotropic HFD study (chapter 7), the contractile properties of the 6 and 18-month HFD 

hearts were measured, when treated with dobutamine, atenolol and itraconazole. Atenolol 

was shown to have no significant effect on cardiac contractility in the presence or absence 

of HFD. The effect of Dobutamine on cardiac contractility were shown to be significantly 

impaired in the presence of HFD for both aged models, with an exacerbation being recorded 

on the 18-month model, as the effectiveness of the drug across all ranges was reduced in 

comparison with the lean model and the 6-months data. 

This data combined with the data from the age study (chapter 5) confirms the hypothesis 

that not only is there a confirmed presence of the aforementioned β-receptor desensitization 

on the heart, but also that the combined effect of age and HFD might be causing an 

exacerbation of this phenomenon. The effects of the Dobutamine on the mitochondrial 

metabolism were then investigated and it was found that there was a significant decrease in 

the expression of PDH on the 18-month hearts. It is therefore proposed that the reduction in 

haemodynamic parameters measured on the isolated heart model is due to changes in energy 

production as a result of the synergistic effect of HFD and age on the heart. 

As for the itraconazole data, an exacerbation of its negative inotropic effect was measured, 

in a concentration-dependant fashion, for both the 6 and 18-month hearts. For this project, 

the data suggests that the mitochondrial metabolism was being changed as an effect of the 

drug. Investigation into PDH activity showed that, while there was an increase in its 

phosphorylated levels in the 6-month hearts, the 18-month hearts actually showed a 

significantly increased level of PDH expression when compared to its younger counterpart. 

UCP3 levels are also reduced in the 18-month HFD models, when compared to the 6-month 

HFD, but increased when compared to the lean models. These results suggest that 

itraconazole causes the heart to shift to a more ineffective ATP production, which in turn 

leads to cardiac deficiency and exacerbates the negative inotropic mechanism of the drug. 
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The outcome of this thesis has highlighted the importance of preclinical studies to acutely 

assess drug safety and capabilities across different aged and HFD phenotypes, as well as in 

the presence of both. The current study also highlighted the importance of assessing these 

parameters in hearts without cardiovascular complications such as myocardial ischaemia, 

but the findings showed that even in the absence of these complications, there can still be 

adverse effects of certain drugs in the presence of age and HFD. It is therefore of vital 

importance that safety assessments are carried out in different cardiac models, both in the 

presence and absence of disease. There is a limited scope of the use of Dobutamine, Atenolol 

and Itraconazole in HFD and ageing clinical settings, which emphasizes the importance of 

these preclinical safety assessments, in order to develop cardioprotective strategies and 

interventions to ensure the safety of all patients, regardless of their pre-existing conditions, 

when being treated with these drugs. This project as furthered the understanding of these 

drugs under specific models of disease and age and supports future studies which may 

observe adverse cardiac events as a result of their use. 

 

 Study limitations 

 

The main limitation for this project was the limited sample size for the studies, although low 

sample sizes have been used in the past to great effect (Cassambai et al. 2019; 

Gudmundsdottir, Benediktsdottir and Gudbjarnason 1991), due to the fact that many of the 

18-month animals did not survive until they were ready to be sacrificed due to their advanced 

age (see section 3.1.1 for a Kaplan-Meier curve to showcase this). An unavoidable selection 

bias was also present via a “survival of the fittest” situation and it is therefore possible that 

the aged models do not accurately mimic the exact phenotype of their age range as a result. 
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Another limitation was the use of male-only models, as previous research has shown that 

male and female rats express different genes and female rats have actually shown significant 

decreases in overall cardiac function and structure in an age-dependant fashion, which is a 

phenomenon that has not always been observed in males (Fannin et al. 2014). Female models 

have also been investigated to a lesser extent when compared to male models due to 

hormonal factors; because of their lower testosterone levels, female models tend to express 

higher levels of leptin and adiponectin, which influence their abilities to consume food and 

energy, as well as their ability to gain weight (Aronne and Segal 2002). This would therefore 

be an interesting study to carry out and compare those results with the ones presented here. 

Three age groups were used for this project, which do not account for senescent animals. It 

is therefore necessary for future studies to potentially include 20- to 24-month-old animals 

to better understand some of these results, especially when applied to drug studies (Capitanio 

et al. 2016; Moreau et al 2004; Iemitsu et al 2002). Finally, the Langendorff isolated model 

allows for the recording of direct effects of inotropic agents on the heart but the results are 

less clinically relevant due to being an isolated organ model and lacking neuronal regulation, 

limited oxygen carrying capabilities of the buffer used and a vulnerability of the heart to 

injury while being mounted on the apparatus (Bell, Mocanu and Yellon 2011; Skrzypiec-

Spring et al. 2007). 
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Chapter Nine: Future work 

 

The data presented throughout this thesis have produced some valuable results in the context 

of cardiac physiology, pharmacology and energy metabolism. Due to time, animal upkeep 

capacity, decrease survival of aged models (as highlighted in section 3.1.1) and a conscious 

reduction of animal usage, other investigations which could have supplemented the findings 

for this study could not be implemented. However, proposed further studies including the 

techniques mentioned but not utilised (section 3.7) for this project are outlined. 

Whilst several haemodynamic parameters were measured in this study with the Langendorff 

model to account for cardiac contractility, there was no investigation into how the 

composition of Krebs-Henseleit buffer (KHB) can account for cardiac metabolism. The sole 

use of glucose as energy source in KHB has been mentioned multiple times as being a vital 

component in mitochondrial metabolism (Gopal et al. 2018; Le Page et al. 2015; Qiang et 

al. 2007). Due to this, injections of glucose inhibitors or antagonists onto the whole heart 

model at timed intervals would be the first step into quantifying how glucose uptake differs 

between lean and obese models, across different ages (Tessier et al. 2003). 

As an integral part of this work, ATP and mitochondrial studies are proposed to play a large 

role in the changes observed between the HFD and aged models. ATP synthase assays and 

mitochondrial isolations and tracing (which would show dynamic metabolism, as opposed 

to western blotting which is static) would confirm changes to ATP metabolism dependent 

on HFD or age and the additional effect of inotropes. Measurement of mitochondrial channel 

activity could also be used to investigate whether the observed changes in HFD and aged 

models could be due to mitochondrial oxidative stress (Balderas-Villalobos et al. 2013; Bers 

2000; Reho and Rahmouni 2017). 
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The PPARα pathway is an important cardiac metabolic regulator, therefore observing the 

effect of HFD and ageing on specific genes such as PPARα, UCP3 and PDK4, would 

elucidate the role of the mitochondria on the observed metabolic and contractile changes in 

this study (Finck et al. 2003; Francis, Annicotte and Auwerx 2003; Kar and Bandyopadhyay 

2018; Pol, Lieu and Drosatos 2015). Although PCR was used to investigate this pathway, 

the results were not conclusive and a more thorough investigation is therefore required. 

Leptin has been previously shown to be directly linked to contractile function via different 

pathways such as the NADPH oxidase pathway and the Leptin receptor pathway (Dong et 

al. 2006; Dong, Zhang and Ren 2006; Nickola et al. 2000; Unger and Zhou 2001). It would 

therefore be interesting to measure how leptin receptor activity changes in the presence and 

absence of a high-fat diet, under the differently aged models used here, especially due to 

some of the results indicating changes linked to high-fat diet changes (Chapters 5 and 7). 

Previous literature has shown that intracellular Ca2+ levels are lowered in obese rats, with 

leptin playing a key role via increases in NO production and via the NADPH oxidase-

mediated pathway (Dong, Zhang and Ren 2006; Nickola et al. 2000). Measuring calcium 

levels would therefore be a crucial next step for further studies, by looking at both 

intracellular Ca2+ movement and the calcium signalling pathway, as both would prove vital 

to investigate the link between calcium impairment and the changes observed in this project 

with the inotropic drugs, and whether the effects of age and HFD significantly changed this; 

furthermore, calcium metabolism levels in the mitochondria have been previously linked to 

a decrease in the active length-tension relationship of hypertrophied myocardial samples 

(Cooper et al. 1973). While this could explain the reduction in the net-work produced by the 

papillary muscles isolated from the HFD models analysed in this project, the current data is 

not enough to support this and more work is therefore still needed. 
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Finally, and as it was mentioned extensively throughout this project, investigating the 

mRNA levels of PDH, PPARα and UCP3 would have been useful to complement the 

western blot results, as it would highlight changes in gene expression, directly or indirectly 

tied to the protein level. For UCP3 this would be of particular importance due to previously 

published discrepancies between protein and mRNA levels. This was started but due to 

insufficient tissue it was not completed, but it would be helpful to add to future research as 

a two-step verification for the results presented here. 

In the context of the drugs used, Dobutamine and Itraconazole showed significant changes 

in the presence of obesity; based on this, there are a few potential mechanisms worth 

exploring. While Dobutamine has been investigated in the past, this project conducted these 

investigations in both a cumulative fashion and across differently aged obese hearts; the 

results obtained indicated significant changes to its inotropic effect in both lean and obese 

hearts. The reason behind this was, unfortunately, not clarified with this project but future 

work on beta-receptor desensitisation is crucial to better understand how the effect occurs 

and its exact link to obesity and ageing. Looking at ECG models as well as sympathetic and 

parasympathetic nerve responses would be a very valuable project to undertake in order to 

clarify some of the results obtained for this project (Allen et al. 2018; Chauhan et al. 2018). 

In respect to Itraconazole, close to no research is currently available on its effect on the 

cardiac function on the heart, but most researchers agree that it has a severe negative 

inotropic effect (Qu et al. 2013; Tokarev and Benditt 2015). The results obtained in this 

project have shown a potential exacerbation of this negative effect in the presence of obesity. 

Due to its link to Itraconazole, cytochrome P450 measurements using modern proteomic 

methods (electrophoresis, mass spectrometry or liquid chromatography) applied to the 

models used for this project would be beneficial in understanding whether there is a link 

between its expression and the changes in itraconazole function recorded. 
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Appendix 

 Appendix 1 – The data shown below represents the coronary flow measurements for the 3. 6 and 18-month control models, as presented in 

chapter 4. Both the raw values and the normalised to stabilisation values are presented. 



Page 337 of 359 

 

 

Appendix 2 – The data shown below represents the left ventricular developed pressure measurements for the 3. 6 and 18-month control models, 

as presented in chapter 4. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 3 – The data shown below represents the heart rate measurements for the 3. 6 and 18-month control models, as presented in chapter 4. 

Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 4 – The data shown below represents the coronary flow measurements for the 6 and 18-month lean and HFD control models, as 

presented in chapter 5. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 5 – The data shown below represents the left ventricular developed pressure measurements for the 6 and 18-month lean and HFD 

control models, as presented in chapter 5. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 6 – The data shown below represents the heart rate measurements for the 6 and 18-month lean and HFD control models, as presented 

in chapter 5. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 7 – The data shown below represents the coronary flow measurements for the 3, 6 and 18-month Dobutamine treated hearts, as presented 

in chapter 6. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 8 – The data shown below represents the left ventricular developed pressure measurements for the 3, 6 and 18-month Dobutamine 

treated hearts, as presented in chapter 6. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 9 – The data shown below represents the heart rate measurements for the 3, 6 and 18-month Dobutamine treated hearts, as presented in 

chapter 6. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 10 – The data shown below represents the coronary flow measurements for the 3, 6 and 18-month Atenolol treated hearts, as presented 

in chapter 6. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 11 – The data shown below represents the left ventricular developed pressure measurements for the 3, 6 and 18-month Atenolol treated 

hearts, as presented in chapter 6. Both the raw values and the normalised to stabilisation values are presented. 



Page 347 of 359 

 

 

Appendix 12 – The data shown below represents the heart rate measurements for the 3, 6 and 18-month Atenolol treated hearts, as presented in 

chapter 6. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 13 – The data shown below represents the coronary flow measurements for the 3, 6 and 18-month Itraconazole treated hearts, as 

presented in chapter 6. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 14 – The data shown below represents the left ventricular developed pressure measurements for the 3, 6 and 18-month Itraconazole 

treated hearts, as presented in chapter 6. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 15 – The data shown below represents the heart rate measurements for the 3, 6 and 18-month Itraconazole treated hearts, as presented 

in chapter 6. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 16 – The data shown below represents the coronary flow measurements for the 6 and 18-month lean and HFD Dobutamine treated 

hearts, as presented in chapter 7. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 17 – The data shown below represents the left ventricular developed pressure measurements for the 6 and 18-month lean and HFD 

Dobutamine treated hearts, as presented in chapter 7. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 18 – The data shown below represents the heart rate measurements for the 6 and 18-month lean and HFD Dobutamine treated hearts, 

as presented in chapter 7. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 19 – The data shown below represents the coronary flow measurements for the 6 and 18-month lean and HFD Atenolol treated hearts, 

as presented in chapter 7. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 20 – The data shown below represents the left ventricular developed pressure measurements for the 6 and 18-month lean and HFD 

Atenolol treated hearts, as presented in chapter 7. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 21 – The data shown below represents the heart rate measurements for the 6 and 18-month lean and HFD Atenolol treated hearts, as 

presented in chapter 7. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 22 – The data shown below represents the coronary flow measurements for the 6 and 18-month lean and HFD Itraconazole treated 

hearts, as presented in chapter 7. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 23 – The data shown below represents the left ventricular developed pressure measurements for the 6 and 18-month lean and HFD 

Itraconazole treated hearts, as presented in chapter 7. Both the raw values and the normalised to stabilisation values are presented. 
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Appendix 24 – The data shown below represents the left ventricular developed pressure measurements for the 6 and 18-month lean and HFD 

Itraconazole treated hearts, as presented in chapter 7. Both the raw values and the normalised to stabilisation values are presented. 




