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Abstract 

People with diabetes are at risk of developing myocardial abnormalities known as diabetic 

cardiomyopathy. This is characterised by diabetes-induced left-ventricular (LV) 

impairment, which develops independent of hypertension, coronary artery or valvular 

heart disease, leading to an increased risk of heart failure. To date, there is still no 

effective or specific treatment for diabetic cardiomyopathy. Hence, the overall aim of my 

thesis was to investigate the therapeutic potential of targeting two distinct novel 

pathways, the phosphoinositide 3-kinase (PI3K)p110α axis and the hexosamine 

biosynthesis pathway (HBP)/O-GlcNAcylation, in the setting of diabetic 

cardiomyopathy.  

 

PI3K(p110α) is a lipid kinase that regulates several physiological functions, including 

membrane trafficking, adhesion, actin rearrangement, cell growth, and survival. Recent 

findings from our laboratory and others have highlighted that PI3K(p110α) is 

cardioprotective in a range of different cardiac pathologies. In Chapter 3, I investigated 

whether cardiac-directed PI3K(p110α) gene therapy ameliorates diabetic 

cardiomyopathy in a mouse model of type-1 diabetes (T1D) in vivo. I revealed that 

administration of recombinant adeno-associated virus-6 constitutively-active 

PI3K(p110α) (rAAV6-caPI3K) attenuated diabetic cardiomyopathy, even when 

administered after the initial manifestation of LV diastolic dysfunction. I then proceeded 

to investigate the cardioprotective effects of rAAV6-caPI3K in the more clinically-

prevalent type-2 diabetes (T2D) setting. In Chapter 4, I elucidated that restoration of 

cardiac PI3K(p110α) activity, through the administration of rAAV6-caPI3K gene 

therapy, attenuates T2D-induced cardiomyopathy, together with limiting ROS 

generation.  

 

In comparison to the cardioprotective nature of PI3K(p110α), the HBP and subsequent 

protein O-GlcNAcylation have been implicated in the development of diabetic 

cardiomyopathy. The generation of β-N-acetylglucosamine (O-GlcNAc) from HBP is a 

substrate for the post-translational protein modification (PTM) called O-GlcNAcylation. 

Two specific enzymes regulate the addition and removal of O-GlcNAc modification; O-

GlcNAc transferase (OGT) catalyses the addition of GlcNAc to proteins and O-GlcNAc-

ase (OGA) facilitates its removal. In Chapter 5, I aimed to elucidate the effect of cardiac 
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manipulation of O-GlcNAcylation in the setting of diabetes-induced cardiac dysfunction 

in vivo. I demonstrated here that a cardiac-selective increase in OGT (via rAAV6-OGT 

gene delivery), the enzyme responsible for O-GlcNAcylation, is sufficient to drive 

cardiac dysfunction and remodelling, resembling that seen in diabetic cardiomyopathy. 

In contrast, increasing cardiac OGA (via rAAV6-OGA gene delivery), the enzyme 

responsible for the removal of the O-GlcNAc moiety, attenuates several characteristics 

of diabetic cardiomyopathy, likely at least in part through the improvement of 

mitochondrial function. Finally, in Chapter 6 I investigated the impact of O-

GlcNAcylation on the PI3K(p110α), pathway and the effect of PI3K(p110α) gene therapy 

on HBP signalling. I elucidated that PI3K(p110α) can negatively regulate consequences 

of the HBP and O-GlcNAcylation as part of its cardioprotective actions in diabetic 

cardiomyopathy, while HBP/O-GlcNAcylation inhibits PI3K(p110α)-mediated 

signalling, likely contributing to the ability for this pathway to exert cardiac impairments.  

 

In conclusion, data from this thesis reveal that gene therapies targeting PI3K(p110α) and 

HBP/O-GlcNAcylation are viable therapeutic targets for diabetic cardiomyopathy. These 

results hence provide a basis for pursuing gene therapy for the treatment of diabetes-

induced heart failure.   
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1 Chapter 1 Introduction 

1.1 Diabetes and cardiomyopathy  

Diabetes is a major health problem worldwide, responsible for approximately 5 million 

deaths in 2015, with an expected incidence of 642 million by the year 2040 (Ogurtsova 

et al. 2017). Characterised by hyperglycaemia, diabetes is usually classified into two 

major types: type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM). 

T2DM, also known as non-insulin dependent diabetes mellitus, is the most common type 

of diabetes, accounting for approximately 90% of total diabetes incidence worldwide 

(Wild et al. 2004; Chen et al. 2012). T2DM is often associated with obesity and increased 

fatty food intake, leading to insulin resistance (Chen et al. 2012). Conversely, T1DM is 

insulin-dependent and is an autoimmune disease that leads to the destruction of insulin-

producing pancreatic β-islet cells (Lind et al. 2011). Both T1DM and T2DM patients are 

at risk of developing asymptomatic myocardial abnormalities that can increase the 

prevalence of heart failure by approximately 6-fold in the 45-65-year-old age group 

(Poirier et al. 2001; Gilbert 2006). Diabetes-induced myocardial abnormalities are 

collectively known as diabetic cardiomyopathy.  

Diabetic cardiomyopathy is characterised by diabetes-induced left ventricular (LV) 

dysfunction that often develops independent of hypertension, coronary artery or valvular 

heart disease, and leading to increased risk of heart failure (Rubler et al. 1972; Huynh et 

al. 2014; Marwick et al. 2018). Additionally, it is also well known that diabetes alone can 

accelerate the development of heart failure in individuals with previous cardiac disease 

such as myocardial infarction, resulting in poorer prognosis compared to non-diabetic 

individuals (MacDonald et al. 2008). Although diabetic heart disease is a complex entity, 

it is established that hyperglycaemia and/or hyperinsulinaemia are the initial central 

triggers in the pathophysiology of diabetic cardiomyopathy (Pappachan et al. 2013; Miki 

et al. 2013; Bugger et al. 2014; Huynh et al. 2014). Chronic increases in systemic blood 

glucose, impaired glucose handling and insulin resistance causing both systemic and 

molecular impairment (Marwick et al. 2018). At the same time, insulin-resistant states 

elicit an imbalance in the metabolic and growth effects of insulin signalling, which causes 

multiple disturbances including impaired Ca2+ handling and oxidative stress (Jia et al. 
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2016). Coupled with hyperlipidaemia and lipotoxicity (secondary to overfeeding), this 

can promote both cardiomyocyte apoptosis and further increases in cellular stress (Jia et 

al. 2016). Finally, the interaction of all these factors with the diabetes-induced activation 

of the myocardial renin-angiotensin-aldosterone system (RAAS) further exacerbates 

cardiac damage (Huynh et al. 2014; Murarka et al. 2010). These characteristics result in 

the distinct features of diabetic cardiomyopathy, as illustrated in Figure 1.1 and detailed 

in this review.  

1.1.1 LV diastolic dysfunction  

One of the clinical hallmarks in the development of diabetic cardiomyopathy is LV 

diastolic dysfunction, where the LV exhibits impaired relaxation, impeding its ability to 

pump sufficient blood throughout the body (Aneja et al. 2008). Diastolic dysfunction is 

observed in approximately 75% of diabetic patients, even when blood pressure is normal 

and no clinically-detected coronary artery disease is present, suggesting the prevalence 

of diastolic dysfunction is much higher than previously thought (Boyer et al. 2004; 

Pappachan et al. 2013; Galderisi 2005). This phenomenon is observed in both T1DM and 

T2DM patients; even where LV systolic function (i.e. contractile function) parameters 

may be normal, but LV diastolic function (relaxation) is clearly impaired (Astorri et al. 

1997; Kass 2004; Pappachan et al. 2013). 

Many studies have detected LV diastolic dysfunction in mouse models of diabetes using 

imaging techniques such as Doppler echocardiography (Miki et al. 2013; Huynh et al. 

2014, 2010, 2013, 2012; Ritchie et al. 2012). Doppler echocardiography enables the 

measurement of peak blood flow velocity across the mitral valve of the heart (transmitral 

flow), to allow assessment of LV filling. The flow of blood from the atria to the LV occurs 

in two stages, the initial filling velocity represented by the E (early) wave, and later 

ventricular filling due to atrial contraction represented by the A wave. The E/A ratio 

obtained from Doppler echocardiography is a conventional measure of diastolic function 

(Miki et al. 2013; Huynh et al. 2014). Both T1DM and T2DM patients exhibit reduced 

E/A ratios (Huynh et al. 2014; Astorri et al. 1997; Poirier et al. 2001; Jia et al. 2018). 

Diastolic dysfunction can also be associated with a decrease in LV end-diastolic volume 

(LVEDV) caused by impaired relaxation, accounting for a reduction in E/A ratio, due to 

backpressure exerted on the ventricle. For example, mice with streptozotocin (STZ)-

induced T1DM exhibit LV diastolic dysfunction, as shown by a decreased E/A ratio after  
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Figure 1.1 Features of diabetic cardiomyopathy 

Features of diabetic cardiomyopathy include LV diastolic dysfunction (which can 

progress to systolic dysfunction), cardiomyocyte hypertrophy, cardiac fibrosis, 

cardiomyocyte apoptosis, oxidative stress (due to an increase in reactive oxygen species, 

ROS), mitochondrial dysfunction, epigenetic modifications, and inflammation. See text 

for references. 
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8-12 weeks of diabetes (Huynh et al. 2010; Ritchie et al. 2012; Huynh et al. 2013). This 

impairment is also observed in T2DM patients and T2DM mice (Huynh et al. 2014; 

Ernande et al. 2010). In addition to transmitral flow, LV diastolic dysfunction can also be 

detected using tissue Doppler imaging (TDI), which enables the measurement of 

myocardial tissue velocities in the longitudinal direction. The peak early diastolic 

myocardial velocity e’ reflects global LV diastolic function, while a’ indicates velocity 

from atrial contraction. In diabetic patients without hypertension e’ is depressed, when 

compared to healthy subjects (Bonito et al. 2005; Kosmala et al. 2004). Similarly, in 

T2DM mice, the ratio of e’ to a’, is impaired indicating diastolic dysfunction (Mori et al. 

2014). Importantly, impaired LV relaxation is one of the earliest changes in the 

progression of diabetic cardiomyopathy, often preceding any changes in LV contractile 

function (Huynh et al. 2014). 

1.1.2 LV systolic dysfunction  

At later stages of diabetes, LV systolic dysfunction may develop (later than LV diastolic 

dysfunction). Routine examination using M-mode (motion-mode) echocardiography to 

measure LV chamber size during systole and diastole gives a measure of LV contractile 

function (Tsujita et al. 2005; Gao et al. 2011). In models of established T1DM, such as 

STZ-induced diabetic mice, LV systolic dysfunction is demonstrated by impairments in 

fractional shortening and ejection fraction (Katare et al. 2011; Zhang et al. 2016). Yet in 

the clinic, not all patients with diabetes exhibit impaired LV systolic function (Heckbert 

et al. 2006; Devereux et al. 2000). However, advances in cardiac imaging reveal impaired 

peak systolic velocity in diabetic individuals (Bonito et al. 2005; Kosmala et al. 2004). 

Furthermore, two-dimensional speckle tracking, by which strain rate in all three 

directions (longitudinal, circumferential and radial) can be determined, reveals reduced 

longitudinal and radial strain in diabetic patients (Ernande et al. 2010). Similarly, diabetic 

mice also display reduced circumferential and longitudinal strain rate, as early as 1-week 

post-diabetes, which persists throughout the progression of the disease (Shepherd et al. 

2016). Taken together, these findings suggest earlier onset of LV systolic dysfunction in 

the setting of diabetic cardiomyopathy than previously thought, due to limitations of 

conventional imaging techniques.  
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1.1.3 Cardiomyocyte hypertrophy  

Enlargement of cardiomyocytes in response to diabetes is considered to initially occur as 

a compensatory response due to elevated haemodynamic stress, a reduced number of 

functional cardiomyocytes and/or altered neurohormonal responses (Ritchie et al. 2006; 

Huynh et al. 2014). This compensatory response can eventually lead to pathological LV 

hypertrophy and dysfunction. Cardiomyocyte hypertrophy observed in diabetic patients 

and diabetic mice is considered to be pathological hypertrophy (rather than 

physiological), as it is usually accompanied by cardiac remodelling (fibrosis, 

cardiomyocyte apoptosis and necrosis) and LV dysfunction (Bernardo et al. 2010). 

Several animal models of T1DM and T2DM exhibit cardiomyocyte hypertrophy, with 

increased cardiomyocyte width and area (Huynh et al. 2013; Ritchie et al. 2012; Huynh 

et al. 2012, 2014; Rosenkranz et al. 2003). Likewise, biopsies of human myocardium 

from patients with diabetes (even in the absence of hypertension or coronary artery 

disease) show enlargement of cardiomyocytes (Nunoda et al. 1985; Das et al. 1987; 

Rubler et al. 1972). In addition to this distinct cardiac phenotypic appearance, diabetes-

induced cardiomyocyte hypertrophy is also evident as increases in LV foetal gene 

expression, including B-type natriuretic peptide (BNP), atrial natriuretic peptide (ANP), 

and β-myosin heavy chain (β-MHC) (Bernardo et al. 2010; Huynh et al. 2014). In 

contrast, genes such as α-myosin heavy chain (α-MHC) and sarco(endo)plasmic 

reticulum Ca2+ ATPase2a (SERCA2a) that are highly expressed in the healthy adult heart, 

are decreased in diabetes-induced cardiomyocyte hypertrophy (MacLellan et al. 2000). 

Furthermore, diabetes-induced cardiomyocyte hypertrophy is also associated with an 

increase in myocyte enhancer factor 2 (MEF2) expression, which stimulates increases in 

myocyte size via a range of transcription factors (Feng et al. 2008). Both qualitative and 

molecular markers suggest that diabetes alone is sufficient to cause cardiomyocyte 

hypertrophy, independent of other factors such as hypertension (Feng et al. 2008; Ritchie 

et al. 2006; Huynh et al. 2014). 

1.1.4 Cardiac fibrosis  

Together with cardiomyocyte hypertrophy and LV dysfunction, cardiac fibrosis is also 

evident in diabetes (Jia et al. 2018; Tate et al. 2017). Cardiac fibrosis in the heart often 

occurs in response to tissue damage, where the critical phases of this response consist of 

inflammation, proliferation of non-myocytes and scar maturation. Cardiac fibroblasts and 
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excessive extracellular matrix (ECM) protein production accumulates, leading to 

mechanical stiffness that contributes to LV diastolic and systolic dysfunction (Brower et 

al. 2006; Huynh et al. 2014). In the human diabetic heart, both perivascular and interstitial 

fibrosis are observed, even in the absence of coronary artery disease and hypertension 

(Shimizu et al. 1993; Pappachan et al. 2013; Huynh et al. 2014). STZ-induced T1DM, 

and both ob/ob and db/db T2DM rodent models of diabetes, display similar cardiac 

phenotypes (Huynh et al. 2010; Ritchie et al. 2012; Huynh et al. 2012; Zibadi et al. 2011). 

This change in cardiac structure due to an increase in collagen deposition is associated 

with increased transforming growth factor β (TGF-β) expression secreted by fibroblast, 

which is known to play a key role in pathological cardiac fibrosis (Khan et al. 2006). 

TGF-β signalling is likely propagated primarily via type II TGF-β receptors, given that 

cardiomyocyte-specific deletion of type II TGF receptors results in reduced fibrosis and 

remodelling in a model of heart failure (Koitabashi et al. 2011). Indeed an increase in 

TGF-β is also observed in the diabetic heart, in conjunction with increased cardiac 

collagen (Zhang et al. 2014). Furthermore, TGF-β interacts with connective tissue growth 

factor (CTGF), to play a key regulatory role in modulating cell surface receptors and their 

responses to cytokines, growth factors and ECM proteins (Travers et al. 2016). CTGF 

may also mediate some of TGF-β action during the fibrotic response, as seen in fibroblasts 

stimulated with TGF-β (Chuva De Sousa Lopes et al. 2004; Mori et al. 1999). CTGF is 

strongly upregulated in humans with heart failure, and in animal models with myocardial 

fibrosis, even in the absence of diabetes (Koshman et al. 2013; Nemir et al. 2014). Lastly, 

both TGF-β and CTGF exacerbate collagen production, while at the same time 

downregulating matrix degradation by metalloproteinases (MMPs), allowing collagen 

and other ECM proteins to accumulate (Brower et al. 2006; Westermann et al. 2007). As 

a result, collagen is widely-distributed throughout the heart (both interstitium and 

perivascular), a characteristic seen in diabetic cardiomyopathy (Huynh et al. 2014; Miki 

et al. 2013).  

1.1.5 Apoptosis  

Apoptosis, or programmed cell death, is a cellular mechanism that leads to the 

degradation of cells to limit their replication and maintain tissue homoeostasis 

(Haunstetter et al. 1998). Although profuse cell death rarely occurs in healthy 

myocardium (as cardiomyocytes rarely proliferate in adult cardiac muscle), apoptosis is 
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a feature of diabetic cardiomyopathy and end-stage heart failure (Bugger et al. 2014). 

Both T1DM and T2DM lead to an increase in cardiomyocyte apoptosis, in both human 

and rodent hearts (Frustaci et al. 2000; Fiordaliso et al. 2000). Several factors, including 

protein kinase C isoforms, renin-angiotensin-aldosterone system (RAAS) upregulation, 

p53-mediated gene transcription, and pro-apoptotic free fatty acids, have been implicated 

in the development of myocardial apoptosis during diabetes (Ghosh et al. 2005). These 

different elements are considered to trigger cell death by a common oxidative stress-

mediated pathway, including the activation of caspase-3 and caspase-9 (Green et al. 2004; 

Ghosh et al. 2005). A previous study using STZ-induced T1DM mice demonstrated that 

ROS generated by hyperglycaemia activated myocardial mitochondrial cytochrome c-

mediated caspase-3 activation, leading to increased caspase-mediated cardiomyocyte 

apoptosis (Cai et al. 2002). Consequently, this leads to an increase in apoptosis signalling 

kinase 1 (ASK-1), likely causing further apoptosis (Ritchie et al. 2012; Huynh et al. 

2014). Levels of the pro-apoptotic member of the Bcl-2 protein family, Bax, are increased 

in the heart of STZ-induced diabetic mice, in combination with an increased number of 

apoptotic cardiomyocytes (Ritchie et al. 2012; Huynh et al. 2013). In addition to ROS 

driven apoptosis, hyperglycaemia has also been associated with over-activation of poly 

(ADP-ribose) polymerase 1 (PARP-1), triggering nuclear translocation of apoptosis-

inducing factor (AIF), resulting in caspase-independent cell death (Andrabi et al. 2008). 

Therefore, this suggests that diabetes is a critical trigger in apoptotic cell death of the 

myocardium. 

1.1.6 Oxidative stress and reactive oxygen species 

Low levels of reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) and 

superoxide radicals (∙O2
-), contribute to normal physiology (Wilson et al. 2017). These 

provide the body with defence against invading pathogens and bacteria; however 

excessive ROS generation causes cellular damage and contributes to the pathologies of 

many cardiovascular diseases (Drummond et al. 2011). In diabetes, where there is excess 

circulating glucose, ROS production is elevated in many tissues (Pappachan et al. 2013). 

Hyperglycaemia can induce the activation of protein kinase Cβ2 (PKCβ2), leading to 

endothelial nitric oxide synthase (eNOS) uncoupling, and increased activation of the 

ROS-producing membrane-bound enzyme, NADPH oxidase (Nox) (Huynh et al. 2014; 

Lei et al. 2013). As a consequence, ROS production is augmented, leading to 
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mitochondrial damage, which can further intensify ROS production (Hamanaka et al. 

2010; Huynh et al. 2014). Furthermore, cardiac-specific deletion of the glucose 

transporter-4 (GLUT-4), a model of cardiac insulin resistance, exhibits increases in both 

Nox1 and 2 expression in the heart, accompanied by exaggerated gene expression of 

markers of hypertrophy and fibrosis, all of which are blunted by the free radical 

scavenger, tempol (Ritchie et al. 2007). This suggests that Nox plays a key role in insulin 

resistance-induced pathological cardiac remodelling. ROS can also activate pro-

inflammatory signalling factors including tumour necrosis factor-α (TNF-α) and nuclear 

factor-κB (NF-κB), causing further cardiac dysfunction. Moreover, excess ROS impairs 

sarcoplasmic Ca2+ re-uptake and decreases L-type Ca2+ channel influx, altering 

cardiomyocyte contraction and relaxation (Lorenzo et al. 2013). Increases in ROS may 

also have the ability to elicit positive feedback to further increase Nox activity, and thus 

exacerbate ∙O2
-
 production, subsequently exacerbating cardiac damage (Frey et al. 2009). 

Tissue accumulation of ROS in diabetes can directly oxidise DNA, proteins and lipid 

membranes (Wold et al. 2005). In cardiac tissue, this can be particularly detrimental, as 

the heart is prone to stress, due to the relative lack of oxidative stress defence mechanisms 

(Akhileshwar et al. 2007). Diabetes has also been known to increase the production of 

advanced glycation end products (AGE) in the heart, which can bind to RAGE (receptor 

for AGE) and produce additional ROS through enhanced Nox2 activation (Rojas et al. 

2008; Gao et al. 2008). T1DM mice treated with the antioxidant Coenzyme Q10 are 

protected from diabetes-induced cardiac impairments in both LV structure and function, 

independent of glycaemic control or blood pressure (Huynh et al. 2013; De Blasio et al. 

2015). Similarly, this was seen in a model of T2DM where an increase in both superoxide 

and plasma MDA concentration were significantly attenuated by CoQ supplementation 

(Huynh et al. 2012). Hence, increased ROS generation is thought to play a critical role in 

the adverse changes observed in the diabetic heart.  

1.1.7 Mitochondrial dysfunction  

The heart derives a large amount of energy from mitochondrial oxidative phosphorylation 

for normal function (Bugger et al. 2010). In diabetes however, this is impaired and 

contributes to the pathophysiology of diabetic cardiomyopathy (Bugger et al. 2010). In 

hearts of type 2 diabetic patients for example, mitochondrial oxidative stress occurs in 

conjunction with a decline in mitochondrial function, affecting normal physiological 
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function (Anderson et al. 2009, 2011). The same is seen in rodent models with varying 

degrees of obesity, insulin resistance and both insulin dependent and non-insulin 

dependent diabetes, where mitochondrial oxidative stress and abnormal mitochondrial 

ultrastructure are evident (Bugger & Abel 2009; Kramer et al. 2014; Liang et al. 2016). 

Previously, it has also been observed that myocardial insulin resistance with impaired 

insulin signalling decreases GLUT4 translocation to the cell surface, and increases 

expression of the fatty acid transporter, CD36 (Jia et al. 2016). This leads to an increased 

flux of fatty acid to the heart and subsequent lipotoxicity. The increased fatty acid 

oxidation can also further increase ROS levels (Jia et al. 2016). These impairments appear 

to be attributed to both changes in transcriptional and translational alterations in oxidative 

phosphorylation subunit expression, impaired calcium handling and changes in cardiac 

insulin signalling (Bugger & Dale Abel 2008; König et al. 2012). Additionally, 

mitochondrial dynamics, a continuous process of mitochondrial fusion, fission, 

biogenesis and mitophagy (which normally maintain optimal cellular bioenergetics and 

ROS homoeostasis), are altered with diabetes (König et al. 2012; Popov 2017). In the 

context of insulin resistance and diabetic cardiomyopathy, the balance between 

mitochondrial fusion and fission is altered, in favour of increased mitochondrial fission 

and decreased mitochondrial fusion (Shah et al. 2016). This increased ratio of fission-to-

fusion increases production of ROS and decreases mitochondrial DNA, reducing the 

metabolic capacity and efficiency of the mitochondrial electron transport chain, and hence 

ATP synthesis (Shah et al. 2016; Liang et al. 2016; König et al. 2012). This is further 

confirmed in humans, wherein T2DM patients, the expression of the primary regulator of 

fusion in mitochondrial membrane, mitofusion-1, is decreased in the myocardium 

(Montaigne et al. 2014). As discussed earlier, mitochondrial ROS production from 

increased fatty acid oxidation may explain, in part, the observed increased fission in 

hearts of insulin-resistant diabetic individuals (Montaigne et al. 2014). Increased 

mitochondrial fragmentation also occurs in mitochondria from mouse coronary 

endothelial cells, where levels of the fusion protein optic atrophy protein 1 (OPA1) is 

decreased, and levels of dynamin-related protein 1 (DRP1) is increased (Makino et al. 

2010). Insulin resistance itself may also contribute to the increased ratio of mitochondrial 

fission-to-fusion. In non-diabetic, non-insulin-resistant cardiomyocytes, insulin increased 

OPA1 levels and mitochondrial fusion, reduction of either OPA1 or mitofusion- 2 (using 

siRNA approaches) prevents this impairment in the fission-to-fusion ratio (Parra et al. 

2014). These findings thus indicate that mitochondrial dysfunction is in part responsible 
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for altered metabolism in diabetic patients, leading to pathological changes to the cardiac 

structure.  

1.1.8 Epigenetic modifications  

Epigenetic modifications are inheritable changes in gene expression patterns that are not 

associated with altered DNA sequence. These changes are essential in transducing 

environmental influences into alterations in the functional output of the genome (Pasquier 

et al. 2015). A major epigenetic mechanism is the modification of histones, in particular 

histone acetylation, which can control gene expression. The balance of histone acetylation 

is largely maintained through the functional interplay between histone acetyltransferases, 

(which catalyse histone acetylation), and histone deacetylases (HDACs, which remove 

acetyl groups) (Bugger et al. 2014). Dysregulation of histone acetylation contributes to 

the development of a variety of diseases, and several different HDAC inhibitors have 

been developed to treat these diseases, including cancer, neurodegenerative disease and 

cardiovascular disorders (Khan et al. 2012; McKinsey 2011; Chuang et al. 2009). HDACs 

can be categorised into four classes, depending on sequence identity and domain 

organisation. Class II HDACs (HDAC5, HDAC9) suppress cardiac hypertrophy, while 

class I HDACs promote cardiac hypertrophy (Chang et al. 2004; Hamamori et al. 2003). 

In hearts of type 2 diabetic db/db mice, renal failure induced by unilateral nephrectomy 

increased myocardial acetylation of histone 3 at Lys23 and Lys9, and which was correlated 

with increased expression of cardiomyopathy-related genes, with cardiac hypertrophy 

(Gaikwad et al. 2010). Furthermore, HDAC inhibition (which results in reduced histone 

acetylation) has been associated with an increased MEF2 gene expression, an important 

gene involved in cardiomyocyte hypertrophy (Sun et al. 2010). This suggests a link 

between cardiac hypertrophy in T2DM, via a mechanism mediated by epigenetic 

modification of histones in cardiomyocytes. In addition to cardiac hypertrophy, histone 

modification has been associated with ECM remodelling in diabetes, by regulating ECM 

its degradation through MMPs (Wang et al. 2006; Qin et al. 2010). Together with histone 

modification, another well-recognised epigenetic regulator is methylation of nuclear 

DNA. DNA methylation occurs mainly on CpG islands in the 5' regulatory regions of 

many genes (Pasquier et al. 2015). In many disease states (such as cancer), CpG islands 

in gene promoters acquire abnormal hypermethylation, resulting in transcriptional 

silencing (Pasquier et al. 2015). In cardiomyocytes, TNF-α increases DNA 
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methyltransferase activity and reduces SERCA2a activity by repressing the promoter 

region (Kao et al. 2010). Similarly, methylation has been known to control ECM 

degradation. A previous report shows that hypermethylation of the tissue inhibitor 

metalloproteinase-3 (TIMP-3) gene promoter is associated with lower TIMP-3 

expression, resulting in ECM accumulation (Ninomiya et al. 2008). Furthermore, proteins 

that are involved in cell cycle regulation are modified in the diabetic heart; p21 expression 

is increased in conjunction with a reduction in cyclin D1, which are both regulated by 

methylation (Mönkemann et al. 2002). These findings indicate that epigenetic 

modifications, which have the potential to influence the expression of the entire genome, 

may represent an under-investigated mechanism of, and which may potentially contribute 

to, the pathogenesis of diabetic cardiomyopathy. 

1.1.9 Inflammation  

Chronic low-grade inflammation is commonly associated with obesity and T2DM, and 

clear evidence has emerged to suggest that inflammatory processes also contribute to the 

pathogenesis of diabetic cardiomyopathy (Huynh et al. 2014). The activation of several 

signalling pathways, such as NF-κB, c-jun-NH2-terminal kinase (JNK), or p38-mitogen-

activated protein kinase (p38 MAPK) could mediate this state of inflammation, which is 

linked to insulin resistance and other pathological consequences of diabetes, likely 

playing an important role in diabetic complications (Reis et al. 2012; Palomer et al. 2013). 

In a pre-clinical rat model of T2DM for example, TNF-α and IL-6 (both markers of 

inflammation) were increased at both the mRNA and protein level in the heart after 16 

weeks of diabetes (Ti et al. 2011). Similarly, an increase in inflammatory markers was 

also seen in STZ-induced diabetic mice, in combination with increased macrophage 

(F4/80) and leukocyte (CD45) infiltration into the heart (Tate et al. 2016). This increase 

has been thought to contribute to myocardial necrosis and exacerbation of myocardial 

damage seen in diabetic myocardium (Swirski et al. 2013; Tabas et al. 2013). 

Furthermore, increases in pro-inflammatory cytokine expression levels, as well as 

increased immune cell infiltration (such as cytotoxic T lymphocytes and macrophages), 

have been observed in human diabetic cardiomyopathy (Savvatis et al. 2010; Marwick 

2006). Indeed, a study in diabetic rats has reported that an increase in immune cell 

infiltration, such as CD3+ and CD8a+, is associated with an impairment in LV systolic 

and diastolic performance (Becher et al. 2013). Similarly, activation of NF-κB is 
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associated with increased TNF-α, leading to positive feedback activation, contributing to 

further deterioration in the diabetic heart (Lorenzo et al. 2013). In the db/db type 2 

diabetic heart (which exhibits impaired LV function), an increase in NF-κB activity was 

also accompanied by an increase in the circulating levels of TNF-α and IL-6 (Mariappan 

et al. 2010). Treatment with an NF-κB inhibitor, pyrrolidine dithiocarbamate, attenuated 

these changes associated with diabetic cardiomyopathy (as well as inflammation), 

suggesting an important role for NF-κB in the development of diabetic cardiomyopathy 

(Mariappan et al. 2010). It was also recently discovered that diabetes induced an increase 

in the accumulation of the glucose metabolite, methylglyoxal (MG), which promotes 

inflammation and vascular damage (Vulesevic et al. 2016). In vitro studies have 

demonstrated that MG and TNF-α synergistically promote endothelial cell death in the 

heart, associated with an increase in angiopoietin 2 and reduced Bcl2 expression 

(Vulesevic et al. 2016; Sena et al. 2012). Coupled with these findings, increased 

expression of the enzyme that digests methylglyoxal, glyoxalase-1, protects mice against 

diabetic cardiomyopathy (Vulesevic et al. 2016). This therefore suggests that 

inflammation plays a key role in the development of diabetic cardiomyopathy. Likewise, 

other anti-inflammatory agents have since been identified to limit increase inflammation 

in diabetic cardiomyopathy. Angiotensin converting enzyme 2 (ACE 2) and its product, 

angiotensin (Ang-)1-7 have been recognised to negatively regulate the renin angiotensin 

system. Administration of these agents attenuates diabetes-induced TNF-α, IL-1β and 

MCP-1 expression in adipose tissues, known to drive some of the key pathological 

characteristics of diabetic cardiomyopathy (Mori et al. 2014). Interestingly, these changes 

in adipose tissue are accompanied by improved cardiac function, with attenuation of 

fibrosis, apoptosis and cardiomyocyte hypertrophy (Mori et al. 2014; Papinska et al. 

2016). Therefore, cardiac inflammatory processes exhibit a major role in the development 

of diabetic cardiomyopathy; gaining further insights into this mechanism of cardiac 

damage may reveal novel therapeutic targets for this disease. 

1.2 Animal model of diabetic cardiomyopathy  

Different pre-clinical models of diabetes have been used to study the pathophysiology of 

diabetic cardiomyopathy. The cardiac phenotype of both T1DM and T2DM show 

substantial similarity that have been interchangeably used in various studies. However, 

recent findings have demonstrated that there are distinct differences between these 
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models, which could affect the interpretation of experimental findings. The aetiology of 

obesity and diabetes of a given model may vary in severity and thus display distinct 

susceptibility to cardiomyopathy, depending on the method and/or spontaneous genetic 

changes involved, as detailed in Table 1.1. As an example, in some animal models, 

confounding effects of drug toxicity or genetic manipulation, which can themselves lead 

to diabetes and/or obesity, should be considered. Thus, it is important to consider these 

when conducting experiments using pre-clinical model of diabetes.  

1.2.1 Type 1 Diabetic Models 

1.2.1.1 Streptozotocin-induced mouse model of diabetes 

Streptozotocin (STZ)-induced diabetic mice are the most commonly used model of 

T1DM. STZ is a glucosamine-nitrosourea antibiotic that is structurally similar to glucose, 

and is taken up preferentially by GLUT2 glucose transporters in insulin-producing 

pancreatic β-cells (Schnedl et al. 1994; Lenzen 2008). Intraperitoneal injections with STZ 

results in β-cell toxicity and necrosis, leading ultimately to insulin deficiency (Bonnevie-

Nielsen et al. 1981). Both high-dose regimens with a single dose of STZ (up to 200 

mg/kg), and low-dose regimens with consecutive injections of low doses of STZ, have 

been applied to laboratory animals to induce diabetes (McEvoy et al. 1984; Joffe et al. 

1999; Graham et al. 2011). Since STZ is known to cause extrapancreatic genotoxic 

effects, the Animal Models of Diabetic Complications Consortium (AMDCC) 

recommends five consecutive injections of low-dose 50mg/kg STZ over 5 days to 

minimise toxicity (www.diacomp.org). Using this protocol, rodents develop 

hyperglycaemia within 7 to 14 days after the first injection. STZ-treated mice exhibit 

increased serum fatty acids, triglycerides and cholesterol levels, whereas insulin levels 

progressively decrease with the duration of diabetes (Islas-Andrade et al. 2000). 

Most studies in STZ-diabetic mice report LV diastolic dysfunction, followed by systolic 

dysfunction that increases in severity with the duration of diabetes. Diastolic dysfunction 

was demonstrated by increased LV diastolic pressure, measured by catheterisation, and 

by abnormal patterns of mitral inflow and pulmonary venous flow using Doppler 

echocardiography (Lacombe et al. 2007; Huynh et al. 2013). Furthermore, in vitro peak 

LV pressure and LV±dP/dt are reduced in Langendorff-perfused hearts (Trost et al. 2002; 

Suarez et al. 2004, 2008). As diabetes progresses, mice develop later systolic dysfunction, 

as revealed by reduced rates of circumferential shortening and fractional shortening in 
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STZ-diabetic mice (Nielsen et al. 2002; Suarez et al. 2008). Reduced LV systolic pressure 

and diminished LV±dP/dt  have been demonstrated using LV catheterisation (Kajstura et 

al. 2001; Linthout et al. 2008). STZ-induced diabetic hearts also display perturbations in 

intracellular Ca2+ handling, including reduced expression and activity of SERCA2a, 

impaired sarcoplasmic reticulum Ca2+release and re-uptake, and compromised 

mitochondrial Ca2+ cycling (Lopaschuk et al. 1983; Flarsheim et al. 1996; Choi et al. 

2002; Zhao et al. 2006). Furthermore, several studies have demonstrated increased ECM 

and associated fibrotic gene expression in STZ-induced diabetic hearts (Linthout et al. 

2008; Ritchie et al. 2012; Huynh et al. 2013). In conjunction with cardiac fibrosis, 

increases in cardiomyocyte size and ROS are also evident (Ritchie et al. 2012; Huynh et 

al. 2013). 

It is important to note that with the use of STZ models, there is the potential for drug 

toxicity effects not seen in people with diabetes. For example, it was reported previously 

that pancreatic genotoxic effects, (involving changes in hepatic gene expression such as 

downregulation of genes related to glucose and lipid metabolism) occur before the 

elevation of systemic glucose levels, suggesting that STZ has direct effects on gene 

expression unrelated to hyperglycaemia (Kume et al. 2005). However, it is also important 

to note that the STZ-induced diabetic mouse is one of the most well-characterised models 

of diabetic cardiomyopathy (as shown in Table 1.1.), which makes it a very versatile 

model to test novel drugs and interventions. 
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Table 1.1 Summary of animal models of diabetic cardiomyopathy 
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References 

 Type 1 Diabetic Models 

Streptozotocin 

 (STZ) 

Mouse / 

Rat 

          (Ritchie et al. 2012; Joffe et al. 1999; Huynh et al. 2013; 

Lacombe et al. 2007; Trost et al. 2002; Suarez et al. 2004, 

2008; Kajstura et al. 2001; Linthout et al. 2008) 

OVE26 Mouse           (Kralik et al. 2005; Wang et al. 2013; Li et al. 2011; Epstein et 

al. 1989; Liang et al. 2002; Shen et al. 2006; Ye et al. 2003) 

Ins2Akita Mouse           (Lu et al. 2007; Bugger, Boudina et al. 2008; Basu et al. 2009; 

Yoshioka et al. 1997; Boudina et al. 2007; Zhou et al. 2018; 

Bugger, Chen et al. 2009) 

Bscl2-/- Mouse          ND  (Joubert et al. 2017; Prieur et al. 2013) 

βV59M Mouse     ND   ND ND  (Rohm et al. 2018; Brereton et al. 2016) 

 Type 2 Diabetic Models 

Goto Kakizaki Rat         ND  (Desrois 2004; Desrois et al. 2004) 

ob/ob Mouse           (Buchanan et al. 2005; Christoffersen et al. 2003; Mazumder 

et al. 2004) 
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db/db Mouse           (Huynh et al. 2012; Mori et al. 2014; Van den Bergh et al. 

2006) 

Zucker Rat           (Zhou et al. 2000; Daniels et al. 2012; Ramírez et al. 2013; 

Sharma et al. 2004; Golfman et al. 2005; Wang et al. 2005) 

High Fat-diet 

(HFD) 

Mouse / 

Rat 

         ND (Hua et al. 2013; Fang et al. 2008; Pulinilkunnil et al. 2014; 

Cole et al. 2011; Kim et al. 2005; Ouwens et al. 2005, 2007) 

High Sucrose Mouse / 

Rat 

           (Vasanji et al. 2006; Nunes et al. 2013) 

High Fructose Mouse/ Rat           (Axelsen et al. 2010; Mellor et al. 2011, 2012) 

HFD+ STZ Mouse/ Rat          ND (Gu et al. 2017; Fricovsky et al. 2012; Ti et al. 2011) 

 

ND, not determined; , increased; , decreased, , unchanged 
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1.2.1.2 OVE26 Mouse model of diabetes 

The OVE26 mouse was generated by Epstein in 1989 (Epstein et al. 1989). 

Overexpression of the Ca2+-binding protein calmodulin in pancreatic β-cells results in 

insulin-deficient diabetes within the first week of life due to pancreatic β-cell damage, 

although the exact mechanism of cell damage remains to be elucidated (Epstein et al. 

1989). OVE26 mice develop increased serum triglyceride levels, exhibit reduced plasma 

insulin levels, and survive for 1 to 2 years without insulin administration (Epstein et al. 

1989; Liang et al. 2002). In the OVE26 mouse, cardiac contractility is impaired 

demonstrated by reduced peak shortening, prolonged time to peak shortening, prolonged 

time to 90% re-lengthening, and reduced maximal velocities of shortening and re-

lengthening in isolated cardiomyocyte preparations (Duan et al. 2003; Ye et al. 2003; 

Zhang et al. 2003). In contrast, no significant reduction of contractile force is observed in 

Langendorff perfusion of OVE26 diabetic hearts (Liang et al. 2002). Echocardiography 

reveals impaired ejection fraction with an increased LV mass in OVE26 hearts (Wang et 

al. 2013). Additionally, diabetes-induced inflammation is evident in OVE26 mice as 

demonstrated by an increase in NF-κB, which has also been associated with myocardial 

fibrosis (Wang et al. 2013; Li et al. 2011). Ultrastructural analyses of OVE26 hearts show 

areas containing swollen mitochondria, mottled matrices and broken mitochondrial 

membranes, accompanied by impairment in pyruvate-supported mitochondrial state-3 

respiration (Shen et al. 2004, 2006). In addition to the increased number of mitochondria, 

OVE26 cardiac proteome analysis reveals increases in several mitochondrial proteins, 

suggesting increased mitochondrial biogenesis in these hearts (Shen et al. 2004, 2006). 

Several studies also indicate that oxidative stress occurs in OVE26 hearts as demonstrated 

by reduced glutathione levels, and increased catalase and malondialdehyde levels (Ye et 

al. 2004; Shen et al. 2006). Furthermore, the incubation of isolated cardiomyocytes from 

OVE26 mice in high glucose medium increases cellular ROS levels, which leads to 

increased mitochondrial superoxide generation (Ye et al. 2003). In terms of myocardial 

substrate oxidation, it has been shown that total GLUT-4 levels and insulin-stimulated 

Akt phosphorylation are not reduced in OVE26 mice; substrate oxidation rates have 

however yet to be reported (Duan et al. 2003). Compared with the STZ model, the 

findings in the OVE26 mouse are not confounded by potential extrapancreatic drug 

toxicity. In addition, OVE26 mice survive for more than 1 year, thus allowing the long-
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term effects of diabetes to be investigated on the heart, whereas the survival of STZ 

diabetic rodents is limited (Bugger & Abel 2009). OVE26 mice however, develop 

diabetes in the first week postpartum, that is, at a very early stage in postnatal 

development (Alpers et al. 2011), which may influence cardiac development and lead to 

myocardial adaptations that might not necessarily recapitulate the consequences of the 

T1DM that develop during adulthood. 

1.2.1.3 Ins2Akita (Akita) mouse model of diabetes 

The Ins2Akita diabetic mouse was discovered in the late 1990s and develops diabetes due 

to a single base pair substitution in the Ins2 gene, leading to impaired folding of proinsulin 

causing ER stress in pancreatic islets and resulting in β-cell death (Yoshioka et al. 1997; 

Ron 2002). Ins2Akita mice on a C57BL/6 background consistently develop 

hyperglycaemia, as early as 5-to-6 weeks of age, with increased serum fatty acid and 

triglyceride levels (Wang et al. 1999). As a model of T1DM, the Ins2Akita mouse develops 

cardiac dysfunction, including diastolic dysfunction, and later exhibiting a 50% reduction 

in fractional shortening, revealed by echocardiography (Lu et al. 2007; Bugger & Dale 

Abel 2008; Basu et al. 2009). More recently, speckle tracking imaging revealed changes 

in average global radial and reduced longitudinal strain at 12 weeks of age, indicating 

myocardial deformation in Ins2Akita mice (Zhou et al. 2018). Using isolated working heart 

perfusions, subtle impairments in LV-developed pressure is detected (Bugger, Boudina 

et al. 2008). The inotropic response to isoproterenol treatment, or to insulin, is impaired 

significantly, suggesting that basal cardiac contractility is only mildly affected in Ins2Akita 

mice, whereas cardiac reserve appears to be impaired (Bugger, Boudina et al. 2008). Fatty 

acid oxidation rates are also increased in Ins2Akita hearts, whereas glucose oxidation rates 

are reduced (Bugger, Boudina et al. 2008). Proteomic analyses suggest that reduced 

signalling through the peroxisome proliferator-activated receptor gamma coactivator 1 

(PGC-1) transcriptional regulatory cascade may contribute to reduce the citric acid cycle 

(TCA) cycle and oxidative phosphorylation (OXPHOS) subunit content, thereby leading 

to cardiac mitochondrial dysfunction in Ins2Akita mice (Bugger, Chen et al. 2009). 

Mitochondrial superoxide production and total cellular ROS levels are commonly not 

increased in Ins2Akita hearts, suggesting that mitochondrial oxidative stress might not be 

consistently present in mouse hearts in this model (Bugger & Dale Abel 2008). In contrast 

to the OVE26 mouse, the onset of diabetes occurs earlier in Ins2Akita mice, similar to that 
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seen in some adolescent humans (who may develop T1DM between 15 and 25 years of 

age, Bugger & Abel 2009). Besides cardiomyopathy, the Ins2Akita model also replicates 

other typical complications of diabetes, such as retinopathy, neuropathy and nephropathy.  

1.2.1.4 Bscl2-/- Seipin KO mouse model of diabetes 

Barardinelli-seip congenital lipodystrophy (BSCL) is a rare condition characterised by a 

lack of adipose tissue in the body (Dollet et al. 2014). About half of BSCL cases are due 

to the result of a gene mutation leading to the production of Seipin, a poorly defined 

protein that has been associated with lipid catabolism, storage and formation (Dollet et 

al. 2014). To further understand the role of Seipin, Bscl2-/- (the gene encoding seipin) 

were developed. The lipodystrophic Bscl2-/- mouse does not develop an increase in fasting 

blood glucose levels, however under normal feeding conditions, hyperglycaemia 

develops as early as 9 weeks of age (Prieur et al. 2013). These mice then continue to 

develop hyperinsulinaemia with impaired glucose intolerance, severe insulin resistance 

and liver steatosis. Recent findings investigating the cardiac phenotype of these mice 

revealed that at 14 weeks of age, cardiac fibrosis was not apparent but cardiac 

hypertrophy was evident (increased heart/body weight ratio and /α myosin heavy chain 

ratio) with accompanied cardiac dysfunction, demonstrated by reduced E/A ratio and 

ejection fraction (Joubert et al. 2017). Interestingly, increased ROS levels were not 

evident in the Bscl2-/- heart, suggesting that oxidative stress was not the driver in the 

cardiac changes seen. Looking at energy metabolism in the Bscl2-/- heart, increased 

glucose uptake was evident, but GLUT4 levels were reduced (Joubert et al. 2017). 

Although studies are still limited, this mouse model is unique as there is no evidence of 

lipid accumulation or lipotoxicity in the Bscl2-/- heart, making the alteration in glucose 

metabolism an independent variable driving the changes seen in the cardiac heart (Joubert 

et al. 2017). However, as it is a relatively new genetic model, further studies investigating 

its cardiac phenotype and remodelling will prove useful in studying the aetiology of 

diabetic cardiomyopathy.  

1.2.1.5 βV59M mouse model of diabetes 

The ATP-sensitive K+ (KATP) channel was previously described to elicit a prominent role 

in insulin secretion and maintenance of glycaemia (Ashcroft et al. 1984). At low plasma 

glucose concentrations, where low amounts of ATP are generated, opening of the KATP 
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channel leads to the deactivation of insulin release. On the other hand, a rise in blood 

glucose levels (elevating intracellular ATP generation) leads to the closure of KATP 

channels, causing membrane depolarisation, and insulin release (Brereton et al. 2014). 

On the basis of this physiology, the βV59M mouse was generated, expressing the Kir6.2-

V59M transgene (a mutation of the KATP channel) selectively in pancreatic β-cells 

(Brereton et al. 2014). This then leads to a gain in function of the KATP channel, causing 

hypoinsulinaemia and hyperglycaemia (Brereton et al. 2016). These mice do not develop 

obesity or insulin resistance, and do not exhibit increases in levels of serum triglycerides, 

fatty acids or cholesterol as blood glucose levels increase (Brereton et al. 2016). Although 

it is not an established model of diabetes (possibly due to the infancy of the stage of the 

research) new findings have demonstrated that the βV59M mouse develops cardiac 

dysfunction (reduced stroke volume and cardiac output) as early as 2 weeks of age, which 

further develops reduced ejection fraction at 8 weeks of age (Rohm et al. 2018). 

Interestingly, reduced cardiac function was not accompanied by oxidative stress or LV 

hypertrophy after 4 weeks of diabetes in the βV59M mouse. This suggests that 

hyperglycaemia alone is enough to cause pathological changes in the diabetic heart, as 

has been demonstrated in the lipodystrophic Bscl2-/- mouse, therefore providing an 

important insight into the progression of diabetic cardiomyopathy.  

1.2.2 Type 2 Diabetic Models 

1.2.2.1 Goto Kakizaki model of diabetes 

The Goto Kakizaki (GK) rat was developed by Goto and Kakizaki at Tohoku University, 

Sendai, Japan. It is a non-obese, highly-inbred strain derived from outbred, glucose 

intolerant Wistar rats, that spontaneously develop T2DM within the first few weeks of 

age (Goto et al. 1988). GK rats exhibit mild hyperglycaemia and hyperinsulinaemia, 

impaired glucose-induced insulin secretion, marked glucose intolerance, hepatic glucose 

over-production and peripheral insulin resistance (Gauguier et al. 1996). Insulin 

signalling, involving the insulin receptor and its substrate, are impaired, in conjunction 

with defective glucose transport in the heart of GK rats (Desrois 2004; Desrois et al. 

2004).  
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1.2.2.2 Ob/ob and db/db mouse model of diabetes 

Ob/ob mice develop diabetes due to a consequence of a recessive mutation in the obesity 

gene (ob gene) (Zhang et al. 1994). It was then discovered that ob/ob mice develop 

obesity due to leptin deficiency (Zhang et al. 1994). In the absence of leptin (known as 

the hormone that controls appetite and fat mass), mice overfeed and eventually become 

obese. As early as 4 weeks of age ob/ob mice are overweight, hyperinsulinaemic, display 

transient hyperglycaemia and exhibit impaired glucose tolerance (Buchanan et al. 2005). 

Ultimately, ob/ob mice become severely obese, with increased fatty acid and triglyceride 

levels. (Mazumder et al. 2004; Buchanan et al. 2005). Cardiac dysfunction is evident (but 

fairly subtle) in this model, often exhibiting LV diastolic dysfunction but not systolic 

dysfunction (Christoffersen et al. 2003). The metabolic phenotype of the ob/ob mouse 

mimics humans with insulin resistance and morbid obesity, while the cardiac phenotype 

shares many traits with the obese human with T2DM (B. Wang et al. 2014). Therefore, 

ob/ob mice can be a good model to evaluate the early effects of obesity and insulin 

resistance on cardiac function. It is important to note however that the phenotype is 

specific to the potential specific effects that leptin may exert on cardiac function, as it has 

been previously revealed that leptin is cardioprotective (Denroche et al. 2011). 

Similarly, the db/db mouse is another model of morbid obesity, the T2DM that develops 

is due to impaired leptin action (Abel et al. 2008). In this model, leptin action is impaired 

due to a defect in the leptin receptor (Ob-R). The db/db mouse is more widely used 

compared to the ob/ob, as leptin is not ablated, and cardiac dysfunction is more 

pronounced compared to the ob/ob mouse (Bugger & Abel 2009). In addition, db/db mice 

also develop diabetes early in life, with more pronounced hyperglycaemia (Van den 

Bergh et al. 2006). At 16 weeks of age, db/db mice exhibit cardiac fibrosis, cardiomyocyte 

hypertrophy and an increase in cardiomyocyte apoptosis (Huynh et al. 2012). Glucose 

oxidation is also impaired, in conjunction with an increase in cardiac oxidative stress 

demonstrated by increased NADPH oxidase activity, and in LV nitrotyrosine and 

superoxide levels (Mori et al. 2014). Although the reduced leptin activity in the 

hypothalamus (seen in this model) mimics the pathological alterations seen in patients 

with diabetic cardiomyopathy, it is important to note that leptin deficiency or leptin 

resistance are rare condition in humans, and the spontaneous development of T2DM due 

to genetic mutation does not mimic the clinical progression of T2DM in humans.  
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1.2.2.3 Zucker diabetic rat model of diabetes 

Zucker diabetic rats (ZDF) originated from the selective breeding of Zucker fatty rats, 

which exhibit a mutation in the gene encoding leptin receptors. Thus obesity develops 

due to non-functioning leptin receptors (Iida et al. 1996; Phillips et al. 1996). ZDF rats 

are obese, hyperinsulinaemic, hyperglycaemic, hyperleptinaemic and exhibit consistently 

increased serum fatty acid and triglyceride levels (Clark et al. 1983; Wang et al. 2005). 

ZDF are obese and insulin resistant by 6 weeks of age but, during this period, they are 

euglycaemic. Hyperglycaemia develops around 6 weeks of age and by 10-12 weeks of 

age, stable hyperglycaemia has developed, and insulin levels begin to fall due to 

pancreatic β-cell insufficiency (Clark et al. 1983; Zhou et al. 2000). In general, the cardiac 

phenotype of the ZDF has been investigated less thoroughly compared to ob/ob and db/db 

mice. In ZDF rats, impaired cardiac contractility has been observed consistently. 

Fractional shortening, measured by echocardiography, is reduced in 20-week-old ZDF 

rats, and cardiac power, dP/dt and rate pressure product are all reduced in isolated 

perfused hearts from ZDF rats (Zhou et al. 2000; Sharma et al. 2004; Golfman et al. 2005; 

Wang et al. 2005). The heart develops hypertrophy and increased myocardial lipid storage 

(Zhou et al. 2000; Lee et al. 2001; Sharma et al. 2004; Golfman et al. 2005). Rates of fatty 

acid oxidation, and its associated gene expression, are increased in the hearts of ZDF rats, 

whereas carbohydrate oxidation, pyruvate dehydrogenase flux and GLUT4 expression 

are all decreased (Chatham et al. 2002; Sharma et al. 2004; Golfman et al. 2005; Wang et 

al. 2005). Compared with mouse models of T2D, serum lipid levels appear to be altered 

more dramatically in the ZDF rat (Wang et al. 2005; Sharma et al. 2004). As outlined 

above, the possibilities of additional genetic manipulation in rats are however limited 

compared to mice. 

1.2.2.4 High-fat diet model of diabetes 

To circumvent potential problems related to altered leptin signalling, many researchers 

have begun to evaluate models of diet-induced obesity and diabetes. Western diets (high 

fat combined with high sucrose) lead to obesity, insulin resistance and diabetes, 

particularly when applied to C57BL/6 mice (Symons et al. 2009). However, the degree 

of hyperglycaemia and insulin resistance is not as severe as that observed in leptin or 

leptin-receptor mutant mice. After 2 weeks of Western diet, C57BL/6 mice develop 

changes in myocardial substrate utilisation that precede the development of obesity and 
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severe insulin resistance. Specifically, rates of glucose oxidation and glycolysis are 

reduced, and myocardial fatty acid oxidation and oxygen consumption are increased 

(Wright et al. 2009). The extent of these changes is similar to those observed in more 

extreme models of obesity such as ob/ob mice. Short-term Western diets (e.g. <10-12 

weeks) do not impair cardiac function; however longer term Western diet i.e. after 20 

weeks are linked to cardiac dysfunction, at least in C57BL/6 mice (Kim et al. 2005). The 

onset of cardiac dysfunction following Western diets is more rapid in rats, in which high-

fat feeding for 7 weeks leads to myocardial steatosis, impaired LV contractile function 

and mitochondrial degeneration (Ouwens et al. 2005, 2007). Myocardial fatty acid uptake 

is increased in Wistar rats fed on a Western diet owing to increased sarcolemma CD36 

(Ouwens et al. 2005, 2007). Therefore, these studies indicate that caloric excess might be 

sufficient to induce the metabolic defects that are associated with diabetic 

cardiomyopathy. It is important to note that isocaloric high-fat diets which do not induce 

obesity or insulin resistance appear to improve cardiac function in rat models of heart 

failure and cardiac hypertrophy (Okere et al. 2005; Rennison et al. 2008, 2009). Together 

this, suggests a deleterious role for hyperinsulinaemia and impaired glucose homeostasis 

and associated cardiac defects that develop following ingestion of Western diet. 

1.2.2.5 High sucrose and high fructose models of diabetes 

In addition to high-fat diet, high-sucrose diets are also increasingly being used to induce 

T2DM in rodent models. Increased sucrose intake in rodents leads to whole-body insulin 

resistance, hyperinsulinaemia and mild hyperglycaemia (Vasanji et al. 2006). These 

changes however are sufficient to induce a pathological cardiac phenotype, including 

early abnormalities in diastolic function (reduced E/A ratio) followed by late systolic 

dysfunction (reduced ejection fraction and fractional shortening) and simultaneous 

cardiac remodelling (Vasanji et al. 2006). Furthermore, markers of hypertrophy and 

fibrosis are also increased in these high sucrose models (Nunes et al. 2013). 

Comparatively, high fructose-fed animal models have also been used to produce similar 

phenotypes of diabetes. High fructose diets in rodents increase blood glucose levels, in 

conjunction with cardiac fibrosis and pro-apoptotic markers (Mellor et al. 2011, 2012). 

Despite the obvious benefit of these diet-based approaches, which avoid the non-specific 

influences of diabetogenic chemicals on cardiac function, the LV dysfunction seen in this 

diet-induced model is rather moderate compared to other models of T2D (Mellor et al. 
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2011, 2012). A disadvantage of the model is the length of time required to maintain the 

animals on the diet to obtain the desired extent of diabetes (9-12 weeks). Nevertheless, 

these diet-induced diabetic rodent models are a relevant model of T2DM, which can 

closely replicate the metabolic and cardiovascular symptoms observed in human patients. 

1.2.2.6 Combination of high-fat diet and low dose streptozotocin model of diabetes 

A high-fat diet (HFD) superimposed onto low dose STZ was initially developed as an 

animal model of type 2 diabetes that attempted to replicate the metabolic characteristics 

of the human syndrome and is suitable for medical research. Several different protocols 

have been previously established in both rat and mouse models to achieve the systemic 

outcome of hyperinsulinaemia, insulin resistance, hyperglycaemia, and increased free 

fatty acid and triglyceride concentrations. A study in Sprague-Dawley rats fed with HFD 

(40% calories as fat) for 2 weeks, followed by single i.v. injection of STZ 50mg/kg 

demonstrates increased circulating insulin, glucose, free fatty acids and triglyceride levels 

with impaired glucose handling (Reed et al. 2000). Similarly, when rats were followed 

for 16 weeks after HFD plus STZ, total cholesterol was measured, with impairments in 

both LV diastolic and systolic function, accompanied by increases in heart size and 

cardiac fibrosis (Ti et al. 2011). Utilising a different protocol in mice, where HFD was 

initially given for 3 months (60% kcal from fat), followed by a single injection of STZ 

(100mg/kg), one laboratory reported an increase in body weight, hyperglycaemia, 

impaired glucose handling, cardiac fibrosis, oxidative stress and mitochondrial 

dysfunction in their type 2 diabetic model (Gu et al. 2017; Zhang et al. 2014). Similarly, 

a single i.p. injection of STZ followed directly by HFD (60% fat) for 6 months exhibited 

increased body weight, blood glucose, plasma insulin and glucose intolerance, in 

conjunction with diastolic and systolic dysfunction (Fricovsky et al. 2012). Our 

laboratory also recently established a protocol of combined high-fat diet and STZ-induced 

T2D. We administer three consecutives i.p. injections of low dose streptozotocin 

(55mg/kg i.p. per day) followed immediately with HFD (42% energy intake from lipids), 

(unpublished data). After 26 weeks of HFD and STZ, our model displays increased body 

weight, fat content, hyperinsulinaemia and hyperglycaemia, and impaired glucose 

tolerance. These systemic characteristics develop in conjunction with impaired LV 

systolic and diastolic function (demonstrated by echocardiography) after 18 weeks of 

diabetes. The generation of HFD and low dose STZ model was undertaken with the 
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intention to bridge the existing limitation of availability of suitable animal models for the 

study of T2DM that closely mimics the clinical characteristics of T2D in humans. 

1.3 Current treatment strategies for diabetic cardiomyopathy  

Although the pathophysiology of diabetic cardiomyopathy is well-established, currently 

there are limited effective treatment options approved for clinical use. Previous studies 

demonstrate that the level of glycated haemoglobin (HbA1c) correlates with LV diastolic 

dysfunction and the degree of its severity (Iribarren et al. 2001; Held et al. 2007), 

suggesting that a therapeutic strategy to lower glycated haemoglobin might reduce its 

outcomes. Indeed, this hypothesis was supported by the findings from the Diabetes 

Control and Complications Trial Epidemiology of Diabetes Interventions and 

Complications (DCCT/EDIC) group, where reduced glycated haemoglobin was 

associated with lower incidence of cardiovascular disease in diabetic patients (Nathan et 

al. 2005). Physical activity and caloric restriction have also been identified as an 

important tool to maintain glycaemic control and thus reducing cardiovascular risk 

(Snowling et al. 2006).  T1DM patients with tightly-controlled blood glucose levels may 

not advance to end-stage heart failure; glucose control itself is however not sufficient to 

prevent the development of diabetic cardiomyopathy (Murarka et al. 2010; Huynh et al. 

2014). Findings from the Action to Control Cardiovascular Risk in Diabetes (ACCORD) 

study suggested that intensive glucose lowering in high-risk patients may actually worsen 

the outcome of cardiovascular events (Action to Control Cardiovascular Risk in Diabetes 

Study Group et al. 2008). This previously-unidentified harm of glucose-lowering in high-

risk patients highlights the need to pursue alternative interventions for managing cardiac 

complications of diabetes.  

In terms of pharmacological interventions, several agents have been shown to delay 

cardiac disease progression in diabetic patients. Drugs such as angiotensin converting-

enzyme inhibitors (ACEi) are used to inhibit the conversion of angiotensin I to 

angiotensin II; the latter increases blood pressure and contributes to the pathological 

response seen in the heart (Calcutt et al. 2009). While ACEi are considered to be 

somewhat effective in delaying disease progression of diabetes-induced heart failure, 

some patients cannot tolerate its side effects, such as accumulation of bradykinin 

(associated with a persistent dry cough) and angioedema in some individuals (Wood 

1995). An alternative to ACEi is the angiotensin (AT1) receptor antagonists, which block 
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the pathological effects of angiotensin II, such as fibrosis, in diabetic cardiomyopathy 

(Sander et al. 1999). However, angiotensin receptor blockers may not ameliorate the 

hyperglycaemia-induced increase in cardiac ROS and subsequent cardiac damage (Huynh 

et al. 2014; Bugger et al. 2014). Additionally, the use of β-adrenergic antagonists can 

elicit some benefits for diabetic patients in terms of cardiac morbidity and mortality, 

where there is often concomitant hypertension, coronary disease and prior myocardial 

infarction (Gottlieb et al. 1998). Again, β-adrenergic antagonists alone are not sufficient 

to treat diabetic cardiomyopathy, as they do not target the underlying cause of the 

complications, namely hyperglycaemia and increased ROS production (Huynh et al. 

2014; Pappachan et al. 2013). Lipid-lowering agents, such as statins inhibit the rate-

controlling enzyme HMG-CoA reductase of the mevalonate pathway (Sirtori 2014). 

Inhibiting this pathway limits the production of cholesterol, which has been well 

characterised to negatively impact the cardiovascular system. A clinical trial investigating 

the use of rosuvastatin demonstrated a reduced number of cardiovascular hospitalisation, 

without affecting primary outcomes including deaths (Kjekshus et al. 2007; Rogers et al. 

2014). Similarly, the Italian GISSI-HF trial reported that rosuvastatin did not exhibit 

beneficial effects in patients with chronic heart failure (GISSI HF 2008 Lancet).  

Thiazolidinediones (TZDs), are an effective class of drugs for lowering blood glucose 

levels by improving insulin sensitivity in fat, muscle and liver cells (Saltiel et al. 1996). 

Early animal studies demonstrated that TZDs improve glucose metabolism via increased 

expression and function of glucose transporters in the heart (Saltiel et al. 1996). However, 

previous findings show that there is a possible increased risk of HF with the 

administration of these agents, due to increased fluid retention (Loke et al. 2011). Finally, 

sodium-glucose cotransporter 2 (SGLT2) inhibitors are a new class of drug indicated 

specifically for the management of T2DM. SGLT2 inhibitors block the reabsorption of 

glucose in the kidney via SGLT2, thereby increasing glucose excretion and eventually 

lowering blood glucose levels (Chao et al. 2010). SGLT2 is a low-affinity, high-capacity 

glucose transporter located in the proximal tubule in the kidneys. It is responsible for 90% 

of glucose reabsorption. Additionally, it also increases insulin sensitivity and uptake of 

glucose by muscle cells, decreases gluconeogenesis and improves first phase insulin 

release from β-cells (Chao et al. 2010). The recently published EMPA-REG OUTCOME 

study demonstrated a reduction in primary major adverse cardiac events including death, 

non-fatal myocardial infarction and non-fatal stroke by 14% (Zinman et al. 2015; Abdul-
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Ghani et al. 2016). This result came somewhat of a surprise, as no drug previously had 

demonstrated such pronounced beneficial effects on the cardiovascular complications of 

diabetes. Above all, these were still early findings and further clinical trials investigating 

the long-term effects of these drugs on diabetes-induced heart failure is clearly still 

required.  

While these pharmacological agents are relatively effective in preventing or delaying 

disease progression once treatment commences, they do not reverse the cardiac damage 

of diabetes. Thus, there is still a need to identify new effective treatments for diabetic 

cardiomyopathy.  

1.4 Gene therapy  

Treatment options for cardiovascular disease have advanced significantly in recent years, 

as a result of improved understanding of molecular pathways involved in cardiac damage 

(Yoshida et al. 2012; Hajjar 2013). The use of gene therapy in particular, has proved to 

be one of the most promising avenues to treat various kind of diseases, including heart 

failure (Hajjar 2013). Aimed at the correction of key pathologies, gene therapy involves 

the delivery of therapeutic DNA of a gene of interest. Successful incorporation of this 

delivered gene into the nucleus allows the endogenous cell machinery to produce specific 

proteins encoded by the gene (Tilemann et al. 2012; Hulot et al. 2016). This alteration 

makes gene therapy a very attractive approach as it might offer the capacity to actually 

reverse disease, something that conventional drugs have not been able to do. The success 

of gene therapy heavily depends on the efficient transfer of the genetic material to the 

tissue of interest. This is facilitated by different delivery strategies or methods, broadly 

known as non-viral and viral approaches as detailed below (Hulot et al. 2016). 

Non-viral methods of gene delivery utilises naked plasmid DNA, liposomal DNA 

complexes, polymer-carrying DNA and oligonucleotides (Kawase et al. 2011). Delivery 

of naked plasmids to tissues, however, does not provide sufficient transfection into the 

tissue of interest (Scimia et al. 2014; Daya et al. 2008). Furthermore, rapid systemic 

degradation of plasmids and poor cellular entry are other limitations to the use of non-

viral methods of gene delivery (Hajjar 2013; Pacak et al. 2011; Naim et al. 2013). Viral 

methods on the other hand utilises a non-pathogenic virus as a vector for gene delivery, 

altering some of the viral genes into encoding the gene of interest (Pacak et al. 2011; 



 

Chapter I: Introduction 28 

Daya et al. 2008). Different types of virus have been considered as the vector for gene 

therapy, including retrovirus, lentivirus, adenovirus and adeno-associated virus, each 

having their pros and cons as summarised in Table 1.2 and detailed further in this section. 

1.4.1 Vectors for viral gene delivery  

1.4.1.1 Retroviral vectors 

Retroviral vectors come from the family Retroviridae, which also include lentivirus. 

Retroviruses contain single-stranded positive-sense RNA with a virally-encoded reverse-

transcriptase, leading to the production of double-stranded DNA inserted into the host 

genome (Barquinero et al. 2004). The ability to insert genetic sequences directly into the 

genome can lead to long-term gene expression in transfected tissues (Barquinero et al. 

2004). However, the use of retroviruses in cardiovascular gene therapy has largely been 

limited to pre-clinical research for a couple of reasons. One limitation is that retroviruses 

require active mitosis for viral integration into the genome. Therefore, retroviruses are 

limited to infecting dividing cells, and cannot efficiently transduce non-dividing cell 

types such as cardiomyocytes (Naim et al. 2013). Additionally, the use of retroviral 

vectors can lead to insertional mutagenesis, which has been observed in clinical settings 

(Themis et al. 2003). Retroviral DNA integration is a pseudorandom process, integrating 

DNA primarily in promoter and enhancer regions of the host cell genome (Themis et al. 

2003). In a clinical trial using Moloney based retroviruses, 25% of the patients developed 

T-cell acute lymphoblastic leukaemia due to the random nature of viral genome insertion 

(Fischer et al. 2010; Hacein-Bey-Abina 2003). Thus, there has been reduced interest in 

the use of retroviral vectors for gene delivery, due to the potential for these adverse 

effects. 
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Table 1.2 Summary of various viral vectors used in gene therapy and their 

characteristics 

 

Vectors Retroviral Lentiviral Adenoviral 
Adeno-

associated 

viral (AAV) 
Diameter 100 nM 90 nM 100 nM 20 nM 

Genome ssRNA ssRNA dsDNA ssDNA 

Maximum 

capacity of 

packaged DNA 
7-8 kb 10 kb 7-36 kb 4.8 kb 

Immune 

response 
Moderate Moderate High Mild 

Transduction 
Mitotically 

active cells 

only 

Mitotically 

active and 

inactive cells 

Mitotically 

active and 

inactive cells 

Mitotically 

active and 

inactive cells 

Peak-cardiac 

expression 
n/a 4-6 days 1-4 weeks 2-4 weeks 

Expression 

duration 
Long-term Long-term 1-4 weeks Long-term 

 

ssRNA (single-stranded RNA), dsDNA (double-stranded DNA), ssDNA (single-stranded 

DNA), n/a (not available). Adapted and modified from (Naim et al. 2013; Hajjar 2013; 

Hulot et al. 2016; Walther et al. 2000).  
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1.4.1.2 Lentiviral vectors   

Lentiviral vectors are derived from the human immunodeficiency virus type 1 (HIV-type 

1) and envelop single-stranded (ss) RNA vectors that can integrate their genome as cDNA 

into the chromosomes of both dividing and non-dividing target cells, which makes it 

possible to achieve long-term expression of the therapeutic gene (Mátrai et al. 2010). 

Treatment of monogenetic haematopoietic disorders using lentiviral approaches has been 

successful (Aiuti et al. 2013; Biffi et al. 2013); however their application to 

cardiovascular disease is still limited, due to their poor myocardial transduction 

(VandenDriessche et al. 2002). As seen with retroviral vectors, lentiviral vectors can also 

integrate randomly into the target cell genome, carrying a risk of triggering insertional 

oncogenesis (Papayannakos et al. 2013). As such, this raise concerns in regard to safety 

and efficacy of use in human clinical trials. 

1.4.1.3 Adenoviral Vectors 

Adenoviral vectors come from the family adenoviridae and are non-enveloped, non-

integrating double-stranded (ds) DNA vectors (Kay et al. 2001). These enter the cell, 

predominantly via clathrin-mediated endocytosis upon binding with the coxsackie-

adenovirus nucleus, allowing efficient transduction of a wide range of dividing and non-

dividing cells, including cardiomyocytes, skeletal muscle, or smooth muscle cells 

(Wasala et al. 2011; Hajjar 2013). While providing high transgene expression, adenoviral 

transduction is only transient compared to other viral vectors (Naim et al. 2013). 

Transgene expression levels peak within 2-3 days, but return to undetectable levels by 2 

weeks (Tongers et al. 2008). Additionally, it is known that adenoviral vectors can induce 

inflammation by triggering a T-cell mediated immune response, which limits their 

efficacy and safety in human clinical trials (Kaye et al. 2007; Suckau et al. 2009). This 

risk is however compounded by the broad tropism of adenoviral vectors, resulting in 

ectopic transduction of non-target cells (e.g. hepatocytes, antigen-presenting cells) 

(Chuah et al. 2003). Consequently, the utility of adenoviral vectors in cardiovascular gene 

therapy trials must be carefully evaluated.  
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1.4.1.4 Adeno-associated viral vectors 

Adeno-associated viral vectors (AAV) are derived from the Parvoviridae family and are 

non-enveloped single-stranded DNA vectors, with a favourable safety profile and 

capability of achieving persistent transgene expression in a wide range of target tissues, 

including cardiac tissue (Mingozzi et al. 2011). AAVs are relatively small (20nm) and 

therefore are limited in their genome carrying capacity of only around 4.7kb (Naim et al. 

2013). Yet, one of the most attractive features of current AAV vectors is the continued 

expression of the transgene for a prolonged period of time (Hajjar 2013; Jiang et al. 2006), 

despite the extrachromosomal location of the vector (Naim et al. 2013). However, the 

infrequent integration of the vector means that transduction must occur in cells that either 

do not turn over or do so very slowly (Naim et al. 2013). Cardiomyocytes are thus an 

excellent example of cells most suited to the use of AAV gene therapy, as cardiomyocyte 

turnover is negligible in adults (Jessup et al. 2011). The long-term expression achieved 

with this approach is predominantly mediated by episomally retained, non-integrated 

AAV genomes, mostly organised as high molecular weight concatemers (long continuous 

DNA molecules containing multiples of the same DNA sequences) (Vandendriessche et 

al. 2007).  

There are more than 100 serotypes of the wild-type AAV that have previously been 

reported, with distinct tissue tropism determined by the capsid protein structures 

(Tilemann et al. 2012; G. Gao et al. 2004). Among these serotypes, AAV1, AAV6, 

AAV8, and AAV9 have been identified as the most cardiotropic serotypes for systemic 

delivery (Zincarelli et al. 2010). Furthermore, cardiac-specific promoters can also be 

added to restrict expression to the heart. Promoters such as the α-myosin heavy chain 

(αMHC) and myosin light chain (MLC) 2v have been commonly used to drive expression 

throughout the heart, including ventricles and atria (Sanbe 2003; Bostick et al. 2011; 

Phillips et al. 2002). In contrast to these cardiac-specific promoters, inducible promoters 

such as cytomegalovirus (CMV) have also demonstrated robust expression in the heart 

(Wang et al. 2008). Additionally, the risk of an immune response following AAV 

transduction is significantly reduced compared to other vectors. However, the high 

prevalence of pre-existing antibodies to wild-type AAV in the human population can 

result in rapid neutralisation of AAVs precluding gene transfer in affected individuals 

(Manno et al. 2006). This can limit AAV transduction in several different organ systems 
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including liver, lung and heart (Pacak et al. 2011; Lei et al. 2013; Mimuro et al. 2014). 

When successfully incorporated however, expression of transgenes delivered using AAV 

has been documented to be maintained for more than 4 years in human skeletal muscle 

(Jiang et al. 2006). Hence, treatment with AAV gene therapy may produce safe, long-

term benefits in comparison to current pharmacological agents. 

1.5 Gene therapy for the treatment of heart disease 

The field of cardiovascular gene therapy has advanced significantly in the last decade, 

introducing several different approaches to tackle the underlying problem of heart 

disease. By targeting impaired Ca2+ handling in heart failure, SERCA2a gene therapy 

aimed to correct the problem of heart failure through an increase in sarco/endoplasmic 

reticulum Ca2+ ATPase protein expression (responsible for regulating calcium reuptake 

following contraction) (Hayward et al. 2015). This approach had been widely successful 

in pre-clinical studies, which resulted in the first human study (the CUPID trial) to 

investigate the clinical impact of restoring SERCA2a expression levels in patients with 

advanced heart failure (Sikkel et al. 2014; Hayward et al. 2015; Hajjar 2013). Results 

from both phase-1 and phase-2 trials were promising, demonstrating no or little side 

effects in the small patient cohort (Jessup et al. 2011; Jaski et al. 2009). However, the 

results of the Phase 2b clinical trial were disappointing, as there was no statistical 

significance between the SERCA2a and placebo-treated group in both recurring (i.e. 

admission to hospital due to heart failure) and terminal events (i.e. death) (Greenberg et 

al. 2016). This minor setback however points out flaws in the current use of gene therapy 

and also the possible molecular targets. Aside from this trial, several different molecular 

targets have been identified, demonstrating promising results in pre-clinical animal 

models of heart disease as summarised in Figure 1.3. 
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Table 1.3 List of gene therapies investigated in pre-clinical and clinical studies for the treatment of heart failure 

Target Mechanism of action Vectors Dose 

Latest 

study 

phase 

Model Indication Delivery References 

Pre-clinical studies 

NGF Increased angiogenesis 
AAV21 

AAV92 

1 x 1011vg 

1.5 x 1012vg 

 

Small 

animal 
Rodents 

Diabetic 

cardiomyopathy 

Direct myocardial 

injection1 and tail vein 

injection2 

(Meloni et al. 

2012) 

PIM-1 
Increased pro-survival 

kinase 
AAV9 

1 x 1010vg 

5 x 1010vg 

 

Small 

animal 
Rodents 

Diabetic 

cardiomyopathy 
Tail vein injection 

(Katare et al. 

2011) 

YAP Cardiac regeneration AAV9 N/A 
Small 

animal 
Rodents Myocardial infarction 

Direct myocardial 

injection 

(Lin et al. 

2014) 

S100A1 
Increased calcium 

handling protein 
AAV9 

1.5 x 1013vg 

 

Large 

animal 
Porcine 

Ischaemic heart failure 

(myocardial 

infarction) 

Retrograde coronary 

injection 

(Pleger et al. 

2011) 

SUMO-1 
Increased calcium 

handling protein 
AAV1 

5 x 1012vg 

1 x 1013vg 

Large 

animal 
Porcine 

Ischaemic heart failure 

(myocardial 

infarction) 

Antegrade intracoronary 

infusion 

(Tilemann et al. 

2013) 

I-1 
Increased calcium 

handling protein 
BNP1163 

1 x 1013vg 

1 x 1014vg 

 

Large 

animal 
Porcine 

Non-ischemic HF 

(volume overload HF) 
Intracoronary injection 

(Watanabe et 

al. 2017) 

VEGF-B Increased angiogenesis AAV9 

1 x 1013vg 

2 x 1013vg 

5 x 1013vg 

Large 

animal 
Canine 

Non-ischaemic dilated 

cardiomyopathy 
Intracoronary infusion 

(Woitek et al. 

2015) 

HO-1 
ROS scavenger and anti-

inflammatory 
AAV6 1 x 1013vg 

Large 

animal 
Porcine Myocardial infarction 

Retroinfusion into the 

ventricular vein 

(Hinkel et al. 

2015) 

R1.2 

Pro-survival (via 

increased energy 

synthesis) 

AAV6 

1 x 1012vrg 

5 x 1012vrg 

1 x 1013vrg 

Large 

animal 
Porcine 

Ischaemic heart failure 

(myocardial 

infarction) 

Antegrade Intracoronary 

infusion 

(Kadota et al. 

2015) 

βARKct 
Inhibition of β-

adrenergic 
AAV6 1 x 1013vg 

Large 

animal 
Porcine Ischaemic heart failure  

Retrograde injection into 

coronary veins 

(Raake et al. 

2013) 



 

Chapter I: Introduction 34 

Clinical Studies 

SERCA2a 
Increased calcium 

handling protein 
AAV1 1 x 1013vg Phase 2b Human Heart failure Intracoronary infusion 

(Greenberg et 

al. 2016) 

Adenylyl 

Cyclase 6 

Increased calcium 

handling and pro-

survival kinase  

Adv 

3.2 x 109vg 

3.2 x 1010vg 

1 x 1011vg 

3.2 x 1011vg 

1 x 1012vg 

Phase 2b Human Heart failure Intracoronary injection 
(Hammond et 

al. 2016) 

 

Summary of gene therapy being used to target different type of heart failure in pre-clinical animal studies and human clinical studies. 1First 

intervention 2Second intervention 3Chimeric AAV between AAV2 and 8. NGF, nerve growth factor; PIM-1, pro-viral integration site for Moloney 

murine leukaemia virus; YAP, yes-associated protein 1; S100A1, S100 calcium binding protein A1; SUMO-1, small ubiquitin-related modifier-1; 

I-1, inhibitior-1; VEGF-B, vascular endothelial growth factor B; HO-1, hemeoxygenease-1; R1.2, ribonucleotide reductase; βARKct; β-adrenergic 

receptor kinase 1 (carboxy terminus); AAV, adeno-associated virus; Adv, adenovirus.  
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The S100 calcium binding protein A1 (S100A1) is involved in virtually all calcium-

dependent target protein interactions, and has recently been discovered to play a critical 

role in heart failure (Ritterhoff et al. 2012). S100A1 acts upstream of SERCA2a and thus 

modulates a wider range of cellular effects. It interacts with phospholamban, to increase 

the activity of SERCA2a, and regulates Ryr2 function, during both systole and diastole 

(Rohde et al. 2015). In the setting of heart failure (where S100A1 is downregulated), its 

restoration via gene therapy improves cardiac function in both rats and pigs with 

myocardial infarction (Pleger et al. 2011). Similarly, small ubiquitin-related modifier-1 

(SUMO-1) also modulates SERCA2a protein, leading to post-translational protein 

modification to preserve its activity and stability in mouse and human cells (Kho et al. 

2011). SUMO-1 can attach to broad range of proteins at their lysine residues, resulting in 

SUMOylation. In the setting of heart failure (where levels of both SUMO-1 and 

SUMOylation are diminished), disease reversal facilitated by AAV9-SUMO1 in mice 

increases survival rate and improves cardiac function (Kho et al. 2011). This has then 

been further confirmed in a porcine model of heart failure, where administration of 

AAV1-SUMO1, to increase specificity protein-1 (Sp-1) SUMOylation, improved cardiac 

function and stabilised LV volumes (Tilemann et al. 2013). Equally, another modulator 

of SERCA2a, inhibitor-1 (I-1), was demonstrated to be cardioprotective in a large animal 

model of heart failure (Ishikawa et al. 2014). Administration of constitutively active I-1 

AAV to both ischaemic and non-ischaemic heart failure pigs improved cardiac function 

(systolic and diastolic), in conjunction with increased phospholamban phosphorylation, 

leading to enhanced SERCA2a activity (Watanabe et al. 2017; Ishikawa et al. 2014). 

Thus, these studies demonstrate the central role of SERCA2a in maintaining cardiac 

contractility and heart failure, and it is a suitable as a therapeutic target.   

Another gene therapy approach targeting growth factors to induce the formation of blood 

vessels has also been previously explored. The vascular endothelial growth factor 

(VEGF) family, consisting of VEGF-A, -B, -C, -D and –E, are among the most powerful 

regulators of blood vessel growth (Giacca et al. 2012). In particular, VEGF-B has been 

associated with cardiac angiogenesis with specific effects on metabolism, cell survival 

and apoptosis (Giacca et al. 2012). Previous reports indicate that administration of 

cardiac-specific AAV9-VEGF-B in an aortic constriction mouse model demonstrates 

increased angiogenic response and proliferation followed by attenuation of systolic 
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function (Huusko et al. 2012). This was then further evaluated in a canine model of dilated 

cardiomyopathy, where both LV diastolic and systolic function were preserved, in 

addition to increases in cardiomyocyte antioxidant defence (Woitek et al. 2015). Nerve 

growth factor (NGF) can also promote angiogenesis with similar effects as VEGF-B 

(Emanueli et al. 2002). Secreted by glycoproteins, NGF elicits its biological effects 

mainly by binding to high-affinity tropomyosin-related receptor A, leading to inactivation 

of the forkhead box-O-transcription factor (Foxo) pathway (Brunet et al. 1999). 

Overexpression of NGF using gene therapy in mice after myocardial infarction increased 

both cell survival and cardiac perfusion (Meloni et al. 2010). Likewise, systemic delivery 

of human AAV9-NGF prevents cardiomyopathy in diabetic mice, while limiting LV 

diastolic dysfunction (Meloni et al. 2012). Similarly, Yes-associated protein (YAP), 

which has a vital role in regulating embryonic cardiomyocyte proliferation, has attracted 

interest as a potential way to enhance heart regeneration. By introducing AAV9 carrying 

a human YAP sequence, contractile function and cell survival were enhanced in mice 

with myocardial infarction (Lin et al. 2014).  

In addition to growth factors, strategies to limit haem accumulation, known to cause 

inflammation, have been examined as therapeutic target for gene therapy. The enzyme 

heme oxygenase-1 (HO-1) which catalyses the degradation of haem producing biliverdin 

(ROS scavenger) and carbon monoxide, was demonstrated to limit inflammation (Liu et 

al. 2007). This was demonstrated in pigs, where delivery of recombinant rAAV6-human-

HO-1 prior to myocardial ischaemic reperfusion injury limited infarct size and systolic 

dysfunction (Hinkel et al. 2015). Likewise, an increase in the naturally-occurring 

nucleotide, 2-deoxyadenosine triphosphate (dATP), mainly produced by ribonucleotide 

reductase (RNR), has been associated with improved cardiac contraction at the 

myofilament level (Kolwicz et al. 2016). Indeed, this was demonstrated in both rodents 

and porcine models of myocardial infarction, where administration of Rrm-1 and Rrm-2 

(which encode RNR) via AAV improves LV systolic and diastolic function (Kolwicz et 

al. 2016; Kadota et al. 2015). Furthermore, a pro-viral integration site for Moloney murine 

leukaemia virus (PIM-1) has been identified to promote cardiomyocyte survival in 

response to cell stress (Muraski et al. 2007). Increased cardiac expression of PIM-1 via 

AAV9 delivery increased proliferation of cardiac progenitor cells and improved cardiac 

contractility, with evidence of increased SERCA2a activity (Katare et al. 2011). 

Moreover, inhibition of β-adrenergic receptor kinase (βARK), which is increased in heart 
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failure, also displays beneficial effects. By increasing its inhibition by utilising AAV6-

βARKct (the peptide responsible for βARK inhibition), improvements in LV 

haemodynamic and contractile function were evident in a myocardial infarction pig 

model (Raake et al. 2013). This is also seen in cardiomyocytes obtained from failing 

human hearts, where there is improved contractile function and increased adenylyl 

cyclase activity in response to AAV6-βARKct, indicating improved β-adrenergic 

receptor activity, a major regulator of cardiac contractility (Williams et al. 2004). Indeed, 

a recent clinical trial has demonstrated improved LV ejection fraction and LV–dP/dt in 

heart failure patients using adenylyl cyclase-6 gene delivery (Hammond et al. 2016). This 

improvement has been attributed to an increase in SERCA2a, Akt and phospholamban 

following treatment (M. H. Gao et al. 2004; Gao et al. 2009). These studies show that 

gene therapy approaches are in the pipeline for the treatment of heart related diseases, 

which have proven to be successful at least in early pre-clinical models. 

Although the use of gene therapy has become increasingly common for its use in human 

clinical trials (228 clinical trials based on internet literature search for “cardiovascular 

diseases” and “gene therapy” in www.clinicaltrials.gov in April 2018), there are some 

limitations with its use (Daya et al. 2008; Scimia et al. 2014; Naim et al. 2013). One of 

these is the high cost associated with gene therapy. Currently, only a small number of 

gene therapies have been approved for use in the clinic. Four gene therapies have been 

approved by the US based Food and Drug Administration (FDA), and one by the 

European Medicines Agency (EMA) with costs ranging from $500,000 to 1 million 

dollars for each course of treatment (https://www.independent.co.uk/life-style/health-

and-families/gene-therapy-cost-rare-genetic-diseases-treatment-expensive-research-

a8275391.html). The astronomical price associated with gene therapy is due to the 

production process of the gene therapy itself, which consistently produces low yield at 

high cost (Ylä-Herttuala et al. 2017). However, with time, increasing demand, and better 

technology, the price of treatment will be driven down. In the meantime, there have been 

consistently positive results from pre-clinical studies for the treatment of cardiovascular 

disease. However, there is still no gene therapy approved (or commercially available) for 

treating cardiovascular disease. Thus, continuous research to identify the correct 

combination of the method of delivery and gene of interest is still required.  

  

http://www.clinicaltrials.gov/
https://www.independent.co.uk/life-style/health-and-families/gene-therapy-cost-rare-genetic-diseases-treatment-expensive-research-a8275391.html
https://www.independent.co.uk/life-style/health-and-families/gene-therapy-cost-rare-genetic-diseases-treatment-expensive-research-a8275391.html
https://www.independent.co.uk/life-style/health-and-families/gene-therapy-cost-rare-genetic-diseases-treatment-expensive-research-a8275391.html
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1.6 Cardioprotective effect of PI3K(p110α)  

Phosphoinositide 3-kinases (PI3Ks) are a family of lipid kinases that regulate a number 

of physiological functions, including membrane trafficking, adhesion, actin 

rearrangement, cell growth and survival (McMullen, Amirahmadi et al. 2007; McMullen 

& Jennings 2007; Matheny et al. 2010). PI3K phosphorylates the hydroxyl group at 

position 3 of membrane lipid phosphoinositides, and exists as three major classes (Class 

I, II and III), classified based on sequence homology in both their catalytic domain 

structure and substrate (Toker 2000). Class I PI3Ks are heterodimers and are further 

divided into subclass IA, consisting of a p110 catalytic subunit (α,β or δ), with p85 and 

p55 regulatory subunits and IB, p110γ, which is regulated by p101 (Braccini et al. 2009). 

The class I PI3K subunits p110α and p110γ are abundantly expressed in the heart, and 

modulate LV function differentially, via activation of distinct signalling (Bernardo et al. 

2010; McMullen & Jennings 2007; McMullen 2008). PI3Ks were first shown to modulate 

organ size in Drosophila, where overexpression of the PI3K homolog, Dp110, resulted in 

the formation of larger Drosophila eyes and wings (Leevers et al. 1996). Conversely, 

expression of the catalytically-inactive Dp110 caused the opposite effects. From this 

finding, Shioi et al successfully demonstrated that transgenic mice expressing cardiac-

specific constitutively-active PI3K (caPI3K) have larger hearts compared to wild type 

mice (Shioi 2000). Transgenic mice with a dominant-negative PI3K (dnPI3K) transgene 

demonstrated the opposite effect (Shioi 2000). Further investigation revealed that 

PI3K(p110γ)-subtype coupled to key G-protein coupled receptors (GPCRs; e.g. AT1 

receptor or endothelin-1 receptors), contribute to pathological hypertrophy and 

exacerbation of cardiac dysfunction (Bernardo et al. 2010; McMullen & Jennings 2007). 

Thus, mice deficient in the PI3K(p110γ) subtype are more susceptible to heart failure 

compared to wildtype mice (Oudit et al. 2003; Crackower et al. 2002).  

In contrast, the PI3K(p110α) subtype mediates the cardioprotective properties of 

physiological hypertrophy (e.g. during development, pregnancy or in the athlete’s heart), 

coupled with activation of tyrosine kinase-linked insulin-like growth factor-1 receptors 

(IGF-1R) (Huynh et al. 2010; McMullen et al. 2004; McMullen 2008). Hence, 

PI3K(p110γ) and PI3K(p110α) exert opposite and distinct roles in the heart, described 

further in Figure 1.2. Importantly, activation of intracellular PI3K(p110α) inhibits 

signalling downstream of GPCRs (e.g. triggered by endothelin-1), and blunts pathological 
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LV hypertrophy, with complementary effects resulting in physiological cardiomyocyte 

growth (e.g. when cardiomyocytes enlarge, but without concomitant cardiac fibrosis or 

dysfunction, as occurs in athletic myocardium) (McMullen, Amirahmadi et al. 2007).  

Physiological activation of the cell survival kinase Akt, a well-known target of 

PI3K(p110α), has been linked to cardiac protection due to its anti-apoptotic properties 

(Toker 2002; Rigor et al. 2009). Mice transgenically modified to express caPI3K are 

protected from cardiac damage, in combination with enhanced Akt activation, evident at 

both baseline and after myocardial infarction (Lin et al. 2010). The lipid products of 

PI3K(p110α) bind with high affinity and specificity to Akt, leading to its phosphorylation, 

activation and subsequent relocation from the plasma membrane to the cytosol, where it 

subsequently phosphorylates a range of intracellular substrates (Braccini et al. 2009; 

Cantley 2002). A number of proteins mediate the anti-apoptotic functions of 

PI3K(p110α)/Akt signalling. Akt phosphorylates and inactivates the pro-apoptotic 

protein, B-cell lymphoma-2 associated death promoter (BAD) (Toker 2000; Datta et al. 

1997). Concurrently, Akt downregulates apoptosis signal-regulating kinase 1 (ASK-1), 

resulting in enhanced anti-apoptotic actions (Kim et al. 2001). Endothelial nitric oxide 

synthase (eNOS), another downstream target of Akt, complements these anti-apoptotic 

actions, by promoting angiogenesis (Lawlor et al. 2001). Mice deficient in growth factor 

receptor-bound protein 14 (Grb14) exhibit impaired Akt activation accompanied by LV 

cardiomyopathy, fibrosis and pathological LV hypertrophy (Lin et al. 2010). Similarly, 

transgenic mice expressing a cardiac-specific dnPI3K mutant subjected to pressure-

overload-induced LV dysfunction exhibit reduced Akt activation accompanying cardiac 

damage (McMullen et al. 2003; Shioi 2000). This suggests a central, protective role of 

LV PI3K(p110α)/Akt signalling. Furthermore, Akt translocation to the nucleus may also 

decrease activity of transcription factors such as NF-κB that could otherwise lead to 

detrimental cardiac inflammatory responses (Toker 2000, 2002). Although PI3K(p110α) 

has clear beneficial functions in the heart, it has also known to be tumourigenic when 

expressed in other tissues (Polivka et al. 2014). Several studies have demonstrated that 

overexpression of PI3K(p110α) with subsequent activation of the PI3K/Akt/mTOR 

pathway in renal cells and pancreas can lead to uncontrollable cancerous growth (Yao et 

al. 2011; Motzer et al. 2008). Due to this particular property, PI3K inhibitors are currently 

being developed in the clinic for treating cancers (Rodon et al. 2013; Brachmann et al. 

2009). However, as cell division is negligible in adult cardiomyocytes, this potential for 
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detrimental PI3K(p110α) induced tumourigenesis is uncommon in the heart. Hence, 

cardiac-specific PI3K(p110α) activation is highly desirable. 

1.6.1 PI3Kα as a therapeutic target for diabetic cardiomyopathy 

With the discovery of the cardioprotective effects of PI3K(p110α), several studies have 

considered other cardiac disorders where it may be of use. In mice born with cardiac-

selective caPI3K over-expression, lifespan is longer following pressure-overload-induced 

cardiomyopathy compared to non-transgenic mice (McMullen, Amirahmadi et al. 2007). 

Furthermore, enhanced PI3K activity inhibits the pathological processes induced by 

cardiac pressure-overload, including pathologic LV hypertrophy, fibrosis, reduced 

SERCA2a expression and LV dysfunction. Additionally, increased expression of PI3K in 

the heart also demonstrates beneficial effects of PI3K(p110α) in the setting of diabetes. 

Mice expressing cardiac caPI3K did not develop LV diastolic dysfunction in response to 

STZ-induced T1D, a well-known characteristic of diabetic cardiomyopathy (Ritchie et al. 

2012). Moreover, the diabetes-induced increase in LV ∙O2
- generation was virtually 

absent in caPI3K mice, compared to non-transgenic and dnPI3K mice. Hence the 

reduction in LV ∙O2
- generation may contribute to the protective effects observed in 

caPI3K mice (Ritchie et al. 2012). Although the mechanism is not clearly understood, 

previous studies have suggested that PI3K(p110α) may interact with PKCβ (Rigor et al. 

2009; Ritchie et al. 2012). Inhibition of PKCβ dampens its ability to signal the NADPH 

oxidase enzyme complex, hence reducing the amount of ROS produced (Lei et al. 2013; 

Ritchie et al. 2012). Looking upstream of PI3K, an increase in cardiac-specific insulin-

like growth factor-1 receptor (IGF-1R) expression demonstrated similar protective effects 

on markers of diabetic cardiomyopathy (Huynh et al. 2010). IGF-1R Tg mice were 

protected from diabetes-induced LV diastolic dysfunction and cardiac fibrosis, likely 

mediated through the PI3Kα/Akt pathway (Huynh et al. 2010). On the other hand, when 

there is a reduced level of PI3K activity (as seen in dnPI3K mice), heart size is smaller, 

even in the context of diabetes (De Blasio et al. 2015). This is accompanied by 

deterioration of LV diastolic function and exacerbation of LV oxidative stress, 

demonstrated by an increase in nitrotyrosine, superoxide and Nox2 expression (De Blasio 

et al. 2015). These previous studies however reveal the beneficial preventative effects of 

PI3K(p110α), as caPI3K mice were born with an active PI3K(p110α) and were subjected 

to diabetes several weeks after birth. It would be more clinically-relevant then to consider  
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Figure 1.2 Cardioprotective PI3Kα signalling in the heart 

PI3Kγ is a signalling molecule downstream of a large number of G-protein coupled 

receptors associated with pathological hypertrophy. In contrast, PI3Kα is a downstream 

signalling molecule of many growth factors receptors including IGF-1R (insulin-like 

growth factor 1 receptor) and is associated with physiological hypertrophy. Activation of 

PI3K leads to the stimulation of the pro-survival kinase, Akt, which initiates ASK-1 and 

eNOS activity, beneficial in the heart. At the same time, it limits pro-apoptotic protein 

mTOR and BAD. Finally, PI3Kα activation limits PKCβ2N, which can positively 

modulate ROS production via NADPH oxidase-2 (Nox-2 subunit). See text for 

references. 
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the use of PI3K(p110α) as an intervention, once cardiac dysfunction is already evident. 

Indeed in a study by Weeks and colleagues, PI3K-AAV was used to treat mice following 

pressure-overload hypertrophy (Weeks et al. 2012). Mice with established contractile 

dysfunction treated with caPI3K(p110α) gene therapy showed recovery of LV 

contractility, evident 10-12 weeks after administration, while mice treated with control 

(null) empty vector continued to exhibit depressed contractile function (Weeks et al. 

2012). This improvement was attributed at least in part to the ability of PI3K to prevent 

reduced SERCA2a expression and to improve capillary density in the heart. With the 

introduction of gene therapy, the possibility exists that PI3Kα treatment may one day be 

available in the clinic for patients affected by cardiac pathologies, such as diabetic 

cardiomyopathy. However, further studies in pre-clinical animal models are required, to 

further validate these previous findings and predict its therapeutic potential at a clinically-

relevant time point. 

1.7 The Hexosamine Biosynthesis Pathway 

The Hexosamine Biosynthesis Pathway (HBP) is an alternate fate of glucose metabolism 

responsible for glycosylation of a broad range of proteins (further details in Figure 1.3). 

The pathway provides O-linked β-N-acetylglucosamine (O-GlcNAc), a sugar moiety, for 

transient post-translational protein modification (Torres et al. 1984). The rapid and 

dynamic O-GlcNAc attachment to nuclear and cytoplasmic protein modification of the 

serine (Ser) or threonine (Thr) residues, modifies a broad range of proteins altering their 

function, location and turnover (Laczy et al. 2009). Growing evidence has demonstrated 

that HBP and O-GlcNAcylation are involved in several different metabolic disturbances 

in the heart including acute and chronic diseases.  

First described in 1984 by Torres and Hart, O-GlcNAcylation is distinct from other 

glycosylation protein modifications (Torres et al. 1984). The detection of this particular 

post-translational modification was initially performed in lymphocytes, made possible by 

the use of β-galactosyltransferase, which can transfer a galactose from uridine 

diphosphate-galactose to O-GlcNAcylated residues (Torres et al. 1984). The HBP is 

crucial for mammalian development, as genetic deletion of enzymes involved in the 

pathway lead to a lethal phenotype during development (Boehmelt et al. 2000; Ma et al. 

2014). O-GlcNAcylation commonly occurs within the nucleus, cytoplasm or 

mitochondria, and normally rapidly cycles on and off (Ngoh et al. 2010; Heese-Peck et 
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al. 1995). More than 4000 different proteins have been identified to be O-GlcNAc 

modified, both in the cytosol and mitochondria, which has driven increased interest in the 

field of O-GlcNAc modification (Ma et al. 2014; Love et al. 2003). The first rate-limiting 

reaction of the HBP is the transformation of fructose-6-phosphate to glucosamine-6 

phosphate by the enzyme, L-glutamine-fructose-6-phosphate amidotransferase (GFAT) 

(Buse 2006). GFAT is dependent on the availability of glutamine and glucose cellular 

availability, making it a critical regulator of HBP flux. There are two major types of 

GFAT in mammals; GFAT1 is mainly expressed in pancreas, testis and skeletal muscle, 

whilst GFAT2 is predominantly expressed in the heart and central nervous system 

(Mailleux et al. 2016; Dassanayaka et al. 2014). Once a UDP-GlcNAc molecule is 

formed, it can then be added to proteins through an O-linkage on the hydroxyl groups of 

Ser/Thr residues, similar to protein phosphorylation. However, O-GlcNAcylation differs 

from phosphorylation as it is modulated by only two specific enzymes; O-GlcNAc-

transferase (OGT) and β-N-acetylglucosaminidase (or O-GlcNAc-ase, OGA). OGT is a 

soluble enzyme and expressed in all tissue types, especially in the glucose-sensing cells 

of the pancreas and in the brain (Ngoh et al. 2010). Three different isoforms of OGT co-

exist, the nucleocytoplasmic OGT (ncOGT; 116 kDa), the mitochondrial OGT isoform 

(mtOGT; 103kDa) and the short OGT (sOGT; 78kDa) (Dassanayaka et al. 2014). The 

primary role of OGT itself is to enzymatically attach a GlcNAc moiety via an O-linkage 

to Ser/Thr amino acid residues on nuclear, cytoplasmic and mitochondrial proteins 

(Laczy et al. 2009). In contrast, OGA is responsible for the removal of O-GlcNAc 

modifications from proteins. OGA is predominantly thought to be located in the 

cytoplasm, but is also be detected in nucleus and mitochondria, resulting from two 

splicing variants, a 130kDa isoform predominantly detected in the cytoplasm, and a 

75kDa isoform mainly localised to the nucleus (Mailleux et al. 2016; Dassanayaka et al. 

2014). These two enzymes cycle the GlcNAc molecule on and off from affected proteins, 

in response to different external stimuli of pathophysiological states (McLarty et al. 

2013).   
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Figure 1.3 The Hexosamine biosynthesis pathway and protein O-GlcNAcylation 

Glucose is rapidly phosphorylated in cells to glucose-6-phosphate by hexokinase (HK). 

Most of this will either be converted into storage (glycogen synthesis), or used for energy 

(glycolysis), via the conversion to fructose-6-phosphate by isomerase. Roughly, 5% of 

glucose is thought to shuttle through the HBP, where fructose-6-phosphate is converted 

to glucosamine-6-phosphate by the rate-limiting enzyme L-glutamine-D-fructose 6-

phosphate amidotransferase (GFAT), in the presence of glutamine. Exogenous 

glucosamine is able to bypass GFAT, and thus may lead to an increased flux of the HBP. 

Formation of N-acetyl glucosamine-6-phosphate from glucosamine-6-phosphate is 

subsequently converted to UDP-GlcNAc, a substrate for O-GlcNAcylation. O-GlcNAc-

transferase (OGT) facilitates the addition of O-GlcNAc to form O-GlcNAc modified 

proteins, while O-GlcNAc-ase (OGA) facilitates removal of O-GlcNAc from affected 

proteins. O-GlcNAcylation plays a critical and complex role in different settings, as it 

may either suppress or enhance transcription, depending both on the promoter involved, 

and/or other associated coactivators/repressor proteins. See text for references. 
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1.7.1 Hyperglycaemia as a driver of O-GlcNAcylation 

In the setting of diabetes, several studies have reported an increase in O-GlcNAcylated 

proteins in most organ systems (Hart et al. 2011). This can be accounted for by an increase 

in glucose flux through the HBP system, leading to an increased substrate pool (Hart et 

al. 2011). The increase in O-GlcNAcylation has been associated with metabolic 

disturbances, such as insulin resistance. For example, Neuro D1 is a key regulator of 

pancreatic islet morphogenesis, and insulin transcription in β-islet cells is controlled by 

O-GlcNAcylation (Andrali et al. 2007). Furthermore, an in vivo study in global OGA-

knockout mice observed an increase in systemic O-GlcNAcylation and impaired insulin 

sensitivity, with impaired glucose tolerance and hyperleptinaemia (Keembiyehetty et al. 

2015). Similarly, in humans, a single nucleotide polymorphism in MGEA5 (the gene 

encoding OGA in humans) is associated with T2DM in Mexican Americans, suggesting 

impaired OGA activity hold a central role in the development of diabetes (Lehman et al. 

2005). Likewise, when overexpressing OGT in both fat and muscle, insulin resistance 

and hyperleptinaemia develop (McClain et al. 2002). Intriguingly, O-GlcNAcylation in 

red blood cells from diabetic (and even pre-diabetic) patients is accompanied by an 

increase in OGA levels (Park et al. 2010; Wang et al. 2009). This has been argued to be 

an adaptive response of the cell, to remove O-GlcNAc molecules, to maintain constant 

levels of O-GlcNAcylation (Park et al. 2010). Furthermore, high glucose-induced O-

GlcNAcylation has been implicated to cause liver tumourigenesis. This is associated with 

O-GlcNAcylation of YAP at Thr241; where mutation at this site decreases O-

GlcNAcylation and reduces Yap pro-tumorigenic capacities (Zhang et al. 2017). 

Moreover, O-GlcNAcylation of Akt at Thr430 and Thr479 promotes Akt phosphorylation, 

leading to enhanced vascular smooth muscle cell calcification in diabetes (Heath et al. 

2014). Reduction of Akt O-GlcNAcylation, by mutating these sites, reduces vascular 

smooth muscle calcification. This suggests that O-GlcNAcylation plays an important role 

in diabetes and may be a marker for and therapeutic target of diabetes.  

1.7.2 Cardiovascular O-GlcNAcylation  

The molecular interplay of O-GlcNAcylation and de-O-GlcNAcylation has also been 

explored in the cardiovascular system. It has been reported that proteins including 

SERCA2a, PKC, eNOS and PI3K which are involved in the normal functioning of the 

cardiovascular system are O-GlcNAc modified (Peterson et al. 2016). In mice with 
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diabetic cardiomyopathy, for example, LV diastolic dysfunction develops in conjunction 

with elevated levels of protein O-GlcNAcylation (Fricovsky et al. 2012). The increasing 

severity of cardiac dysfunction positively correlates with O-GlcNAcylation of both 

phospholamban and nuclear transcription protein SP-1 (Fricovsky et al. 2012). On the 

contrary, exercise training mitigates the increase in cardiac O-GlcNAcylated proteins in 

diabetic mice, and restores SERCA2a to physiological levels (Bennett et al. 2013). 

Moreover, elevated levels of cardiac O-GlcNAcylation are also evident in cardiac 

hypertrophy/ heart failure models including pressure-overload and myocardial infarction 

(Lunde et al. 2012; Watson et al. 2010; Fülöp et al. 2007). Limiting the increase in cardiac 

O-GlcNAcylation in these models limits both hypertrophy and cardiac dysfunction 

(Gélinas et al. 2018). In addition to hypertrophy, cardiac arrhythmias have also been 

directly linked to increased cardiac O-GlcNAcylation. For example, O-GlcNAc 

modification of Ca2+/calmodulin-dependent protein kinase II (CaMKII) increased in 

diabetic human and rat hearts (Erickson et al. 2013). This has led to the discovery in 

cardiomyocytes that high glucose alone is sufficient to cause cardiac mechanical 

dysfunction and arrhythmia, which can be reversed by O-GlcNAc inhibition (Erickson et 

al. 2013). Furthermore, O-GlcNAc modification of cardiac voltage-gated sodium channel 

(Nav1.5) leads to dissociation of its binding protein (Nedd4-2 and SAP-97), leading to 

prolongation of the QT interval (Yu et al. 2018). Hence, elevated levels of O-

GlcNAcylation are detrimental across several different cardiac pathologies, although 

recent studies have reported cardioprotective effects with (often transient) increased 

levels of O-GlcNAcylation in several other cardiovascular settings, as detailed below.  

Cardioprotection in response to acute increase in O-GlcNAcylation has been well 

documented, especially during ischaemia-reperfusion and trauma haemorrhage, has been 

documented in vitro, ex vivo and in vivo models (Dassanayaka et al. 2014). In one study 

using isolated neonatal cardiomyocytes, increased O-GlcNAcylation resulting from 

exogenous glucosamine reduced necrosis and apoptosis, and hence increased viability of 

cardiomyocytes (Champattanachai et al. 2007). Similarly, OGT overexpression and/or 

glucosamine treatment exerted a protective effect in cultured cardiomyocytes, at least 

partly by increasing mitochondrial translocation of anti-apoptotic Bcl-2 protein 

(Champattanachai et al. 2008). Furthermore, Jones and colleagues demonstrated that 

elevation of O-GlcNAc levels limits infarct size in myocardial ischaemia reperfusion 

injury (Jones et al. 2008). These effects mimicked what is seen in ischaemic 
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preconditioning, where increased O-GlcNAcylation is also evident (Jones et al. 2008). 

Similarly, under the control of X-box binding protein 1 (Xbp1), acute activation of the 

HBP limits the infarct area and LV systolic dysfunction (Z. V. Wang et al. 2014). It can 

be argued however, that short-term increases in O-GlcNAc levels allow cells to become 

more metabolically-active, and hence provide cardioprotection. Moreover, the 

identification of a putative UDP-GlcNAc transporter (pyrimidine nucleotides carriers, 

PNC), was recently revealed as the primary transporter for UDP-GlcNAc into 

mitochondria, possibly indicating a role for O-GlcNAcylation in mitochondria (Banerjee 

et al. 2015). Indeed, targeting OGT enhances mitochondrial membrane potential and 

cellular ATP levels (Banerjee et al. 2015). This concept however contrasts what is seen 

in other models of cardiac injury. It can be argued that the extent of activation of the 

pathway and the time for which it is activated, may determine the specific outcome seen 

in response to increase O-GlcNAcylation in various pathophysiologies.  

1.7.3 HBP as a therapeutic target for diabetic cardiomyopathy  

As discussed earlier, limiting O-GlcNAcylation is thought to attenuate damage associated 

with diabetic cardiomyopathy. In vitro studies utilising high-glucose treated myocytes 

demonstrate reduced SERCA2a expression and increased O-GlcNAcylation; this is 

attenuated by adenoviral OGA gene delivery (Clark et al. 2003). Similarly, the impaired 

cardiomyocytes isolated from short term STZ-induced diabetic mice with impaired 

cardiac function can also be reversed by increasing OGA expression (Hu et al. 2005). 

Additionally, O-GlcNAcylation has also been associated with apoptosis, by down-

regulating Akt activity (Shi et al. 2015). It may thus be advantageous to limit the chronic 

myocardial upregulation of O-GlcNAcylation, at least in the setting of diabetic 

cardiomyopathy. Conversely, recent findings also propose that subcellular redistribution 

of OGA and OGT activities rather than global changes in post-translational modification, 

may be the more important mechanism that drives diabetic cardiac dysfunction (Ramirez-

Correa et al. 2015). Under normal physiology, O-GlcNAc and OGT are mainly localised 

at the Z-line of cardiomyocytes, whereas OGA is localised to the A-band. However, in 

the diabetic heart, sarcomeric distribution of OGT and OGA are switched, which then 

alters myofilament responses to Ca2+ (Ramirez-Correa et al. 2015). It is also important to 

note that in addition to the overall increases in GlcNAcylation, the abnormal 
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redistribution of O-GlcNAc cycling enzymes within the cardiomyocytes itself should be 

considered as another target for the treatment of the diabetic heart. 

1.8 Possible link of HBP and PI3K(p110α) pathway in physiology and disease  

Although the PI3K(p110α) and the HBP/O-GlcNAcylation pathways are distinct with 

respect to their cellular roles, several studies have suggested their possible interaction in 

regard to cellular trafficking. An early study demonstrated that OGT interacts with 

phosphoinositide to regulate insulin signalling (Yang et al. 2008). Together, with insulin, 

phosphatidylinositol 3,4,5-trisphosphate (the product of PI3Kα) recruits OGT to inhibit 

the phosphorylation of Akt at Thr308 and promote IRS-1 phosphorylation, leading to 

attenuation of insulin signalling (Yang et al. 2008). This was further validated when 

overexpression of OGT in the liver led to a reduction in insulin-responsive genes, and 

subsequent insulin resistance (Yang et al. 2017). In contrast, increases in OGA expression 

(the enzyme responsible for O-GlcNAc removal) was shown to increase Akt activity, and 

its downstream markers in hepatocytes (Soesanto et al. 2008). This suggests that OGA 

may play a role in insulin trafficking (possibly via the same mechanism); however, this 

is yet to be resolved. Aside from its role in the liver, increased O-GlcNAcylation has been 

implicated in promoting apoptosis by down-regulation of Akt activity in cerebral 

ischemia (Shi et al. 2015). Furthermore, in adipocytes, O-GlcNAcylation may reduce 

PI3K interaction with its upstream activators, IRS1 and IRS2 (Whelan et al. 2010). 

Hence, several studies have suggested an interaction between the HBP/O-GlcNAcylation 

and PI3K(p110α), both under physiology and disease; however, to date, none have 

investigated their potential interaction in the diabetic heart.  

1.9 Overall aim and hypothesis  

Diabetic patients are at risk of developing asymptomatic myocardial abnormalities that 

increase the prevalence of heart failure, known as diabetic cardiomyopathy. Although an 

effort to identify treatment for this disease is in place, there is currently still no specific 

and effective treatment for diabetic cardiomyopathy. Therefore, there remains a need to 

identify novel targets and/or pathways involved in diabetic cardiomyopathy. Recent 

findings have highlighted two distinct pathways that play a critical role in the setting of 

diabetic cardiomyopathy, phosphoinositide 3-kinase (PI3K)(p110α) which exerts 

beneficial cardiac effects, and the hexosamine biosynthesis pathway (HBP) and O-
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GlcNAcylation, which exert detrimental effects (with sustained activation). Thus, the 

overall hypothesis of this thesis is PI3K (p110α) and the HBP pathway play a critical role 

in the diabetic heart, and its alteration via gene therapy may reveal a novel treatment for 

diabetes-induced heart failure. Each specific aim is listed below in Figure 1.4;  

 

Chapter 3 

Aim 1: To investigate whether cardiac-directed PI3K(p110α) gene therapy ameliorates 

diabetic cardiomyopathy in a mouse model of T1DM in vivo. I investigated the 

cardioprotective effects of PI3K(p110α), including cardiac function and remodelling, in 

streptozotocin-induced diabetic mice with established diastolic dysfunction. 

 

Chapter 4  

Aim 2: To determine whether cardiac-directed PI3K(p110α) gene therapy reverses the 

development of T2DM induced cardiomyopathy in vivo. I studied the cardioprotective 

effects of PI3K(p110α), including cardiac function and remodelling, in low-dose 

streptozotocin combined with high fat fed T2DM mice with established diastolic 

dysfunction. 

 

Chapter 5 

Aim 3: To elucidate the effect of cardiac manipulation of O-GlcNAcylation in the setting 

of diabetes-induced cardiomyopathy in vivo. I determined the effects of cardiac 

manipulation of O-GlcNAcylation using gene therapy in streptozotocin-induced diabetic 

mice with established diastolic dysfunction. 

 

Chapter 6 

Aim 4: To identify the impact of O-GlcNAcylation on the PI3K(p110α) pathway and the 

reciprocal effect of PI3K(p110α) gene therapy on HBP signalling. I attempt to uncover 

links between PI3K(p110α) and HBP signalling in the diabetic heart, by utilising tissues 

obtained from previous aims, following AAV-mediated increases in either cardiac 

PI3K(p110α) or O-GlcNAcylation. 
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Figure 1.4 Overall summary diagram of this thesis; targeting the hexosamine 

biosynthesis pathway and the PI3Kα pathway using gene therapy to limit diabetic 

cardiomyopathy. 

Individual aim is highlighted in each section of the summary diagram in this thesis.  
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2 Chapter 2 Methods and Materials 

2.1 Experimental animals  

All aspects of animal care and experimentation were approved by the Alfred Medical 

Research and Education Precinct (AMREP) Animal Ethics Committee (ethics approvals 

E/1379/2013/B, E/1535/2015/B, E/1681/2016/B). All mice used in this study were bred 

and housed in the AMREP Animal Centre and maintained under a 12-hr light/dark cycle, 

with up to 4 littermates per cage. All animals were housed in plastic cages with ad libitum 

food and water.  

2.2 Induction of diabetes  

2.2.1 Type-1 diabetic mouse model 

Type-1 diabetes (T1D) was induced in age-matched, 6-week-old male Friend Virus B 

NIH (FVB/N) mice. Mice were randomly allocated to one of two groups; T1D or non-

diabetic. Mice in the diabetic group received 5 consecutive daily intraperitoneal (i.p.) 

injections of streptozotocin (STZ, 55mg/kg body weight in 0.1 mol/L citrate vehicle, pH 

4.5; Sigma-Aldrich, St Louis, MO, USA) (Ritchie et al. 2012; Huynh et al. 2013). The 

non-diabetic group received 5 consecutives daily i.p. injections of citrate vehicle of the 

equivalent volume. All animals were fasted overnight prior to receiving STZ or vehicle 

injections and were injected at the same time each morning for each of the 5 days. 

2.2.2 Type-2 diabetic mouse model  

Type-2 diabetes (T2D) was induced in age-matched, 6-week-old male FVB/N mice. Mice 

were randomly allocated to one of two groups, T2D or non-diabetic sham groups. Mice 

in the T2D group received low dose STZ (55mg/kg i.p per-day) for 3 consecutive days 

and were then placed on a high fat diet (HFD, 42% energy intake from lipids, SF04-001, 

Speciality Feeds, WA, AUS) for the remainder of the study period. The sham non-diabetic 

mice received the equivalent volume of citrate vehicle solutions (one injection daily for 

3 days) and were fed with standard chow diet (12% energy intake from lipid, Speciality 

Feeds) for the remainder of the study.  
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2.3 Experimental design  

2.3.1 Aim 1: To investigate whether cardiac-directed PI3K (p110α) gene therapy 

ameliorates diabetic cardiomyopathy in a mouse model of T1DM in vivo. 

Male 6-week old FVB/N mice were randomly assigned to the T1D or the non-diabetic 

group, after which they underwent baseline echocardiography and subsequent induction 

of diabetes (section 2.2.1). Fortnightly blood glucose monitoring was conducted to 

monitor hyperglycaemia in these mice throughout the study as illustrated in the timeline 

in Figure 2.1. Eight weeks after the last STZ/citrate injection, mice were subjected to 

another echocardiograph (pre-AAV) and at this point LV diastolic dysfunction was 

evident (Ritchie et al. 2012). Mice were then randomly assigned to one of two different 

treatment groups: control empty vector (null vector) or rAAV6-caPI3K (2x1011 vector 

genomes in 150L of saline) (Weeks et al. 2012). These treatments were administered 

via a single tail vein injection. Mice were monitored for a further 6 weeks (cohort 1; mice 

were studied prior to the commencement of PhD candidate) or 8 weeks (cohort 2), after 

which a final echocardiography was conducted. At study end-point mice underwent 

terminal cardiac catheterisation to obtain additional haemodynamic measurements 

(section 2.10.2) and euthanased by anaesthesia and exsanguination before tissue 

collection (section 2.8). 

2.3.2 Aim 2: To determine whether cardiac-directed PI3K (p110α) gene therapy 

reverses the development of T2DM-induced cardiomyopathy in vivo.  

Male 6-week old FVB/N mice were randomly assigned to either non-diabetic or T2D and 

underwent baseline echocardiography followed by induction of T2D (section 2.2.2). 

Fortnightly blood glucose monitoring was conducted to monitor hyperglycaemia 

throughout the study (Figure 2.2). Mice were followed for 18 weeks of diabetes and were 

then subjected to another echocardiography (pre-AAV); at this point, LV diastolic 

dysfunction was evident (based on preliminary findings from our laboratory). Mice were 

then randomly allocated to one of two different treatment groups, the control vector (null 

vector) or rAAV6-caPI3K (2x1011 vector genomes in 150L of saline group). These 

treatments were administered via a single tail vein injection. Mice were monitored for a 

further 8 weeks, after which a final echocardiograph was conducted. Body composition 

analysis via EchoMRI (section 2.5) and glucose and insulin tolerance tests, as illustrated 
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in the timeline below (section 2.6), were performed. At study endpoint mice were 

euthanased by anaesthesia and exsanguination before tissue collection (section 2.8). 

2.3.3 Aim 3: To elucidate the effect of cardiac manipulation of the hexosamine 

biosynthesis pathway (HBP) in the setting of diabetes-induced cardiomyopathy in 

vivo. 

Male 6-week old FVB/N mice were randomly assigned to the T1D or the non-diabetic 

group, after which they underwent baseline echocardiography and subsequent induction 

of diabetes (section 2.2.1). Fortnightly blood glucose monitoring was conducted to 

monitor hyperglycaemia in these mice throughout the study as illustrated in the timeline 

in Figure 2.3. Eight weeks after the last STZ/citrate injection, mice were subjected to 

another echocardiographs (pre-AAV); at this point LV diastolic dysfunction is evident in 

this model (Prakoso et al. 2017). Mice were then randomly assigned to different groups: 

control empty vector (null vector), rAAV6-OGT or rAAV6-OGA (2x1011 vector genomes 

in 150L of saline). Additionally, another diabetic group was also administered high-

dose rAAV6-OGA (1x1012 vector genomes in 150µl of saline, 5-fold increase). AAVs 

were administered via a single tail vein injection. Mice were monitored for 8 weeks after 

AAV, after which a final echocardiograph was conducted. At study end-point, mice were 

euthanased by anaesthesia and exsanguination before tissue collection (section 2.8). 

2.4 Animal care and monitoring 

Diabetic mice require daily monitoring and care, to monitor for any symptoms of adverse 

well-being, including piloerection, abnormal behaviour (e.g. impaired social interaction, 

posture, eating, etc) and ascites (fluid retention around the abdomen). Due to increased 

thirst and urination in diabetic animals (polyuria), cages were changed every day and 

were provided with fluid absorbent bedding (Pure-o Cel®, The Andersons Inc, Maumee, 

Ohio, USA), with water and food replenished daily. Animals were weighed daily as an 

additional measure of health and well-being.  If mice lost more than 5% of their 

bodyweight and/or showed evidence of adverse diabetic symptoms, animals were placed 

on more frequent observation, in conjunction with supplementation with mashed chow, 

water-soaked cotton wool and the cage placed on a heat pad to ensure the well-being of 

the animal. If these interventions were not followed by satisfactory improvement, early 

euthanasia was performed.  
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Figure 2.1 Diagrammatic timeline representation of Chapter 3 

Schematic timeline outlining experimental protocol, as described in section 1.3.1. 

 

 

 

 

Figure 2.2 Diagrammatic timeline representation of Chapter 4 

Schematic timeline outlining experimental protocol, as described in section 1.3.2. 
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Figure 2.3 Diagrammatic timeline representation of Chapter 5 

Schematic timeline outlining experimental protocol, as described in section 1.3.3. 
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2.5 Body composition analysis 

Body composition was quantified using an EchoMRI Body Analyser (Echo Medical 

Systems, Texas Instruments) for T2D and sham mice in Aim 2 (section 2.3.2) which 

provides a measure of fat content, lean mass and free and total body water. Animals were 

weighed prior to being guided into a specially sized, clear plastic holder. The holder was 

then inserted into a tubular space on top of the EchoMRI system, where the scan can then 

be initiated.  

2.6 Intraperitoneal glucose tolerance test (IPGTT) and intraperitoneal insulin 

tolerance test (IPITT)  

Intraperitoneal glucose tolerance tests (IPGTT) and intraperitoneal insulin tolerance tests 

(IPITT) were conducted for Aim 2 (section 2.3.2) to measure glucose handling and insulin 

response in T2D and sham mice. Prior to IPGTT, mice were fasted for 5- hours and had 

their baseline blood glucose level recorded. At time 0, a 25% glucose solution (4µl/g, 

Baxter, Viaflex®,) was injected via a single i.p bolus, after which blood glucose 

measurements were obtained via tail vein bleeds at 15, 30, 45, 60, 90 and 120 minutes. 

Similar to IPGTT above, mice were fasted for 5 hours before the IPITT. Insulin was 

prepared in saline (Humalog®, 10µl of 100u/ml into 3 ml saline) and injected into each 

mouse i.p. (0.3ml/kg). Blood glucose levels were measured at baseline (0 minutes), 15, 

30, 45, 60, 90 and 120 minutes after injection of insulin. During the course of the 

experiments, mice were monitored carefully for the potential hypoglycaemic events. As 

a precaution, a 1 ml syringe (30 gauge) was pre-filled with 25% glucose solution in case 

of such an event (<2mmol/l blood glucose), for direct i.p. injection to restore 

physiological blood glucose levels. Results from both tests were plotted, and the area-

under-the-curve (AUC) was obtained, to determine the rate of glucose clearance and 

insulin sensitivity.   
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2.7 Blood glucose and HbA1c measurement 

Blood glucose levels for both diabetic and non-diabetic mice were assessed fortnightly 

following the initial STZ/citrate vehicle injection until study endpoint. Diabetes was 

confirmed as hyperglycaemia (≥20 mmol/l) after 8 weeks post-STZ injection. Blood was 

collected from the saphenous vein while the mouse was restrained inside a 50ml 

centrifuge tube (BD Biosciences, Bedford, MA, USA) with a breathing hole. Briefly, the 

rear right leg was extended with the fur parted using Vaseline petroleum jelly (Unilever, 

Rotterdam, Netherland) to allow clear visualisation of the saphenous vein. A 30-gauge 

needle was used to puncture the vein, and a glucometer (ACCU-CHEK Advantage; 

Roche, Basel, Switzerland) with an attached glucose strip was used to collect blood for 

measurement of blood glucose. Blood glucose concentration was recorded in mmol/l, and 

pressure was then applied to the wound with a clean gauze swab to stop blood flow. The 

upper limit of detection for the glucometer was 33.3 mmol/l; readings above this level 

were recorded as 33.3 mmol/l (Ritchie et al. 2012). Final blood collection was performed 

by cardiac puncture after cardiac catheterisation, for the analysis of endpoint glucose and 

HbA1c. HbA1c was analysed by pipetting 2µL of blood into an HbA1c disc and analysed 

using a Cobas b101 POC system (Roche, Basel, Switzerland). Measurements were 

recorded as mmol/mol and % of HbA1c. 

2.8 Tissue collection  

At study endpoint, mice were anaesthetised by high dose ketamine/xylazine/atropine 

(KXA; 85:8.5:1 mg/kg, i.p) and euthanased by exsanguination. Blood was collected via 

cardiac puncture from each animal for further analysis. All tissues that could be excised 

whole were removed and weighed, including heart, lung, kidney, liver, gastrocnemius 

muscle, pancreas and spleen prior to snap-freezing in liquid nitrogen and storage at -80°C. 

Hearts were dissected further into atria, right and left ventricle, and weighed. The left 

ventricle (LV) was divided into 5 pieces (Figure 2.4). The base of the LV was fixed in 

10% neutral buffered formalin (Labserv, Pronalys Chemicals, Scoresby, Australia), and 

paraffin-embedded for histological analysis (Alfred Hospital Pathology, Melbourne, 

Australia). The mid portion was allocated for either optimum cutting temperature (OCT) 

or RNA and stored at -80°C. The apex portions were divided for protein content analysis 

and analysis of ROS production using lucigenin chemiluminescence. The right leg 



 

 

Chapter II: General Methods 58 

(including tibia) was collected and placed in a 15ml centrifuge tube (BD Biosciences) for 

later digestion (section 2.8.1)  

2.8.1 Tibia collection and measurement 

The right leg of the mouse was digested in approximately 5ml of 1M NaOH (MP 

Biomedicals, Carlsbad, USA) to the centrifuge tube and placing it in a 37 °C incubator 

overnight. The following morning, fat, muscle and skin were digested, leaving the tibia 

bone with the adjoining kneecap. The kneecap was carefully removed with forceps and 

the tibia was allowed to dry on paper towel. Tibia length was measured in millimetres 

using a vernier caliper. The tibia length measurement from each mouse was used to 

normalise organ weights obtained at study endpoint (Ritchie et al. 2012). 

2.9 Adeno-associated virus design and synthesis 

2.9.1 PI3Kα gene therapy 

The constitutively active PI3K(caPI3K) construct, which was previously used to generate 

caPI3K transgenic mice, was kindly provided by A/Prof Julie McMullen (Cardiac 

Hypertrophy Laboratory, Baker Heart and Diabetes Institute) and was cloned into an 

adeno-associated viral vector (AAV) plasmid using standard cloning techniques 

(Gregorevic et al. 2004). This plasmid (referred to as pAAV6:caPI3K) contained a 

cytomegalovirus (CMV) promoter with a SV40 polyadenylation signal, which was 

subsequently replaced with a synthetic poly(A) site, to reduce the size of the expression 

cassette. Plasmid DNA purification was performed using a QIAGEN Plasmid Maxi Kit 

(Qiagen, Limburg, Netherlands) followed by determination of yield using a Nanodrop 

2000 spectrophotometer (Thermoscientific, Waltham, MA, USA). The rAAV6-caPI3K 

vector was produced with the assistance of Dr Hongwei Qian (Viral Core Facility, Baker 

Heart and Diabetes Institute) by co-transfecting HEK293T (human embryonic kidney) 

cells with pAAV6:caPI3K and pDGM6 (a packaging plasmid that provides the additional 

genes required for AAV vector production). Purification of vectors from the transfected 

cells was achieved by standard methods, as reported previously (Gregorevic et al. 2004). 

The titre of purified vector stock was determined by RT-qPCR using primers for the CMV 

promoter: forward 5’-gcggtaggcgtgtacggtgg-3’, reverse 5-cgtggatggcgtctccaggc-3’ 

(Weeks et al. 2012).  
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Figure 2.4 Heart tissue dissection for subsequent analysis. 

LV were sectioned into five sections; the base for paraffin-embedding, the upper mid 

portion for OCT, the lower mid portion for RNA analysis, the majority of apex for protein 

content, and a tiny portion of the tip of the apex for superoxide detection, as indicated.  
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2.9.2 OGA and OGT gene therapy 

The O-GlcNAc-ase (OGA) and O-GlcNAc transferase (OGT) construct for the AAV was 

designed based on the human sequence (accession number NC_000010.11 and 

NG_015875.1 respectively). The cDNA construct encoding human OGA or OGT 

(synthesized by GenScript, New Jersey, USA) were cloned into a rAAV expression 

plasmid consisting of a CMV promoter and SV40 poly-A region using standard cloning 

technique (Gregorevic et al. 2004). Plasmid DNA purification was done per-above using 

a QIAGEN Plasmid Maxi Kit followed by determination of yield. Both rAAV6-OGA and 

rAAV6-OGT was produced with the assistance of Dr Hongwei Qian by co-transfecting 

HEK293T cells with plasmid containing the OGA or OGT gene and pDGM6 packaging 

plasmid. Purification of vectors from the transfected cells was achieved by standard 

methods, as reported previously (Gregorevic et al. 2004). The purified vector preparations 

were titred using a customized sequence-specific PCR based reaction  

2.10 LV Function  

2.10.1 Echocardiography  

Echocardiography was performed with the assistance of Dr Helen Kiriazis (Experimental 

Cardiology Lab, Baker Heart and Diabetes Institute). Two-dimensional M-mode and 

Doppler flow echocardiography were performed in anaesthetised mice 

(ketamine/xylazine/atropine: 60/6/0.6 mg/kg i.p.) at baseline, prior to treatment (i.e 

AAV), and at end-point. Once anaesthetised, mice had their chest shaved and covered 

with ultrasound transmission gel (to allow for optimal cardiac imaging). 

Echocardiography was performed utilising a Philips iE33 ultrasound machine (North 

Ryde, Australia) with a 15MHz linear array (M-mode) and 12MHz sector (Doppler) 

transducer. Following echocardiography, mice received 0.1ml subcutaneous injection of 

anti-sedan (atipamazole, 0.2mg/kg s.c to reverse the effect of the anaesthetic), saline eye 

drops were administered (to prevent dryness of eyes) and they were placed on a 37°C 

heat pad, and continuously monitored during recovery. When mice were fully recovered, 

they were returned to their cages and monitored regularly over the next few hours (Huynh 

et al. 2013; Ritchie et al. 2012). 

Doppler echocardiography was used to image myocardial blood flow velocities. Early (E) 

and atrial (A) peak filling velocities across the mitral valve were measured via Doppler 
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flow. E/A ratio was calculated as an index of LV diastolic function.  E-wave deceleration 

time was measured as an additional parameter of diastolic function. Blood flow velocity 

across the aortic valve was also imaged using Doppler echocardiography, to determine 

ejection time (ET) and aortic flow (AF), as additional measures of systolic function 

(Huynh et al. 2014; Miki et al. 2013). Representative echocardiography measurement of 

LV function is shown in Figure 2.5. Tissue Doppler echocardiography (i.e. Tissue 

Doppler Imaging – TDI) was used to obtain myocardial velocity. The peak mitral velocity 

during early filling (e’) and late atrial contraction (a’) was obtained from the mitral 

annulus velocity trace. The ratio between e’ and a’ was calculated to obtain a measure of 

diastolic function. E/e’ ratio was also calculated to further determine the presence of 

diastolic dysfunction. M-mode echocardiography was used to obtain LV posterior and 

anterior wall thickness. LV end-systolic dimension (LVESD) and LV end-diastolic 

dimension (LVEDD) were used to calculate fractional shortening. Fractional shortening 

(FS) and velocity of circumferential fibre shortening (Vcfc) (an index of LV systolic 

function) was calculated using the following formula: 

% FS = 100 x (LVEDD-LVESD) / LVEDD) 

VcFc = (FS) / LVET/SQRT (60/HR) 

LVEDD = LV end-diastolic dimension 

LVESD = LV end-systolic dimension 

LVET  = LV ejection time 

HR  = Heart rate 

Echocardiography data was analysed with Horos DICOM viewer software (Horos 

v.2.4.1, The Horos Project). A visual representation of these measurements is indicated 

in Figure 2.5. 
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Figure 2.5 Representative echocardiography images for assessment of LV function. 

A) Doppler echocardiography: deceleration time (DT) of transmitral E wave (determined 

by extrapolating the slope of the E wave, peak to baseline). E and A indicate velocity of 

E and A waves respectively. B) Aortic flow (AF) and ejection time (ET). C) Tissue 

Doppler echocardiography: e’ and a’ prime indicate myocardial velocity. D) M-mode 

echocardiography: dimensions of the LV: AWs = anterior wall thickness during systole, 

LVESD = left ventricular end systolic dimension, PWs = posterior wall thickness during 

systole, AWd = anterior wall thickness during diastole, LVEDD = left ventricular end 

diastolic dimension, PWd = posterior wall thickness during diastole, Ex-LVEDD = 

external left ventricular end diastolic dimension  
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2.10.2 Cardiac Catheterisation  

Terminal cardiac catheterisation was conducted for Aim 1 (experimental design 2.3.1) to 

obtain additional haemodynamic measurements and variables, which was performed with 

the assistance of Dr Helen Kiriazis. Catheterisation was usually performed 2 days after 

final echocardiography, at endpoint.  LV systolic pressure, LV end-diastolic pressure 

(LVEDP), maximum and minimum rates of LV pressure change (LV ±dP/dt), and heart 

rate were measured in anaesthetised mice (ketamine/xylazine/atropine: 85/8.5/0.8 mg/kg 

i.p.) using a 1.4F Millar MIKRO-TIP catheter (Millar Instrument Co, Houston, USA), 

inserted into the carotid artery and positioned in the LV. The catheter was then 

repositioned into the ascending aorta for recording of aortic (systolic and diastolic) blood 

pressure. All measurements were recorded and analysed using a PowerLab System (AD 

Instruments, Bella Vista, NSW, Australia) (Ritchie et al. 2012; Huynh et al. 2013, 2012). 

2.11 LV Superoxide generation  

2.11.1 Lucigenin Chemiluminescence 

Lucigenin-enhanced chemiluminescence was used to detect NADPH-driven superoxide 

generation in fresh mouse LV tissue (Afanas’ev 2001). Briefly, LV tissue from the apex 

(the lowest point of the LV, see Figure 2.4) was dissected into 4 small pieces (1–2mm in 

diameter) and dark-incubated at 37 °C for 1 h. Three of these LV pieces were incubated 

with 100 μM -NADPH containing Krebs-HEPES buffer (NaCl 99mM, KCl 4.69 mM, 

CaCl2 2.5 mM, MgSO4 1.20 mM, NaHCO3 25mM, KH2PO4 1.03 mM, D (+) glucose 5.6 

mM and Na-HEPES 20mM) pH 7.4, in separate wells of an opaque 96-well plate (Crown 

Scientific, Victoria, Australia). The other LV piece was used as a no-substrate control, 

incubated in Krebs HEPES buffer only (without -NADPH). Lucigenin (Bis-N-

methylacridinium nitrate; Sigma Aldrich) was added into each of the 4 wells (final 

concentration 5μM, in NADPH-containing Krebs-HEPES buffer) and photons emitted 

from the reaction between superoxide and lucigenin were measured (30 x 1-minute reads 

per plate) using an EnSpire® Multimode Plate Reader (Perkin Elmer, Waltham, USA). 

Tissues were then dried at 37°C for 48h, for determination of dry tissue weight, to allow 

calculation of ∙O2
- generation as counts/second/gram of dry tissue weight. Background 

luminescence (an additional row in each plate acting as a no tissue control) was subtracted 

from the average of the 30 x 1-minute readings. Each measurement was expressed as 
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relative light units per second (RLU/s) normalised to dry tissue weight and fold change 

from control mice (Ritchie et al. 2012).  

2.12 Histological analyses  

2.12.1 Paraffin section staining  

The base of the LV (its uppermost region, see Figure 2.4) was embedded in paraffin, 

sectioned (4m) with a Leica 2135 microtome (Leica Microsystems, Wetzlar; Germany) 

and mounted onto SuperfrostTM (Thermo Scientific) slides and allowed to dry for 48h in 

a 37°C incubator in preparation for staining.  

2.12.1.1 Determination of cardiomyocyte hypertrophy  

LV sections were stained with haematoxylin and eosin (H&E) to determine 

cardiomyocyte size. Slides were de-waxed in xylene and stained with Mayer's 

haematoxylin for 10 minutes before being rinsed in tap water and then Scott’s tap water 

(20g magnesium sulphate, 3.5g sodium bicarbonate, 1L distilled water, 200mg thymol 

crystals). Slides were counter-stained with eosin and briefly dehydrated in 100% ethanol 

(Merck, Darmstadt, Germany) before being mounted with dePEx medium (BDH 

Chemicals, Poole, UK). Stained tissue samples were imaged using an Olympus BX43 

bright-field microscope (Olympus, Tokyo, Japan) at 400x magnification. All images were 

analysed blinded from experimental group with ImageJ (ImageJ 1.47v National Institute 

of Health, Bethesda, USA). Mean values (± SEM) for the shortest dimension (width) and 

area of each experimental group were calculated from the mean of 60-80 individual 

cardiomyocytes (from 6-8 fields) per LV (Ritchie et al. 2012). 

2.12.1.2  Determination of cardiomyocyte fibrosis  

Cardiac collagen deposition was assessed using 0.1% picrosirius red-stained sections. 

Briefly, slides were de-waxed in xylene, dehydrated in 100% ethanol and subsequently 

stained for 1h in 0.1 % picrosirius red solution (Picric acid, Fluka, Buchs, Switzerland; 

pH 2.0). Slides were mounted with dePEx medium and imaged the next day using an 

Olympus BX43 bright-field microscope (Olympus, Tokyo, Japan). Slides were imaged 

both under bright field and polarized light, to differentiate types of collagen. Five fields 

were randomly chosen at 200x magnification to assess interstitial fibrosis, taking care to 
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avoid perivascular collagen deposition. Another five images were randomly chosen at 

400x magnification to assess perivascular fibrosis. All images were analysed blinded 

from experimental group with ImageJ (ImageJ 1.47v National Institute of Health, 

Bethesda, USA). Mean values (± SEM) for each experimental group were calculated from 

5 images per mouse as percentage stained collagen area () for both interstitial and 

perivascular fibrosis (Meloni et al. 2012; Lattouf et al. 2014). 

2.12.1.3 Determination of cardiomyocyte apoptosis  

Cardiomyocyte apoptosis was assessed using terminal deoxynucleotidyl transferase 

dUTP Nick-End Labeling (TUNEL)-based CardioTACs staining (Trevigen, Gaitherburg, 

USA). Slides were briefly hydrated, fixed and immobilised in phosphate buffered saline 

(PBS). Antigen retrieval in the tissue was performed using Proteinase K for 20 minutes, 

followed by submersion in 30% hydrogen peroxide and methanol to block endogenous 

peroxidase activity. Slides were then immersed in terminal deoxynucleotidyl transferase 

enzyme (TdT) labelling buffer (Trevigen) for 5 minutes and covered with labelling 

reaction (TdT deoxynucleotide triphosphate (dNTP), Mn+2, TdT enzyme and TdT 

labelling buffer) for 1 hour in a 37°C humidity chamber. The reaction was terminated 

TdT stop buffer and samples were covered with Strep-HRP for 10 minutes. Slides were 

then counterstained with Nuclear Fast Red (Trevigen) and sequentially washed with 

distilled water followed with tissue dehydration (sequential wash in 95% ethanol, 3x 

100% ethanol and 2x xylene). Slides were mounted with dePEx medium and imaged 

using an Olympus BX43 bright-field microscope (Olympus, Tokyo, Japan) at 200x 

magnification and all images were analysed blinded from experimental group with 

ImageJ (ImageJ 1.47v National Institute of Health, Bethesda, USA) as the total number 

of apoptotic cell divided by the total number of nuclei (Weeks et al. 2012). 

2.12.2 Optimum cutting temperature (OCT) section staining 

The upper middle portion of the LV (see Figure 2.4) was embedded in optimum cutting 

temperature (OCT) compound (Scigen, California, USA), sectioned (12m) and mounted 

onto SuperfrostTM (Thermo Scientific) slides and allowed to dry at room temperature for 

2h before being stored at -20°C freezer until further analysis.  
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2.12.2.1 Determination of cardiac lipid using Oil Red O 

Cardiac lipid content was assessed using Oil-Red O (ORO) staining. Prior to staining the 

ORO stock solution was prepared by mixing 2.5g ORO (Sigma Aldrich) in 400ml 

isopropanol, and the solution mixed for 2 hours at room temperature using a magnetic 

stirrer. The stock solution was then diluted with distilled water (1.5X stock in 1-part 

water) and filtered through 45-m filter (Sartorius, Goettingen, Germany) to remove any 

precipitate. Briefly, slides were brought to room temperature and stained using filtered 

ORO solution for 5 minutes. Slides were then rinsed with water for 30 min and sections 

mounted with distilled water-soluble medium Aquamount (Thermo Fisher, Scoresby, 

Victoria, Australia). Slides were then imaged the next day using the Olympus BX43 

bright-field microscope, where five fields were randomly chosen at 200x magnification. 

Cardiac lipid accumulation was measured and analysed blinded from experimental group 

with ImageJ, where mean values (± SEM) for each experimental group were calculated 

from 5 images per mouse as the amount of lipid staining (Mehlem et al. 2013). 

2.12.2.2 DHE fluorescence 

ROS was assessed using dihydroethidium (DHE) fluorescence. Prior to staining, 5M of 

DHE (dissolved in DMSO and bubbled with nitrogen) was prepared in Krebs-HEPES 

buffer (NaCl 99mM, KCl 4.69 mM, CaCl2 2.5 mM, MgSO4 1.20 mM, NaHCO3 25mM, 

KH2PO4 1.03 mM, D (+) glucose 5.6 mM and Na-HEPES 20mM, bubbled with CO) to 

make a final concentration of 0.01M of DHE. Slides were allowed to come to room 

temperature and were subsequently stained with DHE for 30 minutes in a humidity 

chamber. The staining of the samples of interest was performed in conjunction with 

corresponding samples stained with DHE in the presence of 100M Tempol (SOD 

mimetic, to quench superoxide). Slides were mounted with Aquamount (Thermo Fisher) 

and imaged immediately with the Olympus Confocal Microscope (Olympus, Tokyo, 

Japan). A minimum of three images per sample were randomly selected for each of the 

DHE and DHE +Tempol. DHE fluorescence at 200x magnification was measured blinded 

and analysed using ImageJ. Mean values of DHE was subtracted from the tempol control 

samples to obtain an absolute DHE intensity (Sharma et al. 2017). 
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2.13 RNA and protein extraction 

2.13.1  RNA extraction 

RNA was extracted from tissue samples using TRIzol® RNA Isolation Reagents 

(Invitrogen Life Technologies, Mount Waverly, Australia) as per the manufacturer’s 

instructions. Briefly, 0.5 ml chilled TRIzol® reagent was added to 1.5ml microcentrifuge 

tubes (Eppendorf, Hamburg, Germany), and samples homogenised using zirconium oxide 

beads in a Bullet Blender® (Next Advance, Averill Park, USA) for 5-10 minutes 

(depending on the size of the tissues). Once homogenised, the samples were centrifuged 

at 3100 rpm for 10 minutes at 4°C, to separate RNA from other components. Chloroform 

(0.1 ml/sample) was added and the samples were incubated for 3 minutes at room 

temperature, prior to centrifugation at 12,000 × g for 15 minutes at 4 °C. The upper RNA-

containing aqueous phase was isopropanol-precipitated and the resultant pellet washed 

with ice-cold 75% ethanol three times, followed by re-suspension in RNase-free water 

and then frozen at −80 °C until required (Huynh et al. 2013). 

2.13.2 Protein Extraction  

Protein was extracted from LV tissues using phospholysis buffer (comprising 1M Tris-

HCl pH 7.5, 5M NaCl, 10% Triton x-100, 0.125M sodium pyrophosphate, 1M sodium 

fluoride, 0.1M sodium orthovanadate, 0.1M DTT (all from Sigma-Aldrich) in molecular 

grade H2O).  Phospholysis buffer (150l) was added to the tubes containing samples, 

zirconium beads added, and samples were homogenised using the Bullet Blender® for 5-

10 minutes (depending on the size of the tissue). Homogenates were then allowed to 

incubate on ice for 30 minutes, prior to centrifugation at 14,000 rpm for 10 minutes at 

4°C, to separate protein from the remaining unwanted components, prior to freezing at 

−80 °C until required (Ritchie et al. 2012).  

2.14 Gene expression  

2.14.1  cDNA synthesis 

Extracted RNA was analysed to determine its quality and concentration using a Nanodrop 

2000 spectrophotometer. RNA concentration was normalised to 0.2g/L per sample by 

dilution with Milli-Q H2O. RNA samples were DNase-treated by adding 2.5L 10X 

buffer and 2.5 L rDNAase (Ambion Inc, Austin, USA) and incubated for 45 minutes at 
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37°C. Once completed, 6.25 L of inactivation buffer was added to each sample and 

incubated for 2 minutes at room temperature. Samples were then centrifuged for 1 minute 

at 10,000rpm to separate RNA from the inactivation beads. The supernatant, containing 

RNA was then transferred to a 1.5ml microcentrifuge tube (Eppendorf). DNase-treated 

RNA samples were diluted to 1g/50 L using Milli-Q H2O in RNase-free PCR tubes 

(Life Technologies, California, USA). Tubes were kept on ice and 40l of reverse 

transcription Mastermix (containing 185l Milli-Q H2O, 100l 10x buffer, 220l MgCl2, 

200l dNTPs, 50l random hexamers, 20l RNase inhibitor and 25l reverse 

transcriptase) was added to each sample and then centrifuged. Samples were then reverse-

transcribed using a Veriti™ 95 Thermal Cycler (Applied Biosystems, Foster City, 

California, USA) using the following protocol; 25°C for 10 minutes, 48°C for 30 minutes, 

95°C for 5 minutes and 4°C for 5 minutes. The resulting cDNA was frozen at −20°C until 

required (Huynh et al. 2010, 2012). 

2.14.2  Quantitative real time PCR  

Quantitative real-time PCR (qrt-PCR) was conducted to measure gene expression in 

tissue samples. Prior to plating, cDNA was diluted to a final concentration of 5ng/µl, by 

adding molecular grade water to each sample. The cDNA (10ng) was then transferred 

into a 384 well MicroAmp Opti-Plate (Applied Biosystems, Life Technologies, Mount 

Waverly, Australia). Subsequently the master-mix was prepared by mixing SYBR® 

Green Real-Time PCR solution (Life Technologies), molecular grade water, and both 

forward (5’) and reverse (3’) primers for the gene of interest (Table 2.1). The master-mix 

was then transferred into each well of a 384 well plate containing cDNA for each given 

sample, sealed with optical film (Life Technologies) and centrifuged at 1000xg for 3 

minutes to eliminate air bubbles. The plate was then placed in a Quant Studio 7 Flex Real-

Time PCR system (Applied Biosystem) for gene amplification. In order to compare 

abundance of target genes, cycle thresholds (Ct) determined by qRT-PCR were analysed 

via the ΔΔCt method (Livak et al. 2001; Huynh et al. 2010, 2012). All genes of interest 

were normalised to the housekeeper gene 18s and expressed as a fold of control. 

2.14.3 Primer Design  

Forward and reverse primers and probes for genes of interest were designed from 

GenBank Nucleotide Sequence, National Centre for Biotechnology Information (NCBI) 
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database (www.ncbi.nlm.nih.gov). Sequences were copied into Primer3 

(www.primer3.et.ee) to generate primer pairs. 

 

The following parameters was used to design the primers: 

1. Primers were 15-30 base pairs long, with 40-60% guanine and cytosine (GC) 

content 

2. Melting temperature was between 58-60°C, with similar melting temperature for 

the primer pair 

3. Primers GC content approximately 50% and G and C repeats less than 4 bases  

4. Aim to have primer overlap at, exon-exon junction, to avoid genomic 

contamination 

5. Produce amplicon lengths between 50-150 bases  

 

The generated primers were then copied to Nucleotide BLAST (BLAST, NCBI, 

www.ncbi.nlm.nig.gov/BLAST) to confirm its specificity for the gene of interest. All 

primers were produced by Bioneer Pacific (Kew East, Victoria, Australia). A list of 

primer sequences and concentrations are listed in Table 2.1.  

  

http://www.ncbi.nlm.nih.gov/
http://www.primer3.et.ee/
http://www.ncbi.nlm.nig.gov/BLAST
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Table 2.1 Primer sequences for quantitative real-time PCR. 

 

Gene name Concentration 

(m) 

 Primer sequences (5’-3’) 

Mouse genes (Mus musculus) 

Ctgf 10 Fwd TGGCGAGATCATGAAAAAGA 

Rev AGATGTCATTGTCCCCAGGA 

Myh7(-mhc) 10 Fwd TCTCCTGCTGTTTCCTTACTTGCTA 

Rev GTACTCCTCTGCTGAGGCTTCCT 

Nppa (Anp) 10 Fwd TGGGACCCCTCCGATAGATC 

Rev AGCGAGCAGAGCCCTCAGT 

Nppb (Bnp) 10 Fwd CCTGGCCCATCGCTTCT 

Rev CATCTGGGACAGCACCTTCA 

Atf4 10 Fwd GGGTTCTGTCTTCCACTCCA 

Rev AAGCAGCAGAGTCAGGCTTTC 

Ddit (Chop) 10 Fwd CCACCACACCTGAAAGCAGAA 

Rev AGGTGAAAGGCAGGGACTCA 

Hsp90b1 (Grp94) 10 Fwd AAGAATGAAGGAAAAACAGGACAAAA 

Rev CAAATGGAGAAGATTCCGCC 

Edem1 10 Fwd CTACCTGCGAAGAGGCCG 

Rev GTTCATGAGCTGCCCACTGA 

Nox4 10 Fwd CTGGAAGAACCCAAGTTCCA 

Rev GTTCATGAGCTGCCCACTGA 

Cepbpb  10 Fwd ACGACTTCCTCTCCGACCTCT 

Rev AGGCTCACGTAACCGTAGTCG 

Slc2a4 (Glut-4) 10 Fwd CATGGCTGTCGCTGGTTTC 

Rev AGCATCCGCAACATACTGGAA 

Tgf1 10 Fwd TGGAGCAACATGTGGAACTC 

Rev GTCAGCAGCCGGTTACCA 

Timp2 10 Fwd GATTCAGTATGAGATCAAGCAGATAAAGA 

Rev GCGAGACCCCGCACACT 

Postn (Periostin) 10 Fwd AACCAAGGACCTGAAACACG 

Rev GTGTCAGGACACGGTCAATG 

Gfpt1(Gfat1) 10 Fwd CTGACACCCTGATGGGTCTT 

Rev CACACATCATGAGGGCAAAC 

Gfpt2 (Gfat2) 10 Fwd ATTGTGGCAGGTGTCATTCA 

Rev AGCTGAGGGATCTGAGTCCA 

Cyba (p22phox) 10 Fwd AGATCGAGTGGGCC TGTGG CCAACGAAC 
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Rev CTTGGGTTTAGGCTCAATGGGAGTCCA CTGCTCA 

Mgea (Oga) 10 Fwd CTCATCAGTACAGCAGTAGG 

Rev GTTTCTTTTCCTCTTCCTTGG 

Ogt 10 Fwd ACTGTGTTCGCAGTGACCTG 

Rev ATTTGGGTCAAGGGTGACAG 

Human genes (Homo sapiens) 

MGEA (OGA) 10 Fwd TGAGGCACACCAAACTCTTG 

Rev TGCCACCTGGTACAAATCAA 

OGT 10 Fwd TGTGGCAGCTTATCTTCGTG 

Rev GAGAGCATTGGCTAGGTTGC 

Housekeeper genes 

18s 1 Fwd TGTTCACCATGAGGCTGAGATC 

Rev ATTTGGGTCAAGGGTGACAG 
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2.15 Protein content 

2.15.1  Protein Assay  

A protein assay was carried out to quantify the amount of protein in each sample. Bovine 

serum albumin (BSA)-acetylated standards were prepared to concentrations of 1.0, 0.5, 

0.25, 0.125, 0.0625 and 0.03125mg/ml. Protein samples (3.5l) were diluted with 

molecular grade water (1:20 dilution). Samples and BSA standards were then prepared in 

triplicate in 96-well plates (Corning, New York, USA) and incubated for 15 minutes with 

a Bio-Rad DC™ protein reagent at room temperature (Bio-Rad, California, USA). Plates 

were read at a wavelength of 650 nm using the EnSpire® Multimode Plate Reader (Perkin 

Elmer). A standard curve was generated from the BSA standards, and the protein 

concentration of each sample determined from the curve (Ritchie et al. 2012). 

2.15.2 SDS-PAGE and Western blotting  

SDS polyacrylamide gels (PAGE) were prepared to the desired percentage (refer to Table 

2.2).  All reagents were combined to form the separation gel, which was allowed to set 

for 30 minutes. Subsequently, the stacking gel was prepared and layered on top of the 

separating gel, taking care not to generate air bubbles. 

Protein lysate was prepared with loading buffer (60 mM Tris-Cl pH 6.8, 2% SDS, 10% 

glycerol, 5% β-mercaptoethanol, 0.01% bromophenol blue), to the desired concentration 

of 60 µg, as determined from the protein assay. Samples were denatured at 95°C for 5 

minutes, followed by brief centrifugation. The samples were then loaded into the gel, 

including a lane containing the Precision Plus Protein™ WesternC™ standard pre-stained 

ladder (Bio Rad). The gel was run at 60V for 20 minutes, followed by 80 minutes at 100V 

using a Mini-PROTEAN 3 electrophoresis cell (Bio Rad), or until the dye band was 0.5cm 

from the bottom of the gel. Proteins were then transferred to a Polyscreen Polyvinylidene 

fluoride (PVDF) transfer membrane (Perkin Elmer). Membranes were pre-soaked in 

methanol for 20 seconds, washed in distilled water for 1 minute and then placed securely 

onto the gel followed with two pieces of filter paper and plastic mesh in the transfer 

apparatus. Proteins were transferred overnight onto the membrane at 30V at 4°C, using a 

Mini-PROTEAN 3 cell transfer apparatus (BioRad). The membrane was washed three 

times for 5 minutes using 1x Tris-Buffered Saline Tween-20 (TBST) followed by 1h 

incubation with 5% bovine serum albumin (BSA)/TBST solution, to block non-specific 
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binding. The membranes were then gently rocked at 4°C overnight with specific primary 

antibody (Table 2.3), diluted in 5% BSA/TBST solution at the concentration indicated. 

The following morning, membranes were gently rocked for a further 30 minutes at room 

temperature, and washed three times for 5 minutes each, using 1 x TBST. The membranes 

were incubated at room temperature for 1h with secondary antibody (Table 2.3) and 

washed again, three times for 5 minutes, with 1x TBST. Membranes were then submerged 

in 8ml chemiluminescent reagent (Western Lighting PlusECL, Perkin Elmer) for 1-3 

minutes and imaged using a Gel Doc system (BioRad). Protein bands were analysed and 

quantified via densitometry using Image Lab (BioRad). If required, membranes were 

stripped and re-probed with another antibody with a significantly different molecular 

weight. To strip membranes, they were washed three times for 5 minutes using 1 x TBST 

followed by incubation for 15 minutes at room temperature in Restore Western Blot 

Stripping Buffer (Thermo Scientific, Rockford, IL USA). Membranes were re-blocked 

for 1h at room temperature in 5% BSA/TBST and re-washed three times for 5 minutes in 

1 x TBST, prior to incubation with another primary antibody (Table 2.3) (Ritchie et al. 

2012). 

2.15.3 Immunoprecipitation  

Immunoprecipitation was performed to identify protein-protein interactions. Briefly 1 mg 

of Protein G magnetic beads (BioRad) was pre-cleared by re-suspending the beads in 1 

ml phosphate buffer saline + 0.1% Tween 20 (PBS-T) and discarding the supernatant by 

magnetizing the beads three times. The pre-cleared magnetic beads were mixed with 5 

µg of the antibody of interest in a final volume of 200 µl and mixed at room temperature 

for 10 minutes. This was followed by magnetizing the beads, discarding the supernatant 

and re-suspending the beads in 1ml PBS-T three times. Protein lysate (1µg/µl) was then 

added to beads and mix by rotating for 1 hr at room temperature. Subsequently, the beads 

were again magnetized, the supernatant discarded, and the beads washed with 1ml PBS-

T three times. At this point the protein of interest should bind to the beads. Elution of the 

sample was performed by incubating the mixture for 10 min at 70°C in 40µl Laemmli 

buffer (60 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01% 

bromophenol blue). Beads were then magnetized, and the eluent/supernatant transferred 

to a new vial.  SDS page and western blotting was then conducted to determine protein-

protein interaction of interest by probing with the primary antibody (Table 2.3).  
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Table 2.2 SDS polyacrylamide gel recipe 

 Stacking 

gel 

Separating Gel 

 4% 7.5% 12% X % 

30% Acrylamide/Bis (Biorad) 1.98 ml 3.75 ml 6.0 ml 05 x X ml 

0.5 M Tris-HCl, pH 6.8 3.78 ml - - - 

1.5M Tris-HCl, pH 8.8 - 3.75 ml 3.75 ml 3.75 ml 

10% sodium dodecyl sulphate 

(SDS) 

150 µl 150 µl 150 µl 150 µl 

dH2O 9 ml 9 ml 5.03 ml 11.03–(0.5 x 

X) ml 

TEMED (BioRad) 15 µl 7.5 µl 7.5 µl 7.5 µl 

10% ammonium persulfate 

(APS) 

75 µl 75 µl 75 µl 75 µl 

Total volume 15 ml 15 ml 15 ml 15 ml 
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Table 2.3 Primary and secondary antibodies used for western blot and/or 

immunoprecipitation 

Primary Antibody Concentration  Supplier and Catalogue 

Anti-PI3K(p110α) 1:1000 Cell Signaling #4249 

Anti-phospho(p) Akt (Ser473) 1:1000 Cell Signaling #9271 

Anti-Akt 1:1000 Cell Signaling #9272 

Anti-Bax 1:1000 Cell Signaling #2772 

Anti-Bcl2 1:1000 Cell Signaling #2876 

Anti-Phospho-p70S6Kinase (Thr389) 1:1000 Cell Signaling #9205 

Anti-Phospho-p70S6 Kinase (Thr421/Ser424) 1:1000 Cell Signaling #9204 

Anti-p70S6 Kinase 1:1000 Cell Signaling #9202 

Anti--tubulin  1:1000 Cell Signaling #2146 

Anti--actin 1:1000 Cell Signaling #4967 

Anti-O-GlcNAc (CTD110.6) 1:1000 Cell Signaling #9875 

Anti-GP91phox (Nox2) 1:1000 Santa Cruz  #sc-5827 

Anti-PKCβ2 1:1000 Santa Cruz  #sc-210 

Anti-p22 phox 1:1000 Santa Cruz  #sc-2078 

Anti-O-GlcNAc (RL-2) 1:1000 Santa Cruz #sc-59624 

Anti-OGA (NCOAT) 1:1000 Santa Cruz #sc-376429 

Anti-OGT 1:1000 Sigma #O6264 

Anti-GPT1/GFAT1 1:1000 Abcam #ab125069 

Anti-O-GlcNAc (RL-2) 1:1000 Abcam #ab2739 

OXPHOS Cocktail 1:1000 Abcam #ab110413 

Anti-SERCA2a 1:1000 Thermofisher #MA3-919 

Secondary antibody Concentration Supplier and Catalogue 

Mouse anti-goat IgG-HRP Assay dependent Santa Cruz #sc-2354 

Anti-rabbit IgG, HRP-linked antibody Assay dependent Cell Signaling #7074 

Anti-mouse IgG, HRP-linked antibody Assay dependent Cell Signaling #7076 
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2.16 Human iPS cell culture and cardiac differentiation 

Induced pluripotent stem cells (iPS, Foreskin-2 cell line) was kindly donated by Prof J. 

Thompson (University of Wisconsin, USA) (Yu et al. 2007). The CERA007c6 iPSC line 

was generated using skin fibroblasts from a 36 year old healthy male by the episomal 

method as described previously (Hernández et al. 2016). Human iPSCs were maintained 

and propagated on vitronectin-coated plates in TeSR-E8 medium (Stem Cell 

Technologies, VA, Canada), according to manufacturer’s protocol. For directed cardiac 

differentiation, iPSCs maintained on feeder-free culture were dissociated into single cells 

with TrypLE (Thermo Fisher Scientific) and seeded onto Matrigel (Corning, MA, USA) 

coated plates at a density of 1 x 105 cells/cm2 in TeSR-E8 medium supplemented with 10 

µM Y-27632 (Tocris Bioscience, Bristol, UK). After 2 days, when the cells were 100% 

confluent (referred to as day 0), medium was replaced with RPMI 1640 basal medium 

containing B-27 without insulin supplement (Thermo Fisher), growth factor reduced 

Matrigel (1:60 dilution) and 10 µM CHIR99021 (Cayman Chemical, MI, USA). After 24 

hours, cells were treated with 5 ng/mL Activin A (Peprotech, NJ, USA) in RPMI 1640 

basal medium containing B-27 without insulin supplement for 24 hours. At day 2, the 

medium was changed to RPMI 1640 basal medium containing B-27 without insulin 

supplement and 5 µM IWP2 (Tocris Bioscience) for 72 hours. From day 5 onward, cells 

were cultured in RPMI 1640 basal medium containing B-27 supplement (Thermo Fisher) 

and 200 µg/mL L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Sigma-

Aldrich). At day 16 post-differentiation, cells were washed twice with PBS and cultured 

in glucose-free DMEM medium (Thermo Fisher) supplemented with 4 mM lactate 

(Sigma-Aldrich) for 3 days to enrich the cardiomyocytes (Hoque et al. 2018).  

2.16.1 Experimental procedure 

Human iPSc derived cardiomyocytes were maintained in either low or high glucose 

medium (11mM glucose or 33mM glucose respectively in RPMI 1640 and B-27 

supplement, Thermo Fisher) until the end of the experiment (Hoque et al. 2018). Once 

the cells were rested for 24 hours; rAAV6-hOGA transfection was conducted with three 

different doses (1x107, 1x108, 1x109 vg) for 24 hours as illustrated in Figure 2.6. Cells 

were then maintained in low or high glucose media for the next 6 days where media was 

changed every two days. Cells that were designated for RNA analysis were collected in 

TRIzol® (Invitrogen Life Technologies) and cells that were designated for protein 
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analysis were collected in protein lysis buffer containing RIPA lysis buffer (G-

BioSciences, St Louis, USA) protease inhibitor cocktail (SIGMAFAST™ Protease 

inhibitor cocktail, Sigma Aldrich, Germany) and PUGNac (Toronto Research Chemical, 

Canada). 

2.16.2 Mitochondrial respiration and glycolytic activity 

Analysis of mitochondrial respiration and glycolytic activity were performed using the 

Seahorse XFe96 Extracellular Flux Analyser (Agilent, Santa Clara, USA). Briefly human 

iPSCs derived cardiomyocytes treated previously were plated in a 96-well Seahorse V3-

PS plate pre-coated with growth factor reduced Matrigel (1:60 dilution). Media was then 

replaced to maintenance media after overnight incubation. The following day cells were 

washed with assay media (Seahorse XF base medium supplemented with 25mM glucose, 

1mM glutamine and 1mM sodium pyruvate for OCR assay, or Seahorse XF base medium 

supplemented with 1mM glutamine for ECAR assay), and equilibrated in 175 μL of 

respective assay media per well at 37 °C with no CO2 for 30 min. The assay protocol 

consisted of repeated cycles of 3 min mix and 3 min measurement periods, with oxygen 

consumption rate (OCR) and extracellular acidification phosphorylation (ECAR) 

measured simultaneously. Basal energetics were established after four of these initial 

cycles, followed by performing a mitochondrial stress test which includes sequential 

injection of the following compounds and subsequent measurement of OCR after each 

of: ATP synthase inhibitor oligomycin (1 μM), proton ionophore carbonycyanide-4-

(trifluoromethoxy) phenylhydrazone (FCCP, 125 nM) together with sodium pyruvate (1 

mM), and mitochondrial Complex III and Complex I inhibitors antimycin A/rotenone (1 

µM). The glycolysis stress test includes sequential injection of the following compounds 

and subsequent measurement of ECAR after each: glucose (10 mM), oligomycin (1 μM), 

and 2-deoxy-glucose (2DG, 50 mM). All treatment conditions were analysed as 3–4 

replicates for each independent experiment. At the completion of each assay, cells were 

lysed in RIPA buffer and protein concentration was determined using the bicinchoninic 

acid assay method (Bio-Rad) (Ritchie et al. 2012).  
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Figure 2.6 Graphical representation of human iPSc-derived cardiomyocytes 

experimental protocol 

Graphical timeline outlining experimental protocol, as described in section 1.17.1. 

 

 

  



 

 

Chapter II: General Methods 79 

2.17 Statistical analysis  

Data are presented as mean ± standard error of the mean (SEM), with n representing the 

number of animals per group. Blood glucose, IPGTT, IPITT and echocardiography data 

(where there are multiple time-points) were analysed using repeated-measures ANOVA, 

followed by Fisher’s post hoc test. A two-tailed unpaired Students t-test was used to 

compare data where there were only two groups (e.g. control vs diabetic). Differences 

between groups were compared using one-way or two-way ANOVA with Fisher’s post 

hoc test. All data generated from cell work was normalised to a control in each passage 

with n representing the number of experiments performed. All figure formatting and 

statistical analyses were completed using Prism 7 (GraphPad Software, San Diego, CA, 

USA). Statistical significance was considered at P<0.05.  
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3 Chapter 3: Phosphoinositide 3-Kinase (p110α) Gene Delivery 

Limits Diabetes-Induced Cardiac NADPH Oxidase and 

Cardiomyopathy in a Mouse Model with Established Diastolic 

Dysfunction. 

 

  



 

 

Chapter III: PI3K (p110α) gene delivery limits type-1 diabetic cardiomyopathy 81 

3.1 Integrative Commentary 

Phosphoinositide-3 kinases are a family of lipid kinases that regulate several 

physiological functions, including membrane-trafficking, cell growth and survival 

(McMullen, Amirahmadi et al. 2007). In particular the p110α catalytic subunit (class IA) 

of PI3K, which is abundantly expressed in the heart and modulates LV function 

differentially to other PI3K isoforms via activation of several distinct signalling pathways 

(Bernardo et al. 2010). This includes inhibition of signalling downstream of G-protein 

coupled receptors (e.g. Angiotensin-II (AT1) and endothelin-1 (ETA) receptors) to blunt 

pathological hypertrophy, with concomitant physiological cardiomyocyte growth 

(McMullen, Amirahmadi et al. 2007). Additionally, activation of the cell survival kinase, 

Akt, a well-known downstream target of PI3K(p110α), has been linked to cardiac 

protection, largely due to its anti-apoptotic properties (Toker 2002). For example, mice 

overexpressing the constitutively-active (ca) form of PI3K(p110α) are protected from 

cardiac damage associated with myocardial infarction, attributed to enhanced Akt 

activation (Lin et al. 2010). Conversely, transgenic mice expressing a cardiac-specific 

dominant-negative PI3K(p110α) (dnPI3K) mutant, in which PI3K activity is 

downregulated, exhibit exacerbated cardiac dysfunction, accompanied by reduced Akt 

activity after cardiac insults (McMullen et al. 2003). In addition to Akt activation, mice 

with cardiac-specific caPI3K overexpression are protected from subsequent diabetes-

induced upregulation of reactive oxygen species (ROS). This is accompanied by 

improved left ventricular (LV) diastolic function (as evident by improved E/A ratio and 

LV±dp/dt) and attenuation of diabetes-induced cardiac remodelling, including reduced 

cardiac collagen content and cardiomyocyte apoptosis (Ritchie et al. 2012). 

Consequently, these studies revealed the cardioprotective effects of PI3K(p110α) against 

diabetic cardiomyopathy in mice, where an increased cardiac expression of PI3Kα from 

birth, before diabetes and its complications are manifest.  

 

Although increased expression of PI3K(p110α) prior to disease development is beneficial 

in the heart, little is known about its effects in a more clinically-relevant setting. One 

particular study, however, showed that administration of PI3Kα  gene therapy several 

weeks after pressure overload (to induced cardiac dysfunction) restored LV systolic 

function 8 weeks after administration, mimicking a clinically relevant treatment timepoint 

(Weeks et al. 2012). Therefore, this chapter, sought to investigate whether delayed 
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administration of PI3Kα gene therapy limits diabetes-induced cardiac dysfunction and 

remodelling. By utilising a pre-clinical model of type-1 diabetes (T1D, induced by STZ) 

with established LV diastolic dysfunction, this sought to evaluate the impact of 

PI3K(p110α) cardiac gene therapy, on function (using echocardiography and LV 

catheterisation) and cardiac remodelling (from LV tissues collected at study end-point).  
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3.2 Declarations for Thesis Chapter 3 

The results from this chapter have already been published. Therefore, this chapter will be 

presented as a PDF from this publication: 

Prakoso D, De Blasio MJ, Qin C, Rosli S, Kiriazis H, Qian H, Du XJ, Weeks KL, Gregorevic P, 

McMullen JR, Ritchie RH. Phosphoinositide 3-kinase (p110α) gene delivery limits diabetes-

induced cardiac NADPH oxidase and cardiomyopathy in a mouse model with established 

diastolic dysfunction. Clin Sci (Lond). 2017 Jun7; 131(12):1345-1360.doi:10.1042/CS20170063. 
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4 Chapter 4: Cardiac Restoration of Phosphoinositide 3-Kinase 

(p110α) using Gene Therapy Attenuates Cardiac Remodelling 

in Type 2 Diabetic Mice.  
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4.1 Introduction 

Diabetic cardiomyopathy is a distinct form of heart disease that remains one of the major 

causes of death and disability in diabetic patients (From et al. 2006; Marwick et al. 2018). 

Additionally, people with type-2 diabetes (T2D) account for more than 90% of total 

diabetes incidence worldwide and is ultimately a significant disease burden (Chen et al. 

2012). The disease phenotype is associated with increased body mass (often associated 

with increased caloric intake), increased free fatty acids deposition, impaired insulin 

signalling and poor glycaemic control (Jia et al. 2016). Concomitantly, elevated fatty 

acids cause lipotoxicity which, together with hyperglycaemia, trigger chronic low-grade 

inflammation and increased reactive oxygen species (ROS), producing a complex cardiac 

phenotype characteristic of T2D (Jia et al. 2016; Reis et al. 2012). With the ever-growing 

prevalence of diabetes, and the failure of conventional glucose-lowering therapies to 

manage diabetes-induced heart failure (Ogurtsova et al. 2017), it is imperative to identify 

novel treatments for diabetic cardiomyopathy that can be translated to the clinic.  

 

Phosphoinositide 3-kinases (PI3Ks) are a heterodimer family of lipid and protein kinases 

that regulate a wide spectrum of biological processes that include membrane-trafficking, 

cell growth, and cell survival. Class IA PI3Ks consists of a catalytic subunit (p110α, 

p110β or p110δ), bound to one of several regulatory subunits (p85 and p55) (Engelman 

et al. 2006). The p110α subunit, in particular, has been highlighted to exert a regulatory 

role in different metabolic syndromes involving insulin signalling and obesity. For 

example, adipose tissue ablation of PI3K(p110α) leads to increased whole-body adiposity 

with a progressive increase in body weight (Nelson et al. 2014). Equally, mice 

heterozygous for a kinase-dead knock-in allele of the p110α subunit of PI3K exhibit 

hyperinsulinaemia and impaired glucose tolerance (Foukas et al. 2006). Similar to the 

consequences of inactivity of the p110α subunit, reduced activity of the p85 regulatory 

subunit of PI3K causes severe hyperglycaemia and hyperinsulinaemia, under both fed 

and fasted states (Solheim et al. 2018). Thus, maintenance of PI3K signalling is 

imperative for the regulation of systemic glucose and lipids. 

 

In addition to its systemic role, the p110α catalytic subunit of PI3K is cardioprotective in 

several different cardiac pathologies, including pressure-overload and myocardial 

infarction (Weeks et al. 2012; Ritchie et al. 2012; Lin et al. 2010). The levels of 
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endogenous PI3K(p110α) in the heart are reduced with hyperglycaemia in several 

different pre-clinical models of diabetes (Damilano et al. 2011; Lu et al. 2013; Prakoso 

et al. 2017), indicating the vital role that PI3K(p110α) plays in both cardiac and diabetes-

related diseases. We have previously demonstrated that delivery of recombinant adeno-

associated virus 6-constitutively active phosphoinositide 3-kinase (rAAV6-caPI3K) 

attenuates both cardiac remodelling and dysfunction in streptozotocin-induced diabetic 

mice in the presence of diastolic dysfunction (Prakoso et al. 2017). Thus, we have proof-

of-concept evidence that PI3K(p110α) represents a therapeutic potential at a clinically-

relevant time-point. These promising results, however, were obtained using a mouse 

model that mimicked type-1 diabetes (T1D), hence this now needs to be determined in 

the more common T2D setting. In the present study, I examined the effect of cardiac 

supplementation of PI3Kα, utilising gene delivery in the clinically-relevant context of 

T2D. By using a combination of high-fat diet and low-dose streptozotocin, our model 

progressively developed T2D similar to that seen in diabetic patients (as opposed to 

genetic models that develop T2D spontaneously and rapidly). I demonstrate that selective 

restoration of PI3Kα  levels in the heart attenuates several characteristics of diabetes-

induced cardiac dysfunction, cardiac remodelling and oxidative stress. Hence, these 

exciting results represent a promising approach for potential translation to the clinic for 

management of diabetes-induced heart failure.  
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4.2 Research and design and methods 

4.2.1 Animals and experimental design 

All animal procedures were approved by the Alfred Medical Research and Education 

Precinct (AMREP) Animal Ethics Committee. Male 6-week-old FVB/N mice received 

three consecutive daily i.p. injections of streptozotocin (STZ, 55mg/kg body weight, in 

0.1mol/l citric acid vehicle, pH4.5; Sigma-Aldrich, St Louis, MO, USA) combined with 

18 weeks of high-fat diet (42% energy intake from lipids, SF04-001, Speciality feeds, 

WA, Australia) to induce T2D (section 2.2.2). Sham mice were allocated to citric acid 

vehicle combined with normal chow diet (12% energy intake from lipid, non-diabetic 

controls). Diabetes was confirmed by measuring blood glucose every 2-weeks via the 

saphenous vein using a glucometer (Roche, Basel, Switzerland). After 18-weeks of 

untreated diabetes (or sham), a single tail vein injection of rAAV6-caPI3K (2×1011 vector 

genomes in 150l of sterile saline) or empty-null vector (rAAV6-null), was administered. 

We have previously shown this dose demonstrates robust expression of caPI3K 

selectively in cardiac muscle (Prakoso et al. 2017). Mice were then followed for a further 

8-weeks. One week prior to tissue collection, whole body composition analysis was 

performed using an EchoMRI™ 4-in-1 700 analyser (Echo MRI, Houston, USA). Flow 

chart of animal use and analysis in preclinical studies is included (Figure 4.1) based on 

the CONSAERT template (Drucker 2016). 2 mice were excluded from all analysis due to 

failed rAAV-caPI3K transduction as revealed by immunoblot (Figure 4.2). 

4.2.2 rAAV6-caPI3K generation  

The caPI3K construct, previously used to generate caPI3K-Tg mice (iSH2p110 provided 

by A/Prof Thomas F. Franke (Franke 1997)), was cloned into an AAV plasmid with a 

CMV-promoter, packaged into pseudotype-6 capsids (rAAV6) (Gregorevic et al. 2004) 

and the SV40-polyadenylation signal replaced with a synthetic poly-(A), as previously 

described (see section 2.9.1) 
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Figure 4.1 Flow chart of animal use for Chapter 4 

Flow chart of animals used based on the CONSAERT template for preclinical studies. At 

endpoint, LV tissue analysis was undertaken on all samples for gene and protein 

expression analysis (see Figure 4.2 for evidence of AAV transduction). ND, non-diabetic, 

T2D, type-2 diabetic, Null, null vector.  
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Figure 4.2 LV PI3Kα immunoblots from all mouse samples as evidence of rAAV6-

caPI3K transduction 

A) LV immunoblot of endogenous (band size 110kDa) and constitutively active (ca) PI3K 

(band size approximately 150kDa) from all mouse samples. B) Ratio of caPI3K (AAV-

delivered) and endogenous PI3K from all rAAV6-caPI3K treated mice. Administration 

of rAAV6-caPI3K failed to successfully transduce the LV of two mice (361 and 385), as 

demonstrated by the lack of caPI3K expression in the immunoblot and are removed from 

further analysis (see flowchart of animal use, Figure 4.1). ND, non-diabetic; T2D, type-2 

diabetic mice; Null, null vector treated; PI3K, rAAV6-caPI3K treated; Y, yes; N, no.   
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4.2.3 Echocardiography 

To obtain measures of left ventricular (LV) function, echocardiography was performed 

in anaesthetised mice (ketamine/xylazine/atropine: 60/6/0.7mg/kg i.p.) at baseline, after 

18-weeks of diabetes (pre-AAV) and prior to LV collection (post-AAV), utilising a 

Philips iE33 ultrasound (North Ryde, NSW, Australia) with 15MHz linear (M-mode) and 

12MHz sector (Doppler) transducers, as previously described (Ritchie et al. 2012). LV 

posterior wall thickness, LV chamber dimensions, velocity of circumferential fibre 

shortening (Vcfc) and fractional shortening were assessed from M-mode 

echocardiography. LV filling was assessed using transmitral Doppler; the ratio of initial 

(E) and second (A) blood flow velocities (E/A ratio), deceleration time and isovolumic 

relaxation time (IVRT) were measured. Tissue Doppler imaging was also used to obtain 

e’/a’ ratio (see section 2.10.1). 

4.2.4 Glucose tolerance test 

A glucose tolerance test was performed one-week prior to endpoint. Mice were fasted for 

5 hours and basal blood glucose was determined. After a single i.p. injection of 25% 

glucose solution (D-Glucose, Baxter, Viaflex), blood glucose was determined at 15, 30, 

45, 60, 90, 120 and 150 minutes from the tail vein (section 2.6). 

4.2.5 Systemic insulin concentration  

Circulating plasma insulin concentration at endpoint was measured by a mouse-specific 

ELISA kit as per manufacturers instruction (ALPCO, Salem, USA). 

4.2.6 Tissue collection and histological analyses  

A portion of LV was fixed in 10% neutral buffered formalin overnight and then embedded 

in paraffin and serially sectioned (4m thick slices) for histological analysis (see section 

2.12.1). Slides were stained with either haematoxylin and eosin (H&E), to quantify 

cardiomyocyte width, or with picrosirius red, to assess cardiac collagen (using polarized 

microscopy to differentiate type I and type III collagen). Another piece of LV was stained 

with Oil-Red O, to assess cardiac lipid content (section 2.12.2.1). An additional portion 

of LV was embedded in optimum cutting-temperature (OCT) compound (Scigen, 

California, USA) and was sectioned (12m) for fluorescent detection with 



 

 

Chapter IV: PI3K (p110α) gene delivery attenuates type-2 diabetic cardiomyopathy 107 

dihydroethidium (DHE) to detect LV superoxide (section 2.12.2.2). DHE in the presence 

of the superoxide dismutase mimetic, tempol, was used to confirm the fluorescent signal 

was superoxide.  

4.2.7 LV superoxide levels  

Superoxide levels were determined in fresh LV tissue using lucigenin-enhanced 

chemiluminescence (Ritchie et al. 2012). Briefly, small pieces (~1-2mm diameter) of LV 

were dark-incubated at 37°C for 1 hour with Krebs-HEPES Buffer, with or without -

nicotinamide adenine dinucleotide phosphate (100mol/L). Lucigenin (5mol/L) was 

then added and the photons emitted were measured using a multimode plate-reader 

(Perkin Elmer, Waltham, USA), normalised to dry tissue weight (section 2.11.1). 

4.2.8 Gene and protein expression 

LV RNA and protein were extracted as previously described (section 2.13). Gene 

expression was determined via quantitative real-time PCR using SYBR® Green chemistry 

(Applied Biosystems, Scoresby, Victoria, Australia). Primers were generated from 

murine sequences published on GenBank (see Table 2.1 for primer sequence). 

Quantitative real-time PCR was performed using a QuantStudio™ Flex Real-Time PCR 

system (see section 2.14.2) and data analysed by the Ct method to obtain relative fold 

differences in gene expression. Western blotting utilised PVDF membranes incubated 

with the antibody of interest overnight (see Table 2.3 for list of antibodies), followed by 

HRP-conjugated anti-rabbit, goat or mouse antibody as appropriate (Cell Signaling, 

1:3000). 

4.2.9 Statistical analysis  

Data are presented as mean ± SEM. An unpaired t-test was performed to compare two 

groups. One-way ANOVA followed by Fisher’s post hoc test or repeated measures 

ANOVA was used to analyse multiple groups as appropriate. (Prism 7, GraphPad 

Software, San Diego, CA). Statistical significance was considered at P<0.05.  

  



 

 

Chapter IV: PI3K (p110α) gene delivery attenuates type-2 diabetic cardiomyopathy 108 

4.3 Results 

4.3.1 Systemic characteristics 

Fortnightly blood glucose and body weight monitoring revealed mild hyperglycaemia and 

gradual increased in body weight in the T2D mice (Figure 4.3A&B). Final body weight 

was higher in T2D mice and EchoMRI body composition analysis revealed increase 

whole-body fat mass, without changes in lean mass (Table 4.1, P<0.05 vs non-diabetic 

null-treated mice). The mass of individual fat depots (peri-renal, pericardial and inguinal) 

were also increased with T2D (Table 4.1, P<0.05 vs non-diabetic null-treated mice). 

Additionally, T2D mice exhibited impaired glucose tolerance as demonstrated by 

increased area-under-the-curve (AUC) during the glucose tolerance test (Figure 4.4A, 

P<0.05 vs non-diabetic null-treated mice). Additionally, final blood glucose and glycated 

haemoglobin was elevated in the T2D mice (Figure 4.4B-C, P<0.05 vs non-diabetic null-

treated mice). These parameters were not altered by the administration of rAAV6-

caPI3K.  

4.3.2 Impact of rAAV6-caPI3K gene delivery on PI3K(p110α) signalling and the 

diabetic heart 

Administration of rAAV6-caPI3K produced detectable expression of constitutively-

active PI3K (caPI3K) which was limited to LV and was not observed in other organs (e.g. 

skeletal muscle, pancreas, liver, kidney and lung, Figure 4.5A). Endogenous LV 

PI3K(p110α) level was unaltered by T2D or administration of rAAV6-caPI3K (Figure 

4.5B). Further investigation revealed significantly less cardiac caPI3K protein (produced 

by rAAV6-caPI3K administration) in the T2D hearts compared to controls, suggesting a 

possible limited capacity in transducing the diseased diabetic heart (Figure 4.5B, P<0.05). 

Phosphorylation of the downstream target of PI3K, Akt, was unaltered with T2D or 

rAAV6-caPI3K (Figure 4.5C). LV lipid content was increased in T2D mice, which was 

blunted by rAAV6-caPI3K administration (Figure 4.6A, P<0.001 and P<0.01 vs non-

diabetic null-treated mice). LV Glut-4 gene expression was lower in T2D mice (Figure 

4.6B, P<0.07 vs non-diabetic null-treated mice). 
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Figure 4.3 Fortnightly blood glucose and body weight monitoring. 

(A) Fortnightly blood glucose and (B) body weight measurements. *P<0.05, ND vs T2D. 

Data are presented as mean ± SEM; n= 8-11 per-treatment group as detailed in Figure 

4.1. 
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Table 4.1 Systemic characteristics of non-diabetic and type-2 diabetic (T2D) mice at 

study end-point (26-weeks of diabetes). 

Phenotype   Non-diabetic T2D 

Treatment  Null PI3K Null PI3K 

n   8 10 11 10 

Plasma insulin (ng/ml) 0.7±0.1 2.2±1.0 1.7±0.3 1.2±0.2* 

Body weight  (g) 35.2±0.8 35.7±0.9 40.5±1.5* 39.2±1.1* 

Lean mass (g) 27.6±0.3 27.5±0.4 27.5±0.5 27.5±0.4 

Fat mass (g)  6.2±0.5 7.2±0.9 11.6±1.2* 10.4±1.2* 

Heart weight  (mg) 147±3 148±3 157±4 157±5 

LV weight (mg) 109±2 109±3 115±3 114±3 

Kidney weight  (mg) 236±8 247±11 235±12 259±12 

Lung weight (mg) 170±6 180±7 183±11 190±11 

Gastrocnemius (mg) 174±2 173±4 171±7 173±4 

Liver weight  (g) 1.63±0.04 1.59±0.02 2.00±.0.13 2.05±0.10* 

Pancreas (mg) 237±12 247±13 240±13 236±9 

Perirenal fat  (mg) 634±84 675±59 907±60* 1075±118* 

Pericardial fat  (mg) 15±2 19±5 40±7* 40±9* 

Epididymal fat  (mg) 1018±84 1124±121 1077±119 1208±119 

Inguinal weight  (mg) 243±30 304±53 678±142* 558±114* 

Tibia length  (mm) 17.6±0.1 17.9±0.2 17.9±0.1 18.4±0.3* 

Heart weight  

: tibia length 
(mg/mm) 8.4±0.2 8.3±0.1 8.8±0.2 8.4±0.2 

Heart weight  

: body weight  
(mg/g) 4.1±0.1 4.1±0.1 4.0±0.1 3.9±0.1 

Data are presented as mean  SEM and analysed by one-way ANOVA with Fisher’s post 

hoc test. *P<0.05, **P<0.01 vs non-diabetic null mice. 
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Figure 4.4 HFD and low dose STZ induced systemic characteristics resembling T2D. 

(A) intraperitoneal glucose tolerance test. (B) Blood glucose obtained at 26 weeks of age. 

Glycated haemoglobin from blood obtained at endpoint expressed as both (C) mmol/mol 

and (D) %. One-way ANOVA; *P<0.05, **P<0.01 vs ND-Null. ND, non-diabetic; T2D, 

type-2 diabetic. Data are presented as mean ± SEM; n= 8-11 per-treatment group as 

detailed in Figure 4.1. 
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Figure 4.5 Impact of rAAV6-caPI3K gene delivery on PI3K(p110α) signalling 

(A) Expression of caPI3K in non-cardiac organs. LV, left ventricle; Mus, muscle; Pan, 

pancreas; Liv; liver, Kid; kidney, Lu; lung. (B) left panel, densitometry of endogenous 

p110 middle panel, representative of LV immunoblot of PI3K; right panel, 

densitometry of caPI3K, (C) left panel, densitometry of LV phospho-Akt right panel, 

representative LV immunoblot of phosphorylation of Akt. One-way ANOVA; *P<0.05 

vs ND-Null. ND, non-diabetic; T2D, type-2 diabetic. Data are presented as mean ± SEM; 

n= 8-11 per-treatment group as detailed in Figure 4.1. 
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Figure 4.6 Impact of rAAV6-caPI3K gene delivery on the diabetic heart. 

(A) Cardiac lipid accumulation as measured by Oil Red O; quantification of LV cardiac 

lipid deposition; upper panel shows representative LV Oil Red O images (magnification 

x200, scale bar: 200m, magnification x400 for bottom left insert). (B) LV Glut4 gene 

expression. One-way ANOVA; **P<0.01, ***P<0.001 vs ND-Null. ND, non-diabetic; 

T2D, type-2 diabetic. Data are presented as mean ± SEM; n= 8-11 per-treatment group 

as detailed in Figure 4.1. 
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4.3.3 rAAV6-caPI3K protects against diabetes-induced cardiac remodelling 

Diabetes-induced cardiac remodelling was evident in T2D mice. Both LV interstitial and 

perivascular fibrosis were significantly increased in T2D mice, due to increases in both 

type I and type III collagen content (Figure 4.7A&B, P<0.001 vs non-diabetic null-treated 

mice). In contrast, treatment with rAAV6-caPI3K attenuated these increases (Figure 

4.7A&B, P<0.01 vs T2D null-treated mice). The increase in cardiac collagen content was 

accompanied by increased LV pro-fibrotic gene expression including connective tissue 

growth factor (Ctgf), transforming growth factor- (Tgf-) and tissue inhibitor 

metalloproteinase-2 (Timp-2) (Figure 4.8A-C, P=0.05, P<0.01 and P<0.05, respectively, 

vs non-diabetic, null-treated mice). Administration of rAAV6-caPI3K attenuated these 

diabetes-induced increases in Tgf- and Timp-2 pro-fibrotic gene expression (Figure 

4.8B&C, P<0.001 and P=0.09 vs T2D null-treated mice). Accompanying cardiac fibrosis, 

cardiomyocyte hypertrophy was also evident in T2D mice. A diabetes-induced increase 

in cardiomyocyte width (Figure 4.9A, P<0.001 vs non-diabetic null-treated mice) and LV 

gene expression of atrial natriuretic peptide (Nppa, Figure 4.9B, P<0.01 vs non-diabetic 

null-treated mice) was evident in null-treated T2D mice. Treatment with rAAV6-caPI3K, 

however, attenuated these parameters (P<0.001 and P<0.05 respectively vs T2D null-

treated mice). 
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Figure 4.7 rAAV6-caPI3K gene therapy ameliorates LV cardiac fibrosis. 

 (A) Representative LV interstitial picrosirius red-stained images are shown 

(magnification x200, scale bar: 200m) with quantification of type I, type III and total 

collagen content in the interstitium. (B) Representative LV perivascular picrosirius red-

stained images are shown (magnification x400, scale bar: 100m) with quantification of 

type I, type III and total collagen content in the perivascular region. PL; polarized light, 

BF; bright field. One-way ANOVA; ***P<0.001 vs ND-Null; ††P<0.01, †††P<0.001 vs 

T2D-Null. ND, non-diabetic; T2D, type-2 diabetic. Data are presented as mean ± SEM; 

n= 8-11 per-treatment group as detailed in Figure 4.1. 
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Figure 4.8 rAAV6-caPI3K gene therapy attenuate LV pro-fibrotic markers. 

LV gene expression of markers of cardiac fibrosis. (A) Ctgf; connective tissue growth 

factor, (B) Tgf-; transforming growth factor-  (C) Timp-2; tissue inhibitor 

metalloproteinase-2, (D) Postn; periostin. One-way ANOVA; *P<0.05, **P<0.01 vs ND-

Null; †††P<0.001 vs T2D-Null. ND, non-diabetic; T2D, type-2 diabetic. Data are 

presented as mean ± SEM; n= 8-11 per-treatment group as detailed in Figure 4.1. 
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Figure 4.9 rAAV6-caPI3K limits cardiomyocyte hypertrophy  

(A) Quantification of LV cardiomyocyte width. Top panel: representative LV H&E 

stained images are shown (magnification x400, scale bar: 100m). LV gene expression 

of (B) atrial natriuretic peptide (Nppa). One-way ANOVA; **P<0.01, ***P<0.001 vs 

ND-Null; †<0.05, †††P<0.001 vs T2D-Null. ND, non-diabetic; T2D, type-2 diabetic. Data 

are presented as mean ± SEM; n= 8-11 per-treatment group as detailed in Figure 4.1. 
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4.3.4 rAAV6-caPI3K limits cardiac oxidative stress in the T2D heart  

Lucigenin chemiluminescence (a measure of superoxide levels) was elevated in fresh LV 

tissue in T2D mice (Figure 4.10A, P<0.05 vs non-diabetic null-treated mice). Likewise, 

LV superoxide measured by DHE fluorescence was increased in T2D hearts (Figure 

4.10C, P<0.001 vs non-diabetic null-treated mice). The fluorescent signal was quenched 

in the presence of tempol, to confirm the signal detected was superoxide (Figure 4.10C). 

All these parameters were attenuated in mice administered with rAAV6-caPI3K (Figure 

4.10A&C, all P<0.01 vs T2D null-treated mice). Finally, cardiac endoplasmic reticulum 

(ER) stress markers were also increased with diabetes. Grp94 and Chop gene expression 

were significantly increased in T2D (Figure 4.11A&B, P=0.08 and P<0.01 respectively 

vs non-diabetic null-treated mice). These markers returned to basal levels with rAAV6-

caPI3K administration (Figure 4.11A&B, P<0.05 and P=0.09 vs T2D null-treated mice). 
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Figure 4.10 Restoration of cardiac PI3Kα attenuates oxidative stress. 

(A) Quantitative analysis of superoxide levels in fresh LV tissue using lucigenin 

chemiluminescence. LV gene expression of (B) p22phox. (C) LV dihydroethidium 

(DHE) immunofluorescence quantification. Bottom panel: representative image of LV 

DHE immunofluorescence; tempol as a negative control (magnification x200, scale bar: 

200m). One-way ANOVA; *P<0.05, ***P<0.001 vs ND-Null; ††P<0.01 vs T2D-Null. 

ND, non-diabetic; T2D, type-2 diabetic. Data are presented as mean ± SEM; n= 8-11 per-

treatment group as detailed in Figure 4.1. 
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Figure 4.11 Restoration of cardiac PI3Kα attenuates ER stress markers 

LV gene expression of marker of endoplasmic reticulum (ER) stress. (A) GRP94; 

glucose-regulated protein 94, (B) CHOP; C/EBP homologous protein, (C) EDEM; ER 

degradation-enhancing-mannosidase-like-1 and (D) ATF-4; activating transcription 

factor-4. One-way ANOVA; *P<0.05, **P<0.01 vs ND-Null; †<0.05, ††P<0.01 vs T2D-

Null.  ND, non-diabetic; T2D, type-2 diabetic. Data are presented as mean ± SEM; n= 8-

11 per-treatment group as detailed in Figure 4.1. 
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4.3.5 rAAV6-caPI3K attenuates cardiac dysfunction  

LV systolic dysfunction was evident after 18 weeks of diabetes (pre-AAV) in T2D mice. 

M-mode echocardiography-derived fractional shortening and Vcfc were significantly 

reduced in T2D mice after 18-weeks of diabetes (Figure 4.12A&B, at least P<0.01 vs 

respective baseline). These parameters of systolic function were improved in T2D mice 

after 8 weeks of rAAV6-caPI3K (P<0.01 vs respective pre-AAV), while null-vector 

treated T2D mice continued to exhibit a decline in cardiac systolic function (Figure 

4.12A&B, P<0.01 vs respective pre-AAV). No changes were observed in cardiac 

chamber dimension during both systole and diastole in these mice (Table 4.2). Diastolic 

dysfunction was evident in T2D mice, as demonstrated by reduced E/A ratio after 18 

weeks of diabetes (Table 4.3, P<0.05 vs non-diabetic null-treated mice). Administration 

of rAAV6-caPI3K did not improve impaired E/A ratio. Other markers of diastolic 

dysfunction were not altered with diabetes or rAAV6-caPI3K. Tissue Doppler imaging 

revealed no changes in both e’/a’ and E/e’ in these mice (Table 4.3). 
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Figure 4.12 rAAV6-caPI3K gene therapy attenuates diabetes-induced LV systolic 

dysfunction. 

Quantification of (A) fractional shortening and (B) velocity of circumferential fibre 

shortening (Vcfc) obtained from M-mode echocardiography at baseline (before diabetes), 

prior to AAV injection (18-weeks of diabetes) and after AAV injection (26-weeks of 

diabetes). Repeated measures ANOVA; **P<0.01, ***P<0.001 vs baseline; †† P<0.01 

vs pre-AAV. ND, non-diabetic; T2D, type-2 diabetic. Data are presented as mean ± SEM; 

n= 8-11 per-treatment group as detailed in Figure 4.1. 
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Table 4.2 M-mode echocardiography data in anaesthetised non-diabetic and type-2 

diabetic(T2D) mice at baseline, pre-AAV and post-AAV. 

Phenotype Non-Diabetic T2D 

Treatment Null PI3K Null PI3K 

n 8 8 11 10 

Heart rate (bpm) 

Baseline 427±20 414±18 444±9 441±18 

Pre-AAV (18wks Diabetes) 395±23 354±25 391±13 416±17 

Post-AAV (26wks Diabetes) 353±12 332±11 408±13 427±7** 

LVESD (Left ventricle end-systolic dimension, mm) 

Baseline 2.1±0.1 2.2±.0.1 2.2±0.1 2.2±0.1 

Pre-AAV (18wks Diabetes) 2.6±0.1 2.6±0.1 2.7±0.1 2.8±0.1 

Post-AAV (26wks Diabetes) 2.8±0.1 2.6±0.1 2.9±0.1 2.6±0.1† 

LVEDD (Left ventricle end-diastolic dimension, mm) 

Baseline 3.5±0.1 3.6±0.1 3.6±0.1 3.6±0.1 

Pre-AAV (18wks Diabetes) 4.0±0.1 4.1±0.1 4.0±0.1 4.0.±0.1 

Post-AAV (26wks Diabetes) 4.2±0.1 4.1±0.1 4.2±0.1 4.1±0.1 

Data are presented as mean  SEM and analysed by one-way ANOVA with Fisher’s post 

hoc test. **P<0.01 vs non-diabetic-null.  
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Table 4.3 Doppler Echocardiography and Tissue Doppler data in anaesthetised non-

diabetic and type-2 diabetic (T2D) mice at baseline, pre-AAV and post-AAV. 

Phenotype Non-Diabetic T2D 

Treatment Null PI3K Null PI3K 

n 8 9 11 10 

Heart rate (bpm) 

Baseline 386±13 370±10 406±11 386±8 

Pre-AAV (18wks Diabetes) 363±19 337±19 349±12 376±14 

Post-AAV (26wks Diabetes) 337±9 310±4 387±11* 384±9* 

E/A Ratio 

Baseline 1.7±0.1 1.7±0.1 1.7±0.1 1.7±0.1 

Pre-AAV (18wks Diabetes) 2.3±0.3 2.4±0.3 2.0±0.2 1.6±0.1* 

Post-AAV (26wks Diabetes) 2.4±0.2 2.5±0.3 2.0±0.3* 1.6±0.1** 

A wave (cm/s) 

Baseline 47±3 47±4 47±3 52±4 

Pre-AAV (18wks Diabetes) 40±5 40±5 47±4 54±3* 

Post-AAV (26wks Diabetes) 36±3 34±3 52±4**† 56±4***† 

E wave m(cm/s) 

Baseline 79±2 80±2 79±2 85±2 

Pre-AAV (18wks Diabetes) 84±2 88±4 86±2 86±2 

Post-AAV (26wks Diabetes) 84±2 81±4 92±3*† 87±3 

Deceleration time (msec) 

Baseline 30±1 30±1 28±1 31±1 

Pre-AAV (18wks Diabetes) 30±1 31±1 33±1 33±1 

Post-AAV (26wks Diabetes) 34±2 37±1 34±1 34±1 

IVRT (msec) 

Baseline 23±1 23±1 22±1 23±1 

Pre-AAV (18wks Diabetes) 22±1 23±1 25±1 24±1 

Post-AAV (26wks Diabetes) 20±1 20±1 18±1 17±1 

Aortic Flow (m/s) 

Baseline 91±2 90±2 88±4 91±3 

Pre-AAV (18wks Diabetes) 90±4 94±3 92±2 96±3 

Post-AAV (26wks Diabetes) 88±2 93±5 103±4* 97±3 

e'/a' Ratio 

Pre-AAV (18wks Diabetes) 1.3±0.01 1.2±0.1 1.2±0.1 1.2±0.1 

Post-AAV (26wks Diabetes) 1.4±0.01 1.3±0.1 1.1±0.1 1.0±0.1* 

E/e' Ratio 

Pre-AAV (18wks Diabetes) 37±1 40±3 37±2 35±1 

Post-AAV (26wks Diabetes) 31±2 31±2 34±3 34±2 

Data are presented as mean  SEM and analysed by one-way ANOVA with Fisher’s post 

hoc test. *P<0.05, **P<0.01, ***P<0.001 vs non-diabetic null.   
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4.4 Discussion 

The development of diabetes-induced heart failure (diabetic cardiomyopathy) is 

considered a consequence of impaired insulin signalling and glucose handling, with 

concurrent impairments of LV function and remodelling (Marwick et al. 2018). 

PI3K(p110α) is one of the key mediators of insulin signalling in the heart and has been 

shown to be cardioprotective (Prakoso et al. 2017; Weeks et al. 2012). Further, 

endogenous PI3K(p110α) levels are reduced in the setting of hyperglycaemia (Lu et al. 

2013; Prakoso et al. 2017). Building on our previous findings, where rAAV6-caPI3K 

limits cardiac abnormalities in a mouse model of T1D (Prakoso et al. 2017), the current 

study demonstrated that restoration of  LV PI3Kα (via rAAV6-caPI3K) in the more 

clinically-relevant context of T2D, limits diabetes-induced cardiac dysfunction, 

remodelling and oxidative stress, even when treatment occurred after established diastolic 

dysfunction and lipotoxicity were fully established.  

 

The development and progression of diabetic cardiomyopathy in T2D is distinct from that 

in T1D, where hyperglycaemia alone is the main driver inducing cardiomyopathy. In the 

setting of T2D, impaired glucose tolerance, insulin resistance, and lipotoxicity are also 

evident, with increases in circulating lipids contributing to a complex disease phenotype 

(Ouwens et al. 2005; Desrois 2004). In the T2D myocardium, for example, there is 

impaired glucose utilisation, mediated in part by reduced glucose uptake, glycolytic 

activity and pyruvate oxidation (Brahma et al. 2017). Consequently, this leads to 

abnormal lipid metabolism, including increased -oxidation and cardiac fatty acid 

deposition, as demonstrated in this study. The increase in cardiac lipid deposition may 

have impaired LV Glut-4 expression in the diabetic heart, leading to an increased rate of 

cellular fatty acid and reduced cardiac glucose uptake into the myocardium, as reported 

previously (Zhou et al. 2000). This cardiac impairment tended to be blunted by rAAV6-

caPI3K (evident in levels of cardiac lipid deposition and Glut-4 gene expression). It is, 

however, still unclear whether this is a direct result of increased PI3K activity and will 

require further investigation. 

 

The development of diastolic dysfunction is often used in the clinic as a characteristic 

hallmark of diabetic cardiomyopathy (Poirier et al. 2001; Boyer et al. 2004). Likewise, 

impaired LV diastolic function is noted in multiple pre-clinical models of both T1D and 
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T2D (Huynh et al. 2012; Ritchie et al. 2012; Mori et al. 2014). In the present study, trans-

mitral echocardiography demonstrated that diastolic dysfunction was present in diabetic 

mice (reduced E/A), prior to administration of rAAV6-caPI3K. Treatment with rAAV6-

caPI3K however did not attenuate this impairment in T2D mice. We have previously 

demonstrated in T1D mice that improvements in diastolic dysfunction with rAAV6-

caPI3K treatment are apparent, in addition to preventing the onset of LV systolic 

dysfunction (Prakoso et al. 2017). In contrast, I now demonstrate that systolic dysfunction 

was also evident in T2D mice prior to administration of rAAV6-caPI3K, suggesting we 

are intervening at a later stage of diabetic cardiomyopathy. Importantly, the impairment 

of systolic function (impaired fractional shortening and Vcfc) evident in T2D mice before 

gene delivery was abolished with a single treatment of rAAV6-caPI3K, while again null-

vector control diabetic mice continued to exhibit a decline in cardiac function. Hence, I 

demonstrate that rAAV6-caPI3K improves systolic but not diastolic dysfunction when 

administered at a later stage of the development of diabetic cardiomyopathy.  

 

In conjunction with the impaired cardiac function in the T2D hearts, cardiac remodelling 

was also evident. An increase in cardiac collagen deposition, in terms of both interstitial 

and perivascular fibrosis, was demonstrated by sirius red staining. This is consistent with 

previous findings in other pre-clinical models of T2D; both HFD models (Gu et al. 2017; 

Ti et al. 2011) and the commonly-used genetic models, db/db and ob/ob mice (Huynh et 

al. 2012; Mori et al. 2014). The increase in cardiac collagen deposition, at least in 

pathological settings, has been associated with both TGF- and CTGF, key modulators 

of cell surface receptors and cytokines, growth factors and extracellular matrix proteins 

(Travers et al. 2016). Furthermore, TIMP-2, which inhibits the breakdown of collagen, 

tended to be increased in T2D heart, perhaps in an effort to maintain structural integrity 

of the diabetic heart (Linthout et al. 2008). Of note, delivery of rAAV6-caPI3K limits the 

increase in each of these fibrotic markers in T2D heart, in conjunction with attenuation 

of cardiac collagen deposition. However, whether these effects are exerted directly on the 

myocardium, or secondary to the limitation of oxidative stress by PI3K(p110α), remains 

to be resolved. Similar to cardiac fibrosis, cardiomyocyte hypertrophy is also a classical 

structural feature of diabetic heart, which likely initially develops as a compensatory 

mechanism to maintain cardiac function (Ritchie et al. 2006). Enlargement of 

cardiomyocytes, in addition to increased foetal gene expression, has been recognised in 
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hearts of both human and pre-clinical contexts of diabetes (Aneja et al. 2008; Eguchi et 

al. 2008). In the present study, the diabetes-induced increase in LV ANP expression and 

cardiomyocyte width in T2D hearts was blunted by rAAV6-caPI3K, consistent with our 

previous findings in T1D mice (Prakoso et al. 2017).  

 

Oxidative stress is considered to be one of the primary drivers of pathological changes 

seen in diabetic heart (Huynh et al. 2013). In T2D, hyperglycaemia, and increases in 

cardiac lipid content (causing lipotoxicity) both contribute to increased production of 

ROS (Brookheart et al. 2009). Here I demonstrated that T2D led to an increase in cardiac 

superoxide levels in both fresh and frozen tissue, in conjunction with an increase in the 

superoxide marker, the p22phox subunit of NADPH oxidase. Treatment with rAAV6-

caPI3K abolished these increases, supporting my previous results in the STZ-induced 

T1D mouse model (Ritchie et al. 2012; Prakoso et al. 2017). In addition to increased ROS, 

T2D hearts also demonstrate an increase in expression of ER stress genes, suggesting 

diabetes impairs LV ER function. ER stress has been proposed to develop simultaneously 

with increased ROS formation. This results in impaired ER function and aggravated ROS 

production, establishing a positive feedback cycle (Zeeshan et al. 2016). Administration 

of rAAV6-caPI3K, however, limits the diabetes-induced increases in markers of ER 

stress, possibly through its ROS-suppressing properties, as shown here and previously 

(Prakoso et al. 2017).  

 

Based on my findings, it is important to note that transduction of caPI3K using rAAV6-

caPI3K was less prominent in the T2D hearts compared to the sham non-diabetic hearts. 

This might be attributed to several different factors including; increases in LV collagen 

deposition and decreases in capillary density (both of which may hinders AAV gene 

delivery to the cardiomyocytes) and/or the presence of neutralising antibodies to the AAV 

(that can increase AAV degradation prior to transduction). The presence of neutralising 

antibodies have remained a significant hurdle in achieving meaningful transduction in 

response to AAV-mediated gene delivery in the clinic (Louis Jeune et al. 2013). However, 

breakthroughs in the gene therapy technology, including the use of chimeric AAVs or an 

AAV envelope have been shown to be a promising approach to increase transduction 

(Rincon et al. 2015; György et al. 2014). It is also worth mentioning that by possibly 

increasing the dose, intervening at earlier time-point and/or even a longer follow-up might 

prove to be even more beneficial in the specific context of T2D cardiomyopathy. 
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Moreover, although the current study revealed reduced transduction efficiency in the T2D 

heart, the limited amount of caPI3K expression still exerted beneficial effects by 

reversing several of the pathological features of diabetic cardiomyopathy.  

4.4.1 Future challenges and considerations 

People affected with T2D contribute more than 90% of the diabetic population worldwide 

and thus represent substantial disease burden. Here, I utilised a pre-clinical animal model 

that mimics the progression of T2D in the clinic and revealed the therapeutic potential of 

rAAV6-caPI3K, even when administered later in disease progression. Thus, in 

combination with our previous findings, I propose that specifically increasing PI3K 

expression in the heart is a viable therapeutic target for diabetic cardiomyopathy. The 

next step will require optimisation of the AAV construct, possibly through the use of 

chimeric AAV and enveloping AAV vectors to protect from neutralising antibodies 

(György et al. 2014). Moreover, future experiments in large animal models will provide 

more robust evidence, and a toxicology profile, that more closely aligns with human 

physiology. Nevertheless, to date seven gene therapy products (including two AAV-

based approaches) have been approved for clinical use, but none approved for 

cardiovascular diseases (Ginn et al. 2018). In the present study, administration of rAAV6-

caPI3K proved to be cardioprotective in the setting of diabetic cardiomyopathy, making 

it a strong candidate for translation to the clinic.  

4.4.2 Conclusion 

In summary, the current study demonstrates that restoration of LV PI3K(p110α) activity 

using rAAV6-caPI3K attenuates T2D-induced cardiomyopathy even when administered 

at a later stage in the development of cardiac dysfunction. Delivery of rAAV6-caPI3K 

improves LV systolic function, abolishes cardiac remodelling and attenuates oxidative 

stress in a mouse model of T2D. Therefore, my observations contribute to our prior body 

of work suggesting the cardioprotective effects of PI3Kα in several different settings of 

cardiac pathology (Prakoso et al. 2017; Weeks et al. 2012; Ritchie et al. 2012; Lin et al. 

2010). Further studies, investigating its use in a clinically-relevant large animal model, 

will provide additional proof-of-concept for its successful translation to the clinic.  
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5 Chapter 5: Cardiac Manipulation of O-GlcNAc Protein 

Modification is Integral for Left Ventricular Function and 

Remodelling in the Diabetic Heart 
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5.1 Introduction 

The nutrient-sensing hexosamine biosynthesis pathway (HBP) is an alternate pathway of 

glucose metabolism, as opposed to the more well-known routes of glycolysis, the pentose 

phosphate pathway and glycogen metabolism (Torres et al. 1984). The HBP is regulated 

by the rate-limiting enzyme glutamine fructose-6-phosphate aminotransferase (GFAT), 

which leads to the ultimate generation of UDP-GlcNAc, a substrate for the post-

translational protein modification (PTM) called O-GlcNAcylation (Ngoh et al. 2010). 

This particular type of protein modification occurs on the Serine/Threonine residues of 

more than 4000 different kinds of proteins in the cytoplasm, nucleus and mitochondria 

(Ma et al. 2014). Two specific enzymes regulate the dynamic addition and removal of O-

GlcNAc modification; O-GlcNAc transferase (OGT) catalyses the addition of GlcNAc to 

proteins and O-GlcNAc-ase (OGA) which facilitates its removal (Qin et al. 2017). Under 

normal physiology, approximately 5% of glucose is thought to enter this pathway, which 

helps maintain multiple cellular homeostatic processes (Qin et al. 2017). However, under 

disease conditions such as diabetes, where there is an increase in systemic glucose levels 

and impaired glycaemic control, O-GlcNAcylation becomes chronically-upregulated in a 

maladaptive fashion (Ngoh et al. 2010; McLarty et al. 2013). Indeed, this is detected in 

multiple diabetes related diseases, including diabetic cardiomyopathy (Peterson et al. 

2016; Wright et al. 2017).  

 

Diabetic cardiomyopathy is regarded as a specific type of cardiac complication that is 

evident in most diabetic individuals, ultimately increasing risk of heart failure by 2-3-fold  

in diabetic compared to non-diabetic subjects (Regan et al. 1977; Jia et al. 2018). This 

myocardial phenotype is distinguished by an initial development of diastolic dysfunction 

prior to clinically evident systolic dysfunction (Marwick et al. 2018). These cardiac 

impairments are often exacerbated by concomitant myocardial remodelling, including 

cardiac fibrosis and enlargement of cardiomyocytes (Tate et al. 2017). To date there is 

still no effective treatment for diabetic cardiomyopathy, hence the need for novel 

therapeutic targets for intervention. It has previously been proposed that physiological 

levels of O-GlcNAc exist to preserve normal cellular function (Yang et al. 2017). Severe 

or chronic insults can lead to an imbalance in this system and contribute to the 

pathogenesis of various diseases. Hence, I hypothesise a similar concept with respect to 
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O-GlcNAc balance in the setting of diabetic cardiomyopathy, which may represent a 

possible novel therapeutic target for this disorder. 

 

The development of diabetes has been demonstrated to be closely linked with O-

GlcNAcylation. For example, in diabetic patients, the degree of leukocyte O-

GlcNAcylation correlates with the progression of diabetes (Springhorn et al. 2012). 

Similarly, a single nucleotide polymorphism of MGEA5 (which encodes OGA in humans) 

is associated with T2DM in Mexican Americans, and impairs the removal of GlcNAc 

from affected proteins leading to disease progression (Lehman et al. 2005). In addition to 

these clinical findings, animal studies demonstrate that diabetic mice exhibit increased 

cardiac O-GlcNAcylation, which has been linked with cardiac abnormalities including 

arrhythmia and cardiomyopathy (Erickson et al. 2013; Fricovsky et al. 2012). Indeed, 

previous in vitro studies suggest that cardiomyocytes cultured in high glucose media 

(mimicking hyperglycaemia) also exhibit increased O-GlcNAcylation, with a 

concomitant reduction in protein content of the calcium handling protein, 

sarco/endoplasmic reticulum Ca2+ATPase (SERCA2a) (Clark et al. 2003). Furthermore, 

cardiomyocytes isolated from mouse hearts shortly after the induction of diabetes also 

displayed impaired myocyte contraction, which parallel the increase O-GlcNAcylation 

(Hu et al. 2005). Interestingly, acute targeting of O-GlcNAcylation by adenoviral OGA 

gene transfer in vitro alleviates these anomalies (Clark et al. 2003; Hu et al. 2005). 

Therefore, these studies provide proof-of-concept that limiting sustained increases in 

global cardiac O-GlcNAcylation may be an effective means to attenuate cardiac 

abnormalities associated with diabetic cardiomyopathy. 

 

I sought to identify the role of global cardiac O-GlcNAcylation in the specific 

development of diabetes-induced heart failure. By utilising adeno-associated virus 

(AAV), I can manipulate the enzymes (OGA and OGT) responsible for O-GlcNAcylation 

in the heart over the longer term in vivo. Administration of recombinant adeno-associated-

virus 6 (rAAV6)-OGT encoding the human isoform of OGT gene was sufficient to 

increase global LV O-GlcNAcylation even in the absence of diabetes, leading to 

deterioration of cardiac function and remodelling eight weeks after administration 

resembling that seen in the diabetic heart. In contrast, administration of rAAV6-OGA, 

encoding the human form of the OGA gene, improved cardiac function and remodelling 

in mice with established diabetic cardiomyopathy. Further, the limitation of markers of 



 

 

Chapter V: The role of cardiac O-GlcNAcylation in the diabetic heart  132 

diabetic cardiomyopathy was evident with a higher dose of rAAV6-OGA, without 

adverse effects. Taken together my results demonstrate that targeting modification of the 

HBP and O-GlcNAcylation specifically in cardiomyopathy may represent a novel 

therapeutic approach for diabetes-induced heart failure.  

5.2 Research design and methods 

5.2.1 Animals and experimental design 

All animal procedures were approved by the Alfred Medical Research and Education 

Precinct (AMREP) Animal Ethics Committee. Diabetes was induced in 6-week-old 

FVB/N male mice as previously described (see section 2.2.1). Hyperglycaemia was 

confirmed by measuring blood glucose every 2-weeks from the saphenous vein 

throughout the study (see section 2.7). Only mice with STZ-induced blood glucose levels 

≥20 mmol/l were included in the diabetic groups in this chapter. After eight weeks of 

untreated diabetes, mice were then randomly assigned to treatment groups: empty control 

vector (null vector), rAAV6-OGT or rAAV6-OGA (2x1011 vector genomes in 150L of 

saline). Additionally, another diabetic cohort was administered a 5-fold higher-dose 

rAAV6-OGA (hdOGA, 1x1012 vector genomes in 150µl of saline). AAVs were 

administered via single tail vein injection. Mice were followed for a further 8 weeks after 

AAV, after which final echocardiography was conducted. At study end-point, mice were 

euthanased by anaesthesia and exsanguination before tissue collection. Blood collected 

on the day of tissue harvest was used to determine the level of glycated haemoglobin 

using the COBAS analyser (Roche). A flow chart of animal use and analysis in preclinical 

studies is included (Figure 5.1) based on the CONSAERT template (Drucker 2016).  

5.2.2 Production of adeno-associated virus 

The constructs for AAV were designed based on human DNA sequences (accession 

number NC_000010.11 and NG_015875.1 respectively) to encode nucleocytoplasmic 

OGA and OGT enzyme. The cDNA construct encoding human OGA or OGT 

(synthesised by GenScript, New Jersey, USA) were cloned into a rAAV expression 

plasmid consisting of a CMV promoter and SV40 poly-A region using standard cloning 

technique (Gregorevic et al. 2004) (see section 2.9.2 for more detail).  
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Figure 5.1 Flow chart of animal use for Chapter 5 

Flow chart of animal use based on the CONSAERT template for preclinical studies. Mice were excluded if they did not achieve adequate 

hyperglycaemia (blood glucose ≥20 mmol/l after 8 weeks post-STZ injection). LV tissue analysis was undertaken on all samples for gene and 

protein expression analysis. ND, non-diabetic; D, diabetic 
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5.2.3 Echocardiography 

Measurement of LV function was obtained from echocardiography in anaesthetised mice 

(ketamine/xylazine/atropine: 60/6/0.6 mg/kg i.p.) at baseline, after 8-weeks of diabetes 

(pre-AAV), and prior to LV collection after 8 weeks of AAV or null (post-AAV), using 

a Philips iE33 ultrasound (North Ryde, NSW, Australia) with 15MHz linear (M-mode) 

and 12MHz sector (Doppler) transducer, as previously described (see section 2.10.1). 

5.2.4 Tissue collection and histological analyses  

Heart sections (LV) were fixed in 10% neutral buffered formalin overnight, embedded in 

paraffin and serially sectioned (4m thick slices) for histological analysis (Prakoso et al. 

2017; De Blasio et al. 2015). Slides were stained with hematoxylin and eosin to quantify 

cardiomyocyte width (see section 2.12.1.1), or picrosirius red to assess cardiac collagen 

deposition, using polarised light microscopy to differentiate type I and type III collagen 

fibres (see section 2.12.1.2).  

5.2.5 LV superoxide levels  

Superoxide levels were determined in fresh LV tissue using lucigenin-enhanced 

chemiluminescence (Ritchie et al. 2012). Briefly, small pieces (~1-2mm diameter) of LV 

were dark-incubated at 37°C for 1 hour with Krebs-HEPES Buffer, with or without -

nicotinamide adenine dinucleotide phosphate (100mol/L). Lucigenin (5mol/L) was 

added, and photons emitted were measured using a multimode plate-reader (Perkin 

Elmer, Waltham, USA), and then normalised to dry tissue weight (see section 2.11.1). 

5.2.6 Real-time PCR 

Total RNA was collected from LV tissue using TRIzol (Life Technologies). RNA was 

reverse-transcribed using a TaqMan reverse transcriptase cDNA kit (Life Technologies). 

Gene expression was determined via real-time PCR using SYBR® Green chemistry 

(Applied Biosystems, Scoresby, Victoria, Australia). Primers were generated from 

murine sequences published on GenBank (Table 2.1 for primer sequences). Quantitative 

real-time analysis was performed using a QuantStudio™ Flex-Real-Time PCR system 
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(Applied Biosystems) and the Ct method was employed to obtain relative fold 

differences in gene expression (see section 2.14.2).  

5.2.7 Immunoblotting 

LV tissues were homogenised using the TissueLyser II (Qiagen) in T-PER tissue lysis 

buffer (Thermo Fisher) supplemented with the OGA inhibitor PUGNAc (Sigma) and 

protease inhibitor cocktail (SIGMAFAST, Sigma). Tissue lysis was followed by 

centrifugation at 14,000g for 15 min at 4°C, and protein concentration was determined 

using bicinchoninic acid assay (BCA assay, BioRad). Protein lysate was subsequently 

separated by SDS-polyacrylamide gel electrophoresis, blotted onto PVDF membranes 

(Thermo Fisher), and incubated with the appropriate primary antibody overnight (Table 

2.3 for a list of antibodies). Incubation was then followed by HRP-conjugated anti-rabbit, 

goat or mouse secondary antibody as appropriate. Quantification was performed using 

ImageLab (BioRad), and data were normalised to controls. Densitometry analyses of 

western blot are presented as band density normalised to the loading control. 

5.2.8 Human iPSC-derived cardiomyocyte cell culture  

Human induced pluripotent stem cells (iPSC)-derived cardiomyocytes were 

differentiated based on a previous protocol (section 2.16). Human iPSC-derived 

cardiomyocytes were maintained in either low or high glucose medium (11mM glucose 

or 33mM glucose in RPMI 1640 and B-27 supplement, Thermo Fisher) until the end of 

the experiment. Once the cells were rested for 24 hours; rAAV6-hOGA transfection was 

conducted, with three different doses administered (1x107, 1x108 and 1x109 vg, vector 

genomes). Cells were then maintained in maintenance media for the next 6 days with 

media changed every two days (section 2.16.1). 

5.2.9 Mitochondrial respiration and glycolytic activity 

Analysis of mitochondrial respiration and glycolytic activity were performed using the 

Seahorse XFe96 Extracellular Flux Analyser (section 2.16.2) following transfection in 

vitro. Briefly, human iPSC-derived cardiomyocytes were plated in a 96-well Seahorse 

V3-PS plate. The following day, cells were washed with assay media (Seahorse XF base 

medium) containing 25mM glucose, 1mM glutamine and 1mM sodium pyruvate for 



 

 

Chapter V: The role of cardiac O-GlcNAcylation in the diabetic heart  136 

oxygen consumption rate (OCR) assay, or media containing 1mM glutamine for 

extracellular acidification rate (ECAR) assay. Prior to the day of the assay, cells were 

equilibrated in 175 μL of respective assay media per well at 37 °C with no CO2 for 30 

min. The assay protocol consisted of repeated cycles of 3 min mix and 3 min measurement 

periods, with OCR and ECAR measured simultaneously. All treatment conditions were 

undertaken with 3–4 replicates for each independent experiment.  

5.2.10 Statistical analysis  

Data are presented as mean ± SEM. Differences between groups were compared using 

one-way ANOVA followed by Fisher’s post hoc test or repeated measures ANOVA as 

appropriate (Prism 7, GraphPad Software, San Diego, CA). Statistical significance was 

considered at P<0.05.  

 

5.3 Results 

5.3.1 Systemic characteristics in diabetic mice 

Hyperglycaemia was successfully induced by STZ, as demonstrated by a significant 

increase in end-point blood glucose and glycated haemoglobin (Table 5.1, all P<0.05 vs 

non-diabetic counterpart). Hyperglycaemia was evident as early as 2 weeks after STZ 

induction (Figure 5.2). At endpoint body weight was significantly lower in the diabetic 

group, due to reduced postnatal growth in these mice as observed during fortnightly 

weight monitoring (Figure 5.2). Heart weight also tended to be lower in the diabetic group 

compared to the non-diabetic mice at endpoint. Kidney and liver weights were higher 

after 16 wks of diabetes relative to their citrate vehicle counterparts, consistent with 

previous findings in the literature including our laboratory (Prakoso et al. 2017; De Blasio 

et al. 2015) (Table 5.1, all P<0.05 vs non-diabetic null-treated mice). These parameters 

were not different between mice administered null, OGT or OGA AAV. 

  



 

 

Chapter V: The role of cardiac O-GlcNAcylation in the diabetic heart  137 

Table 5.1 Systemic characteristics and endpoint organ weights in mice at study 

endpoint. 

    Non-diabetic Diabetic 

Treatment  Null OGT OGA Null OGT OGA hdOGA 

n   12 13 14 11 12 14 10 

Blood glucose (mmol/l) 10.1±0.5 9.6±0.4 9.7±0.4 32.0±0.7* 31.0±1.2* 29.3±1.0* 31.2±0.8* 

HbA1c  (mmol/mol) 14±1.3 19.7±2.1 16.6±1.7 81.9±6.7* 78.8±5.5* 76.2±5.2* 71.9±3.6* 

HbA1c (%) 3.2±0.1 3.7±0.2 3.5±0.2 10.1±0.5* 9.4±0.5* 9.1±0.5* 8.7±0.3* 

Body weight (g) 34.8±0.9 35.5±1.0 33.0±0.7 31.2±0.8* 31.1±0.7* 30.0±0.6* 31.3±0.5* 

Heart weight  (mg) 144±2 144±3 147±4 131±6* 137±4 130±2* 134±2 

LV weight  (mg) 100±2 100±1 102±2 98±9 93±2 97±7 95±2 

Kidney weight  (mg) 217±5 214±6 217±13 303±11* 301±16* 295±12* 309±19* 

Lung weight  (mg) 158±4 160±3 167±4 161±5 162±4 169±6 165±4* 

Gastrocnemius  (mg) 177±3 176±4 182±3 148±9* 155±5* 157±11* 163±4 

Liver  (g) 1.51±0.1 1.48±0.1 1.46±0.1 1.93±.0.1* 2.07±0.1* 1.85±0.1* 2.01±0.1* 

Pancreas  (mg) 213±11 212±8 217±9 198±12 188±13 182±8* 218±8 

Spleen  (mg) 104±6 102±2 99±3 115±6 113±3 119±6 138±17 

Tibia length  (mm) 17.2±0.1 17.2±0.2 17.4±0.2 17.5±0.1 17.5±0.2 17.3±0.1 17.8±0.2 

One-way ANOVA; *P<0.05 vs ND-null. ND, non-diabetic; D, diabetic. Data are 

presented as mean ± SEM. 
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Figure 5.2 Fortnightly blood glucose and body weight monitoring in mice over 16 wks 

of treatment. 

A) Fortnightly blood glucose and B) body weight measurement. ND, non-diabetic; D, 

diabetic. Data are presented as mean ± SEM; n= 10-14 per-treatment group as detailed in 

Figure 5.1. 
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5.3.2 rAAV6-OGT induces cardiac remodelling and cardiac dysfunction in sham non-

diabetic mice 

Administration of rAAV6-OGT by tail vein injection increased LV gene expression of 

human OGT after 8 wks (Figure 5.3A). This increase was attributed to the LV production 

of the transduced human OGT isoform, which is a larger protein than the endogenous 

mouse OGT isoform (Figure 5.3B, note second band evident in OGT-treated mice). LV 

protein levels of the rate-limiting enzyme responsible for HBP, GFAT1, were increased 

in non-diabetic OGT-treated mice (Figure 5.3C, P<0.05 vs non-diabetic null-treated 

mice). This increased LV GFAT1 protein was less marked in diabetic null and OGT-

treated-diabetic mice (Figure 5.3C). The increase in GFAT1 protein level, occurred in 

conjunction with a modest but significant, increase in LV protein O-GlcNAcylation in 

the sham non-diabetic rAAV6-OGT-treated mice compared to sham non-diabetic mice 

(Figure 5.3D, P<0.05 vs non-diabetic null-treated mice). LV O-GlcNAcylation was 

however not increased in diabetic mice administered either null (empty) vector or 

rAAV6-OGT (Figure 5.3D). LV superoxide levels were elevated in the rAAV6-OGT-

treated sham non-diabetic mice, mimicking the increase evident in diabetic mice (Figure 

5.3E, P<0.05 vs non-diabetic, null-treated mice).  

 

Quantitative rt-PCR revealed a diabetes-induced increase in LV pro-fibrotic gene 

expression of connective tissue growth factor (Ctgf) and tissue inhibitor 

metalloproteinase-2 (Timp-2, Figure 5.4A, P<0.01 and P=0.06 respectively vs non-

diabetic null-treated mice). Moreover, rAAV6-OGT-treated sham non-diabetic mice 

tended to exhibit increased periostin (Postn) and Timp-2 expression (Figure 5.4A, P=0.05 

and P=0.05 respectively vs non-diabetic null-treated mice). The increase in LV pro-

fibrotic gene expression, however, was not surmountable as demonstrated in diabetic 

mice administered rAAV6-OGT (where no further increase in gene expression was 

evident in the diabetic-OGT-treated mice, Figure 5.4A). Changes in LV pro-fibrotic gene 

expression were accompanied by a diabetes-induced increase in cardiac collagen 

deposition, consistent with my previous observations in this model of diabetes (Prakoso 

et al. 2017). Interstitial fibrosis was elevated and consisted of an increase in both type I 

and type III collagen, demonstrated by picrosirius red staining under polarised light 

(Figure 5.4B, P<0.01 vs non-diabetic null-treated mice). Moreover, administration of 

rAAV6-OGT to sham non-diabetic mice increased interstitial fibrosis to similar levels to 
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that seen in diabetic mice (Figure 5.4B, P<0.05 vs non-diabetic null-treated mice). 

Similarly, LV perivascular collagen content was elevated with rAAV6-OGT to the same 

extent seen in diabetic mice alone (Figure 5.4C, all P<0.05 vs non-diabetic null-treated 

mice).  

 

In conjunction with the increase in pro-fibrotic gene expression, diabetes increased LV 

hypertrophic gene expression, in particular β-myosin heavy chain (Myh7) and atrial 

natriuretic peptide (Nppa, Figure 5.5A, at least P<0.01 vs non-diabetic null-treated mice). 

Similarly, an increase in Nppa gene expression was also apparent in the sham non-

diabetic mice treated with rAAV6-OGT (Figure 5.5A, P=0.05 vs non-diabetic null-treated 

mice). Furthermore, cardiomyocyte hypertrophy was also evident in the LV as 

demonstrated by an increase in cardiomyocyte area and width (Figure 5.5B, P<0.05 vs 

non-diabetic null-treated mice). Interestingly, the increase in pro-hypertrophic gene 

expression in rAAV6-OGT non-diabetic mice was not accompanied by cardiomyocyte 

hypertrophy (Figure 5.5B).  

 

Impairment of cardiac function in the context of diabetic cardiomyopathy is considered 

to develop initially as impaired diastolic dysfunction (Tate et al. 2017). In the present 

study LV diastolic dysfunction was evident after 8 weeks of diabetes (pre-AAV), 

demonstrated by reduced E/A ratio and prolongation of isovolumic relaxation time 

(IVRT) and deceleration time (Figure 5.6A-C, P<0.05 vs non-diabetic null-treated mice). 

Similarly, tissue Doppler echocardiography revealed a reduction in e’/a’ ratio after 8 

weeks of diabetes (pre-AAV, Figure 5.6D, P<0.05 vs non-diabetic null treated mice). 

Diastolic dysfunction was also evident in non-diabetic mice administered rAAV6-OGT 

after 8 weeks of follow-up (Figure 5.6A-D, at least P<0.05 vs non-diabetic null-treated 

mice). Final end-point M-mode echocardiography revealed reduced LV systolic function 

(fractional shortening) in non-diabetic mice administered rAAV6-OGT (Figure 5.6E, 

P<0.05 vs non-diabetic null-treated mice). The reduction in fractional shortening was not 

however accompanied with significant changes in LV dimensions during either systole 

and diastole (Figure 5.6F and G). 
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Figure 5.3 Administration of rAAV6-OGT increase cardiac OGT content. 

A) LV gene expression of human OGT. B) LV immunoblot of OGT protein. C) 

Densitometry of LV GFAT1 protein pooled data and representative blot. D) 

Representative densitometry and representative blot of LV O-GlcNAc modified protein 

(note multiple bands induction of multiple proteins O-GlcNAc modified). E) Superoxide 

level determined in fresh LV, measured with lucigenin chemiluminescence. One-way 

ANOVA; *P<0.05, **P<0.01, ***P<0.001 vs ND-null. ND, non-diabetic; D, diabetic. 

Data are presented as mean ± SEM; n= 10-14 per-treatment group as detailed in Figure 

5.1. 
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Figure 5.4 Impact of rAAV6-OGT administration on cardiac fibrosis 

A) LV gene expression of pro-fibrotic markers (Ctgf, connective tissue growth factor; 

Tgf-β, transforming growth factor-β; Postn, periostin; Timp-2, tissue inhibitor 

metalloproteinase-2). B) Representative LV interstitial picrosirius red-stained images 

(magnification x200, scale bar: 200µm), with quantification of interstitial type I, type III 
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and total collagen content. C) Representative LV perivascular picrosirius red-stained 

images (magnification x400, scale bar: 100µm) with quantification of perivascular type 

I, type III and total collagen content. PL; polarized light, BF; bright field. One-way 

ANOVA; *P<0.05, **P<0.01, ***P<0.001 vs ND-null. ND, non-diabetic; D, diabetic. 

Data are presented as mean ± SEM; n= 9-14 per-treatment group as detailed in Figure 

5.1. 
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Figure 5.5 Impact of rAAV6-OGT administration on cardiomyocyte hypertrophy. 

A) LV gene expression of pro-hypertrophic markers (Myh7, β-myosin heavy chain; Nppa, 

atrial natriuretic peptide; Nppb, B-type natriuretic peptide). B) Representative LV H&E 

stained images (magnification x400, scale bar 100:µm) with quantification of LV 

cardiomyocyte area and width. One-way ANOVA; *P<0.05, **P<0.01, ***P<0.001 vs 

ND-null. ND, non-diabetic; D, diabetic. Data are presented as mean ± SEM; n= 9-13 per-

treatment group as detailed in Figure 5.1. 
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Figure 5.6 Administration of rAAV6-OGT causes cardiac dysfunction similar to that 

seen in diabetic mice. 

Quantification of A) E/A ratio, B) isovolumic relaxation time (IVRT) and C) deceleration 

time obtained from pulsed-wave Doppler echocardiography at baseline (before diabetes 

induction), prior to AAV injection (8 weeks of diabetes) and after AAV injection (16 

weeks of diabetes). Tissue Doppler-derived D) e’/a’ ratio measured pre- (8 weeks of 

diabetes) and post-AAV (16 weeks of diabetes) injection. Final M-mode 

echocardiography derived E) fractional shortening, F) LV end-diastolic dimension 

(LVEDD) and G) LV end-systolic dimension (LVESD). One-way ANOVA; *P<0.05, 

**P<0.01, ***P<0.001 vs ND-null at the same time-point;
 ‡
P<0.05, 

‡‡
<0.01 vs ND-OGT 

at the same time-point. ND, non-diabetic; D, diabetic. Data are presented as mean ± SEM; 

n= 10-13 per-treatment group as detailed in Figure 5.1.  
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5.3.3 rAAV6-OGA attenuates diabetic cardiomyopathy  

Two different doses of rAAV6-OGA were used in this study. The cohort of mice referred 

to as OGA received 2x1011vg and mice allocated to the higher dose (hdOGA) received 

1x1012vg (5-fold higher dose). The hdOGA group exhibited a greater LV gene expression 

and protein content of delivered OGA when compared to the lower dose OGA group 

(Figure 5.7A and B). GFAT protein content in the heart tended to be increased in diabetic 

sham mice, which tended to be blunted with rAAV6-OGA gene therapy (Figure 5.7C, 

P=0.05 vs diabetic null-treated mice) and further reduced with hdOGA administration 

(Figure 5.7C, P<0.01 vs diabetic null-treated mice). These changes were accompanied by 

a reduction in LV O-GlcNAc modified protein levels, in both OGA and hdOGA treated 

groups of diabetic mice (Figure 5.7D, P<0.05 and P<0.01, respectively, vs diabetic null-

treated mice). There was, however, no difference in LV-O-GlcNAcylation between the 

diabetic OGA and hdOGA treated groups (Figure 5.7D). LV superoxide levels (measured 

by lucigenin chemiluminescence) were increased with diabetes (Figure 5.7E, P <0.001 vs 

non-diabetic null-treated mice); this was limited by administration of rAAV6-OGA at 

both doses studied (Figure 5.7E, P<0.05 all vs diabetic null-treated mice).  

 

Diabetes increased pro-fibrotic gene expression of Ctgf and Timp-2 (Figure 5.8A and B, 

P<0.001 and P<0.01, respectively, vs non-diabetic null-treated mice). These increases 

were blunted in both diabetic OGA and hdOGA treated groups of mice (Figure 5.8A and 

B). As previously observed, a diabetes-induced increase in cardiac fibrosis was evident, 

in terms of both interstitial and perivascular collagen content (Figure 5.8C and D, P<0.01 

vs non-diabetic null-treated mice). Administration of OGA or hdOGA attenuated this 

diabetes-induced cardiac fibrosis, limiting the increase in interstitial and perivascular type 

I and type III collagen deposition (Figure 5.8C and D, P<0.05 vs diabetic-null-treated-

mice).  

 

Consistent with our previous findings, pro-hypertrophic gene expression of Nppa and 

Myh7 was increased in the diabetic heart (Figure 5.9A and B, P<0.001 and P<0.05 vs 

non-diabetic null-treated mice). This increase remained evident in the OGA-treated 

diabetic group but was blunted in hdOGA treated-diabetic mice (Figure 5.9A). 

Furthermore, cardiomyocyte hypertrophy, in terms of both cardiomyocyte area and width, 

was also evident in the diabetic LV (Figure 5.9C, P<0.001 vs non-diabetic null-treated 
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mice); this was abolished with both doses of rAAV6-OGA administration (Figure 5.9C, 

P<0.001 vs diabetic null-treated mice). 

 

LV diastolic dysfunction was evident after 8 weeks of untreated diabetes, with reduced 

E/A ratio and prolonged IVRT and deceleration time (Figure 5.10A-C, P<0.05 vs non-

diabetic null-treated mice). Administration of rAAV6-OGA after this initial 

manifestation of diastolic dysfunction attenuated diastolic dysfunction 8 weeks after 

treatment, in both OGA and hdOGA diabetic cohorts (Figure 5.10A-C, P<0.05 vs diabetic 

null-treated mice). Similarly, tissue Doppler echocardiography also revealed a diabetes-

induced reduction in the e’/a’ ratio, suggesting the presence of diastolic dysfunction 

(Figure 5.10D, P<0.05 vs non-diabetic null-treated mice); diabetic mice administered 

rAAV6-OGA were protected from this increase after 8 weeks of follow up (Figure 5.10D, 

P<0.05 vs diabetic null-treated mice). Final M-mode echocardiography revealed 

increased fractional shortening in the diabetic OGA-treated cohort (Figure 5.10E, P<0.06 

vs non-diabetic null-treated mice). Changes in fractional shortening were however not 

accompanied by significant changes in LV dimensions during systole or diastole (Figure 

5.10F and G).  
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Figure 5.7 Administration of rAAV6-OGA increased cardiac OGA content. 

A) LV gene expression of the human OGA isoform. B) Representative images of LV 

immunoblot of the OGA protein. C) Densitometry of LV GFAT1 protein pooled data and 

representative blot. D) Densitometry and representative blot of LV O-GlcNAc modified 

protein (note multiple bands indicating of multiple proteins O-GlcNAc-modified). E) 

Superoxide levels determined in fresh LV measured with lucigenin chemiluminescence. 

One-way ANOVA; ***P<0.001 vs ND-null; 
†
P<0.05, 

††
P<0.01 vs D-Null. ND, non-

diabetic; D, diabetic. Data are presented as mean ± SEM; n= 10-14 per-treatment group 

as detailed in Figure 5.1. 
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Figure 5.8 Impact of rAAV6-OGA administration on cardiac fibrosis. 

LV gene expression of pro-fibrotic markers A) Ctgf, connective tissue growth factor and 

B) Timp-2, tissue inhibitor metalloproteinase-2. C) Representative LV interstitial 

picrosirius red-stained images (magnification x200, scale bar: 200µm) with quantification 

of interstitial type I, type III and total collagen content. D) Representative LV perivascular 
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picrosirius red-stained images (magnification x400, scale bar: 100µm) with quantification 

of perivascular type I, type III and total collagen content. PL; polarized light, BF; bright 

field. One-way ANOVA; * P<0.05, **P<0.01, ***P<0.001 vs ND-null; 
†
P<0.05, 

†††
P<0.001 vs D-Null. ND, non-diabetic; D, diabetic. Data are presented as mean ± SEM; 

n= 9-14 per-treatment group as detailed in Figure 5.1. 
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Figure 5.9 The impact of rAAV6-OGA administration on cardiac remodelling; 

cardiomyocyte hypertrophy. 

 LV gene expression of pro-hypertrophic gene expression marker A) Nppa, atrial 

natriuretic peptide and B) Myh7, β-myosin heavy chain. C) Representative LV H&E 

stained images (magnification x400, scale bar 100:µm) with quantification of LV 

cardiomyocyte area and width. One-way ANOVA; * P<0.05, **P<0.01, ***P<0.001 vs 

ND-null; 
†
P<0.05, 

†††
P<0.001 vs D-Null. ND, non-diabetic; D, diabetic. Data are 

presented as mean ± SEM; n= 9-14 per-treatment group as detailed in Figure 5.1. 
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Figure 5.10 Administration of rAAV6-OGA attenuates diabetes-induced cardiac 

dysfunction. 

Quantification of A) E/A ratio, B) isovolumic relaxation time (IVRT) and C) deceleration 

time obtained from pulsed-wave Doppler echocardiography at baseline (before diabetes 

induction), prior to AAV injection (8 weeks of diabetes) and after AAV injection (16 

weeks of diabetes). Tissue Doppler-derived D) e’/a’ ratio measured pre- (8 weeks of 

diabetes) and post-AAV (16 weeks of diabetes) injection. Final M-mode 

echocardiography derived E) fractional shortening, F) LV end-diastolic dimension 

(LVEDD) and G) LV end-systolic dimension (LVESD). One-way ANOVA; *P<0.05, 

**P<0.01, ***P<0.001 vs ND-null at the same time-point; †P<0.05, ††P<0.01, †††P<0.001 

vs D-Null at the same time-point. ND, non-diabetic; D, diabetic. Data are presented as 

mean ± SEM; n= 10-14 per-treatment group as detailed in Figure 5.1.  
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5.3.4  OGA AAV limits mitochondrial dysfunction   

Diabetic cardiomyopathy has been previously associated with mitochondrial dysfunction. 

In the present study, cardiac immunoblot analysis revealed a diabetes-induced reduction 

in complex V and complex III protein levels key components of oxidative 

phosphorylation (Figure 5.11A and B, P=0.06 and P<0.05 vs non-diabetic null-treated 

mice). However, this was not evident in hearts obtained from the diabetic mice 

administered rAAV6-OGA (Figure 5.11A and B). No significant changes were observed 

in complex IV, complex II and complex I (Figure 5.11C, D and E). 

 

To further elucidate the effects of rAAV6-OGA at the level of cardiac mitochondria, I 

utilised human induced pluripotent stem cells (iPSC)-derived cardiomyocytes. First, I 

obtained a dose-response curve to OGA by administering 3 different doses of rAAV6-

OGA (1x107, 1x108 and 1x109 vector genomes, vg) to iPSC-derived cardiomyocytes, and 

measured gene expression of human OGA in both low glucose (LG, 11mM) and high 

glucose (HG, 33mM) media to mimic hyperglycaemia (Figure 5.12A). Both 1x108 and 

1x109 vg doses demonstrated a robust increase in OGA gene expression in human iPSC-

derived cardiomyocytes (Figure 5.12A). I analysed OGA protein content of iPSC-derived 

cardiomyocytes after both the 1x108 and 1x109 vg doses. Human iPSC-derived 

cardiomyocytes treated with 1x109 vg of rAAV6-OGA demonstrated an increase in OGA 

protein content, in both LG and HG medium (Figure 5.12B, P<0.05 vs LG-nil treated). 

However, this was independent of changes in net O-GlcNAcylation (Figure 5.12C). 

Based on these findings, I conducted mitochondrial respiration and glycolytic function 

assays, using the 1x109 vg rAAV6-OGA dose. The glycolytic function assay (ECAR) 

showed no differences between human iPSC-derived cardiomyocytes maintained in LG 

versus HG media in terms of glycolysis, glycolytic capacity, glycolytic reserve and non-

glycolytic acidification (Figure 5.12D). No differences were also observed in OGA-

treated cells (Figure 5.12D). In contrast, the mitochondrial respiration assay (OCR) 

revealed HG-induced reductions in each of basal respiration, ATP production and 

maximal respiration (Figure 5.12E, P=0.07, P<0.05, P<0.05 respectively vs LG nil treated 

cells). These impairments were not evident in rAAV6-OGA-treated HG cells, where a 

significant improvement in maximal respiration was evident (Figure 5.12E, P<0.05 vs 

HG nil treated cells).  
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Figure 5.11 The effect of rAAV6-OGA on mitochondrial complex proteins. 

Quantification of mitochondrial complexes in the LV; A) Complex V, B) Complex III, 

C) Complex IV, D) Complex II and E) Complex I. Representative LV immunoblot of 

mitochondrial protein complexes. One-way ANOVA; *P<0.05, **P<0.01, ***P<0.001 

vs ND-null. ND, non-diabetic; D, diabetic. Data are presented as mean ± SEM; n= 10-14 

per-treatment group as detailed in Figure 5.1. 
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Figure 5.12 Administration of rAAV6-OGA improves mitochondrial respiration in 

human iPSC-derived cardiomyocytes. 

A) MGEA5 (OGA) gene expression. Quantification of B) OGA (NCOAT) and C) O-

GlcNAc modified proteins in human iPSC-derived cardiomyocytes. D) Extracellular 

acidification rate (ECAR) and E) oxygen consumption rate (OCR) of human iPSC-

derived cardiomyocytes treated with rAAV6-OGA. One-way ANOVA; *P<0.05 vs LG-

nil; †P<0.05 vs HG nil. LG, low-glucose (11mM); HG, high-glucose (33mM); nil, no 

treatment; null, empty vector; 1x107, 1x108, 1x109, different doses of rAAV6-OGA 

treatment in vector genomes. Data are presented as mean ± SEM; n= 4-6 independent 

experiments.  
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5.4 Discussion 

O-GlcNAcylation, under normal physiological conditions, regulates cellular function and 

is essential for normal biological function. However, in settings of diabetes and 

hyperglycaemia, O-GlcNAcylation is considered to be detrimental, due to its sustained 

activation, as is seen in the context of diabetic cardiomyopathy (Marwick et al. 2018; 

Ngoh et al. 2010). In the present study, I investigated the role of cardiac O-GlcNAcylation 

in the setting of diabetic cardiomyopathy, by manipulating its two specific enzymes, OGA 

and OGT. My findings demonstrate that a sustained increase in LV O-GlcNAcylation is 

evident in non-diabetic mice administered rAAV6-OGT, leading to impaired cardiac 

function and cardiac remodelling, resembling that seen in the diabetic heart. Conversely, 

reduction of LV O-GlcNAcylation in the diabetic heart, as seen in mice administered 

rAAV6-OGA, attenuates diabetes-induced cardiac dysfunction and remodelling even in 

the presence of hyperglycaemia. These observations indicate that maladaptive O-GlcNAc 

modification of cardiac proteins is a critical regulator of the diabetes-associated heart 

failure. 

5.4.1 Increased cardiac OGT expression leads to cardiac dysfunction and remodelling 

Diabetes, and the associated chronic activation of O-GlcNAcylation, have been 

previously shown in the literature to develop in conjunction with cardiac complications 

(Peterson et al. 2016; Laczy et al. 2009; Wright et al. 2017). It was however unclear, 

whether increases in O-GlcNAcylation independent of hyperglycaemia can drive this 

modification. In the present study, I revealed that administration of rAAV6-OGT can 

specifically enhanced cardiac O-GlcNAcylation, independent of both elevated blood 

glucose and glycated haemoglobin. This increase in cardiac O-GlcNAcylation was 

sufficient to drive some of the molecular markers associated with pathological cardiac 

remodelling including changes in both pro-fibrotic and hypertrophic gene expression. I 

also observed that changes in pro-fibrotic markers in OGT-treated mice were associated 

with an increase in cardiac interstitial and perivascular collagen deposition, mimicking 

that seen in the diabetic heart. However, cardiac fibrosis observed in OGT-treated and 

null-treated diabetic mice may drive distinct pro-fibrotic gene expression profiles; i.e. the 

increase in cardiac Ctgf observed in diabetic mice were not seen in OGT-treated mice, 

and conversely, the increase in cardiac Postn in OGT-treated mice were not observed in 

null-treated diabetic mice. This suggests possibly different, independent pathways may 
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drive cardiac collagen formation in the heart for cardiac upregulation of OGT versus 

systemic hyperglycaemia, however this requires further elucidation. In contrast to cardiac 

fibrosis, hypertrophic genes that were increased by OGT administration were not 

accompanied by cardiomyocyte hypertrophy. This implies that the increase in OGT alone 

was not sufficient to cause both cardiac and cardiomyocyte hypertrophy. Based on this 

observation, I can speculate that the increase in O-GlcNAcylation previously observed in 

different settings of cardiac hypertrophy (e.g. myocardial infarction, aortic banding and 

AngII-induced cardiac insult) may be secondary to the underlying pathology (Gélinas et 

al. 2018; Lunde et al. 2012). 

 

In conjunction with changes in cardiac remodelling, cardiac function (including diastolic 

and systolic function), was impaired in sham non-diabetic mice after 8 weeks of OGT 

gene delivery. In previous studies, it was demonstrated that cardiac-specific knockout of 

OGT under basal conditions did not exhibit any cardiac dysfunction until the induction 

of cardiac insult (Watson et al. 2010; Dassanayaka et al. 2017). This indicates that the 

role of OGT and O-GlcNAcylation is more complicated than initially expected, as 

increasing or decreasing its expression does not necessarily lead to one particular 

outcome. Yang and colleagues have previously argued that an optimum balance of O-

GlcNAc cycling exists and that this needs to be maintained for O-GlcNAc homeostasis, 

whereas a slightly prolonged alteration in this balance may be sufficient to impact 

molecular modifications that can lead to detrimental effects (Yang et al. 2017). Indeed 

this was previously observed, where a slight increase in O-GlcNAcylation in mice 

(approximately 20%) in fat and muscle could result in insulin resistance and 

hyperleptinaemia (McClain et al. 2002). I proposed a similar concept here, as my 

observations have shown that a modest increase in cardiac O-GlcNAcylation is sufficient 

to cause cardiac remodelling and dysfunction. 

 

Intriguingly in the current study, I did not observe that the combination of an increase in 

rAAV6-OGT and diabetes further increased cardiac O-GlcNAcylation, cardiac 

remodelling and/or dysfunction. Based on the literature and previous observations from 

our laboratory (Qin et al. 2017; Lunde et al. 2012), I expected that these combination 

would lead to further deterioration in cardiac function and remodelling, as both variables 

can independently drive pathological cardiac changes. I speculate that this lack of additive 

effects may be due to cardiac O-GlcNAcylation not being further elevated in the hearts 
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of these mice. Additionally, the innate endogenous system may be trying to maintain a 

balanced level of O-GlcNAcylation that is already chronically activated by 

hyperglycaemia. There is also the possibility that transduction of the OGT enzyme in the 

diabetes-associated heart failure is limited (e.g. by the physical barricade posed by the 

increased formation of cardiac collagen). Nonetheless, I still observed a comparable LV 

dysfunction between the diabetic rAAV6-OGT-treated or the diabetic mice alone.  

5.4.2 Increased cardiac OGA expression attenuates diabetic cardiomyopathy in 

hyperglycaemic mice 

As previously mentioned, the development of diabetic cardiomyopathy occurs in 

conjunction with an elevated level of cardiac O-GlcNAcylation (Fricovsky et al. 2012; 

Marsh et al. 2011). Therefore, in the present study, I also investigated whether increasing 

LV OGA expression (the enzyme responsible for reducing O-GlcNAcylation) attenuates 

diabetic cardiomyopathy and its characteristics, including cardiac remodelling and 

dysfunction. Global cardiac O-GlcNAcylation tended to increase with diabetes, and thus 

was significantly reduced with OGA treatment, at both high and low doses. Furthermore, 

my results also revealed that the diabetes-induced increase in pro-fibrotic gene expression 

is reduced with rAAV6-OGA administration at both doses. However, hypertrophic gene 

expression was only attenuated at the higher-dose of OGA. This suggest, there may be a 

dose-dependent effect in rAAV6-OGA administration in regard to hypertrophic gene 

expression. This, however, was not reflected in global cardiac O-GlcNAcylation, as one 

could expect a further reduction in O-GlcNAc modified protein levels with a higher dose 

of OGA. Therefore, I speculate there may be a secondary mechanism by which O-

GlcNAcylation, or its regulatory enzymes (OGA and/or OGT), can target LV molecular 

function. Indeed, recent findings demonstrated that subcellular delocalisation of both 

OGT and OGA enzymes, and O-GlcNAcylation of specific sites in the myofilament, is 

sufficient to cause cardiac dysfunction (Ramirez-Correa et al. 2015). This occurs in 

conjunction with restoration in Ca2+ sensitivity in the streptozotocin-induced diabetic 

heart failure (Ramirez-Correa et al. 2015). Thus, it is possible that redistribution of the 

OGA enzyme, and cleavage of specific O-GlcNAc sites, might occur in the high dose 

OGA-treated mice, due to increased availability of the enzyme in cardiac tissue. This will, 

however, require further study to interrogate specific sites in diabetic myocardium. 
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Diabetes-induced cardiac remodelling was evident as previously mentioned, 

demonstrated by an increase in both interstitial and perivascular fibrosis, consistent with 

our previous findings (Prakoso et al. 2017). Administration of rAAV6-OGA at both doses 

attenuated this cardiac fibrosis, with reduction of both type I and III collagen formation. 

Similarly, cardiomyocyte hypertrophy was also limited with OGA administration (at both 

doses), demonstrated by a reduction in cardiomyocyte area and width. These 

morphological changes were accompanied by improvement in cardiac function during 

both diastole and systole. It can be disputed that the cardiac improvement seen here might 

be secondary to the improvement in cardiac remodelling. However, it was previously 

demonstrated in vitro that cardiomyocytes from diabetic mice with increased O-

GlcNAcylation show diminished contractile function (Hu et al. 2005). This 

cardiomyocyte impairment was abolished in diabetic mice when treated acutely with 

adenoviral OGA gene transfer, at the same time restoring SERCA2a and phospholamban 

phosphorylation (Hu et al. 2005). Thus, it is possible that reducing O-GlcNAcylation 

alone may partially improve cardiac function as validated in the current in vivo study 

where administration of rAAV6-OGA attenuates diabetes-induced cardiac dysfunction 

over the longer term. 

 

It is well-established that hyperglycaemia causes mitochondrial impairment through 

several different pathways, one being O-GlcNAcylation (Qin et al. 2017). In the present 

study, I demonstrated that proteins involved in oxidative phosphorylation are reduced in 

the diabetic heart, particularly complex V and complex III, consistent with previous 

findings (Bugger et al. 2010). Interestingly, this was not evident in the rAAV6-OGA-

treated diabetic mice. This suggests that the beneficial effects in cardiac function and 

remodelling may be due to improvement in mitochondrial function. Next, I investigated 

human iPSC-derived cardiomyocytes cultured under high glucose condition, to determine 

the effects of rAAV6-OGA gene therapy. Here I demonstrate the reduction in 

mitochondrial respiration in human iPSC-derived cardiomyocytes was similar to that seen 

in neonatal rat ventricular myocytes (Dassanayaka et al. 2015). In contrast, administration 

of rAAV6-OGA in these cardiomyocytes attenuated mitochondrial dysfunction by 

improving basal respiration, ATP production and maximal respiration, independent of 

altered cardiac O-GlcNAcylation. Therefore, the increase in expression and localisation 

of OGA in human iPSC-derived cardiomyocytes is sufficient to attenuate mitochondrial 

dysfunction and possibly contribute to improvement in cardiac function and remodelling.  
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5.4.3 Conclusion 

Here I report that global cardiac O-GlcNAcylation plays a pivotal role in cardiac function 

and remodelling seen in diabetic cardiomyopathy. Increasing OGT expression via gene 

transfer causes cardiac dysfunction (both diastolic and systolic) and cardiac fibrosis in 

sham non-diabetic mice, while increasing OGA expression via gene transfer limits both 

cardiac dysfunction and remodelling (cardiomyocyte hypertrophy and cardiac fibrosis) 

induced by diabetes. Therefore, this suggests that cardiac O-GlcNAc modification and its 

enzymes modulates characteristics of diabetic cardiomyopathy and may represent a novel 

therapeutic approach for diabetes-induced heart failure.  
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6 Chapter 6: Investigating Potential Interactions Between 

Phosphoinositide 3-Kinase (p110α) and Hexosamine 

Biosynthesis Pathway Signalling in the Diabetic Heart. 
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6.1 Introduction 

Both phosphoinositide 3-kinase (PI3K)(p110α) and hexosamine biosynthesis pathway 

(HBP)/O-GlcNAcylation mechanisms have clear implications for the regulation of 

diabetic cardiomyopathy. In previous chapters, I demonstrated that PI3K(p110α) is 

cardioprotective, while HBP/O-GlcNAcylation is deleterious, in the setting of diabetic 

cardiomyopathy. Although distinct in their cellular roles, recent findings have suggested 

putative interaction between these two pathways, by either direct modulation of protein 

levels and/or activity, or indirectly by modulation of post-translational modification 

(PTM) crosstalk, as discussed below.  

 

Evidence for direct modulation by PI3K(p110α) of HBP/O-GlcNAcylation stems from 

the association of O-GlcNAc with insulin resistance and insulin signalling proteins (i.e. 

insulin receptor substrates (IRS)-1 and IRS-2) that are modulated primarily by the 

PI3K(p110α)-Akt axis (Vosseller et al. 2002). For example, increased O-GlcNAc 

modified proteins in adipocytes limits the ability of PI3K to interact with IRS-1 resulting 

in attenuation of insulin activity and insulin resistance (Whelan et al. 2010). Further in 

the liver, activation of O-GlcNAc transferase (OGT) can attenuate insulin signalling by 

inhibiting Akt phosphorylation (at Thr308), the direct downstream target protein of 

PI3K(p110α) (Yang et al. 2008). This results in a reduction in expression of insulin-

responsive genes, leading to insulin resistance and dyslipidaemia in people with diabetes 

(Yang et al. 2008). Similarly, an increase in O-GlcNAcase levels (OGA, the enzyme 

responsible for O-GlcNAc removal) increases Akt activity and its downstream target 

proteins such as Forkhead box protein-O1 (Foxo1) and glycogen synthase kinase-3β 

(GSK-3β) in hepatocytes (Soesanto et al. 2008). This suggests that OGA plays a role in 

insulin trafficking; however further investigation is required to elucidate the mechanism 

of this action.  

 

In addition to the consequence of affected OGT/OGA balance in the liver, it has been 

suggested that apoptosis secondary to cerebral ischaemia can also be driven by an 

increase in O-GlcNAcylation of Akt at Thr308 and Ser473 attenuating the activity of this 

pro-survival kinase (Shi et al. 2015). In contrast, in diabetic vascular tissues, O-

GlcNAcylation of Akt at both Thr430 and Thr479 can enhance Akt phosphorylation and 

activation, leading to vascular calcification (Heath et al. 2014). Hence, the process of O-
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GlcNAcylation modulates protein activity in the PI3K(p110α)/Akt axis but the 

consequence of this might be specifically dependent on the site that is modified. O-

GlcNAcylation at Thr308 of Akt attenuates its activity whereas O-GlcNAcylation at Thr430 

and Thr479 activates Akt activity (Shi et al. 2015; Heath et al. 2014). These studies reveal 

the direct interactions between HBP/O-GlcNAcylation and PI3K(p110α), and the 

resultant impact on activation and deactivation of the affected protein function.  

 

Moreover, the potential direct interaction between PI3K(p110α) and HBP/O-

GlcNAcylation, indirect interactions between PTM and protein behaviour and function 

also exist. One particular PTM interaction of interest is between O-GlcNAcylation 

(modulated by OGT and OGA) and phosphorylation (modulated by kinases, i.e. 

particularly at the level of PI3K(p110α) and Akt and phosphatases) (Butkinaree et al. 

2010). Both types of PTM affect Ser and Thr residues in proteins; often (but not always) 

at the same proteins, resulting in the potential for multiple indirect interactions, termed 

PTM crosstalk (van der Laarse et al. 2018). The first evidence of phosphorylation and O-

GlcNAcylation crosstalk was discovered in the early 1980s after the discovery of O-

GlcNAcylation (Torres et al. 1984). It was revealed that changes in cellular environment 

were associated with competition for Ser/Thr sites on the same protein, often favouring 

one PTM over the other, a phenomenon termed reciprocal crosstalk (Torres et al. 1984). 

Recent work from Leney et al. demonstrated reciprocal crosstalk using proteomics, 

whereby increased phosphorylation at specific residues can hinder O-GlcNAcylation at 

nearby site (Leney et al. 2017). This is also evident in the setting of diabetes, where the 

increase in global O-GlcNAcylation is thought to hinder global protein phosphorylation 

and contributes to pathophysiology (Zeidan et al. 2010). Equally important, 

phosphorylation-O-GlcNAcylation crosstalk can also occur when multiple PTMs at 

different residues is present on the same protein (in neighbouring regions), resulting in 

altered protein activity (van der Laarse et al. 2018). For example, when endothelial nitric 

oxide synthase (eNOS) is O-GlcNAc modified at Ser615, this prevents phosphorylation 

eNOS at Ser1177, likely contributing to vascular dysfunction in pulmonary arterial 

hypertension (Aulak et al. 2017). Furthermore, mass spectrometry has revealed that the 

p65 subunit of nuclear factor (NF)-B is phosphorylated at Thr308, which in turn prevents 

O-GlcNAcylation at Thr305, impacting on oncogenic O-GlcNAcylation-regulated NF-B 

signalling (Ma et al. 2017). Hence, several specific examples of PTM crosstalk between 
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O-GlcNAcylation and phosphorylation have been well-defined in vitro, however it is not 

clear what the precise role of such crosstalk might hold in the specific context of 

pathophysiology in vivo such as diabetic cardiomyopathy.  

 

In the present study, I aimed to investigate the potential for direct or indirect interaction 

between PI3K(p110α) and HBP/O-GlcNAcylation in the setting of diabetic 

cardiomyopathy. Utilising cardiac tissues obtained from diabetic mice with increased 

cardiomyocyte PI3K(p110α), I revealed that cardiac O-GlcNAcylation is reduced with 

downregulated expression of the enzyme responsible for O-GlcNAcylation, OGT. 

Furthermore, I also established that increased cardiac OGT expression limits 

PI3K(p110α)-Akt signalling, likely due to an increased O-GlcNAcylation of 

PI3K(p110α) and Akt, i.e. reciprocal crosstalk. In contrast, increased cardiac OGA 

expression attenuates diabetes-induced impairment of Akt signalling, in conjunction with 

reduced O-GlcNAcylation of PI3K(p110α) and its downstream targets Akt and 

SERCA2a. Our findings demonstrate that HBP/O-GlcNAcylation interacts with 

PI3K(p110α) signalling in the setting of diabetic cardiomyopathy, whereby an increase 

in O-GlcNAcylation of the PI3K(p110α)-Akt axis is detrimental, while blunting O-

GlcNAc modified protein levels is cardioprotective.  
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6.2 Research design and methods 

6.2.1 Experimental design   

Samples used in this chapter were obtained from Chapter 4 (section 2.3.2) and Chapter 5 

(section 2.3.3); see Figure 6.1 for a schematic of the experimental protocol. Cardiac 

tissues obtained from Chapter 4 permit a comparison of an increase in cardiac 

PI3K(p110α) signalling with null LV tissues. As indicated in Table 6.1A, gene expression 

and immunoblot analysis were conducted to investigate components of the HBP, 

including expression of OGA, OGT and O-GlcNAcylation. Cardiac tissues obtained from 

Chapter 5 permit a comparison of the impact of an increased OGA or OGT levels in the 

heart with null LV tissues. As per previous, Table 6.1B indicates the number of samples 

used for immunoblotting and immunoprecipitation analysis of PI3K(p110α) protein and 

Akt phosphorylation.  

6.2.2 Real-time PCR  

Total RNA was extracted from LV tissue using TRIzol (Life Technologies). RNA was 

reverse-transcribed using TaqMan reverse transcriptase cDNA kit (Life Technologies). 

Gene expression was determined via real-time PCR using SYBR® Green chemistry 

(Applied Biosystems, Scoresby, Australia). Primers were generated from murine 

sequences published on GenBank (see Table 2.1 for primer sequences). Quantitative real-

time PCR was performed using the QuantStudio™ Flex -Real-Time PCR system 

(Applied Biosystems) and the Ct method was employed to obtain relative fold 

differences in gene expression (section 2.14). 

6.2.3 Immunoblotting 

LV tissues were homogenised using a TissueLyser II (Qiagen) with T-PER tissue protein 

extraction reagent (Thermo Fisher) and the OGA inhibitor, PugNAC (Sigma) and 

protease inhibitor cocktail (SIGMAFAST, Sigma). Tissue lysis was followed by 

centrifugation at 14,000g for 15 min at 4C, and protein concentration was determined 

using bicinchoninic acid assay (BCA assay, BioRad). The protein lysate was separated 

by SDS-polyacrylamide gel electrophoresis, blotted onto PVDF membranes (Thermo 

Fisher), and incubated with the appropriate antibody overnight (see Table 2.3 for a list of 

antibodies) and followed by HRP-conjugated anti-rabbit, goat or mouse antibody, as 
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appropriate. Protein quantification was performed using ImageLab (BioRad), and data 

were normalised to controls. Densitometry analyses of western blots are presented as 

band density normalised to the loading control. 

6.2.4 Immunoprecipitation 

Immunoprecipitation was performed to identify protein-protein interactions between O-

GlcNAc and PI3K/Akt. Briefly, Protein G magnetic beads (BioRad) were pre-cleared and 

mixed with O-GlcNAc antibody (RL-2) for 15 minutes and then incubated with protein 

lysate for 1 hour. The protein of interest binds to the beads and the sample can be eluted 

(section 2.15.3 for detailed instruction).  SDS-PAGE and western blotting were 

conducted to determine the protein-protein interaction of interest (section 2.15.2). 

6.2.5 Statistical analysis  

Data are presented as mean ± SEM. Differences between groups were compared using 

one-way ANOVA followed by Fisher’s post hoc test or repeated measures ANOVA as 

appropriate (Prism 7, GraphPad Software, San Diego, CA). Statistical significance was 

considered at P<0.05.  
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Figure 6.1 Experimental approach  

Diagram outlining the experimental protocol for Chapter 6, as described in the methods 

section.  
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Table 6.1 Number of samples used in Chapter 6 

A) Number of samples used from the T2D PI3K study for the analysis of markers of 

HBP/O-GlcNAcylation. B) Number of samples used from the OGT/OGA study for the 

analysis of the PI3K/Akt pathway. 
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6.3 Results 

6.3.1 Increase of PI3K(p110α) limits cardiac O-GlcNAcylation 

T2D did not alter LV gene expression of the two isoforms of the rate-limiting enzymes 

of the HBP, GFAT (Figure 6.2A and B). Similarly, the expression of GFAT1 and GFAT2 

were not altered in mice with increased PI3K(p110α) (Figure 6.2A and B). Furthermore, 

expression of the enzyme responsible for O-GlcNAc removal, OGA, was not altered by 

either diabetes or rAAV6-caPI3K administration (Figure 6.2C and D). In contrast, protein 

levels of OGT, the enzyme responsible for O-GlcNAcylation, was elevated in T2D 

(Figure 6.2F, P<0.05 vs non-diabetic null-treated mice). This increase was not evident in 

the PI3K(p110α) treated mice, as demonstrated by gene expression and immunoblot 

(Figure 6.2E and F). Concomitantly, global cardiac O-GlcNAcylation tended to increase 

with T2D (Figure 6.2G, P =0.05 vs non-diabetic null-treated mice). The AAV-mediated 

increase in PI3K(p110α) was associated with reduced levels of cardiac O-GlcNAcylation 

levels (Figure 6.2G, P<0.05 vs diabetic null-treated mice).  

6.3.2 Increased cardiac OGT limits PI3K(p110α) signalling  

The increase in cardiac OGT expression achieved via AAV administration in non-diabetic 

sham mice significantly reduced LV PI3K(p110α) protein content (Figure 6.3A, all 

P<0.05 vs non-diabetic null-treated mice). This was accompanied by a reduction in LV 

Akt phosphorylation, a downstream signalling target of PI3K(p110α) (Figure 6.3B, all 

P<0.05 vs non-diabetic null-treated mice). These reductions resemble those seen in 

untreated diabetic mice (Figure 6.3A and B, P<0.05 and P=0.05 respectively vs non-

diabetic null-treated mice) or diabetic mice administered OGT-AAV (Figure 6.3A and B, 

all P<0.05 vs non-diabetic null-treated mice). A subset of these samples was used for 

immunoprecipitation, to identify the extent of LV protein O-GlcNAcylation. 

Administration of OGT-AAV significantly increased levels of PI3K(p110α) O-

GlcNAcylation, similar to that seen in the untreated diabetic heart (Figure 6.4A, at least 

P<0.01 vs non-diabetic null-treated mice). Furthermore, Akt O-GlcNAcylation was also 

elevated in the hearts of OGT-AAV treated mice (Figure 6.4B, P<0.05 vs non-diabetic 

null-treated mice). No differences were observed in diabetic mice treated with either null 

or OGT-AAV (Figure 6.4B). Another downstream target of PI3K(p110α) SERCA2a, 

tended to exhibit increased O-GlcNAcylation in sham mice administered OGT-AAV 

(Figure 6.4C, P=0.07 vs non-diabetic null-treated mice). No differences in O-
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GlcNAcylated SERCA2a were observed in diabetic mice treated with null vector or OGT-

AAV (Figure 6.4C) 
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Figure 6.2 Impact of increased PI3K(p110α) activity on HBP in the diabetic heart 

LV gene expression of A) GFAT1, B) GFAT2. C) LV gene expression and D) protein 

densitometry, of OGA. E) LV gene expression and F) protein densitometry of OGT. G) 

Densitometry of global LV O-GlcNAcylation and, representative immunoblot. One-way 

ANOVA; *P<0.05 vs ND-null; †P<0.05 vs D-Null. Null, null-treated mice; PI3K, PI3K-

AAV-treated mice; ND, non-diabetic; T2D, diabetic. Data are presented as mean ± SEM; 

n= 8-12 per-treatment group as detailed in Table 6.1.  
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Figure 6.3 Impact of rAAV6-OGT on PI3K(p110α)/ Akt in the diabetic heart 

A) Densitometry of LV PI3Kα and a representative immunoblot. B) Densitometry of LV 

phospho-Akt (Ser
473

) protein and representative immunoblot. One-way ANOVA; 

*P<0.05, **P<0.01 vs ND-null. Null, null-treated; OGT, OGT-AAV treated; ND, non-

diabetic; D, diabetic. Data are presented as mean ± SEM; n= 11-15 per-treatment group 

as detailed in Table 6.1. 
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Figure 6.4 Administration of rAAV6-OGT increased O-GlcNAcylation of PI3Kα and 

its downstream proteins. 

Densitometry of O-GlcNAc-modified: A) PI3Kα B) Akt, and C) SERCA2a in the LV. 

Immunoprecipitation of O-GlcNAcylated protein was done using the RL-2 anti-O-

GlcNAc antibody. One-way ANOVA; *P<0.05, **P<0.01, ***P<0.001 vs ND-null. 

Null, null-treated; OGT, OGT-AAV treated; ND, non-diabetic; D, diabetic. Data are 

presented as mean ± SEM; n= 3-4 per-treatment group as detailed in Table 6.1. 
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6.3.3 Increased cardiac OGA restores PI3K(p110α) signalling in diabetic heart 

Diabetes reduced the protein expression of PI3K(p110α) in the heart (Figure 6.5A, 

P<0.05 vs non-diabetic null-treated mice). Administration of high dose OGA-AAV, (but 

not the standard dose of OGA-AAV) limited the diabetes-induced reduction in 

PI3K(p110α) protein (Figure 6.5A, P=NS vs non-diabetic null-treated mice). 

Additionally, levels of Akt, a downstream target of PI3K(p110α), were significantly 

increased in the diabetic heart administered high dose OGA-AAV (Figure 6.5B, P<0.05 

vs diabetic null-treated mice). In contrast, Akt tended to be reduced in both diabetic null 

and OGA-AAV treated mice (Figure 6.5B). Again, a subset of these samples was 

immunoprecipitated with O-GlcNAc RL-2 antibody to identify the extent of LV protein 

O-GlcNAcylation. Diabetes increased O-GlcNAcylation of cardiac PI3K(p110α), and its 

downstream target protein Akt (Figure 6.6A and B, P<0.01 vs non-diabetic null-treated 

mice). The increase in cardiac OGA expression via AAV attenuated the diabetes-induced 

increase in O-GlcNAcylation of PI3K(p110α) and Akt (Figure 6.6A and B, at least 

P<0.01 vs diabetic null-treated mice). In conjunction with these observations, O-

GlcNAcylation of the calcium-handling protein SERCA2a was also reduced by 

administration of OGA-AAV in the diabetic heart (Figure 6.6C, P<0.01 vs diabetic null-

treated mice).   
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Figure 6.5 Impact of rAAV6-OGA on PI3K(p110α) signalling in the diabetic heart. 

A) Densitometry of LV PI3Kα and its representative immunoblot. B) Densitometry of 

LV phospho-Akt (Ser473) and a representative immunoblot. One-way ANOVA; *P<0.05 

vs ND-null; †P<0.05 vs D-Null; $P<0.05 vs D-OGA. Null, null-treated; OGA, OGA-

AAV-treated at standard dose (2x1011vg); hdOGA, high dose OGA-AAV-treated 

(1x1012vg); ND, non-diabetic; D, diabetic. Data are presented as mean ± SEM; n= 11-15 

per-treatment group as detailed in Table 6.1.  
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Figure 6.6 rAAV6-OGA limits O-GlcNAcylation of PI3Kα and its downstream targets. 

Densitometry of O-GlcNAc-modified: A) PI3Kα B) Akt, and C) SERCA2a in the LV 

using the RL-2 O-GlcNAc antibody for IP. One-way ANOVA; **P<0.01, ***P<0.001 

vs ND-null; †P<0.05, ††<P<0.01, †††P<0.001 vs D-Null. Null, null-treated; OGA, OGA-

AAV-treated at standard dose (2x1011vg); hdOGA, high dose OGA-AAV-treated 

(1x1012vg); ND, non-diabetic; D, diabetic. Data are presented as mean ± SEM; n= 3-4 

per-treatment group as detailed in Table 6.1.  
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6.4 Discussion 

The reciprocal relationship between the PI3K(p110α)-Akt axis and HBP/O-

GlcNAcylation is starting to emerge as an important link in the development of diabetic 

pathophysiology. This interaction can act directly on proteins of interest (e.g. direct O-

GlcNAcylation of PI3K(p110α)-Akt proteins), or indirectly through competitive 

reciprocal PTM crosstalk. I demonstrate here that cardiac-selective OGT overexpression, 

or hyperglycaemia, increases O-GlcNAcylation of key cardioprotective proteins, and 

contributes to pathological remodelling and cardiac dysfunction seen in diabetes. 

Importantly, these consequences are effectively countered by cardiac selective OGA 

overexpression 

6.4.1 Cardiac rAAV6-OGT attenuates PI3K(p110α) signalling in non-diabetic mice 

Cardiac dysfunction and remodelling have been associated with a global increase in 

cardiac O-GlcNAcylation. Indeed, I demonstrated in Chapter 5 that an increase in the 

enzyme responsible for O-GlcNAcylation, OGT, is sufficient to cause cardiac 

dysfunction and remodelling independent of hyperglycaemia. Here, I report that an 

increase in cardiac OGT expression limits the activity of two cardioprotective kinases, 

PI3K(p110α) and Akt. This complements previous findings in the liver, where an increase 

in hepatic OGT expression was shown to limit Akt activation, leading to insulin resistance 

(Yang et al. 2008). Furthermore, reductions in LV PI3K(p110α)-Akt were accompanied 

by increased O-GlcNAcylation of these proteins (determined by immunoprecipitation). 

Therefore, I reason that O-GlcNAcylation of these proteins hinders the activity of both 

PI3K(p110α) and Akt in the heart. The present study however was limited to 

identification of the net O-GlcNAcylation of LV proteins, precluding us from identifying 

specific sites that are O-GlcNAc-modified in this context. Nonetheless, I conclude that 

O-GlcNAcylation dampens the cardioprotective consequence of PI3K(p110α) and Akt 

activation. Thus, increasing cardiac OGT in normoglycaemic mice is sufficient to 

increase O-GlcNAcylation of PI3K(p110α) and Akt which then likely contributes to the 

consequences of impaired cardiac function and remodelling observed in OGT-AAV 

treated mice in Chapter 5. 
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6.4.2 Cardiac rAAV6-OGA promotes PI3K(p110α) signalling in hyperglycaemic mice  

Under normal physiological conditions, PI3K(p110α) regulates membrane trafficking 

and cellular growth in cardiac cells and has been shown to be cardioprotective in different 

cardiac pathologies (Ritchie et al. 2012; Weeks et al. 2012; Lin et al. 2010). Indeed, I 

have previously demonstrated that PI3K(p110α) is cardioprotective in the setting of 

diabetic cardiomyopathy by attenuating diabetes-induced increases in ROS (Prakoso et 

al. 2017; Ritchie et al. 2012). Here I report in T2DM mice that cardiac O-GlcNAcylation 

and OGT are elevated, consistent with previous studies (Fricovsky et al. 2012). Likewise, 

hyperglycaemia reduced the expression of the cardioprotective PI3K(p110α)-Akt axis, 

which I speculate was driven by increased O-GlcNAcylation of these proteins, reducing 

their activity, and subsequently contributing to the development of diabetic 

cardiomyopathy. In contrast, increasing cardiac PI3K(p110α) limits these impairments, 

suggesting that PI3K(p110α) may act to restrict diabetes-induced HBP/O-GlcNAcylation 

as part of its cardioprotective actions. To elucidate this further, I investigated 

PI3K(p110α)-Akt signalling in mice with AAV-mediated cardiac overexpression of 

OGA. I show that hyperglycaemia leads to an increase in O-GlcNAcylation of cardiac 

PI3K(p110α) and Akt possibly contributing to the dampening of these signals in 

hyperglycaemic mice. Intriguingly, increasing the expression of cardiac OGA reduced 

this O-GlcNAcylation, in conjunction with restored PI3K(p110α)-Akt signalling, in the 

high-dose OGA-treated diabetic mice. I conclude that reducing cardiac O-GlcNAcylation 

leads to restoration of PI3K (p110α)-Akt signalling, likely contributing to improvement 

in cardiac function and remodelling in OGA-treated diabetic mice.  

6.4.3 Modulation of HBP/O-GlcNAcylation of PI3K(p110α)-Akt 

As discussed earlier, the interaction of PI3K(p110α)-Akt and HBP/O-GlcNAcylation 

likely occurs through both direct and indirect mechanisms. Based on my current findings, 

O-GlcNAcylation can directly modulate PI3K(p110α)-Akt in the heart, whereby an 

increased LV O-GlcNAcylation of the PI3K(p110α)-Akt axis hinders its activity, a 

reduction in LV O-GlcNAcylation however restores the activity of this axis. Although I 

am currently unable to pinpoint specific sites responsible for this, I can at least show that 

Ser473 on Akt is involved, as demonstrated by reduced phosphorylation at this site in 

diabetic mice and in sham non-diabetic rAAV6-OGT treated mice. Moreover, I also 

conclude that indirect reciprocal crosstalk between these pathways exists in the diabetic 
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heart, as increasing the activity of PI3K(p110α) reduces net cardiac O-GlcNAcylation 

and increases Akt phosphorylation. Conversely, increasing cardiac levels of OGT (which 

is responsible for O-GlcNAcylation) increases O-GlcNAcylation and dampens Akt 

phosphorylation. It is however still unclear whether these PTMs influence the behaviour 

of each other within a single molecule or at the same site of the same protein. This would 

require in-depth investigation, for example using a proteomics approach such as mass 

spectrometry and is beyond the scope of this current study. In the present study, I show 

that both PI3K(p110α) and Akt are O-GlcNAc modified in hyperglycaemia, which 

possibly contributes to subsequent cardiac dysfunction and remodelling in the diabetic 

heart. In contrast, increasing cardiac OGA expression reduces this O-GlcNAcylation and 

likely re-activates the signalling of these cardioprotective enzymes, in part by 

contributing to the benefits observed with increased cardiac OGA expression. 

6.4.4 Conclusion  

Here I reveal the potential impact of the reciprocal crosstalk between PI3K(p110α)-Akt 

and HBP/O-GlcNAcylation in the setting of diabetic cardiomyopathy. I show that the 

increase in OGT expression in normoglycaemic mice reduces the activity of the 

PI3K(p110α)-Akt axis, possibly through increased O-GlcNAcylation of PI3K(p110α)-

Akt, thus hindering its activity. Furthermore, I also reveal that in hyperglycaemic mice, a 

reduction in the cardiac PI3K(p110α)-Akt axis can be restored by increasing cardiac OGA 

expression, resulting in the reduction of O-GlcNAcylation of PI3K(p110α), and its 

downstream targets, Akt and SERCA2a. Thus, I conclude that the interaction between 

PI3K(p110α)-Akt and HBP/O-GlcNAcylation in the settings of diabetic cardiomyopathy 

is not only present but may at least in part contribute to the pathophysiology of 

cardiomyopathy in the context of long-term diabetes.  
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Figure 6.7 Summary of PI3K(p110α)-Akt and HBP/O-GlcNAcylation modulation in 

normo- and hyperglycaemia.  

A) Under non-diabetic conditions, an increase in OGT expression results in increased O-

GlcNAcylation of PI3K(p110α) and Akt, thus hindering their cardioprotective activity. 

As a result of the global increase in O-GlcNAcylation, cardiac dysfunction and 

remodelling were observed. B) Under diabetic conditions, O-GlcNAc modification of 

PI3K(p110α), Akt and SERCA2a, aswell as net global O-GlcNAcylation, contribute to 

cardiac dysfunction and remodelling. Conversely, increased AAV-mediated OGA 

expression in the context of hyperglycaemia prevents diabetes-induced O-GlcNAcylation 

of PI3K(p110α), Akt, SERCA2a and global O-GlcNAcylation, contributing to improved 

cardiac function and cardiac remodelling. This cardioprotective action of OGA may be 

attributed at least in part to the ability of PI3K (p110α) or Akt to limit global O-

GlcNAcylation through the suppression of OGT levels. 
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7 General Discussion  

7.1 Overview 

The primary objective of this thesis was to investigate the role, and therapeutic potential, 

of targeting two distinct signalling pathways, phosphoinositide 3-kinase (PI3K) p110α 

and the hexosamine biosynthesis pathway (HBP)/O-GlcNAcylation in the setting of 

diabetic cardiomyopathy via cardiac-selective adeno-associated virus (AAV) delivery, 

with specific emphasis on administration at a clinically-relevant time-point. Recent 

findings from our laboratory and others have highlighted that PI3K(p110α) is 

cardioprotective in a range of cardiac pathologies. Utilising a pre-clinical model of type-

1 diabetes (T1D), I established that the administration of recombinant adeno-associated 

virus-6 constitutively-active PI3K(p110α) (rAAV6-caPI3K) attenuated diabetic 

cardiomyopathy, even when administered after the initial manifestation of diastolic 

dysfunction (Chapter 3). I then proceeded to investigate the cardioprotective effects of 

rAAV6-caPI3K in the more clinically prevalent type-2 diabetes (T2D) setting. I revealed 

that restoration of PI3K activity, through the administration of rAAV6-caPI3K gene 

therapy, limits T2D-induced systolic dysfunction and cardiac remodelling by limiting 

reactive oxygen species (ROS) generation (Chapter 4). Contrary to the cardioprotective 

nature of PI3K(p110α), HBP/O-GlcNAcylation has been linked to the development of 

diabetic cardiomyopathy. Indeed, I demonstrated here that increasing cardiac levels of 

OGT, the enzyme responsible for O-GlcNAcylation, is sufficient to drive cardiac 

dysfunction and remodelling, resembling effects seen in diabetes-associated heart failure 

(Chapter 5). In contrast, increasing cardiac OGA expression, the enzyme responsible for 

the removal of the O-GlcNAc moiety, attenuates multiple characteristics of diabetic 

cardiomyopathy, at least in part by improvement of mitochondrial function in 

cardiomyocytes (Chapter 5). Finally, I elucidated that PI3K(p110α) interacts with 

HBP/O-GlcNAcylation to exert its cardioprotective action in diabetic heart, whilst 

HBP/O-GlcNAcylation may inhibit PI3K(p110α) cardioprotection (Chapter 6). Thus, I 

discovered that gene therapy targeting PI3K(p110α) (to enhance its activity) and the 

HBP/O-GlcNAcylation (to limits its sustained activation) are viable therapeutic targets 

for treatment of diabetic cardiomyopathy. 
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7.2 Insights from pre-clinical models of diabetic cardiomyopathy 

Diabetic cardiomyopathy develops both in T1D and T2D patients and is clinically 

diagnosed using echocardiography (to detect the presence of diastolic dysfunction), often 

in the absence of systolic dysfunction (i.e. often resembling HFpEF, heart failure with 

preserved ejection fraction) (Marwick et al. 2018). In addition to diastolic function 

impairment, the diabetic heart also develops interstitial fibrosis throughout the 

myocardium. Hence, these characteristics are important features of the clinical phenotype 

that must be reproduced for appropriate pre-clinical models of diabetic cardiomyopathy. 

 

The streptozotocin (STZ)-induced diabetic mouse is one of the most well-characterised 

models of T1D. These mice develop severe hyperglycaemia as early as the first week 

after diabetes induction, contributing to early diastolic dysfunction, without systolic 

impairment (Huynh et al. 2013; Ritchie et al. 2012). Indeed, I observed this in our T1D 

mouse model from Chapters 3 and 5, where diastolic dysfunction was present in terms of 

reduced E/A ratio, and increased A wave and IVRT, after 8 weeks of diabetes (measured 

by Doppler echocardiography). Furthermore, I observed by the end of the study (16 weeks 

of diabetes) that a modest decline in systolic function was evident (reduced fractional 

shortening), whilst diastolic dysfunction continued to progress. In addition to 

echocardiography, terminal cardiac catheterisation revealed a reduction in LV±dp/dt, 

further confirming the presence of cardiac dysfunction. These changes mimic the clinical 

progression of diabetes-induced heart failure, similar to that observed in patients with 

HFpEF (Marwick et al. 2018). In regard to cardiac remodelling, STZ-induced diabetic 

mice usually develop both cardiac fibrosis and cardiomyocyte hypertrophy, which 

contributes to the deterioration of the myocardium (Tate et al. 2017). In the clinic, cardiac 

hypertrophy (enlargement of the myocardium) is evident (Aneja et al. 2008). In our STZ 

mice, cardiac hypertrophy was not evident; a reduction in heart size was however 

observed. This could be attributed to the toxic effects of STZ, leading to an extreme 

elevation of blood glucose levels (>33mM in STZ-induced mice). As a result, an increase 

in cardiomyocyte apoptosis contributed to a net reduction in heart weight in STZ mice. 

Nevertheless, the STZ-induced diabetic mouse is a well-established model as it mimics 

the broad spectrum of classical characteristics of diabetes-associated heart failure evident 

in the clinic.  
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Although the morphology of diabetic cardiomyopathy is similar between T1D and T2D, 

the development of the specific cardiac anomalies is distinct (Jia et al. 2016). In T2D, 

which is linked with obesity and hyperglycaemia, diabetic cardiomyopathy progresses 

over an extended period of time. This can present an issue with respect to the animal 

models of T2D and diabetic cardiomyopathy currently available. One of the most 

commonly used models of T2D-induced cardiomyopathy is the spontaneously genetic 

mutant db/db mice (Kleinert et al. 2018). These mice spontaneously develop severe 

diabetes and obesity early in life as a result of a leptin receptor mutation, which does not 

recapitulate the clinical progression of T2D (refer to Chapter 1). Here, I developed a 

mouse model of diabetic cardiomyopathy that more closely mimics the clinical 

progression of T2D-induced cardiomyopathy combining low-dose STZ to moderately 

increased blood glucose levels and high-fat diet (HFD), to gradually induce obesity (see 

Chapter 2 and 4). Indeed, I observed a mild hyperglycaemia early, with a gradual increase 

in body weight throughout the study. At 18 weeks of diabetes, I observed LV diastolic 

dysfunction (impaired E/A ratio), in conjunction with reduced fractional shortening – 

possibly indicating a later stage in the development of diabetic cardiomyopathy, 

compared to the previous STZ-induced T1D mice. These STZ-HFD mice also exhibit 

impaired glucose tolerance a key component of the disease aetiology. Similar to the T1D 

STZ-model, cardiac remodelling develops in these mice, with both cardiac fibrosis and 

cardiomyocyte hypertrophy evident. Coupled with cardiac remodelling, T2D mice also 

exhibit increased lipid deposition (likely reflecting lipotoxicity) in cardiac tissue, which 

may drive low-grade cardiac inflammation that is characteristic of the T2D heart. 

 

I show that the pre-clinical models used in this thesis closely mimic the disease aetiology 

of diabetic cardiomyopathy and replicate the characteristics of cardiac dysfunction and 

remodelling, not possible by solely performing human clinical studies. Hence, these pre-

clinical animal models provide a valuable tool to both dissect the molecular disease 

progression, and identify novel therapies for this debilitating disease, as we and others 

have done previously. 

7.3 Phosphoinositide-3 kinase (p110α): effect on diabetic heart 

PI3K(p110α) is one of the most well-studied kinases and has been implicated in numerous 

cellular functions both in physiological and disease states (Ghigo et al. 2015). Depending 
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on the specific localisations, PI3K(p110α) may either be beneficial or detrimental. In the 

setting of multiple types of malignant growth such as cancer, PI3K(p110α) has been 

shown to be upregulated, leading to overactivation of Akt which can drive cancerous cell 

growth (Polivka et al. 2014). Hence, multiple PI3K and Akt inhibitors have been 

developed for use in the clinic as potential management for different types of cancers 

(Rodon et al. 2013). In the heart, however, non-proliferative cardiomyocyte growth is 

negligible (and some might argue non-existent), due to the non-regenerative nature of 

these cells. Thus, in contrast to cancer, it is desirable to have an increase in the activity of 

pro-survival kinases in the heart such as PI3K and Akt, to protect against multiple 

pathologies. By specifically targeting cardiac PI3K(p110α), the oncogenic consequences 

of PI3K(p110α) activity in other cell types can be avoided. A range of studies have 

demonstrated the cardioprotective action of PI3K(p110α) in models of heart disease such 

as myocardial infarction (Lin et al. 2010) and dilated cardiomyopathy (McMullen, 

Amirahmadi et al. 2007). In both Chapter 3 and 4, I now demonstrate that PI3K(p110α) 

is also beneficial in the setting of diabetic cardiomyopathy.  

 

Previous findings from our laboratory demonstrated that an increase in cardiac-specific 

expression of PI3K(p110α) in mice from birth, prevents the development of diabetic 

cardiomyopathy (Ritchie et al. 2012). Building on this previous finding, this thesis aimed 

to test the hypothesis that increasing PI3K(p110α) specifically in the heart, after the initial 

manifestation of diastolic dysfunction had occurred, could attenuate diabetic 

cardiomyopathy. Our results show that administration of cardiac-targeted rAAV6-caPI3K 

limits the diabetes-induced impairments in E/A ratio, isovolumic relaxation time (IVRT) 

and deceleration time, suggesting an improvement in diastolic function. This occurred in 

the T1D STZ-induced diabetic mouse model, where LV diastolic dysfunction was evident 

after 8-weeks of untreated diabetes and was attenuated both after 6 weeks and the longer 

term of  8-weeks (cohorts 1 and 2 respectively) of gene therapy (Prakoso et al. 2017). 

Moreover, administration of rAAV6-caPI3K also prevented the progression to systolic 

dysfunction (reduced fractional shortening and Vcfc) after 8-weeks, (but not 6-weeks) 

follow-up. Hence, I can conclude that 8-weeks after AAV-PI3K administration is the 

ideal time-frame to observe an improvement in cardiac function. I speculate that the extra 

2-weeks in cohort 2 allowed better cardiac gene transduction in the heart, as demonstrated 

by the increased activity of the PI3K(p110α) downstream target, Akt (Prakoso et al. 

2017). Henceforward, I continued to use 8-weeks of AAV gene therapy for subsequent 
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experiments in this project. In Chapter 4, I utilised the T2D mouse model developed by 

combining both low-dose STZ (to induced mild hyperglycaemia) and high-fat-diet (to 

induced obesity) for 18 weeks, followed by 8 weeks of rAAV6-caPI3K gene therapy. In 

these mice, restoration of PI3K(p110α) levels mitigated systolic dysfunction but not 

diastolic dysfunction, possibly due to the advanced stage in the development of cardiac 

dysfunction. For this reason, I propose that there exists a therapeutic window for the 

administration of rAAV6-caPI3K, where administration at the later stage did not exert a 

full reversal in cardiac dysfunction. Nonetheless, from this study, I can still determine 

that administration of rAAV6-caPI3K is beneficial in improving cardiac function when 

administered at a clinically relevant time-point.  

 

Coupled with cardiac dysfunction, administration of rAAV6-caPI3K also reversed 

diabetes-induced cardiac remodelling. In Chapters 3 and 4, I demonstrated the capability 

of PI3K to reduce pro-fibrotic (Ctgf, Tgf- and Timp-2) and hypertrophic (Myh-7 and 

Nppa) LV gene expression. These reductions translated into changes in cardiac 

morphology, where the diabetes-induced cardiac collagen formation and cardiomyocyte 

hypertrophy were no longer evident in the diabetic mice administered rAAV6-caPI3K. 

This preservation in cardiac morphology was attributed to the increase in Akt 

phosphorylation in cardiac tissues, which is known to enhance cardiac cell survival 

(DeBosch et al. 2006). Equally, PI3K(p110α) can also limit oxidative stress through 

multiple pathways (De Blasio et al. 2015; Rigor et al. 2009; Ritchie et al. 2012). In this 

thesis, I demonstrated that diabetic mice administered rAAV6-caPI3K exhibited a 

reduction in expression of the ROS-producing enzyme, NADPH-oxidase 2 (Nox2). I and 

others have suggested that this anti-oxidant effect may be attributed to the ability of 

PI3K(p110α) to blunt the positive modulator of ROS, protein kinase-C β2 (PKCβ2) 

(Ritchie et al. 2012; Rigor et al. 2009; Prakoso et al. 2017). As a result, the consequent 

reduction in ROS levels attenuated diabetes-induced ER stress and contributed to the 

protective effects of PI3K(p110α) against cardiac remodelling and apoptosis in the heart. 

 

This thesis has provided proof-of-concept evidence that administration of rAAV6-caPI3K 

limits the development of maladaptive structural and functional changes in both T1D and 

T2D myocardium. These beneficial effects can be attributed to the limitation of diabetes-

induced oxidative stress and an increase in pro-survival kinase Akt, which together 
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attenuate cardiac remodelling, leading to an improvement in cardiac function. Hence, 

these findings support the cardioprotective role of PI3K(p110α) as a therapeutic target for 

diabetes-induced heart failure.  

7.4 The hexosamine biosynthesis pathway and O-GlcNAcylation: effect on the 

diabetic heart  

O-GlcNAcylation is a post-translational modification (PTM) involving the attachment of 

a single O-linked N-acetylglucosamine (O-GlcNAc) moiety to Serine (Ser) and 

Threonine (Thr) residues of cytoplasmic, nuclear and mitochondrial proteins (Peterson et 

al. 2016). Compared to other types of PTM, O-GlcNAcylation is unique, as only two 

enzymes control its activity, unlike for example phosphorylation and de-phosphorylation 

where a broad range of phosphatases and kinases specific to the target protein exist 

(Butkinaree et al. 2010). O-GlcNAc-transferase (OGT) catalyses the addition of the 

GlcNAc moiety to hydroxyl groups of Ser and Thr residues whilst O-GlcNAcase (OGA) 

catalyses the removal of this GlcNAc moiety from the attached protein (Torres et al. 

1984). Studies in the cardiovascular system have highlighted two very distinct roles of 

O-GlcNAcylation; the protective effects of increased O-GlcNAc evident in acute injury 

models and the adverse effects of chronically-elevated O-GlcNAc typically seen with 

long-term diabetes (Marsh et al. 2014). Hence, in Chapter 5 I elucidate the role of O-

GlcNAcylation in diabetic-cardiomyopathy by specifically manipulating cardiac O-

GlcNAc modification utilising AAV. 

 

A large body of evidence has indicated that diabetic cardiomyopathy develops in 

conjunction with an increase in O-GlcNAcylation, however whether this PTM plays a 

critical role in its development was previously unresolved. In this thesis, we developed 

tools to specifically manipulate cardiac O-GlcNAcylation, by targeting the two enzymes 

responsible for this modification, OGT and OGA. Utilising the same AAV6 serotype and 

CMV promoter used in Chapter 3 and 4, we successfully delivered the human isoform of 

each of these two enzymes (OGT and OGA) specifically to the mouse heart in vivo. I 

reveal here that cardiac-specific administration of rAAV6-OGT increases cardiac O-

GlcNAcylation independent of hyperglycaemia (in sham non-diabetic mice). 

Intriguingly, these mice developed LV diastolic dysfunction (reduced E/A, e’/a’ ratio and 

increased deceleration time) after just 8-weeks following rAAV6-OGT administration 
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that resembled the diabetic heart phenotype. My results also indicate impaired fractional 

shortening in non-diabetic rAAV6-OGT mice, suggesting that rAAV6-OGT may induce 

a more severe cardiac phenotype than diabetes alone in the same period (8-weeks for 

both). As demonstrated in Chapter 3 (Prakoso et al. 2017), LV systolic dysfunction is not 

evident after 8 weeks of diabetes, but is evident 16-weeks post diabetes induction. Hence, 

I demonstrated that increasing cardiac OGT expression can independently induce robust 

cardiac dysfunction compared to diabetes alone. I also revealed, again using an AAV 

gene delivery approach I can reduce cardiac O-GlcNAcylation in the diabetic heart back 

to physiological levels. Administration of rAAV6-OGA improved diabetes-induced 

diastolic dysfunction (E/A, e’/a’, deceleration time and IVRT) and prevented the 

impairment of fractional shortening in diabetic mice over the longer term in vivo, 

consistent with a previous in vitro results that reports over the short term (Hu et al. 2005). 

I demonstrate that this improvement was evident in both the lower and higher doses of 

rAAV6-OGA, (OGA 2x1011vg rAAV6-OGA and hdOGA 1x1012 vg rAAV6-OGA). 

Thus, I conclude that manipulation of cardiac O-GlcNAcylation plays a critical role in 

altering cardiac function. 

 

Equally key to cardiac function, in Chapter 5 I demonstrated that an increase in cardiac 

O-GlcNAcylation via the administration of rAAV6-OGT is sufficient to cause cardiac 

remodelling, including increases in both interstitial and perivascular fibrosis, again 

resembling that seen in the diabetic heart. These results were somewhat surprising, as I 

did not anticipate that an increase in cardiac OGT expression alone would be sufficient 

to cause a substantial alteration to cardiac morphology after just 8 weeks of rAAV6-OGT. 

In contrast, a reduction of cardiac O-GlcNAcylation in mice with diabetic 

cardiomyopathy leads to a reduction in cardiac fibrosis, in conjunction with a reduction 

in the pro-fibrotic markers Ctgf and Timp-2. Hence, I conclude that manipulation of 

global cardiac O-GlcNAcylation plays a pivotal role in cardiac extracellular collagen 

deposition, independent of hyperglycaemia or diabetes. Furthermore, I also observed that 

an increase in cardiac O-GlcNAcylation via rAAV6-OGT increases hypertrophic gene 

expression. Despite this, the elevated level of Nppa, both cardiomyocyte hypertrophy and 

cardiac hypertrophy were not observed in these mice, implying that an increase in cardiac 

O-GlcNAcylation alone is not sufficient to drive pathological cardiomyocyte hypertrophy 

(at least after 8 weeks follow up). This is consistent with previous reports, where another 

stressor needs to be present for cardiac hypertrophy to develop with the increase in O-
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GlcNAcylation (Gélinas et al. 2018; Lunde et al. 2012). Despite these findings, 

administration of rAAV6-OGA attenuated diabetes-induced increases in hypertrophic 

gene expression and cardiomyocyte hypertrophy. I speculate this attenuation is secondary 

to the improved mitochondrial function observed in human iPSC-derived cardiomyocytes 

administered rAAV6-OGA (Chapter 5).  

 

Based on previous reports (Yang et al. 2017; McClain et al. 2002), and findings in Chapter 

5, it was demonstrated that the extent of O-GlcNAcylation in the cardiovascular system 

is more complicated than initially thought. For instance, complete cardiomyocyte knock-

out of OGT causes exacerbation of heart failure (Watson et al. 2010) and likewise a 

sustained increase in OGT via AAV leads to cardiac dysfunction and remodelling. Hence, 

it has been proposed that a physiological level of O-GlcNAc exists to maintain 

homeostasis to preserve normal cellular function (Yang et al. 2017). Severe or chronic 

insults, can lead to an imbalance in this system, contributing to the pathogenesis of 

various diseases. The regulation of this system is maintained by the expression and 

activity of the regulatory enzymes (OGA and OGT), generating a buffer system that 

enables precise control of global O-GlcNAcylation levels. My results support this 

concept, where sustained changes in cardiac O-GlcNAcylation by administration of 

AAV, imparts compelling changes in cardiac morphology and function after just 8 weeks. 

Thus, future studies investigating the balance of O-GlcNAcylation by altering its level in 

the heart will prove beneficial for gaining further insight into this PTM in different 

pathophysiologies. 

7.5 The phosphoinositide-3 kinase (p110α) and O-GlcNAcylation signalling 

paradigm in the diabetic heart 

In the setting of diabetic cardiomyopathy, I have demonstrated that increasing 

PI3K(p110α) is cardioprotective and is desirable, while an increase in O-GlcNAcylation 

is detrimental. Although distinct in their cellular roles, in this thesis I have highlighted 

the interaction between the two pathways of PI3K(p110α) and O-GlcNAcylation.  

 

In this thesis, I aimed to elucidate the interaction of these two distinct pathways by 

utilising tissues obtained from Chapters 3 and 5. I show that an increase in global cardiac 

O-GlcNAcylation in the diabetic heart was achieved by increasing cardiac OGT levels, 
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the enzyme responsible for O-GlcNAcylation. However, mice with increased expression 

of PI3K(p110α) exhibit reduced global O-GlcNAcylation, in conjunction with improved 

cardiac function and remodelling (Chapter 4). Thus, I speculated that PI3K(p110α) may 

act on the HBP and O-GlcNAcylation as part of its cardioprotective effects, amongst other 

targets including attenuation of oxidative stress and increasing the pro-survival kinase, 

Akt. In light of these findings, I further investigated the role of O-GlcNAcylation in the 

PI3K(p110α) pathway by utilising tissues obtained from Chapter 5. I revealed that mice 

administered rAAV6-OGT, exhibit reduced PI3K(p110α) and Akt phosphorylation at 

Ser473. Additionally, immunoprecipitation revealed an increase O-GlcNAcylation of 

PI3K(p110α) and Akt, when compared to control mice. Therefore, I propose that an 

increase in cardiac OGT expression (via rAAV6-OGT) leads to an increase in O-

GlcNAcylation of PI3K(p110α) and Akt, causing attenuation of these cardioprotective 

kinases. It is important to note that in Chapter 5, I demonstrated that administration of 

rAAV6-OGT, to increase cardiac OGT expression and O-GlcNAcylation, is detrimental 

in the heart by reducing cardiac function and causing cardiac remodelling. Thus, I propose 

that the reduction in PI3K(p110α)-Akt contributes to the cardiac impairment seen in 

normoglycaemic mice administered rAAV6-OGT. Conversely, administration of 

cardiac-targeted rAAV6-OGA improved PI3K(p110α)-Akt signalling in the diabetic 

heart. Again, immunoprecipitation was performed to investigate O-GlcNAcylation of 

these proteins. I showed that administration of rAAV6-OGA limited O-GlcNAcylation 

of PI3K(p110α) and Akt in the diabetic heart. Hence, I conclude that reducing O-

GlcNAcylation of PI3K(p110α) and Akt restores the activity of these kinases and 

contributes to the improvement in cardiac function and remodelling, as seen in Chapter 

5. These findings further signify the cardioprotective role of PI3K(p110α) and Akt, and 

how this axis may provide new insights into an improvement of several cardiac 

pathologies. 

7.6 Challenges with gene therapy 

Over the last few decades, the field of gene therapy has advanced significantly in terms 

of vector design and biology. With the failure of the first gene therapy for heart failure 

trial (Greenberg et al. 2016), I have learned that this field requires further optimisation 

from bench to bedside, to successfully translate this type of treatment to the clinic. 

Findings from the CUPID trial highlighted poor uptake of the AAV vector into the hearts 
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of patients enrolled in the trial (Greenberg et al. 2016). Several factors, including the 

presence of neutralising antibodies, have been revealed in several AAV studies as a 

significant hurdle in achieving meaningful transduction (Louis Jeune et al. 2013). The 

presence, even at low concentrations, of neutralising antibodies can result in an inactive 

AAV and block transduction to the target tissue, rendering it ineffective. However, new 

strategies have now been introduced into the gene therapy field utilising other new 

technologies such as the use of chimeric AAVs, or creating a barrier around the AAV to 

tackle these neutralising antibodies (Rincon et al. 2015; György et al. 2014). Only time 

will tell whether these technologies will prove sufficiently beneficial in increasing AAV 

transduction for translational purposes. In addition to neutralising antibodies, recent 

findings have demonstrated the potential for toxic effects of AAV in non-human primates 

(Hinderer et al. 2018). Administration of high dose AAV (2x1014vg/kg) was 

demonstrated to cause severe hepatoxicity, with side effects also evident in the dorsal root 

ganglia (Hinderer et al. 2018). These findings have been debated in the field of gene 

therapy and argued to be a variant-specific effect; in this case AAVhu68 (an AAV9 

variant) was used, a variant that has not been used in the clinic (Flotte et al. 2018). 

Moreover, the dose that was administered was very high compared to what is currently 

being used either in the clinic (e.g. 1.5x1011vg based on clinically approved therapy for 

retinal dystrophy, voretigene neparvovec-rzyl) or in this thesis (2x1011vg or 1x1012vg). It 

is also important to note that only a small sample size was used in that particular study 

(n=3 non-human primates and n=3 pigs), and no study so far has reported similar toxic 

effects. Despite these findings, a gene therapy product, Gendicine (recombinant human 

p53 adenovirus), to treat squamous cell carcinoma, was approved for clinical use in China 

12 years ago. There have been no adverse events reported and this therapy has continued 

to demonstrate an exemplary safety profile in the clinic (Zhang et al. 2018).  

7.7 The benefits and future of gene therapy 

The use of gene therapy has emerged to be one of the most versatile approaches in the 

biomedical field. It can be used to manipulate targets of interest by either upregulating or 

downregulating activity of the target protein in a tissue-specific manner, which is 

desirable to dissect specific pathways in different disease pathologies, as I demonstrated 

in Chapter 5. Likewise, use of AAV in the clinic is a viable therapeutic strategy to deliver 

beneficial genetic materials–in place or in conjunction with, pharmacological 
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interventions–as I demonstrate in pre-clinical models in Chapters 3 and 4. In addition, the 

number of gene therapy clinical trials have steadily increased to more than 2500 to date. 

Currently, 7 different gene therapy products have been approved for clinical use, with all 

of them indicated for cancer/tumour treatment or monogenic diseases (Table 7.1), as both 

cancer and monogenic diseases make the bulk of the total clinical trials for gene therapy 

(65% and 11.1% respectively) (Ginn et al. 2018). In comparison, AAV trials in 

cardiovascular diseases only contribute to 6.9% of the total number of clinical trials (Ginn 

et al. 2018). This, however, demonstrates that there is increasing confidence and 

reliability regarding gene therapy as an approach, with the increased level of industry-

sponsored funding in the academic sector further expanding the gene therapy 

developmental pipeline. Moreover, significant investment is being made to optimise the 

protocol required for manufacturing vectors stocks required for clinical use, such that 

production can be scalable and yield vector at the highest possible titre (Clément et al. 

2016). 

Another advantage of the use of gene therapy is the potential for a life-long cure from a 

single (or minimal number of) treatment. This has led to the discussion on how these 

therapies will be valued, and how companies might recover the extraordinary costs 

associated with research and development of these products from the lab into the clinic 

(ranging from US$500,000 – 1 million per course of treatment). The high price tag has 

also been associated with low commercialisation of this therapy in the marketplace, as 

most of these therapies target rare monogenic genetic defects that only occur in a small 

number of people. For example, Glybera, a gene therapy for the treatment of lipoprotein 

lipase deficiency (a disorder that affects 1 in 1,000,000 people) costs US$1 million per 

treatment course (Morrison 2015). Nonetheless, like all technologies, the cost of gene 

therapy will eventually reduce with an increase in supply and demand and more efficient 

vector production. 

Despite the growing trends of gene therapy use in the clinic, there is currently still no 

approved gene therapy for cardiovascular disease. The key for successful treatment of 

gene therapy seems to rely on its ability to transduce the myocardial tissue by its current 

method of delivery and vector design. In addition to myocardial transduction, the decision 

regarding which molecular pathways are targeted is also critical to achieving successful 

gene therapy transduction and outcome. In this thesis, I revealed that both the 
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PI3K(p110α) and HBP/O-GlcNAcylation viable targets for the treatment of diabetic 

cardiomyopathy.  

In Chapter 3 and 4, an AAV-mediated increase in cardiac expression of PI3K(p110α) 

elicited cardioprotective effects in mice with established diabetic cardiomyopathy both in 

T1D and T2D diabetic heart. To further increase the translational potential of the use of 

caPI3K gene therapy for the treatment of heart failure, subsequent studies conducted in 

large animal models such as sheep or pigs (which more closely mimic human physiology) 

are essential. From these types of studies, I can obtain a better understanding of both the 

physiological benefits and also the toxicological profile, of rAAV6-caPI3K. Additionally, 

a dose-dependent experiment conducted on larger animals would provide insights into 

the dose required in the clinic compared to that used in small-animal studies. Moreover, 

optimisation of the AAV will prove beneficial prior to its translation to the clinic, as new 

data supports the use of cardiac-specific promoters (e.g. myosin light chain or cardiac 

troponin promoters) to further enhance myocardial transduction (Rincon et al. 2015). In 

addition, new and improved vectors (e.g. chimeric vectors) are also being developed to 

achieve higher cardiac transduction (Rincon et al. 2015). 

In Chapter 5, I elucidated the role of cardiac manipulation of HBP and O-GlcNAcylation 

utilising gene therapy, focusing on LV function. My data revealed a "yin-yang” balancing 

effect of the two enzymes that regulate O-GlcNAcylation, where the increase of one 

enzyme (OGT) induces cardiac impairment by mimicking diabetic cardiomyopathy, 

while an increase in the opposing enzyme (OGA) attenuates diabetic cardiomyopathy. To 

identify a possible mechanism of action, I utilised tissues obtained from the previous 

chapters, to investigate the possible interaction between PI3K(p110α) and O-

GlcNAcylation (Chapter 6). I discovered that the cardiac impairment is associated with 

an increase in O-GlcNAcylation of PI3K(p110α) protein, which inhibits its activity (as 

demonstrated by a reduction in Akt phosphorylation downstream). The opposite occurred 

with improving cardiac OGA activity, (with a reduction O-GlcNAcylation of 

PI3K(p110α) restoring activity of this kinase). Although these results are compelling, 

further studies investigating specifically-modified genes or proteins will further enhance 

our understanding of this post-translational modification. Techniques such as RNA  
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Drug name 
Date of 

approval 

Approving 

agency 

Type of 

therapy 
Indication Manufacturer 

Gendicine 

(Ad5RSV-p53) 
October 

2003 
CFDA 

Adenovirus 

Gene 

therapy 

Head and neck 

squamous cell 

carcinoma 

Shenzhen SiBiono 

Gene Tech 

(Shenzen, China) 

Glybera 

(alipogene 

tiparvovec) 

November 

2012 
EMA 

AAV gene 

therapy 

Lipoprotein 

lipase 

deficiency 

UniQure 

(Amsterdam, 

Netherlands) 

 

Imlygic 

(talimogene 

laherparepvec) 

 

October 

2015 
FDA 

Herpes 

virus gene 

therapy 

Melanoma 

Amgen 

(Thousand Oaks, 

California, USA) 

Strimvelis June 2016 EMA 

Ex-vivo 

Lentivirus 

therapy 

Adenosine 

deaminase 

deficiency 

(ADA-SCID) 

Glaxo Smith 

Kline (Middlesex, 

United Kingdom) 

Kymriah 

(tisagenlecleucel) 
August 

2017 
FDA 

Ex-vivo 

Lentivirus 

therapy 

Acute 

lymphoblastic 

leukaemia 

Novartis 

(Basel, 

Switzerland) 

Yescarta 

(axicabtagene) 
October 

2017 
FDA 

Ex-vivo 

Lentivirus 

therapy 

B-cell 

lymphoma 

Kite Pharma, 

Incorporated 

(Santa Monica, 

California, USA) 

Luxturna 

(voretigene 

neparvovec-rzyl) 

December 

2017 
FDA 

AAV gene 

therapy 

Retinal 

dystrophy 

(biallelic 

RPE65 

mutation) 

Spark 

Therapeutics, Inc 

(Philadelphia, 

Pennsylvania, 

USA) 

 

Table 7.1 Current list of approved gene therapy products for clinical use. 

CFDA, China Food and Drugs Administration; EMA, European Marketing Authorization; 

FDA, Food and Drug Administration. Table adapted from (Ginn et al. 2018). 
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sequencing (for genes) and mass spectrometry (for proteins), to compare and consider 

information provided by transcriptomic and proteomics, will enable me to further 

pinpoint specific pathways that are altered with diabetic cardiomyopathy by OGA or 

OGT. Such investigations would prove beneficial to further understand of the role of O-

GlcNAcylation in the setting of diabetic cardiomyopathy.  

 

7.8 Conclusion 

Results from this thesis highlight both the cardioprotective effects of (PI3K)p110α and 

the role of cardiac HBP/ O-GlcNAcylation manipulation, in the setting of diabetic 

cardiomyopathy. Cardiac-specific delivery of PI3K(p110α), after LV diastolic 

dysfunction is established, attenuates cardiac remodelling in terms of cardiac fibrosis and 

cardiomyocyte hypertrophy. This is accompanied by an improvement in cardiac function 

and reduction in LV ROS levels. As O-GlcNAcylation of cardioprotective proteins has 

been associated with pathological changes in the diabetes-associated heart failure, I have 

developed tools to manipulate cardiac O-GlcNAcylation by altering its specific enzymes, 

OGA and OGT. Here, increasing cardiac OGT is detrimental to the non-diseased heart, 

resembling that seen in diabetic heart, and conversely, increasing OGA is beneficial, 

attenuating markers of diabetic cardiomyopathy in the diabetic heart. Further 

investigation led me to believe that these cardiac alterations are linked to the 

cardioprotective PI3K(p110α)-Akt axis, which I have demonstrated to be O-GlcNAc 

modified (illustrated in Figure 7.1). In conclusion, the capacity for gene therapy to cure 

human diseases is now an established reality but, for now, many disease phenotypes and 

pathophysiological processes potentially amenable to this exciting therapeutic approach 

lie beyond the realm of existing technologies. The ability to achieve efficient gene 

transduction remains the limiting factor for the translation of preclinical models to the 

clinic. Nonetheless, here I presented a body of work to show that both PI3K(p110α) and 

HBP/O-GlcNAcylation are a viable therapeutic target for diabetic cardiomyopathy. 
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Figure 7.1 The proposed role of PI3K(p110α) - Akt and O-GlcNAcylation in diabetic 

cardiomyopathy; insights gained from this body of work.  

1) Chronic elevation of blood glucose causes cellular stress in cardiac tissue, promoting 

an increase in reactive oxygen species (ROS). Enzymes such as such as NADPH-oxidase 

(e.g. the Nox-2 subunit), one of the primary producers of ROS, can be positively regulated 

by protein kinase C -2 (PKC-2). Prolonged increases in ROS leads to oxidative stress, 

an imbalance between the production of free radicals and the ability of the cellular system 

to neutralise these radicals. The increase in cellular stress causes the overactivation of the 

endoplasmic reticulum (ER) chaperones (Grp94, ATF-4, CHOP and EDEM), leading to 

disruption and misfolding of proteins (ER stress). 2) In obese T2D patients, cardiac 

lipotoxicity develops in addition to mild hyperglycaemia. Over an extended period, tissue 

damage occurs, further triggering inflammatory responses with the proliferation of non-

myocytes by increases in TGF- and CTGF leading to the formation of type I and III 

collagen. 3) Elevated protein O-GlcNAcylation is also evident, and we propose to be the 

initial central trigger in the development of diabetic cardiomyopathy. These contribute to 

cardiac remodelling, including the formation of cardiac interstitial and perivascular 

fibrosis and enlargement of cardiomyocytes, an initially a compensatory response to an 

increase in apoptosis. Over time, this contributes to impairment of diastolic function – a 

cardiac impairment unique to diabetes-induced heart failure, followed by systolic 

dysfunction. 4) The cardioprotective PI3K(p110α) limits oxidative stress by reducing the 

production of ROS, through the inhibition of PKCβ2. In addition to its anti-apoptotic 

effect through its downstream target Akt, PI3K(p110α) also has an anti-inflammatory 

effect. Moreover, PI3K(p110α) may also limit global O-GlcNAcylation both through 

direct and indirect modulation. 5) With hyperglycaemia or increased OGT expression, 

PI3K(p110α) activity is attenuated due to increased O-GlcNAcylation of the protein and 

its downstream target Akt, thus contributing to the pathophysiology of diabetic 

cardiomyopathy. 6) In contrast, increasing OGA (the enzyme responsible for the removal 

of O-GlcNAcylation) reduces global and PI3K (p110 α)-Akt O-GlcNAcylation. Hence, 

these reductions restore the function of PI3K(p110α)-Akt and limit the impairment of the 

diabetes and O-GlcNAcylation axis.  
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