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Abstract 

Background: Clinical studies have revealed increased cardiovascular risk in diabetic 

patients, which is substantially elevated in women. Perplexingly, while there has been 

extensive experimental effort in characterising cardiac dysfunction in the progression 

of diabetic cardiomyopathy, studies investigating sex differences are limited. A 

mechanistic understanding of sexual dimorphism in diabetic cardiomyopathy remains 

to be achieved.  

Aim: The aim of this Thesis was to examine female susceptibility to cardiac pathology 

in type 1 diabetes (T1D). In particular, this thesis focussed on examining cardiac 

responses to diabetes (functional and molecular) under basal conditions, during 

ischemia and with increased cardiac renin angiotensin system (RAS) signalling. 

The four experimental questions addressed in this thesis are: 

1.  Are systemic and cardiac T1D phenotypes different between males and 

females? [Chapter 3] 

2.  Is there an accentuated female vulnerability to ischemia reperfusion 

injury in T1D? [Chapter 4] 

3.  Are there sex-specific changes in cell death, autophagy and metabolism 

associated with diabetes? [Chapter 5] 

4.  Does cardiac RAS upregulation interact with sex-specific cardiac 

responses in T1D? [Chapter 6] 

Methods: A wide range of in vivo, ex vivo and molecular strategies were employed to 

characterise the role of sex differences in a streptozotocin (STZ)-induced T1D mouse 

model. Echocardiographic assessment was performed to examine T1D-induced 

functional and structural deficits in vivo. Ex vivo isolated heart perfusion analysis was 

used to characterise the role of sex differences in ischemia-reperfusion injury and 

recovery in T1D. The mechanistic basis of T1D-induced cardiac pathology was 

evaluated with various histological, biochemical and molecular techniques. Molecular 

findings from T1D models were also compared against changes from type 2 diabetic 
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(T2D) mouse models (lean and obese). Finally, the role of RAS in exacerbating the 

T1D phenotype was assessed using a cardiac-specific angiotensinogen overexpressing 

mouse model. 

Results: The overall findings of this thesis are: 

1. Although the extent of hyperglycaemia and increase in glycated 

haemoglobin (HbA1c) was less marked in female T1D in comparison to 

male T1D, diastolic dysfunction was evident in female T1D, but not in male 

T1D mice.  

2. In males, diabetic hearts showed greater reperfusion recovery associated 

with reduced cardiac glycogen levels post-ischemia, suggesting better 

glycogen utilisation during ischemia, compared to male controls. In 

contrast, despite an earlier onset of ischemic contracture, the reperfusion 

recovery and glycogen levels were unchanged in female T1D hearts, 

compared to female control hearts. 

3. GABARAPL1, a gene responsible for lysosomal breakdown of glycogen, 

was upregulated in T1D male hearts, whereas genes from conventional 

glycogen breakdown pathways (glycogen phosphorylase and glycogen 

debranching enzyme) were increased in female T1D. In addition, a 

pronounced increase in expression of genes from macro-autophagy pathway 

(protein bulk degradation) and apoptotic cell death pathway genes were 

observed in female T1D but not male T1D hearts. Interestingly, in lean and 

obese T2D mice, contrasting cardiac gene expression responses were 

observed in glycogen metabolic and macro-autophagy pathways. 

4. With elevated cardiac AngII, T1D-induced cardiac functional and structural 

changes were exacerbated in males, but these changes were not apparent in 

females.  

Conclusion: Collectively, the novel findings in this thesis have contributed new 

knowledge to the literature on sex-specific attributes of diabetic cardiomyopathy. This 

study is the first demonstration that a less pronounced hyperglycaemic response in 

T1D female mice is associated with more marked functional cardiac pathology. This 
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female vulnerability may be partially attributed to a preferential slower/inefficient 

processing of glycogen and heightened cell death pathology, evidenced from 

pronounced autophagic drive in female T1D mice. A sex-specific role for cardiac RAS 

in exacerbating the T1D phenotype has also been identified. The findings in this thesis 

support a case for sex-specific progression of diabetic cardiac pathology.  
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1.1 Introduction 

Diabetes is a disease of epidemic proportions and cardiovascular complications are the 

leading cause of diabetic mortality and morbidity worldwide (Boudina et al., 2007). 

While the occurrence of type 2 diabetes (T2D) is considerably higher than type 1 

diabetes (T1D), the incidence of both is rising steadily. In Australia, almost three-

quarters of deaths among diabetic populations are attributable to cardiovascular disease, 

and of all cardiovascular deaths, 17.4% are due to diabetes (NHFA, 2007).  

Diastolic dysfunction (preceding systolic abnormality) is an early sign of diabetic 

cardiomyopathy (Boyer et al., 2004; Zabalgoitia et al., 2001), linked with increased 

chamber stiffness and abnormal filling (Galderisi, 2006; Liu et al., 2001; van Heerebeek 

et al., 2008). Several etiological factors have been proposed to explain the development 

of diabetic cardiomyopathy. This includes increased diffuse interstitial collagen 

deposition, with perimysial and perivascular collagen accumulation (Regan et al., 1977; 

Shimizu et al., 1993), which may contribute to diastolic stiffness (Chowdhry et al., 

2007; Frustaci et al., 2000). Metabolic changes include the accumulating evidence of 

impaired glucose signalling (An, 2006) and glycogen accumulation, which has been 

reported in human (Sakakibara et al., 2011; Warren, 1930) and rodent diabetic models 

(Alfarano et al., 2011; Lajoie et al., 2004; Shearer et al., 2011). The Framingham Heart 

Study identified increased cardiovascular risk in the diabetic population, with 

particularly exacerbated risk in women (Kannel, 1979). Growing clinical evidence has 

subsequently highlighted a steady increase in detrimental consequences of diabetic 

cardiomyopathy with diabetes and females are particularly susceptible. The subsequent 

sections in this review focus on the current literature relating to clinical and 

experimental evidence of sex differences in diabetic cardiomyopathy, and the 

involvement of the renin-angiotensin system (RAS) and glycogen pathology in diabetic 

cardiomyopathy, while highlighting the necessary knowledge deficit which needs to be 

addressed. 

1.2 Clinical evidence of sex differences in diabetic cardiomyopathy 

Physiological sex differences in the insulin regulation of glucose levels in men and 

women have been reported. There is a general recognition of sex differences in 

cardiovascular morbidity and mortality, with risk reduced among non-diabetic women 

(Editorial, 2011; Hayes et al., 2011b; Vaccarino et al., 2011). Accumulating evidence 
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reveals that diabetes pathology may abrogate this “protection” and make women more 

vulnerable to CVD compared to men (Barrett-Connor et al., 1991; Folsom et al., 1997; 

Heyden et al., 1980; Kannel et al., 1979; Natarajan et al., 2003; Simons et al., 1996). 

For both men and women, T1D is associated with increased cardiovascular risk, with 

cardiovascular disease being the leading cause of death from 30 years of age onwards 

(Laing et al., 1999). At age 55, cumulative mortality in T1D men and women is ~35% 

(compared to 4-8% in non-diabetics) (Krolewski et al., 1987). Development of cardiac 

hypertrophy occurs in early stages of T1D (El Dayem et al., 2012), and diastolic 

dysfunction is the most common echocardiographic manifestation of T1D clinically 

(Palmieri et al., 2008; Schannwell et al., 2002).  

The incidence of T2D is considerably higher than T1D. For men and women combined, 

approximately 65% of T2D deaths are attributed to cardiovascular disease, involving 

increased coronary heart disease related risk in particular (Grundy et al., 1999). The 

prevalence of subclinical left ventricular dysfunction in otherwise healthy T2D men and 

women is significant (Fang et al., 2005). With disease progression, increased left 

ventricle mass, wall thickness and in some instances chamber dilation are reported in 

T2D populations (Devereux et al., 2000). A component of this cardiac structural 

modelling may be attributed to coincident obesity, and not necessarily diabetes per se 

(Galvan et al., 2000; Kuperstein et al., 2001). 

1.2A Physiologic and pathologic sex differences in systemic glucose regulation 

Several clinical studies have reported basal sex differences in systemic glucose 

regulation. While similar elevations in blood glucose response to dextrose infusion were 

observed, systemic insulin was higher in females, suggestive of lower basal insulin 

sensitivity in females (Flanagan et al., 2006). Insulin-stimulated disposal of 

radiolabeled glucose may be reduced in young adult females compared to age-matched 

males (Basu et al., 2006). Administration of estrogen/progesterone through oral 

contraceptive use has been associated with a 40% reduction in insulin sensitivity 

(Perseghin et al., 2001). In contrast, aging in women (with associated reductions in 

gonadal estrogen production) was associated with a more marked reduction in insulin 

sensitivity than that observed in men (Borissova et al., 2005). Thus, though a 

physiological sex difference has been demonstrated, the directional influence of 

estrogen on insulin sensitivity is still ambiguous in the clinical literature. 
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Despite these basal sex differences in glucose regulation, elevated fasting glucose is 

used as the primary diabetic diagnostic criterion as recommended by the Expert 

Committee on the Diagnosis and Classification of Diabetes Mellitus (ECDCDM, 2003). 

While elevated fasting glucose is common in diabetic males (Glumer et al., 2003; Sicree 

et al., 2008), glucose dysregulation in females is more frequently characterised by a 

prolonged duration of hyperglycaemia following acute glucose loading (Dotevall et al., 

2007; Glumer et al., 2003; Sicree et al., 2008; Williams et al., 2003). Prolonged high 

estrogen levels in the luteal phase of the menstrual cycle have been associated with 

decreased insulin sensitivity in some T1D women (Widom et al., 1992). It is thus 

suggested that the use of fasting blood glucose leads to under-diagnosis of diabetic 

females and underrepresentation in clinical trials (Pomerleau et al., 1999). Collectively, 

these observations support fundamental differences in insulin-dependent glucose 

homeostasis in women vs. men in both normoglycemic and hyperglycaemic settings.  

1.2B Diabetic cardiomyopathy – sex contrast from symptoms to prognosis  

Three decades ago, the Framingham Heart Study first identified a 5-fold increase in risk 

of heart failure in diabetic females compared to a 2-fold increase in risk in males 

(Kannel et al., 1979). Several large studies support this notion of greater relative risk of 

heart disease (or fatal cardiovascular events) with diabetes in females vs. males (Barrett-

Connor et al., 1991; Folsom et al., 1997; Heyden et al., 1980; Natarajan et al., 2003; 

Simons et al., 1996). In general, cardiovascular disease presentation in women is 

delayed by about 10 years in comparison with men, but this relative “protective-delay” 

is abrogated in diabetic women (Norhammar et al., 2013). For women the post-

menopause increase in cardiac risk occurs in parallel with an increase in the detected 

incidence of insulin resistance and diabetes (Kannel et al., 1979) where both coronary 

and myocardial pathology involvement could be implicated. Whether menopause per se 

exacerbates the risk to a greater extent in diabetics than non-diabetics is not fully 

understood. Diabetic females are also characterised by higher risk of acute myocardial 

infarction (AMI) than their male diabetic counterparts (Kappert et al., 2012; Lam et al., 

2012). Sex differences in cardiac presentation symptoms and detection of acute 

myocardial events are also evident. Men commonly describe acute chest/left arm pain or 

diaphoresis, while women report nausea, jaw pain and lethargy (Arslanian-Engoren, 

2006). High fasting blood glucose levels are more event-predictive for men than women 
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(Takada et al., 2012; Yang et al., 2011), consistent with the observation that lower 

levels of hyperglycaemia may be of more pathologic significance in females as 

witnessed in Framingham offspring participants (Levitzy, 2008). Therefore, diabetic 

women frequently experience an asymptomatic or silent myocardial infarction with a 

slight elevation in blood glucose.   

Worsened post-infarction outcomes for diabetic women have been documented in large-

scale clinical studies conducted worldwide, across different age groups (Crowley et al., 

2003; Fraser et al., 1992; Hayes et al., 2011a; Lundberg et al., 1997; Norhammar et al., 

2008; Seeman et al., 1993). In some studies, overall sex differences have not been 

apparent, yet thorough sub-group analyses have revealed otherwise. A retrospective 

analysis revealed a 52% increase in mortality rate in young diabetic women (vs. men) 

evident during 5-year follow ups post AMI (Ouhoummane et al., 2009). In another 

study, while the relative risk of CVD-related death was greater in diabetic males than 

females, a greater risk in females was apparent when participants with previous events 

were excluded (Kleinman et al., 1988).  

Heart failure manifests either with reduced ejection fraction (HFrEF) or with preserved 

ejection fraction (HFpEF) (Gladden et al., 2014). Diabetic cardiomyopathy, as a 

predominantly diastolic dysfunction, has been described as a feature of HFpEF. 

Interestingly, HFpEF occurs more commonly in older individuals and women. Current 

treatment options with beta-blockers etc. cater towards management of HFrEF. No 

specific proven medical therapies are available for the treatment for HFpEF (Boonman-

de Winter et al., 2016; Gladden et al., 2014; van Heerebeek et al., 2016). 

Therefore, distinct sex differences in clinical risk, prevalence, symptom presentation, 

detection and prognosis of cardiovascular diseases are evident. Further cardiac-specific 

structural, functional and metabolic changes in the diabetic state are investigated in the 

next section, with particular focus on available the literature on sex differences in T1D 

and T2D.  

1.2C Sex differences in cardiac pathology in diabetes 

Some cardiac- and sex-specific characteristics are available both in clinical T1D and 

T2D settings. Ischemic heart disease in young T1D women has been associated with 

exceptionally high mortality (Laing et al., 2003; Secrest et al., 2010), although this 

dimorphism may not be as apparent in middle-aged and older cohorts (Laing et al., 
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1999). A study consisting of T1D children and adolescents identified significant 

increases in left ventricular wall dimensions and diastolic dysfunction in females but not 

in males, with higher glycosylated haemoglobin in female diabetics suggesting greater 

dysregulation of glucose handling in females (Suys et al., 2004). Early occurrence of 

diastolic dysfunction in young female T1Ds is especially notable. As these young 

patients have no confounding hemodynamic and atherosclerotic complications the 

argument for a primary myocardial defect (with female-specific exacerbation) with T1D 

is compelling. 

For T2D women, and for women with clinical indication of glucose intolerance, angina 

has been associated with increased risk of coronary heart disease mortality (Carpiuc et 

al., 2010). One study estimated a substantial sex differential in the T2D related hazard 

ratio for major coronary heart disease even after adjustment for other risk factors to be 

2.8 in males compared with 9.5 in females (Juutilainen et al., 2004). As a cohort, T2D 

females exhibit greater symptomology though less obstructive coronary artery disease 

compared to diabetic males (Tamis-Holland et al., 2011). Post-infarct prognosis for 

T2D women is poorer than for men, but increased mortality and morbidity may also be 

related to age differences, not simply attributable to sex (Venskutonyte et al., 2010). 

Consistent with findings from studies of pooled T1D/T2D populations, T2D females are 

more likely to have other cardiovascular risk factors (dyslipidaemia, obesity, 

hypertension) and the impact of these on the incidence of cardiovascular disease is more 

severe in women (Juutilainen et al., 2004). T2D women are reportedly less likely to 

receive treatment than men in comparable risk-factor settings (Chou et al., 2007; 

Huxley et al., 2006). This may have important outcome consequences, and confound 

the evaluation of underlying sex-specific differences. 

In overview, clinical and population studies suggest diabetes induces significant and 

selective risk for women, particularly in relation to the occurrence and consequences of 

coronary artery disease, post infarct outcomes, and progression to heart failure. There is 

some evidence, from both T1D and T2D settings, that younger women are more 

adversely affected by diabetes, exhibiting cardiac symptomatic jeopardy, even when the 

level of hyperglycaemia may be lower than in men. This female vulnerability may 

partially reflect underlying sex differences in systemic glucose handling, and a lower 

pathological threshold for plasma glucose elevation. Estrogen may have a role in long-
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term modelling and acute modulation of cardiac structure and function, although this is 

yet to be explicitly investigated.  

1.3 Experimental evidence of sex differences in diabetic cardiomyopathy 

Given the accumulating evidence of sex differences in the clinical diabetic context, this 

section therefore examines the available literature on experimental diabetic models to 

dissect the underlying cardiac-specific and sex-specific pathology. Experimental studies 

have enabled detailed and mechanistic characterisation of diabetes-associated structural 

and functional alterations to the myocardium. These studies outlined below (and 

tabulated, Table 1.1) involve either distinct male (most commonly) or female cohorts, or 

consist of pooled male/female data. Investigations specifically addressing sex-

specificity of diabetic cardiopathology are small in number and have been highlighted 

in Table 1.2. 

1.3A Systemic metabolic stress differences in males and females 

A number of experimental studies have described sex differences in insulin responses 

and systemic glucose handling, somewhat consistent with clinical findings. Healthy 

female rat hearts appear less sensitive to insulin than male hearts (Vital et al., 2006), 

and global deletion of the estrogen receptor (ERα) is associated with systemic 

hyperglycaemia and glucose intolerance (Ruegg et al., 2011). Interestingly, ovariectomy 

per se did not modify insulin resistance or blood glucose levels (Galipeau et al., 2002a). 

Insulin and estrogen both exert regulatory influences on the Akt/PI3K signalling 

pathway (depicted in Figure 1.3), and estrogen receptor activation is known to modulate 

insulin signalling (Gao et al., 2002; Patten et al., 2004). Given sex-specific differences 

in the systemic milieu of glucose and insulin modulation in normoglycemic settings, sex 

disparity in diabetic responses might be anticipated. An interaction between insulin and 

estrogen signalling has the potential to modulate numerous downstream cardiac 

structural and functional characteristics associated with diabetes. 

In T1D, sex differences have been described in the development of hyperglycaemia in 

some animal models. The widely used streptozotocin (STZ) model of T1D involves 

selective destruction of pancreatic -cells. As a result, rodents experience insulin 

deficiency, hyperglycaemia and polydipsia, characteristic of human T1D (Furman, 

2015). In mice, the usage of a multiple low-dose (40-55mg/kg x 5 injections) STZ 
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approach has been shown to partially destroy pancreatic islets and trigger an 

inflammatory process that causes further loss of -cell activity, resulting in a chronic 

T1D phenotype within 7 weeks post injections (Furman, 2015). The extent of 

hyperglycaemia in response to STZ treatment is reported to be similar in male and 

female rats (Ding et al., 2006), while STZ combined with nicotinamide accentuates 

development of hyperglycaemia in female rats (Vital et al., 2006). Higher glucose levels 

were attributed to greater β-cell destruction (Vital et al., 2006), which may be related to 

anti-apoptotic β-cell sparing effects of testosterone (Palomar-Morales et al., 2010). 

STZ-induced hyperglycaemia has been shown to be more or less marked in females, or 

equivalent in males and females depending on the strain studied (Ceylan-Isik et al., 

2006a; b; Matsumoto et al., 2008; Nuno et al., 2010). Notably, hyperglycaemia in the 

T1D experimental setting has been observed to be less prominent in females of the 

widely employed C57Bl6 strain (Nuno et al., 2010). 

In the context of T2D, occurrence of systemic insulin resistance is reportedly less 

marked in female rodents exposed to elevated dietary fructose (Galipeau et al., 2002a), 

elevated dietary sucrose (Horton et al., 1997), or within a hyperinsulinaemic setting 

(Galipeau et al., 2002b).  This more modest female insulin resistance/hyperglycaemia is 

likely sex steroid influenced, as ovariectomy abrogates protection against 

hyperinsulinaemia (Galipeau et al., 2002a). In a T2D genetic model (Goto-Kakizaki), 

although plasma glucose was not sex-dependent, disturbances in plasma lipids were 

observed only in females (Desrois et al., 2004). 

Thus, ambiguities relating to systemic diabetic clinical characterisation of women 

(relative to men) are observed to some degree in experimental settings. Experimental 

manipulations may not necessarily produce equivalent systemic phenotypes in females 

vs. males, and presumption that all individuals within a treatment cohort possess similar 

disease states (as gauged by glycaemic state or insulin resistance) is questionable. 

Beyond questions of sex differences in systemic insulin sensitivity, sex differences in 

the structural and functional cardiac implications of the diabetic state have received 

minimal experimental attention.  

1.3B Sex differences in diabetes-induced cardiac structural abnormalities 

As observed clinically, increased cardiac fibrosis and collagen deposition is a 

characteristic of experimental T1D (Kato et al., 2011; Li et al., 2011; Meloni et al., 
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2012) and T2D (Daniels et al., 2011; Mellor et al., 2011; Zhou et al., 2011) models. 

Work in the STZ T1D model shows that stimulation of TGFβ in a hyperglycaemic 

context promotes fibroblast collagen production, and suggests heightened angiotensin II 

signalling is frequently involved (Benazzoug et al., 1998; Connelly et al., 2007a; Singh 

et al., 2008). Acting through the AT-1 receptor, angiotensin decreases matrix 

metalloprotein-2 activity in diabetic (STZ) mice, suppressing collagen degradation and 

promoting cardiac fibrosis (Westermann et al., 2007). In the T2D experimental setting, 

upregulated TGFβ-receptor signalling has also been observed with collagen deposition a 

precursor to hyperglycaemia (Mizushige et al., 2000). Increased apoptotic 

cardiomyocyte loss and increased oxidative stress are evident with fibrotic infiltration in 

both T1D and T2D (Barouch et al., 2006; Fiordaliso et al., 2000). While the 

remodelling process leading to diastolic dysfunction has been extensively studied, 

characterisation of sex-specific myocardial impacts of diabetes awaits future 

investigation. 

Cardiac hypertrophy is not always evident in experimental models of diabetes. Rodent 

models of T1D are typically untreated, resulting in severe hyperglycaemia and a 

reduction in or failure to gain bodyweight. In male T1D this can result in higher heart 

weight to body weight ratios (Hoit et al., 1999; Hu et al., 2011; Nawata et al., 2002; 

Ooie et al., 2003; Raimondi et al., 2004; Ren et al., 2000; Silva et al., 2011; Takahashi 

et al., 2003; Vadlamudi et al., 1982; Wold et al., 2001; Xie et al., 2011), independent of 

heart weight changes, or, no differences are observed in heart weight or normalised 

heart weight. In females, STZ-induced changes in heart weight indices were increased 

(Vadlamudi et al., 1982) or unchanged (Yu et al., 2007) , with persisting increase in 

heart weight observed even after normalisation (Ceylan-Isik et al., 2006b). In male T1D 

rodents, ventricular cardiomyocyte size is reported to be larger (Huynh et al., 2010; 

Khong et al., 2011; Li et al., 2011; Ritchie et al., 2012; Ti et al., 2011; Wold et al., 

2006) or unchanged (Curl et al., 2001; Hofmann et al., 1995; Kotsanas et al., 2000; 

Raimondi et al., 2004; Roe et al., 2011; Shao et al., 2011; Shao et al., 2010; Wei et al., 

2009) or less commonly reduced (Silva et al., 2011), and left ventricular wall thickness 

is reported to be reduced (Meloni et al., 2012; Roe et al., 2011) or unchanged (Ho et al., 

2006; Strunz et al., 2011). In studies of females, cardiomyocyte size was unchanged 

(Ceylan-Isik et al., 2006b; Hofmann et al., 1995; Howarth et al., 2005). One study 
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identified decreased cardiomyocyte size, though it is not clear which sex was studied 

(Silva et al., 2011). 

In T2D animal models the situation regarding cardiac hypertrophy appears even more 

complex, sometimes confounded by animal obesity rather than body weight loss. Tibial 

length is sometimes preferred to body weight for normalisation purposes, but with 

genetic models of diabetes this may also be altered relative to control (Daniels et al., 

2011). Many studies in males report no change in heart weight in T2D models, 

including Zucker rats (Howarth et al., 2012; Oakes et al., 2006; Wang et al., 2005), 

leptin-receptor deficient (db/db) mice (Hafstad et al., 2006; Panagia et al., 2007; Park et 

al., 2009), leptin deficient (ob/ob) mice (Mascareno et al., 2009), fructose-fed animals 

(Chang et al., 2007; Chess et al., 2007; Mellor et al., 2011), sucrose-supplemented rats 

(Vasanji et al., 2006), Goto-Kakizaki diabetic rats (Howarth et al., 2008), high-fat fed 

rats (Ouwens et al., 2007) and Otsuka Long-Evans Tokushima Fatty rats (Kim et al., 

2003). When normalised to body weight, this lack of effect in cardiac size persists in the 

Zucker rats (Baynes et al., 2009; Howarth et al., 2012; Wang et al., 2004), fructose-fed 

animals (Chang et al., 2007; Chess et al., 2007; Mellor et al., 2011) and in Otsuka 

Long-Evans Tokushima Fatty rats (Kim et al., 2003). In some Zucker studies heart 

weight is decreased relative to controls (Baynes et al., 2009; Daniels et al., 2012; Wang 

et al., 2004), and the cardiac weight index can also be decreased in Zucker rats (van den 

Brom et al., 2009). Defining a hypertrophic response in the Zucker model is particularly 

problematic due to maturational variations in body weight difference relative to lean 

controls. In other T2D models, cardiac weight increased, in GLUT-4 knockout mice 

(Domenighetti et al., 2010; Huggins et al., 2008; Kaczmarczyk et al., 2003), the db/db 

mouse (Li et al., 2006), and the ob/ob mouse (Dong et al., 2007). This increase was 

maintained after normalisation in GLUT-4 knockout mice (Domenighetti et al., 2010; 

Huggins et al., 2008; Kaczmarczyk et al., 2003) and the db/db mouse (Li et al., 2006). 

Increased heart weight emerges only after normalisation in Goto-Kakizaki rats 

(Chandler et al., 2007; Darmellah et al., 2007), fructose-fed rats (Zhang et al., 2011a) 

and in one study of Zucker diabetic fatty rats (Daniels et al., 2012). In the T2D context, 

where cardiomyocyte size has been evaluated, unchanged (Daniels et al., 2012; 

Howarth et al., 2008; Mellor et al., 2011) or increased dimensions are reported (Abel et 

al., 1999; Domenighetti et al., 2007; Dong et al., 2007; Fredersdorf et al., 2004; Li et 

al., 2006; Zhang et al., 2011b), or more rarely, decreased cell dimensions have been 
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observed (Howarth et al., 2012). As with T1D studies, fewer studies in T2D were 

undertaken in females. In those that have investigated females without direct 

comparisons to males, heart weight was increased in GLUT-4 knockout mice (Abel et 

al., 1999), ob/ob mice (Christoffersen et al., 2003), db/db mice (Huynh et al., 2012) and 

in a model of high fat, low STZ (Zhou et al., 2011) or unchanged in a model of multiple 

low dose STZ (Howarth et al., 2005). Increased normalised heart weight was also noted 

in db/db mice (Huynh et al., 2012) and high fat, low STZ (Zhou et al., 2011), while 

normalised heart weight was decreased in GLUT-4 knockout mice (Abel et al., 1999). 

Sex-specific comparisons in relation to hypertrophy occurrence have been made in a 

limited number of investigations, and are summarised in Table 1.2. In T1D, two studies 

of STZ treatment (rats, 5 week diabetes duration) report that both male and female 

animals achieve similar levels of hyperglycaemia, with no change in cardiac weight 

index in either sex (Rodrigues et al., 1987; Tuncay et al., 2007). In a mouse model of 

STZ (10 weeks diabetes), there was increased absolute heart weight in females but a 

reduction in cardiac weight indices in both sexes. This could be attributable to their 

increases observed in body weight (Bowden 2015). In the T2D (mild) sucrose-fed rat, a 

sex comparison of treatment did not find any differential responses, and there were no 

effects of diet on cardiac weight index in males or females (Cárdenas et al., 2006). In 

contrast, an investigation of the genetic T2D Goto Kakazaki rat model identified a 

markedly greater increase in cardiac weight index in females, although hyperglycaemia 

was equivalent in both sexes (Desrois et al., 2004). The females in this model exhibit 

more deranged plasma lipids than males, and it is possible that metabolic signals 

deriving from altered lipid handling have a greater role in mediating cardiac 

hypertrophy in female diabetics.  

To summarise the diversity of findings from an extensive range of model types 

(involving either exclusively male cohorts or mixed sex groups), it is not possible to 

ascribe different observations regarding occurrence of cardiac hypertrophy to model-

specific factors, or to the duration of treatment. Only a very small number of studies 

have pursued explicit sex comparisons, indicating that when hypertrophy occurs it is 

more pronounced in females (somewhat consistent with clinical findings). Much more 

work is required in this area and given that the Framingham study indicates that, after 

age, cardiac hypertrophy per se constitutes the most significant cardiac risk factor (Levy 

et al., 1990), this should be an important area for future investigation. 
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1.3C Sex differences in diabetes-induced cardiac functional abnormalities 

There have been extensive experimental efforts directed towards the characterisation of 

cardiac dysfunction in the progression of diabetic cardiomyopathy. Research has moved 

beyond the perception of diabetes as a single condition of glucose dysregulation, with 

attention now directed more towards distinguishing differential mechanisms in T1D and 

T2D which contribute to cardiomyopathy development (Isfort et al., 2013). As 

discussed above, clinical investigations employing imaging techniques have established 

the occurrence of relatively early diastolic dysfunction, at a non-symptomatic stage, as a 

prelude to later progression to systolic dysfunction. In the experimental setting there is 

scope to dissect the components of cardiac diastolic and systolic dysfunction more 

precisely using different in vivo and ex vivo approaches. With only a few notable 

exceptions (highlighted at the end of each of the following sections, and presented in 

Table 1.2), these experiments have involved males only, mixed sex, or failed to specify 

sex these findings are included in Table 1.1).  

Type 1 diabetes and cardiac function. 

In males, impaired diastolic function in vivo is generally observed in rodent models of 

T1D (predominately STZ treated). Reduced echocardiographic E:A ratios, (Huynh et 

al., 2010; Khong et al., 2011; Meloni et al., 2012; Ritchie et al., 2012; Shao et al., 

2011; Ti et al., 2011) and decreased end-diastolic volume (Couchepin et al., 2008; 

Dong et al., 2006) have been reported. Catheterisation of the left ventricle in males has 

revealed impaired/delayed relaxation (Hoit et al., 1999; Huynh et al., 2010; Strunz et 

al., 2011; Ti et al., 2011) and increased left ventricular end-diastolic pressures (Li et al., 

2011; Ritchie et al., 2012), although such increases are not always identified (Huynh et 

al., 2010). Analysis of pressure-volume relationships reveal increased left ventricular 

stiffness in males (Radovits et al., 2009). In vivo assessment of animal T1D models has 

generally identified significant reduction of heart rate (Annapurna et al., 2009; Hu et al., 

2011; Sharma et al., 2011; Tian et al., 2011; Xiao et al., 2004), but not always (Hadour 

et al., 1998; Shao et al., 2011). This contrasts with observations of equivalent heart rate 

in diabetic and non-diabetic patients (Palmieri et al., 2008), and may reflect greater 

glucose dysregulation in experimental models. Evidence of diastolic dysfunction 

(decreased E:A ratio) was found in young adult female STZ-treated rat. However, this 

study did not include male comparators (Joffe et al., 1999; Yu et al., 2007).  
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In vivo systolic dysfunction is also reported in many investigations of T1D in males, 

characterised by reduced ejection fraction as assessed via echocardiography (Sharma et 

al., 2011; Ti et al., 2011), reduced left ventricular systolic pressure development 

(Huynh et al., 2010; Ritchie et al., 2012; Xiao et al., 2004), and a less steep end-systolic 

pressure-volume relationship (Radovits et al., 2009), although bradycardia observed in 

this latter study will negatively influence contractility via the Treppe or staircase effect. 

In males, decreased maximum velocity of shortening has also been reported (Huynh et 

al., 2010; Roe et al., 2011), and fractional shortening may be decreased (Meloni et al., 

2012; Tian et al., 2011) or unchanged (Hoit et al., 1999; Huynh et al., 2010; Strunz et 

al., 2011; Ti et al., 2011). Anaesthetic choice may be an important consideration in 

assessment of cardiac dysfunction by echocardiography. In the STZ model of diabetes, 

reduced cardiac output is observed with ketamine or etomidate, but not propofol 

(Crespo et al., 2011).  

In male ex vivo perfused hearts, evidence of systolic contractile dysfunction is usually 

evident with T1D. Reductions in systolic pressure and rate of pressure development 

have been reported in hearts from male STZ-treated animals (Nawata et al., 2002; Ooie 

et al., 2003; Ren et al., 2011; Shimabukuro et al., 1996; Takahashi et al., 2003; Tosaki 

et al., 1996) and in OVE26 mice, a less well characterised model of pancreatic ß-cell 

dysfunction secondary to β-cell calmodulin overexpression (Xie et al., 2011). In the ex 

vivo setting, while relaxation parameters can be very accurately assessed, it is difficult 

to establish the presence of diastolic dysfunction under baseline conditions. Ex vivo 

diastolic baseline pressure is standardised, although diastolic dysfunction can be 

assessed by examining end-diastolic pressure/volume relationships, and slope of 

relaxation. In studies of females, systolic function was decreased as assessed by isolated 

heart function in STZ-treated rats (Joffe et al., 1999; Vadlamudi et al., 1982) and 

reduced fractional shortening and cardiac output (Yu et al., 2007). 

Potential sex-specificity of cardiac function in T1D has received minimal attention, and 

available findings are summarised in Table 1.2. Ex vivo evaluation of young (6 weeks) 

STZ-treated rats identified less impairment of pressure development (+dP/dt) in female 

compared with male hearts (Rodrigues et al., 1987). Other isolated heart studies in adult 

STZ-treated rats (12-14 weeks) show left ventricular pressure development is less 

adversely affected in females despite similar hyperglycaemia in both sexes (Tuncay et 

al., 2007; Yaras et al., 2007). In vivo functional analysis in CD1 mice revealed earlier 
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onset of diastolic dysfunction, with reduced E/A ratio, in female diabetic mice at 8 

weeks post STZ induction, despite similar levels of increase in blood glucose in both 

sexes (Moore et al., 2014). 

At present, an experimental correlate of the increased female jeopardy observed 

clinically in T1D is observed to some extent, in particular, available experimental 

evidence does not address the critical issue of diastolic dysfunction, with exception of 

one study in the literature as identified in previous sections. It may be that relatively 

short-term STZ treatment (without insulin supplement) in female rodents does not 

recapitulate the clinical state, and that extended duration studies are required.  

Type 2 diabetes and cardiac function  

In males, diastolic dysfunction, evaluated via in vivo echocardiography (altered E:A 

ratio), is observed in Zucker rats (van den Brom et al., 2009), Otsuka Long-Evans 

Tokushima Fatty rats (Semeniuk et al., 2002) and leptin deficient (ob/ob) mice  

(Christoffersen et al., 2003). Diastolic dysfunction could not be identified 

echocardiographically in db/db males. The E:A ratio can appear normal while hearts 

transition from mild (elevated E:A ratio) to severe (decreased E:A ratio) diastolic 

dysfunction (Galderisi, 2006), and a single time-point determination may not be 

definitive. Millar catheter assessment of left ventricular function is suggestive of 

diastolic and systolic dysfunction in male Zucker rats (van den Brom et al., 2009), 

though reduced heart rate in these rats may contribute to altered contractility. Millar 

catheter assessment of male db/db mice did not identify diastolic dysfunction (Panagia 

et al., 2007). A similar lack of effect on diastolic function has been observed in male 

GLUT-4 knockout mice (Abel et al., 1999), Zucker diabetic fatty rats (Wang et al., 

2005), and in sucrose fed rats (Vasanji et al., 2006), though evidence of increased left 

ventricular stiffness in male Zucker rats has also been revealed by examining changes in 

the relationship between pressure and volume (Radovits et al., 2009). Diastolic 

dysfunction was evident as a reduced slope of relaxation in hearts isolated from GLUT-

4 knockout mice (Huggins et al., 2008), ob/ob mice (Li et al., 2006), db/db mice (Dong 

et al., 2007) and fructose-fed rats (Chang et al., 2007).  

In studies investigating female mice, diabetes-induced diastolic dysfunction was evident 

in female (db/db) mice (Christoffersen et al., 2003; Huynh et al., 2012), female ob/ob 

mice (Zibadi et al., 2011) and in female mice fed a high-fat diet combined with low 
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dose STZ (Zhou et al., 2011), but not in the female GLUT-4 knockout mouse (Abel et 

al., 1999). 

In males, systolic dysfunction in vivo has been identified in numerous T2D models. 

High-fat diet treatment in male rats was observed to induce reduced fractional 

shortening and ejection fraction (Ouwens et al., 2007). In male db/db mice, left 

ventricular developed pressure was decreased in one study (Khalid et al., 2011), and 

fractional shortening found to be decreased in others (Carley et al., 2004; Park et al., 

2009; Semeniuk et al., 2002; Vecoli et al., 2011). The male Torii (spontaneous non-

obese diabetic, Sprague-Dawley derived) rat exhibits reduced ejection fraction and 

fractional shortening (Lakshmanan et al., 2012), and the male Goto-Kakizaki rat is 

reported to display reduced fractional shortening at 8 but not 20 weeks (Chandler et al., 

2007). In male Otsuka Long-Evans Tokushima Fatty rats, fractional shortening was not 

reduced (even though diastolic dysfunction was observed) (Kim et al., 2003). The male 

Zucker rat exhibited decreased cardiac output, however coincident reductions in heart 

rate complicate interpretation of changes in contractile measures (Daniels et al., 2012). 

Male mice fed a high-fat diet from birth exhibit decreased ejection fraction and elevated 

end-systolic volumes suggestive of systolic dysfunction (Louwe et al., 2012b). No 

difference in systolic function was detected echocardiographically in male ob/ob 

(Mascareno et al., 2009) db/db (Panagia et al., 2007) and Goto-Kakizaki diabetic rat 

(Chandler et al., 2007). 

Heart rate reduction in T2D development has not been generally identified. Some 

studies in male Zucker rats report no changes in heart rate (Baynes et al., 2009; Chen et 

al., 2010; VanHoose et al., 2010), while others report significant heart rate reductions 

(Daniels et al., 2012; Fredersdorf et al., 2004; van den Brom et al., 2009; Wang et al., 

2004). Heart rate was also not reduced in male leptin-receptor deficient (db/db) mice 

(Khalid et al., 2011), leptin deficient (ob/ob) mice, (Ge et al., 2012; Mascareno et al., 

2009), and male mice fed a high-fat diet (Louwe et al., 2012b). Male Goto-Kakizaki rat 

heart function was examined in un-paced, isolated hearts and both reduced and 

unchanged rate measures were obtained (Desrois et al., 2010; Desrois et al., 2004). The 

mechanisms underlying this disparity in outcomes are unclear. 

Ex vivo experiments assessing isolated heart function of T2D models also reveal 

reduced left ventricular pressure development, contractility and lusitropy in isolated 

hearts from leptin-receptor deficient male (db/db) mice (Belke et al., 2004; Vecoli et al., 
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2011). Isolated working db/db hearts also display reduced contractility (cardiac output, 

cardiac work and left ventricular pressure development), although reduced heart rate in 

male diabetic mice likely contributes to contractility differences in such experiments 

(Hafstad et al., 2007; Hafstad et al., 2006). Isolated hearts from male Zucker rats 

(Hafstad et al., 2007; Wang et al., 2004) were found to perform less contractile work, 

likely due in part to reduced heart rate. Hearts isolated from male Goto-Kakizaki rats 

demonstrated reduced systolic function despite comparable heart rates (Desrois et al., 

2010) while GLUT-4 knockout mice do not demonstrate reduced contractile function 

(Abel et al., 1999). In females, reduced fractional shortening and ejection fraction was 

observed in a high-fat/low dose STZ model of T2D (Zhou et al., 2011), but was 

unchanged in female db/db mice as assessed by echocardiography (Christoffersen et al., 

2003; Huynh et al., 2012) and was also unchanged in female GLUT-4 knockout mice 

(Abel et al., 1999). 

Sex-specific comparisons in T2D models, as for T1D models, are also modest in 

number (Table 1.1). A high-fat diet (45%) for 12 weeks in rats induced equivalent 

weight gain in both sexes, but hyperinsulinemia, hyperglycaemia and functional 

decrement (reduction in ejection fraction) were only observed in males (Louwe et al., 

2012b). In a different rat dietary study, fructose feeding for 8 months produced a more 

marked reduction in ex vivo cardiac contractile function in females (measured as heart 

rate x pressure product), although glycaemic status and heart rate reduction was the 

same for both sexes (Cárdenas et al., 2005; Cárdenas et al., 2006). This differential was 

not evident earlier in disease development, and age may be an important factor in 

recapitulating diabetic functional effects in experimental settings. As noted above, 

diastolic dysfunction was observed in female leptin-receptor deficient (db/db) mice 

(Huynh et al., 2012) but was not established in a different study involving db/db males 

(Park et al., 2009). This possible sex difference requires further verification.  

It is apparent that from an experimental perspective, availability of information about 

the comparative functional attributes of T2D male and female hearts is limited. The 

diversity of experimental models is itself a challenge, and it may be that for T2D, 

cardiopathology development takes on sexually dimorphic characteristics only in more 

mature animals. Current knowledge does not permit conclusive statements. Much more 

information is required to begin to make informed links between clinical and 

experimental T2D disease differences in males and females. 
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1.3D Ischemia reperfusion - structural and functional injury in experimental 

setting  

Ischemic heart disease is the most common form of cardiovascular disease in western 

society (Vaccarino et al., 2011). Despite established clinical evidence demonstrating 

increased occurrence of acute myocardial infarction in diabetes and increased sensitivity 

of the diabetic heart to ischemia, experimental models have failed to recapitulate this 

scenario consistently. Experimentally, ischemic resilience of the heart has been 

investigated at multiple levels: in vivo, in the isolated ex vivo heart, and using isolated 

single cardiomyocytes. 

Most models of STZ treatment in rats have shown less susceptibility to ischemia-

reperfusion injury under in vivo (Ma et al., 2006; Ravingerova et al., 2003) and ex vivo 

conditions (Nawata et al., 2002; Ooie et al., 2003; Shi-ting et al., 2010). Three studies 

attributed this “protective status” to acute STZ induction (45-60 mg/kg STZ; 1-4 weeks 

diabetes), showing loss of “protection” and no difference in ischemic vulnerability when 

the diabetic duration was increased to a longer, chronic period (6-8 weeks) (Ma et al., 

2006; Ravingerova et al., 2003; Shi-ting et al., 2010). However, not all chronic studies 

are in agreement with this. Chronic administration of STZ (65 mg/kg STZ; 12 weeks 

diabetes) in rats has shown increased left ventricular function, reduced ventricular 

fibrillation and creatinine kinase release. In vitro incubation of rat neonatal 

cardiomyocytes incubated in high glucose media (25 mM) for 3 days and subjected to 1 

hour ischemia in a hypoxic chamber (2.3% O2-5% CO2) was associated with reduction 

in necrosis, apoptosis and calcium content and lesser damage (Schaffer et al., 2000). 

Few T1D studies have shown increased susceptibility to ischemic damage when STZ 

was administered in combination of other glucotoxic analogues or increased in dosage. 

T1D-induced in dogs (STZ 25 mg/kg and Alloxan 40 mg/kg) (Kersten et al., 2000) and 

STZ rats (70 mg/kg) (Marfella et al., 2002) have shown increased infarct size, even in 

acute STZ settings (9 days-3 weeks). Therefore, there is some indication of improved 

structural functional recovery in T1D rodent models, though this phenomenon is largely 

dependent on duration and dosage of STZ treatment. Sex aspects of post-ischemic 

recovery in T1D are yet to be explored. 

Unlike T1D, limited ischemia-reperfusion studies using T2D models have been 

conducted in in vivo experiments. Langendorff studies from Zucker diabetic fatty and 

Goto-Kakizaki (GK) rats have reported smaller infarct size (vs. controls) with 
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respective 50 mins (Kristiansen et al., 2004) or 30 mins (Tsang et al., 2005) regional 

ischemia followed by 2hrs reperfusion. However, this lesser susceptibility to ischemic 

injury in GK rats has been observed consistently. No differences in ventricular 

contraction rate were observed in aged GK male rats perfused with Krebs-Hensleit 

buffer under a Langendorff set up (Desrois et al., 2004). A follow up study from the 

same group using similar experimental settings reported increased susceptibility to 

ischemic damage when additional fatty acid substrates were included in the perfusate to 

mimic the in vivo scenario better (Desrois et al., 2010). This suggested that in vivo 

components such as other energy substrates, platelets and neutrophils could be key in 

mediating cell damage in T2D settings. An in vivo study on db/db mice with non-

recovery 30 mins regional ischemia and 2 hours reperfusion showed increased infarct 

size (Jones et al., 1999). Interestingly, sex differences gleaned from the earlier study by 

Desrois and colleagues depicted female hearts with larger infarct areas when there were 

no differences in males (Desrois et al., 2004). This suggests that a smaller increase in 

extracellular glucose was sufficient to cause a signalling response in female T2D. 

Therefore, it is difficult to gauge ischemic damage sensitivity in T2D heart from studies, 

which have been predominantly conducted in ex vivo settings. The usage of a variety of 

genetic models has also added a further degree of complication in interpretation of 

results.  

Therefore, clinical observations of increased acute myocardial infarction in diabetics are 

not always observed in experimental settings. Experimental T1D models have mostly 

shown enhanced recovery after ischemia and insights from T2D models have been 

inconclusive. Studies examining sex differences in post-ischemic functional recovery 

using animal models are very limited. A review by Paulson et al. (2007) attributed these 

controversial findings in the experimental setting to differences in duration of diabetes, 

usage of glucose as the only substrate and a no-flow ischemia protocol (Paulson, 1997). 

Lack of other comorbidities such as age, dyslipidaemia and hypertension could be 

causative in this discrepancy (Whittington et al., 2012). Interestingly, enhanced 

recovery in the diabetic setting has been associated with altered cardiac glycogen 

substrate utilisation in ischemic stress, reduced glycolytic rates and reduced 

accumulation of lactate resulting in enhanced recovery post-ischemia conditions 

(Nawata et al., 2002; Ooie et al., 2003; Shi-ting et al., 2010). Indeed, we have 

demonstrated previously that a non-pathological metabolic stress of 48 hours fasting 
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leads to selective glycogen accumulation in female hearts and altered glycogen-phagic 

processing (Reichelt et al., 2013b). This alteration in glycogen/glucose regulation in the 

diabetic heart will be the focus in the next section.  
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Table 1.1: Cardiac morphology and functional characteristics in experimental 
models of T1D and T2D (male only, female only or pooled sex studies) 

Parameter Sex Effect 
References 

T1D T2D 

Heart 
weight 

F 

 
(Ceylan-Isik et al., 2006b)  (Abel et al., 1999), (Christoffersen et 

al., 2003), (Huynh et al., 2012), (Zhou 
et al., 2011) 

 
(Vadlamudi et al., 1982), (Yu et al., 
2007)  

 

 (Howarth et al., 2005) (Howarth et al., 2005)  

M 

 
(Ceylan-Isik et al., 2006b)  (Domenighetti et al., 2010), (Huggins et 

al., 2008), (Li et al., 2006), (Dong et 
al., 2007), (Abel et al., 1999) 

 

(Ooie et al., 2003), (Hu et al., 2011), 
(Ren et al., 2000), (Le Douairon Lahaye 
et al., 2012), (Singh et al., 2006), 
(Raimondi et al., 2004), (Nawata et al., 
2002) α, (Takahashi et al., 2003) α, (Xie et 
al., 2011), (Tosaki et al., 1996) 

(Baynes et al., 2009), (Wang et al., 
2004), (Daniels et al., 2012), (Chandler 
et al., 2007)† 

 

(Wold et al., 2006), (Wold et al., 2001), 
(Roe et al., 2011), (Ritchie et al., 2012), 
(Shimabukuro et al., 1996), (Hoit et al., 
1999) α, (Huynh et al., 2010), 

(Howarth et al., 2008), (Panagia et al., 
2007),(Vasanji et al., 2006), 
(Fredersdorf et al., 2004), (Wang et al., 
2005), (Howarth et al., 2012), (Mellor 
et al., 2011), (Mascareno et al., 2009)†, 
(Park et al., 2009), (Ouwens et al., 
2007)†, (Kim et al., 2003), (Hafstad et 
al., 2006), (Chess et al., 2007), (Chang 
et al., 2007)† 

NS  (Silva et al., 2011) α  

Cardiac 
weight 
index 

F 

 
(Vadlamudi et al., 1982), (Ceylan-Isik et 
al., 2006b), (Joffe et al., 1999) † 

(Huynh et al., 2012), (Zhou et al., 
2011) 

  (Abel et al., 1999), 

 (Yu et al., 2007)  

M 

 

(Ooie et al., 2003), (Ren et al., 2011), 
(Hu et al., 2011), (Ren et al., 2000), 
(Wold et al., 2001), (Bollano et al., 
2007), (Le Douairon Lahaye et al., 2012), 
(Ceylan-Isik et al., 2006b), (Ti et al., 
2011), (Nawata et al., 2002)α, (Hoit et al., 
1999)α 

(Zhang et al., 2011a), (Kaczmarczyk et 
al., 2003), (Domenighetti et al., 2010), 
(Huggins et al., 2008), (Li et al., 2006), 
(Darmellah et al., 2007) α, (Daniels et 
al., 2012), (Chandler et al., 2007)† 

 
(Khong et al., 2011), (Tosaki et al., 1996)  (Panagia et al., 2007), (Abel et al., 

1999), (van den Brom et al., 2009)† 

 

(Wold et al., 2006), (Raimondi et al., 
2004),(Roe et al., 2011), (Ritchie et al., 
2012), (Takahashi et al., 2003) α, (Xie et 
al., 2011), (Huynh et al., 2010) 

(Howarth et al., 2012),(Mellor et al., 
2011),(Baynes et al., 2009), (Wang et 
al., 2004),(Kim et al., 2003), (Chang et 
al., 2007) †, (Chess et al., 2007) 

M/F 
  (Ritchie et al., 2007) 

  (Daniels et al., 2011) 

 NS  (Silva et al., 2011) α  

Cardio- 
myocte size 

F 
  (Abel et al., 1999), (Huynh et al., 2012) 

 
(Ceylan-Isik et al., 2006b), (Hofmann et 
al., 1995), (Howarth et al., 2005) 

 

M 

 

(Ti et al., 2011), (Wold et al., 2006), (Li 
et al., 2011), (Khong et al., 2011), 
(Ritchie et al., 2012), (Huynh et al., 
2010) 

(Fredersdorf et al., 2004), 
(Domenighetti et al., 2010), (Dong et 
al., 2007), (Abel et al., 1999), (Zhang et 
al., 2011a), (Li et al., 2006) 

  (Howarth et al., 2012) 

 

(Ceylan-Isik et al., 2006b), (Hofmann et 
al., 1995), (Kotsanas et al., 2000), 
(Raimondi et al., 2004), (Shao et al., 
2011), (Roe et al., 2011), (Shao et al., 

(Howarth et al., 2008), (Mellor et al., 
2011), (Daniels et al., 2012) 
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2010) 

NS 
  (Daniels et al., 2011) 

 (Silva et al., 2011)  

Diastolic 
function 

F 
 

(Joffe et al., 1999)#(Yu et al., 2007)# (Christoffersen et al., 2003)#, (Huynh et 
al., 2012)#, (Zhou et al., 2011)¥ 

 
 (Abel et al., 1999) ¥, (Zibadi et al., 

2011)# 

M 

 

(Huynh et al., 2010)#, (LaRocca et al., 
2012)#, (Ti et al., 2011)#, (Shao et al., 
2011)#,(Meloni et al., 2012)#,(Xiao et al., 
2004)#, (Sharma et al., 2011)#, (Khong et 
al., 2011)#, (Radovits et al., 2009)#,**, 
(Ritchie et al., 2012)#, (Xie et al., 2011)#, 
(Strunz et al., 2011)#, (Ren et al., 
2011)¥,(Li et al., 2011)# 

(Wang et al., 2004)¥, (Daniels et al., 
2012)#, (Huggins et al., 2008)¥ (at 60w 
only), (Li et al., 2006)¥, (Dong et al., 
2007)¥, (van den Brom et al., 2009)#, 
(Semeniuk et al., 2002)#, (Lakshmanan 
et al., 2012)¥, (Khalid et al., 2011)¥, 
(Belke et al., 2004)¥, (Chang et al., 
2007)#, (Darmellah et al., 2007)#, 
(Baynes et al., 2009)# 

 

(Shimabukuro et al., 1996)¥ (Radovits et al., 2009)#, (Panagia et al., 
2007)¥, (Wang et al., 2005)¥, (Vasanji 
et al., 2006)#, (Chandler et al., 2007)#, 
(Park et al., 2009)#, (Abel et al., 
1999),¥, (Ouwens et al., 2007)#,(Kim et 
al., 2003)# 

M/F   (Hafstad et al., 2007)¥ 

 NS   (Vecoli et al., 2011)¥ 

Systolic 
function 

F 
 

(Vadlamudi et al., 1982)¥, (Yu et al., 
2007)#,¥, (Joffe et al., 1999)# 

(Zhou et al., 2011)# 

 
 (Christoffersen et al., 2003)#, (Huynh et 

al., 2012)#, (Abel et al., 1999)¥ 

M 

  (Fredersdorf et al., 2004) 

 

(Ooie et al., 2003)#, (LaRocca et al., 
2012)#, (Shao et al., 2010)#,¥, (Ti et al., 
2011)#, (Li et al., 2011)#, (Meloni et al., 
2012)#, (Xiao et al., 2004)#, (Roe et al., 
2011)#, (Sharma et al., 2011)#, (Radovits 
et al., 2009)#, (Nawata et al., 2002)#, 
(Takahashi et al., 2003)#,(Xie et al., 
2011)#, (Strunz et al., 2011)#, (Tosaki et 
al., 1996)¥, (Ren et al., 2011)¥ 

(Wang et al., 2004)¥, (Wang et al., 
2005)¥, (Vasanji et al., 2006)#, (Daniels 
et al., 2012)#**, (Huggins et al., 2008)¥, 
(Li et al., 2006)¥, (Dong et al., 2007)¥, 
(van den Brom et al., 2009)#, (Park et 
al., 2009)#, (Ouwens et al., 2007)#, 
(Semeniuk et al., 2002)#,(Carley et al., 
2004)#, (Lakshmanan et al., 2012)#,¥, 
(Khalid et al., 2011)#, (Belke et al., 
2004)¥, (Hafstad et al., 2006)4**, 
(Darmellah et al., 2007)#, 

 

(Bollano et al., 2007)#, (Huynh et al., 
2010)#, (Khong et al., 2011)#, (Ritchie et 
al., 2012)#, (Shimabukuro et al., 1996)#, 
(Hoit et al., 1999)# 

(Radovits et al., 2009)#, (Panagia et al., 
2007)#, (Mascareno et al., 2009)#, 
(Chandler et al., 2007)#, (Abel et al., 
1999)¥, (Kim et al., 2003)#, (Baynes et 
al., 2009)# 

M/F 
  (Hafstad et al., 2007)¥** 

  (Daniels et al., 2011)# 

NS  (Tian et al., 2011)# (Vecoli et al., 2011)# 

 
Abbreviations: F, data from females; M, data from males; M/F, data pooled from male and female data; NS, sex not specified; 
Arrows specify alterations relative to age-matched, control animals 
, diabetes-induced increase; , diabetes-induced decrease; , no effect of diabetes;  
* heart weight derived from calculations and not statistically assessed; 
** bradycardia will impact on cardiac function; 
†

 left ventricular values alone; cardiac weight index based on LV/tibia or LV/BWT.  
α Based on bi-ventricular weight 
# in vivo function assessed 
¥ ex vivo function assessed 
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Table 1.2: Sex-specific features of the cardiac response to T1D and T2D in experimental models (direct sex comparisons only) 

 

Type Animal 
Model 

Model 
Duration 
(weeks) 

Age at 
expt 

(weeks) 

Blood Glucose HW HW:BW 
Ventricular 
developed 
pressure 

Ventricular 
rate of 

contraction 

 

Reference 

 

F
em

al
e 

M
al

e 

F
 v

s 
M

 

F
em

al
e 

M
al

e 

F
 v

s 
M

 

F
em

al
e 

M
al

e 

F
 v

s 
M

 

F
em

al
e 

M
al

e 

F
 v

s 
M

 

F
em

al
e 

M
al

e 

F
 v

s 
M

 

 
 

T1D 

Rat STZ 6 18-20   =      =   -   - † (Tuncay et al., 2007) 

 Rat STZ 6 15   + =  - =  -      - † (Rodrigues et al., 1987) 

 Rat STZ 5 ?   =         -   -  (Yaras et al., 2007) 

 

T2D 

Rat GK genetic 52   =   +   +   =    * (Desrois et al., 2004) 

Rat Sucrose 

13 17   =   =         = * 

(Cárdenas et al., 2006)  22 26   =   =         - * 

 35 39   =   =         = * 

 Rat Sucrose 35 40               - ‡ (Cárdenas et al., 2005) 

 
Mouse High-fat 

5-6 18-22   -            =  
(Louwe et al., 2012a) 

 11-12 24-28   -            =  

 
Table entries consist of studies involving male and female experimental groups (rodent strains; Rat, Wistar; Mouse, C57Bl6).  
Abbreviations: Expt, experiment; vs, versus; T1D, type 1 diabetes; T2D, type 2 diabetes; HW, heart weight; HW:BW, Heart weight normalised to bodyweight; STZ, streptozotocin; M diabetes-induced change 
in male; F, diabetes-induced change in female; F vs M, extent of change in female compared to male; GK Goto-Kakizaki; 
Symbols indicate alterations relative to age-matched, control animals.  
, diabetes-induced increase; , diabetes-induced decrease; , no effect of diabetes;  
+, effect was greater in females; -, effect was lesser in females.  
† Inferred from data presented (not directly compared in study);  
* Contractility will be influenced by alterations in heart rate;  
‡ Heart rate not reported 
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1.4 RAS/AngII involvement in diabetic cardiomyopathy 

Upregulation of cardiac renin-angiotensin system (RAS) has been implicated in as a key 

contributor to underlying diastolic dysfunction and fibrotic remodelling in diabetes 

(Lim et al., 2004; Singh et al., 2008; Velloso et al., 2006). The RAS is essential for 

increasing sodium and fluid absorption when the body is challenged by sodium 

restriction or fluid loss. Renin secretion is triggered in the kidney following reduced 

sodium delivery to the distal nephron. Renin converts angiotensinogen from the liver to 

Angiotensin I (AngI), which is largely inactive and is converted to active Angiotensin II 

(AngII) by AngI Converting Enzyme (ACE). AngII is known to interact with at least 

two distinct receptor subtypes, designated AT1 and AT2, both of which belong to the 

superfamily of seven transmembrane receptors. The two receptors share little homology 

(~34% amino acid sequence identity) and exhibit little resemblance in relation to 

singnalling mechanisms (de Gasparo et al., 2000). AngII activates the AngII Type 1 

(AT1) receptor to produce intense vasoconstriction and raises blood pressure while 

activation of the AngII Type 2 (AT2) receptor produces vasodilation. AngII also 

stimulates aldosterone secretion from glomerulosa cells via AT1 to increase sodium 

chloride and water reabsorption through mineralocorticoid receptor (MR) activation 

(Luther et al., 2011). Moreover, AngII also plays a role in regulating long-term 

responses, including growth and remodelling effects in cardiac, renal and vascular tissue 

(de Gasparo et al., 2000). 

Ganten and colleagues demonstrated, for the first time, that all components of RAS can 

be produced locally in several organs and tissues, four decades ago (Ganten et al., 

1971). Since then, local RAS has been found in the heart (Zhang et al., 1995), blood 

vessels (Lavoie et al., 2003), pancreas (Sernia, 2001), central nervous system (Nielsen 

et al., 2000), reproductive system (Vinson et al., 1997) and adipose tissue (Engeli et al., 

2000). The local systems appear to be regulated independently of the circulatory RAS 

but can also interact with the latter functioning as an intracrine, paracrine and endocrine 

mediator of cellular growth, extracellular matrix formation, vascular proliferation, 

endothelium function and apoptosis (Miyazaki et al., 2006; Paul et al., 2006). All 

components of the RAS have shown to be locally expressed in the heart (Zhang et al., 

1995). Renin and angiotensinogen mRNA levels are low in normal hearts (Dzau, 1993), 

but ACE mRNA is readily detectable (Yamada et al., 1998). Cardiac AngI and AngII 
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levels, on the other hand, can achieve levels two to three times higher than the levels in 

plasma (Danser et al., 1994). Cardiac AngII levels increase in response to pressure and 

volume overload (De Mello et al., 2000). Pathophysiological elevation of local cardiac 

AngII has been shown to induce hypertrophy and contractile abnormalities in humans 

and rodents (Domenighetti et al., 2005; Mazzolai et al., 2000; Singh et al., 2008). The 

role of cardiac AngII in the pathogenesis of diabetic cardiomyopathy in a setting of 

normotensive cardiac hypertrophy is yet to be elucidated. 

1.4A Upregulation of RAS in the diabetic heart 

The link between RAS and diabetes became apparent with studies in T1D and T2D 

demonstrating that RAS inhibition significantly reduced the risk of developing insulin 

resistance (Yamada et al., 1998; Yusuf et al., 2001) and lowered the incidence of 

vascular complications in diabetic patients (Brenner et al., 2001; Jandeleit-Dahm et al., 

2005; Lewis et al., 2001; Parving et al., 2001) and in animal models (Chu et al., 2006; 

Nakayama et al., 2005). Upregulation of the activity of RAS and diabetes are frequently 

observed as coincidental occurrences in the plasma of diabetic patients (Lim et al., 

2004; Velloso et al., 2006) and in fructose-fed T2D rats (Kamide et al., 2002). Other 

experimental studies on fructose-fed mice have shown increased oxidative damage and 

endothelial cell apoptosis, autophagy and necrosis followed by interstitial fibrosis 

(Mellor et al., 2011). 

AngII is well known to be pro-growth and pro-fibrotic. It acts on the AT1 receptor to 

activate MAP Kinase signalling to induce pathological growth. AngII stimulation of 

TGFβ for fibroblast collagen production and collagen accumulation is evident in db/db 

T2D models (Huynh et al., 2012; Singh et al., 2008) and STZ-induced T1D models 

(Connelly et al., 2007b; Shiomi et al., 2003). Beyond the role in collagen deposition 

consequent to myocyte loss, recent advances in autophagy studies have identified AngII 

as a myocardial autophagic modulator. Neonatal cardiomyocytes expressing AngII AT1 

receptor exhibited increased autophagy and co-expression of AT1 and AT2 receptors 

completely abrogated this AngII-AT1-mediated autophagic response. This suggests the 

involvement of these G-protein coupled receptors in autophagy induction (Porrello et 

al., 2009). While upregulation of RAS is often reported in diabetic patients and animal 

models, the specific role of local cardiac RAS in diabetes is not fully understood. 
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1.4B Possible signalling crosstalk between AngII and insulin signalling pathway  

Possible cross-talk between these pathways has been suggested as AngII adversely 

affects glucose metabolism and decreases its uptake and utilisation by interfering with 

insulin-mediated glucose uptake (Cooper et al., 2007; Olivares-Reyes et al., 2009). 

AngII activates NADPH oxidase and increases reactive oxygen species (ROS) 

generation through the AT1 receptor. Subsequent activation of redox-sensitive serine 

kinases such as c-jun N-terminal kinase (JNK) and extracellular signal-regulated kinase 

(ERK) leads to decreased activation of protein kinase B (Akt) and translocation of 

glucose transporter GLUT4 to the membrane. Blockade of RAS at various steps, ie. 

AT1 receptor or mineralocorticoid (MR) and ACE, ameliorates these effects (Luther et 

al., 2011). Further investigation is warranted to understand the mechanistic interaction 

between insulin signalling and AngII pathway.  

Some sex-specific insights on RAS and diabetes are available from both clinical and 

experimental setting. A meta-analysis of clinical trials have shown a consistent trend 

towards greater benefit of ACE inhibitors in men than women (Rabi et al., 2008). 

Women with a higher a risk of heart failure had a coincidental lower prescription of 

RAS inhibitors and were more frequently prescribed digitalis and diuretics (Agvall et 

al., 2001; Chin et al., 1997; Mejhert et al., 1999). Some experimental evidence of sex 

differences in RAS involvement is available from diabetic rats. Experimentally, sex 

differences have also been reported in the expression of various components of RAS 

(“classical” and “non-classical”) in non-diabetic cardiac pathology (Dalpiaz et al., 

2015). Male rats had a higher AngII content compared to their non-diabetic controls, 

while diabetic female rats maintained similar levels as their controls. Interestingly, 

ovariectomised female diabetics had similar levels of AngII content as male diabetics 

(Shimoni et al., 2004). Estrogen has also been shown to modulate various components 

of RAS. An estrogen response element located at the promoter region of AOGN gene 

may be instrumental in regulating local tissue AngII production (Feldmer et al., 1991). 

Therefore, these studies indicate that females were less susceptible to the diabetes-

induced elevation of cardiac AngII. Whether this plays a role in the sex differences 

observed in selective T1D and T2D cardiac pathology is still unknown. 
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1.5 Cardiac glycogen abnormalities in the diabetic heart 

Glycogen is a large complex polysaccharide of glucose residues linked in chains via 

α-1,4-glycosidic bonds, with branching occurring via α-1,6-glycosidic bonds (Figure 

1.1) (Larner et al., 1952). Glycogen exists as either small β particles (less than ~50 nm) 

or as larger α particles up to 300 nm in diameter that consist of many β particles 

aggregating together by an unknown mechanism (Drochmans, 1962; Ryu et al., 2009). 

Electron micrographs of purified cardiac glycogen reveal that glycogen is stored as both 

α and β particles in the heart, which may reflect the necessity for a steady glucose 

supply with additional capacity for rapid increases in workload (Besford et al., 2012; 

Reichelt et al., 2013b). The structure-function relationships pertaining to glycogen 

storage and usage have yet to be determined. Interestingly, in diabetes, up to a four-fold 

increase in glycogen has been observed in adult hearts, contributing to specific cardiac 

glycogen pathology (Alfarano et al., 2011). 

1.5A Altered myocardial metabolism and glycogen accumulation in diabetes  

Metabolic stress as a result of substrate imbalance is a key feature of diabetic 

cardiomyopathy. Under normal conditions, the myocardium primarily relies on fatty 

acids (50-70%) and glucose (30-50%) as metabolic substrates. In diabetes, an apparent 

shift towards a higher reliance on fatty acids (90-99%) is evident for ATP production. 

This is primarily due to lower glucose oxidation resulting from reduced insulin-

dependent glucose uptake and as result of increased circulating fatty acids (ie. 

hyperlipidemia) (Randle, 1989; Randle, 1963). The higher dependency on fatty acid 

oxidation for mitochondrial metabolism causes pronounced decreases in pyruvate 

dehydrogenase activity, the first irreversible reaction in the mitochondrial oxidation of 

glucose, due to increase in acetyl-CoA production. In addition, reduced 

phosphofructokinase activity, the rate-limiting step in glycolysis, is also evident due to 

accumulating citrate (Randle, 1989) and fructose 2,6 bisphosphate levels (French 1988). 

Together, the evidence on reduced glycolytic rate with increased fatty acid oxidation is 

rather convincing from the human and experimental diabetic models. 

Although glucose uptake and glycolytic rate in the diabetic myocardium is reduced, 

surprisingly, glycogen accumulation has been reported in human (Sakakibara et al., 

2011; Warren, 1930) and rodent diabetic models (Alfarano et al., 2011; Lajoie et al., 

2004; Shearer et al., 2011). The basis for this paradoxical glycogen accumulation in 
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congruence with restricted cardiac glucose supply is not clear. Evidence of sex 

differences from other non-pathological metabolic stress (48 hrs fasting) shows female-

specific cardiac glycogen accumulation associated with differential phagic processing of 

glycogen (Reichelt et al., 2013a). An increased dependency and reduced utilisation of 

glucose in ageing female, but not male hearts, was shown through FDG–PET/CT 

imaging in healthy human subjects (Kakinuma et al., 2013). Together, these suggest sex 

differences in cardiac glycogen and glucose handling in diabetes. 

1.5B Glycogen flux pathways in the heart 

Two distinct subcellular pools of cardiac glycogen have been identified by electron 

microscopy: free cytosolic glycogen and glycogen enclosed in double-membrane-bound 

structures likely to be autophagosomes. Free cytosolic glycogen may play a role in 

maintaining basal intracellular glucose levels, while membrane-bound glycogen 

destined for glycophagic breakdown of bulk glycogen may play a role in rapid release 

of glucose in response to a large increase in demand. Glycogen localised to 

autophagosomes has been reported to be particularly prominent in neonatal hearts and 

some forms of GSD (Fayssoil, 2008). The manner in which localisation of glycogen 

shifts between subsarcolemmal and intra-fibrillar sites in pathophysiologic states and 

the conditions that regulate particle flux via lysosomal breakdown have not yet been 

determined. Interestingly, distinct separation of enzymes mediating glycogen-derived 

glycolytic flux, as opposed to exogenous glucose-derived glycolytic flux, is apparent 

(Anousis et al., 2004), suggesting differential roles for metabolic fuel from these 

sources. In the myocardium these aspects of glycogen dynamics may be particularly 

important in functional integrity. 

Cytosolic enzymatic-regulated synthesis and breakdown of glycogen 

Homeostatic glycogen metabolism is primarily mediated by enzymes localised to the 

glycogen particle. Upon entering the cell, glucose is phosphorylated to glucose-6-

phosphate (G6P) by glucokinase. Glucose-6-phosphate can enter the glycolytic pathway 

via conversion to fructose-6-phosphate or glucose-1-phosphate and then to uridine 

diphosphate-glucose, to provide substrate for glycogen synthesis. Glycogenin catalyses 

the first step in glycogen synthesis by covalently attaching glucose to itself. The first 

few glucose residues of the glycogen strand are assembled by glycogenin and provide a 

primer for glycogen synthase to continue transferring uridine diphosphate-glucose 
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residues onto this polymeric glycogen strand via α-1,4-glycosidic bonds and to release 

uridine diphosphate (Roach et al., 2012). After 10–14 glucose residues (the precise 

number remains under debate) (Roach et al., 2012), the glycogen-branching enzyme 

attaches a strand of approximately seven glucose residues via an α-1,6-glycosidic bond. 

Glycogen synthase extends this chain until the glycogen-branching enzyme adds an 

additional branch point. This process continues, resulting in a highly branched glycogen 

structure. Branching acts to increase the number of terminal glucose residues available 

for release and increases solubility. The physiologic importance of this branching 

morphology is apparent in genetic conditions in which genetic glycogen-branching 

enzyme deficiency leads to an accumulation of insoluble glycogen (polyglucosan) with 

long outer branches and muscle pathology (type IV GSD) (Nase et al., 1995).  

The breakdown of glycogen is mediated by glycogen phosphorylase, which cleaves     

α-1,4-glycosidic bonds to release glucose-1-phosphate. The action of glycogen 

phosphorylase is limited to four residues from the glycogen branch point, which are 

referred to as limit dextrins (Larner et al., 1952). Disassembly of the branch points 

requires the dual-acting glycogen-debranching enzyme (GDE) to first transfer the three 

terminal residues to another linear strand (via its transferase activity) and then cleave 

the α-1,6-glycosidic bond (via its glucosidase activity) to liberate one free glucose and 

release the limit dextrins for phosphorylase action (Figure 1.1) (Roach et al., 2012). 

Cori’s or Forbes disease (type III GSD) is characterised by GDE deficiency, where 

short glycogen strands accumulate in tissues and systemic hypoglycaemia is evident 

(Shen et al., 2002). 

Proteomic analysis of the glycogen particle has identified that all of these enzymes 

(with the exception of GDE) are associated with glycogen (Stapleton et al., 2010). Low 

levels of phosphate in the glycogen particle have been detected, consistent with 

phosphorylation of the glycogen molecule (Tagliabracci et al., 2011). The mechanism 

by which phosphate is incorporated into glycogen is under debate. Laforin has been 

identified as the phosphatase that dephosphorylates glycogen, and its expression is 

crucial for normal glycogen structure (Tagliabracci et al., 2007). Individuals with 

Lafora disease exhibit mutations in laforin and present with hyperphosphorylated 

glycogen particles, which are poorly branched and lack solubility (Tagliabracci et al., 

2008). Although there have been significant recent advances in the understanding of 

functional branching and debranching dynamics in relation to glycogen management, 
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major challenges still exist with regard to determining the subtle tissue specificity of 

these enzymatic processes and, most particularly, to evaluating how branching 

disturbance contributes to myocardial glycogen usage dysfunction.  

Lysosomal glycogen breakdown in the heart 

A second pathway for glycogenolysis exists via phagic recruitment and lysosomal 

degradation, termed “glycophagy” (i.e. glycogen-specific autophagy) (Reichelt et al., 

2013b). Electron micrographs identify glycogen enclosed in double-membrane bound 

structures (likely glycophagosomes) in neonatal cardiomyocytes (Kondomerkos et al., 

2005). It has been recently demonstrated that a specific glycophagy pathway is 

operational in the adult heart (Mellor et al., 2014; Reichelt et al., 2013b). Proteins 

involved in recruiting glycogen to the forming phagosome have been identified. Starch-

binding domain-containing protein 1 is involved in binding glycogen and mediating 

autophagosome anchorage via its Atg8-interacting motif (AIM), which appears to be 

specific to the Atg8 protein, GABAA receptor-associated protein-like 1, and a 

homologue of the phagosomal protein light-chain 3 (Jiang et al., 2010; Jiang et al., 

2011; Stapleton et al., 2010). We have been able to demonstrate that starch-binding 

domain-containing protein 1 (STBD1) and light-chain 3B have discrete phagosomal 

immunolocalisation patterns in cardiomyocytes, indicating that autophagic trafficking of 

glycogen and protein cargo in cardiomyocytes can occur via distinct pathways 

(Figure1.2) (Mellor et al., 2014). STBD1 has recently been shown to interact with 

glycogen-associated proteins, such as glycogen synthase, debranching enzyme, and 

laforin (Zhu et al., 2014). 

In the lysosome, acid α-glucosidase (GAA) cleaves both the α-1,4-glycosidic bonds 

(without restriction by the limit dextrin) and the α-1,6-glycosidic bonds (branch points), 

resulting in complete degradation of the glycogen particle to free α-glucose (Onodera et 

al., 1994; Palmer, 1971; Tashiro et al., 1986). Analysis of purified GAA from the 

human heart has demonstrated similar substrate specificity and kinetics relative to liver 

GAA (Chambers et al., 1983). Our recent studies have demonstrated that cardiac 

glycophagy and glycogen content are simultaneously upregulated in response to fasting 

and insulin exposure (Mellor et al., 2014), suggesting that phagic glycogen breakdown 

may be triggered by glycogen excess. Interestingly, sex differences in glycophagy were 

evident under basal conditions, and women appear particularly susceptible to glycogen 
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and glycophagy increase in response to fasting (Reichelt et al., 2013b). Further work is 

required to delineate the conditions that selectively promote glycophagic activity and to 

understand how phagic and non-phagic glycogen breakdown processes can operate in 

complementarity. 

Despite multiple observations of cardiac glycogen accumulation in diabetes, 

mechanistic understanding of this pathological adaptation has not been progressed. The 

importance of glycogen breakdown can be evidenced in cardiac glycogen storage 

cardiac pathologies, which occur with mutations in those proteins that mediate the final 

stages of glycogen degradation. A few examples of these GSDs have been highlighted 

in this review.  

1.5C Cardiac glycogen toxicity: Perspectives from glycogen storage diseases 

Lysosomal GAA is the enzyme that catalyses the complete breakdown of glycogen to 

free α-glucose via lysosome degradation, thus constituting the final stage of the recently 

recognised process of glycogen autophagy. Deficiency of GAA results in Pompe’s 

disease where lysosomal glycogen accumulation and formation of excessive vesicular 

structures occurs (presumably arrested glycogen phagosomes) in skeletal, cardiac, and 

smooth muscles (Kishnani et al., 2006; Lim et al., 2014). Enzyme replacement therapy 

(ERT) with recombinant human GAA has been shown to attenuate glycogen 

accumulation, cardiac hypertrophy, and conductance abnormality in the hearts of GAA-

deficient mice (Mah et al., 2007; Xu et al., 2005; Zhu et al., 2009). The phenotype of 

GAA deficiency demonstrates that lysosomal GAA-mediated glycogen breakdown is 

essential to maintain normal glycogen content in the heart.  

Danon’s disease, with mutations in LAMP2, depict cardiac glycogen pathology similar 

to that of Pompe’s disease in the absence of GAA deficiency (Danon et al., 1981). The 

cardiac phenotype involves hypertrophic cardiomyopathy, with Wolff–Parkinson–White 

syndrome’s ECG pre-excitation pattern (Boucek et al., 2011; Bui et al., 2008; Yang et 

al., 2007). Danon disease has also been classed as a subtype of autophagic vacuolar 

myopathies because of the presence of glycogen-filled intracellular autophagic vacuoles 

in human skeletal and cardiac myocytes (Nishino et al., 2000; Yang et al., 2007). The 

symptoms of Danon disease present ~15 years later in women than in men and with less 

severe cardiac complications, which may be attributed to a gene dosage effect because 

LAMP2 is located on the X chromosome (Arad et al., 2005). Thus, the cardiac 
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phenotype related to LAMP2 deficiency further validates an important role for 

lysosomal breakdown of glycogen in maintaining glycogen content at a sub-

pathological level in the heart.  

Mutation in the glycogen-debranching enzyme gene (gene name: AGL) results in an 

accumulation of an intermediate form of glycogen with short branches of four glucose 

residues, the limit dextrins, in the heart (Austin et al., 2012). The clinical manifestations 

of GDE deficiency include cardiac fibrosis, severe vacuolation of cardiac myocytes, and 

glycogen accumulation in the atrioventricular node and smooth muscle cells of 

intramyocardiac arteries (Austin et al., 2012). Echocardiography analysis has reported 

left ventricular hypertrophy and diastolic dysfunction with preserved systolic function 

(Olson et al., 1984). Recombinant human GAA has also effectively reduced glycogen 

levels in skeletal muscles of GSD III individuals, suggesting that upregulation of the 

lysosomal glycogen breakdown pathway may bypass the GDE obstruction in the 

phosphorylase-glycogen breakdown route (Sun et al., 2013). Intact GDE activity 

appears crucial for normal glycogen breakdown in the heart, and the presence of 

cardiomyocyte vacuoles in tissues of GDE-deficient individuals suggests that when the 

glycogen breakdown route via phosphorylase is impaired, the phagic-lysosomal route of 

glycogen degradation is upregulated. 

In summary, cardiac glycogen regulation involves a complex interplay between multiple 

signalling pathways, allosteric activation of enzymes and phagic degradation of 

glycogen. While cytosolic glycogen synthesis and breakdown are relatively well-

understood, recent findings relating to phagic glycogen degradation highlight a new 

area of investigation in the heart. There is strong evidence from GSD that 

phagic/lysosomal glycogen breakdown is important for maintaining normal cardiac 

glycogen levels and does not simply constitute a redundant alternative breakdown route 

for glycogen. Advancing understanding of glycogen handling in the heart is an 

important priority with relevance not only to genetic GSD but also to cardiac metabolic 

stress disorders such as diabetes and ischemia. 
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Figure 1.1. Glycogen structure and breakdown in the cytosol. Glycogen 
phosphorylase can cleave α-1,4-glycosidic bonds outside of the limit dextrin. Glycogen-
debranching enzyme transfers the terminal 3 residues of a limit dextrin to an adjacent 
linear strand, then can cleave the remaining α-1,6-glycosidic branch point bond. In the 
lysosome these actions are done exclusively by acid-α-glucosidase. 
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Figure 1.2. Distinct cardiomyocyte immunohistologic localisation of glycogen 
autophagic trafficking cargo in vitro. STBD1 (green) and LC3B (red) do not co-
localise in neonatal ventricular rat myocytes. Confocal image, x63 mag: DAPI (blue) 
shows nuclei. 
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Figure 1.3. Hypothesis for interactions between insulin, AngII and estrogen 
signalling pathways. IRS1 upregulates Class 1 P13K and results in phosphorylation 
and activation of Akt/PKB. Subsequent activation of multiple downstream 
intermediates modulates cardiac modelling and performance (highlighted in grey). 
Estrogen can bind to the membrane estrogen receptors (ER) receptors to regulate the 
P13K/Akt pathway or can bind to nuclear-localised ER to modulate transcription and 
expression of channels/exchangers involved in determining intracellular Ca2+ levels. 
Excessive Angiotensin II (AngII) binding to Angiotensin Receptor Type 1 (AT1) could 
induce autophagy directly or through upstream inhibition of P13K/Akt by potential 
crosstalk between reactive oxygen species (ROS) and mitogen-activated protein kinase 
(MAPK) pathway. AngII binding to AT2 may oppose the action of AT1 and could 
potentially rescue myocytes from AT1-mediated autophagy assault. IRS1, insulin 
receptor substrate 1; P13K phosphoinositide-3-kinase; PKB, Protein Kinase B; ER, 
estrogen receptor; AngII, AngiotensinII; AT1, Angiotensin Receptor Type 1; AT2, 
Angiotensin Receptor Type 2. 
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1.6 Diabetes, sex and AngII in the heart – new questions 

Diabetic cardiomyopathy is characterised by diastolic dysfunction, increased fibrosis, 

metabolic perturbations and signalling abnormalities. The Framingham study provided 

the first evidence that cardiovascular risk is elevated for all diabetics and females are 

particularly vulnerable. Numerous experimental diabetic models have been developed 

and recapitulate to varying extents the diastolic and systolic dysfunction observed in 

human diabetic patients. Perplexingly, the importance of sexual dimorphism in diabetic 

cardiomyopathy has not yet been explored leading to a lack sex-specific mechanistic 

insights.  

Clinical observations of increased occurrence of acute myocardial infarction in women 

have not been extensively explored experimentally. Paradoxically, many in vivo and ex 

vivo T1D and T2D experimental ischemia-reperfusion models show less sensitivity to 

ischemic injury in diabetic hearts following acute reperfusion. A possible explanation 

could be a higher reliance on glycogen as an “emergency” substrate in the diabetic 

myocardium.  

Indeed, paradoxical glycogen accumulation in the diabetic hearts (pre-ischemic) have 

been demonstrated in several diabetic settings although insulin-dependent glucose 

uptake is significantly reduced. The basis for this glycogen “defence” response is not 

understood. Evidence drawn from cardiac glycogen storage diseases point towards 

disturbances in conventional or glycophagic breakdown processes. Recently, 

glycophagy has been shown to exist in the heart and it can be differently regulated in 

males and females. Interestingly, GABARAPL1 (the protein which transfers glycogen 

to the phagosome) has been found to be regulated by estrogen, although in non-cardiac 

tissues to date. Whether glycogen plays a role in the sex-specific diabetic 

cardiomyopathy phenotype has not been previously examined. 

Upregulated systemic and cardiac RAS is often observed as a coincidental occurrence in 

diabetes. AngII stimulates a myocardial fibrotic response and causes cardiac 

dysfunction. Recent studies have also implicated AngII in macro-autophagy in the heart. 

Therefore, this suggests a more important role of RAS in the diabetic myocardium. The 

possible crosstalk between the AngII and insulin signalling pathway is yet to be fully 

elucidated. Suppressed insulin signalling in combination with elevated AngII could 

potentially augment autophagy in the heart. The significant myocyte loss in diabetes 
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which follows may result in marked pathological consequences and confer greater 

susceptibility to acute ischemic stress. Additionally, a local estrogen regulation of AngII 

in the heart is possible due to the estrogen-response element found in the 

angiotensinogen gene. However, sex-specific effects in experimental diabetic models 

with angiotensin intervention have not been examined. 

Therefore, the goal of this project is to evaluate sex differences in cellular mechanisms 

of diastolic dysfunction associated with cardiac glucose handling abnormalities. This 

thesis has predominantly focused on using an STZ-induced T1D setting. Novel findings 

have further directed investigations in other rodent T1D and T2D models. The four 

experimental questions addressing these knowledge deficits are: 

1. Are systemic and cardiac diabetic phenotypes similar in males and females? 

2. Is there an accentuated female vulnerability to ischemia in diabetes? 

3. Are cell death and metabolism pathways different in both sexes with diabetes? 

4. Does cardiac RAS upregulation interact with sex-specific responses in diabetes?  

 

A wide range of in vivo and ex vivo strategies have been employed to address these 

broad questions. Experimental investigations include functional, structural, molecular 

and histological characterisations of T1D at cardiac and systemic levels, and some 

molecular exploration in other diabetic models. The general methodology has been 

detailed in Chapter 2, with specific methods relating to each study outlined in the 

respective experimental chapters.  
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2.1  Experimental animals 

All animals used in this study were handled in accordance with the Australian Code of 

Practice for the Care and Use of Animals for Scientific Purposes (NHMRC/CSIRO/ 

ACC, 2013). All the procedures carried out as part of this study were approved by the 

Animal Ethics Committee of The University of Melbourne (AEC Approval Numbers: 

1112184, 1101838, 1101784). Animals were housed in the Biomedical Science Animal 

Facility at the University of Melbourne in polypropylene cages in a temperature 

controlled facility on a 12:12 hour light and dark cycle. Mice were provided access to 

water and standard chow ad libitum. 

2.2  Induction of acute insulin deficiency by Streptozotocin in mice 

To examine the effects of the early onset of insulin deficiency, acute insulin withdrawal 

(Acute STZ) was induced in 8 week-old male and female C57Bl/6 mice.  Acute T1D 

was induced via 5 daily intraperitoneal injections of 55 mg/kg Streptozotocin (STZ; 

Sigma-Aldrich, MO, USA). STZ stock (5.5 mg/mL) was prepared fresh everyday in 

0.1M tri-sodium citrate buffer (pH 4.5, 4°C) (Sigma-Aldrich, MO, USA). Vehicle 

control mice received 5 tri-sodium citrate buffer injections. Body weight and blood 

glucose was measured prior to injections (day 0) and on days 1, 3, 5, 7 and 9 by 

glucometer (ACCU-CHEK® Advantage glucometer, Roche, Mannheim, Germany).  

Body weight, food and water intake was monitored daily throughout injection period 

and for ~1 week (depending on time taken to reach 50% increase in blood glucose) after 

STZ administration. Cage bedding of STZ mice was changed daily throughout the 

injection period. All animal care and STZ usage standards specified by the Office of 

Research Ethics and Integrity at the University of Melbourne were adhered to 

throughout the experimental period. Following blood glucose levels reaching 50% 

increase from baseline (2 days in males and 7 days in female mice post STZ injections), 

mice were culled and samples were collected as described in Section 2.8. Findings are 

detailed in Chapter 3 Results Section 2.2B and discussed in Chapter 3 Discussion 

Section 3.4A. 

2.3  The Angiotensinogen-Transgenic (AngII-Tg) mouse  

The cardiac-specific angiotensinogen overexpressing mouse strain (Tg1306/IR) used in 

this study was generated by Pedrazzini and colleagues (Laussane, Switzerland) through 
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insertion of 30 copies of the rat angiotensinogen gene into the mouse genome using the 

cardiac promoter, α-myosin heavy chain (α-MHC) (Mazzolai et al., 1998; Mazzolai et 

al., 2000). Heterozygous males (Tg1306/IR) were bred with wildtype C57Bl/6 female 

breeders to generate litters of heterozygous transgenic mice with elevated cardiac 

angiotensin-II levels (AngII-Tg) and wildtype littermate controls. 

The AngII-Tg model is characterised by cardiac hypertrophy with an elevated cardiac 

weight index (ratio of ventricular wet weight (mg) to body weight (g)) by 8 weeks of 

age (Mazzolai et al., 1998), and alterations in cardiomyocyte contractile properties 

(Domenighetti et al., 2007; Huggins et al., 2003), in the absence of increased fibrosis or 

hypertension (Mazzolai et al., 1998; Mazzolai et al., 2000). The AngII-Tg mouse 

exhibits increased mortality (83% in Wt vs. 46% in AngII-Tg), but not until the age of 

45 weeks (Domenighetti et al., 2005). Therefore, this model allows examination of 

cardiac growth resulting from elevated myocardial AngII independent of any influence 

from hemodynamic loading.  

2.4  Induction of chronic insulin deficiency by Streptozotocin in mice 

To examine the pathophysiology of chronic T1D, STZ was administered (as described 

in Section 2.2) to Wildtype and AngII-Tg mice of both sexes at 15 weeks of age and 

diabetes development was investigated for subsequent 8 weeks. Body weight and food 

intake were monitored throughout the 8 weeks diabetic period and blood glucose was 

measured before STZ injections and at 7 weeks post STZ injections. All functional 

experiments described in subsequent sections were performed in these chronic T1D 

mice.  

2.5  Glucose Tolerance Testing 

At 8 weeks post STZ injections, glucose tolerance testing was performed on chronic 

T1D mice following 6 hours fasting as described previously (Mellor et al., 2011). A tail 

prick (23G needle) was used to collect blood samples (~5 μL) for measurement using a 

glucometer (ACCU-CHEK® Advantage glucometer, Roche, Mannheim, Germany). 

Following baseline blood glucose measurement, 1.5 mg/g glucose solution was injected 

(27G needle, i.p.) and blood glucose was measured at 5, 15, 30, 60, 90 and 120 mins 

post-injection. Area under the curve was subsequently calculated using trapezoidal 

integration as an index of glucose disposal from plasma (Sakaguchi et al., 2016).  
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2.6  Echocardiography assessment of in vivo cardiac function 

Transthoracic echocardiography was undertaken, as described previously (Reichelt et 

al., 2013), in mice at 7 weeks post STZ injections under light anaesthesia with 

tribromethanol (Dosage: 2.5%, 0.01ml/g i.p). The GE Vivid 9 Dimension 

echocardiography system with a 15 MHz i13L linear array transducer (GE Healthcare, 

CT, USA) was used. Left ventricular m-mode two-dimensional echocardiography was 

performed in parasternal short axis view to measure left ventricular chamber 

dimensions, wall thickness and to derive systolic function. In addition, Pulse wave 

(PW) Doppler and Tissue Doppler Imaging (TDI) were acquired from the apical 4 

chamber views to measure transmitral flow propagation velocity inflow using loading-

dependent and independent measures respectively.  

Acquisition and offline analysis was performed using the GE EchoPac software. M-

mode derived echocardiography parameters included diastolic and systolic 

interventricular septal dimensions (IVSd, IVSs), diastolic and systolic left ventricular 

dimensions (LVIDd, LVIDs) and diastolic and systolic left ventricular posterior wall 

thickness (LVPWd, LVPWs). Three consecutive echo-loops were sampled for each 

measurement taken. Pulse wave Doppler images were used to measure the velocity of 

early mitral inflow (E) and late mitral inflow (atrial inflow A). The ratio of E/A, an 

indicator of diastolic function, was subsequently calculated. TVI Doppler images were 

used to measure mitral valve annulus movement (loading-independent tissue velocity). 

These include early diastolic velocity of mitral annulus (E’) and late diastolic velocity 

of mitral annulus (atrial contraction velocity A’). The ratio of E/E’ and E’/A’ are also 

used to estimate diastolic dysfunction and LV end diastolic pressure.  

2.7  Ex vivo cardiac function and ischemia-reperfusion  

At 8 weeks post-diabetes induction, Wildtype and AngII-Tg mice were subjected to ex 

vivo ischemia reperfusion as described previously (Headrick et al., 2001; Reichelt et al., 

2007). Briefly, mice were anesthetised through intraperitoneal administration of sodium 

pentobarbitone (70 mg/kg, i.p). A thoracotomy was performed and hearts were rapidly 

excised into ice-cold perfusate solution. The aorta was cannulated and hearts were 

retrogradely perfused with oxygenated (95% O2, 5% CO2) modified Krebs-Henselit 

buffer (37.0°C, pH 7.4) in Langendorff mode at a constant pressure of 80 mmHg and 

instrumented for pressure recording (ADInstruments, Labchart v7.2). The modified 
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Krebs-Henselit buffer contained (in mmol per litre): 119.0 NaCl, 11.0 glucose, 22.0 

NaHCO3, 4.7 KCL, 1.2 MgCl, 1.2 KH2PO4, 0.5 EDTA, 1.75 CaCl, 2.0 Na pyruvate. 

Following a 15 mins stabilisation period, pacing was commenced at 420 beats per 

minute and stabilised for a further 15 mins. Hearts were excluded from analysis at this 

time if they met one of the exclusion criteria listed below:  

I. left ventricular systolic pressure <100 mmHg 
II. coronary flow ≥ 5 ml min-1 

III. fluctuating contractile function 
IV. significant arrhythmias 

Baseline functional measurements were made before the hearts were subjected to 20 

mins of global no flow ischemia. Pacing was stopped upon induction of ischemia. 

Subsequently, hearts were reperfused for 45 mins and pacing was resumed at 2 mins of 

reperfusion. Arrhythmia incidence was assessed from left ventricle pressure recordings 

as previously validated from electrocardiogram measurements. Hearts were removed 

from the apparatus. A transverse section (~5 μm) was cut at the mid point of the heart 

apex-to-base aspect ratio and fixed in formalin overnight for histological analysis, the 

remainder was snap frozen for protein and mRNA analysis.  

2.8  Tissue, blood and plasma collection 

Upon completion of STZ treatment, mice were anesthetised using sodium 

pentobarbitone (100 mg/kg i.p.). Prior to heart excision, heparin (100 I.U., i.p.) was 

injected (22G needle) into the inferior vena cava and a blood sample (~400 μL) was 

drawn into a 1 mL syringe. A portion of the blood collected (100 μL) was stored at 4°C 

for HbA1c analysis and 300 μL was centrifuged (2000 g; 20 mins) to obtain plasma 

(~100 μL) which was stored at -80°C until further analysis. Hearts were rapidly excised 

and arrested in iced HEPES-Krebs buffer (146 mM NaCl, 4.7 mM KCl, 1 mM Glucose, 

0.3 mM NaH2PO4, 1 mM MgSO4, 10 mM HEPES; pH 7.55; 4°C). Ventricular tissues 

were blotted on filter paper, weighed on an analytical balance and snap frozen in liquid 

nitrogen to be stored at -80°C until further analysis. Tibia lengths were measured using 

electronic digital calipers. 

2.9  Insulin ELISA measurement 

Plasma insulin levels were measured using an ultrasensitive mouse insulin ELISA 

method (Crystal Chem, IL, USA) (Chhabra et al., 2016; Davidson et al., 2016). 
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Samples were incubated in an antibody-coated microplate for 2 hours at 4°C to allow 

optimal binding. Wells were washed five times with 300 μL wash buffer and incubated 

with anti-insulin enzyme conjugate for 30 mins at room temperature. Wells were then 

washed seven times with 300 μL wash buffer and incubated with 100 μL enzyme 

substrate solution at room temperature for 10 mins while avoiding light exposure. 

Absorbance was measured at A450 and A630 nm using a microplate spectrophotometer 

(Biorad, CA, USA). Individual sample and standard absorbance was determined by 

subtracting A450-A630. Plasma insulin concentrations (ng/mL) were determined in 

reference to mouse insulin standards provided in the kit. 

2.10  Glycated haemoglobin measurement 

Haemoglobin A1c (HbA1c) was measured using cobas b101with a cartridge-based 

point-of-care system (Roche, Basel, Switzerland) at the Baker IDI Heart and Diabetes 

Institute in collaboration with Associate Professor Rebecca Ritchie and Dr. Miles De 

Blasio from the Heart Failure Pharmacology Laboratory. Briefly, a small volume of 

heparinised blood (2 μL) was mixed with TRIS buffer within the cobas HbA1c Test 

cartridge (Roche, Basel, Switzerland) to release haemoglobin from erythrocytes. 

Introduction of a sodium lauryl sulphate (SLS) buffer within the cartridge led to 

formation of SLS-Hb complex and total haemoglobin (Hb) was detected by measuring 

the concentration of the SLS-Hb complex at 525 nm. A separate portion of the sample 

was used to measure the concentration of HbA1c fraction in another section of the 

cartridge by means of latex agglutination immunoturbimetric reaction at 625 nm. The 

percentage HbA1c value was calculated using a ratio of concentrations of HbA1c to 

total haemoglobin.  

2.11  Protein extraction through tissue homogenisation  

Frozen ventricular tissues were homogenised in buffer (Tris-HCL 100 mM pH 7.0, 

EGTA 5 mM; Sigma-Aldrich, MO, USA) (4°C, 5% w/v) containing phosphatase and 

proteinase inhibitors (Roche, Basel, Switzerland) in three bursts of 15secs/each using a 

Polytron PT2500E with a PT-DA 1207/2EC-E Dispersing aggregate (Kinematica, 

Luzern, Switzerland). Homogenate was snap frozen in liquid N2 immediately for 

glycogen content and protein concentration determination. 
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2.12  Protein concentration determination 

Protein concentrations in tissue homogenate were determined using the standard Lowry 

assay (Peterson 1977). Diluted (1:1000) crude homogenates were incubated in Reagent 

A (10% SDS, 0.8M NaOH, 12.5% Na2CO3, 2% Na2CO3, 2% Na+ K+ Tartarate, 

1%CuSO4) at room temperature for 10 mins. Subsequently, samples were incubated in 

Folin-Ciocalteu phenol reagent (Reagent B, Biorad, CA, USA) at room temperature for 

30 mins resulting in a colour change from yellow to blue. Absorbance was measured at 

750 nm and protein concentrations were determined with reference to the standard 

curve generated with bovine serum albumin (Biorad, CA, USA).  

2.13  Enzymatic analysis of glycogen content  

Cardiac glycogen concentrations were measured as described previously (Reichelt et 

al., 2013). Crude tissue homogenates were incubated in the presence or absence of 

amyloglucosidase at 50°C for 60 mins in a buffer containing 0.1 M sodium acetate pH 

6.0 and 1% Triton. Enzyme-digested and undigested samples were centrifuged at 

14,000g for 2 mins, the supernatant was added to glucose oxidase/peroxidase (PGO) 

enzyme (Sigma-Aldrich, MO, USA) and o-dianisdine dihydrochloride (Sigma-Aldrich, 

MO, USA) solution. Following incubation at room temperature for 30 mins while 

avoiding exposure to light, the intensity of colour change, which is proportional to 

glucose concentration, was measured at 450 nm. Glucose concentration from the 

undigested sample was subtracted from the amyloglucosidase-digested sample to derive 

glycogen concentrations (nM) with reference to the standard curve generated from a 

glucose standard solution (Sigma-Aldrich, MO, USA). 

2.14  RNA extraction and quantification 

RNA was extracted from snap-frozen ventricular tissues using the TRIzol® reagent 

method followed by purification using the PureLink RNA mini kit (Invitrogen, CA, 

USA) (Mellor et al., 2014). Briefly, tissues (50-100 mg) were homogenised in 1 mL of 

TRIzol® (Invitrogen, CA, USA) and incubated at room temperature for 5 mins to allow 

dissociation of the nucleoprotein complex. Chloroform (0.2 mL) was added and samples 

were shaken vigorously using a foam tube holder. Following incubation at room 

temperature for 2-3 mins, samples were centrifuged at 12000 g for 15 mins at 4°C. The 

aqueous phase supernatant was added to equal volumes of 70% ethanol.  The extracted 
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RNA was purified as per the manufacturer’s instructions (PureLink® RNA Mini Kit, 

Invitrogen CA, USA) and DNase-treated on column (PureLink® DNase, Invitrogen 

CA, USA). Purified RNA was eluted in 30 μL of nuclease-free water. RNA purity and 

yield were analysed using spectrometry (Nanodrop, Thermo Fisher Scientific, MA, 

USA). A 260/280 nm ratio of 1.90-2.10 was accepted as pure RNA with least 

contamination of proteins and phenols as the latter absorb strongly at 280 nm. In 

addition, the 260/230 nm ratio was also used to determine RNA quality, where values 

between 2.0-2.2 were considered acceptable. Remnants of carbohydrates, EDTA and 

phenols, which absorb at 230 nm, would result in a ratio of <2.0 indicating 

contamination in RNA samples. RNA samples that fell outside these acceptable ranges 

were excluded from further analysis. Ribosomal RNA band integrity was verified by 

running an aliquot of RNA sample on a 2% denaturing agarose gel. Identification of 

sharp bands/peaks of 18S and 28S ribosomal RNA indicated that the RNA was intact. 

RNA quality was also assessed using the RT2 RNA Quality Control PCR Array plate 

(Qiagen, CA, USA) before gene expression analysis using RT2 PCR Array (Qiagen, 

CA, USA) was performed (Appendix 2). Substandard RNA samples were excluded 

prior to gene expression analysis with RT2 Profiler PCR Arrays (See Section 3.5).  

2.15  Reverse transcription 

Reverse transcription of purified RNA into cDNA was performed using the RT2 First 

Strand Kit (Qiagen, CA, USA) using instructions provided by the manufacturer.  

Briefly, RNA (1 μg) was incubated at 42°C with a gDNA elimination buffer for 5 mins 

to eliminate genomic DNA contamination. Samples were immediately cooled at 4°C for 

1 min and subsequently incubated in reverse transcriptase mix (4μL 5XBuffer BC3, 

1μL Control P2, 2μL RE3 Reverse Transcriptase Mix, 3μL RNase-free water) at 42°C 

for 15 mins. The reaction was stopped by incubating samples at 95°C for 5 mins. 

RNase-free water (91μL) was added to each tube and cDNA was stored at the -20°C 

freezer until required.  

2.16  RT profiling gene expression analysis 

Gene expression analysis was evaluated using a customised mouse RT2 PCR Array 

(Qiagen, CA, USA) on a Biorad CFX384 (Biorad, CA, USA) thermocycler. RT2 

Profiler PCR Arrays take advantage of the combination of real-time PCR performance 
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and the ability of microarrays to detect the expression of many genes simultaneously 

(Munasinghe et al., 2016).  The RT2 384 PCR Array was customised with pre-defined 

primer assays in a 64 wells x 6 replicate formats (Qiagen Cat#: CAPM12962). These 

include 59 genes of interest (refer Table 2.1), 2 reference genes (18S and ACTB), a 

genomic DNA control, a reverse transcription control (RTC) and a positive PCR control 

(PPC). Real-time PCR component mixes were prepared in 6 sets for 6 samples (e.g. n=3 

Ctrl and n=3 STZ) on the RT2 plate.  PCR mastermix contained 353L of 2x RT2 

SYBR Green Mastermix (Qiagen, CA, USA), 55.2L cDNA and 296.8L of nuclease-

free water (Ambion, Texas, USA). 10 L of the PCR component mix (containing the 

sample) was carefully dispensed into each well and mixed thoroughly with the pre-

plated primers. Following plating of 384 wells, the RT2 Profiler plate was sealed tightly 

with Optical Adhesive Film (Qiagen, CA, USA). The RT2 Profiler plate was centrifuged 

for 1 min at 1000 g at room temperature to ensure the solution was at the bottom of the 

well and subsequently placed in the Biorad CFX384 real-time thermocyler (Biorad, CA, 

USA). Thermal cycling conditions for real-time PCR were 1 min at 95C, 40 cycles of 

15 seconds at 95C and 60 seconds at 60C each, with a ramp rate of 1C/s.  

Data exported from the thermocycler were analysed using the Biorad CFX Manager 

Software (Version 3.1) (Biorad, CA, USA). Threshold was defined manually using the 

log scale of the amplification plots displayed. This threshold value was kept consistent 

between all RT2 Profiler PCR Array runs performed. Ct values were exported and 

analysed using the comparative ∆∆Ct method (Livak et al., 2001). Expression of the 

gene of interest was normalised to either 18S or β-actin (ACTB) housekeeper 

expression. The ∆Ct for each sample was then further normalised to the ∆Ct of a control 

sample from the same treatment group. 

∆Ct = Ct (gene of interest) - Ct (housekeeping gene) 

∆∆Ct = ∆Ct (test sample) - ∆Ct (control sample) 

The last step in quantification was to transform the ∆∆Ct values to absolute values. The 

formula used for the comparative expression level was 2-∆∆Ct, which allows gene 

expression levels to be presented as a fold-change relative to the calibrator sample. 
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Table 2.1. List of genes included in the RT2 Profiler PCR Array plate (n=64 genes). 

Refseq # 
Gene 
Symbol 

Official Full Name 
Catalogue 
Number 

NM_020590 Gabarapl1 Gamma-aminobutyric acid -A receptor-associated protein-like 1 PPM25802 

NM_175096 Stbd1 Starch binding domain 1 PPM26240 
NM_019584 Becn1 Beclin 1, autophagy related PPM32434 
NM_008064 Gaa Glucosidase, alpha, acid PPM25180 
NM_026160 Map1lc3b Microtubule-associated protein 1 light chain 3 beta PPM27261 
NM_020009 Mtor Mechanistic target of rapamycin (serine/threonine kinase) PPM05092 
NM_001013367 Prkaa1 Protein kinase, AMP-activated, alpha 1 catalytic subunit PPM33117 
NM_011018 Sqstm1 Sequestosome 1 PPM28731 
NM_009469 Ulk1 Unc-51 like kinase 1 (C. elegans) PPM36453 
NM_010685 Lamp2 Lysosomal-associated membrane protein 2 PPM24540 
NM_001081326 Agl Amylo-1,6-glucosidase, 4-alpha-glucanotransferase PPM34374 
NM_001031667 Gsk3a Glycogen synthase kinase 3 alpha PPM05437 
NM_019827 Gsk3b Glycogen synthase kinase 3 beta PPM03380 
NM_030678 Gys1 Glycogen synthase 1, muscle PPM03506 
NM_145572 Gys2 Glycogen synthase 2 PPM36932 
NM_173021 Phka1 Phosphorylase kinase alpha 1 PPM33414 
NM_199446 Phkb Phosphorylase kinase beta PPM34377 
NM_011079 Phkg1 Phosphorylase kinase gamma 1 PPM24927 
NM_011224 Pygm Muscle glycogen phosphorylase PPM27122 
NM_021514 Pfkm Phosphofructokinase, muscle PPM36557 
NM_029846 Atg16l1 Autophagy-related 16-like 1 (yeast) PPM36606 
NM_001111111 Atg16l2 Autophagy related 16 like 2 (S. cerevisiae) PPM36891 
NM_026402 Atg3 Autophagy-related 3 (yeast) PPM28898 
NM_174874 Atg4b Autophagy-related 4B (yeast) PPM27447 
NM_175029 Atg4c Autophagy-related 4C (yeast) PPM37063 
NM_053069 Atg5 Autophagy-related 5 (yeast) PPM26274 
NM_028835 Atg7 Autophagy-related 7 (yeast) PPM36835 
NM_001003917 Atg9a Autophagy-related 9A (yeast) PPM58840 
NM_007522 Bad BCL2-associated agonist of cell death PPM02916 
NM_009741 Bcl2 B-cell leukemia/lymphoma 2 PPM02918 
NM_009743 Bcl2l1 Bcl2-like 1 PPM02920 
NM_009760 Bnip3 BCL2/adenovirus E1B interacting protein 3 PPM03409 
NM_009810 Casp3 Caspase 3 PPM02922 
NM_007798 Ctsb Cathepsin B PPM03626 
NM_009983 Ctsd Cathepsin D PPM03622 
NM_021281 Ctss Cathepsin S PPM05788 
NM_029653 Dapk1 Death associated protein kinase 1 PPM26547 
NM_026013 Dram2 VDNA-damage regulated autophagy modulator 2 PPM37764 
NM_019749 Gabarap Gamma-aminobutyric acid receptor-associated protein PPM36541 
NM_026693 Gabarapl2 Gamma-aminobutyric acid -A receptor-associated protein-like 2 PPM35460 
NM_010512 Igf1 Insulin-like growth factor 1 PPM03387 
NM_008387 Ins2 Insulin II PPM25215 
NM_010684 Lamp1 Lysosomal-associated membrane protein 1 PPM25844 
NM_025735 Map1lc3a Microtubule-associated protein 1 light chain 3 alpha PPM32828 
NM_181414 Pik3c3 Phosphoinositide-3-kinase, class 3 PPM32760 
NM_020272 Pik3cg Phosphoinositide-3-kinase, catalytic, gamma polypeptide PPM03469 
NM_001081309 Pik3r4 Phosphatidylinositol 3 kinase, regulatory subunit, polypeptide 4, p150 PPM05099 
NM_026880 Pink1 PTEN induced putative kinase 1 PPM25933 
NM_145940 Wipi1 WD repeat domain, phosphoinositide interacting 1 PPM28369 
NM_010292 Gck Glucokinase PPM05095 
NM_008155 Gpi1 Glucose phosphate isomerase 1 PPM03345 
NM_013820 Hk2 Hexokinase 2 PPM03503 
NM_025700 Pgm1 Phosphoglucomutase 1 PPM24785 
NM_028132 Pgm2 Phosphoglucomutase 2 PPM39901 
NM_028352 Pgm3 Phosphoglucomutase 3 PPM26707 
NM_139297 Ugp2 UDP-glucose pyrophosphorylase 2 PPM27391 
NM_009652 Akt1 Thymoma viral proto-oncogene 1 PPM03377 
NM_172669 Ambra1 Autophagy/beclin 1 regulator 1 PPM25885 
NM_026217 Atg12 Autophagy-related 12 (yeast) PPM25545 
NM_007393 Actb Actin, beta PPM02945 
NR_003278 Rn18s 18S ribosomal RNA PPM72041 
SA_00106 MGDC Mouse Genomic DNA Contamination PPM65836 
SA_00104 RTC Reverse Transcription Control PPX63340 
SA_00103 PPC Positive PCR Control PPX63339 
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2.17  Picrosirius Red staining 

A transverse cross section of ventricular myocardium (~2 mm) was fixed in 10% 

formalin. Specimens were processed for paraffin embedding and sectioned in 6 μm-

thickness. Slides were stained using Picrosirius Red (Picric Acid (Sigma-Aldrich, MO, 

USA), 0.1% Sirius Red (BDH AnalaR, England)) for 60 mins, dehydrated and mounted 

with DPX medium (Sigma-Aldrich, MO, USA).  Brightfield microscopic images were 

captured with using the Zeiss Imager D1 microscope connected to a Zeiss AxioCam 

MRc5 Colour Camera (Oberkochen, Germany) and AxioVision 40 acquisition software 

(version 4.7.1.0) with 10 images per section, from 3 sections per heart. Image analysis 

was performed in a blinded manner using Image Pro Plus (V4.5.1, Media Cybernetics, 

MD, USA).  Images underwent grey scale (255 pixel range) transformation and a pixel 

intensity histogram was assessed to determine the non-bias threshold point of collagen 

staining. A binary map of collagen deposition was generated, from which collagen 

density (shown in “red”) was calculated and expressed relative to the total number of 

pixels in the area of interest (Mellor et al., 2011).  

2.18  Statistical analysis 

Data is presented as mean ± sem. Statistical analyses were performed using GraphPad 

Prism V7.0 (GraphPad, CA, USA). Normal distribution of data was assessed using 

Shapiro-Wilk’s test and homogeneity of variance was ensured using Levene’s test. Data 

comparisons between more than 2 groups with 2 factors were conducted by two-way 

ANOVA and Fisher’s LSD post-hoc test. Comparisons between two groups were 

analysed using unpaired Student t-tests where appropriate. A p-value of <0.05 was 

considered statistically significant.  
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3.1  Introduction 

Diabetes is a condition of epidemic proportions with cardiovascular mortality as the 

leading cause of death worldwide. Clinical and experimental findings have reported sex 

differences in systemic glucose dysregulation in diabetes. While men often present with 

increased fasting glucose (Glumer et al., 2003; Sicree et al., 2008), glucose intolerance, 

characterised by prolonged hyperglycaemia following acute glucose loading, is more 

prevalent in women (Dotevall et al., 2007; Glumer et al., 2003; Sicree et al., 2008; 

Williams et al., 2003). It has been suggested that usage of fasting blood glucose as the 

primary diabetic diagnostic marker leads to under-diagnosis and underrepresentation of 

female diabetic patients in clinical trials (Pomerleau et al., 1999). In experimental 

settings, hyperglycaemia has been observed to be less marked in females or equivalent 

to males in the well-established streptozotocin (STZ) model of type 1 diabetes (T1D) 

using different mouse strains (Ceylan-Isik et al., 2006a; b; Matsumoto et al., 2008; 

Nuno et al., 2010). Similarly, less pronounced insulin resistance and hyperglycaemia 

are reported in high-sucrose (Horton et al., 1997) and high-fructose (Galipeau et al., 

2002) fed female compared to male rodents. Disturbances in lipid metabolism in a 

genetic T2D model (Goto-Kakizaki rat) are shown only in females (Desrois et al., 

2004). Thus, differences in sex-specific systemic diabetic characteristics are observed to 

some extent in experimental diabetic models. 

Diabetic cardiomyopathy is associated with distinct structural and functional alterations 

in the heart independent of other risk factors, e.g. coronary artery disease or 

hypertension (Boudina et al., 2010). Diastolic dysfunction (preceding systolic defects) 

in T1D and T2D (Boyer et al., 2004; Zabalgoitia et al., 2001) is linked with impaired 

relaxation, chamber stiffness and increased collagen deposition (Regan et al., 1977; 

Shimizu et al., 1993). The Framingham heart study reported a 5-fold increase in 

cardiovascular morbidity and mortality in diabetic women compared to a 2-fold increase 

in diabetic men (Kannel et al., 1979), suggesting that diabetic women exhibit 

heightened vulnerability to heart disease. Ischemic heart disease in young T1D women 

is linked with high mortality (Laing et al., 2003; Secrest et al., 2010) while this link is 

not as evident in older women (Laing et al., 1999). Another study involving young-

adolescent T1D patients has identified significant cardiac hypertrophy and diastolic 

dysfunction in females but not males (Suys et al., 2004). In contrast to the clinical data, 

some experimental studies have reported less pronounced T1D-induced cardiac 
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dysfunction in females relative to males. Ex vivo evaluation of young (6 weeks) STZ-

treated rats exhibited less impairment of pressure development (+dP/dt) in female 

compared with male hearts (Rodrigues et al., 1987). Other isolated heart studies in adult 

STZ-treated rats (12-14weeks) show left ventricular pressure development is less 

adversely affected in females despite similar hyperglycaemia in both sexes (Tuncay et 

al., 2007; Yaras et al., 2007). At present, experimental correlates of the increased 

female jeopardy observed clinically in T1D are yet to be identified. 

Metabolic stress as a result of impaired glucose uptake in insulin resistant or insulin 

deficient settings is a key feature of diabetic cardiomyopathy. Surprisingly, glycogen 

deposition occurs in the diabetic myocardium of humans (Sakakibara et al., 2011; 

Warren, 1930) and in rodent models (Alfarano et al., 2011; Lajoie et al., 2004; Shearer 

et al., 2011). The basis for this paradoxical glycogen accumulation when cardiac 

glucose supply is restricted is not understood. Evidence of sex differences in glycogen 

and glucose handling from other non-pathological settings are available from 

experimental models. With nutrient-deprivation stress (48 hrs fasting) in mice, a female-

specific cardiac glycogen accumulation associated with differential processing of 

glycogen was observed (Reichelt et al., 2013a). A reduced utilisation of glucose in 

ageing female, not male, hearts was shown through FDG–PET/CT imaging in healthy 

human subjects (Kakinuma et al., 2013). However, sex differences in the glycogen-

handling responses in T1D are yet to be investigated.  

Given the sex-specific differences reported in the systemic regulation of glucose and 

increased early occurrence of diastolic dysfunction in diabetic women, it was 

hypothesised that female diabetic mice will have a differential systemic and an 

accentuated cardiac response to diabetic stress. The aim of this study was to examine 

sex differences in the systemic, cardiac structural and functional pathology in STZ-

induced T1D mice. This current study is the first to demonstrate that female T1D mice 

exhibit exacerbated diastolic and systolic despite less pronounced hyperglycaemia 

relative to male mice.   
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3.2  Specific Methodology 

Animals and induction of chronic or acute insulin deficiency 

Male and female mice on C57/Bl6J background (n=8-12/group) were induced with 

acute and chronic T1D as described in Sections 2.2 and 2.4 respectively. To induce 

chronic insulin deficiency, diabetes was induced at 15 weeks of age as described 

previously (Ritchie et al., 2012) by 5 consecutive intraperitoneal injections of 55 mg/kg 

STZ or citrate buffer controls. Diabetes was allowed to develop for subsequent 8 weeks 

to investigate chronic diabetic complications. In the acute insulin deficiency study, 

similar injection dosage (5 x 55 mg/kg STZ) was administered at 8 weeks of age. Mice 

were classified as acute insulin deficiency when blood glucose levels reached 50% 

increase from baseline (~3-5 days post injections). Blood glucose was measured using a 

glucometer (ACCU-CHEK® Advantage glucometer, Roche, Mannheim, Germany) 

using the tail prick method.  

Glucose tolerance testing 

Glucose tolerance testing was conducted in mice of both sexes at 8 weeks after STZ 

injected following administration of 1.5 mg/kg glucose solution to 6 hours fasting as 

described in Section 2.5.  

Tissue, blood and plasma collection 

At 8 weeks after STZ treatment, mice were anaesthetised (Sodium Pentobarbital, 70 

mg.kg, i.p), hearts were excised and tissue, blood and plasma samples were collected 

and snap-frozen in liquid N2 as described in Section 2.6. 

Insulin  

Plasma insulin levels were measured using an ultrasensitive mouse insulin ELISA kit 

(Crystal Chem, IL, USA) as described in Section 2.7.  

HbA1c measurement 

Glycated haemoglobin (HbA1c) was measured using a latex agglutination inhibition 

immuno-assay method on a cobas 101 cartridge-based system (Roche, Basel, 

Switzerland) as described in detailed in Section 2.8.  
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In vivo echocardiography 

Mice were anaesthetised after 8 weeks with tribromoethanol (2.5% solution, 0.01 ml/g) 

and echocardiography was performed using a Vivid 9 Dimension machine (GE 

Vingmed, CA, USA) with a 15MHz i13L linear phased array probe as described in 

Section 2.13.  

Histological analysis of collagen content 

Picrosirius Red Staining for collagen content was performed in formalin-fixed tissues as 

described in Section 2.14.  

Gene expression analysis 

RNA extraction and reverse transcription were performed on frozen ventricular sections 

as mentioned in Sections 2.15 and 2.16. Metabolic and glycogen handling gene 

expression analysis was conducted using a customised mouse RT2 PCR Array as 

previously described in Section 2.17. 

Measurement of glycogen content 

Cardiac glycogen concentrations were enzymatically measured as described previously 

(Mellor et al., 2014; Reichelt et al., 2013a). Briefly, ventricular homogenates were 

digested with amyloglucosidase (Roche, Applied Science, Indiana, IN, USA) at 50°C 

for 60 mins in 0.1 M sodium acetate, pH 6.0. Following centrifugation at 14,000g for 2 

mins, the supernatant was assayed for glucose at A450 nm using a two enzyme, 

colorimetric glucose assay (Sigma-Aldrich, St-Louis, MO, USA).  Glycogen levels 

were measured in nM glycosyl units and normalised to protein (μg/μL), determined by 

the Lowry method (Peterson, 1977). 

Statistical analysis 

Data are presented as mean±SEM. Statistical analysis was performed using GraphPad 

Prism V7.0 (GraphPad, CA, USA). Data were analysed by two-way ANOVA and post-

hoc Fisher’s LSD test. A p-value of <0.05 was considered statistically significant.  
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3.3  Results 

3.3A  Female systemic phenotype is less pronounced than male in T1D 

To characterise sex differences in diabetic systemic responses, glycemic and insulin 

status was examined in STZ-treated male and female mice. Eight weeks of STZ 

treatment induced significant increases in blood glucose and HbA1c levels in both 

sexes. The STZ-induced increase in blood glucose was more pronounced in male than 

female mice (Male-STZ vs. Ctrl: 2.8-fold and Female-STZ vs. Ctrl: 1.6-fold, p<0.05, 

Figure 3.1A). This was accompanied by an STZ-induced reduction in insulin levels in 

males but not females. Interestingly, insulin levels in control female mice were lower 

than in control males (Male: 1.1 ng/mL vs. Female: 0.4 ng/mL, p<0.05, Figure 3.2B). 

STZ-induced elevations in HbA1c levels, reflecting long-term glycemic regulation 

correcting for daily fluctuations in blood glucose, were more marked in males than 

females with T1D (Male-STZ vs. Ctrl: 86% increase and Female-STZ vs. Ctrl: 37% 

increase, p<0.05, Figure 3.1C). Glucose tolerance tests (GTT) performed on fasted mice 

demonstrated slower clearance of glucose from plasma with T1D in both sexes (Figure 

3.1E) and a corresponding increase in area under the GTT curve in the male and female 

STZ groups relative to controls (Figure 3.1F). A limitation in GTT experiments was the 

measurable range of the glucometer. Blood glucose measurements at 15 mins and 30 

mins time points in Male STZ group potentially reported lower than actual values due to 

the upper limit of the glucometer, 33.3 mmol/L. However, even with this limitation 

causing a blunted increase in area under the curve in male T1D, sex differences in 

glucose tolerance are evident. Therefore, both male and female mice had increased 

blood glucose, HbA1c, glucose intolerance and reduced insulin levels with STZ. All of 

these systemic changes were less pronounced in female STZ mice. 

3.3B  Onset of STZ-induced systemic phenotype is delayed in females relative to 
males 

Given the differences in systemic glycemic measures in male and female mice 

following the chronic STZ (8 weeks) treatment, sex differences were evaluated in an 

acute insulin withdrawal setting to detect changes in the early development stage of 

diabetes. Prior to STZ injections, there were no differences in baseline blood glucose 

between any groups (Figures 3.2A and 3.2B). Following five consecutive STZ 

injections, the time taken to reach 50% increase in blood glucose from baseline was 



  

Chapter 3 85

shorter in males than females (Male-STZ: 2 days vs. Female-STZ: 7 days, Figure 3.2A). 

At the timepoint of blood glucose levels presenting at 50% above baseline, plasma 

insulin levels were significantly lower in STZ males (Male-Ctrl: 1.7±0.5 ng/mL vs. 

STZ: 0.4±0.1 ng/mL, p<0.05, Figure 3.2C) and not different in female STZ mice. 

Interestingly, the basal insulin levels in male controls were ~1.5 ng/mL higher than 

female vehicles (Figure 3.2C). These changes in insulin levels within 1 week of STZ 

were similar to that observed in the chronic diabetic setting. Thus, sex differences at 

early stages of STZ-induced T1D are evident, with a more rapidly developing diabetic 

systemic pathology in males. 

3.3C  Female in vivo cardiac diastolic dysfunction is more severe than male 

To determine whether sex disparities in the systemic response of STZ related to 

differential cardiac diastolic functional outcomes, 4-chamber apical echocardiography 

was performed in male and female STZ mice at 8 weeks after STZ injections. The 

increase in the ratio of transmitral Doppler early filling velocity to tissue Doppler early 

diastolic mitral annular velocity (E/E′) is used as one of the key predictors of diastolic 

dysfunction (Lee et al., 2008). Representative traces of pulse wave (Figure 3.3A) and 

tissue Doppler (Figure 3.3B) suggest impaired relaxation with STZ in females. Despite 

the less marked increase in blood glucose, increased E/E’ was evident in STZ females 

(Female-STZ vs. Ctrl: 53.5%, p<0.05, Figure 3.3C) but not males. Ratios of early to late 

diastolic mitral valve tissue (E’/A’) and flow (E/A ratio) velocities were both not 

different with STZ in both sexes (Figure 3.3D-E). Despite the less severe 

hyperglycaemia in diabetic females, in vivo cardiac diastolic dysfunction associated 

with STZ is more severe than male. 

3.3D  Mild systolic dysfunction is evident in female but not male mice  

In vivo systolic function was assessed from the m-mode parasternal short axis 

echocardiographic measurements. Images from m-mode revealed a dilated phenotype 

after 8 weeks of T1D in both sexes (Figure 3.4A). Systolic function was preserved with 

T1D in both sexes with ejection fractions more than 60% in all groups, as observed 

clinically in patients with heart failure with preserved ejection fraction (Gladden et al., 

2014). Ejection fraction was marginally reduced in females (Female-Veh 67.5±21.5% 

vs. STZ: 61.3±2.1%, p<0.05, Figure 3.4B) but not in male T1D (Figure 3.4B). 

Similarly, fractional shortening was reduced by 4.1% in females (p<0.05, Figure 3.4C) 
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while it remained unchanged in males (Figure 3.4C). Collectively, this suggests the 

onset of a mild systolic dysfunction in with STZ in female but, not male mice.  

3.3E  Modest dilation and ventricular wall thinning with T1D in both sexes 

Anatomic changes in the heart geometry were examined by measuring septal and 

posterior wall thickness from m-mode echocardiography and cardiac weight indices. 

Posterior wall thickness (PWT) was moderately reduced with diabetes, and this effect 

was accentuated in females (Male-STZ: 11.3% vs. Female-STZ: 44.3% decrease, 

p<0.05, Figure 3.5A). Septal wall thickness (IVSd) was reduced to similar extent with 

STZ in both sexes (Male-STZ: 12.8% and Female-STZ: 12.9% decrease, p<0.05, Figure 

3.5B). Chamber diameter was significantly larger in males at end diastole (Male-STZ 

vs. Ctrl: 5.2% increase, p<0.05, Figure 3.5C) and females at end systole (Female-STZ: 

10.6% increase, p<0.05, Figure 3.5D). These structural differences were accompanied 

by a reduction in heart weight only in males with STZ (Male-STZ: 10.2% decrease, 

p<0.05, Figure 3.5E), which was corrected when normalised to tibia length (Figure 

3.5F). Cardiac weight indices were unchanged with diabetes in both sexes and lower in 

females than males in respective control and T1D comparisons (Figure 3.5F, Table 3.2). 

Thus, wall thinning and chamber dilation was observed in the diabetic hearts of both 

sexes. 

3.3F  Increased myocardial collagen deposition with T1D in both sexes 

To determine whether the accentuated T1D female functional pathology corresponded 

to fibrotic structural remodelling, myocardial collagen content was assessed. Picrosirius 

red stained transverse ventricular sections revealed increased collagen deposition with 

diabetes in both sexes as depicted in the representative traces given in Figure 3.6A.  

Quantification of the percentage collagen normalised to total area showed significantly 

increased ventricular collagen content in both sexes (Male-STZ vs. Ctrl: 2-fold and 

Female-STZ vs. Ctrl:1.8-fold, p<0.05, Figure 3.6B) with 8 weeks of STZ. No 

differences were detected between males and females with STZ. Thus, fibrotic 

infiltration was increased with diabetes to a similar extent in both males and females. 

3.3G  Sex differences in glucose and glycogen handling with T1D  

Previously, it has been demonstrated that female mice exhibit a more marked glycogen 

response to acute metabolic stress (fasting) (Reichelt et al., 2013b). Thus cardiac 
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glycogen stores and metabolic gene expression were measured in male and female STZ 

mice to determine whether differential cardiac glucose metabolic dysregulation and 

storage abnormalities may underline the functional deficit observed in T1D female 

mice. Metabolic and glycogen-handling gene expression changes were assessed using 

RT profiling. mRNA expression was determined using  the 2-∆∆Ct calculation and the 

fold change values were normalised to 18S or β-actin reference genes. Significant 

downregulation in hexokinase (HK) expression was observed in males (Male-STZ vs. 

Ctrl: 0.7±0.1-fold decrease, p<0.05, Figure 3.7A), while it remained unchanged in 

females. Glucokinase (Gck) gene expression was significantly lower in both sexes 

(Male-STZ vs. Ctrl: 0.75±0.01-fold and Female-STZ vs Ctrl: 0.53±0.12-fold decrease, 

p<0.05, Figure 3.7A), suggesting lower flux of glucose being converted to G-6-P. 

Phosphofructokinase (PFK) expression was decreased in males (Male-STZ vs. Ctrl: 

0.73±0.06-fold decrease, p<0.05, Figure 3.7A) and surprisingly, increased in females 

(Female STZ vs. Ctrl: 1.16±0.04-fold increase, p<0.05, Figure 3.7A), hinting towards 

potentially increased rate of glycolysis in females, not males (Figure 3.7A). When 

glycogen-handling genes were examined, glycogen synthase kinase 3β (Gsk3β) 

expression was significantly higher in females (Female STZ vs. Ctrl: 1.22±0.02-fold 

increase, p<0.05, Figure 3.7B) while it was unchanged in males. Expression of glycogen 

debranching enzyme (Agl) and glycogen phosphorylase (Pygm) were both significantly 

higher in females (Female-STZ vs. Ctrl: GDE, 1.48±0.06-fold; GP, 1.28±0.04-fold 

increase, p<0.05 Figure 3.7B) and not different in males. Acid alpha-glucosidase (Gaa) 

expression was unchanged in both sexes (Figure 3.7B). Thus, sex differences exist in 

the route of glycogen processing in diabetic hearts, with higher expression of genes 

involved in glycogen breakdown in female STZ. In contrast to the female-specific 

increase in cardiac glycogen under nutrient deprivation (Reichelt et al., 2013b), there 

were no T1D-induced differences in glycogen levels in either sex under chronic STZ (8 

weeks STZ, Figure 3.7C) or acute STZ induction (50% increase in blood glucose from 

baseline, ie. 2 days in males, 7 days in females, Figure 3.7D). Therefore, sex differences 

in metabolic regulation of glucose and glycogen handling were evident with T1D but 

changes in glycogen levels were not apparent.   
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3.4  Discussion 

This study provides a novel demonstration of exacerbated female diabetic 

cardiopathology despite less marked hyperglycaemia and HbA1c, compared to males. 

Using an in vivo model of T1D, this investigation has shown that despite less marked 

increases in blood glucose, HbA1c or glucose intolerance, diastolic dysfunction and 

mild systolic dysfunction occur in female mice to a more severe extent than in male 

mice. Structural changes associated with T1D were evidenced through wall thinning, 

and fibrotic infiltration in both sexes. Molecular analysis revealed sex differences in 

expression of genes involved in glucose and glycogen substrate metabolism. 

Interestingly, the key regulatory enzyme of glycolysis, phosphofructokinase (PFK), 

mRNA expression was decreased in males and unexpectedly increased in females with 

diabetes. An increased drive towards glycogen breakdown was also suggested in 

females as observed from the moderate increase in glycogen debranching enzyme (Agl) 

and glycogen phosphorylase (Pygm) mRNA expression with diabetes. Together, these 

findings suggest an increased cardiac vulnerability in female diabetic mice linked with 

increased glycogenolysis and glycolysis, despite less pronounced systemic changes. 

This study provides new insight into sex differences in the relationship between 

systemic and cardiac diabetic pathology.  

3.4A Female systemic diabetic presentation not as marked as in males 

Clinical basis for sex differences in glucose handling in diabetes has been documented 

with more prominent increases in fasting blood glucose in diabetic men (Glumer et al., 

2003; Sicree et al., 2008). Few experimental studies of T1D, which have explored sex 

differences, have reported variable degrees of hyperglycaemia between different strains 

and species (Matsumoto et al., 2008; Moore et al., 2014; Nuno et al., 2010). The 

present study has shown a less marked increase in blood glucose following 5 doses of 

55 mg/kg STZ injections in female compared to male mice of C57Bl/6 background, 

comparable to reports of female hyperglycaemia observed in STZ studies using a 

similar mouse strain (Nuno et al., 2010) and human studies (Glumer et al., 2003; Sicree 

et al., 2008). The time taken to attain a 50% increase in blood glucose from the 

baseline, under acute insulin withdrawal conditions, was longer in females than in males 

suggesting a slow-developing systemic diabetic presentation in female mice (Figure 

3.2A). Similar trend was observed in other key diabetic markers, glucose intolerance 
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and HbA1c, a weighted average blood glucose change over the 8 weeks STZ period, 

confirming this sex-specific observation. Conflicting reports from the literature on 

systemic changes have identified STZ intervention in mice, predominantly through 

multiple dosage (40-125 mg/kg), to have more (Matsumoto et al., 2008), less (Nuno et 

al., 2010) or equivalent (Moore et al., 2014) increases in blood glucose in females 

compared to males. These discrepancies may be attributable to different STZ dosage 

and glucose metabolic responses between various mouse strains utilised in diabetic 

studies (Andrikopoulos et al., 2008; Berglund et al., 2008).  

Surprisingly, reduction in insulin levels was observed only in males in the present 

study. Female control mice exhibited lower basal insulin levels compared to control 

males, and with no effect of STZ. This could be attributed to the ELISA kit sensitivity 

causing limited detection of small changes in the lower end of detection range. The sex 

differences observed at baseline (lower in female controls vs. male) is surprising but are 

comparable to control levels from other studies utilising this C57/Bl6 mouse strain 

(Sandu et al., 2005). Additional, clinical studies examining differences in insulin levels 

with sex and estrogen replacement therapy (ERT) have shown high insulin levels in 

men, lower in women without ERT and lowest in women with ERT (Ferrara et al., 

1995). The smaller increase in blood glucose in females with STZ may be explained by 

lower susceptibility of STZ-induced pancreatic β-cell injury in female mice (Paik et al., 

1982) and Estradiol-treated estrogen-deficient (ArKO) mice (Le May et al., 2006). In a 

study with lower dosage of STZ (6 consecutive 35 mg/kg), female C57BL/KsJ mice 

exhibited equally severe insulitis and β-cell necrosis with less severe hyperglycaemia 

(Leiter, 1982). Estrogen has also been shown to dampen hyperglycaemia in animal 

models of diabetes by decreasing hepatic glucose production and enhancing glucose 

transport in skeletal muscle (Louet et al., 2004).  

Current criteria for the diagnosis of diabetes as recommended by the Expert Committee 

on Diagnosis and Classification of Diabetes Mellitus are elevated fasting blood glucose 

(≥ 7 mmol/L), HbA1c levels (≥ 6.5%), 2 hour-plasma glucose during OGTT (≥ 11.1 

mmol/L) and increased random plasma glucose (≥ 11.1 mmol/L) (Expert Commitee on 

Diagnosis, 2003). In agreement with sex differences reported clinically, with diabetic 

men presenting more frequently with higher blood glucose than women (Glumer et al., 

2003; Sicree et al., 2008), this study and other studies (Nuno et al., 2010) have now 

shown that the extent of hyperglycaemia is lower in female diabetic mice in a T1D STZ 
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mouse model. Therefore, the relatively subtle glycemic insult in females may not be 

detected when subjected to the current hallmark diagnostic thresholds test, thus 

warranting sex-specific diagnostic thresholds for an earlier and accurate diagnosis of 

diabetes.  

3.4B Severe diastolic and mild systolic dysfunction in T1D females but not males  

Impaired diastolic function, which precedes systolic dysfunction, (Boyer et al., 2004; 

Zabalgoitia et al., 2001) is the most common echocardiographic manifestation in T1D 

patients (Boyer et al., 2004; Zabalgoitia et al., 2001) and rodents (Huynh et al., 2012; 

Huynh et al., 2010). Given the less pronounced hyperglycaemia in female diabetic 

hearts, a less severe functional decline in females was hypothesised. Surprisingly, the 

opposite was the case. Even with a smaller extent of increase in hyperglycaemia, more 

marked diastolic dysfunction (increased E/E’ ratio, Figure 3.3C) and a mild reduction in 

ejection fraction (Figure 3.4B) were observed in the female diabetic heart. A possible 

mechanism for this observation is that the sustained hyperglycemia increased glycation 

of interstitial proteins such as collagen by forming advanced glycation end products 

(AGE) in the extracellular matrix, resulting in a further increase in myocardial stiffness 

(Mellor et al., 2015). Structural changes accompanying this functional decline in female 

hearts include modest wall thinning at diastole and increased dilation in systole (Figure 

3.5). These changes in wall dimensions were accompanied by increased interstitial 

fibrosis infiltration in the ventricular free wall in both sexes, characteristic of diabetic 

patients (Chowdhry et al., 2007; Frustaci et al., 2000) and experimental T1D (Kato et 

al., 2011; Li et al., 2011; Meloni et al., 2012). Consistent with the findings from this 

thesis, Bowden et al. also reported no sex differences in fibrotic lesions in db/db T2D 

mice (Bowden et al., 2015). Work in the STZ T1D model shows that stimulation of 

TGFβ in a hyperglycemic context promotes fibroblast collagen production, and suggests 

involvement of heightened angiotensin II signalling (Benazzoug et al., 1998; Connelly 

et al., 2007; Singh et al., 2008). In addition, apoptotic cardiomyocyte loss is evident 

when there is fibrotic infiltration in both T1D and T2D experimental models (Barouch 

et al., 2006; Fiordaliso et al., 2000). Despite these evident morphological changes, 

cardiac weight indices, when normalised to tibia length, were unchanged. A suggested 

explanation is that extracellular matrix volume increases as a “backfill” response to the 

possible myocyte loss occurring through ventricular wall thinning (Mellor et al., 2011). 
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Perplexingly, male functional deficit was not as apparent with STZ in this study 

although the morphological changes are comparable to female diabetic hearts. The 

reason behind this discrepancy is unclear. Perhaps, it is attributable to the trend towards 

a reduced heart rate with STZ in males (p=0.08, Table 3.1). This is a common 

observation in most experimental diabetic rat models (Annapurna et al., 2009; Hu et al., 

2011; Sharma et al., 2011) in contrast to normal heart rates observed in diabetic patients 

(Palmieri et al., 2008). Inferences based on heart rate dependent flow parameters (E/A 

ratio) from rodent echocardiographic analysis will therefore be affected. The slower 

heart rate in diabetic rodents are possibly due to greater (untreated) glucose 

dysregulation in the absence of insulin supplementation observed in rodent models, 

which do not recapitulate the clinical state accurately.  

The data from this chapter on accentuated female functional decline in diabetes is also 

consistent with earlier onset of diastolic dysfunction observed in a clinical diabetic 

context (Laing et al., 1999; Suys et al., 2004) and mouse T1D model (Moore et al., 

2014). Ischemic heart disease is associated with exceptionally high mortality in women 

at a young age (Laing et al., 1999). Another study among young T1D children identified 

increased cardiac hypertrophy and diastolic dysfunction in female, not male children. 

This female jeopardy was also associated with higher glycosylated haemoglobin, 

suggesting greater glucose dysregulation (Suys et al., 2004). Moore et al. have 

previously described an earlier onset of diastolic dysfunction in female CD1 mice after 

8 weeks of STZ treatment with similar increases in blood glucose in both sexes (Moore 

et al., 2014). Bowden et al. have also demonstrated an exaggerated hypertrophic and 

oxidative stress response in db/db T2D females contributing towards changes in 

structural pathology (Bowden et al., 2015). The current study is the first to demonstrate 

diastolic dysfunction in females despite a lower increase in blood glucose when 

compared to males. This suggests that glycemic status may not accurately reflect 

cardiac pathology in female mice. 

The findings in this thesis conform to heightened female cardiac response reported by 

Moore et al. (2014) and extend this work by showing that a less marked extent of 

hyperglycaemia is sufficient to cause exacerbated female cardiac structural and 

functional pathology. Three other studies in the literature have investigated sex 

differences in the T1D heart and have demonstrated contrasting results to the present 

findings. Isolated heart evaluations of young (6 weeks) and adult (12-14 weeks) STZ-
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treated rats showed reduced impairment in left ventricular pressure development 

(Rodrigues et al., 1987; Tuncay et al., 2007; Yaras et al., 2007) in females compared to 

males. The ambiguities between the present findings from this chapter and these reports 

could be attributed to differences in in vivo to ex vivo diabetic settings. The absence of 

neurohormonal contributions in the latter may not capture the diabetic pathology as 

accurately. 

3.4C Sex differences in cardiac glucose and glycogen handling  

Disturbances in systemic glycemic and insulinemic status elicit cardiomyocyte 

metabolic stress and altered glucose handling. Despite significantly reduced cardiac 

glucose uptake, diabetic hearts have been shown to accumulate glycogen in human 

(Sakakibara et al., 2011; Warren, 1930) and animal models (Alfarano et al., 2011; 

Lajoie et al., 2004; Shearer et al., 2011). It has been previously demonstrated that under 

pathological nutrient-deprivation stress, cardiac glycogen accumulation occurs 

selectively in female hearts (Reichelt et al., 2013b). To date, a direct investigation of 

sex differences on glucose/glycogen regulation in an in vivo diabetic setting has not 

been reported.  

In this study, downregulation of Gck gene expression was apparent in both sexes and is 

in agreement with other diabetic models reporting reduced glycolytic flux in animals 

and humans (Bertrand et al., 2008; Garcia et al., 2009; Semenza, 2011). In males, this 

downregulation was associated with reduced Hexokinase (HK) and Phospho-

fructokinase (PFK) expression. Interestingly, with T1D in females, Hexokinase (HK) 

was unchanged and Phosphofructokinase (PFK) was found to be upregulated, 

suggesting the presence of a glycolytic drive in female diabetics. This suggests basal 

glucose uptake utilising non-insulin dependent transporters (GLUT1) could perhaps be 

higher in female hearts as an adaptive response in diabetes. Alternatively, the increased 

glycolytic flux could be driven by substrate feed from increased glycogen breakdown. 

Indeed, in female STZ hearts, glycogen phosphorylase (Pygm) and debranching enzyme 

(Agl) was significantly higher while the expression of glycogen synthase (Gys1) was 

unchanged compared to non-diabetic controls, suggesting increased cytosolic glycogen 

breakdown. With the exception of reduced expression of glycogen synthase (Gys1), no 

other differences were significant in male diabetic hearts, validating the case for a 

differential diabetic glycogen-handling response in females. Surprisingly, despite sex-
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specific expression changes in glycolytic and glycogen-regulating genes, absolute 

glycogen levels were not different in both acute and chronic settings of diabetes in 

either sex. Differences in protein expression and post-translational modifications of 

these glycogen-handling genes could possibly explain this discrepancy. Accumulation 

of glycogen was shown to occur in NRVMs incubated in high glucose (30 mM) 

conditions only when insulin (10 nM) was present (Mellor et al., 2014). Therefore, the 

STZ mouse model may not elicit pronounced cardiac glycogen pathology under basal 

diabetic conditions. 

3.4D Limitations 

Usage of an ACCU-CHEK® glucometer with maximum detection of 33mM to monitor 

changes in blood glucose and during glucose tolerance test was a potential limitation.  

Sample dilution or alternative glucometers should be considered for future studies. The 

acute  and chronic STZ studies presented in this chapter have not been age-matched (7 

and 15 weeks old at STZ injections respectively) which may be an important 

consideration when directly comparing the two cohorts 

3.5 Conclusions and next questions 

Despite the case for earlier onset of diastolic dysfunction in T1D females established in 

the clinical context, potential sex-specific functional differences in experimental T1D 

models have received minimal focus. The findings from this chapter have demonstrated 

that less pronounced hyperglycaemia can be associated with severe diabetic structural 

and functional cardiopathology in females. Molecular evaluations suggest selective 

upregulation of genes involved in glycolysis and glycogen breakdown in female, but not 

male, hearts with diabetes. However, absolute glycogen levels were unchanged in both 

sexes. Further evaluation of sex differences in isolated cardiac function, ischemic 

vulnerability and substrate utilisation is now warranted.  

Given the female-specific glycogen response in non-pathological nutrient stress 

(Reichelt et al., 2013b) and the basis for sex differences in ischemic heart disease, it 

was hypothesised that basal sex differences in energy storage will become more 

apparent with an additional ischemic stress. Therefore, the next stage of investigations 

evaluated glycogen content and functional recovery of male and female diabetic hearts 

after being subjected to ex vivo simulated ischemia reperfusion.  
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Table 3.1 Echocardiographic function characteristics of T1D male and female 
mice. 

 Male Female 

 Ctrl STZ Ctrl STZ 

E wave (mm/s) 504±39 412±39 454±55 521±82 

A wave (mm/s) 278±36 245±28 226±30 352±72 

E’ wave (mm/s) 29.0±2.2 21.8±2.5* 28.7±1.3 21.7±2.0* 

A’ wave (mm/s) 23.4±2.0 23.1±1.5 22.6±4.2 30.2±6.3 

PHT (ms) 10.1±0.7 10.7±1.0 8.7±0.8 14.6±3.0 

Dec Slope (mm/s2) 15016±1706 11871±1680 15769±1696 12767±2108 

End diastolic vol. (mL) 134±8.8 154±8.0* 121±3.5 137±5.8 

Heart rate (bpm) 478±23 437±11 486±15 460±18 

Stroke vol. (mL) 87.3±6.6  96.7±4.1 80.7±2.2 84.6±3.3# 

Cardiac output (mL/s) 0.71±0.05 0.71±0.03 0.66±0.02 0.65±0.05 

 
Mitral valve flow velocity, early ventricular filling phase (E wave) and during atrial 
contraction (A wave); mitral valve tissue movement velocity, early ventricular filling 
phase (E’ wave) and during atrial contraction (A’ wave); pressure half time (PHT). Data 
are presented as mean ± sem (n=5-12/group). *p<0.05 vs Ctrl, #p<0.05 vs male, 2-way 
ANOVA, annotated with LSD post-hoc analyses. 
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Table 3.2 Systemic and Cardiac morphological characteristics of T1D male and 
female mice. 

 Male Female 

 Ctrl STZ Ctrl STZ 

Body weight (g) 30.6±0.4 27.0±0.5* 24.0±0.7# 23.0±0.6# 

Tibia Length (mm) 17.1±0.3 17.0±0.3 17.5±0.2 17.2±0.2 

Ventricular weight (mg) 130±4.0 115±3.2* 111±4.2# 95.9±2.9*# 

Heart weight/body weight (mg/g) 4.72±0.1 4.71±0.1 4.99±0.1 4.87±0.1 

Heart weight/tibia length (mg/mm) 8.46±0.2 7.63±0.2* 6.84±0.2# 6.44±0.2# 

IVSs (mm) 1.32±0.04 1.17±0.03* 1.40±0.03# 1.22±0.04* 

LVPWs (mm) 1.30±0.04 1.10±0.04* 1.17±0.03# 0.91±0.05*# 

RWT (ratio) 0.53±0.02 0.42±0.01* 0.51±0.01 0.40±0.01* 

DWT (ratio) 0.19±0.03 0.22±0.03 0.21±0.02 0.21±0.03 

 
Interventricular septal wall thickness at end systole (IVSs), left ventricular posterior 
wall thickness at end systole (LVPWs), relative wall thickness (RWT), diastolic wall 
thickness (DWT). Data are presented as mean ± sem (n=14-17/group). *p<0.05 vs Ctrl, 
#p<0.05 vs male, 2-way ANOVA, annotated with LSD post-hoc analyses. 
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Figure 3.1. Systemic characteristics of T1D in male and female mice. A. Blood 
glucose levels. B. Plasma insulin measurement.  C. Glycated haemoglobin measurement 
(presented as mmol/L). D. Glycated haemoglobin measurement (presented as %)  
E. Glucose disappearance following 1.5g/kg glucose load. Note- in some instances error 
bars are not discernable as they fall within symbol shapes F. Area under the glucose 
tolerance curve. Data are presented as mean ± sem. *p<0.05, 2-way ANOVA, annotated 
with LSD post-hoc analyses. Sample size (n/group) indicated within bars of graphs. 
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Figure 3.2. Acute systemic response to insulin withdrawal in male and female mice. 
A. Relative progression to 50% increase in blood glucose after STZ injections. B. Blood 
glucose levels. C. Plasma insulin levels. Data are presented as mean ± sem. *p<0.05, 2-
way ANOVA, annotated with LSD post-hoc analyses. Sample size (n/group) indicated 
within bars of graphs. 
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Figure 3.3. Diastolic dysfunction is more severe in T1D female mice.  
A. Representative echocardiography traces from Apical-4-chamber (A4C) view of 
pulse-wave (blood flow) Doppler. B. Representative echocardiography traces from A4C 
view of mitral valve tissue Doppler. C. E/E’ ratio. D. E’/A’ ratio. E. E/A ratio. F. Mitral 
valve deceleration time. Data are presented as mean ± sem. *p<0.05, 2-way ANOVA, 
annotated with LSD post-hoc analyses. Sample size (n/group) indicated within bars of 
graphs. 
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A.       B. 
 

 
 
 
C.      D.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Mild systolic dysfunction in T1D female mice.  
A. Representative m-mode traces from LV short axis view. B. Ejection fraction. 
C. Fractional shortening. D. End systolic volume. Data are presented as mean ± sem. 
*p<0.05, 2-way ANOVA, annotated with LSD post-hoc analyses. Sample size (n/group) 
indicated within bars of graphs. 
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Figure 3.5. Cardiac morphological characteristics of T1D in male and female mice.  
A. Posterior wall thickness at diastole B. Interventricular septal wall thickness at 
diastole C. LV internal diameter at diastole D. LV internal diameter at systole.                
E. Cardiac weight. F. Cardiac weight index (heart weight (mg) normalised to tibia 
length (mm)). Data are presented as mean ± sem. *p<0.05, 2-way ANOVA, annotated 
with LSD post-hoc analyses. Sample size (n/group) indicated within bars of graphs. 
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A.       B.  
 

 
 
 
Figure 3.6. Cardiac fibrotic infiltration in T1D in male and female mice.  
A. Representative picrosirius red stained transverse left ventricular sections. B. Total 
collagen (as a percentage of image area) in picrosirius red stained sections of ventricular 
tissue (n = 1-2 regions/heart; n=5 heart/group). Data are presented as mean ± sem. 
*p<0.05, 2-way ANOVA, annotated with LSD post-hoc analyses. Sample size (n/group) 
indicated within bars of graphs. 
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Figure 3.7. Expression of glucose-related metabolism genes and glycogen content 
in T1D male and female mouse hearts.  
A. Glycolytic mRNA expression analysis of hexokinase, glucokinase, 
phosphofructokinase (PFK), glycogen synthase kinase 3β (GSK3β) normalised to 18S/β-
actin reference genes-(n=3/group) B. Glycogen-handling mRNA expression profile of 
glycogen synthase (Gys1), glycogen debranching enzyme (Agl), glycogen phosphorylase 
(Pygm) and acid alpha-glucosidase (Gaa) (n=3/group). C. Glycogen levels in chronic 
STZ. D. Glycogen content in acute insulin withdrawal setting. Data are presented as 
mean ± sem. *p<0.05 vs. ctrl, 2-way ANOVA, annotated with LSD post-hoc analyses. 
Sample size (n/group) indicated within bars of graphs. 
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4.1  Introduction 

Ischemic heart disease is the leading cause of death in the Western population (Finegold 

et al., 2013). Diabetes accentuates the mortality risk of ischemic heart disease 2-3 fold 

(IDF, 2015). Acute myocardial ischemia-reperfusion injury is one of the major 

detrimental effects of ischemic heart disease. Though re-establishing blood flow to 

correct the ischemic environment is an apparent treatment option, the return of blood 

flow causes paradoxical damage to the infarct area (Yellon et al., 2007). Poor post-

infarct prognosis in diabetic patients, with worsened effects in diabetic women, has 

been documented under clinical settings worldwide (Crowley et al., 2003; Fraser et al., 

1992; Hayes et al., 2011; Lundberg et al., 1997; Norhammar et al., 2008; Seeman et al., 

1993). Thus, the clinical basis for female diabetic hearts to be prone to ischemia-

reperfusion injury is fairly well established but the underlying mechanisms are not well 

understood. 

Despite increased ischemic injury suceptibility in diabetic hearts under clinical settings, 

animal models of diabetes in experimental setting have shown conflicting results of 

more, less or no difference in the extent of cardiac damage. Most literature reports of 

STZ treatment in rats have shown less susceptibility to ischemia-reperfusion injury 

under in vivo (Ma et al., 2006; Ravingerova et al., 2003) and ex vivo conditions (Nawata 

et al., 2002; Ooie et al., 2003; Shi-ting et al., 2010). The enhanced recovery in diabetic 

rodents was possibly due to increased glycogen levels, reduced rate of glycolysis and 

decreased clearance of protons via Na+/H+ exchanger in ischemic stress (Feuvray et al., 

1997). Some T1D studies have also shown no differences (Shi-ting et al., 2010) or 

increased susceptibility to ischemic damage when STZ was administered at a higher 

dosage (70 mg/kg) (Marfella et al., 2002) or in combination of alloxan (Kersten et al., 

2000). The inconsistency between clinical and animal studies have been attributed to 

usage of glucose as primary substrate in ex vivo setting, severity of diabetes, differences 

in ischemic procedure (no-flow/low-flow protocol) and the absense of in vivo 

comorbidities (Paulson, 1997; Whittington et al., 2012). Therefore, accentuated 

ischemic jeopardy observed in diabetic patients is not always observed in experimental 

settings. This poses a challenge in identifying new treatment targets using intervention 

studies using animal models.  

The clinical basis for ischemic vulnerability among diabetic women following an infarct 

event has been documented (Crowley et al., 2003; Fraser et al., 1992). Yet, to date, no 
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work elucidating sex differences in ischemic vulnerability of T1D hearts has been 

conducted. The only available literature evidence on sex differences is the study by 

Desrois et al.(2004) from a T2D model. This study demonstrated that female T2D 

Goto-Kakizaki rat hearts exhibited poor functional recovery after ischemia while were 

no T2D effects observed in males. Reduced recovery in T2D females was associated 

with decreased pre-ischemic glycogen levels and glucose uptake during ischemia in 

females. No differences in recovery were observed in male diabetic hearts with higher 

glycogen levels (Desrois et al., 2004). It has been previously demonstrated that a 

metabolic stress of 48 hours fasting leads to selective glycogen accumulation and 

altered-phagic bulk degradation of glycogen, “glycophagy”, in female hearts (Reichelt 

et al., 2013a). Sex aspects of post-ischemic recovery in T1D are yet to be explored. Yet, 

sex differences are evident from ischemia-reperfusion studies in non-diabetic settings 

Normoglycemic female hearts generally show improved myocardial viability and 

functional recovery as compared to males (Bell et al., 2008; Brown et al., 2005; 

Lagranha et al., 2010), but some studies have also drawn associations between estrogen 

supplementation and exacerbated injury (Babiker et al., 2007; van Eickels et al., 2003). 

The role of sex steroids in cardiac ischemia is yet to be clearly defined.  

Epidemiological and clinical studies have convincingly shown evidence of increased 

susceptibility to ischemic injury in diabetic individuals. Yet, experimental studies have 

been divided in this regard, showing more, less or no differences in diabetic ischemic 

susceptibility. Lack of sex-specific studies further impedes the molecular understanding 

of ischemic responses in diabetic hearts. The aim of this study was to investigate 

whether diabetic females exhibited greater ischemic injury owing to poorer glycogen 

utlisation. This is the first demonstration of sex differences in cardiac responses to acute 

ex vivo ischemia-reperfusion challenges in T1D. Male diabetic hearts showed greater 

recovery while no differences were observed in female diabetic hearts despite earlier 

onset of injury. Differential glycogen utilisation and glucose handling effects were 

evident in male and female T1D mice. 
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4.2  Specific Methodology 

4.2A  Chronic T1D induction in mice 

Male and female mice on C57Bl/6J background were utilised (n=7-9/group) for isolated 

heart experiments. Diabetes was induced at 15 weeks of age, as described previously 

and detailed in Section 2.4. Blood glucose levels were measured before injections and at 

7 weeks post-diabetes induction using a glucometer (ACCU-CHEK® Advantage 

glucometer, Roche, Mannheim, Germany). 

4.2B  Ex vivo ischemia-reperfusion 

Ex vivo heart function was assessed in both male and female C57/Bl6 mice after 8 

weeks of STZ treatment (final age 25 weeks) as described previously in Section 2.7. 

Briefly, mice were anesthetised with sodium pentobarbitone (70 mg/kg, i.p). Hearts 

were rapidly excised and placed in ice cold perfusion fluid prior to cannulation of the 

aorta and retrograde perfusion at a constant pressure of 80 mmHg with gassed (95% O2, 

5% CO2) modified Krebs-Henseleit buffer containing (in mmol/L): 119 NaCl, 11 

glucose, 22 NaHCO3, 4.7 KCl, 1.2 MgCl2, 1.2 KH2PO4, 0.5 EDTA, 1.75 CaCl2 and 2.0 

Na pyruvate. The left ventricle was vented with a polyethylene drain inserted through 

the apex of the heart and a fluid filled balloon made from polyvinyl chloride film was 

inserted into the left ventricle and attached to a pressure transducer (AD Instruments, 

Castle Hill, NSW, Australia) to measure left ventricular pressure. Coronary flow was 

monitored using a 2N ultrasonic flow-probe in the aortic perfusion line, connected to a 

T402 flow meter (Transonic Systems, Inc., Ithaca, NY). Hearts were allowed to 

equilibrate for 15 mins prior to data collection. Non-paced data were recorded for 5 

mins, and subsequent recordings were made under paced conditions (420 beats per 

minute). Left ventricular end-diastolic pressure (LVEDP) was set at 5 mmHg for all 

hearts. Baseline functional measurements were made before subjecting hearts to a 20 

mins period of global zero-flow normothermic ischemia. Hearts were then aerobically 

reperfused. Ventricular pacing was discontinued on induction of ischemia and resumed 

after 2 mins of reperfusion (Reichelt et al., 2009). Peak contracture and time of onset of 

contracture were measured relative to LVEDP. Pacing at baseline and during 

reperfusion allows for direct comparison of mechanical performance under relatively 

standard conditions. 
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4.2C  Tissue collection 

Following reperfusion for 45 mins, hearts were removed from the apparatus, weighed 

and snap-frozen in liquid N2 as described in Section 2.8.  

4.2D  Glycogen content analysis 

Perfused hearts were homogenised in buffer (Tris-HCL 100mM pH7.0, EGTA 5mM; 

Sigma-Aldrich, MO, USA) (4°C, 5% w/v) containing phosphatase and proteinase 

inhibitors (Roche, Basel, Switzerland), as per the protein extraction protocol outlined in 

Section 2.9. Cardiac glycogen concentration was measured by digesting aliquots of 

mouse ventricular crude homogenate with and without amyloglucosidase (Sigma-

Aldrich, St. Louis, MO, USA) at 50°C for 20 mins in a buffer containing 0.1 M sodium 

acetate pH 6.0. Following centrifugation at 14,000 g for 2 mins, an aliquot was removed 

and glucose levels were determined using a two-enzyme, colorimetric glucose assay 

(Sigma- Aldrich, St. Louis, MO, USA). Glycogen content was obtained from 

subtracting total (enzyme-digested) glucose from free glucose (undigested) levels. 

Glycogen concentrations reported were from glycosyl units (nmol) normalised to 

protein (mg, determined by Modified Lowry Assay (Peterson 1977) as described in 

Section 2.12) for comparative purposes. 
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4.3  Results 

4.3A Basal left ventricular function in ex vivo hearts is not impaired by T1D 

Changes in systemic blood glucose and cardiac weight indices with STZ in non-

perfused hearts (Chapter 3) were reproduced in this cohort of mice (Table 4.1). After 7 

weeks of STZ treatment, the extent of STZ-induced increased blood glucose was less 

pronounced in females (Female-STZ vs. Ctrl: 1.6-fold and Male-STZ vs. Ctrl: 2.8-fold 

increase, p<0.05, Table 4.1). No differences in cardiac weight indices (CWI) were 

observed with diabetes in either sex, although CWI values were notably higher in all 

groups in comparison to the non-perfused hearts (Table 4.1 compared with Table 3.2). 

This is attributable to the usage of cell free crystalloid bicarbonate buffer with low 

oncotic pressure, which confers oedema to the perfused heart (Liao et al., 2012). 

Normoxic (baseline) contractile performance was assessed from Langendorff-perfused 

hearts after 8 weeks of STZ or citrate-buffer vehicle treatment in males and females. Ex 

vivo functional measurements were taken under paced setting (420 beats per min) 

during stabilisation period to obtain a standardised comparison with ex vivo post-

ischemic function. After 15 mins of equilibration period, there were no STZ-induced 

differences in contractile performance in both sexes. Systolic function, described by left 

ventricular developed pressure and dP/dtmax was lower in female vs. male hearts 

(ANOVA sex factor effect, p<0.05, Figure 4.1A and Figure 4.1C). Interestingly, a 

slower rate of relaxation was evident in both control and diabetic females and statistical 

significance was reached in STZ group, as observed by lower dP/dtmin in STZ females 

compared to STZ males (Female-STZ vs. Male-STZ: 37.4% lower, p<0.05, Figure 

4.1D). End-diastolic pressure (Figure 4.1B) and coronary flow (Figure 4.1E) were 

unchanged with diabetes in either sex. Heart rate during pre-pacing also did not differ 

between any of the groups (Figure 4.1F), confirming that the contractile changes 

observed were independent of intrinsic heart rate alterations. Thus, ex vivo basal 

function was preserved with STZ treatment in males and females. In general, female 

hearts depicted lower systolic function and slower rate of relaxation, consistent with 

previous reports on hypocontractile influence of estrogen in isolated cardiomyocytes 

(Curl et al., 2003).  
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4.3B  Despite earlier onset of contracture, ischemic injury is not different in 
female T1D mice 

Time-compressed representative traces of STZ and control hearts of males (Figure 

4.2A) and females (Figure 4.2B) show left ventricular pressure changes throughout 20 

mins ischemia and early reperfusion period. Time to ischemic contracture, indicated by 

end-diastolic pressure reaching 15 mmHg during the 20 mins ischemic period, was not 

different with STZ in males (Figure 4.2C) but was significantly reduced in females 

(Female STZ vs. Ctrl: 27.6% earlier, p<0.05, Figure 4.2C). Interestingly, peak 

contracture was not different with STZ treatment in either sex (Figure 4.2D). Sex 

differences were evident, with higher peak contracture in males (Male-Ctrl vs. Female-

Ctrl: 40.3% higher, p<0.05, Figure 4.2D). Overall, ischemic injury responses were 

different between the sexes: with diabetes, despite the earlier onset of contracture in 

females, the extent of injury was unchanged.  

4.3C  Pronounced functional rebound in male T1D but not in female T1D.  

Although male T1D exhibited similar ex vivo basal function and ischemic injury as 

controls, a more pronounced rebound of systolic function was evident in male STZ 

throughout the 30 mins reperfusion period (Figure 4.3A and Figure 4.3C). The recovery 

(at 30 mins of reperfusion expressed as a percentage baseline) of both LV Developed 

pressure (Male Ctrl vs. STZ: 46.6±7.3 vs. 75.4±5.8% basal, p<0.05, Figure 4.3A and 

Figure 4.4A) and dP/dtmax (Male Ctrl vs. STZ: 56.1±9.0 vs. 93.7±8.0% basal, p<0.05, 

Figure 4.3A and Figure 4.4A) was significantly higher in male STZ hearts in 

comparison to controls (Figure 4.3A and Figure 4.4C). Additionally, diastolic recovery 

was also enhanced in male STZ hearts, as shown through lower LVEDP (Male Ctrl vs. 

STZ: 20.3±4.0 vs. 7.9±2.3mmHg, p<0.05, Figure 4.4B) and increased dP/dtmin at 30mins 

reperfusion (Male Ctrl vs. STZ: 30.9% increase, p<0.05, Figure 4.3E and Figure 4.4D). 

Therefore, greater systolic and diastolic functional recovery was observed in male 

diabetic hearts following acute ischemia-reperfusion.  

Despite the earlier onset of contracture in diabetic females, contractile functional 

recovery was unchanged with T1D as shown in representative traces for LV Developed 

pressure, dP/dtmax and dP/dtmin throughout the reperfusion period (Figure 4.3B, Figure 

4.3D and Figure 4.3F). With STZ administration, no changes were observed LV 

Developed Pressure (Female Ctrl vs. STZ: 78.0±9.4 vs. 70.3±4.6% basal, Figure 4.4A) 

or dP/dtmax (Female Ctrl vs. STZ: 91.3±9.0 vs. 92.0±5.1% basal, Figure 4.4C) at 30 mins 
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reperfusion. Diastolic functional recovery post ischemia was also similar between 

control and STZ females. No T1D-induced differences were observed in LVEDP 

(Female Ctrl vs. STZ: 15.4±3.3 vs. 9.5±1.6 mmHg, Figure 4.4B) or dP/dtmin (Female 

Ctrl vs. STZ: 56.1±9.0 vs. 93.7±8.0% basal, Figure 4.4D) in females. Therefore, earlier 

onset of contracture observed in female diabetic hearts was not associated with any 

differences in the extent of injury and functional recovery in reperfusion. 

4.4D  Reduced cardiac glycogen content in post-ischemic male T1D but not in 
female T1D 

To determine whether cardiac fuel utilisation under ischemic stress is different between 

male and female T1D, glycogen content was enzymatically measured in the hearts 

following reperfusion. Interestingly, differences in the extent of recovery in reperfusion 

in both male and female T1D was associated with altered glycogen and glucose 

handling. Free glucose levels were higher in T1D females (Female-STZ vs. Ctrl: 27.3% 

increase, p<0.05, Figure 4.4A) and unchanged in T1D males (Figure 4.4A). A trend 

towards reduction in glycogen content was observed in male STZ (Male-STZ vs. Ctrl: 

44 % reduced, p=0.08, Figure 4.5B) but not in female STZ (Figure 4.5B). Sex 

differences were evident in glycogen content at the end of reperfusion, with higher 

glycogen in female compared to male STZ (Female-STZ vs. Male-STZ: 2.2-fold higher, 

p<0.05 Figure 4.4B). Therefore, in male STZ, there were no differences in free glucose 

levels and a trend towards reduction in glycogen following reperfusion. In contrast, free 

glucose levels were increased in female diabetic mice while glycogen levels were 

unchanged. Together, these results suggest that pronounced functional rebound 

following reperfusion reduced was linked with increased glycogen utilisation in male 

T1D and this effect was not observed in female T1D.  
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4.4  Discussion 

This study provides a novel demonstration of sex differences in ex vivo cardiac ischemic 

recovery responses in T1D. Epidemiological and clinical studies have convincingly 

shown evidence of increased susceptibility to ischemic injury in female diabetic 

individuals. The lack of sex-specific studies impedes molecular understanding of 

ischemic tolerance in diabetic hearts. Using an isolated perfused heart model, the 

current study assessed the extent of myocardial injury during ischemia-reperfusion in 

STZ-induced chronic T1D in males and females. T1D was associated with greater 

cardiac systolic and diastolic functional recovery following an acute 30 mins 

reperfusion period in male but not female mice. In females, the onset of ischemic 

contracture occurred earlier with diabetes, yet functional recovery at the end reperfusion 

was unchanged. Tissue analysis at the end of reperfusion indicated coincidental higher 

free glucose levels in female STZ mice, suggestive of a higher glucose uptake as an 

adaptive response during ischemia in female diabetic hearts. Interestingly, glycogen 

levels trended towards a decrease in males and were significantly higher in females with 

diabetes, indicative of a diminished glycogen utlisation scenario in females. The data 

from this chapter provides potential new insight into differential functional recovery 

associated with cardiac substrate utilisation in a diabetic ischemia reperfusion setting. 

4.4A  Diabetes is associated with greater post-ischemic functional recovery in 

male but not female diabetic hearts  

During ischemia, the steady increase in diastolic pressure is characteristic of ischemic 

contracture (or “rigor”). While the mechanistic basis remains unknown, contracture 

may be a key factor in determining injury and post-ischemic outcome (Hearse et al., 

1977). In male diabetic mice, there were no changes in injury susceptibility, as 

suggested by the lack of differences observed in time of onset and peak contracture 

(Figure 4.2A-B). Surprisingly, greater recovery in contractile and diastolic function 

(Figure 4.4) was associated with a trend towards reduced glycogen levels (Figure 4.5B) 

in the heart following the acute 30 mins reperfusion period. Notably, pre-ischemic 

cardiac glycogen levels were not different with diabetes in both males and females as 

reported in Chapter 3 (Figure 3.7C), suggesting better utilisation of glycogen in male 

heart during ischemia. Though the enhanced functional recovery contrasts with clinical 

observations (discussed further in Section 4.4F), these results are consistent with many 
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male STZ-induced T1D reports which have demonstrated similar low susceptibility to 

ischemia-reperfusion injury in diabetic hearts under in vivo (Ma et al., 2006; 

Ravingerova et al., 2003) and ex vivo conditions (Ma et al., 2006; Nawata et al., 2002; 

Ooie et al., 2003; Shi-ting et al., 2010; Tani et al., 1988). The greater recovery in 

experimental diabetic models has been suggested to be associated with increased pre-

ischemic glycogen levels (Nawata et al., 2002) and reduced Ca2+ uptake during 

reperfusion (Tani et al., 1988). In the present study, male diabetic hearts depicted no 

differences in ischemic injury and greater recovery during acute reperfusion. 

Collectively, findings from the present study and literature suggest better substrate 

utilisation, particularly glycogen, during ischemia as a possible explanation for this 

greater recovery.  

4.4B  Despite earlier onset of contracture, extent of injury is not different in 

female diabetic hearts 

An earlier onset and/or higher amplitude of contracture is generally indicative of an 

unfavourable post-ischemic outcome (Hearse et al., 1977). Unlike in the males, earlier 

onset of contracture was evident in T1D females (Figure 4.2A), suggesting escalated 

ATP depletion and earlier onset of acidosis (Bell et al., 2011a). These results are 

consistent with worsened post-infarct outcomes in diabetic women observed clinically 

(Ouhoummane et al., 2009). Comparable ischemic injury in T1D has been shown in 

more severe experimental T1D male studies, which utilise a higher dosage of STZ (70 

mg/kg) (Jones et al., 1999; Kersten et al., 2000; Marfella et al., 2002). Larger infarct 

sizes were also reported in in vivo non-recovery ischemia in rats given a higher dosage 

of STZ (70 mg/kg) (Marfella et al., 2002). Some indication of escalated injury onset in 

female diabetes was present in the current study. 

Literature evidence of sex-specific Ca2+ handling responses in diabetes is available from 

non-ischemic studies. Therefore, a female-specific regulation in Ca2+ handling in during 

ischemic stress in T1D was expected. During ischemia, depletion of intracellular ATP 

levels and Ca2+ overload are associated with a steady increase in diastolic pressure 

(Reichelt et al., 2007). However, in the current study, no T1D-induced differences in 

peak contracture (magnitude of increase in diastolic pressure) were observed at the end 

of ischemia in either sex (Figure 4.2B), indicating Ca2+ overload was not exacerbated 

with T1D in the cytosol. Consistent with the lack of Ca2+ overload with STZ in females 
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from this study, altered Ca2+ signalling has been reported to be less pronounced in db/db 

females than males (Pereira et al., 2006). However, the marked Ca2+ changes reported 

in db/db males (Pereira et al., 2006) conflicts with the findings from males in the 

current STZ study, possibly attributable to differences in T1D and T2D Ca2+ 

misappropriation. 

In addition, contractile function measured following an acute reperfusion period was not 

different between female controls and diabetic mice (Figure 4.4). An accelerated rate of 

contracture onset was observed in female diabetics, indicative of some injury, but the 

extent of injury and functional recovery after acute reperfusion was similar to non-

diabetic mice. Whether exacerbated functional detriment would emerge after longer 

periods of reperfusion is yet to be investigated. 

4.4C  Sex differences in post-ischemic functional recovery  

In the control groups, the female contractile recovery in reperfusion was greater than in 

male mice (Figure 4.4). These sex differences are in agreement with studies 

demonstrating lower susceptibility to post-ischemic contractile deficit and cell death in 

females compared to males (Bell et al., 2008; Brown et al., 2005; Lagranha et al., 

2010). This estrogen-modulated “protection” is lost in association with other 

cardiovascular pathologies such as hypertrophy (Bell et al., 2008). In the current study, 

with diabetes, males showed greater recovery (vs. Male-Ctrl) while females showed no 

differences, despite indications of early injury onset (vs. Female-Ctrl). Findings from 

the current study are somewhat consistent with the reports from Desrois and colleagues 

(2004), the only other study in the literature, which has examined sex differences in 

diabetic ischemic recovery. While contracture was not reported, they found that female 

Goto-Kakizaki (T2D) rats had 30% lower contractile functional recovery compared to 

their male counterparts after a 32 mins low-flow ischemia and 32 mins reperfusion 

protocol. These findings were associated with hypertrophy, greater insulin resistance 

and reduced insulin-stimulated glucose uptake in females (Desrois et al., 2004). In 

summary, male and female diabetic mice respond differently to acute ischemia-

reperfusion in diabetes. During reperfusion, functional recovery was greater in male 

T1D mice and unchanged in female T1D mice, despite the earlier onset of ischemic 

injury in the latter.  
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4.4D  Evidence of T1D female-specific substrate handling in reperfusion  

Studies reporting conferred protection in ischemia in diabetes have attributed the greater 

recovery in diabetic hearts to increased pre-ischemic glycogen content (Nakao et al., 

1993; Nawata et al., 2002). Diabetic rats are also pre-conditioned (vs. controls), 

suggesting that metabolic adaptations of the myocardium during ischemia is associated 

with the extent of injury which transpires during subsequent reperfusion (Liu et al., 

1993). Glycogen increases selectively in females in the non-pathological nutrient 

deprivation stress of fasting (Reichelt et al., 2013a). Glycogen and glucose handling 

differences investigated in hearts at the end of the acute reperfusion gives some intuitive 

molecular insights into the different ischemic responses in male and female diabetes. 

Interestingly, the extent of injury during acute ischemic-reperfusion in females was 

coincident with higher free glucose availability and no change in glycogen in the 

myocardium post-reperfusion (Figure 4.5A). This is suggestive of higher basal glucose 

uptake in female STZ mice, independent of insulin availability, when coronary 

circulation was reinstated in reperfusion. Estrogen is known to directly modulate insulin 

signalling by regulating the P13K/Akt pathway by binding to membrane-associated 

estrogen receptors to activate P13K (Gao et al., 2002; Patten et al., 2004). This could 

partially explain the lack of difference in functional recovery in female hearts despite an 

earlier onset of injury. 

Although no changes were observed in pre-ischemic glycogen in acute and chronic STZ 

(Figure 3.3E-F), there was a trend towards reduced glycogen in male diabetic hearts 

following 30 mins of acute reperfusion (p=0.08). The enhanced recovery in males could 

therefore be due to better utlisation of this fuel as an energy source during ischemic 

stress. In contrast, females STZ mice (vs. Ctrl) had no differences in glycogen. Notably, 

female hearts also contained significantly higher glycogen levels compared to male 

diabetics (Figure 4.5B). This indicates diminished glycogen utilisation conditions in 

female STZ mice. Therefore, there are apparent sex differences in metabolic 

management of glucose and glycogen in diabetic hearts following acute ischemia-

reperfusion. Whether this metabolic alteration is an adaptive/maladaptive response 

remains to be investigated. 
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4.4E  Unchanged ex vivo baseline function with diabetes in both sexes  

Ex vivo baseline function was not different with chronic STZ administration (Figure 

4.1). The discrepancy between the ex vivo function and in vivo assessment reported in 

Chapter 3 is possibly due to isolated heart experimental ex vivo set up. Although 

relaxation parameters can be accurately assessed in ex vivo settings, it is difficult to 

establish the presence of diastolic dysfunction under baseline conditions as the left 

ventricular balloon is inflated to yield an end-diastolic pressure of 5 mmHg during the 

stabilisation period. This standardises the balloon pressure on the ventricular wall at 

diastole which allows accurate assessment of ventricular performance between different 

hearts of varying ventricular chamber sizes (Reichelt et al., 2007). T1D-induced 

changes in systolic function were not detected in ex vivo setting in either sex. Basal sex 

differences were observed with female control (vs. male control) hearts exhibiting lower 

contractile function and a slower relaxation rate (Figure 4.1). This was in line with 

estrogen-mediated downregulation in cardiomyocyte performance, which has been 

shown in many instances in normoxia and normoglycemia (Bell et al., 2011b; Curl et 

al., 2003; Curl et al., 2001). Given that no diabetes-induced differences in baseline 

cardiac performance were detected in this experimental ex vivo setting, diabetes and sex 

effects detected at the end of reperfusion are entirely attributable to cardiac responses 

during the ischemia-reperfusion period. 

4.4F  Limitations-Discrepancy between clinical and experimental settings 

The greater reperfusion recovery following ischemia observed in male T1D in this study 

and other experimental studies does not correlate with higher clinical risk of mortality in 

diabetic patients, post-infarct (Crowley et al., 2003; Hayes et al., 2011; Norhammar et 

al., 2008). The discrepancy between experimental and clinical findings could account 

for limitations in substrate availability and ischemic conditions used in ex vivo settings. 

Firstly, usage of Krebs-Henseleit perfusion buffer with glucose as the sole energy 

substrate may not be closely reflective of an in vivo substrate pool, which is 

predominantly fatty acid dependent (Paulson, 1997; Whittington et al., 2012). Addition 

of pyruvate or free fatty acids to the Langendorff rig is avoided in this study as it 

presents frothing issues when sintered glass oxygenators are used to oxygenate the 

buffer (Bell et al., 2011b). Yet, it may be key to best reflect the diabetic in vivo 

substrate environment. Indeed, reduced reperfusion function was reported in aged male 
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T2D Goto-Kakizaki rats with fatty acids and glucose as substrates in the perfusate 

(Desrois et al., 2010). Secondly, reperfusion recovery measured in an acute 30 mins 

setting may not be comparable to long-term post-infarct recovery. Follow up of 

myocardial infarct patients showed no diabetes influence on 30-day mortality rate but a 

significantly higher 1-year and 5-year mortality rate (Ouhoummane et al., 2009). Lastly, 

some experimental T1D studies have also shown increased ischemic damage when STZ 

was administered at a higher dosage (70 mg/kg) (Marfella et al., 2002) or in 

combination with alloxan (Kersten et al., 2000) or was subjected to longer duration 

reperfusion (2 hours) (Marfella et al., 2002). It is worth noting that these studies have 

measured myocardial infarct size in ischemia, as opposed to functional evaluations 

during reperfusion (Kersten et al., 2000; Marfella et al., 2002). Collectively, these 

studies suggested that, (1) availability of glucose as the only substrate in the perfusate, 

(2) reperfusion functional assessment in acute, not chronic, settings and (3) less severe 

diabetic phenotypes could explain the enhanced recovery observed in this study. In 

addition, other reperfusion injury may involve ventricular fibrillation (VF), ventricular 

tachycardia (VT) and LDH release with loss in sarcolemmal integrity but these were not 

measured in this study. Therefore, findings from this study have identified important 

sex differences in the immediate response to ischemia in diabetes, but extrapolation of 

these findings to long-term outcomes is limited.  

4.5  Conclusions and next questions 

This investigation provides the first evidence of sex-specific responses to ischemia and 

functional recovery during acute reperfusion in an experimental T1D setting. Male T1D 

mice exhibited greater recovery in acute reperfusion and were associated with more 

efficient utlisation of glycogen stores. Despite the earlier onset of ischemic contracture 

in T1D females, the subsequent functional recovery at the end of acute reperfusion was 

unchanged. These findings provide new information about underlying sex-specific 

ischemia-reperfusion responses in the diabetic heart. Further investigation into energy 

utlisation, extent of cell death and fibrotic infiltration is now warranted. 

This chapter extended the work presented in Chapter 3 in non-perfused hearts, where 

less pronounced systemic changes were associated with more severe diastolic 

dysfunction and structural pathology in T1D females. Tissue analysis suggested sex-

specific perturbations in glucose and glycogen handling. This study examined whether 
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these sex differences in metabolic and functional adaptations in T1D become more 

apparent in an ischemic environment, which conferred an additional nutrient challenge 

to the diabetic myocardium. An isolated heart model was utilised to assess ischemic 

damage and function after an acute reperfusion period in T1D male and female hearts. 

In females, the functional deficit was not different with T1D (even with earlier onset of 

contracture). Interestingly, female T1D hearts also had higher free glucose stores and 

unaltered glycogen stores, suggesting diminished access to glycogen stores. These novel 

findings suggest sex-specific glycolytic fuel management during ischemic reperfusion, 

which may be important in determining the extent of underpinning injury in the heart.  

Since the first report from Mellor et al. on increased cardiac autophagy, a programmed 

cell death process (Mellor et al., 2011), in T2D, there has been a deluge of experimental 

studies examining autophagy in diabetic hearts. Sexual dimorphism has also been 

reported in macro-and glyco-phagic processes in non-diabetic setting (Reichelt et al., 

2013b). Given the sex differences in structure, function and metabolic differences in 

Chapter 3 and 4, the next stage of investigation (Chapter 5) therefore evaluated an 

operational snapshot of cell death and fuel metabolism in male and female T1D mice. 
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Table 4.1 Systemic and cardiac morphologic characteristics of T1D male and 
female mice. 

 Male Female 

 Ctrl STZ Ctrl STZ 

Blood glucose (mM) 8.1 ± 0.4 23.0 ± 2.1*  8.2 ± 0.3 13.4 ± 1.6*# 

Body weight (g) 31.3 ± 1.8 25.8 ± 0.6* 26.4 ± 1.3# 22.8 ± 0.5* 

Tibia length (mm) 17.1 ± 0.1 16.7 ± 0.3 17.7 ± 0.7 16.8 ± 0.2 

Heart weight (mg) 167 ± 6 143 ± 8* 145 ± 8# 126 ± 5 

Heart weight/body weight (mg/g) 5.5 ± 0.3 5.6 ± 0.3 5.2 ± 0.2 5.5 ± 0.1 

Heart weight/tibia length (mg/mm) 9.7 ± 0.3 8.6 ± 0.5 7.9 ± 0.4# 7.4 ± 0.3 

 
Data are presented as mean ± sem (n=8-13/grp). *p<0.05 vs. Ctrl, #p<0.05 vs. male, 2-
way ANOVA, annotated with LSD post-hoc analyses. Heart weights were measured 
post ischemia-reperfusion. 
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A.       B. 

                     
C.      D.  

                
E.      F. 

                              
Figure 4.1. No effect of T1D on basal left ventricular function in ex vivo male and 
female mouse hearts. Post 15 mins perfusion equilibration period, hearts were paced at 
420 beats per min. A. Left ventricular developed pressure (LV DevP). B. Left 
ventricular end-diastolic pressure (LVEDP). C. Left ventricular maximum rate of 
contraction (dP/dtmax). D. Left ventricular maximum rate of relaxation (dP/dtmin). 
E. Coronary flow rate. F. Heart rate, pre-pacing.  Data are presented as mean ± sem. 
*p<0.05, 2-way ANOVA, annotated with LSD post-hoc analyses. Sample size (n/group) 
indicated within bars of graphs. 
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Figure 4.2. Sex differences in ischemic injury in T1D mice. A. Representative 
pressure traces of male control and STZ mouse hearts throughout the ischemia-
reperfusion protocol. B. Representative pressure traces of female control and STZ 
mouse hearts throughout the ischemia-reperfusion protocol. C. Time to onset of 
ischemic contracture. D. Amplitude of ischemic contracture. Data are presented as mean 
± sem. *p<0.05, 2-way ANOVA, annotated with LSD post-hoc analyses. Sample size 
(n/group) indicated within bars of graphs. 
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A.       B. 

 
  C.      D.  

 
E.      F.  

  
 
Figure 4.3. Sex differences in the recovery of contractile function post 20min 
ischemia in T1D mice. A, B. Percentage recovery of systolic function (left ventricular 
developed pressure, LV DevP). C, D. Percentage recovery of left ventricular maximum 
rate of contraction (dP/dtmax). E, F.  Percentage recovery of left ventricular maximum 
rate of relaxation (dP/dtmin). Data are presented as mean ± sem. *p<0.05, Students’ t-test 
between Ctrl and STZ groups at each timepoint. 
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A.       B. 

                                  
C.      D.  

                              
 
Figure 4.4. Left ventricular function at 30 mins reperfusion of ex vivo T1D male 
and female mice hearts. A. Percentage recovery of systolic function (left ventricular 
developed pressure, LV DevP). B. Left ventricular end-diastolic pressure (LVEDP).  
C. Percentage recovery of left ventricular maximum rate of contraction (dP/dtmax).  
D. Percentage recovery of left ventricular maximum rate of relaxation (dP/dtmin). Data 
are presented as mean ± sem. *p<0.05, 2-way ANOVA, annotated with LSD post-hoc 
analyses. Sample size (n/group) indicated within bars of graphs. 
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A.       B. 

                        
 
Figure 4.5. Differential glycogen utilisation in male and female T1D mouse hearts 
post ischemia-reperfusion. A. Cardiac free glucose content normalised to protein. B. 
Cardiac glycogen content normalised to protein. Data are presented as mean ± sem. 
*p<0.05, 2-way ANOVA, annotated with LSD post-hoc analyses. Sample size (n/group) 
indicated within bars of graphs. 
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5.1  Introduction 

Findings from the preceding two chapters demonstrated that female diabetic cardiac 

structural and functional pathologies were more marked despite modest changes at the 

systemic level. This sex disparity may be attributable to diminished cardiac glycogen 

utilisation and a differential diabetic glucose handling response in females. This chapter 

provides an operational snapshot of gene expression changes in male and female T1D 

myocardium to further elucidate metabolic adaptation in diabetes. Beyond the well-

defined T1D and the classical obesity-related T2D, there is renewed interest in the 

underweight or normal weight lean (25<BMI<18) diabetes that is so far not well 

characterised (George et al., 2015). Therefore, this chapter also compares the T1D 

findings to those from T2D models (lean and obese) and investigates early metabolic 

and energy stress responses in diabetes between cardiac and skeletal muscle. The goal 

of this chapter is to compare and contrast the differences in gene profiles between 

different diabetic states and tissues. 

Alterations in myocardial substrate metabolism and energetics in diabetes is an 

important early adaptive response in the heart (Han et al., 2014; Liu et al., 2001; Pham 

et al., 2014; van Heerebeek et al., 2008). Suppression of P13K/Akt insulin signalling in 

insulin-deficient or insulin resistant settings is linked with reduced GLUT4 glucose 

transporters on the plasma membrane and restricted glucose uptake (Boudina et al., 

2006; Desrois et al., 2004). A decline in glycolysis and pyruvate oxidation is also 

observed in human diabetic patients (Peterson et al., 2015) and animal models of 

diabetes (Boudina et al., 2006) along with a shift to higher reliance on fatty acid 

oxidation for energy supply (An et al., 2006). A paradoxical increase in glycogen has 

been documented in clinical (Mowry et al., 1951; Sakakibara et al., 2011; Warren, 

1930) and experimental diabetic hearts (Alfarano et al., 2011; Lajoie et al., 2004; 

Shearer et al., 2011). Rodent models have shown increases in cardiac glycogen content 

in parallel with a depletion of liver and skeletal muscle glycogen stores (Kokubun et al., 

2009). In addition, conflicting effects of fasting, adrenergic stimulation, hypoxia, 

insulin, and exercise on skeletal vs. cardiac muscle glycogen supplies were identified in 

a number of early pioneering studies (Dudley et al., 1923; Evans, 1934). Thus, the 

occurrence of myocardial metabolic dysregulation in T1D is evident and tissue 

specificity is apparent, yet the fundamental basis for the differential metabolic responses 

in distinct muscle types is still not understood. 
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Clinical evidence of sex differences in glucose handling has been demonstrated in non-

diabetic and T2D settings. A lower utilisation of glucose was associated with ageing 

female, but not male, hearts in healthy human subjects (Kakinuma et al., 2013). With 

the onset of insulin resistance, PET-generated time activity curves reveal more marked 

reduction in glycolysis, glycogen deposition and glucose oxidation with T2D in men 

compared to women (Peterson et al., 2015). Experimental studies have demonstrated a 

pivotal role for the estrogen receptor alpha (ERα) in maintaining sufficient myocardial 

glucose uptake in female mice (Arias-Loza et al., 2012) and a direct regulatory effect of 

estrogen on the insulin pathway via upregulation of Akt (Patten et al., 2004). This 

pathway plays a crucial role in the metabolic stress response via regulation of glucose 

transport and storage as glycogen. However, molecular mechanisms associated with this 

sex-specific metabolite handling response in a diabetic experimental setting have not 

been explored. 

Intracellular glucose deprivation and impaired glucose signalling in the diabetic heart 

pose a significant increase in energy stress, which in turn causes aberration of cardiac 

macroautophagy (bulk protein degradation) (Mellor et al., 2011) and glycogen-specific 

autophagy-“glycophagy” (Reichelt et al., 2013). Interestingly, P13K/insulin and AMPK 

signalling are common regulators for glycogen handling and autophagy.  Insulin 

signalling promotes glycogen storage via Akt inhibition of glycogen synthase kinase 3β 

(GSK3β) and suppresses autophagy via mammalian target of rapamycin (mTOR) 

inhibition of unc51-like kinase 1/2 (ULK1/2) (Jung et al., 2010; Mammucari et al., 

2008). AMP-activated kinase (AMPK) indirectly promotes glycogen storage by 

increasing glucose uptake (Hunter et al., 2011) leading to allosteric activation of 

glycogen synthase via glucose-6-phosphate. Unlike insulin signalling, AMPK promotes 

autophagy via activation of ULK1/2 (Mack et al., 2012). Following the first evidence 

from Mellor et al. (2011) on increased cardiac autophagy in diabetic hearts, a number of 

experimental studies have shown increased (Lee et al., 2012; Wang et al., 2014), 

decrease (Xie et al., 2011b; Xu et al., 2015; Zhao et al., 2013) or unchanged (Lee et al., 

2014; Marsh et al., 2013) autophagic responses using various T1D and T2D models. 

The reason for this variability is neither attributable to different diabetic models nor the 

severity of diabetes (Delbridge et al., 2015), as contrasting outcomes within the same 

model (STZ mouse, 150 mg/kg x1 injection) have been reported (Eguchi et al., 2012; 

Xu et al., 2013b). A proposed explanation is that the autophagic response is a net 
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regulatory outcome between AMPK and Akt signalling (Delbridge et al., 2015) but this 

is yet to be confirmed, as changes in these key regulators of autophagy have not always 

been reported along with the hallmark autophagic markers. Therefore, the present study 

has for the first time conducted a more extensive evaluation of the autophagy machinery 

(in addition to the key autophagy markers) in different diabetic models in order to 

understand important differences in autophagy in both T1D and T2D.  

Some evidence of sex differences in autophagy is evident from studies in non-diabetic 

settings. An increased susceptibility to macrophagy (increased LC3BII:I ratio) in female 

compared to male rat hearts when subjected to 30mins coronary artery occlusion has 

been reported. No accompanying changes in the apoptotic markers, Bax to Bcl2 ratio 

have been reported in females, which is in contrast to the marked rise in males (Chen et 

al., 2013). A more pronounced activation of autophagic markers in females has also 

been reported in other non-cardiac cells (Maselli et al., 2009; Straface et al., 2009). An 

increase in glycophagic response observed in females following a 48 hour nutrient-

deprived stress model is absent in males. This is associated with selective increase in 

activation of AMPK, Akt, glycogen tagging protein, STBD1 and glycophagosomal 

protein, GABARAPL1, in females (Reichelt et al., 2013). Sex differences in diabetic 

macroautophagic and glycophagic responses in diabetic hearts are yet to be delineated. 

Cardiac-specific metabolic alterations in diabetes are evident and have been associated 

with cell death pathology. In addition to apoptotic cell loss, evidence of phagic 

processing of macromolecules and glycogen in diabetic hearts has emerged in recent 

years. The utilisation of various experimental diabetic rodent models with diverse 

metabolic perturbation profiles has made it difficult to reach a consensus. Sex-specific 

differences have not been explored. Therefore, this study examines the fundamental 

molecular changes in glycogen handling, glycophagy, autophagic, insulin and AMPK 

signalling in diabetic hearts. First, sex differences are examined using the STZ-induced 

T1D mouse model utilised in this thesis so far. In addition, changes in a genetic and a 

dietary T2D model are compared against findings from a T1D setting. Finally, 

comparative tissue analysis in an acute T1D setting is performed using cardiac and 

skeletal muscle. Novel findings reported in this chapter include sex-specific glycogen 

handling in T1D, with increased enzyme-regulated glycogen breakdown in females and 

increased “glycophagic”- bulk breakdown in males with T1D. A pronounced increase in 

autophagic drive was also evident in female but, not male T1D. In addition, both lean 
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and obese T2D models depicted sharp contrasts in metabolic and autophagic gene 

expression. In an acute insulin withdrawal T1D setting, cardiac and skeletal responses 

were not different from one another. 

5.2  Specific Methodology 

All animals utilised in this study were handled in accordance with the Australian Code 

of Practice for the Care and Use of Animals for Scientific Purposes 

(NHMRC/CSIRO/ACC, 2013). All the procedures involved were approved by Animal 

Ethics Committee of the University of Melbourne (AEC Approval Numbers: 1112184, 

1101838, 1101784). 

5.2A  Animal models of diabetes 

Four different animal models of diabetes were used in this study. Experiments 

pertaining to Dietary lean T2D (Fructose-fed) and Genetic Obese T2D (db/db), with the 

exception of molecular work detailed in chapter, were performed by other lab groups as 

described below.  The systemic characteristics of the different models are given in 

Table 5.1. 

Chronic T1D-Male and female mice on C57Bl/6J background (n=3/group) were utilised 

for chronic STZ induction. As for Chapter 3 and 4, diabetes was induced at 15 weeks of 

age with 5 daily injections of Streptozotocin (STZ, 55 mg/kg; Sigma-Aldrich MO, 

USA) as described previously and detailed in Section 2.4. The mice were followed for a 

further 8 weeks, with tissue collection at 23 weeks of age.  

Acute T1D – Male mice on C57Bl/6J background (n=3/group) were used to assess the 

early response to insulin withdrawal in an acute setting as described in Section 2.2. Five 

daily STZ injections (55 mg/kg of STZ; Sigma-Aldrich, MO, USA) were administered 

at 7 weeks of age. Blood glucose and body weight were monitored until the average 

blood glucose increased by 50% from baseline (~2 days post STZ injections).  

Dietary lean T2D – Cardiac tissues from fructose-fed mice were a kind gift from Dr. 

Kimberley Mellor, Department of Physiology, University of Auckland. Male C57BL/6 

mice aged 4 weeks were fed with either a control (55% starch; AIN93G) or high 

fructose diet (60% fructose; SF03-018) (Speciality Feeds, WA, Australia) for 12 weeks. 

These mice exhibited glucose intolerance, approximately 10% increase in blood glucose 

levels and no change in plasma insulin, body weight or cardiac weight index (Table 
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5.1). Tissues were collected upon completion of the dietary intervention at 16 weeks of 

age. 

Genetic obese T2D – RNA extracted from 10-week-old spontaneously diabetic male 

C57BL/6 db/+ and db/db mice (n=3/group) was a generous gift from Assoc.Prof. 

Rebecca Ritchie, Baker IDI Heart and Diabetes Institute, Melbourne, Australia. db/db 

mice exhibit marked increase in blood glucose, body weight and plasma insulin and a 

reduced cardiac weight index (Table 5.1). 

5.2B  Tissue harvesting 

Upon completion of the respective interventions, mice were anesthetised using sodium 

pentobarbitone (100mg/kg, i/p.). Tissue collection was performed as previously 

described in Section 2.8. Ventricular tissues and quadriceps femoris were blotted on 

filter paper, weighed on an analytical balance and snap-frozen in liquid N2 to be stored 

at -80°C until further analysis. 

5.2C  RNA extraction and reverse transcription 

RNA was extracted from snap-frozen ventricular tissues by homogenisation in TRIzol® 

followed by purification using the PureLink RNA mini kit (Invitrogen, CA, USA) as 

described in Section 2.15. Reverse-transcription of purified RNA into cDNA was 

performed using the RT2 First Strand Kit (Qiagen, CA, USA) as described in Section 

2.16. 

5.2D  RT profiling gene expression analysis 

Plates with 64 genes x 6 sample customised mouse RT2 PCR Array (Qiagen, CA, USA) 

were used to examine gene expression analysis on a Biorad CFX384 (Biorad, CA, 

USA) thermocycler as detailed in Section 2.16. The selected genes included 59 genes of 

interest, 2 reference genes (18S and ACTB), a genomic DNA control, a reverse 

transcription control (RTC) and a positive PCR control (PPC). A list of genes of 

interest, gene symbols and accession numbers is provided in Table 2.1 in Chapter 2. 

Thermal cycling conditions used for real-time PCR were 1 min at 95C, 40 cycles of 15 

seconds at 95C and 60 seconds at 60C each. Exported Ct values were analysed using 

the comparative ∆∆Ct method.  
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5.3  Results 

5.3A  Metabolic and cell death gene expression contrast in male and female T1D  

To determine whether sex differences in diabetic cardiopathology resulted from 

corresponding gene expression changes in energy utilisation and cell death pathways, 

the steady state mRNA abundance of the respective genes was quantified using RT2 

Profiler PCR Custom Arrays. Stylised heat maps illustrating the general trends observed 

in genes from glycogen handling, glycophagy, macroautophagy, autophagy machinery, 

apoptosis, signalling and metabolic pathways were generated based on fold change in 

diabetic group (vs. respective controls) and statistical significance (Figure 5.1A). Genes 

which are significantly upregulated (p<0.05) and display a trend in upregulation 

(0.05<p<0.1) and are coded as bright red and pale red respectively. Genes that are 

significantly downregulated (p<0.05) and display a trend in downregulation 

(0.05<p<0.01) are coded as bright blue and pale blue respectively. Gene expression 

changes which were significant and cellular pathways which showed tendencies of 

up/downregulation in the STZ group in both sexes are discussed below. 

From the 57 genes examined, 2 genes were significantly upregulated with STZ and 8 

genes were significantly downregulated with STZ in male mouse hearts. In contrast, 15 

genes were upregulated and 1 gene was downregulated in STZ female mouse hearts 

(Figure 5.1B). Expression of genes involved in insulin and AMPK signalling pathways 

was not markedly different in T1D in both sexes, with exception of a few insulin 

signalling regulatory genes (male, Akt 1, 0.84-fold; female, Pik3r4, 1.21-fold). In males, 

4 out of 8 genes from glucose metabolic pathway were downregulated in response to 

chronic STZ. Interestingly, the only common STZ-induced gene expression change in 

males and females was a significant decrease in Glucokinase (male, 0.75-fold; female, 

0.53-fold), suggesting that downregulation of glucose phosphorylation is similar in T1D 

males and females. An opposing directional STZ-induced change in gene expression 

between the sexes was evident in the key regulator of glycolytic pathway, 

Phosphofructokinase (male, 0.75-fold; female, 1.16-fold). Phosphoglucomutase 2 

(1.19-fold) was higher in expression in female but not male STZ.  

The lack of STZ-induced differences in macrophagy genes in female mouse hearts was 

surprising considering a distinct pattern of upregulation of 8 out of 20 genes involved in 

autophagic machinery (Pi3kc3, Atg16l1, Atg4b, Atg4c, Atg12, Lamp2, Gabarap, 
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Dram2) in female STZ but not male STZ mice. Some STZ-induced differences in 

lysosomal protease genes were present in males but not females (Cathepsin B, 0.78-fold 

and Cathepsin, 1.27-fold). This female-specific upregulation in autophagy machinery 

genes was in contrast to downregulation observed in males with STZ (Atg7, 0.46-fold). 

STZ downregulated genes were involved in glycogen synthesis (Synthase 1, 0.6-fold) 

and upregulated genes involved in glycophagy-mediated glycogen breakdown 

(Gabarapl1, 1.5-fold) in males but not females. In contrast, STZ upregulated genes 

were involved in cytosolic glycogen breakdown in females but not males (Agl, 1.5-fold; 

Phosphorylase, 1.3-fold). There were no major STZ-induced differences observed in 

hallmark apoptotic genes (Bad, Bcl2, Bnip3, Dapk1) in males or females, with the 

exception of one apoptotic gene upregulated in females but not males (Caspase 3, 1.49-

fold). Hence, it appears that STZ males may have more capacity to access glycogen 

stores via glycophagy, whereas females resource their glycogen utilisation via cytosolic 

breakdown. Although the first step of glycolysis (Glucokinase) is downregulated with 

STZ in both sexes, males exhibit decreased glycolytic pathway genes while females 

have some evidence of upregulation in glycolytic drive. In addition, upregulation in 

autophagic machinery genes was evident in females with STZ, but not in males.  

5.3B  Gene expression profile differs between T1D and T2D, and lean and obese 
diabetic models  

The diversity of experimental models in T1D and T2D has made understanding of 

diabetic cardiopathology particularly challenging. Animal models recapitulate varying 

extents of the diabetic phenotype similar to variability observed in the clinical setting, 

often linked with other co-morbidities. Evaluation of gene expression profiles utilising 

different diabetic models can be more informative. To determine if the metabolic and 

cell death signalling changes observed in T1D models extend to other diabetic 

experimental models, gene profiling was performed in fructose-fed lean T2D mouse and 

a db/db obese T2D mouse models as shown in Figure 5.2A. The STZ male mouse heat 

map from Figure 5.1A is presented again in Figure 5.2A for visual comparison between 

T1D and T2D. Systemic characteristics of individual models have been summarised in 

Table 5.1 based on previous published data from these mice (Bowden et al., 2015; 

Mellor et al., 2011). A varying degree of hyperglycaemia was present in all models, 

with STZ females and fructose-fed males showing less pronounced increases than the 

other groups. Body weight was reduced in STZ males and fructose-fed males as 
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opposed to increased body weight observed in db/db mice and no difference in STZ 

females. Glucose intolerance was consistent in all models. Plasma insulin levels were 

diminished in STZ males and females (to a lesser extent) while unchanged in fructose-

fed and increased in db/db mice (Table 5.1). The varying obesity and insulin status may 

have significant impact on gene expression changes in intracellular signalling and 

energy metabolism.  

Expression of genes from P13K/Akt signalling cascade was evidently increased with 

diabetes in lean T2D but not in obese T2D (Akt, 1.62-fold; Ulk1, 1.91-fold). Despite no 

differences in Akt signalling genes in obese T2D, decreased expression of downstream 

autophagic modulators was evident (Ulk1, 0.49-fold), possibly driven by reduced 

AMPK signalling (AMPK, 0.58-fold). In contrast to the downregulation in glucose 

metabolism observed in T1D, there was indication of increased glucose metabolism in 

lean T2D but not obese T2D (Hexokinase 2, 1.88-fold). 

Diabetes-induced increased expression of autophagic machinery genes was observed in 

lean T2D but not obese T2D (Pik3c3, Atg16l2, Atg3, Atg4b, Atg9a, Atg12, Ambra1, 

Lamp1). In contrast, obese T2D depicted pronounced diabetes-induced downregulation 

of autophagy machinery genes (Pik3c3, Atg16l1, Atg16l2, Atg4b, Atg5, Atg9a, Atg12) 

while T1D did not show any difference. With diabetes, key autophagic modulators were 

upregulated in lean T2D (Gabarap, 2.2-fold; Dram2, 2.25-fold) and downregulated in 

obese T2D (Pink 1, 0.70-fold; Dram2, 0.56-fold). There was an indication of reduced 

autophagy in obese T2D (p62, 0.68-fold) but not in lean T1D or lean T2D. Lower 

expressions of lysosomal proteases were evidenced in T1D and lean T2D (T1D, 

Cathepsin B, 0.78-fold; lean T2D, Cathepsin D, 0.78-fold). Interestingly, genes 

involved glycophagic breakdown of glycogen were upregulated with diabetes in lean 

T1D and lean T2D (Gabarapl1, lean T1D, 1.47-fold; lean T2D, 2.73-fold) and 

downregulated with obese T2D (Gabarapl1, 0.44-fold; STBD1, 0.77-fold). Diabetes-

induced changes in apoptotic genes were evident, with downregulation evident in both 

lean (Bcl2, 0.45-fold) and obese T2D (Bnip3, 0.63-fold). Collectively, glycogen 

utilisation and cell death pathways are upregulated in lean T2D and downregulated in 

obese T2D. The little overlap among the three models may be attributable to the varying 

insulin status and degree of hemodynamic loading on the heart in these different rodent 

models of diabetes.  
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5.3C  Cardiac muscle fuel response is not different from skeletal muscle 

To determine early diabetic metabolic and cell death responses between cardiac and 

skeletal (i.e. quadriceps femoris) muscle tissue, gene expression analysis was carried 

out on both tissues following acute insulin withdrawal (Figure 5.3A). Pronounced acute 

T1D-induced increases in glycogen handling genes were evident in both tissues 

(quadriceps, Gsk3α, 2.53-fold increase; cardiac, GP kinase γ1, 1.79-fold). Interestingly, 

a glycophagy marker was upregulated in cardiac but not quadriceps muscle (Gabarapl1, 

1.60-fold) and this upregulation was sustained throughout from an early acute insulin 

withdrawal stage up to 8 weeks of chronic T1D (compare to Figure 5.1A). Key 

macrophagy markers were not different with STZ in either tissue with the exception of 

downregulation in a lysosomal protease in quadriceps but not cardiac muscle (Cathepsin 

B, 0.77-fold). Some evidence of increased autophagic machinery was present in cardiac 

(Pik3c3, Atg12, Atg 16|2, Gabarapl2) and quadriceps femoris (Atg9a, 1.36-fold; Atg 

16|2 Pink1, 1.59-fold) muscles in this acute insulin withdrawal setting. In addition, 

STZ-induced increase in apoptotic cell death pathway was observed in both tissues 

(cardiac, Caspase 3, 1.49-fold; quadriceps, Bcl2, 1.79-fold) Interestingly, this early 

upregulation in Caspase 3 in cardiac muscle was no longer different in the chronic T1D 

setting (compare to Figure 5.1A). Some evidence of downregulation of insulin 

signalling (Pik2cg, 0.77-fold) and glucose metabolism (glucokinase, 0.5-fold) was 

observed in the acute STZ heart, but not quadriceps; and downregulation of mTOR 

signalling was event in the quadriceps (Mtor, 0.81-fold), but not the heart. Notably, the 

early increase in cardiac autophagic machinery and apoptotic drive in acute insulin 

withdrawal setting was lost in the chronic T1D setting but increased glycophagic genes 

were sustained throughout. Although some instances of acute T1D-induced gene 

expression changes were tissue-specific, the majority of gene expression changes were 

in the same direction in cardiac and skeletal muscle, albeit statistical significance was 

not always attained in both tissue types. 
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5.4  Discussion 

The primary goal of this chapter was to compare and contrast gene expression changes 

in key molecular pathways implicated with energy stress in diabetes. No study to date 

has compared gene expression profiles between different diabetic states and tissues. 

This present study has provided the first direct comparison of metabolic gene responses 

to diabetes in T1D males/females, lean/obese T2D and cardiac/skeletal muscle. The 

novel finding that female-specific increased cardiac autophagic drive is evident in T1D 

provides new evidence to support the contention of an underlying sex-specific 

macrophagic signalling disturbance in T1D. Sharp contrasts in diabetes-induced 

genomic changes between lean and obese T2D models were also evident. A net 

upregulation in phagic and metabolic genes was observed in the lean T2D mouse heart, 

while suppression was seen in the obese T2D mouse heart. Gene responses in the acute 

diabetic setting were comparable between cardiac and quadriceps femoris muscle. This 

new screening data provides new molecular leads for future investigations examining 

therapeutic targets for both T1D and T2D. These findings suggest that diabetic 

molecular pathology is distinctly different between the sexes, between diabetic states 

and is dependent on the degree of hemodynamic loading in the heart. 

5.4A  Insulin signalling is different in various diabetic settings 

In the present study, diminished insulin and phosphoinositide 3-kinase (PI3K) 

signalling in chronic but not acute T1D males was consistent with reports from other 

insulin-deficient studies (Ceylan-Isik et al., 2006; Huisamen, 2003). The lack of 

differences in female T1D could be attributed to estrogen modulation of insulin 

signalling pathway as previously demonstrated in various studies (Bell 2008; 

Patten2004; Murphy 2011; Camper-Kirby 2001). One other study from the literature 

examining sex differences in acute T1D (2 weeks of STZ) reported no changes in total 

Akt protein expression in males. Interestingly, sex differences emerged in post 

translation regulation of Akt, with increased phosphorylated Akt in males, while it 

remained unchanged in females (Ceylan-Isik et al., 2006). Determination of protein 

level (of selected genes) is an important future step in these studies, and the RT 

profiling data provides leads for these investigations. Indeed, directional changes in 

gene expression and protein level regulation of Akt have at times been reversed. 

Increased Akt gene expression in lean T2D was linked with previous demonstration of 
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reduced p-Akt/Akt protein expression and reduced insulin signalling in the same model 

(Mellor et al., 2011).  

5.4B  Dysregulation in AMPK with varying intracellular energy levels 

Dysregulation in AMPK, an energy-sensing enzyme that is activated when cellular 

energy levels are low, was evident in various diabetic settings. AMPK expression was 

significantly reduced in obese T2D, similar to previous observations using the db/db 

model (Kanamori et al., 2015). A possible explanation for the differences in AMPK 

expression was high intracellular energy availability in obese models preventing an 

energy deprivation-induced increase in the AMP/ATP ratio which in turn increases 

AMPK (Kanamori et al., 2015). A pronounced decrease in glycolysis was evident in 

T1D as observed in various studies (Da Silva et al., 2012; Malfitano et al., 2015; 

Mansor et al., 2013). In female T1D, increased glycolytic drive was evidenced despite 

the trend towards a reduction in insulin levels (Figure 3.1B). Albeit not investigated in 

the present study, reduced GLUT transporters on the sarcolemmal membrane and 

glucose uptake are commonly observed in insulin-deficient-T1D males (Camps et al., 

1992) and in a sex-pooled study (Myers et al., 2016). A human T2D study has reported 

comparable sex differences in glycolytic rate to be decreased in men and unchanged in 

women observed through positron emission tomography (Peterson et al., 2015). 

Therefore, there was some evidence of gene-level reduction in insulin signalling and 

glycolysis in chronic T1D males, which were absent in an acute setting and in females. 

Lean and obese T2D mice displayed higher and lower AMPK signalling respectively 

accompanied by less marked changes in glucose metabolism, compared to T1D. 

Collectively, these findings suggest that AMPK may be an important nexus point of 

energy-sensing which may determine differential metabolic outcomes in different 

diabetic models. 

5.4C  Preferential glycogen processing routes in diabetic males and females 

Myocardial glycogen exists in cytosol as “free” glycogen or is encapsulated in vacuolar 

autophagosomal bodies (Kotoulas et al., 2006). Cytosolic glycogen breakdown is 

tightly regulated by glycogen phosphorylase and glycogen debranching enzyme actions. 

Phagic processing of glycogen involves STBD1 tagging of glycogen for lysosomal bulk 

degradation and binding to GABARAPL1 on phagosomal membranes (Jiang et al., 

2010). Interestingly, the cardiac glycophagic marker, Gabarapl1, was significantly 
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altered with diabetes in all male models studied, regardless of the type of diabetes. The 

upregulation observed in chronic T1D males and lean T2D was comparable to increased 

GABARAPL1 protein expression following 48 hours non-pathological nutrient stress in 

male and female mice (Reichelt et al., 2013).  

Gabarapl1 is transcriptionally regulated by estrogen (Pellerin et al., 1993) and was 

increased to a higher extent in females (compared to the increase in males) following 

nutrient deprivation (Reichelt et al., 2013). Together, this led us to hypothesise an 

exacerbated increase in T1D females. Surprisingly, no difference in glycophagic 

breakdown was observed but an increase in enzyme regulated-cytosolic breakdown of 

glycogen was observed in T1D females. This suggested possible disruption in the 

phagic glycogen breakdown process and an increase in conventional glycogen 

breakdown in females under a chronic (8 weeks STZ) insulin deficient state. Current 

evidence of impaired phagic processing available from Pompe disease, caused by 

lysosomal acid alpha glucosidase deficiency, delineate severe impacts on cardiac 

muscle (Raben et al., 2009). Although a concomitant diabetes-induced increase in 

glycogen was not evident at a basal setting in the present study (Figure 3.7C), reduced 

utilisation of glycogen under ischemic stress in females (Figure 4.5B) associated with 

sooner onset of ischemic contracture was apparent (Figure 4.2A).  

A higher reliance on fatty acids as energy substrate could explain the downregulation in 

most of the glucose and glycogen handling genes observed in the obese T2D model. 

Indeed, in young (4 weeks) db/db mice, an increase in cardiac fatty acid oxidation 

precedes any changes in circulating substrate (Buchanan et al., 2005), suggesting that 

shifts towards higher fatty acid utilisation may occur at early time points in genetic 

diabetic mice models. Interestingly, early increases in glycogen breakdown genes were 

observed in cardiac tissue but not in quadriceps, highlighting the importance of 

glycogen as a substrate fuel for the heart. Indeed, differences in cardiac and skeletal 

glycogen metabolism in various metabolic stress settings were established in early 

studies (Evans, 1934; Rabinowitz, 1971). Collectively, these preliminary gene profiling 

results point towards sex and tissue-specific glycogen processing routes, and further 

investigation of pathway activity is now warranted. Upregulation of key regulatory 

genes involved in bulk breakdown of glycogen was evident in acute T1D, chronic T1D 

and lean T2D male hearts while a less-efficient conventional breakdown was present in 

chronic T1D female hearts.  
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5.4D  Evidence sex differences in macrophagic signalling in chronic T1D 

This investigation is the first to provide evidence of sexual dimorphism in T1D 

macrophagy response in the heart. As reviewed in detail in Delbridge et al. 2015, 

diabetes is associated with increased (Mellor et al., 2011; Russo et al., 2012; Wang et 

al., 2014), decreased (Pei et al., 2015; Xie et al., 2011a) or unchanged (Lee et al., 2014; 

Marsh et al., 2013) cardiac macrophagy in both T1D and T2D rodent models – but 

direct comparison of these models, within one experimental study, has not previously 

been reported. The general consensus is that macrophagy can be beneficial and pro-

survival during acute stress but could have deleterious effects when chronically elevated 

(Kaye et al., 2007; Nishida et al., 2009; Palomeque et al., 2009). 

The hallmark genes involved in macrophagy LC3B and p62 were not different in most 

diabetic settings examined in this present study but post-translational modification at 

protein level is possible. Some evidence of reduced macrophagy is evident from other 

gene expression changes in chronic T1D males. The significant downregulation in 

Cathepsin B in chronic T1D males and Atg7, an E1-like enzyme responsible for 

lipidation of LC3 during phagophore closure, in both acute and chronic T1D males 

suggests possible downregulation in macrophagy, consistent with many T1D studies 

reporting downregulation in macrophagy with reduced LC3II/I ratio (He et al., 2013; 

Xie et al., 2011b; Zhao et al., 2013) and Beclin protein expression (Zhao et al., 2013). 

Conflicting increased cardiac autophagy in T1D males has also been reported 

(Kanamori et al., 2015). These differences can be attributed to a higher dosage of STZ 

utilised (250 mg/kg STZ) and higher AMPK activity (Kanamori et al., 2015). One other 

study reported an increase in macrophagy with 4 week STZ duration (Wang et al., 

2014), comparable to findings from acute T1D in both cardiac and quadriceps muscle in 

this study. The absence of both Akt and AMPK signalling data in Wang et al. (2014) 

makes it difficult to gauge the severity of signalling impairment preceding macrophagy 

and compare it against the present study.  

In females, a pronounced increase in macrophagic drive (8 genes) presents, suggesting a 

female-specific modulation of macrophagy. This was surprising given that estrogen is 

shown to upregulate Akt signalling in female hearts (Bell et al., 2008; Patten et al., 

2004), which in turn would result in mTOR-mediated suppression of macrophagy. 

Conversely, the increase in the macrophagic drive could be attributed to energy stress 

following a trend towards an increase in AMPK which relieves mTOR inhibition and 
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results in increased macrophagic signalling (Figure 5.1A), as depicted in glucose-

starved cells (Kim et al., 2011). While no previous study has directly compared male 

and female cardiac autophagy in diabetes, some insights can be gained from reports on 

autophagy in non-diabetic and non-cardiac tissues. A study examining sex differences 

in autophagy during ischemic stress has reported higher LC3BII/I ratios in female and 

lower ratios in male hearts subjected to 30 mins coronary artery occlusion (Chen et al., 

2013). Similarly, increased macrophagic genes (increased mRNA levels of Atg4a, Atg 

16|1, Beclin 1 and Ambra) in female hearts in comparison to males were also observed 

in an avian model of enhanced growth rate (Piekarski et al., 2014). Conflicting 

reduction in macrophagy has also been reported in female hearts in other pathologies 

such as colon cancer (Cosper et al., 2011) and viral myocarditis (Koenig et al., 2014). 

No sex differences were reported in macrophagy under nutrient stress (Reichelt et al., 

2013). One study with both sexes also reported diminished macrophagy following STZ 

administration but male and female data were pooled and no sex-specific comparisons 

were conducted (Xu et al., 2013b). Therefore, this study provides novel evidence of a 

female-specific increase in macrophagic drive in T1D myocardium, uncovering 

potential for new sex-specific therapeutic targets to be explored. 

5.4E  Contrasting macrophagic response in lean and obese T2D 

Increased macrophagy in lean T2D, was observed from elevation in LC3II/I protein 

ratios reported by Mellor et al. (2013) in the same fructose-fed model. This was 

associated with suppressed P13/Akt signalling, increased reactive oxygen species 

formation and increased myocyte loss (Mellor et al., 2011). Interestingly, macrophagic 

response in obese T2D was in contrast with lean T2D. The downregulation in 

autophagic machinery genes involved in formation of phagosomes was consistent with 

reduced autophagy observed in other obese T2D rodent models (Marsh et al., 2013; Pei 

et al., 2015). Conflicting findings from Munasinghe et al. (2015) concluded an increase 

in autophagy with a marked increase in Beclin, the gene involved in autophagy 

initiation, and LC3B expression (Munasinghe et al., 2016) in obese T2D. Interestingly, 

autophagic machinery genes (Atg 4A and Atg 3) were downregulated in their study.  

Despite increases in LC3B and p62 expression, Kanamori et al. (2015) have evidenced 

reduced autophagy using the same obese T2D model. They ascribed these differences to 

immature autophagosomes, delayed autophagic flux and reduced lysosomal activity 

resulting in suppression of autophagy at the final digestion step ((Kanamori et al., 
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2015). Similar inhibition of phagosome maturation was also observed in high-fat 

induced obese mice further emphasising the importance of autophagic flux and 

phagosome formation (Xu et al., 2013a). Thus, macrophagic genes were upregulated in 

lean and downregulated in obese T2D, but further investigation into autophagic flux 

outcomes is now warranted. 

5.4F  Tendency of upregulated apoptotic signalling in female T1D 

The interplay between apoptosis and autophagy has been shown to have an important 

role in diabetic cardiomyopathy associated with decreased cardiac muscle mass, 

interstitial fibrosis and impaired cardiac function (Cai et al., 2002; Zou et al., 2013). 

Increased Caspase-3 gene expression in chronic T1D females which was absent in 

males was in line with higher cleaved Caspase-3 protein expression in females as early 

as 4 weeks after STZ-induced diabetes, while no significant changes were observed in 

males (Moore et al., 2014). Interestingly, in the current study, the increase was 

significant in acute but not chronic T1D males. These findings were consistent with 

Moore et al. (2014) who reported no differences in total Caspase expression in males 

8weeks post STZ. However, the same study showed an increase in Cleaved-caspase-3 in 

male T1D levels, which was not measured in the present study. Increased Bcl2 to Bax 

ratios in males was absent in females following ischemia reperfusion injury in 

normoglycemic mice (Chen et al., 2013). Some evidence of altered apoptotic gene 

expression in lean T2D and a possible downregulation in obese T2D was present, 

pending confirmation at protein level. In addition to macrophagy, apoptotic drive was 

also increased in females while remaining unchanged male chronic T1D.  

5.4G Limitations 

The acute T1D mouse model was generated to age-match with a different cohort of 

fasted animals for comparison of acute cardiac glycogen responses to metabolic stress. 

Given that the glycogen response was not as we expected, it was later decided to be 

used as a sex differences comparison in development of hyperglycemia. For future 

studies, age-matched acute T1D and chronic T1D mice could be considered. 
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5.5  Conclusions and next questions 

The current chapter has built on the work from Chapter 3, which evidenced greater 

structural and functional deficits in female diabetic hearts, and Chapter 4, which 

demonstrated a female-specific substrate handling response. This chapter compared 

operational snapshots of male and female diabetes-induced alterations in key cell death 

and metabolic handling genes to explain the sexual dimorphism observed. The present 

study has provided novel evidence of sex differences in autophagy in the T1D setting. A 

female-specific increase in myocardial autophagic and apoptotic cell death was 

operational in chronic T1D in this study. Male chronic insulin deficiency in this study 

was associated with a greater tendency of glycophagic bulk breakdown of glycogen. 

The “quicker” and efficient access to glucose in diabetic hearts possibly alleviated the 

increase in energy stress causing no differences in cell death pathways and reasonably 

preserved cardiac function. In contrast, perhaps, the insulin-deficient female hearts 

exhibited increased autophagic drive to compensate for the inefficiency in glycogen 

breakdown. This excessive autophagy was also associated with increased apoptosis and 

significant structural and functional deficit in diabetes.  

This chapter has also extended findings from the chronic T1D model to other rodent 

diabetic models of T2D. Contrasting responses in lean and obese T2D were found. Lean 

T2D hearts with insulin resistance displayed downregulated insulin signalling and 

increased autophagy. In addition to insulin resistance, the obesity phenotype in obese 

T2D resulted in a suppression of autophagy, possibly due to high intracellular nutrient 

energy status. Interestingly, cardiac autophagy has been previously reported to be 

increased in lean T2D mice (Mellor et al., 2011) and decreased in obese T2D mice 

(Huynh et al., 2012). This chapter intended to present an operational snapshot 

comparison between the primary focus of the thesis, the chronic T1D mice model, and 

T2D mice models.  

Upregulation of the renin-angiotensin system is often observed in a diabetic setting 

(Lim et al., 2004; Velloso et al., 2006). Recent advances in autophagic studies have 

identified Angiotensin II (AngII) as a cardiac autophagy modulator (Porrello et al., 

2009a; Porrello et al., 2009b). An estrogen response element localised to the 

angiotensinogen promoter may be instrumental in sex-specific regulation of local tissue 
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AngII production (Feldmer et al., 1991; Mellor et al., 2014). Given that the female 

diabetic phenotype has been demonstrated to be distinct with accentuated autophagic 

drive, the involvement of local cardiac renin-angiotensin system in exacerbation of 

diabetic functional pathology is evaluated in both sexes in the next chapter.  
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Table 5.1 Systemic characteristics of diabetic rodent models vs. controls. 

 Lean T1D 
(STZ male) 

Lean T1D 
(STZ female) 

Lean T2D 
(Fructose-fed) 

Obese T2D 
(db/db) 

Blood glucose ↑↑ ↑ ↑ ↑↑ 

Body weight  ↓ ↔ ↓ ↑↑ 

GTT AUC ↑ ↑ ↑ ? 

Plasma insulin ↓↓ ↓ ↔ ↑ 

Cardiac weight index (mg/g) ↔ ↔ ↔ ↓ 

 
Arrow directions are indicative of data reported in Chapter 3 (STZ male and female 
mice), and previously published data (Bowden et al., 2015; Mellor et al., 2011). 
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A.        

                     
B. 

 
 
Figure 5.1. Sex differences in energy utilisation and cell death pathways in T1D 
mice. A. Stylised heatmap summarising trends in mRNA expression (relative to  
reference gene) in male and female STZ mouse hearts, red: increase, p<0.05; pink: 
increase, 0.05<p<0.1; blue: decrease, p<0.05; pale blue: decrease, 0.05<p<0.1, relative 
to respective control for male and female. B. Venn diagram of significantly up or down 
regulated genes relative to control for male vs. female STZ mouse hearts.
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A.       

 
B. 

     
Figure 5.2. Energy utilisation and cell death pathway gene expression responses in 
T1D and T2D male mice. A. Stylised heatmap summarising trends in mRNA 
expression (relative to reference gene) in male T1D (STZ), insulin resistant lean 
(fructose-fed) and T2D obese (db/db) mouse hearts. Red: increase, p<0.05; pink: 
increase, 0.05<p<0.1; blue: decrease, p<0.05; pale blue: decrease, 0.05<p<0.1, relative 
to respective control. B. Venn diagram of significantly up or down regulated genes 
relative to control for male T1D (STZ), insulin resistant T2D lean (fructose-fed) and 
T2D obese (db/db) mouse hearts.  
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A.        

 
B.  

                    
Figure 5.3. Energy utilisation and cell death pathway in cardiac vs. skeletal muscle 
of T1D male mice. A. Stylised heatmap summarising trends in mRNA expression 
(relative to reference gene) in acute male T1D mouse hearts and quadriceps muscle. 
Red: increase, p<0.05; pink: increase, 0.05<p<0.1; blue: decrease, p<0.05; pale blue: 
decrease, 0.05<p<0.1, relative to respective control. B. Venn diagram of significantly 
up or down regulated genes relative to control for male acute insulin withdrawn (1week 
STZ) mouse hearts and quadriceps muscle. 
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6.1  Introduction 

Diabetic cardiomyopathy is characterised by left ventricular dysfunction, and has been 

associated with increased activation of the renin-angiotensin system (RAS) in diabetic 

patients (Frustaci et al., 2000) and rodent models (Farah et al., 2007; Kamide et al., 

2002; Singh et al., 2008). Inhibition of RAS is a key therapeutic measure in diabetic 

patients (Rodriguez et al., 2012) and this results in improved systolic and diastolic 

function in diabetic rodents (Masuda et al., 2012). Possible cross-talk between insulin 

and Angiotensin II (AngII) signalling has been suggested, as AngII has been implicated 

in adversely affecting glucose metabolism and reducing insulin-mediated glucose 

uptake in diabetes (Cooper et al., 2007; Luther et al., 2011). Sex differences in 

responses to RAS perturbation in non-cardiac tissues (Sullivan, 2008) and a trend 

towards lower efficacy of RAS inhibitors in females (Rabi et al., 2008) have been 

reported. The findings presented in Chapters 3 and 4 in this thesis demonstrate a greater 

functional decline with T1D, associated with a selective glycogen handling response 

and an increased autophagic drive in female compared to male T1D hearts. This chapter 

extends this work to investigate sex differences in diabetic functional pathology and 

ischemic resilience in an elevated cardiac AngII setting. 

Upregulation of cardiac AngII has been implicated as a key contributor to underlying 

diastolic dysfunction and fibrotic remodelling in diabetes (Benazzoug et al., 1998; 

Connelly et al., 2007; Singh et al., 2008). Clinical usage of RAS inhibitors (ACEi and 

ARBs) has shown beneficial effects through reduced oxidative damage and improved 

endothelial function. Studies utilising RAS inhibitors in diabetes report improved 

diastolic function (increased E/A ratio) in STZ-induced T1D male mice (Yong et al., 

2013). Yet, RAS inhibitors have limited efficacy on intracellular AngII effects in the 

heart (Baker et al., 2006). Immunohistochemical analysis of cardiac tissue from diabetic 

non-hypertensive patients exhibited 3.4-fold higher AngII levels (vs. non-diabetic 

patients). Interestingly, diabetic hypertensive patients exhibited 2-fold higher cardiac 

AngII levels (vs. non-hypertensive diabetic patients), despite being treated with ACE 

inhibitors (Frustaci et al., 2000). Whether the lowering of fold increase is due to the 

actions of ACE inhibitors primarily on non-cardiac AngII to reduce hypertension (pre-

load) or on intracardiac AngII is yet to be confirmed. A role for systemic RAS in 

diabetic cardiopathology is evident but the specific role of cardiac AngII is not fully 

understood. 
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All components of the RAS are expressed in the heart and a role for local AngII in 

functional and structural pathology has been demonstrated (Dostal et al., 1992). Mice 

with cardiac-specific angiotensinogen (AOGN) gene overexpression exhibit increased 

intracardiac AngII levels and unchanged plasma AngII levels (Mazzolai et al., 2000). 

Progression towards failure involves a transition from cardiac hypertrophy (~20 weeks 

age) to a decompensated, dilated phenotype associated with severe contractile 

abnormalities (~50 weeks age), in the absence of increased workload/hypertension 

(Domenighetti et al., 2005; Gusev et al., 2009). In vitro studies from these AngII-Tg 

mice have shown that autophagy in neonatal cardiomyocytes is modulated by local 

cardiac AngII (Porrello et al., 2009). Hence, investigating the direct effects of local 

intracardiac AngII on the diabetic heart in isolation from systemic effects of AngII is 

possible with this model.  

Some evidence of sex differences in AngII modulation have been reported both 

clinically and experimentally. A consistent trend towards greater benefit of ACE 

inhibitors in men than women was reported in a meta-analysis of clinical trials 

evaluating the efficacy of ACE inhibitors and ARBs (Rabi et al., 2008). Experimentally, 

sex differences have also been reported in the expression of various components of RAS 

(“classical” and “non-classical”) in non-diabetic cardiac pathology (Dalpiaz et al., 

2015). Estrogen has also been shown to modulate various components of RAS. An 

estrogen response element located at the promoter region of the AOGN gene may be 

instrumental in regulating local tissue AngII production (Feldmer et al., 1991). Female 

vulnerability in cardiomyocyte contractile deficit with age under an elevated cardiac 

AngII setting has been reported (Mellor et al., 2014) in a non-diabetic setting. No study 

to date has investigated sex differences in functional changes in the T1D heart under an 

elevated intracardiac AngII setting, independent of hemodynamic loading.  

Given that (i) cardiac RAS is upregulated in clinical and experimental diabetic settings, 

(ii) clinical efficacy of RAS inhibitors is lower in women, and (iii) estrogen has a 

regulatory role on RAS components, it was hypothesised that cardiac AngII excess 

would further exacerbate cardiac functional decline in T1D females. To test this 

hypothesis, STZ treated mice with cardiac-specific AOGN overexpression were 

assessed for in vivo echocardiographic function and were subjected to an ex vivo 

ischemia-reperfusion protocol. A worsened T1D cardiac functional phenotype and “loss 
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of benefit” in reperfusion recovery following ischemia was evident in male AngII-Tg 

mice. Surprisingly, diabetic female hearts exhibited a similar functional pathology with 

and without AngII upregulation. 

6.2  Specific Methodology 

6.2A  Animal model and STZ induction 

The transgenic mouse line with cardiac overexpression of the AOGN gene (Tg1306/IR) 

was used in experiments presented in this chapter. Details of transgenic line 

development have been described in Chapter 2 Section 2.3. Both male and female 

AngII-Tg mice (n=9-10/group) were induced with T1D at 15 weeks of age via 5 daily 

55 mg/kg STZ injections as described in Chapter 2 Section 2.4. In agreement with 

previous reports on hypertrophy in this AngII-Tg mice model (Domenighetti et al., 

2005; Mazzolai et al., 1998), AngII-induced cardiac hypertrophy was evident as 

observed from increased cardiac weight indices in both sexes (Male-Tg vs. Wildtype: 

25% increase, Female-Tg vs. Wildtype: 14% increase, p<0.05, Table 3.2 and Table 6.1). 

6.2B  In vivo echocardiographic functional assessment 

Following 7 weeks of diabetes induction, cardiac functional and ventricular wall 

dimensional parameters were measured using transthoracic echocardiography (Vivid 

E9, GE Healthcare, CT, USA) in mice under light anaesthesia with tribromethanol 

(Dosage: 2.5%, 0.01ml/g i.p) as described in Chapter 2 Section 2.13.  

6.2C  Ex vivo isolated heart functional assessment 

Hearts were retrogradely perfused on a Langendorff rig at a constant pressure of 

80mmHg for 30 mins prior to 20 mins of global no-flow ischemia and 45 mins of 

reperfusion as described in Chapter 2 Section 2.18. Baseline function was measured 

prior to 20 mins ischemia and recovery was assessed at 30 mins during reperfusion.  
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6.3  Results 

To determine whether elevated cardiac AngII modulated the sex-specific cardiac 

response to T1D, in vivo functional changes and ex vivo ischemic vulnerability was 

investigated between Ctrl and STZ groups in AngII-Tg mice of both sexes. Data from 

Wildtype T1D male and female, presented in Chapters 3 and 4, have been included for 

comparative purposes.  

6.3A  In vivo diastolic dysfunction is evident in male and female T1D mice with 
elevated cardiac AngII 

The T1D systemic effects observed in Chapters 3 and 4 in Wildtype mice were similar 

in AngII-Tg mice (Table 6.1). The STZ-induced increase in blood glucose was less 

pronounced in females than males (Male-Tg STZ vs. Ctrl: 2.7 fold and Female-Tg STZ 

vs. Ctrl: 1.7 fold increase, p<0.05, Table 6.1), confirming that cardiac-specific AngII 

overexpression had no systemic effects. With STZ-induction, cardiac weight indices 

(heart weight normalised to tibia length) were significantly reduced in males (Male-Tg 

Ctrl: 10.5 ± 0.5 vs. STZ: 8.3 ± 0.3 mg/mm) while remaining unchanged in females 

(Female-Tg Ctrl: 7.8 ± 0.2 vs. STZ: 7.0 ± 0.2 mg/mm, Table 6.1) in AngII-Tg mice.  

In the Wildtype mice, STZ-induced diastolic dysfunction was evident in females and 

unchanged in males (Chapter 3, Figure 3.3). To determine if upregulation of cardiac 

AngII exacerbates the diastolic dysfunction observed in diabetes (Chapter 3 Figure 

3.3C), apical 4-chamber echocardiography was performed in Ctrl and STZ groups of 

AngII-Tg mice in both sexes. Representative traces of pulse wave Doppler (Figure 

6.1A) and tissue Doppler (Figure 6.1B) suggest an impaired relaxation filling pattern in 

both sexes with STZ administration. T1D-induced diastolic dysfunction in AngII-Tg 

mice was observed in both sexes as evidenced by the increased E/E’ ratio (~35% 

increase STZ vs. Ctrl, ANOVA STZ factor effect, p<0.05, Figure 6.1C). Mitral valve 

deceleration time (Dec T) showed a tendency towards an increase in males (~40% 

increase in Male-Tg STZ vs. Ctrl, p=0.07, Figure 6.1D) and was significantly increased 

in females (77% increase in Female-Tg STZ vs. Ctrl, p<0.05, Figure 6.1D). Therefore, 

T1D-induced impaired relaxation was evident in both sexes in AngII-Tg mice and 

diastolic dysfunction emerged with elevated AngII in males.  
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6.3B  In vivo systolic dysfunction is not evident in male and female T1D mice with 
elevated cardiac AngII 

In Wildtype mice, systolic function was preserved (ejection fraction >60%, Chapter 3, 

Figure 3.4) with STZ in both sexes, despite a modest decline in females (Chapter 3 

Figure 3.4). To assess whether sex differences in contractile functional response to TID 

are more marked in mice with cardiac AngII overexpression, ejection fraction and 

fractional shortening were measured in STZ male and female AngII-Tg mice. STZ 

treatment in AngII-Tg mice did not cause any marked changes in ejection fraction in 

males (Male-Tg Ctrl: 68.1±3.7% vs. STZ: 60.8±3.3%, p = ns, Figure 6.2A) and females 

(Female-Tg Ctrl: 67.2±2.4% vs. STZ: 65.0±1.8%, p = ns, Figure 6.2A). Similarly, STZ-

induced tendency for reduction of fractional shortening in AngII-Tg mice of both sexes 

was observed, although not significant (Male-Tg STZ vs. Ctrl: 15% and Female-Tg STZ 

vs. Ctrl: 6% increase, p = ns, Figure 6.2B). Thus, systolic function was relatively well 

preserved following chronic STZ treatment in both sexes in AngII-Tg mice, similar to 

that observed in Wildtype mice. 

6.3C  Left ventricular dilation and wall thinning from echocardiography is 
evident in male but not female T1D mice with elevated cardiac AngII   

As presented in Chapter 3, T1D induced left ventricular septal and posterior wall 

thinning in both sexes in Wildtype mice. To assess whether sex differences in the 

morphological response to T1D are more accentuated in mice with cardiac AngII 

overexpression, left ventricular wall dimensions were measured in AngII-Tg mice of 

both sexes from m-mode images. In AngII-Tg males, STZ induced an increase in 

chamber diameter at diastole (Male-Tg STZ vs. Ctrl: 10.8% increase, p<0.05, Figure 

6.3B) and a reduction in posterior wall (Male-Tg STZ vs. Ctrl: 31.3% decrease, p<0.05, 

Figure 6.3C) as well as a reduction in septal wall thickness (Male-Tg STZ vs. Ctrl: 

17.9% decrease, p<0.05, Table 6.2). In contrast to the STZ-induced wall thinning 

observed in Female-Wildtype (Figure3.5C), wall parameters were unchanged with STZ 

in Female-Tg mice (no differences in chamber diameter and posterior wall thickness, 

Figure 6.3B-C). Some sex differences were evident in the non-diabetic AngII-Tg mice, 

as shown by lower posterior wall thickness in females (Tg-Ctrl females vs. males: 

16.9% lower, p<0.05, Table 6.3C) and some sex differences became apparent with STZ, 

as evidenced by smaller chamber diameter in STZ females (Tg-STZ females vs. males: 
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16.7% lower, p<0.05, Figure 6.3B). Thus, left ventricular dilation and wall thinning was 

observed with STZ in male but not female mice with increased cardiac AngII.  

6.3D  Ex vivo female ischemic injury in T1D mice with elevated cardiac AngII is 
less severe than in male mice 

Similar to observations in Wildtype (Chapter 4, Figure 4.1), T1D did not have an effect 

on ex vivo baseline function measured during the equilibration period prior to ischemia 

in either sex under the elevated cardiac AngII setting (Table 6.3). In Wildtype mice, 

T1D-induced earlier onset of contracture in females while peak contracture remained 

unchanged (Chapter 4, Figure 4.2C-D). No T1D-induced differences were observed in 

Wildtype males in either parameter (Chapter 4, Figure 4.2C-B). To establish whether 

sex differences in ischemic injury response to T1D are accentuated in mice with cardiac 

AngII overexpression, time of onset of contracture and peak contracture were measured 

in STZ AngII-Tg isolated mouse hearts of both sexes during no-flow ischemia. In 

males, time to contracture was significantly reduced with STZ in AngII-Tg (Male-Tg 

Ctrl: 14.2 ± 0.8 vs. STZ: 10.8 ± 0.8 mins, p<0.05, Figure 6.4C) but was not evident in 

Wildtype (Figure 4.2C). In females, in contrast to the earlier onset of contracture with 

STZ in Wildtype (Figure 4.2C), the onset of contracture was not different with STZ in 

female AngII-Tg mice (Female-Tg Ctrl: 16.7 ± 0.5 vs. STZ: 15.1 ± 1.9 mins, Figure 

6.4C). This suggests differential cardiac AngII effects in both sexes. Similarly, peak 

contracture was not different with STZ in males or females with increased cardiac 

AngII (Figure 6.4D). Sex differences were evident with earlier onset of contracture with 

STZ in males (Tg-STZ male vs. females 40.1% quicker, p<0.05 Figure 6.4C) and 

increased extent of ischemic injury, as observed from increased peak contracture (Tg-

STZ male vs. females 1.9-fold higher, p<0.05 Figure 6.4D). Other reperfusion injury 

may involve ventricular fibrillation (VF), ventricular tachycardia (VT) and LDH release 

with loss in sarcolemmal integrity but were not measured in this study. T1D-induced 

greater ischemic injury in males while the effects were less pronounced in female T1D 

in cardiac AngII-Tg mice.  

6.3E  No effect of T1D on contractile recovery in isolated hearts post-ischemia in 
male and female mice with elevated cardiac AngII 

In Wildtype mice, STZ-induced greater ex vivo post-ischemic recovery in males and no 

change in females (Chapter 4, Figure 4.4). To evaluate whether sex differences in 
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ischemic response to T1D are accentuated in mice with cardiac AngII overexpression, 

functional recovery during reperfusion (expressed as %, normalised to pre-ischemia) 

was measured in isolated hearts of STZ male and female AngII-Tg mice. Despite 

greater ischemic injury in male STZ, there was no difference in the extent of post-

ischemic functional recovery (expressed as % baseline) with elevated cardiac AngII. In 

contrast to STZ-induced greater functional recovery in male wildtype (Chapter 4, Figure 

4.4), developed pressure (Male-Tg Ctrl: 69.3 ± 8.5 vs. STZ: 73.3 ± 5.5%, Figure 6.4C), 

dP/dtmax (Male-Tg Ctrl: 85.4± 8.1 vs. STZ: 90.4± 5.4%, Figure 6.4D) and dP/dtmin 

(Male-Tg Ctrl: 80.4± 7.2 vs. STZ: 77.9 ± 9.3%, Figure 6.4C) remained unchanged with 

STZ at 30 mins reperfusion in males in AngII-Tg mice. Similar to the STZ effect in 

female wildtype (Chapter 4 Figure 4.4), STZ did not have any effect on cardiac 

functional recovery during reperfusion after ischemia in AngII-Tg mice. No STZ-

induced differences were observed in developed pressure (Female-Tg Ctrl: 58.8 ± 5.7 

vs. STZ: 55.7± 9.3%, Figure 6.4C), dP/dtmax (Female-Tg Ctrl: 71.8 ± 6.7 vs. STZ: 62.9 

± 11.0%, Figure 6.4D) and dP/dtmin (Female-Tg Ctrl: 62.1 ± 7.9 vs. STZ: 58.0± 12.7%, 

Figure 6.4C). With the exception of a 30.4% higher dP/dtmax recovery in Tg-STZ males 

(vs. females, Figure 6.4D), no other sex differences were detected.  STZ did not affect 

post-ischemic function of both sexes under the elevated cardiac AngII setting. 
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6.4  Discussion 

This is the first study to show diabetes-induced cardiac dysfunction is exacerbated in a 

setting of high cardiac AngII in males but not females. In males, T1D-induced diastolic 

dysfunction was only evident in mice with AngII overexpression, but in females, 

diastolic dysfunction evident in T1D wildtype mice was not altered by AngII 

upregulation. In AngII-Tg males, ischemic injury was more pronounced with T1D and 

“recovery benefit” observed in Wildtype mice was absent during reperfusion when 

cardiac AngII was elevated. In females, STZ-induced ischemic injury or contractile 

changes post-ischemia were not apparent. With elevated AngII, T1D-induced diastolic 

dysfunction was present in both sexes while wall-thinning pathology was evident only 

in male T1D. Estrogen regulation of AngII levels locally in the heart could perhaps 

explain the differential effects in female T1D. Further investigation of crosstalk 

between estrogen, AngII and insulin signalling in T1D hearts is warranted.  

6.4A  Exacerbated male T1D-induced in vivo diastolic dysfunction with high 
cardiac AngII  

Diastolic dysfunction, preceding the onset of systolic functional deficit, is characteristic 

of the diabetic heart (Boyer et al., 2004; Zabalgoitia et al., 2001). The cardiac-specific 

AngII-Tg mice have been demonstrated to develop cardiac hypertrophy at 15-20 weeks, 

which progresses towards decompensated cardiac failure with diastolic dysfunction 

(~45% reduction dP/dtmax and dP/dtmin) at 50-60 weeks (Domenighetti et al., 2005). In 

the present study, STZ-induced diastolic dysfunction was observed in both sexes under 

high cardiac AngII setting (~35% increase in E/E’ ratio) (Figure 6.1A). Interestingly, 

the extent of the STZ-induced increase in E/E’ ratio and Dec T were more pronounced 

in male-Tg compared to Wildtype (Figure 3.3C), suggesting an exacerbation of 

relaxation impairment with high cardiac AngII in males. This is consistent with a study 

reporting marked STZ-induced diastolic dysfunction in AT1a-KO mice, which displayed 

elevated intracardiac AngII levels (Yong et al., 2013). Intracellular renin inhibition has 

also managed to reverse diastolic dysfunction in STZ mice by blunting the increase in 

cardiac AngII levels (Thomas et al., 2013). In contrast to the preserved systolic function 

reported in this study (Figure 6.2), STZ-induced reduction in ejection fraction is shown 

in AT1a-KO mice (Yong et al., 2013), possibly owing to the longer duration of STZ 

treatment undertaken in that study. Thus, STZ-induced diastolic dysfunction was 
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evident in both sexes in high cardiac AngII and was exacerbated in males, when 

compared to Wildtype.  

The STZ-induced diastolic functional deficit in AngII-Tg mice was also associated with 

cardiac structural changes. Ventricular dilation and reduced posterior wall thickness was 

evident with STZ treatment in male AngII-Tg mice (vs. male AngII-controls) (Figure 

6.3). In addition, STZ-induced reduction (~20%) in cardiac weight indices was also 

apparent in high cardiac AngII (Table 6.2). Again, this contrasts with STZ mice 

exhibiting no changes in cardiac dimensions, as observed from no differences in 

chamber diameter or wall thickness in AT1a-KO mice (Yong et al., 2013). This is 

probably due to the characteristic of AT1a-KO mice, in which cardiac structure changes 

are not observed (Harada et al., 1998; Sugaya et al., 1995). Perhaps, this effect was 

more apparent through direct manipulation of the intracellular AngII level in the AngII-

Tg mice model utilised in this study (Mazzolai et al., 2000). The STZ-induced 

exacerbation of diastolic dysfunction was associated with male-specific structural 

deficit in an elevated cardiac AngII setting. 

6.4B  Loss of T1D-induced “ischemic benefit” in diabetic male isolated hearts 
with high AngII  

Cardiomyocyte calcium (Ca2+) loading is recognised as a major contributor in acute 

ischemia–reperfusion injury and sex differences have been documented in ischemic 

resilience (Bell et al., 2011). The cardiac AngII-Tg mice utilised in this study display 

contractile abnormalities and altered intracellular Ca2+ dynamics as early as 15 weeks of 

age (Domenighetti et al., 2005; Mellor et al., 2014). Therefore, a greater STZ-induced 

ischemic insult and poorer reperfusion recovery was anticipated with elevated cardiac 

AngII. As expected, the STZ-induced ischemic insult was greater than in Wildtype, as 

evidenced from the earlier onset of contracture (~24% quicker) (Figure 6.4C) while 

peak contracture was unchanged (Figure 6.4D) in males. In contrast to the greater 

reperfusion recovery observed in Wildtype, in AngII-Tg male mice, no differences were 

observed in STZ-induced post-ischemic contractile recovery. Developed pressure, 

dP/dtmax and dP/dtmin (Figure 6.5) remained unchanged with STZ despite the increased 

STZ-induced injury during ischemia in the high AngII setting (Figure 6.5). This AngII-

induced “loss of STZ ischemic benefit” in ex vivo reperfusion is consistent with the 
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exacerbated STZ-induced in vivo diastolic dysfunction observed in male AngII-Tg 

mice. 

In female AngII-Tg mice, no differences in STZ-induced ischemic injury or altered 

reperfusion recovery were observed. These findings were similar to STZ effects in 

Wildtype females with the exception of one parameter, STZ-induced earlier onset of 

contracture in Wildtype. This was surprising given the anticipated effect of estrogen-

mediated exacerbation of T1D recovery following ischemia in the high AngII 

environment. The reason for the lack of differences is unclear and will require further 

mechanistic evidence. Perhaps, further investigations in the regulatory role of estrogen 

on different components of RAS (Feldmer et al., 1991) under diabetic settings could 

provide more insights into these differences. Some physiological and 

pathophysiological evidence of estrogen modulation of RAS is available from the 

literature. Non-diabetic cardiomyocytes overexpressing cardiac AngII showed reduced 

cardiomyocyte percentage shortening and delayed clearance of Ca2+ from cytosol in 

aged female mice (where gonadal production of estrogen is low) (Mellor et al., 2014). 

One study from the literature examined the effects of elevated cardiac RAS in 

ovariectomised female T2D (10% high-fructose, w/v in solution for 9 weeks) hearts. 

They reported that estradiol supplementation blunted the T2D-induced increase in 

mRNA and protein expression of ACE and AT1R in ovariectomised mice hearts 

(Bundalo et al., 2015). Unfortunately, functional differences were not reported in this 

study, making it difficult to interpret whether the shift in gene expression was adaptive 

or maladaptive (Bundalo et al., 2015). Thus, female T1D hearts overexpressing cardiac 

AngII displayed no changes in post-ischemic function, similar to observations in 

Wildtype. It would be informative to measure AngII receptor levels in all groups to 

identify whether STZ exacerbates intracardiac AngII levels in AngII-Tg mice. 

As expected, cardiac-specific overexpression of AngII did not further exacerbate the 

systemic response to T1D. Comparable to T1D effects in Wildtype, the STZ-induced 

increase in blood glucose was less pronounced in females compared to male mice 

(Table 6.1). Previous reports on blood pressure measurements, via intra-arterial 

catheter, in the current model of AngII-Tg mice suggested a normotensive status 

(Mazzolai et al., 1998). Therefore, the diabetic systemic insult was not affected by 
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cardiac AngII overexpression and the changes observed in the heart were independent 

of hemodynamic loading.  

In summary, STZ-induced deterioration in function in both sexes and structural deficit 

in males but not females was observed when cardiac AngII was elevated. It is possible 

that a local estrogen-AngII interaction may be operational in female diabetic hearts, 

providing a fundamental mechanistic basis for differential effects of RAS inhibitors in 

both sexes. More detailed evaluation of AngII levels, sex steroid levels, glycogen 

content and cell death induction in both sexes would be informative in explaining this 

differential diabetic susceptibility in the elevated cardiac AngII setting.  

6.5  Conclusions  

A female disadvantage in functional pathology in diabetic cardiomyopathy, despite less 

pronounced systemic changes, was established in Chapter 3 of this thesis. The two 

subsequent chapters (Chapter 4 and 5) delineated sex-specific glycogen handling in 

stress and differences in progression towards cell death. Given the link between 

estrogen and RAS components, this chapter attempted to investigate the role of local 

cardiac AngII in exacerbating T1D functional pathology in males and females. This 

chapter provides the first demonstration of severe diastolic dysfunction in male T1D 

with elevated cardiac AngII, which was not as apparent in the wildtype setting. In 

females, T1D induced diastolic functional detriment was similar in wildtype and AngII-

Tg mice. Some evidence of sex differences were present with male-specific 

exacerbation of T1D-induced wall thinning, marked ischemic injury and “loss of 

benefit” in post-ischemic recovery with cardiac AngII overexpression, compared to the 

Wildtype setting. The lack of T1D anatomic cardiopathology in females with high 

AngII is suggestive of local estrogen-AngII regulation in diabetic hearts, which requires 

further exploration. 

6.6  Limitations 

One of the limitations of this study was that intracellular cardiac AngII levels were not 

measured in male and female diabetics, making it difficult to establish a strong 

association between sex steroids, local AngII levels and the associated T1D-induced 

changes. The cross reactivity issues between AngII, AngI and Ang inactive peptides 

makes them particularly difficult to measure using conventional radio immunoassays. 



 

Chapter 6 178

Isolating local cardiac AngII and measuring concentration through mass spectrometry 

with a synthetic AngIV analogue as an internal standard are under consideration.  
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Table 6.1 Systemic and cardiac morphologic characteristics of T1D male and 
female AngII-Tg mice. 

 AngII-Tg Male AngII-Tg Female 

 Ctrl STZ Ctrl STZ 

Blood glucose (mM) 9.6 ± 0.9 26.1 ± 1.3*  8.4 ± 0.3 14.4 ± 1.8*# 

Body weight (g) 32.3 ± 0.8 26.7 ± 0.6* 25.2 ± 1.0# 22.8 ± 0.5*# 

Tibia length (mm) 17.7 ± 0.3 17.3 ± 0.2 17.2 ± 0.2 17.2 ± 0.2 

Heart weight (mg) 186 ± 8 143 ± 5* 134 ± 4# 121 ± 3# 

Heart weight/body weight (mg/g) 5.8 ± 0.3 5.4 ± 0.2 5.4 ± 0.1 5.4 ± 0.1 

Heart weight/tibia length (mg/mm) 10.5 ± 0.5 8.3 ± 0.3* 7.8 ± 0.2# 7.0 ± 0.2# 

 
Data are presented as mean ± sem (n=13-17/grp). *p<0.05 vs. Ctrl, #p<0.05 vs. male, 2-
way ANOVA, annotated with LSD post-hoc analyses. Heart weights were measured 
post ischemia-reperfusion. 
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Table 6.2 Echocardiographic function characteristics of T1D male and female 
AngII-Tg mice. 

 Male Female 

 Ctrl STZ Ctrl STZ 

E wave (mm/s) 501 ± 14 492 ± 26 441 ± 31 496 ± 24 

A wave (mm/s) 322 ± 35 365 ± 25 315 ± 28 410 ± 7* 

E/A ratio 1.61 ± 0.12 1.39 ± 0.13 1.45 ± 0.11 1.23 ± 0.05 

E’ wave (mm/s) 28.5 ± 4.0 21.3 ± 4.4 29.2 ± 2.6 26.0 ± 2.1 

A’ wave (mm/s) 21.9 ± 1.3 22.7 ± 2.2 24.1 ± 2.6 32.1 ± 2.4*# 

E’/A’ ratio 1.27 ± 0.13 0.96 ± 0.19 1.23 ± 0.04 0.82 ± 0.05* 

PHT (ms) 10.3 ± 0.8 14.6 ± 1.9 8.8 ± 0.6 15.6 ± 2.3* 

Dec Slope (mm/s2) 14507 ± 870 10918 ± 1467 15591 ± 990 11571 ± 1699 

End systolic vol. (µL) 52 ± 14 76 ± 11 44 ± 5.4 38 ± 4.6# 

End diastolic vol. (µL) 143 ± 20 186 ± 15* 130 ± 6.3 108 ± 8.5# 

Heart rate (bpm) 442 ± 16 445 ± 21 458 ± 22 487 ± 14 

Stroke vol. (µL) 92 ± 7.7  112 ± 7.4* 87 ± 3.0 70 ± 5.3# 

Cardiac output (mL/s) 0.68 ± 0.06 0.81 ± 0.04* 0.66 ± 0.04 0.56 ± 0.04# 

Interventricular septum, diastole (mm) 1.06 ± 0.03 0.87 ± 0.03 1.01 ± 0.05 1.01 ± 0.07 

Interventricular septum, systole (mm) 1.55 ± 0.04 1.29 ± 0.04* 1.50 ± 0.08 1.45 ± 0.09 

LV internal diameter, systole (mm) 2.55 ± 0.21 3.02 ± 0.16* 2.51 ± 0.10 2.41 ± 0.09# 

 
Mitral valve flow velocity during the early ventricular filling phase (E wave) and during 
atrial contraction (A wave); mitral valve tissue movement velocity at the early 
ventricular filling phase (E’ wave) and during atrial contraction (A’ wave); pressure half 
time (PHT); deceleration slope (Dec Slope). Data are presented as mean ± sem (n=5-
10/grp). *p<0.05 vs. Ctrl, #p<0.05 vs. male, 2-way ANOVA, annotated with LSD post-
hoc analyses. 
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Table 6.3 Basal ex vivo cardiac function in T1D male and female AngII-Tg mice. 

 Male Female 

 Ctrl STZ Ctrl STZ 

LVEDP (mmHg) 5.33 ± 1.0 7.47 ± 0.97 5.54 ± 0.89 8.16 ± 1.4 

LV DevP (mmHg) 80.9 ± 9.4 95.1 ± 13 96.4 ± 9.6 79.7 ± 8.0 

dP/dtmax (mmHg/sec) 2740 ± 270 3430 ± 340 3350 ± 360 2380 ± 390# 

dP/dtmin (mmHg/sec) -1910 ± 200 -2630 ± 340 -2410 ± 210 -1730 ± 240# 

Coronary flow (ml/min) 2.38 ± 0.33 2.65 ± 0.19 2.07 ± 0.022 2.15 ± 0.15 

Heart rate (non-paced, bpm) 350 ± 29 325 ± 27 359 ± 14 357 ± 10 

 
Left ventricular end diastolic pressure (LV EDP), left ventricular developed pressure 
(LV DevP), left ventricular maximum rate of contraction (dP/dtmax), left ventricular 
maximum rate of relaxation (dP/dtmin). Data are presented as mean ± sem (n=6-7/grp). 
*p<0.05 vs Ctrl, #p<0.05 vs male, 2-way ANOVA, annotated with LSD post-hoc 
analyses. 
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A.       B. 
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                                                                      (for reference, Figure 3.3C) 
 
 
 
D.       
                     

                                                                    
              
             (for reference, Figure 3.3F) 

 
 
Figure 6.1. Diastolic dysfunction is evident in male and female T1D mice with 
elevated cardiac AngII. A. Representative traces from A4C view of pulse-wave (blood 
flow) Doppler; B. Representative traces from A4C view of mitral valve tissue Doppler. 
C. E/E’ ratio. D. Mitral valve deceleration time. Data are presented as mean ± sem. 
*p<0.05, 2-way ANOVA, annotated with LSD post-hoc analyses. Sample size (n/group) 
indicated within bars of graphs. 
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Figure 6.2. Systolic dysfunction is not evident in male and female T1D mice with 
elevated cardiac AngII. A. Ejection fraction. B. Fractional shortening. Data are 
presented as mean ± sem. *p<0.05, 2-way ANOVA, annotated with LSD post-hoc 
analyses. Sample size (n/group) indicated within bars of graphs. 
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        (for reference, Figure 3.5D) 
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Figure 6.3. Left ventricular dilation and wall thinning is evident in male but not 
female T1D mice with elevated cardiac AngII. A. Representative m-mode images of 
LV short axis view. B. LV internal diameter at diastole. C. Posterior wall thickness at 
diastole. Data are presented as mean ± sem. *p<0.05, 2-way ANOVA, annotated with 
LSD post-hoc analyses. Sample size (n/group) indicated within bars of graphs. 
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Figure 6.4. Female ischemic injury in T1D mice with elevated cardiac AngII is less 
severe than in male mice. A. Representative pressure traces of AngII-Tg male control 
and STZ mouse hearts throughout the ischemia-reperfusion protocol. B. Representative 
pressure traces of AngII-Tg female control and STZ mouse hearts throughout the 
ischemia-reperfusion protocol. C. Time to onset of ischemic contracture. D. Amplitude 
of ischemic contracture. Data are presented as mean ± sem. *p<0.05, 2-way ANOVA, 
annotated with LSD post-hoc analyses. Sample size (n/group) indicated within bars of 
graphs.  
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Figure 6.5. No effect of T1D on contractile recovery post-ischemia in male and 
female mice with elevated cardiac AngII. A. Percentage recovery of systolic function 
(left ventricular developed pressure, LV DevP). B. Percentage recovery of left 
ventricular maximum rate of contraction (dP/dtmax). C.  Percentage recovery of left 
ventricular maximum rate of relaxation (dP/dtmin). Data are presented as mean ± sem. 
*p<0.05, 2-way ANOVA, annotated with LSD post-hoc analyses. Sample size (n/group) 
indicated within bars of graphs. 
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7.1  Overview 

Diabetes is a disease of epidemic proportions with significant economic burden on 

countries worldwide (Boudina et al., 2007). Diabetic cardiomyopathy is a distinct 

cardiopathology, independent of other risk factors, e.g. hypertension and coronary 

artery disease. Accumulating clinical evidence has identified that cardiovascular 

consequences of diabetes in women are particularly dire. The Framingham Heart 

Study was the pioneer in identifying a 5-fold increase in cardiovascular risk among 

diabetic women compared to a 2-fold increase in risk in males (Kannel et al., 1979). 

Diabetic females are characterised by higher risk of acute myocardial infarction than 

their male diabetic counterparts (Kappert et al., 2012; Lam et al., 2012). Worsened 

post-infarction outcomes for diabetic women have been documented in studies of large 

cohorts, conducted in globally diverse locations and including women of varying ages 

(Crowley et al., 2003; Fraser et al., 1992; Hayes et al., 2011; Lundberg et al., 1997; 

Norhammar et al., 2008; Seeman et al., 1993). 

Since Framingham, considerable progress has been made in developing experimental 

models of diabetic disease states, including a plethora of genetic rodent diabetic 

models utilised to understand the molecular cardiopathology. The cardiac functional 

deficit consistently observed involves an underlying diastolic dysfunction preceding 

systolic abnormality (Boyer et al., 2004; Zabalgoitia et al., 2001). Structural diabetic 

pathology manifests as loss of myocardial collagen elasticity and cardiomyocyte loss 

(Regan et al., 1977; Shimizu et al., 1993). Metabolic perturbations include a shift 

towards higher reliance on fatty acid in the insulin-deficient myocardium (Han et al., 

2014; Liu et al., 2001; Pham et al., 2014; van Heerebeek et al., 2008). Perplexingly, 

little experimental work has explored sex-specific outcomes in diabetic 

cardiomyopathy. The case for mechanistic interrogation of sex differences, of sex 

steroid influences in the aetiology of diabetic cardiomyopathy, is particularly 

compelling. 

The experiments undertaken in this thesis were designed to examine female 

susceptibility to cardiac pathology in type 1 diabetes (T1D), with a particular focus on 

cardiac function (in vivo and ex vivo), vulnerability to ischemic stress (ex vivo), 

cellular metabolism (molecular) and involvement from the renin-angiotensin system 

(in vivo and ex vivo). The novel finding that less pronounced hyperglycaemic insult 
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was linked with more severe diastolic dysfunction in female T1D (compared to males) 

shaped the direction of this thesis to further explore the mechanistic basis of female 

cardiac vulnerability in T1D.  

The four experimental questions addressed in this thesis are: 

1. Are systemic and cardiac diabetic phenotypes different between males and 

females? [Chapter 3] 

2.  Is there an accentuated female vulnerability to ischemia reperfusion injury in 

diabetes? [Chapter 4] 

3.  Are there sex-specific changes in metabolism and cell viability with diabetes? 

[Chapter 5] 

4.  Does cardiac RAS upregulation interact with sex-specific cardiac responses in 

diabetes? [Chapter 6] 

The major findings of these investigations are that:  

1. Despite less pronounced systemic increases in diabetic diagnostic markers (in 

female T1D mice comparison to male mice with T1D), diastolic dysfunction was 

evident in female T1D but not in males  (Figure 3.3C).  

2. In males, diabetic hearts showed greater functional rebound post-ischemia during 

acute reperfusion which was associated with reduced cardiac glycogen levels, 

suggesting better glycogen utilisation during ischemia. In contrast, female hearts 

exhibited an indication of greater injury (Figure 4.2C) with unchanged glycogen 

levels with T1D. 

3. Genes responsible for lysosomal breakdown of glycogen (glycophagy) were 

upregulated in T1D males, whereas, genes from cytosolic enzyme-regulated 

glycogen breakdown were increased in female T1D (Figure 5.1A). A marked 

increase in expression of genes relating to macrophagy (autophagic protein bulk 

degradation) and apoptotic cell death was observed in female but, not in male 

T1D (Figure 5.1A).  

4. With elevated cardiac AngII, T1D-induced cardiac functional and structural 

changes were exacerbated in males but not as apparent in females.  
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The importance of these findings is discussed in the following sections of this chapter. 

7.2 Evidence of distinct systemic and cardiac diabetic pathology in both sexes 

More than three decades ago, the Framingham Heart Study identified an accentuated 

female vulnerability in diabetic cardiomyopathy (Kannel et al., 1979). Since then, 

clinical studies have repeatedly confirmed this “disadvantage” in diabetic females 

(Barrett-Connor et al., 1991; Folsom et al., 1997; Heyden et al., 1980; Natarajan et al., 

2003; Simons et al., 1996). Despite the case for an earlier onset of diastolic 

dysfunction with T1D in women, potential sex-specific investigations utilising 

experimental T1D models have been minimal in number (Reichelt et al., 2013).  

Elevated fasting glucose is the primary diabetic diagnostic, and may be used as the 

sole criterion in determining diabetes prevalence and incidence, as recommended by 

the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus 

(ECDCDM, 2003). The research findings reported in Chapter 3 of this thesis are the 

first to demonstrate that a less pronounced increase in blood glucose, HbA1c and 

glucose intolerance were linked with more severe diastolic dysfunction in T1D 

females. Systolic function remained preserved with T1D in both sexes. Similar extent 

of fibrosis and wall thinning were observed with T1D in both sexes. Molecular 

evaluations suggest selective upregulation of genes involved in glycolysis and 

glycogen enzymatic breakdown in female, but not male, hearts with diabetes.  

These findings are the first to report that a less pronounced systemic insult, ie. more 

modest hyperglycaemia, is linked to more severe cardiopathology in female T1D. A 

lower diabetic diagnostic threshold could be considered for females, as glycemic 

status may not reflect the underlying cardiac pathology. The current usage of similar 

glycemic cut-offs for both sexes may not be sufficient in diagnosing early stages of 

diabetic cardiomyopathy in women. Thus, the adoption of sex-specific cut-offs seems 

appropriate for earlier diagnosis and more effective management of cardiac pathology 

in diabetic females. Whether the same will be applicable to T2D and human diabetics 

is pending confirmation. In addition, heart failure in STZ-induced T1D mice manifests 

as pronounced diastolic dysfunction, with preserved ejection fraction. Beyond 

diuretics, there are no specific treatment options tailored for this condition as yet. 

More research is warranted to examine molecular targets of diastolic diabetic 
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cardiomyopathy. The systemic, cardiac structural and functional relationship presented 

in Chapter 3 has provided a better understanding of diabetic heart failure with 

preserved ejection fraction (HFpEF) in both sexes.  

7.3  Female vulnerability in ischemia reperfusion linked with diminished 

glycogen utilisation 

Clinically, increased susceptibility to ischemic heart disease among diabetic patients 

has been documented (IDF, 2015). Poorer prognosis following an infarct event has 

been reported in diabetic women more than in men (Crowley A et al., 2003; Fraser GE 

et al., 1992). Limited sex-specific studies and the varying extent of ischemic 

susceptibility in experimental models have made it difficult to fully understand 

ischemic pathology among diabetics.  

Chapter 4 of this thesis examined whether these sex differences in metabolic and 

functional adaptations in T1D are more apparent following ischemia reperfusion, 

which conferred an additional nutrient challenge to the diabetic myocardium. Using an 

isolated heart model, ischemic damage and functional rebound following an acute 

reperfusion period were assessed ex vivo in T1D male and female hearts. Tissue 

analysis was performed at the end of reperfusion to measure cardiac glycogen content. 

The novel sex-specific findings from this chapter show that male T1D mice exhibited 

greater recovery in acute reperfusion and were associated with reduced cardiac 

glycogen stores at the end of reperfusion. Despite the earlier onset of ischemic 

contracture in T1D females, subsequent functional recovery at the end of acute 

reperfusion was unchanged. Interestingly, female T1D hearts also had higher free 

glucose stores and unaltered glycogen content, suggesting diminished utilisation to 

glycogen stores. These novel findings suggest sex-specific glycolytic fuel 

management during ischemic reperfusion, which may be important in determining the 

extent of ischemic injury in the heart. While the functional rebound observed, 

particularly in male T1D, did not align with clinical reports, various ex vivo 

experimental studies have reported the same (Ma et al., 2006; Nawata et al., 2002; 

Ooie et al., 2003; Shi-ting et al., 2010; Tani et al., 1988). This discrepancy can 

attributed to (1) the availability of glucose as the only substrate in the perfusion buffer, 

(2) functional assessment being conducted following an acute, not chronic, reperfusion 

setting and (3) a less severe diabetic phenotype.  
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These findings have added important sex-specific insights in the occurrence of acute 

myocardial infarction and risk of developing left ventricular dysfunction post infarct. 

The greater indication of ischemic injury and diminished access to glycolytic fuel in 

female diabetic mice presented in this chapter could potentially be extended to 

diabetic women with increased vulnerability to heart failure post infarct. These 

findings warrant a more extensive molecular investigation of key metabolic and cell 

viability, which may be altered in both sexes, contributing to the differential functional 

and ischemic pathology. 

7.4  Differential expression of glycogen handling, autophagy and apoptosis 

genes in diabetic male and female hearts 

Cardiac-specific metabolic alterations in diabetes are evident and have been associated 

with cell death (Han et al., 2014; Liu et al., 2001; Mellor et al., 2011a; Pham et al., 

2014; van Heerebeek et al., 2008). Perplexingly, glycogen accumulation occurs in 

diabetic hearts despite reduced glucose uptake with an insulin deficient or resistant 

state (Alfarano et al., 2011; Lajoie et al., 2004; Mowry et al., 1951; Sakakibara et al., 

2011; Shearer et al., 2011; Warren, 1930). In addition to apoptotic cell loss, evidence 

of disturbed phagic processing of macromolecules in diabetic hearts has emerged in 

recent years (Delbridge et al., 2015; Kobayashi et al., 2012; Mellor et al., 2011b; 

Wang et al., 2013; Xie, 2012; Xie et al., 2011; Zou et al., 2013). The utilisation of 

various experimental diabetic rodent models with diverse metabolic perturbation 

profiles poses an ongoing challenge in understanding the underlying molecular 

pathology of diabetes. Sex-specific differences have not been explored. Chapter 5 of 

this thesis provides a comprehensive report of gene expression changes in key 

metabolic, signalling, macroautophagy and glycophagy pathways in diabetic males 

and females. Directional changes in gene expression in males and females are 

summarised in Table 7.1 below.  

A female-specific increase in both myocardial autophagic and apoptotic cell death was 

evident with chronic T1D, which was absent in males, pending confirmation with 

protein assessment. Additionally, preliminary finding of glycogen breakdown through 

cytosolic enzyme-regulated process was present in female diabetics while bulk 

glycophagic breakdown of glycogen was occurring in male diabetics is also reported. 

The “quicker” and efficient access to glucose in male diabetic hearts possibly blunted 
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the increase in energy stress causing no major perturbations in cell death pathways and 

assisted in preserving cardiac function to some extent. In contrast, the insulin-deficient 

female hearts increased autophagic drive, perhaps to compensate for inefficiency in 

glycogen breakdown. This excessive macroautophagy drive perhaps turned 

maladaptive, as it was also associated with increased expression of apoptotic genes, a 

significant structural and functional deficit with diabetes in females. This novel 

observation of female-specific upregulation in autophagy response in the T1D heart 

could be pivotal in sex-specific therapeutic targets from phagic pathways. 

This chapter has also extended findings from the chronic T1D model to other rodent 

diabetic models of T2D. Interestingly, contrasting responses were found in lean and 

obese T2D models. Lean T2D hearts with insulin resistance displayed downregulated 

insulin signalling and increased autophagy. In addition to insulin resistance, the 

obesity phenotype in obese T2D resulted in a suppression of autophagy, possibly due 

to high intracellular nutrient energy status. Interestingly, both increased and decreased 

autophagy was associated with impaired cardiac function in lean (Mellor et al., 2011a) 

and obese T2D (Huynh et al., 2012) respectively. Autophagy in diabetes appears to 

follow the “Goldilocks” phenomenon, too little or too much can both result in 

detrimental consequences. This is a key finding for basic science and translational 

studies focusing on autophagic signalling pathways for therapeutic potential. 

Experimental investigations solely aiming to either suppress or increase autophagy 

may not be as effective and should not be ubiquitously applied to all diabetic 

conditions. These findings provide important leads for future investigations and 

determining whether these gene expression changes are compensatory or causative is a 

key priority. 

Table 7.1: Summary of gene expression changes with T1D in males and female 

mice 

Signalling pathway Male STZ Female STZ  Lean T2D Obese T2D 

Glycogen enzymatic breakdown = ↑  ↑ ↓ 
Glycogen glycophagic breakdown ↑ = ↑ ↑ 
Macrophagy = ↑ ↑ ↓ 
Apoptosis = ↑ = ↓ 
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7.5  T1D-induced cardiac functional and structural detriments are 

exacerbated by elevated cardiac AngII in male but not female mice. 

Left ventricular dysfunction in diabetic cardiomyopathy is often associated with 

increased activation of the renin-angiotensin (AngII) system. Inhibition of cardiac 

AngII results in improved systolic and diastolic function in diabetic rodents (Masuda 

et al., 2012). RAS inhibitors have shown greater efficacy in male compared to female 

patients (Rabi et al., 2008). The role of sex differences in the pathogenesis of diabetic 

cardiomyopathy in elevated cardiac AngII setting was yet to be investigated.  

Chapter 6 of this thesis utilised a cardiac-specific AngII overexpressing transgenic 

mouse model to investigate sex differences in T1D mediated deterioration of function 

(in vivo) and acute ischemia reperfusion (ex vivo). Findings reported in this chapter 

provide the first demonstration of severe diastolic dysfunction in male T1D with 

elevated cardiac AngII, which was not as apparent in the wildtype setting. In females, 

T1D-induced diastolic functional detriment was similar in wildtype and AngII-Tg 

mice. Some evidence of sex differences was present with male-specific exacerbation 

of T1D-induced wall thinning, marked ischemic injury and “loss of benefit” in post-

ischemic recovery with cardiac AngII overexpression, compared to the wildtype 

setting. The lack of T1D anatomic cardiopathology in females with high AngII is 

suggestive of local estrogen-AngII regulation in diabetic hearts, which requires further 

exploration. 

These findings presented in Chapter 6 were surprising but informative of sex-specific 

differences in the diabetic heart when cardiac AngII levels are elevated. These 

findings provide insight possible local interaction of estrogen and cardiac AngII, 

which may translate into differential effects of administration of RAS inhibitors in 

females. Specifically, two main questions to be addressed to achieve a better 

understanding on this interaction are: 1) Do sex differences in metabolic fuel handling 

in diabetes become more apparent in an elevated AngII setting? 2) Is there a role for 

local cardiac AngII in increased autophagic drive in female diabetics? Experimental 

pursuits to unravel the complex relationship between estrogen, AngII and insulin 

signalling pathway are warranted.  
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7.6  New research questions 

The findings reported in this thesis have inspired new research questions in the field of 

sex differences in diabetic cardiomyopathy. The novel finding that a less pronounced 

systemic insult was linked with worse diastolic functional pathology provides 

momentum to investigate sex differences in glucose handling among diabetics using 

animal models. The possibility that basal glucose uptake, independent of insulin, could 

perhaps be greater in female diabetics resulting in a lower blood glucose presentation 

is yet to be investigated in both rodents and humans. 

This thesis has identified an indication of greater ischemic injury linked with 

diminished glycogen utilisation in female diabetic mice, but not males, following an 

acute reperfusion period. The clinical jeopardy in myocardial infarction among 

diabetic patients was not observed in this study, as in many other rodent studies on 

ischemia. These clinical and experimental differences are possibly attributable to ex 

vivo ischemic conditions and functional measures taken following an acute, not 

chronic, reperfusion period. Future studies are warranted to investigate whether an in 

vivo infarct and a prolonged reperfusion period, where the predominant diabetic fuel 

substrate source, i.e. fatty acids, is available, will be able to mimic the clinical 

responses more closely.  

Several gene expression changes were highlighted in this study. Importantly, in female 

diabetic mice, enzyme-regulated glycogen breakdown, macrophagy and apoptotic cell 

death pathways were upregulated. Studies are required to confirm these gene 

expression changes at protein level to further pursue these mechanistic leads 

highlighted in glycogen breakdown and macrophagy pathways as sex-specific 

therapeutic targets of diabetic cardiomyopathy.  

 With elevated AngII, diabetes-induced functional deficit was evident in both sexes 

while wall-thinning pathology was exacerbated in male diabetic mice, but not in 

females, in this study. Given the estrogenic link with RAS components, further sex-

specific exploration of local AngII modulation, myocyte viability, extent of fibrosis 

and glycogen fuel utilisation in diabetes are required. 
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7.7  Overall conclusions 

Collectively, the novel findings in this thesis have contributed new knowledge to the 

literature on sex-specific attributes of diabetic cardiomyopathy. Key findings of this 

thesis are summarised in Figure 7.1. This thesis is the first to demonstrate that a less 

pronounced systemic insult of T1D can be associated with significant cardiac 

pathology in female diabetic mice. This female vulnerability may be partially 

attributed to a preferential slower or inefficient-processing route of glycogen and 

higher underlying cell death pathology, as evidenced from the pronounced autophagic 

drive evident in female T1D. A sex-specific role for cardiac RAS in exacerbating the 

T1D phenotype has also been identified. The findings reported in this thesis support 

the contention of an accentuated female susceptibility in diabetic cardiomyopathy and 

have provided new knowledge on the underlying mechanisms, enabling new sex-

specific therapeutic leads to be investigated.  

Figure 7.1: Summary of key thesis findings on sex differences in functional, structural 

and molecular remodelling in diabetic cardiomyopathy. Changes in each cardiac 

variable are indicated in blue and red arrows for males and females respectively. 
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Appendix 1: Glycogen assay optimisation 

 

Enzymatic glycogen content measurement – original protocol  

A glycogen assay protocol was obtained from collaborators at the University of 

Melbourne. This protocol had been previously used extensively to assess the glycogen 

levels of liver and skeletal muscle tissues. Given that glycogen content and structure 

are tissue specific, the assay protocol required optimisation and validation for use with 

cardiac tissues.  

In brief, this assay is based on a measurement of the release of glucose from the 

glycogen molecules within the tissue (Figure. 8.1). The homogenate is incubated with 

amyloglucosidase (acid-α-glucosidase) to digest the glycogen to release glucose. The 

sample is then centrifuged to remove unwanted cellular debris. The amount of glucose 

is measured using a glucose-oxidase reaction solution, which produces a coloured 

product in proportion to the presence of glucose. The samples are run in triplicate and 

the intensity of colour is then analysed by absorption of 450nm light. Tissue 

homogenate is assayed with and without amyloglucosidase (“enzyme-positive” and 

“enzyme-negative” samples) to obtain a measure of glucose without enzyme-glycogen 

digestion (i.e. free tissue glucose), and a measure of total glucose after glycogen 

digestion (i.e. free tissue glucose + glucose released from glycogen). The difference 

between these two values represents the glucose released from glycogen digestion and 

is therefore a measure of the total glycogen content of the heart. Glycogen levels are 

presented in nM glycosyl units and normalised to respective protein content, 

determined by the Lowry method.  
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Figure 8.1: Original glycogen assay protocol.  
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Glycogen assay optimisations key questions  

1. Is glycogen detectable through enzymatic measurement in heart homogenates? 

2. Does increasing initial sample input increase glucose absorbance in the heart?  

3. Does addition of the detergent triton increase glucose absorbance in the heart? 

4. Does addition of a syringe pass step yield higher cardiac glucose absorbance? 

5. Does an initial spin A of crude homogenate increase cardiac glucose absorbance? 

6. Does increasing the enzyme incubation period increase cardiac glycogen 

absorbance? 

7. Is the optimised glycogen assay protocol for cardiac homogenates reproducible?  
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Question (1) :  Is glycogen detectable through enzymatic measurement in heart homogenates?  

Hypothesis   : Glycogen present in the myocardium should be detectable through the addition of amyloglucosidase, which breaks down 
glycogen residues in the heart to glucose. Subtracting free glucose (sample processed without enzyme) from total glucose 
(sample processed with enzyme) will yield absolute glycogen levels. Glycogen content in the heart is likely to be lower than 
in the liver, and assay conditions may require optimising to achieve optimal detection. 

Experiment  : To enzymatically measure glycogen content in mice heart homogenate with liver as positive control 

Results          : 

 

Conclusion   : Yes, glycogen levels are measurable using enzymatic assay but the absolute glycogen absorbance (total-free glucose) in the 
heart is ~10-fold lower compared to absorbance in liver homogenate. Assay needs to be optimised to have readings from heart 
homogenate fall at a reliable portion of the standard curve. More points between 0 -20 μM glu to be added in STD curve 
(Refers to Step F, Figure 8.1). 
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Question (2) :  Does increasing initial sample input increase glucose absorbance in the heart? (Refers to Step C, Figure 8.1) 

Hypothesis   : Increasing sample input of the 10% heart homogenate may increase the difference between total and free glucose values, 
translating to a higher absolute glycogen readout from the standard curve 

Experiment  : To investigate whether increasing initial sample input to 20μl, 40μl and 90μl increases glycogen absorbance level? 

Resμlts          : 

 

 

Heart homog  
(μl) 

Total glu  
(abs) 

Free glu 
(abs) 

Glycogen 
(abs) 

10  0.080  0.066  0.014 

20  0.102  0.067  0.035 

40  0.140  0.075  0.065 

90  0.212  0.100  0.112 

Conclusion   : Yes, increasing sample volume increased glycogen absorbance confirming the sensitivity of glycogen detection in the heart. 
Taking into consideration the volume of 5% homogenate available from mice hearts, a 40μl sample volume was chosen for 
subsequent assays to obtain absorbance from a more reliable region of the standard curve.  
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The increases in absorbance values were directly 
proportional to volume of sample input.  
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Question (3) :  Does addition of the detergent triton increase glucose absorbance in the heart? (Refers to homogenate preparation before Step 
A, Figure 8.1) 

Hypothesis   : Some glycogen depots in myocardial tissues are enclosed within double membrane vesicles such as phagolysosomes. The 
addition of 1% Triton may disrupt the double membrane vesicles and release more glycogen during mechanical disruption of 
heart tissue during homogenisation. 

Experiment  : To investigate whether addition of 1% Triton to homogenisation buffer improve cellular disruption and increases glycogen 
absorbance levels  

Results          :        

 

Sample 
# 

Without Triton (abs)  With 1% Triton (abs)  Fold 
diff Total   Free  Glycogen  Total   Free  Glycogen 

1  0.094  0.083  0.011  0.114  0.097  0.047  4.3 
2  0.084  0.075  0.009  0.117  0.075  0.042  4.6 

Conclusion   :  Yes, addition of 1% triton increases glycogen absorbance by ~4.5-fold compared to tissues homogenised without triton.  

  

Addition of triton reduced cell clumping (5μl homogenate 
viewed at 20x magnification using a light microscope)  

Glycogen absorbance increased by 4.3-fold and 4.6-fold 
with addition of 1% triton in two biological replicates (fold 
difference calculated against respective tissues homogenised 
without triton). 
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Question (4) :  Does addition of a syringe pass subsequent homogenisation step yield higher cardiac glucose absorbance? (Refers to 
homogenate preparation before Step A, Figure 8.1) 

Hypothesis   : Passing the homogenate through a syringe to induce further mechanical disruption will avoid cell clumping and provide better 
access for amyloglucosidase to glycogen  

Experiment  : To examine whether syringe passing crude homogenate yields a more homogenous mixture.  

Results          :  

      

Conclusion   :  The time taken to complete this step requires thawed samples to sit for a long time and therefore may affect the integrity of 
the samples. Therefore, the syringe pass step was not included in the revised protocol. 

  

No differences in the extent of cell clumping observed 
visually (20x magnification using light microscope) 
with syringe-pass introduction.   
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Question (5) : Does an initial spin of crude homogenate (Refers to Step B, Original glycogen assay protocol, Figure 8.1) increase cardiac 
glucose absorbance or is glycogen lost in pellet?  

Hypothesis   : A brief centrifugation of homogenate will pellet crude particles in the homogenate to provide a supernatant which will give 
better access for enzyme amyloglucosidase to breakdown more glycogen, provided glycogen is not ‘lost’ in the pellet. 

Experiment  : To compare which sample prep (total homogenate, supernatants and resuspended pellets) will yield the highest glycogen 
content. Crude homogenate were briefly spun and supernatant 1 was aliquoted while the pellet was resuspended in 1% Tx-
homog buffer (resuspension 1). Process was repeated twice to collect supernatant 2, resuspension 2, supernatant 3 and 
resuspension 3. 

Results          : 

 

Conclusion   : Considering the increase in absorbance with introduction of brief centrifugation of crude homogenate is resulting is minimal, 
the spin step (Step B) can be removed from the protocol to minimise sample handling and reduce the risk of glycogen 
degradation.  
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91% of glycogen was recovered within the first two 
fractions, i.e. crude homogenate and spun supernatant 1. 
Therefore, only a negligible amount of glycogen was lost 
in the pellet.  

The difference in absolute glycogen absorbance values 
between crude homogenate and supernatant 1 is 0.0475 – 
0.045 = 0.0025.  
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Question (6) :  Does increasing the amyloglucosidase incubation period increase glycogen absorbance? (Refers to Step E, Figure 8.1) 

Hypothesis   : A longer incubation time will allow more time for the amyloglucosidase to breakdown glycogen to glucose and increase 
glycogen detection. 

Experiment  : To compare glycogen detection with 30, 60, 90 and 120 mins amyloglucosidase incubation time. 

Results          :  

      

Conclusion   :  Enzyme amyloglucosidase incubation period of 60 mins is optimal. 
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Amyloglucosidase incubation period (mins)

Increasing enzyme amyloglucosidase incubation time 
from 30 to 60 mins increased absorbance by 6.4%  

No further increases in glycogen absorbance with 
incubations beyond 60mins, i.e. 90 and 120 mins. 
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Question (7) :  Is the optimised glycogen assay protocol reliable and reproducible? 

Hypothesis   : The optimisation changes introduced to the original glycogen assay protocol will produce reliable and reproducible glycogen 
measurement in heart homogenates (refer key optimisation decisions in the subsequent section for details on changes 
introduced to original protocol).   

Experiment  : To test the reliability and reproducibility of the new optimised glycogen protocol  

Results          : 

                    

Glycogen reading for cardiac homogenates are now being taken from a reliable portion of the standard curve. 

Replicate test using a calibrator heart homogenate yielded less than 3% variability from mean glycogen absorbance between 6 
independent measurements. 

Conclusion   : The optimised glycogen assay protocol produces both reliable and reproducible glycogen enzymatic measurement in the heart. 
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Key optimisation conclusions and optimised protocol 

1. Step F: Standard curve for glycogen measurement in the heart needs to include more 

points at the lower end of the curve to be able to obtain cardiac glycogen readings 

from a reliable part of the standard curve. 

2. Step C: Increasing 5% heart homogenate (mg/vol.) for assaying from 10 μl to 40μl 

increases glycogen absorbance 4.6-fold. 

3. Homogenate preparation (Before Step A): Addition of 1% triton to the 

homogenisation buffer increases glycogen absorbance in heart homogenates ~4.4-fold.  

4. Homogenate preparation (Before Step A): Syringe pass step was removed from the 

sample preparation protocol as the extent of cell clumping observed was not markedly 

different from samples which were not processed using the syringe pass method. 

5. Step B: An initial spin of crude homogenate step was removed from the protocol as 

the differences in glycogen absorbance values between crude and spun homogenates 

were negligible. 

6. Step E: Enzyme amyloglucosidase incubation period increased to 60 mins from 30 

mins as glycogen absorbance is increased by 6.4%. 
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Enzymatic glycogen assay – optimised protocol for cardiac homogenates 

Glucose standards were made from 1mg/ml glucose standard solution (Cat#G6918, pH 

3.3, Sigma-Aldrich, MO, USA) and μltrapure H2O to yield 100µl of 0, 10, 20, 50, 100, 

200 and 300 µmol/L stocks.  

Amyloglucosidase enzyme-positive and -negative reaction solutions were prepared. 

The enzyme-positive solutions contained total homogenate, 10-6M pH6 NaAc, 4.54% 

amyloglucosidase (#10102857001, Roche, Switzerland), 1% Triton X (Cat#T8787, 

Sigma-Aldrich, MO, USA) and H2O to make up to a final volume of 110µl. For non-

perfused hearts 1% Triton-X was added to the glycogen assay aliquot at the time of 

homogenisation so in these samples H2O was replaced with homogenisation buffer. 

Optimisation experiments showed that this did not have an effect on the glycogen 

assay. The enzyme-negative solutions substituted amyloglucosidase with H2O.  

The samples were incubated at 50°C for 60 minutes on a heating block. Incubated 

samples were then centrifuged at 16,000g for 2 minutes at 4°C. 100µl of supernatant 

or standard solution was added to 900µl of glucose reaction solution (1capsule of PGO 

enzyme #P7119, Sigma-Aldrich, MO, USA, 7.9µM o-dianisidine dihydrochloride cat# 

D3252, Sigma-Aldrich, MO, USA). All samples and standards were mixed well by 

vortex, covered and incubated at room temperature for 30 minutes. After this 

incubation samples and standards were pipetted in triplicate into a 96 well plate. A 

Biorad plate reader (Biorad, CA, USA) was used to read the absorbance at 450nm. A 

standard curve was generated using the absorbance values from glucose standard 

solutions and used to determine the concentration of glucose in each sample. Glycogen 

levels were calculated by the difference between total glucose (enzyme-positive 

samples) and free tissue glucose (enzyme-negative samples) and normalised against 

respective protein levels. A schematic of the final glycogen assay protocol has been 

included on the next page. 
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Figure 8.2: Optimised final glycogen assay protocol for cardiac homogenates.  
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Appendix 2: RNA quantitation and quality control determination    

For quality control analysis prior to gene expression profiling using real time RT-PCR, 

RT2 RNA QC PCR Array (Qiagen, CA, USA) was performed on all of the mRNA 

samples. This was to detect the presence of any reverse-transcription inhibition, PCR 

amplification inhibition, genomic DNA contamination, false positive signals and to 

eliminate substandard samples prior to analysis with RT2 Profiler PCR Arrays. A 

description of the specific controls utilised in this QC plate is given below: 

Housekeeping controls - Two housekeeping genes, β–actin (ACTB) and 

Hypoxanthine Phosphoribosyltransferase 1 (HPRT1) were included to predict the 

expected Ct ranges in subsequent reactions and as an estimation of RNA integrity.  

Reverse-transcription control (RTC) - During the reverse-transcription step, a built-in 

external RNA control is included, which will be detectable in the PCR array. The 

presence of inhibitors of the reverse-transcription reaction in the RNA samples may 

also affect the RT of mRNA of interest. A value of less than 5 when                        

ΔCt =CtRTC – CtPPC+H2O is calculated is indicative of no contamination. 

Positive PCR control (PPC) - The positive PCR control contains a plasmid template 

with an artificial sequence and primers to detect it in the PCR array. Two controls are 

characterised with or without cDNA template to test for the presence of PCR 

inhibitors in the RNA samples. A value of less than 3 when                                     

ΔCt= CtPPC+ cDNA – CtPPC+H2O is calculated denotes no apparent inhibition. 

DNA contamination controls  - Two methods are used to sensitively detect genomic 

DNA contamination. The no reverse-transcription control (NRT) mixes primers for a 

housekeeping gene with total RNA instead of template to test for genomic DNA. 

Another assay specifically amplifies nontranscribed genomic DNA (gDNA) 

contamination. Values more than Ct 35 in NRT and gDNA indicate no genomic DNA 

contamination is present. 

No template control (NTC) - A control lacking cDNA template serves as a no 

template control to test for the introduction of any DNA contamination during 

experimental setup. An NTC value of more than 35 indicates that there is no evidence 

of general DNA contamination. 
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Table 8.1: Analysis of RT2 RNA QC PCR Array Results 

 

Sample Chronic STZ male mouse study Acute STZ male mouse study db/db mouse study 
Cut-
off 

ACTB 24.17 23.99 23.56 24.78 23.89 23.64 22.77 22.98 22.73 22.61 22.91 23.04 23.38 24.68 24.14 27.56 24.93 24.62 - 

HPRT1 23.42 23.55 23.27 23.44 22.40 21.83 22.36 22.62 22.40 20.89 21.13 21.38 21.26 24.91 23.45 21.76 23.33 22.86 - 

RTC 26.64 26.51 26.48 26.50 26.59 26.72 26.79 26.64 26.52 26.63 26.60 26.65 26.36 26.41 26.38 26.43 26.48 26.57 - 

PPC 21.17 21.11 21.13 21.13 21.13 21.63 21.51 21.18 21.15 21.32 21.17 21.32 21.22 21.36 21.30 21.33 21.32 21.66 - 

GDC > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 35 

NRT > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 35 

PPC+H2O 21.99 21.72 21.78 21.69 21.66 21.79 21.92 22.25 21.85 22.03 21.83 22.04 22.03 22.15 21.89 22.03 21.78 21.79 - 

NTC > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 > 37 35 

RT control 
 ΔCt = CtRTC– Ct PPC + 

H2O 
4.65 4.79 4.71 4.82 4.93 4.93 4.87 4.39 4.67 4.60 4.77 4.62 4.33 4.26 4.49 4.41 4.70 4.79 5 

PPC control 
  ΔCt= CtPPC – Ct PPC + 

H2O 
-0.82 -0.61 -0.64 -0.56 -0.53 -0.16 -0.41 -1.07 -0.70 -0.72 -0.65 -0.72 -0.82 -0.79 -0.59 -0.70 -0.46 -0.13 3 

	

Samples included in the QC Array plate were from STZ (8weeks), ACUTE STZ (cardiac) and db/db study (3 controls and 3 diabetic samples 

each). Detectable threshold values in both housekeeping genes (ACTB and HPRT1) in all RNA samples provide confidence that the RNA is 

intact. Values of less than Ct 5 and Ct 3 in RT control and PPC control respectively indicate no presence of RT or PCR inhibitors. Given that the 

Ct values for GDC, NRT and NTC were more than Ct 37, no genomic DNA or general DNA contamination was introduced during the PCR 

reaction. Therefore, all RNA samples were confirmed to be of good quality for the RT profiling gene expression analysis. 
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RNA Quantitation results through Nanodrop analysis  

RNA purity and concentrations were analysed using spectrometry (Nanodrop, Thermo 

Fisher Scientific, MA, USA). A 260/280nm ratio of 1.90-2.10 was accepted as “pure” 

RNA with least contamination of proteins and phenols as the latter absorb strongly at 

280nm. Yet, the actual ratios depend on composition of nucleic acids and sample 

acidity, therefore acceptable range 260/280nm ratio absorbance was extended to 1.9-

2.20 (Wilfinger, 1997). In addition, the 260/230nm ratio was also used to determine 

RNA quality, where values between 2.0-2.2 are as “rule of thumb” considered pure 

RNA. Remnants of carbohydrates, EDTA and phenols, which absorb at 230nm would 

result in a ratio of <2.0 indicating contamination in RNA samples. As a marginally 

higher ratio is indicative of lower contaminants in the RNA samples, the acceptable 

range for the 260/230nm ratio were extended to 2.0-2.3 (Leninger, 1975 ). RNA 

samples that fell marginally outside these acceptable ranges were included in the plate 

after being confirmed as acceptable quality using the RT2 RNA QC PCR Array. 

Table 8.2: Nanodrop RNA concentration and purity results 

Study Sample ID Group 
[RNA] 
ug/μl 

260/280 
ratio 

260/230 
ratio 

STZ chronic 23.42 Ctrl  1.16 2.14 2.22 
96 Ctrl 1.29 2.18 1.71 
30.155 Ctrl 1.52 2.15 2.25 
23.4 STZ 1.25 2.15 2.19 
31.161 STZ 0.90 2.11 2.27 
29.148 STZ 1.41 2.07 2.35 

Fructose C1 Ctrl 1.06 2.17 2.20 
C1.1 Ctrl 1.08 2.18 1.87 
C3 Ctrl 1.05 2.14 2.21 
F5 Fructose-fed 0.84 2.14 2.23 
F6 Fructose-fed 1.00 2.15 2.19 
F6.1 Fructose-fed 1.11 2.17 2.25 

STZ acute 
(cardiac) 

5 Ctrl  1.04 2.13 1.75 
6 Ctrl 1.04 2.13 2.14 
8 Ctrl 1.10 2.14 2.36 
10 Acute STZ 1.09 2.12 2.12 
11 Acute STZ 1.14 2.17 2.25 
12 Acute STZ 1.18 2.14 2.20 

STZ acute 
(skeletal) 

5 Ctrl  1.62 2.11 2.22 
6 Ctrl 1.12 2.10 2.02 
8 Ctrl 1.53 2.11 2.19 
10 Acute STZ 1.39 2.10 2.23 
11 Acute STZ 1.14 2.09 2.23 
12 Acute STZ 1.42 2.10 2.26 
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Note: db/db mRNA samples were a gift from Rebecca Ritchie’s laboratory at the 
Baker IDI Diabetic Institute. The db/db samples were confirmed to be high quality in 
the RT QC plate analysis and were thus included in the RT profiling plate. 
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