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I. Synopsis 

Ischaemic heart disease (IHD) remains a leading cause of death worldwide and clinical 

therapies to improve cardiac outcomes following associated acute myocardial infarction (AMI) 

remain elusive. Subjecting the heart to transient pharmacological or ischaemic conditioning stimuli 

prior to or immediately following prolonged ischaemia potently protects hearts from ischaemia-

reperfusion (I-R) injury in experimental models; however, this is generally ineffective in the clinical 

setting, where among other factors, patients suffer one or more co-morbidities. Indeed, multi-

morbidity is now dominant in those with IHD. Increasingly common diabetes is a major risk factor 

for AMI, and not only doubles the risk of AMI but may also worsen cardiac injury and impair or 

negate normally protective conditioning stimuli. However, effects of diabetes on ischaemic 

tolerance and cardioprotection are highly variable in both humans and animal models, complicating 

strategic development of protective therapies. Diabetic disease duration and progression may play 

critical roles in governing myocardial I-R tolerance, and cardiac outcomes may differ in type 1 

diabetes (T1D) vs. more widespread type 2 diabetes (T2D).  

Changes in I-R tolerance and cardioprotection with diabetes likely involves multiple 

mechanisms, including disruption of membrane structure and function and depletion of 

membranous caveolins. These proteins, together with cavins, play critical structural and functional 

roles in membrane signalling domains, known as caveolae, and appear essential for cardioprotective 

conditioning and other responses. Emerging evidence indicates caveolin proteins may be sensitive 

to hyperglycaemia and hyperlipidaemia; however, studies are limited to acute in vitro and T1D 

models, with effects in relevant chronic models of diabetes warranting further study. While little is 

known about the regulation of caveolins, they may be depleted with saturated fat vs. increased with 

the omega-3 fatty acid, α-linolenic acid (ALA). Studies also indicate differential modulation via 

pharmacological interventions and hyperglycaemic conditions, indicating restoration of caveolins 

under diabetic conditions may be possible. However, whether such changes are capable of 

improving outcomes following infarction is unknown. Studies undertaken in the course of this 

doctoral project therefore aimed to characterise caveolar protein expression, I-R tolerance and 

cardioprotection in in vitro and in vivo models of T1D and T2D, and to test whether ALA 

supplementation might improve cardiac outcomes. 
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 Studies in Chapter 3 explored effects of exposure of an in vitro cardiac myocyte model – 

H9c2 cardiomyoblasts – to metabolic elements of diabetes (hyperglycaemia, hyperinsulinaemia and 

hyperlipidaemia) on caveolin expression, and tested the effects of ALA and pharmacological 

modulators of cell signalling. Control of caveolin protein expression in health and disease remains 

poorly understood. Data revealed hyperglycaemia alone – somewhat reflective of T1D – 

unexpectedly increased total caveolin-1 and -3 expression, whereas a simulated T2D environment, 

consisting of hyperglycaemia, hyperinsulinaemia and dyslipidaemia (addition of the saturated fat 

palmitate), reduced both caveolin proteins. This latter effect appeared independent of glucose 

concentration. Furthermore, data support cAMP-dependent repression of caveolin-1 and -2 in 

healthy cells (and a paradoxical reversal of caveolin-3 depletion in the T2D state), while caveolin-3 

appears repressed by PKC2 and focal adhesion kinase (FAK) activities in both healthy and T2D 

cells. Caveolin-3 depletion with T2D conditions was countered by PKC2 and FAK inhibition and 

ALA exposure. These observations, identifying sensitivity of caveolins to both metabolic conditions 

and specific signalling paths, prompted further study in in vivo models. 

 Murine models of chronic diabetes were developed in Chapter 4, involving streptozotocin 

(STZ) dependent T1D or induction of T2D with the combination of STZ and Western diet. 

Interestingly, and consistent with in vitro observations, caveolin and cavin proteins were moderately 

increased in T1D hearts. However, expression was unchanged with T2D. Dietary supplementation 

with ALA for 6 weeks boosted caveolin-1 and -3 expression in healthy mice, however this 

beneficial effect was apparently disrupted with T2D.  

 Studies in Chapter 5 and 6 explored cardiac responses to I-R and ischaemic preconditioning 

(IPC) in diabetic models, revealing improved vs. worsened outcomes with chronic T1D vs. T2D, 

respectively. Data in Chapter 5 demonstrate that T1D/hyperglycaemia alone does not inhibit I-R 

tolerance or IPC, while the combination of more complex metabolic and endocrine disruption in 

T2D is associated with both ischaemic intolerance and abolition of IPC. Indeed, normally protective 

IPC may actually exaggerate damage mechanisms in T2D hearts; however, this effect appears to be 

mediated independently of caveolar protein expression. 

 Finally, work outlined in Chapter 6 found that dietary ALA supplementation had no effect 

on cardiac I-R tolerance in healthy mice, despite increasing caveolin-3 expression; while trends to 

improvements in IPC responses and mitochondrial function were observed with ALA in hearts from 

T2D mice (in the absence of caveolar protein changes). This may indicate that T2D raises the 

‘cardioprotective threshold’, such that a greater stimulus is required to evoke survival responses. 
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However, enhanced caveolin expression with ALA is apparently insufficient to improve ischaemic 

outcomes in the healthy heart.  

 Overall, this doctoral work reveals sensitivities of caveolar proteins to diabetic conditions in 

vitro and in vivo, although findings differ somewhat between models. Roles for adenylate cyclase in 

control of caveolin-1 and -2, and for PKC2 and FAK in repressing caveolin-3 are also revealed. 

Myocardial outcomes are distinct in models of chronic T1D vs. T2D models and suggest changes in 

I-R tolerance and cardioprotection in T2D may arise independently of caveolar protein changes. 

Nonetheless, data suggest improved myocardial responses to IPC in T2D hearts might be achievable 

through dietary supplementation with ALA, although this requires further study.  
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1. INTRODUCTION 

Cardiovascular disease (CVD) remains one of the greatest health and economic burdens 

worldwide, and is the lead cause of morbidity/mortality in people with diabetes. Approximately half 

of all CVD related deaths are due to myocardial infarction (1), which equated to $1.8 billion in 

medical costs in Australia in 2012-13 (21% of total Pharmaceutical Benefits Scheme cost that year) 

(1); claimed 24 lives per day (2); and occurred once every 9 minutes on average in Australia alone 

(1). Contributing to this burden is our incomplete understanding of mechanisms governing cell 

survival and death in hearts of older patients with common comorbidities including diabetes, 

hypertension and hypertrophy, and failure to evolve effective therapy to counter damage with 

ischaemia or infarction. 

Diabetes is a major risk factor for acute myocardial infarction (AMI), with recent figures 

estimating that the disease has surpassed 420 million cases globally (90% type 2 diabetes) (3). 

Diabetes and its sequelae progress with time, including  development of diabetic cardiomyopathy, 

with disease not only doubling the risk of suffering a heart attack (4), but potentially worsening 

myocardial damage (5) and negating responses to protective stimuli (6-9). The pathological state of 

the cardiovascular system progresses from mild molecular, structural and functional abnormalities, 

to hypertension, accelerated coronary artery disease, systolic and diastolic dysfunction, left 

ventricular hypertrophy and cardiac fibrosis in later stages (10, 11).  

It is thus an unfortunate paradox that research in the field of cardioprotection has 

traditionally focused on young or healthy hearts, while mechanisms of dysfunction in those most 

susceptible to myocardial infarction remain poorly understood. Consequently, there has been a 

failure to evolve clinical therapies to effectively improve cardiac outcomes following heart attack. 

Detailed understanding of cardioprotective dysfunction is important in the quest to produce 

effective protective therapies for patients with diabetes and diabetic cardiomyopathy. In the 

following sections relevant background is presented regarding ischaemic heart disease, the 

challenge of cardioprotection, the importance of caveolar domains and proteins, and the influences 

of diabetes.  

 

2. ISCHAEMIC HEART DISEASE 

Myocardial infarction is most commonly caused by the rupture of arterial atherosclerotic 

plaques, the development of which are promoted by modifiable risk factors including smoking, 

obesity, dyslipidaemia, hypertension and diabetes, together with un-modifiable genetic factors (12). 
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Disruption in blood flow deprives cardiac tissue of oxygen and nutrients (ischaemia), switching 

affected myocardial cells to anaerobic metabolism and triggering a series of biochemical changes 

that promote cellular dysfunction and death (13) (Fig. 1.1). Reintroducing oxygenated blood to the 

tissue (reperfusion) is essential to restore these metabolic imbalances and reduce tissue death; 

however it paradoxically causes further damage, known as reperfusion injury. Ultimately, 

ischaemia-reperfusion (I-R) injury is caused by a combination of osmotic damage, oxidative stress, 

intracellular Ca
2+

 overload and mitochondrial dysfunction (among other factors), disrupting cellular 

function and activating different cell ‘death’ pathways. 

 

2.1 Myocardial Cell Death with Ischaemia-Reperfusion 

Ischaemia-reperfusion injury causes myocyte cell death by apoptosis and necrosis/oncosis 

(14). Biochemical and metabolic changes that occur during I-R trigger activation of these different 

‘death’ pathways in addition to an alternative intermediate process known as ‘necroptosis’. 

Mitochondrial stability and permeability play crucial roles in mediating the type of cell death that 

occurs, and the accompanying inflammatory and later remodelling responses. The relative activity 

of the mitochondrial permeability transition pore (mPTP) is considered critical in governing 

whether myocytes die via apoptosis or necrosis – localised and modest mPTP activity favours 

apoptosis, since cells require sufficient energy generation to execute this death program. On the 

other hand, more profound and widespread mPTP activity favours necrosis in markedly de-

energised myocardium. 

Permeabilisation of mitochondrial membranes plays a key role. During ischaemia, a shift in 

the balance between pro- and anti-apoptotic proteins results in translocation of Bax (pro-apoptotic) 

to the outer mitochondrial membrane (OMM), where it may form a complex with Bak to 

permeabilise the OMM. Consequently, cytochrome c and other apoptotic inducers are released from 

the mitochondria, triggering a caspase-9 and caspase-3 dependent cascade leading to cell shrinkage 

and the formation of degradable apoptotic bodies, without accompanying inflammation. Additional 

to this mitochondria-dependent or intrinsic pathway, cell death factors such as TNF- can trigger 

apoptosis via death receptor ligation and activation of caspase-8. Furthermore, caspase-independent 

pathways of apoptosis have also been identified (15). 

Necrosis, oncosis or accidental cell death occurs within the first 24 hours of ischaemia and 

promotes a profound inflammatory response due to cell rupture (16). A defining feature of necrosis 

is membrane rupture, facilitated by ion overload and accumulation of small molecules (e.g. 

inorganic phosphate [Pi], lactate). This promotes profound cell oedema on reperfusion, with rupture 
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facilitated by fragility of the membrane due to oxidative stress and Ca
2+

-dependent membrane 

damage.  Oxidative stress and Ca
2+

 overproduction (elements of I-R injury) play key roles in 

necrosis, and also cause mPTP opening on the typically impermeable inner mitochondrial 

membrane (IMM). This not only causes the release of death inducing factors such as cytochrome c 

into the cytosol; it also diminishes the proton gradient essential for ATP production and causes 

mitochondrial swelling from a shift in osmotic gradient (14). 

 

 

 

Figure 1.1   Metabolic and biochemical changes during ischaemia-reperfusion. During ischaemia, 

anaerobic respiration and production of inorganic phosphate causes acidosis, resulting in inhibited 

myofibril contracture, mPTP inactivation and Na
+
 influx. Restoration of oxygen and pH, in addition 

to Ca
2+

 overload, during reperfusion triggers myocyte hypercontracture, mPTP opening and reactive 

oxygen species (ROS) production from oxidative phosphorylation and inflammatory cells (e.g. 

neutrophils). Figure from Hausenloy et al (13). 

 

 

Swelling inevitably leads to OMM rupture, releasing pro-apoptotic proteins which, in 

combination with ATP depletion, has dire consequences for the cell. Ultimately, organelle swelling 

and a gain in cell volume due to shifts in osmotic gradients cause plasma membrane rupture and 

release of intracellular contents, recruiting inflammatory cells. Cell rupture and significant 

inflammation are hallmarks of necrotic cell death associated with I-R injury.   
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An additional cell death pathway that shares elements of both apoptosis and necrosis is 

necroptosis. Although triggering stimuli are unclear, it is thought that reactive oxygen species 

(ROS) overproduction and metabolic changes play a role in its execution. Ubiquitination and 

phosphorylation states of receptor-interacting serine/threonine-protein kinase 1/3 (RIP1/3), and the 

presence of active caspase-8, appear to dictate whether apoptosis or necroptosis dominates (17). 

Activation of the necroptosis pathway results in a cellular morphology resembling necrosis-like cell 

death (18).  

Understanding regulatory processes ‘upstream’ of these cell death pathways is crucial to 

modifying the survival and function of the injured myocyte, and thus myocardial outcome from 

AMI. As will be subsequently outlined, cardioprotective signalling via membrane-dependent 

receptors and coupled kinase paths appears to be critical to influencing mitochondrial control of cell 

survival vs. death. 

 

3. CARDIOPROTECTIVE SIGNALLING AND 'CARDIOPROTECTION' 

The cellular injury, mitochondrial dysfunction and ultimate myocardial death arising in IHD 

are a lead cause of morbidity and mortality in Australia and globally. Thus, there has been a global 

effort to evolve cardioprotective therapies over recent decades - the ultimate aim of cardioprotection 

is to reduce tissue damage and improve cardiac outcomes following I-R. Ischaemic pre-

conditioning (IPC) of the heart via short, non-lethal bouts of I-R prior to sustained ischaemia, for 

example, potently protects hearts and may reflect an element of the body’s endogenous protective 

arsenal – adaptive resistance (or hormesis) in response to ischaemic or hypoxic insult (19). 

Although this pre-ischaemic intervention can substantially reduce infarct size, it is only useful 

clinically in cardiac surgical settings where myocardial ischaemia is inevitable and planned.  

More recently discovered postconditioning, on the other hand, elicits similar 

cardioprotective effects and is triggered by transient I-R during the initial minutes of reperfusion 

(i.e. after the main ischaemic event) (20). This capacity to target injury after ischaemia is of greater 

clinical relevance and utility given the unpredictability of myocardial I-R and AMI. Furthermore, 

activation of a variety of protective G protein-coupled receptors (GPCRs), including (but not 

limited to) those for adenosine (21-24) and opioids (25, 26) can reduce infarct size following I-R, 

and may indeed underlie protection via different conditioning stimuli.  

 It is now clear that a key element of cardioprotection via pre- and postconditioning stimuli is 

the activation of GPCRs (and potentially transactivation of growth factor receptors) at the cell 
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membrane. Activation of protective GPCRs triggers cytosolic signalling cascades that modify 

multiple injury processes, and generally converge on and protect mitochondria, leading to inhibition 

of the mPTP and mitochondrial stabilisation (27). Thus, a range of upstream signalling events 

appear to be important in governing mitochondrial viability and dynamics (and could also pose 

useful therapeutic targets). Post-translational control (e.g. phosphorylation) of existing survival 

kinases is involved in an acute or ‘early’ window of protection, occurring within minutes of the 

initial triggering stimulus and lasting 1-2 hours (28). Delayed or ‘late’ protection, on the other hand, 

occurs after 12-24 hours and involves the transcription and translation of new protective proteins, 

such as endothelial nitric oxide synthase (eNOS) (29) and glucose transporter type 4 (GLUT-4) 

(30). Studies continue to elucidate the proteins and pathways involved in these intrinsic protective 

processes. In addition, targeting protection via GPCR activation has been a substantial focus of 

cardioprotective research. 

 

3.1 Cardioprotection via G Protein-Coupled Receptors 

There are over 800 types of GPCRs encoded in the human genome that respond to a diverse 

range of signals, including hormones, neurotransmitters and cardioprotective stimuli (31). Binding 

of an appropriate extracellular ligand to a GPCR triggers activation of intracellular G proteins, 

which in turn activates or inhibits signalling cascades that influence downstream biological 

processes (31). Over the past two decades, a range of cardioprotective GPCRs have been identified, 

including adenosine, opioid, bradykinin, adrenergic and erythropoietin receptors (32). Stimulation 

results in activation of pro-survival or so-called reperfusion injury survival kinase (RISK) 

pathways, involving phosphoinositide 3-kinase (PI3K), protein kinase B (AKT), extracellular 

signal-related kinases (ERK-1/2) and protein kinase C (PKC) (among other putative signal 

elements), together with inhibition of pro-death signalling (such as apoptotic paths, or injurious 

glycogen synthase kinase-3β; GSK3β) (Fig. 1.2) (32). Important consequences of activation of 

these protective GPCRs include mPTP inhibition, reduced Ca
2+

 overload, improved mitochondrial 

function and stability, and suppression of apoptotic signalling, promoting cell survival. 
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Figure 1.2   Overview of signalling involved in pre- and postconditioning. Stimulation of GPCRs 

by ligands released in pre- or postconditioning causes activation of the PI3K-AKT pathway, ERK-

1/2 and PKC. Transactivation of PI3K by receptor tyrosine kinases, involving the epidermal growth 

factor receptor (EGFR), may be required. Once activated, AKT phosphorylates GSK3β; eNOS; and 

proteins regulating apoptosis – all of which result in inhibition of the mPTP. Nitric oxide 

production also increases cyclic guanosine monophosphate (cGMP) levels, in turn activating protein 

kinase G (PKG), which phosphorylates PKC, reduces Ca
2+

 overload and inhibits mPTP opening. 

PKC phosphorylates mitochondrial PKCε, which activates KATP channels, inhibiting mPTP 

opening, in addition to phosphorylating ERK-1/2, which also phosphorylates and inhibits GSK3β. 

Ultimately, GPCR stimulation via pre- and postconditioning leads to pro-survival pathways 

resulting in mitochondrial stabilisation and reduced cell death. Figure from Peart et al (32). 
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Modulation of these receptors is thus a promising approach to cardioprotective therapy. 

Overexpression (OE) or exogenous activation of adenosine (21-23) and opioid (25, 26) receptors, 

for example, increases myocardial I-R tolerance and improves survival and functional outcome 

following ischaemia in healthy animal models. Unfortunately, however, stimulation of GPCRs in 

hearts from diabetic models does not result in cardioprotection (6-9). Underlying mechanisms are 

unclear, although disruption of caveolar membrane signalling domains and depletion of their 

resident proteins, caveolins, may play crucial roles in shifts in GPCR-mediated protection in 

diabetes (33-35). 

Receptors intimately embedded within the sarcolemma of the myocyte are strongly 

influenced by membrane makeup and associated regulatory elements. This strong dependence may 

be a critical factor in tackling and resolving the clinical challenge of cardioprotection – membrane 

orchestration of protective signalling that ultimately converges on mitochondrial protection may 

well be perturbed in the settings in which clinical cardioprotection is most relevant. Such 

perturbation, if present, argues for strategies that directly target ‘overarching’ membrane signalling 

domains to afford clinical cardioprotection. 

 

4. MEMBRANE ORCHESTRATION OF PROTECTIVE SIGNALLING 

The abovementioned protective pathways, mitochondrial viability/functionality, and the 

functionality of the membrane embedded receptors triggering cardioprotection are all strongly 

influenced by membrane microdomains including caveolae and their associated resident proteins – 

caveolins and cavins. We are still delineating the varied roles of caveolar domains and their 

proteins. However, there is evidence abnormalities may arise within these regulatory domains with 

IHD and diabetes, influencing the functionality of protective signalling and the maintenance of 

mitochondrial function and viability.  

 

4.1 Lipid Rafts & Caveolae 

Membrane signalling is often localised to small, specialised microdomains, rich in 

cholesterol and sphingolipids (36, 37). These ordered assemblies of lipids and proteins can exist as 

planar platforms (lipid rafts), or membrane invaginations (caveolae), each involved in regulation of 

signal transduction (36) (Fig. 1.3). Membrane composition governs the mobility and function of 

proteins in lipid rafts (36). Type 2 diabetic (T2D) db/db mice, deficient in leptin (due to a mutation 



28 

 

in a gene encoding the leptin receptor), display an approximate 10-fold increase in the area of raft 

clusters in aortic endothelium, for example, confirming that increased cellular lipid content 

promotes raft clusters (38). Both horizontal and vertical clustering is increased, potentially 

facilitating vascular inflammation (38). Of greater relevance to cardioprotection, myocardial 

caveolae number, as well as function, may also be decreased with diabetes. 

 

 

 

Figure 1.3   Sarcolemmal makeup and caveolar domain. Planar lipid rafts are more ordered 

elements of the sarcolemma, containing greater sphingolipid and cholesterol levels and forming 

signalling microdomain platforms. A subset of rafts, caveolae, localise signalling integral to 

ischemic tolerance and cardioprotection, including GPCRs, RTKs and coupled effector molecules. 

Caveolins are critical to caveolae formation and function and protective signalling. 
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Increasing evidence over the past decade highlights the importance of caveolae in cardiac 

protection (39-43). As with lipid rafts, caveolae structure and function is highly dependent upon the 

presence of cholesterol and sphingolipids (37). A key distinguishing feature, however, is the 

presence of cholesterol-binding caveolin proteins, involved in stabilising the “flask-like” structure 

and regulating signal transduction (37). Depletion of cholesterol (44) or membranous caveolin 

proteins (45) results in the inability to form caveolae and negates responses to cardioprotective 

stimuli (46, 47).  

Caveolae localise numerous receptors, including receptor tyrosine kinases such as the 

insulin receptor and epidermal growth factor receptors (EGFR), and various GPCRs (48, 49). 

Depletion or disruption of caveolae may play a role in different diseases, including cancer, 

atherosclerosis, muscular dystrophies, diabetes and cardiovascular disease (48). Importantly, 

abnormalities may arise within these regulatory domains with IHD and diabetes, influencing the 

functionality of intrinsic protective signalling. Metabolic disturbances associated with diabetes, 

including hyperglycaemia (33) and dyslipidaemia (50, 51) may disrupt caveolae function through 

dysregulation of membrane caveolin expression, although this requires further study. 

 

4.2 Caveolins 

Caveolin proteins are primarily (although not entirely) associated with the regulatory plasma 

membrane invaginations termed caveolae (43). Three isoforms have been identified, each with 

different functions and tissue localisations (40, 41, 43, 49, 52). Despite all isoforms being expressed 

in the central nervous system (53, 54), caveolin-1 is predominately found in endothelial cells, 

fibroblasts and pneumocytes (55), where it appears to be structurally supported by hetero-

oligomerisation with caveolin-2 (55, 56). The third isoform, caveolin-3, is highly specific to cardiac 

and skeletal muscle (57, 58) and plays crucial roles in cardioprotection (47). Caveolins require 

cholesterol for membrane insertion (45), and arrange in homo- or hetero-oligomers, ranging from 2 

to ~16 monomers, forming a caveolar assembly unit (49). A common feature of all isoforms is a 

scaffolding domain, where signalling molecules including G proteins, PKC and eNOS are proposed 

to physically bind and interact with caveolins (41). However, the functional and cell signalling 

relevance of these domains remains controversial. 

Caveolin-3 is emerging as a key element in cardiac cell survival and homeostasis, with 

actions now extending beyond caveolar control. Not only is it required for myocyte stress 

adaptation (e.g. preconditioning) (47), it also influences cholesterol transport (59), mitochondrial 

control (60) and ion handling (61-64), and loss of expression may result in hypertrophy and severe 
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cardiomyopathy (65). Cardioprotective and other responses to GPCRs are sensitive to regulation by 

caveolins. Studies in cardiac specific caveolin-3 knockout (KO) mice show that without this 

protein, caveolae production is severely diminished and hearts cannot be effectively ‘pre-

conditioned’ (41, 47). Pro-survival signalling activated in response to IPC and other stimuli are thus 

caveolin-3-dependent (47), confirming its importance in early protection (i.e. post-translational 

modification of existing proteins).  

Inducing IPC physically alters sarcolemmal structure by increasing the number of caveolae 

(39, 66). To determine if caveolin-3 also facilitates late protection (i.e. synthesis of new proteins), 

Tsutsumi et al tested the effects of caveolae disruption in murine hearts, at different time points 

after isoflurane (preconditioning stimuli) treatment, but prior to I-R (67). Late protection was 

unaffected by early disruption of caveolae, however it was greatly reduced by disrupting caveolae 

24 hours after isoflurane exposure and just prior to I-R (67). This may reflect an important role for 

the protein in protection mediated by subsequently expressed proteins (rather than induction of the 

proteins themselves. Caveolin-3/GLUT-4 co-localisation also coincided with the time-course of 

cardioprotection (67), suggesting that it (together with GLUT-4) plays an essential role in late 

cardioprotection. Interestingly, caveolin-3-mediated protection may not be confined to a cell, with 

evidence suggesting it is contained in secreted microvesicles, termed ‘exosomes’ or ‘cardiosomes’ 

(68). Caveolin-3 may therefore play a role in inter-cellular or even inter-organ communication, 

although this awaits further study.  

Whilst caveolin function was originally believed to be isolated to caveolae, substantial 

evidence indicates non-caveolae functions. Fridolfsson et al. have shown (using electron 

microscopy) that caveolae and mitochondria are closely apposed, and that IPC increases this 

association, with an unidentified structure connecting the two cellular components (60). 

Furthermore, IPC triggers the migration of caveolae to the mitochondria and translocation of 

caveolin-3 to the IMM, mitochondrial matrix and potentially the OMM (60). The same study also 

suggests that caveolin-3 KO induces mitochondrial fragmentation (fission), although the 

mechanism for this remains undefined (60). 

 In addition to detriment with KO, cardiac specific OE of caveolin-3 improves functional 

outcomes from ischaemia and reduces infarct size, similar to the effects of IPC, which may reflect 

improved mitochondrial Ca
2+

 tolerance, respiratory rates and ROS generation (60). Fridolfsson et al 

identified that the increase in oxygen consumption in caveolin-3 OE hearts resulted in improved 

energy production, without a parallel increase in ROS generation (60). In further experiments 

specifically targeting caveolin-3 OE to the IMM, mitochondrial stability was preserved during Ca
2+

 

challenge (compared to control); mitochondria exhibited delayed depolarisation, and increased 
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electron transport chain (ETC) complex activity; and myocardial infarct size during I-R was 

reduced (60). It remains unclear how caveolin-3 migrates to the mitochondria and how it promotes 

cardioprotection once translocated, although KO does result in mitochondrial dysfunction (60) and 

hypertrophy (65).  

 Caveolin-1 also plays crucial roles in cardiac protection and is increased in caveolae and 

mitochondrial domains following preconditioning stimuli (69). Knockout also depletes caveolae 

and abolishes cardioprotection (70), highlighting its importance in the cardiomyocyte. Caveolin-1 is 

also required for caveolin-2 membrane insertion (71, 72), where the isoforms combine in hetero-

oligomers, however caveolin-2 is not required for caveolae formation and does not alter expression 

of other caveolin proteins (48). Caveolin-2 appears more important in other tissues, including lung 

(48), and does not appear to influence cardiac outcomes following I-R. Another family of more 

recently characterised proteins, known as cavins, also play important roles in caveolar formation 

and function, and may be vital to cardioprotection via membrane-targeting and stabilisation of 

caveolins. 

 

4.3 Cavin Proteins 

 A strong focus on understanding caveolin function has underpinned much of the research on 

caveolar biology, while less attention has been given to other proteins that play critical roles in the 

formation and function of these microdomains. Although caveolins are essential for caveolar 

biogenesis and function, additional levels of regulation are emerging via the family of cavin 

proteins. Four proteins, sharing somewhat similar homology, have been re-classified due to their 

localisations and roles in caveolae biogenesis.  

 Cavin-1, formerly known as polymerase I and transferase release factor (PTRF), appears to 

be important in cardioprotection through its interaction with caveolins. In the heart, cavin-1 

localises with caveolar caveolin-3 and is required for formation of the microdomains, as confirmed 

in cavin-1 KO cardiomyocytes (73, 74). It also stabilises caveolin-1 and -3 in caveolae, with cavin-1 

KO causing them to freely diffuse in the sarcolemma, before being internalised and degraded in the 

endo-lysosomal system (75). Myocardial responses to stretch and I-R are also augmented with 

cavin-1 KO via NOS overactivity  (74), likely involving depletion of caveolin-1 and -3. The 

importance of cavin-1 is also highlighted by a range of abnormalities arising with  KO, including 

glucose intolerance, lipodystrophy and cardiodystrophy (73, 75, 76), suggesting potential relevance 

to diabetic cardiomyopathy. 
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 Involvement of cavin-2, also known as serum deprivation response protein (Sdpr), in 

cardioprotection is less clear, as it is not required for caveolae formation in the heart and KO does 

not influence overall expression of other cavins or caveolins (77). Evidence does suggest, however, 

that it may assist in targeting cavin-1 to the membrane, as KO results in cytoplasmic accumulation 

and reductions in adipocyte membrane expression of the protein (78). It may also participate in 

negative regulation of AKT and ERK-1/2, with hypertrophy and resistance to H2O2-induced 

apoptosis observed in cavin-2 KO hearts (79). While cavin-3 also appears to influence AKT and 

ERK-1/2 signalling (80), KO does not alter expression of other cavins or caveolins (77). It does, 

however, influence budding of uncharacterised caveolae vesicles, referred to as “cavicles”, with 

cavin-3 KO reducing their trafficking (81). It is unknown whether this plays any significant role in 

cardiac stress-resistance and cardioprotection.   

 Similar to cavin-2 and -3, caveolae formation does not require cavin-4 (82). Interestingly 

though, cavin-4 OE increases caveolae size and promotes hypertrophy, fibrosis and atrial 

arrhythmias (82). While a role for cavin-4 in cardioprotection is still not clear, it does localise with 

caveolin-3 (83) and phosphorylated-ERK-1/2 (82) in caveolae. However, preliminary evidence 

suggests that cavin-4 KO may actually improve basal cardiac function and I-R tolerance (84), 

indicating that it does not play a protective role. Despite poor understanding of the role of cavins in 

cardioprotection (and diabetes), they are important in caveolae biology (especially cavin-1). 

Metabolic changes in diabetes have the potential to alter cavin function, which has implications for 

caveolar and thus myocardial signalling and function.  

 

5. CARDIOPROTECTION & DIABETES – ‘COMORBIDITY CONUNDRUM’ 

Diabetes is a major risk factor for IHD and effects over 420 million people worldwide (3). 

Approximately 5% of diabetic individuals suffer from T1D (85), attributed to autoimmune (86) or 

environmentally triggered (87) destruction of insulin-producing pancreatic β-islet cells. Although 

conventionally associated with childhood, it is emerging that late onset T1D in adults may actually 

be more prevalent than the childhood disorder. At least 90% of patients with diabetes suffer T2D, 

attributed to a combination of physical inactivity and poor diet, as well as a complex interplay 

between environmental, genetic and epigenetic factors (88, 89). Pathological hallmarks of both 

forms of the disease include hyperglycaemia and dyslipidaemia; however a key difference is the 

presence of hyperinsulinaemia in T2D, which is not seen in T1D due to β-islet cell destruction. 

While pancreatic cell dysfunction/damage is also implicated (to a lesser degree) in T2D (90, 91), 

the primary abnormality is insulin resistance, resulting in high circulating insulin concentrations and 
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impaired glucose metabolism. A summary of the primary features of T1D and T2D is provided in 

Table 1.1. In either situation, diabetes progression often leads to development of diabetic 

cardiomyopathy. The pathological state of the heart progresses from mild molecular, structural and 

functional abnormalities, to hypertension, accelerated coronary artery disease, systolic and diastolic 

dysfunction, left ventricular hypertrophy and cardiac fibrosis in the late stages (10, 11). Individuals 

with chronic diabetes are >2.5 times more likely to develop heart failure (92, 93) and heart attack or 

stroke (94), due to these abnormalities. 

Clinical evidence indicates diabetes sensitizes human hearts to I-R injury (95, 96), which is 

generally consistent with experimental findings in animal models, although conflicting observations 

arise. Compounding the problem of infarct intolerance, diabetes may also render hearts broadly 

refractory to established cardioprotective stimuli that include ischemic pre- and postconditioning 

(direct or remote) and protective GPCR agonism, together with the anti-infarct effects of ATP-gated 

K
+
 channel (KATP) openers, anaesthetics, phosphodiesterase-5 (PDE-5) inhibition and heat shock 

activation (97-100). Thus, while elusive cardioprotective therapies (32, 100, 101) are of particular 

value in the high-risk population with diabetes, implementation appears an even greater challenge in 

this cohort. Prevalence of diabetes and insulin-resistance in those suffering IHD may in turn 

contribute to poor translation of experimental cardioprotection in these patients.  

Relatively few studies specifically address the conundrum of I-R sensitivity and 

cardioprotective insensitivity in diabetes (100). These investigations implicate mechanisms that 

include altered glucose metabolism, glycation/glycosylation and dyslipidaemia, changes in survival 

kinase signalling, oxidative stress and mitochondrial dysfunction (including shifts in quality control 

mechanisms of autophagy and fission/fusion). Although attention has focused on mitochondria as a 

point of convergence in the complex pathogenesis of diabetic cardiomyopathy, the sarcolemma is 

also a critical although under-appreciated nexus, influencing diabetes progression and its systemic 

impacts (102).  

Transporters for glucose and fatty acids, ion channels and exchangers, and receptor systems 

governing insulin responses, inflammation, mitochondrial quality control, and cell stress, growth 

and death are all located within the sarcolemma, while mitochondrial function appears additionally 

sensitive to changes to sarcolemmal domains and proteins. Perturbations in membrane composition 

and architecture may thus be critical to the dysfunctional stress responses characteristic of diabetic 

myocardium, together with many other cardiac outcomes. The following sections review the clinical 

and experimental evidence of diabetes-dependent changes in myocardial infarct tolerance and 

cardioprotection, before focusing on sarcolemmal changes and their roles in these diabetic sequelae. 
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5.1 Diabetes and the Human Heart 

Diabetes induces a spectrum of abnormalities within the myocardium and coronary 

vasculature. Diastolic dysfunction, fibrosis and hypertrophy functionally and structurally underpin 

diabetic cardiomyopathy (104). These changes are linked to ROS generation, inflammation, 

mitochondrial dysfunction, and abnormalities in molecular quality control (autophagy, 

fission/fusion, ER stress and unfolded protein responses). Coronary endothelial dysfunction and 

vascular remodeling exaggerate atherosclerosis and impair vascular control and coronary perfusion, 

potentially contributing to cardiac dysfunction. These changes in myocardial and coronary 

phenotypes (and underlying molecular mechanisms) may participate in impairment of myocardial 

stress tolerance, hormesis and protective signalling, which may in turn further exacerbate these 

phenotypic changes. 

5.1.1 Infarct Tolerance   

The impact of diabetes on myocardial ischaemic tolerance and infarction remain somewhat 

contentious. Certainly, diabetes worsens long-term outcomes from ischaemic insult, including 

increased incidence of heart failure and all-cause mortality (105-107). There is some evidence these 

poor outcomes may involve diabetic impairment of myocardial reperfusion (108, 109), consistent 

with vascular dysfunction and reduced coronary reserve (110-112). The contribution of worsened 

infarction to poor post-ischaemic prognosis awaits further clarification, with some contrasting data 

acquired. Diabetes can significantly increase infarct size as assessed via scintigraphy (95, 113) and 

Table 1.1   Summary of Major Features of Type 1 and 2 Diabetes 

Type 1 Diabetes Type 2 Diabetes 

Autoimmune and/or environmental risk factors 
Complex interplay between diet, physical 

inactivity, genetic & epigenetic factors 

Pancreatic β-islet cell destruction Impaired insulin signalling 

Hyperglycaemia and dyslipidaemia, without 

hyperinsulinaemia 

Hyperglycaemia, dyslipidaemia and 

hyperinsulinaemia 

5% of diabetic individuals (85) 

(~20 million worldwide) (103) 

> 90% of diabetic individuals (85) 

(> 400 million worldwide) (103) 

Increases risk of heart failure (92, 93) or heart 

attack/stroke >2.5 fold (94) 

Increases risk of heart failure (92, 93) or heart 

attack/stroke >2.5 fold (94)
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cardiac magnetic resonance imagery (cMRI) (114). Insulin-treated diabetic individuals also exhibit 

worsened myocardial infarction, mortality, major adverse cardiac events and thrombosis compared 

with untreated or non-diabetic individuals, potentially reflecting negative impacts of more complex 

and prolonged disease (115-117). On the other hand, some myocardial scintigraphic (118) and MRI 

analyses (119, 120) report no significant differences in infarction in diabetic vs. non-diabetic ST-

elevation myocardial infarction (STEMI) individuals post angioplasty. 

Other evidence strongly supports exaggerated myocardial damage and cell death in diabetic 

individuals: diabetes also markedly increases morbidity and mortality (up to 90%) following 

cardioplegic arrest (121-123); diabetes promotes pro-apoptotic signalling, apoptosis and contractile 

dysfunction in reperfused human myocardium (124-126); and diabetes exaggerates oxidative 

damage and anti-oxidant depletion (126, 127), transcriptional changes and pro-inflammatory 

signalling  (126, 128). Analysis of I-R injury in ex vivo tissue reveals significantly impaired 

resistance of myocardium from T1D and T2D patients, including increased apoptosis (partially 

caspase- and PARP-dependent) and oncosis (129). Anderson et al. (130) more recently provided 

evidence that myocardium from diabetic individuals has a greater propensity for mitochondria-

dependent cell death.  

There is also evidence of exaggeration of post-ischaemic contractile dysfunction in diabetes: 

the studies of Hoogslag et al. (131) and Dimitriu-Leen et al. (132) reveal worsened myocardial 

longitudinal strain independently of infarct size, supporting greater mechanical disruption in 

diabetes. Hyperglycaemia itself has been shown to increase infarct size and mortality in infarct 

patients (95, 109, 133-135). This may also involve impaired reperfusion, although there is evidence 

hyperglycaemia exaggerates infarction by increasing the area at risk (136). Use of insulin and 

sulfonylureas to manage hyperglycaemia may additionally worsen ischaemic injury, morbidity and 

mortality (115-117, 137, 138). 

Conversely, there is some limited evidence myocyte ischaemic tolerance might be improved 

in T1D patients, although for skeletal and not cardiac tissue (139). This is consistent with some 

rodent studies in acute T1D models (see below). Nonetheless, the weight of experimental evidence 

supports reduced myocardial I-R tolerance in diabetes, encompassing exaggerated apoptosis, 

oncosis and infarction, contractile dysfunction and markers of oxidative damage. It remains unclear 

to what extent poor post-ischaemic prognosis reflects exaggerated ischaemic insult, impaired 

reperfusion, and increased propensity to cell death. The roles of individual metabolic disturbances 

(hyperglycaemia, hyperinsulinaemia, insulin-resistance, dyslipidaemia), coronary dysfunction and 

compromised reflow, together with intrinsic myocardial stress-resistance, thus require further 

detailed analysis.  
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5.1.2 Cardioprotection  

Studies broadly support the desensitization or elimination of diverse cardioprotective 

responses in diabetic myocardium, although again this is not universal. There are relatively few 

studies of diabetic impacts on cardioprotective responses in human myocardium. Ishihara et al. 

reported that diabetes inhibits ischaemic preconditioning in anterior wall infarct patients (140), 

while Lee et al. (98) present evidence of impaired preconditioning responses in diabetic individuals 

undergoing angioplasty. Ghosh and colleagues found that ex vivo myocardium from diabetic 

individuals was insensitive to IPC (97), and subsequently identified loss of responsiveness not only 

to preconditioning but to phenylephrine, adenosine and diazoxide (implicating signal dysfunction 

proximal to PKC and p38 MAPK) (99).  

More recent studies support desensitization of diabetic myocardium to hypoxic 

preconditioning in association with impaired PI3K-AKT signalling (141), and failure of ischaemic 

preconditioning in myocardium from diabetic individuals (142). On the other hand, some studies 

confirm protective efficacies of anesthetic postconditioning in ex vivo myocardium (143, 144) and 

of IPC in vivo (145) in diabetic individuals. Additionally, a meta-analysis assessing influences of 

risk factor across 10 trials of postconditioning in STEMI (146) verified significant interactions with 

age and sex (reduced efficacy in older and/or female patients) yet not with diabetes. The authors 

concede analytical limitations may lead to an under-estimation of the influences of co-morbidities 

such as diabetes. A subsequent focused albeit smaller analysis also failed to identify interaction 

between diabetes and postconditioning in STEMI patients (147), although also failed to detect the 

sex and age effects revealed by Zhou et al. (146), highlighting limited power to detect effects in 

small sample sizes via posteriori statistical analysis.  

 Additional to the underlying diabetic pathology, clinical approaches to managing 

hyperglycaemia may also impair protective signalling and exaggerate infarction. Sulfonylurea use is 

associated with greater ischaemic injury and infarction in diabetic individuals (137, 138), and 

inhibition of IPC in both non-diabetic and diabetic individuals (148, 149) and ex vivo myocardium 

from diabetics (150). Glinide also impairs preconditioning in diabetic individuals (151, 152). These 

negative impacts likely involve inhibition of ATP-gated K
+
 channels implicated in transducing or 

mediating protection against infarction (153). Additionally, insulin treatment is associated with 

worsened complications, all-cause mortality and myocardial outcomes in diabetic individuals (115, 

116), although whether reflecting direct untoward effects of insulin and/or hypoglycemia on 

myocardial signalling and stress-resistance vs. the effects of greater co-morbidities and disease 

duration predicted in such patients awaits clarification. 
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5.2 Diabetes in Animal and In Vitro Models 

There are some conflicting reports regarding impacts of diabetes on myocardial infarction 

and cardioprotection in animal models. Reviewed previously (96, 154, 155), studies in different 

species and models report increases, no change, or reductions in infarct size with diabetes. 

Similarly, despite a substantial body of evidence supporting impaired protection via pre- or post-

conditioning and GPCR agonists, some report preserved responses to similar stimuli (156, 157). 

Reasons for these discrepancies are debated, although disease progression and the presence of 

dyslipidaemia appear to be important.  

While infarct enlargement is observed across species and models of T1D and T2D (96), 

infarct reduction is predominantly identified in rodent models of acute streptozotocin (STZ) 

dependent hyperglycaemia (96, 156, 158-160). This may reflect distinct impacts of acute (0-6 week) 

vs. established or chronic disease. While some also report apparent cardioprotection in models of 

T2D (161), this may similarly reflect distinct changes on early transition to T2D vs. established 

disease (162, 163). Presence or absence of dyslipidaemia may also be important, with some 

evidence hypercholesterolemia has opposing effects on infarct tolerance compared with 

hyperglycaemia alone (164).  

Mechanisms implicated in differing ischaemic tolerance in acute vs. chronic diabetes include 

shifts in PI3K-AKT (162, 164, 165) and ERK-1/2 (161) signalling, mitochondrial glucose oxidation 

and malate-aspartate shuttle function (163), and capillary density, VEGF expression and eNOS 

signalling (164). Clinically, the negative impacts of chronic disease are most relevant regarding 

infarction and cardioprotection, with acute effects relevant only during transition to disease and 

potentially on cessation of therapy. Almost universally, observations support worsened myocardial 

ischaemic tolerance in models of chronic T1D or T2D, with the weight of evidence supporting 

associated failure in diverse cardioprotective responses.   

5.2.1 T1D and Infarction  

A range of studies report worsened infarction in experimental models of T1D (166-169) 

while some report no effect on infarct tolerance (8, 100, 170-181), or protection against infarction 

(156, 158, 159, 182) and contractile dysfunction (183) (Table 1.2). However, as alluded to above, a 

biphasic pattern may emerge in STZ-dependent rodent models with evidence of early protection 

followed by restoration or worsening of infarct tolerance beyond 6-8 weeks. Protection against 

infarction from 1-4 weeks of STZ challenge is lost after 8 weeks (184), while a reduced infarct 

tolerance is evident at 20 weeks (160), in association with impaired ERK-1/2 phospho-activation. 

Ma et al. report that transient protection against infarction and caspase-3 activation at 2 weeks is  
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HFD, high fat diet; ZDF, Zucker diabetic fatty; ZO, Zucker obese; GK, Goto-Kakizaki; OLETF, Otsuka Long-Evans-

Tokushima fatty; mtFHH, T2D crossbreed with mtDNA from Fawn Hooded Hypertensive rats; IPC, ischaemic 

preconditioning; IPostC, ischaemic postconditioning; H2S PreC, hydrogen sulphide preconditioning; HOPreC, 

hyperoxic preconditioning; HePreC, helium preconditioning; LPreC, ischaemic late preconditioning; RPreC, remote 

preconditioning; S1P, sphingosine-1-phosphate; APN, adiponectin; β3-AR, β3-adrenergic receptor; w, weeks. 

Table 1.2  Myocardial ischaemic tolerance and cardioprotection in animal models of diabetes 

Species–Model Duration or age I-R Tolerance Effect on Cardioprotection Ref. 

TYPE 1 DIABETES 

    Mouse–STZ 1 week   RPostC (185) 

2 weeks   IPostC (186) 

4-5 weeks   IPostC,   ACE inhibition (177) 

    Rat–STZ 

 
1 week   HOPreC (182) 

2 weeks   IPC (187) 

2 weeks   Opioid (176) 

2 weeks   Opioid (181) 

2 weeks   Opioid (188) 

2 weeks   Sevoflurane (175) 

4 weeks   Erythropoietin (8) 

4 weeks   APN,  IPostC (189) 

4-5 weeks   IPostC,   Sevoflurane (173) 

6 weeks   IPC (190) 

6 weeks   IPC (179) 

8 weeks   IPostC (169) 

8 weeks   APN,  IPostC (189) 

8 weeks   IPC (187) 

8 weeks   Adenosine (160) 

9 weeks   Sevoflurane (180) 

12 weeks   IPostC (191) 

Unreported   Opioid (172) 

  Dog–  

alloxan/STZ 

 

3 weeks   Isoflurane (170) 

3 weeks   IPC (9) 

  Rabbit–alloxan 5-6 weeks   LPreC (171) 

TYPE 2 DIABETES 

    Mouse–HFD 
8 weeks   APN (192) 

12 weeks   β3-AR (193) 

    Mouse–ob/ob 8-10 weeks old   IPostC (194) 

    Mouse–db/db 

 

10-12 weeks old   IPostC (195) 

12-14 weeks old   IPostC (186) 

Unreported   Infra-red light (196) 

12 weeks old Not Tested  H2S PreC (197) 

    Rat–STZ/HFD 6 weeks   S1P (157) 

    Rat–HFD 

   

4 weeks   Erythropoietin (8) 

8 weeks   Sevoflurane (198) 

    Rat–ZDF 
12 weeks old   Glutamate (199) 

16 weeks old   IPC (161) 

    Rat–ZO 10-12 weeks old  
 IPC,   Diazoxide,  

HePreC 
(200) 

    Rat–GK 12 weeks old   PPAR (201) 

    Rat–OLETF 25-30 weeks old   Erythropoietin (202) 

    Rat–mtFHH 12-14 weeks old   Isoflurane (203) 
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lost by 6 weeks in T1D rats (164), in association with transient changes in capillary density, VEGF 

expression, AKT phosphorylation, and eNOS expression. Similarly, early protection against 

arrhythmogenesis at 2 weeks (with improved maintenance of Na
+
, Ca

2+
, K

+
 and Mg

2+
) transitions to 

worsened outcomes after 8 weeks in T1D rats (187). Acute hyperglycaemia itself has also been 

shown to worsen myocardial infarction (166, 171, 191, 204-210), or exert no effect (196, 211-213). 

Less commonly a reduction in myocardial infarction is reported (214).  

5.2.2 T1D and Cardioprotection   

Beyond a transient intrinsic protection in the early stages of STZ-induced hyperglycaemia 

(96, 156, 158-160), studies report inhibition or complete loss of cardioprotective responses in rodent 

models of T1D (9, 161, 202, 215). Protective ‘conditioning’ responses negated or inhibited include 

ischaemic pre- (179, 187, 190) and postconditioning (171, 173, 175, 177, 186, 189), delayed 

protection with ischaemic preconditioning (171), hyperoxic preconditioning (182), and remote post-

conditioning (185). Protective responses to pharmacological stimuli including anesthetic post-

conditioning (170, 173, 180), ACE inhibition (177), opioid (172, 176, 181) and adenosine GPCR 

agonism (216), and adiponectin (189) and cytokine (8) receptor activation are also lost in T1D. 

Przyklenk and colleagues present evidence post-conditioning may actually exaggerate injury in the 

context of T1D (186).  

Acute hyperglycaemia also inhibits cardioprotective responses, blocking ischaemic pre- 

(172, 207) and post-conditioning (191), remote ischaemic preconditioning (212), anesthetic pre- 

(206) and post-conditioning (211, 213), together with glucose-insulin-potassium (GIK) protection 

(205). Nonetheless, there are some reports of preserved protection in models of T1D, including IPC 

(156), while Potier et al. identify a specific shift to protective efficacy of B2 bradykinin receptors in 

T2D hearts (vs. B1 receptors in non-diabetic tissue) (177).     

5.2.3 T2D and Infarction   

Elements of T2D individually modify infarct tolerance and cardioprotective signalling, 

including dyslipidaemia (217-219), insulin-resistance and hyperglycaemia (171, 191, 205, 207, 

208). Studies identify exaggerated infarction and contractile dysfunction in different models of T2D 

(193-195, 200, 202, 220, 221). However, there are also reports of unchanged infarct tolerance (157, 

186, 196, 201, 203, 222, 223) or reduced infarction in models of T2D. The latter reductions are 

observed 5 days post STZ injection in high-fat fed rats (a protection negated by 

hypercholesterolemia) (224), and at 16 weeks in Zucker diabetic fatty (ZDF) and lean Goto-

Kakizaki (GK) T2DM rats (161, 165). As for T1D, disease progression may be key, with evidence 

of a transient protection during disease onset that is lost with T2D progression in GK rats (160), 
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while infarct intolerance also emerges with chronic T2D in ZDF rats (163). These latter studies link 

emergence of infarct tolerance in established T2D to shifts in AKT signalling, suppression of 

malate-aspartate shuttle proteins and impaired post-ischaemic recovery of glucose oxidation. 

5.2.4 T2D and Cardioprotection 

Diverse cardioprotective responses are impaired or negated in models of T2D, including loss 

of ischaemic pre- (200) and postconditioning (186, 194, 195), He-induced pre- and postconditioning 

(222), and protection via anesthetic (203), erythropoietin (8, 202), adiponectin (192), and 3-

adrenergic receptor activation (193). However, there are some reports of preserved cardioprotection 

in T2D, including efficacy of far red/near infrared light (196), sphingosine-1-phosphate (157), 

PPAR activation (201), post-ischaemic glutamate (199) and H2S preconditioning (197). Forms of 

protection consistently preserved in different models of diabetes deserve further focused study as 

potentially efficacious therapeutic candidates. 

 

5.3 Cardiac Caveolins & Cavins in Diabetes 

The few studies analyzing myocardial caveolins in T1D have employed relatively acute 

models (0-6 weeks) and report a hyperglycaemic depression of caveolin-3 (33, 34, 189, 225, 226) 

that may contribute to diastolic dysfunction (33), impaired GLUT4 translocation (225) and I-R 

intolerance (34). Nonetheless, the acuteness of STZ-induced hyperglycaemia and variable I-R 

tolerance in these T1D models raise questions regarding relevance: paradoxical cardioprotection in 

the initial weeks in rat T1D models (5, 6, 154) is not relevant to the ischaemic intolerance observed 

in chronic disease and T2D. Hyperglycaemia also acutely depresses caveolin-3 expression in 

cardiac myoblasts (35), and the combination of hyperinsulinaemia and hyperglycaemia suppresses 

caveolar levels of caveolin-3 in H9c2 myoblasts, which may dysregulate AKT-dependent InsR 

signalling (227) (Fig. 1.4). No study has comprehensively assessed mechanistic involvement of 

caveolin-3 in the cardiac sequelae of T2D, with only a single report of an insignificant fall in 

cardiac Cav3 mRNA in the non-obese GK rat model (228).  

Inhibitory effects of saturated fatty acids (50, 51) and glucose (33) on cardiac caveolin-3 

expression and caveolin-dependent eNOS signalling present plausible mechanisms for reduced 

cardioprotection in diabetes. Impaired PI3K-AKT-NOS signalling is characteristic in diabetic 

myocardium (33, 160, 162, 164, 165, 193), and these signal elements cluster in caveolae (229-231) 

where eNOS is negatively regulated by caveolin-1 and -3 (33, 35, 188, 232, 233), and AKT 

signalling is promoted by caveolin-3 (33, 34, 225, 234). Studies in rodent models indicate that  
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Figure 1.4  Modulation of caveolae/caveolins and related cardioprotective signalling in diabetes. 

Diabetes may exaggerate mitochondrial dysfunction and associated death, while individual 

elements of diabetes may disrupt caveolar control and caveolin expression: i) hyperglycaemia-

dependent PKCβ2 activation may suppress caveolin-3 expression/localization; ii) saturated fats (e.g. 

palmitate) may displace or depress caveolin-3. Disruption of caveolar control and caveolins will 

limit protective signalling to mitochondria, including caveolin-3 translocation/modulation. Potential 

determinants of caveolin-3 expression and caveolar function include PKCβ2, saturated fats vs. n-3 

polyunsaturated fatty acids (PUFAs), AC (adenylyl cyclase) and FAK (focal adhesion kinase) 

signalling, myocardin activity and physical activity. 
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diabetic dysregulation of reperfusion injury survival kinase (RISK) signalling, including PI3K-AKT 

and GSK-3β, underlies impaired protection via cytokine receptors (8), GPCRs (7) and progestin and 

adiponectin (PAQR) receptors (189), and RISK-dependent pre- and postconditioning responses are 

also inhibited in diabetes (6, 9, 187, 204). Inhibition of AKT signalling and ischaemic tolerance in 

T1D has been linked to caveolin-3 depletion (34), as has disruption of adiponectin receptor 

cardioprotection (189). 

Recent work also implicates oxidant-mediated dysregulation of caveolin-3/eNOS signalling 

in the ischaemic intolerance in T1D hearts (35). An increase in caveolin-1, reported by Penumathsa 

et al. in hearts of T1D rats (225) and Bucci et al. in aortic tissue (235), may also inhibit protective 

signalling, suppressing eNOS activity (188, 232, 233, 236) and promoting dephosphorylation of 

sarcolemma-associated AKT (237). In support of this, Ajmani et al. (236) report that a 'caveolin 

inhibitor' and sodium nitrite both restore preconditioning in T1D rat hearts, however significant 

limitations include multiple non-specific biological actions of the inhibitor employed, and failure to 

measure caveolin-1 expression or establish diabetic inhibition of preconditioning.    

Less is known regarding potential roles of more recently identified cavin proteins (238, 

239). These coat proteins homo- and heteroligomerize (independently of membrane and caveolins) 

to form specific caveolar sub-complexes, and are involved in orchestrating the cell-specific 

formation, caveolin/cavin incorporation and structural modeling of caveolae (238, 239). They may 

also be released intracellularly with different stressors/stimuli to regulate gene expression and non-

caveolar processes. Depletion of cavin-1 (with attendant loss of caveolae) results in elevations in 

circulating triglycerides, glucose intolerance and hyperinsulinaemia (73), and inhibits cardiac 

ischaemic tolerance and stretch responses while exaggerating cellular permeability (potentially via 

NOS overactivity) (74). Perturbation of the caveolar system via caveolin-1 depletion or knockout 

also dysregulates cardiac stress responses (66, 240). Whether these gene deletion effects reflect 

distinct roles and influences of cavins and caveolins, or highlight the broader importance of 

caveolae is presently unclear. However, differences do emerge in the cardiac effects of cavin-1 vs. 

caveolin knockout (74).   

 

5.4 Membrane-Targeted Cardioprotection in Diabetic Cardiomyopathy 

Based on the sarcolemmal changes evident in diabetes, a number of therapeutic approaches 

present themselves, including modifications to diet and physical activity, cholesterol manipulation, 

and modulation of caveolins and caveolar biology.  
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5.4.1 Pharmacological Targeting of Caveolins & Caveolae 

Given evidence of abnormal caveolin-3 expression in models of diabetes, this caveolar 

protein has appeal as a therapeutic target (42, 241, 242). Beneficial anti-diabetic effects of hepatic 

caveolin-3 gene transfer support the therapeutic potential of caveolin-3 in diabetes (243). Although 

the regulation of cardiac caveolin-3 expression is not well understood, there is evidence from non-

cardiac cells for transcriptional control by myogenin, ID2, miR-22 and myocardin (244). 

Myocardins are important to formation of caveolae, and in glucose and lipid homeostasis (245). 

Whether transcriptional control of caveolins might be targetable is not clear. However, 

hyperinsulinaemia does up-regulate myocardin in cardiac myoblasts (246), which additional to 

modulating hypertrophy could up-regulate caveolins and caveolae (244). Conversely, insulin-

resistance may reduce myocardin expression and thereby caveolins and caveolae. Aortic myocardin 

is substantially induced in GK (T2D) rats, which appears to involve a miR-145 dependent response 

to oxidative stress (247).  

 Furthermore, hyperglycemic depression of caveolin-3 may also be PKC2-dependent, 

providing a potential pharmacological target. Lei et al. (33) show that inhibition or knockdown of 

PKC2 counters hyperglycemic depression of caveolin-3 in hearts and myocytes, and improves 

cardiac AKT phosphorylation and diastolic function. This group subsequently showed that PKC2 

inhibition also improved cardiac I-R tolerance together with caveolin-3 levels and control of AKT 

signalling in STZ-dependent T1D rats (34). Supplementation with the anti-oxidant N-acetyl cysteine 

also attenuates PKCβ2 expression and hypertrophy (248) while enhancing ischaemic tolerance (35) 

in STZ-dependent T1D rats. Caveolin-3 levels were not measured, although a reduction in PKCβ2 

activity is predicted to improve caveolin-3 based on other work (33).  

Other potential targets include adenylate cyclase (AC) and focal adhesion kinase (FAK) 

signalling paths: in vitro studies suggest AC can repress caveolin-3 in cardiac myoblasts (249) 

while FAK may up-regulate caveolin-3 in skeletal myoblasts (250). No data are available regarding 

cardiac FAK signalling in diabetes, however, FAK may be activated in hyperglycemic conditions 

(251), and FAK induction in hypertrophied skeletal muscle is exaggerated in T1D rats (252). In 

skeletal myotubes, FAK also appears important in insulin-dependent GLUT-4 translocation and 

glucose uptake (253). Adenylate cyclase itself appears functionally unaltered in diabetic hearts, 

while adrenergic receptor mediated control is impaired (254). However, vascular AC 

expression/function may be altered in diabetes (255). Inhibition of cardiac AC5 activity does protect 

against cardiac abnormalities in T2D and obesity (256). 

Targeting caveolin-3 expression via acute gene therapy with adeno-associated virus (AAV) 
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for Cav3 improves I-R and Ca
2+

 tolerance, preserves mitochondrial stability and reduces ROS (60).  

In addition, cardiac specific caveolin-3 overexpression enhances functional outcomes post-I-R and 

reduces infarct size (similar to effects of ischaemic preconditioning), which may be due to 

improved mitochondrial Ca
2+

 tolerance and respiratory rates with reduced ROS generation (60). 

Fridolfsson et al identified that increased O2 consumption in caveolin-3 overexpressing hearts 

improved energy production without a parallel increase in ROS generation (60). Further 

experiments targeting caveolin-3 to mitochondria confirmed improved mitochondrial stability 

during Ca
2+

 challenge, and delayed mitochondrial depolarization and improved ETC complex 

activity associated with enhanced infarct tolerance (60). Conversely, deletion results in 

mitochondrial dysfunction (60) and hypertrophy (65, 257). How caveolin-3 migrates 

to/communicates with mitochondria and subsequently promotes mitochondrial and ischaemic 

tolerance remains to be further detailed. 

5.4.2 Dietary Intervention 

Modifiable diet and physical activity have long been appreciated as major determinants of 

diabetic severity and complications. Dietary modification can alter sarcolemmal makeup and 

function, and inflammatory, glycation/glycosylation and oxidative processes in the heart and 

vessels. For example, homeostatic control of inflammation is mediated by eicosanoids 

(prostaglandins, leukotrienes, thromboxanes) whose generation is dependent on the n-6 

polyunsaturated fatty acid (PUFA) arachidonic acid (AA) (258). Shifts in saturated vs. unsaturated 

fat intake can modify fundamental membrane properties together with caveolar components, while 

limitations in caloric intake may profoundly influence the diabetic phenotype and promote 

protective outcomes.  

 Mammalian species are unable to produce n-3 PUFAs, thus must acquire these essential 

fatty acids via the diet. Edible seeds such as flaxseed and chia seeds are rich sources of the 18C n-3 

PUFA α-linolenic acid (ALA), while longer chain n-3 PUFAs (eicosapentaenoic acid [EPA] and 

docosahexaenoic acid [DHA]) can be synthesized from ALA or consumption of fish oils. Once 

acquired, n-3 PUFAs can integrate into the sarcolemma to displace membranous AA (259). 

Consumption of n-3 PUFAs thus reduces inflammation via disrupting production of AA-derived 

eicosanoids (260, 261). However, it is worth noting that AA-derived eicosanoids exhibit both pro- 

and anti-inflammatory capabilities. Interestingly, cardiac caveolin-3 may be differentially 

modifiable via dietary saturated fat (50) and PUFAs (262, 263). 

A palmitate enriched diet significantly depresses cardiac caveolin-3 (50), whereas a 

flaxseed-enriched diet reverses reductions in cardiac caveolin-3 in cardiomyopathic hamsters (262), 
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and prevents reductions in skeletal muscle caveolin-3 in a model of muscular dystrophy (also 

repairing sarcolemmal damage, reducing inflammation and cell death) (264). However, 

effectiveness of such diet intervention in a diabetic animal model awaits testing.  

Dietary ALA is also cardioprotective in a rat model of T2D (220), with 4 weeks of ALA 

supplementation improving ischaemic tolerance including enhanced functional outcomes and 

reductions in infarction and markers of cell death (whereas no protection was evident in non-

diabetic rats). Cardioprotection was linked to anti-inflammatory and anti-oxidative actions, possibly 

involving PI3K-AKT signalling (220). Insulin-resistance, glucose intolerance, dyslipidaemia and 

cardiac lipid accumulation after 3-6 months of a high-sugar diet are also reversed by transition to a 

chia seed-rich diet, abundant in ALA (265).  

Consumption of n-3 PUFAs improves sarcolemmal functions, critical to the management of 

diabetic cardiomyopathy. For example, consumption of fish oils: enhances EPA and DHA in 

cardiac membranes while reducing AA (260, 261); prevents translocation of CD36, limiting fatty 

acid uptake and lipid storage (266); and counters abnormal membrane fluidity in T1D mice (267). A 

vegetarian diet improvement in linoleic acid content is also associated with improved insulin 

sensitivity in subjects with T2D (268). 

  Diets containing high ratios of PUFA/monounsaturated fatty acid (MUFA) improve insulin-

binding and glucose uptake in adipose cells from healthy and T1D rats (269). Membranous 

phospholipid content is also altered with enhanced PUFA and reduced MUFA (269). Interestingly, 

even at very high insulin levels (1000 ng/mL), cells from T1D rats fed low PUFA/MUFA diets bind 

less insulin than those fed high PUFA/MUFA diets and exposed to lower insulin levels. This 

suggests that insulin has greater affinity for cells with more unsaturated membranes, which may be 

particularly useful in management of insulin-resistant T2D.  

Enriched n-3 PUFA diets also modify ion exchange and action potential duration, which 

may limit cardiac propensity to I-R injury and arrhythmias. Isolated myocytes from rabbits fed fish 

oil for 3 weeks exhibit increased sarcolemmal EPA and DHA (vs. decreased MUFAs) and 20% 

shorter action potentials compared with myocytes from animals on an n-9 MUFA-rich diet (270). 

Exposure of myocytes to EPA and DHA shortened action potentials in cells from n-9 MUFA and 

not n-3 PUFA fed rabbits. These findings indicate action potential shortening likely stems from 

altered membrane lipid composition and not direct ligand-like interaction with ion channels (270). 

Other studies report inhibitory effects of PUFAs on sarcolemmal K
+
 (271) and Ca

2+
 channels (272), 

and the Na
+
/H

+
 exchanger (273), potentially limiting pathological Ca

2+
 overload in myocardial 

cells.  
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6. FINAL COMMENTS 

 Ischaemic heart disease and myocardial infarction remain leading causes of death in patients 

with chronic diabetes. Unfortunately, hearts from T1D and T2D patients (and animals) appear more 

sensitive to the damaging effects of ischaemia while less sensitive to potential protective stimuli. 

While research has traditionally focused on intracellular changes associated with loss of ischaemic 

tolerance and cardioprotection in diabetic cardiomyopathy, ‘upstream’ changes to overarching 

caveolae signalling domains could contribute to this dysfunction. Detailing the control of caveolar 

protein expression, and the influences of T1D and T2D on these proteins and myocardial responses 

to insult is thus an important step in developing cardioprotective approaches for these patients. 



47 

 

Project Aims 

 

Diabetes appears to worsen cardiac outcomes following I-R and to also reduce 

cardioprotective efficacy, however specific impacts of T1D and T2D remain controversial. 

Ischaemic intolerance and loss of protection may both stem from potentially reversible caveolar-

related signalling disruptions, ultimately impacting downstream survival/death targets. While 

regulation of caveolar proteins remains ill-defined, studies suggest cAMP-related pathways, FAK, 

PKCβ2 and dietary fats may influence expression. This doctoral project aims to: i) examine the 

control and dysregulation of caveolar protein expression in vitro and in vivo; ii) characterise and 

contrast the effects of T1D and T2D on cardiac ischaemic tolerance, cardioprotective efficacy and 

caveolar protein expression; and iii) test for potential benefits of dietary α-linolenic acid 

supplementation on caveolar protein expression and the cardiac abnormalities associated with 

diabetes.  

 

Study 1: Control of caveolins in an in vitro myoblast model: Effects of simulated 

diabetes, α-linolenic acid and cell signalling modulation 

a) Identify effects of hyperglycaemia, hyperlipidaemia (palmitate) and hyperinsulinaemia, 

alone or in combination, on caveolin expression in H9c2 cardiomyoblasts 

b) Determine effects of cAMP activation, PKCβ2 inhibition, FAK inhibition and α-

linolenic acid supplementation on caveolin expression under control and simulated T2D 

conditions 

 

Study 2: Diabetic modulation of caveolar proteins and kinase signalling: Effects of α-

linolenic acid supplementation 

a) Assess effects of T1D and T2D on cardiac expression of caveolins, cavins, AKT and 

GSK3β  

b) Determine effects of α-linolenic acid supplementation on cardiac expression of 

caveolins, cavins, AKT and GSK3β expression 
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Study 3: Effects of chronic T1D and T2D on myocardial ischaemic tolerance and 

preconditioning 

a) Assess intrinsic ischaemic tolerance in isolated hearts from mice with chronic T1D and 

T2D 

b) Test cardioprotective efficacy of IPC in hearts from T1D and T2D mice 

 

Study 4: Effects of α-linolenic acid supplementation in a murine model of T2D 

a) Assess effects of dietary α-linolenic acid on body weight and systemic metabolic 

phenotype in healthy and chronic T2D mice 

b) Assess mitochondrial function in T2D, and the effects of α-linolenic acid 

supplementation 

c) Determine whether α-linolenic acid supplementation improves I-R tolerance and 

responses to IPC in hearts from healthy and T2D mice 
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Chapter 2:  

 

Methods 
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2.1 Cell Culture 

 

The cell line used (H9c2 cardiomyoblasts) was initially derived from an embryonic rat heart 

cardiomyocyte line, and obtained from the American Type Culture Collection (ATCC, U.S.A.). The 

cells were maintained and grown in 5 mM glucose Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% foetal bovine serum and kept under 95% O2 and 5% CO2 at 37ºC. Cell used 

in experiments were subjected to no more than 15 passages.  

 

2.1.1 Cardiac Cell Experimental Protocol 

Study 1: Effects of glucose, insulin and palmitate on caveolin expression 

 To assess expression and regulation of caveolins in a cardiac cell model, the H9c2 cell line 

was employed. H9c2 cells were seeded into 6-well plates at a density of 50, 000 cells/well and 

maintained in 2 mL of 5 mM glucose DMEM for 24 hrs. Cells were then incubated for 72 hrs in 

maintenance (5 mM) or high (25 mM) glucose DMEM, alone and in combination with palmitate 

(Sigma P9767)-BSA (Sigma A7030) conjugate (0.1 mM/17 μM) and/or insulin (100 nM, Sigma 

I5523) with a final volume of 2 mL media. Maintenance glucose concentrations were osmotically 

balanced with D-mannitol to match the osmolality of 25 mM glucose. Experiments were repeated 3 

times. 

 

Study 2: Pharmacological and n-3 PUFA manipulation of caveolins under diabetic conditions 

 ‘Simulated T2D’ conditions were employed with the combination of high glucose (25 mM 

glucose DMEM), palmitate (0.1 mM) and insulin (100 nM). H9c2 cells were seeded into 100 mm 

dishes at a density of 100, 000 cells/dish and maintained in 6 mL of 5 mM glucose DMEM for 24 

hrs. Cells were then incubated for 72 hrs in maintenance (5 mM glucose DMEM alone) or ‘T2D’ 

media, with ALA (Sigma L2376)-BSA conjugate (10 μM/0.25 μM), FAK inhibitor-14 (1 μM, 

dissolved in H2O, Sigma SML0837), forskolin (50 μM, dissolved in DMSO, Sigma F6886) or the 

PKCβ2 inhibitor, CGP 53353 (1 μM, dissolved in DMSO, Sigma C7866). Final DMSO 

concentrations were <0.1%. Experiments were repeated 3 times. 
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2.1.2 Palmitate- and ALA-BSA conjugation      

Bovine serum albumin is commonly used to conjugate and solubilise fatty acids for cell 

culture purposes. This technique requires ultra fatty acid-free BSA. Palmitate and ALA were 

conjugated using a 6:1 and 4:1 molar ratio of fatty acid:BSA, respectively. Temperatures were 

maintained as specified for optimum conjugation. This method was adapted from Seahorse 

Bioscience. 

Preparing BSA solution     Briefly, a large beaker was filled with a small amount of water 

and heated to 37ºC on a magnetic stir plate to create a water bath. A smaller beaker filled 

with 20 mL of 150 mM NaCl was placed inside larger beaker to maintain temperature. BSA 

(2 g) was added to NaCl solution and mixed with stir bar until dissolved. Ice was added to 

large beaker if temperature exceeds 40ºC. Aliquots containing 1.5 mM BSA were used for 

conjugation or frozen in -20ºC for future use.  

Preparing Palmitate     A large beaker/water bath was heated to 70ºC, with 11 mL of 150 

mM NaCl added to a small beaker inside. Palmitate (30.6 mg, Sigma P9767) was added to 

NaCl solution and stirred until solution became clear. 

Preparing ALA     Temperature in a large beaker/water bath was maintained at 70ºC, with 

10 mL of 150 mM NaCl added to a small beaker inside. ALA (13.92 mg, Sigma L2736) was 

added to NaCl solution and stirred until solution became clear. 

Conjugating Palmitate     In a small beaker, 1.5 mM BSA stock (2.27 mL) and 150 mM 

NaCl (5.73 mL) were combined. Palmitate solution (2 mL) was quickly transferred to 

beaker and mixed with BSA-NaCl solution for approximately 1 hr at 37ºC. Solution was 

then adjusted to pH 7.4 and frozen in glass vials at -20ºC. Final concentration was 2 mM 

palmitate:0.34 mM BSA. 

Conjugating ALA     In a small beaker, 1.5 mM BSA stock (1.666 mL) and 150 mM NaCl 

(6.334 mL) were combined. ALA solution (2 mL) was quickly transferred to beaker and 

mixed with BSA-NaCl solution for approximately 1 hr at 37ºC. Solution was then adjusted 

to pH 7.4 and frozen in glass vials at -20ºC. Final concentration was 1 mM ALA:0.25 mM 

BSA. 

Thawing conjugated and BSA solutions     Palmitate- or ALA-BSA conjugates and BSA 

solutions were thawed in 37ºC water bath prior to cell treatments. 
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2.1.3 Cell Harvest  

After experimental protocol was complete, cell were lysed on ice and lysates prepared for 

western blot analysis. Briefly, media was removed, cells washed in ice-cold PBS and 70 μL (6-well 

plates) or 130 μL (100 mm dishes) of lysis buffer containing 20 mM MOPS, 2 mM EGTA, 5 mM 

EDTA, 30 mM NaF, 40 mM β-glycerophosphate, 20 mM NaPP, , 1 mM PMSF, 10 µM leupeptin, 3 

mM benzamidine, 5 µM pepstatin A, 1 mM NaO and 1% Triton-X was added. After 2 minutes, 

plates were scraped and lysates removed and stored at -80ºC until later use. Protein concentrations 

were then normalised via BCA assay (Section 2.3.1) and Western blots performed to assess for 

expression of caveolin proteins (Section 2.3.2). 

 

2.2 Animal Studies 

 

Eight week C57Bl/6 male mice were obtained from the Animal Resources Centre (Perth, 

Australia) and housed with 4 animals per cage with a 12-hour light/dark cycle. At the 

commencement of the study, mice were randomly assigned to CTRL or diabetic groups. See 

Appendix Table 1 for nutritional information of diets. 

 

2.2.1 Animal Ethics 

All investigations undertaken were approved in accordance with the policy guidelines “The 

Animal Care and Protection Act 2001”, of the Animal Ethics Committee of Griffith University, 

which is accredited by the Queensland Government. Male C57Bl/6 mice were supplied by the 

Animal Resource Centre (Perth, Australia) and housed in the Griffith University Animal Facility for 

the duration of the study. Animal ethics number: MSC/14/16/AEC. 

 

2.2.2 T1D Murine Model (Chapter 4 & 5) 

 Mice were administered 5x daily intraperitoneal (IP) injections of STZ (50 mg/kg) or Na-

citrate (CTRL, n=30) and fed standard chow for 12 weeks to induce T1D (n=35). Food and water 

was available ad libitum for all mice.  
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2.2.3 T2D Murine Model (Chapter 5) 

 Mice were administered a single intraperitoneal (IP) injection of STZ (75 mg/kg) and fed a 

‘Western’ diet (31.9% kcal fat; 56.7% kcal carbohydrates; 11.3% kcal protein) for 12 weeks to 

develop T2D (n=30). A purpose made high-fat chow was formulated freshly each week (stored in a 

refrigerator), consisting of 800 g Irradiated Rat & Mouse Powder (Specialty Feeds), 300 g 

condensed milk, 140 g sugar and 125 g blended animal fat (Supafry). CTRL mice were 

administered equivalent Na-citrate injections at the beginning of the study and fed standard mouse 

pellet chow (n=16). Food and water was available ad libitum for all mice. 

 

2.2.4 T2D Murine Model supplemented with ALA (Chapter 4 & 6) 

 Mice were administered a single intraperitoneal (IP) injection of STZ (75 mg/kg) and fed 

high-fat chow (43.2% kcal as fat; 39.7% kcal carbohydrates; 17.1% kcal protein) for 15 weeks 

(Specialty Feeds, WA, Aus; diet equivalent to Teklad diet TD08811) to develop T2D (n=46). Non-

diabetic (CTRL) mice were administered a single Na-citrate injection and maintained on standard 

chow (n=48). After 15 weeks, both groups were subdivided into either CTRL+ALA (n=24) or 

T2D+ALA (n=23) supplementation groups, receiving 10% of their total fat intake from ALA for 6 

weeks, while the remaining mice continued with their respective diets. This dosage is previously 

used to study effects of high ALA consumption (274) and equates to approximately 1 tablespoon of 

flaxseed oil or 2-3 tablespoons of walnuts per day (275) for a person eating 2000 calories and 

consuming 20-30% energy from fat per day. Food and water was available ad libitum for all groups. 

After a total of 21 weeks, mice were sacrificed and cardiac responses to I-R and IPC tested. 

 

2.2.5 Glucose Tolerance Tests 

 Glucose tolerance tests (GTT) were performed to assess glucose clearance, and progression 

towards diabetes. Mice were fasted for 4-6 hours, before blood was taken via a parallel tail prick 

and measured using an Accu-check II glucometer (Roche Diagnostics, Castle Hill, Australia) to 

attain baseline fasting blood glucose. Mice then received an IP administration of 20% glucose 

(2g/kg) and blood glucose was measured after 30, 60, 90, 120 and 180 mins. Area under the curve 

(AUC) was calculated to compare glucose clearance between groups.  
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2.2.6 Biochemical Assessment    

For assessment of neuroendocrine and inflammatory changes, fasted and non-fasted blood 

was collected into EDTA coated tubes. Whole blood was incubated at room temperature for 30 min 

before 5 min centrifugation at 10,000 g (serum) or 5,000 g (plasma), with samples stored at -80ºC 

until ELISA analyses according to manufacturer’s instructions (insulin: Crystal Chem Inc, Elk 

Grove Village, USA; ghrelin, leptin and resistin: Cusabio, Houston, Texas, USA; noradrenaline: 

Abnova, Taipei City, Taiwan), using a Tecan or BioPlex plate reader. 

 

2.2.7 Cardiac Perfusion and I-R Responses    

At the end of experimental periods hearts were removed and Langendorff perfused for 

assessment of function, I-R tolerance and efficacy of IPC (276). Mice were anaesthetised with 

sodium pentobarbital (60 mg/kg IP), hearts excised and the aorta immediately cannulated for 

perfusion of the coronary circulation with modified Krebs-Henseleit buffer, gassed with 95% 

O2/5% CO2, maintained at 37ºC (pH 7.4) and containing: 119 mM NaCl, 11 mM glucose, 22 mM 

NaHCO3, 4.7 mM KCl, 1.2 mM MgCl2, 1.2 mM KH2PO4, 1.2 mM EDTA, 0.5 mM and 2.5 mM 

CaCl2. 

Contractile function was monitored via fluid-filled balloon in the left ventricle, inflated to an 

end-diastolic pressure (EDP) of 5 mmHg (276). Coronary flow was measured via ultrasonic flow-

probe proximal to the aortic cannula and connected to a T206 flowmeter (Transonic Systems Inc., 

Ithaca, NY, USA). A 4 channel MacLab system (ADInstruments Pty Ltd., Castle Hill, Australia) 

connected to an Apple iMac computer was used for continuous acquisition (1 KHz sampling rate) 

and processing of data, including: systolic and end diastolic pressures, +dP/dt and -dP/dt, heart rate 

and coronary flow. Temperature of perfusate was continuously monitored via thermal probe 

connected to a Physitemp TH-8 digital thermometer (Physitemp Instruments Inc, Clifton, NJ, 

USA). 

Hearts were stabilised over 20 min, with hearts exhibiting abnormal or unstable function 

excluded, as detailed previously (276). Hearts were then switched to ventricular pacing at 420 

beats/min (via silver wires attached to an SD9 stimulator; Grass Instruments, Quincy, MA, USA) 

for 10 min before induction of 25 min normothermic global ischaemia followed by 45 min aerobic 

reperfusion. For IPC, a subset of hearts were subjected to 3 x 5 min episodes of ischaemia separated 

by 5 min reperfusion prior to the index ischaemia.  
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2.2.8 Cell Damage via Cardiac Troponin I Efflux 

To estimate myocardial death, total post-ischaemic efflux of troponin I (TnI) was measured 

for each heart (normalised to heart mass). Total post-ischaemic coronary effluent was collected on 

ice and cardiac troponin I (TnI) content assayed via ELISA (Life Diagnostics; West Chester, PA, 

USA) according to manufacturer’s instructions. 

 

 2.2.9 Heart Tissue Dissection 

 Excised hearts were placed on frozen Krebs-Henseleit buffer following removal from chest. 

For hearts that did not undergo Langendorff I-R, right ventricle was removed and immediately 

prepared for oxygraph experiments (Section 2.3.9). Left ventricle was snap frozen in liquid nitrogen 

and then stored at -80ºC for future analysis. Langendorff perfused whole hearts were immediately 

snap frozen following I-R protocol and then stored at -80ºC.  

 

2.2.10 Mitochondrial Functional Analysis 

 Cardiac tissue preparation   Mitochondrial function was assessed in shredded left 

ventricular myocardium from mouse hearts, with a PBI-shredder HRR-Set employed for tissue 

preparation (Oroboros Instruments, Innsbruck, Austria). The shredder operates as a homogenisation 

system designed on a three-gear system which generates a force to the tissue. 

 After removal from the chest or Langendorff apparatus, hearts were dissected and 

immediately suspended in cold Mir06 media. Approximately 8-10 mg samples were then sectioned 

from the whole heart and blot dried on filter paper prior to being dissected into 3-4 smaller pieces 

with a scalpel. The heart tissue was added to the lysis disk of the Shredder-Tube with 800 µL of 

Mir06 media prior to placement in the shredder apparatus. The lever was set at gear 1 for 10 

seconds followed by gear 2 for a further 10 seconds. The resulting homogenate was immediately 

transferred to an ice-cold tube. Mir06 media was used to wash the heart tissue remnants of the 

Shredder-Tube, and the final volume of the homogenate was adjusted to a concentration between 1 

mg/mL.  

Respiratory Analysis     Tissue oxygen consumption was quantified using a Oxygraph-2k 

instrument (Oroboros Instruments, Innsbruck, Austria). Chambers ‘A’ and ‘B’ of the apparatus 

were cleaned prior to use with both ethanol and milliQ water, and underwent a stabilisation with 

MiR06 media. Post-stabilisation, 2.2 mL of heart tissue homogenate (1 mg/mL) was added to each 



56 

 

of the 2 ml chambers ‘A’ and ‘B’ to undergo analysis of mitochondrial respiration at 37ºC. Datlab 

software (Oroboros Instruments) was used to undertake quantitative analysis of mitochondrial 

oxygen consumption.  

 Analysis of maximal mitochondrial respiration, and complex I and complex II function was 

achieved upon utilisation of mitochondrial complex I and complex II substrates, ADP and the 

uncoupler, CCCP. As a quality control measure, cytochrome c was used to validate mitochondrial 

integrity, and various mitochondrial complex inhibitors were used to determine individual complex 

functions. The following details the makeup of the buffer, and levels of substrates, uncouplers and 

inhibitors employed: 

 

Heart Tissue Homogenate Buffer (Mir06):  0.5 mM EDTA, 3 mM MgCl2.6H2O, 60 mM K-

lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose, 1 g BSA (pH to 

7.1 at 30ºC). Prior to all experiments, catalase (280 U/mL) was added to both chambers. 

 

Mitochondrial Substrates:  5 mM pyruvate, 2 mM malate, 10 mM glutamate, 10 mM succinate, 10 

µM cytochrome c, 1 mM ADP (added step-wise). 

 

Mitochondrial Uncoupler: 0.5 µM CCCP (added step-wise) 

 

Inhibitors of Mitochondrial Function: 0.5 µM rotenone, 5 mM malonic acid, 2.5 µM antimycin A.  

 

2.2.11 Cellular Fractionation 

 Whole cell, cytosol and mitochondria Protein isolation was performed on whole 

hearts or left ventricles of mouse hearts. Hearts were sectioned into pieces prior to homogenisation 

in a glass dounce with ice-cold lysis buffer containing protease inhibitors: 1 mM PMSF, 10 µM 

leupeptin, 3 mM benzamidine, 5 µM pepstatin A and 1 mM NaO. Whole homogenate samples were 

removed and stored with lysis buffer for future protein analysis. The protein homogenate was then 

centrifuged at 600 g for 10 min at 4ºC. The supernatant obtained (cytosol and membrane-enriched 
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fraction) was centrifuged at 100,000g for 1.5 hours at 4ºC. The supernatant (cytosol) was then 

transferred to a new tube and stored at -80ºC for future protein analysis. 

 Caveolae-enriched buoyant fractions Sucrose density fractionation was performed to 

obtain caveolae-enriched buoyant fractions. Hearts were homogenised in a glass dounce on ice with 

pH 11 lysis buffer containing: 150 mM Na2CO3, 1mM EDTA, 1 mM PMSF, 10 µM leupeptin, 3 

mM benzamidine, 5 µM pepstatin A and 1 mM NaO. Following homogenisation, samples were 

briefly sonicated (3 cycles for 10-15 seconds with one minute rest on ice between each) and 

incubated on ice for 10 minutes. Protein content was then determined via BCA assay (Section 2.3.1) 

and 850 µL of normalised whole cell lysate containing 5 mg protein was loaded into ultracentrifuge 

tube. A solution containing 25 mM MES, 150 mM NaCl and 2 mM EDTA was used to generate 

sucrose solutions containing 80%, 35% and 5% sucrose (w/v). Homogenate in tube was then mixed 

with 850 µL 80% sucrose to generate 1.7 mL 40% sucrose. Above the 40% layer, 5.1 mL of 35%, 

followed by 3.4 mL of 5% sucrose were carefully layered. The mixture was then centrifuged at 175 

000 g using a Beckman Coulter SW41 Ti rotor for 18 hours at 4°C. Fractions 1-12 were obtained by 

carefully removing 850 µL aliquots from the top-down and stored in -80°C for future use. Western 

blot analysis confirmed previous findings (277, 278) of caveolin-3 abundance in buoyant fractions 

4-6 (Fig. 4.8) – indicating caveolae-enriched compartments. Equal volumes of fractions 4-6 were 

pooled and referred to as the ‘buoyant fraction’. Western blots were performed to assess expression 

of caveolins and cavins by loading equal volumes of each fraction (protocol outlined in Section 

2.3.2).  

Analysis of proteins in buoyant fractions (4-6) from the T1D study in Chapter 4 were 

normalised using relative comparisons, comparing densitometry of fractions 4-6 to the total 

densitometry of fractions 1-12 for each sample, since all samples contain equal total protein prior to 

fractionation. Buoyant fraction protein expression from the T2D ALA study in Chapter 4 was 

normalised to β-actin for each sample. Both relative comparisons (279, 280) and normalisation to a 

loading controls (69, 281, 282) are accepted methods.  
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2.3 Protein Detection & Analyses 

 

2.3.1 BCA Protein Determination 

 For protein analysis in whole cell, cytosol or mitochondria, samples were diluted to the 

approximate concentration of 1 µg/µL. Concentrations were measured via a BCA assay in a 96-well 

microplate (Pierce BCA protein assay kit) at an absorbance of 540 nm (Tecan Sunrise). Aliquots of 

30 µg/µL of protein were prepared with the appropriate volume of buffer containing: 20 mM 

MOPS, 2 mM EGTA, 5 mM EDTA, 30 mM NaF, 40 mM β-glycerophosphate, 20 mM NaPP, and 

stored in -80ºC.  

 For sucrose gradient fractionation, whole cell lysate was normalised prior to fractionation to 

5 mg protein in a total volume of 850 μL. Lysate was diluted using pH 11 lysis buffer containing: 

150 mM Na2CO3, 1mM EDTA, 1 mM PMSF, 10 µM leupeptin, 3 mM benzamidine, 5 µM 

pepstatin A and 1 mM NaO. 

2.3.2 Western Immunoblotting 

 Once thawed, protein aliquots were prepared in required volumes with loading dye and 

denatured at 95ºC for 5 min in a heating block. A 30 µL volume of each sample was loaded into 

hand-cast 10% acrylamide gels. Protein separation was achieved by running gels at 150 V for 60 

min. The transfer of proteins was achieved using a polyvinylidene difluoride fluorescent (PDVF) 

membrane at a constant 75 V for 1.5-2 hrs, and then blocking with Odyssey fish serum for an 

additional 2 hrs at room temperature.  

The transferred proteins were incubated with the following primary antibodies overnight at 

4ºC with gentle agitation: caveolin-1 1:500 (ab2910, abcam); caveolin-2 1:500 (ab2911, abcam); 

caveolin-3 1:500 (ab2912, abcam); cavin-1 1:500 (ab48824, abcam); cavin-4 1:500 (55464-1-AP, 

Proteintech); phospho-AKT 1:1000 (9271, Cell Signalling); total-AKT 1:1000 (9272S, Cell 

Signalling); phospho-GSK3β 1:1000 (9336, Cell Signalling); total-GSK3β 1:1000 (9315, Cell 

Signalling); Bax 1:1000 (2772, Cell Signalling); Bak 1:1000 (D4E4, Cell Signalling); GAPDH 

1:1000 (sc-32233, Santa Cruz Biotechnology); or β-actin 1:1000 (4970S, Cell Signalling). 

 The PVDF membrane was washed 4 times in TBST (5 min each) and again in TBS for 5 

min before incubation with corresponding secondary antibodies at room temperature in the dark: 

IRDye® 680RD donkey anti-mouse 1:30,000 (925-68072, LI-COR); or IRDye® 680RD goat anti-

rabbit 1:30,000 (925-68071, LI-COR). Membranes were then washed again 4 times in TBST (5 min 
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each) and in TBS for 5 min, before drying overnight between paper towels in the dark. Membranes 

were visualised on a Licor Odyssey Infrared Imaging System (Millenium Science, Mulgrave, 

Australia) and protein densitometry data for each sample normalised to the β-actin or GAPDH (both 

found to be consistent among all groups – see Appendix Fig. 3, 11 & 12).  

2.3.3 Nitrotyrosine Detection 

Assessment of 3-nitrotysorine protein modification was undertaken in cytosolic fractions of 

post-ischaemic T1D and T2D hearts. Whole hearts were thawed, homogenised in lysis buffer and 

centrifuged to obtain cytosolic fractions, as described above. Protein content of cytosolic fractions 

was normalised using a BCA protein assay (Section 2.3.1) and 3-nitrotyrosine content was 

measured via ELISA, as per manufacturer’s instructions (Abcam ab113848; Cambridge, UK). 

  

2.4 Statistical Analyses 

 

All data were analysed using GraphPad Prism 8 and are presented as mean ± SEM. Data 

outside of mean ± 2 standard deviations were considered outliers and removed. Student’s t-test was 

used to determine differences between two groups, while one- or two- way ANOVAs with planned 

comparisons were employed to eliminate nonsensical contrasts constraining statistical power with 

three or more groups (283).  Fisher’s LSD post-hoc test was used following ANOVA with planned 

comparisons. Specific a priori hypotheses are detailed in each chapter. A P-value of < 0.05 was 

indicative of statistical significance across tests. 
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Chapter 3:  

 

Caveolins in an in vitro model of 

diabetes: Effects of α-linolenic acid and 

cell signalling pathways 
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ABSTRACT 

Diabetes may worsen cardiac outcomes from ischaemia-reperfusion (I-R) and inhibit 

cardioprotective responses, however these effects remain controversial and underlying mechanisms 

are unclear. There is some evidence loss of cardioprotection may stem from caveolin depletion with 

diabetes, although studies are limited to acute hyperglycaemia/T1D and in vitro models. Whether 

such caveolin changes with diabetes are reversible also remains unclear. The current study assessed 

effects of glucose (5 mM or 25 mM), insulin (100 nM) and palmitate (0.1 mM), alone and in 

combination (72 hr incubations) on caveolin protein expression in H9c2 cardiomyoblasts to 

simulate diabetic conditions in vitro. Effects of the polyunsaturated fat α-linolenic acid (ALA; 10 

μM) together with the adenylate cyclase activator forskolin (50 μM), FAK inhibitor 14 (1 μM) and 

the PKCβ2 inhibitor CGP 53353 (1 μM) on myoblast caveolin protein expression were assessed in 

cells subjected to normoglycaemic and simulated T2D conditions (25 mM glucose + 100 nM 

insulin + 0.1 mM palmitate). Interestingly, data reveal hyperglycaemic elevations in caveolin-1 and 

-3 vs.  depletion in simulated T2D conditions (high glucose, insulin and palmitate combined). 

Caveolin-3 depletion was also observed with palmitate alone, while a combination of insulin and 

palmitate reduced caveolin-1 and-3, irrespective of glucose concentrations. Caveolins appear 

independently regulated and sensitive to cAMP-dependent signalling, while simulated T2D 

augments this effect. Treatment with ALA, forskolin and FAK or PKCβ2 inhibitors restored 

caveolin-3 protein expression and may be relevant to cardioprotection in diabetes. Taken together, 

cardioprotection mediated via caveolin-3 may be most sensitive to dietary saturated fats, while ALA 

may restore protection. 
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INTRODUCTION 

Effects of diabetes on myocardial caveolin proteins remain poorly understood. While few 

studies have assessed caveolins in chronic diabetic models, evidence suggests that protein 

expression may be sensitive to metabolic perturbations (242). Such changes may be important in 

cardioprotective signalling and influencing cell survival vs. death following I-R (284). 

 Cardiac caveolin-3 protein expression appears reduced in the few studies of T1D models to 

date (33, 225, 226, 285), with evidence of an opposing increase in caveolin-1 (225, 285). However, 

these changes are assessed in acute or early stages (1-6 week) of T1D, which may not be relevant to 

changes in established or chronic disease. Indeed, the high degree of variability in reports of 

ischaemic tolerance and cardioprotection in acute vs. chronic diabetic models (286) suggests more 

prolonged disease progression should be studied, and is indeed more relevant to the clinical 

scenario. In vitro models report caveolin-3 depletion following 18 or 36 hours exposure to glucose 

(33) or palmitate (51), respectively, although how caveolins are influenced with longer durations in 

vitro or with chronic diabetes in vivo is unclear.  

 No studies have assessed effects of chronic T2D on cardiac caveolin protein expression, 

with a single study demonstrating an insignificant (~30%) reduction in Cav3 mRNA in a non-obese 

genetic rat model of T2D (228). Interestingly, the authors also report an increase in Cav3 with 

exercise in the T2D model. Caveolin-1 is reduced by 50% in skeletal muscle from subjects with 

T2D, although cardiac levels were not measured (287). Knowles et al also report a palmitate diet-

induced reduction in cardiac caveolin-3 protein expression, however 12 weeks of feeding was 

insufficient to develop the metabolic disturbances characteristic of T2D (50). Dietary fatty acid 

intake appears important to caveolar biology and function, with evidence of opposing effects of 

saturated vs. n-3 PUFA consumption, for example. 

 Palmitate reduces caveolin-3 in vitro (51) and in vivo (50), while dietary ALA increases 

protein expression in cardiomyopathic hamsters (262). Furthermore, ALA prevents isoproterenol-

induced loss of caveolin-3 and improves cell viability in H9c2 cardiomyoblasts, while preventing 

cardiac fibrosis and hypertrophy in non-diabetic rats (288). Subsequent disruption of caveolae with 

methyl-β-cyclodextrin abolishes this protection, suggesting that ALA-mediated effects may rely on 

caveolar integrity and/or membrane cholesterol (288). Manipulation and regulation of caveolins is 

an area which lacks detail in the literature, however some evidence suggests that protein expression 

can be modified via pharmacological interventions. 

 Hyperglycaemic depression of caveolin-3 is reportedly attenuated by PKCβ2 inhibition (33) 

and N-acetylcysteine (35) in in vitro and in vivo models of T1D, with the latter suggested to 
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mediate protection through inhibition of PKCβ2 (248). Evidence also supports cAMP-mediated 

depression of caveolin-3 with forskolin treatment (249), and an increase in protein expression with 

FAK inhibition (250) in cardiac and skeletal myoblasts. Effects of these caveolin modulators under 

diabetic conditions remain unknown. Understanding regulation of caveolins could lead to 

production of effective therapies aimed at reversing diabetes-induced perturbations. 
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AIMS 

Despite significant knowledge gaps, early evidence does suggest that metabolic elements of 

diabetes – particularly the presence of hyperglycaemia, hyperinsulinaemia and saturated fats – can 

influence expression of caveolin proteins. What remains unclear is the role of individual metabolic 

elements of diabetes, and whether a combination of one or more of these elements is important for 

caveolin regulation. Understanding this may in turn reveal differential mechanisms driving caveolin 

changes in T1D vs.T2D. 

To assess these potential effects, H9c2 cardiomyoblasts were subjected to maintenance (5 

mM) or high (25 mM) glucose, insulin (100 nM) and palmitate (0.1 mM), alone or in combination 

for 72 hours, before cells were harvested and protein expression of caveolins in whole cell lysates 

measured. Prior data support the hypotheses of hyperglycaemia- (33) and palmitate-induced (51) 

depression of caveolins, while effects of insulin alone are unknown. The combination of 

hyperglycaemia, insulin and palmitate is expected to reduce caveolin protein expression.  

To further understand caveolin regulation, H9c2 cells were subjected to maintenance (5 mM 

glucose) or simulated ‘T2D’ conditions (high glucose [25 mM], insulin [100 nM] and palmitate [0.1 

mM] combined), alone or in combination with ALA (10 μM), forskolin (50 μM), FAK inhibitor 14 

(1 μM) or the PKCβ2 inhibitor CGP 53353 (1 μM) for 72 hours, before assessing caveolin protein 

expression. Prior data suggest ALA (262, 288) and inhibition of PKCβ2 (33) or FAK may increase 

(250), while forskolin (249) may reduce, caveolin-3 protein expression. Whether chronic diabetes-

induced caveolin perturbations are reversible via dietary or pharmacological intervention remains 

unclear and is of potential clinical relevance.  
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METHODS 

To determine how caveolin protein expression is altered with metabolic elements of 

diabetes, together with ALA and pharmacological compounds, experiments were performed in 

H9c2 cardiomyoblasts.  

 Study 1 Treatments:   H9c2 cells were exposed to maintenance (5 mM) or high (25 mM) 

glucose DMEM, alone and in combination with palmitate-BSA conjugate (0.1 mM/17 μM) and/or 

insulin (100 nM) for 72 hours, as described in Section 2.1.1.  

Study 2 Treatments:    The combination of high glucose (25 mM glucose DMEM), 

palmitate (0.1 mM) and insulin (100 nM) – referred to as ‘T2D’ media – was used in Study 2 to 

simulate a metabolic environment similar to T2D. H9c2 cells were subjected to normal (5 mM 

glucose DMEM alone) or T2D media with ALA-BSA conjugate (10 μM/0.25 μM), FAK inhibitor-

14 (1 μM), forskolin (50 μM) or the PKCβ2 inhibitor, CGP 53353 (1 μM) for 72 hours, as described 

in Section 2.1.1. 

End-Point Measurements: Cells from both studies were then harvested, as outlined in 

Section 2.1.3 and protein concentration normalised via BCA assay (Section 2.3.1). Western 

immunoblotting was performed to assess expression of caveolin proteins (Section 2.3.2). 

Conjugation of palmitate-BSA is outlined in Section 2.1.2. See Appendix Fig. 1 & 2 for 

representative blots for significant protein changes. 

Statistical Analysis:    Statistical analysis was conducted as described in Section 2.4, with 

p < 0.05 used to determine statistical significance between groups. Specific a priori hypotheses 

tested in Study 1 include: i) insulin and palmitate augment caveolin protein expression under 

normoglycaemic conditions; ii) insulin and palmitate augment caveolin protein expression under 

hyperglycaemic conditions; iii) hyperglycaemia augments caveolin protein expression. Specific a 

priori hypotheses tested in Study 2 include: i) simulated T2D reduces caveolin protein expression; 

ii) ALA, forskolin, and inhibition of FAK or PKCβ2 augments caveolin protein expression under 

normoglycaemic and simulated T2D conditions. An ANOVA with planned comparisons was 

employed to test these specific questions, eliminating nonsensical contrasts constraining statistical 

power (e.g. hyperglycaemia vs. normoglycaemia + palmitate) (283). Data were analysed using 

GraphPad Prism 8 and presented as mean ± SEM. An ANOVA was performed followed by Fisher’s 

LSD post-hoc test for planned comparisons (e.g. normoglycaemia alone vs. normoglycaemia + 

insulin; simulated T2D vs. simulated T2D + ALA). From a power perspective, using data and 

variance for caveolin-1 (from Figure 3.1) reveals that an n=3 per group provides an 80% power to 

detect a 25% difference in expression between groups (=0.05).    
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RESULTS 

Study 1: The rat cardiomyoblast cell line, H9c2, was used to determine effects of 

metabolic elements of diabetes (high glucose, insulin and palmitate) on caveolin protein expression 

following 72 hr treatments. As the goal of Study 1 was to assess protein changes relevant to 

cardioprotective responses, the two caveolins (-1 and -3) implicated in governing responses to I-R 

and other stress were assessed. Data reveals caveolin proteins are sensitive to high glucose, insulin 

and saturated fat (palmitate) alone, while the combination of elements reduces protein expression. 

Hyperglycaemia alone significantly increased expression of caveolin-1 (50%) and caveolin-3 (30%) 

proteins, while insulin (80% increase) and palmitate (20% decrease) alone only altered caveolin-3 

protein expression (Fig. 3.1). Effects of insulin on caveolin-3 were completely reversed by the 

addition of hyperglycaemia, with tendencies to increased caveolin-1. Subjecting cells to palmitate + 

hyperglycaemia significantly reduced caveolin-1 and -3 (vs. hyperglycaemia alone). The 

combination of insulin + palmitate significantly reduced caveolin-1 and -3 (vs. baseline), 

irrespective of glucose concentrations. These results could indicate cardiac caveolin protein 

expression may be differentially augmented with T1D (hyperglycaemia alone) vs. T2D 

(combination of hyperglycaemia, hyperinsulinaemia and hyperlipidaemia), which could potentially 

influence I-R outcomes. Representative western blots are shown in Fig. 3.3. 
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Figure 3.1  Effect of glucose, insulin and palmitate on caveolin protein expression. Total protein 

expression of caveolin-1 (A) and -3 (B) in whole cell lysate from H9c2 cardiomyoblasts exposed to 

maintenance (MG, 5 mM) or high (HG, 25 mM) glucose, insulin (100 nM) and/or palmitate (0.1 

mM) alone or in combination for 72 hrs. Protein expression is normalised to β-actin and results are 

expressed relative to MG alone, presented as mean±SEM (n=3-4). For statistical analysis, an 

ANOVA was performed followed by Fisher’s LSD post-hoc test for planned comparisons. 
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Study 2: The combination of high glucose, insulin and palmitate was used in Study 2 

to simulate ‘T2D’ conditions in H9c2 cells. Effects of ALA, forskolin (adenylyl cyclase activator), 

and inhibition of FAK and PKCβ2 treatment for 72 hrs on caveolin protein expression in control 

(CTRL) and simulated T2D conditions were assessed. Out of interest, and potential relevance to 

other cellular signalling responses, caveolin-2 was assessed in Study 2. Simulated T2D conditions 

significantly reduced expression of caveolin-1 and -3 proteins (consistent with Study 1), with a 

trend to reduced caveolin-2 (albeit not significant). Addition of ALA had no effect in CTRL 

conditions, while caveolin-3 was increased >2.5-fold under T2D conditions (Fig. 3.2A). 

Conversely, although forskolin significantly reduced both caveolin-1 and -2 (~50%) under CTRL 

conditions, there was no effect with T2D (Fig. 3.2B). Furthermore, caveolin-3 protein expression 

was elevated with forskolin in T2D conditions only (p = 0.06). Inhibition of FAK (Fig. 3.2C) and 

PKCβ2 (Fig. 3.2D) both increased caveolin-3, irrespective of media conditions, with no effect on 

caveolin-1 or -2. Data reveal caveolin proteins may be independently regulated and dietary and 

pharmacological strategies have the potential to improve protein expression under simulated T2D 

conditions.  
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Figure 3.2  Modulation of caveolin protein expression under CTRL and simulated T2D conditions 

in vitro. Total protein expression of caveolin-1, -2 and -3 in whole cell lysate from H9c2 

cardiomyoblasts exposed to maintenance (CTRL, 5 mM glucose) or simulated T2D (25 mM 

glucose, 100 nM insulin and 0.1 mM palmitate) media, together with A) α-linolenic acid (ALA, 10 

μM); B) forskolin (50 μM); C) focal adhesion kinase (FAK) inhibitor 14 (1 μM); or D) CGP 53353 

(PKCβ2 inhibitor, 1 μM) for 72 hrs. Protein expression is normalised to GAPDH and results are 

expressed relative to CTRL (untreated), presented as mean±SEM (n=3). For statistical analysis, an 

ANOVA was performed followed by Fisher’s LSD post-hoc test for planned comparisons. *, 

P<0.05; **, P<0.01. 
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Figure 3.3  Representative western blots for proteins measured in Chapter 3. LG, low glucose 

(5 mM) + D-mannitol (20 mM); HG, high glucose (25 mM); Ins, insulin (100 nM); Palm, palmitate 

(100 μM); DB, high glucose (25 mM) + insulin (100 nM) + palmitate (100 μM). Uncropped images 

are shown in Appendix Fig. 1 - 3.   
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DISCUSSION 

The current data suggests that caveolins are sensitive to glucose, insulin and palmitate in 

isolation and that the combination of insulin and palmitate reduces caveolin-1 and -3 protein 

expression, irrespective of glucose concentrations. Furthermore, expression of caveolin proteins 

appears to be differentially regulated and particularly sensitive to cAMP-dependent processes. 

Treatment with ALA selectively increased caveolin-3 under simulated diabetic but not CTRL 

conditions, while inhibition of FAK or PKCβ2 increased protein expression under both conditions. 

Overall, the data support a particular sensitivity of caveolin-1 and -3 to elevations in insulin and 

palmitate rather than hyperglycaemia per se, and that dietary and pharmacological strategies have 

capacity to counter the influences of diabetic conditions on caveolin protein expression profiles.  

 

Study 1 

Effects of isolated hyperglycaemia, hyperinsulinaemia and hyperlipidaemia 

In vitro and in vivo models support depletion of cardiac caveolin-3 with hyperglycaemia (33, 

225, 226, 285) and palmitate (50, 51), together with a potential hyperglycaemic-up-regulation of 

caveolin-1 (225, 285). However, studies have assessed changes in acute T1D models (6 weeks or 

less) or isolated hyperglycaemia/palmitate in vitro (18-36 hr exposure). Evidence of biphasic shifts 

in cardiac stress phenotype, with improved I-R tolerance in acute (182) vs. worsened outcomes in 

chronic disease (185), questions the validity and relevance of these models and indicates study of 

longer disease courses is warranted. The current study assesses caveolin protein expression in an in 

vitro model of diabetes (with 72 hr exposure).  

Hyperglycaemia Total protein expression of caveolin-1 and -3 was significantly 

increased with hyperglycaemia alone (Fig. 3.1). While previous studies have assessed shifts in 

localisation in caveolae-enriched membrane fractions, changes in total cell protein expression 

measured here may reflect shifts in transcription, translation and/or degradation. Transcriptional 

control of cardiac caveolins is poorly understood, however protein expression does appear to be 

regulated by MAPK- and cAMP-dependent signalling pathways (289).  

In fibroblast and ovarian cell models, caveolin-1 is down-regulated by oncogene activation 

(including H-Ras) via an undefined mechanism, while inhibition of downstream MEK restores 

caveolin-1 protein expression (289). Interestingly, there appears to be negative, reciprocal 

regulation between caveolin-1 and p42/44 MAPK (ERK) activation (289). Increased MEK/ERK 

activity is implicated in T2D with insulin resistance (290), while the current data indicate that 
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hyperglycaemia alone is insufficient to drive such changes and down-regulate caveolin-1. 

Conversely, increased caveolin-3 may be explained by hyperglycaemic activation of p38 MAPK 

(291), which has been shown to upregulate caveolin-3 in skeletal myoblasts (292). 

Activation of PKA also down-regulates caveolin-1 independently of the ERK cascade (289). 

Reduced cardiac PKA activity in T1D (293) could thus contribute to the observed hyperglycaemic 

elevation of caveolin-1 here, potentially via a cAMP-mediated mechanism. It is not clear whether 

caveolin-3 is normally regulated by these mechanisms, however it is down-regulated by NO via the 

transcription factor myogenin (294). Chen et al (287) also report that persistent nitrosylation of 

caveolin-1 via NO leads to its ubiquitination and degradation. Hyperglycaemia reduces eNOS 

activity (295), suggesting reduced nitrosylation could also contribute to increased caveolin-1 and -3 

protein expression. 

Physiological impacts of these global changes are difficult to determine without assessment 

of subcellular protein expression. However, these changes may be relevant to chronic, uncontrolled 

T1D, suggesting hyperglycaemia alone increases caveolin-1 and -3 protein expression. Whether 

these changes translate to in vivo models and impact I-R tolerance and cardioprotection is yet to be 

tested.  

Hyperinsulinaemia Prolonged exposure to hyperinsulinaemia significantly increased 

caveolin-3 protein expression, but not caveolin-1, under normoglycaemic conditions (Fig. 3.1). 

Activation of the insulin receptor triggers multiple signalling pathways shown to modulate caveolin 

protein expression. Firstly, production of NO via the PI3K-AKT pathway, in addition to activation 

of MEK/ERK, reduces protein expression of both caveolin-1 and -3, as previously mentioned (287, 

289, 294). However, PI3K also activates phosphodiesterase 3B (PDE3B) (296) – a known inhibitor 

of PKA (297). It is possible that caveolin-1 protein expression may have increased with inhibition 

of PKA, which offset the effects of NO and MEK/ERK activation to preserve caveolin-1 protein 

expression.   

Furthermore, although an increase in NO down-regulates caveolin-3 (294), this may be 

offset by up-regulation via insulin-mediated activation of p38 MAPK (298). It is difficult to 

determine if this alone could account for the significant increase in caveolin-3 protein expression, or 

if there are other mechanisms involved. Interestingly, both caveolin-1 (299) and -3 (300) are 

required for insulin receptor activation, suggesting there may be reciprocal regulation between 

insulin and caveolins. Nonetheless, the current data suggests hyperinsulinaemia, in the absence of 

hyperglycaemia or hyperlipidaemia, increases caveolin-3 protein expression and therefore may be 

cardioprotective.  
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Hyperlipidaemia Under normoglycaemic conditions, palmitate significantly reduced 

caveolin-3, but not caveolin-1, protein expression (Fig. 3.1). Knowles et al report palmitate-induced 

caveolin-3 depletion from T-tubules (50) and translocation from caveolae to peri-nuclear 

membranes (51), potentially promoting contractile dysfunction (50). These authors show that 

caveolin-3 is degraded upon translocation from the sarcolemma, which may be due in part to 

palmitate-induced NO production (301), as previously discussed (294).  

Previous studies also indicate that 16 hours of palmitate exposure alone is sufficient to 

promote insulin resistance in skeletal myotubes (302), suggesting impacts of palmitate on caveolin 

protein expression may be multi-factorial. Although insulin-stimulated glucose uptake was not 

measured in the current study, insulin resistance may have developed over the 72 hour exposure 

period. Reduced insulin signalling could down-regulate caveolin-3 via reduced p38 MAPK 

activation (298). Opposing regulatory actions of PKA (289) and NO (287) could again offset 

overall changes to caveolin-1 protein expression, if insulin signalling is impaired. Despite no 

change in caveolin-1 protein expression, caveolin-3 depletion indicates that protective signalling 

critically dependent on this protein (47) may be independently impaired by palmitate. 

 

Effects of combined hyperglycaemia, hyperinsulinaemia and hyperlipidaemia 

 Isolated effects of glucose, insulin and palmitate reveal interesting independent effects of 

different metabolic conditions and offer insight into caveolin regulation. The combination of these 

elements may be of greater relevance to the T2D phenotype, which involves a combination of 

hyperglycaemia, hyperinsulinaemia and dyslipidaemia.  

 Combined hyperglycaemia & hyperinsulinaemia   The combination of hyperglycaemia 

and hyperinsulinaemia had no significant effect on caveolin-1 protein expression compared to 

hyperinsulinaemia alone, while the stimulatory effects of insulin on caveolin-3 protein expression 

were reversed by co-induction of hyperglycaemia (Fig. 3.1). In vitro models in adipocytes (303) 

and skeletal myotubes (304) show that high glucose or insulin alone is insufficient to impair glucose 

uptake, while the combination of both induces insulin resistance. Moreover, insulin resistance in 

H9c2 cardiomyoblasts reduces caveolae-localised caveolin-3 and AKT, further dampening insulin 

signalling (227). 

 Although the current data does not assess subcellular localisation (or glucose uptake), total 

caveolin-3 protein expression is reduced under conditions of ‘insulin resistance’ (hyperglycaemia + 

hyperinsulinaemia), compared to insulin exposure with normoglycaemia. Despite normalisation of 
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total protein expression, translocation from caveolae to other compartments cannot be ruled out. 

The mechanism of this reduction is unclear, however impaired p38 MAPK activation via reduced 

insulin signalling could play a role (298). Elevations in insulin alone are known to be 

cardioprotective (305) and the present results suggest some of this effect could stem from 

amplification of caveolin-3 protein expression, an outcome negated by hyperglycaemia. 

 Conversely, caveolin-1 was unchanged by the combined stress of hyperglycaemia + 

hyperinsulinaemia, with a modest trend to increased protein expression. Reports of increased 

MEK/ERK signalling with insulin resistance in T2D animal models (290) suggests down-regulation 

might be predicted (289), however this was not supported by the data. Exposure to saturated fats, in 

combination with glucose and/or insulin may be critical to caveolin changes in T2D.   

Combined hyperglycaemia & hyperlipidaemia    The combination of high glucose and 

palmitate had no additional effect on expression of caveolin proteins, compared to palmitate alone 

(caveolin-1 remained unchanged and caveolin-3 remained depressed; Fig. 3.1). Although no studies 

to date have assessed the effects of combined exposure to hyperglycaemia and saturated fats on 

caveolins, Xu et al (306) report suppressed autophagy and increased apoptosis under these 

conditions: caveolins are known to differentially modify apoptosis (307, 308),  and caveolin-1 and -

3 exert opposing effects on autophagy. In endothelial (309) and breast cancer tissue (310), caveolin-

1 knockdown increases autophagy, while caveolin-3 appears to promote it in cardiac cells (308). In 

the latter study, caveolin-3 knockdown decreased autophagy markers and mitochondrial respiration 

and increased cell death following simulated I-R, while overexpression was protective (308). 

 Although the current study did not assess subcellular localisation of caveolins, translocation 

and subsequent shifts in autophagy cannot be ruled out. Regardless, survival signalling and 

cardioprotection are likely to be impaired after exposure to a combination of high glucose and 

palmitate, due to a reduction in caveolin-3 protein expression. Whether hyperglycaemia augments 

caveolin-3 dependent survival signalling is unclear, although consistent with observations of 

cardioprotection with short-term hyperglycaemia/T1D (182, 187). 

 Combined hyperglycaemia, hyperinsulinaemia & hyperlipidaemia – simulated T2D    The 

combination of high glucose, insulin and palmitate more fully simulates the complex metabolic 

environment in T2D. Under these conditions, both caveolin-1 and -3 were reduced compared to 

normoglycaemic conditions (Fig. 3.1 & 3.2). Furthermore, caveolin-1 and -3 were more 

significantly reduced by simulated T2D compared to hyperinsulinaemia but not to hyperlipidaemia 

(irrespective of glucose concentration), indicating that palmitate may have a dominant role in 
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caveolin depletion. While caveolin-3 is reduced by palmitate alone, a combination of both insulin 

and palmitate is required for caveolin-1 depletion.  

This finding is consistent with the suggestion that MEK/ERK-mediated caveolin-1 depletion 

(289) associated with T2D (290) requires a combination of the metabolic elements of T2D, and that 

hyperglycaemia alone is insufficient to mediate such changes. Increased NO activity also 

potentially contributes to reductions in caveolins (287, 294). Interestingly, glucose levels do not 

influence expression of caveolin-1 or -3 proteins in cells exposed to insulin and palmitate. This 

suggests that insulin resistance induced by palmitate alone (302) may play a key role necessary for 

the decline of caveolin protein expression.  

While assessed in an in vitro cardiomyoblast model of disease, the current data provide 

insight into potential differences in caveolin protein expression in T1D vs. T2D. Hyperglycaemia 

alone (reflective of T1D with an absence of insulin and excess saturated fat) boosts caveolin-1 and -

3 protein expression, whereas the more complex combination of high glucose, insulin and palmitate 

(simulating metabolic elements of T2D) reduces protein expression. This effect appears largely 

dependent on the presence of palmitate and may be influenced by insulin-resistance. Data 

collectively suggest hyperglycaemia may induce an adaptive cardioprotection via caveolin up-

regulation, while a broadly maladaptive caveolin depletion may underpin loss of stress-resistance 

and cardioprotection observed in T2D (286). Whether these changes are borne out in the in vivo 

setting, and whether they are reversible, remains unknown. 

 

Study 2  

Caveolin manipulation under normoglycaemic and simulated T2D conditions 

 Previous studies reveal caveolins might be manipulated through different mechanisms, 

however it is unclear how T2D influences these processes. The goal of Study 2 was to test whether 

caveolin protein expression in an in vitro model of T2D could be restored, testing for interventions 

of potential value in the in vivo setting, and providing further information regarding control of 

caveolin protein expression. Based on the putative effects/mechanisms of the pharmacological 

agents employed, these data indicate that ALA, increased cAMP and reduced FAK or PKCβ2 

activities can restore caveolin-3 protein expression in conditions of simulated T2D, independently 

of caveolin-1 or -2. Furthermore, caveolins may be differentially regulated via cAMP-mediated 

mechanisms, while simulated T2D generally negated these effects.  
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α-Linolenic acid    There is some evidence PUFA supplementation improves cardiac 

outcomes following I–R in healthy (311, 312) and early-onset T2D animals (220), although effects 

in an established T2D model are yet to be tested. Diets rich in PUFA are also associated with lower 

rates of infarction and diabetes prevalence (313). Here, treatment with ALA significantly increased 

caveolin-3 protein expression in simulated T2D without altering control levels, while caveolin-1 

and -2 were insensitive (Fig. 3.2A). A mechanism basis for this effect is unclear, although 

Carotenuto et al (262) suggest that while ALA lacks the ability to directly demethylate the Cav3 

promoter, demethylation of other genes cannot rule out an indirect epigenetic effect. The authors 

also found an ALA-enriched diet increased caveolin-3 protein expression in caveolae, indicating 

that ALA incorporation into the plasma membrane might enhance caveolar accumulation of 

caveolin-3 (262).  

In addition to enhancing sarcolemmal caveolin-3, consumption of high ratios of 

PUFA/MUFA enhances insulin-binding and glucose uptake in adipose cells from healthy and T1D 

rats (269). Improvements in insulin signalling could therefore enhance caveolin-3 protein 

expression, potentially via activation of p38 MAPK (298). This could explain why caveolin-1 and -

2 protein expression is insensitive to ALA, although further research is needed to confirm that they 

are not regulated by p38 MAPK or insulin signalling.  

It is unclear why ALA did not increase caveolin-3 protein expression in non-diabetic 

conditions, although such disease specificity might be of value. It is possible that increased 

membrane incorporation of ALA may promote caveolin-3 accumulation in caveolae, without 

changes to total protein expression. It would be interesting to test whether translocation to caveolae 

occurs in an in vivo model and test whether this correlates with improvements in I-R tolerance and 

cardioprotection. Whether insulin signalling upregulates caveolin-3 requires further testing, 

however in healthy cells, additional membranous ALA may not improve insulin binding beyond a 

threshold, thus insulin signalling remained steady and total caveolin-3 protein expression did not 

increase.  

Forskolin     Treatment with forskolin significantly reduced protein expression of caveolin-1 

and -2 in control conditions, while caveolin-3 was increased in cells exposed to simulated T2D 

(Fig. 3.2B). Forskolin binds to adenylate cyclase in the plasma membrane, promoting cAMP-

dependent activation of numerous pathways, including PKA, PI3K and MEK/ERK signalling (314). 

In non-diabetic conditions, loss of caveolin-1 and -2 could thus be mediated via 2 mechanisms:   

activation of PKA reduces caveolin-1 (289), while persistent nitrosylation (via the 

PI3K/AKT/eNOS path) could lead to caveolin degradation (287) (Fig. 3.3A). Caveolin-3 is also 
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down-regulated via NO (294), however, the current data does not show any change in its protein 

expression with forskolin. This could indicate that caveolin-3 is not regulated via the PKA pathway 

and that other, unknown mechanisms may be involved.  

Interestingly, forskolin-mediated caveolin-1 and -2 depletion is negated with simulated T2D. 

One potential explanation for this could be a reduction in GPCR signalling and adenylate cyclase 

modulation as a result of depletion of caveolar caveolin-3. Activation of adenylate cyclase requires 

Gαs release from activated GPCRs (315), and caveolin-3 is required for GPCR activation (316). 

Taken together, loss of membranous caveolin-3 could reduce GPCR activity, impairing Gαs 

availability and adenylyl cyclase signalling (Fig. 3.3B). Consequently, caveolin-1 and -2 protein 

expression would be unaffected by the addition of forskolin. Although results here indicate that 

total caveolin-3 protein expression is increased with forskolin, further work is needed to test 

whether caveolar makeup and cardioprotection are altered.  

Activation of cAMP-mediated pathways protects young (317) and aged (318) hearts from I-

R injury, although its effects on cardioprotection in diabetes remain unclear. Current observations 

of preserved caveolin-1 and -2 and increased caveolin-3 protein expression indicate that forskolin 

might improve cardioprotection. 

FAK Inhibition     Although primarily known for its role in cell adhesion and migration, 

evidence indicates that FAK is activated with cardioprotection (319, 320), and loss of FAK 

increases cell death following I-R (321). Here, inhibition of FAK increased caveolin-3 protein 

expression under both control and T2D conditions, with no effect on caveolin-1 or -2. Inhibition of 

FAK has been shown to prevent caveolin-3 upregulation during skeletal myoblast fusion (250), and 

FAK activity appears to be sensitive to caveolin-1 (322).  

It’s interesting that here, caveolin-3 was upregulated with FAK inhibition, highlighting 

differences in cardiac myoblasts vs. skeletal myoblasts undergoing cellular fusion. Furthermore, this 

again suggests that distinct mechanisms regulate caveolin-3 vs. caveolin-1 and -2. The functional 

relevance of these changes is unclear, although stress-resistance and cardioprotection may be 

improved with restoration of caveolin-3. 

PKCβ2 Inhibition    Lei et al report reversal of hyperglycaemia-dependent caveolin-3 

depletion with PKCβ2
 
inhibition (33), whereas effects in T2D are uncharacterised. Furthermore, 

PKCβ2
 
inhibition (323) may contribute to the ability of N-acetylcysteine to improve caveolin-3 

protein expression and I-R tolerance in hyperglycaemic/T1D rats (35). Here, inhibition of PKCβ2   
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Figure 3.3   Figure caption on following page. 
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Figure 3.3  Schematic depicting potential regulatory mechanisms governing caveolin protein 

expression in CTRL (A) and simulated T2D (B) conditions in H9c2 cardiomyoblasts. A) Under 

normal conditions (5 mM glucose), activation of cAMP reduces caveolin-1, but not -3, protein 

expression, potentially via inhibition of gene transcription and enhanced degradation via 

nitrosylation (N) and subsequent ubiquitination (Ub). Caveolin-2 may also be degraded via this 

mechanism. Inhibition of either focal adhesion kinase (FAK) or PKCβ2 increases caveolin-3 protein 

expression, whereas α-linolenic acid (ALA) has no effect on total protein expression of caveolins 

under normal conditions. B) Simulated T2D conditions (25 mM glucose, 100 nM insulin and 0.1 

mM palmitate exposure for 72 hrs) reduces protein expression of caveolin-1 and -3, although 

inhibits cAMP-mediated caveolin-1 depletion. Caveolin-3 protein expression is restored with cAMP 

stimulation and ALA and remains upregulated with inhibition of FAK or PKCβ2. 
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selectively enhanced caveolin-3 protein expression (not caveolin-1 or -2) in both control cells and in 

simulated T2D. Thus, inhibition of this pathway may be of value under a variety of conditions in 

terms of enhancing caveolin-3 and dependent survival signalling.  

The current study is the first to assess PKCβ2
 
inhibition in a model of simulated T2D. The 

results indicate that protective signalling and stress-resistance might be improved in T2D conditions 

as a result of reduced PKCβ2-dependent suppression of caveolin-3. Failure of PKCβ2 inhibition to 

alter expression of caveolin-1 and -2 proteins further confirms the distinct regulatory mechanisms 

governing caveolin sub-type expression. This is also of value, since elevations in caveolin-1 may 

counter benefits of augmented caveolin-3 protein expression.  

 

Limitations & Future Directions 

  Modelling complex diseases, such as diabetes, is challenging in an in vitro setting. 

Nonetheless, such models provide a useful tool for delineating the direct effects of disease 

components on different cell types. This study assesses specific effects of metabolic elements of 

diabetes, together with modulation of cell signalling pathways, on cardiac myoblast caveolin 

profiles, which is difficult to achieve in an in vivo model. Future work could confirm the 

mechanistic effects of these agents. Caution should nonetheless be applied when comparing effects 

in isolated cardiomyoblasts to an intact organ system – the latter being additionally influenced by 

neurohumoral control and containing a mixture of interacting cell types.  

 While examining total protein expression aids in understanding disease mechanisms and 

impacts, the positive findings in this study argue for future studies to measure sub-cellular and sub-

membrane localisations (including caveolar), and expand protein analysis to include determinants of 

apoptotic death, autophagy and survival kinases such as AKT and GSK3β. Influences of differential 

caveolin responses on caveolar density and makeup should also be assessed, via electron 

microscopy for example. It would also be of value to test for differences in tolerance to simulated I-

R in these cells, and whether this correlates with shifts in caveolin protein expression profiles. 

Finally, studies testing effects on cellular insulin sensitivity and emergence of resistance would also 

be of value.  
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SUMMARY 

The current data indicate that hyperglycaemia alone increases caveolin-1 and -3 protein 

expression, while a combination of insulin and palmitate reduces protein expression. Such an effect 

might explain cardioprotection observed with acute hyperglycaemia/T1D (182, 187).  Insulin alone 

may also enhance cell survival signalling via caveolin-3 upregulation, although the presence of 

hyperglycaemia negates this effect. Palmitate appears to have the greatest impact on caveolin 

depletion, further depressing caveolin-3 when combined with insulin, irrespective of glucose 

concentrations. Development of insulin resistance with palmitate and combined treatment 

conditions seems likely to significantly influence myocardial caveolins. Taken together, these 

results reveal that caveolin protein expression may be differentially augmented in T1D vs. T2D, 

which may underlie distinct impacts on I-R and responses to cardioprotection in these different 

models. 

Data also reveal that caveolin-1 and -2 are differentially regulated compared to caveolin-3, 

with the former particularly sensitive to a cAMP-dependent stimulus while the latter is selectively 

sensitive to PKCβ2 inhibition. Interestingly, simulated T2D prevented further effects of forskolin on 

caveolin-1 and -2 depletion while exposing a stimulatory effect of the drug on caveolin-3. In 

addition to beneficial effects of forskolin and PKCβ2 and FAK inhibition in simulated T2D, ALA 

supplementation selectively restored caveolin-3 in these cells. 

 Future work should test whether similar changes in caveolins arise in in vivo models of 

disease, and whether some or all of these interventions are of value in this setting. In particular, 

dietary ALA supplementation is a potentially simple approach with little risk of side effects in 

either healthy or diabetic individuals. 
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Chapter 4:  

 

Diabetic modulation of caveolar 

proteins and kinase signalling: Effects 

of α-linolenic acid supplementation 

  



83 

 

ABSTRACT 

 Dysfunctional caveolar signalling may underpin decreased cardiac tolerance to I-R with 

diabetes. Caveolin expression appears sensitive to metabolic perturbations associated with diabetes 

and may be restored with ALA under simulated T2D conditions in vitro. However, effects in 

chronic diabetic animal models remain unknown. This chapter investigated molecular changes in 

murine models of T1D and T2D, focussed specifically on caveolin, cavin and associated kinase 

signalling. Effects of ALA supplementation were assessed in T2D. To induce diabetes, 8 week male 

C57BL/6 mice received chronic (5x50 mg/kg over 5 days; T1D) or acute (1x75 mg/kg; T2D) 

injections of streptozotocin (STZ) and were fed standard chow for 12 weeks (T1D) or high-fat chow 

for 21 weeks (T2D). Control mice (CTRL) received equivalent doses of Na-citrate vehicle and 

standard chow. After 15 weeks of the study, a sub-set of CTRL and T2D mice were randomly 

divided into either CTRL+ALA or T2D+ALA supplementation groups, receiving 10% of their total 

fat intake from ALA for 6 weeks. Body weights, glucose and insulin were measured pre- and post-

ALA to assess metabolic phenotypes. Cardiac tissue was sampled and assessed for caveolar protein 

and survival kinase expression. T1D was characterised by marked hyperglycaemia and moderate 

body weight loss, while T2D mice displayed obesity, moderate hyperglycaemia, hyperinsulinaemia 

and insulin resistance. Supplementation with ALA did not alter systemic metabolic phenotypes in 

CTRL or T2D mice. Data reveal tendencies to increased caveolin-1, caveolin-3 and cavin-4 in 

caveolae-enriched, buoyant fractions of T1D hearts, while protein expression was unaltered with 

T2D. Phosphorylation of AKT and GSK3β was largely unaltered in either disease state. 

Supplementation with ALA increased total myocardial caveolin-1 and -3, and caveolin-3 in the 

buoyant fraction of CTRL hearts only. Taken together, declining I-R tolerance with T2D may arise 

independently of caveolar protein changes. Conversely, ALA may confer benefits in CTRL, but not 

T2D, hearts via caveolin upregulation and translocation. 
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INTRODUCTION 

Perturbation of caveolar domains and resident proteins is suggested to contribute cardiac 

pathology in diabetes, including cardiomyopathy together with I-R intolerance and loss of 

cardioprotection (33-35, 50, 51). However, studies are limited to in vitro or acute models of T1D 

(<6 weeks), with no studies assessing effects of chronic T1D or T2D (>12 weeks). Chapter 3 

revealed chronic hyperglycaemia alone increased total caveolin-1 and -3 expression in isolated 

cardiomyoblasts, while a combination of high glucose, insulin and palmitate (simulating T2D) 

significantly reduced expression. This differs from prior studies reporting T1D/hyperglycaemic-  

depression of caveolin-3 in buoyant fractions (33-35), although is consistent with palmitate-

dependent changes in hearts and myocytes (50, 51). No study has yet measured cardiac cavin 

expression in models of diabetes.  

 The importance of caveolin proteins in governing caveolae function and facilitating 

responses to cardioprotective stimuli has been outlined in this thesis and our recent review (286). 

However, another family of caveolar proteins, cavins, are often overlooked, despite playing an 

equally important role in cardioprotection. Cavins play crucial roles in shuttling and stabilising 

caveolins in caveolae, with cavin-1 and -4 appearing most important for cardioprotection (74, 83, 

238, 324, 325). This appears to be mediated via formation of large caveolin-cavin complexes (238). 

Cavin-1 knockout blocks caveolae formation and causes caveolin-1 and -3 to freely diffuse 

in the membrane before being degraded (75). Furthermore, it plays critical roles in governing 

myocardial responses to stretch and ischaemia (74). The role of muscle-specific cavin-4 is less 

clear. Although localising with caveolin-3 in caveolae, cavin-4 stimulates cardiac hypertrophy via 

α1-adrenergic receptor activity (82), while knockout may improve basal cardiac function and I-R 

tolerance (84). It is unclear whether diabetes modifies expression or localisation of cavin proteins to 

subsequently affect caveolin localisation. Data from Chapter 3 suggests that supplementation with 

ALA may improve total caveolin-3 expression under simulated T2D conditions, although effects on 

subcellular location and cavin proteins are unknown. 

 Changes in caveolar proteins may be important in the ongoing failure to clinically translate 

effective cardioprotective interventions in patients with comorbidities including diabetes. 

Importantly, caveolar proteins may be sensitive to dietary fats, and it has been suggested 

supplementation with ALA may counter dysfunction in processes governing I-R tolerance. Reports 

of improved membranous caveolin-3 (262) and caveolae-mediated protection against isoproterenol 

(288), indicate that diabetic hearts may benefit from ALA. Replacement of harmful saturated fats 

with ALA may have an additional effect on caveolin restoration and further aid in boosting 
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cardioprotection. Moreover, ALA improves survival kinase signalling; for example, countering 

doxorubicin-induced reductions in AKT phosphorylation (326); increasing AKT activity in 

endothelial cells (327); and improving AKT phosphorylation in T2D rat hearts (220). Activation of 

AKT leads to phospho-inhibition of injurious GSK3β (328), among other targets, which promotes 

apoptosis via mPTP opening (329).  

 Survival signalling may be differentially augmented depending on diabetic disease state and 

progression. Impaired AKT and GSK3β phosphorylation is generally supported in acute (4-6 

weeks) (330-333) and chronic (>12 weeks) (334-337) models of T1D; however AKT is also 

activated after 8 weeks (334, 338). Furthermore, there are reports of either reduced (339) or 

increased (162, 194, 340) AKT phosphorylation in models of T2D. Persistent basal hyper-

phosphorylation with T2D is suggested to dampen responses to IPC due to a lack of biological 

reserve to further activate pathways (162).  

  These pathways are intimately governed by receptors in caveolae and are an integral 

component of cardioprotective or survival signalling pathways. Evidence suggests cardioprotection 

with ALA is mediated via improvements in both caveolin-3 localisation (262) and survival kinase 

signalling (220, 326, 327). Indeed, the latter may be a consequence of improved caveolar function. 

Chapter 4 assesses changes to caveolar proteins and kinase signalling in chronic diabetic models, 

and tests whether supplementation with ALA may be beneficial in an animal model of T2D. 
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AIMS 

Prior in vitro studies in Chapter 3 are here extended to chronic animal models of diabetes to 

determine potential mechanisms of I-R intolerance. Previous studies indicate acute T1D reduces 

membranous caveolin-3 (33-35) and increases caveolin-1 (225, 285), while effects of chronic T1D 

and T2D are unknown. However, Chapter 3 suggests that hyperglycaemia alone – somewhat 

reflective of T1D – increases total expression of caveolin-1 and -3, whereas a simulated T2D 

environment depletes both proteins. Effects of diabetes on cavin proteins remain unknown. 

Literature generally supports impaired AKT and GSK3β signalling with T1D (330-337), although 

conflicting reports with T2D imply reduced (339) or increased (162, 194, 340) activity. 

Supplementation with ALA improves caveolin-3 membrane expression (262) and enhances AKT 

activity (220, 326, 327). Chapter 4 tests the hypothesis that T1D and T2D disrupt caveolar protein 

expression in intact hearts, and that ALA supplementation can counter this dysregulation. The study 

aims to: i) investigate effects of chronic T1D and T2D on subcellular expression of caveolar 

proteins and associated signalling kinases; and ii) determine whether ALA supplementation 

augments caveolar proteins and associated signalling kinases in healthy and T2D mice. 
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METHODS 

A combination of STZ and regular (T1D) or high-fat (T2D) chow were used to develop 

diabetic models in this study, as described in Section 2.2. CTRL mice received an equivalent dose 

of Na-citrate and were fed standard chow.  

Ethics Approval:  All investigations undertaken were approved in accordance with the 

policy guidelines “The Animal Care and Protection Act 2001”, of the Animal Ethics Committee of 

Griffith University, which is accredited by the Queensland Government. Male C57Bl/6 mice were 

supplied by the Animal Resource Centre (Perth, Australia) and housed in the Griffith University 

Animal Facility for the duration of the study. There were two mice with unexpected loss of life 

following STZ injections. Animal ethics number: MSC/14/16/AEC. 

T1D Murine Model:  Mice received a daily STZ injection for 5 days (50 mg/kg) and were 

fed standard chow (Section 2.2.2) for 12 weeks. 

T2D Murine Model:  Mice received 1x STZ injection (75 mg/kg) and were fed high fat 

chow for 21 weeks (Section 2.2.4). After 15 weeks, half of CTRL and T2D mice switched to an 

ALA supplemented diet and continued for the remaining 6 weeks. ALA diets were calorie- and 

macronutrient-matched to their respective standard or high fat chow, with 10% of the total fat 

metabolisable energy supplied from ALA, as previously reported (274). See Appendix Table 1 for 

detailed nutritional breakdown. 

Phenotype Characterisation:  Body weights, glucose (Section 2.2.5) and insulin (Section 

2.2.6) were assessed after 10 weeks (T1D) and pre- and post-ALA (in CTRL and T2D) to 

characterise diabetic phenotypes.  

End-Point Measurements:  At sacrifice, hearts were rapidly removed from the chest, 

dissected (Section 2.2.9) and snap frozen before storage at -80ºC for future analysis. Left ventricles 

were homogenised in lysis buffer and fractioned into either cytosolic and mitochondrial 

compartments (whole cell lysate also stored; Section 2.2.11); or caveolae-enriched buoyant 

fractions via sucrose density fractionation (Section 2.2.11). Protein content was normalised via BSA 

assay (Section 2.3.1). Western blots were then performed to assess expression of caveolin-1, 

caveolin-3, cavin-1, cavin-4, AKT (phosphorylated and total) and GSK3β (phosphorylated and 

total), as outlined in Section 2.3.2. See Appendix Fig. 11 for representative blots for significant 

protein changes. 
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Statistical Analysis:    Statistical analysis was conducted as described in Section 2.4, with 

p < 0.05 used to determine statistical significance between groups. Specific a priori hypotheses 

tested include: i) T2D reduces caveolar proteins and modifies kinase expression; ii) ALA increases 

caveolar proteins and modifies kinase expression in CTRL and T2D hearts. An ANOVA with 

planned comparisons was employed to test these specific questions, eliminating nonsensical 

contrasts constraining statistical power (e.g. CTRL + ALA vs. T2D) (283). Data were analysed 

using GraphPad Prism 8 and presented as mean ± SEM. An ANOVA was performed followed by 

Fisher’s LSD post-hoc test for planned comparisons (e.g. T2D vs. T2D + ALA). A Student’s t-test 

was used for comparisons between two groups. 
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RESULTS 

Diabetic Phenotypes:  Diabetes was developed via the combination of chronic STZ 

(5x daily doses, 50 mg/kg) and regular diet for 12 wks (T1D), or acute STZ (1x 75 mg/kg) and 

high-fat diet for 21 wks (T2D). A subset of T2D mice received a calorie- and macronutrient-

matched ALA supplemented chow for the remaining 6 weeks (10% of the total fat metabolisable 

energy supplied from ALA). T1D mice displayed profound hyperglycaemia and moderate weight 

loss, while T2D was characterised by moderate hyperglycaemia, weight gain, hyperinsulinaemia 

and insulin resistance. Supplementation with ALA did not significantly alter body weight, glucose 

or insulin handling. Detailed analyses and discussion of diabetic phenotypes are reported in Chapter 

5 (T1D) and Chapter 6 (T2D ± ALA). This chapter specifically focuses on myocardial protein 

expression in diabetic models. 
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Effect of T1D - Caveolar proteins:   Intrinsic I-R tolerance and efficacy of 

cardioprotective stimuli rely heavily on expression and subcellular localisation of caveolin and 

cavin proteins. Caveolar proteins were measured in buoyant, caveolae-enriched, fractions of left 

ventricles, obtained via sucrose density fractionation. Protein expression in this subcellular 

compartment likely has the greatest influence on caveolae structure and function of protective 

signalling receptors. Unexpectedly, tendencies to increased cardiac expression of caveolin-1, 

caveolin-3 and cavin-4 were observed with T1D, while no significant changes in cavin-1 expression 

were detected (Fig. 4.1). This indicates that cardioprotective signalling via caveolae may not be 

impeded with T1D.  

 

Figure 4.1  Buoyant fraction caveolar protein expression in left ventricles from T1D murine hearts. 

A) caveolin-1, B) caveolin-3, C) cavin-1 and D) cavin-4. Protein expression is normalised relative 

to the total densitometry of sucrose density fractions 1-12 for each sample, as previously described 

(279, 280). Results are presented as mean ± SEM (n=6/group). A Student’s t-test was used for 

comparisons between groups. 
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Effect of T1D: AKT & GSK3β: Activation of downstream signalling elements, AKT 

and GSK3β were measured in cytosolic fractions of left ventricles. Tendencies to reduced 

phosphorylated-AKT (activated form) and GSK3β (inhibited form) were observed in the cytosolic 

fraction in T1D hearts, with no change to total expression (Fig. 4.2). Modest tendencies to reduced 

phosphorylated:total ratios were also observed for both proteins (not significant), indicating 

baseline levels of cardioprotective signalling elements do not appear to be altered with T1D. 

Figure 4.2  Cytosolic kinase expression in left ventricles from T1D murine hearts. A&B) total (T), 

C&D) phosphorylated (P) and E&F) the ratio of phosphorylated:total (P:T) AKT and GSK3β, 

respectively. Protein expression is normalised to GAPDH and is relative to CTRL. Results are 

presented as mean ± SEM (n=6/group). A Student’s t-test was used for comparisons between 

groups. 
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Effect of T2D - Caveolar Proteins:   Baseline caveolar proteins were assessed in 

whole cell lysate, buoyant and mitochondrial fractions of left ventricles from T2D hearts. T2D did 

not alter total expression of caveolin-1, caveolin-3, cavin-1 or cavin-4 in whole cell lysate (Fig. 

4.3). In the buoyant fraction, tendencies to reduced cavin-1 were observed with T2D (30%, not 

significant), with no change to caveolin-1, caveolin-3 or cavin-4 (Fig. 4.4). Mitochondrial 

expression of caveolin-3 was increased with T2D, while caveolin-1, cavin-1 and -4 were unchanged 

(Fig. 4.5). 

 

Effect of ALA in CTRL and T2D Hearts – Caveolar Proteins:     Supplementation with 

dietary ALA for 6 wks significantly increased expression of cardiac caveolin-1 and -3 in whole cell 

lysate of CTRL but not T2D hearts, with no effect on cavin-1 or -4 expression in either group (Fig. 

4.3). Buoyant fraction localisation of caveolin-3 was significantly increased in CTRL hearts only, 

with no effect on caveolin-1 or cavin-4 (Fig. 4.4). Tendencies to increased cavin-1 were observed in 

the buoyant fractions of T2D+ALA hearts. ALA had no effect on mitochondrial expression of 

caveolin-1, caveolin-3, cavin-1 and cavin-4 in CTRL or T2D hearts (Fig. 4.5).  
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Figure 4.3  Whole cell caveolar protein expression in left ventricles from T2D murine hearts ± 6 

wks α-linolenic acid (ALA) supplementation. A) caveolin-1, B) caveolin-3, C) cavin-1 and D) 

cavin-4. Protein expression is normalised to β-actin and is relative to CTRL (-ALA). Results are 

presented as mean ± SEM (n=6/group). For statistical analysis, a two-way ANOVA was performed 

followed by Fisher’s LSD post-hoc test for planned comparisons. *, P<0.05.  
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Figure 4.4  Buoyant fraction caveolar protein expression in left ventricles from T2D murine hearts 

± 6 wks α-linolenic acid (ALA) supplementation. A) caveolin-1, B) caveolin-3, C) cavin-1 and D) 

cavin-4. Protein expression is normalised to β-actin and is relative to CTRL (-ALA). Results are 

presented as mean ± SEM (n=6/group). For statistical analysis, a two-way ANOVA was performed 

followed by Fisher’s LSD post-hoc test for planned comparisons. **, P<0.01.  
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Figure 4.5  Mitochondrial fraction caveolar protein expression in left ventricles from T2D murine 

hearts ± 6 wks α-linolenic acid (ALA) supplementation. A) caveolin-1, B) caveolin-3, C) cavin-1 

and D) cavin-4. Protein expression is normalised to β-actin and is relative to CTRL (-ALA). Results 

are presented as mean ± SEM (n=6/group). For statistical analysis, a two-way ANOVA was 

performed followed by Fisher’s LSD post-hoc test for planned comparisons . *, P<0.05.  
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Effect of T2D - AKT & GSK3β:       Expression of total-, phosphorylated- and 

phosphorylated:total-AKT & GSK3β were unchanged in whole cell lysate of T2D hearts (Fig. 4.6). 

Tendencies to increased cytosolic phosphorylated and phosphorylated:total-GSK3β were observed 

with T2D (50%, insignificant) (Fig. 4.7).  

 

Effect of ALA in CTRL and T2D hearts - AKT & GSK3β: ALA had little effect on 

either myocardial AKT or GSK3β expression. Tendencies to increased GSK3β phosphorylation 

were observed in whole cell lysate of both CTRL and T2D hearts, although there was no change in 

phosphorylated:total-GSK3β (Fig. 4.6). In the cytosolic fraction, CTRL + ALA hearts exhibited 

modestly elevated phosphorylated-AKT (but not phosphorylated:total-Akt), while there was no 

effect of ALA in T2D hearts (Fig. 4.7). Tendencies to increased phosphorylated- and 

phosphorylated:total-GSK3β vs. decreased expression were observed with ALA in CTRL vs. T2D, 

respectively. 
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Figure 4.6  Whole cell kinase expression in left ventricles from T2D murine hearts ± 6 wks α-

linolenic acid (ALA) supplementation. A&B) total (T), C&D) phosphorylated (P) and E&F) the 

ratio of phosphorylated:total (P:T) AKT and GSK3β, respectively. Protein expression is normalised 

to β-actin and is relative to CTRL. Results are presented as mean ± SEM (n=6/group). For statistical 

analysis, a two-way ANOVA was performed followed by Fisher’s LSD post-hoc test for planned 

comparisons. 
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Figure 4.7  Cytosolic kinase expression in left ventricles from T2D murine hearts ± 6 wks α-

linolenic acid (ALA) supplementation. A&B) total (T), C&D) phosphorylated (P) and E&F) the 

ratio of phosphorylated:total (P:T) AKT and GSK3β, respectively. Protein expression is normalised 

to β-actin and is relative to CTRL. Results are presented as mean ± SEM (n=6/group). For statistical 

analysis, a two-way ANOVA was performed followed by Fisher’s LSD post-hoc test for planned 

comparisons. 
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Figure 4.8  Representative western blots for proteins measured in Chapter 4. Top) type 1 diabetes; 

middle) type 2 diabetes; bottom) caveolin-3 protein expression in sucrose density fractions 1-12 

from a control heart. Uncropped membranes are shown in Appendix Fig. 4-11.   
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DISCUSSION 

 Contrary to our hypothesis and prior studies, the current data do not support diabetes-

induced caveolar protein depletion, indicating that reported changes to I-R tolerance and 

cardioprotection may arise in other ways. Furthermore, basal survival kinase signalling was largely 

unaltered with either T1D or T2D. Supplementation with ALA increased caveolin expression and 

may be protective in CTRL hearts, however this beneficial effect appears to be lost with T2D, 

suggesting disruption of the normal control of caveolar makeup in the context of this metabolic 

disorder. Understanding the molecular mechanisms governing cardiac dysfunction with diabetes is 

critical to developing effective interventions. 

 

Type 1 Diabetes 

 Caveolar Proteins Previous studies report reduced caveolin-3 (33, 226, 285) vs. 

increased caveolin-1 (225, 285) expression in caveolae-enriched, buoyant fractions of hearts from 

animal subjected to acute T1D (1-6 weeks). However, the present data (Fig. 4.1) reveal chronic 

T1D modestly increases buoyant fraction expression of caveolin-1, caveolin -3 and cavin-4 (not 

cavin-1). Caveolar protein expression may thus be differentially modified in acute vs. chronic 

diabetes, which may differentially influence cardiac I-R tolerance and cardioprotection over the 

duration of disease development.  

 Caveolar- (69, 284) and mitochondrial- (60, 69) localisation of both caveolin-1 and -3 is 

increased following preconditioning stimuli, while knockout of either protein (70, 280) or cavin-1 

(74) reduces caveolae number and abolishes cardioprotection. It remains unclear whether loss of 

caveolar proteins per se, or loss of caveolae due to protein depletion, is the driving factor given 

difficulties in separating the 2 effects: both caveolar proteins (potentially via both caveolae 

dependent and independent mechanisms) and caveolar structure/density are likely to play critical 

roles in governing responses to stressors such as I-R. Modest increases of caveolin-1 and -3 in the 

buoyant fraction, with unchanged cavin-1 levels, indicate that cardioprotective signalling may be 

preserved with chronic T1D, although the outcomes of elevations in cavin-4 are contentious.  

 Cavin expression is previously unstudied in models of diabetes, despite playing critical roles 

in cardioprotection, caveolin and caveolar function (238, 324). Increased cavin-4, with unaltered 

cavin-1, may contribute to preservation of membranous caveolin expression, with both cavin-1 (75) 

and -4 (341) involved in targeting caveolins to caveolae. However, cavin-4 also stimulates cardiac 

hypertrophy via α1-adrenergic receptor activation (82), and preliminary data suggest improved 
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infarct tolerance and cardiac function with its depletion (84). It is thus possible that a diabetes-

dependent increase in cavin-4 might be harmful in the diabetic heart, although this awaits direct 

analysis. Cavin-1, on the other hand, is considered protective and plays a critical role in governing 

myocardial responses to stretch and ischaemia (74). 

AKT & GSK3β Cardioprotective stimuli trigger activation of PI3K/AKT-mediated 

pathways (known to be caveolar dependent), leading to inhibition of GSK3β and preservation of 

mitochondria (329). Evidence generally indicates that AKT signalling is impaired with T1D, 

although this may be dependent on stage of disease development. The current data reveals 

tendencies to reduced cytosolic AKT and GSK3β phosphorylation in chronic T1D hearts, however 

significance was not achieved (Fig. 4.2). Furthermore, no change in the ratio of 

phosphorylated:total protein expression was observed for either protein, indicating that basal 

survival kinase signalling via these pathways is not suppressed with T1D.   

 While most studies report reduced phosphorylation of AKT and GSK3β with T1D, some 

conjecture surrounding age and disease stage dependent shifts exists. Acute (4-6 weeks) T1D 

consistently impairs basal (330-333) and post-I-R (333) levels of AKT and GSK3β 

phosphorylation. However, phosphorylation of AKT is increased after 8 weeks (334, 338), while 

reduced again at 20 weeks of T1D, coupled with increased inhibitory O-GlcNAcylation of AKT 

(334). Increased AKT signalling with T1D could contribute to fibrosis, leading to systolic and 

diastolic dysfunction (338). This is supported by Chen et al, who report increased AKT 

phosphorylation in fibroblasts from T1D hearts (342). This suggests cell-type specific shifts in AKT 

signalling, which are not readily resolved here. Increased fibroblast AKT signalling could lead to 

fibrosis, while reduced activity in cardiomyocytes may augment I-R tolerance and cardioprotection. 

Future work should tackle cell-specific localisation and responses to acute and chronic T1D. 

 Chronic models of T1D (12-16 weeks) consistently support reduced phosphorylation of 

AKT and GSK3β as mechanisms contributing to diabetic cardiomyopathy (335-337). The current 

data reveals modest reductions, suggesting modest if any disruption to basal kinase signalling in this 

model. Intrinsic I-R tolerance may thus involve other mechanisms in chronic T1D. 

   

Type 2 Diabetes 

Caveolar proteins    This is the first study to assess caveolin and cavin expression in a 

chronic model of T2D. Data reveal preservation of myocardial caveolin-1 and caveolin-3, together 

with cavin-1 and cavin-4, in buoyant (Fig. 4.4) and mitochondrial (Fig. 4.5) fractions, with no 
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change in total expression in T2D hearts (Fig. 4.3). This suggests increased I-R intolerance with 

T2D may not stem from perturbation of basal caveolar protein expression. These findings contrast 

caveolin depletion with simulated T2D conditions in vitro and indicate that caution must be taken 

when comparing results in isolated cell models to an in vivo system. However, as noted above, it 

may be necessary to test for cell-specific changes in the intact organ, as differential shifts in 

fibroblasts for example could overshadow different responses in myocytes. 

 Of the few studies that assess caveolins in diabetic models, only a single study has 

investigated changes in T2D (albeit a non-obese, genetically-induced model) and only assessed 

gene expression (228). These investigators reported a statistically non-significant 30% decline in 

Cav3 mRNA. In addition, Knowles et al. report that a palmitate-enriched diet reduces caveolin-3 

protein expression by 80%, however these animals exhibited normoglycaemia and no 

dyslipidaemia, indicating that elements of T2D were not present (50). Interestingly, the current 

study reveals increased mitochondrial levels of caveolin-3 in T2D hearts, with no change in whole 

cell or buoyant fraction expression. Increased mitochondrial expression of caveolin-3 occurs 

following sub-lethal stress as an adaptive response to improve cellular outcomes (60), thus one 

interpretation is that the stress of T2D induces an adaptive shift in mitochondrial caveolin-3 levels. 

However, the functional relevance of this in a chronic T2D model and whether mitochondrial 

processes are altered remains to be determined. Despite evidence of caveolin-3-mediated 

improvements in mitochondrial function (60), reports of mitochondrial dysfunction with T2D (343) 

imply that any such adaptations are insufficient to counter the major abnormalities arising in this 

metabolic disease.   

 It is also interesting to note that expression and localisation of cavins was largely unaltered 

with T2D, although consistent with absence of caveolin expression changes. As previously noted, 

cavins are required for shuttling and maintaining caveolins in caveolae (75, 341). Tendencies to 

reduced cavin-1 were observed in the buoyant fraction, however this appears insufficient to 

influence caveolin-1 or -3 membrane localisation (Fig. 4.4).  

Comparison to in vitro observations     Chapter 3 revealed depletion of total caveolin-1 and 

-3 expression in H9c2 cardiomyoblasts subjected to a ‘simulated T2D’ environment, consisting of 

exposure to high glucose, insulin and palmitate for 72 hours. However, in a murine model of 

disease caveolin-1 and -3 were preserved in whole homogenates of left ventricular tissue after 21 

weeks of T2D development. Simulating T2D in a cellular model with the addition glucose, insulin 

and saturated fat lacks the overall neurohumoral complexity of disease in vivo. Moreover, specific 

effects in cardiomyocytes are potentially clouded in an intact hearts model, with a mixture of cell 

types and cell-specific expression of caveolin isoforms. Somewhat surprisingly, cardiac tissue is 
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only comprised of 30-35% muscle cells, with the remaining 65-70% non-muscle cells (344). It 

cannot be ruled out that caveolar protein expression may be modified in sub-cellular fractions of 

cardiomyocytes in T2D, whereas expression appears unchanged in whole tissue: caveolar 

expression of caveolins could be differentially modified in cardiomyocytes vs. fibroblasts and 

vascular cells. This requires further detailed analysis in future work.   

In addition, it is difficult to compare the duration of in vitro and in vivo studies, and while 

72 hour treatments are longer than the majority of previous studies and produces insulin resistance 

(302-304), it is not comparable to 21 weeks of T2D progression in an animal model. A combination 

of these factors is likely to have contributed to varied outcomes in caveolin expression between the 

current in vitro and in vivo studies. Nonetheless, the in vitro studies reveal insights into effects of 

specific metabolic challenges on individual cell types that in vivo models cannot.  

 Taken together, the present results reveal that basal levels of caveolins and cavins are 

largely unaltered in left ventricular homogenates of T2D mice. However, whether changes occur 

specifically in cardiomyocytes, or whether changes to I-R tolerance are independent of caveolar 

perturbations remains to be further interrogated. 

AKT & GSK3β    Literature generally supports impaired survival kinase signalling with 

T2D, however observations and associated mechanisms remain controversial. In the current study, 

T2D hearts showed tendencies to increased cytosolic GSK3β phosphorylation, with no change to 

AKT levels (Fig 4.7). While some studies suggest that insulin resistance with T2D impairs PI3K-

AKT signalling (339), others report increased AKT activity (194, 340). Modulation of AKT may be 

sensitive to the degree of disease progression, with evidence of reduced activity in an acute T2D 

model (5 weeks) (345) vs. increased activity in chronic animal and human studies (194, 340).  

 Impaired insulin signalling in these insulin-resistant models likely contributes to reduced 

AKT signalling, although other mechanisms may induce opposing changes in AKT activity in T2D. 

For example, Whittington et al report chronic AKT phosphorylation with T2D, which is further 

increased with ageing (162). The authors suggest that there is consequently no biological reserve for 

further phosphorylation with IPC and therefore hearts remain unresponsive to the protective stimuli 

(162). Furthermore, although acute insulin infusion improves responses to I-R (346), it appears 

detrimental when combined with IPC due to excessive AKT activation (347). Altogether, this 

suggests that while AKT signalling is crucial for cardioprotection, overactivity with chronic T2D is 

harmful. Interestingly, cytosolic and whole cell expression of AKT was largely unaltered in the 

current T2D study, however tendencies to increased GSK3β phosphorylation were observed. 
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 While increased GSK3β activity is reported in acute (157) and chronic models of T2D 

(202), this is not observed here. Although not significant, a trend to increased phospho-inhibition 

suggests that harmful GSK3β activity is not increased in this model. This finding is interesting, 

given the absence of change to AKT activity, indicating that other mechanisms influencing GSK3β 

phosphorylation may be modified. Whether this modest increase in phosphorylation are sufficient to 

significantly alter cell survival vs. death outcomes remains unknown.  

 General preservation of basal AKT and GSK3β levels indicates that, despite potential AKT 

signalling impairment via insulin resistance, overall kinase signalling was not compromised with 

chronic T2D. Taken together with preservation of caveolar protein changes, these findings indicate 

that any potential shifts in intrinsic I-R tolerance may be independent of these processes. An 

alternate view could be that T2D alters the threshold for protection, such that a greater level of AKT 

signalling is required to facilitate cell survival, or that functional reserves of kinase signalling are 

depleted.  

 

Supplementation with α-linolenic acid 

Caveolar Proteins       Cardiovascular effects of n-3 PUFA supplementation are controversial, 

with recent evidence suggesting there may be little benefit (348, 349). However, most studies assess 

effects of EPA and DHA, while ignoring ALA. The latter is shown to increase cardiac caveolin-3 

expression in caveolae, while shifting TNF- signalling from pro-apoptotic to pro-survival (262). 

The current data reveals that ALA supplementation increases total expression of caveolin-1 and -3 

(Fig. 4.3) and caveolar-localised caveolin-3 (Fig. 4.4) in CTRL but not T2D hearts. Mitochondrial 

expression of caveolar proteins appeared insensitive to ALA supplementation. 

 An increase in total expression of caveolin-1 and -3 indicates that gene expression, protein 

translation and/or protein degradation may be altered. Potential mechanisms are unclear, however 

Carotenuto et al note that an epigenetic effect of ALA cannot be ruled out (262). Results suggest 

maladaptation with T2D may inhibit this effect and blunt changes to caveolin expression - again 

conflicting with in vitro results in Chapter 3.  

 In vitro outcomes indicated that ALA increased total expression of caveolin-3 in a 

‘simulated T2D’ environment only, with no effect on caveolin-1 (Fig. 3.2A). Here, the opposite is 

observed – ALA is effective in CTRL but not T2D hearts. As previously discussed, several factors 

could contribute to these discrepancies, including a mixture of cell types clouding cardiomyocyte 

expression; however, it again highlights that caution is needed when comparing in vitro and in vivo 
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models. Nonetheless, ALA did increase caveolin-3 expression in the caveolae-enriched buoyant 

fraction of CTRL but not T2D hearts. 

 These data confirm in part observations of Carotenuto et al (262) and indicate that ALA 

might offer some benefits in terms of stress-tolerance in otherwise healthy mice. Dietary n-3 

PUFAs incorporate into the sarcolemma, altering the biophysical properties and influencing 

receptor binding affinity (269). Therefore, it is possible that an ALA-enriched plasma membrane 

may promote caveolin-3 binding, while dysregulated lipid content with T2D may augment 

sarcolemmal lipid content. Interestingly, ALA had no effect on cavin expression or localisation. 

This could indicate that membranous caveolin-3 levels may be altered in a cavin-independent 

manner. Overall, increased caveolin-3 in the buoyant fraction suggests that I-R tolerance may be 

improved in CTRL, but not T2D, hearts, although there was little change to basal AKT and GSK3β 

signalling. An important question to address in future work, and of potential relevance to the 

pathology of T2D, is why the apparently beneficial effects of ALA in healthy hearts are abrogated 

in T2D? This may reflect disruption of the normal influences of dietary fats on myocardial 

phenotype. 

 AKT & GSK3β    In rat hearts ALA has been shown to reverse doxorubicin-induced 

reductions in AKT phosphorylation (326), while also increasing AKT activity in endothelial cells 

(327). Furthermore, ALA appears to restore AKT phosphorylation and improves I-R tolerance in a 

rat model of T2D, but not in CTRL animals (220). Modulation of GSK3β with ALA is unreported, 

however it is predicted to mirror changes in upstream AKT.  

 The current study reveals ALA had no significant effect on survival kinase signalling, 

although some moderate tendencies emerged (Fig. 4.6 & 4.7). Total expression of AKT was largely 

unaltered with ALA, although tendencies to an increased ratio of phosphorylated:total GSK3β in 

CTRL vs. a decrease in T2D hearts were observed. While insignificant, this suggests shifts towards 

reduced vs. increased apoptotic potential in CTRL vs. T2D hearts, respectively.  

 Overall, data indicates that ALA may be of benefit in CTRL hearts via enhanced caveolin-1 

and -3 expression and shift towards increased GSK3β phosphorylation. Membranous caveolin 

changes alone may improve cardioprotection due to improved GPCR activation, despite absence of 

major changes in basal kinase signalling. These effects may be hindered by development of T2D, 

suggesting I-R tolerance and cardioprotection may not resistant to ALA supplementation in this 

disease model.  
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Limitations & Future Directions 

 Western blotting is a sound method of determining overall and subcellular protein 

expression; however, it is somewhat limited when assessing tissue with mixed cell types. This is 

further clouded by cell type-specific expression of caveolar proteins. In future, isolation of 

cardiomyocytes or application of immunohistochemistry would alleviate this issue. Assessment of 

changes to caveolae number via electron microscopy would also provide an indication of changes to 

cardioprotective capacity. 

 Future studies should also measure circulating and/or myocardial levels of ALA at baseline 

and post-supplementation to ensure mice are not deficient to begin and to detect potential changes 

due to the intervention. The control diet is designed by the manufacturer to provide all essential 

nutrients for mice, indicating ALA levels are likely to be well above the lower limits for deficiency.  

Furthermore, accurately determining optimal dosages of dietary interventions in animal models can 

be difficult. Fluctuations in food consumption, due to body weights for example, can alter dosage 

within groups and may increase variance. An alternate delivery method, such as oral gavage or 

mini-pump, may improve accuracy and ensure equal doses within groups.  
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SUMMARY 

This study is the first to date to assess effects of chronic T1D and T2D on cardiac caveolin 

and cavin protein expression in an animal model. Current data reveal T1D, but not T2D, may boost 

caveolar proteins in caveolae-enriched buoyant fractions, while neither disease state significantly 

altered basal levels of associated survival or death kinase signalling. Supplementation with ALA 

increased total and buoyant fraction expression of caveolins in CTRL hearts, although this effect 

was disrupted with T2D. These results contrast effects of simulated diabetes in Chapter 3 in vitro 

models, highlighting that caution must be taken when comparing outcomes in isolated cells and 

whole organ systems. Whether diabetes influences I-R tolerance and responses to protective stimuli 

in the absence of caveolar protein depletion remains to be seen. Supplementation with ALA may 

offer benefits in CTRL hearts via caveolin-3 upregulation, however T2D may unfortunately negate 

such outcomes, suggesting an additional basis for cardiac abnormalities in this disease - disruption 

of the normal influences of PUFAs on myocardial phenotype. 
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ABSTRACT 

Effects of diabetes on myocardial responses to I-R and cardioprotective stimuli are 

contentious. We assessed cardiac I-R tolerance, efficacy of IPC, and metabolic/endocrine profiles in 

models of adult-onset T1D and T2D. Adult male C57BL/6 mice were used in modelling T1D (5 x 

50 mg/kg daily STZ injections, 12 weeks normal chow) and T2D (1 x 75 mg/kg STZ injection, 12 

weeks Western diet), with systemic outcomes examined and functional, cell death and molecular 

responses to I-R and IPC determined in Langendorff perfused hearts. T1D was characterised by 

pronounced hyperglycaemia and ~10% fall in body weight, whereas the T2D model exhibited 

moderate hyperglycaemia, a 17% increase in weight, hyperinsulinaemia and glucose intolerance. 

Circulating ghrelin, resistin and noradrenaline were unchanged with T1D, while leptin levels 

increased and noradrenaline declined (vs. control) in T2D mice. Ischaemic tolerance and protection 

via IPC were preserved in T1D hearts. In contrast, T2D worsened post-ischaemic contractile 

dysfunction (~40% increase in ventricular diastolic and contractile dysfunction) and cell death 

(100% increase in troponin efflux), and abolished protection via IPC. Whereas IPC reduced post-

ischaemic nitrotyrosine and pro-apoptotic Bak and Bax levels in non-diabetic hearts; these effects 

were reduced in T1D, while IPC appeared to worsen Bax and nitrosylation levels in T2D hearts 

(non-significant). Data demonstrate chronic T1D does not inhibit myocardial I-R tolerance or IPC 

(although molecular benefits declined), whereas metabolic and endocrine disruption in T2D is 

associated with ischaemic intolerance and abolition of IPC. Normally protective IPC may 

exaggerate damage mechanisms in T2D hearts.   
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INTRODUCTION 

Ischaemic heart disease and myocardial infarction pose major health challenges worldwide. 

An important contributor is increasingly prevalent T2D, which increases cardiovascular disease risk 

up to 5-fold (350). Controversially, diabetes may also worsen infarct damage (95) and inhibit 

responses to protective ‘conditioning’ interventions (96). Conflicting findings emerge from both 

clinical and experimental studies of the influences of diabetes on ischaemic tolerance and 

cardioprotection. There is some evidence that myocardium from patients with T1D and T2D is less 

resistant to I-R injury, including exaggerated oncotic and apoptotic death (129). Post-ischaemic 

contractile dysfunction may also be exacerbated in patients with diabetes, with evidence of impaired 

global longitudinal peak systolic strain, despite no change in ejection fraction (131). 

Hyperglycaemia alone may also increase infarct size and mortality in patients with myocardial 

infarction (133). However, other studies report no difference in myocardial damage between 

STEMI patients with and without diabetes (351), and ischaemic tolerance in models of 

T1D/hyperglycaemia ranges from reduced (167, 168) to unaltered (8, 171) or improved (156, 182, 

187). There are also reports of unaltered (8, 186) or worsened I-R tolerance (200, 202) in models of 

T2D.  

Shifts in intrinsic cytoprotective signalling may underlie diabetes-dependent changes in 

ischaemic tolerance, highlighting the importance of co-morbidities in poor translation of 

cardioprotective or ‘anti-infarct’ therapies (100). However, conflicting observations again emerge: 

some report preserved protective responses in diabetes (156, 157), while there is evidence of 

impaired preconditioning in patients with diabetes (98, 141) and ex vivo myocardium from diabetics 

(97), and declining efficacies of GPCR and mitochondria targeted interventions (99).  

These conflicting observations regarding I-R tolerance and cardioprotection may reflect 

limitations in diabetes models together with the importance of the timing and chronicity of disease, 

which are particularly critical in terms of tissue stress-resistance. Distinct changes may emerge 

during transition to diabetes vs. in established chronic disease (162, 163) since low-grade and acute 

stressors induce adaptive cytoprotection whereas chronic stress has the opposite effect (352). Thus 

tissue protection vs. injury may emerge with acute vs. chronic protein O-GlcNAcylation or 

ischaemic, hypoxic, oxidative and emotional stressors, for example. While convenient to study 

models of acute disease (e.g. 1-4 weeks of hyperglycaemia), myocardial outcomes will not reflect 

the chronic disease phenotype, as exemplified in rodent T1D models: I-R tolerance transiently 

improves in the initial weeks following streptozotocin (STZ) induced hyperglycaemia (182, 187), 

recovering after 2-8 weeks (8, 176, 177, 179-181, 186, 188), and potentially declining with chronic 

(>8 weeks) disease (160, 169, 189, 191). Nonetheless, there are also reports of sustained I-R 
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tolerance in models of T1D, for example following neonatal induction (156). This highlights the 

added importance of timing of disease induction: early life vs. adult stressors induce distinct effects, 

with early developmental plasticity facilitating adaptation to later life (353). These fundamental 

differences identify important limitations in inbred disease-prone lines (e.g. Goto-Kakizaki or 

Zucker diabetic fatty rats) or genetic models (db/db mice), which involve disease development from 

very early life: for example, obesity and hyperglycaemia emerge prior to maturation in db/db mice, 

with hyperinsulinaemia and abnormal myocardial metabolism, MVO2 and efficiency arising even 

earlier (354). A further drawback to inbred models such as Goto-Kakizaki or Zucker diabetic fatty 

rats is intrauterine programming of cardiac stress phenotypes: for example, maternal 

hyperglycaemia induces myocardial inflammation and oxidative stress in early neonates (355) and 

I-R intolerance in adult offspring (356). Maternal influences, early life cardiac modifications, and 

early onset of disease limit the utility of these models in delineating the effects of adult-onset 

disease on myocardial stress-tolerance and protective signalling.   

In humans, T2D predominantly emerges from early adulthood onwards, with an estimated 4-

6 years from metabolic dysfunction to T2D diagnosis (357). Additionally, although T1D is often 

considered a childhood disease, late onset or latent autoimmune diabetes of the adult may be an 

even more prevalent problem (358). To clarify the myocardial impacts of chronic diabetes 

commencing in early adulthood, we studied T1D/T2D induction in young adults with subsequent 

progression over a 12 week period, corresponding to ~10 human years (period from metabolic 

dysregulation to diagnosis in humans (357). For T2D we employed a combination of obesogenic 

diet and Islet cell stress, while T1D involved hyperglycaemia as a result of Islet cell destruction. 

Cardiac, metabolic and endocrine changes were assessed, with a focus on intrinsic I-R tolerance and 

responses to the prototypic protective stimulus IPC.  
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AIMS 

Effects of myocardial infarction and efficacy of cardioprotective stimuli are variable in both 

humans (129, 351) and animals (96, 286) with diabetes. Cardiac outcomes following I-R may be 

differentially influenced by T1D vs. T2D (96, 286), while disease chronicity (286) and age of 

disease (353) onset also likely contribute to conflicting reports in the literature. In animal models, 

declines in ischaemic tolerance and refractoriness to cardioprotective stimuli are generally (191, 

193, 195, 202), but not always (161, 180, 199, 201, 203), observed as disease establishes over >8 

weeks. To clarify effects of diabetes on I-R tolerance and cardioprotection, this study therefore aims 

to assess intrinsic ischaemic tolerance and cardioprotective efficacy of IPC in isolated hearts from 

mice with chronic T1D and T2D (12 weeks disease progression). 
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METHODS 

A combination of STZ and regular (T1D) or high-fat (T2D) chow were used to develop 

diabetic models in this study, as described in Section 2.2. CTRL mice received an equivalent dose 

of Na-citrate and were few standard chow. 

Ethics Approval:  All investigations undertaken were approved in accordance with the 

policy guidelines “The Animal Care and Protection Act 2001”, of the Animal Ethics Committee of 

Griffith University, which is accredited by the Queensland Government. Male C57Bl/6 mice were 

supplied by the Animal Resource Centre (Perth, Australia) and housed in the Griffith University 

Animal Facility for the duration of the study. There was no unexpected loss of animals. Animal 

ethics number: MSC/14/16/AEC. 

T1D Murine Model:  Eight week male C57BL/6 mice were administered 5 x daily 

intraperitoneal (IP) injections of STZ (50 mg/kg) and were maintained on standard chow for 12 

weeks (n=18), as described in Section 2.2.2.  

T2D Murine Model:   Eight week male C57BL/6 mice were administered STZ (75 mg/kg 

IP) and maintained on a high-saturated fat/high-sugar chow for 12 weeks, as described in Section 

2.2.3. See Appendix Table 1 for detailed nutritional breakdown.  

CTRL Mice: Separate control groups were used in this study. Controls for T1D mice 

received 5x Na citrate injections, while controls for T2D mice received 1x Na citrate injection to 

match the number of STZ injections. Controls were age matched and no significant differences in 

phenotype measurements or cardiac outcomes were observed. Control data was subsequently 

pooled where possible to increase statistical power. 

Phenotype & Biochemical Characterisation:  Body weights, glucose (Section 2.2.5), 

insulin, ghrelin, leptin and resistin (measured in serum) were assessed after 10 weeks to characterise 

diabetic phenotypes (described in Section 2.2.6). 

End-Point Measurements:  At sacrifice, hearts were excised from the chest and 

immediately assessed for ischaemic tolerance via Langendorff perfusion (Section 2.2.7). Perfused 

hearts were subjected to 25 min ischaemia, followed by 45 min reperfusion, in the absence or 

presence of 3x 5 min cycles of I-R (IPC), prior to the main ischaemic insult. Coronary effluent was 

collected during reperfusion for the measurement of TnI (Section 2.2.8). Hearts were then 

immediately snap frozen and stored at -80ºC following Langendorff perfusions, before protein and 

nitrotyrosine assessment via Western blotting and ELISA, respectively.  
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Whole hearts were thawed, homogenised in lysis buffer and centrifuged to obtain cytosolic 

fractions, as described in Section 2.2.11. Total protein content was assayed via BCA protein assay 

(Section 2.3.1) and Western blots were then performed to assess expression of Bax and Bak 

(Section 2.3.2). Nitrotyrosine content was assayed on normalised cytosolic fractions via ELISA, as 

per manufacturer’s instructions (Section 2.3.3).  

Statistical Analysis:   Statistical analysis was conducted as described in Section 2.4, with p 

< 0.05 used to determine statistical significance. Specific a priori hypotheses tested include: i) T1D 

or T2D worsens I-R tolerance; and ii) T1D or T2D inhibits protection via IPC. An ANOVA with 

planned comparisons was employed to test these questions (does either model of diabetes worsen I-

R tolerance; is IPC effective in T1D or T2D), eliminating nonsensical contrasts constraining 

statistical power (e.g. T1D + IPC vs. T2D, Ctrl + IPC vs. T1D) (283). Data were analysed using 

GraphPad Prism 8 and presented as mean ± SEM. An ANOVA was performed followed by Fisher’s 

LSD post-hoc test for planned comparisons (e.g. CTRL vs. T1D; CTRL vs. T2D; IPC vs. non-IPC). 

A Student’s t-test was used for comparisons between two groups. A p-value of < 0.05 was 

indicative of statistical significance between groups. 

  



116 

 

RESULTS 

Systemic Outcomes:      Body weights, metabolic parameters and endocrine factors were 

used to assess diabetic phenotypes in this study. Opposing effects on body weights were observed, 

with a significant 9% decline in T1D (~26 g) vs. CTRL (30 g), and 17% increase with T2D (to 35 g) 

(Fig. 5.1A & B). Diabetic mice displayed significant fasting hyperglycaemia, an effect more 

profound in T1D than T2D mice (Fig. 5.1C). Glucose tolerance test AUC followed a similar 

pattern, with significant glucose intolerance that was more extreme in T1D compared to T2D (Fig. 

5.1D). Insulin increased more than 2-fold in T2D vs. CTRL mice (Fig. 5.1E). The Homeostasis 

Model Assessment (HOMA) ratio, calculated as the ratio of fasting insulin:glucose, was markedly 

elevated in T2D mice (Fig 5.1F). Endocrine factors were also measured to assess potential 

neurohumoral disruption with diabetes that may alter cardiac function. Leptin was significantly 

increased in T2D and reduced in T1D vs. CTRL mice (Fig. 5.2), while ghrelin and resistin levels 

were unchanged. Circulating noradrenaline was significantly reduced in T2D vs. CTRL mice (Fig. 

5.2).  
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Figure 5.1  Body weight and metabolic parameters in non-diabetic (CTRL), type 1 diabetic 

(T1D) and type 2 diabetic (T2D) mice. Data are shown for: final body weight (A) and weight 

change (B), fasting glucose (C) and GTT AUC (D), fasting insulin (E) and HOMA-IR (F). Results 

presented as mean ± SEM (T1D or T2D, n=18 each; CTRL, n=29). For statistical analysis, a one-

way ANOVA was performed followed by Fisher’s LSD post-hoc test for planned comparisons 

between three groups, while a Student’s t-test was used to compare between two groups. **, 

P<0.01;  ***, P<0.001; ****, P<0.0001 vs. CTRL. 
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Figure 5.2  Endocrine factors in non-diabetic (CTRL), type 1 diabetic (T1D) and type 2 diabetic 

(T2D) mice. Data are shown for: IL-6 (A), TNF- (B), leptin (C), ghrelin (D), resistin (E) and 

noradrenaline (F). Results presented as mean ± SEM (T1D or T2D, n=6-7; CTRL, n=13). For 

statistical analysis, a one-way ANOVA was performed followed by Fisher’s LSD post-hoc test for 

planned comparisons. *, P<0.05; ***, P<0.001. 
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Effects of T1D and T2D on Myocardial I-R Tolerance and IPC:     Ischaemic contracture 

was differentially influenced by T1D and T2D, and by IPC (Fig. 5.3). Peak ischaemic contracture 

was elevated in T2D vs. CTRL hearts, but not with T1D, with time to reach peak contracture similar 

across groups. Treatment with IPC had no effect on peak contracture in CTRL or T2D hearts, while 

increasing degree of contracture in T1D hearts. Rate of contracture development was accelerated by 

IPC in CTRL and T1D hearts (Fig. 5.3). 

Final recovery of left ventricular developed pressure (LVDP) was unchanged in T1D vs. 

CTRL, but significantly reduced (~15%) in T2D vs. CTRL hearts (measured after 45 min 

reperfusion) (Fig. 5.4). This effect of T2D predominantly reflected exaggerated diastolic 

dysfunction, with recovery of systolic pressure only modestly repressed. Final post-ischaemic EDP 

was over 50% higher in T2D vs. CTRL hearts (Fig. 5.4). Preconditioning significantly improved 

functional outcomes in CTRL and T1D, but not T2D hearts (Fig. 5.4). Post-ischaemic TnI efflux 

was significantly increased in T2D vs. CTRL hearts, with a non-significant trend to reduced efflux 

in T1D hearts (p=0.20). (Fig. 4). Treatment with IPC significantly reduced TnI in CTRL hearts 

only.  
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Figure 5.3  Extent and rate of ischaemic contracture in un-treated (-IPC) and preconditioned 

(+IPC) hearts from non-diabetic (CTRL), type 1 diabetic (T1D) and type 2 diabetic (T2D) mice. 

Data are shown for: (A) peak contracture; (B) time to reach peak contracture. Results presented as 

mean ± SEM (CTRL, n=21; CTRL + IPC, n=8; T1D, n=10; T1D + IPC, n=8; T2D, n=10; T2D + 

IPC, n=8;). For statistical analysis, a two-way ANOVA was performed followed by Fisher’s LSD 

post-hoc test for planned comparisons. *, P<0.05; **, P<0.01. 
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Figure  5.4    Post-ischaemic outcomes in un-treated (-IPC) and preconditioned (+IPC) hearts from 

non-diabetic (CTRL), type 1 diabetic (T1D) and type 2 diabetic (T2D) mice following 25 min 

ischaemia/45 min reperfusion. Data are shown for post-ischaemic: (A) LVDP; (B) EDP; (C) +dP/dt 

recovery (% baseline); (D) -dP/dt recovery (% baseline); (E) coronary flow (% baseline); and (F) 

troponin I efflux (μg TnI/g heart). Results presented as mean ± SEM (Functional outcomes: CTRL, 

n=21; CTRL + IPC, n=8; T1D, n=10; T1D + IPC, n=8; T2D, n=10; T2D + IPC, n=8. TnI efflux: 

n=6-8/group).  For statistical analysis, a two-way ANOVA was performed followed by Fisher’s 

LSD post-hoc test for planned comparisons. *, P<0.05; **, P<0.01;  ***, P<0.001; ****, P<0.0001. 
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Post-ischaemic Nitrosylation and Apoptotic Protein Expression:  There were no 

differences in post-ischaemic nitrotyrosine in non-preconditioned hearts from CTRL and diabetic 

mice (Fig. 5.5).  Accumulation of nitrotyrosine was reduced by IPC in CTRL hearts, whereas this 

protective effect was lost in T1D hearts and appeared to be reversed to increase (albeit not 

significant; p=0.10) in T2D hearts (Fig. 5.5). Post-ischaemic levels of pro-apoptotic Bax were 

reduced in both T1D and T2D hearts, while Bak was also reduced in T1D hearts (Fig. 5.5). Post-

ischaemic Bax and Bak were reduced by IPC in CTRL but not T1D or T2D hearts. Interestingly, 

IPC significantly augmented Bax expression in the latter T2D group. 
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Figure 5.5  Post-ischaemic nitrosative stress and pro-apoptotic Bax and Bak expression in un-

treated (-IPC) and preconditioned (+IPC) hearts from non-diabetic (CTRL), type 1 diabetic (T1D) 

and type 2 diabetic (T2D) mice. Results presented as mean ± SEM (Protein expression:  n=5-

8/group. Nitrotyrosine: CTRL, n=14; CTRL + IPC, n=7; T1D, n=9; T1D + IPC, n=7; T2D, n=8; 

T2D + IPC, n=7). For statistical analysis, a two-way ANOVA was performed followed by Fisher’s 

LSD post-hoc test for planned comparisons. *, P<0.05; ***, P<0.001. Uncropped membranes are 

shown in Appendix Fig. 12.   
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Correlates of Myocardial I-R Tolerance:   Interestingly, post-ischaemic dysfunction and 

death correlated consistently with ischaemic contracture in non-preconditioned hearts from healthy, 

T1D and T2D mice, supporting a role for increased diastolic dysfunction in exaggerated cardiac 

injury with diabetes (Fig. 5.6A). This correlation was abolished by IPC, which likely reflects an 

amalgam of the known stimulatory effects of IPC on contracture coupled with induction of 

unrelated protective mechanisms. Conversely, nitrosylation specifically correlated with I-R 

outcomes in IPC hearts with a link not apparent in non-preconditioned hearts (Fig. 5.6B). This 

suggests nitrosylation may play a more significant role in determining outcomes in preconditioned 

hearts than intrinsic I-R tolerance in non-IPC hearts. Neither Bak nor Bax exhibited strong 

correlations with functional I-R outcomes; however, TnI efflux in IPC hearts correlated with levels 

of both pro-apoptotic proteins   
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Figure 5.6   Correlations between I-R outcomes and: A) ischaemic contracture; and B) cardiac 

nitrotyrosine levels. Data are shown for functional recovery (LVDP as % of baseline) and cell death 

(TnI efflux). Linear least-squares regression was undertaken on mean data (curve fits shown). Data 

are mean ± SEM. 
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, reduced; , no effect; , increased. Additional arrows indicate greater effect. 

 

 

 

Table 5.1: Summary of systemic and myocardial effects of chronic type 1 and type 2 diabetes in 

mice 

 Type 1 Diabetes Type 2 Diabetes 

SYSTEMIC 

Body Weight   

Hyperlgycaemia   

Glucose Tolerance   

Insulin-Resistance   

Leptin   

Noradrenaline   

MYOCARDIAL 

Baseline Cardiac Function   

Ischaemic Contracture   

I-R Contractile Dysfunction   

I-R Oncosis (TnI efflux)   

I-R Protein Nitrosylation   

I-R Bax  protein expression   

I-R Bak  protein expression   

Effects of IPC on:   

Contracture   

Dysfunction   

Oncosis   

Protein Nitrosylation   

Bax protein expression   

Bak protein expression   
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DISCUSSION 

Data reveal that despite a profound hyperglycaemia, 12 weeks of simulated T1D in adult 

mice does not significantly impair cardiac I-R tolerance or protection via IPC. However, a less 

severe hyperglycaemia in the context of T2D not only reduces myocardial resistance to I-R injury, 

but negates protection via IPC and may reverse its effects on mediators of injury (nitrosylation, Bax 

expression). Chronic hyperglycaemia thus does not appear a primary determinant of I-R tolerance 

or the efficacy of IPC, unless coupled with insulin-resistance and additional endocrine/metabolic 

disruption in T2D. In this setting IPC may actually induce detrimental myocardial effects. 

 

Systemic features of T1D and T2D models   The two models exhibit distinct systemic 

outcomes, with weight loss vs. gain and greater hyperglycaemia and glucose intolerance in T1D vs. 

T2D (Table 5.1). Disturbed neuroendocrine control was evident in T2D mice, including elevated 

circulating leptin and reduced noradrenaline. Leptin reportedly mediates acute cardioprotection 

(359), whereas chronic elevations in obesity and diabetes may be detrimental and lead to/reflect 

leptin-resistance (360). Resistance will not only limit potential cardioprotection (359), but effects on 

food intake and metabolism (361), inflammation (362), oxidative and endoplasmic reticulum stress 

(363), apoptosis and tissue remodelling (364), and cardioprotection (359). Tissue-specific leptin-

resistance may emerge with age and metabolic disorders, with apparently better preservation of 

leptin sensitivity in the heart (365). Nonetheless, cardiovascular leptin-resistance does arise in 

obesity and diabetes, evidenced in coronary (366) and myocardial cells (367).  

We also observe a small but significant decline in circulating noradrenaline, contrasting 

some studies in genetic models (368) although consistent with Caviezel et al. (369) and Peschke et 

al. (370). The latter authors propose decreased noradrenaline is important in insulin-resistance and 

insulin-melatonin interactions in T2D. A fall in circulating noradrenaline may influence myocardial 

contractile and electrical activities and cardiomyopathy: diabetic autonomic neuropathy limits 

cardiac noradrenaline release and responses to load/stress, and myocyte responses to noradrenaline 

are impaired in diabetic cardiomyopathy. Interestingly, while in T2D cardiac noradrenaline release 

is impaired (371) and myocardial responses inhibited (372), noradrenaline-dependent 

vasoconstriction is augmented (373), supporting differential cardiac vs. vascular dysfunction. As 

argued by Peschke et al., noradrenaline suppresses insulin levels and resistance, with inverse 

relationships observed between noradrenaline and insulin (370).   

 These metabolic and neuroendocrine distinctions between T1D and T2D may be relevant to 

differences in I-R tolerance and IPC. Insulin- and leptin-resistance in T2D may reduce receptor-



128 

 

mediated protection and activities of distal survival kinases. Reduced noradrenaline levels (coupled 

with altered -adrenoceptor expression) may also influence I-R tolerance, cardioprotection, and 

remodelling in addition to promoting hyperinsulinaemia and insulin-resistance (370).   

Effects of T1D on myocardial I-R tolerance and IPC   There remains uncertainty 

regarding impacts of diabetes on myocardial I-R tolerance and cardioprotection (96, 286). Some of 

this variance may reflect distinct impacts of acute vs. chronic and early life vs. adult onset 

stress/disease (352, 353). For example, cardiac protection has been reported early after induction of 

STZ- or alloxan-dependent hyperglycaemia (in association with improved stress or survival 

signalling) (96, 156), and after neonatal induction of T1D (96, 156). In contrast, more prolonged 

disease progression, including the 12 weeks studied here, has been associated with declining I-R 

tolerance and cardioprotection (191). Nonetheless, effects of direct hyperglycaemia itself also 

remain variable, including no effect (187, 211) or worsened injury in cardiomyocytes and 

myocardium (374). We assessed a 12 week period of diabetic disease progression in adult mice, 

observing no significant change in myocardial I-R tolerance. Interestingly, data do reveal significant 

reductions in post-ischaemic Bax and Bak expression, suggestive of some potential benefit with 

prolonged T1D (although not translating to improved functional or cell death outcomes). 

Prior studies report inhibition of protective responses in models of T1D (9, 161), including 

pre- (190) and postconditioning (186, 189). Acute hyperglycaemia with dextrose infusion also 

inhibits ischaemic pre- (171, 207) and postconditioning (191). In contrast, others report preservation 

of IPC in T1D (8, 156). We find no reduction in protection via IPC in mice exhibiting chronic 

T1D/hyperglycaemia for 12 weeks. The effects of IPC were modified in T1D, which limited its 

effects on cell death, nitrotyrosine, Bax and Bak. However, I-R outcomes in preconditioned T1D 

hearts are generally equivalent (or superior) to those in non-diabetic hearts.  

Effects of T2D on myocardial I-R tolerance and IPC   Contrasting T1D, T2D 

substantially reduced I-R tolerance and eliminated protection via IPC (Fig. 5.4). Declining I-R 

tolerance is consistent with some prior studies (200, 202) although others report no change in 

outcomes (8, 186). The observed increase in TnI efflux despite reduced pro-apoptotic protein 

expression is suggestive of differential influences of T2D on oncotic vs. apoptotic death. While 

some observe increased apoptosis in models of T2D (129, 220), other evidence suggests oncotic 

death may be augmented to a greater extent (375). Correlation of intrinsic I-R tolerance with 

ischaemic contracture suggests a possible role for exaggerated diastolic dysfunction (characteristic 

of T2D) in worsened post-ischaemic outcomes.  

Consistent with distinct effects of T1D and T2D here, Ansari et al. recently reported that I-R 
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tolerance is selectively suppressed in rats fed an obesogenic diet for 8 weeks followed by STZ 

injection and a further 4 weeks (distinct from the current model of STZ challenge and 12 weeks 

obesogenic diet), yet not in rats subjected to STZ-dependent hyperglycaemia alone (376). The 

authors attribute this selective effect to enhanced mitochondrial dysfunction. In the db/db genetic 

model of diabetes, Wang et al. report reduced I-R tolerance (377), attributing this to a decline in 

miR-24, which when overexpressed is protective in healthy and db/db hearts. Whether expression 

normalised I-R tolerance across groups was not tested. Our findings also agree with those of 

Hjortbak et al. in the Zucker Diabetic Fatty rat model (378), in which infarct tolerance was reduced 

in 24 week animals.  

 Insulin-resistance may be important to impaired I-R tolerance and cardioprotection.  Insulin 

receptors are protective, and we show in prior work that emergence of insulin-resistance is critical 

to the effects of dietary obesity on I-R responses and cardioprotection (379). Jelenik et al. recently 

reported that insulin-resistance together with increased lipid availability appear to sensitise hearts to 

I-R injury (380). In terms of I-R tolerance, severity of hyperglycaemia may be less important than 

insulin-resistance, which not only impairs glucose transport but reduces activation of survival 

kinases (e.g. AKT) and maintenance of mitochondrial stability and function.   

Additional to I-R intolerance, IPC was ineffective in T2D hearts, supporting reports of 

impaired ischaemic pre- (200) and postconditioning (186) responses in models of T2D. On the other 

hand, a recent study reports preservation of IPC in the Zucker Diabetic Fatty rat model at 6 (pre-

diabetes), 12 (diabetes onset) and 24 weeks (established disease) (378). Failure of IPC observed 

here is consistent with a role for survival signalling dysfunction in I-R intolerance: the endogenous 

IPC response involves activation of multiple membrane receptors and survival kinase pathways to 

preserve mitochondrial function and prevent cell death. The observation that some interventions 

retain efficacy in diabetes, including leptin-dependent JAK/STAT signalling, PPAR-α activation 

and hydrogen sulfide dependent Nrf2 signalling (157, 197, 201), indicates some survival paths 

remain intact in diabetic myocardium. Moreover, evidence that an increase in the IPC stimulus may 

overcome the inhibitory effects of T2D in the Goto-Kakizaki non-obese model (215) indicates that 

survival pathways may remain functional but are desensitised or less effectively triggered in 

diabetes. Nonetheless, questions arise regarding the relevance of such models to effects of adult-

onset disease on stress-resistance and protective signalling given maternal influences on tissue 

stress/I-R tolerance (356, 381) and lifelong metabolic and cardiac abnormalities in these animals.   

Mechanisms by which IPC protects include suppression of nitrosative stress (382) and of 

apoptotic proteins (383). The IPC-dependent reduction in nitrosylation in non-diabetic hearts is 

consistent with cardioprotection, whereas data suggest IPC may augment nitrosative stress in hearts 
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from T2D mice (Fig. 5.5 & 5.6). Myocardial nitrotyrosine levels are known to increase during an 

IPC stimulus while subsequent accumulation during prolonged I-R is reduced (382). This initial 

nitrosylation may contribute to protection, potentially reflecting differential modulation of 

nitrosative stress by nNOS (384). Interestingly, I-R outcomes do appear consistently linked to post-

ischaemic nitrosylation in preconditioned yet not non-preconditioned hearts, consistent with a more 

important role for nitrosylation in IPC-dependent outcomes. While speculative, the STZ+HFD 

model of T2D may disrupt NO and superoxide generation, as observed with high cholesterol 

feeding (385), to modify nitrosylation and injury.  

Reversal of IPC effects on apoptotic mediators may also contribute to impaired 

cardioprotection in T2D. Although IPC reduced post-ischaemic Bax and Bak in hearts from healthy 

mice, expression of Bax was elevated by IPC in hearts of T2D mice. Previous studies demonstrating 

blunted protective responses with T2D report modest reductions (192) or no change (386) in 

apoptosis, while a parallel reduction in apoptosis is reported when protection is preserved (8, 197). 

Supporting our observation that disease may not merely suppress but reverse the effects of 

myocardial conditioning stimuli on determinants of injury, Przyklenk et al. have detailed worsened 

injury with post-conditioning, although in T1D as opposed to T2D (186). 
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SUMMARY 

Results of the current study reveal distinct cardiac outcomes in models of chronic T1D and 

T2D, with ischaemic tolerance and IPC generally preserved in the former vs. impaired in the latter. 

Indeed, normally protective IPC may augment injury markers and mechanisms, including 

nitrosative stress and apoptotic signalling, in the context of T2D. Thus, while prolonged 

hyperglycaemia does not impair myocardial I-R tolerance, combined hyperglycaemia, insulin-

resistance and neuroendocrine changes in T2D are detrimental to the hearts ability to withstand 

injury and execute intrinsic protective responses. 
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ABSTRACT 

Intrinsic I-R tolerance and responses to cardioprotective stimuli are impaired in T2D hearts, 

while strategies to improve outcomes remain elusive. Curiously, and as opposed to observations in 

cardiomyocytes, supplementation with ALA enhanced cardiac caveolin expression in healthy, but 

not T2D mice. However, effects on ischaemic tolerance and cardioprotection are unclear. This 

chapter tested the effects of ALA supplementation on cardiac mitochondrial respiration and 

responses to ischaemia-reperfusion (I-R) and ischaemic preconditioning (IPC) in healthy and T2D 

hearts. To induce T2D, 8 week male C57BL/6 mice received a single STZ injection (75 mg/kg) and 

were fed high-fat chow for 21 weeks. Control mice (CTRL) received equivalent doses of Na-citrate 

and received standard chow. After 15 weeks, sub-sets of CTRL and T2D mice were randomly 

divided into either CTRL+ALA or T2D+ALA supplementation groups, receiving 10% of their total 

fat intake from ALA for 6 weeks. Hearts were sampled, with mitochondrial respiration examined or 

I-R responses (± 3x 5 min bouts of I-R – IPC) assessed in Langendorff perfused hearts. Body 

weights, fasting glucose, insulin and HOMA were all significantly increased in T2D mice and 

unaltered with ALA enrichment. Moderately impaired basal mitochondrial respiration was restored 

with ALA in T2D, but not CTRL, hearts. Supplementation with ALA improved I-R tolerance in 

T2D hearts, but only when combined with IPC (not significant); while responses to I-R and IPC 

were insensitive to ALA in CTRL hearts. Taken together, with observations of impaired IPC 

responses in T2D hearts from Chapter 5; these data suggest a shift in the cardioprotective threshold 

with T2D, such that a greater stimulus may be required to evoke survival responses. Furthermore, 

enhanced caveolin expression with ALA is insufficient to improve infarction outcomes in the 

healthy heart.   
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INTRODUCTION 

Current protective strategies fail to improve myocardial outcomes following infarction in 

hearts from patients most at risk with common comorbidities, including T2D (95, 96). As confirmed 

in Chapter 5, chronic T2D impairs I-R tolerance and negates cardioprotective responses to IPC, 

further complicating outcomes. Caveolin depletion is suggested to worsen I-R outcomes with 

diabetes, however studies are limited to models of T1D (33-35). Whether reversing such changes is 

a viable therapeutic option for T2D and is capable of restoring protection also remains unclear.  

 Data from Chapter 3 suggests that exposure to ALA restores caveolin expression in isolated 

cardiomyoblasts subjected to simulated T2D conditions (Fig. 3.2A), although subsequent analysis 

in Chapter 4 indicates no influence on left ventricular expression in a T2D murine model (Fig. 4.3 

& 4.4). Furthermore, T2D appears to impair ALA-dependent increases in caveolin expression (Fig. 

4.3 – 4.5). These effects may influence I-R outcomes with T2D and ALA supplementation.   

 The few studies that assess effects of ALA on infarction in healthy animals generally report 

improved outcomes (311, 312, 387), with a single study observing no benefit (220). Interestingly, a 

systematic review concluded that a high PUFA diet is associated with lower rates of infarction and 

diabetes prevalence (313). Effects of ALA on intrinsic I-R tolerance and cardioprotection in a 

chronic T2D model are untested, although intrinsic tolerance is improved in an acute model (220). 

No study has tested ALA supplementation effects on cardioprotective strategies, such as IPC. 

Furthermore, data is conflicting regarding whether dietary PUFA intake improves mitochondrial 

function in healthy or diabetic models. 

Cardiac abnormalities with T2D involve mitochondrial dysfunction (343, 388), ultimately 

contributing to myocardial I-R intolerance (389). Although submaximal ADP-stimulated respiration 

is improved with PUFAs in healthy tissue (390), maximal respiration does not appear to be altered 

(390-393). Further investigation in T2D hearts is warranted, with a single study reporting unaltered 

mitochondrial respiration with PUFAs (391), although effects of ALA specifically are unknown. 

Having confirmed T2D impairs I-R tolerance and responses to cardioprotection in Chapter 

5, this chapter specifically focuses on the question of whether ALA can improve myocardial 

outcomes in healthy and/or T2D mice.  
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AIMS 

Chapter 3 revealed ALA improves caveolin-3 expression in cardiomyoblasts chronically 

exposed to simulated T2D conditions; however, in vivo findings in Chapter 4 indicate that ALA 

supplementation increases expression in CTRL but not T2D hearts. Basal caveolin-3 levels were 

also unaltered with T2D, contrasting depletion in acute T1D models (33-35) and effects of 

simulated T2D in myoblasts. Furthermore, Chapter 5 confirmed chronic T2D worsens I-R tolerance 

and impairs responses to normally protective conditioning stimuli (194, 195).  

The studies in this chapter therefore sought to test the systemic and cardiac effects of ALA 

supplementation in a chronic T2D murine model and assess whether changes in caveolar protein 

expression correspond with infarct tolerance. Caveolar protein expression in Chapter 4 supports the 

hypothesis that ALA may improve I-R outcomes in CTRL, but not T2D, hearts. Xie et al report 

improved I-R tolerance with ALA supplementation in a T2D model (220), however issues arise 

surrounding the acuteness of the model used (4 weeks disease progression), as previous discussed in 

this thesis. Mitochondrial function is expected to be impaired with T2D (343, 388) and unaltered 

with  ALA (391). Systemic glucose and insulin handling is improved with ALA supplementation in 

healthy patients (394), although conjecture surrounds beneficial effects in cohorts with T2D (269, 

395-398). 
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METHODS 

This study was run in parallel with Chapter 4 and uses the same methods to develop T2D 

and test ALA (described in detail in Section 2.2.4).  

Ethics Approval:  All investigations undertaken were approved in accordance with the 

policy guidelines “The Animal Care and Protection Act 2001”, of the Animal Ethics Committee of 

Griffith University, which is accredited by the Queensland Government. Male C57Bl/6 mice were 

supplied by the Animal Resource Centre (Perth, Australia) and housed in the Griffith University 

Animal Facility for the duration of the study. There were two mice with unexpected loss of life 

following STZ injections. Animal ethics number: MSC/14/16/AEC. 

 T2D Murine Model: Eight week male C57BL/6 mice received 1x STZ injection (75 

mg/kg) and were fed high fat chow for 21 weeks (Section 2.2.4). After 15 weeks, half of CTRL and 

T2D mice switched to an ALA supplemented diet and continued for the remaining 6 weeks. ALA 

diets were calorie matched to their respective standard or high fat chow, with 10% of the total fat 

metabolisable energy supplied from ALA, as previously reported (274). See Appendix Table 1 for 

detailed nutritional breakdown. 

Phenotype Characterisation: Body weights, glucose (Section 2.2.5) and insulin (Section 

2.2.6) were assessed pre- and post-ALA (in CTRL and T2D) to characterise diabetic phenotypes.  

End-Point Measurements: At sacrifice, hearts were excised from the chest and were 

immediately assessed for either mitochondrial function via an Oroboros oxygraph-2k (Section 

2.2.10) or ischaemic tolerance via Langendorff perfusion (Section 2.2.7). Perfused hearts were 

subjected to 25 min ischaemia, followed by 45 min reperfusion, in the absence or presence of 3x 5 

min cycles of I-R (IPC), prior to the main ischaemic insult. Coronary effluent was collected during 

reperfusion for the measurement of TnI (Section 2.2.8).  

Statistical Analysis:    Statistical analysis was conducted as described in Section 2.4, with 

p < 0.05 used to determine statistical significance between groups. Specific a priori hypotheses 

tested include: i) T2D increases body weight and worsens metabolic phenotype; ii) ALA does not 

alter body weight but improves metabolic phenotype in CTRL and T2D mice; iii) T2D worsens 

mitochondrial function; iv) ALA improves mitochondrial function, I-R tolerance and IPC outcomes 

in CTRL and T2D hearts. An ANOVA with planned comparisons was employed to test these 

specific questions, eliminating nonsensical contrasts constraining statistical power (e.g. CTRL + 

ALA vs. T2D) (283). Data were analysed using GraphPad Prism 8 and presented as mean ± SEM. 
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An ANOVA was performed followed by Fisher’s LSD post-hoc test for planned comparisons (e.g. 

T2D vs. T2D + ALA). A Student’s t-test was used for comparisons between two groups. 
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RESULTS 

Systemic Outcomes:     Body weights and metabolic parameters were used to assess 

diabetic phenotypes in this study. T2D mice displayed significantly increased body weight (absolute 

and % change), fasted glucose, GTT AUC, fasted insulin and HOMA ratio after 14 weeks of high-

fat feeding (Pre-ALA; Fig. 6.1). Systemic phenotypes continued to worsen over the ALA-feeding 

period, with no significant effect of ALA in CTRL or T2D mice (Post-ALA; Fig. 6.2). Modest, 

non-significant increases in insulin and HOMA ratio were observed in T2D ALA mice.  
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Figure 6.1  Pre-α-linolenic acid (ALA) supplementation measurements of body weight and 

metabolic parameters in non-diabetic (CTRL) and type 2 diabetic (T2D) mice. Data are shown for: 

body weight (A), weight change from baseline (B), fasting glucose (C), glucose tolerance test 

(GTT) area under curve (AUC) (D), fasting insulin (E) and homeostatic model assessment-insulin 

resistance (HOMA-IR) ratio (F). Results presented as mean ± SEM (A-C, CTRL, n=48; T2D, 

n=46; D, n=24/group; E-F, n=20/group). For statistical analysis, a Student’s t-test was used to 

determine differences between groups. ***, P<0.001; ****, P<0.0001. 
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Figure 6.2  Post-α-linolenic acid (ALA) supplementation measurements of body weight and 

metabolic parameters in non-diabetic (CTRL) and type 2 diabetic (T2D) mice ± 6 wks ALA-

enriched feeding. Data are shown for: body weight (A), weight change from baseline (B), fasting 

glucose (C), glucose tolerance test (GTT) area under curve (AUC) (D), fasting insulin (E) and 

homeostatic model assessment-insulin resistance (HOMA-IR) ratio (F). Results presented as mean 

± SEM (A-C, n=23-24/group; D, n=12/group; E-F, n=9-10/group). For statistical analysis, a two-

way ANOVA was performed followed by Fisher’s LSD post-hoc test for planned comparisons. *, 

P<0.05; ****, P<0.0001. 
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Mitochondrial Respiration:    T2D hearts showed tendencies to reduced complex I and II 

O2 flux (Fig. 6.3); complex I leak respiration (Fig. 6.4); oxidative phosphorylation (OxPhos) 

capacity (Fig. 6.4); and electron transport system (ETS) capacity (Fig. 6.4). Responses to 

cytochrome c indicate mitochondrial membrane integrity was preserved in all groups (Fig. 6.5). 

ALA consistently (albeit, non-significantly) improved each of these respiratory parameters in T2D 

but not CTRL hearts. No change in complex I or II flux control ratio was observed in T2D or with 

ALA in either group. Complex II respiration, relative to complex I, was greater in T2D hearts and 

may be enhanced by ALA (Fig. 6.3). 
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Figure 6.3  Right ventricle mitochondrial complex I & II activity in non-diabetic (CTRL) and type 

2 diabetic (T2D) mice ± 6 wks α-linolenic acid (ALA)-enriched feeding. Data shown for: complex I 

(A) and II (B) oxygen consumption; complex I (C) and II (D) flux control ratio; and Complex I and 

II (E) oxygen consumption relative to complex I oxygen consumption. For statistical analysis, a 

two-way ANOVA was performed followed by Fisher’s LSD post-hoc test for planned comparisons. 
#
 P<0.05; * P<0.05 in CTRL and CTRL+ALA complex II vs. complex I; ** P<0.01 in T2D 

complex II vs. complex I; *** P<0.001 in T2D complex II vs. complex  I. Data is presented as 

mean ± SEM (n=5/group). 
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Figure 6.4  Right ventricle mitochondrial complex I & II activity in response to substrates and 

inhibitors in non-diabetic (CTRL) and type 2 diabetic (T2D) mice ± 6 wks α-linolenic acid (ALA)-

enriched feeding. Data shown for: A) Complex I leak state; B) Complex I oxidative 

phosphorylation capacity; C) Complex I + II oxidative phosphorylation capacity; D) Complex I + II 

electron transport system capacity; E) Complex II electron transport capacity; Data is presented as 

mean ± SEM (n=5/group). For statistical analysis, a two-way ANOVA was performed followed by 

Fisher’s LSD post-hoc test for planned comparisons. 
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Figure 6.5  Right ventricle mitochondrial membrane integrity in non-diabetic (CTRL) and type 2 

diabetic (T2D) mice ± 6 wks α-linolenic acid (ALA)-enriched feeding. Data shown for: oxygen 

consumption (A) and flux control ratio (B) in response to cytochrome c to assess mitochondrial 

membrane integrity. Data is presented as mean ± SEM (n=5/group). For statistical analysis, a two-

way ANOVA was performed followed by Fisher’s LSD post-hoc test for planned comparisons. 
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Cardiac Responses to I-R & IPC:  ALA had no effect on peak ischaemic contracture or 

time to contracture in CTRL (Fig. 6.6) or T2D (Fig. 6.7) hearts, although contracture was 

accelerated with IPC in both groups. Final recovery of LVDP (% baseline), EDP and total TnI 

efflux were unchanged with ALA supplementation in both CTRL (Fig. 6.8) and T2D (Fig. 6.9) 

hearts. IPC improved final recovery in CTRL ALA hearts, while tendencies to improved recovery 

were observed with T2D ALA hearts. No significant changes to TnI were recorded in either group 

with IPC. 
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Figure 6.6  Extent and rate of ischaemic contracture in un-treated and preconditioned (+IPC) hearts 

from non-diabetic (CTRL) mice ± 6 wks α-linolenic acid (ALA)-enriched feeding. Data are shown 

for: (A) peak contracture and (B) time to reach peak contracture. Results presented as mean ± SEM 

(CTRL, n=7; CTRL+ALA, n=5; CTRL+ALA+IPC, n=7). For statistical analysis, a one-way 

ANOVA was performed followed by Fisher’s LSD post-hoc test for planned comparisons. *, 

P<0.05. 
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Figure 6.7  Extent and rate of ischaemic contracture in un-treated and preconditioned (+IPC) hearts 

from type 2 diabetic (T2D) mice ± 6 wks α-linolenic acid (ALA)-enriched feeding. Data are shown 

for: (A) peak contracture and (B) time to reach peak contracture. Results presented as mean ± SEM 

(T2D, n=6; T2D+ALA, n=8; T2D+ALA+IPC, n=6). For statistical analysis, a one-way ANOVA 

was performed followed by Fisher’s LSD post-hoc test for planned comparisons. *, P<0.05. 
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Figure 6.8  Post-ischaemic outcomes following 25 min ischaemia/45 min reperfusion in un-treated 

and preconditioned (+IPC) hearts from non-diabetic (CTRL) mice ± 6 wks α-linolenic acid (ALA)-

enriched feeding. Data are shown for: (A) left ventricular developed pressure (LVDP) recovery (% 

baseline); (B) final end diastolic pressure (EDP); (C) +dP/dt recovery (% baseline); (D) -dP/dt 

recovery (% baseline); (E) coronary flow (% baseline); and (F) troponin I efflux. Results presented 

as mean ± SEM (CTRL, n=7; CTRL+ALA, n=5; CTRL+ALA+IPC, n=7). For statistical analysis, a 

one-way ANOVA was performed followed by Fisher’s LSD post-hoc test for planned comparisons. 

*, P<0.05; **, P<0.01. 
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Figure 6.9  Post-ischaemic outcomes following 25 min ischaemia/45 min reperfusion in un-treated 

and preconditioned (+IPC) hearts from type 2 diabetic (T2D) mice ± 6 wks α-linolenic acid (ALA)-

enriched feeding. Data are shown for: (A) left ventricular developed pressure (LVDP) recovery (% 

baseline); (B) final end diastolic pressure (EDP); (C) +dP/dt recovery (% baseline); (D) -dP/dt 

recovery (% baseline); (E) coronary flow (% baseline); and (F) troponin I efflux (μg TnI/g heart). 

Results presented as mean ± SEM (T2D, n=6; T2D+ALA, n=8; T2D+ALA+IPC, n=6). For 

statistical analysis, a one-way ANOVA was performed followed by Fisher’s LSD post-hoc test for 

planned comparisons. 
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DISCUSSION 

The current data reveal dietary supplementation with ALA modestly improves basal 

mitochondrial respiration and cardiac responses to IPC in T2D hearts without influencing intrinsic 

ischaemic tolerance. This cardiac benefit was evident despite no improvement in systemic 

metabolic phenotype. Cardiac responses to I-R and IPC were unaltered by ALA supplementation in 

healthy CTRL mice. Taken together with data from Chapter 4, an ALA-dependent increase in 

caveolin expression in healthy hearts does not appear to enhance I-R tolerance or IPC responses; 

while the PUFA provides some benefit without modifying caveolar proteins in T2D hearts. 

 

Systemic Metabolic Phenotypes Body weight and metabolic analysis confirm T2D 

mice develop an obese, glucose-intolerant and insulin-resistant phenotype prior to supplementation 

with ALA (Fig. 6.1). These features are consistent with the model developed in Chapter 5 and prior 

published work (399, 400), and are well-established risk factors for ischaemic heart disease (401). 

Confirming development of these features before the dietary intervention was a critical component 

of the study design, which sought to test whether ALA supplementation is beneficial in established 

T2D. Interestingly, this intervention had no significant effect on body weight, glucose handling, 

insulin levels or HOMA in either CTRL or T2D mice (Fig. 6.2).   

 Consumption of excessive saturated fats promotes obesity and dysregulation of glucose and 

insulin handling, leading to poor cardiac health outcomes (401). Meta-analysis of randomised 

controlled trials confirms that substituting saturated fatty acids with PUFA lowers blood glucose, 

HbA1c and HOMA in healthy adults (394); however, effects in cohorts with diabetes remain 

contentious (269, 395-398). Furthermore, consumption of specific types of PUFA may be important 

for metabolic outcomes, with an inverse relationship between insulin resistance and adipose tissue 

ALA, but not EPA or DHA, in healthy adults (402). Vessby et al report increased fasting blood 

glucose in T2D patients consuming a high PUFA diet, compared to a high saturated fat diet (396), 

while a review of 23 randomised controlled trials indicates PUFA supplementation does not alter 

blood glucose or insulin in T2D patients (395). This is further conflicted with mixed results of 

reduced, increased or no change in fasting glucose of T2D patients reported in another recent 

review (398). Studies in animal models are limited, however some evidence indicates dietary ALA 

(397), or a high PUFA/MUFA ratio diet (269), may improve glucose and insulin handling in obese 

and T1D models, respectively.  

 The current results in an animal model appear to confirm a general lack of impact of ALA 

feeding on systemic features of T2D, including glucose homeostasis and body weight (395). On the 
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other hand, Qu et al (397) report a more prolonged 12 week period of supplementation with 

kiwifruit seed oil (enriched with ALA) significantly improves fasting glucose and insulin, and 

insulin resistance, in diet-induced obese mice. However, this is not a model of T2D, and metabolic 

state prior to dietary manipulation was unreported. As these mice were fed for 8 weeks before the 

12 week dietary intervention (397), they were likely in a pre-diabetic state at best (although data 

were not reported). Nonetheless, this study suggests kiwifruit seed oil improves metabolic 

homeostasis in metabolically compromised animals, an effect the authors attribute these changes to 

reductions in inflammation, thermogenesis and augmentation of gut microbiota (397). Whether 

attributable to ALA specifically vs. other components of the food is also unclear. 

 High ratios of dietary PUFA/MUFA may improve insulin-binding and glucose uptake in 

T1D rats (269). This may be attributed to greater degree of unsaturation of membrane components, 

promoting insulin receptor affinity (269). The current study observed no significant changes to body 

weight, glucose or insulin handling with ALA in either CTRL or T2D groups, although a trend to 

increased fasting insulin and HOMA was recorded in T2D mice. High ALA consumption has been 

linked to increases in plasma insulin, but not glucose, in healthy adults (403), although this is not 

previously reported in diabetic cohorts. 

 Another interesting observation is a moderate age-dependent rise in fasting insulin and 

HOMA in CTRL mice over the 6 weeks between the pre- and post- ALA time-points (Fig. 6.1 vs. 

Fig. 6.2) – this tends to reduce differences (and statistical significance) in these parameters between 

CTRL and T2D groups (Fig. 6.1E & F). While worsening hyperinsulinaemia was expected in T2D 

mice with disease progression; it was unexpected in healthy mice and may be age-related. Although 

still considered a ‘young adult’ at 30 weeks of age, age-related shifts may occur at this critical 

transition point between adolescence and adulthood (Fig. 6.10). Curiously, we also observe an age-

dependent inflection in myocardial phenotype between 16 and 32 weeks of age (Fig. 6.10; 

preliminary data acquired by other members of Headrick group), corresponding to the ages studied 

here. Further work might address the importance of animal age, both with regards to the induction 

and progression of T2D and responses to diet.  

 In summary, the current data indicate that dietary supplementation with ALA for a period of 

6 weeks does not significantly alter the systemic phenotype - neither body weight nor metabolic 

features of T2D are altered, and glucose homeostasis in healthy animals is also unaltered. This 

indicates that cardiovascular changes observed with ALA supplementation arise independently of 

changes in metabolic state and homeostasis. 
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Figure 6.10    Age-related responses in gene expression and ischaemic tolerance in male mouse 

hearts. A) Heat maps represent differentially expressed genes in ageing hearts following (left panel) 

normoxic perfusion (FDR<0.05) or (right panel) post-ischaemia (FDR<0.05; 1.3-fold). Rows are 

mean-centered and Z-scores calculated, with relative abundance represented by colour (blue=lower 

abundance; red=higher abundance), as indicated in the legend (n=6/group). Note transition in gene 

expression patterns between 16 and 32 weeks. B) Left ventricular (LV) functional outcomes 

following 25 min ischaemia and 45 min reperfusion in hearts from 8, 16, 32 and 48 week male 

C57Bl/6 mice (n=8/age). Note transition in functional outcomes between 16 and 32 weeks. *, 

P<0.05 vs. 8 week. Preliminary data acquired by other members of Headrick group.   
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Mitochondrial Respiration    Mitochondrial dysfunction is a well-established feature of 

diabetic cardiomyopathy (343, 388) and contributes to myocardial I-R intolerance with T2D (389). 

Current data reveal tendencies to reduced basal respiration through complexes I and II in T2D 

hearts (Fig. 6.3 & 6.4), although statistical significance was not reached. These findings provide 

added insights into myocardial abnormalities in diabetes – cardiac respiration may be impaired 

despite potentially adaptive increases in mitochondrial expression of caveolin-3 (Chapter 4, Fig. 

4.5). Acute sublethal stress triggers adaptive protective mechanisms via mitochondrial translocation 

of caveolin-3 (60), although results in Chapter 4 reveal translocation also occurs with T2D, which 

may be an adaptive response to chronic cellular stress. Nonetheless, respiration through complex I 

and II is reduced ~30-50% (Fig. 6.3 & 6.4); although not statistically significant, this may 

contribute to I-R intolerance and loss of cardioprotection, as reported in Chapter 5 (Fig. 5.3 & 5.4).  

 Augmented mitochondrial glucose metabolism during I-R may provide adaptive protection 

in early, but not late, stages of T2D (163), while restoration of mitochondrial respiration and 

energetics improves infarct tolerance in T2D hearts (389). Interestingly, preliminary data indicate 

that in the presence of carbohydrates but not fatty-acids, complex I respiration is impaired in right 

atrial tissue of T2D patients (404). However, complex II respiratory function was reduced in the 

presence of fatty-acids (404). Discussed below, ALA supplementation prevented modest reductions 

in mitochondrial respiration in T2D hearts and had no apparent impact in CTRL hearts. 

Effects of ALA:   Prior studies report that maximal mitochondrial respiration is unaltered 

with PUFA supplementation in non-diabetic cardiac (391, 392) and skeletal (390, 393) muscle, 

while sub-maximal ADP-stimulated respiration is improved (390). Although studies are limited, 

PUFAs may not alter mitochondrial respiration in T2D models (391). Here, complex I and II O2 

flux, leak respiration and oxidative phosphorylation capacity in mitochondria from T2D hearts were 

all moderately increased with ALA supplementation (Fig. 6.3 & 6.4). Furthermore, relative flux 

through complex II relative to complex I was significantly increased in T2D vs. CTRL hearts, 

irrespective of ALA supplementation (Fig. 6.3). These changes appear independent of caveolar 

proteins, with ALA having no effect on their expression or localisation in T2D hearts (Chapter 4, 

Fig. 4.5). Despite modestly improve mitochondrial function with ALA, this does not appear to alter 

intrinsic I-R tolerance in T2D hearts, although responses to IPC may be improved. 

ALA, Cardiac I-R Tolerance and Preconditioning     Intrinsic I-R tolerance and responses 

to cardioprotective stimuli were significantly impaired in hearts from T2D mice in Chapter 5, 

consistent with prior studies (96). Therefore, the current chapter specifically focused on whether 

dietary ALA supplementation might improve outcomes and restore protection. A trend to ALA-

dependent improvements in IPC responses in T2D hearts was apparent (Fig. 6.9), in the absence of 
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changes in baseline caveolar protein expression (Fig. 4.3 & 4.4). However, intrinsic I-R tolerance 

was unaltered. In contrast, functional outcomes from I-R were unaltered with ALA in hearts of 

CTRL mice (Fig. 6.8), despite increases in caveolin-1 and -3 expression (Fig. 4.3 & 4.4). 

Effects in Healthy Mice: The few studies that assess the protective efficacy of ALA in 

healthy hearts generally report beneficial outcomes. In animal models, dietary ALA accelerates 

(311) and augments cardiac recovery from I-R (311, 312), while reducing arrhythmias (311, 387). 

Pre-treatment with ALA prior to hypoxia/reoxygenation in vitro also reduces cell death and 

phospholipid oxidation (405). However, Xie et al found no improvement in I-R tolerance with 

dietary ALA in healthy rats (220). Other studies report cardiac benefit in cardiomyopathic animals 

(262) and models of pharmacological stress (262, 288, 326), although these fail to report effects of 

ALA in healthy (control) hearts. Furthermore, no study to date has investigated whether responses 

to cardioprotective stimuli are influenced by ALA supplementation. 

The current results reveal that both cardiac ischaemic contracture (Fig. 6.6) and left 

ventricular function at the end of reperfusion (Fig. 6.8) is preserved with ALA in healthy hearts 

either in the absence or presence of IPC. Peak ischaemic contracture was unchanged with ALA, 

although accelerated with IPC (Fig. 6.6), as shown in Chapter 5 (Fig. 5.3). This is a known 

paradoxical phenomenon with the IPC stimulus itself (406); not an effect of ALA. Insignificant 

reductions in TnI efflux with IPC, however, indicate necrosis was not reduced to the extent 

observed in Chapter 5 (Fig. 5.4). This peculiar finding indicates final functional recovery is 

improved with IPC, despite similar levels of cell death. While improved infarct tolerance or cardiac 

survival is generally associated with contractile benefits, this is not always the case, and these 

results suggest a specific effect on determinants of cardiac stunning rather than cell death. Another 

interesting observation was the relationship between caveolin expression and I-R tolerance. 

Surprisingly, ALA-dependent increases in buoyant fraction expression of caveolin-3 (Fig. 

4.4) and total caveolin-1 and -3 (Fig. 4.3) did not influence intrinsic I-R tolerance or IPC responses. 

This suggests changes to caveolin expression with ALA are insufficient to enhance survival 

signalling and ischaemic tolerance in the health y heart yet do augment benefit with IPC. Indeed, 

preconditioning itself also enhances caveolin-3 in caveolae (280). However, cellular outcomes in 

response to acute stress, such as IPC, trigger specific survival mechanisms with a goal of priming 

the myocardium for a potentially greater ischaemic insult. Here, differing I-R outcomes are 

observed, despite similar changes in caveolin-3 expression. More profoundly up-regulating 

caveolin-3 via genetic means improves I-R tolerance and mimics outcomes with IPC (280). It may 

be that the increase in caveolin-3 with ALA is insufficient to influence survival signalling and I-R 

tolerance. These transgenic interventions also protect via improved mitochondrial function (60), 
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whereas here ALA failed to induce significant mitochondrial protection in the healthy heart (Fig. 

6.3 & 6.4). There may well be a threshold expression above which elevations in caveolin-3 do 

impact cell survival and stress-tolerance, with ALA supplementation potentially insufficient to drive 

such an expression change.  

Responses to IPC also appear unaltered with ALA supplementation, again potentially 

reflecting an insufficient change in caveolar proteins to drive further protection. Alternatively, IPC 

may well maximally engage cell survival mechanisms, constraining potential additional protection 

(or biological reserve). Therefore, upregulation of caveolin with ALA (Fig. 4.3 & 4.4) may have no 

further effect on cardioprotection in the presence of a potent stimulus such as IPC. An interesting 

follow up study would be to assess cardiac caveolar caveolin-3 expression/localisation in ALA 

supplemented groups that have undergone IPC.  

In summary, 6 weeks dietary ALA supplementation does not substantially modify I-R 

tolerance or responses to IPC in healthy mice, despite increased caveolin-1 and -3 expression. 

Conversely, and discussed below, protection may be augmented in T2D mice in the absence of 

changes in baseline caveolar protein expression. 

Effects in T2D Mice: This study is the first to assess effects of dietary ALA enrichment on 

cardiac I-R outcomes in a chronic T2D model. Although intrinsic I-R tolerance was unaltered with 

ALA, tendencies to improved IPC responses were observed (Fig. 6.9). Xie et al previously report 

significantly improved outcomes following I-R with ALA supplementation in ‘T2D’ rats, however, 

issues arise regarding the duration of the model used (220). Despite displaying some metabolic 

characteristics of T2D, animals were switched to an ALA-enriched diet for 4 weeks after only 4 

weeks of disease development (220). Development of a true maladaptive T2D phenotype in such 

short duration is questionable, as previously discussed (286). Furthermore, responses to 

cardioprotective stimuli were not assessed in this study.  

Interestingly, in the current study, ALA supplementation appeared to improve the functional 

benefits of IPC in T2D hearts (Fig. 6.9), despite no change to basal caveolar protein expression 

(Fig. 4.3 & 4.4). It is possible that the ‘threshold’ for protection in hearts from T2D animals is 

raised (215), necessitating a greater or added stimulus to evoke a survival response. This is 

supported by Tsang et al, who found that while a single IPC episode (5 min ischaemia/10 min 

reperfusion) protected hearts from healthy rats it failed in hearts from a non-obese transgenic T2D 

animal model (215): protection was only observed in the latter when exposed to a greater stimulus 

(3x IPC episodes). In the current study, T2D mice were unresponsive to 3x IPC episodes (Chapter 
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5, Fig. 5.3 & 5.4), which might reflect differences in models and species; however, the notion of a 

shift in cardioprotective threshold remains relevant.  

Abolition of IPC with T2D suggests (although is not confirmed here) that caveolins may not 

be augmented with this stimulus, as opposed to effects in healthy hearts (280). Furthermore, ALA 

failed to enhance caveolins in T2D hearts (Fig. 4.3 & 4.4). While ALA supplementation failed to 

enhance I-R outcomes in healthy hearts, there may be greater scope for potential benefit in T2D 

hearts given the greater degree of cardiac dysfunction. Indeed, a combination of ALA 

supplementation and IPC did modestly improve post-ischaemic cardiac function in T2D hearts. 

Therefore, it cannot be ruled out that a combination of interventions may be sufficient to reach the 

threshold for protection in T2D (potentially involving enhanced caveolin membrane translocation). 

It would be interesting to extend the feeding period, dosage and/or increase the IPC stimulus to 

assess whether a more profound effect occurs in these hearts from T2D animals. In future studies, 

protein localisation could also be measured in post-ischaemic hearts to determine if caveolin 

translocation and shifts in micro-compartment expression occur with a combination of ALA 

supplementation and IPC. Indeed, dietary ALA incorporation into plasma membranes is predicted 

to promote caveolin translocation in healthy hearts (262). Shifts in sarcolemmal makeup with 

saturated vs. unsaturated fat intake critically alter caveolar function and may underlie loss of 

cardioprotection with T2D (286). Taken together, ALA supplementation remains a potential 

cardioprotective strategy in patients with T2D, if combined with other interventions, such as IPC. 

However, refinement of daily ALA dosage and preconditioning amplitude is required. 
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Limitations and Future Directions 

 Further insights could be gained from assessing buoyant fraction expression of caveolar 

proteins in post-ischaemic hearts to determine if a combination of ALA supplementation and IPC 

triggers protein translocation. Furthermore, whether increasing the ALA supplement content and/or 

the amplitude of the IPC stimulus might produce greater benefits in T2D animals is worthy of 

further study. Alternative conditioning stimuli, such as ischaemic postconditioning might also be 

studied – an intervention relevant to treatment of unplanned and unpredictable myocardial 

infarction. Here, IPC was employed as a prototypic endogenous protective response that engages 

multiple membrane receptors and effectors. Finally, greater sample size may be required to boost 

statistical power in cases where tendencies were observed (for example in mitochondrial function, 

and IPC responses). 
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SUMMARY 

The current study shows for the first time that dietary ALA supplementation may improve 

cardiac protection with IPC in a chronic T2D animal model. Interestingly, neither are effective in 

isolation. No additional protection is observed with ALA in healthy mice, potentially reflecting an 

insufficient stimulus, despite increases in caveolin-1 and -3 expression; or a biological limit on 

survival responses when combined with IPC. Shifts in cardioprotective responses occur in the 

absence of change to body weight, glucose or insulin handling, and modest ALA-dependent 

improvements in mitochondrial respiration in T2D hearts do not promote intrinsic I-R tolerance. 

Chronic T2D may elevate the cardioprotective threshold, such that ALA supplementation or IPC 

alone do not sufficiently upregulate caveolar proteins and survival mechanisms (while combination 

of both may provide a sufficient stimulus to evoke protection). Although several statistically non-

significant tendencies were observed, the data as a whole suggests some improvement in 

mitochondrial function and responses to IPC in the hearts of T2D mice supplemented with ALA. 

Future studies might increase statistical power and investigate whether caveolin-3 translocates to 

caveolae following IPC in ALA-fed animal models.  
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Ischaemic heart disease remains a leading cause of morbidity, mortality and financial health 

burden worldwide (1). The disease is promoted by burgeoning diabetes, among other factors, and 

outcomes may also be worsened by this common disorder. Compounding this problem is the failure 

to develop effective cardioprotective therapies to improve cardiac outcomes in patients suffering 

myocardial infarction, or indeed following surgical I-R with different interventions in cardiac 

patients. While effective interventions administered pre- or post-infarction in otherwise healthy 

animal models are highly protective in laboratory scenarios, efficacy is lost when translating these 

therapies to patients with common co-morbidities that include diabetes (6-9). Not only does 

diabetes increase risk of infarction 2-3 fold (94), it may worsen cellular injury following I-R (95) 

and blunt responses to cardioprotective stimuli (96). 

 However, uncertainty arises regarding effects of T1D and T2D on ischaemic tolerance, with 

evidence disease progression and duration are key to cardiac outcomes. Infarct tolerance is often 

improved (182, 187) or unaltered (8, 157, 176, 186) in acute or early stages of T1D and T2D, while 

outcomes are more generally worsened as disease progresses (191, 200, 202). Similarly, protective 

responses to conditioning stimuli may be preserved or lost in early stages (157, 187) and generally 

impaired in advanced disease states (98, 141). Among potential mechanisms, perturbation of 

caveolin proteins is suggested to underpin I-R intolerance and loss of cardioprotective efficacy with 

diabetes, while enhancing caveolin-3 expression via ALA supplementation (262) or PKCβ2 (33, 34) 

inhibition may improve cardiac outcomes. Indeed, caveolins are essential for different 

cardioprotective responses (47) and produce conditioning effects similar to IPC when 

overexpressed (280). However, studies only assess caveolin changes in acute models of T1D (33, 

225, 226, 285), with no studies in chronic T1D or T2D (≥12 weeks disease progression).  

 This doctoral project investigated effects of modelled diabetes on caveolar protein 

expression and modulation in cardiomyoblasts and intact hearts, and myocardial I-R tolerance and 

responses to IPC. The potential benefits of dietary ALA supplementation were also assessed in 

healthy and T2D animals. 
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Regulation of Caveolar Protein Expression 

The first goal was to characterise caveolar protein expression, and examine regulatory 

pathway influences, in models of diabetes. Both in vitro and in vivo models were employed. It was 

initially hypothesised that diabetic conditions may reduce cardiac caveolin protein expression (33, 

225, 226, 285), while expression may be modified through pharmacological interventions (33, 34, 

249, 407) or PUFA exposure (262). Depressed caveolin expression was theorised to be associated 

with cardiac dysfunction in the diabetic heart. New information was acquired regarding regulation 

of caveolar proteins in cardiomyoblasts, both in response to metabolic dysregulation and different 

cell signalling pathways. However, these in vitro findings did not directly translate to the 

myocardial effects of disease observed in later in vivo models, highlighting the caution necessary in 

comparing experimental outcomes in isolated cell models vs. whole tissue and more complex 

disease. 

 Simulated diabetes in vitro     To examine control of caveolin proteins and determine effects 

of chronic exposure to metabolic elements of diabetes in vitro, H9c2 cardiomyoblasts were 

subjected to 72 hr incubations with high glucose, insulin and palmitate (alone or in combination). 

This study is the first to measure caveolins following exposure to metabolic elements of diabetes, 

with combination of all three features previously untested in vitro. Given potential biphasic shifts in 

I-R tolerance with diabetes (286), chronicity appears to be crucial to maladaptation with disease.  

Surprisingly, hyperglycaemia alone – somewhat reflective of T1D, in the absence of insulin 

and excessive saturated fats – increased total expression of caveolin-1 and -3. Increased caveolar 

caveolin-1 (225, 285) vs. reduced caveolin-3 (33, 225, 226, 285) has been reported with acute 

T1D/hyperglycaemia, however total expression was not shown. Furthermore, the combination of 

palmitate and insulin – characteristic elements of T2D – reduced the expression of both proteins, 

irrespective of glucose concentration.  Interestingly, insulin alone increases caveolin-3 expression, 

consistent with cardioprotection with insulin (209, 305), however hyperglycaemia negates this 

effect. Thus, caveolin expression appears sensitive to insulin signalling – hyperglycaemia or insulin 

alone fail to impair insulin signalling (303, 304) (and independently increase caveolin expression), 

while combination of hyperglycaemia and insulin (227), or palmitate alone (302), results in insulin 

resistance and downregulates caveolin Data suggest that saturated fat is particularly important in 

changes in caveolar proteins in a T2D model, while hyperglycaemia alone exerts an opposing 

effect. These observations suggest opposing effects of T1D vs. T2D on caveolin expression, 

although later in vivo results were conflicting.  
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Regulation of caveolar proteins via cell signalling and ALA in vitro    Data reveal 

differential sensitivities of caveolar proteins to metabolic factors: hyperglycaemia up-regulates 

caveolin-1 and -3, insulin down-regulates caveolin-3 (an effect negated by hyperglycaemia), while 

palmitate ± insulin down-regulates caveolin-3 independently of glucose concentration. These 

observations support independent and distinct mechanisms of control of cavoelin-1 and -3 

expression. However, molecular regulation of caveolin expression remains poorly understood. 

Several candidate processes were assessed in healthy and simulated T2D myoblasts. 

In control or healthy cardiomyoblasts, caveolin-3 (but not -1 or -2) appears to be suppressed 

by FAK and PKCβ2 signalling, while caveolin-1 and -2 (and not -3) are down-regulated by 

adenylate cyclase activity. Thus, effects of hyperglycaemia could potentially involve suppression of 

FAK or PKCβ2 and augmentation of adenylate cyclase effects, while inhibitory effects of simulated 

T2D on caveolin expression may involve augmented FAK/ PKCβ2 and suppressed adenylate 

cyclase signalling. However, adenylate cyclase activation had no further effects on caveolin-1 or -2 

in T2D cells, while depression of caveolin-3 was reversed; and FAK and PKCβ2 inhibition also 

restored caveolin-3 in T2D cells (though also in control cells). These data could be collectively 

interpreted as supporting a role for dysfunctional adenylate cyclase signalling in diabetic 

suppression of caveolin-3, and while excess PKCβ2 or FAK activities could contribute, this is more 

evident for PKCβ2 than FAK (i.e. PKCβ2 inhibition more clearly limited the T2D sensitivity of 

caveolin-3). Data also indicate that saturated fat supresses caveolin expression, consistent with 

changes reported in intact hearts (associated with stress intolerance) (50, 51), and that ALA restores 

caveolin-3 (not caveolin-1) expression under T2D conditions in myoblasts. Reversal of caveolin-3 

depletion with ALA has also been reported in cardiomyopathic animals (262); however, this is the 

first report of effects in a simulated T2D model. Data thus also support a role for the degree of fat 

saturation vs. unsaturation in determining myoblast caveolin-3 expression. On the other hand, 

suppression of caveolin-1 in T2D cells appears insensitive to ALA and adenylate cyclase, PKCβ2 

and FAK activities, leaving mechanisms obscure. Overall data indicates that caveolin proteins are 

independently regulated, which may be useful for strategically developing therapeutics to target 

specific isoforms. Furthermore, these results provided evidence that shifts in caveolin-3 dependent 

survival signalling and stress-tolerance in the diabetic heart may be reversible. These findings 

informed subsequent assessment of the effects of ALA supplementation in vivo.  

Chronic diabetes in vivo  Previous studies often fail to employ established models of 

diabetes, likely contributing to variance in cardiac outcomes with acute vs. chronic disease 

progression (286). This study employed chronic models of both T1D and T2D, established over ≥12 

weeks. Type 1 diabetes was characterised by pronounced hyperglycaemia and loss of body weight, 
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whereas the T2D model exhibited moderate hyperglycaemia, weight gain, hyperinsulinaemia and 

insulin-resistance. Cardiac caveolins are reportedly reduced in acute models of T1D (33, 225, 226, 

285), however no study has investigated changes in chronic models of either diabetic disease.  

Unexpectedly, caveolin and cavin proteins were moderately enhanced (albeit non-

significantly) in caveolae-enriched, buoyant fractions of T1D hearts. Indeed, increased caveolar 

localisation of caveolins suggests greater potential for cardioprotection (280). Conversely, there was 

no change in total or buoyant fraction expression of caveolins or cavins in T2D hearts. These results 

were surprising, given saturated fat (50) and insulin resistance (227) are both associated with loss of 

caveolar caveolin-3. A limitation here, however, is that expression was measured in whole tissue – 

cell type-specific changes in the myocyte could therefore be clouded by protein expression in non-

muscle cells. Indeed, the adult mammalian heart is comprised of approximately 65-70% non-muscle 

cells, with muscle cells making up 35-40% of total cell volume (344). Changes in myocyte-specific 

expression may therefore be clouded by changes in other cell types. Depletion of caveolin-3 with 

palmitate-enriched feeding is previously reported in isolated cardiomyocytes (50), indicating future 

in vivo studies should measure caveolar proteins in isolated cardiomyocytes, rather than whole 

ventricle.  

Curiously, mitochondrial expression of cardiac caveolin-3 was significantly increased with 

T2D, potentially reflecting an adaptive stress response (60). Ischaemic stress for example induces 

mitochondrial translocation of caveolin-3, associated with improved mitochondrial function (60). 

Increased mitochondrial expression with T2D may serve to limit mitochondrial dysfunction, 

moderating reductions in mitochondrial respiration in T2D hearts.  

Informed by in vitro studies, the simplest, most easily implemented intervention found to 

augment caveolin-3 – dietary supplementation with the PUFA ALA – was translated to the in vivo 

model of T2D. A 6 week period of ALA supplementation did not influence systemic or metabolic 

phenotype in healthy or T2D mice. Previous observation in this regard are mixed, with evidence of 

unaltered (395), improved (269, 397) or worsened (396) blood glucose or insulin levels with ALA. 

In contrast to the in vitro data, ALA supplementation increased total expression of caveolin-1 and -3 

in heathy heart tissue but not tissue from T2D mice. Differences here may again be clouded by the 

heterogeneous cellular makeup of the left ventricle. Furthermore, buoyant fraction caveolin-3 

expression was only increased in healthy hearts, while there was no effect on mitochondrial 

localisation in either group. Supplementation was, however, associated with tendencies to improved 

mitochondrial respiration in T2D hearts, independent of caveolin expression. 
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Ischaemic Tolerance and Cardioprotection in Models of Chronic Diabetes 

Apparently conflicting findings from clinical and experimental studies suggest that disease 

chronicity is particularly crucial in governing cardiac I-R tolerance and responses to 

cardioprotective stimuli in diabetes. While some evidence indicates patients with T1D or T2D are 

more sensitive to I-R injury (129), there are also reports of no difference in infarct size between 

diabetic and non-diabetic individuals (351). Furthermore, in animal models, improved responses to 

myocardial ischaemia generally occur in the initial weeks following STZ-induced 

hyperglycaemia/T1D (182, 187), followed by preserved recovery after 2-8 weeks (8, 179, 180) and 

potential declines with chronic disease (>8 weeks) (169, 187, 189, 191). Similarly, unaltered (8, 

186) or worsened (200, 202) I-R tolerance is described in models of T2D. Therefore, to clarify 

cardiac effects of chronic disease - the relevant clinical scenario - T1D and T2D were progressed 

for 12 weeks (corresponding to ~10 human years), before I-R tolerance and responses to normally 

protective IPC were assessed.  

 Interestingly, hearts from T1D mice had preserved I-R tolerance and IPC responses, while 

both were significantly impaired with T2D. Indeed, IPC may have worsened nitrosative stress and 

pro-apoptotic Bax expression in T2D hearts. Data suggest that chronic hyperglycaemia/T1D is 

insufficient to alter myocardial ischaemic tolerance and preconditioning responses, while the 

complex combination of hyperglycaemia, insulin resistance and neuroendocrine disruption with 

T2D are detrimental to the hearts ability to withstand injury and execute intrinsic protective 

responses.  

 While functional outcomes with T1D may be influenced by moderate increases in caveolar 

protein expression, cardiac dysfunction is observed in the absence of changes to basal expression 

levels in T2D hearts. However, as already discussed, expression in cardiomyocytes specifically is 

less clear in these studies of intact hearts. Mediators of cell survival and death signalling were also 

generally preserved in both models, with no significant changes to total or phosphorylated AKT or 

GSK3β expression. Interestingly, supplementation with ALA may improve cardiac responses to 

IPC in T2D, indicating a greater stimulus or summation of beneficial actions may be required to 

reach a ‘cardioprotective threshold’ in T2D hearts. 
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Effects of ALA Supplementation 

Protecting hearts from I-R injury remains a highly desirable, yet clinically unfulfilled, goal. 

A major problem faced is the apparent refractoriness of diseased hearts to normally protective 

conditioning stimuli. Western diets, abundant in saturated fats and sugar, contribute to the 

development of T2D and may ultimately worsen I-R outcomes and responses to protective stimuli. 

In vitro studies here show that increases in saturated fat may suppress cellular caveolin-3 while 

ALA may counter such effects. Prior work indicates ALA supplementation may improve I-R 

tolerance in an acute model of T2D; however, effects in chronic T2D and on cardioprotection 

remain untested (220). Data here indicate that ALA supplementation may improve myocardial 

cellular respiration and IPC responses, yet not intrinsic I-R tolerance. 

 Tendencies to impaired mitochondrial respiration through complex I and II in hearts from 

T2D mice appeared to be countered by ALA supplementation (albeit not significantly). 

Furthermore, tendencies to improved I-R outcomes were also observed, but only when combined 

with previously ineffective IPC. Taken together, this indicates that T2D may desensitise the heart to 

conditioning stimuli or shift the ‘cardioprotective threshold’ required to evoke survival responses, 

as previously suggested (215). Indeed, a greater IPC stimulus or ALA intake may improve 

outcomes further to reach statistical significance. Interestingly, ALA did not alter mitochondrial 

respiration or I-R outcomes in healthy hearts, suggesting that ALA supplementation might only 

improve cardiac function and survival responses in a perturbed or diseased state. This is supported 

by Xie et al (220), although contrasts other observations of improved I-R tolerance (311, 312, 387), 

indicating a need for further research. 

 Supplementation with ALA had no significant effect on body weight, glucose and insulin 

levels or insulin resistance in healthy or T2D mice. Previous findings assessing PUFA or ALA 

supplementation are also mixed, with reports of unaltered (395, 398), improved (394, 398) or 

worsened (396, 398) glucose or insulin levels in patients with and without T2D. Specific types of 

PUFAs (402) and differing dosages between studies may contribute to variability. Nonetheless, in 

the current study, myocardial outcomes with ALA are independent of systemic metabolic changes. 

Responses to IPC were also improved independently of caveolar protein expression, although 

specific expression changes in cardiomyocytes remain to be tested. Summarising, dietary ALA thus 

remains a potential treatment option to improve cardioprotection in T2D, however high dietary 

levels may be required, just as a stronger IPC stimulus may be necessary to protect T2D hearts from 

infarction.  
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Future Directions 

This doctoral project provided novel insights into modulation of caveolar protein expression 

and I-R tolerance in diabetic models and suggests that dietary ALA supplementation might improve 

cardioprotection in T2D hearts. These findings have also generated additional questions 

necessitating further study. Future in vivo studies could assess expression in specific cell types 

isolated from the intact myocardium, requiring methods for select cell isolation/characterisation and 

protein expression analysis. Experiments could also be expanded to assess caveolar density and 

morphology via transmission electron microscopy to better determine influences of caveolar protein 

changes and disease on sarcolemmal structure and function, which is a critical determinant of the 

efficacy of cardioprotective pre- and postconditioning stimuli. For in vivo studies, it would also be 

worthwhile to interrogate caveolar protein changes in post-ischaemic hearts to determine whether 

ALA and/or IPC promote translocation to caveolae during I-R. Indeed, both stimuli independently 

facilitate translocation in healthy hearts, while the combination of both (but neither alone) exhibited 

a trend to improved I-R outcomes in hearts from T2D mice. Furthermore, effects on caveolar 

proteins and simulated I-R in isolated cardiomyocytes from non-diabetic and diabetic mice 

following ALA supplementation should be explored to expand knowledge on mechanisms 

governing cardioprotection. Future studies of ALA supplementation might also benefit from using 

greater or longer intakes of ALA, while effects of greater magnitude or duration IPC stimuli are 

also worthy of investigations. Finally, while IPC is useful surgically where ischaemia is planned 

and inevitable (and was employed here as a prototypic cardioprotective response), testing varied 

remote pre-conditioning and/or post-conditioning strategies (and the influences of ALA on these 

responses) would be relevant to developing interventions for clinically relevant unplanned 

myocardial infarction. 

 

  



167 

 

 

 

 

 

 

 

 

 

 

 

Appendices 
 

  



168 

 

 

CTRL Diet 
CTRL + 

ALA Diet  
T2D Diet 

T2D + ALA 

Diet 

 
Chapter 

4 & 5 

Chapter    

4 & 6 

Chapter  

4 & 6 

Chapter 

5 

Chapter    

4 & 6 

Chapter  

4 & 6 

Energy (kJ/100g) 1844 1820 1820 2047 2154 2154 

Protein 21% 18.8% 20.9% 11.3% 17.1% 17.1% 

Carbohydrates 64% 63.4% 63.4% 56.7% 39.7% 39.7% 

Fat 15% 17.8% 15.7% 31.9% 43.2% 43.2% 

Sugar (g) 36.34 10 10 54.62 34 34 

Saturated (g) 1.06 0.99 0.96 8.11 14.28 13.02 

MUFA (g) 3.42 1.62 1.58 6.99 6.70 6.43 

PUFA (g) 2.50 4.05 4.16 1.24 1.92 3.53 

ALA (g) ND 0.48 0.84 ND 0.31 1.64 

Trans (g) <0.1 ND ND <0.1 ND ND 

 

Appendix Table 1   Nutrient breakdown and comparison between CTRL and T2D diets ± ALA 

supplementation. Top: Percentage of total calculated net metabolisable energy from each nutrient. 

Bottom: Quantity of nutrients per 100 grams of food. Diets supplemented with ALA contain 10% of 

their total fat metabolisable energy as ALA. PUFA, polyunsaturated fatty acid; MUFA, 

monounsaturated fatty acid; ALA, α-linolenic acid; ND, no data available. 
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Appendix Figure 1   Uncropped Western blots images from Chapter 3, in vitro Study 1 (Fig. 3.1). 
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Appendix Figure 2   Uncropped Western blots images from Chapter 3, in vitro Study 1 (Fig. 3.2). 
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Appendix Figure 3   Uncropped Western blots images for loading controls used to normalise 

protein expression in Chapter 3 
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Appendix Figure 4   Uncropped Western blots images for caveolin proteins in buoyant (caveolae-

enriched) fractions of T1D hearts from Chapter 4 (Fig. 4.1). X, unrelated sample not included in 

analysis. 
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Appendix Figure 5   Uncropped Western blots images for kinase proteins in cytosolic fraction of 

T1D hearts from Chapter 4 (Fig. 4.2).  
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Appendix Figure 6   Uncropped Western blots images for caveolar proteins in whole cell lysate of 

T2D hearts from Chapter 4 (Fig. 4.3). 
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Appendix Figure 7   Uncropped Western blots images for caveolar proteins in buoyant (caveolae-

enriched) fraction of T2D hearts from Chapter 4 (Fig. 4.4). 
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Appendix Figure 8   Uncropped Western blots images for caveolar proteins in mitochondrial 

fraction of T2D hearts from Chapter 4 (Fig. 4.5). 
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Appendix Figure 9   Uncropped Western blots images for kinase proteins in whole cell lysate of 

T2D hearts from Chapter 4 (Fig. 4.6). 
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Appendix Figure 10   Uncropped Western blots images for kinase proteins in cytosolic fraction of 

T2D hearts from Chapter 4 (Fig. 4.7). 
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Appendix Figure 11   Uncropped Western blots images for loading controls used to normalise 

protein expression in Chapter 4. 
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Appendix Figure 12   Uncropped Western blots images for apoptotic proteins and GAPDH 

analysed in Chapter 5 (Fig. 5.5). 
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